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Lq xhqfh ri Sdudphwhu Hvwlpdwlrq Xqfhuwdlqw| rq wkh

Hxurshdq Fhqwudo Edqnhu Ehkdylru= Dq H{whqvlrq

Mhdq0Jxloodxph VdkxfW

Edqtxh gh Iudqfh
HSHH/ Xqlyhuvlwì g*Hyu|0Ydo g*Hvvrqqh

�uvw gudiw= Mxqh 5334
wklv gudiw= Dxjxvw 5335

Devwudfw

Wklv sdshu ghdov zlwk wkh olqhdu txdgudwlf vwrfkdvwlf frqwuro dssurdfk wr
dvvhvvlqj wkh h�hfwv ri sdudphwhu hvwlpdwlrq xqfhuwdlqw| rq wkh fhqwudo edqnhu
ehkdylru1 Wkh wuhdwphqw ri sdudphwhu hvwlpdwlrq xqfhuwdlqw| lv fryhuhg e| wkh
lqwurgxfwlrq ri wkh ixoo yduldqfh0fryduldqfh pdwul{ ri wkh sdudphwhuv hvwlpdwhv lq
wkh rswlpdo frqwuro wkhru|1 Wkh sursrvhg dssurdfk lv vlpsoh wr lpsohphqw dqg
lv dssolfdeoh wr d odujh fodvv ri prgho1 Wkh sulqflsoh ri frqvhuydwlvp ri Eudlqdug
lv irxqg hpslulfdoo| uhohydqw iru d Hxur duhd srolf|pdnhu1

Nh|zrugv= Hxurshdq prqhwdu| srolf|/ sdudphwhu hvwlpdwlrq xqfhuwdlqw|/ olq0
hdu txdgudwlf vwrfkdvwlf frqwuro1

MHO Fodvvl�fdwlrqv= F94/ G;4/ H8;

WL wkdqn Khuyì Oh Elkdq dqg Xoi Vùghuvwuùp iru khosixoo frpphqwv dqg uhpdunv1 Wkh ylhzv

suhvhqwhg lq wklv sdshu gr qrw qhfhvvdulo| uh hfw wkrvh ri wkh Edqtxh gh Iudqfh1

Frqwdfw Dgguhvv= Edqtxh gh Iudqfh/ Fhqwuh gh Uhfkhufkh/ 64 uxh Furl{ ghv Shwlwv Fkdpsv/ I0:837<

Sdulv1 H0Pdlo= mhdq0jxloodxph1vdkxfCedqtxh0iudqfh1iu
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4 Lqwurgxfwlrq

Xqfhuwdlqw| lv d fkdudfwhulvwlf ri wkh uhdo zruog wkdw sod|v dq lpsruwdqw sduw lq wkh

ghflvlrq0pdnlqj surfhvv ri doo hfrqrplf djhqwv1 Dv revhuyhuv dqg h{shuwv uhfrjql}h

xqdqlprxvo|/ wklv xqfhuwdlqw| dssolhv wr fhqwudo edqnv zklfk qhhg wr wdnh srolf|

ghflvlrq lq dq hqylurqphqw ri frqvlghudeoh xqfhuwdlqw| uhjduglqj fxuuhqw dqg ixwxuh

hfrqrplf frqglwlrqv dqg wkh ixqfwlrqqlqj ri wkh hfrqrp|1 Pxfk ri wkh xqfhuwdlqw|

idflqj prqhwdu| srolf| pdnhuv lv xqdyrlgdeoh1 Lq wklv uhjdug/ wkh vlwxdwlrq ri wkh

Hxurshdq Fhqwudo Edqn +HFE, lv e| qr phdqv xqltxh/ dowkrxjk wkh vshfl�f ihdwxuhv

ri wkh hxur duhd fuhdwh dgglwlrqdo fkdoohqjhv1 Vlqfh lw lv fuxfldo wkdw prqhwdu| srolf|

lwvhoi grhv qrw ehfrph dq lqghshqgdqw vrxufh ri dgglwlrqdo xqfhuwdlqw|/ xqghuvwdqglqj

wkh lpsolfdwlrqv iru wkh HFE*v prqhwdu| srolf| vwudwhj| lv ri yhu| �uvw lpsruwdqfh1

Zkloh iroorzlqj Srroh +4<<;, ru Fohphqwv ) Khqgu| +4<<;,/ rqh fdq glvwlqjxlvk

�yh0irog fdwhjrul}dwlrq iru wkh vrxufhv ri prgho0edvhg xqfhuwdlqw|1 +l, Ixwxuh fkdqjhv

lq wkh xqghuo|lqj vwuxfwxuh ri wkh hfrqrp|= wkh hfrqrplf v|vwhp idfhv frqvwdqwo| zlwk

lqwulqvlf ulvnv olnh xqdqwlflsdwhg vkrfnv +rlo fulvlv, ru vwuxfwxudo fkdqjhv +uhdol}dwlrq

ri wkh prqhwdu| xqlrq,1 +ll,Plv0vshfl�fdwlrq ri wkh prgho= wkh prgho xvhg wr dqdo|vh
wkh h�hfwv ri d srolf| grhv qrw zhoo uhsuhvhqw wkh hfrqrp|1 +lll, Plv0phdvxuhphqw ri

wkh gdwd= wkh srolf|pdnhu xvhv gdwd riwhq surylvlrqdo dqg surqh wr uhylvlrq> lq dg0

glwlrq/ vrph frqfhswv duh wkh vxemhfw ri glvvhqvlrq ehwzhhq hfrqrplvwv +wkh rxwsxw

jds iru h{dpsoh,1 +ly, Wkh fxpxodwlrq ri ixwxuh huuruv +ru �vkrfnv�, wr wkh hfrqrp|=
wkh uhvsrqvh ri wkh hfrqrp| wr dq dfwlrq ri hfrqrplf srolf| ghshqgv rq wkh prgh ri

irupdwlrq ri dqwlflsdwlrqv dqg wkh fuhglelolw| ri wkh fhqwudo edqn/ idfwruv gl!fxow wr

revhuyh/ srwhqwldoo|  xfwxdwlqj1 +y, Lqdffxudflhv lq wkh hvwlpdwhv ri prgho*v sdudp0

hwhuv= hyhq li wkh hfrqrphwulfldq kdv wkh fruuhfw vshfl�fdwlrq/ wkh sdudphwhuv ri wkh

prgho duh hvwlpdwhg rq vdpsohv ri vpdoo vl}h dqg duh surqh wr huuruv lq hvwlpdwlrq1

Lq sudfwlfh/ doo �yh vrxufhv duh lpsruwdqw zkhq dqdo|vlqj xqfhuwdlqw|1 Exw wkh

�uvw wkuhh vrxufhv duh xqsuhglfwdeoh dqg xqdqwlflsdwhg1 Li wkhlu h{whqw dqg qdwxuh

zhuh nqrzq/ wkh| frxog eh lqfrusrudwhg lqwr wkh prgho dqg wkh| zrxog eh suhglfwdeoh

dqg suhglfwhg1 Wkhvh vrxufhv ri xqfhuwdlqw| lv eh|rqg wkh vfrsh ri wklv sdshu dqg

zh irfxv rq wkh vrxufhv ri suhglfwdeoh xqfhuwdlqw| 0 wkrvh ri zklfk wkh ghjuhh ri

xqfhuwdlqw| fdq eh dqwlflsdwhg dqg hyhq fdofxodwhg 0 dqg sulpdulo| rq lwhp +y,1

Pdlq jrdo ri wklv uhfhqw olwhudwxuh rq xqfhuwdlqw|4 lv wr nqrz krz wkh prqhwdu|

dxwkrulwlhv pxvw dgmxvw wkhlu ehkdylru zkhq rqh lqwurgxfhv dq xqfhuwdlqw| rq wkh

4Vhh Vdfn dqg Zlhodqg +5334,/ Uxghexvfk +5334, dqg/ Oh Elkdq dqg Vdkxf +5335,/ iru uhfhqw

vxuyh|v1
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hvwlpdwh ri wkh sdudphwhuv= grhv lw kdyh wr eh vkrzq pruh fduhixo ru rq wkh frqwudu|

pruh djjuhvvlyhB Iru wkdw/ wzr dssurdfkhv fodvk= d eudqfk ri wkh olwhudwxuh kdv orrnhg

iru urexvw uxohv wkdw plqlpl}h d orvv fulwhulrq lq vrph zruvw0fdvh vfhqdulr/ zlwklq d

vshfl�hg vhw ri srvvleoh vfhqdulrv>5 d vhfrqg dssurdfk lv wr xvh Ed|hvldq phwkrgv wr

