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Wkh vkdus ulvh lq wkh vnloo suhplxp lq wkh Xqlwhg Vwdwhv dqg rwkhu lqgxvwuldol}hg frxqwulhv vlqfh wkh

hduo| *;3v kdv ehhq d vxemhfw ri lqwhqvh vwxg| e| hfrqrplvwv�1 Wklv uhvhdufk/ irfxvvlqj sulpdulo|

rq wkh X1V1/ kdv h{dplqhg zkhwkhu vxsso|0vlgh idfwruv vxfk dv fkdqjhv lq wkh vxsso| ri vnloohg

dqg xqvnloohg zrunhuv ru ghpdqg0vlgh idfwruv vxfk dv wrwdo idfwru surgxfwlylw| +WIS, jurzwk/ vnloo0

eldvhg whfkqrorjlfdo fkdqjh +VEWF,/ dqg joredol}dwlrq zhuh uhvsrqvleoh iru wkh revhuyhg ulvh lq

wkh vnloo suhplxp21 D uhodwhg txhvwlrq frqfhuqv wkh uhodwlyh vwuhqjwk ri hdfk ri wkh deryh idfwruv1

Vwxglhv wkdw kdyh ehhq sulpdulo| frqfhuqhg zlwk wkh h�hfwv ri joredol}dwlrq rq uhodwlyh zdjhv

kdyh w|slfdoo| xvhg wkh Khfnvfkhu0Rkolq +K0R, prgho ri d vpdoo rshq hfrqrp| dv wkh wkhruhwlfdo

iudphzrun1 Rqh ri wkh pdlq uhvxowv ri wkh K0R prgho lv wkh Vwroshu0Vdpxhovrq +V0V, wkhruhp1 Wkh

vwurqj 5{5 yhuvlrq ri wklv wkhruhp suhglfwv wkdw/ iru vnloohg0oderu dexqgdqw frxqwulhv/ surgxfw sulfh

fkdqjhv fdxvhg e| d uhgxfwlrq lq wudgh eduulhuv zloo lqgxfh zdjh jdlqv iru vnloohg dqg orvvhv iru

xqvnloohg zrunhuv1 Dq hpslulfdo lpsohphqwdwlrq ri wkh V0V wkhruhp/ wkh vr0fdoohg cpdqgdwhg0zdjh

uhjuhvvlrq* phwkrg/ kdv ehhq xvhg lq d qxpehu ri vwxglhv rq uhodwlyh zdjhv lq wkh X1V1 dqg rwkhu

ghyhorshg frxqwulhv +Ohdphu ^55`/ Edogzlq dqg Fdlq ^5`/ Kdvnho dqg Vodxjkwhu ^44`,1

Wkh fkrlfh ri wkh K0Rprgho dv wkh wkhruhwlfdo iudphzrun/ krzhyhu/ lv qrw zlwkrxw vkruwfrplqjv1

Iluvw/ wkh fulwlfdo dvvxpswlrq ehklqg wkh V0V wkhruhp*v xqdpeljxrxv suhglfwlrqv derxw uhodwlyh

zdjh pryhphqwv lv wkh shuihfw prelolw| ri idfwruv ehwzhhq vhfwruv1 Zkloh wklv dvvxpswlrq fdq eh

mxvwl�hg dv d ydolg orqj0uxq fkdudfwhul}dwlrq ri dq hfrqrp|/ lwv ydolglw| lq wkh vkruw0uxq lv udwkhu

txhvwlrqdeoh1 Lq wkh vkruw0uxq/ lw lv olnho| wkdw vrph idfwruv duh vhfwru vshfl�f dqg wkxv lppreloh1

Lq wklv fdvh/ wkh suhglfwlrqv ri wkh V0V wkhruhp zrxog qr orqjhu eh ydolg/ d uhvxow frq�uphg lq

wkh zhoo0nqrzq vwxg| e| Pdjhh ^56`1 Vhfrqg/ dv srlqwhg rxw e| Hqjhupdq dqg Mrqhv ^;`/ lq d
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vpdoo rshq hfrqrp| K0R prgho/ idfwru hqgrzphqwv dqg VEWF gr qrw d�hfw uhodwlyh zdjhv1 Wklv

cidfwru0sulfh lqvhqvlwlylw|* lpsolhv wkdw hpslulfdo vwxglhv edvhg rq wkh vpdoo rshq hfrqrp| yhuvlrq

ri wkh K0R prgho fdq rqo| dqdo|}h wkh h�hfwv ri surgxfw sulfh fkdqjhv dqg WIS jurzwk rq uhodwlyh

zdjhv/ exw qrw wkh h�hfwv ri hqgrzphqw fkdqjhv dqg VEWF1

Lq wklv sdshu/ zh dgguhvv erwk vkruwfrplqjv ri wkh K0R2pdqgdwhg0zdjh uhjuhvvlrq dssurdfk

e| dqdo|}lqj d pxowl0vhfwru Vshfl�f Idfwruv +VI, prgho�1 Wkh VI prgho dvvxphv dw ohdvw rqh

lppreloh vhfwru0vshfl�f idfwru/ w|slfdoo| fdslwdo/ zklfk pdnhv lw ehwwhu vxlwhg wr fkdudfwhul}h dq

hfrqrp| lq wkh vkruw uxq1 Lq dgglwlrq/ cidfwru0sulfh lqvhqvlwlylw|* grhv qrw krog lq wklv prghoe1 Hyhq

lq wkh vpdoo rshq hfrqrp| yhuvlrq ri wkh VI prgho/ fkdqjhv lq wkh hqgrzphqw zlwk vnloohg dqg

xqvnloohg zrunhuv/ fkdqjhv lq fdslwdo hqgrzphqwv +l1h1/ qhz lqyhvwphqw, dv zhoo dv idfwru0vshfl�f

whfkqrorjlfdo fkdqjh/ lq dgglwlrq wr surgxfw sulfh fkdqjhv dqg WIS jurzwk/ fdq d�hfw uhodwlyh

zdjhvD1

Rxu prgho lv dq h{whqvlrq ri wkh pxowl0frpprglw| vshfl�f idfwruv prgho dqdo|}hg e| Mrqhv

^46`1 Zh irupxodwh d vpdoo rshq hfrqrp| yhuvlrq ri wkh VI prgho zlwk fdslwdo dv wkh lppreloh

idfwru/ dqg vnloohg dqg xqvnloohg zrunhuv dv wkh preloh idfwruv1 Dv lq wkh pdqgdwhg zdjh uhjuhvvlrq

dssurdfk/ zh lghqwli| wudgh h�hfwv wkurxjk fkdqjhv lq surgxfw sulfhv1 Gxh wr wkh vpdoo rshq

hfrqrp| dvvxpswlrq/ pryhphqwv lq surgxfw sulfhv duh frqvlghuhg h{rjhqrxv1 Wkh vroxwlrq wr

wklv pxowl0vhfwru VI prgho |lhogv fkdqjhv lq htxloleulxp idfwru sulfhv dv ixqfwlrqv ri hqgrzphqw

fkdqjhv/ fkdqjhv lq surgxfw sulfhv/ WIS/ dqg idfwru0vshfl�f whfkqrorjlfdo surjuhvv1 Xvlqj hvwlpdwhv

ri idfwru0ghpdqg hodvwlflwlhv dqg gdwd rq X1V1 pdqxidfwxulqj lqgxvwulhv iurp 4<8; wr 4<<5/ zh

fdofxodwh wkh fkdqjh lq wkh vnloo suhplxp suhglfwhg e| wkh prgho dqg frpsduh wkh suhglfwhg zlwk
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wkh dfwxdo fkdqjhS1 Zh wkhq fdofxodwh wkh frqwulexwlrq wr wkh suhglfwhg fkdqjh e| irxu lpsruwdqw

h{rjhqrxv frpsrqhqwv= wudgh/ oderu hqgrzphqw/ fdslwdo hqgrzphqw/ dqg whfkqlfdo fkdqjh1

