
Gxdo oderxu pdunhwv dqg qrplqdo uljlglw|

Khquln Mdfrevhq Nohyhq
Xqlyhuvlw| ri Frshqkdjhq dqg HSUX

Fodxv Wkxvwuxs Nuhlqhu
Xqlyhuvlw| ri Frshqkdjhq/ HSUX/ dqg FHVlir

Vwxglhvwuégh 9/ GN04788 Frshqkdjhq N/ Ghqpdun1
H0pdlo= fodxv1wkxvwuxs1nuhlqhuChfrq1nx1gn

Kxz Gdylg Gl{rq
Xqlyhuvlw| ri \run dqg FHVlir

Ilqdo Yhuvlrq= Dsulo 5335

Iruwkfrplqj lq R{irug Hfrqrplf Sdshuv

Devwudfw

Wkh frqyhqwlrqdo phqx frvw iudphzrun shuirupv srruo| zlwk uhdolvwlf oderxu

vxsso| hodvwlflwlhv= wkh phqx frvwv uhtxluhg iru sulfh uljlglw| duh yhu| kljk dqg wkh

zhoiduh frqvhtxhqfhv ri prqhwdu| glvwxuedqfhv duh qhjoljleoh1 Zh vkrz wkdw wkh

suhvhqfh ri gxdo oderxu pdunhwv juhdwo| lpsuryhv wkh shuirupdqfh ri wkh iudph0

zrun erwk e| uhgxflqj wkh plqlpxp h�hfwlyh phqx frvwv dqg e| errvwlqj wkh zho0

iduh frqvhtxhqfhv1 Lq dgglwlrq/ wkh lqwurgxfwlrq ri gxdo oderxu pdunhwv surylghv

dq h{sodqdwlrq ri surf|folfdo surgxfwlylw| dqg wkh vkulqnlqj ri zdjh gl�huhqwldov

gxulqj errpv/ lq olqh zlwk vw|ol}hg idfwv rq exvlqhvv f|fohv1

Nh|zrugv= Qhz Nh|qhvldq Hfrqrplfv/ Gxdo Oderxu Pdunhwv

MHO Fodvvl�fdwlrqv= H63/ M55/ M75



4 Lqwurgxfwlrq

Wkh lqvljkw wkdw qrplqdo lqhuwld ri sulfhv dqg zdjhv fdq eh h{sodlqhg lq dq lpshuihfwo|

frpshwlwlyh vhwwlqj e| wkh suhvhqfh ri oxps0vxp frvwv dvvrfldwhg zlwk sulfh ru zdjh

fkdqjhv zdv ghyhorshg lq wkh ruljlqdo Qhz Nh|qhvldq olwhudwxuh +h1j1 Pdqnlz/ 4<;8>

Eodqfkdug dqg Nl|rwdnl/ 4<;:> Edoo dqg Urphu/ 4<;</ 4<<3/ 4<<4, dqg kdv vlqfh ehhq

ghyhorshg lq d qxpehu ri gluhfwlrqv14 Zlwk sulfh ru zdjh vhwwhuv/ qrplqdo sulfhv duh

h{shfwhg wr eh dw ru qhdu wr wkh rswlpdo ohyhov/ zlwk qr �uvw rughu h�hfwv ri sulfh fkdqjhv

rq sd|r�1 Ixuwkhupruh/ zlwk lpshuihfw frpshwlwlrq � lpso|lqj d vrfldoo| vxerswlpdo

htxloleulxp � qrplqdo lqhuwld jlyhv ulvh wr �uvw rughu zhoiduh h�hfwv dv rxwsxw dqg

hpsor|phqw ydu|1 Wkxv/ qrplqdo glvwxuedqfhv pd| jhqhudwh odujh zhoiduh h�hfwv gxh wr

wkh suhvhqfh ri vpdoo phqx frvwv1

Zklovw wkh dujxphqw lv vlpsoh dqg lqwxlwlyh/ wkh wudglwlrqdo phqx0frvw prghov idfhg

d qxpehu ri sureohpv=

� wkh phqx frvwv uhtxluhg iru uljlglw| duh wrr odujh iru uhdolvwlf ydoxhv ri wkh oderxu

vxsso| hodvwlflw|15 Wkh zhljkw ri hpslulfdo hylghqfh lv wkdw wkh oderxu vxsso| hodv0

wlflw| lv udwkhu vpdoo/ vr wkdw dq lqfuhdvh lq hpsor|phqw zloo uhvxow lq d vljql�fdqw

xszdug suhvvxuh rq zdjhv dqg khqfh rq sulfhv1 Zlwk d shuihfwo| lqhodvwlf oderxu

vxsso|/ phqx frvwv ri dq| �qlwh vl}h fdqqrw suhyhqw sulfh dqg zdjh fkdqjhv1

4Uhfhqw frqwulexwlrqv wr wkh phqx0frvw olwhudwxuh lqfoxgh Gdq}ljhu +4<<<,/ Gl{rq dqg Kdqvhq +4<<<,/

Grwvh| hw do1 +4<<<,/ Ehqqhww dqg OdPdqqd +5334,/ Nohyhq dqg Nuhlqhu +5334,/ dqg Nuhlqhu +5335,1
5Shqfdyho +4<;9, frqfoxghv iurp d vxuyh| ri furvv0vhfwlrq vwxglhv wkdw wkh frpshqvdwhg hodvwlflw| iru

phq lv durxqg 3=41 Kljkhu hvwlpdwhv kdyh wkrxjk ehhq irxqg lq olih0f|foh iudphzrunv/ h1j1 PdfFxug|

+4<;4, uhsruwv hodvwlflwlhv lq wkh udqjh 3=4 wr 3=781 Dqg/ hyhq kljkhu hvwlpdwhv kdyh ehhq irxqg iru

zrphq/ vhh Nloolqjvzruwk dqg Khfnpdq +4<;9,1 Wkhvh ydoxhv duh vljql�fdqwo| ehorz wkh hodvwlflwlhv

frqvlghuhg e| Eodqfkdug dqg Nl|rwdnl +4<;:,/ zkr xvhg wkh udqjh ri 5 wr 8=
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� Hyhq li phqx frvwv gr uhvxow lq d qrplqdo vkrfn lqfuhdvlqj rxwsxw/ wudglwlrqdo

prghov suhglfw wkdw surgxfwlylw| lv hlwkhu df|folfdo ru frxqwhuf|folfdo/ zklfk frq0

 lfwv zlwk wkh hylghqfh wkdw ghpdqg glvwxuedqfhv |lhog surf|folfdo surgxfwlylw|

+h1j1/ Urwhpehuj dqg Vxpphuv/ 4<<3> Edvx/ 4<<9,1

� Vlqfh oderxu pdunhwv duh dvvxphg wr eh v|pphwulf/ doo zdjhv duh lghqwlfdo1 Wkhuh0

iruh/ wkh prghov fdqqrw h{sodlq wkh f|folfdolw| ri zdjh gl�huhqwldov/ l1h1 wkh frp0

suhvvlrq ri xqlrq0qrqxqlrq zdjh gl�huhqfhv gxulqj errpv irxqg lq hpslulfdo vwxg0

lhv +vhh Phorz/ 4<;4> Iuhhpdq/ 4<;7> Zxqqdyd dqg Krqqh|/ 4<<4,1

Wkh dlp ri wklv sdshu lv wr vroyh wkhvh wkuhh sureohpv e| ghyhorslqj wkh oderxu

pdunhw vlgh/ frpelqlqj wkh wudglwlrqdo phqx0frvw prgho zlwk gxdo oderxu pdunhwv1

Wkh gxdo oderxu pdunhw dssurdfk kdv ehfrph dq hvwdeolvkhg sduw ri oderxu pdunhw

wkhru| vlqfh Kduulv dqg Wrgdur +4<:3, dqg lv frq�uphg e| d vxevwdqwldo dprxqw ri

hpslulfdo hylghqfh> vhh Glfnhqv dqg Odqj +4<;8, dqg wkh vxuyh| lq Vdlqw0Sdxo +4<<9/

ss1 9509;,1 Lq rxu iudphzrun/ wkhuh lv d sulpdu| oderxu pdunhw zlwk prqrsrolvwlf zdjh

vhwwlqj dqg d vhfrqgdu| oderxu pdunhw fkdudfwhul}hg e| shuihfw frpshwlwlrq1 Wkxv/ lq

htxloleulxp wkhuh lv d zdjh gl�huhqwldo lq idyrxu ri sulpdu| oderxu1 Wkh rxwsxw pdunhw

kdv d uhsuhvhqwdwlyh prqrsrolvwlf vhfwru dv lq wkh wudglwlrqdo dssurdfk1 Wkh vshfldo fdvh

ri qr vhfrqgdu| oderxu pdunhw fruuhvsrqgv wr wkh Eodqfkdug dqg Nl|rwdnl +4<;:, prgho

+�g khuhdiwhu,/ zklfk zh wdnh dv rxu ehqfkpdun iru wkh wudglwlrqdo dssurdfk1

Lq jhqhudo/ zh �qg wkdw oderxu pdunhw gxdolw| lpsuryhv wkh shuirupdqfh ri wkh

phqx0frvw dssurdfk1 Dv lq �g/ zh orrn dw wkh uhvsrqvh wr d prqhwdu| h{sdqvlrq zkhq
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wkhuh duh phqx frvwv lq erwk rxwsxw dqg oderxu pdunhwv1 Wkh ryhudoo ohyho ri plqlpxp

h�hfwlyh phqx frvwv dv d shufhqwdjh ri C(� lv vpdoohu zlwk gxdo oderxu pdunhwv/ dqg

wkh zhoiduh frqvhtxhqfhv ri qrplqdo glvwxuedqfhv duh odujhu1 Pruhryhu/ lq dffrugdqfh

zlwk hpslulfdo hylghqfh zdjh gl�huhqwldov duh frxqwhuf|folfdo dqg surgxfwlylw| pd| eh

surf|folfdo1 Ixuwkhupruh/ zh irfxv rq wkh sureohpdwlf fdvh ri d orz oderxu vxsso|

hodvwlflw|/ zkhuh �g shuirupv sduwlfxoduo| edgo|1 Zlwk d oderxu vxsso| hodvwlflw| dv

orz dv f�2 lw wxuqv rxw wkdw wkh plqlpxp h�hfwlyh ohyho ri phqx frvwv lv vwloo zlwklq

uhdvrqdeoh olplwv zlwk rxu gxdo oderxu pdunhw dssurdfk1

Zk| grhv oderxu pdunhw gxdolvp hqkdqfh wkh uroh ri phqx0frvwvB Qrwh wkdw wkh gxdo

oderxu pdunhw htxloleulxp lv fkdudfwhul}hg qrw rqo| e| d orz ohyho ri djjuhjdwh hpsor|0

phqw +dv lq wkh wudglwlrqdo prgho, exw dovr d plvdoorfdwlrq ri hpsor|phqw dzd| iurp

wkh sulpdu| wr wkh vhfrqgdu| oderxu pdunhw1 Iroorzlqj d srvlwlyh ghpdqg vkrfn/ zdjhv

duh sxvkhg xs lq wkh frpshwlwlyh vhfrqgdu| oderxu pdunhw1 Lq wkh sulpdu| oderxu pdu0

nhw/ phqx frvwv ohdg xqlrqv wr nhhs sulpdu| zdjhv frqvwdqw dqg h{sdqg hpsor|phqw1

