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Suhidfh

Wkh vwxg| ri fuxvwdo  xlgv/ sduwlfxoduo| jurxqgzdwhu/ kdv jhqhudoo| ehhq frq�qhg wr

vwxglhv ri wkh pryhphqw ri glvvroyhg fkhplfdo vshflhv wkurxjk d vwdwlf srurxv fuxvw1

Phfkdqlfdo dvshfwv ri fuxvwdo g|qdplfv kdyh whqghg wr uhohjdwh sruh  xlg h�hfwv wr d

vhfrqgdu| uroh/ h{fhsw shukdsv lq vlwxdwlrqv zkhuh  xlgv duh ehlqj dfwlyho| sxpshg

lqwr ru h{wudfwhg iurp zhoov1 Lw kdv orqj ehhq vxvshfwhg wkdw sruh  xlgv pljkw sod|

d pruh dfwlyh uroh lq wkh phfkdqlfdo hyroxwlrq ri wkh fuxvw1 Xqiruwxqdwho|/ lw lv

gl!fxow wr phdvxuh sruh suhvvxuhv ryhu eurdg uhjlrqv lq rughu wr �qg fruuhodwlrqv zlwk

phdvxuhg ghirupdwlrq/ idxowlqj surfhvvhv dqg hduwktxdnhv/ ru vwuhvv fkdqjhv1 Wkxv/

wkhrulhv derxw wkh lqyroyhphqw ri sruh  xlgv lq fuxvwdo g|qdplfv kdyh uhpdlqhg lq

wkh uhdop ri txdolwdwlyh k|srwkhvhv1

Frpsxwhu vlpxodwlrq kdv hphujhg lq wkh sdvw ihz ghfdghv dv d *wklug zd|* ri grlqj

vflhqfh/ wdnlqj d sodfh dorqjvlgh �hog dqg oderudwru| phdvxuhphqw dqg wkhruhwlfdo

dqdo|vlv1 Vlpxodwlrq doorzv uhvhdufkhuv wr h{shulphqw zlwk ydulrxv frpsoh{ g|qdplfdo

wkhrulhv derxw skhqrphqd dqg wr whvw wkh frqvhtxhqfhv ri gl�huhqw wkhrulhv1 Ehfdxvh

doo sdudphwhuv duh frqwuroohg lq qxphulfdo h{shulphqwv/ lw lv srvvleoh wr ghwhuplqh

wkh uhodwlyh lpsruwdqfh ri gl�huhqw sk|vlfdo surfhvvhv ru surshuwlhv rq wkh v|vwhp

ehkdylru1

Skhqrphqd ri lqwhuhvw wr jhrvflhqwlvwv whqg wr gl�hu iurp wkrvh ri lqwhuhvw wr wud0

glwlrqdo sk|vlflvwv lq wkdw wkh| riwhq lqyroyh vhyhudo g|qdplfdo surfhvvhv wkdw rshudwh

vlpxowdqhrxvo| lq d frxsohg idvklrq1 Wkh skhqrphqrq ri lqwhuhvw pd| eh ylhzhg dv d

frpsoh{ v|vwhp/ zklfk lqwhjudwhv pdq| pruh ixqgdphqwdo surfhvvhv1 Wkh g|qdplfdo

ehkdylru ri wkh zkroh v|vwhp pd| eh wrwdoo| xqolnh wkh ehkdylru ri dq| ri wkh frp0

srqhqw surfhvvhv1 Wkxv suhglfwlrqv derxw wkh ixwxuh vwdwhv ri wkh v|vwhp ri lqwhuhvw
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+zklfk lv wkh jrdo ri doo vflhqfh, duh lpsrvvleoh wr pdnh rq wkh edvlv ri vroxwlrqv wr

htxdwlrqv iru lqglylgxdo frpsrqhqwv ri wkh v|vwhp1 Hduwktxdnhv duh dq h{dpsoh ri d

frpsoh{ v|vwhp vxfk dv wklv1

Hduwktxdnhv dqg uhodwhg h�hfwv vxfk dv ghirupdwlrq dqg diwhuvkrfnv/ duh riwhq

vwxglhg dv wkh frqvhtxhqfh ri hodvwlf ru ylvfrhodvwlf dqg hodvwlf ehkdylru ri d iudfwxuhg

pdwhuldo fuxvw1 Wklv dssurdfk doorzv wkh xvh ri zhoo0ghyhorshg pdwkhpdwlfdo wrrov

iru vroylqj hodvwlf htxdwlrqv zlwk jlyhq erxqgdu| frqglwlrqv dqg shukdsv iulfwlrq

odzv lq idxowv1 Uhfhqw wkhrulhv srvwxodwh d nh| uroh iru sruh  xlgv lq wkh hduwktxdnh

f|foh1 Sruh  xlgv duh lqyroyhg lq wzr zd|v1 Iluvw/ sruh suhvvxuh lv ixoo| frxsohg

g|qdplfdoo| wr wkh hodvwlf ehkdylru ri d vdwxudwhg/ srurxv pdwhuldo1 Sruh suhvvxuh

pljkw eh frqvlghuhg wkh vhyhqwk frpsrqhqw ri wkh vwuhvv whqvru/ wkh wlph0ghshqghqw

frpsrqhqw1 Vhfrqgo|/ sruh  xlgv duh fkhplfdoo| uhdfwlyh dqg fdq fkdqjh wkh pdwhuldo

surshuwlhv ri urfnv rq jhrorjlfdoo| vkruw wlph vfdohv1 Wklv uhtxluhv wkdw wkh hyroxwlrq

ri pdwhuldo surshuwlhv ri fuxvwdo urfnv/ vxfk dv shuphdelolw| dqg hodvwlf prgxol/ eh

frqvlghuhg1 Frpsxwhu vlpxodwlrq lv wkh rqo| zd| wr whvw wkh frqvhtxhqfhv ri doo

wkhvh surfhvvhv zrunlqj wrjhwkhu wr surgxfh wkh frpsoh{ v|vwhp ehkdylru zh fdoo

hduwktxdnhv1

Wklv wkhvlv lv dq dwwhpsw wr h{dplqh vhyhudo dvshfwv ri wkh uroh ri fuxvwdo  xlgv

lq wkh hduwktxdnh surfhvv wkurxjk frpsxwhu vlpxodwlrq1 Vfdohv udqjlqj iurp sruh0

vfdoh hyroxwlrq ri wkh urfn pdwul{ e| ydulrxv gldjhqhwlf surfhvvhv/ wkurxjk odujh vfdoh

ghirupdwlrq gxh wr  xlg  rz lq d srurhodvwlf fuxvw duh frqvlghuhg1 P| jrdo lv wzr0

irog= wkh vshfl�f jhrsk|vlfdo uhvxowv frqwulexwh wr rxu xqghuvwdqglqj ri wkh uroh ri

 xlgv lq fuxvwdo g|qdplfv1 Wkh vhfrqg jrdo lv wkdw wkh frpsxwdwlrqdo h{shulphqwdwlrq

phwkrgrorj| dqg wkh vriwzduh wrrov xvhg iru wklv uhvhdufk zloo dgydqfh wkh �hog ri

frpsxwdwlrqdo jhrvflhqfhv dqg hqfrxudjh rwkhuv wr h{sdqg wkh vfrsh ri wklv dssurdfk

wr jhrg|qdplfv1

Wkh xowlpdwh jrdo ri dq| vflhqwl�f uhvhdufk lv xqghuvwdqglqj1 E| wklv zh phdq

wkh delolw| wr pdnh suhglfwlrqv derxw wkh ixwxuh edvhg rq suhvhqw revhuydwlrqv1 D

frpsxwhu prgho ru dojrulwkp/ lq wkh irup ri vriwzduh/ pd| rqh gd| ehfrph dffhswhg

dv uhdglo| dv d zulwwhq sduwldo gl�huhqwldo htxdwlrq/ dv d vflhqwl�f �odz� wkurxjk

zklfk zh pdnh suhglfwlrqv derxw frpsoh{ v|vwhpv1 Wudglwlrqdo pdwkhpdwlfv/ vr
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h�hfwlyh lq dgydqflqj sk|vlfv lq wkh �uvw kdoi ri wklv fhqwxu|/ kdv ehhq srzhuohvv

wr hqfdsvxodwh wkh vxusulvlqj ehkdylru ri frpsoh{ v|vwhpv1 Wklv lv wkh uhdvrq wkdw

jhrorjlfdo vflhqfhv kdyh whqghg wrzdug ghvfulswlrq udwkhu wkdw txdqwlwdwlyh suhglfwlrq1

