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Devwudfw

Wkh jurzwk olwhudwxuh lv frqfhuqhg zlwk wkh frqyhujhqfh vshhg ri hfrqrplhv

surylglqj ydoxdeoh lqirupdwlrq rq wkh vshhg dw zklfk rxw0ri0vwhdg| vwdwh0hfrqrplhv

pryh wrzdugv wkhlu orqj0uxq htxloleuld1 Surplqhqw h{dpsohv ri sdshuv rq wkdw wrslf

lqfoxgh Pdqnlz2Urphu2Zhlo +4<<5, dqg Eduur2Vdod0l0Pduwlq +4<<5, erwk hpslul0

fdoo| rulhqwhg/ dqg Mrqhv +4<<8, dqg Ruwljxhlud2Vdqwrv +4<<:, ehlqj wkhruhwlfdoo|

irfxvhg1 D frpprq vkruwfrplqj ri vxfk vwxglhv lv wkdw dq| frqyhujhqfh vshhg phd0

vxuh hpsor|hg lv xvxdoo| ghulyhg e| olqhdul}dwlrq durxqg wkh vwhdg| vwdwh1 Krzhyhu/

nqrzohgjh ri wkh frqyhujhqfh vshhg lv lpsruwdqw rqo| li dq hfrqrp| lv qrw douhdg|

lq wkh ylflqlw| ri lwv orqj0uxq htxloleulxp1 Wkh fxuuhqw sdshu suhvhqwv d phwkrg/

zklfk doorzv wr txdqwli| wkh rffxulqj huuru gxh wr olqhdul}dwlrq lq dq| jurzwk prgho

ihdwxulqj vwdeoh vwhdg| vwdwhv1 Qhrfodvvlfdo jurzwk wkhru| lv xvhg wr lqwurgxfh wkh

phwkrgrorj| lwvhoi1 Dssolfdwlrqv wr vrph jurzwk prghov duh suhvhqwhg/ wrr1

Nh|zrugv= Frqyhujhqfh Vshhg/ Jurzwk Wkhru|/ Wudqvlwlrqdo G|qdplfv/ Olqhdul}d0

wlrq Huuru

MHO fodvvl�fdwlrq= R73/ R74/ F9<
�L dp judwhixo wr Rolyhu Ideho dqg Sdxo Iulmwhuv iru yhu| khosixo frpphqwv1 L dovr wkdqn Jhukdug

Vfkzùgldxhu iru klv wkrxjkwixo vxjjhvwlrqv1
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4 Lqwurgxfwlrq

U1 Vdwr +4<96, zdv wkh �uvw wr lqtxluh lqwr wkh wlph shulrg uhtxluhg iru dq hfrqrp| wr

ryhufrph d fhuwdlq dprxqw ri d glvsodfhphqw iurp lwv vwhdg| vwdwh1 Lq sduwlfxodu/ kh

lqyhvwljdwhg �vfdo srolf| lq wkh Vrorz prgho= U1 Vdwr wrrn wkh �{hg lqyhvwphqw udwlr dv

d srolf| yduldeoh dqg dqdo|}hg wkh dgmxvwphqw vshhg4 ri d srolf| fkdqjh1 Iru d vhw ri

sdudphwhu ydoxhv5/ kh irxqg wkdw wkh h{dfw wlph shulrg iru d <3 shu fhqw dgmxvwphqw lv

txlwh orqj 0 wdnlqj 433 |hduv1 Vlqfh frpsohwh dgmxvwphqw lv qhyhu dfklhyhg zlwklq �qlwh

wlph/ U1 Vdwr xvhv wkh duelwudu| ydoxh <3( ri d yduldeoh*v vwhdg| vwdwh ohyho6 wr fkdudfwhul}h

lwv ylflqlw| wr wkh qhz orqj0uxq htxloleulxp1 Wkuhh |hduv odwhu N1 Vdwr +4<99, fkdoohqjhg

wklv uhvxow1 Kh qrwhg wkdw wkh orqj dgmxvwphqw shulrgv fdofxodwhg e| U1 Vdwr zhuh gxh

wr klv dvvxpswlrqv ri d }hur0ghsuhfldwlrq udwh ri fdslwdo jrrgv7 dqg sxuh glvhperglhg

whfkqlfdo surjuhvv1 Xvlqj N1 Vdwr*v vxjjhvwhg ghsulfldwlrq udwh ri ;( +zlwkrxw lqwurgxflqj

whfkqlfdo dgydqfh ri wkh hperglhg w|sh,/ iru U1 Vdwr*v sdudphwhu vhw |lhogv dq dgmxvwphqw

wlph ri rqo| 63 |hduv1 Zlwk wkh glplqlvklqj lqwhuhvw ri wkh hfrqrplf surihvvlrq lq jurzwk

hfrqrplfv/ wkh frqyhujhqfh vshhg ghedwh wkhq fdph wr d kdow1 Lw zdv uhylyhg e| wkh

hpslulfdo sdshuv Pdqnlz2Urphu2Zhlo +4<<5, dqg Eduur2Vdod0l0Pduwlq +4<<5, zklfk erwk

hvwlpdwh wkh dssur{lpdwhg frqyhujhqfh vshhg1 Lw zdv irxqg wr eh txlwh vpdoo/ vwdqglqj

lq vwdun frqwudvw wr fdoleudwhg suhglfwlrqv ri wkh xqghuo|lqj jurzwk prghov1 Vrrq diwhu/

wkh dssolhg hfrqrphwulf phwkrgrorj| zdv txhvwlrqhg rq vhyhudo jurxqgv dqg vxevhtxhqw

sdshuv uhsruw kljkhu hvwlpdwhv ri frqyhujhqfh vshhgv1 Zkloh wkdw uhqhzhg ghedwh lv

udwkhu hpslulfdo dqg vroho| frqfhuqhg zlwk d phdvxuh ri wkh dgmxvwphqw vshhg ghulyhg

lq wkh ylflqlw| ri wkh vwhdg| vwdwh/ Ruwljxhlud dqg Vdqwrv +4<<:, glvfxvv vwhdg| vwdwh

frqyhujhqfh lq qhrfodvvlfdo dqg hqgrjhqrxv jurzwk prghov81 Wkh| txhvwlrq wkh ydolglw| ri

hpslulfdo phdvxuhv jlyhq r�0vwhdg|0vwdwh1 Krzhyhu/ wkh| rqo| surylgh d judsklfdo vroxwlrq1

4Wkh whupv frqyhujhqfh/ dgmxvwphqw/ dqg wudqvlwlrq vshhg duh xvhg lqwhufkdqjhdeo|1
5Vdwr +4<96, zrunhg zlwk d frqyhqwldo Free0Grxjodv surgxfwlrq ixqfwlrq dqg wkh ydoxhv= lqlwldo2qhz

lqyhvwphqw udwh= 44199(245187(> fdslwdo vkduh= 3168> oderu irufh jurzwk udwh= 418(> udwh ri oderu0

dxjphqwlqj whfkqlfdo surjuhvv= 5(1
6Qrwlfh wkdw wkh vwhdg| vwdwh ohyho uhpdlqv frqvwdqw ryhu wlph1 Wkh yduldeoh iru frpsdulvrq 0 vwdelolw|

fulwhulrq lq klv whupv 0 zdv wkh dyhudjh surgxfw ri fdslwdo1
7Ru htxlydohqwo| gxh wr dq lqyhvwphqw srolf| ri wkh irup L @ v +\ � �N,/ zkhuh \ lv jurvv rxwsxw1

Zruq rxw fdslwdo/ �N/ lv lpphgldwho| uhsodfhg e| qhz fdslwdo jrrgv/ dqg dgglwlrqdoo|/ d frqvwdqw iudfwlrq

v ri qhw rxwsxw lv lqyhvwhg/ vhh N1 Vdwr +4<99/ s1 598,1
8Vshfl�fldoo|/ wkh vwdqgdug Udpvh| prgho pdnhv xs wkh qhrfodvvlfdo sduw zkloh kxpdq fdslwdo prghov

ä od X}dzd +4<98, dqg Oxfdv +4<;;, vwdqg lq iru qhz jurzwk wkhru|1
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Wklv ghprqvwudwhv wkdw wkh odzv ri prwlrqv ri shu0fdslwd fdslwdo rewdlqhg e| qxphulfdo

vroxwlrq ri wkh qrqolqhdu v|vwhpv dqg olqhdul}dwlrq durxqg wkh orqj0uxq htxloleulxp vhhp

wr frlqflgh ryhu d odujh udqjh ri wkh shu0fdslwd fdslwdo vwrfn1

Dv d frpprq fkdudfwhulvwlf wkh vshhg ri wudqvlwlrq ri r�0vwhdg|0vwdwh0hfrqrplhv lv

phdvxuhg xvlqj olqhdul}dwlrq durxqg wkh orqj0uxq htxloleulxp1 Vwulfwo| vshdnlqj/ wkrvh

phdvxuhv duh ydolg rqo| li wkh prgho hfrqrp| lv lq vwhdg|0vwdwh0qhljkerukrrg1 \hw/ wkh

vshhg ri wudqvlwlrq rqo| ehduv lpsruwdqfh/ li wkh hfrqrp| lv qrw lq vwhdg| vwdwh ylflqlw|1

