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Devwudfw

Wkh jurzwk lq wkh wudgh vkduh ri rxwsxw lv rqh ri wkh prvw lpsruwdqw ihdwxuhv
ri wkh zruog hfrqrp| vlqfh Zruog Zdu LL1 Wkh jurzwk lv jhqhudoo| wkrxjkw
wr kdyh ehhq jhqhudwhg e| idoolqj wdul� eduulhuv zruogzlgh1 Wklv wklqnlqj/
krzhyhu/ grhv qrw vtxduh zlwk vwdqgdug vwdwlf dqg g|qdplf lqwhuqdwlrqdo
wudgh prghov1 Ehfdxvh wdul� eduulhuv kdyh ghfuhdvhg olwwoh vlqfh wkh hduo|
4<93v/ wkhvh prghov fdqqrw h{sodlq wkh jurzwk ri wudgh zlwkrxw dvvxplqj
frxqwhuidfwxdoo| odujh hodvwlflwlhv ri vxevwlwxwlrq ehwzhhq grphvwlf dqg iru0
hljq jrrgv1 L vkrz wkdw wklv jurzwk fdq eh uhfrqflohg zlwk wkh uhodwlyho|
vpdoo ghfolqhv lq wdul�v rqfh yhuwlfdo vshfldol}dwlrq lv lqfoxghg lq wkh prghov1
Yhuwlfdo vshfldol}dwlrq/ zklfk rffxuv zkhq frxqwulhv vshfldol}h rqo| lq sdu0
wlfxodu vwdjhv ri d jrrg*v surgxfwlrq vhtxhqfh/ pdjql�hv wkh wudgh jurzwk
h�hfwv ri wudgh eduulhu uhgxfwlrq1 Wr vkrz wklv/ L fdoleudwh dqg vlpxodwh d
g|qdplf Ulfdugldq prgho ri wudgh zlwk yhuwlfdo vshfldol}dwlrq1 L vkrz wkdw
wklv prgho fdq h{sodlq derxw :3( ri wkh jurzwk ri wudgh zlwk mxvw d xqlwdu|
hodvwlflw| ri vxevwlwxwlrq1 Wkh prgho dovr kdv lpsruwdqw lpsolfdwlrqv iru wkh
jdlqv iurp wudgh1



4 Lqwurgxfwlrq

Doprvw doo glvfxvvlrqv ri joredol}dwlrq dqg wkh lqwhuqdwlrqdol}dwlrq ri surgxf0
wlrq kljkoljkw wkh jurzlqj wudgh vkduhv ri rxwsxw1 Lqghhg/ wudgh*v jurzlqj
vkduh lv rqh ri wkh prvw vwulnlqj ihdwxuhv ri wkh zruog hfrqrp| vlqfh Zruog
Zdu LL1 Iru wkh odvw kdoi fhqwxu| zruog phufkdqglvh wudgh kdv jurzq wzr
shufhqw shu |hdu idvwhu wkdq zruog phufkdqglvh rxwsxw1 Zruog pdqxidf0
wxuhg wudgh kdv rxwsdfhg pdqxidfwxuhg rxwsxw hyhq pruh/ e| derxw wkuhh
shufhqw shu |hdu1 +Vhh Iljxuh 4,1 Prvw frxqwulhv/ dqg pdq| w|shv ri frxq0
wulhv 0 vpdoo dqg odujh/ ulfk dqg srru/ idvw jurzhuv dqg vorz jurzhuv 0 kdyh
h{shulhqfhg lqfuhdvhv lq wkhlu wudgh vkduhv ri JGS1

Wkh vwdqgdug h{sodqdwlrq iru wkh zruogzlgh jurzwk ri wudgh lv wkh zruog0
zlgh wdul� uhgxfwlrqv wkdw kdyh rffxuuhg1 Orzhu wdul�v uhgxfh wkh frvw ri
wudghg jrrgv uhodwlyh wr grphvwlf jrrgv/ ohdglqj frqvxphuv dqg �upv wr vxe0
vwlwxwh wudghg jrrgv iru grphvwlf jrrgv1 Lpsruwv dqg h{sruwv ulvh1 Wdul�v
glg ghfolqh frqvlghudeo| lq wkh lpphgldwh diwhupdwk ri Zruog Zdu LL1 Krz0
hyhu/ vlqfh wkh hduo| 4<93v/ zruogzlgh wdul�v kdyh ghfuhdvhg olwwoh/ ghvslwh
wkh joredo wdul� uhgxfwlrqv hqjhqghuhg e| wkh Nhqqhg|/ Wrn|r/ dqg Xuxjxd|
Jhqhudo Djuhhphqw rq Wudgh dqg Wdul� +JDWW, urxqgv1 Wkhvh wkuhh urxqgv
kdyh jhqhudwhg ghfolqhv ri rqo| derxw 43 shufhqwdjh srlqwv1 Gxulqj wklv sh0
ulrg/ rq wkh rwkhu kdqg/ wkh zruog pdqxidfwxulqj h{sruw vkduh ri rxwsxw kdv
wulsohg1

Lq wklv sdshu L �uvw h{dplqh wkh wudgh h�hfwv ri wdul� uhgxfwlrqv lq wkuhh
zhoo0nqrzq vwdwlf dqg g|qdplf +Ulfdugldq/ prqrsrolvwlf frpshwlwlrq/ dqg
lqwhuqdwlrqdo uhdo exvlqhvv f|foh, wudgh prghov1 L �qg wkdw wkhvh prghov fdq
h{sodlq wkh jurzwk ri wkh pdqxidfwxuhg h{sruw vkduh ri rxwsxw rqo| zkhq
yhu| kljk hodvwlflwlhv ri vxevwlwxwlrq ehwzhhq grphvwlf dqg iruhljq jrrgv duh
dvvxphg1 Hodvwlflwlhv rq wkh rughu ri qlqh ru kljkhu duh qhhghg wr h{sodlq
doo ri wkh jurzwk ri wudgh> wkhvh duh frqvlghudeo| kljkhu wkdq wkh xvxdo hv0
wlpdwhv dqg ydoxhv xvhg lq frpsxwdeoh jhqhudo htxloleulxp prghov1 Lw lv d
sx}}oh wkdw wkh wkuhh prghov/ zklfk duh edvhg rq frpsdudwlyh dgydqwdjh/
lqfuhdvlqj uhwxuqv/ dqg wkh Duplqjwrq djjuhjdwru/ kdyh gl!fxow| lq h{sodlq0
lqj wkh jurzwk ri wudgh/ ehfdxvh wkh| uhsuhvhqw wkh wkhruhwlfdo dqg hpslulfdo
sdudgljpv wkdw hfrqrplvwv xvh wr h{sodlq wudgh sdwwhuqv1

Wr uhvroyh wkh sx}}oh ri uhfrqflolqj odujh wudgh jurzwk zlwk uhodwlyho|
vpdoo wdul� uhgxfwlrqv/ L dvvhuw wkdw zh qhhg wr jr eh|rqg wkh jurzwk ri
wudgh lq wkhvh eurdg whupv/ zklfk lv pdvnlqj lpsruwdqw fkdqjhv rffxuulqj
lq wkh qdwxuh ri wudgh1 Rqh ri wkh prvw lpsruwdqw fkdqjhv lv wkh lqfuhdvlqj
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lqwhufrqqhfwhgqhvv ri surgxfwlrq surfhvvhv lq d vhtxhqwldo/ yhuwlfdo wudglqj
fkdlq vwuhwfklqj dfurvv pdq| frxqwulhv/ zlwk hdfk frxqwu| vshfldol}lqj lq
sduwlfxodu vwdjhv ri d jrrg*v surgxfwlrq vhtxhqfh1 Ehiruh/ X1V1 vwhho zrxog
eh xvhg wr surgxfh X1V1 idup htxlsphqw/ zlwk vrph ri wkdw htxlsphqw h{0
sruwhg1 Qrz/ Mdsdqhvh vwhho lv h{sruwhg wr Ph{lfr/ zkhuh lw lv vwdpshg dqg
suhvvhg/ dqg wkhq h{sruwhg wr wkh X1V1/ zkhuh lw lv xvhg wr surgxfh idup
htxlsphqw/ zlwk vrph ri wkdw htxlsphqw h{sruwhg1 Wkh dprxqw ri wudgh lq0
yroyhg lq jhwwlqj d wudfwru wr lwv �qdo ghvwlqdwlrq kdv lqfuhdvhg frqvlghudeo|1
Kxpphov/ Udsrsruw/ dqg \l +KU\/ 4<<;, dqg Kxpphov/ Lvkll dqg \l +KL\/
4<<<, grfxphqw wkh jurzwk ri wklv skhqrphqrq/ zklfk wkh| +dqg L, fdoo yhu0
wlfdo vshfldol}dwlrq14 Dffruglqj wr KL\/ yhuwlfdo vshfldol}dwlrq rffxuv zkhq
lpsruwhg lqwhuphgldwh jrrgv duh xvhg wr surgxfh jrrgv iru h{sruw1 Wkhlu
sulpdu| phdvxuh ri yhuwlfdo vshfldol}dwlrq lv wkh ydoxh ri lpsruwhg lqwhuph0
gldwhv hperglhg lq h{sruwhg jrrgv1 Xvlqj fdvh vwxglhv/ lqsxw0rxwsxw wdeohv/
dqg rwkhu vrxufhv/ KU\ dqg KL\ vkrz wkdw yhuwlfdo vshfldol}dwlrq dffrxqwv
iru derxw 63( ri zruog wudgh wrgd| dqg juhz e| doprvw 73( ehwzhhq 4<:3
dqg 4<<81 Lw dovr dffrxqwhg iru derxw 426 ri wkh jurzwk lq zruog wudgh gxulqj
wklv shulrg1

Lq sulqflsoh/ d prgho zlwk yhuwlfdo vshfldol}dwlrq fdq h{sodlq pruh ri wkh
jurzwk ri wudgh wkdq d vwdqgdug prgho zlwkrxw yhuwlfdo vshfldol}dwlrq1 Wklv
lv ehfdxvh yhuwlfdo vshfldol}dwlrq lqyroyhv jrrgv ru jrrgv0lq0surfhvv zklfk
furvv pxowlsoh lqwhuqdwlrqdo erughuv zkloh wkh| duh ehlqj surgxfhg15 Hdfk
wlph wkhvh jrrgv0lq0surfhvv furvv d erughu/ d wdul� lv lqfxuuhg1 Frqvhtxhqwo|/
joredo uhgxfwlrqv lq wdul�v ohdg wr d pxowlsolhg uhgxfwlrq lq wkh frvw ri sur0
gxflqj wkhvh jrrgv1 Wklv odujh frvw uhgxfwlrq zloo hqjhqghu d odujhu wudgh
uhvsrqvh1 Wr pdnh wklv srlqw pruh vkduso|/ frqvlghu wkh iroorzlqj h{wuhph
h{dpsoh1 D jrrg lv surgxfhg lq Q vhtxhqwldo vwdjhv/ zlwk hdfk vwdjh sur0
gxfhg lq d gl�huhqw frxqwu|1 Wkh �uvw vwdjh lqyroyhv ydoxh0dgghg rqo|1 Doo
uhpdlqlqj vwdjhv lqyroyh lq�qlwhvlpdoo| vpdoo ydoxh0dgghg1 Wkhq/ zkhq wdu0
l�v idoo e| 4 shufhqwdjh srlqw/ wkh frvw ri surgxflqj wklv jrrg zloo idoo e| Q
shufhqw1 Wkh frvw ri d �uhjxodu� wudghg jrrg/ e| frqwudvw/ zloo ghfolqh e|

4Rwkhuv kdyh fdoohg wklv skhqrphqrq rxwvrxuflqj/ iudjphqwdwlrq/ pxowl0vwdjh surgxf0
wlrq/ volflqj0xs0wkh0ydoxh0fkdlq/ glvlqwhjudwlrq ri surgxfwlrq/ dqg lqwud0surgxfw vshfldo0
l}dwlrq1 Vhh Kxpphov/ Lvkll/ dqg \l +4<<<,1 L iroorz Edodvvd +4<9:, dqg Ilqgod| +4<:;,/
zkr zhuh dssduhqwo| wkh �uvw wr qrwh wklv skhqrphqrq lq lqwhuqdwlrqdo wudgh/ lq fdoolqj lw
yhuwlfdo vshfldol}dwlrq1

5L gr qrw frxqw vklsphqwv phuho| wudyholqj wkurxjk d frxqwu| lq wudqvlw/ vxfk dv zkdw
rffxuv dw hqwuhsrwv olnh Vlqjdsruh/ Krqj Nrqj/ dqg Dpvwhugdp1
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rqo| 4 shufhqw1 Lq dgglwlrq/ vrph �uhjxodu� jrrgv/ wkdw lv/ jrrgv wkdw zhuh
suhylrxvo| surgxfhg hqwluho| lq rqh frxqwu|/ pd| qrz ehfrph yhuwlfdoo| vsh0
fldol}hg/ dovr ohdglqj wr dq lqfuhdvh lq wudgh1 Wkurxjk erwk wkhvh fkdqqhov/
wudgh lq yhuwlfdoo| vshfldol}hg jrrgv jurzv e| pruh wkdq wudgh lq uhjxodu
jrrgv/ dqg wudgh jurzwk ryhudoo lv kljkhu wkdq zkdw zrxog eh suhglfwhg e|
vwdqgdug wudgh prghov1

Wr lqyhvwljdwh wklv srvvlelolw| pruh fduhixoo|/ L ghyhors/ fdoleudwh/ dqg
vlpxodwh joredo wdul� uhgxfwlrqv lq d wzr0frxqwu| g|qdplf wudgh prgho1 Lq
wkh prgho/ �qdo jrrgv duh surgxfhg lq wkuhh vhtxhqwldo vwdjhv1 Wkh �uvw vwdjh
xvhv fdslwdo dqg oderu wr surgxfh dq lqwhuphgldwh jrrg1 Wkh vhfrqg vwdjh
xvhv wkh �uvw vwdjh jrrg dqg fdslwdo dqg oderu wr surgxfh d vhfrqg0vwdjh
jrrg1 Lq wkh wklug vwdjh/ wkh vhfrqg0vwdjh jrrgv duh frvwohvvo| dvvhpeohg
lqwr d qrq0wudghg �qdo jrrg zklfk lv xvhg iru frqvxpswlrq ru lqyhvwphqw1
Wkh �uvw wzr vwdjhv duh wudgdeoh1 Wkh prwlyh iru wudgh lv Ulfdugldq> lw lv
edvhg rq furvv0frxqwu| surgxfwlylw| gl�huhqwldov lq surgxflqj hdfk ri wkh
wzr vwdjhv1

Wkh vlpxodwlrq uhvxowv lqglfdwh wkdw wkh prgho fdq ehwwhu h{sodlq wudgh
jurzwk wkdq d prgho zlwkrxw yhuwlfdo vshfldol}dwlrq1 L �qg wkdw lq wkh 4<93v
dqg hduo| 4<:3v/ erwk d prgho zlwk yhuwlfdo vshfldol}dwlrq dqg wkh vwdqgdug
prgho zlwkrxw yhuwlfdo vshfldol}dwlrq fdq h{sodlq wudgh jurzwk htxdoo| zhoo1
Wdul� udwhv lq wkdw shulrg duh vx!flhqwo| kljk wkdw yhuwlfdo vshfldol}dwlrq
lv qrw dq h!flhqw rxwfrph1 Krzhyhu/ dv wdul� udwhv frqwlqxh wr idoo/ yhuwl0
fdo vshfldol}dwlrq hyhqwxdoo| rffxuv1 Frqvhtxhqwo|/ wkh prgho zlwk yhuwlfdo
vshfldol}dwlrq jhqhudwhv pruh wudgh jurzwk iurp wkh odwh 4<:3v rqzdugv1 Lw
h{sodlqv derxw ;3( ri wkh jurzwk ri wudgh ryhu wkh odvw 53 |hduv1 Ryhu wkh hq0
wluh wlph shulrg +4<9504<<:,/ wkh yhuwlfdo vshfldol}dwlrq prgho h{sodlqv derxw
:3( ri wkh wudgh jurzwk1 Wkh vwdqgdug prgho h{sodlqv rqo| derxw 78(1 Wkh
uhvxowv vkrz wkdw wkh jurzwk ri wudgh fdq eh uhfrqflohg lq wkh frqwh{w ri
wkh vwdqgdug sdudgljpv hfrqrplvwv xvh wr wklqn derxw wudgh/ exw rqo| zkhq
wkh sdudgljpv duh eurdghqhg wr lqfoxgh iru d gl�huhqw nlqg ri wudgh/ yhuwlfdo
vshfldol}dwlrq1

Yhuwlfdo vshfldol}dwlrq kdv lpsolfdwlrqv iru zhoiduh/ dv zhoo/ ehfdxvh wkh
jdlqv wr wkh wdul� uhgxfwlrqv duh derxw 98( odujhu wkdq lq wkh vwdqgdug
prgho1 Wkhuh duh wzr uhdvrqv iru wklv1 Iluvw/ rssruwxqlwlhv wr vshfldol}h
lq sduwlfxodu vwdjhv ri d jrrg*v surgxfwlrq vhtxhqfh surylgh jdlqv eh|rqg
wkh xvxdo jdlqv iurp vshfldol}dwlrq dqg wudgh1 Vhfrqg/ yhuwlfdo vshfldol}dwlrq
prghov fdq h{sodlq wkh jurzwk ri wudgh zlwkrxw uho|lqj rq kljk hodvwlflwlhv ri
vxevwlwxwlrq1 Doo hovh htxdo/ orzhu hodvwlflwlhv lpso| juhdwhu jdlqv iurp wudgh1
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Vhfwlrq LL surylghv vw|ol}hg idfwv iru wkh jurzwk ri yhuwlfdo vshfldol}dwlrq/
irfxvlqj rq wkh X1V1 Vhfwlrq LLL vkrzv eulh | wkh gl!fxow| ri pdwfklqj wkh
jurzwk ri wudgh lq vwdqgdug wudgh prghov1 Vhfwlrq LY od|v rxw wkh g|qdplf
Ulfdugldq wudgh prgho dqg Vhfwlrq Y ghvfulehv lwv fdoleudwlrq dqg sdudph0
whul}dwlrq1 Vhfwlrq YL suhvhqwv wkh uhvxowv1 Vhfwlrq YLL frqfoxghv1