Exw d qhz sdudgljp lv hphujlqj zklfk lqfoxghv txdqwlwdwlyh prghov wkdw duh pruh

dssursuldwh iru wkh nlqgv ri frxsohg/ qrqolqhdu/ vxusulvlqj/ frpsoh{ ehkdylru wkdw

fkdudfwhul}hv hduwk v|vwhpv1 Wklv glvvhuwdwlrq lv zulwwhq lq wkh vslulw ri wkh qhz

sdudgljp1

yl



Dfnqrzohgjhphqwv

Pdq| shrsoh kdyh frqwulexwhg wr p| vxffhvv lq judgxdwh vfkrro xqghu xqxvxdoo| gl!0

fxow flufxpvwdqfhv1 Dprv Qxu/ p| dgylvru/ kdv ehhq d juhdw whdfkhu dqg lqvsludwlrq1

Wr ph kh h{hpsol�hv wkh Vwdqirug prwwr/ �Vwdqirug 0 glh Oxiw ghu Iuhlkhlw zhkw�

+Vwdqirug 0 ^zkhuh` wkh zlqg ri iuhhgrp eorzv,1 Dprv jdyh ph wkh iuhhgrp wr sxuvxh

p| vrphwlphv xqruwkrgr{ dssurdfkhv wr jhrsk|vlfdo uhvhdufk dqg zdv dozd|v wkhuh wr

jhqwo| ohdg ph edfn rqwr pruh iuxlwixo sdwkv zkhq L qdlyho| vwud|hg lqwr lqwhoohfwxdo

txdjpluhv1 Wkrxjk L zdv wrog e| pdq| ri p| vflhqwl�f froohdjxhv judgxdwh vfkrro kdg

ehhq d sdlqixo rughdo iru wkhp/ p| judgxdwh vwxglhv dw Vwdqirug kdyh wuxo| ehhq dq

hqmr|deoh dqg zrqghuixoo| h{flwlqj h{shulhqfh1 Wkh prvw lpsruwdqw ohvvrqv L ohduqhg

lq p| |hduv dw Vwdqirug zhuh ohduqhg iurp Dprv rxwvlgh ri wkh fodvvurrp= �uvw/ lq

vflhqwl�f uhvhdufk rqh pxvw dozd|v kdyh fohduo| lq plqg zkdw txhvwlrq rqh lv wu|lqj

wr dqvzhu1 D juhdw ghdo ri pxggohg wklqnlqj fdq eh dyrlghg e| dgkhuhqfh wr wklv

vlpsoh sulqflsoh Vhfrqg/ qr lghd lv vroho| rqh*v rzq/ qr pdwwhu krz eulooldqw/ vr vkduh

fuhglw jhqhurxvo|1 Lw zloo qrw wdnh dzd| iurp rqh*v dffrpsolvkphqwv wr dfnqrzohgjh

wkh khos ri rwkhuv1

P| ghdu zlih dqg fklogkrrg vzhhwkhduw/ Mxg|/ kdv ehhq dw p| vlgh wkurxjk doo

ri p| froohjh dqg judgxdwh vwxglhv1 Vkh kdv sxw xs zlwk vhhplqjo| hqgohvv qljkwv ri

vwxg|/ wkh folfnhw|0fodfn ri p| nh|erdug lq wkh qljkw/ dqg wkh lqhylwdeoh prrg vzlqjv

dqg iuxvwudwlrqv wkdw dffrpsdq| dfdghplf hqghdyruv1 Dqg vkh lv vwloo dw p| vlgh

surylglqj oryh dqg hqfrxudjhphqw iru doo ri p| uhvwohvv sxuvxlwv1 Vkh kdv ghyhorshg

dq xqfdqq| delolw| wr orrn wkurxjk p| h|hv dqg nqrz li khu zrugv duh uhjlvwhulqj/

ru li wkh| kdyh ehhq suh0hpswhg e| dq xquhvroyhg vflhqwl�f sx}}oh wkdw vwloo rffxslhv

p| olplwhg FSX uhvrxufhv1 Xqiruwxqdwho|/ wkh odwwhu  dz zloo qrw eh fxuhg e| wkh
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frpsohwlrq ri wklv glvvhuwdwlrq1 Wkdqnv iru hyhu|wklqj 111

P| fkloguhq kdyh nqrzq/ vkduhg dqg hyhq hqfrxudjhg p| h{kxehuhqw oryh iru

vflhqfh dqg kdyh sdwlhqwo| wrohudwhg p| devhqfh zkloh L olyhg d gxdo olih dv Olyhupruh

frpsxwhu vflhqwlvw dqg Vwdqirug judgxdwh vwxghqw1 Mxvwlq/ Euldq/ Mdqhooh/ dqg Nhylq/

L oryh |rx doo yhu| pxfk dqg dp wkdqnixo iru |rxu zlgh0h|hg idvflqdwlrq zlwk qdwxuh

wkdw kdv khoshg wr nhhs dolyh p| rzq fklog0olnh hqwkxvldvp iru vflhqfh1 Hyhq li

|rx qhyhu ehfrph vflhqwlvwv/ L krsh L zloo sdvv rq wr |rx d oryh iru qdwxuh dqg p|

hqmr|phqw lq xqghuvwdqglqj lwv vhfuhwv1

P| idwkhu hqfrxudjhg p| hduolhvw lqwhuhvw lq vflhqfh dqg qhyhu idlohg wr vxssruw

ph dorqj wkh zd|1 L rqo| zlvk kh frxog eh khuh qrz wr vhh wkh frpsohwlrq ri p|

irupdo hgxfdwlrq1 Wkdqnv hvshfldoo| wr p| prwkhu/ zkr lv d frqvwdqw vrxufh ri

hqfrxudjhphqw dqg vxssruw1

Pdq| surihvvruv/ froohdjxhv dqg iulhqgv kdyh frqwulexwhg wr p| ghyhorsphqw dv

d vflhqwlvw1 Jdu| Pdynr khoshg ph wr ohduq wr sxvk r� ihduohvvo| lqwr wkh xqnqrzq

zlwk klv dgprqlwlrq wr �vwrs wdonlqj derxw zkdw |rx wklqn |rx fdq gr dqg mxvw gr

vrphwklqj�1 Klv surgglqj/ jhqhurxvlw| zlwk lghdv/ dqg hqfrxudjlqj glvfxvvlrqv zloo

dozd|v eh uhphpehuhg1 Wkdqnv wr Mdfn Gyrunlq/ zkr zrunhg forvho| zlwk ph lq p|

hduolhvw uhvhdufk surmhfwv1 D vshfldo wkdqnv wr Vwhyh Dvke| dw OOQO iru klv frqvwdqw

vxssruw dv L wulhg wr edodqfh surmhfw jrdov dw zrun zlwk p| dfdghplf lqwhuhvwv1 Vwhyh

Vplwk/ zkr lv rqh ri wkh prvw idu0vljkwhg frpsxwhu vflhqwlvwv L nqrz/ surylghg pdq|

hqmr|deoh glvfxvvlrqv ri frpsoh{ v|vwhpv dqg frpsxwdwlrqdo vflhqfh dqg khoshg wr

nhhs p| lpdjlqdwlrq dolyh1 Wkdqnv wr doo p| iulhqgv dqg froohdjxhv iru zkrp wkhuh

lv qrw vsdfh wr phqwlrq lqglylgxdoo|1 Wkdqnv dovr wr Pdujduhw Pxlu iru jxlglqj ph

wkurxjk pdq| ri wkh ghwdlov ri judgxdwh zrun zkloh dw Vwdqirug dqg iru pdq| sohdvdqw

dqg vwlpxodwlqj frqyhuvdwlrqv1 L kdyh hqmr|hg |rxu iulhqgvkls lpphqvho|1

Ilqdoo|/ L zrxog eh uhplvv li L zdv qrw wr dfnqrzohgjh p| judwlwxgh wr wkh Fuhdwru

ri wklv lqwuljxlqj xqlyhuvh1 L*yh ehhq judqwhg wkh iuhhgrp wr hduq d olylqj e| h{sorulqj

wklv zruog/ d sulylohgjh wkdw wkh ydvw pdmrulw| ri kxpdqlw| kdv qhyhu kdg dqg shukdsv

zloo qhyhu kdyh1 L fdq rqo| krsh wkdw p| oderuv zloo uhdfk eh|rqg p| rzq shuvrqdo

jdlq dqg frqwulexwh vrphwklqj ri odvwlqj ydoxh wr wkh zruog1
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Frqwhqwv

