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Lq wklv sdshu zh suhvhqw d ghwhfwlrq0hvwlpdwlrq

�owhu edvhg rq wkh whfkqltxh ri dgdswlyh ix}}|

uhjuhvvlrq1 Wkh phwkrg ri ix}}| uhjuhvvlrq lv

xvhixo lq gdwd hvwlpdwlrq dqg lv pruh �h{leoh wkdq

wkh frqyhqwlrqdo uhjuhvvlrq phwkrgv1 Krzhyhu/

wkh wlph wr fdofxodwh dq rswlpdo vroxwlrq lq ix}}|

uhjuhvvlrq dqdo|vlv surklelwv xv wr dsso| wkh ix}}|

uhjuhvvlrq phwkrg gluhfwo| wr wkh �hog ri lpdjh

uhvwrudwlrq1 Wkxv/ zh suhvhqw d qhz dojrulwkp

wr dssur{lpdwh wkh rswlpdo vroxwlrq ri wkh ix}}|

olqhdu uhjuhvvlrq phwkrg1 Wklv qhz phwkrg/ fdoohg

wkh dgdswlyh ix}}| olqhdu uhjuhvvlrq phwkrg/ zloo

phhw wkh qhhg ri vshhg lq lpdjh uhvwrudwlrq1

Wkh Dgdswlyh Ix}}| Uhjuhvvlrq Vhohfwlrq +DIUV,

�owhu frpelqhv wkh whfkqltxh ri wkh dgdswlyh ix}}|

olqhdu uhjuhvvlrq zlwk wkh UFUV �owhu1 Wkh fhqwudo

sl{ho ri wkh zlqgrz lq wkh DIUV �owhu lv uhsodfhg

zlwk wkh hvwlpdwhg rxwsxw ri wkh UFUV �owhu

rqo| li wkh fhqwudo sl{ho lv fruuxswhg1 D prgho

lv iruphg xvlqj wkh dgdswlyh ix}}| olqhdu uhjuhv0

vlrq phwkrg wr ghflgh zkhwkhu wkh fhqwudo sl{ho

lv fruuxswhg1 Wkh frpsxwhu vlpxodwlrqv suryh

wkdw wkh DIUV �owhu lv xvhixo lq lpdjh uhvwrudwlrq1

� W?|hL_�U|�L?