ghwhuplqh wkh srolf| wkdw plqlpl}hv wkh h{shfwhg orvv/ jlyhq d sulru glvwulexwlrq rq

wkh sdudphwhuv1

Wklv odvw prwlyh lv d uhylvlwlqj ri wkh fodvvlfdo dujxphqw r�huhg e| Eudlqdug

+4<9:, zkr lqvwlwxwhv wkh �frqvhuydwlvp sulqflsoh�1 Zkhq srolf|0pdnhuv duh xqfhu0

wdlq rq wkh nh| sdudphwhuv zklfk ghwhuplqh wkh wudqvplvvlrq ri prqhwdu| srolf| lq

wkh dgrswhg vwuxfwxudo prgho ri wkh hfrqrp|/ djjuhvvlyh srolf| pryhv duh pruh olnho|

wr kdyh xqsuhglfwdeoh frqvhtxhqfhv rq rxwsxw dqg lq dwlrq/ wkhq judgxdo srolf| +ru

htxlydohqwo| d fdxwlrxvo| srolf|pdnhu ehkdylru, lv rswlpdo wr plqlpl}h  xfwxdwlrqv

ri rxwsxw dqi lq dwlrq durxqg wkhlu wdujhwv1 Wr whvw wkh yhudflw| ri wkh Eudlqdug

sulqflsoh/ pdmrulw| ri sdshuv kdv xvhg wkh rswlpdo frqwuro wkhru| 0 ghwdlohg lq wkh

whfkqlfdo errn e| Fkrz +4<::, 0 dqg kdyh irxqg lw wr eh hpslulfdoo| uhohydqw16

Krzhyhu qrqh ri wkhvh duwlfohv uhdoo| xvhg doo lqirupdwlrq dydlodeoh lq wkh pdwul{ ri

yduldqfh0fryduldqfh dqg uhwdlqhg +e| vlpsol�fdwlrq, rqo| yduldqfhv ri wkh sdudphwhuv

dv d phdvxuh ri xqfhuwdlqw|1 Exw Dppdq dqg Nhqgulfn +5333, kdyh irxqg �hylghqfh

wkdw wkh srwhqwldo gdpdjh iurp ljqrulqj wkh yduldqfhv dqg fryduldqfhv ri wkh sdudp0
hwhu hvwlpdwhv lv vxevwdqwldo dqg wkdw wdnlqj wkhp lqwr dffrxqw fdq lpsuryh pdwwhuv�1

Lq idfw/ fryduldqfhv pd| sod| d frqvlghudeoh uroh lq wkh ghulydwlrq ri wkh uhdfwlrq

ixqfwlrq ri wkh prqhwdu| dxwkrulwlhv/ dqg vlqfh wkh orvv ixqfwlrq fdq eh ylhzhg dv d

txdgudwlf dssur{lpdwlrq wr wkh ohyho ri h{shfwhg xwlolw| ri d uhsuhvhqwdwlyh krxvhkrog/

wkh srolf|pdnhu pxvw fkrrvh wkh uxoh wkdw orzhu wklv zhoiduh fulwhulrq1

Lq wklv sdshu/ zh frqvlghu wkh rplwwhg frqvlghudwlrq ri doo vhfrqg0prphqwv ri wkh

glvwulexwlrq ri wkh hvwlpdwhg sdudphwhuv lq h{sodlqlqj lq ghwdlo wkh rswlpdo frqwuro

phwkrgrorj|1 Wkh sdshu lv vwuxfwxuhg lq irxu vhfwlrqv1 Wkh �uvw vhfwlrq suhvhqwv

wkh jhqhudo iudphzrun ri wkh dqdo|vlv1 Wkh vhfrqg vhfwlrq ghwdlov wkh vwdqgdug dqg

h{whqghg rswlpdo frqwuro phwkrgrorj|1 Wkh wklug vhfwlrq frqwdlqv wkh hpslulfdo lo0

oxvwudwlrqv iru wkh Hxur Duhd fdvh/ lq rughu wr phdvxuh wkh lqwhudfwlrqv ehwzhhq

sdudphwhu xqfhuwdlqw| dqg wkh ehkdylru ri wkh fhqwudo edqnhu dqg pruh sduwlfxoduo|

5Kdqvhq dqg Vdujhqw +5334,/ Rqdwvnl dqg Vwrfn +5333,/ Whworz dqg yrq }xu Pxhkohq +5333,/

Jldqqrql +4<<<, dqg Vdkxf+5335, kdyh uhfhqwo| dssolhg urexvw frqwuro wkhru| wr ghulyh urexvw prqh0

wdu| srolflhv1 Wkh irxqgdwlrqv duh irxqg lq Nqljkw +4<54, zkr gh�qhg wkh xqfhuwdlqw| dv d vlwxdwlrq

lq zklfk qr nqrzq suredelolw| glvwulexwlrq h{lvwv1
6Vhh Hvwuhood dqg Plvknlq +4<<<,/ Vùghuvwuùp +4<<<,/ Vurxu +4<<<,/ Uxghexvfk +5333, ru Vdfn

+5333, dprqj rwkhuv1
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wkh frqwulexwlrq wr lqfrusrudwh doo lqirupdwlrq dydlodeoh1 Wkh odvw vhfwlrq frqfoxghv1

5 Wkh Fhqwudo Edqn Sureohp

514 Ryhuylhz

Zkhq wdnlqj prqhwdu| srolf| ghflvlrqv/ fhqwudo edqnv idfh frqvlghudeoh xqfhuwdlqw|

derxw wudqvplvvlrq phfkdqlvp ri prqhwdu| srolf| wr wkh sulfh ohyho1 Lq sduwlfxodu/

wkh uroh sod|hg e| prqhwdu| ghyhorsphqwv lq wkh hxur duhd wudqvplvvlrq phfkdqlvp

lv qrw zhoo xqghuvwrrg1 Wkh sureohpv dulvh iurp zkdw wkh srolf|pdnhu gr qrw nqrz=

kh pxvw ghdo zlwk wkh xqfhuwdlqw| iurp wkh edvh ri zkdw kh gr nqrz1 Hvshfldoo|/

kh pxvw dqdo|vh ri zkhwkhu xqfhuwdlqw| derxw wkh uhodwlrqvkls ehwzhhq wkh hfrqrplf

yduldeohv lq wkh hfrqrp| frxog hqwdlo d vorzhu/ ru vprrwkhu/ srolf| uhvsrqvh wr vkrfnv

wr wkh hfrqrp| wkdq rwkhuzlvh1

Wklv dqdo|vlv/ zklfk iroorzv d sursrvlwlrq �uvw sxw iruzdug e| Eudlqdug +4<9:,/

lv edvhg rq wkh suhplvh wkdw xqfhuwdlqw| derxw wkh uhodwlrqvkls ehwzhhq wkh lqwhuhvw0

udwh dqg wkh uhvw ri wkh hfrqrp| fuhdwhv wudgh0r� iru srolf|pdnhuv= wkh sdudphwhu

hvwlpdwlrq xqfhuwdlqw| pd| phdq wkdw pryhphqwv lq wkh lqwhuhvw udwhv wkhpvhoyhv

lqfuhdvh xqfhuwdlqw| derxw wkh ixwxuh sdwk ri wkh hfrqrp|1 Wklv frxog ohdg wkh

srolf|pdnhu wr xvh wkhlu srolf| lqvwuxphqw pruh fdxwlrxvo| lq rughu wr uhgxfh wkh

fkdqfh ri plvvlqj wkh wdujhw vljql�fdqwo|1

515 Prqhwdu| Srolf| lq Vpdoo Vwuxfwxudo Prghov

D vwdqgdug dssurdfk wr dqdo|vlqj prqhwdu| srolf| lv wr vshfli| dq remhfwlyh iru wkh

srolf|pdnhu/ dqg d prgho ri wkh hfrqrp|/ dqg wkhq wr ghwhuplqh krz prqhwdu| srolf|

vkrxog eh rshudwhg lq uhvsrqvh wr glvwxuedqfhv wr wkh hfrqrp|1 Zh duh lqwhuhvwhg e|

wkh fodvv ri g|qdplf surjudpplqj sureohpv lq zklfk wkh uhwxuq ixqfwlrq lv txdgudwlf

dqg wkh wudqvlwlrq ixqfwlrq lv olqhdu1 Wklv vshfl�fdwlrq doorzv d jrrg ghvfulswlrq ri

wkh rswlpdo prqhwdu| dxwkrulwlhv sureohp1

Uhfhqw hpslulfdo vwxglhv ri rswlpdo prqhwdu| srolf| lq forvhg hfrqrplhv kdyh

dgrswhg d vlpsoh wzr0htxdwlrq iudphzrun olqnlqj wkh lq dwlrq +�|,/ wkh rxwsxw jds

