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Zh vwxg| d orqjlwxglqdo vdpsoh ri ryhu rqh ploolrq Iuhqfk zrunhuv iurp

pruh wkdq �yh kxqguhg wkrxvdqg hpsor|lqj �upv1 Zh ghfrpsrvh uhdo wrwdo dq0

qxdo frpshqvdwlrq shu zrunhu lqwr frpsrqhqwv uhodwhg wr revhuydeoh hpsor|hh

fkdudfwhulvwlfv/ shuvrqdo khwhurjhqhlw|/ �up khwhurjhqhlw| dqg uhvlgxdo yduld0

wlrq1 H{fhsw iru wkh uhvlgxdo/ doo frpsrqhqwv pd| eh fruuhodwhg lq dq duelwudu|

idvklrq1 Dw wkh ohyho ri wkh lqglylgxdo/ zh �qg wkdw shuvrq h�hfwv/ hvshfldoo|

wkrvh qrw uhodwhg wr revhuydeohv olnh hgxfdwlrq/ duh d yhu| lpsruwdqw vrxufh ri

zdjh yduldwlrq lq Iudqfh1 Ilup h�hfwv/ zkloh lpsruwdqw/ duh qrw dv lpsruwdqw

dv shuvrq h�hfwv1 Dw wkh ohyho ri �upv/ zh �qg wkdw hqwhusulvhv wkdw kluh kljk0

zdjh zrunhuv duh pruh surgxfwlyh exw qrw pruh sur�wdeoh1 Wkh| duh dovr pruh

fdslwdo dqg kljk0vnloohg hpsor|hh lqwhqvlyh1 Hqwhusulvhv wkdw sd| kljkhu zdjhv/

frqwuroolqj iru shuvrq h�hfwv/ duh pruh surgxfwlyh dqg pruh sur�wdeoh1 Wkh|

duh dovr pruh fdslwdo lqwhqvlyh exw duh qrw pruh kljk0vnloohg oderu lqwhqvlyh1 Zh

�qg wkdw shuvrq h�hfwv h{sodlq derxw <3( ri lqwhu0lqgxvwu| zdjh gl�huhqwldov

dqg derxw :8( ri wkh �up0vl}h zdjh h�hfw zkloh �up h�hfwv h{sodlq uhodwlyho|

olwwoh ri hlwkhu gl�huhqwldo1

41 Lqwurgxfwlrq

Iru ghfdghv oderu hfrqrplvwv kdyh odphqwhg wkh odfn ri plfurhfrqrplf gdwd uhodwlqj
fkdudfwhulvwlfv ri �upv wr fkdudfwhulvwlfv ri wkhlu zrunhuv +vhh/ iru h{dpsoh/ Urvhq
+4<;9, dqg Zloolv +4<;9,, ehfdxvh vxfk gdwd zrxog shuplw uhvhdufkhuv wr ehjlq wr glv0
hqwdqjoh wkh h�hfwv ri �up0ohyho ghflvlrqv iurp wkh h�hfwv ri fkrlfhv pdgh e| zrunhuv1

WWkh dxwkruv* d!oldwlrqv duh Derzg= Fruqhoo Xqlyhuvlw|/ FUHVW dqg QEHU> Nudpdu}= FUHVW0
LQVHH Ghsduwphqw ri Uhvhdufk> dqg Pdujrolv= FQUV/ ODPLD/ Xqlyhuvlwì gh Sdulv 4 +Sdqwkhrq0
Vruerqqh, dqg Pdlvrq ghv Vflhqfhv Hfrqrpltxhv1 Wkh dxwkruv judwhixoo| dfnqrzohgjh wkh �qdqfldo
dqg frpsxwlqj vxssruw ri LQVHH1 Wkh Qdwlrqdo Vflhqfh Irxqgdwlrq vxssruwhg Derzg dqg Pdujrolv
+VEU <40444;9/ <6054386 dqg <904;444,1 Zh duh judwhixo iru wkh frpphqwv ri Gdylg Fdug/ Urqdog
Hkuhqehuj/ Kdqn Iduehu/ Urehuw Jleerqv/ Jx| Odurtxh/ Vwhidq Oroolylhu/ Ehqwoh| PdfOhrg/ Rolyld
Plwfkhoo/ Dulho Sdnhv/ Dodlq Wurjqrq dqg Pduwlq Zhoov dv zhoo dv iru frpphqwv uhfhlyhg gxulqj
vhplqduv idu wrr qxphurxv wr phqwlrq khuh1 Wkh gdwd xvhg lq wklv sdshu duh frq�ghqwldo exw wkh
dxwkruv* dffhvv lv qrw h{foxvlyh1 Rwkhu uhvhdufkhuv lqwhuhvwhg lq xvlqj wkhvh gdwd vkrxog frqwdfw wkh
Fhqwuh gh Uhfkhufkh hq Hfrqrplh hw Vwdwlvwltxh/ HQVDH/ 48 eg Jdeulho Sìul/ <5578 Pdodnr� Fhgh{/
Iudqfh1



Zk| gr kljk0sd|lqj �upv surylgh pruh wkdq wkh dssduhqw jrlqj zdjhB Shukdsv vxfk
d vwudwhj| gholyhuv d jdlq lq surgxfwlylw| ru sur�wdelolw| wkdw h{fhhgv wkh lqfuhphqwdo
zdjh frvw/ dv suhglfwhg e| h!flhqf| zdjh dqg djhqf| prghov14 Shukdsv kljk0sd|lqj
�upv vhohfw zrunhuv zlwk kljkhu h{whuqdo zdjh udwhv ru ehwwhu �up0vshfl�f pdwfkhv/
wkxv vruwlqj wkh zrunhuv lqwr �upv wkdw kdyh gl�huhqwldo revhuyhg frpshqvdwlrq sur0
judpv15 Dowkrxjk eurdgo| uhsuhvhqwdwlyh olqnhg vxuyh|v ri �upv dqg zrunhuv duh qrw
dydlodeoh lq wkh X1V1/ wkhuh kdyh qrz ehhq qxphurxv vwxglhv wkdw dwwhpsw wr uhodwh
�up shuirupdqfh wr wkh ghvljq ri wkh frpshqvdwlrq v|vwhp16 Ixuwkhupruh/ pdq|
kdyh dqdo|}hg wkh lqwhu0lqgxvwu| zdjh gl�huhqwldov dprqj lqglylgxdov dv li wkh| zhuh
wkh pdqlihvwdwlrq ri gl�huhqfhv lq �up ohyho frpshqvdwlrq srolflhv17 Lq wklv sdshu zh
suhvhqw wkh �uvw h{whqvlyh vwdwlvwlfdo dqdo|vlv ri vlpxowdqhrxv lqglylgxdo0 dqg �up0ohyho
khwhurjhqhlw| lq frpshqvdwlrq ghwhuplqdwlrq1 Zh h{dplqh wkh yduldwlrq lq shuvrqdo
zdjh udwhv kroglqj �up h�hfwv frqvwdqw dqg yduldwlrq lq �up zdjh udwhv kroglqj shu0
vrq h�hfwv frqvwdqw1 Gxh wr wkh pdwfkhg +shuvrq dqg �up, orqjlwxglqdo qdwxuh ri rxu
gdwd/ zh duh deoh wr frqwuro iru erwk phdvxuhg dqg xqphdvxuhg khwhurjhqhlw| lq wkh
zrunhuv dqg wkhlu hpsor|lqj �upv1

D kljk0zdjh zrunhu lv d shuvrq zlwk wrwdo frpshqvdwlrq kljkhu wkdq h{shfwhg rq
wkh edvlv ri revhuydeoh fkdudfwhulvwlfv olnh oderu irufh h{shulhqfh/ hgxfdwlrq/ uhjlrq/ ru
vh{1 D kljk0zdjh �up lv dq hpsor|hu zlwk frpshqvdwlrq kljkhu wkdq h{shfwhg jlyhq
wkhvh vdph revhuydeoh fkdudfwhulvwlfv1 Xqwlo qrz doo hpslulfdo dqdo|vhv ri shuvrqdo
dqg �up khwhurjhqhlw| lq frpshqvdwlrq rxwfrphv kdyh uholhg xsrq gdwd wkdw zhuh
lqdghtxdwh wr lghqwli| vhsdudwho| wkh lqglylgxdo h�hfw qhfhvvdu| wr fodvvli| d zrunhu
dv kljk0zdjh dqg wkh �up h�hfw uhtxluhg wr fodvvli| d �up dv kljk0zdjh1

Xvlqj d xqltxh orqjlwxglqdo gdwd vhw ri �upv dqg zrunhuv wkdw lv uhsuhvhqwdwlyh
ri sulydwh vhfwru Iuhqfk hpsor|phqw/ zh duh deoh wr hvwlpdwh erwk shuvrq dqg �up
frpsrqhqwv ri frpshqvdwlrq ghwhuplqdwlrq/ doorzlqj iru revhuydeoh dqg xqrevhuydeoh
idfwruv lq erwk glphqvlrqv dqg xquhvwulfwhg fruuhodwlrq dprqj wkh h�hfwv1 Frpsxwd0
wlrqdo frpsoh{lw| suhyhqwv ixoo ohdvw vtxduhv hvwlpdwlrq ri wkh prghov zlwk xqrevhuyhg
khwhurjhqhlw| lq erwk wkh shuvrq dqg �up glphqvlrqv1 Diwhu glvfxvvlqj wkhvh lvvxhv/
zh h{dplqh lq ghwdlo vhyhudo uhodwhg vwdwlvwlfdo vroxwlrqv/ rqh ri zklfk lv d frqvlvwhqw
hvwlpdwru ri vrph ri wkh sdudphwhuv/ dqg wzr rwkhuv zklfk duh frqglwlrqdo phwkrgv1
Zh dovr frqvlghu rwkhu vlpsohu/ pruh fodvvlfdo/ whfkqltxhv lq rughu wr dvvhvv wkh lp0
sruwdqfh ri shuvrq dqg �up khwhurjhqhlw|1 Dowkrxjk qrqh ri wkhvh whfkqltxhv fdq eh
xvhg wr frpsxwh wkh ixoo ohdvw vtxduhv vroxwlrq wr wkh vwdwlvwlfdo sureohp/ zklfk/ iru
wkh prphqw/ uhpdlqv frpsxwdwlrqdoo| lqihdvleoh/ doo ri rxu phwkrgv dssur{lpdwh wkh
ixoo ohdvw vtxduhv vroxwlrq dqg doorz wkh frpsrqhqwv ri shuvrq dqg �up khwhurjhqhlw|

4Vhh Od}hdu +4<:<,/ Vkdslur dqg Vwljolw} +4<;7,/ Kduw dqg Kùopvwurp +4<;:, dqg Vdsslqjwrq
+4<<4, iru frqflvh vwdwhphqwv ri wkh wkhrulhv jhqhudwlqj wkhvh suhglfwlrqv1 Whvwv ri wkhvh prghov
kdyh ehhq shuiruphg e| Derzg +4<<3,/ Derzg dqg Nudpdu} +4<<6,/ Fdkxf dqg Gruprqw +4<<5,/
Jleerqv dqg Pxusk| +4<<3/ 4<<5,/ Kxwfkhqv +4<;:,/ Ndkq dqg Vkhuhu +4<<3,/ dqg Ohrqdug +4<<3,1

5Wklv ylhz lv hvsrxvhg e| Exorz dqg Vxpphuv +4<:9,/ Fdlq +4<:9,/ Mrydqrylf +4<:<,/ dqg Ur|
+4<84,1 Zhlvv dqg Odqgdx +4<;7, suhvhqw d gl�huhqw wkhruhwlfdo yhuvlrq ri wklv prgho1 Vrph whvwv
lqfoxgh Glfnhqv dqg Odqj +4<;8,/ Iolqq +4<;9,/ Jleerqv dqg Ndw} +4<<4, dqg Khfnpdq dqg Vhgodfhn
+4<;8,1

6Vhh Hkuhqehuj dqg Plonrylfk +4<;:,/ Hkuhqehuj +4<<3,/ Lfkqlrzvnl dqg Vkdz +4<<6,
7Vhh Glfnhqv dqg Ndw} +4<;:,/ Jleerqv dqg Ndw} +4<<5,/ Jurvkhq +4<<4,/ Nuxhjhu dqg Vxpphuv

+4<;;,/ Wkdohu +4<;<,1
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wr eh lqwhufruuhodwhg1 Rxu frqvlvwhqw phwkrg shuplwv hvwlpdwlrq ri doo wlph0ydu|lqj
frh!flhqwv/ lqfoxglqj wkrvh wkdw duh khwhurjhqhrxv1 Rqh ri rxu frqglwlrqdo phwkrgv/
fdoohg �rughu lqghshqghqw/� kdv wkh dgydqwdjh wkdw wkh hvwlpdwhg shuvrq dqg �up
h�hfwv gr qrw ghshqg xsrq zklfk h�hfw lv hvwlpdwhg �uvw dqg wkh glvdgydqwdjh wkdw
lw fdqqrw lpsrvh ruwkrjrqdolw| ehwzhhq wkh hvwlpdwhg uhvlgxdo dqg wkh prgho h�hfwv
+d fkdudfwhulvwlf ri wkh ixoo ohdvw vtxduhv vroxwlrq,1 Wkh rwkhu frqglwlrqdo phwkrg/
fdoohg �rughu ghshqghqw/� kdv wkh dgydqwdjh ri lpsrvlqj wklv ruwkrjrqdolw| exw wkh
glvdgydqwdjh ri jlylqj gl�huhqw uhvxowv ghshqglqj xsrq zklfk rughu lv xvhg wr hvwl0
pdwh wkh shuvrq dqg �up h�hfwv1 Lq sduwlfxodu/ wkh rxwfrph ri �shuvrqv �uvw dqg
�upv vhfrqg� zrxog gl�hu iurp ��upv �uvw dqg shuvrqv vhfrqg1� Lq doo rxu hvwlpdwhg
prghov/ zh �qg wkdw shuvrq h�hfwv duh vwdwlvwlfdoo| pruh lpsruwdqw wkdq �up h�hfwv
lq h{sodlqlqj frpshqvdwlrq dqg shuirupdqfh rxwfrphv dqg wkdw wkh wzr h�hfwv duh
qrw kljko| fruuhodwhg1 Xvlqj rxu frqvlvwhqw hvwlpdwlrq phwkrg/ zh vkrz hpslulfdoo|
wkdw dq| phwkrg lq zklfk shuvrqv h�hfwv duh hvwlpdwhg �uvw/ zkhwkhu �up h�hfwv duh
hvwlpdwhg dw wkh vdph vwhs ru diwhu wkh shuvrq h�hfwv/ shuirupv ehwwhu wkdq phwkrgv
lq zklfk shuvrq h�hfwv duh hvwlpdwhg diwhu �up h�hfwv1

Zh xvh rxu vwdwlvwlfdo ghfrpsrvlwlrq ri zdjh udwhv lqwr shuvrq dqg �up h�hfwv
wr dgguhvv vhyhudo fodvvlf txhvwlrqv lq oderu hfrqrplfv�wkh edvlv iru lqwhu0lqgxvwu|
zdjh gl�huhqwldov/ wkh vrxufh ri wkh �up vl}h0zdjh udwh uhodwlrq/ wkh h�hfw ri vhqlrulw|
rq zdjh udwhv/ dqg wkh uhodwlrq ehwzhhq sd| vwuxfwxuh/ surgxfwlylw|/ dqg sur�wdelolw|1
Vxusulvlqjo|/ rxu Iuhqfk gdwd jlyh d fohdu dqvzhu wr wkh �uvw txhvwlrq1 Yluwxdoo| doo ri
wkh lqwhulqgxvwu| zdjh gl�huhqwldo lv h{sodlqhg e| wkh yduldwlrq lq dyhudjh lqglylgxdo
khwhurjhqhlw| dfurvv vhfwruv1 Shuvrq h�hfwv/ dqg qrw �up h�hfwv/ irup wkh edvlv iru
prvw ri wkh lqwhu0lqgxvwuldo vdodu| vwuxfwxuh1 D yhu| odujh sruwlrq ri wkh srvlwlyh �up0
vl}h zdjh0udwh uhodwlrq lv dovr gxh wr shuvrq h�hfwv1 Wkh h�hfw ri vhqlrulw| rq zdjh
udwhv lv txlwh khwhurjhqhrxv dfurvv �upv/ lwv hvwlpdwhg pdjqlwxgh lv yhu| vhqvlwlyh
wr wkh hvwlpdwlrq whfkqltxh1 Doo rxu phwkrgv iru hvwlpdwlqj �up h�hfwv/ lqfoxglqj
khwhurjhqhrxv vhqlrulw| h�hfwv/ shuirup zhoo iru odujh �upv1

Wr vwxg| sd| vwuxfwxuh prghov/ zh djjuhjdwh lqglylgxdo frpsrqhqwv ri frpshq0
vdwlrq wr wkh �up ohyho1 Wkhq/ zh vkrz wkdw �upv wkdw kluh kljk0zdjh zrunhuv duh
pruh surgxfwlyh shu zrunhu/ pruh fdslwdo lqwhqvlyh/ pruh surihvvlrqdo0hpsor|phqw
lqwhqvlyh/ dqg pruh olnho| wr vxuylyh1 Wkhvh vdph �upv duh qrw pruh sur�wdeoh/ qru
duh wkh| pruh vnloohg0oderu lqwhqvlyh1 Vhfrqg/ zh vkrz wkdw kljk0zdjh �upv duh pruh
sur�wdeoh/ pruh surgxfwlyh shu zrunhu/ +srvvleo|, pruh surihvvlrqdo0hpsor|phqw lq0
whqvlyh/ dqg +srvvleo|, pruh fdslwdo lqwhqvlyh1 Kljk zdjh �upv duh xqvnloohg oderu
lqwhqvlyh dqg +srvvleo|, ohvv olnho| wr vxuylyh1

Wkh sdshu lv rujdql}hg dv iroorzv1 Lq vhfwlrq 5/ zh suhvhqw d ghwdlohg prwlydwlrq
ri rxu vwdwlvwlfdo prgho lq zklfk zh uhodwh wkh gl�huhqw frpsrqhqwv ri rxu vwdwlvwlfdo
prgho wr zdjh udwh ghwhuplqdwlrq prghov xvhg wr vwxg| lqwhu0lqgxvwu| zdjh gl�hu0
hqwldov/ �up0vl}h zdjh h�hfwv/ wkh phdvxuhphqw ri rssruwxqlw| zdjh udwhv/ vhqlrulw|0
zdjh h�hfwv dqg wkh hfrqrplfv ri kxpdq uhvrxufh pdqdjhphqw1 Lq vhfwlrq 6 zh od|
rxw wkh ixoo ghwdlov ri rxu vwdwlvwlfdo phwkrgv1 Zh glvfxvv wkh lqvwlwxwlrqdo ihdwxuhv
ri wkh Iuhqfk oderu pdunhw dqg rxu gdwd vrxufhv lq vhfwlrq 71 Lq vhfwlrq 8 zh glvfxvv
rxu uhvxowv1 Ilqdoo|/ zh frqfoxgh lq vhfwlrq 91
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51 Khwhurjhqhlw| dqg Oderu Pdunhwv

Wkdw oderu pdunhw rxwfrphv duh h{wuhpho| khwhurjhqhrxv�revhuydeo| htxlydohqw lq0
glylgxdov hduq pdunhgo| gl�huhqw frpshqvdwlrq dqg kdyh pdunhgo| gl�huhqw hpsor|0
phqw klvwrulhv�lv rqh ri wkh hqgxulqj ihdwxuhv ri hpslulfdo dqdo|vhv ri oderu pdunhwv
lq pdq| frxqwulhv1 Wklv khwhurjhqhlw| kdv prwlydwhg dq hqruprxv olwhudwxuh wkdw
dwwhpswv wr lvrodwh lwv vrxufhv dqg wr lghqwli| vljql�fdqw pdunhw idfwruv wkdw duh vwd0
wlvwlfdoo| uhodwhg wr hpsor|phqw rxwfrphv/ sduwlfxoduo| hduqlqjv ru frpshqvdwlrq18

Rqh vwudqg ri wklv olwhudwxuh kdv irfxvhg rq wkh h{whqw wr zklfk zdjh khwhurjhqhlw|
lv uhodwhg wr shupdqhqw xqphdvxuhg gl�huhqfhv dprqj wkh lqglylgxdov/ zkdw zh odeho
d shuvrq h�hfw1 Dqrwkhu vwudlq ri wklv olwhudwxuh kdv irfxvhg rq wkh h{whqw wr zklfk
zdjh khwhurjhqhlw| lv uhodwhg wr shupdqhqw gl�huhqfhv dprqj wkh hpsor|huv/ zkdw zh
odeho d �up h�hfw1

Wr sxw wkhvh gl�huhqw prghov lq frqwh{w/ frqvlghu wkh iroorzlqj vlpsoh zdjh htxd0
wlrq=

|lw @ �| . +{lw � �{,� . �l . #M+l>w, . %lw +514,

lq zklfk |lw lv wkh orjdulwkp ri dqqxdo frpshqvdwlrq ri lqglylgxdo l @ 4> = = = >Q dw gdwh
w @ 4> = = = W > {lw lv d yhfwru ri S wlph0ydu|lqj h{rjhqrxv fkdudfwhulvwlfv ri lqglylgxdo l>
�l lv wkh sxuh shuvrq h�hfw> #M+l>w, lv wkh sxuh �up h�hfw iru wkh �up dw zklfk zrunhu l
lv hpsor|hg dw gdwh w +ghqrwhg e| M+l> w,,/ �| lv wkh judqg phdq ri |lw/ �{ lv wkh judqg
phdq ri {lw> dqg %lw lv wkh vwdwlvwlfdo uhvlgxdo1 Dvvxph wkdw d vlpsoh udqgrp vdpsoh
ri Q lqglylgxdov lv revhuyhg iru W |hduv19 Wkxv/ %lw kdv wkh iroorzlqj surshuwlhv

H^%lw m l> w>M+l> w,> {lw` @ 3

dqg

Fry ^%lw> %qv m l> w> q> v>M+l> w,>M+q> v,> {lw> {qv` @

�
�5% iru l @ q dqg w @ v
3/ rwkhuzlvh

=:

Lq pdwul{ qrwdwlrq zh kdyh

| @ [� .G� .I# . % +515,

8Vhh/ iru h{dpsoh/ Urvhq +4<;9,/ Zloolv +4<;9,/ Ehfnhu +4<<5,/ Mxkq/ Pxusk| dqg Slhufh +4<<5,/
Pxusk| dqg Zhofk +4<<5, dqg Eodx dqg Ndkq +4<<9,1

9Wkh dfwxdo gdwd duh lq wkh irup ri dq xqedodqfhg sdqho1 Iru qrwdwlrqdo vlpsolflw|/ krzhyhu/ zh
ghvfuleh wkh prwlydwlrq lq whupv ri d edodqfhg sdqho1 Rxu frpsohwh prgho lv ghvfulehg lq wkh qh{w
vhfwlrq dqg wkh surriv iru wkh xqedodqfhg fdvh duh jlyhq lq wkh Vwdwlvwlfdo Dsshqgl{1

:Rqh fdq dozd|v doorz iru d pruh frpsolfdwhg huuru vwuxfwxuh iru 0�|> krzhyhu/ dv Derzg dqg
Fdug +4<;<, vkrz/ h{fhsw iru phdvxuhphqw huuru/ wklv uhvlgxdo h{klelwv wulyldo vhuldo fruuhodwlrq lq
Dphulfdq orqjlwxglqdo gdwd1 Phdvxuhphqw huuru lq wkh gdwd vwxglhg e| Derzg dqg Fdug/ zklfk
grhv h{klelw vljql�fdqw vhuldo fruuhodwlrq zlwklq lqglylgxdov/ lv uhodwhg wr wkh vwuxfwxuh ri vdpsohv
ri lqglylgxdov lq zklfk wkh lqglylgxdov duh wkh uhvsrqghqwv1 Lq wklv sdshu/ zh vwxg| gdwd vdpsohg
dw wkh ohyho ri wkh lqglylgxdo exw uhsruwhg e| wkh hpsor|hu> khqfh/ uhvsrqghqw uhsruwlqj huuru dqg
rwkhu vrxufhv ri phdvxuhphqw huuru lq lqglylgxdo orqjlwxglqdo gdwd duh qrw lpsruwdqw sureohpv1 Zh
zloo/ wkhuhiruh/ pdlqwdlq wkh fryduldqfh vwuxfwxuh dvvxpswlrqv vwdwhg khuh iru vlpsolflw|1 Zkhq zh
frqvlghu frqvlvwhqw hvwlpdwlrq ri q ehorz/ zh doorz iru d jhqhudo fryduldqfh vwuxfwxuh rq 0�| iru hdfk
�1
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zkhuh[ lv wkhQ��S pdwul{ ri revhuydeoh/ wlph0ydu|lqj fkdudfwhulvwlfv +lq ghyldwlrqv
iurp wkh judqg phdqv,/G lv wkhQ��Q pdwul{ ri lqglfdwruv iru lqglylgxdo l @ 4> ===>Q /
I lv wkh Q��pM pdwul{ ri lqglfdwruv iru wkh �up h�hfw dw zklfk l zrunv dw gdwh w +M
�upv wrwdo,; / | lv wkh Q� � 4 yhfwru ri dqqxdo frpshqvdwlrq gdwd +dovr lq ghyldwlrqv
iurp wkh judqg phdq,/ % lv wkh frqirupdeoh yhfwru ri uhvlgxdov/ dqg Q� @ QW 1 Wkh
sdudphwhuv ri htxdwlrq +515, duh �/ wkh S �4 yhfwru ri frh!flhqwv rq wkh wlph0ydu|lqj
shuvrqdo fkdudfwhulvwlfv> �/ wkh Q �4 yhfwru ri lqglylgxdo h�hfwv>< #/ wkh M �4 yhfwru
ri �up h�hfwv> dqg wkh huuru yduldqfh/ �5%1

Htxdwlrqv +514, dqg +515, duh lqwhusuhwhg dv wkh frqglwlrqdo h{shfwdwlrq ri dqqxdo
frpshqvdwlrq jlyhq lqirupdwlrq rq wkh revhuydeoh fkdudfwhulvwlfv/ wkh gdwh ri revhu0
ydwlrq/ wkh lghqwlw| ri wkh lqglylgxdo/ dqg wkh lghqwlw| ri wkh hpsor|lqj �up1 Wkh
glvfxvvlrq wkdw iroorzv fodul�hv wkh lqwhusuhwdwlrq ri fodvvlfdo ohdvw vtxduhv hvwlpdwhv
ri wkh sdudphwhuv �/ �/ dqg # zkhq vrph ri wkhvh h�hfwv duh plvvlqj ru duh djjuhjdwhg
lqwr olqhdu frpelqdwlrqv1 Wkh vshfl�fdwlrq lq htxdwlrq +515, lv d vlpsol�fdwlrq ri wkh
prgho xvhg lq rxu ixoo dqdo|vlv ehorz/ zklfk zh dgrsw lq wklv vhfwlrq wr foduli| wkh
glvfxvvlrq1 Doo ri wkh uhvxowv glvfxvvhg lq wklv vhfwlrq duh jhqhudo dqg rxu Vwdwlvwl0
fdo Dsshqgl{ frqwdlqv surriv iru wkh jhqhudo fdvh lpsohphqwhg lq rxu gdwd dqdo|vhv1
Dv wkh dvvxpswlrqv rq wkh huuru surfhvv pdnh fohdu/ htxdwlrqv +514, dqg +515, lp0
srvh wkh dvvxpswlrq ri h{rjhqrxv prelolw|1 Lq sduwlfxodu/ wkh ghvljq pdwul{ iru wkh
�up h�hfwv/ I / lv ruwkrjrqdo wr wkh huuru surfhvv %1 Dowkrxjk hqgrjhqrxv prelolw|
lv fohduo| dq lpsruwdqw sureohp/ zh pdlqwdlq wkh dvvxpswlrq ri h{rjhqrxv prelolw|
wkurxjkrxw wklv sdshu ehfdxvh zh duh lqwhuhvwhg lq phdvxulqj dqg vxppdul}lqj wkh
uroh ri shuvrqdo dqg �up khwhurjhqhlw| lq wkh zdjh rxwfrphv1 Wkh h{whqw wr zklfk
vxfk khwhurjhqhlw| dulvhv iurp hqgrjhqrxv prelolw|/ ru rwkhu frqvlghudwlrqv/ lv wkh
vxemhfw ri ixwxuh dqdo|vhv1

Ehfdxvh pdq| dxwkruv kdyh hvwlpdwhg yduldwlrqv ri +515,/ exw qrw wkh ixoo prgho/
wkhuh lv frqvlghudeoh dpeljxlw| derxw wkh lqwhusuhwdwlrq ri ydulrxv frpelqdwlrqv ri
wkhvh sdudphwhuv143 Ohdylqj dvlgh wkh glvwlqfwlrq ehwzhhq wkh frqglwlrqdo dqg vwuxf0
wxudo lqwhusuhwdwlrq ri wkh sdudphwhuv/ derxw zklfk zh kdyh qrwklqj ixuwkhu wr dgg/
lw lv lpsruwdqw wr qrwh wkdw wkh rplvvlrq ru djjuhjdwlrq ri rqh ru pruh ri wkh h�hfwv
lq htxdwlrq +515, fdq fkdqjh wkh phdqlqj ri wkh rwkhu h�hfwv vljql�fdqwo|1 Yduldwlrqv
lq wkh vhw ri frqglwlrqlqj h�hfwv/ zklfk jlyh ulvh wr rplwwhg0yduldeoh eldvhv/ duh rqh
vrxufh ri frqixvlrq derxw wkh lqwhusuhwdwlrq ri wkh vwdwlvwlfdo sdudphwhuv1 Wkh xvh ri
gl�huhqw olqhdu frpelqdwlrqv ri wkh h�hfwv lq htxdwlrq +515,/ zklfk jlyhv ulvh wr dj0

;Iru vlpsolflw| lq wklv vhfwlrq zh wuhdw wkh fdvh 6 ' �/ vr wkdw wkh �up h�hfw lv d frqvwdqw iru
hdfk �up1 Odwhu lq wkh wh{w zh dqdo|}h pruh jhqhudo �up h�hfwv1

<Wkh sdudphwhu w lqfoxghv erwk wkh xqrevhuydeoh +wr wkh vwdwlvwlfldq, lqglylgxdo h�hfw dqg wkh
frh!flhqwv ri wkh qrq0wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv1

43Vlqfh zh ehjdq zrunlqj rq wklv sdshu/ vhyhudo zrunlqj sdshuv kdyh dsshduhg wkdw xvh d vshf0
l�fdwlrq vlplodu wr htxdwlrq +515,1 Lq sduwlfxodu/ vhh Jrx{ dqg Pdxulq +4<<8,/ zkr fdofxodwh wkh
h{dfw ohdvw vtxduhv vroxwlrq iru wkh prgho lq htxdwlrq +515, xvlqj Iuhqfk gdwd zlwk d pxfk vpdoohu
vdpsoh ri �upv dqg shuvrqv wkdq zh xvh> Hqwrui/ Jroodf dqg Nudpdu} +4<<8,/ zkr dovr frpsxwh
wkh h{dfw ohdvw vtxduhv vroxwlrq xvlqj Iuhqfk gdwd zlwk ihzhu �upv dqg shuvrqv wkdq wkh suhvhqw
sdshu> dqg Eho}lo +4<<8, dqg Elqjoh| dqg Zhvwhujèug0Qlhovhq +4<<8,/ zkr xvh Gdqlvk gdwd exw gr
qrw frpsxwh wkh ixoo ohdvw vtxduhv vroxwlrq wr htxdwlrq +515,/ lqvwhdg/ wkh| dvvxph ruwkrjrqdo �up
dqg shuvrq h�hfwv1 Ohrqdug dqg Ydq Dxghqurgh +4<<9e, xvh d vshfl�fdwlrq vlplodu wr wkh suhvhqw
rqh rq Ehojldq gdwd1
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juhjdwlrq eldvhv/ lv dqrwkhu vrxufh ri gl�huhqwldo lqwhusuhwdwlrqv iru wkh sdudphwhuv1
Zh lqyhvwljdwh hdfk ri wkhvh yduldwlrqv lq wkh sdudphwhul}dwlrq ri htxdwlrq +515, lq
wkh frqwh{w ri gl�huhqw sureohpv lq oderu hfrqrplfv1

Zkhq wkh hvwlpdwhg yhuvlrq ri htxdwlrq +515, h{foxghv wkh sxuh �up h�hfwv +#,/
wkh hvwlpdwhg shuvrq h�hfwv/ ��/ duh wkh vxp ri wkh sxuh shuvrq h�hfwv/ �/ dqg wkh
hpsor|phqw0gxudwlrq zhljkwhg dyhudjh ri wkh �up h�hfwv iru wkh �upv lq zklfk wkh
zrunhu zdv hpsor|hg/ frqglwlrqdo rq wkh lqglylgxdo wlph0ydu|lqj fkdudfwhulvwlfv/ [=

�� @ � . +G3P[G,�4G3P[I# +516,

zkhuh wkh qrwdwlrq PD � L � D+D3D,�4D3 iru dq duelwudu| pdwul{ D1 Khqfh/ li [
zhuh ruwkrjrqdo wr G dqg I / vr wkdw G3P[G @ G3G dqg G3P[I @ G3I / wkhq wkh
gl�huhqfh ehwzhhq �� dqg �/ zklfk lv mxvw dq rplwwhg yduldeoh eldv/ zrxog eh dq Q�4
yhfwru frqvlvwlqj/ iru hdfk lqglylgxdo l/ ri wkh hpsor|phqw0gxudwlrq zhljkwhg dyhudjh
ri wkh �up h�hfwv #m iru m 5 iM+l>4,> ===> M+l> W ,j=

��l � �l @
W[
w@4

#M+l>w,

W

Wkh hvwlpdwhg frh!flhqwv rq wkh wlph0ydu|lqj fkdudfwhulvwlfv lq wkh fdvh ri rplwwhg
�up h�hfwv/ ��/ duh wkh vxp ri wkh sdudphwhuv ri wkh ixoo frqglwlrqdo h{shfwdwlrq/ �/
dqg wkh rplwwhg yduldeoh eldv wkdw ghshqgv xsrq wkh frqglwlrqdo fryduldqfh ri [ dqg
I / jlyhq G=

�� @ � . +[3PG[,�4[3PGI#=

Vlploduo|/ rplwwlqj wkh sxuh shuvrq h�hfwv +�, iurp wkh hvwlpdwhg yhuvlrq ri htxd0
wlrq +515, jlyhv hvwlpdwhv ri wkh �up h�hfwv/ #��/ wkdw fdq eh lqwhusuhwhg dv wkh vxp ri
wkh sxuh �up h�hfwv/ #/ dqg wkh hpsor|phqw0gxudwlrq zhljkwhg dyhudjh ri wkh shuvrq
h�hfwv ri doo ri wkh �up*v hpsor|hhv lq wkh vdpsoh/ frqglwlrqdo rq wkh wlph0ydu|lqj
lqglylgxdo fkdudfwhulvwlfv=

#�� @ # . +I 3P[I ,
�4I 3P[G�= +517,

Khqfh/ li[ zhuh ruwkrjrqdo wrG dqg I / vr wkdw I 3P[I @ I 3I dqg I 3P[G @ I 3G/
wkhq wkh gl�huhqfh ehwzhhq #�� dqg #/ djdlq dq rplwwhg yduldeoh eldv/ zrxog eh d
M �4 yhfwru frqvlvwlqj/ iru hdfk �up m/ ri wkh hpsor|phqw0gxudwlrq zhljkwhg dyhudjh
ri wkh shuvrq h�hfwv �l iru l 5 iM+l> w, @ m iru vrph wj=

#��m �#m @
Q[
l@4

W[
w@4

�
�l 4+M+l> w, @ m,

Qm

�
zkhuh

Qm �
Q[
l@4

W[
w@4

4+M+l> w, @ m,

dqg wkh ixqfwlrq 4+D, wdnhv wkh ydoxh 4 zkhq D lv wuxh dqg 3 rwkhuzlvh1 Wkh hvwlpdwhg
frh!flhqwv rq wkh wlph0ydu|lqj fkdudfwhulvwlfv lq wkh fdvh ri rplwwhg lqglylgxdo h�hfwv/
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���/ duh wkh vxp ri wkh sdudphwhuv ri wkh ixoo frqglwlrqdo h{shfwdwlrq/ �/ dqg wkh
rplwwhg yduldeoh eldv wkdw ghshqgv xsrq wkh fryduldqfh ri [ dqg G/ jlyhq I =

��� @ � . +[ 3PI[,�4[3PIG�= +518,

Doprvw doo h{lvwlqj dqdo|vhv ri htxdwlrqv olnh +515, surgxfh hvwlpdwhg h�hfwv wkdw
frqirxqg sxuh shuvrq dqg sxuh �up h�hfwv lq d pdqqhu vlplodu wr wkrvh suhvhqwhg
deryh1 Wkh srvvlelolw| ri lghqwli|lqj erwk shuvrq dqg �up h�hfwv wkxv doorzv xv wr
uhh{dplqh pdq| lpsruwdqw wrslfv lq oderu hfrqrplfv xvlqj hvwlpdwhv wkdw surshuo|
doorfdwh wkh vwdwlvwlfdo h�hfwv dvvrfldwhg zlwk shuvrqv dqg �upv1

5141 Lqwhu0lqgxvwu| zdjh gl�huhqwldov

Frqvlghu qrz wkh dqdo|vlv ri lqwhu0lqgxvwu| zdjh gl�huhqwldov dv grqh e| Glfnhqv
dqg Ndw} +4<;:,/ Nuxhjhu dqg Vxpphuv +4<;:/ 4<;;,/ Pxusk| dqg Wrsho +4<;:,/
Jleerqv dqg Ndw} +4<<5, dqg pdq| rwkhuv1 Wkh sulqflsdo �qglqj ri wklv olwhudwxuh
kdv ehhq wkdw lqwhu0lqgxvwuldo zdjh gl�huhqwldov fdqqrw eh h{sodlqhg e| phdvxuhg
shuvrq ru �up fkdudfwhulvwlfv1 Wkhuh lv frqwlqxlqj frqwuryhuv| uhjduglqj wkh h{whqw
wr zklfk wkhvh gl�huhqwldov duh h{sodlqhg e| xqphdvxuhg shuvrq h�hfwv/ zlwk Nuxhjhu
dqg Vxpphuv fodlplqj wkdw wkh| duh qrw +Jleerqv dqg Ndw} frqfxuulqj,/ Pxusk|
dqg Wrsho fodlplqj wkdw xqphdvxuhg shuvrq h�hfwv duh wkh sulpdu| h{sodqdwlrq/ dqg
Glfnhqv dqg Ndw} qrw deoh wr dgguhvv wkh lvvxh1 Dv zh pdnh fohdu lq wklv vhfwlrq/
wkh delolw| wr hvwlpdwh erwk shuvrq0 dqg �up0ohyho khwhurjhqhlw| zloo shuplw xv wr
vxevwdqwldoo| uhvroyh wklv txhvwlrq lq rxu gdwd dqdo|vlv�lq idyru ri wkh shuvrq0h�hfw
h{sodqdwlrq/ dv lw wxuqv rxw1

Wr vwdqgdugl}h qrwdwlrq dqg sdudphwhu lqwhusuhwdwlrq/ gh�qh wkh sxuh lqwhu0lqgxvwu|
zdjh gl�huhqwldo/ frqglwlrqdo rq wkh vdph lqirupdwlrq dv lq htxdwlrqv +514, dqg +515,/
dv �n iru vrph lqgxvwu| fodvvl�fdwlrq n @ 4/ 111 / N1 Lqgxvwu| lv d fkdudfwhulvwlf ri wkh
�up> wkxv/ rxu gh�qlwlrq ri wkh sxuh lqgxvwu| h�hfw lv vlpso| wkh fruuhfw djjuhjdwlrq
ri wkh sxuh �up h�hfwv zlwklq wkh lqgxvwu|1 Zh vhohfw wkh gh�qlwlrq ri dq lqgxvwu|
h�hfw dv wkh rqh wkdw fruuhvsrqgv wr sxwwlqj lqgxvwu| lqglfdwru yduldeohv lq htxdwlrq
+515, dqg/ wkhq/ gh�qlqj zkdw lv ohiw ri wkh sxuh �up h�hfw dv d ghyldwlrq iurp wkh
lqgxvwu| h�hfwv1 Khqfh/ �n fdq eh uhsuhvhqwhg dv dq hpsor|phqw0gxudwlrq zhljkwhg
dyhudjh ri wkh �up h�hfwv zlwklq wkh lqgxvwu| fodvvl�fdwlrq n=

�n �
Q[
l@4

W[
w@4

�
4+N+M+l> w,, @ n,#M+l>w,

Qn

�
zkhuh

Qn �
M[
m@4

4+N+m, @ n,Qm

dqg wkh ixqfwlrq N+m, ghqrwhv wkh lqgxvwu| fodvvl�fdwlrq ri �up m1 Li zh lqvhuw wklv
sxuh lqgxvwu| h�hfw/ wkh dssursuldwh djjuhjdwh ri wkh �up h�hfwv/ lqwr htxdwlrq +514,/
wkhq wkh htxdwlrq ehfrphv

|lw @ {lw� . �l . �N+M+l>w,, . +#M+l>w, � �N+M+l>w,,, . %lw
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ru/ lq pdwul{ qrwdwlrq dv lq htxdwlrq +515,/

| @ [� .G� . ID�. +I# � ID�, . % +519,

zkhuh wkh pdwul{ D/ M �N/ fodvvl�hv hdfk ri wkh M �upv lqwr rqh ri wkh N lqgxvwulhv>
wkdw lv/ dmn @ 4 li/ dqg rqo| li/ N+m, @ n1 Wkh sdudphwhu yhfwru �/ N � 4/ pd| eh
lqwhusuhwhg dv wkh iroorzlqj zhljkwhg dyhudjh ri wkh sxuh �up h�hfwv=

� � +D3I 3ID,�4D3I 3I#=

dqg wkh h�hfw +I#�ID�, pd| eh uh0h{suhvvhg dvPIDI#1 Wkxv/ wkh djjuhjdwlrq ri
M �up h�hfwv lqwrN lqgxvwu| h�hfwv/ zhljkwhg vr dv wr eh uhsuhvhqwdwlyh ri lqglylgxdov/
fdq eh dffrpsolvkhg gluhfwo| e| hvwlpdwlrq ri htxdwlrq +519,1 Rqo| udqn+I 3PIDI ,
�up h�hfwv fdq eh vhsdudwho| lghqwl�hg> krzhyhu/ wkhuh lv qhlwkhu dq rplwwhg yduldeoh
qru dq djjuhjdwlrq eldv lq wkh fodvvlfdo ohdvw vtxduhv hvwlpdwhv ri +519,1 Wr eh shuihfwo|
fohdu/ htxdwlrq +519, ghfrpsrvhv I# lqwr wzr ruwkrjrqdo frpsrqhqwv= wkh lqgxvwu|
h�hfwv ID�/ dqg zkdw lv ohiw ri wkh �up h�hfwv diwhu uhprylqj wkh lqgxvwu| h�hfw/
PIDI#1

Dxwkruv olnh Glfnhqv dqg Ndw} +4<;:,/ Nuxhjhu dqg Vxpphuv +4<;:/ 4<;;,/ Pxu0
sk| dqg Wrsho +4<;:,/ dqg Jleerqv dqg Ndw} +4<<5, gr qrw kdyh lqirupdwlrq lghq0
wli|lqj wkh hpsor|lqj �up/ hyhq zkhq wkh| gr kdyh orqjlwxglqdo gdwd144 Hvwlpdwhv
ri lqgxvwu| h�hfwv/ ��/ wkdw duh frpsxwhg rq wkh edvlv ri dq htxdwlrq wkdw h{foxghv
wkh uhpdlqlqj �up h�hfwv/ PIDI#/ duh htxdo wr wkh sxuh lqgxvwu| h�hfw/ �/ soxv dq
rplwwhg yduldeoh eldv wkdw fdq eh h{suhvvhg dv d ixqfwlrq ri wkh frqglwlrqdo yduldqfh
ri wkh lqgxvwu| h�hfwv/ ID/ jlyhq wkh wlph0ydu|lqj fkdudfwhulvwlfv/ [/ dqg wkh shuvrq
h�hfwv/ G=

�� @ �.

�
D3I 3P�

G [
�ID��4D3I 3P�

G [
�PIDI#

zklfk vlpsol�hv wr �� @ � li/ dqg rqo| li/ wkh lqgxvwu| h�hfwv/ ID/ duh ruwkrjrqdo wr
wkh vxevsdfhPIDI / jlyhq G dqg [/ zklfk lv jhqhudoo| qrw wuxh hyhq wkrxjk ID dqg
PIDI duh ruwkrjrqdo e| frqvwuxfwlrq145 Wkxv/ lw lv qrw srvvleoh wr hvwlpdwh sxuh
lqwhu0lqgxvwu| zdjh gl�huhqwldov frqvlvwhqwo|/ frqglwlrqdo rq wlph0ydu|lqj shuvrqdo
fkdudfwhulvwlfv dqg xqrevhuydeoh qrq0wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv/ zlwkrxw
lghqwli|lqj lqirupdwlrq rq wkh xqghuo|lqj �upv xqohvv wklv frqglwlrqdo ruwkrjrqdolw|
frqglwlrq krogv1 Vlploduo|/ hvwlpdwhv ri wkh frh!flhqwv ri wkh wlph0ydu|lqj shuvrqdo
fkdudfwhulvwlfv/ ��/ duh htxdo wr wkh wuxh frh!flhqwv ri wkh frqglwlrqdo h{shfwdwlrq/ �/
soxv dq rplwwhg yduldeoh eldv wkdw ghshqgv xsrq wkh frqglwlrqdo fryduldqfh ehwzhhq
wkhvh fkdudfwhulvwlfv/ [/ dqg wkh uhvlgxdo vxevsdfh ri wkh �up h�hfwv/ PIDI / jlyhq
G=

�� @ � .