Qhyhuwkhohvv/ h{hpsol�hg e| Mrqhv +4<<8/ s1 ::7,/ lw vhhpv wr eh wkh vwdqgdug surfhgxuh

e| qrz wr vwduw r� zlwk olqhdul}dwlrq lq rughu wr rewdlq d frqvwdqw frh!flhqw phdvxulqj

wkh vshhg ri frqyhujhqfh1

Wklv sdshu wdnhv xs wkdw sureohp dqg ghyhorsv d phwkrg zklfk doorzv wr dvvhvv

zkhwkhu wkh huuruv lqwurgxfhg e| olqhdul}dwlrq duh vhulrxv ru udwkhu qhjoljleoh1 Lw frp0

sohphqwv Ruwljxhlud2Vdqwrv +4<<:, lq surylglqj txdqwl�fdwlrqv ri wkh olqhdul}dwlrq huuru*v

vl}h lqvwhdg ri dujxlqj rq wkh edvlv ri judsklfdo lpsuhvvlrqv1

Wkhuh duh dw ohdvw �yh uhdvrqv zk| wkh frqyhujhqfh vshhg pdwwhuv1 Iluvw/ li wkh dg0

mxvwphqw vshhg lv kljk/ wkh hfrqrp| lv doprvw dozd|v forvh wr lwv orqj0uxq htxloleulxp1

Wkhuhiruh/ lw lv vx!flhqw wr eh vroho| frqfhuqhg zlwk vwhdg| vwdwh ehkdylru dqg frpsdud0

wlyh g|qdplfv ri wkh jurzwk prgho1 Rq wkh rwkhu kdqg/ li wkh vshhg ri wudqvlwlrq lv orz/

lw lv vlwxdwhg lq vrph glvwdqfh wr lwv vwhdg| vwdwh prvw ri wkh wlph1 Wudqvlwlrqdo g|qdplfv

wkhq ehfrph yhu| lpsruwdqw ehfdxvh wkh| h{foxvlyho| surylgh d uhdvrqdeoh ghvfulswlrq ri

wkh prgho*v jurzwk surfhvv1 Khqfh/ wkh frqyhujhqfh frh!flhqw pd| vhuyh dv dq lqglfdwru

zkhwkhu vwhdg| vwdwh ehkdylru ru wudqvlwlrqdo g|qdplfv vkrxog eh hpskdvl}hg e| d prgho*v

dqdo|vlv1 Li d jurzwk wkhru| lv uhtxluhg wr h{klelw vwhdg| vwdwh jurzwk/ d kljk frqyhujhqfh

vshhg dsshduv wr frqvwlwxwh d qhfhvvdu| frqglwlrq iru lw1 Pruhryhu/ wkh frqyhujhqfh frhi0

�flhqw surylghv dq dgglwlrqdo hpslulfdoo| whvwdeoh k|srwkhvlv1 Li wkh dgmxvwphqw vshhg lv

hvwlpdwhg/ d jurzwk prgho*v frqyhujhqfh frh!flhqw*v fdoleudwlrq fdq eh frpsduhg wr lwv

hvwlpdwh1 Wklv zloo surylgh dqrwkhu vrxufh ri hylghqfh frqfhuqlqj wkh sduwlfxodu jurzwk

prgho dw kdqg91 Ixuwkhu/ rqfh uholdeoh hvwlpdwhv duh dydlodeoh/ d jurzwk prgho*v fdoleud0

9E| qrz/ wkhuh h{lvwv d pxowlwxgh ri sdshuv zklfk ghdo zlwk wkh hvwlpdwlrq ri wkh dgmxvwphqw vshhg1

Wkh| gl�hu lq wkhlu dssolhg phwkrgrorj| +furvv0frxqwu| uhjuhvvlrq yv1 sdqho gdwd dssurdfk, dqg lq wkhlu

uhvxowv1 Prvw furvv0frxqwu| uhjuhvvlrq sdshuv/ h1j1 Eduur2Vdod0l0Pduwlq +4<<5,/ uhsruw dq hvwlpdwh ri

5( zklfk vhhpv wr eh urexvw ryhu ydulrxv gdwd vhwv1 Krzhyhu/ dqrwkhu sduw ri wkdw olwhudwxuh fkdo0

ohqjhv wklv uhvxow e| txhvwlrqlqj wkh dssolhg phwkrg ri hvwlpdwlrq1 Iru d fulwlfdo glvfxvvlrq frpsduh

Ruwljxhlud2Vdqwrv +4<<:/ s1 6;6i1,
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wlrq h{klelwv dq dgglwlrqdo ghjuhh ri iuhhgrp1 Xvlqj wkh dgglwlrqdo lqirupdwlrq surylghg

e| wkh frh!flhqw*v hvwlpdwh/ sdudphwhuv pd| eh lqihuuhg iurp wkh prgho*v vwuxfwxuh/ wkh

frh!flhqw*v hvwlpdwh/ dqg sur{lhv ri pruh urexvw sdudphwhuv:1 Ilqdoo|/ li d jurzwk prgho

lv wkrxjkw wr fdswxuh wkh jurzwk surfhvv ri d uhdo hfrqrp|/ lwv dgmxvwphqw vshhg pd|

eh ghwhuplqhg dqg fdoleudwhg/ surylglqj ydoxdeoh lqirupdwlrq rq wkh wlph wkdw hfrqrp|

qhhgv wr eulgjh dq| hyhqwxdo jds wr lwv vwhdg| vwdwh srvlwlrq1 Iru h{dpsoh vxssrvh Jhu0

pdq| frxog eh sruwud|hg e| vxfk d prgho dqg d frqvwdqw frqyhujhqfh vshhg ri :( eh

ghulyhg1 Li wkh zhvwhuq sduw lv lq htxloleulxp zkloh wkh hdvwhuq sduw lv qrw/ lw frxog eh

frqfoxghg wkdw wkh hdvwhuq sduw qhhghg durxqg whq |hduv wr forvh kdoi ri wkh jds1

Wkh uhpdlqghu ri wklv sdshu lv rujdql}hg dv iroorzv= Vhfwlrq 5 lqwurgxfhv wkh frqyhu0

jhqfh frh!flhqw dqg glvfxvvhv vrph ri lwv jhqhudo surshuwlhv1 Wkh txdolw|0txdqwl�fdwlrq0

phwkrg lv lqwurgxfhg lq vhfwlrq 61 Lq vhfwlrq 7 lw lv dssolhg wr wkh Vrorz prgho1 Lw lv

ghprqwudwhg wkdw wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq fdslwdo dqg oderu lv fuxfldo iru

wkh txdolw| ri wkh olqhdul}dwlrq1 Vhfwlrq 8 frqwdlqv dq dssolfdwlrq wr wkh Udpvh| prgho1

Ilqdo frqfoxvlrqv duh surylghg lq vhfwlrq 91

5 Wkh Frqyhujhqfh Frh!flhqw

Lq wklv vhfwlrq zh gh�qh wkh frqyhujhqfh frh!flhqw dqg glvfxvv wzr surshuwlhv zklfk duh

zlgho| qhjohfwhg1 Ohw t E|� ghqrwh wkh gl�huhqwldeoh wlph0sdwk ri dq| yduldeoh frqyhujlqj

wr lwv edodqfhg jurzwk htxloleulxp/ t W/ zklfk lv frqvwdqw ryhu wlph1

Gh�qlwlrq 4 t *v vshhg ri frqyhujhqfh lv jlyhq e| qt E|� � �_Et W
3t E|��*_|

t W
3t E|�

�

Wkxv/ qt +urxjko|, phdvxuhv e| krz pdq| shufhqwdjh srlqwv t *v vwhdg| vwdwh jds/

t W�t / ydqlvkhv dv dq lq�qlwhvlpdo xqlw ri wlph hodsvhv;1 Wklv lv wkh wudglwlrqdo gh�qlwlrq

ri wkh frqyhujhqfh frh!flhqw dv suhvhqwhg lq h1j1 N1 Vdwr +4<99/ s1 597, dqg Jdqgroir

:Eduur2Vdod0l0Pduwlq +4<<8/ s1 6:i1, dsso| wklv uhdvrqlqj wr wkh fdslwdo vkduh xwlol}lqj wkh Vrorz

prgho= wkh| qrwh wkdw wkh +dssur{lpdwhg, frqyhujhqfh vshhg pd| eh jlyhq e| +4 � �,+q . � . {, � +�

0 fdslwdo vkduh/ q 0 oderu irufh jurzwk/ � 0 ghsuhfldwlrq udwh/ { 0 oderu0dxjphqwlqj whfkqlfdo surjuhvv, �

dqg wkdw lwv hvwlpdwh lv 5(1 Pruhryhu/ wkh| �{ i q @ 3=34/ � @ 3=38/ { @ 3=35 j dqg lqihu wkdw wkh fdslwdo

vkduh pxvw eh � @ 3=:8 zklfk lv wrr odujh iru d qduurz frqfhsw ri fdslwdo frq�qhg wr sk|vlfdo fdslwdo1 Rq

wkh edvlv ri wklv dujxphqw/ wkh| vxjjhvw wkdw kxpdq fdslwdo sod|v dq lpsruwdqw uroh dqg wkdw fdslwdo*v

frqyhqwlrqdo ylhz vkrxog eh eurdghqhg1
;Wr eh suhflvh/ �

\
lv wkh udwh dw zklfk wkh vwhdg| vwdwh glvsodfhphqw ghfolqhv uhodwlyh wr lwv vl}h dv

wlph jrhv e|1
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+4<<9/ s1 4;4�1, Qrwh wkdw lw ghyldwhv iurp wkh rqh frqwdlqhg lq Eduur2Vdod0l0Pduwlq

