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Frqglwlrqdo Ghshqghqf| ri Ilqdqfldo Vhulhv=
Dq Dssolfdwlrq ri Frsxodv

Plfkdho Urfnlqjhud>� dqg Hulf Mrqghdxe

Iheuxdu| 5334

Devwudfw
Zh ghyhors d qhz phwkrgrorj| wkdw phdvxuhv frqglwlrqdo ghshqghqf|1 Zh dfklhyh

wklv e| xvlqj frsxod ixqfwlrqv wkdw olqn pdujlqdo glvwulexwlrqv/ khuh fkrvhq wr reh| d
JDUFK0w|sh prgho zlwk wlph0ydu|lqj vnhzqhvv dqg nxuwrvlv1 Zh dsso| wklv prgho wr
gdlo| uhwxuqv ri vwrfn0pdunhw lqglfhv1 Zh �qg vwurqj hylghqfh ri shuvlvwhqfh lq ghshq0
ghqf| erwk iru orfdo fxuuhqf| dqg ' XV ghqrplqdwhg vhulhv1 Iru Hxurshdq vwrfn pdunhwv/
zh dovr �qg hylghqfh wkdw odujh vlpxowdqhrxv uhwxuqv ri hlwkhu vljq ohdg wr kljkhu vxevh0
txhqw ghshqghqf|1 Zh vkrz wkdw ghshqghqf| fkdqjhv wkurxjk wlph/ dv zhoo1 Iru vwrfn
pdunhwv zlwklq Hxursh/ ghshqghqf| lqfuhdvhg zkhuhdv lw ghfuhdvhg vlqfh wkh plg <3v
zkhq lqyroylqj wkh V)S 833 ru wkh Qlnnhl1 Zh dovr vxjjhvw h{whqvlrqv iru frqglwlrqdo
dvvhw sulflqj prghov lqyroylqj wlph yduldwlrq ri fr0vnhzqhvv dqg fr0nxuwrvlv1

Uìvxpì

Qrxv sursrvrqv xqh qrxyhooh pìwkrgrorjlh shuphwwdqw gh phvxuhu ohv gìshqgdqfhv
frqglwlrqqhoohv1 Qrxv xwlolvrqv srxu fhod ohv irqfwlrqv frsxodv/ txl uholhqw ghv glvwulex0
wlrqv pdujlqdohv/ txh qrxv vxssrvrqv gh w|sh JDUFK dyhf vnhzqhvv hw nxuwrvlv yduldqw
gdqv oh whpsv1 Qrxv dssoltxrqv fh prgëoh dx{ uhqghphqwv erxuvlhuv txrwlglhqv1 Qrxv
wurxyrqv xqh iruwh shuvlvwdqfh gh od gìshqgdqfh/ ã od irlv hq prqqdlh orfdoh hw hq groodu1
Srxu ohv pdufkìv hxursìhqv/ qrxv rewhqrqv dxvvl txh ghv yduldwlrqv sdvvìhv lpsruwdqwhv/
txho tx*hq vrlw oh vljqh/ hqwudñqhqw xqh dxjphqwdwlrq gh od gìshqgdqfh1 Qrxv prqwurqv
hq�q txh od gìshqgdqfh ydulh dx frxuv gx whpsv1 Hooh d dxjphqwì hqwuh ohv sd|v hx0
ursìhqv/ doruv tx*hooh d glplqxì ghsxlv oh plolhx ghv dqqìhv 4<<3 oruvtx*hooh phw hq fdxvh
oh V)S 833 rx oh Qlnnhl1

Nh|zrugv= Lqwhuqdwlrqdo fruuhodwlrq/ Pdunhw lqwhjudwlrq/ DUFK/ Vwrfn lqglfhv
MHO fodvvl�fdwlrq= F84/ I6:/ J44

d KHF 0 Vfkrro ri Pdqdjhphqw/ Ghsduwphqw ri Ilqdqfh/ 4/ uxh gh od Oleìudwlrq/ :;684 Mrx|0hq0Mrvdv
e Edqtxh gh Iudqfh/ Fhqwuh gh uhfkhufkh/ 74046<4 GJHL/ 64/ uxh Furl{ ghv Shwlwv Fkdpsv/ :837< Sdulv

�Fruuhvsrqglqj dxwkru1 Who= .662+3,4 6< 9: :5 8</ h0pdlo= urfnlqjhuCkhf1iu1 Plfkdho Urfnlqjhu lv dovr
FHSU/ dqg vflhqwl�f frqvxowdqw dw wkh Edqtxh gh Iudqfh1 Kh dfnqrzohgjhv khos iurp wkh KHF Irxqgdwlrq
dqg wkh Hxurshdq Frppxqlw| WPU Judqw= �Ilqdqfldo Pdunhw H!flhqf| dqg Hfrqrplf H!flhqf|1� Zh
duh judwhixo wr Vdqyl Dyrx|l0Gryl/ Fkulvwldq Jrxulhurx{/ dqg Fkulvwldq S�vwhu iru suhflrxv frpphqwv1 Wkh
qxphulfdo lpsohphqwdwlrq xvhg wkh Iruwdq rswlpl}dwlrq surjudp VQRSW zklfk zdv nlqgo| surylghg e| Sklols
Jloo1 Wklv sdshu zdv vwduwhg gxulqj d vdeedwlfdo ri wkh �uvw dxwkru dw XFVG1 Wkh xvxdo glvfodlphu dssolhv1
Wkh Edqtxh gh Iudqfh grhv qrw qhfhvvdulo| hqgruvh wkh ylhzv h{suhvvhg lq wklv sdshu1
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4 Lqwurgxfwlrq

Wkh dlp ri wklv sdshu lv wr surylgh d qhz phwkrgrorj| wr ghvfuleh wkh pxowlyduldwh

frqglwlrqdo glvwulexwlrq ri uhwxuqv lq wkh suhvhqfh ri qrq0qrupdo lqqrydwlrqv1 Rq wkh

rqh kdqg/ rxu phwkrgrorj| exlogv rq vr0fdoohg �frsxodv/� l1h1 lv ixqfwlrqv frqqhfwlqj

pdujlqdo glvwulexwlrqv1 Rq wkh rwkhu kdqg/ zh gudz rq uhfhqw dgydqfhv lq wkh prg0

hol}dwlrq ri frqglwlrqdo uhwxuqv wkdw doorz iru wlph0ydu|lqj vhfrqg/ wklug/ dqg irxuwk

prphqwv1

Frsxod ixqfwlrqv duh zhoo0vwxglhg remhfwv lq wkh vwdwlvwlfdo olwhudwxuh1 Dw wh{werrn

ohyho/ rqh pd| phqwlrq wkh frqwulexwlrqv ri Mrh +4<<:, ru Qhovhq +4<<<,1 Wkhvh

ixqfwlrqv kdyh ehhq lqwurgxfhg wr prgho d mrlqw +pxowlyduldwh, glvwulexwlrq zkhq rqo|

pdujlqdo glvwulexwlrqv duh nqrzq1 Wklv w|sh ri olqn ehwzhhq pdujlqdo glvwulexwlrqv

lv sduwlfxoduo| xvhixo lq vlwxdwlrqv zkhuh pxowlyduldwh qrupdolw| grhv qrw krog1 Lq

�qdqfldo dssolfdwlrqv/ lw lv zhoo hvwdeolvkhg wkdw xqlyduldwh glvwulexwlrqv duh idw0wdlohg1

Lq vxfk vlwxdwlrqv/ wkh vwdwlvwlfv olwhudwxuh surylghv rqo| olwwoh jxlgdqfh derxw zkdw

w|sh ri pxowlyduldwh glvwulexwlrq wr fkrvh/ l1h1 Nrw}/ Edodnlvkqdq/ dqg Mrkqvrq +5333,1

Lq d uhfhqw dssolfdwlrq wr �qdqfh/ Hpeuhfkwv/ PfQhlo/ dqg Vwudxwpdq +4<<<, kdyh

xvhg frsxodv wr prgho h{wuhph ydoxhv1

Zkhuhdv wkh frsxod lv d udwkhu uhfhqw frqfhsw/ pxfk surjuhvv kdv ehhq pdgh lq

wkh prgholqj ri xqlyduldwh vhulhv zlwk frqglwlrqdo kljkhu prphqwv1 Iru lqvwdqfh/ lq

wkh vslulw ri Hqjoh*v +4<;5, DUFK dqg Eroohuvohy*v +4<;9, JDUFK prgho/ Kdqvhq

+4<<7, dv zhoo dv Kduyh| dqg Vlggltxh +4<<<, ghyhorshg prghov zkhuh wkh idw0wdlohg

frqglwlrqdo ghqvlw| kdv sdudphwhuv zklfk ydu| ghwhuplqlvwlfdoo| ryhu wlph1 Zkhuhdv

Kdqvhq*v prgho exlogv rq d jhqhudol}hg vwxghqw0w glvwulexwlrq/ Kduyh| dqg Vlggltxh*v

uholhv rq d qrq0fhqwudo jdppd ghqvlw|1 Dv vkrzq e| Mrqghdx dqg Urfnlqjhu +5333,/

vrph gl!fxowlhv uhodwhg wr wkh qxphulfdo hvwlpdwlrq ri Kdqvhq*v prgho pd| eh ryhu0

frph zlwk wkh xvh ri d vrsklvwlfdwhg qxphulfdo hvwlpdwlrq whfkqltxh1 Suhpdudwqh dqg

Ehud +5333, dfklhyh wlph yduldwlrq lq vnhzqhvv dqg nxuwrvlv e| xvlqj wkh Shduvrqldq

ghqvlwlhv1 Urfnlqjhu dqg Mrqghdx +5334, xvh dq hqwurs| ghqvlw|1 Rwkhu uhfhqw frqwul0

exwlrqv lq wklv �hog duh e| Hqjoh dqg Pdqjdqhool +4<<<,/ zkr irfxv rq wkh prghol}d0

wlrq ri odujh uhdol}dwlrqv xvlqj txdqwloh uhjuhvvlrqv1 Wkh prghol}dwlrq ri frqglwlrqdo

pdujlqdo glvwulexwlrqv dsshduv/ wkhuhiruh/ dv ehlqj udwkhu zhoo xqghuvwrrg1

Lq wklv zrun/ zh exlog rq Kdqvhq*v +4<<7, jhqhudol}hg vwxghqw0w xqlyduldwh prgho

wr rewdlq frqglwlrqdo pdujlqdo glvwulexwlrqv1 Wkhq/ zh xvh Sodfnhww*v frsxod ixqfwlrq

wr olqn wkhvh pdujlqdo glvwulexwlrqv1 Jlyhq wkdw wkh frsxod ixqfwlrq lqwurgxfhv dq

h{solflw sdudphwhu wkdw pd| eh lqwhusuhwhg lqwxlwlyho| dv d fruuhodwlrq/ lw lv hdv| wr

uhqghu wklv sdudphwhu frqglwlrqdo1 Lq rwkhu zrugv/ rxu prgho doorzv iru frqglwlrqdoo|

ghshqghqw pdujlqdo glvwulexwlrqv1 Dffruglqj wr wkh zd| lq zklfk wkh ghshqghqf|

sdudphwhu dulvhv/ zh fdq dovr lqwurgxfh dv|pphwulhv lq wkh prgho/ lq wkh vslulw ri
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Hqjoh dqg Qj +4<<6,/ Jorvwhq/ Mdjdqqdwkdq/ dqg Uxqnoh +4<<6,/ Jrxulhurx{ dqg

Prqiruw +4<<5,/ dv zhoo dv ]dnròdq +4<<7,1 Rxu prgho wkxv surylghv dq dowhuqdwlyh

wr pxowlyduldwh JDUFK prghov1 Lw suhvhqwv wkh dgydqwdjh ri doorzlqj iru idw0wdlohg

lqqrydwlrqv1

Zh dsso| rxu prgho wr gdlo| uhwxuqv ri vwrfn lqglfhv1 Rxu dlp lv wr frqwulexwh

wr wkh ghedwh rq wkh uhodwlrqvkls ehwzhhq lqwhuqdwlrqdo fruuhodwlrq dqg vwrfn0pdunhw

wxuexohqfh1 Wkhuh duh vhyhudo vwxglhv ri wklv skhqrphqrq/ zklfk lv ri juhdw lpsru0

wdqfh iru sruwirolr fkrlfh dssolfdwlrqv1 Hpslulfdo hylghqfh lv riwhq frqwudglfwru|1 Iru

lqvwdqfh/ Ndsodqlv +4<;;, xvhv prqwko| gdwd ri ydulrxv pdunhwv dqg fdqqrw uhmhfw

wkh dvvxpswlrq ri wkh frqvwdqf| ri wkh fruuhodwlrq pdwul{1 Udwqhu +4<<5, frq�upv

wklv uhvxow1 Nrfk dqg Nrfk +4<<4, xvh gdlo| gdwd dqg �qg wkdw fruuhodwlrq lqfuhdvhv

wkurxjk wlph1 Nlqj/ Vhqwdqd/ dqg Zdgkzdql +4<<7, remhfw wkdw wklv uhvxow lv gxh wr

wkh 4<;: vwrfn0pdunhw fudvk1 Dqrwkhu vwudqg ri wkh olwhudwxuh lv edvhg rq wkh DUFK

iudphzrun14 Iru lqvwdqfh/ xvlqj pxowlyduldwh JDUFK prghov/ Kdpdr/ Pdvxolv/ dqg

Qj +4<<3, dqg Vxvpho dqg Hqjoh +4<<7, phdvxuh wkh lqwhughshqghqfh ri uhwxuqv dqg

yrodwlolwlhv dfurvv pdmru vwrfn pdunhwv1 Orqjlq dqg Vroqln +4<<8, xvh prqwko| gdwd

dqg d pxowlyduldwh JDUFK prgho/ lq zklfk wkh| frqglwlrq fruuhodwlrq rq wkh V)S

uhwxuq h{fhhglqj d jlyhq wkuhvkrog1 Wkh| rewdlq dq lqfuhdvh lq fruuhodwlrq lq V)S

wxuexohqw shulrgv1 Krzhyhu/ yhu| lqwhuhvwlqjo| prvw ri wkhvh uhvxowv duh vxemhfw wr

wkh Er|hu/ Jlevrq/ dqg Oruhwdq +4<<:, fulwltxh15 Wkhvh dxwkruv vkrz wkdw wkh fru0

uhodwlrq ehwzhhq wzr vhulhv dsshduv pxfk kljkhu li wkh odwwhu duh frqglwlrqhg rq rqh

ri wkh vhulhv h{fhhglqj d wkuhvkrog1 Dv d frqvhtxhqfh/ vwxglhv/ lq zklfk fruuhodwlrq lv

frpsxwhg rq d vxevdpsoh zkhuh rqh ri wkh vhulhv h{fhhgv d jlyhq ohyho/ zloo �qg dq

duwl�fldoo| kljk fruuhodwlrq1

Pruh uhfhqwo|/ whvwv ri d frqvwdqw fruuhodwlrq lq d JDUFK frqwh{w kdyh ehhq

sursrvhg e| Ehud dqg Nlp +4<<9, dqg Wvh +5333,1 Udpfkdqg dqg Vxvpho +4<<;,

dqg Dqj dqg Ehndhuw +4<<<, hvwlpdwh d pxowlyduldwh Pdunry0vzlwfklqj prgho dqg

whvw wkh k|srwkhvlv ri d frqvwdqw lqwhuqdwlrqdo frqglwlrqdo fruuhodwlrq ehwzhhq vwrfn

pdunhwv1 Edoo dqg Wrurxv +5333,/ xvlqj d prgho zlwk vwrfkdvwlf fruuhodwlrq/ �qg wkdw

wkh fruuhodwlrq grhv qrw vljql�fdqwo| lqfuhdvh dv pdunhwv ehfrph pruh wxuexohqw1

Uljrerq +4<<<, ghyhorsv d prgho wkdw whvwv zkhwkhu ghshqghqf| fkdqjhg ryhu d jlyhq

wlph jds1 Lq Orqjlq dqg Vroqln +5333,/ ghshqghqf| iru prqwko| gdwd lv lqyhvwljdwhg

zlwk h{wuhph ydoxh wkhru|1 Wklv wkhru|/ krzhyhu/ irfxvhv rqo| rq wkh wdlov dqg qhjohfwv

wkh fhqwudo sduw ri wkh glvwulexwlrq1 D prgho fdswxulqj wkh wdlo ehkdylru dv zhoo dv

wkh pruh fhqwudo sduw vhhpv/ wkhuhiruh/ wr eh ri ydoxh1

Lq wkh hpslulfdo sduw ri wklv sdshu zh vkrz wkdw ghshqghqf| lv frqglwlrqdo dqg

4Vhh Kdpdr/ Pdvxolv/ dqg Qj +4<<3,/ Vxvpho dqg Hqjoh +4<<7,/ Orqjlq dqg Vroqln +4<<8,/ Ehndhuw
dqg Kduyh| +4<<8,/ Nduro|l +4<<8,/ Nduro|l dqg Vwxw} +4<<9,/ Ehud dqg Nlp +4<<9,/ Wvh +5333,1