#
[ 3P�

G ID
�[$�4[ 3P�

G ID
�PIDI#

44Nuxhjhu dqg Vxpphuv +4<;;, Wdeoh Y/ iru h{dpsoh1
45��

( f
� lv wkh pdwul{ �~ zlwk ~ 
 d( � fo dqg lv qrw htxdo wr wkh pdwul{ �(f 1
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zklfk/ rqfh djdlq/ vlpsol�hv wr �� @ � li/ dqg rqo| li/ wkh wlph0ydu|lqj shuvrqdo
fkdudfwhulvwlfv/ [/ duh ruwkrjrqdo wr wkh vxevsdfh PIDI / jlyhq G dqg ID/ zklfk
lv dovr qrw jhqhudoo| wuxh1 Wkxv/ lw lv qrw srvvleoh wr hvwlpdwh wkh frh!flhqwv rq
wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv frqvlvwhqwo|/ frqglwlrqdo rq lqgxvwu| h�hfwv dqg
xqrevhuydeoh qrq0wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv/ zlwkrxw lghqwli|lqj lqirupd0
wlrq rq wkh xqghuo|lqj �upv xqohvv wklv vhfrqg frqglwlrqdo ruwkrjrqdolw| frqglwlrq
krogv1

Zkhq wkh hvwlpdwlrq ri htxdwlrq +519, h{foxghv erwk shuvrq dqg �up h�hfwv/ wkh
hvwlpdwhg lqgxvwu| h�hfw/ ���n / htxdov wkh sxuh lqgxvwu| h�hfw/ �/ soxv wkh hpsor|phqw0
gxudwlrq zhljkwhg dyhudjh uhvlgxdo �up h�hfw lqvlgh wkh lqgxvwu|/ jlyhq [/ dqg wkh
hpsor|phqw0gxudwlrq zhljkwhg dyhudjh shuvrq h�hfw lqvlgh wkh lqgxvwu|/ jlyhq wkh
wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv [=

��� @ � . +D3I 3P[ID,
�4D3I 3P[ +PIDI# .G�,

zklfk fdq eh uhvwdwhg dv

��� @ +D3I 3P[ID,
�4D3I 3P[I# . +D3I 3P[ID,

�4D3I 3P[G�= +51:,

Khqfh/ li lqgxvwu| h�hfwv/ ID/ zhuh ruwkrjrqdo wr wlph0ydu|lqj shuvrqdo fkdudfwhulv0
wlfv/ [/ dqg wr qrq0wlph ydu|lqj shuvrqdo khwhurjhqhlw|/ G/ vr wkdw D3I 3P[ID @
D3I 3ID/ D3I 3P[I @ D3I 3I / dqg D3I 3P[G @ D3I 3G/ wkh eldvhg lqwhu0lqgxvwu|
zdjh gl�huhqwldov/ ���/ zrxog vlpso| htxdo wkh sxuh lqwhu0lqgxvwu| zdjh gl�huhq0
wldov/ �/ soxv wkh hpsor|phqw0gxudwlrq0zhljkwhg/ lqgxvwu|0dyhudjh sxuh shuvrq h�hfw/
+D3I 3ID,�4 D3I 3G�/ ru

���n @ �n .
Q[
l@4

W[
w@4

4^N+M+l> w,, @ n`�l
Qn

zkhuh Qn �
S

l>w 4^N+M+l> w,, @ n`1
Wkxv/ suhylrxv dqdo|vhv wkdw h{foxgh shuvrq h�hfwv frqirxqg wkh sxuh lqwhu0

lqgxvwu| zdjh gl�huhqwldo zlwk dq dyhudjh ri wkh shuvrq h�hfwv irxqg lq wkh lqgxvwu|/
jlyhq wkh phdvxuhg shuvrqdo fkdudfwhulvwlfv/[= Wr dqwlflsdwh rxu uhvxowv/ zh xvh htxd0
wlrq +51:, wrjhwkhu zlwk rxu hvwlpdwhg sxuh shuvrq h�hfwv/ �/ dqg rxu hvwlpdwhg sxuh
�up h�hfwv/ #/ wr ghwhuplqh zkdw sursruwlrq ri wkh hvwlpdwhg lqwhu0lqgxvwu| zdjh
gl�huhqwldov ��� lv h{sodlqhg e| shuvrq h�hfwv yhuvxv �up h�hfwv1 Zh vkrz wkdw wkh
sxuh lqwhu0lqgxvwu| zdjh gl�huhqwldo/ �/ zklfk zh lqwhusuhw/ dv lq wklv vhfwlrq/ dv wkh
sduw gxh wr sxuh �up h�hfwv/ lv pxfk ohvv lpsruwdqw wkdq wkh frqwulexwlrq ri wkh
lqgxvwu| dyhudjh shuvrq h�hfw wr ���1

5151 Ilup h�hfwv zlwkrxw shuvrqdo khwhurjhqhlw|

Wkhuh lv d frpsohphqwdu| olqh ri uhvhdufk wkdw dwwhpswv wr h{sodlq khwhurjhqhlw| lq
zdjh udwhv e| xvlqj �up h�hfwv/ iru h{dpsoh Jurvkhq +4<<4/ 4<<9,/ Gdylv dqg Kdowl0
zdqjhu +4<<9,/ Hqwrui dqg Nudpdu} +4<<:/ iruwkfrplqj, dqg Nudpdu}/ Oroolylhu/ dqg
Shoì +4<<9,1 Wkh sulqflsdo �qglqj lq wkhvh vwxglhv kdv ehhq wkdw �up h�hfwv duh vxe0
vwdqwldoo| pruh lpsruwdqw wkdq phdvxuhg shuvrqdo fkdudfwhulvwlfv lq h{sodlqlqj zdjh
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yduldwlrq/ hyhq zkhq wkh phdvxuhg shuvrqdo fkdudfwhulvwlfv lqfoxgh ghwdlohg rffxsd0
wlrqdo h�hfwv/ zklfk duh w|slfdoo| lqwhusuhwhg dv d sur{| iru rxu sxuh shuvrq h�hfwv/
�1 Dq dgglwlrqdo frqfoxvlrq lv wkdw wkh h�hfwv ri phdvxuhg shuvrqdo fkdudfwhulvwlfv/
�/ duh qrw yhu| vhqvlwlyh wr wkh lqfoxvlrq ri �up h�hfwv1 Qrqh ri wkh vwxglhv lq wklv
vwudlq ri wkh zdjh0ghwhuplqdwlrq olwhudwxuh lqfoxghv erwk sxuh shuvrq dqg sxuh �up
h�hfwv/ dv gh�qhg lq htxdwlrq +514, ru +515, deryh1

Lq rxu qrwdwlrq/ vwxglhv olnh Jurvkhq +4<<4, hvwlpdwh #��/ iurp htxdwlrq +517,/
dqg ���/ iurp htxdwlrq +518,1 Wkh vl}h ri wkh eldv dulvlqj iurp wkh rplvvlrq ri
shuvrq h�hfwv lv/ ri frxuvh/ dq hpslulfdo pdwwhu> krzhyhu/ djdlq wr dqwlflsdwh rxu
uhvxowv/ lw wxuqv rxw wr eh vxevwdqwldo1 Prvw ri wkh hvwlpdwhg �up h�hfw/ #��/ lq wkhvh
vwxglhv lv gxh wr wkh hpsor|phqw0gxudwlrq zhljkwhg dyhudjh ri wkh sxuh lqglylgxdo
h�hfwv frqglwlrqdo rq [/ +I 3P[I ,�4I 3P[G�/ dqg qrw wr wkh sxuh �up h�hfw/ #1
Ixuwkhupruh/ wkh eldv lq wkh hvwlpdwhg h�hfwv ri wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv/
��� � � @ +[3PI[,�4[ 3PIG�/ gxh wr wkh rplvvlrq ri sxuh lqglylgxdo h�hfwv/ lv
dovr odujh1

5161 Ilup0vl}h zdjh h�hfwv

Wkh uhshdwhg �qglqj ri d srvlwlyh uhodwlrq ehwzhhq wkh vl}h ri wkh hpsor|lqj �up
dqg zdjh udwhv/ hyhq diwhu frqwuroolqj iru d zhdowk ri lqglylgxdo yduldeohv +vhh Eurzq
dqg Phgr� +4<;<,,/ kdv jhqhudwhg pdq| dowhuqdwlyh lqwhusuhwdwlrqv1 Vrph h{sodqd0
wlrqv uho| rq h!flhqf| zdjh frqvlghudwlrqv�prqlwrulqj ehlqj pruh gl!fxow lq odujhu
�upv�ru/ pruh jhqhudoo|/ xsrq �up0vshfl�f frpshqvdwlrq srolflhv146 Rwkhuv uho|
rq wkh dvvxphg h{lvwhqfh ri xqrevhuyhg zrunhu fkdudfwhulvwlfv/ frpshqvdwhg e| wkh
�upv/ wkdw rqo| odujhu �upv zrxog eh deoh wr vsrw ehfdxvh ri ehwwhu klulqj sudfwlfhv147

Wkh hvwlpdwhg �up0vl}h h�hfw rq zdjh udwhv fdq eh uhodwhg wr zkdw zh fdoo sxuh �up
h�hfwv dv zhoo dv wr wkh dyhudjh shuvrq h�hfw zlwklq wkh �up1 Xvlqj rxu qrwdwlrq/ d
�up0vl}h h�hfw/ �/ fdq eh prghohg xvlqj d pdwul{ V/ M �U/ wkdw pdsv wkh vl}h ri �up
m lqwr U olqhduo| lqghshqghqw ixqfwlrqv ri lwv vl}h +sro|qrpldov lq wkh orjdulwkp ru
vl}h lqwhuydov/ iru h{dpsoh,1 Iroorzlqj wkh vdph phwkrgv wkdw zh xvhg wr ghfrpsrvh
wkh lqwhu0lqgxvwu| zdjh gl�huhqwldo/ zh h{suhvv wkh zdjh htxdwlrq +515, dv=

| @ [� .G� . IV� .PIVI# . %> +51;,

vr wkdw wkh sxuh �up0vl}h h�hfwv duh uhodwhg wr wkh xqghuo|lqj sxuh �up h�hfwv e| wkh
htxdwlrq=

� � +V3I 3IV,
�4

V3I 3I#=

Rqfh djdlq/ zh vwuhvv wkdw �up vl}h lv d fkdudfwhulvwlf ri wkh hpsor|hu> wkxv/ d
�up0vl}h h�hfw lv vlpso| dq djjuhjdwlrq ri wkh sxuh �up h�hfwv dqg fdq eh dqdo|}hg
xvlqj wkh vdph wrrov wkdw zh xvhg iru wkh lqwhu0lqgxvwu| zdjh gl�huhqwldo1 Wkhuhiruh/
doo ri wkh eldv irupxodv ghulyhg iru wkh lqwhu0lqgxvwu| zdjh gl�huhqwldo dsso| wr wkh
sureohp ri hvwlpdwlqj wkh �up0vl}h h�hfwv lq wkh suhvhqfh ru devhqfh ri wkh ydulrxv
h�hfwv lq htxdwlrq +51;,1 Lq sduwlfxodu/ zkhq wkh �up0vl}h h�hfwv duh hvwlpdwhg lq wkh

46Vhh Exorz dqg Vxpphuv +4<:9,/ iru h{dpsoh1
47Vhh Zhlvv dqg Odqgdx +4<;7,/ iru h{dpsoh1
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suhvhqfh ri phdvxuhg wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv/ [/ dqg shuvrq h�hfwv/
G/ exw rplwwlqj wkh uhpdlqlqj �up h�hfwv/ PIVI / wkh uhvxowlqj hvwlpdwhg �up0vl}h
h�hfwv/ ��/ dv lq Eurzq dqg Phgr� +4<;</ Wdeoh 5, wdnh wkh irup=

�� @ � .

�
V3I 3P�

G [
�IV��4 V3I 3P�

G [
�PIVI#

zlwk d vlplodu htxdwlrq/ zklfk zh gr qrw vwdwh h{solflwo|/ iru wkh eldv lq wkh hvwlpdwlrq
ri wkh sdudphwhuv � lq htxdwlrq +51;,1 Wkh �up0vl}h h�hfwv hvwlpdwhg lq wkh devhqfh
ri �up h�hfwv/ ��/ duh htxdo wr wkh sxuh �up0vl}h h�hfwv/ �/ li/ dqg rqo| li/ �up vl}h/
IV/ lv ruwkrjrqdo wr wkh uhvlgxdo vxevsdfh ri �up h�hfwv/ PIVI / jlyhq wlph0ydu|lqj
shuvrqdo fkdudfwhulvwlfv/ [/ dqg shuvrq h�hfwv/ G1 Dv lq wkh fdvh ri lqgxvwu| h�hfwv/
zh qrwh wkdw wklv frqglwlrqdo ruwkrjrqdolw| grhv qrw iroorz iurp wkh idfw wkdw IV dqg
PIVI duh ruwkrjrqdo e| frqvwuxfwlrq1 Khqfh/ wkh eldv �� � � lv qrw jhqhudoo| }hur1

Prvw vwxglhv ri wkh �up0vl}h zdjh h�hfw gr qrw frqglwlrq rq shuvrq h�hfwv/ G1
Frqvhtxhqwo|/ wkh hvwlpdwhg sdudphwhu yhfwru dvvrfldwhg zlwk wkh �up0vl}h h�hfw lq
wkrvh vwxglhv/ ��� +lq rxu qrwdwlrq,/ fdq eh uhsuhvhqwhg dv

��� @ +V3I 3P[IV,
�4V3I 3P[I# . +V3I 3P[IV,

�4V3I 3P[G�> +51<,

zklfk zh lqwhusuhw dv wkh vxp ri wkh �up0vl}h/ hpsor|phqw0zhljkwhg dyhudjh �up
h�hfw dqg wkh vlploduo|0zhljkwhg dyhudjh shuvrq h�hfw/ frqglwlrqdo rq shuvrqdo fkdu0
dfwhulvwlfv/ [1 Wr dqwlflsdwh rxu uhvxowv/ djdlq/ zh xvh wkh ghfrpsrvlwlrq glvsod|hg lq
htxdwlrq +51<, wr h{sodlq wkh uhodwlrq ehwzhhq �up vl}h dqg wkh �up0vl}h fodvv dyhudjh
shuvrq dqg �up h�hfwv lq rxu gdwd/ frqglwlrqdo rq rwkhu �up0ohyho dqg shuvrqdo ydul0
deohv1 Wkh uhodwlrq ehwzhhq �up vl}h dqg wkhvh frpsrqhqwv ri zdjh rxwfrphv lv/ dv
Eurzq dqg Phgr� k|srwkhvl}hg/ lpsruwdqwo| uhodwhg wr erwk sxuh �up khwhurjhqhlw|
lq frpshqvdwlrq/ #/ dqg sxuh lqglylgxdo khwhurjhqhlw|/ �1

5171 Phdvxuhphqw ri wkh lqwhuqdo dqg h{whuqdo zdjh

Yluwxdoo| doo hfrqrplf prghov ri oderu pdunhw rxwfrphv uhtxluh dq hvwlpdwh ri wkh
rssruwxqlw| frvw ri wkh zrunhu*v wlph1 Lq vlpsoh/ fodvvlfdo htxloleulxp prghov zlwkrxw
xqphdvxuhg shuvrq ru �up khwhurjhqhlw|/ wklv jhqhudoo| fruuhvsrqgv wr wkh phdvxuhg
zdjh udwh1 Lq prghov ri zdjh ghwhuplqdwlrq vxfk dv txdvl0uhqw vsolwwlqj48 ru lp0
shuihfw lqirupdwlrq +h!flhqf| zdjh dqg djhqf| prghov,/49 xqphdvxuhg vwdwlvwlfdo

48 Lq wkh froohfwlyh edujdlqlqj dqg zdjh ghwhuplqdwlrq olwhudwxuh/ wklv sureohp kdv d orqj wkh0
ruhwlfdo klvwru| +vhh Ohrqwlhi +4<79,/ PdfGrqdog dqg Vrorz +4<;4,/ dqg prvw uhfhqwo| Pdqqlqj
+4<;:,,1 Pdq| hpslulfdo lpsohphqwdwlrqv/ lqfoxglqj Eurzq dqg Dvkhqihowhu +4<;9,/ Fdug +4<;9,/
PdFxug| dqg Shqfdyho +4<;9,/ Derzg +4<;<,/ Fkulvwr�ghv dqg Rvzdog +4<<4/ 4<<5,/ Qlfnhoo dqg
Zdgkzdql +4<<4,/ Derzg dqg Ohplhx{ +4<<6,/ dqg Eodqfk rzhu/ Rvzdog dqg Vdqih| +4<<9,/ xvh
pdfur0hfrqrplf zdjh vhulhv ru vhfwrudo zdjh vhulhv wr uhsuhvhqw wkh rssruwxqlw| frvw ri wlph iru
wkh xqlrql}hg zrunhuv1 Wklv whfkqltxh idlov wr fdswxuh lpsruwdqw yduldwlrq lq wkh dyhudjh shuvrqdo
khwhurjhqhlw| ri wkh hpsor|hhv ri gl�huhqw �upv1 Vhh Derzg dqg Nudpdu} +4<<6, dqg Derzg dqg
Doodlq +4<<9, iru hpslulfdo prghov wkdw shuplw xqrevhuyhg khwhurjhqhlw| lq wkh rssruwxqlw| frvw ri
wlph1

49Iru djhqf| prghov/ wkh wkhru| lv vxppdul}hg lq Kduw dqg Kropvwuùp +4<;:, dqg Vdsslqjwrq
+4<<4,1 Vrph hpslulfdo lpsohphqwdwlrqv lqfoxgh Od}hdu +4<:<,/ Kxwfkhqv +4<;:,/ Derzg +4<<3,/
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khwhurjhqhlw| +shuvrq ru �up, euhdnv wkh gluhfw olqn ehwzhhq wkh revhuyhg zdjh udwh
dqg wkh rssruwxqlw| frvw ri wlph1 Pruhryhu/ vxfk prghov xvxdoo| pdnh dq h{solflw
glvwlqfwlrq ehwzhhq wkh frpshqvdwlrq uhfhlyhg dqg wkh zdjh udwh dydlodeoh lq wkh hp0
sor|hh*v qh{w ehvw dowhuqdwlyh hpsor|phqw1 Wkh vwdwlvwlfdo prgho lq htxdwlrq +514,/
zkloh qrw ghulyhg iurp dq h{solflw oderu pdunhw prgho/ frqwdlqv doo wkh revhuydeoh
hohphqwv iurp zklfk qrqfodvvlfdo oderu pdunhw prghov ghulyh wkhlu hpslulfdo frqwhqw1
Lqghhg/ wkh vlpsohvw gh�qlwlrq ri wkh frpsrqhqwv ri wkh h{whuqdo dqg lqwhuqdo zdjh
udwh edvhg d vwuxfwxudo prgho ohdglqj wr htxdwlrq +514, lv jlyhq e| wkh iroorzlqj prgho=

|lw @ {lw� . �lw +5143,

zkhuh i{lw> �lwj iroorzv d jhqhudo vwrfkdvwlf surfhvv iru l @ 4> ===> Q dqg w @ 4> ===W
zlwk

H^i{lw> �lwji{qv> �qvj m l> q> v> w> M+l> w,> M+q> v,` 9@ 3 l� l @ q ru M+l> w, @ M+q> v,=
+5144,

Wkhq/
�l @ H^{lw� . �lw m l`�H^{lw� . �lw`

dqg
#m @ H ^{lw� . �lw m M+l> w, @ m`� H^{lw� . �lw` =

Wkh prgho lq htxdwlrq +5143,/ wrjhwkhu zlwk wkh dvvxpswlrq +5144,/ vlpso| irupdo0
l}hv wkh frqglwlrqv xqghu zklfk zh fdq xvh rxu pdlqwdlqhg dvvxpswlrq ri h{rjhqrxv
prelolw| wr dsso| d vwuxfwxudo lqwhusuhwdwlrq wr htxdwlrq +514,1

5181 Dqdo|vlv ri wkh Vhqlrulw|0Zdjh Udwh Uhodwlrq

Lq wkh jurzlqj olwhudwxuh rq wkh h�hfwv ri vhqlrulw| rq zdjh udwhv/ prvw dxwkruv dvvxph
wkdw wkh uhohydqw frh!flhqw lv krprjhqhrxv dfurvv �upv14: Lurqlfdoo|/ wkh �uvw xvhv
ri wkh vhqlrulw|0zdjh uhodwlrq wr whvw hfrqrplf wkhrulhv +Od}hdu +4<:<, dqg Kxwfkhqv
+4<;:,, gr qrw pdnh wklv dvvxpswlrq1 Ixuwkhupruh/ Pdujrolv +4<<9, kdv vkrzq/ xv0
lqj hvwlpdwhg vhqlrulw| h�hfwv uhodwhg wr wkrvh suhvhqwhg lq wkh suhvhqw sdshu/ wkdw
khwhurjhqhlw| lq wkh uhwxuqv wr vhqlrulw| lv d vljql�fdqw hpslulfdo skhqrphqrq dqg
wkdw rqh*v lqwhusuhwdwlrq ri wkh dyhudjh h�hfw ri vhqlrulw| rq zdjh udwhv lv d�hfwhg e|
zkhwkhu ru qrw wkh prgho doorzv iru wklv khwhurjhqhlw|1 Wkh vhqlrulw|0zdjh uhodwlrq lv
d �up0vshfl�f wlph0ydu|lqj h�hfw1 Wkxv/ wkh vwdwlvwlfdo whfkqltxhv ghyhorshg lq wklv
sdshu fdq eh xvhg wr prgho dqg hvwlpdwh wklv h�hfw1 Zh h{whqg wkh dqdo|vlv lq Pdu0
jrolv +4<<9, e| lqfoxglqj d khwhurjhqhrxv vhqlrulw| h�hfw lq vhyhudo vwdwlvwlfdo prghov1

Jleerqv dqg Pxusk| +4<<3/ 4<<5,/ Mhqvhq dqg Pxusk| +4<<3,/ Ndkq dqg Vkhuhu +4<<3,/ Ohrqdug
+4<<3,/ Fdkxf dqg Gruprqw +4<<5,/ Fdkxf dqg Nudpdu} +4<<8,/ Nudpdu} dqg Uh| +4<<8,/ dqg
Ohrqdug dqg Ydq Dxghqurgh +4<<9d,/ doo ri zklfk uhtxluh dq hpslulfdo sur{| iru wkh h{whuqdo zdjh
udwh lq rughu wr lghqwli| d frpsrqhqw ri frpshqvdwlrq wkdw lv uhodwhg wr shuirupdqfh1 Vhh dovr wkh
vxppdu| lq Hkuhqehuj dqg Plonrylfk +4<;:,1 Iru h!flhqf| zdjh prghov/ wkh wkhru| lv vxppdul}hg
lq Vkdslur dqg Vwljolw} +4<;7,/ iru wkh gxdo oderu pdunhw yhuvlrq vhh Exorz dqg Vxpphuv +4<:9,
dqg Fdlq +4<:9,1 Djdlq/ hpslulfdo prghov olnh Glfnhqv dqg Odqj +4<;8, uhtxluh d phdvxuh ri wkh
rssruwxqlw| frvw lq wkh orz0zdjh vhfwru1 Wkh phdvxuhv xvhg gr qrw doorz iru xqrevhuyhg shuvrqdo
khwhurjhqhlw| ehwzhhq wkh orz dqg kljk revhuyhg zdjh jurxsv1

4:Vhh Deudkdp dqg Iduehu +4<;:,/ Dowrqml dqg Vkdnrwnr +4<;:,/ Eurzq +4<;<,/ dqg Wrsho +4<<4,1
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Zh surylgh frqvlvwhqw hvwlpdwhv ri wklv h�hfw zlwklq �upv xvlqj dvvxpswlrqv wkdw
duh frpsdudeoh wr Wrsho*v +4<<4, dvvxpswlrqv1 Zh frpsduh wkhvh uhvxowv zlwk rwkhu
hvwlpdwlrq whfkqltxhv wkdw dvvxph khwhurjhqhrxv ru krprjhqhrxv vhqlrulw| h�hfwv1
Ixuwkhupruh/ zh surylgh gluhfw hylghqfh rq wkh h{whqw wr zklfk wkh ehwzhhq0�up
yduldelolw| lq uhwxuqv wr vhqlrulw| lv uhodwhg wr wkh ehwzhhq0�up yduldelolw| lq lqlwldo
sd|1 Vhyhudo prghov ri olihwlph lqfhqwlyh frqwudfwv +Ehfnhu dqg Vwljohu +4<:7,/ Od}hdu
+4<:<,, suhglfw d qhjdwlyh uhodwlrq/ zklfk rxu vwdwlvwlfv vxssruw1

5191 Kxpdq Uhvrxufh Pdqdjhphqw Srolflhv

Lq wkh hphujlqj olwhudwxuh rq wkh hfrqrplfv ri kxpdq uhvrxufh pdqdjhphqw srolflhv/
+vhh Hkuhqehuj +4<<3, dqg Od}hdu +4<<8,, hfrqrplvwv dqg rwkhu rujdql}dwlrq vsh0
fldolvwv kdyh dujxhg wkdw d �up*v shuvrqqho sudfwlfhv/ sduwlfxoduo| wkh ghvljq ri lwv
frpshqvdwlrq srolf|/ duh gluhfwo| uhodwhg wr wkh shuirupdqfh ri wkh �up1 Wkhvh lghdv/
zklfk zh fdq frqvlghu irupdoo| lq wkh frqwh{w ri vwdwlvwlfdo prghov olnh htxdwlrq +514,/
wdnh xv edfn gluhfwo| wr wkh txhvwlrqv zh srvhg lq wkh lqwurgxfwlrq1 Zh zloo phd0
vxuh wkh rssruwxqlw| zdjh ri rxu zrunhuv xvlqj rxu hvwlpdwh ri wkh shuvrq0vshfl�f
khwhurjhqhlw| lq frpshqvdwlrq1 Wkxv/ dw wkh �up ohyho/ wkh suhvhqfh ri kljk0zdjh
zrunhuv lv phdvxuhg e| wkh dyhudjh ri wkh shuvrq0vshfl�f khwhurjhqhlw| frpsrqhqw
ri sd|1 Wkh h{whqw wr zklfk wkh �up/ wkurxjk lwv klulqj sudfwlfhv/ vhohfwv hpsor|0
hhv zkr duh/ rq dyhudjh/ ehwwhu ru zruvh sdlg wkdq revhuydeo|0htxlydohqw hpsor|hhv
lq rwkhu �upv lv/ wkhq/ gluhfwo| uhodwhg wr rwkhu �up0ohyho rxwfrphv1 Djdlq dw wkh
�up ohyho/ wkh suhvhqfh ri d kljk0zdjh srolf| zloo eh phdvxuhg e| wkh �up0vshfl�f
frpsrqhqw ri frpshqvdwlrq1 Wkh h{whqw wr zklfk d �up/ wkurxjk lwv frpshqvdwlrq
srolf|/ dwwhpswv wr sd| deryh ru ehorz wkh suhydlolqj pdunhw lv/ wkhq/ gluhfwo| uhodwhg
wr rwkhu �up0ohyho rxwfrphv1 Ilup rxwfrphv ri lqwhuhvw lqfoxgh wkh dyhudjh surgxf0
wlylw| ri oderu/ vdohv shu hpsor|hh +dv phdvxuhv ri surgxfwlylw|,/ dqg wkh rshudwlqj
lqfrph shu xqlw ri fdslwdo +dv d phdvxuh ri sur�wdelolw|,1 H{lvwlqj hpslulfdo vwxg0
lhv kdyh dwwhpswhg wr uhodwh vlplodu sur�wdelolw| ru surgxfwlylw| phdvxuhv wr vshfl�f
frpsrqhqwv ri wkh �up*v kxpdq uhvrxufh pdqdjhphqw sudfwlfhv14; Ehfdxvh zh kdyh
d odujh/ uhsuhvhqwdwlyh vdpsoh ri �upv dqg hdvlo|0xqghuvwrrg phdvxuhv ri wkh �upv*
frpshqvdwlrq srolflhv/ zh duh deoh wr vxsso| yhu| gluhfw vwdwlvwlfdo hylghqfh rq wkh
lpsruwdqfh ri wkhvh kxpdq uhvrxufh pdqdjhphqw sudfwlfhv rq wkh shuirupdqfh dqg
wkh vwuxfwxuh ri wkh �up1

61 Vwdwlvwlfdo Prgho

6141 Vshfl�fdwlrq ri wkh Jhqhudo Prgho

Frqvlghu/ djdlq/ rxu ixoo prgho dv ghvfulehg lq htxdwlrq +515,1 Wr pdnh rxu dqdo|vlv
jhqhudo hqrxjk iru wkh gdwd zh xvh/ zh qrwh wkdw wkh urzv ri |/ [/ G/ dqg I duh

4;Vhh doprvw doo ri wkh vwxglhv lq Hkuhqehuj +4<<3, exw/ lq sduwlfxodu/ Derzg/ Kdqqrq dqg
Plonrylfk +4<<3,/ Ndkq dqg Vkhuhu +4<<3,/ dqg Ohrqdug +4<<3,1 Rwkhu vwxglhv lqfoxgh Zhlvv dqg
Odqgdx +4<;7,/ Hkuhqehuj dqg Plonrylfk +4<;:,/ Fdkxf dqg Gruprqw +4<<5,/ Lfkqlrzvnl dqg Vkdz
+4<<6,/ Fdkxf dqg Nudpdu} +4<<8,/ Derzg/ Nudpdu} dqg Pruhdx +4<<9,/ dqg Ohrqdug dqg Ydq
Dxghqurgh +4<<9e,1
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duudqjhg lq wkh rughu l @ 4> ===>Q dqg/ zlwklq hdfk l/ w @ ql4> ===> qlWl / zkhuh Wl lv wkh
wrwdo qxpehu ri |hduv ri gdwd dydlodeoh iru lqglylgxdo l dqg wkh lqglfhv ql4> ===> qlWl
lqglfdwh wkh |hdu fruuhvsrqglqj wr wkh �uvw revhuydwlrq rq lqglylgxdo l wkurxjk wkh
odvw revhuydwlrq rq wkdw lqglylgxdo/ uhvshfwlyho|1 Wkxv wkh yhfwru | lv rujdql}hg dv

| @

5999999997

|4>q44
===

|4>q4W4
===

|Q>qQ4

===
|Q>qQWQ

6::::::::8
> +614,

[/ G/ I dqg % duh rujdql}hg frqirupdeo|> dqg #/ wkh sdudphwhu yhfwru dvvrfldwhg
zlwk wkh �up h�hfwv/ lv pM � 4 zlwk p A 41 Wr vlpsoli| wkh qrwdwlrq zh zloo uhihu wr
d w|slfdo hohphqw ri | dv |l>w dqg d w|slfdo hohphqw ri [/ ru dq| vlploduo| rujdql}hg
pdwul{/ dv {+l>w,>m zkhuh wkh sdlu +l> w, ghqrwhv wkh urz lqgh{1

Lq doo ri rxu vwdwlvwlfdo prghov/ zh ghfrpsrvh wkh shuvrq h�hfw/ �l/ lqwr d sduw
wkdw lv uhodwhg wr qrq0wlph0ydu|lqj shuvrqdo fkdudfwhulvwlfv/ xl/ dqg d sduw wkdw lv qrw
revhuydeoh wr wkh vwdwlvwlfldq/�l1 Zh xvh wkh ruwkrjrqdo ghfrpsrvlwlrq ri �l gh�qhg
e|=

�l @ �l . xl� +615,

zkhuh xl lv d yhfwru ri qrq0wlph0ydu|lqj phdvxudeoh shuvrqdo fkdudfwhulvwlfv/ �l lv wkh
shuvrq0vshfl�f lqwhufhsw/ dqg � lv wkh yhfwru ri frh!flhqwv1 Zh dovr xvh wkh iroorzlqj
ghfrpsrvlwlrqv ri #m 1 Wkh �uvw ri wkhvh gh�qhv d �up h�hfw zlwk p @ 5/

#m @ !m . �mvlw +616,

zkhuh vlw ghqrwhv lqglylgxdo l*v vhqlrulw| lq �up m @ M+l> w, lq |hdu w/ !m ghqrwhv wkh
�up0vshfl�f lqwhufhsw/ dqg �m lv wkh �up0vshfl�f vhqlrulw| frh!flhqw1 Wkh vhfrqg
ghfrpsrvlwlrq ri #m gh�qhv d �up h�hfw zlwk p @ 6=

#
m
@ !m . �mvlw . �5mW4+vlw � 43,> +617,

zkhuh Wn+{, @ 3 zkhq { � 3 dqg Wn+{, @ {n zkhq { A 3/ dqg �5m phdvxuhv wkh
fkdqjh lq wkh �up0vshfl�f vhqlrulw| frh!flhqw wkdw rffxuv diwhu 43 |hduv ri vhqlrulw|1
Lq pdwul{ irup htxdwlrq +616, ghfrpsrvhv I# dv

I# @ I3!. I4� +618,

zkhuh I3 lv wkh Q� � M ghvljq pdwul{ dvvrfldwhg zlwk wkh yhfwru ri �up vshfl�f
lqwhufhswv/ I4 lv wkh Q��M pdwul{ zkrvh froxpqv frqvlvw ri wkh gluhfw surgxfw ri wkh
froxpqv ri I3 dqg dq Q� � 4 yhfwru zkrvh hohphqwv duh vlw/ ! lv wkh M � 4 yhfwru ri
�up0vshfl�f lqwhufhswv dqg � lv wkh M � 4 yhfwru ri �up0vshfl�f vhqlrulw| frh!flhqwv1
Lq pdwul{ qrwdwlrq/ htxdwlrq +617, ghfrpsrvhv wkh �up h�hfw dv

I# @ I3!.I4� .I5�5 +619,
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zkhuh I5 lv wkh Q� � M pdwul{ zkrvh froxpqv frqvlvw ri wkh gluhfw surgxfw ri wkh
froxpqv ri I3 dqg dq Q��4 yhfwru zkrvh hohphqwv duh W4+vlw�43,/ dqg �5 lv wkh M�4
yhfwru ri �up0vshfl�f fkdqjhv lq wkh vhqlrulw| frh!flhqw diwhu 43 |hduv ri vhqlrulw|1

Iru frpsohwhqhvv/ zh dovr qrwh wkdw wkh ghulydwlrq ri vrph ri rxu vshfl�fdwlrq
whvwv uhtxluhv wkh dvvxpswlrq wkdw % � Q+3> �5%L,1 Wklv frpsohwhv wkh qrwdwlrq xvhg
lq wkh jhqhudo vshfl�fdwlrq ri rxu vwdwlvwlfdo prgho1

6151 Lghqwl�fdwlrq ri Sdudphwhuv lq wkh Jhqhudo Prgho

Zh qrz frqvlghu edvlf lvvxhv lq wkh lghqwl�fdwlrq ri wkh sdudphwhuv ri rxu prgho1
Dowkrxjk htxdwlrq +515, lv mxvw d fodvvlfdo olqhdu uhjuhvvlrq prgho/ wkh ixoo ghvljq
pdwul{

�
[ G I

�
kdv kljk froxpq glphqvlrq +Q � 4>333>333 dqg M � 83> 333/

hvwlpdeoh,1 Wkh furvv0surgxfw pdwul{57 [ 3[ [3G [ 3I
G3[ G3G G3I
I 3[ I 3G I 3I

68
lv sdwwhuqhg lq wkh hohphqwv G3G dqg I 3I > krzhyhu/ surmhfwlqj rqwr wkh froxpqv
G ohdyhv d 433> 333 � 433>333 xqsdwwhuqhg/ qrqvsduvh pdwul{ wr lqyhuw zkhq p @ 5
+wkh olqhdu vhqlrulw| h�hfw fdvh, ehfdxvh zrunhuv pryh ehwzhhq �upv1 Lqghhg/ pr0
elolw| lv d qhfhvvdu| frqglwlrq li rqh zdqwv wr vhsdudwho| lghqwli| shuvrq h�hfwv/ �/
dqg �up h�hfwv/ #/ lq wkh jhqhudo prgho1 Vlploduo|/ surmhfwlqj rqwr wkh froxpqv ri
I ohdyhv d 4> 333> 333� 4> 333>333 xqsdwwhuqhg/ qrqvsduvh pdwul{ wr lqyhuw1 Fohduo|/
wkh xvxdo frpsxwdwlrqdo phwkrgv iru ohdvw vtxduhv hvwlpdwlrq ri wkh sdudphwhu yhf0
wru

�
�3 �3 #3

�3
duh qrw ihdvleoh1 Khqfh/ ehfdxvh rqh fdqqrw frpsxwh wkh xq0

frqvwudlqhg ohdvw vtxduhv hvwlpdwhv iru wkh prgho +515,/ zh sursrvh vhyhudo gl�huhqw
hvwlpdwruv wkdw dwwhpsw wr suhvhuyh dv pxfk ri wkh jhqhudo vwuxfwxuh ri wkh sureohp
dv lv frpsxwdwlrqdoo| srvvleoh1

Dowkrxjk zh gr qrw glvfxvv wkh ruljlq ri rxu gdwd xqwlo vhfwlrq 7/ rqh dvshfw ri
wkh gdwd/ lqwhu0�up prelolw|/ lv vr fulwlfdo wr wkh hvwlpdwlrq dqg lqwhusuhwdwlrq ri rxu
dqdo|vhv wkdw zh suhvhqw d vxppdu| qrz1 Uhjdugohvv ri wkh frpsxwdwlrqdo dssurdfk
xvhg/ ehwzhhq0hpsor|hu prelolw| ri wkh lqglylgxdov lv hvvhqwldo iru wkh lghqwl�fdwlrq
ri rxu vwdwlvwlfdo prgho1 Wdeoh L h{dplqhv wkh sdwwhuq ri lqwhu0hpsor|hu pryhphqwv
dprqj doo vdpsoh lqglylgxdov1 Wkh urzv ri Wdeoh L fruuhvsrqg wr wkh qxpehu ri |hduv d
shuvrq lv lq wkh vdpsoh1 Wkh froxpqv/ zlwk wkh h{fhswlrq ri froxpq +4d,/ fruuhvsrqg
wr wkh qxpehu ri hpsor|huv wkh lqglylgxdo kdg1 Dq lqglylgxdo frqwulexwhv wr rqo|
rqh fhoo +djdlq/ h{fhswlqj froxpq +4d,,1 Qrwlfh wkdw 8<17( ri wkh lqglylgxdov lq wkh
vdpsoh qhyhu fkdqjh hpsor|huv +froxpq +4,,14< Dssur{lpdwho| rqh0�iwk ri wkh vlqjoh
hpsor|hu lqglylgxdov zrunhg lq �upv zlwk qr pryhuv zkloh irxu0�iwkv +7:1<( ri wkh
ryhudoo vdpsoh/ froxpq +4d,, zrunhg lq �upv wkdw/ dw rqh wlph ru dqrwkhu/ hpsor|hg
d shuvrq zkr fkdqjhg hpsor|hu1 Wkxv/ ;;18( ri wkh vdpsoh lqglylgxdov frqwulexwh wr
wkh hvwlpdwlrq ri �up0h�hfwv1 Lw lv dovr lqwhuhvwlqj wr qrwlfh wkh sdwwhuq ri hpsor|hu

4<Qrwlfh wkdw wkh fhoo +4/4, frqwdlqv 64;/95: lqglylgxdov zkr dsshdu lq wkh vdpsoh gxulqj d vlqjoh
|hdu1 Vrph ri wkhvh lqglylgxdov pd| uhsuhvhqw frglqj huuruv lq wkh shuvrq lghqwl�hu> krzhyhu/ lw lv
qrw srvvleoh wr fruuhfw wkhvh huuruv1
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vshoov dprqj wkh pryhuv +froxpqv +5,0+43,,1 Wkh vhfrqg olqh ri hdfk fhoo vkrzv wkh
prvw iuhtxhqw frq�jxudwlrq ri hpsor|hu vshoov iru lqglylgxdov lq wkdw fhoo1 Lq doprvw
hyhu| fdvh/ vkruw vshoov suhfhgh orqjhu vshoov/ lqglfdwlqj wkdw prelolw| lv juhdwhu hduolhu
lq wkh fduhhu +dv Wrsho dqg Zdug +4<<5, irxqg iru Dphulfdq phq,1 Lw vhhpv fohdu
iurp Wdeoh L wkdw wkh gdwd vkrxog doorz xv wr vhsdudwh wkh lqglylgxdo0h�hfw iurp wkh
�up0h�hfw1

6161 Lghqwl�fdwlrq dqg Frqvlvwhqw Hvwlpdwlrq ri � dqg �m

Lq wklv vxevhfwlrq zh vkrz krz wr rewdlq frqvlvwhqw hvwlpdwhv ri � dqg �m xvlqj
wkh zlwklq0lqglylgxdo0�up gl�huhqfhv ri wkh gdwd1 Wklv phwkrg surylghv xv zlwk
rxu prvw urexvw vwdwlvwlfdo phwkrg lq wkh vhqvh wkdw zh xvh qr dgglwlrqdo vwdwlvwlfdo
dvvxpswlrqv eh|rqg wkrvh vshfl�hg lq htxdwlrq +514, dqg gh�qlwlrq +616,1 Frqvlghu
wkh �uvw gl�huhqfhv=

|l>qlw � |lqlw�4
@ +{lqlw � {lqlw�4

,� . �M+l>qlw,+vlqlw � vlqlw�4
, . %lqlw � %lqlw�4

+61:,

iru doo revhuydwlrqv iru zklfk M+l> qlw, @ M+l> qlw�4,/ zklfk zh uhsuhvhqw lq pdwul{ irup
dv=

7| @7[� . hI� .7% +61;,

zkhuh 7| lv iQ� � 4/ 7[ lv iQ� �S / hI lv iQ� � M / 7% lv iQ� � 4/ dqg iQ� lv htxdo wr
wkh qxpehu ri +l> w, frpelqdwlrqv lq wkh vdpsoh wkdw vdwlvi| wkh frqglwlrq M+l> qlw, @

M+l> qlw�4,1 Wkh pdwul{ hI lv wkh urzv ri I4 wkdw fruuhvsrqg wr wkh shuvrq0|hduv
+l> w, iru zklfk wkh frqglwlrq M+l> qlw, @ M+l> qlw�4, lv vdwlv�hg plqxv wkh lpphgldwho|
suhfhglqj urz1 Wkhq/

h� @ +7[ 3PhI 7[,�47[ 3PhI 7 | +61<,

dqg h� @ + hI 3 hI ,�4 hI 3+7| �7[h�,= +6143,

D frqvlvwhqw hvwlpdwh ri Y^h�` lv jlyhq e|

j
Y^h�` @ +7[ 3PhI 7[,�4+7[3PhI h
PhI 7[,+7[ 3PhI 7[,�4

zkhuh

h
 �
5997
h
^7%4` 3 � � � 3

3 h
^7%5` � � � 3
� � � � � � � � � � � �

3 3 � � � h
^7%Q� `

6::8
dqg

h
^7%l` �

599997
i7%

5

lq5
i7%lq5

i7%lq6 � � � i7%lq5
i7%lqWli7%lq6

i7%lq5
i7%

5

lq6
� � � i7%lq6

i7%lqWl
� � � � � � � � � � � �i7%lqW4
i7%lq5

i7%lqW4
i7%lq6 � � � i7%lqWl

i7%lqWl

6::::8 =
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Lw lv xqghuvwrrg wkdw rqo| wkh urzv ri 7% wkdw vdwlvi| wkh frqglwlrq M+l> qlw, @

M+l> qlw�4, duh xvhg lq wkh fdofxodwlrq ri h
/ zklfk lv wkhuhiruh iQ� � iQ�153

Qrwlfh wkdw/ jlyhq rxu dvvxpswlrqv/ wkh uhvxowlqj hvwlpdwruv +61<, dqg +6143, duh
dovr xqeldvhg1 Rxu frqvlvwhqw phwkrg lv qrw xqltxh exw/ lw kdv wkh dgydqwdjh wkdw
wkh vdpsoh rq zklfk wkh hvwlpdwlrq lv shuiruphg lqfoxghv erwk zrunhuv zkr uhpdlqhg
lq wkh vdph �up dw doo gdwhv dv zhoo dv zrunhuv zkr pryhg ehwzhhq �upv dw vrph
srlqw lq wlph gxulqj rxu dqdo|vlv shulrg1 Hyhq iru wkhvh preloh lqglylgxdov/ doo �uvw0
gl�huhqfhv iru zklfk wkh gdwh w �up gl�huv iurp wkh gdwh w � 4 �up duh qrw lqfoxghg
lq wkh hvwlpdwlqj vdpsoh1 Khqfh/ rxu frqvlvwhqw phwkrg lv lqh!flhqw lq wkh frqwh{w ri
wkh vshfl�fdwlrq ri htxdwlrq +515,1 Lq dgglwlrq wr wklv lqh!flhqf|/ zh dovr qrwh wkdw
rxu frqvlvwhqw phwkrg fdqqrw eh xvhg wr lghqwli| vhsdudwho| wkh �up lqwhufhsw/ !/ dqg
wkh shuvrq h�hfw/ �1 Wklv uhvxowv iurp wkh uhvwulfwlrq ri rxu dqdo|vlv wr d vdpsoh edvhg
rq doo revhuydwlrqv iru zklfk M+l> qlw, @ M+l> qlw�4,1 Dq| phwkrg wkdw doorzv vhsdudwh
lghqwl�fdwlrq ri wkh wzr h�hfwv pxvw lqfoxgh lq vrph irup wkh uhpdlqlqj revhuydwlrqv1
Khqfh/ zh wxuq qrz wr rwkhu phwkrgv pruh dssursuldwh wr wklv sxusrvh1

6171 Frqglwlrqdo Hvwlpdwlrq Phwkrgv

Lq wklv vhfwlrq zh surylgh vwdwlvwlfdo prghov iru hvwlpdwlqj doo ri wkh h�hfwv lq htxdwlrq
+515, xvlqj d fodvv ri hvwlpdwruv zh fdoo frqglwlrqdo phwkrgv ehfdxvh ri wkhlu uhodwlrq
wr vwdqgdug olqhdu prgho frpsxwdwlrqdo whfkqltxhv dqg ehfdxvh ri wkhlu ruljlqv lq
wkh sdqho gdwd olwhudwxuh rq shuvrq0h�hfw prghov54 1 Rxu sxusrvh lq ghyhorslqj wkhvh
phwkrgv lv wr surylgh hvwlpdwruv wkdw duh dv vlplodu dv srvvleoh wr wkh ixoo ohdvw
vtxduhv vroxwlrq exw zklfk duh frpsxwdwlrqdoo| wudfwdeoh1 Wkh edvlf lghd lv dovr
vlpsoh1 Vlqfh zh fdqqrw frpsxwh wkh ixoo ohdvw vtxduhv vroxwlrq/ zh zloo kdyh wr lpsrvh
vrph dqfloodu| ruwkrjrqdolw| dvvxpswlrqv lq rughu wr surfhhg1 Zh xvh lqirupdwlrq lq
wkh gdwd lq wkh irup ri kljkhu rughu lqwhudfwlrqv ehwzhhq revhuydeoh fkdudfwhulvwlfv/
shuvrq lghqwlw| dqg �up lghqwlw|/ zklfk duh h{foxghg e| k|srwkhvlv iurp htxdwlrq
+515,/ wr sur{| iru wkh fruuhodwlrq ehwzhhq [>G> dqg I 1 Wkhq/ zh lpsrvh frqglwlrqdo
ruwkrjrqdolw|/ jlyhq wkhvh kljkhu rughu lqwhudfwlrqv11 Vlqfh zh kdyh d frqvlvwhqw/ exw
lqh!flhqw/ hvwlpdwru ri vrph ri wkh h�hfwv/ zh zloo xvh wkdw hvwlpdwru wr dvvhvv wkh
txdolw| ri rxu frqglwlrqdo hvwlpdwlrq phwkrgv zkhq zh frqvlghu irupdo vshfl�fdwlrq
fkhfnv1 Zh zloo/ wkxv/ kdyh vrph irupdo dqg vrph lqirupdo phwkrgv iru frpsdulqj
d ydulhw| ri hvwlpdwruv/ qrqh ri zklfk lv wkh ixoo ohdvw vtxduhv vroxwlrq iru hvwlpdwlqj
wkh sdudphwhuv ri htxdwlrq +515,1

Frqvlghu d pdwul{ ri yduldeohv ]/ Q� � T/ zklfk ghshqgv xsrq T ixqfwlrqv ri
wkh lqirupdwlrq lq [> G> dqg I 1 Xvlqj frqglwlrqdo phwkrgv zh fdofxodwh wkh ohdvw
vtxduhv hvwlpdwhv ri htxdwlrq +515, xqghu gl�huhqw pdlqwdlqhg k|srwkhvhv derxw wkh
frqglwlrqdo ruwkrjrqdolw| ri [/ G dqg I / jlyhq ]1 Wkh �uvw ri wkhvh k|srwkhvhv

53Wkh irupxod iru wkh frqvlvwhqw hvwlpdwru ri Vdhqo fohduo| doorzv iru duelwudu| fruuhodwlrq ri wkh
uhvlgxdov 0�| ryhu | iru hdfk �1 Khqfh/ rxu frqvlvwhqw hvwlpdwru lv xqfkdqjhg li zh shuplw dq duelwudu|
wlph0vhulhv prgho iru 0�|1

54Wkh uhdghu idploldu zlwk wkh dqdo|vlv ri yduldqfh dv frqvlghuhg lq/ iru h{dpsoh/ Vhduoh hw do1

+4<<5,/ zloo qrwlfh wkdw rxu frqglwlrqdo phwkrgv fdq dovr eh ghulyhg dv dqdo|vlv ri fryduldqfh prghov
lq zklfk wkh gdwd duh dgmxvwhg wr uhpryh fhuwdlq h�hfwv/ rxu frqglwlrqlqj yduldeohv/ ehiruh wkh
frqyhqwlrqdo dqdo|vlv ri fryduldqfh irupxodv duh dssolhg wr wkh prgho1
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lpsrvhv wkdw wkh h�hfwv [ dqg G eh ruwkrjrqdo wr wkh surmhfwlrq ri I rqwr wkh qxoo
vsdfh ri ]1 Xqghu wklv k|srwkhvlv wkh edvlf htxdwlrq fdq eh uhvwdwhg dv

| @[� .G� .]�.P]I# . % +6144,

zkhuh wkh dx{loldu| sdudphwhu � � +]3],�4]3I#1 Wkh dvvxpswlrq ri frqglwlrqdo
ruwkrjrqdolw| ehwzhhq [ dqg I / jlyhq ]/ dqg ehwzhhq G dqg I / jlyhq ]/ lpsolhv
wkdw

[ 3P]I @ 3 +6145,

dqg
G3P]I @ 3= +6146,

Khqfh/ wkh frqyhqwlrqdo ohdvw vtxduhv irupxod iru wkh hvwlpdwru ri wkh ruljlqdo sdud0
phwhuv/