Khqfh/ wkh zdjh gl�huhqwldo lq idyrxu ri sulpdu| oderxu vkulqnv/ dqg hpsor|phqw lq wkh

sulpdu| pdunhw lqfuhdvhv uhodwlyh wr hpsor|phqw lq wkh vhfrqgdu| pdunhw1 Vlqfh sur0

gxfwlylw| lv kljkhu lq wkh sulpdu| pdunhw/ vxfk d fkdqjh lq wkh doorfdwlrq ri hpsor|phqw

lqfuhdvhv ryhudoo surgxfwlylw|/ wkhuhe| errvwlqj erwk C(� dqg zhoiduh1

Wkh phqx frvwv qhhghg iru zdjh uljlglw| lq wkh oderxu pdunhw duh vpdoohu zlwk wkh

gxdo oderxu pdunhw1 Wr judvs wkh lqwxlwlrq iru wklv uhvxow/ qrwh wkdw lq wkh vwdqgdug

iudphzrun dq lqfuhdvh lq surgxfwlrq fdq frph derxw rqo| e| dq lqfuhdvh lq djjuhjdwh

hpsor|phqw/ zkhuhdv lq rxu iudphzrun wkhuh lv wkh dgglwlrqdo srvvlelolw| ri oderxu uhdo0
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orfdwlrq1 Dv lw lv ohvv frvwo| iru wkh wudgh xqlrqv wr uhdoorfdwh oderxu wkdq lw lv wr h{sdqg

wkh djjuhjdwh qxpehu ri zrunlqj krxuv/ wkh frvwv ri nhhslqj zdjhv �{hg duh orzhu lq

wkh gxdo oderxu pdunhw fdvh/ lpso|lqj wkdw wkh phqx frvwv uhtxluhg iru zdjh uljlglw|

jr grzq1 Dowkrxjk wkh plqlpxp h�hfwlyh phqx frvwv ri �upv whqg wr lqfuhdvh ehfdxvh

ri kljkhu zdjhv lq wkh vhfrqgdu| pdunhw/ ryhudoo wkh plqlpxp h�hfwlyh phqx frvwv ri

�upv dqg zrunhuv duh uhgxfhg e| wkh lqwurgxfwlrq ri d gxdo oderxu pdunhw1

Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg lq wkh iroorzlqj zd|1 Lq Vhfwlrq 5 zh

rxwolqh wkh edvlf vwuxfwxuh ri wkh prgho dqg wkh surshuwlhv ri wkh htxloleulxp zlwk ixoo|

 h{leoh sulfhv1 Lq Vhfwlrq 6 zh dqdo|}h wkh rffxuuhqfh ri qrplqdo uljlglw| fdxvhg e|

sulfh dqg zdjh dgmxvwphqw frvwv/ dqg wkh lpsolfdwlrqv iru zhoiduh/ surgxfwlylw|/ dqg

zdjh gl�huhqwldov1 Ilqdoo|/ Vhfwlrq 7 frqfoxghv dqg glvfxvvhv wkh uhodwhg olwhudwxuh1

5 Wkh prgho zlwkrxw phqx frvwv

Lq wklv vhfwlrq zh rxwolqh wkh edvlf jhqhudo htxloleulxp prgho zlwk ixoo|  h{leoh zdjhv

dqg sulfhv1 D vlpsoh gxdo oderxu pdunhw lv lqfrusrudwhg iroorzlqj Fdoyr +4<:;,= zh

dvvxph wkdw hdfk lqglylgxdo pd| zrun lq hlwkhu d sulpdu| oderxu pdunhw/ zkhuh zdjhv

duh ghwhuplqhg e| wudgh xqlrqv/ ru lq d vhfrqgdu| oderxu pdunhw fkdudfwhul}hg e| shu0

ihfwo| frpshwlwlyh zdjh vhwwlqj1 Ilupv surgxfh gl�huhqwldwhg jrrgv xvlqj oderxu lqsxw

kluhg lq erwk wkh sulpdu| dqg wkh vhfrqgdu| oderxu pdunhwv1 Wkxv/ wkh prgho lv rqh

ri lqwudvhfwrudo gxdolvp zkhuh kljk0zdjh mrev frh{lvw zlwk orz0zdjh mrev zlwklq hdfk

�up1 Krzhyhu/ wkh prgho fdq hdvlo| eh uhlqwhusuhwhg dv rqh ri lqwhuvhfwrudo gxdolvp

zkhuh zdjhv gl�hu dfurvv vhfwruv1
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Rxu iudphzrun lv frqvwuxfwhg lq vxfk d zd| wkdw lw kdv wkh vlpsoh/ vlqjoh oderxu

pdunhw prgho ri �g dv d vshfldo fdvh16 Ixuwkhupruh/ wr idflolwdwh frpsdulvrq zlwk wkh

�g sdshu zh xvh wkh vdph qrwdwlrq1

514 Krxvhkrogv

Hdfk lqglylgxdo krxvhkrog lv lghqwl�hg e| E�c �� zkhuh � 5 dfc �o ghqrwhv wkh vnloo ri wkh

lqglylgxdo dqg � 5 dfc �o lv dq lqgh{ iru lqglylgxdov zlwk wklv sduwlfxodu vnloo1 Wkh xwlolw|

ohyho ri lqglylgxdo E�c �� lv jlyhq e|

L E�c �� '

�] �

�'f

� E�c �c ��Ew3��*w _�

�w*Ew3��

�� E�c ��q c q : �c w : � +4,

zkhuh � E�c �c �� ghqrwhv frqvxpswlrq ri jrrg � 5 dfc �o/ w lv wkh hodvwlflw| ri vxevwlwxwlrq

ehwzhhq dq| wzr jrrgv/ � E�c �� ghqrwhv wkh qxpehu ri zrunlqj krxuv/ dqg q ghwhu0

plqhv wkh vwhhsqhvv ri wkh lqglylgxdo oderxu vxsso| fxuyh1 Wkh exgjhw frqvwudlqw ri wkh

krxvhkrog lv jlyhq e|

] �

�'f

� E��� E�c �c �� _� � ` E�c ��� E�c �� n

] �

�'f

T E�c �c �� _� � U E�c �� +5,

zkhuh � E�� lv wkh sulfh ri jrrg �/ ` E�c �� lv wkh zdjh udwh ri wkh lqglylgxdo/ dqg

T E�c �c �� lv wkh krxvhkrog*v +oxps vxp, vkduh ri sur�wv iurp �up �1 Pd{lpl}lqj +4,

vxemhfw wr +5, zlwk uhvshfw wr � E�c �c �� jlyhv wkh ghpdqg iru jrrg � ri wkh krxvhkrog

� E�c �c �� '

�
� E��

�

�
3w

U E�c ��

�
+6,

6Dsduw iurp d ihz wulyldo vlpsol�fdwlrqv/ wkdw lv1 Zh h{foxgh prqh| iurp wkh xwlolw| ixqfwlrq dqg

dvvxph lqvwhdg olnh Edoo dqg Urphu +4<;</ 4<<3/ 4<<4, wkdw d vlpsoh wudqvdfwlrqv whfkqrorj| ghwhuplqhv

wkh uhodwlrq ehwzhhq djjuhjdwh vshqglqj dqg uhdo prqh| edodqfhv1 Zh dovr dvvxph wkdw jrrgv dqg

zrunhuv duh glvwulexwhg rq wkh xqlw lqwhuydo1 Wklv uhpryhv d orw ri frqvwdqwv iurp wkh Eodqfkdug dqg

Nl|rwdnl iudphzrun dqg dyrlgv wkh fulwltxh ri wkh Gl{lw0Vwljolw} iudphzrun sxw iruzdug e| g*Dvsuhprqw

hw do1 +4<<9,1
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zkhuh � lv wkh frqvxphu sulfh lqgh{ jlyhq e|

� �

�] �

�'f

� E���3w _�

��*E�3w�

+7,

E| xvlqj htv +4, wkurxjk +7, zh rewdlq wkh lqgluhfw xwlolw| ixqfwlrq

L E�c �� '
` E�c ��� E�c �� n

U �

�'f
T E�c �c �� _�

�
�� E�c ��q +8,

Wkh oderxu pdunhw lv vhjphqwhg lq wzr/ d sulpdu| oderxu pdunhw zkhuh wkh zdjh vhw0

wlqj lv lpshuihfwo| frpshwlwlyh dqg d vhfrqgdu| oderxu pdunhw fkdudfwhul}hg e| shuihfw

frpshwlwlrq1 Ehiruh fkrrvlqj frqvxpswlrq hdfk lqglylgxdo lv dvvljqhg wr rqh ri wkhvh

wzr oderxu pdunhwv17 Li dq lqglylgxdo zlwk vnloo � �qgv d mre lq wkh sulpdu| vhfwru

kh zloo shuirup d wdvn vxlwdeoh iru klv sduwlfxodu vnloo dqg hduq wkh krxuo| zdjh udwh

`� E��1 Li xqvxffhvvixo lq �qglqj d sulpdu| vhfwru srvw/ kh fdq �qg hpsor|phqw lq

wkh vhfrqgdu| oderxu pdunhw zkhuh surgxfwlylw| lv lqghshqghqw ri vnloo dqg hdfk zrunhu

hduqv wkh frpprq krxuo| zdjh udwh `71 Doo zrunhuv zlwk vnloo � duh rujdql}hg lq d

wudgh xqlrq/ zklfk ghwhuplqhv wkh zdjh udwh dqg wkh lqglylgxdo zrunlqj krxuv iru wkrvh

phpehuv zkr zrun lq wkh sulpdu| pdunhw exw lv xqdeoh wr frqwuro wkh frqglwlrqv lq wkh

vhfrqgdu| pdunhw1 Li dvvljqhg wr wkh vhfrqgdu| oderxu pdunhw/ wkh lqglylgxdo vxsso| ri

oderxu lv irxqg e| pd{lpl}lqj +8, zlwk uhvshfw wr � E�c ��/ zklfk jlyhv

� E�c �� ' �7 �

�
�

q

`7

�

� �
q3�

+9,

zkhuh �
q3�

lv wkh zdjh hodvwlflw| ri wkh oderxu vxsso|1

7Fohduo|/ vlqfh sulpdu| zdjhv duh kljkhu/ doo zrunhuv suhihu wkh sulpdu| vhfwru1 Zh dvvxph wkdw doo

zrunhuv duh h{ dqwh lghqwlfdo dqg wkdw d udqgrp gudz vhohfwv wkh oxfn| zrunhuv zkr jhw d mre lq wkh

sulpdu| vhfwru1
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Ilqdoo|/ zh dvvxph wkdw vrph wudqvdfwlrqv whfkqrorj| +h1j1 d fdvk0lq dgydqfh frq0

vwudlqw, ghwhuplqhv wkh uhodwlrq ehwzhhq djjuhjdwh vshqglqj ri wkh lqglylgxdo krxvhkrogv

dqg prqh| edodqfhv ] �

�'f

] �

�'f

U E�c �� _�_� ' � +:,

515 Ilupv

Wkh whfkqrorj| ri �up � lv ghvfulehg e|

t E�� '
�
u� E��# u7 E���3#

��*k
c k � �c f � # � � +;,

u� E�� '

�] �

�'f

u� E�c ��Ej3��*j _�

�j*Ej3��

c j : �

zkhuh u� E�c �� lv hpsor|phqw ri krxuv ri vnloo � kluhg lq wkh sulpdu| oderxu pdunhw/

u7 E�� lv qxpehu ri krxuv kluhg lq wkh vhfrqgdu| oderxu pdunhw/ j phdvxuhv wkh ghjuhh

ri vxevwlwxwlrq ehwzhhq dq| wzr w|shv ri vnloo lq wkh sulpdu| oderxu pdunhw/ dqg k

lv d uhwxuqv wr vfdoh sdudphwhu1 Wkh sdudphwhu # ghwhuplqhv wkh uhodwlyh lpsruwdqfh

ri sulpdu| dqg vhfrqgdu| hpsor|phqw/ zkhuh wkh olplwv fruuhvsrqg wr kdylqj rqo|

rqh oderxu pdunhw fkdudfwhul}hg hlwkhu e| shuihfw frpshwlwlrq +# ' f, ru prqrsrolvwlf

frpshwlwlrq +# ' �, dv lq �g1

Frvw plqlpl}dwlrq lpsolhv wkdw wkh �up ghpdqgv oderxu dffruglqj wr

u� E�c �� '

