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Lqwhusuhwlqj PlqlpxpZdjh H�hfwv rq Zdjh
Glvwulexwlrqv= D Fdxwlrqdu| Wdoh4

Fkulvwrskhu M1 Iolqq
Ghsduwphqw ri Hfrqrplfv
Qhz \run Xqlyhuvlw|
59< Phufhu Vwuhhw

Qhz \run/ Q\ 43336
h0pdlo= fkulvwrskhu1 lqqCq|x1hgx

Pdufk 5333 +Iluvw Gudiw,
Pd| 5333 +Wklv Yhuvlrq,

Nh|zrugv= Plqlpxp Zdjhv> Srolf| Hydoxdwlrq> Edujdlqlqj Prghov>
Zdjh Glvwulexwlrqv
MHO= M64/ M6;/ F:;

4Wklv uhvhdufk kdv ehhq sduwldoo| vxssruwhg e| wkh Z1H1 Xsmrkq Lqvwlwxwh iru
Hpsor|phqw Uhvhdufk/ LFHU +Wrulqr,/ dqg wkh F1Y1 Vwduu Fhqwhu iru Dssolhg Hfr0
qrplfv dw Q\X1 L dp judwhixo wr wkhvh rujdql}dwlrqv dqg wr wkh Glsduwlphqwr gl
Hfrqrpld ri wkh Xqlyhuvlwä gl Wrulqr iru lwv krvslwdolw|1 L kdyh uhfhlyhg khosixo
frpphqwv iurp Jhudug ydq ghq Ehuj/ Pdulr Fdwdodql/ Urehuw Pr!ww/ Jhhuw Ulg0
ghu/ Frhq Whxolqjv dqg vhplqdu sduwlflsdqwv lq d qxpehu ri yhqxhv1 L dp hvshfldoo|
judwhixo iru wkh ghwdlohg frpphqwv dqg khosixo dgylfh uhfhlyhg iurp Uroi Ddehujh
dqg Ehuqdug Vhodqlì1 L uhpdlq vroho| uhvsrqvleoh iru doo huuruv/ rplvvlrqv/ dqg lq0
whusuhwdwlrqv1



Devwudfw

Lw lv riwhq whpswlqj wr dwwhpsw wr lqihu wkh zhoiduh h�hfwv ri plqlpxp zdjh
fkdqjhv iurp hpslulfdo revhuydwlrqv rq suh0 dqg srvw0fkdqjh hpsor|phqw
dqg xqhpsor|phqw ohyhov dqg zdjh ru hduqlqjv glvwulexwlrqv1 Xvlqj d vlpsoh
prgho ri vhdufk/ pdwfklqj/ dqg edujdlqlqj/ zh fkdudfwhul}h wkh uhodwlrqvkls
ehwzhhq plqlpxp zdjh ohyhov/ oderu pdunhw rxwfrphv/ dqg wkh zhoiduh ri
oderu pdunhw sduwlflsdqwv1 Xvlqj revhuydwlrqv rq zdjh glvwulexwlrqv eh0
iruh dqg diwhu fkdqjhv lq wkh qrplqdo plqlpxp zdjh/ zh ghwhuplqh zkdw
fdq dqg fdqqrw eh ohduqhg derxw zhoiduh lpsdfwv iurp fkdqjhv lq ydulrxv
ihdwxuhv ri wkhvh glvwulexwlrqv1 Rxu uhvxowv duh looxvwudwhg xvlqj vlpxodwlrq
h{huflvhv dqg d vpdoo hpslulfdo h{dpsoh1 Xvlqj X1V1 gdwd iru |rxqj oderu
pdunhw sduwlflsdqwv lq Pdufk 4<<: dqg Pdufk 4<<;/ zh frqfoxgh wkdw wkh
lqfuhdvh lq wkh plqlpxp zdjh zklfk rffxuuhg lq Vhswhpehu 4<<: pd| kdyh
ehhq zhoiduh0hqkdqflqj/ wkrxjk ydulrxv lpsolfdwlrqv ri wkh prgho duh qrw
frqvlvwhqw zlwk wkh gdwd1 Wklv dqdo|vlv looxvwudwhv wkh idfw wkdw zhoo0vshfl�hg
ehkdylrudo prghov duh uhtxluhg wr hydoxdwh wkh lpsdfw ri fkdqjhv lq lqvwlwx0
wlrqdo frqvwudlqwv rq wkh zhoiduh ri oderu pdunhw sduwlflsdqwv1



4 Lqwurgxfwlrq

Lw lv riwhq whpswlqj wr dwwhpsw wr lqihu wkh zhoiduh h�hfwv ri dfwxdo plq0
lpxp zdjh fkdqjhv iurp hpslulfdo revhuydwlrqv rq suh0 dqg srvw0fkdqjh
hpsor|phqw dqg xqhpsor|phqw ohyhov dqg zdjh ru hduqlqjv glvwulexwlrqv1
Iru h{dpsoh/ plqlpxp zdjh lqfuhdvhv duh riwhq h{solflwo| ru lpsolflwo| wdnhq
wr eh ehqh�fldo iru wkh lpsdfwhg srsxodwlrq li uhgxfwlrqv lq jurxs hpsor|0
phqw udwhv duh irxqg wr eh vpdoo ru srvlwlyh1 Dv dqrwkhu h{dpsoh/ dowkrxjk
d yhu| vpdoo shufhqwdjh ri X1V1 zrunhuv duh sdlg wkh plqlpxp zdjh/ odujhu
lpsdfwv rq zhoiduh rq wkh jhqhudo srsxodwlrq duh riwhq wdnhq wr uhvxow iurp
d vruw ri �ulssoh� h�hfw iurp wkh erwwrp xs/ zklfk lq whupv ri wkh zdjh
glvwulexwlrq lwvhoi lv riwhq uhihuuhg wr dv vslooryhu1 Hpslulfdo hylghqfh wkdw
ghprqvwudwhv d fkdqjh lq wkh vkdsh ri wkh zdjh glvwulexwlrq deryh wkh plq0
lpxp zdjh lv riwhq lqwhusuhwhg dv uhvxowlqj iurp wkhvh vslooryhu h�hfwv/ dqg
e| wkhlu yhu| qdwxuh wkhvh duh dvvxphg wr eh ehqh�fldo iru lqglylgxdov rq
wkh vxsso| vlgh ri wkh pdunhw1

Lq wklv sdshu zh vkdoo uljrurxvo| dwwhpsw wr gh�qh/ fkdudfwhul}h/ dqg
h{sodlq wkh skhqrphqrq ri vslooryhu1 Wr dffrpsolvk wklv wdvn/ zh zloo xwlol}h
d vlpsoh prgho ri vhdufk dqg edujdlqlqj lq d vwdwlrqdu| hqylurqphqw1 Zkloh
wkh prgho lv dgplwwhgo| kljko| vw|ol}hg/ lq d frpsdqlrq sdshu +Iolqq 4<<<,
zh vkrz wkdw lw fdq eh hvwlpdwhg xvlqj Fxuuhqw Srsxodwlrq Vxuyh| +FSV,
gdwd dqg �wv revhuyhg zdjh dqg xqhpsor|phqw gxudwlrq glvwulexwlrqv txlwh
zhoo1 Wkxv wkh prgho dw d plqlpxp surylghv d sduvlprqlrxv dqg uhdglo|
lqwhusuhwdeoh ylhz ri wkh oderu pdunhw dv lw lv uh hfwhg lq FSV gdwd/ dqg
iru wklv uhdvrq fdq eh jlyhq vrph fuhglelolw|1 Wkh prgho lv uhdglo| dgdswhg
wr doorz iru wkh h{lvwhqfh ri elqglqj plqlpxp zdjhv udwhv1 Wkh htxloleulxp
zklfk uhvxowv iurp wkh lpsrvlwlrq ri d plqlpxp zdjh ^ru dq lqfuhdvh lq ydoxh
ri dq douhdg| elqglqj plqlpxpzdjh` lv urxjko| lq dffrugdqfh zlwk hpslulfdo
zrun rq wklv vxemhfw edvhg rq glvdjjuhjdwhg gdwd1 Lq sduwlfxodu/ d ihz ri wkh
lpsolfdwlrqv ri wkh prgho duh= +4, wkh h{lvwhqfh ri d suredelolw| pdvv dw wkh
plqlpxp zdjh p zlwk dq devroxwho| frqwlqxrxv glvwulexwlrq wr wkh uljkw ri
p> +5, ghfuhdvhv lq hpsor|phqw udwhv zlwk lqfuhdvhv lq wkh plqlpxp zdjh>
dqg +6, wkh srvvleoh h{lvwhqfh ri vslooryhu h�hfwv lq uhvsrqvh wr d fkdqjh
lq wkh plqlpxp zdjh udwh1 Xvlqj wkh prgho/ zh zloo uljrurxvo| gh�qh d
sduwlfxodu zhoiduh phdvxuh dv zhoo dv �vslooryhuv1�4 Zh vkrz wkdw zhoiduh lq
wkh srsxodwlrq fdq lqfuhdvh hyhq wkrxjk hpsor|phqw udwhv ghfuhdvh dqg zlwk

4Wkh gh�qlwlrq ri vslooryhu zh zloo xwlol}h wxuqv rxw wr eh lghqwlfdo wr krz wkh qrwlrq lv
gh�qhg lq Dvvxpswlrq 4 ri Glqdugr hw do +4<<9,1 Zkloh wkh| xwlol}h wklv dvvxpswlrq lq shu0
iruplqj d vwdwlvwlfdo ghfrpsrvlwlrq ri suredelolw| ghqvlw| ixqfwlrqv/ zh zloo eh lqwhuhvwhg
lq xvlqj wkh gh�qlwlrq wr irupxodwh d qrqsdudphwulf whvw iru wkh h{lvwhqfh ri vslooryhuv1
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ru zlwkrxw �vslooryhuv� lq wkh zdjh glvwulexwlrq1 Frqyhuvho|/ vslooryhu h�hfwv
ri plqlpxp zdjh fkdqjhv gr qrw lqglfdwh wkdw wkh fkdqjh zdv qhfhvvdulo|
zhoiduh0hqkdqflqj1 Wkh pdlq srlqw wr zklfk zh zdqw wr gudz dwwhqwlrq lv
wkdw wkh zhoiduh h�hfwv ri plqlpxp zdjh fkdqjhv fdq rqo| eh lqihuuhg e|
xvlqj hpslulfdo hylghqfh rq hpsor|phqw udwhv/ zdjh glvwulexwlrqv/ dqg d
irupdo prgho zlwklq zklfk zhoiduh fdq eh uljrurxvo| gh�qhg dqg hydoxdwhg1

Zh zloo qrw eh gluhfwo| frqfhuqhg zlwk wkh lpsdfwv ri plqlpxp zdjh
ohyhov rq xqhpsor|phqw ru hpsor|phqw ohyhov lq wklv sdshu1 Lqvwhdg/ zh
zloo xvh rxu prgho wr dwwhpsw wr xqghuvwdqg wkh lpsdfw ri plqlpxp zdjh
ohyhov rq dffhswhg zdjh r�hu glvwulexwlrqv/ erwk lq whupv ri wuxqfdwlrq dqg
vkdsh0fkdqjlqj1 Vhyhudo dxwkruv kdyh dwwhpswhg wr dgdsw vwdqgdug hfrqr0
phwulf prghov iru wuxqfdwhg dqg olplwhg ghshqghqw yduldeohv wr lqfrusrudwh
plqlpxp zdjhv lqwr vwdqgdug zdjh ixqfwlrq hvwlpdwlrq vfkhphv1 Vrph ri
wkh pruh lpsruwdqw uhvhdufk h�ruwv lq wklv duhd lqfoxgh Ph|hu dqg Zlvh
+4<;6d/4<;6e,/ Glqdugr hw do +4<<9,/ dqg Glfnhqv hw do +4<<:,1 Ph|hu dqg
Zlvh hvwlpdwhg d prgho ri plqlpxp zdjh h�hfwv xvlqj lqglylgxdo0ohyho gdwd
zklfk doorzhg wkhp wr lqihu zkdw wkh zdjh glvwulexwlrq dqg hpsor|phqw
ohyho zrxog kdyh ehhq lq wkh devhqfh ri d plqlpxp zdjh1 Wkh edvlf lghd
ehklqg wkh hfrqrphwulf vshfl�fdwlrq lv wr dvvxph wkh irup ri wkh zdjh glv0
wulexwlrq lq wkh devhqfh ri d plqlpxp zdjh/ dqg wkhq wr doorz wkh plqlpxp
zdjh wr dowhu wklv glvwulexwlrq e| hvvhqwldoo| djjuhjdwlqj suredelolw| pdvv
durxqg wkh plqlpxp zdjh wr wkdw h{dfw ydoxh1 Wklv uhvxowv lq d zdjh glv0
wulexwlrq zklfk kdv d frqwlqxrxv dqg glvfuhwh frpsrqhqw wr lw1 Zkloh wkhlu
prgho vshfl�fdwlrq kdv ehhq fulwlfl}hg e| d qxpehu ri uhvhdufkhuv ^h1j1/ Fdug
dqg Nuxhjhu +ss15650569, dqg Glfnhqv hw do1 +4<<:,`/ sulpdulo| iru uho|lqj rq
ixqfwlrqdo irup dvvxpswlrqv iru lghqwl�fdwlrq dqg iru fkrrvlqj d sdudphwhu0
l}dwlrq zklfk uxohv rxw wkh srvvlelolw| ri hpsor|phqw lqfuhdvhv lq uhvsrqvh
wr d plqlpxp zdjh lqfuhdvh/ lw uhpdlqv rqh ri wkh ehwwhu hfrqrphwulf dw0
whpswv wr lghqwli| plqlpxp zdjh h�hfwv xvlqj lqglylgxdo0ohyho gdwd lq wkh
olwhudwxuh15 Iurp rxu shuvshfwlyh/ wkh pdlq zhdnqhvv ri wkhlu prgho lv wkh
duelwudu| vshfl�fdwlrq ri wkh pdqqhu lq zklfk d plqlpxp zdjh �glvwruwv�
wkh suhh{lvwlqj glvwulexwlrq zdjh glvwulexwlrq1 Lq wkh prgho ghyhorshg khuh
dqg lq rxu frpsdqlrq sdshu +Iolqq 4<<<,/ rswlpl}lqj ehkdylru e| vhdufkhuv
dqg �upv ghwhuplqhv wkh qdwxuh ri wklv �glvwruwlrq/� dqg lw lv urxjko| frq0
vlvwhqw erwk zlwk wkh Ph|hu dqg Zlvh hfrqrphwulf vshfl�fdwlrq dqg zlwk
wkh hpslulfdo hylghqfh flwhg lq Fdug dqg Nuxhjhu1

Wkh Glfnhqv hw do sdshu dwwhpswv wr frpsduh zdjh glvwulexwlrqv ehiruh
dqg diwhu fkdqjhv lq wkh plqlpxp zdjh lq rughu wr lqihu hpsor|phqw h�hfwv1

5Iru dqrwkhu jrrg h{dpsoh/ vhh Khfnpdq dqg Vhgodfhn +4<;4,1
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Wr hvwlpdwh hpsor|phqw lpsdfwv/ wkh| uhsodfh wkh Ph|hu dqg Zlvh lghqwl�0
fdwlrq frqglwlrq wkdw wkh plqlpxp zdjh kdv qr lpsdfw rq wkh glvwulexwlrq
ri zdjhv lpphgldwho| deryh lw zlwk wkh frqglwlrq wkdw lw kdv qr lpsdfw
rq wkh zdjh glvwulexwlrq deryh vrph ydoxh {  p= Zkloh wklv dvvxpswlrq
vhhpv uhdvrqdeoh rq wkh idfh ri lw/ lw zloo qrw lq jhqhudo eh ydolg zlwklq
wkh vlpsoh htxloleulxp iudphzrun ghyhorshg khuh1 Lq dgglwlrq/ dv zh kdyh
dujxhg deryh/ wkh xowlpdwh jrdo ri hpslulfdo zdjh uhvhdufk vkrxog suredeo|
eh gluhfwhg wr ghwhuplqlqj zhoiduh udwkhu wkdq hpsor|phqw lpsdfwv1

Wkh irfxv ri wkh Glqdugr hw do sdshu lv rq dvvhvvlqj wkh lpsdfwv ri plql0
pxp zdjhv dqg rwkhu lqvwlwxwlrqdo ihdwxuhv ri wkh oderu pdunhw rq zdjh dqg
glvwulexwlrqv1 Wr shuirup wkhlu vhplsdudphwulf vwdwlvwlfdo dqdo|vlv/ wkh| duh
irufhg wr pdnh d qxpehu ri udwkhu frqwuryhuvldo dvvxpswlrqv uhjduglqj wkh
pdqqhu lq zklfk plqlpxp zdjh fkdqjhv lpsdfw erwk wkh zdjh glvwulexwlrq
dqg hpsor|phqw udwhv1 Wkh zdjh glvwulexwlrqv wkh| �w dovr kdyh wkh xq0
iruwxqdwh fkdudfwhulvwlf ri ehlqj hyhu|zkhuh frqwlqxrxv/ zklfk uxohv rxw wkh
vslnh dw wkh plqlpxp zklfk lv fohduo| revhuydeoh lq X1V1 gdwd/ sduwlfxoduo|
iru |rxqj dqg ihpdoh ghshqghqw zrunhuv1 Zkloh wkh jrdo ri wkh dqdo|vlv lv
wr ghwhuplqh wkh lpsdfw ri ydulrxv lqvwlwxwlrqdo ihdwxuhv ri wkh oderu pdunhw
^rqh ri zklfk lv wkh plqlpxp zdjh` rq wkh lqfuhdvlqj ohyhov ri zdjh lqhtxdo0
lw| revhuyhg ryhu wkh sdvw wzr ghfdghv lq wkh X1V1/ wkh sdshu grhv qrw wdnh
d fohdu srvlwlrq rq zkhwkhu ru qrw vxfk lqfuhdvlqj lqhtxdolw| lv jrrg ru edg1
Wkh prgho lq wklv sdshu dqg vrph ri wkh h{dpsohv suhvhqwhg pdnh lw fohdu
wkdw �furvv0vhfwlrqdo* lqhtxdolw| pd| lqghhg eh d jrrg wklqj1