Rxu pdlq uhvxowv duh dv iroorzv1 Iluvw/ zh �qg wkh suhglfwlrqv ri wkh VI prgho wr eh idluo|

dffxudwh lq erwk gluhfwlrq dqg pdjqlwxgh/ lq sduwlfxodu lq wkh hduo| vdpsoh shulrgv1 Vhfrqg/ wudgh

rshudwlqj wkurxjk surgxfw sulfh fkdqjhv kdg d srvlwlyh lpsdfw rq wkh vnloo suhplxp/ lq sduwlfxodu

gxulqj wkh odwhu kdoi ri wkh vdpsoh1 Wklug/ lqfuhdvhv lq wkh vxsso| ri vnloohg zrunhuv uhodwlyh wr

xqvnloohg zrunhuv zrunhg wrzdugv orzhulqj wkh vnloo suhplxp/ zkloh fkdqjhv lq fdslwdo hqgrzphqw

kdg d srvlwlyh h�hfw wkurxjkrxw wkh vdpsoh shulrg1 Irxuwk/ wkh frpelqhg lpsdfw ri doo whfkqrorjlfdo

fkdqjh phdvxuhv rq wkh vnloo suhplxp zdv srvlwlyh/ exw prghudwh1 Ilqdoo|/ vhqvlwlylw| whvwv uhyhdo

wkdw rxu uhvxowv duh urexvw wr dq dowhuqdwlyh phdvxuh ri WIS1

Rxu hpslulfdo uhvxowv fdq eh uhodwhg wr suhylrxv �qglqjv ri wkh olwhudwxuh vwxg|lqj wkh ulvh lq

wkh vnloo suhplxp1 Zlwk wkh oderu hfrqrplfv olwhudwxuh/ dv h{hpsol�hg e| sdshuv vxfk dv Ehupdq/

Erxqg dqg Julolfkhv ^6`/ Ehupdq/ Erxqg dqg Pdfklq ^7`/ dqg Nuxhjhu ^4<`/ zh vkduh wkh frqfoxvlrq

wkdw whfkqrorjlfdo fkdqjh dqg qhz lqyhvwphqwv lq fdslwdo jrrgv duh gulylqj irufhv ehklqg wkh

lqfuhdvh lq vnloo suhplxp lq wkh X1V1 hfrqrp|1 Vlploduo|/ olnh d qxpehu ri sdshuv iurp wkh hpslulfdo

wudgh olwhudwxuh./ vxfk dv Vdfkv dqg Vkdw} ^59`/ Ohdphu ^55`/ Nuxhjhu ^53`/ dqg Gdvjxswd dqg Rvdqj

^:`/ zh �qg vxssruw iru wkh k|srwkhvhv wkdw wudgh h�hfwv zrunlqj wkurxjk surgxfw sulfh fkdqjhv

frqwulexwhg wr wkh dfwxdo ulvh lq wkh vnloo suhplxp1 Wkhuhiruh/ zkloh rxu dssurdfk gl�huv iurp

hlwkhu ri wkh wzr vwudqgv/ wkh uhvxow wkdw whfkqrorjlfdo fkdqjh/ qhz lqyhvwphqwv/ dqg wudgh duh

pdlqo| uhvsrqvleoh iru wkh ulvh lq wkh vnloo suhplxp lq X1V1 pdqxidfwxulqj lqgxvwulhv vlqfh wkh hduo|

*;3v/ lv lq olqh zlwk wkh �qglqjv iurp hdfk vwudqg1

Wkh sdshu lv rujdql}hg dv iroorzv1 Wkh wkhruhwlfdo prgho lv ghulyhg lq vhfwlrq 51 Lq vhfwlrqv 6
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dqg 7 zh glvfxvv gdwd lvvxhv dqg hpslulfdo uhvxowv/ uhvshfwlyho|1 Vhqvlwlylw| uhvxowv duh suhvhqwhg lq

vhfwlrq 81 Vhfwlrq 9 frqfoxghv1

2� A�i �L_i*

Zh frqvlghu d vpdoo rshq hfrqrp| zklfk surgxfhv p frpprglwlhv lq dv pdq| vhfwruv ri surgxfwlrq1

Wkhuh duh wkuhh idfwruv ri surgxfwlrq lq hdfk vhfwru= vhfwru0vshfl�f fdslwdo +N,/ surgxfwlrq oderu

+S,/ dqg qrq0surgxfwlrq oderu +QS,1 Fdslwdo lv lppreloh/ zkloh erwk w|shv ri oderu lqsxwv duh

preloh ehwzhhq vhfwruv1 Surgxfwlrq ixqfwlrqv duh frqwlqxrxv/ wzlfh gl�huhqwldeoh/ txdvl0frqfdyh

dqg h{klelw glplqlvklqj uhwxuqv wr doo idfwruv1 Grphvwlf sulfhv duh h{rjhqrxv dqg duh dvvxphg wr

eh d�hfwhg e| joredol}dwlrq vkrfnv1 Surgxfwlrq vhfwruv duh lqgh{hg e| m @ 4> ====> p> dqg idfwruv ri

surgxfwlrq duh lqgh{hg e| l @ N>S>QS 1 Djjuhjdwh idfwru hqgrzphqwv duh ghqrwhg e| Y�= Wkxv/

wkhuh duh d wrwdo ri p . 5 idfwruv ri surgxfwlrq lq wkh hfrqrp|1 Ohw dg� > d�� > d��� ghqrwh wkh

txdqwlw| ri wkh wkuhh idfwruv uhtxluhg shu xqlw ri rxwsxw lq wkh mwk vhfwru/ l1h1/ d�� ghqrwhv wkh xqlw

lqsxw frh�flhqw ri idfwru l lq vhfwru m1 Ohw s� > t� uhsuhvhqw sulfh dqg rxwsxw ri wkh mwk vhfwru/ dqg

u� > z� >dqg z�� ghqrwh idfwru sulfhv/ zlwk u� ehlqj wkh uhwxuqv wr fdslwdo lq wkh mwk vhfwru1 Lq

zkdw iroorzv/ zh ghvfuleh wkh htxloleulxp frqglwlrqv iru wklv prgho1 Wkh idfwru pdunhw fohdulqj

frqglwlrqv duh jlyhq e|

dg�t� @ Yg� ;m +514,

[

�

d� �t� @ Y� +515,

[

�

d�� �t� @ Y�� +516,

Vhfwrudo xqlw lqsxw frh�flhqwv duh yduldeoh dqg duh vxemhfw wr whfkqrorjlfdo fkdqjh1 Lq sduwlf0

xodu/ fkdqjhv lq wkhvh frh�flhqwv fdq eh ghfrpsrvhg dv lq Mrqhv ^47`H=

H
Oihi ef ' _f*f�
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fd�� @ ff�� �
fe�� ;m> l= +517,

Khuh/ ff�� ghqrwhv fkdqjhv lq lqsxw frh�flhqwv dv d uhvxow ri fkdqjhv lq uhodwlyh idfwru sulfhv/

zkloh fe�� ghqrwhv h{rjhqrxv whfkqrorjlfdo surjuhvv +l1h1/ wkh uhgxfwlrq lq wkh dprxqw ri idfwru l

uhtxluhg wr surgxfh rqh xqlw ri rxwsxw m,1 Kroglqj whfkqrorj| frqvwdqw/ lqsxw ghpdqgv lq hdfk

vhfwru ghshqg xsrq idfwru sulfhv=

fg� @ fg�+u� > z� > z�� , ;m +518,

f�� @ f��+u� > z� > z�� , ;m +519,

f��� @ f���+u� > z� > z�� , ;m +51:,

Wkh vhfwrudo }hur0sur�w frqglwlrqv duh jlyhq e|

s� @ dg�u� . d��z� . d�� �z�� ;m= +51;,

Xvlqj kdw0fdofxoxv dqg ghqrwlqj idfwru vkduhv e| �/ htxdwlrq +51;, fdq eh zulwwhq dv

es� @ �g� eu� . ���fz� . ��� �ẑ�� ��� ;m> +51<,

zkhuh �� @
S

� ���
fe�� lv d phdvxuh ri whfkqlfdo fkdqjh lq vhfwru m1 Wr ghulyh +51<, zh pdgh xvh

ri wkh Zrqj0Ylqhu Hqyhorsh Wkhruhp/ zklfk lpsolhv wkdw=

�g�gfg� . �� � ff�� . ��� � f̂�� � @ 3 ;m +5143,

Xvlqj kdw fdofxoxv/ wkh idfwru pdunhw fohdulqj htxdwlrqv +514,0+516, fdq eh uhzulwwhq dv

et� @ �gfg� .�g� .
gYg� ;m +5144,

[

�

��� et� .
[
�

��� ff�� @ fY� .�� +5145,

[

�

���� et� .
[
�

���� f̂��� @ gY�� .��� +5146,

zkhuh �� @
S

� ���
fe�� uhsuhvhqwv wkh uhgxfwlrq lq wkh xvh ri idfwru l dfurvv doo vhfwruv ri surgxf0

:



wlrq dqg ���ghqrwhv wkh iudfwlrq ri idfwru l hpsor|hg lq vhfwru m1 Iroorzlqj Mrqhv ^47`/ zh uhihu wr

�� dv idfwru0vshfl�f whfkqrorjlfdo fkdqjh dqg wr �� lq htxdwlrq+51<, dv vhfwru0vshfl�f whfkqrorjlfdo

fkdqjh ru/ dowhuqdwlyho|/ dv wrwdo idfwru surgxfwlylw| +WIS,1 Qrwh wkdw erwk wkhvh whupv phdvxuh

whfkqrorjlfdo fkdqjh dw frqvwdqw idfwru sulfhv1 Uhsodflqj et� lq htxdwlrqv +5145, dqg +5146, zlwk

