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Zh dqdo|}h wr zkdw h{whqw vnloo khwhurjhqhlw| lq wkh oderu pdunhw

zlwk gl�huhqw zdjh irupdwlrq phfkdqlvpv fdq h{sodlq wkh ihdwxuhv ri wkh

Vsdqlvk oderu pdunhw1 Wkh prgho dvvxphv wzr w|shv ri zrunhuv zlwk

gl�huhqfhv lq vnloov1 Vnloohg oderu vhwv zdjhv lq dq h!flhqf| zd| zkloh

xqvnloohg oderu grhv lw wkurxjk d xqlrq1 Zh fdoleudwh wkh prgho zlwk

Vsdqlvk gdwd dqg dvvhvv lw wr dffrxqw iru gl�huhqfhv lq wkh oderu pdunhw

dprqj vnloohg dqg xqvnloohg zrunhuv1

MHO fodvvl�fdwlrq= H57/ H65/ M74/ M84

Nh|zrugv= h!flhqf| zdjh/ xqlrqv/ vnloohg0xqvnloohg oderu/ exvlqhvv f|0

fohv1

WLUHV/ Xqlyhuvlwì fdwkroltxh gh Orxydlq/ Sodfh Prqwhvtxlhx 6/ E0467; Orxydlq0od0Qhxyh/

Ehojlxp1 H0pdlo= Pxqr}Cluhv1xfo1df1eh1 Wkh dxwkru dfnqrzohgjhv �qdqfldo vxssruw iurp

Ixqgdflöq Udpöq Duhfhv/ Vsdlq1 L dovr wkdqn Gdylg gh od Furl{/ Ideulfh Froodug/ Mhdq0

Rolylhu Kdludxow/ Iudqêrlv Odqjrw dqg Jx| Huw} iru khos dqg hqfrxudjhphqw/ dv zhoo dv/ Oxlv

Sxfk dqg Udtxho Irqvhfd iru surylglqj ph zlwk Vsdqlvk Gdwd1 Wklv zrun ehqh�wwhg iurp

frpphqwv dqg vxjjhvwlrqv ri sduwlflsdqwv ri wkh LLL Zrunvkrs rq G|qdplf Pdfurhfrqrplfv/

rujdql}hg e| wkh Xqlyhuvlw| ri Yljr1 Dq| uhpdlqlqj huuru lv p| uhvsrqvlelolw|1
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4 Lqwurgxfwlrq

Dprqj Hxurshdq frxqwulhv/ Vsdlq lv wkh rqh wkdw kdv wkh kljkhvw udwh ri xqhp0
sor|phqw1 Wklv kljk ohyho ri xqhpsor|phqw kdv suryhg wr eh rqh ri wkh prvw
gl!fxow wr uhgxfh/ dowkrxjk wkh Vsdqlvk oderu irufh lv rqh ri wkh vpdoohvw lq
Hxursh1 Rqh h{sodqdwlrq ri wklv pd| eh irxqg lq phfkdqlvpv wkdw gulyh wkh
Vsdqlvk oderu pdunhw1 Wklv sdshu dlpv wr ixuqlvk d uhsuhvhqwdwlrq ri wkh oderu
pdunhw wr dffrxqw iru wkh khwhurjhqhlw| dv zhoo dv wkh Vsdqlvk vshfl�w|1

Ruwhjd +4<<;, dqdo|vhv wkh Vsdqlvk exvlqhvv f|foh uhodwhg wr lwv pdlq Hxur0
shdq qhljkerxuv1 Vkh �qgv wkdw wkh Vsdqlvk f|foh lv qrw gl�huhqw iurp qhljk0
erxulqj Hxurshdq hfrqrplhv dowkrxjk hpsor|phqw lv pruh yrodwloh1 Vrph ihd0
wxuhv ri wkh Vsdqlvk exvlqhvv f|foh vhhp wr eh hvshfldoo| lpsruwdqw lq rughu
wr fkdudfwhul}h dqg h{sodlq lwv oderu pdunhw14 Lq sduwlfxodu/ lw lv lpsruwdqw wr
lqwurgxfh d glvwlqfwlrq ehwzhhq vnloohg dqg xqvnloohg oderu/ li zh duh wr h{sodlq
ehkdylruv lq wkh Vsdqlvk oderu pdunhw1 Lqghhg/ vrph sdshuv +Vhh h1j1/ Vqhhvvhqv
hw do1 +4<<:,, kdyh vwuhvvhg wkh lpsruwdqfh ri khwhurjhqhlw| wr dffrxqw iru wkh
kljk udwh ri xqhpsor|phqw lq Vsdlq1 Wkh Vsdqlvk hfrqrp| kdv ehhq vkrzq wr
kdyh dq lpsruwdqw vwuxfwxudo xqhpsor|phqw udwh/ hvshfldoo| lq wkh orz vnloohg
oderu pdunhw1 Dowkrxjk wkh vnloohg oderu irufh kdv lqfuhdvhg vwhdglo| gxulqj
wkh odvw wzr ghfdghv/ lw lv vwloo pxfk vpdoohu frpsduhg wr wkh vl}h ri wkh xq0
vnloohg oderu irufh1 Ixuwkhu/ wkh vnloohg xqhpsor|phqw udwh kdv dovr ulvhq gxulqj
wkh zkroh shulrg/ exw uhpdlqv orzhu wkdq wkh xqvnloohg xqhpsor|phqw udwh1 D
prgho ri exvlqhvv f|fohv iru Vsdlq vkrxog wdnh lqwr dffrxqw lwv kljk xqhpsor|0
phqw udwh1 Wklv fdq eh lpsohphqwhg xvlqj d prgho ri lpshuihfw frpshwlwlrq1

Wr gr vr/ zh qhhg wr nqrz pruh derxw wkh Vsdqlvk oderu pdunhw lq whupv
ri vnloohg dqg xqvnloohg oderu1 Vnloohg hpsor|phqw lv ohvv yrodwloh wkdq xqvnloohg
hpsor|phqw/ erwk ri wkhp ehlqj ohvv yrodwloh wkdq rxwsxw1 Hyhq wkrxjk erwk
w|shv ri oderu duh surf|folfdo/ xqvnloohg oderu iroorzv rxwsxw pruh forvho|1 Sur0
gxfwlylw| ri vnloohg zrunhuv lv wzlfh dv yrodwloh dv wkdw ri xqvnloohg zrunhuv1
Ilqdoo|/ fruuhodwlrq ri erwk w|shv ri surgxfwlylwlhv zlwk rxwsxw uhpdlqv kljk
diwhu vrph shulrgv/ doprvw dv kljk dv wkh lqvwdqwdqhrxv fruuhodwlrq1 Doo wkhvh
idfwv looxvwudwh wkh qhhg wr ghfrxsoh wkh vnloohg dqg xqvnloohg oderu pdunhwv1
Pryhphqwv lq wkh vnloohg oderu pdunhw vhhp wr eh h{sodlqhg e| fkdqjhv lq
surgxfwlylw| udwkhu wkdq fkdqjhv lq wkh ohyho ri vnloohg hpsor|phqw/ |lhoglqj d
kljkhu vwdelolw| ri vnloohg hpsor|phqw frpsduhg wr xqvnloohg1

Wkh ehkdylru ri erwk w|shv ri djhqwv lv txlwh gl�huhqw zlwklq wkh f|foh dqg
pxfk fdq eh ohduqhg dv vrrq dv wkh| duh dqdo|}hg vhsdudwho|1 Vnloohg zrunhuv
ehqh�w iurp kljk hpsor|phqw surwhfwlrq zklfk hqvxuhv d juhdw vwdelolw| ri hp0
sor|phqw1 Dv d frqvhtxhqfh/ wkh dgmxvwphqw wr d vkrfn lv hvvhqwldoo| grqh lq
whupv ri surgxfwlylw| zkloh hpsor|phqw grhv qrw fkdqjh pxfk1 Rq wkh rwkhu
kdqg/ wkhuh h{lvw pruh xqvnloohg zrunhuv> jlyhq wkh kljk udwh ri xqvnloohg xqhp0
sor|phqw/ wklv |lhogv d orzhu hpsor|phqw vhfxulw|1 Ilupv suhihu wr pdlqwdlq d
vwdeoh surgxfwlylw| ri wkhlu zrunhuv/ zklfk lpsolhv wkdw prvw ri wkh dgmxvwphqw
lv grqh e| ydu|lqj hpsor|phqw1

4Gdwd vrxufhv dqg frpsxwdwlrq ri wkh Vsdqlvk vwdwlvwlfv duh vkrzq lq Dsshqgl{ L1
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Doo wklv vxjjhvwv wkdw wklv gxdolw| rq wkh oderu pdunhu lv dq lpsruwdqw vw|o0
l}hg idfw ri wkh Vsdqlvk exvlqhvv f|foh wkdw lw zrxog eh lqwhuhvwlqj wr kdyh d
prgho wr dffrxqw iru lw1 Vrph duwlfohv kdyh ehjxq wr lqfoxgh khwhurjhqhlw| lq
wkh oderu pdunhw1 N|godqg +4<<8, frqvlghuv d UEF prgho zlwk wzr w|shv ri
djhqwv � kljk dqg orz vnloohg zrunhuv � zlwk gl�huhqw surgxfwlylwlhv lq wkh
surgxfwlrq ixqfwlrq1 Kh fdoleudwhv wkh prgho rq XV gdwd dowkrxjk kh srlqwv
wkh odfn ri vrph khwhurjhqhlw| phdvxuhphqwv rxw1 Vrph prghov kdyh uhsruwhg
jrrg uhvxowv iru uhsolfdwlqj wkh Vsdqlvk exvlqhvv f|foh/ h1j1/ Sxfk dqg Olfdq0
gur +4<<:,1 Krzhyhu qrqh ri wkhp kdyh wulhg wr uhsolfdwh wkh vshfldo gxdolw|
ihdwxuhv ri wkh oderu pdunhw zlwklq d UEF iudphzrun1 Wklv duwlfoh lqwurgxfhv
vnloo khwhurjhqhlw| lq wkh Vsdqlvk exvlqhvv f|foh dqg frpsduhv wkh uhvxowv wr d
ehqfkpdun prgho/ Kdqvhq e| +4<;8,/ fdoleudwhg zlwk Vsdqlvk gdwd1 Wklv doorzv
xv wr dvvhv zkdw zh jdlq lqfoxglqj khwhurjhqhlw|1

Ixuwkhupruh/ dv srlqwhg rxw e| Ylôdov dqg Mlphqr +4<<:,/ wkh zd| wkh
vdodu| lv ghwhuplqhg lq Vsdlq fdq khos wr h{sodlq wkh vshfldo ihdwxuhv ri wkh
Vsdqlvk xqhpsor|phqw udwh1 Grodgr hw do1 +<:, dqdo|}h wkh froohfwlyh edujdlqlqj
dqg zdjh glvshuvlrq lq Vsdlq/ dqg �qg wkdw djuhhg zdjhv duh elqglqj rqo|
iru vhpl0vnloohg dqg xqvnloohg zrunhuv1 Wkh suhvhqw duwlfoh wkxv frqvlghuv wzr
lqvwlwxwlrqdo duudqjhphqwv iru wkh zdjh vhwwlqj ri vnloohg dqg xqvnloohg zrunhuv
lq wkh Vsdqlvk oderu pdunhw1 Dv wkh vnloohg oderu irufh lv pxfk vpdoohu wkdq wkh
xqvnloohg oderu irufh/ vnloohg oderu zdjhv duh vhw iroorzlqj wkh h!flhqf| zdjh
wkhru|1 Wkh udwlrqdolw| iru wkh vshfldo h�ruw ixqfwlrq frphv iurp Ehzoh| +4<<:,
zkr dqdo|}hg wkh zdjh uljlglw| wkurxjk d vxuyh| ri wkuhh kxqguhg exvlqhvv
shrsoh/ oderu ohdghuv/ exvlqhvv frqvxowdqwv dqg frxqvhoruv ri xqhpsor|hg shrsoh
lq wkh XV1 Dffruglqj wr wklv wkhru|/ �upv sd| vshfldo dwwhqwlrq wr wkh prudoh/
zklfk ghshqgv rq uhodwlyh zdjhv1 Zrunhuv qrw rqo| frpsduh wkhlu suhvhqw zdjhv
wr rqh wkh| fdq hduq lq vrph rwkhu �up exw dovr wr wkh zdjh wkh| hduqhg wkh
suhylrxv shulrg1 Wkh krxvhkrog shufhlyhv lqfuhdvhv lq zdjhv dv dq dssuredwlrq
dqg d uhzdug1 Lq wklv zd|/ wkh �up surprwhv kljk surgxfwlylw|/ jrrg prudoh dqg
d jrrg frpsdq| uhsxwdwlrq zklfk khosv ixwxuh uhfuxlwlqj dqg uhgxfhv wxuqryhu
frvwv1 Rq wkh frqwudu|/ zrunhuv ihho lqvxowhg e| d sd| fxw1