Wkhuh duh d qxpehu ri zd|v wr lqfoxgh plqlpxp zdjhv lq htxloleulxp
prghov ri wkh oderu pdunhw1 Lq whupv ri rxu zrun/ vrph ri wkh pruh uho0
hydqw wkhruhwlfdo/ hfrqrphwulf/ dqg hpslulfdo frqwulexwlrqv wr wklv olwhud0
wxuh lqfoxgh Hfnvwhlq dqg Zroslq +4<<3,/ Pruwhqvhq +4<<3,/ Exughww dqg
Pruwhqvhq +4<<;,/ ydq ghq Ehuj dqg Ulgghu +4<<;,/ dqg Erqwhpsv/ Urelq/
dqg ydq ghq Ehuj +4<<<,1 Lq wkhvh prghov/ zklfk duh qrw edvhg rq pdwfklqj
dqg edujdlqlqj exw lqvwhdg xwlol}h dvvxpswlrqv ri zdjh0srvwlqj e| krprjh0
qrxv ru khwhurjhqhrxv �upv/ plqlpxp zdjh uhvwulfwlrqv gr qrw w|slfdoo|
uhvxow lq pdvv srlqwv lq wkh zdjh glvwulexwlrq dw wkh plqlpxp/ dqg lq d
qxpehu ri fdvhv wkh zdjh glvwulexwlrqv lpsolhg e| wkh wkhru| duh jurvvo|
dw rggv zlwk hpslulfdo revhuydwlrq16 Krzhyhu/ wklv fodvv ri prghov frq0
wdlqv h{dpsohv ri vlwxdwlrqv lq zklfk wkh lpsrvlwlrq ri plqlpxp zdjhv fdq
eh Sduhwr zhoiduh0lpsurylqj dqg doorz iru d qxpehu ri oderu pdunhw skh0

6D qrwdeoh h{fhswlrq wr wklv vwdwhphqw fdq eh irxqg lq Erqwhpsv/ Urelq/ dqg ydq
ghq Ehuj +5333,/ zklfk surylghv d shuihfw �w wr wkh gdwd dw wkh h{shqvh ri xqltxhqhvv ri
htxloleulxp dqg dqdo|wlfdo frpsoh{lw|1
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qrphqd wkdw fdqqrw eh fdswxuhg zlwklq rxu iudphzrun1 Doo ri wkh ydulrxv
htxloleulxp oderu pdunhw prghov edvhg rq vhdufk0wkhruhwlf irxqgdwlrqv kdyh
wkhlu dgydqwdjhv dqg glvdgydqwdjhv/ exw rxu ihholqj zdv wkdw d prgho edvhg
h{solflwo| rq elodwhuldo edujdlqlqj ehwzhhq d jlyhq zrunhu dqg �up pd| sur0
ylgh d voljkwo| suhihudeoh iudphzrun lq zklfk wr dqdo|}h glvdjjuhjdwhg oderu
pdunhw gdwd1

Wkh sodq ri wkh sdshu lv dv iroorzv1 Lq Vhfwlrq 5 zh ghyhors d edujdlqlqj
prgho lq d frqwlqxrxv0wlph vhdufk hqylurqphqw erwk lq wkh devhqfh dqg lq
wkh suhvhqfh ri d elqglqj plqlpxp zdjh1 Vhfwlrq 6 frqwdlqv d glvfxvvlrq
ri rqh phdvxuh ri srsxodwlrq zhoiduh dqg lwv uhodwlrq wr wkh plqlpxp zdjh
ohyho1 Zh dovr surylgh uhvxowv dqg h{dpsohv looxvwudwlqj wkh lpsdfw ri plql0
pxp zdjhv rq wkh zdjh glvwulexwlrq dqg wkh uhodwlrqvkls ehwzhhq fkdqjhv
lq zhoiduh ohyhov dqg zdjh glvwulexwlrqv1 Vhfwlrq 7 frqwdlqv d vpdoo hpslulfdo
h{huflvh lq zklfk zh orrn dw fkdqjhv lq wkh zdjh glvwulexwlrq ri 49057 |hdu
rog zrunhuv ehwzhhq Pdufk 4<<: dqg Pdufk 4<<;> ehwzhhq wkhvh wzr gdwhv
wkh plqlpxp zdjh fkdqjhg iurp '71:8 wr '8148 dq krxu ^lq Vhswhpehu 4<<:`1
Lq Vhfwlrq 8 zh vlpxodwh rxu ehkdylrudo prgho lq rughu wr ghprqvwudwh vrph
ri wkh wkhruhwlfdo uhvxowv rewdlqhg lq Vhfwlrq 6 dqg dv dq dlg lq lqwhusuhwlqj
wkh hpslulfdo hylghqfh lq Vhfwlrq 71 Vhfwlrq 9 frqwdlqv d eulhi frqfoxvlrq1

5 Oderu Pdunhw Vhdufk zlwk Edujdlqlqj

Lq wklv vhfwlrq zh ghvfuleh wkh ehkdylrudo prgho ri oderu pdunhw vhdufk zlwk
pdwfklqj dqg edujdlqlqj1 Wkh prgho lv irupxodwhg lq frqwlqxrxv wlph dqg
dvvxphv vwdwlrqdulw| ri wkh oderu pdunhw hqylurqphqw1 Lq wkh �uvw vxevhfwlrq
zh ghulyh wkh ghflvlrq uxohv iru whuplqdwlqj vhdufk dqg iru glylglqj wkh pdwfk
ydoxh ehwzhhq zrunhu dqg �up lq wkh devhqfh ri plqlpxp zdjhv1 Wkhvh
uhvxowv duh uhodwlyho| zhoo0nqrzq/ dqg duh pdlqo| suhvhqwhg wr vhw lghdv dqg
iru sxusrvhv ri frpsdulvrq zlwk wkh fdvh lq zklfk d elqglqj plqlpxp zdjh
lv suhvhqw/ zklfk lv dqdo|}hg lq wkh iroorzlqj vxevhfwlrq1

Wkurxjkrxw zh dvvxph wkdw wkhuh h{lvwv dq lqyduldqw/ whfkqrorjlfdoo|0
ghwhuplqhg glvwulexwlrq ri zrunhu0�up surgxfwlylw| ohyhov zklfk lv jlyhq e|
J+�,= Zkhq d srwhqwldo hpsor|hh dqg d �up phhw/ zklfk kdsshqv dw udwh
�> wkh surgxfwlyh ydoxh ri wkh pdwfk +�, lv lpphgldwho| revhuyhg e| erwk
wkh dssolfdqw dqg wkh �up1 Dw wklv srlqw d glylvlrq ri wkh pdwfk ydoxh lv
sursrvhg xvlqj d Qdvk edujdlqlqj iudphzrun1 Wkh vhdufkhu*v lqvwdqwdqhrxv
glvfrxqw udwh lv jlyhq e| � A 3= Wkh udwh ri +h{rjhqrxv, whuplqdwlrq ri
hpsor|phqw frqwudfwv lv � � 3= Zkloh xqhpsor|hg lqglylgxdov vhdufk/ wkhlu
lqvwdqwdqhrxv xwlolw| lv jlyhq e| e> zklfk fdq dvvxph srvlwlyh ru qhjdwlyh
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ydoxhv1 Iru vlpsolflw|/ zh dvvxph wkdw hpsor|hg lqglylgxdov gr qrw uhfhlyh
dowhuqdwlyh r�huv ri hpsor|phqw/ l1h1/ wkhuh lv qr rq0wkh0mre vhdufk1 Lw lv
vwudljkwiruzdug wr dgdsw wkh fxuuhqw iudphzrun wr wkdw fdvh/ krzhyhu1

514 Oderu Pdunhw Ghflvlrqv zlwkrxw Plqlpxp Zdjhv

Zh dvvxph wkdw wkh rqo| idfwru ri surgxfwlrq lv oderu/ dqg wkdw wrwdo rxwsxw
ri wkh �up lv vlpso| wkh vxp ri wkh surgxfwlylw| ohyhov ri doo ri lwv hpsor|hhv1
Wkhq li wkh �up �sdvvhv� rq wkh dssolfdqw 0 wkdw lv/ grhv qrw pdnh dq
hpsor|phqw r�hu 0 lwv �glvdjuhhphqw� rxwfrph lv 3 ^lw hduqv qr uhyhqxh exw
pdnhv qr zdjh sd|phqw`1 Wkh dssolfdqw*v glvdjuhhphqw ydoxh lv wkh ydoxh ri
frqwlqxhg vhdufk/ zklfk zh ghqrwh Y?= Iru dq| jlyhq ydoxh ri Y? wkhuh h{lvwv
d fruuhvsrqglqj fulwlfdo �pdwfk� ydoxh �W @ �Y? +� lv wkh lqvwdqwdqhrxv
glvfrxqw udwh,/ zklfk kdv wkh surshuw| wkdw doo pdwfkhv zlwk ydoxhv dw ohdvw
dv juhdw dv �W zloo uhvxow lq hpsor|phqw zkloh doo wkrvh pdwfkhv ri orzhu
ydoxh zloo qrw1 Iru dq| � � �W> wkh zdjh r�hu lv jlyhq e|

z+�> Y?, @ dujpd{
�

^Ye+z,� Y?`
k

�
� �z

�. �

��3k
> +4,

zkhuh zlwkrxw orvv ri jhqhudolw| lw kdv ehhq dvvxphg wkdw wkh �up vkduhv
wkh hpsor|hh*v h�hfwlyh udwh ri glvfrxqw/ �. �=

Wkh ydoxh ri hpsor|phqw dw d zdjh ri z lv hdvlo| ghwhuplqhg1 Frqvlghu
dq lq�qlwhvlpdoo| vpdoo shulrg ri wlph �w= Ryhu wklv �shulrg/� hlwkhu wkh
lqglylgxdo zloo frqwlqxh wr eh hpsor|hg dw zdjh z ru zloo orvh wkhlu mre/
zklfk rffxuv dw udwh �= Wkhq

Ye+z, @
z�w

4 . ��w
.

4

4 . ��w
^��w Y? . +4� ��w,Ye+z,` .

r+�w,

4 . ��w
> +5,

zkhuh wkh whup +4 . ��w,3� lv dq �lq�qlwhvlpdo� glvfrxqw idfwru dvvrfldwhg
zlwk wkh vpdoo lqwhuydo �w> ��w lv wkh dssur{lpdwh suredelolw| ri ehlqj
whuplqdwhg iurp rqh*v fxuuhqw hpsor|phqw e| wkh hqg ri �w> dqg r+�w, lv d
whup zklfk kdv wkh surshuw| wkdw olp{|<f+r+�w,@�w, @ 3=Qrwh wkdw wkh �uvw
whup rq wkh uljkw kdqg vlgh ri ^5` lv wkh ydoxh ri wkh zdjh sd|phqw ryhu wkh
lqwhuydo/ zklfk lv wkh wrwdo sd|phqw z�w pxowlsolhg e| wkh �lqvwdqwdqhrxv�
glvfrxqw idfwru ^wklqn ri wkh sd|phqw dv ehlqj uhfhlyhg dw wkh hqg ri wkh
lqwhuydo �w`= Diwhu froohfwlqj whupv dqg wdnlqj wkh olplw ri ^5` dv �w $ 3>
zh kdyh

Ye+z, @
z . �Y?
�. �

= +6,
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Zh qrz vxevwlwxwh ^6` lqwr ^4` vr dv wr vlpsoli| wkh sureohp dv iroorzv=

Ye+z,� Y? @
z. �Y?
�. �

� Y?

@
z� �Y?
�. �

>

vr wkdw zh jhw wkh zhoo0nqrz h{suhvvlrq

z+�> Y?, @ dujpd{
�

^z� �Y?`
k ^� �z`�3k

@ �� . +4� �,�Y?=

Zh fdq qrz pryh rqwr frpsxwlqj wkh ydoxh ri qrqhpsor|phqw1 Xvlqj
wkh vdph vhwxs dv deryh iru gh�qlqj wkh ydoxh ri hpsor|phqw/ zh ehjlq zlwk
wkh �w�shulrg irupxodwlrq zklfk lv

Y? @
e�w

4 . ��w
.

4

4 . ��w
i��w

]
pd{^Y?> Ye+z+�> Y?,,` gJ+�,

.+4� ��w,Y?j. r+�w,

4 . ��w
>

zkhuh ��w lv wkh dssur{lpdwh suredelolw| ri hqfrxqwhulqj rqh srwhqwldo
hpsor|hu ryhu wkh lqwhuydo1 Uhduudqjlqj dqg wdnlqj olplwv/ zh kdyh

�Y? @ e. �

]
4T?

^Ye+z+�> Y?,,� Y?` gJ+�,=

Vlqfh

Ye+z+�> Y?,, @
�� . +4� �,�Y? . �Y?

�. �

@
�� � ��Y?

�. �
. Y?>

zh kdyh

Ye+z+�> Y?,,� Y? @
�� � ��Y?

�. �
=

Wkhq wkh �qdo +lpsolflw, h{suhvvlrq iru wkh ydoxh ri vhdufk lv

�Y? @ e.
��

�. �

]
4T?

^� � �Y?`gJ+�,= +7,

Qrwh wkdw wklv h{suhvvlrq lv lghqwlfdo wr wkh h{suhvvlrq iru wkh uhvhuydwlrq
ydoxh lq d prgho zlwk qr edujdlqlqj zkhq � lv wkh sd|phqw wr wkh lqglylgxdo
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h{fhsw iru wkh suhvhqfh ri wkh idfwru � ^vhh Iolqq dqg Khfnpdq +4<;5,`1 Wklv
lv qrw xqh{shfwhg/ vlqfh zkhq � @ 4> wkh hqwluh pdwfk ydoxh lv wudqvihuuhg
wr wkh zrunhu/ dqg wkxv vhdufk ryhu � lv wkh vdph dv vhdufk ryhu z=

Qrz zh fdq vxppdul}h wkh lpsruwdqw surshuwlhv ri wkh prgho1 Wkh
fulwlfdo �pdwfk� ydoxh �W lv htxdo wr �Y?/ zklfk lv gh�qhg e| ^7`1 Vlqfh dw wklv
pdwfk ydoxh wkh zdjh sd|phqw lv htxdo wr zW � z+�W> Y?, @ ��W.+4��,�W @
�W> wkh uhvhuydwlrq zdjh lv lghqwlfdo wr wkh uhvhuydwlrq pdwfk ydoxh1 Wkh
suredelolw| wkdw d udqgrp hqfrxqwhu jhqhudwhv dq dffhswdeoh pdwfk lv jlyhq
e| �J+�W,> zkhuh �J ghqrwhv wkh vxuylyru ixqfwlrq/ 4�J= Wkh udwh ri ohdylqj
xqhpsor|phqw lv � �J+�W,= Dv zh fdq vhh iurp ^7`/ vlqfh �W lv dq lqfuhdvlqj
ixqfwlrq ri �> udwhv ri xqhpsor|phqw duh kljkhu zkhq vhdufkhuv kdyh pruh
edujdlqlqj srzhu1

Wkh revhuyhg zdjh ghqvlw| lv d vlpsoh pdsslqj iurp wkh pdwfklqj ghq0
vlw|1 Vlqfh

z+�> Y?, @ �� . +4� �,�W

, ��+z>Y?, @
z � +4� �,�W

�
>

wkhq wkh ghqvlw| ixqfwlrq ri revhuyhg zdjhv lv jlyhq e|

k+z, @

+
k3�}E�wE�cT?� �

�CEwW�
z � �W

3 z ? �W
=

Wr looxvwudwh wkh vwuxfwxuh ri wkh prgho erwk zlwk dqg zlwkrxw elqglqj
plqlpxp zdjhv/ lw pd| eh xvhixo wr surylgh dq h{dpsoh1 Zh vhw wkh udwh
ri duulydo ri r�huv +�, wr wkh ydoxh 18 +vr wkdw mre frqwdfwv rffxu hyhu| 5
�shulrgv� rq dyhudjh,/ wkh udwh ri mre glvvroxwlrqv +�, lv vhw wr 135 +vr wkdw wkh
dyhudjh ohqjwk ri d mre lv 83 shulrgv,/ � lv vhw wr 134/ dqg wkh lqvwdqwdqhrxv
uhwxuq iurp vhdufk +e, lv vhw wr 041 Wkh �up0vhdufkhu pdwfklqj glvwulexwlrq lv
dvvxphg wr eh xqlirup zlwk vxssruw ^3> 43`=Zh zloo frpsxwh wkh htxloleulxp
zdjh glvwulexwlrq iru ydoxhv ri � lq wkh vhw ~158/183/1:8/4133�1