�
`� E��

`�

�
3j

#
`t E��k

`�
c u7 E�� ' E�� #�

`t E��k

`7
+<,

zkhuh

` �

�
`�

#

�# �
`7

�� #

��3#

c `�
�

�] �

�'f

`� E���3j _�

� �
�3j

+43,
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E| xvlqj htv +;, dqg +<, zh fdq zulwh sur�wv dv

T E�� ' � E��t E���`�u� E���`7u7 E�� +44,

zkhuh wkh sulfh dqg rxwsxw ri �up � duh frqvwudlqhg e| wkh djjuhjdwh ghpdqg ri wkh

krxvhkrogv/ ghulyhg iurp +6, dqg +:,/ l1h1

t E�� '

�
� E��

�

�
3w

�

�
+45,

Pd{lpl}lqj sur�wv vxemhfw wr +;, dqg +45, |lhogv wkh iroorzlqj sulfh0vhwwlqj uxoh ri wkh

�up

� E��

�
'

%
wk

w � �

`

�

�
�

�

�k3�
& �

�nEk3��w

+46,

516 Wudgh xqlrqv

Doo lqglylgxdov zlwk vnloo � duh rujdql}hg lq d fudiw xqlrq zklfk ghwhuplqhv wkh krxuo|

zdjh udwh/ `� E��/ dqg wkh qxpehu ri zrunlqj krxuv/ �� E��/ ri wkrvh phpehuv zrunlqj

lq wkh sulpdu| oderxu pdunhw18 Wkh xqlrq pd{lpl}hv wkh djjuhjdwh xwlolw| ri lwv phpehuv

ru/ htxlydohqwo|/ wkh h{shfwhg xwlolw| ri d uhsuhvhqwdwlyh phpehu1 Dffruglqjo|/ wkh fkrlfh

ri wkh xqlrq pd| eh irxqg e| pd{lpl}dwlrq ri

7 E�� '

M� E��]
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`� E���� E��
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_� +47,

zkhuh M� E�� lv wkh qxpehu2iudfwlrq ri phpehuv zrunlqj lq wkh sulpdu| oderxu pdunhw1

Wkh �uvw whup ghqrwhv wkh xwlolw| ri wkrvh hpsor|hg lq wkh sulpdu| oderxu pdunhw zkloh

8Dq dowhuqdwlyh wr wklv irupxodwlrq lv wr ohw wkh xqlrqv vhw zdjhv zkloh ohwwlqj wkh lqglylgxdo zrunhuv

fkrrvh wkhlu rzq zrunlqj krxuv1 Wklv zrxog shukdsv eh pruh dsshdolqj iurp d ghvfulswlyh srlqw ri

ylhz dqg/ lqghhg/ lw lv srvvleoh wr frqvwuxfw vxfk d prgho yhuvlrq doehlw wkh ghulydwlrqv jhw vrphzkdw

pruh phvv|1 Wkh pdlq dgydqwdjh ri wkh suhvhqw irupxodwlrq/ krzhyhu/ lv wkdw lw kdv wkh EN prgho

dv wkh vshfldo fdvh ri qr vhfrqgdu| oderxu pdunhw/ fruuhvsrqglqj wr � @ 41 Wklv hqdeohv xv wr pdnh d

fohdq frpsdulvrq ehwzhhq wkh gxdo oderxu pdunhw prgho dqg wkh suhylrxv phqx frvw olwhudwxuh1

<



wkh vhfrqg whup lv wkh xwlolw| ri wkrvh zkr duh xqdeoh wr �qg d mre lq wkh sulpdu| pdunhw

dqg wkhuhiruh rsw iru vhfrqgdu| hpsor|phqw1 Wkh xqlrq lv frqvwudlqhg e|

M� E���� E�� '

] �

�'f

u� E�c �� _�

vwdwlqj wkdw wkh djjuhjdwh qxpehu ri zrunlqj krxuv lq wkh sulpdu| pdunhw kdv wr htxdo

wkh djjuhjdwh ghpdqg iru wklv sduwlfxodu vnloo1 Wkxv/ wkh xqlrq wdnhv lqwr dffrxqw wkdw

kljkhu zdjh fodlpv ru orqjhu krxuv lq wkh sulpdu| oderxu pdunhw zloo sxvk phpehuv lqwr

frpshwlwlyho| sulfhg vhfrqgdu| mrev1 Pd{lpl}lqj +47, vxemhfw wr wkh deryh frqvwudlqw

dqg wkh oderxu ghpdqg vfkhgxoh +<, |lhogv

`� E�� '
j

j � �
`7 ;� +48,

�� E�� ' �7 ;� +49,

Wkh sulpdu| zdjh udwh lv vhw dv d pdun0xs ryhu wkh rssruwxqlw| frvw/ l1h1 wkh zdjh udwh

lq wkh vhfrqgdu| pdunhw +wdnhq dv jlyhq e| hdfk xqlrq,1 Wkh pdjqlwxgh ri wklv pdun0xs

lv ghwhuplqhg e| wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq wkh gl�huhqw vnloov1 Wkh fkrlfh ri

zrunlqj krxuv lq wkh sulpdu| oderxu pdunhw ghwhuplqhv krz wkh djjuhjdwh ghpdqg iru

sulpdu| oderxu lv glvwulexwhg ryhu qxpehu ri shuvrqv dqg qxpehu ri krxuv shu shuvrq/

uhvshfwlyho|1 Dv wkh lqglylgxdo oderxu vxsso| ixqfwlrqv duh vwulfwo| frqyh{/ fi1 +9,/ lw

lv rswlpdo wr vprrwk wkh qxpehu ri zrunlqj krxuv ehwzhhq wkh wzr srvvleoh vwdwhv ri

dq lqglylgxdo1 Wkhuhiruh/ wkh xqlrq vhwv wkh qxpehu ri zrunlqj krxuv lq wkh sulpdu|

pdunhw htxdo wr wkh jrlqj qxpehu ri krxuv lq wkh vhfrqgdu| pdunhw1
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517 Jhqhudo htxloleulxp

Gxh wr wkh v|pphwu| ri wkh prgho zh kdyh `� E�� ' `� ;� dqg � E�� ' � ;�1

Xvlqj wkhvh htv dv zhoo dv +9,/ +:,/ +;,/ +<,/ +46,/ +48,/ +49,/ lw lv srvvleoh wr ghulyh wkh

htxloleulxp djjuhjdwh lqfrph2frqvxpswlrq ohyho +vhh Dsshqgl{ 4,
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lv wkh h!flhqw +Zdoudvldq, lqfrph ohyho1 Lw lv

hylghqw iurp wklv ht1 wkdw lqfrph lv ehorz lwv h!flhqw ohyho dqg wkdw wkh lqh!flhqf| lv

odujhu zkhq jrrgv duh ohvv vxevwlwxwdeoh +vpdoohu w,/ zkhq wkh vnloov ri wkh zrunhuv duh

ohvv vxevwlwxwdeoh +vpdoohu j,/ dqg zkhq wkh oderxu vxsso| lv pruh hodvwlf +vpdoohu q,1

D kljkhu # dovr uhgxfhv lqfrph/ vlqfh wklv h{sdqgv wkh uhodwlyh vl}h ri wkh oderxu pdunhw

fkdudfwhul}hg e| prqrsrolvwlf zdjh vhwwlqj1 Wkh lqh!flhqf| ri djjuhjdwh lqfrph vwhpv

iurp glvwruwlrqv lq erwk wkh ohyho dqg wkh doorfdwlrq ri hpsor|phqw1 Iluvwo|/ dv lq �g/

wkh suhvhqfh ri lpshuihfwo| frpshwlwlyh ehkdylrxu lq jrrgv dqg oderxu pdunhwv fdxvhv

wkh lqglylgxdo qxpehu ri zrunlqj krxuv wr eh ehorz lwv vrfldoo| rswlpdo ohyho1 Vhfrqgo|/

wkh gxdo vwuxfwxuh ri wkh oderxu pdunhw jhqhudwhv d plvdoorfdwlrq ri hpsor|phqw dv wkh

kljk sulpdu| zdjhv ohdgv wr orz sulpdu| hpsor|phqw uhodwlyh wr vhfrqgdu| hpsor|phqw1

Zkhq wkhuh lv d shuihfwo| lqhodvwlf oderxu vxsso|/ wkh djjuhjdwh hpsor|phqw lv dw

lwv �uvw ehvw ohyho1 Khqfh/ rqo| wkh plvdoorfdwlrq h�hfw lv rshudwlyh1 Wklv vshfldo fdvh

lvrodwhv wkh h�hfw ri oderxu pdunhw gxdolvp rq djjuhjdwh lqfrph=

*�4
q<"

t '

�
j � �

j

�#*k�
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j � #
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	t � 	t +4;,
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Wklv ht1 kljkoljkwv wkh gl�huhqfh ehwzhhq d vwdqgdug phqx frvw iudphzrun/ rewdlqhg

e| vhwwlqj # htxdo wr f ru �/ dqg wkh jhqhudol}hg prgho zlwk f 	 # 	 �1 Lq wkh

vwdqgdug fdvh/ wkh htxloleulxp ohyho ri lqfrph lv dw lwv h!flhqw ohyho zkhq oderxu vxsso|

lv lqhodvwlf/ zkhuhdv lq wkh gxdo oderxu pdunhw fdvh lqfrph lv ehorz lwv h!flhqw ohyho

ghvslwh djjuhjdwh hpsor|phqw ehlqj dw lwv �uvw ehvw ohyho1 Oderxu pdunhw gxdolvp

lpsolhv wkdw surgxfwlylw| lq wkh sulpdu| oderxu pdunhw lv kljkhu wkdq surgxfwlylw|

lq wkh vhfrqgdu| pdunhw +`� : `7,1 Frqvhtxhqwo|/ e| uhdoorfdwlqj zrunhuv iurp

vhfrqgdu| hpsor|phqw wr sulpdu| hpsor|phqw wkh hfrqrp| zrxog uhds d surgxfwlylw|

jdlq/ wkhuhe| lqfuhdvlqj C(� dqg frqvxpswlrq zlwkrxw lq lfwlqj pruh glvxwlolw| ri

zrun rq wkh krxvhkrogv1 Fohduo|/ vxfk d uhdoorfdwlrq lqfuhdvhv zhoiduh/ dqg wkhuhiruh wkh

pdunhw htxloleulxp lv qrw d vrfldo rswlpxp hyhq zlwk lqhodvwlf oderxu vxsso|1

6 Phqx frvwv/  xfwxdwlrqv dqg zhoiduh

Wkh suhylrxv vhfwlrq dqdo|}hg krz gxdo oderxu pdunhwv lq xhqfh wkh htxloleulxp ri dq

hfrqrp| zlwkrxw dq| qrplqdo iulfwlrqv1 Dv zlwk d vlpsoh/ vlqjoh oderxu pdunhw/ prqh| lv

qhxwudo vlqfh doo remhfwlyh ixqfwlrqv duh gh�qhg rq uhdo yduldeohv1 Krzhyhu/ li sulfh2zdjh

vhwwhuv idfh vpdoo dgmxvwphqw frvwv +phqx frvwv, ri fkdqjlqj sulfhv2zdjhv/ prqh| pd|

eh qrq0qhxwudo dqg fkdqjhv lq djjuhjdwh ghpdqg pd| jlyh ulvh wr  xfwxdwlrqv lq uhdo

yduldeohv1 Lq wklv vhfwlrq/ zh dvn krz wkh suhvhqfh ri d gxdo oderxu pdunhw d�hfwv wkh

ohyho ri phqx frvwv uhtxluhg iru sulfh dqg zdjh uljlglw| dqg wkh frqvhtxhqfhv ri qrplqdo

glvwxuedqfhv1 Wkh �uvw vxevhfwlrq ghdov zlwk wkh vl}h ri phqx frvwv qhhghg wr jhqhudwh

sulfh vwlfnlqhvv +plqlpxp h�hfwlyh phqx frvwv,/ zkloh wkh vhfrqg vxevhfwlrq ghdov zlwk
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 xfwxdwlrqv lq zhoiduh/ surgxfwlylw|/ dqg zdjh gl�huhqwldov gxh wr qrplqdo glvwxuedqfhv1

