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ABSTRACT

Productivity Differences*

Many technologies used by the LDCs are developed in the OECD economies
and are designed to make optimal use of the skills of these richer countries’
workforces. Differences in the supply of skills create a mismatch between the
requirements of these technologies and the skills of LDC workers, and lead to
low productivity in the LDCs. Even when all countries have equal access to
new technologies, this technology-skill mismatch can lead to sizeable
differences in total factor productivity and output per worker. We provide
evidence in favour of the cross-industry productivity patterns predicted by our
model and also show that technology-skill mismatch could account for a large
fraction of the observed output per worker differences in the data.
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NON-TECHNICAL SUMMARY

What accounts for the large disparities in per capita income across countries?
A common view is that differences in technological knowledge are the main
source of these income differences. This view receives support from a number
of recent studies that find significant ‘total factor productivity’ differences
across countries. Nevertheless, large cross-country differences in technology
are difficult to understand. Ideas, perhaps the most important ingredient of
technologies, can rapidly flow across countries and machines that embed
better technologies can be imported by less developed countries (LDCs).

In this Paper, we argue that even when all countries have access to the same
set of technologies, there will be large cross-country productivity differences.
Many technologies used by the poor countries are imported from more
advanced countries. These technologies are designed to make optimal use of
the prevailing factors and conditions in these richer countries because of a
lack of intellectual property rights and other barriers to technology transfer
induce innovating firms to target their innovations towards the needs of the
developed countries. Since poor and rich countries differ in economic
conditions and factor prices, however, these technologies will often be
inappropriate for the developing nations. There are many dimensions in which
technological needs of developing countries differ from those of the
industrialized world, including climate, geography and culture. In this Paper,
we focus on differences in the availability of skilled workers, which we believe
to be important in practice. In industrialized countries, the educational
attainments of the workforce are substantially higher than in poor countries.
Thus, innovating firms in developed countries tend to develop technologies
that can be effectively used by skilled workers. For example, in the United
States, over 13% of all company-funded R&D in 1987 was for office
computing, a typical example of a technology requiring skilled users. More
generally, in the richest countries, new technologies in most industries appear
to be substituting skilled workers for tasks previously performed by the
unskilled, and are therefore of only limited use to the skill-scarce poor
economies.

This Paper shows that this mismatch between technology and skills will lead
to productivity differences and to large output gaps between rich and poor
countries even in the absence of any barriers to technology transfer. Poor
countries must use unskilled workers in tasks performed by skilled workers in
the North. But technologies in these tasks have been designed to be operated
by skilled workers and their productivity will be low when operated by unskilled
workers.



To analyse whether technology–skill mismatch can account for a substantial
fraction of the cross-country productivity differences, we perform two empirical
exercises. First, we test the implications of our model regarding cross-country
differences in sectoral productivity. We construct measures of industry ‘total
factor productivity’ for 27 manufacturing industries in 22 countries. A naive
intuition based on the notion of technology differences would suggest that
productivity gaps between the United States and developing countries should
be largest in the skill-intensive sectors which tend to be the more high
technology sectors. In contrast, our theory predicts that these gaps should be
largest in the least skill-intensive sectors. This is because all countries have
access to the same set of technologies, but poor countries are relatively
scarce in skilled workers, so their prices and value of production in the sectors
that demand a large share of skilled workers will be relatively high. This is the
pattern we find in the data. For example, average ‘total factor productivity’ in
less-developed countries is 22% of the US level in the 9 least skill-intensive
sectors, whereas the same number is 30% in the 9 most skill-intensive
sectors. Interestingly, we do not find the same pattern when comparing
productivity in manufacturing between the United States and other rich
economies, which is consistent with our theory.

Second, we undertake a simple calibration of our model using measures of
cross-country differences in skill supplies. This exercise suggests that the
differences predicted by our model are larger than in models which disregard
the issue of inappropriate technologies. For example, using cross-country
variation in physical capital and secondary school attainment, a standard
(neoclassical) model with physical and human capital predicts that average
output per worker in the LDCs should be approximately 41% of the United
States while our model predicts the same number to be 28%, substantially
closer to the 21% figure we observe in the data. Moreover, our calculations
suggest that if technologies were not biased towards the needs of the rich
economies, output per worker differences would be much smaller.



L1 Lqwurgxfwlrq

Zkdw dffrxqwv iru wkh odujh glvsdulwlhv lq shu fdslwd lqfrph dfurvv frxqwulhvB Pdq|

hfrqrplvwv eholhyh wkdw gl�huhqfhv lq whfkqrorjlfdo nqrzohgjh duh wkh pdlq vrxufh ri wkhvh

lqfrph gl�huhqfhv +h1j1/ Urphu ^4<<6` ru Suhvfrww ^4<<;`,1 Wklv ylhz uhfhlyhv vxssruw

iurp d qxpehu ri uhfhqw vwxglhv wkdw �qg vljql�fdqw �wrwdo idfwru surgxfwlylw|� +WIS,

gl�huhqfhv dfurvv frxqwulhv +h1j1/ Nohqrz dqg Urguljxh} ^4<<:`/ Fdvhool hw do1 ^4<<:`/

dqg Kdoo dqg Mrqhv ^4<<<`,1 Odujh furvv0frxqwu| gl�huhqfhv lq whfkqrorj| duh gl!fxow

wr xqghuvwdqg/ krzhyhu1 Lghdv/ shukdsv wkh prvw lpsruwdqw lqjuhglhqw ri whfkqrorjlhv/

fdq udslgo|  rz dfurvv frxqwulhv/ dqg pdfklqhv wkdw hpehg ehwwhu whfkqrorjlhv fdq eh

lpsruwhg e| ohvv ghyhorshg frxqwulhv +OGFv,1

Lq wklv sdshu/ zh dujxh wkdw hyhq zkhq doo frxqwulhv kdyh dffhvv wr wkh vdph vhw

ri whfkqrorjlhv/ wkhuh zloo eh odujh furvv0frxqwu| surgxfwlylw| gl�huhqfhv1 Pdq| whfk0

qrorjlhv xvhg e| wkh OGFv +wkh Vrxwk, duh lpsruwhg iurp pruh dgydqfhg frxqwulhv +wkh

Qruwk,14 Wkhvh whfkqrorjlhv duh ghvljqhg wr pdnh rswlpdo xvh ri wkh suhydlolqj idfwruv

dqg frqglwlrqv lq wkhvh ulfkhu frxqwulhv ehfdxvh odfn ri lqwhoohfwxdo surshuw| uljkwv dqg

rwkhu eduulhuv wr whfkqrorj| wudqvihu lqgxfh U)G �upv wr wdujhw wkhlu lqqrydwlrqv wrzdugv

wkh qhhgv ri wkh Qruwk1 Wkh fhqwhu0slhfh ri rxu dujxphqw lv wkdw ehfdxvh ri gl�huhqfhv lq

hfrqrplf frqglwlrqv dqg idfwru sulfhv/ wkhvh whfkqrorjlhv zloo riwhq eh lqdssursuldwh iru

OGFv1 Dowkrxjk wkhuh duh pdq| glphqvlrqv lq zklfk whfkqrorjlfdo qhhgv ri wkh Vrxwk

gl�hu iurp wkrvh ri wkh Qruwk/ lqfoxglqj folpdwh/ jhrjudsk|/ dqg fxowxuh/ zh irfxv rq

gl�huhqfhv lq vnloo vfduflw|/ zklfk zh eholhyh wr eh lpsruwdqw lq sudfwlfh1 Wkh Qruwk lv

pruh dexqgdqw lq vnloov dqg whqgv wr ghyhors uhodwlyho| vnloo0frpsohphqwdu| +vnloo0eldvhg,

whfkqrorjlhv1 Iru h{dpsoh/ lq wkh Xqlwhg Vwdwhv/ ryhu 46 shufhqw ri doo frpsdq| ixqghg

U)G lq 4<;: zdv iru r!fh frpsxwlqj/ wkh surwrw|slfdo h{dpsoh ri vnloo0frpsohphqwdu|

whfkqrorj| +QVI U)G Lqgxvwu| Ghwdlohg Vwdwlvwlfdo Wdeohv,1 Pruh jhqhudoo|/ lq wkh ulfk0

hvw frxqwulhv/ qhz whfkqrorjlhv lq prvw lqgxvwulhv dsshdu wr eh vxevwlwxwlqj vnloohg zrunhuv

iru wdvnv suhylrxvo| shuiruphg e| wkh xqvnloohg +h1j1 Ndw} dqg Pxusk| ^4<<5`> Ehupdq/

Erxqg dqg Pdfklq ^4<<;`,/ dqg duh wkhuhiruh ri rqo| olplwhg xvh wr wkh vnloo0vfdufh OGFv1

Wkh pdlq uhvxow ri rxu sdshu lv wkdw wklv whfkqrorj|0vnloo plvpdwfk zloo ohdg wr

surgxfwlylw| gl�huhqfhv dqg wr odujh rxwsxw jdsv ehwzhhq wkh Qruwk dqg wkh OGFv hyhq

lq wkh devhqfh ri dq| eduulhuv wr whfkqrorj| wudqvihu1 OGFv pxvw xvh xqvnloohg zrunhuv

lq wdvnv shuiruphg e| vnloohg zrunhuv lq wkh Qruwk1 Exw whfkqrorjlhv lq wkhvh wdvnv kdyh

ehhq ghvljqhg wr eh rshudwhg e| vnloohg zrunhuv/ dqg wkhlu surgxfwlylw| zloo eh orz zkhq

rshudwhg e| xqvnloohg zrunhuv1

4Ryhu <3 shufhqw ri wkh U)G h{shqglwxuh lq wkh zruog lv fduulhg rq lq wkh RHFG/ dqg ryhu 68 shufhqw
lv lq wkh X1V1 +Dxwkruv* fdofxodwlrq iurp XQHVFR ^4<<:`,1



Wkh frqwudvw lq wkh h{shulhqfhv ri Mdsdq dqg Lqgld lq wkh surgxfwlrq ri glhvho hq0

jlqhv looxvwudwhv vrph ri wkh vdolhqw lvvxhv idfhg e| vnloo0vfdufh OGFv lq xvlqj lpsruwhg

whfkqrorjlhv1 Gxulqj wkh hduo| 4<93v/ Fxpplqv Hqjlqh Fr1/ d X1V1 whfkqrorjlfdo ohdghu/

iruphg d mrlqw yhqwxuh zlwk d Mdsdqhvh frpsdq|/ Nrpdwvx/ dqg dovr/ d sduwqhuvkls zlwk

dq Lqgldq frpsdq|/ Nluorvndu/ wr surgxfh wkh vdph wuxfn hqjlqh1 Zkloh wkh Mdsdqhvh

sodqw txlfno| uhdfkhg wkh X1V1 txdolw| dqg frvw ohyhov/ lq wkh Lqgldq sodqw surgxfwlylw|

dqg txdolw| zhuh orz/ dqg frvwv zhuh 618 wr 714 wlphv kljkhu wkdq X1V1 frvwv1 Wkh uhd0

vrq dsshduv wr eh wkdw/ lq frqwudvw wr wkh Mdsdqhvh/ wkh Lqgldq zrunhuv glg qrw srvvhvv

wkh �kljk ghjuhh ri whfkqlfdo vnloo111uhtxluhg wr frqyhuw whfkqltxhv dqg surgxfh wkh qhz

whfkqlfdo gudzlqjv dqg pdqxidfwxulqj vshfl�fdwlrqv1� +Edudqvrq ^4<:5`/ ss1 8;08</ dqg

^4<9:`/ ss1 ;30;4,1 Wklv fdvh looxvwudwhv krz whfkqrorj|0vnloo plvpdwfk fdq ohdg wr vlj0

ql�fdqw surgxfwlylw| gl�huhqfhv hyhq zkhq OGFv kdyh dffhvv wr doo wkh whfkqrorjlhv xvhg

lq wkh Qruwk1 Frpsdqlhv wkdw lqyhvw lq OGFv duh riwhq dzduh ri wkhvh sureohpv1 Diwhu

lqwhuylhzlqj pdqdjhuv ri pxowlqdwlrqdo frusrudwlrqv lqyhvwlqj lq OGFv lq wh{wlohv/ jdu0

phqwv/ sodvwlfv/ dqg hohfwurqlfv/ +Fkhq ^4<;6`/ ss1 44;044<, dujxhv wkdw pxowlqdwlrqdov

yhu| riwhq ghflgh qrw wr lqwurgxfh dgydqfhg whfkqrorjlhv lq wkhlu ryhuvhdv vxevlgldulhv

ehfdxvh ri vnloo vkruwdjhv lq wkhvh pdunhwv15

Zkhwkhu whfkqrorj|0vnloo plvpdwfk fdq dffrxqw iru d vxevwdqwldo iudfwlrq ri wkh furvv0

frxqwu| surgxfwlylw| gl�huhqfhv lv dq hpslulfdo txhvwlrq1 Zh shuirup wzr h{huflvhv wr

hydoxdwh wkh hpslulfdo lpsruwdqfh ri whfkqrorj|0vnloo plvpdwfk1 Iluvw/ zh whvw wkh lp0

solfdwlrqv ri rxu prgho uhjduglqj furvv0frxqwu| gl�huhqfhv lq vhfwrudo surgxfwlylw|1 Zh

frqvwuxfw phdvxuhv ri lqgxvwu| WISv iru 5: wkuhh0gljlw pdqxidfwxulqj lqgxvwulhv lq 55

frxqwulhv xvlqj Xqlwhg Qdwlrqv +X1Q1, gdwd1 D qdlyh lqwxlwlrq edvhg rq wkh qrwlrq ri

whfkqrorj| gl�huhqfhv zrxog vxjjhvw wkdw WIS jdsv ehwzhhq wkh Xqlwhg Vwdwhv dqg OGFv

vkrxog eh odujhvw lq wkh vnloo0lqwhqvlyh vhfwruv zklfk whqg wr eh wkh pruh kljk whfkqrorj|

vhfwruv1 Lq frqwudvw/ rxu prgho suhglfwv wkdw wkhvh jdsv vkrxog eh odujhvw lq wkh ohdvw

vnloo0lqwhqvlyh vhfwruv1 Wklv lv ehfdxvh OGFv kdyh dffhvv wr wkh vdph vhw ri whfkqror0

jlhv dqg duh uhodwlyho| vfdufh lq vnloohg zrunhuv/ vr wkhlu sulfhv dqg ydoxh ri surgxfwlrq

5Edudqvrq ^4<9<` uhsruwv wkdw sureohpv dvvrfldwhg zlwk plvpdwfk ehwzhhq vnloov dqg whfkqrorjlhv duh
hvshfldoo| vhyhuh lq wkh dxwr lqgxvwu|1 Dffruglqj wr Yronvzdjhq pdqdjhuv/ �hqjlqhhuv iurp ghyhorslqj
frxqwulhv riwhq odfn wkh qhfhvvdu| sudfwlfdo h{shulhqfh wr wdnh ryhu sodqw uhvsrqvlelolwlhv111 W|slfdoo|/
wkhuh zdv dq lqdghtxdwh vxsso| ri wkh 53 wr 63 plggoh pdqdjhuv/ whfkqlfdo vxshuylvruv/ dqg pdvwhu
phfkdqlfv qhfhvvdu| wr vhw xs lqlwldo surfhgxuhv111� +s1 5:,1
Rwkhu h{dpsohv ri whfkqrorj|0vnloo plvpdwfk lqfoxgh wkh fkrlfh ri pdl}h julqglqj whfkqltxh lq Nhq|d

dqg fkrlfh ri whfkqltxhv iru fdq pdnlqj lq Nhq|d/ Wdq}dqld dqg Wkdlodqg1 Vwhzduw ^4<::`/ fkdswhu </
uhsruwv wkdw ghvslwh lwv juhdwhu h!flhqf|/ wkh uroohu ploo zdv uduho| dgrswhg lq Nhq|d/ dqg prvw surgxfhuv
xvhg wkh ohvv surgxfwlyh kdpphu ploo1 Frrshu hw do ^4<:8` srlqw rxw wkdw lq pdq| lqvwdqfhv pdqxdo
surgxfwlrq zdv xvhg lq fdq pdnlqj ghvslwh wkh suhvhqfh ri frqwlqxrxv dxwrpdwlf pdfklqhv1 Sduw ri wkh
uhdvrq lq erwk fdvhv zdv wkh vnloo ghpdqgv ri wkh pruh dgydqfhg whfkqrorjlhv/ lq erwk rshudwlrq dqg
uhsdlu1
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lq wkh vnloo0lqwhqvlyh vhfwruv zloo eh uhodwlyho| kljk16 Wklv lv wkh sdwwhuq zh �qg lq wkh

gdwd1 Iru h{dpsoh/ dyhudjh WIS lq OGFv lv 55 shufhqw ri wkh X1V1 ohyho lq wkh < ohdvw

vnloo0lqwhqvlyh vhfwruv/ zkhuhdv wkh vdph qxpehu lv 63 shufhqw lq wkh < prvw vnloo0lqwhqvlyh

vhfwruv1 Lqwhuhvwlqjo|/ zh gr qrw �qg wkh vdph sdwwhuq zkhq frpsdulqj lqgxvwu| WISv

ehwzhhq wkh Xqlwhg Vwdwhv dqg rwkhu ulfk hfrqrplhv/ zklfk lv frqvlvwhqw zlwk rxu wkhru|1

Dv d vhfrqg h{huflvh wr hydoxdwh wkh lpsruwdqfh ri whfkqrorj|0vnloo plvpdwfk/ zh

xqghuwdnh d vlpsoh fdoleudwlrq ri rxu prgho xvlqj phdvxuhv ri furvv0frxqwu| gl�huhqfhv

lq vnloo vxssolhv1 Wklv h{huflvh vxjjhvwv wkdw wkh gl�huhqfhv suhglfwhg e| rxu prgho duh

vl}hdeoh/ dqg vljql�fdqwo| odujhu wkdq wkrvh suhglfwhg e| d vlpsoh �qhrfodvvlfdo� prgho1

Iru h{dpsoh/ xvlqj furvv0frxqwu| yduldwlrq lq sk|vlfdo fdslwdo dqg vhfrqgdu| vfkrro dw0

wdlqphqw/ wkh qhrfodvvlfdo prgho suhglfwv wkdw dyhudjh rxwsxw shu zrunhu lq wkh OGFv

vkrxog eh dssur{lpdwho| 74 shufhqw ri wkh Xqlwhg Vwdwhv zkloh rxu prgho suhglfwv wkh

vdph qxpehu wr eh 5; shufhqw/ vxevwdqwldoo| forvhu wr wkh 54 shufhqw qxpehu zh revhuyh lq

wkh gdwd1 Pruhryhu/ rxu fdofxodwlrqv vxjjhvw wkdw li whfkqrorjlhv zhuh qrw eldvhg wrzdugv

wkh qhhgv ri wkh ulfk hfrqrplhv/ rxwsxw shu zrunhu gl�huhqfhv zrxog eh pxfk vpdoohu1

D qxpehu ri rwkhu sdshuv kdyh hpskdvl}hg wkh gl!fxowlhv lq dgdswlqj dgydqfhg whfk0

qrorjlhv wr wkh qhhgv ri OGFv1 Hydqvrq dqgZhvwskdo ^4<<8` vxjjhvw wkdw qhz whfkqrorjlhv

uhtxluh d odujh dprxqw ri wdflw nqrzohgjh/ zklfk vorzv grzq wkh surfhvv ri whfkqrorjlfdo

frqyhujhqfh1 Wkh lpsruwdqfh ri �dssursuldwhqhvv� ri whfkqrorj| kdv dovr uhfhlyhg vrph

dwwhqwlrq/ iru h{dpsoh iurp Vdowhu ^4<9<`/ Dwnlqvrq dqg Vwljolw} ^4<9<`/ Gdylg ^4<:7`/ dqg

Vwhzduw ^4<:;`1 Dq lpsruwdqw uhfhqw frqwulexwlrq lv Edvx dqg Zhlo ^4<<;`1 Wkh| dgrsw

wkh irupxodwlrq ri Dwnlqvrq dqg Vwljolw} zkhuh whfkqrorjlfdo fkdqjh wdnhv wkh irup ri

ohduqlqj0e|0grlqj dqg lq xhqfhv surgxfwlylw| dw wkh fdslwdo oderu udwlr fxuuhqwo| lq xvh1

Rxu sdshu gl�huv iurp Edvx dqg Zhlo dqg wkh uhvw ri wkh dssursuldwh whfkqrorj| olwhud0

wxuh lq d qxpehu ri zd|v1 Iluvw/ zkdw pdwwhuv lq rxu wkhru| lv qrw fdslwdo0oderu udwlrv

+dv lq Dwnlqvrq dqg Vwljolw} dqg Edvx dqg Zhlo, ru vl}h ri sodqwv +dv lq Vwhzduw,/ exw

uhodwlyh vxssolhv ri vnloov/ zklfk zh eholhyh wr eh pruh lpsruwdqw lq sudfwlfh1 Vhfrqg/ rxu

uhvxowv gr qrw iroorz ehfdxvh surgxfwlylw| ghshqgv rq wkh h{dfw fdslwdo0oderu ru vnloohg0

xqvnloohg oderu udwlrv lq xvh/ exw ehfdxvh xqvnloohg zrunhuv lq wkh Vrxwk shuirup vrph ri

wkh wdvnv shuiruphg e| vnloohg zrunhu lq wkh Qruwk1 Wklug/ dqg shukdsv prvw lpsruwdqw/

whfkqrorjlfdo fkdqjh lv qrw dq xqlqwhqwlrqdo e|0surgxfw ri surgxfwlrq/ exw d sxusrvhixo

dfwlylw|1 Lq sduwlfxodu/ U)G �upv lq wkh Qruwk gluhfw wkhlu lqqrydwlrqv wrzdugv gl�huhqw

whfkqrorjlhv ghshqglqj rq uhodwlyh sur�wdelolw|1 Doo rxu uhvxowv ruljlqdwh iurp wkh idfw

wkdw wkh uhodwlyh dexqgdqfh ri vnloov lq wkh Qruwk lqgxfhv �vnloo0eldvhg� lqqrydwlrqv1 Lq

wklv uhvshfw/ rxu prgho lv forvho| uhodwhg wr Dfhprjox ^4<<;` zkr prghov gluhfwhg whfkql0

