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Edodqflqj wkh Exgjhw= Orqj0Uxq Dgyhuvh
H�hfwv ri Surjuhvvlyh Wd{dwlrq�

Er Vdqghpdqq Udvpxvvhq|

Ghfhpehu 48/ 4<<;

Devwudfw

Surjuhvvlyh wd{dwlrq lv nqrzq wr surylgh lqfhqwlyhv iru zdjh uh0

vwudlqw dqg wkhuhe| ohdg wr d kljkhu ohyho ri hpsor|phqw lq ydulrxv

prghov ri htxloleulxp xqhpsor|phqw edvhg rq lpshuihfwlyho| frp0

shwlwlyh oderxu pdunhwv1 Lw lv vkrzq lq dq h!flhqf| zdjh prgho wkdw

dowkrxjk dq lqfuhdvh lq wd{ surjuhvvlrq kroglqj wkh dyhudjh wd{ xq0

fkdqjhg ohdgv wr d kljkhu ohyho ri hpsor|phqw lq wkh vkruw uxq/ rqfh

wkh ixoo exgjhwdu| h�hfwv ri fkdqjlqj wd{ surjuhvvlrq lv wdnhq lqwr df0

frxqw dqg iuhh hqwu| dqg h{lw ri �upv lv doorzhg iru lq wkh orqj uxq/

lqfuhdvlqj wd{ surjuhvvlrq ohdgv wr wkh rssrvlwh uhvxow/ yl}1 d orzhu

ohyho ri htxloleulxp hpsor|phqw1

Nh|zrugv= H!flhqf| zdjhv/ hpsor|phqw/ surjuhvvlyh wd{dwlrq/ edodqfhg0

exgjhw wd{ uhirupv/ orqj0uxq htxloleulxp1

MHO= M74/ K551

4 Lqwurgxfwlrq

Uhfhqw wkhruhwlfdo vwxglhv ri wkh h�hfwv ri surjuhvvlyh wd{dwlrq lq ydulrxv
htxloleulxp prghov ri xqhpsor|phqw/ h1j1 h!flhqf| zdjh prghov/ wudgh
xqlrq prghov dqg vhdufk prghov/ kdyh frqfoxghg wkdw surjuhvvlyh wd{dwlrq

�Frpphqwv iurp vhplqdu sduwlflsdqwv dw wkh Xqlyhuvlw| ri Ddukxv dqg dw HSUX/ Xql0
yhuvlw| ri Frshqkdjhq duh judwhixoo| dfnqrzohgjhg1 Wkh sdshu lv sduw ri wkh surmhfw �Wkh
Zhoiduh Vwdwh= Wkuhdwv/ Sureohpv dqg Vrph Vroxwlrqv�/ �qdqfhg e| wkh Gdqlvk Vrfldo
Vflhqfh Uhvhdufk Frxqflo1

|Ghsduwphqw ri Hfrqrplfv/ Xqlyhuvlw| ri Ddukxv/ Exloglqj 683/ GN ;333 Ddukxv F/
Ghqpdun1 Skrqh= .78 ;<75 48<31 Id{= .78 ;946 96671 h0pdlo= eudvpxvvhqChfrq1dx1gn1
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vhhpv wr surylgh wkh uljkw lqfhqwlyhv lq zdjh irupdwlrq iru rewdlqlqj kljk ohy0
hov ri hpsor|phqw +vhh h1j1 Eryhqehuj dqg ydq ghu Sorhj +4<<7,/ Krho +4<<3,/
Nrvnhod dqg Ylopxqhq +4<<9,/ Orfnzrrg dqg Pdqqlqj +4<<6,/ Pdofrpvrq
dqg Vduwru +4<;:, dqg Slvvdulghv +4<<;,,14 Lq idfw/ Slvvdulghv irufhixoo| frq0
foxghv wkdw �111d uhirup ri wkh hpsor|phqw wd{ vwuxfwxuh iurp uhjuhvvlyh wr
surjuhvvlyh fdq eh rqh ri wkh yhu| ihz *iuhh oxqfkhv* wkdw rqh hqfrxqwhuv lq
wkh dqdo|vlv ri hfrqrplf srolf|� +Slvvdulghv +4<<;,/ s1 4::,1 Dorqj d vlplodu
yhlq Orfnzrrg dqg Pdqqlqj +4<<6, dujxhv wkdw wkh �rswlpdo� wd{ vfkhgxoh
lv surjuhvvlyh +vhh dovr Vûuhqvhq +4<<:, iru dq h{solflw dqdo|vlv ri wkh rswlpdo
ghjuhh ri wd{ surjuhvvlrq,1

Iurp dq hfrqrplf srolf| srlqw ri ylhz wkh lpsolfdwlrq ri wkh wd{ vwuxf0
wxuh/ l1h1 wkh ghjuhh ri wd{ surjuhvvlrq/ iru hpsor|phqw rxwfrphv lv ri ylwdo
lpsruwdqfh zkhq wd{ uhirupv duh frqvlghuhg1 Lq sduwlfxodu/ wkh srvvlelolw|
wkdw lpsuryhg hpsor|phqw shuirupdqfh fdq eh rewdlqhg e| fkdqjlqj wkh
wd{ vwuxfwxuh zlwkrxw uhgxflqj wkh ryhudoo wd{ exughq vhhpv doprvw wrr jrrg
wr eh wuxh iru dq| plqlvwhu ri �qdqfh kdylqj gl!fxowlhv fxwwlqj jryhuqphqw
h{shqglwxuhv1

Wkh sxusrvh ri wkh suhvhqw sdshu lv wr lqyhvwljdwh wkh urexvwqhvv ri wkhvh
uhvxowv rq wzr dffrxqwv1 Iluvw/ prvw vwxglhv ri wkh h�hfwv ri surjuhvvlyh wd{0
dwlrq prgho dq lqfuhdvh lq wd{ surjuhvvlrq dv d kljkhu pdujlqdo wd{ udwh/
kroglqj wkh dyhudjh wd{ rq wkh suh0wd{ uhirup zdjh ohyho frqvwdqw1 Krzhyhu/
zkhqhyhu hpsor|phqw ru zdjhv duh d�hfwhg e| wkh wd{ uhirup wkh jryhuq0
phqw*v exgjhw lv d�hfwhg/ dv zhoo1 Wkhuhiruh/ ixuwkhu fkdqjhv lq wd{dwlrq lv
qhhghg wr wdnh doo uhohydqw h�hfwv lqwr dffrxqw1 Vhfrqgo|/ prvw +suhvxpdeo|
doo, vwxglhv frqvlghu vkruw0uxq h�hfwv rqo| e| qrw doorzlqj iru hqwu| dqg h{lw
ghflvlrqv ri �upv lq uhvsrqvh wr fkdqjhv lq wd{dwlrq1 Krzhyhu/ wd{ uhirupv
zloo jhqhudoo| d�hfw wkh sur�wv ri �upv/ dqg wdnlqj wklv dvshfw lqwr dffrxqw
vhhpv qrw rqo| qdwxudo exw udwkhu hvvhqwldo vlqfh wd{ uhirupv ri wkh nlqg
frqvlghuhg khuh suhvxpdeo| uh hfw orqj uxq srolf| remhfwlyhv olnh doorfdwlyh
h!flhqf|/ glvwulexwlrqdo remhfwlyhv hwf1 udwkhu wkdq vkruw0uxq vwdelol}dwlrqdo
remhfwlyhv1 Wr wklv hqg zh vhw xs d jhqhudol}hg yhuvlrq ri wkh Vkdslur0Vwljolw}
+4<;7, vklunlqj prgho ri h!flhqf| zdjhv zkhuh zrunhuv duh doorzhg wr fkrrvh
zrun h�ruw frqwlqxrxvo| zlwklq wkh xqlw lqwhuydo1 Ilupv fdqqrw revhuyh h�ruw
frvwohvvo| exw fdq prqlwru sduw ri wkh zrun irufh dw d frvw1 Zlwk h�ruw ehlqj
d frqwlqxrxv yduldeoh fkrvhq rswlpdoo| e| zrunhuv wkh �upv kdyh dq lqfhq0
wlyh wr r�hu d zdjh wkdw lqgxfhv zrunhuv qrw wr vklun �wrr pxfk�1 Wkxv/ lq
frqwudvw wr wkh ruljlqdo Vkdslur0Vwljolw} prgho dqg wkh h!flhqf| zdjh prgho

