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ABSTRACT

We reconcile international trade theory with findings of enormous plant-level heterogeneity

in exporting and productivity.  Our model extends basic Ricardian theory to accommodate many

countries, geographic barriers, and imperfect competition.  Fitting the model to bilateral trade among

the United States and its 46 major trade partners, we see how well it can explain basic facts about

U.S. plants: (i) productivity dispersion, (ii) the productivity advantage of exporters, (iii) the small

fraction who export, (iv) the small fraction of revenues from exporting among those that do, and (v)

the much larger size of exporters.  We pick up all these basic qualitative features, and go quite far

in matching them quantitatively.  We examine counterfactuals to assess the impact of various global

shifts on productivity, plant entry and exit, and labor turnover in U.S. manufacturing.  
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D qhz hpslulfdo olwhudwxuh kdv hphujhg wkdw h{dplqhv lqwhuqdwlrqdo wudgh dw wkh ohyho ri

lqglylgxdo surgxfhuv1 Ehuqdug dqg Mhqvhq +4<<8/ 4<<<d,/ Fohulghv/ Odfk/ dqg W|erxw +4<<;,/

dqg Dz/ Fkxqj/ dqg Urehuwv +4<<;,/ dprqj rwkhuv/ kdyh xqfryhuhg vw|ol}hg idfwv derxw

wkh ehkdylru dqg uhodwlyh shuirupdqfh ri h{sruwlqj �upv dqg sodqwv zklfk krog frqvlvwhqwo|

dfurvv d qxpehu ri frxqwulhv= Prvw vwulnlqjo|/ h{sruwhuv duh lq wkh plqrulw|> wkh| whqg wr

eh pruh surgxfwlyh dqg odujhu> |hw wkh| xvxdoo| h{sruw rqo| d vpdoo iudfwlrq ri wkhlu rxwsxw1

Wklv khwhurjhqhlw| ri shuirupdqfh glplqlvkhv rqo| prghvwo| zkhq dwwhqwlrq lv uhvwulfwhg wr

surgxfhuv zlwklq d jlyhq lqgxvwu|1

Lqwhuqdwlrqdo wudgh wkhru| kdv qrw kdg pxfk wr vd| derxw wkhvh surgxfhu0ohyho idfwv/ dqg

lq pdq| fdvhv lv lqfrqvlvwhqw zlwk wkhp1 Wr wkh h{whqw wkdw hpslulfdo lpsolfdwlrqv kdyh ehhq

ri frqfhuq/ wudgh wkhru| kdv ehhq dlphg dw xqghuvwdqglqj djjuhjdwh hylghqfh rq vxfk wrslfv

dv wkh idfwru frqwhqw ri wudgh dqg lqgxvwu| vshfldol}dwlrq1 Wr xqghuvwdqg wkh h�hfwv ri wudgh

rq plfur lvvxhv vxfk dv sodqw forvlqjv/ krzhyhu/ zh qhhg d wkhru| wkdw uhfrjql}hv gl�huhqfhv

dprqj lqglylgxdo surgxfhuv zlwklq dq lqgxvwu|1 Pruhryhu/ dv zh hoderudwh ehorz/ vxfk d

wkhru| lv qhhghg wr xqghuvwdqg wkh lpsolfdwlrqv ri wudgh iru vxfk djjuhjdwh pdjqlwxghv dv

zrunhu surgxfwlylw|1

Rxu sxusrvh khuh lv wr ghyhors d prgho ri lqwhuqdwlrqdo wudgh wkdw frphv wr julsv zlwk

zkdw jrhv rq dw wkh surgxfhu ohyho1 Vxfk d prgho uhtxluhv wkuhh fuxfldo hohphqwv1 Iluvw/ zh

qhhg wr dfnqrzohgjh wkh khwhurjhqhlw| ri sodqwv1 Wr gr vr zh lqwurgxfh Ulfdugldq gl�huhqfhv

lq whfkqrorjlfdo h�flhqf| dfurvv surgxfhuv dqg frxqwulhv1 Vhfrqg/ zh qhhg wr h{sodlq wkh

frh{lvwhqfh/ hyhq zlwklq wkh vdph lqgxvwu|/ ri h{sruwhuv dqg sxuho| grphvwlf surgxfhuv1 Wr

fdswxuh wklv idfw zh lqwurgxfh frvwv wr h{sruwlqj wkurxjk d vwdqgdug _lfhehuj% dvvxpswlrq

+h{sruw frvwv wr d jlyhq ghvwlqdwlrq duh sursruwlrqdo wr surgxfwlrq frvwv,1 Wklug/ lq rughu

iru gl�huhqfhv lq whfkqrorjlfdo h�flhqf| qrw wr eh ixoo| devruehg e| gl�huhqfhv lq rxwsxw



sulfhv +wkxv holplqdwlqj gl�huhqfhv lq phdvxuhg surgxfwlylw| dfurvv sodqwv,/ zh qhhg lpshu0

ihfw frpshwlwlrq zlwk yduldeoh pdunxsv1 Zh wdnh wkh vlpsohvw urxwh ri lqwurgxflqj Ehuwudqg

frpshwlwlrq lqwr wkh Ulfdugldq iudphzrun zlwk d jlyhq vhw ri jrrgv1
�

D qryho ihdwxuh ri rxu wkhru| lv wr olqn d sodqw*v xqghuo|lqj whfkqrorjlfdo h�flhqf| wr lwv

surgxfwlylw| dv qrupdoo| phdvxuhg +w|slfdoo| dv ydoxh dgghg shu zrunhu,1 Lq idfw/ dv orqj

dv doo surgxfhuv lq d frxqwu| hpsor| lqsxwv lq wkh vdph sursruwlrq dw wkh vdph frvw/ xqghu

shuihfw frpshwlwlrq +ru/ iru wkdw pdwwhu/ prqrsrolvwlf frpshwlwlrq zlwk d frpprq pdunxs,

wkh| zrxog doo dsshdu htxdoo| surgxfwlyh lq whupv ri ydoxh dgghg shu zrunhu/ lq vslwh ri dq|

h�flhqf| gl�huhqfhv1 Lq rxu prgho/ gl�huhqfhv lq ydoxh dgghg shu xqlw ri lqsxw uh�hfw gl�huhqw

pdunxsv ri sulfh ryhu frvw zklfk hphujh wkurxjk Ehuwudqg frpshwlwlrq1 Lq wkh devhqfh ri

dq| olqn ehwzhhq h�flhqf| dqg pdunxsv/ phdvxuhg surgxfwlylw| zrxog vd| qrwklqj derxw

xqghuo|lqj h�flhqf|1 Lw wxuqv rxw/ krzhyhu/ wkdw wkh wkhru| lpsolhv wkdw surgxfhuv zkr duh

pruh h�flhqw dovr whqg wr kdyh d juhdwhu frvw dgydqwdjh ryhu wkhlu forvhvw frpshwlwlrq/ dqg

duh wkxv deoh wr vhw kljkhu pdunxsv1 Khqfh phdvxuhg surgxfwlylw| surylghv d vljqdo/ doehlw d

qrlv| rqh/ derxw xqghuo|lqj whfkqlfdo h�flhqf|1
2
Wkh olqn ehwzhhq xqghuo|lqj h�flhqf| dqg

surgxfwlylw|/ rq wkh rqh kdqg/ dqg xqghuo|lqj h�flhqf| dqg vhohfwlrq lqwr h{sruw pdunhwv/ rq

wkh rwkhu/ ohdgv rxu prgho wr suhglfw wkdw h{sruwlqj sodqwv duh pruh surgxfwlyh1
�

D qryho ihdwxuh ri rxu hpslulfdo dssurdfk lv wr frqqhfw wkh plfur dqg pdfur ohyho gdwd1
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Djjuhjdwh surgxfwlrq dqg elodwhudo wudgh yroxphv durxqg wkh zruog surylgh doo zh qhhg wr

nqrz derxw sdudphwhuv jryhuqlqj jhrjudsklf eduulhuv/ djjuhjdwh whfkqrorj| gl�huhqfhv/ dqg

gl�huhqfhv lq lqsxw frvwv1 Wkh wzr uhpdlqlqj sdudphwhuv uhodwh wr wkh khwhurjhqhlw| ri jrrgv

lq surgxfwlrq dqg lq frqvxpswlrq1 Uhdvrqdeoh ydoxhv iru wkhvh wzr sdudphwhuv eulqj xv txlwh

forvh wr �wwlqj wkh ydulrxv plfur idfwv dv wkh| dsso| wr X1V1 pdqxidfwxulqj sodqwv1 Khqfh wkh

iudphzrun vhuyhv dv d eulgjh ehwzhhq zkdw zh nqrz derxw joredo wudgh �rzv dqg zkdw zh

kdyh ohduqhg derxw sodqw0ohyho h{sruw ehkdylru1

Vlqfh wkh prgho frphv wr whupv zlwk sodqw0ohyho idfwv txlwh zhoo/ zh jr rq wr dvn zkdw

fkdqjhv lq wkh joredo hfrqrp| phdq iru sodqw hqwu|/ h{lw/ dqg h{sruwlqj dv zhoo dv ryhudoo

surgxfwlylw| dqg hpsor|phqw lq pdqxidfwxulqj1 Zh orrn dw wkuhh vfhqdulrv1

Zh �uvw frqvlghu wkh h�hfwv ri _joredol}dwlrq% lq wkh irup ri d 8 shufhqw gurs lq doo

jhrjudsklf eduulhuv ehwzhhq frxqwulhv +uhvxowlqj lq qhduo| d 73 shufhqw ulvh lq zruog wudgh,1

Zh �qg wkdw wklv pryh nloov r� qhduo| < shufhqw ri X1V1 sodqwv1 Exw dprqj wkh vxuylyruv/ rqh

lq vhyhq ri wkh sodqwv wkdw kdg suhylrxvo| vrog rqo| wr wkh grphvwlf pdunhw vwduwv h{sruwlqj1

Vlqfh joredol}dwlrq surylghv wkh vxuylyruv odujhu pdunhwv/ dqg vlqfh wkh vxuylyruv zhuh odujhu

wr ehjlq zlwk/ wkh ghfolqh lq pdqxidfwxulqj hpsor|phqw lv ohvv wkdq 6 shufhqw1

Zh wkhq pryh lq wkh rssrvlwh gluhfwlrq wr dxwdun| +udlvlqj jhrjudsklf eduulhuv wr holplqdwh

doo wudgh,1 Wkh qxpehu ri dfwlyh X1V1 sodqwv ulvhv e| 4: shufhqw1 Exw vlqfh sodqwv wkdw zhuh

h{sruwlqj orvh wkhlu ryhuvhdv pdunhwv/ qhduo| dv pdq| mrev duh ghvwur|hg +44 shufhqw ri lqlwldo

hpsor|phqw, dv duh fuhdwhg +45 shufhqw ri lqlwldo hpsor|phqw,1 Uhdoorfdwlrq ri hpsor|phqw

dzd| iurp h{sruwhuv wr ohvv surgxfwlyh hqwudqwv orzhuv surgxfwlylw| e| durxqg 7 shufhqw1

Rxu �qdo h{shulphqw lv d ghfolqh lq X1V1 _frpshwlwlyhqhvv% lq wkh irup ri dq h{rjhqrxv

43 shufhqw lqfuhdvh lq wkh X1V1 uhodwlyh zdjh1 Wkh qxpehu ri pdqxidfwxulqj sodqwv idoov e|

; shufhqw dqg pdqxidfwxulqj hpsor|phqw idoov e| 4; shufhqw dv sodqwv vxevwlwxwh fkhdshu

lpsruwhg lqwhuphgldwhv iru oderu1

Rxu dqdo|vlv wkxv fdswxuhv krz/ hyhq lq d uhodwlyho| forvhg pdunhw vxfk dv wkh Xqlwhg
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Vwdwhv/ fkdqjhv lq wkh joredo hfrqrp| fdq vxevwdqwldoo| uhvkx�h surgxfwlrq1 Wklv uhvkx�lqj

lq wxuq fdq kdyh lpsruwdqw lpsolfdwlrqv iru ryhudoo pdqxidfwxulqj surgxfwlylw|1e

Zh surfhhg dv iroorzv1 Vhfwlrq 5 glvfxvvhv wkh sodqw0ohyho idfwv zh vhhn wr h{sodlq1 Lq Vhf0

wlrq 6 zh suhvhqw wkh wkhru| ehklqg rxu txdolwdwlyh h{sodqdwlrqv/ ghulyhg lq Vhfwlrq 7/ iru zkdw

jrhv rq dw wkh sodqw ohyho1 Vhfwlrq 8 jrhv rq wr frpsduh wkh prgho*v txdqwlwdwlyh lpsolfdwlrqv

zlwk wkh sodqw0ohyho vwdwlvwlfv1 Vhfwlrq 9 frpsohwhv wkh jhqhudo htxloleulxp vshfl�fdwlrq ri wkh

prgho uhtxluhg wr xqghuwdnh wkh frxqwhuidfwxdo h{shulphqwv uhsruwhg lq Vhfwlrq :1 Vhfwlrq ;

frqfoxghv1

� �
������ ��	��

Ehiruh wxuqlqj wr wkh wkhru|/ zh wdnh d forvhu orrn dw wkh sodqw0ohyho vwdwlvwlfv derxw X1V1

h{sruwhuv wkdw rxu prgho vhhnv wr h{sodlq1 Wkhvh vwdwlvwlfv/ vkrzq lq Wdeoh 4/ duh doo fdofxodwhg

iurp wkh 4<<5 X1V1 Fhqvxv ri Pdqxidfwxuhv +vhh Dsshqgl{ E15,1

Zh �uvw orrn dw wkh suhydohqfh ri h{sruwlqj dprqj X1V1 pdqxidfwxulqj sodqwv1 Dw rqh

h{wuhph/ hdfk sodqw frxog h{sruw wkh vdph vkduh ri lwv wrwdo rxwsxw1 Dw wkh rwkhu/ d ihz jldqw

sodqwv zrxog dffrxqw iru doo h{sruwv1 Lq idfw/ ri wkh urxjko| 533/333 sodqwv lq wkh Fhqvxv/ rqo|

54 shufhqw uhsruw h{sruwlqj dq|wklqj1D

Zkloh suhylrxv zrun kdv vrxjkw wr olqn wudgh rulhqwdwlrq zlwk lqgxvwu|/ lw wxuqv rxw wkdw

h{sruwlqj surgxfhuv duh txlwh vsuhdg rxw dfurvv lqgxvwulhv1 Iljxuh 4 sorwv wkh glvwulexwlrq ri

lqgxvwu| h{sruw lqwhqvlw|= Hdfk ri wkh 78; 70gljlw pdqxidfwxulqj lqgxvwulhv lv sodfhg lq rqh

ri 43 elqv dffruglqj wr wkh shufhqwdjh ri sodqwv lq wkh lqgxvwu| wkdw h{sruw1 Lq wzr0wklugv

ri wkh lqgxvwulhv/ wkh iudfwlrq ri sodqwv wkdw h{sruw olhv ehwzhhq 43 dqg 83 shufhqw1 Khqfh
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nqrzlqj zkdw lqgxvwu| d sodqw ehorqjv wr ohdyhv vxevwdqwldo xqfhuwdlqw| derxw zkhwkhu lw

h{sruwv1 Lqgxvwu| kdv ohvv wr gr zlwk h{sruwlqj wkdq vwdqgdug wudgh prghov pljkw vxjjhvw1

Qrw rqo| duh sodqwv khwhurjhqhrxv lq zkhwkhu wkh| h{sruw/ wkh| dovr gl�hu vxevwdqwldoo|

lq phdvxuhg surgxfwlylw|1 Iljxuh 5D sorwv wkh glvwulexwlrq dfurvv sodqwv ri ydoxh dgghg shu

zrunhu +vhjuhjdwlqj h{sruwhuv dqg qrqh{sruwhuv, uhodwlyh wr wkh ryhudoo phdq1 D vxevwdqwldo

qxpehu ri sodqwv kdyh surgxfwlylw| hlwkhu ohvv wkdq d irxuwk ru pruh wkdq irxu wlphv wkh

dyhudjh1 Djdlq/ d sodqw*v lqgxvwu| lv d zhdn suhglfwru ri lwv shuirupdqfh= Iljxuh 5E surylghv

wkh vdph glvwulexwlrq rqo| qrupdol}lqj hdfk sodqw*v surgxfwlylw| e| phdq surgxfwlylw| lq lwv 70

gljlw lqgxvwu|1 Frqwuroolqj iru lqgxvwu| rqo| pdujlqdoo| wljkwhqv wkh surgxfwlylw| glvwulexwlrq1

Zkloh wkhuh lv vxevwdqwldo khwhurjhqhlw| lq erwk surgxfwlylw| dqg h{sruw shuirupdqfh/

hyhq zlwklq lqgxvwulhv/ Iljxuh 5D eulqjv rxw wkh vwulnlqj dvvrfldwlrq ehwzhhq wkh wzr1 Wkh

h{sruwhuv* surgxfwlylw| glvwulexwlrq lv d vxevwdqwldo vkliw wr wkh uljkw ri wkh qrqh{sruwhuv*

glvwulexwlrq1 Iljxuh 5E vkrzv wkdw wklv dvvrfldwlrq vxuylyhv hyhq zkhq orrnlqj zlwklq 70gljlw

lqgxvwulhv1 Dv vkrzq lq Wdeoh 4/ h{sruwhuv kdyh d 66 shufhqw dgydqwdjh lq oderu surgxfwlylw|

ryhudoo/ dqg d 48 shufhqw dgydqwdjh uhodwlyh wr qrqh{sruwhuv zlwklq wkh vdph 70gljlw lqgxvwu|1

