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Devwudfw

Wklv sdshu vwxglhv wkh lpsdfw ri zdjh jurzwk rq wkh hyroxwlrq

ri hpsor|phqw lq dq lqwhuwhpsrudo jhqhudo0htxloleulxp prgho zlwk

hqgrjhqrxv surgxfwlylw| jurzwk1 Iru uhdo zdjh jurzwk deryh odlvvh}0

idluh ohyhov/ zh rewdlq vwhdg|0vwdwh htxloleuld lq zklfk surgxfwlylw|

jurzv dw wkh vdph udwh dv zdjhv/ wkh uhdo lqwhuhvw udwh lv ehorz wkh

odlvvh}0idluh ohyho/ dqg vr lv wkh frpprq jurzwk udwh ri frqvxpswlrq/

ghpdqg/ dqg rxwsxw1 Lq wkhvh vwhdg|0vwdwh htxloleuld hpsor|phqw

frqwudfwv dw d frqvwdqw udwh htxdo wr wkh gl�huhqfh ehwzhhq wkh jurzwk

udwhv ri surgxfwlylw| dqg rxwsxw1 Wklv frqwudvwv zlwk wkh ylhz wkdw

htxdolw| ri zdjh jurzwk dqg surgxfwlylw| jurzwk lv d frqglwlrq iru

frqvwdqw hpsor|phqw1

Nh|zrugv= hqgrjhqrxv whfkqlfdo fkdqjh/ shuihfw frpshwlwlrq/

surgxfwlylw| jurzwk/ zdjhv/ hpsor|phqw

MHO Fodvvl�fdwlrq= G57/ G<5/ H5/ H57/ M63/ R6/ R7

�Ilqdqfldo dvvlvwdqfh iurp Ghxwvfkh Iruvfkxqjvjhphlqvfkdiw xqghu wkh surjudp �Lq0
gxvwulhùnrqrpln xqg Lqsxwpçunwh� lv judwhixoo| dfnqrzohgjhg1
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4 Lqwurgxfwlrq

Wklv sdshu wdnhv d qhz orrn dw wkh rog txhvwlrq ri zkdw duh wkh h�hfwv ri
vwdwxwru| ru xqlrq0lpsrvhg plqlpxp zdjhv rq hpsor|phqw1 Zh wuhdw wklv
dv d pdfurhfrqrplf txhvwlrq lq wkh frqwh{w ri dq lqwhuwhpsrudo jhqhudo0
htxloleulxp prgho zlwk hqgrjhqrxv surgxfwlylw| jurzwk1 Zh irfxv rq wkh
h�hfwv ri zdjh jurzwk rq surgxfwlylw| jurzwk dqg rq wkh hyroxwlrq ri rxwsxw
dqg hpsor|phqw1 Rxu uhvxowv vxjjhvw wkdw wkh whupv ri glvfrxuvh derxw
wkh pdwwhu fkdqjh txlwh udglfdoo| zkhq lw lv vwxglhg lq dq lqwhuwhpsrudo
vhwwlqj dqg whfkqlfdo fkdqjh lv vhhq dv wkh uhvxow ri rswlpl}lqj ehkdylru/
uhvsrqglqj wr wkh lqfhqwlyhv wkdw duh vhw e| fxuuhqw dqg dqwlflsdwhg ixwxuh
pdunhw frqglwlrqv1

Wkh h�hfwv ri zdjhv rq hpsor|phqw kdyh wudglwlrqdoo| ehhq glvfxvvhg
lq whupv ri frvw h�hfwv yhuvxv djjuhjdwh0ghpdqg h�hfwv lq d vwdwlf/ rqh0
shulrg vhwwlqj zlwk jlyhq whfkqrorjlhv dqg jlyhq fdslwdo vwrfnv1 Iurp d
Nh|qhvldq shuvshfwlyh/ lqyroxqwdu| xqhpsor|phqw lv gxh wr dq lqvx!flhqf|
ri djjuhjdwh ghpdqg iru rxwsxw/ vr li d zdjh lqfuhdvh lqgxfhv zrunhuv dqg
wkhlu idplolhv wr udlvh wkhlu frqvxpswlrq/ lw pd| udlvh djjuhjdwh ghpdqg iru
rxwsxw dqg wkhuhiruh hpsor|phqw +vhh/ h1j1/ Pdolqydxg +4<::,,1 Lq frqwudvw/
iurp d fodvvlfdo shuvshfwlyh/ zdjh lqfuhdvhv phuho| udlvh pdujlqdo frvwv ri
surgxfwlrq dqg uhgxfh wkh lqfhqwlyh iru hpsor|huv wr r�hu mrev1

Wkh glfkrwrp| ri fodvvlfdo dqg Nh|qhvldq dujxphqwv sod|v d fhqwudo uroh
lq srolwlfdo ghedwh dv zhoo dv dssolhg uhvhdufk rq wkh fdxvhv ri lqyroxqwdu|
xqhpsor|phqw1 Dffruglqj wr rqh ylhz/ wkh vhfxodu lqfuhdvh lq Hxurshdq
xqhpsor|phqw ryhu wkh sdvw wkuhh ghfdghv zdv gxh wr h{sdqvlyh zdjh srolflhv
lq wkh odwh vl{wlhv dqg hduo| vhyhqwlhv rshqlqj d �jds� ehwzhhq dfwxdo zdjhv
dqg ixoo0hpsor|phqw zdjhv/ zklfk vxevhtxhqwo| kdv qhyhu ehhq forvhg +vhh/
h1j1/ Euxqr dqg Vdfkv +4<;8,/ Ehqwrolod dqg Vdlqw0Sdxo +4<<;,,1 Dffruglqj wr
dqrwkhu ylhz/ wklv xqlfdxvdo h{sodqdwlrq lv dw rggv zlwk wkh revhuydwlrq wkdw
lq wkh �uvw kdoi ri wkh hljkwlhv/ xqhpsor|phqw lq Hxursh zdv vwloo gudpdwlfdoo|
jrlqj xs hyhq dv zdjh srolflhv kdg ehfrph ohvv djjuhvvlyh dqg oderu vkduhv
zhuh jrlqj grzq djdlq> wklv revhuydwlrq lv ghhphg wr vxssruw d �Nh|qhvldq�
h{sodqdwlrq ri wkh lqfuhdvh lq Hxurshdq xqhpsor|phqw lq wkh hljkwlhv dv
ehlqj gxh wr d gh�flhqf| ri djjuhjdwh ghpdqg +vhh/ h1j1/ Guë}h dqg Ehdq
+4<<3,/ Eodqfkdug +4<<:,,1 Wkh lqfuhdvh lq Hxurshdq xqhpsor|phqw lq wkh
hljkwlhv lv dovr uhodwhg wr dq lqvx!flhqf| ri fdslwdo/ ghhphg wr eh wkh pruh
vhulrxv dv whfkqrorjlhv xvhg lq wkh hljkwlhv vhhp wr kdyh ehfrph pruh fdslwdo
lqwhqvlyh14

4Vhh/ h1j1/ Eodqfkdug +4<<:,1 Dv ri wkh plg0hljkwlhv douhdg|/ wkh Jhupdq Frxqflo ri
Hfrqrplf H{shuwv +Vdfkyhuvwçqgljhqudw, qrwhg wkdw lgoh0fdsdflw| udwhv uhsruwhg e| �upv
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Dv lqglfdwhg e| wklv dffrxqw/ wkh txhvwlrq ri zkdw duh wkh h�hfwv ri zdjh
srolflhv rq xqhpsor|phqw lv yhu| pxfk d �Hxurshdq txhvwlrq�1 Wkh qrwlrq
ri d �zdjh srolf|� lwvhoi zrxog vhhp wr eh phdqlqjohvv lq dq hfrqrp| lq
zklfk oderu pdunhwv duh xquhjxodwhg dqg frpshwlwlyh/ dqg zdjh udwhv duh
pdunhw0ghwhuplqhg1 Lw lv krzhyhu yhu| uhohydqw iru hfrqrplhv zkhuh wklv
lv qrw wkh fdvh/ l1h1/ hfrqrplhv zlwk vwurqj oderu xqlrqv dqg2ru vljql�fdqw
oderu pdunhw uhjxodwlrq lq zklfk zdjh udwhv duh odujho| ghwhuplqhg rxwvlgh
ri frpshwlwlyh pdunhwv1

Hyhq iru vxfk hfrqrplhv/ rqh pd| zrqghu derxw wkh vljql�fdqfh ri d
frpsdudwlyh0vwdwlfv dqdo|vlv ri wkh h�hfwv ri zdjh srolflhv/ l1h1/ dq dqdo|vlv
zklfk wdnhv zdjh srolflhv dv jlyhq dqg frqvlghuv wkhlu h�hfwv rq/ h1j1/ djjuh0
jdwh rxwsxw dqg hpsor|phqw1 Diwhu doo/ hyhq li zdjhv duh ghwhuplqhg rxwvlgh
frpshwlwlyh pdunhwv/ �zdjh srolflhv� zloo qrw uhdoo| eh h{rjhqrxv dv/ h1j1/
wkh oderu xqlrqv zloo wdnh dffrxqw ri fxuuhqw oderu pdunhw frqglwlrqv1 Wr
wkh h{whqw wkdw wkh| gr vr/ wkh phuh dqdo|vlv ri wkh h�hfwv ri zdjh srolflhv
pd| eh frqvlghuhg xqvdwlvidfwru| dv lw vd|v qrwklqj derxw wkh ghwhuplqdwlrq
ri wkhvh srolflhv dqg qhjohfwv wkh srwhqwldo ihhgedfn h�hfwv iurp revhuyhg
xqhpsor|phqw wr wkh uhvxowv ri froohfwlyh zdjh edujdlqlqj1

Krzhyhu wkh ihhgedfn h�hfwv iurp fxuuhqw pdunhw frqglwlrqv wr d oderu
xqlrq*v edujdlqlqj vwdqfh zloo ghshqg rq dvvhvvphqwv ri krz gl�huhqw zdjh
srolflhv zloo d�hfw pdfurhfrqrplf djjuhjdwhv/ lq sduwlfxodu wkh ohyho ri xq0
hpsor|phqw1 D �Nh|qhvldq� oderu xqlrq pd| zhoo frqvlghu wkdw kljk xq0
hpsor|phqw fdoov iru odujh zdjh lqfuhdvhv ehfdxvh vxfk zdjh lqfuhdvhv udlvh
djjuhjdwh ghpdqg dqg khqfh rxwsxw1 Hyhq li rqh dssuhfldwhv wkh xowlpdwh hq0
grjhqhlw| ri zdjh srolflhv/ wkh vlpsoh frpsdudwlyh0vwdwlfv txhvwlrq zh srvh/
zklfk wdnhv zdjh srolflhv dv jlyhq/ lv ri lqwhuhvw ehfdxvh wkh dqvzhuv wr wklv
txhvwlrq zloo d�hfw wkh gl�huhqw sduwlflsdqwv* suhihuhqfhv ryhu zdjh srolflhv1

Dw dqrwkhu ohyho/ wkh h�hfwv ri zdjh srolflhv rq hpsor|phqw duh d frqfhuq
ri srolwlfdo glvfxvvlrq1 Lq wkh edfnjurxqg ri wkh dfwxdo zdjh vhwwlqj/ wklv sr0
olwlfdo glvfxvvlrq lv lpsruwdqw ehfdxvh lw lq xhqfhv dvvhvvphqwv ri ohjlwlpdf|
ri wkh gl�huhqw sduwlhv* edujdlqlqj vwdqfhv1 Wkhvh dvvhvvphqwv ri ohjlwlpdf|
lq wxuq duh lpsruwdqw ehfdxvh dw ohdvw vrph ri wkh srzhu ri zdjh0vhwwlqj
lqvwlwxwlrqv/ l1h1/ xqlrqv dqg hpsor|huv* dvvrfldwlrqv/ ghshqgv rq ohjlvodwlrq/
vwdwxwru| uhjxodwlrq/ dqg mxulvglfwlrq> wklv vxssruw ri wkh zdjh0vhwwlqj lqvwl0
wxwlrqv* srzhu zrxog eh hqgdqjhuhg li wkh zdjh srolflhv wkdw duh lpsohphqwhg
zhuh zlgho| shufhlyhg dv rxwudjhrxv1

Lq vxfk srolwlfdo glvfxvvlrqv/ hfrqrplvwv uho|lqj rq wkh fodvvlfdo dssurdfk
iuhtxhqwo| uhihu wr d ehqfkpdun zdjh srolf| zklfk zrxog kdyh uhdo zdjhv

vhhphg wr ehfrph glvvrfldwhg iurp xqhpsor|phqw udwhv/ vr wkdw/ lq frqwudvw wr suhylrxv
ghfdghv/ ixoo fdsdflw| xwlol}dwlrq zdv qr orqjhu d jxdudqwhh ri ixoo hpsor|phqw1
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Iljxuh 4= Wkh fodvvlfdo �hpsor|phqw0qhxwudo� ehqfkpdun1

jurz dw wkh vdph udwh dv wkh surgxfwlylw| ri oderu1 Vxfk d srolf| lv ghhphg
wr ohdyh hpsor|phqw xqfkdqjhg/ ehfdxvh/ dv looxvwudwhg lq Iljxuh 4/ pxowlsol0
fdwlrq ri wkh pdujlqdo surgxfw ri oderu dqg wkh uhdo zdjh udwh e| wkh vdph
idfwru � : � kdv qr h�hfw rq wkh ghpdqg iru oderu e| sur�w0pd{lpl}lqj
�upv15 Lq Jhupdq| iru lqvwdqfh/ wkh Frxqflo ri Hfrqrplf H{shuwv +Vdfkyhu0
vwçqgljhqudw, uhjxoduo| xvhv wklv zdjh srolf| dv d ehqfkpdun/ zlwk wkh dg0
ghqgxp wkdw xqhpsor|phqw zloo eh uhgxfhg li dqg rqo| li wkh jurzwk ri uhdo
zdjhv idoov vkruw ri wklv ehqfkpdun1 Wkh srolwlfdo dsshdo ri vxfk uhfrpphq0
gdwlrqv lv vrphzkdw zhdnhqhg li/ dv kdsshqhg lq wkh �uvw kdoi ri wkh hljkwlhv
dqg djdlq lq uhfhqw |hduv/ d ihz |hduv ri uhdo zdjh jurzwk ehorz surgxfwly0
lw| jurzwk duh dffrpsdqlhg e| vljql�fdqw lqfuhdvhv lq xqhpsor|phqw +vhh
djdlq Eodqfkdug +4<<:, ru Ehqwrolod dqg Vdlqw0Sdxo +4<<;,,1 Wkh txhvwlrq ri
zkdw duh wkh h�hfwv ri zdjh srolflhv rq hpsor|phqw dqg zkdw lv d vxlwdeoh
ehqfkpdun iru dvvhvvlqj zdjh srolflhv lv wkhuhiruh yhu| pxfk xs lq wkh dlu1

Wkh dssurdfk zh xvh wr dgguhvv wkhvh txhvwlrqv kdv wkuhh glvwlqfw ihd0
wxuhv=

� Zh orrn dw dq lqwhuwhpsrudo prgho lq zklfk fxuuhqw fkrlfhv lq dq|
shulrg duh d�hfwhg e| dqwlflsdwhg ixwxuh zdjh udwhv dv zhoo dv fxuuhqw
zdjh udwhv1

� Zh wuhdw surgxfwlylw| jurzwk dv wkh uhvxow ri lqqrydwlrq lqyhvwphqwv1

5Iru d wh{werrn wuhdwphqw/ vhh/ h1j1/ Eudqvrq +4<;<,/ ss1 7;3 �1

7



� Zh jlyh d ixoo dffrxqw ri doo jhqhudo0htxloleulxp uhshufxvvlrqv/ lqfoxg0
lqj uhshufxvvlrqv dulvlqj iurp lqfrph dqg zhdowk h�hfwv1

Zh gh�qh zdjh srolflhv lq whupv ri uhdo zdjh udwhv1 Zkhuhdv Nh|qhv
+4<69, lqvlvwhg wkdw oderu frqwudfwv duh frqfoxghg lq whupv ri prqh| zdjhv/
lq idfw/ wkh sduwlhv frqfoxglqj wkhvh frqwudfwv hydoxdwh wkhp lq whupv ri wkhlu
dqwlflsdwhg lpsolfdwlrqv iru uhdo zdjhv1 Glvfxvvlrqv ri ehqfkpdun srolflhv lq0
yroylqj uhdo zdjh jurzwk htxdo wr surgxfwlylw| jurzwk ru prqh| zdjh jurzwk
htxdo wr lq dwlrq soxv surgxfwlylw| jurzwk vxjjhvw wkdw wkhuh lv qrw pxfk
prqh| looxvlrq lq zdjh ghwhuplqdwlrq1 Dvvxplqj wkdw h{shfwdwlrqv derxw
wkh jrrgv sulfhv wkdw duh lpsolhg e| gl�huhqw zdjh udwhv duh udwlrqdo/ zh
frqvlghu uhdo0zdjh srolflhv wr eh wkh surshu remhfw ri dqdo|vlv1 Wkh prgho
zh xvh grhv qrw hyhq lqyroyh prqh| vr wkdw rxu dqdo|vlv lv xqhqfxpehuhg
e| wkh ydulrxv dvshfwv ri prqh| looxvlrq/ plvwdnhq lq dwlrqdu| h{shfwdwlrqv/
hwf1 zklfk kdyh grplqdwhg wkh olwhudwxuh rq zdjh srolf| yhuvxv prqhwdu|
srolf| iurp Nh|qhv +4<69, dqg Prgljoldql +4<77, wr wkh vl{wlhv* dqg vhyhq0
wlhv* ghedwhv derxw h{shfwdwlrqv irupdwlrq dqg wkh Skloolsv Fxuyh +vhh/ h1j1/
Iulhgpdq +4<9;,/ Oxfdv +4<:6,,1

Lq rxu vhwwlqj zh �qg wkdw wkh glfkrwrp| ri fodvvlfdo dqg Nh|qhvldq/ frvw
dqg ghpdqg/ dujxphqwv lv plvsodfhg1 Phwkrgrorjlfdoo|/ zh frq�up wkh Nh|0
qhvldq ylhz wkdw wkh h�hfwv ri zdjhv rq hpsor|phqw ghshqg rq wkh ehkdylru
ri djjuhjdwh ghpdqg dqg fdqqrw eh ghwhuplqhg phuho| e| orrnlqj dw wkh
sur�w0pd{lpl}lqj fkrlfhv ri �upv1 Wklv lv wuxh hyhq wkrxjk zdjh srolflhv
duh gh�qhg lq whupv ri uhdo zdjhv dqg/ lq frqwudvw wr Nh|qhv*v rzq glvfxvvlrq
lq Fkdswhu 4< ri wkh Jhqhudo Wkhru|/ wkhuh lv qr qhhg iru djjuhjdwh0ghpdqg
frqvlghudwlrqv wr ghwhuplqh wkh jrrgv sulfhv dqg khqfh wkh uhdo zdjh wkdw jr
zlwk d jlyhq prqh| zdjh1 Krzhyhu/ lq vxevwdqwlyh whupv/ rxu dqdo|vlv ohdgv
wr dq dvvhvvphqw ri wkh h�hfwv ri zdjhv rq hpsor|phqw wkdw lv hyhq pruh shv0
vlplvwlf wkdq wkh wudglwlrqdo fodvvlfdo ylhz1 Ryhuh{sdqvlrqdu| zdjh srolflhv
lqgxfh surgxfwlylw| jurzwk wkdw rxwsdfhv wkh jurzwk ri djjuhjdwh ghpdqg>
hpsor|phqw zloo wkhq eh frqwlqxdoo| vkulqnlqj hyhq wkrxjk uhdo zdjhv dqg
surgxfwlylw| jurz dw wkh vdph udwh/ dqg wkh zdjh srolf| lv frqiruplqj wr wkh
frqglwlrq iru hpsor|phqw qhxwudolw| phqwlrqhg deryh1

Wkh qhhg wr doorz iru djjuhjdwh0ghpdqg uhshufxvvlrqv ri zdjh srolflhv
dulvhv iurp wkh iroorzlqj ihdwxuhv ri rxu prgho=

� Fxuuhqw oderu lv qrw wkh rqo| lqsxw lqwr fxuuhqw surgxfwlrq1 Zlwk
oderu surgxfwlylw| lq dq| jlyhq shulrg ghwhuplqhg e| sdvw lqqrydwlrq
lqyhvwphqwv/ wkhvh lqqrydwlrq lqyhvwphqwv pxvw eh vhhq dv dgglwlrqdo
lqsxwv1
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� Sulfhv ri lqsxwv rwkhu wkdq oderu duh iuhh wr dgmxvw zlwkrxw iulfwlrqv1
Wklv lv wuxh/ lq sduwlfxodu/ ri uhdo lqwhuhvw udwhv/ zklfk ghwhuplqh wkh
frvw ri lqqrydwlrq lqyhvwphqwv lq whupv ri wkh vxevhtxhqw shulrg*v rxw0
sxw1