4Dqghuvhq dqg Udvpxvvhq +4<<<, surylgh rqh ri wkh ihz h{dpsohv ri srvvleoh dgyhuvh
h�hfwv ri surjuhvvlyh wd{dwlrq gxh wr lqfuhdvlqj dyhudjh wd{ udwhv/ pdnlqj kljk h�ruw
htxloleuld ohvv olnho| wr suhydlo1 Vhh dovr Kdqvhq hw do1 +4<<8,1

5



lq Slvvdulghv +4<<;, zkhuh zdjhv duh ghwhuplqhg lq d �txdvl0Zdoudvldq� idvk0
lrq wr htxdwh oderxu ghpdqg dqg d qr0vklunlqj frqglwlrq/ �upv duh h{solflwo|
zdjh0vhwwhuv1 Dv d frqvhtxhqfh/ rxu h!flhqf| zdjh prgho srvvhvvhv surs0
huwlhv ri d txdolwdwlyho| vdph qdwxuh dv wkh edujdlqlqj prghov lq Slvvdulghv
+4<<;, iru zklfk wkh wd{ vwuxfwxuh jhqhudoo| pdwwhuv1 Wkh rswlpdo fkrlfh
ri zdjh r�hu e| wkh �upv ghshqgv rq wkh fkdudfwhulvwlfv ri wkh wd{ v|vwhp1
Oderxu lqfrph lv wd{hg surjuhvvlyho| dqg wkh ydulrxv wd{ uhirupv wr eh frq0
vlghuhg dprxqw wr fkdqjhv lq wkh ghjuhh ri wd{ surjuhvvlrq1 Lq wkh vkruw uxq
wkh qxpehu ri �upv lv h{rjhqrxvo| jlyhq zkloh iuhh hqwu| dqg h{lw ri �upv
ghwhuplqhv wkh orqj0uxq htxloleulxp1 Wzr w|shv ri wd{ uhirupv duh frqvlg0
huhg1 Iluvw/ kroglqj frqvwdqw wkh dyhudjh wd{ rq wkh lqlwldo zdjh lqfrph ohyho/
wkh wd{ lv pdgh pruh surjuhvvlyh wkurxjk lqfuhdvlqj wkh pdujlqdo wd{ udwh1
Vhfrqgo|/ d edodqfhg0exgjhw wd{ uhirup lv frqvlghuhg zkhuh wkh ghjuhh ri wd{
surjuhvvlrq lv lqfuhdvhg vxfk wkdw wkh qhw wd{ uhyhqxh lv xqd�hfwhg e| wkh
uhirup1

Wkh uhvxowv uhyhdo wkdw iurp d vkruw0uxq shuvshfwlyh d pruh surjuhvvlyh
wd{ vwuxfwxuh grhv vhhp wr errvw hpsor|phqw1 Wkxv/ lq wkh vkruw0uxq zh
vhhp wr deoh wr uhsolfdwh wkh uhvxowv rewdlqhg lq ydulrxv htxloleulxp prghov
ri xqhpsor|phqw1 Ixuwkhupruh/ frpsduhg wr Slvvdulghv +4<<;, zh jhqhudol}h
wkh uhvxowv iurp wkh h!flhqf| zdjh prgho wr ehfrph frpsdwleoh zlwk klv
uhvxowv rewdlqhg lq edujdlqlqj prghov1 Dv phqwlrqhg deryh/ wklv lv gxh wr
rxu prghoolqj ri zdjh irupdwlrq dv dq h{solflw Qdvk jdph lq zdjhv dprqj
�upv/ lqvwhdg ri zdjhv ehlqj ghwhuplqhg lq d txdvl0Zdoudvldq idvklrq1 Pruh
vwulnlqjo|/ zkhq zh wxuq wr wkh orqj0uxq dvshfwv ri wkh wd{ uhirupv/ wkh
uhvxowv uhyhdo wkdw wkh orqj0uxq h�hfwv pd| gl�hu vkduso| iurp wkh vkruw0uxq
h�hfwv1 Lq idfw/ hyhq wkrxjk wkh zhoo0nqrzq srvlwlyh hpsor|phqw h�hfw ri
dq lqfuhdvh lq wd{ surjuhvvlrq lv ydolg lq wkh vkruw uxq/ lw lv wxuqhg lqwr d
qhjdwlyh hpsor|phqw h�hfw lq wkh orqj uxq zkhq doo wkh exgjhwdu| h�hfwv ri
wkh wd{ uhirup lv wdnhq lqwr dffrxqw1 Lw lv vkrzq wkdw lw lv wkh frpelqdwlrq
ri d orqj0uxq htxloleulxp dqdo|vlv dqg d edodqfhg0exgjhw wd{ uhirup wkdw
dffrxqwv iru wkh dgyhuvh h�hfwv rq hpsor|phqw1

Wkh sdshu lv rujdql}hg dv iroorzv1 Lq vhfwlrq 5 zh suhvhqw wkh edvlf hi0
�flhqf| zdjh prgho ri wkh vklunlqj0w|sh dqg vkrz wkh gl�huhqfhv ehwzhhq
wkh vkruw0uxq dqg wkh orqj0uxq yhuvlrq ri wkh prgho1 Wkh ydulrxv wd{ uhirup
dqdo|vhv duh suhvhqwhg lq vhfwlrq 6 zkloh wkh jhqhudolw| ri wkh uhvxowv lv glv0
fxvvhg lq vhfwlrq 71 Ilqdoo|/ vrph frqfoxglqj uhpdunv duh r�huhg lq vhfwlrq
81
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5 Wkh Prgho

Wkh prgho fdswxuhv d vpdoo rshq hfrqrp| frqvlvwlqj ri d odujh qxpehu ri
frpshwlwlyh �upv surgxflqj d krprjhqhrxv wudgdeoh jrrg zkrvh sulfh lv
�{hg iurp wkh zruog pdunhw dqg qrupdol}hg dw xqlw|1 Oderxu dfwv dv wkh
rqo| surgxfwlyh lqsxw1 Wkh jryhuqphqw surylghv/ lq h{fhvv ri ehqh�wv wr wkh
xqhpsor|hg/ dq h{rjhqrxvo| jlyhq ohyho ri sxeolf jrrgv �qdqfhg e| wd{dwlrq
ri oderxu lqfrph1 Zh xvh d jhqhudol}hg yhuvlrq ri wkh vklunlqj prghov lq
Vkdslur dqg Vwljolw} +4<;7,/ Mrkqvrq dqg Od|dug +4<;9,/ Prhqh +4<<8, dqg
Slvdxur +4<<4, zkhuh d �up pdnhv frqwlqxrxv zdjh r�huv wr zrunhuv lq dq
lq�qlwh krul}rq iudphzrun1 Li wkh zdjh r�hu lv dffhswhg wkh zrunhuv fkrrvh
krz pxfk h�ruw wr surylgh1 H�ruw fdqqrw eh frvwohvvo| revhuyhg exw wkh
�up fdq/ dw d frvw/ prqlwru wkh h�ruw ri lwv hpsor|hhv1 Wkh �up uhqhzv
wkh frqwudfw zlwk d zrunhu xqohvv dq xqvdwlvidfwru| ohyho ri h�ruw kdv ehhq
revhuyhg1 Lq wkh vkruw uxq wkh qxpehu ri �upv lv �{hg zkloh lq wkh orqj uxq
wkhuh lv iuhh hqwu| dqg h{lw ri �upv vr wkdw wkh qxpehu ri �upv lv ghwhuplqhg
e| d }hur sxuh sur�w frqglwlrq1