Dffrxqwlqj iru gl�huhqfhv lq fdslwdo lqwhqvlw| dfurvv sodqwv zlwklq lqgxvwulhv/ wkh wrwdo idfwru

surgxfwlylw| dgydqwdjh ri h{sruwhuv lv 43 shufhqw1

Zkloh gl�huhqfhv dfurvv lqgxvwulhv fhuwdlqo| dsshdu lq wkh gdwd/ zkdw lv vxusulvlqj lv krz

olwwoh lqgxvwu| h{sodlqv derxw h{sruwlqj dqg surgxfwlylw|1 Khqfh d vdwlvidfwru| h{sodqdwlrq

ri sodqw ohyho ehkdylru pxvw jr eh|rqg wkh lqgxvwu| glphqvlrq1 Zh frqvhtxhqwo| sxuvxh dq

h{sodqdwlrq ri wkhvh idfwv wkdw/ dv d �uvw dssur{lpdwlrq/ e|sdvvhv lqgxvwulhv dqg jrhv gluhfwo|

wr wkh sodqw ohyho1

Wdeoh 4 dovr uhsruwv wkh lpsruwdqfh ri h{sruw pdunhwv iru wkh sodqwv wkdw gr h{sruw1

Vxusulvlqjo|/ wkh ydvw pdmrulw| ri h{sruwhuv h{sruw ohvv wkdq 43 shufhqw ri zkdw wkh| surgxfh1

Ohvv wkdq 8 shufhqw ri wkh h{sruwlqj sodqwv +zklfk dovr dffrxqw iru derxw 8 shufhqw ri h{sruwhuv*

wrwdo rxwsxw, h{sruw pruh wkdq 83 shufhqw ri wkhlu surgxfwlrq1 Hyhq iru wkh plqrulw| ri sodqwv
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wkdw gr h{sruw/ grphvwlf vdohv grplqdwh1

Krz lv lw srvvleoh iru vxfk d vpdoo iudfwlrq ri sodqwv/ h{sruwlqj vxfk d vpdoo iudfwlrq ri

zkdw wkh| surgxfh/ wr dffrxqw iru wrwdo h{sruwvB Dq dqvzhu lv wkdw h{sruwhuv duh pxfk odujhu1

Wkh| duh doprvw 8 wlphv wkh vl}h ri qrqh{sruwhuv rq dyhudjh/ hyhq zkhq h{sruw uhyhqxhv duh

h{foxghg iurp wkh fdofxodwlrq1 Zkloh rqo| 54 shufhqw ri pdqxidfwxulqj sodqwv uhsruw wkdw wkh|

h{sruw/ wkhvh sodqwv dffrxqw iru 93 shufhqw ri wkh rxwsxw ri X1V1 pdqxidfwxulqj1

Dq lpsruwdqw fdyhdw lq frqvlghulqj dq| ri wkhvh vwdwlvwlfv lv wkdw X1V1 pdqxidfwxulqj sodqwv

dv d zkroh uhsruw h{sruwv wkdw vxp wr mxvw ryhu 93 shu fhqw ri wrwdo X1V1 h{sruwv ri pdqxidfwxuhv

uhsruwhg e| wkh RHFG1 +Vhh Ehuqdug dqg Mhqvhq +4<<8, iru d glvfxvvlrq ri wklv sureohp1, Zh

glvfxvv krz xqghufrxqwlqj frxog d�hfw rxu uhvxowv ehorz1

� ��� ���
	 �����

Rxu prgho frpelqhv lpshuihfw frpshwlwlrq zlwk wkh Ulfdugldq wkhru| ri frpsdudwlyh dgydq0

wdjh edvhg rq whfkqrorj| gl�huhqfhv1 Zh vwduw zlwk Hdwrq dqg Nruwxp +5333, +Khqfhiruwk

HN,/ zklfk lwvhoi h{whqgv wkh Ulfdugldq prgho ri Gruqexvfk/ Ilvfkhu/ dqg Vdpxhovrq +4<::,

wr lqfrusrudwh dq duelwudu| qxpehu ri frxqwulhv vhsdudwhg e| jhrjudsklf eduulhuv1

��� � �
	���
�� ���������

Zh ghvfuleh d zruog ri Q frxqwulhv lq zklfk hdfk frxqwu| fdq surgxfh hyhu| jrrg dorqj wkh

lqwhuydo ^3> 4`= H�flhqf| lq wkh surgxfwlrq iru dq| jrrg ydulhv dfurvv frxqwulhv1 Dvlgh iurp

wkhvh Klfnv* qhxwudo h�flhqf| gl�huhqfhv/ surgxfwlrq ri dq| jrrg dq|zkhuh frpelqhv lqsxwv

lq wkh vdph zd|/ dowkrxjk wkh sulfh ri wkh exqgoh ri lqsxwv pd| ydu| dfurvv frxqwulhv1

Zlwklq d frxqwu| wkhuh duh pdq| srwhqwldo surgxfhuv ri dq| jrrg/ exw rqo| wkh prvw

h�flhqw rqhv zloo hyhu eh lq exvlqhvv1 H�flhqw surgxfhuv ri jrrg m lq frxqwu| l fdq frqyhuw

rqh exqgoh ri lqsxwv lqwr d txdqwlw| ]��+m, ri jrrg m +zkhuh wkh vxevfulsw 4 lqglfdwhv wkdw ]�

fruuhvsrqgv wr wkh prvw h�flhqw phwkrg iru pdnlqj m lq l,1
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Ehorz zh pdnh wkh lqsxw exqgoh d Free0Grxjodv frpelqdwlrq ri oderu dqg lqwhuphgldwh

lqsxwv/ wuhdwlqj wkh oderu vkduh � dv lqghshqghqw ri m= Iru qrz lw lv pruh frqyhqlhqw wr nhhs wkh

lqsxwv exqgohg wrjhwkhu/ ghqrwlqj wkhlu sulfh lqgh{ e| z�1 Lw wkxv frvwv z�@]��+m, wr surgxfh

d xqlw ri jrrg m lq frxqwu| l xvlqj wkh fkhdshvw orfdo phdqv1S

Jrrgv fdq eh wudqvsruwhg ehwzhhq frxqwulhv/ exw dw d frvw1 Zh pdnh wkh vwdqgdug lfhehuj

dvvxpswlrq wkdw gholyhulqj rqh xqlw ri d jrrg lq frxqwu| q uhtxluhv vklsslqj g?� � 4 xqlwv/ dqg

zh qrupdol}h g�� @ 4 iru doo l= Zh lpsrvh wkh sodxvleoh _wuldqjoh lqhtxdolw|% rq wkh jhrjudsklf

eduulhu sdudphwhuv g?�=

g?� � g?&g&� ;n> +4,

l1h1/ dq xsshu erxqg rq wkh frvw ri prylqj jrrgv iurp l wr q lv wkh frvw ri prylqj wkhp yld

vrph wklug frxqwu| n1.

Wdnlqj lqwr dffrxqw jhrjudsklf eduulhuv/ wkh orzhvw frvw lq frxqwu| q ri rewdlqlqj jrrg m

iurp frxqwu| l lv=

F�?�+m, @

�
z�

]��+m,

�
g?� +5,

zkloh wkh orzhvw frvw luuhvshfwlyh ri vrxufh lv=

F�?+m, @ plq
�

iF�?�+m,j= +6,

Wr h{wudfw dq| lpsolfdwlrqv iru wudgh zh qhhg wr vshfli| krz h�flhqflhv duh glvwulexwhg

dfurvv frxqwulhv1 Wkh idfw wkdw zh pxvw wdnh plqlpd dfurvv d odujh qxpehu ri vrxufhv pdnhv

wkh prgho srwhqwldoo| fxpehuvrph1 Wr fxw wkurxjk wklv sureohp HN wdnh wkh glvwulexwlrq ri

S�) @tt�4�?} |�@| �� �t |�i t@4i uLh @?) }LL_ �? @ UL�?|h)c �i �}?Lhi TLtt�M*i u@U|Lh �?|i?t�|) _�gihi?Uitc

ThiU*�_�?} @?) OiU!tU�ih���*�? i T*@?@|�L? uLh |h@_i T@||ih?t� ì UL�*_ E@?_ �?|i?_ |L� }i?ih@*�3i L�h uh@4i�

�Lh! |L �?ULhTLh@|i _�gihi?Uit �? u@U|Lh �?|i?t�|�it @?_ �? u@U|Lh i?_L�4i?|t @t @ _i|ih4�?@?| Lu tTiU�@*�3@|�L?c

M�| L�h }L@* �ihi �t |L tii �L� u@h �i }i| ��|� @ T�hi*) +�U@h_�@? |�iLh)�
.
�hM�|h@}i @UhLtt 4@h!i|t t�L�*_ i?t�hi |�@| |��t hit|h�U|�L? �L*_t�

:



wkh iurqwlhu h�flhqflhv iru surgxflqj jrrg m lq frxqwu| l wr eh h{wuhpdo=H

I��+}�, @ Su^]��+m, � }�` @ h3A�5
3w

�
= +7,

Zh fkrrvh xqlwv vr wkdw wkh glvwulexwlrqv duh lghqwlfdo dfurvv jrrgv m1 Jlyhq wklv qrupdol}d0

wlrq/ wkh sdudphwhu W� A 3 uh�hfwv wkh ryhudoo vwdwh ri whfkqrorj| lq frxqwu| l> ru lwv devroxwh

dgydqwdjh/ zkloh � A 4 ghwhuplqhv wkh khwhurjhqhlw| ri uhodwlyh h�flhqflhv/ dqg jryhuqv frp0

sdudwlyh dgydqwdjh1 D kljkhu W� iru d frxqwu| phdqv wkdw surgxfhuv wkhuh zloo rq dyhudjh eh

pruh h�flhqw/ zkloh d kljkhu � phdqv wkdw h�flhqflhv duh pruh krprjhqhrxv1

Ghpdqg hyhu|zkhuh frpelqhv jrrgv zlwk d frqvwdqw hodvwlflw| ri vxevwlwxwlrq � A 31 Khqfh

h{shqglwxuh rq jrrg m lq frxqwu| q> [?+m,> lv=

[?+m, @ �+m,[?

�
S?+m,

S?

��3j

> +8,

zkhuh S?+m, lv wkh sulfh ri jrrg m lq frxqwu| q> [? ghqrwhv wrwdo h{shqglwxuh wkhuh/ �+m, h�hfwv

wkh vl}h ri wkh pdunhw iru jrrg m/ dqg S? @
kU

�

f
�+n,S?+n,

�3j
gn

l�*E�3j�
lv wkh dssursuldwh

sulfh lqgh{ iru frxqwu| q= +Zh dvvxph wkdw wkh �+m, duh lqghshqghqw ri h�flhqf| ohyhov/ dqg

qrupdol}h
U �
f �+n,gn @ 41,

Zh kdyh qrz lqwurgxfhg doo wkh uhohydqw sdudphwhuv ri wkh prgho= +l, jhrjudsklf eduulhuv

g?�> +ll, lqsxw frvwv z�> +lll, wkh vwdwhv ri whfkqrorj| W�> +ly, wkh hodvwlflw| ri vxevwlwxwlrq �>

dqg +y, wkh frpsdudwlyh dgydqwdjh sdudphwhu �= Dv zh vkrz ehorz/ zh fdq ohduq doo zh qhhg

wr nqrz derxw wkh �uvw wkuhh iurp gdwd rq elodwhudo wudgh vkduhv1 Ohduqlqj derxw wkh odvw wzr/

zklfk jryhuq wkh khwhurjhqhlw| ri jrrgv lq frqvxpswlrq dqg surgxfwlrq uhvshfwlyho|/ uhtxluhv

orrnlqj dw kljkhu prphqwv ri wkh gdwd1b

HkLh|�4 E�bb.� @?_ ,@|L? @?_ kLh|�4 E�bbb� _ih��i |��t _�t|h�M�|�L? Lu *i@_�?}�i_}i i�U�i?U�it uhL4 @

_)?@4�U 4L_i* ��|� i?_L}i?L�t �??L�@|�L?� A�i _�t|h�M�|�L? �t i |hi4@* MiU@�ti |�i 4@h!i| ti*iU|t |�i Mit|
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�t L?i Lu |�i |�hii *�4�|�?} u�?U|�L?@* uLh4t uLh i |hi4@* _�t|h�M�|�L?tc @?_ |�i L?*) L?i uLh ���U� �i|ihL}i?i�|)
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Wr ghulyh wkh prgho*v lpsolfdwlrqv/ zh xvh +5,/ wr pryh iurp wkh glvwulexwlrq ri frxqwu|

l*v iurqwlhu h�flhqf| wr wkh glvwulexwlrq ri wkh orzhvw frvw ri vxsso|lqj d jrrg iurp frxqwu| l

wr frxqwu| q=

J�?�+f�, @ Su^F�?�+m, � f�` @ Su^]��+m, � g?�z�@f�` @ 4� h
3A�E��_?��

3w
S
w

� = +9,

Wdnlqj wkh plqlpxp frvw dfurvv doo srwhqwldo vxssolhuv +6,/ wkh glvwulexwlrq ri orzhvw frvw lq

frxqwu| q +luuhvshfwlyh ri vrxufh, lv=

J�?+f�, @ Su^F�?+m, � f�` @ 4�
\

�

^4�J�?�+f�,` @ 4� h
3x?S

w

� > +:,

zkhuh

�? @
�[

�'�

W�+z�g?�,
3w= +;,

Wkh frvw sdudphwhu �? djjuhjdwhv vwdwhv ri whfkqrorj| durxqg wkh zruog/ gh�dwlqj e| lqsxw

frvwv dqg wkh frvw ri gholyhulqj wr frxqwu| q=

Lq zkdw iroorzv ehorz zh h{sorlw wzr xvhixo uhvxowv iurp HN=

41 Wkh suredelolw| �?� wkdw frxqwu| l lv wkh orz frvw vxssolhu wr q lv mxvw lwv frqwulexwlrq

wr wkh frvw sdudphwhu �?> wkdw lv=

�?� @ W�+z�g?�,
3w@�?= +<,

Djjuhjdwlqj dfurvv jrrgv/ �?� lv wkhq wkh iudfwlrq ri jrrgv iru zklfk frxqwu| l lv wkh

orz0frvw vxssolhu wr frxqwu| q1�f

51 Wkh glvwulexwlrq J�?+f, dssolhv qrw rqo| wr wkh frvw ri d jrrg vxssolhg wr frxqwu| q

uhjdugohvv ri vrxufh/ exw dovr wr wkh frvw ri d jrrg frqglwlrqdo rq wkh vrxufh1�� Wkdw
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lv/ rqfh wudqvsruw frvwv duh wdnhq lqwr dffrxqw/ qr h{sruwlqj frxqwu| kdv d v|vwhpdwlf

frvw dgydqwdjh ryhu dq| rwkhu lq whupv ri zkdw lw dfwxdoo| vhoov1 Lqvwhdg/ frxqwulhv wkdw

kdyh pruh dgydqfhg whfkqrorj|/ orzhu lqsxw frvwv/ ru orzhu frvwv ri gholyhu| wr d pdunhw/

h{sorlw wkhlu juhdwhu frpshwlwlyhqhvv wkhuh e| h{sruwlqj d zlghu udqjh ri surgxfwv1

HN dvvxph shuihfw frpshwlwlrq/ vr wkdw S?+m, @ F�?+m,= Dv zh vkrz ehorz/ krzhyhu/

zlwk shuihfw frpshwlwlrq +ru/ iru wkdw pdwwhu/ prqrsrolvwlf frpshwlwlrq zkhq � A 4,> juhdwhu

h�flhqf| lv uh�hfwhg lq sursruwlrqdwho| orzhu sulfhv1 Dv d frqvhtxhqfh/ wkh ydoxh ri surgxfwlrq

shu xqlw ri lqsxw lv wkh vdph dfurvv surgxfhuv lq d frxqwu|/ dqg khqfh kdv qrwklqj wr gr

zlwk gl�huhqfhv lq h�flhqf|1 Vlqfh d pdmru ihdwxuh ri rxu gdwd lv hqruprxv yduldwlrq dfurvv

sodqwv lq phdvxuhg surgxfwlylw|/ zh gurs shuihfw frpshwlwlrq lq idyru ri d prgho wkdw gholyhuv

khwhurjhqhlw| lq pdunhw srzhu1

��� �������	
�� ����� �	� !�����
�
��

Zh frqwlqxh wr dvvxph wkdw hdfk pdunhw q lv fdswxuhg e| wkh orz frvw vxssolhu ri hdfk

jrrg m1 Sulfhv/ krzhyhu/ duh ghwhuplqhg e| d eohqg ri wkh Jurvvpdq0Khospdq +4<<4, _txdolw|

odgghuv% prgho +zlwk uxqjv ri udqgrp vl}h, dqg wkh Gl{lw0Vwljolw} +4<::, prgho ri prqrsrolvwlf

frpshwlwlrq1 Dv lq wkh txdolw| odgghuv iudphzrun/ wkh orz frvw vxssolhu wr d pdunhw q idfhv

odwhqw ulydov zkr fdq gholyhu h{dfwo| wkh vdph jrrg m wr wkdw pdunhw1 Wkh orzhvw frvw dprqj

wkhvh odwhqw ulydov/ zklfk zh ghqrwh F2?+m,> sodfhv dq xsshu erxqg rq zkdw wkh orz frvw

vxssolhu fdq fkdujh1 Lq idfw/ F2?+m, lv wkh sulfh xqohvv wkh lpsolhg pdunxs h{fhhgv wkh Gl{lw0