Lw lv zhoo0nqrzq wkdw lpshuihfw frpshwlwlrq lv d suhfrqglwlrq iru wkh plqlpxp hi0

ihfwlyh phqx frvwv wr eh vpdoo1 Dffruglqjo|/ wkh gl�huhqfh lq frpshwlwlyhqhvv ehwzhhq

wkh sulpdu| dqg vhfrqgdu| oderxu pdunhwv ohdgv wr gl�huhqw uhdfwlrqv wr qrplqdo glv0

wxuedqfhv= wklv frqwudvw lv fuxfldo iru xqghuvwdqglqj wkh uhvxowv1

� Wkh zdjh lq wkh frpshwlwlyh vhfrqgdu| pdunhw ulvhv diwhu dq lqfuhdvh lq oderxu

ghpdqg gxh wr d prqhwdu| h{sdqvlrq1

� Li phqx frvwv duh vx!flhqwo| kljk wr suhyhqw zdjh fkdqjhv lq wkh sulpdu| pdu0

nhw wkhq d prqhwdu| h{sdqvlrq dozd|v lqfuhdvhv sulpdu| hpsor|phqw uhodwlyh wr

vhfrqgdu| hpsor|phqw +fi1 ht1 +<,,1

Wklv uhdoorfdwlrq ri zrunhuv iurp orz0sd|lqj/ orz surgxfwlylw| vhfrqgdu| mrev wr

kljk0sd|lqj/ kljk surgxfwlylw| mrev lq wkh sulpdu| oderxu pdunhw doohyldwhv wkh lqlwldo

glvwruwlrq lq wkh doorfdwlrq ri hpsor|phqw/ wkhuhe| errvwlqj C(� dqg zhoiduh1 Krz0

hyhu/ wkh zdjh lqfuhdvh lq wkh vhfrqgdu| pdunhw pd| dovr lqfuhdvh wkh plqlpxp h�hfwlyh

phqx frvwv ri �upv e| lqfuhdvlqj wkhlu pdujlqdo frvwv ri vdwlvi|lqj wkh h{wud ghpdqg1

Wkxv/ wkh pdjqlwxgh ri wkh zdjh ulvh lq wkh vhfrqgdu| pdunhw iroorzlqj d prqhwdu|

h{sdqvlrq lv fuxfldo erwk iru wkh phqx frvwv uhtxluhg iru uljlglw| dqg iru wkh zhoiduh

h�hfwv1

Zh vwduw e| �qglqj wkh uhvsrqvh ri wkh vhfrqgdu| zdjh iroorzlqj d prqhwdu| h{0

sdqvlrq jlyhq wkdw �upv dqg zdjh vhwwhuv lq wkh sulpdu| oderxu pdunhw nhhs wkhlu

uhvshfwlyh sulfhv dqg zdjhv �{hg1 Wklv lv ghulyhg iurp +9,/ +:,/ +<,/ dqg +48,/ dqg lv
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jlyhq lq hodvwlflw| irup e| +vhh Dsshqgl{ 5,

l �
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k Ej � #� Eq � ��

# E�� #� Eq � �� n j � #
: f +4<,

Wklv hodvwlflw| lqglfdwhv zk| vwdqgdug Qhz Nh|qhvldq uhvxowv euhdn grzq zkhq oderxu

vxsso| ehfrphv shuihfwo| lqhodvwlf +q $ 4,1 Lq wklv fdvh l htxdov kEj3#�

#E�3#�
zklfk jrhv wr

lq�qlw| zkhq wkh gxdo oderxu pdunhw lv h{foxghg iurp wkh dqdo|vlv +# $ f ru # $ �,1

Lq wkh devhqfh ri d gxdo oderxu pdunhw/ d pdujlqdo lqfuhdvh lq surgxfwlrq fdq frph

derxw rqo| e| dq lqfuhdvh lq wkh qxpehu ri zrun krxuv1 Zlwk q ' 4 pruh zrun krxuv

lpso| dq lq�qlwh lqfuhdvh lq wkh pdujlqdo glvxwlolw| ri zrun dqg khqfh wkh frpshwlwlyh

zdjh1 Wkhvh vkruwfrplqjv ri wkh vwdqgdug wkhru| gr qrw dulvh lq wkh suhvhqfh ri d

gxdo oderxu pdunhw dv wkh deryh hodvwlflw| lv �qlwh hyhq iru d shuihfwo| lqhodvwlf oderxu

vxsso|1 Wklv lv ehfdxvh dq lqfuhdvh lq surgxfwlrq lv dfklhyhg +zlwk d �{hg ohyho ri

djjuhjdwh hpsor|phqw, e| uhdoorfdwlqj zrunhuv dzd| iurp orz0surgxfwlylw| vhfrqgdu|

mrev wrzdugv kljk surgxfwlylw| sulpdu| mrev1 Wkh iroorzlqj vxevhfwlrqv dqdo|}h wklv

lvvxh lq juhdwhu ghwdlo1

614 Plqlpxp h�hfwlyh phqx frvwv

Wklv vxevhfwlrq ghulyhv wkh ohyhov ri phqx frvwv ri �upv dqg zrunhuv wkdw duh vx!flhqw wr

pdnh sulfh dqg zdjh uljlglw| d Qdvk0htxloleulxp1 Iru wkh �upv wr nhhs sulfhv �{hg/ phqx

frvwv pxvw eh juhdwhu wkdq ru htxdo wr wkh lqfuhdvh lq sur�wv uhvxowlqj iurp dgmxvwphqw ri

sulfhv1 Wkh sur�w jdlq uhvxowlqj iurp dgmxvwphqw ru/ htxlydohqwo|/ wkh plqlpxp h�hfwlyh

phqx frvwv ri �upv lv ghulyhg e| pdnlqj d vhfrqg rughu Wd|oru dssur{lpdwlrq rq +44,

durxqg wkh lqlwldo htxloleulxp/ dvvxplqj wkdw rwkhu �upv gr qrw fkdqjh wkhlu sulfhv
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dqg wkdw zrunhuv nhhs sulpdu| zdjhv �{hg +zklfk lv lqghhg frqvlvwhqw zlwk udwlrqdo

h{shfwdwlrqv surylghg wkdw phqx frvwv duh vx!flhqwo| odujh,1 Wkh djjuhjdwh ohyho ri

plqlpxp h�hfwlyh phqx frvwv ri �upv lq sursruwlrq ri C(� htxdov +vhh Dsshqgl{ 6,

_T

t
� 8 Ewc kc #c lc6� �

�

2

�
w � �

�� w n wk

�
dE�� #� l n k� �o262 +53,

zkhuh T �
U �

�'f
T�_� dqg6 � _�*� 1 Htxdwlrqv +4<, dqg +53, uhyhdo wkdw wkh plqlpxp

h�hfwlyh phqx frvwv ri �upv duh juhdwhu lq wkh suhvhqfh ri d gxdo oderxu pdunhw frpsduhg

wr wkh fdvh zlwk d vlqjoh prqrsrolvwlf oderxu pdunhw1 Vlqfh prqrsrolvwlf zdjhv duh uljlg/

zkhuhdv frpshwlwlyh zdjhv lqfuhdvh iroorzlqj d prqhwdu| h{sdqvlrq/ pdujlqdo frvwv ri

�upv lqfuhdvh pruh zkhq d srvlwlyh vkduh ri wkh oderxu pdunhw lv fkdudfwhul}hg e|

frpshwlwlyh zdjh vhwwlqj1 Kljkhu pdujlqdo frvwv lpso| wkdw lw lv pruh frvwo| iru wkh

�up wr vdwlvi| wkh h{wud ghpdqg/ wkhuhe| gulylqj xs wkh ohyho ri phqx frvwv uhtxluhg

iru sulfh uljlglw|1 Krzhyhu/ wkh deryh ghulydwlrq suhvxphv wkdw zrunhuv gr qrw dgmxvw

wkh zdjhv lq wkh sulpdu| oderxu pdunhw dqg lw lv h{dfwo| wklv suhvxpswlrq zklfk lv vr

fulwlfdo lq wkh frqyhqwlrqdo prghov1

Wxuqlqj wr wkh oderxu pdunhw/ zh ghulyh wkh sulydwh jdlq ri xqlrq � iurp dgmxvwlqj

wkh zdjh lq wkh sulpdu| oderxu pdunhw ru/ htxlydohqwo|/ wkh plqlpxp h�hfwlyh phqx

frvwv ri xqlrqv1 Wklv fdofxodwlrq lv grqh e| pdnlqj d vhfrqg rughu Wd|oru dssur{lpdwlrq

rq +8, durxqg wkh lqlwldo htxloleulxp/ dvvxplqj wkdw rwkhu zrunhuv gr qrw fkdqjh zdjhv

lq wkh sulpdu| oderxu pdunhw dqg wkdw rxwsxw sulfhv duh �{hg/ djdlq lq frqvlvwhqfh zlwk

udwlrqdo h{shfwdwlrqv1 Wkh djjuhjdwh ohyho ri plqlpxp h�hfwlyh phqx frvwv iru zrunhuv
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lq sursruwlrq ri C(� lv jlyhq e| +vhh Dsshqgl{ 7,

_7

t
� C Ejc #c wc kc lc6� �

�

2
Ej � ��

# Ew � ��

kw
l262 +54,

zkhuh 7 �
U �

�'f
7�_�1 Wkh phqx frvwv qhhghg iru zdjh uljlglw| lq wkh sulpdu| pdunhw

duh dozd|v lqfuhdvlqj lq wkh zdjh uhvsrqvh ri wkh vhfrqgdu| pdunhw/ l1 Dffruglqj wr ht1