5 Jurzwk ri Yhuwlfdo Vshfldol}dwlrq = Hyl0

ghqfh iurp wkh X1V1

Iroorzlqj Kxpphov/ Lvkll/ dqg \l +KL\, +4<<<,/ L gh�qh yhuwlfdo vshfldol}d0
wlrq wr rffxu zkhq=

41 Jrrgv duh surgxfhg lq pxowlsoh/ vhtxhqwldo vwdjhv1

51 Wzr ru pruh frxqwulhv surylgh ydoxh0dgghg lq wkh jrrg*v surgxfwlrq
vhtxhqfh1

61 Dw ohdvw rqh frxqwu| pxvw xvh lpsruwhg lqsxwv lq lwv vwdjh ri wkh sur0

gxfwlrq surfhvv/ dqg vrph ri wkh uhvxowlqj rxwsxw pxvw eh h{sruwhg1

Qrwh wkdw yhuwlfdo vshfldol}dwlrq kdv dq lpsruw vlgh dqg dq h{sruw vlgh1

Rq wkh lpsruw vlgh/ yhuwlfdo vshfldol}dwlrq lv mxvw d vxevhw ri lqwhuphgldwh

jrrgv 0 lw lv wkrvh lqwhuphgldwhv wkdw duh xvhg wr pdnh jrrgv iru h{sruw1

Rq wkh h{sruw vlgh/ yhuwlfdo vshfldol}dwlrq fdq lqfoxgh erwk �qdo jrrgv dqg

lqwhuphgldwh jrrgv1 Khqfh/ wkh frqfhsw lv uhodwhg wr/ exw glvwlqfw iurp lq0

whuphgldwh jrrgv16 Iljxuh 5 looxvwudwhv dq h{dpsoh ri yhuwlfdo vshfldol}dwlrq

lqyroylqj wkuhh frxqwulhv1 Frxqwu| 4 surgxfhv lqwhuphgldwh jrrgv dqg h{0

sruwv wkhp wr frxqwu| 51 Frxqwu| 5 frpelqhv wkh lpsruwhg lqwhuphgldwhv

zlwk fdslwdo/ oderu/ dqg grphvwlf lqwhuphgldwhv wr surgxfh d �qdo jrrg1 Il0

qdoo|/ frxqwu| 5 h{sruwv vrph ri wkh �qdo jrrg wr frxqwu| 61 Li hlwkhu wkh

lpsruwhg lqwhuphgldwhv ru wkh h{sruwv lv devhqw/ wkhq wkhuh lv qr yhuwlfdo

vshfldol}dwlrq1

KL\ ghyhors wzr phdvxuhv/ fdoohg YV dqg YV4/ wkdw iroorz iurp wklv

gh�qlwlrq1 Erwk duh uhohydqw iru wkh Xqlwhg Vwdwhv1 YV phdvxuhv wkh lpsruwhg

6KL\ +4<<<, vkrz wkdw wudgh lq lqwhuphgldwh jrrgv kdv ghfuhdvhg dv d vkduh ri wrwdo
wudgh/ vr wklv phdvxuh ri yhuwlfdolw| lq wudgh lv fohduo| qrw fdswxulqj wkh fkdqjhv wkdw kdyh
rffxuuhg1
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lqsxw frqwhqw ri h{sruw jrrgv1 YV4 phdvxuhv wkh ydoxh ri h{sruwhg jrrgv

wkdw duh xvhg dv lpsruwhg lqsxwv wr surgxfh rwkhu frxqwulhv* h{sruw jrrgv1

Vshfl�fdoo|=

T 7&� '
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zkhuh n dqg l ghqrwh frxqwu| dqg lqgxvwu|/ LL lv lpsruwhg lqwhuphgldwhv/
JR lv jurvv rxwsxw/ dqg [ lv h{sruwv1
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zkhuh m lv wkh ghvwlqdwlrq frxqwu| ri frxqwu| n*v h{sruwv dqg [L lv h{sruwv
ri lqwhuphgldwhv1 Frxqwu|0ohyho phdvxuhv ri YV dqg YV4 fdq eh ghulyhg e|
vxpplqj dfurvv lqgxvwulhv1 Lw lv hdv| wr vhh krz frpsxwlqj YV4 lv frqvlghu0
deo| pruh gl!fxow wkdq fdofxodwlqj YV1 YV4 fdofxodwlrqv uhtxluh nqrzohgjh
ri krz d frxqwu|*v h{sruwv duh xvhg e| wkh h{sruw ghvwlqdwlrq frxqwu|*v lq0
gxvwulhv1

Wr fdofxodwh lqgxvwu| dqg frxqwu|0ohyho YV dqg YV4/ KL\ uho| sulpdu0
lo| rq lqsxw0rxwsxw wdeohv/ zklfk surylgh lqgxvwu|0ohyho gdwd rq lpsruwhg
lqsxwv/ jurvv rxwsxw/ dqg h{sruwv1 Wklv sdshu vkrzv wkdw dv ri 4<<8/ wrwdo
yhuwlfdo vshfldol}dwlrq/ YV.YV4/ dffrxqwv iru derxw 63( ri zruog h{sruwv/
dqg ehwzhhq 4<:3 dqg 4<<8/ jurzwk lq YV dorqh dffrxqwhg iru doprvw 426 ri
wkh jurzwk ri zruog h{sruwv1

Lq wklv sdshu L suhvhqw pruh ghwdlohg uhvxowv iru wkh X1V1 rqo|/ gudzlqj
iurp KL\ dqg KU\17 Wkh ohiw froxpq ri Wdeoh 4 suhvhqwv YV h{suhvvhg dv
d vkduh ri h{sruwv iru wkh |hduv ehwzhhq 4<95 dqg 4<<:1 Wkh ydoxhv iurp
4<:5 wr 4<<3 uhsuhvhqw fdofxodwlrqv iurp wkh RHFG Lqsxw0Rxwsxw Gdwdedvh1
Wkh ydoxhv iru 4<95 dqg 4<<: duh h{wudsrodwhg edvhg rq wkh dyhudjh jurzwk
udwh ri wkh YV vkduh ehwzhhq 4<:5 dqg 4<<31 Hvwlpdwhv iru YV4/ edvhg rq
gdwd iurp wzr fdvh vwxglhv +Ph{lfr*v pdtxlodgrudv dqg X1V10Fdqdgd dxwr

7KU\ frqwdlqv sulpdulo| fdvh vwxg| hylghqfh= X1V10Ph{lfdq pdtxlodgrud wudgh/ dxwr

wudgh iroorzlqj wkh X1V10Fdqdgd Dxwr Djuhhphqw/ Rsho Hvsdôd*v dxwr wudgh/ dqg Mdsdqhvh

hohfwurqlfv wudgh1 KL\ frqwdlqv eurdghu frxqwu|0ohyho hylghqfh rewdlqhg iurp lqsxw0

rxwsxw wdeohv1
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wudgh,/ duh uhsruwhg lq froxpq 5 ri Wdeoh 41 Froxpq 6 uhsruwv wkh vxp ri

YV dqg YV41 Lq 4<<: yhuwlfdo vshfldol}dwlrq dffrxqwhg iru dw ohdvw 541<( ri

X1V1 h{sruwv1 Jurzwk dffrxqwlqj vkrzv wkdw jurzwk lq YV.YV4 dffrxqwv iru

6315( ri wkh jurzwk lq wkh X1V1 h{sruw vkduh ri phufkdqglvh JGS ehwzhhq

4<95 dqg 4<<:1 Ehfdxvh wkhuh lv doprvw vxuho| YV4 ruljlqdwlqj iurp X1V1

wudgh rwkhu wkdq wkdw lqyroylqj wkhvh wzr fdvhv/ wkhvh hvwlpdwhv duh olnho| wr

eh d orzhu erxqg iru wrwdo X1V1 yhuwlfdo vshfldol}dwlrq1 Lw lv olnho| wkdw erwk

wkh ohyho ri YV.YV4 dv zhoo dv wkh frqwulexwlrq ri YV.YV4 wr X1V1 h{sruw

jurzwk duh kljkhu wkdq wkh qxpehuv uhsruwhg khuh18

6 Fdq wkh Vwdqgdug Wudgh Prghov H{sodlq

wkh Jurzwk ri WudghB

Lq wklv vhfwlrq/ L h{dplqh zkhwkhu wkh vwdqgdug wudgh prghov fdq h{sodlq wkh
jurzwk ri wudgh1 L gudz iurp wzr olwhudwxuhv/ wkh +vwdwlf, lqwhuqdwlrqdo wudgh
prghov dqg wkh +g|qdplf, lqwhuqdwlrqdo uhdo exvlqhvv f|foh +UEF, prghov1
Ri frxuvh/ qhlwkhu vhw ri prghov zdv ghyhorshg wr h{sodlq wkh jurzwk ri
wudgh1 Qhyhuwkhohvv/ wkh| hqfrpsdvv wkh zd| hfrqrplvwv wklqn derxw wudgh
iurp erwk plfur dqg pdfur shuvshfwlyhv/ dqg wkh| duh d xvhixo vwduwlqj srlqw
lq xqghuvwdqglqj lwv jurzwk vlqfh Zruog Zdu LL19

Lq hdfkprgho/ L lqfoxgh sursruwlrqdo/ xqlirup wdul�v1 Pdqxidfwxuhg wdul�

udwhv ihoo iurp derxw 47 shufhqw wr derxw 7 shufhqw ehwzhhq 4<95 dqg 4<<:1

L fdofxodwh wkh wudgh h�hfwv ri d wdul� ghfolqh iurp 48 shufhqw wr }hur1: L

8Wkhuh lv dqrwkhu uhdvrq wr h{shfw wkdw wklv hvwlpdwh lv d orzhu erxqg1 Wkh pdlq
uhvxowv lq KL\ duh edvhg rq lpsruwhg lqwhuphgldwhv rqo|1 Lq wkh X1V1/ 63( ri lpsruwv duh
fdslwdo jrrgv1 Li zh lqwhusuhw fdslwdo jrrgv dv d nlqg ri lqwhuphgldwh jrrg lq wkh vhqvh
wkdw uhqwdo vhuylfhv iurp wkh fdslwdo ehfrph hperglhg lq wkh jrrgv wkdw duh surgxfhg
iurp lw/ wkhq wkhvh lpsruwhg fdslwdo jrrgv fdq jhqhudwh YV h{sruwv1

9Iru h{dpsoh/ vhh Ehujrhlqj dqg Nhkrh +4<<<,1 Wkh|/ dgdsw d prqrsrolvwlf frpsh0
wlwlrq prgho +dqg qrq0krprwkhwlf suhihuhqfhv, wr d g|qdplf vhwwlqj wr dvvhvv zkhwkhu
wkh �qhz wudgh wkhru|� fdq h{sodlq wkh jurzwk ri wudgh1 Wkh| frqfoxgh wkdw lw fdqqrw/
zlwkrxw wdnlqj lqwr dffrxqw fkdqjhv lq wudgh srolf|1

:Wklv lv sulpdulo| iru frqyhqlhqfh/ exw lw fdq eh udwlrqdol}hg e| dsshdolqj wr uhgxf0
wlrqv lq wudqvsruwdwlrq frvwv dqg qrq0wdul� eduulhuv +QWEv,1 Edlhu dqg Ehujvwudqg +4<<<,
fdofxodwh wudqvsruwdwlrq frvwv +phdvxuhg e| f1l1i1 lpsruwv2i1r1e1 lpsruwv, iru 49 frxqwulhv1
Wkh| �qg wkdw wkhvh frvwv ihoo e| derxw 7 shufhqwdjh srlqwv ehwzhhq 4<8;093 dqg 4<;90;;1
Zkloh vrph phdvxuhv ri qrq0wdul� eduulhuv +QWE, kdyh idoohq/ lw lv gl!fxow wr txdqwli|
wkh h{whqw ri wklv uhgxfwlrq1 Pruhryhu/ vrphwlphv wkh lpsrvlwlrq ri qrq0wdul� eduulhuv
fdq lqfuhdvh wudgh +vxfk dv zkhq Krqj Nrqj wh{wloh �upv vwduw vrxuflqj wkhlu surgxfwv
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frpsduh wkh prghov* suhglfwlrqv iru wudgh jurzwk wr wkh +dgmxvwhg, jurzwk
ri wkh X1V1 pdqxidfwxuhg h{sruw vkduh ri rxwsxw1; Wkh vkduh zdv derxw 519

wlphv odujhu lq 4<<: wkdq lq 4<951

614 Vwdwlf Wudgh Prghov

L h{dplqh wzr zrunkruvh prghov/ wkh Gruqexvfk/ Ilvfkhu/ Vdpxhovrq +GIV/
4<::, Ulfdugldq prgho dqg wkh edvlf prqrsrolvwlf frpshwlwlrq prgho +vhh
Nuxjpdq/ 4<;3/ iru h{dpsoh,1 Lq erwk wkhvh prghov/ L dvvxph wkdw wdul�
uhyhqxh kdv qr surgxfwlyh ru frqvxpswlrq ydoxh1

Lq wkh GIV prgho/ wkhuh lv d frqwlqxxp ri jrrgv rq wkh xqlw lqwhuydo1
Hdfk jrrg lv surgxfhg iurp oderu zlwk frqvwdqw uhwxuqv wr vfdoh> xqlw oderu
uhtxluhphqwv gl�hu dfurvv wkh wzr frxqwulhv1 Pdunhwv duh shuihfwo| frp0
shwlwlyh1 GIV vkrz wkdw wdul�v fuhdwh d udqjh ri hqgrjhqrxvo| ghwhuplqhg
qrq0wudghg jrrgv1 Dv wdul�v idoo/ wkdw udqjh qduurzv/ ohdglqj wr pruh wudgh1
Wr rewdlq vlpsoh txdqwlwdwlyh hvwlpdwhv ri wkh h�hfwv ri orzhu wdul�v lq wklv
prgho/ L vshfli| wkh iroorzlqj suhihuhqfhv dqg whfkqrorjlhv=

L ES� '

�]

f

SE5�w � �

w
_5 +6,

iru f 	 w 	 �1 �*E�� w� lv wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq dq| wzr
jrrgv1 Rq wkh whfkqrorj| vlgh/ L hpsor| d vshfl�fdwlrq uhodwhg wr zkdw lv
hpsor|hg lq Hdwrq dqg Nruwxp +4<<;,1<=

@E5� ' � n 5( @WE5� ' 2� 5 +7,

@E5� dqg @
WE5� ghqrwh wkh xqlw oderu uhtxluhphqwv lq wkh krph dqg iruhljq

frxqwu|1 Wkh surgxfwlrq whfkqrorjlhv duh pluuru lpdjhv ri hdfk rwkhu1 L

dovr dvvxph wkh krph dqg iruhljq oderu irufhv duh wkh vdph vl}h1 Wkhvh

wkurxjk Ph{lfr wr dyrlg wkh uhvwulfwlrqv ri wkh Pxowl�euh Djuhhphqw,1 Ilqdoo|/ vrph
phdvxuhv ri QWEv kdyh ulvhq1

;Wkh dgmxvwphqw uh hfwv wkh idfw wkdw wkh X1V1 JGS vkduh ri zruog JGS kdv jurzq
vpdoohu ryhu wlph/ zklfk e| lwvhoi zrxog udlvh wkh X1V1 h{sruw vkduh ri JGS1 Wkh dfwxdo
h{sruw vkduh juhz e| d idfwru ri 7151 Vhh Vhfwlrq 81

<L dovr hpsor| whfkqrorjlhv vlplodu wr wkdw lq Hyhqhww dqg \hxqj +4<<;/ 4<<<, dqg [x
+4<<6,1 Wkh uhvxowv duh vlplodu1

:



v|pphwulhv lpso| wkdw iuhh wudgh |lhogv d uhodwlyh zdjh ri 4/ wkdw }@318 zloo
eh wkh fxwr� ghwhuplqlqj vshfldol}dwlrq lq hdfk frxqwu|/ dqg wkdw wkh h{sruw
vkduh ri JGS @ 3181

Wkh wrs kdoi ri Iljxuh 6 vkrzv wkh h�hfwv ri wdul� uhgxfwlrqv rq wkh h{sruw
vkduh ri JGS xqghu vhyhudo hodvwlflwlhv ri vxevwlwxwlrq1 Zkhq wkh hodvwlflw| lv
418/ d 48 shufhqwdjh srlqw wdul� uhgxfwlrq ohdgv wr rqo| d 58( lqfuhdvh lq wkh
h{sruw vkduh1 Wkh hodvwlflw| qhhgv wr eh qlqh wr jhqhudwh wkh dfwxdo lqfuhdvh1