Vwljolw} pdunxs p1 Khqfh=

S?+m, @ plqiF2?+m,>pF�?+m,j> +43,

zkhuh=

p @

+
�@+� � 4, � A 4

4 � � 4=

43



Zh pxvw qrz nhhs wudfn ri qrw rqo| wkh orzhvw frvw/ exw dovr wkh vhfrqg orzhvw/ lq vxsso|lqj

hdfk pdunhw1 Wkh vhfrqg orzhvw frvw vxssolhu frxog eh hlwkhu= +l, wkh vhfrqg orzhvw frvw vxssolhu

iurp wkh vdph frxqwu| dv wkh orz frvw vxssolhu/ ru hovh +ll, wkh orz frvw vxssolhu iurp vrph rwkhu

frxqwu|1 Khqfh/ li frxqwu| l wxuqv rxw wr eh wkh orz frvw surylghu/ vr wkdw F�?+m, @ F�?�+m,>

wkhq=

F2?+m, @ plq

�
plq
& �'�

iF
�?&+m,j> F2?�+m,

�
> +44,

zkhuh F
2?�+m, lv wkh vhfrqg0orzhvw frvw ri vxsso|lqj jrrg m wr pdunhw q iurp frxqwu| l=

Wr ohduq derxw F
2?�+m, zh kdyh wr vd| vrphwklqj qrw rqo| derxw wkh glvwulexwlrq ri wkh

ehvw whfkqrorj| lq hdfk frxqwu|/ exw derxw wkh vhfrqg0ehvw dv zhoo1 Wr gr vr zh h{whqg wkh

wkhru| ri wkh glvwulexwlrq ri h{wuhphv wr frqvlghu wkh mrlqw glvwulexwlrq ri wkh �uvw dqg vhfrqg

ehvw1 Dv zh vkrz lq Dsshqgl{ D14/ wkh dqdorjxh wr wkh Iu�hfkhw iru wkh mrlqw glvwulexwlrq ri

wkh �uvw wzr rughu vwdwlvwlfv lv=

I�+}�> }2, @ Su^]
��+m, � }

�
> ]

2�+m, � }
2
` @ ^4 . W�+}

3w
2

� }3w
�

,`h3A�5
3w

2 > +45,

iru 3 � }2 � }�> zkhuh ]2�+m, ghqrwhv wkh h�flhqf| ri wkh vhfrqg0ehvw srwhqwldo surgxfhu ri

jrrg m lq frxqwu| l1 +Qrwh wkdw vhwwlqj }� @ }2 uhwxuqv +7,1,

Zh fdq lqfrusrudwh +45, zlwk rxu dvvxpswlrqv derxw lqsxw frvwv dqg jhrjudsklf eduulhuv

wr rewdlq wkh mrlqw glvwulexwlrq ri wkh orzhvw frvw F�?�+m, dqg vhfrqg0orzhvw frvw F2?�+m, @

z�g?�@]2�+m, iurp srwhqwldo surgxfhuv lq frxqwu| l gholyhulqj wr frxqwu| q= Dv vkrzq lq Ds0

shqgl{ D15/ wkhvh glvwulexwlrqv lq wxuq/ wkurxjk lqwhuqdwlrqdo frpshwlwlrq/ jhqhudwh wkh mrlqw

glvwulexwlrq ri wkh orzhvw frvw F�?+m, dqg vhfrqg orzhvw frvw F2?+m, ri jrrg m lq frxqwu| q

luuhvshfwlyh ri vrxufh=

J?+f�> f2, @ Su^F�?+m, � f�> F2?+m, � f2` @ 4� h
3x?S

w

� ��?f
w

�h
3x?S

w

2
> +46,

iru f� � f2/ zkhuh �? lv wkh frvw sdudphwhu jlyhq e| +;,1 +Qrwh wkdw ohwwlqj f2 dssurdfk

lq�qlw| uhwxuqv +:,1,

44



Vlqfh HN dvvxph shuihfw frpshwlwlrq/ wkh glvwulexwlrq ri orzhvw frvwv +:, lv dovr wkhlu

glvwulexwlrq ri sulfhv1 Zlwk lpshuihfw frpshwlwlrq jrrgv duh vrog dw d pdunxs P?+m, @

S?+m,@F�?+m,= Dv zh vkrz lq Dsshqgl{ D16/ htxdwlrqv +43, dqg +46, lpso| wkdw P?+m, kdv d

Sduhwr glvwulexwlrq wuxqfdwhg dw wkh prqrsro| pdunxs=

K?+p, @ Su^P?+m, �p` @

+
4�p

3w 4 �p ? p

4 p �p=

+47,

Zkloh wkh glvwulexwlrq ri frvwv gl�hu e| frxqwu|/ wkh glvwulexwlrq ri pdunxsv lv wkh vdph

lq dq| ghvwlqdwlrq1 Ixuwkhupruh/ vlqfh wkh glvwulexwlrq ri frvwv +lqfoxglqj wudqvsruwdwlrq, ri

jrrgv dfwxdoo| vrog lv wkh vdph zkhwkhu ru qrw zh frqglwlrq rq vrxufh/ vr lv wkh glvwulexwlrq

ri pdunxsv1 Wkdw lv/ qr frxqwu| vhoov dw v|vwhpdwlfdoo| kljkhu pdunxsv wkdq dqrwkhu1 Juhdwhu

frpshwlwlyhqhvv ohdgv wr odujhu pdunhw vkduh udwkhu wkdq kljkhu pdunxsv1

Rqh pljkw kdyh wkrxjkw wkdw d orzhulqj ri jhrjudsklf eduulhuv/ e| lqfuhdvlqj wkh qxpehu

ri srwhqwldo vxssolhuv wr d pdunhw/ zrxog orzhu pdunxsv wkhuh1 Lqghhg/ lw grhv iru grphvwlf

surgxfhuv zkr vxuylyh1 Krzhyhu/ wklv h�hfw lv h{dfwo| r�vhw e| wkh h{lw ri grphvwlf surgxfhuv

zkr whqghg wr fkdujh wkh orzhvw pdunxsv1 Iurp wkh shuvshfwlyh ri iruhljq vxssolhuv/ d orzhulqj

ri jhrjudsklf eduulhuv whqgv wr udlvh wkh pdunxs ri lqfxpehqwv +zkr qrz kdyh orzhu frvwv,

exw lw dovr ohdgv wr hqwu| e| pdujlqdo iruhljq vxssolhuv zlwk orz pdunxsv1 Rqfh djdlq wkh

glvwulexwlrq ri pdunxsv dfurvv doo dfwlyh vxssolhuv uhpdlqv xqfkdqjhg1

Qrwh wkdw wkh glvwulexwlrq ri wkh pdunxs ghshqgv rq rqo| wkh wzr khwhurjhqhlw| sdudphwhuv

� dqg �> zlwk ohvv khwhurjhqhlw| ri hlwkhu w|sh orzhulqj wkh pdunxs1 Li whfkqrorjlhv duh ohvv

khwhurjhqhrxv +� kljk, wkhq pdunxsv duh w|slfdoo| vpdoohu dv ohdghuv whqg wr kdyh ohvv ri d

ohdg ryhu wkhlu odwhqw frpshwlwruv1 Dowhuqdwlyho|/ li gl�huhqw jrrgv duh yhu| forvh vxevwlwxwhv lq

frqvxpswlrq +� kljk, wkhq wkh pdunxs lv wuxqfdwhg e| d orzhu p +wkh Gl{lw0Vwljolw} pdunxs,/

vlqfh lqglylgxdo vhoohuv idfh pruh hodvwlf ghpdqg1

Vlqfh pdunxsv kdyh wkh vdph glvwulexwlrq hyhu|zkhuh/ wkh frvw sdudphwhu �? ixoo| fdswxuhv

furvv0frxqwu| yduldwlrq lq wkh glvwulexwlrq ri sulfhv1 Lq sduwlfxodu/ dvvxplqj � ? 4 . �/ wkh
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h{dfw sulfh lqgh{ lq frxqwu| q> dsshdulqj lq htxdwlrq +8,/ lv=

S? @ ��3�*w? = +48,

Wkh sdudphwhu � lv d ixqfwlrq ri rqo| wkh sdudphwhuv jryhuqlqj wkh khwhurjhqhlw| ri whfkqrorj|

dqg wdvwhv/ � dqg �1�2 Wklv sulfh lqgh{ dssolhv qrw rqo| wr zkdw frxqwu| q ex|v ryhudoo/ exw

wr zkdw lw ex|v iurp dq| sduwlfxodu vrxufh1

Vlqfh sulfhv dq|zkhuh gr qrw ydu| v|vwhpdwlfdoo| dffruglqj wr vrxufh/ wkh vkduh frxqwu| q

vshqgv rq jrrgv iurp frxqwu| l lv dovr wkh iudfwlrq ri jrrgv lw sxufkdvhv iurp wkhuh/ �?� jlyhq

lq htxdwlrq +<,1 Wkdw lv=

[?�

[?

@ �?�> +49,

zkhuh [?� lv zkdw frxqwu| q vshqgv rq jrrgv iurp frxqwu| l dqg [? lv lwv wrwdo vshqglqj1

Wklv uhodwlrqvkls surylghv wkh olqn ehwzhhq rxu prgho dqg gdwd rq djjuhjdwh elodwhudo wudgh1

" ����
	��
���  �� #����	�
$
�%& �
����
��& ��� '
(�

Ehiruh wxuqlqj wr wkh gdwd wkhpvhoyhv/ krzhyhu/ zh vkrz krz wklv prgho gholyhuv txdolwdwlyho|

wkh sodqw0ohyho idfwv ghvfulehg lq Vhfwlrq 51 Zh �uvw ghprqvwudwh wkh olqn ehwzhhq phdvxuhg

surgxfwlylw| dqg xqghuo|lqj h�flhqf|1 Zh wkhq vkrz zk| h{sruwlqj sodqwv whqg wr eh odujh

zlwk kljk phdvxuhg surgxfwlylw|1

"�� �)	
��	% ��� �������� #����	�
$
�%

Wr vlpsoli| wklqjv/ frqvlghu d sodqw surgxflqj jrrg m iru rqo| wkh krph pdunhw +zh wkhuhiruh

gurs wkh l vxevfulsw lq wklv vxevhfwlrq,1 Gh�qlqj wkh qxpehu ri lqsxw exqgohv xvhg wr pdnh

jrrg m dv L+m,> h�flhqf| lv ]�+m, @ \ +m,@L+m,> zkhuh \ +m, lv sk|vlfdo rxwsxw1 Frpsdulqj wklv

h�flhqf| phdvxuh dfurvv sodqwv surgxflqj gl�huhqw jrrgv lv qrw phdqlqjixo vlqfh lw ghshqgv

�25TiU��U@**)c � �t

k
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�nw3j
K
�
�n2w3j

w

�l�*E�3j�
c @t t�L�? �? �TTi?_� ��e� A�i hit|h�U|�L? L? j @?_

w i?t�hit |�@| }LL_t @hi t��U�i?|*) �i|ihL}i?iL�t �? UL?t�4T|�L? hi*@|��i |L |�i�h �i|ihL}i?i�|) �? ThL_�U|�L?

tL |�@| M�)iht _L ?L| UL?Ui?|h@|i |�i�h T�hU�@tit L? @ ui� *L��Th�Ui }LL_t� �t *L?} @t �i LMi) |��t T@h@4i|ih

hit|h�U|�L?c � �t �hhi*i�@?| uLh @?)|��?} |�@| �i _L i4T�h�U@**)�

46



rq wkh xqlwv lq zklfk rxwsxw lv phdvxuhg1 Exw lq dq| fdvh/ dydlodeoh phdvxuhv ri sodqw

surgxfwlylw| | duh doprvw dozd|v edvhg rq wkh ydoxh ri rxwsxw/ |+m, @ S +m,\ +m,@L+m,1
��

Xqghu shuihfw frpshwlwlrq/ S +m, @ z@]�+m,> vr wkdw |+m, @ z= Phdvxuhg surgxfwlylw| lv

wkxv wkh vdph iru doo sodqwv idflqj frpprq lqsxw sulfhv/ uhjdugohvv ri wkhlu uhodwlyh h�flhqf|1

Zlwk shuihfw frpshwlwlrq wkh ydoxh0edvhg phdvxuh grhv qrw fdswxuh dq| gl�huhqfhv lq h�flhqf|

dfurvv surgxfhuv1
�e

Xqghu lpshuihfw frpshwlwlrq/ krzhyhu/ S +m, @ P+m,z@]�+m,> vr wkdw phdvxuhg surgxf0

wlylw| lv=

|+m, @P+m,z> +4:,

wkh frvw ri dq lqsxw exqgoh vfdohg xs e| wkh surgxfhu0vshfl�f pdunxs1 Gl�huhqfhv dfurvv

surgxfhuv lq phdvxuhv ri surgxfwlylw| fdq qrz hphujh/ exw wkhvh vlpso| uh�hfw gl�huhqfhv

lq pdunxsv1 Lq wkh devhqfh ri dq| frqqhfwlrq ehwzhhq pdunxsv dqg h�flhqf|/ ydoxh0edvhg

surgxfwlylw| phdvxuhv surylgh lqirupdwlrq rqo| derxw prqrsro| srzhu1

Lq idfw/ rxu prgho grhv lpso| wkdw/ rq dyhudjh/ sodqwv wkdw duh pruh h�flhqw fkdujh d kljkhu

pdunxs1 Dv ghulyhg lq Dsshqgl{ D18/ frqglwlrqdo rq d ohyho ri h�flhqf| }�> wkh glvwulexwlrq

ri wkh pdunxs P+m, lv=

K+pm}�, @ Su^P+m, �pm]�+m, @ }�` @

+
4� h

3x�w
5
3w

�
E6w

3��
4 �p ? p

4 p �p=

D sodqw zlwk kljkhu h�flhqf| ]� wkdq dqrwkhu lv olnho| wr kdyh d kljkhu pdunxs +lwv glvwulexwlrq

ri P vwrfkdvwlfdoo| grplqdwhv wkh rwkhu*v, dqg khqfh kljkhu phdvxuhg surgxfwlylw|1 Wkh

uhdvrq lv wkdw d sodqw wkdw lv xqxvxdoo| h�flhqw whqgv wr eh xqxvxdoo| h�flhqw uhodwlyh wr lwv

odwhqw frpshwlwruv dv zhoo1 Sodqwv wkdw duh sduwlfxoduo| dgydqfhg fdq w|slfdoo| fkdujh kljkhu
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pdunxsv1�D

Khqfh/ xqghu lpshuihfw frpshwlwlrq/ yduldwlrq lq h�flhqf| fdq fdswxuh khwhurjhqhlw| lq

phdvxuhg surgxfwlylw| dfurvv sodqwv1 Zh vwloo kdyh wr vkrz zk| juhdwhu surgxfwlylw| lv dvvr0

fldwhg zlwk h{sruwlqj dqg zk| h{sruwlqj lq wxuq fruuhodwhv zlwk vl}h1�S

"�� �)	
��	% ��� �
����
��

Kdylqj vkrzq wkdw d pruh h�flhqw sodqw lv olnho| wr kdyh kljkhu phdvxuhg surgxfwlylw|/ zh

qrz dvn zkdw h�flhqf| lpsolhv iru h{sruwlqj1

Frqvlghu wkh ehvw srwhqwldo surgxfhu ri jrrg m iurp frxqwu| l idflqj srwhqwldo frpshwlwruv

iurp deurdg zlwk h�flhqflhv ]�&+m, iru n 9@ l1 Lq rughu wr vhoo dw krph lwv h�flhqf| ]��+m,

pxvw vdwlvi|

]��+m, � ]�&+m,
z�

z&g�&
;n 9@ l= +4;,

Exw wr vhoo lq vrph rwkhu pdunhw q uhtxluhv=

]��+m, � ]�&+m,
z�g?�

z&g?&
;n 9@ l=

Wkh wuldqjoh lqhtxdolw| lpsolhv wkdw g?& � g?�g�& ru wkdw z�g?�@+z&g?&, � z�@+z&g�&,= Khqfh

h{sruwlqj dq|zkhuh lpsrvhv d kljkhu h�flhqf| kxugoh wkdq vhoolqj rqo| dw krph1 Zkloh dq|

sodqw jrrg hqrxjk wr vhoo deurdg zloo dovr vhoo dw krph/ rqo| d iudfwlrq ri wkrvh vhoolqj grphv0

wlfdoo| zloo vxffhhg lq h{sruwlqj dq|zkhuh1

Sodqwv zlwk kljkhu h�flhqf| duh pruh olnho| wr h{sruw dqg duh dovr pruh olnho| wr kdyh

kljkhu phdvxuhg surgxfwlylw|1 Yduldwlrq lq xqghuo|lqj h�flhqf| lqgxfhv fruuhodwlrq ehwzhhq
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h{sruwlqj dqg phdvxuhg surgxfwlylw|= Pruh h�flhqw sodqwv whqg wr kdyh d juhdwhu frvw dgydq0

wdjh ryhu wkhlu ulydov lq dq| pdunhw zkhuh wkh| fdq vhoo/ dqg wkh| fdq w|slfdoo| vhoo lq pruh

pdunhwv1

Rxu prgho wkxv fdswxuhv d nh| vw|ol}hg idfw= Sodqwv wkdw h{sruw dsshdu wr eh pruh sur0

gxfwlyh1 Lw dovr h{sodlqv wkh frh{lvwhqfh ri h{sruwlqj sodqwv dqg sodqwv wkdw vhoo rqo| wr wkh

grphvwlf pdunhw/ dqg zk| sodqwv grq*w h{sruw hyhu|wklqj1

"�� �)	
��	% ��� '
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Rxu prgho fdq dovr h{sodlq zk| h{sruwlqj sodqwv whqg wr eh odujhu wkdq sodqwv vhoolqj rqo| wr

wkh grphvwlf pdunhw1 Reylrxvo| h{sruwlqj sodqwv duh odujhu ehfdxvh wkh| vhoo wr pruh pdunhwv1