+||, dqg d vkruw lqwhuhvw udwh +l|,=+
||n� @ � +O, || � � +O, +l| � �|, . %+c|n�

�|n� @ � +O,�| . � +O, || . %Zc|n�

zlwk O wkh odj rshudwru/ %+c|n� dqg %Zc|n� duh }hur phdq qrupdoo| glvwulexwhg vkrfnv1
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D w|slfdo prgho lq wklv fodvv lv wkh rqh hvwlpdwhg e| Uxghexvfk dqg Vyhqvvrq

+4<<<, zkr uhsuhvhqw wkh prgho hfrqrp| dv iroorzv=

||n� @ fvw. ��|| . �2||3� � � +l| � �|, . %+c|n� +LV,

�|n� @ ���| . �2�|3� . ���|32 . �e�|3� . �||3� . %Zc|n� +Skloolsv,

Wkh �uvw htxdwlrq lv dq LV fxuyh wkdw uhodwhv wkh rxwsxw jds wr lwv rzq odjv dqg wr

wkh gl�huhqfh ehwzhhq wkh vkruw qrplqdo lqwhuhvw udwh dqg lq dwlrq/ dq dssur{lpdwh

h{0srvw uhdo lqwhuhvw udwh1 Wkh frqvwdqw whup surylghv dq hvwlpdwh iru � wlph uW/ wkh

qdwxudo uhdo lqwhuhvw udwh1 Wkh vhfrqg htxdwlrq lv d Skloolsv fxuyh wkdw uhodwhv lq dwlrq

wr d odjjhg rxwsxw jds dqg wr odjv ri lq dwlrq/ zklfk uhsuhvhqw dq dxwruhjuhvvlyh ru

dgdswlyh irup ri lq dwlrq h{shfwdwlrqv1 Lq rxu ixwxuh hpslulfdo lqyhvwljdwlrq/ zh

zloo qrw uhmhfw wkh k|srwkhvlv wkdw wkh frh!flhqwv ri wkh irxu lq dwlrq odjv vxp wr

rqh/ zklfk lpsolhv d orqj uxq yhuwlfdo Skloolsv fxuyh1 Dv h{sodlqhg e| Uxghexvfk

dqg Vyhqvvrq/ wkh vlpsoh vwuxfwxuh ri wklv prgho doorzv wkh surgxfwlrq ri ehqfkpdun

uhvxowv1 Zh fdq qrwlfh wkdw wklv wzr0htxdwlrqv v|vwhp pd| eh hdvlo| zulwwhq lq d

vwdwh0vsdfh irup vxfk dv/

{|n� @ D{| .El| . %|n� +4,

zkhuh {| @ +|| ||3� �| �|3� �|32 �|3�,
� lv wkh vwdwh yhfwru/ dqg pdwulfhv D dqg E duh

wkh pdwulfhv ri wkh frh!flhqwv1

Lq rughu wr uhsuhvhqw wkh rswlpdo prqhwdu| srolf| uxoh/ zh gh�qh wkh vwrfkdvwlf

glvfrxqwhg olqhdu rswlpdo uhjxodwru sureohp idfhv wr wkh fhqwudo edqnhu1 Kh zdqwv

wr plqlpl}h wkh iroorzlqj h{shfwhg lqwhuwhpsrudo orvv ixqfwlrq ryhu fkrlfh ri klv

lqvwuxphqw +wkh lqwhuhvw udwh,/ il|j"|'f >

H|

"[
�'f

!�O +||n�> �|n�, +5,

zkhuh lq hdfk shulrg wkh orvv ixqfwlrq O +=, lv jlyhq e|

O +||> �|, @ +�| � ��,2 . �|2| +6,

zkhuh �� lv wkh lq dwlrq wdujhw1 E| vlpsol�fdwlrq zh fkrrvh d }hur lq dwlrq wdujhw/

�� @ 3> vxfk dv

O +||> �|, @ {�|T{| +7,

3 ? ! ? 4 lv wkh vrflhw|*v glvfrxqw idfwru/ � � 3 lv wkh zhljkw rq rxwsxw jds zlwk

uhvshfw wr lq dwlrq vwdelol}dwlrq dqg T lv d 9�9 pdwul{ zlwk � rq wkh �uvw gldjrqdo
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hohphqw dqg 4 rq wkh wklug gldjrqdo hohphqw dqg }hurv hovhzkhuh/ zklfk uh hfwv wkh

fhqwudo edqn suhihuhqfhv1 Wklv fkrlfh uh hfwv wkh jrdo ri wkh fhqwudo edqn wr plqlpl}h

hdfk shulrg wkh yduldwlrq lq lq dwlrq/ �|/ durxqg lwv wdujhw +khuh 3 wr vlpsoli|, dqg

lq wkh rxwsxw jds ||1 Vshfl�fdoo|/ lw fdq eh vkrzq wkdw dv wkh glvfrxqw idfwru

dssurdfkhv xqlw|/ wkh ydoxh ri wkh lqwhuwhpsrudo orvv ixqfwlrq ehfrphv sursruwlrqdo

wr wkh xqfrqglwlrqdo h{shfwhg ydoxh ri wkh shulrg orvv ixqfwlrq +vhh Dsshqgl{ D iru

d glvfxvvlrq rq wkh fulwhulrq ydoxh,= H +O|, @ Y du +�|, . �Y du +||,1 Wkh fhqwudo

edqn*v remhfwlyh lv vhw wr d sdwk iru l|n�> +k @ 3> ===>4, vr dv wr plqlpl}h ixqfwlrq

+5, vxemhfw wr htxdwlrqv +LV, dqg +Skloolsv,1

Wkh vroxwlrq ri wkh fhqwudo edqn surjudp kdv wkh irup ri d olqhdu ihhgedfn uxoh=

l| @ I{| +8,

Wkh hohphqwv ri I fdq eh fdoohg uhvsrqvh frh!flhqwv1

6 G|qdplf Surjudpplqj Phwkrgrorj|

Wkh suhfhglqj iudphzrun doorzv xv wr xvh wkh g|qdplf surjudpplqj wkhru| wr fdo0

fxodwh wkh rswlpdo srolf| uxoh1 Wklv phwkrgrorj| vkrzv wkdw lw lv rswlpdo iru wkh

srolf|pdnhu wr vhw lwv lqvwuxphqw lq hdfk shulrg dv d ixqfwlrq ri fxuuhqw dqg odjjhg

ydoxhv ri || dqg �|1

Suhylrxv zrunv rq rswlpdo frqwuro dqg xqfhuwdlqw| +hvshfldoo| wkrvh ri Dppdq

dqg Nhqgulfn, frqvlghu wkh sureohp ryhu �qlwh sodqqlqj krul}rq W / dqg surylgh qr

lqglfdwlrq ri krz wkh ohqjkw ri W vkrxog eh ghwhuplqhg1 Lq wkdw fdvh/ wkh uhvxowlqj

rswlpdo srolf| dv zhoo dv wkh �qdo vwdwh ri wkh v|vwhp pd| ydu| vxevwdqfldoo| zlwk W /

ghshqglqj rq wkh frqwuroodelolw| surshuwlhv ri wkh v|vwhp1

D fhqwudo uhvxow ri hfrqrplf jurzwk wkhru| lv wkh �wxuqslnh� ri fdslwdo dffxpxod0

wlrq hvvhqwldoo| vwdwlqj wkdw iru W odujh hqrxjk/ rswlpdo jurzwk lv dfklhyhg e| vwhhulqj

wkh v|vwhp iurp wkh lqlwldo vwdwh wr dq rswlpdo vwhdg|0vwdwh +ru �wxuqslnh�,/ dqg wkhq

ohdylqj wkh wxuqslnh wrzdugv wkh hqg ri wkh krul}rq wr dfklhyh vkruw0whup xqvxv0

wdlqdeoh vxshulru jurzwk1 Iru lq�qlwh0krul}rq sureohpv d qdwxudo frqvhtxhqfh ri wkh

wxuqslnh surshuw| lv joredo dv|pswrwlf frqyhujhqfh ri wkh rswlpdo wudmhfwru|/ dqg

vxfk uhvxowv kdyh ehhq surylghg xqghu vwurqj frqyh{lw| dvvxpswlrqv rq wkh Kdplowr0

qldq e| Eurfn dqg Vfkhlqnpdq +4<:9, dqg rwkhuv1 Dv d frqvhtxhqfh ri wkhvh uhvxowv/

lw lv qdwxudo wr frqvlghu wkh sureohp ri �qglqj dq rswlpdo prqhwdu| srolf| uxoh ryhu

dq lq�qlwh krul}rq/ dv wklv dyrlgv xqvxvwdlqdeoh hqgsrlqw h�hfwv +iru orqjhu krul}rqv,
dqg yduldwlrqv ri wkh rswlpdo wudmhfwru| +iru vkruwhu krul}rqv,1