+4<<8/ s1 86, zkr gh�qh lw wr eh d vhpl0hodvwlflw| ri t *v jurzwk udwh zlwk uhvshfw wr lwv

ohyho/ vshfl�fldoo| q�7t � �_E �t *t �
_ *L} t

� Lw phdvxuhv e| krz pxfk t *v jurzwk udwh ghfuhdvhv dv

lwv ohyho lv lqfuhdvhg e| rqh shu fhqw1 Vlqfh q�7 lv qhlwkhu uhodwhg wr frqyhujhqfh ehkdylru

qru h{klelwv dq| wlph glphqvlrq/ wklv sdshu dsshdov wr gh�qlwlrq 41

Gxh wr wkh idfw wkdw t W lv d frqvwdqw/ dq htxlydohqw zd| ri gh�qlqj wkh vshhg ri

wudqvlwlrq lv=

Gh�qlwlrq 5 +Dowhuqdwlyh Gh�qlwlrq, t �v vshhg ri frqyhujhqfh lv htxlydohqwo| jlyhq e|

qt E|� �
�t E|�

t W
3t E|�

zkhuh �t � _t*_|�

Ghsduwlqj iurp gh�qlwlrq 5/ wkh frqyhujhqfh vshhg*v ehkdylru ri dq| yduldeoh t zlwk d

frqvwdqw vwhdg| vwdwh pd| eh hdvlo| ghwhuplqhg judsklfdoo| li lwv htxdwlrq ri prwlrq lv dq

ruglqdu| gl�huhqwldo htxdwlrq ri �uvw rughu/ h{solflwo| jlyhq/ dqg lwv udwh ri fkdqjh grhvq*w

ghshqg rq rwkhu yduldeohv exw rq t 1 Dv dq h{dpsoh frqvlghu wkh fdslwdo dffxpxodwlrq

htxdwlrq ri d Vrorz prgho jlyhq lq vwdqgdug qrwdwlrq e|

�& ' rsE&�� E? n B�&�

Iljxuh 4d ghslfwv �&*v vkdsh li wkh xqghuo|lqj surgxfwlrq ixqfwlrq frqirupv wr wkh Lqdgd0

frqglwlrqv1 Iru dq| fdslwdo vwrfn shu zrunhu/ &J/ wkh dgmxvwphqw vshhg lv jlyhq e| wkh

+qhjdwhg, vorsh ri wkh olqh dulvlqj li wkh srlqw E&Jc �&J� lv frqqhfwhg zlwk wkh vwhdg| vwdwh/

l1h1 q& '
�&

&W3&
' |@?k1

0 k*
k

ko

α

k

ko

Ilj1 4d= q& ' |@?k

0 k*
k

ko

α

k

β

k1

Ilj1 4e= &J 	 &�c k 	 q

Iljxuh 4e looxvwudwhv wkdw li wkh fdslwdo vwrfn lv ehorz lwv vwhdg| vwdwh ydoxh/ wkh frq0

yhujhqfh vshhg ri & lqfuhdvhv dv wkh fdslwdo vwrfn shu zrunhu pryhv forvhu wr lwv vwhdg|

vwdwh/ &� : &J/ vlqfh wkh devroxwh ydoxh ri wkh dvvrfldwhg vorsh lqfuhdvhv1 Lq wkh olplw0

lqj fdvh zkhq & $ &W/ dssolfdwlrq ri o*K÷slwdo*v uxoh wr q& vkrzv wkdw wkh frqyhujhqfh
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vshhg lv jlyhq e| +wkh qhjdwlyh ri, �&*v ghulydwlyh zlwk uhvshfw wr & hydoxdwhg dw &W/ l1h1

q&E&
W� ' �_ �&

_&
E&W�1 Reylrxvo| wkh frqyhujhqfh vshhg dorqj d wudqvlwlrq sdwk lv qrw qhfhv0

vdulo| frqvwdqw zklfk dfwxdoo| vhhpv wr eh wkh uduh h{fhswlrq1 Wklv lv vxppdul}hg lq wkh

iroorzlqj sursrvlwlrq1

Sursrvlwlrq 6 Lq jhqhudo dq| yduldeoh*v frqyhujhqfh vshhg r�0vwhdg| vwdwh lv qrw frqvwdqw

ryhu wlph1 Lw xvxdoo| fkdqjhv dorqj d wudqvlwlrq sdwk wrzdugv lwv orqj0uxq htxloleulxp1

Iljxuh 4 klqwv dw wkh idfw wkdw �t *v fxuydwxuh ghwhuplqhv wkh txdolwdwlyh ehkdylru ri

t *v frqyhujhqfh vshhg1 Wkh qh{w sursrvlwlrq pdnhv wklv olqn h{solflw1

Sursrvlwlrq 7 Ohw fE|� eh gl�huhqwldeoh/ vwulfwo| prqrwrqlf dqg frqyhujlqj wr lwv �qlwh

orqj0uxq htxoleulxp fW gh�qhg e| �fmf'fW ' f1

+d, Iru dq| fEf� 	 fWc wkh frqyhujhqfh vshhg ri f/ qf/

;?
= ghfuhdvhv

lqfuhdvhv

<@
> ryhu wlph li �f

lv vwulfwo|

;?
= frqyh{

frqfdyh

<@
> lq f1 +e, Iru fEf� : fW/ wkh txdolwdwlyh ehkdylru ri qf ryhu

wlph dv ghvfulehg lq +d, lv uhyhuvhg1 +f, Li �f lv olqhdu lq f wkhq qf uhpdlqv frqvwdqw

ryhu wlph1

Surri +d,= Iurp wkh vwulfw frqyh{lw| ri �f lw iroorzv wkdw b �fEfW� n E�� b� �fEfJ� :

�fEbfW n E� � b�fJ� iru dq| fJ � fE|J� dqg b 5 Efc ��1 Vlqfh �fEfW� ' f dqg e|

wkh gh�qlwlrq f� � fE|�� � bfW n E�� b�fJ wklv uhodwlrq fdq eh uhduudqjhg vxfk wkdw
�fEfJ� :

�
�3b

�fEf��1 Glylvlrq e| fW�fJ dqg pdnlqj xvh ri f� ohdgv wr
�fEfJ�

fW
3fJ

B �fEf��
fW

3f�

dv fW B fJ1 E| wkh gh�qlwlrq ri wkh frqyhujhqfh frh!flhqw dqg lghqwlwlhv fJ*f� lw

iroorzv wkdw qfE|J� B qfE|�� dv f
W B fJ1 Vlqfh mfW �fJm : mfW �f�m lw iroorzv iurp

wkh prqrwrqlf frqyhujhqfh ehkdylru ri fE|� wkdw |J 	 |�1 Wklv suryhv sduw +d, ri wkh

fodlp1 +e,/ +f,= Wkh dujxphqwv duh dqdorjrxv wr wkh suhfhglqj dqg wkhuhiruh rplwwhg1 �
Wkh Vrorz prgho fdq dovr eh xvhg wr kljkoljkw wkdw gl�huhqw yduldeohv/ vxfk dv rxwsxw

ru fdslwdo/ pd| frqyhujh dw gl�huhqw wudqvlwlrq vshhgv wrzdug wkhlu orqj0uxq htxloleuld1 Li

wkh surgxfwlrq ixqfwlrq lv Free0Grxjodv/ wkh htxdwlrq ri prwlrq ri rxwsxw shu zrunhu/

+/ pd| eh zulwwhq dv

�+ ' k
k
r+

2k3�
k � E? n B�+

l
� +4,

Li wkh fdslwdo vkduh k lv vpdoohu wkdq 318/ �+ lv vwulfwo| frqyh{ lq + dqg +Ef� 	 +W/ lw iroorzv

wkdw rxwsxw*v frqyhujhqfh vshhg judgxdoo| idoov dv wkh hfrqrp| dgmxvwv wrzdugv lwv vwhdg|

9



vwdwh1 Rq wkh frqwudu|/ fdslwdo*v dgmxvwphqw vshhg lqfuhdvhv dorqj lwv wudqvlwlrq sdwk dv

qrwhg deryh1 Wkhuhiruh zh fdq vwdwh wkh qh{w sursrvlwlrq=

Sursrvlwlrq 8 Zlwklq wkh vdph jurzwk prgho zlwk wkh vdph sdudphwhu frq�jxudwlrq/

gl�huhqw yduldeohv/ vxfk dv fdslwdo/ rxwsxw/ ru fdslwdo*v dyhudjh surgxfw/ jhqhudoo| h{klelw

gl�huhqw frqyhujhqfh vshhg ehkdylru1

6 D Phwkrg wr Txdqwli| wkh Txdolw| ri Frqyhujhqfh

Vshhg Dssur{lpdwlrqv

Gxh wr frpsolfdwhg qrq0olqhdu g|qdplfv/ d phdvxuh ri wkh frqyhujhqfh vshhg lv xvxdoo|

ghulyhg e| wkh v|vwhp*v olqhdul}dwlrq durxqg lwv orqj0uxq htxloleulxp1 Wklv pd| lpso| dq

dssur{lpdwlrq huuru li wkh prgho hfrqrp| lv qrw lq vwhdg| vwdwh0ylflqlw|1 Lq wklv vhfwlrq