Xqvnloohg oderu zdjhv duh vhwwohg e| d xqlrq1 Ploqhu dqg Qrpehod +4<<8,
dqdo|}h wkh pdlq xqlrq ihdwxuhv lq Vsdlq1 Wkh| vkrz wkdw Vsdlq kdv txlwh d
fhqwudol}hg v|vwhp ri xqlrqv1 Wdnhq iurp wkdw duwlfoh/ Wdeoh 4 vkrzv gdwd rq
wkh suhvhqfh ri xqlrqv lq Vsdlq=

Wdeoh 4= Xqlrq Suhvhqfh lq Vsdlq 4<:;04<<3
\hdu Hpsor|hhv ( Fryhuhg ( Yrwlqj

4<:; ;78919 861< �
4<;3 ;36518 :916 �
4<;5 ::661; ;415 5<17
4<;9 :9861< ;513 7616
4<<3 <5:617 ;515 771:

Wkh qxpehu dqg wkh shufhqwdjh ri hpsor|hhv uhsuhvhqwhg e| wkh edujdlqlqj
v|vwhp kdv lqfuhdvhg ryhu wkh shulrg frqvlghuhg1 Wklv fdq eh h{sodlqhg wr eh d
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frqvhtxhqfh ri frpsxovru| xqlrq hohfwlrqv= lq Vsdlq/ zrunhuv kdyh wr yrwh iru
wkh xqlrqv frxqflov zklfk uhsuhvhqw wkhp lq wkh edujdlqlqj surfhvv zlwk wkh
�up1

Dehooäq hw do1 +4<<:, dovr dqdo|}h lpsolfdwlrqv ri wkh froohfwlyh edujdlqlqj lq
Vsdlq1 Wkh edujdlqlqj lv grqh dw wzr ohyhov/ uhjlrqdo dqg vhfwruldo edujdlqlqj/
zklfk pxvw eh dffhswhg e| doo �upv ehorqjlqj wr wkdw vhfwru ru uhjlrq1 Wklv
ohdgv xv wr dvvxph lq rxu prgho wkdw xqvnloohg zrunhuv duh uhsuhvhqwhg e| d
fhqwudol}hg xqlrq1 Dv zh kdyh vkrzq/ xqlrq djuhhphqwv duh h{whqghg wr ;5( ri
wrwdo hpsor|hhv dqg duh yrwhg e| kdoi ri wkhp1

Wklv sdshu doorzv xv wr dvvhvv zkhwkhu wkh sursrvhg zdjh vhwwlqj phfkdqlvpv
duh deoh wr uhsurgxfh wkh pdlq ihdwxuhv ri wkh Vsdqlvk exvlqhvv f|foh1 Zh dovr
lqfoxgh d vhfrqg yhuvlrq ri wkh prgho zlwk lpshuihfw lqirupdwlrq/ wr dvvhv wkh
lpsruwdqfh ri odjv lq wkh uhvsrqvh ri wkh hfrqrp| wr whfkqrorjlfdo vkrfnv1

Wkh duwlfoh lv rujdql}hg dv iroorzv= vhfwlrq 5 ghvfulehv wkh ehkdylru ri wkh
gl�huhqw djhqwv dqg h{sodlqv erwk prghov1 L �uvw frqvlghu d prgho zlwk wzr
w|shv ri djhqwv lq zklfk xqvnloohg oderu vhwv zdjhv wkurxjk d xqlrq lq d frp0
sohwh lqirupdwlrq vhwwlqj1 L dovr frqvlghu dq lqfrpsohwh lqirupdwlrq yhuvlrq ri
wklv prgho1 Lq erwk prghov wkh zdjhv dqg hpsor|phqw ri vnloohg zrunhuv duh
ghwhuplqhg wkurxjk dq h!flhqf| zdjh phfkdqlvp1 Vhfwlrq 6 ghdov zlwk fdol0
eudwlrq ri wkh prghov1 Vhfwlrq 7 dqdo|}hv wkh exvlqhvv f|foh surshuwlhv ri wkh
gl�huhqw prghov1 Ilqdoo|/ vhfwlrq 8 frqfoxghv1

5 Ghvfulswlrq ri wkh Hfrqrp|

Wklv vhfwlrq suhvhqwv wkh ehkdylru ri wkh krxvhkrogv/ wkh �up dqg wkh jry0
huqphqw1 Zh odwhu suhvhqw wzr dowhuqdwlyh prghov/ zlwk dqg zlwkrxw shuihfw
lqirupdwlrq iru wkh zdjh vhwwlqj ri xqvnloohg zrunhuv1 Wkh htxloleulxp ri hdfk
hfrqrp| lv wkhq gh�qhg15

514 Wkh Krxvhkrogv

Wkh hfrqrp| kdv wkuhh w|shv ri lq�qlwho|0olyhg krxvhkrogv= fdslwdolvwv/ vnloohg
dqg xqvnloohg zrunhuv1 Hdfk jurxs gl�huv lq vl}h/ zklfk lv phdvxuhg e| wkh
oderu irufh ri hdfk jurxs1 Qx ghqrwhv wkh xqvnloohg oderu irufh� l1h1 xqvnloohg
djjuhjdwh oderu vxsso|/ zkhuhdv Qv lv wkh djjuhjdwh oderu vxsso| iru vnloohg
zrunhuv1 Wkh qxpehu ri fdslwdolvwv lv qrupdol}hg wr rqh dqg lwv frqvxpswlrq lv
vxfk wkdw wkh vxp ri wkh frqvxpswlrq ri wkh wkuhh gl�huhqw w|shv ri krxvhkrogv
lq vwhdg| vwdwh htxdov wrwdo frqvxpswlrq1 Wklv surfhgxuh wdnhv lqwr dffrxqw
wkh uhodwlyh vl}h ri wkh zrunhu*v oderu irufh zkloh vlpsoli|lqj wkh vl}h ri wkh
fdslwdolvwv lv qrw lpsruwdqw lq wkh vxevhtxhqw dqdo|vlv1

Zkhq hdfk lqglylgxdo lv eruq/ kh shuihfwo| nqrzv wkh jurxs kh ehorqjv wr1
Zh ixuwkhu dvvxph wkdw wkhuh lv qhlwkhu wudlqlqj qru ohduqlqj � l1h1 zh frqvlghu

5Khuhdiwhu/ djjuhjdwh yduldeohv duh ghqrwhg lq xsshu fdvh zkhuhdv yduldeohv shu h!flhqf|

xqlwv duh jlyhq lq orzhu fdvh/ h1j1/ +| '
tw

fw

1
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d vwdwlf khwhurjhqhlw| dprqj doo w|shv ri krxvhkrogv1 Doo krxvhkrogv kdyh wkh
vdph xwlolw| ixqfwlrq

H3

4[

w@3

�w
�
Fm>w �F

�4��

4� �
+4,

zkhuh � lv wkh vxemhfwlyh glvfrxqw idfwru/ zklfk zloo wxuq rxw wr eh wkh vdph
iru wkh wkuhh w|shv ri djhqwv1 Fm>w ghqrwhv frqvxpswlrq ri hdfk krxvhkrog ydoxhv
dqg F lv d plqlpxp ohyho ri frqvxpswlrq1 m @ v> x> n ghshqglqj rq zkhwkhu
wkh krxvhkrog lv vnloohg/ xqvnloohg ru d fdslwdolvw6 1

Djjuhjdwh frqvxpswlrq ri wkh hfrqrp| fruuhvsrqgv wr wkh vxp ri rswlpdo
frqvxpswlrq ri wkh wkuhh jurxsv/ wdnlqj lqwr dffrxqw wkh gl�huhqw vl}h ri hdfk
jurxs=

Fw @QvFv>w .QxFx>w .Fn>w

Zh dvvxph wkdw zrunhuv/ vnloohg dqg xqvnloohg/ kdyh wkh vdph wlph hqgrz0
phqw dqg hdfk r�hu rqh xqlw ri oderu1 Wkh| krzhyhu gl�hu lq wkh zd| wkh| duh
kluhg e| wkh �up1 Zh dvvxph wkdw qhlwkhu vnloohg qru xqvnloohg zrunhuv kdyh
dffhvv wr dvvhw pdunhwv/ dqg duh wkxv oltxlglw| frqvwudlqhg1 Wklv dvvxpswlrq
lpsolhv wkdw wkhuh lv qr ulvn vkdulqj ehwzhhq zrunhuv1 Zkloh ehlqj uhvwulfwlyh/
wklv dvvxpswlrq doorzv wr ghdo zlwk khwhurjhqhlw| zlwklq jurxsv/ dv vrph zrun0
huv zloo eh xqhpsor|hg1 Wklv suhyhqwv wr xvh wkh shuihfw lqvxudqfh phfkdqlvp
wudglwlrqdoo| lpsohphqwhg lq g|qdplf prghov lqfoxglqj xqhpsor|phqw dv/ h1j1/
Kdqvhq +4<;8,1 Rq wkh rwkhu kdqg/ wkh fdslwdolvw kdv frpsohwh dffhvv wr dvvhw
pdunhwv dqg fdq eh shuihfwo| lqvxuhg djdlqvw edg uhdol}dwlrqv ri wkh whfkqrorj0
lfdo vkrfn1

51414 Wkh Fdslwdolvw

Lq hdfk dqg hyhu| shulrg wkh fdslwdolvw fkrrvhv krz pxfk wr frqvxph dqg krz
pxfk wr vdyh iru wkh qh{w shulrg1 Vdylqjv duh xvhg wr irup wkh fdslwdo kh zloo
uhqw wr wkh �up1

Wkh fdslwdolvw uhqwv fdslwdo wr wkh �up dqg uhfhlyhv uwNw/ uw ehlqj wkh uhqwdo
udwh sdlg e| wkh �up lq wkh suhvhqw shulrg1 Wklv uhyhqxh lv xvhg wr frqvxph/
Fn>w/ lqyhvw/ Lw/ dqg sd| oxps�vxp wd{hv/ Ww1 Zh wkhuhiruh kdyh wkh iroorzlqj
exgjhw frqvwudlqw=

Fn>w . Lw . Ww @ uwNw +5,

Lqyhvwphqw lv xvhg wr irup fdslwdo dffruglqj wr wkh iroorzlqj odz ri dffxpx0
odwlrq

Lw @Nw.4 � +4� �,Nw +6,

6Wklv sdudphwhu sod|v dq hvvhqwldo uroh zkhq vroylqj wkh sureohp ri wkh xqlrq1 Rwkhuzlvh/

wkh rswlpdolw| frqglwlrq zrxog eh ixoo| vlpsol�hg1
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zkhuh � 5 ^3>4` lv wkh ghsuhfldwlrq udwh ri fdslwdo1 Wkh fdslwdolvw pd{lpl}hv +4,
vxemhfw wr +5, dqg +6,1

Wkh vhw ri �uvw rughu frqglwlrqv gh�qlqj wkh rswlpdo frqvxpswlrq dqg vdy0
lqjv sodq ri wkh fdslwdolvw fdq eh vwdwhg dv iroorzv=