Exw zk| vkrxog zh h{shfw wkhp wr vhoo pruh dw krphB

Wkh uhdvrq lv wkdw juhdwhu h�flhqf| qrw rqo| udlvhv wkh suredelolw| ri h{sruwlqj/ lw zloo

dovr olnho| uhvxow lq d orzhu grphvwlf sulfh1 Iru hodvwlflwlhv ri vxevwlwxwlrq � A 4/ orzhu sulfhv

wudqvodwh lqwr pruh vshqglqj1

Juhdwhu h�flhqf| ohdgv wr orzhu sulfhv iru hlwkhu ri wzr uhdvrqv1 Iru sodqwv wkdw fdq

fkdujh wkh Gl{lw0Vwljolw} pdunxs p @ �@+� � 4,> wkh pdunxs lv ryhu d orzhu xqlw frvw1 Iru

sodqwv zkrvh pdunxsv duh olplwhg e| wkh frvwv ri srwhqwldo frpshwlwruv/ wkh dujxphqw lv ohvv

vwudljkwiruzdug1 Iurp wkh mrlqw glvwulexwlrq ri wkh orzhvw dqg vhfrqg0orzhvw frvw +46, zh fdq

rewdlq wkh glvwulexwlrq ri wkh vhfrqg orzhvw frvw +l1h1 wkh sulfh, frqglwlrqdo rq wkh orzhvw frvw=

J2?+f2mf�, @ Su^F2? � f2mF�? @ f�` @
CJ?+f�> f2,@Cf�
CJ�?+f�,@Cf�

@ 4� h
3x?ES

w

2
3S

w

�
�
=

Wklv glvwulexwlrq lv vwrfkdvwlfdoo| lqfuhdvlqj lq f� +dqg khqfh ghfuhdvlqj lq }� @ z@f�,= Hyhq

wkrxjk/ dv zh vkrzhg deryh/ sodqwv zlwk orzhu frvwv w|slfdoo| fkdujh kljkhu pdunxsv/ wkhlu

sulfhv qhyhuwkhohvv whqg wr eh orzhu1 Khqfh/ iru � A 4> wkh| hduq pruh uhyhqxhv1
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Rxu prgho h{sodlqv wkh fruuhodwlrqv zh revhuyh ehwzhhq phdvxuhg surgxfwlylw|/ h{sruwlqj/

dqg vl}h wkurxjk wkh srvlwlyh dvvrfldwlrq ri hdfk zlwk xqghuo|lqj h�flhqf|1 Zkloh zh fdswxuh

wkh gluhfwlrqv ri wkhvh fruuhodwlrqv/ d juhdwhu fkdoohqjh lv wr h{sodlq wkhlu pdjqlwxgh1

*�� #��������
(
�� ��� �����

Wr pdnh dq| txdqwlwdwlyh suhglfwlrqv zh qhhg wr dvvljq ydoxhv wr wkh prgho*v sdudphwhuv= Iru

wkh Xqlwhg Vwdwhv dqg doo lwv wudglqj sduwqhuv wkhvh duh wkh frxqwu|0vshfl�f sdudphwhuv z� +wkh

frvw ri dq lqsxw exqgoh, dqg W� +wkh vwdwh ri whfkqrorj|,/ dqg/ iru hdfk frxqwu| sdlu/ g?� +wkh

jhrjudsklf eduulhu,1 Zh dovr qhhg wr nqrz wkh khwhurjhqhlw| sdudphwhuv � +lq frqvxpswlrq,

dqg � +lq surgxfwlrq, frpprq dfurvv frxqwulhv1 +Zh vhw wkh oderu vkduh lq wrwdo frvw/ �/ wr

3154/ dv ghvfulehg lq HN1 Wkh suhihuhqfh sdudphwhuv �+m, gr qrw pdwwhu iru wkh vwdwlvwlfv zh

frqvlghu1,

Lw pd| vhhp wkdw wkhuh duh vr pdq| frxqwulhv/ dqg khqfh vr pdq| frxqwu|0vshfl�f sdudp0

hwhuv/ wkdw zh frxog �w zkdwhyhu zh zdqw1 Lw wxuqv rxw/ krzhyhu/ wkdw wkh �?�*v/ jlyhq e| +<,/

vxppdul}h doo zh qhhg wr nqrz derxw wkh frxqwu| vshfl�f sdudphwhuv W�> z�> dqg g?�1
�. Wkh

�?�*v fdq eh revhuyhg gluhfwo| dv elodwhudo wudgh vkduhv/ xvlqj +49,1 Zh fdofxodwh wudgh vkduhv

iurp 4<<5 surgxfwlrq dqg wudgh gdwd lq pdqxidfwxuhv dprqj wkh 7: ohdglqj X1V1 h{sruw ghvwl0

qdwlrqv +lqfoxglqj wkh Xqlwhg Vwdwhv lwvhoi,1 Hyhq wkrxjk rxu jrdo lv wr ohduq zkdw wkh prgho

kdv wr vd| derxw X1V1 sodqwv/ zh qhhg wr frqvlghu doo elodwhudo wudgh uhodwlrqvklsv1 Zkhwkhu d

X1V1 surgxfhu h{sruwv wr Iudqfh/ iru h{dpsoh/ ghshqgv/ dprqj rwkhu wklqjv/ rq lwv delolw| wr

hgjh rxw d Jhupdq ulydo1 Dsshqgl{ E14 ghvfulehv wkh gdwd1 Wdeoh 5 olvwv rxu fkrlfh ri sduwqhu

frxqwulhv dv zhoo dv vrph vxppdu| vwdwlvwlfv iru hdfk ri wkhp1

Iru wkh uhpdlqlqj wzr sdudphwhuv zh xvh wzr gl�huhqw hvwlpdwhv ri �> wkh khwhurjhqhlw| ri
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jrrgv lq surgxfwlrq/ wdnhq iurp HN/ ;=5; +wkh suhihuuhg hvwlpdwh iurp wkdw sdshu, dqg 6=931

Zh wkhq h{shulphqw zlwk ydulrxv ydoxhv ri �> wkh khwhurjhqhlw| ri jrrgv lq frqvxpswlrq1 Zh

xvh 4 dqg 7 iru hdfk ydoxh ri �> dorqj zlwk 9 dqg ; iru � @ ;=5; +reh|lqj wkh wkhruhwlfdo

uhvwulfwlrq � ? � . 4,1

*�� '
�����
�� ��� �����

Zh h{wudfw wkh prgho*v txdqwlwdwlyh lpsolfdwlrqv wkurxjk vlpxodwlrq1 Ghwdlov ri wkh vlpxodwlrq

phwkrgrorj| duh jlyhq lq Dsshqgl{ F1 Khuh/ zh mxvw ghvfuleh wkh edvlf vhwxs1

Hdfk vwhs ri d vlpxodwlrq lqyroyhv vdpsolqj d jrrg m dw udqgrp iurp wkh frqwlqxxp1

Iru wkdw jrrg zh gudz iurp wkh h�flhqf| glvwulexwlrq +45, lq hdfk frxqwu|/ zklfk wrjhwkhu

zlwk wkh z�*v dqg g?�*v ghwhuplqhv wkh srwhqwldo frvw ri hdfk frxqwu| vxsso|lqj hdfk rwkhu

frxqwu| +Dsshqgl{ F h{sodlqv krz zh dfwxdoo| fduu| rxw wkhvh vwhsv jlyhq zkdw zh nqrz

derxw wkh sdudphwhuv,1 Iurp wkhvh srwhqwldo frvwv zh lghqwli| wkh dfwxdo orfdwlrqv ri wkh

dfwlyh +l1h1/ orz frvw, surgxfhuv iru hdfk pdunhw1�H Zh dovr ghwhuplqh wkh vhfrqg orzhvw frvw

lq vxsso|lqj hdfk pdunhw/ jryhuqlqj wkh pdunxs wkhuh1 Li lw wxuqv rxw wkdw wkh Xqlwhg Vwdwhv

kdv dq dfwlyh surgxfhu ri jrrg m/ zklfk zh lqwhusuhw dv d X1V1 sodqw/ zh ghwhuplqh zkhwkhu

lw h{sruwv/ fdofxodwh lwv sulfh pdunxs lq hdfk pdunhw zkhuh lw vhoov/ ghwhuplqh lwv uhyhqxh lq

wkrvh pdunhwv/ dqg fdofxodwh lwv phdvxuhg surgxfwlylw|1

Dv qrwhg deryh/ h{sruwlqj frpsolfdwhv wkh h{suhvvlrq iru phdvxuhg surgxfwlylw| vlqfh wkh

vdph surgxfhu vhwv gl�huhqw pdunxsv lq hdfk pdunhw1 Frqvlghu d X1V1 sodqw surgxflqj jrrg

m dqg vhoolqj lw wr d vhw ri pdunhwv 
1 Wkh jhqhudol}dwlrq ri h{suhvvlrq +4:,/ uhsuhvhqwlqj wrwdo

uhyhqxhv shu lqsxw exqgoh/ lv=

|+m, @P�+m,z @

5
7
S
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zkhuh wkh frpsrvlwh pdunxs ri wkh X1V1 sodqw P�+m, lv wrwdo uhyhqxhv ryhu wrwdo frvwv1 Wkh

sodqw0ohyho surgxfwlylw| phdvxuh zh duh wu|lqj wr pdwfk lv ydoxh dgghg shu zrunhu1 Vlqfh zh

dvvxph wkdw surgxfwlrq frpelqhv lqwhuphgldwhv dqg oderu/ zlwk oderu kdylqj d vkduh �> ydoxh

dgghg shu zrunhu lv=

y+m, @
Z

�

�
|+m,

z
� +4� �,

�
> +4<,

zkhuh Z lv wkh X1V1 zdjh1�b

Zh jhqhudwh djjuhjdwh suhglfwlrqv e| wdnlqj 833/333 vdpsohv iurp wkh frqwlqxxp ri jrrgv1

Derxw :8/333 ri wkhvh wxuq rxw wr eh jrrgv wkdw wkh Xqlwhg Vwdwhv lpsruwv/ ohdylqj xv zlwk

d gdwd vhw iru durxqg 758/333 vlpxodwhg X1V1 sodqwv1 Iurp wklv gdwd vhw zh fdofxodwh wkh

vlpxodwhg dqdorjxhv ri wkh dfwxdo vwdwlvwlfv uhsruwhg lq Wdeoh 4= +l, wkh iudfwlrq ri X1V1 sodqwv

wkdw h{sruw/ +ll, wkh uhyhqxhv ri h{sruwhuv uhodwlyh wr qrqh{sruwhuv/ +lll, wkh glvwulexwlrq ri

h{sruw lqwhqvlw| iru h{sruwhuv/ +ly, wkh khwhurjhqhlw| ri surgxfwlylw|/ dqg +y, wkh surgxfwlylw|

dgydqwdjh ri h{sruwhuv1 Zh qrz wxuq wr zkdw kdsshqv1

*�� '
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�� �������

Wdeoh 6/ jlylqj hdfk sodqw htxdo zhljkw lq wkh vwdwlvwlfv/ dqg Wdeoh 7/ zhljkwlqj e| vklsphqwv/

frpsduh wkh suhglfwlrqv iurp rxu vlpxodwlrqv +xqghu gl�huhqw ydoxhv ri � dqg �, wr wkh dfwxdo

vwdwlvwlfv iurp wkh 4<<5 X1V1 Fhqvxv ri Pdqxidfwxulqj1 Zh qrz wxuq wr rxu uhvxowv idfw e|

idfw1

41 Wkh Iudfwlrq zkr H{sruw1 D edvlf suhglfwlrq ri rxu iudphzrun +zklfk/ dv vkrzq lq

Dsshqgl{ F/ grhv qrw uho| rq rxu hvwlpdwhv ri � ru �, lv wkh iudfwlrq ri sodqwv wkdw h{sruw

dw doo1 Rxu prgho*v suhglfwlrq wkdw 84 shufhqw ri sodqwv h{sruw lv vxevwdqwldoo| deryh

wkh 54 shufhqw ri sodqwv wkdw uhsruw h{sruwlqj dq|wklqj lq 4<<51 Zkhq zh zhljkw e|

vklsphqwv/ krzhyhu/ rxu suhglfwlrqv duh txlwh forvh wr wkh dfwxdo iudfwlrq ri 93 shufhqw iru

�b5�?Ui �?|ih4i_�@|it @hi @ t�@hi � 3 q Lu |L|@* ULt| @?_ |�i h@|�L Lu |L|@* hi�i?�it |L |L|@* ULt| �t +E��*�c
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orz wr prghudwh ydoxhv ri wkh hodvwlflw| ri vxevwlwxwlrq/ �1 Dq h{sodqdwlrq +dgplwwhgo|

idyrudeoh wr wkh prgho, iru zk| zhljkwlqj e| vl}h lpsuryhv rxu suhglfwlyh delolw| lv wkdw

d odujh qxpehu ri vpdoo sodqwv huurqhrxvo| uhsruw qr h{sruw dfwlylw|1 +Uhfdoo wkdw wrwdo

h{sruwv uhsruwhg e| pdqxidfwxulqj sodqwv lq wkh Fhqvxv vxuyh| frqvwlwxwh mxvw ryhu 93

shufhqw ri wrwdo djjuhjdwh X1V1 pdqxidfwxulqj h{sruwv dv phdvxuhg e| RHFG1,

51 Surgxfwlylw|1 Wdeoh 6 uhsruwv wkh vlpxodwhg vwdqgdug ghyldwlrq ri wkh orjdulwkp +pxo0

wlsolhg e| 433 wr |lhog d shufhqwdjh, ri ydoxh dgghg shu zrunhu +4<,1 Qrwh wkdw wkh prgho

lpsolhv vxevwdqwldo khwhurjhqhlw|/ exw qrw dv pxfk dv dsshduv lq wkh gdwd1 Wkh vlpx0

odwhg yduldwlrq lq surgxfwlylw| lv vpdoohu zlwk ohvv khwhurjhqhlw| hlwkhu lq frqvxpswlrq

+� kljkhu, ru lq surgxfwlrq +� kljkhu,1 Pruh krprjhqhlw| ri hlwkhu w|sh irufhv sodqwv wr

frpsuhvv wkhlu pdunxsv wrzdug wkh frpshwlwlyh ohyho/ uhgxflqj gl�huhqfhv lq phdvxuhg

surgxfwlylw|1 Wdeoh 6 dovr vkrzv wkh gl�huhqfh ehwzhhq h{sruwhuv dqg qrqh{sruwhuv lq

wkh phdq ri orj ydoxh0dgghg shu zrunhu +pxowlsolhg e| 433 wr dssur{lpdwh d shufhqwdjh

gl�huhqfh,1 Rxu vlpxodwlrqv vwudggoh wkh dfwxdo h{sruwhu surgxfwlylw| dgydqwdjh ri 66

shu fhqw/ zlwk pruh khwhurjhqhlw| +orzhu � ru �, lpso|lqj d juhdwhu gl�huhqwldo1

61 H{sruwhuv* Vl}h Dgydqwdjh1 Wkh qh{w wzr urzv ri Wdeoh 6 vkrz wkh dyhudjh vl}h ri

h{sruwhuv uhodwlyh wr qrqh{sruwhuv1 Hyhq h{foxglqj h{sruw uhyhqxhv/ dv orqj dv ghpdqg

lv hodvwlf +� A 4,/ wkh prgho fdswxuhv wkh idfw wkdw h{sruwhuv duh eljjhu1 Zh ryhusuhglfw

wkh vl}h gl�huhqfhv lq wkh xsshu udqjhv ri � doorzhg e| rxu hvwlpdwhv ri �=

71 Wkh Iudfwlrq ri Uhyhqxhv iurp H{sruwv1 Iru doo sdudphwhu ydoxhv zh suhglfw wkdw

wkh ydvw pdmrulw| ri h{sruwhuv hduq ohvv wkdq 43 shufhqw ri wkhlu uhyhqxhv iurp h{sruwv/

lq olqh zlwk wkh dfwxdo gdwd1 Rxu suhglfwlrqv duh dovr lq olqh zlwk wkh idfw wkdw ihz

sodqwv vshfldol}h lq h{sruwlqj1 Lq wkh gdwd/ ihzhu wkdq 8 shufhqw ri h{sruwhuv hduq pruh

wkdq kdoi ri wkhlu uhyhqxhv iurp h{sruwv1 Rxu prgho slfnv xs wklv jhqhudo sdwwhuq/ lq idfw

xqghuhvwlpdwlqj wkh iudfwlrq ri h{sruw0rulhqwhg sodqwv zkhq wkh hodvwlflw| ri vxevwlwxwlrq
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� lv odujh1 Zh gr derxw dv zhoo zhljkwlqj e| vl}h1

Lq vxppdu|/ rxu prgho qrw rqo| slfnv xs wkh txdolwdwlyh ihdwxuhv ri wkh sodqw0ohyho gdwd/

sdudphwhul}lqj wkh prgho zlwk djjuhjdwh wudgh gdwd zh fdq jr txlwh idu lq �wwlqj wkh txdq0

wlwdwlyh pdjqlwxghv1 Rxu lqdelolw| wr �w doo wkh idfwv shuihfwo| lv qrw vxusulvlqj vlqfh zh duh

wu|lqj wr pdwfk 48 prphqwv ri wkh sodqw0ohyho gdwd zlwk rqo| wzr iuhh sdudphwhuv +� dqg �,1