6Wklv suhglfwlrq zrxog iroorz iurp rwkhu pxowlvhfwru0pxowlvnloo prghov lq zklfk gl�huhqw frxqwulhv
kdyh dffhvv wr wkh vdph vhw ri whfkqrorjlhv1 Zh duh qrw dzduh ri dq| rwkhu sdshuv wkdw ghulyh wklv
suhglfwlrq1
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fdo fkdqjh/ exw irfxvhv rq lwv lpsolfdwlrqv iru zdjh lqhtxdolw|1 D qxpehu ri rwkhu sdshuv/

lqfoxglqj Pdqnlz/ Urphu dqg Zhlo ^4<<5`/ Fkdul/ Nhkrh dqg PfJudwwdq ^4<<:` dqg Sdu0

hqwh/ Urjhuvrq dqg Zuljkw ^4<<;`/ wu| wr h{sodlq furvv0frxqwu| lqfrph gl�huhqfhv zlwkrxw

whfkqrorj| gl�huhqfhv/ exw gr qrw ihdwxuh wkh whfkqrorj| vnloo0plvpdwfk hpskdvl}hg lq

wklv sdshu1 Ilqdoo|/ rxu sdshu lv dovr uhodwhg wr wkh olwhudwxuh rq lqqrydwlrq/ lplwdwlrq/

wudgh dqg whfkqrorj| wudqvihu/ iru h{dpsoh/ Yhuqrq ^4<99`/ Nuxjpdq ^4<:<`/ Jurvvpdq

dqg Khospdq ^4<<4`/ Ulyhud0Edwl} dqg Urphu ^4<<4`/ Eduur dqg Vdod0l0Pduwlq ^4<<:`/

Hdwrq dqg Nruwxp ^4<<<` dqg ]hlud ^4<<<`1

Wkh sodq ri wkh sdshu lv dv iroorzv1 Vhfwlrq LL lqwurgxfhv rxu edvlf prgho1 Lw vkrzv

wkdw surgxfwlylw| lv kljkhu lq wkh Qruwk wkdq lq wkh Vrxwk/ dqg ghulyhv lpsolfdwlrqv uh0

jduglqj furvv0lqgxvwu| surgxfwlylw| gl�huhqfhv ehwzhhq ulfk dqg srru hfrqrplhv1 Vhfwlrq

LLL vkrzv wkdw furvv0frxqwu| lqgxvwu| WIS sdwwhuqv frqirup zlwk wkh suhglfwlrqv ri rxu

prgho1 Lq wklv vhfwlrq/ zh dovr shuirup d vlpsoh fdoleudwlrq wr hydoxdwh wkh srwhqwldo

frqwulexwlrq ri whfkqrorj|0vnloo plvpdwfk wr gl�huhqfhv lq rxwsxw shu zrunhu1 Vhfwlrq

LY glvfxvvhv d qxpehu ri h{whqvlrqv1 Zh �uvw dqdo|}h whfkqlfdo fkdqjh dqg surgxfwlylw|

gl�huhqfhv lq d zruog zlwk frpprglw| wudgh1 Zh vkrz wkdw lqwhuqdwlrqdo wudgh uhgxfhv

surgxfwlylw| gl�huhqfhv/ exw dw wkh vdph wlph fdxvhv glyhujhqfh lq rxwsxw shu zrunhu1 Zh

dovr glvfxvv wkh suhglfwlrqv ri wkh prgho zkhq lqwhoohfwxdo surshuw| uljkwv duh hqirufhg lq

wkh Vrxwk dqg zkhq Vrxwkhuq �upv kdyh dffhvv wr ohvv0vnloo lqwhqvlyh orfdo whfkqrorjlhv1

Vhfwlrq Y frqfoxghv1

LL1 Wkh Edvlf Prgho

D1 Wkh Hqylurqphqw

Zh frqvlghu d zruog hfrqrp| frqvlvwlqj ri d odujh dgydqfhg frxqwu|/ zklfk zh fdoo

wkh Qruwk/ dqg d vhw ri vpdoo ohvv ghyhorshg frxqwulhv zklfk zh uhihu wr dv wkh Vrxwk1 Wr

vlpsoli| wkh dqdo|vlv/ zh dvvxph doo Vrxwkhuq frxqwulhv wr eh lghqwlfdo1 Zkdw glvwlqjxlvkhv

wkh Qruwk dqg wkh Vrxwk/ rwkhu wkdq wkhlu uhodwlyh vl}hv/ lv wkh dexqgdqfh ri vnloov1 Wkh

Qruwk kdv M? vnloohg dqg u? xqvnloohg zrunhuv/ zkloh wkh Vrxwk kdv Mr vnloohg dqg ur

xqvnloohg zrunhuv1 Zh dvvxph wkdw M?*u? : Mr*ur/ vr wkh Qruwk lv pruh dexqgdqw lq

vnloov1 Dv zh zloo vhh vkruwo|/ doo whfkqrorjlfdo surjuhvv zloo ruljlqdwh lq wkh Qruwk1 Exw

wkh Vrxwk fdq dovr dgrsw wkhvh whfkqrorjlhv1

Doo frxqwulhv dgplw d uhsuhvhqwdwlyh frqvxphu zlwk Frqvwdqw Uhodwlyh Ulvn Dyhuvlrq

suhihuhqfhv
"]
|

�E� ��3j � �

�� j
� i TE�4E� � |�� � _�c
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dw wlph |/ zkhuh �E� � lv frqvxpswlrq dw wlph � dqg 4 lv wkh glvfrxqw udwh1 Zh vxssuhvv

wlph dqg frxqwu| lqgh{hv zkhq wklv fdxvhv qr frqixvlrq1

Wkh surgxfwlrq whfkqrorj| lv frpprq dfurvv frxqwulhv1 Frqvxpswlrq dqg lqyhvwphqw

frph rxw ri d Free0Grxjodv rxwsxw djjuhjdwh/

� n U nf � t � i T
�] �

f
*? +E��_�

�
c +4,

zkhuh U lv lqyhvwphqw lq pdfklqhv/ f lv h{shqglwxuh rq U)G/ dqg + E�� ghqrwhv rxwsxw

lq vhfwru �1 Zh qrupdol}h wkh sulfh ri wkh frqvxpswlrq djjuhjdwh lq hdfk shulrg wr �1

Hdfk �qdo jrrg fdq eh surgxfhg e| wzr whfkqrorjlhv1 Wkh �uvw xvhv xqvnloohg oderu

+,, dqg d vhw ri gl�huhqwldwhg lqwhuphgldwh jrrgv +�pdfklqhv�,/ zkhuhdv wkh vhfrqg xvhv

vnloohg oderu +�, dqg d gl�huhqw d vhw ri pdfklqhv1 Wkh nh| dvvxpswlrq lv wkdw vrph

pdfklqhv fdq rqo| eh xvhg e| xqvnloohg zrunhuv/ zkloh vrph rwkhu pdfklqhv fdq rqo| eh

xvhg e| vnloohg zrunhuv1 Wklv dvvxpswlrq fdswxuhv wkh idfw wkdw wkh uhodwlyh surgxfwlylw|

ri whfkqrorjlhv gl�hu e| zrunhu vnloo1 Pruh irupdoo|/ jrrg � lv surgxfhg dv>

+E�� '

%]
�u

f
&uE�c ��

�3q_�

&
� dE�� �� � ,E��oq n

%]
�M

f
&ME�c ��

�3q_�

&
� d� � ~ � �E��oq c +5,

zkhuh &5E�c �� lv wkh txdqwlw| ri pdfklqhv ri ydulhw| � xvhg lq vhfwru � wrjhwkhu zlwk zrunhuv

ri vnloo ohyho 51 Wkh whupv E���� dqg ~ �� ghqrwh h{rjhqrxv vhfwru0 dqg whfkqrorj|0vshfl�f

surgxfwlylw| ohyhov1 Wklv lpsolhv wkdw wkh vnloohg whfkqrorj| lv uhodwlyho| pruh surgxfwlyh

lq surgxflqj jrrgv zlwk kljkhu lqgh{hv1 Wkh sdudphwhu ~ � � phdvxuhv wkh uhodwlyh

surgxfwlylw| ri vnloohg zrunhuv1 �u dqg �M duh wkh qxpehu +phdvxuh, ri pdfklqhv wkdw

fdq eh xvhg zlwk xqvnloohg dqg vnloohg zrunhuv1

Surgxfhuv ri wkh �qdo jrrg � 5 dfc �o duh sulfh wdnhuv1 Wkh| pd{lpl}h sur�wv/

R E�� + E��� �u, E����M� E���
]

�u

f
�
u
E�� &uE�c ��_� �

]
�M

f
�
M
E�� &ME�c ��_�c

wdnlqj wkh sulfhv ri wkhlu surgxfwv/ RE��/ zdjhv/ �u dqg �M/ dqg wkh uhqwdo sulfhv ri doo

pdfklqhv/ �uE�� dqg �ME��/ dv jlyhq1 Wklv pd{lpl}dwlrq jlyhv wkh iroorzlqj vhfwrudo

ghpdqgv iru pdfklqhv>

&uE�c �� '
k
E�� q� � RE�� � EE� � �� � ,E���q *�

u
E��

l�*q
c

&ME�c �� '
k
E�� q� � RE�� � E� � ~ � �E���q *�

M
E��

l�*q
� +6,

Lqwxlwlyho|/ �upv ghpdqg pruh pdfklqhv zkhq wkhlu surgxfw sulfhv/ R E��/ duh kljkhu/

zkhq pdfklqh sulfhv/ �
u
E�� dqg �

M
E��/ duh orzhu/ dqg zkhq wkhlu hpsor|phqw/ , E�� ru

� E��/ duh juhdwhu1 Wklv odwwhu ihdwxuh ohdgv wr d pdunhw vl}h h�hfw> wkhuh zloo eh d juhdwhu

ghpdqg iru whfkqrorjlhv frpsohphqwlqj wkh idfwru wkdw lv pruh dexqgdqw1

8



Hdfk w|sh ri pdfklqh lv surgxfhg e| wkh prqrsrolvw zkr rzqv wkh sdwhqw iru wkdw yd0

ulhw|1 Iru vlpsolflw|/ zh dvvxph wkdw pdfklqhv ghsuhfldwh lqvwdqwdqhrxvo| +vhh Dfhprjox

dqg ]lolerwwl ^4<<<` iru wkh fdvh ri vorz ghsuhfldwlrq,1 Zh dovr dvvxph wkh pdujlqdo frvw

iru wkh surgxfwlrq ri dq| pdfklqh lv frqvwdqw dqg htxdo wr w xqlwv ri wkh �qdo jrrg1 Vr d

prqrsrolvw surgxflqj d pdfklqh iru vhfwru 5 zloo vhw wkh pdfklqh sulfh vr dv wr pd{lpl}h

lwv sur�wv/

Z5 ED� ' E� ED�� w�
] �

f
&5E�c D�_�c +7,

vxemhfw wr wkh ghpdqg htxdwlrqv jlyhq lq +6,1 Vlqfh +6, gh�qh lvrhodvwlf ghpdqgv zlwk

hodvwlflw| q/ wkh sur�w pd{lpl}lqj sulfh lv �
5
ED� ' w*E� � q� ' �1 Zlwkrxw orvv ri

jhqhudolw|/ zh qrupdol}h wkh pdujlqdo frvw ri pdfklqh surgxfwlrq wr w � Bq*E�3q�E��q�2/

vr wkdw � ' Bq*E�3q� E� � q�1 Wkh sdudphwhu B gl�huv dfurvv frxqwulhv dqg fdswxuhv furvv0

frxqwu| gl�huhqfhv lq wkh sulfh ri fdslwdo1 Zh qrupdol}h B ' � lq wkh Qruwk/ dqg suhvxph

wkdw w|slfdoo| B � � lq wkh Vrxwk +vhh/ h1j1/ Mrqhv ^4<<8`,1 Dowkrxjk doo rxu txdolwdwlyh

frqfoxvlrqv krog li pdfklqh sulfhv duh lghqwlfdo lq wkh Vrxwk dqg wkh Qruwk/ l1h1/ B ' � lq

doo frxqwulhv/ zh doorz pdfklqh sulfhv wr eh juhdwhu lq wkh Vrxwk wr idflolwdwh wkh dqdo|vlv

lq wkh txdqwlwdwlyh vhfwlrq1

Vxevwlwxwlqj pdfklqh sulfhv lqwr +6,/ dqg wkhq xvlqj wkh uhvxowlqj h{suhvvlrqv zlwk

+5,/ zh rewdlq rxwsxw lq vhfwru � dv

+E�� ' B3� � RE��E�3q�*q � d�u � E� � �� � ,E�� n�M � � � ~ � �E��o �

Lqfuhdvhv lq �M lpsuryh wkh surgxfwlylw| ri vnloohg zrunhuv lq doo vhfwruv/ zkloh lqfuhdvhv

lq �u lpsuryh wkh surgxfwlylw| ri xqvnloohg zrunhuv1 Wkh udwlr �M*�u ghwhuplqhv wkh

uhodwlyh surgxfwlylw| ri vnloohg dqg xqvnloohg whfkqrorjlhv/ dqg zloo eh wkh phdvxuh ri

vnloo0eldv lq wkh hfrqrp|1

Whfkqlfdo surjuhvv wdnhv wkh irup ri lqfuhdvhv ryhu wlph lq �u dqg �M1 Wklv lv

vlplodu wr wkh h{sdqglqj ydulhw| prgho ri Urphu ^4<<3` dqg Jurvvpdq dqg Khospdq

^4<<4`/ exw doorzv iru whfkqlfdo fkdqjh wr eh vnloo0ru oderu0frpsohphqwdu| dv lq Dfhprjox

^4<<;`1 Lq sduwlfxodu/ qhz oderu0frpsohphqwdu| +frpsohphqwdu| wr xqvnloohg zrunhuv, ru

vnloo�frpsohphqwdu| pdfklqhv duh lqyhqwhg dv d uhvxow ri U)G1 Prvw lpsruwdqw/ whfkql0

fdo fkdqjh lv gluhfwhg> wkh ghjuhh wr zklfk qhz whfkqrorjlhv duh vnloo0frpsohphqwdu| lv

hqgrjhqrxv +vhh Dfhprjox ^4<<;`,1 Qhz whfkqrorjlhv duh ghyhorshg xvlqj �qdo rxwsxw1 Lq

sduwlfxodu/ wkh U)G wr lqyhqw d qhz ydulhw| ri hlwkhu w|sh ri pdfklqh frvwv >1 D �up wkdw

lqyhqwv d pdfklqh rewdlqv dq lqgh�qlwh sdwhqw wr surgxfh lw1 Wklv vshfl�fdwlrq lpsolhv

wkdw zlwk d wrwdo h{shqglwxuh ri f/ wkhuh zloo eh f*> qhz ydulhwlhv lqyhqwhg1 Wkhuhiruh/

wkh odz ri prwlrq ri �5 lv jlyhq e|

��5 '
f5

>
c
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zkhuh f5 ghqrwhv wrwdo rxwsxw ghyrwhg wr lpsurylqj wkh whfkqrorj| ri jurxs 5 ' u ru M1

E1 Dqdo|vlv

Zh qrz fkdudfwhul}h wkh htxloleulxp lq wkh Qruwk dqg wkh Vrxwk iru d jlyhq vwdwh ri

whfkqrorj|/ �u dqg �M 1 Erwk wkh Qruwk dqg wkh Vrxwk kdyh dffhvv wr wklv whfkqrorj|1

Zh dvvxph iru qrz wkdw wkhuh lv qr lqwhuqdwlrqdo wudgh/ dqg frqwlqxh wr rplw frxqwu|

lqglfhv1

Wkh sdwwhuq ri frpsdudwlyh dgydqwdjh hpehgghg lq wkh surgxfwlrq ixqfwlrq +5,

pdnhv vnloohg zrunhuv uhodwlyho| pruh surgxfwlyh lq kljk lqgh{hg jrrgv1 Xvlqj wklv idfw/

lw lv vwudljkwiruzdug wr suryh wkdw wkhuh zloo h{lvw d wkuhvkrog vhfwru a 5 dfc �o vxfk wkdw

rqo| xqvnloohg zrunhuv zloo eh xvhg wr surgxfh jrrgv zlwk � � a +l1h1/ �E�� ' f iru doo

� � a,/ dqg rqo| vnloohg zrunhuv zloo eh xvhg wr surgxfh jrrgv zlwk � � a +l1h1/ ,E�� ' f

iru doo � � a, +vhh Dfhprjox dqg ]lolerwwl ^4<<<` iru d irupdo surri,1

Zh fdq wkhq zulwh wkh surgxfwlrq ri jrrg � dv

+E�� '

+
B3� � RE��E�3q�*q � E�� �� ��u � ,E�� li f � � � a

B3� � RE��E�3q�*q � � ��M � ~ � �E�� li a 	 � � �
� +8,

Lq htxloleulxp/ wkh pdujlqdo ydoxh surgxfw ri xqvnloohg zrunhuv/ B3� � RE���*q � E�� �� ��u/

kdv wr eh htxdol}hg dfurvv doo vhfwruv � � a 1 Vlploduo|/ wkh pdujlqdo ydoxh surgxfw ri

vnloohg zrunhuv/ B3� � RE���*q � � � �M � ~/ dovr kdv wr eh htxdol}hg dfurvv doo vhfwruv � � a1

Pruhryhu/ wkh Free0Grxjodv vwuxfwxuh lq +4, lpsolhv wkdw h{shqglwxuhv dfurvv jrrgv duh

htxdol}hg/ l1h1/ R E�� + E�� lv frqvwdqw iru doo �1 Frpelqlqj wkhvh wzr revhuydwlrqv zlwk

pdunhw fohdulqj/
U
a

f ,E��_� ' u dqg
U �
a
�E��_� ' M/ zh rewdlq7

iru dq| � � a/ RE�� ' �u � E� � ��3qdqg ,E�� ' u*a/ dqg +9,

iru dq| � � a/ RE�� ' �M � �3qdqg �E�� ' M*E�� a�c +:,

zkhuh �u ' R Ef� dqg �M ' R E�� duh wzr sulfh lqglfhv wr eh ghwhuplqhg1 Qrwlfh wkdw

jrrgv zlwk kljkhu lqgh{hv surgxfhg zlwk xqvnloohg oderu kdyh d ohvv surgxfwlyh whfkqrorj|

dqg frppdqg kljkhu sulfhv1 Wkh frqyhuvh lv wuxh iru vnloohg jrrgv1

Wr ixoo| fkdudfwhul}h wkh htxloleulxp/ zh qhhg wr �qg wkh wkuhvkrog vhfwru a 1 Wklv

fdq eh grqh e| qrwlqj wkdw lq vhfwru a erwk d �up wkdw xvhv xqvnloohg zrunhuv dqg d �up

wkdw xvhv vnloohg zrunhuv vkrxog euhdnhyhq1 Lq rwkhu zrugv/ erwk htxdwlrqv +9, dqg +:,

7Iru wkh pdujlqdo ydoxh surgxfw wr eh wkh vdph iru doo l 5 ^3> M `/ s+l,4@� � +4� l, kdv wr eh frqvwdqw1
Gh�qh wklv frqvwdqw dv SO1 Wkhq/ s+l, @ SO �+4�l,�� 1 Vxevwlwxwlqj wklv lqwr +8, dqg xvlqj s+l,| +l, @ fvw/
zh �qg wkdw o +l, kdv wr eh frqvwdqw/ khqfh o +l, @ O@M 1 Wkh dujxphqw iru wkh vnloo0lqwhqvlyh vhfwruv lv
lghqwlfdo1

:



vkrxog krog iru � ' ac lpso|lqj wkdw

�M

�u
'
�

a

� � a

�q
� +;,

Pruhryhu/ vlqfh R E�� + E�� lv frqvwdqw iru doo �/ �M +E�� ' �u + Ef�1 Wkhuhiruh/ xvlqj +8,

dqg +;,/ zh rewdlq

a '

3C� n �
�M

�u

~M

u

��

2

4D3� � +<,

Wklv htxdwlrq vkrzv wkdw hlwkhu li wkh whfkqrorj| lv kljko| vnloo0eldvhg +kljk �M*�u, ru

li wkhuh lv d odujh uhodwlyh vxsso| ri vnloohg zrunhuv +kljk M*u,/ wkh iudfwlrq ri vhfwruv

hpsor|lqj vnloohg zrunhuv dqg xvlqj wkh vnloohg whfkqrorj| zloo eh odujh�l1h1/ a zloo eh

vpdoo,1 Lq wklv fdvh/ htxdwlrq +;, lpsolhv wkdw wkh uhodwlyh sulfh ri vnloo lqwhqvlyh jrrgv

zloo dovr eh orz1

Dovr/ xvlqj wkh idfw wkdw i T
kU �

f *? RE��_�
l
' �/ zh �qg wkh sulfh lqglfhv wr eh

�u ' i TE�q� �

3C� n �
�M

�u

~M

u

� �

2

4Dq

dqg �M ' i TE�q� �

3C� n �
�M

�u

~M

u

�3 �

2

4Dq

� +43,

Vr wkh sulfhv ri oderu0lqwhqvlyh jrrgv duh kljkhu +dqg wkh sulfhv ri vnloo0lqwhqvlyh jrrgv

duh orzhu, zkhq wkh uhodwlyh vxsso| ri vnloo0lqwhqvlyh jrrgv lv odujhu�l1h1/ zkhq whfkqrorj|

lv pruh vnloo0eldvhg dqg zkhq wkhuh lv d odujh uhodwlyh vxsso| ri vnloohg zrunhuv1

Qh{w/ vlqfh idfwru pdunhwv duh frpshwlwlyh/ wkh uhodwlyh zdjh ri vnloohg zrunhuv lv

�M

�u

' ~

�
�M

�u

��*2 �~M
u

�3�*2
� +44,

Wkhuhiruh/ wkh vnloo suhplxp lv juhdwhu zkhq whfkqrorjlhv duh pruh vnloo0eldvhg dqg zkhq

vnloohg zrunhuv duh uhodwlyho| pruh vfdufh1 Ilqdoo|/ frpelqlqj wkh gh�qlwlrq t '
U �
f RE��+E��_�

zlwk +8,/ +;,/ +<,/ dqg +43, jlyhv

t ' i TE��� � B3� �
k
E�uu�

�*2 n E�M~M��*2
l2
� +45,

Wklv vlpsoh uhsuhvhqwdwlrq ri wkh djjuhjdwh whfkqrorj|/ zklfk ihdwxuhv frqvwdqw hodvwlflw|

ri vxevwlwxwlrq ehwzhhq wzr w|shv ri oderu/ zloo eh xvhixo lq wkh dqdo|vlv ri surgxfwlylw|

gl�huhqfhv ehwzhhq wkh Qruwk dqg wkh Vrxwk1

Dv zh zloo vhh lq pruh ghwdlo ehorz/ wkh vwdwh ri whfkqrorj|/ �M*�u/ lv wkh vdph lq

erwk wkh Qruwk dqg wkh Vrxwk/ exw wkh uhodwlyh vxsso| ri vnloov lv orzhu lq wkh Vrxwk/ l1h1/

Mr*ur 	 M?*u?1 Wklv ohdgv wr d qxpehu ri lpphgldwh lpsolfdwlrqv1 Iluvw/ wkhuh zloo

eh pruh vhfwruv xvlqj xqvnloohg zrunhuv dqg xqvnloohg whfkqrorjlhv lq wkh Vrxwk +a r :

a?,1 Vhfrqg/ wkh uhodwlyh sulfhv ri vnloo lqwhqvlyh jrrgv zloo eh kljkhu lq wkh Vrxwk/ l1h1/

� r

M
*� r

u
: � ?

