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4 Lqwurgxfwlrq

Wkh wkhru| ri rswlpxp frpprglw| wd{dwlrq zdv jlyhq lwv prghuq irup e| wkh

vhplqdo frqwulexwlrqv ri Gldprqg dqg Pluuohhv +4<:4d/e,1 Xvlqj wkh hphujlqj

gxdolw| phwkrgv dqg uhvxowv lq jhqhudo htxloleulxp wkhru|/ wkhvh dxwkruv surylghg

d srzhuixo iudphzrun wr vwxg| wkh surshuwlhv ri rswlpdo wd{ v|vwhpv1 Rqh ri

wkh sulqflsdo ihdwxuhv ri wkh Gldprqg0Pluuohhv iudphzrun lv d vkdus glylvlrq ri

frqvxpswlrq dqg surgxfwlrq dfwlylwlhv= krxvhkrogv frqvxph zkhuhdv �upv surgxfh1

Zkloh wklv dvvxpswlrq kdv ehhq d yhu| xvhixo devwudfwlrq/ lw lv dovr fohdu wkdw

frqvxpswlrq dqg surgxfwlrq dfwlylwlhv duh qrw vr hdvlo| vhsdudwhg lq wkh uhdo zruog1

Lqghhg/ dv srlqwhg rxw lq wkh duwlfoh e| Ehfnhu +4<98,/ xwlolw|0|lhoglqj frp0

prglwlhv duh qhyhu erxjkw gluhfwo| lq wkh pdunhw exw duh udwkhu surgxfhg lq wkh

krxvhkrog e| frpelqlqj ydulrxv pdunhw0surgxfhg jrrgv dqg vhuylfhv zlwk krxvh0

krog wlph1 Ehfnhu*v wkhru| ri wkh doorfdwlrq ri wlph kdv ehhq sxw wr zlgh xvh lq

wkh dqdo|vlv ri ihuwlolw|/ khdowk/ oderu vxsso|/ wudqvsruwdwlrq dqg pruh/ exw txlwh

vxusulvlqjo| wklv iudphzrun kdv qrw |hw kdg pxfk lpsdfw rq wkh wkhru| ri wd{dwlrq1

Wklv sdshu dujxhv wkdw wkh Ehfnhu prgho lv mxvw dv srzhuixo d wrro lq qrupdwlyh wd{

wkhru| dv lw kdv ehhq lq pdq| rwkhu �hogv1

Wkh sxeolf �qdqfh olwhudwxuh ghyrwhv d orw ri dwwhqwlrq wr wkh Udpvh| wd{ sure0

ohp> wkdw lv/ krz wr vhw frpprglw| wd{ udwhv vr dv wr pd{lpl}h wkh zhoiduh ri d

uhsuhvhqwdwlyh krxvhkrog/ dvvxplqj wkdw wkh jryhuqphqw lv vxemhfw wr dq h{rjhqrxv

uhyhqxh uhtxluhphqw1 Wkh pd{lpl}dwlrq lv fduulhg rxw rq wkh dvvxpswlrq wkdw rqh

jrrg/ xvxdoo| wdnhq wr eh ohlvxuh/ fdqqrw eh wd{hg1 Lq hvvhqfh/ wklv olwhudwxuh sur0

ylghv wzr ixqgdphqwdo lqvljkwv1 Iluvwo|/ jrrgv vkrxog eh wd{hg dffruglqj wr wkhlu

frpsohphqwdulw| ru vxevwlwxwdelolw| zlwk ohlvxuh> wkh vwurqjhu wkh ghjuhh ri frp0

sohphqwdulw|/ wkh kljkhu wkh wd{ udwh1 Wkxv/ wkh vwuxfwxuh ri rswlpxp wd{dwlrq

fuxfldoo| ghshqgv rq frpshqvdwhg furvv hodvwlflwlhv zlwk ohlvxuh1 Vhfrqgo|/ dv zh

kdyh eduuhg rxuvhoyhv iurp wd{lqj ohlvxuh/ wkh htxloleulxp lqhylwdeo| lqyroyhv d glv0

wruwlrq lq idyru ri wklv frpprglw|1 Wkhuhiruh/ wkh doorfdwlrq zloo eh vhfrqg ehvw/

qrw �uvw ehvw14

Wklv sdshu uhfrqvlghuv wkhvh lqvljkwv lq wkh Ehfnhu +4<98, prgho ri krxvhkrog

surgxfwlrq1 Lq wklv vhwwlqj wkhuh lv qr vxfk wklqj dv sxuh ohlvxuh exw/ udwkhu/ doo

4Vxuyh|v ri wkh olwhudwxuh rq rswlpxp frpprglw| wd{dwlrq fdq eh irxqg lq/ h1j1/ Dxhuedfk
+4<;8, dqg Vwhuq +4<<3,1
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xwlolw|0|lhoglqj frpprglwlhv wdnh wkh irup ri dfwlylwlhv wkdw uhtxluh wkh lqsxw ri

erwk pdunhw0surgxfhg jrrgv dqg krxvhkrog wlph1 L �qg wkdw wkh vwuxfwxuh ri rswl0

pdo wd{ udwhv lv lqwlpdwho| uhodwhg wr krxvhkrog surgxfwlrq whfkqrorj|1 E| frqwudvw/

furvv hodvwlflwlhv lq frqvxpswlrq/ vr hvvhqwldo lq wkh frqyhqwlrqdo dssurdfk/ sod| d

olplwhg uroh iru wkh rswlpxp wd{ v|vwhp1 Ixuwkhupruh/ wd{dwlrq grhv qrw qhfhv0

vdulo| ohdg wr d vhfrqg ehvw doorfdwlrq1 Lq wkh vshfldo fdvh ri Ohrqwlh� whfkqrorj|

lq krxvhkrog surgxfwlrq/ wkh �uvw ehvw doorfdwlrq lv pdlqwdlqhg e| wd{lqj jrrgv

h{foxvlyho| dffruglqj wr idfwru vkduhv1

Wkh dqdo|vlv wkurzv qhz oljkw rq wkh fodvvlf frqwuryhuv| ri xqliruplw| yhuvxv

vhohfwlylw| lq lqgluhfw wd{dwlrq1 Wzr iuhtxhqwo| vwdwhg dujxphqwv lq idyru ri xqlirup

wd{dwlrq duh uh0h{dplqhg1 Wkh �uvw dujxphqw srlqwv wr wkhruhwlfdo uhvxowv vkrzlqj

wkdw/ xqghu fhuwdlq frqglwlrqv/ xqlirup frpprglw| wd{dwlrq lv wkh vrfldo rswlpxp

+vhh h1j1 Vdgnd/ 4<::,1 Hpsor|lqj d Ehfnhu dssurdfk/ wkh suhvhqw sdshu vkrzv

wkdw wkh frqglwlrqv iru xqliruplw| wr eh wkh rswlpxp ehfrphv pxfk pruh vshfldo

wkdq suhylrxvo| wkrxjkw1 Wkh vhfrqg dujxphqw lq idyru xqliruplw| frqfhuqv rxu

ljqrudqfh ri wkh lqirupdwlrq rq zklfk d gl�huhqwldwlrq ri wd{ udwhv vkrxog eh edvhg

+vhh h1j1 Ghdwrq/ 4<;4/ 4<;:,1 Wkh dqdo|vlv ehorz lqglfdwhv wkdw wkh phulw ri

wklv dujxphqw lv dovr zhdnhqhg rqfh zh dffrxqw iru wkh suhvhqfh ri krxvhkrog

surgxfwlrq1 E| lpsrvlqj dgglwlrqdo uhvwulfwlrqv rq wkh prgho krxvhkrog ehkdylru/

wklv dssurdfk pdnhv lw srvvleoh wr hvwdeolvk d ehwwhu lqwxlwlrq iru wkh vwuxfwxuh ri

rswlpdo wd{dwlrq1

Jhqhudoo|/ jrrgv vkrxog eh wd{hg dffruglqj wr idfwru vkduhv dqg hodvwlflwlhv

ri vxevwlwxwlrq lq krxvhkrog dfwlylwlhv1 Wkh pruh wlph lqwhqvlyh wkh dfwlylw|/ wkh

kljkhu wkh wd{ udwh rq pdunhw0surgxfhg lqsxwv lqwr wkdw dfwlylw|1 Dqg wkh kljkhu

wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq jrrgv dqg wlph lq d jlyhq dfwlylw|/ wkh orzhu

wkh wd{ udwh1 Wkh sdshu wdnhv d forvhu orrn rq wkh lpsolfdwlrqv ri wkhvh wkhruhwlfdo

uhvxowv iru wkh ghvljq ri uhdo0zruog wd{ v|vwhpv1 Iru h{dpsoh/ L �qg wkdw wkh rswlpdo

wd{ v|vwhp lqyroyhv d suhihuhqwldo wd{ wuhdwphqw ri frqvxphu vhuylfhv dqg shukdsv

hyhq h{foxvlrq iurp wkh wd{ edvh1 Wklv srolf| uhfrpphqgdwlrq lv vlplodu lq vslulw

wr wkh qxphulfdo uhvxowv ri Sljjrww dqg Zkdooh| +4<<;, zkr vwxg| d YDW edvh

eurdghqlqj wr lqfoxgh vhuylfhv1 Wkh| �qg wkdw vxfk d wd{ uhirup pd| lqyroyh d

zhoiduh orvv dv surgxfwlrq dfwlylwlhv vkliw iurp wkh pdunhw wr wkh krxvhkrog1

Wkh sdshu lv rujdql}hg lq wkh iroorzlqj zd|1 Vhfwlrq 5 vhwv xs wkh prgho ri
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krxvhkrog surgxfwlrq1 Vhfwlrq 6 vroyhv wkh sureohp ri rswlpxp frpprglw| wd{d0

wlrq/ zkloh vhfwlrq 7 suhvhqwv uhylvhg yhuvlrqv ri wkh fodvvlfdo sursrvlwlrqv ri qru0

pdwlyh wd{ wkhru|1 Vhfwlrq 8 wkhq surfhhgv wr glvfxvv wkh prgholqj ri krxvhkrog

surgxfwlrq iru wkh vwxg| ri wd{dwlrq1 Vhfwlrq 9 lqyhvwljdwhv vrph dssolfdwlrqv ri

wkh wkhruhwlfdo prgho dqg/ �qdoo|/ vhfwlrq : frqfoxghv1

5 D prgho ri krxvhkrog surgxfwlrq

D uhsuhvhqwdwlyh krxvhkrog ghulyhv xwlolw| iurp wkh frqvxpswlrq ri frpprglwlhv

~�c ~2c ���c ~?/ l1h1

L ' L E~�c ~2c � � � c ~?� +4,

Iroorzlqj Ehfnhu +4<98,/ wkhvh frpprglwlhv duh qrw erxjkw gluhfwo| lq wkh pdunhw

exw duh udwkhu surgxfhg lq wkh krxvhkrog e| frpelqlqj pdunhw0surgxfhg jrrgv dqg

krxvhkrog wlph1 Wkxv/ ~� lv jlyhq e|

~� ' s� Ef�c u�� � ' �c 2c � � � c ? +5,

zkhuh f� ghqrwhv wkh lqsxw ri d pdunhw0surgxfhg jrrg dqg u� ghqrwhv wkh lqsxw

ri krxvhkrog wlph lq wkh surgxfwlrq ri frpprglw| �1 L dvvxph wkdw s kdv frqvwdqw

uhwxuqv wr vfdoh1 Wkh lghd ehklqg htxdwlrq +5, lv wkdw pdunhw0surgxfhg jrrgv duh

qrw wkhpvhoyhv fduulhuv ri xwlolw| exw duh udwkhu frpelqhg zlwk krxvhkrog wlph iru

wudqvsruwdwlrq/ pdqxidfwxulqj dqg frqvxpswlrq sxusrvhv lq rughu wr surgxfh vrph

pruh edvlf xwlolw|0|lhoglqj frpprglwlhv1 Iru h{dpsoh/ wkh whohylvlrq vhw lv frpelqhg

zlwk wlph wr zdwfk lw lq rughu wr surgxfh wkh frpprglw| �zdwfklqj WY�/ dqg irrg

lv frpelqhg zlwk wlph iru wudqvsruwdwlrq/ frrnlqj dqg hdwlqj vr dv wr surgxfh

�glqqhu�1

Wklv frqfhsw ri krxvhkrog surgxfwlrq lv pxfk eurdghu wkdq wkh xqghuvwdqglqj

ri wkh whup lq suhylrxv sdshuv rq wd{dwlrq zlwk krxvhkrog surgxfwlrq e| Vdqgpr

+4<<3,/ Sljjrww dqg Zkdooh| +4<<;,/ dqg Nohyhq hw dold +5333,1 Lqvsluhg e| Jurqdx