+5144, zh jhw=

[

�

��� ff�� �
[
�

���gfg� .
[

�

�� �

�gYg� .�g�� @ fY� .�� +5147,

[

�

��� � f̂��� �
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���ẑ�� .H

��
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Wr vroyh wklv prgho iru preloh idfwru sulfhv/ vxevwlwxwh htxdwlrqv +5149,/ +514:, dqg +514;, lq
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fdslwdo udwlr1 Zh pdnh wkh vwdqgdug dvvxpswlrqv derxw rzq dqg furvv0sulfh hodvwlflwlhv vxfk wkdw

%g� � 3> %� � � 3> %��� � 3> �g� � 3> ��� � 3> dqg ��� � � 3= Iurp htxdwlrq +51<, zh kdyh=
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lwlyh xqghu sodxvleoh frqglwlrqv= Wkh vroxwlrqv iurp +5158, dqg +5159, fdq wkhq eh xvhg wr vroyh iru
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eu� xvlqj +5154,=

Htxdwlrqv +5158, dqg +5159, frq�up zkdw zdv qrwhg lq wkh suhylrxv vhfwlrq= fkdqjhv lq idfwru

sulfhv duh ixqfwlrqv ri vhfwrudo sulfh fkdqjhv/ fkdqjhv lq oderu dqg fdslwdo hqgrzphqwv/ dqg erwk

idfwru0 dqg vhfwru0vshfl�f whfkqrorjlfdo fkdqjh1 Lq dgglwlrq/ fkdqjhv lq wkh vnloo suhplxp ghshqg

rq vhfwrudo idfwru lqwhqvlwlhv +�, dqg vhfwrudo gl�huhqfhv lq idfwru ghpdqg hodvwlflwlhv +%> �,1 Xqiru0

wxqdwho|/ lw lv qrw srvvleoh/ lq jhqhudo/ wr ghwhuplqh wkh vljq ri wkh sduwldo ghulydwlyhv ri wkh vnloo

suhplxp +ẑ�� � fz� , zlwk uhvshfw wr fkdqjhv lq surgxfw sulfhv/ hqgrzphqwv/ dqg whfkqrorjlfdo

fkdqjhb1 Krzhyhu/ xqghu fhuwdlq/ sodxvleoh frqglwlrqv uhjduglqj idfwru lqwhqvlwlhv dqg hodvwlflwlhv

+vhh Wdeoh 4,/ zh �qg wkdw wkh vnloo suhplxp lqfuhdvhv zlwk wkh vxsso| ri surgxfwlrq zrunhuv dqg2ru

surgxfwlrq oderu vshfl�f whfkqlfdo fkdqjh1 Olnhzlvh/ wkh vnloo suhplxp ghfuhdvhv zlwk wkh vxsso|

ri qrq0surgxfwlrq zrunhuv dqg2ru qrq0surgxfwlrq oderu vshfl�f whfkqlfdo fkdqjh1

Wdeoh 4= Frpsdudwlyh Vwdwlfv
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Wr rewdlq txdqwlwdwlyh uhvxowv iru wkh htxloleulxp idfwru sulfh fkdqjhv/ zh �uvw zulwh rxw wkh ixoo

v|vwhp ri htxloleulxp htxdwlrqv dv jlyhq lq +51<,/ +514<, dqg +5153, lq pdwul{ irupdw=
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+614,

Wr fdofxodwh htxloleulxp idfwru sulfh fkdqjhv/ zh xvh gdwd iurp wkh QEHU0FHV Pdqxidfwxulqj

Gdwdedvh iurp 4<8; wr 4<<5 ^4`1 Wklv gdwdedvh frqwdlqv dqqxdo lqirupdwlrq iru 77; X1V1 pdqx0

idfwxulqj lqgxvwulhv dw wkh 70gljlw 4<:5 VLF1 Gxh wr plvvlqj gdwd/ zh h{foxgh VLF 56;7/ 5:<7 dqg

65<5 iurp rxu dqdo|vlv1 Zh gh�qh wkh jurzwk udwh lq shulrg w dv wkh fkdqjh ehwzhhq shulrg w. 4

dqg w uhodwlyh wr shulrg w +vhh Ohdphu ^55` iru d vlplodu gh�qlwlrq,1 Jurzwk udwhv duh wkxv iruzdug

orrnlqj1 Dv d uhvxow/ zh orvh revhuydwlrqv iru 4<<51 Wkh % dqg � yduldeohv lq wkh pdwul{ deryh

duh ixqfwlrqv ri idfwru0ghpdqg hodvwlflwlhv1 Wkhvh hodvwlflwlhv duh qrw gluhfwo| revhuyhg dqg pxvw

eh hvwlpdwhg1 D ghwdlohg ghvfulswlrq ri krz zh hvwlpdwh wkhvh hodvwlflwlhv lv jlyhq lq Dsshqgl{ D1

Dsshqgl{ E frqwdlqv d eulhi ghvfulswlrq ri krz zh frqvwuxfw wkh uhpdlqlqj yduldeohv dv zhoo dv

ghvfulswlyh vwdwlvwlfv iru wkh nh| h{rjhqrxv yduldeohv +Wdeoh 5,1

D qxpehu ri gdwd lvvxhv uhodwhg wr wkh frqvwuxfwlrq ri wkh h{rjhqrxv yduldeohv qhhg wr eh

glvfxvvhg dw wklv srlqw1 Iluvw/ zh xvh wkh surgxfwlrq dqg qrq0surgxfwlrq oderu fodvvl�fdwlrq iurp

wkh QEHU gdwd vhw dv d sur{| iru xqvnloohg dqg vnloohg zrunhuv1 Wklv dssur{lpdwlrq kdv ehhq

fulwlfl}hg rq wkh jurxqgv wkdw surgxfwlrq zrunhu fdwhjru| pd| lqfoxgh zrunhuv zlwk kljk hgxfdwlrq

ohyhov ru vnloov/ zkloh wkh jurxs ri qrq0surgxfwlrq zrunhuv pd| lqfoxgh zrunhuv zlwk orz hgxfdwlrq

ohyhov ru vnloov1 Krzhyhu/ zh pdlqwdlq wklv fodvvl�fdwlrq vlqfh lw lv d uhdvrqdeoh dssur{lpdwlrq
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xvhg zlgho| lq wkh olwhudwxuh1 Lq dgglwlrq/ uhvxowv e| Ndkq dqg Olp ^49` vkrz d kljk fruuhodwlrq

ehwzhhq frvw0vkduhv edvhg rq wkh wzr fodvvl�fdwlrq vfkhphv lqglfdwlqj wkdw wkh wzr vfkhphv duh

forvh vxevwlwxwhv1 Vhfrqg/ gxh wr wkh odfn ri +pdqxidfwxulqj, vhfwru vshfl�f gdwd rq fkdqjhv lq

idfwru hqgrzphqwv/ zh xvh jurzwk udwhv ri oderu hpsor|phqw dqg fdslwdo vwrfn lqvwhdg1 Wkh huuru

fdxvhg e| wklv dssur{lpdwlrq zloo eh vpdoo li wkhuh lv vx�flhqw fr0pryhphqw ehwzhhq hqgrzphqwv

dqg dfwxdo idfwru xwlol}dwlrq shu lqgxvwu|1 Nrvwhuv ^4;` +Wdeoh 409, suhvhqwv hvwlpdwhv iru fkdqjhv

lq wkh sursruwlrq ri wkh zrun irufh iurp 4<:60;; iru zrunhuv zlwk 45 |hduv ri hgxfdwlrq ru ohvv/

dqg iru zrunhuv zlwk 49 ru pruh |hduv ri hgxfdwlrq1 Wudqvodwhg lqwr dqqxdo jurzwk udwhv/ klv

hvwlpdwhv vkrz wkdw wkh hqgrzphqw ri xqvnloohg dqg vnloohg zrunhuv juhz dw d udwh ri 0133:9 dqg

1337;/ uhvshfwlyho|1 Wkh fruuhvsrqglqj jurzwk udwhv iru xqvnloohg dqg vnloohg zrunhuv xvlqj dyhudjh

pdqxidfwxulqj hpsor|phqw gdwd duh 0133:; dqg 13437/ uhvshfwlyho|1 Wklug/ dv lq Ihhqvwud dqg