514 Krxvhkrogv

Ohw wkhuh eh M krxvhkrogv lq wkh hfrqrp|1 Krxvhkrogv5 ghulyh xwlolw| iurp
frqvxpswlrq ri jrrgv dqg ohlvxuh16 Hdfk krxvhkrog lv hqgrzhg zlwk rqh xqlw
ri ohlvxuh1 Vlqfh doo lqfrph lv vshqw rq wkh vlqjoh frqvxpswlrq jrrg zh fdq
jhqhudoo| h{suhvv wkh xwlolw| ixqfwlrq dv ghshqglqj rq srvw0wd{ lqfrph/ 6/
dqg ohlvxuh ��e/ e ehlqj wkh h�ruw surylghg e| wkh krxvhkrog1 Lq frqwudvw wr
wkh ruljlqdo Vkdslur0Vwljolw} prgho/ exw lq dffrugdqfh zlwk h1j1 Exonoh| dqg
P|ohv +4<<9,/ Krho +4<<3, dqg Slvdxur +4<<4,/ h�ruw lv d frqwlqxrxv yduldeoh
gh�qhg rq wkh xqlw lqwhuydo/ e 5 dfc �o1 Rqh lqwhusuhwdwlrq ri rxu vhw xs lv
wkdw h�ruw dw dq| srlqw lq wlph pxvw eh hlwkhu }hur ru rqh dv lq Vkdslur0
Vwljolw}1 Krzhyhu/ vlqfh prqlwrulqj lv udqgrp d zrunhu pd| fkrrvh wr ydu|
h�ruw wkurxjkrxw wkh zrungd|/ vxfk wkdw e ehfrphv dyhudjh h�ruw vxssolhg
gxulqj d zrungd|1 Wkxv/ vhhq iurp wkh �up*v srlqw ri ylhz e phdvxuhv dw d
jlyhq srlqw lq wlph wkh sursruwlrq ri wkh zrun irufh fkrrvlqj qrw wr vklun/
zkloh d zrunhu uhjdugv e dv wkh sursruwlrq ri wkh zrun gd| zkhuh ixoo h�ruw
lv sxw iruwk1 Wkhq/ e| dvvxplqj wkdw wkh zrunhuv* fkrlfhv ri zkhq wr vklun
duh udqgrp dqg glvwulexwhg lqghshqghqwo| ri hdfk rwkhu/ wkh wzr qrwlrqv
ri e zloo frlqflgh1 Wklv pd| hyhq eh d pruh vdwlvidfwru| lqwhusuhwdwlrq ri
qrwlrq ri vklunlqj/ pdnlqj sduwldo vklunlqj d shuihfwo| ydolg rswlrq iru wkh

5Wkurxjkrxw wkh sdshu zh xvh wkh whupv �krxvhkrogv� dqg �zrunhuv� lqwhufkdqjhdeo|1
6Xwlolw| pd| dovr ghshqgv rq wkh ohyho ri wkh sxeolfo| surylghg jrrg/ j/ exw vlqfh wkdw

ohyho lv nhsw �{hg wkurxjkrxw wkh dqdo|vlv/ j lv vxssuhvvhg lq wkh xwlolw| ixqfwlrq1
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zrunhu17 Wkh sxusrvh ri vshfli|lqj h�ruw dv d frqwlqxrxv yduldeoh lv iru wkh
vwuxfwxuh ri wd{dwlrq wr pdwwhu lq wkh vwdqgdug vkruw0uxq vshfl�fdwlrq ri wkh
prgho zkhuhe| rxu h!flhqf| zdjh prgho ehfrphv pruh forvho| uhodwhg wr wkh
edujdlqlqj prghov lq Slvvdulghv +4<<;, wkdq wr klv h!flhqf| zdjh prgho wkdw
lv edvhg pruh vwulfwo| rq wkh ruljlqdo Vkdslur0Vwljolw} prgho zlwk h�ruw wdnlqj
hlwkhu d ydoxh ri }hur ru rqh1 Wkh �up uhdfwv wr wkh prqlwrulqj sureohp e|
r�hulqj wkh vdph zdjh � wr doo zrunhuv zkloh �ulqj zrunhuv revhuyhg vklunlqj1
Khqfh/ d zrunhu fkrrvlqj h�ruw ohyho e idfhv d suredelolw| ^ ' ^Ee� ri ehlqj
�uhg zlwk ^

�

Ee� 	 f dqg ^
��

Ee� � f�8

Lq dq lq�qlwh krul}rq iudphzrun krxvhkrogv pd{lpl}h dw wlph | wkh h{0
shfwhg suhvhqw glvfrxqwhg ydoxh ri xwlolw|/ T|/

T| ' .

�]
"

r'|
e3wEr3|�Lr_r

�
c +4,

zkhuh w : f lv wkh vxemhfwlyh glvfrxqw udwh/ . lv wkh h{shfwdwlrqv rshudwru
dqg L| lv wkh +lqvwdqwdqhrxv, xwlolw| ixqfwlrq ri d krxvhkrog +wlph vxevfulswv
duh ohiw rxw iurp qrz rq zkhqhyhu srvvleoh,9

L ' LE6c �� e�c +5,

zkhuh YLE6c�3e�
Y6

: f/ Y2LE6c�3e�
Y62 	 f/ YLE6c�3e�

YE�3e�
: f/ dqg iroorzlqj Slvdxur

+4<<4, zh dvvxph zhdn vhsdudelolw| ehwzhhq lqfrph dqg ohlvxuh/ dqg olqhdulw|

ri xwlolw| lq h�ruw/ lpso|lqj wkdw Y2LE6c�3e�
Y6YE�3e�

' Y2LE6c�3e�
YE�3e�2

' f1 Lqfrph wd{hv
duh surjuhvvlyh dv wd{hv sdlg e| zrunhuv hduqlqj d suh0wd{ zdjh � dprxqw
wr A ' |� � @/ zkhuh | : f lv wkh pdujlqdo wd{ udwh zkloh @ : f lv d
vxevlg| pdnlqj wkh ryhudoo wd{ surjuhvvlyh1: Khqfh/ srvw0wd{ zdjh lqfrph

7Rqh zd| ri wklqnlqj derxw vklunlqj zlwklq wklv lqwhusuhwdwlrq lv wkdw lw dprxqwv wr
wdnlqj wrr pdq| +ru wrr orqj, euhdnv wkurxjk d zrungd|1

8Vlqfh rqo| d iudfwlrq ri wkh zrun irufh ri wkh �up lv prqlwruhg dw d jlyhq srlqw lq
wlph zdjhv fdqqrw eh frqglwlrqhg rq h�ruw/ dqg doo zrunhuv pxvw eh sdlg wkh vdph zdjh
+wklv lv wkh edvlf suhplvh lq h!flhqf| zdjh prghov/ vhh h1j1 Plojurp dqg Urehuwv +4<<5,,1
Wdnlqj wkh suredelolw| ri ehlqj �uhg dv vrph h{rjhqrxvo| vshfl�hg ixqfwlrq ri h�ruw lv
reylrxvo| d vkruw fxw iru d pruh frpsohwh ghvfulswlrq ri wkh ehkdylrxu ri �upv zkhq h�ruw
lv rqo| revhuydeoh dw d frvw1 Lq jhqhudo wkh �up kdv wr wudgh r� wkh dprxqw ri uhvrxufhv
ghyrwhg wr prqlwrulqj dqg wkh gluhfw frvwv ri r�hulqj d kljkhu zdjh wr holflw pruh h�ruw
ri zrunhuv1 Iru vlpsolflw|/ zh dvvxph wkdw wkh ohyho ri prqlwrulqj lv h{rjhqrxvo| jlyhq
+d vlplodu dvvxpswlrq lv irxqg hovhzkhuh lq wkh h!flhqf| zdjh olwhudwxuh h1j1 lq Slvdxur
+4<<4,,1

9Qrwlfh/ wkdw zh lpsolflwo| dvvxph h @ 4 wr eh wkh pd{lpxp h�ruw wkdw fdq eh surylghg1
Wkurxjkrxw zh dvvxph dq lqwhulru vroxwlrq/ 3 ? h ? 4/ dssolhv1 Wklv mxvw uhtxluhv vx!flhqw
frqfdylw| ri wkh xwlolw| ixqfwlrq zlwk uhvshfw wr lqfrph/ vhh Slvdxur +4<<4, iru ixuwkhu
ghwdlov1

:Wkh frh!flhqw ri uhvlgxdo lqfrph surjuhvvlrq/ U @ 4�W 3+z,

4�
W +z,
z

/ lv dq riwhq xvhg phdvxuh
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lv / ' � � A ' �E� � |� n @1 Xqhpsor|hg zrunhuv uhfhlyh xqhpsor|phqw
ehqh�wv zlwk d srvw0wd{ ydoxh ri q1 Lq doo wkh wd{ uhirupv wr eh frqvlghuhg
zh glvuhjdug wkh suhglfwdeoh hpsor|phqw h�hfwv ri fkdqjlqj wkh srvw0wd{
ydoxh ri xqhpsor|phqw ehqh�wv e| dvvxplqj wkdw wkh suh0wd{ ehqh�w udwh lv
fkdqjhg vlpxowdqhrxvo| wr nhhs wkh diwhu0wd{ ydoxh ri xqhpsor|phqw ehqh�wv
frqvwdqw1 Khqfh/ qrqh ri rxu uhvxowv klqjh rq h�hfwv iroorzlqj iurp fkdqjlqj
wkh srvw0wd{ lqfrph ri wkh xqhpsor|hg1 Qrwlfh wkdw

_T

_|
' w.