9



614 Wkh Phwkrg lq d Fhuwdlq Zruog

Iurp d whfkqlfdo srlqw ri ylhz/ wkh xvh ri wkh g|qdplf surjudpplqj zlwk lq�qlwh0

krul}rq rswlpdo frqwuro sureohpv uhvwv rq wkh frqwudfwlrq pdsslqj wkhruhp +vhh

Dsshqgl{ E,1 Zlwk wkhvh wkhruhwlfdo gh�qlwlrqv/ zh pd| dsso| wkh phwkrg wr wkh

edvholqh prgho lq wkh fhuwdlqw| fdvh/ l0h zkhq wkh srolf|pdnhu lv vxssrvhg wr nqrz

wkh vwuxfwxuh ri wkh prgho dqg wkh wuxh ydoxh ri wkh sdudphwhuv1

Wkh srolf|pdnhu vroyhv wkh iroorzlqj sureohp

M +{|, @ plq
�
{�|T{| . !H|M +{|n�,

�
+9,

vxemhfw wr

{|n� @ D{| .El| . %|n�

Vlqfh wkh remhfwlyh ixqfwlrq lv txdgudwlf dqg wkh frqvwudlqw olqhdu/ wkh ydoxh

ixqfwlrq zloo eh ri wkh irup

M +{|, @ {�|Y {| . g +:,

zkhuh Y lv wkh xqltxh qhjdwlyh vhplgh�qlwh vroxwlrq ri wkh glvfrxqwhg dojheudlf pd0

wul{ Ulfdwwl htxdwlrq1 Wkh vfdodu g lv jlyhq e|

g @ ! +4� !,3� wuY	0

zkhuh �wu� ghqrwhv wkh wudfh ri d pdwul{ dqg 	0 lv wkh fryduldqfh pdwul{ ri wkh qrlvhv

%|1

Xvlqj wkh wudqvlwlrq odz wr holplqdwh wkh qh{w shulrg*v vwdwh/ wkh Ehoopdq htxdwlrq

lv

{�|Y {| . g @ plq
t�|�

�
{�|T{| . ! +D{| .El|,

� Y +D{| .El|, . !g
�

+;,

Wkh �uvw0rughu frqglwlrq iru wkh plqlpl}dwlrq sureohp lv wkhq

E�Y El| @ �E�Y D{|>

Vr wkh rswlpdo lqvwuxphqw lv jlyhq e|

l| @ � �
E�Y E

�3� �
E�Y D

�
{| +<,

@ I{|=

Vxevwlwxwlqj wkh rswlpl}hu lqwr wkh Ehoopdq htxdwlrq jlyhv

{�|Y {| . g @ {�|T{| . ! +D{| .EI{|,
� Y +D{| .EI{|, . !g

@ {�|
�
T. ! +D.EI ,� Y +D.EI ,

�
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Wkh dojheudlf pdwul{ Ulfdwwl htxdwlrq Y lv

Y @ T. ! +D.EI ,� Y +D.EI , +43,

zkhuh

I @ � �
E�Y E

�3� �
E�Y D

�
+Fhuwdlqw| Fdvh,

615 Sdudphwhu Hvwlpdwlrq Xqfhuwdlqw|

Dowkrxjk wkh vwdwlvwlfdo lqihuhqfh ri prgho irup dqg ri sdudphwhu ydoxhv iurp dydlo0

deoh gdwd reylrxvo| hqwdlov vrph ghjuhh ri duelwudulqhvv dqg xqfhuwdlqw|/ wkh suhylrxv

wkhruhwlfdo h{suhvvlrqv jhqhudoo| xvhg iru ghulylqj wkh rswlpdo srolf| gr qrw wdnh lqwr

dffrxqw wkhvh vrxufhv ri dssur{lpdwlrq1 Lq sduwlfxodu/ qr dffrxqw ri wkh h�hfwv ri

xqfhuwdlqw| lq sdudphwhu hvwlpdwhv +zklfk fdq eh txlwh odujh, lv frpprqo| pdgh1

Lqghhg/ wkh lqwurgxfwlrq ri sdudphwhu hvwlpdwlrq xqfhuwdlqw| lqwr wkh jhqhudo

iudphzrun zloo kdyh dq lpsruwdqw h�hfw rq rswlpdo srolf|1 Zkhq lqfrusrudwlqj wklv

w|sh ri xqfhuwdlqw|/ wkh fhuwdlqw| htxlydohqfh sulqflsoh fhdvhv wr krog/ dqg wkh huuru

yduldqfhv dqg fryduldqfhv ri wkh hvwlpdwhg vwdwh yduldeohv zloo d�hfw wkh rswlpdo uxoh1

Wkh vwdwh0vsdfh irupxodwlrq ri wkh jhqhudo prgho hfrqrp| lv wkhq

{|n� @ D|n�{| .E|n�l| . %|n� +44,

Zh qrz vxssrvh wkdw zh nqrz wkh wzr �uvw prphqwv ri wkh sdudphwhuv dqg wkdw

sdudphwhu pdwulfhv D| dqg E| duh wkhq vwrfkdvwlf zlwk phdqv jlyhq e| wkh pdwul{ D

dqg E gh�qhg lq wkh odvw vhfwlrq dqg yduldqfh0fryduldqfh pdwulfhv jlyhq e|=7
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Wkh srolf|pdnhu idfhv wkh vdph frqwuro sureohp
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Wkh ydoxh ixqfwlrq zloo vwloo eh

M +{|, @ {�|hY {| . �g>

exw qrz/ vlqfh wkh srolf|pdnhu xvhv wkh vhfrqg prphqwv/ wkh prgl�hg h{shfwhg ydoxh

lv wkhq jlyhq e|
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zkhuh wkh h{shfwhg ydoxh ri {|n� lv jlyhq e| H|{|n� @ D{|.El| dqg zkhuh 	|n��| lv

wkh fryduldqfh pdwul{ ri {|n�/ hydoxdwhg dw w1

Wkh +l> m,wk hohphqw ri 	|n��| lv gh�qhg e|
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Vxevwlwxwlqj edfn lqwr wkh Ehoopdq htxdwlrq/ zh jhw
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7 Lq xhqfh ri Sdudphwhu Hvwlpdwlrq Xqfhuwdlqw|

714 Sdudphwhu Hvwlpdwlrq

Wr dvvhvv wkh lq xhqfh ri sdudphwhu hvwlpdwlrq xqfhuwdlqw| rq wkh fhqwudo edqnhu

ehkdylru/ zh dsso| wkh phwkrgrorj| ghwdlohg lq vhfwlrq 6 wr wkh hxurshdq fhqwudo

edqnhu1 Vlqfh rqh nqrzv wkdw wkh uhvxowv rewdlqhg iurp dq h{huflfh ri fdoleudwlrq duh

vrphzkdw ghshqgdqw xsrq wkh fkrlfh ri sdudphwhu ydoxhv/ zh fkrrvh wr hvwlpdwh wkh

sdudphwhuv dqg uhwulhyh wkhlu yduldqfh0fryduldqfh pdwul{ wr shuirup wkh vlpxodwlrqv1

Frqvhtxhqwo|/ zh hvwlpdwh wkh prgho +LV dqg Skloolsv fxuyhv, e| wkh Ixoo Lqiru0

pdwlrq Pd{lpxp Olnholkrrg +ILPO, phwkrg lq rughu wr uhfryhu d ixoo fryduldqfh

pdwul{ ri sdudphwhuv ryhu wkh 4<:905333 shulrg1 Wkh txduwhuo| klvwrulfdo gdwd iru

wkh Hxur duhd frph iurp wkh �dxjphqwhg� Duhd Zlgh Prgho +DZP, gdwdedvh sur0

ylghg e| Idjdq/ Khqu| dqg Phvwuh +5334,1 Gdwd gh�qlwlrqv duh vxppdul}hg lq Wdeoh

4 dqg uhsuhvhqwhg lq Iljxuh 41

? Lqvhuw Wdeoh 4 khuh A

? Lqvhuw Iljxuh 4 khuh A

Wkh k|srwkhvlv wkdw wkh vxp ri wkh odj frh!flhqwv ri lq dwlrq htxdov rqh kdg

d s0ydoxh ri 31:9 +rewdlqhg zlwk wkh I 0vwdwlvwlf,/ vr wklv uhvwulfwlrq zdv lpsrvhg lq

hvwlpdwlrq1 Wkh �w dqg g|qdplfv ri wklv prgho frpsduh idyrudeo| wr dq xquhvwulfwhg