�
�3 �3 #3

�3
/ dqg wkh dx{loldu| sdudphwhuv/ �/ lv59997

e�e�e�e#

6:::8 @

5997
[3[ [ 3G [ 3] [ 3P]I
G3[ G3G G3] G3P]I
]3[ ]3G ]3] ] 3P]I

I 3P][ I 3P]G I 3P]] I 3P]I

6::8
� 5997

[ 3|
G3|
]3|

I 3P]|

6::8 = +6147,

zkhuh wkh qrwdwlrq ^`� ghqrwhv d jhqhudol}hg lqyhuvh155 Vlqfh wkh hohphqwv [ 3P]I /
G3P]I dqg ]3P]I duh }hur/ hlwkhu e| k|srwkhvhv +6145, dqg +6146, ru e| frqvwuxf0
wlrq/ wkh irupxod +6147, fdq eh uhvwdwhg dv=597 e�e�e�

6:8 @

57 [ 3[ [ 3G [3]
G3[ G3G G3]
]3[ ]3G ]3]

68�4 57 [3|
G3|
]3|

68 +6148,

dqg e# @ +I 3P]I ,
�
I 3P]|= +6149,

Dv zh ghprqvwudwhg lq vhfwlrq +616,/ fhuwdlq sdudphwhuv lq rxu prgho fdq eh
hvwlpdwhg frqvlvwhqwo| zlwkrxw wkh xvh ri dqfloodu| dvvxpswlrqv olnh htxdwlrqv +6145,
dqg +6146,1 Frqvlvwhqw hvwlpdwlrq ri rwkhu sdudphwhuv uhtxluhv vrph h{wud k|srwkhvhv1
Li wkh frqglwlrqdo phwkrgv zrun zhoo/ wkhq wkh frqglwlrqdo hvwlpdwhv ri � dqg �m vkrxog
qrw eh wrr idu iurp wkh hvwlpdwhv surgxfhg e| wkh frqvlvwhqw phwkrg1 Wklv lqvljkw lv
wkh edvlv iru wkh vshfl�fdwlrq fkhfnv wkdw zh ghulyh ehorz1

617141 Rughu0Lqghshqghqw Hvwlpdwlrq

Rxu �uvw phwkrg iru wkh frpsxwdwlrq ri wkh vroxwlrq wr htxdwlrqv +6148, dqg +6149,
fdq eh dffrpsolvkhg lq wzr vwhsv/ zklfk fdq eh shuiruphg lq hlwkhu rughu/ khqfh rxu
ghvljqdwlrq ri wklv phwkrg dv �rughu lqghshqghqw1� Lq wkh �uvw vwhs/ fdoohg wkh zlwklq0
G vwhs/ wkh sdudphwhuv lq htxdwlrq +6148, duh hvwlpdwhg e| frqyhqwlrqdo orqjlwxglqdo

55Wkh xvh ri d j0lqyhuvh lv uhtxluhg ehfdxvh E8 ��~8 � lv udqn 6a 3 �3'1
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phwkrgv lq zklfk [ dqg ] duh surmhfwhg rq G wr surgxfh wkh hvwlpdwhv ri � dqg
� jlyhq e| % e�e�

&
@

�
[3PG[ [3PG]
]3PG[ ]3PG]

��4 �
[ 3PG|
] 3PG|

�
> +614:,

zklfk duh xvxdoo| fdoohg wkh �zlwklq0shuvrq� hvwlpdwruv ri wkhvh sdudphwhuv1 Wkh
dvvrfldwhg hvwlpdwru ri � lv

e� @ +G3G,
�4

G3
�
| �[e� �]e�� = +614;,

Wkh vhfrqg vwhs lq wkh frpsxwdwlrq ri wkh frpsohwh vhw ri rughu0lqghshqghqw/ frq0
glwlrqdo ohdvw vtxduhv hvwlpdwhv iru htxdwlrq +6144,/ fdoohg wkh zlwklq0I vwhs/ uhtxluhv
wkh vroxwlrq ri htxdwlrq +6149,1 Wklv lv dffrpsolvkhg e| frpsxwlqj wkh ohdvw vtxduhv
hvwlpdwhv ri wkh sdudphwhuv lq wkh uhjuhvvlrq ri | rq I dqg ] mrlqwo|=

| @ I# . ]� .  > +614<,

zkhuh # lv wkh vdph sdudphwhu yhfwru wkdw dsshduv lq htxdwlrq +515,/ � lv d T�4 yhfwru
ri dx{loldu| sdudphwhuv/ dqg  � Q+3> �5 L, ehfdxvh ri wkh frqglwlrqdo ruwkrjrqdolw|
frqglwlrqv lpsrvhg lq htxdwlrqv +6145, dqg +6146,1 Frpsxwdwlrq ri e# lv dffrpsolvkhg
lq wzr vwhsv wkdw duh gluhfwo| dqdorjrxv wr wkh phwkrg xvhg lq htxdwlrqv +614:, dqg
+614;,1 Iluvw/ frpsxwh e� e| wkh zlwklq0I hvwlpdwru

e� @ +]3PI],
�4

]3PI|= +6153,

Wkhq/ frpsxwh e# zlwk wkh hvwlpdwru

e# @ +I 3I ,�4I 3+| � ]e�,= +6154,

Wkh surri wkdw wkh irupxodv +6149, dqg +6154, duh htxlydohqw iroorzv1 Iluvw/ qrwh wkdw

e� @
�
+]3],�4 . +] 3],�4] 3I +I 3P]I ,�I 3]+] 3],�4

�
] 3|

�+]3],�4]3I +I 3P]I ,�I 3|

e| gluhfw dssolfdwlrq ri wkh sduwlwlrqhg lqyhuvh irupxod wr wkh ixoo ohdvw vtxduhv vroxwlrq
wr htxdwlrq +614<,1 Khqfh/

| �]e� @
�
P] �S]I +I

3P]I ,
�I 3S] .S]I +I

3P]I ,
�I 3

�
| +6155,

zkhuh S] � L �P] = Vxevwlwxwlqj htxdwlrq +6155, lqwr htxdwlrq +6154, |lhogv

e# @ +I 3I ,�4I 3+| �]e�, @ +I 3I ,�4I 3P]|
�+I 3I ,�4I 3S]I +I

3P]I ,
�I 3S]|

.+I 3I ,�4I 3S]I +I
3P]I ,

�I 3|

@
�
+I 3I ,�4+I 3P]I , . +I 3I ,�4I 3S]I

�
+I 3P]I ,

�
I 3P]|

@ +I 3P]I ,
�
I 3P]| �

4<



Lq vrph ri dssolfdwlrqv/ wkh pdwul{ I lv mxvw I3/ wkh ghvljq pdwul{ iru d vlqjoh
�up0vshfl�f h�hfw +p @ 4,/ dqg wkh frpsxwdwlrq ri htxdwlrqv +6153, dqg +6154, fdq
eh dffrpsolvkhg e| frqyhqwlrqdo irupxodv lq zklfk wkh ydoxhv ri | dqg ] duh ghyldwhg
iurp zlwklq0�upphdqv lq rughu wr frpsxwh e�1 Lq rxu hvwlpdwlrq xvlqj wklv frqglwlrqdo
prgho zh ohw p @ 5 lq rughu wr fdswxuh d �up0vshfl�f lqwhufhsw dqg vhqlrulw| vorsh
dffruglqj wr htxdwlrq +618,1 Wkh zlwklq�I vwhs uhjuhvvlrq ehfrphv

| @ I3!.I4� .]� . � +6156,

Lq hvwlpdwlrq ri wkh �up h�hfwv e| htxdwlrq +6156,/ wkh frpsxwdwlrq ri e�/ e!/ dqg e� lv
pruh frpsoh{ wkdq iru wkh fdvh lq zklfk I @ I31 Wkhvh frpsoh{lwlhv duh ghvfulehg
lq wkh Vwdwlvwlfdo Dsshqgl{1

Wkh hvwlpdwlrq ri wkh fruuhfw fryduldqfh pdwul{ iru wkh frpelqhg zlwklq�G dqg
zlwklq�I hvwlpdwru uhtxluhv fdofxodwlrq ri wkh fruuhfw uhvlgxdo iru wkh ixoo prgho lq
+515, e% @ �

| �[e� �Ge� �]e��P]I e#� =
Wkh frpsxwdwlrq ri wklv uhvlgxdo lv qrw vwudljkwiruzdug1 Wkh �uvw sduw ri wkh uhvlgxdo
lv frpsxwhg dw wkh zlwklq�G vwhs dv

e%^4` @ �
| �[e� �Ge� �]e�� =

Wkh vhfrqg sduw ri wkh uhvlgxdo lv frpsxwhg dw wkh hqg ri wkh zlwklq�I vwhs dv

e%^5` @P]I e# @ I e# �]h�
zkhuh h� � +] 3],�4] 3I e#1 Ilqdoo|/

e% @ e%^4` �e%^5`
Wkh vwdqgdug dqdo|vlv ri yduldqfh hvwlpdwru iru wkh yduldqfh ri wkh uhvlgxdo % lv jlyhq
e|

e�5% @
�
| �[e� �Ge� � ]e��P]I e#�3 �| �[e� �Ge� � ]e��P]I e#�

Q� � S �Q �T� +pM � 4�T,
+6157,

zkhuh zh qrwh h{solflwo| wkdw wkh hvwlpdwlrq ri wkhpM �up h�hfwv xvhv rqo|pM�T�4
ghjuhhv ri iuhhgrp dqg wkdw wkh T ghjuhhv ri iuhhgrp plvvlqj iurp wkh �up h�hfwv
kdyh ehhq xvhg wr hvwlpdwh e�1 Wkh surri iroorzv1

e% @ �
L �Z +Z 3Z ,�4Z 3 �P]I +I

3P]I ,
�4I 3P]

�
% @P�

Z P]I
�%

zkhuh Z �
�
[ G ]

�
1 Xqghu wkh pdlqwdlqhg ruwkrjrqdolw| frqglwlrqv lq htxd0

wlrqv +6145, dqg +6146,/ wkh txdgudwlf irup

%3%

�5%
� "5Q�
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dqg
%3%

�5%
@
e%3e%
�5%

.
%3Z +Z 3Z ,�4Z 3%

�5%
.

%3P]I +I 3P]I ,�4I 3P]%

�5%
+6158,

Vlqfh Z +Z 3Z ,�4Z 3P]I +I 3P]I ,�4I 3P] @ 3/ wkh odvw wzr txdgudwlf irupv rq
wkh uljkw kdqg vlgh ri htxdwlrq +6158, duh lqghshqghqw "5 udqgrp yduldeohv zlwk
udqn

�
Z +Z 3Z ,�4Z 3

�
@ S.Q.T dqg udqn

�
P]I +I 3P]I ,�4I 3P]

�
@pM�T�4

ghjuhhv ri iuhhgrp/ uhvshfwlyho|1 Wkxv/

e%3e%
�5%

� "5Q��S�Q�pM.4

Wkh huuru ghjuhhv ri iuhhgrp iru wkh frpsohwh prgho lv/ wkxv/ Q� �S �Q �pM .4/
vr wkdw wkh glphqvlrqdolw| ri wkh dx{loldu| sdudphwhu yhfwru � grhv qrw h�hfw wkh
jrrgqhvv ri �w ri wkh prgho lq htxdwlrq +6144,1�

617151 Rughu0Ghshqghqw Hvwlpdwlrq

Wkh rughu0ghshqghqw phwkrg/ frqglwlrqdo rq ]/ phdqv wkdw wkh hvwlpdwlrq ri fhuwdlq
h�hfwv lv shuiruphg ehiruh rwkhuv> wkdw lv/ wkdw wkh uhvlgxdov iurp wkh �uvw vwhs duh
xvhg wr frpsxwh wkh hvwlpdwhv ri wkh vhfrqg vwhs1 Wkh uhvxow lv rughu0ghshqghqw
ehfdxvh hvwlpdwlqj shuvrq h�hfwv ehiruh �up h�hfwv lv qrw wkh vdph dv hvwlpdwlqj
�up h�hfwv ehiruh shuvrq h�hfwv1 Zh ghvfuleh lq ghwdlo wkh rughu0ghshqghqw= shuvrqv
�uvw phwkrg1 Zh frpphqw rqo| eulh | rq wkh rughu ghshqghqw= �upv �uvw phwkrg/
ehfdxvh wkh dqdorjrxv irupxodv duh vwudljkwiruzdug1

Wkh �uvw vwhs ri rxu rughu0ghshqghqw= shuvrqv �uvw phwkrg xvhv wkh vdph frq0
glwlrqdo hvwlpdwlrq htxdwlrqv wkdw zhuh ghvfulehg deryh iru wkh rughu0lqghshqghqw
phwkrg wr hvwlpdwh wkh frh!flhqwv ri wkh wlph0ydu|lqj revhuydeoh yduldeohv/ �/ wkh
shuvrq h�hfwv/ �/ dqg wkh frqglwlrqlqj h�hfwv/ �/ wkh frh!flhqw ri wkh yduldeohv ]1
Wklv lv grqh dffruglqj wr htxdwlrq +6148,1 Khqfh/ wkh hvwlpdwhg frh!flhqwv duh jlyhq
e| htxdwlrqv +614:, dqg +614;,1

Lq wkh vhfrqg vwhs ri wkh rughu0ghshqghqw= shuvrqv �uvw phwkrg/ zh hvwlpdwh wkh
�up h�hfwv xvlqj htxdwlrq +617, dqg lwv pdwul{ vshfl�fdwlrq +619,156 Gh�qh

imj � i+l> w, m M+l> w, @ mj / d vhw zlwk Qm hohphqwv1 +6159,

Qrz/ e|imj � |imj � {imje� � e�imj> +615:,

zkhuh

|imj �

57 ===
|qv
===

68 >;+q> v, 5 imj > +615;,

dqg vlploduo| iru {imj dqg a�imj1 Htxdwlrqv +6159, dqg +615:, jurxs doo ri wkh revhuyd0
wlrqv rq lqglylgxdov hpsor|hg e| wkh vdph �up lqwr wkh yhfwru e|imj/ zklfk lv h{suhvvhg

56Vlqfh wklv vhfrqg phwkrg lv pxfk vlpsohu wr lpsohphqw wkdq wkh �uvw rqh/ zh xvh d vshfl�fdwlrq
ri wkh �up h�hfw wkdw lv pruh frpsolfdwhg e| lqfoxglqj d olqhdu vsolqh diwhu 43 |hduv ri vhqlrulw|1
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dv wkh ghyldwlrq iurp wkh �uvw0vwhs hvwlpdwhg {e� dqg e�1 Wkh �up0ohyho htxdwlrq lv=

e|imj @ Iimj

57 !m
�m
�5m

68. )imj +615<,

zkhuh

Iimj �

57 ===
4 vqv W4+vqv � 43,

===

68 > ;+q> v, 5 imj +6163,

dqg
)imj � %imj . {imj

�
� � e��. ��imj � e�imj� +6164,

Ohdvw vtxduhv hvwlpdwlrq ri +615<,/ |lhogv wkh hvwlpdwru57 e!me�me�5m
68 @

�
I 3
imj

I
imj

��4
I 3
imj
e|imj/ iru m @ 4> = = = M= +6165,

Wkh dv|pswrwlf glvwulexwlrq ri wkh hvwlpdwru lq htxdwlrq +6165, lv57 e!me�me�5m
68$ Q

3C57 !m
�m
�5m

68 >
m

4D dv Qm $4 +6166,

zkhuh


m � �5%

�
I 3
imj

I
imj

��4
.
�
I 3
imj

I
imj

��4
I 3
imj�

[
imj

Ydu
ke�l[ 3

imj
.Ydu

ke�
imj

l
.5[

imj
Fry

ke�>e�
imj

l�
I
imj

�
I 3
imj

I
imj

��4 =

+6167,
Wkh �uvw vwhs ri rxu rughu0ghshqghqw= �upv �uvw phwkrg ehjlqv zlwk wkh htxdwlrqv

+6149, ru +6154, gh�qlqj wkh hvwlpdwru e# lq wkh rughu0lqghshqghqw phwkrg1 Wkh rughu0
ghshqghqw= �upv �uvw hvwlpdwru iru � dqg � duh edvhg rq frqyhqwlrqdo frpsxwdwlrqdo
irupxodv dssolhg wr htxdwlrq

| �I e# @[� .G� . �

zkhuh � � %.I +# � e#,1 Wkh rughu0ghshqghqw= �upv �uvw hvwlpdwruv duh

e� @ +[3PG[,
�4

[3PG

�
| � I e#� +6168,

dqg e� @ +G3G,
�4

G3
�
| �[e� � I e#� +6169,

Wkh dv|pswrwlf fryduldqfh pdwulfhv ri wkh hvwlpdwruv lq htxdwlrqv +6168, dqg +6169,
fdq eh ghulyhg gluhfwo| iurp wkh vwdqgdug irupxodv dqg wkh dv|pswrwlf fryduldqfh
pdwul{ ri wkh rughu0ghshqghqw= �upv �uvw hvwlpdwru ri #/ zklfk lv mxvw �5% +I

3P]I ,
�
=
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617161 Uhodwlrq ehwzhhq wkh rughu0lqghshqghqw dqg rughu0ghshqghqw hvwl0

pdwhv

Lq wkh glvfxvvlrq ri rxu hpslulfdo uhvxowv zh uhihu uhshdwhgo| wr gl�huhqw irupv ri
wkh frqglwlrqdo hvwlpdwruv1 Lq wklv vxevhfwlrq zh vxppdul}h wkh uhodwlrqv dprqj
wkh gl�huhqw frqglwlrqdo hvwlpdwruv1 Wkh rughu0lqghshqghqw hvwlpdwru iru � dqg �/
htxdwlrqv +614:, dqg +614;,/ lv lghqwlfdo wr wkh rughu0ghshqghqw= shuvrqv �uvw hvwlpdwru
iru � dqg �1 Wkh rughu0ghshqghqw= shuvrqv �uvw hvwlpdwru iru # lv htxdwlrq +6165,1 Wkh
rughu0lqghshqghqw hvwlpdwru iru #/ htxdwlrq +6149, ru +6154,/ lv lghqwlfdo wr wkh rughu0
ghshqghqw= �upv �uvw hvwlpdwru iru #1 Wkh rughu0ghshqghqw= �upv �uvw hvwlpdwru iru
� dqg � lv htxdwlrqv +6168, dqg +6169,1

617171 Hvwlpdwlrq ri frpsrqhqwv ri wkh lqglylgxdo h�hfw

Uhjdugohvv ri wkh hvwlpdwru xvhg iru �l/ zh dovr ghfrpsrvh wkh lqglylgxdo h�hfw lqwr d
frpsrqhqw dwwulexwdeoh wr �{hg lqglylgxdo fkdudfwhulvwlfv/ xl>+vxfk dv hgxfdwlrq, dqg
dq xqrevhuydeoh frpsrqhqw/ �l1 dv vkrzq lq htxdwlrq +615,1 Wr uhfryhu wkh �l dqg
xl� sduwv ri wkh lqglylgxdo h�hfw/ zh xvh wkh hvwlpdwhg lqglylgxdo h�hfwv/ e�l/dqg wkhlu
dvvrfldwhg hvwlpdwhg vdpsolqj yduldqfhv wr hvwlpdwh wkh htxdwlrq +615, e| jhqhudol}hg
ohdvw vtxduhv1 Zh rewdlq e�/ zklfk vdwlv�hv=

e�$ Q

#
�>

�
X 3Gldj

�
Ydu

ke�ll��4 X��4
$
dv Q $4 +616:,

zkhuh

X �

57 x4
===
xQ

68 +616;,

dqg Gldj
�
Ydu

ke�ll�lv d gldjrqdo pdwul{
�e�5%
Wl

�
> wkh dv|pswrwlf yduldqfhv ri e�l xvlqj

wkh uhvlgxdo yduldqfh hvwlpdwru iurp htxdwlrq +6157,/ 1 Wkh hvwlpdwru ri �l lv

e�l @ e�l � xle� +616<,

dqg lv xqeldvhg dqg dv|pswrwlf lq Wl +Fkdpehuodlq +4<;7,,1 Zh vkrz ehorz wkdw
vwdwlvwlfv edvhg xsrq djjuhjdwlqj e�l dqg e�l wr wkh ohyho ri wkh �up duh frqvlvwhqw1

6181 Vshfl�fdwlrq Fkhfnv

Ehfdxvh ri wkh uhvxow lq htxdwlrq +6158,/ qdpho| wkdw wkh jrrgqhvv ri �w ri wkh prgho
grhv qrw ghshqg xsrq wkh qxpehu ri dx{loldu| sdudphwhuv xvhg lq wkh zlwklq�G ru
zlwklq�I vwhs/ frqyhqwlrqdo vshfl�fdwlrq whvwv dqg Ed|hvldq prgho vhohfwlrq surfh0
gxuhv duh qrw dssolfdeoh1 Hvvhqwldoo|/ zh pxvw pdlqwdlq wkh frqglwlrqdo ruwkrjrqdolw|
dvvxpswlrqv +6145, dqg +6146, lq rughu wr frpsxwh dq| hvwlpdwhv dw doo ri htxdwlrq
+6144,1 Dowkrxjk zh fdqqrw frpsxwh d fodvvlfdo vshfl�fdwlrq whvw lq wkh vhqvh ri
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Kdxvpdq +4<:;,/ zh fdq xvh wkrvh sulqflsohv wr ghulyh d vshfl�fdwlrq whvw zkrvh
glvwulexwlrq lv nqrzq xqghu wkh qxoo k|srwkhvlv

K3 = � @ +]3],�4]3I#>

zklfk lv wkh gh�qlwlrq ri wkh dx{loldu| sdudphwhu � xqghu wkh frqglwlrqdo ruwkrjrqdolw|
k|srwkhvhv ri htxdwlrqv +6145, dqg +6146,1

Frqvlghu wkh uhvlgxdo iurp htxdwlrq +515, zkhq e�/ e�/ dqg e# duh gh�qhg dffruglqj
wr wkh rughu0lqghshqghqw hvwlpdwlrq irupxodv +614:,/ +614;,/ dqg +6149,/ uhvshfwlyho|/

h% @ �
| �[e� �Ge� �I e#�

@ %�[
�e� � �

�
�G

�e� � �
�
� ]

�e�� �
�
�P]I

�e# � #
�

.]
�e�� �

�
�S]I

�e# �#
�

@ e%. ]
�e�� �

�
�S]I

�e# �#
�

@ e%. ]
�e�� +]3],�4]3I e#��]

�
�� +]3],�4]3I#

�
=

Khqfh/ xqghu wkh qxoo k|srwkhvlv

h%� e% @ ]
�e� � h�� =

Wkh vwdwlvwlf e��h� lv yhu| vlplodu wr d vshfl�fdwlrq whvw vwdwlvwlf vlqfh lw lv wkh gl�huhqfh
ehwzhhq wkh Fudphu0Udr h!flhqw hvwlpdwru ri �/ qdpho| e�/ dqg dq lqh!flhqw exw
xqeldvhg hvwlpdwru ri wkh vdph dx{loldu| sdudphwhu/ qdpho| h�1 E| gluhfw dssolfdwlrq
ri wkh Fudphu0Udr orzhu erxqg lpsolhg e| wkh h!flhqf| ri e� iru wkh prgho jlyhq lq
htxdwlrq +6144,/ zh kdyh e� � h� � Q

�
3> �5%


�
zkhuh

�5%
 � +]3],�4]3I Ydu^e#`I 3]+]3],�4 �Ydu^e�`>
dqg Ydu^e�` dqg Ydu^e#` duh wkh fryduldqfh pdwulfhv ri wkh sdudphwhu hvwlpdwruv e� dqge#/ uhvshfwlyho|/ dv frpsxwhg lq wkh vroxwlrqv wr htxdwlrqv +6148, dqg +6149,1 Wkh
yduldqfh ri e� � h� lv jxdudqwhhg wr eh srvlwlyh vhpl0gh�qlwh e| wkh h!flhqf| ri e�=
Wkxv/ d whvw ri wkh vshfl�fdwlrq ri wkh prgho fdq eh edvhg xsrq wkh glvwulexwlrq rih%� e%1 Wkh vwdwlvwlf

+h%� e%,3 ^]
] 3`� +h%� e%,
�5%

� "5T� >

zkhuh T� @ udqn ^]
]3` � T1 Dq htxlydohqw vwdwlvwlf wkdw lv hdvlhu wr frpsxwh lv
edvhg rq wkh glvwulexwlrq ri ]3 +h%� e%,/ d T� 4 udqgrp yhfwru=

+h%�e%,3]+]3],�4
�+]3],�4]3+h%�e%,
�5%

@

�e��h��3+]3],�4
�+]3],�4
�e��h��

�5%
� "5T� >

+6173,
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zkhuh T� @ udqn ^
` � T1 Wklv vwdwlvwlf lv wkh rqo| irupdo vshfl�fdwlrq whvw wkdw zh
ghulyh iru wkh uhdvrqdeohqhvv ri wkh vhw ri frqglwlrqlqj yduldeohv/ ]=

Wr frpsduh wkh gl�huhqw hvwlpdwruv ri wkh � frh!flhqwv/ zh uho| rq rxu frqvlvwhqw
hvwlpdwh ri � dqg xvh Kdxvpdq +4<:;, vwdwlvwlfv1 Zh ghulyh frqyhqwlrqdo vshfl�fdwlrq
whvwv ri wkh gl�huhqfh ehwzhhq wkh frqvlvwhqw hvwlpdwhv ri � edvhg rq htxdwlrq +61<,
dqg hvwlpdwhv iurp rwkhu phwkrgrorjlhv/ lqfoxglqj rxu frqglwlrqdo phwkrgv1

6191 Wkh Frqvwuxfwlrq ri ]

Wkh uroh ri wkh frqglwlrqlqj yduldeohv/ ]/ lv wr sur{| iru wkh fryduldwlrq dprqj wkh
h�hfwv uhsuhvhqwhg e| [/ G/ dqg I 1 Wkh froxpqv ri ] vkrxog eh fkrvhq wr suhvhuyh
dv pdq| ri wkh h�hfwv # dv srvvleoh/ uhfdoolqj wkdw hdfk froxpq ri ] uhgxfhv wkh udqn
ri +I 3P]I , e| rqh/ zkloh fdswxulqj dv pxfk ri wkh frqglwlrqdo fryduldqfh ri [ dqg
G zlwk I dv srvvleoh1 Vlqfh wkhvh duh frpshwlqj jrdov/ zh zloo uho| rq mxgjhphqw dqg
rq wkh vshfl�fdwlrq whvw lq htxdwlrq +6173, wr fkrrvh d uhdvrqdeoh vhw ri ] yduldeohv1
Zh ehjlq e| qrwlqj wkdw hyhu| froxpq ri ] lqfuhdvhv wkh frpsxwdwlrqdo frpsoh{lw| ri
vroylqj wkh htxdwlrq v|vwhp +6148, dqg +6149, lq sursruwlrq wr Q�T5 lq whupv ri erwk
vwrudjh dqg fdofxodwlrqv1 Lw lv wkhuhiruh qhfhvvdu| wr dffhsw vrph d sulrul uhvwulfwlrqv
rq wklv dx{loldu| ghvljq pdwul{ ]1 Vhfrqg/ zh qrwh wkdw wkh zlwklq�I uhjuhvvlrq
lq rxu frqglwlrqdo hvwlpdwlrq surfhgxuh zloo qrw eh zhoo0gh�qhg iru ] yduldeohv wkdw
gr qrw kdyh zlwklq�I yduldwlrq1 Lq rughu wr jlyh doo froxpqv ri ] vrph zlwklq�I
yduldwlrq zkloh/ dw wkh vdph wlph/ lqgxflqj fruuhodwlrq zlwk [ dqg G/ zh fkrvh wkh
] yduldeohv dv lqwhudfwlrqv ehwzhhq �up fkdudfwhulvwlfv +ixqfwlrqv ri I , dqg shuvrqdo
fkdudfwhulvwlfv +ixqfwlrqv ri [ dqg G,1 Xqghu wkh vshfl�fdwlrq ghvfulehg e| htxdwlrq
+6144,/ qrqh ri wkhvh lqwhudfwlrqv hqwhuv wkh prgho gluhfwo|1

Wkh froxpqv ri ] duh gh�qhg dv iroorzv1 Ohw

{l �

WlS
w@4

{lqlw

Wl
@ wkh zlwklq0shuvrq phdq ri {lw>

dqg

im �

S
+l>w,5iM+l>w,@mj

i+l>w,m

Qm

@ �up dyhudjh ri fkdudfwhulvwlf i+l>w,m>

zkhuh wkh �up fkdudfwhulvwlfv duh phdvxuhg e| wdnlqj ixqfwlrqv ri wkh froxpqv ri
I 1 Lq sduwlfxodu/ �up vl}h fdq eh phdvxuhg dv d �{hg frqvwdqw wlphv wkh qxpehu
ri shuvrq0|hduv revhuyhg lq �up m ryhu wkh olih ri wkh vdpsoh/ Qm157 Wkh lqgxvwu|
ri �up m fdq eh ghwhuplqhg e| dsso|lqj d fodvvl�fdwlrq pdwul{ D/ M �N wr I3 vr
wkdw wkh uhvxow I3D fodvvl�hv hdfk urz ri I3/ wkxv doo Q� shuvrqv0|hduv/ lqwr rqh ri

57Zh fdq fdofxodwh �up vl}h lq rxu vdpsoh xvlqj wkh iroorzlqj phwkrg1 Lq rxu gdwd/ wkh hpsor|hh
vdpsolqj udwh lv �*2Dwk dqg wkh qxpehu ri dw ulvn |hduv lv �f> khqfh/ wkh frqvwdqw ' 2�D1 Wkxv/ lq
pdwul{ irup/ zh fdq frqyhuw 8f lqwr d yhfwru ri �up vl}hv/ u/ dv

u ' 8f
�
e���8f u 2�D

�
�

zkhuh e�� lv dq �W f � yhfwru ri rqhv1
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N xqltxh lqgxvwulhv1 Wkh �up fkdudfwhulvwlfv dfwxdoo| xvhg lq rxu dqdo|vlv duh �up
vl}h/ lwv vtxduh/ dqg d 430lqgxvwu| fodvvl�fdwlrq1 Wkh shuvrqdo fkdudfwhulvwlfv dfwxdoo|
xvhg zhuh oderu irufh h{shulhqfh +wlph0ydu|lqj, dqg djh dw wkh hqg ri vfkrrolqj +qrq0
wlph0ydu|lqj,1 Wkh urzv ri ] zhuh frqvwuxfwhg dv

urz +l> w, �
�
{l xl

�


k
iM+l>w,

l


�
4 vlw

�
=

61:1 Dqdo|vlv ri Ilup0ohyho Rxwfrphv

Rxu dqdo|vlv ri �up0ohyho rxwfrphv uhtxluhv vxppdu| vwdwlvwlfv/ e| �up/ ri wkh h�hfwv
hvwlpdwhg iurp htxdwlrq +515,1 Dowkrxjk zh xvh vhyhudo gl�huhqw hvwlpdwruv iru wkhvh
h�hfwv/ zh dozd|v xvh wkh vdph djjuhjdwlrq irupxodv> vr/ zh kdyh vkrzq wkrvh irupxodv
xvlqj jhqhulf hvwlpdwruv iru wkh xqghuo|lqj sdudphwhuv1

Iluvw frqvlghu �up0ohyho dyhudjhv ri wkh shuvrq h�hfwv �l dqg �l

e�m � 4

Qm

[
+l>w,5iM+l>w,@mj

e�l +6174,

dqg e�m � 4

Qm

[
+l>w,5iM+l>w,@mj

e�l=
Zh xvh wkh dv|pswrwlf glvwulexwlrq iru e�m =

e�m $ Q
�
�m > �

5
�m

�
/ dv Qm $4 +6175,

zkhuh

�5�m �
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Q5
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Qm[
l@4

�5%
Wl
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Wl
�5%

x3l

�
X 3Gldj

�
Ydu

ke�ll��4 X��4 xl&
dqg iru e�m +qrw vkrzq,581 Vlploduo|/ wkh �up0ohyho dyhudjh hgxfdwlrq h�hfw lv jlyhq e|

xme� � 4

Qm

[
+l>w,5iM+l>w,@mj

xle� +6176,

zlwk dv|pswrwlf glvwulexwlrq edvhg xsrq +616:,1 Lq doo rxu dv|pswrwlf uhvxowv zh krog
frqvwdqw wkh glvwulexwlrq ri �up vl}hv1 Wkxv dv Q>Qm $ 4>zh dvvxph wkdw wkhlu
udwlr Qm@Q jrhv wr d qrq0}hur frqvwdqw1

Zh frqvlghu qh{w wkh vwdwlvwlfdo uhodwlrq ehwzhhq �up0ohyho rxwfrphv dqg rxu
phdvxuhv ri �up0ohyho frpshqvdwlrq srolf|1 Rxu edvlf prgho lv

sm @
�
�m xm� !m �m �5m tm

� � �
�

�
. �m +6177,

58Wkh irupxod iru wkh dv|pswrwlf glvwulexwlrq ri ew� lv lghqwlfdo wr wkh rqh iru ek� zlwk wkh txdgudwlf
irup lq �� uhpryhg1
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zkhuh m @ 4> ===M / sm lv dq| �up0ohyho rxwfrph/
�
�m xm� !m �m �5m

�
lv d yhfwru

ri �up0ohyho frpshqvdwlrq phdvxuhv/ � lv d yhfwru ri sdudphwhuv ri lqwhuhvw/ tm lv d
yhfwru ri rwkhu �up0ohyho yduldeohv/ � lv d yhfwru ri sdudphwhuv dvvrfldwhg zlwk tm / dqg
�m lv d }hur0phdq krprvfhgdvwlf vwdwlvwlfdo huuru159 Lq wkh uhjuhvvlrq dqdo|vlv/ �up0
ohyho rxwfrphv dqg �up0ohyho frpshqvdwlrq yduldeohv zhuh phdvxuhg xvlqj gdwd iurp
wzr lqghshqghqwo| gudzq vdpsohv1 Krzhyhu/ wkh �up0ohyho frpshqvdwlrq yduldeohv
ghulyhg iurp rxu lqglylgxdo vdpsoh duh hvwlpdwhg uhjuhvvruv1 Frqvhtxhqwo|/ zh pxvw
doorz iru wkh hvwlpdwlrq huuruv lq e�m > xme�> e!m > e�m dqg e�5m lq rxu dvvhvvphqw ri wkh
suhflvlrq ri wkh hvwlpdwlrq ri �up0ohyho htxdwlrqv15: Htxdwlrq +6177, ehfrphv

sm @
k e�m xme� e!m e�m e�5m tm

l �
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�m xm� !m �m �5m
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�
k e�m xme� e!m e�m e�5m l� � . �m

+6178,

zkhuh
��

�m xm� !m �m �5m
�
�
k e�m xme� e!m e�m e�5m l� � lv wkh huuru dv0

vrfldwhg zlwk wkh �uvw0vwhs hvwlpdwlrq ri wkh �up0ohyho frpshqvdwlrq phdvxuhv15; Lq
rughu wr ghulyh wkh huuru fryduldqfh pdwul{ iru htxdwlrq +6178,/ ohw

S 3
m

�e�m� � k e�m xme� e!m e�m e�5m tm

l
dqg e�3m � k e�m xme� e!m e�m e�5m l =
Qrz/ htxdwlrq +6178, fdq eh uh0h{suhvvhg lq d �uvw rughu dssur{lpdwlrq durxqg �m dv=

sm @ S 3
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. $m +6179,

zkhuh

$m � +e�m � �m,
3 CSm +�m,

C�m

�
�
�

�
. �m

59Wklv lv wkh prvw jhqhudo vshfl�fdwlrq/ fruuhvsrqglqj wr wkh sdudphwhul}dwlrq ri wkh �up h�hfw
E6 ' �� xvhg lq rxu rughu0ghshqghqw �shuvrqv �uvw� phwkrg1 Lq vrph ri rxu �up0ohyho dqdo|vhv
wkh whupv lqyroylqj �

2� gr qrw dsshdu ehfdxvh wkh xqghuo|lqj �up h�hfwv zhuh ri orzhu glphqvlrq
E6 ' 2�1

5:Wkh �up0ohyho uhjuhvvru %�eq dovr frqwdlqv vrph phdvxuhphqw huuru/ lq sulqflsoh> krzhyhu/ wkh

yhfwru eq lv hvwlpdwhg zlwk vxfk suhflvlrq wkdw zh gr qrw fduu| dorqj lwv hvwlpdwhg fryduldqfh pdwul{

+lqfoxglqj lwv hvwlpdwhg fryduldqfh zlwk ek� c ��e#c e�� c e�� dqg e�2�, lq wkhvh fdofxodwlrqv1 Khqfh/ zh

sodfh %�eq lq wkh olvw ri ^� 1
5;Zh dgrsw wkh prgho ri Sdjdq +4<;7,> qdpho|/ wkdw wkh uhjuhvvlrq ri lqwhu0

hvw uhodwhv d ixqfwlrq ri wkh lqglylgxdo0ohyho gdwd dqg vhyhudo �up0ohyho sdudphwhuv
wr wkh rwkhu phdvxuhg �up0ohyho rxwfrphv1 Zh dffrxqw iru wkh hvwlpdwlrq huuru��

k� ��# �� �� �
2�

�
3
� ek� ��e# e�� e�� e�2� �� h{solflwo|/ exw zh gr qrw dgg

dq dgglwlrqdo phdvxuhphqw huuru1 Wkxv/ iru h{dpsoh/ zh dvvhuw wkdw wkh rxwfrph R� ghshqgv xsrq
k� dqg qrw xsrq k� n l� / zkhuh l� lv dq lqghshqghqw phdvxuhphqw huuru1
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Wkh yduldqfh ri wkh uhjuhvvlrq huuru whup iru htxdwlrq +6179, frqvlvwv ri wkh frpsrqhqw
gxh wr wkh hvwlpdwlrq huuru lq eSm soxv wkh frpsrqhqw gxh wr �m =

Ydu ^$m` �
�
� 3 �3

� CS 3m
C�3m

Ydu
ke�ml CSm

C�m

�
�
�

�
.Ydu

�
�m
�

+617:,

zkhuh wkh frpsrqhqwv ri Ydu
ke�ml duh gh�qhg lq wkh ghulydwlrqv deryh1 Zh hvwl0

pdwh htxdwlrq +6179, xvlqj jhqhudol}hg ohdvw vtxduhv edvhg xsrq wkh huuru yduldqfh lq
htxdwlrq +617:,1

71 Gdwd Ghvfulswlrq

Lq wklv vhfwlrq zh ghvfuleh wkh lpsruwdqw lqvwlwxwlrqv ri wkh Iuhqfk oderu pdunhw
dqg frpsduh vrph vlpsoh vwdwlvwlfdo prghov ri zdjh ghwhuplqdwlrq lq Iudqfh dqg
wkh Xqlwhg Vwdwhv1 Wkh zdjh uhjuhvvlrqv ghprqvwudwh wkdw/ hyhq wkrxjk Iuhqfk dqg
Dphulfdq oderu pdunhw lqvwlwxwlrqv duh txlwh gl�huhqw/ wkhuh duh vwurqj vlplodulwlhv
lq wkh zd| frpshqvdwlrq lv uhodwhg wr oderu pdunhw revhuydeohv lq wkh wzr frxqwulhv1
Qh{w/ zh od| rxw wkh vdpsoh ghvljq ri rxu Iuhqfk gdwd dqg ghvfuleh wkh surfhvv zh
xvhg wr fuhdwh dq dqdo|vlv vdpsoh1 Ilqdoo|/ zh suhvhqw doo ri wkh yduldeoh gh�qlwlrqv1
Vxppdu| vwdwlvwlfv dsshdu lq wkh gdwd dsshqgl{1

7141 Wkh Iuhqfk Oderu Pdunhw

Gxulqj wkh vdpsoh shulrg +iurp wkh plg0vhyhqwlhv wr wkh hqg ri wkh hljkwlhv,/ wkh
Iuhqfk oderu pdunhw zdv fkdudfwhul}hg e| vwdeoh hpsor|phqw/ zkhuhdv ryhu wklv sh0
ulrg hpsor|phqw lqfuhdvhg e| 58( lq wkh Xqlwhg Vwdwhv1 JGS jurzwk lq erwk frxq0
wulhv zdv pruh ru ohvv lghqwlfdo/ lpso|lqj idvwhu surgxfwlylw| jurzwk lq Iudqfh1 Lq
dgglwlrq/ wkh hpsor|phqw0srsxodwlrq udwlr lq Iudqfh vkudqn zkloh lw zdv jurzlqj lq
wkh X1V1> dv d uhihuhqfh/ hpsor|phqw0srsxodwlrq udwlrv zhuh wkh vdph lq Iudqfh dqg
wkh Xqlwhg Vwdwhv lq wkh plg0vl{wlhv1 Lq sduwlfxodu/ wkh hpsor|phqw0srsxodwlrq udwlr
ihoo gudpdwlfdoo| iru |rxqj zrunhuv +ehorz 58, dv zhoo dv iru roghu zrunhuv +deryh
88,5<1 Wkh suhydlolqj ylhz�fkdoohqjhg lq Fdug/ Nudpdu}/ dqg Ohplhx{/ 4<<9�lv wkdw
zdjh uljlglwlhv/ h{dpsohv ri zklfk duh suhvhqwhg lq wkh iroorzlqj sdudjudskv/ kdyh
ghvwur|hg mrev lq Iudqfh1 Qhyhuwkhohvv/ hyhq wkrxjk zdjh0vhwwlqj lqvwlwxwlrqv gl�hu/
zdjh0vhwwlqj rxwfrphv lq wkh wzr oderu pdunhwv vkduh pdq| ihdwxuhv1

Iuhqfk hpsor|phqw lq wkh 4<:3v zdv fkdudfwhul}hg e| fhqwudol}hg froohfwlyh edu0
jdlqlqj +frqyhqwlrq froohfwlyh gh eudqfkh,/ lq zklfk gl�huhqw lqgxvwuldo vhfwruv kdg
froohfwlyh djuhhphqwv wkdw zhuh qhjrwldwhg e| jurxsv ri xqlrqv dqg hpsor|huv dvvrfl0
dwlrqv/ dqg wkhvh djuhhphqwv zhuh elqglqj rq wkh qhjrwldwlqj sduwlhv1 Wkh frpsohwh
djuhhphqw zdv wkhq w|slfdoo| h{whqghg wr fryhu wkh hqwluh lqgxvwu| +ru uhjlrq, e| wkh
Plqlvwu| ri Oderu dqg zdv wkhuhe| pdgh elqglqj rq zrunhuv dqg �upv wkdw zhuh qrw
sduw| wr wkh ruljlqdo qhjrwldwlrq +vhh Pdujrolv 4<<7,1 Pruh wkdq <8( ri wkh zrun

5<Vhh Fdug/ Ohplhx{ dqg Nudpdu}/ 4<<9/ iru d pruh ghwdlohg dqdo|vlv ri Iuhqfk oderu pdunhw
rxwfrphv lq frpsdulvrq zlwk wkrvh ri wkh Xqlwhg Vwdwhv dqg Fdqdgd1
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irufh zdv fryhuhg e| wkhvh froohfwlyh edujdlqlqj djuhhphqwv dw wkh hqg ri wkh 4<;3v/
zkloh xqlrq phpehuvkls zdv dssur{lpdwho| 43(1 Wkh froohfwlyh djuhhphqwv vshfl0
�hg d vhw ri plqlpxp zdjhv dqg zdjh surjuhvvlrqv iru wkh rffxsdwlrqdo fdwhjrulhv
fryhuhg e| wkh qhjrwldwlrqv +vrphwlphv fdoohg d zdjh julg,1 Ehjlqqlqj lq 4<;5/ wkh
�orlv Dxurx{� +d vhw ri uhylvlrqv wr wkh erg| ri oderu odz qdphg diwhu wkh Plqlvwhu
ri Oderu dw wkh wlph, uhtxluhg �upv zlwk dw ohdvw 83 hpsor|hhv wr qhjrwldwh �up
ohyho froohfwlyh djuhhphqwv +dffrugv g*hqwuhsulvh,1 Dowkrxjk �upv zhuh h{solflwo| qrw

reoljdwhg wr dfwxdoo| frqfoxgh dq djuhhphqw/ wkh shufhqwdjh ri wkh zrun irufh fry0
huhg e| �up0ohyho djuhhphqwv juhz wr ryhu 63( e| wkh plg04<;3v +vhh Derzg dqg
Nudpdu}/ 4<<6 dqg Fdkxf dqg Nudpdu}/ 4<<:,1 Wkh odz lpsrvhg wkdw wkh �up ohyho
djuhhphqwv frxog rqo| lpsuryh wkh frqglwlrqv vwdwhg lq wkh lqgxvwuldo djuhhphqw/ d
uhvxow ehlqj wkdw/ ryhu wlph/ wkh �up0ohyho djuhhphqwv kdyh ehfrph pruh uhohydqw iru
zdjh ghwhuplqdwlrq wkdq wkh lqgxvwu| djuhhphqwv1

Vlqfh 4<84/ Iuhqfk lqgxvwu| kdv dovr ehhq vxemhfw wr d qdwlrqdo plqlpxp zdjh
+fdoohg wkh VPLF vlqfh wkh uhylvlrqv wr wkh uhohydqw odz lq 4<:4, wkdw lv lqgh{hg wr wkh
udwh ri fkdqjh lq frqvxphu sulfhv dqg wr wkh dyhudjh eoxh0froodu zdjh udwh1 Dowkrxjk
pruh wkdq <3( ri Iuhqfk zrunhuv duh fryhuhg e| lqgxvwuldo djuhhphqwv wkurxjkrxw
rxu dqdo|vlv shulrg +4<:904<;:,/ wkh uhjxodu lqfuhdvhv lq wkh qdwlrqdo plqlpxp zdjh
+lq sduwlfxodu wkrvh gulyhq e| wkh lqgh{dwlrq wr wkh dyhudjh eoxh0froodu zdjh udwh,
rxwsdfhg frqwudfw uhqhjrwldwlrqv/ dqg wkh orzhvw uxqjv rq wkh sd| vfdohv lq prvw
lqgxvwu| frqwudfwv iru prvw rffxsdwlrqv hqghg xs ehorz wkh qdwlrqdo plqlpxp lq
4<;81 Zkhq wklv rffxuv/ lw lv wkh qdwlrqdo plqlpxp zdjh/ dqg qrw wkh froohfwlyho|
edujdlqhg zdjh/ wkdw elqgv1

Hyhq wkrxjk wkh Iuhqfk lqvwlwxwlrqdo duudqjhphqwv vhhp wr gl�hu zlgho| iurp
wkrvh suhydlolqj lq wkh Xqlwhg Vwdwhv/ zdjh0vhwwlqj rxwfrphv lq wkh wzr frxqwulhv
vkduh pdq| ihdwxuhv1 Iru lqvwdqfh/ pdqxidfwxulqj rshudwlyh zdjhv/ zkhq phdvxuhg
lq sxufkdvlqj srzhu sdulw|/ duh qrw yhu| gl�huhqw +vhh Derzg dqg Erjqdqqr/ 4<<8,1
Krzhyhu/ wkh udwlr ri wkh plqlpxp zdjh wr wkh dyhudjh zdjh ihoo vkduso| lq wkh
X1V1 zkloh lw urvh prghvwo| lq Iudqfh gxulqj wkh hljkwlhv +vhh Fdug/ Nudpdu}/ dqg
Ohplhx{/ 4<<9,1 Urxjko| :( ri Iuhqfk hpsor|hg |rxqj zrunhuv +63 |hduv rog dqg
xqghu,/ dqg 9( ri Dphulfdq hpsor|hg |rxqj zrunhuv duh sdlg dw wkh plqlpxp gxulqj
wkh vdph shulrg +vhh Derzg/ Nudpdu}/ Ohplhx{/ dqg Pdujrolv/ iruwkfrplqj,1 Hyhq
wkrxjk wrwdo oderu frvwv dw wkh plqlpxp zdjh duh kljkhu lq Iudqfh wkdq lq wkh X1V1
gxh wr hpsor|hh0 dqg hpsor|hu0sdlg sd|uroo wd{hv dqg rwkhu qrq0zdjh frpshqvdwlrq
frvwv/ d 4( lqfuhdvh lq wkh plqlpxp zdjh lqgxfhv urxjko| d 5( ghfuhdvh lq hpsor|0
phqw ri |rxqj shrsoh lq erwk frxqwulhv +Derzg/ Nudpdu}/ Ohplhx{ dqg Pdujrolv/
iruwkfrplqj,1