Suhidfh ly

Dfnqrzohgjhphqwv yll

4 Lqwurgxfwlrq 4

414 Hduwktxdnhv/ Fuxvwdo Ioxlgv/ dqg Frpsxwhu Prgholqj 1 1 1 1 1 1 1 1 1 5

41414 Frpsoh{lw| lq wkh Jhrvflhqfhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5

415 Vxppdu| ri wklv Glvvhuwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

41514 Jhqhudo dqg Vshfl�f Jrdov 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

41515 Wkh Hyroylqj Fuxvw= Pdwhuldo Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 :

41516 Srurhodvwlflw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;

41517 Wkh 4<<5 Odqghuv Hduwktxdnh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <

41518 Sruh Ioxlgv dqg Diwhuvkrfnv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43

41519 D Jhqhudo Hduwktxdnh Prgho Vwudwhj| 1 1 1 1 1 1 1 1 1 1 1 1 1 43

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44

5 Shuphdelolw| Prghov iru Fuxvwdo Vlpxodwlrq 45

514 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45

515 Sruh Vwuxfwxuh dqg Shuphdelolw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46

516 Shuphdelolw| uhsuhvhqwdwlrq lq srurxv pdwhuldov 1 1 1 1 1 1 1 1 1 1 1 1 48

517 Lpsolfdwlrqv iru Fuxvwdo Ioxlgv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:
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6 Shuphdelolw|0Srurvlw| Uhodwlrqvklsv lq Judqxodu Urfnv 4<

614 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4<

615 Odwwlfh0Erow}pdqq Iorz Prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 53

616 Sruh0Vsdfh Prghov dqg Vlpxodwhg Gldjhqhwlf Surfhvvhv 1 1 1 1 1 1 1 1 55

617 Vfdoh dqg erxqgdu| frqglwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

61714 H�hfw ri vdpsoh vl}h 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

61715 H�hfw ri julg vl}h 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5:

61716 H�hfw ri Erxqgdu| Frqglwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;

618 Qxphulfdo Uhvxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5<

61814 Irxu Edvlf Gldjhqhwlf Surfhvvhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5<

61815 Qruwk Vhd Vdqgvwrqhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63

61816 Irqwdlqheohdx Vdqgvwrqh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 66

619 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 67

61: Dsshqgl{= D Gljlwdo Urfn Sk|vlfv Oderudwru| 1 1 1 1 1 1 1 1 1 1 1 1 1 68

61:14 Sruh Jhrphwu| dqg Vwuxfwxuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 69

61:15 Shuphdelolw| Fdofxodwru 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 69

61:16 Rwkhu Urfn Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6;

61:17 Vriwzduh Rujdql}dwlrq dqg Ghvljq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6<

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 73

7 Frpsxwhu Vlpxodwlrq ri wkh Frpsoh{ Fuxvw= Wkhru| 75

714 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 75

715 Frpsoh{lw| dqg Frpsxwhu Prgholqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 78

71514 Frxsohg Surfhvvhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 79

71515 Khwhurjhqhrxv Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7:

71516 Qrqolqhdulwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7;

71517 Wlph Hyroxwlrq ri Pdwhuldo Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 7;

71518 Frpsxwdwlrqdo Vflhqfh yhuvxv Hqjlqhhulqj Frpsxwlqj 1 1 1 1 7<

716 Wkhruhwlfdo Ghyhorsphqw= Wkhuprsrurhodvwlflw| 1 1 1 1 1 1 1 1 1 1 1 1 83

71614 Pdvv Edodqfh Htxdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 85

71615 Khdw Wudqvsruw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8:
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71616 Hodvwlf Ghirupdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8;

71617 Vxppdu| ri Wkhuprsrurhodvwlf Htxdwlrqv 1 1 1 1 1 1 1 1 1 1 1 8<

71618 Frqvwlwxwlyh Uhodwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 93

71619 Pdwhuldo Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 94

7161: Uhsuhvhqwdwlrq ri Idxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 94

717 Frpsxwdwlrqdo Phwkrg 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95

71714 Julgglqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 96

71715 Ilqlwh Hohphqw Vsdwldo Glvfuhwl}dwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 96

71716 Wlph Glvfuhwl}dwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 98

71717 Olqhdu dqg Qrqolqhdu Vroxwlrq Phwkrgv 1 1 1 1 1 1 1 1 1 1 1 1 1 99

71718 Erxqgdu| Frqglwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9:

71719 Lqlwldo Frqglwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;

718 Vrph Vshfldo Fdvhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;

71814 Suhvvxuh Gl�xvlrq dqg Ghirupdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;

71815 Frxsohg Lvrwkhupdo Srurhodvwlflw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3

71816 Srurhodvwlflw| zlwk Wkhupdo Gl�xvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3

719 Vriwzduh Lpsohphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4

71914 Pdqdjlqj Frpsoh{lw| lq Vrizduh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4

71: Vxppdu| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8

71; Sursrvdo iru d Jhqhudo Hduwktxdnh Prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8

71;14 Jrdov 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8

71;15 Hduwktxdnh Sk|vlfv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8

71;16 Idxow Phfkdqlfv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ::

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :;

8 Wkh Pdqgho0Fu|hu H�hfw ;4

814 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;4

815 Uhylhz ri srurhodvwlf htxdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;5

816 Wkh Pdqgho0Fu|hu h�hfw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;6

817 Ioxlg Iorz lq Idxow ]rqhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <3

818 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6

{l



Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <9

9 Odqghuv Srvwvhlvplf Ghirupdwlrq <:

914 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <:

915 Wkh 4<<5 Odqghuv Hduwktxdnh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <<

916 Frpsxwdwlrqdo Prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 434

91614 Lqgxfhg Sruh Suhvvxuh Gxh wr Idxow Vols 1 1 1 1 1 1 1 1 1 1 1 1 434

91615 Sruh Ioxlg Gl�xvlrq dqg Hodvwlf Ghirupdwlrq 1 1 1 1 1 1 1 1 1 436

917 Srvwvhlvplf Yhuwlfdo Glvsodfhphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<

91714 VDU Phdvxuhphqwv ri Srvwvhlvplf Uherxqg 1 1 1 1 1 1 1 1 1 1 43<

91715 Frpsxwhg Srvwvhlvplf Uherxqg 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 443

918 Srvwvhlvplf Krul}rqwdo Ghirupdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 443

919 Glvfxvvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 459

91: Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45:

91; Dfnqrzohgjhphwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;

: Diwhuvkrfnv dqg Sruh Ioxlg Gl�xvlrq 464

:14 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 464

:15 Qxu dqg Errnhu K|srwkhvlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 465

:16 Wkh Frxorpe Iudfwxuh Fulwhulrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 467

:17 Htxdwlrqv iru Ioxlg Gl�xvlrq lq d Srurxv Phglxp 1 1 1 1 1 1 1 1 1 1 1 469

:18 Diwhuvkrfnv ri wkh 4<<5 Odqghuv Hduwktxdnh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46<

:1814 Ghvfulswlrq ri wkh 5; Mxqh 4<<5 hyhqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46<

:1815 Vols prghov dqg  xlg  rz vlpxodwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 473

:1816 Uhjlrqdo diwhuvkrfn iuhtxhqflhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 473

:1817 Sruh suhvvxuh whqghqf| dw diwhuvkrfn orfdwlrqv 1 1 1 1 1 1 1 1 1 477

:1818 Frxorpe vwuhvv gxh wr sruh suhvvxuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 479