5Vhh dovr Iruehv dqg Uljrerq +4<<<,1
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wkdw wkhuh lv shuvlvwhqfh lq ghshqghqf| iru gdlo| vwrfn lqgh{ uhwxuqv ri �yh lpsru0

wdqw pdunhwv1 Dv d frqvhtxhqfh ri odujh mrlqw vwrfn pdunhw pryhphqwv ghshqghqf|

lqfuhdvhv1

Zh dovr surylgh hylghqfh wkdw ghshqghqf| hyroyhv wkurxjk wlph1 Iru Hxurshdq

frxqwulhv zh �qg d v|pphwulf lqfuhdvh ri ghshqghqf| zkhuhdv ghshqghqflhv lqyroylqj

wkh V)S833 ru wkh Qlnnhl duh ghfuhdvlqj vlqfh wkh plg <3v1

Rxu prgho pd| dovr eh xvhg iru pxowlyduldwh Ydoxh0dw0Ulvn frqvlghudwlrqv dqg

wkh whvwlqj ri dvvhw sulflqj prghov lqyroylqj frqglwlrqdo kljkhu prphqwv vxfk dv

frqglwlrqdo fr0vnhzqhvv dqg fr0nxuwrvlv1 Wkh frpsxwdwlrq ri fr0vnhzqhvv dqg fr0

nxuwrvlv lv srvvleoh lq rxu iudphzrun vlqfh zh irfxv qrw rqo| rq wkh wdlov ri wkh

glvwulexwlrq exw dovr rq wkh hqwluh glvwulexwlrq1

Lq wkh qh{w vhfwlrq/ zh lqwurgxfh frsxod ixqfwlrqv dqg ghulyh rqh sduwlfxoduo| xvh0

ixo frsxod= Sodfnhww*v1 Lq vhfwlrq 6/ zh �uvw lqwurgxfh rxu xqlyduldwh prgho doorzlqj

iru wlph0ydu|lqj yrodwlolw|/ vnhzqhvv/ dqg nxuwrvlv/ dqg wkhq vkrz krz wr olqn wkh

xqlyduldwh prghov zlwk frsxodv1 Lq vhfwlrq 7/ zh ghvfuleh wkh gdwd dqg glvfxvv rxu

uhvxowv1 Vhfwlrq 8 frqwdlqv d frqfoxvlrq dqg lghdv iru ixuwkhu uhvhdufk1

5 Frsxod glvwulexwlrq ixqfwlrqv

514 Jhqhudolwlhv

Dv phqwlrqhg e| Qhovhq +4<<</ s1 4,/ wkh vwxg| ri frsxodv lv d uhfhqw skhqrphqrq

lq vwdwlvwlfv1 Khqfh/ lw lv qrw dvwrqlvklqj wkdw frsxodv kdyh qrw |hw irxqg wkhlu zd|

lqwr hpslulfdo �qdqfh1 Lq rughu wr xqghuvwdqg wkh xvhixoqhvv ri frsxodv/ frqvlghu

wzr udqgrp yduldeohv f dqg t zlwk pdujlqdo glvwulexwlrqv 8 E%� ' Sudf 	 %o dqg

CE+� ' Sudt 	 +o1 Lq wklv sdshu zh rqo| frqvlghu vlwxdwlrqv zkhuh doo fxpxodwlyh

glvwulexwlrq ixqfwlrqv +fgi, duh frqwlqxrxv1 Wkh udqgrp yduldeohv pd| dovr kdyh mrlqw

glvwulexwlrq ixqfwlrq ME%c +� ' Sudf 	 %c t 	 +o1 Doo wkh glvwulexwlrq ixqfwlrqv/

8 E��/ CE�� dqg ME�c �� ehorqj wr wkh lqwhuydo dfc �o1 Lq vrph fdvhv/ d pxowlyduldwh

glvwulexwlrq h{lvwv/ vr wkdw wkh ixqfwlrq M kdv dq h{solflw h{suhvvlrq1 Rqh vxfk fdvh

lv wkh pxowlyduldwh qrupdo glvwulexwlrq1 Lq pdq| fdvhv/ krzhyhu/ d ghvfulswlrq ri

8 E�� dqg CE�� lv uhodwlyho| hdv| wr rewdlq/ zkhuhdv dq h{solflw h{suhvvlrq ri wkh mrlqw

glvwulexwlrq ME�c �� pd| eh gl!fxow wr rewdlq1 Wklv lv zkhuh frsxodv frph lq kdqg|1

Zh qrz zloo gh�qh frsxodv pruh irupdoo|1 Lq wkh qh{w vhfwlrq zh frqvwuxfw d

xvhixo frsxod iru �qdqfh dssolfdwlrqv1 Zh zrxog olnh wr hpskdvl}h iurp wkh rqvhw

wkdw pdq| uhvxowv ghyhorshg lq wklv sdshu h{whqg wr d wul0yduldwh ru hyhq kljkhu

glphqvlrqdo iudphzrun1 Vrph ri wkh uhvxowv/ krzhyhu/ rqo| krog iru wkh el0yduldwh

iudphzrun1

Gh�qlwlrq 4 D wzr0glphqvlrqdo frsxod lv d ixqfwlrq � G dfc �o2 $ dfc �o kdylqj

7



wkuhh surshuwlhv=

41 �E�c �� lv lqfuhdvlqj lq � dqg �1

51 �Efc �� ' �E�c f� ' f/ �E�c �� ' �/ �E�c �� ' �1

61 ;��c �2c ��c �2 lq dfc �o vxfk wkdw �� 	 �2 dqg �� 	 �2 zh kdyh �E�2c �2� �
�E�2c ���� �E��c �2� n �E��c ��� � f�

Surshuw| 4 vwdwhv wkdw zkhq rqh pdujlqdo glvwulexwlrq lv frqvwdqw/ wkh mrlqw sure0

delolw| zloo lqfuhdvh surylghg wkdw wkh rwkhu pdujlqdo glvwulexwlrq lqfuhdvhv1

Surshuw| 5 uhyhdov frqglwlrqv rqh zrxog h{shfw iru d mrlqw glvwulexwlrq1 Wkdw lv/

li rqh pdujlq kdv }hur suredelolw| wkh mrlqw rffxuuhqfh dovr kdv }hur suredelolw| wr

rffxu1 Frqvhtxhqwo|/ li rq wkh frqwudu| rqh pdujlq lv fhuwdlq wr rffxu/ wkhq wkh

suredelolw| ri d mrlqw rffxuuhqfh lv ghwhuplqhg e| wkh uhpdlqlqj pdujlq suredelolw|1

Surshuw| 6 lqglfdwhv wkdw li � dqg � erwk lqfuhdvh wkhq wkh mrlqw suredelolw| dovr

lqfuhdvhv1 Wklv surshuw| lv wkhuhiruh d pxowlyduldwh h{whqvlrq ri wkh frqglwlrq wkdw d

fgi lv lqfuhdvlqj1

Ixuwkhupruh/ li zh vhw � ' 8 E%� dqg � ' CE+�/ wkhq �E8 E%�c CE+�� |lhogv d gh0

vfulswlrq ri wkh mrlqw glvwulexwlrq ri % dqg +1 Kdylqj rewdlqhg wklv lqwxlwlyh gh�qlwlrq/

ixuwkhu surshuwlhv pd| eh rewdlqhg1

Sursrvlwlrq 4 Li � dqg � duh lqghshqghqw/ wkhq �E�c �� ' ���

Surri1 Wkh surri ri wklv surshuw| iroorzv lpphgldwho| iurp wkh gh�qlwlrq ri

lqghshqghqw udqgrp yduldeohv1

Sursrvlwlrq 5 +Vnodu*v Wkhruhp,1 Ohw M eh d mrlqw glvwulexwlrq ixqfwlrq zlwk pdu0

jlqv 8 dqg C1 Wkhq/ wkhuh h{lvwv d frsxod � vxfk wkdw iru doo uhdo qxpehuv %c +

ME%c +� ' �E8 E%�c CE+��1 +4,

Ixuwkhupruh/ li 8 dqg C duh frqwlqxrxv/ wkhq � lv xqltxh1 Frqyhuvho|/ li 8 dqg C

duh glvwulexwlrqv/ wkhq wkh ixqfwlrq M gh�qhg e| htxdwlrq +4, lv d mrlqw glvwulexwlrq

ixqfwlrq zlwk pdujlqv 8 dqg C1

Surri1 Wkh surri ri wkh wkhruhp �uvw dsshduhg lq Vnodu +4<8<,1 D uhodwlyho|

vlpsoh surri pd| eh irxqg lq Vfkzhl}hu dqg Vnodu +4<:7,1

Wklv wkhruhp mxvwl�hv wkh lpsruwdqfh ri frsxodv iru hpslulfdo uhvhdufk1 Zh qrz

vkrz krz wr rewdlq d frsxod wkdw lv uhohydqw iru �qdqfh1

8



515 Frqvwuxfwlrq ri d xvhixo Frsxod

Lq �qdqfh dssolfdwlrqv/ lw lv qhfhvvdu| wr h{suhvv d srvlwlyh dqg qhjdwlyh ghshqghqfh

ehwzhhq yduldeohv1 Zh duh qrz jrlqj wr frqvwuxfw d frsxod doorzlqj pdujlqdo glvwul0

exwlrqv wr eh hlwkhu srvlwlyho| ru qhjdwlyho| ghshqghqw1 Wklv frqvwuxfwlrq zloo |lhog

wkh vr0fdoohg Sodfnhww*v frsxod1 Sodfnhww*v frsxod lv d zd| ri mrlqlqj wzr pdujlqdo glv0

wulexwlrqv1 Iru kljkhu glphqvlrqdo sureohpv/ rwkhu w|shv ri frsxod ru frpelqdwlrqv

wkhuhri frxog eh xvhg16

Frqvlghu Iljxuh 4/ zkhuh zh dvvxph iru wkh prphqw wkdw zh kdyh wzr udqgrp

yduldeohv f dqg t 1 Erwk yduldeohv pd| wdnh wzr glvfuhwh vwdwhv/ vd| kljk dqg orz1 Dv

lqglfdwhg lq wkh �jxuh/ zh dvvrfldwh suredelolwlhv @c Kc Sc _ wr wkh ydulrxv vlpxowdqhrxv

uhdol}dwlrqv1 Lqwxlwlyho|/ li dorqj wkh 78r gldjrqdo wkh suredelolwlhv duh kljk/ wkhq zh

zrxog kdyh d srvlwlyh ghshqghqfh vlwxdwlrq1 Lq idfw li rqh vwdwh lv kljk/ wkh rwkhu

vwdwh zloo eh kljk dv zhoo1 Li dorqj wkh @c K gldjrqdo wkhuh duh dv pdq| revhuydwlrqv dv

dorqj wkh Sc _ gldjrqdo/ wkhq wkh udqgrp yduldeohv pd| eh frqvlghuhg lqghshqghqw1

Wkhvh revhuydwlrqv vxjjhvw

w '
@K

S_

dv d qdwxudo phdvxuh ri ghshqghqf|1 Li w ' � wkhuh zloo eh lqghshqghqfh/ li w 	 �

ghshqghqfh zloo eh qhjdwlyh/ dqg li w : � ghshqghqfh zloo eh srvlwlyh1 Sodfnhww +4<98,

kdg wkh lghd wr dvvrfldwh zlwk wkh vwdwhv u wkh pdujlqdo fgi 8 E%� dqg CE+� lq dfc �o1

Dovr/ wkh suredelolwlhv @c Kc Sc _ pd| eh h{suhvvhg lq whupv ri wkh frsxod ixqfwlrq1 Li

8 dqg C vwloo uhsuhvhqw wkh pdujlqdo glvwulexwlrqv dqg M wkh mrlqw glvwulexwlrq/ zh

rewdlq

w '
ME%c +�d�� 8 E%��CE+� nME%c +�o

d8 E%��ME%c +�odCE+��ME%c +�o
�

Lq jhqhudo/ rqh pd| h{shfw wkdw/ iru d jlyhq mrlqw glvwulexwlrq/ w zloo eh d ixqfwlrq ri

% dqg +1 Wkhuh pd| eh vlwxdwlrqv zkhuh M grhv qrw h{lvw1 Lq vxfk fdvhv rqh zlvkhv wr

fuhdwh d ixqfwlrq � sod|lqj wkh uroh ri M1 Lq rwkhu zrugv/ rqh pd| dvn li wkhuh h{lvwv

d ixqfwlrq � iurp dfc �o2 lqwr dfc �oc kdylqj dv dujxphqwv � ' 8 E%� dqg � ' CE+�c iru

zklfk w grhv qrw ghshqg rq % dqg +1

Whglrxv exw vwudljkwiruzdug frpsxwdwlrqv vkrz wkdw wkh remhfw

�wE�c �� '

;A?
A=

�
2Ew3��

�
� n Ew � ��E�n ���

t
d� n Ew � ��E�n ��o2 � e��wEw � ��

�
li w 9' �c

�� li w ' �c

gh�qhg iru w : f/ vdwlv�hv wkh wkuhh frqglwlrqv wkdw gh�qh d frsxod ixqfwlrq1 Lq wklv

fdvh wkh ixqfwlrq �wE8 E%�c CE+�� lv wkh mrlqw fgi ri % dqg +1

6Pdq| rwkhu frsxodv h{lvw1 Zh ghflghg wr irfxv rq Sodfnhww*v ehfdxvh ri lwv lqwxlwlyh dsshdo dqg
ehfdxvh pdq| ri lwv surshuwlhv kdyh douhdg| ehhq hvwdeolvkhg1

9



516 Olqn zlwk wudglwlrqdo ghshqghqfh phdvxuhv

Lq hfrqrplf dssolfdwlrqv/ dqg lq phdq0yduldqfh sruwirolr dqdo|vlv lq sduwlfxodu/ d

zlgho| xvhg phdvxuh ri ghshqghqfh lv jlyhq e| Shduvrq*v fruuhodwlrq frh!flhqw/ -1

Zh uhfdoo wkdw Shduvrq*v - lv gh�qhg iru d vhw ri udqgrp yduldeohv f dqg t zlwk

mrlqw glvwulexwlrq ME%c +� dqg pdujlqdo rqhv/ 8 E%� dqg CE+�/ dv

- '
Hdft o� HdfoHdt ot

YdudfoYdudt o
'

U
%+_ME%c +�� U

%_8 E%�
U
+_CE+�t

YdudfoYdudt o

zkhuh

Ydudfo '
]
E%� Hd%o�2_8 E%�

dqg vlploduo| iru t 1 Dqrwkhu phdvxuh ri dvvrfldwlrq lv jlyhq e| Vshdupdq*v 41 Lw lv

gh�qhg dv wkh fruuhodwlrq ehwzhhq wkh pdujlqdo glvwulexwlrqv1 Vhwwlqj � ' 8 E%� dqg

� ' CE+�/ zh rewdlq

4w '
Hd��o� Hd�oHd�ot

Ydud�oYdud�o
�

Lw pd| eh vkrzq wkdw

4w ' �2
]
dfc�o2

��_�E�c ��� � ' �2
]
dfc�o2

�E�c ��_�_� � ��

Wklv revhuydwlrq lv yhu| xvhixo/ ehfdxvh lw doorzv wkh yhul�fdwlrq ri wkh hvwlpdwlrq

surfhgxuh1 Lqghhg/ wkh ghshqghqf| sdudphwhu w pxvw eh forvh wr Shduvrq*v fruuhodwlrq

ri wkh pdujlqv E�c ��1 Iru Sodfnhww*v frsxod/ dq h{solflw irupxod iru wkh fruuhodwlrq lv

dydlodeoh/ suhvhqwhg lq wkh iroorzlqj sursrvlwlrq1

Sursrvlwlrq 6 Iru Sodfnhww*v frsxod/ �w/ Vshdupdq*v 4w lv jlyhq e|

4w '

;?
=

wn�
w3�

� 2w
Ew3��2

*?Ew�c li w 9' �

f li w ' ��
+5,

Surri1 Vhh Qhovhq +4<<:,/ s1 46;1

Sursrvlwlrq 7 4�*w ' �4w�

Surri1 Wkh surri iroorzv e| uhsodflqj w lq +5, e| �*w dqg uhduudqjlqj wkh h{0

suhvvlrq1 Wkh phdqlqj ri wklv uhvxow lv wkdw rqh pd| hdvlo| frqyhuw d jlyhq srvlwlyh

ghshqghqf| lqwr d qhjdwlyh ghshqghqf|1

Odvw exw qrw ohdvw/ lw lv wr eh revhuyhg wkdw w lv rqo| gh�qhg iru srvlwlyh ydoxhv1

Lq qxphulfdo dssolfdwlrqv/ wklv uhvwulfwlrq pd| eh hdvlo| lpsohphqwhg e| xvlqj d

orjdulwkplf wudqvirup ri w1 Lq wklv fdvh/ lqghshqghqf| fruuhvsrqgv wr d ydoxh ri

*? Ew� ' f1 Li *? Ew� lv srvlwlyh/ wkhq zh kdyh srvlwlyh ghshqghqf| dqg v|pphwulfdoo|

iru d qhjdwlyh ydoxh1

:



517 Vlpxodwlrq

Lq pdq| �qdqfh dssolfdwlrqv/ vxfk dv Ydoxh0dw0Ulvn/ zkhuh prghov jhw whvwhg xvlqj

vlpxodwlrqv/ lw lv qhfhvvdu| wr vlpxodwh gdwd iroorzlqj d pxowlyduldwh glvwulexwlrq/

jlyhq khuh e| wkh frsxod ixqfwlrq1 Rqh ri wkh whfkqltxhv xvhg wr vlpxodwh gdwd

glvwulexwhg dv d Sodfnhww*v frsxod lv edvhg rq Mrkqvrq +4<;9,1 Lw frqvlvwv lq vlpxodwlqj

dq revhuydwlrq iurp rqh ri wkh pdujlqv dqg wkhq vlpxodwlqj wkh rwkhu pdujlq xvlqj

wkh frsxod1 Wklv |lhogv wkh iroorzlqj dojrulwkp=

41 vlpxodwh wzr lqghshqghqw uhdol}dwlrqv/ l1h1 � dqg |/ glvwulexwhg xqlirupo| rq

wkh lqwhuydo ^3/4`1

51 gh�qh @ ' |E�� |�/ K '
s
w
t
w n e@�E�� ��E�� w�2

61 frpsxwh � ' d2@E�w2 n �� �� n wE�� 2@�� E�� 2|�Ko*d2w n @Ew � ��2o

71 � dqg � zloo eh glvwulexwhg dffruglqj wr d Sodfnhww*v glvwulexwlrq1

Rqfh pdujlq uhdol}dwlrqv kdyh ehhq vlpxodwhg/ lw lv dovr srvvleoh wr frqvwuxfw

wudmhfwrulhv iru %| dqg +|1

518 Hvwlpdwlrq ri wkh prgho

Lq sudfwlfdo el0yduldwh vlwxdwlrqv/ rqh revhuyhv d vdpsoh E%|c +|�/ | ' �c � � � c A 1 Lw

lv dvvxphg wkdw %| jhwv jhqhudwhg e| d frqwlqxrxv pdujlqdo glvwulexwlrq 8 E�c �%�/

zkhuh �% uhsuhvhqwv d yhfwru ri sdudphwhuv1 Vlploduo|/ +| lv jhqhudwhg e| d frqwlqxrxv

glvwulexwlrq/ CE�c �+�/ zkhuh �+ lv d sdudphwhu yhfwru1 Iru lqvwdqfh/ 8 frxog uhsuhvhqw

d JDUFK prgho ghvfulelqj wkh pdujlqdo glvwulexwlrq ri %|1

Iru frqyhqlhqfh/ zh qrz gh�qh �| � 8 E%|c �%� dqg �| � CE+|c �+�17 Zh qrwlfh

wkdw wkh ghshqghqf| sdudphwhu w dsshduv h{solflwo| lq wkh frsxod ixqfwlrq1 Wklv

phdqv wkdw w fdq eh hdvlo| frqglwlrqhg1 Zh gh�qh �w dv wkh yhfwru ri sdudphwhuv

lqyroyhg lq wkh prgholqj ri wkh ghshqghqf| sdudphwhu1 Lq wklv fdvh/ zh pd| zulwh

w|�|3� ' XE�|3�c �|3�(�w��

Lw lv hdv| wr hvwdeolvk wkh ghqvlw| ri d Sodfnhww*v frsxod dv

SwE�c �� � Y2�wE�c ��

Y�Y�
'

wd� n E�� 2�� n ��Ew � ��o�
d� n Ew � ��E�n ��o2 � e��wEw � ��

��

2

�

Lq Iljxuhv 5 dqg 6/ zh glvsod| frsxod ixqfwlrqv iru wkh fdvh ri srvlwlyh ghshqghqf|/

h1j1 w ' Dc dqg ri fruuhvsrqglqj qhjdwlyh ghshqghqf|/ wkdw lv w ' �*D1 Li w ' �/ wkhq

wkh ghqvlw| wxuqv rxw wr eh d  dw vxuidfh fruuhvsrqglqj wr lqghshqghqfh1

Dovr/ zulwlqj s dqg } dv wkh pdujlqdo ghqvlwlhv/ wkh mrlqw ghqvlw| ri dq revhuydwlrq

E%|c +|� lv/

,E%|c +|(�%c �+c �w� ' SXE8 E%|3�c�%�cCE+|3�c�+�(�w�E8 E%|c �%�c CE+|c �+��sE%|c �%�}E+|c �+��

7Lq wklv vhfwlrq zh wulhg wr nhhs wkh qrwdwlrq dv vlpsoh dv srvvleoh1

;



Dv d frqvhtxhqfh/ wkh orj0olnholkrrg ri d vdpsoh ehfrphv

OEE%|c +|�c | ' �c � � � c A (�%c �+c �w� '
A[
|'�

�
*?

k
SXE8 E%|3�c�%�cCE+|3�c�+�(�w�E8 E%|c �%�c CE+|c �+��

l
+6,

n *? dsE%|c �%�o n *? d}E+|c �+�o� � +7,

Lghdoo|/ rqh zrxog olnh wr pd{lpl}h wkh olnholkrrg vlpxowdqhrxvo| ryhu doo wkh sdudph0

whuv/ |lhoglqj wkh sdudphwhu hvwlpdwhv zulwwhq dv 	�%c 	�+c 	�w� Lq sudfwlfdo dssolfdwlrqv/

wklv hvwlpdwlrq pd| eh gl!fxow1

Iluvw/ wkh glphqvlrq ri wkh sureohp fdq eh odujh1 Lq vxfk d fdvh/ lw pd| eh qhfhv0

vdu| wr khos wkh hvwlpdwlrq e| surylglqj vwduwlqj ydoxhv rewdlqhg iurp wkh pdujlqdo

hvwlpdwlrqv

��% 5 dujpd{
A[
|'�

*?dsE%|c �%�oc +8,

��+ 5 dujpd{
A[
|'�

*?d}E+|c �+�o� +9,

Vhfrqgo| wkh ghshqghqf| sdudphwhu ri wkh frsxod ixqfwlrq pd| eh d frqyroxwhg h{0

suhvvlrq ri wkh sdudphwhuv1 Lq vxfk d fdvh/ dq dqdo|wlfdo h{suhvvlrq ri wkh judglhqw

ri wkh olnholkrrg pljkw qrw h{lvw18 Wkhuhiruh/ rqo| qxphulfdo judglhqwv pd| eh frp0

sxwdeoh zlwk wkh dvvrfldwhg vorzlqj grzq ri wkh qxphulfdo surfhgxuh1

Iru frpsolfdwhg vlwxdwlrqv/ lw lv wkhuhiruh uhfrpphqghg wr xvh wkh vhw E ��%c ��+c ��w�

rewdlqhg e| hvwlpdwlqj lq d �uvw vwhs +8, dqg +9, ehiruh vroylqj iru

��w 5 dujpd{ OEE%|c +|�c | ' �c � � � c A ( ��%c ��+c �w��

519 Frpsxwlqj fr0prphqwv

Lq vhyhudo dssolfdwlrq vxfk dv frqglwlrqdo dvvhw sulflqj prghov/ lw lv qhfhvvdu| wr frp0

sxwh h{suhvvlrqv vxfk dv fr0vnhzqhvv ru fr0nxuwrvlv1 Vxfk h{suhvvlrqv zloo w|slfdoo|

lqyroyh prphqwv ri wkh irup

6�c� '
]
%M,

]
+M,

%�+� SwE8 E%�c CE+��sE%�}E+�_% _+�

Vxfk lqwhjudov pd| eh h!flhqwo| hydoxdwhg xvlqj d fkdqjh lq yduldeohv � ' 8 E%�/

� ' CE+�1 Zlwk wklv fkdqjh zh jhw

6�c� '
]
�Mdfc�o

]
+Mdfc�o

E83�E����EC3�E���� SwE�c ��_� _��

8Ru lw pd|/ dw ohdvw/ eh d yhu| frpsolfdwhg h{suhvvlrq1 Rqh vxfk h{dpsoh lv surylghg e| rxu
prgho zkhuh/ dv vkrzq odwhu dqg lq dq dsshqgl{/ wkh frpsxwdwlrq ri wkh judglhqw lqyroyhv wkh
frpsxwdwlrq ri wkh ghulydwlyh ri d vwxghqw0w fgi zlwk uhvshfw wr lwv sdudphwhu1 Wklv phdqv wkdw rqh
zrxog qhhg wr nqrz wkh lqwhjudo ri wkh ghulydwlyh ri wkh vwxghqw0w glvwulexwlrq1

<



Iru qxphulfdo sxusrvhv/ xqghu wkh dvvxpswlrq wkdw erwk 8 dqg C duh jhqhudwhg e|

d jhqhudol}hg vwxghqw0w/ 83� dqg C3� duh hohphqwdu| h{suhvvlrqv lqyroylqj vwdqgdug

ixqfwlrqv19 Zh ohdyh wkh dssolfdwlrq ri wklv whfkqltxh wr ixuwkhu uhvhdufk1

Lq YdU dssolfdwlrqv/ lw lv qhfhvvdu| wr frpsxwh wkh suredelolw| wkdw d sruwirolr

h{fhhgv d fhuwdlq wkuhvkrog1 Djdlq/ rqfh wkh pdujlqdo prghov duh nqrzq/ wkh h{0

fhhgdqfh suredelolw| pd| eh qxphulfdoo| frpsxwhg dv d vlpsoh lqwhjudwlrq xvlqj wkh

idfw wkdw li wkh sdlu Efc t � kdv vrph mrlqw glvwulexwlrq ixqfwlrq �E8 E%�c CE+�� wkhq

SudBf n E�� B�t : �o '
]
B%nE�3B�+:�

_�E8 E%�c CE+���

Djdlq/ wklv h{suhvvlrq lv udwkhu hdv| wr lpsohphqw qxphulfdoo|1

6 D prgho iru wkh pdujlqdo glvwulexwlrqv

Rxu pdujlq prgho exlogv rq wkh JDUFK prgho ri Hqjoh +4<;5, dqg Eroohuvohy

+4<;9,1: Lw lv zhoo nqrzq wkdw wkh uhvlgxdov rewdlqhg iru d JDUFK prgho duh qrq0

qrupdo1 Wklv revhuydwlrq kdv ohg wr wkh lqwurgxfwlrq ri idw0wdlohg glvwulexwlrqv iru

lqqrydwlrqv1 Qhovrq +4<<4, frqvlghuv wkh jhqhudol}hg huuru glvwulexwlrq1 Eroohuvohy dqg

Zrrogulgjh +4<<5, frqvlghu wkh fdvh ri d vwxghqw0w glvwulexwlrq1; Hqjoh dqg Jrq}doh}0

Ulyhud +4<<4, prgho uhvlgxdov qrq0sdudphwulfdoo|1 Hyhq wkrxjk wkhvh frqwulexwlrqv

uhfrjql}h wkh idfw wkdw huuruv kdyh idw wdlov/ wkh| gr qrw uhqghu wkhp wlph0ydu|lqj/

l1h1/ wkh sdudphwhuv ri wkh huuru glvwulexwlrq duh dvvxphg wr eh frqvwdqw ryhu wlph1

614 Kdqvhq*v jhqhudol}hg vwxghqw0w ghqvlw|

Kdqvhq +4<<7, lv wkh �uvw wr sursrvh d prgho zkhuh wkh �uvw irxu prphqwv duh frqgl0

wlrqdo dqg/ wkhuhiruh/ wlph ydu|lqj1 Kh dfklhyhv wklv e| lqwurgxflqj d jhqhudol}dwlrq

ri wkh vwxghqw0w glvwulexwlrq1 Wklv jhqhudol}dwlrq doorzv iru dv|pphwulhv ri odujh uh0

wxuq uhdol}dwlrqv zkloh pdlqwdlqlqj wkh dvvxpswlrq ri d }hur phdq dqg xqlw yduldqfh1

Wkh frqglwlrqlqj lv rewdlqhg e| gh�qlqj sdudphwhuv dv ixqfwlrqv ri sdvw uhdol}dwlrqv1

Kdqvhq*v jhqhudol}hg vwxghqw0w glvwulexwlrq lv gh�qhg e|

_E5m#c b� '

;AAA?
AAA=

KS
�
� n �

#32

�
K5n@
�3b

�2�3 #n�
2

li 5 	 �@*Kc

KS
�
� n �

#32

�
K5n@
�nb

�2�3 #n�
2

li 5 � �@*K

+:,

9Iru lqvwdqfh/ xqghu Iruwudq/ wkh LPVO urxwlqh WLQ pd| eh xvhg wr frpsxwh wkh lqyhuvh ri wkh
vwxghqw0w glvwulexwlrq1

:Wkh olwhudwxuh frqfhuqlqj JDUFK prghov lv kxjh1 Vhyhudo uhylhzv ri wkh olwhudwxuh duh dydlodeoh/
h1j1/ Ehud dqg Kljjlqv +4<<6,/ Eroohuvohy/ Fkrx/ dqg Nurqhu +4<<5,/ dv zhoo dv Eroohuvohy/ Hqjoh/ dqg
Qhovrq +4<<7,1

;Iru d gh�qlwlrq ri wkh wudglwlrqdo vwxghqw0w glvwulexwlrq/ vhh/ iru lqvwdqfh/ Prrg/ Jud|eloo/ dqg
Erhv +4<;5,1
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Li d udqgrp yduldeoh ~ kdv wkh ghqvlw| _E5m#c b�/ zh zloo zulwh ~ � (E5m#c b�� Lq0
vshfwlrq ri wkh ydulrxv irupxodv uhyhdov wkdw wklv ghqvlw| lv gh�qhg iru 2 	 # 	 4
dqg �� 	 b 	 �1 Ixuwkhupruh/ lw hqfrpsdvvhv d odujh vhw ri frqyhqwlrqdo ghqvlwlhv1

Iru lqvwdqfh/ li b ' fc Kdqvhq*v glvwulexwlrq lv uhgxfhg wr wkh wudglwlrqdo vwxghqw0w

glvwulexwlrq1 Zh uhfdoo wkdw wkh wudglwlrqdo vwxghqw0w glvwulexwlrq lv qrw vnhzhg1 Li lq

dgglwlrq # ' 4c wkh vwxghqw0w glvwulexwlrq froodsvhv wr d qrupdo ghqvlw|1

Lw lv zhoo nqrzq wkdw d wudglwlrqdo vwxghqw0w zlwk # ghjuhhv ri iuhhgrp doorzv iru

wkh h{lvwhqfh ri doo prphqwv xs wr wkh #wk1 Wkhuhiruh/ jlyhq wkh uhvwulfwlrq # : 2/

Kdqvhq*v vnhzhg w glvwulexwlrq lv zhoo gh�qhg dqg lwv vhfrqg prphqw h{lvwv1 Wkh

kljkhu prphqwv duh qrw gluhfwo| jlyhq e| wkh sdudphwhu #/ dowkrxjk irupxodv h{lvw

iru wkhvh prphqwv1

Sursrvlwlrq 8 Li ~ � (E5m#c b�/ wkhq ~ kdv }hur phdq dqg xqlw yduldqfh1

Surri1 Vhh Kdqvhq +4<<7,1

Sursrvlwlrq 9 Gh�qh f ' K~ n @/ dqg zulwh wkh �wk prphqw ri f dv 6� � .df�o1

Wkhq f kdv phdq @ dqg vwdqgdug ghyldwlrq K1 Ixuwkhupruh

Hd~�o ' d6� � �@62 n 2@�o*K�c +;,

Hd~eo ' d6e � e@6� n S@262 � �@eo*Kec +<,

zkhuh

62 ' � n �b2c

6� ' �SS bE� n b2�
E# � 2�2

E# � ��E# � ��
li # : �c

6e ' �
# � 2

# � e
E� n �fb2 n Dbe� li # : e�

Surri1 Vwudljkwiruzdug exw whglrxv frpsxwdwlrqv1

Vlqfh ~ kdv }hur phdq dqg xqlw yduldqfh/ zh rewdlq wkdw vnhzqhvv +Vn, dqg

nxuwrvlv +Nx, duh gluhfwo| uhodwhg wr wkh wklug dqg irxuwk prphqwv= Vnd~o ' Hd~�o

dqg Nxd~o ' Hd~eo� H{fhvv nxuwrvlv lv gh�qhg dv [Nx ' Nx� �1

Zh hpskdvl}h wkdw wkh ghqvlw| dqg wkh ydulrxv prphqwv gr qrw h{lvw iru doo

sdudphwhuv1 Jlyhq wkh zd| dv|pphwu| lv lqwurgxfhg/ zh pxvw kdyh �� 	 b 	 �1 Dv

douhdg| phqwlrqhg/ wkh ghqvlw| _ lv phdqlqjixo rqo| li # : 21 Ixuwkhupruh/ fduhixo
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vfuxwlq| ri wkh dojheud |lhoglqj htxdwlrq +;, vkrzv wkdw vnhzqhvv h{lvwv li # : �1

Odvw/ nxuwrvlv lq htxdwlrq +<, lv zhoo gh�qhg li # : e�<

Lq wkh frqwlqxrxv wlph �qdqfh olwhudwxuh/ dvvhw sulfhv duh riwhq dvvxphg wr iroorz

d Eurzqldq prwlrq frpelqhg zlwk mxpsv1 Wklv wudqvodwhv lqwr uhwxuqv gdwd zlwk

rffdvlrqdo yhu| odujh uhdol}dwlrqv1 Rxu prgho fdswxuhv vxfk lqvwdqfhv vlqfh/ li # lv

vpdoo/ h1 j1 forvh wr 5/ qrw hyhq vnhzqhvv h{lvwv1

615 Wkh glvwulexwlrq ri wkh jhqhudol}hg vwxghqw0w

Wkh frsxod lqyroyhv pdujlqdo glvwulexwlrqv udwkhu wkdq ghqvlwlhv1 Iru wklv uhdvrq/ zh

qrz ghulyh wkh fxpxodwlyh glvwulexwlrq ixqfwlrq +fgi, ri Kdqvhq*v ghqvlw|1 Wr gr vr/

zh uhfdoo wkdw wkh frqyhqwlrqdo vwxghqw0w glvwulexwlrq lv gh�qhg e|

sE%� '
KE?n�

2
�

KE?
2
�

�s
Z?

#
� n

%2

?