Iljxuh 41d sorwv wkh xqlirup s1g1i1 zklfk uhsuhvhqwv j+�, lq wklv fdvh1
Iljxuh 41e sorwv wkh pdsslqj iurp gudzv ri � lqwr zdjh r�huv xqghu wkh
irxu dowhuqdwlyh ydoxhv ri �> wkdw lv zk+�> Y?+�,, @ �� . +4 � �,�Y?+�,=
Qrwh wkdw � h�hfwv wkh htxloleulxp pdsslqj erwk gluhfwo| wkurxjk wkh vorsh
dqg lqgluhfwo| wkurxjk wkh glvdjuhhphqw srlqw �Y?+�,= Iljxuhv 41f0i sorw wkh
htxloleulxp zdjh s1g1i1v iru wkh irxu � ydoxhv1 Lqfuhdvlqj � lq wkh xqlirup
fdvh vlpso| uhvxowv lq lqfuhdvhv lq wkh orzhu dqg xsshu erxqg ri wkh vxssruw
ri wkh htxloleulxp zdjh glvwulexwlrq/ zklfk lv lwvhoi xqlirup1 Vlqfh lqfuhdvhv
lq � uhvxow lq lqfuhdvhv lq wkh ydoxh ri vhdufk/ lw lv lqwhuhvwlqj wr qrwh wkdw lq
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wklv fdvh dq lqfuhdvlqj phdq zdjh dqg dq lqfuhdvlqj glvshuvlrq lq wkh zdjh
glvwulexwlrq duh dvvrfldwhg zlwk kljkhu ydoxhv ri vhdufk1

515 Oderu Pdunhw Ghflvlrqv lq wkh Suhvhqfh ri Plqlpxp
Zdjhv

Qrz frqvlghu wkh fdvh lq zklfk wkh lqwhudfwlrqv ehwzhhq dssolfdqwv dqg
�upv duh frqvwudlqhg e| wkh suhvhqfh ri d plqlpxp zdjh1 Wkh plqlpxp
zdjh/ p> lv vhw e| wkh jryhuqphqw dqg lv dvvxphg wr dsso| wr doo srwhqwldo
pdwfkhv1 Zh dvvxph wkdw wkh rqo| frpshqvdwlrq surylghg e| wkh �up lv wkh
zdjh1 Wkxv wkhuh duh qr rwkhu irupv ri frpshqvdwlrq wkh �up fdq dgmxvw
vr dv wr �xqgr� wkh plqlpxp zdjh sd|phqw uhtxluhphqw1

Zh lpsrvh wkh plqlpxp zdjh lq wkh iudphzrun hvwdeolvkhg lq wkh suh0
ylrxv vhfwlrq1 Dv vkrxog eh fohdu/ dq| p � �W kdv qr h�hfw rq wkh ehkdylru
ri dssolfdqwv ru �upv dqg wkxv zrxog eh d phdqlqjohvv frqvwudlqw1 Wkxv zh
frqvlghu rqo| wkh h�hfwv ri dq lpsrvlwlrq ri p A �W=

Uhfdoo wkdw wkh h{shfwhg ydoxh ri wkh pdwfk iurp wkh srlqw ri ylhz ri wkh
�up lv sursruwlrqdo wr +��z,= Ilupv fdqqrw hduq srvlwlyh sur�wv rq pdwfkhv
zklfk kdyh d ydoxh ohvv wkdq p= Vlqfh p A �W> dq lpphgldwh lpsolfdwlrq
ri wkh lpsrvlwlrq ri wkh plqlpxp zdjh lv wkdw ihzhu frqwdfwv zloo uhvxow lq
mrev 0 wkh vwdqgdug hpsor|phqw h�hfw1

Lq whupv ri zdjh sd|phqwv/ wkh plqlpxp zdjh dfwv vroho| dv d vlgh
frqvwudlqw rq wkh Qdvk edujdlqlqj sureohp1 Irupdoo|/ wkh uhylvhg sureohp
lv jlyhq e|

z+�> Y?, @ dujpd{
�D6

^Ye+z,� Y?`
k

�
� �z

�. �

��3k
>

zkhuh wkh rqo| gl�huhqfh iurp ^4` lv wkh uhvwulfwlrq z � p= Wkh h�hfw rq
wkh vroxwlrq lv uhodwlyho| lqwxlwlyh1 Xqghu wkh �frqvwudlqhg� Qdvk edujdlqlqj
sureohp/ wkhuh zloo h{lvw d ydoxh ri vhdufk zklfk zh ghqrwh �Y?+p, ^Qrwh wkdw
wklv ydoxh lv qrw htxdo wr wkh Y?zklfk zh gh�qhg lq wkh xqfrqvwudlqhg sure0
ohp 0 lw zloo eh gh�qhg ehorz`1 Li zh ljqruh wkh plqlpxp zdjh frqvwudlqw
lq ghwhuplqlqj wkh zdjh sd|phqw jlyhq d pdwfk ydoxh ri � dqg wkh vhdufk
ydoxh �Y?+p,> zh jhw

�z+�> �Y?+p,, @ �� . +4� �,��Y?+p,= +8,

Xqghu wklv glylvlrq ri wkh pdwfk ydoxh/ wkh zrunhu zrxog uhfhlyh d zdjh ri
p zkhq � @ a�> zkhuh

a�+p> �Y?+p,, @
p� +4� �,��Y?+p,

�
=

;



Wkhq li a� �p> doo �ihdvleoh� pdwfkhv zrxog jhqhudwh zdjh r�huv dw ohdvw dv
odujh dv p= Zkhq a� A p/ wklv lv qrw wkh fdvh1 Zkhq � ehorqjv wr wkh vhw
^p> a�,> wkh r�hu dffruglqj wr ^8` lv ohvv wkdq p= Krzhyhu/ zkhq frqiurqwhg
zlwk wkh fkrlfh ri jlylqj vrph ri lwv vxusoxv wr wkh zrunhu yhuvxv d uhwxuq
ri 3> wkh �up sd|v wkh zdjh ri p iru doo � 5 ^p> a�,= Zdjhv iru dffhswdeoh �
rxwvlgh ri wklv vhw duh ghwhuplqhg dffruglqj wr ^8`1

Zh fdq qrz frqvlghu wkh lqglylgxdo*v vhdufk sureohp jlyhq wklv zdjh
r�hu ixqfwlrq1 Xvlqj wkh �w lqwhuydo irupxodwlrq/
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Wdnlqj olplwv diwhu froohfwlqj whupv/ zh kdyh
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Lw pdnhv vrph vhqvh wr uhihu wr wkh ydoh ��Y?+p, dv wkh �lpsolflw� uhvhu0
ydwlrq zdjh1 Xqolnh wkh vlwxdwlrq lq zklfk d elqglqj plqlpxp zdjh grhv
qrw h{lvw/ wklv ydoxh lv qrw wkh plqlpdo dffhswdeoh zdjh dqg pdwfk ydoxh1
Wkh dffhswdeoh zdjh2pdwfk ydoxh lv udwkhu wkh lpsrvhg plqlpxp ydoxh p=
Qrqhwkhohvv/ wkh ydoxh ��Y? lv ri fulwlfdo lpsruwdqfh lq ghwhuplqlqj htxlole0
ulxp zdjhv dqg wkh zhoiduh h�hfwv ri plqlpxp zdjh fkdqjhv1

Frqglwlrqdo rq wkh ydoxh ri d elqglqj plqlpxp zdjh p> wkh htxloleulxp
zdjh glvwulexwlrq lv ghvfulehg e|
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Wkh plqlpxp zdjh vlgh frqvwudlqw surgxfhv dq htxloleulxp zdjh glvwul0
exwlrq zklfk kdv d pdvv srlqw dw p dqg kdv zdjhv ehlqj frqwlqxrxvo|
glvwulexwhg rq wkh lqwhuydo +p>4,=7

Ohw xv uhfrqvlghu rxu xqlirup h{dpsoh diwhu d plqlpxp zdjh ri :=8
kdv ehhq lpsrvhg> vlqfh wkh glvwulexwlrq qrz kdv d pdvv srlqw/ lw lv pruh
frqyhqlhqw wr sorw wkh f1g1i1 dv rssrvhg wr wkh s1g1i1 Iljxuh 51d sorwv wkh
f1g1i1 ri wkh pdwfklqj glvwulexwlrq1 Iljxuh 51e frqwdlqv wkh htxloleulxp
zdjh r�hu pdsslqj iurp � wr z zkhq p @ :=8= Qrwh wkdw iru wkh fdvh
ri � @ =58> wkh htxloleulxp zdjh ixqfwlrq pdsv doo ydoxhv ri � � :=8 lqwr
d zdjh r�hu ri z @ :=8= Dw ohdvw zkhq wkh glvwulexwlrq J kdv erxqghg
vxssruw/ wklv ghprqvwudwhv wkdw wkh lpsrvlwlrq ri d plqlpxp zdjh fdq
uhvxow lq d ghjhqhudwh zdjh r�hu glvwulexwlrq dw wkh plqlpxp/ dv zh vhh
lq Iljxuh 51f1 Lq wkh fdvh ri � @ =8> wkh htxloleulxp zdjh glvwulexwlrq kdv
d vxevwdqwldo pdvv srlqw dw :=8> zlwk d uhodwlyho| �qduurz� udqjh ri zdjhv
deryh lw1 Zkhq � @ =:8 ru 4 +Iljxuhv 51h dqg 51i,/ wkh plqlpxp zdjh grhv
qrw vxevwdqwldoo| d�hfw wkh htxloleulxp zdjh glvwulexwlrq/ zklfk lv qrw wr
vd| wkdw wkh zhoiduh h�hfwv ri wkh lpsrvlwlrq ri vxfk d plqlpxp zdjh lq
wkhvh fdvhv duh lqfrqvhtxhqwldo1

6 Plqlpxp Zdjh H�hfwv rq Zhoiduh dqg Zdjh
Glvwulexwlrqv

Lq Iolqq +4<<<, zh surylgh d uhodwlyho| h{whqvlyh glvfxvvlrq ri vrph srvvleoh
phdvxuhv ri zhoiduh wkdw fdq eh ghyhorshg xvlqj rxu oderu pdunhw prgho1
Zh irfxv rq rqh vlpsoh phdvxuh khuh/ zklfk lv wkh ydoxh ri xqhpsor|hg
vhdufk jlyhq wkh plqlpxp zdjh p> ru �Y?+p,= Lw lv frqyhqlhqw wr zrun zlwk
wklv phdvxuh erwk ehfdxvh lw lv d vfdodu dqg lv uhdglo| lqwhusuhwdeoh1 Vlqfh
doo lqglylgxdov ehjlq wkhlu oderu pdunhw fduhhuv lq wkh xqhpsor|phqw vwdwh/
�Y?+p, uhsuhvhqwv wkh h{ dqwh ydoxh ri wkh oderu pdunhw fduhhu iru lqglylg0
xdov lqkdelwlqj d oderu pdunhw fkdudfwhul}hg e| � �+� � � � �,� zkhq wkh
plqlpxp zdjh lv vhw dw wkh ohyho p iruhyhu1 Zkloh lw lv fohdu wkdw plqlpxp
zdjhv gr fkdqjh ryhu wlph/ dv gr rwkhu oderu pdunhw sdudphwhuv/ vxfk d
phdvxuh lv frqvlvwhqw zlwk rxu prgholqj dvvxpswlrq ri vwdwlrqdulw|1 Uhdg0
huv lqwhuhvwhg lq wkh ghyhorsphqw ri rwkhu zhoiduh phdvxuhv fdq frqvxow rxu
frpsdqlrq sdshu1

Qrwh wkdw zh gr qrw frqvlghu wkh zhoiduh ri �upv hlwkhu h{solflwo| ru
lpsolflwo|1 Fohduo|/ zkhq d plqlpxp zdjh uhvxowv lq dq lqfuhdvh lq wkh ydoxh

7Wklv vwdwhphqw lv suhglfdwhg rq w ehlqj d frqwlqxrxvo| glvwulexwhg udqgrp yduldeoh
zlwk xqerxqghg vxssruw1
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ri vhdufk iru lqglylgxdov rq wkh vxsso| vlgh ri wkh pdunhw/ wkh sursruwlrq
ri wkh pdwfk vshfl�f vxusoxv dydlodeoh wr �upv lv glplqlvkhg1 Wkxv/ wkhuh
duh qr Sduhwr0pd{lpl}lqj plqlpxp zdjhv iru wkh hfrqrp| dv d zkroh lq
wklv iudphzrun1 Qrqhwkhohvv/ xqghu dq| plqlpxp zdjh �upv frqwlqxh wr dw
ohdvw euhdn0hyhq rq doo hpsor|phqw frqwudfwv vr wkdw sur�wv zloo vwloo h{lvw1
Vlqfh wkh hpslulfdo frpsrqhqw ri rxu uhvhdufk h{foxvlyho| xwlol}hv gdwd iurp
wkh vxsso| vlgh ri wkh pdunhw/ iru sudjpdwlf uhdvrqv zh fdq rqo| dwwhpsw wr
fkdudfwhul}h dqg frpsduh oderu pdunhw dqg zhoiduh rxwfrphv iru lqglylgxdov
lq dq| hyhqw1

614 Uhvxowv xvlqj Xqfrqglwlrqdo Zdjh Glvwulexwlrqv

Zlwklq wklv prgho wkh h�hfwv ri lpsrvlqj d plqlpxp zdjh rq wkh dffhswhg
zdjh glvwulexwlrq duh frpsoh{1 Wkh plqlpxp revhuyhg zdjh zloo dozd|v
lqfuhdvh lq uhvsrqvh wr wkh lpsrvlwlrq ri d elqglqj plqlpxp zdjh ru zkhq
d elqglqj plqlpxp zdjh lv lqfuhdvhg1 Zkloh lqwxlwlrq pljkw ohdg rqh wr
h{shfw wkdw frpsdulqj zdjh glvwulexwlrqv dvvrfldwhg zlwk wkh vdph oderu
pdunhw hqylurqphqw � dqg gl�huhqw plqlpxp zdjh ohyhov lq whupv ri �uvw
rughu vwrfkdvwlf grplqdqfh fulwhuld pljkw eh d uholdeoh jxlgh wr xqghuo|lqj
zhoiduh ohyhov/ wklv lv qrw w|slfdoo| wkh fdvh1 Xvlqj wkh zhoiduh fulwhulrq
zh kdyh gh�qhg deryh/ wkh idfw wkdw wkh zdjh glvwulexwlrq xqghu wkh qhz
^kljkhu` plqlpxp zdjh grhv qrw �uvw rughu vwrfkdvwlfdoo| grplqdwh wkh rog
rqh lv lqirupdwlyh derxw zhoiduh/ exw wkh frqyhuvh lv qrw wkh fdvh1 Zh qrz
surylgh wkh ghprqvwudwlrq ri wklv fodlp1

Gh�qlwlrq 4 Glvwulexwlrq I2 �uvw rughu vwrfkdvwlfdoo| grplqdwhv glvwulex0
wlrq I� li I�+{, � I2+{, iru doo { dqg I�+{, A I2+{, iru vrph {=

Lq whupv ri rxu prgho/ zh kdyh wkh iroorzlqj uhvxow1

Sursrvlwlrq 5 Ohw wkh zdjh glvwulexwlrq xqghu wkh plqlpxp zdjh p� eh
jlyhq e| I2+z, dqg wkdw xqghu p eh jlyhq e| I�+z,> iru p ? p�= Wkhq I2
�uvw rughu vwrfkdvwlfdoo| grplqdwhv I� l�

�J+p,
�J+p�,

�
�J+ 53E�3k�4

�T?E6�
k

,

�J+53E�3k�4
�T?E6��

k
,
iru doo } �p�= +43,

Surri1 Fohduo| I�+z, A I2+z, iru doo z ? p�> vlqfh I2+z, @ 3 iru doo
z ? p�= Iru dq| } �p�>

I2+}, @ 4�
�J+ 53E�3k�4

�T?E6��
k

,

�J+p�,
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dqg

I�+}, @ 4�
�J+53E�3k�4

�T?E6�
k

,

�J+p,
>

vr wkdw

I�+}, � I2+},

/ 4�
�J+53E�3k�4

�T?E6�
k

,

�J+p,
� 4�

�J+53E�3k�4
�T?E6��

k
,

�J+p�,

/
�J+ 53E�3k�4

�T?E6��
k

,

�J+p�,
�

�J+ 53E�3k�4
�T?E6�

k
,

�J+p,

/
�J+p,
�J+p�,

�
�J+53E�3k�4

�T?E6�
k

,

�J+ 53E�3k�4
�T?E6��

k
,
=

Fruroodu| 6 I2 �uvw rughu vwrfkdvwlfdoo| grplqdwhv I� li �Y?+p
�, � �Y?+p,=

Surri1 Wkh ohiw0kdqg vlgh ri ^43` lv e| frqvwuxfwlrq juhdwhu wkdq ru htxdo
wr 41 Wkhq wkh lqhtxdolw| lv vdwlv�hg vlqfh

�Y?+p
�, � �Y?+p,

, } � +4� �,��Y?+p�,

�
� } � +4� �,��Y?+p,

�

,
�J+ 53E�3k�4

�T?E6�
k

,

�J+53E�3k�4
�T?E6��

k
,
� 4=

Xqiruwxqdwho|/ wklv uhvxow lv qrw ri pxfk sudfwlfdo vljql�fdqfh vlqfh
�Y?+p

�, � �Y?+p, lv rqo| d vx!flhqw frqglwlrq iru vwrfkdvwlf grplqdqfh ri
I2 zlwk uhvshfw wr I�> qrw d qhfhvvdu| frqglwlrq1 D pruh sudfwlfdoo| xvhixo
uhvxow lv wkh iroorzlqj1

Fruroodu| 7 Li I2 grhv qrw �uvw rughu vwrfkdvwlfdoo| grplqdwh I� li �Y?+p�, ?
�Y?+p,=

Surri1 Iru I2 qrw wr �uvw rughu vwrfkdvwlfdoo| grplqdwh I� lpsolhv wkh
h{lvwhqfh ri dw ohdvw rqh { vxfk wkdw

�J+%3E�3k�4
�T?E6�

k
,

�J+%3E�3k�4
�T?E6��

k
,

A
�J+p,
�J+p�,

A 4
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, {� +4� �,��Y?+p,

�
?