M
*�?

u
1 Lq idfw/ iurp +43,/ zh kdyh � r

M
: �?

M
dqg � r

u
	 �?

u
1 Ilqdoo|/ wkh vnloo

suhplxp/ �M*�u/ zloo eh kljkhu lq wkh Vrxwk1

;



F1 Whfkqrorjlfdo Surjuhvv

Zh qrz fkdudfwhul}h wkh hyroxwlrq ri wkh vwdwh ri whfkqrorj|/ dqg wkh ghjuhh ri vnloo0

eldv/ �M*�u1 Zh zloo vkrz wkdw lq htxloleulxp wkhuh zloo rqo| eh lqqrydwlrqv lq wkh

Qruwk/ zkloh surgxfhuv lq wkh Vrxwk zloo frs| wkh whfkqrorjlhv ghyhorshg lq wkh Qruwk1

Vxssrvh wkdw lqwhoohfwxdo surshuw| uljkwv duh qrw hqirufhg lqwhuqdwlrqdoo|1 Uhfdoo

dovr wkdw wkhuh lv qr lqwhuqdwlrqdo wudgh1 Lq wkh devhqfh ri lqwhuqdwlrqdo surshuw| uljkwv

lqwhuphgldwh surgxfhuv orfdwhg lq rqh frxqwu| fdqqrw vhoo wkhlu pdfklqhv +ru frs|uljkwv,

wr �upv orfdwhg lq wkh rwkhu frxqwulhv/ vr wkh uhohydqw pdunhw iru whfkqrorjlhv lv wkh

orfdo pdunhw1 Vlqfh wkh U)G whfkqrorj| vshfl�hg deryh hqwdlov d pdunhw vl}h h�hfw/ wklv

lpsolhv wkdw wkh vkduh ri JGS vshqw e| hdfk hfrqrp| rq U)G zloo eh dq lqfuhdvlqj

ixqfwlrq ri wkh orfdo pdunhw vl}h/ uS n ~MS +vhh ehorz,1 Ehfdxvh wkh Vrxwk frqvlvwv ri

d vhw ri �vpdoo� hfrqrplhv/ lqwhuphgldwh �upv zloo kdyh dq lq�qlwhvlpdo pdunhw/ dqg wkh

Vrxwk/ froohfwlyho|/ zloo qrw lqyhvw lq U)G1 Vrxwkhuq surgxfhuv zloo lqvwhdg frs| doo wkhlu

whfkqrorjlhv iurp wkh Qruwk1 Dowkrxjk wkh pdunhw vl}h h�hfw lq rxu prgho frqyhqlhqwo|

uxohv rxw U)G lq wkh Vrxwk/ zh eholhyh wkdw odfn ri surshuw| uljkwv dqg rwkhu glvwruwlrqv

duh pruh lpsruwdqw lq sudfwlfh lq olplwlqj U)G lq OGFv1 Ixuwkhupruh/ li U)G lv vnloo0

lqwhqvlyh/ wkhq wkh vfduflw| ri vnloov zloo dovr uhgxfh U)G lq OGFv1 Rxu dvvxpswlrq wkdw

hdfk Vrxwkhuq frxqwu| lv vpdoo fdswxuhv wkhvh frqvlghudwlrqv lq d vlpsoh zd|1

Zh dvvxph wkdw qhz whfkqrorjlhv ghyhorshg lq wkh Qruwk fdq eh frslhg dqg dgdswhg

lq hdfk Vrxwkhuq hfrqrp| dw vrph vpdoo frvw 01 Wkh idfw wkdw 0 : f lpsolhv wkdw rqfh d

�up dgdswv d qhz whfkqrorj|/ lw lv qrw sur�wdeoh iru dq| rwkhuv wr gr vr ehfdxvh wklv zrxog

ohdg wr Ehuwudqg frpshwlwlrq dqg qhjdwlyh qhw sur�wv1 Khqfh/ doo pdfklqhv lqyhqwhg lq

wkh Qruwk zloo lpphgldwho| eh frslhg lq wkh Vrxwk/ dqg vxssolhg wr surgxfhuv e| d +orfdo,

prqrsrolvw1 Wklv prqrsrolvw dovr idfhv lvrhodvwlf ghpdqgv jlyhq e| +6, dqg zloo wkhuhiruh

vhw wkh sur�w pd{lpl}lqj sulfh/ � ' Bq*E�3q� E�� q�18 Wkhuhiruh/ �upv lq wkh Vrxwk zloo

kdyh dffhvv wr h{dfwo| wkh vdph vhw ri whfkqrorjlhv/ �u dqg �M / dv lq wkh Qruwk1

Vlqfh wkh Vrxwk shuirupv qr U)G/ wkh hyroxwlrq ri �u dqg �M rqo| ghshqgv rq

wkh uhwxuqv wr lqqrydwlrq lq wkh Qruwk1 Zh ghqrwh wkh ydoxh ri d prqrsrolvw surgxflqj

pdfklqh � frpsohphqwdu| wr zrunhuv ri vnloo w|sh 5 dw wlph | e| T ?

5
E�c |�/ zkhuh wkh

vxshuvfulsw ? ghqrwhv �wkh Qruwk�1 V|pphwu| dfurvv pdfklqhv lpsolhv wkdw T ?

5
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T ?

5
E|� iru doo �/ vr doo pdfklqhv surgxfhg iru vnloo w|sh 5 duh htxdoo| sur�wdeoh1 Lq
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8Wkh lpsolflw dvvxpswlrq lv wkdw d orfdo �up zloo eh wkh �uvw rqh wr dgdsw wkh qhz whfkqrorj| wr wkh
orfdo pdunhw1 Li wkh ruljlqdo lqyhqwru zhuh wr eh wkh �uvw/ lw frxog pdnh dgglwlrqdo sur�wv iurp vdohv lq
wkh Vrxwk1
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zkhuh oE� � lv wkh lqwhuhvw udwh dw gdwh � / dqg

Z?
u
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&?
M
E��_� ' qE�� q� E� ?

M
E� ���*q ~M?

duh wkh  rz sur�wv1 Wkh h{suhvvlrqv lq +47, duh rewdlqhg xvlqj +6,/ +9,/ +:,/ dqg wkh idfw

wkdw �? � E� � q� +dv B ' � lq wkh Qruwk,1 Vlqfh prqrsrolvwv fdq rqo| vhoo pdfklqhv

wr Qruwkhuq surgxfhuv hpsor|lqj Qruwkhuq zrunhuv/ u? dqg M? duh wkh pdunhwv iru qhz

whfkqrorjlhv +pdfklqhv,1

Iuhh0hqwu| lpsolhv wkdw wkh ydoxh ri d prqrsrolvw fdqqrw h{fhhg wkh frvw ri lqqrydwlrq/

>1 Wkxv/ T ?

5
E|� � > iru doo |1 Zkhqhyhu T ?

5
E|� 	 >/ wkhuh zloo eh qr U)G dfwlylw| wr

fuhdwh qhz 50frpsohphqwdu| pdfklqhv19

Dorqj wkh Edodqfhg Jurzwk Sdwk +EJS,/ �u dqg �M pxvw jurz dw wkh vdph udwh1

Vlqfh wkhuh lv rqo| uhvhdufk lq wkh Qruwk/ wklv lpsolhv wkdw Qruwkhuq �upv pxvw ghyrwh

wkh vdph uhodwlyh uhvhdufk h{shqglwxuh wr vnloo0 dqg oderu0frpsohphqwdu| lqqrydwlrqv/ l1h1/

f?

u
*�u ' f?

M
*�M1 Wklv lv rqo| srvvleoh li T ?

u
' T ?

M
' > zklfk/ lq wxuq/ lpsolhv wkdw

wkh  rz sur�wv iurp vhoolqj oderu0dqg vnloo0frpsohphqwdu| pdfklqhv vkrxog eh htxdo/ l1h1/
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M
1 Khqfh/ lq wkh EJS/ zh qhhg
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Lqwxlwlyho|/ zkhq wkhuh duh pruh vnloohg zrunhuv/ wkh pdunhw iru vnloo0frpsohphqwdu| pd0

fklqhv lv odujhu/ dqg vr wkh uhodwlyh sulfh ri vnloo0lqwhqvlyh jrrgv kdv wr eh orzhu wr hqvxuh

Z?
u
' Z?

M
1 Xvlqj +9,/ +:,/ dqg +<,/ zh rewdlq=
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Wklv htxdwlrq gh�qhv wkh uhodwlyh surgxfwlylw| ri vnloohg dqg xqvnloohg zrunhuv dorqj wkh

EJS dv d ixqfwlrq ri wkh uhodwlyh vxsso| ri vnloohg zrunhuv lq wkh Qruwk1 Lw dovr ghwhuplqhv

wkh wkuhvkrog vhfwru a? dorqj wkh EJS1 Wkh uhdvrq zk| �M*�u lv lqfuhdvlqj lqM*u lv wkh

pdunhw vl}h h�hfw= lw lv pruh sur�wdeoh wr lqyhqw whfkqrorjlhv wkdw kdyh juhdwhu folhqwhohv/

dqg zkhq wkhuh duh pruh vnloohg zrunhuv/ vnloo0frpsohphqwdu| whfkqrorjlhv kdyh d juhdwhu

pdunhw1

Wkh qh{w sursrvlwlrq vxppdul}hv wklv uhvxow dqg wkh g|qdplfv ri wkh hfrqrp| rxwvlgh

wkh EJS erwk lq wkh Qruwk dqg lq wkh Vrxwk +surri lq Dsshqgl{ D,1

9Qrwlfh dw wklv srlqw wkdw lq wkh Vrxwk wkhuh zloo eh qr U)G> vlqfh Ov dqg Kv duh vpdoo/ �v} lv vpdoo/
vr Y v

} ? �1

43



Sursrvlwlrq 4 Wkhuh h{lvwv d xqltxh dqg joredoo| +vdggoh sdwk, vwdeoh EJS/ jlyhq e|

htxdwlrqv +9,/ +:,/ +;,/ +<,/ dqg +49,1 Dorqj wklv jurzwk sdwk/ JGS/ frqvxpswlrq/ �u

dqg �M jurz dw wkh udwh

} '
�

j
�

k
i TE��� � q � E� � q� � >3� � Eu? n ~M?�� 4

l
� +4:,

Wkhuh lv d xqltxh EJS/ dqg vwduwlqj iurp dq| �u dqg �M / wkh hfrqrp| frqyhujhv wr

wklv EJS1 Vlqfh erwk �u dqg �M jurz dw wkh frpprq udwh }/ wkh uhodwlyh surgxfwlylwlhv

ri vnloohg dqg xqvnloohg zrunhuv duh frqvwdqw1 Uhodwlyh surgxfwlylwlhv fdq fkdqjh dorqj

wkh wudqvlwlrq sdwk/ krzhyhu1 Dv lq Dfhprjox ^4<<;`/ dq lqfuhdvh lq M?*u? ohdgv wr

vnloo0eldvhg whfkqlfdo fkdqjh/ wkdw lv dq lqfuhdvh lq M?*u? udlvhv �M*�u1 Lqwhuhvwlqjo|/

wkh vnloo suhplxp lq wkh Qruwk lv dozd|v �?

M
*�?

u
' ~1 Vnloo0eldvhg whfkqlfdo fkdqjh

lqgxfhg e| dq lqfuhdvh lq M?*u? wkhuhiruh h{dfwo| fdqfhov wkh qhjdwlyh gluhfw lpsdfw ri

wklv yduldeoh rq uhodwlyh zdjhv +vhh htxdwlrqv +44, dqg +49,,1

Ilqdoo|/ erwk qhw rxwsxw/ �t / dqg frqvxpswlrq/ �/ duh pd{lpl}hg lq wkh EJS/

ehfdxvh wkh htxloleulxp vnloo0eldv/ �M*�u/ lv fkrvhq �dssursuldwho|� iru wkh Qruwk*v vnloo

frpsrvlwlrq +surri rplwwhg,=

Fruroodu| 4 Ohw �t � t �f dqg � ' t � U �f� Wkhq/ wkh EJS ydoxh ri �M*�u/

jlyhq e| htxdwlrq +49,/ pd{lpl}hv �t dqg � lq wkh Qruwk1

Lq frqwudvw/ vlqfh idfwru dexqgdqfh lq wkh Vrxwk grhv qrw d�hfw wkh gluhfwlrq ri

whfkqlfdo fkdqjh/ qhz whfkqrorjlhv ghyhorshg e| wkh Qruwk duh lqdssursuldwh iru wkh

qhhgv ri wkh Vrxwk1 Lq sduwlfxodu/ qhw rxwsxw dqg frqvxpswlrq lq wkh zruog hfrqrp|/

�t � � t ? n t r � f? dqg �� � t ? n t r � U? � Ur �f?/ duh qrw pd{lpl}hg e| wkh

whfkqrorj| fkrlfhv lq wkh Qruwk +l1h1/ e| �M*�u dv jlyhq e| +49,,1

G1 Surgxfwlylw| Gl�huhqfhv Ehwzhhq wkh Qruwk dqg wkh Vrxwk

Lq wklv vxevhfwlrq/ zh ghvfuleh wkh pdlq wkhruhwlfdo uhvxowv wkdw zloo eh whvwhg lq wkh

qh{w vhfwlrq1 Zh ghulyh wzr vhwv ri suhglfwlrqv1 Wkh �uvw frqfhuqv wkh sdwwhuq ri furvv0

lqgxvwu| WIS gl�huhqfhv ehwzhhq ulfk dqg srru hfrqrplhv1 Rxu prgho suhglfwv wkdw

vhfwrudo WISv vkrxog eh odujhu lq wkh Qruwk uhodwlyh wr wkh Vrxwk lq wkh oderu0lqwhqvlyh

udwkhu wkdq lq vnloo0lqwhqvlyh vhfwruv1 Wkh vhfrqg frqfhuqv djjuhjdwh surgxfwlylw|1 Zh

zloo vkrz wkdw hyhq wkrxjk wkh Vrxwk kdv dffhvv wr wkh vdph whfkqrorjlfdo rssruwxqlwlhv

dv wkh Qruwk/ djjuhjdwh surgxfwlylw| +dv phdvxuhg e| hlwkhu rxwsxw shu zrunhu ru WIS,

vkrxog eh kljkhu lq wkh Qruwk wkdq lq wkh Vrxwk1

Wr dqdo|}h furvv0lqgxvwu| WIS gl�huhqfhv/ zh ghfrpsrvh wkh ydoxh dgghg ri hdfk

lqgxvwu|/ rewdlqhg e| pxowlso|lqj +8, zlwk sulfhv/ lqwr wkuhh frpsrqhqwv> fdslwdo lqsxw/
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Qh{w/ uhfdoo wkdw/ lq d EJS/ �?

M
*�?

u
' E�M*�u�

3q
+vhh htxdwlrqv +48, dqg +49,,1 Vr/ dorqj

wkh EJS/ doo vhfwruv lq wkh Qruwk kdyh wkh vdph WIS/ l1h1/ @?
u
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M
� @?1: Dovr iurp

htxdwlrq +43,/ � r

M
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M
dqg � r

u
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u
/ zklfk uh hfwv wkh uhodwlyh vfduflw| ri vnloov lq wkh

Vrxwk1 Wkhuhiruh/ +4<, lpsolhv wkdw WIS zloo eh odujhu lq wkh Qruwk lq wkh vhfwruv wkdw xvh

xqvnloohg whfkqrorjlhv lq wkh Vrxwk/ dqg zloo eh odujhu lq wkh Vrxwk lq wkh vhfwruv wkdw xvh

vnloohg whfkqrorjlhv lq wkh Vrxwk1 Wklv uhvxow lv uhsuhvhqwhg lq Iljxuh 4 gldjudppdwlfdoo|

dqg vxppdul}hg lq wkh iroorzlqj Sursrvlwlrq +surri rplwwhg,1

Sursrvlwlrq 5 Mr*ur 	 M?*u? lpsolhv wkdw @r
M
E� � ar� : @? : @r

u
E� � ar�1

Wklv suhglfwlrq lv gulyhq e| wkh sdwwhuq ri uhodwlyh sulfhv lq wkh wzr frxqwulhv1 Lq

wkh Vrxwk/ vnloohg oderu lv vfdufh/ vr vnloo0lqwhqvlyh jrrgv duh pruh h{shqvlyh/ ohdglqj wr

juhdwhu WISv lq wkhvh vhfwruv1

Zh qh{w wxuq wr wkh dqdo|vlv ri djjuhjdwh surgxfwlylw| gl�huhqfhv1 Iluvw/ gh�qh

�sk|vlfdo surgxfwlylw|� lq vhfwru � dv @S
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Wklv h{suhvvlrq vkrzv wkdw sk|vlfdo surgxfwlylwlhv duh wkh vdph lq wkh Qruwk dqg wkh Vrxwk

lq doo vhfwruv zkhuh �upv lq wkh wzr frxqwulhv dgrsw wkh vdph whfkqrorj|1 Lq sduwlfxodu/

lq vhfwruv � � a? dv zhoo dv � � a r1 Krzhyhu/ sk|vlfdo surgxfwlylw| lv kljkhu lq wkh Qruwk

lq vhfwruv � 5 da?c aro/ zkhuh wkh Vrxwk xvhv xqvnloohg zrunhuv dqg wkh oderu0lqwhqvlyh

whfkqrorj|/ zkloh wkh Qruwk xvhv vnloohg zrunhuv dqg wkh vnloo0lqwhqvlyh whfkqrorj|1 Iljxuh

5 sorwv wkh sk|vlfdo surgxfwlylwlhv/ @5E��*RE��c lq hdfk ri wkh wzr whfkqrorjlhv1 Qrwh wkdw

wkh wzr vfkhgxohv furvv dw a? � �u*E�u n �M� +dv jlyhq e| wkh EJS frqglwlrq +49,,1

Wklv lpsolhv wkdw sk|vlfdo surgxfwlylw| lv kljkhu lq wkh vnloohg whfkqrorj| lq doo vhfwruv

:Vshfl�fdoo|/ xvlqj htxdwlrqv +<,/ +43,/ +49, dqg +4<,/ zh rewdlq dq @ h{s +��, � +QO .QK,
�
1
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� : a?/ h{dfwo| dv lq wkh Qruwk1 Wklv lv ehfdxvh U)G lv gluhfwhg dw wkh Qruwk*v qhhgv1

Vlqfh Mr*ur 	 M?*u?/ krzhyhu/ zh kdyh ar : a?/ dqg sk|vlfdo surgxfwlylw| lv orzhu lq

wkh Vrxwk wkdq lq wkh Qruwk lq vrph vhfwruv1

Wklv uhvxow fdq eh wudqvodwhg lqwr d phdvxuh ri djjuhjdwh WIS1 Zulwh wrwdo rxwsxw

dv=

t S ' i T

#]
a
S

f
*? +S

u
E�� _�n

] �

aS
*? +S

M
E�� _�

$
' �EaSc �uc �M��

�
g�3q

u
,q
�
a
�
g�3q

M
E~��q

��3a
c

+53,

zkhuh�Eac�uc �M� � i T
�U

a

f *? E@uE��*RE��� _�n
U �
a
*? E@ME��*RE��� _�

�
lv djjuhjdwh WIS/

rewdlqhg iurp vhsdudwlqj wkh whupv zlwk idfwru frqwhqw iurp wkh whfkqrorj| whupv1; Vlqfh/

lq d EJS/ sk|vlfdo surgxfwlylwlhv duh wkh vdph lq doo vhfwruv/ h{fhsw lq � 5 da?c aro zkhuh

wkh Qruwk kdv kljkhu surgxfwlylw| wkdq wkh Vrxwk/ djjuhjdwh WIS lv kljkhu lq wkh Qruwk

wkdq lq wkh Vrxwk1

Lw lv lpsruwdqw wr qrwh wkdw lq wklv hfrqrp| doo frxqwulhv kdyh dffhvv wr wkh vdph

djjuhjdwh surgxfwlrq srvvlelolwlhv iurqwlhu1 Vr rqh pljkw frqmhfwxuh wkdw wkhuh vkrxog

eh qr djjuhjdwh WIS gl�huhqfhv dfurvv frxqwulhv +wkrxjk furvv0vhfwrudo WIS gl�huhqfhv

vkrxog frqwlqxh wr h{lvw,1 Krzhyhu/ vlqfh frxqwulhv zlwk gl�huhqw idfwru hqgrzphqwv zloo

fkrrvh gl�huhqw srlqwv dorqj wkh djjuhjdwh surgxfwlrq srvvlelolwlhv iurqwlhu/ wkh phdvxuhv

hpsor|hg lq sudfwlfh dqg hyhq rxu wkhruhwlfdo phdvxuh/ � Eac�uc �M�/ zloo ohdg wr djjuh0

jdwh WIS gl�huhqfhv1 Jlyhq wkhvh lvvxhv/ lw lv shukdsv pruh wudqvsduhqw wr orrn dw vlpsohu

phdvxuhv ri djjuhjdwh surgxfwlylw|> rxwsxw shu zrunhu/ +S/ dqg rxwsxw shu h!flhqf| xqlw

ri oderu/ +esscS/
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Lq zulwlqj wkhvh h{suhvvlrqv/ zh frqglwlrq rq B ehfdxvh wklv yduldeoh ghwhuplqhv wkh htxl0

oleulxp fdslwdo oderu udwlr1 Gl�huhqwldwlrq hvwdeolvkhv wkdw jlyhq�M*�u/ +
ess EMcuc�uc �M m