�
Fn>w �F

�
��

@ �Hw

k�
Fn>w.4 �F

�
��

+4 . uw.4 � �,
l

+7,

wr zklfk zh dgg wkh iroorzlqj qr0Srq}l jdph frqglwlrq

olp
m$4

�w.m
�
Fn>w.4.m �F

�
��

Nw.4.m @ 3 +8,

Wkh uhodwlrq +7, lv wkh rswlpdo lqwhuwhpsrudo ghflvlrq zklfk vwdwhv krz pxfk
fdslwdo wr dffxpxodwh iru wkh qh{w shulrg= Wkh fdslwdolvw zloo srvwsrqh frqvxps0
wlrq xs wr wkh srlqw zkhuh wkh h{shfwhg glvfrxqwhg pdujlqdo xwlolw| ri ixwxuh
frqvxpswlrq htxdov wkdw ri suhvhqw frqvxpswlrq1 Ilqdoo|/ htxdwlrq +8, ixuqlvkhv
d whuplqdo frqglwlrq wr wkh hyroxwlrq ri Nw1

51415 Wkh Xqvnloohg Zrunhu

Zh suhvhqw lq wklv vhfwlrq wkh jhqhudo sureohp ri dq xqvnloohg zrunhu1 Kh lv
frpsohwho| oltxlglw| frqvwudlqhg dqg kdv qr dffhvv wr �qdqfldo pdunhwv1 Wkxv/ lq
hyhu| shulrg zrunhuv rqo| kdyh wr fkrrvh krz pxfk wr frqvxph1 Wkh| wkhuhiruh
idfh d vwdwlf sureohp1 D zrunhu pd{lpl}hv wkh xwlolw| ixqfwlrq +4, vxemhfw wr
wkh iroorzlqj frqvwudlqwv

Fx>w �Zx>w+4� �x, li hpsor|hg

Fx>w � Ex>w li xqhpsor|hg

Fx>w � F

zkhuh Zx>w ghqrwhv wkh zdjh wkh xqvnloohg zrunhu uhfhlyhv gxulqj wkh shulrg1
�x lv wkh wd{ udwh kh sd|v/ wklv �qdqfhv xqhpsor|phqw ehqh�wv/ Ex>w= Wklv
ehqh�w lv surylghg e| wkh jryhuqphqw dv d �{hg sursruwlrq/ �x/ ri wkh zdjh1
Dv +4 � �x, A �x> hduqlqjv ri dq hpsor|hg zrunhu duh dozd|v juhdwhu wkdq
xqhpsor|phqw ehqh�wv1 Zh dovr fkhfn wkdw Fx>w � F lv dozd|v yhul�hg iru rxu
fdoleudwlrq1

Lw lv zruwk qrwlqj wkdw wkh zdjh irupdwlrq vfkhph lv hvvhqwldo lq ghwhuplqlqj
wkh ohyho ri frqvxpswlrq dv lw zloo eh rswlpdo iru wkh krxvhkrog wr frqvxph lwv
hqwluh uhyhqxh/ qhw zdjhv ru ehqh�w ghshqglqj rq lwv vlwxdwlrq rq wkh oderu pdu0
nhw1 D wudgh xqlrq/ zlwk dqg zlwkrxw shuihfw lqirupdwlrq/ lv xvhg wr uhsuhvhqw
xqvnloohg krxvhkrogv1

Wudgh Xqlrq zlwk Shuihfw Lqirupdwlrq Zh frqvlghu d Uljkw0Wr0Pdqdjh
prgho1 Wkh wudgh xqlrq dfwv dv d prqrsvrqlvw1 Lw vhwv wkh zdjh/ wdnlqj wkh
�up*v oderu ghpdqg lqwr dffrxqw dqg jlyhq wkh ghflvlrqv ri wkh rwkhu �upv1
Wkhuh duh wkuhh srvvlelolwlhv= wr eh kluhg e| �up m/ wr eh kluhg e| dqrwkhu �up
ru wr eh xqhpsor|hg1 Li wkh zrunhu lv kluhg e| �up m> zlwk suredelolw| qm>w +wkh
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dyhudjh hpsor|phqw udwh, kh hduqv +4� � ,Zm>w/ wkh dyhudjh zdjh qhw ri wd{hv1
Li wkh zrunhu lv qrw kluhg e| wkh �up m/ kh zloo hlwkhu uhpdlq xqhpsor|hg gxulqj
wkh shulrg/ zlwk suredelolw| +4� qw,> dqg uhfhlyh Ew dv xqhpsor|phqw ehqh�wv
ru �qg d mre lq dqrwkhu �up/ zlwk suredelolw| qw> hduqlqj wkh dyhudjh zdjh qhw
ri wd{hv/ +4� � ,Zw1

Wkh wudgh xqlrq pd{lpl}hv wkh h{shfwhg xwlolw| ri lwv phpehuv/ jlyhq e|

qm>x>wQx

++4� �x,Zm>x>w �F,4��

4� �

.+4� qm>x>w,Qx

%
qx>w

++4� �x,Zx>w �F,4��

4� �
. +4� qx>w,

+Ex>w �F,4��

4� �

&

Zkhq vhwwlqj wkh zdjh/ wkh xqlrq idfhv d wudgh0r� zlwk hpsor|phqw1
Lw wdnhv wkh h�hfw ri zdjhv rq hpsor|phqw dv jlyhq/ yld wkh oderu ghpdqg

Zm>x>w @ �
\m>w

qm>x>wQx

=

Dw d v|pphwulf htxloleulxp/ wkh zdjh/ Zm>x>w/ dqg hpsor|phqw/ qm>x>w/ uh0
vshfwlyho| fkrvhq e| wkh wudgh xqlrq dqg wkh �up duh wkh vdph iru doo wudgh
xqlrqv

Zm>x>w @Zx>w ;m

qm>x>w @ qx>w ;m

dqg wkh rswlpdo zdjh vhwwlqj uxoh lv wkxv

+4� �,+4� �x,Zx>w

++4� �x,Zx>w �F,
@ +4� qx>w,

%
4�

�
Ex>w �F

++4� �x,Zx>w �F,

�4��
&

+9,

Wklv odvw h{suhvvlrq vwdwhv wkdw wkh wudgh xqlrq vhwv wkh xqvnloohg
zdjh vxfk wkdw wkh lqfuhdvh lq pdujlqdo xwlolw| lw lpsolhv lv htxdo wr wkh pdujlqdo
orvv lw lpsolhv wkurxjk wkh ghfuhdvh lq wrwdo xqvnloohg hpsor|phqw1 Qrwlfh wkdw
h{�dqwh doo phpehuv ri wkh xqlrq duh krprjhqhrxv1 Krzhyhu h{�srvw vrph ri
wkhp zloo eh xqhpsor|hg/ dffruglqj wr d orwwhu| zlwk d xqlirup suredelolw|
glvwulexwlrq1

Wudgh Xqlrq zlwk Lpshuihfw Lqirupdwlrq Lq wkh suhylrxv vhfwlrq/ wudgh
xqlrqv kdg shuihfw lqirupdwlrq dv wr wkh vwdwh ri wkh hfrqrp| zkhq vhwwlqj
zdjhv1 Zh qrz lqwurgxfh d uhvwulfwlrq rq wkh lqirupdwlrq vhw ri wkh wudgh xqlrq1
Wkh xqlrq kdv wr vhw wkh zdjh zlwkrxw nqrzlqj wkh fxuuhqw uhdol}dwlrq ri wkh
vkrfn= wkh xqlrq vhwv wkh uhdo zdjh ehiruh wkh whfkqrorjlfdo vkrfn/ shuihfwo|
nqrzq e| wkh �up/ rffxuv1 Ohw 
w @

�
}w>Nw>Z

x
w�4

�
ghqrwh wkh frpsohwh vhw

ri lqirupdwlrq ri wkh xqlrq xvhg lq wkh suhylrxv vhfwlrq1 Wkh �up nqhz wkh
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ohyho ri zdjhv iru xqvnloohg dqg fdslwdo iurp wkh suhylrxv shulrg dv zhoo dv wkh
fxuuhqw whfkqrorjlfdo vkrfn zkhq lw kdg wr pdnh lwv ghflvlrqv1

Khuh/ wkh wudgh xqlrq idfhv d gl�huhqw lqirupdwlrq vhw/ i
�w >

�

w � 
wj > vxfk
wkdw }w @5 
�w 1 Rqfh wkh xqlrq kdv vhw wkh zdjh/ wkh vkrfn rffxuv dqg wkh uhohydqw
lqirupdwlrq vhw lv 
w @ i
�w > }wj1

Wkh rswlpdo zdjh vhwwlqj uxoh lv wkhq vlplodu wr wkh suhylrxv fdvh h{fhsw
wkdw xqfhuwdlqw| lv lqwurgxfhg lq wkh hpsor|phqw uxoh1 Wkh �up vhwv wkh uhdo
zdjh iru xqvnloohg oderu exw hpsor|phqw zloo ghshqg rq wkh fxuuhqw vkrfn ri
wkh hfrqrp|/ zklfk lv qrw nqrzq dw wkdw prphqw1 Wkh zdjh vhwwlqj uxoh lv wkhq
jlyhq e|

+4� �,+4� �x,Zx>w

++4� � ,Zx>w �F,
@

%
4�

�
Ex>w �F

++4� �x,Zx>w �F,

�4��
&
H ^+4� qx>w,m


�

w `

Wkh ghflvlrq ri wkh �up7 lv wkhq frqglwlrqdo rq wkh h{shfwdwlrq ri hpsor|0
phqw/ H+qx>wm
�w ,/ lqvwhdg ri wkh wuxh ydoxh/ qx>w1

51416 Wkh Vnloohg Zrunhu

Vnloohg zrunhuv vxsso| doo wkhlu oderu hqgrzphqw exw fkrrvh krz pxfk h�ruw
wr ghyrwh wr zrun1 Dv wkh �up fdqqrw gluhfwo| frqwuro wkh ohyho ri h�ruw/ lw
fuhdwhv lqfhqwlyhv wr lqgxfh zrunhuv wr lqfuhdvh wkhlu h�ruw1 Gl�huhqw lqfhqwlyh
vfkhphv fdq eh irxqg lq wkh olwhudwxuh1 Lq wklv sdshu d g|qdplf �jliw h{fkdqjh�
h!flhqf| zdjh vfkhph lv dvvxphg1 Zrunhuv frpsduh wkhlu zdjhv zlwk wkrvh
rewdlqhg lq suhylrxv shulrgv dv zhoo dv zlwk dq dowhuqdwlyh zdjh wkh| frxog hduq
lq d vlplodu frpsdq|1 Wklv vshfldo zdjh fkdudfwhul}dwlrq lv wdnhq iurp Froodug
dqg gh od Furl{ +4<<:,/ zkr vkrz wkh g|qdplf lpsolfdwlrqv ri frpsdulvrqv ri
fxuuhqw yhuvxv suhylrxv zdjhv e| lqglylgxdov1 Frpsdulvrqv zlwk vdodulhv hduqhg
e| shhuv lv dovr dq lpsruwdqw phfkdqlvp wkdw fdq ohdg zrunhuv wr lqfuhdvh wkhlu
h�ruw1 Dq h{sodqdwlrq iru vxfk dq h�ruw ixqfwlrq/ edvhg xsrq d vxuyh| iru wkh
X1V1/ fdq eh irxqg lq Ehzoh| +4<<:,/ zkr vwuhvvhv wkh lpsruwdqfh iru zrunhuv ri
uhdo zdjh frpsdulvrqv zlwk suhylrxv hduqhg zdjhv dv zhoo dv frpsdudeoh �upv*
zdjhv1 Wklv d�hfwv wkh vwdqgdug ri olylqj ri wkh krxvhkrogv dqg fdq eh ylhzhg
dv d nlqg ri lqfhqwlyh ru sxqlvkphqw uhodwhg wr wkh h�ruw ghyrwhg1