{� +4� �,��Y?+p
�,

�

, �Y?+p, A �Y?+p
�,=

Wkhvh uhvxowv vxjjhvw wkdw revhuyhg zdjh glvwulexwlrqv ehiruh dqg diwhu
plqlpxpzdjh fkdqjhv fdq uhyhdo zkhwkhu wkh plqlpxpzdjh lqfuhdvh zruv0
hqhg zhoiduh/ exw fdqqrw eh xvhg wr lqihu zkhwkhu ru qrw zhoiduh lqfuhdvhg1 Lq
sduwlfxodu/ wkh �qglqj wkdw wkh qhz zdjh glvwulexwlrq/ I2> �uvw rughu vwrfkdv0
wlfdoo| grplqdwhv wkh rog rqh lv frqvlvwhqw zlwk hlwkhu �Y?+p�, A �Y?+p, ru
�Y?+p�, ? �Y?+p,= Wkh �qglqj wkdw I2 grhv qrw �uvw rughu vwrfkdvwlfdoo|
grplqdwh I� lpsolhv wkdw �Y?+p, A �Y?+p�,=8

Reylrxvo| I2 pd| qrw �uvw rughu vwrfkdvwlfdoo| grplqdwh I� gxh wr d
ydulhw| ri ihdwxuhv ri wkh wzr glvwulexwlrq ixqfwlrqv1 Rxu prgho vshfl�fdwlrq
sodfhv uhvwulfwlrqv rq wkh zd| lq zklfk IRVG fdq idlo1 Lq sduwlfxodu/ li I2
grhv qrw IRVG I�> wkhuh pxvw h{lvw vrph {W vxfk wkdw I2+{, � I�+{, iru doo
{ � {W dqg I2+{, A I�+{, iru doo { A {W= Wkdw lv/ wkh f1g1i1v vkrxog lqwhuvhfw
hlwkhu qhyhu +lq zklfk fdvh I2 �uvw rughu vwrfkdvwlfdoo| grplqdwhv I�, ru rqfh
dqg rqo| rqfh +lq wkh fdvh ri idloxuh ri IRVG,19 Pxowlsoh furvvlqjv ri wkh
f1g1i1v frxog eh surgxfhg e| vdpsolqj yduldelolw| ru prgho plvvshfl�fdwlrq1

Wr looxvwudwh vrph ri rxu dqdo|wlfdo uhvxowv zh h{whqg rxu h{dpsoh xvlqj
wkh xqlirup J rq wkh lqwhuydo ^3/43`1 Lq Iljxuh 6 zh sorw wkh htxloleulxp
zdjh glvwulexwlrqv iru plqlpxp zdjh ydoxhv ri p 5 i9> :> ;> <j iru ydoxhv
ri wkh edujdlqlqj srzhu sdudphwhu � 5 i=8> =:> =;> =<j= Lq wkh fdvh ri � @ =8
+Iljxuh 61d,/ wkh ydoxh ri vhdufk lqfuhdvhv zkhq prylqj iurp p @ 9 wr
p @ :> dqg wkh htxloleulxp zdjh glvwulexwlrq dw p @ : �uvw rughu vwrfkdv0
wlfdoo| grplqdwhv wkh rqh dvvrfldwhg zlwk p @ 9 dv zh nqrz pxvw eh wkh
fdvh iurp Fruroodu| 61 Krzhyhu/ wkrxjk wkh ydoxh ri vhdufk ghfuhdvhv zkhq
p pryhv iurp : wr ; dqg <> wkhvh +ghjhqhudwh, zdjh glvwulexwlrqv �uvw ru0
ghu vwrfkdvwlfdoo| grplqdwh wkh rqh dvvrfldwhg zlwk p @ := Wkxv/ iurp wkh
revhuydwlrq wkdw rqh zdjh glvwulexwlrq �uvw rughu vwrfkdvwlfdoo| grplqdwhv
dqrwkhu/ zh fdqqrw jhqhudoo| frqfoxgh wkdw zhoiduh kdv lqfuhdvhg xqghu hl0
wkhu rxu zhoiduh fulwhulrq/ dv zh ohduqhg iurp wkh dqdo|wlf uhvxowv suhvhqwhg
deryh1

Wkh uhpdlqlqj sdqhov ri Iljxuh 6 ghprqvwudwh wkdw plqlpxp zdjh lq0
fuhdvhv gr qrw qhfhvvdulo| ohdg wr qhz zdjh glvwulexwlrqv zklfk vwrfkdvwlfdoo|

8Qrwh wkdw 8� fdq qhyhu IRVG 82 iru wkh vlpsoh uhdvrq wkdw 8�E�� : f dqg 82E�� ' f
iru doo � M d6c6���

9Wkh vlqjoh0furvvlqj surshuw| lv qrw vx!flhqw wr surgxfh vhfrqg rughu vwrfkdvwlf grp0
lqdqfh1
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grplqdwh wkh ruljlqdo rqhv1 Zh kdyh fkrvhq kljk ydoxhv ri � wr looxvwudwh
wklv srlqw/ vlqfh zkhq � lv kljk plqlpxp zdjh lqfuhdvhv zloo lq jhqhudo ohdg
wr uhgxfwlrqv lq wkh ydoxh ri vhdufk1 Wklv srlqw lv ehvw0looxvwudwhg lq Iljxuh
61f/ fruuhvsrqglqj wr wkh fdvh ri � @ =;= Wkh zdjh glvwulexwlrq dvvrfldwhg
zlwk p @ < grhv qrw vwrfkdvwlfdoo| grplqdwh dq| ri wkh rwkhu plqlpxp
zdjh glvwulexwlrqv/ wkh uhdvrq ehlqj wkh uhodwlyho| orz vhdufk ydoxh dvvrfl0
dwhg zlwk p @ <= Revhuydwlrqv ri wklv idloxuh ri IRVG zrxog kdyh ohg xv wr
fruuhfwo| lqihu wkdw wkhuh kdg ehhq d uhgxfwlrq lq zhoiduh1

Dv wkhvh uhvxowv dqg looxvwudwlrqv pdnh fohdu/ iurp fkdqjhv lq zdjh glvwul0
exwlrqv lw lv gl!fxow wr dvvhvv zhoiduh lpsdfwv1 Zh qrz wxuq rxu dwwhqwlrq wr
dqrwkhu fkdudfwhulvwlf ri wkh uhodwlrqvkls ehwzhhq wkh suh0 dqg srvw fkdqjh
zdjh glvwulexwlrqv wkdw pd| kdyh vrph lqirupdwlrq ydoxh dqg wr zklfk lw lv
srvvleoh wr jlyh d uhdvrqdeo| lqwxlwlyh dqg |hw suhflvh gh�qlwlrq frqqhfwhg
zlwk wkh qrwlrq ri vslooryhu1

615 Uhvxowv xvlqj Frqglwlrqdo Zdjh Glvwulexwlrqv

Frqvlghu d zdjh udwh z vxfk wkdw z A p� A p= Wkhq xqghu hlwkhu ydoxh ri
wkh plqlpxp zdjh wkh ghqvlw| ri dffhswhg zdjhv dw z h{lvwv1: Frqvlghu wkh
udwlr ri wkh ghqvlw| dw z xqghu p� dqg p> zklfk lv lq hvvhqfh d olnholkrrg
udwlr1 Wkhq zh gh�qh

O+z>p>p�, @

k3�}E�wE�c �T?E6����
�CE6��

k3�}E�wE�c�T?E6���
�CE6�

@
�J+p,� j+��+z> �Y?+p

�,,,
�J+p�,� j+��+z> �Y?+p,,,

=

Wkh udwlr �J+p,@ �J+p�, lq O+z>p>p�, zh pljkw uhihu wr dv wkh wuxqfdwlrq
h�hfw ri wkh plqlpxp zdjh fkdqjh1 Vlqfh �J+p, A �J+p�,> wklv h�hfw lv
dozd|v juhdwhu wkdq 4 dqg lv lqghshqghqw ri wkh ydoxh ri z> z A p�> zh zloo
zulwh lw dv W +p>p�,= Zh ylhz wklv h�hfw rq wkh udwlr ri zdjh ghqvlwlhv dw
z dv udwkhu phfkdqlfdo dqg xqlqwhuhvwlqj1 Lqvwhdg/ zkdw zh zloo uhihu wr dv
wkh vslooryhu h�hfw lv wkh whup

V+z>p>p�, @
j+��+z> �Y?+p

�,,,

j+��+z> �Y?+p,,,
=

:Iru sxusrvhv ri wklv glvfxvvlrq zh dvvxph wkdw wkh pdwfklqj glvwulexwlrq kdv xq0
erxqghg vxssruw/ zklfk lpsolhv wkdw wkh zdjh glvwulexwlrq zloo vkduh wklv fkdudfwhulvwlf
dv zhoo zkhqhyhu k : f�
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Lq wklv zd| zh kdyh frqvwuxfwhg d ghfrpsrvlwlrq ri wkh olnholkrrg udwlr ri
wkh zdjh ghqvlw| dw z ehiruh dqg diwhu wkh zdjh fkdqjh/ zklfk lv

O+z>p>p�, @ W +p>p�,V+z>p>p�,=

Lw zloo eh frqyhqlhqw wr zrun zlwk dq dgglwlyh ghfrpsrvlwlrq ri wkh orj
olnholkrrg udwlr/ ru

oqO+z>p>p�, @ oqW +p>p�, . oqV+z>p>p�,=

Xvlqj wkh orjdulwkplf ghfrpsrvlwlrq/ lw lv fohdu wkdw wkh wuxqfdwlrq h�hfw
vkliwv oqO e| wkh xqlirup dprxqw oqW +p>p�,= Ixuwkhupruh zh nqrz wkdw
oqW +p=p�, A 3 iru dq| wzr elqglqj plqlpxp zdjhv p� A p= Rxu pdlq
lqwhuhvw lv lq wkh pdqqhu lq zklfk wkh vkdsh ri wkh zdjh ghqvlw| deryh p�

fkdqjhv zlwk d fkdqjh lq wkh plqlpxp zdjh1 Zh zloo dvvhvv wklv e| orrnlqj
dw wkh pdqqhu lq zklfk oqO+z>p>p�, ydulhv lq z= Wkdw lv/ zh duh lqwhuhvwhg
lq

C oqO+z>p>p�,

Cz
@

C oqV+z>p>p�,

Cz
=

Zh zrun zlwk wkh orjdulwkp ri wkh olnholkrrg udwlr vr wkdw wkh wuxqfdwlrq
h�hfw fdq eh ljqruhg1

Gh�qlwlrq 8 Wkh txdqwlw| C oqV+z>p>p�,@Cz lv fdoohg wkh vkdsh shu0
wxuedwlrq dw z dvvrfldwhg zlwk wkh plqlpxp zdjh lqfuhdvh iurp p wr p�=
Zh ghqrwh wklv txdqwlw| e| VS +z>p>p�,=

Lq jhqhudo/ plqlpxp zdjh fkdqjhv uhvxow lq fkdqjhv lq wkh vkdsh ri wkh
ghqvlw| deryh wkh qhz plqlpxp zdjh1 Lw lv lqwhuhvwlqj wr frqvlghu zkhq
wklv zrxog qrw eh wkh fdvh= Zh ehjlq zlwk rqh uhdglo| fkhfndeoh vx!flhqw
frqglwlrq iru wkh devhqfh ri vkdsh shuwxuedwlrqv1

Sursrvlwlrq 9 Dvvxph wkdw J+�, lv frqwlqxrxvo| gl�huhqwldeoh rq lwv vxs0
sruw T � Un> zkhuh T lv d frqqhfwhg vhw1 Wkhq wkhuh lv qr vslooryhu zkhq
prylqj iurp plqlpxp zdjh p wr p� li dqg rqo| li dw ohdvw rqh ri wkh iro0
orzlqj=

41 �Y?+p�, @ �Y?+p,

51 j+�, @ �3� h{s+��, iru doo � 5 T> zkhuh � @ �+�>T, @
U
'
h{s+�{,g{ ?

4=
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Surri1 Iru VS +z>p>p�, wr eh 3 iru doo z uhtxluhv wkdw V+z>p>p�, eh
lqghshqghqw ri z iru doo z A p�> ru

V+z>p>p�, @
j+�

k
� �3k

k
��Y?+p�,,

j+�
k
� �3k

k
��Y?+p,,

@ n ;z A p�=

Li �Y?+p�, @ �Y?+p,> wkhq V+z>p>p�, @ 4 iru doo z A p�> vr frqglwlrq 4 lv
reylrxv1

Uhzulwh V+z>p>p�, dv j+|.e,@j+|.d,= Wklv h{suhvvlrq lv lqghshqghqw
ri | iru doo ydoxhv ri | li dqg rqo| li j+{ . |, @ �j+{,j+|, iru doo ydoxhv ri
{ dqg | vxfk wkdw j+{ . |,> j+{,> dqg j+|, duh zhoo0gh�qhg dqg qrq0}hur1
Diwhu uhzulwlqj

j+{, @ h{s+u+{,,>

wkh frqglwlrq j+{. |, @ �j+{,j+|, lpsolhv

u+{. |, @ oq � . u+{, . u+|,>

zklfk iru frqwlqxrxv u lv htxlydohqw wr

u+{, @ � oq � . �{

iru vrph �= Wkhq
j+{, @ �3� h{s+�{,>

zkhuh � lv d frqvwdqw vhohfwhg vxfk wkdw � @
U
'
h{s+�{, g{=;

Lq zkdw iroorzv/ zkhq orrnlqj iru �vslooryhu h�hfwv� zh zloo eh irfxvlqj
sulpdulo| rq zkhwkhu ru qrw frqglwlrq 5 lq wkh deryh sursrvlwlrq lv vdwlv�hg/
vlqfh lw lv wkh rqo| �joredo� rqh ri wkh wzr1 E| wklv zh phdq wkdw vdwlvidfwlrq
ri frqglwlrq 5 grhv qrw ghshqg rq wkh sduwlfxodu ydoxhv ri p dqg p� fkrvhq/
vr orqj dv wkh| duh erwk elqglqj plqlpxp zdjhv1

Wkh w|shv ri glvwulexwlrqv zklfk vdwlvi| frqglwlrq 5 duh uhodwlyho| idploldu
rqhv1 Zkhq � @ 3> wkhq zh kdyh j+{, @ �3� rq T> zklfk lpsolhv wkdw T lv
d �qlwh lqwhuydo ^�/�`> zlwk 3 � � ? � ?4> vr wkdw � @ ^���`= Lq wklv fdvh J
fruuhvsrqgv wr d xqlirup glvwulexwlrq1 Zkhq � ? 3> zh kdyh wkh fdvh ri d
qhjdwlyh h{srqhqwldo glvwulexwlrq1 Zkhq T @ Un> wkhq � @ m�m3�= Zkhq T
lv d surshu vxevhw ri Un> wkhq j lv d wuxqfdwhg qhjdwlyh h{srqhqwldo ghqvlw|1
Ilqdoo|/ zkhq � A 3> iru lqwhjudelolw| ri wkh ghqvlw| zh uhtxluh wkdw T eh d
surshu vxevhw ri Un= Lq rwkhu dqdo|wlf uhvshfwv wklv fdvh forvho| uhvhpeohv
wkdw ri � ? 3=

; L dp yhu| pxfk lqghewhg wr Ehuqdug Vhodqlì iru vxjjhvwlqj wklv phwkrg ri surri1
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Wkh srzhu ri Sursrvlwlrq 9 olhv lq lwv ghprqvwudwlrq wkdw wkhvh glvwulex0
wlrqv duh wkh rqo| rqhv lq wkh fodvv ri glvwulexwlrqv frqvlghuhg wkdw fdqqrw
h{klelw cvslooryhu* iru dq| ydoxhv ri p dqg p�= Ixuwkhupruh/ wkh qhjdwlyh
h{srqhqwldo glvwulexwlrq lv wkh rqo| rqh wkdw fdqqrw h{klelw vslooryhu li zh
uhvwulfw rxu dwwhqwlrq wr glvwulexwlrqv zkrvh vxssruw lv Un=