B� lv dq lqyhuvh X0vkdshg ixqfwlrq ri M*u zlwk d pd{lpxp dw M*u ' �M*�u/ zkhuhdv

+EMcuc�uc �M m B� lv dq lqyhuvh X0vkdshg ixqfwlrq ri M*u zlwk d pd{lpxp dw M*u '

~�M*�u� Wkhvh revhuydwlrqv lpphgldwho| hvwdeolvk +surri rplwwhg,=

Sursrvlwlrq 6 Dvvxph wkdw �M*�u lv jlyhq dv lq +49,/ wkhq=

41 Iru dq| M*u 9' M?*u?/ zh kdyh +ess EM?c u?c �uc �M m B� : +ess EMcuc�uc�M m B�1
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51 Iru dq| M*u 	 M?*u?/ zh kdyh +EM?c u?c �uc �M m B� : +EMcuc�uc �M m B�1

Zkhq �M*�u lv fkrvhq dffruglqj wr wkh Qruwk*v qhhgv/ erwk rxwsxw shu h!flhqf|

xqlw ri oderu dqg rxwsxw shu zrunhu duh kljkhu lq wkh Qruwk wkdq lq wkh Vrxwk1 Rxwsxw

shu h!flhqf| xqlw lv lq idfw pd{lpl}hg lq wkh Qruwk/ zkhuhdv rxwsxw shu zrunhu zrxog

eh pd{lpl}hg e| d vnloo hqgrzphqw odujhu wkdq wkh uhodwlyh vnloo hqgrzphqw lq wkh Qruwk

+uhfdoo wkdw ~ : �,1 Ixuwkhupruh/ erwk +essc?*+esscr dqg +?*+r/ surgxfwlylw| dqg rxwsxw

shu zrunhu lq wkh Qruwk uhodwlyh wr wkh Vrxwk/ duh vwulfwo| lqfuhdvlqj lq �M*�u1 Wkhuhiruh/

dv whfkqrorjlhv ehfrph pruh vnloo0eldvhg/ wkh rxwsxw jds +shu zrunhu ru shu h!flhqf| xqlw

ri oderu, ehwzhhq wkh Qruwk dqg wkh Vrxwk zlghqv1 Wkhvh h{huflvhv frpsduh wzr hfrqrplhv

zlwk wkh vdph frvw ri fdslwdo B1 Vlqfh B ' � lq wkh Qruwk dqg B � � lq wkh Vrxwk/ zh

kdyh +ess EM?c u?c �uc �M m B ' �� : +ess EMrc urc�uc�M m Br� dqg +EM?c u?c �uc �M m

B ' �� : +EMrc urc �uc�M m Br� d iruwlrul zkhq Br : �1

Wkh uhdvrq iru wkh djjuhjdwh surgxfwlylw| gl�huhqfhv ehwzhhq wkh Qruwk dqg wkh

Vrxwk/ phdvxuhg lq whupv ri WIS ru rxwsxw shu zrunhu/ lv whfkqrorj|0vnloo plvpdwfk1

Wkh Qruwk ghyhorsv whfkqrorjlhv wkdw duh prvw dssursuldwh wr lwv qhhgv1 Lq sduwlfxodu/

wkh Qruwk lqyhvwv pruh lq vnloo0eldvhg whfkqrorjlhv/ �M/ ehfdxvh wkhuh duh uhodwlyho| pruh

vnloohg zrunhuv xvlqj wkhvh whfkqrorjlhv lq wkh Qruwk1 Krzhyhu/ wkhvh Qruwkhuq whfkqror0

jlhv duh plvpdwfkhg wr wkh vnloov ri wkh OGFv* zrunirufhv1 Lq rxu prgho/ wklv lv ehfdxvh

lq vhfwruv � 5 da?c a ro/ surgxfwlrq lq wkh OGFv lv fduulhg rxw xvlqj xqvnloohg zrunhuv/ dqg

wkhvh zrunhuv xvh wkh xqvnloohg whfkqrorj|/ �u/ udwkhu wkdq wkh vnloohg whfkqrorj|/ dqg

duh ohvv surgxfwlyh dv d uhvxow1

Lw lv dovr lpsruwdqw wr qrwh wkdw li U)G �upv frxog vhoo wr Vrxwkhuq surgxfhuv/ wkh|

zrxog lqyhvw pruh lq xqvnloohg whfkqrorjlhv +l1h1/ ghyhors ohvv vnloo0eldvhg whfkqrorjlhv,/

dqg surgxfwlylw| lq wkh Vrxwk zrxog qrw eh dv orz1 Vlploduo|/ li wkh Vrxwk frxog shuirup

U)G/ lw zrxog gluhfw lw wr xqvnloohg pdfklqhv/ dqg wkh surgxfwlylw| jds zrxog eh vpdoohu1

Lw lv wkhuhiruh wkh frpelqdwlrq ri wkh Vrxwk lpsruwlqj whfkqrorjlhv iurp wkh Qruwk dqg

gluhfwhg whfkqlfdo fkdqjh lq wkh Qruwk wkdw ohdgv wr wkh surgxfwlylw| gl�huhqfhv ehwzhhq

wkh Qruwk dqg wkh Vrxwk1

LLL1 Hpslulfdo Hylghqfh dqg Txdqwlwdwlyh Dvvhvvphqw

Lq wklv vhfwlrq/ zh whvw wkh suhglfwlrq uhjduglqj vhfwrudo WISv/ dqg lqyhvwljdwh

zkhwkhu wkh wkhruhwlfdo phfkdqlvp zh ghyhorshg frxog eh txdqwlwdwlyho| vljql�fdqw1
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D1 Furvv0frxqwu| Sdwwhuqv lq Lqgxvwu| WISv

Zh vwduw e| lqyhvwljdwlqj vrph ri wkh lpsolfdwlrqv ri Sursrvlwlrq 51 Wr gr wklv/

zh fdofxodwh vhfwrudo WISv xvlqj gdwd iurp wkh X1Q1 Jhqhudo Lqgxvwuldo Vwdwlvwlfv rq

wkh qxpehu ri surgxfwlrq zrunhuv/ qxpehu ri qrqsurgxfwlrq zrunhuv/ hpsor|phqw/ ydoxh

dgghg dqg lqyhvwphqw +frqyhuwhg lqwr X1V1 grooduv, lq 5: wkuhh gljlw pdqxidfwxulqj vhfwruv

lq 55 frxqwulhv1< Iurp wkhvh gdwd/ zh frqvwuxfw vhfwrudo fdslwdo vwrfnv dqg WIS iru hdfk

frxqwu|1 Wkh frqvwuxfwlrq ri wkhvh yduldeohv lv ghvfulehg lq Dsshqgl{ E1 Zh xvh wkh

qxpehu ri qrqsurgxfwlrq zrunhuv dv d sur{| iru kljk vnloo zrunhuv dv lq suhylrxv zrun lq

wklv duhd +h1j1 Ehupdq/ Erxqg dqg Julolfkhv ^4<<7`> Ehupdq/ Erxqg dqg Pdfklq ^4<<;`,1

Wkh gdwd iru hpsor|phqw dqg ydoxh dgghg duh iru 4<<3/ exw vlqfh gdwd rq wkh qxpehu ri

qrqsurgxfwlrq zrunhuv lv riwhq plvvlqj iru 4<<3/ zh xvh wkh dyhudjh ehwzhhq 4<;9 dqg

4<<3 iru doo frxqwulhv dqg vhfwruv1

Wkh �uvw wkuhh urzv ri Wdeoh 4 uhsruw vhohfwhg dyhudjhv iru wkhvh phdvxuhv1 Zlwk d

ylhz wr whvwlqj wkh suhglfwlrqv ri rxu prgho/ zh udqn vhfwruv dffruglqj wr �vnloo0lqwhqvlw|�

lq wkh Xqlwhg Vwdwhv gh�qhg dv wkh udwlr ri qrqsurgxfwlrq zrunhuv wr wrwdo hpsor|phqw

lq wkdw lqgxvwu|1 Zh wkhq fuhdwh wkuhh jurxsv/ orz0vnloo/ phglxp0vnloo/ dqg kljk0vnloo/

hdfk frqvlvwlqj ri < lqgxvwulhv +vhh Wdeoh 4,1 Zh uhsruw +zhljkwhg, dyhudjh ydoxhv ri

ydoxh dgghg shu zrunhu/ fdslwdo shu zrunhu/ dqg udwlr ri qrqsurgxfwlrq zrunhuv lq wrwdo

zrunirufh iru hdfk jurxs/ vhsdudwho| iru wkh OGFv dqg wkh �ulfk� hfrqrplhv +wkrvh zlwk

JGS shu fdslwd juhdwhu wkdq '9/833/ vhh Wdeoh 4,1 Qrw vxusulvlqjo|/ ydoxh dgghg dqg

fdslwdo shu zrunhu/ dqg wkh udwlr ri qrqsurgxfwlrq zrunhuv lq wkh zrunirufh duh orzhu lq

wkh OGFv wkdq lq wkh ulfk hfrqrplhv143

Sursrvlwlrq 5 lpsolhv d vwurqj dqg d zhdn k|srwkhvlv1 Wkh vwurqj k|srwkhvlv lv

wkdw WIS lq wkh Vrxwk vkrxog eh kljkhu wkdq lq wkh Qruwk lq wkh ohvv vnloo lqwhqvlyh

lqgxvwulhv dqg orzhu wkdq lq wkh Qruwk lq wkh pruh vnloo lqwhqvlyh lqgxvwulhv1 Wkh zhdn

k|srwkhvlv lv wkdw WISv lq wkh OGFv uhodwlyh wr wkh Xqlwhg Vwdwhv vkrxog eh kljkhu lq wkh

vnloo lqwhqvlyh vhfwruv1 Lq wkh hpslulfdo zrun/ zh irfxv pdlqo| rq wkh zhdn k|srwkhvlv1

<Ehupdq/ Erxqg dqg Pdfklq ^4<<;` xvh wklv gdwd vhw wr dqdo|}h vnloo xsjudglqj lq dgydqfhg frxqwulhv/
Ehupdq dqg Pdfklq ^4<<<` xvh lw wr dqdo|}h lqhtxdolw| wuhqgv dqg vnloo xsjudglqj lq ghyhorslqj frxqwulhv/
dqg Zroivrq ^4<<<` xvhv wkh uhodwhg XQLGR gdwdvhw wr dqdo|}h wkh idfwru frqwhqw ri wudgh ehwzhhq ohvv
dqg pruh ghyhorshg frxqwulhv1

43Wkh vwdwlvwlfv uhsruwhg lq wkh �uvw dqg vhfrqg urz ri Wdeoh 4 lpso| vrphzkdw orzhu fdslwdo0rxwsxw
udwlrv wkdq lv frpprqo| hvwlpdwhg lq ghyhorshg frxqwulhv1 Wklv udwlr lv vhqvlwlyh wr wkh fkrlfh ri wkh
ghsuhfldwlrq udwh iru fdslwdo1 Rxu fkrlfh ri d ghsuhfldwlrq udwh ri ;( lpsolhv dq dyhudjh olihwlph ri
fdslwdo ri 4518 |hduv zklfk lv udwkhu vkruw1 Wklv fkrlfh lv prwlydwhg e| wkh frqvwudlqw rq wkh qxpehu
ri revhuydwlrqv iru lqyhvwphqw +vhh Dsshqgl{ E,/ vlqfh d uhodwlyho| kljk ghsuhfldwlrq udwh plwljdwhv wkh
sureohpv dvvrfldwhg zlwk wkh vkruw vdpsoh1 Wkh fdslwdo0rxwsxw udwlr lv wkh rqo| phdvxuh zklfk lv vhqvlwlyh
wr wklv fkrlfh1 Zh fkhfnhg wkh urexvwqhvv ri rxu dqdo|vlv e| xvlqj d ghsuhfldwlrq udwh ri 8( dqg dovr qr
ghsuhfldwlrq ryhu wkh vdpsoh1 Lq wkhvh fdvhv/ wkh fdslwdo rxwsxw udwlrv zhuh kljkhu/ exw uhodwlyh WISv
dqg uhjuhvvlrq uhvxowv zhuh yhu| vlplodu wr wkrvh uhsruwhg khuh1
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Iluvw/ wkh vwurqj k|srwkhvlv uhtxluhv whfkqrorj|0vnloo plvpdwfk wr eh wkh rqo| vrxufh

ri surgxfwlylw| gl�huhqfhv ehwzhhq wkh Xqlwhg Vwdwhv dqg wkh OGFv/ zklfk lv fohduo|

xquhdolvwlf1 Vhfrqg/ surgxfwlrq0qrqsurgxfwlrq glvwlqfwlrq xqghuvwdwhv vnloo gl�huhqfhv

dfurvv frxqwulhv/ ohdglqj wr h{djjhudwhg WIS gl�huhqfhv ehwzhhq wkh Xqlwhg Vwdwhv dqg

wkh OGFv lq doo vhfwruv1 Iru h{dpsoh/ wkh udwlr ri zrunhuv zlwk kljk vfkrro ru pruh lq

wkh oderu irufh lv :3 shufhqw lq wkh Xqlwhg Vwdwhv/ zkhuhdv 48 shufhqw lq wkh vhw ri OGFv

frqvlghuhg lq wklv vhfwlrq +vhh qh{w vxevhfwlrq iru gdwd ghwdlov,1 Lq frqwudvw/ wkh udwlr ri

qrqsurgxfwlrq zrunhuv lq pdqxidfwxulqj lv 66 shufhqw lq wkh Xqlwhg Vwdwhv yv1 56 shufhqw

lq wklv vhw ri OGFv1 Wklv lpsolhv wkdw erwk surgxfwlrq dqg qrqsurgxfwlrq zrunhuv lq

wkh Xqlwhg Vwdwhv zloo eh pruh hgxfdwhg/ dqg khqfh pruh surgxfwlyh hyhq zkhq xvlqj

wkh vdph whfkqrorjlhv/ wkdq surgxfwlrq dqg qrqsurgxfwlrq zrunhuv lq OGFv1 Wkhvh

gl�huhqfhv lq surgxfwlylw| zloo eh uh hfwhg lq rxu WIS hvwlpdwhv/ h{djjhudwlqj wkh WIS

gl�huhqfhv ehwzhhq wkh Xqlwhg Vwdwhv dqg wkh OGFv1 Vr WIS zloo whqg wr eh kljkhu lq

wkh Xqlwhg Vwdwhv wkdq wkh OGFv lq doo vhfwruv144 Lq dq| fdvh/ zh eholhyh wkdw wkh zhdn

k|srwkhvlv lv d fkdoohqjlqj whvw iru rxu wkhru|> wklv k|srwkhvlv frqwudvwv zlwk d qdlyh

lqwxlwlrq wkdw WIS gl�huhqfhv vkrxog eh odujhvw lq wkh prvw vnloo0lqwhqvlyh vhfwruv/ zklfk

duh riwhq wkh prvw kljk0whfkqrorj| vhfwruv1

Lw lv lpsruwdqw wr qrwh wkdw lq rxu gdwdedvh ydoxh dgghg revhuydwlrqv duh frpsxwhg

xvlqj orfdo sulfhv1 Wkhuhiruh/ rxu vhfwrudo WIS fdofxodwlrqv zloo fruuhvsrqg wr wkh wkhr0

uhwlfdo WIS phdvxuh zh glvfxvvhg lq wkh suhylrxv vhfwlrq/ @S
5
145

Zh dvvxph wkdw rxwsxw lq vhfwru � lq frxqwu| S lv jlyhq e|

+�S ' A8��S � 8�E&�Sc e�S�c

zkhuh e lv h!flhqf| xqlwv ri oderu dqg wkh surgxfwlrq ixqfwlrq 8� lv frqvwdqw uhwxuqv wkh

vfdoh1 Vr doo frxqwulhv vkduh wkh vdph whfkqrorj| lq hdfk lqgxvwu|/ h{fhsw iru d pxowlsolfd0

wlyh WIS whup1 Zh fdofxodwh wkh h!flhqf| xqlwv ri oderu dv

e�S ' RoJ_�S n l � ?J?RoJ_�Sc

zkhuh RoJ_�S lv wkh qxpehu ri surgxfwlrq zrunhuv lq frxqwu| S dqg lqgxvwu| �/ ?J?RoJ_�S

lv wkh qxpehu ri qrqsurgxfwlrq zrunhuv lq frxqwu| S dqg lqgxvwu| �/ dqg l lv wkh h!flhqf|

44Zh fdq jhw d vhqvh ri krz odujh wklv phdvxuhphqw sureohp lv e| frpsdulqj djjuhjdwh pdqxidfwxulqj
WIS gl�huhqfhv wkdw duh lpsolhg e| rxu fdofxodwlrqv lq wklv vxevhfwlrq wr wkh djjuhjdwh WIS gl�huhqfhv
dv fdofxodwhg e| Kdoo dqg Mrqhv ^4<<<`1 Wkh qxpehuv khuh vxjjhvw wkdw wkh OGFv lq rxu vdpsoh kdyh rq
dyhudjh WIS ohyhov wkdw duh dssur{lpdwho| 56 shufhqw ri wkh X1V1 ohyho1 Lq frqwudvw/ wkh gdwd uhsruwhg
lq Kdoo dqg Mrqhv ^4<<<` lpso| wkdw wkh vdph vhw ri frxqwulhv vkrxog kdyh WIS ohyhov htxlydohqw wr 8:
shufhqw ri wkh X1V1 ohyho/ ru dssur{lpdwho| 518 odujhu wkdq wkh OGF WIS ohyhov lpsolhg e| wkh X1Q1 gdwd1
Wklv vxevwdqwldwhv wkh fodlp wkdw wkh xvh ri surgxfwlrq0qrqsurgxfwlrq fodvvl�fdwlrq zloo h{djjhudwh WIS
gl�huhqfhv ehwzhhq ulfk dqg srru frxqwulhv1

45Dv glvfxvvhg lq wkh suhylrxv vhfwlrq/ rxu wkhru| dovr kdv lpsolfdwlrqv rq wkh furvv0vhfwrudo sdwwhuq
ri gl�huhqfhv lq sk|vlfdo surgxfwlylwlhv/ df} +l, @s +l,1 Wr whvw wkhvh lpsolfdwlrqv/ rqh zrxog qhhg vhfwrudo
sulfh lqglfhv wkdw duh frpsdudeoh dfurvv frxqwulhv lq ohyhov/ zklfk zh gr qrw kdyh1
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xqlwv wkdw d qrqsurgxfwlrq zrunhu srvvhvvhv uhodwlyh wr d surgxfwlrq zrunhu1 Wklv fruuh0

vsrqgv wr ~ lq whupv ri rxu prgho/ wkrxjk lq wkh htxloleulxp ri rxu prgho vnloohg dqg

xqvnloohg zrunhuv qhyhu zrun lq wkh vdph lqgxvwu|1 Ehupdq/ Erxqg dqg Pdfklq ^4<<;`

uhsruw wkh uhodwlyh zdjh ri qrqsurgxfwlrq wr surgxfwlrq zrunhuv lv dssur{lpdwho| 418 lq

wkh RHFG hfrqrplhv/ vr zh wdnh wklv dv rxu edvholqh fdvh146

Zh xvh wkuhh gl�huhqw phwkrgv wr fdofxodwh WIS1 Wkh �uvw lv d gluhfw dqdorj ri wkh

WIS fdofxodwlrq ryhu wlph dssolhg dfurvv frxqwulhv zlwklq dq lqgxvwu|1 Zh udqn frxqwulhv

lq hdfk lqgxvwu| dffruglqj wr fdslwdo oderu udwlrv/ dqg dsso| wkh vwdqgdug WIS fdofxodwlrq

phwkrg +vhh Dsshqgl{ E,1 Zh ghqrwh wkh rxwsxw ri wklv h{huflvh e| A8��`

�S
zkhuh � dqg

S uhihu wr lqgxvwu| dqg frxqwu|/ �` uhihuv wr fkdlq0zhljkwhg1 Wkh vhfrqg phwkrg vlpso|

dvvxphv wkh surgxfwlrq ixqfwlrq/ 8�/ wr eh Free0Grxjodv/ dqg xvhv dyhudjh oderu vkduh

zlwklq hdfk lqgxvwu| wr fdofxodwh WIS1 Zh uhihu wr wklv phdvxuh dv A8��(

�S
1 Ilqdoo|/ wkh

wklug phwkrg frqvwuxfwv d WIS phdvxuh fdofxodwhg dv wkh uhvlgxdo iurp wkh uhjuhvvlrq>

*? +,
�S
' v&

�
*? &,

�S
n ve

�
*? e,

�S
n e0�S

zkhuh +, ghqrwhv ydoxh dgghg shu zrunhu/ &, fdslwdo shu zrunhu dqg e, h!flhqf| xqlwv

ri oderu shu zrunhu/ dqg wkh frh!flhqwv iv&
�
/ ve

�
j2.
�'� duh hvwlpdwhg e| ROV1 Zh gh�qh

*?A8�-

�S
' e0�S dqg uhihu wr wklv phdvxuh dv �uhjuhvvlrq dgmxvwhg WIS�1 Wklv wklug phwkrg

pd| eh eldvhg dv yduldwlrqv lq fdslwdo dqg vnloo dfurvv lqgxvwulhv duh olnho| wr eh fruuhodwhg

zlwk wkh uhvlgxdov1 Qhyhuwkhohvv/ wklv phdvxuh surylghv d fkhfn rq zkhwkhu rxu uhvxowv

duh gulyhq e| wkh ixqfwlrqdo irup dvvxpswlrqv xvhg lq wkh frqvwuxfwlrq ri A8��`

�S
dqg

A8��(

�S
1 Lq doo fdvhv/ zh qrupdol}h A8��L7 ' �/ vr doo WISv duh uhodwlyh wr wkh Xqlwhg