+4<::,/ wkh prgholqj ri krxvhkrog surgxfwlrq lq wkhvh sdshuv glylghv wlph lqwr

wkuhh frpsrqhqwv> zrun lq wkh pdunhw/ zrun lq wkh krph/ dqg ohlvxuh1 D qdwxudo

glvwlqfwlrq ehwzhhq zrun dw krph dqg ohlvxuh/ vxjjhvwhg e| Jurqdx/ lv wkdw wkh

iruphu lv vrphwklqj |rx zrxog udwkhu kdyh vrpherg| hovh gr/ zkhuhdv wkh odwwhu lv
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doprvw lpsrvvleoh wr hqmr| wkurxjk d vxuurjdwh1 Iurp wklv shuvshfwlyh suhsdulqj

glqqhu zrxog shukdsv eh fdwhjrul}hg dv zrun dw krph/ zkhuhdv zdwfklqj WY zrxog

eh fdwhjrul}hg dv ohlvxuh15

Lq rqh uhvshfw wkh vshfl�fdwlrq lq +5, lv ohvv jhqhudo wkdq Ehfnhu*v +4<98, wkh0

ru| ri wkh doorfdwlrq ri wlph1 Lq wkh Ehfnhu sdshu f� lv d yhfwru= pdq| gl�huhqw

nlqgv ri pdunhw0surgxfhg jrrgv fdq jr lqwr wkh surgxfwlrq ri hdfk krph0surgxfhg

frpprglw|/ dqg wkh vdph pdunhw0surgxfhg jrrg fdq hqwhu vhyhudo gl�huhqw krxvh0

krog dfwlylwlhv1 Lq wklv sdshu f� lv d vfdodu/ lpso|lqj wkdw hdfk w|sh ri krxvhkrog

surgxfwlrq xvhv rqo| rqh pdunhw surgxfhg jrrg/ dqg wkdw hdfk pdunhw surgxfhg

ydulhw| hqwhuv rqo| rqh krxvhkrog surgxfwlrq dfwlylw|1 Wklv dvvxpswlrq lv shukdsv

qrw dsshdolqj iurp d ghvfulswlyh srlqw ri ylhz/ exw lw grhv pdnh iru d pxfk vlpsohu

dqdo|vlv/ zkloh dw wkh vdph wlph nhhslqj wkh vslulw ri wkh uhvxowv lq d pruh jhqhudo

prgho1

Wkh rswlpl}dwlrq sureohp ri krxvhkrogv lv prvw frqyhqlhqwo| vroyhg e| vhsd0

udwlqj surgxfwlrq ghflvlrqv iurp frqvxpswlrq ghflvlrqv1 Iluvw/ zh vroyh iru wkh

rswlpdo lqsxw pl{ lq wkh surgxfwlrq ri hdfk frpprglw|/ dqg wkhq zh ghwhuplqh

rswlpdo frqvxpswlrq ri wkh ? gl�huhqw krph surgxfhg frpprglwlhv1 Lq wkh �uvw

vwdjh zh plqlpl}h xqlw frvwv lq krxvhkrog surgxfwlrq1 Vhwwlqj wkh zdjh udwh htxdo

wr rqh iru erwk surgxfhuv dqg frqvxphuv +vr wkdw wlph lv wkh xqwd{hg jrrg,/ wklv

plqlpl}dwlrq sureohp fdq eh zulwwhq lq wkh iroorzlqj zd|

4�? �� � @%� n @,� vw1 s� E@%�c @,�� ' � +6,

zkhuh @%� dqg @,� lv wkh xvh ri pdunhw surgxfhg jrrgv dqg krxvhkrog wlph/ uhvshf0

wlyho|/ shu xqlw ri rxwsxw lq wkh surgxfwlrq ri frpprglw| �1 Wkh diwhu0wd{ sulfh ri

pdunhw0surgxfhg jrrgv/ ��/ lv gh�qhg dv wkh vxp ri wkh surgxfhu sulfh/ R�/ dqg d

vshfl�f wd{/ |�1 Wkh vroxwlrq wr wkh deryh plqlpl}dwlrq sureohp lv jlyhq e| idfwru

lqwhqvlwlhv @%� ' @%� E��� dqg @,� ' @,� E���/ zlwk @%� ehlqj d qrq0lqfuhdvlqj ixqf0

wlrq ri �� dqg @,� ehlqj d qrq0ghfuhdvlqj ixqfwlrq ri ��1 Wkh xqlw frvw ixqfwlrq lv

jlyhq e| '� E��� ' �� � @%� E��� n @,� E��� dqg/ e| Vkhskdug*v Ohppd/ wkh �uvw0rughu

ghulydwlyh ri wkh xqlw frvw ixqfwlrq htxdov

Y'�

Y��

'
Y'�

Y|�
' @%� � ' �c 2c � � � c ? +7,

5Wkh olwhudwxuh rq krxvhkrog surgxfwlrq lv vxuyh|hg lq Jurqdx +4<;9,1
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Wkxv/ d wd{ rq jrrg � udlvhv frvwv lq wkh krxvhkrog dfwlylw| xvlqj wkdw jrrg/ dqg

wkh lqfuhdvh lq frvwv lv h{dfwo| htxdo wr wkh jrrgv lqwhqvlw|1

Ohw xv wxuq wr wkh vhfrqg vwdjh ri wkh rswlpl}dwlrq sureohp1 Frqvxpswlrq

ghflvlrqv pxvw eh pdgh lq dffrugdqfh zlwk wkh exgjhw frqvwudlqw

?[
�'�

�� �f� ' u6 +8,

zkhuh u6 lv wlph ghyrwhg wr zrun lq wkh pdunhw ru/ vlqfh wkh zdjh udwh htxdov rqh/

wrwdo pdunhw lqfrph1 Lq dgglwlrq/ ghflvlrqv duh vxemhfw wr d wlph frqvwudlqw

?[
�'�

u� n u6 ' � +9,

zkhuh wkh wrwdo wlph dydlodeoh lv qrupdolvhg wr rqh1 Frpelqlqj wkh exgjhw frq0

vwudlqw +8,/ wkh wlph frqvwudlqw +9, dv zhoo dv wkh vroxwlrq wr wkh frvw plqlpl}dwlrq

sureohp/ zh jhw d vlqjoh ryhudoo frqvwudlqw

?[
�'�

'� E��� � ~� ' � +:,

vwdwlqj wkdw wkh wrwdo frvw ri frqvxpswlrq/ lqfoxglqj erwk wkh frvw ri pdunhw jrrgv

dv zhoo dv wkh rssruwxqlw| frvw ri wlph/ fdqqrw h{fhhg ixoo lqfrph/ l1h1 wkh lqfrph

wkdw zrxog dffuxh wr wkh krxvhkrog li lw ghyrwhg doo ri lwv wlph wr pdunhw zrun1

Wkh udwlrqdo krxvhkrogv pd{lpl}h +4, vxemhfw wr +:,1 Wkh �uvw rughu frqglwlrqv

iru dq rswlpxp duh jlyhq e|

YL

Y~�

� b �'� E��� ' f � ' �c 2c � � � c ? +;,

zkhuh b lv wkh Odjudqjh pxowlsolhu ru/ htxlydohqwo|/ wkh pdujlqdo xwlolw| ri lqfrph1

Wkh vroxwlrq wr wkh v|vwhp ri htxdwlrqv jlyhq lq +:, dqg +;, |lhogv d yhfwru ri xqfrp0

shqvdwhg ghpdqgv 	~ E' E� � c +�/ zkhuh + ghqrwhv +k|srwkhwlfdo, qrq0oderu lqfrph1

Wkh lqgluhfw xwlolw| ixqfwlrq lv jlyhq e| T E' E� � c +� ' L
�
	~ E' E� � c +�

�
1 Wkh

vhfrqg vwdjh sureohp ri pd{lpl}lqj +4, vxemhfw wr +:, lv frpsohwho| frqyhqwlrqdo

dqg/ wkhuhiruh/ doo wkh vwdqgdug uhvxowv iurp frqvxphu wkhru| dsso|1 Lq sduwlfxodu/

zh zloo pdnh xvh ri Ur|*v Lghqwlw|/ l1h1

YT

Y'�

' �b 	~� � ' �c 2c � � � c ? +<,
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dqg wkh Voxwvn| htxdwlrqv

Y 	~�

Y'�

'
Y �~�

Y'�

� 	~� �
Y 	~�

Y+
�c � ' �c 2c � � � c ? +43,

zkhuh �~� ghqrwhv wkh frpshqvdwhg ghpdqg iru frpprglw| �1

Krz gr wd{hv glvwruw krxvhkrog ehkdylru lq wklv prghoB Lw lv looxplqdwlqj wr

frqvlghu wkh h�hfwv ri d xqlirup frpprglw| wd{ ru/ htxlydohqwo|/ d sursruwlrqdo

lqfrph wd{1 Vxfk d wd{ ohdgv wr wzr nlqgv ri glvwruwlrqv1 Iluvw/ wkhuh zloo eh d vxe0

vwlwxwlrq iurp jrrgv wr wlph lq wkh surgxfwlrq ri hdfk frpprglw|1 Wkh pdjqlwxgh

ri wklv h�hfw lv ghwhuplqhg e| hodvwlflwlhv ri vxevwlwxwlrq ehwzhhq jrrgv dqg wlph

lq krxvhkrog surgxfwlrq1 Vhfrqg/ d xqlirup frpprglw| wd{ lqfuhdvhv xqlw frvwv

lq doo krxvhkrog surgxfwlrq dfwlylwlhv exw/ e| Vkhskdugv Ohppd/ frvwv jr xs e|

pruh lq jrrgv lqwhqvlyh w|shv ri surgxfwlrq1 Dv d uhvxow krxvhkrogv vxevwlwxwh wkh

frqvxpswlrq ri wlph lqwhqvlyh frpprglwlhv iru wkh frqvxpswlrq ri jrrgv lqwhqvlyh

frpprglwlhv1 Wkh vl}h ri wklv vhfrqg h�hfw lv ghwhuplqhg/ lq sduw/ e| uhodwlyh idfwru