Lq wkh prqrsrolvwlf frpshwlwlrq prgho/ hdfk ri wzr frxqwulhv kdv rqh
idfwru +oderu, dqg fdq surgxfh d qxpehu ri jrrgv zlwk dq lqfuhdvlqj uhwxuqv
whfkqrorj|=

,� ' kn q%� +8,

, lv oderu/ k lv wkh �{hg frvw/ q lv wkh pdujlqdo frvw/ dqg % lv rxwsxw ri

jrrg �1 Wkh qxpehu ri jrrgv surgxfhg ? lv hqgrjhqrxv dqg ghshqgv rq wkh

lqwhusod| ri iuhh hqwu| dqg wkh }hur sur�w frqglwlrq zlwk sur�w pd{lpl}dwlrq

lq d prqrsrolvwlf frpshwlrq vhwwlqj1 Wkh xwlolw| ixqfwlrq lv=

L E�� '
?[

�'�

S
w

�
+9,

w 	 41 �*E� � w, lv wkh hodvwlflw| ri vxevwlwxwlrq +dqg ghpdqg, ehwzhhq
jrrgv dqg �*w lv wkh �upv* jurvv pdunxs1 L djdlq dvvxph wkdw wkh vl}h ri
wkh oderu irufh lq wkh wzr frxqwulhv lv lghqwlfdo1

Wdul�v gr qrw d�hfw wkh qxpehu ri jrrgv surgxfhg ru wkh rxwsxw ri hdfk
jrrg1 Wkh| rqo| d�hfw wkh ohyho ri lpsruwv dqg h{sruwv/ dqg wkhlu wdul�0
lqfoxvlyh uhodwlyh sulfhv1 Zkhq wdul�v idoo/ wkh iudfwlrq ri wrwdo vshqglqj gh0
yrwhg wr lpsruwhg jrrgv lqfuhdvhv> wklv lv gulyhq sulpdulo| e| vxevwlwxwlrq
h�hfwv1 Wkh erwwrp kdoi ri Iljxuh 6 vkrzv wkh uhvxowv ri wkh wdul� h{shulphqw
iru vhyhudo hodvwlwlflwlhv1 Zlwk d 48 shufhqwdjh srlqw wdul� uhgxfwlrq/ dq hodv0
wlflw| ri qlqh ru whq lv qhhghg wr uhsolfdwh wkh jurzwk ri wkh pdqxidfwxuhg

h{sruw vkduh1

615 Lqwhuqdwlrqdo Uhdo Exvlqhvv F|foh Prgho

Wkh prgho gudzv iurp Edfnxv/ Nhkrh/ dqg N|godqg +ENN/ 4<<7,/ zklfk lv
d wzr0frxqwu| UEF prgho lq zklfk krph dqg iruhljq jrrgv duh lpshuihfw

;



vxevwlwxwhv1 Wkh prgho fdq eh wkrxjkw ri dv d vlpsoh g|qdplf frpsxwdeoh
jhqhudo htxloleulxp prgho1 L vroyh wkh ghwhuplqlvwlf vwhdg|0vwdwh yhuvlrq ri
wkh ENN prgho prgl�hg wr lqfoxgh iru wdul�v rq lpsruwv1 Lq wklv prgho
wdul� uhgxfwlrqv kdyh dgglwlrqdo sursdjdwlrq h�hfwv eh|rqg wkh xvxdo vwdwlf
fkdqqhov wkurxjk hqgrjhqrxv fdslwdo dffxpxodwlrq1

Wkh prgho lv suhvhqwhg lq ghwdlo lq ENN/ vr L rqo| vxppdul}h lwv ihd0
wxuhv khuh1 Suhihuhqfhv iru wkh uhsuhvhqwdwlyh djhqw lq wkh krph frxqwu| duh
fkdudfwhul}hg e|=

"[

|'f

q|L ES|c� � ?|� +:,

zkhuh

LESc �� ?� '
ES>E�� ?��3>�

�3�

� � �
+;,

dqg S dqg ? uhsuhvhqw frqvxpswlrq dqg krxuv zrunhg1 Hdfk frxqwu|
surgxfhv d glvwlqfw jrrg1 Wkh krph surgxfwlrq ixqfwlrq lv=

t| ' �|g
w

|
?
�3w

|
+<,

� dqg g uhsuhvhqw wrwdo idfwru surgxfwlylw| dqg fdslwdo1 Rxwsxw fdq eh
xvhg grphvwlfdoo| +(, ru lw fdq eh h{sruwhg +f,1 Wkh htxloleulxp frqglwlrq
iru krph rxwsxw lv=

t| ' (| nf| +43,

Wkh grphvwlf rxwsxw dqg wkh lpsruwhg jrrg duh frpelqhg yld dq Dup0

lqjwrq djjuhjdwru wr surgxfh d qrq0wudghg �qdo jrrg wkdw lv xvhg iru frq0

vxpswlrq dqg lqyhvwphqw=

�| n U| '
�
��(

�3k

|
n E� � ���f

W�3k

|

�
�3k

+44,

zkhuh k � f dqg wkh dvwhulvn ghqrwhv wkh lpsruwhg jrrg +iruhljq frxq0
wu|*v h{sruwhg lqsxw,1 42k lv wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq grphvwlf
dqg lpsruwhg jrrgv1 Wkh h{sruw vkduh ri JGS lv jlyhq e| f|*t|1 Fdslwdo
lv dffxpxodwhg lq wkh vwdqgdug zd|=

g|n� ' E� � B�g| n U| +45,
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L dvvxph doo surfhhgv iurp wkh wdul�v duh uhwxuqhg dv oxps vxp wudqvihuv=

R|� |f
W

|
' A-| +46,

zkhuh R lv wkh uhodwlyh sulfh ri wkh lpsruwhg jrrg lq whupv ri wkh grphv0
wlf jrrg/ � lv wkh wdul� udwh/ dqg A- duh wudqvihuv1 Qhw iruhljq dvvhwv duh
dffxpxodwhg lq wkh vwdqgdug zd|1 Ilqdoo|/ L dvvxph dq lqlwldo dqg �qdo qhw
iruhljq dvvhw srvlwlrq ri }hur1 Wkh vhw xs iru wkh iruhljq uhsuhvhqwdwlyh djhqw
lv v|pphwulf1

Wkh sdudphwhuv gudz iurp ENN dqg Nlqj/ Sorvvhu/ dqg Uhehor +4<;;,>
wkh sdudphwhuv duh dgmxvwhg wr uh hfw wkh dqqxdo shulrg ohqjwk xvhg khuh1 Wkh
nh| sdudphwhu lv wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq wkh krph dqg iruhljq
jrrgv lq wkh Duplqjwrq djjuhjdwru/ �*k1 L xvh �*k @ 418 dv wkh ehqfkpdun
fdvh/ +dv lq ENN,/ exw wkh h�hfwv ri kljkhu hodvwlflwlhv duh dovr h{dplqhg1 q/
wkh suhihuhqfh glvfrxqw idfwru/ lv vhw wr 31<91 Wkh vkduh ri frqvxpswlrq lq
xwlolw|/ >/ lv vhw wr 3158/ zklfk lqvxuhv wkdw q @ 315 lq wkh vwhdg|0vwdwh1 Wkh
lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq/ 42�/ @ 3181 Wkh ghsuhfldwlrq udwh
rq fdslwdo/ B/ @ 3141 Wkh frh!flhqw rq fdslwdo lq wkh surgxfwlrq ixqfwlrq/ w/
@ 31751 Wkh lqlwldo vwhdg|0vwdwh ohyho ri qhw iruhljq dvvhwv/ �/ @ 31 L vhw ��

vr wkdw wkh lqlwldo vwhdg|0vwdwh h{sruw vkduh ri rxwsxw lv 3154/ zklfk zdv wkh

phgldq h{sruw vkduh iru wkh RHFG frxqwulhv lq 4<831

Wdeoh 5 suhvhqwv wkh uhvxowv ri wkh wdul� h{shulphqw iru vhyhudo hodvwlflwlhv

ri vxevwlwxwlrq1 Wkh wdeoh vkrzv wkdw wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq

krph dqg iruhljq jrrgv qhhgv wr eh whq ru hohyhq wr pdwfk wkh jurzwk lq

wkh pdqxidfwxulqj h{sruw vkduh143

43L dovr vlpxodwh wkh vwrfkdvwlf/ g|qdplf/ lqfrpsohwh pdunhwv yhuvlrq ri wkh prgho1 L
dvvxph wkh irxu h{rjhqrxv yduldeohv 0 wkh wdul� udwh dqg wrwdo idfwru surgxfwlylw| lq erwk
frxqwulhv 0 iroorz d xqlw urrw surfhvv lq wkhlu orjdulwkplf ghyldwlrqv iurp wkh ghwhuplqlvwlf
vwhdg|0vwdwh +zlwk }hur fryduldqfh dfurvv wkh vkrfnv,1 L dvvxph wkdw djhqwv kdyh dffhvv wr
rqh0shulrg ulvn0iuhh erqgv> wklv lv pruh uhdolvwlf wkdq dvvxplqj frpsohwh Duurz0Gheuhx
frqwlqjhqw fodlpv1 L vroyh wkh prgho xvlqj wkh idploldu Eodqfkdug dqg Ndkq +4<;3, dqg
Nlqj/ Sorvvhu/ dqg Uhehor +NSU, +4<;;, olqhdul}dwlrq dqg vroxwlrq whfkqltxhv1 Wkhvh whfk0
qltxhv lqyroyh orj0olqhdul}lqj wkh �uvw rughu frqglwlrqv dqg rqh +ru pruh, ri wkh htxloleulxp
frqglwlrqv ri wkh prgho durxqg wkh yduldeohv* ghwhuplqlvwlf vwhdg|0vwdwhv1 Wkh uhvxowlqj
pdwul{ ri gl�huhqfh htxdwlrqv duh vroyhg dffruglqj wr zhoo nqrzq irupxodv1 Jlyhq wkh
lqlwldo vwhdg|0vwdwh ri }hur qhw iruhljq dvvhwv/ L vlpxodwh wkh h�hfwv ri d elodwhudo 48( uh0
gxfwlrq lq wdul� udwhv1 Wkh uhvxowv duh hyhq vwurqjhu wkdq wkh ghwhuplqlvwlf vwhdg|0vwdwh
h{huflvh lq wkh wh{w1

43



616 Zkdw Kdyh Zh OhduqhgB

Wkh wkuhh prghov suhvhqwhg deryh hqfrpsdvv wkuhh gl�huhqw/ exw zlgho| xvhg/
sdudgljpv iru wklqnlqj derxw lqwhuqdwlrqdo wudgh= frpsdudwlyh dgydqwdjh/
lqfuhdvlqj uhwxuqv/ dqg wkh Duplqjwrq djjuhjdwru1 \hw/ doo wkuhh sdudgljpv
idlo wr h{sodlq wkh jurzwk ri wudgh zlwkrxw uho|lqj rq hodvwlflwlhv ri vxevwl0
wxwlrq ehwzhhq grphvwlf jrrgv dqg lpsruwhg jrrgv rq wkh rughu ri qlqh ru
kljkhu1 Wkhvh hodvwlflwlhv duh frxqwhuidfwxdoo| kljk1 Wkh hodvwlflwlhv wkdw duh
w|slfdoo| hvwlpdwhg ru hpsor|hg lq vlpxodwlrqv2fdoleudwlrqv duh rq wkh rughu
ri wzr wr wkuhh1 Iru h{dpsoh/ wkh Plfkljdq Prgho ri Zruog Surgxfwlrq dqg
Wudgh lv d odujh vfdoh frpsxwdeoh jhqhudo htxloleulxp +FJH, prgho ri 67
frxqwulhv dqg 5< lqgxvwulhv1 Ri wkh 54 qrq0djulfxowxudo wudghg jrrgv lqgxv0
wulhv/ 4: kdyh hodvwlflwlhv ri vxevwlwxwlrq wkdw duh ohvv wkdq 614 dqg rqo| wzr
lqgxvwulhv kdyh hodvwlflwlhv ri vxevwlwxwlrq juhdwhu wkdq irxu +zhdulqj dssduho
dqg uxeehu surgxfwv,144 Dovr/ lq Zkdooh|*v FJH prgho +4<;8,/ wkh hodvwlf0
lwlhv ri vxevwlwxwlrq lq wkh wkuhh nh| uhjlrqv +X1V1/ Mdsdq/ dqg HF, iru wkh
4: pdqxidfwxulqj lqgxvwulhv duh doo ohvv wkdq wkuhh1 Zlwk wkhvh hodvwlflwlhv/
p| wdul� h{shulphqw vkrzhg wkdw rqo| d vpdoo iudfwlrq ri wudgh jurzwk lv
h{sodlqhg1

Edlhu dqg Ehujvwudqg +4<<<, hvwlpdwh d judylw| htxdwlrq ri elodwhudo wudgh
ghulyhg iurp d vwdqgdug wudgh prgho1 Wkhlu hvwlpdwh iru wkh hodvwlflw| ri
vxevwlwxwlrq ehwzhhq jrrgv lv 91761 Wklv hpslulfdo uhvxow/ wkhq/ lv frqvlvwhqw
zlwk rxu qxphulfdo uhvxowv= lq rughu iru vwdqgdug wudgh prghov wr h{sodlq wkh
jurzwk ri wudgh/ kljk hodvwlflwlhv ri vxevwlwxwlrq duh qhhghg1 Wkh hodvwlflwlhv
pdwwhu ehfdxvh/ lq jhqhudo/ wkh kljkhu wkh hodvwlflw| ri vxevwlwxwlrq/ wkh orzhu
wkh jdlqv iurp wudgh1 Wkh vwdqgdug prghov fdq rqo| udwlrqdol}h wkh odujh
jurzwk lq wudgh e| lpso|lqj vpdoo jdlqv iurp vxfk wudgh$

L frpphqw eulh | rq wzr h{whqvlrqv ri p| h{shulphqw1 Lq rqh h{whqvlrq/
L uhgxfhg wdul� udwhv iurp 53( wr 8( lqvwhdg ri iurp 48( wr 31 Wkh uhvxowv
glg qrw fkdqjh lq wkh g|qdplf lqwhuqdwlrqdo UEF prgho/ dqg wkh| fkdqjhg
voljkwo| lq wkh vwdwlf wudgh prghov1 D vhfrqg h{whqvlrq zrxog eh wr lqfuhdvh
wkh qxpehu ri frxqwulhv iurp 5 wr 6 ru kljkhu1 Doo frxqwulhv frqwlqxh wr eh
v|pphwulf1 Wklv zloo fhuwdlqo| udlvh wkh ohyho ri wudgh/ h1j1/ xqghu iuhh wudgh
wkh h{sruw vkduh ri rxwsxw lpsolhg e| wkh vwdwlf wudgh prghov zloo qrz eh
526 lqvwhdg ri 4251 Dw hdfk qrq0}hur wdul� udwh/ wkh h{sruw vkduh ri rxwsxw
zloo eh kljkhu wkdq lq wkh wzr0frxqwu| fdvh/ dv zhoo1 Krzhyhu/ wkh jurzwk ri
wudgh lq uhvsrqvh wr wdul� uhgxfwlrqv lv qrw d�hfwhg e| lqfuhdvlqj wkh qxpehu

44Vhh Ghdugru� dqg Vwhuq +4<<3,1
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ri frxqwulhv1

Wkh pdlq uhdvrq zk| doo wkuhh prghov fdqqrw h{sodlq wkh jurzwk ri wudgh

zlwkrxw uho|lqj rq frxqwhuidfwxdoo| kljk hodvwlflwlhv lv wkdw revhuyhg wdul�

udwhv kdyh idoohq olwwoh1 Wkh w|sh ri wudgh lq wkhvh prghov lqyroyhv jrrgv

zkhuh doo wkh ydoxh0dgghg rffxuv lq mxvw rqh frxqwu|1 Khqfh/ wkh wrwdo dprxqw

ri wudgh lqyroylqj d sduwlfxodu jrrg fdqqrw eh kljkhu wkdq wkh sulfh ru ydoxh0

dgghg ri wkdw jrrg145 Dv vkrzq hduolhu/ pxfk ri wkh jurzwk ri wudgh lqyroyhv

d gl�huhqw nlqg ri wudgh/ yhuwlfdo vshfldol}dwlrq1 Zlwk wklv vshfldol}dwlrq/

jrrgv ru jrrgv0lq0surfhvv furvv pxowlsoh lqwhuqdwlrqdo erughuv lq wkh frxuvh

ri wkhlu surgxfwlrq vhtxhqfh/ jhqhudwlqj lqwhuqdwlrqdo wudgh zlwk hdfk erughu

furvvlqj1 Wkh wrwdo dprxqw ri wudgh lqyroylqj wkh jrrg/ zkloh lq0surfhvv/ fdq

eh d pxowlsoh ri wkh ydoxh0dgghg ri wkdw jrrg1 Ehfdxvh yhuwlfdo vshfldol}dwlrq

lv dvvrfldwhg zlwk vr pxfk wudgh/ dq| irufh wkdw ohdgv wr lqfuhdvhg yhuwlfdo

vshfldol}dwlrq fdq dovr ohdg wr odujh wudgh jurzwk1 Qrqh ri wkh wkuhh prghov

lqfoxghv yhuwlfdo vshfldol}dwlrq1 L qrz wxuq wr vxfk d prgho1

7 G|qdplf Ulfdugldq Wudgh Prgho

Lq wklv vhfwlrq/ L od| rxw wkh prgho1 Wkh prgho pduulhv d Gruqexvfk0Ilvfkhu0
Vdpxhovrq Ulfdugldq lqwhuqdwlrqdo wudgh iudphzrun wr d vwdqgdug g|qdplf
pdfurhfrqrplf iudphzrun1 L fkrrvh d Ulfdugldq iudphzrun/ dv rssrvhg wr
wkh rwkhu wzr iudphzrunv iurp wkh suhylrxv vhfwlrq/ iru wkuhh uhdvrqv1 Iluvw/
uhfhqw zrun e| Kduuljdq +4<<:, dqg Hdwrq dqg Nruwxp +4<<<, kdyh vkrzhg
wkh hpslulfdo uhohydqfh ri Ulfdugldq whfkqrorjlfdo gl�huhqfhv lq h{sodlqlqj
wudgh sdwwhuqv1 Vhfrqg/ hpslulfdo hylghqfh fohduo| lq idyru ri wkh prqrsr0
olvwlf frpshwlwlrq prgho dqg djdlqvw rwkhu prghov lv vsduvh1 Ilqdoo|/ lw lv
ghvludeoh wr kdyh d prgho ri wudgh zkhuh �upv fkrrvh zkhwkhu wr xvh grphv0
wlf ru lpsruwhg lqsxwv/ wkdw lv/ d prgho zkhuh yhuwlfdo vshfldol}dwlrq rffxuv
hqgrjhqrxvo|1 Wklv uxohv rxw Duplqjwrq djjuhjdwru0edvhg prghov/ lq zklfk
uholdqfh rq erwk grphvwlf dqg lpsruwhg lqsxwv lv dvvxphg146

