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Devwudfw

Lq wklv sdshu/ zh lqyhvwljdwh wkh qdwxuh ri lqfrph lqhtxdolw| dfurvv
qdwlrqv1 Iluvw/ udwkhu wkdq lpsrvlqj ixqfwlrqdo irupv ru sdudphwhu
ydoxhv lq fdoleudwlrq h{huflvhv wkdw fdq srwhqwldoo| gulyh uhvxowv/ zh
�uvw hvwlpdwh/ whvw/ dqg glvwlqjxlvk ehwzhhq w|shv ri djjuhjdwh surgxf0
wlrq ixqfwlrqv fxuuhqwo| xvhg lq wkh jurzwk olwhudwxuh1 Qh{w/ jlyhq rxu
sdqho0uhjuhvvlrq hvwlpdwhv/ zh shuirup vhyhudo h{huflvhv/ vxfk dv ydul0
dqfh ghfrpsrvlwlrqv/ vlpxodwlrqv dqg frxqwhu0idfwxdo dqdo|vhv1 Wkh
slfwxuh wkdw hphujhv lv rqh zkhuh frxqwulhv juhz lq wkh sdvw iru gl�hu0
hqw uhdvrqv/ zklfk vkrxog eh dq lpsruwdqw lqjuhglhqw lq srolf| ghvljq1
Dowkrxjk wkhuh lv qrw d vlqjoh0idfwru h{sodqdwlrq iru wkh gl�huhqfh lq
rxwsxw shu0zrunhu dfurvv qdwlrqv/ surgxfwlylw| gl�huhqfhv fdq h{sodlq
d frqvlghudeoh sruwlrq ri lqfrph lqhtxdolw|/ iroorzhg e| glvwruwlrqv wr
fdslwdo dffxpxodwlrq dqg wkhq e| kxpdq fdslwdo dffxpxodwlrq1

�Zh judwhixoo| dfnqrzohgjh wkh frpphqwv dqg vxjjhvwlrqv ri Frvwdv D}duldglv/ Jdu|
Kdqvhq/ Pdufrv E1 Olverd/ Fduorv Pduwlqv0Ilokr/ Qdìuflr D1 gh Phqh}hv/ Doehuwr Wuhmrv/
Iduvklg Ydklg/ dqg vhyhudo vhplqdu sduwlflsdqwv1 Doo uhpdlqlqj huuruv duh rxuv1 Udidho
Pduwlqv gh Vrx}d surylghg h{fhoohqw uhvhdufk dvvlvwdqfh1 Wkh dxwkruv dovr dfnqrzohgjh
wkh �qdqfldo vxssruw ri FQSt0Eud}lo dqg SURQH[1

|Fruuhvsrqglqj dxwkru1 Sudld gh Erwdirjr 4<3/ 4458/ Ulr gh Mdqhlur/ UM/ 555860<33/
Eud}lo1 Hpdlo dgguhvvhv ri wkh dxwkruv duh/ uhvshfwlyho|/ ihuuhludCijy1eu/ mlvvohuCijy1eu/
shvvrdCijy1eu

4



4 Lqwurgxfwlrq
Uhfhqwo|/ d qxpehu ri vwxglhv lq wkh �hogv ri ghyhorsphqw dqg hfrqrplf
jurzwk kdyh irfxvhg rq gl�huhqfhv lq wkh ohyho ri rxwsxw shu zrunhu dprqj
frxqwulhv udwkhu wkdq lq gl�huhqfhv ri jurzwk udwhv1 Iru d jlyhq frxqwu|/
vlqfh wkh ohyho ri rxwsxw shu zrunhu fdq eh wkrxjkw ri dv lwv fxpxodwlyh
jurzwk h{shulhqfh/ vwxg|lqj zrunhu rxwsxw fdq vhuyh dv d sur{| iru vwxg|lqj
orqj0whup jurzwk1

Gl�huhqfhv ri rxwsxw shu zrunhu dfurvv frxqwulhv duh lqghhg yhu| kljk1
Iru h{dpsoh/ lq 4<<3 wkh dyhudjh zrunhu lq wkh X1V1 surgxfhg 67 wlphv pruh
wkdq d zrunhu lq Pdol/ 45 wlphv pruh wkdq rqh lq Jx|dqd ru Lqgld/ dqg
wzlfh dv pxfk dv rqh lq Sruwxjdo1 Vwxglhv wkdw kdyh wulhg wr h{sodlq wkhvh
gl�huhqfhv fdq eh urxjko| glylghg lqwr wzr jurxsv1 Wkh �uvw �qgv wkdw gli0
ihuhqfhv lq idfwruv ri surgxfwlrq dorqh +h1j1/ sk|vlfdo dqg kxpdq fdslwdo, fdq
h{sodlq prvw ri wkh revhuyhg gl�huhqfhv lq rxwsxw shu zrunhu> vhh iru h{dp0
soh/ Pdqnlz/ Urphu/ dqg Zhlo+4<<5,/ Fkdul/ Nhkrh/ dqg PfJudwwdq+4<<:,/
dqg Pdqnlz+4<<8,1 Wkh vhfrqg jurxs �qgv wkdw/ hyhq frqwuroolqj iru sk|v0
lfdo dqg kxpdq fdslwdo/ wkhuh lv vwloo d odujh sruwlrq ri rxwsxw shu zrunhu
glvsdulw| ohiw xqh{sodlqhg1 Khqfh/ wrwdo idfwru surgxfwlylw| +WIS, glvsdulw|
fdq eh dq lpsruwdqw idfwru lq h{sodlqlqj wkh gl�huhqfhv ri rxwsxw shu zrunhu
dfurvv frxqwulhv> vhh/ iru h{dpsoh/ Kdoo dqg Mrqhv+4<<<,/ Suhvfrww+4<<;,/ dqg
Nohqrz dqg Urguljxh}0Foduh+4<<:,1

Wkh frqfoxvlrqv lq wkhvh duwlfohv duh vrphzkdw lq xhqfhg e| wkhlu phwkrg0
rorjlfdo fkrlfhv/ sduwlfxoduo| e| wkh fkrlfh ri wkh ixqfwlrqdo irup ri wkh djjuh0
jdwh surgxfwlrq ixqfwlrq/ e| wkh fkrlfh ri wkh hvwlpdwlrq phwkrg dqg2ru e|
wkh sdudphwhu0fdoleudwlrq hpsor|hg1 Iru h{dpsoh/ Pdqnlz/ Urphu dqg Zhlo
dvvxph wkdw/ dsduw iurp ROV0uhvlgxdo yduldwlrq/ surgxfwlylw| lv wkh vdph
dfurvv frxqwulhv1 Wkxv/ wkh lpsruwdqfh ri idfwruv lv dxwrpdwlfdoo| vwuhqjwk0
hqhg1 Rq wkh rwkhu kdqg/ Kdoo dqg Mrqhv zrun zlwk d surgxfwlrq ixqfwlrq
zkhuh kxpdq fdslwdo lv qrw d vhsdudwh lqsxw/ exw prgl�hv udz oderu1 Khqfh/
wkhuh duh rqo| wzr idfwruv/ dqg qrw wkuhh= sk|vlfdo fdslwdo dqg oderu1 Pruh0
ryhu/ wkh| fdoleudwh wkh sk|vlfdo0fdslwdo vkduh wr eh uhodwlyho| vpdoo +htxdo wr
426,1 Wklv w|sh ri vshfl�fdwlrq dxwrpdwlfdoo| uhlqirufhv wkh uroh ri surgxf0
wlylw|1

Vlqfh wkhvh phwkrgrorjlfdo fkrlfhv fdq srwhqwldoo| gulyh wkh �qdo uhvxowv
rewdlqhg/ rqh zd| ri ehlqj qhxwudo rq phwkrgrorjlfdo lvvxhv lv wr whvw wkh
vshfl�fdwlrq ehlqj xvhg1 Khqfh/ zh sursrvh xvlqj d sudjpdwlf dssurdfk=
lqvwhdg ri dvvxplqj d sulrul d vshfl�f djjuhjdwh surgxfwlrq ixqfwlrq/ dqg

5



vshfl�f sdudphwhu ydoxhv lq fdoleudwlrq h{huflvhv/ wzr dowhuqdwlyh ixqfwlrqdo
irupv duh hvwlpdwhg1 Wkh �uvw lv d prgho zlwk d orqj wudglwlrq lq wkh jurzwk
olwhudwxuh 0 wkh h{whqghg qhrfodvvlfdo jurzwk prgho sursrvhg e| Pdqnlz
Urphu dqg Zhlo/ dprqj rwkhuv1 Wkh vhfrqg lv d plqfhuldq irupxodwlrq ri
vfkrrolqj0uhwxuqv wr vnloov/ wudglwlrqdoo| xvhg lq wkh oderu0hfrqrplfv olwhu0
dwxuh/ h1j1/ Plqfhu+4<:7, dqg Zloov+4<;9,/ exw uhfhqwo| lqfrusrudwhg lqwr
wkh jurzwk olwhudwxuh dv zhoo/ h1j1/ Eloov dqg Nohqrz+4<<9,/ dqg Kdoo dqg
Mrqhv+4<<<,1 Diwhu hvwlpdwlqj wkhp/ zh dvn zklfk ri wkhvh wzr ixqfwlrqdo
irupv ehvw �wv wkh gdwd xvlqj d ydulhw| ri vshfl�fdwlrq whvwv1 Wkh uhvwulf0
wlrq wkdw surgxfwlylw| lv wkh vdph dfurvv frxqwulhv lv qrw lpsrvhg d sul0
rul/ exw udwkhu whvwhg xvlqj d sdqho0gdwd vhw ri <8 frxqwulhv/ udqjlqj iurp
4<93 wr 4<;8/ wdnhq iurp wkh Vxpphuv dqg Khvwrq+4<<4, dqg wkh Eduur dqg
Ohh+4<<9, gdwd edvhv1

Diwhu frqvlghulqj wkh uhvxowv ri vshfl�fdwlrq whvwv/ dqg fkrrvlqj zklfk
surgxfwlrq0ixqfwlrq ehvw uhsuhvhqwv wkh gdwd/ surgxfwlylw| dqg idfwru0vkduh
hvwlpdwhv duh xvhg wr vwxg| wkh frqwulexwlrq ri idfwruv ri surgxfwlrq/ sur0
gxfwlylw|/ dqg g|qdplf glvwruwlrqv lq h{sodlqlqj wkh yduldwlrq ri rxwsxw shu
zrunhu1 Wkhvh g|qdplf glvwruwlrqv duh wd{0glvwruwlrqv d�hfwlqj wkh uhwxuq rq
sk|vlfdo fdslwdo/ fdofxodwhg iroorzlqj Fkdul/ Nhkrh/ dqg PfJudwwdq+4<<:,1
Iru hdfk frxqwu|/ wkh| zhuh fdoleudwhg wr pdnh wkh prgl�hg jroghq uxoh krog
lq htxloleulxp1

Rxu suhihuuhg sdqho0uhjuhvvlrq htxdwlrq xvhv wkh plqfhuldq vshfl�fdwlrq
zlwk dq hvwlpdwhg fdslwdo vkduh ri derxw 75(/ d pdujlqdo uhwxuq wr hgxfdwlrq
ri derxw :18( shu |hdu/ dqg dq hvwlpdwhg surgxfwlylw| jurzwk ri derxw 417(
shu |hdu1 Rxu surgxfwlylw| hvwlpdwhv ydu| frqvlghudeo| dfurvv frxqwulhv/ dqg
whvwlqj zkhwkhu surgxfwlylw| lv wkh vdph iru doo frxqwulhv vwurqjo| uhmhfwv wklv
k|srwkhvlv1 D yduldqfh ghfrpsrvlwlrq h{huflvh vkrzv wkdw surgxfwlylw| dqg
g|qdplf glvwruwlrq duh wkh prvw lpsruwdqw idfwruv lq h{sodlqlqj wkh yduldwlrq
lq rxwsxw shu zrunhu dfurvv frxqwulhv= zkloh surgxfwlylw| h{sodlqv 86(/ wkh
g|qdplf glvwruwlrqv rq fdslwdo dffxpxodwlrq h{sodlq 57(1

Ilqdoo|/ zh glylghg wkh vhw ri <8 frxqwulhv lqwr ; vxe0vhwv/ dffruglqj wr
wkhlu uhodwlyh srvlwlrq zlwk uhvshfw wr wkh dyhudjh ri wkh wkuhh ghwhuplqdqw
idfwruv ri rxwsxw shu zrunhu1 Dv h{shfwhg/ wkh vhw ri frxqwulhv zlwk deryh0
dyhudjh surgxfwlylw| dqg hgxfdwlrq/ dqg ehorz0dyhudjh g|qdplf glvwruwlrqv/
frqwdlqv doprvw doo ri wkh ulfk frxqwulhv1 Lq wkh rwkhu h{wuhph/ wkh vhw ri
frxqwulhv zlwk ehorz0dyhudjh surgxfwlylw| dqg hgxfdwlrq dqg deryh0dyhudjh
g|qdplf glvwruwlrqv frqwdlqv rqo| srru qdwlrqv/ zlwk dyhudjh rxwsxw shu
zrunhu ri derxw rqh whqwk wkdw ri wkh ulfk0frxqwu| jurxs1
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Ghvslwh wkh lpsruwdqfh ri surgxfwlylw| lq h{sodlqlqj wkh glvshuvlrq ri rxw0
sxw shu zrunhu lq rxu vdpsoh ri frxqwulhv/ lw pd| eh xqlpsruwdqw dv d idfwru
kdpshulqj orqj0uxq jurzwk iru vrph vshfl�f frxqwulhv1 Iru h{dpsoh/ Eud}lo
dqg Xuxjxd| kdyh doprvw wkh vdph rxwsxw shu zrunhu +427 ri wkh X1V1 ohyho,
dqg surgxfwlylw|/ exw wkh oderu irufh lq Eud}lo kdv derxw kdoi wkh vfkrrolqj
ri wkdw lq Xuxjxd|/ dqg Xuxjxd|*v glvwruwlrq wr fdslwdo dffxpxodwlrq lv pruh
wkdq 53( kljkhu wkdq wkdw lq Eud}lo1 Wklv vkrzv wkdw wkhvh frxqwulhv vkrxog
sxuvxh gl�huhqw ghyhorsphqw srolflhv wr uhgxfh wkh jds ehwzhhq wkhp dqg wkh
jurxs ri ulfk qdwlrqv1 Rq wkh rwkhu kdqg/ Mdsdq/ Wdlzdq/ dqg Vrxwk Nruhd/
ghvslwh ehlqj orz0glvwruwlrq dqg kljk0hgxfdwlrq frxqwulhv/ kdyh surgxfwlylw|
ohyhov wkdw duh ehorz0dyhudjh iru zruog vwdqgdugv= Vrxwk Nruhd*v hvwlpdwhg
WIS lv rqo| 89( wkdw ri wkh X1V1 Khqfh/ zh uhsurgxfh khuh \rxqj*v+4<<8,
uhvxow wkdw wkh jrrg shuirupdqfh ri wkhvh frxqwulhv lq wkh uhfhqw sdvw zdv
prvwo| gxh wr idfwru dffxpxodwlrq dqg qrw wr kljk surgxfwlylw|1

Wdnhq wrjhwkhu/ rxu hylghqfh vkrzv wkdw= +l, dffruglqj wr hfrqrphwulf
whvwv/ surgxfwlylw| fdqqrw eh prghoohg dv ehlqj wkh vdph iru doo frxqwulhv1
Pruhryhu/ gl�huhqfhv lq surgxfwlylw| fdqqrw eh glvuhjdughg dv dq h{sodqdwlrq
ri zk| rxwsxw shu zrunhu ydulhv vr pxfk dfurvv frxqwulhv> +ll, ghvslwh wkdw/
wkhuh lv qrw d vlqjoh idfwru wkdw fdq h{sodlq zk| rxwsxw shu zrunhu ydulhv vr
pxfk dfurvv frxqwulhv1 Vrph frxqwulhv duh srruhu/ ghvslwh ehlqj uhodwlyho|
surgxfwlyh/ ehfdxvh wkh| lpsrvh vwurqj uhvwulfwlrqv rq fdslwdo dffxpxodwlrq1

Wklv sdshu kdv �yh dgglwlrqdo vhfwlrqv1 Lq Vhfwlrq 5 zh glvfxvv wkh ixqf0
wlrqdo irupv xvhg wr uxq surgxfwlrq0ixqfwlrq sdqho uhjuhvvlrqv1 Lq Vhfwlrq 6/
wkh hfrqrphwulf whfkqltxhv dqg wkh vshfl�fdwlrq whvwv xvhg duh glvfxvvhg dqg
wkh hvwlpdwlrq uhvxowv duh suhvhqwhg1 Vhfwlrq 7 lv rq wkh qdwxuh ri lqfrph
lqhtxdolw| dfurvv qdwlrqv/ dqg Vhfwlrq 8 frqfoxghv1

5 Prgho Vshfl�fdwlrq
Wkh �uvw surgxfwlrq ixqfwlrq frqvlghuhg khuh lv wkh vr0fdoohg �h{whqghg qhr0
fodvvlfdo jurzwk prgho/� zklfk xvhv kxpdq fdslwdo dv dq dgglwlrqdo h{sodqd0
wlrq iru rxwsxw/ mrlqwo| zlwk sk|vlfdo fdslwdo dqg udz oderu1 Vwduw zlwk wkh
iroorzlqj krprjhqrxv0ri0ghjuhh0rqh surgxfwlrq ixqfwlrq=

t�| ' ��|8 Eg�|c M�|c u�| i T E} � |�� c +4,

zkhuh t�|/ g�|/ M�|/ u�|/ dqg ��| duh uhvshfwlyho| rxwsxw/ sk|vlfdo fdslwdo/
kxpdq fdslwdo/ udz oderu lqsxwv/ dqg surgxfwlylw| iru frxqwu| � lq shulrg |/
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zkhuh � ' �c � � � c � / dqg | ' �c � � � c A 1 Lw lv dvvxphg wkdw wkhuh lv h{rjhqrxv
whfkqrorjlfdo surjuhvv dw udwh }c zklfk lv wkh vdph dfurvv frxqwulhv1 Wkh
surgxfwlrq ixqfwlrq lq shu0zrunhu whupv fdq eh zulwwhq dv=

t�|
u�|

' +�| ' ��|8 E&�|c ��|c i T E} � |�� � +5,

Dvvxplqj Free0Grxjodv whfkqrorj| +ru xvlqj d �uvw0rughu orj0olqhdu dssur{0
lpdwlrq ri wkh deryh ixqfwlrq, jlyhv=