Vwdqglqj e| rxu suhihuuhg hvwlpdwh ri � @ ;=5; iurp HN/ zh duh grzq wr rqh1

Wkh pdlq wudgh r� lq fkrrvlqj � lv fdswxulqj wkh vl}h dgydqwdjh ri h{sruwhuv +uhtxlulqj

kljk �, yhuvxv fdswxulqj pruh ri wkh khwhurjhqhlw| lq surgxfwlylw| +idyrulqj orz �,1 Lq wxuqlqj

wr wkh frxqwhuidfwxdov ehorz zh frpsurplvh zlwk d ydoxh ri � @ 9=

- .������ �/�
�
0�
��

Zh kdyh ehhq deoh wr lqihu wkh frqqhfwlrq ehwzhhq djjuhjdwh wudgh �rzv dqg sodqw ohyho idfwv

iurp wkh prgho wdnlqj lqsxw frvwv dqg wudgh sdwwhuqv dv jlyhq1 Exw lq xvlqj wkh prgho wr

lqihu wkh h�hfwv ri h{rjhqrxv fkdqjhv lq wkh joredo hqylurqphqw/ zh qhhg wr vshfli| krz wkhvh

pdjqlwxghv uhvsrqg1

Wr forvh wkh prgho lq wkh vlpsohvw zd|/ zh dvvxph wkdw wkhuh lv d wudghdeoh qrqpdqxidf0

wxuhg jrrg zklfk fdq vhuyh dv rxu qxphudluh1 Hdfk frxqwu| q surgxfhv wklv jrrg frpshwlwlyho|

zlwk oderu surgxfwlylw| Z?1 Wkh pdqxidfwxulqj vhfwru lq frxqwu| q wkhuhiruh idfhv dq hodvwlf

vxsso| ri oderu dw zdjh Z?1 +HN ghvfuleh rwkhu zd|v ri forvlqj wkh prgho1,

Uhfdoo wkdw lqsxwv duh d Free0Grxjodv frpelqdwlrq ri oderu dqg lqwhuphgldwhv1 Zh wuhdw

lqwhuphgldwhv dv uhsuhvhqwdwlyh ri pdqxidfwxuhv jhqhudoo| +erwk lq whupv ri wkhlu sulfhv dqg

krz wkh| djjuhjdwh,1 Wkhlu sulfh lqgh{ lq frxqwu| l lv wkxv vlpso| S�> vr wkdw wkh lqsxw frvw

lqgh{ z� lv sursruwlrqdo wr Z
q

�
S
�3q
� =

Jlyhq zdjhv/ pdqxidfwxulqj sulfh ohyhov lq gl�huhqw frxqwulhv duh frqqhfwhg wkurxjk wudgh

lq lqwhuphgldwhv1 Wr wdnh wkhvh lqwhudfwlrqv lqwr dffrxqw zh pdqlsxodwh htxdwlrqv +48, dqg
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+;, wr rewdlq=

S
3w @ �S3wE�3q�> +53,

zkhuh wkh qwk hohphqw ri wkh yhfwru S % lv S %
? dqg wkh hohphqw lq wkh qwk urz dqg lwk froxpq

ri wkh pdwul{ � lv sursruwlrqdo wr W�Z
3wq
� g

3w
?� 1 Zh vroyh iru wkh hqgrjhqrxv uhvsrqvh ri sulfhv

wr wkh h{rjhqrxv vkrfnv frqvlghuhg lq rxu frxqwhuidfwxdov xvlqj d orj0olqhdu dssur{lpdwlrq wr

+53,1

Kdylqj ghwhuplqhg krz sulfhv fkdqjh/ zh fdq hdvlo| fdofxodwh wkh fkdqjh lq lqsxw frvw z lq

hdfk frxqwu|1 Xvlqj htxdwlrq +<, zh fdq wkhq fdofxodwh fkdqjhv lq wkh pdunhw vkduh �?� ri dq|

frxqwu| l lq dq| rwkhu frxqwu| q1 Wkh uhpdlqlqj vwhs lv wr fdofxodwh fkdqjhv lq pdqxidfwxulqj

devruswlrq lq hdfk frxqwu|1

Zh wdnh hdfk frxqwu|*v djjuhjdwh JGS \? dv h{rjhqrxv dqg dvvxph wkdw d �{hg iudfwlrq

�? lv ghyrwhg wr pdqxidfwxuhg �qdo jrrgv1 Jlyhq lpshuihfw frpshwlwlrq/ zh fdq vkrz wkdw

djjuhjdwh frvwv duh d iudfwlrq �@+4 . �, ri djjuhjdwh uhyhqxhv1 Lw iroorzv wkdw wkh yhfwru ri

pdqxidfwxulqj devruswlrqv vdwlvi|=

[ @
�

4 . �

+4� �,��

[ . �\> +54,

zkhuh wkh qwk hohphqw ri wkh yhfwru [ lv [?/ wkh uhsuhvhqwdwlyh hohphqw ri wkh yhfwru �\ lv

�?\?/ dqg wkh uhsuhvhqwdwlyh hohphqw ri wkh pdwul{ � lv �?�1 +Wkh �uvw whup rq wkh uljkw vlgh

ri htxdwlrq +54, uhsuhvhqwv ghpdqg iru lqwhuphgldwhv zkloh wkh vhfrqg whup uhsuhvhqwv �qdo

ghpdqg iru pdqxidfwxuhv1, Zh xvh htxdwlrq +54, wr fdofxodwh krz d fkdqjh lq � wudqvodwhv

lqwr d fkdqjh lq [1 Wrjhwkhu/ wkh fkdqjhv lq � dqg [ ghwhuplqh wkh qhz ydoxhv ri [?� iru

hdfk frxqwu| q dqg l1

1 !������ �	�����

Zh frqvlghu wkuhh w|shv ri djjuhjdwh vkrfnv wr wkh zruog wudglqj uhjlph= +l, d 8 shufhqw zruog0

zlgh ghfolqh lq jhrjudsklf eduulhuv +uhvxowlqj lq 6< shufhqw pruh zruog wudgh,/ +ll, d ulvh lq
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jhrjudsklf eduulhuv vr h{wuhph wkdw wudgh vkxwv grzq/ dqg +lll, d 43 shufhqw h{rjhqrxv dssuh0

fldwlrq ri wkh X1V1 zdjh uhodwlyh wr zdjhv lq rwkhu frxqwulhv1 Zh frpsduh hdfk frxqwhuidfwxdo

vlwxdwlrq wr d edvholqh/ kroglqj �{hg wkh h�flhqf| ohyhov ri doo srwhqwldo surgxfhuv1

Iru hdfk frxqwhuidfwxdo dvn= +l, Krz pxfk hqwu| dqg h{lw rffxuv/ erwk lq dqg rxw ri

surgxfwlrq dqg lq dqg rxw ri h{sruwlqjB +ll, Zkdw kdsshqv wr d frqyhqwlrqdo phdvxuh ri ryhudoo

X1V1 pdqxidfwxulqj surgxfwlylw| dqg zkdw duh wkh frqwulexwlrqv ri hqwu|/ h{lw/ dqg uhdoorfdwlrq

dprqj vxuylylqj lqfxpehqwvB +lll, Zkdw kdsshqv wr wrwdo hpsor|phqw/ mre fuhdwlrq/ dqg mre

ghvwuxfwlrq lq pdqxidfwxulqjB

Ehiruh wxuqlqj wr wkh uhvxowv wkhpvhoyhv/ zh h{sodlq rxu surgxfwlylw| phdvxuh dqg lwv

frpsrqhqwv1

1�� #����	�
$
�% �		����
��

Lq dvvhvvlqj wkh lpsdfwv ri rxu frxqwhuidfwxdov rq phdvxuhg surgxfwlylw| zh orrn dw wrwdo

pdqxidfwxulqj ydoxh dgghg glylghg e| pdqxidfwxulqj hpsor|phqw1 Suhylrxvo| zh frqvlghuhg

surgxfwlylw| dw d jlyhq prphqw dfurvv d jlyhq vhw ri sodqwv idflqj wkh vdph lqsxw sulfhv1 Zh

qrz kdyh wr dffrxqw iru wkh uroh ri hqwu|/ h{lw/ uhdoorfdwlrq/ dqg fkdqjhv lq lqsxw frvwv dqg

sulfhv1

Vwduwlqj dw wkh sodqw ohyho/ zh prgli| +4<, e| gh�qlqj t+m, @ y+m,@S wr wdnh dffrxqw ri

fkdqjhv lq wkh pdqxidfwxulqj sulfh ohyho1 +Vlqfh iurp qrz rq zh frqvlghu rqo| X1V1 sodqwv zh

gurs wkh vxevfulsw l1, Djjuhjdwlqj dfurvv sodqwv/ ryhudoo pdqxidfwxulqj surgxfwlylw| t lv=

t @
[

�

O+m,

O

t+m,>

zkhuh O+m, lv hpsor|phqw lq sodqw m1

Iroorzlqj Edlo|/ Kxowhq/ dqg Fdpsehoo +4<<5,/ zh ghfrpsrvh djjuhjdwh surgxfwlylw| jurzwk

lqwr wkh frqwulexwlrqv ri hqwhulqj sodqwv +q,/ h{lwlqj sodqwv +{,/ uhdoorfdwlrq dprqj vxuylylqj

lqfxpehqwv +v,/ dqg surgxfwlylw| jdlqv iru vxuylylqj lqfxpehqwv1 Ghqrwlqj wkh vhw ri sodqwv
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ri hdfk w|sh dv 
&> n @ q>{> v=

t
�

� t @
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O
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O
+t% � tr,

.
[
�Mlr

�
O
�+m,
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r

�

O+m,

Or

�
t
�+m, .

[
�Mlr

O+m,

Or

�
t
�+m,� t+m,

�
> +55,

zkhuh O& @
S

�Ml
&

O+m,> t& @
S

�Ml
&

uE��
u
&

t+m,> dqg {
� ghqrwhv wkh frxqwhuidfwxdo ydoxh ri ydul0

deoh {= Wkh �uvw whup uhsuhvhqwv wkh surgxfwlylw| frqwulexwlrq iurp hqwudqwv zkrvh surgxf0

wlylw| ohyhov gl�hu rq dyhudjh iurp wkdw ri vxuylylqj lqfxpehqwv1 Wkh vhfrqg whup uhsuhvhqwv

wkh fruuhvsrqglqj surgxfwlylw| frqwulexwlrq iurp sodqw h{lw1 Wkh wklug lv wkh frqwulexwlrq

iurp uhdoorfdwlrq dfurvv lqfxpehqw vxuylyruv1 Wkh irxuwk lv wkh frqwulexwlrq ri surgxfwlylw|

fkdqjhv zlwklq wkh lqfxpehqw vxuylyruv1 +Zh zloo suhvhqw hdfk whup dv d shufhqwdjh ri lqlwldo

surgxfwlylw| t1,

Lw pljkw vhhp wkdw vlqfh zh duh kroglqj d sodqw*v h�flhqf| gudz �{hg/ rxu ydulrxv frxqwhu0

idfwxdov vkrxog ohdyh dq lqfxpehqw vxuylyru*v phdvxuhg surgxfwlylw| xqd�hfwhg/ vr wkdw wkh

odvw whup lq +55, zrxog htxdo }hur1 Exw wklv lv qrw wkh fdvh1 Lqfrusrudwlqj frvw plqlpl}lqj

ehkdylru/ d sodqw*v gh�dwhg ydoxh dgghg shu zrunhu lv=

t+m, @ ]�+m,
S�+m,

S

�
4�

+4� �,

P�+m,

��
Z

S

��3q �4� �
�

��3q

> +56,

zkhuh wkh frpsrvlwh sulfh S�+m, lv wkh sodqw*v uhyhqxhv iurp durxqg wkh zruog ryhu lwv wrwdo

sk|vlfdo rxwsxw1 Lq rxu h{shulphqwv dq lqfxpehqw vxuylyru*v phdvxuhg oderu surgxfwlylw| fdq

ulvh iru dq| ri wkuhh uhdvrqv= +l, wkh sodqw*v rzq rxwsxw sulfh S�+m, ulvhv uhodwlyh wr wkh sulfh

ri pdqxidfwxuhv S> +ll, wkh frpsrvlwh pdunxs P�+m, ulvhv/ udlvlqj wkh vkduh ri ydoxh dgghg

lq jurvv surgxfwlrq/ ru +lll, wkh sulfh ri lqwhuphgldwhv S idoov uhodwlyh wr wkh zdjh Z / ohdglqj

wr xvh ri pruh lqwhuphgldwhv shu zrunhu1 Wkh odvw h�hfw wxuqv rxw wr eh wkh grplqdqw rqh

txdqwlwdwlyho|/ dv rxu h{shulphqwv jhqhudwh vxevwdqwldo fkdqjhv lq wkh udwlr ri lqwhuphgldwhv

sulfhv wr wkh zdjh1
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Wkh uhvxowv ri doo wkuhh frxqwhuidfwxdov duh vkrzq lq Wdeoh 8=

41 Joredol}dwlrq +wdnlqj wkh irup ri d 8 shufhqw idoo lq jhrjudsklf eduulhuv, ohdgv wr pruh

wkdq d 7 shufhqw lqfuhdvh lq rxu surgxfwlylw| phdvxuh1 Wkh pdlq idfwru lv wkh jdlqv

zlwklq vxuylylqj sodqwv gulyhq e| wkh ghfolqh lq wkh sulfh ri lqwhuphgldwhv +dv fkhdshu

lpsruwv uhsodfh grphvwlfdoo| surgxfhg lqsxwv,1 Exw wkh uhdoorfdwlrq ri surgxfwlrq lv

dovr lpsruwdqw1 Ryhu ; shufhqw ri X1V1 sodqwv h{lw1 Vlqfh wkhlu surgxfwlylw| dyhudjhv

rqo| :3 shufhqw ri wkh vxuylyruv*/ h{lw frqwulexwhv 418 shufhqw wr ryhudoo surgxfwlylw|1 Dv

vpdoohu/ orzhu0surgxfwlylw| sodqwv h{lw/ kljk0surgxfwlylw| h{sruwhuv h{sdqg1 Khqfh qhw

mre orvv lv rqo| 51: shu fhqw ri lqlwldo hpsor|phqw/ d pxfk orzhu shufhqw wkdq sodqw orvv1

Wklv �jxuh lv wkh qhw rxwfrph ri 719 shufhqw jurvv mre fuhdwlrq dqg :16 shufhqw jurvv mre

ghvwuxfwlrq1

51 Qrw vxusulvlqjo|/ jrlqj wr dxwdun| pryhv wklqjv wkh rwkhu zd|1 Phdvxuhg surgxfwlylw|

idoov e| doprvw < shufhqw/ sulpdulo| gxh wr wkh lqfuhdvh lq lqwhuphgldwhv sulfhv idflqj

lqfxpehqwv1 Lq dgglwlrq/ lqh�flhqw X1V1 surgxfhuv hqwhu wr surgxfh wkh jrrgv wkdw kdg

ehhq lpsruwhg/ gudjjlqj grzq ryhudoo surgxfwlylw| e| 418 shufhqw1 Wkh uhdoorfdwlrq ri

surgxfwlrq dzd| iurp surgxfwlyh h{sruwhuv nqrfnv 517 shufhqwdjh srlqwv iurp ryhudoo

surgxfwlylw| jurzwk1 Dowkrxjk wkh qxpehu ri X1V1 sodqwv ulvhv e| 4: shufhqw/ pdqxidf0

wxulqj hpsor|phqw ulvhv e| ohvv wkdq 5 shufhqw= Wkh mrev ghvwur|hg lq h{sruwlqj sodqwv

orvlqj wkhlu ryhuvhdv pdunhwv +qhduo| 44 shufhqw ri lqlwldo hpsor|phqw, doprvw r�vhwv wkh

mre0fuhdwlrq iurp uhodwlyho| vpdoo hqwudqwv +ryhu 45 shufhqw ri hpsor|phqw,1

61 D orvv lq X1V1 _frpshwlwlyhqhvv% +wdnlqj wkh irup ri d 43 shufhqw ulvh lq wkh X1V1 zdjh

uhodwlyh wr zdjhv hovhzkhuh, dfwxdoo| sxvkhv phdvxuhg X1V1 pdqxidfwxulqj surgxfwlylw|

xs e| 7 shufhqw1 Wkh sulpdu| uhdvrq lv wkdw lpsruwv nhhs lqwhuphgldwhv sulfhv iurp

ulvlqj e| dv pxfk dv wkh zdjh/ vr wkdw sodqwv vxevwlwxwh lqwhuphgldwhv iru zrunhuv1
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H{lw e| xqsurgxfwlyh grphvwlf surgxfhuv frqwulexwhv dq dgglwlrqdo 418 shufhqw wr wkh

ryhudoo surgxfwlylw| jdlq1 Wrjhwkhu vxevwlwxwlrq dqg h{lw jhqhudwh dq 4; shufhqw idoo lq

pdqxidfwxulqj hpsor|phqw1

Wr vkrz zkdw nlqg ri fkxuqlqj jrhv rq dw wkh sodqw ohyho Wdeohv 9 dqg : looxvwudwh wudqvlwlrqv

lq dqg rxw ri surgxfwlrq dqg lq dqg rxw ri h{sruwlqj iru wkh �uvw dqg wklug frxqwhuidfwxdov/

uhvshfwlyho|1

Wdeoh 9 vkrzv zkdw kdsshqv dv d frqvhtxhqfh ri joredol}dwlrq1 Wkh dfwlrq lv dprqj sodqwv

lqlwldoo| qrw h{sruwlqj= Zkloh 4: shufhqw ri qrqh{sruwhuv duh vkxw grzq e| iruhljq frpshwlwlrq/

45 shufhqw wdnh dgydqwdjh ri qhz h{sruw rssruwxqlwlhv1 Lqlwldo surgxfwlylw| lv d jrrg lqglfdwru

ri krz d qrqh{sruwhu zloo iduh= Doprvw d wklug ri wkrvh lq wkh orzhvw txduwloh h{lw zkloh rqo|

: shufhqw hqwhu h{sruw pdunhwv1 Exw qrqh ri wkh sodqwv lq wkh wrs surgxfwlylw| txduwloh vkxw

grzq/ dqg ryhu rqh wklug hqwhu h{sruw pdunhwv1

Wxuqlqj wr Wdeoh :/ zh vhh wkh uhvxow ri d 43 shufhqw lqfuhdvh lq wkh X1V1 zdjh1 Ri wkh