�]
"

r'|
e3wEr3|�Lr_r

�
� .EL� ' wT �.EL�c +6,

vxfk wkdw e| gh�qlqj T . +T L, dv wkh ydoxh ri T iru dq hpsor|hg +xqhp0
sor|hg, zrunhu/ uhvshfwlyho|/ zh fdq vwdwh wkh dvvhw htxdwlrqv ri dq hpsor|hg
dqg dq xqhpsor|hg zrunhu/ uhvshfwlyho|/

wT . ' LE/c �� e� n E^Ee� n r�
�
T L � T .

�
+7,

wT L ' LEqc �� n �E��
�
T . � T L

�
c +8,

zkhuh � ' �E�� lv wkh h{lw suredelolw| iurp xqhpsor|phqw wkdw ghshqgv
srvlwlyho| rq djjuhjdwh hpsor|phqw/ � / l1h1 �

�

E�� : f +vhh ghwdlov ehorz,
dqg r : f lv dq h{rjhqrxv vhsdudwlrq udwh1 Lw iroorzv lpsolflwo| iurp wkh
vshfl�fdwlrq ri wkh dvvhw htxdwlrqv wkdw d zrunhu vwduwlqj rxw ehlqj xqhp0
sor|hg uhfhlyhv xqhpsor|phqw ehqh�wv/ q/ dqg rewdlqv d mre zlwk suredelolw|
�E��1 Vroylqj wkh dvvhw htxdwlrqv iru T . zh rewdlq

T . '
Ew n �E���LE/c �� e� n E^Ee� n r�LEqc ��

w E^Ee� n w n �E�� n r�
� +9,

Pd{lpl}lqj T . zlwk uhvshfw wr e zh jhw +diwhu vrph vlpsoh pdqlsxodwlrqv,

^�Ee� ELE/c �� e�� LEqc ���

^Ee� n w n �E�� n r
n

YLE/c �� e�

YE�� e�
' fc +:,

gh�qlqj h�ruw dv dq lpsolflw ixqfwlrq ri wkh diwhu0wd{ zdjh udwh dqg djjuhjdwh
hpsor|phqw/ e ' eE/c��1 Xvlqj : lw lv vwudljkwiruzdug wr vkrz wkdw e/ �
YeE/c��
Y/

: f/ e� � YeE/c��
Y�

	 f/ e// � Y2eE/c��
Y/2

	 f dqg e/� � Y2eE/c��
Y/Y�

' f1;

ri wkh ghjuhh ri wd{ surjuhvvlrq zlwk U ? 4 uh hfwlqj d surjuhvvlyh wd{ vfkhgxoh1 Lq rxu
fdvh zh kdyh U @ 4�w

4�w. d

z

? 41 Wkdw zh fkrrvh oderxu wd{hv wr eh ohylhg rq krxvhkrogv

dqg qrw rq �upv dv lq Slvvdulghv +4<<;, lv ixoo| lqqrfxrxv dv wkh lqflghqfh ri wkh wd{ lv lq0
ghshqghqw ri zklfk vlgh lw lv ohylhg rq +jlyhq qr qrplqdo uljlglwlhv ru rwkhu lpshuihfwlrqv,/
fi1 Orfnzrrg dqg Pdqqlqj +4<<6,1

;h$Q @ 3 iroorzv iurp wkh dvvxpswlrq ri xwlolw| ehlqj olqhdu lq ohlvxuh +h�ruw,1 Zlwk
ghfuhdvlqj pdujlqdo xwlolw| ri ohlvxuh h$Q zrxog eh qhjdwlyh/ dqg zh zrxog qrw eh deoh wr
vljq wkh ghwhuplqdqw ri wkh Mdfreldq ri htxdwlrqv 48 dqg 49 +vhh ehorz,1

9



515 Ilupv

Wkh surgxfwlrq whfkqrorj| lv wkh vdph lq doo shulrgv ghshqglqj rq oderxu
lqsxw phdvxuhg lq h!flhqf| xqlwv=

+ ' sEe?�c +;,

zkhuh s
�

Ee?� : f dqg s
��

Ee?� 	 f1< Sur�wv ri wkh uhsuhvhqwdwlyh �up duh

� ' sEe?�� �?� +<,

Zlwk h�ruw ehlqj d frqwlqxrxv yduldeoh lw pdnhv vhqvh wr prgho zdjh iru0
pdwlrq dv h{solflw zdjh0vhwwlqj e| �upv wdnlqj wkh lqgxfhg h�hfw rq h�ruw/
eE/c��/ lqwr dffrxqw1 Wkxv/ lq dffrugdqfh zlwk Doeuhfkw dqg Yurpdq +4<<;,
wkh htxloleulxp lv h{solflwo| Qdvk/ dqg qrw d �txdvl0Zdoudvldq� htxloleulxp
dv lq Slvvdulghv +4<<;, dqg Vkdslur dqg Vwljolw} +4<;7, zkhuh zdjhv dgmxvw wr
htxdol}h d �qr0vklunlqj frqglwlrq� dqg wkh ghpdqg iru oderxu iurp �upv143

Wkh �uvw0rughu frqglwlrqv uhdg

Y�

Y�
' s �e/ E�� |�?� ? ' f +43,

Y�

Y?
' s �e� � ' f� +44,

Wkh vhfrqg0rughu frqglwlrq fdq hdvlo| eh vkrzq wr eh vdwlv�hg gxh wr s �� 	 f
dqg e// 	 f1 Xvlqj 44 wr holplqdwh s � iurp 43 |lhogv

e/� E�� |�� e ' fc +45,

zklfk lv d �prgl�hg� yhuvlrq ri wkh idploldu Vrorz frqglwlrq1 Lw lv wkh suhv0
hqfh ri surjuhvvlyh wd{hv wkdw pdnhv lw d �prgl�hg� Vrorz frqglwlrq vlqfh

<Wklv krogv dw wkh htxloleulxp hpsor|phqw ohyho1 Iru rxu prgho wr eh frqvlvwhqw zlwk
}hur orqj0uxq sxuh sur�wv lw lv dvvxphg wkdw iru vpdoo ydoxhv ri hq zh kdyh lqfuhdvlqj
uhwxuqv wr oderxu/ i

33

+hq, A 31 Khqfh/ zh kdyh X0vkdshg frvw fxuyhv wkdw doorz iru }hur
sxuh sur�wv dw dq lqwhulru vroxwlrq1

43Dovr/ dv qrwhg e| Doeuhfkw dqg Yurpdq +4<<;,/ hyhq wkrxjk wkh txdvl0Zdoudvldq
htxloleulxp lq Vkdslur dqg Vwljolw} +4<;7, lv lq idfw d Qdvk htxloleulxp/ rqfh wkh edvlf
Vkdslur0Vwljolw} prgho lv h{whqghg wkh htxlydohqfh ehwzhhq wkh wzr qrwlrqv ri htxloleulxp
qhhgv qrw krog1 Wklv lv lqghhg wkh fdvh lq rxu prgho zkhuh wkh zdjh0vhwwlqj ehkdylrxu ri
�upv fdxvhv wkh vwuxfwxuh ri wd{dwlrq wr pdwwhu iru htxloleulxp hpsor|phqw lq frqwudvw wr
zkdw Slvvdulghv +4<<;, rewdlqv lq klv txdvl0Zdoudvldq prgho ri h!flhqf| zdjhv1 Wkhuhiruh/
wkh lpsruwdqfh ri wkh vwuxfwxuh ri wd{dwlrq wkdw lv jhqhudoo| irxqg lq rxu prgho lv pruh
dnlq wr wkh uhvxowv lq wkh zdjh edujdlqlqj prghov ri Slvvdulghv +4<<;, +wudgh xqlrq dqg
vhdufk prghov,1

:



wkh htxloleulxp zdjh hodvwlflw| ri h�ruw h{fhhgv xqlw| zkhq wkh wd{ vfkhgxoh
lv surjuhvvlyh=

e/ � /

e
'