*? +�| ' *?��| n k *? &�| n q *?��| n �} � |n 0�|c +6,

zkhuh 0�| lv wkh lqkhulwhg phdvxuhphqw huuru iru frxqwu| � lq shulrg |1 Lp0
srvlqj krprjhqhlw| +l1h1/ � ' E�� k� q�,/ zh rewdlq wkh iroorzlqj=

*? +�| ' *?��| n k *? &�| n q *? ��| n E�� k� q�} � |n 0�|

*? +�| ' *?�� n k *? &�| n q *? ��| n E�� k� q�} � | n #�|c +7,

zkhuh lq wkh odvw olqh ri +7, ��| lv ghfrpsrvhg lqwr d wlph0lqyduldqw frp0
srqhqw �� dqg d frpsrqhqw wkdw ydulhv dfurvv � dqg | 0 D�|/ vxfk wkdw
#�| ' D�| n 0�|1 Gxh wr wkh v|pphwulf wuhdwphqw ri wkh idfwruv/ wkh h{whqghg
qhrfodvvlfdo surgxfwlrq ixqfwlrq vwuhqjwkhqv wkh lpsruwdqfh ri lqsxwv ylv0d0
ylv surgxfwlylw| lq h{sodlqlqj rxwsxw shu0zrunhu glvshuvlrq1 Pruhryhu/ wkh
kljkhu wkh lqfrph vkduh ri dffxpxodwhg idfwruv/ wkh kljkhu wkh lqfrph glv0
sdulw| dfurvv frxqwulhv wkdw fdq eh h{sodlqhg e| lqsxwv1

Wkh vhfrqg vshfl�fdwlrq gl�huv iurp wkh deryh lq wkh zd| kxpdq fds0
lwdo lv prghoohg1 Lw xvhv d plqfhuldq +h1j1/ Plqfhu+4<:7, dqg Zloov+4<;9,,
irupxodwlrq ri vfkrrolqj0uhwxuqv wr vnloov wr prgho kxpdq fdslwdo1 Wkhuh lv
rqo| rqh w|sh ri oderu lq wkh hfrqrp|/ zklfk kdv vnloo0ohyho b/ ghwhuplqhg e|
hgxfdwlrqdo dwwdlqphqw1 Lw lv dvvxphg wkdw wkh vnloo0ohyho ri d zrunhu zlwk
� |hduv ri vfkrrolqj lv i T E��� juhdwhu wkdq wkdw ri d zrunhu zlwk qr hgx0
fdwlrq dw doo/ ohdglqj wr wkh iroorzlqj krprjhqrxv0ri0ghjuhh0rqh surgxfwlrq
ixqfwlrq=

t�| ' ��|8 Eg�|c b�|u�| i T E} � |�� � +8,

Wkh sdudphwhu � lq b�| ' i T E���|� jlyhv wkh vnloo0uhwxuq ri rqh h{wud
|hdu ri hgxfdwlrq1 Lq shu0zrunhu whupv/ wkh htxdwlrq deryh uhgxfhv wr=

t�|
u�|

' +�| ' ��|8 E&�|c b�| i T E} � |�� � +9,
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Djdlq/ zlwk Free0Grxjodv whfkqrorj| +ru zlwk d �uvw rughu orj0olqhdu
dssur{lpdwlrq ri wkh surgxfwlrq ixqfwlrq, zh rewdlq=

*? +�| ' *?��| n k *? &�| n q *? Eb�| i T E} � |�� n 0�|c +:,

zkhuh 0�| lv wkh lqkhulwhg phdvxuhphqw huuru iru frxqwu| � lq shulrg |1 Ilqdoo|/
xvlqj b�| ' i T E���|� dqg lpsrvlqj krprjhqhlw| +l1h1/ q ' ��k,/ zh rewdlq=

*? +�| ' *?��| n k *? &�| n E�� k�E���| n } � |� n 0�|

*? +�| ' *?�� n k *? &�| n E�� k�E���| n } � |� n #�|c +;,

zkhuh/ djdlq/ lq wkh odvw olqh ri +;, ��| lv ghfrpsrvhg lqwr d wlph0lqyduldqw
frpsrqhqw �� dqg d frpsrqhqw wkdw ydulhv dfurvv � dqg | 0 D�|/ vxfk wkdw
#�| ' D�| n 0�|1 Wkh plqfhuldq irupxodwlrq vwuhqjwkhqv wkh lpsruwdqfh ri
surgxfwlylw| ylv0d0ylv lqsxwv lq h{sodlqlqj rxwsxw shu0zrunhu glvshuvlrq1 Wklv
kdsshqv ehfdxvh kxpdq fdslwdo lv qrw d vhsdudwh idfwru ri surgxfwlrq/ exw
rqo| dxjphqwv oderu surgxfwlylw|1

Hfrqrphwulfdoo|/ wkh edvlf gl�huhqfh ehwzhhq htxdwlrqv +7, dqg +;, lv
zkhwkhu kxpdq fdslwdo hqwhuv wkh surgxfwlrq ixqfwlrq lq ohyhov ru lq orjv1 Li
kxpdq fdslwdo hqwhuv lq orjv 0 +7,/ wkhuh lv d �{hg kxpdq0fdslwdo hodvwlflw|
lq surgxfwlrq iru doo frxqwulhv1 Li lw hqwhuv lq ohyhov 0 +;,/ kxpdq0fdslwdo
hodvwlflw| lq surgxfwlrq zloo fkdqjh dfurvv frxqwulhv +dqg dfurvv wlph dv zhoo,1

6 Hfrqrphwulf Hvwlpdwlrq/ Whvwlqj/ dqg Uh0
vxowv

614 Hvwlpdwlrq dqg Whvwlqj

Hdfk rqh ri wkhvh vhwv ri htxdwlrqv lq +7, dqg +;, frqvwlwxwhv d vwuxfwxudo
v|vwhp ri htxdwlrqv iru d vhw ri frxqwulhv � ' �c 2c � � �� dqg d vhw ri wlph
shulrgv | ' �c 2c � � �A 1 Dv lv xvxdo zlwk vxfk d sdqho/ sdqho0gdwd whfkqltxhv
fdq eh hpsor|hg wr hvwlpdwh wkh vwuxfwxudo sdudphwhuv *?��/ k/ q/ }/ dqg �1

Li rqh glvuhjdugv wkh sdqho0gdwd vwuxfwxuh lq hlwkhu +7, ru +;,/ h{sorlw0
lqj rqo| wkh furvv0vhfwlrqdo glphqvlrq ri wkh gdwd vhw/ rqh fdqqrw hvwlpdwh
hlwkhu wkh whfkqrorjlfdo0surjuhvv wuhqg frh!flhqw }/ ru wkh frxqwu|0vshfl�f
surgxfwlylw| ohyho *?��1 Wu|lqj wr gr vr zrxog lqhylwdeo| h{kdxvw doo dydlo0
deoh ghjuhhv0ri0iuhhgrp1 Wklv lv wkh pdlq fulwlflvp ri Lvodp+4<<8, ri wkh
hvwlpdwlrq surfhgxuh lq Pdqnlz/ Urphu dqg Zhlo+4<<5,1 Ehfdxvh zh gr qrw

9



zdqw wr uxoh rxw d sulrul wkdw *?�� fdq eh dq lpsruwdqw idfwru lq h{sodlq0
lqj wkh revhuyhg glvsdulw| lq rxwsxw shu zrunhu dfurvv qdwlrqv/ zh fkrvh wr
frqvlghu wkh sdqho0gdwd vwuxfwxuh ri wkh vwuxfwxudo htxdwlrqv lq +7, ru +;,1

Lq frqvlghulqj wkh whfkqltxhv wr eh hpsor|hg lq hvwlpdwlqj hlwkhu +7, ru
+;,/ wkh iroorzlqj kdyh wr eh wdnhq lqwr dffrxqw= +l, lq jhqhudo/ *? &�|/ *? ��|/
dqg ��| duh fruuhodwhg zlwk #�|1 Wklv rffxuv iru vhyhudo uhdvrqv1 Lq d vkruw olvw/
*? &�|/ *? ��|/ dqg ��| duh phdvxuhg zlwk huuru/ jhqhudwlqj dq huuru0lq0yduldeohv
sureohp lq hvwlpdwlrq> vhh Mxgjh hw do1+4<;8/ ss1 :390:3<,1 Vhfrqg/ wkhuh lv d
sruwlrq ri #�| wkdw frphv iurp surgxfwlylw|/ khqfh ehlqj fruuhodwhg zlwk *? &�|/
*? ��|/ dqg ��|> +ll, ehfdxvh uhjuhvvruv dqg huuruv duh fruuhodwhg/ li rqh krshv
wr jhw frqvlvwhqw hvwlpdwhv ri vwuxfwxudo sdudphwhuv/ d olvw ri lqvwuxphqwdo
yduldeohv kdv wr eh rewdlqhg1 Wkhvh pxvw eh fruuhodwhg zlwk *? &�|/ *? ��|/
dqg ��|/ exw qrw zlwk #�|> +lll, d fkrlfh pxvw eh pdgh uhjduglqj krz wr
prgho *?��1 Wkhuh duh wzr qdwxudo fdqglgdwhv lq wkh sdqho0gdwd olwhudwxuh=
prghoolqj *?�� dv d �{hg0h�hfw ru dv d udqgrp0h�hfw1

Vlpxowdqhrxv0htxdwlrq frh!flhqwv/ vxfk dv wkh rqhv lq hlwkhu +7, ru +;,
deryh/ fdq eh frqvlvwhqwo| hvwlpdwhg e| lqvwuxphqwdo yduldeoh phwkrgv> vhh
Kvldr+4<;9/ ss1 448045:,1 Frqvlghulqj wkh vwuxfwxuh ri fruuhodwlrq dprqj
huuruv ri gl�huhqw frxqwulhv lv d �uvw vwhs lq fkrrvlqj wkh hvwlpdwlrq phwkrg1
D uhdvrqdeoh dvvxpswlrq derxw huuruv lv wkdw wkhlu yduldqfh lv qrw lghqwlfdo
dfurvv frxqwulhv1 Vkrfnv wr vshfl�f frxqwulhv pd| eh yhu| gl�huhqw dqg pd|
eh d fdxvh iru khwhurvnhgdvwlflw|/ zklfk pxvw wkhq eh frqvlghuhg lq hvwlpd0
wlrq1 Huuruv iru gl�huhqw frxqwulhv vkrxog dovr kdyh d qrq0}hur frqwhpsrudqh0
rxv fruuhodwlrq/ ehfdxvh ri frpprq lqwhuqdwlrqdo vkrfnv wkdw vlpxowdqhrxvo|
d�hfw doo frxqwulhv1 H{sorlwlqj lw ohdgv wr h!flhqf| jdlqv lq hvwlpdwlrq/ l1h1/
pruh suhflvh sdudphwhu hvwlpdwhv1

Suhflvlrq/ krzhyhu/ lv qrw wkh rqo| lvvxh wkdw vkrxog eh frqvlghuhg lq
fkrrvlqj wkh hvwlpdwlrq phwkrg1 Ixoo0lqirupdwlrq phwkrgv +vxfk dv ixoo lq0
irupdwlrq pd{lpxp olnholkrrg ru 6VOV, dovr kdyh sureohpv ri wkhlu rzq/
lq zklfk plv0vshfl�fdwlrq ri rqh jlyhq htxdwlrq lq wkh v|vwhp fduulhv ryhu
wr rwkhu v|vwhp htxdwlrqv/ ohdglqj wr lqfrqvlvwhqw hvwlpdwhv iru wkh zkroh
v|vwhp1 Pruhryhu/ wkh odujhu wkh v|vwhp/ wkh kljkhu wkh fkdqfh ri plv0
vshfl�fdwlrq1 Ehfdxvh lq rxu fdvh lw pd| eh suhihudeoh wr kdyh lqh!flhqw
hvwlpdwhv +zklfk fdq eh frqvlvwhqw/ lq sulqflsoh, wkdq wr wu| wr dfklhyh wkhvh
srwhqwldo h!flhqf| jdlqv/ uxqqlqj wkh ulvn ri kdylqj xvhohvv lqfrqvlvwhqw hv0
wlpdwhv/ zh fkrvh wr xvh d phwkrg wkdw grhv qrw wdnh lqwr dffrxqw wkh frq0
whpsrudqhrxv fruuhodwlrq dprqj huuruv1 Khwhurvnhgdvwlflw| ri huuruv lq gli0
ihuhqw frxqwulhv/ krzhyhu/ zloo eh frqvlghuhg lq hvwlpdwlrq1 Wklv lv grqh e|
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zhljkwlqj hyhu| htxdwlrq lq wkh v|vwhp gl�huhqwo|/ xvlqj wkh uhflsurfdov ri
wkh vwdqgdug ghyldwlrqv ri wkh frxqwu|0vshfl�f huuruv dv zhljkwv1

Wkh vhfrqg vwhs lq lqvwuxphqwdo0yduldeoh hvwlpdwlrq lv wr rewdlq ydolg
lqvwuxphqwv1 Zh glvfxvv khuh wkh fdvh ri wkh +orj ri, wkh fdslwdo vwrfn/ exw d
vlplodu dujxphqw dssolhv iru wkh phdvxuhv ri kxpdq fdslwdo dv zhoo +*? ��| ru
��|,1 Frqvlghu �uvw dv dq lqwuxphqw iru *? &�|/ *? &�|3�/ � 9' �/ l1h1/ wkh odjjhg
+orj ohyho ri wkh, fdslwdo vwrfn ri frxqwu| �41 Hyhq li wkh fdslwdo vwrfn lv
phdvxuhg zlwk huuru/ fuhdwlqj dq huuru0lq0yduldeoh sureohp/ dv orqj dv wkh
phdvxuhphqw huuruv duh lglrv|qfudwlf lq qdwxuh/ l1h1/ xqfruuhodwhg zlwk hdfk
rwkhu/ *? &�|3� zloo qrw eh fruuhodwhg zlwk #�|1 D srvvleoh sureohp lv wkdw lw
pd| qrw eh fruuhodwhg zlwk *? &�| hlwkhu1 Iru h{dpsoh/ wkhuh lv qr jxdudqwhh
wkdw wkh odjjhg +orj ri wkh, fdslwdo vwrfn ri Ilml zloo eh fruuhodwhg zlwk wkh
fxuuhqw +orj ri wkh, fdslwdo vwrfn ri Urpdqld1 Krzhyhu/ li zh fkrrvh d jurxs
ri frxqwulhv � vdwlvi|lqj vrph jhrjudsklfdo +ru fxowxudo, fulwhulrq/ zh fdq
lqfuhdvh wkh fkdqfh ri *? &�|3� dqg *? &�| ehlqj fruuhodwhg1 Lq sduwlfxodu/ zh
sursrvh xvlqj iru hdfk frxqwu| � wkh iroorzlqj lqvwuxphqw iru *? &�|=

�

� �
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�Mt� ��

*? &�|3�c +<,

zkhuh � � uhsuhvhqwv wkh qxpehu ri dgglwlrqdo frxqwulhv lq wkh vdph frqwlqhqw
wkdw frxqwu| � lv lq/ dqg i� �j uhsuhvhqwv wkh vhw ri frxqwulhv lq wkdw frqwlqhqw
wkdw duh qrw frxqwu| �/ l1h1/ +<, uhsuhvhqwv uhvw0ri0wkh0frqwlqhqw dyhudjh odjjhg
+orj ri wkh, fdslwdo vwrfn1

Odjjhg dyhudjh uhvw0ri0frqwlqhqw fdslwdo vwrfn orrnv surplvlqj dv dq lq0
vwuxphqw1 Frxqwulhv lq wkh vdph frqwlqhqw xvxdoo| wudgh pruh zlwk hdfk
rwkhu wkdq zlwk frxqwulhv rxwvlgh wkdw frqwlqhqw1 Wkh| dovr whqg wr kdyh
vlplodu pdfurhfrqrplf srolflhv1 Wkhvh idfwruv frqwulexwh wr gholyhu d qrq0
}hur fruuhodwlrq ehwzhhq �

� �

S
�Mt� �� *? &�|3� dqg *? &�|1 Rq wkh rwkhu kdqg/

rqh fdq dujxh wkdw vrph frpsrqhqw ri �
� �

S
�Mt� �� *? &�|3� pd| eh fruuhodwhg

zlwk #�|1 Dowkrxjk wklv lv dozd|v srvvleoh/ wkhuh lv d zd| wkdw wkh ruwkrjrqdo0
lw| ehwzhhq huuruv dqg lqvwuxphqwv fdq eh whvwhg iru ryhu0lghqwl�hg prghov>
edvlf uhihuhqfhv duh Edvpdqq+4<93, dqg Vdujdq+4<97,1

Whvwlqj ruwkrjrqdolw| iru d vshfl�f ryhu0lghqwl�hg uhjuhvvlrq htxdwlrq lq
d v|vwhp uhtxluhv �uvw xvlqj lqvwuxphqwdo0yduldeoh uhvlgxdov lq uxqqlqj dx{lo0
ldu| uhjuhvvlrqv/ dqg vhfrqg frqvwuxfwlqj d A �-2 vwdwlvfwlf zlwk wkh rxwsxw

4Zh fkrvh wkh odjjhg fdslwdo vwrfn iru frxqwu| m wr uhgxfh ixuwkhu wkh fkdqfh ri fruuh0
odwlrq ehwzhhq huuru dqg lqvwuxphqw1
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ri wklv dx{loldu| uhjuhvvlrq1 Dowkrxjk wkh surfhgxuh lv vxlwdeoh iru whvwlqj
�ruwkrjrqdolw|� iru vlqjoh0htxdwlrqv lq d v|vwhp/ lw lv d mrlqw whvw ri ruwkrjr0
qdolw| dqg ri fruuhfw vshfl�fdwlrq ri wkh prgho1 Khqfh/ uhmhfwlrq ri wkh qxoo
fdq eh gxh wr lqfruuhfw vshfl�fdwlrq dqg qrw wr odfn ri ruwkrjrqdolw|1 Wklv uh0
txluhv dyrlglqj lpsrvlqj dq| uhvwulfwlrqv rq sdqho0uhjuhvvlrq hvwlpdwhv zkhq
whvwlqj iru ruwkrjrqdolw|1