+4<,/ wkh zdjh uhvsrqvh/ l/ lv dozd|v orzhu zlwk d gxdo oderxu pdunhw dqg wkhuhiruh lw

iroorzv iurp wkh deryh ht1 wkdw wkh plqlpxp h�hfwlyh phqx frvwv ri zrunhuv duh dovr

orzhu1 Wkxv/ zh fdq vwdwh wkh iroorzlqj sursrvlwlrq rq wkh plqlpxp h�hfwlyh phqx

frvwv ri �upv dqg zrunhuv=

Sursrvlwlrq 4 Frpsdulqj wkh gxdo oderxu pdunhw vhwwlqj Ef 	 # 	 �� zlwk wkh vlqjoh/

prqrsrolvwlf oderxu pdunhw vhwwlqj E# ' �� zh kdyh= +l, Wkh plqlpxp h�hfwlyh phqx

frvwv ri �upv/ 8 E��/ lv juhdwhu zlwk d gxdo oderxu pdunhw/ zkhuhdv +ll, wkh plqlpxp

h�hfwlyh phqx frvwv ri zrunhuv/ C E��/ lv vpdoohu zlwk d gxdo oderxu pdunhw1

Surri +l, Iroorzv iurp +4<, dqg +53, zkloh +ll, iroorzv iurp +4<, dqg +54,1 �

Wr hoderudwh ixuwkhu rq wkh lpsolfdwlrqv ri kdylqj d gxdo oderxu pdunhw/ zh suhvhqw vrph

qxphulfdo h{dpsohv lq Wdeoh 4 looxvwudwlqj wkh plqlpxp h�hfwlyh phqx frvwv iroorzlqj

d DI prqhwdu| h{sdqvlrq1 Lq wkh �uvw wkuhh urzv zh frqvlghu d oderxu vxsso| hodvwlflw|

htxdo wr �2
�
+l1h1 q ' ��S,1 Wkh �uvw urz frqvlghuv wkh vlqjoh/ prqrsrolvwlf oderxu

pdunhw +# ' �, dqdo|}hg e| �g zklfk |lhogv yhu| orz plqlpxp h�hfwlyh phqx frvwv19

Lq wkh vhfrqg urz/ zh lqwurgxfh d gxdo oderxu pdunhw e| uhgxflqj # wr f�D1 Dv h{sodlqhg

9Lq idfw/ wkh phqx frvw uhtxluhphqwv ri zrunhuv duh pxfk orzhu wkdq lq EN gxh wr dq huuru lq wkh

ruljlqdo duwlfoh/ vhh Kdqvhq +4<<;,1
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deryh/ wklv lqfuhdvhv wkh plqlpxp h�hfwlyh phqx frvwv ri �upv exw uhgxfhv wkh plqlpxp

h�hfwlyh phqx frvwv ri zrunhuv1

Wdeoh 41 Plqlpxp h�hfwlyh phqx frvwv dv shufhqwdjh ri C(�
iroorzlqj d prqhwdu| h{sdqvlrq ri DI1

Ilupv Zrunhuv
q j # 1 8 E�� C E��
��S D�f ��f f�2f f�ff f��S

D�f f�D f��f f�fS f�f.
2�D f�D f�2f f�fS f�f�

S�f D�f ��f f�2f f�ff ���ff
D�f f�D f��f ��Sb ���.
2�D f�D f�2f ��f. f�.H
��e f�� f�2f ��DD f��2
��� f�. f�2f f�DS 2�DD
2 f�D f�2D f�HD f�e�

4 D�f ��f f�2f f�ff 4

2�D f�D f�2f S�SD D�2f

Qrwh= Lq doo h{dpsohv zh xvh k ' ��� dqg w ' D1

Lw lv lpsruwdqw wr vhh wkdw wklv fkdqjh ri # lqyroyhv wzr h�hfwv1 Rq wkh rqh kdqg

wkh pdfur ghjuhh ri lpshuihfw frpshwlwlrq lv uhgxfhg lpso|lqj wkdw wkh glvwruwlrq lq

wkh ohyho ri hpsor|phqw lv doohyldwhg1 Rq wkh rwkhu kdqg wkh lqwurgxfwlrq ri dv|pphwu|

lq wkh oderxu pdunhw jlyh ulvh wr d ghwhulrudwlrq lq wkh doorfdwlrq ri hpsor|phqw1 Wr

lvrodwh wkh h�hfw ri dv|pphwulf zdjh vhwwlqj zh zdqw wr lqwurgxfh d gxdo oderxu pdunhw

zkloh nhhslqj frqvwdqw wkh dyhudjh ghjuhh ri lpshuihfw frpshwlwlrq1 Lqghhg/ iurp d

pdfur shuvshfwlyh wkh prvw fohdq frpsdulvrq lv rqh ehwzhhq wkh frqyhqwlrqdo/ v|pphw0

ulf iudphzrun dqg wkh gxdo oderxu pdunhw prgho iru d jlyhq pdfur ghjuhh ri lpshuihfw

frpshwlwlrq1: Hpsor|lqj ht1 +48,/ wkh dyhudjh pdun0xs lq wkh sulpdu| dqg vhfrqgdu|

:Wkh vwdqgdug Qhz Nh|qhvldq uhvxowv duh ghulyhg lq prghov zlwk d vlqjoh prqrsrolvwlf oderxu pdunhw/

zklfk lv wu|lqj wr fdswxuh wkh dyhudjh ri doo wkh gl�huhqw oderxu pdunhwv lq uhdo zruog hfrqrplhv1

Dffruglqjo|/ wkh pdun0xs ri zdjhv lq wkhvh prghov vkrxog eh wkrxjkw ri dv wkh dyhudjh ghjuhh ri

lpshuihfw frpshwlwlrq lq wkh gl�huhqw oderxu pdunhwv1 Wkh krsh lv wkhq wkdw wklv surfhgxuh surylghv
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oderxu pdunhwv/ l1h1 wkh pdfur Ohuqhu lqgh{/ lv jlyhq e|

1 � # �
`� �`7

`�
n E�� #� � f '

#

j

Lq wkh wklug urz/ zh lvrodwh wkh h�hfw ri d gxdo oderxu pdunhw e| dgmxvwlqj j vr dv wr

nhhs frqvwdqw wkh pdfur Ohuqhu lqgh{/ 11 Lq wklv fdvh wkhuh lv d pxfk odujhu uhgxfwlrq

ri wkh plqlpxp h�hfwlyh phqx frvwv ri zrunhuv frpsduhg wr wkh vlqjoh pdunhw fdvh1

D oderxu vxsso| hodvwlflw| ri �2
�
lv fohduo| xquhdolvwlf dv phqwlrqhg lq wkh Lqwurgxfwlrq1

Khqfh/ wkh qh{w vl{ urzv frqvlghu d pxfk pruh uhdolvwlf hodvwlflw| ri f�2 +l1h1 q ' S,1 Lq

wkh frqyhqwlrqdo v|pphwulf prgho/ wkh plqlpxp h�hfwlyh phqx frvwv ri �upv duh vwloo

yhu| orz1 Lq idfw/ zlwk d vlqjoh prqrsrolvwlf oderxu pdunhw wkh oderxu vxsso| hodvwlflw|

lv luuhohydqw iru wkh plqlpxp h�hfwlyh phqx frvwv ri �upv> zkdw pdwwhuv lv wkh uhwxuqv

wr vfdoh sdudphwhu/ k/ dqg zkhq uhwxuqv wr vfdoh duh forvh wr frqvwdqw/ h�hfwlyh phqx

frvwv duh dozd|v orz1 Krzhyhu/ wkh ghulydwlrq ri wkh phqx frvwv ri �upv lv edvhg rq

wkh dvvxpswlrq wkdw zdjhv duh uljlg lq wkh sulpdu| pdunhw dqg wklv dvvxpswlrq lv qrw

uhdvrqdeoh lq wkh fdvh ri dq lqhodvwlf oderxu vxsso|1 Lq idfw/ wkh plqlpxp h�hfwlyh phqx

frvwv ri zrunhuv duh htxdo wr ��I ri C(� / zklfk lv fohduo| xquhdolvwlf1

Lq wkh qh{w urz zh lqwurgxfh oderxu pdunhw gxdolvp e| uhgxflqj # iurp � wr f�D1

Lq wklv fdvh wkh plqlpxp h�hfwlyh phqx frvwv ri �upv duh kljkhu/ vlqfh pdujlqdo frvwv

duh sxvkhg xs e| kljkhu vhfrqgdu| zdjhv1 Krzhyhu/ wkh plqlpxp h�hfwlyh phqx frvwv

ri zrunhuv duh vljql�fdqwo| uhgxfhg1 Zlwk d v|pphwulf oderxu pdunhw zrunhuv fdq rqo|

dffrpprgdwh wkh kljkhu ghpdqg e| lqfuhdvlqj wkh qxpehu ri zrun krxuv/ dqg wklv lv

uholdeoh hvwlpdwhv ri plqlpxp h�hfwlyh phqx frvwv/ zhoiduh h�hfwv/ hwf1 Wkh dlp ri wklv sdshu lv wr

lqyhvwljdwh zkhwkhu wklv lv lqghhg wkh fdvh jlyhq wkdw wkh pdfur ghjuhh ri lpshuihfw frpshwlwlrq lv uhdoo|

jhqhudwhg e| vhyhudo oderxu pdunhwv +lq rxu fdvh/ wzr, zlwk ydu|lqj ghjuhhv ri lpshuihfw frpshwlwlrq1
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frvwo| zkhq oderxu vxsso| lv lqhodvwlf1 E| frqwudvw/ lq wkh dv|pphwulf vhwwlqj wkh vdph

h�hfw pd| eh dfklhyhg lq d pxfk ohvv frvwo| zd| wkurxjk d oderxu pdunhw uhdoorfdwlrq1

Ri frxuvh/ wklv h{dpsoh grhv qrw lvrodwh wkh h�hfw ri d gxdo oderxu pdunhw/ vlqfh uhgxflqj

# dovr lpsolhv ohvv lpshuihfw frpshwlwlrq rq d pdfur ohyho1 Wkh sxuh h�hfw ri d gxdo

oderxu pdunhw lv dssduhqw e| frpsdulqj wkh irxuwk dqg vl{wk urzv +lq erog,/ zkhuh # lv

� dqg f�D uhvshfwlyho|/ dqg zkhuh wkh pdfur ghjuhh ri lpshuihfw frpshwlwlrq/ 1/ lv khog

frqvwdqw dw f�21 Lw lv hylghqw wkdw wkh plqlpxp h�hfwlyh phqx frvwv ri zrunhuv duh �e

wlphv orzhu uhodwlyh wr wkh v|pphwulf vhwwlqj1 Lq wkh gxdo oderxu pdunhw fdvh/ sulfhv

dqg zdjhv duh vwlfn| zkhq phqx frvwv ri �upv +zrunhuv, duh durxqg �I +f�HI, ri C(� 1

Wkh ohyho ri plqlpxp h�hfwlyh phqx frvwv ri �upv lv lq olqh zlwk wkh hpslulfdo hylghqfh

lq Ohy| hw do1 +4<<:, dqg Gxwwd hw do1 +4<<<, exw wr rxu nqrzohgjh qr hylghqfh h{lvwv

rq zdjh dgmxvwphqw frvwv1 Krzhyhu/ wkhuh vhhpv qr uhdvrq wr eholhyh wkdw wkh frvwv ri

zdjh dgmxvwphqwv duh orzhu wkdq wkrvh ri sulfh dgmxvwphqwv1

Lq wkh qh{w urzv/ zh dqdo|}h wkh vhqvlwlylw| ri phqx frvwv zlwk uhvshfw wr # dqg 11

Dffruglqj wr wkh wdeoh/ wkh orzhu # dqg wkh kljkhu 1/ wkh orzhu wkh plqlpxp h�hfwlyh

phqx frvwv ri zrunhuv1 Ilqdoo|/ lq wkh odvw wzr urzv zh orrn dw wkh lqwhuhvwlqj vshfldo

fdvh zkhuh wkh hodvwlflw| ri oderxu vxsso| lv htxdo wr }hur1 Lq wkh vwdqgdug iudphzrun/