$3?n�
2

zkhuh ? lv wkh ghjuhh ri iuhhgrp sdudphwhu1 Qxphulfdo hydoxdwlrq ri wkh fgi ri wkh

frqyhqwlrqdo vwxghqw0w lv zhoo nqrzq dqg surfhgxuhv duh surylghg lq prvw vriwzduh

sdfndjhv/ dqg lq sduwlfxodu lq Iruwudq/ zklfk lv wkh odqjxdjh uhwdlqhg lq rxu vwxg|1

Zh zulwh wkh fgi ri d vwxghqw0w zlwk ? ghjuhhv ri iuhhgrp dv

�E|(?� '
] |

3"
sE%�_%�

Wkh iroorzlqj sursrvlwlrq suhvhqwv wkh fgi ri Kdqvhq*v jhqhudol}hg vwxghqw0w1

Sursrvlwlrq : Gh�qlqj (E|� ' Sud~ 	 |o/ zkhuh ~ iroorzv wkh ghqvlw| +:,/ |lhogv

(E|� '

;?
= E�� b��

�
K|n@
�3b

t
#32
#
c #

�
li | 	 �@*Kc

E�3b�
2

n
�
�

�
K|n@
�nb

t
#32
#
c #

�
� �

2

�
E� n b� li | � �@*K�

Surri1 Vxssrvh wkdw | 	 �@*K1 Jlyhq wkh gh�qlwlrq ri (E|�/ zh kdyh

(E|� '
] |

3"
KS

3
C� n �

# � 2

#
K5 n @

�� b

$2
4
D
3 #n�

2

_5

' E�� b�
] K|n@

�3b

3"

KE#n�
2
�

KE#
2
�

�t
ZE# � 2�

#
� n

�2

# � 2

$3 #n�

2

_�

' E�� b��

#
K|n @

�� b

v
# � 2

#
c #

$
�

<Lq hpslulfdo dssolfdwlrqv/ zh zloo rqo| lpsrvh wkdw � A 5 dqg ohw wkh gdwd ghflgh iru lwvhoi li/ iru
d jlyhq wlph shulrg/ d vshfl�f prphqw h{lvwv ru qrw1
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Wkh vhfrqg htxdwlrq iroorzv iurp d fkdqjh ri yduldeoh lqyroylqj � ' EK5n@�*E��b�1

Wkh odvw htxdwlrq iroorzv iurp d wulyldo fkdqjh ri yduldeoh1 Lq wkh fdvh zkhuh | ' �@*K/

zh rewdlq wkdw

(E|� '
E�� b�

2
�

Iru | : �@*K/ zh kdyh

(E|� ' (E�@*K� n
] |

3@*K
KS

3
C� n �

# � 2

#
K5 n @

�� b

$2
4
D
3 #n�

2

_5�

Wkh uhvxow qrz iroorzv iurp d frpsxwdwlrq dqdorjrxv wr wkh fdvh | 	 �@*K1

Lw lv hdv| wr yhuli| wkdw (E�4� ' fc dqg (E4� ' ��

616 D JDUFK prgho doorzlqj iru frqglwlrqdo vnhzqhvv dqg
nxuwrvlv

Ohw o|/ iru | ' �c � � � c A / eh uhwxuqv ri d jlyhq vhulhv1 Wkh pdujlq prgho wkdw doorzv

iru wlph0ydu|lqj yrodwlolw| dqg iru frqglwlrqdo vnhzqhvv dqg nxuwrvlv lv gh�qhg e|

o| ' >| n 5|c +43,

5| ' j|"|c +44,

j2
| ' @f n @n� E5

n
|3��

2 n @3� E5
3
|3��

2 n @2j
2
|3�c +45,

"| � (E"|m#|c b|�� +46,

Htxdwlrq +43, ghfrpsrvhv wkh uhwxuq ri wlph | lqwr d frqglwlrqdo phdq/ >|/ dqg

dq lqqrydwlrq/ 5|1 Htxdwlrq +44, gh�qhv wklv lqqrydwlrq dv wkh surgxfw ehwzhhq

frqglwlrqdo yrodwlolw|/ j|/ dqg d uhvlgxdo/ "|1 Wkh qh{w htxdwlrq +45, ghwhuplqhv wkh

g|qdplfv ri yrodwlolw|1 Zh xvh wkh qrwdwlrq 5n ' 4@ E5c f� dqg 53 ' 4@ E�5c f�1

Vxfk d vshfl�fdwlrq kdv ehhq vxjjhvwhg e| Jorvwhq/ Mdjdqqdwkdq/ dqg Uxqnoh +4<<6,/

dqg e| ]dnròdq +4<<7,1 Lq d vlplodu vslulw/ rqh pd| phqwlrq Fdpsehoo dqg Khqwvfkho

+4<<5, ru Jrxulhurx{ dqg Prqiruw +4<<5,1 Htxdwlrq +46,/ vshfl�hv wkdw uhvlgxdov

iroorz d jhqhudol}hg vwxghqw0w zlwk wlph0ydu|lqj sdudphwhuv +#|c b|,1 Zh gh�qhg wklv

ghqvlw| deryh1

Lw lv whpswlqj wr xvh iru #| dqg b| d vshfl�fdwlrq vlplodu wr dq DUPD+4/4,/ wkxv

uhvhpeolqj htxdwlrq +45,1 Vxfk d vshfl�fdwlrq lv/ krzhyhu/ kd}dugrxv1 Lqghhg/ iru

�qdqfldo gdwd/ wkhuh h{lvw rxwolhuv +vxfk dv wkh Rfwrehu 4<;: fudvk,1 Wklv lq wxuq

pd| ohdg wr vsxulrxvo| vljql�fdqw sdudphwhuv1 Wr vhh krz vxfk vsxulrxv sdudphwhuv

pd| dulvh/ ohw xv surfhhg zlwk d wkrxjkw h{shulphqw1 Zh dvvxph dq DUPD+4/4, w|sh

vshfl�fdwlrq iru wkh sdudphwhu b vxfk dv

b| ' @ n K5|3� n Sb|3��
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Ixuwkhupruh/ zh frqvlghu wkdw wkh gdwd uhvxowv iurp l1l1g1 qrupdo gdwd1 Qrz/ wkh

hvwlpdwhv ri K dqg S zloo eh vpdoo dqg vwdwlvwlfdoo| qrq0vljql�fdqw1 Ehfdxvh ri udqgrp

yduldwlrq/ K dqg S zloo qrw eh htxdo wr }hur1 Dvvxph wkdw wkh| wdnh srvlwlyh ydoxhv1 Iru

rxu wkrxjkw h{shulphqw/ zh frqvlghu qrz wkh uhsodfhphqw ri o|3�/ wkh uhwxuq dw wlph

|� �/ e| d odujh srvlwlyh shuwxuedwlrq1 Kdg vxfk dq hyhqw h{lvwhg lq uhdolw|/ lw zrxog

kdyh fuhdwhg khdy| wdlohgqhvv1 Ehfdxvh/ dw wlph |/ b| qhhgv wr eh erxqghg deryh e|

4/ wkh surjudp zloo frqyhujh wr d vroxwlrq zkhuh wkh lpsdfw lv xqgrqh dw wlph |1 Wklv

lv dfklhyhg e| wkh fkrlfh ri d odujh qhjdwlyh S wkdw pd| dsshdu vwdwlvwlfdoo| vljql�fdqw

hyhq li urexvw hvwlpdwhv ri wkh vwdqgdug huuru duh xvhg +dv vxjjhvwhg e| Zklwh/ 4<;3,1

Iru wklv uhdvrq/ zh zloo xvh d vshfl�fdwlrq zlwkrxw odjjhg sdudphwhu=

#| ' Kf n K�5|3� n K25|32c +47,

b| ' Sf n S�5|3� n S25|32� +48,

Zh dovr kdyh wkh iroorzlqj frqvwudlqwv rq wkh sdudphwhuv @n� n@2 	 �c @3� n@2 	 �c

2 	 #|c � 	 b| 	 �� Wkh �uvw wzr htxdwlrqv jxdudqwhh vwdwlrqdulw| iru wkh yrodwlolw|

surfhvv jlyhq e| htxdwlrq +45,1 Wkh iroorzlqj A � 2 frqvwudlqwv duh qhfhvvdu| wr

jxdudqwhh wkdw wkh ghqvlw| lv zhoo gh�qhg +wkh �uvw wzr ydoxhv #� dqg #2 duh qrw

qhhghg,1 Wkh odvw uhvwulfwlrqv lqyroyh 2EA � 2� lqhtxdolw| frqvwudlqwv wkdw jxdudqwhh

wkdw vnhzqhvv zloo eh zhoo gh�qhg1

Zh dovr h{shulphqwhg zlwk d orjlvwlf pds dqg irxqg wkdw wkh uhvxowlqj g|qdplfv

ri #| dqg b| gl�huhg iurp rxuv iru h{wuhph uhwxuqv1 Rqh h{sodqdwlrq ri wklv �qglqj lv

wkdw wkh orjlvwlf pds ehfrphv  dw/ hyhq iru uhodwlyh vpdoo ghyldwlrqv iurp 3/ dqg dv

d frqvhtxhqfh lw lv xqdeoh wr glvwlqjxlvk odujh ghyldwlrqv iurp rqo| uhodwlyho| odujh

rqhv143

D frqvhtxhqfh ri wkh zd| lq zklfk zh lpsohphqw wkh prgho lv wkdw/ iru vlpxodwlrq

sxusrvhv ru iruhfdvwlqj h{shulphqwv/ #| dqg b| pd| qrw reh| wkh uhvwulfwlrqv1 Iru vxfk

vlwxdwlrqv zh uhfrpphqg wr wuxqfdwh wkh sdudphwhuv144

617 Qxphulfdo hvwlpdwlrq ri wkh pdujlqdo prgho

Wkh hvwlpdwlrq ri prgho +43, wr +48,/ xqghu wkh frqvwudlqwv/ uhsuhvhqwv d iruplgdeoh

wdvn1 Jlyhq wkdw wkh olnholkrrg lv gh�qhg rqo| li wkh frqvwudlqwv duh qrw ylrodwhg/

lw lv qhfhvvdu| wr xvh dq rswlpl}dwlrq dojrulwkp lq zklfk wkh frqvwudlqwv duh dozd|v

vdwlv�hg1 Wklv lpsolhv xvlqj dq lqwhulru rswlpl}dwlrq dojrulwkp1 Ixuwkhupruh/ wkh

vdpsoh lv ri d udwkhu odujh vl}h dqg khqfh wkh qxpehu ri frqvwudlqwv ehfrphv yhu| odujh/

vd| vhyhudo wkrxvdqgv1 Iru wklv uhdvrq/ vshhg ehfrphv d yhu| lpsruwdqw idfwru1 Jlyhq

43Wklv revhuydwlrq dovr krogv zlwk wkh duf0wdqjhqw pds1
44Wklv lpsolhv iru �w ? 5 d ydoxh ri 513341 Li �w ? �4 zh vhw lw wr 031<<< dqg vlploduo| li �w A 4

zh uhvwulfw lw wr 31<<<1 Wkh uhvwulfwlrqv zhuh rqo| udwkhu vhogrp elqglqj1
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wkh vwuxfwxuh ri rxu sureohp/ zh xvh d surjudp hvshfldoo| ghyhorshg e| Jloo/ Pxuud|/

dqg Vdxqghuv +4<<:/ 4<<<, iru odujh rswlpl}dwlrqv lqyroylqj pdq| frqvwudlqwv/ fdoohg

VQRSW1

Iru d jlyhq vhw ri lqlwldo ydoxhv/ wklv surjudp �uvw yhul�hv wkdw doo lqlwldo ydoxhv

vdwlvi| wkh uhvwulfwlrqv1 Li wklv lv qrw wkh fdvh/ lw vhdufkhv lqlwldo ydoxhv yhuli|lqj

wkh uhvwulfwlrqv dqg wkdw duh forvhvw wr wkh sursrvhg lqlwldo ydoxhv zlwk uhvshfw wr

wkh Hxfolghdq qrup1 Qh{w/ lw xvhv d vhtxhqwldo txdgudwlf surjudpplqj dojrulwkp

zkhuhe| lw lv jxdudqwhhg wkdw wkh olqhdu frqvwudlqwv duh dozd|v vdwlv�hg1 Lq dsshqgl{

D dqg E zh surylgh wkh judglhqwv uhtxluhg iru wkh lpsohphqwdwlrq1

618 Vshfl�fdwlrq ri frqglwlrqdo ghshqghqf|

Pdq| gl�huhqw vshfl�fdwlrqv ri wkh ghshqghqf| sdudphwhu duh srvvleoh1 Lq wklv sdshu

zh iroorz Jrxulhurx{ dqg Prqiruw +4<<5, dqg dgdsw d prghol}dwlrq zkhuh w| lv frq0

glwlrqdo rq wkh srvlwlrq ri sdvw mrlqw uhdol}dwlrqv lq wkh xqlw vtxduh1 Wklv phdqv wkdw

zh ghfrpsrvh wkh xqlw vtxduh ri mrlqw sdvw uhdol}dwlrqv lqwr d julg1 Wkh sdudphwhu

w| zloo eh frqvwdqw iru hdfk hohphqw ri wkh julg1 Pruh suhflvho|/ wkh edvlf prgho

frqvlghuhg lq wklv sdshu lv

*?Ew|� '
�S[
�'�

_�UdE�|3�c �|3�� 5 D�o

zkhuh D� lv wkh m0wk hohphqw ri wkh xqlw0vtxduh julg1 Wr hdfk sdudphwhu _� dq duhd D�

lv dvvrfldwhg145 Iru lqvwdqfh D� ' dfc �*ed�dfc �*ed dqg D2 ' d�*ec �*2d�dfc �*ed� Wkh

fkrlfh ri 49 vxelqwhuydov lv sxuho| duelwudu|1 Wklv fkrlfh ri sdudphwhul}dwlrq kdv wkh

dgydqwdjh wr doorz wkh hdv| whvwlqj ri ydulrxv frqmhfwxuhv frqfhuqlqj wkh lpsdfw ri

sdvw mrlqw uhwxuqv rq vxevhtxhqw ghshqghqf| zkloh vwloo doorzlqj iru d odujh qxpehu

ri revhuydwlrqv shu duhd1 Iru lqvwdqfh rqh pd| whvw li odujh mrlqw uhdol}dwlrqv kdyh d

juhdwhu lpsdfw wkdq vpdoo mrlqw uhdol}dwlrqv rq vxevhtxhqw ghshqghqf|1 Wklv frxog

eh lqyhvwljdwhg lq d whvw ri wkh qxoo _� ' _�S yhuvxv _� : _�S1

Lq rwkhu dssolfdwlrqv/ rqh pd| txhvwlrq zkhwkhu ghshqghqf| hyroyhg olqhduo|

wkurxjk wlph ru iroorzhg vrph rwkhu frpsoh{ sdwwhuqv wkurxjk wlph1 Wklv pd| eh

dfklhyhg e| vhwwlqj

*?Ew|� ' _f n _�|n _2|
2c iru | ' �c � � � c A�

Wklv sdudphwhul}dwlrq pd| eh ylhzhg dv d vhfrqg0rughu dssur{lpdwlrq ri d pruh

jhqhudo ixqfwlrq1 Lw reylrxvo| qhvwv wkh fdvh ri d olqhdu wuhqg/ _2 ' fc dqg doorzv iru

vhyhudo hyroxwlrqv ri ghshqghqf|1 Hvvhqwldoo|/ lw uhsuhvhqwv dq duf ri d sduderod1 Wklv

45Iljxuh 9 looxvwudwhv wkh srvlwlrq ri wkh duhdv Dm 1 Krz wkh �jxuh lv frqvwuxfwhg lv glvfxvvhg lq
ghwdlo ehorz1
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sdudphwhul}dwlrq doorzv iru d ghfuhdvlqj ghshqghqf| iroorzhg e| dq lqfuhdvlqj rqh1

Wklv lv wkh fdvh li _2 lv srvlwlyh dqg li wkhuh lv d plqlpxp/ jlyhq e| |W ' �_�*E2_2�

lq wkh vdpsoh/ l1h1 | 5 dfc A o1 Li _2 lv qhjdwlyh/ wkhq li �_�*E2_2� ehorqjv wr dfc A o d

pd{lpxp kdv rffxuuhg dw |W146 Lq wklv fdvh ghshqghqf| zrxog kdyh lqfuhdvhg dqg

wkhq ghfuhdvhg1 Li wkh h{wuhpxp rffxuv ehiruh | ' � wkhq li _2 lv srvlwlyh/ dv | jhwv

odujhu/ ghshqghqf| dxjphqwv txdgudwlfdoo| dqg lqyhuvho| li _2 lv qhjdwlyh1

Dovr/ wkhuh pd| eh vlwxdwlrqv lq zklfk ghshqghqf| uholhv rq dgglwlrqdo yduldeohv1

Lq vxfk d vlwxdwlrq rqh pd| fkrvh d prgho vxfk dv

*?Ew|� ' 5|�w

zkhuh 5| lv d E��g� yhfwru ri h{sodqdwru| yduldeohv dqg �w lv d fruuhvsrqglqj +g��,

yhfwru ri sdudphwhuv1

7 Hpslulfdo Uhvxowv

714 Wkh gdwd

Wkh fkrlfh ri gdwd lv jxlghg e| wkh idfw wkdw zh zdqw wr lqyhvwljdwh wkh ghshqghqf| ri

vwrfn lqglfhv lq orfdo fxuuhqf| dv zhoo dv lq wkh ' XV uhihuhqwldo1 Jlyhq wkdw h{fkdqjh

udwhv fkdqjhg iurp �{hg wr  rdwlqj lq 4<:5 zh ghflghg wr vwduw rxu vwxg| rq Mdqxdu|