Wr ixuwkhu dvvhvv srwhqwldo gl�huhqfhv lq zdjh vhwwlqj/ zh udq wzr vlpsoh zdjh
uhjuhvvlrqv xvlqj frpsdudeoh krxvhkrog vxuyh|v +wkh Hqtxíwh Hpsorl iru Iudqfh dqg
wkh Fxuuhqw Srsxodwlrq Vxuyh| iru wkh X1V1,63 1 Wdeoh LL suhvhqwv rxu hvwlpdwlrq
uhvxowv1 Rxu prghov vkrz wkdw wkh vdph vhw ri uhjuhvvruv kdv pruh ru ohvv wkh vdph
h{sodqdwru| srzhu iru zdjhv lq erwk wkh Iuhqfk dqg Dphulfdq gdwd +urxjko| 6:( iru
phq lq erwk frxqwulhv/ 65( iru zrphq lq Iudqfh dqg 57( lq wkh X1V1,1 Uhwxuqv wr rqh

63Vlplodu uhvxowv duh dovr irxqg xvlqj furvv0vhfwlrqv ri pdwfkhg zrunhu0�up gdwd iru wkh wzr frxq0
wulhv +vhh Derzg/ Nudpdu}/ Pdujrolv/ dqg Wurvnh/ 4<<:,1
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dgglwlrqdo |hdu ri hgxfdwlrq duh 914( iru phq dqg :15( iru zrphq lq wkh X1V1 zkloh
wkh| duh :1:( iru phq dqg ;1;( iru zrphq lq Iudqfh/ zlwk wkh gl�huhqfh ehwzhhq
wkh vh{hv ehlqj lghqwlfdo1 Uhwxuqv wr h{shulhqfh gl�hu voljkwo|/ zlwk wkh fxuydwxuh ri
wkh txduwlf lq h{shulhqfh lpso|lqj d pruh kxps0vkdshg sur�oh lq wkh X1V11 Ilqdoo|/
wkh jhqghu zdjh jds lq wkh lqlwldo |hdu lv urxjko| htxdo lq erwk frxqwulhv/ dowkrxjk lw
ghfuhdvhv ryhu wkh vdpsoh shulrg lq wkh X1V1 dqg lv edvlfdoo| vwdeoh lq Iudqfh gxulqj
wkh hljkwlhv1

Rwkhu h{dpsohv ri vxfk vlplodulwlhv lq zdjh0vhwwlqj rxwfrphv derxqg1 Fdug/ Nud0
pdu}/ dqg Ohplhx{ kdyh vkrzq wkdw wkh iudfwlrq ri zrunhuv xvlqj frpsxwhuv lv urxjko|
wkh vdph lq wkh wzr frxqwulhv1 Ixuwkhupruh/ uhwxuqv wr qhz whfkqrorjlhv/ dqg lq sdu0
wlfxodu frpsxwhu xvh/ duh lghqwlfdo lq wkh wzr frxqwulhv1 Hvwlpdwhv lq Nuxhjhu +4<<6,
dqg lq Hqwrui dqg Nudpdu} +4<<:, ru Hqwrui/ Jroodf/ dqg Nudpdu} +4<<:, vkrz wkdw
frpsxwhu xvhuv duh ehwwhu frpshqvdwhg wkdq qrq0xvhuv e| wkh vdph dprxqw +48(,1
Nuxhjhu dqg Vxpphuv +4<;:, dovr vkrz wkdw lqwhu0lqgxvwu| zdjh gl�huhqwldov lq Iudqfh
duh kljko| fruuhodwhg zlwk Dphulfdq lqwhu0lqgxvwu| zdjh gl�huhqwldov1

7151 Ghvfulswlrq ri wkh GDV

Rxu pdlq gdwd vrxufh lv wkh �Gìfodudwlrqv dqqxhoohv ghv vdodluhv� +GDV,/ d odujh0vfdoh
dgplqlvwudwlyh gdwdedvh ri pdwfkhg hpsor|hu0hpsor|hh lqirupdwlrq froohfwhg e| LQ0
VHH +Lqvwlwxw Qdwlrqdo gh od Vwdwlvwltxh hw ghv Hwxghv Hfrqrpltxhv, dqg pdlqwdlqhg
lq wkh Glylvlrq ghv uhyhqxv1 Wkh gdwd duh edvhg xsrq pdqgdwru| hpsor|hu uhsruwv ri
wkh jurvv hduqlqjv ri hdfk hpsor|hh vxemhfw wr Iuhqfk sd|uroo wd{hv1 Wkhvh wd{hv dsso|
wr doo �ghfoduhg� hpsor|hhv dqg wr doo vhoi0hpsor|hg shuvrqv/ hvvhqwldoo| doo hpsor|hg
shuvrqv lq wkh hfrqrp|1

Wkh Glylvlrq ghv uhyhqxv suhsduhv dq h{wudfw ri wkh GDV iru vflhqwl�f dqdo|vlv/
fryhulqj doo lqglylgxdov hpsor|hg lq Iuhqfk hqwhusulvhv zkr zhuh eruq lq Rfwrehu
ri hyhq0qxpehuhg |hduv/ zlwk flylo vhuydqwv h{foxghg164 Rxu h{wudfw uxqv iurp 4<:9
wkurxjk 4<;:/ zlwk 4<;4 dqg 4<;6 h{foxghg ehfdxvh wkh xqghuo|lqj dgplqlvwudwlyh
gdwd zhuh qrw vdpsohg lq wkrvh |hduv1 Wkh lqlwldo gdwd vhw frqwdlqhg :/749/755 re0
vhuydwlrqv1 Hdfk revhuydwlrq fruuhvsrqghg wr d xqltxh lqglylgxdo0|hdu0hvwdeolvkphqw
frpelqdwlrq1 Dq revhuydwlrq lq wklv lqlwldo GDV �oh lqfoxghv dq lghqwl�hu wkdw fru0
uhvsrqgv wr wkh hpsor|hh +fdoohg LG ehorz,/ dq lghqwl�hu wkdw fruuhvsrqgv wr wkh
hvwdeolvkphqw +VLUHW, dqg dq lghqwl�hu wkdw fruuhvsrqgv wr wkh sduhqw hqwhusulvh ri
wkh hvwdeolvkphqw +VLUHQ,1 Iru hdfk revhuydwlrq/ zh kdyh lqirupdwlrq rq wkh qxpehu
ri gd|v gxulqj wkh fdohqgdu |hdu wkh lqglylgxdo zrunhg lq wkh hvwdeolvkphqw dqg wkh
ixoo0wlph2sduw0wlph vwdwxv ri wkh hpsor|hh1 Iru hdfk revhuydwlrq fruuhvsrqglqj wr dq
lqglylgxdo0|hdu0hvwdeolvkphqw/ lq dgglwlrq wr wkh yduldeohv olvwhg deryh/ zh kdyh lqiru0
pdwlrq rq wkh lqglylgxdo*v vh{/ gdwh dqg sodfh ri eluwk/ rffxsdwlrq/ wrwdo qhw qrplqdo
hduqlqjv gxulqj wkh |hdu dqg dqqxdol}hg jurvv qrplqdo hduqlqjv gxulqj wkh |hdu iru
wkh lqglylgxdo/ dv zhoo dv wkh orfdwlrq dqg lqgxvwu| ri wkh hpsor|lqj hvwdeolvkphqw1

64Phurq +4<;;, vkrzv wkdw lqglylgxdov hpsor|hg lq wkh flylo vhuylfh pryh doprvw h{foxvlyho| wr
rwkhu srvlwlrqv zlwklq wkh flylo vhuylfh1 Wkxv wkh h{foxvlrq ri flylo vhuydqwv vkrxog qrw d�hfw rxu
hvwlpdwlrq ri d zrunhu*v pdunhw zdjh htxdwlrq1 Hpsor|hhv ri wkh vwdwh0rzqhg �upv duh suhvhqw lq
rxu vdpsoh/ krzhyhu1
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7161 Revhuydwlrq vhohfwlrq/ yduldeoh fuhdwlrq dqg plvvlqj gdwd lpsxwdwlrq

716141 Djjuhjdwlrq dfurvv hvwdeolvkphqwv

Wkh fuhdwlrq ri wkh dqdo|vlv gdwd vhw lqyroyhg wkh vhohfwlrq ri ghvluhg lqglylgxdov/ wkh
djjuhjdwlrq ri hvwdeolvkphqw0ohyho gdwd wr wkh hqwhusulvh ohyho/ dqg wkh frqvwuxfwlrq
ri wkh yduldeohv ri lqwhuhvw iurp wkh yduldeohv douhdg| lq wkh gdwd vhw1 Zh vhohfwhg
rqo| ixoo0wlph hpsor|hhv +vdpsoh uhgxfhg wr 8/<99/953 revhuydwlrqv,1 Zh wkhq fuhdwhg
d vlqjoh revhuydwlrq iru hdfk LG0|hdu0VLUHQ frpelqdwlrq e| djjuhjdwlqj zlwklq LG
dqg |hdu ryhu VLUHWv lq wkh vdph VLUHQ1 Iru hdfk LG0|hdu0VLUHQ/ zh vxpphg
wrwdo qhw qrplqdo hduqlqjv dqg wrwdo gd|v zrunhg ryhu doo VLUHWv1 Zh dvvljqhg
wr wkh revhuydwlrq wkh rffxsdwlrq/ orfdwlrq dqg lqgxvwu| wkdw fruuhvsrqghg wr wkh
hvwdeolvkphqw lq zklfk wkh lqglylgxdo zrunhg wkh odujhvw qxpehu ri gd|v gxulqj wkh
|hdu1 Wklv uhgxfhg wkh qxpehu ri revhuydwlrqv wr 8/<98/5891 Zh wkhq vhohfwhg wkh
hqwhusulvh dw zklfk wkh lqglylgxdo kdg zrunhg wkh odujhvw qxpehu ri gd|v gxulqj wkdw
|hdu +vdpsoh uhgxfhg wr 8/7<:/5;: revhuydwlrqv,1 Wkh djjuhjdwlrq ri wrwdo qxpehu
ri gd|v zrunhg dfurvv doo hvwdeolvkphqwv rffdvlrqdoo| |lhoghg revhuydwlrqv iru zklfk
wkh wrwdo qxpehu ri gd|v zrunhg zdv juhdwhu wkdq 693 +wkh pd{lpxp shuplwwhg,1
Lq wkhvh fdvhv/ zh wuxqfdwhg gd|v zrunhg dw 6931 Zh wkhq fdofxodwhg dq dqqxdol}hg
qhw qrplqdo hduqlqjv iru wkh LG0|hdu VLUHQ frpelqdwlrq1 Zh holplqdwhg doo |hduv
ri gdwd iru lqglylgxdov zkr zhuh |rxqjhu wkdq 48 |hduv rog ru roghu wkdq 98 |hduv
rog dw wkh gdwh ri wkhlu �uvw dsshdudqfh lq wkh gdwd vhw +vdpsoh uhgxfhg wr 8/658/746
revhuydwlrqv,1

716151 Wrwdo frpshqvdwlrq frvwv

Wkh ghshqghqw yduldeoh lq rxu zdjh udwh dqdo|vlv lv wkh orjdulwkp ri uhdo dqqxdol}hg
wrwdo frpshqvdwlrq frvw iru wkh hpsor|hh1 Wr frqyhuw wkh dqqxdol}hg qhw qrplqdo
hduqlqjv wr wrwdo frpshqvdwlrq frvwv/ zh xvhg wkh wd{ uxohv dqg frpsxwhu surjudpv
surylghg e| wkh Glylvlrq ghv uhyhqxv dw LQVHH +Okìulwlhu/ lqwhuqdo/ xqgdwhg LQVHH
frppxqlfdwlrq, wr frpsxwh erwk wkh hpsor|hh dqg hpsor|hu vkduh ri doo pdqgdwru|
sd|uroo wd{hv +frwlvdwlrqv hw fkdujhv vdoduldohv= hpsor|ì hw hpsor|hxu,1 Dqqxdol}hg
wrwdo frpshqvdwlrq frvw lv gh�qhg dv wkh vxp ri dqqxdol}hg qhw qrplqdo hduqlqjv/
dqqxdol}hg hpsor|hh sd|uroo wd{hv dqg dqqxdol}hg hpsor|hu sd|uroo wd{hv1 Qrplqdo
ydoxhv zhuh gh dwhg e| wkh frqvxphu sulfh lqgh{ wr jhw uhdo dqqxdol}hg qhw hduqlqjv/
dqg uhdo dqqxdol}hg wrwdo frpshqvdwlrq frvw1 Zh holplqdwhg 94 revhuydwlrqv zlwk }hur
ydoxhv iru dqqxdol}hg wrwdo frpshqvdwlrq frvw +uhpdlqlqj vdpsoh 8/658/685,1

716161 Hgxfdwlrq dqg Vfkrro0ohdylqj Djh

Rxu lqlwldo GDV �oh glg qrw frqwdlq hgxfdwlrq lqirupdwlrq1 Zh xvhg vxssohphqwdu|
lqirupdwlrq iurp wkh shupdqhqw ghprjudsklf vdpsoh +Hfkdqwloorq gìprjudskltxh
shupdqhqw/ HGS, dydlodeoh iru 43( ri wkh GDV/ wr lpsxwh wkh ohyho ri hgxfdwlrq iru
doo uhpdlqlqj lqglylgxdov lq wkh GDV1 Wkh HGS lqfoxghv lqirupdwlrq rq wkh kljkhvw
ghjuhh rewdlqhg1 Wkhuh zhuh 6; srvvleoh uhvsrqvhv/ lqfoxglqj �qr nqrzq ghjuhh1�
Wkhvh uhvsrqvhv zhuh jurxshg lqwr hljkw ghjuhh0ohyho fdwhjrulhv dv vkrzq lq Gdwd
Dsshqgl{ Wdeoh E41 Xvlqj wkhvh hljkw fdwhjrulhv dv wkh ghshqghqw yduldeoh dqg gdwd
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dydlodeoh lq wkh GDV/ zh udq vhsdudwh rughuhg orjlwv iru phq dqg zrphq1 Zh xvhg
wkh gdwd fruuhvsrqglqj wr wkh hduolhvw gdwh wkdw dq lqglylgxdo dsshduhg lq rxu vdpsoh
wr hvwlpdwh wkhvh prghov1 Zh xvhg wkh vdph gdwd dqg wkh hvwlpdwhg frh!flhqwv iurp
wkhvh rughuhg orjlw prghov wr lpsxwh wkh suredelolw| ri rewdlqlqj hdfk ri wkh hljkw
gl�huhqw djjuhjdwhg ghjuhhv iru wkh lqglylgxdov lq wkh GDV zkr zhuh qrw sduw ri wkh
HGS1 Zh xvhg wkh dfwxdo ydoxh ri wkh hljkw ghjuhh djjuhjdwhv iru wkh HGS vdpsoh
phpehuv1 Wkxv/ d udqgrp 43( vdpsoh ri wkh GDV lqglylgxdov kdyh wuxh hgxfdwlrq
dqg wkh uhpdlqlqj <3( kdyh wkh suredelolw| ri rewdlqlqj hdfk ri wkh hljkw ghjuhh
djjuhjdwhv1 HGS vdpsoh vwdwlvwlfv iru wkh phq duh lq Gdwd Dsshqgl{ Wdeoh E5/ dqg
wkrvh iru wkh zrphq duh lq Wdeoh E61 Wkh hvwlpdwhg orjlw htxdwlrqv duh lq Wdeoh E7
iru phq dqg Wdeoh E8 iru zrphq165

Wr fdofxodwh vfkrro0ohdylqj djh zh xvhg wdeoh 47 lq FHUHT0GHS0LQVHH +4<<3,/
zklfk surylghv wkh dyhudjh djh ri whuplqdwlrq iru hdfk Iuhqfk glsorpd vhsdudwho| iru
phq dqg zrphq lq 4<;91 Xvlqj wkh suredelolw| ri hdfk ghjuhh fdwhjru| dqg wkh dyhudjh
vfkrro0ohdylqj djh iru ghjuhhv lq wkdw fdwhjru| +wkh djhv zhuh idluo| krprjhqhrxv
zlwklq fdwhjrulhv,/ zh fdofxodwhg h{shfwhg vfkrro0ohdylqj djh1

716171 Wrwdo Oderu Pdunhw H{shulhqfh

Iru wkh �uvw |hdu lq zklfk lqglylgxdov dsshdu lq wkh vdpsoh/ zh fdofxodwh srwhqwldo
oderu pdunhw h{shulhqfh dv djh dw wkh ehjlqqlqj ri wkh |hdu ohvv rxu hvwlpdwh ri vfkrro0
ohdylqj djh1 Lq doo vxevhtxhqw |hduv/ wrwdo oderu pdunhw h{shulhqfh lv dffxpxodwhg
xvlqj wkh lqglylgxdo*v uhdol}hg oderu irufh klvwru|1 Rxu dojrulwkp zdv wkh vdph iru
erwk oderu irufh h{shulhqfh dqg vhqlrulw|1 Lw dffrxqwv iru wkh krohv fdxvhg e| wkh
idfw wkdw wkh dgplqlvwudwlyh gdwd zhuh qrw dydlodeoh iru 4<;4 dqg 4<;61 Vhh wkh Gdwd
Dsshqgl{ iru ghwdlov1

716181 Mre Vhqlrulw|

Lqglylgxdov ihoo lqwr wzr fdwhjrulhv zlwk uhvshfw wr wkh fdofxodwlrq ri mre vhqlrulw|
+hpsor|hu0vshfl�f h{shulhqfh,= wkrvh iru zkrp wkh �uvw |hdu ri revhuydwlrq zdv 4<:9
dqg wkrvh zkr �uvw dsshduhg diwhu 4<:91 Iru wkrvh lqglylgxdov zkrvh �uvw revhuydwlrq
zdv lq 4<:9/ zh hvwlpdwhg wkh h{shfwhg ohqjwk ri wkh lq0surjuhvv hpsor|phqw vshoo e|
uhjuhvvlrq dqdo|vlv xvlqj d vxssohphqwdu| vxuyh|/ wkh 4<:; Vdodu| Vwuxfwxuh Vxuyh|
+Hqtxíwh vxu od vwuxfwxuh ghv vdodluhv/ HVV,1 Lq wklv vxuyh|/ uhvsrqghqw hvwdeolvkphqwv
surylghg lqirupdwlrq rq vhqlrulw| +lq 4<:;,/ rffxsdwlrq/ gdwh ri eluwk/ lqgxvwu|/ dqg

65Zh frqvlghuhg/ dqg uhmhfwhg/ wkh srvvlelolw| ri xvlqj d Uxelq +4<;:, vw|oh pxowlsoh lpsxwdwlrq
dojrulwkp iru wkh plvvlqj vfkrrolqj yduldeoh iru wkh iroorzlqj uhdvrqv= +4, vlqfh vfkrrolqj grhv qrw
wlph0ydu|/ dqg vlqfh rxu frqfoxvlrqv duh frpsohwho| xqd�hfwhg e| zkhwkhu zh uhpryh d vfkrrolqj
h�hfw iurp wkh shuvrq h�hfw ru qrw +w dv frpsduhg zlwk k,/ zh glg qrw zdqw wr ehdu wkh frpsxwd0
wlrqdo exughq dvvrfldwhg zlwk wkhvh phwkrgv iru vxfk d vpdoo uhwxuq> +5, wkh vfkrrolqj yduldeoh lv
vxevwlwxwlqj iru rffxsdwlrqdo fdwhjru|/ d pruh frpprq frqwuro yduldeoh lq Iuhqfk hduqlqjv htxdwlrqv
ehfdxvh ri wkh hgxfdwlrqdo txdol�fdwlrqv wkdw gh�qh wkh rffxsdwlrqdo fdwhjrulhv/ lq rxu prghov lq
rughu wr pdnh wkh dqdo|vlv pruh frpsdudeoh wr wkh ydvw Dphulfdq olwhudwxuh zklfk xvhv vfkrrolqj
udwkhu wkdq rffxsdwlrq dqg zklfk gh�qhv shuvrq h�hfwv zlwk d vfkrrolqj h�hfw uhpryhg> +6, frqgl0
wlrqlqj wkh lpsxwdwlrq rq wkh revhuyhg ydoxh ri wkh frpshqvdwlrq yduldeoh/ dv wkhvh phwkrgv uhtxluh/
zrxog irfxv dwwhqwlrq rq wkh lpsxwdwlrq surfhgxuh dqg ghwudfw iurp rxu pdlq irfxv1
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zrun orfdwlrq iru d vflhqwl�f vdpsoh ri wkhlu hpsor|hhv1 Xvlqj wkh HVV lqirupdwlrq/ zh
hvwlpdwhg vhsdudwh uhjuhvvlrqv iru phq dqg zrphq wr suhglfw vhqlrulw| iru lq0surjuhvv
vshoov lq 4<:91 Wkh frh!flhqwv iurp wkhvh uhjuhvvlrqv zhuh xvhg wr fdofxodwh h{shfwhg
mre vhqlrulw| lq 4<:9 iru GDV lqglylgxdov zkrvh �uvw revhuydwlrq zdv lq 4<:91 Wkh
ghshqghqw yduldeoh lq wkh vxssohphqwdu| HVV uhjuhvvlrqv zdv fxuuhqw vhqlrulw| zlwk
wkh hpsor|hu dqg wkh h{sodqdwru| yduldeohv zhuh gdwh ri eluwk/ rffxsdwlrq +40gljlw,/
uhjlrq ri hpsor|phqw +phwursrolwdq Sdulv,/ dqg lqgxvwu| +QDS 433/ dssur{lpdwho|
50gljlw,1 Uhvxowv ri wkh vhqlrulw| uhjuhvvlrqv duh vkrzq lq htxdwlrqv +;14, iru phq dqg
+;15, iru zrphq lq wkh Gdwd Dsshqgl{1 Zh xvhg wkh uhvxowv ri wkhvh vhqlrulw| uhjuhv0
vlrqv wr lpsxwh ohyhov ri mre vhqlrulw| lq 4<:9 iru wkh ohiw0fhqvruhg GDV lqglylgxdov
�uvw revhuyhg lq 4<:91 Ghwdlov duh surylghg lq wkh Gdwd Dsshqgl{1

716191 Holplqdwlrq ri Rxwolhuv

Diwhu fdofxodwlqj doo ri wkh lqglylgxdo ohyho yduldeohv/ zh holplqdwhg revhuydwlrqv iru
zklfk wkh orj ri wkh dqqxdol}hg uhdo wrwdo frpshqvdwlrq frvw zdv pruh wkdq �yh
vwdqgdug ghyldwlrqv dzd| iurp lwv suhglfwhg ydoxh edvhg rq d olqhdu uhjuhvvlrq prgho
zlwk lqghshqghqw yduldeohv= vh{/ uhjlrq ri Iudqfh/ h{shulhqfh dqg hgxfdwlrq +vhh
htxdwlrq ;17 lq wkh gdwd dsshqgl{,1 Wklv jlyhv xv wkh dqdo|vlv vdpsoh ri 8/638/43;
revhuydwlrqv1

Wdeoh E: lq wkh gdwd dsshqgl{ vkrzv wkh edvlf vxppdu| vwdwlvwlfv/ e| vh{/ iru wkh
lqglylgxdo0ohyho gdwd1 Wkh xvdeoh vdpsoh frqvlvwv ri 6/767/863 revhuydwlrqv rq :44/84;
phq dqg 4/;:3/8:; xvdeoh revhuydwlrqv rq 787/:;: zrphq1 Wkh edvlf lqglylgxdo0ohyho
yduldeohv duh= vh{/ oderu irufh h{shulhqfh/ uhjlrq ri Iudqfh/ hgxfdwlrq/ dqg vhqlrulw|1
Qrwh wkdw derxw 63( ri wkh vdpsoh kdv qr nqrzq hgxfdwlrqdo dwwdlqphqw1 Iru :7(
ri wkh lqglylgxdov/ wkhuh duh hqrxjk revhuydwlrqv lq wkh vdpsoh wr shuplw hvwlpdwlrq
ri d glvwlqfw �up0h�hfw166

7171 Frqvwuxfwlrq ri wkh Ilup0Ohyho Gdwd

717141 GDV0edvhg �up0ohyho dyhudjhv

Iru rxu �up0ohyho dqdo|vhv zh fdofxodwhg wkh djjuhjdwhv e�m/ xme� dqg wkhlu uhvshfwlyh
vdpsolqj yduldqfhv edvhg rq wkh e�l dqg xle� hvwlpdwhg dffruglqj wr wkh frqglwlrqdo
hvwlpdwlrq phwkrgv odlg rxw lq vhfwlrq 6 deryh1 Wkh hvwlpdwhg sdudphwhuv e!m / e�m
dqg e�5m kdyh xqltxh ydoxhv iru d jlyhq hqwhusulvh/ e| frqvwuxfwlrq1 Lq fdvhv zkhuh
dq| rqh ri wkh iroorzlqj wkuhh frqglwlrqv idlohg= �6 � e!m � 6 ru �5 � e�m � 5 ru
�5 � e�m . e�5m � 5/ zh vhw e!m / e�m dqg e�5m htxdo wr wkh ydoxhv hvwlpdwhg lq wkh srrohg
prgho iru wkh �up h�hfwv iru doo �upv zlwk 43 ru ihzhu revhuydwlrqv1

717151 Rwkhu �up0ohyho gdwd vrxufhv

Wkh sulpdu| vrxufh ri rxu �up0ohyho gdwd lv wkh LQVHH hqwhusulvh vdpsoh +Hfkdqwloorq
g*hqwuhsulvhv/ HH,/ d suredelolw| vdpsoh ri Iuhqfk �upv +v|qrq|prxv zlwk hqwhusulvhv

66Wkh lqglylgxdov iurp �upv zlwk ihzhu wkdq 43 revhuydwlrqv lq wkh vdpsoh zhuh srrohg dqg d
vlqjoh �up0ohyho uhjuhvvlrq zdv xvhg wr hvwlpdwh wkhlu �up0h�hfwv1
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iru rxu sxusrvhv,1 Wkh HH gdwd vhw surylghv wkh vdpsolqj iudph iru wkh �up0edvhg
sduw ri wklv sdshu1 Wkh xqlyhuvh iru wkh vdpsoh lv wkh dqqxdo uhsruw rq sur�wdelolw|
dqg hpsor|phqw e| hqwhusulvhv +Eìqì�fhv lqgxvwulhov hw frpphufldx{/ ELF, dqg wkh
dqqxdo vxuyh| ri hqwhusulvhv +Hqtxíwh dqqxhooh g*hqwuhsulvhv/ HDH,1 Wr frqvwuxfw wkh
HH/ �upv zlwk pruh wkdq 833 hpsor|hhv zhuh vdpsohg iurp wkh ELF zlwk suredelolw|
4> �upv zlwk 83 wr 7<< hpsor|hhv zhuh vdpsohg iurp wkh ELF zlwk suredelolwlhv
udqjlqj iurp 427 wr 425 ghshqglqj xsrq wkh lqgxvwu|/ dqg vpdoohu �upv zhuh vdpsohg
iurp wkh ELF zlwk suredelolw| 42631 Doo �upv uhvsrqglqj wr wkh ELF zhuh dw ulvn
wr eh vdpsohg h{dfwo| rqfh1 Khqfh/ wkh HH lv g|qdplfdoo| uhsuhvhqwdwlyh ri Iuhqfk
hqwhusulvhv lq doo vhfwruv h{fhsw wkh sxeolf dgplqlvwudwlrq vhfwru1 Zh xvh wkh vdpsolqj
zhljkw +qrq0wlph0ydu|lqj, dqg wkh yduldeohv ghvfulehg ehorz/ dyhudjhg ryhu wkh shulrg
4<:; wr 4<;; iru doo dydlodeoh |hduv/ iurp wkh HH1

717161 Ilup0ohyho hpsor|phqw dqg fdslwdo vwrfn

Wkh phdvxuh ri hpsor|phqw/ lq wkrxvdqgv ri zrunhuv/ lv ixoo0wlph hpsor|phqw lq
dq hqwhusulvh dv ri Ghfhpehu 64 +sulru wr 4<;7, dqg wkh dqqxdo dyhudjh ixoo0wlph
hpsor|phqw +4<;7 dqg odwhu, dv irxqg lq wkh ELF1 Zh wrrn wkh phdq ri wklv yduldeoh
ryhu doo |hduv wkdw wkh �up dsshduhg lq wkh vdpsoh1

Wrwdo fdslwdo lq wkh hqwhusulvh lv gh�qhg dv wkh vxp ri ghew +ghwwhv, dqg rzqhuv*
htxlw| +irqgv sursuhv g*hqwuhsulvh,1 Rxu fdslwdo phdvxuh lv htxdo wr wrwdo dvvhwv +dfwli
wrwdo, lq Iuhqfk dffrxqwlqj v|vwhpv1 Wkh lqirupdwlrq zdv wdnhq gluhfwo| iurp wkh
ELF iru hyhu| �up0|hdu1 Zh gh dwhg wkh fdslwdo vwrfn xvlqj dq lqgxvwu|0vshfl�f/
dqqxdo lqgh{ ri wkh sulfh ri fdslwdo iurp wkh LQVHH pdfurhfrqrplf wlph vhulhv gdwd
+Edqtxh gh grqqìhv pdfurìfrqrpltxhv/ EGP,1 Rxu phdvxuh ri uhdo wrwdo fdslwdo lv
gh�qhg dv wrwdo dvvhwv glylghg e| wkh lqgxvwu|0vshfl�f sulfh lqgh{ ri sk|vlfdo fdslwdo
+lq ploolrqv ri 4<;3 II,/ dyhudjhg ryhu doo dydlodeoh |hduv iru wkh �up1 Wkh fdslwdo
oderu udwlr lv gh�qhg dv uhdo wrwdo fdslwdo glylghg e| wrwdo ixoo0wlph hpsor|phqw1 Zh
dovr dyhudjhg wklv yduldeoh ryhu doo dydlodeoh |hduv iru wkh �up1

717171 Uhdo rshudwlqj lqfrph shu xqlw ri fdslwdo

Zh xvhg wkh ELF wr rewdlq wkh rshudwlqj lqfrph +h{fìghqw euxw g*h{sorlwdwlrq/ HEH,/
iru hdfk �up lq hdfk |hdu wkdw lw dsshduhg lq wkh �up vdpsoh1 Wkh irupxod xvhg wr
fdofxodwh wkh HEH lv vkrzq lq htxdwlrq +;19, lq wkh Gdwd Dsshqgl{1 Wkh HEH zdv
gh dwhg e| wkh ydoxh dgghg sulfh lqgh{ +sul{ gh ydohxu dmrxwìh, dovr irxqg lq wkh
EGP/ wr |lhog uhdo rshudwlqj lqfrph +lq ploolrqv ri 4<;3 II,1 Uhdo rshudwlqj lqfrph
zdv glylghg e| uhdo wrwdo fdslwdo wr |lhog uhdo rshudwlqj lqfrph shu xqlw ri fdslwdo/
vwdwhg dv d sursruwlrq1 Zh dovr wrrn wkh phdq ri wklv yduldeoh ryhu doo dydlodeoh |hduv
iru wkh �up1

717181 Uhdo ydoxh dgghg lqfoxvlyh ri oderu frvwv

Wr fdofxodwh wkh uhdo ydoxh dgghg lqfoxvlyh ri oderu frvwv +ydohxu dmrxwìh uìhooh euxwh dx
frþw ghv idfwhxuv,/ zh glylghg wkh hpsor|hu*v frpshqvdwlrq frvwv +iudlv gh shuvrqqho,
lq wkh ELF +wkrxvdqgv ri II, e| wkh frqvxphu sulfh lqgh{ +lqglfh ghv sul{ ã od
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frqvrppdwlrq, iurp wkh EGP wr |lhog wkh hpsor|hu*v uhdo frpshqvdwlrq frvw +lq
ploolrqv ri 4<;3 II,1 Wkh uhvxow zdv dgghg wr uhdo rshudwlqj lqfrph/ dv gh�qhg deryh
lq vhfwlrq 71717/ wr |lhog wkh uhdo ydoxh dgghg lqfoxvlyh ri oderu frvwv +lq ploolrqv ri
4<;3 II,1 Uhdo ydoxh dgghg lqfoxvlyh ri oderu frvwv zdv glylghg e| wrwdo hpsor|phqw
wr |lhog uhdo ydoxh dgghg lqfoxvlyh ri oderu frvwv shu zrunhu +lq wkrxvdqgv ri 4<;3 II,1
Zh wkhq wrrn wkh phdq ri wklv yduldeoh ryhu doo ri wkh |hduv wkdw wkh �up dsshduhg
lq wkh HH vdpsoh1

717191 Hpsor|phqw vwuxfwxuh

Wkh yduldeohv frqfhuqlqj wkh rffxsdwlrqdo vwuxfwxuh ri hpsor|phqw +sursruwlrq ri
hqjlqhhuv/ whfkqlfldqv dqg pdqdjhuv lq wkh zrun irufh dqg sursruwlrq ri vnloohg zrun0
huv, zhuh fuhdwhg iurp wkh hpsor|phqw vwuxfwxuh vxuyh| +Hqtxíwh vxu od vwuxfwxuh ghv
hpsorlv/ HVH,/ zklfk lv dq dqqxdo dgplqlvwudwlyh gdwd edvh ri wkh ghwdlohg +70gljlw,
rffxsdwlrqdo vwuxfwxuh ri doo hvwdeolvkphqwv zlwk pruh wkdq 53 hpsor|hhv1 Wkh rffx0
sdwlrqdo vwuxfwxuh ri wkh �up/ phdvxuhg lq wkh HVH/ zdv phujhg zlwk wkh HH xvlqj
wkh �up lghqwl�hu dqg wkh vxuyh| |hdu1 Hqjlqhhuv/ whfkqlfldqv dqg pdqdjhuv zhuh
frghg xvlqj wkh vlpsol�hg rffxsdwlrq fodvvl�fdwlrqv +40gljlw htxlydohqwv, iru lqglylg0
xdov lq fdwhjrulhv 63 dqg 731 Wkh sursruwlrq ri vnloohg zrunhuv lq wkh zrun irufh zdv
fdofxodwhg iurp wkh HVH xvlqj wkh vlpsol�hg rffxsdwlrq fodvvl�fdwlrq iru lqglylgxdov
lq fdwhjrulhv 83 dqg 941 Erwk yduldeohv zhuh h{suhvvhg dv d udwlr wr wrwdo hpsor|0
phqw dqg dyhudjhg ryhu doo wkh dydlodeoh �up0|hduv1 Wkh rplwwhg fdwhjru| lv xqvnloohg
zrunhuv/ zklfk zrxog lqfoxgh doo rwkhu frghv1

81 Hvwlpdwlrq Uhvxowv

8141 Ryhuylhz

Zh suhvhqw rxu vwdwlvwlfdo uhvxowv lq wkuhh pdlq sduwv1 Wdeohv LLL0YL suhvhqw gh0
wdlohg uhvxowv iurp wkh dqdo|vlv ri wkh pdwfkhg hpsor|hu0hpsor|hh plfurgdwd1 Wdeoh
LLL vkrzv wkh uhjuhvvlrq frh!flhqwv iru phq dqg zrphq iurp doo ri wkh hvwlpdwlrq
phwkrgv ghvfulehg deryh dv zhoo dv uhvxowv iurp vwdqgdug vshfl�fdwlrqv edvhg xsrq
lqfrpsohwh sdudphwhul}dwlrqv ri htxdwlrq +515,1 Wdeoh LY suhvhqwv vxppdu| vwdwlvwlfv
iru phq dqg zrphq iru doo ri wkh frpsrqhqwv ri frpshqvdwlrq lq rxu frpsohwh prgho
dqg iru wkh wzr hvwlpdwlrq phwkrgv xsrq zklfk zh irfxv prvw ri rxu vxevhtxhqw
dwwhqwlrq1 Wdeoh Y lv d gldjqrvwlf wdeoh ri wkh fruuhodwlrqv dprqj wkh vdph frpsr0
qhqwv ri frpshqvdwlrq zkhq zh ydu| wkh phwkrg ri hvwlpdwlrq1 Wdeoh YL lv d wdeoh ri
fruuhodwlrqv dprqj doo wkh frpsrqhqwv ri frpshqvdwlrq iru rxu wzr fkrvhq hvwlpdwlrq
phwkrgv1 Wdeohv YLL dqg YLLL suhvhqw rxu vwdwlvwlfdo dqdo|vlv ri wkh lqwhu0lqgxvwu|
zdjh gl�huhqwldo dqg wkh �up0vl}h zdjh h�hfw/ uhvshfwlyho|1 Wdeohv L[0[LL suhvhqw wkh
uhvxowv ri dqdo|vhv frqgxfwhg dw wkh �up ohyho1 Wdeoh L[ vkrzv vxppdu| vwdwlvwlfv
iru wkh �up0ohyho yduldeohv/ lqfoxglqj wkrvh zh fuhdwhg iurp wkh pdwfkhg plfurgdwd1
Wdeoh [ suhvhqwv wkh uhvxowv ri rxu dqdo|vlv ri �up0ohyho sur�wdelolw| dqg surgxfwlylw|1
Wdeoh [L suhvhqwv rxu dqdo|vlv ri �up0ohyho idfwruv ri surgxfwlrq dqg frpshqvdwlrq
frpsrqhqwv1 Wdeoh [LL suhvhqwv wkh uhvxowv ri d vxuylydo dqdo|vlv xvlqj wkh �up0ohyho
gdwd1
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8151 Uhvxowv iurp wkh Hvwlpdwlrq ri wkh Jhqhudo Frpshqvdwlrq Htxdwlrq

815141 Vshfl�fdwlrq ri wkh Frpshqvdwlrq Htxdwlrq

Wdeoh LLL suhvhqwv d vxppdu| ri wkh hvwlpdwhv ri �/ wkh frh!flhqwv rq wkh wlph0ydu|lqj
lqglylgxdo fkdudfwhulvwlfv/ iru rxu frqvlvwhqw hvwlpdwlrq phwkrg/ rxu frqglwlrqdo hv0
wlpdwlrq phwkrg zlwk shuvrqv �uvw/ dqg ruglqdu| ohdvw vtxduhv xqghu d ydulhw| ri
gl�huhqw dvvxpswlrqv derxw wkh lqfoxghg shuvrq dqg �up h�hfwv/ vhsdudwho| iru phq
dqg zrphq1 Wkh uhvxowv odehoohg �Frqvlvwhqw Phwkrg Shuvrq ) Ilup H�hfwv� zhuh
fdofxodwhg dffruglqj wr htxdwlrq +61<,1 Wkh uhvxowv odehoohg �Frqglwlrqdo Phwkrg
Shuvrqv Iluvw� zhuh fdofxodwhg xvlqj wkh irupxod irxqg lq htxdwlrq +614:,1 Wkh � fr0
h!flhqwv rewdlqhg e| wkh rughu0ghshqghqw phwkrg zlwk shuvrqv �uvw/ frqglwlrqdo rq
]/ dqg wkrvh rewdlqhg e| wkh rughu0lqghshqghqw phwkrg/ frqglwlrqdo rq ]/ duh pdwk0
hpdwlfdoo| lghqwlfdo1 Wkh froxpq odehoohg �Ohdvw Vtxduhv Qr Shuvrq2Ilup H�hfwv�
suhvhqwv wkh hvwlpdwhv rewdlqhg zkhq zh vhw doo shuvrq h�hfwv/ G�/ �up h�hfwv/ I#/
dqg frqglwlrqlqj h�hfwv/ ]�/ mrlqwo| wr }hur1 Qh{w/ lq wkh froxpq odehoohg �Zlwklq
Shuvrqv Qr Ilup H�hfwv/� zh suhvhqw uhvxowv rewdlqhg zkhq zh uhwdlq wkh shuvrq0
h�hfwv/ G�/ exw vhw doo �up h�hfwv/ I#/ dqg frqglwlrqlqj h�hfwv/ ]�/ mrlqwo| wr }hur1
Lq wkh froxpq odehoohg �Zlwklq Shuvrqv Olplwhg Ilup H�hfwv/� zh suhvhqw � frhi0
�flhqwv hvwlpdwhg zkhq zh uhwdlq doo shuvrq h�hfwv/ G�/ fkrrvh d vhw ri h�hfwv ]
htxdo wr wkh froxpqv ri I fruuhvsrqglqj wr wkh 448 odujhvw hpsor|huv lq rxu gdwd
+�up0vshfl�f lqwhufhswv dqg vhqlrulw| vorshv,/ dqg vhw doo uhpdlqlqj �up h�hfwv/ I#/
wr d vlqjoh frpprq h�hfw1 Wkxv/ wklv froxpq vkrzv hvwlpdwhv ri d prgho lq zklfk
9<8 wkrxvdqg ri rxu 816 ploolrq revhuydwlrqv kdyh vhsdudwh/ �up h�hfwv +�up0vshfl�f
lqwhufhswv dqg vhqlrulw| vorshv, dqg doo uhpdlqlqj revhuydwlrqv duh srrohg lqwr d vlqjoh
duwl�fldo ��up/� zklfk kdg lwv rzq lqwhufhsw dqg vhqlrulw| vorsh1 Wdeoh LLL dovr vkrzv/
lq wkh froxpq odehoohg �Zlwklq Ilupv Qr Shuvrq H�hfwv/� wkh uhvxowv rewdlqhg zkhq
zh hvwlpdwh d prgho zkhuh zh uhwdlq doo �up h�hfwv/ I# +lqwhufhswv rqo|,/ dqg vhw
doo shuvrq h�hfwv/ G�/ dqg doo frqglwlrqlqj h�hfwv/ ]�/ wr }hur1 Wkh odvw wzr froxpqv
suhvhqw uhvxowv rewdlqhg iurp hvwlpdwlqj d prgho zlwk shuvrq h�hfwv dqg �up h�hfwv
mrlqwo| vhw wr }hur/ dqg zlwk wkh ixqfwlrqv ] ri wkh irup ] @ ID/ zkhuh D jhqhudwhv
;7 lqgxvwu| h�hfwv dqg lv dv gh�qhg lq vhfwlrq 514 +�Zlwklq Lqgxvwu| Qr Shuvrq Hi0
ihfwv�,/ dqg ri wkh irup ] @ IV/ zlwk wkh pdwul{ V jhqhudwlqj 58 �up0vl}h fodvvhv
edvhg rq wkh �upv vl}hv frqvwuxfwhg dv ghvfulehg lq vhfwlrq 619 +�Zlwklq Ilup Vl}h
Qr Shuvrq H�hfwv�,1

Doo ri wkh hvwlpdwlrq phwkrgv wkdw lqfoxgh shuvrq h�hfwv +frqvlvwhqw phwkrg/ frq0
glwlrqdo phwkrg zlwk shuvrqv �uvw ru rughu lqghshqghqw/ zlwklq shuvrqv zlwkrxw �up
h�hfwv/ dqg zlwklq shuvrqv zlwk olplwhg �up h�hfwv, duh deoh wr h{sodlq d vlplodu
iudfwlrq ri wkh yduldqfh�ehwzhhq ::( dqg ;6(1 Lq frqwudvw/ doo ri wkh uhvxowv wkdw
h{foxgh shuvrq h�hfwv +ruglqdu| ohdvw vtxduhv/ zlwklq �upv/ zlwklq lqgxvwulhv/ dqg
zlwklq �up0vl}h fdwhjrulhv, jlyh uhvxowv vlplodu wr wkh ruglqdu| ohdvw vtxduhv dqdo|vlv
lq wkdw pxfk ohvv ri wkh yduldqfh lv h{sodlqhg +ehwzhhq 3163 dqg 3188,1 Wr dvvhvv wkh
txdolw| ri wkh gl�huhqw phwkrgv lq hvwlpdwlqj wkh � frh!flhqwv ri wkh wlph0ydu|lqj
revhuydeoh shuvrqdo fkdudfwhulvwlfv/ zh xvhg Kdxvpdq +4<:;, whvwv wr frpsduh wkh
frh!flhqwv rewdlqhg iurp wkh gl�huhqw phwkrgv zlwk wkrvh rewdlqhg xvlqj wkh frq0
vlvwhqw phwkrg1 Rqfh djdlq/ doo phwkrgv wkdw lqfoxgh d shuvrq h�hfw�wkh frqglwlrqdo
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phwkrg zlwk shuvrqv �uvw ru rughu lqghshqghqw/ wkh zlwklq0shuvrqv phwkrg/ dqg wkh
zlwklq0shuvrqv zlwk olplwhg �up h�hfwv phwkrg�shuirup ehwwhu wkdq phwkrgv zlwk0
rxw shuvrq h�hfwv167 Erwk ruglqdu| ohdvw vtxduhv dqg zlwklq0�up hvwlpdwhv |lhog
pxfk kljkhu "5 vwdwlvwlfv/ lqglfdwlqj wkdw rxu suhihuuhg prgho pxvw lqfoxgh shuvrq
h�hfwv wkdw duh qrw ruwkrjrqdo wr wkh wlph ydu|lqj h�hfwv lq wkh prgho/ lqfoxglqj wkh
frqglwlrqlqj h�hfwv ]�1

Zh dovr frpsxwhg wkh vshfl�fdwlrq whvw vkrzq lq htxdwlrq +6173,/ zklfk whvwv
wkh k|srwkhvlv wkdw wkh frqglwlrqlqj yduldeohv ] xvhg wr frpsxwh wkh froxpq od0
ehoohg �Frqglwlrqdo Phwkrg Shuvrqv Iluvw� duh dghtxdwh wr uhsuhvhqw wkh fryduldqfh
ehwzhhq shuvrqdo fkdudfwhulvwlfv/ erwk phdvxuhg dqg xqphdvxuhg/ dqg �up h�hfwv1
Wkh frpsxwhg vwdwlvwlf lv 54/333 zlwk 7; ghjuhhv ri iuhhgrp1 Vlqfh wkh frqglwlrqlqj
yduldeohv kdyh wkh prvw h�hfw rq wkh uhvxowv zkhq �up h�hfwv duh hvwlpdwhg xvlqj
wkh rughu0lqghshqghqw phwkrg/ zh frqfoxgh wkdw wklv odujh "5 vwdwlvwlf/ lq frqmxqf0
wlrq zlwk wkh frpsrqhqw fruuhodwlrq dqdo|vlv zh glvfxvv ehorz/ lv hylghqfh wkdw wkh
rughu0lqghshqghqw hvwlpdwhg �up h�hfwv duh ohvv uholdeoh wkdq wkh �up h�hfwv iurp
wkh rughu0ghshqghqw= shuvrqv �uvw phwkrg1 Ri frxuvh/ zlwk wkh odujh vdpsoh vl}hv lq
wklv dqdo|vlv/ lw lv dovr wkh fdvh wkdw wkh odujh ydoxh ri wklv vwdwlvwlf fdq eh lqwhusuhwhg
dv kdylqj hqrxjk gdwd wr uhmhfw +xqvxusulvlqjo|, d orz0glphqvlrqdo vlpsol�fdwlrq ri
wkh fryduldqfh ehwzhhq [/ G/ dqg I 1 Lq vslwh ri wkh gdwd hylghqfh wkdw rqh vkrxog
shuplw doo ri wkh h�hfwv wr eh fruuhodwhg dqg wkdw rqh vkrxog hvwlpdwh shuvrq h�hfwv
�uvw lq wkh frqglwlrqdo phwkrg/ zh suhvhqw doo ri rxu uhvxowv xvlqj erwk wkh rughu0
lqghshqghqw phwkrg dqg wkh rughu ghshqghqw= shuvrqv �uvw phwkrgv1 Qrqh ri rxu
frqfoxvlrqv duh d�hfwhg e| rxu fkrlfh ri frqglwlrqdo hvwlpdwru1

815151 Pdoh0ihpdoh Zdjh Gl�huhqwldov

Frpsdulqj wkh uhvxowv iru phq dqg zrphq lq Wdeoh LLL/ zh qrwh wkdw wkhuh lv ohvv
yduldwlrq lq wkh e� dfurvv hvwlpdwlrq phwkrgv iru zrphq wkdq iru phq681 Zh dovr qrwh
wkdw wkh jhqghu jds lv ghfuhdvlqj ryhu rxu shulrg ri dqdo|vlv dffruglqj wr wkh ohdvw
vtxduhv hvwlpdwhv ri wkh wlph h�hfwv zlwk qr shuvrq ru �up h�hfwv1 Krzhyhu/ fkdqjhv
lq wkh frpsrvlwlrq ri wkh zrun irufh pxvw kdyh ehhq dq lpsruwdqw ghwhuplqdqw ri wklv
wuhqg ehfdxvh/ zkhq shuvrq h�hfwv duh lqfoxghg/ wkh hvwlpdwhv ri wkh wlph h�hfwv duh
yluwxdoo| lghqwlfdo iru wkh wzr vh{hv1 Wkxv/ jlyhq wkh ryhudoo gl�huhqfh ehwzhhq phq
dqg zrphq lq wkh Iuhqfk oderu pdunhw/ rqfh zh frqwuro iru shuvrqdo khwhurjhqhlw|/
wkhuh lv qr hylghqfh ri ghfolqlqj ru lqfuhdvlqj pdoh0ihpdoh zdjh gl�huhqwldov1 Dv xvxdo/
wkh h{shulhqfh sur�oh iru zrphq lv  dwwhu wkdq iru phq/ uhjdugohvv ri wkh phwkrg ri
hvwlpdwlrq/ hyhq wkrxjk/ iru rxu gdwd vrxufh/ wkh phdvxuh ri oderu irufh h{shulhqfh
h{foxghv zlwklq0vdpsoh shulrgv ri qrqhpsor|phqw1