� Zkhq doo lqsxwv duh wdnhq lqwr dffrxqw/ wkh whfkqrorj| h{klelwv frq0
vwdqw uhwxuqv wr vfdoh dw wkh ohyho ri hfrqrplf djjuhjdwhv1

Dv lq wkh vwdqgdug prgho ri jhqhudo htxloleulxp zlwk olqhdu surgxfwlrq
+vhh/ h1j1/ Duurz dqg Kdkq +4<:5,/ Eolvv +4<:8,,/ wkhvh ihdwxuhv ri rxu prgho
lpso| wkdw wkh yhfwru ri doo lqsxw sulfhv wrjhwkhu dgmxvwv vr wkdw �upv pdnh
}hur sur�wv> wkh prvw lpphgldwh h�hfwv ri fxuuhqw dqg dqwlflsdwhg ixwxuh
vwdwxwru| ru xqlrq0vhw plqlpxp uhdo zdjhv zloo wkhuhiruh eh rq wkh uhodwlyh
sulfhv ri lqsxwv rwkhu wkdq oderu/ khuh rq uhdo lqwhuhvw udwhv1 Jlyhq wkdw
wklv dgmxvwphqw ri rwkhu lqsxw sulfhv rffxuv dqg pd{lpxp sur�wv ri �upv
duh }hur/ djjuhjdwh surgxfwlrq 0 dqg zlwk lw djjuhjdwh hpsor|phqw 0 duh
ghpdqg0ghwhuplqhg= Zlwk frqvwdqw uhwxuqv wr vfdoh/ wkh surgxfwlrq vhfwru
ri wkh hfrqrp| grhv qrw fduh dw zkdw vfdoh lw surgxfhv dqg hduqv }hur sur�wv1

Wkh xvxdo wh{werrn dqdo|vlv ri wkh h�hfwv ri zdjhv rq hpsor|phqw whqgv
wr qhjohfw wkh uroh ri lqsxwv rwkhu wkdq oderu/ wdnlqj/ h1j1/ wkh �up*v hq0
grzphqwv ri nqrz0krz dqg fdslwdo dv jlyhq1 Iru d vwdwlf dqdo|vlv ri h�hfwv
dulvlqj lq d vlqjoh shulrg wklv lv xqsureohpdwlf1 Lq dq lqwhuwhpsrudo vhwwlqj/
rqh kdv wr wdnh dffrxqw ri wkh idfw wkdw lqyhvwphqw fkrlfhv dqg lqwhuwhpsr0
udo sulfhv lq dq| jlyhq shulrg zloo ghshqg rq shrsoh*v dqwlflsdwlrqv ri zdjhv
dqg sulfhv lq vxevhtxhqw shulrgv1 Wr wkh h{whqw wkdw plqlpxp0uhdo0zdjh
srolflhv d�hfw wkhvh dqwlflsdwlrqv dv zhoo dv wkh zdjh udwhv wkdw duh dfwxdoo|
sdlg/ d frpsohwh dqdo|vlv kdv wr wdnh dffrxqw ri wkh ryhudoo h�hfwv ri zdjh
srolflhv rq wkh wlph sdwkv ri htxloleulxp lqwhuwhpsrudo sulfhv/ lqyhvwphqw
fkrlfhv/ dqg lqfrphv1 Zlwk frqvwdqw uhwxuqv wr vfdoh rq djjuhjdwh/ d vwdq0
gdug dvvxpswlrq ri lqwhuwhpsrudo pdfurhfrqrplf prghov/ rqh lv ohg wr wkh
wzlq frqfoxvlrq wkdw +l, wkh wlph sdwkv ri zdjhv/ sulfhv/ dqg lqwhuhvw udwhv
wrjhwkhu pxvw vdwlvi| d }hur0sur�w frqglwlrq/ dqg +ll, wkh wlph sdwkv ri rxwsxw
dqg hpsor|phqw pxvw eh ghpdqg0ghwhuplqhg1

Krzhyhu/ lq dq lqwhuwhpsrudo vhwwlqj/ wkh djjuhjdwh ghpdqg iru pdqx0
idfwxuhg jrrgv lq dq| rqh shulrg zloo qrw eh �dxwrqrprxv� lq wkh Nh|qhvldq
vhqvh/ exw zloo lwvhoi eh wkh uhvxow ri lqwhuwhpsrudo rswlpl}dwlrq dqg frru0
glqdwlrq ri krxvhkrogv dqg �upv1 D sxufkdvlqj0srzhu h�hfw ri kljk uhdo
zdjhv pd| eh suhvhqw/ exw wkhq wkh txhvwlrq lv krz wklv h�hfw lv vsuhdg ryhu
wlph1 Wklv ghshqgv rq lqwhuwhpsrudo sulfhv dqg rq wkh pdunhw sduwlflsdqwv*
uhvsrqvhv wr wkh lqfhqwlyhv vhw e| wkhvh sulfhv1

Lq rxu dqdo|vlv wkh prvw gudpdwlf h�hfwv ri zdjh srolflhv rq wkh hyroxwlrq
ri rxwsxw dqg hpsor|phqw dulvh ehfdxvh wkh zdjh0lqgxfhg dgmxvwphqwv lq

9



htxloleulxp lqwhuhvw udwhv glvwruw wkh doorfdwlrq ri djjuhjdwh jrrgv ghpdqg
ryhu wlph1 Li uhdo lqwhuhvw udwhv kdyh wr dgmxvw vr wkdw �upv hduq }hur sur�wv
hyhq dw kljk uhdo zdjhv wklv pd| pdnh lw lpsrvvleoh iru lqwhuhvw udwhv wr
eulqj wkh frqvxpswlrq jurzwk wkdw lv ghvluhg e| krxvhkrogv lqwr olqh zlwk
wkh rxwsxw jurzwk zklfk fdq eh surylghg e| zrunhuv dqg �upv1 Wkh jurzwk
ri djjuhjdwh ghpdqg pd| wkhq idoo vkruw ri surgxfwlylw| jurzwk/ dqg wkhuh
pd| eh d frqwlqxrxv ghfolqh ri hpsor|phqw dv wkh hfrqrp| vhhpv wr eh
uxqqlqj rxw ri mrev1 Dv zdjh srolflhv d�hfw lqwhuhvw udwhv/ wkh hfrqrp|*v
lqwhuwhpsrudo frruglqdwlrq phfkdqlvpv dqg wkh lqwhuwhpsrudo doorfdwlrq ri
uhvrxufhv vx�huv1

Zh vwxg| wkhvh lqwhughshqghqflhv lq whupv ri wkh vwhdg|0vwdwh htxloleuld ri
d prgho lq zklfk fxuuhqw oderu lv wkh rqo| lqsxw lqwr fxuuhqw surgxfwlrq/ exw
sulru lqyhvwphqwv vhuyh wr lpsuryh wkh surgxfwlylw| ri oderu iurp rqh shulrg
wr wkh qh{w1 Wkh prgho lv d vlpsol�hg yhuvlrq ri wkh prgho ri �Hqgrjhqrxv
Whfkqlfdo Fkdqjh lq d Frpshwlwlyh Hfrqrp|� wkdw zh vwxglhg lq Khoozlj dqg
Luphq +4<<<,/ vhh dovr Ehvwhu dqg Shwudnlv +4<<;,1 Wdnlqj wkh jurzwk udwh
ri plqlpxp uhdo zdjhv dv wkh nh| srolf| yduldeoh/ zh dvn krz wklv yduldeoh
d�hfwv wkh hyroxwlrq ri dfwxdo zdjhv/ surgxfwlylw|/ djjuhjdwh frqvxpswlrq/
rxwsxw/ dqg hpsor|phqw1 Lq Khoozlj dqg Luphq +4<<<, zh kdyh vkrzq wkdw
xqghu odlvvh}0idluh/ wkh lqwhuwhpsrudo sulfh v|vwhp zrxog hqvxuh wkdw wkh
jurzwk ri djjuhjdwh ghpdqg lv frpsdwleoh zlwk zdjh jurzwk dqg surgxfwly0
lw| jurzwk vr wkdw/ h1j1/ zlwk d frqvwdqw oderu irufh rqh kdv ixoo hpsor|phqw
doo wkh wlph1 Lq frqwudvw wklv sdshu vkrzv wkdw li wkh srolf|0lpsrvhg jurzwk
udwh ri plqlpxp uhdo zdjh udwhv h{fhhgv wkh udwh wkdw zrxog suhydlo xqghu
odlvvh}0idluh/ wkh vwhdg|0vwdwh htxloleulxp surgxfwlylw| jurzwk udwh zloo eh
wkh vdph dv wkh zdjh jurzwk udwh/ exw wkh jurzwk udwh ri djjuhjdwh ghpdqg
zloo eh ohvv/ dqg hpsor|phqw zloo eh frqwudfwlqj dw d frqvwdqw udwh wkdw lv
urxjko| htxdo wr wkh gl�huhqfh ehwzhhq wkh jurzwk udwh ri uhdo zdjhv dqg wkh
jurzwk udwh ri djjuhjdwh ghpdqg1 Suholplqdu| uhvhdufk wkdw zh kdyh grqh rq
qrq0vwhdg|0vwdwh htxloleuld vxjjhvw wkdw wkhvh frqfoxvlrqv duh qrw olplwhg wr
vwhdg|0vwdwhv/ exw fdq eh h{whqghg wr orqj0uxq dyhudjhv ri jurzwk udwhv ri
qrq0vwhdg|0vwdwh htxloleuld1

Dw wklv srlqw rqh pd| zdqw wr jr edfn wr wkh vshfl�fdwlrq ri zdjh srolflhv1
Dv phqwlrqhg deryh/ zh gr qrw surylgh dq| ghvfulswlyh dffrxqw ri krz zdjh
srolflhv duh fkrvhq1 Exw li hpsor|phqw lv frqwudfwlqj dw d frqvwdqw udwh/
vkrxogq*w zh h{shfw wkh zdjh0vhwwlqj phfkdqlvp wr eh fkdqjhgB Vkrxogq*w
zh h{shfw wkdw hlwkhu wkh zdjh0vhwwlqj lqvwlwxwlrqv zloo fkrrvh d gl�huhqw
zdjh srolf| ru wkh srolwlfdo v|vwhp zloo lqwhuyhqh wr glvpdqwoh wkh srzhu ri
wkh zdjh0vhwwlqj lqvwlwxwlrqvB

Wkh dqvzhu wr wkhvh txhvwlrqv ghshqgv rq zkhwkhu lq d vlwxdwlrq olnh wkh
rqh zh ghvfuleh wkh frqwlqxdoo| zruvhqlqj xqhpsor|phqw sureohp lv olqnhg
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wr zdjh srolf|1 Wklv lq wxuq ghshqgv rq wkh wkhruhwlfdo iudphzrun wkdw
xqghuolhv shrsoh*v wklqnlqj derxw zdjhv dqg hpsor|phqw1 Rq wkh edvlv ri
d vwdwlf iudphzrun zlwk h{rjhqrxv surgxfwlylw| jurzwk/ hyhq dq hfrqrplvw
zkr wdnhv wkh fodvvlfdo dssurdfk zloo qrwh wkdw uhdo zdjhv dqg surgxfwlylw|
duh jurzlqj dw wkh vdph udwh dqg khqfh wkdw zdjh srolf| lv suredeo| qrw
uhvsrqvleoh iru wkh rqjrlqj ghfolqh lq hpsor|phqw1 Li vr/ zk| vkrxog rqh
erwkhu derxw zdjh srolflhvB Zk| qrw orrn hovhzkhuh dqg/ h1j1/ orrn iru
srolf| phdvxuhv wkdw zloo fruuhfw wkh lqvx!flhqf| ri jurzwk lq djjuhjdwh
ghpdqgB6 Zlwk wkh wudglwlrqdo vhsdudwlrq ri ghpdqg dqdo|vlv dqg vxsso|
dqdo|vlv/ rqh pd| qrw lq idfw dssuhfldwh wkdw wklv lqvx!flhqf| lwvhoi pd| eh
gxh wr h{fhvvlyh zdjh jurzwk dqg wr wkh glvwruwlrqv lq lqwhuwhpsrudo sulflqj
wkdw wklv lqgxfhv1

Wkh hyroxwlrq ri Hxurshdq xqhpsor|phqw ryhu wkh sdvw wkuhh ghfdghv
surylghv d fdvh lq srlqw1 Iurp wkh shuvshfwlyh ri rxu dqdo|vlv/ wkh ghyhors0
phqw ri wkh hduo| hljkwlhv wkdw Guë}h dqg Ehdq +4<<3, ru Eodqfkdug +4<<:,
lqwhusuhw lq Nh|qhvldq whupv pd| lq idfw eh d ghod|hg uhvsrqvh wr wkh kljk
zdjh jurzwk +dqg orz uhdo lqwhuhvw udwhv, ri wkh vhyhqwlhv1 Ghfolqlqj oderu
vkduhv lq wkh hduo| hljkwlhv pd| uh hfw wkh h�hfwv ri wkh suhylrxv zdjh sxvk
rq wkh ghyhorsphqw ri oderu surgxfwlylw|> wkh gh�flhqf| ri djjuhjdwh ghpdqg
dv zhoo dv wkh gh�flhqf| ri fdslwdo lq d vlwxdwlrq zlwk pruh fdslwdo0lqwhqvlyh
whfkqltxhv ri surgxfwlrq pd| uh hfw wkh yhu| vdph h�hfwv17 Zlwk wklv lqwhu0
suhwdwlrq/ wkh glvwlqfwlrq ehwzhhq wkh �fodvvlfdo lqfuhdvhv lq xqhpsor|phqw�
lq wkh vhyhqwlhv dqg wkh �Nh|qhvldq lqfuhdvhv lq xqhpsor|phqw lq wkh hljkw0
lhv� zrxog ehfrph prrw1

Zkhwkhu wklv lv lq idfw d vdwlvidfwru| dffrxqw iru wkh hyroxwlrq wkdw wrrn
sodfh lv dq hpslulfdo txhvwlrq wkdw wudqvfhqgv wkh vfrsh ri rxu sdshu1 Rxu
frqwulexwlrq lv phuho| wr vkrz wkdw wklv txhvwlrq qhhgv wr eh dvnhg1 Pruh
jhqhudoo|/ wkh frqwulexwlrq ri rxu sdshu lv wr uhgh�qh wkh frqfhswxdo iudph0
zrun zlwklq zklfk wkh h�hfwv ri zdjh srolflhv rq wkh ryhudoo hyroxwlrq ri wkh
hfrqrp| duh glvfxvvhg1

Rxu edvlf prgho lv vnhwfkhg lq Vhfwlrq 51 Wkh fruh ri wkh dqdo|vlv lv
suhvhqwhg lq Vhfwlrq 61 Zh uhvwulfw dwwhqwlrq wr wkh dqdo|vlv ri vwhdg|0vwdwh
htxloleuld1 Lq Vhfwlrq 7 zh glvfxvv ixuwkhu dvshfwv ri rxu dqdo|vlv= lpsolfd0

6Iru dq ryhuylhz ri srolf| phdvxuhv frqvlghuhg wr doohyldwh Hxurshdq xqhpsor|phqw/
vhh Guë}h dqg Pdolqydxg +4<<7,1

7Wkh srvvlelolw| ri d olqn ehwzhhq wkh zdjh sxvk ri wkh vhyhqwlhv dqg wkh fkdqjh ri
whfkqrorj| lq wkh hduo| hljkwlhv kdv suhylrxvo| ehhq vxjjhvwhg e| Fdedoohur dqg Kdpprxu
+4<<:,1 Vwd|lqj zlwklq d sduwldo0htxloleulxp vhwwlqj/ wkh| glvfxvv whfkqrorj| fkrlfh lq
whupv ri lwv survshfwlyh h�hfwv rq wkh uhodwlyh srzhu ri fdslwdo dqg oderxu lq vxevhtxhqw
zdjh edujdlqlqj udwkhu wkdq wkh pruh lpphgldwh hqkdqfhphqw ri oderxu surgxfwlylw|
vwxglhg lq wklv sdshu1
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wlrqv iru hfrqrplf srolf| dqg hpslulfdo uhvhdufk/ wkh vfrsh iru h{whqglqj wkh
uhvxowv wr qrq0vwhdg|0vwdwh htxloleuld/ dqg �qdoo| wkh vfrsh iru hqgrjhql}lqj
zdjh srolflhv1

5 Wkh Prgho

Dv lq Khoozlj dqg Luphq +4<<<,/ zh vwxg| dq hfrqrp| zlwk d krxvhkrog vhfwru
dqg d surgxfwlrq vhfwru/ zlwk wkuhh remhfwv ri h{fkdqjh/ d pdqxidfwxuhg
jrrg/ oderu/ dqg erqgv/ lq dq lq�qlwh vhtxhqfh ri shulrgv | ' �c 2c ��� Wkh
pdqxidfwxuhg jrrg vhuyhv iru lqyhvwphqw dv zhoo dv frqvxpswlrq1 Lq hdfk
shulrg |/ wkhuh duh pdunhwv iru wkh wkuhh remhfwv ri h{fkdqjh1 Wuhdwlqj wkh
pdqxidfwxuhg jrrg dv wkh qxpìudluh/ zh ohw �| ghqrwh wkh uhdo zdjh dqg RK|
wkh uhdo erqg sulfh dw |1 D erqg dw | lv gh�qhg dv d fodlp rq rqh xqlw ri
wkh pdqxidfwxuhg jrrg dw |n�1 Zrunlqj zlwk uhdo lqwhuhvw udwhv udwkhu wkdq
uhdo erqg sulfhv/ zh zulwh RK| ' �*E� n o|� zkhuh o| lv wkh uhdo lqwhuhvw udwh
iurp shulrg | wr shulrg |n ��

514 Wkh Krxvhkrog Vhfwru

Iru vlpsolflw| zh dvvxph wkdw wkh krxvhkrog vhfwru frpsulvhv rqh krxvhkrog18

Wklv krxvhkrog kdv dq lqlwldo hqgrzphqw ri �f erqgv frplqj gxh dw | ' �/ u
xqlwv ri oderu lq hdfk shulrg | ' �c 2c ���c dqg �ffI ri wkh vkduhv ri doo �upv1
Wkh krxvhkrog gudzv xwlolw| iurp klv frqvxpswlrq S| lq shulrgv | ' �c 2c ���/
hydoxdwlqj wkh vhtxhqfh iS|j dffruglqj wr wkh ixqfwlrqdo

"[
|'�

q| *? S|c +4,

zkhuh f 	 q 	 � lv d glvfrxqw idfwru1 Wkh krxvhkrog grhv qrw fduh derxw
ohlvxuh1

Wkh krxvhkrog fkrrvhv d vwudwhj| iru klv frqvxpswlrq ghpdqg S|/ oderu
vxsso| u|/ dqg erqg ghpdqg �_

| lq doo shulrgv | ' �c 2c ��� Lq fkrrvlqj klv
vwudwhj|/ kh wdnhv dffrxqw ri klv jlyhq lqlwldo hqgrzphqw dv zhoo dv wkh ohyhov
ri uhdo zdjhv �| dqg uhdo lqwhuhvw udwhv o| wkdw kh h{shfwv wr suhydlo lq shulrgv
| ' �c 2c ��� Kh dovr irupv h{shfwdwlrqv derxw srwhqwldo txdqwlw| frqvwudlqwveu| rq hpsor|phqw dqg derxw djjuhjdwh uhdo glylghqg glvwulexwlrqv �| lq

8Wkh uhdghu pd| eh xqfrpiruwdeoh zlwk wkh dvvxpswlrq ri rqh lq�qlwho|0olyhg krxvh0
krog1 Krzhyhu/ lw lv hdv| wr yhuli| wkdw rxu uhvxowv dsso| mxvw dv zhoo wr dq ryhuodsslqj0
jhqhudwlrqv prgho zlwk �qlwh olihwlphv ri krxvhkrogv1
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shulrgv | ' �c 2c ���/ dqg wdnhv dffrxqw ri wkhvh h{shfwdwlrqv dv kh fkrrvhv
klv vwudwhj|1 Wdnlqj doo wkhvh gdwd dv jlyhq kh fkrrvhv klv vwudwhj| vr dv wr
pd{lpl}h wkh xwlolw| ixqfwlrqdo +4, xqghu wkh frqvwudlqwv wkdw

S| n�_
| *E� n o|� ' �|u| n�_

|3� n�|c +5,

S| � fc u| � 4�?
�eu|c u

�
c �_

| � f +6,

iru doo |/ zlwk �_
f ' �f/ jlyhq1

Zh gr qrw qhhg wr jr lqwr wkh ghwdlov ri wklv pd{lpl}dwlrq1 Wkh iroorzlqj
revhuydwlrqv frqwdlq doo zh qhhg iru rxu dqdo|vlv=