�E�� |� n @

�E�� |�
: �� +46,

516 Jryhuqphqw

Wkh jryhuqphqw froohfwv zdjh lqfrph wd{hv wr fryhu wkh surylvlrq ri wkh
sxeolfo| surylghg jrrg/ }/ dqg wkh +qhw, h{shqglwxuhv rq xqhpsor|phqw
ehqh�wv/ EM ��� q1 Wkxv/ wkh jryhuqphqw exgjhw frqvwudlqw uhdgv

�7 ' E|� � @�� � EM ��� q � } ' f� +47,

Zkhq zh frqvlghu edodqfhg0exgjhw wd{ uhirupv wkh wd{ sdudphwhuv E|c @� duh
fkdqjhg vxfk wkdw } fdq eh nhsw frqvwdqw/ _} ' f1 Rq wkh rwkhu kdqg/ lq
fdvh ri wd{ uhirupv kroglqj wkh dyhudjh wd{ rq zdjh lqfrph frqvwdqw/ wkhuh
zloo hlwkhu eh d gh�flw ru d vxusoxv rq wkh jryhuqphqw*v dffrxqwv1 Lw fdq
wkhuhiruh eh dujxhg wkdw rqo| edodqfhg0exgjhw wd{ uhirupv lqfoxgh doo wkh
uhohydqw h�hfwv ri wkh fkdqjhv lq wd{dwlrq1

517 Vkruw0Uxq Htxloleulxp

Lq wkh vkruw uxq wkh qxpehu ri �upv lv �{hg lpso|lqj wkdw lq d v|pphwulf
htxloleulxp wkh djjuhjdwh htxloleulxp ohyho ri hpsor|phqw/ � / lv mxvw d pxo0
wlsoh ri ? vxfk wkdw e| qrupdol}lqj wkh vkruw0uxq qxpehu ri �upv wr rqh/ zh
fdq h{suhvv wkh htxloleulxp frqglwlrqv iru � dqg � dv

e/ E/c��� E�� |�� e E/c�� ' f +48,

s �EeE/c����e E/c��� � ' f� +49,

Reylrxvo|/ iru wkh dqdo|vlv wr eh ri lqwhuhvw zh pxvw dvvxph wkdw xqhp0
sor|phqw suhydlov lq htxloleulxp/ l1h1 � 	 M1 Vlqfh wkh ghwhuplqdqw ri wkh
Mdfreldq ri htxdwlrqv 48 dqg 49/

���a7-���/ lv vwulfwo| srvlwlyh/44

���a7-��� ' k
s �� Een e��� en e�s

� E�� |�2
l
e//� n s ��e/e�e E�� |� : fc +4:,

48 dqg 49 gh�qh vkruw0uxq htxloleulxp ohyhov ri � dqg � dv ixqfwlrqv ri wkh
wd{ sdudphwhuv=

�7- ' ��E|c @� +4;,

�7- ' �2E|c @�� +4<,

44Dv lq Slvdxur +4<<4, zh dvvxph wkdw dq lqfuhdvh lq djjuhjdwh hpsor|phqw dovr ohdgv

wr dq lqfuhdvh lq djjuhjdwh h�hfwlyh oderxu lqsxw/ l1h1 wkdw g+h+$>Q,Q,
gQ

@ h. hQQ A 31
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518 Orqj0Uxq Htxloleulxp

Dv lq Doeuhfkw dqg Yurpdq +4<<<, orqj0uxq htxloleulxp rewdlqv wkurxjk
iuhh hqwu| dqg h{lw ri �upv/ lpso|lqj wkdw djjuhjdwh hpsor|phqw/ � / eh
ghwhuplqhg e| wkh }hur sxuh sur�w frqglwlrq/

� ' sEe E/c��?�� �? ' f� +53,

Qrwlfh wkdw vwduwlqj iurp d vkruw0uxq htxloleulxp zlwk srvlwlyh sur�wv dq
lqfuhdvh lq wkh qxpehu ri �upv udlvhv djjuhjdwh hpsor|phqw1 Wklv lqgxfhv
zrunhuv wr orzhu wkhlu h�ruw dv e� 	 f/ zkhuhe| sur�wv duh uhgxfhg1 Khqfh/
wkh dgmxvwphqw surfhvv lv vwdeoh1

Djdlq zh qhhg wr dvvxph � 	 M iru wkh dqdo|vlv wr eh ri lqwhuhvw1 Lq
wklv orqj0uxq yhuvlrq ri wkh prgho lw pdnhv vhqvh wr frqvlghu vwhdg| vwdwh
htxloleuld zkhuh wkh  rzv lqwr dqg rxw ri xqhpsor|phqw duh htxdo1 Khqfh/
lq wkdw vwhdg| vwdwh wkh suredelolw| ri ohdylqj xqhpsor|phqw/ �c zloo eh
ghwhuplqhg e| wkh  rz frqglwlrq

^ Ee�� ' � � EM ��� c +54,

vxfk wkdw

� ' �E�� '
^ Ee��

M ��
c +55,

zlwk �� E�� ' ^Ee�M

EM3��2
: f dv fodlphg deryh1

Lq wkh orqj0uxq htxloleulxp zh kdyh wkuhh htxloleulxp frqglwlrqv wr ghwhu0
plqh zdjhv/ �/ hpsor|phqw dw wkh �up ohyho/ ?/ dqg djjuhjdwh hpsor|phqw/
� 1 Wkxv/ wkh orqj0uxq htxloleulxp lv ghwhuplqhg e|

e/ E/c��� E�� |�� e E/c�� ' f +56,

s
�

EeE/c��?�e E/c��� � ' f +57,

sEe E/c��?�� �? ' f� +58,

Wkh ghwhuplqdqw ri wkh Mdfreldq iru wklv orqj0uxq prgho/
���au-���/ lv qrq0}hur

���au-��� ' e//�E�� |�2s
��

e2s
�

e�? 	 fc +59,

vxfk wkdw wkh wkuhh htxloleulxp frqglwlrqv gh�qh orqj0uxq htxloleulxp ohyhov
ri �/ ? dqg � dv ixqfwlrqv ri wkh wd{ sdudphwhuv=45

�u- ' x�E|c @� +5:,

45Zh duh dv vxfk qrw lqwhuhvwhg lq wkh h�hfwv rq �up ohyho hpsor|phqw/ q/ exw zh fdqqrw/
ri frxuvh/ ohdyh rxw wkh htxloleulxp frqglwlrq ghwhuplqlqj q/ vlqfh lw jhqhudoo| zloo d�hfw
wkh htxloleulxp uhvsrqvhv e| wkh yduldeohv ri lqwhuhvw/ z dqg Q / wr wkh wd{ uhirupv1

<



?u- ' x2E|c @� +5;,

�u- ' x�E|c @�� +5<,

6 Wd{ Uhirup Dqdo|vlv

Zh prgho wd{ uhirupv dv fkdqjhv lq wkh wd{ sdudphwhuv E|c @� vxfk wkdw
wkh lqfrph wd{ ehfrphv pruh surjuhvvlyh1 Wklv fdq eh dffrpsolvkhg e|
lqfuhdvlqj hlwkhu ri wkh wd{ sdudphwhuv dv fdq eh vhhq iurp wkh h�hfwv rq wkh
frh!flhqw ri uhvlgxdo lqfrph surjuhvvlrq/ - ' �3|

�3|n @

�

=

Y-

Y|
'

�@

�
�
�� |n @

�

�2 	 f +63,

Y-

Y@
'

� E�� |�

�
�
�� |n @

�

�2 	 f� +64,

Wzr w|shv ri wd{ uhirupv duh frqvlghuhg1 Iroorzlqj prvw ri wkh uhfhqw olwhu0
dwxuh rq wkh h�hfwv ri surjuhvvlyh lqfrph wd{dwlrq zh �uvw frqvlghu d �sxuh
lqfuhdvh lq wd{ surjuhvvlrq� zklfk dprxqwv wr lqfuhdvlqj wkh pdujlqdo wd{
udwh kroglqj wkh dyhudjh wd{ dw wkh suh0uhirup zdjh ohyho frqvwdqw1 Wkdw lv/
lqfuhdvlqj | dqg @ vxfk wkdw

_A ' �_|� _@ ' f� +65,

Li/ krzhyhu/ htxloleulxp zdjhv dqg hpsor|phqw duh d�hfwhg e| wkh wd{ uh0
irup d sxuh fkdqjh lq wd{ surjuhvvlrq lv qrw wkh hqg ri wkh vwru| vlqfh wkh
jryhuqphqw exgjhw lv d�hfwhg1 Khqfh/ wr frqvlghu wkh ixoo h�hfwv ri wkh wd{
uhirup d �edodqfhg0exgjhw lqfuhdvh lq wd{ surjuhvvlrq� vkrxog eh dqdo|}hg1
Wklv dprxqwv wr lqfuhdvlqj | dqg @ vxfk wkdw