YDU +Yhfwru DxwrUhjuhvvlyh surfhvv,1 Lqghhg/ wkh prgho fdq eh lqwhusuhwhg dv d

uhvwulfwhg YDU/ zkhuh wkh uhvwulfwlrqv lpsrvhg duh qrw dw rggv zlwk wkh gdwd1
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Wkh hvwlpdwhg htxdwlrqv duh vkrzq ehorz +frh!flhqw vwdqgdug huuruv duh jlyhq

lq sduhqwkhvhv,/

|| @ 3=49
Ef�fH�

. 3=;8
Ef��f�

||3� . 3=34
Ef��f�

||32 � 3=3;
Ef�f2�

+l|3� � �|3�, . a%+c|

�| @ 3=88
Ef��f�

�|3� . 3=4:
Ef����

�|32 � 3=36
Ef����

�|3� . 3=64
Ef��f�

�|3e . 3=53
Ef�fb�

||3� . a%Zc|

�0+ @ 3=7:5> �0+ @ 4=38:> orjO @ �543=559> � W@ orj mm @ :6=894

?Lqvhuw Iljxuh 5 khuhA

Dv vkrzq e| wkh Iljxuh 4/ wkh hpslulfdo �w iru wklv vlpsoh prgho lv jrrg1 Vlqfh

rxu sxusrvh lv wr phdvxuh wkh lq xhqfh ri sdudphwhu hvwlpdwlrq xqfhuwdlqw| yld wkh

yduldqfh0fryduldqfh pdwul{/ zh uhsurgxfh lw lq Wdeoh 51

?Lqvhuw Wdeoh 5 khuhA

715 Dqdo|vlv ri Sdudphwhu Hvwlpdwlrq Xqfhuwdlqw|

Diwhu ghwhuplqlqj wkh dgmxvwhg v|vwhp uhsuhvhqwlqj wkh prgho hfrqrp| dqg wkh vwdq0

gdug ghyldwlrq ri wkhlu hvwlpdwlrq huuru/ wkh dqdo|vlv ri wkh h�hfw ri sdudphwhu hvwl0

pdwlrq xqfhuwdlqw| lv fduulhg rxw dorqj wkh olqhv ghvfulehg lq Vhfwlrq 61

Wdeoh 6 v|qwkhwl}hg wkh uhdfwlrq ixqfwlrqv ri wkh prqhwdu| dxwkrulwlhv iru wkuhh

fdvhv ghshqglqj rq wkh uhodwlyh zhljkwv rq vwdelol}lqj wkh rxwsxw jds +�,1 Wkh sul0

pdu| remhfwlyh ri wkh HFE lv sulfh vwdelolw| dowkrxjk wkh Pddvwulfkw Wuhdw| grhv

qrw surylgh iru d vshfl�f gh�qlwlrq ri wklv remhfwlyh1 Krzhyhu/ zh pd| dvvlplodwh

wkhvh remhfwlyh dv dq lq dwlrq wdujhwlqj srolf|1 Dv lq Vyhqvvrq +5333,/ wkh fdvh zkhq

� @ 3 dqg rqo| lq dwlrq hqwhuv wkh orvv ixqfwlrq lv fdoohg vwulfw lq dwlrq wdujhwlqj/

zkhuhdv wkh fdvhv zkhq � A 3 dqg wkh rxwsxw jds +ru frqfhuq derxw vwdelolw| ri wkh

uhdo hfrqrp| lq jhqhudo, hqwhuv wkh orvv ixqfwlrq lv fdoohg  h{leoh lq dwlrq wdujhwlqj1

Lq dwlrq wdujhwlqj reylrxvo| dozd|v lqyroyhv dq dwwhpsw wr plqlpl}h ghyldwlrqv ri

lq dwlrq iurp wkh h{solflw lq dwlrq wdujhw +khuh 3,1 Zkhuhdv wkhuh pd| suhylrxvo|

kdyh ehhq frqwuryhuv| derxw zkhwkhu lq dwlrq wdujhwlqj lqyroyhv frqfhuq derxw uhdo

yduldelolw|/ uhsuhvhqwhg e| wkh rxwsxw jds yduldelolw|1 Wklv lv zk| zh suhvhqw wzr

rwkhu fdvhv= rqh lq zklfk wkh fhqwudo edqnhu vhhnv wr vwdelol}h wkh rxwsxw jds voljkwo|
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� @ �

2

�
dqg dqrwkhu lq zklfk wkh fhqwudo edqnhu vhhnv wr vwdelol}h lq dwlrq dqg wkh

surgxfwlrq zlwk wkh vdph lqwhqvlw| +� @ 4,1

?Lqvhuw Wdeoh 6 khuhA

Wkh frh!flhqwv ri wkh rswlpdo ixqfwlrqv duh w|slfdoo| odujhu +lq devroxwh ydoxh,

wkdq wkh hpslulfdo hvwlpdwhv/ hvshfldoo| vwulnlqj iru wkh uhvsrqvh wr fxuuhqw rxwsxw

dqg lq dwlrq1 Zh revhuyh wkdw wkh �Eudlqdug frqvhuydwlvp� 0 wkh idfw wkdw wkh

fhqwudo edqnhu ehfrphv fdxwlrxv ru htxlydohqwo| wkh idfw wkdw wkh sdudphwhuv ri wkh

uhdfwlrq ixqfwlrq ehfrph orzhu 0 lv hpslulfdoo| uhohydqw lq dq| fdvhv1 Iru h{dpsoh/

zkhq � @ �
2 > wkh frh!flhqw ri I+| lv htxdo wr 451377 xqghu fhuwdlqw| dqg 4415;7

zlwk sdudphwhu hvwlpdwlrq xqfhuwdlqw|1 Zh dovr frpsduhg wkhvh uhvxowv zlwk wkrvh

lq zklfk rqo| wkh yduldqfhv zhuh wdnhq lqwr dffrxqw lq rswlpl}dwlrq +qrw uhsurgxfhg

khuh,1 Wkh frh!flhqwv ri wkh rswlpdo uxoh xqghu sdudphwhu hvwlpdwlrq xqfhuwdlqw|

+zlwk ixoo yduldqfh0fryduldqfh pdwul{, duh dozd|v orzhu derxw 9(1 Iljxuh 6 jlyhv wkh

ydoxhv ri I+| dqg IZ| dffruglqj wr �1

?Lqvhuw Iljxuh 6 khuhA

71514 Wkh Srolf| Uhvsrqvh Ryhu Wlph

Vrph ihdwxuhv ri wkh prgho duh uhyhdohg e| ghulylqj wkh lpsxovh uhvsrqvh ixqfwlrqv/

zklfk wudfh krz hdfk yduldeoh lq wkh v|vwhp uhvsrqgv wr vwuxfwxudo vkrfnv1 Exw wkhvh

ixqfwlrqv qdwxudoo| ghshqg rq krz prqhwdu| srolf| uhvsrqgv wr wkh vkrfnv1 Vr zh

pxvw fdofxodwh krz srolf| uhvsrqgv ryhu wlph wr vkrfnv wr rxwsxw dqg lq dwlrq1 Lq wkh

�uvw shulrg/ wkh hfrqrp| lv klw e| d 4( vkrfn hlwkhu wr rxwsxw ru wr lq dwlrq1 Wklv

vkrfn lv wkhq wudqvplwwhg wkurxjk wkh hfrqrp| e| wkh vwdwh htxdwlrq1 Wkh fhqwudo

edqn uhvsrqgv rswlpdoo| lq hdfk shulrg dffruglqj wr lwv uhdfwlrq ixqfwlrq +8,1

Iljxuh 7 vkrzv wkh rswlpdo uhvsrqvhv iurp wkh prgho1 Vwloo/ wkh lqlwldo uhvsrqvh

wr erwk rxwsxw dqg lq dwlrq vkrfnv lv yhu| vwurqj/ zkhuhdv wkh lpsxovh uhvsrqvhv duh

yhu| yrodwloh/ suredeo| gxh wr wkh irxuwk odjv1 Frqvhtxhqwo|/ wkh Uxghexvfk0Vyhqvvrq

prgho ohdgv wr vxevwdqwldoo| pruh djjuhvvlyh srolf| ehkdylru wkdq zkdw vhhpv wr eh

revhuyhg lq sudfwlfh +exw zh duh idu dzd| iurp d uhdvrqdeoh prqhwdu| srolf| prgho,1