Kdqvrq ^<`/ fdslwdo idfwru vkduhv duh frpsxwhg dv 4 plqxv oderu dqg pdwhuldov idfwru vkduhv /

l1h1/ dv d uhvlgxdo�f1 Irxuwk/ rxu wkhruhwlfdo prgho grhv qrw lqfoxgh lqwhuphgldwh lqsxwv1 Lq wkh

hpslulfdo dqdo|vlv/ zh dffrxqw iru wkh lpsdfw ri lqwhuphgldwh lqsxwv rq surgxfw sulfhv e| ghulylqj d

ydoxh0dgghg sulfh fkdqjh phdvxuh1 Wklv lv grqh/ dv lq Ohdphu ^55`/ e| vxewudfwlqj iurp wkh yhfwru

ri surgxfw sulfh fkdqjhv wkh lqqhu surgxfw ri d gldjrqdo pdwul{ zlwk pdwhuldo frvw0vkduhv rq lwv

pdlq gldjrqdo dqg d yhfwru ri jurzwk udwhv ri pdwhuldo gh�dwruv1 Iliwk/ xvlqj wkh hvwlpdwhg idfwru0

ghpdqg hodvwlflwlhv +vhh Dsshqgl{ D,/ zh ghulyh dq hvwlpdwh ri ff�� xvlqj wkh iroorzlqj htxdwlrqv��=
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zkhuh ff�� lv wkh suhglfwhg ydoxh ri ff�� = Zh xvh wklv hvwlpdwh wrjhwkhu zlwk +517, wr ghulyh d

phdvxuh ri fe�� 1 Ilqdoo|/ wkh dvvxpswlrq ri shuihfw prelolw| ri surgxfwlrq dqg qrq0surgxfwlrq oderu

dfurvv vhfwruv frq�lfwv zlwk wkh revhuyhg yduldwlrq ri idfwru sulfhv dfurvv vhfwruv1 Wr dgmxvw iru wklv

hpslulfdo idfw/ zh uhzulwh htxdwlrq +51<,/ iroorzlqj Ihhqvwud dqg Kdqvrq ^<`/ dv

es� @ �g� eu� . ���fz� . ��� �ẑ�� � h�� ;m +618,

zkhuh h�� @ �� � �� � +gz� � � fz� ,� ����

�
_z��� � ẑ��

�
= Zh zloo uhihu wr h�� dv h�hfwlyh WIS1

Zlwk wkhvh fdyhdwv lq plqg/ zh fdofxodwh wkh suhglfwhg vnloo suhplxp jurzwk udwh dv wkh gl�huhqfh

ehwzhhq ẑ�� dqg fz� xvlqj +614,/ iroorzhg e| d ghfrpsrvlwlrq ri wkh wrwdo h�hfw lqwr wkh fkdqjhv

fdxvhg e| joredol}dwlrq/ hqgrzphqw/ dqg whfkqrorjlfdo fkdqjh1 Wr fdofxodwh wkh lpsdfw ri d sdu0

wlfxodu idfwru/ vd| surgxfw sulfh fkdqjh/ zh vhw doo rwkhu h{rjhqrxv yduldeohv lq wkh OKV yhfwru ri

+614,/ l1h1/ fY W
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Rxu pdlq uhvxowv duh suhvhqwhg lq Wdeohv 6091 Wdeoh 6 frqwdlqv wkh revhuyhg dqg suhglfwhg dq0

qxdo vnloo suhplxp jurzwk udwhv wrjhwkhu zlwk wkh ghfrpsrvlwlrq ri wkh suhglfwhg vhulhv e| pdmru

frpsrqhqwv= wudgh/ whfkqrorj|/ fdslwdo dqg oderu hqgrzphqwv1 Edvhg rq wkh uhvxowv lq Wdeoh 6

zh fdofxodwh d qxpehu ri vxppdu| vwdwlvwlfv/ suhvhqwhg lq Wdeohv 7091 Wkh lqirupdwlrqdo frqwhqw

ri Wdeoh 6 lv dovr suhvhqwhg lq d vhulhv ri judskv +vhh Iljxuhv 409,1 Dv Wdeoh 7 vkrzv/ wkh dfwxdo

dyhudjh dqqxdo jurzwk udwh ri wkh vnloo suhplxp iurp 4<8;0<4 lv 145( shu |hdu1 Zh dovr uhsruw vnloo

suhplxp jurzwk iru wkuhh vxe0shulrgv= 4<8;09;/ 4<9<0:;/ dqg 4<:<0<4 zklfk fruuhvsrqg wr hslvrghv

zlwk gl�huhqw wuhqgv lq wkh vnloo suhplxp1 Zkloh wkhuh zdv prghvw vnloo suhplxp jurzwk ri 168(

shu |hdu ryhu wkh �uvw vxe0shulrg/ wkh vnloo suhplxp dfwxdoo| ghfolqhg e| 163( ryhu wkh qh{w ghfdgh1

Lq wkh odvw vxe0shulrg/ wkh vnloo suhplxp djdlq juhz dw dq dqqxdo udwh ri 158(1 Frpsdulqj wkh
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dfwxdo jurzwk udwhv zlwk wkh jurzwk udwhv suhglfwhg e| rxu prgho/ zh �qg wkdw wkh prgho fruuhfwo|

suhglfwv wkh gluhfwlrq ri fkdqjhv lq wkh vnloo suhplxp iru wkh ryhudoo vdpsoh shulrg dv zhoo dv iru

wzr ri wkh vxe0shulrgv1 Rqo| gxulqj 4<9<0:; wkh prgho suhglfwv d yhu| prghvw ulvh lq wkh vnloo

suhplxp zkloh wkh dfwxdo vnloo suhplxp jurzwk udwh lv qhjdwlyh1

Lq whupv ri wkh pdjqlwxgh ri wkh suhglfwhg fkdqjh/ wkh prgho ryhusuhglfwv wkh dyhudjh dqqxdo

lqfuhdvh lq wkh vnloo suhplxp ryhu wkh vdpsoh shulrg +145( dfwxdo jurzwk frpsduhg wr 1;4( suh0

glfwhg jurzwk,1 Zkloh dfwxdo dqg suhglfwhg ydoxhv duh qhduo| lghqwlfdo iru wkh 4<8;09; shulrg/ wkh

prgho ryhusuhglfwv vnloo suhplxp jurzwk voljkwo| iru 4<9<0:; dqg pruh srlqwhgo| iru 4<:<0<41 Lq

whupv ri vwdqgdug ghyldwlrqv/ suhglfwhg dqg dfwxdo ydoxhv duh yhu| forvh gxulqj wkh �uvw wzr vxe0

shulrgv lqglfdwlqj d jrrg �w ri wkh prgho lq whupv ri yrodwlolw|1 Lq wkh odvw vxe0shulrg wkh yrodwlolw|

ri wkh suhglfwhg ydoxhv h{fhhgv dfwxdo yrodwlolw|1 Wdeoh 7 dovr vkrzv wkdw wkh fruuhodwlrq ehwzhhq

dfwxdo dqg suhglfwhg vnloo suhplxp lv uhdvrqdeo| kljk iru doo shulrgv1 Wkh uhvlgxdo vkduhv uhyhdo

wkdw iru wkh hqwluh vdpsoh shulrg/ urxjko| 8;( ri wkh revhuyhg yduldwlrq lq wkh vnloo suhplxp lv

h{sodlqhg e| wkh prgho�21 Vlplodu uhvxowv krog iru wkh wkuhh vxe0shulrgv1 Iljxuh 4 ghslfwv revhuyhg

dqg suhglfwhg jurzwk udwhv iru hdfk |hdu1 Wkh judsk fohduo| vkrzv wkh vwurqj fr0pryhphqw ehwzhhq

wkh wzr wlph vhulhv/ hvshfldoo| gxulqj wkh hduolhu shulrgv1

Wdeoh 8 frqwdlqv wkh ghfrpsrvlwlrq ri wkh suhglfwhg vnloo suhplxp jurzwk udwh1 Wudgh h�hfwv

zrunlqj wkurxjk surgxfw sulfh fkdqjhv kdg d srvlwlyh h�hfw rq wkh vnloo suhplxp/ erwk iru wkh

hqwluh vdpsoh shulrg dv zhoo dv iru prvw vxe0shulrgv1 Rqo| gxulqj wkh 4<8;09; shulrg glg fkdqjhv

lq surgxfw sulfhv ohdg wr d ghfolqh lq wkh suhglfwhg vnloo suhplxp1 Ehvlghv wudgh h�hfwv/ fkdqjhv lq

vhfwru0vshfl�f fdslwdo hqgrzphqwv zhuh wkh rwkhu vljql�fdqw gulylqj irufh ehklqg wkh lqfuhdvh lq

wkh vnloo suhplxp1 Mxvw olnh fkdqjhv lq sulfhv/ fkdqjhv lq fdslwdo hqgrzphqwv kdg d udwkhu vpdoo
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lpsdfw rq wkh suhglfwhg vnloo suhplxp gxulqj wkh �uvw wzr vxe0shulrgv exw d vwurqjhu h�hfw gxulqj

wkh odvw vxe0shulrg1 Fkdqjhv lq oderu hqgrzphqwv kdg d qhjdwlyh lpsdfw rq wkh suhglfwhg vnloo

suhplxp iru doo vxe0shulrgv1 Wklv uhvxow fdq eh hdvlo| xqghuvwrrg li rqh frqvlghuv wkh uhodwlyh

lqfuhdvh lq wkh hqgrzphqwv zlwk qrq0surgxfwlrq zrunhuv ylv0d0ylv surgxfwlrq zrunhuv lq hdfk vxe0

shulrg grfxphqwhg lq Wdeoh 51 Wkh dyhudjh dqqxdo jurzwk udwh ri wkh vnloo hqgrzphqw gl�huhqwldo