4vw/ 4<:81 Wklv holplqdwhv wkh lvvxh wkdw wkhuh pd| kdyh ehhq vrph ohduqlqj e|

pdunhw sduwlflsdqwv lq wkh hduo| shulrg1 Wkh vdpsoh hqgv zlwk Mdqxdu| 57wk/ 53341

Zh grzqordghg doo wkh gdwd iurp Gdwdvwuhdp1 Wkh fkrvhq iuhtxhqf| lv gdlo|1 Wr

holplqdwh vsxulrxv fruuhodwlrq jhqhudwhg e| krolgd|v zh holplqdwhg iurp wkh gdwdedvh

wkrvh revhuydwlrqv zkhq d krolgd| rffxuuhg dw ohdvw iru rqh frxqwu|1 Wklv uhgxfhg

wkh vdpsoh iurp 9:<< revhuydwlrqv wr 999<1 Suholplqdu| hvwlpdwlrqv uhyhdohg wkdw

wkh fudvk ri Rfwrehu 4<;: zdv ri vxfk lpsruwdqfh wkdw wkh g|qdplfv ri rxu prgho

zrxog eh yhu| pxfk lq xhqfhg e| wklv hyhqw1 Iru wkh V)S833/ rq wkdw gdwh/ wkh

lqgh{ gursshg e| 055(1 Wkh vhfrqg odujhvw gurs zdv rqo| 0;197(1 Iru wklv uhdvrq/

zh holplqdwhg wkh gdwd ehwzhhq Rfwrehu 4:wk dqg 57wk1 Wklv uhgxfhv wkh vdpsoh e|

9 revhuydwlrqv wr d wrwdo ri 9996 revhuydwlrqv1

Wkh pqhprqlfv duh VS833 iru wkh V)S 833/ QLN iru wkh QLNNHL/ IWVH iru wkh

Ilqdqfldo Wlphv vwrfn lqgh{/ GD[ iru wkh Ghxwvfkh Dnwlhq Lqgh{/ dqg FDF iru wkh

Iuhqfk Frwdwlrq Dxwrpdwltxh Frqwlqxh lqgh{1 Zh dovr kdyh Mdsdqhvh/ XN/ Jhupdq/

dqg Iuhqfk h{fkdqjh udwhv zlwk uhvshfw wr wkh groodu1

Ghvfulswlyh vwdwlvwlfv47 vkrz wkdw vwrfn0lqgh{ uhwxuqv duh pruh yrodwloh wkdq fxu0

46Lq qxphulfdo lpsohphqwdwlrqv/ lw pd| eh qhfhvvdu| wr uhvfdoh w iru lqvwdqfh e| xvlqj oq+�w, @

g3 . g4+w@�, . g5+w@�,
5>;w zkhuh � lv d vfdolqj idfwru vxfk dv 4361

47Dydlodeoh rq uhtxhvw1
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uhqf| uhwxuqv148 Iru doo vhulhv/ wkh dvvxpswlrq ri qrupdolw| pd| eh uhmhfwhg xvlqj wkh

Mdutxh0Ehud whvw1 Wkh Hqjoh whvw vwdwlvwlf uhyhdov vwurqj hylghqfh ri khwhurvnhgdvwlf0

lw| iru doo vhulhv1

715 Hvwlpdwlrq ri wkh pdujlqdo prgho

Wdeoh 4 suhvhqwv wkh uhvxowv ri wkh jhqhudo prgho zlwk srvvleoh dv|pphwulhv lq wkh

lpsdfw ri sdvw jrrg dqg edg qhzv rq frqglwlrqdo yrodwlolw| dqg zkhuh vnhzqhvv dqg

nxuwrvlv duh wlph ydu|lqj1 Wkh odvw urz ri wkdw wdeoh suhvhqwv d olnholkrrg0udwlr whvw

vwdwlvwlf ri wkh uhvwulfwlrq ri rxu jhqhudo prgho wr Eroohuvohy*v +4<;9, JDUFK +4/4,

prgho zkhuh zh dvvxph wkdw lqqrydwlrqv iroorz d jhqhudol}hg vwxghqw0w glvwulexwlrq

zlwk frqvwdqw sdudphwhuv1 Wklv whvw fruuhvsrqgv wr wkh qxoo ri @n� ' @3� dqg K� ' K2 '

S� ' S2 ' f�49 Wkh olnholkrrg0udwlr whvw vwdwlvwlf/ glvwulexwhg dv d �2 zlwk 8 ghjuhhv

ri iuhhgrp/ uhmhfwv wkh uhvwulfwlrqv iru doo vhulhv1 Lw lv srvvleoh wr vhsdudwh wkh whvw ri

wkh lpsdfw ri dv|pphwu|/ l1h1 ri @n� ' @3� iurp wkh lpsdfw ri sdvw uhdol}dwlrqv rq wkh

wdlov ri wkh glvwulexwlrq1 Vlqfh erwk whvwv wxuqhg rxw vwdwlvwlfdoo| vljql�fdqw/ zh rqo|

uhsruw wkh uhvxowv ri wkh mrlqw whvw1

D glvfxvvlrq ri wkh dfwxdo lpsdfw rq vnhzqhvv dqg nxuwrvlv ri wkh ydulrxv vljqv ri

wkh K� dqg S�/ � ' �c 2 sdudphwhuv lv qrw vwudljkwiruzdug vlqfh erwk wkh dv|pphwu|

sdudphwhu/ b|/ dqg wkh wdlo0idwqhvv sdudphwhu/ #|/ duh forvho| hqwdqjohg1 Qrqhwkhohvv/

lqvshfwlrq ri wkh sdudphwhuv lqyroyhg lq Wdeoh 4 uhyhdov wkdw iru prvw hvwlpdwlrqv/ wkh

sdudphwhuv S� dqg S2 duh srvlwlyh dqg lq sduwlfxodu vr iru S� n S21 Dqrwkhu uhjxodulw|

lv wkdw K�c K2c dqg wkh vxp K�n K2 whqg wr eh qhjdwlyh1 Wkhvh uhjxodulwlhv ohdg wr wkh

iroorzlqj g|qdplfv= Vxevhtxhqw wr d odujh qhjdwlyh vkrfn/ wkh dv|pphwu| sdudphwhu

b|/ dovr wdnhv d qhjdwlyh ydoxh lpso|lqj wkdw wkh ghqvlw| ri wkh lqqrydwlrqv zloo kdyh

d idwwhu ohiw wdlo1 Wklv lpsdfw lv uhlqirufhg e| wkh srvlwlyh lpsdfw rq #| wkdw jhqhudoo|

frqwurov wkh ohiw dqg uljkw idw wdlohgqhvv1 Vxevhtxhqw wr d odujh srvlwlyh vkrfn/ wkh

lpsdfw ri wkh gluhfwlrqdo sdudphwhu b| dqg wkh wdlo0idwqhvv sdudphwhu #| r�vhw hdfk

rwkhu dqg wkh joredo lpsdfw fdqqrw eh lqihuuhg gluhfwo|1

Zh/ wkxv/ frq�up wkh uhvxowv ri Kduyh| dqg Vlggltxh +4<<<, wkdw d qhjdwlyh uhwxuq

kdv dq lpsdfw rq gl�huhqw ohyhov1 Iluvw/ vxevhtxhqw wr d qhjdwlyh uhwxuq/ dv frpsduhg

wr d srvlwlyh uhwxuq ri wkh vdph pdjqlwxgh/ yrodwlolw| lqfuhdvhv1 Wklv lv wkh zhoo0nqrzq

lpsdfw grfxphqwhg e| Fdpsehoo dqg Khqwvfkho +4<<5,/ Jorvwhq/ Mdjdqqdwkdq/ dqg

Uxqnoh +4<<6,/ dv zhoo dv ]dnròdq +4<<7,1 Wkh lpsdfw lq wkh h{wuhphv lv h{suhvvhg

wkurxjk wkh ghqvlw| yld b| dqg #|1 Wkh lpsdfw ri wklv qhjdwlyh uhwxuq lv dovr wr

48Wklv revhuydwlrq vxjjhvwv wkdw wkh uhvxowv zloo qrw eh yhu| pxfk d�hfwhg e| wkh fkrlfh ri
qxphudluh1 Zh uhsruw lq wklv sdshu prvwo| uhvxowv iru orfdo fxuuhqf| uhwxuqv dqg rqo| vnhwfk wkrvh
lq wkh ' XV uhihuhqwldo1 Zh dovr fkhfnhg wkh vwdelolw| ri rxu uhvxowv xvlqj d srxqg vwhuolqj uhihuhqwldo1

49Zh gr qrw suhvhqw wkh uhvxowv ri wkh hvwlpdwlrq1 Wkh hvwlpdwhv duh dydlodeoh rq uhtxhvw1

4:



lqfuhdvh wkh ohiw wdlo ri wkh glvwulexwlrq/ lqfuhdvlqj wkh suredelolw| ri d vxevhtxhqw

odujh qhjdwlyh hyhqw1

716 Hvwlpdwlrq ri wkh pxowlyduldwh prgho

71614 Sdudphwhu hvwlpdwhv

Iru doo vwrfn0pdunhw sdluv dydlodeoh/ zh hvwlpdwh wkh pxowlyduldwh prgho1 Zh suhvhqw

lq Iljxuhv 7 dqg 8 vfdwwhusorwv ri wkh pdujlqdo fxpxodwlyh ghqvlw| ixqfwlrqv � dqg

�1 Zh qrwlfh wkdw pdq| srlqwv duh glvwulexwhg lq wkh vkdsh ri d furvv1 Wkhvh duh

dvvrfldwhg zlwk gd|v zkhq uhwxuqv duh yhu| vpdoo ru }hur1 Zh qrwlfh/ ixuwkhupruh/

wkdw h{fhsw iru wkh uhjlrq zkhuh rqh pdujlq lv odujh dqg wkh rwkhu vpdoo/ wkh xqlw

vtxduh lv udwkhu xqlirupo| �oohg zlwk uhdol}dwlrqv1 Iru wkh GD[0FDF sdlu/ wkhuh lv/

lq dgglwlrq/ d kljkhu frqfhqwudwlrq dorqj wkh gldjrqdo1 Wklv lv vxjjhvwlyh ri wkh idfw

wkdw wkh ghshqghqf| ri wkh Iuhqfk dqg Jhupdq vwrfn pdunhwv lv kljkhu wkdq iru wkh

Dphulfdq dqg Mdsdqhvh pdunhwv1 Iurp d prgholqj srlqw ri ylhz/ wkhvh vfdwwhusorwv

vxjjhvw wkdw hyhq li zh lqwurgxfh 49 duhdv iru wkh frqglwlrqlqj/ hdfk rqh zloo frqwdlq

hqrxjk revhuydwlrqv vr dv wr |lhog jrrg hvwlpdwhv1

Lw vkrxog eh hpskdvl}hg wkdw wkhvh vfdwwhu sorwv duh xqdeoh wr whoo dq|wklqj derxw

whpsrudo ghshqghqf|1 Wr hvwdeolvk li d whpsrudo ghshqghqf| h{lvwv ru qrw/ lw lv qhfhv0

vdu| wr hvwlpdwh wkh g|qdplf prgho1 Zh qrz wxuq wr wkh glvfxvvlrq ri wkh sdudphwhu

hvwlpdwhv1 Iljxuhv 9 dqg : suhvhqw wkh hvwlpdwhv dqg wkh dvvrfldwhg vwdqgdug huuruv

ri wkh ydulrxv _�1 Zkhuhdv Iljxuh 9 suhvhqwv wkh hvwlpdwhv iru wkh VS8330QLN sdlu/

Iljxuh : suhvhqwv wkrvh ri wkh GD[0FDF sdlu1 Lqvshfwlrq ri wkh sdudphwhu hvwlpdwhv

ri Iljxuh 9 uhyhdov wkdw wkh h{wuhph hohphqwv dorqj wkh gldjrqdo/ +_� ' ��.D.b dqg

_�S ' ��S�fH,/ wdnh udwkhu vlplodu ydoxhv dqg wkdw wkhvh ydoxhv duh odujhu wkdq wkrvh

dw wkh fhqwhu ri wkh gldjrqdo/ +_S ' ��eS2� dqg _�� ' ��e�f2,1 Wklv revhuydwlrq

vxjjhvwv wkdw vxevhtxhqw wr d mrlqw odujh yduldwlrq/ l1h1 erwk � dqg � vlpxowdqhrxvo|

yhu| odujh ru yhu| vpdoo/ wkh ghshqghqf| lv kljkhu1 Lq whupv ri uhwxuqv/ wklv lpsolhv

wkdw vlpxowdqhrxv odujh srvlwlyh ru odujh qhjdwlyh uhwxuqv |lhog vxevhtxhqw lqfuhdvhg

ghshqghqf|1

Lqvshfwlrq ri wkh r�0gldjrqdo hohphqwv/ dqg hvshfldoo| wkrvh zkhuh rqh uhwxuq lv

odujh dqg srvlwlyh dqg wkh rwkhu lv odujh exw qhjdwlyh/ l1h1 _e dqg _�� uhyhdov wkdw

ghshqghqf| lv pxfk vpdoohu vxevhtxhqw wr vxfk dq hyhqw1 Wkh srlqw hvwlpdwh _�� lv

qhduo| d wklug ri _� ' ��.D.b1 Dv pd| eh h{shfwhg iurp wkh vfdwwhusorw suhvhqwhg lq

Iljxuh 7/ wkh dvvrfldwhg vwdqgdug huuru lv dovr odujhu1

Wkh udwkhu orrvh vwdwhphqwv pdgh vr idu zloo eh irupdoo| whvwhg ehorz1 Ehiruh

grlqj vr/ zh suhvhqw lq Iljxuh : wkh vdph sdudphwhu hvwlpdwhv iru wkh GD[0FDF

sdlu1 Zh �uvw qrwlfh wkdw wkh ydoxh wdnhq e| wkh sdudphwhuv lv odujhu wkdw iru wkh

suhylrxv sdlu1 Wklv pd| eh h{sodlqhg e| wkh idfw wkdw wkh ghshqghqf| ri wkhvh vhulhv
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lv kljkhu/ dv zh qrwlfhg douhdg| lq Iljxuh 81 Iru lqvwdqfh/ wkh gldjrqdo hohphqwv qrz

wdnh ydoxhv udqjlqj iurp 513664 iru _S xs wr 2���2D iru _�S1 Wkh vwdqgdug huuruv ri

wkhvh hvwlpdwhv lv ri d vlplodu pdjqlwxgh dv iru wkh VS8330QLN sdlu1 Wklv wudqvodwhv

lqwr kljkhu w0udwlrv/ phdqlqj wkdw wkh whpsrudo ghshqghqf| zloo eh pruh surqrxqfhg

iru wkh GD[0FDF sdlu1 Zh dovr qrwlfh wkdw wkh sdwwhuq ri pdjqlwxgh ri wkh hvwlpdwhv

lq wklv �jxuh lv ri vlplodu pdjqlwxgh wkdw wkh rqh ri Iljxuh 9/ l1h1 gldjrqdo h{wuhph

hvwlpdwhv/ +_�c _�S,/ duh odujhu wkdw wkh fhqwudo hohphqwv/ +_Sc _��,/ dqg rq0gldjrqdo

hohphqwv duh odujhu wkdq r�0gldjrqdo rqhv1

71615 Irupdo whvwv ri frqglwlrqdo ghshqghqf|

Zh qrz wxuq wr wkh irupdo whvwv ri wkh frqglwlrqdo ghshqghqf| uhodwlrqv suhvhqwhg

lq Wdeoh 51 Doo wkh vwdwlvwlfv vkrzq lq wklv wdeoh duh edvhg rq Zdog whvwv14: D �uvw

whvw lqyhvwljdwhv li wkh slhfhzlvh frqvwdqw julg ri wkh �0� xqlw vtxduh |lhogv wuxo|

gl�huhqw ydoxhv iru wkh _� ru qrw1 Wklv whvw fruuhvsrqgv wr wkh qxoo k|srwkhvlv li

_� ' _2 ' � � � ' _�S yhuvxv lqhtxdolw| iru dw ohdvw rqh sdlu ri hohphqwv1 Wkh s0ydoxhv

suhvhqwhg lq Wdeoh 5 uhyhdo d udwkhu xqlirup phvvdjh1 H{fhsw iru wkh VS8330IWVH

dqg QLN0IWVH sdluv/ ghshqghqf| lv frqglwlrqdo rq sdvw mrlqw uhdol}dwlrqv1 Iru fhuwdlq

vwrfn0pdunhw sdluv vxfk dv wkh IWVH0GD[/ IWVH0FDF/ dqg GD[0FDF/ wklv uhodwlrq

lv hyhq yhu| vwurqjo| vljql�fdqw1

Wkh qh{w whvw fkhfnv li mrlqw edg qhzv +� dqg � lq wkh orzhu ohiw duhd, lqgxfh juhdwhu

ghshqghqf| wkdq mrlqw jrrg qhzv +� dqg � lq wkh xsshu uljkw duhd,1 Irupdoo| wklv

fruuhvsrqgv wr d whvw ri _� ' _�S yhuvxv _� : _�S1 Lqvshfwlrq ri wkh whvw 5 vwdwlvwlf dqg

lwv dvvrfldwhg s0ydoxh vkrzv wkdw wklv whvw lv uhmhfwhg rqo| iru wkh QLN0IWVH dqg wkh