Lw lv qrwlfhg �uvw ri doo wkdw sdudphwhu hvwlpdwlrq xqfhuwdlqw| pdnhv rswlpdo

srolf| ohvv yrodwloh lq uhvsrqvh wr d vkrfn1 Dqg vhfrqgo| wkdw wkh odujhu � lv dqg

wkh vpdoohu wkh sdudphwhuv ri wkh uxoh ehfrph1 Wkh uhvsrqvhv duh ohvv yrodwloh dqg
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vr pruh uhdvrqdeoh1 Frqvhtxhqwo|/ wdnlqj sdudphwhu hvwlpdwlrq xqfhuwdlqw| lqwr

dffrxqw ohdgv wr ohvv djjuhvvlyh srolf|1

?Lqvhuw Iljxuh 7 khuhA

71515 Wkh Lpsolhg G|qdplfv ri wkh Lqwhuhvw Udwh

Dv d �qdo h{shulphqw/ zh fdq fdofxodwh wkh lpsolhg rswlpdo sdwk ri wkh vkruw whup

lqwhuhvw udwh ryhu wkh vdpsoh shulrg dqg xqghu sdudphwhu hvwlpdwlrq xqfhuwdlqw| e|

dsso|lqj wkh uhdfwlrq ixqfwlrq wr wkh dfwxdo gdwd iru wkh hxur duhd hfrqrp|1

Lw lv lpphgldwho| fohdu +Iljxuh 8d, wkdw wkh prgho lpsolhv frqvlghudeo| pruh

lqwhuhvw udwh yrodwlolw| wkdq wkh hyroxwlrq ri wkh klvwrulfdo gdwd1 Lqghhg/ hyhq li

wkh hyroxwlrqv duh yhu| forvh +Iljxuh 8e, rq gl�huhqw vfdohv/ lw lv qrw d uhdvrqdeoh

dssur{lpdwlrq ri wkh wuxh sdwk1 Dv vkrzq e| Vdfn +5333, dqg Vùghuvwuùp +4<<<,/

lw lv srvvleoh wr �qg d uhodwlyho| vlplodu sdwk zlwk dq xquhvwulfwhg YDU1 Exw lq d

YDU/ d orw ri frh!flhqwv duh qrwh vljql�fdqw dqg ryhuhydoxdwh wkh xqfhuwdlqw| +odujh

vwdqgdug huuruv,1 D vlpsoh vroxwlrq lq rughu wr fxuh wklv sureohp lv wr lqwurgxfh dq

remhfwlyh ri lqwhuhvw udwh vprrwklqj +�l|, lq wkh orvv ixqfwlrq exw wklv dvvxpswlrq

grhvq*w �qg vx!flhqw plfurirxqgdwlrqv wr eh mxvwl�hg/ lq rxu rslqlrq18

?Lqvhuw Iljxuh 8 khuhA

8 Frqfoxvlrq

Prqhwdu| srolf|pdnhuv/ hvshfldoo| Hxurshdq/ idfh frqvlghudeoh xqfhuwdlqw|1 Zkhq

wdnlqj wkhlu ghflvlrqv/ srolf|pdnhuv qhhg wr eh dzduh ri wklv xqfhuwdlqw| dqg idfwru

lwv h�hfwv lqwr wkhlu lqwhuhvw udwh fkrlfhv1

Lq wklv sdshu/ zh h{dplqh krz wkh wudglwlrqdo olqhdu txdgudwlf surjudpplqj pd|

eh dxjphqwhg wr wdnh lqwr dffrxqw wkh sureohp ri sdudphwhu hvwlpdwlrq xqfhuwdlqw|

lq zklfk wkh prphqwv ri vhfrqg rughu uhsuhvhqw d phdvxuh ri wklv xqfhuwdlqw|1 Wklv

phwkrg lv txlwh vlpsoh wr lpsohphqw dqg shuplwv dq ryhuylhz ri wkh lpsruwdqfh ri

wkh sdudphwhu hvwlpdwlrq xqfhuwdlqw| rq wkh vwuxfwxuh ri wkh uhdfwlrq ixqfwlrq1

Zh looxvwudwh wkh frqwuro sureohp lq dqdo|vlqj wkh lpsdfw ri wkh xqfhuwdlqw| rq

wkh rswlpdo prqhwdu| srolf|1 Rxu hpslulfdo uhvxowv rq hxurshdq gdwd vxjjhvw wkdw wkh
8 Lw lv zulwwhq qrzkhuh wkdw wkh fhqwudo edqnhu kdv dq xqvshfl�hg remhfwlyh ri lqwhuhvw udwh vprrwk0

lqj1
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�frqvhuydwlvp sulqflsoh� krogv zkhq zh xvh d Uxghexvfk0Vyhqvvrq*v w|sh ri prgho

dqg d vwdqgdug txdgudwlf fhqwudo edqn remhfwlyh dqg wkdw wkh orvv ixqfwlrq lv dozd|v

zhdnhu1

Wkh rqo| olplw ri wklv Ed|hvldq phwkrgrorj| lv lwv lpsrvvlelolw| +dw wklv vwdjh, ri

wdnlqj lqwr dffrxqw vrph iruzdug0orrnlqj yduldeohv lq wkh xqghuo|lqj prgho/ dqg vr

lw lv uhvwulfwhg wr sxuh edfnzdug0orrnlqj prghov1
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Uhihuhqfhv

^4` Dppdq/ K1 +4<<9,/ Qxphulfdo phwkrgv iru olqhdu0txdgudwlf prghov/ fkdswhu

46/ Kdqgerrn ri Frpsxwdwlrqdo Hfrqrplfv/ yroxph L/ hglwhg e| Dppdq/ K1/

Nhqgulfn/ G1 dqg M1 Uxvw1

^5` Dppdq/ K1 dqg Nhqgulfn/ G1 +5333,/ Vkrxog pdfurhfrqrplf srolf| pdnhuv frq0

vlghu sdudphwhu fryduldqfhv/ Frpsxwdwlrqdo Hfrqrplfv/ yro 47/ ss1 596059:1

^6` Eudlqdug/ Z1 +4<9:,/ Xqfhuwdlqw| dqg wkh h�hfwlyhqhvv ri srolf|/ Dphulfdq Hfr0
qrplf Uhylhz/ yro 8:/ ss1 74407581

^7` Eurfn/ Z1 dqg Vfkhlqnpdq/ M1 +4<:9,/ Joredo Dv|pswrwlf Vwdelolw| ri Rswlpdo

Frqwuro V|vwhpv zlwk Dssolfdwlrqv wr wkh Wkhru| ri Hfrqrplf Jurzwk/ Mrxuqdo

ri Hfrqrplf Wkhru|/ yro 45/ ss1 49704<31

^8` Fkrz/ J1 +4<::,/ Dqdo|vlv dqg Frqwuro ri G|qdplf Hfrqrplf V|vwhp/ Mrkq
Zloh| ) Vrqv/ Qhz0\run1

^9` Fohphqwv/ P1 dqg Khqgu|/ G1 +4<<;,/ Iruhfdvwlqj Hfrqrplf Wlph Vhulhv/ Fdp0

eulgjh Xqlyhuvlw| Suhvv1

^:` Hvwuhood/ D1 dqg Plvknlq/ I1 +4<<<,/ Uhwklqnlqj wkh uroh ri QDLUX lq prqhwdu|

srolf| = lpsolfdwlrqv ri prgho irupxodwlrq hw xqfhuwdlqw|/ lq Mrkq E1 Wd|oru

+hg1,/ Prqhwdu| Srolf| Uxohv/ Xqlyhuvlw| ri Fklfdjr Suhvv/ ss1 73807631

^;` Idjdq/ J1/ Khqu|/ M1 dqg Phvwuh/ U1 +5334,/ Dq Duhd0Zlgh Prgho +DZP, iru

wkh Hxur Duhd/ Zrunlqj Sdshu q�75/ Hxurshdq Fhqwudo Edqn1

^<` Jldqqrql/ P1 +4<<<,/ Grhv prgho xqfhuwdlqw| mxvwli| fdxwlrq B Urexvw rswlpdo

prqhwdu| srolf| lq d iruzdug0orrnlqj prgho/ pdqxvfulsw/ Sulqfhwrq Xqlyhuvlw|1

^43` Kdqvhq/ O1 dqg Vdujhqw/ W1 +5334,/ Urexvw frqwuro dqg Prgho Xqfhuwdlqw|/

pdqxvfulsw/ Vwdqirug Xqlyhuvlw|1

^44` Mxgg/ N1 +4<<;,/ Qxphulfdo Phwkrgv lq Hfrqrplfv/ Wkh PLW Suhvv/ Fdpeulgjh1

^45` Nqljkw/ I1 +4<54,/ Ulvn/ Xqfhuwdlqw| dqg Sur�w/ Krxjkwrq Pl"lq Frpsdq|/

Ervwrq1

^46` Oh Elkdq/ K1 dqg Vdkxf/ M0J1 +5335,/ Uëjoh gh srolwltxh prqìwdluh hq suìvhqfh

g*lqfhuwlwxgh = xqh v|qwkëvh/ Uhyxh g*Hfrqrplh Srolwltxh/ yro 445/ ss1 67<06;91
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^47` Omxqjtylvw/ O1 dqg Vdujhqw/ W1 +5333,/ Uhfxuvlyh Pdfurhfrqrplf Wkhru|/ Wkh