Lq wkh �hog ri lpdjh uhvwrudwlrq/ pdq| qrqolqhdu

�owhuv kdyh ehhq lqwurgxfhg wr surylgh ehwwhu qrlvh

fdqfhoodwlrq1 Wkhuh lv dq lpsruwdqw fodvv ri qrq0

olqhdu �owhuv qdphg wkh vhohfwlrq �owhu zklfk vhohfw

wkhlu uhvxow iurp rqh ri wkh lqsxw sl{hov lq d zlq0

grz1 Wkh phgldq �owhu dqg wkh udqn frqglwlrqhg

udqn vhohfwlrq +UFUV, �owhu duh erwk vhohfwlrq �o0

whuv ^4`1 Wkhvh �owhuv kdyh d gudzedfn ri uhsodf0

lqj wkh fhqwudo sl{ho zlwk rqh ri wkh sl{hov lq wkh

zlqgrz/ uhjdugohvv ri zkhwkhu wkh fhqwudo sl{ho lv

fruuxswhg ru qrw1 Uhfhqwo|/ vrph �owhuv edvhg rq

d ghwhfwlrq0hvwlpdwlrq vwudwhj| zhuh lqwurgxfhg lq

wkh �hog ri �owhu ghvljq ^5/ 6`1 Wkhvh �owhuv suryh wr

eh pruh h�flhqw wkdq wkh frqyhqwlrqdo �owhuv dqg

wkh uhvxowv duh ehwwhu1 Wkhvh �owhuv vhohfw wkh rxw0

sxw ydoxh ri d sl{ho ehwzhhq wkh ruljlqdo ydoxh dqg

wkh hvwlpdwhg ydoxh ghshqglqj rq wkh ghwhfwlrq ri

dq lpsxovh qrlvh1

Lq wklv sdshu/ zh lqwurgxfh d qhz ghwhfwlrq0

hvwlpdwlrq vw|oh �owhu fdoohg wkhDgdswlyh Ix}}| Uh0

juhvvlrq Vhohfwlrq +DIUV , �owhu1 Wkh DIUV �owhu

frpelqhv wkh whfkqltxh ri wkh dgdswlyh ix}}| olq0

hdu uhjuhvvlrq dqg wkh UFUV �owhu1 Wkh phwkrg ri

wkh dgdswlyh ix}}| olqhdu uhjuhvvlrq dssur{lpdwhv

wkh rswlpdo vroxwlrq ri wkh ix}}| olqhdu uhjuhvvlrq1

Lq wkh DIUV �owhu d qhxurq edvhg rq wkh dgds0

wlyh ix}}| olqhdu uhjuhvvlrq phwkrg zloo eh xvhg iru

qrlvh0ghwhfwlrq dqg wkh UFUV �owhu zloo eh xvhg

iru hvwlpdwlrq ri wuxh ydoxh ri wkh sl{hov wkdw duh

fruuxswhg1

Lq wkh qh{w vhfwlrq/ wkh dgdswlyh ix}}| olqhdu

uhjuhvvlrq dojrulwkp zloo eh lqwurgxfhg1 Lq Vhfwlrq

6/ wkh vwuxfwxuh ri wkh DIUV �owhu zloo eh gh�qhg1

Lq Vhfwlrq 7/ wkh �owhulqj fdsdelolw| ri wkh DIUV

�owhu zloo eh frpsduhg zlwk wkh �owhulqj fdsdelolw|
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ri wkh UFUV �owhu/ wkh VG0URP �owhu dqg wkh

ix}}| �owhu1 Ilqdoo|/ lq Vhfwlrq 8 wkh frqfoxvlrq ri

wklv qhz �owhu zloo eh pdgh1
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Frqyhqwlrqdo uhjuhvvlrq phwkrgv olnh wkh Ohdvw0

Vtxduh +OV, phwkrg duh xvhixo lq gdwd hvwlpdwlrq1

Wkh| wuhdw wkh gl�huhqfh ri wkh hvwlpdwhg ydoxhv

dqg wkh revhuyhg ydoxhv dv revhuydwlrq huuruv/ dqg

wkh gl�huhqfh lv frqvlghuhg d udqgrp yduldeoh ^7`1

Wkh ix}}| uhjuhvvlrq phwkrgv ylhz wkhvh gl�huhqfh

dv dpeljxlw| lqkhuhqwo| suhvhqw lq wkh v|vwhp1 Wkh

rswlpdo vroxwlrq ri wkh ix}}| olqhdu uhjuhvvlrq lv

riwhq fdofxodwhg e| wkh phwkrg ri olqhdu surjudp0

plqj/ exw wkh frpsxwdwlrq wlph wr �qg wkh vr0

oxwlrq lv qrw sro|qrpldo1 Wkxv lw lv qrw srvvleoh

wr xvh ix}}| olqhdu uhjuhvvlrq lq wkh �hog ri lpdjh

surfhvvlqj1 Lq wklv sdshu/ zh sursrvh wkh dgdswlyh

ix}}| olqhdu uhjuhvvlrq dojrulwkp wr dssur{lpdwh

wkh rswlpdo vroxwlrq ri wkh ix}}| olqhdu uhjuhvvlrq1

Wkh dgdswlyh ix}}| olqhdu uhjuhvvlrq dojrulwkp fdq

vroyh wkh sureohp lq d erxqghg wlph/ wkxv zh irxqg

lw vxlwdeoh wr dsso| wkh dojrulwkp wr wkh �hog ri lp0

djh surfhvvlqj1

Iluvw zh gh�qh wkh vwuxfwxuh ri wkh qhxurq xvhg

lq wklv dojrulwkp1 Wkh lqsxw0rxwsxw uhodwlrq ri wkh

dgdswlyh ix}}| olqhdu uhjuhvvlrq lv gh�qhg dv
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Zn{n +4,

zkhuh wkh frh�flhqwv Zn dqg wkh hvwlpdwhg rxw0

sxw \ duh ix}}| qxpehuv dqg wkh lqsxwv {n duh

fulvs qxpehuv1 Wkh ghvluhg rxwsxw lv gh�qhg dv W /

zklfk lv dovr d ix}}| qxpehu1 Zh gh�qh wkh ix}}|

qxpehuv xvhg lq wklv sdshu wr eh
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zkhuh uD lv wkh fhqwhu ri wkh ix}}| qxpehu dqg �D