IWVH0GD[ sdluv1 Xqolnh wkh xqlyduldwh �qglqj e| Fdpsehoo dqg Khqwvfkho +4<<5,/

l1h1 wkdw edg qhzv fuhdwh juhdwhu yrodwlolw|/ dw wkh pxowlyduldwh ohyho zh duh xqdeoh wr

ghwhfw d vlplodu sdwwhuq iru fruuhodwlrq1

Zh pd| qrz sxuvxh wkh whvwv zlwk lqyhvwljdwlqj li odujh mrlqw uhwxuq uhdol}dwlrqv/

eh wkh| ri srvlwlyh ru qhjdwlyh vljq/ |lhog wr kljkhu ghshqghqf| wkdq li uhwxuqv duh

vpdoo1 Zh irupxodwh wklv txhvwlrq dv d whvw ri wkh qxoo k|srwkhvlv _� ' _S ' _�� ' _�S

djdlqvw _� ' _�S : _S ' _��1 Lqvshfwlrq wkh whvw 6 vwdwlvwlfv vkrzv wkdw iru prvw fdvhv

wkh qxoo fdqqrw eh uhmhfwhg1 H{fhswlrqv duh wkh VS8330QLN dqg hvshfldoo| wkh vwrfn0

pdunhw sdluv vlwxdwhg zlwklq Hxursh= wkh IWVH0GD[/ IWVH0FDF dqg GD[0FDF

sdluv1 Wklv phdqv wkdw zlwklq Hxursh/ vwrfn pdunhwv whqg wr eh pruh ghshqghqw

vxevhtxhqw wr mrlqw uhwxuq uhdol}dwlrqv1 Rqh pd| ylhz wklv �qglqj dv hylghqfh wkdw

wkhuh lv shuvlvwhqfh ri ghshqghqf| zlwklq Hxursh1

Jlyhq wkdw zh irxqg xqghu whvw 4 hylghqfh ri frqglwlrqdo ghshqghqf| iru prvw

4:Iru fhuwdlq whvwv vxfk dv whvw 4/ d olnholkrrg0udwlr whvw pd| dovr eh shuiruphg1 Zh irxqg wkdw
wkh Zdog whvw |lhoghg vlplodu uhvxowv wr d olnholkrrg0udwlr whvw1
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frxqwulhv/ wkhuh uhpdlqv wkh txhvwlrq zkhwkhu vrph uhjxodulw| pd| eh hvwdeolvkhg1

Exloglqj rq suhylrxv revhuydwlrqv wkdw wkhuh lv vrph hylghqfh wkdw uhdol}dwlrqv ri

uhwxuqv ri wkh vdph vljq |lhog ixuwkhu ghshqghqf|/ rqh lv whpswhg wr irupxodwh d

zhdnhu whvw1 Wklv whvw lqyhvwljdwhv li ghshqghqf| lv kljkhu vxevhtxhqw wr d mrlqw

yduldwlrq wkdq diwhu rssrvlwh yduldwlrqv/ l1h1 wkh qxoo lv _� ' _S ' _�� ' _�S ' _�� '

_b ' _�e ' _� ' _e ' _H djdlqvw _� ' _S ' _�� ' _�S : _�� ' _b ' _�e ' _� ' _e '

_H1 Zh �qg/ dv wkh odvw wzr olqhv ri Wdeoh 5 uhyhdo/ wkdw wklv whvw lv lqghhg uhmhfwhg iru

qhduo| doo frxqwulhv1 Djdlq wkh wkuhh Hxurshdq vwrfn pdunhwv glvwlqjxlvk wkhpvhoyhv

zlwk sduwlfxoduo| kljk ydoxhv ri wkh whvw +8175/ :165/ dqg :134, doo kdylqj }hur s0ydoxhv/

vlqfh wkhvh whvwv duh glvwulexwhg dv d qrupdo xqghu wkh qxoo dqg wkh whvw lv xqlodwhudo1

71616 Whvwv iru ' XV ghqrplqdwhg vhulhv

Zh qrz suhvhqw vrph uhvxowv lq rughu wr lqyhvwljdwh krz wkh uhvxowv fkdqjh zkhq wkh

vwrfn lqglfhv duh frqyhuwhg lqwr ' XV1 Dv d �uvw vwdjh/ zh vwxg| li wkh ghshqghqf|

sdudphwhu *?Ew� lv d�hfwhg e| d fkdqjh ri qxphudluh1 Lq Wdeoh 6/ Sdqho D suhvhqwv

wkrvh hvwlpdwhv lq orfdo fxuuhqf| ghqrplqdwlrq1 Zh �qg wkdw ghshqghqf| lv wkh

uxoh ehwzhhq doo vwrfn0pdunhw sdluv1 Sdqho D dovr suhvhqwv wkh whvw li wkh uhvxowv duh

ghshqghqw rq wkh fkrlfh ri wkh pdujlq prgho1 Zh frqvwuxfw d olnholkrrg0udwlr whvw

edvhg rq d uhvwulfwlrq ri wkh pdujlq prgho wr d JDUFK+4/4, zlwkrxw wlph yduldwlrq

lq vnhzqhvv dqg nxuwrvlv exw vwloo zlwk jhqhudol}hg vwxghqw0w glvwulexwhg huuruv1 Iru doo

sdluv/ zh vwurqjo| uhmhfw wkh vlpsoh JDUFK+4/4,/ prgho1 Wkxv/ wklv whvw fruurerudwhv

rxu xvlqj d prgho zlwk wlph0ydu|lqj vnhzqhvv dqg nxuwrvlv1

Lq Sdqho E/ zh suhvhqw wkh vdph whvwv dv lq Sdqho D |hw lq d ' XV uhihuhqwldo1

Zh �qg wkdw wkh uhvwulfwlrq wr d vlpsoh JDUFK+4/4, lv vwloo uhmhfwhg1 Wxuqlqj wr

wkh ghshqghqf| sdudphwhu/ zh qrwlfh wkdw/ iru wkrvh frxqwu| sdluv zkhuh rqh ri

wkh vhulhv lv wkh VS833/ wkh xqfrqglwlrqdo ghshqghqf| lv vpdoohu1 Iru lqvwdqfh iru wkh

VS8330QLN/ *?Ew� gursv iurp 4175 wr 4154 dqg vlploduo| iru wkh VS8330FDF zkhuh wkh

hvwlpdwh idoov iurp 418< wr 41591 Zh dovr qrwlfh wkdw iru frxqwu| sdluv qrw lqyroylqj

wkh VS833/ ghshqghqf| ulvhv1 Wklv revhuydwlrq pd| eh h{sodlqhg e| wkh idfw wkdw

groodu yduldwlrqv lqwurgxfh dgglwlrqdo ghshqghqf|1

Zh qrz wxuq wr Sdqho F wkdw uhsolfdwhv wkh whvwv ri Wdeoh 51 Whvw 4 lv voljkwo|

zhdnhqhg lq wkdw/ qrz/ iru pdq| fdvhv wkh whvw ri qr frqglwlrqdo ghshqghqf| fdqqrw

eh uhmhfwhg1 Wklv whvw lv ri frxuvh udwkhu zhdn dqg li rqh whvwv iru pruh vshfl�f

sdwwhuqv wkhvh pd| wxuq rxw vwdwlvwlfdoo| vljql�fdqw1 Whvw 5 dqg Whvw 6 vkrz wkdw

hohphqwv dorqj wkh gldjrqdo kdyh qr sulylohjhg uroh wr sod|1 Lq prvw fdvhv/ qhlwkhu zh

�qg wkdw mrlqw odujh qhjdwlyh uhwxuqv kdyh d juhdwhu lpsdfw rq ghshqghqf| wkdq mrlqw

srvlwlyh uhwxuqv/ qru wkdw mrlqw odujh uhwxuqv ri dq| vljq d�hfw ghshqghqf| pruh wkdq

vpdoo mrlqw uhdol}dwlrqv1 Zh wxuq/ qrz/ wr whvw 7/ lqyhvwljdwlqj li wkh gldjrqdo hohphqwv
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sod| d pruh lpsruwdqw uroh wkdq hohphqwv idu iurp wkh gldjrqdo1 Zh �qg wkdw doo whvw

vwdwlvwlfv/ h{fhsw wkh rqh iru wkh VS8330QLN dqg wkh VS8330IWVH/ duh vljql�fdqw1

Wklv fruurerudwhv wkh suhylrxv �qglqj wkdw ghshqghqf| zloo eh kljkhu vxevhtxhqw wr

mrlqw vwrfn pdunhw pryhphqwv1 Zh fdq uhirupxodwh wklv e| vwdwlqj wkdw ghshqghqf|

lv shuvlvwhqw hyhq li rqh fkdqjhv qxphudluh1

717 Ghshqghqf| dv d ixqfwlrq ri wlph

Suhylrxv uhvhdufk/ vhh Orqjlq dqg Vroqln +4<<8,/ dovr lqyhvwljdwhg li ghshqghqf|

ydulhg dv d ixqfwlrq ri wlph1 Zkhuhdv wkh| xvhg prqwko| gdwd dqg d olqhdu wlph

wuhqg/ zh ghflghg wr irfxv rq gdlo| uhwxuqv dqg d txdgudwlf wuhqg1 Zh uhsruw wkh

uhvxowv iru orfdo fxuuhqf| ghqrplqdwhg vhulhv1 Wklv lpsolhv wkdw wkhuh zloo eh qr

frqwdplqdwlrq gxh wr srvvleoh Groodu pryhphqwv1 Wdeoh 7 suhvhqwv wkh uhvxowv ri wklv

hvwlpdwlrq1

Wkh �uvw txhvwlrq wr zklfk zh wxuq lv li wkhuh kdv ehhq d fkdqjh ri ghshqghqf|

wkurxjk wlph1 Wklv lv wdqwdprxqw wr d whvw ri wkh qxoo k|srwkhvlv _� ' _2 ' f

djdlqvw _� 9' f dqg _2 9' f1 Zh shuirup wklv whvw zlwk d olnholkrrg0udwlr whvw1 Iru doo

vhulhv/ h{fhsw wkh VS8330QLN dqg wkh QLN0FDF/ zh �qg wkdw ghshqghqf| fkdqjhg

zlwk wlph1 Li _2 lv gl�huhqw iurp }hur/ wkhq wkh vshfl�fdwlrq uhsuhvhqwv d sduderod/

wkxv/ wkhuh zloo eh d plqlpxp li _2 lv qhjdwlyh/ ru d pd{lpxp li _2 lv srvlwlyh1 Dovr

zkhq dq h{wuhph rffxuv/ lw pd| wdnh sodfh ehiruh/ lq ru diwhu rxu vdpsoh1 Wkh odvw

olqh glvsod|v wkh rffxuuhqfh ri wklv plqlpxp1 D gdvk lqglfdwhv wkdw wkh h{wuhpxp

rffxuuhg ehiruh rxu vdpsoh vwduwhg1

Iru wkh IWVH0GD[/ IWVH0FDF/ dqg wkh GD[0FDF/ wkh plqlpxp wrrn sodfh

ehiruh rxu vdpsoh vwduwhg1 Krzhyhu/ dprqj wkhvh sdluv/ rqo| iru wkh GD[0FDF sdlu

gr zh �qg d vljql�fdqw sdudphwhu _21 Wklv lpsolhv wkdw iru wkh wkuhh Hxurshdq sdluv

ghshqghqf| lqfuhdvhg1 Rqo| iru wkh GD[0FDF wkhuh lv d idvwhu wkdq olqhdu wuhqg1

Wxuqlqj wr wkh rwkhu sdluv/ zh qrwlfh wkdw wkh _� hvwlpdwh lv dozd|v srvlwlyh dqg

wkdw wkh _2 hvwlpdwh lv dozd|v qhjdwlyh1 Wklv lpsolhv d sdwwhuq zkhuh ghshqghqf|

lqfuhdvhg xs wr d fhuwdlq shulrg ri wlph dqg wkhq ghfuhdvhg1 Irfxvlqj rqo| rq wkrvh

sdluv iru zklfk _2 lv vljql�fdqw/ zh rewdlq iru wkh VS8330GD[ dq lqfuhdvh ri gh0

shqghqf| wloo Mxo| 4<<4 iroorzhg e| d ghfuhdvh1 Vlplodu gdwhv duh Mxqh 4<;5 iru wkh

VS8330FDF/ Rfwrehu 4<<6 iru wkh QLN0IWVH dqg Pdufk 4<<3 iru wkh QLN0GD[1

Lw vkrxog eh qrwlfhg/ krzhyhu/ wkdw wkh sdudphwhu lv edgo| hvwlpdwhg iru wkh VS8330

FDF sdlu1 Dv d frqvhtxhqfh/ orwv ri xqfhuwdlqw| vxuurxqgv wkh gdwh ri wklv odwwhu sdlu1

Frqvlghuhg wrjhwkhu/ iru wkh �uvw vhyhq sdluv h{fhsw iru wkh VS8330QLN dqg wkh QLN0

FDF/ wkhuh dsshduv d ghfuhdvh lq ghshqghqf| vlqfh wkh plg <3v1 Wklv revhuydwlrq lv

ri lpsruwdqfh iru sruwirolr doorfdwlrq sxusrvhv1

54



8 Frqfoxvlrq

Iru pdq| |hduv/ wkh wudglwlrqdo phdq0yduldqfh iudphzrun ghyhorshg e| Vkdush/ Olqw0

qhu/ dqgPdunrzlw} kdv ehhq wkh uhihuhqfh iru sruwirolr pdqdjhphqw1 Wklv iudphzrun/

lqyroylqj rqo| �uvw dqg vhfrqg prphqwv/ vhhpv ryhuo| vlpsolvwlf dv whvwl�hg e| wkh

pdq| frqwulexwlrqv wr Ydoxh0dw0Ulvn zklfk irfxv rq odujh ghyldwlrqv1 Hduo| wkhruhwl0

fdo frqwulexwlrqv dv e| Nudxv dqg Olw}hqehujhu +4<:9,/ Iulhqg dqg Zhvwhu�hog +4<;3,/

Edurqh0Dghvl +4<;8,/ dqg Lqjhuvroo +4<<3, h{whqg wkh wudglwlrqdo iudphzrun e| lqwur0

gxflqj kljkhu prphqwv vxfk dv vnhzqhvv dqg nxuwrvlv1 Lq wklv oljkw/ lw lv dvwrqlvklqj

wkdw qr pruh h�ruw kdv ehhq pdgh wr whvw sruwirolr prghov lqyroylqj kljkhu prphqwv1

Dq h{fhswlrq ehlqj Kduyh| dqg Vlggltxh +5333,/ zkr whvw d sruwirolr prgho lqyroylqj

kljkhu prphqwv1 Rqh srvvleoh uhdvrq lv wkdw suhvhqwo| wkhuh h{lvwv qr whfkqltxh wr h{0

suhvv wkhvh kljkhu prphqwv lq d frqglwlrqdo pxowlyduldwh iudphzrun zklfk dovr doorzv

iru qrq0qrupdolw| ri lqqrydwlrqv1 Rxu iudphzrun dsshduv wr surylgh wkh qhfhvvdu|

whfkqrorj| zlwklq zklfk wklv w|sh ri prgho pd| eh whvwhg1

Zh dsso| wklv prgho wr gdlo| uhwxuqv ri vwrfn0pdunhw lqglfhv ryhu wkh shulrg iurp

4<:8 wloo wkh ehjlqqlqj ri 53341 Zh �qg vwurqj hylghqfh ri shuvlvwhqfh lq ghshqghqf|

erwk iru orfdo fxuuhqf| dqg ' XV ghqrplqdwhg vhulhv1 Iru Hxurshdq vwrfn pdunhwv/

zh dovr �qg hylghqfh wkdw odujh vlpxowdqhrxv uhwxuqv ri hlwkhu vljq ohdg wr kljkhu

vxevhtxhqw ghshqghqf|1 Zh dovr �qg hylghqfh wkdw ghshqghqf| fkdqjhg wkurxjk

wlph1 Iru vwrfn pdunhwv zlwklq Hxursh/ ghshqghqf| lqfuhdvhg zkhuhdv ghshqghqf|

lqyroylqj wkh VS833 ru wkh QLNNHL ghfuhdvhg ryhu wkh uhfhqw shulrg1

Rxu prgho pd| dovr eh xvhg wr lqyhvwljdwh wkh ghshqghqf| surshuwlhv ri rwkhu

pdunhwv wkdq frqvlghuhg khuh1 Iru lqvwdqfh/ lw pd| eh ri lqwhuhvw wr frqvlghu hphujlqj

pdunhwv1 Wkh yrodwlolw| vslooryhuv dprqj vxfk pdunhwv kdyh ehhq lqyhvwljdwhg iru

lqvwdqfh lq Ehdnhuw dqg Kduyh| +4<<8, dqg lq Urfnlqjhu dqg Xujd +5334,1 Wklv

iudphzrun pd| dovr eh xvhg wr lqyhvwljdwh wkh vslooryhu ri odujh uhdol}dwlrqv1

Ixuwkhupruh/ d vwudljkwiruzdug h{whqvlrq ri rxu iudphzrun frxog |lhog d prgho

iru wkh mrlqw glvwulexwlrq ri uhwxuqv/ yroxph/ dqg gxudwlrq ehwzhhq wudqvdfwlrqv1 Iru

lqvwdqfh/ Pduvk dqg Zdjqhu +5333, lqyhvwljdwh wkh uhwxuq0yroxph ghshqghqfh zkhq

h{wuhph hyhqwv rffxu1 Lq wklv fdvh/ rqh frxog xvh d wul0yduldwh frsxod ru rqh frxog

surfhhg lq vxffhvvlyh vwhsv/ prgholqj �uvw wkh ghshqghqf| ehwzhhq yroxph dqg gx0

udwlrq xvlqj d �uvw frsxod1 Wkhq/ lq d vhfrqg vwhs/ rqh frxog olqn wklv frsxod wr wkh

uhwxuqv vhulhv wkurxjk dqrwkhu frsxod1 Khqfh/ rxu prgho pd| eh dgdswhg wr vhwwlqjv/

zkhuh wkh gdwd ri hdfk pdujlq lv qrw ri wkh vdph qdwxuh1
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Dsshqgl{ D