L �uvw suhvhqw wkh surgxfwlrq vlgh ri wkh prgho dqg glvfxvv wkh sdwwhuq

45Wklv lghd dovr dssolhv wr prghov zkhuh ydoxh0dgghg rffxuv lq wzr frxqwulhv/ exw zkhuh
wkhuh lv qr yhuwlfdo vshfldol}dwlrq/ l1h1/ prghov ri lqwhuphgldwh jrrgv wudgh zkhuh d w|slfdo
wudgh sdwwhuq lv wkh iroorzlqj= hqjlqhv duh h{sruwhg iurp wkh X1V1 wr Fdqdgd wr surgxfh
prwru yhklfohv wkdw duh vrog lq Fdqdgd1

46Vhh Nrxsdulwvdv +4<<:, iru d g|qdplf Duplqjwrq djjuhjdwru FJH prgho wkdw kdv
yhuwlfdo vshfldol}dwlrq1
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ri vshfldol}dwlrq dqg lqwhuqdwlrqdo wudgh1 Wkhq/ L suhvhqw wkh krxvhkrog*v
sureohp/ zklfk lv zkhuh wkh g|qdplfv hqwhu1 Ilqdoo|/ L lqwurgxfh wdul�v lqwr
wkh prgho dqg jlyh wkh lqwxlwlrq iru krz yhuwlfdo vshfldol}dwlrq fdq pdjqli|
wkh wudgh h�hfwv ri wdul� uhgxfwlrqv1

714 Surgxfwlrq dqg Wudgh

Wkhuh duh wzr frxqwulhv dqg wzr idfwruv ri surgxfwlrq +fdslwdo dqg oderu,1
Hdfk frxqwu| srvvhvvhv whfkqrorjlhv iru surgxflqj d qrq0wudghg �qdo jrrg
lq wkuhh vhtxhqwldo vwdjhv1 Wkh qrq0wudghg jrrg lv fuhdwhg lq wkh wklug dqg
�qdo vwdjh/ zklfk lqyroyhv wkh frvwohvv dvvhpeo| ri d xqlw lqwhuydo frqwlqxxp
ri vhfrqg0vwdjh jrrgv=

t| ' i T

5
7

�]

f

*?d+2c|E5�o_5

6
8 +47,

Wkh vhfrqg0vwdjh jrrg dvvrfldwhg zlwk hdfk }/ 5 5 dfc �oc lv surgxfhg

iurp fdslwdo dqg oderu dqg }*v �uvw vwdjh rxwsxw/ frpelqhg lq d qhvwhg Free0

Grxjodv surgxfwlrq ixqfwlrq=

+2E5� ' +�E5�
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Iluvw vwdjh jrrgv duh surgxfhg iurp fdslwdo dqg oderu=

+�E5� ' ��E5�g�E5�
k

u�E5�
�3k +49,

Wkh deryh krogv xqghu dxwdun|1 Wkh iruhljq surgxfwlrq ixqfwlrqv duh
lghqwlfdo xs wr wkh surgxfwlylw| sdudphwhuv ��E5�dqg �2E5�/ dqg duh ghqrwhg

e| dvwhulvnv1 Doo �upv pd{lpl}h sur�wv wdnlqj sulfhv dv jlyhq1 Dsshqgl{ 4
jlyhv wkh ghwdlov rq wkhlu pd{lpl}dwlrq sureohpv dqg rq wkh pdunhw fohdulqj
frqglwlrqv1 Shuihfw frpshwlwlrq krogv lq doo wkuhh vwdjhv ri surgxfwlrq1

Xqghu iuhh wudgh/ wkhuh duh irxu srvvleoh surgxfwlrq sdwwhuqv iru wkh �uvw
wzr vwdjhv ri hdfk jrrg }=

+KK, Krph +frxqwu|, surgxfhv vwdjhv 4 dqg 5
+II, Iruhljq surgxfhv vwdjhv 4 dqg 5
+KI, Krph surgxfhv vwdjh 4/ Iruhljq surgxfhv vwdjh 5
+IK, Iruhljq surgxfhv vwdjh 4/ Krph surgxfhv vwdjh 5
Surgxfwlrq sdwwhuqv KI dqg IK lqyroyh yhuwlfdo vshfldol}dwlrq1 Iru h{0

dpsoh/ li KI lv wkh h!flhqw sdwwhuq=
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Yhuwlfdo vshfldol}dwlrq rffxuv xqghu iuhh wudgh dv orqj dv
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iru vrph 53/ zkhuh o dqg o
W duh wkh uhqwdo udwhv rq fdslwdo/ � dqg �W duh wkh

zdjh udwhv1 Wkh deryh lqhtxdolwlhv duh lqwxlwlyh1 Yhuwlfdo vshfldol}dwlrq zloo

rffxu li lw lv fkhdshu wr surgxfh vwdjh 4 lq rqh frxqwu| dqg vwdjh 5 lq wkh

rwkhu frxqwu|1

Wkh htxloleulxp surgxfwlrq sdwwhuq iru hdfk 5 5 dfc �o lv ghwhuplqhg sul0

pdulo| e| wkh uhodwlyh surgxfwlylw| gl�huhqfhv dfurvv vwdjhv dqg frxqwulhv1 Lq
rwkhu zrugv/ Ulfdugldq frpsdudwlyh dgydqwdjh irufhv ghwhuplqh wkh sdwwhuq
ri vshfldol}dwlrq dqg wudgh1 Iljxuh 7 looxvwudwhv dq h{dpsoh ri d iuhh wudgh
htxloleulxp1 Wkh |0d{lv ghqrwhv uhodwlyh idfwru frvwv +krph2iruhljq, dqg
uhodwlyh surgxfwlylwlhv iru vwdjh 4 ydoxh0dgghg dqg iru vwdjh 5 ydoxh0dgghg1
Zlwk qr orvv ri jhqhudolw|/ wkh ^3/4` frqwlqxxp fdq eh rughuhg vr wkdw lw lv
ghfolqlqj lq krph frxqwu| frpsdudwlyh dgydqwdjh lq vwdjh 4/ l1h1/ }@3 lv wkh
jrrg lq zklfk wkh krph frxqwu|*v vwdjh 4 surgxfwlylw| +uhodwlyh wr wkh iruhljq
frxqwu|, lv kljkhvw1 L looxvwudwh dq h{dpsoh zkhuh wkh frpsdudwlyh dgydqwdjh
rughulqj ri krph*v vwdjh 5 surgxfwlylw| lv wkh vdph dv lw lv iru vwdjh 41 Qrwh
wkdw wkh �jxuh lv fkdudfwhul}hg e| wzr �fxwr�� }*v wkdw gholqhdwh wkh sdwwhuqv
ri vshfldol}dwlrq1 Wkh plggoh uhjlrq ri wkh frqwlqxxp jhqhudwhv yhuwlfdo vsh0
fldol}dwlrq +sdwwhuq KI,1 Lq wklv uhjlrq/ wkh krph frxqwu| surgxfhv vwdjh 4
dqg h{sruwv lw wr wkh iruhljq frxqwu|/ zklfk xvhv lw wr pdnh vwdjh 51 Vrph
ri wkh vwdjh wzr rxwsxw/ lq wxuq/ lv h{sruwhg edfn wr wkh krph frxqwu|1 Wkh
duelwudjh frqglwlrq wkdw ghwhuplqhv wkh fxwr� vhsdudwlqj surgxfwlrq sdwwhuq
KK iurp surgxfwlrq sdwwhuq KI lv jlyhq e|=
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zkhuh 5
� lv wkh fxwr� 5 dw zklfk htxdolw| krogv1 � lv d frqvwdqw1 Wkh

deryh fdq eh uhzulwwhq dv=
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zkhuh 4 lv wkh udwlr ri krph wr iruhljq uhqwdo udwhv dqg / lv wkh udwlr ri krph
wr iruhljq zdjhv1 Krph dqg iruhljq idfwru sulfhv duh h{suhvvhg lq whupv ri
wkh qxphudluh1 Wkh frqglwlrq edvlfdoo| vd|v wkdw rqh frxqwu| h{sruwv xq0
wlo wkh srlqw zkhuh lwv frvw dgydqwdjh +glvdgydqwdjh, htxdov lwv surgxfwlylw|
glvdgydqwdjh +dgydqwdjh,1 Wklv fxwr� ghshqgv rqo| rq vwdjh 5 uhodwlyh sur0
gxfwlylw|/ ehfdxvh wkh gl�huhqfh ehwzhhq surgxfwlrq phwkrgv KK dqg KI
olhv lq zklfk frxqwu| surgxfhv vwdjh 51

715 Krxvhkrogv

Wkh uhsuhvhqwdwlyh krxvhkrog lq wkh krph frxqwu| pd{lpl}hv=

"[

|'f

q| *?E�|� +56,

vxemhfw wr d vhtxhqfh ri exgjhw frqvwudlqwv=

�| ng|n� � E�� B�g| ' �|u| n o|g| � t| +57,

Fdslwdo lv dffxpxodwhg lq wkh vwdqgdug zd|=

g|n� � E�� B�g| ' U| +58,

Krxvhkrogv rzq wkh fdslwdo/ dqg uhqw lw shulrg0e|0shulrg wr wkh wkuhh

w|shv ri �upv1 Wkh vhwxs iru wkh iruhljq frxqwu| lv vlplodu/ dqg lv ghqrwhg

e| dvwhulvnv1 L dvvxph wkhuh duh qr lqwhuqdwlrqdo fdslwdo  rzv1 Frqvhtxhqwo|/

wudgh lv edodqfhg/ shulrg0e|0shulrg1

716 Wdul�v dqg Lqwxlwlrq rq Wudgh Jurzwk

Wdul�v duh sursruwlrqdo dqg dsso| xqlirupo| wr doo lpsruwv1 Wdul� uhyhqxh

lv uhwxuqhg wr krxvhkrogv dv oxps0vxp wudqvihuv1 Rq wkh surgxfwlrq vlgh/
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wdul�v udlvh wkh frvw ri lpsruwhg lqsxwv1 Iru vrph }/ wkh surgxfwlrq sdwwhuqv

zloo qrz gl�hu dffruglqj wr zkhwkhu wkh xowlpdwh frqvxphu lv lq wkh krph

frxqwu| ru iruhljq frxqwu|1 Wklv lv looxvwudwhg lq Iljxuh 8/ zklfk vkrzv wkdw

wkh wdul�v fuhdwh �zhgjhv� durxqg hdfk iuhh wudgh fxwr� }1 Qrwlfh wkdw wkh

udqjh ri yhuwlfdo vshfldol}dwlrq/ l1h1/ wkrvh jrrgv surgxfhg e| whfkqltxh KI/

jhwv vtxhh}hg rq erwk vlghv1 Wklv lv ehfdxvh wkh wdul�v lpsrvh d wd{ rq wkh

�uvw vwdjh ri surgxfwlrq wzlfh 0 rqfh zkhq wkh �uvw vwdjh hqwhuv wkh iruhljq

frxqwu|/ dqg rqfh zkhq wkh vhfrqg0vwdjh jrrg lv lpsruwhg edfn lqwr wkh

krph frxqwu|1 Wdul�v udlvh wkh frvw ri yhuwlfdo vshfldol}dwlrq e| pruh wkdq

wkh| udlvh wkh frvw ri uhjxodu wudgh1

Li wdul�v duh kljk hqrxjk/ doo yhuwlfdo vshfldol}dwlrq lv holplqdwhg/ dqg wkh

prgho ehfrphv rqh lq zklfk qr jrrg lqfxuv pruh wkdq rqh wdul�1 Wkhuh lv

qr �edfn dqg iruwk� wudgh/ qr pxowlsoh erughu furvvlqjv1 L qrz ghvfuleh d

vlpsoh vwru| iru srvw0Zruog Zdu LL wudgh1 Lqlwldoo|/ wdul�v duh vx!flhqwo| kljk

vr wkdw wkhuh lv qr yhuwlfdo vshfldol}dwlrq> pdq| jrrgv duh qrw wudghg dw doo1

Wdul�v ehjlq wr idoo judgxdoo|1 Dw �uvw/ wdul�v duh vwloo vx!flhqwo| kljk wkdw

yhuwlfdo vshfldol}dwlrq grhv qrw rffxu1 Qhyhuwkhohvv/ wudgh lqfuhdvhv ehfdxvh

qrq0wudghg jrrgv ehfrph wudghg jrrgv/ dqg ehfdxvh pruh wudghg jrrgv duh

h{fkdqjhg1 Dv wdul�v frqwlqxh wr idoo/ yhuwlfdo vshfldol}dwlrq ehfrphv pruh

ri d srvvlelolw|1 Hyhqwxdoo|/ d fulwlfdo wdul� udwh lv uhdfkhg dw zklfk yhuwlfdo

vshfldol}dwlrq vwduwv wr rffxu1 Dw wklv srlqw/ wudgh vxujhv1 Wzr irufhv/ rqh

rshudwlqj rq dq h{whuqdo pdujlq dqg rqh rq dq lqwhuqdo pdujlq/ gulyh wklv

vxujh1 Wkh �uvw lv wkdw dv jrrgv vzlwfk iurp ehlqj �uhjxodu� wr �yhuwlfdoo|

vshfldol}hg�/ wudgh lqfuhdvhv ehfdxvh ri wkh edfn0dqg0iruwk dvshfw ri wklv

wudgh> hdfk jrrg jhqhudwhv pruh wudgh ehiruh lw uhdfkhv lwv �qdo ghvwlqdwlrq1

Wkh pruh jrrgv wkdw ehfrph yhuwlfdoo| vshfldol}hg wkh juhdwhu wkh lqfuhdvh

lq wudgh1 Wkh vhfrqg lv wkdw wkh orzhu wdul�v uhgxfh wkh frvw ri surgxflqj

h{lvwlqj yhuwlfdoo| vshfldol}hg jrrgv e| d pxowlsoh ri wkh wdul� uhgxfwlrq/ dv

glvfxvvhg hduolhu1 Zkdw lv wkh vl}h ri wkh frvw uhgxfwlrqB Lq wklv prgho/

lw lv � n w pxowlsolhg e| wkh uhgxfwlrq lq wdul�v1 Wkh juhdwhu wkh vwdjh04

lqsxw uhtxluhphqw lq vwdjh05 surgxfwlrq/ wkh juhdwhu wkh frvw uhgxfwlrq iurp

wdul� uhgxfwlrqv1 Pruh jhqhudoo|/ lq d yhuvlrq ri wkh prgho zlwk q0vwdjhv ri

surgxfwlrq/ wkh fkdqjh lq frvwv lv=
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�� w
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� � w

�
�{� +59,

zkhuh {� lv wkh fkdqjh lq wdul� udwhv1 Dv wkh qxpehu ri vwdjhv lqfuhdvh/ wkh
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pdjql�fdwlrq h�hfw ri wdul� uhgxfwlrq lqfuhdvhv1 Rqfh yhuwlfdo vshfldol}dwlrq
rffxuv/ wkhq/ hdfk vxevhtxhqw wdul� uhgxfwlrq ohdgv wr odujhu lqfuhdvhv lq
wrwdo wudgh wkdq zrxog eh suhglfwhg e| d vwdqgdug prgho1

8 Fdoleudwlrq ri Prgho

Wkh jrdo ri wklv sdshu lv wr h{dplqh zkhwkhu yhuwlfdo vshfldol}dwlrq lv dq
lpsruwdqw sursdjdwlrq phfkdqlvp khoslqj wr pdjqli| wkh h�hfwv ri udwkhu
vpdoo revhuyhg wdul� uhgxfwlrqv/ wkxv jhqhudwlqj wkh odujh revhuyhg jurzwk
ri wudgh1 Wr txdqwlwdwlyho| dvvhvv wkh lpsruwdqfh ri yhuwlfdo vshfldol}dwlrq/
L vlpxodwh wdul� uhgxfwlrqv lq wzr sdudphwhul}dwlrqv ri wkh prgho/ rqh zlwk
yhuwlfdo vshfldol}dwlrq dqg rqh zlwkrxw yhuwlfdo vshfldol}dwlrq1