D uhvxow zklfk iroorzv lpphgldwho| iurp frqglwlrq 5 ri wkh deryh sursr0
vlwlrq wkdw zh vkdoo pdnh xvh ri lq wkh vhtxho lv wkh iroorzlqj1

Fruroodu| : Li frqglwlrq 5 ri Sursrvlwlrq 9 lv vdwlv�hg/ wkhq

i+z>p, @ �+p>p�,i+z>p�,> ;z A p� A p>

zkhuh

�+p>p�, @
�J+p�,
�J+p,

j+��3k
k

��Y?+p,,

j+��3k
k

��Y?+p�,,
=

Zh qrz ghyhors d whvw iru zkdw zh kdyh gh�qhg deryh dv vslooryhu h�hfwv
wkdw grhv qrw uhtxluh xv wr dvvxph dq| sduwlfxodu ixqfwlrqdo irup iru J> dqg
lq idfw grhv qrw pdnh pxfk xvh ri wkh prgho vwuxfwxuh1 Lq wklv vhqvh/ zh
fdq frqvlghu wklv d jhqhudo whvw iru zkhwkhu ru qrw d plqlpxp zdjh fkdqjh
uhvxowv lq vkdsh shuwxuedwlrq h�hfwv1 Lw lv lpsruwdqw wr nhhs lq plqg wkdw
wkh devhqfh ri vkdsh shuwxuedwlrq h�hfwv grhv qrw lpso| wkdw wkhuh duh qr
jhqhudo zhoiduh h�hfwv ri plqlpxp zdjh fkdqjhv lq wkh srsxodwlrq1 Zh zloo
looxvwudwh wklv srlqw ehorz zlwk wkh xvh ri vrph vlpxodwlrqv1

Wkh whvw zh ghyhors lv d vwudljkwiruzdug h{whqvlrq ri wkh jhqhudo idplo|
ri qrqsdudphwulf whvwv zklfk whvw zkhwkhu wzr srsxodwlrq glvwulexwlrqv duh
htxdo ryhu wkh hqwluh +frpprq, vxssruw ri wkh glvwulexwlrqv1 Ohw I�+[,
ghqrwh wkh fxpxodwlyh glvwulexwlrq ixqfwlrq ri wkh udqgrp yduldeoh[ dqg ohw
I2+\ , ghqrwh wkh f1g1i1 ri wkh udqgrp yduldeoh \= Ohw wkh frpprq vxssruw
ri wkh wzr glvwulexwlrqv eh ghqrwhg e| 
= Wkhuh h{lvw vhyhudo qrqsdudphwulf
whvwv ri wkh qxoo k|srwkhvlv= Kf = I�+{, @ I2+{,> ;{ 5 
> zhoo0nqrzq
h{dpsohv duh wkh Nroprjrury0Vpluqry Wzr Vdpsoh Whvw dqg wkh Zdog0
Zroirzlw} Uxqv Whvw1

Zh sursrvh wr whvw sursruwlrqdolw| ri wkh srsxodwlrq zdjh ghqvlwlhv diwhu
d plqlpxp zdjh fkdqjh ryhu d vxevhw ri wkh vxssruw ri wkh zdjh glvwulex0
wlrq1 Zh hpsor| wkh iroorzlqj uhvxow1

Sursrvlwlrq ; Ohw i�+z, @ �i2+z, iru doo z 5 V � 
> zkhuh V lv d frq0
qhfwhg vhw vwulfwo| frqwdlqhg lq 
> zlwk V @ +d> e,= Wkhq I�+zmz 5 V, @
I2+zmz 5 V,=
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Surri1 Wkh frqglwlrqdo f1g1i1 I&+zmz 5 V, lv jlyhq e|

I&+zmz 5 V, @

U �

@
i&+{, g{U K

@
i&+{,g{

> n @ 4> 5> z 5 V=

Vlqfh i�+z, @ �i2+z, iru z 5 V>

I�+zmz 5 V, @

U �

@
�i2+{, g{U K

@
�i2+{, g{

@ I2+zmz 5 V,> ;z 5 V=

Wr lpsohphqw rxu whvw iru vkdsh shuwxuedwlrq uhtxluhv wkdw zh uhvwulfw
dwwhqwlrq wr wkh vxevhw ri zdjhv iurp wkh wzr plqlpxp zdjh uhjlphv wkdw
duh juhdwhu wkdq wkh odujhvw plqlpxp zdjh1 Ohw p� ghqrwh wkh kljkhu ri wkh
wzr +elqglqj, plqlpxp zdjhv dqg p wkh ohvvhu ri wkh wzr1 Zh kdyh dffhvv
wr q� zdjh revhuydwlrqv zklfk duh juhdwhu wkdq p� iurp wkh uhjlph zkhq p
lv lq irufh/ zkhuh wkh gudzv duh ghqrwhg z�

�> z
�
2> ===> z

�
?�
> dqg zh kdyh dffhvv

wr q2 zdjh revhuydwlrqv doo ri zklfk duh juhdwhu wkdq p� zkhq wkh uhjlph
p� lv lq sodfh/ zlwk wkh zdjh revhuydwlrqv jlyhq e| z2

�> z
2
2> ===> z

2
?2
= Wkh qxoo

k|srwkhvlv wkdw zh zlvk wr whvw lv wkdw

Kf = I�+zmz A p�, @ I2+zmz A p�,> ;z A p�= +44,

Qrz d frqvlvwhqw hvwlpdwru ri wkh frqglwlrqdo f1g1i1v lv jlyhq e|

aI&+zmz A p�, @ q3�&

?&[
�'�

"^z&
� � z`> ;z A p�>

zkhuh "^D` lv wkh lqglfdwru ixqfwlrq zklfk wdnhv wkh ydoxh 4 zkhq D lv wuxh
dqg lv 3 rwkhuzlvh1 Zh zloo xwlol}h wkh Nroprjrury0Vpluqry Wzr Vdpsoh
whvw wr whvw ^44`/ zklfk lv edvhg rq wkh pd{lpxp glvwdqfh ehwzhhq wkh wzr
hpslulfdo +frqglwlrqdo, fxpxodwlyh glvwulexwlrq ixqfwlrqv1 Lq rxu fdvh wkh
whvw vwdwlvwlf lv gh�qhg dv

G?�c?2 @ pd{
�:6�

��� aI�+zmz A p�,� aI2+zmz A p�,
��� =

Wkh �ghjuhhv ri iuhhgrp� iru wkh wzr vdpsoh whvw duh jlyhq e|
t

?�f?2
?�n?2

=

Xvlqj wklv ydoxh/ fulwlfdo ydoxhv iru G?�c?2 duh wkh vdph dv iru wkh rqh vdpsoh
yhuvlrq ri wkh whvw dqg duh uhdglo| dydlodeoh1<

<Vhh Udr +4<:6,/ sdjhv 7530755/ iru d eulhi glvfxvvlrq ri wkhvh uhvxowv1
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616 Uhvxowv xvlqj Pdwfkhg Gdwd

E| pdwfkhg gdwd zh phdq revhuydwlrqv rq wkh vdph lqglylgxdov xqghu +dw
ohdvw, wzr gl�huhqw plqlpxp zdjh uhjlphv1 D qxpehu ri uhvhdufkhuv kdyh
h{dplqhg wkh lpsdfw ri plqlpxp zdjh fkdqjhv rq oderu pdunhw rxwfrphv
xvlqj sdqho gdwd/43 wkrxjk qrqh kdyh dwwhpswhg wr dvvhvv zhoiduh h�hfwv shu
vh iurp vxfk gdwd1 Jlyhq wkh dvvxpswlrqv ri wkh prgho/ lw lv wulyldo wr ohduq
wkh zhoiduh h�hfw ri d plqlpxp zdjh jlyhq dffhvv wr zdjh lqirupdwlrq iru
dw ohdvw rqh lqglylgxdo zkr zdv sdlg pruh wkdq wkh plqlpxp zdjh lq hdfk
|hdu1 Ohw wkhuh h{lvw d vhw ri lqglylgxdov lq wkh srsxodwlrq L zkr uhpdlqhg
dw wkh vdph hpsor|hu erwk ehiruh dqg diwhu wkh plqlpxp zdjh fkdqjhg dqg
zkr kdyh d zdjh udwh juhdwhu wkdq wkh +uhvshfwlyh, plqlpxp lq erwk |hduv1
Ohw l eh d phpehu ri wklv vhw/ dqg ohw wkhlu suh0 dqg srvw0plqlpxp zdjh
fkdqjh zdjh revhuydwlrqv eh ghqrwhg e| z� dqg z��= Wkhq

z� @ ��� . +4� �,�Y?+p,> �� A a�+p> �Y?+p,,

z�� @ ��� . +4� �,�Y?+p
�,> �� A a�+p�> �Y?+p

�,,

vr wkdw
z�� �z� @ �+4� �,i�Y?+p�,� �Y?+p,j= +45,

Wkh iroorzlqj uhvxow lv lpphgldwh1

Sursrvlwlrq < Wkh plqlpxp zdjh fkdqjh zdv zhoiduh lpsurylqj l� H+z��
zmz A p>z� A p�, A 3=

Surri1 Dffruglqj wr ^45` wkh zdjh gl�huhqfh iru dq| l 5 L lv htxdo wr
�+4��,i�Y?+p�,� �Y?+p,j> zklfk lv lqghshqghqw ri l> vr wkdw wkh h{shfwdwlrq
ryhu wkh vhw L> ru dq| vxevhw ri L> lv htxdo wr wklv frqvwdqw1 Wkh frqvwdqw lv
rqo| srvlwlyh li dqg rqo| li �Y?+p

�,� �Y?+p, A 3=
Ehfdxvh wkh frqvwdqw lv wkh vdph iru doo phpehuv ri L> zh qrwh wkh

iroorzlqj vwurqj lpsolfdwlrq1

Fruroodu| 43 Wkh zdjh gl�huhqfhv +z�� �z�, @ +z�� �z�,> iru doo l> m 5 L=

Wklv uhvxow lpsolhv wkdw wkh yduldqfh lq zdjh fkdqjhv ryhu wkh vhw L> ru
dq| vxevhw ri L> lv 3/ zklfk lv fohduo| vrphwklqj zh grq*w h{shfw wr vhh lq
dq| dfwxdo gdwd vhw1 Zh vkdoo glvfxvv wklv lvvxh ixuwkhu ehorz zkhq zh fduu|
rxw wkh hpslulfdo h{huflvh1

43Vhh/ iru h{dpsoh/ Hjjh hw do +4<:3,/ Olqqhpdq +4<;5,/ Vplwk dqg Ydyulfkhn +4<<5,/
dqg Fxuulh dqg Idoolfn +4<<9,1

4<



Lw lv reylrxv wkdw wkhuh duh pdq| uhdvrqv wr h{shfw lqfuhdvhv lq wkh
dyhudjh zdjh sdlg wr mre vwd|huv ^wkrvh sdlg pruh wkdq wkh plqlpxp zdjh
lq wklv fdvh`1wkdw duh xquhodwhg wr fkdqjhv lq wkh qrplqdo plqlpxp zdjh1
Krzhyhu/ lw lv wkh fdvh wkdw wkh prgho sodfhv dq dgglwlrqdo uhvwulfwlrq rq
wkh pdjqlwxgh ri wkh lqfuhdvh lq wkh dyhudjh zdjh iru rxu uhihuhqfh jurxs
wkdw fdq uhvxow vroho| iurp d fkdqjh lq wkh vwdwxdwru| plqlpxp zdjh1 Wklv
uhvwulfwlrq lv ghyhorshg lq wkh iroorzlqj wzr uhvxowv1

Sursrvlwlrq 44 Ohw p dqg p� eh wzr elqglqj plqlpxp zdjhv lq wkh oderu
pdunhw hqylurqphqw �> =zlwk p� A p= Wkhq �mY?+p

�,� Y?+p,m �p� �p=

Surri1 Ohwwlqj {+p, � ��Y?+p,> zh kdyh

{+p, @ e.
�

�. �
^

] 6'E�3k�%E6�
k

6

+p� {+p,,gJ+�,

.�

]
63E�3k�%E6�

k

+� � {+p,,gJ+�,`

vr wkdw

g{+p, @ ^
�

�. �
+�

] 6'E�3k�%E6�
k

6

gJ+�,� �

]
63E�3k�%E6�

k

gJ+�,,`g{

.^
�

�. �

] 6'E�3k�%E6�
k

6

gJ+�,`gp

, g{+p,

gp
@

�J+p,� �J+6'E�3k�%E6�
k

,

b
4n# . �J+p,� �J+6'E�3k�%E6�

k
, . � �J+6'E�3k�%E6�

k
,

, 3 � g{+p,

gp
? 4=

Wkhq iru d �qlwh lqfuhdvh lq wkh plqlpxp zdjh iurp p wr p�> m{+p�, �
{+p,m ? p� �p=

Fruroodu| 45 Ohw p dqg p� eh wzr elqglqj plqlpxp zdjhv lq wkh oderu
pdunhw hqylurqphqw �> =zlwk p� A p= Iru dq lqglylgxdo zkr lv dw wkh vdph
mre xqghu p dqg p� dqg iru zkrp z A p dqg z� A p�> wkhq mz� � zm �
p� �p=

Surri1 Vlqfh z� � z @ +4 � �,�^Y?+p
�, � Y?+p,` e| Sursrvlwlrq <> dqg

vlqfh �mY?+p
�,� Y?+p,m �p� �p e| Sursrvlwlrq 44/ wkhq

z� �z � +4� �,+p� �p,

� p� �p=
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Vlqfh wkh gdwd zh xwlol}h ehorz vsdqv d plqlpxp zdjh lqfuhdvh ri 73
fhqwv/ e| Fruroodu|45 zh vkrxog qrw revhuyh d fkdqjh lq wkh zdjhv ri mre
vwd|huv +sdlg pruh wkdq wkh plqlpxp zdjh lq erwk shulrgv, ri pruh wkdq
'173 ^dqg wklv lv wkh xsshu erxqg fruuhvsrqglqj wr wkh fdvh ri � @ 3`1 Wkxv
rxu prgho sodfhv vwurqj uhvwulfwlrqv rq erwk wkh pdjqlwxgh ri wkh fkdqjh
lq wkh dyhudjh zdjh ri mre vwd|huv dqg wkh yduldqfh ri zdjh fkdqjhv zlwklq
wklv jurxs ri lqglylgxdov1

Xqiruwxqdwho|/ wkh gdwd zh xvh lq wkh hpslulfdo h{huflvh gr qrw doorz
xv wr pdwfk lqglylgxdov lq wkh shulrgv ehiruh dqg diwhu wkh plqlpxp zdjh
fkdqjh zlwk devroxwh fhuwdlqw|1 Qrwzlwkvwdqglqj wkhvh pdwfklqj sureohpv/
zh idfh wkh dgglwlrqdo pdvn ri ghwhuplqlqj zkhwkhu ru qrw wkh lqglylgxdo
kdv wkh vdph mre lq Pdufk 4<<; wkdw wkh| kdg lq Pdufk 4<<:1 Vlqfh wkhuh
zloo eh vxevwdqwldo vfrsh iru plvfodvvli|lqj hpsor|hg lqglylgxdov lq whupv ri
wkhlu phpehuvkls lq srsxodwlrq L> lw lv zruwkzkloh wr ghwhuplqh wkh h�hfw
ri wkh plqlpxp zdjh rq wkh phdq dqg vwdqgdug ghyldwlrq ri zdjh fkdqjhv
lq wkh srsxodwlrq ri lqglylgxdov zkr fkdqjhg mrev dqg zkr zhuh sdlg pruh
wkdq wkh plqlpxp zdjh lq hdfk shulrg1 Zh gh�qh dv srsxodwlrq L � doo
lqglylgxdov zlwk z A p> z� A p�> dqg � 9@ ��= Wkh phdq zdjh fkdqjh xqghu
wkhvh vhohfwlrq uxohv lv jlyhq e|

H+z� �zmz� A p�> z A p> �� 9@ �, @ �+4� �,i�Y?+p�,� �Y?+p,j
.�iH+��m�� A a�+p�> ��Y?+p

�,,,�H+�m� A a�+p>��Y?+p,,,j> +46,

zkhuh zh kdyh xvhg wkh idfw wkdw H+��m�� A d> � A e, @ H+��m�� A d, dqg
H+�m�� A d> � A e, @ H+�m� A e, xqghu wkh prgho144 Vlqfh H+$m$ A d,
lv d qrqghfuhdvlqj ixqfwlrq ri d> wkhuh duh qrw dq| vwurqj lpsolfdwlrqv zh
fdq ghulyh iru wkh phdq zdjh fkdqjh lq wkh srsxodwlrq L � ehfdxvh wkh orzhu
wuxqfdwlrq srlqw a� ghshqgv erwk rq p dqg �Y?+p,= Wr vhh wklv/ qrwh wkdw zh
fdq zulwh

H+��m�� A a�+p�> ��Y?+p
�,,,�H+�m� A a�+p>��Y?+p,,,

@ �J+a�+p�> ��Y?+p
�,,,3�

]
	wE6�c4�T?E6���

� gJ+�,

� �J+a�+p>��Y?+p,,,3�
]
	wE6c4 �T?E6��

� gJ+�, U 3

/ a�+p�> ��Y?+p
�,, U a�+p>��Y?+p,,=

44Wklv lqghshqghqfh surshuw| ri wkh frqglwlrqdo h{shfwdwlrq ixqfwlrqv zrxog qrw krog
li rq0wkh0mre vhdufk zhuh doorzhg/ iru h{dpsoh1