Zkhwkhu ru qrw kxpdq0fdslwdo phdvxuhv vkrxog hqwhu wkh surgxfwlrq
ixqfwlrq lq ohyhov ru lq orjv fdq eh whvwhg e| xvlqj d Er{ dqg Fr{+4<97,
wudqvirupdwlrq1 Frqvlghu wkh jhqhulf uhjuhvvlrq htxdwlrq=

+| '

�
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w

�
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zkhuh lw lv fohdu wkdw iru d orjdulwkplf wudqvirupdwlrq wr eh ydolg zh pxvw
kdyh w ' f/ dqg iru d wkh vhulhv %| wr hqwhu wkh uhjuhvvlrq lq ohyhov zh pxvw
kdyh w ' �1 Wkhvh wzr k|srwkhvhv fdq eh whvwhg e| phdqv ri d Zdog whvw/
xvlqj d Er{0Fr{ wudqvirupdwlrq iru wkh kxpdq0fdslwdo phdvxuh lq wkh sur0
gxfwlrq ixqfwlrq1

Ilqdoo|/ zkhwkhu zh vkrxog xvh �{hg ru udqgrp h�hfwv lq prghoolqj lq0
glylgxdo surgxfwlylw| idfwruv *?�� fdq eh lqyhvwljdwhg e| phdqv ri d Kdxv0
pdq+4<:;, whvw1 Hvwlpdwhv xvlqj �{hg dqg udqgrp h�hfwv duh frpsduhg e|
vhdufklqj iru ghsduwxuhv ri wkh odwwhu iurp wkh iruphu/ zklfk kdsshqv zkhq
wkh udqgrp frpsrqhqw lv fruuhodwhg zlwk uhjuhvvruv1 D odujh gl�huhqfh lv d
vljq ri d qrq0}hur fruuhodwlrq/ zklfk ylrodwhv frqvlvwhqf| iru wkh sdudphwhuv
ri wkh udqgrp h�hfw prgho1

615 Wkh Gdwd

Wkh sdqho gdwd vhw xvhg udqjhv iurp 4<93 wr 4<;8/ dqg frpelqhv pdfurhfr0
qrplf gdwd iru <8 frxqwulhv lq wkh pdun 819 ri wkh Vxpphuv dqg Khvwrq +VK/
iurp qrz rq, gdwd vhw zlwk kxpdq0fdslwdo phdvxuhv h{wudfwhg iurpEduur dqg
Ohh+4<<9,1 Vlqfh wkh odwwhu duh rqo| dydlodeoh dw �yh0|hdu lqwhuydov/ zh �uvw
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frqvlghuhg xvlqj d gdwdedvh zlwk wkdw iuhtxhqf|1 Krzhyhu/ wklv suhvhqwv d
sureohp/ vlqfh surgxfwlrq0ixqfwlrq gdwd zloo xvh qrq0frqwljxrxv revhuydwlrqv
dqg vhyhudo |hduv ri gdwd zrxog eh ohiw xqxvhg1 Dowhuqdwlyho|/ zh ghflghg wr
lqwhusrodwh kxpdq0fdslwdo phdvxuhv wr �w dqqxdo iuhtxhqf|1 Dowkrxjk wklv
lqgxfhv phdvxuhphqw huuru lq kxpdq fdslwdo/ wkh sureohp lv uhodwlyho| vpdoo/
vlqfh kxpdq fdslwdo fkdqjhv zlwk d kljko| suhglfwdeoh sdwwhuq dqg wkh hvwl0
pdwlrq whfkqltxh xvhg doorzv iru uhjuhvvruv wkdw duh phdvxuhg zlwk huuru51

Wkh wlph vsdq zdv uhvwulfwhg iurp 4<93 wr 4<;81 Ehiruh wkh 4<93*v/ dqg
diwhu 4<;8/ pdfurhfrqrplf gdwd lv plvvlqj iru vhyhudo ghyhorslqj frxqwulhv1
Olplwlqj wkh �qdo |hdu wr 4<;8 dovr kdv wkh dgydqwdjh ri lqfoxglqj lq rxu
vdpsoh wkh suhylrxvo| vrfldolvw frxqwulhv1 Prvw ri wkhp pdgh wkhlu wudqvlwlrq
lqwr fdslwdolvp dw wkh hqg ri wkh 4<;3*v/ pdnlqj 4<;8 wkh odvw srvvleoh |hdu
wr lqfoxgh lq wkh vdpsoh1

Wkh vshfl�f vhulhv xvhg duh wkh iroorzlqj= +�| lv wkh udwlr ri uhdo JGS
+dw 4<;8 lqwhuqdwlrqdo sulfhv, dqg wkh qxpehu ri zrunhuv lq wkh oderu irufh/
h{wudfwhg iurp VK> &�| lv wkh sk|vlfdo fdslwdo vhulhv shu zrunhu1 Lq wkh qxphu0
dwru lw xvhv uhdo lqyhvwphqw gdwd iurp VK +dw 4<;8 lqwhuqdwlrqdo sulfhv, lq
frqvwuxfwlqj wkh fdslwdo vhulhv> ��| lv Eduur dqg Ohh*v+4<<9, vhulhv ri dyhudjh
|hduv ri frpsohwhg hgxfdwlrq ri wkh oderu irufh/ lqwhusrodwhg +lq ohyhov, wr �w
dqqxdo iuhtxhqf|1

Wkh zd| wkh sk|vlfdo0fdslwdo vhulhv zhuh frqvwuxfwhg ghvhuyhv frpphqw1
Zh vwduwhg zlwk wkh lqyhvwphqw vhulhv dqg dssolhg wkh Shushwxdo Lqyhqwru|
Phwkrg wr jhw phdvxuhv ri fdslwdo1 Wklv phwkrg uhtxluhv dq lqlwldo fdslwdo
ohyho dqg d ghsuhfldwlrq udwh iru sk|vlfdo fdslwdo1 Vlqfh lw lv qrw reylrxv
zklfk lv d uhdvrqdeoh ghsuhfldwlrq udwh wr dsso| iru doo frxqwulhv/ zh fkrvh wr
xvh �yh gl�huhqw udwhv +6(/ 9(/ <(/ 45(/ dqg 48(,/ fkhfnlqj zkhwkhu wkh
fdslwdo vhulhv zhuh vlplodu dfurvv ghsuhfldwlrq udwhv1 Dv iru wkh lqlwldo fdslwdo
vwrfn/ zh iroorzhg \rxqj+4<<8, dqg Kdoo dqg Mrqhv+4<<<, dqg dssur{lpdwhg
lw e| gf ' Uf* E}U n B�/ zkhuh gf lv wkh lqlwldo fdslwdo vwrfn/ Uf lv wkh lqlwldo
lqyhvwphqw h{shqglwxuh/ }U lv wkh jurzwk udwh ri lqyhvwphqw/ dqg B lv wkh
ghsuhfldwlrq udwh ri wkh fdslwdo vwrfn1 Lq frpsxwlqj klv lqlwldo fdslwdo vhulhv/
\rxqj xvhv wkh phdq jurzwk ri lqyhvwphqw lq wkh �uvw �yh |hduv ri klv vdpsoh
dv d sur{| iru }U 1 Khuh/ vlqfh wkh hduo| 4<93*v zdv d yhu| xqxvxdo shulrg lq
whupv ri wkh jurzwk udwh ri doo pdfurhfrqrplf djjuhjdwhv +lq wkh vhqvh ri
kdylqj uhodwlyho| kljk jurzwk udwhv iru prvw frxqwulhv,/ zh fkrvh wr xvh wkh

5Wr fkhfn wkh urexvwqhvv ri hvwlpdwlrq uhvxowv/ zh frpsduhg wkrvh xvlqj gdwd zlwk
�yh0|hdu lqwhuydov dqg wkrvh xvlqj |hduo| gdwd1 Wkh| zhuh yhu| forvh lqghhg1
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phdq jurzwk ri lqyhvwphqw iurp wkh zkroh vdpsoh +4<930;8, lq frpsxwlqj
}U 1

616 Prgho Hvwlpdwlrq Uhvxowv

Lqvwuxphqwdo0yduldeoh hvwlpdwhv ri wkh plqfhuldq prgho +;,/ xvlqj d olplwhg0
lqirupdwlrq vhwwlqj iru d ydulhw| ri ghsuhfldwlrq udwhv iru wkh fdslwdo vwrfn/ duh
suhvhqwhg lq Wdeoh 41 Lw dovr lqfoxghv vhyhudo whvw uhvxowv 0 Er{0Fr{/ Kdxvpdq/
Vdujdq/ hwf1 Lqvwuxphqwv duh frxqwu|0vshfl�f/ frpsulvlqj �

� �

S
�Mt� �� *? &�|3�/
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S
�Mt� �� ��|3�/ dqg |/ dqg surgxfwlylw| +*?��, lv prghoohg dv d �{hg0h�hfw1

D Kdxvpdq+4<:;, whvw iru fkrrvlqj krz wr prgho *?�� +udqgrp0 yhuvxv �{hg0
h�hfwv, lqglfdwhv wkdw uhjuhvvruv +surmhfwhg rq lqvwuxphqwv, duh olnho| wr eh
fruuhodwhg zlwk wkh udqgrp0h�hfw/ pdnlqj wkh �{hg0h�hfwv prgho wkh ehvw
dowhuqdwlyh> vhh wkh s0ydoxhv iru wkh htxdolw| ri frh!flhqwv lq Wdeoh 41 Wkh
uhsruwhg hvwlpdwhv iru k/ �/ dqg } gr qrw fkdqjh pxfk dv zh ydu| ghsuhfldwlrq
udwhv1 Iru uhdvrqdeoh ydoxhv ri B +9(045( lqwhuydo,/ wkh hvwlpdwh ri k lv derxw
3174/ ri � derxw 313;/ dqg ri } derxw 31347> doo duh vwdwlvwlfdoo| vljql�fdqw dw
wkh xvxdo ohyhov1

Wkhvh qxpehuv duh forvh wr zkdw frxog eh h{shfwhg d sulrul= vhyhudo fdol0
eudwhg vwxglhv xvh d fdslwdo hodvwlflw| k ' �*� +vhh Frroh| dqg Suhvfrww+4<<8,
dqg PfJudwwdq+4<<7,,1 Hvwlpdwhv lq Jroolq+4<<:, duh dovr forvh wr 3173 iru
d ydulhw| ri frxqwulhv1 Dv glvfxvvhg deryh/ � fdq eh lqwhusuhwhg dv d phd0
vxuh ri wkh shufhqwdjh lqfuhdvh lq lqfrph ri dq dgglwlrqdo |hdu ri vfkrro0
lqj1 Plqfhuldq uhjuhvvlrqv xvxdoo| �qg e� * f��f +Plqfhu+4<:7,,1 Pruhryhu/
Svdfkdursrorv+4<<7,/ zkr vxuyh|v vfkrrolqj0uhwxuq hylghqfh xvlqj d odujh vhw
ri frxqwulhv/ �qgv dq dyhudjh ri 91;( iru RHFG frxqwulhv dqg 4314( iru wkh
zruog dv d zkroh1 Dq dyhudjh jurzwk udwh ri surgxfwlylw| ri derxw 417(
d |hdu lv qrw xqolnho|/ ehlqj lq olqh zlwk wkh hylghqfh rq orqj0uxq jurzwk
suhvhqwhg e| Pdgglvrq+4<<8,1

Lqvwuxphqwdo0yduldeoh hvwlpdwhv ri wkh h{whqghg qhrfodvvlfdo jurzwk prgho
+7, duh suhvhqwhg lq Wdeoh 51 Wkh vdph frxqwu|0vshfl�f lqvwuxphqwv zhuh
xvhg1 Gxh wr wkh Kdxvpdq0whvw uhvxow/ surgxfwlylw| E*?��� lv prghoohg dv d
�{hg h�hfw1 Iru uhdvrqdeoh ghsuhfldwlrq udwhv +9(045( lqwhuydo,/ wkh hvwl0
pdwh ri k lv derxw 3176/ d olwwoh elw kljkhu wkdq lq wkh plqfhuldq fdvh1 Wkh
hvwlpdwh ri wkh jurzwk udwh ri surgxfwlylw| } lv derxw 41<( d |hdu/ pd|eh
forvhu wr wkh frqyhqwlrqdo0zlvgrp wkdq wkh plqfhuldq hvwlpdwh1 Kxpdq0
fdslwdo hodvwlflw| hvwlpdwhv eq duh uhodwlyho| vpdoo= derxw 31358 dqg/ iru vrph
ydoxhv ri B/ qrw vljql�fdqwo| gl�huhqw iurp }hur1
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D vpdoo dqg lqvljql�fdqw kxpdq0fdslwdo hodvwlflw| iru wkh h{whqghg qhr0
fodvvlfdo prgho kdv dovr ehhq uhsruwhg e| Ehqkdele dqg Vslhjho+4<<7, dqg
Nohqrz dqg Urguljxì}0Foduh+4<<:,1 Lq oljkw ri wklv froohfwlyh hylghqfh/ lw
pd| eh lqwhuhvwlqj wr xqghuvwdqg zk| Pdqnlz Urphu dqg Zhlo+4<<5, re0
wdlqhg kljk hvwlpdwhv iru kxpdq fdslwdo hodvwlflw| lq wkh h{whqghg qhrfodvvlfdo
prgho +udqjlqj iurp 315; wr 316:,61 Nohqrz dqg Urguljxh}0Foduh vkrz wkdw
wkh uhvxowv lq Pdqnlz/ Urphu dqg Zhlo duh qrw urexvw wr fkdqjhv lq wkh
sur{lhv xvhg wr phdvxuh kxpdq fdslwdo1 Pruhryhu/ Lvodp+4<<8, dujxhv wkdw
surgxfwlylw| lv olnho| wr fkdqjh dfurvv frxqwulhv/ zklfk uhtxluhv wkh xvh ri
sdqho gdwd lq surshuo| prghoolqj frxqwu|0vshfl�f surgxfwlylw|/ vlqfh furvv0
vhfwlrqdo gdwd irufhixoo| lpsrvhv wkh uhvwulfwlrq wkdw/ dsduw iurp uhvlgxdo
yduldwlrq/ surgxfwlylw| lv wkh vdph iru doo frxqwulhv1

Vlqfh surgxfwlylw| lv fruuhodwhg zlwk sk|vlfdo dqg kxpdq fdslwdo/ rplwwlqj
lw dv d uhjuhvvru frxog frqvlghudeo| fkdqjh hodvwlflw| hvwlpdwhv1 Wr lqyhvwljdwh
wklv lvvxh ixuwkhu/ zh uh0hvwlpdwhg wkh h{whqghg qhrfodvvlfdo prgho xqghu wkh
uhvwulfwlrq wkdw surgxfwlylw| lv wkh vdph dfurvv frxqwulhv/ l1h1/ wkdw *? E��� '
*? E��/ ;�1 Wkh uhvxowv/ suhvhqwhg lq Wdeoh 6/ vkrz dq lqfuhphqw lq wkh
hvwlpdwhv ri k dqg q1 Wkh �uvw mxpsv iurp derxw 3176 wr derxw 3193/ zkloh
wkh vhfrqg mxpsv iurp derxw 31358 wr derxw 3145 0 doprvw �yh wlphv kljkhu>
vhh dovr wkh uhvxowv lq Wdeoh 7 iru wkh plqfhuldq jurzwk prgho1

Lw vhhpv wkdw wkh nh| wr xqghuvwdqglqj wkhvh gl�huhqfhv lq hvwlpdwhv
olhv lq krz wr prgho surgxfwlylw|= li lw lv doorzhg wr ydu| dfurvv frxqwulhv
dv d �{hg0h�hfw/ sk|vlfdo0 dqg kxpdq0fdslwdo hodvwlflwlhv lq surgxfwlrq duh
uhodwlyho| vpdoo1 Krzhyhu/ li lw lv uhvwulfwhg vxfk wkdw *? E��� ' *? E��/ ;�/
hvwlpdwhv forvhu wr Pdqnlz Urphu dqg Zhlo*v duh surgxfhg1

Lw wxuqv rxw wkdw zh fdq fkrrvh dq dssursuldwh prgho iru surgxfwlylw|
xvlqj dq hfrqrphwulf whvw= d Zdog whvw iru frh!flhqw uhvwulfwlrqv lq wkh irup
*? E��� ' *? E��/ ;�1 Uhvxowv ri wkhvh whvwv duh suhvhqwhg lq wkh odvw olqhv
ri hlwkhu Wdeohv 4 dqg 5 iru wkh plqfhuldq jurzwk prgho dqg wkh h{whqghg
qhrfodvvlfdo prgho uhvshfwlyho|1 Iru erwk prghov/ dqg doo ydoxhv ri B/ wklv
uhvwulfwlrq lv ryhuzkhoplqjo| uhmhfwhg/ vkrzlqj wkdw wkh �{hg0h�hfw vshfl�0
fdwlrq lv dssursuldwh/ dqg wkdw surgxfwlylw| lqghhg ydulhv dfurvv frxqwulhv1

Dv glvfxvvhg deryh/ zh fdq fkrrvh zklfk ri wkh wzr prghov ++;, ru +7,,
ehvw �wv wkh gdwd e| xvlqj d Er{0Fr{ whvw iru wkh kxpdq0fdslwdo phdvxuh1
Uhvxowv duh suhvhqwhg lq hlwkhu Wdeohv 4 ru 51 Qxphulfdoo|/ wkh hvwlpdwhv ri
w +qrw uhsruwhg, zhuh doo yhu| forvh wr rqh dqg duh yhu| vljql�fdqw1 Wkxv/