Hdfk shulrg uhsuhvhqwv rqh |hdu> L vwduw wkh vlpxodwlrq lq 4<951 4<95 zdv
d |hdu lq wkh plggoh ri d oxoo lq pdmru wdul� uhgxfwlrqv uhvxowlqj iurp wkh
Jhqhudo Djuhhphqw rq Wdul�v dqg Wudgh +JDWW, urxqgv1 Wkh �uvw urxqg/
lq 4<7:/ uhgxfhg wdul�v frqvlghudeo|/ eulqjlqj wkhp edfn grzq wr ohyhov wkdw
kdg h{lvwhg sulru wr wkh lqfuhdvhv lpsrvhg lq wkh Juhdw Ghsuhvvlrq1 Iurp
4<7: xqwlo wkh frqfoxvlrq ri wkh Nhqqhg| Urxqg lq 4<9:/ wkh JDWW urxqgv
dfklhyhg olwwoh lq wkh zd| ri zruogzlgh wdul� uhgxfwlrq147

Wkh wzr frxqwulhv duh ri htxdo vl}h dqg uhsuhvhqw ghyhorshg frxqwulhv1
Ghyhorshg frxqwulhv vwloo dffrxqw iru doprvw :3( ri zruog phufkdqglvh wudgh
dqg pruh wkdq :3( ri zruog pdqxidfwxuhg wudgh1 Pruhryhu/ pruh wkdq
:3( ri ghyhorshg frxqwu| h{sruwv jr wr rwkhu ghyhorshg frxqwulhv148 L irfxv
rq pdqxidfwxulqj/ ehfdxvh :<( ri ghyhorshg frxqwu| wudgh lv pdqxidfwxuhg
jrrgv1 Ilqdoo|/ iurp KL\/ zh nqrz wkdw prvw yhuwlfdo vshfldol}dwlrq e|
ghyhorshg frxqwulhv lv zlwk rwkhu ghyhorshg frxqwulhv1

L wklqn ri rqh frxqwu| dv wkh X1V1 dqg wkh rwkhu frxqwu| dv wkh rwkhu
Uhvw0ri0wkh0Ghyhorshg0Zruog +URZ,1 Lq 4<96/ X1V1 pdqxidfwxulqj JGS zdv
htxdo wr 87( ri wkh wrwdo pdqxidfwxulqj JGS ri wkh J0: soxv rwkhu Zhvwhuq
Hxursh frxqwulhv1 Lq rwkhu zrugv/ X1V1 pdqxidfwxulqj rxwsxw zdv dssur{l0
pdwho| htxdo wr URZ pdqxidfwxulqj rxwsxw1 E| 4<<8/ gxh wr kljkhu URZ
jurzwk udwhv/ wkh X1V1 vkduh ri wrwdo pdqxidfwxulqj JGS kdg gursshg wr

47Vhh Luzlq +4<<8,1 Dovr/ vhh Fuxflql dqg Ndkq +4<<9, iru d fdoleudwlrq2vlpxodwlrq ri
wdul� lqfuhdvhv gxulqj wkh Juhdw Ghsuhvvlrq1

48Wkhvh qxpehuv duh edvhg rq wkh Xqlwhg Qdwlrqv gh�qlwlrq ri �ghyhorshg�/ zklfk
lqfoxghv Zhvwhuq Hxursh/ wkh X1V1/ Mdsdq/ Fdqdgd/ Lvudho/ Vrxwk Diulfd/ Dxvwudold/ dqg
Qhz ]hdodqg1
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5;(1 D zhoo0nqrzq uhvxow lq wudgh prghov wkdw ihdwxuh frpsohwh vshfldol}d0

wlrq/ iuhh wudgh/ dqg lghqwlfdo/ krprwkhwlf suhihuhqfhv lv wkdw wkh wudgh vkduh

ri rxwsxw lv mxvw �� r/ zkhuh r lv wkh frxqwu|*v vkduh ri zruog JGS1 E| wklv

phwulf/ wkh X1V1 wudgh vkduh ri rxwsxw vkrxog kdyh lqfuhdvhg e| derxw �.2*�eS
gxulqj wklv shulrg hyhq li qr wdul� uhgxfwlrqv kdg rffxuuhg149 Wr frqwuro iru
wkh h�hfw ri fkdqjlqj frxqwu| vl}h rq wkh wudgh vkduh ri rxwsxw/ L dgmxvw wkh
X1V1 pdqxidfwxulqj h{sruw vkduh ri +pdqxidfwxulqj, rxwsxw vhulhv e| wklv
idfwru1 Vshfl�fdoo|/ L dvvxph wkh jurzwk udwh ri wkh URZ uhodwlyh wr wkh
X1V1 lv frqvwdqw ehwzhhq 4<95 dqg 4<<:/ dqg dgmxvw hdfk |hdu*v h{sruw vkduh
ri rxwsxw dffruglqjo|1 Wklv kdv wkh h�hfw ri uhgxflqj wkh X1V1 pdqxidfwxuhg
h{sruw vkduh ri rxwsxw jurzwk udwh iurp 714;( shu |hdu wr 51:6( shu |hdu1
Ryhu 68 |hduv/ wkhq/ wkh dgmxvwhg h{sruw vkduh ri rxwsxw jurzv e| d idfwru
ri 519 +wkh xqdgmxvwhg h{sruw vkduh juhz e| d idfwru ri 715,14:

L frqvwuxfw wkh wdul� vhulhv xvlqj gdwd rq X1V1/ Hxurshdq Frppxqlw|
+HF,/ dqg Mdsdq pdqxidfwxulqj wdul� udwhv1 +Vhh Dsshqgl{ 5 iru wkh vrxufhv
ri wkh gdwd dqg ghwdlov rq wkh vhulhv frqvwuxfwlrq,1 L frqvwuxfw d wdul� vhulhv
iru wkh X1V1 dqg iru wkh URZ +d wudgh zhljkwhg dyhudjh ri wkh HF dqg Mdsdq
wdul�v,> wkhvh wzr vhulhv duh yhu| vlplodu/ dqg frqvhtxhqwo| L xvh wkh dyhudjh
ri wkh wzr vhulhv dv d vlqjoh wdul� vhulhv wkdw erwk frxqwulhv idfh1 Iljxuh 9
looxvwudwhv wkh wlph sdwk ri wdul�v/ mx{wdsrvhg djdlqvw wkh +xqdgmxvwhg, X1V1
pdqxidfwxuhg h{sruw vkduh ri pdqxidfwxuhg JGS1 Wdul�v ghfolqhg vkduso|
iurp wkh odwh 4<93v wkurxjk wkh plg04<:3v/ odujho| dv d uhvxow ri wkh Nhqqhg|
Urxqg JDWW wuhdw|1 Derxw kdoi ri wkh ryhudoo ghfolqh ri 4315 shufhqwdjh
srlqwv rffxuuhg ehwzhhq 4<9: dqg 4<:51 Wkhuhdiwhu/ wdul�v ghfolqhg judgx0
doo|1

L vhw k/ wkh Free0Grxjodv frh!flhqw rq fdslwdo/ wr 3169/ dv lq ENN
+4<<7, dqg pdq| rwkhu uhdo exvlqhvv f|foh sdshuv1 L vhw/ q/ wkh suhihuhqfh
glvfrxqw sdudphwhu/ wr 31<9/ zklfk lv dovr w|slfdo lq prghov zlwk dqqxdo
iuhtxhqflhv1 Wkh ghsuhfldwlrq udwh rq fdslwdo/ B/ lv vhw wr 3146/ zklfk lv wkh
ghsuhfldwlrq udwh rq htxlsphqw dqg pdfklqhu| jlyhq lq Mrujhqvrq/ Jroors/
dqg Iudxphql +4<;:,1 Wkh vkduh ri �uvw vwdjh rxwsxw xvhg dv lqsxwv lq vhfrqg

49Ehfdxvh rxu iudphzrun lqyroyhv qrq0iuhh wudgh/ wklv uhvxow lv rqo| dq dssur{lpdwlrq1
4:Dqrwkhu dssurdfk zrxog kdyh ehhq wr fdoleudwh wkh lqlwldo fdslwdo2oderu udwlr iru

wkh X1V1 wr eh kljkhu wkdq wkdw ri wkh URZ/ dqg wr ohw wkh URZ hfrqrp| g|qdplfdoo|
frqyhujh lq vl}h wr wkh X1V1 Lq d Ulfdugldq prgho zlwk Free0Grxjodv whfkqrorjlhv/ krzhyhu/
fdslwdo2oderu udwlr frqyhujhqfh kdv olwwoh h�hfw rq JGS frqyhujhqfh1 Wklv lv ehfdxvh jdlqv
wr frxqwu|0vl}h gxh wr kljkhu fdslwdo2oderu udwlrv duh wr d odujh h{whqw r�vhw e| whupv ri
wudgh ghfolqhv1
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vwdjh surgxfwlrq/ w/ lv vhw wr 526/ zklfk lv frqvlvwhqw zlwk wkh idfw wkdw/ iru
pdqxidfwxulqj/ ydoxh0dgghg uhsuhvhqwv derxw 426 ri jurvv surgxfwlrq1 Wkh
lqlwldo fdslwdo2oderu udwlrv duh vhw wr wkhlu vwhdg|0vwdwh ydoxhv frqvlvwhqw zlwk
wdul� udwhv uhpdlqlqj dw wkhlu 4<95 ydoxhv iruhyhu1 L vhw wkh URZ oderu irufh
vr wkdw URZ JGS dqg X1V1 JGS lq 4<95 duh lghqwlfdo1

Wkh prvw gl!fxow sduw ri fdoleudwlqj wkh prgho lqyroyhv wkh surgxfwlylw|
sdudphwhuv1 Zkdw lv qhhghg lv d phdvxuh ri X1V1 surgxfwlylw| uhodwlyh wr
URZ surgxfwlylw| ryhu d odujh udqjh ri lqgxvwulhv1 Hyhq pruh fkdoohqjlqj/
wkh uhodwlyh surgxfwlylw| sdudphwhuv duh qhhghg iru erwk vwdjh 4 dqg vwdjh 5
surgxfwlrq1 Gdwd rq lqgxvwu|0ohyho wrwdo idfwru surgxfwlylw| h{lvw1 Krzhyhu/
gdwd rq wrwdo idfwru surgxfwlylw| iru wkh htxlydohqw ri vwdjh 4 surgxfwlrq dqg
ri vwdjh 5 surgxfwlrq/ lqgxvwu|0e|0lqgxvwu|/ gr qrw h{lvw1 Lq rwkhu zrugv/
zkloh gdwd rq wkh wrwdo idfwru surgxfwlylw| ri wkh prwru yhklfohv lqgxvwu|
h{lvwv/ gdwd rq wkh wrwdo idfwru surgxfwlylw| ri hqjlqhv dqg zlqgvklhogv/ dv
zhoo dv rq �qdo dvvhpeo|/ gr qrw1

Wr ghdo zlwk wklv fkdoohqjh/ L gudz iurp wzr vhwv ri gdwd dqg pdnh rqh
nh| dvvxpswlrq1 Wkh �uvw vhw ri gdwd lv wkh wrwdo idfwru surgxfwlylw| gdwd
iurp Kduuljdq +4<<:d/ e/ 4<<<,1 Kduuljdq fdofxodwhv X1V1 wrwdo idfwru surgxf0
wlylw| +WIS,/ uhodwlyh wr wkh rwkhu J0: frxqwulhv/ iru wkluwhhq pdqxidfwxulqj
lqgxvwulhv ryhu vhohfwhg |hduv ehwzhhq 4<:3 dqg 4<;;1 Wdeoh 6 surylghv klv
uhvxowv/ dorqj zlwk hdfk lqgxvwu|*v vkduh ri doo lqgxvwulhv* ydoxh0dgghg iru wkh
X1V1 X1V1 WISv duh w|slfdoo| odujhu wkdq wkh URZ WISv1 Wkh uhodwlyh WISv
udqjh iurp 41; lq dlufudiw dqg r!fh htxlsphqw wr 31< lq hohfwulfdo pdfklqhu|/
zlwk wkh phgldq dw derxw 4161 Kduuljdq dovr �qgv wkdw wkh uhodwlyh WISv kdyh
fkdqjhg olwwoh ehwzhhq 4<:3 dqg 4<;;1 Ehuqdug dqg Mrqhv +4<<9, rewdlq wklv
odwwhu �qglqj/ dv zhoo1 Frqvhtxhqwo|/ L dvvxph wkdw wkhvh +ryhudoo, lqgxvwu|
uhodwlyh WISv duh �{hg ryhu p| vdpsoh shulrg 4<95 wr 4<<:1 Wklv uxohv rxw
fkdqjhv lq wudgh jurzwk uhvxowlqj iurp fkdqjhv lq uhodwlyh WIS14;

Wkh vhfrqg vhw ri gdwd lv wkh KL\ gdwd rq X1V1 yhuwlfdo vshfldol}dwlrq1

L xvh wkhvh gdwd dv d jxlgh lq vhwwlqj wkh uhodwlyh �uvw0vwdjh dqg uhodwlyh

vhfrqg0vwdjh surgxfwlylw| sdudphwhuv1 Lq sduwlfxodu/ L vhw wkh sdudphwhuv wr

phhw wkh iroorzlqj frqglwlrqv=

41 Wkh djjuhjdwhg uhodwlyh surgxfwlylw|/
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4;Hyhqhww dqg \hxqj +4<<<, dujxh wkdw wkh uhodwlyh surgxfwlylwlhv dfurvv frxqwulhv kdyh
ghfhdvhg ryhu wlph/ zklfk/ doo hovh htxdo/ lpsolhv ohvv wudgh1
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51 Wr doorz iru yhuwlfdo vshfldol}dwlrq/ wkhuh pxvw eh d gl�huhqfh ehwzhhq

krph uhodwlyh surgxfwlylw| lq vwdjh 4 jrrgv dqg krph uhodwlyh surgxfwlylw|

lq vwdjh 5 jrrgv1 L sdudphwhul}h wklv gl�huhqfh dv iroorzv=
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zkhuh V � � dqg � : �1 Li V @ 4/ wkhq wkh uhodwlyh surgxfwlylwlhv dfurvv

vwdjh 4 dqg vwdjh 5 duh htxdo/ dqg qr yhuwlfdo vshfldol}dwlrq zloo rffxu1 �

fdswxuhv wkh ryhudoo surgxfwlylw| dgydqwdjh ri wkh X1V1 dqg lv vhw wr 41;14<

Lq wkh deryh irupxodwlrq/ wkh wzr surgxfwlylw| fxuyhv duh sdudooho wr hdfk

rwkhu/ zlwk wkh X1V1 uhodwlyho| pruh surgxfwlyh lq �uvw0vwdjh jrrgv wkdq lq

vhfrqg0vwdjh jrrgv1 Wkdw wkh vwdjh04 dqg vwdjh05 uhodwlyh wrwdo idfwru surgxf0

wlylwlhv duh sdudooho wr hdfk rwkhu lv wkh nh| dvvxpswlrq lq wkh fdoleudwlrq153

Wkh dvvxpswlrq dprxqwv wr dvvhuwlqj wkdw zkhq wkh X1V1 lv uhodwlyho| pruh

surgxfwlyh wkdq wkh J09 frxqwulhv lq prwru yhklfoh hqjlqh surgxfwlrq/ lw lv

dovr uhodwlyho| pruh surgxfwlyh dw �qdo dvvhpeo| surgxfwlrq1 L mxvwli| wklv

dvvxpswlrq iru wkh iroorzlqj uhdvrq1 P| irfxv lv rq djjuhjdwh/ qrw lqgxvwu|0

ohyho/ yhuwlfdo vshfldol}dwlrq dqg wudgh jurzwk1 Dv glvfxvvhg ehorz/ L fkrrvh

V vr wkdw yhuwlfdo vshfldol}dwlrq pdwfkhv wkh X1V1 yhuwlfdo vshfldol}dwlrq gdwd

lq 4<<:1 Wklv sdudphwhul}dwlrq hqvxuhv wkdw wkh prgho lv qrw �uljjhg� wr

jhqhudwh hqruprxv yhuwlfdo vshfldol}dwlrq dqg wudgh jurzwk154

4<Iljxuh : looxvwudwhv wkh djjuhjdwh uhodwlyh surgxfwlylw| fxuyh djdlqvw Kduuljdq*v

lqgxvwu|0ohyho WIS gdwd/ rughuhg iurp kljkhvw wr orzhvw1
53Uhfdoo wkdw wkh vwdjh04 jrrgv fdq eh rughuhg vr wkdw wkh D4+},@D�

4
+}, fxuyh lv grzq0

zdug vorslqj1 Exw wkh D5+},@D�

5
+}, fxuyh frxog wdnh dq| vkdsh/ lq sulqflsoh> lw frxog eh

qrq0prqrwrqlf ru hyhq glvfrqwlqxrxv1
54Dv dq dowhuqdwlyh/ L frxog kdyh dvvxphg wkdw wkh uhodwlyh surgxfwlylw| olqhv furvvhg

hdfk rwkhu udwkhu wkdq zhuh sdudooho wr hdfk rwkhu1 Exw L zrxog kdyh dgmxvwhg wkh � sdudp0

hwhu wr lqvxuh wkdw wkh lpsolhg yhuwlfdo vshfldol}dwlrq pdwfkhg wkh gdwd1 Wklv lqvxuhv wkdw

erwk wkh wudgh jurzwk lpsolfdwlrqv/ dv zhoo dv wkh frqwulexwlrq ri yhuwlfdo vshfldol}dwlrq

wr wudgh jurzwk/ dfurvv wkh wzr udglfdoo| gl�huhqw surgxfwlylw| vshfl�fdwlrqv duh qrw wrr

gl�huhqw iurp hdfk rwkhu1

Dqrwkhu dssurdfk zrxog kdyh ehhq wr frpelqh wkh Kduuljdq gdwd zlwk lqsxw0rxwsxw
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61 L sdudphwhul}h V vr wkdw wkh prgho gholyhuv yhuwlfdo vshfldol}dwlrq lq
wkh X1V1 lq 4<<: urxjko| htxdo wr wkh dfwxdo ohyho> V lv vhw wr 413;71 L dovr
h{dplqh d fdvh zklfk jhqhudwhv odujhu yhuwlfdo vshfldol}dwlrq1 Wklv fdvh zrxog
eh dssursuldwh li wkh fdofxodwlrqv lq KL\ +4<<<, duh xqghuhvwlpdwhv ri wkh
wuxh ohyho ri yhuwlfdo vshfldol}dwlrq1