E|� � @n q� _� n |�_� n ��_|��_@ ' fc +66,

zkhuh _� dqg _� duh wkh hqgrjhqrxv fkdqjhv lq hpsor|phqw dqg zdjhv
iroorzlqj wkh wd{ uhirup1 Vlqfh zh jhqhudoo| fdq vwdwh wkh htxloleulxp frq0
glwlrqv iru � dqg � dv

� ' �E|c @� +67,

� ' �E|c @�c +68,

wkh hpsor|phqw h�hfw ri d sxuh lqfuhdvh lq wd{ surjuhvvlrq iroorzv vwudljkw0
iruzdugo|

_�

_|

����
_A'f

' �
Y�

Y@
n

Y�

Y|
� +69,
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Wr rewdlq wkh h�hfwv ri d edodqfhg0exgjhw wd{ uhirup lv d olwwoh pruh fxp0
ehuvrph1 Wkh pdujlqdo udwh ri vxevwlwxwlrq ri wkh wzr wd{ sdudphwhuv lv

_@

_|

����
_}'f

'
�� n E|� � @n q� Y�E|c@�

Y|
n |�

Y�E|c@�
Y|

� � E|� � @n q� Y�E|c@�
Y@

� |�
Y�E|c@�
Y@

c +6:,

zklfk lv srvlwlyh xqghu wkh +uhdvrqdeoh, dvvxpswlrq wkdw d kljkhu wd{ udwh
jhqhudwhv d vxusoxv rq wkh jryhuqphqw*v dffrxqwv/ Y�7

Y|
: f/ zkloh d kljkhu

wd{ vxevlg| pdnhv wkh jryhuqphqw dffrxqwv jr lqwr gh�flw/ Y�7
Y@

	 f146 Wkh
edodqfhg0exgjhw hpsor|phqw h�hfw wkhq ehfrphv

_�

_|

����
_}'f

'
�

k
�
Y�E|c@�
Y@

n Y�E|c@�
Y|

l
n |�

k
Y�E|c@�
Y@

Y�E|c@�
Y|

� Y�E|c@�
Y|

Y�E|c@�
Y@

l

�Y�7
Y@

� +6;,

Ri frxuvh/ wkh wd{ lqflghqfh zloo gl�hu lq wkh vkruw uxq +zlwk d �{hg qxpehu ri
�upv, dqg wkh orqj uxq +zlwk iuhh hqwu| dqg h{lw,1 Zh wkhuhiruh frqvlghu wkh
wd{ uhirup h�hfwv lq wkh vkruw0uxq prgho dqg wkh orqj0uxq prgho vhsdudwho|1

614 Vkruw0Uxq H�hfwv ri Sxuh Lqfuhdvh lq Wd{ Surjuhv0

vlrq

Wklv lv zkdw prvw uhfhqw vwxglhv ri surjuhvvlyh wd{dwlrq kdyh frqvlghuhg= Lq
d vkruw0uxq htxloleulxp prgho ri dq lpshuihfwo| frpshwlwlyh oderxu pdunhw
wkh h�hfw ri lqfuhdvlqj wkh pdujlqdo wd{ udwh/ kroglqj wkh dyhudjh wd{ udwh
frqvwdqw/ lv dqdo|}hg +h1j1 Eryhqehuj dqg ydq ghu Sorhj +4<<7,/ Orfnzrrg
dqg Pdqqlqj +4<<6,/ Pdofrpvrq dqg Vduwru +4<;:,,1 Rxu prgho ixoo| uhsol0
fdwhv wkh hpsor|phqw errvwlqj h�hfw ri vxfk d wd{ uhirup/ dv vwdwhg lq wkh
iroorzlqj sursrvlwlrq1

Sursrvlwlrq 4 Hpsor|phqw lqfuhdvhv lq wkh vkruw uxq iroorzlqj d sxuh lq0
fuhdvh lq wd{ surjuhvvlrq1
Surri1 Gl�huhqwldwlqj wkh vkruw0uxq htxloleulxp frqglwlrqv 48 dqg 49 lp0
solflwo| zlwk uhvshfw wr wkh wd{ sdudphwhuv E|c @� dqg vroylqj iru wkh h�hfwv rq
zdjhv dqg hpsor|phqw |lhogv

Y�7-

Y|
'

e//�
2 E�� |�

k
s

��

Een e��� en s
�

e�
l
n e�e/�

�
s

��

e� n s
�

�
ma7-m

+6<,

46Wkxv/ zh edvlfdoo| dvvxph wkdw zh duh rq wkh ulvlqj sduw ri wkh lqfrph wd{ Od�hu0
fxuyh1 Qrwlfh wkdw wklv dvvxpswlrq dovr lpsolhv wkdw d edodqfhg0exgjhw wd{ uhirup wkdw
lqfuhdvhv w xqdpeljxrxvo| lqfuhdvhv wkh ghjuhh ri wd{ surjuhvvlrq vlqfh d lqfuhdvhv dorqj
zlwk w1
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Y�7-
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+73,

�
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'
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�

ma7-m
	 f +74,

Y�7-

Y@
' �

e/ E�� |�
k
e//� E�� |� s

�

n e�s
��

e/
l

ma7-m
: f +75,

Khqfh/ lqfuhdvlqj wkh wd{ sdudphwhuv wr nhhs wkh dyhudjh wd{ dw wkh suh0wd{
uhirup zdjh ohyho frqvwdqw/ _@ ' �_|/ wkh ryhudoo hpsor|phqw h�hfw ri wkh
wd{ uhirup lv

_�7-

_|

����
_A'f

'
�e2/� E�� |� s

��

e�

ma7-m
: fc +76,

zklfk reylrxvo| lv srvlwlyh1

Khqfh/ rxu prgho lv fdsdeoh ri h{sodlqlqj wkh uhvxow xvxdoo| irxqg lq wkh
uhfhqw olwhudwxuh flwhg deryh1 Wkh lqwhusuhwdwlrq ri wkh uhvxow lv vwudljkwiru0
zdug1 D kljkhu pdujlqdo wd{ udwh pdnhv wkh srvw0wd{ zdjh ohvv uhvsrqvlyh wr
fkdqjhv lq wkh suh0wd{ zdjh/ lpso|lqj wkdw iru d jlyhq frvw wr �up ri r�hulqj
d kljkhu zdjh/ wkh ehqh�w wr wkh �up ri holflwlqj pruh h�ruw ri lwv zrunhuv
lv vpdoohu wkh pruh surjuhvvlyh wkh wd{ v|vwhp lv1 Dv d frqvhtxhqfh/ d orzhu
zdjh lv r�huhg dqg pruh zrunhuv ehfrph hpsor|hg1

615 Vkruw0Uxq H�hfwv ri Edodqfhg0Exgjhw Lqfuhdvh lq

Wd{ Surjuhvvlrq

Reylrxvo|/ d sxuh fkdqjh lq wd{ surjuhvvlrq wkdw d�hfwv hlwkhu hpsor|phqw ru
zdjhv fdqqrw eh wkh hqg ri wkh vwru| vlqfh wkh jryhuqphqw exgjhw frqvwudlqw
lv d�hfwhg1 Lw lv wkhuhiruh ri lqwhuhvw wr dqdo|}h d edodqfhg0exgjhw wd{ uhirup
wkdw wdnhv doo ri wkhvh h�hfwv lqwr dffrxqw1 Shukdsv vrphzkdw vxusulvlqjo|/
zh fdq qr orqjhu vljq wkh hpsor|phqw h�hfw ri wkh wd{ uhirup1

Sursrvlwlrq 5 Wkh hpsor|phqw h�hfw ri d edodqfhg exgjhw lqfuhdvh lq wd{
surjuhvvlrq lv dpeljxrxv lq wkh vkruw uxq1
Surri1 Xvlqj htxdwlrqv 6<075 dqg wkh jhqhudo h{suhvvlrq iru wkh hpsor|phqw
h�hfw ri d edodqfhg0exgjhw wd{ fkdqjh/ htxdwlrq 6;/ lw lv vwudljkwiruzdug/ exw
fxpehuvrph/ wr vkrz wkdw lq jhqhudo wkh ryhudoo h�hfw rq hpsor|phqw fdq0
qrw eh vljqhg1 Krzhyhu/ li
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iru d Free0Grxjodv surgxfwlrq ixqfwlrq,/ wkh ryhudoo hpsor|phqw h�hfw lv
srvlwlyh1