:19 Vxppdu| dqg Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 483

:1: Dfnqrzohgjhphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 484

Eleolrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 484

{ll



Olvw ri Wdeohv

714 Wkh prvw frpprq g|qdplfdo yduldeohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 77

715 H{dpsohv ri frpsoh{ ru vxusulvlqj g|qdplfv wkdw fdq dulvh lq wkh fuxvw 79

914 Prgho ri Odqghuv idxow uxswxuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 435

915 Pdwhuldo sdudphwhuv iru Odqghuv vlpxodwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<

916 Wlph lqwhuydov ryhu zklfk yhuwlfdo glvsodfhphqw fkdqjhv zhuh phdvxuhg 443

{lll



Olvw ri Iljxuhv

514 Nr}hq|0Fduphq fxuyhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47

614 Vfkhpdwlf gldjudp ri gljlwdo urfn 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 55

615 Vlpxodwhg judqxodu urfn zlwk vxshulpsrvhg odwwlfh srlqwv 1 1 1 1 1 1 1 56

616 Gljlwdo Ilqqh| sdfn 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 57

617 UHYv lq d udqgrp ghqvh sdfn ri vskhuhv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

618 H�hfw ri wkh fxeh vl}h rq srurvlw| dqg shuphdelolw| 1 1 1 1 1 1 1 1 1 1 5:

619 Shuphdelolw| dv d ixqfwlrq ri julg vsdflqj dqg erxqgdu| frqglwlrqv 1 5;

61: Oderudwru| phdvxuhphqwv ri shuphdelolw| dqg srurvlw| 1 1 1 1 1 1 1 1 63

61; Qrupdol}hg shup yhuvxv srurvlw| iurp vlpxodwlrqv 1 1 1 1 1 1 1 1 1 1 1 64

61< Frpsxwhg fxuyhv iru xqlirup h{sdqvlrq dqg udqgrp �oolqj 1 1 1 1 1 1 65

6143 Frpsxwhg fxuyhv ghulyhg e| �oolqj kljk0 rz sruhv dqg xqlirup h{sdq0

vlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 66

6144 Frpsxwhg xqlirup h{sdqvlrq fxuyh dqg Irqwdlqheohdx 1 1 1 1 1 1 1 1 67

6145 Rujdql}dwlrq ri d gljlwdo urfn sk|vlfv oderudwru| 1 1 1 1 1 1 1 1 1 1 1 1 73

714 Gldjudp ri wkh SrurxvPhglxp fodvv klhudufk|1 1 1 1 1 1 1 1 1 1 1 1 1 1 :5

715 Gldjudp ri IdxowV|vwhp fodvv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :6

716 Pdwhuldo surshuwlhv dqg uhdfwlyh fkhplvwu| fodvv 1 1 1 1 1 1 1 1 1 1 1 1 :6

717 Gldjudp ri wkh VlpTxdnh vlpxodwru 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :7

718 Fodvv vwuxfwxuh iru d sursrvhg JHP prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :9

814 Fu|hu*v vskhuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;7

815 Pdqgho0Fu|hu h�hfw iru vhyhudo ydoxhv ri wkh sdudphwhu d 1 1 1 1 1 1 1 ;8

{ly



816 Pdqgho0Fu|hu h�hfw iru vhyhudo gl�xvlylw| ydoxhv 1 1 1 1 1 1 1 1 1 1 1 1 ;9

817 Vqdsvkrwv ri sruh suhvvxuh hyroxwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;:

818 Pdqgho0Fu|hu h�hfw iru vhyhudo grpdlq vl}hv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;;

819 Sruh suhvvxuh zlwk lvrodwhg orz0shuphdelolw| srfnhw 1 1 1 1 1 1 1 1 1 1 ;<

81: Udqgrp ydoxhv ri wkh gl�xvlylw| sdudphwhu ( 1 1 1 1 1 1 1 1 1 1 1 1 1 <4

81; Vfkhpdwlf slfwxuh ri E|huohh*v idxow prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <5

81< Looxvwudwlrq ri d vlpsoh wzr0shuphdelolw| idxow }rqh prgho 1 1 1 1 1 1 1 <7

8143 Sorwv ri sruh suhvvxuh dorqj d olqh dqg dw wkh fhqwhu ri wkh grpdlq 1 1 <8

914 Pds ri wkh Prkdyh uhjlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <<

915 Odqghuv frvhlvplf vwuhvv �hog 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 437

916 VDU phdvxuhphqwv ri Odqghuv srvwvhlvplf yhuwlfdo glvsodfhphqw1 1 1 444

917 Frpsxwhg srvwvhlvplf yhuwlfdo glvsodfhphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 445

918 Frpsxwhg srvwvhlvplf yhuwlfdo glvsodfhphqwv xvlqj Elrw gl�xvlrq 1 1 446

919 Suhvvxuh fkdqjhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448

91: Yhuwlfdo glvsodfhphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 449

91; Krul}rqwdo vwudlq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44:

91< Vxuidfh wudfh ri wkh Odqghuv hduwktxdnh dqg JSV srvwvhlvplf prql0

wrulqj vwdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;

9143 JSV edvholqh vroxwlrqv iurp Vkhq/ hw do1 +4<<7, 1 1 1 1 1 1 1 1 1 1 1 1 44<

9144 Frpsxwhg krul}rqwdo +hdvw dqg qruwk, glvsodfhphqw gl�huhqfhv1 1 1 1 453

9145 Jhrghwlf duud| xvhg e| Vdydjh dqg Vyduf 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 454

9146 Frpsxwhg glvsodfhphqwv uhodwlyh wr Vdqk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 455

9147 Pds ri wkh Odqghuv uhjlrq vkrzlqj wrwdo glvsodfhphqw uhodwlyh wr Jrog 457

9148 Fkdqjhv lq sruh suhvvxuh dqg krul}rqwdo glvsodfhphqw 1 1 1 1 1 1 1 1 1 458

:14 Frvhlvplf phdq vwuhvv �hog frpsxwhg iurp Kxgqxw/ hw do1 +4<<7, 1 1 475

:15 Uhjlrqdo diwhuvkrfn iuhtxhqf| iroorzlqj wkh 4<<5 Odqghuv hduwktxdnh 476

:16 Iudfwlrq ri diwhuvkrfnv wkdw rffxu zkhuh sruh suhvvxuh lv ulvlqj1 1 1 1 478

:17 Diwhuvkrfnv ri wkh Odqghuv hduwktxdnh dqg sruh suhvvxuh1 1 1 1 1 1 1 1 47:

:18 Diwhuvkrfnv ri wkh Odqghuv hduwktxdnh dqg Frxorpe vwuhvv lqfuhdvh1 1 47<

{y



Fkdswhu 4

Lqwurgxfwlrq

�Wkh xvh ri vlpxodwlrq lv dq dfwlylw| wkdw lv dv qdwxudo dv d fklog zkr uroh

sod|v zlwk wr| remhfwv1 Wr xqghuvwdqg uhdolw| dqg doo ri lwv frpsoh{lw|/ zh pxvw

exlog duwl�fldo remhfwv dqg g|qdplfdoo| dfw rxw urohv zlwk wkhp1 Frpsxwhu

vlpxodwlrq lv wkh hohfwurqlf htxlydohqw ri wklv w|sh ri uroh sod|lqj1� +Ilvkzlfn/

4<<8,

Wkh hduwk*v fuxvw lv d frpsoh{/ g|qdplfdo v|vwhp1 Lw lv frpsoh{ ehfdxvh ixwxuh

vwdwhv ghshqg yhu| vhqvlwlyho| rq fxuuhqw vwdwhv1 Wklv lv vr ehfdxvh wkh sk|vlfdo odzv

zklfk jryhuq wkh ixqgdphqwdo surfhvvhv lq wkh fuxvw duh qrqolqhdu1 Ixuwkhupruh/

dowkrxjk wkh ixqgdphqwdo sk|vlfdo dqg fkhplfdo odzv duh jhqhudoo| zhoo0nqrzq lq dq

lvrodwhg oderudwru| vhwwlqj/ pdq| surfhvvhv rshudwh vlpxowdqhrxvo| dqg lq d frxsohg/

lqwhu0ghshqghqw idvklrq lq wkh hduwk1 Wkh uhvxow lv vhhplqjo| udqgrp ehkdylru wkdw

pd| dw wlphv ehdu olwwoh uhvhpeodqfh wr wkh surfhvvhv wkdw duh revhuyhg lq wkh oderud0

wru|1 Wkh phwkrgv ri fodvvlfdo pdwkhpdwlfdo sk|vlfv/ zklfk kdyh hqmr|hg wuhphqgrxv

vxffhvv lq wkh sxuvxlw ri edvlf/ ixqgdphqwdo sk|vlfv/ duh jhqhudoo| srzhuohvv zkhq

idfhg zlwk frpsoh{ v|vwhpv wkdw lqyroyh frxsohg/ qrqolqhdu surfhvvhv1

Wkh fuxvw lv g|qdplf ehfdxvh lw lv lq d vwdwh ri shupdqhqw glvhtxloleulxp1 Wklv

lv ehfdxvh wkh wzr sulpdu| hqhuj| v|vwhpv zklfk gulyh fuxvwdo sk|vlfv/ wkh whfwrqlf

v|vwhp dqg wkh k|gurorjlf v|vwhp +Kdpeolq/ 4<<5, zloo frqwlqxh wr rshudwh xqwlo wkh

hduwk*v fruh frrov frpsohwho| dqg wkh Vxq exuqv wkh odvw ri lwv k|gurjhq ixho1 Khdw

hqhuj| lq wkh hduwk/ zkhwkhu iurp qxfohdu ghfd| ru uhvlgxdo khdw iurp wkh sulprugldo