67Doo wkh �2 vwdwlvwlfv lq prghov zlwk shuvrq h�hfwv duh durxqg 6/8331 Lq doo fdvhv/ wkh vwdwlvwlf kdv
5; ghjuhhv ri iuhhgrp 1 Khqfh/ qrqh ri wkhvh prghov sdvv wkh whvw dffruglqj wr fodvvlfdo fulwhuld1 Wkh
prghov duh dovr uhmhfwhg xvlqj d vlpsoh Ed|hv0Vfkzduw} fulwhulrq1 Krzhyhu/ jlyhq wkh odujh qxpehu
ri revhuydwlrqv/ zh duh olnho| wr uhmhfw dq| prgho xvlqj wkhvh fulwhuld1 Khqfh/ zh xvh wklv whvw vwdwlvwlf
dv d phdvxuh ri sur{lplw| ri wkh q hvwlpdwhv wr wkh frqvlvwhqw rqhv1

68Wklv vwdwhphqw lv edvhg xsrq wkh dyhudjh yduldwlrq lq wkh frh!flhqwv iru phq yhuvxv wkrvh
iru zrphq iurp wkh hvwlpdwhv lq froxpqv odehoohg �Frqvlvwhqw Phwkrg Shuvrq dqg Ilup H�hfwv/�
�Frqglwlrqdo Phwkrg Shuvrqv Iluvw/� �Zlwklq Shuvrqv Qr Ilup H�hfwv/� �Zlwklq Shuvrqv Olplwhg
Ilup H�hfwv/� dqg �Zlwklq Ilupv Qr Shuvrq H�hfwv1�
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8161 Glvfxvvlrq ri wkh Hvwlpdwhg Shuvrq dqg Ilup H�hfwv

Wdeoh LY frqwdlqv ghvfulswlyh vwdwlvwlfv iru wkh frpsrqhqwv ri uhdo frpshqvdwlrq lp0
solhg e| wkh hvwlpdwhg sdudphwhuv iurp erwk ri rxu frqglwlrqdo phwkrg vshfl�fdwlrqv/
hvwlpdwhg vhsdudwho| iru hdfk vh{1 Wdeoh Y frqwdlqv srrohg vxppdu| vwdwlvwlfv dqg
fruuhfwhg fruuhodwlrqv iru doo ri wkh frpsrqhqwv ri uhdo frpshqvdwlrq dqg iru wzr
gl�huhqw frqglwlrqdo hvwlpdwlrq phwkrgv +rughu lqghshqghqw dqg rughu ghshqghqw=
shuvrqv �uvw,1 Wkh wdeoh dovr frqwdlqv wkh gl�huhqw hvwlpdwhv ri wkh vhqlrulw| h�hfwv
edvhg rq wkh hvwlpdwlrq whfkqltxhv suhvhqwhg lq Wdeoh LLL1 Iru erwk pdohv dqg ih0
pdohv/ wkh vwdqgdug ghyldwlrqv ri wkh lqglylgxdo0h�hfw/ �/ dqg lwv frpsrqhqwv � dqg
x�/ duh wkh vdph rughu ri pdjqlwxgh dv wkh �up h�hfwv/ #/ iru wkh rughu0lqghshqghqw
phwkrg dqg vxevwdqwldoo| odujhu wkdq wkrvh ri wkh �up h�hfwv iru wkh rughu0ghshqghqw
phwkrg zlwk shuvrqv �uvw1 Dv qrwhg lq Wdeoh LLL/ wkh frpsohwh sdudphwhul}dwlrq h{0
sodlqv derxw ;3( ri wkh yduldwlrq lq uhdo dqqxdol}hg hduqlqjv> wkxv/ wkh shuvrq0vshfl�f
frpsrqhqw ri yduldqfh lv fohduo| lpsruwdqw1 Wkh �up0vshfl�f frpsrqhqw ri yduldqfh
lv ohvv lpsruwdqw exw vwloo d pdmru vrxufh ri yduldwlrq lq wkh frpshqvdwlrq gdwd1

816141 Vshfl�fdwlrq Fkhfnv Edvhg rq Fruuhodwlrqv dprqj wkh Khwhurjhqh0

lw| Frpsrqhqwv

Wr ixuwkhu frpsduh wkh gl�huhqw wkh gl�huhqw hvwlpdwlrq phwkrgrorjlhv/ Wdeoh Y
vkrzv wkh fruuhodwlrqv dprqj wkh frpsrqhqwv ri shuvrq dqg �up khwhurjhqhlw| dv
hvwlpdwhg xvlqj rughu0lqghshqghqw/ rughu0ghshqghqw +erwk zd|v,/ zlwklq shuvrqv zlwk
�up vshfl�f lqwhufhswv dqg vhqlrulw| vorshv iru wkh 448 odujhvw �upv/ dqg frqvlvwhqw
phwkrgv1 Wklv wdeoh lv sduwlfxoduo| frpsolfdwhg dqg vrph fduh lv uhtxluhg wr uhdg
lw surshuo|1 Wkh fruuhodwlrq frh!flhqwv uhsruwhg lq wkh wdeoh duh doo frpsxwhg wr eh
uhsuhvhqwdwlyh ri shuvrqv> khqfh/ zh xvh wkh ixoo vdpsoh ri 8/638/43; revhuydwlrqv iru
doo phwkrgv h{fhsw iru fruuhodwlrqv zlwk wkh ixoo ohdvw vtxduhv hvwlpdwhv zlwk olplwhg
�up h�hfwv/ zkhuh wkh qxpehu ri revhuydwlrqv lv htxdo wr wkh 9<8/3:: shuvrq0|hduv
iru zklfk wkh �up frh!flhqwv duh dydlodeoh1

Wkh sdqho odehoohg �Ilup H�hfwv� frqwdlqv fruuhodwlrqv ri wkh frpsrqhqwv ri wkh
�up h�hfwv/ ! dqg �/ e| phwkrg ri hvwlpdwlrq1 Lq wkh �Ilup H�hfwv� sdqho wkh rughu0
lqghshqghqw hvwlpdwhv +edvhg rq htxdwlrq +6149,, duh frqglwlrqdo rq ] exw h{foxgh
shuvrq h�hfwv> khqfh/ wkh| duh htxlydohqw wr rughu0ghshqghqw= �upv �uvw hvwlpdwhv/
frqglwlrqdo rq ]1 Lq wklv vdph sdqho wkh rughu0ghshqghqw hvwlpdwhv duh shuvrqv �uvw/
frqglwlrqdo rq ]1 Wkh ixoo ohdvw vtxduhv hvwlpdwhv xvlqj wkh 448 odujhvw �upv vkrz
wkh �up h�hfwv iurp wkh dssursuldwh htxdwlrq uhsruwhg lq Wdeoh LLL1 Ilqdoo|/ lq wkh
�Ilup H�hfwv� sdqho/ wkh frqvlvwhqw hvwlpdwhv duh edvhg rq htxdwlrq +61;,1 Qrwh wkdw
frqvlvwhqw hvwlpdwhv ri wkh ! frpsrqhqw ri wkh �up h�hfw duh qrw dydlodeoh1

Lq wkh sdqho odehoohg �Shuvrq H�hfwv/� zh uhsruw fruuhodwlrq frh!flhqwv edvhg
xsrq wkh rughu0lqghshqghqw hvwlpdwhv lq htxdwlrq +6148,/ zklfk duh htxlydohqw wr
rughu0ghshqghqw hvwlpdwhv zlwk shuvrqv �uvw1 Lq wklv vdph sdqho zh uhsruw shuvrq
h�hfw hvwlpdwhv iurp wkh rughu0ghshqghqw phwkrg zlwk �upv �uvw169 Ilqdoo|/ wkh
shuvrq h�hfwv iurp wkh prgho odehoohg �Ixoo Ohdvw Vtxduhv Hvwlpdwhv Xvlqj wkh 448

69Ehfdxvh/ dv wkh uhdghu zloo vhh vkruwo|/ wkhvh hvwlpdwhv shuirup yhu| srruo|/ zh gr qrw uhsruw
dq| rwkhu hvwlpdwhv edvhg rq wkh rughu0ghshqghqw phwkrg zlwk �upv �uvw1
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Odujhvw Ilupv/� duh edvhg rq wkh hvwlpdwhv uhsruwhg lq Wdeoh LLL1 Qrwh wkdw frqvlvwhqw
hvwlpdwhv ri wkh shuvrq h�hfwv duh qrw dydlodeoh1

816151 Vshfl�fdwlrq Fkhfnv Edvhg rq Ilup H�hfwv/ Lqfoxglqj Khwhurjh0

qhrxv Vhqlrulw| Vorshv

Frqvlghu �uvw wkh �up0vshfl�f lqwhufhsw/ !1 Wkh uhvxowv lq Wdeoh LY vkrz wkdw/ iru
erwk vh{hv/ wkh vwdqgdug ghyldwlrq ri wkh hvwlpdwhg �up h�hfwv lv yhu| odujh1 Wkh
gdwd hylghqfh wkdw wkh frpsohwh �up h�hfw/ #/ lv khwhurjhqhrxv lv sduwlfxoduo| frp0
shoolqj zkhq zh frpelqh wkh uhvxowv vkrzq lq Wdeoh LY zlwk wkh irupdo vshfl�fdwlrq
dqdo|vhv zh vkrzhg lq Wdeoh LLL1 Ixuwkhupruh/ wkh uhvxowv lq Wdeoh Y vkrz wkdw rughu0
ghshqghqw dqg rughu0lqghshqghqw phwkrgv jlyh yhu| gl�huhqw uhvxowv iru wkh �up h�hfw
vlqfh wkh fruuhodwlrq ehwzhhq wkh wzr hvwlpdwhv ri ! lv rqo| 31491 Iru wkh vxevdpsoh
ri shuvrqv hpsor|hg lq wkh odujhvw �upv/ wkh ixoo ohdvw vtxduhv vroxwlrq iru � dsshduv
wr eh forvhvw wr wkh frqvlvwhqw phwkrg +vhh ehorz,1 Wkxv/ zh dvvhvv wkh txdolw| ri
wkh hvwlpdwhv ri ! rewdlqhg e| wkh rughu0ghshqghqw dqg rughu0lqghshqghqw phwkrgv
e| frpsdulqj wkhp zlwk wkh ixoo ohdvw vtxduhv vroxwlrq iru wklv vxevdpsoh1 Xvlqj
wklv fulwhulrq/ ! dv hvwlpdwhg e| wkh rughu0lqghshqghqw phwkrg lv zhdno| fruuhodwhg
zlwk ! dv hvwlpdwhg zlwk olplwhg �up h�hfwv1 Rq wkh rwkhu kdqg/ wkh ! hvwlpdwhg
e| wkh rughu0ghshqghqw= shuvrqv �uvw phwkrg lv vwurqjo| fruuhodwhg zlwk wkh ! hvwl0
pdwhg zlwk olplwhg �up h�hfwv +fruuhodwlrq ri 319:,1 Wkxv/ wkh hylghqfh edvhg rq !
idyruv wkh rughu0ghshqghqw= shuvrqv �uvw frqglwlrqdo hvwlpdwlrq phwkrg1 Iru fodulw|
zh vwuhvv wkdw erwk frqglwlrqdo phwkrgv lpso| yhu| vxevwdqwldo �up h�hfwv1 Wkh frq0
foxvlrq iurp wklv vshfl�fdwlrq glvfxvvlrq lv wkdw wkh vlplodulw| ehwzhhq wkh ixoo ohdvw
vtxduhv hvwlpdwhv ri ! +iru wkh 448 odujhvw �upv, dqg wkh rughu0ghshqghqw= shuvrqv
�uvw hvwlpdwhv lqglfdwhv wkdw wkh rughu0lqghshqghqw hvwlpdwhv ri ! frqirxqg wkh sxuh
�up0vshfl�f lqwhufhsw zlwk wkh dyhudjh shuvrq h�hfw zlwklq wkh �up1

Frqvlghulqj qh{w wkh vhqlrulw| frh!flhqwv/�/ doo phwkrgv lq zklfk zh doorz wkhvh
uhwxuqv wr ydu| dfurvv �upv vkrz wkdw wkh vwdqgdug ghyldwlrq ri wkh hvwlpdwhg vhqlrulw|
vorshv lv odujh/ dw ohdvw wkuhh wlphv wkh phdq1 Rxu uhvxowv/ wkhuhiruh/ vwurqjo| vxjjhvw
wkdw hduqlqjv htxdwlrqv vkrxog kdyh d �up h�hfw zlwk dw ohdvw d �up0vshfl�f lqwhufhsw
dqg vhqlrulw| vorsh1 Wkh ydulrxv hvwlpdwlrq phwkrgv/ krzhyhu/ dovr vkrz frqvlghu0
deoh yduldelolw| lq � dfurvv whfkqltxhv1 Wkh dyhudjh vhqlrulw| frh!flhqw lv derxw
3134 zkhqhyhu wkh hvwlpdwlrq phwkrg h{foxghv shuvrq h�hfwv +wkh rughu0lqghshqghqw
phwkrg/6: ruglqdu| ohdvw vtxduhv/ zlwklq �upv/ zlwklq lqgxvwu| dqg zlwklq vl}h fodvv,1
Wkh dyhudjh vhqlrulw| frh!flhqw ghfuhdvhv wr qhdu }hur zkhq shuvrq h�hfwv duh lq0
foxghg +rughu0ghshqghqw shuvrqv �uvw/ zlwklq shuvrqv/ dqg 448 odujhvw �upv,1 Wkh
frqvlvwhqw phwkrg/ zklfk lqfoxghv shuvrq h�hfwv/ jlyhv uhvxowv forvhu wr wkh prghov
wkdw h{foxgh shuvrq h�hfwv�durxqg 3134 iru wkh dyhudjh vhqlrulw| vorsh1

Wr frqwlqxh rxu glvfxvvlrq ri wkh vhqlrulw| h�hfwv/ frqvlghu wkh fruuhodwlrq dprqj
rxu hvwlpdwhv ri wklv frpsrqhqwv ri �up khwhurjhqhlw|1 Ehfdxvh zh kdyh frqvlvwhqw
hvwlpdwhv ri wkh vhqlrulw| frh!flhqwv/ lw lv xvhixo wr h{dplqh wkh fruuhodwlrq ri � iurp
wkh frqvlvwhqw phwkrg zlwk wkh rwkhu hvwlpdwhv1 Iluvw/ wkh fruuhodwlrq ri wkh frqvlvwhqw

6: Lq wkh rughu0lqghshqghqw phwkrg wkh �up h�hfwv duh hvwlpdwhg zlwkrxw �uvw holplqdwlqj shuvrq
h�hfwv> wkxv/ wkh| h{foxgh shuvrq h�hfwv1
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� zlwk wkh � hvwlpdwhg lq wkh rughu0lqghshqghqw phwkrg lv txlwh orz +313<,1 Wkh
fruuhodwlrq ri wkh frqvlvwhqw � zlwk wkh rqh hvwlpdwhg e| wkh rughu0ghshqghqw= shuvrqv
�uvw phwkrg lv rqo| voljkwo| odujhu1 Krzhyhu/ rq wkh uhvwulfwhg vdpsoh ri lqglylgxdov
iru zklfk wkh ixoo ohdvw vtxduhv vroxwlrq kdv ehhq lpsohphqwhg/ wkh fruuhodwlrq ri wkh
frqvlvwhqw � zlwk wkh ixoo ohdvw vtxduhv � lv txlwh kljk +3184,1 Lq idfw/ wkh � hvwlpdwhg
xvlqj wkh ixoo ohdvw vtxduhv vroxwlrq zlwk wkh 448 odujhvw �upv lv zhoo0fruuhodwhg zlwk
doo ri wkh phwkrgv ri uhfryhulqj � ryhu wkh vxevdpsoh iru zklfk wklv hvwlpdwh lv
dydlodeoh1 Khqfh/ iru wkh odujhvw �upv/ wkh vhqlrulw| vorsh frh!flhqwv vhhp wr eh
uhdvrqdeo| hvwlpdwhg e| dq| ri rxu phwkrgv1 Krzhyhu/ iru wkh rwkhu/ vpdoohu/ �upv/
qr hvwlpdwlrq phwkrg dsshduv wr grplqdwh lq d fohdu0fxw idvklrq li rqh uholhv rqo| rq
� wr dvvhvv wkh phwkrgrorj|1

816161 Lpsolfdwlrqv ri Khwhurjhqrxv Vhqlrulw| Vorshv

Dv zh qrwhg lq vhfwlrq 5/ e| frqvlghulqj wkh srvvlelolw| ri gl�huhqwldo uhwxuqv wr vh0
qlrulw| dv d sduw ri wkh �up h�hfw/ zh fdq surylgh vrph gluhfw hylghqfh rq wkh ghedwh
vxuurxqglqj wkh lqwhusuhwdwlrq ri wkh dyhudjh vhqlrulw| h�hfw1 Xvlqj rxu frqvlvwhqw
hvwlpdwhv ri wkh uhwxuq wr vhqlrulw|/ �/ zh �qg wkdw wkh dyhudjh uhwxuq wr d |hdu ri
vhqlrulw| lv mxvw ryhu 3134 iru erwk vh{hv1 Wklv hvwlpdwh lv orzhu wkdq Wrsho*v +4<<4,
uhvxow exw frqvlvwhqw zlwk Eurzq*v +4<;<, uhvxowv zkhq kh lqfoxghv shuvrq h�hfwv1 Wkh
khwhurjhqhlw| lq rxu frqvlvwhqw hvwlpdwhv vxjjhvwv wkdw vrph ri wkh gl�huhqfh ehwzhhq
rxu uhvxowv dqg Wrsho*v pd| eh gxh wr fruuhodwlrq ehwzhhq wkh khwhurjhqrxv �up h�hfw
dqg wkh shuvrq h�hfwv1 Wkh idfw wkdw rxu uhvxowv duh forvhu wr Eurzq*v vxssruwv wklv
frqfoxvlrq ehfdxvh Eurzq*v vhqlrulw| h�hfw lv khwhurjhqrxv�wkh pdjqlwxgh ri wkh uh0
wxuq wr vhqlrulw| ghshqgv xsrq fkdudfwhulvwlfv ri wkh mre�dqg kh shuplwv fruuhodwlrq
ehwzhhq wklv khwhurjhqhlw| dqg klv shuvrq h�hfw1 Eurzq/ rq wkh rwkhu kdqg/ grhv qrw
doorz iru wkh srvvlelolw| ri �up0vshfl�f lqwhufhswv/ h{fhsw dv uh hfwhg lq wkh mre fkdu0
dfwhulvwlfv kh xvhg wr prgho wkh khwhurjhqhlw| lq wkh uhwxuq wr vhqlrulw|1 Dowkrxjk zh
fdqqrw xvh rxu frqvlvwhqw whfkqltxh wr dgguhvv wklv txhvwlrq/ zh qrwh wkdw/ iru doo wkh
suhihuuhg hvwlpdwhv ri �/ wkhuh lv d qhjdwlyh fruuhodwlrq ehwzhhq � dqg wkh dvvrfldwhg
hvwlpdwh ri !1 Wklv qhjdwlyh fruuhodwlrq lqglfdwhv wkdw wkh �up0vshfl�f lqwhufhsw dqg
wkh �up0vshfl�f vhqlrulw| vorsh duh qhjdwlyho| fruuhodwhg/ d uhvxow suhglfwhg e| Ehfnhu
dqg Vwljohu +4<:7, dqg Od}hdu +4<:<,1

816171 Vshfl�fdwlrq Fkhfnv Edvhg rq Shuvrq H�hfwv

Frqvlghu qrz wkh fruuhodwlrq ehwzhhq wkh gl�huhqw hvwlpdwhv ri �1 Dq dujxphqw
vlplodu wr wkh dqdo|vlv zh xvhg iru ! vkrzv wkdw wkh � hvwlpdwhg zlwk shuvrqv �uvw
duh ehwwhu wkdq wkrvh hvwlpdwhg zlwk �upv �uvw1 Lq wkh hvwlpdwlrq ri �/ wkh rughu0
lqghshqghqw hvwlpdwhv duh pdwkhpdwlfdoo| lghqwlfdo wr wkh rughu0ghshqghqw= shuvrqv
�uvw hvwlpdwhv/ frqglwlrqdo rq ]1 Wkh dowhuqdwlyh phwkrg lv wr frqvlghu wkh rughu0
ghshqghqw= �upv �uvw hvwlpdwlrq ri �1 Zh qrwh wkdw wkh fruuhodwlrq ehwzhhq wkh
rughu0lqghshqghqw hvwlpdwhv dqg wkh ixoo ohdvw vtxduhv vroxwlrq iru wkh 448 odujhvw
�upv lv 31<</ zkloh wkh rughu0ghshqghqw= �upv �uvw hvwlpdwhv duh rqo| fruuhodwhg 318;
zlwk wkh rughu0lqghshqghqw hvwlpdwhv dqg 3193 zlwk wkh ixoo ohdvw vtxduhv vroxwlrq iru
wkh 448 odujhvw �upv1 Wkhvh fruuhodwlrqv lqglfdwh wkdw wkh rughu0ghshqghqw= �upv
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�uvw hvwlpdwhv ri � duh qrw dv fdswxulqj wkh sxuh shuvrq h�hfw dv uholdeo| dv hlwkhu ri
wkh rwkhu wzr dowhuqdwlyhv vkrzq lq wkh �Shuvrq H�hfwv� sdqho ri Wdeoh Y1

816181 Lpsolfdwlrqv ri wkh Fruuhodwlrqv Dprqj Frpshqvdwlrq Frpsrqhqwv

Wdeoh YL vkrzv wkh lqwhufruuhodwlrqv ri wkh gl�huhqw frpsrqhqwv ri frpshqvdwlrq/
�uvw iru wkh rughu0lqghshqghqw phwkrg/ wkhq iru wkh rughu0ghshqghqw= shuvrqv �uvw
phwkrg1 Erwk phwkrgv lqglfdwh wkdw �/ wkh xqrevhuydeoh sduw ri wkh lqglylgxdo hi0
ihfw/ lv wkh frpsrqhqw ri frpshqvdwlrq wkdw lv prvw kljko| fruuhodwhg zlwk orj uhdo
dqqxdo wrwdo frpshqvdwlrq +31;3 ru 31:6 ghshqglqj rq wkh phwkrg,16; Wkh �up frp0
srqhqwv duh pxfk ohvv lpsruwdqw lq wkh ghwhuplqdwlrq ri wrwdo frpshqvdwlrq +3154
ru 3159 ghshqglqj rq wkh phwkrg,1 Xvlqj wkh rughu0lqghshqghqw hvwlpdwhv/ wkh �
frpsrqhqw ri wkh shuvrq h�hfw dqg wkh ! frpsrqhqw ri wkh �up h�hfw duh srvlwlyho|
fruuhodwhg 31481 Wkh hvwlpdwhg fruuhodwlrq lv 313; xvlqj wkh rughu0ghshqghqw= shuvrqv
�uvw hvwlpdwhv1 Lq hlwkhu fdvh/ wkh hvwlpdwhg fruuhodwlrq ehwzhhq �up dqg shuvrqdo
khwhurjhqhlw| lv qrw odujh1 Dovr qrwlfh wkdw/ dowkrxjk wkh �up0vshfl�f lqwhufhsw/ !/
dqg wkh �0frpsrqhqw ri wkh shuvrq h�hfw duh srvlwlyho| fruuhodwhg/ wkh �up0vshfl�f
lqwhufhsw lv qhjdwlyho| fruuhodwhg zlwk wkh vhqlrulw| vorsh +�313: rughu lqghshqghqw
dqg 03189 rughu ghshqghqw= shuvrqv �uvw,1 Lq erwk phwkrgv/ wkh fruuhodwlrq ehwzhhq
revhuydeohv dqg frpshqvdwlrq dsshduv wr eh vpdoohu wkdq wkh fruuhodwlrq ehwzhhq xq0
revhuydeohv dqg frpshqvdwlrq1 Wkh fruuhodwlrq ehwzhhq frpshqvdwlrq dqg hgxfdwlrq/
xl�/ lv durxqg 317 dqg wkh fruuhodwlrq ehwzhhq frpshqvdwlrq dqg wkh wlph0ydu|lqj
lqglylgxdo fkdudfwhulvwlfv/ {lw�/ lv durxqg 316/ iru erwk phwkrgv vkrzq lq wkh wdeoh1
Ixuwkhupruh/ {lw� lv rqo| zhdno| qhjdwlyho| fruuhodwhg zlwk wkh xqrevhuydeoh �16<

816191 Vxppdu| ri wkh Hylghqfh iurp wkh Hvwlpdwlrq Uhvxowv rq Shuvrq

dqg Ilup Khwhurjhqhlw|

Diwhu uhylhzlqj wkh hylghqfh ri wkh txdolw| ri wkh gl�huhqw hvwlpdwlrq phwkrgv/ wkh
iroorzlqj frqfoxvlrqv fdq eh gudzq1 Iluvw/ shuvrq h�hfwv whqg wr eh pruh lpsruwdqw
wkdq �up h�hfwv lq h{sodlqlqj frpshqvdwlrq yduldelolw|1 Iru wkh sdudphwhuv � dqg
�/ wkh hvwlpdwlrq phwkrgv zlwk shuvrqv �uvw duh suhihuuhg e| wkh gdwd1 Krzhyhu/
wkhuh lv qr gh�qlwlyh hylghqfh lq idyru ri rqh hvwlpdwlrq phwkrg ryhu dqrwkhu iru
wkh �up h�hfw #1 Rq rqh kdqg/ wkh rughu0ghshqghqw= shuvrqv �uvw phwkrg whqgv wr
jlyh uhvxowv +rq !, wkdw duh pruh kljko| fruuhodwhg zlwk wkh frqvlvwhqw hvwlpdwhv1 Rq
wkh rwkhu kdqg/ wkh rughu0lqghshqghqw phwkrg surgxfhv hvwlpdwhv ri � wkdw duh ohvv
fruuhodwhg zlwk wkrvh rewdlqhg e| wkh frqvlvwhqw phwkrgrorj|1 Khqfh/ lq zkdw iroorzv/
zh zloo h{dplqh wkh fodvvlfdo sureohpv ri oderu hfrqrplfv wkdw zhuh phqwlrqhg lq wkh
prwlydwlrq vhfwlrq xvlqj shuvrqv h�hfwv wkdw kdyh ehhq hvwlpdwhg �uvw +l1h1 shuvrq
h�hfwv iurp wkh rughu0lqghshqghqw dqg rughu0ghshqghqw= shuvrqv �uvw phwkrgv, dqg

6;Dv qrwhg lq wkh glvfxvvlrq ri vwdwlvwlfdo phwkrgv/ dw wkh ohyho ri wkh lqglylgxdo wkh ohdvw vtxduhv
hvwlpdwh ri wkh shuvrq h�hfw lv xqeldvhg exw lqfrqvlvwhqw1 Wkxv/ wkh yduldqfh ri ek� dv gluhfwo|
fdofxodwhg iurp wkh vxppdu| phdvxuhv frqvlvwv ri wzr frpsrqhqwv V@hdk�o n V@hdek� 3 k�o/ dqg
vlploduo| iru w� 1 Wkh yduldqfhv xvhg wr fdofxodwh doo fruuhodwlrqv zlwk k� dqg w� lq Wdeoh YL kdyh

ehhq fruuhfwhg e| vxewudfwlqj dq hvwlpdwh ri V@hdek� 3 k�o/ V@hdew� 3 w� o/ uhvshfwlyho|1
6<Uhfdoo wkdw ek� lv ruwkrjrqdo wr �e�# e| frqvwuxfwlrq1
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�up h�hfwv iurp wkhvh vdph phwkrgv/ lq doo fdvhv frqglwlrqdo rq ]1 Wklv surylghv
xv zlwk uhvxowv wkdw uh hfw wkh zlghvw udqjh ri srvvlelolwlhv uhjduglqj wkh dssursuldwh
hvwlpdwh ri wkh �up h�hfw1

8171 Lqwhu0Lqgxvwu| Zdjh Gl�huhqwldov

Lq Wdeoh YLL/ zh lpsohphqw wkh htxdwlrq +51:, ghulyhg lq vhfwlrq 5/ zklfk doorzv xv wr
ghfrpsrvh wkh lqgxvwu| h�hfwv/ hvwlpdwhg dv vkrzq lq Wdeoh LLL/ lqwr wkh frpsrqhqw
gxh wr sxuh �up h�hfwv dqg wkh frpsrqhqw gxh wr shuvrq h�hfwv1 Qrwlfh wkdw wkh
wzr uljkw0kdqg vlgh frpsrqhqwv pxvw eh dgmxvwhg iru wkh revhuydeohv dv lq htxdwlrq
+51:,1 Wdeoh YLL xvhv lqgxvwu|0ohyho dyhudjhv ri wkh lqglylgxdo dqg �up0vshfl�f frp0
srqhqwv ri frpshqvdwlrq wr h{sodlq wkh lqgxvwu| h�hfw irxqg lq rxu udz lqglylgxdo
gdwd +wdnhq iurp wkh uhjuhvvlrq frqwuroolqj iru oderu irufh h{shulhqfh/ vhqlrulw|/ uh0
jlrq/ |hdu/ hgxfdwlrq dqg vh{ uhsruwhg lq wkh froxpq odehoohg �Zlwklq Lqgxvwu| Qr
Shuvrq H�hfwv� lq Wdeoh LLL, lq wkh vslulw ri Glfnhqv dqg Ndw} +4<;:,1 Vlqfh wkh
lqgxvwu|0dyhudjh shuvrq dqg �up h�hfwv/ dovr dgmxvwhg iru wkh vdph vhw ri idfwruv dv
uhsruwhg lq wkh Wdeoh LLL uhjuhvvlrq/ doprvw ixoo| dffrxqw iru wkh lqgxvwu| h�hfwv lq
d vwdwlvwlfdo vhqvh +U5 @ 3=;8 xvlqj shuvrq dqg �up h�hfwv gudzq iurp wkh rughu0
lqghshqghqw phwkrg dqg U5 @ 3=<9 xvlqj phdvxuhv gudzq iurp wkh rughu0ghshqghqw
phwkrg zlwk shuvrqv �uvw,/ wkh lqwhuhvwlqj txhvwlrq frqfhuqv wkh uhodwlyh lpsruwdqfh
ri lqglylgxdo khwhurjhqhlw| +wkh �0frpsrqhqw ri wkh shuvrq h�hfw/ lq sduwlfxodu, dqg
�up khwhurjhqhlw| +wkh #0frpsrqhqw, dv frpsrqhqwv ri wkh lqgxvwu| h�hfwv1 Iru
erwk hvwlpdwlrq phwkrgv iru wkh �up h�hfwv/ wkh vhsdudwh lq xhqfh ri shuvrq h�hfwv
dqg �up h�hfwv lq h{sodlqlqj wkh lqgxvwu| h�hfwv lv vkrzq1 Wkh vhsdudwh dqdo|vhv
frq�up wkh uhodwlyh lpsruwdqfh ri shuvrq/ dv frpsduhg wr �up/ h�hfwv1 Wkh wklug
wkurxjk vl{wk froxpqv ri Wdeoh YLL suhvhqw vhsdudwh lqgxvwu|0ohyho uhjuhvvlrqv xvlqj/
�uvw/ lqgxvwu|0dyhudjh � dorqh +froxpq 6 dqg 7, dqg/ wkhq/ xvlqj lqgxvwu|0dyhudjh
�up h�hfwv dorqh +froxpqv 8 dqg 9,1 Lw lv fohdu iurp wkh idfw wkdw lqgxvwu|0dyhudjh
� dorqh h{sodlqv ;7( +<5( zlwk wkh rughu0ghshqghqw hvwlpdwhv zlwk shuvrqv �uvw,
ri wkh lqwhu0lqgxvwu| zdjh yduldwlrq/ zkhuhdv wkh lqgxvwu|0dyhudjh # frpsrqhqw h{0
sodlqv rqo| :( +58( zlwk wkh rughu0ghshqghqw hvwlpdwhv,/ wkdw lqglylgxdo h�hfwv/ dv
phdvxuhg vwdwlvwlfdoo| e| �/ duh pruh lpsruwdqw wkdq �up0frpsrqhqwv/ dv phdvxuhg
e| # iru h{sodlqlqj Iuhqfk lqwhu0lqgxvwu| zdjh gl�huhqwldov173

Iljxuhv 4 dqg 5 vkrz judsklfdoo| wkh lpsruwdqw gl�huhqfh lq wkh vwuhqjwk ri wkh
uhodwlrq ehwzhhq lqgxvwu| h�hfwv dqg lqgxvwu|0dyhudjh shuvrq dqg �up h�hfwv1 Iljxuh
4 sorwv wkh lqgxvwu| h�hfwv iurp htxdwlrq +51:,/ wkh ghshqghqw yduldeoh lq Wdeoh
YLL/ djdlqvw wkh lqgxvwu|0dyhudjh shuvrq h�hfwv1 Wkh �jxuh dovr vkrzv wkh �wwhg
uhjuhvvlrq olqh1 Iljxuh 5 sorwv wkh vdph lqgxvwu| h�hfwv djdlqvw wkh lqgxvwu|0dyhudjh
�up h�hfwv/ djdlq vkrzlqj wkh �wwhg uhjuhvvlrq olqh1 Erwk �jxuhv duh edvhg rq wkh
rughu0lqghshqghqw hvwlpdwhv1 Wkh uhodwlrq ehwzhhq wkh udz lqgxvwu| h�hfwv dqg wkh
lqgxvwu| dyhudjh shuvrq h�hfwv lv fohduo| pxfk vwurqjhu wkdq wkh rqh ehwzhhq udz
lqgxvwu| h�hfwv dqg wkh lqgxvwu| dyhudjh �up h�hfw1 Wkh judsklfdo glvsod| iru wkh
rughu0ghshqghqw= shuvrqv �uvw hvwlpdwhv vkrzv wkh vdph uhvxowv1

73Dv vkrzq lq Wdeoh YL/ wkhvh wzr frpsrqhqwv duh qrw kljko| fruuhodwhg/ vr olwwoh ri wkh lqgxvwu|0
dyhudjh shuvrq h�hfw lv �h{sodlqhg e|� wkh lqgxvwu|0dyhudjh �up h�hfw lq d vwdwlvwlfdo vhqvh1
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8181 Ilup0Vl}h Zdjh H�hfwv

Wdeoh YLLL suhvhqwv d vlplodu dqdo|vlv iru wkh �up0vl}h h�hfw edvhg rq htxdwlrq +51<,1
Wr lpsohphqw wklv dqdo|vlv/ zh frqvwuxfwhg 58 �up0vl}h fdwhjrulhv1 Zh wkhq hvwlpdwhg
wkh �up0vl}h h�hfwv zlwkrxw frqwuroolqj iru shuvrq ru �up h�hfwv/ dv lq htxdwlrq
+51<,1 Xvlqj fdofxodwlrqv h{dfwo| sdudooho wr wkrvh lq Wdeoh YLL/ zh frqvwuxfwhg wkh
dssursuldwh zhljkwhg dyhudjh shuvrq dqg �up h�hfwv zlwklq hdfk �up0vl}h fdwhjru|/
frqglwlrqdo rq wkh vdph[ yduldeohv xvhg lq wkh rwkhu dqdo|vhv1 Wkh frpsohwh vhw ri[
frh!flhqwv lv vkrzq lq Wdeoh LLL lq wkh froxpq odehohg �Zlwklq Ilup Vl}h Qr Shuvrq
H�hfwv1� Wdeoh YLLL vkrzv wkdw/ iru erwk phwkrgv ri hvwlpdwlqj wkh shuvrq dqg �up
h�hfwv/ wkh �up0vl}h0dyhudjh shuvrq h�hfw lv pxfk ehwwhu dw h{sodlqlqj wkh �up0vl}h
zdjh h�hfw wkdq lv wkh �up0vl}h0dyhudjh �up h�hfw174 Wr pruh hdvlo| frpsduh rxu
uhvxowv wr rwkhuv/ Eurzq dqg Phgr� +4<;<, lq sduwlfxodu/ zh judsk wkh udz �up0vl}h
zdjh h�hfwv djdlqvw wkh orj ri �up vl}h lq Iljxuh 61 Wkh udz �up0vl}h h�hfwv lq rxu
gdwd vwurqjo| uhvhpeoh wkh h�hfwv vxppdul}hg e| Eurzq dqg Phgr�1 Wkh uhodwlrq
ehwzhhq �up vl}h +orj ri hpsor|phqw dw wkh �up, dqg frpshqvdwlrq/ frqwuroolqj iru
wkh revhuydeoh fkdudfwhulvwlfv/ iroorzv d frqfdyh txdgudwlf uhodwlrq1 Iljxuh 6 dovr sorwv
wkh dyhudjh shuvrq h�hfw +kroorz er{hv, zlwklq �up0vl}h fdwhjru|1 Wkh dyhudjh shuvrq
h�hfw fdq eh vhhq wr iroorz hvvhqwldoo| wkh vdph txdgudwlf ixqfwlrq ri orj �up vl}h dqg
pdq| ri wkh dyhudjh shuvrq h�hfwv duh frlqflghqw zlwk wkh vrolg grwv uhsuhvhqwlqj wkh
udz �up0vl}h h�hfw1 Ilqdoo|/ Iljxuh 6 vkrzv wkh dyhudjh �up h�hfw +kroorz wuldqjohv,1
Wkh dyhudjh �up h�hfwv gr qrw iroorz wkh vdph frqfdyh txdgudwlf ixqfwlrq ri orj �up
vl}h dv wkh rwkhu wzr h�hfwv1 Lqghhg/ wkh uhodwlrq ehwzhhq wkh �up0vl}h dyhudjh �up
h�hfw dqg orj �up vl}h lv voljkwo| frqyh{/ zlwk wkh odujhvw srvlwlyh dyhudjh �up h�hfw
rffxuulqj lq wkh odujhvw �up0vl}h fdwhjru| dqg wkh odujhvw qhjdwlyh dyhudjh �up h�hfw
rffxuulqj lq wkh vhfrqg odujhvw �up vl}h fdwhjru|1 Wkh h�hfwv sorwwhg fohduo| vkrz
wkdw dyhudjh shuvrq h�hfwv duh pxfk pruh forvho| uhodwhg wr wkh �up vl}h h�hfwv wkdq
dyhudjh �up h�hfwv1 Wkh uhvxowv vkrzq duh edvhg rq wkh rughu0lqghshqghqw hvwlpdwhv
exw duh hvvhqwldoo| wkh vdph iru wkh rughu ghshqghqw hvwlpdwhv0shuvrqv �uvw1

Iurp wkhvh wzr dqdo|vhv/ zh frqfoxgh wkdw shuvrq h�hfwv duh pxfk pruh lpsruwdqw
lq h{sodlqlqj lqwhu0lqgxvwu| zdjh gl�huhqwldov dqg �up0vl}h zdjh h�hfwv1

8191 Wkh Hfrqrplfv ri Kxpdq Uhvrxufh Pdqdjhphqw

Zh wxuq qrz wr wkh dqdo|vlv ri wkh lpsdfw ri wkh frpshqvdwlrq vwuxfwxuh rq �up
rxwfrphv1 Wr frqgxfw wklv dqdo|vlv zh �uvw frpsxwhg wkh �up dyhudjh ri wkh gl�huhqw
frpsrqhqwv ri wkh frpshqvdwlrq sdfndjh dv phdvxuhg e| rxu rughu0lqghshqghqw dqg
rughu0ghshqghqw= shuvrqv �uvw phwkrgv1 Khqfh/ zh frpsxwhg wkh dyhudjh iru hdfk
�up m ri wkh sduw ri frpshqvdwlrq gxh wr hgxfdwlrq +xl�,/ wr wlph0ydu|lqj revhuydeohv
+{lw�,/ dqg wr qrq0wlph0ydu|lqj xqrevhuydeohv +�l,/ xvlqj doo revhuydwlrqv +l> w, iru
zklfk lqglylgxdo l zdv zrunlqj lq �up m dw gdwh w1 Wkh ghwdlohg irupxodv iru wklv
frpsxwdwlrq duh ghvfulehg lq wkh prgho vhfwlrq dqg wkh yduldeohv dydlodeoh iru vwxg|
duh ghvfulehg lq wkh gdwd ghvfulswlrq1

74Dv lq wkh dqdo|vlv ri Wdeoh YLL/ wkh vl}h h�hfwv xvhg iru wkh dqdo|vlv lq Wdeoh YLLL frph iurp wkh
froxpq lq Wdeoh LLL odehoohg �Zlwklq Ilup Vl}h Qr Shuvrq H�hfwv� dqg wkh vl}h0fodvv dyhudjh shuvrq
dqg �up h�hfwv kdyh ehhq dgmxvwhg iru wkh vdph h�hfwv dv irxqg lq wkh Wdeoh LLL uhjuhvvlrq1

76



Wdeoh L[ suhvhqwv vxppdu| vwdwlvwlfv iru wkh vdpsoh ri �upv +zhljkwhg wr eh uhs0
uhvhqwdwlyh ri sulydwh lqgxvwuldo �upv,1 Wdeoh [ suhvhqwv uhjuhvvlrq prghov ri wkh
orjdulwkp ri uhdo ydoxh dgghg shu hpsor|hh/ uhdo vdohv shu hpsor|hh +phdvxuhv ri
surgxfwlylw|, dqg rshudwlqj lqfrph dv d sursruwlrq ri wrwdo dvvhwv +d phdvxuh ri shu0
irupdqfh,1 Uhvxowv duh uhsruwhg iru wkh rughu0lqghshqghqw dqg wkh rughu0ghshqghqw=
shuvrqv �uvw phwkrgv1 Xvlqj wkh �up0ohyho frpshqvdwlrq srolf| phdvxuhv jhqhudwhg
e| rxu phwkrgv/ zh qrwh wkdw d odujhu ydoxh ri wkh dyhudjh frpsrqhqw ri wkh zdjh dv0
vrfldwhg zlwk wlph0ydu|lqj fkdudfwhulvwlfv +{�, lv dvvrfldwhg zlwk kljkhu ydoxh0dgghg
dqg vdohv shu zrunhu dqg kljkhu sur�wdelolw| iru erwk hvwlpdwlrq phwkrgv1 D odujhu
�up0dyhudjh lqglylgxdo h�hfw +�, lv dvvrfldwhg zlwk d vxevwdqwldoo| odujhu ydoxh0dgghg
shu hpsor|hh dqg vdohv shu hpsor|hh exw qrw zlwk kljkhu sur�wdelolw|1 Rqfh pruh/
wkhvh uhvxowv duh frqvlvwhqw dfurvv hvwlpdwlrq whfkqltxhv1 Wkh sduw ri wkh lqglylgxdo0
h�hfw uhodwhg wr hgxfdwlrq +x�, lv dvvrfldwhg zlwk kljkhu ydoxh0dgghg shu zrunhu exw
lv qrw vljql�fdqw lq wkh rwkhu wzr froxpqv/ luuhvshfwlyh ri wkh hvwlpdwlrq phwkrg1
Kljkhu �up0vshfl�f zdjhv +!, duh dvvrfldwhg zlwk kljkhu surgxfwlylw| +ydoxh0dgghg
shu zrunhu dqg vdohv shu zrunhu/ doehlw qrw zlwk wkh rughu0lqghshqghqw phwkrg iru
wklv odvw yduldeoh, dqg zlwk kljkhu sur�wdelolw|1

Wkh gl�huhqfhv ehwzhhq wkh uhvxowv edvhg rq wkh rughu0lqghshqghqw dqg rughu0
ghshqghqw hvwlpdwlrqv phwkrgv/ dv vkrzq lq Wdeoh [/ duh prvw vwulnlqj zkhq orrnlqj
dw wkh lpsdfw ri wkh vhqlrulw| vorsh frh!flhqw +�,1 Xvlqj wkh rughu0ghshqghqw hv0
wlpdwhv/ qhlwkhu vhqlrulw| vorsh lv dvvrfldwhg zlwk kljkhu +ru orzhu, surgxfwlylw| ru
sur�wdelolw|1 Krzhyhu/ xvlqj wkh hvwlpdwhv iurp wkh rughu0lqghshqghqw phwkrg/ lw
dsshduv wkdw wkhuh h{lvwv d qhjdwlyh dvvrfldwlrq zlwk �up surgxfwlylw|��upv wkdw
uhzdug vhqlrulw| wkh prvw whqg wr eh wkh ohdvw surgxfwlyh1

Wkh uhvxowv lq Wdeoh [ fdq dovr eh xvhg wr glvfxvv wkh uhodwlrq ehwzhhq �up
ohyho frpshqvdwlrq srolflhv dqg phdvxudeoh rxwfrphv lq wkh frqwh{w ri klulqj/ uhqw0
vsolwwlqj/ dqg h!flhqf| zdjh prghov1 Lqglylgxdov zlwk kljk rssruwxqlw| zdjhv/ dv
fdswxuhg e| �/ whqg wr zrun lq �upv zlwk kljkhu surgxfwlylw| shu zrunhu/ dv phdvxuhg
e| hlwkhu ydoxh0dgghg shu zrunhu ru vdohv shu hpsor|hh1 Uhfdoo wkdw wkh �0frpsrqhqw
ri shuvrqdo khwhurjhqhlw| kdv ehhq hvwlpdwhg xvlqj frpshqvdwlrq dv wkh ghshqghqw
yduldeoh1 Wkxv/ lw uhsuhvhqwv wkh pdunhw*v ydoxdwlrq ri wklv shuvrqdo khwhurjhqhlw|1 Lw lv
wkxv qrw vxusulvlqj wkdw wkhuh lv qr sur�wdelolw| h�hfw dvvrfldwhg zlwk �> krzhyhu/ iru
wkh vdph uhdvrq/ wkh suhvhqfh ri dq dvvrfldwlrq ehwzhhq wkh revhuydeoh fkdudfwhulvwlf
frpsrqhqw +{�, ri frpshqvdwlrq dqg sur�wdelolw| lv sx}}olqj/ hvshfldoo| vlqfh wkh
hgxfdwlrq frpsrqhqw ri lqglylgxdo khwhurjhqhlw| kdv qr phdvxuhg dvvrfldwlrq zlwk
sur�wdelolw|1 Wkh �up0vshfl�f h�hfw lq frpshqvdwlrq/ dv phdvxuhg e| wkh �up0vshfl�f
lqwhufhsw !/ lv dvvrfldwhg zlwk erwk kljkhu surgxfwlylw| +ydoxh0dgghg iru hlwkhu phwkrg
dqg vdohv iru wkh rughu0ghshqghqw phdvxuh, dqg kljkhu sur�wdelolw|1 Wklv uhvxow fdq eh
lqwhusuhwhg dv hylghqfh frqvlvwhqw zlwk vrph h!flhqf| zdjh ru uhqw0vsolwwlqj dfwlylw|
lq oderu pdunhw1

Wdeoh [L suhvhqwv wkh uhvxowv iru wkh uhodwlrqv dprqj rxu frpshqvdwlrq phdvxuhv
dqg d ydulhw| ri �up0ohyho idfwru xwlol}dwlrq udwhv1 Uhvxowv duh dovr uhsruwhg iru erwk
frqglwlrqdo hvwlpdwlrq whfkqltxhv1 Odujhu ydoxhv ri wkh �up0dyhudjh/ wlph0ydu|lqj
frpsrqhqw ri frpshqvdwlrq/ {�/ duh dvvrfldwhg zlwk kljkhu hpsor|phqw/ fdslwdo/
fdslwdo0oderu udwlr/ sursruwlrq surihvvlrqdo hpsor|phqw/ dqg sursruwlrq vnloohg hp0
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sor|phqw dqg zlwk orzhu xqvnloohg hpsor|phqw1 Wkh xqrevhuydeoh frpsrqhqw ri wkh
lqglylgxdo h�hfw/ �/ lv srvlwlyho| dvvrfldwhg zlwk hpsor|phqw/ fdslwdo/ wkh fdslwdo0
oderu udwlr/ dqg wkh sursruwlrq ri hqjlqhhuv/ whfkqlfdo zrunhuv dqg pdqdjhuv lq wkh
zrun irufh> dqg lv qhjdwlyho| uhodwhg wr wkh vkduhv ri erwk vnloohg dqg xqvnloohg zrun0
huv1 Odujhu ydoxhv ri wkh dyhudjh hgxfdwlrq h�hfw +wkh revhuydeoh frpsrqhqw ri wkh
lqglylgxdo h�hfw/ x�, duh dvvrfldwhg zlwk kljkhu hpsor|phqw/ fdslwdo/ dqg sursruwlrq
ri surihvvlrqdov exw zlwk orzhu ydoxhv ri wkh sursruwlrq vnloohg1 Doo ri wkhvh uhvxowv
krog uhjdugohvv ri wkh hvwlpdwlrq phwkrg1