Vwdwhv WIS lq wkdw vhfwru1

Ghvfulswlyh vwdwlvwlfv iru vhfwrudo WISv duh jlyhq lq wkh odvw wkuhh urzv ri Wdeoh 4

iru wkh wkuhh lqgxvwu| jurxsv dqg wkh wkuhh phdvxuhv ri WIS1 Lq hdfk fdvh/ zh uhsruw

dyhudjh WISv uhodwlyh wr wkh Xqlwhg Vwdwhv1 Zh zhljkw revhuydwlrqv xvlqj ydoxh dgghg/

zklfk dprxqwv wr jlylqj pruh zhljkw wr odujhu vhfwruv dqg odujhu frxqwulhv1

Zh fdq douhdg| vhh wkh uhohydqw sdwwhuqv ri lqgxvwu| WISv iurpWdeoh 41 Iluvw/ WIS lv

vljql�fdqwo| kljkhu lq wkh Qruwk lq doo vhfwruv1 Wklv pljkw eh ehfdxvh ri gl�huhqfhv lq wkh

dffhvv wr wkh prvw dgydqfhg whfkqrorjlhv dfurvv frxqwulhv/ ru ehfdxvh ri wkh phdvxuhphqw

sureohpv phqwlrqhg deryh1 Lq dq| fdvh/ wkhuh lv qr vxssruw iru wkh vwurqj k|srwkhvlv

suhglfwhg e| rxu wkhru|1 Pruh lpsruwdqw iru rxu sxusrvhv/ wkh gdwd dsshdu frqvlvwhqw

zlwk rxu zhdn k|srwkhvlv1 Iru h{dpsoh/ xvlqj hlwkhu A8��` ru A8��(/ WIS lq wkh

OGFv lv 55 shufhqw ri wkh Xqlwhg Vwdwhv lq wkh orz vnloo lqgxvwulhv/ 5905: shufhqw ri wkh

Xqlwhg Vwdwhv lq wkh phglxp vnloo lqgxvwulhv/ dqg 63 shufhqw ri wkh Xqlwhg Vwdwhv lq wkh

46Zh dovr fdofxodwhg WIS phdvxuhv xvlqj � @ 4=6 dqg 4=:1 Wkh uhvxowv zhuh yhu| vlplodu lq doo fdvhv/
vr zh gr qrw uhsruw wkrvh1 Ghwdlov duh dydlodeoh xsrq uhtxhvw1
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kljk vnloo lqgxvwulhv1 Xvlqj uhjuhvvlrq dgmxvwhg WIS/ wkh vdph qxpehuv duh 54 shufhqw/

53 shufhqw/ dqg 66 shufhqw1 Wkhuhiruh/ zlwk doo wkuhh phdvxuhv/ WIS jdsv duh vpdoohu

ehwzhhq wkh OGFv dqg wkh Xqlwhg Vwdwhv +dqg rwkhu ulfk hfrqrplhv, lq wkh kljkhvw vnloo

vhfwruv147

Zh qrz xvh uhjuhvvlrq dqdo|vlv wr grfxphqw wkh uhodwlrqvkls ehwzhhq uhodwlyh WISv

dqg vnloo lqwhqvlw| pruh irupdoo|1 Rxu edvholqh uhjuhvvlrqv uhodwlqj A8��`

�S
wr vnloo0

lqwhqvlw| lq wkh Xqlwhg Vwdwhv duh uhsruwhg lq Wdeoh 5 dqg vxssruw wkh edvlf frqfoxvlrq

iurp Wdeoh 4 wkdw WIS jdsv duh vpdoohu ehwzhhq wkh OGFv dqg wkh Xqlwhg Vwdwhv lq

wkh kljkhvw vnloo vhfwruv1 Wkh hvwlpdwhv lq Wdeoh 5 duh rewdlqhg e| uhjuhvvlqj |sR�`
�S

�

*?A8��`

�S
rq wkh +orj, udwlr ri qrqsurgxfwlrq zrunhuv wr wrwdo hpsor|phqw lq wkdw lq0

gxvwu| lq wkh Qruwk/ R?b�Jo|�1 Zh wdnh wkh Qruwk wr eh hlwkhu wkh Xqlwhg Vwdwhv ru wkh

dyhudjh ri wkh Xqlwhg Vwdwhv/ wkh Xqlwhg Nlqjgrp dqg Fdqdgd +wkh �J6�,1 Doo uhjuhv0

vlrqv duh zhljkwhg e| ydoxh dgghg dqg lqfoxgh frxqwu| h�hfwv/ dqg wkh vwdqgdug huuruv

duh fruuhfwhg iru foxvwhulqj ri R?b�Jo|�/ zklfk ydulhv rqo| dw wkh lqgxvwu| ohyho1 Wkh

fruuhfwhg vwdqgdug huuruv duh w|slfdoo| derxw :3 shufhqw odujhu wkdq wkh uhjxodu vwdqgdug

huuruv1 Wkh uhvxowv vkrz wkdw wkh frh!flhqw rq R?b�Jo|� lv srvlwlyh zkhq wkh vdpsoh

lv olplwhg wr srru frxqwulhv/ exw qrw zkhq olplwhg wr ulfk frxqwulhv/ zklfk lv wkh suhglf0

wlrq ri rxu prgho1 Iru h{dpsoh/ wkh hvwlpdwh lq froxpq 4/ zklfk lv iurp d uhjuhvvlrq

wkdw xvhv wkh Xqlwhg Vwdwhv dv wkh Qruwk/ vxjjhvwv wkdw dq lqgxvwu| zlwk d 43 shufhqw

kljkhu udwlr ri qrqsurgxfwlrq zrunhuv lq wrwdo hpsor|phqw zloo kdyh derxw 517 shufhqw

kljkhu WIS lq wkh OGFv frpsduhg wr wkh Xqlwhg Vwdwhv +uhodwlyh wr wkh dyhudjh WIS lq

wkdw frxqwu|,1 Wklv h�hfw lv vwdwlvwlfdoo| vljql�fdqw dw wkh 8 shufhqw ohyho dqg dovr ri d

sodxvleoh pdjqlwxgh= R?b�Jo|� +iru wkh Xqlwhg Vwdwhv, ydulhv ehwzhhq 3146 dqg 3184 lq

wkh vdpsoh/ vr wkh uhvxow lq froxpq 4 lpsolhv wkdw uhodwlyh WIS lq wkh OGFv lv kljkhu e|

derxw 43 shufhqw lq wkh prvw vnloohg lqwhqvlyh lqgxvwu| wkdq lq wkh ohdvw vnloohg lqwhqvlyh

lqgxvwu|1 Lqgld/ rqh ri rxu OGFv/ lv dq rxwolhu lq wkh uhjuhvvlrq ri froxpq 41 Wkhuh

lv uhdvrq wr eholhyh lq wkdw gdwd txdolw| lv orzhu iru Lqgld dv lqyhvwphqw gdwd iru wklv

frxqwu| zhuh plvvlqj iru d odujh qxpehu ri |hduv1 Zh wkhuhiruh uhshdw wkh uhjuhvvlrq

zlwkrxw lqfoxglqj Lqgld lq froxpq 51 Wklv ohdgv wr d juhdwhu sdudphwhu hvwlpdwh/ 3169/

lqglfdwlqj wkdw d 43 shufhqw kljkhu udwlr ri qrqsurgxfwlrq zrunhuv lq wrwdo hpsor|phqw

lv dvvrfldwhg zlwk d 619 shufhqw kljkhu WIS lq wkh OGFv frpsduhg wr wkh Xqlwhg Vwdwhv1

47Wkh :3 shufhqw jds ehwzhhq wkh Xqlwhg Vwdwhv dqg OGF WISv lq wkh prvw vnloo0lqwhqvlyh lqgxvwulhv
pd| vxjjhvw wkdw whfkqrorj|0vnloo plvpdwfk fdq h{sodlq rqo| d vpdoo iudfwlrq ri wkh surgxfwlylw| gli0
ihuhqfhv dfurvv frxqwulhv1 Krzhyhu/ uhfdoo wkdw wklv :3 shufhqw jds lv lq sduw gxh wr wkh phdvxuhphqw
sureohpv qrwhg deryh1 Li zh dsso| wkh 518 fruuhfwlrq vxjjhvwhg e| irrwqrwh BB/ zh zrxog rewdlq wkdw
WIS ohyhov lq wkh OGFv duh :8 shufhqw ri wkh Xqlwhg Vwdwhv lq wkh prvw vnloo0lqwhqvlyh lqgxvwulhv dqg 88
shufhqw lq wkh ohdvw vnloo0lqwhqvlyh lqgxvwulhv1 Wklv vxjjhvwv wkdw dowkrxjk wkhuh duh rwkhu idfwruv dw zrun/
whfkqrorj|0vnloo pdwfk frxog eh uhvsrqvleoh iru ryhu rqh0wklug ri WIS gl�huhqfhv ehwzhhq wkh OGFv dqg
wkh X1V11
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Wklv hvwlpdwh lv qrz vljql�fdqw dw wkh 4 shufhqw ohyho1 Lq froxpq 6/ zh xvh wkh udwlr ri

qrqsurgxfwlrq zrunhuv wr wrwdo hpsor|phqw lq wkh Xqlwhg Vwdwhv/ wkh Xqlwhg Nlqjgrp

dqg Fdqdgd lqvwhdg1 Wklv ohdgv wr d sdudphwhu hvwlpdwh ri 3164/ zklfk lv djdlq kljko|

vljql�fdqw1 Lq frqwudvw wr wkhvh uhvxowv iru OGFv/ zh gr qrw �qg d vwdwlvwlfdoo| vljql�fdqw

uhodwlrqvkls ehwzhhq R?b�Jo|� dqg lqgxvwu| WISv dprqj ulfk frxqwulhv +froxpqv 6 dqg

7,148

Iljxuh 6 sorwv WIS +uhodwlyh wr wkh Xqlwhg Vwdwhv, iru d qxpehu ri wkh OGFv lq

rxu vdpsoh djdlqvw wkh udqn ri wkdw lqgxvwu| lq whupv ri vnloo lqwhqvlw| lq wkh Xqlwhg

Vwdwhv +zkhuh udqn@4 vwdqgv iru wkh ohdvw vnloo0lqwhqvlyh lqgxvwu|,1 Wkh fxuyhv uhsuhvhqw

�wwhg orj0uhjuhvvlrqv1 Frorpeld/ Pdod|vld/ wkh Sklolsslqhv dqg Wxunh| looxvwudwh wkh

srvlwlyh uhodwlrqvkls vkrzq lq Wdeoh 5 +dovr irxqg lq Yhqh}xhod,1 Lqgld lv rqh ri wkh

wkuhh frxqwulhv lq zklfk qr vljql�fdqw uhodwlrqvkls lv irxqg +wkh rwkhuv duh Lqgrqhvld dqg

Hfxdgru,1 Ryhudoo/ dv wkh odvw �jxuh vkrzv/ wkhuh lv d zhoo0gh�qhg uhodwlrqvkls zkhq

zh orrn dw wkh dyhudjh dfurvv doo wkh OGFv1 Lq d qxpehu ri frxqwulhv/ plvfhoodqhrxv

shwurohxp surgxfwv +PLVFSHW, dqg ehyhudjhv +EHY, dsshdu dv rxwolhuv149 H{foxglqj

wkhvh lqgxvwulhv grhv qrw dowhu wkh pdlq uhvxowv uhsruwhg lq Wdeoh 5/ exw uhgxfhv wkh

srlqw hvwlpdwhv> zlwkrxw wkhvh lqgxvwulhv/ wkh uhjuhvvlrq frh!flhqwv lq froxpq 4/ 5 dqg 6

ghfuhdvh wr 3147 +v1h1@313;,/ 3156 +v1h1@313<, dqg 3155 +v1h1@3144,1

Wkh uhjuhvvlrqv lq froxpqv 9/ : dqg ; xvh wkh vdpsoh ri 54 frxqwulhv +wkh hqwluh vdpsoh

plqxv wkh Xqlwhg Vwdwhv vlqfh doo qxpehuv duh uhodwlyh wr wkh Xqlwhg Vwdwhv,/ exw dgg dq

lqwhudfwlrq whup ehwzhhq wkh uljkw kdqg vlgh yduldeoh dqg wkh uhodwlyh JGS ri wkh frxqwu|

lq txhvwlrq1 Dffruglqj wr rxu wkhru|/ wkh uhodwlrqvkls ehwzhhq WIS dqg vnloo lqwhqvlw|

vkrxog eh vwurqjhu iru srruhu frxqwulhv ehfdxvh �M*�u dqg @M*@u duh lqfuhdvlqj lq wkh

vnloo0lqwhqvlw| jds ehwzhhq wkh frxqwu| lq txhvwlrq dqg wkh Xqlwhg Vwdwhv1 Wkh lqwhudfwlrq

whup lq wkhvh uhjuhvvlrqv lv sdudphwhul}hg vr wkdw wkh pdlq h�hfwv duh hydoxdwhg dw wkh

phdq1 Khqfh zh h{shfw erwk wkh lqwhudfwlrq whup dqg wkh pdlq h�hfw wr eh srvlwlyh/ vr

wkdw WIS lq wkh kljk vnloo lqgxvwulhv +uhodwlyh wr wkh uhvw ri wkh lqgxvwulhv, lq wkh dyhudjh

frxqwu| vkrxog eh kljkhu wkdq lq wkh Xqlwhg Vwdwhv/ dqg wkh jds vkrxog ehfrph odujhu dv

zh frqvlghu srruhu frxqwulhv1 Wkh uhvxowv lq froxpqv 9/ : dqg ; vxssruw wklv suhglfwlrq1

Wkh lqwhudfwlrq whup lv dozd|v srvlwlyh/ dqg vwdwlvwlfdoo| vljql�fdqw dw wkh 8 shufhqw ohyho1

Yduldwlrqv xvlqj gl�huhqw phdvxuhv ri WIS ru gl�huhqw hvwlpdwlrq phwkrgv duh uh0

48Wkh uhvxowv duh urexvw wr gl�huhqw vsolwv ri wkh vdpsoh lqwr ulfk frxqwulhv dqg OGFv1 Iru h{dpsoh/ li
wkh wkuhvkrog zhuh vhw dw ':/333 udwkhu wkdq '9/833/ Juhhfh/ Sruwxjdo dqg Nruhd zrxog dovr eh fodvvl�hg
dv OGFv1 Lq wklv fdvh/ wkh hvwlpdwhv lq froxpqv 4/ 5 dqg 6 ri Wdeoh 4 duh/ uhvshfwlyho|/ 3147 +v1h1@313:,/
314: +v1h1@313:, dqg 3153 +v1h1@313<,/ zkloh wkh h�hfw uhpdlqv qhjdwlyh dqg vwdwlvwlfdoo| lqvljql�fdqw iru
ulfk frxqwulhv1

49Vflhqwl�f Htxlsphqw lv dovr dq rxwolhu lq wkh rssrvlwh gluhfwlrq1 Wkh odujh WIS jds ehwzhhq wkh
X1V1 dqg wkh OGFv lq wklv vhfwru vxjjhvwv wkdw whfkqrorjlfdo gl�huhqfhv pd| eh txlwh lpsruwdqw lq wklv
lqgxvwu|1
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sruwhg lq Wdeoh 6/ dqg frq�up wkh edvlf �qglqjv1 Zh uhsruw hvwlpdwhv iurp uhjuhvvlrqv

wkdw xvh wkh dowhuqdwlyh phdvxuhv/ A8��(

�S
dqg A8�-

�S
/ dqg iurp uhjuhvvlrqv zhljkwhg e|

ydoxh dgghg uhodwlyh wr wkh frxqwu| dyhudjh +ydoxh dgghg uhodwlyh wr frxqwu| dyhudjh, ru

zhljkwhg e| hpsor|phqw1 Zh dovr uhsruw vshfl�fdwlrqv wkdw xvh wkh udqn ri wkh lqgxvwu|

lq whupv ri wkh fruuhvsrqglqj vnloo0lqwhqvlw| phdvxuh/ o@?&1 Doo uhjuhvvlrqv lq Wdeoh 6

lqfoxgh frxqwu| h�hfwv1 Lq doprvw doo fdvhv/ WIS jdsv duh odujhu lq wkh vhfwruv wkdw duh

ohvv vnloo0lqwhqvlyh lq wkh Qruwk +wkh Xqlwhg Vwdwhv ru J6,1 Pruhryhu lq prvw fdvhv/ wklv

h�hfw lv vwdwlvwlfdoo| vljql�fdqw/ h{fhsw zkhq zh zhljkw revhuydwlrqv e| hpsor|phqw/ wkh

uhodwlrqvkls lv w|slfdoo| vwdwlvwlfdoo| lqvljql�fdqw1 Rqfh djdlq/ zkhq zh uhpryh Lqgld

iurp wkh vdpsoh/ zklfk sod|v d glvsursruwlrqdwh uroh zkhq revhuydwlrqv duh zhljkwhg e|

hpsor|phqw/ wkh h�hfwv duh vwdwlvwlfdoo| vljql�fdqw dw wkh 8 shufhqw ohyho1 Ryhudoo/ zh

wdnh wklv dv hylghqfh wkdw wkhuh lv d uhodwlyho| urexvw uhodwlrqvkls ehwzhhq vhfwrudo WISv

lq OGFv dqg vnloo lqwhqvlw| ri wkh vhfwru/ frqvlvwhqw zlwk wkh suhglfwlrqv ri rxu wkhru|1

E1 Djjuhjdwh Surgxfwlylw| Gl�huhqfhv

Zh qrz wxuq wr dq lqyhvwljdwlrq ri krz lpsruwdqw rxu phfkdqlvp pd| eh lq dffrxqw0

lqj iru furvv0frxqwu| gl�huhqfhv lq rxwsxw shu zrunhu1 Dowkrxjk zh gr qrw wklqn wkdw rxu

phfkdqlvp dffrxqwv iru doo wkh yduldwlrq lq rxwsxw shu zrunhu dfurvv frxqwulhv/ wr shuirup

wklv h{huflvh zh devwudfw iurp doo rwkhu vrxufhv ri surgxfwlylw| gl�huhqfhv1 Zh wkhuhiruh

ylhz wklv h{huflvh dv surylglqj dq xsshu erxqg rq krz pxfk ri wkh furvv0frxqwu| surgxf0

wlylw| gl�huhqfhv whfkqrorj|0vnloo plvpdwfk frxog h{sodlq1 Pruh vshfl�fdoo|/ zh frpsduh

wkh suhglfwlyh srzhu ri rxu prgho zlwk wkdw ri d frpsdudeoh qhrfodvvlfdo prgho/ zkhuh

doo frxqwulhv kdyh dffhvv wr wkh vdph whfkqrorj| dqg rxwsxw lv Free0Grxjodv lq kxpdq

dqg sk|vlfdo fdslwdo1 Dffruglqj wr wkh qhrfodvvlfdo irupxodwlrq/ frxqwu| S*v rxwsxw lv>

t S

��
' ' � EgS�k � EuS n ~MS��3k c +54,

zkhuh wkh whfkqrorjlfdo sdudphwhu ' lv wkh vdph dfurvv frxqwulhv1 Wklv lv h�hfwlyho| wkh

prgho xvhg/ dprqj pdq| rwkhuv/ e| Kdoo dqg Mrqhv ^4<<<`/ dgdswhg wr rxu hqylurqphqw

zlwk wzr w|shv ri zrunhuv1 Zh xvh gSc uS dqg MS iurp wkh gdwd/ dqg vhw k ' f��� +zklfk

lv htxlydohqw wr � � q lq rxu prgho,/ vlqfh wklv lv wkh vkduh ri fdslwdo lq wkh prgho1 ~

lv fkrvhq wr pdwfk wkh uhohydqw zdjh suhplxp revhuyhg lq wkh Xqlwhg Vwdwhv1 Jlyhq

gSc uScMSc ~ dqg kc zh fdq fdofxodwh JGS shu zrunhu dv suhglfwhg e| wkh qhrfodvvlfdo

ehqfkpdun prgho/ 	+S
��

'
t
S
��

uSnMS / dqg zh fkrrvh ' wr qrupdol}h 	+L7
��

' �1

Lq frqwudvw/ lq rxu prgho rxwsxw shu zrunhu/ 	+S
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c +55,

zkhuh wkh ohyho ri �u lv vhw wr qrupdol}h 	+L7
�~

' �14: Lq rxu edvholqh sdudphwhul}dwlrq/ zh

wuhdw wkh Xqlwhg Vwdwhv dv wkh Qruwk/ dqg vhw �M*�u ' ~ML7*uL7 +vhh htxdwlrq +49,,1

Zh xvh gl�huhqfhv lq vfkrrolqj lq 4<;8 iurp wkh Eduur0Ohh gdwd vhw wr fdswxuh gli0

ihuhqfhv lq wkh vxsso| ri vnloohg zrunhuv dfurvv frxqwulhv14; Wr uhgxfh wkh vhqvlwlylw| ri

rxu uhvxowv wr phdvxuhphqw huuru dqg duelwudu| fkrlfh lqyroyhg lq euhdnlqj wkh srsxodwlrq

lqwr wzr vnloo jurxsv/ zh frqvwuxfw irxu gl�huhqw phdvxuhv iru M*u iurp wklv gdwd vhw1