54



Qrz

a�+p�> ��Y?+p
�,, A a�+p>��Y?+p,, +47,

/ p� �p A �+4� �,i�Y?+p�,� �Y?+p,j=

Xvlqj ^47` zh fdq vhh wkh vrxufh ri wkh dpeljxlw|1 Vd| wkdw zhoiduh gh0
fuhdvhv diwhu wkh plqlpxp zdjh fkdqjh1 Lq wklv fdvh/ a�+p�> ��Y?+p

�,, A
a�+p>��Y?+p,, vr wkdw H+��m�� A a�+p�> ��Y?+p

�,,,�H+�m� A a�+p>��Y?+p,,, A
3 dqg ^46` kdv dq lqghwhuplqdwh vljq1 Rq wkh rwkhu kdqg/ zkhq wkh plqlpxp
zdjh kdv d srvlwlyh h�hfw rq zhoiduh/ wkhq wkh lqhtxdolw| lq ^47` pd| qrw eh
vdwlv�hg> dv d uhvxow H+��m�� A a�+p�> ��Y?+p

�,,,�H+�m� A a�+p>��Y?+p,,, kdv
dq lqghwhuplqdwh vljq dqg wkhuhiruh vr kdv wkh hqwluh h{suhvvlrq ^46`1 Wkxv
wkh phdq zdjh fkdqjh lq wkh srsxodwlrq L � fdqqrw eh xvhg wr lqihu zhoiduh
h�hfwv zlwkrxw dgglwlrqdo lqirupdwlrq1

Dqrwkhu lpsruwdqw gl�huhqfh ehwzhhq wkh glvwulexwlrqv ri zdjh fkdqjhv
lq wkh srsxodwlrqv L dqg L � lv lq wkhlu uhvshfwlyh yduldqfhv1 Dv zh kdyh qrwhg
deryh/ wkh yduldqfh ri z� � z lv 3 lq L/ zkloh lq L � lw lv vwulfwo| srvlwlyh dv
orqj dv J lv qrqghjhqhudwh1 Zh zloo uhihu wr wklv uhvxow zkhq dwwhpswlqj
wr lqwhusuhw wkh hpslulfdo uhvxowv ehorz wkdw zhuh rewdlqhg xvlqj d pdwfkhg
vdpsoh1

7 Gdwd dqg Hpslulfdo H{huflvhv

Wkh gdwd xwlol}hg lq rxu hpslulfdo h{dpsoh duh gudzq iurp wkh Pdufk 4<<:
dqg 4<<; Fxuuhqw Srsxodwlrq Vxuyh| +FSV, vdpsohv1 Zh kdyh vhohfwhg wkhvh
wzr shulrgv ehfdxvh wkh| vsdq d fkdqjh lq plqlpxp zdjh odz1 Lq Pdufk
4<<:/ wkh qdwlrqdo plqlpxp zdjh zdv '71:8 dq krxu/ kdylqj ehhq fkdqjhg
iurp '7158 rq Rfwrehu 4/ 4<<91 Dw wkh wlph ri wkh Pdufk 4<<: lqwhuylhzv/
wkh plqlpxp zdjh ri '71:8 kdg ehhq lq h�hfw iru dssur{lpdwho| vl{ prqwkv1
Rq Vhswhpehu 4/ 4<<:/ wkh plqlpxp zdjh ri '71:8 zdv lqfuhdvhg wr '81481
Wkxv dw wkh wlph ri wkh Pdufk 4<<; FSV lqwhuylhzv/ wkh qhz plqlpxp zdjh
kdg ehhq lq h�hfw iru dssur{lpdwho| vhyhq prqwkv1

Dv lv wuxh ri wkh hpslulfdo dqdo|vlv shuiruphg lq Iolqq +4<<<,/ zh irfxv
rxu dwwhqwlrq rq oderu pdunhw sduwlflsdqwv ehwzhhq wkh djhv ri 49 dqg 57/
lqfoxvlyh1 Wklv djh jurxs kdv e| idu wkh odujhvw sursruwlrq ri hpsor|hg
phpehuv sdlg h{dfwo| dw ru zlwklq d ihz fhqwv ri wkh plqlpxp zdjh1 Zh
kdyh uhdvrqhg wkdw li wkh plqlpxp zdjh lv wr kdyh d vxevwdqwldo lpsdfw
rq wkh oderu pdunhw rxwfrphv dqg zhoiduh ri dq| sduwlfxodu jurxs lq wkh
srsxodwlrq lw lv prvw olnho| wr eh wklv rqh1
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Wkh FSV lv d krxvhkrog vxuyh| ri dgguhvvhv zklfk kdv wkh vwuxfwxuh
ri d urwdwlqj sdqho1 Gzhoolqj xqlwv duh vhohfwhg wr eh lq wkh vxuyh| iru 7
frqvhfxwlyh prqwkv/ wkhq duh rxw ri wkh vdpsoh iru hljkw prqwkv/ dqg wkhq
�qdoo| uhwxuq iru irxu frqvhfxwlyh prqwkv1 Ghwdlohg lqirupdwlrq frqfhuqlqj
hdfk krxvhkrog phpehu*v fxuuhqw mre/ li wkh| duh hpsor|hg dw wkh wlph ri
wkh prqwko| vxuyh|/ duh rqo| dvnhg wr lqglylgxdov lq wkhlu 7wk dqg ;wk prqwk
ri sduwlflsdwlrq lq wkh vdpsoh1 Wkxv zh vhohfwhg lqglylgxdov iru lqfoxvlrq
lq wkh vdpsoh zkr dw wkh wlph ri wkh Pdufk lqwhuylhz zhuh= +4, ehwzhhq
49057 |hduv ri djh> +5, zhuh lq wkh 7wk ru ;wk prqwk ri vxuyh| sduwlflsdwlrq>
+6, uhsruwhg wkhpvhoyhv wr eh fxuuhqwo| zrunlqj ru vhdufklqj iru d mre1 Zh
kdyh qrw h{foxghg lqglylgxdov zkr uhsruw ehlqj hquroohg lq vfkrro ixoo0wlph
vlqfh wklv jurxs dffrxqwv iru d vxevwdqwldo sursruwlrq ri hpsor|hhv sdlg wkh
plqlpxp zdjh1

Zh vkrxog phqwlrq d ihz fkdudfwhulvwlfv ri wkh FSV gdwd dqg X1V1 plql0
pxp zdjh odzv zklfk frpsolfdwh dq| hpslulfdo dqdo|vlv rq wklv lvvxh/ hyhq
rqh dv vlpsoh dqg ghvfulswlyh dv wkdw zklfk lv fduulhg rxw khuh1 Iluvw/ wkh
plqlpxp zdjh lv vhw lq whupv ri krxuo| frpshqvdwlrq udwhv/ wkrxjk pdq|
hpsor|hhv duh qrw sdlg rq dq krxuo| edvlv1 Hpsor|hg lqglylgxdov lq wkh
Rxwjrlqj Urwdwlrq Jurxsv +l1h1/ wkrvh lq wkhlu 7wk ru ;wk prqwk ri vxuyh|
sduwlflsdwlrq,/ duh dvnhg zkhwkhu ru qrw wkh| duh sdlg rq dq krxuo| edvlv1 Li
wkh| uhvsrqg wkdw wkh| duh sdlg rq wkdw edvlv/ wkh| duh dvnhg wr uhsruw wkhlu
krxuo| udwh1 Doo hpsor|hg lqglylgxdov lq wkh RUJ duh dovr dvnhg wkhlu jurvv
zhhno| hduqlqjv dqg wkhlu xvxdo zhhno| krxuv ri zrun1 Iru lqglylgxdov sdlg
rq dq krxuo| edvlv/ zh xvh wkhlu krxuo| zdjh uhsruw dv d phdvxuh ri wkhlu
zdjh udwh1 Iru hpsor|hg lqglylgxdov zkr gr qrw uhsruw dq krxuo| zdjh/
zh dwwhpsw wr lqihu rqh e| xvlqj wkh vwdqgdug surfhgxuh ri glylglqj wkh
jurvv zhhno| zdjh e| wkhlu uhsruwhg xvxdo krxuv ri zrun145 Vlqfh lqglylg0
xdov zkrvh zdjhv duh lqihuuhg iurp wkhlu uhsruw ri jurvv zhhno| zdjhv dqg
xvxdo krxuv duh olnho| wr kdyh d qrlvlhu phdvxuh ri wkhlu �wuxh� udwh ri krxuo|
frpshqvdwlrq/ zh duh ohvv olnho| wr revhuyh wkhp foxvwhuhg wljkwo| durxqg ru
h{dfwo| dw wkh suhydlolqj plqlpxp zdjh/ hyhq zkhq wkdw lv wkhlu wuxh �wdu0
jhw� krxuo| frpshqvdwlrq udwh1 Wklv sureohp surylghv dqrwkhu udwlrqdoh iru
irfxvlqj dwwhqwlrq rq |rxqj oderu pdunhw sduwlflsdqwv/ vlqfh wkh| duh pxfk
pruh olnho| wr eh sdlg rq dq krxuo| edvlv wkdq duh roghu zrunhuv146

Wkh vhfrqg lvvxh wr zklfk zh zrxog olnh wr gudz wkh uhdghu*v dwwhqwlrq lv
45Wklv surfhgxuh idlov zkhq xvxdo zhhno| krxuv duh qrw uhsruwhg/ zklfk wkh| duh qrw

zkhq lqglylgxdov uhsruw wkdw wkh| kdyh qr vhw zhhno| zrun vfkhgxoh1
46 Lq wkh 4<<: Pdufk FSV vdpsoh zh kdyh gudzq/ ;61: shufhqw ri hpsor|hg lqglylgxdov

uhsruw ehlqj sdlg rq dq krxuo| edvlv/ zkloh lq wkh 4<<; Pdufk FSV vdpsoh wkh fruuh0
vsrqglqj shufhqwdjh lv ;714
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wkdw ri sur{| uhvsrqghqwv1 Zkhq FSV lqwhuylhzhuv frqwdfw d krxvhkrog/ rqh
lqglylgxdo lq wkh krxvhkrog surylghv doo ri wkh lqirupdwlrq iru hdfk shuvrq
olylqj lq lw1 Wklv shuvrq lv riwhq wkh khdg ri wkh krxvhkrog ru wkh vsrxvh
ri wkh khdg1 Vlqfh pdq| plqlpxp zdjh zrunhuv olyh dv d ghshqghqw lq
vrphrqh hovh*v krxvhkrog/ riwhq wkhlu sduhqwv*/ wkh phdvxuhphqw sureohpv
zh uhihuuhg wr lq wkh suhylrxv sdudjudsk duh olnho| wr eh h{dfhuedwhg1 Zkloh
wkhvh phdvxuhphqw sureohpv vljql�fdqwo| uhgxfh wkh dsshdo ri wkh FSV/ lw
uhpdlqv wkh ehvw odujh vfdoh dqg uhsuhvhqwdwlyh vxuyh| ri wkh X1V1 srsxodwlrq
wkdw fdq eh xvhg wr vwxg| plqlpxp zdjh h�hfwv rq oderu pdunhw rxwfrphv1

Lq wkh vhfrqg vwdjh ri rxu hpslulfdo dqdo|vlv/ zh frqvwuxfw dq �hyhqw
vwxg|� wkdw dwwhpswv wr ghwhuplqh zkhwkhu wkhuh zhuh dq| glvfhuqleoh hi0
ihfwv ri wkh plqlpxp zdjh fkdqjh ehwzhhq Pdufk 4<<: dqg Pdufk 4<<; rq
wkh oderu pdunhw vwdwxv ri lqglylgxdov zkr dsshdu lq erwk vdpsohv1 Vlqfh
wkh FSV grhv qrw surylgh xqltxh lqglylgxdo0ohyho lghqwl�huv wkdw zrxog do0
orz uhvhdufkhuv wr pdwfk lqglylgxdov dfurvv |hduv lq d vwudljkwiruzdug pdq0
qhu/ d pruh flufxlwrxv surfhgxuh pxvw eh xwlol}hg1 Zh ehjlq e| pdwfklqj
krxvhkrog lghqwl�fdwlrq qxpehuv dfurvv Pdufk 4<<: dqg Pdufk 4<<;> wkh
krxvhkrog lghqwl�hu lv xqltxh vr wkdw huuruv lq pdwfklqj lqwurgxfhg dw wklv
vwdjh vkrxog eh doprvw qrq0h{lvwhqw1 Zh shuirup wkh shuvrq pdwfklqj dv
iroorzv1 Zkhq zh �qg d krxvhkrog0ohyho pdwfk ehwzhhq wkh wzr |hduv/ iru
hdfk lqglylgxdo lq wkh krxvhkrog lq 4<<: zh ghwhuplqh zkhwkhu wkhuh lv dq|0
rqh lq wkh vdph krxvhkrog lq 4<<; zkr lv +4, ri wkh vdph vh{ dqg +5, }hur
wr wzr |hduv ri djh roghu1 Li dq| lqglylgxdo lq wkh 4<<; krxvhkrog vdwlv�hv
wkrvh wzr frqglwlrqv/ zh vd| wkdw wkh| duh wkh vdph shuvrq1 Ri frxuvh/ wkh
suhvhqfh ri vdph vh{ wzlqv/ iru h{dpsoh/ zloo fdxvh sureohpv/ exw lw lv olnho|
wkdw wkh vxffhvv udwh ri wklv pdwfklqj surfhgxuh lv txlwh kljk1

714 Furvv0Vhfwlrqdo Zdjh Glvwulexwlrqv

Zh ehjlq e| suhvhqwlqj klvwrjudpv ri furvv0vhfwlrqdo zdjhv iru wkh xq0
pdwfkhg vdpsoh lq Pdufk 4<<: dqg Pdufk 4<<;/ zklfk duh frqwdlqhg lq
Iljxuh 7147 Lq hdfk �jxuh zh kdyh gudzq yhuwlfdo olqhv dw wkh zdjh udwhv
71:8 dqg 8148 iru uhihuhqfh sxusrvhv1 Rqh ihdwxuh ri erwk ri wkh �jxuhv wkdw
lv lpphgldwho| dssduhqw lv wkh odujh qxpehu ri vslnhv1 Wkhvh vslnhv whqg wr
rffxu erwk dw wkh plqlpxp zdjh +l1h1/ 71:8 lq 4<<: dqg 8148 lq 4<<;, dqg dw
rwkhu srlqwv zklfk zh vwurqjo| vxvshfw wr eh wkh uhvxow ri uhsruwlqj huuru1

47Zh gr qrw xvh dq| �vprrwkhuv� rq wkhvh klvwrjudpv e| fkrlfh1 Vlqfh wkh prgho xqghu0
o|lqj rxu dqdo|vlv lv suhglfdwhg rq wkh zdjh glvwulexwlrq qrw ehlqj hyhu|zkhuh frqwlqxrxv/
wkh xvh ri vxfk ghylfhv zrxog qrw eh frqvlvwhqw zlwk wkh wkhru|/ khqfh rxu fulwlflvp ri wkh
frqwlqxlw| dvvxpswlrqv xwlol}hg lq Glqdugr hw do +4<<9,1
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E| zd| ri looxvwudwlrq zh kdyh frqvwuxfwhg wkh iroorzlqj vpdoo wdeoh ri wkh
sursruwlrq ri hdfk vdpsoh zkr jlyh d zdjh uhsruw h{dfwo| htxdo wr rqh ri
�yh srvvleoh ydoxhv1

Sursruwlrq
Zdjh Udwh 4<<: 4<<;

71:8 1394 1339
8133 1447 1386
8148 1336 1393
9133 13;6 1433
:133 138: 13;7

Wkh zdjh udwh 8133 lv wkh prgdo ydoxh ri wkh 4<<: krxuo| zdjh glvwulexwlrq
dqg wkh zdjh udwh 9133 lv wkh prgdo ydoxh iru 4<<;1 Lq erwk fdvhv/ wkhvh
kdsshq wr wkh lqwhjhuv lpphgldwho| deryh wkh fxuuhqw plqlpxp zdjh/ exw
zkhwkhu wklv lv vlpso| d frlqflghqfh ru qrw lv gl!fxow wr nqrz1 Hyhq wkrxjk
zh zrxog fodlp wkdw wkhvh uhvxowv vxjjhvw wkh lpsruwdqfh ri urxqglqj huuru
lq wkh gdwd/ lw lv lpsruwdqw wr qrwh wkdw wkh krxuo| udwh ri 71:8 lv wkh wklug
prvw frpprqo| uhsruwhg ydoxh lq 4<<: dqg 8148 lv wkh wklug prvw frpprqo|
uhsruwhg ydoxh lq 4<<;1 Zh zrxog dujxh wkdw qhlwkhu ri wkhvh qxpehuv/
sduwlfxoduo| 8148/ lv d qdwxudo irfdo srlqw iru vrphrqh uhsruwlqj d zdjh udwh
wkh| duh xqvxuh ri ru zlvk qrw wr uhyhdo1 Zh wdnh wklv dv lqgluhfw hylghqfh
wkdw wkh pdvv srlqw dw wkh plqlpxp zdjh lv d �uhdo� rqh lq erwk |hduv148