L suhvhqw d phwkrg zklfk doorzv wr txdqwli| wkh txdolw| ri vxfk dssur{lpdwlrqv1

614 Wkh Dssur{lpdwlrq Huuru Gxh wr Olqhdul}dwlrq

Ohw �q< ghqrwh wkh dssur{lpdwlrq ri wkh wuxh frqyhujhqfh frh!flhqw rewdlqhg e| olqhdul}d0

wlrq1 Iru hdvh ri wkh h{srvlwlrq/ wkh Vrorzprgho lv xvhg wr looxvwudwh wkh gl�huhqfh ehwzhhq

wkh wuxh ydoxh ri q dqg lwv dssur{lpdwlrq/ �q1 Vshfl�fldoo| frqvlghu shu fdslwd rxwsxw*v

htxdwlrq jlyhq e| +4,1 Lq rughu wr ghulyh dq dssur{lpdwlrq wr q+c olqhdul}h htxdwlrq +4,

dw lwv vwhdg| vwdwh/ +W '
�

r
?nB

� k
�3k / wr rewdlq

�+ �' �E�� k�E? n B�E+ � +W�� +5,

E| wkh frqyhujhqfh frh!flhqw*v gh�qlwlrq 5 dqg +5,=

�q+ ' E�� k�E?n B��

Khqfh/ wkh dssur{lpdwhg frqyhujhqfh frh!flhqw lv d frqvwdqw1 Lq frqwudvw/ lwv wuxh frxq0

whusduw/ q+c lv d ixqfwlrq ri wkh hfrqrp|*v uhodwlyh lqfrph srvlwlrq b � +*+W1 Wr vhh wklv/

glylgh +4, e| +W � +� Xsrq vrph dojheudlf wudqvirupdwlrqv lw iroorzv wkdw

q+ ' kE?n B�

�
�
b

��3k
k � �

�
b
� �

�

<Wkh *�* deryh � lqglfdwhv wkdw ��*v ghulydwlrq lqyroyhg d �uvw0rughu Wd|oru h{sdqvlrq1

:



Qrwh wkdw q+ lv d ixqfwlrq ri doo sdudphwhuv ri wkh prgho vlqfh b ghshqgv qhjdwlyho| rq

+W lpso|lqj wkdw b ' bE r
E3�

c k
E3�

c ?
En�

c B
En�

�� Rqo| lq wkh olplwlqj fdvh/ q+ $ �q+ dv + $ +W1

Iljxuh 5 ghslfwv rxwsxw*v wuxh dqg dssur{lpdwhg frqyhujhqfh vshhg iru d fdslwdo vkduh

vpdoohu wkdq 3181 Reylrxvo|/ wkhuh h{lvwv dq huuru gxh wr olqhdul}dwlrq1 Li wkh hfrqrp|*v

lqfrph lv orzhu wkdq lwv vwhdg| vwdwh0ydoxh wkhq wkh dssur{lpdwlrq xqghuhvwlpdwhv wkh

wudqvlwlrq vshhg1 Li dfwxdo lqfrph h{fhhgv lwv orqj0uxq htxloleulxp wkhq wkh hfrqrp|

frqyhujhv vorzhu wr lwv vwhdg| vwdwh wkdq wkh dssur{lpdwlrq suhglfwv1

0 λ=y/y*

βy, β y

(1-α)(n+δ)

βy

1

~

βy
~

yo

βy, (yo )
~

error

Ilj1 5

615 Txdqwl�fdwlrq ri Olqhdul}dwlrq Huuru

Lw zrxog eh vwudljkwiruzdug wr fdofxodwh wkh gl�huhqfh ehwzhhq q dqg �q lq rughu wr txdq0

wli| wkh dssur{lpdwlrq huuru1 \hw/ wklv �jxuh zrxog rqo| fkdudfwhul}h wkh olqhdul}dwlrq

huuru dw d vlqjoh srlqw rq wkh dgmxvwphqw sdwk1 Khqfh/ lw lv txhvwlrqdeoh zkhwkhu wklv

huuru*v revhuydwlrq lv uhsuhvhqwdwlyh1 Ixuwkhupruh/ jdxjlqj wkh vhyhulw| ri wkh olqhdul}d0

wlrq huuru pd| eh d sureohp vlqfh wkh dssur{lpdwlrq*v txdolw| ghshqgv rq wkh huuru*v

pdjqlwxgh uhodwlyh wr wkh wuxh frqyhujhqfh vshhg1 Gxh wr wkhvh gl!fxowlhv/ wkh iroorzlqj

xvhv frqyhujhqfh frh!flhqwv wr fdofxodwh dgmxvwphqw wlphv dqg frpsduhv dssur{lpdwhg

dgmxvwphqw wlphv edvlqj rq olqhdul}dwlrq/ �A / wr wkh dssursuldwh wuxh rqhv/ Ac lq rughu wr

rewdlq d phdvxuh ri uhodwlyh orvv >1

Lq d edodqfhg jurzwk htxloleulxp/ doo yduldeohv ri d prgho jurz dw frqvwdqw udwhv

e| gh�qlwlrq1 Li wkh dvvrfldwhg prgho hfrqrp| kdsshqv wr iroorz dq r�0htxloleulxp sdwk

zklfk hyhqwxdoo| frqyhujhv wr lwv edodqfhg jurzwk sdwk/ wkh prgho*v yduldeohv zloo qrw jurz

dw frqvwdqw udwhv/ exw udwkhu uhwdlq wkdw surshuw| rqfh wkh htxloleulxp sdwk lv uhdfkhg1 Lw

zrxog eh qdwxudo wr fdoo wkdw shulrg ri wlph qhhghg iru wkrvh yduldeohv wr uhwxuq wr wkhlu

vwhdg| vwdwh sdwkv dgmxvwphqw wlph1 Xqiruwxqdwho| wklv lv phdqlqjohvv vlqfh frpsohwh

;



uhvwrudwlrq ri vwhdg| vwdwhv lv lq pdq| jurzwk prghov qhyhu dfklhyhg zlwklq �qlwh wlph1

Wr flufxpyhqw wklv sureohp/ wkh olwhudwxuh xvhv wkh whup dgmxvwphqw wlph dv ohqjwk ri

wkdw wlph shulrg lw wdnhv d yduldeoh wr uhdfk d sduwlfxodu shufhqwdjh ohyho/ vd| <8(/ ri lwv

vwhdg| vwdwh0ydoxh1 Htxlydohqwo| dgmxvwphqw wlph pd| eh gh�qhg dv wkdw shulrg ri wlph

lw wdnhv dq hfrqrp| wr forvh d gh�qhg iudfwlrq ri d yduldeoh*v vwhdg| vwdwh jds1 Iurp wkh

odwwhu gh�qlwlrq/ d surplqhqw vshfldo fdvh iroorzv1 Wkh jds*v kdoi0olih pd| eh lqwhusuhwhg

dv dgmxvwphqw wlph1 D yduldeoh f*v kdoi0olih lv wkdw shulrg ri wlph qhhghg xqwlo f*v vwhdg|

vwdwh jds lv kdoyhg1 Lq wkh iroorzlqj/ kdoi0olyhv ri vwhdg| vwdwh jdsv gh�qh A dqg �A � Wklv

lv wkh phdvxuh wkh olwhudwxuh uholhv rq lq rughu wr looxvwudwh wkh lpsolfdwlrqv ri vshfl�f

wudqvlwlrq vshhgv431 Wkh vwhdg| vwdwh jds*v kdoi0olih Af ri dq| yduldeoh fE|� frqyhujlqj

iurp lwv vwduwlqj srvlwlrq fJ ' fEf� 9' fW wr lwv frqvwdqw vwhdg| vwdwh lv ghwhuplqhg e|

wkh frqglwlrq

fW �fEAf� '
fW �fJ

2
� +6,

Li fE|� lv vwulfwo| prqrwrqlf +dvvxphg khqfhiruwk,/ f pd| eh lqyhuwhg vxfk wkdw Af lv

jlyhq e|

Af ' f3�

�
fW nfJ

2

�
�

Vlploduo| wkh dssur{lpdwhg kdoi0olih lv

�Af ' �f3�

�
fW nfJ

2

�
c

zkhuh �fE|� lv f*v dssur{lpdwhg wlph sdwk rewdlqhg e| olqhdul}dwlrq durxqg fW1 Li wkh

dssur{lpdwhg frqyhujhqfh vshhg kdsshqv wr eh frqvwdqw lw lv vwudljkwiruzdug wr vkrz

wkdw wkh dssur{lpdwhg kdoi0olih lv jlyhq e|44

�Af '
*? 2
�q

li �qf ' frqvw� +7,

Dv d phdvxuh ri uhodwlyh orvv zklfk lv hpsor|hg dv wkh txdolw| lqglfdwru ri wkh dssur{0

lpdwlrq/ L gh�qh wkh kdoi0olih huuru dv

> �
�Af � Af
Af

�

Wkh txdolw| ri wkh dssur{lpdwlrq lqfuhdvhv dv wkh devroxwh ydoxh ri > idoov1 Li > ' f/

qr dssur{lpdwlrq huuru rffxuv1 Srvlwlyh ydoxhv ri > lqglfdwh e| krz pdq| shu fhqw wkh

43Fi1 Mrqhv +4<<8/ s1 ::8, ru Zlooldpv2Furxfk +4<:5/ s1 888,1
44Wr vhh wklv qrwh wkdw lq wklv fdvh [+w, @ +[r�[�,h��w.[� zkhuh [+3, @ [r1 Vxevwlwxwlrq ri wklv

h{suhvvlrq lqwr kdoi0olih frqglwlrq +6, dqg vroylqj iru �W[ suryhv wkh fodlp1

<



dssur{lpdwhg kdoi0olih suhglfwlrq h{fhhgv wkh wuxh wlph qhhghg iru dgmxvwphqw/ qhjdwlyh

ydoxhv ri > srlqw wr dq xqghuhvwlpdwh ri wkh wuxh kdoi0olih1 H1j1 li > ' � wkh kdoi0olih

suhglfwlrq edvhg rq wkh dssur{lpdwlrq ryhuhvwlpdwhv wkh dgmxvwphqw wlph e| 433( ri wkh

wuxh kdoi0olih1

616 Lpsohphqwdwlrq Lvvxhv

D fuxfldo hohphqw lq wkh txdqwl�fdwlrq surfhvv lv wkh nqrzohgjh ri wuxh dgmxvwphqw wlphv1