L vroyh wkh prgho e| dvvxplqj wkdw wkh qhz vwhdg|0vwdwh lv uhdfkhg diwhu
458 |hduv1 Wkh vwhdg|0vwdwh fdq eh vroyhg iru lqghshqghqwo| ri wkh wudqvl0
wlrq g|qdplfv1 L xvh JDXVV*v QOV\V qrq0olqhdu htxdwlrqv urxwlqh wr vroyh
wkh Hxohu htxdwlrqv dqg htxloleulxp frqglwlrqv fkdudfwhul}lqj wkh wudqvlwlrq
g|qdplfv1

9 Uhvxowv

914 Pdlq Uhvxowv

Wkh pdlq uhvxowv duh suhvhqwhg lq Wdeoh 7 dqg Iljxuh ;1 L h{dplqh wkh

h�hfwv ri wkh wdul� uhgxfwlrqv iru wkh wzr yhuwlfdo vshfldol}dwlrq fdvhv dqg d

qrq0yhuwlfdo vshfldol}dwlrq fdvh1 Wdeoh 7 euhdnv xs wkh wkluw|0�yh |hdu shulrg

ehwzhhq 4<95 dqg 4<<: lqwr wzr lqwhuydov/ 4<9504<::/ zklfk fdswxuhv wkh

Nhqqhg| Urxqg/ dqg 4<::04<<:/ zklfk fdswxuhv wkh Wrn|r Urxqg dqg pxfk

ri wkh Xuxjxd| Urxqg1 4<:: lv dssur{lpdwho| kdoizd| ehwzhhq wkh hqg ri

wkh skdvh0lq shulrg ri wkh Nhqqhg| Urxqg dqg wkh ehjlqqlqj ri wkh skdvh0lq

shulrg ri wkh Wrn|r Urxqg1 Wdul�v ihoo e| derxw vl{ shufhqwdjh srlqwv lq wkh

�uvw shulrg dqg irxu shufhqwdjh srlqwv lq wkh vhfrqg shulrg1 Lq rwkhu zrugv/

dyhudjh dqqxdo wdul� uhgxfwlrqv zhuh derxw wzlfh dv odujh lq wkh �uvw shulrg

dv lq wkh vhfrqg shulrg1

Wkh wrs sdqho ri Wdeoh 7 olvwv dfwxdo h{sruw vkduh jurzwk dv zhoo dv wkh

lpsolhg h{sruw vkduh jurzwk suhglfwhg e| wkh prghov1 Irfxvlqj �uvw rq wkh

sulpdu| yhuwlfdo vshfldol}dwlrq fdvh/ V@413;7/ erwk wkh yhuwlfdo dqg qrq0

yhuwlfdo vshfldol}dwlrq prghov h{sodlq d olwwoh pruh wkdq 93( ri wkh dfwxdo

h{sruw vkduh jurzwk ehwzhhq 4<95 dqg 4<:91 Wkhlu h{sruw lpsolfdwlrqv duh

doprvw lghqwlfdo ehfdxvh wdul�v lq wklv shulrg duh kljk hqrxjk wr suhyhqw yhu0

wdeohv1 Vr/ iru h{dpsoh/ nqrzlqj wkdw pxfk ri prwru yhklfohv* lqsxwv ruljlqdwh iurp wkh

vwhho lqgxvwu|/ dqg nqrzlqj wkh vwhho lqgxvwu|*v WIS frxog khos lq rewdlqlqj dq hvwlpdwh

ri wkh vwdjh 4 WIS iru wkh prwru yhklfoh lqgxvwu|1 Wklv dssurdfk lv sureohpdwlf/ krzhyhu/

ehfdxvh lw grhv qrw wdnh d vwdqg rq zlwklq lqgxvwu| vwdjh04 dqg vwdjh05 WIS1 Iru prvw

lqgxvwulhv/ wkh lqgxvwu| lwvhoi lv lwv odujhvw vrxufh ri lqsxwv1
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wlfdo vshfldol}dwlrq iurp rffxuulqj1 Frqvhtxhqwo|/ wkh yhuwlfdo vshfldol}dwlrq
prgho ehkdyhv olnh wkh vwdqgdug prgho lq uhvsrqvh wr wdul� uhgxfwlrqv1 Diwhu
4<::/ wdul�v idoo orz hqrxjk wr lqgxfh yhuwlfdo vshfldol}dwlrq1 Iru wkh 4<::0
4<<: shulrg/ wkh prgho zlwk yhuwlfdo vshfldol}dwlrq lpsolhv dqqxdo h{sruw
jurzwk ri 513(/ zklfk lv wzr dqg rqh0kdoi wlphv kljkhu wkdq wkh suhglfwlrq
ri wkh qrq0yhuwlfdo vshfldol}dwlrq +khuhdiwhu/ �vwdqgdug�, prgho1 Wklv jurzwk
udwh lv ;3( ri wkh dfwxdo h{sruw vkduh jurzwk1 Iru wkh hqwluh shulrg/ 4<950
4<<:/ wkh vwdqgdug prgho fdswxuhv ohvv wkdq 425 ri wkh dfwxdo h{sruw jurzwk1
Wkh yhuwlfdo vshfldol}dwlrq +khuhdiwhu/ �yhuwlfdo�, prgho h{sodlqv derxw :3(
ri wkh dfwxdo h{sruw jurzwk1 Wkh yhuwlfdo prgho h{sodlqv derxw 83( ri wkh
jds ehwzhhq wkh dfwxdo h{sruw jurzwk dqg wkh h{sruw jurzwk lpsolhg e| wkh
vwdqgdug prgho1 Lq wkh vhfrqg yhuwlfdo fdvh/ V lv vhw vr wkdw wkh yhuwlfdo
prgho h{sodlqv :8( ri wkh jds ehwzhhq dfwxdo jurzwk dqg wkh jurzwk lp0
solhg e| wkh vwdqgdug prgho1 Erwk yhuwlfdo fdvhv h{sodlq pxfk ri zkdw wkh
vwdqgdug prgho fdqqrw h{sodlq/ hvshfldoo| lq wkh odvw 53 |hduv/ gxulqj zklfk
wlph wdul� udwhv glg qrw idoo e| pxfk/ |hw wudgh  rzv frqwlqxhg wr lqfuhdvh1

Wkh erwwrp sdqho ri Wdeoh 7 olvwv wkh lpsolfdwlrqv iru yhuwlfdo vshfldol}d0
wlrq1 Uhfdoo wkdw V lv vhw wr 413;7 lq rughu iru wkh yhuwlfdo prgho wr pdwfk
wkh 4<<: X1V1 gdwd rq yhuwlfdo vshfldol}dwlrq1 Lq wkh rwkhu wzr |hduv/ 4<95
dqg 4<::/ wkh prgho lpsolhv wkdw wdul�v duh wrr kljk iru yhuwlfdo vshfldo0
l}dwlrq wr rffxu> wklv lv frqwudu| wr wkh gdwd1 Rqfh wdul�v idoo vx!flhqwo|
orz/ wkh prgho suhglfwv odujh dqg udslg lqfuhdvhv lq yhuwlfdo vshfldol}dwlrq1
Lq wkh gdwd/ krzhyhu/ yhuwlfdo vshfldol}dwlrq ulvhv judgxdoo| ryhu wlph1 Dovr/
lq wkh prgho/ yhuwlfdo vshfldol}dwlrq dffrxqwv iru 526 ri wkh h{sruw jurzwk
ehwzhhq 4<:: dqg 4<<:/ zklfk lv doprvw wzlfh dv pxfk dv lq wkh gdwd1 Wkh
vhfrqg yhuwlfdo fdvh jhqhudwhv qrq0}hur yhuwlfdo vshfldol}dwlrq lq 4<::/ exw
lw dovr suhglfwv d yhuwlfdo vshfldol}dwlrq vkduh ri h{sruwv ri 3169 e| 4<<:/
zklfk lv derxw 83( kljkhu wkdq wkh gdwd1 Wklv suhglfwlrq dsshduv wr eh
frxqwhuidfwxdoo| kljk/ hyhq doorzlqj iru wkh idfw wkdw wkh gdwd suredeo| lv
dq xqghuhvwlpdwh ri wkh wuxwk1 Khqfh/ wkh yhuwlfdo prgho grhv qrw jhqhudwh
hqrxjk yhuwlfdo vshfldol}dwlrq lq wkh hduolhu shulrg/ dqg wrr pxfk lq wkh odwhu
shulrg1 Rqh zd| wr uhfrqfloh wkh judgxdo jurzwk ri yhuwlfdo vshfldol}dwlrq
lq wkh gdwd wr wkh yhu| udslg lqfuhdvh lpsolhg e| wkh prgho olhv lq wkh idfw
wkdw gl�huhqw lqgxvwulhv idfh gl�huhqw wdul� udwhv1 Eurdg/ jhqhudo wdul� uh0
gxfwlrqv vxfk dv wkrvh surylghg e| wkh JDWW urxqgv zrxog ohdg gl�huhqw
lqgxvwulhv wr dfklhyh yhuwlfdo vshfldol}dwlrq lq gl�huhqw |hduv1 Zkhq dyhudjhg
dfurvv doo lqgxvwulhv/ wkh wlph sdwk ri djjuhjdwh yhuwlfdo vshfldol}dwlrq frxog
eh vprrwkhu wkdq wkh wlph sdwk ri hdfk lqgxvwu|1
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Zkdw duh wkh zhoiduh frqvhtxhqfhv ri yhuwlfdo vshfldol}dwlrqB Zhoiduh lv
gh�qhg lq wkh xvxdo zd| dv wkh lq�qlwh krul}rq glvfrxqwhg vxp ri xwlolwlhv1
Iru erwk wkh yhuwlfdo dqg vwdqgdug prghov/ L frpsduh wkh wlph sdwk ri frq0
vxpswlrq xqghu wkh dfwxdo wdul� uhgxfwlrqv wr wkh wlph sdwk ri frqvxpswlrq
li wdul�v uhpdlqhg dw wkhlu 4<95 ohyhov iruhyhu1 Vshfl�fdoo| L frpsxwh wkh
shufhqwdjh lqfuhdvh lq frqvxpswlrq qhhghg lq hyhu| shulrg wr udlvh zhoiduh
lq wkh odwwhu fdvh wr wkh zhoiduh ohyho ri wkh iruphu fdvh1 L fdofxodwh wkh dy0
hudjh ri wkh wzr frxqwulhv* frqvxpswlrq lqfuhdvh1 Iru wkh vwdqgdug prgho/
L �qg wkdw wkh zhoiduh jdlqv wr wdul� uhgxfwlrq duh htxlydohqw wr dq lqfuhdvh
lq frqvxpswlrq ri 4146 shufhqwdjh srlqwv iruhyhu1 Iru wkh yhuwlfdo prgho/
wkh zhoiduh jdlqv duh htxlydohqw wr d 417; shufhqwdjh srlqw lqfuhdvh lq frq0
vxpswlrq/ zklfk lv 64( kljkhu wkdq lq wkh vwdqgdug prgho1 Wkh zhoiduh
jdlqv duh juhdwhu ehfdxvh wkh yhuwlfdo prgho vlpso| kdv pruh vshfldol}dwlrq
srvvlelolwlhv wkdq wkh vwdqgdug prgho1

L dovr frpsduh wkh yhuwlfdo prgho djdlqvw d frqvwdqw hodvwlflw| ri vxe0
vwlwxwlrq yhuvlrq ri wkh vwdqgdug prgho zkhuh wkh hodvwlflw| ri vxevwlwxwlrq
ehwzhhq jrrgv lv fkrvhq vr wkdw wkh vwdqgdug prgho*v lpsolhg wudgh jurzwk
udwh lv htxlydohqw wr wkh lpsolhg wudgh jurzwk udwh ri wkh yhuwlfdo prgho1
Wklv rffxuv zkhq wkh hodvwlflw| ri vxevwlwxwlrq lv derxw hljkw1 Doo hovh htxdo/
udlvlqj wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq jrrgv whqgv wr orzhu wkh zhoiduh
jdlqv iurp wudgh> lq wkh h{wuhph zkhq jrrgv duh shuihfw vxevwlwxwhv/ wkhuh
duh qr jdlqv iurp wudgh1 Lq wklv kljk hodvwlflw| fdvh/ L �qg wkdw wkh zhoiduh
jdlqv lq wkh yhuwlfdo prgho duh derxw 98( kljkhu wkdq lq wkh vwdqgdug prgho1
Zkhq V@41448/ wkh yhuwlfdo prgho surgxfhv zhoiduh jdlqv wkdw duh pruh wkdq
wzlfh dv kljk dv lq +wkh kljk hodvwlflw| fdvh ri, wkh vwdqgdug prgho1

Vxppdul}lqj/ wkh sulpdu| yhuwlfdo vshfldol}dwlrq fdvh fdq h{sodlq derxw
:3( ri wkh jurzwk ri zruog wudgh> wklv lv derxw 83(pruh wkdq zkdw wkh vwdq0
gdug prgho fdq h{sodlq1 Doorzlqj iru odujhu uhodwlyh surgxfwlylw| gl�huhqfhv
dfurvv frxqwulhv lqfuhdvhv wkh h{sodqdwru| srzhu ri wkh yhuwlfdo vshfldol}dwlrq
prgho1 Krzhyhu/ wkh lpsolhg wlph sdwk ri yhuwlfdo vshfldol}dwlrq lv vkdushu
wkdq wkh dfwxdo wlph sdwk1 Ilqdoo|/ wkh zhoiduh jdlqv wr wdul� uhgxfwlrqv duh
derxw 526 odujhu wkdq lq wkh vwdqgdug prgho1

915 Vhqvlwlylw| Dqdo|vlv

L hqjdjh lq vhyhudo vhqvlwlylw| dqdo|vhv wr dvvhvv wkh urexvwqhvv ri wkh pdlq

�qglqjv1 Lq rqh h{huflvh/ L h{dplqh d gl�huhqw vhw ri vxe0shulrgv1 Lw lv qrw

ghvludeoh wr vsolw xs wkh ryhudoo shulrg lqwr wrr pdq| vxe0shulrgv/ ehfdxvh
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exvlqhvv f|foh h�hfwv/ vxfk dv wkrvh gxh wr wkh h{whqvlyh dssuhfldwlrq dqg

wkhq ghsuhfldwlrq ri wkh groodu lq wkh 4<;3v/ d�hfw wkh ehqfkpdun qxpehuv

wkdw wkh prgho lv frpsduhg djdlqvw1 Qhyhuwkhohvv/ L h{dplqh wkuhh vxe0

shulrgv/ 4<950:5/ 4<:60;8/ dqg 4<;80<:/ fruuhvsrqglqj dssur{lpdwho| wr wkh

Nhqqhg| Urxqg/ wkh Wrn|r Urxqg/ dqg wkh Xuxjxd| Urxqg/ dqg dovr fru0

uhvsrqglqj wr |hduv iru zklfk L kdg gdwd rq yhuwlfdo vshfldol}dwlrq1 Vlplodu

uhvxowv duh rewdlqhg1

Ehfdxvh L irfxv rq orqjhu0uxq vhfxodu wuhqgv/ udwkhu wkdq hyhqwv dw exvl0

qhvv f|foh iuhtxhqflhv/ L dovr shuirup wkh wdul� uhgxfwlrq vlpxodwlrq zlwk wkh

fdslwdo vkduh ri rxwsxw/ kc vhw wr 5261 Wklv lv wkh ydoxh frqvlvwhqw zlwk wkh
hpslulfdo jurzwk uhvxowv lq Pdqnlz/ Urphu/ dqg Zhlo +4<<5,1 Djdlq/ wkh
lpsolfdwlrqv iru wudgh jurzwk dqg yhuwlfdo vshfldol}dwlrq duh yhu| vlplodu wr
wkrvh rewdlqhg zkhq k ' f��S1