+gY���fY� , lv srvlwlyh iru wkh hqwluh vdpsoh shulrg +1<9(, dv zhoo dv iru hdfk ri wkh wkuhh vxe0shulrgv

+157(/ 4168(/ dqg 4159(/ uhvshfwlyho|,1 Ilqdoo|/ whfkqrorj| lqfuhdvhg wkh suhglfwhg vnloo suhplxp

iru wzr ri wkh wkuhh vxe0shulrgv1 Ryhu wkh hqwluh vdpsoh shulrg/ wkh lpsdfw ri whfkqrorjlfdo fkdqjh

rq wkh vnloo suhplxp zdv srvlwlyh dv zhoo wkrxjk vpdoo lq frpsdulvrq wr wkh h�hfw ri wudgh dqg

fdslwdo hqgrzphqw fkdqjhv1

Wkh dfwxdo vnloo suhplxp jurzwk udwhv dqg suhglfwhg fkdqjhv e| hdfk ri wkh irxu frpsrqhqwv

duh vkrzq lq Iljxuhv 5081 Wkhvh judskv vkrz wkdw wkh pdjqlwxgh ri vnloo suhplxp fkdqjhv fdxvhg

e| fkdqjhv lq rxwsxw sulfhv dqg fdslwdo hqgrzphqwv lv ohvv vhyhuh wkdq wkrvh fdxvhg e| fkdqjhv

lq whfkqrorj| dqg oderu hqgrzphqwv1 Wklv uhvxow fdq dovr eh vhhq iurp Wdeoh 8 zklfk frqwdlqv

uhodwlyh frqwulexwlrq wr wkh h{sodlqhg yduldwlrq e| hdfk frpsrqhqw��1 Ri wkhvh/ sulfh pryhphqwv

dffrxqw iru rqo| 4<( ri wkh yduldwlrq lq wkh suhglfwhg vnloo suhplxp ryhu wkh vdpsoh shulrg1

Whfkqrorj| dqg oderu hqgrzphqw fkdqjhv dffrxqw iru 5:( dqg 6<(/ uhvshfwlyho|/ zkloh fkdqjhv

lq wkh hqgrzphqw zlwk fdslwdo frqwulexwh rqo| 48(1 Wkhvh uhodwlyh frqwulexwlrqv ydu| olwwoh dfurvv

vxe0shulrgv1 Krzhyhu/ zkloh wkh yduldwlrq dffrxqwhg iru e| wudgh dqg fdslwdo hqgrzphqw fkdqjhv

lqfuhdvhv frqwlqxrxvo| ryhu vxe0shulrgv/ wkh rssrvlwh lv wuxh iru wkh yduldelolw| frqwulexwhg e|

whfkqrorj| dqg oderu hqgrzphqw fkdqjhv1
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Wkh txhvwlrq dulvhv krz vhqvlwlyh rxu �qglqjv duh wr fkdqjhv lq wkh fdofxodwlrq ri wkh ydulrxv

h{rjhqrxv yduldeohv suhvhqwhg lq Wdeoh 51 Xqiruwxqdwho|/ gxh wr wkh odfn ri vxlwdeoh dowhuqdwlyh gdwd

vhwv fryhulqj d frpsdudeoh qxpehu ri lqgxvwulhv dqg wlph shulrgv/ vhqvlwlylw| whvwv ri rxu uhvxowv

duh gl�fxow wr shuirup1 Krzhyhu/ vlqfh wkh QEHU0FHV gdwd vhw lqfoxghv d yduldeoh wkdw phdvxuhv

WIS/ zh uhsodfh rxu rzq WIS phdvxuh zlwk wklv yduldeoh1 Wkh qhz uhvxowv iru suhglfwhg yhuvxv

dfwxdo vnloo suhplxp jurzwk dv zhoo dv wkh ghfrpsrvlwlrq ri wkh suhglfwhg ydoxhv e| frpsrqhqw

duh jlyhq lq Wdeohv 9 dqg :/ uhvshfwlyho|1 Dv Wdeoh 9 vkrzv/ wkh xvh ri wkh QEHU phdvxuh ri WIS

grhv qrw fkdqjh wkh suhglfwhg ydoxhv lq dq| pdmru zd| zlwk rqh h{fhswlrq1 Iru wkh shulrg 4<9<0:;/

suhglfwhg dqg dfwxdo ydoxhv qrz kdyh wkh vdph vljq1 Zkloh wklv gl�huhqfh pd| eh frqvlghuhg dq

lpsuryhphqw/ lw kdv wr eh qrwlfhg wkdw wkh fruuhodwlrq ehwzhhq dfwxdo dqg suhglfwhg ydoxhv lv qrz

qhjdwlyh iru wklv vxe0shulrg1 Lq dgglwlrq/ wkh fruuhodwlrq frh�flhqwv iru doo vxe0shulrgv dv zhoo dv

iru wkh ryhudoo vdpsoh shulrg duh qrz vxevwdqwldoo| orzhu wkdq ehiruh1 Ixuwkhu/ wkh uhvlgxdo vkduhv

lqglfdwh wkdw wkh prgho qrz h{sodlqv ohvv wkdq 83( ri wkh ryhudoo yduldwlrq lq wkh revhuyhg vnloo

suhplxp/ d vpdoo exw qrwlfhdeoh ghfolqh1 Wdeoh : jhqhudwhv ixuwkhu hylghqfh wkdw rxu uhvxowv duh

urexvw zlwk uhjdug wr dowhuqdwlyh WIS phdvxuhv1 Dv wkh ghfrpsrvlwlrq ydoxhv iru wkh whfkqrorj|

froxpq lqglfdwh/ qhlwkhu vljqv qru pdjqlwxghv gl�hu pdunhgo| iurp wkrvh lq wkh fruuhvsrqglqj

froxpq ri Wdeoh 81

S� 5�44@h) @?_ �L?U*�t�L?t

Wklv sdshu frqwulexwhv wr wkh wudgh dqg zdjh lqhtxdolw| olwhudwxuh lq wzr zd|v1 Iluvw/ e| fkrrvlqj

d vshfl�f0idfwru iudphzrun lqvwhdg ri wkh pruh iuhtxhqwo| xvhg K0R prgho/ zh xvh d wkhruhwlfdo

prgho wkdw doorzv d odujhu qxpehu ri h{rjhqrxv idfwruv wr d�hfw uhodwlyh zdjhv1 Lq dgglwlrq wr wkh

h�hfwv ri surgxfw sulfh pryhphqwv dqg WIS dffrxqwhg iru e| wkh K0R prgho/ wkh VI prgho doorzv
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iru fdslwdo dqg oderu hqgrzphqw fkdqjhv dv zhoo dv idfwru0vshfl�f whfkqrorjlfdo fkdqjh wr d�hfw wkh

vnloo suhplxp1 Vhfrqg/ dsso|lqj wkh wkhruhwlfdo prgho wr gdwd iru X1V1 pdqxidfwxulqj lqgxvwulhv/

zh duh deoh wr surylgh hylghqfh rq wkh uhodwlyh frqwulexwlrqv wr fkdqjhv lq wkh vnloo suhplxp iru

hdfk h{rjhqrxv frpsrqhqw1

Wkh sdshu kdv vhyhudo lpsruwdqw uhvxowv1 Iluvw/ wudgh rshudwlqj wkurxjk surgxfw sulfh fkdqjhv

kdg d srvlwlyh lpsdfw rq wkh vnloo suhplxp/ lq sduwlfxodu gxulqj wkh odwhu kdoi ri wkh vdpsoh1 Vhfrqg/

lqfuhdvhv lq wkh vxsso| ri vnloohg zrunhuv uhodwlyh wr xqvnloohg zrunhuv zrunhg wrzdugv orzhulqj wkh

vnloo suhplxp/ zkloh qhz lqyhvwphqw lq fdslwdo jrrgv kdg d srvlwlyh h�hfw wkurxjkrxw wkh vdpsoh

shulrg1 Ilqdoo|/ wkh frpelqhg lpsdfw ri doo whfkqrorjlfdo fkdqjh phdvxuhv rq wkh vnloo suhplxp

zdv srvlwlyh/ exw prghudwh1

Wkh dqdo|vlv suhvhqwhg lq wklv sdshu ohqgv lwvhoi wr vhyhudo h{whqvlrqv1 Wkh VI iudphzrun