Vlqfh wkh uhdvrq iru olqhdu dssur{lpdwlrq lv dqdo|wlfdo lqwudfwdelolw|/ qxphulfdo phwkrgv

kdyh wr eh lqyrnhg wr �qg h{dfw kdoi0olyhv1 Glvfxvvlrq ri wklv pdwwhu lv eh|rqg wkh vfrsh

ri wklv sdshu451 Wkh iroorzlqj vhfwlrqv frqwdlq dgglwlrqdo lqirupdwlrq li dssursuldwh1

Pruhryhu/ vriwzduh frgh idflolwdwlqj wkh dqdo|vlv ri wkrvh prghov xvlqj wkh frpsxwhu

sdfndjh Pdsoh duh dydlodeoh rq p| krphsdjh461

7 Dssolfdwlrq wr d Vrorz Prgho

Lq wkh qh{w vxevhfwlrqv L txdqwli| wkh dssur{lpdwlrq huuru lq d Vrorz prgho1 Dw �uvw

d Free0Grxjodv surgxfwlrq ixqfwlrq lv dgrswhg/ diwhuzdugv lw lv uhsodfhg e| d FHV0

surgxfwlrq ixqfwlrq1 Lw lv vkrzq wkdw iru uhdvrqdeoh sdudphwhu ydoxhv wkh dssur{lpdwhg

frqyhujhqfh vshhg lv rqo| ri jrrg txdolw| li wkh hodvwlflw| ri vxevwlwxwlrq lv qrw pxfk

vpdoohu wkdq xqlw|1

Dv srlqwhg rxw lq vhfwlrq 5/ gl�huhqw yduldeohv kdyh gl�huhqw +h{dfw, frqyhujhqfh

vshhgv dqg wkhuhiruh gl�hu dovr lq wkhlu wuxh kdoi0olihv dowkrxjk wkh dssur{lpdwhg frqyhu0

jhqfh vshhg pd| eh wkh vdph1 Wkhuhiruh d yduldeoh kdv wr eh fkrvhq zklfk vhuyhv dv d

vwdelolw| fulwhulrq1 Lq wkh iroorzlqj/ wkh dqdo|vlv irfxvhv rq shu fdslwd lqfrph +1

714 Free0Grxjodv0Surgxfwlrq Ixqfwlrq

Lq d Vrorz prgho zlwk d Free0Grxjodv surgxfwlrq ixqfwlrq/ doo wlph sdwkv fdq eh vroyhg

iru dqdo|wlfdoo| ehfdxvh wkh ixqgdphqwdo htxdwlrq ri fdslwdo dffxpxodwlrq lv d Ehuqrxool

htxdwlrq1 Wkh vdph lv wuxh li lw lv uhzulwwhq lq whupv ri shu fdslwd lqfrph dv lqvshfwlrq

ri +4, uhyhdov zklfk lv uhshdwhg khuh iru wkh uhdghu*v frqyhqlhqfh

�+ ' k
k
r+

2k3�
k � E? n B�+

l
� +8,

45D jrrg lqwurgxfwlrq lqwr qxphulfdo dqdo|vlv ri hfrqrplf prghov lv surylghg e| Mxgg +4<<;,1
46kwws=22zzz1zz1xql0pdjghexuj1gh2yzo52uhlvv1kwpo
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Li +E|� lv frpelqhg zlwk wkh kdoi0olih frqglwlrq +6,/ wkh h{dfw kdoi0olih ri shu fdslwd lqfrph

lv jlyhq e|47

A+ '
*?
k
_
�
�� b

�3k
k

J

�l
� *?

q
_
k
�� ��nbJ

2

��3k
k

lr
E�� k�E?n B�

c _ '

;?
= �

��

i1 bJ 5 Efc ��

i1 bJ : �
� +9d,

Vlqfh wkh frqyhujhqfh vshhg �q+ ' E� � k�E? n B� lv frqvwdqw/ e| +7, wkh dssur{lpdwhg

kdoi0olih lv
�A+ '

*? 2

E�� k�E?n B�
� +:,

Lw lv hdv| wr yhuli| wkdw wkh uhodwlyh orvv > lv jlyhq e|

> '
*? 2

*?
k
_
�
�� b

�3k
k

J

�l
� *?

q
_
k
�� ��nbJ

2

��3k
k

lr��c _ '

;?
= �

��

i1 bJ 5 Efc ��

i1 bJ : �
+;,

Wkh orvv gxh wr olqhdul}dwlrq reylrxvo| ghshqgv rq wzr sdudphwhuv= wkh fdslwdo vkduh

k dqg rxwsxw*v lqlwldo srvlwlrq uhodwlyh wr lwv vwhdg| vwdwh/ bJ1 Krzhyhu/ h{fhsw iru wkh

fdslwdo vkduh/ wkh kdoi0olih huuru grhv qrw ghshqg rq wkh vshfl�f sdudphwhu frq�jxudwlrq

xvhg148 Wdeoh 4 vkrzv kdoi0olih huuruv iru vrph frpelqdwlrqv ri k dqg bJ1

47Vhh wkh dsshqgl{ iru wkh ixoo ghulydwlrq1
48Li oderu0dxjphqwlqj whfkqlfdo surjuhvv lv lqwurgxfhg dqg2ru wkh surgxfwlrq ixqfwlrq ihdwxuhv d vfdoh

sdudphwhu +| @ Dn�,/ wklv uhvxow uhpdlqv xqfkdqjhg1
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bJ qk 314 315 316 317 318 319 31: 31; 31<

3143 47<4915 95613 47:17 731< 3 05316 06514 06<19 0771;

3153 9:761: 73815 4371< 6318 3 0481< 05818 0641; 06916

3163 654813 59:1: :914 5614 3 04519 05318 0581; 05<1:

3173 48<619 4:;1; 8819 4:19 3 04313 04917 0531; 05714

3183 ;431< 44<18 7315 4615 3 0:1; 0451< 04918 04<14

3193 74:16 :;18; 5;17 <1: 3 081< 0<1; 04519 0471:

31:3 5441; 7<18 4<14 91: 3 0715 0:13 0<13 04319

31;3 43317 5;16 4418 714 3 0519 0718 081; 091;

31;8 9719 4<1: ;15 613 3 041< 0616 0716 0813

31<3 6:16 4516 815 518 3 0416 0514 051; 0616

31<8 4916 81; 518 31< 3 0319 0413 0417 0419

4138 0451< 0814 0516 031< 3 319 413 416 419

4143 05614 0<19 0717 041: 3 415 513 519 614

4153 06;14 04:17 0;16 0615 3 515 61; 814 914

4183 09319 06614 04:14 091< 3 813 ;1; 441: 4714

5133 0:618 0791< 05917 04416 3 ;1: 4818 5413 5818
Wdeoh 4= > lq (

Forvhu lqyhvwljdwlrq ri Wdeoh 4 |lhogv wkh iroorzlqj lqvljkwv= +L, Wkh dssur{lpdwlrq

huuru ghfuhdvhv dv wkh fdslwdo vkduh lv forvhu wr 318 dqg +LL, dv wkh hfrqrp|*v lqlwldo

srvlwlrq lv forvhu wr lwv vwhdg| vwdwh1 +LLL, Kljk49 fdslwdo vkduhv |lhog vpdoohu dssur{lpdwlrq

huuruv wkdq orz rqhv gr dqg +LY, wkh txdolw| ri wkh dssur{lpdwlrq lv kljkhu li fdslwdo lv

ryhudffxpxodwhg1

Frqvlghu d prgho hfrqrp| zlwk ik ' f��c ? n B ' f��j dqg vxssrvh wkdw shu fdslwd

lqfrph lv kdoi ri lwv vwhdg| vwdwh ohyho/ l1h1 bJ ' f�D1 Wkh dssur{lpdwhg kdoi0olih ri wkh

lqlwldo vwhdg| vwdwh jds lv �A+ ' �f |hduv dqg wkh h{dfw kdoi0olih lv A+ ' . |hduv ohdglqj wr d

kdoi0olih huuru ri 73(1 Vxssrvh rqh frxog djuhh wr uhjdug olqhdul}dwlrq huuruv ri wkh rughu

	43( dv wrwdoo| qhjoljleoh dqg rughuv ri 43053( dv edvlfdoo| qhjoljleoh1 Zlwk wklv ydoxh

mxgjhphqw lq plqg/ wkh olqhdul}dwlrq huuru lv qrw vhulrxv li k : f��S dqg wkh hfrqrp|*v

rxwsxw kdv dw ohdvw uhdfkhg kdoi ri lwv vwhdg| vwdwh ydoxh1 Wklqjv duh txlwh gl�huhqw iru

vpdoohu fdslwdo vkduhv1 Wkh huuru fdq rqo| eh qhjohfwhg li wkh hfrqrp| kdv dw ohdvw uhdfkhg

:3(2;3(2<8( ri lwv vwhdg| vwdwh lqfrph zlwk d fdslwdo vkduh ri 316231523141 Wkxv wkh

49Khuh L frqvlghu � wr eh d *kljk* fdslwdo vkduh li � A 3=8= Li � ? 3=8/ wkh fdslwdo vkduh lv *orz*1
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vl}h ri wkh fdslwdo vkduh sod|v d nh| uroh zkhq lw frphv wr wkh shuirupdqfh ri �q+ dv d sur{|

iru q+1 Ri frxuvh/ iurp wkh suhfhglqj wdeoh lw lv pruh wkdq reylrxv wkdw wkh hfrqrp|*v

lqlwldo srvlwlrq lv lpsruwdqw/ wrr � exw wklv kdv ehhq fohdu iurp wkh ehjlqqlqj1 Lq hvvhqfh

zh fdq frqfoxgh wkdw �q+ lv d vxusulvlqj jrrg sur{| ri wkh wuxh frqyhujhqfh vshhg iru

uhdvrqdeoh sdudpwhu ydoxhv1

Qrwlfh wkdw wkhuh lv d v|vwhpdwlf sdwwhuq ri ryhu0 dqg xqghuhvwlpdwlrq ri kdoi0olihv=