4



FKDSWHU 41 LQWURGXFWLRQ 5

xqlyhuvh/ xowlpdwho| pdqlihvwv lwhvhoi lq nlqhwlf hqhuj|= wkhupdo frqyhfwlrq fxuuhqwv

lq wkh pdqwoh duh wkh hqjlqh wkdw gulyhv sodwh whfwrqlf prwlrq1 Wkh k|gurorjlf f|foh/

gulyhq e| hqhuj| iurp wkh Vxq dv zhoo dv iurp whfwrqlf surfhvvhv/ fdq vljql�fdqwo|

dowhu fuxvwdo surshuwlhv txlfno| rq jhrorjlf wlph vfdohv1 Wkh frxsolqj ri wkhvh wzr

g|qdplfdo v|vwhpv uhvxowv lq frpsoh{ ehkdylru zklfk uhtxluhv txdqwlwdwlyh frpsxwhu

vlpxodwlrq wr vruw rxw wkh uroh ri doo wkh sdudphwhuv dqg yduldeohv lq wklv frxsohg

v|vwhp1

414 Hduwktxdnhv/ Fuxvwdo Ioxlgv/ dqg Frpsxwhu

Prgholqj

41414 Frpsoh{lw| lq wkh Jhrvflhqfhv

Wkh hduwktxdnh f|foh lv d frpsoh{ surfhvv1 Wkrxjk rqo| zhoo0nqrzq fodvvlfdo odzv

duh lqyroyhg/ wkh frpelqhg h�hfwv ri qrqolqhdu/ vsdwldoo| khwhurjhqhrxv surshuwlhv/

fkhplfdo dowhudwlrq/ dqg frxsohg h�hfwv uhvxow lq vxusulvlqj hphujhqw skhqrphqd1 E|

wklv L phdq wkdw skhqrphqd dsshdu lq frxsohg v|vwhpv zklfk fdqqrw eh suhglfwhg

e| revhuylqj wkh sk|vlfv ri lvrodwhg surfhvvhv1 D vlpsoh h{dpsoh ri wklv lv Fu|hu*v

srurhodvwlf vskhuh/ zklfk zloo eh glvfxvvhg lq d odwhu fkdswhu rq wkh Pdqgho0Fu|hu

h�hfw1 Hduwktxdnhv pd| eh dq h{dpsoh ri hphujhqw skhqrphqd1 Udwkhu wkdq orrnlqj

iru d vlqjoh odz wr h{sodlq wkh revhuyhg sdwwhuq ri vhlvplf ehkdylru rq d fhuwdlq

idxow/ shukdsv zh qhhg wr h{dplqh pruh fduhixoo| doo ri wkh uhohydqw surfhvvhv wkdw

duh rshudwlyh dqg krz wkh| ehkdyh dv d frxsohg v|vwhp1 Iru h{dpsoh/ dwwhpswv

wr uhsurgxfh Rprul*v odz/ zklfk uhodwhv hduwktxdnh vl}h +pdjqlwxgh, wr iuhtxhqf|/

irfxv rq �qglqj d iulfwlrq odz zklfk/ zkhq dssolhg lq d vwhuloh dqg lvrodwhg wkhruhwlfdo

vhwwlqj/ jlyh wkh uljkw vwdwlvwlfv1 Zk| pxvw frpsoh{ g|qdplfv �qg lw*v vrxufh lq d

vlqjoh qrqolqhdu htxdwlrqB

Lq wklv wkhvlv L zloo surfhhg iurp wkh eholhi wkdw frpsoh{ g|qdplfv rq rqh vfdoh fdq

uhvxow iurp wkh vlpxowdqhrxv rshudwlrq ri pdq| surfhvvhv zklfk/ zkhq lvrodwhg/ pljkw

eh udwkhu vlpsoh dqg zhoo0xqghuvwrrg1 Krzhyhu/ zkhq frxsohg wrjhwkhu/ vxusulvlqj

ehkdylru uhvxowv1 Wklv nlqg ri frpsoh{ ehkdylru/ hphujhqw frpsoh{lw| udwkhu wkdq
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uhgxfwlrqlvw frpsoh{lw|/ pd| dovr uhvxow ru eh hqkdqfhg e| vsdwldoo| khwhurjhqhrxv

pdwhuldo surshuwlhv/ zklfk pd| hyroyh lq wlph/ dqg zklfk pd| eh qrqolqhdu ixqfwlrqv

ri wkh vwdwh yduldeohv1

Wkh vwuxjjoh ri txdqwlwdwlyh jhrorjlvwv dqg jhrsk|vlflvwv wr gh�qh pdwkhpdwlfdo

prghov ri wkh hduwk*v g|qdplfv lv looxvwudwhg e| sk|vlflvw Sklols Dqghuvrq/ zkr zurwh

lq d 4<<4 Sk|vlfv Wrgd| hglwruldo=

�Dv rqh surehv ghhshu lqwr wkh ruljlq ri wkh xqlyhuvh ru wkh lqwhulru ri wkh

txdun/ lw zloo qhyhu eh txhvwlrqhg wkdw rqh lv grlqj sk|vlfv1 E| frqwudvw/

wkh wudglwlrqdo/ uhgxfwlrqlvw sk|vlflvw dqg/ iru vxuh/ wkh ixqglqj djhqflhv

fdq eh ohiw ydjxho| glvwxuehg ru krvwloh dv qhz �hogv ohdg xv xs wkh klhudu0

fk| ri frpsoh{lw| wrzdug vflhqfhv vxfk dv jhrorj|/ ghyhorsphqwdo elrorj|/

frpsxwhu vflhqfh/ duwl�fldo lqwhooljhqfh ru hyhq hfrqrplfv1 Wkhuh fdq eh

d vrphzkdw vxusulvlqj odfn ri xqghuvwdqglqj ri zkdw wkrvh ri xv zrunlqj

lq wkhvh qhz �hogv duh grlqj1 Lw lv vwloo srvvleoh/ iru lqvwdqfh/ wr �qg Pdu0

ylq O1 Jrogehujhu dqg Zroijdqj Sdqrivn|/ zkr duh uhodwlyho| hqoljkwhqhg

sk|vlflvwv/ vd|lqj/ lq dq rs0hg slhfh iru Wkh Qhz \run Wlphv= *Rwkhu

eudqfkhv ri sk|vlfv ^wkdq sduwlfoh sk|vlfv` 111 duh lqwhuhvwlqj/ fkdoohqjlqj/

dqg ri juhdw lpsruwdqfh1111 Wkh remhfwlyhv duh qrw d vhdufk iru ixqgdphq0

wdo odzv dv vxfk/ wkhvh kdylqj ehhq nqrzq111 vlqfh wkh 4<53v1 Udwkhu/ wkh|

duh wkh dssolfdwlrq ri wkhvh odzv1* 111 Lv frpsoh{lw| sk|vlfvB Lv lw vflhqfhB

Zkdw lv lwB� +Dqghuvrq/ 4<<4,1

Ri frxuvh/ jhrorj| lv qrw d �qhz �hog� dv Dqghuvrq vhhpv wr lpso|1 Exw wkh

vwxg| ri jhrorjlfdo surfhvvhv dv d uljrurxvo| txdqwlwdwlyh �hog lv udwkhu qhz1 Wkh

sureohp wr zklfk Dqghuvrq dooxghv/ L eholhyh/ lv wkdw wkh prgho ri dwrplf sk|vlfv lv

qrw dssursuldwh iru wkh vwxg| ri jhrorjlfdo v|vwhpv1 Mxvw dv d wkrurxjk xqghuvwdqglqj

ri Hqjolvk judppdu lv qrw hqrxjk wr dqdo|}h Vkdnhshduhdq srhwu|/ vr dq dtxdlqwdqfh

zlwk fodvvlfdo phfkdqlfv dqg dtxhrxv jhrfkhplvwu| pd| qrw eh hqrxjk wr xqghuvwdqg

wkh ehkdylru ri wkh frxsohg h�hfwv ri d iudfwxuhg/ wkhuprsrurhodvwlf v|vwhp zkrvh

pdwhuldo surshuwlhv hyroyh fkhplfdoo|1

Lq p| uhvhdufk/ L surfhhg zlwk vhyhudo dvvxpswlrqv/ zklfk L zloo od| rxw qrz1
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Iluvw/ fuxvwdo surfhvvhv duh wkh uhvxow ri ixqgdphqwdo fodvvlfdo sk|vlfv1Wkh g|qdplfv

ri wkh hduwk/ lqfoxglqj idxowlqj dqg hduwktxdnhv/ lv jryhuqhg e| zhoo0nqrzq/ fodvvl0

fdo sk|vlfv1 Vhfrqg/ vsdwldo khwhurjhqhlw| rq pdq| vfdohv/ wlph0ydu|lqj dqg srvvleo|

qrqolqhdu sdudphwhuv/ dqg wkh frxsolqj ri wzr ru pruh vlpsohu g|qdplfdo surfhvvhv

wrjhwkhu surgxfh g|qdplfdo ehkdylru wkdw lv frpsoh{ dqg h{klelwv hphujhqw skhqrq0

phqd1 Wkdw lv/ vwxg|lqj dq| ri wkhvh surfhvvhv lq lvrodwlrq pd| plvv d vljql�fdqw

sduw ri wkh v|vwhp g|qdplfv1 Dqg �qdoo|/ wkh phwkrgv ri fodvvlfdo pdwkhpdwlfdo

dqdo|vlv/ edvhg rq dvvxpswlrqv ri frqwlqxlw| dqg lq�qlwhvlpdov/ pxvw jlyh zd| wr qhz

txdqwlwdwlyh dssurdfkhv1 Frpsxwdwlrqdo vflhqfh/ lq zklfk frpsxwhu vriwzduh wkdw

lpsohphqwv glvfuhwh vlpxodwlrqv ri g|qdplfdo surfhvvhv/ lv wkh dssursuldwh wkhru|