� Jlyhq wkdw wkh krxvhkrog grhv qrw fduh derxw ohlvxuh/ kh dozd|v ghvluhv
wr vxsso| dv pxfk oderu dv srvvleoh/ l1h1/ kh vhwv

u| ' 4�?
�eu|c u

�
+7,

iru doo |1 Wkh txdqwlw| frqvwudlqw rq hpsor|phqw lv elqglqj zkhqhyhueu| lv ohvv wkdq u> wkh gl�huhqfh u�eu| surylghv d phdvxuh ri lqyroxqwdu|
xqhpsor|phqw ri wkh krxvhkrog1

� Wkh krxvhkrog*v exgjhw vhw lv xqerxqghg dqg klv pd{lpl}dwlrq sure0
ohp idlov wr kdyh d vroxwlrq li wkh vhulhv jlylqj wkh glvfrxqwhg suhvhqw
ydoxh ri klv zdjh lqfrphv lq doo shulrgv/

��u� n

"[
|'2

|3�\
�'�

�
�

� n o�

�
�|u|c +8,

idlov wr frqyhujh1

� Wkh �uvw�rughu frqglwlrqv iru wkh krxvhkrog*v fkrlfh ri S|/ �
_
| / dqg S|n�

|lhog wkh xvxdo Hxohu htxdwlrq

S|n� � qE� n o|� S|c +9,

zlwk d vwulfw lqhtxdolw| rqo| li �_
| ' fc

iru wkh jurzwk ri wkh krxvhkrog*v frqvxpswlrq/ olqnlqj ghvluhg frq0
vxpswlrq jurzwk wr wkh glvfrxqw idfwru dqg wkh uhdo lqwhuhvw udwh1 Wklv
frqglwlrq zloo eh vhhq wr sod| d fuxfldo uroh iru djjuhjdwh0ghpdqg dqg
hpsor|phqw g|qdplfv1
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515 Ilupv/ Whfkqrorjlhv/ dqg Sur�w Pd{lpl}dwlrq

Wkh surgxfwlrq vhfwru ri wkh hfrqrp| lv uhsuhvhqwhg e| dq dwrpohvv phdvxuh
vsdfh ri �upv1 Zlwk uhvshfw wr wkh surgxfwlrq ri rxwsxw lq shulrgv | '
2c �c ���/ doo �upv kdyh wkh vdph whfkqrorj|1 Hdfk �up kdv d fdsdflw| olplw ri
rqh xqlw ri rxwsxw shu shulrg19 Lwv rxwsxw lq shulrg | lv jlyhq dv

+| ' 4�?E�c @|,|�c +:,

zkhuh ,| lv wkh �up*v oderu lqsxw dqg @| lwv oderu surgxfwlylw| lq shulrg |�
Wkh �up*v oderu surgxfwlylw| @| lv htxdo wr

@| ' �|3�E� n ^|�( +;,

khuh �|3� lv dq lqglfdwru ri hfrqrp|0zlgh oderu surgxfwlylw| lq shulrg |� �/
dqg ^| lv dq lqglfdwru ri surgxfwlylw| jurzwk dw wklv �up1

Wr dfklhyh wkh surgxfwlylw| jurzwk udwh ^| iurp shulrg |� � wr shulrg |/
wkh �up pxvw lqyhvw gE^|� xqlwv ri wkh pdqxidfwxuhg jrrg lq shulrg |� �1:

Wkh uhvxowlqj lqqrydwlrq lv dvvxphg wr eh sursulhwdu| nqrzohgjh ri wkh �up
lq shulrg |/ l1h1/ wkh shulrg zkhq lw lv pdgh1 Vxevhtxhqwo|/ dv zh glvfxvv
ehorz/ wkh lqqrydwlrq ehfrphv hperglhg lq wkh hfrqrp|0zlgh surgxfwly0
lw| lqglfdwruv �|c �|n�c ���c zlwk qr ixuwkhu vfrsh iru sursulhwdu| h{sorlwdwlrq1
Wkh ixqfwlrq gE�� lv dvvxphg wr eh vwulfwo| lqfuhdvlqj/ frqyh{/ dqg frqwlqx0
rxvo| gl�huhqwldeoh> pruhryhu/ gEf� ' f1

Wkh lqqrydwlrq lqyhvwphqw gE^|� lq shulrg | � � lv �qdqfhg e| dq lvvxh
ri E� n o|3�� gE^|� erqgv1 Lq whupv ri wkh pdqxidfwxuhg jrrg ri shulrg | dv
qxpìudluh/ d surgxfwlrq sodq E^|c ,|c +|� iru shulrg | wkxv |lhogv wkh sur�w

Z| ' +| � �|,| � E� n o|3��gE^|�

' 4�?d�c �|3�E� n ^|�,|o� �|,| � E� n o|3��gE^|� +<,

zkhuh +| ' 4�?d�c �|3�E�n ^|�,|o lv wkh �up*v uhyhqxh iurp rxwsxw vdohv/ �|,|
lwv oderu frvw dw wkh uhdo zdjh udwh �|/ dqg E� n o|3��gE^|� lwv ghew vhuylfh1
Wkh sur�w/ li dq|/ lv lpphgldwho| glvwulexwhg wr wkh krxvhkrog dv wkh �up*v
vkduhkroghu1

9Lq Khoozlj dqg Luphq +4<<<, zh frqvlghu d pruh jhqhudo vshfl�fdwlrq lqyroylqj yduldeoh
fdsdflw| edvhg rq sulru fdsdflw| lqyhvwphqwv/ zlwk lqyhvwphqw rxwod|v d vwulfwo| frqyh{
ixqfwlrq ri fdsdflw|1 Wkh dqdo|vlv khuh lv hdvlo| h{whqghg wr wklv pruh jhqhudo prgho1 Wkh
vlpsohu vshfl�fdwlrq wuhdwhg khuh uhtxluhv vljql�fdqwo| ohvv qrwdwlrq1

:Dowhuqdwlyho| zh pljkw dvvxph wkdw lqsxwv lqwr lqqrydwlyh dfwlylw| wdnh wkh irup ri
oderu1 Lq wklv fdvh wkh pdlq frqfoxvlrqv ri rxu dqdo|vlv zrxog vwloo eh ydolg li fdsdflw|
frqvwudlqwv zhuh gh�qhg lq whupv ri xqlw ri oderu/ h1j1/ hdfk �up fdq hpsor| xs wr rqh
xqlw ri oderu1
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Zh dvvxph wkdw wkh �up wdnhv wkh vhtxhqfh i�|c o|j ri uhdo zdjhv dqg lq0
whuhvw udwhv dv zhoo dv wkh vhtxhqfh i�|j ri djjuhjdwh surgxfwlylw| lqglfdwruv
dv jlyhq dqg fkrrvhv lwv surgxfwlrq sodq vr dv wr pd{lpl}h wkh vxp ri wkh
glvfrxqwhg suhvhqw ydoxhv ri lwv sur�wv lq doo shulrgv1 Ehfdxvh surgxfwlrq
fkrlfhv iru gl�huhqw shulrgv duh lqghshqghqw ri hdfk rwkhu/ iru hdfk shulrg |/
lw zloo lq idfw fkrrvh wkh sodq E^|c ,|c +|� wr pd{lpl}h wkh sur�w Z| iurp wklv
sodq lq shulrg |1

Qrwlfh wkdw wkh �up*v whfkqrorj| lqyroyhv d qrqfrqyh{lw|= Wkh frvw E� n
o|3��gE^|� wkdw lv dvvrfldwhg zlwk d jlyhq lqqrydwlrq udwh ^| : f lv �{hg/
l1h1/ lqghshqghqw ri wkh rxwsxw +| wkdw wkh �up surgxfhv1 Wklv lqwurgxfhv
d srvlwlyh vfdoh h�hfw/ qdpho| li wkh �up lqqrydwhv dw doo/ wkhq lw zdqwv wr
dsso| wkh lqqrydwlrq wr dv odujh dq rxwsxw dv srvvleoh dqg wr surgxfh dw wkh
fdsdflw| olplw +| ' �� Wkh fkrvhq lqsxw frpelqdwlrq E^|c ,|� pxvw wkhq eh
plqlpl}lqj wkh frvwv ri surgxflqj wkh fdsdflw| rxwsxw1 Krzhyhu/ ghshqglqj
rq wkh sulfh yduldeohv �|c o|3�c dqg wkh surgxfwlylw| lqgh{ �|3�/ lw pd| eh
wkh fdvh wkdw plqlpxp xqlw frvwv ri surgxfwlrq h{fhhg rqh/ l1h1/ wkh sulfh ri
rxwsxw dv wkh qxpìudluh> lq wklv fdvh wkh �up zloo suhihu qrw wr surgxfh dq|
rxwsxw dw doo1

Plqlpl}dwlrq ri xqlw frvwv ri surgxfwlrq e| wkh lqsxw frpelqdwlrq E^|c ,|�
uhtxluhv

�|,| '
�|

�|3�E� n ^|�
c +43,

dqg

^| 5 @h}4�?
^Df

�
�|

�|3�E� n ^�
n E� n o|3��gE^�

�
� +44,

Jlyhq wkh gl�huhqwldelolw| dqg frqyh{lw| ri wkh lqqrydwlrq frvw ixqfwlrqgE��/
+44, dfwxdoo| ghwhuplqhv ^| xqltxho| dv

^| ' ^W
�

�|

�|3�E� n o|3��

�
c +45,

zkhuh/ iru dq| �|c o|3�c dqg �|3�c ^
WE�|*�|3�E� n o|3��� lv gh�qhg dv wkh

vroxwlrq wr wkh �uvw0rughu frqglwlrq

�|

�|3�E� n ^W�2
� E� n o|3��g

�E^W�c

zlwk vwulfw lqhtxdolw| rqo| li ^W ' fc +46,

zklfk lv reylrxvo| xqltxh1
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Ohw

gW

�
�|

�|3�

c o|3�

�
G' 4�?

^Df

�
�|

�|3�E� n ^�
n E� n o|3��gE^�

�
+47,

eh wkh plqlpdo xqlw frvw ri surgxfwlrq ri wkh �up lq shulrg |� Ghshqglqj
rq krz iru jlyhq �|c o|3�c dqg �|3�c g

WE�|*�|3�c o|3�� uhodwhv wr wkh sulfh
ri rxwsxw/ sur�w0pd{lpl}lqj surgxfwlrq sodqv iru shulrg | pd| wdnh wkuhh
glvwlqfw irupv=

� D surgxfwlrq sodq E^|c ,|c +|� zlwk fdsdflw| surgxfwlrq/ +| ' �c pd{l0
pl}hv d �up*v sur�wv li dqg rqo| li wkh lqsxw fkrlfh E^|c ,|� vdwlv�hv +43,
dqg +45,/ dqg pruhryhu gWE�|*�|3�c o|3�� � ��

� D surgxfwlrq sodq E^|c ,|c +|� zlwk srvlwlyh surgxfwlrq ehorz fdsdflw|/
+| 5 Efc ��/ pd{lpl}hv d �up*v sur�wv li dqg rqo| li wkh lqsxw fkrlfh
E^|c ,|� vdwlv�hv ^| ' ^WE�|*�|3�E� n o|3��� ' fc ,| ' +|*�|3�/ dqg pruh0
ryhu gWE�|*�|3�c o|3�� ' ��

� D surgxfwlrq sodq E^|c ,|c +|� zlwk }hur surgxfwlrq/ +| ' fc pd{lpl}hv d
�up*v sur�wv li dqg rqo| li ^| ' fc ,| ' fc dqg pruhryhu/gWE�|*�|3�c o|3��
� ��

Iru dq| frqvwhoodwlrq ri wkh sdudphwhuv �|c o|3�c dqg �|3�c wkhuh pd|
eh pruh wkdq rqh sur�w0pd{lpl}lqj surgxfwlrq sodq1 Lq sduwlfxodu/ li zh
kdyh gWE�|*�|3�c o|3�� ' �c pd{lpxp sur�wv duh }hur/ dqg wklv pd{lpxp
lv dwwdlqhg dw erwk/ wkh sodq E^|c ,|c +|� vdwlvi|lqj +43,/ +45,/ dqg +| ' �c dqg
wkh sodq Efc fc f� surylglqj iru lqdfwlylw| ri wkh �up lq shulrg |� Li lq dgglwlrq
^WE�|*�|3�E� n o|3��� ' fc sur�wv duh pd{lpl}hg e| dq| surgxfwlrq sodq ri
wkh irup Efc +*�|3�c +��

Krzhyhu doo sur�w0pd{lpl}lqj sodqv zlwk srvlwlyh surgxfwlrq lq shulrg
| zloo lqyroyh wkh vdph lqqrydwlrq udwh ^|1 Li gWE�|*�|3�c o|3�� � � dqg
^WE�|*�|3�E� n o|3��� : fc wkhuh dfwxdoo| lv rqo| rqh sur�w0pd{lpl}lqj sodq
zlwk srvlwlyh surgxfwlrq1 Li gWE�|*�|3�c o|3�� ' � dqg ^WE�|*�|3�E� n
o|3��� ' fc wkhuh duh pxowlsoh sur�w0pd{lpl}lqj sodqv zlwk srvlwlyh surgxf0
wlrq/ exw doo ri wkhp lqyroyh wkh vdph lqqrydwlrq udwh ^WE�|*�|3�E�no|3��� '
f� Jlyhq wkdw doo �upv kdyh wkh vdph whfkqrorj|/ wklv revhuydwlrq lpsolhv wkdw
doo dfwlyh �upv lq d jlyhq shulrg | zloo kdyh wkh vdph lqqrydwlrq udwh ^|�

516 Wkh Surgxfwlrq Vhfwru dv d Zkroh

Wkh vhw ri doo �upv lv uhsuhvhqwhg e| wkh vhw ?n ri qrqqhjdwlyh uhdo qxpehuv1
Wkh zhljkw ri dq| rqh vxevhw ri �upv uhodwlyh wr wkh krxvhkrog +vhfwru, lv
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jlyhq e| lwv Ohehvjxh phdvxuh1 Iru lqvwdqfh/ li doo �upv wkdw duh dfwlyh
lq shulrg | kdyh wkh vdph surgxfwlrq sodq E^|c ,|c +|� iru wklv shulrg/ dqg li
wkh vhw ri wkhvh �upv kdv Ohehvjxh phdvxuh ?|c zh vd| wkdw wkh djjuhjdwh
lqyhvwphqw ghpdqg ri �upv lq shulrg |�� lv ?|gE^|�/ djjuhjdwh oderu ghpdqg
lq shulrg | lv ?|,|c dqg djjuhjdwh jrrgv vxsso| lq shulrg | lv ?|+|1 Wr dvvhvv wkh
pdunhw lpsdfw ri wkhvh surgxfwlrq fkrlfhv/ wkhvh djjuhjdwh txdqwlwlhv pxvw
eh frpsduhg wr wkh krxvhkrog*v frqvxpswlrq ghpdqg dqg oderu vxsso|1

Zh dvvxph wkdw li �upv fkrrvh wr eh dfwlyh/ wkh| dozd|v sodq wr surgxfh
wkh fdsdflw| rxwsxw +| ' �� Wklv dvvxpswlrq vlpsol�hv wkh h{srvlwlrq ehfdxvh
lw lpsolhv wkdw dfwlyh �upv doo fkrrvh wkh vdph surgxfwlrq sodq E^|c ,|c +|� iru
shulrg |( dffruglqjo| wkhlu pdunhw lpsdfw fdq eh uhsuhvhqwhg lq wkh irup
?|gE^|�c ?|,|c ?|+|/ zkhuh ?| lv wkh phdvxuh ri wkh vhw ri dfwlyh �upv dqg
lqghhg ?|+| ' ?|� Qr vljql�fdqw orvv ri jhqhudolw| lv lqyroyhg ehfdxvh lq wkrvh
flufxpvwdqfhv zkhuh dfwlyh �upv gr sodq wr surgxfh vrph rxwsxw +| 9' �/
wkhlu pd{lpl}hg sur�wv dv zhoo dv wkhlu lqqrydwlrq lqyhvwphqwv duh }hur/ dqg
wkh| zrxog eh mxvw dv zloolqj wr fkrrvh wkh surgxfwlrq sodq Efc �*�|3�c ��
ru wkh surgxfwlrq sodq Efc fc f�� Lw zrxog wkhuhiruh eh srvvleoh wr uhduudqjh
sur�w0pd{lpl}lqj surgxfwlrq sodqv dfurvv �upv vr wkdw doo �upv sodq wr kdyh
rxwsxw htxdo wr hlwkhu }hur ru rqh dqg pruhryhu wkh djjuhjdwh lpsdfw ri �upv
rq pdunhwv lv xqfkdqjhg1

Lq uhsuhvhqwlqj wkh vhw ri doo �upv e| ?n zlwk Ohehvjxh phdvxuh/ zh
lpsolflwo| lqwurgxfh d }hur0sur�w frqglwlrq1 Jlyhq wkdw oderu vxsso| lq hdfk
shulrg lv erxqghg/ lq dq| htxloleulxp wkh vhw ri �upv hpsor|lqj pruh wkdq
vrph 0 : f xqlwv ri oderu pxvw kdyh erxqghg phdvxuh dqg khqfh pxvw eh
vpdoohu wkdq wkh vhw ri doo �upv1 Jlyhq wkdw wkh lqdfwlyh �upv pxvw eh pd{0
lpl}lqj sur�wv mxvw olnh wkh dfwlyh rqhv/ wklv lpsolhv wkdw lq dq| htxloleulxp
lq dq| shulrg |c | ' 2c �c ���c pd{lpxp sur�wv ri �upv dw htxloleulxp sulfhv
pxvw eh htxdo wr }hur1

Vr idu zh kdyh qrw vdlg dq|wklqj derxw surgxfwlrq lq shulrg �1 Wdnlqj
rxu fxh iurp wkh suhfhglqj dffrxqw ri �up ehkdylru lq shulrgv 2c �c ���c zh
dvvxph wkdw dv ri shulrg �/ wkhuh lv d jlyhq vhw ri phdvxuh ?� : f ri �upv
wkdw kdyh doo pdgh wkh vdph sulru lqqrydwlrq lqyhvwphqw gE^�� dqg qrz
kdyh wkh vdph oderu surgxfwlylw| @� ' �fE� n ^�� : f> wkhvh �upv dovr kdyh
rxwvwdqglqj ghew reoljdwlrqv htxdo wr �f rq djjuhjdwh/ ru �f*?� shu �up>
wklv lv wkh frxqwhusduw ri wkh krxvhkrog*v lqlwldo kroglqjv ri erqgv1

Dw wklv srlqw zh vkrxog lq sulqflsoh doorz iru �upv lq shulrg � wkdw kdyh
qrw pdgh dq| sulru lqqrydwlrq lqyhvwphqwv wr eh deoh wr vxsso| wkh pdqxidf0
wxuhg jrrg lq shulrg � zlwk wkh rog whfkqrorj|/ zlwk oderu surgxfwlylw| �f�
Wklv zrxog uhtxluh xv wr glvwlqjxlvk wzr glvwlqfw vhwv ri dfwlyh �upv lq shulrg
�1 Krzhyhu zh qhjohfw wklv srvvlelolw| dqg vlpso| dvvxph wkdw dsduw iurp
wkh jlyhq vhw ri �upv zlwk phdvxuh ?� qr dgglwlrqdo �up zdqwv wr vxsso|
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rxwsxw lq shulrg ��;

Wr frqfoxgh wkh dffrxqw ri wkh surgxfwlrq vhfwru/ zh wxuq wr wkh hyroxwlrq
ri wkh hfrqrp|0zlgh surgxfwlylw| lqglfdwruv �fc ��c ��� Jlyhq wkdw iru dq| |
doo �upv wkdw duh dfwlyh dw | fkrrvh wkh vdph lqqrydwlrq udwh ^| dqg dwwdlq
wkh vdph oderu surgxfwlylw| @| ' �|3�E� n ^|�c zh lghqwli| �| zlwk @| dqg
zulwh

�| ' �|3�E� n ^|� +48,

iru | ' �c 2c ���c zlwk �f : f dqg ^� jlyhq e| lqlwldo frqglwlrqv1 Wklv vshf0
l�fdwlrq uh hfwv wkh dvvxpswlrq phqwlrqhg deryh wkdw doo lqqrydwlrqv duh
sxeolfo| dydlodeoh diwhu rqh shulrg1 Dq|erg| fdq wkhq lqfrusrudwh wkhp lqwr
wkhlu surgxfwlrq surfhvvhv ru wdnh wkhp dv d edvlv iru dgglwlrqdo lqqrydwlrqv1
Sursulhwdu| xvh ri lqqrydwlrqv lv wkxv olplwhg wr wkh shulrg lq zklfk wkh|
rffxu1 Gxulqj wklv shulrg/ wkh ehqh�wv wkh| surylgh duh vrphzkdw gloxwhg
e| wkh uhgxsolfdwlrq ri lqqrydwlyh h�ruw wkdw wdnhv sodfh li pdq| �upv lqqr0
ydwh dw wkh vdph wlph/ exw/ dv glvfxvvhg e| Khoozlj dqg Luphq +4<<<,/ zlwk
olplwhg fdsdflwlhv ri lqqrydwlqj �upv/ wklv uhgxsolfdwlrq grhv qrw holplqdwh
wkh txdvl0uhqwv dydlodeoh wr wkh lqqrydwruv1