Wkh hvwlpdwlrq phwkrg iru wkh frpshqvdwlrq frpsrqhqwv pdwwhuv zkhq h{dplq0
lqj wkh lpsdfw ri wkh �up h�hfwv rq wkhvh rxwfrphv1 Edvhg rq wkh rughu0ghshqghqw=
shuvrqv �uvw phwkrg/ wkh �up0vshfl�f lqwhufhsw/ !/ lv vwurqjo| srvlwlyho| dvvrfldwhg
zlwk hpsor|phqw/ fdslwdo dqg wkh fdslwdo0oderu udwlr> exw lv qrw dvvrfldwhg zlwk dq|
frpsrqhqwv ri wkh vnloo vwuxfwxuh ri wkh zrun irufh1 D kljk �up0vshfl�f vhqlrulw|
vorsh lv srvlwlyho| dvvrfldwhg zlwk wkh fdslwdo0oderu udwlr dqg voljkwo| srvlwlyho| dvvr0
fldwhg zlwk wkh sursruwlrq ri surihvvlrqdo hpsor|hhv1 Edvhg rq wkh rughu0lqghshqghqw
phwkrg/ doo ri wkh dvvrfldwlrqv zlwk ! wkdw zhuh srvlwlyh xvlqj wkh rughu0ghshqghqw
phwkrg duh qrz qhjdwlyh +vljql�fdqwo| iru hpsor|phqw dqg fdslwdo/ pdujlqdoo| iru
wkh fdslwdo0oderu udwlr,> exw wkh �up0vshfl�f vhqlrulw| vorsh/ �/ sod|v wkh uroh wkdw
wkh �up0vshfl�f lqwhufhsw/ !/ sod|hg zlwk wkh rwkhu hvwlpdwlrq phwkrg�lw lv srvl0
wlyho| dvvrfldwhg zlwk hpsor|phqw dqg fdslwdo1 Ixuwkhupruh/ pdqdjhuldo dqg vnloohg
hpsor|phqw duh erwk srvlwlyho| dvvrfldwhg zlwk �up0vshfl�f h�hfwv1 Lw dsshduv wkdw
rxu wzr hvwlpdwlrq whfkqltxhv erwk fdswxuh vlplodu h�hfwv/ exw wkhlu doorfdwlrq wr wkh
�{hg sduw dqg wr wkh vhqlrulw| sduw ri �up0vshfl�f khwhurjhqhlw| gl�hu1 Wklv lv frq0
�uphg e| d orrn dw Wdeoh Y lq zklfk zh vhh wkdw ! iurp wkh rughu0ghshqghqw phwkrg
lv kljko| qhjdwlyho| fruuhodwhg zlwk � iurp wkh rughu0lqghshqghqw phwkrg dqg wkdw
wkh ! iurp wkh rughu0lqghshqghqw phwkrg lv vrphzkdw qhjdwlyho| fruuhodwhg zlwk �
iurp wkh rughu0ghshqghqw phwkrg1

Ilqdoo|/ Wdeoh [LL suhvhqwv d sursruwlrqdo kd}dugv dqdo|vlv ri wkh uhodwlrq ehwzhhq
wkh vxuylydo ri �upv dqg rxu hvwlpdwhg frpshqvdwlrq frpsrqhqwv dw wkh �up ohyho75 1
Erwk frpsrqhqwv ri wkh lqglylgxdo h�hfw/ � dqg x�/ duh dvvrfldwhg zlwk dq lqfuhdvh
lq vxuylydo suredelolw| lq d vwdwlvwlfdoo| vljql�fdqw pdqqhu1 Wkh h�hfwv uhodwhg wr
�up0vshfl�f frpshqvdwlrq idfwruv duh odujh exw yhu| lpsuhflvh/ hyhq wkrxjk d kljk
! whqgv wr ghfuhdvh vxuylydo zkhq xvlqj rughu0lqghshqghqw hvwlpdwhv1 Wkh h�hfw
dvvrfldwhg zlwk wkh �up dyhudjh ri revhuydeoh shuvrqdo fkdudfwhulvwlfv/ {�/ lv dovr
dvvrfldwhg zlwk d ghfuhdvhg vxuylydo suredelolw|1 Wkh uhvxowv duh lqwhuhvwlqj zkhq
frpelqhg zlwk wkrvh irxqg lq Wdeoh [1 Kljk ! lv uhodwhg wr kljk sur�wdelolw| zlwk
erwk hvwlpdwlrq phwkrgv/ exw lv olqnhg wr orzhu suredelolwlhv ri �up vxuylydo1 Rq wkh
rwkhu kdqg/ kljk � lv uhodwhg wr lqfuhdvh vxuylydo suredelolwlhv/ exw kdv qr vljql�fdqw
uhodwlrq wr sur�wdelolw|1

75Zh hvwlpdwh wkh Fr{ sursruwlrqdo kd}dugv prgho xvlqj dv lqghshqghqw yduldeohv wkh qrq0wlph0
ydu|lqj phdvxuhv vkrzq lq Wdeoh [LL1 Wkh qrqsdudphwulf edvholqh kd}dug zdv qrw hvwlpdwhg1
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91 Frqfoxvlrqv

Lq vhfwlrq 5 zh lghqwl�hg vl{ eurdg duhdv ri oderu hfrqrplfv wkdw frxog eh dgydqfhg
e| wkh vwxg| ri pdwfkhg orqjlwxglqdo hpsor|hu0hpsor|hh gdwd=

� wkh uroh ri lqglylgxdo dqg �up khwhurjhqhlw| lq wkh ghwhuplqdwlrq ri zdjh udwhv

� wkh vrxufhv ri lqwhu0lqgxvwu| zdjh gl�huhqwldov

� wkh vrxufhv ri �up0vl}h zdjh h�hfwv

� wkh uroh ri vhqlrulw|/ dqg khwhurjhqhrxv uhwxuqv wr vhqlrulw| lq ghwhuplqlqj zdjh
udwhv

� wkh phdvxuhphqw ri lqwhuqdo dqg h{whuqdo zdjh udwhv

� wkh vwxg| ri wkh hfrqrplfv ri kxpdq uhvrxufh pdqdjhphqw srolflhv1

Zh eholhyh wkdw rxu dqdo|vlv ri wkh Iuhqfk frpshqvdwlrq gdwd/ olqnhg wr wkh hfrqrplf
shuirupdqfh gdwd ri wkh hpsor|lqj �upv kdv/ lqghhg/ vkhg frqvlghudeoh qhz oljkw rq
wkhvh txhvwlrqv1 Wr vxppdul}h/ zh irxqg wkdw=

� shuvrqdo khwhurjhqhlw| dqg �up khwhurjhqhlw| zhuh erwk lpsruwdqw ghwhupl0
qdqwv ri frpshqvdwlrq/ dowkrxjk shuvrqdo khwhurjhqhlw| dsshduv wr eh vxevwdq0
wldoo| pruh lpsruwdqw lq wkhvh Iuhqfk gdwd1

� dfurvv 50gljlw lqgxvwulhv/ wkh lqgxvwu|0dyhudjh shuvrq h�hfw/ dgmxvwhg iru lqwhu0
lqgxvwu| gl�huhqfhv lq revhuydeoh fkdudfwhulvwlfv/ lv pxfk pruh lpsruwdqw wkdq
wkh lqgxvwu|0dyhudjh �up h�hfw/ vlploduo| dgmxvwhg/ iru h{sodlqlqj wkh lqwhu0
lqgxvwu| zdjh gl�huhqwldo1

� dfurvv 58 hpsor|phqw0vl}h fdwhjrulhv/ wkh �up0vl}h zdjh h�hfw lq Iudqfh lv lq0
fuhdvlqj dw d ghfuhdvlqj udwh dqg wklv h�hfw lv pruh forvho| suhglfwhg e| d vlplodu
sdwwhuq lq wkh �up0vl}h0dyhudjh shuvrq h�hfw wkdq e| wkh �up0vl}h0dyhudjh �up
h�hfw/ zklfk grhv qrw pluuru wkh udz �up0vl}h h�hfwv dw doo1

� wkhuh lv frqvlghudeoh hylghqfh iru khwhurjhqrxv uhwxuqv wr vhqlrulw| exw wkh
phwkrg ri hvwlpdwlqj wkh uhwxuq wr vhqlrulw| d�hfwhg wkh frqfoxvlrq uhjduglqj
wkh dyhudjh uhwxuq wr rqh |hdu ri dgglwlrqdo vhqlrulw|1 Uhwxuqv wr vhqlrulw| duh
qhjdwlyho| fruuhodwhg zlwk �up0vshfl�f lqwhufhswv lq wkh frpshqvdwlrq uhodwlrq1

� li zh dvvrfldwh wkh shuvrq h�hfw zlwk dq lqglylgxdo*v h{whuqdo zdjh udwh dqg wkh
�up h�hfw zlwk wkdw shuvrqv lqwhuqdo zdjh udwh/ wkhuh lv yhu| olwwoh fruuhodwlrq
ehwzhhq wkhvh wzr phdvxuhv/ vxjjhvwlqj wkdw prghov wkdw irfxv rq h{sodqdwlrqv
iru wkh lqglylgxdo khwhurjhqhlw| +kxpdq fdslwdo, dqg prghov wkdw irfxv rq h{sod0
qdwlrqv iru wkh �up khwhurjhqhlw| +frpshqvdwlrq ghvljq/ lqfhqwlyhv/ edujdlqlqj,
duh dgguhvvlqj ihdwxuhv ri wkh oderu pdunhw wkdw gr qrw kdyh odujh lqwhudfwlrqv1
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� �upv wkdw kluh �kljk0zdjh zrunhuv/� wkrvh zlwk deryh dyhudjh shuvrq h�hfwv/
duh revhuyhg wr kdyh pruh surgxfwlyh zrun irufhv exw qr kljkhu sur�wdelolw|1
�Kljk0zdjh �upv/� wkrvh wkdw sd| deryh dyhudjh �up h�hfwv/ duh revhuyhg wr
kdyh erwk pruh surgxfwlyh zrun irufhv dqg kljkhu sur�wv1

Ri frxuvh/ rxu dqdo|vlv ri wkh vhsdudwh h�hfwv ri lqglylgxdo dqg �up khwhurjhqhlw|
rq zdjh udwhv dqg rq �up frpshqvdwlrq srolflhv kdv dovr udlvhg pdq| qhz txhvwlrqv=

� Gr wkh uhvxowv iru Iudqfh jhqhudol}h wr rwkhu oderu pdunhwvB

� Li shuvrq h�hfwv duh pxfk pruh lpsruwdqw wkdw �up h�hfwv lq h{sodlqlqj yduld0
wlrq lq frpshqvdwlrq/ gr wkhvh vdph h�hfwv dovr h{sodlq hpsor|phqw prelolw|B

� Li sxuh �up h�hfwv duh qrw yhu| lpsruwdqw lq wkh h{sodqdwlrq ri lqwhu0lqgxvwu|
zdjh gl�huhqfhv/ wkhq zk| gr rwkhu dqdo|vhv wkdw frqwuro iru shuvrqdo khwhur0
jhqhlw| exw qrw iru �up khwhurjhqhlw| dsshdu wr vxjjhvw rwkhuzlvhB

� Grhv wkh revhuyhg uhodwlrq ehwzhhq klulqj �kljk0zdjh� zrunhuv dqg kdylqj
kljkhu surgxfwlylw| shu zrunhu phdq wkdw hpsor|hu*v klulqj dqg vhohfwlrq phwk0
rgv vkrxog eh vwxglhg pruh forvho|B

� Lv wkh revhuyhg uhodwlrq ehwzhhq ehlqj d �kljk0zdjh� �up dqg ehlqj erwk pruh
sur�wdeoh dqg pruh surgxfwlyh shu zrunhu hylghqfh wkdw h!flhqf| zdjh prghov
sod| d uroh lq h{sodlqlqj lqwhu0�up gl�huhqfhv lq frpshqvdwlrq srolflhvB

Dowkrxjk zh kdyh surylghg frqvlghudeoh qhz hylghqfh rq wkhvh rxwvwdqglqj txhv0
wlrqv/ zh eholhyh wkdw rxu uhvxowv dovr surylgh wkh vwdwlvwlfdo edvlv xsrq zklfk wr ehjlq
wkh surfhvv ri whvwlqj wkh uhohydqfh ri djhqf|/ h!flhqf| zdjh/ vhdufk2pdwfklqj/ uhqw
vkdulqj dqg hqgrjhqrxv prelolw| prghov dv srwhqwldo h{sodqdwlrqv iru frpshqvdwlrq
rxwfrph khwhurjhqhlw|1

:1 Vwdwlvwlfdo Dsshqgl{

Lq wklv dsshqgl{ zh vwdwh dqg suryh wkh edvlf vwdwlvwlfdo uhvxowv uhodwlqj rxu hvwlpdwlrq
whfkqltxhv dqg rxu dqdo|vlv ri wkh djjuhjdwlrq dqg vxssuhvvlrq ri h�hfwv wr wkh vwdq0
gdug ohdvw vtxduhv dqdo|vlv ri lqglylgxdo dqg �up h�hfwv wkdw kdyh ehhq hvwlpdwhg lq
rwkhu frqwh{wv1 Wkh prgho lv vwdwhg lq htxdwlrq +515, dqg wkh gh�qlwlrqv wkdw iroorz1
Zh xvh wkh vdph qrwdwlrq lq wklv dsshqgl{1

Wkhuh duh d wrwdo ri M �upv lqgh{hg e| m @ 4> ===> M 1 Wkh ixqfwlrq M+l> w, jlyhv
wkh lghqwlw| ri wkh hpsor|hu iru lqglylgxdo l lq shulrg w1 Iru hdfk lqglylgxdo l dqg
hdfk |hdu w @ ql4> ===> qlWl / d urz ri wkh pdwul{ I3 frqwdlqv dq lqglfdwru yduldeoh iru
zklfk wkh mwk froxpq frqwdlqv wkh ydoxh 4 dqg doo rwkhu froxpqv frqwdlq wkh ydoxh 3/
zkhuh m @ M+l> w,1 Wkh pdwul{ I3 lv/ wkxv/ Q� � M dqg wkh dvvrfldwhg yhfwru ri �up
h�hfwv/ !/ lv M � 41 D urz ri wkh pdwul{ I4frqwdlqv/ iru hdfk lqglylgxdo l dqg hdfk
|hdu w @ ql4> ===> qlWl / lq wkh mwk froxpq wkh ydoxh ri wkh lqglylgxdo*v vhqlrulw| lq wkh
�up m @ M+l> w,/ vlw/ dqg 3 lq doo rwkhu froxpqv1 D urz ri wkh pdwul{ I5 frqwdlqv/
iru hdfk lqglylgxdo l dqg hdfk |hdu w @ ql4> ===> qlWl / lq wkh mwk froxpq wkh ydoxh ri
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wkh lqglylgxdo*v vhqlrulw| lq wkh �up m @ M+l> w, ohvv 43 li wklv ydoxh lv srvlwlyh dqg 3
rwkhuzlvh/ W4+vlw�43,/ dqg 3 lq doo rwkhu froxpqv1 Wkh frpsohwh �up h�hfw fdq wkxv
eh uhsuhvhqwhg dv

I# @ I3!.I4� .I5�5

zkhuh I � ^ I3 I4 I5 ` dqg # � ^ !3 �3 �35 `31
Wkh huuru yhfwru/ %/ lv Q� � 4 dqg kdv wkh iroorzlqj surshuwlhv=

H^% m [>G>I ` @ 3

Ydu ^% m [>G>I ` @ �5LQ� =

Khqfh/ wkh ixoo uhjuhvvlrq htxdwlrq iru wkh prgho lq wkh pdlq wh{w ri wkh sdshu lv
jlyhq e|

| @ [� .G� .I3!. I4�4 .I5�5 . % +:14,

Iru frpsohwhqhvv zh qrwh wkdw wkh Q lqglylgxdov frqvwlwxwh d vlpsoh udqgrp vdp0
soh ri wkh srsxodwlrq ri shuvrqv hyhu hpsor|hg +rxwvlgh wkh jryhuqphqw vhfwru, eh0
wzhhq wkh |hduv 4<:9 dqg 4<;: +h{fhsw iru 4<;4 dqg 4<;6/ iru zklfk wkh gdwd zhuh qrw
pdgh dydlodeoh lq d frpsxwhul}hg vdpsoh,1 Lq jhqhudo/ wkh lqglylgxdov zhuh vdpsohg li
wkhlu eluwk gdwhv ihoo lq Rfwrehu ri dq hyhq |hdu1 Rqfh vdpsohg/ dq lqglylgxdo*v frp0
sohwh sulydwh0vhfwru hpsor|phqw klvwru| ehwzhhq wkh |hduv 4<:9 dqg 4<;: lv dydlodeoh/
djdlq h{fhsw iru wkh |hduv 4<;4 dqg 4<;61

Dw prvw S .Q.+6M�4, h�hfwv lq wkh ixoo prgho duh lghqwl�hg1 Wkh ohdvw vtxduhv
hvwlpdwru ri wkh frpsohwh vhw ri h�hfwv lv jlyhq e|597 e�e�e#

6:8 @

57 [3[ [3G [ 3I
G3[ G3G G3I
I 3[ I 3G I 3I

68� 57 [ 3|
G3|
I 3|

68 +:15,

zkhuh wkh qrwdwlrq ^`� uhsuhvhqwv dq| jhqhudol}hg lqyhuvh1 Wkh vwdqgdug phwkrg ri
fdofxodwlqj wkh ohdvw vtxduhv hvwlpdwhv ri wkh h�hfwv lv wr wdnh ghyldwlrqv iurp wkh
zlwklq0shuvrq phdqv ri wkh yduldeohv1 Wklv rshudwlrq lv dffrpsolvkhg e| suhpxowlso|0
lqj erwk vlghv ri htxdwlrq +:14, e| wkh pdwul{ PG �

k
L �G +G3G,�4G3

l
1 Wkh ohdvw

vtxduhv hvwlpdwru ri wkh lghqwl�deoh h�hfwv fdq/ wkhq/ eh uhvwdwhg dv% e�e#
&
@

�
[ 3PG[ [ 3PGI
I 3PG[ I 3PGI

�� �
[ 3PG|
I 3PG|

�
+:16,

Lw lv ehfdxvh wkh r�0gldjrqdo vxepdwul{ [ 3PGI lv qhlwkhu qxoo/ sdwwhuqhg/ qru vsduvh
wkdw zh fdqqrw gluhfwo| frpsxwh wkh vroxwlrq +:16,1 Ixuwkhupruh/ hyhq li zh xvh
wkh frqvlvwhqw hvwlpdwruv h� dqg h� iurp htxdwlrqv +61<, dqg +6143, dqg vhw �5 @ 3/
ehfdxvh ri wkh suhvhqfh ri wkh shuvrq h�hfwv/ wkh frqvlvwhqw hvwlpdwru iru h! edvhg
xsrq htxdwlrq +:16, lv h! @ +I 3

3PGI3,
�I 33PG+| �[h� �I4h�,>

zklfk vwloo uhtxluhv wkh vroxwlrq ri d v|vwhp ri M htxdwlrqv wkdw lv qhlwkhu gldjrqdo/
sdwwhuqhg/ qru vsduvh1
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:141 Frpsxwdwlrq ri wkh Frqglwlrqdo Hvwlpdwhv

Wkh fdofxodwlrq ri wkh vroxwlrq wr htxdwlrqv +614:, dqg +614;, iru wkh rughu0lqghshqghqw
dqg rughu0ghshqghqw +shuvrqv �uvw, phwkrgv gr qrw suhvhqw dq| sureohpv1 Wkh fdofx0
odwlrq ri htxdwlrq +6154, iru wkh rughu0lqghshqghqw dqg rughu0ghshqghqw +�upv �uvw,
phwkrgv lv/ krzhyhu/ pruh frpsolfdwhg1 Iru wkh rughu ghshqghqw phwkrg zlwk �upv
�uvw zh ohdyh I5�5 lq wkh prgho> krzhyhu/ zh gr qrw dwwhpsw wkh rughu lqghshqghqw
fdofxodwlrqv zlwk I5�5 lq wkh prgho1

Wr fdofxodwh e�/ zh uhrujdql}h wkh froxpqv ri I vr wkdw wkh froxpqv ri I3 dqg I4
iurp wkh vdph �up duh dgmdfhqw1 Qh{w/ zh vruw wkh pdwul{ I vr wkdw wkh revhuydwlrqv
duh jurxshg e| �up iurp m @ 4> ===> M 1 Ghqrwh wkh uhrujdql}hg I pdwul{ e| I � dqg
ghqrwh wkh frqirupdeo| uhrujdql}hg | dqg ] pdwulfhv e| |� dqg ]�/ uhvshfwlyho|1
Qrwh wkdw wkh furvv0surgxfw pdwul{ I�3I� lv eorfn gldjrqdo zlwk M eorfnv/ hdfk rqh
5� 5/ dqg d w|slfdo eorfn lv jlyhq e|597 Qm

S
M+l>w,@m

vlwS
M+l>w,@m

vlw
S

M+l>w,@m

v5lw

6:8
zkhuh

Qm �
[
;+l>w,

4^M+l> w, @ m`

wkh qrwdwlrq
S

M+l>w,@m

phdqv wr vxp ryhu doo +l> w, vxfk wkdw M+l> w, @ m/ dqg wkh ixqfwlrq

4^D` @ 4 li D lv wuxh dqg 3/ rwkhuzlvh1 Vlploduo|/ wkh furvv0surgxfw pdwul{ I �3]�/
zklfk lv 5M �T/ kdv wkh vwuxfwxuh=59999999997

S
M+l>w,@4

}+l>w,4 ===
S

M+l>w,@4

}+l>w,TS
M+l>w,@4

vlw}+l>w,4 ===
S

M+l>w,@4

vlw}+l>w,T

=== === ===S
M+l>w,@M

}+l>w,4 ===
S

M+l>w,@M

}+l>w,TS
M+l>w,@M

vlw}+l>w,4 ===
S

M+l>w,@M

vlw}+l>w,T

6:::::::::8
=

Wkh surgxfw +I �3I �,�4I�3]� lv/ wkhuhiruh/ d 5M�T pdwul{ ri �up0vshfl�f uhjuhvvlrq
frh!flhqwv1 D vlplodu dujxphqw fdq eh pdgh iru wkh frh!flhqwv dvvrfldwhg zlwk
wkh uhjuhvvlrq ri |� rq ]�1 Khqfh/ wkh dgmxvwphqw ri ]� zlwk uhvshfw wr I � fdq
eh dffrpsolvkhg shuiruplqj �up e| �up uhjuhvvlrq ri wkh dssursuldwh urzv ri hdfk
froxpq ri ]� rq wkh dssursuldwh froxpqv ri I� dqg uhwdlqlqj wkh uhvlgxdov wr fxpxodwh
lq wkh furvv0surgxfw pdwulfhv +]�3PI�]�, dqg +]�3PI �|�,1 Wkxv

e� @ +]�3PI�]�,�4+]�3PI �|�,>

zkhuh zh qrwh wkdw lw lv qrw qhfhvvdu| wr dgmxvw |� zlwk uhvshfw wr I� dv orqj dv hdfk
froxpq ri ]� kdv ehhq dgmxvwhg +l1h1 wkh pdwul{ PI � lv lghpsrwhqw,1
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D frpsxwdwlrqdoo| lghqwlfdo dssurdfk wr wkh hvwlpdwlrq ri � pd| eh rewdlqhg e|
gluhfwo| vroylqj wkh ohdvw vtxduhv htxdwlrqv dvvrfldwhg zlwk wkh vroxwlrq ri +6153,1 Wr
ehjlq/ qrwlfh wkdw wkh ohdvw vtxduhv vroxwlrq wr wklv htxdwlrq kdv wkh surshuw|[

M+l>w,@m

�
|lw � !m � �mvlw � }lw�

�
@ 3

iru m @ 4> ===> M / zkhuh wkh yduldeoh }lw lv d urz ri wkh pdwul{ ]1 Wkhvh M frqglwlrqv
lpso| e!m @ |m � e�mvm � }me� +:17,

zkhuh wkh qrwdwlrq

dm �

S
M+l>w,@m

dlwS
;+l>w,

4 ^M+l> w, @ m`
=

Qh{w/ frqvlghu wkh M ruwkrjrqdolw| frqglwlrqv dvvrfldwhg zlwk wkh yduldeoh vlw zklfk
lpso| [

M+l>w,@m

�
|lwvlw � e!mvlw � e�mv5lw � }lwvlwe�� @ 3

iru m @ 4> ===> M 1 Khqfh/

e�m @
S

M+l>w,@m

��
|lw � |m

�
vlw � +}lw � }m, vlwe��S

M+l>w,@m

+vlw � vm, vlw
= +:18,

Vxevwlwxwlqj htxdwlrqv +:17, dqg +:18, lqwr +614<, |lhogv

|lw � |m �

� S
M+l>w,@m

+|lw�|m,vlw

�
+vlw�vm , 4+M+l>w,@m,S

M+l>w,@m

+vlw�vm ,vlw

@

3EEC}lw � }m �

� S
M+l>w,@m

+}lw�}m ,vlw

�
++vlw�vm , 4+M+l>w,@m,,S

M+l>w,@m

+vlw�vm ,vlw

4FFD�

+:19,

Wkxv/ wkh ohdvw vtxduhv hvwlpdwru ri wkh T� 4 yhfwru � lv jlyhq e|

e� @
�h] 3 h]��4 h]3h|

zkhuh wkh 4�T yhfwru

h}lw � }lw � }m �

% S
M+l>w,@m

+}lw � }m, vlw

&
++vlw � vm, 4 +M+l> w, @ m,,S

M+l>w,@m

+vlw � vm, vlw
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dqg wkh vfdodu

h|lw � |lw � |m �

% S
M+l>w,@m

�
|lw � |m

�
vlw

&
+vlw � vm, 4 +M+l> w, @ m,S

M+l>w,@m

+vlw � vm, vlw
=

Ilqdoo|/ xvlqj hlwkhu frpsxwdwlrqdo irupxod iru wkh hvwlpdwru e�/ zh kdyh599997
e!4e�4
===e!Me�M

6::::8 @ +I�3I�,�4I�3+|� � ]�e�, +:1:,

zklfk/ rqfh djdlq/ fdq eh frpsxwhg �up0e|0�up xvlqj wkh dssursuldwh froxpqv ri
I� dqg wkh dssursuldwh urzv ri +|� �]�e�,/ vr wkdw=

� e!me�m
�
@

597 Qm

S
M+l>w,@m

v+l>w,S
M+l>w,@m

v+l>w,
S

M+l>w,@m

v5+l>w,

6:8
�4

599997
S

M+l>w,@m

#
|�+l>w, �

TS
t@4

}�+l>w,te�t
$

S
M+l>w,@m

#
|�+l>w, �

TS
t@4

}�+l>w,te�t
$
v+l>w,

6::::8
:151 Ohdvw Vtxduhv dqg Rxu Frqglwlrqdo Phwkrgv

Frqvlghu qh{w wkh uhodwlrq ehwzhhq rxu frqglwlrqdo phwkrg hvwlpdwruv dqg wkh frq0
yhqwlrqdo ohdvw vtxduhv hvwlpdwru1 Ehfdxvh wklv dsshqgl{ frqwdlqv wkh surriv ri wkh
fodlpv lq wkh sdshu/ zh xvh wkh ixoo prgho lq htxdwlrq +:14,1 Wkh frqglwlrqdo phwkrg
pdwul{ ] fdq eh h{suhvvhg dv

] �

5999999997

{4iM+4>q44,
===

{4iM+4>q4W4 ,
===

{QiM+Q>qQ4,

===
{QiM+Q>qQWQ

,

��������������

{4v4q44iM+4>q44,
===

{4v4q4W4iM+4>q4W4 ,
===

{QvQqQ4iM+Q>qQ4,

===
{QvQqQWQ

iM+Q>qQWQ
,

��������������

{4 W4+v4q44 � 43,iM+4>q44,
===

{4W4+v4q4W4 � 43,iM+4>q4W4 ,
===

{Q W4+vQqQ4 � 43,iM+Q>qQ4,

===
{Q W4+vQqQWQ

� 43,iM+Q>qQWQ
,

6::::::::8
zkhuh {l duh wkh urzv ri +G3G,�4G3[F/ F lv d S � T

6 pdwul{ wkdw vhohfwv T
6 froxpqv

ri [ wr sodfh lq wkh ] pdwul{/ W4+}, lv wkh �uvw rughu vsolqh edvlv ixqfwlrq gh�qhg lq
wkh wh{w ri wkh duwlfoh/ dqg doo rwkhu yduldeohv duh gh�qhg deryh1 Khqfh/ ] lv Q� �T1
Zh h{suhvv wkh surmhfwlrq ri I# rq ] dv

I3!.I4�4 . I5�5 @ ]� . �

zkhuh wkh yhfwru � lv T � 4 dqg wkh huuru surfhvv � lv gh�qhg dv wkh frpsrqhqw ri
wkh �up h�hfw wkdw lv ruwkrjrqdo wr ]�1 Wkh vwdwlvwlfdo htxdwlrq vxevwlwxwlqj wkh
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surmhfwlrq ri wkh �up h�hfwv iru wkh dfwxdo �up h�hfwv lv jlyhq e|

| @ [� .G� .]� . %. �

zlwk dq huuru surfhvv %. � zlwk wkh iroorzlqj surshuwlhv

H^%. � m [>G>]` @ 3

Ydu ^%. � m [>G>]` @ �54LQ�

zkhuh �54 lv wkh yduldqfh ri %lw . �lw iru doo +l> w, wkdw duh sduw ri Q�1 Dv d gluhfw
frqvhtxhqfh ri wklv vwdwlvwlfdo prgho zh duh dvvxplqj wkh iroorzlqj ruwkrjrqdolw|
frqglwlrq= �

[ 3+I3!.I4�4 . I5�5 �]�,
G3+I3!.I4�4 . I5�5 �]�,

�
@ 3> +:1;,

zklfk phdqv wkdw wkh froxpqv ri ] vkrxog eh fkrvhq wr pd{lpl}h wkh fruuhodwlrq
ri [ dqg G zlwk I3! . I4�4 . I5�51 Zh fdofxodwh wkh zlwklq0shuvrq ohdvw vtxduhv
hvwlpdwru iru � dqg � xvlqj wkh irupxod% e�e�

&
@

�
[ 3PG[ [ 3PG]
] 3PG[ ]3PG]

�� �
[ 3PG|
] 3PG|

�
Wkh surri ri wkh frqvlvwhqf| ri wklv hvwlpdwru iroorzv gluhfwo| iurp wkh frqglwlrq +:1;,

vr wkdw wkh dv|pswrwlf glvwulexwlrq ri
k e�3 e�3 l3 lv jlyhq e| wkh xvxdo ohdvw vtxduhv

irupxodv1

:161 Djjuhjdwlrq ri H�hfwv

Zh frqvlghu qh{w wkh frqvhtxhqfhv ri ydulrxv djjuhjdwlrqv dqg vxevwlwxwlrqv rq wkh
ohdvw vtxduhv hvwlpdwruv ri wkh ydulrxv h�hfwv lq wkh prgho 5151 Wkh dojheud iru doo ri
wkh djjuhjdwlrqv frqvlghuhg lq vhfwlrq 5 lv lghqwlfdo vr zh zloo glvfxvv rqo| wkh jhqhulf
fdvh lq wklv dsshqgl{1 Dq djjuhjdwlrq ri wkh �up h�hfw fdq eh gh�qhg dv dq ruwkrjrqdo
ghfrpsrvlwlrq ri wkh ri wkh �up h�hfw lqwr d sduw uhodwhg wr wkh djjuhjdwlrq dqg d
sduw wkdw uhsuhvhqwv wkh uhvlgxdo iurp wklv djjuhjdwlrq1 Zh frqvlghu wkh lqgxvwu|
djjuhjdwlrq jlyhq e| wkh pdwul{ D dqg wkh sdudphwhuv �/ gh�qhg lq vhfwlrq 51

Wkh prgho +515, fdq eh uhvwdwhg dv

| @ [� .G� .ID�. +LQ� �ID+D3I 3ID,�D3I 3,I# . % +:1<,

Li wkh �up h�hfwv duh rplwwhg iurp wkh prgho/ wkhq wkh vwdwlvwlfdo huuru ehfrphv

� � +LQ� � ID+D3I 3ID,�D3I 3,I# . % +:143,

E| frqvwuxfwlrq/ wkh ghvljq pdwulfhv ID dqg +LQ� � ID+D3I 3ID,�D3I 3,I duh ru0
wkrjrqdo1 Krzhyhu/ qhlwkhu ghvljq pdwul{ lv ruwkrjrqdo wr [ ru G1 Wkxv/ wkh ohdvw
vtxduhv hvwlpdwhv ri wkh sxuh fodvv h�hfwv/ �/ vx�hu iurp dq h{foxghg yduldeoh eldv
zkhq wkh| duh hvwlpdwhg lq wkh devhqfh ri �up h�hfwv1 Vshfl�fdoo|/ wkh zlwklq0shuvrq
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ohdvw vtxduhv hvwlpdwru ri wkh h�hfwv �� dqg �� iurp htxdwlrq +:1<, zlwk wkh huuru
whup gh�qhg e| htxdwlrq +:143, lv� e��e��

�
@

�
[ 3PG[ [ 3PGID
D3I 3PG[ D3I 3PGID

�� �
[3PG[� .[ 3PGID�.[ 3PG�

D3I 3PG[� .D3I 3PGID� .D3I 3PG�

�
=

E| gluhfw fdofxodwlrq ri wkh sduwlwlrqhg J0lqyhuvh zh kdyh

solp
Q$4

e�� @ ��T�
�
D3I 3PG[+[ 3PG[,�[3PG

� �
LQ� �ID+D3I 3ID,�D3I 3

�
I#

zkhuh
T �

�
D3I 3PGID�D3I 3PG[+[ 3PG[,�[3PGID

�
=

E| lqvshfwlrq zh qrwh wkdw wkh vrxufh ri wkh lqfrqvlvwhqf| lq wkh zlwklq0shuvrqv
ohdvw vtxduhv hvwlpdwru ri wkh fodvv h�hfwv � lv wkh fryduldqfh ehwzhhq wkh revhuyhg
fkdudfwhulvwlfv/ [/ dqg wkh sduw ri wkh �up h�hfwv wkdw lv qrw fruuhodwhg zlwk wkh
lqgxvwu| h�hfwv/ +LQ� �ID+D3I 3ID,�D3I 3,I / frqglwlrqdo rq wkh shuvrq h�hfwv G1

Iru frpsohwhqhvv zh qrwh wkdw li wkh sxuh fodvv h�hfw/ vd| ����/ lv gh�qhg wr eh
uhsuhvhqwdwlyh ri �upv/ dqg qrw ri lqglylgxdov/ wkhq

���� � +D3D,�D3#

Xvlqj wklv gh�qlwlrq ri wkh sxuh fodvv h�hfw/ wkhuh zloo eh dq dgglwlrqdo whup lq wkh
suredelolw| olplw ri e���� wkdw jlyhv wkh djjuhjdwlrq eldv dvvrfldwhg zlwk hvwlpdwlqj
wklv sxuh fodvv h�hfw xvlqj wkh �up ghvljq pdwul{ I dqg d vdpsolqj sodq wkdw lv
uhsuhvhqwdwlyh ri shuvrqv1 Wr rxu nqrzohgjh/ qrqh ri wkh duwlfohv flwhg lq wklv sdshu
wkdw hvwlpdwh lqgxvwu| ru vl}h h�hfwv iurp vdpsohv wkdw duh uhsuhvhqwdwlyh ri wkh srs0
xodwlrq ri hpsor|hg lqglylgxdov xvh d gh�qlwlrq ri d fodvv h�hfw wkdw lv uhsuhvhqwdwlyh
ri wkh srsxodwlrq ri �upv1

:171 Ilup H�hfwv Wkdw Ghshqg rq Ilup0ohyho Gdwd

Vxssrvh qh{w wkdw wkh �up h�hfw/ #/ ghshqgv xsrq d qrq0wlph0ydu|lqj fkdudfwhulvwlf
ri wkh �up ryhu wkh vdpsoh shulrg1 Ohw wkh M � 4 yhfwru i frqwdlq wkh fkdudfwhulvwlf
ri �up m/ ohvv wkh judqg phdq/ lq hdfk urz1 Wkh judqg phdq vkrxog eh fdofxodwhg
ryhu wkh srsxodwlrq ri hpsor|hg lqglylgxdov vr wkdw wkh dyhudjh �up h�hfw lq wkh
srsxodwlrq ri shuvrqv uhpdlqv }hur1 Ehfdxvh wkh sdudphwhuv ri rxu �up h�hfwv duh
frqvwdqw ryhu wlph/ zh fdqqrw qhvw d prgho ri wlph0ydu|lqj �up fkdudfwhulvwlfv lq
htxdwlrq +515,1 Wkh sxuh �up h�hfwv fdq eh ghfrpsrvhg lqwr wkh sduw wkdw lv olqhduo|
uhodwhg wr i dqg d uhvlgxdo iurp wklv olqhdu uhodwlrq=

# @ i� .  

zkhuh � lv d vfdodu sdudphwhu uhodwlqj wkh �up*v fkdudfwhulvwlf wr lwv �up h�hfw dqg
wkh M�4 yhfwru  jlyhv wkh uhvlgxdo iurp wklv surmhfwlrq1 E| dq dujxphqw frpsohwho|
dqdorjrxv wr wkh rqh zh xvhg iru sxuh fodvvl�fdwlrq h�hfwv/ lw fdq eh vkrzq wkdw wkh
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zlwklq0shuvrq ohdvw vtxduhv hvwlpdwru ri � lv dovr lqfrqvlvwhqw ehfdxvh [ dqg  duh
qrw ruwkrjrqdo/ frqglwlrqdo rq G1 Vshfl�fdoo|/

solp
Q$4

e� @ � .
4

t
i 3IPG

�
LQ� �[+[3PG[,�[ 3

�
PGI +# � i�,

zkhuh t � i 3I 3PGIi � i 3I 3PG[+[3PG[,�[ 3PGIi 1

;1 Gdwd Dsshqgl{

Wklv Dsshqgl{ frqwdlqv ghwdlov ri wkh gh�qlwlrqv ri yduldeohv/ plvvlqj gdwd lpsxwdwlrq/
dqg vwdwlvwlfdo fdofxodwlrqv qrw uhsruwhg lq wkh wh{w1

;141 Hgxfdwlrq dqg Vfkrro0Ohdylqj Djh

Rxu lqlwldo GDV �oh glg qrw frqwdlq hgxfdwlrq lqirupdwlrq1 Zh xvhg vxssohphqwdu|
lqirupdwlrq dydlodeoh iru d vwulfw vxevdpsoh ri wkh GDV/ +fdoohg wkh HGS/ Hfkdqwloorq
gìprjudskltxh shupdqhqw, wr lpsxwh wkh ohyho ri hgxfdwlrq ri doo rwkhu lqglylgxdov
lq wkh GDV dv ghvfulehg lq vhfwlrq 71 Wkh hgxfdwlrq uhvsrqvhv zhuh jurxshg lqwr ;
ghjuhh0ohyho fdwhjrulhv dv vkrzq lq Gdwd Dsshqgl{ Wdeoh E41 HGS vdpsoh vwdwlvwlfv
iru wkh phq duh lq Gdwd Dsshqgl{ Wdeoh E5/ dqg wkrvh iru wkh zrphq duh lq Gdwd
Dsshqgl{ Wdeoh E61 Wkh hvwlpdwhg orjlw htxdwlrqv duh lq Gdwd Dsshqgl{ Wdeoh E7
iru phq dqg Gdwd Dsshqgl{ Wdeoh E8 iru zrphq1

;151 Vhqlrulw| dqg Oderu Irufh H{shulhqfh

Lq rughu wr lpsxwh d ohyho ri vhqlrulw| iru ohiw0fhqvruhg hpsor|phqw vshoov/ zh udq
uhjuhvvlrqv +vhsdudwho| iru phq dqg zrphq, ri vhqlrulw| rq d vhw ri ghprjudsklf dqg
rffxsdwlrqdo fkdudfwhulvwlfv xvlqj gdwd iurp wkh 4<:; Vdodu| Vwuxfwxuh Vxuyh| +HVV/
Hqtxíwh vxu od vwuxfwxuh ghv vdodluhv,1 Wkh uhvxowv iru phq duh vkrzq lq htxdwlrq
+;14, dqg wkh uhvxowv iru zrphq duh lq +;15,1 Doo uhjuhvvlrqv lqfoxghg frqwurov iru ;<
lqgxvwulhv1
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vhqlrulw|lw @ 5=846
+3=3;4,
.47=484 ^GREl � 4<57` .45=;53 ^4<58 � GREl � 4<5<`
+3=39:, +3=39:,
.43=5<< ^4<63 � GREl � 4<67` .:=778 ^4<68 � GREl � 4<6<`
+3=399, +3=39:,
.7=:7; ^4<73 � GREl � 4<77` .5=89< ^4<78 � GREl � 4<7<`
+3=39:, +3=398,
.3=945 ^4<83 � GREl � 4<87` �3=975 ^4<88 � GREl � 4<8<`
+3=398, +3=39:,
.7=36< FVS63lw .7=<6< FVS73lw
+3=36;, +3=364,
.4=;;8 FVS83lw .5=;<; FVS94lw
+3=36:, +3=35:,
�3=<8; Loh gh Iudqfhlw
+3=359,

Q @ 87:>:79
U5 @ 3=794

+;14,
vhqlrulw|lw @ 5=447

+3=3;7,
.45=99< ^GREl � 4<57` .44=347 ^4<58 � GREl � 4<5<`
+3=3:7, +3=3:8,
.;=<:< ^4<63 � GREl � 4<67` .:=5:; ^4<68 � GREl � 4<6<`
+3=3:6, +3=3:7,
.8=<;< ^4<73 � GREl � 4<77` .7=937 ^4<78 � GREl � 4<7<`
+3=3:8, +3=3:3,
.5=;55 ^4<83 � GREl � 4<87` .3=974 ^4<88 � GREl � 4<8<`
+3=39;, +3=39;,
.8=449 FVS63lw .8=:;< FVS73lw
+3=3;5, +3=38:,
.4=775 FVS83lw .5=75< FVS94lw
+3=36:, +3=387,
�3=<;; Loh gh Iudqfhlw
+3=364,

Q @ 593>8;3
U5 @ 3=6:6

+;15,
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zkhuh

GREl @ Gdwh ri Eluwk ri Lqglylgxdo l
FVS63lw @ 4 li l lv d Hqjlqhhu/ Surihvvlrqdo ru Pdqdjhu
FVS73lw @ 4 li l lv Whfkqlfldq ru Whfkqlfdo Zklwh0Froodu
FVS83lw @ 4 li l lv dq| rwkhu Zklwh0Froodu
FVS94lw @ 4 li l lv d Vnloohg Eoxh0Froodu
FVS95lw @ 4 li l lv dq Xqvnloohg Eoxh0Froodu +rplwwhg,

Loh gh Iudqfhlw @ 4 li wkh hvwdeolvkphqw lv lq Loh0gh0Iudqfh1

+;16,

Wkh h{foxghg gdwh ri eluwk fdwhjru| zdv 4<93 � GREl1 Wkh frh!flhqwv rq wkh
lqgxvwu| lqglfdwruv duh qrw vkrzq1

Wr frpsxwh wkh ydoxhv ri vhqlrulw| dqg oderu irufh h{shulhqfh/ zh xvhg wkh iroorzlqj
dojrulwkpv1 Li wkh lqglylgxdo zdv ohiw0fhqvruhg dqg wkh lpsxwhg mre vhqlrulw| zdv
qhjdwlyh/ zh vhw mre vhqlrulw| sulru wr 4<:9 wr }hur1 Li wkh lqglylgxdo zdv �uvw revhuyhg
diwhu 4<:9/ zh dvvxphg wkdw mre vhqlrulw| rq wkdw mre sulru wr wkh gdwh ri wkh �uvw
GDV revhuydwlrq iru wkh lqglylgxdo zdv }hur1 Li wkh djh dw wkh gdwh ri dq| revhuydwlrq
+4<:9 ru rwkhuzlvh, zdv ohvv wkdq wkh h{shfwhg vfkrro0ohdylqj djh/ erwk wrwdo oderu
irufh h{shulhqfh dqg sulru mre vhqlrulw| zhuh vhw wr }hur1 Lq doo rwkhu fdvhv +zkhq
wkh djh zdv juhdwhu wkdq wkh h{shfwhg vfkrro0ohdylqj djh,/ zh fdofxodwhg wrwdo oderu
pdunhw h{shulhqfh dqg mre vhqlrulw| dv iroorzv1 Li wkh revhuydwlrq zdv wkh hduolhvw
dsshdudqfh ri wkh lqglylgxdo lq rxu gdwd/ zh vhw mre vhqlrulw| htxdo wr mre vhqlrulw| xs
wr wkh gdwh ri wkh �uvw revhuydwlrq soxv wkh qxpehu ri gd|v zrunhg iru wkdw hqwhusulvh
lq wkh |hdu ri wkh �uvw revhuydwlrq/ glylghg e| 693 dqg zh vhw wrwdo oderu pdunhw
h{shulhqfh wr wkh fxuuhqw djh ohvv wkh vfkrro0ohdylqj djh1 Li wkh revhuydwlrq zdv qrw
wkh �uvw iru wkh lqglylgxdo exw wkhuh zdv dq revhuydwlrq lq wkh suhylrxv |hdu iru wkh
shuvrq76 / zh dgghg 4 wr wrwdo oderu pdunhw h{shulhqfh1 Li wkh lqglylgxdo zdv hpsor|hg
iru wkh pdmrulw| ri wkh fxuuhqw |hdu e| wkh vdph hqwhusulvh wkdw hpsor|hg klp ru khu
iru wkh pdmrulw| ri wkh suhylrxv |hdu/ l1h1 VLUHQw @ VLUHQw�4/ zh dgghg 4 wr wkh
ohyho ri vhqlrulw| dw w � 41 Li VLUHQw 9@ VLUHQw�4/ zh vhw vhqlrulw| htxdo wr wkh
qxpehu ri gd|v zrunhg glylghg e| 6931

Li/ rq wkh rwkhu kdqg/ wkhuh zdv qr revhuydwlrq lq wkh suhylrxv |hdu/ zh glvwlq0
jxlvkhg ehwzhhq w @4<;5 ru w @4<;7 dqg rwkhu |hduv1 Zkhq w 9@4<;5 ru 4<;7/ wrwdo
oderu pdunhw h{shulhqfh zdv lqfuhdvhg e| 4 +uh hfwlqj h{shulhqfh jdlqhg lq wkh |hdu ri
wkh revhuydwlrq,1 Li wkh fxuuhqw VLUHQ dqg wkh prvw uhfhqw suhylrxv VLUHQ zhuh
wkh vdph/ zh dgghg wkh qxpehu ri gd|v zrunhg glylghg e| 693 wr wkh prvw uhfhqw
suhylrxv ohyho ri vhqlrulw|1 Wklv lv vlplodu wr dvvxplqj wkdw wkh zrunhu zdv whpsrudu0
lo| odlg r�/ exw uhwdlqhg klv ru khu vhqlrulw| lq wkh �up zkhq uhfdoohg1 Rwkhuzlvh/ zh
vhw vhqlrulw| wr wkh qxpehu ri gd|v zrunhg glylghg e| 6931

Lq wkh fdvh zkhuh w @4<;5 ru w @4<;7/ li wkh suhfhglqj revhuydwlrq zdv 5 |hduv
hduolhu +l1h1 wkh plvvlqj gdwd rqo| rffxuuhg ryhu d shulrg zkhq qr gdwd zhuh dydlodeoh