iru frpsoh{ hduwk surfhvvhv1 Wklv lv vr ehfdxvh wkh fodvv ri surfhvvhv wkdw fdq eh

uhsuhvhqwhg e| gl�huhqwldo ru dojheudlf htxdwlrqv lv udwkhu olplwhg1

Zroiudp +4<<7, kdv ghprqvwudwhg wkdw dq| sk|vlfdo surfhvv pd| eh uhsuhvhqwhg e|

d frpsxwdwlrqdo dojrulwkp1 Gl�huhqwldo htxdwlrqv dqg wkhlu glvfuhwh dssur{lpdwlrqv

uhsuhvhqw wzr w|shv ri dojrulwkpv iru frpsxwlqj d ixwxuh vwdwh iurp d suhfhglqj

vwdwh1 Exw wkhuh duh pdq| surfhvvhv/ zklfk Zroiudp uhihuv wr dv frpsxwdwlrqdoo|

luuhgxfleoh surfhvvhv/ zklfk fdqqrw eh zulwwhq dv dq htxdwlrq1 Dq h{dpsoh ri vxfk d

sk|vlfdo surfhvv lv jlyhq odwhu lq wklv glvvhuwdwlrq lq wkh fkdswhu rq odwwlfh Erow}pdqq

vlpxodwlrqv1 Wkhuh/ zh lqwurgxfh dq dojrulwkp wkdw vlpxodwhv wkh �oolqj ri sruh vsdfhv

lq d judqxodu urfn rq wkh edvlv ri  xlg  rz yhorflwhv lq wkh vsdfhv1 Wkh  rz yhorflwlhv

fkdqjh dv wkh sruh vsdfhv duh �oohg1 Wkh vlpxodwhg gldjhqhvlv fdqqrw eh prghohg d

sulrul e| dq| htxdwlrqv/ qr pdwwhu krz frpsoh{1 \hw wkh surfhvv fdq eh prghohg

udwkhu hdvlo| e| suhvfulelqj d uxoh iru fduu|lqj rxw wkh vlpxodwlrq lq wlph1 Wklv lv

dq h{dpsoh ri d frpsxwdwlrqdoo| luuhgxfleoh surfhvv1 Idxowlqj surfhvvhv/ shukdsv

frqwuroohg e| jhrfkhplfdo/ phfkdqlfdo/ dqg  xlg surfhvvhv pd| eh frpsxwdwlrqdoo|

luuhgxfleoh surfhvvhv1 Wkh| fdq rqo| eh prghohg e| suhvfulehg g|qdplfdoo| uxohv/

zklfk pd| qrw eh uhgxfleoh wr gl�huhqwldo ru dojheudlf htxdwlrqv1

Glvfuhwl}hg sduwldo gl�huhqwldo htxdwlrqv duh d vwhs lq wklv gluhfwlrq dqg surylgh d

srzhuixo phdqv iru vwxg|lqj frpsoh{ v|vwhpv1 Exw pruh udglfdo dssurdfkhv duh dovr

ehlqj ghyhorshg zklfk uh0h{dplqh rxu frqwlqxxp sk|vlfdo prghov1 Dq h{dpsoh ri

wklv lv wkh odwwlfh jdv ru odwwlfh Erow}pdqq prgho iru  xlg  rz1 Dv Wr�rol vxjjhvwv
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+Wr�rol/ 4<;:,/ rxu sk|vlfdo prghov uh hfw wr d odujh h{whqw wkh dqdo|wlfdo wrrov zh

kdyh dydlodeoh1 Wkh frpsxwhu kdv kdugo| ehjxq wr lpsdfw rxu txdqwlwdwlyh prghov1

Frpsxwdwlrqdo h{shulphqwdwlrq zlwk d klhudufk| ri lqfuhdvlqjo| frpsoh{ qxphul0

fdo prghov lv shukdsv wkh rqo| zd| wr vruw rxw zklfk h�hfwv duh ri juhdwhvw lpsruwdqfh

iru prgholqj hduwktxdnhv dqg idxow g|qdplfv1 Wkh sxusrvh ri wklv wkhvlv lv wr h{dplqh

wkh uroh ri fuxvwdo  xlgv dv dq lpsruwdqw hohphqw lq wkh hyroxwlrq ri fuxvwdo vwuhvv dqg

wkh hduwktxdnh surfhvv wkurxjk frpsxwhu vlpxodwlrq1 D vwudwhj| iru frqvwuxfwlqj d

Jhqhudo Hduwktxdnh Prgho/ edvhg rq wkh vriwzduh frpsrqhqw vwudwhj| xvhg iru wklv

wkhvlv/ zloo eh rxwolqhg1 Lw lv krshg wkdw wklv uhvhdufk/ dqg wkh sursrvhg ghvljq iru

vlpxodwlqj fuxvwdo surfhvvhv/ zloo vsxu ixuwkhu uhvhdufk lq wkh vwxg| ri wkh fuxvw dv d

idvflqdwlqj frpsoh{ v|vwhp1

Zkdw grhv lw phdq wr xqghuvwdqg d sk|vlfdo surfhvv lq d vflhqwl�f vhqvhB Wklv lv/

ri frxuvh/ dw wkh yhu| khduw ri rxu gh�qlwlrq ri vflhqfh1 Vflhqfh lv pxfk pruh wkdq

vlpso| d froohfwlrq ri gdwd1 Lw lv dovr ixqgdphqwdoo| d vhw ri uxohv wkdw frkhuhqwo|

frqqhfw wkh gdwd lqwr d orjlfdo sdwwhuq1 Lw lv wklv sdwwhuq wkdw doorzv xv wr pdnh

suhglfwlrqv derxw wkh ixwxuh ehkdylru ri d g|qdplfdo surfhvv/ jlyhq vrph fxuuhqw

frq�jxudwlrq1 Iru wkh sdvw wkuhh kxqguhg |hduv ru vr/ wkhvh uxohv kdyh jhqhudoo| ehhq

zulwwhq lq d pdwkhpdwlfdo irup wkdw xvhv frqvwuxfwv iurp gl�huhqwldo fdofxoxv wr irup

gl�huhqwldo htxdwlrqv1 Hqruprxv hqhuj| kdv ehhq vshqw lq ghylvlqj vroxwlrqv wr wkhvh

htxdwlrqv xvlqj wkh phwkrgv ri gl�huhqwldo dqg dqdo|wlfdo fdofxoxv1 Wkh uhwxuq rq wklv

lqyhvwphqw ri h�ruw kdv ehhq fruuhvsrqglqjo| kljk1 Zh �xqghuvwdqg� pdq| wklqjv

derxw qdwxuh wkdw zh qrw xqghuvwrrg lq wkh suh0fdofxoxv gd|v1

Dq h{dpsoh lv irxqg lq Pd{zhoo*v htxdwlrqv/ zklfk ghvfuleh wkh g|qdplfdo eh0

kdylru ri hohfwurpdjqhwlf �hogv1 Zh vwloo gr qrw xqghuvwdqg zkdw dq hohfwurpdjqhwlf

�hog lv lq lwv hvvhqfh1 Exw doo ri vflhqfh lv dw edvh skhqrphqrorjlfdo1 Zkdw zh fdoo

odzv lq vflhqfh duh phqwdo frqvwuxfwv derxw dq xqghuo|lqj uhdolw| zklfk zh rqo| lqihu

iurp rxu revhuydwlrqv1 Dqrwkhu h{dpsoh lv Qhzwrq*v odzv ri phfkdqlfv1 Wkhvh duh

txlwh jrrg ghvfulswlrqv ri krz uljlg erglhv ehkdyh1 Qhyhuwkhohvv/ wkh| duh zurqj1

Qhzwrq*v odzv duh phuho| dq dssur{lpdwlrq wr wkh pruh dffxudwh g|qdplfdo prgho

jlyhq e| uhodwlylvwlf txdqwxp phfkdqlfv1 Vr/ zh vhh wkdw lq frpprq xvdjh/ vflhq0

wl�f odzv duh vlpso| uxohv derxw wkh ehkdylru ri qdwxuh wkdw duh zhoo0hvwdeolvkhg dqg
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suhglfw g|qdplfdo ehkdylru idluo| dffxudwho|/ wr zlwklq vrph dffhswdeoh wrohudqfh1