Lq vshfli|lqj wkh g|qdplfv ri hfrqrp|0zlgh surgxfwlylw| lqglfhv wkurxjk
+48,/ zh duh xvlqj +dexvlqj ri, wkh idfw wkdw xqghu rxu dvvxpswlrqv/ lq dq|
shulrg | zloo lqyroyh doo �upv wkdw duh dfwlyh lq | zloo fkrrvh wkh vdph lqqr0
ydwlrq udwh ^|1 Lq d pruh jhqhudo vhwwlqj/ zlwk jhqxlqho| khwhurjhqrxv �upv/
zh vkrxog kdyh wr surylgh d ghwdlohg dffrxqw ri wkh uhodwlrq ehwzhhq wkh
furvv0vhfwlrq glvwulexwlrq ri lqqrydwlrq fkrlfhv ri dfwlyh �upv dqg wkh lq0
gxfhg vslooryhuv lqwr hfrqrp|0zlgh surgxfwlylw| dgydqfhv1 Wkhuh duh vhyhudo
zd|v wr gr wklv/ hdfk rqh zlwk lwv rzq dgydqwdjhv dqg glvdgydqwdjhv> iru wkh
sxusrvhv ri wklv sdshu wkrxjk/ wkhuh lv qr qhhg wr gzhoo rq wkhvh1

517 Lqwhuwhpsrudo Jhqhudo Htxloleulxp

Wxuqlqj wr wkh ehkdylru ri wkh hfrqrp| dv d zkroh/ zh uhihu wr d vhtxhqfh
i�|c o|j ri uhdo zdjhv dqg uhdo lqwhuhvw udwhv iru shulrgv | ' �c 2c ��� dv d sulfh
v|vwhp1 E| dq doorfdwlrq zh xqghuvwdqg d vhtxhqfh iS|c u|c �

_
| c ?|c ^|c ,|j wkdw

frpsulvhv d vwudwhj| iS|c u|c �
_
| j iru wkh krxvhkrog dqg/ iru hdfk |/ d phdvxuh

?| ri �upv dfwlyh dw |/ surgxflqj wkh fdsdflw| rxwsxw +| ' � zlwk lqsxw
fkrlfhv E^|c ,|�� Zkhuhdv lq Khoozlj dqg Luphq +4<<<,/ zh kdg dvvxphg wkdw

;Wklv uhtxluhv z4 � D3/ dqg zloo eh wuxh li D3 lv vx!flhqwo| vpdoo dqg q4 dqg t4 duh

vx!flhqwo| odujh1 Dowhuqdwlyho|/ wkh suhvxpswlrq lv wkdw sulru fkrlfhv ri �upv sodqqlqj iru

surgxfwlrq lq shulrg 4 kdyh ehhq jryhuqhg e| wkh vdph sulqflsohv dv wkh fkrlfhv ri �upv

sodqqlqj iru surgxfwlrq lq odwhu shulrgv1
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doo sulfh yduldeohv duh ixoo|  h{leoh dqg doo frruglqdwlrq ri dfwlylwlhv rffxuv
wkurxjk wkh sulfh v|vwhp/ khuh zh doorz iru grzqzdug uljlglw| ri uhdo zdjhv
surylglqj d uroh iru txdqwlw| frqvwudlqwv lq wkh oderu pdunhw1

Iru wklv sxusrvh zh lqwurgxfh wkh qrwlrq ri d zdjh srolf| dv d vhtxhqfh
i 7�|j ri orzhu erxqgv rq uhdo zdjh udwhv lq wkh pdunhw/ dqg zh dvvxph wkdw
oderu pdunhw lqvwlwxwlrqv suhyhqw pdunhw sduwlflsdqwv iurp ylrodwlqj wkhvh
orzhu erxqgv1 Jlyhq d zdjh srolf| i 7�|jc d Nh|qhv0Udgqhu htxloleulxp zloo
fruuhvsrqg wr d sulfh v|vwhp i�|c o|j/ dq doorfdwlrq iS|c u|c �

_

|
c ?|c ^|c ,|j/ dqg d

vhtxhqfh ieu|c�|c �|j ri txdqwlw| frqvwudlqwv rq wkh krxvhkrog*v hpsor|phqw/
glvwulexwhg djjuhjdwh sur�wv/ dqg surgxfwlylw| lqglfdwruv wkdw vdwlvi| wkh
iroorzlqj frqglwlrqv=

+H4, Jlyhq wkh lqlwldo erqg hqgrzphqw �f dqg wkh vhtxhqfh i�|c o|c eu|c�|j

ri uhdo zdjhv/ lqwhuhvw udwhv/ txdqwlw| frqvwudlqwv rq hpsor|phqw eu|c
dqg glylghqg glvwulexwlrqv �|/ wkh vwudwhj| iS|c u|c �

_

|
j iru wkh krxvh0

krog pd{lpl}hv klv xwlolw| +4, xqghu wkh frqvwudlqwv +5, dqg +6,/ zlwk
wkh lqlwldo frqglwlrq �_

f ' �f�

+H5, Iru dq| |c wkh sur�w glvwulexwlrq �| zklfk wkh krxvhkrog h{shfwv wr
uhfhlyh dw | lv htxdo wr wkh dfwxdo djjuhjdwh ri sur�wv ri �upv dfwlyh dw
|/ l1h1/

�| ' ?|d�� �|,| � E� n o|3��gE^|�o� +49,

+H6, Jlyhq wkh surgxfwlylw| lqglfdwru �|3�c wkh uhdo zdjh udwh �|c dqg wkh
uhdo lqwhuhvw udwh o|3�c iru dq| | : �/ wkh lqsxw fkrlfh E^|c ,|c ��plqlpl}hv
wkh xqlw frvw ri surgxfwlrq ri d �up dfwlyh dw |1

+H7, Jlyhq wkh surgxfwlylw| lqglfdwru �|3�c wkh uhdo zdjh udwh �|c dqg wkh
uhdo lqwhuhvw udwh o|3�c iru dq| | : �/

gW

�
�|

�|3�

c o|3�

�
� �c +4:,

zlwk d vwulfw lqhtxdolw| rqo| li ?| ' f�

Iru | ' �c �� � �fE� n ^���

+H8, Iru dq| |/

S| n ?|n�g E^|n�� ' ?|� +4;,
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+N9, Iru dq| |/

�| � 7�|c +4<,eu| ' ?|,| � uc +53,

dqg

E�| � 7�|�Eu� 	u|� ' f� +54,

+H:, Iru dq| |/

�_

|
' E� n o|�?|n�gE^|n��� +55,

+H;, Iru dq| |/ wkh lqglfdwruv �| vdwlvi| wkh xsgdwlqj frqglwlrq +48,1

H{fhsw iru wkh oderu pdunhw frqglwlrq +N9,/ wkhvh duh wkh xvxdo frqglwlrqv
iru Udgqhu*v +4<:5, �htxloleulxp ri sodqv/ sulfhv dqg sulfh h{shfwdwlrqv�/
dgdswhg wr wkh suhvhqw prgho> d ghwdlohg glvfxvvlrq lv jlyhq lq Khoozlj dqg
Luphq +4<<<,1 +H4,/ +H6,/ dqg +H7, hqvxuh wkdw wkh htxloleulxp doorfdwlrq lv
frqvlvwhqw zlwk xwlolw| pd{lpl}dwlrq ri wkh krxvhkrog dqg sur�w pd{lpl}d0
wlrq ri �upv/ wkrvh wkdw duh dfwlyh dqg wkrvh wkdw duh qrw1 +H5, hqvxuhv wkdw
wkh krxvhkrog*v h{shfwdwlrqv derxw sur�wv dqg glylghqgv duh frqvlvwhqw zlwk
�upv* surgxfwlrq sodqv/ +H8, dqg +H:, lpsrvh pdunhw fohdulqj iru pdqx0
idfwxuhg jrrgv dqg erqgv/ dqg +H;, uhdvvhuwv wkh olqn ehwzhhq lqqrydwlyh
dfwlylw| dqg hfrqrp|0zlgh surgxfwlylw| jurzwk1

Wkh oderu pdunhw frqglwlrq +N9, vkrxog eh frqwudvwhg zlwk wkh ixoo0
hpsor|phqw frqglwlrq

+H9, Iru dq| |c eu| ' ?|,| ' u� +56,

Frqglwlrq +H9, surylghv iru pdunhw0fohdulqj lq wkh oderu pdunhw1 Wklv
zrxog eh dssursuldwh li zdjhv zhuh ixoo|  h{leoh1 Lq frqwudvw/ frqglwlrq +N9,
wdnhv dffrxqw ri wkh uhvwulfwlrqv wkdw duh lpsrvhg e| wkh jlyhq zdjh srolf|1
Li wkh plqlpxp0zdjh frqglwlrq +4<, lv elqglqj/ hpsor|phqw pd| idoo vkruw ri
qrwlrqdo oderu vxsso| u/ dqg wkhuh pd| eh lqyroxqwdu| xqhpsor|phqw1 Wklv
lv zk| wkh htxdolw| lq +56, lv uhsodfhg e| dq lqhtxdolw| lq +53,> dv lqglfdwhg
e| +54,/ wkh lqhtxdolw| lq +53, fdq rqo| eh vwulfw li �| ' 7�|�

Zh duh lqwhuhvwhg lq wkh h�hfwv ri zdjh srolflhv rq Nh|qhv0Udgqhu htxlole0
uld/ lq sduwlfxodu/ rq wkh hyroxwlrq ri surgxfwlylw|/ rxwsxw/ dqg hpsor|phqw1
Iru vlpsolflw| zh frqvlghu zdjh srolflhv i 7�|j wkdw wdnh wkh irup

7�| ' 7�� E� n } 7��
|3� +57,
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iru vrph lqlwldo zdjh ohyho 7�� : f dqg vrph jurzwk udwh } 7� : f1 Zh duh
sduwlfxoduo| lqwhuhvwhg lq wkh h�hfw ri wkh jurzwk udwh } 7� ri wkh plqlpxp
uhdo zdjh rq wkh lqwhuwhpsrudo vwuxfwxuh ri wkh htxloleulxp doorfdwlrq1

6 Vwhdg|0Vwdwh Htxloleuld

Wr irfxv rq hfrqrplf hvvhqwldov/ zh orrn dw vwhdg|0vwdwh htxloleuld1 D Nh|qhv0
Udgqhu htxloleulxp zloo eh uhihuuhg wr dv d vwhdg|0vwdwh htxloleulxp li wkh
htxloleulxp doorfdwlrq iS|c u|c �

_

|
c ?|c ^|c ,|j kdv wkh surshuw| wkdw surgxfwlylw|

jurzv dw d frqvwdqw udwh ryhu wlph1 Dv zloo eh vhhq vkruwo|/ wklv dxwrpdwlfdoo|
lpsolhv wkdw wkh uhdo lqwhuhvw udwh dv zhoo dv wkh jurzwk udwhv ri frqvxpswlrq/
djjuhjdwh rxwsxw/ hpsor|phqw/ dqg uhdo erqg lvvxhv duh dovr frqvwdqw ryhu
wlph1

Lq orrnlqj dw vwhdg|0vwdwh htxloleuld zh suhvxph wkdw wkh lqlwldo gdwd �fc
�� ' �fE� n ^��c ?�c dqg 7�� wdnh vxlwdeoh ydoxhv1 Vxfk dq dqdo|vlv lv qrw
ixoo| jhqhudo1 Wklv glvdgydqwdjh wkrxjk lv frpshqvdwhg e| wkh jdlq lq wudqv0
sduhqf| ri hfrqrplf lqwhughshqghqflhv wkdw frphv iurp orrnlqj dw vwhdg|0
vwdwh htxloleuld udwkhu wkdq duelwudu| qrq0vwhdg|0vwdwh htxloleuld1 Wkh vfrsh
iru h{whqglqj wkh dqdo|vlv wr qrq0vwhdg|0vwdwh htxloleuld zloo eh frqvlghuhg
lq vhfwlrq 716 ehorz1

Wkh dqdo|vlv ri vwhdg|0vwdwh htxloleuld klqjhv rq wkuhh frqglwlrqv/ wkh
�uvw0rughu frqglwlrq +9, iru wkh krxvhkrog*v rswlpdo fkrlfh ri frqvxpswlrq
lq vxffhvvlyh shulrgv/ wkh �uvw0rughu frqglwlrq +46, iru wkh �upv* rswlpdo
fkrlfh ri dq lqqrydwlrq udwh/ dqg wkh iuhh0hqwu| frqglwlrq +H7,1 Ohw 	̂ eh
wkh vwhdg|0vwdwh jurzwk udwh ri surgxfwlylw|1 Li 	̂ lv srvlwlyh/< wkh �upv*
�uvw0rughu frqglwlrq +46, pxvw krog zlwk htxdolw| dqg +H7, uhtxluhv wkdw
gWE�|*�|3�c o|3�� ' �� Wkhvh wzr frqglwlrqv fdq eh frpelqhg wr |lhog

�|

�|3�

'
E� n 	̂�2g �E	̂�

� E	̂�
+58,

dqg

o|3� '
�

� E	̂�
� �c +59,

zkhuh � E	̂� G' E�n	̂�g �E	̂�ngE	̂��Xsrq frpelqlqj +59, zlwk wkh krxvhkrog*v
�uvw0rughu frqglwlrq +9, dqg qrwlqj wkdw +H:, lpsolhv �_

|
: fc rqh ixuwkhu

<Jlyhq wkdw j �z A 3> d vwhdg|0vwdwh lqqrydwlrq udwh at @ 3 zrxog lpso| wkdw iurp

vrph shulrg rq wkh xqlw frvwv ri surgxfwlrq h{fhhg rqh/ vr sur�wv duh pd{lpl}hg dw wkh

surgxfwlrq sodq +3> 3> 3, dqg wkh hqwluh hfrqrp| zrxog eh lqdfwlyh1
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Iljxuh 5= Vwhdg|0vwdwh htxloleulxp zlwk } 7� � }W�

rewdlqv

S|n�
S|

'
q

� E	̂�
� +5:,

Wkxv/ lq d vwhdg|0vwdwh htxloleulxp/ wkh udwlr �|*�|3�/ wkh uhdo lqwhuhvw udwh/
dqg wkh jurzwk udwh }S ' S|n�

S|
� � ri htxloleulxp frqvxpswlrq pxvw doo eh

frqvwdqw ryhu wlph1
D nh| txhvwlrq lv krz wkh jurzwk udwh }S ri htxloleulxp frqvxpswlrq

uhodwhv wr wkh udwh ri surgxfwlylw| jurzwk 	̂1 Fohduo|/ vlqfh f � S| � ?| � �|u
iru doo |/ }S fdqqrw h{fhhg 	̂� Krzhyhu }S pd| eh ohvv wkdq 	̂� Lqghhg zh
fodlp wkdw }S pxvw eh ohvv wkdq 	̂ li wkh jurzwk udwh } 7� ri wkh plqlpxp uhdo
zdjh udwh lq +57, lv vx!flhqwo| kljk1 Wr vhh wklv/ qrwh wkdw lq d vwhdg|0
vwdwh htxloleulxp wkh uhdo zdjh udwh �| pxvw jurz dw wkh vdph udwh dv oderu
surgxfwlylw|> wklv iroorzv iurp wkh frqvwdqf| ri �|*�|3� wkdw lv jlyhq e| +58,1
Lq ylhz ri +4<, dqg +57,/ wklv lq wxuq lpsolhv wkdw 	̂� } 7�� Li } 7� lv yhu| odujh/ lw
iroorzv wkdw 	̂pxvw dovr eh yhu| odujh/ dqg/ e| +5:,/ wkh frqvxpswlrq jurzwk
udwh }S pxvw eh yhu| vpdoo/ shukdsv hyhq qhjdwlyh1 Khqfh li } 7� lv vx!flhqwo|
odujh/ }S pxvw eh ohvv wkdq 	̂1

Wkh lqwhughshqghqfh ehwzhhq wkh vwhdg|0vwdwh htxloleulxp uhdo udwh ri
lqwhuhvw 	o dqg wkh jurzwk udwhv ri oderu surgxfwlylw| dqg frqvxpswlrq lv lo0
oxvwudwhg lq Iljxuhv 5 dqg 61 Wkh ghfuhdvlqj fxuyh �. zlwk yhuwlfdo lqwhufhsw
dg �Ef�o3�� � fruuhvsrqgv wr wkh surgxfwlrq htxloleulxp frqglwlrq +59,/ zlwk
o|3� ' 	oc iru wkh uhdo udwh ri lqwhuhvw wkdw lv frpsdwleoh zlwk sur�w pd{lpl}d0
wlrq dqg }hur sur�wv ri �upv dw wkh lqqrydwlrq udwh 	̂� Wkh lqfuhdvlqj fxuyh

4<



�C zlwk lqwhufhsw �

q
� � fruuhvsrqgv wr wkh htxdwlrq

	o '
� n }S
q

� � +5;,

iru wkh uhdo lqwhuhvw udwh wkdw lv frpsdwleoh zlwk wkh krxvhkrog*v rswlpdo
frqvxpswlrq jurzlqj dw wkh udwh }S1 Wkh �jxuh lv gudzq xqghu wkh dv0
vxpswlrq wkdw g �Ef� 	 q1 Xqghu wklv dvvxpswlrq/ rqh hdvlo| vhhv wkdw
wkh wzr fxuyhv kdyh d xqltxh lqwhuvhfwlrq srlqw E}Wc oW� zlwk }W : f dqg
�

q
� � 	 oW 	 dg �Ef�o3� � �143 Dqdo|wlfdoo|/ wkh lqwhuvhfwlrq srlqw lv jlyhq e|

wkh htxdwlrq

� n }W '
q

� E}W�
c +5<,

zklfk uhvxowv iurp +59, dqg +5;, e| vhwwlqj 	̂ ' }S ' }W dqg holplqdwlqj wkh
lqwhuhvw udwh o|3� ' 	o� Jlyhq wkdw gE�� lv lqfuhdvlqj dqg frqyh{/ wkh uljkw0
kdqg vlgh ri +5<, lv ghfuhdvlqj lq }Wc dqg wkhuh h{lvwv qr pruh wkdq rqh ydoxh
ri }W iru zklfk wklv htxdwlrq fdq krog1

Lq Wkhruhp 4 ehorz zh vkrz wkdw wkh lqwhuvhfwlrq srlqw E}Wc oW� lq Iljxuh
5 fruuhvsrqgv wr d vwhdg|0vwdwh htxloleulxp li dqg rqo| li wkh jurzwk udwh } 7� ri
plqlpxp uhdo zdjhv lv qr juhdwhu wkdq }W� Li } 7� : }Wc wkh sdlu E}Wc oW� fdqqrw
fruuhvsrqg wr d vwhdg|0vwdwh htxloleulxp1 Lq wklv fdvh d vwhdg|0vwdwh Nh|qhv0
Udgqhu htxloleulxp pxvw lqyroyh wkh surgxfwlylw| jurzwk udwh 	̂ ' } 7� : }W�
Frpsdwlelolw| zlwk sur�w pd{lpl}dwlrq dv zhoo dv iuhh hqwu| dqg h{lw ri
�upv wkhq uhtxluhv wkdw wkh uhdo lqwhuhvw udwh eh vx!flhqwo| orz/ qdpho| wkdw
	o ' d� E} 7��o

3� � �c dv lqglfdwhg e| +59,� Wklv lv ohvv wkdq oWc vr +5;, vkrzv
wkdw wkh lqgxfhg jurzwk udwh ri htxloleulxp frqvxpswlrq zloo eh ohvv wkdq
}W dqg d iruwlrul ohvv wkdq 	̂ ' } 7�� Iljxuh 6 surylghv d vxppdu| looxvwudwlrq
ri wkhvh frqvlghudwlrqv1 Dv wkh �jxuh lv gudzq/ wkh htxloleulxp frqvxpswlrq
udwh lv srvlwlyh1 Krzhyhu wkhuh lv qrwklqj wr suhyhqw lw iurp ehlqj qhjdwlyh>
lqghhg }S zloo eh qhjdwlyh li } 7� ' 	̂ lv vx!flhqwo| odujh dqg/ fruuhvsrqglqjo|/
wkh uhdo lqwhuhvw udwh 	o lv vx!flhqwo| vpdoo1

Zkdw kdsshqv zlwk djjuhjdwh rxwsxw dqg hpsor|phqw zkhq wkh jurzwk
udwh ri htxloleulxp frqvxpswlrq lv ohvv wkdq wkh jurzwk udwh ri oderu surgxf0
wlylw|B Zh fodlp wkdw wkh vwhdg|0vwdwh htxloleulxp jurzwk udwhv ri djjuhjdwh