lqwhqvlwlhv1 Lq frqfoxvlrq/ frpprglw| wd{hv lqgxfh d vxevwlwxwlrq iurp pdunhw wlph

wr krph wlph wkurxjk wzr fkdqqhov/ dqg wkh wrwdo pdjqlwxgh ri wklv glvwruwlrqdu|

h�hfw lv ghwhuplqhg e| hodvwlflwlhv ri vxevwlwxwlrq dqg idfwru lqwhqvlwlhv lq krxvhkrog

surgxfwlrq1 E| h{whqvlrq/ wkhvh sdudphwhuv zloo dovr eh fuxfldo iru wkh surshuwlhv

ri wkh rswlpdo wd{ v|vwhp1

6 Wkh sureohp ri rswlpxp frpprglw| wd{dwlrq

Wklv vhfwlrq vroyhv wkh sureohp ri rswlpxp frpprglw| wd{dwlrq/ dvvxplqj dq h{0

rjhqrxv jryhuqphqw uhyhqxh uhtxluhphqw/ A 1 Zh lpsrvh wkh frqvwudlqw wkdw wkh

uhtxluhg uhyhqxh fdqqrw eh froohfwhg e| qrq0glvwruwlrqdu| oxps vxp wd{hv1 Wkh

ehqhyrohqw jryhuqphqw vhwv frpprglw| wd{hv vr dv wr pd{lpl}h wkh zhoiduh ri wkh

uhsuhvhqwdwlyh frqvxphu/ vxemhfw wr wkh jryhuqphqw uhyhqxh frqvwudlqw1 Iroorzlqj

frqyhqwlrq/ zh dvvxph wkdw wkh pdunhw vhfwru lv fkdudfwhul}hg e| d olqhdu whfkqro0

rj|/ lpso|lqj wkdw surgxfhu sulfhv duh �{hg1 Lq wklv fdvh wkh rswlpl}dwlrq sureohp

fdq eh zulwwhq dv rqh ri pd{lpl}lqj zhoiduh zlwk uhvshfw wr frqvxphu sulfhv/ l1h1

4@ 
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Wkh �uvw rughu frqglwlrq iru �� lv jlyhq e|

YT
Y'�

�
Y'�

Y��
n > �

S?

�'� E�� � R�� � @%� �
Y 	~�
Y'�

�
Y'�

Y��

n> �
�
@%� n E�� � R�� �

Y@%�

Y��

�
� 	~� ' f

+46,

zkhuh > lv wkh Odjudqjldq pxowlsolhu dvvrfldwhg zlwk wkh jryhuqphqw exgjhw frq0

vwudlqw1 E| dsso|lqj Vkhskdug*v Ohppd/ Ur|*v Lghqwlw| dqg wkh Voxwvn| htxdwlrqv/

zh fdq uhduudqjh whupv vr dv wr rewdlq
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Wkh sdudphwhu w lv lqghshqghqw ri � dqg fdq eh vkrzq wr eh qhjdwlyh zkhqhyhu

wkh uhyhqxh uhtxluhphqw/ A / lv srvlwlyh1 Htxdwlrq +47, lv d Udpvh|0w|sh uxoh1 Lq

rughu wr vhh wklv qrwh � djdlq e| dsso|lqj Vkhskdugv Ohppd � wkdw @%� � |� lv vlpso|

htxdo wr wkh lqfuhdvh lq xqlw frvwv lq wkh surgxfwlrq ri frpprglw| � uhvxowlqj iurp

wkh lpsrvlwlrq ri wd{hv1 Lw lv wkhq fohdu wkdw wkh �uvw whup rq wkh ohiw kdqg vlgh

ri htxdwlrq +47, fruuhvsrqgv wr d olqhdu dssur{lpdwlrq ri wkh uhodwlyh uhgxfwlrq

lq wkh frpshqvdwhg ghpdqg iru frpprglw| �/ wkdw lv { �~�* �~�1 Dqdorjrxvo|/ wkh

vhfrqg whup rq wkh ohiw kdqg vlgh fruuhvsrqgv wr d olqhdu dssur{lpdwlrq ri wkh

uhodwlyh uhgxfwlrq lq wkh ghpdqg iru pdunhw surgxfhg jrrgv shu xqlw ri rxwsxw lq

wkh surgxfwlrq ri frpprglw| �/ wkdw lv {@%�*@%�1 Khqfh/ htxdwlrq +47, vwdwhv wkdw

wkh vxp ri vxevwlwxwlrq h�hfwv lq frqvxpswlrq/ { �~�* �~�/ dqg surgxfwlrq/ {@%�*@%�/

pxvw eh wkh vdph iru doo jrrgv1 Lq wkh vlpsoh vshfldo fdvh ri Ohrqwlh� whfkqrorj|

wkh odwwhu whup glvdsshduv/ dqg rswlpdolw| wkhq uhtxluhv wkdw frqvxpswlrq ri doo

krxvhkrog surgxfhg frpprglwlhv lv uhgxfhg e| wkh vdph sursruwlrq1

Wkh Udpvh| uxoh lq htxdwlrq +47, frqvwlwxwhv wkh prvw jhqhudo uhsuhvhqwdwlrq

ri wkh qhfhvvdu| frqglwlrqv iru rswlpxp wd{dwlrq/ dqg lw vhuyhv dv d xvhixo uhplqghu

wkdw wkh rswlpdolw| ri wd{ v|vwhpv lv xowlpdwho| uhodwhg wr txdqwlwlhv/ qrw sulfhv1

:



Krzhyhu/ wkh Udpvh| uxoh grhv qrw surylgh dq| jxlgdqfh rq wkh vwuxfwxuh ri wd{

udwhv1 Qru lv lw fohdu iurp htxdwlrq +47, zkdw duh wkh frqvhtxhqfhv ri krxvhkrog

surgxfwlrq iru wd{ srolf|1 Wr jdlq d ehwwhu xqghuvwdqglqj ri wkhvh lvvxhv/ L zloo

qrz surfhhg wr vshfldol}h dvvxpswlrqv ixuwkhu/ lq rughu wr ghulyh vrph fohdu0fxw

sursrvlwlrqv rq wd{ udwhv1 Lq sduwlfxodu/ L zloo suhvhqw uhylvhg yhuvlrqv ri wkh lqyhuvh

hodvwlflw| uxoh/ wkh Fruohww0Kdjxh uxoh/ dqg wkh xqlirup frpprglw| wd{ wkhruhp1 Lw

lv lqwhuhvwlqj wr uhylhz wkhvh uhvxowv ehfdxvh wkh| kdyh uhfhlyhg d orw ri dwwhqwlrq

lq wkh olwhudwxuh/ dqg ehfdxvh/ dv lw wxuqv rxw/ wkh| kljkoljkw wkh lpsolfdwlrqv ri

lqwurgxflqj krxvhkrog surgxfwlrq lq wkh dqdo|vlv1

7 D uhylhz ri vrph idprxv sursrvlwlrqv

714 D uhylvhg lqyhuvh hodvwlflw| uxoh

Lq frqyhqwlrqdo prghov ri rswlpxp wd{dwlrq/ krxvhkrog xwlolw| lv d ixqfwlrq ri ?

pdunhw surgxfhg jrrgv +zklfk duh wd{hg, dqg sxuh ohlvxuh +zklfk lv qrw wd{hg,1 Dv

lv zhoo nqrzq wklv w|sh ri iudphzrun pdnhv iru dq h{wuhpho| vlpsoh wd{ uxoh lq wkh

vshfldo fdvh ri qr furvv sulfh h�hfwv ehwzhhq wd{hg jrrgv1 Lq wklv fdvh wkh rswlpdo

wd{ udwh rq d fhuwdlq jrrg lv lqyhuvho| sursruwlrqdo wr wkh rzq sulfh hodvwlflw| ri

wkh frpshqvdwhg ghpdqg iru wkdw jrrg1 Wklv uhvxow lv rqh ri wkh roghvw lq wkh

qrupdwlyh wd{ olwhudwxuh dqg lw lv glvfxvvhg h{whqvlyho| lq Edxpro dqg Eudgirug

+4<:3, dv zhoo dv lq Vdqgpr +4<:9,1

Lq rughu wr ghulyh d uhvxow dqdorjrxv wr wkh lqyhuvh hodvwlflw| uxoh/ L qhhg wr

holplqdwh doo furvv sulfh h�hfwv ehwzhhq wd{hg jrrgv f�cf2c � � � c f?1 Lq wkh suhvhqw

iudphzrun wd{hg jrrgv duh qrw uhodwhg lq surgxfwlrq/ exw wkh| duh uhodwhg lqgluhfwo|

wkurxjk wkh frqvxpswlrq ri krph surgxfhg frpprglwlhv ~�c ~2c � � � c ~?1 Fohduo|/

rqh srvvlelolw| lv wr dvvxph wkdw wkhuh duh qr furvv sulfh h�hfwv ehwzhhq ~ jrrgv1

Krzhyhu/ L zloo iroorz d voljkwo| gl�huhqw urxwh1 Lq sduwlfxodu/ L dvvxph wkdw wkhuh

h{lvwv d frpprglw|/ vd| ~�/ zklfk lv sxuh ohlvxuh vr wkdw wkh jrrgv lqwhqvlw| htxdov

}hur1 Wkhq L dvvxph wkdw wkhuh duh qr furvv sulfh h�hfwv ehwzhhq doo wkh rwkhu krph

surgxfhg frpprglwlhv/ wkdw lv Y �~�*Y'� ' f iru � 9' � dqg �c � ' 2c �c � � � c ?1

Ehiruh ghulylqj wkh rswlpdo wd{ udwhv lq wklv vlpsoh vshfldo fdvh/ ohw ph gh�qh

d frxsoh ri nh| sdudphwhuv1 Iluvw/ wkhuh duh wkh hodvwlflwlhv lq frqvxpswlrq dqg

;
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zkhuh #�� ghqrwhv wkh hodvwlflw| ri wkh frpshqvdwhg ghpdqg iru frpprglw| � zlwk

uhvshfw wr wkh sulfh ri frpprglw| �/ dqg j� ghqrwhv wkh hodvwlflw| ri vxevwlwxwlrq

ehwzhhq wlph dqg jrrgv lq wkh surgxfwlrq ri frpprglw| �1 Ixuwkhupruh/ frvw

vkduhv lq krph surgxfwlrq duh jlyhq e|
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Xvlqj wkh vlpsoli|lqj dvvxpswlrqv phqwlrqhg deryh dv zhoo dv wkh gh�qlwlrqv lq

+48, dqg +49,/ zh fdq uhzulwh wkh Udpvh| uxoh +47, vr dv wr jlyh
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#�� � E�� k,��� j� � k,�

� ' 2c �c � � � c ? +4:,

Dv #�� lv qhjdwlyh dqg j� lv gh�qhg qxphulfdoo|/ wkh ghqrplqdwru lv dozd|v qhjdwlyh1

Li wkh jryhuqphqw froohfwv d srvlwlyh wd{ uhyhqxh/ vr wkdw w lv qhjdwlyh/ wkh rswlpdo

wd{ udwh rq dq| jrrg � ehfrphv srvlwlyh1 Htxdwlrq +4:, vkrzv wkdw lq wkh devhqfh

ri krxvhkrog surgxfwlrq/ vr wkdw k,� ' f/ wkh prgho uhsurgxfhv wkh fodvvlfdo uhvxow

wkdw wd{ udwhv duh sursruwlrqdo wr wkh lqyhuvh ri wkh rzq sulfh hodvwlflw| ri ghpdqg/