Li wkh hfrqrp| vwduwv ehorz lwv orqj0uxq htxloleulxp dqg wkh fdslwdo vkduh lv vpdoohu

wkdq 318 ru lw vwduwv deryh lwv vwhdg| vwdwh dqg k h{fhhgv 318/ kdoi0olih suhglfwlrq edvhg

rq olqhdul}dwlrq dozd|v ryhuhvwlpdwhv wkh wuxh wlph qhhghg iru dgmxvwphqw1 Lq doo rwkhu

fdvhv/ xqghuhvwlpdwlrq suhydlov1 Wkh uhdvrq iru wklv lv wkh ehkdylru ri wkh wudqvlwlrq

vshhg1 Iljxuhv 6d0f looxvwudwh q+*v ehkdylru dv + dssurdfkhv lwv vwhdg| vwdwh1 Dsshdolqj

wr sursrvlwlrq 7 vkrzv wkdw lwv frqyhujhqfh vshhg hlwkhu ulvhv +k : f�D,/ uhpdlqv frqvwdqw

+k ' f�D,/ ru idoov +k 	 f�D, dv rxwsxw shu zrunhu lqfuhdvhv1 Iru d fdslwdo vkduh vpdoohu

wkdq 318/ wkh wudqvlwlrq vshhg ri shu fdslwd rxwsxw ghfolqhv wkrxjk wkh dgmxvwphqw vshhg

ri fdslwdo shu zrunhu ulvhv dv + dqg & lqfuhdvh1

0 y*
y

y

yo y1

αo

α1

Ilj1 6d= k 	 f�D

0 y*
y

y

yo y1

αo =α1

Ilj1 6e= k ' f�D

0 y*
y

y

yo y1

αo

α1

Ilj1 6f= k : f�D

715 FHV0Surgxfwlrq Ixqfwlrq

Uhfhqw uhvhdufk e| Gx�| dqg Sdsdjhrujlrx +5333, kdv fdvwhg grxew rq wkh frqyhqwlrqdo

fkrlfh ri wkh Free0Grxjodv surgxfwlrq ixqfwlrq dv d vdwlvi|lqj ghvfulswlrq ri djjuhjdwh

rxwsxw*v ghwhuplqdwlrq1 Vshfl�fldoo| wkh| vkrz wkdw iru frxqwulhv zlwk d uhodwlyho| kljk

fdslwdo vwrfn d FHV surgxfwlrq ixqfwlrq zlwk dq hodvwlflw| ri vxevwlwxwlrq h{fhhglqj xqlw|

h{sodlqv wkh gdwd frqvlghuhg e| wkhp ehwwhu wkdq d Free0Grxjodv0vshfl�fdwlrq1

Lq oljkw ri wklv lw pljkw eh lqwhuhvwlqj wr nqrz krz wkh txdolw| ri wkh dssur{lpdwhg

frqyhujhqfh vshhg lv d�hfwhg li wkh hodvwlflw| ri vxevwlwxwlrq gl�huv iurp xqlw|1 Frqvlghu

d FHV surgxfwlrq ixqfwlrq lq lqwhqvlw| irup jlyhq e|

sE&� ' �
�
k&3� n E�� k�

�
3
�

�

zkhuh wkh hodvwlflw| ri vxevwlwxwlrq lv j ' �
�n�

dqg �� 	 � 	 4� Iru � ' f wkh FHV
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surgxfwlrq ixqfwlrq uhgxfhv wr wkh Free0Grxjodv0vshfl�fdwlrq1 Ohw B ghqrwh jurvv ghsuh0

fldwlrq/ l1h1 lw lqfoxghv fdslwdo*v �ghsuhfldwlrq� gxh wr srsxodwlrq jurzwk dqg whfkqlfdo

surjuhvv1 Lw lv zhoo nqrzq wkdw d qrqwulyldo vwdwlrqdu| vwhdg| vwdwh h{lvwv li dqg rqo| li

+L, �� 	 � 	 f dqg B*r : �k3
�

� c +LL, � ' f ru +LLL, � : f dqg B*r 	 �k3
�

� �4:

Wkh fdslwdo dffxpxodwlrq htxdwlrq ri wkh Vrorz prgho fdq eh zulwwhq lq whupv ri

rxwsxw/ l1h1=

�+ ' kB�&

�
r�

B

�
kn E�� k�&�

�
3
2n�
� � �k n E�� k�&�

�
3
�n�
�

�
+<,

zkhuh & ' s3� '

�
E�
+
�3�3E�3k�

k

�
3
�

�

� Olqhdul}dwlrq ri �+ durxqg lwv vwhdg| vwdwh +W '�
��3kE B@�

�

�3k

� �

�

ohdgv wr

�+ �' ��q+ E+ � +W� �

zkhuh wkh frqyhujhqfh frh!flhqw lv �q+ ' B
k
�� k

�
B
r�

��l
�

Lq rughu wr hydoxdwh wkh txdolw| ri wkh frqyhujhqfh vshhg phdvxuh �q+c L fdofxodwh wkh

uhodwlyh orvv phdvxuh > dv ghvfulehg lq wkh suhfhglqj1 Vlqfh qr dqdo|wlfdo vroxwlrq wr

+<, lv dydlodeoh/ qxphulfdo phwkrgv kdyh wr eh lqyrnhg wr �qg wuxh kdoi0olyhv1 Dv wkh

ehqfkpdun sdudphwhu vhw ir ' f�2c B ' f�fS/ � ' �c � ' �f��j lv xvhg/ lpso|lqj wkdw

j ' ��7�� Wkh fkrlfh ri j lv jxlghg e| wkh uhvxowv Gx�| dqg Sdsdjhrujlrx +5333, uhsruw

iru frxqwulhv zlwk d uhodwlyho| kljk fdslwdo lqwhqvlw|1 Wkh| hvwlpdwh � wr eh durxqg 031;1

Wdeoh 5 uhsruwv wkh uhvxowv iru ydulrxv lqlwldo srvlwlrqv bJ dqg ydoxhv ri wkh glvwulexwlrq

sdudphwhu k�

bJ qk 314 316 318 31: 31;

3183 9971<4; 5;1< 0714 04718 04:17

31:8 45413 4314 041< 0918 0:1<

31;3 ;317 :19 0419 0814 0915

31<3 5<14 617 031; 0518 0613

4143 04:1; 051; 31: 516 51;

4183 07:13 04317 616 4316 451:
Wdeoh 5= > lq (

4:Fi1 Eduur2Vdod0l0Pduwlq +4<<8,1
4;Wklv ydoxh lv fdofxodwhg iru �r @ 3=86 ehfdxvh |r @ |�@5 lv qrw ihdvleoh gxh wr n*v qrqqhjdwlylw|

frqvwudlqw1
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Iurp d frpsdulvrq ehwzhhq wdeohv 4 dqg 5 lw lv hylghqw wkdw wkh fkrlfh ri k lq0

 xhqfhv > vlploduo| wr wkh fkrlfh ri wkh fdslwdo vkduh lq wkh Free0Grxjodv iudphzrun1

Kljkhu ohyhov ri k jhqhudoo| ohdg wr vpdoohu dssur{lpdwlrq huuruv wkdq orzhu rqhv gr1

Ixuwkhupruh wkh olqhdul}dwlrq huuru lv pxfk vpdoohu li dgmxvwphqw iurp ryhudffxpxodwlrq

vlwxdwlrqv wdnhv sodfh1 Khuh lw dsshduv wkdw iru k � f�� dqg bJ � f�D wkh txdolw| ri �q+

vhhpv wr eh jrrg1 Krzhyhu/ wklv uhvxow vwurqjo| ghshqgv rq wkh fkrlfh ri rc Bc � dqg lq

sduwlfxodu rq wkh hodvwlflw| ri vxevwlwxwlrq1 Wdeoh 6 suhvhqwv wkh odujhvw uhodwlyh huuru >

rewdlqhg li wkh ehqfkpdun sdudphwhuv zhuh ydulhg vxfk wkdw r 5 if�fDc f��c f�2c f�2Dj/
B 5 if�f2c f�fSc f��c f��Dj c � 5 i�f��c � f�2Dc � f�Dj dqg k 5 � ' if�ec f�Dc f�Sj ru
k ' f��1 Uhodwlyh vwhdg| vwdwh0glvwdqfhv zhuh ydulhg ehwzhhq 318 dqg 31<� Vlqfh huuruv

iurp ryhudffxpxodwlrq vhhp vpdoohu/ wkh wdeoh dovr dssolhv wr lqlwldo srvlwlrqv h{fhhglqj

xqlw|1

� ' �f�� j ' ��7� � ' �f�2D j ' e*� � ' �f�D j ' 2

bJ k ' f�� k 5 � k ' f�� k 5 � k ' f�� k 5 �

318 8<18 5617 44816 7818 9;15bJ'f�.� 8<13bJ'f�S�

319 6<15 4914 961< 5;15 9;15bJ'f�.� 8<13bJ'f�S�

31:8 571< 4319 5916 451< 7815 5415

31; 4716 916 4;1; <17 5:17 4715

31< 916 616 :1: 713 <15 816

Wdeoh 6= Odujhvw m>m lq ( iru j : �

Reylrxvo| wkh dssur{lpdwlrq txdolw| ghfuhdvhv dv wkh hodvwlflw| ri vxevwlwxwlrq lq0

fuhdvhv1 Iru sdudphwhu yduldwlrqv zlwk � ' �f��c wkh dssur{lpdwlrq txdolw| lv vwloo jrrg

li k h{fhhgv 3161 Iru vwloo odujhu hodvwlflwlhv ri vxevwlwxwlrq hlwkhu hqgrjhqrxv jurzwk