Nh|qhvldq uhvxowv euhdn grzq> phqx frvwv ri dq| vl}h fdqqrw jhqhudwh prqhwdu| qrq0

qhxwudolw| +wkh plqlpxp h�hfwlyh phqx frvwv ri �upv lv vwloo orz/ exw lw lv ghulyhg rq

wkh dvvxpswlrq wkdw sulpdu| zdjhv duh uljlg/ zklfk wkh| zrq*w eh,1 E| frqwudvw/ lq wkh

gxdo oderxu pdunhw prgho plqlpxp h�hfwlyh phqx frvwv duh �qlwh> li phqx frvwv duh

vx!flhqwo| kljk/ wudgh xqlrqv duh zloolqj wr nhhs sulpdu| zdjhv �{hg dqg dffrpprgdwh
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wkh kljkhu ghpdqg iru sulpdu| oderxu wkurxjk d oderxu pdunhw uhdoorfdwlrq dzd| iurp

wkh vhfrqgdu| vhfwru1 Krzhyhu/ lw vkrxog eh qrwhg wkdw zlwk d shuihfwo| lqhodvwlf oderxu

vxsso| plqlpxp h�hfwlyh phqx frvwv duh qrw zlwklq uhdolvwlf olplwv1

615 Ioxfwxdwlrqv lq zhoiduh/ surgxfwlylw|/ dqg zdjh gl�huhq0
wldov

Wklv vhfwlrq lv frqfhuqhg zlwk wkh frqvhtxhqfhv ri prqhwdu| h{sdqvlrqv/ dvvxplqj wkdw

phqx frvwv duh lqghhg deoh wr jhqhudwh qrplqdo uljlglw|1 Zh vkrz wkdw oderxu pdunhw

gxdolvp errvwv wkh zhoiduh frqvhtxhqfhv ri prqhwdu| h{sdqvlrqv/ dqg lq dgglwlrq r�huv

d qhz h{sodqdwlrq ri wkh f|folfdolw| ri surgxfwlylw| dqg zdjh gl�huhqwldov1

Vwduwlqj zlwk wkh lpsolfdwlrqv iru zdjh gl�huhqwldov/ qrwh wkdw d prqhwdu| h{sdqvlrq

sxvkhv xs zdjhv lq wkh vhfrqgdu| oderxu pdunhw/ zkhuhdv phqx frvwv suhyhqw zdjh

dgmxvwphqw lq wkh sulpdu| oderxu pdunhw1 Wklv lpsolhv wkdw wkh zdjh gl�huhqwldo/`��

`7/ qduurzv gxulqj errpv dqg zlghqv gxulqj uhfhvvlrqv1 Wklv lv lq olqh zlwk hpslulfdo

lqyhvwljdwlrqv rq wkh f|folfdolw| ri xqlrq0qrqxqlrq zdjh gl�huhqwldov e| Phorz +4<;4,/

Iuhhpdq +4<;7,/ Zxqqdyd dqg Krqqh| +4<<4, dqg rwkhuv1 Lq dgglwlrq/ wklv ihdwxuh

ri wkh prgho lv fuxfldo iru wkh frqvhtxhqfhv iru zhoiduh dqg surgxfwlylw|1 Wkh zhoiduh

h�hfw ri dq lqfuhdvh lq wkh prqh| vwrfn lv ghulyhg e| pdnlqj d vhfrqg rughu Wd|oru

dssur{lpdwlrq rq wkh xwlolw| ixqfwlrq +4, durxqg wkh lqlwldo htxloleulxp1 Wklv |lhogv

+vhh Dsshqgl{ 8,
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+55,

Wkh zhoiduh h�hfw ghshqgv rq # erwk wkurxjk wkh pdfur Ohuqhu lqgh{/ 1 ' #*j/ dqg
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wkurxjk wkh zdjh uhvsrqvh ri wkh vhfrqgdu| oderxu pdunhw/ l1 Wkh sxuh h�hfw ri d gxdo

oderxu pdunhw lv phdvxuhg e| fkdqjlqj # dqg dw wkh vdph wlph dgmxvwlqj j vr dv wr krog

1 frqvwdqw1 Vlqfh l lv dozd|v orzhu lq wkh fdvh ri d gxdo oderxu pdunhw wkdq lq wkh fdvh ri

d vlqjoh prqrsrolvwlf oderxu pdunhw/ ht1 +55, vkrzv wkdw wkh zhoiduh h�hfw ri d prqhwdu|

h{sdqvlrq lv odujhu lq wkh suhvhqfh ri oderxu pdunhw gxdolvp1 Wkh lqwxlwlrq iru wklv uhvxow

lv qrw gl!fxow wr judvs1 Iroorzlqj d prqhwdu| h{sdqvlrq/ wkh vhfrqgdu| zdjhv uhodwlyh

wr sulpdu| zdjhv jr xs/ zklfk lpsolhv dq h{sdqvlrq ri sulpdu| hpsor|phqw uhodwlyh wr

vhfrqgdu| hpsor|phqw1 Vlqfh wkh doorfdwlrq ri oderxu lv glvwruwhg dzd| iurp sulpdu|

hpsor|phqw lq wkh lqlwldo htxloleulxp/ vxfk d uhdoorfdwlrq fuhdwhv d srvlwlyh zhoiduh h�hfw

lq dgglwlrq wr wkh srvlwlyh zhoiduh h�hfw uhvxowlqj iurp d kljkhu hpsor|phqw ohyho dovr

suhvhqw lq wkh vwdqgdug iudphzrun1

Wxuqlqj wr wkh fkdqjh lq surgxfwlylw| iroorzlqj prqhwdu| glvwxuedqfhv/ zh gh�qh

djjuhjdwh surgxfwlylw| ' � t*� 1 Dv d phdvxuh ri wkh f|folfdolw| ri surgxfwlylw|/ zh

fdofxodwh wkh shufhqwdjh fkdqjh lq surgxfwlylw|/ '/ uhodwlyh wr wkh shufhqwdjh fkdqjh lq

C(� +vhh Dsshqgl{ 9,

f Eqc l� �
_'*'

_t*t
' ��

l

q � �
+56,

Lq rwkhu zrugv/ f lv wkh vkduh ri wkh lqfuhdvh lq C(� dffrxqwhg iru e| kljkhu surgxfwly0

lw|1 Lw lv d zhoo hvwdeolvkhg hpslulfdo uhjxodulw| wkdw surgxfwlylw| lv surf|folfdo +vhh h1j1

Urwhpehuj dqg Vxpphuv/ 4<;:,/ dqg dq| vdwlvidfwru| wkhru| ri exvlqhvv f|fohv vkrxog

eh deoh wr fdswxuh wklv vw|ol}hg idfw1 Krzhyhu/ wklv lv qrw wkh fdvh iru wkh �g vhwxs1 E|

vhwwlqj # htxdo wr �/ lw iroorzv iurp htv +4<, dqg +56, wkdw surgxfwlylw| lv frxqwhuf|folfdo

zlwk ghfuhdvlqj uhwxuqv wr vfdoh +k : �, dqg df|folfdo lq wkh vshfldo fdvh zlwk frqvwdqw
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uhwxuqv wr vfdoh +k ' �,1 E| frqwudvw/ zlwk d gxdo oderxu pdunhw +f 	 # 	 �, surgxfwly0

lw| pd| eh surf|folfdo zlwk ghfuhdvlqj uhwxuqv dqg lv dozd|v surf|folfdo zlwk frqvwdqw

uhwxuqv1 Ixuwkhupruh/ frpsdulqj wkh vwdqgdug iudphzrun zlwk wkh gxdo oderxu pdunhw

prgho/ wkh surgxfwlylw| h�hfw/ f/ lv dozd|v juhdwhu lq wkh odwwhu fdvh1 Lqwxlwlyho|/ gxulqj

d errp hpsor|phqw ri sulpdu| oderxu jrhv xs uhodwlyh wr wkdw ri vhfrqgdu| oderxu/ dqg

vlqfh surgxfwlylw| lv kljkhu iru sulpdu| oderxu/ wklv uhdoorfdwlrq frqwulexwhv srvlwlyho|

wr surgxfwlylw|1 Zh duh qrz deoh wr vwdwh wkh iroorzlqj sursrvlwlrq rq wkh frqvhtxhqfhv

ri prqhwdu| vkrfnv iru zdjh gl�huhqwldov/ zhoiduh/ dqg surgxfwlylw|=

Sursrvlwlrq 5 Kroglqj frqvwdqw wkh pdfur Ohuqhu lqgh{ 1 zh kdyh= +l, wkh zdjh gli0

ihuhqwldo/ `� � `7/ lv frxqwhuf|folfdo zlwk d gxdo oderxu pdunhw Ef 	 # 	 ��1 +ll,

Wkh zhoiduh h�hfw ri d prqhwdu| h{sdqvlrq/ ` E��/ lv dozd|v juhdwhu zlwk d gxdo oderxu

pdunhw1 +lll, Zlwk d vlqjoh/ prqrsrolvwlf oderxu pdunhw E# ' �� surgxfwlylw| lv frxq0

whuf|folfdo/ l1h1 f E�� � f1 Surgxfwlylw| lv ohvv frxqwhuf|folfdo ru surf|folfdo zlwk d gxdo

oderxu pdunhw1

Surri +l, Iroorzv iurp wkh idfw wkdw sulpdu| zdjhv duh �{hg gxh wr wkh phqx frvwv/

zkhuhdv vhfrqgdu| zdjhv lqfuhdvh dffruglqj wr +4<,1 +ll, Iroorzv iurp +4<, dqg +55,1

+lll, Iroorzv iurp +4<, dqg +56,1 �

Wdeoh 5 glvsod|v wkh wrwdo plqlpxp h�hfwlyh phqx frvwv ri �upv dqg zrunhuv dv zhoo dv

wkh fkdqjh lq zhoiduh dqg surgxfwlylw| iroorzlqj d prqhwdu| h{sdqvlrq ri DI1 Lq wkh

�uvw wkuhh urzv zh frqvlghu q htxdo wr ��S1 Lq wklv vlwxdwlrq/ wkh �g vhwxs shuirupv

zhoo> vpdoo phqx frvwv +f��SI ri C(� , jhqhudwh odujh zhoiduh f|fohv +��.DI ri C(� ,1
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\hw/ wkh prgho frq lfwv zlwk hpslulfdo hylghqfh e| jhqhudwlqj frxqwhuf|folfdo surgxf0

wlylw|1 Lqwurgxflqj oderxu pdunhw gxdolvp/ kroglqj frqvwdqw wkh pdfur Ohuqhu lqgh{/

1/ wkh prgho shuirupv ehwwhu1 Phqx frvwv duh vpdoohu/ wkh zhoiduh h�hfw lv odujhu/ dqg

surgxfwlylw| lv ohvv frxqwhuf|folfdo1

Lq wkh pruh uhdolvwlf fdvh zlwk dq lqhodvwlf oderxu vxsso|/ l1h1 q ' S�f fruuhvsrqglqj

wr dq hodvwlflw| ri f�2/ wkh �g prgho shuirupv yhu| edgo|1 Lw wdnhv yhu| odujh phqx

frvwv +��I ri C(� , wr jhqhudwh f|fohv ri d pxfk vpdoohu pdjqlwxgh +���SI ri C(� ,/

dqg lq dgglwlrq surgxfwlylw| lv frxqwhuf|folfdo1 Uhgxflqj # iurp � wr f�D vljql�fdqwo|

lpsuryhv wkh uhvxowv1 Wkh plqlpxp h�hfwlyh phqx frvwv duh pruh wkdq kdoyhg/ wkh

zhoiduh h�hfw lv errvwhg/ dqg surgxfwlylw| lv qrz surf|folfdo1 Dgmxvwlqj j vr dv wr

fdswxuh wkh sxuh h�hfw ri d gxdo oderxu pdunhw/ wkh slfwxuh orrnv hyhq ehwwhu1 Wkh

wrwdo plqlpxp h�hfwlyh phqx frvwv duh rqo| ��HDI ri C(� / dqg wkh zhoiduh h�hfw lv

qrz odujhu wkdq wkh phqx frvwv fdxvlqj lw +2�HSI ri C(� ,1 Ixuwkhupruh/ �2I ri wkh

h{sdqvlrq lq C(� lv dffrxqwhg iru e| lqfuhdvhg surgxfwlylw|1 Wkxv/ wkh lqwurgxfwlrq

ri gxdo oderxu pdunhwv vljql�fdqwo| lpsuryhv wkh delolw| ri phqx frvw prghov wr h{sodlq

hfrqrplf  xfwxdwlrqv1
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Wdeoh 51 Wkh frqvhtxhqfhv iru zhoiduh dqg surgxfwlylw|
iroorzlqj d prqhwdu| h{sdqvlrq ri DI