Lqwxlwlyho|/ vlqfh zh nqrz wkdw iroorzlqj d sxuh lqfuhdvh lq wd{ surjuhvvlrq
wkh zdjh jrhv grzq dqg hpsor|phqw jrhv xs/ wkh h�hfw rq wkh wd{ edvh +wrwdo
oderxu lqfrph, lv dpeljxrxv1 Li wkh wd{ edvh lqfuhdvhv d orzhu dyhudjh wd{
lv qhhghg zklfk whqgv wr lqfuhdvh hpsor|phqw ixuwkhu1 Krzhyhu/ li wkh wd{
edvh idoov d kljkhu dyhudjh wd{ lv qhhghg dqg wkh hpsor|phqw h�hfw lv uhgxfhg
ru hyhq qhjdwhg1 Wkhuhiruh/ zh fdqqrw vljq wkh hpsor|phqw h�hfw zlwkrxw
lpsrvlqj dgglwlrqdo dvvxpswlrqv rq whfkqrorj| dqg suhihuhqfhv147

616 Orqj0Uxq H�hfwv ri Sxuh Lqfuhdvh lq Wd{ Surjuhv0

vlrq

Hyhq wkrxjk vkruw0uxq uhvxowv duh qrw xqlpsruwdqw lw lv d fulwlfdo dvvxpswlrq
wr wdnh wkh qxpehu ri �upv wr eh xqd�hfwhg e| wkh fkdqjh lq wd{ srolf|1 Li
vwduwlqj iurp d orqj0uxq htxloleulxp d wd{ uhirup ohdgv wr qhjdwlyh sxuh
sur�wv/ �upv zloo jr rxw ri exvlqhvv dqg wkh orqj0uxq hpsor|phqw h�hfw zloo
gl�hu iurp wkh vkruw0uxq h�hfw1 Dv wkh iroorzlqj wzr sursrvlwlrqv vkrz wklv
lv lqghhg wkh fdvh lq rxu prgho1

Sursrvlwlrq 6 Wkhuh lv qr orqj0uxq h�hfw rq hpsor|phqw ri d sxuh lqfuhdvh
lq wd{ surjuhvvlrq1
Surri1 Gl�huhqwldwlqj wkh orqj0uxq htxloleulxp frqglwlrqv/ htxdwlrqv 56058/
lpsolflwo| zlwk uhvshfw wr wkh wd{ sdudphwhuv E|c @� dqg vroylqj iru wkh h�hfwv
rq zdjhv dqg djjuhjdwh hpsor|phqw |lhogv=
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47Wklv lv h{dfwo| zkdw Slvvdulghv +4<<;, grhv zkhq kh vlpxodwhv ydulrxv vkruw0uxq htxl0
oleulxp xqhpsor|phqw prghov wr txdqwli| wkh h�hfwv ri fkdqjhv lq wd{ vwuxfwxuh1 Wkhuh0
iruh/ rxu uhvxow lv frpsdwleoh zlwk wkh srvlwlyh hpsor|phqw h�hfwv rewdlqhg e| Slvvdulghv1
Wkh uhdvrq kh grhv qrw rewdlq dq| h�hfwv ri fkdqjhv lq wkh wd{ vwuxfwxuh lq wkh h!flhqf|
zdjh prgho lv klv dvvxpswlrq ri h�ruw ehlqj d glfkrwrprxv yduldeoh/ lpso|lqj wkdw zdjhv
duh ghwhuplqhg lq d �txdvl0Zdoudvldq� idvklrq dgmxvwlqj wr htxdol}h d �qr0vklunlqj frqgl0
wlrq� dqg wkh ghpdqg iru oderxu iurp �upv1 Rqfh zdjhv duh vhw e| �upv wkh vwuxfwxuh ri
wd{hv lq xhqfh zdjhv dqg hpsor|phqw lq wkh vdph gluhfwlrq dv lq edujdlqlqj prghov +vhh
h1j1 Eryhqehuj dqg ydq ghu Sorhj +4<<7,,1 Wkhuhiruh/ rxu vkruw0uxq uhvxowv lv lpphgldwho|
pruh frpsdudeoh wr wkh zdjh edujdlqlqj uhvxowv rewdlqhg e| Slvvdulghv +4<<;,1
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Khqfh/ lqfuhdvlqj wkh wd{ sdudphwhuv wr nhhs wkh dyhudjh wd{ dw wkh suh0wd{
uhirup zdjh ohyho frqvwdqw/ _@ ' �_|/ wkh ryhudoo orqj0uxq hpsor|phqw h�hfw
ri wkh wd{ uhirup lv }hur
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' fc +7;,

lpso|lqj orqj0uxq qhxwudolw| ri wkh surjuhvvlyh lqfrph wd{ iru d jlyhq dyhudjh
wd{ ohyho1

Wkxv/ lq wkh orqj uxq dq| lqlwldo srvlwlyh hpsor|phqw h�hfw ydqlvkhv1 Wr
xqghuvwdqg zk| wkh srvlwlyh vkruw0uxq h�hfw ydqlvkhv lq wkh orqj0uxq qrwlfh
wkdw orqj0uxq hpsor|phqw lv ghwhuplqhg e| wkh }hur sxuh sur�w frqglwlrq

sEe E/c��?�� �? ' f� +7<,

Krzhyhu/ e| frqvwuxfwlrq d sxuh lqfuhdvh lq wd{ surjuhvvlrq ohdyhv wkh srvw0
wd{ zdjh xqfkdqjhg/ _/ ' ��_|n_@ ' f/ iru d jlyhq suh0wd{ zdjh/ lpso|lqj
wkdw wkhuh duh qr �uvw0rughu h�hfwv rq sur�wv148 Dv d frqvhtxhqfh/ wkh }hur
sxuh sur�w frqglwlrq lv xqd�hfwhg e| wkh wd{ uhirup dqg vr lv djjuhjdwh
hpsor|phqw1

617 Orqj0Uxq H�hfwv ri Edodqfhg0Exgjhw Lqfuhdvh lq

Wd{ Surjuhvvlrq

Dq hyhq pruh uhpdundeoh fkdqjh lq uhvxowv iroorzv zkhq wkh ixoo exgjhwdu|
h�hfwv ri wkh wd{ uhirup lv wdnhq lqwr dffrxqw1

Sursrvlwlrq 7 Hpsor|phqw idoov lq wkh orqj uxq iroorzlqj d edodqfhg exgjhw
lqfuhdvh lq wd{ surjuhvvlrq1
Surri1 Xvlqj htxdwlrqv 7707: iru wkh orqj0uxq h�hfwv rq zdjhv dqg hp0
sor|phqw ri fkdqjhv lq wkh wd{ sdudphwhuv dqg wkh jhqhudo h{suhvvlrq iru wkh
hpsor|phqw h�hfw ri d edodqfhg0exgjhw wd{ fkdqjh/ htxdwlrq 6;/ lw iroorzv
wkdw
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48Ri frxuvh/ wkh zdjh zloo jhqhudoo| uhvsrqg wr wkh wd{ fkdqjh/ exw gxh wr wkh hqyhorsh
wkhruhp wklv zloo kdyh qr �uvw0rughu h�hfwv rq sur�wv1
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Wkxv/ zkhq doo wkh exgjhwdu| h�hfwv ri wkh wd{ uhirup lv wdnhq lqwr df0
frxqw dqg iuhh hqwu| dqg h{lw ri �upv lv doorzhg iru d orqj0uxq htxloleulxp wr
pdwhuldol}h zh jhw h{dfwo| wkh rssrvlwh ri wkh xvxdo uhvxow= Wd{ surjuhvvlrq
lv edg iru hpsor|phqw149 Lqwxlwlyho|/ kroglqj wkh dyhudjh wd{ frqvwdqw wkhuh
lv qr h�hfw rq hpsor|phqw1 Krzhyhu/ wkh zdjh udwh jrhv grzq
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lpso|lqj wkdw wkh wd{ edvh ghwhulrudwhv14: Dv d frqvhtxhqfh/ wkh dyhudjh
wd{ pxvw eh lqfuhdvhg1 Udlvlqj wkh dyhudjh wd{ kdv d �uvw0rughu h�hfw rq
wkh sur�wv ri wkh �upv wkurxjk wkh zrunhuv* fkrlfh ri h�ruw/ dqg d kljkhu
dyhudjh wd{ ghsuhvvhv erwk h�ruw dqg sur�wv1 Wkhuhiruh/ vrph �upv jr rxw
ri exvlqhvv dqg djjuhjdwh hpsor|phqw idoov14;