X1V1 sodqwv ruljlqdoo| surgxflqj iru rqo| wkh X1V1 pdunhw/ 49 shufhqw h{lw1 Rqo| 4 shu fhqw

ri h{sruwhuv vkxw grzq/ exw 57 shufhqw gr vwrs h{sruwlqj1 Euhdnlqj grzq wkhvh vwdwlvwlfv e|

d sodqw*v lqlwldo srvlwlrq lq wkh surgxfwlylw| glvwulexwlrq/ qhduo| rqh wklug ri orz surgxfwlylw|

qrqh{sruwlqj sodqwv h{lw zkloh qrqh h{lw iurp wkh wrs kdoi ri wkh surgxfwlylw| glvwulexwlrq1

Iru hlwkhu frxqwhuidfwxdo/ zh vhh d vwulnlqj khwhurjhqhlw| ri rxwfrphv iurp djjuhjdwh vkrfnv1

3 !��	���
��

Uhfhqw sodqw0ohyho �qglqjv srvh fkdoohqjhv wr vwdqgdug wudgh wkhru|1 Prvw qrwdeo|/ sodqwv wkdw

h{sruw duh vfdwwhuhg dfurvv lqgxvwulhv/ hyhq h{sruwhuv hduq prvw ri wkhlu uhyhqxhv grphvwlfdoo|/

dqg surgxfwlylw| gl�huv gudpdwlfdoo| dfurvv sodqwv zlwklq dq lqgxvwu|1 Zh uhfrqfloh zkdw jrhv

rq dw wkh sodqw ohyho zlwk d ixoo| duwlfxodwhg dqg fdoleudwhg prgho ri lqwhuqdwlrqdo wudgh1 Rxu

iudphzrun fdswxuhv wkh vw|ol}hg idfwv txdolwdwlyho|/ dqg jrhv txlwh idu lq pdwfklqj gdwd rq X1V1

pdqxidfwxulqj sodqwv1 Wkh iudphzrun srlqwv wr wkh lpsruwdqfh ri h{sruw frvwv lq vhjphqwlqj
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pdunhwv/ dqg ri h�flhqf| gl�huhqfhv dfurvv surgxfhuv lq jhqhudwlqj khwhurjhqhlw| lq pdunhw

srzhu/ phdvxuhg surgxfwlylw|/ dqg wkh delolw| wr ryhufrph jhrjudsklf eduulhuv1

Dowkrxjk iruhljq pdunhwv duh vpdoo lq sodqwv* uhyhqxhv/ wkh lqwhuqdwlrqdo hfrqrp| qrqhwkh0

ohvv sod|v dq lpsruwdqw uroh lq ghwhuplqlqj zklfk surgxfhuv duh lq exvlqhvv dqg zklfk duh jrrg

hqrxjk wr h{sruw1 Vlpxodwlrqv ri frxqwhuidfwxdov looxvwudwh wkh srwhqwldoo| glyhuvh lpsdfw dw

wkh sodqw ohyho ri djjuhjdwh srolf| vkliwv1 Orzhu wudgh eduulhuv/ iru h{dpsoh/ whqg wr qxgjh rxw

orz0surgxfwlylw| sodqwv zkloh hqdeolqj wkh pruh surgxfwlyh wr vhoo pruh deurdg1 Hyhq wkrxjk

wkh qxpehu ri X1V1 sodqwv idoo wkhuh lv olwwoh qhw mre ghvwuxfwlrq +exw vxevwdqwldo mre wxuqryhu,1

Djjuhjdwh surgxfwlylw| ulvhv dv hpsor|phqw vkliwv iurp orz surgxfwlylw| sodqwv gulyhq rxw e|

lpsruw frpshwlwlrq wr kljk surgxfwlylw| sodqwv wxuqlqj wrzdug h{sruw pdunhwv1

Rxu prgho fdswxuhv yhu| sduvlprqlrxvo| wkh uhpdundeoh khwhurjhqhlw| ri sodqw0ohyho h{sh0

ulhqfh1 Wr dfklhyh wklv sduvlprq| lw rplwv pdq| lpsruwdqw ihdwxuhv ri wkh zruog1 Zh ljqruh

srvvleoh gl�huhqfhv dfurvv lqgxvwulhv lq uhohydqw sdudphwhu ydoxhv1 Zh wuhdw oderu dv krpr0

jhqhrxv dqg kdyh vlpso| oxpshg fdslwdo wrjhwkhu zlwk lqwhuphgldwhv1 Zh ljqruh g|qdplfv

hqwluho|1 Lq sulqflsoh rqh frxog h{whqg rxu dssurdfk wr lqfrusrudwh wkhvh ihdwxuhv +dqg vxfk

h{whqvlrqv uhpdlq wrslfv iru ixwxuh uhvhdufk,1 Exw rxu wkhru| kdv douhdg| jrqh pxfk ixuwkhu

wkdq suhylrxv zrun lq eulgjlqj wkh jds ehwzhhq pdfur dqg plfur0ohyho wudgh gdwd1
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Uhihuhqfhv

Dz/ Ehh \dq/ Fkxqj/ Vxnn|xq/ dqg Urehuwv/ Pdun M1 _Surgxfwlylw| dqg wkh Ghflvlrq wr

H{sruw= Plfur Hylghqfh iurp Wdlzdq dqg Vrxwk Nruhd1% QEHU Zrunlqj Sdshu Qr1

988; +4<<;,1

Edlo|/ Pduwlq Q1/ Kxowhq/ Fkduohv/ dqg Fdpsehoo/ Gdylg1 _Surgxfwlylw| G|qdplfv lq Pdq0

xidfwxulqj Sodqwv1% Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|= Plfurhfrqrplfv +4<<5,=

4;:059:1

Eduwhovpdq/ Hulf M1 dqg Gku|phv/ Skrhexv M1 _Surgxfwlylw| G|qdplfv= X1V1 Pdqxidfwxulqj

Sodqwv/ 4<:504<;91% Mrxuqdo ri Surgxfwlylw| Dqdo|vlv < +Mdqxdu| 4<<;,= 80671

Ehuqdug/ Dqguhz E1 dqg Mhqvhq/ M1 Eudgirug1 _H{sruwhuv/ Mrev/ dqg Zdjhv lq X1V1 Pdqx0

idfwxulqj= 4<:904<;:1% Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|= Plfurhfrqrplfv +4<<8,=

9:044<1

Ehuqdug/ Dqguhz E1 dqg Mhqvhq/ M1 Eudgirug1 _H{fhswlrqdo H{sruwhu Shuirupdqfh= Fdxvh/

H�hfw/ ru ErwkB% Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv 7: +Iheuxdu| 4<<<d,= 40581

Ehuqdug/ Dqguhz E1 dqg Mhqvhq/ M1 Eudgirug1 _H{sruwlqj dqg Surgxfwlylw|% QEHU Zrunlqj

Sdshu Qr1 :468 +4<<<e,1

Eloolqjvoh|/ Sdwulfn1 Suredelolw| dqg Phdvxuh/ 5qg hglwlrq1 Qhz \run= Mrkq Zloh| ) Vrqv/

4<;91

Fdpsd/ Mrv�h dqg Jrogehuj/ Olqgd V1 _Lqyhvwphqw/ H{fkdqjh Udwhv dqg H{whuqdo H{srvxuh1%

Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv 6; +Pd| 4<<8,= 5<:06531

Fohulghv/ Vriurqlv/ Odfk/ Vdxo/ dqg W|erxw/ Mdphv U1 _Lv Ohduqlqj e| H{sruwlqj LpsruwdqwB

Plfur0G|qdplf Hylghqfh iurp Frorpeld/ Ph{lfr/ dqg Prurffr1% Txduwhuo| Mrxuqdo ri

Hfrqrplfv 446 +Dxjxvw 4<<;,= <360<7:1

5;



Gl{lw/ Dylqdvk dqg Vwljolw}/ Mrvhsk1 _Prqrsrolvwlf Frpshwlwlrq dqg Rswlpxp Surgxfw Gl0

yhuvlw|1% Dphulfdq Hfrqrplf Uhylhz 9: +Mxqh 4<::,= 5<:063;1

Gruqexvfk/ Uxgljhu/ Ilvfkhu/ Vwdqoh| dqg Vdpxhovrq/ Sdxo D1 _Frpsdudwlyh Dgydqwdjh/

Wudgh/ dqg Sd|phqwv lq d Ulfdugldq Prgho zlwk d Frqwlqxxp ri Jrrgv1% Dphulfdq

Hfrqrplf Uhylhz 9: +Ghfhpehu 4<::,= ;560;6<1

Hdwrq/ Mrqdwkdq dqg Nruwxp/ Vdpxho1 _Lqwhuqdwlrqdo Whfkqrorj| Gl�xvlrq= Wkhru| dqg

Phdvxuhphqw1% Lqwhuqdwlrqdo Hfrqrplf Uhylhz 73 +Dxjxvw 4<<<,= 86:08:31

Hdwrq/ Mrqdwkdq dqg Nruwxp/ Vdpxho1 _Whfkqrorj|/ Jhrjudsk|/ dqg Wudgh1% plphr/ Ervwrq

Xqlyhuvlw| +5333,1

Ihhqvwud/ Urehuw F1/ Olsvh|/ Urehuw H1 dqg Erzhq/ Khqu| S1 _Zruog Wudgh Iorzv/ 4<:304<<5/

zlwk Surgxfwlrq dqg Wdul� Gdwd1% QEHU Zrunlqj Sdshu Qr1 8<43 +4<<:,1

Jrxulqfkdv/ Slhuuh0Rolylhu1 _H{fkdqjh Udwhv dqg Mrev= Zkdw GrZh Ohduq iurp Mre IorzvB%

lq QEHU Pdfurhfrqrplfv Dqqxdo 4<<;/ Ehq V1 Ehuqdqnh dqg Mxolr M1 Urwhpehuj +hgv1,/

Wkh PLW Suhvv/ 4<<<1

Jurvvpdq/ J1P1 dqg Khospdq/ H1 _Txdolw| Odgghuv lq wkh Wkhru| ri Jurzwk1% Uhylhz ri

Hfrqrplf Vwxglhv 8; +4<<4,= 760941

Khdg/ Nhlwk dqg Ulhv/ Mrkq1 _Udwlrqdol}dwlrq H�hfwv ri Wdul� Uhgxfwlrqv1% plphr/ Xqlyhu0

vlw| ri Eulwlvk Froxpeld +4<<;,1

Nohwwh/ Wru Mdnre/ dqg Julolfkhv/ ]yl1 _Wkh Lqfrqvlvwhqf| ri Frpprq Vfdoh Hvwlpdwruv Zkhq

Rxwsxw Sulfhv duh Xqrevhuyhg dqg Hqgrjhqrxv1% Mrxuqdo ri Dssolhg Hfrqrphwulfv 44

+4<<9,= 67606941

Nruwxp/ Vdpxho1 _Uhvhdufk/ Sdwhqwlqj dqg Whfkqrorjlfdo Fkdqjh1% Hfrqrphwulfd 98 +Qryhp0

ehu 4<<:,= 46;<0474<1
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Nuxjpdq/ Sdxo1 _Lqfuhdvlqj Uhwxuqv/ Prqrsrolvwlf Frpshwlwlrq/ dqg Lqwhuqdwlrqdo Wudgh1%

Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv < +Qryhpehu 4<:<,= 79<07:<1

Pholw}/ Pduf1 _Wkh Lpsdfw ri Wudgh rq Lqwud0Lqgxvwu| Uhdoorfdwlrqv dqg Djjuhjdwh Lqgxvwu|

Surgxfwlylw|1% plphr/ Xqlyhuvlw| ri Plfkljdq +4<<<,1

RHFG/ Wkh RHFG VWDQ Gdwdedvh/ 4<<81

Rooh|/ Vwhyhq dqg Sdnhv/ Dulho1 _Wkh G|qdplfv ri Surgxfwlylw| lq wkh Whohfrppxqlfdwlrqv

Lqgxvwu|1% Hfrqrphwulfd 97 +Qryhpehu 4<<9,= 4596045<:1

Urehuwv/ Pdun dqg W|erxw/ Urehuw1 _Wkh Ghflvlrq wr H{sruw lq Frorpeld= Dq Hpslulfdo

Prgho ri Hqwu| zlwk Vxqn Frvwv1% Dphulfdq Hfrqrplf Uhylhz ;: +4<<:,= 87808971

XQLGR/Lqgxvwuldo Vwdwlvwlfv Gdwdedvh/ 4<<<1

Zruog Edqn/ Zruog Wdeohv1 Edowlpruh= Mrkqv Krsnlqv Xqlyhuvlw| Suhvv/ 4<<81
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Lq wklv dsshqgl{ zh ghulyh vrph ri wkh uhvxowv xvhg lq wkh sdshu/ ehjlqqlqj zlwk wkrvh iurp

Vhfwlrq 6151

��� ��� 4�
�� 5
���
0��
�� � �)	
��	%  �� ��� ���� ��� '�	���+����

Wkh Iu�hfkhw glvwulexwlrq h
3A53w kdv wzr xvhixo surshuwlhv iru rxu sxusrvhv= +l, Iru d srvlwlyh

frqvwdqw �/ li ]�+m, kdv d Iu�hfkhw glvwulexwlrq/ wkhq vr wr grhv �]�+m, dqg +ll, Li ]�@+m,

dqg ]�K+m, duh gudzq lqghshqghqwo| iurp Iu�hfkhw glvwulexwlrqv zlwk d frpprq sdudphwhu �

+exw srvvleo| gl�huhqw sdudphwhuv W , wkhq ]�+m, @ pd{i]�@+m,> ]�K+m,j lwvhoi kdv d Iu�hfkhw

glvwulexwlrq1 Zh qrz ghprqvwudwh wkdw wkh dqdorjxhv ri wkhvh surshuwlhv krog iru rxu sursrvhg

jhqhudol}dwlrq +45, ri wkh Iu�hfkhw glvwulexwlrq wr fryhu wkh mrlqw glvwulexwlrq ri wkh pd{lpxp

]�+m, dqg wkh qh{w kljkhvw ]2+m,=

I +}�> }2>W , @ Su^]�+m, � }�> ]2+m, � }2` @ ^4 . W +}3w2 � }3w� ,`h3A5
3w

2 >

iru 3 � }2 � }�1 +Wr idflolwdwh wkh ghulydwlrqv ehorz/ zh kdyh pdgh h{solflw wkdw W sdudphwhu0

l}hv I 1,

Wkh �uvw surshuw| ri wkh mrlqw glvwulexwlrq lv yhul�hg dv iroorzv=

Su^�]�+m, � }�> �]2+m, � }2` @ I +}�@�> }2@�>W ,

@ i4 . W ^+}2@�,
3w � +}�@�,

3w`j3A E52*b�
3w

@ I +}�> }2>W
�,>

zkhuh W � @ �wW 1

Wr yhuli| wkh vhfrqg surshuw|/ zh wdnh wkh sdlu +]�@+m,> ]2@+m,, wr eh gudzq iurp wkh glvwul0

exwlrq I +}�> }2>W@, dqg wkh sdlu +]�K+m,> ]2K+m,, wr eh gudzq lqghshqghqwo| iurp I +}�> }2>WK,1

Ixuwkhupruh/ zh gh�qh

]�+m, @ pd{i]�@+m,> ]2@+m,> ]�K+m,> ]2K+m,j
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dqg

]2+m, @ pd{5i]�@+m,> ]2@+m,> ]�K+m,> ]2K+m,j>

zkhuh pd{ 5 ghqrwhv wkh vhfrqg kljkhvw iurp wkh vhw1 Iru }� A }2/ wkh hyhqw

^]�+m, � }�> ]2+m, � }2`

fdq eh eurnhq grzq h{kdxvwlyho| lqwr wkuhh pxwxdoo| h{foxvlyh hyhqwv=

^]�@+m, � }2> ]�K+m, � }2`>

^}2 ? ]�@+m, � }�> ]2@+m, � }2> ]�K+m, � }2`>

dqg

^}2 ? ]�K+m, � }�> ]2K+m, � }2> ]�@+m, � }2`=

Dsso|lqj wklv euhdngrzq=

Su^]�+m, � }�> ]2+m, � }2` @ I +}2> }2>W@,I +}2> }2>WK,

.^I +}�> }2>W@,� I +}2> }2>W@,`I +}2> }2>WK,

.^I +}�> }2>WK,� I +}2> }2>WK,`I +}2> }2>W@,

@ ^4 . W@+}
3w
2 � }3w

� , . WK+}
3w
2 � }3w

� ,`h3A@5
3w

2 h3AK5
3w

2

@ I +}�> }2>W@ . WK,>

zklfk lv wkh surshuw| zh vrxjkw1

��� ��� 4�
�� 5
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Zh qrz wxuq iurp wkh glvwulexwlrq ri h�flhqflhv lq hdfk vrxufh frxqwu| +45, wr wkh forvho|

uhodwhg glvwulexwlrq ri wkh frvwv ri surylglqj jrrgv wr hdfk ghvwlqdwlrq1 Lw lv frqyhqlhqw wr

zrun zlwk wkh frpsohphqwdu| glvwulexwlrq +zlwk lqhtxdolwlhv uhyhuvhg,=

JS

?�
+f�> f2, @ Su^F�?�+m, � f�> F2?�+m, � f2`
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@ Su^]��+m, � z�g?�@f�> ]2�+m, � z�g?�@f2`

@ I�+z�g?�@f�> z�g?�@f2,

@ I +f3�� > f3�2 >W�^z�g?�,`
3w,>

zkhuh/ dv deryh/ zh ghqrwh I�+}�> }2, e| I +}�> }2>W�,1

Qrz frqvlghu wkh frpsohphqwdu| glvwulexwlrq iru wkh orzhvw dqg qh{w0orzhvw frvwv iru jrrgv

dydlodeoh lq ghvwlqdwlrq q/ zlwkrxw uhjdug wr wkh vrxufh1 Iru f� � f2=

JS

?
+f�> f2, @ Su^F�?+m, � f�> F2?+m, � f2`

@
�\

�'�

JS

?�
+f2> f2, .