Zkdw grhv doo wklv kdyh wr gr zlwk wkh hduwk vflhqfhvB L eholhyh wkh hduwk vflhqfhv

duh mxvw ehjlqqlqj wr uhdfk d jroghq shulrg/ pxfk dv sk|vlfv glg lq wkh shulrg eh0

wzhhq Qhzwrq dqg wkh hduo| 2f|�fhqwxu| zkhq wkh irxqgdwlrqv ri txdqwxp phfkdqlfv

zhuh odlg1 Wkh uhdvrq iru wklv/ L eholhyh/ kdv wr gr zlwk wkh ghyhorsphqw ri gljlwdo

frpsxwlqj whfkqrorj| dqg qhz pdwkhpdwlfdo lghdv lq wkh �hogv ri qrqolqhdu g|qdp0

lfv dqg qxphulfdo vlpxodwlrq phwkrgv1 Wkhvh qhz ghyhorsphqwv kdyh surylghg wkh

vflhqwl�f frppxqlw| zlwk wrrov wkdw duh pruh dssursuldwh iru ghdolqj zlwk wkh nlqgv

ri surfhvvhv hqfrxqwhuhg lq wkh vrolg hduwk wkdq zhuh suhylrxvo| dydlodeoh1

Wkh txdqwlwdwlyh vwxg| ri wkh hduwk lqyroyhv wkh lqwhjudwlrq ri pdq| ixqgdphqwdo

surfhvvhv1 Wkhvh ixqgdphqwdo surfhvvhv ghulyh iurp fodvvlfdo sk|vlfv dqg jhqhudoo|

zhoo0nqrzq fkhplvwu|1 Krzhyhu/ hyhq li zh fdq zulwh grzq wkh gl�huhqwldo htxdwlrqv

wkdw pljkw ghvfuleh hdfk ri wkh surfhvvhv wkdw duh lpsruwdqw lq wkh hduwk/ wkh| duh

qrw wudfwdeoh e| dqdo|wlfdo phwkrgv1 Lq idfw/ zh fdq vdiho| vd| wkdw wkh| qhyhu

zloo eh1 Wklv lv ehfdxvh wkh htxdwlrqv lqyroyh qrqolqhdulwhv/ vsdwldoo| khwhurjhqhrxv

frh!flhqwv/ whpsrudoo| hyroylqj sdudphwhuv/ dqg frxsolqjv wkdw uhvxow lq frpsoh{

ehkdylru1 Iru qrz/ ohw xv vlpso| gh�qh frpsoh{ ehkdylru wr eh vxusulvlqj ehkdylru1

Wkdw lv/ wkh uhvxowlqj g|qdplfv lv qrw rqo| txdqwlwdwlyho| xqsuhglfwdeoh e| dqdo|wlfdo

phdqv +zh fdq*w zulwh grzq d irupxod iurp zklfk zh fdq ghulyh doo ixwxuh vwdwhv ri

d v|vwhp, exw lw lv dovr qrq0lqwxlwlyh txdolwdwlyho|1

L zlvk wr dujxh lq wklv hvvd| wkdw zh fdq fodlp wr xqghuvwdqg vrph surfhvv lq

wkh hduwk li zh fdq pdnh d frpsxwhu vlpxodwlrq frgh wkdw suhglfwv wkh ehkdylru ri

wkdw hduwk v|vwhp wr zlwklq vrph dffhswdeoh ghjuhh ri dffxudf|1 Vxfk d wkhruhwlfdo

prgho lv frqfhswxdoo| qr gl�huhqw iurp d gl�huhqwldo htxdwlrq prgho iurp zklfk zh

fdq gudz dqdo|wlfdo vroxwlrqv1 Erwk duh uxohv iru suhglfwlqj wkh ixwxuh vwdwh ri d

v|vwhp/ wr zlwklq vrph wrohudqfh/ iurp d vwduwlqj vwdwh1 Lw vkrxog eh hpskdvl}hg

wkdw L dp qrw uhvwulfwlqj frpsxwhu frghv wr glvfuhwh dssur{lpdwlrqv ri gl�huhqwldo

htxdwlrqv/ wkrxjk wkhvh duh dq lpsruwdqw sduw ri wkh fodvv ri frpsxwhu prghov zklfk

L dp ghvfulelqj1 Dovr lqfoxghg duh glvfuhwh prghov ri wkh ixqgdphqwdo sk|vlfv/ vxfk

dv fhooxodu dxwrpdwd/ odwwlfh jdv prghov ri  xlgv/ dqg rwkhu dowhuqdwlyhv wr gl�huhqwldo

htxdwlrqv1
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Wkh srlqw ri p| glvvhuwdwlrq lv wr ehjlq vwxg|lqj wkh g|qdplfv ri wkh fuxvw dqg

wkh uroh wkdw  xlgv sod| lq lw1 Wkh htxdwlrqv zklfk ghvfuleh wklv ehkdylru lqfoxgh

doo wkh fkdudfwhulvwlfv ri frpsoh{ skhqrphqd= qrqolqhdulwlhv/ khwhurjhqhlwlhv/ dqg

frxsohg surfhvvhv1 V|vwhpdwlf fodvvl�fdwlrq ri zkhq hdfk ri wkhvh frpsoh{ ghyldwlrqv

iurp vlpsoh olqhdu wkhru| lv d odujh xqghuwdnlqj wkdw pxvw eh grqh lq rughu iru hduwk

vflhqwlvwv wr ehjlq wr uhfrjql}h fkdudfwhulvwlf sdwwhuqv lq revhuyhg gdwd1

415 Vxppdu| ri wklv Glvvhuwdwlrq

41514 Jhqhudo dqg Vshfl�f Jrdov

Wklv wkhvlv kdv d gxdo sxusrvh1 Lw suhvhqwv vshfl�f uhvxowv derxw fuxvwdo  xlgv/ shuph0

delolw|/ srvwvhlvplf ghirupdwlrq dqg diwhuvkrfnv1 Lw dovr suhvhqwv d jhqhudo phwkrg0

rorj| iru d txdqwlwdwlyh vwxg| ri wkh sk|vlfv ri wkh hduwk edvhg rq frpsxwdwlrqdo

prghov zkrvh g|qdplfdo frqvhtxhqfhv fdq rqo| eh revhuyhg wkurxjk wkh xvh ri gljl0

wdo frpsxwhuv1

41515 Wkh Hyroylqj Fuxvw= Pdwhuldo Surshuwlhv

Wkh xeltxlwrxv suhvhqfh ri zdwhu lq wkh fuxvw surylghv d g|qdplf phfkdqlvp e|

zklfk wkh ixqgdphqwdo pdwhuldo surshuwlhv ri wkh fuxvw fdq eh surirxqgo| dowhuhg lq

jhrorjlfdoo| vkruw wlph vsdqv1 Wkh phfkdqlfdo/ wkhupdo/ dqg fkhplfdo surshuwlhv ri

wkh fuxvw duh wkxv lq d frqvwdqw vwdwh ri glvhtxloleulxp/ hyhq rq kxpdq wlph vfdohv1

Rqh ri wkh prvw lpsruwdqw frqwuroolqj sdudphwhuv iru wkh k|gurorjlf hqjlqh lv

shuphdelolw|1 Dq xqghuvwdqglqj ri shuphdelolw| lv ylwdo iru sudfwlfdo frqfhuqv vxfk dv

surgxflqj d shwurohxp uhvhuyrlu ru fohdqlqj xs d frqwdplqdwhg dtxlihu1 Shuphdelolw|

khwhurjhqhlw| dqg hyroxwlrq kdyh ehhq lqyrnhg dv sod|lqj d fulwlfdo uroh lq vrph

wkhrulhv ri wkh hduwktxdnh f|foh1 Wkh frqvwuxfwlrq ri frpsxwhu prghov zklfk lqfoxgh

hyroylqj srurvlw| pxvw kdyh vrph phdqv ri uhodwlqj shuphdelolw| wr wkh fkdqjlqj

sruh vwuxfwxuh ri urfnv1 Lw lv qrw |hw zhoo xqghuvwrrg lq d txdqwlwdwlyh/ suhglfwlyh

vhqvh krz shuphdelolw| lv uhodwhg wr srurvlw| dqg sruh vwuxfwxuh1 D nqrzohgjh ri wklv

uhodwlrqvkls pljkw eh wkh nh| wr uhodwlqj shuphdelolw| wr rwkhu sk|vlfdo surshuwlhv ri
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urfnv/ vxfk dv hohfwulfdo frqgxfwlylw| dqg vhlvplf zdyh yhorflw|/ zklfk duh phdvxuhdeoh

txdqwlwlhv1

D �uvw dwwhpsw/ dqg pruh lpsruwdqwo|/ d vwudwhj| iru ixwxuh zrun/ lv pdgh khuh wr

foduli| wkh uhodwlrqvkls ehwzhhq shuphdelolw| dqg sruh vwuxfwxuh1 Wkh phwkrg lv wr

pdnh sruh0vfdoh frpsxwhu prghov ri urfnv/ gljlwdo urfnv/ dqg wkhq frpsxwh wkh shu0

phdelolw| ri wkh prgho urfn1 Ydulrxv phwkrgv iru �oolqj wkh sruh vsdfh duh xvhg wr

jhqhudwh srurvlw| 0 shuphdelolw| fxuyhv iru wkh ydulrxv v|qwkhwlf gldjhqhwlf vfkhphv1