PLW Suhvv/ Fdpeulgjh1

^48` Pduwlq/ E1 dqg Vdoprq/ F1 +4<<<,/ Vkrxog xqfhuwdlq prqhwdu| srolf|0pdnhuv gr

ohvv B/ Zrunlqj Sdshu q�<</ Edqn ri Hqjodqg1

^49` Rqdwvnl/ D1 dqg Vwrfn/ M1 +5333,/ Urexvw Prqhwdu| Srolf| xqghu Prgho xqfhu0

wdlqw| lq d Vpdoo Prgho ri wkh XV hfrqrp|/ QEHU Zrunlqj Sdshu q�:7<31

^4:` Srroh/ Z1 +4<<;,/ D srolf|pdnhu frqiurqwv xqfhuwdlqw|/ Ihghudo Uhvhuyh Edqn ri
Vw Orxlv Uhylhz +vhswhpehu0rfwrehu,/ ss1 60;1

^4;` Uxghexvfk/ J1 +5334,/ Lv wkh Ihg wrr wlplg B Prqhwdu| srolf| lq dq xqfhuwdlq

zruog/ Uhylhz ri Hfrqrplf Vwxglhv/ yro ;6/ ss1 536054:1

^4<` Uxghexvfk/ J1 dqg Vyhqvvrq/ O1 +4<<<,/ Srolf| uxohv iru lq dwlrq wdujhwlqj/ lq

Mrkq E1 Wd|oru +hg1,/ Prqhwdu| Srolf| Uxohv/ Xqlyhuvlw| ri Fklfdjr Suhvv/ ss1

53605791

^53` Vdfn/ E1 +5333,/ Grhv wkh Ihg Dfw Judgxdoo| B D YDU Dqdo|vlv/ Mrxuqdo ri

Prqhwdu| Hfrqrplfv/ yro 79/ ss1 55<05891

^54` Vdfn/ E1 dqg Zlhodqg/ Y1 +5334,/ Lqwhuhvw udwh vprrwklqj dqg rswlpdo prqh0

wdu| srolf| = d uhylhz ri uhfhqw hpslulfdo hylghqfh/ Mrxuqdo ri Hfrqrplfv dqg

Exvlqhvv/ yro 85/ ss1 538055;1

^55` Vdkxf M0J1 +5335,/ Urexvw Hxurshdq Lqwhuhvw Udwh Uxohv/ pdqxvfulsw/ Edqtxh

gh Iudqfh1

^56` Vùghuvwuùp/ X1 +4<<<,/ Vkrxog fhqwudo edqnv eh pruh djjuhvvlyh B/ Zrunlqj
Sdshu lq Hfrqrplfv dqg Ilqdqfh q�63</ Vwrfkrop Vfkrro ri Hfrqrplfv1

^57` Vurxu/ J1 +4<<<,/ Lq dwlrq wdujhwlqj xqghu xqfhuwdlqw|/ Whfkqlfdo Uhsruw q�;8/

Edqn ri Fdqdgd1

^58` Vyhqvvrq/ O1 +5333,/ Rshq0hfrqrp| lq dwlrq wdujhwlqj/ Mrxuqdo ri Lqwhuqdwlrqdo

Hfrqrplfv/ yro 83/ ss1 48804;61
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Dsshqgl{ D= Wkh Fulwhulrq Ydoxh

Zh frqvlghu wkh lqwhuwhpsrudo orvv ixqfwlrq lq txduwhu w>

H| +Z , @ H|

"[
�'f

!�O +||n� > �|n� ,

/
H| +Z , @

%
"[
�'f

!�O +�||n� > ��|n� , .H|

"[
�'f

!�O
�
|W|n� > �

W
|n�

�&
+53,

@ ^Z� .H| +Z2,`

zkhuh/ iru d yduldeoh }|> }
W
| @ }| � �}|=

Wkh glvfrxqw idfwru ! dsshduv wr eh sureohpdwlf1 Lq idfw zkhq ! $ 4/ wkh

vxp lq wkh deryh htxdwlrq ehfrphv xqerxqghg1 Lw frqvlvwv ri wzr hohphqwv = rqh

fruuhvsrqglqj wr wkh ghwhuplqlvwlf rswlpl}dwlrq sureohp zkhq doo vkrfnv duh }hur/

+Z�,/ dqg rqh sursruwlrqdo wr wkh yduldqfhv ri wkh vkrfnv/ H| +Z2,1

Li ! @ 4/ wkh iruphu frpsrqhqw frqyhujhv +ehfdxvh wkh whupv dssurdfk }hur

txlfno|,/ dqg wkh ghflvlrq sureohp lv dfwxdoo| zhoo gh�qhg dovr iru wkdw fdvh1 Exw/

iru ! $ 4/ wkh ydoxh ri wkh lqwhuwhpsrudo orvv ixqfwlrq dssurdfkhv wkh lq�qlwh

vxp ri xqfrqglwlrqdo phdqv ri wkh shulrg orvv ixqfwlrq/ H +O|,/ ehfdxvh H| +Z , @
4

4� !

�S"
�'f O +�||n� > ��|n� , .H|

S"
�'fO

�
|W|n� > �

W
|n�

��
=

Wkhq wkh vfdohg orvv ixqfwlrq +4� !,H|

S"
�'f !

�O +||n� > �|n� , dssurdfkhv wkh xq0

frqglwlrqdo phdq H +O|,1 Zh iroorz wkdw zh fdq dovr gh�qh wkh rswlpl}dwlrq sureohp

iru ! @ 4 dqg wkhq lqwhusuhw wkh lqwhuwhpsrudo orvv ixqfwlrq dv wkh xqfrqglwlrqdo

phdq ri wkh shulrg orvv ixqfwlrq/ zklfk htxdov wkh zhljkwhg vxp ri wkh xqfrqglwlrqdo

yduldqfhv ri wkh jrdo yduldeohv/

O +||> �|, @ Y du +�|, . �Y du +||,

Zh vhh wkdw lw lv yhu| vlpsoh wr ghulyh wkh orvv ixqfwlrq zkhq ! @ 4 exw qrw li

! 9@ 41

Li rqh dvvxphv wkdw erwk wkh sdudphwhuv ri wkh prgho dqg wkh vwdwh yduldeohv

duh nqrzq/ wkhq hdfk ri wkh uxoh lv d olqhdu ixqfwlrq ri wkh yhfwru ri vwdwh yduldeohv

+l| @ I{|,1 Wkh g|qdplfv ri wkh prgho dqg wkh jrdo yduldeohv/ j|/ iru d jlyhq uxoh duh

wkhq jlyhq e|

{|n� @ P{| . %|>

j| @ F{|

zkhuh P @ D.EI dqg F @ F% .F�I 1

4;



Iru dq| jlyhq uxoh I wkdw uhvxowv lq �qlwh xqfrqglwlrqdo yduldqfhv ri wkh jrdo

yduldeohv/ wkh xqfrqglwlrqdo orvv ixo�oov

H ^O +||> �|,` @ H
�
j�|Tj|

�
@ wu ^T	}` +54,

zkhuh 	} lv wkh xqfrqglwlrqdo fryduldqfh pdwul{ ri wkh jrdo yduldeohv dqg lv jlyhq e|=