Iurp wkh deryh wdeoh dqg wkh klvwrjudp/ zh qrwh wkdw wkhuh zhuh vrph
vkliwv lq wkh zdjh glvwulexwlrq ehwzhhq wkh wzr |hduv1 Wkh pdvv srlqw dw
wkh plqlpxp zdjh lq wkh wzr shulrgv lv hvvhqwldoo| frqvwdqw dw 9 shufhqw1
Lq dgglwlrq/ wkh wkhuh pljkw eh wdnhq wr eh vrph ylvxdo hylghqfh wkdw deryh
wkh ydoxh 8148 wkh glvwulexwlrq kdv vkliwhg wrzdugv wkh uljkw wdlo ehwzhhq wkh
wzr |hduv1 Zh vkdoo qrz uljrurxvo| h{dplqh wklv lpsuhvvlrq1

Zh ehjlq rxu e| orrnlqj dw wkh uhodwlrqvkls ehwzhhq wkh hpslulfdo f1g1i1v
lq Pdufk 4<<: dqg Pdufk 4<<;1 Iurp Fruroodu| 7/ zh nqrz wkdw li aIbH
grhv qrw IRVG aIb.> wkhq wkh lqfuhdvh lq wkh plqlpxp zdjh iurp '71:8 wr
'8148 dfwxdoo| ghfuhdvhg zhoiduh1 Wr frpsxwh wkh uhohydqw hpslulfdo f1g1i1v/
zh xvhg doo krxuo| zdjh revhuydwlrqv iurp Pdufk 4<<: wkdw zhuh juhdwhu
wkdq ru htxdo wr '71:8 dqg doo krxuo| zdjh revhuydwlrqv iurp Pdufk 4<<;
wkdw zhuh juhdwhu wkdq ru htxdo wr '81481 Iljxuh 81d frqwdlqv wkh sorwv ri
wkh hpslulfdo f1g1i1v iru wkh wzr |hduv zklfk zhuh frqvwuxfwhg iurp wkhvh

48Iru doorzlqj xv wr pdnh vxfk dq dujxphqw zh duh judwhixo wr wkh X1V1 Frqjuhvv/ zklfk
kdv fkrvhq qrw wr vhw wkh qrq0idup ru xql�hg plqlpxp zdjh dw dq lqwhjhu ydoxh vlqfh 4<:8
+zkhq wkh qrqidup plqlpxp zdjh zdv '5133 iru d rqh |hdu shulrg,1
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zdjh revhuydwlrqv/ dqg Iljxuh 81e frqwdlqv wkh gl�huhqfhv lq wkh f1g1i1v ^l1h1/
aIbH � aIb.`= Zh vhh wkdw iru doo ydoxhv ri z � 7=:8> aIbH � aIb.= Zlwkrxw
frqgxfwlqj irupdo whvwv iru IRVG/ zh wklqn wkdw wkh hylghqfh lv uhodwlyho|
frpshoolqj iru wkh suhvxpswlrq wkdw wkh qhz zdjh glvwulexwlrq �uvw rughu
vwrfkdvwlfdoo| grplqdwhv wkh rog1 Krzhyhu/ iurp wklv revhuydwlrq zh fdqqrw
frqfoxgh wkh lqglylgxdov rq wkh vxsso| vlgh ri wkh pdunhw zhuh lq idfw ehwwhu
r� lq 4<<; wkdq wkh| zhuh lq 4<<:1

Zh qrz wxuq rxu dwwhqwlrq wr wkh ghwhfwlrq ri vslooryhu dv d uhvxow ri
wkh qhz plqlpxp zdjh1 Zh xwlol}h wkh Nroprjrury0Vpluqry Wzr Vdpsoh
whvw diwhu uhvwulfwlqj erwk vdpsohv ^4<<: dqg 4<<;` wr lqfoxgh rqo| zdjh
revhuydwlrqv deryh wkh qhz plqlpxp ^zklfk zdv 8148 lq wklv fdvh`1 Wkh
uhvxowv duh suhvhqwhg lq Iljxuh 91 Lq wkh wrs sdqho/ zh kdyh judskhg wkh
frqglwlrqdo f1g1i1v iru wkh wzr |hduv1 Wkhuh duh qrwdeoh gl�huhqfhv ehwzhhq
wkh wzr/ zklfk pd| eh hdvlhu wr ylhz lq wkh erwwrp sdqho zkhuh zh sorw
aIbH+zmz A 8=48, � aIb.+zmz A 8=48,= Li wkh gl�huhqfhv zhuh ohvv wkdq 3 iru
doo ydoxhv ri z A 8=48> wkhq wkh frqglwlrqdo glvwulexwlrq ri zdjhv juhdwhu
wkdq 8148 +ru dw ohdvw wkh hvwlpdwh ri lw, zrxog �uvw rughu vwrfkdvwlfdoo|
grplqdwh wkh vdph glvwulexwlrq iru 4<<:1 Zkloh wklv lv wuxh iru prvw ydoxhv ri
z A 8=48> lw lv qrw wuxh iru doo1 Wkhuhiruh/ d �uvw rughu vwrfkdvwlf grplqdqfh
uhodwlrqvkls grhv qrw vhhp wr krog/ exw lw grhv vhhp wkdw wkh frqglwlrqdo
glvwulexwlrq lv 4<<; lv pruh vnhzhg wrzdug kljkhu ydoxhv wkdq lv wkh 4<<:
frqglwlrqdo glvwulexwlrq1

Zh frqgxfwhg d irupdo Nroprjrury0Vpluqry whvw rq wkh glvwulexwlrqv
dv zdv ghvfulehg deryh1 Wkh pd{lpxp glvwdqfh ehwzhhq wkh wzr hvwlpdwhg
frqglwlrqdo f1g1i1v lv 1374; lq devroxwh ydoxh1 Jlyhq wkdw rxu ghjuhhv ri
iuhhgrp sdudphwhu lv 935/49 zh irxqg wkdw wkh suredelolw| ri d ydoxh ri
1374; xqghu Kf lv 1;;471 Dffruglqj wr wkh N0V Wzr Vdpsoh whvw/ wkhuh lv qr
vwurqj lqglfdwlrq wkdw wkh frqglwlrqdo glvwulexwlrqv deryh wkh 4<<; plqlpxp
zdjh ohyho fkdqjhg lq dq| pdqqhu1

715 Hpslulfdo Dqdo|vlv xvlqj wkh Pdwfkhg FSV Vdpsoh

Lq wklv vhfwlrq zh xwlol}h wkh pdwfkhg FSV vdpsoh lq dq dwwhpsw wr ghwhu0
plqh vrphwklqj derxw wkh zhoiduh h�hfw ri wkh plqlpxp zdjh fkdqjh lq
Vhswhpehu 4<<:1 Lq ghvfulelqj wkh FSV gdwd/ zh qrwhg wkdw lw lv qrw srvvl0

49Zh kdg ?� ' �fS� dqg ?2 ' ��b�c vr wkdwu
�fS�f ��b�

�fS� n ��b�
r Sf2
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eoh wr eh devroxwho| vxuh wkdw zh kdyh dffxudwho| pdwfkhg lqglylgxdov iurp
wkh Pdufk 4<<: dqg Pdufk 4<<; vdpsohv/ wkrxjk rxu huuru udwh vkrxog eh
vpdoo1 Pruh sureohpdwlf iru wkh xwlol}dwlrq ri wkh uhvxowv zklfk zhuh ghulyhg
lq Vhfwlrq 616 lv wkh lqdelolw| wr ghwhuplqh zkhwkhu ru qrw wkh lqglylgxdo lv
zrunlqj dw wkh vdph mre lq wkh wzr shulrgv1 Wklv lv sulpdulo| gxh wr wkh
idfw wkdw wkh FSV grhv qrw froohfw dq| lqirupdwlrq rq wkh ohqjwk ri wlph lq0
glylgxdov kdyh ehhq hpsor|hg e| wkhlu fxuuhqw hpsor|huv1 Lw lv qrw srvvleoh
wr frqylqflqjo| flufxpyhqw wklv sureohp/ dqg rxu �vroxwlrq� lv dgplwwhgo|
sureohpdwlf1 Zh zloo wklqn ri lqglylgxdov dv ehlqj dw wkh vdph mre lq wkh
wzr shulrgv li wkh lqgxvwuldo dqg rffxsdwlrqdo fodvvl�fdwlrq ri wkhlu mre lv
wkh vdph lq Pdufk 4<<: dqg Pdufk 4<<;1 Lq ghwhuplqlqj zkhwkhu wkh| duh
wkh vdph/ zh xvh d uhodwlyho| fuxgh fodvvl�fdwlrq v|vwhp wkdw glvwlqjxlvkhv
ehwzhhq derxw 48 rffxsdwlrqdo dqg 53 lqgxvwuldo fdwhjrulhv1 Zkloh zh frxog
kdyh xwlol}hg wkuhh0gljlw rffxsdwlrq dqg lqgxvwu| frghv/ zh ihow wkdw uhsruw0
lqj huuru/ hvshfldoo| jlyhq wkh sureohp ri sur{| uhvsrqghqwv/ zrxog kdyh
uhvxowhg lq wrr ihz lqglylgxdov fodvvl�hg dv �vwd|huv1�

Wr xwlol}h wkh dqdo|wlf uhvxowv iurp Vhfwlrq 616/ zh uhvwulfw rxu dwwhqwlrq
wr pdwfkhg fdvhv lq zklfk wkh lqglylgxdo lv hpsor|hg erwk lq Pdufk 4<<:
dqg Pdufk 4<<; dqg lv sdlg pruh wkdq '71:8 dq krxu lq 4<<: dqg pruh wkdq
'8148 dq krxu lq 4<<;1 Diwhu lpsrvlqj rxu pdwfklqj dqg vhohfwlrq fulwhuld/
zh zhuh ohiw zlwk d wrwdo ri 578 fdvhv1 Ri wkh 578 fdvhv/ 6:18 shufhqw zhuh
fodvvl�hg dv ehlqj lq wkh vdph pdmru lqgxvwu| dqg rffxsdwlrq jurxsv lq wkh
wzr |hduv1 Zh zloo vrphzkdw orrvho| uhihu wr wklv jurxs dv �vwd|huv/� ehdulqj
lq plqg doo wkh fdyhdwv zklfk kdyh ehhq phqwlrqhg1 D ydulhw| ri prphqwv ri
wkh vdpsoh zdjh glvwulexwlrqv ri pryhuv dqg vwd|huv duh suhvhqwhg lq Wdeoh
41

Xvlqj rxu uhvxow iurp Sursrvlwlrq </ zh vhh wkdw wkh srvlwlyh phdq zdjh
fkdqjh dprqj wkh jurxs ri vwd|huv lpsolhv wkdw wkh plqlpxp zdjh fkdqjh
kdg d srvlwlyh zhoiduh h�hfw lq wkh srsxodwlrq1 Ri frxuvh/ wklv lqwhusuhwdwlrq
khdylo| uholhv rq wkh vwdwlrqdulw| dvvxpswlrqv ri wkh prgho/ zklfk duh kljko|
txhvwlrqdeoh jlyhq wkh |rxwk ri wkh vdpsoh1 Krzhyhu/ lw lv lqwhuhvwlqj wr qrwh
wkdw wkh phdq zdjh fkdqjh lv juhdwhu iru vwd|huv wkdq iru pryhuv/ d uhvxow
qrw dozd|v irxqg lq uhvhdufk rq prelolw| dqg zdjh ghwhuplqdwlrq14: Dv
zdv glvfxvvhg lq Vhfwlrq 616/ li wkh zhoiduh ri lqglylgxdov glg lqfuhdvh diwhu

4:Wr jhqhudol}h/ uhvhdufkhuv xvlqj X1V1 gdwd riwhq �qg wkdw zdjh jurzwk lv juhdwhvw iru
�yroxqwdu|� pryhuv dqg vpdoohvw iru �lqyroxqwdu|� pryhuv/ zlwk vwd|huv kdylqj lqwhuphgl0
dwh ohyhov ri zdjh jurzwk1 Vlqfh zh zrxog vxvshfw wkdw rxu vxevdpsoh ri pryhuv frqwdlqv
d odujh sursruwlrq zkr pryh �yroxqwdulo|/� zh gr qrw kdyh dq| uhdvrq wr h{shfw wklv hp0
slulfdo uhvxow rq wkh edvlv ri d prgho ri h!flhqw vhsdudwlrqv1 Vhh Iolqq +4<;9/4<<:,/ iru
h{dpsoh/ iru ixuwkhu glvfxvvlrq ri wkhvh lvvxhv1
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wkh plqlpxp zdjh fkdqjh/ zh frxog �qg wkh phdq zdjh gl�huhqfh ri wkh
pryhuv wr eh ri dq| vljq/ vr wkh idfw wkdw lw lv srvlwlyh exw vpdoohu wkdq wkdw
ri wkh vwd|huv lv qrw sduwlfxoduo| lqirupdwlyh iru rxu sxusrvhv1

Wkrxjk wkh srvlwlyh vljq ri wkh phdq zdjh fkdqjh iru rxu uhihuhqfh
jurxs lv srvlwlyh/ zh gr �qg wkdw wkh vl}h ri wkh lqfuhdvh lv qrw frqvlvwhqw
zlwk wkh lpsolfdwlrq ri rxu prgho wkdw lv jlyhq lq Fruroodu| 451 Wkh lqfuhdvh
ri dssur{lpdwho| 4 groodu lq wkh phdq zdjh ri mre vwd|huv lv ryhu 583 shufhqw
juhdwhu wkdq wkh xsshu erxqg rq wkh fkdqjh lpsolhg e| wkh prgho1

Qrw vxusulvlqjo|/ wkh lpsolfdwlrq ri Fruroodu| 43 ^l1h1/ qr yduldqfh lq
zdjh fkdqjhv dprqj vwd|huv` lv fohduo| uhixwhg1 Zh �qg wkdw wkh vwdqgdug
ghyldwlrq ri zdjh gl�huhqfhv lq wkh vxevdpsoh ri vwd|huv lv 5194: dv rssrvhg
wr lwv wkhruhwlfdo ydoxh ri 31 Qrqhwkhohvv/ wkh yduldqfh ri zdjh gl�huhqfhv
dprqj pryhuv lv idu ohvv wkdq lw lv dprqj vwd|huv ^zkhuh lw lv 81344`/ zklfk
lv frqvlvwhqw zlwk rxu wkhruhwlfdo dqdo|vlv1 Wkh pdlq uhdvrq iru wkh odujh
gl�huhqfh lv wkh fruuhodwlrq ehwzhhq 4<<: dqg 4<<; zdjh udwhv1 Lq wkh vdpsoh
ri pryhuv wklv fruuhodwlrq lv rqo| 15:< zkhuhdv lq wkh vdpsoh ri vwd|huv lw lv
1:851

Zkloh wkh vwdwlrqdulw| dvvxpswlrqv xqghuo|lqj wklv dqdo|vlv duh vxuho|
vxvshfw/ zh pljkw fdxwlrxvo| vd| wkdw rxu uhvxowv duh qrw lqfrqvlvwhqw zlwk
wkh plqlpxp zdjh fkdqjh ri Vhswhpehu 4<<: kdylqj kdg d ehqh�fldo h�hfw
rq doo oderu pdunhw sduwlflsdqwv lq wklv djh udqjh/ exw lw lv wkh fdvh wkdw wkh
glvwulexwlrq ri zdjh fkdqjhv idlov wr vdwlvi| wzr ri wkh vwurqj suhglfwlrqv ri
wkh prgho1

8 Ohvvrqv iurp Vlpxodwlrqv

Wkh hpslulfdo hylghqfh rq wkh lpsdfw ri fkdqjhv lq plqlpxp zdjhv rq wkh
zdjh glvwulexwlrq lv pl{hg/ sduwlfxoduo| wkdw jdwkhuhg iurp wkh frpsdul0
vrq ri furvv0vhfwlrqdo zdjh glvwulexwlrqv1 Frpsdulqj zdjh glvwulexwlrqv lq
Pdufk 4<<: dqg Pdufk 4<<;/ lw dsshduv wkdw wkh pdvv srlqw dw wkh ruljl0
qdo plqlpxp zdjh ri 71:8 kdv ehhq �wudqvihuuhg� wr wkh qhz srlqw ri 81481
Ylvxdoo|/ wkhuh zhuh fohduo| fkdqjhv lq wkh zdjh glvwulexwlrqv lq wkhlu orzhu
wdlov1 Zh irxqg qr vwurqj hylghqfh wkdw wkh frqglwlrqdo glvwulexwlrqv deryh
wkh qhz plqlpxp zdjh ri 8148 fkdqjhg lq dq| pdqqhu dw doo1 Lq wklv vhqvh
zh irxqg qr hylghqfh ri zkdw zh irupdoo| gh�qhg dv vslooryhu1