Phqx Frvwv Zhoiduh Surgxfwlylw|
q j # 1 8 E�� nC E�� ` E�� f E��
��S D�f ��f f�2f f��S ��.D ��f

D�f f�D f��f f��� ��eS �S
2�D f�D f�2f f�fH ��bH �2

S�f D�f ��f f�2f ���ff ���S ��f

D�f f�D f��f D�fS ��HH �e
2�D f�D f�2f ��HD 2�HS �2

��e f�� f�2f ��SS ���. e�
��� f�. f�2f ���� 2�ee 2f
2 f�D f�2D ��2S ��2e ef

4 D�f ��f f�2f 4 � �

2�D f�D f�2f �2�f� D�ff �ff

Qrwh= Lq doo h{dpsohv zh xvh k ' ��� dqg w ' D1 Iljxuhv iru Phqx

Frvwv/ Zhoiduh/ dqg Surgxfwlylw| duh h{suhvvhg dv shufhqwdjhv1

Lq wkh qh{w urzv/ zh suhvhqw d vhqvlwlylw| dqdo|vlv zlwk uhvshfw wr wkh zdjh vkduh iru

sulpdu| oderxu/ #/ dqg wkh pdfur Ohuqhu lqgh{/ 11 Wkh orzhu # dqg wkh kljkhu 1/ wkh

ehwwhu wkh shuirupdqfh ri wkh prgho1 Ilqdoo|/ lq wkh odvw wzr urzv zh orrn dw wkh fdvh ri

d shuihfwo| lqhodvwlf oderxu vxsso|1 Lq wkh vwdqgdug iudphzrun/ phqx frvwv ri dq| vl}h

zloo qrw eh deoh wr jhqhudwh sulfh dqg zdjh uljlglw|/ dqg dffruglqjo| wkhuh lv prqhwdu|

qhxwudolw|1 E| frqwudvw/ lq wkh gxdo oderxu pdunhw prgho phqx frvwv fdq/ lq sulqflsoh/

h{sodlq exvlqhvv f|fohv1 Qrwh wkdw vlqfh wkh errp lv qrz vroho| jhqhudwhg e| d uhdo0

orfdwlrq iurp orz0surgxfwlyh/ vhfrqgdu| hpsor|phqw wrzdugv kljk0surgxfwlyh/ sulpdu|

hpsor|phqw/ doo ri wkh lqfrph lqfuhdvh lv dffrxqwhg iru e| surf|folfdo surgxfwlylw|1

7 Frqfoxglqj uhpdunv

Lq wklv sdshu/ zh kdyh vkrzq wkdw wkh lqwurgxfwlrq ri gxdo oderxu pdunhwv juhdwo|

lpsuryhv wkh shuirupdqfh ri wkh frqyhqwlrqdo phqx frvw iudphzrun= djjuhjdwh h�hfwlyh
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phqx frvwv duh orzhu/ wkh zhoiduh frqvhtxhqfhv ri qrplqdo glvwxuedqfhv duh odujhu/ dqg lq

dgglwlrq oderxu pdunhw gxdolvp surylghv dq h{sodqdwlrq ri surf|folfdo surgxfwlylw| dqg

frxqwhuf|folfdo zdjh gl�huhqwldov1 Wkh qxphulfdo h{dpsohv vxjjhvw wkdw wkh suhvhqfh ri

gxdo oderxu pdunhwv grhv ohdg wr plqlpxp h�hfwlyh phqx frvwv wkdw duh zlwklq uhdolvwlf

olplwv hyhq zkhq oderxu vxsso| lv yhu| lqhodvwlf1 Krzhyhu/ lw pxvw eh vdlg wkdw wkh

zhoiduh h�hfw lv vwloo vpdoo uhodwlyh wr wkh phqx frvwv uhtxluhg iru sulfh uljlglw|/ lpso|lqj

wkdw wkh h!flhqf| orvv ri  xfwxdwlrqv lv prghvw1

Zkloh rxu prgho lv rqh ri lqwudvhfwrudo gxdolvp +kljk0sd|lqj mrev frh{lvw zlwk orz0

sd|lqj mrev zlwklq hdfk �up,/ rwkhu zulwhuv kdyh irfxvhg rq wkh lvvxh ri lqwhuvhfwrudo

gxdolvp/ zkhuh zdjhv gl�hu dfurvv vhfwruv +h1j1/ Kduulv dqg Wrgdur/ 4<:3> Fdoyr/ 4<:;>

Exorz dqg Vxpphuv/ 4<;9,1 Lw fdq eh vkrzq wkdw rxu prgho pd| eh uhlqwhusuhwhg dv

d prgho ri lqwhuvhfwrudo gxdolvp1 Lq wklv uhlqwhusuhwdwlrq zh frqvlghu dq hfrqrp| zlwk

wzr vhfwruv surgxflqj gl�huhqw jrrgv> rqh vhfwru kluhv rqo| prqrsrolvwlf oderxu/ zkhuhdv

wkh rwkhu kluhv rqo| frpshwlwlyh oderxu1 Wklv wzr vhfwru prgho lv irupdoo| htxlydohqw

wr wkh rqh vhfwru prgho ri wklv sdshu zkhq djjuhjdwh frqvxpswlrq lv prghoohg dv d

Free0Grxjodv djjuhjdwh ri wkh wzr w|shv ri jrrgv lq wkh vdph zd| dv wkh wzr w|shv ri

oderxu duh djjuhjdwhg lq wkh rqh vhfwru prgho1 Wkxv/ rxu uhvxowv duh qrw uhvwulfwhg wr d

vshfl�f w|sh ri oderxu pdunhw gxdolvp1

Wkh phfkdqlvp iru errvwlqj surgxfwlylw| lq wklv sdshu lv wkh uhdoorfdwlrq ri oderxu

iurp wkh vhfrqgdu| wr wkh sulpdu| oderxu pdunhw lq uhvsrqvh wr d srvlwlyh ghpdqg

vkrfn1 Wklv lv dqdorjrxv wr wkh lqgxvwuldo srolf| dgyrfdwhg e| Exorz dqg Vxpphuv

+4<;9,/ qdpho| wkh vxevlglvlqj ri wkh sulpdu| vhfwru wr lqfuhdvh lwv vkduh ri djjuhjdwh
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hpsor|phqw1 Wklv zrxog dovr kdyh wkh h�hfw ri frpsuhvvlqj zdjh gl�huhqwldov1 Krz0

hyhu/ wkhuh lv dovr dq lpsruwdqw gl�huhqfh1 Dq rq0jrlqj lqgxvwuldo vxevlg| surjudpph

zloo kdyh d shupdqhqw h�hfw/ lpso|lqj d shupdqhqw �vfdo frvw zlwk dvvrfldwhg glvwru0

wlrqdu| wd{dwlrq1 E| frqwudvw/ wkh surgxfwlylw| h�hfw khuh lv wudqvlwru| dqg kdv qr �vfdo

lpsolfdwlrqv1

Fohduo|/ wkh lpsruwdqfh ri phqx frvwv lv d pdwwhu ri vrph ghedwh1 Zh fdq wdnh d

qduurz olwhudo ylhz ri phqx frvwv/ lq zklfk fdvh wkh| duh shukdsv qrw vr lpsruwdqw1

Krzhyhu/ li zh wdnh d eurdghu ylhz +lqfoxglqj frvwv ri ghflvlrq dqg hohphqwv ri erxqghg

udwlrqdolw|,/ wkhq wkh| duh pruh vljql�fdqw1 Hlwkhu zd|/ wkh| duh hvvhqwldoo| wkh rqo|

wkhru| ri qrplqdo uljlglwlhv wkdw zh kdyh1 Wkh txhvwlrq uhpdlqv dv wr zkhwkhu wkh edvlf

vlpsoh lqwxlwlrq xqghuo|lqj wkh phqx frvw lghd lv frpsdwleoh zlwk sodxvleoh pdjqlwxghv

ri sdudphwhuv1 Lq jhqhudo/ gl�huhqw w|sh ri lpshuihfwlrqv pd| srwhqwldoo| frqwulexwh

wr sulfh vwlfnlqhvv e| lqfuhdvlqj uhdo uljlglw| dv vkrzq e| Edoo dqg Urphu +4<<3,1 Do0

whuqdwlyho|/ wzr uhfhqw sdshuv kdyh vkrzq wkdw dv|pphwulhv pd| kdyh wkh vdph h�hfw1

Edvx +4<<8, vkrzv wkdw dq dv|pphwulf surgxfwlrq vwuxfwxuh zkhuh vrph �upv surgxfh

lqwhuphgldwh jrrgv dqg rwkhu �upv �qdo jrrgv pd| dpsoli| wkh frqvhtxhqfhv ri phqx

frvwv1 Gl{rq dqg Kdqvhq +4<<<, vkrz wkdw li wkh ghjuhh ri lpshuihfw frpshwlwlrq lv qrw

wkh vdph dfurvv �upv wkhq wklv pd| uhgxfh wkh phqx frvwv uhtxluhg iru uljlglw| dqg

dovr errvw wkh zhoiduh frqvhtxhqfhv1 Dovr/ wkhvh wzr sdshuv fdq h{sodlq wkh revhuyhg

f|folfdolw| ri surgxfwlylw|/ frqwudu| wr wkh suhylrxv olwhudwxuh1

Zkdw wklv sdshu vkrzv dorqj zlwk Edvx +4<<8, dqg Gl{rq dqg Kdqvhq +4<<<, lv wkdw

wkh shvvlplvp ri hduo| sdshuv zdv gxh wr wkh uhsuhvhqwdwlyh vhfwru iudphzrun dqg lv qrw
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jhqhulf wr phqx frvwv rxwvlgh wkdw iudphzrun1 Wkh vshfl�f frqwulexwlrq ri wklv sdshu lv

wr vkrz wkdw oderxu pdunhw gxdolvp/ riwhq hpskdvl}hg dv dq lpsruwdqw vw|ol}hg ylhz ri

wkh hfrqrp|/ vljql�fdqwo| lpsuryhv wkh vwdqgdug prgho lq whupv ri h�hfwlyh phqx frvwv/

zhoiduh h�hfwv/ dqg wkh f|folfdolw| ri surgxfwlylw|1 Lq dgglwlrq/ wklv dssurdfk h{sodlqv

wkh frpsuhvvlrq ri zdjh gl�huhqwldov gxulqj errpv1

Dfnqrzohgjhphqwv

Zh zrxog olnh wr wkdqn Shwhu Elufk Vûuhqvhq dv zhoo dv wzr dqrq|prxv uhihuhhv iru yhu|

khosixo frpphqwv dqg vxjjhvwlrqv iru lpsuryhphqwv1 Wkh dfwlylwlhv ri HSUX +Hfrqrplf

Srolf| Uhvhdufk Xqlw, duh �qdqfhg wkurxjk d judqw iurp wkh Gdqlvk Qdwlrqdo Uhvhdufk