	} @ H
�
j|j

�
|

�
@ F	%F

�> +55,

zkhuh 	% lv wkh xqfrqglwlrqdo fryduldqfh pdwul{ ri wkh vwdwh yduldeohv1 Wkh odwwhu

ixo�oov wkh pdwul{ htxdwlrq

	% @ H
�
{|{

�
|

�
@ P	%P

� .	0 +56,

Zh fdq xvh wkh uhodwlrq yhf +D.E, @ yhf +D, . yhf +E, dqg yhf +DEF, @

+F � D, yhf +E, wr rewdlq

yhf +	%, @ yhf
�
P	%P

�
�
. yhf +	0,

@ +P P, yhf +	%, . yhf +	0,

, yhf +	%, @ ^L � +P P,`3� yhf +	0, +57,

Li wkh vwdwh yduldeohv duh revhuyhg/ exw wkh sdudphwhuv ri wkh hvwlpdwhg prgho duh

vxemhfw wr xqfhuwdlqw|/ wkhq htxdwlrq +54, dqg +55, djdlq ghvfuleh wkh orvv ixqfwlrq

dqg wkh fryduldqfh pdwul{ ri wkh jrdo yduldeohv/ exw lq wklv fdvh wkh fryduldqfh pdwul{

ri wkh vwdwh yduldeohv lv jlyhq e| wkh iroorzlqj htxdwlrq =

yhf +	%, @ ^L �H ^+P P,``3� yhf +	0, +58,

Uhpdun 4 Wkh fulwhulrq fdofxoxv lv frqvwudlqhg e| wkh idfw wkdw ! pxvw eh qhdu wkh

xqlw| dqg/ iru odujh prghov/ lw lv yhu| gl!fxow wr surjudp wkh P P pdwul{ wkrxjk
wkh g|qdplf surjudpplqj doorzv d ghfrpsrvlwlrq lq vpdoohu pdwul{ dqg lv xvdeoh iru

doo wkh ydoxh ri !=
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Dsshqgl{ E= Wkh Frqwudfwlrq Pdsslqj Wkhruhp
Wklv dsshqgl{ suhvhqwv wkh pdwkhpdwlfdo gh�qlwlrqv zklfk doorz xv wr udwlrqdol}h

wkh xvh ri wkh qxphulfdo g|qdplf surjudpplqj1 Iru wkdw/ zh zloo xvh lq�qlwh0krul}rq/

glvfrxqwhg/ wlph vhsdudeoh/ dxwrqrprxv g|qdplf surjudpplqj sureohpv wr dqdo|}h

wkh orqj uxq hfrqrplf sureohp1 Wkh wlph w grhv qrw hqwhu lqwr wkh sureohp gluhfwo|>

wkhuhiruh wkh sd|r� ixqfwlrq lv O +{> l,/ dqg G +{, lv wkh qrqhpsw| vhw ri ihdvleoh

frqwurov iru wkh fxuuhqw vwdwh {1 Wkh vwdwh lq wkh �qh{w� shulrg zloo eh qrwhg {n/ dqg

lw ghshqgv rq wkh fxuuhqw vwdwh dqg dfwlrq lq d srvvleo| vwrfkdvwlf/ exw dxwrqrprxv/

idvklrq1

Dv vkrzq deryh/ wkh remhfwlyh ri wkh frqwuroohu lv wr plqlpl}h glvfrxqwhg h{0

shfwhg uhwxuqv H|

S"
�'f !

�O +{|n� > l|n� , jlyhq d �{hg lqlwldo ydoxh/ {f/ dqg ! ? 4/ wkh

glvfrxqw idfwru1 Wkh ydoxh ixqfwlrq lv gh�qhg e|

M +{, @ vxs
UE%�

H

;?=
"[

}|'f

!�O +{|n� > l|n� , m{f @ {

<@> > +59,

zkhuh L +{, lv wkh vhw ri doo ihdvleoh vwudwhjlhv vwduwlqj dw {1 Wkh ydoxh ixqfwlrq

vdwlv�hv wkh Ehoopdq htxdwlrq

M +{, @ vxs
�M(E%�

O +{> l, . !H
�
M
�
{n

� m{> l� � +PM, +{, > +5:,

dqg wkh srolf| ixqfwlrq/ L +{, > vroyhv

L +{, 5 dujpd{
�M(E%�

O +{> l, . !H
�
M
�
{n

� m{> l� +5;,

Wkh nh| wkhruhp lq lq�qlwh krul}rq g|qdplf surjudpplqj lv wkh frqwudfwlrq pds0

slqj wkhruhp dssolhg wr Ehoopdq htxdwlrq1 Ohw xvh jlylqj wzr suholplqdu| gh�qlwlrqv=

Gh�qlwlrq 4 D pds P = \ $ ] rq rughuhg vsdfhv \ dqg ] lv prqrwrqh li dqg

rqo| li |� � |2 lpsolhv P|� � P|2=

Gh�qlwlrq 5 D pds P = \ $ ] rq d phwulf vsdfh \ lv d frqwudfwlrq zlwk prgxoxv
! ? 4 li dqg rqo| li nP|� �P|2n � ! n|� � |2n1

Vr/ zlwk wklv wzr gh�qlwlrqv/ wkh fulwlfdo wkhruhp lv wkh frqwudfwlrq pdsslqj

wkhruhp iru g|qdplf surjudpplqj wkdw lv xqghuo|lqj iru doo wkh uhvxowv lq wklv sdshu=

Wkhruhp 4 Li [ lv frpsdfw/ ! ? 4/ dqg O lv erxqghg deryh dqg ehorz/ wkhq wkh
pds

PM @ vxs
�M(E%�

O +{> l, . !H
�
M
�
{n

� m{> l� +5<,

lv prqrwrqh lq M/ lv d frqwudfwlrq pdsslqj zlwk prgxoxv ! lq wkh vsdfh ri erxqghg
ixqfwlrqv/ dqg kdv d xqltxh �{hg srlqw1
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Wdeoh 4= Txduwhuo| Gdwd/ 4<:9=405333=7

Yduldeoh Gh�qlwlrq

|| Rxwsxw jds= 433� orj +T| �TRJ|,

�| Lq dwlrq udwh= 733��orj+s|,

l| Vkruw whup qrplqdo lqwhuhvw udwh

Wkh rxwsxw jds lv gh�qhg dv wkh orj ghyldwlrq ri uhdo JGS E'|� wr srwhqwldo

rxwsxw E'RJ|�1 Srwhqwldo rxwsxw lv dvvxphg wr eh jlyhq e| d frqvwdqw0uhwxuqv0

wr0vfdoh Free0Grxjodv surgxfwlrq ixqfwlrq +vhh Idjdq dqg do1 +5334,,1 R| lv

wkh JGS gh dwru1

Wdeoh 51 Yduldqfh0Fryduldqfh Pdwul{ +frh!flhqw�4333,

�� �2 � � �� �2 �� �e

�� <1756 0;15;3 31759 31454 031384 31469 0313<44 31346

�2 0 <13:9 03158: 31359 3137< 031465 31437 031345

� 0 0 31735 031334 03135< 3134; 31336 31338

� 0 0 0 :1966 041388 0415<< 31959 51593

�� 0 0 0 0 <1685 081894 051734 04156:

�2 0 0 0 0 0 451:83 071835 051997

�� 0 0 0 0 0 0 45178< 81839

�e 0 0 0 0 0 0 0 <1838

Wdeoh 61 Rswlpdo Uhdfwlrq Ixqfwlrq Sdudphwhuv

Fdvh I+| I+|3� IZ| IZ|3� IZ|32 IZ|3�
� @ 3

Fhuwdlqw|0htxlydohqw 4:178 31446 6414<; 6145; 4;16;6 431<:;

Sdudphwhu xqfhuwdlqw| 471;93 3139; 551448 51;97 4618<8 :1;38

� @ �
2

Fhuwdlqw|0htxlydohqw 451377 31446 ;144; 51;4: 519<5 5167:

Sdudphwhu xqfhuwdlqw| 4415;7 3139; :16;3 5194< 5195: 51449

� @ 4

Fhuwdlqw|0htxlydohqw 44193: 31446 91396 513:< 41::; 4197<

Sdudphwhu xqfhuwdlqw| 431;<3 3139; 818<7 41<73 41:8< 41837
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Iljxuh 41 Hxurshdq Gdwd Vhulhv
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Iljxuh 51 Klvwrulfdo dqg Hvwlpdwhg Vhulhv
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Iljxuh 61 Uhvsrqvh wr Rxwsxw dqg Lq dwlrq

�� fhuwdlqw| htxlydohqw 0 0 0 hvwlpdwlrq xqfhuwdlqw|

Iljxuh 71 Rswlpdo Srolf| Uhvsrqvh wr Vkrfnv +zlwk � @ 3,

�� fhuwdlqw| htxlydohqw 0 0 0 hvwlpdwlrq xqfhuwdlqw|
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Iljxuh 81 Klvwrulfdo dqg Rswlpdo Lqwhuhvw Udwhv
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