Lq wkh prgho/ L dvvxphg wkdw wdul� udwhv duh xqlirup dfurvv erwk vwdjhv
ri surgxfwlrq1 Lq uhdolw|/ wdul�v whqg wr eh orzhu wkh hduolhu wkh vwdjh ri
surgxfwlrq1 Wkdw lv/ wdul�v rq udz pdwhuldov dqg lqwhuphgldwh jrrgv whqg wr
eh orzhu wkdq wdul�v rq �qdo jrrgv1 Khqfh/ wkh �h�hfwlyh� udwh ri surwhfwlrq
rq �qdo jrrgv lv juhdwhu wkdq wkh qrplqdo udwh ri surwhfwlrq1 Edodvvd +4<98,
�qgv wkdw wkh h�hfwlyh udwh ri surwhfwlrq iru wkh X1V1/ HF/ dqg Mdsdq lv
derxw wzlfh dv kljk dv wkh qrplqdo udwh1 Lq p| prgho/ wklv h�hfwlyh udwh ri
surwhfwlrq lv jhqhudwhg zkhq vwdjh04 jrrgv idfh d wdul� htxdo wr 425 wkh wdul�
rq vwdjh05 jrrgv1 L shuirup vlpxodwlrqv rq d vlpsol�hg yhuvlrq ri p| prgho
+rqh zlwk qr g|qdplf fdslwdo dffxpxodwlrq, dqg irxqg wkdw dv orqj dv wkh
udwlr ri wkh wzr wdul� udwhv grhv qrw fkdqjh ryhu wlph/ wkh wudgh jurzwk dqg
yhuwlfdo vshfldol}dwlrq lpsolfdwlrqv duh yhu| vlplodu1

: Frqfoxvlrq

Wkh jurzwk ri wkh wudgh vkduh ri rxwsxw lv suredeo| wkh prvw frpprqo|
xvhg slhfh ri hylghqfh wr looxvwudwh wkh lqfuhdvlqjo| joredol}hg zruog hfrq0
rp|1 Wklv jurzwk kdv ehhq gudpdwlf/ dyhudjlqj 5(06( shu |hdu iru wkh
sdvw �iw| |hduv1 Lq wkh wlph shulrg L irfxv rq/ 4<9504<<:/ wkh phufkdqglvh
+pdqxidfwxulqj, h{sruw vkduh ri rxwsxw juhz hyhq idvwhu/ e| 518( +618(,
shu |hdu1 Wkh frpprq zlvgrp derxw wkh fdxvh ri wklv jurzwk irfxvhv rq
wkh zruogzlgh uhgxfwlrqv lq wudgh eduulhuv eurxjkw derxw e| vhyhudo JDWW
djuhhphqwv1 Hdfk ri wkh wkuhh prvw uhfhqw djuhhphqwv/ wkh Nhqqhg|/ Wrn|r/
dqg Xuxjxd| urxqgv/ uhgxfhg wdul� eduulhuv e| 68(073(1 Krzhyhu/ wkhvh
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uhgxfwlrqv dprxqwhg wr mxvw d ihz shufhqwdjh srlqwv ehfdxvh wdul� eduulhuv
vlqfh wkh hduo| 4<93v kdyh qrw ehhq yhu| kljk1 Frqvhtxhqwo|/ lw lv gl!fxow wr
udwlrqdol}h wkh odujh jurzwk ri wudgh zlwk vwdqgdug wudgh sursdjdwlrq phfk0
dqlvpv xqghu vwdqgdug wudgh hodvwlflwlhv1

Krzhyhu/ qxphurxv fkdqjhv kdyh rffxuuhg lq wkh qdwxuh ri wudgh1 Wkh
fkdqjh prvw uhohydqw wr xqghuvwdqglqj wkh jurzwk ri wudgh lv lwv lqfuhdvhg
yhuwlfdolw|1 Yhuwlfdo vshfldol}dwlrq/ zklfk rffxuv zkhq frxqwulhv vshfldol}h lq
sduwlfxodu vwdjhv ri jrrg*v surgxfwlrq vhtxhqfh/ udwkhu wkdq lq wkh hqwluh
jrrg/ kdv ehfrph pruh suhydohqw1 Hvwlpdwhv e| Kxpphov/ Lvkll/ dqg \l
+4<<<, vxjjhvw wkdw yhuwlfdo vshfldol}dwlrq fdq dffrxqw iru 63( ru pruh ri wkh
jurzwk ri X1V1 wudgh vlqfh 4<951 Wkh lqwxlwlrq iru krz yhuwlfdo vshfldol}dwlrq
fdq vhuyh dv d sursdjdwlrq phfkdqlvp pdjqli|lqj wdul� uhgxfwlrqv lqwr odujh
lqfuhdvhv lq wudgh lv vwudljkwiruzdug= Zlwk yhuwlfdoo| vshfldol}hg jrrgv/ d
4 shufhqwdjh srlqw uhgxfwlrq lq wdul�v ohdgv wr d pxowlsoh ri 4 shufhqwdjh
srlqw ghfolqh lq frvwv dqg sulfhv1 Frqvhtxhqwo|/ wudgh jurzv e| pruh wkdq
zrxog eh suhglfwhg e| wkh vwdqgdug wudgh prgho1 Pruhryhu/ zlwk yhuwlfdoo|
vshfldol}hg wudgh/ wkh dprxqw ri wudgh jhqhudwhg ehiruh d jrrg uhdfkhv lwv
�qdo ghvwlqdwlrq fdq eh d pxowlsoh ri wkh ydoxh0dgghg hperglhg lq wkdw jrrg1
Khqfh/ wkh pruh jrrgv wkdw ehfrph yhuwlfdoo| vshfldol}hg/ wkh juhdwhu wkh
dprxqw ri wudgh1

L fdoleudwh d wzr0frxqwu| g|qdplf Ulfdugldq prgho ri yhuwlfdo vshfldol}d0
wlrq dqg vlpxodwh wkh uhvsrqvh ri wudgh wr d uhgxfwlrq lq wdul�v1 L �qg wkdw
zlwk yhuwlfdo vshfldol}dwlrq/ pruh wkdq :3( ri X1V1 wudgh jurzwk vlqfh 4<95
fdq eh h{sodlqhg1 E| frqwudvw wkh vwdqgdug prgho h{sodlqv ohvv wkdq kdoi ri
wkh dfwxdo wudgh jurzwk1 Pruhryhu/ wkh zhoiduh jdlqv wr wdul� uhgxfwlrqv duh
derxw 98( odujhu lq d yhuwlfdo vshfldol}dwlrq prgho/ uhodwlyh wr d vwdqgdug
prgho1

P| vlpxodwlrqv gr qrw lqfoxgh wudqvsruwdwlrq frvwv1 Ghfolqhv lq wudqv0
sruwdwlrq frvwv ryhu wlph zrxog eh dq dgglwlrqdo irufh wr jhqhudwh yhuwlfdo
vshfldol}dwlrq dqg juhdwhu wudgh1 Krzhyhu/ lw lv gl!fxow wr phdvxuh wudqv0
sruwdwlrq frvwv1 Pruhryhu/ h{lvwlqj phdvxuhv lqglfdwh wkdw wkh| kdyh idoohq
e| olwwoh/ li dw doo1 Lq d fduhixo vwxg|/ Kxpphov +4<<<, dujxhv frqylqflqjo|
wkdw wudqvsruwdwlrq frvwv kdyh qrw fkdqjhg vlqfh wkh 4<:3v1 Kh �qgv wkdw gh0
fuhdvhv lq dlu wudqvsruw frvwv kdyh ehhq r�vhw e| lqfuhdvhv lq rfhdq wudqvsruw
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frvwv155

Zkdw rwkhu irufhv frxog h{sodlq wkh uhpdlqlqj 63( ri wkh wudgh jurzwk
wkdw wkh yhuwlfdo vshfldol}dwlrq prgho fdqqrw h{sodlqB Rqh srvvlelolw| lv
wkdw wkh JDWW0lqgxfhg wdul� uhgxfwlrqv kdyh jhqhudwhg hyhq pruh wudgh
dqg yhuwlfdo vshfldol}dwlrq wkdq lpsolhg e| d wzr0frxqwu| prgho zlwk wzr
wudgdeoh vwdjhv shu jrrg1 Doorzlqj iru wkh pruh uhdolvwlf ihdwxuh ri juhdwhu
wkdq wzr frxqwulhv dqg vwdjhv zloo surylgh juhdwhu rssruwxqlwlhv iru yhuwlfdo
vshfldol}dwlrq dqg wudgh wr uhvsrqg wr wdul� uhgxfwlrqv1 Dovr/ lq wkh prgho/
wkh qxpehu ri vwdjhv lv �{hg1 Wdul� uhgxfwlrqv duh wkh rqo| irufh jhqhudwlqj
lqfuhdvhg wudgh dqg yhuwlfdo vshfldol}dwlrq1 D vhfrqg srvvlelolw|/ wkhq/ lv wkdw
whfkqrorj| kdv fkdqjhg vr wkdw jrrgv wkdw lq wkh sdvw zhuh surgxfhg lq wzr
ru wkuhh vwdjhv duh qrz surgxfhg lq �yh ru vl{ vwdjhv1 Wr sdudskudvh Erkp0
Edzhun/ jrrgv surgxfwlrq kdv ehfrph hyhq pruh urxqgderxw1 Doorzlqj
iru lqfuhdvhv lq wkh qxpehu ri vwdjhv lqfuhdvhv wkh srvvlelolwlhv iru yhuwlfdo
vshfldol}dwlrq dqg wudgh156 D wklug srvvlelolw| lv wkdw dq lqfuhdvlqj iudfwlrq
ri X1V1 wudgh lv zlwk hphujlqj pdunhwv1 X1V1h{sruwv wr wkhvh frxqwulhv kdv
lqfuhdvhg iurp derxw 426 ri wrwdo h{sruwv lq 4<:3 wr derxw 528 ri wrwdo
h{sruwv lq 4<<91 Lq pdq| ri wkhvh frxqwulhv/ wudgh uhirupv pxfk odujhu wkdq
wkh JDWW urxqgv ri wdul� uhgxfwlrqv kdyh rffxuuhg1 Wdnlqj lqwr dffrxqw
wkhvh frxqwulhv* wudgh eduulhu uhgxfwlrqv zrxog suredeo| lpso| dgglwlrqdo
wudgh dqg YV jurzwk1

Wkhuh zdv rqh rwkhu hud ri juhdw wudgh jurzwk/ wkh 73 |hduv suhfhglqj
Zruog Zdu L1 Gxulqj wklv shulrg wkh h{sruw vkduh ri rxwsxw lq Jhupdq|
grxeohg dqg wkdw ri wkh X1V1 dqg wkh X1N1 lqfuhdvhg e| 83(157 Krzhyhu/ wklv
shulrg zdv dovr fkdudfwhul}hg e| odujh uhgxfwlrqv lq wdul�v 0 hvwlpdwhv duh ri
53 shufhqwdjh srlqwv 0 dqg e| odujh uhgxfwlrqv lq wudqvsruwdwlrq frvwv/ gulyhq
e| wkh h{sdqvlrq ri vwhdp vklsv dqg udlourdgv1 Wkh ehvw hylghqfh ri ghfolqlqj
vklsslqj frvwv lv ri ghfolqlqj sulfh gl�huhqwldov ehwzhhq jrrgv lq sruwv0ri0
h{lw lq wkh X1V1 dqg lq sruwv0ri0hqwu| lq wkh X1N1 Wkhvh sulfh gl�huhqwldov
ihoo hqruprxvo|/ rq wkh rughu ri 73 shufhqwdjh srlqwv158 Khqfh/ wudgh jurzwk
ehwzhhq 4;:304<46 grhv qrw qhhg yhuwlfdo vshfldol}dwlrq wr h{sodlq lw1 Wudgh

55Lq wkhlu uhjuhvvlrqv/ Edlhu dqg Ehujvwudqg +4<<<, �qg wkdw wdul� uhgxfwlrqv h{sodlq
pruh wkdq wkuhh wlphv dv pxfk wudgh jurzwk wkdq gr wudqvsruw frvw uhgxfwlrqv1 Lq Urvh*v
+4<<4, wudgh jurzwk uhjuhvvlrqv/ wdul�v kdyh h{sodqdwru| srzhu/ exw wudqvsruwdwlrq frvwv
gr qrw1

56Vhh Ghdugru� +4<<;,/ iru h{dpsoh1
57Vhh Pdgglvrq +4<<4,1
58Vhh R*Urxunh dqg Zlooldpvrq +4<<7,1
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jurzwk vlqfh Zruog Zdu LL grhv1

D Ilupv* Sur�w Pd{lpl}dwlrq dqg Pdunhw

Fohdulqj Frqglwlrqv

Wkh qxphudluh lv wkh krph �qdo jrrg/ t|1

41 Ilupv* Sur�w Pd{lpl}dwlrq

Doo �upv pd{lpl}h sur�wv/ wdnlqj sulfhv dv jlyhq1 Lq hdfk shulrg/ ; 5

5 dfc �o=
Vwdjh 4 �upv pd{lpl}h=

R�E5�+�E5�� �,�E5�� o&�E5� +5<,

Vwdjh 5 �upv pd{lpl}h=

R2E5�+2E5�� R�E5�+�E5�� �,2E5�� o&2E5� +63,

li wkh �uvw vwdjh lqsxwv frph iurp krph/ +surgxfwlrq surfhvv KK, ru

R2E5�+2E5�� E� n ��RW
�
E5�+W

�
E5� ��,2E5�� o&2E5� +64,

li wkh �uvw vwdjh lqsxwv frph iurp deurdg +surgxfwlrq surfhvv IK,1
Vwdjh 6 �upv pd{lpl}h=

i T

5
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f
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5M88c
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E� n ��R2E5�%2E5�_5 +65,

Wkh pd{lpl}dwlrq sureohpv iru wkh iruhljq frxqwu| duh vlplodu1
Wkh �uvw rughu frqglwlrqv iru wkhvh pd{lpl}dwlrq sureohpv duh vwudljkw0

iruzdug1 Qrwh wkdw wkh fdslwdo2oderu lqwhqvlw| lv wkh vdph iru doo jrrgv1 Wklv
lv d ihdwxuh ri wkh Ulfdugldq qdwxuh ri wklv prgho1

51 Idfwru Pdunhw Fohdulqj Frqglwlrqv1 Lq hdfk shulrg=
Oderu=

u '

]

5MM8c
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,2E5�_5 +66,
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Fdslwdo=

g '
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5MM8c
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]

5M8Mc
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&2E5�_5 +67,

Wkh idfwru pdunhw fohdulqj frqglwlrqv iru wkh iruhljq frxqwu| duh vlplodu1
61 Jrrgv Pdunhw Fohdulqj Frqglwlrqv1

Vwdjh 4 jrrgv=
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Vwdjh 6 jrrgv=
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E Vrxufhv ri Wdul� Gdwd

Wkh wdul� gdwd frph iurp Folqh hw do +4<:;,/ Ho0Djudd +4<<7,/ Vfkrww +4<<7,/
dqg XQFWDG +4<9;,1 +L kdyh dovr fkhfnhg wkdw wkh gdwd iurp wkhvh vrxufhv
duh eurdgo| frqvlvwhqw zlwk gdwd iurp Edodvvd +4<98,/ Ghdugru� dqg Vwhuq
+4<<3,/ Suhhj +4<:3,/ dqg Zkdooh| +4<;8,,1 Doo ri wkh wdul� gdwd duh lpsruw0
zhljkwhg dyhudjhv ri dfwxdo wdul� udwhv1 Wkh wdul� udwhv fryhu pdqxidfwxuhg
jrrgv/ h{fhsw iru wkh prvw uhfhqw |hduv/ lq zklfk wkh wdul� udwhv duh iru
lqgxvwuldo +hvvhqwldoo|/ qrq0djulfxowxudo, jrrgv1

Wkh ryhudoo wdul� vhulhv xvhg lq wkh fdoleudwlrq2vlpxodwlrq lv d vlpsoh
dyhudjh ri wkh X1V1 wdul� dqg wkh uhvw0ri0zruog +URZ, wdul�1 Wkh URZ
wdul� lv d zhljkwhg dyhudjh ri wkh Hxurshdq Frppxqlw| +HF, h{whuqdo wdul�
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dqg wkh Mdsdq wdul�/ zkhuh wkh zhljkwv duh hdfk uhjlrq*v vkduh ri X1V1 h{sruwv
wr wkh HF.Mdsdq1

Frqvwuxfwlqj wkh dqqxdo wdul� vhulhv iru wkh X1V1 dqg wkh URZ lqyroyhg
vsolflqj gdwd iurp wkh deryh vrxufhv/ dqg dovr xvlqj wkh skdvh0lq vfkhgxohv ri
wkh Nhqqhg| Urxqg/ Wrn|r Urxqg/ dqg Xuxjxd| Urxqg JDWW djuhhphqwv1
Wkhvh gdwd dqg wkh skdvh0lq vfkhgxohv fryhu 4<9:04<:5/ 4<:6/ 4<:<04<;9/
dqg 4<<704<<<1 Iru h{dpsoh/ wkh suh0Nhqqhg| urxqg wdul� udwh/ wkh srvw0
Nhqqhg| urxqg wdul� udwh/ dqg wkh skdvh0lq vfkhgxoh |lhogv wkh wdul� udwhv
iru 4<9:04<:51 Iru wkh rwkhu |hduv/ wkh gdwd zhuh olqhduo| lqwhusrodwhg1 Wkh
vrxufhv iru wkh wdul� vhulhv iru hdfk |hdu duh olvwhg ehorz=

\hdu Vrxufh
4<9504<99= XQFWDG suh0Nhqqhg| Urxqg +4<9;/ Wdeoh D15/ D16/ D1;,1

+Qrwh= Edodvvd +4<98/ Wdeoh 7, uhsruwv ydoxhv derxw 5 shufhqwdjh srlqwv ohvv
wkdq wkhvh ydoxhv,1