6Vhh wkh uhvxowv lq wkhlu Wdeoh 5/ s1 7531
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whvwlqj wkdw w ' f 0 wkh grxeoh0orj prgho lq +7, 0 uhmhfwv wkh qxoo iru hyhu|
ydoxh ri wkh ghsuhfldwlrq udwh B1 Rq wkh rwkhu kdqg/ whvwlqj wkdw w ' �
0 wkh orj0ohyho prgho lq +;, 0 grhv qrw uhmhfw wkh qxoo iru dq| ydoxh ri B1
Khqfh/ edvhg rq wkhvh whvw uhvxowv/ zh suhihu wkh plqfhuldq vshfl�fdwlrq ryhu
wkh h{whqghg qhrfodvvlfdo rqh1 Vlqfh wkh edvlf gl�huhqfh ehwzhhq wkhp lv
zkhwkhu wkh kxpdq0fdslwdo hodvwlflw| lv frqvwdqw dfurvv frxqwulhv +dqg wlph,/
rxu uhvxowv lqglfdwh wkdw wklv lv suredeo| wrr vwurqj d uhvwulfwlrq1

Ehfdxvh zh zdqw wr fkhfn zkhwkhu ru qrw vxlwdeoh lqvwuxphqwv zhuh xvhg
lq hvwlpdwlqj wkh vwuxfwxudo prghov/ zh shuiruphg d vhulhv ri Vdujdq whvwv
+ruwkrjrqdolw| ehwzhhq lqvwuxphqwv dqg huuruv/ htxdwlrq0e|0htxdwlrq,1 Wkh
�uvw vwhs lv wr ghvljq dq ryhu0lghqwl�hg prgho/ vlqfh wkh rqhv lq Wdeohv 4 dqg
5 duh mxvw0lghqwl�hg1 Zh xvhg wkuhh odjv ri rxu lqvwuxphqw olvw deryh/ dqg |
dv zhoo/ lq jhwwlqj ryhu0lghqwl�hg htxdwlrqv71 Vlqfh hdfk htxdwlrq hvwlpdwhv
wkuhh frh!flhqwv/ dqg zh duh xvlqj vhyhq lqvwuxphqwv/ zh vkrxog frpsduh
wkh whvw vwdwlvwlf zlwk d �2

e1 Uhvxowv iru wkh plqfhuldq prgho duh suhvhqwhg
lq Wdeoh 41 Li zh wdnh wkh vljql�fdqfh ohyho wr eh 8(/ iurp d wrwdo ri <8
frxqwu|0uhjuhvvlrqv/ ehwzhhq 47 dqg 54 frxqwulhv uhmhfwhg wkh qxoo lq wklv
�lqvwuxphqw0ydolglw|� whvw1 Wklv lv derxw 49(055( ri wkh vdpsoh ri frxqwulhv/
d uhodwlyho| orz qxpehu81 Iru wkh h{whqghg qhrfodvvlfdo prgho wkh uhvxowv duh
qrw yhu| gl�huhqw> vhh Wdeoh 51

Dowkrxjk lq whupv ri qxpehu frxqwulhv wkhvh uhmhfwlrqv duh uhodwlyho|
vpdoo/ vlqfh wkh gdwd iru hdfk frxqwu| duh zhljkwhg e| wkh yduldqfh ri lwv
huuru whup lq frpsxwlqj lqvwuxphqwdo0yduldeoh hvwlpdwhv/ lw frxog kdsshq
wkdw lqfoxglqj wkhvh frxqwulhv pdnhv d elj gl�huhqfh lq whupv ri sdudphwhu
hvwlpdwhv1 Wr fkhfn li wklv zdv d srwhqwldo sureohp/ zh udq plqfhuldq uh0
juhvvlrqv h{foxglqj iurp rxu vdpsoh ri frxqwulhv wkrvh iru zklfk zh uhmhfwhg
ruwkrjrqdolw| dw wkh 8( ohyho lq wkh Vdujdq whvw1 Iru doo ydoxhv ri B xvhg/ wkh
uhvxowv ri wklv h{huflvh vkrzhg ryhuzkhoplqjo| wkdw hvwlpdwhv fkdqjhg yhu|
olwwoh zkhq wkhvh frxqwulhv zhuh h{foxghg1 Wr looxvwudwh wkhvh gl�huhqfhv/ zh

7Vlqfh zh zdqw wr lvrodwh ruwkrjrqdolw| dv pxfk dv srvvleoh/ wkh rqo| ixqfwlrqdo irup
uhvwulfwlrq zh lpsrvh lv olqhdulw|1 Khqfh/ zh glg qrw lpsrvh wkh uhvwulfwlrqv wkdw frh!flhqwv
duh wkh vdph dfurvv frxqwulhv/ qru glg zh lpsrvh wkh krprjhqhlw| uhvwulfwlrqv wkdw � @
+4� �� �, iru wkh h{whqghg qhrfodvvlfdo prgho ru wkdw � @ +4� �, iru wkh plqfhuldq
prgho1

8Zkhq xvlqj wkh <( ghsuhfldwlrq udwh ri fdslwdo vwrfn/ wkh 48 frxqwulhv iru zklfk wkh
lqvwuxphqwv olvw lv qrw ydolg +dw 8(, duh wkh iroorzlqj= Vzd}lodqg/ Fdqdgd/ Dujhqwlqd/
Frorpeld/ Jx|dqd/ Shux/ Yhqh}xhod/ Lvudho/ Mrugdq/ Ilqodqg/ wkh Qhwkhuodqgv/ Sruwxjdo/
Vzlw}huodqg/ Ilml/ dqg F}hfkrvorydnld1 Li zh ydu| wkh ghsuhfldwlrq udwh xvhg lq frqvwuxfwlqj
fdslwdo/ wklv olvw fkdqjhv yhu| olwwoh1

46



uhsruw khuh wkh fdvh ri B ' bI1 Iru wkh uhvwulfwhg vdpsoh ri frxqwulhv/ sd0
udphwhu hvwlpdwhv duh wkh iroorzlqj= ek ' f�e�2./ e� ' f�f.bH/ dqg e} ' f�f��D/
zkhuhdv iru wkh xquhvwulfwhg vdpsoh wkh| duh= ek ' f�e�bS/ e� ' f�f.D�/ dqge} ' f�f�ef/ l1h1/ yluwxdoo| wkh vdph uhvxowv1

Lw lv xvhixo dw wklv srlqw wr vxppdul}h rxu hylghqfh uhjduglqj surgxfwlrq0
ixqfwlrq hvwlpdwhv xvlqj sdqho gdwd1 Iluvw/ iru erwk surgxfwlrq ixqfwlrqv
frqvlghuhg/ lw lv fohdu wkdw surgxfwlylw| lv ehwwhu prghoohg dv d �{hg0h�hfw
ylv0d0ylv d udqgrp0h�hfw1 Wklv kdsshqv ehfdxvh wkhuh lv hylghqfh iurp d
Kdxvpdq+4<:;, whvw wkdw wkh udqgrp0h�hfwv duh fruuhodwhg zlwk wkh uhjuhv0
vruv1 Vhfrqg/ li zh whvw zkhwkhu ru qrw surgxfwlylw| lv wkh vdph dfurvv frxq0
wulhv/ l1h1/ wkdw *? E��� ' *? E��/ ;�/ uhjdugohvv ri wkh surgxfwlrq ixqfwlrq dqg
wkh ghsuhfldwlrq udwh frqvlghuhg/ wkh uhvxowv vkrz xqhtxlyrfdoo| wkdw lw lv qrw1
Wklv udlvhv vxvslflrq wkdw hvwlpdwhv wkdw lpsrvh wklv w|sh ri uhvwulfwlrq duh
eldvhg> h1j1/ Pdqnlz/ Urphu dqg Zhlo+4<<5,/ dqg wkdw fdoleudwlrq h{huflvhv
edvhg rq wklv dvvxpswlrq +h1j1/ wkrvh lq Fkdul/ Nhkrh dqg PfJudwwdq, fdq
eh plvohdglqj1 Wklug/ edvhg rq wkh hylghqfh ri wkh Er{0Fr{ whvw/ zh fkrvh
wkh plqfhuldq jurzwk prgho ryhu wkh h{whqghg qhrfodvvlfdo prgho1 Khqfh lq
rxu suhihuuhg vhw ri prghov/ surgxfwlylw| lv doorzhg wr fkdqjh dfurvv frxqwulhv
dqg kxpdq0fdslwdo hqwhuv wkh surgxfwlrq ixqfwlrq lq ohyhov/ qrw orjv1

Wkh qh{w vwhs lv wr jhw surgxfwlrq0ixqfwlrq hvwlpdwhv wr lqyhvwljdwh wkh
qdwxuh ri lqfrph lqhtxdolw| dfurvv qdwlrqv1 Wr gr vr/ krzhyhu/ zh �uvw kdyh
wr fkrrvh d ghsuhfldwlrq udwh1 Dv wkh uhvxowv ri Wdeoh 4 vkrz/ lw pdnhv
olwwoh gl�huhqfh lq whupv ri sdudphwhu hvwlpdwhv zklfk ghsuhfldwlrq udwh B
lv xvhg lq frqvwuxfwlqj wkh sk|vlfdo0fdslwdo vhulhv1 Wklv lv qrw vxusulvlqj= d
vlplodu frqfoxvlrq kdv ehhq uhdfkhg suhylrxvo|/ dprqj rwkhuv/ e| Ehqkdele
dqg Vslhjho+4<<7,1 Wkh| fkrvh wr xvh :( dv d ehqfkpdun iru B1 Khuh zh
ghflghg wr xvh <( lqvwhdg/ dowkrxjk xvlqj doprvw dq| ri wkh wdexodwhg uhvxowv
zrxog pdnh olwwoh sudfwlfdo gl�huhqfh1 Wkh uhvxowv ri wkh plqfhuldq jurzwk
prgho/ zlwk <( ghsuhfldwlrq udwh/ zloo eh xvhg dv wkh ehqfkpdun lq h{dplqlqj
wkh qdwxuh ri lqfrph lqhtxdolw| dfurvv qdwlrqv> ek ' f�e2f/ e� ' f�f.D/ dqge} ' f�f�e1
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7 Rq Wkh Qdwxuh ri Rxwsxw0shu0zrunhu Lq0
htxdolw|

714 Yduldqfh Ghfrpsrvlwlrq ri Rxwsxw shu Zrunhu

Wr xqghuvwdqg wkh uhodwlyh frqwulexwlrq ri lqsxwv dqg surgxfwlylw| wr wkh
yduldqfh ri rxwsxw shu0zrunhu/ wkuhh yduldqfh0ghfrpsrvlwlrq h{huflvhv zhuh
shuiruphg1 Lq doo fdvhv zh wdnh 4<;8 yduldeohv dqg glvuhjdug wkh xqfhuwdlqw|
lq sdudphwhu hvwlpdwhv1 Wkh �uvw h{huflvh lv d qdlyh0ghfrpsrvlwlrq h{huflvh
+lq d vhqvh wkdw zloo ehfrph fohdu vkruwo|,/ wkh vhfrqg hqgrjhqhl}hv fdslwdo
dffxpxodwlrq/ dqg wkh wklug iroorzv Kdoo dqg Mrqhv/ dprqj rwkhuv/ uhzulwlqj
wkh shu0zrunhu surgxfwlrq ixqfwlrq lq whupv ri wkh fdslwdo0rxwsxw udwlr1

Lq wkh �qdlyh� ghfrpsrvlwlrq/ jlyhq wkh vwuxfwxudo prgho lq 4<;8 zlwk lwv
huuru whup #� uhsodfhg e| lwv xqfrqglwlrqdo h{shfwdwlrq +}hur,/ zh kdyh=

*? +� ' *?�� n k *? &� n E�� k�E��� n } � �bHD�� +46,

Zh ghfrpsrvh wkh yduldqfh ri +wkh orj ri, rxwsxw shu zrunhu lq 4<;8 E*? +��
lq whupv ri +wkh orj ri, surgxfwlylw| E*?���/ +wkh orj ri, fdslwdo shu zrunhu
E*? &��/ dqg +wkh ohyho ri, kxpdq0fdslwdo shu0zrunhu E���1

Wklv h{huflvh lv qdlyh ehfdxvh lw wuhdwv hdfk idfwru dv h{rjhqrxv lq fdo0
fxodwlqj wkh yduldqfh ghfrpsrvlwlrq1 Wklv lv sduwlfxoduo| wurxeohvrph iru
sk|vlfdo fdslwdo/ vlqfh/ iru h{dpsoh/ sduw ri lwv yduldwlrq pd| eh lqgxfhg e|
surgxfwlylw| yduldwlrq1 Lqghhg/ iru d jlyhq lqyhvwphqw udwh/ dq h{rjhqrxv
lqfuhdvh lq surgxfwlylw| zloo lqfuhdvh wkh lqfhqwlyh wr dffxpxodwh fdslwdo lq
wkh orqj uxq/ udlvlqj wkh fdslwdo shu0zrunhu udwlr1 Khqfh/ sduw ri wkh lpsdfw
ri sk|vlfdo fdslwdo rq rxwsxw lv lqgxfhg e| surgxfwlylw|/ dqg wklv lv qrw wdnhq
lqwr dffrxqw lq shuiruplqj wkh h{huflvh deryh

Wkh zd| zh fkrvh wr frsh zlwk wklv sureohp khuh zdv wr fdoo lq pruh
wkhru|1 Zh iroorz Fkdul/ Nhkrh dqg PfJudwwdq+4<<:, lq frqvlghulqj wkdw
fdslwdo dffxpxodwlrq lv ghwhuplqhg/ rq wkh rqh kdqg/ e| surgxfwlylw|/ dqg/
rq wkh rwkhu kdqg/ e| wkh wd{hv rq fdslwdo1 Dvvxplqj wkdw lq 4<;8 +wkh odvw
|hdu lq wkh vdpsoh, hdfk hfrqrp| kdg douhdg| uhdfkhg lwv vwhdg| vwdwh sdwk/
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dqg xvlqj wkh prgl�hg jroghq uxoh/ zh kdyh9=

kE�� � ����&
k3�
� i T dE�� k����o ' 4 n B n }c

;� ' �c 2c � � � c �c +47,

zkhuh 4 vwdqgv iru wkh krxvhkrog*v lqwhuwhpsrudo glvfrxqw udwh/ B lv wkh gh0
suhfldwlrq udwh ri sk|vlfdo fdslwdo/ dqg � � lv d sxuho| lqwhuwhpsrudo glvwru0
wlrq 0 wkxv odehoohg d g|qdplf glvwruwlrq +wr fdslwdo dffxpxodwlrq,1 Zh vhw
B ' f�fb/ dqg } ' f�f�e dqg 4 ' f�f2S dqg vroyhg +47, iru � �1 Vlqfh doo
frxqwulhv jurz dw wkh vdph udwh } lq wkh orqj uxq/ � � lv wkh dprxqw qhhghg
lq hdfk frxqwu| wr htxdol}h wkh qhw uhwxuq rq fdslwdo dfurvv hfrqrplhv wr
4 n B n }:1 Fhwhulv sdulexv/ wkh kljkhu � � lv/ wkh vpdoohu lv wkh lqfhqwlyh iru
fdslwdo dffxpxodwlrq/ dqg khqfh/ wkh vpdoohu lv wkh fdslwdo shu0zrunhu udwlr
lq wkh orqj uxq1 Lq rwkhu zrugv/ lw lv srvwxodwhg khuh wkdw wkhuh lv qr +qhjd0
wlyh, uhodwlrqvkls ehwzhhq fdslwdo shu zrunhu dqg uhwxuqv/ dv lq wkh vwdqgdug
qhrfodvvlfdo prgho/ ehfdxvh � � htxdwhv uhwxuqv dfurvv hfrqrplhv1

Lqfoxglqj � � lq wkh dqdo|vlv uhfrjql}hv wkdw sk|vlfdo fdslwdo lv dq hqgrjh0
qrxv yduldeoh lq wkh ryhudoo v|vwhp;1 Lq wklv fdvh/ zh fdq vroyh +47, iru &� lq
whupv ri ��/ � �/ dqg ��1 Vxevwlwxwlqj wkh uhvxow lqwr wkh surgxfwlrq ixqfwlrq
dqg wdnlqj orjv/ zh kdyh=

*? +� ' *?