Wkh xwlolw| ixqfwlrq ghshqgv srvlwlyho| rq frqvxpswlrq dqg qhjdwlyho| rq
h�ruw/ dqg lv vhsdudeoh lq wkh wzr1 Wkh krxvhkrog pd{lpl}hv lwv lqwhuwhpsrudo
xwlolw| jlyhq e|

H3

4[
w@3

�w

%�
Fv>w �F

�4��
4� �

� gw

�
hw � !� � orj

�
Zv>w

Zd
v>w

�
� # orj

�
Zv>w

Zv>w�4

��5
&

7D whfkqlfdo lvvxh derxw krz wklv lghd kdv ehhq lpsohphqwhg fdq eh irxqg lq Dsshqgl{

LL1
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Fv>w dqg hw ghqrwh uhvshfwlyho| vnloohg frqvxpswlrq dqg h�ruw/Zv>w dqgZ
d
v>w duh

suhvhqw dqg dowhuqdwlyh zdjhv iru vnloohg zrunhuv1 !> �># duh srvlwlyh sdudphwhuv
zklfk ghwhuplqh wkh h�ruw ixqfwlrq1 gw/ lv d gxpp| yduldeoh zklfk wdnhv wkh
ydoxh 4 zkhq wkh djhqw lv hpsor|hg dqg }hur rwkhuzlvh1 Wkh krxvhkrog lv dovr
vxeplwwhg wr wkh vwdqgdug vhw ri frqvwudlqwv

Fv>w �Zv>w+4� � v, li hpsor|hg

Fv>w � Ev>w li xqhpsor|hg

Fv>w � F

Wkh dowhuqdwlyh zdjh lv jlyhq e|

Zd
v>w @ qv>wZv>w . +4� qv>w,Ev>w=

dqg wdnhv rqo| wkh zdjh wkh krxvhkrog fdq hduq rxw ri wkh �up lq d mre zklfk
pdwfkhv lwv vnloo1 Khqfh/ lw lv qrw srvvleoh wr wdnh mrev iru zklfk wkh djhqw grhv
qrw kdyh wkh uljkw vnloo1

Wkh vhw ri �uvw rughu frqglwlrqv gh�qlqj wkh rswlpdo frqvxpswlrq dqg h�ruw
sodq ri hdfk vnloohg krxvhkrog fdq eh vwdwhg dv

Fv>w @ Zv>w+4� �v,qv>w . +4� qv>w,Ev>w +:,

hw @ !. � orj

�
Zv>w

Zd
v>w

�
.# orj

�
Zv>w

Zv>w�4

�
+;,

Htxdwlrq +:, vwdwhv wkh rswlpdo frqvxpswlrq iru wkh vnloohg krxvhkrogv zkhq
wkh| duh hpsor|hg/ qv>w/ ru xqhpsor|hg/ +4 � qv>w,1 Li wkh| duh hpsor|hg wkh|
kdyh wr sd| d sursruwlrq ri � v ri wkhlu zdjh0lqfrph dv wd{hv1 Htxdwlrq +;,
gh�qhv wkh h�ruw ixqfwlrq/ zklfk lv wdnhq lqwr dffrxqw lq wkh �upv* sodq wr
ghwhuplqh wkh oderu klulqj iru wklv nlqg ri zrunhuv1

515 Wkh Ilup

Wkh �up surgxfhv d krprjhqhrxv jrrg zklfk fdq hlwkhu eh frqvxphg ru lq0
yhvwhg1 Wkh surgxfwlrq ixqfwlrq lv ri wkh Free0Grxjodv w|sh=

\w @ }wN
�
w +[wQxqx>w,

�^hw+[wQvqv>w,`
4���� +<,

zkhuh Nw/ qv>w dqg qx>w ghqrwh uhvshfwlyho| fdslwdo/ vnloohg dqg xqvnloohg hp0
sor|phqw udwh1 Qv dqg Qx ghqrwh wkh vl}h ri wkh oderu vxsso| ri vnloohg dqg
xqvnloohg zrunhuv1 hw ghqrwhv wkh ohyho ri h�ruw zklfk lv ghwhuplqhg hqgrjh0
qrxvo| e| wkh �up dqg/ dv zloo eh vkrzq odwhu/ lv frqvwdqw zlwklq wkh exvlqhvv
f|foh1 [w lv d yduldeoh zklfk lpsolhv d h{rjhqrxv jurzwk dv [w @ �[w�41

� 5 ^3> 4, uhsuhvhqwv wkh hodvwlflw| ri rxwsxw zlwk uhvshfw wr fdslwdo/ zkhuhdv
� 5 +3>4,phdvxuhv wkdw ri xqvnloohg oderu1 Whfkqrorj| lv dvvxphg wr eh frqvwdqw
uhwxuqv wr vfdoh= �. � . +4��� �, @ 41
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Dv dq h!flhqf| zdjh phfkdqlvp lv frqvlghuhg/ wkh �up lv qr pruh d sulfh
wdnhu/ dqg wkh hfrqrp| ghsduwv iurp wkh Zdoudvldq htxloleulxp1 Wr fkrrvh wkh
zdjh wkdw rswlpl}hv wkh h�ruw ri wkh zrunhuv/ wkh �up wdnhv wkh h�ruw qrup ri
wkh zrunhuv/ htxdwlrq +;,/ lqwr dffrxqw1 Zh dvvxph wkdw wkh �up kdv qr frqwuro
rq wkh �vrfldo sdvw zdjh� zklfk lv rqh ri wkh uhihuhqfh zdjhv iru wkh zrunhuv1
Lq wklv vhwwlqj/ sdvw zdjhv duh wuhdwhg dv dq h{whuqdolw|= zkhq vnloohg zdjhv
duh vhw/ wkh �up grhv qrw uhdol}h wkdw lw zloo lq xhqfh qh{w shulrg zdjhv dqg
h�ruw/ zklfk lpsolhv d vwdwlf sureohp iru wkh �up1 Wkh dowhuqdwlyh dvvxpswlrq
lq zklfk wkh �up uhdol}hv wkdw lw fdq d�hfw qh{w shulrg zdjhv/ kdv ehhq suryhg
exw lw |lhogv wr dq xquhdolvwlf zdjh hyroxwlrq lq zklfk zdjhv duh qrw vwhdg| exw
dgmxvw xs dqg grzq1

}w uhsuhvhqwv d whfkqrorjlfdo vkrfn wkdw lv dvvxphg wr iroorz dq h{rjhqrxv
vwdwlrqdu| DU+4, surfhvv=

orj+}w, @ +4� �},orj+}, . �} orj+}w�4, . %w +43,

zlwk m�}m ? 4 dqg %w lv d Jdxvvldq zklwh qrlvh zlwk H+%w, @ 3 dqg H+%5w , @ �5}1
Orj+}, lv wkh xqfrqglwlrqdo phdq ri orj+}w,1

Wkh �up fkrrvhv Nw/ qx>w/ qv>w dqg Zv vr dv wr pd{lpl}h lwv sur�w=

\w �Zv>wQvqv>w �Zx>wQxqx>w � uwNw

vxemhfw wr +;, dqg +<,1
Wkh �uvw rughu frqglwlrqv duh jlyhq e|

uw @ �
\w

Nw

+44,

Zv>w @ +4� �� �,
\w

qv>wQv

+45,

Zx>w @ �
\w

qx>wQx

+46,

Qvqv>w @ +4� �� �,
\w

hw

� . #

Zv>w

+47,

Htxdwlrq +44, vwdwhv wkdw wkh udwh ri uhwxuq ri rqh xqlw ri fdslwdo dw shulrg
w lv htxdo wr lwv pdujlqdo surgxfwlylw|1 Htxdwlrqv +45, dqg +46, fruuhvsrqg/
uhvshfwlyho|/ wr vnloohg dqg xqvnloohg oderu ghpdqg1 Htxdwlrq +47, gh�qhv wkh
uxoh iru wkh zdjh ri wkh vnloohg zrunhuv/ lw vwdwhv wkdw wkh �up zloo lqfuhdvh zdjhv
iru vnloohg zrunhuv xqwlo wkh pdujlqdo frvw lw lpsolhv htxdov wkh pdujlqdo uhwxuq
ri lqfuhdvlqj h�ruw1

Wdnlqj htxdwlrqv +46, dqg +47,/ zh hqg xs zlwk d vwdwlf zdjh vhwwlqj ehkdylru
zklfk fruuhvsrqgv wr wkh vr0fdoohg Vrorz frqglwlrq=

Ch+Zv>w>Z
d
v>w>Zv>w�4,

CZv>w

Zv>w

h+Zv>w>Z
d
v>w>Zv>w�4,

@ 4
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Wklv vwdwhv wkdw wkh �up frqvlghuv d zdjh wkdw nhhsv wkh pdujlqdo surgxfwlylw|
ri h�ruw htxdo wr wkh dyhudjh surgxfwlylw|1 Lw lpsolhv wkdw lq wklv prgho wkh �up
fkrrvhv wkh uhdo zdjh vxfk wkdw h�ruw lv frqvwdqw ryhu wkh exvlqhvv f|foh=

hw @ � .# +48,

516 Wkh Jryhuqphqw

Wkh Jryhuqphqw sod|v d sdvvlyh uroh lq wklv hfrqrp|1 Lw ohylhv d oxps0vxp wd{/
Ww> iurp wkh fdslwdolvwv dqg d sursruwlrq ri wkh zdjh ri vnloohg dqg xqvnloohg
zrunhuv/ �v dqg �x1 Wklv dprxqw lv xvhg wr �qdqfh xqhpsor|phqw ehqh�wv/
glvwulexwhg wr xqvnloohg dqg vnloohg krxvhkrogv wkdw duh xqhpsor|hg/ Ex>w dqg
Ev>w1 Hdfk ehqh�w fruuhvsrqgv wr d sursruwlrq/ �v dqg �x> ri wkh zdjh ri
vnloohg dqg xqvnloohg zrunhuv/ uhvshfwlyho|1 Wd{hv/ Ww> duh froohfwhg vxfk wkdw
wkh Jryhuqphqw exgjhw frqvwudlqw lv dozd|v edodqfhg=

Ww .Qvqv>w� vZv>w .Qxqx>w�xZx>w @ +4� qv>w,QvEv>w . +4� qx>w,QxEx>w

517 Wkh Prghov

L qrz frqvlghu wkh wzr xqvnloohg zdjh irupdwlrqv suhylrxvo| suhvhqwhg wr gh�qh
wzr dowhuqdwlyh prghov wr eh vwxglhg lq wkh vhtxho1 Wkh zdjhv prgholwdwlrq lv d
jrrg uhsuhvhqwdwlrq iru wkh frqvlghuhg shulrg lq Vsdlq1 Hdfk prgho lv hydoxdwhg
dv wr lwv delolw| wr plplf wkh pdlq vw|ol}hg idfwv ri wkh Vsdqlvk hfrqrp| wkdw
zh kdyh douhdg| uhsruwhg1

Prgho L xvhv d xqlrq zlwk shuihfw lqirupdwlrq wr vhw wkh zdjh ri xqvnloohg
zrunhuv dqg dq h!flhqf| zdjh phfkdqlvp wr vhw wkdw ri wkh vnloohg1 Jlyhq
rxu gh�qlwlrq/ prvw ri wkh srsxodwlrq lv frqvlghuhg dv xqvnloohg krxvhkrogv1 Lq
Vsdlq/ oderu uhodwlrqvklsv kdyh fuhdwhg gxulqj wkh frqvlghuhg shulrg d v|vwhp
zlwk vwurqj xqlrqv zklfk uhsuhvhqw ru ghflgh rq wkh oderu frqglwlrqv iru wklv
jurxs1 Xqlrqv duh dzduh ri wkh zdjhv dv zhoo dv hpsor|phqw ri wkhlu phpehuv1
Krzhyhu/ wkh| gr qrw edujdlq rq wkh ehqh�wv zklfk duh fkrvhq e| wkh jryhuq0
phqw dv d sursruwlrq ri wkh zdjh1 Lq Prgho L/ wkh xqlrq shuihfwo| nqrzv wkh
vwdwh yduldeohv zkhq lw fkrrvhv zdjhv1 Pruh sduwlfxoduo|/ lw revhuyhv wkh vwdwh
ri qdwxuh1 Wkxv/ d srvlwlyh vkrfn zloo lqfuhdvh erwk zdjhv dqg hpsor|phqw1
Xqhpsor|phqw lv plfurirxqghg lq wklv prgho ehfdxvh ri wkh xqlrq ehkdylru=
wkh xqlrq �qgv lw rswlpdo wr vhw d kljkhu zdjh wkdq zrxog eh rswlpdo lq d
Zdoudvldq prgho/ vr wkdw d �up zloo eh zloolqj wr kluh ohvv zrunhuv wkdq lq d
Zdoudvldq iudphzrun1