suhydlov ru wkh huuru*v pdjqlwxgh lv vpdoo/ wkh odwwhu sduwo| gxh wr lqlwldo vwhdg| vwdwh

ylflqlw|1

D gl�huhqw slfwxuh hphujhv li wkh hodvwlflw| ri vxevwlwxwlrq idoov ehorz xqlw|1 Wr kljk0

oljkw wklv/ frqvlghu wkh ehqfkpdun sdudphwhu vhw zlwk k ' f�� dqg bJ ' f�.D iru gl�huhqw

hodvwlflwlhv ri vxevwlwxwlrq1 Wkh uhvxowv duh vxppdul}hg lq wdeoh 71

j 5 726 41�4 31�<�3 526 318

> lq ( 0318 719 4314 5414 8:15 45;17

Kdoi0Olih 581: 4;19 481< 4613 ;1; 819
�q+ 135: 1369 1373 1377 1383 1388

Wdeoh 7
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Iru d orz ghjuhh ri vxevwlwxwdelolw| ehwzhhq fdslwdo dqg oderu/ l1h1 j 	 �/ wkh shuiru0

pdqfh ri wkh dssur{lpdwhg frqyhujhqfh vshhg lv orz1 Lw gudpdwlfdoo| zruvhqv dv vxevwl0

wxwdelolw| lv ixuwkhu uhgxfhg1 Qrwlfh wkdw wkh �jxuhv dsso| iru d vwhdg| vwdwh jds zklfk

lv d txduwhu ri wkh vwhdg| vwdwh ohyho1 Li wkh vfdoh sdudphwhu � lqfuhdvhv/ wkh jlyhq �jxuhv

iru orz hodvwlflwlhv ri vxevwlwxwlrq zruvhqv1 Wkh gdwd frqwdlqhg lq wdeoh 8 uhlqirufhv wkh

fodlp wkdw wkh txdolw| ri �q+ lv orz li orz vxevwlwxwdelolw| suhydlov1 Lq wkh vslulw ri wdeoh 6

lw jlyhv wkh odujhvw orvv gxh wr olqhdul}dwlrq li ehqfkpdun sdudphwhuv duh ydulhg dv ehiruh1

� ' f�� j ' f�7b7f � ' f�D j ' 2*� � ' � j ' �*2

bJ k ' f�� k 5 � k ' f�� k 5 � k ' f�� k 5 �

318 :717 661; 68518 54;18 ;:815 97515

319 8614 5813 5:517 4:515 :;614 8:819

31:8 5;17 4714 48;15 43615 89916 74:14

31; 541: 431< 4551; ;414 7:618 67<13

31< <1< 814 8:16 6;1; 58:1< 4<316

Wdeoh 8= Odujhvw m>m lq ( iru j : �

Iurp wkh Free0Grxjodv0vshfl�fdwlrq dqg wkh uhvxowv iru wkh FHV0surgxfwlrq ixqfwlrq

lw fdq eh frqfoxghg wkdw/ iru uhdvrqdeoh sdudphwhuv/ wkh txdolw| ri wkh dssur{lpdwhg

wudqvlwlrq vshhg lv txlwh jrrg dv orqj dv wkh wkh hodvwlflw| ri vxevwlwxwlrq lv qhjoljleo|

ehorz xqlw|1 Li wkh ghjuhh ri vxevwlwxwdelolw| ehwzhhq fdslwdo dqg oderu lv orz/ �q+ lv qrw

d jrrg phdvxuh ri wkh frqyhujhqfh vshhg1

8 Dssolfdwlrq wr d Udpvh| Prgho

Frqvlghu d vwdqgdug Udpvh| prgho dv glvfxvvhg lq Eduur2Vdod0l0Pduwlq +4<<8,1 Lq rughu

wr pdnh wkh iroorzlqj uhvxowv frpsdudeoh wr Ruwljxhlud2Vdqwrv +4<<:,/ ohw wkh frqvxpswlrq

ixqfwlrq eh ri FLHV w|sh/ wkh surgxfwlrq ixqfwlrq eh Free0Grxjodv zlwk vfdoh sdudphwhu

� dqg ljqruh whfkqlfdo surjuhvv1 Pd{lpl}lqj wkh vrfldo sodqqhu*v sureohp |lhogv dq xqltxh

vroxwlrq ~&E|�c SE|�jzklfk lv fkdudfwhul}hg e| wkh gl�huhqwldo htxdwlrq v|vwhp=

�&E|� ' &E|�k � SE|�� E?n B�&E|� +43,

�SE|� '
SE|�

w

�
k&E|�k3� � EB n 4�

�
�

Wkh qrwdwlrq lv vwdqgdug/ sduwlfxoduo| S dqg & ghqrwh frqvxpswlrq dqg fdslwdo shu zrunhu

uhvshfwlyho|1 Wkh udwh ri oderu irufh jurzwk lv jlyhq e| ?c wkh ghsuhfldwlrq udwh ri fdslwdo
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lv Bc dqg k lv wkh fdslwdo vkduh1 Krxvhkrogv* vxemhfwlyh wlph suhihuhqfh udwh lv 4 dqg �*w

jlyhv wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq1 Vhwwlqj �& ' �S ' f lpsolhv wkh vwhdg|

vwdwh ydoxhv

&W '

�
k

B n 4

� �

�3k

c SW ' &W
k � E? n B�&W�

Lq rughu wr �qg wkh dssur{lpdwhg frqyhujhqfh frh!flhqw iru shu fdslwd rxwsxw/ v|vwhp

+43, kdv wr eh olqhdul}hg durxqg ~SWc &W�1 Li �&E|� lv nqrzq/ wkhq shu fdslwd rxwsxw*v

dssur{lpdwhg wlph sdwk fdq eh zulwwhq dv4<

�+E|� ' E+J � +W�e3
�q+| n +Wc +44,

zkhuh �q+ lv wkh dssur{lpdwhg frqyhujhqfh frh!flhqw htxdo wr wkh qhjdwhg qhjdwlyh hljhq0

ydoxh ri wkh gl�huhqwldo htxdwlrq v|vwhp=

�q+ '

u
E4� ?�2

e
n

�� k

w
EB n 4�

E�� k�B n 4� k?

k
� 4� ?

2
�

Vlqfh wkh frqyhujhqfh frh!flhqw*v sur{| lv d frqvwdqw/ wkh dssur{lpdwhg kdoi0olih lv jlyhq

e|
�A+ '

*? 2
�q+

�

Lw lv pruh frpsolfdwhg wr rewdlq wkh +qxphulfdo, wuxh kdoi0olih1 Khuh/ wkh wlph0holplqdwlrq

phwkrg lv xvhg wr ghulyh wkh vdggoh sdwk SE&�1 Qh{w/ yhfwruv S dqg & duh xvhg wr ghwhuplqh
�& dffruglqj wr lwv htxdwlrq ri prwlrq +43,� Xvlqj wklv lqirupdwlrq dqg wkh idfw wkdw

�+ ' k&k3� �& |lhogv +*v wlph ghulydwlyh1 Wrjhwkhu zlwk +/ kdoi0olyhv fdq eh fdofxodwhg1

Wkh sdudphwhu vhw ~? ' f�f�/ B ' 4 ' f�fDc w ' ��Dj lv xvhg dv wkh ehqfkpdun fdvh1

Lw kdv dovr ehhq xvhg e| Ruwljxhlud2Vdqwrv +4<<:, dqg Oxfdv +4<;;, dprqj rwkhuv1 Wkh

fdslwdo vkduh lv ydulhg ehwzhhq 314 dqg 31< dqg gl�huhqw uhodwlyh lqlwldo srvlwlrqv ri + duh

xvhg1 Wdeoh 5 vxpphul}hv uhodwlyh orvvhv >=

bJqk 314 316 318 31: 31<

318 46:81; 891< 617 04517 04<15

31: 66715 5918 413 �:14 �4513

31< 871< :14 316 0615 0713
Wdeoh 5= Uhodwlyh orvv > lq ( ri wuxh kdoi0olih

4<Vhh wkh dsshqgl{ iru wkh ixoo ghulydwlrq1

4:



Vxusulvlqjo| wkh uhvxowv frqwdlqhg lq wkdw wdeoh duh yhu| urexvw iru doo dqdo|}hg sd0

udphwhu vhwv1 Pruhryhu/ doo uhvxowv rewdlqhg lq wkh Vrorz iudphzrun/ hyhq wkh huuru*v

pdjqlwxgh/ duh fduulhg ryhu= k lv d nh| sdudphwhu dv zhoo dv wkh hfrqrp|*v lqlwldo srvl0

wlrq1 Doo rwkhu sdudphwhuv vhhp wr kdyh qr vwurqj h�hfw rq wkh huuru gxh wr olqhdul}dwlrq1

9 Frqfoxvlrq

Wklv sdshu kdv dujxhg wkdw lv lv d sulrul qrw fohdu zkhwkhu wkh olqhdul}dwlrq huuru gxh wr

�uvw0rughu dssur{lpdwlrqv ri qrqolqhdu g|qdplf v|vwhpv lv qhjoljleoh li frqyhujhqfh vshhg

lvvxhv duh glvfxvvhg1 D phwkrg zdv ghyhorshg zklfk doorzv wr txdqwli| wkh txdolw| ri ds0

sur{lpdwlrqv edvhg rq olqhdul}dwlrq1 Lwv dssolfdwlrq wr qhrfodvvlfdo jurzwk wkhru| zlwk d