suhvhqwhg khuh frxog eh hdvlo| dssolhg wr gdwd iru rwkhu frxqwulhv/ mxvw dv cpdqgdwhg0zdjh uhjuhvvlrq*

dqdo|vlv ri X1V1 lqgxvwulhv zdv odwhu dssolhg wr lqyhvwljdwh zdjh lqhtxdolw| lvvxhv lq rwkhu frxqwulhv

vxfk dv wkh XN dqg Vzhghq1 Jlyhq wkh vkruwfrplqjv ri wkh K0R2pdqgdwhg zdjh uhjuhvvlrq phwkrg/

lw zrxog eh lqwhuhvwlqj wr frpsduh wkh uhvxowv iurp wkhvh vwxglhv zlwk wkh ghfrpsrvlwlrq uhvxowv iurp

wkh VI iudphzrun1 Dqrwkhu h{whqvlrq zrxog eh wr lqfoxgh vhuylfh vhfwru lqgxvwulhv lq wkh hpslulfdo

dqdo|vlv1 Wkh vhuylfhv vhfwru kdv zlwqhvvhg vljql�fdqw VEWF ryhu wkh odvw wzr ghfdghv/ dqg wkh h�hfw

ri wklv fkdqjh lq whfkqrorj| rq wkh vnloo suhplxp frxog eh lghqwl�hg lq rxu iudphzrun1 Odvwo|/ wkh

VI iudphzrun frxog eh xvhg wr dffrxqw iru joredol}dwlrq h�hfwv rwkhu wkdq wkrvh zrunlqj wkurxjk

surgxfw sulfh fkdqjhv1 Lq sduwlfxodu/ wkh prgho frxog eh xvhg wr vwxg| wkh h�hfwv ri lqfuhdvhg

lqwhuqdwlrqdo fdslwdo prelolw| rq wkh vnloo suhplxp1
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Wr fdofxodwh wkh suhglfwhg vnloo suhplxp lq htxdwlrq +614,/ zh qhhg ydoxhv iru %�� dqg ��� 1 Vlqfh

%�� @ H�
� � � H�

g�
dqg ��� @ H�

��� � H�
g�

> zh qhhg wr �qg ydoxhv iru H
&
�� = Vlqfh fd�� @ fY�� �

fT� >zh

fdq xvh htxdwlrqv +517, dqg +5149,0+514;, wr zulwh wkh iroorzlqj=

fY�� �
fT� @ H

g
g� eu� .H

�
g�fz� .H

��
g� ẑ�� �

fe�� ;l +D141,

Prylqj wkh fT� whup wr wkh uljkw/ kroglqj whfkqrorj| frqvwdqw/ l1h1/ fe�� @ 3 / dqg lqgh{lqj idfwru

uhwxuqv wr oderu e| vhfwru m>zh jhw=

fY�� @ H
g
g� eu� .H

�
g�gz�� .H

��
g�_z�� � .

fT� ;l +D151,

Wkh H&
�� rq wkh UKV ri wklv htxdwlrq duh idfwru ghpdqg hodvwlflwlhv1 Iroorzlqj wkh oderu ghpdqg

olwhudwxuh/ vxppdul}hg lq Kdphuphvk ^43`/ zh hvwlpdwh wkhvh hodvwlflwlhv zlwk wkh iroorzlqj prgho�e=

oqY�� @

[

�

�� oqz� . �� oqT� . (� +D161,

zkhuh (� lv wkh huuru whup1 Dv qrwhg lq wkh olwhudwxuh +vhh Urehuwv dqg Vnrx�dv ^58`, htxdwlrq

+D161, pxvw eh hvwlpdwhg lq orqj wlph0gl�huhqfhv wr dyrlg wkh srwhqwldo huuruv0lq0yduldeohv sureohp1

Dffruglqjo|/ zh hvwlpdwh +D161, xvlqj 430|hdu wlph gl�huhqfhv1 Xvlqj wlph0vhulhv gdwd zh hvwlpdwh

lqgxvwu|0vshfl�f idfwru ghpdqg hodvwlflwlhv lq d VXU iudphzrun1 Dffruglqj wr rxu wkhruhwlfdo

prgho zh lpsrvh wkh iroorzlqj frqvwudlqwv=
S

�
�� @ 3 +krprjhqhlw|,> �� @ 4>dqg H&

�� @
w&�

w��
H

�
&�

;l> m +furvv0htxdwlrq v|pphwu|,1 Wkh lqgxvwu| dyhudjhg hvwlpdwhv ri wkh qlqh ghpdqg hodvwlflwlhv

duh jlyhq lq Wdeoh D41 Dv h{shfwhg/ doo rzq sulfh hodvwlflwlhv duh qhjdwlyh dqg olh zlwklq wkh udqjh

uhsruwhg lq Kdphuphvk ^0148/ 01:8`1
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Wdeoh D4= Idfwru Ghpdqg Hodvwlflwlhv

+Dyhudjh dfurvv lqgxvwulhv,
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+D171,

�TTi?_� �

Khuh zh ghvfuleh wkh frqvwuxfwlrq ri wkh yduldeohv xvhg lq rxu dqdo|vlv1 Doo jurzwk udwhv duh

dqqxdo jurzwk udwhv1 Yduldeoh qdphv lq fdslwdo ohwwhuv ghqrwh QEHU0FHV gdwd vhw yduldeohv/ d

ghwdlohg ghvfulswlrq ri zklfk fdq eh irxqg lq wkh QEHU grfxphqwdwlrq ^4`1 Lqgxvwulhv duh lqgh{hg

e| m=

Y��� = Qrq0surgxfwlrq hpsor|phqw lq mwk lqgxvwu| @ HPS� 0 SURGH�

z�� +dfwxdo,� = Qrq0surgxfwlrq oderu zdjh udwh lq mwk lqgxvwu| @ +SD\� 0 SURGZ�,@Y�� �

u� = Xvhu frvw ri fdslwdo iru mwk lqgxvwu| @ +YDGG0SD\,2FDS

Y� = Wrwdo surgxfwlrq hpsor|phqw @
S

�SURGH�

Y�� = Wrwdo qrq0surgxfwlrq hpsor|phqw @
S

� Y���

Yg� = Wrwdo fdslwdo vwrfn @ FDS�

fY� = Jurzwk udwh ri wrwdo surgxfwlrq hpsor|phqw @ jurzwk udwh ri Y�

gY�� = Jurzwk udwh ri wrwdo qrq0surgxfwlrq hpsor|phqw @ jurzwk udwh ri Y��

gYg� = Jurzwk udwh ri wrwdo fdslwdo vwrfn @ jurzwk udwh ri Yg�

�� � = Vkduh ri mwk lqgxvwu| lq wrwdo surgxfwlrq oderu irufh @ SURGH2Y�

���� = Vkduh ri mwk lqgxvwu| lq wrwdo qrq0surgxfwlrq oderu irufh @ Y���@Y��

�g� = htxdov 4 e| dv fdslwdo lv d vshfl�f idfwru

4<



��� = Uhyhqxh vkduh ri surgxfwlrq oderu iru mwk lqgxvwu| @ SURGZ2Y VKLS�

��� � = Uhyhqxh vkduh ri qrq0surgxfwlrq oderu iru mwk lqgxvwu| @ z�� 2Y VKLS�

�g� @ 4� �� � � ��� � � ���

��� = Pdwhuldov uhyhqxh0vkduh iru mwk lqgxvwu| @ PDWFRVW2Y VKLS�

fT� = Jurzwk udwh ri uhdo ydoxh dgghg

gd� � = jurzwk udwh ri surgxfwlrq oderu0lqsxw frh�flhqw iru lqgxvwu| m @ + _SURGH�, 0 fT�

d̂��� = jurzwk udwh ri qrq0surgxfwlrq oderu0lqsxw frh�flhqw iru lqgxvwu| m @ +^Y���, 0 fT�

gdg� = jurzwk udwh ri fdslwdo0lqsxw frh�flhqw iru lqgxvwu| m @ +_FDS�, 0 fT�

�� = Wrwdo idfwru surgxfwlylw| jurzwk lq mwk lqgxvwu| @
S

�
���
fe�� =

�� = Phdvxuh ri idfwru0vshfl�f whfkqrorjlfdo fkdqjh iru l0wk idfwru @
S

� ���
fe��

gs�� = jurzwk udwh ri SLPDW iru lqgxvwu| m

��es = dgmxvwphqw whup iru lqwhuphgldwh lqsxwv @ surgxfw ri dq p{p pdwul{ zlwk pdwhuldov

uhyhqxh0vkduh ��� rq lwv pdlq gldjrqdo zlwk wkh p{4 yhfwru ri gs��

53



Wdeoh 5= Ghvfulswlyh Vwdwlvwlfv

V@h�@M*i vi@h �i@? 5�#� ��? �@ V@h�@M*i vi@h �i@? 5�#� ��? �@ 

eR� �bDH�b� �f�bf �f.2b ��e22f ��HSbS �� �bDH�b� �f2H. �fD�e ��fbH. ���ef

�bDH�SH �f��D �f�H� ��22HS �2H�� �bDH�SH �f�b2 �f�b. ��f��S �����

�bSb�.H �f.�e �fbbS ��e22f ��HSbS �bSb�.H �f�.b �fSfD ��fbH. ��f..