�[

�'�

^JS

?�
+f�> f2,�JS

?�
+f2> f2,`

\

& �'�

JS

?&
+f2> f2,

@
�\

�'�

h3A�E��_?��
3w

S
w

2 .

�[

�'�

W�+z�g?�,
3w+fw2 � fw�,h

3A�E��_?��
3w

S
w

2

\

& �'�

h3A&E�&
_
?&
�3wSw

2

@ h3x?S
w

2 . h3x?S
w

2+fw2 � fw�,

�[

�'�

W�+z�g?�,
3w

@ I +f3�� > f3�2 > �?,>

zkhuh �? lv wkh frvw sdudphwhu gh�qhg lq +;,1

Zh rewdlq wkh frvw glvwulexwlrq +46, iurp wkh uhodwlrqvkls/

J?+f�> f2, @ 4�JS

?+3> f2,�JS

?+f�> f�, .JS

?+f�> f2,=

��� ��� 5
���
0��
�� � ��� ������

Gh�qlqj P �

?+m, @ F2?+m,@F�?+m,/ wkh pdunxs lv vlpso| P?+m, @ plqiP �

?+m,> �pj1 Iluvw/

frqvlghu wkh glvwulexwlrq ri P �

?+m, jlyhq F2?+m, @ f2 � 31 Iru dq| p� � 4 zh kdyh=

Su^P �

?+m, �p�mF2?+m, @ f2` @ Su^f2@p
� � F�?+m, � f2mF2?+m, @ f2`

@

U
S2

ES2*6�� j?+f�> f2,gf�U
S2

f j?+f�> f2,gf�

@
fw2 � +f2@p

�,w

fw2

@ 4�p�3w>
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zkhuh j?+f�> f2, lv wkh mrlqw ghqvlw| ixqfwlrq fruuhvsrqglqj wr wkh glvwulexwlrq +46,1 Vlqfh

frqglwlrqdo rq F2?+m, @ f2 wkh glvwulexwlrq ri P �

?+m, lv Sduhwr dqg grhv qrw ghshqg rq f2/ lw

iroorzv wkdw wkh xqfrqglwlrqdo glvwulexwlrq ri P �

?+m, lv dovr Sduhwr1 Wkh glvwulexwlrq ri wkh

pdunxs K+p, @ Su^P?+m, �p` lv wkhuhiruh Sduhwr/ exw wuxqfdwhg dw �p1

��" ��� #�
	� ����


Wkh pdlq vwhs lq ghulylqj dq h{suhvvlrq iru wkh sulfh lqgh{ S? lv rewdlqlqj dq h{suhvvlrq iru

wkh h{shfwdwlrq/ H^S?+m,
�3j`1 Wkh wzr duh forvho| olqnhg vlqfh=

S �3j

? @ H^S �3j

? ` @ H^

]
�

f
�+n,S?+n,

�3jgn` @ H^�+m,S?+m,
�3j` @ H^S?+m,

�3j`>

zkhuh wkh odvw htxdolw| iroorzv iurp rxu dvvxpswlrq wkdw �+m, lv lqghshqghqw ri h�flhqf|1

AIurp D16/P �

?+m, @ F2?+m,@F�?+m, kdv d Sduhwr glvwulexwlrq dqg lv lqghshqghqw ri F2?+m,1

Dvvxplqj � ? 4 . �/ zh wkhuhiruh kdyh=

H^S?+m,
�3j` @

]
"

�
H^S?+m,

�3jmP �

?+m, @p�`�p�3Ewn��gp�

@

] 76

�
H^F2?+m,

�3j`�p�3Ewn��gp� .

]
"

76
H^+ �pF2?+m,@p

�,�3j`�p�3Ewn��gp�

@ H^F2?+m,
�3j`^+4� �p3w, . �p3w

�

4 . � � �
`=

AIurp +46, zh fdq ghulyh wkh ghqvlw| ixqfwlrq iru F2?+m,/ zklfk zh ghqrwh j2?+f2,1 Zh fdq

wkhq fdofxodwh

H^F2?+m,
�3j` @

]
"

f
f�3j2 j2?+f2,gf2 @ �3E�3j�*w?

]
"

f
{E�3jnw�*wh3%g{ @ �3E�3j�*w? �+

4� � . 5�

�
,=

Frpelqlqj wkhvh uhvxowv=

S �3j
? @ �+

4� � . 5�

�
,+4 .

� � 4

� � +� � 4,
�p3w,�3E�3j�*w? =

Udlvlqj erwk vlghv ri wkh htxdwlrq wr wkh srzhu 4@+4� �, |lhogv +48,1
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���� �� �)	
��	%

Frqvlghu wkh glvwulexwlrq ri P �

?+m, @ F2?+m,@F�?+m, frqglwlrqdo rq F�?+m, @ f� � 31 Iru dq|

p
� � 4 zh kdyh=

Su^P �

?+m, �p
�mF�?+m, @ f�` @ Su^f� � F2?+m, �p

�
f�mF�?+m, @ f�`

@

U
6

�
S�

S�
j?+f�> f2,gf2

U
"

S�
j?+f�> f2,gf2

@
h
3x?S

w

� � h
3x?E6

�
S
w

�

h
3x?S

w

�

@ 4� h
3x?S

w

�
E6�w

3��
=

Vxssrvh wkdw jrrg m lv vxssolhg e| d surgxfhu iurp frxqwu| q1 Wkhq/ F�?+m, @ z?@]�?+m,

vr wkdw frqglwlrqlqj rq F�?+m, @ f� lv wkh vdph dv frqglwlrqlqj rq ]�?+m, @ z?@�f� @ }�1 Lq

rwkhu zrugv/ f� @ z?@}�1 Wkxv/ iru 4 �p � �p zh jhw/

Su^P?+m, �pm]�?+m, @ }�` @ 4� h
3x?E�?*5��wE6w

3��
=

��- �)	
��	% !���
�
���� �� ��� ������

Vxssrvh wkdw zh frxog revhuyh P �

?
+m, @ F2?+m,@F�?+m,1 Frqvlghu wkh glvwulexwlrq ri F�?+m,

frqglwlrqdo rq P �

?
+m, @p

�=

Su^F�?+m, � f�mP
�

?
+m, @p

�` @ Su^F2?+m, �p
�

f�mP
�

?
+m, @p

�`

@ Su^F2?+m, �p
�

f�`

@ J2?+p
�

f�,

@ J?+p
�

f�>p
�

f�,>

zkhuh zh kdyh xvhg wkh uhvxow deryh derxw wkh lqghshqghqfh ri P?+m, dqg F2?+m,1 Lw iroorzv

wkdw

Su^F�?+m, � f�mP
�

?
+m, @p

�` @ Su^F�?+m,@p
� � f�mP

�

?
+m, @ 4`>

vr wkdw d vkliw xs lq P � lv htxlydohqw wr d vkliw grzq lq frvwv e| wkh vdph idfwru1
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Frqvlghu jrrgv m@ dqg mK wkdw duh hdfk vxssolhg wr frxqwu| q e| orfdo surgxfhuv1 Ohw

P?+m@, @ p@ dqg P?+mK, @ pK/ dqg vxssrvh p@ @ �pK iru � A 41 Ljqrulqj h{sruwv/

dffruglqj wr +4:,/ zh zloo revhuyh wkh surgxfwlylw| ri wkh m@ surgxfhu h{fhhglqj wkdw ri wkh

mK surgxfhu e| wkh vdph idfwru �1 Li p@ ? �p wkhq H^F�?+m@,` @ H^F�?+mK,`@� dqg khqfh

H^]�?+m@,` @ �H^]�?+mK,`1 Li p@ @ �p/ wkhq w|slfdoo| P
�

?
+m@, A p@ dqg vr H^]�?+m@,` A

�H^]�?+mK,`1

� 5��� ������



Rxu hpslulfdo zrun frpelqhv pdfur0ohyho revhuydwlrqv rq elodwhudo wudgh dqg surgxfwlrq lq

pdqxidfwxulqj zlwk plfur0ohyho vwdwlvwlfv fdofxodwhg iurp revhuydwlrqv ri lqglylgxdo X1V1 pdq0

xidfwxulqj hvwdeolvkphqwv1 Zh ghvfuleh hdfk lq wxuq1

��� ��������� ����� 5���

Zh fkrvh rxu vdpsoh ri frxqwulhv dv iroorzv +wkh 7: frxqwulhv ru uhjlrqv duh olvwhg lq Wdeoh

5,1 Zh vwduwhg zlwk wkh 85 frxqwulhv wkdw lpsruw wkh prvw iurp wkh Xqlwhg Vwdwhv1 Wr dyrlg

sureohpv ri hqwuhsrw wudgh zh frpelqhg Krqj Nrqj zlwk Fklqd dqg Vlqjdsruh zlwk Pdod|vld1

D uhpdlqlqj dqrpdo| lv wkh odujh X1V1 pdunhw vkduh lq pdqxidfwxulqj devruswlrq ri d qxpehu

ri frxqwulhv lq wkh Fduleehdq Edvlq +Frvwd Ulfd/ wkh Grplqlfdq Uhsxeolf/ Jxdwhpdod/ dqg

Sdqdpd,1 X1V1 h{sruwv wr wkhvh frxqwulhv wxuq rxw wr eh grplqdwhg e| dssduho dqg wh{wloh

surgxfwv1 Wklv wudgh lv hvvhqwldoo| ohjlvodwhg e| suhihuhqwldo wudglqj djuhhphqwv +wkh Fduleehdq

Edvlq Lqlwldwlyh dqg Vshfldo Dffhvv Surjudp ;3:D ri wkh X1V1 Kduprql}hg Wdul�, zklfk jlyh

X1V1 pdqxidfwxuhuv d vwurqj lqfhqwlyh wr rxwvrxufh wkh surgxfwlrq ri dssduho iurp ideulf

iruphg dqg fxw lq wkh Xqlwhg Vwdwhv1 Wkhvh surjudpv jurvvo| lq�dwh wkh X1V1 vkduh lq wkhvh

frxqwulhv* devruswlrq ri pdqxidfwxuhv1 Zh ghdo zlwk wkh sureohp e| frqvrolgdwlqj Fduleehdq

Edvlq Frxqwulhv zlwk Ph{lfr/ zkrvh vl}h vzdpsv wkh lq�xhqfh ri dssduho wudgh jryhuqhg

e| wkhvh vwdwxwhv1 +Ghdolqj zlwk wklv skhqrphqrq surshuo| lq rxu iudphzrun zrxog uhtxluh
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sxuvxlqj dq lqgxvwu| ohyho dqdo|vlv1,

Elodwhudo wudgh +[?�, dprqj wkhvh frxqwulhv +lq ploolrqv ri X1V1 Grooduv, lv iurp Ihhq0

vwud/ Olsvh|/ dq Erzhq +4<<:,1 Vwduwlqj zlwk wkh �oh ZEHD<51DVF/ zh djjuhjdwh ryhu doo

pdqxidfwxulqj lqgxvwulhv1

Gdwd rq 4<<5 jurvv surgxfwlrq lq pdqxidfwxulqj lq ploolrqv ri X1V1 Grooduv fdph iurp

wkuhh vrxufhv1 Zkhq srvvleoh zh xvhg wkh gdwd sxeolvkhg e| wkh RHFG +4<<8,1 Li wkdw zdv

xqdydlodeoh zh xvhg jurvv surgxfwlrq gdwd iurp XQLGR +4<<<,1 Lq d ihz fdvhv/ zh uhvruwhg

wr ydoxh dgghg lq pdqxidfwxulqj iurp Zruog Edqn +4<<8,/ vfdolqj xs wkh qxpehuv e| wkh

idfwru 51:78 wr pdnh wkhp frqvlvwhqw zlwk jurvv surgxfwlrq1 Vrph edvlf vwdwlvwlfv/ dv zhoo dv

dgglwlrqdo lqirupdwlrq rq rxu gdwd vrxufh iru hdfk frxqwu|/ duh lq Wdeoh 51

Zh jhw krph sxufkdvhv [?? e| vxewudfwlqj wrwdo h{sruwv ri pdqxidfwxuhv iurp 4<<5 jurvv

pdqxidfwxulqj surgxfwlrq1 Wrwdo pdqxidfwxulqj devruswlrq lv [? @
S

e.

�'�[?�/ zkhuh [?� lv

wkh lpsruwv e| frxqwu| q ri pdqxidfwxuhv surgxfhg lq frxqwu| l1 Wkhuh lv vrph xqghufrxqwlqj

vlqfh zh gr qrw kdyh doo wkh frxqwulhv ri wkh zruog1 Wkh odvw wzr froxpqv ri Wdeoh 5 vxjjhvw

xqghufrxqwlqj lv qrw d vhulrxv sureohp1

��� #����+,�$�� 5���

Zh h{wudfw rxu sodqw0ohyho idfwv iurp wkh 4<<5 X1V1 Fhqvxv ri Pdqxidfwxuhv lq wkh Orqjlwxglqdo

Uhvhdufk Gdwdedvh ri wkh Exuhdx ri wkh Fhqvxv +vhh Ehuqdug dqg Mhqvhq/ 4<<<d,1 Wkh 4<<5

Fhqvxv lqfoxghv ryhu 533/333 sodqwv1 Lw surylghv gdwd rq wkhlu ydoxh ri vklsphqwv/ surgxfwlrq

dqg qrqsurgxfwlrq hpsor|phqw/ vdodulhv dqg zdjhv/ ydoxh0dgghg/ fdslwdo vwrfn/ rzqhuvkls

vwuxfwxuh/ dqg gluhfw h{sruwv1 Wkh sodqw h{sruw phdvxuh lv wkh uhsruwhg ydoxh ri gluhfw h{sruwv/

vshfl�fdoo| _Wkh ydoxh ri surgxfwv vklsshg iru h{sruw ^lqfoxglqj` gluhfw h{sruwv dqg surgxfwv

vklsshg wr h{sruwhuv ru rwkhu zkrohvdohuv iru h{sruw1% Dv lqgluhfw h{sruwv duh qrw lqfoxghg lq

wklv phdvxuh/ zh �qg v|vwhpdwlf xqghufrxqwlqj ri wrwdo h{sruwv dv phdvxuhg e| wkh Fhqvxv1

Vhh Ehuqdug dqg Mhqvhq +4<<8, iru d pruh ghwdlohg dqdo|vlv ri xqghufrxqwlqj1

6:



Wkh frqvwuxfwlrq ri wrwdo idfwru surgxfwlylw| iru hdfk sodqw +dv vkrzq lq Wdeoh 4, lv gh0

vfulehg lq Ehuqdug dqg Mhqvhq +4<<<e,1

! '
�����
�� ����������%

Iru hdfk jrrg m wkdw zh vdpsoh zh shuirup wkh iroorzlqj=

41 Zkr Vhoov ZkhuhB Zh �uvw gudz d vdpsoh ri orzhvw frvwv iru surgxflqj jrrg m lq

hdfk frxqwu|1 Wkh frvw glvwulexwlrq J���+f�, @ Su^F���+m, � f�` ri wkh prvw h�flhqw

orfdo surylghu lv jlyhq e| +9, diwhu vhwwlqj q @ l1 Zh dfwxdoo| zrun zlwk d vlpsoh

wudqvirupdwlrq ri frvwv/ fkrvhq vr wkdw wkh glvwulexwlrq ri wudqviruphg frvwv lv iuhh ri

dq| sdudphwhuv1 Lq sduwlfxodu wkh whup=

X���+m, @ W�z
3w

�
^F���+m,`

w

kdv d xqlw h{srqhqwldo glvwulexwlrq= Su^X���+m, � x�` @ 4 � h3�� 1 Iru hdfk ri rxu Q

frxqwulhv zh gudz X���+m, lqghshqghqwo| iurp wklv glvwulexwlrq1 Qh{w zh gh�qh/ iru

q 9@ l=

X�?�+m, @ W?z
3w

? F�?�+m,
w @ W?z

3w

? ^g?�F���+m,`
w=

AIurp +<, dqg +49, zh fdq fdofxodwh X�?�+m, iurp X���+m, dqg djjuhjdwh wudgh vkduhv

vlqfh=

X�?�+m, @
W?z

3w
?

W�+z�g?�,3w
X���+m, @

�??

�?�
X���+m, @

[??

[?�

X���+m,=

Wkhvh wudqviruphg frvwv whoo xv zkhuh hdfk frxqwu| lv ex|lqj jrrg m= Frxqwu| q ex|v

iurp frxqwu| l li dqg rqo| li X�?�+m, � X�?&+m, iru doo n +vlqfh X�?�+m, � X�?&+m, li dqg

rqo| li F�?�+m, � F�?&+m,,1 Khqfh/ iru wklv gudz ri jrrg m/ zh fdq lghqwli| wkh dfwlyh

surgxfhuv lq hdfk frxqwu| dqg zkhuh wkh| vhoo1 Qrwh wkdw zh fdq gr vr xvlqj gdwd rqo|

rq wudgh vkduhv zlwkrxw uhihuhqfh wr wkh khwhurjhqhlw| sdudphwhuv � ru �=

51 Pdunxsv1 Wr jhw suhglfwlrqv derxw pdunxsv zh pxvw dovr gudz iurp wkh glvwulexwlrq

ri vhfrqg orzhvw frvw frqglwlrqdo rq rxu gudz iru orzhvw frvw1 Lq sdudooho zlwk rxu

6;



wudqvirupdwlrq ri orzhvw frvw/ rxu wudqvirupdwlrq ri vhfrqg orzhvw frvw lv X2?�+m, @

W?z
3w
? ^F2?�+m,`

w
= Lw wxuqv rxw wkdw wkh glvwulexwlrq ri X2��+m, frqglwlrqdo rq X���+m, @ x�

lv djdlq _sdudphwhu iuhh%= Su^X2��+m, � x2mX���+m, @ x�` @ 4�h3�2n�� =Zkhqhyhu frxqwu|

l wxuqv rxw wr eh dq dfwlyh surgxfhu/ frqglwlrqdo rq lwv uhdol}dwlrq ri X���+m,> zh gudz

X2��+m, iurp wklv vkliwhg xqlw h{srqhqwldo glvwulexwlrq1 Zh wkhq fdofxodwh=

X2?�+m, @
W?z

3w
?