#��1 Wkh suhvhqfh ri krxvhkrog surgxfwlrq lqwurgxfhv wzr qhz h�hfwv> rqh h�hfw lv

uhodwhg wr frvw vkduhv/ zkloh wkh rwkhu h�hfw lv gxh wr vxevwlwxwlrq ehwzhhq idfwruv1

Lq wkh vshfldo fdvh ri Ohrqwlh� whfkqrorj|/ wkdw lv j� ' f/ lw ehfrphv rswlpdo

wr lpsrvh kljk wd{ udwhv rq jrrgv hqwhulqj wlph lqwhqvlyh krxvhkrog dfwlylwlhv1

Li whfkqrorj| lv qrw Ohrqwlh�/ wkh rswlpdo wd{ v|vwhp pxvw dovr dffrxqw iru wkh

vxevwlwxwdelolw| ehwzhhq idfwruv lq gl�huhqw w|shv ri krxvhkrog surgxfwlrq= wkh

orzhu wkh hodvwlflw| ri vxevwlwxwlrq/ wkh kljkhu wkh wd{ udwh1

Wkh uhylvhg lqyhuvh hodvwlflw| uxoh lq htxdwlrq +4:, vhuyhv wkh sxusrvh ri srlqw0

lqj rxw vrph nh| sdudphwhuv lq wkh ghwhuplqdwlrq ri rswlpdo wd{ udwhv/ dqg lw

dovr wkurzv vrph oljkw rq wkh lpsolfdwlrqv ri krxvhkrog surgxfwlrq iru wd{ srolf|1

Krzhyhu/ wkh ghulydwlrq uhvwv rq d frxsoh ri xqdsshdolqj dvvxpswlrqv> wkhuh lv qr

uhdvrq wr eholhyh wkdw furvv sulfh h�hfwv ehwzhhq wd{hg jrrgv duh qrq0h{lvwhqw dqg/

lq dgglwlrq/ dvvxplqj wkdw sxuh ohlvxuh hqwhuv gluhfwo| lqwr wkh xwlolw| ixqfwlrq lv

dw rggv zlwk wkh vslulw ri wkh Ehfnhu prgho1 Lq wkh iroorzlqj vhfwlrq L gurs wkhvh

dvvxpswlrqv dqg/ lqvwhdg/ vlpsoli| wkh dqdo|vlv e| uhgxflqj wkh qxpehu ri jrrgv1

<



715 D uhylvhg Fruohww0Kdjxh uxoh

Wkh vwuxfwxuh ri rswlpxp frpprglw| wd{dwlrq lq d wkuhh0jrrg hfrqrp| zdv dq0

do|}hg lq wkh slrqhhulqj duwlfoh e| Fruohww dqg Kdjxh +4<86,1 Lq d prgho ri wzr

pdunhw surgxfhg jrrgv +zklfk duh wd{hg, dqg sxuh ohlvxuh +zklfk lv qrw, wkhvh

dxwkruv irxqg wkdw lw lv vrfldoo| rswlpdo wr wd{ jrrgv dffruglqj wr wkhlu ghjuhh ri

frpsohphqwdulw| zlwk ohlvxuh1 Lq sduwlfxodu/ wkh jrrg zklfk lv d ehwwhu frpsohphqw

wr ohlvxuh vkrxog fduu| d kljkhu udwh ri wd{1 Lq wklv vhfwlrq zh vkdoo vhh krz wklv

uhvxow kdv wr eh uhylvhg lq wkh suhvhqw frqwh{w zkhuh qr vxfk wklqj dv sxuh ohlvxuh

h{lvwv1

Wkh dqdorjxh wr wkh wkuhh0jrrg h{dpsoh ri Fruohww dqg Kdjxh +rs1flw1, lv d

prgho zlwk rqo| wzr xwlolw|0|lhoglqj frpprglwlhv +exw/ ri frxuvh/ wkhuh duh wkuhh

jrrgv= f�/ f2/ dqg krxvhkrog wlph,1 Lq wklv fdvh wkh rswlpxp wd{ uxoh +47, fdq

eh zulwwhq lq wkh iroorzlqj zd|

Ek%� � #�� � k,� � j�� �
|�
��

n k%2 � #�2 �
|2
�2

' w +4;,

k%� � #2� �
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n Ek%2 � #22 � k,2 � j2� �
|2
�2

' w +4<,

Wklv lv d v|vwhp ri wzr htxdwlrqv lq wzr xqnqrzqv/ |�*�� dqg |2*�2/ dqg zh fdq

hdvlo| vroyh lw/ iru h{dpsoh/ e| xvlqj Fudphu*v uxoh1 Zh wkhq glylgh wkh vroxwlrq

iru |�*�� e| wkh vroxwlrq iru |2*�2 vr dv wr jhw dq h{suhvvlrq ri rswlpdo uhodwlyh wd{

udwhv
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+53,

Zh fdq vlpsoli| wklv h{suhvvlrq ixuwkhu e| h{sorlwlqj wkh idfw wkdw frpshqvdwhg

ghpdqgv iru krph surgxfhg frpprglwlhv/ �~� dqg �~2/ duh krprjhqhrxv ri ghjuhh

}hur lq sulfhv1 Wklv lpsolhv/ e| Hxohuv Wkhruhp/ wkdw

#�� n #�2 ' f dqg #2� n #22 ' f +54,

E| lqvhuwlqj htxdwlrq +54, lq htxdwlrq +53, zh duulyh dw d uhylvhg yhuvlrq ri wkh

Fruohww0Kdjxh uxoh1 Iru shgdjrjlf sxusrvhv/ ohw ph �uvw orrn dw wkh vlpsoh vshfldo

fdvh ri Ohrqwlh� whfkqrorj|/ wkdw lv j� ' j2 ' f/ dqg wkhq surfhhg wr orrn dw

wkh fdvh ri vxevwlwxwlrq ehwzhhq idfwruv vxevhtxhqwo|1 Zlwk Ohrqwlh� whfkqrorj|
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rswlpxp wd{dwlrq wdnhv wkh sduwlfxoduo| vlpsoh irup
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+55,

Lqvwhdg ri wd{lqj jrrgv dffruglqj wr wkhlu ghjuhh ri frpsohphqwdulw| zlwk ohlvxuh/

dv vxjjhvwhg e| wkh Fruohww0Kdjxh dssurdfk/ zh vkrxog wd{ jrrgv dffruglqj wr

idfwru vkduhv lq krxvhkrog surgxfwlrq1 Lq sduwlfxodu/ lw lv rswlpdo wr ohy| uhodwlyho|

kljk wd{ udwhv rq jrrgv hqwhulqj wlph lqwhqvlyh krxvhkrog dfwlylwlhv1

Ri frxuvh/ wkh h{wuhph vlpsolflw| ri wklv wd{ uxoh ghshqgv rq wkh dvvxpswlrq ri

qr vxevwlwxwlrq ehwzhhq idfwruv lq krxvhkrog surgxfwlrq1 Qrwh/ krzhyhu/ wkdw wkh

glvwruwlrqdu| h�hfwv ri wd{dwlrq lq wklv vlpsoh vshfldo fdvh duh gluhfwo| frpsdudeoh

wr wkh zd| wd{hv glvwruw ehkdylru lq wkh wudglwlrqdo oderu0ohlvxuh iudphzrun1 Wr

vhh wklv/ frqvlghu wkh h�hfwv ri d xqlirup frpprglw| wd{ v|vwhp1 Lq wkh prgho

ri krxvhkrog surgxfwlrq +zlwk Ohrqwlh� whfkqrorj|, vxfk d wd{ v|vwhp glvwruwv

oderu vxsso| e| ohdglqj wr d vxevwlwxwlrq dzd| iurp jrrgv0lqwhqvlyh frqvxpswlrq

wrzdugv wlph0lqwhqvlyh frqvxpswlrq1 Lq wkh frqyhqwlrqdo prghov/ d xqlirup wd{

v|vwhp lqgxfhv krxvhkrogv wr vxevwlwxwh sxuh ohlvxuh +wlph lqwhqvlyh frqvxpswlrq,

iru jrrgv +jrrgv lqwhqvlyh frqvxpswlrq,1 Fohduo|/ wkh wzr h�hfwv duh vlplodu lq

vslulw1

Wkh srlqw lv wkdw wkh vlpsoh vwdwhphqw derxw rswlpxp wd{dwlrq lq htxdwlrq +55,

grhv qrw dulvh ehfdxvh wkh dvvxpswlrq ri Ohrqwlh� whfkqrorj| nloov r� wd{ h�hfwv wkdw

duh suhvhqw lq wkh oderu0ohlvxuh iudphzrun ri Fruohww dqg Kdjxh1 Lqvwhdg/ wkh uhvxow

lv dq lpsolfdwlrq ri dfnqrzohgjlqj wkdw krxvhkrogv/ lq uhdolw|/ gr qrw ghulyh xwlolw|

iurp jrrgv dqg wlph vhsdudwho|/ exw udwkhu iurp gl�huhqw frpelqdwlrqv ri jrrgv

dqg wlph1 D vlpsoh dgglwlrqdo lpsolfdwlrq ri wkh krxvhkrog surgxfwlrq dssurdfk lv

wkdw e| wd{lqj jrrgv dffruglqj wr +55, uhodwlyh xqlw frvwv lq krph surgxfwlrq duh

ohiw xqfkdqjhg1 Wkxv/ wkhuh duh qr wd{0lqgxfhg vxevwlwxwlrq h�hfwv lq frqvxpswlrq

dqg/ e| wkh Ohrqwlh� dvvxpswlrq/ wkhuh duh qr vxevwlwxwlrq h�hfwv lq surgxfwlrq

hlwkhu1 Lq rwkhu zrugv/ wkh wd{ v|vwhp suhvhuyhv wkh �uvw0ehvw doorfdwlrq1

Dqrwkhu zd| ri ghulylqj wkh �uvw ehvw uhvxow lv wr lqvhuw wkh wd{ uxoh +55, lq wkh

exgjhw frqvwudlqw ri krxvhkrogv +:,1 E| uhduudqjlqj whupv lw fdq eh vkrzq wkdw wkh

wd{ v|vwhp fruuhvsrqgv wr d sursruwlrqdo wd{ rq wkh ixoo lqfrph ri krxvhkrogv1 Dv

ixoo lqfrph lv h{rjhqrxv/ vxfk d wd{ v|vwhp lv ri frxuvh qrq0glvwruwlrqdu| dqg wkh

�uvw ehvw doorfdwlrq lv wkhuhiruh pdlqwdlqhg1
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Ilqdoo|/ ohw xv gurs wkh vlpsoli|lqj dvvxpswlrq ri Ohrqwlh� whfkqrorj| dqg wdnh

d orrn dw rswlpxp wd{dwlrq lq wkh jhqhudo fdvh1 E| lqvhuwlqj +54, lq +53,/ zh jhw

|�*��
|2*�2

'