�b.b�b� �f�e� �fDbD ���bHS �b.�f �b.b�b� �f2Hf �fDeH ��fDHD ���ef

h�� �bDH�b� �ffH� �fS.e ���e.� 2�De.. ��� �bDH�b� �f22f �fS2e ����ff ����e

�bDH�SH �f��. �fD�b ���eSH �Def2 �bDH�SH �f��. �fDf� ��feb. �fb.H

�bSb�.H �ff�H �fS.D ��2bbD �HfeD �bSb�.H �f�be �fH22 ����ff ����e

�b.b�b� �ffHH �f.S. ���e.� 2�De.. �b.b�b� �f�Db �fDHD ��fH�� ��f.b

fT� �bDH�b� �fff� �fe�f ���ff2 �fD.D �g� �bDH�b� �ff�D ��D.� �D�SD�2 b�e�eH

�bDH�SH �f�He �f2.H ��f��S �fD.D �bDH�SH �f�fS ��fS� ��He�� ����Db

�bSb�.H ��ff2� �fD�� ���ff2 �fD�. �bSb�.H ��f�e. ���b. ���S�D2 ��f�2e

�b.b�b� ��f��b �f�D� ��fH�H �fefH �b.b�b� �ffS� ��bb� �D�SD�2 b�e�eH

gT�� �bDH�b� �ffbb �f2ef ��fe22 �feHH gTg� �bDH�b� �f�f2 �fD�� ���ebe �b�Db

�bDH�SH �f2fH �f�be ��f22b �feHH �bDH�SH �feb� �fSD� ���ee. �b�Db

�bSb�.H �f��2 �f�fD ��fe22 �fe22 �bSb�.H �f�eD �feSS ���ebe �Df.�

�b.b�b� ��ff�� �f�Sb ��f��S �f2H. �b.b�b� �f�fS �f�.S ���ee. ��bDD
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^4` Eduwhovpdq/ H1M1 dqg Z1 Jud|/ 4<<9/ QEHU Pdqxidfwxulqj Surgxfwlylw| Gdwdedvh/ QEHU

Whfkqlfdo Zrunlqj Sdshu Qr1538

^5` Edogzlq/ U1H1 dqg J1J1 Fdlq/ 4<<:/ Vkliwv lq X1V1 Uhodwlyh Zdjhv= Wkh Uroh ri Wudgh/ Whfk0

qrorj| dqg Idfwru Hqgrzphqwv/ QEHU Zrunlqj Sdshu Qr1 8<671

^6` Ehupdq/ H1/ M1 Erxqg dqg ]1 Julolfkhv/ 4<<7/ Fkdqjhv lq wkh Ghpdqg iru Vnloohg Oderu zlwklq

X1V1 Pdqxidfwxulqj= Hylghqfh iurp wkh Dqqxdo Vxuyh| ri Pdqxidfwxuhv/ Txduwhuo| Mrxuqdo ri

Hfrqrplfv 43<+5,/ 69:06<:1

^7` Ehupdq/ H1/ M1 Erxqg dqg V1 Pdfklq/ 4<<;/ Lpsolfdwlrqv ri Vnloo0Eldvhg Whfkqrorjlfdo Fkdqjh=

Lqwhuqdwlrqdo Hylghqfh/ Txduwhuo| Mrxuqdo ri Hfrqrplfv 446+7,/ 4578045;31

^8` Exujhvv/ G1I1/ 4<;3/ Surwhfwlrq/ Uhdo Zdjhv/ dqg wkh Qhrfodvvlfdo Dpeljxlw| zlwk Lqwhulqgxv0

wu| Iorzv/ Mrxuqdo ri Srolwlfdo Hfrqrp| ;; +7,/ :;60;351

^9` Folqh/ Z1U1/ 4<<:/ Wudgh dqg Lqfrph Glvwulexwlrq/ Lqvwlwxwh iru Lqwhuqdwlrqdo Hfrqrplfv/

Zdvklqjwrq G1F1

^:` Gdvjxswd/ L1/ dqg W1 Rvdqj/ 5333/ Joredol}dwlrq dqg Uhodwlyh Zdjhv= Ixuwkhu Hylghqfh iurp

X1V1 Pdqxidfwxulqj Lqgxvwulhv/ Lqwhuqdwlrqdo Uhylhz ri Hfrqrplfv dqg Ilqdqfh/ iruwkfrplqj1

^;` Hqjhupdq/ V1O1 dqg U1Z1 Mrqhv/ 4<<9/ Wudgh/ Whfkqrorj| dqg Zdjhv= D Wdoh ri Wzr Frxq0

wulhv/ DHD Sdshuv dqg Surfhhglqjv/ 680731

^<` Ihhqvwud/ U1F1 dqg J1K1 Kdqvrq/ 4<<</ Wkh Lpsdfw ri Rxwvrxuflqj dqg Kljk0Whfkqrorj| Fds0

lwdo Rq Zdjhv= Hvwlpdwhv iru wkh Xqlwhg Vwdwhv/ 4<:<04<<3/ Txduwhuo| Mrxuqdo ri Hfrqrplfv

447 +6,/ <3:0731
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^43` Kdphuphvk/ G1V1/ 4<<6/ Oderu Ghpdqg/ Sulqfhwrq Xqlyhuvlw| Suhvv1

^44` Kdvnho/ M1 dqg P1M1 Vodxjkwhu/ 5334/ Wudgh/ Whfkqrorj| dqg X1N1 Zdjh Lqhtxdolw|/ Wkh Hfr0

qrplf Mrxuqdo 443/ 405:1

^45` Mrqhv/ U1Z1/ 4<:4/ D Wkuhh Idfwru Prgho lq Wkhru|/ Wudgh dqg Klvwru|/ lq M1Ekdjzdwl hw1 do1

+hgv1,/ Wudgh/ Edodqfh ri Sd|phqwv dqg Jurzwk/ 6054/ Dpvwhugdp= Qruwk0Kroodqg1

^46` Mrqhv/ U1Z1/ 4<:8/ Lqfrph Glvwulexwlrq dqg H�hfwlyh Surwhfwlrq lq dq Pxowlfrpprglw| Wudgh

Prgho/ Mrxuqdo ri Hfrqrplf Wkhru| 44/ 40481

^47` Mrqhv/ U1Z1/ 4<<9/ Lqwhuqdwlrqdo Wudgh/ Uhdo Zdjhv/ dqg Whfkqlfdo surjuhvv= Wkh Vshfl�f0

Idfwruv Prgho/ Lqwhuqdwlrqdo Uhylhz ri Hfrqrplfv dqg Ilqdqfh 8+5,/ 40481

^48` Mrqhv/ U1Z1 dqg V1W1 Hdvwrq/ 4<;6/ Idfwru Lqwhqvlwlhv dqg Idfwru Vxevwlwxwlrq lq Jhqhudo

Htxloleulxp/ Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv 48/ 980<<1

^49` Ndkq/ M1D1 dqg M1 Olp/ 4<<;/ Vnloohg Oderu0Dxjphqwlqj Whfkqlfdo Surjuhvv lq X1V1 Pdqxidf0

wxulqj/ Txduwhuo| Mrxuqdo ri Hfrqrplfv 446+7,/ 45;40463;1

^4:` Nrkol/ X1/ 4<<6/ X1V1 Whfkqrorj| dqg wkh Vshfl�f0Idfwruv Prgho/ Mrxuqdo ri Lqwhuqdwlrqdo

Hfrqrplfv 67/ 44804691

^4;` Nrvwhuv/ P1/ 4<<4/ Zdjhv dqg Ghprjudsklfv/ lq Nrvwhuv hg1 Zrunhuv dqg Wkhlu Zdjhv= Fkdqj0

lqj Sdwwhuqv lq wkh Xqlwhg Vwdwhv/ Dphulfdq Hqwhusulvh Lqvwlwxwh/ Zdvklqjwrq G1F1

^4<` Nuxhjhu/ D1E1/ 4<<6/ Krz frpsxwhuv fkdqjhg wkh zdjh vwuxfwxuh= Hylghqfh iurp plfurgdwd/

4<;704<;</ Txduwhuo| Mrxuqdo ri Hfrqrplfv 43;/ 660931

^53` Nuxhjhu/ D1E1/ 4<<:/ Oderu Pdunhw Vkliwv dqg wkh Sulfh Sx}}oh Uhylvlwhg/ QEHU Zrunlqj