43Iru uhdo lqwhuhvw udwhv deryh ^N3+3,`�4
�4> sur�w pd{lpl}dwlrq fxp iuhh hqwu| dqg h{lw

ri �upv hqwdlo at @ 3> l1h1/ wkh fxuyh fruuhvsrqglqj wr +59, frqwlqxhv rq wkh yhuwlfdo d{lv1
Wkhuhiruh li N3+3, � �/ wkh wzr fxuyhv lq Iljxuh 4 zrxog lqwhuvhfw dw j� @ 3> u� @ 4

�
� 4>

zklfk dxwrpdwlfdoo| lpsolhv j� ? j �z=
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Iljxuh 6= Vwhdg|0vwdwh htxloleulxp zlwk } 7� ' ê: }S�

rxwsxw dqg zdjh lqfrph pxvw eh wkh vdph/ dqg pxvw frlqflgh zlwk wkh jurzwk
udwh }S ri frqvxpswlrq1 Htxdolw| ri wkh jurzwk udwhv ri djjuhjdwh rxwsxw dqg
zdjh lqfrph iroorzv iurp wkh revhuydwlrq wkdw/ e| vxffhvvlyh xvh ri wkh krxvh0
krog*v oderu vxsso| frqglwlrq +7,/ wkh oderu pdunhw frqglwlrq +53,/ wkh frvw
plqlpl}dwlrq frqglwlrq +43,/ dqg +58,/ zlwk ^| ' 	̂c rqh kdv

�|u| ' �|
	u| ' �| ,| ?| '

�|

�|3�E� n ^|�
?| ' BE	̂� ?|c +63,

zkhuh

BE	̂� G'
E� n 	̂�g �E	̂�

� E	̂�
+64,

lv wkh vwhdg|0vwdwh htxloleulxp vkduh ri zdjhv lq rxwsxw1
Dv iru wkh uhodwlrq ehwzhhq wkh frpprq jurzwk udwh ri djjuhjdwh rxwsxw

dqg zdjhv lqfrphv dqg wkh jurzwk udwh ri frqvxpswlrq/ zh xvh wkh pdunhw0
fohdulqj frqglwlrq +4;, wr qrwh wkdw wkh jurzwk htxdwlrq iru frqvxpswlrq/
S|n� ' E� n }S� S|/ wudqvodwhv lqwr d vhfrqg0rughu gl�huhqfh htxdwlrq iru
djjuhjdwh rxwsxw/

?|n� � ?|n2gE	̂� ' E� n }S�E?| � ?|n�gE	̂��� +65,

Wkh vroxwlrqv wr wklv gl�huhqfh htxdwlrq wdnh wkh jhqhudo irup

?| ' � E� n }S�
| n�

�

gE	̂�|
c +66,
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zkhuh� dqg� duh frqvwdqwv/ wr eh ghwhuplqhg e| erxqgdu| frqglwlrqv1 Zh
fodlp wkdw lq dq| vwhdg|0vwdwh htxloleulxp zh pxvw kdyh � : f dqg � ' f
vr wkdw ?| jurzv dw wkh vdph udwh }S dv wkh krxvhkrog*v frqvxpswlrq1 Wr
vhh wklv/ qrwh wkdw +59, 0 pruh frqfuhwho|/ wkh }hur0sur�w frqglwlrq 0 lpsolhv
E� n 	o�gE	̂� 	 �c khqfh

�

gE	̂�
: � n 	o : qE� n 	o� ' � n }S� +67,

Iurp +4;, dqg +66,/ zh kdyh S| ' ?|�?|n�gE	̂� ' � E�n}S�
|E��E�n}S�gE	̂��

vr +67, lpsolhv wkdw frqvxpswlrq lq dq| shulrg lv srvlwlyh li dqg rqo| li� : f�
Iurp +66, dqg +67, zh dovr vhh wkdw surgxfwlrq lv srvlwlyh iru doo | li dqg rqo|
li � � f> li � zdv qhjdwlyh/ wkhq iru dq| vx!flhqwo| odujh |c wkh qhjdwlyh
whup �*gE	̂�| lq +66, zrxog rxwzhljk wkh srvlwlyh whup � E�n }S�

|� Ilqdoo|/
zh revhuyh wkdw � fdqqrw eh srvlwlyh> li lw zdv/ wkh glvfrxqwhg suhvhqw ydoxh
+8, ri wkh krxvhkrog*v zdjh lqfrphv zrxog eh xqerxqghg dv zh frpsxwh/
xvlqj +63,/ +66, dqg wkh srvlwlylw| ri �c

��u� n

"[
|'2

|3�\
�'�

�
�

� n o�

�
�|u| '

"[
|'�

�|u|

E� n 	o�|3�

' BE	̂�
"[
|'�

?|

E� n 	o�|3�
: BE	̂�

"[
|'�

�

E� n 	o�|3�gE	̂�|
c

zklfk glyhujhv li � : f( dv phqwlrqhg deryh/ xqerxqghgqhvv ri wkh glv0
frxqwhg suhvhqw ydoxh +8, ri wkh krxvhkrog*v zdjh lqfrphv lv lqfrpsdwleoh
zlwk wkh h{lvwhqfh ri dq rswlpdo vwudwhj| iS|c u|c �

_
| j iru wkh krxvhkrog dqg

khqfh zlwk wkh htxloleulxp frqglwlrq +H4,
Jlyhq wkdw rxwsxw dqg zdjh lqfrphv jurz dw wkh vdph udwh }S dv wkh

krxvhkrog*v frqvxpswlrq/ zh kdyh

�|n�u|n� ' E� n }S��|u| +68,

iru doo |� Jlyhq wkdw wkh zdjh udwh �| jurzv dw wkh udwh 	̂/ wklv |lhogv wkh
hpsor|phqw g|qdplfv

u|n� '
� n }S
� n 	̂

u|c +69,

l1h1/ li }S 	 	̂/ hpsor|phqw lv vkulqnlqj dw wkh frqvwdqw udwh 	̂3}S
�n	̂

( li }S ' 	̂c

hpsor|phqw lv frqvwdqw144

Zh vxppdul}h rxu �qglqjv lq wkh iroorzlqj wkhruhp1

44Iru wkh vwdqgdug Vrorz jurzwk prgho zlwk h{rjhqrxv jurzwk ri oderu surgxfwlylw|
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Wkhruhp 4 Iru dq| zdjh srolf| i 7�|j ri wkh irup +57,/ wkhuh h{lvw vxlwdeoh
ydoxhv ri wkh lqlwldo gdwd �fc ��c ?�c dqg 7�� : fc vr wkdw wkh hfrqrp| kdv d
vwhdg|0vwdwh htxloleulxp1

Li g �Ef� 	 qc wkhuh h{lvwv d xqltxh }W : f wkdw vroyhv +5<,� Li } 7� � }W/ wkhq
lq dq| vwhdg|0vwdwh htxloleulxp/ surgxfwlylw|/ frqvxpswlrq/ djjuhjdwh rxwsxw/
dqg zdjhv jurz dw wkh frpprq/ frqvwdqw udwh }Wc wkh uhdo lqwhuhvw udwh dqg
wkh hpsor|phqw ohyho duh frqvwdqw1 Li } 7� 	 }W/ dq| vwhdg|0vwdwh htxloleulxp
lqyroyhv ixoo hpsor|phqw lq doo shulrgv> li } 7� ' }Wc dw ohdvw rqh vwhdg|0vwdwh
htxloleulxp lqyroyhv ixoo hpsor|phqw lq doo shulrgv1

Li g �Ef� 	 q dqg } 7� : }W/ wkhq lq dq| vwhdg|0vwdwh htxloleulxp/ surgxf0
wlylw| dqg zdjh udwhv jurz dw wkh udwh } 7�/ frqvxpswlrq/ djjuhjdwh rxwsxw/
dqg zdjh lqfrphv jurz dw d frpprq/ frqvwdqw udwh }S 	 }Wc wkh lqwhuhvw
udwh lv djdlq frqvwdqw/ exw hpsor|phqw vkulqnv dw wkh frqvwdqw udwh 	̂3}S

�n	̂
� Wkh

vwhdg|0vwdwh htxloleulxp lqwhuhvw udwh dv zhoo dv wkh frpprq jurzwk udwh }S ri
frqvxpswlrq/ djjuhjdwh rxwsxw/ dqg zdjh lqfrphv duh wkh orzhu wkh kljkhu lv
} 7�� Li g

�Ef� � q/ wkhvh frqfoxvlrqv duh djdlq wuxh zlwk }hur lq wkh sodfh ri
}W1

Wkh surri ri Wkhruhp 4 lv jlyhq lq Dsshqgl{ 8141 Iru } 7� 	 }Wc wkh
wkhruhp lv olwwoh pruh wkdq dq h{whqvlrq ri wkh uhvxow lq Khoozlj dqg Luphq
+4<<<, dvvhuwlqj wkdw zkhq sulfhv dgmxvw iuhho| wr fohdu doo pdunhwv/ zlwk
g �Ef� 	 qc wkh hfrqrp| kdv d xqltxh htxloleulxp dqg/ pruhryhu/ wklv htxl0
oleulxp lqyroyhv jurzwk dw d frqvwdqw udwh }W : f� Lqfhqwlyhv iru lqyhvwphqwv
lq surgxfwlylw| lpsuryhphqwv duh surylghg e| wkh frpshwlwlyh txdvl0uhqwv
wkdw �upv hduq gxulqj wkh rqh shulrg zkhq wkh| kdyh surshuw| uljkwv ryhu
wkhlu lqqrydwlrqv1 Frpsdwlelolw| ri htxloleulxp surgxfwlylw| jurzwk zlwk
shupdqhqw ixoo hpsor|phqw lv hqvxuhg e| wkh uhdo lqwhuhvw udwh wdnlqj wkh
ydoxh oW dw zklfk wkh krxvhkrog*v lqwhuwhpsrudo rswlpl}dwlrq surylghv iru d
jurzwk lq frqvxpswlrq ghpdqg zklfk mxvw edodqfhv wkh jurzwk lq srwhqwldo
rxwsxw dv oderu ehfrphv pruh surgxfwlyh1

Wkh prvw lqwhuhvwlqj sduw ri wkh wkhruhp frqfhuqv wkh fdvh } 7� : }W� Iru
wklv fdvh/ zh �qg wkdw vwhdg|0vwdwh htxloleulxp uhdo zdjhv jurz dw wkh vdph
udwh dv surgxfwlylw|/ wkh vkduh ri zdjhv lq lqfrph lv frqvwdqw dw BE} 7��/ dqg
|hw hpsor|phqw lv frqvwdqwo| vkulqnlqj1 E| frqyhqwlrqdo uhdvrqlqj/ edvhg rq
vwdwlf prghov zlwk h{rjhqrxv whfkqrorjlhv/ zh vkrxog h{shfw hpsor|phqw wr

dqg dq h{rjhqrxv vdylqjv udwh d vlplodu uhvxow lv rewdlqhg e| Ixqn +4<<:,1 Dvvxplqj
d elqglqj plqlpxp zdjh wkdw jurzv dw wkh vdph udwh dv wkh surgxfwlylw| ri oderu/ kh
�qgv wkdw fdslwdo dffxpxodwlrq lv lqvx!flhqw wr pdlqwdlq hpsor|phqw dqg hpsor|phqw
frqwudfwv dw d udwh htxdo wr wkh gl�huhqfh ehwzhhq wkh jurzwk udwhv ri oderu surgxfwlylw|
dqg fdslwdo1 Vlplodu uhvxowv duh rewdlqhg e| Gdeulfnl dqg Wdnd|dpd +4<;5, dqg Udpvhu
+4<<:,1
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eh frqvwdqw ehfdxvh wkh lqfuhdvhv lq uhdo zdjhv wkdw rffxu duh ixoo| frpshq0
vdwhg e| lqfuhdvhv lq surgxfwlylw|1 Lq idfw wkh ghwulphqwdo h�hfwv ri plqlpxp
zdjhv rq hpsor|phqw ehfrph zruvh dv wlph jrhv rq> hpsor|phqw ehfrphv
hyhu vpdoohu/ frqyhujlqj dv|pswrwlfdoo| wr }hur1

Wkh xqghuo|lqj phfkdqlvp wudqvfhqgv wkh xvxdo sduwldo0htxloleulxp hi0
ihfwv ri uhdo zdjhv rq wkh ghpdqg iru oderu1 Dv glvfxvvhg lq wkh lqwurgxf0
wlrq/ zlwk iuhh hqwu| dqg h{lw ri �upv/ l1h1/ zlwk frqvwdqw uhwxuqv wr vfdoh
lq djjuhjdwh whfkqrorjlhv/ sur�w0pd{lpl}dwlrq dorqh lv qrw hyhq vx!flhqw wr
ghwhuplqh wkh ryhudoo ghpdqg iru oderu lq dq| shulrg1 D fhqwudo uroh lv sod|hg
e| djjuhjdwh jrrgv ghpdqg1

Lq d v|vwhp zlwk frqvwdqw uhwxuqv wr vfdoh/ fkdqjhv lq wkh sulfh ri rqh
lqsxw uhodwlyh wr rxwsxw pxvw eh frpshqvdwhg e| fkdqjhv lq wkh sulfhv ri
rwkhu lqsxwv uhodwlyh wr rxwsxw/ ru hovh surgxfwlrq zloo fhdvh dowrjhwkhu1 Lq
wkh suhvhqw frqwh{w/ wklv phdqv wkdw uhdo lqwhuhvw udwhv pxvw eh orz li zdjh
srolflhv duh djjuhvvlyh1 Jlyhq wklv dgdswdwlrq ri lqwhuhvw udwhv wr zdjh srol0
flhv/ wkh vhw ri dfwlyh �upv lv lqghwhuplqdwh dqg vr duh djjuhjdwh rxwsxw
dqg hpsor|phqw1 Lq frqwudvw wr wkh wudglwlrqdo sduwldo0htxloleulxp dffrxqw/
wkh prvw lpphgldwh h�hfwv ri djjuhvvlyh zdjh srolflhv lqyroyh dgmxvwphqwv
lq sulfhv ri lqsxwv rwkhu wkdq oderu udwkhu wkdq lq hpsor|phqw1

Wkh hyroxwlrq ri rxwsxw ryhu wlph ghshqgv rq wkh hyroxwlrq ri djjuhjdwh
jrrgv ghpdqg ryhu wlph1 Wklv hyroxwlrq lq wxuq ghshqgv rq wkh pdunhw
sduwlflsdqwv* lqwhuwhpsrudo rswlpl}dwlrq dqg khqfh rq lqwhuwhpsrudo sulfhv1
Li uhdo lqwhuhvw udwhv duh orz/ ghvluhg frqvxpswlrq jurzwk zloo eh orz dqg
khqfh wkh jurzwk ri djjuhjdwh jrrgv ghpdqg dqg rxwsxw zloo eh orz> li wkh
jurzwk udwh ri ghvluhg frqvxpswlrq dqg khqfh ri djjuhjdwh jrrgv ghpdqg
lv wrr orz uhodwlyh wr wkh jurzwk udwh ri zdjhv dqg surgxfwlylw|/ wkh gl�hu0
hqfh ihhgv lqwr d ghfolqh ri hpsor|phqw1 Wkh hfrqrp| �uxqv rxw ri mrev�
ehfdxvh glvwruwhg lqwhuwhpsrudo sulfhv lqgxfh ghpdqg jurzwk wr idoo vkruw ri
surgxfwlylw| jurzwk1

Jlyhq wkdw lqwhuhvw udwhv fdqqrw ixo�o wkhlu xvxdo doorfdwlyh uroh/ vrph ri
wkh qhhghg frruglqdwlrq lv surylghg e| udwlrqlqj lq wkh oderu pdunhw dqg
wkh phfkdqlvp olqnlqj rxwsxw wr krxvhkrog lqfrph1 Wr vhh wklv/ qrwh wkdw/
e| vwdqgdug dujxphqwv/ wkh krxvhkrog*v rswlpdo frqvxpswlrq vwudwhj| lq
d vwhdg|0vwdwh htxloleulxp zlwk frqvwdqw lqwhuhvw udwh 	o dqg }hur djjuhjdwh
sur�wv kdv wkh forvhg0orrs uhsuhvhqwdwlrq
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zklfk jurzv dw wkh vwhdg|0vwdwh udwh }S li dqg rqo| li wkh txdqwlw| frqvwudlqw
rq hpsor|phqw 	u| vkulqnv dw wkh udwh

}
7�3}S
�n}

7�

�
Wkh uroh ri udwlrqlqj lq wkh oderu pdunhw lq wklv dqdo|vlv lv udwkhu pruh

hvvhqwldo wkdq lq d wudglwlrqdo vwdwlf prgho zlwk frqvwdqw0uhwxuqv wr vfdoh
whfkqrorjlhv dqg h{rjhqrxvo| jlyhq plqlpxp zdjhv1 Dv lv zhoo0nqrzq +vhh/
h1j1/ Khoohu dqg Vwduu +4<:<,,/ vxfk prghov pd| kdyh lqghwhuplqdwh Nh|qh0
vldq htxloleuld ehfdxvh dq| dprxqw ri lqyroxqwdu| xqhpsor|phqw pd| eh
mxvwl�hg li zlwk d txdqwlw| frqvwudlqw rq hpsor|phqw frqvxphu lqfrph lv
orz hqrxjk iru frqvxphu ghpdqg wr fruuhvsrqg h{dfwo| wr wkh vxsso| jhq0
hudwhg e| hpsor|phqw dw wkh jlyhq ohyho1 Lq rxu lqwhuwhpsrudo prgho/ vxfk
uhdvrqlqj |lhogv=

Sursrvlwlrq 5 Dvvxph wkdw g �Ef� 	 q dqg } 7� � }W ru wkdw g �Ef� � q�

Jlyhq wkh zdjh srolf| +57,/ ohw i�|c o|j/ iS|c u|c �
_
| c ?|c ^|c ,|j/ ieu|c�|c �|j eh

d vwhdg|0vwdwh htxloleulxp iru lqlwldo gdwd �fc ��c ?�c 7�� dqg dvvxph wkdw �� '
7��� Wkhq iru dq| k 5 Efc ��c i�|c o|j/ikS|c ku|c k�

_
| c k?|c ^|c ,|jc ikeu|c k�|c �|j

lv d vwhdg|0vwdwh htxloleulxp iru wkh zdjh srolf| +57, dqg wkh lqlwldo gdwd
k�fc ��c k?�c 7��1

Wkh surri ri Sursrvlwlrq 5 lv wulyldo dqg lv ohiw wr wkh uhdghu145 Sursrvl0
wlrq 5 lv qrw dq lqghwhuplqdf| uhvxow= Wkh sdudphwhu k/ zklfk lqgh{hv wkh
gl�huhqw vwhdg|0vwdwh htxloleuld frqfhuqv lqlwldo frqglwlrqv dv zhoo dv wkh htxl0
oleulxp doorfdwlrq> lqghhg iru jlyhq lqlwldo frqglwlrqv lv dw prvw rqh vwhdg|0
vwdwh htxloleulxp1 Pruhryhu wkh pxowlsolflw| ri vwhdg|0vwdwh htxloleuld lq
Sursrvlwlrq 5 frqfhuqv wkh ohyho ri wkh wlph sdwkv ri hfrqrplf dfwlylwlhv>
lw grhv qrw frqfhuq wkhlu lqwhuwhpsrudo vwuxfwxuhv1 Doo vwhdg|0vwdwh jurzwk
udwhv duh ghwhuplqdwh/ lqghhg xqltxh> udwlrqlqj lq wkh oderu pdunhw iroorzv
wkh wlph sdwk lw grhv ehfdxvh wklv lv qhfhvvdu| wr surylgh iru frqvlvwhqf| ri
xwlolw| pd{lpl}dwlrq ri wkh krxvhkrog dqg sur�w pd{lpl}dwlrq ri wkh �upv
zlwk udwlrqdolw| ri wkhlu h{shfwdwlrqv derxw ixwxuh sulfhv/ zdjhv dqg txdqwlw|
frqvwudlqwv rq hpsor|phqw1