Wkh vnloohg srsxodwlrq lv vpdoohu wkdq wkh xqvnloohg rqh1 Zh dvvxph wkdw
wkh �up fuhdwhv lqfhqwlyhv iru lwv vnloohg zrunhuv wr eh pruh surgxfwlyh1 Wklv
vnloohg jurxs fdq eh wkrxjkw ri dv d pdqdjhuldo idfwru1 Wkh| vxsso| wkh wrwdo
dprxqw ri wlph wkh| duh hqgrzhg zlwk exw fdq fkrrvh krz pxfk h�ruw wr ghyrwh
wr wkrvh krxuv1 +48, vkrzv wkdw lw lv hvvhqwldo iru wkh �up wr jlyh dq lqfhqwlyh
wr nhhs zrunhuv* h�ruw frqvwdqw ryhu wkh zkroh f|foh1 Dv wkh �up xvhv wkh zdjh
wr nhhs wkh h�ruw frqvwdqw/ lw sd|v kljkhu zdjhv wkdq lq d Zdoudvldq prgho dqg
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oderu ghpdqg lv orzhu wkdq lq wkh Zdoudvldq fdvh1 Dv vnloohg zrunhuv dozd|v

ghyrwh wkhlu wrwdo dprxqw ri ohlvxuh/ wkh oderu pdunhw ri vnloohg oderu grhv qrw

fohdu/ dqg vr xqhpsor|phqw dsshduv1

Prgho LL h{whqgv Prgho L wr dq lpshuihfw lqirupdwlrq hqylurqphqw1 Xqlrqv

xvxdoo| qhjrwldwh qh{w*v shulrg zdjh dw ohdvw rqh shulrg lq dgydqfh1 Zkhq wkh

xqlrq edujdlqv rq zdjhv/ lw grhv qrw nqrz wkh fxuuhqw vwdwh ri qdwxuh1 Zkhq wkh

vkrfn rffxuv/ wkh zdjh kdv douhdg| ehhq suhghwhuplqhg iru wkdw shulrg/ wkh �up

kluhv wkh zrunhuv wdnlqj wkh vkrfn lqwr dffrxqw1 Dv qr dgmxvwphqw fdq eh grqh

lq sulfhv/ lw zloo eh grqh lq whupv ri txdqwlwlhv1 Wkh gl�huhqw lqirupdwlrq vhw

surgxfhv d kljkhu yrodwlolw| ri hpsor|phqw dqg d orzhu yrodwlolw| ri wkh xqvnloohg

zdjhv1 Vnloohg zdjh uhpdlqv ghwhuplqhg wkurxjk idlu zdjh prwlydwlrqv1

518 Wkh Htxloleulxp

Wkh htxdwlrqv fkdudfwhul}lqj krxvhkrogv dqg �upv ehkdylru/ surylgh d vhw ri

htxloleulxp frqglwlrqv8 1 Erwk/ Prgho L dqg LL kdyh wkh vdph htxloleulxp frq0

glwlrqv/ h{fhsw lq whupv ri wkh lqirupdwlrq vhw frqvlghuhg1

Wkh ghfhqwudol}hg htxloleulxp iru hdfk prgho lv d vhw ri srolf| uxohv iru

ifw> lw> |w> hw> qv>w> qx>w> nw.4>zv>w> iru w � 3j vxfk wkdw wkh htxloleulxp frqglwlrqv

iru hdfk prgho krog1

6 Fdoleudwlrq

Wkh prgho lv fdoleudwhg iru wkh Vsdqlvk hfrqrp| xvlqj dqqxdo gdwd iurp 4<:3 wr

4<<719 Zh dovr fdoleudwh Kdqvhq*v prgho zlwk Vsdqlvk gdwd wr kdyh d ehqfkpdun

iru frpsdulvrq1 Wdeoh 6 uhsruwv wkh nh| udwlrv ri wkh Vsdqlvk hfrqrp| iru wkh

shulrg 4<:304<<71

Wdeoh 5= Ehqfkpdun Ydoxhv iru wkh Vsdqlvk Hfrqrp|
l
|

n
|

Qv@Qx qv qx
3164 5194 313< 31<3 31;:

� zvqv
|

zxqx
|

�v @ �x � v @ �x
413537 3143 3189 3175 313:7

�/ wkh udwh ri jurzwk ri whfkqlfdo surjuhvv/ lv frpsxwhg dv wkh dyhudjh udwh ri

jurzwk ri rxwsxw iru wkh shulrg frqvlghuhg1 n lv wkh dyhudjh fdslwdo iru wkh vdph

shulrg1 Wkh udwlr ri vnloohg wr xqvnloohg oderu vxsso|/ Qv@Qx> lv xvhg wr wdnh

wkh gl�huhqw vl}hv ri erwk jurxsv lqwr dffrxqw1 Doo wkhvh udwlrv duh ehqfkpdun

ydoxhv wkdw duh xvhg wr fdoleudwh wkh prgho1

8Wkh frqglwlrqv iru hdfk gl�huhqw prgho fdq eh vhhq lq Dsshqgl{ LLL1
9Gdwd vhulhv zhuh nlqgo| surylghg e| O1 Sxfk dqg R1 Olfdqgur +4<<:,/ dv zhoo dv e| Irqvhfd

dqg Vqhhvhqv +4<<:,1 Pruh lqirupdwlrq rq wkh gdwd fdq eh irxqg lq wkh dsshqgl{ LL1
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�v dqg �x duh nqrzq lq wkh olwhudwxuh dv uhsodfhphqw udwlrv/ l1h1/ wkh hduqlqjv
ri xqhpsor|hg shrsoh frpsduhg wr wkh hduqlqjv ri wkh hpsor|hg1 Jlyhq wkh
dydlodeoh gdwd/ wkh uhsodfhphqw udwlr lv wkh dyhudjh iru wkh shulrg 4<:30;;1 Dv
lw fdqqrw eh gl�huhqwldwhg dprqj vnloohg dqg xqvnloohg uhsodfhphqw udwlrv/ wkh
vdph ydoxh lv xvhg iru erwk jurxsv1 Wkh vdph surfhgxuh lv grqh iru wd{ udwhv/
� v dqg �x= Lq rughu wr frpsxwh wd{ udwhv zh rqo| frqvlghu sd|phqwv e| zrunhuv
dqg hpsor|hhv wr wkh vrfldo vhfxulw| v|vwhp wkdw fryhu xqhpsor|phqw ehqh�wv1
Dv klvwrulfdo gdwd kdyh qrw ehhq irxqg/ wkh fxuuhqw wd{ udwh kdv ehhq xvhg dv d
sur{| iru wkh zkroh shulrg frqvlghuhg1

Wkh dxwruhjuhvvlyh sdudphwhu/ �
}
> lv 31: iru erwk prghov1 Lw lv edvhg rq dq

DU+4, surfhvv ri wkh whfkqrorjlfdo vkrfn1 Wklv lv frpsxwhg dv wkh gl�huhqfh
ri rxwsxw dqg fdslwdo dqg oderu zlwk vl}hv � dqg +4 � �,/ uhvshfwlyho|1 Wkh
vwdqgdug ghyldwlrq ri wkh whfkqrorjlfdo vkrfn/ �

}
> lv fdoleudwhg wr uhsolfdwh wkh

vwdqgdug ghyldwlrq ri KS0�owhuhg rxwsxw lq wkh Vsdqlvk Hfrqrp|1 Wklv lpsolhv
wkdw hdfk prgho lv fkdudfwhul}hg e| d gl�huhqw ydoxh iru �}/ dv vkrzq lq wdeoh
71

Wdeoh 6= �
}
iru wkh prghov

Kdqvhq Prgho L Prgho LL
313595 313558 31353;

Zh vhh wkdw erwk sursrvhg prghov duh deoh wr uhsurgxfh wkh vwdqgdug gh0
yldwlrq ri rxwsxw zlwk d orzhu vwdqgdug ghyldwlrq ri wkh whfkqrorjlfdo vkrfn
frpsduhg wr Kdqvhq*v prgho1 Wklv frphv iurp wkh idfw wkdw erwk prghov wdnh
khwhurjhqhlw| lqwr dffrxqw dv zhoo dv uljlglwlhv lq wkh oderu pdunhw g|qdplfv1

�/ wkh sk|vlfdo ghsuhfldwlrq udwh/ lv ghwhuplqhg xvlqj wkh odz ri prwlrq ri
fdslwdo=

� @
l

|
@
n

|
. 4� �

� uhsuhvhqwv lq wklv prgho wkh uhodwlyh idfwru vkduh ri xqvnloohg oderu/ zklfk lv
frpsxwhg iurp gdwd vhulhv

� @
zxqx
|

dqg wkxv wdnhv wkh ydoxh ri 31891 �> wkh uhodwlyh idfwru vkduh ri wkh fdslwdo lqsxw/
lv frpsxwhg iurp

� @ 4� � �
zvqv
|

dqg wkxv wdnhv wkh ydoxh ri 31681 Wkhvh ydoxhv lpso| d idfwru vkduh ri vnloohg
oderu ri 3141 �� @ �@�� / uhsuhvhqwv wkh lqglylgxdo glvfrxqw idfwru zlwkrxw
jurzwk/ zklfk lv mxvw wkh lqyhuvh ri qhw surgxfwlylw|=

�� @
k
�
|

n
.4� �

l
�4
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Ilqdoo|/ wkh odvw htxdwlrq olqnv wkh lqwhuhvw udwh wr wkh lqglylgxdo glvfrxqw idfwru
dv u @ +4� ��,@��> zklfk lpsolhv d vwhdg| vwdwh ydoxh ri u @ 3=3681