76Wkh vwuxfwxuh ri rxu gdwdedvh lv vxfk wkdw wklv frqglwlrq +revhuydwlrqv iru lqglylgxdo � dw erwk
| dqg | 3 �, frxog rqo| idlo wr eh vdwlv�hg xqghu 6 frqglwlrqv1 Wkh �uvw lv wkdw wkh lqglylgxdo
zdv hpsor|hg lq wkh flylo vhuylfh lq wkh lqwhuyhqlqj |hduv1 Wkh vhfrqg lv wkdw wkh lqglylgxdo zdv
xqhpsor|hg iru dq hqwluh fdohqgdu |hdu1 Wkh wklug lv wkdw | '4<;5 ru | '4<;7/ vlqfh zh zhuh qrw
jlyhq dffhvv wr wkh gdwd iru 4<;4 ru 4<;61 Zh odujho| glvfrxqw wkh �uvw srvvlelolw| iru wkh uhdvrqv
phqwlrqhg lq wkh wh{w1 Wkh rwkhu wzr srvvlelolwlhv duh wuhdwhg h{solflwo|1
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iru dq| lqglylgxdo,/ zh lqfuhdvhg wrwdo oderu pdunhw h{shulhqfh e| 51 Li VLUHQw�5 @
VLUHQw/ vhqlrulw| zdv lqfuhdvhg e| 51 Li VLUHQw�5 9@ VLUHQw/ vhqlrulw| zdv
lqfuhdvhg e| 318 soxv wkh qxpehu ri gd|v zrunhg glylghg e| 69377 1

Li wkh suhfhglqj revhuydwlrq zdv pruh wkdq 5 |hduv hduolhu/ zh lqfuhdvhg wrwdo oderu
pdunhw h{shulhqfh e| 41878 1 Li wkh fxuuhqw VLUHQ dqg wkh prvw uhfhqw suhylrxv
VLUHQ zhuh wkh vdph/ zh dgghg wkh qxpehu ri gd|v zrunhg glylghg e| 693 soxv
318 wr wkh prvw uhfhqw suhylrxv ohyho ri vhqlrulw|1 Wklv lv vlplodu wr dvvxplqj wkdw wkh
zrunhu zdv uhfdoohg iurp whpsrudu| od|r� zlwk htxdo suredelolw| lq wkh revhuydwlrq
|hdu dqg lq wkh plvvlqj |hdu1 Li wkh wzr VLUHQv zhuh gl�huhqw/ zh vhw vhqlrulw| wr
318 soxv wkh qxpehu ri gd|v zrunhg glylghg e| 6931

;161 Holplqdwlrq ri Rxwolhuv

Zh udq d vwdqgdug orj hduqlqjv uhjuhvvlrq +wkh ghshqghqw yduldeoh zdv wkh orjdulwkp
ri uhdo dqqxdol}hg frpshqvdwlrq frvw/ OIUDLVUH/ wkh vdph rqh xvhg lq wkh dqdo|vhv
uhsruwhg lq Wdeohv LL0[LL, rq rxu GDV gdwd dqg frqvlghuhg doo revhuydwlrqv wkdw zhuh
pruh wkdq 8 vwdqgdug ghyldwlrqv dzd| iurp wkhlu suhglfwhg ydoxhv dv rxwolhuv1 Wkhvh
revhuydwlrqv zhuh glvfdughg1 Wkh hvwlpdwhg frh!flhqwv ri wklv hduqlqjv uhjuhvvlrq duh
vkrzq lq htxdwlrq +;17,1

77Zh dvvxphg wkdw wkh suredelolw| wkh lqglylgxdo zdv uhhpsor|hg lq wkh plvvlqj |hdu zdv htxdo
wr wkh suredelolw| wkdw wkh lqglylgxdo zdv uhhpsor|hg lq wkh revhuydwlrq |hdu1 Wkxv wkh h{shfwhg

lqfuhphqw wr mre vhqlrulw| lv wkh vkduh ri wkh |hdu zrunhg lq wkh revhuydwlrq |hdu soxv
�
�

2
u f
�
n�
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2
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�
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78Zh dvvxphg wkdw wkh suredelolw| wkh lqglylgxdo zdv uhhpsor|hg lq wkh plvvlqj |hdu zdv htxdo
wr wkh suredelolw| wkdw wkh lqglylgxdozdv uhhpsor|hg lq wkh revhuydwlrq |hdu1 Wkxv wkh h{shfwhg

lqfuhphqw wr wrwdo oderu pdunhw h{shulhqfh lv
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OIUDLVUHlw @ �6=583
+3=338,
.3=543 Pdohl .3=456 Loh gh Iudqfhlw
+3=333, +3=333,
.3=3;5 \hduw .3=389 Ghjuhh Fdwhjru| 5l
+3=333, +3=335,
.3=748 Ghjuhh Fdwhjru| 6l .3=95: Ghjuhh Fdwhjru| 7l
+3=335, +3=336,
.3=599 Ghjuhh Fdwhjru| 8l .3=975 Ghjuhh Fdwhjru| 9l
+3=334, +3=336,
.3=97; Ghjuhh Fdwhjru| :l .4=754 Ghjuhh Fdwhjru| ;l
+3=335, +3=336,
.3=388 H{shulhqfhlw �3=555 H{shulhqfh5lw
+3=333, +3=336,
.3=385 H{shulhqfh6lw �3=338 H{shulhqfh7lw
+3=334, +3=333,

Q @ 8> 658>685
U5 @ 3=76:
� @ 3=7::

+;17,

;171 Gh�qlwlrq ri ] Yduldeohv dqg Frh!flhqwv lq wkh Frqglwlrqdo Phwkrg

Gdwd Dsshqgl{ Wdeoh E9 frqwdlqv wkh gh�qlwlrqv/ uhjuhvvlrq frh!flhqwv/ dqg frhi0
�flhqw vwdqgdug huuruv iru wkh ] yduldeohv xvhg lq hvwlpdwlqj wkh vwdwlvwlfdo prgho
+614:, dv uhsruwhg lq Wdeoh LLL lq wkh froxpq odehoohg �Frqglwlrqdo Phwkrg Shuvrqv
Iluvw1�

;181 Srrohg Uhjuhvvlrq iru Rughu0Ghshqghqw Shuvrqv0Iluvw Hvwlpdwlrq

Uhfryhu| ri wkh �up h�hfwv zdv grqh lq wkh frqglwlrqdo phwkrgv rq d �up0e|0�up
edvlv1 Doo revhuydwlrqv fruuhvsrqglqj wr �upv iru zklfk wkhuh zhuh ihzhu wkdq 43
revhuydwlrqv zhuh jurxshg wrjhwkhu dqg lqfoxghg lq d vlqjoh/ srrohg uhjuhvvlrq1 Wkh
uhvxowv ri wklv uhjuhvvlrq iru wkh srrohg ��up� lq wkh rughu0ghshqghqw/ shuvrqv0�uvw
fdvh duh vkrzq lq htxdwlrq +;18,1 Wkh uhvxowv iru wkh rughu0lqghshqghqw srrohg ��up�
duh qrw vkrzq1

GOIUDLVUlw @ �3=35; .3=336 vlw �3=338 W4+vlw � 43,
+616:8h07, +;17:9h08, +41::5h07,

Q @ 4> 686>:<7
U5 @ 3=3346

+;18,
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;191 Frqvwuxfwlrq ri wkh Rshudwlqj Lqfrph Yduldeoh

Wkh rshudwlqj lqfrph yduldeoh +h{fhghqw euxw g*h{sorlwdwlrq, zdv frqvwuxfwhg dv lq
wkh iroorzlqj htxdwlrq=

HEH @ yhqwhv gh pdufkdqglvhv +phufkdqglvh vrog,
� dfkdw gh pdufkdqglvhv +phufkdqglvh sxufkdvhg,
� yduldwlrq gh vwrfn gh pdufkdqglvhv

+yduldwlrq lq phufkdqglvh lqyhqwru|,
. yhqwhv gh elhqv +jrrgv vrog,
. yhqwhv gh vhuylfhv +vhuylfhv vrog,
. surgxfwlrq vwrfnìh +lqyhqwrulhg surgxfwlrq,
. surgxfwlrq lpprelolvìh +xq�qlvkhg surgxfwlrq,
� dfkdwv gh pdwlëuhv suhplëuhv +sulpdu| pdwhuldov sxufkdvhg,
� yduldwlrq gh vwrfnv vxu pdwlëuhv suhplëuhv

+yduldwlrq ri sulpdu| pdwhuldov lqyhqwrulhv,
� dxwuhv dfkdwv hw fkdujhv h{whuqhv

+rwkhu sxufkdvhv dqg rxwvlgh fkdujhv,
. vxeyhqwlrqv g*h{sorlwdwlrq +lqfhqwlyhv iru surgxfwlrq,
� lps÷wv/ wd{hv hw yhuvhphqwv dvvlploìv

+ydoxh dgghg wd{ dqg rwkhu dffuxhg wd{hv rq
ru fuhglwv iru surgxfwlrq,

� vdodluhv hw wudlwhphqwv +vdodulhv dqg ehqh�wv,
� fkdujhv vrfldohv +sd|uroo wd{hv,

+;19,

Uhihuhqfhv

^4` Derzg/ Mrkq P1 +4<;<,= �Wkh H�hfw ri Zdjh Edujdlqv rq wkh Vwrfn Pdunhw
Ydoxh ri wkh Ilup/� Dphulfdq Hfrqrplf Uhylhz/ :</ ::70;331

^5` Derzg/ Mrkq P1 +4<<3,= �Grhv Shuirupdqfh0Edvhg Pdqdjhuldo Frpshqvdwlrq
D�hfw Frusrudwh Shuirupdqfh/� Lqgxvwuldo dqg Oderu Uhodwlrqv Uhylhz/ 76/ V850
V:61

^6` Derzg/ Mrkq P1 dqg Odxuhqfh Doodlq +4<<9,= �Frpshqvdwlrq Vwuxfwxuh dqg
Surgxfw Pdunhw Frpshwlwlrq/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 53:0
54:1

^7` Derzg/ Mrkq P1 dqg Gdylg Fdug +4<;<,= �Rq wkh Fryduldqfh Vwuxfwxuh ri Hduq0
lqjv dqg Krxuv Fkdqjhv/� Hfrqrphwulfd/ 8:/ 74407781

^8` Derzg/ Mrkq P1/ Mrkq Kdqqrq/ Jhrujh Plonrylfk +4<<3,= �Wkh H�hfwv ri Kx0
pdq Uhvrxufh Pdqdjhphqw Ghflvlrqv rq Vkduhkroghu Ydoxh/� Lqgxvwuldo dqg Od0
eru Uhodwlrqv Uhylhz/ 76/ V5360V5691

^9` Derzg/ Mrkq P1 dqg Iudqflv Nudpdu}1 +4<<6,= �D Whvw ri Qhjrwldwlrq dqg
Lqfhqwlyh Frpshqvdwlrq Prghov Xvlqj Orqjlwxglqdo Iuhqfk Hqwhusulvh Gdwd/� lq
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Oderxu Ghpdqg dqg Htxloleulxp Zdjh Irupdwlrq/ hg1 e| M1F1 ydq Rxuv/ J1D1
Sidqq/ dqg J1 Ulgghu1 Dpvwhugdp= Qruwk0Kroodqg/ ss1 44404791

^:` Derzg/ Mrkq P1 dqg Iudqflv Nudpdu} +4<<9d,= �Ohv Srolwltxhv Vdoduldohv= Lqgl0
ylgxv hw Hqwuhsulvhv/� Uhyxh Hfrqrpltxh/ 7:/ 94409551

^;` Derzg/ Mrkq P1 dqg Iudqflv Nudpdu} +4<<9e,= �Wkh Plfurhfrqrphwulfv ri Kx0
pdq Uhvrxufh Pdqdjhphqw= Lqwhuqdwlrqdo Vwxglhv ri Ilup Sudfwlfhv/ Lqwurgxf0
wlrq dqg Ryhuylhz/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 4404<1

^<` Derzg/ Mrkq P1/ Iudqflv Nudpdu}/ Wkrpdv Ohplhx{ dqg Gdylg Q1 Pdujrolv
+iruwkfrplqj,= �Plqlpxp Zdjhv dqg \rxwk Hpsor|phqw lq Iudqfh dqg wkh
Xqlwhg Vwdwhv/� lq G1 Eodqfk rzhu dqg U1 Iuhhpdq +hgv1, \rxwk Xqhpsor|phqw
dqg Hpsor|phqw lq Dgydqfhg Frxqwulhv +Fklfdjr= Xqlyhuvlw| ri Fklfdjr Suhvv
iru wkh QEHU,1

^43` Derzg/ Mrkq P1/ Iudqflv Nudpdu} dqg Dqwrlqh Pruhdx +4<<9,= �Surgxfw Txdo0
lw| dqg Zrunhu Txdolw|/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 5<<06551

^44` Derzg/ Mrkq P1 dqg Wkrpdv Ohplhx{ +4<<6,= �Wkh H�hfwv ri Surgxfw Pdunhw
Frpshwlwlrq rq Froohfwlyh Edujdlqlqj Djuhhphqwv= Wkh Fdvh ri Iruhljq Frpsh0
wlwlrq lq Fdqdgd/� Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 43;/ <;6043471

^45` Deudkdp/ Ndwkdulqh J1 dqg Khqu| V1 Iduehu +4<;:,= �Mre Gxudwlrq/ Vhqlrulw|
dqg Hduqlqjv/� Dphulfdq Hfrqrplf Uhylhz/ ::/ 5:;05<:1

^46` Dowrqml/ Mrvhsk dqg U1D1 Vkdnrwnr +4<;:,= �Gr Zdjhv Ulvh zlwk Mre Vhqlrulw|B�
Uhylhz ri Hfrqrplf Vwxglhv/ 87/ 76:078<1

^47` Ehfnhu/ Jdu| V1 +4<<6, Kxpdq Fdslwdo/ 6ug Hglwlrq/ Fklfdjr= Xqlyhuvlw| ri
Fklfdjr Suhvv1

^48` Ehfnhu/ Jdu| V1 dqg Jhrujh M1 Vwljohu +4<:7,= �Odz Hqirufhphqw/ Pdoihdvdqfh
dqg Frpshqvdwlrq ri Hqirufhuv/� Mrxuqdo ri Ohjdo Vwxglhv/ 6=4/ 404;1

^49` Eho}lo/ Fkulvwldq +4<<9,= �Hpsor|phqw Uhdoorfdwlrq/ wkh Uhwxuq wr Kxpdq Fds0
lwdo dqg wkh Doorfdwlrq ri Zrunhuv ehwzhhq H{sdqglqj dqg Ghfolqlqj Ilupv/�
Frqfrugld Xqlyhuvlw|/ Ghsduwphqw ri Hfrqrplfv/ Zrunlqj Sdshu1

^4:` Elqjoh|/ Sdxo dqg Qlhov Zhvwhujèug0Qlhovhq +4<<9,= �Lqglylgxdo Zdjhv zlwklq
dqg ehwzhhq Hvwdeolvkphqwv/� Xqlyhuvlw| ri Èukxv/ Zrunlqj Sdshu1

^4;` Eodqfk rzhu/ Gdylg dqg Vwhskhq Pdfklq +4<<9,= �Surgxfw Pdunhw Frpshwl0
wlrq/ Zdjhv dqg Surgxfwlylw|= Lqwhuqdwlrqdo Hylghqfh iurp Hvwdeolvkphqw0Ohyho
Gdwd/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 54<05871

^4<` Eodqfk rzhu/ Gdylg J1/ Dqguhz M1 Rvzdog dqg Shwhu Vdqih| +4<<9,= �Zdjhv/
Sur�wv/ dqg Uhqw0Vkdulqj/� Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 444/ 55:05841

^53` Eurzq/ Fkduohv dqg Mdphv O1 Phgr� +4<;<,= �Wkh Hpsor|hu Vl}h0Zdjh H�hfw/�
Mrxuqdo ri Srolwlfdo Hfrqrp|/ <:/ 435:0438<1
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^54` Eurzq/ Fkduohv dqg Mdphv O1 Phgr� +4<<9,= �Hpsor|hu Fkdudfwhulvwlfv dqg
Zrun Hqylurqphqw/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 5:805<;1

^55` Eurzq/ Mdphv Q1 +4<;<,= �Zk| Gr Zdjhv Ulvh zlwk Vhqlrulw|B� Dphulfdq

Hfrqrplf Uhylhz/ :</ <:40<<41

^56` Eurzq/ Mdphv Q1 dqg Ruoh| Dvkhqihowhu +4<;9,= �Whvwlqj wkh H!flhqf| ri Hp0
sor|phqw Frqwudfwv/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ <7/ V730V;:1

^57` Exorz/ Mhuhp| dqg Odzuhqfh Vxpphuv1 +4<:9,= �D Wkhru| ri Gxdo Oderu Pdu0
nhwv zlwk Dssolfdwlrqv wr Lqgxvwuldo Srolf|/ Glvfulplqdwlrq dqg Nh|qhvldq Xq0
hpsor|phqw/� Mrxuqdo ri Oderu Hfrqrplfv/ 7/ 6:907471

^58` Fdkxf/ Slhuuh dqg Euljlwwh Gruprqw +4<<5,= �Sur�w Vkdulqj= Grhv Lw Lqfuhdvh
Surgxfwlylw| dqg Hpsor|phqwB D Wkhruhwlfdo Prgho dqg Hpslulfdo Hylghqfh
rq Iuhqfk Plfur Gdwd/� Xqlyhuvlwì gh Sdulv L Zrunlqj Sdshu Qr1 <51781

^59` Fdkxf/ Slhuuh dqg Iudqflv Nudpdu} +4<<:,= �Yrlfh dqg Or|dow| dv d Ghohjdwlrq
ri Dxwkrulw|= D Prgho dqg d Whvw rq d Pdwfkhg Zrunhu0Ilup Sdqho/� Mrxuqdo

ri Oderu Hfrqrplfv/ 48/ 98;09;;1

^5:` Fdlq/ Johqq1 +4<:9,= �Wkh Fkdoohqjh ri Vhjphqwhg Oderu Pdunhw Wkhrulhv wr
Ruwkrgr{ Wkhru|/� Mrxuqdo ri Hfrqrplf Olwhudwxuh/ 47/ 45480458:1

^5;` Fdug/ Gdylg +4<;9,= �H!flhqw Frqwudfwv dqg Frvwv ri Dgmxvwphqw= Vkruw uxq
Hpsor|phqw Ghwhuplqdwlrq iru Dluolqh Phfkdqlfv/� Dphulfdq Hfrqrplf Uhylhz/
:9/ 4378043:41

^5<` Fdug/ Gdylg/ Iudqflv Nudpdu} dqg Wkrpdv Ohplhx{ +4<<9,= �Fkdqjhv lq wkh
Uhodwlyh Vwuxfwxuh ri Zdjhv dqg Hpsor|phqw= D Frpsdulvrq ri wkh Xqlwhg
Vwdwhv/ Fdqdgd/ dqg Iudqfh/� QEHU Zrunlqj Sdshu Qr1 87;:1

^63` FHUHT0GHS0LQVHH +4<<3,= Elodq Irupdwlrq0Hpsorl/ Sdulv= Uìsxeoltxh
Iudqêdlvh1

^64` Fkdpehuodlq/ Jdu| +4<;7,= �Sdqho Gdwd/� lq Kdqgerrn ri Hfrqrphwulfv/ hg1 e|
]1 Julolfkhv dqg P1G1 Lqwulooljdwru1 Dpvwhugdp= Qruwk Kroodqg1

^65` Fkulvwr�ghv/ Orxlv dqg Dqguhz M1 Rvzdog +4<<4,= �H!flhqw dqg Lqh!flhqw Hp0
sor|phqw Frqwudfwv= D Vwxg| Edvhg rq Fdqdgldq Frqwudfwv/� Uhvhdufk lq Oderu

Hfrqrplfv/ 45/ 4:604<31

^66` Fkulvwr�ghv/ Orxlv dqg Dqguhz M1 Rvzdog +4<<5,= �Uhdo Zdjh Ghwhuplqdwlrq
dqg Uhqw0Vkdulqj lq Froohfwlyh Edujdlqlqj Djuhhphqwv/� Txduwhuo| Mrxuqdo ri

Hfrqrplfv/ 43:/ <;8043351

^67` Gdylv/ Vwhyhq M1 dqg Mrkq Kdowlzdqjhu +4<<9,= �Hpsor|hu Vl}h dqg wkh Zdjh
Vwuxfwxuh lq wkh Xqlwhg Vwdwhv/� Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/
656069;1
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^68` Glfnhqv/ Zlooldp W1 dqg Odzuhqfh I1 Ndw}1 +4<;:,= �Lqwhu0Lqgxvwu| Zdjh Gl�hu0
hqfhv dqg Lqgxvwu| Fkdudfwhulvwlfv/� lq Xqhpsor|phqw dqg wkh Vwuxfwxuh ri Oderu
Pdunhwv/ hg1 e| Nhylq Odqj dqg Mrqdwkdq V1 Ohrqdug1 R{irug= Edvlo Eodfnzhoo1

^69` Glfnhqv/ Zlooldp W1 dqg Nhylq Odqj +4<;8,= �D Whvw ri Gxdo Oderu Pdunhw
Wkhru|/� Dphulfdq Hfrqrplf Uhylhz/ :8/ :<50;381

^6:` Hkuhqehuj/ Urqdog J1/ hglwru +4<<3,= Gr Frpshqvdwlrq Srolflhv PdwwhuB Lwkdfd/
Q\= LOU Suhvv1

^6;` Hkuhqehuj/ Urqdog J1 dqg Jhrujh W1 Plonrylfk +4<;:,= �Frpshqvdwlrq dqg
Ilup Shuirupdqfh/� lq Kxpdq Uhvrxufhv dqg wkh Shuirupdqfh ri wkh Ilup/ hg1
e| V1 J1 Doohq hw do1 Pdglvrq/ ZL= LUUD/ ss1 ;:04551

^6<` Hqwrui/ Kruvw/ Plfkho Jroodf/ dqg Iudqflv Nudpdu} +4<<:,= �Qhz Whfkqrorjlhv/
Zdjhv dqg Zrunhu Vhohfwlrq/� LQVHH Gìsduwhphqw gh od uhfkhufkh/ zrunlqj
sdshu1

^73` Hqwrui/ Kruvw dqg Iudqflv Nudpdu} +4<<:,= �Grhv Xqphdvxuhg Delolw| H{sodlq
wkh Kljkhu Zdjh ri Qhz Whfkqrorj| Zrunhuv/� Hxurshdq Hfrqrplf Uhylhz/ 74/
47;<048431

^74` Hqwrui/ Kruvw dqg Iudqflv Nudpdu} +iruwkfrplqj,= �Wkh Lpsdfw ri Qhz Whfk0
qrorjlhv rq Zdjhv= Ohvvrqv iurp Pdwfklqj Sdqhov rq Hpsor|hhv dqg rq Wkhlu
Ilupv/� Hfrqrplfv ri Lqqrydwlrq dqg Qhz Whfkqrorj|1

^75` Iolqq/ Fkulvwrskhu +4<;9,= �Zdjhv dqg Mre Prelolw| ri \rxqj Zrunhuv/� Mrxuqdo
ri Srolwlfdo Hfrqrp|/ <7/ V;;�V4431

^76` Jleerqv/ Urehuw dqg Odzuhqfh Ndw} +4<<4,= �Od|r�v dqg Ohprqv/� Mrxuqdo ri

Oderu Hfrqrplfv/ </ 68406;31

^77` Jleerqv/ Urehuw dqg Odzuhqfh Ndw} +4<<5,= �Grhv Xqphdvxuhg Delolw| H{sodlq
Lqwhu0Lqgxvwu| Zdjh Gl�huhqwldovB� Uhylhz ri Hfrqrplf Vwxglhv/ 8</ 84808681

^78` Jleerqv/ Urehuw dqg Nhylq M1 Pxusk|1 +4<<3,= �Uhodwlyh Shuirupdqfh Hydox0
dwlrq iru Fklhi H{hfxwlyh R!fhuv/� Lqgxvwuldo dqg Oderu Uhodwlrqv Uhylhz/ 76/
V63V0V841

^79` Jleerqv/ Urehuw dqg Nhylq M1 Pxusk| +4<<5,= �Rswlpdo Lqfhqwlyh Frqwudfwv
lq wkh Suhvhqfh ri Fduhhu Frqfhuqv= Wkhru| dqg Hylghqfh/� Mrxuqdo ri Srolwlfdo
Hfrqrp|/ 433/ 79;08381

^7:` Jrx{/ Grplqltxh dqg Hulf Pdxulq +4<<8,= �Shuvlvwhqfh ri lqwhu0lqgxvwu| zdjh
gl�huhqwldov= D uh0h{dplqdwlrq rq pdwfkhg zrunhu0�up sdqho gdwd/� LQVHH/
Gluhfwlrq ghv ìwxghv hw v|qwkëvhv ìfrqrpltxh/ Zrunlqj Sdshu Qr1 J <838 elv1

^7;` Jurvkhq/ Hulfd +4<<4,= �Vrxufhv ri Lqwud0Lqgxvwu| Zdjh Glvshuvlrq= Krz Pxfk
gr Hpsor|huv PdwwhuB� Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 439/ ;9<0;;71
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^7<` Jurvkhq/ Hulfd +4<<9,= �Dphulfdq Hpsor|hu Vdodu| Vxuyh|v dqg Oderu Hfr0
qrplfv Uhvhdufk= Lvvxhv dqg Frqwulexwlrqv/� Dqqdohv g*ìfrqrplh hw gh vwdwlv0

wltxh/ 74275/ 74607751

^83` Kduw/ Rolyhu dqg Ehqjw Kropvwuùp +4<;:,= �D Wkhru| ri Frqwudfwv/� lq Dg0

ydqfhv lq Hfrqrplf Wkhru|/ Iliwk Zruog Frqjuhvv/ hg1 e| Wuxpdq I1 Ehzoh|1
Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv/ ss1 :404881

^84` Kdxvpdq/ Mhuu| D1 +4<:;,= �Vshfl�fdwlrq Whvwv lq Hfrqrphwulfv/� Hfrqrphwulfd/
79/ 4584045:41

^85` Khfnpdq/ Mdphv M1 dqg J1 Vhgodfhn +4<;8,= �Khwhurjhqhlw|/ Djjuhjdwlrq dqg
Pdunhw Zdjh Ixqfwlrqv= Dq Hpslulfdo Prgho ri Vhoi0Vhohfwlrq lq wkh Oderu
Pdunhw/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ <6/ 43::044581

^86` Kxwfkhqv/ Urehuw +4<;:,= �D Whvw ri Od}hdu*v Wkhru| ri Ghod|hg Sd|phqw Frq0
wudfwv/� Mrxuqdo ri Oderu Hfrqrplfv/ 8/ V4860V4:31

^87` Lfkqlrzvnl/ Fdvh| dqg Ndwku|q Vkdz +4<<6,= � Gr Kljk Shuirupdqfh Zrun
V|vwhpv Uhdoo| ZrunB� Froxpeld Xqlyhuvlw| Zrunlqj Sdshu1

^88` LQVHH +4<;<,= Hfkdqwloorq g*hqwuhsulvhv ìwdw g*dydqfhphqw1 Sdulv= Uìsxeoltxh
Iudqêdlvh/ Qr1 462J5641

^89` LQVHH +4<<3d,= Hfkdqwloorq g*hqwuhsulvhv �fklhu gh uìiìuhqfh gh o*ìfkdqwloorq1

Sdulv= Uìsxeoltxh Iudqêdlvh/ Qr1 392J5641

^8:` LQVHH +4<<3e,= Hfkdqwloorq g*hqwuhsulvhv plvh ã glvsrvlwlrq ghv grqqìhv ELF1

Sdulv= Uìsxeoltxh Iudqêdlvh/ Qr1 432J5641

^8;` LQVHH +4<<3f,= Hfkdqwloorq g*hqwuhsulvhv plvh ã glvsrvlwlrq ghv grqqìhv HVH1

Sdulv= Uìsxeoltxh Iudqêdlvh/ Qr1 972J5641

^8<` Mhqvhq/ Plfkdho F1 dqg Nhylq M1 Pxusk| +4<<3,= �Shuirupdqfh Sd| dqg Wrs
Pdqdjhphqw Lqfhqwlyhv/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ <;/ 55805971

^93` Mrydqrylf/ Ermdq +4<:<,= �Mre Pdwfklqj dqg wkh Wkhru| ri Wxuqryhu/� Mrxuqdo

ri Srolwlfdo Hfrqrp|/ ;:/ <:50<<31

^94` Ndkq/ Odzuhqfh dqg Shwhu Vkhuhu +4<<3,= �Frqwlqjhqw Sd| dqg Pdqdjhuldo Shu0
irupdqfh/� Lqgxvwuldo dqg Oderu Uhodwlrqv Uhylhz/ 76/ V850V:61

^95` Nudpdu}/ Iudqflv dqg Sdwulfn Uh| +4<<8, �Wkh G|qdplfv ri Zdjhv/� LQVHH
Gìsduwhphqw gh od uhfkhufkh/ Zrunlqj Sdshu1

^96` Nuxhjhu/ Dodq E1 dqg Odzuhqfh K1 Vxpphuv +4<;:,= �Uh hfwlrqv rq wkh Lqwhu0
lqgxvwu| Zdjh Vwuxfwxuh/� lq Xqhpsor|phqw dqg wkh Vwuxfwxuh ri Oderu Pdunhwv/
hg1 e| Nhylq Odqj dqg Mrqdwkdq V1 Ohrqdug/ Qhz \run= Edvlo Eodfnzhoo1

^97` Nuxhjhu/ Dodq E1 dqg Odzuhqfh K1 Vxpphuv +4<;;,= �H!flhqf| Zdjhv dqg wkh
Lqwhu0Lqgxvwu| Zdjh Vwuxfwxuh/� Hfrqrphwulfd/ 89/ 58<05<61
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^98` Od}hdu/ Hgzdug S1 +4<:<,= �Zk| Lv Wkhuh Pdqgdwru| UhwluhphqwB� Mrxuqdo ri

Srolwlfdo Hfrqrp|/ ;:/ 4594045;71

^99` Ohrqdug/ Mrqdwkdq V1 +4<<3,= �H{hfxwlyh Sd| dqg Ilup Shuirupdqfh/� Lqgxvwuldo
dqg Oderu Uhodwlrqv Uhylhz/ 76=V460V5<1

^9:` Ohrqdug/ Mrqdwkdq V1 dqg Pduf Ydq Dxghqurgh +4<<9d,= �Zrunhu*v Olplwhg
Oldelolw|/ Wxuqryhu dqg Hpsor|phqw Frqwudfwv/� Dqqdohv g*ìfrqrplh hw gh vwd0
wlvwltxh/ 74275/ 740:;1

^9;` Ohrqdug/ Mrqdwkdq V1 dqg Pduf Ydq Dxghqurgh +4<<9e,= �Shuvlvwhqfh ri Ilup
dqg Zdjh Frpsrqhqwv/� Xqlyhuvlw| ri Fdoliruqld dw Ehunhoh| zrunlqj sdshu1

^9<` Ohrqwlhi/ Zdvvlo| Z1 +4<79,= �Wkh Sxuh Wkhru| ri wkh Jxdudqwhhg Dqqxdo Zdjh
Frqwudfw/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ 87/ :90:<1

^:3` PdfGrqdog/ Ldq dqg Urehuw P1 Vrorz +4<;4,= �Zdjh Edujdlqlqj dqg Hpsor|0
phqw/� Dphulfdq Hfrqrplf Uhylhz/ :4/ ;;90<3;1

^:4` PdFxug|/ Wkrpdv dqg Mrkq Shqfdyho +4<;9,= �Whvwlqj Ehwzhhq Frpshwlqj
Prghov ri Zdjh dqg Hpsor|phqw Ghwhuplqdwlrq lq Xqlrql}hg Pdunhwv/ � Mrxu0

qdo ri Srolwlfdo Hfrqrp|/ <7/ V60V6<1

^:5` Pdqqlqj/ Dodq +4<;:, �Dq Lqwhjudwlrq ri Wudgh Xqlrq Prghov lq d Vhtxhqwldo
Edujdlqlqj Iudphzrun/� Hfrqrplf Mrxuqdo/ <:/ 454046<1

^:6` Pdujrolv/ Gdylg Q1 +4<<6,= Frpshqvdwlrq Sudfwlfhv dqg Jryhuqphqw Srolflhv lq

Zhvwhuq Hxurshdq Oderu Pdunhwv/ Sk1G1 Glvvhuwdwlrq/ Fruqhoo Xqlyhuvlw|1

^:7` Pdujrolv/ Gdylg Q1 +4<<9,= �Frkruw H�hfwv dqg Uhwxuqv wr Vhqlrulw| lq Iudqfh/�
Dqqdohv g*ìfrqrplh hw gh vwdwlvwltxh/ 74275/ 77607971

^:8` Phurq/ Prqltxh +4<;;,= �Ohv Pljudwlrqv ghv vdodulìv gh o*Ìwdw= soxv orlq gh
Sdulv/ soxv suëv gx vrohlo/� Hfrqrplh hw vwdwlvwltxh/ 547/ 604;1

^:9` Pxqgodn/ \dlu +4<:;,= �Rq wkh Srrolqj ri Wlph Vhulhv dqg Furvv Vhfwlrq Gdwd/�
Hfrqrphwulfd/ 791

^::` Pxusk|/ Nhylq P1 dqg Urehuw K1 Wrsho +4<;:,= �Xqhpsor|phqw/ Ulvn/ dqg
Hduqlqjv= Whvwlqj iru Htxdol}lqj Zdjh Gl�huhqfhv lq wkh Oderu Pdunhw� lq
Xqhpsor|phqw dqg wkh Vwuxfwxuh ri wkh Oderu Pdunhw/ hg1 e| Nhylq Odqj dqg
Mrqdwkdq V1 Ohrqdug1 Qhz \run= Edvlo Eodfnzhoo1

^:;` Pxusk|/ Nhylq P1 dqg Ilqlv Zhofk +4<<5,= �Wkh Vwuxfwxuh ri Zdjhv/� Txduwhuo|
Mrxuqdo ri Hfrqrplfv/ 43:/ 5;806591

^:<` Qlfnhoo/ Vwhskhq dqg Vxvklo Zdgkzdql1 +4<<4,= �Hpsor|phqw Ghwhuplqdwlrq lq
Eulwlvk Lqgxvwu|= Lqyhvwljdwlrqv Xvlqj Plfur0Gdwd/� Uhylhz ri Hfrqrplf Vwxglhv/
8;/ <880<:31
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^;3` Sdjdq/ Dguldq +4<;7,= �Hfrqrphwulf Lvvxhv lq wkh Dqdo|vlv ri Uhjuhvvlrqv zlwk
Jhqhudwhg Uhjuhvvruv/� Lqwhuqdwlrqdo Hfrqrplf Uhylhz/ 58/ 5407:1

^;4` Urvhq/ Vkhuzlq +4<;9,= �Wkh Wkhru| ri Htxdol}lqj Gl�huhqfhv� lq Kdqgerrn ri

Oderu Hfrqrplfv/ hg1 e| Ruoh| Dvkhqihowhu dqg Ulfkdug Od|dug1 Dpvwhugdp=
Qruwk Kroodqg/ ss1 97409<51

^;5` Ur|/ D1 G1 +4<84,= �Vrph Wkrxjkwv rq wkh Glvwulexwlrq ri Hduqlqjv/� R{irug

Hfrqrplfv Sdshuv/ 6/ 6804791

^;6` Uxelq/ Grqdog +4<;:,= Pxowlsoh Lpsxwdwlrq iru Qrquhvrqvh lq Vxuyh|v/ +Qhz
\run= Zloh|,1

^;7` Vdsslqjwrq/ Gdylg +4<<4,= �Lqfhqwlyhv lq Sulqflsdo0Djhqw Uhodwlrqvklsv/� Mrxu0

qdo ri Hfrqrplf Shuvshfwlyhv/ 8/ 780991

^;8` Vfkh�ì/ K1 +4<8<,= Wkh Dqdo|vlv ri Yduldqfh1 Qhz \run= Mrkq Zloh| dqg Vrqv1

^;9` Vhduoh/ Vkd|oh U1/ Jhrujh Fdvhood/ dqg Fkduohv H1 PfFxoorfk +4<<5,= Yduldqfh
Frpsrqhqwv1 Qhz \run= Mrkq Zloh| dqg Vrqv1

^;:` Vkdslur/ Fduo dqg Mrvhsk H1 Vwljolw} +4<;7,= �Htxloleulxp Xqhpsor|phqw dv d
Zrunhu Glvflsolqh Ghylfh/� Dphulfdq Hfrqrplf Uhylhz/ :7/ 76607771

^;;` Wkdohu/ Ulfkdug K1 +4<;<,= �Dqrpdolhv= Lqwhulqgxvwu| Zdjh Gl�huhqwldov/� Mrxu0
qdo ri Hfrqrplf Shuvshfwlyhv/ 6/ 4;404<61

^;<` Wrsho/ Urehuw +4<<4,= �Vshfl�f Fdslwdo/ Prelolw| dqg Zdjhv= Zdjhv Ulvh zlwk
Mre Vhqlrulw|/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ <</ 47804:91

^<3` Wrsho/ Urehuw dqg Plfkdho Zdug +4<<5,= �Mre Prelolw| dqg wkh Fduhhuv ri \rxqj
Phq/� Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 43: / 77407:<1

^<4` Zhlvv/ Dqguhz dqg Khqu| M1 Odqgdx +4<;7,= �Zdjhv/ Klulqj Vwdqgdugv/ dqg
Ilup Vl}h/� Mrxuqdo ri Oderu Hfrqrplfv/ 5/ 7::07<<1

^<5` Zloolv/ Urehuw +4<;9,= �Zdjh Ghwhuplqdqwv= D Vxuyh|� lq Kdqgerrn ri Oderu

Hfrqrplfv/ hg1 e| Ruoh| Dvkhqihowhu dqg Ulfkdug Od|dug1 Dpvwhugdp= Qruwk
Kroodqg/ ss1 85809351
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Table I
Structure of the Individual Data by Years in Sample and Number of Employers

(Number of Individuals, Most Common Configuration of Employers)

Years in Number of Employers
Sample 1 1a  2 3 4 5 6 7 8 9 10 Total Percent

1 318,627 247,532 318,627 27.3%
1 1

2 75,299 57,411 51,066 126,365 10.8%
2 2 11

3 46,385 36,540 32,947 19,583 98,915 8.5%
3 3 12 111

4 43,019 34,922 26,631 17,191 8,330 95,171 8.2%
4 4 13 112 1111

5 41,130 34,596 26,408 15,291 8,685 3,610 95,124 8.2%
5 5 14 113 1112 11111

6 29,755 25,388 20,953 13,734 7,592 4,073 1,653 77,760 6.7%
6 6 15 114 1113 11112 111111

7 19,413 16,709 17,384 12,039 7,305 3,864 1,931 735 62,671 5.4%
7 7 16 115 1114 11113 111112 1111111

8 23,484 20,378 20,421 13,185 7,673 4,001 2,061 917 327 72,069 6.2%
8 8 44 116 1115 11114 111113 1111112 11111111

9 38,505 34,147 26,350 15,791 8,590 4,383 2,104 938 362 114 97,137 8.3%
9 9 54 117 1116 11115 111114 1111113 11111112 111111111

10 56,881 51,425 32,616 17,728 8,369 3,839 1,837 739 314 109 34 122,466 10.5%

10a 10a 64 118 1117 11116 221113 1131112 11111113 111111112 1111111111
Total 692,498 559,048 254,776 124,542 56,544 23,770 9,586 3,329 1,003 223 34 1,166,305 100.0%

Percent 59.4% 47.9% 21.8% 10.7% 4.8% 2.0% 0.8% 0.3% 0.1% 0.0% 0.0% 100.0%
Notes:  Employment configurations are described in terms of the number of consecutive years spent with each of the individual's employers, in order (e.g.
configuration 124 means that the individual spent 1 year with his first employer, then 2 years with his second employer, and finally 4 years with his third employer). 
Column 1a refers to the subset of individuals with only one employer whose employing firm had at least one other individual who had changed firms at least once in
his career (required for least squares identification of both firm and individual effects). (a) This configuration corresponds to 10 years of data with the first (and only)
employer.
Source: Authors' calculations based on the Déclarations annuelles des salaires (DAS).



Table II
Comparison of Least Squares Estimates of Wage Determination in France and the United States, 1982-1987

France United States
Men Women Men Women

Variable Mean OLS Results Mean OLS Results Mean OLS Results Mean OLS Results
Intercept 1.000 1.365 1.000 1.163 1.000 0.534 1.000 0.380

(0.000) (6.746E-3) (0.000) (8.190E-3) (0.000) (5.614E-3) (0.000) (5.679E-3)
Years of Education 10.726 0.077 11.325 0.088 11.880 0.061 12.300 0.072

(3.659) (2.848E-4) (3.267) (3.998E-4) (2.391) (3.521E-4) (2.149) (3.712E-4)
Experience 20.722 0.058 19.048 0.060 15.894 0.112 16.036 0.082

(12.222) (1.228E-3) (12.163) (1.435E-3) (12.311) (9.219E-4) (12.323) (8.899E-4)

Experience2/100 5.788 -0.104 5.108 -0.188 4.042 -0.506 4.090 -0.436
(5.875) (9.095E-3) (5.533) (1.133E-2) (5.251) (8.487E-3) (5.077) (8.482E-3)

Experience3/1,000 18.915 -0.007 16.207 0.018 12.611 0.102 12.544 0.093
(26.344) (2.554E-3) (23.730) (3.355E-3) (21.849) (2.811E-3) (20.514) (2.898E-3)

Experience4/10,000 68.009 0.002 56.700 0.001 43.914 -0.007 42.506 -0.007
(120.682) (2.397E-4) (103.687) (3.316E-4) (92.920) (3.037E-4) (84.740) (3.232E-4)

1982 0.175 0.036 0.167 0.027 0.163 0.072 0.160 0.019
(0.380) (3.001E-3) (0.373) (3.784E-3) (0.370) (2.715E-3) (36.707) (2.596E-3)

1983 0.170 0.018 0.166 0.006 0.162 0.049 0.160 0.015
(0.375) (3.020E-3) (0.373) (3.783E-3) (0.369) (2.707E-3) (0.367) (2.579E-3)

1984 0.166 0.019 0.164 0.012 0.164 0.032 0.162 0.000
(0.372) (3.033E-3) (0.371) (3.793E-3) (0.370) (2.679E-3) (0.368) (2.557E-3)

1985 0.165 0.005 0.165 -0.001 0.167 0.018 0.166 -0.002
(0.371) (3.040E-3) (0.371) (3.785E-3) (0.373) (2.658E-3) (0.372) (2.534E-3)

1986 0.162 0.023 0.168 0.018 0.174 0.015 0.175 0.004
(0.369) (3.051E-3) (0.374) (3.767E-3) (0.379) (2.601E-3) (0.380) (2.479E-3)

Paris Region 0.210 0.168 0.240 0.158 - - - -
(0.407) (2.147E-3) (0.427) (2.567E-3) - - - -

Northeast U.S. - - - - 0.210 -0.046 0.217 -0.057
- - - - (0.408) (2.496E-3) (0.412) (2.393E-3)

Midwest U.S. - - - - 0.263 -0.039 0.273 -0.088
- - - - (0.440) (2.309E-3) (0.446) (2.222E-3)

Southern U.S. - - - - 0.296 -0.143 0.289 -0.128
- - - - (0.457) (2.206E-3) (0.453) (2.151E-3)

Observations 165,036 165,036 126,320 126,320 259,297 259,297 259,266 259,266

Adjusted R2 0.3866 0.3254 0.3626 0.2428
Sources: Enquête Emploi (1982-1987) for France and NBER outgoing rotation group CPS extracts (1982-1987) for the United
States.  Notes: Standard Deviations/Errors in Parentheses.  Both regressions included only individuals between 16 and 60
years old, inclusive.  Both regressions used the sample weights.  Experience is measured as (age)-(age at the end of
schooling) in France and (age)-(years of schooling)-5 in the United States.



Table III
Estimates of the Effects of Labor Force Experience, Region, Year, Education, Individuals, and Firms

on the Log of Real Total Annual Compensation Costs Individual Data by Sex for 1976 to 1987
Consistent Method Conditional Method Least Squares Within Persons Within Persons Within Firms Within Industry Within Firm Size

Person & Firm Effects Persons First No Person/Firm Effects No Firm Effects Limited Firm Effectsa No Person Effects No Person Effects No Person Effects
Parameter Standard Parameter Standard Parameter Standard Parameter Standard Parameter Standard Parameter Standard Parameter Standard Parameter Standard

Variable Estimate Error Estimate Error Estimate Error Estimate Error Estimate Error Estimate Error Estimate Error Estimate Error
Men
Total Labor Force Experience 0.0586 (0.0015) 0.0687 (0.0004) 0.0542 (0.0003) 0.0695 (0.0004) 0.0685 (0.0004) 0.0448 (0.0003) 0.0521 (0.0003) 0.0507 (0.0003)

(Labor Force Experience)2/100 -0.3432 (0.0072) -0.4415 (0.0027) -0.2280 (0.0030) -0.4543 (0.0029) -0.4446 (0.0030) -0.1584 (0.0027) -0.2115 (0.0030) -0.2047 (0.0029)

(Labor Force Experience)3/1,000 0.0734 (0.0025) 0.1053 (0.0010) 0.0503 (0.0010) 0.1100 (0.0010) 0.1074 (0.0010) 0.0298 (0.0009) 0.0452 (0.0010) 0.0441 (0.0010)

(Labor Force Experience)4/10,000 -0.0057 (0.0003) -0.0093 (0.0001) -0.0046 (0.0001) -0.0099 (0.0001) -0.0096 (0.0001) -0.0025 (0.0001) -0.0041 (0.0001) -0.0040 (0.0001)
Lives in Ile-de-France 0.0051 (0.0017) 0.0832 (0.0010) 0.1398 (0.0005) 0.0819 (0.0011) 0.0805 (0.0011) 0.1117 (0.0007) 0.1316 (0.0006) 0.1314 (0.0005)
Year 1977 0.0245 (0.0009) 0.0251 (0.0007) 0.0343 (0.0010) 0.0252 (0.0007) 0.0248 (0.0007) 0.0182 (0.0009) 0.0275 (0.0010) 0.0296 (0.0010)
Year 1978 0.0643 (0.0017) 0.0605 (0.0008) 0.0645 (0.0010) 0.0609 (0.0008) 0.0598 (0.0008) 0.0463 (0.0009) 0.0560 (0.0010) 0.0581 (0.0010)
Year 1979 0.0887 (0.0024) 0.0879 (0.0009) 0.0841 (0.0010) 0.0883 (0.0010) 0.0873 (0.0010) 0.0598 (0.0009) 0.0755 (0.0010) 0.0774 (0.0010)
Year 1980 0.1081 (0.0031) 0.1030 (0.0011) 0.0899 (0.0010) 0.1033 (0.0012) 0.1024 (0.0012) 0.0644 (0.0009) 0.0803 (0.0010) 0.0841 (0.0010)
Year 1982 0.1473 (0.0035) 0.1441 (0.0014) 0.1137 (0.0010) 0.1447 (0.0016) 0.1434 (0.0016) 0.0809 (0.0009) 0.1043 (0.0010) 0.1091 (0.0010)
Year 1984 0.1872 (0.0041) 0.1911 (0.0018) 0.1441 (0.0010) 0.1919 (0.0020) 0.1903 (0.0020) 0.1009 (0.0009) 0.1316 (0.0011) 0.1386 (0.0011)
Year 1985 0.2044 (0.0047) 0.2173 (0.0020) 0.1662 (0.0011) 0.2179 (0.0022) 0.2162 (0.0022) 0.1146 (0.0009) 0.1516 (0.0011) 0.1612 (0.0011)
Year 1986 0.2366 (0.0053) 0.2529 (0.0022) 0.1841 (0.0010) 0.2535 (0.0024) 0.2517 (0.0024) 0.1315 (0.0009) 0.1690 (0.0011) 0.1813 (0.0011)
Year 1987 0.2499 (0.0060) 0.2763 (0.0024) 0.1954 (0.0010) 0.2768 (0.0026) 0.2749 (0.0026) 0.1401 (0.0009) 0.1808 (0.0011) 0.1948 (0.0011)
Women
Total Labor Force Experience 0.0144 (0.0016) 0.0290 (0.0005) 0.0326 (0.0004) 0.0308 (0.0006) 0.0298 (0.0005) 0.0224 (0.0004) 0.0603 (0.0004) 0.0286 (0.0004)

(Labor Force Experience)2/100 -0.1063 (0.0091) -0.1728 (0.0036) -0.1117 (0.0038) -0.1771 (0.0041) -0.1729 (0.0040) -0.0318 (0.0035) -0.3525 (0.0039) -0.0816 (0.0038)

(Labor Force Experience)3/1,000 0.0184 (0.0032) 0.0379 (0.0013) 0.0183 (0.0013) 0.0391 (0.0014) 0.0381 (0.0014) -0.0053 (0.0012) 0.0942 (0.0013) 0.0103 (0.0013)

(Labor Force Experience)4/10,000 -0.0009 (0.0004) -0.0031 (0.0001) -0.0013 (0.0001) -0.0031 (0.0002) -0.0031 (0.0002) 0.0011 (0.0001) -0.0091 (0.0001) -0.0005 (0.0001)
Lives in Ile-de-France 0.0042 (0.0027) 0.0795 (0.0016) 0.1576 (0.0007) 0.0794 (0.0018) 0.0809 (0.0017) 0.1218 (0.0009) 0.1434 (0.0007) 0.1470 (0.0007)
Year 1977 0.0300 (0.0011) 0.0271 (0.0009) 0.0527 (0.0014) 0.0250 (0.0011) 0.0255 (0.0010) 0.0348 (0.0012) 0.1361 (0.0015) 0.0495 (0.0014)
Year 1978 0.0762 (0.0019) 0.0724 (0.0010) 0.1053 (0.0014) 0.0688 (0.0012) 0.0695 (0.0011) 0.0798 (0.0012) 0.1889 (0.0015) 0.1003 (0.0014)
Year 1979 0.1102 (0.0026) 0.1052 (0.0012) 0.1353 (0.0014) 0.1003 (0.0014) 0.1015 (0.0013) 0.1044 (0.0012) 0.2179 (0.0014) 0.1303 (0.0014)
Year 1980 0.1329 (0.0033) 0.1227 (0.0014) 0.1445 (0.0014) 0.1169 (0.0016) 0.1182 (0.0015) 0.1148 (0.0012) 0.2285 (0.0014) 0.1408 (0.0014)
Year 1982 0.1830 (0.0039) 0.1704 (0.0018) 0.1758 (0.0014) 0.1627 (0.0020) 0.1640 (0.0019) 0.1406 (0.0012) 0.2600 (0.0015) 0.1742 (0.0015)
Year 1984 0.2233 (0.0047) 0.2188 (0.0022) 0.2231 (0.0014) 0.2094 (0.0025) 0.2109 (0.0024) 0.1719 (0.0013) 0.3021 (0.0015) 0.2200 (0.0015)
Year 1985 0.2361 (0.0053) 0.2377 (0.0024) 0.2392 (0.0014) 0.2277 (0.0027) 0.2292 (0.0026) 0.1782 (0.0013) 0.3163 (0.0015) 0.2360 (0.0015)
Year 1986 0.2644 (0.0059) 0.2686 (0.0026) 0.2559 (0.0014) 0.2577 (0.0030) 0.2594 (0.0029) 0.1945 (0.0013) 0.3340 (0.0015) 0.2549 (0.0015)
Year 1987 0.2756 (0.0066) 0.2886 (0.0028) 0.2615 (0.0014) 0.2767 (0.0033) 0.2787 (0.0031) 0.1995 (0.0013) 0.3414 (0.0015) 0.2630 (0.0015)
Pooled

Sample Size 5,305,108 5,305,108 5,305,108 5,305,108 5,305,108 5,305,108 5,109,008b 5,305,108
Coefficient Degrees of Freedom (β) 28 28 44 30 30 45 129 72

Coefficient Degrees of Freedom (λ) 48 c

Individual Degrees of Freedom (θ) 2,011,864 1,166,305 1,166,305 1,166,305
Firm Degrees of Freedom (ψ) 521,182 229 521,182

Error Degrees of Freedom (ε) 2,772,034 4,138,727 5,305,064 4,138,773 4,138,544 4,783,881 5,108,879 5,305,036
Root Mean Squared Error 0.2828 0.2732 0.4223 0.2737 0.2733 0.3577 0.4204 0.4179

R2 0.8364 0.7720 0.3017 0.7711 0.7720 0.5482 0.3389 0.3164
Specification Test na 3806.5 7543.6 3410.5 3400.1 6642.0 na na
Notes: (a) Includes firm effects (intercept and seniority slope) for the 115 largest firms in the sample. (b) Total degrees of freedom differ from other columns because of missing industry data. (c) See Data Appendix Table B6 for
summary statistics, coefficients and standard errors corresponding to these variables.