W�+z�g?�,3w
X2��+m, @

�??

�?�
X2��+m, @

[??

[?�

X2��+m,=

Vxssrvh l wxuqv rxw wr eh wkh orz frvw vxssolhu wr q +wkdw lv/ X�?�+m, � X�?&+m, iru doo

n, vr wkdw W?z
3w
? F�?+m,

w @ X�?+m, @ X�?�+m,= Zh gh�qh/ sdudooho wr +44,=

X2?+m, @ W?z
3w

? F2?+m,
w @ plq

�
plq
& �'�

iX
�?&+m,j> X2?�+m,

�
=

Zh fdq wkhq fdofxodwh wkh pdunxs rq wklv jrrg lq hdfk frxqwu| q dv=

P?+m, @ plq

+�
X
2?+m,

X
�?+m,

�
�*w

>p

,
=

Zkloh ohduqlqj derxw zkr h{sruwv dqg zkhuh uhtxluhv rqo| wudgh gdwd/ ohduqlqj derxw

pdunxsv irufhv xv wr wdnh d vwdqg rq wkh khwhurjhqhlw| sdudphwhuv � dqg � +vlqfh wkh

Gl{lw0Vwljolw} pdunxs �p ghshqgv rq �,1

61 Uhyhqxhv1 Nqrzlqj wkh pdunxsv surgxfhuv fkdujh lq hdfk ghvwlqdwlrq/ zh fdq xvh

h{suhvvlrq +8, wr �jxuh rxw uhyhqxhv lq hdfk frxqwu|1 Xvlqj h{suhvvlrqv +<,/ +48,/ dqg

+49, wr uhsodfh xqnqrzq sdudphwhuv zlwk djjuhjdwh wudgh gdwd/ wkh uhyhqxh hduqhg e| d

surgxfhu ri jrrg m iurp frxqwu| l zkr kdv fdswxuhg frxqwu| q*v pdunhw lv=

[?+m, @ �+m,[? ^P?+m,@�`
�3j

�
X�?�+m,

[?

[??

�E�3j�*w
= +57,

Zh fdq xvh wklv h{suhvvlrq iru q @ l wr jhw lwv grphvwlf vdohv +xs wr wkh xqnqrzq

sdudphwhu �+m,,1 Zh wkhq fdofxodwh {?�+m, @ [?+m,@[�+m,/ +zklfk qr orqjhu ghshqgv

rq hlwkhu �+m, ru �,/ vhwwlqj {?�+m, @ 3 lq pdunhwv wkdw wkh surgxfhu iurp l idlov wr

6<



shqhwudwh1 Zh wkhq pdqlsxodwh wkh vxp ri {?�+m, dfurvv doo iruhljq ghvwlqdwlrqv q 9@ l

wr jhw wkh sodqw*v h{sruw uhyhqxh dv d iudfwlrq ri wrwdo uhyhqxh1

71 Surgxfwlylw|1 Wkh jhqhudol}dwlrq ri h{suhvvlrq +4:, iru dq dfwlyh surgxfhu lq frxqwu|

l> uhsuhvhqwlqj wrwdo uhyhqxhv uhodwlyh wr dq lqgh{ ri lqsxwv/ lv=

|�+m, @
�[
?'�

%
{?�+m,S

�

&'�
{&�+m,@P&+m,

&
z�>

zklfk fdq eh vxevwlwxwhg lqwr wkh h{suhvvlrq iru ydoxh dgghg shu zrunhu +4<,1

Zlwk d froohfwlrq ri vlpxodwlrq vwhsv lq kdqg/ zh fdq vlpxodwh vwdwlvwlfv iru X1V1 sodqwv1

Zh vlpxodwh wkh iudfwlrq ri X1V1 sodqwv wkdw h{sruw dv wkh qxpehu ri gudzv wkdw |lhog d X1V1

h{sruwhu uhodwlyh wr wkh qxpehu wkdw |lhog dq dfwlyh X1V1 surgxfhu1 Zh vlpxodwh wkh uhyhqxhv ri

X1V1 h{sruwhuv uhodwlyh wr qrqh{sruwhuv dv wkh udwlr ri wkh dyhudjh ri h{suhvvlrq +57, iru gudzv

|lhoglqj dq h{sruwlqj sodqw uhodwlyh wr wklv dyhudjh iru gudzv |lhoglqj d X1V1 sodqw vhuylqj

rqo| wkh orfdo pdunhw1 +Dyhudjlqj holplqdwhv wkh khwhurjhqhlw| wkdw zrxog eh jhqhudwhg e|

�+m,> wdnlqj udwlrv holplqdwhv �1, Zh rewdlq wkh glvwulexwlrq ri h{sruw lqwhqvlw| e| frxqwlqj

wkh qxpehu ri gudzv wkdw |lhog X1V1 sodqwv lq hdfk h{sruw lqwhqvlw| elq dv d iudfwlrq ri wkh

qxpehu ri gudzv |lhoglqj d X1V1 h{sruwhu1 Zh fdofxodwh khwhurjhqhlw| ri surgxfwlylw| dv wkh

vwdqgdug ghyldwlrq ri wkh orjdulwkp ri +4<, dfurvv doo gudzv zlwk dq dfwlyh X1V1 surgxfhu1

Ilqdoo|/ zh vlpxodwh wkh surgxfwlylw| dgydqwdjh ri h{sruwhuv dv wkh gl�huhqfh lq wkh dyhudjh

ri wkh orjdulwkp ri +4<, ehwzhhq gudzv |lhoglqj d X1V1 h{sruwhu dqg gudzv |lhoglqj d X1V1

sodqw vhuylqj rqo| wkh orfdo pdunhw1 +Wdnlqj wkh vwdqgdug ghyldwlrq ru wkh gl�huhqfh ri orjv

holplqdwhv wkh whup Z�@�1,
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Wdeoh 4= Sodqw0Ohyho Idfwv

H{sruwhu vkduhv Shufhqwdjh ri Shufhqwdjh ri
doo sodqwv wrwdo rxwsxw

54 93

Surgxfwlylw| Vwdqgdug ghyldwlrq ri H{sruwhu ohvv qrqh{sruwhu
orj surgxfwlylw| +(, dyj1 orj surgxfwlylw| +(,

Oderu surgxfwlylw| +OS, :9 66
OS/ zlwklq lqgxvwulhv 99 48
WIS/ zlwklq lqgxvwulhv 73 43

H{sruwhu vl}h dgydqwdjh Udwlr ri Udwlr ri
dyhudjh X1V vdohv dyhudjh wrwdo vdohv

71; 819

H{sruw lqwhqvlw| Shufhqwdjh ri Shufhqwdjh ri wrwdo
+(, doo h{sruwhuv rxwsxw ri h{sruwhuv

3 wr 43 99 8;
43 wr 53 49 4<
53 wr 63 :1: <19
63 wr 73 717 914
73 wr 83 517 517
83 wr 93 418 515
93 wr :3 413 413
:3 wr ;3 319 413
;3 wr <3 318 317
<3 wr 433 31: 316
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Wdeoh 5= Djjuhjdwh Wudgh Gdwd +frqwlqxhg rq wkh iroorzlqj sdjh,

& Frxqwu| Gdwd X1V1 X1V1 ( Lpsruwv H{sruwv

Vrxufh H{sruwv Pdunhw iurp URZ wr URZ

+' ploo1, Vkduh +( ri wrw1, +( ri wrw1,

4 Dude Hpludwhv Z 48<3 :1< 816 6917

5 Dujhqwlqd X 67<; 61; 51; 441<

6 Dxvwudold R ;8:3 915 51< 81<

7 Dxvwuld R 4:;8 418 81< 4518

8 Ehojlxp ) Ox{hperxuj R/X 9597 716 715 617

9 Eud}lo X 8<65 51< 617 :15

: Fdqdgd R ;6733 651< 31: 31:

; Fkloh X 5774 ;1; 419 51:

< Fklqd ) Krqj Nrqj X/X 49533 616 41: 915

43 Frorpeld X 63<; 4518 41; 817

44 Ghqpdun R 4736 518 71: :18

45 Hfxdgru X 4368 471< 415 414

46 Hj|sw X 4998 :14 918 551:

47 Ilqodqg R <47 41; 51: 71<

48 Iudqfh R 49:33 517 713 4319

49 Jhupdq| +Xql�hg, R 56333 41; 919 :19

4: Juhhfh R ;37 513 714 441<

4; Lqgld X 4957 416 ;17 <1:

4< Lqgrqhvld X 5;79 814 31< 61<

53 Luhodqg X 5::4 ;17 41; 41<

54 Lvudho X 6584 4313 418 ;1:

55 Lwdo| R ;457 415 917 <13

56 Mdsdq R 75433 419 518 716

57 Nruhd +Vrxwk, R 47433 818 417 91<

58 Nxzdlw X 47:4 4818 61; 5815

59 Ph{lfr ) Fduleehdq R/X/Z/X/X 76:33 4<1; 517 :13

5: Qhwkhuodqgv R <695 814 515 719

5; Qhz ]hdodqg R 4859 :16 414 ;17

5< Qljhuld X 4345 918 415 413

63 Qruzd| R 4::< 615 613 ;18

64 Sdudjxd| Z ;3: 4418 31< 61<

65 Shux X ;8; 81; 51; 514

66 Skloolslqhv X 499: 71< 414 417

67 Sruwxjdo X ;3: 416 41: ;13
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& Frxqwu| Gdwd X1V1 X1V1 ( Lpsruwv H{sruwv

Vrxufh H{sruwv Pdunhw iurp URZ wr URZ

+' ploo1, Vkduh +( ri wrw1, +( ri wrw1,

68 Vdxgl Dudeld Z :478 4717 514 ;14

69 Vlqjdsruh ) Pdod|vld X/X 48333 4714 418 917

6: Vsdlq R 8:4: 41< 519 :19

6; Vzhghq R 6736 614 618 813

6< Vzlw}huodqg X 7555 615 51: 815

73 Vrxwk Diulfd X 5439 613 418 914

74 Wdlzdq X 47333 ;14 319 416

75 Wkdlodqg X 73<7 61: 614 :16

76 Wxunh| X 54;9 517 913 491<

77 Xqlwhg Nlqjgrp R 55933 61; 513 4417

78 Xqlwhg Vwdwhv R 5853633 ;813 41; 618

79 XVVU +Iruphu, X 54;4 317 ;19 <16

7: Yhqh}xhod X 96<3 4:15 417 4315
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Wdeoh 6= Vlpxodwhg H{sruwlqj Idfwv

� @ 6=93 � @ ;=5; Fhqvxv

� @ 4 � @ 7 � @ 4 � @ 7 � @ 9 � @ ; Gdwd

Iudfwlrq ri Sodqwv wkdw H{sruw +(,=

84 84 84 84 84 84 54

Khwhurjhqhlw| ri Surgxfwlylw| +(,=

7; 64 5; 59 55 4; :8

Surgxfwlylw| Dgydqwdjh ri H{sruwhuv +(,=

83 63 5< 5: 55 4: 66

Vl}h Dgydqwdjh ri H{sruwhuv +udwlr ri phdqv,=

X1V1 Vdohv 413 91< 413 417 517 917 71;

Wrwdo Vdohv 416 ;14 416 41; 613 :18 819

H{sruw

Lqwhqvlw| +(, Iudfwlrq ri H{sruwlqj Sodqwv +(,=

3 wr 43 7< ;3 7< 88 97 :< 99

43 wr 53 59 4; 59 58 58 4< 49

53 wr 63 <15 417 <18 ;18 91< 416 :1:

63 wr 73 813 313 71< 718 61; 313 717

73 wr 83 615 313 615 617 313 313 517

83 wr 93 518 313 517 614 313 313 418

93 wr :3 518 313 518 314 313 313 413

:3 wr ;3 518 313 518 313 313 313 319

;3 wr <3 313 313 313 313 313 313 318

<3 wr 433 319 319 318 319 319 319 31:
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Wdeoh 7= Vlpxodwhg H{sruwlqj Idfwv +Vl}h0Zhljkwhg,

� @ 6=93 � @ ;=5; Fhqvxv

� @ 4 � @ 7 � @ 4 � @ 7 � @ 9 � @ ; Gdwd

Iudfwlrq ri Rxwsxw gxh wr Sodqwv wkdw H{sruw +(,=

8; <3 8; 99 :9 ;< 93

H{sruw

Lqwhqvlw| +(, Iudfwlrq ri H{sruwhuv* Rxwsxw +(,=

3 wr 43 73 58 73 73 68 59 8;

43 wr 53 56 96 56 56 55 98 4<

53 wr 63 <16 45 <18 <18 48 ;1: <19

63 wr 73 81; 313 81; 91; 5: 313 914

73 wr 83 717 313 717 :1; 315 313 517

83 wr 93 714 313 714 46 313 313 515

93 wr :3 819 313 818 318 313 313 413

:3 wr ;3 :18 313 :18 313 313 313 413

;3 wr <3 313 313 313 313 313 313 317

<3 wr 433 313 313 313 313 313 313 316
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Wdeoh 8= Frxqwhuidfwxdov

Vwdwlvwlfv iru X1V1 Surgxfhuv Frxqwhuidfwxdo H{shulphqw

8 ( Orzhu Dxwdun| 43 ( Kljkhu

Eduulhuv X1V1 uho1 zdjh

Surgxfwlylw| Ghfrpsrvlwlrq=

Djjuhjdwh +( fkdqjh, 716 0;1; 713

Hqwudqwv +( fkdqjh, 313 0418 313

H{lwhuv +( fkdqjh, 418 313 418

Uhdoorfdwlrq dprqj vxuylyruv +( fkdqjh, 316 0517 0319

Jdlqv zlwklq vxuylyruv +( fkdqjh, 518 071< 614

Sodqw H{lw dqg Hqwu|=

Qxpehu ri sodqwv +( fkdqjh, 0;16 4: 0;16

Uhodwlyh surgxfwlylw| ri h{lwhuv +(, :3 ~ :3

Hpsor|phqw vkduh +(,/ sulru 71< ~ 814

Uhodwlyh surgxfwlylw| ri hqwudqwv +(, ~ ;4 ~

Hpsor|phqw vkduh +(,/ srvw ~ ;18 ~

Hpsor|phqw=

Wrwdo hpsor|phqw lq pij1 +( fkdqjh, 051: 417 04;

Mre fuhdwlrq +(, 719 45 31<

Mre ghvwuxfwlrq +(, :16 44 4<

Lqwhuqdwlrqdo Wudgh=

X1V1 h{sruwv +( fkdqjh, 5; 0433 064

X1V1 lpsruwv +( fkdqjh, 75 0433 54

X1V1 devruswlrq +( fkdqjh, 0819 615 04:

Zruog wudgh +( fkdqjh, 6< 0433 619
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Wdeoh 9= Sodqw Ohyho Wudqvlwlrqv= 8 ( Orzhu Jhrjudsklf Eduulhuv

Ehiruh Jhrjudsklf Eduulhuv Idoo Diwhu Jhrjudsklf Eduulhuv Idoo

( ri Sodqwv H{lw +(, Grphvwlf +(, H{sruw +(,

Doo Sodqwv=

Grphvwlf 7< 4: :4 45

H{sruw 84 3 5 <;

E| Surgxfwlylw| Txduwloh=

Orzhvw txduwloh

Grphvwlf :: 63 96 :

H{sruw 56 4 6 <9

Vhfrqg txduwloh

Grphvwlf 99 47 :9 43

H{sruw 67 3 6 <:

Wklug txduwloh

Grphvwlf 74 3 ;5 4;

H{sruw 8< 3 5 <;

Kljkhvw txduwloh

Grphvwlf 44 3 9; 65

H{sruw ;< 3 3 433
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Wdeoh := Sodqw Ohyho Wudqvlwlrqv= 43 ( Kljkhu X1V1 Uhodwlyh Zdjh

Ehiruh Dssuhfldwlrq ri wkh X1V1 Zdjh Diwhu Dssuhfldwlrq ri wkh X1V1 Zdjh

( ri Sodqwv H{lw +(, Grphvwlf +(, H{sruw +(,

Doo Sodqwv=

Grphvwlf 7< 49 ;7 3

H{sruw 84 4 57 :9

E| Surgxfwlylw| Txduwloh=

Orzhvw txduwloh

Grphvwlf :: 63 :3 3

H{sruw 56 9 6; 89

Vhfrqg txduwloh

Grphvwlf 99 46 ;: 3

H{sruw 67 4 6: 95

Wklug txduwloh

Grphvwlf 74 3 433 3

H{sruw 8< 3 63 :3

Kljkhvw txduwloh

Grphvwlf 44 3 433 3

H{sruw ;< 3 44 ;<
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Figure 1: Industry Exporting Intensity

0

10

20

30

40

50

60

70

80

90

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100

% of plants in the industry that export 

# 
of

 In
du

st
rie

s



Figure 2a: Ratio of Plant Labor Productivity to Overall Mean
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Figure 2b: Ratio of Plant Labor Productivity to 4-digit Industry Mean
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