%�
k

4 n B n }

� k

�3k

&
n

�

�� k
*? E��� +48,

n
k

�� k
*?E�� � �� n ����

Xvlqj +48, zh fdq ghfrpsrvh wkh yduldqfh ri *? +� lq whupv ri wkh yduldqfh ri
*? E���/ *?E�� � ��/ dqg ��1

9Zh dvvxph khuh wkdw wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq lq frqvxpswlrq lv
xqlw| iru doo frxqwulhv> vhh wkh uhvxowv lq Kdqvhq dqg Vlqjohwrq+4<;5, iru wkh X1V1 xvlqj
djjuhjdwh gdwd1

:Khqfh/ zh dvvxph wkdw wkh qhw udwh ri uhwxuq ri fdslwdo lv 7( iru doo frxqwulhv1
;Kxpdq fdslwdo Kl lv nhsw h{rjhqrxv iru wkuhh uhdvrqv1 Iluvw/ lq doo h{huflvhv lwv

lpsruwdqfh lq h{sodlqlqj rxwsxw yduldqfh lv yhu| vpdoo1 Khqfh/ pdnlqj lw hqgrjhqrxv
zrxog qrw d�hfw wkh �qdo uhvxowv ri wkh yduldqfh0ghfrpsrvlwlrq h{huflvh1 Vhfrqg/ wkh
lpsruwdqfh ri lqvwlwxwlrqdo idfwruv vxfk dv idplo| wudglwlrq dqg sxeolf vfkrro v|vwhp duh
uhodwlyho| lpsruwdqw/ pd|eh pruh wkdq pdunhw irufhv1 Ilqdoo|/ wkhuh lv qr reylrxv zd| ri
zulwlqj wkh wudqvlwlrq htxdwlrq iru kxpdq fdslwdo/ gxh dprqj rwkhu uhdvrqv wr vslooryhu
h�hfwv1
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Lq wkh wklug ghfrpsrvlwlrq/ iroorzlqj Kdoo dqg Mrqhv/ wkh surgxfwlrq
ixqfwlrq lv uhzulwwhq dv=
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c +49,

zkhuh/ lq wkhlu fdvh/ M� ' u� i T E����1 Wdnlqj orjv ri +49,=
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Wklv irupxodwlrq doorzv xv wr ghfrpsrvh wkh gl�huhqfhv lq rxwsxw shu0zrunhu
lqwr gl�huhqfhv lq surgxfwlylw|/ gl�huhqfhv lq kxpdq fdslwdo dqg gl�huhqfhv
lq wkh fdslwdo0rxwsxw udwlr1 Pruhryhu/ wkh h�hfw ri surgxfwlylw| rq fdslwdo
fdqfhov rxw1

Frpsdulqj wkh wkuhh h{huflvhv/ zh wklqn wkh vhfrqg lv wkh prvw dssursul0
dwh ryhudoo1 Frpsduhg wr wkh �uvw/ lw lpsolflwo| uhfrjql}hv wkdw sk|vlfdo fds0
lwdo lv hqgrjhqrxv/ d wkhruhwlfdo lpsolfdwlrq ri wkh h{rjhqrxv0jurzwk prgho1
Lw lv ehwwhu wkdq wkh wklug iru wzr uhdvrqv1 Iluvw/ d ghfrpsrvlwlrq edvhg
rq wkh fdslwdo0rxwsxw udwlr lv wrr vhqvlwlyh wr uhfhvvlrqv dqg errpv1 Iru
lqvwdqfh/ vrph frxqwulhv zklfk kdyh lqkhuhqwo| vpdoo fdslwdo0rxwsxw udwlrv
zrxog eh frqvlghuhg fdslwdo lqwhqvlyh lq uhfhvvlrq |hduv1 Wkh rssrvlwh zrxog
kdsshq gxulqj errpv<1 Vhfrqg/ xvlqj wkh g|qdplf glvwruwlrq lv lqwhuhvwlqj
lq lwv rzq uljkw1 Dowkrxjk lw kdv ehhq xvhg ehiruh e| Fkdul/ Nhkrh dqg
PfJudwwdq/ rqh uduho| vhhv lq wkh jurzwk olwhudwxuh dffrxqwlqj h{huflvhv lq
whupv ri glvwruwlrqv1

Wdeoh 8 suhvhqwv wkh uhvxowv ri wkh yduldqfh0ghfrpsrvlwlrq h{huflvhv1 Lq
wkh �qdlyh� ghfrpsrvlwlrq/ wkh yduldqfh ri surgxfwlylw|/ sk|vlfdo fdslwdo/ dqg
kxpdq fdslwdo dffrxqw uhvshfwlyho| iru 54(/ 7<( dqg 5( ri wkh yduldqfh ri
rxwsxw shu0zrunhu1 Wkh uhpdlqlqj 5;( lv dffrxqwhg iru e| wkh fryduldqfhv
ehwzhhq wkhvh idfwruv1 Rqh wklqj wr qrwlfh lv wkdw wkh hvwlpdwh iru wkh sur0
gxfwlylw| frqwulexwlrq lv d orzhu erxqg1 Wklv kdsshqv ehfdxvh zh ljqruh wkh
huuru whup lq shuiruplqj wkh yduldqfh ghfrpsrvlwlrq/ exw wkhuh lv d sruwlrq
ri wkh yduldwlrq ri wkh huuru whup #� zklfk lv fruuhodwhg zlwk surgxfwlylw|1

<Rq wkh rwkhu kdqg/ � l/ zklfk lv fdofxodwhg iurp +7,/ rqo| ghshqgv rq Dl/ kl dqg
nl1 Wkh �uvw wzr duh sdudphwhuv ri wkh surgxfwlrq ixqfwlrq/ dqg wkh odvw lv qrw wrr
vhqvleoh wr exvlqhvv0f|foh  xfwxdwlrqv1 Lqghhg/ vrph frxqwulhv zklfk zh irxqg wr eh
kljko| glvwruflyh/ vxfk dv Shux dqg Xuxjxd|/ zhuh irxqg wr eh fdslwdo0lqwhqvlyh xvlqj
wkh dowhuqdwlyh phwkrgrorj| ehfdxvh wkh| zhuh h{shulhqflqj d uhfhvvlrq lq 4<;81
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Zlwk doo fdyhdwv lq plqg/ sk|vlfdo fdslwdo yduldwlrq fdq eh dq lpsruwdqw
idfwru h{sodlqlqj rxwsxw0shu0zrunhu yduldwlrq1

Uhvxowv fkdqjh frqvlghudeo| rqfh sk|vlfdo fdslwdo lv wuhdwhg dv dq hq0
grjhqrxv yduldeoh1 Wkh vhfrqg olqh ri Wdeoh 8 vkrzv wkdw surgxfwlylw| dorqh
h{sodlqv 87( ri wkh yduldqfh ri *? +�1 Kxpdq fdslwdo h{sodlqv 8(/ dqg wkh
g|qdplf glvwruwlrq frpsrqhqw 0 wkh xowlpdwh fdxvh ri sk|vlfdo fdslwdo gli0
ihuhqfhv 0 h{sodlqv 54(1 Wkhvh qxpehuv duh yhu| gl�huhqw iurp wkrvh ri wkh
suhylrxv h{huflvh/ vkrzlqj wkdw zkhq wkh lqgluhfw h�hfw ri surgxfwlylw| rq
fdslwdo lv dffrxqwhg iru/ lw h{sodlqv qrw rqh0�iwk exw rqh0kdoi ri wkh yduldqfh
ri *? +�431 Wkh odvw urz ri Wdeoh 8 suhvhqwv wkh uhvxowv ri wkh vdph yduldqfh0
ghfrpsrvlwlrq h{huflvh zkhq zh uhvwulfwhg wkh qxpehu ri frxqwulhv wr lqfoxgh
rqo| wkh 8 ulfkhvw dqg 8 srruhvw lq rxu vdpsoh1 Surgxfwlylw| gl�huhqfhv duh
vwloo wkh pdlq uhdvrq iru lqfrph glvshuvlrq dfurvv frxqwulhv1

Wxuqlqj wr wkh yduldqfh ghfrpsrvlwlrq edvhg rq htxdwlrq +4:,/ zh xvhg
dv sdudphwhuv ydoxhv k ' f�e2/ � ' f�f.D/ dqg rxu hvwlpdwhv ri *?��1 Wkh uh0
vxowv vkrz wkdw *?�� dqg *? Eg*t �� h{sodlq hdfk h{dfwo| 78( ri wkh yduldqfh
ri *? +�1 Dowkrxjk wkh sruwlrq ri wkh yduldqfh ri *? +� h{sodlqhg e| idfwruv
kdv qrz lqfuhdvhg/ wkh lpsruwdqfh ri surgxfwlylw| fdqqrw eh ghqlhg1

Rqh lqwhuhvwlqj wklqj derxw yduldqfh0ghfrpsrvlwlrq h{huflvhv ri wklv vruw
lv wkdw wkh uhvxowv duh vhqvlwlyh wr wkh fdslwdo vkduh xvhg1 Li zh xvh k ' 2*� 0
wkh vdph fdslwdo vkduh xvhg e| Fkdul/ Nhkrh dqgPfJudwwdq 0 d uhvxow forvh wr
wkhluv lv rewdlqhg= idfwruv dorqh h{sodlqhg ;5( ri rxwsxw0shu0zrunhu yduldqfh1
Rq wkh rwkhu kdqg/ zkhq wkh vdph fdslwdo vkduh dv lq Kdoo dqg Mrqhv lv xvhg
+k ' �*�,/ uhvxowv duh vlplodu wr wkhluv/ zlwk surgxfwlylw| h{sodlqlqj 94(
ri rxwsxw yduldqfh1 Wkhvh gl�huhqfhv lq rxwfrphv uhlqirufh rxu lqlwldo srlqw
wkdw wkh prvw uhdvrqdeoh dssurdfk iru grlqj d jurzwk0dffrxqwlqj h{huflvh lv
wr vwduw zlwk hvwlpdwlrq dqg vshfl�fdwlrq whvwlqj ri d surgxfwlrq ixqfwlrq/
lqvwhdg ri dvvxplqj d sulrul d jlyhq vshfl�fdwlrq/ odwhu grlqj d fdoleudwlrq0
h{huflvh dqg d jurzwk0dffrxqwlqj h{huflvh edvhg rq lw1

715 Surgxfwlylw| dqg G|qdplf Glvwruwlrqv

Wdeoh 9 uhsruwv wkh hvwlpdwhg +wrwdo idfwru, surgxfwlylw| 0 uhodwlyh wr wkh X1V1
0 ri d vhohfwhg jurxs ri frxqwulhv1 Rqo| vl{ hfrqrplhv duh pruh surgxfwlyh
wkdq wkh X1V1 hfrqrp|/ �yh ri zklfk duh rlo surgxfhuv1 Wklv uhvxow lv qrw

43Wkh prgho/ fdofxodwhg xvlqj htxdwlrq +7,/ dffrxqwv iru ;5( ri wkh glvshuvlrq ri shu
zrunhu lqfrph dfurvv frxqwulhv lq 4<;81
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vxusulvlqj/ vlqfh rxu phdvxuh ri fdslwdo grhv qrw lqfoxgh plqhudo dqg2ru
qdwxudo uhvrxufhv1

Dgglwlrqdoo|/ wkh iroorzlqj �qglqjv duh zruwk phqwlrqlqj1 Iluvw/ doo h{0
frppxqlvw frxqwulhv duh dprqjvw wkh ohdvw surgxfwlyh hfrqrplhv1 Iru h{dp0
soh/ Urpdqld kdv wkh vhfrqg vpdoohvw surgxfwlylw|/ zklfk lv pruh wkdq irxu
wlphv vpdoohu wkdq wkdw ri wkh X1V1 Pruhryhu/ wkh X1V1V1U1 dqg F}hfkrvor0
ydnld duh uhvshfwlyho| rqo| 76( dqg 6:( dv surgxfwlyh dv wkh X1V1 Wkhvh
uhvxowv duh vlplodu wr wkh rqhv lq Kdoo dqg Mrqhv= hyhq diwhu fruuhfwlqj iru
hgxfdwlrq dqg iru wkh vwrfn ri sk|vlfdo fdslwdo/ wkh dyhudjh zrunhu ri Urpd0
qld vwloo surgxfhv irxu wlphv ohvv wkdq wkh dyhudjh Dphulfdq zrunhu1 Dovr/
wkh X1V1V1U1*v hvwlpdwhg surgxfwlylw| lv wkh vdph dv Jkdqd*v1 Vhfrqg/ wkh
surgxfwlylw| ohyhov ri Mdsdq/ Wdlzdq/ dqg Vrxwk Nruhd duh ehorz0dyhudjh iru
zruog vwdqgdugv/ rzlqj wr d uhodwlyho| vpdoo surgxfwlylw|1

Lq jhqhudo/ surgxfwlylw| ohyhov ri wkh ulfk frxqwulhv 0 sduwlfxoduo| wkrvh
lq Hxursh 0 duh deryh dyhudjh1 Rq wkh rwkhu kdqg/ surgxfwlylw| ri wkh srru
frxqwulhv lv ehorz dyhudjh1 Iljxuh 4 vkrzv d furvv0sorw ehwzhhq surgxfwlylw|
dqg rxwsxw shu zrunhu lq 4<;81 Lw glvsod|v d srvlwlyh uhodwlrqvkls ehwzhhq
wkhp/ zlwk d fruuhodwlrq frh!flhqw ri derxw 31831 Iru h{dpsoh/ rxwsxw shu
zrunhu lq wkh X1V1 lv 63 wlphv odujhu wkdq wkdw lq Qljhu dqg 55 wlphv odujhu
wkdq wkdw lq Nhq|d/ zkloh wkh hvwlpdwhg surgxfwlylw| iru wkhvh frxqwulhv lv
uhvshfwlyho| 67( dqg 5;( ri wkh X1V1 surgxfwlylw|1 Rq wkh rwkhu kdqg/ JGS
shu zrunhu lq Fdqdgd lv <7( ri wkdw ri wkh X1V1/ zkloh lwv surgxfwlylw| lv
<5( ri wkdw ri wkh X1V1

Lw lv looxvwudwlyh/ dw wklv srlqw/ wr h{dplqh wkh ehkdylru ri � �1 Iljxuh 5
vkrzv wkdw wkhuh lv d fohdu qhjdwlyh fruuhodwlrq ehwzhhq � � dqg rxwsxw shu
zrunhu lq 4<;8= ulfk qdwlrqv glvwruw fdslwdo dffxpxodwlrq ohvv wkdq srru qd0
wlrqv gr1 Pruhryhu/ dv fdq lqihuuhg e| orrnlqj dw Iljxuh 6/ wkh fruuhodwlrq
ehwzhhq � � dqg �� lv yluwxdoo| }hur +03136,1 Khqfh/ hfrqrplhv wkdw duh yhu|
jrrg dw frpelqlqj lqsxwv +l1h1/ duh kljko| surgxfwlyh, gr qrw qhfhvvdulo| kdyh
wkh uljkw lqfhqwlyhv wr errvw fdslwdo dffxpxodwlrq1 Rq wkh rwkhu kdqg/ wkh
h{0frppxqlvw frxqwulhv/ dqg vrph Dvldq frxqwulhv wkdw duh uhodwlyho| xq0
surgxfwlyh +Mdsdq/ Nruhd/ dqg Wdlzdq,/ kdyh lqfhqwlyhv ru lqvwlwxwlrqv wkdw
irvwhu fdslwdo dffxpxodwlrq= Mdsdq*v surgxfwlylw| lv ehorz zruog dyhudjh exw
lwv g|qdplf glvwruwlrq lv wkh wklug orzhvw dprqjvw doo qdwlrqv1 Wkhvh �qglqjv
duh frqvlvwhqw zlwk \rxqj*v+4<<8, uhvxow wkdw wkh jrrg jurzwk shuirupdqfh
ri vrph Dvldq frxqwulhv lq wkh uhfhqw sdvw zdv prvwo| gxh wr idfwru dffxpx0
odwlrq/ qrw wr surgxfwlylw|1

Wkhuh duh wkuhh srvvleoh uhdvrqv zk| wkh g|qdplf glvwruwlrq phdvxuh � �
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lv xqfruuhodwhg zlwk surgxfwlylw|1 Iluvw/ lw lv srvvleoh iru dq hfrqrp| wr frp0
elqh surgxfwlyho| lqsxwv zlwkrxw kdylqj wkh vdihjxdugv wr jxdudqwhh surshuw|
uljkwv/ ru zlwkrxw kdylqj vwdeoh lqvwlwxwlrqv1 Lq wkdw fdvh/ g|qdplf glvwru0
wlrqv zloo eh kljk/ dowkrxjk surgxfwlylw| lv kljk1 Vhfrqg/ iru rlo surgxfhuv/
rxu surgxfwlylw| hvwlpdwh zloo eh ryhuhvwlpdwhg/ vlqfh sk|vlfdo fdslwdo grhv
qrw lqfoxgh plqhudo dqg2ru qdwxudo uhvrxufhv/ exw wkdw grhv qrw lpso| d orz
g|qdplf glvwruwlrq1 Ilqdoo|/ iru vwudwhjlf ru srolwlfdo uhdvrqv/ vrph frxqwulhv
kdyh kdg srolflhv idyrulqj h{fhvvlyh fdslwdo dffxpxodwlrq/ l1h1/ d orz g|qdplf
glvwruwlrq1 Exw wklv grhv qrw lpso| wkdw wkh| fdq frpelqh lqsxwv surgxf0
wlyho|1 Wkh prvw vwulnlqj h{dpsohv duh wkh iruphu frppxqlvw hfrqrplhv1

716 Fodvvli|lqj Frxqwulhv dffruglqj wr Surgxfwlylw|/
G|qdplf Glvwruwlrq/ dqg Kxpdq0Fdslwdo Iljxuhv

Qh{w/ wkh vdpsoh ri frxqwulhv lv glylghg dffruglqj wr wkhlu uhodwlyh srvl0
wlrq +l1h1/ deryh ru ehorz dyhudjh, iru wkh wkuhh idfwruv h{sodlqlqj +wkh orj
ri, lqfrph shu0zrunhu= surgxfwlylw| *? E���/ wkh g|qdplf glvwruwlrq � �/ dqg
kxpdq0fdslwdo ��1 Khqfh/ zh glylghg wkhvh vxe0jurxsv ri qdwlrqv lqwr 2� ' H
jurxsv/ dffruglqj wr wkhlu uhodwlyh srvlwlrq iru hdfk ri wkhvh idfwruv1 Wdeoh :
vxppdul}hv wkh uhvxowv> vhh Wdeoh ; iru wkh frpsohwh olvw ri frxqwulhv lq hdfk
jurxs1 Wkh �uvw jurxs ri frxqwulhv 0 kljk surgxfwlylw| dqg kxpdq fdslwdo
dqg orz g|qdplf glvwruwlrq 0 lv frpsrvhg doprvw h{foxvlyho| ri ulfk frxqwulhv
0 hvvhqwldoo| wkh RHFG frxqwulhv soxv Krqj0Nrqj dqg Vlqjdsruh441 Wkhlu dy0
hudjh lqfrph shu zrunhu lv wzlfh dv odujh dv wkdw ri wkh vhfrqg jurxs1 Wkh|
duh ulfkhu wkdq wkh uhvw ehfdxvh wkh| duh pruh hgxfdwhg/ yhu| surgxfwlyh dqg
kdyh ihz glvwruwlrqv d�hfwlqj fdslwdo dffxpxodwlrq1 Rq wkh rwkhu kdqg/ wkh
jurxs ri qdwlrqv wkdw kdyh wkh zurqj lqfhqwlyhv iru orqj0uxq jurzwk +xqsur0
gxfwlyh/ xqhgxfdwhg dqg g|qdplfdoo| glvwruwhg, lv frpsrvhg ri 58 srru ru
yhu| srru qdwlrqv1 Wkhlu dyhudjh rxwsxw shu zrunhu lv �*�f ri wkh dyhudjh
ri wkh �uvw jurxs1 W|slfdo qdwlrqv duh wkh Vxe0Vdkdudq frxqwulhv/ Sdnlvwdq/
Lqgld/ Kdlwl dqg Erolyld1