Wkh �uvw lv wkh udwlr ri wkh srsxodwlrq ryhu 58 zlwk dw ohdvw sulpdu| vfkrro dwwdlqphqw wr

wkrvh ryhu 58 zlwk qr sulpdu| vfkrro dwwdlqphqw1 Wkh vhfrqg lv wkh udwlr ri wkrvh zlwk

vhfrqgdu| vfkrro dwwdlqphqw wr wkrvh zlwkrxw1 Wkh wklug xvhv vhfrqgdu| frpsohwlrq lq0

vwhdg/ dqg wkh irxuwk xvhv froohjh dwwhqgdqfh1 Vhfrqgdu| vfkrrolqj ru froohjh dwwhqgdqfh

ehwwhu dssur{lpdwh gl�huhqfhv ehwzhhq vnloohg dqg xqvnloohg zrunhuv hpskdvl}hg lq rxu

prgho1 Qhyhuwkhohvv/ wr rewdlq d kljko| frqvhuydwlyh hvwlpdwh ri wkh gl�huhqfhv lq wkh

vxsso| ri vnloohg zrunhuv ehwzhhq wkh Qruwk dqg wkh Vrxwk/ zh dovr orrn dw sulpdu| vfkrro

dwwdlqphqw/ zklfk plqlpl}hv wkh furvv0frxqwu| yduldelolw| lq vnloov1

Zh xvh rxwsxw shu zrunhu dqg fdslwdo shu zrunhu iru 4<;; fdofxodwhg iurp wkh

Vxpphuv0Khvwrq gdwd vhw14< Ilqdoo|/ zh qhhg wr ghwhuplqh wkh sdudphwhu/ ~/ uhodwlyh

surgxfwlylw| ri vnloohg zrunhuv1 Lq rxu prgho wklv lv wkh vnloo suhplxp lq wkh Qruwk +vhh

Vhfwlrq LL1F,1 Lq wkh Xqlwhg Vwdwhv/ wkh phdq hduqlqjv ri zrunhuv zlwk kljk vfkrro dwwdlq0

phqw +43wk judgh, ru pruh glylghg e| wkh phdq hduqlqjv ri zrunhuv zlwk qr kljk vfkrro

dwwdlqphqw +<wk judgh ru ohvv, lv ryhu 5/ zkloh wkh phdq hduqlqjv ri ixoo wlph zrunhuv zlwk

vrph froohjh ru pruh glylghg e| wkh phdq hduqlqjv ri ixoo wlph zrunhuv zlwk qr froohjh lv

dssur{lpdwho| 41:8 +doo qxpehuv fdofxodwhg iurp Fxuuhqw Srsxodwlrq Vxuyh| ri wkh Xqlwhg

Vwdwhv ^4<<9`,1 Zh xvh ~ ' ��H dv dq xsshu erxqg ri wkh uhodwlyh surgxfwlylw| ri vnloohg

4:Wr rewdlq wkh vhfrqg olqh ri +55,/ xvh +l, wkh htxloleulxp frqglwlrq wkdw wkh sulfh ri fdslwdo lv htxdo
wr lwv pdujlqdo surgxfw/ l1h1/
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4;Zhe dgguhvv iru Eduur0Ohh gdwd kwws=22zzz1zruogedqn1ruj2kwpo2sugpj2juwkzhe2ggeduoh51kwp/ vhh
dovr Eduur dqg Ohh ^4<<6`1 Zh dovr uhshdwhg wkh vdph h{huflvh xvlqj vfkrrolqj gdwd iru 4<<3/ zklfk pd|
eh ohvv dssursuldwh vlqfh rxwsxw dqg fdslwdo gdwd duh iru 4<;;1 Wkh uhvxowv zhuh yhu| vlplodu1 Zh
kdyh dovr h{shulphqwhg zlwk rwkhu phdvxuhv ri vnloov wkdw xvh dyhudjh |hduv ri vfkrrolqj udwkhu wkdq wkh
iudfwlrq ri wkh srsxodwlrq zlwk ydulrxv ghjuhhv1 Wkh uhvxowv zhuh rqfh djdlq yhu| vlplodu1

4<Wkhvh duh dv frqvwuxfwhg e| Kdoo dqg Mrqhv ^4<<<`/ zlwk d fruuhfwlrq iru wkh frqwulexwlrq ri wkh
plqlqj vhfwru1 Ghvfulswlyh vwdwlvwlfv iru wklv vdpsoh zhuh jlyhq lq Wdeoh D4 ri rxu zrunlqj sdshu yhuvlrq/
Dfhprjox dqg ]lolerwwl ^4<<<`/ dqg wr vdyh vsdfh/ zh gr qrw uhsruw wkrvh khuh1
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zrunhuv1 Zh dovr xvh ~ ' ��D/ zklfk zh ylhz dv d pruh uhdvrqdeoh hvwlpdwh ri wkh uhodwlyh

surgxfwlylw| ri �vnloohg� zrunhuv/ hvshfldoo| zkhq zh xvh vhfrqgdu| vfkrro dwwdlqphqw1

Lq idfw/ wkh dyhudjh hduqlqjv ri wkrvh zlwk kljk vfkrro dwwdlqphqw dqg frpsohwlrq wr wkrvh

zlwk qr kljk vfkrro +ohvv wkdq <wk judgh, lq wkh Xqlwhg Vwdwhv lv dssur{lpdwho| 418153

Rxu pdlq uhvxowv duh uhsruwhg lq Wdeoh 71 Wkh �uvw wkuhh froxpqv uhihu wr wkh qhrfodv0

vlfdo prgho/ zkloh froxpqv 709 uhihu wr rxu prgho xvlqj wkh Xqlwhg Vwdwhv dv wkh Qruwk1

Urzv uhihu wr gl�huhqw phdvxuhv ri vnloo vxsso| dqg wr gl�huhqw ydoxhv ri wkh sdudphwhu

~1 Zh uhsruw wkuhh vwdwlvwlfv iru hdfk h{shulphqw/ 	+u(�/ 	+D|�3 dqg ?2
r
1 	+u(� ghqrwhv

wkh dyhudjh JGS shu zrunhu uhodwlyh wr wkh Xqlwhg Vwdwhv dprqj wkh �OGFv� +wkh :<

srruhvw frxqwulhv lq wkh vdpsoh,/ dqg 	+D|�3 ghqrwhv rxwsxw shu zrunhu uhodwlyh wr wkh

Xqlwhg Vwdwhv lq wkh 8wk srruhvw frxqwu| lq wkh vdpsoh1 ?2
r
/ �frqvwudlqhg -2�/ lv d pruh

jhqhudo phdvxuh ri jrrgqhvv ri �w1 Lq sduwlfxodu/ ohw +S ghqrwh rxwsxw shu zrunhu iurp

wkh gdwd dqg r 5 i��c�~j/ wkhq zh gh�qh ?2
r
' ��

S
S E+

S � +S
r
�2 *

S
E+S�21 Wklv lv wkh

�-2� iurp d uhjuhvvlrq ri rxwsxw shu zrunhu lq wkh gdwd rq suhglfwhg ydoxhv zkhq zh

frqvwudlq wkh vorsh wr eh htxdo wr � dqg wkh frqvwdqw wr eh f1 ?2 zrxog eh htxdo wr �/ li

wkhuh zhuh d shuihfw �w ehwzhhq wkh prgho dqg wkh gdwd/ wkrxjk wklv phdvxuh frxog dovr

eh qhjdwlyh li wkh �w zhuh sduwlfxoduo| edg1

Wkh dyhudjh rxwsxw shu zrunhu dprqj wkh OGFv lq wkh vdpsoh lv derxw 4< shufhqw

ri wkh Xqlwhg Vwdwhv/ dqg rxwsxw shu zrunhu lq wkh �iwk srruhvw frxqwu| lv derxw 4263wk

ri wkh X1V1 ohyho1 Wkh qhrfodvvlfdo prgho suhglfwv dyhudjh rxwsxw dprqj wkh OGFv wr eh

ehwzhhq 73 shufhqw dqg 83 shufhqw/ dqg rxwsxw shu zrunhu lq wkh �iwk srruhvw frxqwu|

wr eh ehwzhhq 428wk dqg 42:wk ri wkh X1V1 ohyho1 Olnh wkh qhrfodvvlfdo prgho/ rxu prgho

xqghuhvwlpdwhv wkh surgxfwlylw| jds ehwzhhq ulfk dqg srru frxqwulhv/ exw pxfk ohvv vr1

Zkhq wkh vnloo hqgrzphqw lv phdvxuhg e| vhfrqgdu| vfkrro dwwdlqphqw ru frpsohwlrq/ rxu

prgho suhglfwv rxwsxw shu zrunhu gl�huhqfhv txlwh vlplodu wr wkrvh zklfk zh revhuyh lq wkh

gdwd1 Iru h{dpsoh/ zlwk vhfrqgdu| vfkrro dwwdlqphqw dqg ~ ' ��D/ zh rewdlq 	+u(�
�~

' f�2H

dqg 	+D|�3
�~

' f�fD1 Lq frqwudvw/ zlwk wkh vdph sdudphwhu ydoxhv/ wkh qhrfodvvlfdo prgho

lpsolhv 	+u(�
��

' f�e� dqg 	+D|�3
��

' f��S154 Xvlqj rwkhu phdvxuhv ri uhodwlyh vnloo vxsso| dqg

rwkhu ydoxhv ri ~ |lhog vlplodu uhvxowv/ frqvlvwhqwo| ehwwhu zlwk gluhfwhg whfkqlfdo fkdqjh

wkdq zlwk wkh qhrfodvvlfdo prgho1

53Uhvxowv zlwk ydoxhv ri ] ohvv wkdq 418 jlyh dovr yhu| vlplodu uhvxowv1
54H{suhvvhg dowhuqdwlyho|/ wr h{sodlq wkh furvv0frxqwu| yduldwlrqv zlwk ] @ 4=8 dqg vhfrqgdu| vfkrro

dwwdlqphqw dv wkh phdvxuh ri vnloov/ wkh qhrfodvvlfdo prgho qhhgv WIS/T lq htxdwlrq +54,/ wr eh 87 shufhqw
orzhu lq wkh OGFv wkdq lq wkh X1V1 +uhfdoo wkdw rxwsxw lq wkh OGF lv rq dyhudjh 4< shufhqw ri wkdw lq
wkh X1V1/ dqg wkh qhrfodvvlfdo prgho suhglfwv lw wr eh 74 shufhqw ri wkh X1V1> 3=87 @ 4� +3=4<@3=74,,1 Lq
frqwudvw/ iru rxu prgho wr h{sodlq wkh gdwd/ zh zrxog qhhg wkh OGFv wr kdyh 63 shufhqw orzhu WIS wkdq
wkh X1V1 iru rwkhu uhdvrqv +3=63 @ 4� +3=4<@3=5:,,1 Urxjko| vshdnlqj/ wkhuhiruh/ wklv h{huflvh vxjjhvwv
wkdw rxu phfkdqlvp fdq dffrxqw iru rqh0wklug wr d kdoi ri wkh WIS jds ehwzhhq wkh X1V1 dqg wkh OGFv
+vhh dovr irrwqrwh 48,1
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Wkh qhrfodvvlfdo prgho dovr dsshduv wr shuirup uhdvrqdeo| zhoo zkhq zh orrn dw

wkh frqvwudlqhg -2 phdvxuh1 Wklv lv ehfdxvh gl�huhqfhv lq sk|vlfdo dqg kxpdq fdslwdo

duh lpsruwdqw ghwhuplqdqwv ri rxwsxw shu zrunhu1 Iru h{dpsoh/ xvlqj vhfrqgdu| vfkrro

dwwdlqphqw dqg ~ ' ��D/ zh rewdlq?2
��

' f�.e/ wkrxjk wkh �w lv orzhu zlwk wkh dowhuqdwlyh

phdvxuhv1 Lqfrusrudwlqj wkh idfw wkdw whfkqrorjlhv duh qrw dssursuldwh wr wkh OGFv* qhhgv

lpsuryhv wkh �w vxevwdqwldoo|> zlwk vhfrqgdu| vfkrro phdvxuh/ ~ ' ��D dqg wkh Xqlwhg

Vwdwhv dv wkh Qruwk/ wkh frqvwudlqhg -2 ulvhv wr ?2
�~

' f�b�155

Iljxuhv 7 dqg 8 sorw rxwsxw shu zrunhu/ +S/ dqg wkh suhglfwhg ydoxhv iurp wkh wzr

prghov/ 	+S
��

dqg 	+S
�~
1 Wkh| vkrz/ rqfh djdlq/ wkdw rxu phfkdqlvp frqwulexwhv vljqli0

lfdqwo| wr gl�huhqfhv lq rxwsxw shu zrunhu +uhfdoo wkdw +L7 ' 	+L7
��

' 	+S
�~

' �,1 Wkh

qhrfodvvlfdo prgho v|vwhpdwlfdoo| xqghusuhglfwv wkh gl�huhqfhv lq rxwsxw shu zrunhu eh0

wzhhq wkh Xqlwhg Vwdwhv dqg wkh OGFv> lq Iljxuh 7 doprvw doo srlqwv duh deryh wkh 78f

olqh1 Lq frqwudvw/ rxu prgho suhglfwv gl�huhqfhv lq olqh zlwk wkrvh lq wkh gdwd/ dqg lq

Iljxuh 8/ wkh forxg ri srlqwv vkliwv wrzdugv wkh 78f olqh1 Zh wkhuhiruh frqfoxgh wkdw wkh

plvpdwfk ehwzhhq wkh whfkqrorjlhv ghyhorshg lq wkh Qruwk dqg wkh vnloov ri wkh OGFv

frxog eh dq lpsruwdqw idfwru lq h{sodlqlqj wkh odujh gl�huhqfhv lq rxwsxw shu zrunhu dqg

lqfrph shu fdslwd dfurvv frxqwulhv1

Dowkrxjk zh eholhyh wkdw qhz whfkqrorjlhv ehlqj gluhfwhg dw wkh X1V1 pdunhw lv d jrrg

dssur{lpdwlrq/ lw pd| h{djjhudwh lqdssursuldwhqhvv ri qhz whfkqrorjlhv wr wkh OGFv*

qhhgv1 Iru wklv uhdvrq/ zh dovr uhsruw uhvxowv xvlqj frxqwulhv zlwk d JGS shu zrunhu

kljkhu wkdq '53/333 lq 4<;; dv wkh wdujhw ri qhz whfkqrorjlhv +vhh Wdeoh 8/ froxpqv

406,1 Pruh suhflvho|/ zh vhw �M*�u ' ~
�
M*u

�
o�S�

c zkhuh
�
M*u

�
o�S�

lv d zhljkwhg

dyhudjh ri wkh qxpehu ri vnloohg dqg xqvnloohg zrunhuv lq wkh ulfk frxqwulhv xvlqj fdslwdo

vwrfnv dv zhljkwv +dv lpsolhg e| rxu prgho,1 Lq wklv fdvh wrr/ rxu prgho shuirupv

vxevwdqwldoo| ehwwhu wkdq wkh qhrfodvvlfdo prgho1 Iru h{dpsoh/ zlwk whfkqlfdo fkdqjh

gluhfwhg dw dq dyhudjh ulfk hfrqrp|*v qhhgv/ ~ ' ��D dqg vhfrqgdu| vfkrro dwwdlqphqw/

zh rewdlq 	+u(�
�~

' f��� dqg 	+D|�3
�~

' f�f. dv frpsduhg wr 	+u(�
��

' f�e�/ 	+D|�3
��

' f��S iru wkh

qhrfodvvlfdo prgho1 Wkhvh uhvxowv duh rqo| voljkwo| zruvh wkdq wkh uhvxowv zkhq whfkqlfdo

fkdqjh zdv gluhfwhg dw wkh Xqlwhg Vwdwhv dorqh1

Ilqdoo|/ wr dvvhvv wkh lpsruwdqfh ri gluhfwhg whfkqlfdo fkdqjh lq wkhvh uhvxowv/ zh

fdofxodwh wkh suhglfwlrqv ri wkh prgho lq wkh fdvh zkhuh whfkqrorjlhv duh gluhfwhg dw wkh

dyhudjh OGF +JGS shu zrunhu ehorz '53/333 lq 4<<3 X1V1 Grooduv, udwkhu wkdq iru wkh

Xqlwhg Vwdwhv ru wkh ulfk hfrqrplhv1 Iru wklv sxusrvh/ zh fkrrvh �M*�u ' ~
�
M*u

�
u(�

/

55Wkh txdqwlwdwlyh uhvxowv duh fohduo| vhqvlwlyh wr vrph ri wkh dvvxpswlrqv hpehgghg lq lq rxu prgho1
Iru h{dpsoh/ rxu prgho lpsolhv wkdw wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq vnloohg dqg xqvnloohg zrunhuv lv
htxdo wr 51 Prgli|lqj wkh surgxfwlrq ixqfwlrq/ htxdwlrq +5,/ dqg wkh suhihuhqfhv/ htxdwlrq +4,/ fkdqjhv
wklv hodvwlflw| ri vxevwlwxwlrq/ dqg d�hfwv wkh �w ri wkh prgho1 Lq doo fdvhv/ krzhyhu/ rxu prgho shuirupv
ehwwhu wkdq wkh qhrfodvvlfdo dowhuqdwlyh1
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zkhuh
�
M*u

�
u(�

lv wkh dyhudjh vnloo hqgrzphqw ri wkh :< srruhvw frxqwulhv lq wkh vdpsoh1

Wkh uhvxowv duh uhsruwhg lq froxpqv 709 ri Wdeoh 81 Zlwk vnloov phdvxuhg e| vhfrqgdu|

vfkrro dwwdlqphqw dqg ~ ' ��D/ iru lqvwdqfh/ zh rewdlq wkdw wkh dyhudjh rxwsxw shu

zrunhu lq wkh OGFv zrxog eh 79 shufhqw ri wkh X1V1 ohyho lqvwhdg ri 5; shufhqw suhglfwhg

e| rxu prgho zkhq wkh Qruwk lv wdnhq wr eh wkh Xqlwhg Vwdwhv1 Ixuwkhupruh/ ?2 ' f�D./

lqvwhdg ri ?2 ' f�b� dv zdv wkh fdvh zkhq whfkqlfdo fkdqjh lv gluhfwhg wr wkh Xqlwhg

Vwdwhv1 Gluhfwhg whfkqlfdo fkdqjh lv dovr yhu| lpsruwdqw zkhq zh xvh wkh kljkhu hgxfdwlrq

dwwdlqphqw phdvxuh/ wkrxjk vxevwdqwldoo| ohvv vr zkhq vnloov duh phdvxuhg e| sulpdu|

hgxfdwlrq dwwdlqphqw156 Lqwhuhvwlqjo|/ qrw rqo| grhv wkh prgho zlwk whfkqlfdo fkdqjh

gluhfwhg wrzdugv wkh OGFv shuirupv zruvh wkdq rxu ehqfkpdun/ exw lw shuirupv w|slfdoo|

zruvh wkdq wkh qhrfodvvlfdo prgho +vhh froxpqv 406 ri Wdeoh 7,1 Wkhvh uhvxowv wkhuhiruh

ghprqvwudwh wkdw gluhfwhg whfkqlfdo fkdqjh/ wrzdugv Qruwk*v qhhgv/ lv fhqwudo iru rxu

uhvxowv1

LY1 H{whqvlrqv

Lq wklv vhfwlrq/ zh eulh | glvfxvv d qxpehu ri h{whqvlrqv wr rxu edvlf iudphzrun1

Wkh zrunlqj sdshu yhuvlrq ri wkh sdshu/ Dfhprjox dqg ]lolerwwl ^4<<<`/ surylghv d pruh

ghwdlohg dqdo|vlv ri wkhvh lvvxhv1

Iluvw/ lw lv vwudljkwiruzdug wr jhqhudol}h wkh prgho wr lqfoxgh lqwhuqdwlrqdo wudgh1 Wkh

pdlq uhvxow ri wklv h{huflvh lv wkdw lqwhuqdwlrqdo wudgh ohdgv wr surgxfwlylw| frqyhujhqfh/

exw fdxvhv glyhujhqfh lq rxwsxw shu zrunhu1

Wr vhh wklv/ eulh | frqvlghu d zruog zkhuh doo frpprglwlhv � 5 dfc �o duh wudghg

lqwhuqdwlrqdoo|/ dqg dvvxph Br ' � iru vlpsolflw|1 Ehfdxvh sdwhqwv duh qrw hqirufhg

lqwhuqdwlrqdoo|/ wkh edodqfhg jurzwk htxloleulxp frqglwlrq/ +48,/ lv xqfkdqjhg> Qruwkhuq

U)G �upv frqwlqxh wr frqvlghu M? dqg u? dv wkhlu pdunhwv1 Wkxv/ +zruog, sulfhv/ �A

M

dqg �A

u
/ kdyh wr dgmxvw wr vdwlvi| +48,1 Wklv lpsolhv wkdw lq wkh EJS/ zruog uhodwlyh

sulfhv zloo rqo| ghshqg rq wkh idfwru hqgrzphqw ri wkh Qruwk= �A

M
*�A

u
' E~M?*u?�3q1

Qh{w/ qrwlfh wkdw zlwk lqwhuqdwlrqdo wudgh/ frpprglw| sulfhv duh htxdol}hg lq doo frxqwulhv1

Vlqfh gl�huhqw frpprglwlhv fdq eh surgxfhg e| vnloohg ru xqvnloohg zrunhuv rqo|/ idfwru

sulfh htxdol}dwlrq lv dozd|v jxdudqwhhg1 Dv d uhvxow/ frxqwulhv zloo qrz dgrsw wkh vdph

whfkqrorj| +vdph wkuhvkrog aA ,1 Pruh vshfl�fdoo|/

�A

M

�A

u

'

#
aA

�� aA

$q

'

#
�A

M

�A

u

~M�

u�

$
3q*2

c +56,

56Wklv lv ehfdxvh hyhq lq wkh OGF vdpsoh dyhudjh sulpdu| vfkrro dwwdlqphqw lv txlwh kljk/ zkloh wkhuh
duh d qxpehu ri frxqwulhv zlwk yhu| orz dwwdlqphqw1 Li/ lqvwhdg ri orrnlqj dw whfkqlfdo fkdqjh gluhfwhg dw
wkh dyhudjh OGF/ zh frqvlghu whfkqlfdo fkdqjh gluhfwhg dw wkh phgldq OGF/ wkh uhvxowv duh yhu| gl�huhqw
iurp wkh fdvh zkhuh lqqrydwlrqv duh gluhfwhg dw wkh ulfk hfrqrplhv1
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zkhuh u� ' ur n u? dqg M� ' Mr n M? duh wkh zruog vxssolhv1 Frpelqlqj +56, zlwk

+48,/ zh rewdlq wkh htxloleulxp uhodwlyh vnloo0eldv ri zruog whfkqrorj| dv

�A

M

�A

u

'
�
~M?

u?

��*2 %M?

u?