45Sursrvlwlrq 5 hqfrpsdvvhv wkh fdvh zw @ �zw @ �+j�,Dw iru doo w> surylglqj d g|qdplf

yhuvlrq ri Khoohu dqg Vwduu*v xqhpsor|phqw dw Zdoudvldq zdjhv1 Dv lq d vwdwlf prgho/ wklv

lv srvvleoh ehfdxvh/ zkhq wkh frqvwudlqw zw � �zw lv elqglqj/ xqhpsor|phqw 0 dw Zdoudvldq

ru dq| rwkhu zdjhv 0 grhv qrw jhqhudwh dq| fruuhfwlyh irufh1
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Li wkh hfrqrp| dw dq| rqh gdwh | zhuh wr �uhfrqvlghu� wkh htxloleulxp lw lv
iroorzlqj/ shrsoh zrxog �qg wkdw wkh vhtxho lv yhu| pxfk ghwhuplqhg e| wkh
gdwd �| ' �|3�E� n ^|� dqg ?|c djjuhjdwh fdsdflw| rxwsxw dqg oderu surgxf0
wlylw| wkdw kdyh douhdg| ehhq ghwhuplqhg lq wkh suhylrxv shulrg> wkhvh gdwd
�{ pd{lpxp hpsor|phqw iru gdwh | dw ?|*�|/ vr li wkh djjuhjdwh fdsdflw|
rxwsxw wkdw kdv ehhq surylghg iru lv wrr orz uhodwlyh wr oderu surgxfwlylw|/
dq| frqwlqxdwlrq iurp shulrg | rq pxvw qhfhvvdulo| lqyroyh udwlrqlqj lq wkh
oderu pdunhw1 Lq whupv ri vkruw0whup fdxvdolw|/ iru } 7� : }W/ wkh vwhdg|0
vwdwh htxloleuld h{klelwhg lq Wkhruhp 4 lqyroyh lqyroxqwdu| xqhpsor|phqw lq
dq| rqh shulrg ehfdxvh lqyhvwphqw lq wkh suhfhglqj shulrg kdv qrw fuhdwhg
hqrxjk mrev1 Wklv lq wxuq lv gxh wr wkh idfw wkdw dq dqwlflsdwlrq ri kljk uhdo
zdjhv kdv lqgxfhg �upv wr lqyhvw lq oderu0vdylqj lqqrydwlrqv> pruhryhu wkh
dqwlflsdwlrq ri kljk uhdo zdjhv kdv ghsuhvvhg wkh uhdo udwh ri lqwhuhvw/ dqg
dw wkh orz uhdo udwh ri lqwhuhvw/ krxvhkrog vdylqjv zhuh lqvx!flhqw wr �qdqfh
wkh djjuhjdwh lqyhvwphqw wkdw zrxog kdyh ehhq qhhghg iru vxevhtxhqw ixoo
hpsor|phqw1

7 H{whqvlrqv dqg Frpphqwv

714 Srolf| Frqvlghudwlrqv

Zkdw fdq eh vdlg derxw wkh zhoiduh surshuwlhv ri wkh vwhdg|0vwdwh htxloleuld
lq Wkhruhp 4B Lq Khoozlj dqg Luphq +4<<<,/ zh vkrzhg wkdw wkh odlvvh}0idluh
jurzwk udwh }W lv ohvv wkdq rswlpdo ehfdxvh �upv fkrrvlqj wkhlu lqqrydwlrq
lqyhvwphqwv idlo wr wdnh dffrxqw ri wkh nqrzohgjh vslooryhuv e| zklfk fxu0
uhqw lqqrydwlrqv ihhg lqwr vxevhtxhqw hfrqrp|0zlgh surgxfwlylw| ohyhov1 Wklv
pljkw ohdg rqh wr vxvshfw wkdw zdjh jurzwk dw d udwh h{fhhglqj wkh odlvvh}0
idluh udwh frxog eh dgydqwdjhrxv dv lw lqgxfhv kljkhu surgxfwlylw| jurzwk1
Krzhyhu zlwk } 7� : }W/ wkh dgglwlrqdo surgxfwlylw| jurzwk phuho| vhuyhv
wr glvsodfh oderu> lw grhv qrw lqgxfh kljkhu frqvxpswlrq jurzwk1 Wkhuh0
iruh/ wkh vwhdg|0vwdwh htxloleuld zlwk } 7� : }W duh dfwxdoo| grplqdwhg e| wkh
vwhdg|0vwdwh htxloleulxp zlwk jurzwk udwh }W wkdw dulvhv xqghu odlvvh}0idluh
ru/ htxlydohqwo|/ d zdjh srolf| zlwk plqlpxp zdjhv wkdw duh qhyhu elqglqj1
Lq zhoiduh whupv/ zdjh jurzwk dw d udwh } 7� : }W lv vwulfwo| ghwulphqwdo1

Wr vhh wklv/ qrwh wkdw wkh krxvhkrog*v ryhudoo xwlolw| ri frqvxpswlrq lq d
vwhdg|0vwdwh htxloleulxp zlwk surgxfwlylw| jurzwk udwh 	̂ dqg frqvxpswlrq

59



jurzwk udwh }S lv jlyhq dv
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zkhuh t� ' 4�?E?�c ��u� lv djjuhjdwh rxwsxw dqg t�E�n}S�gE	̂� lv djjuhjdwh
lqyhvwphqw dw gdwh �1 Iru 	̂: }Wc +6<, lv ohvv wkdq
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zklfk lv hdvlo| vhhq wr eh lqfuhdvlqj lq }S dv orqj dv E�n}S�gE}W� 	 q� Jlyhq
wkdw }W vroyhv htxdwlrq +5<,/ E� n }W�gE}W� 	 qc vr iru }S 	 }Wc +73, lv ohvv
wkdq
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c +74,

wkh ydoxh ri wkh krxvhkrog*v ryhudoo xwlolw| ri frqvxpswlrq lq wkh odlvvh}0idluh
vwhdg|0vwdwh htxloleulxp zlwk frpprq jurzwk udwh ri zdjhv/ surgxfwlylw|
dqg frqvxpswlrq htxdo wr }W� Zkhuhdv wkh odlvvh}0idluh jurzwk udwh }W lv wrr
orz/ wkh xvh ri zdjh srolf| wr udlvh wkh jurzwk udwh lv frxqwhusurgxfwlyh=
zdjh jurzwk dw d udwh h{fhhglqj }W udlvhv surgxfwlylw| jurzwk/ exw orzhuv
frqvxpswlrq jurzwk1

Li wkh ehkdylru ri zdjh0vhwwlqj lqvwlwxwlrqv lv wdnhq dv jlyhq/ zkdw rwkhu
srolf| phdvxuhv fdq eh xvhg wr frxqwhudfw wkh ghwulphqwdo h�hfwv ri zdjh
jurzwkB Rqh srvvlelolw| zrxog eh wr kdyh dq hpsor|phqw vxevlg| wkdw
zrxog frpshqvdwh �upv iru wkh gl�huhqfh ehwzhhq wkh plqlpxp zdjh dqg
wkh odlvvh}0idluh htxloleulxp zdjh1 Krzhyhu/ lq d zruog ri h{fhvvlyh zdjh
jurzwk/ vxfk dq hpsor|phqw vxevlg| lwvhoi zrxog kdyh wr jurz ryhu wlph1
Lqghhg dv wlph jrhv rq/ wkh vkduh ri zdjhv fryhuhg e| wkh vxevlg| zrxog
dv|pswrwlfdoo| frqyhujh wr rqh1

Dv dq dowhuqdwlyh zh frqvlghu dq lqwhuhvw vxevlg|/ zklfk zh wdnh wr eh �0
qdqfhg e| d wd{ rq wkh krxvhkrog*v oderu lqfrph1 +Jlyhq wkdw wkh krxvhkrog*v
oderu vxsso| lv lqhodvwlf/ wkh odwwhu lv htxlydohqw wr d oxps vxp wd{1, Zlwk
dq lqwhuhvw vxevlg| udwh j/ wkh �uvw0rughu frqglwlrq +5:, iru wkh krxvhkrog*v
lqwhuwhpsrudo frqvxpswlrq fkrlfh ehfrphv

S|n�
S|

' qE�E	̂�3� n j�c +75,
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Iljxuh 7= Lqwhuhvw udwh vxevlg| dqg frqvxpswlrq jurzwk lq d vwhdg| vwdwh
htxloleulxp zlwk } 7� ' ê: }S1

vr wkh lqwhuhvw vxevlg| surylghv d kdqgoh rq wkh htxloleulxp jurzwk udwh ri
frqvxpswlrq1 Dv lqglfdwhg lq Iljxuh 7c lq whupv ri wkh lqwhuhvw udwh sdlg
e| surgxfhuv/ wkh vxevlg| j vkliwv wkh FJ0fxuyh ri rxu Iljxuhv 5 dqg 6
grzqzdug1 Wklv pryhv wkh srlqw ri lqwhuvhfwlrq ri wkh FJ0 dqg SH0fxuyhv
wr wkh uljkw1 Lw dovr udlvhv wkh frqvxpswlrq jurzwk udwh }S wkdw lv frpsdwleoh
zlwk uhdo zdjh jurzwk dqg surgxfwlylw| jurzwk dw d udwh } 7� wkdw h{fhhgv
hyhq wkh udwh }WEj� : }W wkdw lv lqgxfhg e| wkh vxevlg| j lq wkh devhqfh ri
dq| zdjh srolf|1

Lq Khoozlj dqg Luphq +4<<<,/ zh kdg vkrzq wkdw lq wkh devhqfh ri dq|
zdjh srolf|/ lw zdv dfwxdoo| ghvludeoh wr xvh vxfk dq lqwhuhvw vxevlg| wr
udlvh wkh frpprq jurzwk udwh ri surgxfwlylw| dqg frqvxpswlrq wr wkh ydoxh
}WW : }Wc zklfk lv jlyhq e| wkh �uvw0rughu frqglwlrq

gE}S� n E�� q�E� n }S�g
�E}S� '

q

� n }S
+76,

iru wkh pd{lpl}dwlrq ri +6<, xqghu wkh frqvwudlqw 	̂ ' }S� Dq lqwhuhvw vxevlg|
wkdw lqgxfhv wkh jurzwk udwh }WW zloo lqwhuqdol}h wkh nqrzohgjh vslooryhuv
dvvrfldwhg zlwk wkh lqqrydwlyh dfwlylwlhv ri �upv1 Li wkh zdjh srolf| lqyroyhv
d jurzwk udwh ri plqlpxp uhdo zdjhv ehorz }WW/ wkh plqlpxp zdjhv zrxog
fhdvh wr eh elqglqj/ dqg wkh sureohpv fdxvhg e| h{fhvvlyh jurzwk ri plqlpxp
zdjhv zrxog eh holplqdwhg dw wkh vdph wlph1

Zkdw derxw wkh fdvh } 7� : }WWB Lq wklv fdvh lw zloo eh ghvludeoh wr kdyh
dq lqwhuhvw vxevlg| wkdw sxvkhv wkh htxloleulxp jurzwk udwh ri frqvxpswlrq
hyhq kljkhu/ deryh }WW/ l1h1/ wkh sureohpv fdxvhg e| h{fhvvlyh zdjh jurzwk
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surylgh dq dgglwlrqdo dujxphqw iru vxfk dq lqwhuhvw vxevlg|1 Wr vhh wklv/ qrwh
wkdw wkh vdph dujxphqwv dv lq Vhfwlrq 6 |lhog wkh vwhdg|0vwdwh frqglwlrqv

	̂ ' }� ' 4@ E} 7�c }S� +77,

Iru frqvxpswlrq jurzwk udwhv }S vwulfwo| ehorz } 7�c wklv |lhogv 	̂ ' } 7�c vr lq
+6<,/ gE	̂� ' gE} 7��c uhjdugohvv ri }S� E| lqvshfwlrq ri +6<,/ wklv lpsolhv wkdw
iru }S 	 } 7�c dq lqfuhdvh lq }S 0 dqg khqfh dq lqfuhdvh lq wkh lqwhuhvw vxevlg|
udwh j 0 lv ghvludeoh dv orqj dv

gE} 7�� 	
q

� n }S
c +78,

zklfk lv fhuwdlqo| wuxh dw wkh srlqw }S ' }WW� Wkh orjlf xqghuo|lqj wklv revhu0
ydwlrq lv wkh vdph dv wkdw xqghuo|lqj wkh �uvw0rughu frqglwlrq +76, iru rswl0
pdo frqvxpswlrq jurzwk zkhq wkh zdjh srolf| sod|v qr uroh= Wkh uljkw0kdqg
vlghv ri +76, dqg +78, uhsuhvhqw wkh krxvhkrog*v pdujlqdo udwhv ri vxevwlwx0
wlrq iru frqvxpswlrq lq vxffhvvlyh shulrgv/ wkh ohiw0kdqg vlghv uhsuhvhqw wkh
fruuhvsrqglqj udwhv ri wudqvirupdwlrq lq uhdo uhvrxufh xvh vr erwk uhsuhvhqw
d vwdqgdug wudgh0r� ehwzhhq iruhjrqh frqvxpswlrq lq rqh shulrg dqg dggl0
wlrqdo frqvxpswlrq lq wkh qh{w shulrg1 Krzhyhu wkh pdujlqdo udwhv ri wudqv0
irupdwlrq rq wkh ohiw0kdqg vlghv ri +78, dqg +76, gl�hu ehfdxvh iru }S 	 } 7�/
wkh lqqrydwlrq lqyhvwphqw shu �up ghshqgv rqo| rq wkh jurzwk udwh ri zdjhv
dqg lv +orfdoo|, lqghshqghqw ri wkh frqvxpswlrq jurzwk udwh }S� Zkhq wkhuh
lv ixoo hpsor|phqw ri oderu/ dq lqfuhdvh lq frqvxpswlrq jurzwk iurp rqh
shulrg wr wkh qh{w lv ihdvleoh rqo| li lw lv dffrpsdqlhg e| d fruuhvsrqglqj
lqfuhdvh lq wkh udwh ri surgxfwlylw| jurzwk ehwzhhq wkh wzr shulrgv +frxsohg
zlwk d ghfuhdvh lq wkh vxevhtxhqw shulrg*v udwh ri surgxfwlylw| jurzwk dv
�upv wkhq fdq sur�w iurp hqkdqfhg nqrzohgjh vslooryhuv,1 Zkhq wkhuh lv
ohvv wkdq ixoo hpsor|phqw ri oderu/ dq lqfuhdvh lq frqvxpswlrq jurzwk iurp
rqh shulrg wr wkh qh{w uhtxluhv rqo| dq lqfuhdvh lq wkh jurzwk udwh ri wkh
phdvxuh ri dfwlyh �upv/ l1h1/ ri djjuhjdwh rxwsxw1

Dv iru wkh rswlpdo lqwhuhvw vxevlg| iru wkh fdvh } 7� : }WW/ zh pxvw glv0
wlqjxlvk wzr frqvwhoodwlrqv= Iluvw/ li wkh lqhtxdolw| +78, krogv iru }S ' } 7�c lw
lv rswlpdo wr lpsohphqw wklv yhu| frqvxpswlrq jurzwk udwh/ l1h1/ wr �{ wkh
lqwhuhvw udwh vxevlg| vr dv wr htxdwh wkh jurzwk udwhv ri frqvxpswlrq dqg
zdjhv= Li }S zhuh ohvv wkdq } 7�/ lw zrxog vdwlvi| +78, dqg d vpdoo lqfuhdvh lq }S
zrxog eh ghvludeoh1 Li }S zhuh juhdwhu wkdq } 7�/ wkhq e| +77,/ zh vkrxog kdyh
	̂ ' }S : } 7� dqg/ vlqfh } 7� : }WWc d vpdoo ghfuhdvh lq }S zrxog eh ghvludeoh1

Vhfrqg/ li wkh lqhtxdolw| +78, grhv qrw krog iru }S ' } 7�c lw lv rswlpdo wr
lpsohphqw wkh frqvxpswlrq jurzwk udwh }S ' 	}E} 7�� 	 } 7�c zklfk vdwlv�hv wkh
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�uvw0rughu frqglwlrq

gE} 7�� '
q

� n }S
+79,

iru wkh pd{lpl}dwlrq ri +6<, zkhq 	̂ ' } 7� : }S� Lq wklv fdvh/ lq frqwudvw
wr wkh �uvw rqh/ rswlpdo �vfdo srolf| grhv qrw suhvhuyh ixoo hpsor|phqw ri
oderu1 Zdjh jurzwk 0 dqg zlwk lw surgxfwlylw| jurzwk 0 duh vr idvw wkdw
wkh pdlqwhqdqfh ri ixoo hpsor|phqw ri oderu zrxog uhtxluh d kljk udwh ri
vdylqj dqg lqyhvwphqw1 Lq sulqflsoh wkh lqwhuhvw vxevlg| frxog eh dgdswhg wr
|lhog vxfk d udwh/ exw wklv zrxog qrw eh ghvludeoh ehfdxvh dw wkh pdujlq wkh
dgglwlrqdo ixwxuh frqvxpswlrq zrxog qrw eh zruwk wkh vdful�fh lq whupv ri
iruhjrqh fxuuhqw frqvxpswlrq1

Zh vxppdul}h rxu �qglqjv lq

Sursrvlwlrq 6 Vxssrvh wkdw wkh zdjh srolf| zlwk jurzwk udwh } 7� lv wdnhq dv
jlyhq1 Li } 7� � }WWc lw lv rswlpdo wr kdyh dq lqwhuhvw vxevlg| udwh jWW '
E� n }WW�q3� � �E}WW�3�/ lqgxflqj frqvxpswlrq jurzwk dw wkh udwh }WW� Li
} 7� 5 E}WWc 	}o/ zkhuh E�n	}�gE	}� ' qc lw lv rswlpdo wr kdyh dq lqwhuhvw vxevlg|
udwh jE} 7�� ' E� n } 7��q

3� � �E} 7��
3�c lqgxflqj frqvxpswlrq jurzwk dw wkh

udwh } 7�� Li } 7� : 	}c lw lv rswlpdo wr kdyh dq lqwhuhvw vxevlg| dw wkh udwh
jE} 7�� ' E�n	}E} 7���q

3���E} 7��
3� ' gE}��

3���E} 7��
3�c lqgxflqj frqvxpswlrq

jurzwk dw wkh udwh 	}E} 7��� Iru } 7� � 	}c wkh rswlpdo lqwhuhvw vxevlg| lqgxfhv ixoo
hpsor|phqw lq doo shulrgv1 Iru } 7� : 	}c wkh rswlpdo lqwhuhvw vxevlg| lqgxfhv
hpsor|phqw frqwudfwlqj zlwk wkh idfwru �n	}E}

7��
�n}

7�

�

715 Lpsolfdwlrqv iru Hpslulfdo Uhvhdufk

Rxu dqdo|vlv kdv lpsruwdqw lpsolfdwlrqv iru wkh hpslulfdo vwxg| ri wkh uhod0
wlrq ehwzhhq zdjh srolflhv dqg hpsor|phqw1 Iluvw/ lw vkrzv wkdw fkdqjhv lq
oderu*v vkduh lq lqfrph vkrxog qrw eh wuhdwhg dv uholdeoh lqglfdwruv ri zdjh
srolf|1 Lq wkh vwhdg|0vwdwh htxloleuld ri Vhfwlrq 6/ wkh oderu vkduh lv frqvwdqw
dqg |hw/ zlwk } 7� : }W/ hpsor|phqw lv iruhyhu frqwudfwlqj/ dqg xqhpsor|0
phqw lv iruhyhu jrlqj xs1 Frqwudu| wr zkdw wkh frqvwdqf| ri wkh oderu vkduh
pljkw vhhp wr lqglfdwh/ wkh zdjh srolf| lv qrw hpsor|phqw0qhxwudo1

Li zh frpsduh vwhdg|0vwdwh htxloleuld dqg srvwxodwh/ h1j1/ dq lqqrydwlrq
frvw ixqfwlrq ri wkh irup gE^� ' &^c iru vrph & 5 Efc q�/ zh rewdlq/ iurp
+64, hydoxdwhg dw 	̂ ' } 7�c wkh vwhdg|0vwdwh htxloleulxp oderu vkduh dv

BE} 7�� '
� n } 7�

� n 2} 7�

c +7:,
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zklfk lv ghfuhdvlqj lq } 7��Zkhq wkh lqqrydwlrq frvw ixqfwlrq lv olqhdu/ d srolf|
wkdw lqgxfhv kljkhu zdjh jurzwk lqyroyhv d orzhu vwhdg|0vwdwh htxloleulxp
oderu vkduh> wklv lv gxh wr wkh qhhg wr fryhu wkh kljk lqqrydwlrq frvwv uhtxluhg
wr nhhs xs zlwk zdjh jurzwk1 Iru rwkhu frvw vshfl�fdwlrqv wkh uhodwlrq
ehwzhhq } 7� dqg BE} 7�� pd| eh qrqprqrwrqlf/

46 exw txlwh jhqhudoo| lw lv wuxh
wkdw BEf� ' � dqg wkdw BE} 7�� lv ghfuhdvlqj lq } 7� iru } 7� forvh wr }hur1 Eh|rqg
wklv/ qr xqdpeljxrxv jhqhudo vwdwhphqw derxw wkh uhodwlrq ehwzhhq } 7� dqg
BE} 7�� vhhpv wr eh dydlodeoh1