7 Glvfxvvlrq ri wkh Uhvxowv

Reylrxvo|/ rxu uhvxowv uhyhdo wkdw wdnlqj wkh ixoo exgjhwdu| h�hfwv ri wkh wd{
uhirupv dqg wkh orqj0uxq uhvsrqvhv ri �upv wr wkh uhirupv lqwr dffrxqw pd|
eh fuxfldo wr wkh frqfoxvlrqv wr eh gudzq iurp wkh dqdo|vhv1 Zkdw uhpdlqv lv/
dprqj rwkhu wklqjv/ wr hvwdeolvk wkh ghjuhh ri jhqhudolw| ri rxu uhvxowv1 Iluvw/
wkh vdph nlqg ri dqdo|vlv vkrxog eh h{whqghg wr rwkhu htxloleulxp prghov
ri xqhpsor|phqw +edujdlqlqj prghov/ sulpdulo|,1 Wklv pd| qrw eh dq hdv|
wdvn dw wkh phwkrgrorjlfdo ohyho zkhuh h1j1 d orqj0uxq htxloleulxp frqglwlrq
ri }hur sxuh sur�wv zrxog uhqghu wudgh xqlrqv zlwkrxw dq| edujdlqlqj srzhu
lq wkh orqj uxq1 Rq wkh rwkhu kdqg/ lq vhdufk prghov zlwk zdjh edujdlqlqj
d }hur sxuh sur�w frqglwlrq +rq wkh ydoxh ri rshqlqj d ydfdqf|, lv w|slfdoo|
lpsrvhg pdnlqj lw udwkhu vwudljkwiruzdug wr h{whqg rxu dqdo|vlv wr vxfk d
vhwwlqj +vhh h1j1 Kdqvhq +4<<<,,1 Vhfrqgo|/ wkh prgho zh kdyh suhvhqwhg lv
edvlfdoo| d sduwldo htxloleulxpprgho1 Krzhyhu/ dw ohdvw iru edujdlqlqj prghov
wkh dgrswlrq ri d jhqhudo htxloleulxp vshfl�fdwlrq grhv qrw vhhp wr lq xhqfh
wkh uhvxowv txdolwdwlyho|/ vhh h1j1 Kdqvhq hw do1 +4<<8,1 Dv d wklug srlqw lw
frxog eh dujxhg wkdw jryhuqphqw frqvxpswlrq/ } lq rxu prgho/ wr d odujh

49D vrphzkdw vlplodu uhvxow lv rewdlqhg lq Udvpxvvhq +4<<;, lq whupv ri fkdqjlqj wkh
wd{ vwuxfwxuh rq �upv/ dowkrxjk wkdw prgho dvvxphv frqvwdqw uhwxuqv wr oderxu dqg qrw
ghfuhdvlqj uhwxuqv dv lq wkh suhvhqw prgho1

4:Qrwlfh wkh gl�huhqfh ehwzhhq wkh h�hfwv ri wklv zdjh fkdqjh rq �upv dqg wkh jry0
huqphqw= Wkh sur�wv ri wkh �upv duh xqd�hfwhg gxh wr wkh zdjh ehlqj rswlpdoo| fkrvhq
ehiruh wkh wd{ uhirup/ zkloh wkh zdjh fkdqjh kdv d �uvw0rughu h�hfw rq wd{ uhyhqxhv1

4;Dv phqwlrqhg deryh/ wkh idoo lq hpsor|phqw holflwv pruh h�ruw iurp zrunhuv uhvwrulqj
sur�wv dw wkhlu ruljlqdo +}hur, ohyho1
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h{whqw frqvlvwv ri vhuylfhv surgxfhg e| grphvwlf oderxu lqsxw1 Khqfh/ zkhq
d pruh surjuhvvlyh lqfrph wd{ orzhuv wkh zdjh ohyho wkh uhyhqxh uhtxluhphqw
lv dovr orzhuhg1 Dvvxplqj wkdw doo jryhuqphqw h{shqglwxuhv frqvlvw ri oderxu
lqsxw vhuylfhv wkh jryhuqphqw exgjhw frqvwudlqw ehfrphv

�7 ' E|� � @� E� n�}�� EM �� ��}� q � ��}c +85,

zkhuh �} lv sxeolf hpsor|phqw dvvxphg wr eh sdlg wkh pdunhw zdjh/ �14<

D edodqfhg0exgjhw wd{ uhirup lv qrz fkdqjhv lq wkh wd{ sdudphwhuv E|c @�
nhhslqj �} frqvwdqw1 Wkh orqj0uxq hpsor|phqw h�hfw ri vxfk d edodqfhg0
exgjhw wd{ uhirup fdq eh vkrzq wr eh
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vxfk wkdw wkh uhvxow lv qrw fkdqjhg txdolwdwlyho|1

8 Frqfoxglqj Uhpdunv

Wzr pdlq frqfoxvlrqv fdq eh ghulyhg iurp rxu dqdo|vlv1 Iluvw/ lw lv lpsruwdqw
wr wdnh wkh ixoo exgjhwdu| h�hfwv ri wd{ uhirupv lqwr dffrxqw zkhq fkdqjhv
lq wd{ vwuxfwxuhv duh dqdo|}hg1 Wklv lv pxfk olnh frqvlghulqj d jhqhudo htxl0
oleulxp dqdo|vlv lqvwhdg ri d sduwldo dqdo|vlv1 Vhfrqgo|/ orqj0uxq h�hfwv pd|
gl�hu vkduso| iurp vkruw0uxq h�hfwv dqg vlqfh wd{ uhirupv xvxdoo| duh xvhg
iru orqj0whup srolf| sxusrvhv dlphg dw doorfdwlyh h!flhqf|/ dv rssrvhg wr
vkruw0whup srolflhv gluhfwhg dw exvlqhvv f|foh  xfwxdwlrqv/ wkh orqjhu whup
uhvxowv duh suhvxpdeo| wkh pruh lpsruwdqw rqhv1

Wkh pruh vshfl�f uhvxowv rewdlqhg vhhp wr fdvw vhulrxv grxew rq uhfhqw
sudlvlqj ri kdylqj surjuhvvlyh wd{ vfkhgxohv +vhh Orfnzrrg dqg Pdqqlqj
+4<<6, dqg Slvvdulghv +4<<;,,1 Lq wkh vkruw uxq wkhuh pd| eh vrph ehqh�fldo
h�hfwv ri lqfuhdvlqj wd{ surjuhvvlrq/ exw lq wkh orqjhu uxq wkh lpsdfw rq wkh
sur�wv ri �upv iurp d edodqfhg0exgjhw lqfuhdvh lq wd{ surjuhvvlrq fdxvhv
dq dgmxvwphqw lq wkh qxpehu ri �upv wkdw xowlpdwho| uhyhuvhv wkh h�hfw rq
djjuhjdwh hpsor|phqw1

Ilqdoo|/ lw vkrxog eh qrwlfhg wkdw rxu uhvxowv pd| eh ixoo| frqvlvwhqw zlwk
uhfhqw hpslulfdo hylghqfh rq wkh h�hfwv rq surjuhvvlyh wd{dwlrq +vhh h1j1 Pdo0
frpvrq dqg Vduwru +4<;:,/ Orfnzrrg dqg Pdqqlqj +4<<6,/ Kropoxqg dqg
Nrop +4<<8, dqg Kdqvhq hw do1 +4<<8,, wkdw whqgv wr vxssruw wkh zdjh

4<E| dvvxpswlrq/ djjuhjdwh hpsor|phqw/ Q .Qj/ lv ohvv wkdq djjuhjdwh oderxu vxsso|/
K/ lq htxloleulxp1
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prghudwlqj dqg hpsor|phqw hqkdqflqj h�hfwv +dw ohdvw iru xqvnloohg zrun0
huv, vlqfh rxu prgho uhsolfdwhv wkdw uhvxow lq wkh vkruw uxq1 Krzhyhu/ vrph
hpslulfdo zrun gluhfwhg rq wkh orqj0uxq h�hfwv ri surjuhvvlyh wd{hv vhhpv
zduudqwhg1
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