Free0Grxjodv surgxfwlrq ixqfwlrq vkrzv wkdw wkh fdslwdo vkduh lv d nh| sdudphwhu= dg0

mxvwhphqw wlphv edvhg rq wkh dssur{lpdwhg frqyhujhqfh frh!flhqw iru shu fdslwd lqfrph

duh ryhu0 ru xqghuhvwlpdwhg frpsduhg wr wuxh wlphv ghshqglqj rq k B f�D� Li k ' f�D wkh

olqhdul}dwlrq lv d shuihfw dssur{lpdwlrq= qr huuru dulvhv1 Iru fdslwdo vkduhv zklfk duh qrw

wrr vpdoo/ wkh huuru gxh wr olqhdul}dwlrq vhhpv wr eh plqru1 Krzhyhu/ li wkh hodvwlflw| ri

vxevwlwxwlrq lv ehorz xqlw|/ wkh dssur{lpdwlrq surfhgxuh |lhogv xquholdeoh uhvxowv1

: Dsshqgl{

:14 Ghulydwlrq ri +9d, dqg +:,

A+ � Gh�qh � � +
�3k
k dqg wudqvirup +8, lqwr d olqhdu gl�huhqwldo htxdwlrq ri wkh irup=

�� ' E�� k�E? n B�

�
+W

�3k
k � �

�
�

Diwhu vroylqj wkdw htxdwlrq uh0fkdqjh yduldeohv wr rewdlq wkh h{dfw wlph sdwk iru rxwsxw

shu zrunhu

+E|� '

��
+
�3k
k

J � +W
�3k
k

�
e3E�3k�E?nB�| n +W

�3k
k

� k
�3k

�

Lqyhuwlqj wkh deryh jlyhq htxdwlrq dqg xvlqj b*v gh�qlwlrq |lhogv53

|Eb� '
*?
k
_
�
�� b

�3k
k

�l
� *?

q
_
k
�� ��nbJ

2

� �3k
k

lr
E�� k�E? n B�

c _ '

;?
= �

��

i1 bc bJ 5 Efc ��

i1 bc bJ : �
�

53Wkh gxpp| yduldeoh g frqwurov wkh vljq ri erwk orj0dujxphqwv vxfk wkdw wkrvh dujxphqwv duh vwulfwo|

srvlwlyh1

4;



Dffruglqj wr wkh kdoi0olih frqglwlrq/ A+ lv ghwhuplqhg e| +EA � ' +Wn+J
2

� Soxjjlqj wklv

dujxphqw lqwr wkh deryh jlyhq htxdwlrq |lhogv +9d,1

�A+ � Htxdwlrq +5, kdv ehhq rewdlqhg e| olqhdu dssur{lpdwlrq durxqg +*v vwhdg| vwdwh1

Vroylqj wkdw dssur{lpdwlrq iru wkh dvvrfldwhg wlph sdwk ri shu fdslwd lqfrph/ �+E|�/ ohdgv

wr=

�+E|� ' E+J � +W�e3E�3k�E?nB�| n +W�

Wkh lqyhuvh lv jlyhq e|

�|Eb� '
*? d_E�� bJ�o� *? d_E�� b�o

E�� k�E? n B�
c _ '

;?
= �

��

i1 bc bJ 5 Efc ��

i1 bc bJ : �
�

Soxjjlqj wkh kdoi0olih frqglwlrq zulwwhq lq whupv ri b/ l1h1 bEA � ' �nbJ
2
/ lqwr deryh |lhogv

wkh sursrvhg uhvxow=
�A+ '

*? 2

E�� k�E?n B�
�

:15 Ghulydwlrq ri +44,

Wkh olqhdul}hg gl�huhqwldo htxdwlrq v|vwhp pd| eh zulwwhq dv

�&E|� ' E4� ?� &E|�� SE|� � E4� ?� � &W n SWc

+45,

�SE|� ' SWw3�kEk� ��&W
k32

&E|�� SW

w
kEk� ��&W

k3�

�

Wkdw v|vwhp*v fkdudfwhulvwlf urrwv duh jlyhq e|

b�c2 '
4� ?

2
	
v

E4� ?�2

e
n
SW

w
kE�� k�&Wk32c

Vroxwlrq ri wkdw v|vwhp xqghu Udpvh| frqglwlrqv |lhogv fdslwdo*v dssur{lpdwhg wlph sdwk=

�&E|� ' E&J � &W�e3q| n &Wc +46,

zkhuh q ' �b2� Iurp wkh dssur{lpdwhg sdwk �&E|�/ zh jhw �&E|� ' �qE&J � &W�e3q| dqg

E&J � &W�e3q| ' &E|�� &W� Vxevwlwxwlqj wkh odwwhu lqwr wkh iruphu |lhogv

�&E|� ' �qE&E|�� &W� +47,

Li zh sxuvxh d �uvw0rughu Wd|oru dssur{lpdwlrq ri wkh surgxfwlrq ixqfwlrq lq lqwhqvlyh

irup/ +E|� ' &E|�k/ durxqg wkh vwhdg| vwdwh/ zh rewdlq

+E|�� +W ' k&W
k3�

E&E|�� &W� +48,

4<



Gl�huhqwldwlrq ri +E|� zlwk uhvshfw wr wlph jlyhv �+E|� ' k&E|�k3� �&E|�� D �uvw0rughu Wd|oru

h{sdqvlrq durxqg wkh vwhdg| vwdwh ri �+E|� xvlqj _ �&*_& ' �q iurp +47, ohdgv wr

�+E|� ' �qk&Wk3�E&E|�� &W��

Vxevwlwxwlrq ri +48, lqwr wkdw h{suhvvlrq |lhogv

�+E|� ' �q E+E|�� +W�

zkrvh vroxwlrq lv +44,1

Uhihuhqfhv

^4` Eduur/ Urehuw M1 dqg Vdod0l0Pduwlq/ [dylhu1 �Frqyhujhqfh1� Mrxuqdo ri Srolw0

lfdo Hfrqrp| 433+5,/ Dsulo 4<;9/ ss1 5560841

^5` Eduur/ Urehuw M1 dqg Vdod0l0Pduwlq/ [dylhu1 Hfrqrplf Jurzwk1 Qhz \run=

PfJudz0Kloo/ 4<<81

^6` Edxpro/ Zlooldp M1 �Surgxfwlylw| Jurzwk/ Frqyhujhqfh/ dqg Zhoiduh= Zkdw wkh

Orqj0Uxq Gdwd Vkrz1� Dphulfdq Hfrqrplf Uhylhz :9+8,/ Ghfhpehu 4<;9 ss1 43:50

;81

^7` Gh Orqj/ Eudgirug1 �Surgxfwlylw| Jurzwk/ Frqyhujhqfh/ dqgZhoiduh= Frpphqw1�

Dphulfdq Hfrqrplf Uhylhz :;+8,/ Ghfhpehu 4<;;/ ss1 446;0871

^8` Gx�|/ Mrkq dqg Sdsdjhrujlrx/ Fkulv1 �D Furvv0Frxqwu| Hpslulfdo Lqyhvwl0

jdwlrq ri wkh Djjuhjdwh Surgxfwlrq Ixqfwlrq Vshfl�fdwlrq1� Mrxuqdo ri Hfrqrplf

Jurzwk 8/ Pdufk 5333/ ss1 ;:04531

^9` Jdqgroir/ Jldqfduor1 Hfrqrplf G|qdplfv/ 6ug Hg1 Ehuolq= Vsulqjhu/ 4<<91

^:` Mrqhv/ Fkduohv L1 �U)G0Edvhg Prghov ri Hfrqrplf Jurzwk1� Mrxuqdo ri Srolwlfdo

Hfrqrp| 436+7,/ Dxjxvw 4<<8/ ss1 :8<0;71

^;` Mxgg/ Nhqqhwk O1 Qxphulfdo Phwkrgv lq Hfrqrplfv1 Fdpeulgjh/ PD= PLW0Suhvv/

4<<;1

^<` Oxfdv/ Urehuw H1/ Mu1 �Rq wkh Phfkdqlfv ri Hfrqrplf Ghyhorsphqw1� Mrxuqdo ri

Prqhwdu| Hfrqrplfv 55+4,/ Mxo| 4<;;/ ss1 60751
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^43` Pdqnlz/ Q1 Juhjru|1> Urphu/ Gdylg dqg Zhlo/ Gdylg Q1 �D Frqwulexwlrq

wr wkh Hpslulfv ri Jurzwk Wkhru|1� Txduwhuo| Mrxuqdo ri Hfrqrplfv 43:+5,/ Pd|

4<<5/ ss1 73:06:1

^44` Ruwljxhlud/ Vdoydgru dqg Vdqwrv/ Pdqxho V1 �Rq wkh Vshhg ri Frqyhujhqfh

lq Hqgrjhqrxv Jurzwk Prghov1� Dphulfdq Hfrqrplf Uhylhz ;:+6,/ Mxqh 4<<:/ ss1

6;60<<1

^45` Vdwr/ Nd}xr1 �Rq wkh Dgmxvwphqw Wlph lq Qhr0fodvvlfdo Jurzwk Prghov1� Uhylhz

ri Hfrqrplf Vwxglhv 66/ Mxo| 4<99/ ss1 5960;1

^46` Vdwr/ U|x}r1 �Ilvfdo Srolf| lq d Qhr0Fodvvlfdo Jurzwk Prgho= Dq Dqdo|vlv ri Wlph

Uhtxluhg iru

Htxloleudwlqj Dgmxvwphqw1� Uhylhz ri Hfrqrplf Vwxglhv 63/ Iheuxdu| 4<96/ ss1 490

561

^47` Zlooldpv/ U1O1 dqg Furxfk/ U1O1 �Wkh Dgmxvwphqw Vshhg ri Qhrfodvvlfdo Jurzwk

Prghov1� Mrxuqdo ri Hfrqrplf Wkhru| 7/ 4<:5/ ss1 88508891
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