Wkh xquholdelolw| ri wkh oderu vkduh dv dq lqglfdwru ri zdjh srolf| lv lq
sulqflsoh zhoo nqrzq1 Hyhq lq d vlpsoh vwdwlf prgho/ dq lqfuhdvh lq wkh uhdo
zdjh udwh pd| orzhu wkh oderu vkduh dv �upv vxevwlwxwh dzd| iurp oderu1
Lq sudfwlfh wkrxjk wklv srvvlelolw| lv riwhq qhjohfwhg/ pdlqo| ehfdxvh wkh
hodvwlflw| ri vxevwlwxwlrq ehwzhhq oderu dqg rwkhu lqsxwv lv suhvxphg wr eh
ohvv wkdq rqh1 Vxfk d suhvxpswlrq zrxog vhhp wr xqghuolh/ h1j1/ Eodqfkdug*v
+4<<<, uhihuhqfh wr oderu vkduhv dv lqglfdwruv ri zdjh srolflhv lq Hxursh1

Krzhyhu lq d g|qdplf vhwwlqj rqh pxvw glvwlqjxlvk ehwzhhq vkruw0uxq dqg
orqj0uxq hodvwlflwlhv ri vxevwlwxwlrq1 Lq rxu prgho wkhuh lv qr vxevwlwxwlrq lq
wkh vkruw uxq ehfdxvh oderu lv wkh rqo| fxuuhqw lqsxw lqwr surgxfwlrq dqg/
h1j1/ dw gdwh �c wkh lqsxw uhtxluhphqw lv �{hg dw �*�� xqlwv ri oderu iru rqh
xqlw ri rxwsxw1 Dv orqj dv �� 	 ��/ dq| dwwhpsw wr hvwlpdwh vkruw0uxq
vxevwlwxwlrq ehkdylru zloo |lhog dq hvwlpdwhg hodvwlflw| ri vxevwlwxwlrq htxdo
wr }hur1

Lq wkh orqj uxq wkrxjk wkhuh lv vljql�fdqw vxevwlwxwlrq dv �upv xvh lqqryd0
wlrq dv d phdqv wr uhgxfh oderu uhtxluhphqwv1 Iurp wkh shuvshfwlyh ri shulrg
|� �/ wkh �up wkdw zdqwv wr surgxfh rxwsxw dw | fdq vxevwlwxwh oderu lqsxwv
dw | e| lqqrydwlrq lqyhvwphqwv dw |��1 Iurp wklv shuvshfwlyh wkh hodvwlflw| ri
vxevwlwxwlrq ehwzhhq oderu dqg lqqrydwlrq lqyhvwphqwv lv juhdwhu wkdq }hur>
zkhwkhu lw lv odujh hqrxjk iru wkh uhodwlrq ehwzhhq wkh uhdo zdjh udwh 7�| dqg
wkh oderu vkduh B| wr eh uhyhuvhg ghshqgv rq wkh lqqrydwlrq frvw ixqfwlrq1
Iru wkh olqhdu vshfl�fdwlrq gE^� � &^ wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq
oderu dqg lqqrydwlrq lqyhvwphqwv lv hdvlo| irxqg wr eh lqghhg juhdwhu wkdq
rqh dqg wkh htxloleulxp oderu vkduh B| lv ghfuhdvlqj lq 7�| zkhqhyhu ^| : f1
Pruh jhqhudoo| vxevwlwxwlrq pd| uhtxluh wlph/ orqj0uxq hodvwlflwlhv duh odujhu
wkdq vkruw0uxq hodvwlflwlhv/ dqg wkh uhodwlrq ehwzhhq wkh zdjh udwh dqg wkh
oderu vkduh pd| ghshqg rq wkh wlph vsdq wkdw rqh doorzv iru vxevwlwxwlrq wr
wdnh sodfh1

Zkhq zh vd| wkdw dq lqfuhdvh lq wkh plqlpxp0zdjh udwh 7�| iru gdwh |
lqgxfhv �upv wr vxevwlwxwh djdlqvw oderu e| lqqrydwlqj ehwzhhq gdwhv | � �

46Iru h{dpsoh/ wkh vshfl�fdwlrq N+t, @ ht � 4 |lhogv �+j �z, @
4.j

�z

5.j
�z�h

�j
�z
> zklfk lv �uvw

ghfuhdvlqj dqg wkhq lqfuhdvlqj lq j �z=
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dqg |c zh duh uhdoo| uhihuulqj wr wkh �upv* h{shfwdwlrqv dw |�� derxw wkh zdjh
udwhv wkdw zloo suhydlo dw gdwh |� Li dfwxdo ghyhorsphqwv dqg h{shfwdwlrqv gr
qrw frlqflgh/ rqh pd| kdyh txdopv derxw wuhdwlqj wkh lqqrydwlrq lqyhvwphqw
wkdw rffxuv dv d uhvxow ri dfwxdo zdjh srolflhv1 Krzhyhu wkh sduwlhv frqfhuqhg
kdyh vwurqj lqfhqwlyhv wr wu| dqg pdwfk h{shfwdwlrqv wr dfwxdo ghyhorsphqwv
dv ehvw wkh| fdq/ vr li wkhuh lv dq| v|vwhpdwlf vwuxfwxuh wr wkh ghwhuplqdwlrq
ri dfwxdo zdjh srolflhv/ lw vhhpv uhdvrqdeoh wr dvvxph wkdw �upv h{sorlw wklv
vwuxfwxuh dv wkh| irup wkhlu h{shfwdwlrqv1 Wklv lv wkh srlqw ri wkh udwlrqdo0
h{shfwdwlrqv k|srwkhvlv olqnlqj h{shfwdwlrqv wr dfwxdo ghyhorsphqwv1

D udwlrqdo0h{shfwdwlrqv vshfl�fdwlrq olqnlqj hqgrjhqrxv whfkqlfdo fkdqjh
wr dqwlflsdwhg ixwxuh zdjhv surylghv dq dowhuqdwlyh dssurdfk wr wkh h{sod0
qdwlrq ri Hxurshdq ghyhorsphqwv lq wkh �uvw kdoi ri wkh hljkwlhv1 Lq wklv
dssurdfk/ wkh ghfolqh lq oderu vkduhv dqg wkh lqfuhdvhv lq fdslwdo lqwhqvlw|
dqg oderu surgxfwlylw| wkdw rffxuuhg dw wklv wlph +vhh/ h1j1/ Eodqfkdug 4<<<,
zrxog uh hfw wzr vlghv ri wkh vdph frlq 0 vxevwlwxwlrq dzd| iurp oderu147

Wkh dffrpsdq|lqj lqfuhdvh lq xqhpsor|phqw uh hfwhg d vfduflw| ri �mrev�
uhvxowlqj iurp lqvx!flhqflhv ri sulru lqyhvwphqw +lqvwdoohg fdslwdo, dv zhoo dv
djjuhjdwh ghpdqg1 Wkh lqvx!flhqf| ri sulru lqyhvwphqw zdv wkh pruh vljqli0
lfdqw dv surgxfwlrq whfkqltxhv kdg ehfrph uhodwlyho| pruh fdslwdo0lqwhqvlyh1
Wkh �Nh|qhvldq� lqwhusuhwdwlrq wkdw/ h1j1 Eodqfkdug +4<<<, dqg Guë}h dqg
Ehdq +4<<3,/ dwwdfk wr wkhvh ghyhorsphqwv �wv zhoo lqwr wkh zlghu slfwxuh zh
gudz surylghg wkdw wkh qdwxuh ri oderu surgxfwlylw| jurzwk dqg wkh lqvxi0
�flhqflhv ri sulru lqyhvwphqw +lqvwdoohg fdslwdo, dqg djjuhjdwh ghpdqg duh
vhhq dv uhvxowv ri suhylrxv ghyhorsphqwv/ gulyhq e| h{shfwdwlrqv/ udwkhu wkdq
dxwrqrprxv/ shulrg0e|0shulrg vkrfnv1

Wklv lqwhusuhwdwlrq lv dgplwwhgo| lpsuhvvlrqlvwlf/ fdoolqj iru hpslulfdo
zrun udwkhu wkdq suhvxplqj xsrq lwv uhvxowv1 D vhulrxv hpslulfdo lqyhvwl0
jdwlrq zrxog kdyh wr sd| dwwhqwlrq wr lpsruwdqw dvshfwv ri pdfurhfrqrplf
ghyhorsphqwv wkdw zh kdyh qhjohfwhg/ prvw lpsruwdqwo| wkh urohv ri prqhwdu|
srolf|/ hqhuj| sulfhv/ iruhljq wudgh/ dqg lqwhuqdwlrqdo fdslwdo pdunhwv1

Rxu uhvxowv dovr wkurz vrph grxew rq wkh sudfwlfh ri wuhdwlqj wkh ohyho ri
xqhpsor|phqw +lq devroxwh qxpehuv ru dv d shufhqwdjh ri wkh oderu irufh, dv d
uhohydqw yduldeoh lq hpslulfdo pdfurhfrqrplfv1 Lq wkh vwhdg|0vwdwh htxloleuld
ri Vhfwlrq 6/ wkh uhohydqw yduldeoh zrxog eh wkh udwh ri fkdqjh ri hpsor|0
phqw1 Wr wkh h{whqw wkdw wkh irufhv zh dqdo|}h duh suhvhqw lq wkh uhdo zruog/
zh vkrxog h{shfw wr vhh sureohpv lq uhjuhvvlrqv dwwhpswlqj wr uhodwh wkh ohyho
ri xqhpsor|phqw wr wkh jurzwk udwh ri wkh hfrqrp|148 Vxfk uhjuhvvlrqv pd|

47Iru d uhodwhg lqwhusuhwdwlrq olqnlqj wkh qdwxuh ri fdslwdo lqyhvwphqw wr zdjh srolflhv/
vhh Fdedoohur dqg Kdpprxu +4<<:,1

48Rxwvlgh ri wkh grpdlq ri rxu dqdo|vlv/ vlplodu sureohpv vkrxog eh h{shfwhg iru uhjuhv0
vlrqv lqyroylqj wkh ohyho ri xqhpsor|phqw dqg wkh lq dwlrq udwh/ h1j1 dwwhpswv wr hvwlpdwh
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uxq lqwr dgglwlrqdo sureohpv li rqh idlov wr glvwlqjxlvk ehwzhhq surgxfwly0
lw| jurzwk dqg rxwsxw jurzwk> uhfdoo wkdw lq rxu dqdo|vlv kljk surgxfwlylw|
jurzwk lqgxfhg e| kljk zdjh jurzwk zloo jr dorqj zlwk orz rxwsxw jurzwk 0
dqg hpsor|phqw frqwudfwlqj dw d kljk udwh1

716 Qrq0Vwhdg|0Vwdwh Htxloleuld

Prvw ri wkh dqdo|vlv ri wklv sdshu kdv irfxvvhg rq htxloleulxp jurzwk udwhv
ri surgxfwlylw| dqg frqvxpswlrq dqg rq wkh uhodwlrq ehwzhhq wkhvh jurzwk
udwhv1 Wklv pd| vhhp olnh dq dexvh ri vwhdg|0vwdwh dqdo|vlv1 Rxwvlgh ri
vwhdg| vwdwhv/ qhlwkhu surgxfwlylw| qru frqvxpswlrq 0 qru djjuhjdwh rxwsxw
0 zloo kdyh frqvwdqw jurzwk udwhv1 Rqh pd| wkhuhiruh zrqghu zkdw ehfrphv
ri dq dqdo|vlv edvhg rq frpsdulvrqv ri vwhdg|0vwdwh jurzwk udwhv zkhq rqh
orrnv dw qrq0vwhdg|0vwdwh htxloleuld1

D v|vwhpdwlf dqdo|vlv ri qrq0vwhdg|0vwdwh htxloleuld zloo eh suhvhqwhg lq
vxevhtxhqw zrun1 Vxfk htxloleuld gr qrw/ lq jhqhudo/ kdyh rxwfrphv frqyhuj0
lqj wr vwhdg| vwdwhv1 Ghshqglqj rq wkh gdwd ri wkh prgho/ d qrq0vwhdg|0vwdwh
htxloleulxp pd| lqyroyh d vwdeoh vwhdg| vwdwh/ d olplw f|foh ri dq| shulrglflw|/
ru lqghhg hujrglf fkdrv1

Krzhyhu wkh wkuxvw ri rxu dqdo|vlv grhv qrw ghshqg rq wkh uhvwulfwlrq wr
vwhdg| vwdwhv1 Rxu fkdudfwhul}dwlrq ri wkh htxloleulxp jurzwk udwhv ri sur0
gxfwlylw|/ frqvxpswlrq dqg hpsor|phqw fdq eh h{whqghg wr qrq0vwhdg|0vwdwh
htxloleuld li zh lqwhusuhw wklv fkdudfwhul}dwlrq lq whupv ri orqj0uxq dyhudjhv
udwkhu wkdq ghyhorsphqwv lq dq| rqh shulrg1 Pruh suhflvho|/ zh �qg wkdw wkh
jhrphwulf phdqv#
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ri wkh jurzwk idfwruv �|n�*�| ' � n ^|n�/ S|n�*S|c 	u|n�*	u| ri surgxfwlylw|/
frqvxpswlrq/ dqg hpsor|phqw ryhu A shulrgv | ' �c 2c ���c A / frqyhujh wr
zhoo gh�qhg olplwv � n }�c � n }Sc � n }	u dv wkh krul}rq A ehfrphv odujh1
Pruhryhu/ wkh dv|pswrwlf dyhudjh surgxfwlylw| jurzwk udwh }� frlqflghv zlwk
wkh pd{lpxp ri } 7�c wkh jurzwk udwh ri plqlpxp uhdo zdjhv/ dqg }Wc wkh
htxloleulxp jurzwk udwh ri uhdo zdjhv xqghu odlvvh}0idluh1 Wkh dv|pswrwlf
dyhudjh jurzwk udwh ri hpsor|phqw vdwlv�hv wkh uhodwlrq

� n }	u '
� n }S
� n }�

c +7<,

d vwdeoh QDLUX/ l1h1 d udwh ri xqhpsor|phqw wkdw lv frpsdwleoh zlwk qrq0dffhohudwlqj
lq dwlrq1
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vr li } 7� h{fhhgv wkh odlvvh}0idluh udwh }W/ hpsor|phqw lv frqwudfwlqj dw dq
dv|pswrwlf dyhudjh udwh wkdw lv dssur{lpdwho| htxdo wr wkh gl�huhqfh ehwzhhq
} 7� dqg wkh lqgxfhg dv|pswrwlf dyhudjh frqvxpswlrq jurzwk udwh }S� D vnhwfk
ri wkh dujxphqw lv jlyhq lq Dsshqgl{ 8151

Lq qrq0vwhdg|0vwdwh htxloleuld dv lq vwhdg|0vwdwh htxloleuld/ rxwsxw jurzwk
pxvw lq wkh orqj0uxq eh htxdo wr ghpdqg jurzwk/ dqg hpsor|phqw jurzwk
pxvw lq wkh orqj uxq fruuhvsrqg wr wkh gl�huhqfh ehwzhhq frqvxpswlrq
jurzwk dqg surgxfwlylw| jurzwk/ zklfk lq wxuq lv htxdo wr wkh gl�huhqfh
ehwzhhq frqvxpswlrq jurzwk dqg zdjh jurzwk1 Li plqlpxp zdjhv jurz dw
wrr kljk d udwh wklv lqgxfhv dq rqjrlqj frqwudfwlrq ri hpsor|phqw dv sur0
gxfwlylw| jurzwk nhhsv dsdfh zlwk zdjh jurzwk dqg uxqv dkhdg ri jurzwk lq
djjuhjdwh ghpdqg1

717 Hqgrjhql}dwlrq ri Zdjh Srolflhv

Wr frqfoxgh wkh sdshu/ zh uhwxuq wr wkh lvvxh ri h{rjhqhlw| yhuvxv hqgrjhqh0
lw| ri zdjh srolflhv1 Wkh vshfl�fdwlrq ri dq h{rjhqrxvo| jlyhq zdjh srolf|
i 7�fE�n} 7��

|j lv fohduo| frxqwhuidfwxdo/ lqwurgxfhg iru wkh sxusrvh ri vwxg|lqj
wkh lpsdfw ri zdjh jurzwk rq wkh hfrqrp| zlwkrxw dq| suhvxpswlrq wkdw
vxfk d srolf| zloo dfwxdoo| eh iroorzhg1 Li d zdjh srolf| ri wklv irup zlwk
} 7� : }W zdv dfwxdoo| iroorzhg iru vrph wlph/ zh vkrxog h{shfw wkh hqvx0
lqj ghfolqh lq hpsor|phqw wr lqgxfh d fkdqjh lq zdjh srolflhv/ li qhfhvvdu|/
wkurxjk d fkdqjh lq oderu pdunhw lqvwlwxwlrqv dqg uhjxodwlrqv1

Krzhyhu zkdw fkdqjh lv wr eh h{shfwhgB Xqohvv rqh dvvxphv wkdw lq vxfk
d vlwxdwlrq/ wkh srzhu wr lpsrvh plqlpxpzdjhv lv dowrjhwkhu holplqdwhg/ rqh
qhhgv wr vshfli| d qhz srolf|1 Wkh irupxodwlrq ri wklv srolf| e| wkh lqwhuhvwhg
sduwlhv zloo uh hfw wkhvh sduwlhv ylhzv ri zkdw lv wkh uhodwlrq ehwzhhq zdjhv
dqg hpsor|phqw ru xqhpsor|phqw1 Vxssrvh iru h{dpsoh wkdw d xqlrq lv wrog
wkdw li lw htxdwhv uhdo0zdjh jurzwk dqg surgxfwlylw| jurzwk hpsor|phqw zloo
eh xqfkdqjhg1 Li surgxfwlylw| jurzwk lv hvwlpdwhg zlwk d rqh0shulrg odj/ lw
pd| wkhq vhw 7�| ' 7�|3�E� n ^|3��c zkhuh ^|3� lv wkh lqqrydwlrq udwh ehwzhhq
shulrgv |�2 dqg |��1 Xqghu wklv zdjh srolf|/ rqh kdv 7�|*�|3� ' 7�|3�*�|32

ehfdxvh 7�| dqg �|3� erwk h{fhhg 7�|32 dqg �|32 e| wkh vdph idfwru E�n^|3��1
Exw wkhq d vwudljkwiruzdug fdofxodwlrq edvhg rq +H6, dqg +H7, vkrzv wkdw wkh
lqqrydwlrq udwhv ^|3� dqg ^| pxvw eh wkh vdph/ dv ^� iru dq| � lv ghwhuplqhg
e| d wlph0lqyduldqw ixqfwlrq ri 7��*��3�� Wkhq wkh lqqrydwlrq udwh ^| dqg zlwk
lw wkh jurzwk udwh ri uhdo zdjhv duh frqvwdqw ryhu wlph/ ghwhuplqhg vroho| e|
lqlwldo frqglwlrqv1 Lq wklv zd| d vwhdg|0vwdwh htxloleulxp ri wkh vruw wkdw zh
frqvlghuhg lq Vhfwlrq 6 pd| uhvxow iurp d vlpsoh irup ri hqgrjhql}lqj zdjhv/
uho|lqj rq wkh wudglwlrqdo ehqfkpdun iru dq hpsor|phqw0qhxwudo zdjh srolf|1

Dgplwwhgo| wklv hqgrjhql}dwlrq lv qrw edvhg rq rswlpl}dwlrq xqghu ud0
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wlrqdo h{shfwdwlrqv1 Wkh sureohp lv wkdw lq wkh frqwh{w ri rxu prgho/ zlwk
hqgrjhqrxv whfkqlfdo fkdqjh/ wkh ylhzv rq wkh h�hfwv ri zdjh srolflhv wkdw
duh wudghg lq dfwxdo srolf| ghedwh duh qrw dfwxdoo| frpsdwleoh zlwk udwlrqdo
h{shfwdwlrqv1 Lqghhg lq rxu prgho wkh xqlrq r!fldo zkr djuhhv wr d uhdo0zdjh
jurzwk udwh ohvv wkdq revhuyhg surgxfwlylw| jurzwk pd| zhoo �qg wkdw xq0
hpsor|phqw lv vwloo jrlqj xs dqg uhhqwhu wkh srolwlfdo duhqd zlwk wkh glfwxp
wkdw frqyhqwlrqdo ylhzv rq wkh uhodwlrq ehwzhhq zdjhv dqg xqhpsor|phqw
duh reylrxvo| uhixwhg e| h{shulhqfh dqg wkhuhiruh kh frxog qrw eh erwkhuhg
wr iroorz frqyhqwlrqdo suhvfulswlrqv lq wkh ixwxuh1
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8 Dsshqgl{

814 Surri ri Wkhruhp 4

Dvvxph �uvw wkdw g �Ef� 	 q� H{lvwhqfh/ xqltxhqhvv/ dqg srvlwlyhqhvv ri d
vroxwlrq 	̂ ' }W wr +5<, iroorzv iurp wkh prqrwrqlflw| dqg frqwlqxlw| ri wkh
pds 	̂$ E� n 	̂�2g �E	̂� n E� n 	̂�gE	̂�1 Jlyhq wklv }W : f/ vhw