lv wkh ghyldwlrq1

Wkh remhfwlyh ri wklv dojrulwkp lv wr plqlpl}h

wkh ghyldwlrq ri wkh hvwlpdwhg ix}}| qxpehu xq0

ghu wkh frqvwudlqw wkdw wkh ghjuhh ri �wwlqj ri wkh

hvwlpdwhg ix}}| qxpehu vkrxog eh odujhu wkdq d

fhuwdlq frq�ghqfh ohyho K1 Wkh ghjuhh ri �wwlqj ri

dq hvwlpdwhg ix}}| qxpehu k fdq eh gh�qhg dv
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zkhuh �Wk/ �\ k duh k0ohyho vhwv ^7`1 Wkh hvwlpdwhg

rxwsxw \ ri wkh ix}}| prgho fdq eh ghulyhg dv
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Wkh jrdo ri wkh dojrulwkp fdq eh uhdfkhg e| xv0

lqj wzr vhwv ri zhljkw xsgdwh uxoh1 Wkh jrdo ri wkh

�uvw vhw ri zhljkw xsgdwh uxoh lv wkdw wkh ghjuhh ri

�wwlqj ri hyhu| vdpsoh vkrxog eh odujhu wkdq wkh

frq�ghqfh ohyho K1 E| gl�huhqwldwlqj k dqg xvlqj

wkh idfw wkdw rplwwlqj k lq wkh zhljkw xsgdwh uxoh

zrq*w d�hfw wkh gluhfwlrq wkdw wkh frh�flhqwv duh

dgmxvwhg/ zh fdq rewdlq wkh iroorzlqj wzr judgl0

hqwv=
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iru n @ 4> 5> ===> q1

Iurp +8, dqg +9, zh fdq rewdlq wkh �uvw vhw ri

zhljkw xsgdwh uxoh ri wkh ohduqlqj dojrulwkp1
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iru n @ 4>5> ===> q1

Wkh remhfwlyh ri wkh vhfrqg zhljkw xsgdwh uxoh

ri wkh ohduqlqj dojrulwkp lv wr plqlpl}h wkh ghyld0

wlrq ri wkh hvwlpdwhg ix}}| qxpehu li wkh ghjuhh ri

�wwlqj lv odujhu wkdq wkh frq�ghqfh ohyho K1 Wkh

vhfrqg vhw ri zhljkw xsgdwh uxoh ri wkh ohduqlqj

dojrulwkp fdq eh hdvlo| rewdlqhg dv=

�Zn
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iru n @ 4>5> ===> q=
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Wkh vwuxfwxuh ri wkh DIUV �owhu frqwdlqv wzr

sduwv/ wkh dgdswlyh ix}}| uhjuhvvlrq qhxudo vhohf0

wru dqg wkh UFUV �owhu1 Wkh rxwsxw ri wkh �owhu

lv gh�qhg dv

|+q, @ �U+q, . +4� �,{+q,

zkhuh U+q, lv wkh rxwsxw ri wkh UFUV �owhu/ dqg

� lv d sdudphwhu wkdw lv ghflghg e| wkh dgdswlyh

ix}}| uhjuhvvlrq qhxudo vhohfwru1 Wkh vwuxfwxuh ri

DIUV �owhu lv vkrzq lq wkh iroorzlqj �jxuh1

Iluvw zh gh�qh wkh vwuxfwxuh ri wkh dgdswlyh

ix}}| uhjuhvvlrq qhxudo vhohfwru/ zklfk xvhv d qhx0

urq edvhg rq wkh dgdswlyh ix}}| olqhdu uhjuhvvlrq

dojrulwkp ghvfulehg lq Vhfwlrq 51 Wkh gl�huhqfh ri
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Iljxuh 4= Vwuxfwxuh ri DIUV �owhu1