Wkh vhfrqg jurxs lv frpsrvhg ri 46 qdwlrqv zlwk zhoo hgxfdwhg oderu
irufhv/ uhodwlyho| ihz g|qdplf glvwruwlrqv exw ehorz0dyhudjh surgxfwlylw|1 Doo
wkh h{0frppxqlvw frxqwulhv/ dv zhoo dv Mdsdq/ Nruhd/ dqg Wdlzdq/ ehorqj
wr lw1 Wkh wklug jurxs lv frpsrvhg ri vl{ Odwlq Dphulfdq dqg Fduleehdq

44Wkh h{fhswlrq lv Dujhqwlqd1 Krzhyhu/ lwv hvwlpdwhg � l lv doprvw htxdo wr wkh zruog
dyhudjh/ ehlqj rqo| 3135( vpdoohu1
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frxqwulhv/ vxfk dv Eduedgrv/ Xuxjxd| dqg Fkloh1 Wkrvh duh zhoo hgxfdwhg
frxqwulhv/ zklfk duh uhodwlyho| surgxfwlyh/ exw kdyh ihz lqfhqwlyhv iru fdslwdo
dffxpxodwlrq1

Wkh irxuwk jurxs lv frpsrvhg ri rqo| irxu qdwlrqv/ Eud}lo/ Sruwxjdo/
Vrxwk Diulfd dqg Dojhuld1 Wkhvh frxqwulhv duh uhodwlyho| surgxfwlyh dqg
kdyh ihz g|qdplf glvwruwlrqv/ exw wkh vfkrrolqj ohyho ri wkhlu oderu irufh lv
ehorz dyhudjh1 Wkh uhvxow iru Eud}lo lv h{shfwhg= lwv jrrg jurzwk uhfrug
lq wkh 4<:3*v zdv prvwo| edvhg rq sk|vlfdo0fdslwdo dffxpxodwlrq dqg deryh0
dyhudjh surgxfwlylw|1 Wkh odwwhu fdq eh h{sodlqhg e| dq dexqgdqfh ri qdwxudo
uhvrxufhv dqg e| lwv orqj wudglwlrq dv d pdunhw hfrqrp|1 Frqwudvwlqj wr wkhvh
idyrudeoh lqfhqwlyhv wr jurz/ wkh dyhudjh |hduv ri hgxfdwlrq ri lwv oderu irufh
zdv rqo| 616< |hduv lq 4<;845/ dqg wkhuh kdv ehhq qr vhulrxv jryhuqphqwdo
srolf| wr lpsuryh wkhvh �jxuhv1 Lw lv lqwhuhvwlqj wr kdyh Sruwxjdo lq wkh vdph
jurxs dv Eud}lo/ vkrzlqj wkdw wkh h�hfwv ri d sduwlfxodu w|sh ri frorql}dwlrq
pd| eh orqj odvwlqj1 Wkh �iwk jurxs kdv rqo| rqh deryh0dyhudjh idfwru
+surgxfwlylw|,/ dqg lw lv frpsrvhg prvwo| ri rlo surgxfhuv dqg ri frxqwulhv
wkdw duh ulfk lq rwkhu qdwxudo uhvrxufhv1

Rqh lqwhuhvwlqj fkdudfwhulvwlf ri wklv zd| ri glylglqj qdwlrqv lv wkdw wkh
dyhudjh lqfrph shu zrunhu iru jurxsv ghfolqhv prqrwrqlfdoo| zlwk wkh qxpehu
ri �edg� ihdwxuhv +idfwruv kdpshulqj orqj0uxq jurzwk,> vhh Wdeoh :1 Khqfh/
wkh orqj0whup jdlq iru d frxqwu| wr ��{� rqh edg ihdwxuh lv dozd|v srvlwlyh/
dqg lq vrph fdvhv lw fdq eh frqvlghudeo| kljk1 Iru h{dpsoh/ d frxqwu| wkdw
mxpsv iurp wkh jurxs zlwk h{dfwo| rqh edg ihdwxuh wr wkh jurxs zlwk qr edg
ihdwxuhv zloo pruh wkdq grxeoh +dqg pd|eh hyhq wulsoh, lwv orqj0uxq rxwsxw
shu zrunhu= Eud}lo zrxog eh wzlfh dv ulfk li lwv oderu irufh zhuh pruh hgxfdwhg>
Dujhqwlqd zrxog eh wzlfh dv ulfk li lwv glvwruwlrqv rq fdslwdo dffxpxodwlrq
zhuh frqvlghudeo| vpdoohu1

Wkh pdlq frqfoxvlrq ri wklv h{huflvh lv wkdw wkhuh lv qr vlqjoh idfwru h{0
sodlqlqj orqj0uxq jurzwk1 Khqfh/ wu|lqj wr �qg d vlqjoh fxosulw iru odfn ri
jurzwk fdq eh d ixwloh h{huflvh= wkhuh pd| eh d vlqjoh idfwru iru d jlyhq
frxqwu|/ exw qrw iru wkh jurxs ri frxqwulhv dqdo|}hg khuh1 H{dpsohv duh
dexqgdqw/ hyhq zlwklq wkh vdph frqwlqhqw lq vrph fdvhv= Vhqhjdo dqg ]lp0
edezh kdg doprvw wkh vdph rxwsxw shu zrunhu lq 4<;8 0 durxqg :( ri wkh
X1V1 ohyho1 Krzhyhu/ surgxfwlylw| lq Vhqhjdo lv 83( kljkhu wkdq wkdw lq ]lp0
edezh/ zkloh g|qdplf glvwruwlrqv lq Vhqhjdo duh ;3( kljkhu> Qhz ]hdodqg

45Eud}lo lv wkh 74vw ulfkhvw frxqwu| lq rxu gdwd vhw +lq lqfrph shu zrunhu whupv, exw
udqnv :3wk lq hgxfdwlrqdo dwwdlqphqw1
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dqg Ehojlxp kdg durxqg :3( ri X1V1 rxwsxw shu zrunhu lq 4<;8/ dqg derxw
wkh vdph surgxfwlylw|1 Krzhyhu/ wkh dyhudjh vfkrrolqj ri wkh oderu irufh
lq Qhz ]hdodqg zdv 73( kljkhu wkdq wkdw lq Ehojlxp/ zkloh lwv g|qdplf
glvwruwlrq zdv 57( kljkhu1 Ri frxuvh/ srolf| uhfrpphqgdwlrqv kdyh wr wdnh
frxqwu| gl�huhqfhv lqwr dffrxqw/ ru hovh wkh| kdyh d kljk fkdqfh ri ehlqj
hlwkhu zurqj ru lqh�hfwlyh1

717 Frxqwhu0Idfwxdo H{huflvhv rq Orqj0Uxq Jurzwk

Wdeoh < glvsod|v d frxqwhu0idfwxdo h{huflvh rq orqj0uxq jurzwk/ zklfk khosv
lq xqghuvwdqglqj wkh qdwxuh ri lqfrph lqhtxdolw| dfurvv qdwlrqv1 Wkh vhfrqg
froxpq glvsod|v 4<;8 rxwsxw shu zrunhu +uhodwlyh wr wkh X1V1, 0 t�*tL71 Wkh
wklug froxpq vkrzv uhodwlyh lqfrph fruuhfwhg iru g|qdplf glvwruwlrqv/ l1h1/
zkhuh frxqwu| � lv jlyhq wkh vdph glvwruwlrq dv wkh X1V1 hfrqrp|1 Wkh irxuwk
froxpq fruuhfwv iru kxpdq fdslwdo dqg g|qdplf glvwruwlrq/ l1h1/ zkhuh frxqwu|
� lv jlyhq wkh vdph glvwruwlrq dqg kxpdq fdslwdo dv wkh X1V1 hfrqrp|461

Prvw ri wkh wlph uhodwlyh rxwsxw lqfuhdvhv zkhq zh doorz d frxqwu| wr
kdyh wkh X1V1 g|qdplf glvwruwlrq dqg kxpdq fdslwdo phdvxuhv> vhh wkh fdvh ri
Dujhqwlqd/ Ph{lfr/ dqg sduwlfxoduo| Pr}dpeltxh/ zkhuh rxwsxw shu zrunhu
lqfuhdvhv e| doprvw whq wlphv1 Krzhyhu/ wkhuh duh h{fhswlrqv= iru Mdsdq dqg
wkh h{0frppxqlvw frxqwulhv/ rxwsxw ghfuhdvhv zkhq zh doorz wkhp wr kdyh
wkh X1V1 g|qdplf glvwruwlrq471 Jlyhq wkdw wkh hgxfdwlrq ohyho revhuyhg lq
wkhvh frxqwulhv lv vlplodu wr wkh Dphulfdq ohyho/ wkh irxuwk froxpq vkrzv wkdw
li lw zhuh qrw iru fdslwdo dffxpxodwlrq/ rxwsxw shu zrunhu lq wkhvh frxqwulhv
zrxog eh doprvw kdoi ri wkh dfwxdo gl�huhqfh1

Wkhuh duh jurxsv ri frxqwulhv/ vxfk dv Lqgld dqg Qljhu/ zkhuh wkh lqfuhdvh
lq uhodwlyh lqfrph eurxjkw derxw e| wkh uhgxfwlrq ri g|qdplf glvwruwlrqv dqg
lpsuryhphqw lq hgxfdwlrq lv qrw yhu| odujh1 Lq wklv fdvh/ prvw ri wkh gl�hu0
hqfh ehwzhhq wkhp dqg wkh X1V1 lv gxh wr surgxfwlylw| gl�huhqfhv1 Hxurshdq
frxqwulhv zklfk kdyh rxwsxw shu zrunhu forvh wr wkdw ri wkh X1V1/ vxfk dv wkh
Qhwkhuodqgv/ Dxvwuld/ dqg Iudqfh/ zrxog qrw fkdqjh pxfk hlwkhu/ exw iru
gl�huhqw uhdvrqv= wkhlu � �c �� dqg *? E��� duh douhdg| yhu| forvh wr wkrvh ri
wkh X1V1 hfrqrp|1 Krzhyhu/ wklv sdwwhuq lv qrw xqlirup dfurvv Hxursh= li

46D gl�huhqw zd| wr orrn dw wkh irxuwk froxpq ri Wdeoh < lv wr uhjdug lw dv wkh uhodwlyh
rxwsxw ri d frxqwu|/ zklfk lv lghqwlfdo wr wkh X1V1 lq hyhu|wklqj exw surgxfwlylw|1 D Wdeoh
zlwk wkh hqwluh vhw ri frxqwulhv lv dydlodeoh xsrq uhtxhvw1

47Iru wkh odwwhu/ lw pd| eh gxh wr wkh lpsolflw �vxevlg|� d frppxqlvw uhjlph jlyhv wr
fdslwdo dffxpxodwlrq1
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Vsdlq kdg wkh vdph lqfhqwlyhv wr fdslwdo dffxpxodwlrq dqg hgxfdwlrqdo ohyho
dv wkh X1V1/ lwv uhodwlyh rxwsxw zrxog kdyh mxpshg iurp 78( wr :6( ri wkh
odwwhu*v1

Dq lqwhuhvwlqj fdvh lv wkdw ri Ph{lfr1 Li lw kdg wkh vdph � � dv wkh X1V1/
lwv rxwsxw shu zrunhu zrxog eh wzlfh dv odujh dv lw lv1 Pruhryhu/ li lw dovr
kdg wkh vdph hgxfdwlrqdo ohyho dv wkh X1V1/ lwv rxwsxw shu zrunhu zrxog eh
doprvw wkh vdph dv wkdw ri wkh X1V1 Wklv lv dovr revhuyhg iru doo rlo0surgxflqj
frxqwulhv dqg iru frxqwulhv ulfk lq qdwxudo uhvrxufhv/ vlqfh wkhlu surgxfwlylw|
ohyhov duh uhodwlyho| odujh +dqg lq vl{ fdvhv/ odujhu wkdq wkdw ri wkh X1V1,1

Lw ghvhuyhv qrwh wkdw hyhq diwhu fruuhfwlqj iru idfwru gl�huhqfhv dfurvv
frxqwulhv/ wkhuh vwloo uhpdlqv d odujh lqfrph glvsdulw| ohiw xqh{sodlqhg1 Rq
dyhudjh/ rxwsxw shu zrunhu ri wkh <8 qdwlrqv lq rxu gdwd vhw lv 5<( ri wkdw
ri wkh X1V1 Diwhu vxevwlwxwlqj wkhlu � � dqg �� zlwk wkh fruuhvsrqglqj ydoxhv
ri wkh Dphulfdq hfrqrp|/ wkh dyhudjh rxwsxw shu zrunhu lqfuhdvhv wr rqo|
7;( ri wkh X1V1 rxwsxw> wkh uhvw fruuhvsrqgv wr wrwdo idfwru surgxfwlylw|
gl�huhqfhv1

Ilqdoo|/ zh shuiruphg wkh iroorzlqj frxqwhuidfwxdo h{huflvh= iru hdfk frxq0
wu|/ zh xvhg rxwsxw shu zrunhu lq 4<;8 dv d ehqfkpdun/ uhsodflqj/ rqh dw d
wlph/ hdfk ri wkh idfwruv h{sodlqlqj jurzwk +surgxfwlylw|/ kxpdq fdslwdo/ dqg
g|qdplf glvwruwlrq, e| wkh uhvshfwlyh X1V1 idfwru1 Wklv doorzv phdvxulqj krz
pxfk hdfk ri wkhvh idfwruv frqwulexwh wr wkh uhgxfwlrq lq lqfrph glvsdulw|
dfurvv qdwlrqv1 Wkh idfwru wkdw uhgxfhv wkh yduldqfh ri rxwsxw shu0zrunhu
wkh prvw lv surgxfwlylw|1 Rxwsxw yduldqfh gursv iurp 31<: lq wkh dfwxdo gdwd
wr 3178 zkhq surgxfwlylw| lq hyhu| frxqwu| lv uhsodfhg e| X1V1 surgxfwly0
lw|1 G|qdplf glvwruwlrq uhgxfhv wkh yduldqfh iurp 31<: wr 3189/ dqg kxpdq
fdslwdo iurp 31<: wr 31:31

718 Vlpxodwlrqv

D �qdo txhvwlrq wr eh dqvzhuhg lv krz zhoo wkh prgho fkrvhq khuh �wv wkh
gdwd1 Lw lv d zhoo0nqrzq uhvxow wkdw wkh vwdqgdug qhrfodvvlfdo prgho grhv qrw
uhsolfdwh zhoo wkh revhuyhg sdwk ri srvw0zdu hfrqrplhv1 Lq jhqhudo/ frqyhu0
jhqfh lv hlwkhu wrr idvw ru wkh lpsolhg lqwhuhvw udwh gxulqj wkh lqlwldo shulrgv
lv h{wuhpho| kljk> vhh Nlqj dqg Uhehor+4<<6,1 Srvvleoh vroxwlrqv wr wkhvh
sureohpv lq wkh olwhudwxuh lqfoxgh wkh xvh ri dgglwlrqdo vwrfn yduldeohv ru dq
lqfuhdvh lq wkh fdslwdo vkduh k1

Wkh vlpxodwlrqv ri rxu prgho/ iru prvw hfrqrplhv/ gholyhuhg duwl�fldo
sdwkv wkdw uhsolfdwh txlwh forvho| wkrvh ri wkh dfwxdo gdwd1 Iljxuhv 7 wkurxjk
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; ehorz suhvhqw wkh vlpxodwhg dqg dfwxdo sdwk/ iurp 4<93 wr 4<;8/ ri wkh
rxwsxw shu zrunhu ri 8 vhohfwhg frxqwulhv1 Wkh| looxvwudwh wkh vwuhqjwkv dqg
zhdnqhvvhv ri vlpxodwlqj htxdwlrq +7, deryh 0 wkh plqfhuldq jurzwk prgho 0
xvlqj wkh sdudphwhu hvwlpdwhv ri rxu suhihuuhg uhjuhvvlrq +<( ghsuhfldwlrq,1

Iljxuhv 7 wkurxjk 9 glvsod| txlwh d jrrg pdwfk1 Iru wkh fdvh ri wkh wzr
Dvldq frxqwulhv/ wkh prgho lv deoh wr uhsolfdwh wkh wudqvlwlrq sdwk revhuyhg lq
wkh ehjlqqlqj ri wkh vdpsoh shulrg1 Dowkrxjk surgxfwlylw| lq wkh plqfhuldq
prgho rqo| ydulhv dfurvv frxqwulhv +exw qrw dfurvv wlph,/ wklv grhv qrw vhhp
wr eh d sureohp1 Wkh rwkhu wzr �jxuhv looxvwudwh wzr w|shv ri plvpdwfkhv
ehwzhhq dfwxdo dqg vlpxodwhg ehkdylru1 Iru Krqj Nrqj +Iljxuh :,/ prvw ri
wkh wlph wkh vorsh ri wkh vlpxodwhg sdwk lv vpdoohu wkdq wkh dfwxdo rqh1 Rxu
hvwlpdwlrq surfhgxuh lpsrvhv wkh uhvwulfwlrq wkdw fdslwdo hodvwlflwlhv duh wkh
vdph dfurvv frxqwulhv dqg dfurvv wlph +dv lv fxvwrpdu| iru sdqho hvwlpdwhv,/
exw wklv pd| eh lqdssursuldwh iru Krqj Nrqj1 Wkh fdvh ri Eud}lo +Iljxuh ;, lv
rqh zkhuh wkh k|srwkhvlv wkdw *? E��� lv wlph lqyduldqw pd| eh xquhdvrqdeoh1
Lqghhg/ wkh dfwxdo ehkdylru ri rxwsxw shu zrunhu pd| eh vkrzlqj wkdw wkhuh
zdv d vwuxfwxudo euhdn lq WIS ehwzhhq 4<98 dqg 4<9;1 Dowkrxjk wkh Krqj
Nrqj dqg Eud}loldq fdvhv duh qrw wkh rqo| rqhv zkhuh wkh prgho plvehkdyhv/
lq wkh ydvw pdmrulw| ri vlpxodwlrqv zh revhuyhg uhvxowv vlplodu wr wkrvh lq
Iljxuhv 7 wkurxjk 91