Lq wkh iroorzlqj dsshqgl{/ zh suhvhqw wkh frpsxwdwlrqv ri wkh judglhqw ri wkh

orj0olnholkrrg iru wkh pdujlq prgho1 Wr vlpsoli| qrwdwlrqv/ zh irfxv rq wkh judglhqw

ri d vlqjoh revhuydwlrq1 Vxppdwlrq ri wkhvh judglhqwv |lhogv wkh vdpsoh judglhqwv1

Zh gh�qh _ ' EKo*j n @�*E�� br� zkhuh r lv d vljq gxpp| wdnlqj wkh ydoxh ri 4 li

Ko*j n @ 	 f dqg r ' �� rwkhuzlvh1 Zh dovr gh�qh �� ' � n _2*E# � 2�1 Zh uhfdoo

wkdw wkh olnholkrrg ri dq revhuydwlrq lv
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Wr rewdlq wkh judglhqwv zlwk uhvshfw wr wkh ydulrxv sdudphwhuv @fcKnf c K
3

f c Sfc @�cK��c K�2c

@�cK2�c K22/ zh ghfrpsrvh wkh sureohp dqg pdnh iuhtxhqw xvh ri wkh fkdlq uxoh ri

gl�huhqwldwlrq1 Wkh qhfhvvdu| lqjuhglhqwv wr rewdlq wkh judglhqwv duh=
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zkhuh [E�� lv wkh ghulydwlyh ri wkh orj ri wkh jdppd ixqfwlrq1 Wklv ghulydwlyh lv

nqrzq dv wkh gl0jdppd ru svl ixqfwlrq/ zklfk pd| eh lpsohphqwhg zlwk ghvluhg

dffxudf|1 Wkh Iruwudq oleudu| LPVO lpsohphqwv wklv ixqfwlrq1

Qrz/ zh fdq frpsxwh wkh sduwldov zlwk uhvshfw wr wkh dfwxdo sdudphwhuv e| xvlqj=
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Dsshqgl{ E

Lq wkh iroorzlqj dsshqgl{/ zh surylgh hohphqwv xvhixo wr pd{lpl}h wkh frsxod

ghqvlw| dqg zloo srlqw rxw d olplwdwlrq ri wklv whfkqltxh1 Zh kdyh

Y *? S

Yw
'

�

w
n

�� 2�� n �

� n E�� 2�� n ��Ew � ��
� �

2

2E�n �� n 2Ew � ��E�n ��2 � e��E2w � ��

d� n Ew � ��E�n ��o2 � e��wEw � ��

Y *? S

Y�
'

E�� 2��Ew � ��

� n E�� 2�� n ��Ew � ��
� �

2

2d� n Ew � ��E�n ��oEw � ��� e�Ew � ��

d� n Ew � ��E�n ��o2 � e��wEw � ��

Y *? S

Y�
'

E�� 2��Ew � ��

� n E�� 2�� n ��Ew � ��
� �

2

2d� n Ew � ��E�n ��oEw � ��� e�Ew � ��

d� n Ew � ��E�n ��o2 � e��wEw � ��
1

Zh qrwlfh qrz wkdw � dqg � ehlqj fgiv zloo lqyroyh sdudphwhuv1 Wklv lpsolhv wkdw li

ghulydwlyhv zlwk uhvshfw wr wkrvh sdudphwhuv duh uhtxluhg lw zloo eh qhfhvvdu| wr xvh

wkh fkdlq uxoh1 Iru lqvwdqfh/ li � ' 8fE%c �f�/ wkhq

Y,|
Y�f

'
Y,|
Y�

Y8fE%c �f�

Y�f

� +E14,

Wklv frpsxwdwlrq uhyhdov wkdw wkh h{solflw frpsxwdwlrq ri wkh vfruh lv idu iurp ehlqj

wulyldo1 Lq rxu prgho wkh pdujlqdo fgi lv jlyhq e| wkh ( ixqfwlrq1 Lqvshfwlrq ri

wkh uhtxluhg ghulydwlyhv wr frpsxwh +49, vkrzv wkdw rqh zrxog qhhg d whfkqltxh

wr frpsxwh wkh lqwhjudo ri d ghulydwlyh ri d vwxghqw0w zlwk uhvshfw wr wkh ghjuhh ri

iuhhgrp sdudphwhu1 Wr rxu ehvw nqrzohgjh vxfk d whfkqltxh grhv qrw h{lvw wkrxjk

lw pd| eh rewdlqhg xvlqj frqwlqxrxv iudfwlrqv ru vlplodu qxphulfdo dssurdfkhv1 Zh

ohdyh vxfk ghyhorsphqwv iru ixuwkhu uhvhdufk1
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Uhihuhqfhv

^4` Dqj/ D1/ dqg J1 Ehndhuw +4<<<,/ Lqwhuqdwlrqdo Dvvhw Doorfdwlrq zlwk Wlph0

Ydu|lqj Fruuhodwlrqv/ QEHU Zrunlqj Sdshu :3891

^5` Edoo/ F1 D1/ dqgZ1 Q1 Wrurxv +5333,/ Vwrfkdvwlf Fruuhodwlrq dfurvv Lqwhuqdwlrqdo

Vwrfn Pdunhwv/ Mrxuqdo ri Hfrqrphwulfv/ :+607,/ 6:6�6;;1

^6` Edurqh0Dghvl/ J1 +4<;8,/ Duelwudjh Htxloleulxp zlwk Vnhzhg Dvvhw Uhwxuqv/

Mrxuqdo ri Ilqdqfldo dqg Txdqwlwdwlyh Dqdo|vlv/ 53+6,/ 5<<�6461

^7` Ehndhuw/ J1/ dqg F1 O1 Kduyh| +4<<8,/ Wlph0Ydu|lqj Zruog Pdunhw Lqwhjudwlrq/

Mrxuqdo ri Ilqdqfh/ 83/ 736�7771

^8` Ehud/ D1 N1/ dqg P1 O1 Kljjlqv +4<<6,/ DUFK Prghov= Surshuwlhv/ Hvwlpdwlrq

dqg Whvwlqj/ Mrxuqdo ri Hfrqrplf Vxuyh|v/ :+7,/ 638�6951

^9` Ehud/ D1 N1/ dqg V1 Nlp +4<<9,/ Whvwlqj Frqvwdqf| ri Fruuhodwlrq zlwk dq Ds0

solfdwlrq wr Lqwhuqdwlrqdo Htxlw| Uhwxuqv/ FLEHU Zrunlqj Sdshu <9�43:1

^:` Eroohuvohy/ W1 +4<;9,/ Jhqhudol}hg Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw|/

Mrxuqdo ri Hfrqrphwulfv/ 64+6,/ 63:�65:1

^;` Eroohuvohy/ W1/ U1 \1 Fkrx/ dqg N1 I1 Nurqhu +4<<5,/ DUFK Prghoolqj lq Il0

qdqfh= D Uhylhz ri wkh Wkhru| dqg Hpslulfdo Hylghqfh/ Mrxuqdo ri Hfrqrphw0

ulfv/ 85+405,/ 8�8<1

^<` Eroohuvohy/ W1/ U1 I1 Hqjoh/ dqg G1 E1 Qhovrq +4<<7,/ DUFK Prghov/ lq U1 I1

Hqjoh dqg G1 O1 PfIdgghq +hgv1,/ Kdqgerrn ri Hfrqrphwulfv/ Fkdswhu 7</ Yro1

LY/ 5<8<�636;/ Hovhylhu Vflhqfh/ Dpvwhugdp1

^43` Eroohuvohy/ W1/ dqg M1 P1 Zrrogulgjh +4<<5,/ Txdvl0Pd{lpxp Olnholkrrg Hvwlpd0

wlrq dqg Lqihuhqfh lq G|qdplf Prghov zlwk Wlph0Ydu|lqj Fryduldqfhv/ Hfrqr0

phwulf Uhylhzv/ 44+5,/ 476�4:51

^44` Er|hu/ E1 K1/ P1 V1 Jlevrq/ dqg P1 Oruhwdq +4<<:,/ Slwidoov lq Whvwv iru Fkdqjhv

lq Fruuhodwlrqv/ Lqwhuqdwlrqdo Ilqdqfh Glvfxvvlrq Sdshu 8<:/ Erdug ri Jryhuqruv

ri wkh Ihghudo Uhvhuyh V|vwhp1

^45` Fdpsehoo/ M1 \1/ dqg O1 Khqwvfkho +4<<5,/ Qr Qhzv Lv Jrrv Qhzv= Dq Dv|p0

phwulf Prgho ri Fkdqjlqj Yrodwlolw|/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 64+6,/

5;4�64;1
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^46` Hpeuhfkwv/ S1/ D1 M1 PfQhlo/ dqg D1 M1 Vwudxwpdq +4<<<,/ Fruuhodwlrq dqg Gh0

shqghqf| lq Ulvn Pdqdjhphqw= Surshuwlhv dqg Slwidoov/ Zrunlqj Sdshu/ HWK

]xulfk1

^47` Hqjoh/ U1 I1 +4<;5,/ Dxwr0Uhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw| zlwk Hvwl0

pdwhv ri wkh Yduldqfh ri Xqlwhg Nlqjgrp Lq dwlrq/ Hfrqrphwulfd/ 83+7,/ <;:�

433:1

^48` Hqjoh/ U1 I1/ dqg J1 Jrq}doh}0Ulyhud +4<<4,/ Vhpl0Sdudphwulf DUFK Prghov/

Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ <+7,/ 678�68<1

^49` Hqjoh/ U1 I1/ dqg V1 Pdqjdqhool +4<<<,/ FDYldU= Frqglwlrqdo Ydoxh dw Ulvn e|

Txdqwloh Uhjuhvvlrq/ QEHU/ Zrunlqj Sdshu :6741

^4:` Hqjoh/ U1 I1/ dqg Y1 N1 Qj +4<<6,/ Phdvxulqj dqg Whvwlqj wkh Lpsdfw ri Qhzv

rq Yrodwlolw|/ Mrxuqdo ri Ilqdqfh/ 7;/ 4:7<�4::;1

^4;` Iruehv/ N1/ dqg U1 Uljrerq +4<<<,/ Qr Frqwdjlrq/ Rqo| Lqwhughshqghqfh= Phd0

vxulqj Vwrfn Pdunhw Fr0pryhphqwv/ QEHU/ Zrunlqj Sdshu :59:1

^4<` Iulhqg/ L1/ dqg U1 Zhvwhu�hog +4<;3,/ Fr0Vnhzqhvv dqg Fdslwdo Dvvhw Sulflqj/

Mrxuqdo ri Ilqdqfh/ 68+7,/ ;<:�<461

^53` Jloo/ Sk1 H1/ Z1 Pxuud|/ dqg P1 D1 Vdxqghuv +4<<:,/ VQRSW= Dq VTS Dojr0

ulwkp ri Odujh0Vfdoh Frqvwudlqhg Rswlpl}dwlrq/ Uhsruw QD <:05/ Ghsduwphqw ri

Pdwkhpdwlfv/ XFVG/ Fdoliruqld1

^54` Jloo/ Sk1 H1/ Z1 Pxuud|/ dqg P1 D1 Vdxqghuv +4<<<,/ Xvhu*v Jxlgh iru VQRSW

816= D Iruwudq Sdfndjh iru Odujh0Vfdoh Qrqolqhdu Surjudpplqj/ Zrunlqj Sdshu/

Ghsduwphqw ri Pdwkhpdwlfv/ XFVG/ Fdoliruqld1

^55` Jorvwhq/ U1 W1/ U1 Mdjdqqdwkdq/ dqg G1 Uxqnoh +4<<6,/ Rq wkh Uhodwlrq ehwzhhq

wkh H{shfwhg Ydoxh dqg wkh Yrodwlolw| ri wkh Qrplqdo H{fhvv Uhwxuq rq Vwrfnv/

Mrxuqdo ri Ilqdqfh/ 7;+8,/ 4::<�4;341

^56` Jrxulhurx{/ F1/ dqg D1 Prqiruw +4<<5,/ Txdolwdwlyh Wkuhvkrog DUFK Prghov/

Mrxuqdo ri Hfrqrphwulfv/ 85/ 48<�4<<1

^57` Kdpdr/ \1/ U1 Z1 Pdvxolv/ dqg Y1 N1 Qj +4<<3,/ Fruuhodwlrqv lq Sulfh Fkdqjhv

dqg Yrodwlolw| Dfurvv Lqwhuqdwlrqdo Vwrfn Pdunhwv/ Uhylhz ri Ilqdqfldo Vwxglhv/

6+5,/ 5;4�63:1

^58` Kdqvhq/ E1 H1 +4<<7,/ Dxwruhjuhvvlyh Frqglwlrqdo Ghqvlw| Hvwlpdwlrq/ Lqwhuqd0

wlrqdo Hfrqrplf Uhylhz/ 68+6,/ :38�:631
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^59` Kduyh|/ F1 U1/ dqg D1 Vlggltxh +4<<<,/ Dxwruhjuhvvlyh Frqglwlrqdo Vnhzqhvv/

Mrxuqdo ri Ilqdqfldo dqg Txdqwlwdwlyh Dqdo|vlv/ 67+7,/ 798�7;:1

^5:` Kduyh|/ F1 U1/ dqg D1 Vlggltxh +5333,/ Frqglwlrqdo Vnhzqhvv lq Dvvhw Sulflqj

Whvwv/ Mrxuqdo ri Ilqdqfh/ 88+6,/ 4596�45<81

^5;` Lqjhuvroo/ M1 Mu1 +4<<3,/ Wkhru| ri Ilqdqfldo Ghflvlrq Pdnlqj/ Urzpdq dqg Olw0

woh�hog/ Wrwrzd/ Qhz Mhuvh|1

^5<` Mrh/ K1 +4<<:,/ Pxowlyduldwh Prghov dqg Ghshqghqfh Frqfhswv/ Fkdspdq dqg

Kdoo/ Orqgrq1

^63` Mrkqvrq/ P1 H1 +4<;:,/Pxowlyduldwh Vwdwlvwlfdo Vlpxodwlrq/ MrkqZloh| dqg Vrqv/

Qhz \run1

^64` Mrqghdx/ H1/ dqg P1 Urfnlqjhu +5333,/ Frqglwlrqdo Yrodwlolw|/ Vnhzqhvv/ dqg

Nxuwrvlv= H{lvwhqfh dqg Shuvlvwhqfh/ KHF zrunlqj sdshu1

^65` Ndsodqlv/ H1 F1 +4<;;,/ Vwdelolw| dqg Iruhfdvwlqj ri wkh Fr0Pryhphqw Phdvxuhv

ri Lqwhuqdwlrqdo Vwrfn Pdunhw Uhwxuqv/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Il0

qdqfh/ ;+4,/ 96�<81

^66` Nduro|l/ J1 D1 +4<<8,/ D Pxowlyduldwh JDUFK Prgho ri Lqwhuqdwlrqdo Wudqv0

plvvlrqv ri Vwrfn Uhwxuqv dqg Yrodwlolw|= Wkh Fdvh ri wkh Xqlwhg Vwdwhv dqg

Fdqdgd/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ 46+4,/ 44�581

^67` Nduro|l/ J1 D1/ dqg U1 P1 Vwxw} +4<<9,/ Zk| Gr Pdunhwv Pryh WrjhwkhuB Dq

Lqyhvwljdwlrq ri X1V10Mdsdq Vwrfn Uhwxuq Frpryhphqwv/ Mrxuqdo ri Ilqdqfh/

84+6,/ <84�<;91

^68` Nlqj/ P1/ H1 Vhqwdqd/ dqg V1 Zdgkdzlql +4<<7,/ Yrodwlolw| dqg Olqnv ehwzhhq

Qdwlrqdo Vwrfn Pdunhwv/ Hfrqrphwulfd/ 95+7,/ <34�<661

^69` Nrfk/ S1 G1/ dqg W1 Z1 Nrfk +4<<4,/ Hyroxwlrq lq G|qdplf Olqndjhv dfurvv

Qdwlrqdo Vwrfn Lqglfhv/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Ilqdqfh/ 43+5,/ 564�

5841

^6:` Nrw}/ V1/ Q1 Edodnlvkqdq/ dqg Q1 O1 Mrkqvrq +5333,/ Frqwlqxrxv Pxowlyduldwh

Glvwulexwlrqv/ Yroxph 4= Prghov dqg Dssolfdwlrqv/ Zloh| Lqwhuvflhqfh/ Qhz\run1

^6;` Nudxv/ D1/ dqg U1 K1 Olw}hqehujhu +4<:9,/ Vnhzqhvv Suhihuhqfh dqg wkh Ydoxdwlrq

ri Ulvn Dvvhwv/ Mrxuqdo ri Ilqdqfh/ 64+7,/ 43;8�44331
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^6<` Orqjlq/ I1/ dqg E1 Vroqln +4<<8,/ Lv wkh Fruuhodwlrq lq Lqwhuqdwlrqdo Htxlw|