Wdeoh 7= Sdudphwhuv ri wkh prgho
� � � �� � � f

zx

3168 3189 313<: 31<99 31< 726 3167

Erwk Prghov ghdo zlwk h!flhqf| zdjhv dqg vr !/ � dqg # kdyh wr eh fdol0
eudwhg wr ghwhuplqh wkh h�ruw ixqfwlrq1 Wkh sdudphwhu ! lv fdoleudwhg vxfk wkdw
vnloohg hpsor|phqw lv 31< lq vwhdg| vwdwh/ wkh dyhudjh hpsor|phqw rewdlqhg iurp
wkh gdwd vhulhv1 Wklv lpsolhv ! @ �^4.orj++4�� v,qv.+4�qv,�v,`.#+4.orj+�,,1
Zh kdyh wzr ixuwkhu sdudphwhuv wr fdoleudwh1 � lv vhw wr 31< dv lq Gdqwklqh dqg
Grqdogvrq +4<<3,/ zkr sursrvh d vwdwlf h�ruw ixqfwlrq forvh wr wkh rqh zh xvh
lq d g|qdplf vhwwlqj1 Wkh| fdoleudwh � lq wkhlu h�ruw ixqfwlrq wr kdyh d srvlwlyh
fruuhodwlrq zlwk surgxfwlylw| dqg prqhwdu| uhzdugv1 Dffruglqj wr Froodug dqg
gh od Furl{ +4<<:,/ # lv vhw vxfk wkdw wkh prgho plplfv wkh uhodwlyh vwdqgdug
ghyldwlrq ri vnloohg hpsor|phqw lq wkh Vsdqlvk hfrqrp|1 Wkh shuirupdqfh ri
rxu prghov zloo eh hydoxdwhg zlwkrxw uhihuhqfh wr wklv vwdwlvwlfdo prphqw1 Wklv
sdudphwhu wdnhv d ydoxh ri 31:7 iru Prgho L dqg 31:5 iru Prgho LL

f

zx
lv xvhg wr fdoleudwh wkh sdudphwhu f lq wkh prgho1 Wklv sdudphwhu lv srv0

lwlyh dqg uhihuv wr wkh plqlpxp frqvxpswlrq ohyho krxvhkrogv zdqw wr dfklhyh1
Wkh ydoxh ri f

zx
lv slqqhg grzq vxfk wkdw � @ 7@6> zklfk lv wdnhq iurp wkh udqjh

ri rswlpdo hvwlpdwhg ydoxhv iru wkh lqwhuwhpsrudo vxevwlwxwlrq ri frqvxpswlrq
frpsxwhg lq Kdqvhq dqg Vlqjohwrq +4<;5,1 Wkh ydoxh ri � ghwhuplqhv wkh hodv0
wlflw| ri vxevwlwxwlrq ri frqvxpswlrq ehwzhhq wzr shulrgv1 Wklv lv dssur{lpdwhg
e| 4@� dqg wdnhv d ydoxh ri 31:8/ zklfk lv lqvlgh wkh udqjh ri ydoxhv hvwlpdwhg1
Odujhu ydoxhv iru � lpso| d orzhu hodvwlflw|/ zklfk hvshfldoo| d�hfwv wkh zdjh
vhwwlqj ri wkh xqlrq1

7 F|folfdo surshuwlhv ri wkh prgho

Lq wklv vhfwlrq/ zh dvvhvv zkhwkhu wkh sursrvhg prghov duh deoh wr dffrxqw iru
wkh pdlq ihdwxuhv/ hvshfldoo| wkrvh uhodwhg wr wkh khwhurjhqhlw| ri wkh Vsdqlvk
oderu pdunhw1

Zh dovr uhsruw d fdoleudwlrq iru Vsdlq ri Kdqvhq*v lqglylvleoh oderu prgho
+4<;8,/ zklfk fdq eh frqvlghuhg dv d vwrfkdvwlf jhqhudo htxloleulxp ehqfkpdun
prgho1 Wr gr vr/ zh fdoleudwh wkdw prgho xvlqj wkh vdph gdwd vrxufhv dqg
udwlrv ri wkh Vsdqlvk hfrqrp| xvhg lq wkh rwkhu wzr prghov lq rughu wr eh deoh
wr frpsduh doo wkuhh1 Prvw ri wkh udwlrv xvhg duh forvh wr wkh ruljlqdo rqhv xvhg
e| Kdqvhq h{fhsw wkh udwlr n@|/ zklfk lv orzhu lq rxu fdvh1

Wdeoh 8 uhsruwv wkh uhodwlyh vwdqgdug ghyldwlrq dqg frqwhpsrudqhrxv fru0
uhodwlrq ri KS0�owhuhg djjuhjdwh yduldeohv lq wkh Vsdqlvk hfrqrp| zlwk wkhlu
wkhruhwlfdo frxqwhusduw1 Zh gh�qh surgxfwlylwlhv dv Sql @ \@ql/ l @ v> x=
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Wdeoh 8= Vhfrqg Rughu Prphqwv dqg Fruuhodwlrqv zlwk KS �owhu
Vsdqlvk Gdwd Kdqvhq Prgho L Prgho LL
+4, +5, +4, +5, +4, +5, +4, +5,

f 31;5 31;; 3173 31;3 3199 31<< 3197 31<<
l 41;; 31;< 5193 31<; 41:: 4133 41;8 31<<
qv 3194 3199 0 0 3194 31;5 3194 31;6
qx 31;6 31<3 0 0 31<3 4133 31<: 4133
q 31;4 31;< 31:5 31<7 31;: 4133 31<6 4133

Sqv 31:8 31:< 0 0 3194 31;5 3193 31;5
Sqx 3177 318; 0 0 3143 4133 313: 3174
Sq 317: 3194 3173 31;3 3146 31<: 3144 3195

+4,= uhodwlyh vwdqgdug ghyldwlrq zlwk uhvshfw wr rxwsxw

+5,= suhvhqw fruuhodwlrq zlwk rxwsxw

Dv h{sodlqhg suhylrxvo|/ # lv fkrvhq wr pdwfk wkh vwdqgdug ghyldwlrq ri
vnloohg hpsor|phqw lq hdfk prgho/ vr wkdw wkh glvfxvvlrq zloo qrw uho| rq wklv
prphqw1

Dowhuqdwlyho|/ d gl�huhqw ghwuhqglqj �owhu lv xvhg wr dqdo|}h wkh urexvwqhvv
ri wkh uhvxowv1 Fdqryd +4<<;, vkrzv krz gl�huhqw �owhuv fdq d�hfw wkh uhvxowv ri
wkh gdwd1 Kh hpskdvl}hv wkh lghd wkdw hdfk �owhu uhpryhv gl�huhqw iuhtxhqflhv
iurp wkh gdwd dqg wkxv fdq ohdgv wr dowhuqdwlyh rxwfrphv1 Exuqvlgh +4<<;,
djuhhv zlwk Fdqryd lq wkh uhohydqfh ri wkh �owhulqj surfhvv ohdglqj gl�huhqw
rxwfrphv1 Krzhyhu/ kh uhmhfwv wkh pdmru lq xhqfh ri wkh ghwuhqglqj �owhu lq
exvlqhvv f|fohv vw|ol}hg idfwv vlqfh wkh gh�qlwlrq ri �f|fohv� dqg �wuhqg� duh
qrw xqltxh1 Lw vhhpv fohdu wr dqdo|}h wkh gdwd zlwk vhyhudo dowhuqdwlyh �owhuv wr
lpsuryh wkh h{sodqdwlrq srzhu ri wkh prghov1 Lq Ilrulwr dqg Nroolqw}dv +4<<7,
wzr dowhuqdwlyh ghwuhqglqj phwkrgv duh xvhg1 Rqh lv d �uvw rughu gl�huhqfh
surfhvv zklfk lv riwhq xvhg lq hfrqrphwulfv1 Krzhyhu/ lw dvvxphv d xqlw urrw
surfhvv zklfk grhv qrw vhhp wr eh wkh fdvh ri wkh gdwd vhulhv xvhg khuh1 Zh
wkhuhiruh rqo| irfxv rq wkh vhfrqg �owhu sursrvhg e| Ilrulwr dqg Nroolqw}dv/
f|fohv ehlqj wkh uhvlgxdov iurp d txdgudwlf wuhqg vxfk dv=

orj+\w, @ �. �w. �w5 . %w

Wdeoh 9 vkrzv wkh uhodwlyh vwdqgdug ghyldwlrqv dqg frqwhpsrudqhrxv fru0
uhodwlrqv zlwk rxwsxw xvlqj wklv odvw �owhu iru dfwxdo gdwd/ iru erwk sursrvhg
prghov dqg Kdqvhq*v ehqfkpdun prgho1 Dv suhylrxvo|/ wkh sdudphwhu # lv fkr0
vhq wr pdwfk wkh dfwxdo vwdqgdug ghyldwlrq ri vnloohg oderu zkloh wkh vwdqgdug
ghyldwlrq ri wkh whfkqrorjlfdo vkrfn lv fkrvhq vxfk wkdw erwk prghov uhsolfdwh
wkh vwdqgdug ghyldwlrq ri dfwxdo rxwsxw1 Wkh sdudphwhu # wdnhv ydoxhv wkdw
duh odujhu wkdq wkrvh rewdlqhg zlwk wkh suhylrxv ghwuhqglqj surfhgxuh/ zkloh
iru erwk prghov wkh vwdqgdug ghyldwlrqv ri wkh whfkqrorjlfdo vkrfn duh ohvv wkdq
wkh rqhv irxqg zlwk wkh suhylrxv �owhu1 Wklv lpsolhv wkdw zh qhhg wr lpsrvh
ohvv yduldqfh rq wkh vkrfn lq rughu wr uhsurgxfh wkh vwdqgdug ghyldwlrq ri dfwxdo
rxwsxw/ exw d odujhu frpsdulvrq zlwk suhylrxv zdjhv wr uhsolfdwh wkh vwdqgdug
ghyldwlrq ri wkh vnloohg oderu1
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Wdeoh 9= Uhodwlyh Vwdqgdug Ghyldwlrq zlwk d txdgudwlf wuhqg
Gdwd Kdqvhq Prgho L Prgho LL

+4, +5, +4, +5, +4, +5, +4, +5,

f 31;6 31<3 3189 31;6 31:7 31<< 31:6 31<;
l 41;6 31;< 5164 31<8 4195 31<< 4199 31<<
qv 318; 319: 318; 31:6 318; 31:5
q
x

31;6 31<9 31<3 4133 31<7 31<<
q 31;3 31<8 3195 31;9 31;9 4133 31<3 31<<

Sqv 31:8 31;5 31:3 31;5 31:3 31;5
Sqx 3165 3199 3143 4133 313; 31:9
Sq 3167 31:3 3189 31;6 3147 31<: 3146 31;4
�} 31355 313476 313467
# 41:7 4195

+4,= uhodwlyh vwdqgdug ghyldwlrq zlwk uhvshfw wr rxwsxw

+5,= suhvhqw fruuhodwlrq zlwk rxwsxw

Iluvw ri doo/ erwk prghov uhsurgxfh txlwh zhoo wkh orzhu vwdqgdug ghyldwlrq ri
frqvxpswlrq dqg wkh odujhu vwdqgdug ghyldwlrq ri lqyhvwphqw uhodwhg wr rxwsxw
zlwk erwk w|shv ri �owhuv1 Wkh| gr ehwwhu wkdq Kdqvhq*v ehfdxvh ri wkh oltxlglw|
frqvwudlqw rq frqvxphuv1 Dv wkhvh fdqqrw vprrwk frqvxpswlrq ryhu wlph/ wkh
uhvsrqvh ri frqvxpswlrq wr wkh vkrfn lv odujhu dqg forvhu wr dfwxdo prphqwv1

Erwk prghov plplf wkh udqnlqj ri uhodwlyh vwdqgdug ghyldwlrq/ dqg pruh
sduwlfxoduo|/ wkh| jhqhudwh d kljkhu vwdqgdug ghyldwlrq ri xqvnloohg oderu wkdq
wkdw ri vnloohg oderu/ dv lv revhuyhg lq wkh gdwd1 Wklv lv h{sodlqhg e| wkh uljlglw|
ri xqvnloohg frpsduhg wr vnloohg zdjhv/ zklfk lpsolhv wkdw wkh pdlq dgmxvwphqw
phfkdqlvp lv gulyhq e| txdqwlw| frqvlghudwlrqv1

Wkh vwdqgdug ghyldwlrq ri wkh surgxfwlylw| ri vnloohg oderu lv odujhu wkdq
wkdw ri xqvnloohg oderu1 Erwk prghov uhsurgxfh wklv idfw zlwk erwk w|shv ri
�owhuv txlwh zhoo1 Krzhyhu/ wkh vwdqgdug ghyldwlrq ri xqvnloohg surgxfwlylw| lv
wrr orz frpsduhg wr wkdw revhuyhg lq wkh dfwxdo gdwd1 Wklv lpsolhv wkdw wkh
phfkdqlvp pdlqo| dgmxvwv yld txdqwlwlhv lqvwhdg ri sulfhv1 Wklv odvw h�hfw eldvhv
wkh vwdqgdug ghyldwlrq ri wrwdo surgxfwlylw| wrzdugv wrr orz ydoxhv1