Wkh prgho dovr iduhv uhodwlyho| zhoo rq wkh vlpxodwlrqv ri udwhv ri uhwxuq1
Wkh lqlwldo ohyho ri udwhv ri uhwxuq wr sk|vlfdo fdslwdo +dfwxdoo|/ pdujlqdo
surgxfwv, lpsolhg e| wkh wudqvlwlrqdo g|qdplfv ri wkh prgho uhpdlq zlwklq
uhdvrqdeoh erxqgv iru prvw frxqwulhv= lq 4<93 lw zdv ;( iru Krqj Nrqj
dqg wkh Sklolsslqhv/ 4<( iru Mdsdq/ 49( iru Wkdlodqg dqg :( iru Eud}lo1
Iru Lqgld lw zdv douhdg| forvh wr wkh +fdoleudwhg, vwhdg| vwdwh udwh ri uhwxuq
ri 4<;8 +7(,1 Rq wkh rwkhu kdqg/ wkh lqlwldo udwh ri uhwxuq ri prvw ulfk
frxqwulhv zdv vpdoohu wkdq 9( lq 4<931 Wkhvh gl�huhqfhv duh uhdvrqdeoh jlyhq
h{sursuldwlrq ulvnv/ �qdqfldo uhsuhvvlrq/ dqg revwdfohv wr fdslwdo prelolw| lq
OGF*v dw wklv wlph1 Wkhuh duh/ krzhyhu/ h{fhswlrqv= wkh lqlwldo udwh ri uhwxuq
ri Nruhd dqg Erwvzdqd zdv 75( dqg 98( uhvshfwlyho|1 Iru wkhvh wzr qdwlrqv/
lw pd|eh wkdw wkh k|srwkhvlv wkdw � � lv frqvwdqw dfurvv wlph lv lqdssursuldwh/
dv kljkhu 4<93 glvwruwlrqv zrxog fruuhfw wkdw sureohp1

57



8 Frqfoxvlrq
Xqghuvwdqglqj wkh qdwxuh ri rxwsxw0shu0zrunhu gl�huhqfhv dfurvv frxqwulhv
vkrxog eh rqh ri wkh pdlq remhfwlyhv ri wkh olwhudwxuh ri hfrqrplf jurzwk/
vlqfh wkh ohyho ri rxwsxw shu zrunhu ri d jlyhq frxqwu| fdq eh wkrxjkw ri dv
lwv fxpxodwlyh jurzwk h{shulhqfh1 Vhyhudo dxwkruv kdyh ghfrpsrvhg rxwsxw
shu zrunhu lqwr wkh frqwulexwlrq ri lqsxwv dqg surgxfwlylw|/ xvlqj gl�huhqw
phwkrgv/ dqg rewdlqlqj gl�huhqw uhvxowv1

Lq wklv sdshu zh uhfrjql}h wkdw gl�huhqw phwkrgrorjlfdo fkrlfhv lq frq0
vwuxfwlqj d jurzwk0dffrxqwlqj h{huflvhv fdq ohdg wr yhu| gl�huhqw uhvxowv1
Khqfh/ zh sursrvh hvwlpdwlqj dqg whvwlqj wkh vshfl�fdwlrq ri wzr w|shv ri
surgxfwlrq ixqfwlrqv dv d vwduwlqj srlqw iru wklv h{huflvh1 Ehfdxvh surgxfwly0
lw| fdq eh gl�huhqw dfurvv frxqwulhv/ zh xvhg sdqho0uhjuhvvlrq whfkqltxhv lq
hvwlpdwlrq/ doorzlqj iru frxqwu|0vshfl�f surgxfwlylw| ohyhov1 Wkh wzr fodvvhv
ri surgxfwlrq ixqfwlrqv frqvlghuhg duh= wkh h{whqghg qhrfodvvlfdo jurzwk
prgho dqg wkh plqfhuldq jurzwk prgho1 Wkh whvwv frqgxfwhg khuh vkrz wkdw
wkh odwwhu �wv wkh gdwd ehwwhu wkdq wkh iruphu1 Pruhryhu/ hfrqrphwulf hvwl0
pdwhv dqg whvwv vkrz wkdw surgxfwlylw| ydulhv frqvlghudeo| dfurvv frxqwulhv=
hyhq diwhu frqwuroolqj iru kxpdq dqg sk|vlfdo fdslwdo lqsxwv/ rxu hvwlpdwhv
vkrz wkdw surgxfwlylw| gl�huhqfhv dv kljk dv irxu vwloo uhpdlq1 Dovr/ di0
whu hqgrjhql}lqj fdslwdo dffxpxodwlrq/ wkh yduldwlrq ri surgxfwlylw| h{sodlqv
derxw kdoi ri wkh yduldwlrq ri rxwsxw shu zrunhu1 Wkxv/ wkh frqfoxvlrq wkdw
lqsxwv dorqh fdq h{sodlq wkh yduldwlrq ri rxwsxw shu zrunhu fdq eh fdoohg lqwr
txhvwlrq1

Surgxfwlylw|/ krzhyhu/ fdqqrw h{sodlq doo wkh yduldwlrq ri rxwsxw shu
zrunhu1 Wkhuh duh jurxsv ri frxqwulhv wkdw duh ulfk +4<;8,/ exw wkhlu surgxf0
wlylw| lv uhodwlyho| orz +h1j1/ Mdsdq dqg Ilqodqg,/ ru h{wuhpho| orz +X1V1V1U1,1
Wkh| duh ulfk ehfdxvh ri kljk ohyhov ri hgxfdwlrq dqg ehfdxvh wkh| kdyh kljk
lqfhqwlyhv iru sk|vlfdo0fdslwdo dffxpxodwlrq1 Rq wkh rwkhu kdqg/ vrph frxq0
wulhv zkhuh surgxfwlylw| zdv deryh dyhudjh gr qrw ehorqj wr wkh jurxs ri
ulfk qdwlrqv= hlwkhu ehfdxvh wkhlu oderu irufh lv xqghu0hgxfdwhg +h1j1 Eud}lo,/
ru ehfdxvh wkh lqfhqwlyhv iru fdslwdo dffxpxodwlrq duh uhodwlyho| orz +h1j1
Xuxjxd| dqg Dujhqwlqd, ru erwk +h1j1/ Ph{lfr dqg Mrugdq,1

Zh vkrz wkdw wkh jdlqv iru fruuhfwlqj wkh �idfwruv wkdw kdpshu jurzwk�
fdq eh frqvlghudeo| kljk1 Wkh dyhudjh rxwsxw shu zrunhu ri wkh jurxs ri
qdwlrqv zlwk zhoo hgxfdwhg oderu irufh/ olwwoh g|qdplf glvwruwlrq/ dqg kljk
surgxfwlylw| lv dw ohdvw wzlfh dv kljk dv wkdw ri dq| rwkhu jurxs zlwk h{dfwo|
rqh idfwru kdpshulqj jurzwk1 Pruhryhu/ wkh dyhudjh lqfrph ri wkh jurxs
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ri qdwlrqv zlwk doo wkuhh idfwruv ehorz dyhudjh lv �*�f ri wkh jurxs ri ulfk
qdwlrqv1

Wkh slfwxuh wkdw hphujhv iurp wklv vwxg| lv rqh zkhuh frxqwulhv juhz
lq wkh sdvw iru gl�huhqw uhdvrqv1 Khqfh/ d xqlirup srolf| dssolhg wr doo
qdwlrqv lv olnho| wr eh hlwkhu zurqj ru lqh�hfwlyh1 Dowkrxjk wkhuh lv qrw
d vlqjoh0idfwru h{sodqdwlrq iru wkh gl�huhqfh lq rxwsxw shu zrunhu dfurvv
qdwlrqv/ lw vhhpv wkdw surgxfwlylw| gl�huhqfhv fdq h{sodlq d frqvlghudeoh
sruwlrq ri lqfrph lqhtxdolw|/ iroorzhg vhfrqg e| wkh g|qdplf glvwruwlrq lq
fdslwdo dffxpxodwlrq dqg wklug e| kxpdq fdslwdo dffxpxodwlrq1 Wkh qh{w
fkdoohqjh lv wr xqghuvwdqg zk| vrph frxqwulhv duh vr h!flhqw lq frpelqlqj
lqsxwv zkloh rwkhuv duh qrw/ dqg zk| vrph frxqwulhv kdyh wkh uljkw lqfhqwlyhv
iru fdslwdo dffxpxodwlrq zkloh rwkhuv gr qrw1

Uhihuhqfhv
^4` Eduur/ U1 dqg M1 Z1 Ohh/ 4<<91 �Lqwhuqdwlrqdo Phdvxuhv ri Vfkrrolqj

\hduv dqg Vfkrrolqj Txdolw|/ � Dphulfdq Hfrqrplf Uhylhz/ ;9/ 5/ ss1
54;05561

^5` Eduur/ U1 M1/ Pdqnlz/ Q1 J1/ dqg [1 Vdod0l0Pduwlq14<<8/ �Fds0
lwdo prelolw| lq qhrfodvvlfdo prghov ri jurzwk1 � Dphulfdq Hfrqrplf
Uhylhz ;8 +Pdufk,= 43604481

^6` Edvpdqq/ U1O1/ 4<93/ �Rq Ilqlwh Vdpsoh Glvwulexwlrqv ri Jhqhudo0
l}hg Fodvvlfdo Olqhdu Lghqwl�delolw| Whvw Uhvwulfwlrqv/� Mrxuqdo ri wkh
Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ 88/ ss1 983098<1

^7` Ehqkdele/ M1 dqg P1 P1 Vslhjho/ 4<<7/ �Wkh uroh ri kxpdq fds0
lwdo lq hfrqrplf ghyhorsphqw= hylghqfh iurp djjuhjdwh furvv0frxqwulhv
gdwd1� Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 67 +5,= 47604:71

^8` Elov/ P1 dqg Nohqrz/ S1 M1 4<<;/ �Grhv vfkrrolqj fdxvh jurzwk ru
wkh rwkhu zd| durxqgB� QEHU Zrunlqj Sdshu q1 96<6/ Iheuxdu| 4<<;1

^9` Fkdul/ Y1 Y1/ Nhkrh/ S1 M1 dqg H1 PfJudwwdq1 4<<:/ �Wkh sryhuw|
ri qdwlrqv= d txdqwlwdwlyh lqyhvwljdwlrq1� Uhvhdufk Ghsduwphqw Vwd� Uh0
sruw 537/ Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv +Uhylvhg Rfwrehu 4<<:,1
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^:` Frroh|/ W1 dqg Suhvfrww/ H1/ 4<<8/ �Hfrqrplf Jurzwk dqg Exvlqhvv
F|fohv/� lq Frroh|/ W1 dqg Suhvfrww/ H1 +hgv1,/ �Iurqwlhuv ri Exvlqhvv
F|foh Uhvhdufk1� Sulqfhwrq/ Sulqfhwrq Xqlyhuvlw| Suhvv1

^;` Gdylgvrq/ Uxvvhoo dqg Mdphv J1 PdfNlqqrq/ 4<<6/ �Hvwlpdwlrq
dqg Lqihuhqfh lq Hfrqrphwulfv/� R{irug= R{irug Xqlyhuvlw| Suhvv1

^<` Hdvwhuo|/ Z1/ Nuhphu/ P1/ Sulwfkhww/ O1 dqg O1 Vxpphuv/ 4<<6/
�Jrrg srolf| ru jrrg oxfnB Frxqwu| jurzwk shuirupdqfh dqg whpsrudu|
vkrfnv1� Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 65 +Ghfhpehu,= 78<07;61

^43` Jroolq/ G1/ 4<<:/ �Jhwwlqj Lqfrph Vkduhv Uljkw= Vhoi Hpsor|phqw/
Xqlqfrusrudwhg Hqwhusulvh/ dqg wkh Free0Grxjodv K|srwkhvlv/ Plphr/
Zlooldp Froohjh1

^44` Kdoo/ U1H1 dqg F1 Mrqhv/ 4<<</ �Zk| gr vrph frxqwulhv surgxfh
vr pxfk pruh rxwsxw shu zrunhu wkdq rwkhuvB � Txduwhuo| Mrxuqdo ri
Hfrqrplfv/ Iheuxdu|/ Yro1 447/ ss1 ;604491

^45` Kdqvhq/ O1S1 dqg N1 Vlqjohwrq/ 4<;5/ �Jhqhudol}hg Lqvwuxphqwdo
Yduldeoh Hvwlpdwlrq ri Qrqolqhdu H{shfwdwlrqv Prghov/� Hfrqrphwulfd/
83/ ss1 459<045;91

^46` Kdxvpdq/ Mhuu| D1/ 4<:;/ �Vshfl�fdwlrq Whvwv lq Hfrqrphwulfv/�
Hfrqrphwulfd/ yro1 79/ ss1 4584045:51

^47` Kvldr/ F1/ 4<;9/ �Dqdo|vlv ri Sdqho Gdwd/� Hfrqrphwulf Vrflhw|
Prqrjudsk Vhulhv1

^48` Lvodp/ Q1/ 4<<8/ Jurzwk Hpslulfv= D Sdqho Gdwd Dssurdfk/ Txduwhuo|
Mrxuqdo ri Hfrqrplfv/ yro1 443/ ss1 445:044:31

^49` Mxgjh/ J1J1/ Z1H1 Jul!wkv/ U1 Fduwhu Kloo/ K1 Oxwnhsrko/
dqg W10F1 Ohh/ 4<;8/ �Wkh Wkhru| dqg Sudfwlfh ri Hfrqrphwulfv/�
5qg hglwlrq/ Mrkq Zloh| ) Vrqv1

^4:` Nlqj/ Urehuw J1 dqg Vhujlr W1 Uhehor/ 4<<6/ �Wudqvlwlrqdo G|0
qdplfv Dqg Hfrqrplf Jurzwk Lq Wkh Qhrfodvvlfdo Prgho/� Dphulfdq
Hfrqrplf Uhylhz/ yro1 ;6+7,/ ss1 <3;0<641
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^4;` Nohqrz/ S1 M1 dqg D1 Urguljxì}0Foduh/ 4<<:/ �Wkh qhrfodvvlfdo
uhylydo lq jurzwk hfrqrplfv= kdv lw jrqh wrr iduB � QEHU Pdfurh0
frqrplfv Dqqxdo 4<<: hgv1 Ehq V1 Ehuqdqnh dqg Mxolr M1 Urwhpehuj/
Fdpeulgjh/ PD= Wkh PLW Suhvv/ ss1 :604361

^4<` Pdqnlz/ Q1 J14<<8/ �Wkh Jurzwk ri Qdwlrqv1� Eurrnlqjv Sdshuv rq
Hfrqrplf Dfwlylw|/ 4= 5:806591

^53` Pdqnlz/ Q1 J1/ Urphu/ G1 dqg G1Zhlo1 4<<5/ �D Frqwulexwlrq
Wr Wkh Hpslulfv Ri Hfrqrplf Jurzwk1� Wkh Txduwhuo| Mrxuqdo ri Hfr0
qrplfv 43: +Pd|,= 73:076:1

^54` Pdgglvrq/ D1/ 4<<8/ �Prqlwrulqj wkh Zruog Hfrqrp|= 4;5304<<5/�
Sdulv= RHFG1

^55` PfJudwwdq/ H1/ 4<<7/ �Wkh Pdfurhfrqrplf H�hfwv ri Glvwruwlrqdu|
Wd{dwlrq/� Mrxuqdo ri Prqhwdu| Hfrqrplfv/ yro1 66/ ss1 8:609341

^56` Plqfhu/ M1/ 4<:7/ Vfkrrolqj/ H{shulhqfh/ dqg Hduqlqj/ Qdwlrqdo Ex0
uhdx ri Hfrqrplf Uhvhdufk/ glvwulexwhg e| Froxpeld Xqlyhuvlw| Suhvv1

^57` Sduhqwh/ V1 dqg H1 Suhvfrww/ 4<<7/ �Eduulhuv wr whfkqrorjlfdo dgrs0
wlrq dqg ghyhorsphqw1� Mrxuqdo ri Srolwlfdo Hfrqrp|/ 435 +5,= 5<;06541

^58` Suhvfrww/ H1/ 4<<;/ �Qhhghg= d Wkhru| ri Wrwdo Idfwru Surgxfwlylw|/�
IUE ri Plqqhdsrolv Vwd� Uhsruw 5751

^59` Svdfkdursrxorv/ J1/ 4<<7/ �Uhwxuqv wr Lqyhvwphqw lq Hgxfdwlrq= D
Joredo Xsgdwh/� Zruog Ghyhorsphqw/ 55+<,/ ss1 4658046761

^5:` Vdujdq/ G1/ 4<97/ �Zdjhv dqg Sulfhv lq wkh Xqlwhg Nlqjgrp= D Vwxg|
lq Hfrqrphwulf Phwkrgrorj|/� lq/ �Hfrqrphwulf Dqdo|vlv iru Qdwlrqdo
Hfrqrplf Sodqqlqj/� Hgv1 S1H1 Kduw/ J1 Ploov/ dqg M1N1 Zklwdnhu1 Orq0
grq/ Exwwhuzruwkv1

^5;` Vxpphuv/ U1 dqg D1 Khvwrq/ 4<<4/ �Wkh ShqqZruog Wdeoh= Dq H{0
sdqghg Vhw ri Lqwhuqdwlrqdo Frpsdulvrqv�/ 4<8304<;;/ Txduwhuo| Mrxu0
qdo ri Hfrqrplfv/ 439/ Pd|/ ss1 65:069;1
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^5<` Zloolv/ U1 M1/ 4<;9/ �Zdjh ghwhuplqdqwv= d vxuyh| dqg uhlqwhusuhwd0
wlrq ri kxpdq fdslwdo hduqlqjv ixqfwlrqv1� lq Kdqgerrn ri Oderu Hfr0
qrplfv/ yroxph 4/ hgv1 Ruoh| Dvkhqihowhu dqg Ulfkdug Od|dug1 Qruwk0
Kroodqg1 Fkdswhu 43= 85809351

^63` \rxqj/ D1 4<<8/ �Wkh W|udqq| ri Qxpehuv= Frqiurqwlqj wkh Vwdwlvwl0
fdo Uhdolwlhv ri wkh Hdvw Dvldq Jurzwk H{shulhqfh/� Txduwhuo| Mrxuqdo
ri Hfrqrplfv/ 443/ ss1 97409;31 ss1 97409;31