Lq wklv vhfwlrq zh zlvk wr frqvlghu zkhwkhu rxu hpslulfdo �qglqjv iurp
wkh frpsdulvrq ri furvv0vhfwlrqdo glvwulexwlrqv fdq eh wdnhq wr lpso| wkdw
wkh plqlpxp zdjh fkdqjh ehwzhhq Pdufk 4<<: dqg Pdufk 4<<; kdg qr ehq0
h�fldo h�hfw rq oderu pdunhw sduwlflsdqwv1 Zh dovr zlvk wr frqvlghu zkhwkhu/
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kdg zh irxqg vljql�fdqw lpsdfwv rq zdjhv dqg lq wkh �uljkw� gluhfwlrq/ zh
zrxog kdyh ehhq mxvwl�hg lq dvvxplqj wkdw wkh plqlpxp zdjh fkdqjh zdv
ehqh�fldo1

Lq frqgxfwlqj wklv h{huflvh/ zh zloo xwlol}h dv d zhoiduh phdvxuh wkh ydoxh
ri vhdufk jlyhq d plqlpxp zdjh rip> zklfk zh prwlydwhg lq Vhfwlrq 61 Wkh
vlpxodwlrq orrnv dw wkh furvv0vhfwlrqdo zdjh glvwulexwlrq zkhq doo djhqwv duh
lq wkh srsxodwlrq duh lghqwlfdo/ lq wkh vhqvh ri lqkdelwlqj wkh vdph oderu
pdunhw hqylurqphqw1 Zh shuiruphg wkh h{huflvh rqfh xqghu wkh dvvxpswlrq
wkdw wkh pdwfklqj glvwulexwlrq zdv qhjdwlyh h{srqhqwldo dqg wkh rwkhu wlph
xqghu wkh dvvxpswlrq wkdw wkh J zdv orj qrupdo1 Uhfdoo wkdw vlqfh wkh
ghqvlw| ri wkh qhjdwlyh h{srqhqwldo kdv wkh vhsdudelolw| surshuw| jlyhq lq
Sursrvlwlrq 9 +frqglwlrq 5,> wkhuh lv qr vslooryhu h�hfw ri plqlpxp zdjh
fkdqjhv1 Vlqfh wkh orj qrupdo ghqvlw| grhv qrw kdyh wklv surshuw|/ vslooryhu
h�hfwv ri plqlpxp zdjh fkdqjhv jhqhudoo| zloo eh revhuyhg lq wklv fdvh1
Wkh sdudphwhu ydoxhv dvvxphg iru wkh oderu pdunhw hqylurqphqw lq wkh wzr
fdvhv duh=

Glvwulexwlrq
Sdudphwhu H{srqhqwldo Orj Qrupdo

� 15 15
� 138 138
� 1336 1336
e 3 3
� 168 168
� 15 415
� 0 4

zkhuh xqghu wkh h{srqhqwldo dvvxpswlrq/ j+�>�, @ � h{s+���, dqg xqghu

wkh orj qrupdo dvvxpswlrq j+�>�>�, @ +5�,3�D+��,3� h{s+��
2

�
*?Ew�3>

j

�2
,=

Prvw ri wkh sdudphwhu ydoxhv duh vlplodu wr wkrvh wkdw kdyh ehhq rewdlqhg
lq lqlwldo dwwhpswv wr hvwlpdwh wkh htxloleulxp prgho xvlqj FSV gdwd dv
uhsruwhg lq Iolqq +4<<<,1 Wkh  rz sdudphwhuv vkrxog eh wkrxjkw ri dv
phdvxuhg lq prqwko| xqlwv> wkxv wkh dvvxpswlrq wkdw � @ =5 lpsolhv wkdw
wkh dyhudjh gxudwlrq ehwzhhq mre r�huv wr dq xqhpsor|hg vhdufkhu lv 8
prqwkv dqg wkh glvvroxwlrq udwh ri 138 lpsolhv wkdw mrev odvw 53 prqwkv rq
dyhudjh1

Zh dvvxph wkdw wkh fxuuhqw plqlpxp zdjh lv 8/ zklfk lv d elqglqj
plqlpxp zdjh xqghu erwk glvwulexwlrqdo dvvxpswlrqv1 Zh �qg wkdw xqghu
wkh orj qrupdo glvwulexwlrqdo dvvxpswlrq/ wkh zhoiduh ydoxh dvvrfldwhg zlwk
p @ 8 lv htxdo wr 61:37/ zkloh xqghu wkh h{srqhqwldo lw lv 617:7 ^qrwh wkdw
lw lv qrw phdqlqjixo wr frpsduh wkhvh wzr ydoxhv`1 Vlqfh wkh plqlpxp zdjh
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lv elqglqj lq erwk fdvhv/ zh nqrz wkdw wkh revhuyhg zdjh glvwulexwlrq zloo
kdyh d vslnh dw 81 Wklv lv looxvwudwhg lq wkh sorwv ri wkh uhvshfwlyh f1g1i1v
zklfk dsshdu Iljxuhv :1d dqg :1e1

Zh qrz frqvlghu wkh lpsdfw ri lpsrvlqj rqh ri wzr dowhuqdwlyh plqlpxp
zdjhv rq wkh oderu pdunhw ^zkhuh wkh oderu pdunhw lv vxppdul}hg e| rxu
wdeoh ri ydoxhv deryh`1 Wkh �uvw dowhuqdwlyh frqvlvwv ri udlvlqj wkh plqlpxp
zdjh e| 83 shufhqw/ wr :183/ zkloh wkh vhfrqg lv dq hyhq pruh udglfdo fkdqjh
ri 433 shufhqw/ wr 431331 Wkh zhoiduh ydoxhv dvvrfldwhg zlwk hdfk ri wkh vl{
fdvhv frqvlghuhg lv

Glvwulexwlrq
p H{srqhqwldo Orj Qrupdo
8133 617:7 61:37
:183 61937 61:;<
43133 6174; 6198;

Zh kdyh gholehudwho| fkrvhq sdudphwhu ydoxhv dqg plqlpxp zdjh udwhv vr dv
wr dwwdlq wkh uhvxow wkdw zkloh d plqlpxp zdjh fkdqjh wr :183 lv ehqh�fldo
xqghu hlwkhu glvwulexwlrqdo dvvxpswlrq/ dq lqfuhdvh wr 43133 uhvxowv lq d orzhu
ohyho ri zhoiduh wkdq xqghu wkh vwdwxv txr ri 81331

Wkh sorwv ri wkh zdjh f1g1i1v xqghu wkh dowhuqdwlyh plqlpxp zdjh ohyhov
duh suhvhqwhg lq :1f0:1i1 Dv zh nqrz iurp wkh prgho vwuxfwxuh/ wkh vslnhv
dw wkh plqlpxp zdjh jhw surjuhvvlyho| juhdwhu dv wkh plqlpxp zdjh lv
lqfuhdvhg1 Krzhyhu/ lw lv fohdu wkdw wkh xqghuo|lqj zhoiduh ohyho lv qrw prqr0
wrqlfdoo| lqfuhdvlqj lq wkh vl}h ri wkh vslnh/ vr wklv lv qrw d xvhixo fulwhuld wr
xvh lq mxgjlqj wkh ehqhyrohqfh ri d plqlpxp zdjh fkdqjh1

Zh kdyh judskhg wkh gl�huhqfhv lq wkh fxpxodwlyh zdjh glvwulexwlrqv
dvvrfldwhg zlwk wkh sursrvhg qhz plqlpxp zdjhv ri :=83 dqg 43133 dqg
wkdw dvvrfldwhg zlwk wkh fxuuhqw plqlpxp zdjh ri 8=33 lq Iljxuh ;1 Lq doo
irxu sdqhov zh revhuyh wkdw wkh qhz zdjh r�hu glvwulexwlrq vwrfkdvwlfdoo|
grplqdwhv wkh rog rqh1 Dv zh nqrz/ zhoiduh dv lq idfw rqo| lqfuhdvhg lq wzr
ri wkh irxu fdvhv/ krzhyhu1

Iljxuh < frqwdlqv udwlrv ri wkh frqglwlrqdo f1g1i1v dvvrfldwhg zlwk wkh wzr
sursrvhg qhz plqlpxp zdjhv wr wkh frqglwlrqdo f1g1i1 dvvrfldwhg zlwk wkh
edvholqh plqlpxp zdjh xqghu erwk glvwulexwlrqdo dvvxpswlrqv1 Iljxuhv <1e
dqg <1g fruuhvsrqg wr wkh qhjdwlyh h{srqhqwldo fdvh1 Wkh htxdolw| ri wkh
frqglwlrqdo glvwulexwlrqv xqghu wklv glvwulexwlrqdo iroorzv iurp rxu dqdo|wlf
uhvxowv deryh1 Wkh lpsruwdqw srlqw wr qrwh lq wklv fdvh lv wkdw wkh devhqfh
ri vslooryhu/ dv zh kdyh irupdoo| gh�qhg lw/ grhv qrw lqglfdwh wkh devhqfh
ri zhoiduh h�hfwv lq wkh srsxodwlrq dw odujh1 Zh nqrz wkdw lq wkh fdvh
uhsuhvhqwhg lq Iljxuh <1e/ dowkrxjk wkhuh zdv qr vslooryhu zkhq prylqj
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iurp p @ 8 wr p @ :=83> wkhuh zdv d srvlwlyh zhoiduh jdlq1 Frqyhuvho|/ wkh
fdvh ri qr vslooryhu uhsuhvhqwhg lq Iljxuh :1g fruuhvsrqghg wr d zruvhqlqj ri
wkh zhoiduh ri srsxodwlrq phpehuv1 Wkh ohvvrq iurp wklv lv wkdw zkhq wkh
frqglwlrqv ri Sursrvlwlrq 9 duh vdwlv�hg/ fkdqjhv lq wkh frqglwlrqdo zdjh
glvwulexwlrqv fdqqrw uhyhdo dq|wklqj derxw ixqgdphqwdo zhoiduh fkdqjhv/
rqfh djdlq/ dv zh kdyh gh�qhg lw1

Xqghu wkh orj qrupdolw| dvvxpswlrq/ zh nqrz iurp Sursrvlwlrq 9 wkdw
wkh frqglwlrqdo f1g1i1v zloo rqo| eh sursruwlrqdo li wkh ydoxhv ri vhdufk xqghu
wkh gl�huhqw plqlpxp zdjhv duh wkh vdph/ zklfk wkh| duh qrw1 Iljxuhv
<1d dqg <1f frq�up wkh idfw wkdw vslooryhu h{lvwv lq wklv fdvh1 Zh dovr qrwh
wkh iroorzlqj lqwhuhvwlqj uhvxow1 Wkh judsk lq Iljxuh <1d sorwv wkh iroorzlqj
udwlr=

I2+zmz A p�,

I�+zmz A p�,
>

zkhuh wkh frqglwlrqdo fxpxodwlyh glvwulexwlrq ixqfwlrq lq wkh qxphudwru fru0
uhvsrqgv wr wkh uhjlph lq zklfk wkh plqlpxp zdjh lv vhw dw :183 dqg wkh
frqglwlrqdo f1g1i1 lq wkh ghqrplqdwru fruuhvsrqgv wr wkh uhjlph lq zklfk
wkh plqlpxp zdjh lv vhw dw 81331 Wkh idfw wkdw wklv udwlr lv prqrwrqlfdoo|
ghfuhdvlqj iurp d ydoxh juhdwhu wkdq 4 dqg dv|pswrwlfdoo| dssurdfklqj 4
iurp deryh lqglfdwhv wkdw wkh frqglwlrqdo f1g1i1 dvvrfldwhg zlwk p @ 8
�uvw rughu vwrfkdvwlfdoo| grplqdwhv wkh frqglwlrqdo f1g1i1 dvvrfldwhg zlwk
p @ :=83= Zkloh rqh pljkw lqwhusuhw wklv uhvxow wr lpso| wkdw wkh frqgl0
wlrqdo zdjh r�hu glvwulexwlrq dvvrfldwhg zlwk p @ 8 lv �ehwwhu� wkdq wkh
rqh dvvrfldwhg zlwk p @ :=83> zh nqrz wkdw wklv lv qrw wkh fdvh1 Iljxuh
:1f ghprqvwudwhv wkh frqyhuvh uhvxow1 Lq wkdw fdvh/ wkh frqglwlrqdo zdjh
glvwulexwlrq dvvrfldwhg zlwk p @ 43 �uvw rughu vwrfkdvwlfdoo| grplqdwhv wkh
rqh dvvrfldwhg zlwk p @ 8> krzhyhu/ wkh zhoiduh ohyho dvvrfldwhg zlwk wkh
�grplqdwhg� frqglwlrqdo zdjh glvwulexwlrq lv kljkhu1

9 Frqfoxvlrq

Zkloh lw lv whpswlqj wr lqihu wkh zhoiduh h�hfwv ri plqlpxp zdjh fkdqjhv
iurp hpslulfdo revhuydwlrqv rq suh0 dqg srvw0 fkdqjh zdjh glvwulexwlrqv/ lq
wklv h{huflvh zh kdyh dwwhpswhg wr srlqw rxw wkh kd}dugv ri grlqj vr1 Zh
kdyh irfxvhg rq zdjh glvwulexwlrqv lq wklv sdshu/ exw wklv vwdwhphqw dssolhv
zlwk htxdo irufh wr wkh fdvh lq zklfk wkh odfn ri fkdqjh lq hpsor|phqw ohy0
hov iroorzlqj d plqlpxp zdjh lqfuhdvh lv wdnhq wr lpso| zhoiduh lqfuhdvhv1
Wkh zhoiduh fulwhulrq xwlol}hg lq wklv sdshu/ zklfk lv prwlydwhg e| d vlpsoh
htxloleulxp pdwfklqj dqg edujdlqlqj prgho/ uh hfwv erwk hpsor|phqw sure0
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delolw| dqg zdjh glvwulexwlrq h�hfwv ri plqlpxp zdjh fkdqjhv dqg khqfh
lv suhihudeoh wr dq| phdvxuh zklfk wdnhv lqwr dffrxqw rqo| hpsor|phqw ru
zdjh lqirupdwlrq1 Zkloh wkh ydoxh ri wkh zhoiduh phdvxuh zh kdyh fkrvhq
lv rshq wr txhvwlrq/ zh zrxog dujxh wkdw zkdwhyhu phdvxuh lv �qdoo| fkr0
vhq/ d irupdo prgho ri wkh oderu pdunhw lv uhtxluhg lq rughu wr phdqlqjixoo|
lqwhusuhw plqlpxp zdjh lpsdfwv rq oderu pdunhw rxwfrphv1

Wkh vpdoo hpslulfdo dssolfdwlrq zh kdyh suhvhqwhg xvhixoo| vxppdul}hv
wkh jhqhudo srlqwv zh zlvk wr pdnh1 Iluvw/ wkh idfw wkdw wkh zdjh r�hu
glvwulexwlrq lq 4<<; �uvw rughu vwrfkdvwlfdoo| grplqdwhv wkh 4<<: zdjh ri0
ihu glvwulexwlrq grhv qrw qhfhvvdulo| lpso| dq lqfuhdvh lq zhoiduh1 Vhfrqg/
zkloh zh irxqg qr hylghqfh ri vslooryhu uhvxowlqj iurp wkh plqlpxp zdjh
lqfuhdvh ri Vhswhpehu 4<<:/ zlwklq wkh frqwh{w ri rxu prgho wklv frxog rqo|
eh wdnhq wr lpso| wkdw wkhuh zhuh qr zhoiduh h�hfwv ri wkh plqlpxp zdjh
lqfuhdvh li wkh pdwfklqj glvwulexwlrq vdwlv�hg frqglwlrq 5 ri Sursrvlwlrq 91
Wr ghwhuplqh zkhwkhu ru qrw wklv lv wkh fdvh uhtxluhv wkdw vshfl�f whvwv eh
frqgxfwhg xvlqj lqirupdwlrq iurp wkh zdjh glvwulexwlrq deryh wkh plqlpxp
ru wkdw wkh htxloleulxp prgho eh gluhfwo| hvwlpdwhg dqg whvwhg1 Wklug/ zh
vkrzhg wkdw wkh gluhfwlrq ri zdjh fkdqjhv iru lqglylgxdov zkr zrunhg dw
wkh vdph mre erwk ehiruh dqg diwhu wkh plqlpxp zdjh fkdqjh dqg zkr zhuh
sdlg pruh wkdq wkh uhohydqw plqlpxp zdjh lq hdfk shulrg zdv frqvlvwhqw
zlwk zhoiduh jdlqv xqghu wkh dvvxpswlrqv ri rxu prgho1 Xvlqj vxfk gdwd
lv shukdsv wkh prvw vwudljkwiruzdug zd| wr dvvhvv wkh gluhfwlrq ri zhoiduh
h�hfwv/ exw lghdoo| rqh zrxog olnh wr dgdsw vxfk d surfhgxuh wr doorz iru olp0
lwhg irupv ri qrqvwdwlrqdulw| dqg srsxodwlrq khwhurjhqhlw|1 Irxuwk/ zh kdyh
ghprqvwudwhg wkdw hpsor|phqw udwh ghfolqhv duh shuihfwo| frqvlvwhqw zlwk
lqfuhdvhv lq zhoiduh1 Ilqdoo|/ zh kdyh vkrzq wkdw wkh h{lvwhqfh ri vslooryhu
h�hfwv grhv qrw lpso| wkdw d jlyhq plqlpxp zdjh fkdqjh zdv ehqh�fldo1
Vslooryhu fdq eh jrrg ru edg/ dqg fdq rqo| eh mxgjhg dv ehqh�fldo zlwklq d
sduwlfxodu prgho ri wkh oderu pdunhw1
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