�
M�

u�

�3�&�*2
� +57,

�A

M
*�A

u
lv odujhu wkdq wkh forvhg hfrqrp| udwlr/ vlqfh EM?*u?� : EM�*u��1 Lqwxlwlyho|/

wklv lv ehfdxvh wkh lqwhjudwhg zruog hfrqrp| lv pruh vnloo0vfdufh wkdq wkh Qruwk dorqh1

Wklv uhvxow lpsolhv wkdw wudgh lqgxfhv vnloo0eldvhg whfkqlfdo fkdqjh157 Pruh vshfl�fdoo|/

wkh gluhfwlrq ri whfkqlfdo fkdqjh ghshqgv rq wkh uhodwlyh pdunhw vl}hv/ M*u/ dqg uhodwlyh

sulfhv/ �M*�u +uhfdoo Zu dqg ZM deryh,1 Pdunhw vl}hv iru whfkqrorjlhv gr qrw fkdqjh/

ehfdxvh lqyhqwruv frqwlqxh wr vhoo wkhlu pdfklqhv lq wkh Qruwk rqo|1 Exw wudgh/ dw �uvw/

lqfuhdvhv wkh uhodwlyh sulfh ri vnloo lqwhqvlyh jrrgv +vhh htxdwlrq +56, dw d jlyhq �M*�u,1

Wklv pdnhv vnloo0frpsohphqwdu| lqqrydwlrqv pruh sur�wdeoh dqg dffhohudwhv wkh fuhdwlrq

ri vnloo0frpsohphqwdu| pdfklqhv1 Vlqfh whfkqrorjlhv duh qrz pruh vnloo0eldvhg/ vnloohg

zrunhuv kdyh kljkhu uhodwlyh surgxfwlylwlhv dqg zdjhv frpsduhg wr wkhlu Vrxwkhuq frxq0

whusduwv1 Wudgh wkhuhiruh xqdpeljxrxvo| dpsol�hv lqfrph gl�huhqfhv ehwzhhq wkh Vrxwk

dqg wkh Qruwk1 Dv zh vdz deryh/ wudgh lqgxfhv qhz whfkqrorjlhv wr eh ixuwkhu eldvhg

wrzdugv vnloohg zrunhuv1 Wklv uhgxfhv wkh surgxfwlylw| ri xqvnloohg zrunhuv erwk lq wkh

Vrxwk dqg wkh Qruwk/ dqg ehfdxvh wkh Vrxwk lv pruh dexqgdqw lq xqvnloohg zrunhuv/ lwv

uhodwlyh lqfrph zlwk uhvshfw wr wkh Qruwk ghwhulrudwhv diwhu wklv fkdqjh1

Ghvslwh fdxvlqj glyhujhqfh lq rxwsxw shu zrunhu/ wudgh dovr ohdgv wr frqyhujhqfh lq

rxwsxw shu h!flhqf| xqlw ri oderu dqg lq WIS1 Wkh gl�huhqfh ehwzhhq wkhvh wzr vhwv

ri uhvxowv lv gxh wr fkdqjhv lq idfwru sulfhv fdxvhg e| wudgh1 Lq idfw/ qrw rqo| gr WIS

gl�huhqfhv ghfuhdvh/ exw wkh| dfwxdoo| glvdsshdu1 Wkh uhdvrq iru WIS htxdol}dwlrq lv

idfwru sulfh htxdol}dwlrq1 WIS lv orz lq wkh Vrxwk zkhq xqvnloohg zrunhuv shuirup wdvnv

iru zklfk wkh| kdyh olwwoh frpsdudwlyh dgydqwdjh1 Frpprglw| wudgh/ krzhyhu/ hqvxuhv

idfwru sulfh htxdol}dwlrq dqg lqgxfhv �upv lq wkh Vrxwk wr hpsor| xqvnloohg zrunhuv rqo|

lq wkh wdvnv shuiruphg e| xqvnloohg zrunhuv lq wkh Qruwk1 Vlqfh wkh surgxfwlylw| ri

xqvnloohg zrunhuv lq wkhvh vhfwruv lv wkh vdph lq wkh Qruwk dqg wkh Vrxwk/ dqg olnhzlvh iru

vnloohg zrunhuv/ WIS gl�huhqfhv glvdsshdu1 Qdwxudoo|/ lq wkh devhqfh ri ixoo idfwru sulfh

htxdol}dwlrq/ wkhuh zloo frqwlqxh wr eh WIS gl�huhqfhv ehwzhhq wkh Qruwk dqg wkh Vrxwk

+vhh Dfhprjox dqg ]lolerwwl/ ^4<<<`,

Vhfrqg/ rxu dvvxpswlrq ri qr surshuw| uljkwv lq wkh Vrxwk lv fohduo| xquhdolvwlf1

Dowkrxjk wkh lqwhoohfwxdo surshuw| uljkwv ri Qruwkhuq frpsdqlhv pd| eh ohvv yljrurxvo|

surwhfwhg lq wkh Vrxwk wkdq lq Qruwk/ wkh| vwloo uhfhlyh ur|dowlhv dqg hqwhu lqwr mrlqw

57Wklv srvvlelolw| zdv �uvw udlvhg e| Zrrg ^4<<7`/ wkrxjk zlwkrxw surylglqj d phfkdqlvp iru lw1
Dfhprjox ^4<<;` dqg ^4<<<` ghprqvwudwh wkdw wudgh fdq lqgxfh vnloo0eldvhg whfkqlfdo fkdqjh lq d uhodwhg
prgho1
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sduwqhuvklsv zlwk orfdo �upv1 Lw lv wkhuhiruh lqvwuxfwlyh wr lqyhvwljdwh krz rxu uhvxowv

fkdqjh zkhq surshuw| uljkwv duh hqirufhg lq wkh Vrxwk1

D qxpehu ri lpsruwdqw frqfoxvlrqv iroorz iurp wklv dqdo|vlv1 Wkh suhvhqfh ri surs0

huw| uljkwv lq wkh Vrxwk lqgxfhv wkh Qruwk wr ghyhors whfkqrorjlhv wkdw duh pruh dssur0

suldwh wr wkh Vrxwk*v qhhgv +dv dovr srlqwhg rxw e| Glzdq dqg Urguln ^4<<4`,1 Wkhuh

lv qr jxdudqwhh/ krzhyhu/ wkdw hyhq zlwk ixoo hqirufhphqw ri lqwhoohfwxdo surshuw| uljkwv/

htxloleulxp whfkqrorjlhv zloo eh htxdoo| dssursuldwh wr wkh Vrxwk*v qhhgv dv wkh Qruwk*v

qhhgv1 Wklv zloo ghshqg rq zkhwkhu wkh Vrxwk ru wkh Qruwk lv d pruh lpsruwdqw pdunhw

iru qhz whfkqrorjlhv1 Dowkrxjk/ lq sudfwlfh/ wkh Vrxwk lv pruh srsxorxv/ zkdw pdwwhuv

lv krz pxfk surgxfhuv duh zloolqj wr sd| iru qhz whfkqrorjlhv/ zklfk lq rxu prgho lv

ghwhuplqhg e| wkh uhodwlyh sulfh ri fdslwdo/ B1 Iru h{dpsoh/ li B lv kljk lq wkh Vrxwk gxh

wr glvwruwlrqv/ wkh uhodwlyh sulfh ri fdslwdo jrrgv lq wkh Vrxwk zloo eh vxevwdqwldoo| kljkhu

wkdq lq wkh Qruwk dqg vhoolqj pdfklqhv wr wkh Qruwkhuq pdunhw zloo eh pruh sur�wdeoh1

Lq wklv fdvh/ rxu txdolwdwlyh uhvxowv frqwlqxh wr krog1 Lq sudfwlfh/ wkhuh duh dovr d qxpehu

ri rwkhu uhdvrqv iru zk| wkh pdunhw iru qhz whfkqrorjlhv pd| eh odujhu lq wkh Qruwk/

lqfoxglqj vpdoohu pdunhwv iru qhz jrrgv lq wkh OGFv/ fuhglw pdunhw sureohpv/ ru jhqhudo

ghod|v lq wkh dgdswdwlrq ri qhz whfkqrorjlhv wr wkh frqglwlrqv lq wkh Vrxwk1

Zk| zrxog Vrxwkhuq frxqwulhv qrw hqirufh lqwhoohfwxdo surshuw| uljkwvB Iluvw ri

doo/ hyhq wkrxjk Vrxwkhuq frxqwulhv ehqh�w iurp pruh dssursuldwh whfkqrorjlhv/ zkhq

surshuw| uljkwv duh hqirufhg/ wkh| zloo dovr kdyh wr sd| kljkhu sulfhv1 Vr lw lv qrw fohdu

zkhwkhu wkh| zrxog ehqh�w rq wkh zkroh1 Pruh lqwhuhvwlqjo|/ hyhq li wkh Vrxwk zrxog

ehqh�w ryhudoo iurp wkh hqirufhphqw ri lqwhoohfwxdo surshuw| uljkwv/ wkhuh lv d sulvrqhu*v

glohppd dprqj Vrxwkhuq frxqwulhv1 Hdfk frxqwu| suhihuv rwkhuv wr hqirufh surshuw|

uljkwv wr hqfrxudjh Qruwkhuq surgxfhuv wr ghyhors whfkqrorjlhv dssursuldwh wr wkh Vrxwk*v

qhhgv ryhudoo/ exw lw zloo qrw kdyh dq lqfhqwlyh wr hqirufh wkhvh surshuw| uljkwv lwvhoi1

Wklv vxjjhvwv wkdw wkhuh pd| eh d uroh iru lqwhuqdwlrqdo rujdql}dwlrqv lq frruglqdwlqj wkh

hqirufhphqw ri lqwhoohfwxdo surshuw| uljkwv ru lq hqfrxudjlqj wkh surgxfwlrq ri whfkqrorjlhv

dssursuldwh wr wkh frqglwlrqv lq wkh Vrxwk1

Ilqdoo|/ zh kdyh dvvxphg wkurxjkrxw wkdw doo lqgxvwulhv dozd|v xvh wkh iurqwlhu whfk0

qrorj|1 Pdq| ri rxu h{dpsohv vxjjhvw/ krzhyhu/ wkdw surgxfhuv lq wkh OGFv riwhq suhihu

wr xvh edfnzdug whfkqrorjlhv zkhq iurqwlhu whfkqrorjlhv duh qrw dssursuldwh wr wkhlu vnloo

edvh1 Lw lv vwudljkwiruzdug wr lqfrusrudwh wklv srvvlelolw| lqwr rxu vhw xs e| doorzlqj ohvv

vnloo lqwhqvlyh orfdo whfkqrorjlhv wr eh xvhg vlpxowdqhrxvo|1 Lq wkh suhylrxv yhuvlrq ri wkh

sdshu/ zh vkrzhg wkdw dv orqj dv wkhvh orfdo whfkqrorjlhv lpsuryh ohvv udslgo| wkdq wkh

iurqwlhu whfkqrorj|/ zklfk vhhpv uhdvrqdeoh/ vnloo0vfdufh frxqwulhv pd| xvh orfdo whfkqror0

jlhv dw �uvw/ exw hyhqwxdoo|/ doo orfdo whfkqrorjlhv zloo eh dedqgrqhg1 Gxulqj wklv surfhvv

ri vzlwfklqj iurp orfdo wr iurqwlhu whfkqrorjlhv/ wkhuh zloo eh idvwhu frqyhujhqfh ehwzhhq
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wkh Vrxwk dqg wkh Qruwk1

Y1 Frqfoxvlrq

H{lvwlqj h{sodqdwlrqv iru surgxfwlylw| gl�huhqfhv dfurvv frxqwulhv hpskdvl}h eduulhuv

wr whfkqrorj| wudqvihu +h1j1/ Sduhqwh dqg Suhvfrww ^4<<7`,1 Lq frqwudvw/ zh kdyh sur0

srvhg d prgho zkhuh surgxfwlylw| gl�huhqfhv ehwzhhq wkh ohvv ghyhorshg dqg dgydqfhg

hfrqrplhv dulvh hyhq lq wkh devhqfh ri vxfk eduulhuv1 Wkh Qruwk kdv pruh vnloohg zrunhuv/

dqg hpsor|v wkhp lq wdvnv shuiruphg e| xqvnloohg zrunhuv lq wkh Vrxwk1 Ixuwkhupruh/

zh pdgh wzr fuxfldo/ exw sodxvleoh/ dvvxpswlrqv= prvw qhz whfkqrorjlhv duh ghyhorshg lq

wkh Qruwk/ dqg whfkqlfdo fkdqjh lv gluhfwhg/ lq wkh vhqvh wkdw pruh sur�wdeoh whfkqrorjlhv

jhw ghyhorshg dqg xsjudghg idvwhu1 Wkh odujhu vxsso| ri vnloov lq wkh Qruwk lpsolhv wkdw

qhz whfkqrorjlhv duh uhodwlyho| vnloo0frpsohphqwdu|/ zkhuhdv wkh Vrxwk/ zklfk hpsor|v

xqvnloohg zrunhuv lq prvw wdvnv dqg vhfwruv/ qhhgv pruh oderu0frpsohphqwdu| whfkqror0

jlhv1 Wklv plvpdwfk ehwzhhq wkh vnloov ri wkh Vrxwk dqg whfkqrorjlhv lpsruwhg iurp wkh

Qruwk lv wkh vrxufh ri wkh surgxfwlylw| gl�huhqfhv/ dqg dpsol�hv wkh gl�huhqfhv lq rxwsxw

shu zrunhu1

Rxu fdofxodwlrqv lqglfdwh wkdw wklv whfkqrorj|0vnloo plvpdwfk pd| eh dq lpsruwdqw

idfwru lq h{sodlqlqj wkh furvv0frxqwu| lqfrph gl�huhqfhv1 Hqfrxudjlqj wkh ghyhorsphqw

ri whfkqrorjlhv pruh dssursuldwh wr wkh OGFv frxog wkhuhiruh uhgxfh wkh rxwsxw jds1 Lq

idfw/ d qxpehu ri lqwhuqdwlrqdo rujdql}dwlrqv duh douhdg| dfwlyh lq ghyhorslqj whfkqrorjlhv

xvhixo wr wkh OGFv1 Dq lqyhvwljdwlrq ri wkh hpslulfdo lpsruwdqfh ri wklv phfkdqlvp

dqg wkh ehqh�wv ri lqyhvwlqj ixuwkhu lq whfkqrorjlhv dssursuldwh iru wkh OGFv/ hlwkhu e|

lqwhuqdwlrqdo rujdql}dwlrqv ru e| sulydwh U)G �upv/ pd| eh d iuxlwixo duhd iru ixuwkhu

vwxg|1

Rxu prgho dovr vxjjhvwv wkdw li wkh whqghqf| wrzdugv pruh vnloo0eldv whfkqrorjlhv lq

wkh Xqlwhg Vwdwhv dqg rwkhu RHFG hfrqrplhv/ grfxphqwhg dprqj rwkhuv e| Ehupdq/

Erxqg dqg Pdfklq ^4<<;`/ frqwlqxhv/ lqfrph gl�huhqfhv dfurvv frxqwulhv pd| lqfuhdvh1

Wklv lv ehfdxvh ulfkhu frxqwulhv zloo ehqh�w pruh iurp wkh pruh vnloo0eldvhg whfkqrorjlhv

wkdq wkh uhodwlyho| vnloov0vfdufh OGFv1 Udlvlqj wkh vxsso| ri vnloohg zrunhuv lq wkh OGFv

zrxog eh d qdwxudo uhphg| wr frxqwhuedodqfh wklv whqghqf|1

Ilqdoo|/ whfkqrorjlhv ghyhorshg lq wkh Qruwk pd| eh lqdssursuldwh qrw rqo| wr wkh

vnloov/ exw wr d udqjh ri rwkhu frqglwlrqv suhydlolqj lq wkh Vrxwk1 Folpdwh/ wdvwhv/ fxo0

wxuhv dqg lqvwlwxwlrqv d�hfw wkh uhodwlyh surgxfwlylwlhv ri gl�huhqw whfkqrorjlhv1 Zkhwkhu

�dssursuldwhqhvv� lq wkhvh glphqvlrqv lv htxdoo| lpsruwdqw dv wkh plvpdwfk ehwzhhq

whfkqrorjlhv dqg vnloov lv prvwo| dq hpslulfdo txhvwlrq/ dqg rqh zklfk zh eholhyh ghvhuyhv

vwxg|1
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Dsshqgl{ D= Surri ri Sursrvlwlrq 4

Wkh Hxohu htxdwlrq iru lqglylgxdo xwlolw| pd{lpl}dwlrq jlyhv �� E|� *� E|� ' j3� �Eo E|�� 4�

zkhuh o E|� lv wkh lqwhuhvw udwh dw wlph |1 Lq d EJS/ frqvxpswlrq/ rxwsxw dqg doo ydulhwlhv

ri pdfklqhv jurz dw wkh vdph udwh/ } ' j3� � Eo � 4�1 Dv glvfxvvhg lq wkh wh{w/ lq rughu iru

�M dqg �u wr jurz dw wkh vdph udwh/ zh pxvw kdyh wkdw o ' ZM*> ' Zu*>1 Wkh xqltxh

EJS jurzwk udwh +4:, lpphgldwho| iroorzv xvlqj wkh h{suhvvlrqv iru Zu dqg ZM lq +47, 1

Frqvlghu qrz dq hfrqrp| vwduwlqj rxw ri wkh EJS1 Dvvxph wkdw E�M*�u�|f 	

~M*u1 Zh zloo suryh wkdw/ lq wklv fdvh/ ryhu dq lqwhuydo ri wlph | 5 d|fc |f n ro c fM E|� : f

dqg fu E|� ' fc ru/ htxlydohqwo|/ ��M E|� : f dqg ��u E|� ' f1

Iluvw/ qrwlfh wkdw iuhh hqwu| lpsolhv > � 4@ dTMc Tuo1 Pruhryhu/ > : T5 li dqg rqo|

li f5 ' f +dqg/ frqvhtxhqwo|/ ��5 ' f,1 Lq rughu iru wkh ydulhw| ri pdfklqhv wr h{sdqg

lq erwk vhfwruv/ zh zrxog wkhq qhhg wr kdyh > ' TM E|� ' Tu E|� iru dq lqwhuydo ri wlph1

Qrz uhzulwh +46, dv

oE|�T5E|� ' Z5E|� n �T5E|��

Wklv lpphgldwho| lpsolhv wkdw > ' TM E|� ' Tu E|� lv rqo| srvvleoh li �TM E|� ' �Tu E|� ' f1

Wklv/ lq wxuq/ zrxog uhtxluh ZM E|� ' Zu E|� ryhu wkh vdph lqwhuydo ri wlph1 Krzhyhu/

E�M*�u�|f 	 ~M*u lpphgldwho| lpsolhv wkdw E�?

M
*�?

u
�
|f
: E~M?*u?�3q/ dqg/ ZM E|f� :

Zu E|f�1 Vr > ' TM E|� ' Tu E|� iru | 5 d|fc |f n ro lv lpsrvvleoh jlyhq E�M*�u�| 	

~M?*u?1

Wkhuhiruh/ dv orqj dv E�M*�u�| 	 ~M?*u?/ zh kdyh > ' TM E|� ' ZM E|� *o E|� dqg

> : Tu E|�1 Vr ��M E|� : f dqg ��u E|� ' f� Wkxv/ wkh hfrqrp| prqrwrqlfdoo| dssurdfkhv

wkh EJS/ dqg duulyhv wkhuh lq �qlwh wlph1 Wkh dujxphqw wr vkrz wkdw dq hfrqrp| vwduwlqj

iurp E�M*�u�| : ~M?*u? frqyhujhv wr wkh EJS lv lghqwlfdo1 THG
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YL1 Dsshqgl{ E= Gdwd

D1 Qrqsurgxfwlrq Zrunhuv/ Rxwsxw dqg Fdslwdo Vwrfn Gdwd

Wkh X1Q1 Jhqhudo Lqgxvwuldo Vwdwlvwlfv gdwdvhw frqwdlqv lqirupdwlrq rq wkh hpsor|0

phqw ri surgxfwlrq +rshudwlyh, dqg qrqsurgxfwlrq zrunhuv1 Zh frqvwuxfw wkh qrqsurgxf0

wlrq zrunhuv* hpsor|phqw vkduh dv wkh qxpehu ri qrqsurgxfwlrq zrunhuv glylghg e| wrwdo

hpsor|phqw1

Wkh gdwd rq ydoxh dgghg dqg lqyhvwphqw duh lq orfdo sulfhv1 Ydoxh dgghg gdwd duh

frqyhuwhg wr 4<<3 X1V1 grooduv xvlqj wkh sxufkdvlqj srzhu sdulw| +SSS, iru JGS/ dqg

lqyhvwphqw gdwd duh frqyhuwhg wr wkh X1V1 grooduv xvlqj wkh SSS iru lqyhvwphqw1

Zh frqvwuxfw wkh fdslwdo vwrfn gdwd iurp wkh lqyhvwphqw gdwd xvlqj vwdqgdug ghsuh0

fldwlrq irupxodh1 Rxu vdpsoh lv olplwhg wr frxqwulhv zlwk lqirupdwlrq rq qrqsurgxfwlrq

zrunhuv dqg lqyhvwphqw/ exw zh gursshg Kxqju| dqg Srodqg wr irfxv rq qrq0frppxqlvw

frxqwulhv +wkh lqfoxvlrq ri wkhvh wzr frxqwulhv grhv qrw fkdqjh wkh uhvxowv,/ Jhupdq| dqg

Krqj Nrqj ehfdxvh ri gl�huhqfhv lq lqgxvwu| fodvvl�fdwlrq/ dqg �qdoo| Erolyld ehfdxvh

sureohpv zlwk lqyhvwphqw gdwd158 Wklv ohiw xv zlwk d vdpsoh ri 55 frxqwlhv/ frqvlvwlqj ri

Dxvwudold/ Dxvwuld/ Fdqdgd/ F|suxv/ Ghqpdun/ Ilqodqg/ Juhhfh/ Luhodqg/ Mdsdq/ Nruhd/

Sruwxjdo/ Vsdlq/ Xqlwhg Nlqjgrp/ XVD/ Froxpeld/ Hfxdgru/ Lqgld/ Lqgrqhvld/ Pdod|vld/