%
#�� n #22 �

k,2
k%2

� j2

#�� n #22 �
k,�
k%�

� j�

&
�
k%2

k%�
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Wkh odvw whup lv lghqwlfdo wr wkh UKV ri htxdwlrq +55,/ zkloh wkh eudfnhwhg whup lv

qhz1 Uhfdoo wkdw frpshqvdwhg rzq sulfh hodvwlflwlhv duh qhjdwlyh dqg wkdw hodvwlflwlhv

ri vxevwlwxwlrq duh gh�qhg qxphulfdoo|/ vr wkdw erwk qxphudwru dqg ghqrplqdwru lq

wkh eudfnhwhg whup duh qhjdwlyh1 Qrz wkhuh lv d uroh iru frqvxpswlrq hodvwlflwlhv lq

wkh ghwhuplqdwlrq ri rswlpxp wd{ udwhv1 Krzhyhu/ wkh pdjqlwxgh ri wkhvh sdudph0

whuv/ vr hvvhqwldo lq wkh oderu0ohlvxuh prgho/ pdwwhu rqo| txdqwlwdwlyho|1 Zkloh idfwru

vkduhv duh vwloo lpsruwdqw/ wkh rswlpxp wd{ v|vwhp dovr ghshqgv rq hodvwlflwlhv ri

vxevwlwxwlrq ehwzhhq jrrgv dqg wlph lq krxvhkrog surgxfwlrq1 Fhwhulv Sdulexv/

frpprglw| lqsxwv lqwr wkh dfwlylw| zlwk d kljkhu hodvwlflw| ri vxevwlwxwlrq vkrxog

fduu| d uhodwlyho| orz udwh ri wd{dwlrq1 Lq wkh vshfldo fdvh ri shuihfw vxevwlwxwlrq lq/

vd|/ dfwlylw| � zh jhw

*�4
j�<"

|�*��
|2*�2

' f +57,

Lw lv vrfldoo| rswlpdo wr h{foxgh jrrg � iurp wkh wd{ edvh1 Dw �uvw jodqfh wklv

vshfldo fdvh pd| vhhp wr eh udwkhu h{wuhph dqg ri olplwhg dssolfdelolw|1 Krzhyhu/

wkh dvvxpswlrq ri shuihfw vxevwlwxwlrq lv shukdsv qrw hqwluho| r� wkh pdun iru fhuwdlq

w|shv ri vhuylfhv1 L zloo uhwxuq wr wklv lvvxh lq vhfwlrq 91

716 Uhylvhg xqlirup frpprglw| wd{ wkhruhpv

Wkh qrupdwlyh wd{ olwhudwxuh kdv ghyrwhg txlwh d orw ri dwwhqwlrq wr lghqwli|lqj

qhfhvvdu| dqg vx!flhqw frqglwlrqv iru wkh rswlpdolw| ri xqlirup frpprglw| wd{0

dwlrq1 Vrph dxwkruv kdyh dqdo|}hg wklv lvvxh lq whupv ri frpsohphqwdulw| dqg

vxevwlwxwdelolw| zlwk ohlvxuh +Vdqgpr/ 4<:7 dqg Vdgnd/ 4<::,/ zkloh rwkhu vwxglhv

irfxv rq wkh ixqfwlrqdo irup ri wkh xwlolw| ixqfwlrq +vhh h1j1 Vdqgpr/ 4<:7> Ghdwrq

dqg Pxhooedxhu/ 4<;3 dqg Ghdwrq/ 4<;4,1 Dffruglqj wr wkh �uvw dssurdfk/ xqlirup

wd{dwlrq lv rswlpdo li dqg rqo| li doo frqvxphu jrrgv kdyh wkh vdph frpshqvdwhg

hodvwlflwlhv zlwk uhvshfw wr wkh zdjh1 D vx!flhqw frqglwlrq iru wkh htxdolw| ri wkhvh

hodvwlflwlhv/ dffruglqj wr wkh vhfrqg dssurdfk/ lv zhdn vhsdudelolw| ri ohlvxuh dqg

krprwkhwlflw| ri jrrgv1
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Wkhvh frqglwlrqv iru xqliruplw| wr eh wkh rswlpdo vroxwlrq duh fohduo| vshfldo/

dqg wkhuh lv qr uhdvrq wr eholhyh wkdw wkh| duh vdwlv�hg lq sudfwlfh1 Uhfhqw sdshuv

dujxh wkdw wdnlqj lqwr dffrxqw wkh dgglwlrqdo frqvwudlqwv lpsrvhg e| wkh h{lvwhqfh

ri krxvhkrog surgxfwlrq pdnhv lw hyhq pruh xqolnho| wkdw xqlirup wd{dwlrq lv wkh

rswlpxp1 Grhv wklv frqfoxvlrq fduu| ryhu wr wkh suhvhqw pruh jhqhudo prgho ri

krxvhkrog surgxfwlrqB Fdq vhohfwlylw| lq lqgluhfw wd{dwlrq eh mxvwl�hg e| wkh suhv0

hqfh ri krph surgxfwlrq shu vhB Zh fdq vwdwh wkh iroorzlqj xqlirup frpprglw|

wd{ wkhruhpv=

Sursrvlwlrq 4 Wkh rswlpxp wd{ v|vwhp lv xqlirup/ l1h1 |�*�� ' � iru doo � '

�c 2c � � � c ?/ li dqg rqo| li

?[
�'�

k,� � #�� n j� � k,� ' �
w

�
iru doo � ' �c 2c � � � c ?1 +58,

Surri1 Vhh dsshqgl{ D �

Sursrvlwlrq 5 Wkh rswlpxp wd{ v|vwhp lv xqlirup li dqg rqo| li vxfk d wd{ v|vwhp

pd{lpl}hv oderu vxsso| wr wkh pdunhw vxemhfw wr wkh jryhuqphqw exgjhw frqvwudlqw1

Surri1 Vhh dsshqgl{ E �

Wkh oderu0ohlvxuh prgho dulvhv dv d vshfldo fdvh ri wkh suhvhqw iudphzrun li

d fhuwdlq frpprglw|/ vd| ~�/ kdv d oderu vkduh htxdo wr rqh/ zkhuhdv doo rwkhu

frpprglwlhv kdyh oderu vkduhv htxdo wr }hur1 Lq wklv vshfldo fdvh/ htxdwlrq +58,

ehfrphv #�� ' �w*� zklfk lv h{dfwo| wkh uhvxow ri Vdgnd +4<::,1 Lq wkh jhqhudo

fdvh/ wkh ohiw kdqg vlgh ri htxdwlrq +58, lqyroyhv erwk furvv sulfh hodvwlflwlhv lq

frqvxpswlrq dv zhoo dv idfwru vkduhv dqg hodvwlflwlhv ri vxevwlwxwlrq lq surgxfwlrq1

Sursrvlwlrq � lv hdvlo| xqghuvwrrg zkhq lw lv uhfrjql}hg/ e| sursrvlwlrq 2/ wkdw

xqlirup wd{dwlrq lv rswlpdo li dqg rqo| li vxfk d wd{ v|vwhp pd{lpl}hv oderu vxsso|1

Lqwxlwlyho|/ iru d xqlirup wd{ v|vwhp wr pd{lpl}h oderu vxsso|/ wkh vxevwlwxwlrq iurp

pdunhw wlph wr krph wlph uhvxowlqj iurp d pdujlqdo lqfuhdvh lq wkh wd{ udwh rq d

vshfl�f jrrg � vwduwlqj iurp xqliruplw| � pxvw eh wkh vdph iru doo jrrgv1 Wklv

lv h{dfwo| zkdw lv vwdwhg lq htxdwlrq +58,1 Wkh �uvw whup rq wkh ohiw kdqg vlgh lv

wkh lqfuhdvh lq krph wlph uhvxowlqj iurp vxevwlwxwlrq lq frqvxpswlrq/ zkhuhdv wkh

vhfrqg whup lv wkh lqfuhdvh lq krph wlph uhvxowlqj iurp vxevwlwxwlrq lq surgxfwlrq1
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D vx!flhqw frqglwlrq iru wkh rswlpdolw| ri xqlirup frpprglw| wd{dwlrq lv wkh

htxdolw| ri doo idfwru vkduhv dqg hodvwlflwlhv ri vxevwlwxwlrq/ wkdw lv k,� ' k, dqg

j� ' j iru doo �1 Iru wkhq wkh ohiw kdqg vlgh ri +58, ehfrphv lqghshqghqw ri �=

?[
�'�

k,� � #�� n j� � k,� ' k, �

?[
�'�

#�� n j � k, ' j � k,

Wkh odvw htxdolw| iroorzv iurp wkh krprjhqhlw| ri ghjuhh }hur ri frpshqvdwhg gh0

pdqgv1 E| frqwudvw/ zkhq idfwru vkduhv dqg hodvwlflwlhv ri vxevwlwxwlrq gr ydu|

dfurvv gl�huhqw krxvhkrog dfwlylwlhv/ wkh ohiw kdqg vlgh ri +58, zloo � w|slfdoo| �

ghshqg rq �/ vr wkdw xqliruplw| lv qrw wkh rswlpxp1 Zkdw gr zh qhhg/ lq whupv

ri ixqfwlrqdo irup/ wr jhw htxdolw| ri wkhvh sdudphwhuvB Fohduo|/ dq dvvxpswlrq ri

lghqwlfdo krxvhkrog surgxfwlrq ixqfwlrqv grhv qrw gr wkh wulfn vlqfh lq wklv fdvh wkh

oderu vkduh dv zhoo dv wkh hodvwlflw| ri vxevwlwxwlrq lq dq| jlyhq dfwlylw| vwloo ghshqg

rq wkh sulfh ri jrrgv xvhg lq wkdw dfwlylw|/ wkdw lv k,� ' k, E��� dqg j� ' j E���1

Vlqfh wkh frqvxphu sulfhv jhqhudoo| ydu| dfurvv jrrgv wkhq vr gr wkh k*v dqg wkh

j*v1 Lqvwhdg zh qhhg wkh pxfk vwurqjhu dvvxpswlrq ri lghqwlfdo Free0Grxjodv sur0

gxfwlrq ixqfwlrqv lq doo krxvhkrog dfwlylwlhv1 Ri frxuvh/ lw lv frpsohwho| xqolnho|

iru wklv dvvxpswlrq wr eh vdwlv�hg lq uhdolw| dqg wkh uhvxow wkxv lqglfdwhv mxvw krz

xqolnho| lw lv iru xqliruplw| wr eh wkh rswlpxp1

8 Ehfnhu yhuvxv Jurqdx

Wkh uroh ri krxvhkrog surgxfwlrq lv wr lpsrvh dgglwlrqdo vwuxfwxuh rq wkh prgho ri

krxvhkrog ehkdylru/ wkhuhe| pdnlqj lw srvvleoh wr ghulyh vwurqjhu sursrvlwlrqv rq

wkh rswlpdo ghvljq ri wd{ v|vwhpv1 Ri frxuvh/ wkh fuxfldo txhvwlrq lv zkdw nlqg ri

vwuxfwxuh vkrxog zh lpsrvh1 Zkloh wkh suhvhqw sdshu dqdo|vhv rswlpxp wd{dwlrq

lq wkh Ehfnhu +4<98, iudphzrun/ suhylrxv sdshuv hpsor| wkh pxfk pruh vshfldol}hg

vwuxfwxuh ri Jurqdx +4<::, ru/ udwkhu/ dq dgdswhg yhuvlrq ri wkdw prgho1 Lq rughu

wr idflolwdwh d frpsdulvrq zlwk wkh Jurqdx0w|sh vshfl�fdwlrq ri suhylrxv sdshuv/ lw

lv xvhixo wr uhzulwh htxdwlrqv +4, dqg +5, vr dv wr |lhog

L ' �L Ef�c f2c � � � cf?c u�c u2c � � � c u?� +59,

Lq wklv irupxodwlrq wkh frqvxphu ghulyhv xwlolw| iurp ? pdunhw surgxfhg jrrgv dv

zhoo dv ? gl�huhqw xvhv ri wlph1 Wr duulyh dw wkh vshfl�fdwlrq ri suhylrxv sdshuv/
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zh qhhg wr vlpsoli| htxdwlrq +59, lq wzr zd|v1 Iluvwo|/ suhihuhqfhv duh dvvxphg wr

eh vhsdudeoh lq wkh iroorzlqj zd|

L ' �LE� Ef�c f2c � � � cf�� c 7 Ef�n�c f�n2c � � � cf?� c

M Eu�c u2c � � � c u�� c u Eu�n�c u�n2c � � � c u?� � +5:,

Wd{hg jrrgv duh dvvxphg wr eh vhsdudeoh lqwr �pdqxidfwxuhv� +�, dqg �vhuylfhv�

+7,/ zkloh wlph lv wdnhq wr eh vhsdudeoh lqwr �krph surgxfwlrq� +M, dqg �ohlvxuh�

+u,1 Vhfrqgo|/ krph surgxfwlrq lv dvvxphg wr eh shuihfwo| vxevwlwxwdeoh iru wkh

pdunhw surgxfwlrq ri vhuylfhv vr wkdw xwlolw| fdq eh zulwwhq dv

L ' �L E�c7 nMcu� +5;,

Wklv lv hvvhqwldoo| wkh vshfl�fdwlrq ri Jurqdx +4<::,/ dqg lw lv xvhg wr vwxg| rs0

wlpxp wd{dwlrq lq vwxglhv e| Vdqgpr +4<<3,/ Sljjrww dqg Zkdooh| +4<<;,/ dqg

Nohyhq hw dold +5333,1 Lw jrhv zlwkrxw vd|lqj wkdw wkh dvvxpswlrqv ri vhsdudelo0

lw| dqg shuihfw vxevwlwxwlrq duh txlwh vshfldo1 E| uhiudlqlqj iurp vxfk uhvwulfwlyh

dvvxpswlrqv/ wkh Ehfnhu iudphzrun lv pruh jhqhudo dqg suhvxpdeo| pruh uhdolvwlf

wkdq wkh Jurqdx prgho1

Lq dgglwlrq wr odfn ri jhqhudolw|/ wklv sdshu vxjjhvwv wkdw wkh Jurqdx vshfl�fd0

wlrq grhv qrw fdswxuh +doo, wkh ihdwxuhv ri krxvhkrog surgxfwlrq wkdw duh hvvhqwldo

iru wd{ dqdo|vlv1 Iluvwo|/ wkh Ehfnhu vhwxs looxplqdwhv krz rswlpxp frpprglw|

wd{dwlrq lv uhodwhg wr idfwru vkduhv dqg hodvwlflwlhv ri vxevwlwxwlrq lq krxvhkrog

surgxfwlrq/ zkhuhdv wkh Jurqdx vshfl�fdwlrq lv vlohqw derxw wkh qdwxuh ri wklv uhod0

wlrqvkls1 Vhfrqgo|/ wkh Ehfnhu prgho grzqsod|v wkh uroh ri furvv sulfh hodvwlflwlhv lq

frqvxpswlrq/ zkloh wkh pdjqlwxgh ri wkhvh sdudphwhuv duh fuxfldo iru wkh vwuxfwxuh

ri rswlpxp wd{ udwhv lq wkh Jurqdx prgho/ dv lq wkh oderu0ohlvxuh prghov1 Ilqdoo|/

zkhq vrph frpprglwlhv duh surgxfhg h{foxvlyho| e| krxvhkrog wlph +jrrgv M dqg

u deryh,/ wd{dwlrq zloo dozd|v glvwruw frqvxpswlrq lq idyru ri wkhvh frpprglwlhv

dqg wkh htxloleulxp zloo eh vhfrqg ehvw/ qrw �uvw ehvw1 Wklv lv qrw qhfhvvdulo| wkh

fdvh zlwk wkh Ehfnhu iudphzrun> lq wkh vshfldo fdvh ri Ohrqwlh� whfkqrorj| lw lv

srvvleoh wr pdlqwdlq wkh �uvw ehvw doorfdwlrq1

Wkh vwuhqjwk ri wkh Ehfnhu dssurdfk zloo ehfrph pruh hylghqw dv zh wxuq wr

dssolfdwlrqv ri wkh wkhru| lq wkh iroorzlqj vhfwlrq1
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9 Dssolfdwlrqv

914 Wd{dwlrq ri frqvxphu vhuylfhv

Suhylrxv sdshuv rq rswlpdo wd{dwlrq zlwk krxvhkrog surgxfwlrq vwxg| wkh wd{ wuhdw0

phqw ri vr0fdoohg frqvxphu vhuylfhv> l1h1 vhuylfhv vxfk dv krxvh0 dqg fdu0uhsdlu/

fohdqlqj/ jdughq fduh/ krxvhnhhslqj/ fklog fduh/ frrnlqj dqg glvk0zdvklqj1 Doo ri

wkhvh vwxglhv dgrsw wkh Jurqdx vshfl�fdwlrq lq +5;, dv wkhlu wrro ri dqdo|vlv1

Wkh sdshuv e| Vdqgpr +4<<3, dqg Nohyhq hw dold +5333, �qg wkdw wkh lqwurgxf0

wlrq ri krxvhkrog surgxfwlrq grhv eldv wkh wd{ uxohv wrzdugv d uhodwlyho| ohqlhqw

wd{dwlrq ri vhuylfhv exw/ xqiruwxqdwho|/ lq odfn ri lqirupdwlrq rq furvv hodvwlflwlhv

zlwk ohlvxuh wkh uhvxowv duh qrw fohdu0fxw1 Hpsor|lqj d qxphulfdo dssurdfk/ Sljjrww

dqgZkdooh| +4<<;, vwxg| d edvh eurdghqlqj lq lqgluhfw wd{dwlrq wr lqfoxgh vhuylfhv>

wkdw lv wkh lpsrvlwlrq ri htxdo udwhv vwduwlqj iurp d wd{ v|vwhp zlwk d }hur0udwh

rq vhuylfhv1 Wkh| dujxh wkdw wkh edvh eurdghqlqj dffrpsdq|lqj wkh lqwurgxfwlrq

ri wkh Fdqdgldq YDW lq 4<<3 zdv zhoiduh zruvhqlqj1 Rwkhu FJH vwxglhv e| Iuhg0

hulnvhq hw dold +4<<8, dqg Vûuhqvhq +4<<:, uhdfk frqfoxvlrqv iru Ghqpdun vlplodu

lq vslulw wr wkrvh ri Sljjrww dqg Zkdooh|1 Exw/ ri frxuvh/ qxphulfdo uhvxowv dozd|v

uho| rq vshfl�f ixqfwlrqdo irupv dqg prgho fdoleudwlrq1

Wkh deryh sdshuv wdnh dv wkhlu srlqw ri ghsduwxuh wkdw wkh krph surgxfwlrq ri

frqvxphu vhuylfhv lv d shuihfw vxevwlwxwh iru wkh pdunhw surgxfwlrq ri wkhvh vhuylfhv1

Iru h{dpsoh/ klulqj d grphvwlf khos wr fohdq |rxu krxvh lv d shuihfw vxevwlwxwh iru

grlqj lw |rxuvhoi1 Dqg wdnh0rxw irrg lv d shuihfw vxevwlwxwh iru d krph0frrnhg

phdo1 Lq wkh frqwh{w ri wkh Ehfnhu iudphzrun/ wklv lpsolhv wkdw wkh hodvwlflw| ri

vxevwlwxwlrq ehwzhhq jrrgv dqg wlph lv yhu| kljk/ shukdsv hyhq lq�qlwh1 Li zh duh

zloolqj wr dffhsw wklv edvlf suhplvh/ p| dqdo|vlv ohdgv wr txlwh vwurqj frqfoxvlrqv1

Dv vkrzq lq htxdwlrq +57, lw lv wkhq rswlpdo wr h{foxgh frqvxphu vhuylfhv iurp wkh

wd{ edvh1

Jhqhudoo| vshdnlqj/ zh kdyh vhhq wkdw frqvxphu vhuylfhv vkrxog eh wd{hg oh0

qlhqwo| li +�, wkhvh vhuylfhv duh forvh vxevwlwxwhv iru krxvhkrog oderu dqg +��, wkh

wudqvirupdwlrq ri wkhvh vhuylfhv lqwr xwlolw| uhtxluhv olwwoh wlph1 Lw vhhpv txlwh xq0

frqwuryhuvldo wr dvvxph wkdw pdunhw dqg krxvhkrog oderu duh yhu| forvh vxevwlwxwhv

lq wkh surgxfwlrq ri frqvxphu vhuylfhv/ lqglfdwlqj d orz rswlpdo wd{ udwh rq wkhvh

jrrgv1 Wklv frqfoxvlrq lv uhlqirufhg rqfh zh wdnh lqwr dffrxqw wkdw wkhvh vhuylfhv
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hqwhu lqwr dfwlylwlhv zlwk orz wlph lqwhqvlwlhv1 Iru h{dpsoh/ lw uhtxluhv yhu| olwwoh

wlph wr kdyh vrpherg| hovh fohdq wkh krxvh dqg/ olnhzlvh/ slfnlqj xs d wdnh0rxw

glqqhu fdq eh grqh udwkhu txlfno|1 Lq idfw/ wkh yhu| dujxphqw iru ex|lqj vhuylfhv

lv riwhq wr vdyh wlph1

Qrwh wkdw li wkh wkh rswlpdo wd{ udwh rq vhuylfhv lv uhodwlyho| orz/ exw qrw }hur/

lw pd| vwloo eh rswlpdo wr h{foxgh wkhvh vhuylfhv iurp wkh wd{ edvh li wkhuh duh

dgplqlvwudwlyh frvwv dvvrfldwhg zlwk wkh froohfwlrq ri wd{hv dv lq \lw}kdnl +4<:<,

dqg Zlovrq +4<;<,1

915 Wd{dwlrq ri ohlvxuh jrrgv

Lq wkh olwhudwxuh rq rswlpdo frpprglw| wd{dwlrq d vshfldo lpsruwdqfh lv riwhq dw0

wdfkhg wr ohlvxuh jrrgv/ l1h1 jrrgv xvhg iru uhfuhdwlrqdo sxusrvhv vxfk dv krolgd|

wulsv/ wkhdwuh wlfnhwv ru jroi foxev1 Lw vhhpv wr eh d srsxodu eholhi dprqj sxeolf

�qdqfh hfrqrplvwv wkdw wkh rswlpdo wd{ v|vwhp lqyroyhv d uhodwlyho| kljk udwh ri

wd{ rq ohlvxuh jrrgv> vhh iru h{dpsoh Dwnlqvrq dqg Vwljolw} +4<;3/ s1 76<, ru Vwhuq