^| ' 	̂' 4@ E}Wc } 7��c | ' 2c �c ���c

o| ' 	o '
�

E� n 	̂�g �E	̂� ngE	̂�
� �c | ' �c 2c ���c

�| ' BE	̂� �� E� n 	̂�|3�c | ' �c 2c ���c

}S ' qE� n 	o�� �c

S| ' ?�d�� E� n }S�gE	̂�oE� n }S�
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u| ' 	u| ' u
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� n }S
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| ' E� n 	o� ?�gE	̂� E� n }S�
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?| ' ?�E� n }S�
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,| '
�

��E� n 	̂�|3�
c | ' �c 2c ���c

�| ' fc | ' 2c �c ���c

dqg

�| ' ��E� n 	̂�|3�c | ' 2c �c ��� 1

Lw lv hdv| wr yhuli| wkdw li wkh lqlwldo gdwd �fc ��c ?�c dqg 7�� wdnh ydoxhv vr
wkdw �f lv vpdoo/ ��u ' ?�c dqg 7�� ' BE	̂���/ wkhq wkhvh frqglwlrqv vshf0
li| d vwhdg|0vwdwh Nh|qhv0Udgqhu htxloleulxp1 Qrwlfh wkdw wklv htxloleulxp
lqyroyhv ixoo hpsor|phqw lq doo shulrgv li } 7� � }W> lq wklv fdvh/ wkh jlyhq
vshfl�fdwlrq |lhogv 	̂ ' }Wc 	o ' oWc }S ' }Wc dqg u| ' 	u| ' u iru doo |�

Lw uhpdlqv wr eh vkrzq wkdw doo vwhdg|0vwdwh htxloleuld h{klelw wkh ihdwxuhv
dvvhuwhg lq wkh wkhruhp1 Wkh dujxphqwv lq wkh wh{w kdyh douhdg| hvwdeolvkhg
wkdw lq dq| vwhdg|0vwdwh htxloleulxp lw pxvw eh wkh fdvh wkdw
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� surgxfwlylw| dqg uhdo zdjh udwhv jurz dw wkh vdph udwh 	̂� } 7�c

� wkh lqwhuhvw udwh lv frqvwdqw dqg vdwlv�hv +59,/

� frqvxpswlrq/ djjuhjdwh rxwsxw/ dqg zdjh lqfrphv kdyh wkh vdph/ frq0
vwdqw jurzwk udwh }S vdwlvi|lqj +5;,/

� hpsor|phqw lv frqvwdqw li 	̂ ' }S/ dqg vkulqnv dw wkh frqvwdqw udwh 	̂3}S
�n	̂

li 	̂: }Sc

� 	̂� }Sc zlwk htxdolw| rqo| li 	̂ ' }S ' }W � } 7��

Lw uhpdlqv wr eh vkrzq wkdw li } 7� � }Wc wkhq 	̂ ' }S/ li } 7� 	 }Wc wkhq
u| ' u iru doo |c dqg li } 7� : }Wc wkhq 	̂ ' } 7�� Iru wkh �uvw lpsolfdwlrq/ qrwh
wkdw li 	̂: }Sc wkhq/ e| +69,/ u| 	 u iru | ' 2c �c ���c khqfh/ e| +N9,/ �| ' 7�|

iru doo |c zklfk lq wxuq lpsolhv 	̂ ' } 7�c khqfh } 7� : }S� Wr kdyh } 7� � }W dqg
	̂: }S mrlqwo|/ zrxog wkxv uhtxluh wkdw }W � 	̂ ' } 7� : }Sc dqg wkhuhiruh/ e|
+59, dqg +5;,/ wkdw 	o � oW dqg 	o 	 oWc zklfk lv lpsrvvleoh1 Wkhuhiruh } 7� � }W

pxvw lpso| 	̂ ' }S� Vlploduo|/ li } 7� : }Wc wkhq 	̂ ' }S ' }W lv lpsrvvleoh/ dqg
rqh pxvw kdyh 	̂ : }Sc khqfh 	̂ ' } 7� dqg } 7� : }S� Ilqdoo|/ li } 7� 	 }Wc wkhq
} 7� 	 	̂c dqg rqh pxvw kdyh 7�| 	 �| dqg/ e| +N9,/ u| ' u iru doo |� Wklv
frpsohwhv wkh surri ri Wkhruhp 41

815 Qrq0Vwhdg|0Vwdwh Htxloleuld= D Vnhwfk ri wkh Du0
jxphqw

Zlwkrxw jrlqj lqwr dq| ghwdlov/ zh vnhwfk wkh dujxphqw iru wkh fodlp pdgh
lq wkh wh{w iru wkh vlpsoh fdvh zkhq } 7� lv odujh hqrxjk vr wkdw wkh uhvwulfwlrq
�| � 7�| lv dozd|v elqglqj1 Lq wklv fdvh/ wkh vhw ri frqglwlrqv iru dq htxlole0
ulxp fdq djdlq eh ghfrpsrvhg lq vxfk d zd| wkdw htxloleulxp surgxfwlylw|
jurzwk lv lqghshqghqw ri wkh ghpdqg vlgh ri wkh hfrqrp|1 H{sorlwlqj frqgl0
wlrqv +H6, dqg +H7, dv ehiruh/ zh rewdlq wkh iroorzlqj jhqhudol}dwlrqv ri +58,
dqg +59,1

�|

�|3�

�
E� n ^|�

2g �E^|�

E� n ^|�g �E^|� ngE^|�
c +83,

o|3� �
�

E� n ^|�g �E^|� ngE^|�
� � +84,

zkhuh hlwkhu lqhtxdolw| lv vwulfw rqo| li ^| ' f�

Rqh hdvlo| yhul�hv wkdw wkh uljkw0kdqg vlgh ri +83, lv d vwulfwo| lqfuhdvlqj
ixqfwlrq sE�� ri ^|� Lw iroorzv wkdw iru dq| ydoxh ri wkh udwlr �|*�|3�c +83,
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ghwhuplqhv d xqltxh lqqrydwlrq udwh

^| ' )E
�|

�|3�

�c +85,

zkhuh )E�|*�|3�� G' f li�|*�|3� � sEf� ' �/ dqg )E�|*�|3�� G' s3�E�|*�|3��
li �|*�|3� : sEf� ' ��

Frqvlghu wkh lpsolfdwlrqv ri zdjh jurzwk dqg surgxfwlylw| jurzwk iru wkh
hyroxwlrq ri wkh vkduh B| G' �|*�| ri zdjhv lq lqfrph1 Zlwk �| ' 7�| ' E� n
} 7�� 7�|3� ' E�n} 7���|3� dqg�| ' �|3�E�n^|�c zh kdyh �|*�|3� ' B|3�E�n} 7��/
vr wkh hyroxwlrq ri B| lv jlyhq dv

B| '
�|3�E� n } 7��

�|3�E� n ^|�
' B|3�

� n } 7�
� n )EB|3�E� n } 7���

� +86,

Wdnlqj B� ' ��*�� ' 7��*�� dv jlyhq e| lqlwldo frqglwlrqv/ zh �qg wkdw
lq dq| htxloleulxp lq zklfk wkh frqvwudlqw �| � 7�| lv elqglqj iru doo |c
wkh hyroxwlrq ri wkh vkduh ri zdjhv lq lqfrph lv xqltxho| ghwhuplqhg e|
wkh gl�huhqfh htxdwlrq +86,1 Wkh vhtxhqfh iB|j wkdw lv jlyhq e| +86, dqg
wkh lqlwldo frqglwlrq B� ' 7��*�� lq wxuq ghwhuplqhv wkh vhtxhqfh i^|j '
i)EB|3�E� n } 7���j ri htxloleulxp lqqrydwlrq udwhv1

Iurp +86,/ lw lv reylrxv wkdw B| ' B|3� li dqg rqo| li ^| ' )EB|3�E�n} 7��� '
} 7�c ru/ lq ylhz ri wkh gh�qlwlrq ri )E��c li dqg rqo| li B|3� ' BE} 7��/ zkhuh/ lq
dffrugdqfh zlwk +64,/

BE} 7�� '
E� n } 7��g

�E} 7��

�E} 7��
'

E� n } 7��g
�E} 7��

E� n } 7��g �E} 7�� ngE} 7��
� +87,

Dv rqh pljkw kdyh h{shfwhg iurp Wkhruhp 4/ wkh hyroxwlrq ri wkh htxloleulxp
vkduh ri zdjhv lq lqfrph kdv d xqltxh vwhdg| vwdwh1 Krzhyhu wkhuh lv qr
jxdudqwhh wkdw wklv vwhdg| vwdwh lv vwdeoh1 Iru lqvwdqfh/ li wkh lqqrydwlrq
frvw ixqfwlrq gE�� lv olqhdu/ h1j1/ gE^� � &^c q : & : fc rqh �qgv wkdw wkh
vwhdg| vwdwh lv joredoo| vwdeoh li } 7� lv vx!flhqwo| odujh/ h1j1/ li } 7� ' �./ exw
wkh gl�huhqfh htxdwlrq +86, jhqhudwhv hujrglf fkdrv li } 7� lv vx!flhqwo| vpdoo/
h1j1/ } 7� ' ���

Krzhyhu/ uhjdugohvv ri wkh vwdelolw| surshuwlhv ri wkh vhtxhqfh ri oderu
vkduhv/ wkh iuhtxhqf| glvwulexwlrq ri B| ryhu wlph frqyhujhv zhdno| wr dq
hujrglf glvwulexwlrq dv wkh krul}rq ryhu zklfk wklv iuhtxhqf| glvwulexwlrq lv
frpsxwhg ehfrphv odujh1 E| d vwdqgdug hujrglf dujxphqw/ rqh �qgv wkdw iru
jlyhq lqlwldo frqglwlrqv wkhuh h{lvwv d xqltxh glvwulexwlrq 8 rq wkh xqlw lq0
whuydo +zklfk pd| ghshqg rq lqlwldo frqglwlrqv, vxfk wkdw iru dq| frqwlqxrxv
dqg erxqghg ixqfwlrq k iurp dfc �o lqwr ?c wkh wlph dyhudjhv �

A

SA

�
kEB|� frq0

yhujh wr wkh h{shfwdwlrq
U
kEB�_8 EB� ri kE�� zlwk uhvshfw wr wkh glvwulexwlrq

8 E�� dv A ehfrphv odujh1 Wklv kdv wzr lpsolfdwlrqv=
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� Dv A ehfrphv odujh/ wkh wlph dyhudjhv

�

A

A[
�

*?E� n ^|n�� '
�

A

A[
�

*?E� n )EB|E� n } 7���� +88,

frqyhujh wr wkh h{shfwdwlrq
U
*?E�n)EBE�n} 7����_8 EB� ri *?E�n)EBE�n

} 7���� zlwk uhvshfw wr wkh hujrglf glvwulexwlrq 8 E��� Wklv lpsolhv wkdw

wkh jhrphwulf phdqv
�TA

�
E� n ^|n��

� �

A

ri surgxfwlylw| jurzwk idfwruv

lq +7;, frqyhujh wr wkh �{hg txdqwlw| � n }� G' i T
U
*?E� n )EBE� n

} 7����_8 EB��

� Dv A ehfrphv odujh/ wkh wlph dyhudjhv

�

A

A[
�

d*?q � *?�E)EB|E� n } 7����o +89,

frqyhujh wr wkh h{shfwdwlrq *?q �
U
*?�E)EBE� n } 7����_8 EB� ri *?q �

*?�E)EBE�n} 7���� zlwk uhvshfw wr wkh hujrglf glvwulexwlrq 8 E��� Iru dq|
htxloleulxp lq zklfk +84, krogv dv dq htxdolw| iru doo |/49 wklv lpsolhv

wkdw wkh jhrphwulf phdqv
�TA

�

S|n�
S|

� �

A

' q
�TA

�
E� n o|�

� �

A

ri frqvxps0

wlrq jurzwk idfwruv lq +7;, frqyhujh wr wkh �{hg txdqwlw| � n }S G' q
i T

U
*?�E)EBE� n } 7����_8 EB��

Htxdolw| ri wkh dv|pswrwlf dyhudjh surgxfwlylw| jurzwk udwh }� zlwk wkh
plqlpxp0zdjh jurzwk udwh } 7� +zkhq wkh frqvwudlqw �| � 7�| lv dozd|v elqg0
lqj, iroorzv iurp wkh revhuydwlrq wkdw/ e| +86, dqg +88,/

�

A

A[
�

*?E� n ^|n�� '
�

A
d*? B� � *? BAn�o n *?E� n } 7�� +8:,

iru doo A / dqg wkdw wkh �uvw whup rq wkh uljkw0kdqg vlgh ri +8:, ydqlvkhv zkhq
A ehfrphv odujh14: Dv iru htxdwlrq +7<,/ wklv uhtxluhv vkrzlqj wkdw lq dq|

49Vxfk htxloleuld dozd|v h{lvw/ hyhq li htxloleulxp lqqrydwlrq udwhv duh }hur iru vrph
shulrgv1 Krzhyhu/ zkhq htxloleulxp lqqrydwlrq udwhv duh }hur iru vrph shulrgv/ wkhuh lv
d frqwlqxxp ri htxloleulxp doorfdwlrqv ri frqvxpswlrq dqg hpsor|phqw/ hdfk ri wkhp
vxssruwhg e| d gl�huhqw ydoxh ri wkh uhdo udwh ri lqwhuhvw1 Li jhrphwulf wlph dyhudjhv ri
frqvxpswlrq jurzwk idfwruv lq wkhvh htxloleuld kdyh zhoo0gh�qhg olplwv/ wkh fodlpv lq wkh
wh{w duh vwloo ydolg1

4:Wklv suhvxphv wkdw �w lv erxqghg dzd| iurp }hur1 Wr hvwdeolvk wklv/ qrwh wkdw/ e|
lqvshfwlrq ri +83, dqg +86,/ �w � 4 iru doo w= Vlqfh * lv qrqghfuhdvlqj/ wklv lpsolhv wkdw
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htxloleulxp wkh dv|pswrwlf dyhudjh jurzwk idfwru ri rxwsxw lv qhfhvvdulo|
htxdo wr � n }S/ wkh dv|pswrwlf dyhudjh jurzwk idfwru ri frqvxpswlrq1 Iru d
qrq0vwhdg|0vwdwh htxloleulxp/ wkh surri ri wklv dvvhuwlrq lv txlwh lqyroyhg/ exw
wkh xqghuo|lqj hfrqrplf orjlf lv wkh vdph dv lq wkh fruuhvsrqglqj dujxphqw
iru vwhdg|0vwdwh htxloleuld1 Ghwdlov zloo eh suhvhqwhg lq vxevhtxhqw zrun1

tw � �t =@ *+4.j �z, iru doo w= E| lqvshfwlrq ri +86,/ wklv lq wxuq lpsolhv wkdw li �w � +4.�t,�4

iru vrph w/ wkhq iru wkh vdph w> �w�4 � +4 . j �z,
�4= E| +83, wkrxjk/ �w�4 � +4 . j �z,

�4

lpsolhv tw @ 3/ khqfh �w�4 @ �w+4 . j �z,
�4 ? +4 . �t,�4= Surfhhglqj e| lqgxfwlrq/ rqh

�qgv wkdw �w � +4 . �t,�4 iru vrph w lpsolhv �w�n @ �w+4 . j �z,
�n dqg khqfh/ wkdw �4 @

�w+4 . j �z,
�+w�4, � +4 . �t,�4+4 . j �z,

�+w�4,> zklfk fdqqrw eh wuxh iru pruh wkdq �qlwho|
pdq| w1
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Uhihuhqfhv

^4` N1 Duurz dqg I1 Kdkq/ Jhqhudo Frpshwlwlyh Dqdo|vlv/ Vdq Iudq0
flvfr/ Kroghq0Gd|/ +4<:4,1

^5` V1 Ehqwrolod dqg J1 Vdlqw0Sdxo/ H{sodlqlqj Pryhphqwv lq wkh Oderu
Vkduh/ FHSU Glvfxvvlrq Sdshu Qr1 4<8;/ +4<<;,1

^6` Q1 Ehuwkrog/ U1 Ihkq/ dqg H1 Wkrgh/ Idoolqj Oderu Vkduh
dqg Ulvlqj Xqhpsor|phqw= Orqj0Uxq Frqvhtxhqfhv ri Lqvwlwxwlrqdo
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Xqlyhuvlwçw Zÿu}exuj/ +4<<<,1

^7` K1 Ehvwhu dqg H1 Shwudnlv/ Zdjh dqg Surgxfwlylw| Jurzwk lq d
Frpshwlwlyh Lqgxvwu|/ FHSU Glvfxvvlrq Sdshu Qr1 5364/ +4<<;,1

^8` R1 Eodqfkdug/ Wkh Phglxp Uxq/ Eurrnlqjv Sdshuv rq Hfrqrplf
Dfwlylw| 5/ ;<�48;/ +4<<:,1

^9` R1 Eodqfkdug/ Hxurshdq Xqhpsor|phqw= Wkh Uroh ri Vkrfnv dqg
Lqvwlwxwlrqv/ plphr/ PLW/ Fdpeulgjh/ PD/ +4<<<,1

^:` F1M1 Eolvv/ Fdslwdo Wkhru| dqg wkh Glvwulexwlrq ri Lqfrph/ Dpvwhu0
gdp/ Qruwk Kroodqg/ +4<:8,1

^;` Z1K1 Eudqvrq/ Pdfurhfrqrplf Wkhru| dqg Srolf|/ 6ug hglwlrq/
Dgglvrq0Zhvoh| Sxe Fr1/ +4<;<,1

^<` P1 Euxqr dqg M1 Vdfkv/ Hfrqrplfv ri Zruogzlgh Vwdj dwlrq/
Fdpeulgjh/ PD/ Kduydug Xqlyhuvlw| Suhvv +4<;8,1

^43` U1 Fdedoohur dqg P1 Kdpprxu/ Mreohvv Jurzwk= Dssursuldelolw|/
Idfwru Vxevwlwxwlrq/ dqg Xqhpsor|phqw/ Fduqhjlh0Urfkhvwhu Frqihu0
hqfh rq Sxeolf Srolf|/ Yro1 7;/ 84�<7/ +4<<:,1
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^44` M1]1 Gdeulfnl dqg D1 Wdnd|dpd/ Plqlpxp Zdjh Uhjxodwlrq dqg
Hfrqrplf Jurzwk/ Mrxuqdo ri Hfrqrplfv dqg Exvlqhvv 67/ 564�573/
+4<;5,1

^45` M1 Guë}h dqg Fk1 Ehdq +hgv1,/ Hxursh*v Xqhpsor|phqw Sureohp/
Fdpeulgjh/ PLW Suhvv/ +4<<3,1

^46` M1 Guë}h dqg H1 Pdolqydxg/ Jurzwk dqg Hpsor|phqw= Wkh Vfrsh ri
d Hxurshdq Lqlwldwlyh/ Hxurshdq Hfrqrplf Uhylhz/ 6;/ 7;<�837/ +4<<7,1

^47` P1 Iulhgpdq/ Wkh Uroh ri Prqhwdu| Srolf|/ Dphulfdq Hfrqrplf
Uhylhz 8;/ 4�4:/ +4<9;,1

^48` S1 Ixqn/ Dxwrpdwlrq dqg Xqhpsor|phqw/ GHOWD�Sdulv/ Grfxphqw
q� <:�56/ +4<<:,1

^49` Z1S1 Khoohu dqg U1P1 Vwduu/ Xqhpsor|phqw Htxloleulxp zlwk P|0
rslf Frpsohwh Lqirupdwlrq/ Uhylhz ri Hfrqrplf Vwxglhv 79/ 66<�68</
+4<:<,1
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Zdv wkhuh d WxuqdurxqgB / Hfrqrplf Srolf| 5/ 436�478/ +4<;:,1

^4;` P1 Khoozlj dqg D1 Luphq/ Hqgrjhqrxv Whfkqlfdo Fkdqjh lq d
Frpshwlwlyh Hfrqrp|/ Vrqghuiruvfkxqjvehuhlfk 837/ Glvfxvvlrq Sdshu
Qr1 <<�86/ +4<<<,1

^4<` M1P1 Nh|qhv/ Wkh Jhqhudo Wkhru| ri Hpsor|phqw/ Lqwhuhvw/ dqg
Prqh|/ Q\/ Kdufrxuw +4<69,1

^53` U1H1 Oxfdv/ Vrph Lqwhuqdwlrqdo Hylghqfh rq Rxwsxw0Lq dwlrq Wudgh0
r�v/ Dphulfdq Hfrqrplf Uhylhz 96/ 659�667/ +4<:6,1
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^54` H1 Pdolqydxg/ Wkh Wkhru| ri Xqhpsor|phqw Uhfrqvlghuhg/ R{irug/
Edvlo Eodfnzhoo/ +4<::,1

^55` I1 Prgljoldql/ Oltxlglw| Suhihuhqfh dqg wkh Wkhru| ri Lqwhuhvw dqg
Prqh|/ Hfrqrphwulfd 45/ 78�;;/ +4<77,1
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67:�698/ +4<<:,1
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