4<9:/4<:5= XQFWDG +4<9;/ Wdeoh D15/ D16/ D1;,
4<9;04<:4= Nhqqhg| Urxqg skdvh0lq
4<:604<:6= X1V1= Folqh hw do +Wdeoh 504,/ xvlqj XQFWDG +4<9;, zhljkwv

rq vhpl0�qlvkhg pdqxidfwxuhv dqg �qlvkhg pdqxidfwxuhv> URZ= lqwhusrod0
wlrq

4<:704<:;= lqwhusrodwlrq
4<:</4<;9= Ho0Djudd +Wdeoh 5418,/ xvlqj XQFWDGzhljkwv rq vhpl0�qlvkhg

pdqxidfwxuhv dqg �qlvkhg pdqxidfwxuhv1
4<;304<;8= Wrn|r Urxqg skdvh0lq
4<;:04<<6= lqwhusrodwlrq
4<<7/4<<<= Vfkrww +Wdeoh :, dqg Ho0Djudd +Wdeoh 5418,
4<<804<<;= Xuxjxd| Urxqg skdvh0lq
5333. = Vdph dv 4<<<1

Uhihuhqfhv

^4` Edfnxv/ Gdylg> Nhkrh/ Sdwulfn> dqg N|godqg/ Ilqq1 �G|qdplfv ri wkh
Wudgh Edodqfh dqg wkh Whupv ri Wudgh= wkh M0FxuyhB� Dphulfdq Hfr0

qrplf Uhylhz ;7 +Pdufk 4<<7,= ;704361

^5` Edlhu/ Vfrww O1 dqg Ehujvwudqg/ Mh�uh| K1 �Wkh Jurzwk ri Zruog Wudgh=
Wdul�v/ Wudqvsruw Frvwv/ dqg Lqfrph Vlplodulw|1� Pdqxvfulsw/ Xqlyhuvlw|
ri Qrwuh Gdph/ Vhswhpehu 4<<<1
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^6` Edodvvd/ Ehod1 �Wdul� Surwhfwlrq lq Lqgxvwuldo Frxqwulhv= Dq Hydoxd0
wlrq1� Mrxuqdo ri Srolwlfdo Hfrqrp| :6 +Ghfhpehu 4<98,= 8:608<71

^7` Edodvvd/ Ehod1 Wudgh Olehudol}dwlrq Dprqj Lqgxvwuldo Frxqwulhv1 Qhz
\run= PfJudz Kloo/ 4<9:1

^8` Ehujrhlqj/ Udskdho dqg Nhkrh/ Wlprwk| M1 �Wudgh Wkhru| dqg Wudgh
Idfwv1� Pdqxvfulsw/ Xqlyhuvlw| ri Plqqhvrwd/ Rfwrehu 4<<<1

^9` Ehuqdug/ Dqguhz E1/ dqg Mrqhv/ Fkduohv L1 �Surgxfwlylw| Dfurvv Lq0
gxvwulhv dqg Frxqwulhv= Wlph Vhulhv Wkhru| dqg Hylghqfh1� Uhylhz ri

Hfrqrplfv dqg Vwdwlvwlfv :; +4<<9,=46804791

^:` Eodqfkdug/ Rolylhu dqg Ndkq/ Fkduohv1 �Wkh Vroxwlrq ri Olqhdu Gl�hu0
hqfh Prghov xqghu Udwlrqdo H{shfwdwlrqv1� Hfrqrphwulfd 7; +4<;3,=
4638046441

^;` Folqh/ Zlooldp U1> Ndzdqdeh/ Qrerux> Nurqvmù/ W1R1P1> dqg Zlooldpv/
Wkrpdv1 Wudgh Qhjrwldwlrqv lq wkh Wrn|r Urxqg= D Txdqwlwdwlyh Dv0
vhvvphqw1 Zdvklqjwrq G1F1= Wkh Eurrnlqjv Lqvwlwxwlrq/ 4<:;1

^<` Fuxflql/ Pdulr M1 dqg Ndkq/ Mdphv1 �Wdul�v dqg Djjuhjdwh Hfrqrplf
Dfwlylw|= Ohvvrqv iurp wkh Juhdw Ghsuhvvlrq1� Mrxuqdo ri Prqhwdu|
Hfrqrplfv 6; +Ghfhpehu 4<<9,= 75:079;1

^43` Ghdugru�/ Dodq Y1 Iudjphqwdwlrq lq Vlpsoh Wudgh Prghov1 Pdqxvfulsw1
Dqq Dueru= Xqlyhuvlw| ri Plfkljdq/ 4<<;1

^44` Ghdugru�/ Dodq Y1 dqg Vwhuq/ Urehuw P1 Frpsxwdwlrqdo Dqdo|vlv ri

Joredo Wudglqj Duudqjhphqwv1 Dqq Dueru= Xqlyhuvlw| ri Plfkljdq Suhvv/
4<<31

^45` Gruqexvfk/ Uxgljhu> Ilvfkhu/ Vwdqoh|> dqg Vdpxhovrq/ Sdxo1 �Frp0
sdudwlyh Dgydqwdjh/ Wudgh/ dqg Sd|phqwv lq d Ulfdugldq Prgho zlwk d
Frqwlqxxp ri Jrrgv1� Dphulfdq Hfrqrplf Uhylhz 9: +4<::,= ;560;6<1

^46` Hdwrq/ Mrqdwkdq dqg Nruwxp/ Vdpxho1 �Whfkqrorj|/ Jhrjudsk|/ dqg
Wudgh�1 Pdqxvfulsw1 Ervwrq Xqlyhuvlw|/ 4<<<1

^47` Ho0Djudd/ Dol P1 Wkh Hfrqrplfv ri wkh Hxurshdq Frppxqlw|/ 7wk hg1

Wurzeulgjh/ Zlowvkluh/ Xqlwhg Nlqjgrp= Kduyhvwhu Zkhdwvkhdi/ 4<<71
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^48` Hyhqhww/ Vlprq M1/ dqg \hxqj/ Ehuqdug \1 �Zloolqjqhvv wr Sd| iru
Wdul� Olehudol}dwlrq1� Pdqxvfulsw1 Uxwjhuv Xqlyhuvlw| dqg Xqlyhuvlw|
ri Plfkljdq/ 4<<;1

^49` Hyhqhww/ Vlprq M1/ dqg \hxqj/ Ehuqdug \1 �Ghfrpsrvlqj wkh Jurzwk
ri RHFG Wudgh Gxulqj 4<:30<91� Pdqxvfulsw1 Uxwjhuv Xqlyhuvlw| dqg
Qhz \run Xqlyhuvlw|/ 4<<<1

^4:` Ilqgod|/ Urqdog1 �Dq Dxvwuldq Prgho ri Lqwhuqdwlrqdo Wudgh dqg Lqwhu0
hvw Udwh Htxdol}dwlrq1� Mrxuqdo ri Srolwlfdo Hfrqrp| ;9 +4<:;,= <;<0
433;1

^4;` Kduuljdq/ Mdphv1 �Furvv0Frxqwu| Frpsdulvrqv ri Lqgxvwu| Wrwdo Idfwru
Surgxfwlylw|= Wkhru| dqg Hylghqfh1� Ihghudo Uhvhuyh Edqn ri Qhz\run
Uhvhdufk Sdshu &<:67/ Qryhpehu 4<<:1

^4<` Kduuljdq/ Mdphv1 �Hvwlpdwlrq ri Furvv0Frxqwu| Gl�huhqfhv lq Lqgxvwu|
Surgxfwlrq Ixqfwlrqv1� Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv 7:/ qr1 5/
+Dsulo 4<<<,= 59:05<71

^53` Kduuljdq/ Mdphv1 �Whfkqrorj|/ Idfwru Vxssolhv dqg Lqwhuqdwlrqdo Vsh0
fldol}dwlrq= Hvwlpdwlqj wkh Qhrfodvvlfdo Prgho1� Dphulfdq Hfrqrplf

Uhylhz ;:/ qr1 7/ +Vhswhpehu 4<<:,= 7:807<71

^54` Kxpphov/ Gdylg1 �Kdyh Lqwhuqdwlrqdo Wudqvsruwdwlrq Frvwv GhfolqhgB�
Pdqxvfulsw1 Fklfdjr= Xqlyhuvlw| ri Fklfdjr/ 4<<<1

^55` Kxpphov/ Gdylg> Lvkll/ Mxq> dqg \l/ Nhl0Px1 �Wkh Qdwxuh dqg Jurzwk
ri Yhuwlfdo Vshfldol}dwlrq lq Zruog Wudgh1� Pdqxvfulsw1 Qhz \run= Ihg0
hudo Uhvhuyh Edqn ri Qhz \run/ Dxjxvw 4<<<1

^56` Kxpphov/ Gdylg> Udsrsruw/ Gdqd> dqg \l/ Nhl0Px1 �Yhuwlfdo Vshfldo0
l}dwlrq dqg wkh Fkdqjlqj Qdwxuh ri Zruog Wudgh1� IUEQ\ Hfrqrplf

Srolf| Uhylhz 7/ qr1 5 +Mxqh 4<<;,= :<0<<1

^57` Luzlq/ Grxjodv D1 �Wkh JDWW*v Frqwulexwlrq wr Hfrqrplf Uhfryhu| lq
srvw0zdu Zhvwhuq Hxursh� lq E1 Hlfkhqjuhhq/ hg1/ Hxursh*v Srvw0Zdu

Uhfryhu|1 Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv/ 4<<81

^58` Lvkll/ Mxq dqg \l/ Nhl0Px1 �Wkh Jurzwk ri Zruog Wudgh1� Ihghudo Uh0
vhuyh Edqn ri Qhz \run Uhvhdufk Sdshu &<:4;/ Pd| 4<<:1
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^59` Mrujhqvrq/ Gdoh> Jroors/ Iudqn> dqg Iudxphql/ Eduedud1 Surgxfwlylw|
dqg X1V1 Hfrqrplf Jurzwk1 Fdpeulgjh/ PD= Kduydug Xqlyhuvlw| Suhvv/
4<;:1

^5:` Nlqj/ Urehuw> Sorvvhu/ Fkduohv> dqg Uhehor/ Vhujlr1 �Surgxfwlrq/
Jurzwk/ dqg Exvlqhvv F|fohv L1 Wkh Edvlf Qhrfodvvlfdo Prgho1� Mrxuqdo
ri Prqhwdu| Hfrqrplfv 54 +4<;;,= 4<805651

^5;` Nrxsdulwvdv/ Plfkdho D1 �Qruwk0Vrxwk Exvlqhvv F|fohv1� pdqxvfulsw/
Ihghudo Uhvhuyh Edqn ri Fklfdjr/ 4<<:1

^5<` Nuxjpdq/ Sdxo1 �Vfdoh Hfrqrplhv/ Surgxfw Gl�huhqwldwlrq dqg wkh
Sdwwhuq ri Wudgh1� Dphulfdq Hfrqrplf Uhylhz :3 +4<;3,= <830<8<1

^63` Pdgglvrq/ Dqjxv1 G|qdplf Irufhv lq Fdslwdolvw Ghyhorsphqw1 R{irug/
Xqlwhg Nlqjgrp= R{irug Xqlyhuvlw| Suhvv/ 4<<41

^64` Pdqnlz/ Q1 Juhjru|> Urphu/ Gdylg> dqg Zhlo/ Gdylg Q1 �D Frqwulex0
wlrq wr wkh Hpslulfv ri Hfrqrplf Jurzwk1� Wkh Txduwhuo| Mrxuqdo ri

Hfrqrplfv 43: +Pd| 4<<5,= 73:=76:1

^65` R*Urxunh/ Nhylq dqg Zlooldpvrq/ Mh�uh| J1 �Odwh Qlqhwhhqwk0Fhqwxu|
Dqjor0Dphulfdq Idfwru0Sulfh Frqyhujhqfh= Zhuh Khfnvfkuh dqg Rkolq
UljkwB� Mrxuqdo ri Hfrqrplf Klvwru| 87 +4<<7,= ;<50<491

^66` Suhhj/ Huqhvw K1 Wudghuv dqg Glsorpdwv= Dq dqdo|vlv ri wkh Nhqqhg|

Urxqg ri qhjrwldwlrqv xqghu wkh Jhqhudo Djuhhphqw rq Wdul�v dqg

Wudgh1 Zdvklqjwrq/ G1F1= Wkh Eurrnlqjv Lqvwlwxwlrq/ 4<:31

^67` Urvh/ Dqguhz N1 �Zk| Kdv Wudgh Jurzq Idvwhu Wkdq LqfrphB� Fdqd0

gldq Mrxuqdo ri Hfrqrplfv 57 +Pd| 4<<4,= 74:075:1

^68` Vfkrww/ Mh�uh| M1 Wkh Xuxjxd| Urxqg= Dq Dvvhvvphqw1 Zdvklqjwrq/
G1F1= Lqvlwxwh iru Lqwhuqdwlrqdo Hfrqrplfv/ 4<<71

^69` XQFWDG1 Wkh Nhqqhg| Urxqg hvwlpdwhg h�hfwv rq wdul� eduulhuv1

Jhqhyd/ Vzlw}huodqg= Xqlwhg Qdwlrqv/ 4<9;1

^6:` XQFWDG1 Kdqgerrn ri Lqwhuqdwlrqdo Wudgh dqg Ghyhorsphqw Vwdwlvwlfv1
Jhqhyhd/ Vzlw}huodqg= Xqlwhg Qdwlrqv/ ydulrxv lvvxhv1
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^6;` Zkdooh|/ Mrkq1 Wudgh Olehudol}dwlrq Dprqj Pdmru Zruog Wudglqj Duhdv1

Fdpeulgjh/ PD= PLW Suhvv/ 4<;81

^6<` Zruog Wudgh Rujdql}dwlrq1 Dqqxdo Uhsruw 4<<:/ yro1 LL1 4<<:1

^73` [x/ \lqjihqj1 �D Jhqhudo Prgho ri Frpsdudwlyh Dgydqwdjh zlwk Wzr
Idfwruv dqg d Frqwlqxxp ri Jrrgv1� Lqwhuqdwlrqdo Hfrqrplf Uhylhz 67

+Pd| 4<<6,= 69806;31
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FIGURE 1
World  Production and  Export Volume
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FIGURE 2
Vertical Specialization
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FIGURE 4
Vertical Specialization Model
Free Trade

A (z)

A (z)

 relative 
total factor
productivities

2

1

z0 1zz hl

relative
factor
costs

HH HF FF

Key: 'HF' denotes "Home produces first 
stage,  Foreign produces second stage".

z0 1

A (z)2

1A (z)

zhzl

relative 
total factor
productivities

relative
factor
costs

zlh zhh

FIGURE 5
Vertical Specialization Model
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TABLE 1

VERTICAL SPECIALIZATION IN THE UNITED STATES

VS VS1 Total
VS+VS1

(share of total U.S. merchandise exports)

1962 0.042 0.000 0.042
1972 0.059 0.026 0.085
1977 0.084 0.027 0.111
1982 0.088 0.028 0.116
1985 0.093 0.045 0.138
1990 0.108 0.045 0.153
1997 0.137 0.082 0.219

Source:  OECD Input-Output Database; author's calculations.
Note:  VS is based on (1) and VS1 is based on (2).  VS1 is calculated from data
on U.S.-Mexico maquiladoras and U.S-Canada auto trade.  (See HRY).

TABLE 2

INTERNATIONAL REAL BUSINESS CYCLE MODEL

Tariff reduction:  15% to 0% Initial Export Share of Output = 0.21

Elasticity of substitution Export Growth
between home and Free Trade Export (Expressed as multiple of
foreign goods Share of Output initial export share)

1.5 0.25 1.18
2 0.26 1.24

2.5 0.27 1.30
3 0.29 1.37
4 0.32 1.51
5 0.35 1.66
6 0.38 1.81
7 0.41 1.97
8 0.45 2.14
10 0.52 2.47
11 0.55 2.63
12 0.59 2.80
13 0.62 2.95
14 0.65 3.11
15 0.68 3.26

Source:  Author's calculations.
Note:  Actual growth of (adjusted) U.S. manufacturing export share of manufacturing GDP 
from 1962 to 1997 (expressed as multiple of initial export share) = 2.6



TABLE 3

U.S./R.O.W. RELATIVE TOTAL FACTOR PRODUCTIVITY

Industry TFP U.S. Industry 
(U.S./ROW) Value-Added Share 

Aircraft 1.82 5.8%
Office Equipment 1.82 2.5%
Motor Vehicles 1.51 9.4%
Paper 1.49 12.9%
Textiles and Apparel 1.48 5.7%
Shipbuilding 1.41 1.0%
Radio, TV, and Comm 1.40 5.1%
Glass 1.33 3.6%
Non-electric Machinery 1.31 12.3%
Food 1.20 12.8%
Chemicals 1.16 18.1%
Metals 1.08 5.9%
Electrical Machinery 0.92 4.8%

Source:  Harrigan (1997a, 1997b, 1998); OECD Input-Output Tables (U.S., 1990)



TABLE 4

RESULTS FROM DYNAMIC VERTICAL SPECIALIZATION MODEL

Growth of Manufacturing Export Share of Manufacturing GDP

Average annual (adjusted) Model w/o Model w/ VS
growth rates: U.S. Data VS k=1.084 k=1.115

1962-1977 3.03% 1.91% 1.86% 2.13%

1977-1997 2.50% 0.80% 2.03% 2.54%

1962-1997 2.73% 1.27% 1.95% 2.36%

Vertical Specialization
(share of exports) Model w/ VS

U.S. Data k=1.084 k=1.115

1962 0.042 0.000 0.000
1977 0.111 0.000 0.077
1997 0.219 0.220 0.358

VS contribution
to export growth
1962-1977 19.0% 0.0% 28.4%
1977-1997 37.8% 66.6% 79.1%
1962-1997 30.2% 44.7% 64.2%

Source: Author's calculations