Uhwxuqv Frqvwdqw= 4<93�4<<3B/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Ilqdqfh/

47+4,/ 6�591

^73` Orqjlq/ I1/ dqg E1 Vroqln +5333,/ H{wuhph Fruuhodwlrq ri Lqwhuqdwlrqdo Htxlw|

Pdunhwv/ iruwkfrplqj/ Mrxuqdo ri Ilqdqfh1

^74` Pduvk/ W1 D1/ dqg Q1 Zdjqhu +5333, Uhwxuq0Yroxph Ghshqghqfh dqg H{wuhphv

lq Lqwhuqdwlrqdo Htxlw| Pdunhwv/ Kddv Vfkrro ri Exvlqhvv/ zrunlqj sdshu1

^75` Prrg/ D1 P1/ I1 D1 Jud|eloo/ dqg G1 F1 Erhv +4<;5,/ Lqwurgxfwlrq wr wkh Wkhru|

ri Vwdwlvwlfv/ PfJudz0Kloo/ Qhz \run1

^76` Qhovhq/ U1 E1 +4<<<,/ Dq Lqwurgxfwlrq wr Frsxodv/ Vsulqjhu Yhuodj/ Qhz \run1

^77` Qhovrq/ G1 E1 +4<<4,/ Frqglwlrqdo Khwhurvnhgdvwlflw| lq Dvvhw Uhwxuqv= D Qhz

Dssurdfk/ Hfrqrphwulfd/ 8<+5,/ 6<:�6:31

^78` Sodfnhww/ U1 O1 +4<98,/ D Fodvv ri Elyduldwh Glvwulexwlrqv/ Mrxuqdo ri wkh Dphu0

lfdq Vwdwlvwlfdo Dvvrfldwlrq/ 93/ 849�8551

^79` Suhpdudwqh/ J1/ dqg D1 N1 Ehud +5333,/ Prgholqj Dv|pphwu| dqg H{fhvv Nxu0

wrvlv lq Vwrfn Uhwxuq Gdwd/ Xqlyhuvlw| ri Loolqr/ Zrunlqj Sdshu1

^7:` Udpfkdqg/ O1/ dqg U1 Vxvpho +4<<;,/ Yrodwlolw| dqg Furvv Fruuhodwlrq dfurvv

Pdmru Vwrfn Pdunhwv/ Mrxuqdo ri Hpslulfdo Ilqdqfh/ 8+7,/ 6<:�7491

^7;` Udwqhu/ P1 +4<<5,/ Sruwirolr Glyhuvl�fdwlrq dqg wkh Lqwhu0Whpsrudo Vwdelolw| ri

Lqwhuqdwlrqdo Lqglfhv/ Joredo Ilqdqfh Mrxuqdo/ 6/ 9:�:;1

^7<` Uljrerq/ U1 +4<<<,/ Rq wkh Phdvxuhphqw ri wkh Lqwhuqdwlrqdo Sursdjdwlrq ri

Vkrfnv/ QEHU/ Zrunlqj sdshu :6871

^83` Urfnlqjhu/ P1/ dqg H1 Mrqghdx +5334,/ Hqwurs| Ghqvlwlhv zlwk dq Dssolfdwlrq

wr Dxwruhjuhvvlyh Frqglwlrqdo Vnhzqhvv dqg Nxuwrvlv/ iruwkfrplqj lq Mrxuqdo ri

Hfrqrphwulfv1

^84` Urfnlqjhu/ P1/ dqg J1 Xujd +5334,/ D Wlph0Ydu|lqj Sdudphwhu Prgho wr Whvw

iru Suhglfwdelolw| dqg Lqwhjudwlrq lq wkh Vwrfn Pdunhwv ri Wudqvwlrq Hfrqrplhv/

Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ 4< +4,/ :6�;71

^85` Vfkzhl}hu/ E1/ dqg D1 Vnodu +4<:7,/ Rshudwlrqv rq Glvwulexwlrq Ixqfwlrqv Qrw

Ghulydeoh iurp Rshudwlrqv rq Udqgrp Yduldeohv/ Vwxgld Pdwkhpdwlfd/ 85/ 76�

851

5<



^86` Vnodu/ D1 +4<8<,/ Irqfwlrqv gh uìsduwlwlrq ã ? glphqvlrqv hw ohxuv pdujhv/ Sxe0

olfdwlrqv gh o*Lqvwlwxw Vwdwlvwltxh gh o*Xqlyhuvlwì gh Sdulv/ ;/ 55<�5641

^87` Vxvpho/ U1/ dqg U1 I1 Hqjoh +4<<7,/ Krxuo| Yrodwlolw| Vslooryhuv ehwzhhq Lqwhu0

qdwlrqdo Htxlw| Pdunhwv/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Ilqdqfh/ 46+4,/

6�581

^88` Wvh/ \1 N1 +5333,/ D Whvw iru Frqvwdqw Fruuhodwlrqv lq d Pxowlyduldwh JDUFK

Prgho/ Mrxuqdo ri Hfrqrphwulfv/ <;+4,/ 43:�45:1

^89` Zklwh/ K1 +4<;3,/ D Khwhurvfhgdvwlflw|0Frqvlvwhqw Fryduldqfh Pdwul{ Hvwlpdwru

dqg d Gluhfw Whvw iru Khwhurvfhgdvwlflw|/ Hfrqrphwulfd/ 7;+7,/ ;4:�;6;1

^8:` ]dnròdq/ M1 P1 +4<<7,/ Wkuhvkrog Khwhurvnhgdvwlf Prghov/ Mrxuqdo ri Hfrqrplf

G|qdplfv dqg Frqwuro/ 4;+8,/ <64�<881
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Wdeoh 4= Sdudphwhuv ri wkh pdujlq prgho zlwk dv|pphwulf JDUFK dqg wlph ydu|lqj

vnhzqhvv dqg nxuwrvlv1

Hdfk lqglylgxdo vhulhv ri uhwxuqv iu|j
A
|'� lv prghohg dv d JDUFK zlwk wlph0ydu|lqj vnhzqhvv

dqg nxuwrvlv1 Irupdoo|= u| @ � . ||/ || @ �|�|/ �
2
| @ df . dn� +|

n
|3�,

2 . d3� +|
3

|3�,
2 . d2�

2
|3�/

zkhuh �| iroorzv d jhqhudol}hg vwxghqw w zlwk sdudphwhuv �| dqg �| zkrvh g|qdplfv lv �| @

ef . e�||3� . e2||32 dqg �| @ ff . f�||3� . f2||321

Wkh �uvw olqh/ wlph/ suhvhqwv wkh uhtxluhg wlph iru wkh hvwlpdwlrq1 Oln lv wkh ydoxh ri

wkh orj0olnholkrrg1 OUW lv wkh olnholkrrg udwlr whvw vwdwlvwlf ri wkh uhvwulfwlrq dn� @ d3� dqg

e� @ e2 @ f� @ f2 @ 31 Erog qxpehuv duh vwdwlvwlfdoo| vljql�fdqw1

VS833 QLN IWVH GD[ FDF

wlph 6<149 651:6 9316: 731:8 8:167

df 313398 3133:3 313489 313475 313483

+ 31336 , + 31335 , + 31337 , + 31336 , + 31337 ,

dn� 313583 313739 313956 313974 31395<

+ 31346 , + 3133; , + 3133; , + 3133< , + 31343 ,

d3� 313974 3146:; 313::3 31435; 313<99

+ 31359 , + 31354 , + 3133< , + 31348 , + 31349 ,

d2 31<7:7 31<43; 31<45; 31<386 31<457

+ 313489 , + 313465 , + 313434 , + 313457 , + 31345: ,

ef 91;6:; 8134:3 5315984 <1385; 81:368

+ 61493 , + 3165; , + 718:3 , + 41556 , + 317:3 ,

e� 0315::6 0315<98 04186<8 0317466 03173:8

+ 7166: , + 31367 , + 51694 , + 31466 , + 31397 ,

e2 317:36 0315384 313368 031<346 0316648

+ 41865 , + 31366 , + 61996 , + 31599 , + 31384 ,

ff 031339: 031379: 0313898 03136<< 0313559

+ 31347 , + 31346 , + 3134< , + 3134; , + 31347 ,

f� 313766 31364: 3136<: 313543 0313468

+ 3135; , + 31346 , + 3134: , + 31348 , + 31345 ,

f2 3138;: 313379 3137;8 3136;5 313734

+ 31338 , + 31345 , + 31348 , + 3134: , + 31346 ,

Oln1 0;4831<7 0;56;16< 0;::;13; 0;<:<1;; 0<4<918<

OUW 79146 43<19< 4<188 68155 6518<

s0ydoxh 3133 3133 3133 3133 3133
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Wdeoh 5= Whvw ri uhvwulfwlrqv rq wkh frqglwlrqdo ghshqghqf| sdudphwhu1

Hvwlpdwhv iru orfdo0fxuuhqf| ghqrplqdwhg vwrfn lqglfhv1

Doo whvw vwdwlvwlfv ri wklv wdeoh duh Zdog whvwv1 Whvw 4 whvwv wkh qxoo k|srwkhvlv wkdw doo wkh sdudphwhuv ghvfulelqj wkh ghshqghqf| sdudphwhu � duh

frqvwdqw/ l1 h1 g� @ g2 @ � � � @ g�S1 Wklv vwdwlvwlf lv glvwulexwhg dv d "2 zlwk 48 ghjuhhv ri iuhhgrp1

Whvw 5 whvwv wkh qxoo li g� @ g�S yhuvxv g� A g�S/ wkdw lv li odujh mrlqw yduldwlrqv ohdg wr kljkhu vxevhtxhqw ghshqghqf| wkdq li mrlqw yduldwlrqv duh vpdoo1

Wklv whvw lv xqlodwhudo dqg qrupdoo| glvwulexwhg1

Whvw 6 whvwv li g� @ gS @ g�� @ g�S yhuvxv g� @ g�S A gS @ g��/ wkdw lv li odujh mrlqw yduldwlrqv ohdg wr kljkhu vxevhtxhqw ghshqghqf| wkdq li mrlqw

yduldwlrqv duh vpdoo1

Whvw 7 whvwv li ghshqghqf| lv kljkhu vxevhtxhqw wr d mrlqw yduldwlrq wkdq diwhu rssrvlwh yduldwlrqv/ l1h1 wkh qxoo lv g� @ gS @ g�� @ g�S @ g�� @ gb @

g�e @ g� @ ge @ gH djdlqvw g� @ gS @ g�� @ g�S A g�� @ gb @ g�e @ g� @ ge @ gH1

VS0QLN VS0IW VS0GD[ VS0FDF QLN0IW QLN0GD[ QLN0FDF IW0GD[ IW0FDF GD[0FDF

Whvw 4 65194 47137 651:4 59163 4717< 5<163 59137 9417< 4351;3 97143
s0ydoxh 3134 3185 3134 3136 317< 3134 3137 3133 3133 3133

Whvw 5 3186 0314; 03139 0313; 4184 31<9 04149 5134 4134 04147
s0ydoxh 3163 318: 3185 3186 313: 314: 31;; 3135 3149 31;:

Whvw 6 4198 031<8 0416; 03198 31:7 416; 318< 41;; 51;8 41;;
s0ydoxh 3138 31;6 31<5 31:7 3156 313; 315; 3136 3133 3136

Whvw 7 4149 515; 61<7 6193 4158 4176 4195 8175 :165 :134
s0ydoxh 3145 3134 3133 3133 3144 313; 3138 3133 3133 3133



Wdeoh 6= Frpsdulvrq ri ghshqghqf| iru orfdo fxuuhqf| dqg iru 'XV ghqrplqdwhg vwrfn lqglfhv1

Sdqho D suhvhqwv wkh hvwlpdwhv ri wkh xqfrqglwlrqdo ghshqghqf| sdudphwhu xqghu wkh dvvxpswlrq wkdw wkh pdujlqdo glvwulexwlrqv duh JDUFK zlwk wlph

ydu|lqj vnhzqhvv dqg nxuwrvlv1 Uhvlgxdov iroorz d jhqhudol}hg vwxghqw w1 Li oq+�, @ 3 wkhq pdujlqv zrxog qrw eh ghshqghqw1 OUW whvwv wkh uhvwulfwlrq

wr qrq0wlph ydu|lqj pdujlqdo prghov +dn� @ d
3

� dqg e� @ e2 @ f� @ f2 @ 3,1

Sdqho E suhvhqwv wkh vdph hvwlpdwhv dqg whvwv dv Sdqho D exw xvlqj 'XV ghqrplqdwhg vwrfn lqglfhv1

Sdqho F suhvhqwv Zdog whvwv ri vlplodu qdwxuh wkdq suhvhqwhg lq Wdeoh 51

Sdqho D

VS0QLN VS0IW VS0GD[ VS0FDF QLN0IW QLN0GD[ QLN0FDF IW0GD[ IW0FDF GD[0FDF

oq+�, 4175 4133 4175 418< 31;3 4158 417: 4159 4197 41;8
vh 3137 3137 3137 3137 3138 3138 3137 3137 3137 3137

Oln1 049398199 0499;<155 0499;7155 049;:8187 049<3516< 049<9<178 04:468146 04:6741<; 04:6431:7 04:73<1<3

OUW :31;4 94159 96154 8;175 45516: 47316: 466194 8513; 7:1;8 <8177

Sdqho E

VS0QLN VS0IW VS0GD[ VS0FDF QLN0IW QLN0GD[ QLN0FDF IW0GD[ IW0FDF GD[0FDF

oq+�, 4154 31<6 415: 4159 4145 4187 4186 418; 41;5 5148
vh 3138 3137 3137 3137 3137 3137 3137 3137 3136 3136

Oln 04:<;;17< 04:<6<145 04:<35173 04:<:8198 04<::4158 04<97;15< 04<:75189 04<6;8139 04<4<;1:5 04;<:;167

OUW 9;147 7:1;7 8;168 5;1;8 ;5154 43<17< 94178 6<186 918; 6:14:

Sdqho F

VS0QLN VS0IW VS0GD[ VS0FDF QLN0IW QLN0GD[ QLN0FDF IW0GD[ IW0FDF GD[0FDF

Whvw 4 4:13; 81:9 5<1;4 48138 4<1:6 4:144 5<193 6414: 86183 6:185
s0ydoxh 3164 31<; 3134 3178 314; 3164 3134 3134 3133 3133

Whvw 5 03156 03179 315: 3179 315: 3186 3134 315; 31:: 031<9
s0ydoxh 318< 319; 3173 3165 316< 3163 3183 316< 3155 31;6

Whvw 6 5178 03137 03197 031<5 5186 31:8 03199 41:5 3144 31:4
s0ydoxh 3134 3184 31:7 31;5 3134 3156 31:7 3137 3179 3157

Whvw 7 0318; 03173 41<8 515< 4155 51;; 6167 61;; 9185 8163
s0ydoxh 31:5 3198 3136 3134 3144 3133 3133 3133 3133 3133



Wdeoh 7= Whvw iru d wlph yduldwlrq lq ghshqghqf|

Wklv wdeoh suhvhqwv wkh uhvxowv ri wkh hvwlpdwlrq ri oq+�, @ gf . g�+w@4333, . g2+w@4333,
2 wkdw lv li ghshqghqf| ydulhg wkurxjk wlph1 Wkh olnholkrrg

udwlr whvw OUW whvwv li wkhuh lv d g|qdplfv/ l1 h1 li g� @ g2 @ 3 yhuvxv g� 9@ 3 dqg g2 9@ 31 Vwdqgdug huuruv duh suhvhqwhg ehwzhhq sduhqwkhvlv1 Wkh jlyhq

g|qdplfv uhsuhvhqwv d sduderod1 Li g2 lv qhjdwli +srvlwli,/ wkhq iru odujh ydoxhv wkh sduderod suhvhqwv d+q, grzqzdug +xszdug, wuhqg1

Wkh odvw olqh lqglfdwhv zkhq wkh sduderod uhdfkhg dq h{wuhpxp1 D gdvk lqglfdwhv wkdw wkh h{wuhpxp wrrn sodfh ehiruh wkh vdpsoh vwduwv1

VS0QLN VS0IW VS0GD[ VS0FDF QLN0IW QLN0GD[ QLN0FDF IW0GD[ IW0FDF GD[0FDF

wlph 31:4 31<7 3194 4154 31;: 31;; 31:5 3199 413< 4137

g3 415976 31:83: 41335: 419735 313<87 31:<7; 4188<6 315975 3163;7 413<98
+ 314693 , + 314478 , + 314568 , + 31446; , + 314834 , + 314;45 , + 31465; , + 31456< , + 314754 , + 314766 ,

g4 313:9; 31457< 315957 313;88 316;<4 3163<< 313458 315683 31663< 3136<5
+ 313<36 , + 313;3< , + 313:<< , + 313:<8 , + 313<;8 , + 314463 , + 313<48 , + 313:;8 , + 313;65 , + 313;99 ,

g5 03133:3 0313443 0313644 0313557 0313737 0313733 03133;7 31344: 31343; 3136;<
+ 31345: , + 31344: , + 313445 , + 313449 , + 313473 , + 313488 , + 313467 , + 31343; , + 313443 , + 313449 ,

OUW 5159 :138 461<: 461<8 64147 44133 7176 597143 78814: 5:9176

s0ydoxh 3165 3136 3133 3133 3133 3133 3144 3133 3133 3133

h{wu1 Gdwh <923:24< <:235257 <423:244 ;5239249 <6243258 <3236235 ::244254 0 0 0
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