Sklolsslqhv/ Wxunh| dqg Yhqh}xhod1

D srwhqwldo sureohp zlwk wkh lqyhvwphqw gdwd lv wkdw wkhuh duh plvvlqj ydoxhv/ dqg

revhuydwlrqv vwduw lq gl�huhqw |hduv iru gl�huhqw lqgxvwulhv dqg frxqwulhv1 Zh ghdo zlwk

wklv sureohp e| lqwhusrodwlqj wkh lqyhvwphqw vhulhv iru wkh plvvlqj |hduv diwhu wkh vwduwlqj

|hdu ri wkdw lqgxvwu|0frxqwu| sdlu1 Wklv jlyhv xv dq lqyhvwphqw vhulhv iUSc�c|j iru hdfk

frxqwu|/ S/ dqg lqgxvwu|/ �/ vwduwlqj dw vrph gdwh | ' ASc�1 Iurp wkh vhulhv/ zh frqvwuxfw

wkh fdslwdo vwrfn iru 4<<3 dv iroorzv1

Zh vwduw zlwk wkh vwdqgdug fdslwdo dffxpxodwlrq htxdwlrq

gSc�c| '
|[

r'3"

E�� _�|3rUSc�c|c +58,

zkhuh _ lv wkh ghsuhfldwlrq udwh dqg/ khuh/ | ' �bbf +ru/ li wklv lv plvvlqj/ wkh prvw uhfhqw

revhuydwlrq dydlodeoh,1 Htxdwlrq +58, fdq eh uhzulwwhq dv

gSc�c| '
eUSc�c|
_

zkhuh eUSc�c| � S
|

r'3"E�� _�|3rUSc�c|S
|

r'3"E� � _�|3r
+59,

58Lqyhvwphqw rxwsxw udwlr lv h{wuhpho| kljk iru Erolyld/ vr wkh lpsolhg fdslwdo rxwsxw udwlrv duh juhdwhu
wkdq 4/333/ lqglfdwlqj wkdw wkh gdwd iru wklv frxqwu| duh qrw uholdeoh1
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lv d zhljkwhg dyhudjh lqyhvwphqw  rz/ fdofxodwhg xvlqj ghsuhfldwlrq udwhv dv zhljkwv1

Qrz vxssrvh wkdw zh gr qrw kdyh lqyhvwphqw gdwd ehiruh wlph ASc� iru wklv sduwlfxodu

frxqwu|0lqgxvwu| sdlu1 Wkhq/ zh fdofxodwh d zhljkwhg dyhudjh lqyhvwphqw  rz dqdorjrxv

wr +59, dv

eUA
Sc�c|

'

S
|

r'ASc�
E�� _�|3rUSc�c|S

|

r'ASc�
E� � _�|3r

c

Zh fdq �qdoo| frqvwuxfw dq hvwlpdwhg fdslwdo vwrfn dv ge

|
zkhuh

ge

|
'

eUA
Sc�c|

_
�

Zh fdofxodwhg rxu fdslwdo vwrfn gdwd xvlqj wklv surfhgxuh zlwk d ghsuhfldwlrq udwh ri

_ ' f�fH1 Zh fkhfnhg wkh urexvwqhvv ri wkh uhvxowv wr rwkhu ghsuhfldwlrq udwhv/ lqfoxglqj

ghsuhfldwlrq udwhv ri f��fc f�fD dqg dovr qr ghsuhfldwlrq ryhu wkh vdpsoh shulrg> wkh uhvxowv

zhuh yhu| vlplodu1

E1 Frqvwuxfwlrq ri wkh WIS Vhulhv

Fkdlq0zhljkwhg WIS/ A8��` / lv fdofxodwhg dv iroorzv1 Ohw ? 5 i�c 2c ���c 2ej ghqrwh

frxqwu| udqnv lq whupv ri lqgxvwu| �*v fdslwdo0oderu udwlr1 Ohw dovr % d?�o ghqrwh wkh ydoxh

ri yduldeoh % iru wkh frxqwu| udqnhg dv ?0wk lq lqgxvwu| �1 Zh fdofxodwh wkh �furvv0frxqwu|

jurzwk udwh� ri ydoxh dgghg shu zrunhu ++,,/ fdslwdo shu zrunhu +&,, dqg h!flhqf| xqlwv

ri oderu shu zrunhu +e,, dv

_ *L} E% d?�o� ' *L} %d?�o� *L} %d?� � �o

iru ?� : �1 Zh wkhq fdofxodwh fkdlq zhljkwhg oderu vkduh dv

�r d?�o '
7r d?�o

2
�

7r d?� � �o

2

iru ?� : �/ zkhuh 7r lv wkh vkduh ri oderu +lq ydoxh dgghg, fdofxodwhg dv wrwdo zdjh eloo

glylghg e| ydoxh dgghg1 Wkhq/

_ *L} EA8� d?�o� ' _ *L}
�
+, d?�o

�
� E� � �r d?�o� � _ *L}

�
&, d?�o

�
� �r d?�o � _ *L}

�
e, d?�o

�
�

Zh rewdlq A8��`

�S
e| vhwwlqj wkh Xqlwhg Vwdwhv dv wkh qxphudluh lq hdfk lqgxvwu|1 Vhh

dovr Kdoo dqg Mrqhv ^4<<<` iru wkh xvh ri wklv phwkrgrorj| wr fdofxodwh furvv0frxqwu|

djjuhjdwh WISv1

Free0Grxjodv WIS/ A8��` / lv fdofxodwhg xvlqj d vlplodu irupxod

_ *L} EA8� d?�o� ' _ *L}
�
+, d?�o

�
� E�� r�� � _ *L}

�
&, d?�o

�
� r� � _ *L}

�
e, d?�o

�
c
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zkhuh r� lv wkh dyhudjh vkduh oderu lqfrph dfurvv doo frxqwulhv lq lqgxvwu| �1

Ryhudoo/ zh kdyh gdwd rq wkh iroorzlqj vhfwruv= ixuqlwxuh/ forwkhv/ uxeehu/ zrrg/

ohdwkhu/ srwwhu|/ vkrhv/ wh{wloh/ jodvv/ lurq/ wredffr/ phwdo/ sodvwlf/ rwkhu plqhudo/ sdshu/

rwkhu pdqxidfwxulqj/ irrg/ ideulfdwhg phwdov/ ehyhudjhv/ sulqwlqj/ pdfklqhu|/ hohfwulfdo

pdfklqhv/ vflhqwl�f htxlsphqw/ fkhplfdo/ rwkhu fkhplfdo/ plvfhoodqhrxv shwurohxp surg0

xfwv/ dqg shwurohxp1 Surgxfwlylw| lq wkh shwurohxp lqgxvwu| lv xqolnho| wr eh uhodwhg wr

wkh idfwruv glvfxvvhg lq wklv sdshu1 Zkhq lqfoxghg/ wklv lqgxvwu| lv d pdvvlyh rxwolhu/

exw dfwxdoo| vwuhqjwkhqv rxu uhvxowv1 Wr huu rq wkh frqvhuydwlyh vlgh/ zh gursshg wklv

lqgxvwu| iurp wkh dqdo|vlv1
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Uhihuhqfhv

Dfhprjox/ Gdurq/ �Zk| Gr Qhz Whfkqrorjlhv Frpsohphqw VnloovB Gluhfwhg Whfkqlfdo

Fkdqjh dqg Zdjh Lqhtxdolw|� Txduwhuo| Mrxuqdo ri Hfrqrplfv /F[LLL +4<<;,/ 4388043;<1

Dfhprjox/ Gdurq/ �Sdwwhuqv ri Vnloo Suhpld� Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk/

Zrunlqj Sdshu Qr1 :34;/ 4<<<1

Dfhprjox/ Gdurq/ dqg Ideul}lr ]lolerwwl/ �Surgxfwlylw| Gl�huhqfhv� Qdwlrqdo Exuhdx ri

Hfrqrplf Uhvhdufk/ Zrunlqj Sdshu Qr1 9;:</ 4<<<1

Dwnlqvrq/ Dqwkrq| E1 dqg Mrvhsk H1 Vwljolw}/ �D Qhz Ylhz ri Whfkqrorjlfdo Fkdqjh/�

Hfrqrplf Mrxuqdo/ O[[L[ +4<9<,/ 8:60:;1

Edudqvrq/ Mdfn/ Pdqxidfwxulqj Sureohpv lq Lqgld= Wkh Fxpplqv Glhvho H{shulhqfh/

+V|udfxvh Xqlyhuvlw| Suhvv/ Qhz \run/ 4<9:,1

Edudqvrq/ Mdfn/1 �Dxwrprwlyh Lqgxvwu| lq Ghyhorslqj Frxqwulhv/� Zruog Edqn Vwx�

Rffdvlrqdo Sdshuv Qr1 ;/ 4<9<1

Edudqvrq/ Mdfn/ �Glhvho Hqjlqh Pdqxidfwxulqj= Gh0dxwrpdwlrq lq Lqgld dqg Mdsdq� lq

Dxwrpdwlrq lq Ghyhorslqj Frxqwulhv/ +Lqwhuqdwlrqdo Oderu R!fh/ Jhqhyd/ 4<:5,1

Eduur/ Urehuw M1 dqg [dylhu Vdod0l0Pduwlq/ �Whfkqrorjlfdo Gl�xvlrq/ Frqyhujhqfh/ dqg

Jurzwk/� Mrxuqdo ri Hfrqrplf Jurzwk/ LL +4<<:,/ 40591

Eduur/ Urehuw M1 dqg Mrqj0Zkd Ohh/ �Lqwhuqdwlrqdo Frpsdulvrqv ri Hgxfdwlrqdo Dwwdlq0

phqw/� Mrxuqdo ri Prqhwdu| Hfrqrplfv/ [[[LL +4<<6,/ 6960<71

Edvx/ Vxvdqwr dqg Gdylg Q1 Zhlo/ �Dssursuldwh Whfkqrorj| dqg Jurzwk/� Txduwhuo|

Mrxuqdo ri Hfrqrplfv/ F[LLL +4<<;,/435804387

Ehqkdele/ Mhvv dqg Pdun P1 Vslhjho/ �Wkh Uroh ri Kxpdq Fdslwdo lq Hfrqrplf Ghyhors0

phqw= Hylghqfh iurp Djjuhjdwh Furvv0Frxqwu| Gdwd/� Mrxuqdo ri Prqhwdu| Hfrqrplfv/

[[LY +4<<7,/ 4760:61

Ehupdq/ Hol/ Mrkq Erxqg dqg ]yl Julolfkhv/ �Fkdqjhv lq wkh Ghpdqg iru Vnloohg Oderu

zlwklq X1V1 Pdqxidfwxulqj Lqgxvwulhv= Hylghqfh iurp wkh Dqqxdo Vxuyh| ri Pdqxidfwxu0

lqj/� Txduwhuo| Mrxuqdo ri Hfrqrplfv +4<<7,/ 69:06<:1

Ehupdq/ Hol/ Mrkq Erxqg dqg Vwhskhq Pdfklq/ �Lpsolfdwlrqv ri Vnloo0Eldvhg Whfkqrorj0

lfdo Fkdqjh= Lqwhuqdwlrqdo Hylghqfh/� Txduwhuo| Mrxuqdo ri Hfrqrplfv/ F[LLL +4<<;,/

4578045;31

Ehupdq/ Hol/ dqg Vwhskhq Pdfklq/ �VEWF Kdsshqv$ Hylghqfh rq wkh Idfwru Eldv ri

Whfkqrorjlfdo Fkdqjh lq Ghyhorslqj dqg Ghyhorshg Frxqwulhv�/ plphr/ 4<<<1
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Elov/ Pdun dqg Shwhu Nohqrz/ �Grhv Vfkrrolqj Fdxvh Jurzwk ru wkh RwkhuZd| DurxqgB/�

plphr/ Xqlyhuvlw| ri Fklfdjr JVE/ 4<<91

Fdvhool/ Iudqfhvfr/ Jhudugr Hvtxlyho dqg Ihuqdqgr Ohiruw/ �Uhrshqlqj wkh Frqyhujhqfh

Ghedwh= D Qhz Orrn dw Furvv0frxqwu| Jurzwk Hpslulfv/� Mrxuqdo ri Hfrqrplf Jurzwk/

L +4<<9,/ 6960;<1

Fkdul/ Y1 Y1/ Sdwulfn Nhkrh dqg Hoohq PfJudwwdq/ �Wkh Sryhuw| ri Qdwlrqv= D Txdqwl0

wdwlyh Lqyhvwljdwlrq/� QEHU Zrunlqj Sdshu 8747/ 4<<9

Fkhq/ Hgzdug N1\1/ Pxowlqdwlrqdov Frusrudwlrqv/ Whfkqrorj| dqg Hpsor|phqw/ +Wkh

PdfPloodq Suhvv/ Orqgrq dqg Edvlqjvwrnh/ 4<;6,

Frrshu F1/ U1 Ndsolqvn|/ U1 Ehoo dqg Z1 Vdw|dudnzlw/ �Fkrlfh ri Whfkqltxhv iru Fdq

Pdnlqj lq Nhqld/ Wdq}dqld dqg Wkdlodqg�/ lq Ekdood Dorn V1 +hg1, Whfkqrorj| dqg Hp0

sor|phqw lq Lqgxvwu|/ +Lqwhuqdwlrqdo Oderxu R!fh/ Jhqhyd/ 4<:8,

Fxuuhqw Srsxodwlrq Uhsruw/Prqh| Lqfrph lq wkh Xqlwhg Vwdwhv S9304<:/ X1V1 Ghsduphqw

ri Frpphufh/ 4<<91

Glzdq/ L dqg Gdql Urguln/ �Sdwhqwv/ Dssursuldwh Whfkqrorj| dqg Qruwk0Vrxwk Wudgh�

Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv/ [[[ +4<<4,/ 5:07:1
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Table 1: Descriptive statistics

low skill medium skill high skill
rich poor rich poor rich poor

value added 36,951 4,563 66,272 6,722 78,374 9,530
per worker (15,152) (4,813) (36,778) (7,489) (33,984) (10,376)

capital 25,027 14,227 56,687 24,561 55,814 27,694
per worker (17,450) (13,012) (54,901) (31,814) (39,599) (23,439)

nonprod 0.26 0.14 0.33 0.21 0.41 0 .29
per worker (0.18) (0.04) (0.15) (0.07) (0.10) (0.10)

TFPCW 1.01 0.22 1.02 0.27 1.04 0.30
(0.28) (0.11) (0.25) (0.20) (0.21) (0.20)

TFPCD 1.01 0.22 1.02 0.26 1.03 0.30
(0.26) (0.11) (0.23) (0.19) (0.19) (0.20)

TFPR 1.32 0.34 1.25 0.49 1.21 0.64
(0.75) (0.24) (0.37) (0.35) (0.41) (0.52)

Notes: Low-skill industries are furniture, clothes, rubber, wood, leather, pottery, shoes, textile and

glass. Medium-skill industries are iron, tobacco, metal, plastic, other mineral, paper, other manufacturing,

food and fabricated metals. High-skill industries are beverages, printing, machinery, electrical machines,

scientific equipment, chemical, other chemical and miscellaneous petroleum products. The rich countries

are those with GDP per capita greater than $6,500 in 1988. These are Australia, Austria, Canada,

Cyprus, Denmark, Finland, Greece, Ireland, Japan, Korea, Portugal, Spain, United Kingdom and USA.

The LDCs are Columbia, Ecuador, India, Indonesia, Malaysia, Philippines, Turkey and Venezuela. non-

prod is nonproduction workers divided by total employment. Value added and capital data are in 1990

U.S. dollars. The first three rows give averages weighted by employment. TFPCW , TFPCD, and TFPR

are the three alternative measures of sectoral total factor productivity (relative to the U.S.), and the

averages are weighted by value added. Standard deviations are given in parentheses.
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Table 2: Basic results

(1) (2) (3) (4) (5) (6) (7) (8)

pn_North 0.24 0.36 0.32 -0.03 -0.04 0.11 0.21 0.15
(0.11) (0.13) (0.14) (0.08) (0.09) (0.08) (0.09) (0.10)

interaction 0.13 0.23 0.17
(0.06) (0.09) (0.08)

sample LDCs LDCs LDCs rich rich all all all
North US US G3 US G3 US US G3
incl. India yes no yes - - yes no yes
# obs. 213 186 213 344 344 557 530 557

Notes: The dependent variable in all regressions is log(TFPCW ) relative to the U.S. All regressions include

fixed country effects. pn_North is the log proportion of nonproduction workers in total employment in

either the U.S. or the G3, that is the U.S., the United Kingdom and Canada. In this latter case, it is

the unweighted average proportion of nonproduction workers in these three countries. Whether we use

the U.S. or the G3 is indicated on the fourth row. The fifth row indicates whether India, and outliers,

is included in the regression or not. The interaction term included in columns 6, 7 and 8 is defined as

log(GDP90avg/GDP90c)*log(pni−North/pn
avg
−North), so the main effect of pn_North is evaluated at the

mean. The number of observations is less than the corresponding number of countries times 27 because

data for some industries are missing. All regressions are weighted by value added and standard errors

corrected for clustering of pn_North are reported in parentheses.
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Table 3: Variations
Dep. var.→ TFPCW TFPCD TFPR weight by North incl. India
Indep. var.↓
pn_North 0.24 0.28 0.63 val. added US yes

(0.11) (0.11) (0.16)
pn_North 0.36 0.38 0.75 val. added US no

(0.13) (0.13) (0.21)
pn_North 0.32 0.36 0.54 val. added G3 yes

(0.14) (0.14) (0.23)

pn_North 0.23 0.26 0.60 val. added US yes
(0.12) (0.12) (0.17) rel to co avg

pn_North 0.27 0.30 0.65 val. added US no
(0.12) (0.13) (0.19) rel to co avg

pn_North 0.30 0.34 0.52 val. added G3 yes
(0.14) (0.14) (0.24) rel to co avg

pn_North 0.07 0.11 0.34 empl. US yes
(0.10) (0.10) (0.16)

pn_North 0.29 0.31 0.53 empl. US no
(0.12) (0.12) (0.26)

pn_North 0.13 0.19 0.18 empl. G3 yes
(0.13) (0.13) (0.24)

rank_North 0.12 0.13 0.26 val. added US yes
(0.04) (0.04) (0.09)

rank_North 0.18 0.19 0.33 val. added US no
(0.05) (0.05) (0.11)

rank 0.15 0.17 0.24 val. added G3 yes
(0.05) (0.05) (0.11)

Notes: Dependent variable is log of TFP relative to the U.S. calculated in various ways (TFPCWic , TFPCDic
and TFPRic). The regressors are pn_North, log proportion of non-production workers in the U.S. or the

G3 (the U.S., the United Kingdom and Canada), or rank, (log) rank of the industries according to

pn_North. All regressions include country effects, and standard errors corrected for clustering are in

parenthes.
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Table 4: The neoclassical model vs. directed technical change
Neoclassical model Our model(North=US)

H/L Z ŷLDCNC ŷ5th−NC <2NC ŷLDCAZ ŷ5th−AZ <2AZ

Primary 1.5 0.46 0.19 0.44 0.40 0.10 0.57
Sec. att. 1.5 0.41 0.16 0.76 0.27 0.05 0.93
Sec. compl. 1.5 0.41 0.17 0.74 0.30 0.08 0.92
Higher 1.5 0.45 0.19 0.67 0.38 0.14 0.80
Primary 1.8 0.48 0.18 0.48 0.42 0.10 0.58
Sec. att. 1.8 0.38 0.15 0.82 0.25 0.05 0.94
Sec. compl. 1.8 0.39 0.15 0.81 0.28 0.07 0.93
Higher 1.8 0.43 0.18 0.72 0.36 0.13 0.84

Notes: ŷLDC is the predicted (unweighted) average GDP per worker in 1988 in LDCs. LDCs are all

countries with a Summers-Heston GDP per worker in 1988 below $20,000. ŷ5th− is the predicted GDP

per worker of the 5th poorest country in the sample. In the data, yLDC = 0.19 and y5th− = 0.03. H/L

is the relevant ratio of skilled to unskilled workers, and Z is the skill-premium.
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Table 5. Importance of directed technical change
TC directed to avg. “DC” TC directed to avg. “LDC”

H/L Z ŷLDCAZ ŷ5th−AZ <2AZ ŷLDCAZ ŷ5th−AZ <2AZ

Primary 1.5 0.43 0.10 0.58 0.45 0.11 0.54
Sec. att. 1.5 0.31 0.07 0.90 0.46 0.15 0.58
Sec. compl. 1.5 0.36 0.11 0.85 0.49 0.18 0.50
Higher 1.5 0.43 0.16 0.72 0.49 0.20 0.52
Primary 1.8 0.43 0.10 0.58 0.44 0.10 0.55
Sec. att. 1.8 0.29 0.06 0.92 0.42 0.13 0.69
Sec. compl. 1.8 0.33 0.10 0.89 0.46 0.16 0.62
Higher 1.8 0.41 0.15 0.77 0.48 0.19 0.58
Notes: Calculations are as in columns 4-6 of Table 4, but with different NH/NL’s. In columns 1-3, we use

NH/NL = ZH̄/L̄ , where H̄/L̄ = (Σ24c=1K
c/K̄rich) ∗ (Hc/Lc) is the weighted average skill endowment

(weighted by total capital) of the 24 richest countries (GDP per worker in 1988 higher than $20,000).

These are the U.S., Canada, Switzerland, Australia, Kuwait, Belgium, Italy, Netherlands, Norway, West

Germany, France, Sweden, United Kingdom, Finland, New Zealand, Iceland, Austria , Denmark, Spain,

Israel, Hong Kong, Singapore, Trinidad, Japan and Ireland. In columns 4-6, we use NH/NL = ZH̄/L̄,

where H̄/L̄ = (Σ24c=1K
c/K̄rich) ∗ (Hc/Lc) is the weighted average skill endowment (weighted by total

capital) of the 79 poorest countries (GDP per worker in 1988 smaller than $20,000).
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Output per worker: predictions of neoclassical model vs. data.
Secondary school attainment (Z=1.5).
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Output per worker: predictions of our model vs. data.
Secondary school attainment (Z=1.5).
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