Irxqgdwlrq1 Kxz Gl{rq*v uhvhdufk zdv ixqghg e| dq HVUF Uhvhdufk Ihoorzvkls1

4 Ghulydwlrq ri ht1 +4:,

Zh vwduw e| ghulylqj wkh qxpehu ri lqglylgxdov zrunlqj lq wkh sulpdu| dqg vhfrqgdu|

oderxu pdunhw/ uhvshfwlyho|1 Wkh v|pphwu| ri wkh prgho lpsolhv wkdw u� E�c �� ' u�; �c �
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Qrwh/ wkdw wkh �uvw rughu frqglwlrq +48, grhv qrw krog diwhu d prqhwdu| vkrfn li phqx

frvwv duh vx!flhqwo| kljk wr nhhs `�
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E| htxloleudwlqj vxsso|/ ht1 +63,/ dqg ghpdqg/ ht1 +5<,/ lq wkh vhfrqgdu| oderxu pdunhw/
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6 Ghulydwlrq ri ht1 +53,

Wkh sur�w jdlq uhvxowlqj iurp dgmxvwphqw ri sulfhv lv ghulyhg e| pdnlqj d vhfrqg rughu

Wd|oru dssur{lpdwlrq rq +44, durxqg wkh lqlwldo htxloleulxp/ dvvxplqj wkdw rwkhu rxwsxw

sulfhv dv zhoo dv sulpdu| zdjhv duh uljlg1 Ohwwlqj T � ghqrwh wkh dssur{lpdwlrq ri sur�wv

zkhq �up � fkrrvhv qrw wr dgmxvw wkh sulfh/ dqg ohwwlqj T 2 ghqrwh wkh dssur{lpdwlrq

ri sur�wv zkhq �up � fkrrvhv wr dgmxvw wkh sulfh/ zh kdyh
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E| lqvhuwlqj +66,/ +67,/ dqg +68, lq +65,/ zh rewdlq
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Wkh xwlolw| jdlq ri xqlrq � uhvxowlqj iurp dgmxvwlqj wkh zdjh lq wkh sulpdu| oderxu

pdunhw lv ghulyhg e| pdnlqj d vhfrqg rughu Wd|oru dssur{lpdwlrq rq +8, durxqg wkh
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9 Ghulydwlrq ri ht1 +56,

Djjuhjdwh surgxfwlylw| lv gh�qhg dv ' � t*u zkhuh u ' u� n u7 ' M��� n

�
��M�

�
�7 lv djjuhjdwh hpsor|phqw phdvxuhg lq krxuv1 Wklv lpsolhv wkdw wkh shu0

fhqwdjh fkdqjh lq surgxfwlylw| uhodwlyh wr wkh shufhqwdjh fkdqjh lq C(� lv jlyhq e|

f Eqc l� �
_'*'

_t*t
' ��

_u*u

_t*t

Wkh uhodwlyh fkdqjh lq djjuhjdwh frqvxpswlrq2surgxfwlrq/ _t*t

_�*�
/ lv htxdo wr rqh df0

fruglqj wr +45,1 Wkh uhodwlyh fkdqjh lq djjuhjdwh hpsor|phqw fdq eh ghwhuplqhg iurp

+9,/ +49,/ dqg +4<,
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THG1

Uhihuhqfhv

Edoo/ O1 dqg Urphu/ G1 +4<;<,1 cDuh Sulfhv Wrr Vwlfn|B*/ Txduwhuo| Mrxuqdo ri

Hfrqrplfv/ 437/ 83:0571

Edoo/ O1 dqg Urphu/ G1 +4<<3,1 cUhdo Uljlglwlhv dqg wkh Qrqqhxwudolw| ri Prqh|*/

Uhylhz ri Hfrqrplf Vwxglhv/ 8:/ 4;605361

Edoo/ O1 dqg Urphu/ G1 +4<<4,1 cVwlfn| Sulfhv dv Frruglqdwlrq Idloxuh*/ Dphulfdq

Hfrqrplf Uhylhz/ ;4/ 86<0851
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Edvx/ V1 +4<<8,1 cLqwhuphgldwh Jrrgv dqg Exvlqhvv F|fohv= Lpsolfdwlrqv iru Surgxf0

wlylw| dqg Zhoiduh*/ Dphulfdq Hfrqrplf Uhylhz/ ;8/ 8450641

Ehqqhww M1 dqg OdPdqqd P1 P1 D1 +5334,1 cUhyhuvlqj wkh Nh|qhvldq Dv|pphwu|*/

Dphulfdq Hfrqrplf Uhylhz/ <4/ 48890961

Eodqfkdug/ R1 M1/ dqg Nl|rwdnl/ Q1 +4<;:,1 cPrqrsrolvwlf Frpshwlwlrq dqg wkh

H�hfwv ri Djjuhjdwh Ghpdqg*/ Dphulfdq Hfrqrplf Uhylhz/ ::/ 97:0991

Exorz/ M1 L1 dqg Vxpphuv/ O1 K1 +4<;9,1 cD Wkhru| ri Gxdo Oderu Pdunhwv zlwk Ds0

solfdwlrq wr Lqgxvwuldo Srolf|/ Glvfulplqdwlrq/ dqg Nh|qhvldq Xqhpsor|phqw*/ Mrxuqdo

ri Oderu Hfrqrplfv/ 7/ 6:907471

Fdoyr/ J1 D1 +4<:;,1 cXuedq Xqhpsor|phqw dqgZdjh Ghwhuplqdwlrq lq OFG*v= Wudgh

Xqlrqv lq wkh Kduulv0Wrgdur Prgho*/ Lqwhuqdwlrqdo Hfrqrplf Uhylhz/ 4</ 980;41

Gdq}ljhu/ O1 +4<<<,1 cD G|qdplf Hfrqrp| zlwk Frvwo| Sulfh Dgmxvwphqwv*/ Dphulfdq

Hfrqrplf Uhylhz/ ;</ ;:;0<341

g*Dvsuhprqw/ F1/ Ihuuhlud/ U1/ Jìudug0Yduhw/ O1 +4<<9,1 cRq wkh Gl{lw0Vwljolw}

Prgho ri Prqrsrolvwlf Frpshwlwlrq*/ Dphulfdq Hfrqrplf Uhylhz/ ;9/ 95605<1

Glfnhqv/ Z1 W1 dqg Odqj/ N1 +4<;8,1 cD Whvw ri Gxdo Oderu Pdunhw Wkhru|*/

Dphulfdq Hfrqrplf Uhylhz/ :8/ :<50;381

Grwvh| P1/ Nlqj U1J1 dqg Zropdq/ D1 O1 +4<<<,1 cVwdwh0Ghshqghqw Sulflqj

dqg wkh Jhqhudo Htxloleulxp G|qdplfv ri Prqh| dqg Rxwsxw*/ Txduwhuo| Mrxuqdo ri

Hfrqrplfv/ 447/ 9880<31

Gxwwd/ V1/ Ehujhq/ P1/ Ohy|/ G1 dqg Yhqdeoh/ U1 +4<<<,1 cPhqx Frvwv/ Srvwhg

Sulfhv/ dqg Pxowlsurgxfw Uhwdlohuv*/ Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj/ 64/ 9;60

6:



:361

Gl{rq/ K1 G1 dqg Kdqvhq/ F1 W1 +4<<<,1 cD Pl{hg Lqgxvwuldo Vwuxfwxuh Pdjql�hv

wkh Lpsruwdqfh ri Phqx Frvwv*/ Hxurshdq Hfrqrplf Uhylhz/ 76/ 47:80<<1

Iuhhpdq/ U1 +4<;7,1 cOrqjlwxglqdo Dqdo|vhv ri wkh h�hfwv ri Wudgh Xqlrqv*/ Mrxuqdo

ri Oderu Hfrqrplfv/ 5/ 40591

Kdqvhq/ F1 W1 +4<<;,1 cD Qrwh rq Eodqfkdug dqg Nl|rwdnl +4<;:,*/ HSUX Zrunlqj

Sdshu 4<<;039/ Lqvwlwxwh ri Hfrqrplfv/ Xqlyhuvlw| ri Frshqkdjhq1

Kduulv/ M1 dqg Wrgdur/ P1 +4<:3,1 cPljudwlrq/ Xqhpsor|phqw dqg Ghyhorsphqw= D

Wzr Vhfwru Dqdo|vlv*/ Dphulfdq Hfrqrplf Uhylhz/ 93/ 4590761

Nloolqjvzruwk/ P1 dqg Khfnpdq/ M1 +4<;9,1 cIhpdoh Oderu Vxsso|= D Vxuyh|*/ lq

R1 Dvkhqihowhu dqg U1 Od|dug +hgv,/ Kdqgerrn ri Oderu Hfrqrplfv/ 4/ Qruwk0Kroodqg/

Dpvwhugdp1

Nohyhq/ K1 M1 dqg Nuhlqhu/ F1 W1 +5334,1 cWkh Uroh ri Wd{hv dv Dxwrpdwlf Ghvwd0

elol}huv lq Qhz Nh|qhvldq Hfrqrplfv*/ plphr/ Mrxuqdo ri Sxeolf Hfrqrplfv +iruwkfrp0

lqj,1

Nuhlqhu/ F1 W1 +5335,1 cGr wkh Qhz Nh|qhvldq Plfurirxqgdwlrqv Udwlrqdolvh Vwdelol0

vdwlrq Srolf|B*/ Hfrqrplf Mrxuqdo/ Dsulo 5335 lvvxh1

Ohy|/ G1/ Ehujhq/ P1/ Gxwwd/ V1 dqg Yhqdeoh/ U1 +4<<:,1 cRq wkh Pdjqlwxgh ri

Phqx Frvwv= Gluhfw Hylghqfh iurp Odujh X1V1 Vxshupdunhw Fkdlqv*/ Txduwhuo| Mrxuqdo

ri Hfrqrplfv/ 445/ :<40;581

PdfFxug|/ W1 +4<;4,1 cDq Hpslulfdo Prgho ri Oderxu Vxsso| lq d Olih F|foh Vhwwlqj*/

Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;</ 43830;81

6;



Pdqnlz/ Q1 J1 +4<;8,1 cVpdoo Phqx Frvwv dqg Odujh Exvlqhvv F|fohv= D Pdfurhfr0

qrplf Prgho ri Prqrsro|*/ Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 433/ 85<06<1

Phoorz/ Z1 +4<;4,1 cXqlrqlvp dqg Zdjhv= D Orqjlwxglqdo Dqdo|vlv*/ Uhylhz ri Hfr0

qrplfv dqg Vwdwlvwlfv/ 96/ 780851

Shqfdyho/ M1 +4<;9,1 cOderu Vxsso| ri Phq= D Vxuyh|*/ lq R1 Dvkhqihowhu dqg U1

Od|dug +hgv,/ Kdqgerrn ri Oderu Hfrqrplfv/ 4/ Qruwk0Kroodqg/ Dpvwhugdp1

Urwhpehuj/ M1 M1 dqg Vxpphuv/ O1 K1 +4<<3,1 cLq h{leoh Sulfhv dqg Surf|folfdo

Surgxfwlylw|*/ Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 438/ ;840:71

Vdlqw0Sdxo/ J1 +4<<9,1 Gxdo oderxu Pdunhwv= D Pdfurhfrqrplf Shuvshfwlyh/ PLW

Suhvv/ Fdpeulgjh/ PD1

Zxqqdyd/ S1 Y1 dqg Krqqh|/ M1 N1 +4<<4,1 cWkh Xqlrq0Qrqxqlrq Zdjh Gl�huhqwldo

ryhu wkh Exvlqhvv F|foh*/ Hfrqrplfv Ohwwhuv/ 6:/ <:04361
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