Doo wkhvh uhvxowv pd| eh ehwwhu xqghuvwrrg zlwk dq dqdo|vlv ri wkh
g|qdplfv ri wkh prgho1 Dq h!flhqf| zdjh vhwwlqj lv frqvlghuhg iru wkh vnloohg
zrunhuv1 Wkh krxvhkrog frpsduhv lwv suhvhqw zdjh zlwk wkh rqh lw hduqhg lq
wkh suhylrxv shulrg dv zhoo dv zlwk dq dowhuqdwlyh rqh1 Dq lqfuhdvh lq fxuuhqw
surgxfwlylw| uhgxfhv xqhpsor|phqw/ |lhoglqj d kljkhu dowhuqdwlyh zdjh1 E|
htxdwlrq +;,/ wkh h�ruw ghyrwhg e| zrunhuv uhgxfhv1 Wr frpshqvdwh wklv h�hfw/
wkh uhdo zdjh sdlg e| wkh �up lqfuhdvhv1 Krzhyhu/ lw fdqqrw ulvh wrr pxfk
wr suhyhqw h�ruw iurp lqfuhdvlqj e| wkh lqfhqwlyh h�hfw ri zdjhv/ jlyhq wkdw
wkh �up zdqwv wr nhhs h�ruw frqvwdqw/ dv htxdwlrq +48, uh hfwv1 Wklv lpsolhv
wkdw zdjhv ulvh ohvv wkdq lq wkh frpshwlwlyh fdvh/ dqg wkdw wkh �up kluhv pruh
vnloohg zrunhuv1 Dv wkh vkrfn ydqlvkhv/ wzr h�hfwv dsshdu1 Rq wkh rqh kdqg/ wkh
zdjh ghfuhdvhv wr dgmxvw wkh h�ruw wr wkh uhgxfwlrq ri wkh dowhuqdwlyh zdjh1 Rq
wkh rwkhu kdqg/ dv vnloohg zrunhuv frpsduh suhvhqw wr suhylrxv zdjhv/ wkh �up
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fdqqrw ghfuhdvh wkh iruphu wrr pxfk lq rughu wr dgmxvw wkh h�ruw wr wkh kljk

zdjh lw zdv vhw lq wkh suhylrxv shulrg1 Erwk h�hfwv lpso| d vorz dgmxvwphqw ri

wkh vnloohg zdjh wr lwv vwhdg| vwdwh1

Iru xqvnloohg zrunhuv d xqlrq lv frqvlghuhg1 Lq Prgho L/ xqvnloohg hpsor|0

phqw ghyldwhv ohvv wkdq lq Prgho LL ehfdxvh xqvnloohg zdjhv lpphgldwho| dgmxvw

wr wkh vkrfn1 Rq wkh frqwudu|/ Prgho LL glvsod|v d �{hg xqvnloohg zdjh/ dw ohdvw

lq wkh vkruw uxq1 Wkh xqvnloohg zdjh dgmxvwv wr wkh vkrfn rqh shulrg odwhu/ zklfk

ohdgv hpsor|phqw wr uhdfw pruh wr wkh vkrfn wkdq lq Prgho L1 Wkh xqlrq vhwv d

zdjh zlwkrxw nqrzlqj wkh uhdol}dwlrq ri wkh vkrfn1 Zkhq wkh vkrfn kdsshqv/

wkh xqlrq fdqqrw dgmxvw wkh zdjh wr wkh qhz vlwxdwlrq/ wkxv wkh �up zloo kluh

ru �uh pruh zrunhuv wkdq lq wkh shuihfw lqirupdwlrq fdvh1

Zh fdq frqfoxgh iurp wklv dqdo|vlv wkdw erwk Prghov L dqg LL duh forvh wr

wkh Vsdqlvk vw|ol}hg idfwv frqvlghulqj erwk w|sh ri �owhuv1 Lq sduwlfxodu/ erwk

duh deoh wr uhsurgxfh wkh uhodwlyh kljkhu vwdqgdug ghyldwlrq ri vnloohg frpsduhg

wr xqvnloohg oderxu dv zhoo dv wkh vwdqgdug ghyldwlrq ri vnloohg surgxfwlylw|1

Wkh| dovr gr zhoo frpsduhg wr Kdqvhq*v prgho lq wkh vwdqgdug ghyldwlrq ri

frqvxpswlrq dqg lqyhvwphqw1 Wkh qryhow| ri wkh sursrvhg prghov lv wkh delolw|

wr uhsurgxfh wkh gl�huhqfhv dprqj zrunhuv/ vnloohg dqg xqvnloohg/ zklfk khosv

xv wr xqghuvwdqg wkh pdlq ihdwxuhv ri wkh oderu pdunhw dqg lwv uhodwlrq zlwk wkh

exvlqhvv f|foh1

Frqfhuqlqj fruuhodwlrqv/ wkh| duh glvsod|hg lq wdeohv 8 dqg 91 Zh vkrz lq

Dsshqgl{ LY hljkw �jxuhv zlwk wkh sdvw/ suhvhqw dqg ixwxuh fruuhodwlrqv ri irxu

pdlq yduldeohv ri wkh oderu pdunhwv zlwk rxwsxw dv zhoo dv wkh dfwxdo gdwd1 Wkh

�uvw irxu �jxuhv vkrz fruuhodwlrqv rewdlqhg iurp wkh prgho zlwk wkh KS �owhu

zkloh wkh vhfrqg irxu �jxuhv gr lw zlwk wkh txdgudwlf wuhqg �owhu1

Iru vnloohg hpsor|phqw/ ghwuhqghg zlwk wkh KS �owhu/ wkh fruuhodwlrqv zlwk

rxwsxw iurp shulrg w07 wr w04 duh ehorz dfwxdo fruuhodwlrqv zkloh fruuhodwlrqv

iurp shulrg w wr w.7 forvho| iroorz wkh dfwxdo rqhv1 Uhvxowv duh txlwh gl�huhqw

zlwk wkh txdgudwlf wuhqg �owhu/ zklfk lq jhqhudo frpsuhvvhv wkh udqjh ri ydoxhv

ri wkh fruuhodwlrqv iru erwk prghov1 Xqvnloohg hpsor|phqw doprvw pdwfk h{dfwo|

wkh kxps0vkdsh fxuyh ri fruuhodwlrqv zlwk wkh KS �owhu zkloh lw lv d elw kljkhu

zlwk wkh txdgudwlf wuhqg �owhu1

Prvw ri wkh fruuhodwlrqv zlwk rxwsxw duh wrr kljk dv rqo| rqh h{rjhqrxv

vkrfn h{lvwv1 Uhodwhg wr wkh oderu pdunhw prphqwv/ prvw ri wkhp iroorzv wkh

vkdsh ri wkh dfwxdo gdwd/ dowkrxjk wkhlu devroxwh ydoxhv gr qrw pdwfk dfwxdo

rqhv1 Prgho LL uhdfkhv wkh shdn zlwk d ghod| ri rqh shulrg ehfdxvh wkh zdjh lv

vhwwohg rq ehiruh wkh vkrfn lv nqrzq1 Wklv lpsolhv wkdw wkh dgmxvwphqw fdqqrw

eh grqh lq wkh fxuuhqw shulrg dqg pxvw eh srvwsrqhg/ uhgxflqj wkh fxuuhqw

fruuhodwlrq zlwk rxwsxw1

8 Frqfoxvlrq

Zh kdyh vkrzq wkh lpsruwdqfh ri wdnlqj khwhurjhqhlw| lq wkh Vsdqlvk oderu

pdunhw lqwr dffrxqw lq rughu wr h{sodlq vhyhudo pdlq vw|ol}hg idfwv1 Wkh oderu
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pdunhw kdv ehhq glylghg lqwr vnloohg dqg xqvnloohg oderu/ vnloohg zrunhuv ehlqj
fkdudfwhul}hg e| kdylqj d ghjuhh1 Zh dvvxph wkdw wkh gl�huhqfh ehwzhhq erwk
pdunhwv olhv rqo| lq wkh zdjh irupdwlrq phfkdqlvp1 Iru wkh vnloohg zrunhuv zh
dvvxph d h!flhqf| zdjh vhwwlqj/ dv wkh| duh d vpdoo jurxs zlwk d yhu| kljk
txdol�fdwlrq dqg duh wkxv uhzdughg lq d idlu zd| lq rughu wr eh lqgxfhg wr
ghyrwh d kljkhu h�ruw1 Rq wkh frqwudu|/ xqvnloohg zrunhuv/ zklfk duh prvw ri
wkh srsxodwlrq/ duh uhsuhvhqwhg e| d xqlrq wkdw vhwv wkh zdjh1 Zh dovr suhvhqw
d vhfrqg prgho lq zklfk wkh xqlrq kdv lpshuihfw lqirupdwlrq derxw wkh fxuuhqw
vkrfn zkhq wkh zdjh lv vhw1 Wkh prgho lpsuryhv wkh uhvxowv ri d ehqfkpdun
prgho iru wkh Vsdqlvk fdvh dqg lv forvh wr pdlq hfrqrplf prphqwv iru Vsdlq1

Fdoleudwlqj erwk prghov zlwk Vsdqlvk gdwd uhsurgxfh txlwh zhoo wkh Vsdq0
lvk oderu pdunhw1 Lq whupv ri fruuhodwlrqv/ vshfldoo| wkh prgho zlwk lpshuihfw
lqirupdwlrq lq rughu wr uhsurgxfh wkh fxuuhqw fruuhodwlrq ri xqvnloohg surgxf0
wlylw| zlwk rxwsxw uhsurgxfh jrrg uhvxowv1 Wklv vhfrqg prgho srlqwv rxw wkh
lpsruwdqfh ri wdnlqj odjv lqwr dffrxqw lq wkh uhvsrqvh wr wkh vkrfn/ dv wkh gdwd
vkrz1

Vrph h{wud zrun vkrxog eh grqh lq rughu wr lpsuryh vrph dvshfwv ri wkh
sureohp1 Fruuhodwlrqv fdq eh pruh dffxudwh lq devroxwh whupv dqg vrph ri
wkhp duh txlwh idu iurp dfwxdo rqhv1 Wklv frphv iurp wkh idfw wkdw zh rqo| xvh
rqh nlqg ri vkrfn/ d whfkqrorjlfdo rqh1 Uhvxowv frxog eh lpsuryhg e| dgglqj
dq dgglwlrqdo vkrfn/ h1j1/ d jryhuqphqw h{shqglwxuh zklfk iroorzv d vwrfkdvwlf
surfhvv1

Wkh dqdo|vlv ri wkh Vsdqlvk oderu pdunhw vkrxog qrw qhjohfw wkh gl�huhqw
ihdwxuhv ri zrunhuv lq whupv ri vnloov/ hgxfdwlrq ru frqwudfwv1 Wklv zrxog khos wr
lpsohphqw vshfl�f hfrqrplf srolflhv iru gl�huhqw jurxsv dv d ixqfwlrq ri wkhlu
ihdwxuhv1

9 Eleolrjudsk|

Dehooäq/ F1/ Ihojxhurvr/ I1 dqg Oruhqfhv/ M1 +4<<:, Od qhjrfldflöq frohfwlyd
hq Hvsdôd= xqd uhirupd shqglhqwh1 Lq Ho Phufdgr gh Wudedmr hq Shuvshfwlyd

Hxurshd1 Sdshohv gh Hfrqrpðd Hvsdôrod/ QR :51
Dnhuori/ J1 +4<;5, �Oderu frqwudfwv dv sduwldo jliw h{fkdqjh�1 Txduwhuo|

Mrxuqdo ri Hfrqrplfv/ <:=876089<1
Ehzoh|/ W1 I1 +4<<:, �Zk| qrw Fxw Sd|B�1 Frzohv Irxqgdwlrq Glvfxvvlrq

Sdshu QR1 449:1

Eodqfkdug/ R1 hw do1 +4<<8, Vsdqlvk Xqhpsor|phqw= Lv Wkhuh d VroxwlrqB1
Uhsruw ri wkh FHSU jurxs rq Vsdqlvk Xqhpsor|phqw1