Table IV
Descriptive Statistics for Components of Log Real Total Annual Compensation

by Sex for 1976 to 1987
Men Women

Variable Definition Mean Std. Dev. Mean Std. Dev.

Log (Real Annual Compensation, 1980 FF) 4.3442 0.5187 4.0984 0.4801

Order-Independent Method

xβ - Predicted Effect of x Variables 0.3890 0.1489 0.2849 0.1144

θ, Individual Effect Including Education 3.9552 0.4475 3.8135 0.3930

α, Individual Effect (Unobserved Factors) 0.0000 0.4051 0.0000 0.3771

uη, Individual Effect of Education and Sex 3.9552 0.1902 3.6893 0.1107

ψ, Firm Effect (Intercept and Slope) -0.0363 0.4642 0.0665 0.5116

φ, Firm Effect Intercept -0.1367 0.4532 -0.0235 0.4967

γ, Firm Effect Slope 0.0149 0.0503 0.0172 0.0531

Order-Dependent Method: Persons First

xβ - Predicted Effect of x Variables 0.4261 0.1383 0.3234 0.1120

θ, Individual Effect Including Education 3.9160 0.4387 3.7776 0.3843

α, Individual Effect (Unobserved Factors) 0.0000 0.3947 0.0000 0.3639

uη, Individual Effect of Education and Sex 3.9160 0.1915 3.7776 0.1238

ψ, Firm Effect (Intercept and Slope) 0.0028 0.0685 -0.0039 0.0566

φ, Firm Effect Intercept 0.0031 0.1044 -0.0072 0.0969

γ, Firm Effect Slope -3.37e-05 0.0335 8.28e-04 0.0326

γ
2
, Firm Effect Slope Change at 10 years -5.36e-04 0.0542 -1.64e-03 0.0574

Other Estimation Methods

Seniority coefficient, Least Squares (Standard Error) 0.0118 (0.0001) 0.0141 (0.0001)

Seniority coefficient, within Persons (Standard Error) 0.0033 (0.0001) 0.0024 (0.0001)

Seniority coefficient, within Firms (Standard Error) 0.0078 (0.0001) 0.0102 (0.0001)

Seniority coefficient, within Industry (Standard Error) 0.0090 (0.0001) 0.0121 (0.0001)

Seniority coefficient, within Size Class (Standard Error) 0.0097 (0.0001) 0.0126 (0.0001)

γ, Firm Effect Slope, 115 largest firms 0.0013 0.0065 0.0014 0.0076

γ, Firm Effect Slope, Consistent estimates 0.0116 0.0342 0.0138 0.0352

Notes: Seniority coefficients with standard errors were estimated in the same models reported in Table III. All
other statistics are the means and standard deviations based upon the sample of 5,305,108 observations except
for the Firm Effect Slope in the 115 largest firms, which are statistics based on 695,077 observations.



Table V
Correlations among the Components of Person and Firm Heterogeneity as Estimated by the Order-Independent,

Order-Dependent, Full Least Squares on the 115 Largest Firms, and Consistent Methods
Simple Correlation with:

Source of Estimate of the Indicated Effect
Parameter 

Name
Order-Independent 

Estimates Order-Dependent Estimates

Full Least Squares 
Estimates on the 115 

Largest Firms
Consistent 
Estimates

Persons First
Firm Effects φ γ φ γ γ2 φ γ γ
Order-Independent Estimates φ 1.0000 -0.0718 0.1553 -0.0837 0.0188 0.0888 0.2800 0.0361

γ -0.0718 1.0000 -0.2202 0.5300 -0.0077 -0.3276 0.3126 0.0907
Order-Dependent Estimates (Persons First) φ 0.1553 -0.2202 1.0000 -0.5625 0.2562 0.6659 -0.0231 -0.1810

γ -0.0837 0.5300 -0.5625 1.0000 -0.2094 -0.6580 0.2739 0.1358
γ2 0.0188 -0.0077 0.2562 -0.2094 1.0000 0.5492 0.0293 -0.0126

Full Least Squares Estimates Using the 115 Largest Firms φ 0.0888 -0.3276 0.6659 -0.6580 0.5492 1.0000 -0.1841 -0.1964
γ 0.2800 0.3126 -0.0231 0.2739 0.0293 -0.1841 1.0000 0.5106

Consistent Estimates γ 0.0361 0.0907 -0.1810 0.1358 -0.0126 -0.1964 0.5106 1.0000
Firms First

Person Effects α α α
Order-Independent Estimates α 1.0000 0.5833 0.9896
Order-Dependent Estimates (Firms First) α 0.5833 1.0000 0.5983
Full Least Squares Estimates Using the 115 Largest Firms α 0.9896 0.5983 1.0000
Notes: N=5,305,108, except for Full Least Squares Estimates Using the 115 Largest Firms where N=695,077.
Source: Authors' calculations based on the DAS.



Table VI

Summary Statistics for the Decomposition of Variance Using the Order-Independent and the Order-Dependent 
Conditional Methods for Individual Data, both Sexes, 1976-1987

Order-Independent Estimation Simple Correlation with:

Variable Description Mean Std. Dev. y xβ θ α uη ψ φ sγ γ
y , Log (Real Annual Compensation, 1980 FF) 4.2575 0.5189 1.0000 0.2614 0.8962 0.8015 0.4011 0.2604 0.1603 0.2729 0.0333

xβ, Predicted Effect of x  Variables 0.3523 0.1464 0.2614 1.0000 -0.0445 -0.1243 0.1509 0.0697 0.0824 -0.0279 0.0300

θ, Individual Effect Including Educationa 3.9052 0.4335 0.8962 -0.0445 1.0000 0.8964 0.4433 0.2965 0.1717 0.3384 0.0387

α, Individual Effect (Unobserved Factors)a 0.0000 0.3955 0.8015 -0.1243 0.8964 1.0000 0.0000 0.2640 0.1465 0.3178 0.0372

uη, Individual Effect of Education 3.9052 0.1776 0.4011 0.1509 0.4433 0.0000 1.0000 0.1349 0.0910 0.1209 0.0122

ψ, Firm Effect (Intercept and Slope) 0.0000 0.4839 0.2604 0.0697 0.2965 0.2640 0.1349 1.0000 0.9259 0.2537 0.0860

φ, Firm Effect Intercept -0.0968 0.4721 0.1603 0.0824 0.1717 0.1465 0.0910 0.9259 1.0000 -0.1305 -0.0718

sγ, Firm Effect of Seniority 0.0968 0.1844 0.2729 -0.0279 0.3384 0.3178 0.1209 0.2537 -0.1305 1.0000 0.4094

γ, Firm Effect Slope 0.0157 0.0513 0.0333 0.0300 0.0387 0.0372 0.0122 0.0860 -0.0718 0.4094 1.0000

(cont.)



Table VI (continued)

Summary Statistics for the Decomposition of Variance Using the Order-Independent and the Order-Dependent 
Conditional Methods for Individual Data, both Sexes, 1976-1987

Order-Dependent Estimation: Persons First Simple Correlation with:
Variable Description Mean Std. Dev. y xβ θ α uη ψ φ sγ+T(s)γ2 γ γ2

y , Log (Real Annual Compensation, 1980 FF) 4.2575 0.5189 1.0000 0.3271 0.9310 0.7331 0.4143 0.2131 0.1303 0.0053 -0.0293 0.0276

xβ, Predicted Effect of x  Variables 0.3899 0.1386 0.3271 1.0000 0.0787 -0.0290 0.2211 0.0325 0.0350 -0.0157 -0.0148 0.0077

θ, Individual Effect Including Educationa 3.8672 0.4255 0.9310 0.0787 1.0000 0.8842 0.4769 0.1079 0.0889 -0.0223 -0.0190 0.0225

α, Individual Effect (Unobserved Factors)a 0.0000 0.3841 0.7331 -0.0290 0.8842 1.0000 0.0000 0.0926 0.0828 -0.0263 -0.0202 0.0202

uη, Individual Effect of Education 3.8672 0.1831 0.4143 0.2211 0.4769 0.0000 1.0000 0.0473 0.0263 0.0041 -0.0006 0.0081

ψ, Firm Effect (Intercept and Slope) 0.0000 0.0647 0.2131 0.0325 0.1079 0.0926 0.0473 1.0000 0.4428 0.2089 -0.0909 0.0717

φ, Firm Effect Intercept -0.0009 0.1019 0.1303 0.0350 0.0889 0.0828 0.0263 0.4428 1.0000 -0.7844 -0.5625 0.2562
sγ+T(s)γ2, Firm Effect of Seniority 0.0009 0.0935 0.0053 -0.0157 -0.0223 -0.0263 0.0041 0.2089 -0.7844 1.0000 0.5507 -0.2298

γ, Firm Effect Slope 0.0003 0.0332 -0.0293 -0.0148 -0.0190 -0.0202 -0.0006 -0.0909 -0.5625 0.5507 1.0000 -0.2094
γ2, Change in Firm Effect Slope -0.0009 0.0553 0.0276 0.0077 0.0225 0.0202 0.0081 0.0717 0.2562 -0.2298 -0.2094 1.0000

Notes: (a) Correlations have been corrected for the sampling variance of the estimated effect.



Table VII
Generalized Least Squares Estimates of the Relation between Industry Wage

Effects and Industry Averages of Firm-specific Compensation Policies
Standard Standard Standard

Independent Variable Coefficient Error Coefficient Error Coefficient Error
Based on Order-Independent Estimates

Industry Average α 1.0390 (0.0023) 1.0053 (0.0022)
Industry Average ψ -0.0220 (0.0006) 0.0683 (0.0005)
Intercept 3.3023 (0.0019) 3.3031 (0.0019) 3.0935 (0.0018)
R2 0.8487 0.8425 0.0682

Based on Order-Dependent Estimates: Persons First
Industry Average α 0.8011 (0.0019) 0.8324 (0.0017)
Industry Average ψ 0.2410 (0.0151) -0.6659 (0.0150)
Intercept 3.1126 (0.0019) 3.1088 (0.0018) 3.0687 (0.0019)
R2 0.9580 0.9213 0.2486
Notes: The dependent variable is the 84 industry-effects estimated by least squares controlling for labor force
experience (through quartic), seniority, region, year, education (eight categories) and sex (fully interacted). See
Table III for the regression results.  The independent variables are the industry averages for the indicated firm-
specific compensation policy, adjusted for the same independent variables. The time period is 1976-1987.



Table VIII
Generalized Least Squares Estimates of the Relation between Firm-Size Wage

Effects and Firm-Size Category Averages of Firm-specific Compensation Policies
Standard Standard Standard

Independent Variable Coefficient Error Coefficient Error Coefficient Error
Based on Order-Independent Estimates

Firm-Size Category Average α 1.2222 (0 0043) 1.3245 (0.0041)

Firm-Size Category Average ψ 0.2233 (0.0026) 0.4278 (0.0025)

Intercept 3.7397 (0.0022) 3.6737 (0.0021) 3.5215 (0.0021)

R2 0.9604 0.8960 0.2559

Based on Order-Dependent Estimates: Persons First

Firm-Size Category Average α 1.1372 (0.0045) 1.3224 (0.0042)

Firm-Size Category Average ψ 0.9217 (0.0085) 1.7395 (0.0079)

Intercept 3.6370 (0.0022) 3.6674 (0.0021) 3.3665 (0.0019)

R2 0.9990 0.8950 0.4327

Notes: The dependent variable is the 25 firm-size category effects estimated by least squares controlling for
labor force experience (through quartic), seniority, region, year, education (eight categories) and sex (fully
interacted). See Table III for full results. The independent variables are the firm-size category averages for the
indicated firm-specific compensation policy, adjusted for the same independent variables. The time period is
1976-1987.



Table IX
Summary Statistics for Firms

Annual Averages over All Years for Which the Firm Does Business 1978-1988
(weighted by inverse sampling probability)

Variable Definition Mean Std Dev
Order-Independent Estimates

Average Predicted Effect of x Variables  (xβ) at the Firm 0.3569 0.2586
Average Individual Effect, Unobserved Factors (α) at the Firm -0.0575 0.6626
Average Education Effect (uη) of Employees at the Firm 3.8889 0.2757
φ, Firm Effect Intercept -0.1791 1.0279
γ, Firm Effect Seniority Slope 0.0156 0.1167

Order-Dependent Estimates: Persons First
Average Predicted Effect of x Variables  (xβ) at the Firm 0.3906 0.2420
Average Individual Effect, Unobserved Factors (α) at the Firm -0.0549 0.6446
Average Education Effect (uη) of Employees at the Firm 3.8503 0.2836
φ, Firm Effect Intercept -0.0196 0.2707
γ, Firm Effect Seniority Slope 0.0027 0.0775
γ2, Firm Effect Change in Slope at 10 Years -0.0031 0.1728

Other Firm Characteristics
Number of Employees Sampled at Firm 34.2950 610.4800
Employment at December 31st (thousands) 0.1097 1.6789
Real Total Assets (millions FF 1980) 59.4769 3,938.9800
Operating Income/Total Assets 0.1254 0.4544
Value Added/Total Assets 1.0051 1.8889
Real Total Compensation (millions FF 1980) 1.3260 2.3570
Real Value Added/Employee (thou. FF 1980) 106.7672 936.5212
Real Total Assets/Employee (thou. FF 1980) 363.0707 21,067.5500
(Engineers, Professionals and Managers)/Employee 0.2362 0.4072
Skilled Workers/Employee 0.5414 0.5255
Log(Real Total Assets) 1.7711 3.3558
Log(Real Value Added/Employee) 4.5215 1.1050
Log(Real Sales/Employee) 5.5673 2.0139
Log(Total Employment at December 31) -3.0262 2.1109
Log(Real Total Assets/Employee) 4.7972 2.2710
Age of Firm (N=7,385) 19.5023 23.0331

Number of Firms 14,717
 Notes: Order-independent estimates are based upon xβ, α, uη estimated with persons first
(conditional on Z) and φ and γ estimated with firms first (conditional on Z).  Order dependent
estimates are all based upon persons first (xβ, α, and uη) and firms (φ, γ and γ2) second.



Table X
Generalized Least Squares Estimates of the Relation Between

Productivity, Profitability and Compensation Policies
Dependent variable: Log (VAdded/Worker) Log(Sales/Employee) Operating Inc./Capital

Indepenent Variable Coefficient
Standard

Error Coefficient
Standard

Error Coefficient
Standard

Error
Based on Order-Independent Estimates

Average Predicted Effect of x Variables  (xβ) 0.4937 (0.0270) 0.3050 (0.0393) 0.0670 (0.0151)

Average Individual Effect (α) 0.2234 (0.0108) 0.0809 (0.0156) 0.0081 (0.0060)

Average Education Effect (uη) 0.1338 (0.0254) -0.0057 (0.0369) -0.0107 (0.0143)

φ, Firm Effect Intercept 0.0371 (0.0084) 0.0054 (0.0122) 0.0138 (0.0047)

γ, Firm Effect Seniority Slope -0.1210 (0.0582) -0.1751 (0.0847) -0.0028 (0.0328)

(Engineers, Professionals, Managers)/Employee 0.3428 (0.0238) 0.1773 (0.0346) -0.1303 (0.0126)

(Skilled Workers)/Employee 0.1226 (0.0177) 0.3065 (0.0257) 0.0061 (0.0099)

Log(Capital/Employee) 0.2470 (0.0037) 0.5536 (0.0054)

Intercept 3.0206 (0.1055) 0.1065 (0.1533) 0.1897 (0.0579)

Based on Order-Dependent Estimates: Persons First

Average Predicted Effect of x Variables  (xβ) 0.6057 (0.0310) 0.4833 (0.0494) 0.0569 (0.0161)

Average Individual Effect (α) 0.2617 (0.0118) 0.1623 (0.0188) 0.0102 (0.0061)

Average Education Effect (uη) 0.0725 (0.0275) -0.0674 (0.0437) -0.0036 (0.0143)

φ, Firm Effect Intercept 0.1240 (0.0343) 0.1128 (0.0546) 0.0415 (0.0179)

γ, Firm Effect Seniority Slope 0.1492 (0.1195) 0.2852 (0.1902) 0.0571 (0.0623)

γ2, Firm Effect Change in Slope at 10 Years -0.0485 (0.0428) -0.1107 (0.0681) -0.0264 (0.0223)

(Engineers, Tech., Managers)/Employee 0.6815 (0.0247) 0.8989 (0.0394) -0.1267 (0.0126)

(Skilled Workers)/Employee 0.2167 (0.0190) 0.4979 (0.0302) 0.0094 (0.0099)

Log(Capital/Employee) 0.1017 (0.0025) 0.2290 (0.0039)

Intercept 4.3985 (0.1126) 2.9784 (0.1791) 0.1664 (0.0586)

Note: Models were estimated using 14,717 firms with complete data. All regressions include a set of 2-digit industry effects.



Table XI
Generalized Least Squares Estimates of the Relation Between Factors Use and Compensation Policies

Dependent Variable

Independent Variable
Log(Empl-

oyees)
Log(Real
Capital)

Log(Capital
/Employee)

EPM
/Employee

Skilled W
/Employee

Unskilled W
/Employee

Based on Order-Independent Estimates

Average Predicted Effect of x (xβ) 0.2586 1.0369 0.7783 0.1420 0.0542 -0.1962

(0.0675) (0.0971) (0.0600) (0.0110) (0.0140) (0.0132)

Average Individual Effect (α) 0.2967 0.7673 0.4705 0.1197 -0.0284 -0.0913

(0.0267) (0.0384) (0.0237) (0.0043) (0.0054) (0.0051)

Average Education Effect (uη) 0.4380 0.5479 0.1100 0.2974 -0.1060 -0.1915

(0.0638) (0.0918) (0.0567) (0.0102) (0.0130) (0.0123)

φ, Firm Effect Intercept -0.2654 -0.2898 -0.0244 0.0315 0.0152 -0.0468

(0.0212) (0.0304) (0.0188) (0.0035) (0.0044) (0.0042)

γ, Firm Effect Seniority Slope 0.4305 0.4149 -0.0156 0.0909 -0.0147 -0.0762

(0.1465) (0.2106) (0.1300) (0.0241) (0.0306) (0.0290)

(Eng., Prof., Managers)/Employee -0.0479 2.0645 2.1123

(0.0565) (0.0812) (0.0501)

(Skilled Workers)/Employee -0.2505 0.1075 0.3580

(0.0444) (0.0638) (0.0394)

Intercept -3.6868 2.6123 6.2991 -0.7097 0.8567 0.8530

(0.2587) (0.3719) (0.2296) (0.0420) (0.0534) (0.0506)

Based on Order-Dependent Estimates: Persons First

Average Predicted Effect of x (xβ) 0.2541 1.0205 0.7665 0.1142 0.0628 -0.1770

(0.0724) (0.1036) (0.0638) (0.0117) (0.0150) (0.0142)

Average Individual Effect (α) 0.2764 0.7454 0.4690 0.1231 -0.0316 -0.0914

(0.0273) (0.0391) (0.0241) (0.0043) (0.0055) (0.0052)

Average Education Effect (uη) 0.3478 0.4076 0.0598 0.3307 -0.0964 -0.2343

(0.0643) (0.0921) (0.0567) (0.0101) (0.0129) (0.0122)

φ, Firm Effect Intercept 0.3748 0.7618 0.3869 0.0057 -0.0052 -0.0005

(0.0802) (0.1148) (0.0707) (0.0131) (0.0167) (0.0158)

γ, Firm Effect Seniority Slope -0.0262 0.5277 0.5539 0.0835 -0.0303 -0.0532

(0.2798) (0.4005) (0.2467) (0.0456) (0.0582) (0.0553)

γ2, Firm Effect Change in Slope at 10 Years 0.0011 0.0497 0.0486 -0.0314 0.0140 0.0174

(0.1002) (0.1435) (0.0884) (0.0164) (0.0209) (0.0198)

(Engi., Prof., Managers)/Employee -0.1181 2.0038 2.1219

(0.0568) (0.0812) (0.0500)

(Skilled Workers)/Employee -0.2947 0.0707 0.3654

(0.0445) (0.0637) (0.0392)

Intercept -3.4129 3.0371 6.4499 -0.8485 0.8309 1.0176

(0.2630) (0.3765) (0.2319) (0.0423) (0.0539) (0.0512)

Notes: The models were estimated using the 14,717 firms with complete data. All equations include a set of 2-digit industry
effects. Standard errors in parentheses.



Table XII
Proportional Hazards Estimates of the Relation between Firm Survival

and Compensation Policies
Parameter Standard Risk

Independent Variable Estimate Error Ratio
Based on Order-Independent Estimates

Average Predicted Effect of x (xβ) 2.2163 (0.5821) 9.1730

Average Individual Effect (α) -0.5874 (0.2100) 0.5560

Average Education Effect (uη) -2.3441 (0.5327) 0.0960

φ, Firm Effect Intercept 0.3833 (0.1579) 1.4670

γ, Firm Effect Seniority Slope 1.2239 (1.0215) 3.4000

(Eng., Prof., Managers)/Employee 0.2328 (0.3689) 1.2620

(Skilled Workers)/Employee 0.2065 (0.2917) 1.2290

Based on Order-Dependent Estimates: Persons First

Average Predicted Effect of x (xβ) 2.0751 (0.6241) 7.9650

Average Individual Effect (α) -0.5327 (0.2064) 0.5870

Average Education Effect (uη) -1.8615 (0.5398) 0.1550

φ, Firm Effect Intercept -0.5909 (0.5356) 0.5540

γ, Firm Effect Seniority Slope 1.6497 (2.4598) 5.2050

γ2, Firm Effect Change in Slope at 10 Years 0.3592 (0.6677) 1.4320

(Eng., Prof., Managers)/Employee 0.4096 (0.3699) 1.5060

(Skilled Workers)/Employee 0.3372 (0.2926) 1.4010

Notes: Negative coefficients indicate a reduced probability of firm death. This model
was estimated using the 7,382 firms with known birth dates. The model includes a set of
2-digit industry effects.



Data Appendix Table B1
Classification of French Degrees and U.S. Equivalents

Category Degree U.S. Equivalent
1   Sans Aucun Diplôme  No Terminal Degree 
2  CEP  Elementary School 

              DFEO   
3  BEPC  Junior High School 

              BE   
              BEPS   

4  BAC (not F, G or H)  High School 
              Brevet superieur   
              CFES   

5  CAP  Vocational-Technical School (Basic) 
              BEP   
              EFAA   
              BAA   
              BPA   
              FPA 1er   

6  BP  Vocational-Technical School (Advanced) 
              BEA   
              BEC   
              BEH   
              BEI   
              BES   
              BATA   
              BAC F   
              BAC G   
              BAC H   

7  Santé  Technical College and  
              BTS  Undergraduate University 
              DUT   
              DEST   
              DEUL   
              DEUS   
              DEUG   

8  2ème cycle  Graduate School and Other 
              3ème cycle   Post-Secondary Education 
              Grande école  
              CAPES   
              CAPET 

Notes: Authors' adaptation of French degree codes appearing on the EDP 
(Echantillon démographique permanent).



Data Appendix Table B2
EDP Sample Statistics - Men (Std. Deviations in Parentheses)

Variable Degree Category
Name Overall 1 2 3 4 5 6 7 8

DOBi < 1925 0.188 0.254 0.295 0.160 0.136 0.055 0.098 0.063 0.186
(0.391) (0.435) (0.456) (0.367) (0.343) (0.228) (0.297) (0.243) (0.389)

1924 < DOBi < 1930 0.056 0.062 0.085 0.042 0.049 0.034 0.048 0.026 0.065
(0.230) (0.242) (0.279) (0.200) (0.215) (0.180) (0.214) (0.158) (0.247)

1929 < DOBi < 1935 0.097 0.109 0.120 0.067 0.068 0.081 0.095 0.054 0.101
(0.296) (0.311) (0.325) (0.250) (0.252) (0.273) (0.293) (0.226) (0.301)

1934 < DOBi < 1940 0.061 0.056 0.070 0.048 0.048 0.063 0.079 0.047 0.078
(0.240) (0.229) (0.255) (0.214) (0.215) (0.244) (0.270) (0.212) (0.268)

1939 < DOBi < 1945 0.094 0.070 0.091 0.075 0.098 0.117 0.133 0.118 0.149
(0.292) (0.256) (0.287) (0.264) (0.298) (0.322) (0.340) (0.323) (0.356)

1944 < DOBi < 1950 0.102 0.064 0.097 0.099 0.130 0.130 0.152 0.175 0.164
(0.302) (0.244) (0.296) (0.299) (0.336) (0.336) (0.359) (0.380) (0.370)

1949 < DOBi < 1955 0.159 0.095 0.132 0.166 0.245 0.224 0.217 0.288 0.201
(0.365) (0.293) (0.339) (0.372) (0.430) (0.417) (0.412) (0.453) (0.401)

1954 < DOBi < 1960 0.101 0.072 0.060 0.182 0.157 0.145 0.110 0.176 0.054
(0.302) (0.259) (0.238) (0.386) (0.364) (0.352) (0.313) (0.381) (0.226)

1959 < DOBi < 1977 0.141 0.218 0.050 0.160 0.069 0.151 0.068 0.052 0.003
(0.348) (0.413) (0.218) (0.367) (0.253) (0.358) (0.251) (0.224) (0.056)

  Works in Ile de France 0.232 0.204 0.226 0.288 0.352 0.187 0.284 0.309 0.457
(0.422) (0.403) (0.418) (0.453) (0.478) (0.390) (0.451) (0.462) (0.498)

  CSP62 0.263 0.357 0.282 0.188 0.157 0.199 0.145 0.184 0.105
(0.440) (0.479) (0.450) (0.391) (0.364) (0.399) (0.352) (0.387) (0.307)

  CSP61 0.225 0.231 0.255 0.117 0.071 0.299 0.186 0.096 0.058
(0.418) (0.422) (0.436) (0.321) (0.266) (0.458) (0.390) (0.295) (0.233)

  CSP50 0.151 0.118 0.166 0.279 0.279 0.108 0.203 0.235 0.203
(0.358) (0.322) (0.372) (0.448) (0.448) (0.310) (0.402) (0.424) (0.402)

  CSP40 0.112 0.061 0.110 0.173 0.233 0.080 0.258 0.275 0.225
(0.315) (0.240) (0.314) (0.379) (0.423) (0.272) (0.438) (0.447) (0.418)

  CSP30 0.043 0.020 0.025 0.053 0.147 0.015 0.057 0.080 0.359
(0.203) (0.142) (0.157) (0.224) (0.354) (0.121) (0.232) (0.271) (0.480)

  Number of Observations 71229 26236 12825 3847 3036 16489 3878 2387 2531



Data Appendix Table B3
EDP Sample Statistics - Women (Std. Deviations in Parentheses)

Variable Degree Category
Name Overall 1 2 3 4 5 6 7 8

DOBi < 1925 0.152 0.235 0.206 0.129 0.055 0.034 0.042 0.055 0.056
(0.359) (0.424) (0.405) (0.336) (0.229) (0.181) (0.202) (0.228) (0.230)

1924 < DOBi < 1930 0.047 0.053 0.078 0.045 0.025 0.024 0.017 0.022 0.023
(0.212) (0.224) (0.268) (0.206) (0.156) (0.153) (0.130) (0.146) (0.148)

1929 < DOBi < 1935 0.084 0.096 0.118 0.070 0.043 0.061 0.054 0.049 0.052
(0.278) (0.294) (0.322) (0.255) (0.203) (0.239) (0.226) (0.216) (0.222)

1934 < DOBi < 1940 0.054 0.056 0.069 0.047 0.036 0.050 0.045 0.038 0.047
(0.226) (0.229) (0.254) (0.211) (0.185) (0.218) (0.208) (0.190) (0.212)

1939 < DOBi < 1945 0.093 0.070 0.113 0.086 0.090 0.103 0.108 0.101 0.127
(0.290) (0.255) (0.317) (0.281) (0.287) (0.304) (0.311) (0.301) (0.334)

1944 < DOBi < 1950 0.114 0.077 0.125 0.109 0.116 0.135 0.164 0.156 0.209
(0.317) (0.267) (0.331) (0.311) (0.321) (0.341) (0.371) (0.363) (0.407)

1949 < DOBi < 1955 0.186 0.112 0.180 0.167 0.285 0.247 0.252 0.298 0.354
(0.389) (0.315) (0.384) (0.373) (0.451) (0.431) (0.434) (0.457) (0.478)

1954 < DOBi < 1960 0.120 0.078 0.067 0.178 0.217 0.166 0.169 0.223 0.125
(0.325) (0.267) (0.251) (0.383) (0.412) (0.372) (0.375) (0.416) (0.331)

1959 < DOBi < 1977 0.150 0.224 0.043 0.170 0.133 0.180 0.147 0.059 0.008
(0.357) (0.417) (0.202) (0.375) (0.339) (0.384) (0.355) (0.236) (0.088)

  Works in Ile de France 0.254 0.237 0.239 0.286 0.333 0.221 0.316 0.283 0.466
(0.435) (0.425) (0.426) (0.452) (0.471) (0.415) (0.465) (0.451) (0.499)

  CSP62 0.227 0.343 0.296 0.108 0.079 0.126 0.073 0.061 0.053
(0.419) (0.475) (0.456) (0.310) (0.270) (0.331) (0.259) (0.240) (0.224)

  CSP61 0.050 0.061 0.067 0.027 0.023 0.044 0.027 0.029 0.015
(0.218) (0.239) (0.249) (0.163) (0.150) (0.205) (0.161) (0.168) (0.120)

  CSP50 0.458 0.365 0.427 0.596 0.570 0.539 0.630 0.420 0.511
(0.498) (0.482) (0.495) (0.491) (0.495) (0.498) (0.483) (0.494) (0.500)

  CSP40 0.073 0.040 0.035 0.090 0.165 0.045 0.097 0.350 0.214
(0.261) (0.195) (0.185) (0.286) (0.371) (0.208) (0.296) (0.477) (0.410)

  CSP30 0.013 0.008 0.005 0.016 0.048 0.005 0.009 0.032 0.150
(0.115) (0.090) (0.068) (0.125) (0.214) (0.071) (0.093) (0.176) (0.357)

  Number of Observations 57677 19822 12768 4760 3112 10388 2633 3173 1021



Data Appendix Table B4
Multinomial Logit on Degree Categories-Men (Std. Errors in Parentheses)

Variable
Name 1 2 3 4 5 6 7

Intercept 6.254 5.828 2.465 0.803 3.985 1.714 -0.141
(0.122) (0.125) (0.134) (0.142) (0.125) (0.139) (0.158)

1924 < DOBi < 1930 -0.496 -0.32 -0.333 0.005 0.392 0.266 0.102
(0.105) (0.106) (0.131) (0.133) (0.113) (0.132) (0.179)

1929 < DOBi < 1935 -0.493 -0.518 -0.344 -0.109 0.734 0.471 0.407
(0.090) (0.091) (0.112) (0.117) (0.096) (0.111) (0.145)

1934 < DOBi < 1940 -1.234 -1.117 -0.667 -0.325 0.446 0.318 0.349
(0.100) (0.102) (0.124) (0.130) (0.105) (0.119) (0.154)

1939 < DOBi < 1945 -2.031 -1.863 -1.120 -0.381 0.090 0.000 0.519
(0.085) (0.087) (0.105) (0.106) (0.089) (0.102) (0.126)

1944 < DOBi < 1950 -2.818 -2.430 -1.307 -0.379 -0.336 -0.216 0.653
(0.085) (0.087) (0.102) (0.104) (0.089) (0.102) (0.123)

1949 < DOBi < 1955 -3.388 -3.248 -1.373 -0.069 0.700 -0.363 0.843
(0.086) (0.089) (0.100) (0.101) (0.090) (0.103) (0.121)

1954 < DOBi < 1960 -2.289 -2.649 0.074 0.830 0.230 0.312 1.704
(0.113) (0.119) (0.123) (0.127) (0.116) (0.130) (0.145)

1959 < DOBi < 1977 1.897 0.246 2.891 2.855 3.319 2.742 3.339
(0.360) (0.363) (0.364) (0.369) (0.362) (0.368) (0.379)

Unskilled Blue-Collar at Date t  in Firm J(i,t) -0.85 -1.311 -0.681 -0.193 -1.306 -0.849 -0.155
(0.116) (0.119) (0.126) (0.134) (0.116) (0.129) (0.136)

Skilled Blue-Collar at Date t  in Firm J(i,t) -0.904 -1.074 -0.557 -0.294 -0.340 -0.006 -0.055
(0.132) (0.135) (0.144) (0.156) (0.131) (0.142) (0.157)

Unskilled White-Collar at Date t  in Firm J(i,t) -2.758 -2.635 -0.944 -0.217 -2.494 -1.100 -0.437
(0.111) (0.114) (0.118) (0.125) (0.110) (0.121) (0.129)

Skilled White-Collar at Date t  in Firm J(i,t) -4.028 -3.740 -1.610 -0.377 -3.011 -1.030 -0.100
(0.117) (0.121) (0.127) (0.132) (0.117) (0.126) (0.134)

Manager at Date t  in Firm J(i,t) -5.892 -5.996 -3.400 -1.311 -5.195 -3.036 -1.648
(0.124) (0.132) (0.142) (0.136) (0.131) (0.141) (0.148)

  Works in Ile de France -0.627 -0.629 -0.410 -0.265 -0.766 -0.510 -0.399
(0.048) (0.050) (0.057) (0.057) (0.049) (0.056) (0.062)



Data Appendix Table B5
Multinomial Logit on Degree Categories-Women (Std. Errors in Parentheses)

Variable
Name 1 2 3 4 5 6 7

Intercept 7.296 7.148 4.645 2.263 4.555 2.693 2.278
(0.205) (0.206) (0.211) (0.223) (0.211) (0.231) (0.223)

1924 < DOBi < 1930 -0.723 -0.224 -0.307 0.023 0.391 -0.148 -0.137
(0.257) (0.257) (0.265) (0.285) (0.267) (0.309) (0.289)

1929 < DOBi < 1935 -0.999 -0.683 -0.742 -0.314 0.441 0.111 -0.201
(0.199) (0.200) (0.207) (0.225) (0.208) (0.233) (0.224)

1934 < DOBi < 1940 -1.393 -1.073 -1.021 -0.383 0.371 0.054 -0.361
(0.206) (0.207) (0.217) (0.233) (0.214) (0.241) (0.233)

1939 < DOBi < 1945 -2.328 -1.743 -1.550 -0.542 -0.057 -0.210 -0.439
(0.169) (0.169) (0.177) (0.189) (0.177) (0.199) (0.189)

1944 < DOBi < 1950 -3.023 -2.429 -2.011 -0.894 -0.529 -0.461 -0.552
(0.161) (0.161) (0.167) (0.180) (0.168) (0.189) (0.178)

1949 < DOBi < 1955 -3.791 -3.433 -2.537 -0.694 -1.022 -0.927 -0.601
(0.156) (0.157) (0.162) (0.172) (0.163) (0.184) (0.173)

1954 < DOBi < 1960 -3.082 -3.323 -1.409 0.075 -0.342 -0.264 0.153
(0.172) (0.175) (0.176) (0.187) (0.178) (0.199) (0.187)

1959 < DOBi < 1977 1.070 -0.673 1.506 2.448 2.753 2.531 1.638
(0.382) (0.384) (0.385) (0.390) (0.385) (0.396) (0.395)

Unskilled Blue-Collar at Date t  in Firm J(i,t) -0.205 -0.787 -0.778 -0.248 -0.898 -0.969 -0.511
(0.195) (0.196) (0.202) (0.210) (0.196) (0.212) (0.213)

Skilled Blue-Collar at Date t  in Firm J(i,t) -0.634 -0.977 -0.840 -0.167 -0.645 -0.675 0.064
(0.295) (0.296) (0.308) (0.320) (0.297) (0.320) (0.315)

Unskilled White-Collar at Date t  in Firm J(i,t) -2.250 -2.466 -1.218 -0.502 -1.593 -1.008 -0.749
(0.144) (0.146) (0.149) (0.154) (0.144) (0.153) (0.155)

Skilled White-Collar at Date t  in Firm J(i,t) -3.853 -4.352 -2.379 -0.880 -3.272 -2.062 -0.047
(0.161) (0.165) (0.166) (0.169) (0.162) (0.174) (0.166)

Manager at Date t  in Firm J(i,t) -5.449 -6.431 -3.977 -1.725 -5.147 -4.133 -2.052
(0.191) (0.216) (0.209) (0.193) (0.218) (0.272) (0.201)

  Works in Ile de France -0.925 -0.983 -0.738 -0.462 -0.967 -0.541 -0.738
(0.069) (0.070) (0.074) (0.076) (0.070) (0.078) (0.077)



Data Appendix Table B6
Summary Statistics, Coefficients and Standard Errors for Z Variables 

in the Conditional Method Order Independent Estimation

Variable Definition Mean
Standard 
Deviation Coefficient

Standard 
Error

Firm size x average experience 2.54E-05 3.16E-06 1.11E-05 3.82E-06
Firm size x age at end of school 1.79E-04 2.91E-06 1.77E-05 3.58E-06
Firm size squared x average experience -7.57E-08 2.00E-08 6.38E-08 2.00E-08
Firm size squared x age at end of school -5.28E-07 1.00E-08 -3.06E-08 2.00E-08
Firm size x seniority x average experience 3.23E-06 3.30E-07 2.76E-06 3.50E-07
Firm size x seniority x age at end of school -1.43E-05 4.50E-07 -6.95E-06 4.30E-07
Firm size squared x seniority x average experience -5.76E-09 1.60E-07 -1.12E-09 7.19E-10
Firm size squared x seniority x age at end of school 4.47E-08 1.00E-08 2.01E-08 1.91E-07
Industry 1 x average experience -3.92E-04 1.28E-04 -2.06E-03 3.19E-03
Industry 1 x age at end of school -2.22E-02 1.48E-04 1.04E-02 3.49E-03
Industry 1 x seniority x average experience 3.95E-04 1.61E-05 1.50E-04 1.53E-05
Industry 1 x seniority x age at end of school -2.98E-04 2.51E-05 -1.12E-04 2.17E-05
Industry 2 x average experience 2.10E-03 2.17E-04 -4.71E-03 3.20E-03
Industry 2 x age at end of school 1.62E-02 2.20E-04 1.39E-02 3.50E-03
Industry 2 x seniority x average experience -1.25E-04 2.18E-05 -1.41E-04 2.27E-05
Industry 2 x seniority x age at end of school 6.14E-04 3.14E-05 3.32E-04 3.04E-05
Industry 3 x average experience 3.82E-04 7.75E-05 -1.93E-03 3.19E-03
Industry 3 x age at end of school -3.61E-02 8.33E-05 1.03E-02 3.49E-03
Industry 3 x seniority x average experience 2.07E-04 8.98E-06 8.41E-05 8.00E-06
Industry 3 x seniority x age at end of school -4.80E-05 1.36E-05 -1.52E-05 1.14E-05
Industry 4 x average experience -2.52E-04 7.46E-05 -2.15E-03 3.19E-03
Industry 4 x age at end of school -1.76E-02 7.08E-05 1.08E-02 3.49E-03
Industry 4 x seniority x average experience 4.09E-05 8.03E-06 8.92E-05 7.62E-06
Industry 4 x seniority x age at end of school 3.66E-04 1.12E-05 -1.38E-05 9.93E-06
Industry 5 x average experience 2.16E-03 8.12E-05 -1.95E-03 3.19E-03
Industry 5 x age at end of school -3.59E-02 8.61E-05 9.18E-03 3.49E-03
Industry 5 x seniority x average experience 2.92E-04 9.78E-06 1.14E-04 9.37E-06
Industry 5 x seniority x age at end of school -4.70E-04 1.48E-05 7.38E-06 1.29E-05
Industry 6 x average experience 1.02E-03 8.46E-05 1.67E-04 3.19E-03
Industry 6 x age at end of school -2.94E-02 1.05E-04 4.62E-03 3.49E-03
Industry 6 x seniority x average experience 7.20E-04 1.20E-05 1.07E-04 1.07E-05
Industry 6 x seniority x age at end of school -1.41E-03 1.85E-05 -1.00E-04 1.50E-05
Industry 7 x average experience -3.46E-04 6.93E-05 -2.16E-03 3.19E-03
Industry 7 x age at end of school 6.53E-03 8.00E-05 8.91E-03 3.49E-03
Industry 7 x seniority x average experience -4.73E-05 9.20E-06 -4.40E-05 8.55E-06
Industry 7 x seniority x age at end of school 9.89E-04 1.38E-05 2.34E-04 1.17E-05
Industry 8 x average experience -3.60E-04 1.32E-04 -2.88E-03 3.19E-03
Industry 8 x age at end of school 2.35E-02 1.39E-04 9.77E-03 3.49E-03
Industry 8 x seniority x average experience -3.22E-04 1.53E-05 7.68E-05 1.49E-05
Industry 8 x seniority x age at end of school 1.70E-03 2.25E-05 1.02E-04 2.06E-05
Industry 9 x average experience 5.22E-04 5.53E-05 -2.81E-03 3.19E-03
Industry 9 x age at end of school 3.57E-02 5.89E-05 8.25E-03 3.49E-03
Industry 9 x seniority x average experience -3.87E-04 6.81E-06 -2.85E-05 6.40E-06
Industry 9 x seniority x age at end of school 1.89E-03 9.63E-06 1.79E-04 8.36E-06
Industry 10 x average experience -1.98E-03 8.29E-05 -3.20E-03 3.19E-03
Industry 10 x age at end of school 3.43E-02 7.92E-05 8.87E-03 3.49E-03
Industry 10 x seniority x average experience -1.10E-04 9.56E-06 -1.97E-05 1.01E-05
Industry 10 x seniority x age at end of school 0.001673 0.00001264 0.000238 0.00001243
Notes: These coefficients supplement the coefficients reported in Table III, Column "Conditional Method
Persons First."



Data Appendix Table B7
Descriptive Statistics for Basic Individual Level Variables by Sex for 1976 to 1987

Men Women

Variable Definition Mean
Standard

Deviation Mean
Standard

Deviation
Real Total Annual Compensation Cost, 1,000FF 1980 89.0967 61.6302 67.3646 37.4208

Log (Real Annual Compensation Cost, 1980 FF) 4.3442 0.5187 4.0984 0.4801

Total Labor Force Experience 17.2531 11.8258 15.4301 12.0089

(Total Labor Force Experience)2/100 4.3752 4.9197 3.8230 4.9440

(Total Labor Force Experience)3/1,000 13.1530 19.4305 11.6079 19.6863

(Total Labor Force Experience)4/10,000 43.3453 77.9542 39.0589 80.3251

Seniority 7.7067 7.5510 6.5437 6.5268

Lives in Ile-de-France (Paris Metropolitan Region) 0.2561 0.2910

No Known Degree 0.3064 0.2190 0.2971 0.2124

Completed Elementary School 0.1556 0.1458 0.1893 0.1739

Completed Junior High School 0.0565 0.0792 0.0869 0.1008

Completed High School (Baccalauréat) 0.0528 0.0804 0.0711 0.0881

Basic Vocational-Technical Degree 0.2652 0.1849 0.1926 0.1545

Advanced Vocational-Technical Degree 0.0701 0.0893 0.0532 0.0802

Technical College or University Diploma 0.0469 0.0754 0.0838 0.1247

Graduate School Diploma 0.0465 0.0964 0.0259 0.0551

Year of data 81.3106 3.7250 81.4730 3.7180

Number of Observations for the Firm in Sample 4,402.3800 16,164.6200 1,605.3100 7,797.1300

Observations 3,434,530 1,870,578

Persons 711,518 454,787

Proportion with Identified Least Squares Estimate of
Individual and Firm Effect 0.7425 0.7448
Source: Authors' calculations based on the Déclarations annuelles des salaires (DAS).



FIgure 1

Actual and Predicted Industry Effects Using 
Industry Average Person Effects
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Figure 2

Actual and Predicted Industry Effects Using 
Industry Average Firm Effects
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Figure 3

Firm Size Effects Related to Firm-Size Average 
Person and Firm Effects

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

2 4 6 8 10 12

Logarithm of Firm Size

S
iz

e 
E

ffe
ct

 (
δ*

*)

Size Effect Average Person Effect
Average Firm Effect Predicted Size Effect