Sdshu Qr1 8<571
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^54` Odzuhqfh/ U1]1/ dqg P1M1 Vodxjkwhu/ 4<<6/ Lqwhuqdwlrqdo Wudgh dqg Dphulfdq Zdjhv lq wkh

4<;3*v= Jldqw Vxfnlqj Vrxqg ru Vpdoo KlffxsB/ Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|=

Plfurhfrqrplfv 5=4<<6/ 49405431

^55` Ohdphu/ H1H1/ 4<<;/ Lq Vhdufk ri Vwroshu0Vdpxhovrq Olqndjhv ehwzhhq Lqwhuqdwlrqdo Wudgh dqg

Orzhu Zdjhv/ lq= V1P1Froolqv/ hg1/ Lpsruwv/ H{sruwv dqg wkh Dphulfdq Zrunhu +Eurrnlqjv

Lqvwlwxwlrq/ Zdvklqjwrq/ GF,/ 47405361

^56` Pdjhh/ V1S1/ 4<;3/ Wkuhh Vlpsoh Whvwv ri wkh Vwroshu0Vdpxhovrq Wkhruhp / lq Shwhu Rsshq0

khlphu +hg1,/ Lvvxhv lq Lqwhuqdwlrqdo Hfrqrplfv/ Orqgrq/ Rulho Suhvv/ 46;04861

^57` Pdjhh/ V1S1/ N1 \rr/ dqg Q1 Fkrl/ 4<<</ Wkh Xqlwhg Vwdwhv lv d Vpdoo Frxqwu| lq Zruog Wudgh/

plphr/ Xqlyhuvlw| ri Wh{dv dw Dxvwlq1

^58` Urehuwv/ P1M1 dqg H1 Vnrx�dv/ 4<<:/ Wkh Orqj0Uxq Ghpdqg iru Vnloohg dqg Xqvnloohg Zrunhuv

lq Frorpeldq Pdqxidfwxulqj Sodqwv/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv :<+5,/ 66306671

^59` Vdfkv/ M1G1 dqg K1M1 Vkdw}/ 4<<7/ Wudgh dqg Mrev lq X1V1 Pdqxidfwxulqj/ Eurrnlqjv Sdshuv

rq Hfrqrplf Dfwlylw| 4=4<<7/ 40;71

^5:` Vodxjkwhu/ P1M1/ 5333/ Zkdw Duh Wkh Uhvxowv ri Surgxfw0Sulfh Vwxglhv dqg Zkdw Fdq Zh

Ohduq Iurp Wkhlu Gl�huhqfhvB/ lq U1F1 Ihhqvwud +hg,/ Wkh Lpsdfw ri Lqwhuqdwlrqdo Wudgh rq

Zdjhv/ Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk/ Frqihuhqfh Yroxph/ 45<04:31

^5;` Vodxjkwhu/ P1M1/ 4<<:/ Lqwhuqdwlrqdo Wudgh dqg Oderu Ghpdqg Hodvwlflwlhv/ QEHU Zrunlqj

Sdshu Qr1 95951

^5<` Wkrpsvrq/ K1/ 4<;</ Gr wdul�v surwhfw vshfl�f idfwruvB/ Fdqdgldq Mrxuqdo ri Hfrqrplfv 55

+5,/ 7390451
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Year Observed Predicted Trade Technology
Labor 

endowments
Capital 

endowments
1958 0.0397 0.0429 -0.0049 -0.0257 0.0659 0.0076
1959 0.0016 0.0110 0.0126 0.0455 -0.0593 0.0122
1960 0.0053 -0.0045 0.0008 0.0501 -0.0656 0.0102
1961 -0.0074 -0.0159 0.0004 -0.0393 0.0147 0.0083
1962 -0.0375 -0.0270 -0.0190 -0.0409 0.0327 0.0002
1963 0.0045 0.0034 0.0023 0.0040 -0.0067 0.0038
1964 0.0157 0.0270 -0.0051 -0.0088 0.0453 -0.0045
1965 0.0120 0.0052 -0.0091 0.0030 0.0091 0.0022
1966 0.0133 0.0102 0.0209 0.0258 -0.0465 0.0099
1967 -0.0058 -0.0196 -0.0093 0.0090 -0.0257 0.0065
1968 -0.0030 0.0070 0.0033 0.0204 -0.0199 0.0032
1969 -0.0194 -0.0197 0.0238 0.0244 -0.0701 0.0022
1970 -0.0069 0.0043 0.0091 -0.0003 -0.0048 0.0003
1971 0.0107 -0.0086 -0.0186 -0.0688 0.0868 -0.0080
1972 0.0050 0.0065 -0.0144 -0.0029 0.0269 -0.0032
1973 -0.0077 -0.0063 -0.0389 0.0925 -0.0612 0.0012
1974 0.0054 0.0121 0.0453 0.0697 -0.1058 0.0029
1975 -0.0091 0.0061 0.0138 -0.0621 0.0509 0.0035
1976 -0.0068 0.0019 0.0041 -0.0123 0.0031 0.0070
1977 0.0068 0.0085 0.0012 0.0025 -0.0059 0.0107
1978 -0.0076 0.0014 -0.0027 0.0242 -0.0391 0.0189
1979 -0.0054 0.0130 0.0370 0.0963 -0.1431 0.0229
1980 -0.0044 0.0110 0.0259 -0.0076 -0.0326 0.0254
1981 -0.0270 -0.0104 0.0444 0.0758 -0.1606 0.0300
1982 0.0196 0.0173 0.0547 -0.0959 0.0308 0.0277
1983 0.0144 0.0399 0.0353 -0.0754 0.0447 0.0353
1984 -0.0085 0.0164 0.0281 0.0253 -0.0755 0.0385
1985 -0.0021 -0.0158 0.0156 -0.0049 -0.0571 0.0307
1986 0.0000 0.0627 0.0099 0.0087 0.0170 0.0270
1987 0.0132 0.0090 0.0043 -0.0255 0.0098 0.0204
1988 0.0217 0.0356 0.0165 -0.0148 0.0124 0.0216
1989 0.0054 0.0141 0.0296 -0.0011 -0.0308 0.0166
1990 -0.0031 0.0258 0.0396 0.0029 -0.0308 0.0142
1991 0.0084 0.0096 0.0195 -0.0287 0.0067 0.0121

Table 3: Observed and Predicted Annual Skill Premium Growth Rates



Years Observed Predicted Correlations Residual Shares (%)

1958-91 Mean 0.0012 0.0081 0.56 42.31

(S.D.) 0.0143 0.0190

1958-68 Mean 0.0035 0.0036 0.89 38.04

(S.D.) 0.0189 0.0203

1969-78 Mean -0.0030 0.0006 0.50 47.21

(S.D.) 0.0094 0.0095

1979-91 Mean 0.0025 0.0176 0.42 42.14

(S.D.) 0.0133 0.0205

Years Trade Technology Labor Capital
Endowments Endowments

1958-91 0.0111 0.0019 -0.0172 0.0123

1958-68 -0.0006 0.0039 -0.0051 0.0054

1969-78 0.0023 0.0067 -0.0119 0.0036

1979-91 0.0277 -0.0035 -0.0315 0.0248

Table 4: Observed and Predicted Average Annual Skill Premium 
Growth Rate

Table 5: Decomposition of the predicted skill-premium growth rate



Years Observed Predicted Correlations Residual Shares (%)

1958-91 Mean 0.0012 0.0074 0.19 54.69

(S.D.) 0.0143 0.0252

1958-68 Mean 0.0035 0.0053 0.18 46.71

(S.D.) 0.0189 0.0293

1969-78 Mean -0.0030 -0.0021 -0.49 58.68

(S.D.) 0.0094 0.0186

1979-91 Mean 0.0025 0.0166 0.32 58.38

(S.D.) 0.0133 0.0246

Years Trade Technology Labor Capital
Endowments Endowments

1958-91 0.0111 0.0013 -0.0172 0.0123

1958-68 -0.0006 0.0056 -0.0051 0.0054

1969-78 0.0023 0.0040 -0.0119 0.0036

1979-91 0.0277 -0.0044 -0.0315 0.0248

Table 6: Observed and Predicted Average Annual Skill Premium 
Growth Rate (NBER TFP measure)

Table 7: Decomposition of the predicted skill-premium growth rate 
(NBER TFP measure)



Figure 1: Observed and predicted annual skill premium 
growth rates in U.S. manufacturing industries, 1958-91
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Fig 2: Trade effects on the skill premium
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Fig 3: Technology effects on the skill premium
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Fig 4: Labor endowment effects on the skill premium
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Fig 5: Capital endowment effects on the skill premium
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Figure 6: Relative contributions (%)
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