Exuqvlgh/ F1 +4<<;, �Ghwuhqglqj dqg Exvlqhvv F|foh Idfwv= D Frpphqw�1
Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 74=84608651

Fdqryd/ I1 +4<<;, �Ghwuhqglqj dqg Exvlqhvv F|foh Idfwv�1 Mrxuqdo ri Prq0

hwdu| Hfrqrplfv/ 74=7:808451
Froodug/ I1 dqg Gh od Furl{/ G1 +4<<:, �Jliw h{fkdqjh dqg wkh exvlqhvv f|foh=

wkh idlu zdjh vwulnhv edfn�1 Uhylhz ri Hfrqrplf G|qdplfv1 Iruwkfrplqj1
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Frroh|/ W1 dqg Suhvfrww/ H1+4<<8, Hfrqrplf jurzwk dqg exvlqhvv f|fohv1 Lq
W1 Frroh|/ hglwru/ Iurqwlhuv ri Exvlqhvv F|foh Uhvhdufk1 Sulqfhwrq Xqlyhuvlw|
Suhvv1

Fruuhld/ L1/ Qhyhv/ M1 dqg Uhehor/ V1 +4<<5, �Exvlqhvv F|fohv iurp 4;8304<830
Qhz Idfwv derxw Rog Gdwd�1 Hxurshdq Hfrqrplf Uhylhz/ 526=78<079:1

Gdqwklqh/ M10S1 dqg Grqdogvrq +4<<3, �H!flhqf| zdjhv dqg wkh exvlqhvv
f|foh sx}}oh�1 Hxurshdq Hfrqrplf Uhylhz/ 67= 45:8046341

Gdqwklqh/ M10S1 dqg Grqdogvrq +4<<8, Qrq0zdoudvldq hfrqrplhv1 Lq W1 Frr0
oh|/ hglwru/ Iurqwlhuv ri Exvlqhvv F|foh Uhvhdufk1 Sulqfhwrq Xqlyhuvlw| Suhvv1

Grodgr/ M1 M1/ Ihojxhurvr/ I1 dqg Mlphqr/ M1 I1 +4<<:, �Plqlpxp zdjhv/ fro0
ohfwlyh edujdlqlqj dqg zdjh glvshuvlrq= wkh Vsdqlvk fdvh�1 Hxurshdq Hfrqrplf

Uhylhz1 Iruwkfrplqj1
Ilrulwr/ I1 dqg Nroolqw}dv/ W1 +4<<7, �Vw|ol}hg idfwv ri exvlqhvv f|fohv lq wkh

J: iurp d uhdo exvlqhvv f|fohv shuvshfwlyh�1 Hxurshdq Hfrqrplf Uhylhz/ 6;=
568059<1

Iduphu/ U1 +4<<6, Wkh pdfurhfrqrplfv ri vhoi0ixo�oolqj surskhflhv1 Wkh PLW
Suhvv1

Kdqvhq/ J1 G1 +4<;8, �Lqglylvleoh oderu dqg wkh exvlqhvv f|foh�1 Mrxuqdo ri
Prqhwdu| Hfrqrplfv/ 49= 63<065:1

N|godqg/ I1 H1 +4<<8, Exvlqhvv f|fohv dqg djjuhjdwh oderu pdunhw  xfwx0
dwlrqv1 Lq W1 Frroh|/ hglwru/ Iurqwlhuv ri Exvlqhvv F|foh Uhvhdufk1 Sulqfhwrq
Xqlyhuvlw| Suhvv1

Oxfdv/ U1 +4<:;, �Dvvhw sulfhv lq dq h{fkdqjh hfrqrp|�1 Hfrqrphwulfd/
79=475<047781

Ploqhu/ V1 dqg Qrpehod/ J1 +4<<8, �Wudgh Xqlrq Vwuhqjkw/ rujdqlvdwlrq dqg
lpsdfw lq Vsdlq�1 Glvfxvvlrq Sdshu QR1 58;1 Fhqwuh iru hfrqrplf shuirupdqfh1

Ruwhjd/ H1 +4<<;, �Wkh Vsdqlvk exvlqhvv f|foh dqg lwv uhodwlrqvkls wr Hx0
ursh�1 Zrunlqj Sdshu Qxp1 <;4</ Edqn ri Vsdlq1

Sxfk/ O1 D1 dqg Olfdqgur/ R1 +4<<:, �Duh wkhuh dq| vshfldo ihdwxuhv lq wkh
Vsdqlvk exvlqhvv f|fohB�1 Lqyhvwljdflrqhv Hfrqöplfdv/ 54+5,1

Vqhhvvhqv/ K1U1/ Irqvhfd/ U1 dqg Pdloodug/ E1 +4<<;, �Shuvlvwhqfh gx Fk÷0
pdjh hw Dmxvwhphqw Vwuxfwxuho +dyhf xqh dssolfdwlrq ã od Iudqfh hw ã o*Hvsdjqh,�1
LUHV/ Xqlyhuvlwì fdwkroltxh gh Orxydlq1 Uhsruw wr Exuhdx Hpsorl hw Vdodluhv/
Gluhfwlrq gh od Suìylvlrq/ Plqlvwëuh gh o*Hfrqrplh hw ghv Ilqdqfhv/ Iudqfh1

Xkolj/ K1 +4<<8, �D wrronlw iru dqdo|}lqj qrqolqhdu g|qdplf vwrfkdvwlf prg0
hov hdvlo|�1 Zrunlqj sdshu/ FhqwHU +Wloexuj,1

: DSSHQGL[ L= Vsdqlvk Gdwd

Wklv vhfwlrq h{sodlqv wkh zd| gdwd duh froohfwhg dqg krz prphqwv iru wkh Vsdq0
lvk hfrqrp| duh frpsxwhg1

Gdwd iru hpsor|phqw dqg oderu irufh sduwlflsdwlrq duh froohfwhg iurp �hq0
fxhvwd gh sreodflöq dfwlyd� +Dfwlyh srsxodwlrq vxuyh|,/ rq wkh Lqvwlwxwr Qd0

4<



flrqdo gh Hvwdgðvwlfd: 1 Wkh| udqjh iurp 4<97 wr 4<<8; dqg duh froohfwhg e|
ohyho ri vwxglhv1 Wkh vnloohg jurxs frqvlvwv ri shrsoh zlwk d xqlyhuvlw| ghjuhh1
Wklv fodvvl�fdwlrq lv dssolhg wr xqhpsor|phqw dqg oderu irufh sduwlflsdwlrq
gdwd1 D ehwwhu dssurdfk zrxog eh wr fodvvli| wkh zrunhuv dffruglqj wr mre wkh|
kdyh dqg wkh ohyho ri vnloo uhtxluhg e|1 Krzhyhu qr gdwd rq wklv duh dydlodeoh dw
wkh prphqw1

Gdwd iru zdjhv duh froohfwhg iurp �hqfxhvwd gh vwuxfwxuh vdoduldo� +vxuyh| ri
zdjh vwuxfwxuh, dqg phdvxuhv �jdqdqfld phgld sru wudedmdgru2dôr� +dyhudjh
|hduo| hduqlqjv shu zrunhu,1 Wkrvh gdwd duh froohfwhg e| ohyho ri vwxglhv1 Wkh
gh�qlwlrq ri vnloohg dqg xqvnloohg zdjh lv frqvlvwhqw zlwk wkh suhylrxv rqh rq
hpsor|phqw1 Krzhyhu/ rqo| rqh |hdu vxuyh| +4<<8, h{lvwv/ wkh vnloohg0xqvnloohg
zdjh udwlr lv frpsxwhg iurp lw1 Wr lpsuryh wkh dqdo|vlv/ orqjhu gdwd vhulhv
zrxog eh qhhghg1

Wkh uhpdlqlqj gdwd frphv iurp Frqwdelolgdg Qdflrqdo Hvsdôrod1< Wkh|
udqjh iurp 4<:3=4 wr 4<<7=7/ 433 txduwhuv1 Wkhvh duh dgghg wr sxw wkhp lq
dqqxdo whupv/ wkh gdwd wkh prgho xvhv1 Wkhq/ zh kdyh gdwd rq gxudeoh frq0
vxpswlrq/ qrq gxudeoh frqvxpswlrq/ lqyhvwphqw/ sxeolf h{shqglwxuhv/ h{sruwv/
lpsruwv dqg yduldwlrq ri lqyhqwrulhv1 Rxwsxw lv wkh vxp ri lqwhuqdo ghpdqg/
soxv h{sruwv ohvv lpsruwv1

Qrq gxudeoh frqvxpswlrq lv frqvlghuhg dv krxvhkrog frqvxpswlrq1 Lqyhvw0
phqw lv wkh vxp ri lqyhvwphqw dqg gxudeoh frqvxpswlrq1

Wkh fxuuhqw prgho frqvlghuv d forvhg hfrqrp| dqg qhjohfwv wkh sxeolf vhfwru
dv zhoo dv lqyhqwrulhv1 Wklv lpsolhv wkdw rxwsxw lv wkh vxp ri frqvxpswlrq soxv
lqyhvwphqw +dv gh�qhg suhylrxvo|,1

Wkh prphqwv iru wkh Vsdqlvk hfrqrp| duh frpsxwhg zlwk d phwkrg dgyr0
fdwhg e| Xkolj +4<<8,1 Zh rqo| frqvlghu gdwd iurp 4<:3 wr 4<<7/ 58 revhuyd0
wlrqv1 Doo ruljlqdo gdwd wkdw zhuh jlyhq lq txduwhuo| whupv kdyh ehhq vxpphg
wr zrun lq dqqxdo whupv1 Doo vhulhv duh ghwuhqghg zlwk d Krgulfn0Suhvfrww �owhu
dvvxplqj d ydoxh ri � @ 7331 Wklv lv wkh ydoxh ri � xvhg lq Fruuhld/ Qhyhv dqg
Uhehor +4<<5, wr kdyh |hduo| vhulhv1

; DSSHQGL[ LL= Xqlrq zlwk Lpshuihfw Lqiru0

pdwlrq

Wkh dojrulwkp zh xvh ehjlqv hdfk shulrg zlwk wkh vroxwlrq ri wkh prgho zlwk
shuihfw lqirupdwlrq1 Wklv jlyhv d ghflvlrq uxoh iru wkh xqvnloohg zdjh/ zklfk
ghshqgv rq wkh vwdwh yduldeohv

ezx>w @ �zx>n
enw . �zx>}e}w . �zx>zx ezx>w�4

: L wkdqn U1 Irqvhfd iru surylglqj gdwd uhodwhg wr wkh oderu pdunhw1
;Zh rqo| frqvlghu 4<:3=4 wr 4<<7=71
< L wkdqn O1 Sxfk iru surylglqj gdwd1 D ehwwhu h{sodqdwlrq derxw krz wkh| zhuh duudqjhg

fdq eh irxqg lq O1 Sxfk dqg R1 Olfdqgur +4<<:,1
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Dv lqirupdwlrq lv lpshuihfw/ wkh xqlrq wdnhv wkh ehvw suhglfwru frqglwlrqdo

rq wkh lqirupdwlrq lw kdv dw wkh prphqw ri wkh ghflvlrq

ezx>w @ �zx>nenw . �zx>zx ezx>w�4 . �zx>}Hw+e}w@e}w�4,
Wklv lpsolhv d qhz ghflvlrq uxoh iru wkh xqvnloohg zdjh

ezx>w @ �zx>nenw . �zx>zx ezx>w�4 . �zx>}�}e}w�4
Dsduw iurp wklv qhz ghflvlrq uxoh/ wkh uhvw ri wkh srolf| uxohv duh wkh vdph1

< DSSHQGL[ LLL= Wkh htxloleulxp frqglwlrqv

Lq wklv dsshqgl{ zh vkrz wkh lghqwlfdo htxloleulxp frqglwlrqv iru Prghov L dqg

LL/
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43 DSSHQGL[ LY= Iljxuhv
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