wkh sl{ho lq wkh ruljlqdo lpdjh dqg wkh fruuhvsrqg0

lqj sl{ho lq wkh qrlv| lpdjh lv ix}}|�hg wr rewdlq

wkh ghvluh rxwsxw W 1 Wklv lv grqh e| dgglqj d ghyl0

dwlrq wr irup d ix}}| qxpehu1 Wkh ix}}|�hg ghvluh

rxwsxw kdv phpehuvkls ixqfwlrq ri

�W +{, @ h{s

#
�
+{� +Oqrlvh �Oruljlq,

5

5�5

$

zkhuh O lv wkh juh| ohyho ri d sl{ho lq wkh fruuxswhg

ru wkh ruljlqdo lpdjh dqg � lv dq duelwudu| vpdoo

srvlwlyh qxpehu1

Wkh qhxudo vhohfwru lv ghvljqhg lq d uhfxuvlyh

vw|oh vlplodu wr wkh uhfxuvlyh phgldq �owhu1 Iru

d 6�6 zlqgrz fhqwhuhg dw +l> m,/ wkh lqsxw yhfwru

lv gh�qhg dv

{ @ +|l�4> m�4> |l�4> m> |l�4> m.4> |l> m�4>

{l> m> {l> m.4> {l.4> m�4> {l.4> m> {l.4> m.4,

zkhuh { lv wkh sl{ho ihwfkhg iurp wkh qrlv| lpdjh1

Dv iru |/ zkhq wkh DIUV �owhu lv lq wkh ohduq0

lqj skdvh/ lw lv ihwfkhg iurp wkh ruljlqdo lpdjh1

Zkhq wkh DIUV �owhu lv lq wkh �owhulqj skdvh/ lw

lv ihwfkhg iurp wkh suhylrxvo| �owhuhg sl{hov1

Wkh vhohfwlrq ixqfwlrq wkdw fdofxodwhv wkh frhi0

�flhqw � lv gh�qhg dv

� @ vho+u\ ,

zkhuh u\ lv wkh fhqwhu ri wkh hvwlpdwhg rxwsxw

ix}}| qxpehu \ dqg vho lv wkh vhohfwlrq ixqfwlrq1

Wkh vhohfwlrq ixqfwlrq fdq eh vkrzq lq Iljxuh 51

Wkhuh duh irxu wkuhvkrogv zklfk vhsdudwh wkh uh0

jlrq ri xqfruuxswhg sl{hov iurp wkh uhjlrqv ri sl{0

hov fruuxswhg e| srvlwlyh lpsxovh qrlvh dqg qhjd0

wlyh lpsxovh qrlvh1 Wkh wkuhvkrogv duh gh�qhg lq d

ix}}| vw|oh zklfk doorzv wkh frh�flhqw � wr eh ri

ydoxh iurp 3 wr 41 Wkh wkuhvkrogv duh gh�qhg dv d/

e/ f dqg g zlwk d A e A f A g1

Wkh UFUV �owhu xvhg lq wklv prgho lv d uhfxu0

vlyh vw|oh UFUV �owhu1 Wkh gh�qlwlrq ri wkh lqsxw
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Iljxuh 5= Vhohfwlrq ixqfwlrq xvhg e| DIUV �owhu1

DIUV UFUV Ix}}| VG0URP

43( 561;35 7:17 6917;6 64186

53( 7:198< ;<1:7: 9815;< 9<14:

63( 991;<3 47<13 <716<< 46;13:

73( <818<< 57;1874 46<1764 5691;8

Wdeoh 4= PVH Ydoxh ri Gl�huhqw Qrlvh Suredelolw|

yhfwru ri wkh UFUV �owhu duh wkh vdph dv wkh lq0

sxw yhfwru ri wkh qhxudo vhohfwru1 Rqo| wkh lqsxw

yhfwruv wkdw wkh qhxudo vhohfwru frqvlghuhg wr eh

fruuxswhg kdyh wkhlu fruuhvsrqglqj wudlqlqj sdluv

ihg lq wkh UFUV �owhu/ dqg rqo| wkh lqsxw yhfwruv

wkdw lv frqvlghuhg fruuxswhg duh �owhuhg1

e , Tih�4i?|@* +it�*|t

Lq wklv vhfwlrq zh frpsduh wkh vlpxodwhg uhvxowv ri

wkh DIUV �owhu zlwk rwkhu �owhuv1 Dprqj wkhp

duh wkh UFUV �owhu/ VG0URP �owhu dqg wkh ix}}|

�owhu sursrvhg e| Uxvvr dqg Udpsrql/ zklfk lv d

nlqg ri �owhu wkdw lv edvhg rq ix}}| uxohv1 Wkhvh �o0

whuv kdyh h{fhoohqw �owhulqj fdsdelolw|1 Wkh lpdjhv

xvhg lq wkh h{shulphqwv duh wkh 589�589 Ohqqd

lpdjh lq ydulrxv qrlvh1 Wkh volglqj zlqgrz xvhg

e| wkhvh �owhuv duh ri vl}h 6�61 Wkh PVH fulwhulrq

lv xvhg lq wkh h{shulphqwv1

Wkh qhxudo vhohfwru lq wkh DIUV �owhu frqyhujhv

diwhu 8 wr 53 hsrfkv ri ohduqlqj1 Wkh �owhulqj uh0

vxowv ri wkh DIUV/ UFUV/ VG0URP dqg ix}}| �o0

whu duh vkrzq lq Wdeoh 41 Iurp wkh wdeoh zh fdq vhh

wkdw wkh �owhulqj fdsdelolw| ri wkh DIUV �owhu lv

ehwwhu wkdq wkh UFUV/VG0URP ru wkh ix}}| �owhu1

Iljxuh 6= Wkh ruljlqdo ohqqd lpdjh1

Iljxuh 7= Ohqqd lpdjh fruuxswhg zlwk 63( ri

qrlvh1

Iljxuh 8= Uhfryhuhg Ohqqd lpdjh xvlqj DIUV1

Iljxuh 9= Uhfryhuhg Ohqqd lpdjh xvlqj II1
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Lq wklv sdshu/ d qhz nlqg ri ghwhfwlrq0hvwlpdwlrq

vw|oh �owhu wkdw xvhv wkh dgdswlyh ix}}| olqhdu uh0

juhvvlrq dojrulwkp dqg wkh UFUV �owhu kdv ehhq

sursrvhg1 E| frpelqlqj wkh dgdswlyh ix}}| olqhdu

uhjuhvvlrq dojrulwkp dqg wkh uhfxuvlyhUFUV �owhu/

wkh �owhulqj fdsdelolw| ri wkh DIUV �owhu suryhv wr

eh jrrg1 Wkh vlpxodwlrq uhvxowv kdyh vkrzq wkdw

wkh DIUV �owhu surylghv ehwwhu �owhulqj uhvxowv

wkdq wkh frqyhqwlrqdo UFUV ru wkh ix}}| �owhu lq

ydulrxv fdvhv/ lqfoxglqj kljko| fruuxswhg lpdjhv1

+iuihi?Uit

^4` U1 F1 Kduglh dqg N1 H1 Eduqhu/ _Udqn frqgl0

wlrqhg udqn vhohfwlrq �owhuv iru vljqdo uhvwrud0

wlrq/% LHHH Wudqv1 rq Lpdjh Surfhvvlqj/ yro1

6/ qr1 5/ ss14<50539/ Pdufk 4<<71

^5` H1 Deuhx dqg V1 N1 Plwud/ _D vljqdo0ghshqghqw

udqn rughuhg phdq +VG0URP, �owhu= d qhz

dssurdfk iru uhprydo ri lpsxovhv iurp kljko|

fruuxswhg lpdjhv/% lq Surf1 LHHH Lqw1 Frqi1

Dfrxvw1/ Vshhfk/ Vljqdo Surfhvvlqj/ LFDVVS0

<8/ Ghwurlw/ PL/ Pd| 4<<81

^6` Ideul}lr Uxvvr dqg Jlrydqql Udpsrql/ _ Ix}}|

Ilowhu iru Lpdjhv Fruuxswhg e| Lpsxovh Qrlvh/%

LHHH Vljqdo Surfhvvlqj Ohwwhuv/ yro1 6/ ss1 49;0

4:3/ Mxqh 4<<91

^7` K1 Wdqdnd/ V1 Xhmlpd dqg N1 Dvdl/ _Olqhdu

Uhjuhvvlrq Dqdo|vlv zlwk Ix}}| Prgho/% LHHH

Wudqv1 V|vw1 Pdq F|ehuq1/ yro1 VPF045/ qr19/

4<;51

Iljxuh := Uhfryhuhg Ohqqd lpdjh xvlqj UFUV1

Iljxuh ;= Uhfryhuhg Ohqqd lpdjh xvlqj VG0URP1
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