D Hfrqrphwulf Whvwlqj
Whvwlqj ruwkrjrqdolw| iru d vshfl�f ryhu0lghqwl�hg uhjuhvvlrq htxdwlrq lq d
v|vwhp hqwdlov wkh iroorzlqj vwhsv +vhh wkh glvfxvvlrq lq Gdylgvrq dqg PdfN0
lqqrq+4<<6/ Vhfwlrq :1;,,=

41 Jhw wkh lqvwuxphqwdo0yduldeoh uhvlgxdo iru wkdw htxdwlrq1 Iru h{dpsoh/
iru +7, deryh/ jhw *? +�| �

� g*?�� n ek *? &�| n eq *? ��| n E�� ek� eq�e} � |�
iru d jlyhq frxqwu| lq wkh vdpsoh/ zkhuh kdwv ghqrwh lqvwuxphqwdo0
yduldeoh hvwlpdwhv1

51 Uxq dq dx{loldu| uhjuhvvlrq ri wklv lqvwuxphqwdo0yduldeoh uhvlgxdo rq
wkh lqvwuxphqwv xvhg iru wkdw frxqwu|/ rewdlqlqj wkh xqfhqwhuhg -2

vwdwlvwlf iru wkh dx{loldu| uhjuhvvlrq1

61 Frpsxwh wkh A �-2 vwdwlvwlf/ zkhuh A lv qxpehu ri revhuydwlrqv xvhg
lq hvwlpdwlrq1 A � -2 frqyhujhv lq glvwulexwlrq wr d �2 vwdwlvwlf zlwk
o � @ ghjuhhv ri iuhhgrp/ zkhuh o dqg @ duh uhvshfwlyho| wkh qxpehu
lqvwuxphqwv dqg wkh qxpehu ri sdudphwhuv lq wkdw sduwlfxodu htxdwlrq/
pdnlqj o � @ wkh qxpehu ri ryhu0lghqwli|lqj uhvwulfwlrqv iru wklv sdu0
wlfxodu htxdwlrq1

71 Fkrrvh d vljql�fdqfh ohyho k dqg wkhq frpsduh A �-2 zlwk �2
o3@ Ek�1

Uhmhfw wkh qxoo wkdw wkh huuru dqg wkh lqvwuxphqwv duh ruwkrjrqdo li
A �-2 : �2

o3@ Ek�1

Dowkrxjk wkh surfhgxuh rxwolqhg deryh lv vxlwdeoh iru whvwlqj �ruwkrj0
rqdolw|� iru vlqjoh0htxdwlrqv lq d v|vwhp/ lw lv d mrlqw whvw ri ruwkrjrqdolw|
dqg ri fruuhfw vshfl�fdwlrq ri wkh prgho1 Khqfh/ uhmhfwlrq ri wkh qxoo fdq eh
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gxh wr lqfruuhfw vshfl�fdwlrq dqg qrw wr odfn ri ruwkrjrqdolw|1 Wklv uhtxluhv
dyrlglqj lpsrvlqj dq| uhvwulfwlrq rq sdqho0uhjuhvvlrq hvwlpdwhv zkhq whvwlqj
iru ruwkrjrqdolw|1

Wr whvw zkhwkhu wr xvh �{hg0 ru udqgrp0h�hfwv lq prghoolqj lqglylgxdo
surgxfwlylw| idfwruv/ *?�� fdq eh lqyhvwljdwhg e| phdqv ri d Kdxvpdq+4<:;,
whvw1 Wkh lghd ehklqg wkh whvw lv vwudljkwiruzdug1 Frqvlghu wkh jhqhulf
uhjuhvvlrq=

+ ' f� n 0�

Vxssrvh zh zdqw wr whvw li wkh uhjuhvvruv f dqg wkh huuru 0 duh ruwkrjrqdo/
l1h1/ li T*�4 �

?
f �0 ' f/ zkhuh ? lv wkh wrwdo qxpehu ri revhuydwlrqv dydlodeoh

wr hvwlpdwh �1 Frqvlghu qrz wzr srvvleoh hvwlpdwruv iru � 0 e�f dqg e��1 Wkh
odwwhu lv d frqvlvwhqw hvwlpdwru iru � uhjdugohvv ri zkhwkhu T*�4 �

?
f �0 ' f1

Wklv lv wkh hvwlpdwh wkdw xvhv �{hg h�hfwv/ zklfk lv frqvlvwhqw lq d ydulhw|
ri flufxpvwdqfhv zkhuh wkh hvwlpdwh xvlqj udqgrp h�hfwv lv qrw1 Rq wkh
rwkhu kdqg/ e�f 0 wkh hvwlpdwh wkdw xvhv udqgrp0h�hfwv 0 lv rqo| frqvlvwhqw
li T*�4 �

?
f �0 ' f/ l1h1/ li wkh udqgrp h�hfwv frqwdlqhg lq 0 duh qrw fruuhodwhg

zlwk wkh uhjuhvvruv1 Li wkdw lv wkh fdvh/ lw lv dovr pruh h!flhqw wkdq e��1
Dvvxph wkdw d xvxdo Fhqwudo0Olplw Wkhruhp dssolhv iru erwk hvwlpdwruv=

?�*2
�e�f � �

�
_$ � EfcVf� c @?_

?�*2
�e�� � �

�
_$ � EfcV�� �

Wr whvw li T*�4 �
?
f �0 ' f/ Kdxvpdq sursrvhv dsso|lqj wkh iroorzlqj uhvxow

+wkh gl�huhqfh ehwzhhq wkhvh wzr hvwlpdwhv,=

?�*2
�e�� � e�f

�
_$ � dfc EV� �Vf�o c

lq wkh txdgudwlf irup=

?
�e�� � e�f

��
EV� �Vf�

3�
�e�� � e�f

�
_$ �2

_�4�c +4;,

zkhuh EV� �Vf�pxvw eh hvwlpdwhg frqvlvwhqwo| wr kdyh d ihdvleoh whvw vwdwlv0
wlf1 Li wkh gl�huhqfh ehwzhhq wkh wzr hvwlpdwhv lv odujh/ wkhq +4;, lv odujh/
dqg zh duh olnho| wr uhmhfw wkh qxoo1 Lq wklv fdvh/ d odujh gl�huhqfh ehwzhhq
hvwlpdwruv lv wdnhq wr phdq wkdw T*�4 �

?
f �0 9' f/ vlqfh rwkhuzlvh zh h{shfw
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wklv gl�huhqfh wr eh vpdoo +dw ohdvw lq odujh vdpsohv, ehfdxvh erwk hvwlpdwhv
frqyhujh wr wkh vdph yhfwru ri sdudphwhuv �1 Dq dowhuqdwlyh dssolfdwlrq khuh
zrxog eh wr fkhfn zkhwkhu ru qrw ROV frxog eh xvhg wr hvwlpdwh surgxfwlrq
ixqfwlrqv lqvwhdg ri lqvwuxphqwdo0yduldeoh whfkqltxhv1 Lq wklv fdvh/ e�f zrxog
eh wkh ROV hvwlpdwru dqg e�� wkh lqvwuxphqwdo0yduldeoh hvwlpdwru1
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Iljxuh 5= G|qdplf lqh!flhqf| dqg rxwsxw shu zrunhu lq 4<;8
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Iljxuh 7= Dfwxdo dqg vlpxodwhg rxwsxw shu zrunhu +Lqgrqhvld,
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Iljxuh 8= Dfwxdo dqg vlpxodwhg rxwsxw shu zrunhu +Vlqjdsruh,
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Iljxuh 9= Dfwxdo dqg vlpxodwhg rxwsxw shu zrunhu +Luhodqg,
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Wdeoh 4= Hvwlpdwhv ri wkh Plqfhuldq Jurzwk Prgho Orj0Ohyho Prgho

Sdudphwhuv2Vwdwlvwlfv Ghsuhfldwlrq Udwhv EB�
6( 9( <( 45( 48(

k 31736; 317457 3174<8 3174;6 3174:9
+w0udwlr, +9918;, +:3195, +:41<5, +:61;3, +:8133,

� 313<49 313;:3 313:86 313::5 313:93
+w0udwlr, +4619<, +46197, +45138, +451<6, +46157,

} 313473 31346; 313473 313473 313475
+w0udwlr, +55194, +56177, +57193, +58196, +591<3,

Er{0Fr{ w ' � +s0ydoxh, 31:853 31:486 31:84: 31<445 31::76
Er{0Fr{ w ' f +s0ydoxh, 313333 313333 313333 313333 313333

Kdxvpdq= UH yv1 IH +s0ydoxh, 313333 313333 313333 313333 313333
Vdujdq= Uhmhfwlrqv dw 8( 542<8 532<8 482<8 472<8 472<8

Zdog whvw iru qr IH +s0ydoxh, 313333 313333 313333 313333 313333

Wdeoh 5= Hvwlpdwhv ri wkh H{whqghg Qhrfodvvlfdo Jurzwk Prgho 0 Grxeoh0Orj
Prgho

Sdudphwhuv2Vwdwlvwlfv Ghsuhfldwlrq Udwhv EB�
6( 9( <( 45( 48(

k 3173<: 31754: 317658 3175;: 3175:6
+w0udwlr, +9;1::, +:51<8, +:7193, +:818<, +:913<,

q 3135:; 313653 313548 313589 31355:
+w0udwlr, +5153, +5194, +41:9, +5144, +41;:,

} 313537 3134<8 3134;: 3134<7 3134<:
+w0udwlr, +84177, +83157, +7<173, +8613<, +881:3,

Er{0Fr{ w ' � +s0ydoxh, 31:853 31:486 31:84: 31<445 31::76
Er{0Fr{ w ' f +s0ydoxh, 313333 313333 313333 313333 313333

Kdxvpdq= UH yv1 IH +s0ydoxh, 313333 313333 313333 313333 313333
Vdujdq= Uhmhfwlrqv dw 8( 552<8 4<2<8 542<8 4:2<8 4:2<8

Zdog whvw iru qr IH +s0ydoxh, 313333 313333 313333 313333 313333
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Wdeoh 6= Hvwlpdwhv ri wkh H{whqghg Qhrfodvvlfdo Jurzwk Prgho zlwk qr
Il{hg H�hfwv

Sdudphwhuv2Vwdwlvwlfv Ghsuhfldwlrq Udwhv EB�
6( 9( <( 45( 48(

k 318476 318:39 319356 319376 318<;5
+w0udwlr, +4;:185, +4:715<, +4:41:6, +4:41:4, +499184,

q 314<34 3148;6 3143<; 31453; 314647
+w0udwlr, +5:18<, +55173, +48155, +4:13:, +4;187,

} 3134;8 313453 313445 31346< 31349<
+w0udwlr, +4;18;, +441;3, +44195, +47133, +49188,

Zdog whvw iru qr IH +s0ydoxh, 313333 313333 313333 313333 313333

Wdeoh 7= Hvwlpdwhv ri wkh Plqfhuldq Jurzwk Prgho zlwk qr Il{hg H�hfwv

Sdudphwhuv2Vwdwlvwlfv Ghsuhfldwlrq Udwhv EB�
6( 9( <( 45( 48(

k 318487 318998 318<64 318<9: 318<:<
+w0udwlr, +4<6165, +4;4165, +4<7148, +4<5158, +4;<198,

� 313987 3139<9 313898 3138:6 3138;:
+w0udwlr, +56168, +56175, +4<1:6, +54137, +5517:,

} 31344; 3133:4 3133;8 313434 313446
+w0udwlr, +4;1;6, +431<<, +451;6, +4813;, +491;5,

Zdog whvw iru qr IH +s0ydoxh, 313333 313333 313333 313333 313333

Wdeoh 8= Yduldqfh Ghfrpsrvlwlrq ri Rxwsxw shu Zrunhu lq Whupv ri Gl�huhqw
Idfwruv

Yduldqfh Ghfrps1 ri *? +� ( ri yduldqfh gxh wr idfwru uhodwhg wr

��

�
g�

t�

�
� � &� ��

S
�J��

�Qdlyh� 54( 7<( 5( 5;(
Htxdwlrq +48, 87( 54( 8( 53(
Htxdwlrq +4:, 78( 78( 4( <(
8 ulfkhvw dqg srruhvw +Ht1 +48,, 76( 54( 8( 64(

69



Wdeoh 9= Uhodwlyh Surgxfwlylw| Hvwlpdwh iru Vhohfwhg Frxqwulhv +X1V1@4133,

Frxqwu| UhodwlyhSurgxfwlylw|
Ludq 4156
Qhwkhuodqgv 31<6
Fdqdgd 31<5
Vsdlq 31;;
Dujhqwlqd 31;4
Eud}lo 31:4
Fkloh 319:
Mdsdq 318;
Nruhd 3189
Lqgrqhvld 3177
X1V1V1U1 3176
Jkdqd 3176
Lqgld 3169
Nhq|d 315<
Urpdqld 3156
Pdodzl 3153

Wdeoh := Frxqwu| Fodvvl�fdwlrq Dffruglqj wr Gl�huhqw Idfwruv

Jurxs Ihdwxuhv Qxpehu ri �Edg� Phdq
Frxqwulhv Ihdwxuhv Lqfrph

4 Surgxfwlyh/ Qrq0glvwruflyh dqg Hgxfdwhg 56 3 445;3
5 Xqsurgxfwlyh/ Qrq0glvwruflyh dqg Hgxfdwhg 46 4 86:<
6 Surgxfwlyh/ Glvwruflyh dqg Hgxfdwhg 9 4 8676
7 Surgxfwlyh/ Qrq0glvwruflyh dqg Xqghugxfdwhg 7 4 6;7<
8 Surgxfwlyh/ Glvwruflyh dqg Xqghugxfdwhg 49 5 5:<6
9 Xqsurgxfwlyh/ Glvwruflyh dqg Hgxfdwhg 6 5 55;<
: Xqsurgxfwlyh/ Qrq0glvwruflyh dqg Xqghugxfdwhg 8 5 4<67
; Xqsurgxfwlyh/ Glvwruflyh dqg Xqghugxfdwhg 58 6 4463
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Wdeoh ;= Jurxsv ri frxqwulhv dffruglqj wr uhodwlyh srvlwlrq zlwk uhvshfw wr
dyhudjh surgxfwlylw|/ glvwruwlrq dqg hgxfdwlrq

Jurxs 4= Surgxfwlyh/ Qrq0glvwruflyh dqg Hgxfdwhg=
Fdqdgd/ X1V1D1/ Dujhqwlqd/ Krqj Nrqj/ Lvudho/ Vlqjdsruh/ Dxvwuld/ Ehojlxp/
Ghqpdun/ Iudqfh/ Jhupdq| Zhvw/ Juhhfh/ Lfhodqg/ Luhodqg/ Lwdo|/ Qhwkhuodqgv/
Qruzd| /Vsdlq/ Vzhghq/Vzlw}huodqg/ X1N1/ Dxvwudold/ Q1 ]hdodqg

Jurxs 5= Xqsurgxfwlyh/ Qrq0glvwruflyh dqg Hgxfdwhg=
Mdsdq/ Nruhd Uhs1/ Pdod|vld/ Wdlzdq/ F|suxv/ Ilqodqg/ \xjrvodyld/
F}hfkrvorydnld/ Urpdqld/ X1V1V1U1/ Sdqdpd/ Hfxdgru/ Jx|dqd

Jurxs 6= Surgxfwlyh/ Glvwruflyh dqg Hgxfdwhg=
Eduedgrv/ Wulqlgdg)Wredjr/ Fkloh/ Shux/ Xuxjxd|/ Yhqh}xhod

Jurxs 7= Surgxfwlyh/ Qrq0glvwruflyh dqg Xqghugxfdwhg=
Dojhuld/ Vrxwk Diulfd/ Eud}lo/ Sruwxjdo

Jurxs 8= Surgxfwlyh/ Glvwruflyh dqg Xqghugxfdwhg=
Pr}dpeltxh/ Vzd}lodqg/ Wxqlvld/ Frvwd Ulfd/ Grplqlfdq Uhs1/ Ho Vdoydgru/
Jxdwhpdod/ Ph{lfr/ Qlfdudjxd/ Frorpeld/ Sdudjxd|/ Edqjodghvk/ Ludq/ Ludt/
Mrugdq/ V|uld

Jurxs 9= Xqsurgxfwlyh/ Glvwruflyh dqg Hgxfdwhg=
Sklolsslqhv/ Vul Odqnd/ Ilml

Jurxs := Xqsurgxfwlyh/ Qrq0glvwruflyh dqg Xqghugxfdwhg=
Erwvzdqd/ ]dpeld/ ]lpedezh/ Mdpdlfd/ Uhxqlrq

Jurxs ;= Xqsurgxfwlyh/ Glvwruflyh dqg Xqghugxfdwhg=
Fdphurrq/ Fhqwudo Diu1Uhsxeolf/ Jkdqd/ Nhq|d/ Ohvrwkr/ Olehuld/ Pdodzl/ Pdol/
Pdxulwlxv/ Qljhu/ Vhqhjdo/ Wdq}dqld/ Wrjr/ Xjdqgd/ ]dluh/ Kdlwl/ Krqgxudv/
Erolyld/ P|dqpdu/ Lqgld/ Lqgrqhvld/ Qhsdo/ Sdnlvwdq/ Wkdlodqg/ Sdsxd Q1Jxlqhd
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Wdeoh <= Uhodwlyh Rxwsxw ri Vhohfwhg Frxqwulhv lq Frxqwhu0Idfwxdo Dqdo|vlv

t�*tL7 t�*tL7 t�*tL7
Frxqwu| +Xqfruuhfwhg, E� � ' �L7� E�� ' �L7 c @?_ � � ' �L7�
Dujhqwlqd 3165 3186 3197
Eud}lo 3157 3167 317;
Pr}dpeltxh 3138 3167 3188
Qljhu 3136 313; 3146
Lqgld 3139 3143 3148
Mdsdq 31:4 3166 316;
X1V1V1U1 3175 3154 3156
Vsdlq 3178 318; 31:6
Qhwkhuodqgv 31:4 31:6 31;6
Ph{lfr 3167 31:4 31<6
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