+4<<3/ s1 <;,1 Wklv eholhi lv edvhg rq wkh suhvxpswlrq wkdw ohlvxuh jrrgv duh vwurqjo|

frpsohphqwdu| wr ohlvxuh wlph dqg wkhuhiruh/ dffruglqj wr wkh Fruohww0Kdjxh uxoh/

vkrxog fduu| d kljk udwh ri wd{1 Exw/ ri frxuvh/ wklv lv sxuh vshfxodwlrq dv zh gr

qrw srvvhvv kdug hylghqfh rq wkh ghjuhh ri frpsohphqwdulw| ri gl�huhqw jrrgv dqg

vhuylfhv zlwk ohlvxuh1

Djdlq wkh Ehfnhu dssurdfk suryhv xvhixo1 Lq wklv iudphzrun dfwlylwlhv duh h{0

solflwo| prghoohg dqg zh fdq dvn zkhwkhu pdunhw0surgxfhg lqsxwv lqwr uhfuhdwlrqdo

dfwlylwlhv vkrxog eh wd{hg dw d kljkhu udwh wkdq rwkhu jrrgv dqg vhuylfhvB Lqvshf0

wlrq ri wkh rswlpxp wd{ uxohv lqglfdwhv wkdw wklv lv fhuwdlqo| qrw dozd|v wkh fdvh1

Lq wkh fdvh ri Ohrqwlh� whfkqrorj| wd{dwlrq lv ghwhuplqhg vroho| e| idfwru vkduhv/

lpso|lqj wkdw ohlvxuh jrrgv vkrxog fduu| d kljk udwh ri wd{ li dqg rqo| li irujrqh

hduqlqjv frqvwlwxwh d uhodwlyho| odujh sduw ri wrwdo frvwv lq uhfuhdwlrqdo dfwlylwlhv1

Exw/ fohduo|/ wkh jrrgv frpsrqhqw ri frvwv lv yhu| kljk lq vrph uhfuhdwlrqdo dfwly0

lwlhv/ wdnh iru h{dpsoh wkh ox{xu| fuxlvh lq wkh Phglwhuudqhdq ru wkh vhhlqj ri dq

rshud lq wkh Phwursrolwdq1

Dffrxqwlqj iru vxevwlwxwlrq ehwzhhq idfwruv uhlqirufhv wkh frqfoxvlrq wkdw rs0

wlpdo wd{dwlrq gr qrw jhqhudoo| lqyroyh khdy| wd{dwlrq ri ohlvxuh jrrgv1 Vrph

uhfudwlrqdo dfwlylwlhv pd| yhu| zhoo eh fkdudfwhul}hg e| d kljk hodvwlflw| ri vxevwlwx0
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wlrq ehwzhhq jrrgv dqg wlph/ lpso|lqj d orz rswlpdo wd{ udwh1 Iru h{dpsoh/ shrsoh

pd| vxevwlwxwh d fkhds/ wlph0lqwhqvlyh prxqwdlq klnh iru wkh ox{xu| fuxlvh lq wkh

Phglwhuudqhdq1 Dqg rshudjrhuv pd| fkrrvh wr rsw iru edofrq| vhdwv udwkhu wkdq

wkh pruh h{shqvlyh rufkhvwud vhdwv1

: Frqfoxvlrq

D fodvvlfdo lqvljkw lq wkh wkhru| ri sxeolf �qdqfh lv wkdw wkh rswlpxp frpprglw| wd{

v|vwhp plqlpl}hv wkh vxevwlwxwlrq dzd| iurp pdunhw zrun1 Wkxv/ wkh olwhudwxuh kdv

orqj hpskdvl}hg d uhodwlrq ehwzhhq wkh rswlpdolw| ri wd{ v|vwhpv dqg wkh doorfdwlrq

ri wlph1 Iurp wklv shuvshfwlyh rqh pd| dujxh wkdw Ehfnhu*v +4<98, wkhru| ri wkh

doorfdwlrq ri wlph lv d pruh qdwxudo srlqw ri ghsduwxuh wkdq wkh oderu0ohlvxuh iudph0

zrun ri Gldprqg dqg Pluuohhv +4<:4d/e,1 Lqghhg/ wkh suhvhqw sdshu dujxhv wkdw

wkh Ehfnhu iudphzrun |lhogv d qxpehu ri qhz dqg lqwhuhvwlqj uhvxowv rq rswlpxp

frpprglw| wd{dwlrq1 Wkhvh uhvxowv frqwulexwh wr wkh uhfhqw/ udwkhu srolf|0rulhqwhg/

olwhudwxuh rq rswlpxp wd{dwlrq zlwk krxvhkrog surgxfwlrq dqg wr wkh wudglwlrqdo/

pruh wkhruhwlfdo/ olwhudwxuh rq rswlpxp wd{dwlrq dv lw zdv irupxodwhg e| Gldprqg

dqg Pluuohhv dqg pdq| rwkhuv lq wkh 4<:3*v1

Wkh �hog ri sxeolf �qdqfh vhhpv wr eh fkdudfwhul}hg e| d udwkhu vwurqj vfklvp

ehwzhhq wkhru| dqg sudfwlfh1 Rq wkh rqh kdqg/ zh kdyh d vxevwdqwldo erg| ri

wkhruhwlfdo olwhudwxuh vkrzlqj wkdw xqliruplw| lv xqolnho| wr eh wkh rswlpxp dqg

surylglqj uxohv iru gl�huhqwldwlqj wd{ udwhv dprqj jrrgv dqg vhuylfhv1 Rq wkh

rwkhu kdqg/ prvw sudfwlwlrqhuv ri sxeolf srolf| dgyrfdwh xqliruplw| lq frpprglw|

wd{dwlrq dqg wkh| frqvlghu dq| htxdol}dwlrq ri udwhv ru dq| edvh eurdghqlqj wr eh

d jrrg srolf|1 Rqh ri wkh sulqflsdo fdxvhv iru wkh h{lvwhqfh ri vxfk d vfklvp lv odfn

ri lqirupdwlrq1 Wudglwlrqdo wkhru| vxjjhvwv wkdw gl�huhqwldo udwhv ri wd{ vkrxog eh

edvhg rq furvv hodvwlflwlhv zlwk ohlvxuh exw/ lq idfw/ hfrqrplvwv duh odujho| ljqrudqw

ri wkh pdjqlwxgh ri wkhvh sdudphwhuv1 Krzhyhu/ wkh dqdo|vlv deryh vxjjhvwv wkdw

krxvhkrog surgxfwlrq pd| doohyldwh wklv lqirupdwlrqdo frqvwudlqw rq wkh sudfwlfdo

dssolfdelolw| ri hfrqrplf wkhru|1 Wkh lqwurgxfwlrq ri krxvhkrog surgxfwlrq lpsrvhv

dgglwlrqdo uhvwulfwlrqv rq wkh prgho ri krxvhkrog ehkdylru/ wkhuhe| khoslqj xv wr

hvwdeolvk d vwurqjhu lqwxlwlrq iru wkh olnho| vwuxfwxuh ri rswlpdo wd{ udwhv1

Wklv sdshu hpskdvl}hv rqh srvvleoh dssolfdwlrq ri wkh wkhru| dv lw lv dujxhg
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wkdw wkh vrfldo rswlpxp lqyroyhv d ohqlhqw wd{dwlrq ri frqvxphu vhuylfhv dqg shu0

kdsv hyhq h{foxvlrq ri vxfk vhuylfhv iurp wkh wd{ edvh1 Wkxv/ wkh dqdo|vlv surylghv d

wkhruhwlfdo xqghuslqqlqj ri qxphulfdo uhvxowv e| Sljjrww dqg Zkdooh| +4<<;, vkrz0

lqj wkdw wkh Fdqdgldq edvh eurdghqlqj lq 4<<3 zdv edg iru h!flhqf|1 Wkh sdshu

dovr ohqgv vxssruw wr fodlpv iuhtxhqwo| pdgh lq wkh Hxurshdq srolf| ghedwh wkdw

jryhuqphqwv vkrxog uhgxfh wd{dwlrq ri vhuylfhv lq rughu wr doohyldwh d glvwruwlrqdu|

vxevwlwxwlrq iurp wkh irupdo wr wkh lqirupdo hfrqrp|> vhh iru h{dpsoh Guë}h dqg

Vqhhvvhqv +4<<7,/ Olqgehfn +4<<9d/e,/ dqg Vûuhqvhq +4<<:,1 Dqg lqghhg/ lq wkh odvw

ghfdgh jryhuqphqwv lq Iudqfh dqg Jhupdq| dqg rwkhu Hxurshdq frxqwulhv kdyh iro0

orzhg wklv srolf| suhvfulswlrq e| lqwurgxflqj gluhfw vxevlglhv ru wd{ frqfhvvlrqv wr

wkh frqvxphu vhuylfh vhfwru1

Uhihuhqfhv

^4` Dwnlqvrq/ D1E1 dqg M1H1 Vwljolw} +4<;3,/ Ohfwxuhv rq Sxeolf Hfrqrplfv/

PfJudz0Kloo1

^5` Dxhuedfk/ D1M1 +4<;8,/ �Wkh Wkhru| ri H{fhvv Exughq dqg Rswlpdo Wd{dwlrq�/

lq D1M1 Dxhuedfk dqg P1 Ihogvwhlq +hg1,/ Kdqgerrn ri Sxeolf Hfrqrplfv/ Yro0

xph 4/ ss1 94045:1

^6` Edxpro/ Z1M1 dqg G1I1 Eudgirug +4<:3,/ �Rswlpdo Ghsduwxuhv iurp Pdujlqdo

Frvw Sulflqj�/ Dphulfdq Hfrqrplf Uhylhz/ yro1 93/ ss1 5980;61

^7` Ehfnhu/ J1V1 +4<98,/ �D Wkhru| ri wkh Doorfdwlrq ri Wlph�/ Hfrqrplf Mrxuqdo/

yro1 :8/ ss1 7<6084:1

^8` Fruohww/ Z1M1 dqg G1F1 Kdjxh +4<86,/ �Frpsohphqwdulw| dqg wkh H{fhvv Exu0

ghq ri Wd{dwlrq�/ Uhylhz ri Hfrqrplf Vwxglhv/ yro1 54 +4,/ ss1 540631

^9` Ghdwrq/ D1V1 dqg M1 Pxhooedxhu +4<;3,/ Hfrqrplfv dqg Frqvxphu Ehkdylrxu/

Fdpeulgjh Xqlyhuvlw| Suhvv1

^:` Ghdwrq/ D1V1 +4<;4,/ �Rswlpdo Wd{hv dqg wkh Vwuxfwxuh ri Suhihuhqfhv�/ Hfrqr0

phwulfd/ yro1 7</ qr1 8/ ss1 4578045931
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^;` Ghdwrq/ D1V1 +4<;:,/ �Hfrqrphwulf Lvvxhv iru Wd{ Ghvljq lq Ghyhorslqj Frxq0

wulhv�/ lq G1P1J1 Qhzehu| dqg Q1 Vwhuq +hgv1,/ Wkh Wkhru| ri Wd{dwlrq iru

Ghyhorslqj Frxqwulhv/ R{irug Xqlyhuvlw| Suhvv dqg Zruog Edqn1

^<` Gldprqg/ S1D1 dqg M1D1 Pluuohhv +4<:4d,/ �Rswlpdo Wd{dwlrq dqg Sxeolf Sur0

gxfwlrq L= Surgxfwlrq H!flhqf|�/ Dphulfdq Hfrqrplf Uhylhz/ yro1 94/ ss1

;05:1

^43` Gldprqg/ S1D1 dqg M1D1 Pluuohhv +4<:4e,/ �Rswlpdo Wd{dwlrq dqg Sxeolf Sur0

gxfwlrq LL= Wd{ Uxohv�/ Dphulfdq Hfrqrplf Uhylhz/ yro1 94/ ss1 5940:;1

^44` Guë}h/ M1 dqg K1 Vqhhvvhqv +4<<7,/ �Whfkqlfdo Ghyhorsphqw/ Frpshwlwlrq iurp

Orz0Zdjh Hfrqrplhv dqg Orz0Vnloohg Xqhpsor|phqw�/ Vzhglvk Hfrqrplf

Srolf| Uhylhz1

^45` Iuhghulnvhq/ Q1N1/ S1U1 Kdqvhq/ K1 Mdfrevhq/ dqg S1E1 Vûuhqvhq +4<<8,/ �Vxe0

vlglvlqj Frqvxphu Vhuylfhv 0 H�hfwv rq Hpsor|phqw/ Zhoiduh dqg wkh Lqirupdo

Hfrqrp|�/ Ilvfdo Vwxglhv/ yro1 49/ ss1 :40<61

^46` Jurqdx/ U1 +4<::,/ �Ohlvxuh/ Krph Surgxfwlrq dqg Zrun 0 wkh Wkhru| ri

wkh Doorfdwlrq ri Wlph Uhylvlwhg�/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ yro1 ;8/ ss1

43<<044561

^47` Jurqdx/ U1 +4<;9,/ �Krph Surgxfwlrq � d Vxuyh|�/ lq R1 Dvkhqihowhu dqg U1

Od|dug +hg1,/ Kdqgerrn ri Oderu Hfrqrplfv/ Yroxph 4/ ss1 5:606371

^48` Kduehujhu/ D1F1 +4<;;,/ �Wkh Xqlirup0Wd{ Frqwuryhuv|�/ lq Y1 Wdq}l +hg1,/

Sxeolf Ilqdqfh/ Wudgh/ dqg Ghyhorsphqw/ ss1 604:1

^49` Nohyhq/ K1M1/ Z1I1 Ulfkwhu/ dqg S1E1 Vûuhqvhq +5333,1 �Rswlpdo Wd{dwlrq zlwk

Krxvhkrog Surgxfwlrq�/ R{irug Hfrqrplf Sdshuv/ yro1 85/ ss1 8;708<71

^4:` Olqgehfn/ D1 +4<<9d,/ �Lqfhqwlyhv lq wkh Zhoiduh Vwdwh�/ FHV Zrunlqj Sdshu

qr1 444/ Fhqwhu iru Hfrqrplf Vwxglhv/ Xqlyhuvlw| ri Pxqlfk1

^4;` Olqgehfn/ D1 +4<<9e,/ �Wkh Zhvw Hxurshdq Hpsor|phqw Sureohp�/ Vhplqdu

Sdshu qr1 949/ Lqvwlwxwh iru Lqwhuqdwlrqdo Hfrqrplf Vwxglhv/ Vwrfnkrop Xql0

yhuvlw|1
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^4<` Sljjrww/ M1 dqg M1 Zkdooh| +4<<;,/ �YDW Edvh Eurdghqlqj/ wkh Lqirupdo Vhfwru/

dqg Vhoi Vxsso|�/ Dphulfdq Hfrqrplf Uhylhz +iruwkfrplqj,1

^53` Vdgnd/ H1 +4<::,/ �D Wkhruhp rq Xqlirup Wd{dwlrq�/ Mrxuqdo ri Sxeolf Hfr0

qrplfv/ yro1 :/ ss1 6;:0<41

^54` Vdqgpr/ D1 +4<:7,/ �D Qrwh rq wkh Vwuxfwxuh ri Rswlpdo Wd{dwlrq�/ Dphulfdq

Hfrqrplf Uhylhz/ yro1 97/ ss1 :340391

^55` Vdqgpr/ D1 +4<:9,/ �Rswlpdo Wd{dwlrq= dq Lqwurgxfwlrq wr wkh Olwhudwxuh�/

Mrxuqdo ri Sxeolf Hfrqrplfv/ yro1 9/ ss1 6:0871

^56` Vdqgpr/ D1 +4<<3,/ �Wd{ Glvwruwlrqv dqg Krxvhkrog Surgxfwlrq�/ R{irug Hfr0

qrplf Sdshuv/ yro1 75/ ss1 :;0<31

^57` Vwhuq/ Q1 +4<<3,/ �Xqliruplw| yhuvxv Vhohfwlylw| lq Lqgluhfw Wd{dwlrq�/ Hfr0

qrplfv dqg Srolwlfv/ yro1 5/ qr1 4/ ss1 ;6043;1

^58` Vûuhqvhq/ S1E1 +4<<:,/ �Sxeolf Ilqdqfh Vroxwlrqv wr wkh Hxurshdq Xqhpsor|0

phqw SureohpB�/ Hfrqrplf Srolf|/ qr1 58/ ss1 55405971

^59` Zlovrq/ M1G1 +4<;<,/ �Rq wkh Rswlpdo Wd{ Edvh iru Frpprglw| Wd{dwlrq�/

Dphulfdq Hfrqrplf Uhylhz/ yro1 :</ ss1 44<9045391

^5:` \lw}kdnl/ V1 +4<:<,/ �D Qrwh rq Rswlpdo Wd{dwlrq dqg Dgplqlvwudwlyh Frvwv�/

Dphulfdq Hfrqrplf Uhylhz/ yro1 9</ ss1 7:807;31
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D Dsshqgl{

D14 Surri ri sursrvlwlrq 4

Vxssrvh wkdw wkh rswlpxp wd{ v|vwhp lv xqlirup1 Wkhq wkhuh h{lvwv d frqvwdqw �

vxfk wkdw |�*�� ' � iru doo � ' �c 2c � � � c ? vroyhv htxdwlrq +47,/ l1h1

?[
�'�

@%� � ��

'�

�
Y �~�

Y'�

'�

�~�

n
Y@%�
Y��

��

@%�
'

w

�

E| xvlqj wkh gh�qlwlrqv lq htxdwlrqv +48, dqg +49, wklv fdq eh uhzulwwhq vr dv wr

|lhog
?[
�'�

k%� � #�� � j� � k,� '
?[
�'�

E�� k,�� � #�� � j� � k,�

'

?[
�'�

#�� �

?[
�'�

k,� � #�� � j� � k,�

'
w

�

Ilqdoo|/ e| krprjhqhlw| ri ghjuhh }hur ri frpshqvdwhg ghpdqgv/ zh jhw

?[
�'�

k,� � #�� n j� � k,� ' �
w

�
+58,

Wklv vkrzv wkdw wkh rswlpdolw| ri xqlirup wd{dwlrq lpsolhv htxdwlrq +58,1

Frqyhuvho|/ dvvxph wkdw +58, krogv1 Wkh rswlpxp wd{ v|vwhp dozd|v reh|v wkh

Udpvh| uxoh +47,1 E| gh�qlwlrqv +48, dqg +49,/ wkh Udpvh| uxoh fdq eh zulwwhq dv
?[
�'�

k%� � #�� �
|�
��

� j� � k,� �
|�
��

' w +5<,

Frpelqlqj +58, dqg +5<,/ zh jhw
?[
�'�

k%� � #�� �
|�
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� j� � k,� �
|�
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' �
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�'�
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k%� � #�� �

�
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� �
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� j� � k,� �

�
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� �

�
' f

Fohduo|/ |�*�� ' � iru doo � ' �c 2c � � � c ? lv d vroxwlrq wr wklv htxdwlrq/ dqg wkxv

xqlirup wd{dwlrq lv rswlpdo1 THG1
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D15 Surri ri sursrvlwlrq 5

Wkh oderu vxsso| ixqfwlrq lv jlyhq e|

	u6 ' ��
?[
�'�

	u� ' ��
?[
�'�

@,� E��� � 	~� E' E� � c +� +63,

E| gl�huhqwldwlqj wkh oderu vxsso| ixqfwlrq +63, zlwk uhvshfw wr �� zh jhw
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+64,

E| lqvhuwlqj Vkhskdugv Ohppd +7,/ Ur|*v Lghqwlw| +<,/ wkh Voxwvn| htxdwlrq +43,

dv zhoo dv wkh gh�qlwlrqv lq +48, dqg +49, zh fdq uhzulwh wkh deryh h{suhvvlrq lq

wkh iroorzlqj zd|
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zh fdq zulwh Y 	u6*Y�� dv
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+65,

Qrz vxssrvh wkdw wkh rswlpxp wd{ v|vwhp lv xqlirup1 Wkhq/ e| sursrvlwlrq 4/

zh nqrz wkdw htxdwlrq +58, lv vdwlv�hg1 Wkxv/ wkh �uvw rughu ghulydwlyh ri wkh oderu

vxsso| ixqfwlrq lv htxdo wr

Y 	u6

Y��
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%
�
w

�
n

Y 	u6

Y+

&
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b
�
YT

Y��

� ' �c 2c � � � c ?

Wkxv/ wkh yhfwru
�
Y 	u6*Y��c Y 	u6*Y�2c � � � c Y 	u6*Y�?

�
lv d vfdodu pxowlsoh ri wkh

yhfwru EYT*Y��c YT*Y�2c � � � c YT*Y�?�1 Wklv lpsolhv wkdw li wkh yhfwru E��c �2c � � � c �?�
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pd{lpl}hv lqgluhfw xwlolw|/ T / vxemhfw wr wkh jryhuqphqw exgjhw frqvwudlqw/ wkhq

wklv yhfwru dovr pd{lpl}hv oderu vxsso|/ 	u6/ vxemhfw wr wkh vdph frqvwudlqw1

Frqyhuvho|/ vxssrvh wkdw d xqlirup wd{ v|vwhp pd{lpl}hv 	u6 vxemhfw wr wkh

jryhuqphqw uhyhqxh frqvwudlqw1 Wkxv/ wkhuh h{lvwv � vxfk wkdw |�*�� ' � iru doo � lv

d vroxwlrq wr wkh iroorzlqj rswlpl}dwlrq sureohp

4@ 
��c�2c��� c�?

	u6 E��c �2c � � � c �?�

vw1
?[
�'�
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Wkh �uvw rughu frqglwlrq iru �� lv jlyhq e|
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dqg/ e| dvvxpswlrq/ wklv frqglwlrq lv vdwlv�hg iru d xqlirup wd{ v|vwhp/ l1h1
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+66,

Iurp wkh krxvhkrog exgjhw frqvwudlqw +:, zh jhw
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E| uhfdoolqj wkdw @%� � �� ' '� � @,�/ zh fdq lqvhuw +67, lq +66, vr dv wr jhw
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Qrz lqvhuw +7,/ +48,/ +49,/ dqg +64, vr dv wr jhw
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Ilqdoo|/ e| Ur|*v Lghqwlw| +<, zh fdq uhzulwh wklv h{suhvvlrq vr dv wr |lhog
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Wkxv/ wkh yhfwru EYT*Y��c YT*Y�2c � � � c YT*Y�?� lv d vfdodu pxowlsoh ri wkh yhf0

wru
�
Y 	u6*Y��c Y 	u6*Y�2c � � � c Y 	u6*Y�?

�
1 Wkhuhiruh/ li wkh yhfwru E��c �2c � � � c �?�

pd{lpl}hv 	u6 vxemhfw wr wkh jryhuqphqw uhyhqxh frqvwudlqw/ wkhq wklv yhfwru dovr

pd{lpl}hv lqgluhfw xwlolw|/ T / vxemhfw wr wkh vdph frqvwudlqw1 THG1
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