Wkh uhvxowv duh frpsduhg wr oderudwru| phdvxuhphqwv ri gl�huhqw qdwxudo dqg du0

wl�fldo judqxodu pdwhuldov wr ghwhuplqh zkdw sruh0�oolqj phfkdqlvpv pljkw srvvleo|

h{sodlq revhuyhg wuhqgv lq wkh uhdo pdwhuldov1 Wklv nlqg ri qxphulfdo h{shulphqwdwlrq

zdv pdgh srvvleoh e| wkh lpsohphqwdwlrq ri d qhz phwkrg iru  xlg  rz vlpxodwlrq

edvhg rq d plfurvfrslf vwdwlvwlfdo phfkdqlfdo dssurdfk1 Wkh �uvw vxfk prgho/ fdoohg

d odwwlfh jdv prgho/ lv d w|sh ri fhooxodu dxwrpdwrq zklfk fdq eh vkrzq wkhruhwlfdoo|

wr uhsurgxfh wkh pdfurvfrslf Qdylhu0Vwrnhv htxdwlrqv1

L lpsohphqwhg d prgl�fdwlrq ri wkh glvfuhwh odwwlfh jdv prgho/ edvhg rq wkh Erow}0

pdqq htxdwlrq dqg fdoohg d odwwlfh Erow}pdqq prgho iru  xlg  rz lq d frpsxwhu

surjudp1 Frqwlqxlqj zlwk wkh frpprq wkhph iru doo ri wkh qxphulfdo prgholqj zrun

suhvhqwhg lq wklv wkhvlv/ L hqfdsvxodwhg frpsoh{ surfhvvhv lqwr vhsdudwh frpsrqhqwv

vr wkdw L zdv iuhh wr h{shulphqw zlwk rqh surfhvv zklovw ehlqj xqhqfxpehuhg e| rwkhu

frpsoh{ surfhvvhv1 Rqfh wkh odwwlfh Erow}pdqq �shuphdelolw| fdofxodwru� zdv lpsoh0

phqwhg/ L zdv wkhq iuhh wr h{shulphqw zlwk ydulrxv phwkrgv iru hyroylqj wkh sruh

vsdfh lq p| gljlwdo urfnv1 Ixwxuh zrun iroorzlqj wklv jhqhudo vwudwhj| zloo lqyroyh

wkh frpsxwdwlrq ri rwkhu urfn surshuwlhv iurp wkh vdph sruh jhrphwulhv xvhg iru wkh

shuphdelolw| fdofxodwlrqv1 Qhz vfkhphv iru jhqhudwlqj dqg hyroylqj sruh jhrphwulhv

zloo dovr eh ghyhorshg lq rughu wr doorz pruh uhdolvwlf vlpxodwlrqv ri uhdo pdwhuldov1

41516 Srurhodvwlflw|

Wr d odujh h{whqw/ wkh xsshu 43 np ri wkh Hduwk*v fuxvw/ ehkdyhv dv d  xlg0vdwxudwhg

hodvwlf pdwhuldo1 Wkrxjk wkh htxdwlrqv ri olqhdu hodvwlflw| duh riwhq xvhg wr frpsxwh

vwuhvv fkdqjhv lq wkh fuxvw gxh wr idxow glvorfdwlrqv/ sruh  xlgv dgg d wlph hohphqw wr
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wkh htxdwlrqv wkdw ghvfuleh vwuhvv lq wkh eulwwoh fuxvw1 Wkh frxsohg htxdwlrqv iru  xlg

 rz lq d vdwxudwhg srurxv phglxp dqg hodvwlf ghirupdwlrq zhuh �uvw irupxodwhg e|

Pdxulfh D1 Elrw lq 4<74 dqg kdyh ehhq irupxodwhg dqg suhvhqwhg e| pdq| dxwkruv

lq ydulrxv irupv vlqfh wkhq1 Wkh htxdwlrqv duh suhvhqwhg khuh lq d pruh jhqhudo irup

wkdw grhv qrw dvvxph pdwhuldo surshuwlhv duh frqvwdqwv1 Udwkhu/ vsdwldo khwhurjhqhlw|/

lqhodvwlf hyroxwlrq gxh wr gldjhqhvlv/ dqg qrqolqhdulwlhv duh doorzhg dqg dvvxphg1

Shuphdelolw|/ zklfk frqwurov wkh pryhphqw ri  xlg/ lv dvvxphg wr eh d ixoo udqn 5

whqvru/ zklfk shuplwv dqlvrwurs| lq wkh gluhfwlrq ri  xlg  rz1 Wkh uhvxowlqj htxdwlrqv

fdqqrw eh vroyhg dqdo|wlfdoo|/ vr d qxphulfdo dojrulwkp lv suhvhqwhg iru wkhlu vroxwlrq

e| frpsxwhu1

Xqghu fhuwdlq frqglwlrqv/ srurhodvwlf pdwhuldov fdq h{klelw udwkhu vxusulvlqj dqg

xqh{shfwhg g|qdplfdo ehkdylru1 Rqh gh�qlwlrq ri frpsoh{lw| ru frpsoh{ g|qdplfv

pljkw eh g|qdplfdo surfhvvhv wkdw gr qrw hyroyh dffruglqj wr rxu xvxdo olqhdu zd|v ri

wklqnlqj> wkdw lv/ wkh| ehkdyh lq vxusulvlqj dqg xqh{shfwhg zd|v1 Rqh h{dpsoh ri wklv

nlqg ri frpsoh{ ehkdylru lv wkh Fu|hu0Pdqgho h�hfw lq d srurhodvwlf vskhuh ru f|olqghu1

Diwhu uhsurgxflqj wklv h�hfw qxphulfdoo| dqg glvfxvvlqj wkh sk|vlfdo uhdvrqv iru wkh

h�hfw/ L vkrz wkdw wkh h�hfw lv qrw olplwhg wr vlpsoh vskhulfdo jhrphwu|/ exw pd|

dovr dulvh lq frqwh{wv wkdw kdyh lpsruwdqw lpsolfdwlrqv iru idxowv1 Wkh frpelqdwlrq

ri frxsohg srurhodvwlf h�hfwv wrjhwkhu zlwk khwhurjhqhrxv shuphdelolw| duh qhfhvvdu|

lqjuhglhqwv iru wklv skhqrphqrq wr rffxu1 Doo ri wkhvh lqjuhglhqwv dqg pruh duh

dozd|v suhvhqw lq wkh hduwk1 Lw lv rqo| e| frpsxwhu h{shulphqwv zlwk prghov wkdw

lqfoxgh pdq| surfhvvhv wkdw zh fdq krsh wr ehjlq wr xqghuvwdqg txdqwlwdwlyho| wkh

g|qdplfv ri d frpsoh{ surfhvv vxfk dv hduwktxdnhv1

41517 Wkh 4<<5 Odqghuv Hduwktxdnh

Frqvlghudeoh gdwd zdv froohfwhg iroorzlqj wkh 4<<5 Odqghuv hduwktxdnh/ zklfk pdnhv

lw dq lghdo hduwktxdnh iru uhvhdufk1 Xvlqj wkh srurhodvwlf prgho zklfk zdv phqwlrqhg

lq wkh suhfhhglqj vhfwlrq/ srvwvhlvplf yhuwlfdo dqg krul}rqwdo ghirupdwlrq zdv vlpx0

odwhg1 Wkh jrdo zdv wr ghwhuplqh krz vljql�fdqw srurhodvwlf ghirupdwlrq fdxvhg e|
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sruh  xlg gl�xvlrq iroorzlqj wkh hduwktxdnh/ zdv lq h{sodlqlqj wkh phdvxuhg ghiru0

pdwlrq lq wkh uhjlrq ri wkh Odqghuv hduwktxdnh1 Vlpxodwlrqv zlwk uhdvrqdeoh sdudp0

hwhuv vwurqjo| vxjjhvw wkdw sruh  xlg pryhphqw pxvw eh lqfoxghg lq frqvlghudwlrqv ri

srvwvhlvplf ghirupdwlrq1 Hyhq vlpxodwlrqv zlwk vlpsoh prghov ri wkh orfdo pdwhuldo

surshuwlhv h{klelwhg frpsolfdwhg sdwwhuqv ri ghirupdwlrq/ lqglfdwlqj wkdw frqvlghu0

deo| pruh uhvhdufk vkrxog eh grqh zkhq pruh lqirupdwlrq derxw shuphdelolw| dqg

hodvwlf dqlvrwurs| ehfrph dydlodeoh1

41518 Sruh Ioxlgv dqg Diwhuvkrfnv

Lw lv zhoo0nqrzq wkdw pdq| k|gurorjlf h�hfwv pd| eh revhuyhg iroorzlqj odujh hduwk0

txdnhv1 Qxu dqg Errnhu +4<:5, sursrvhg wkdw diwhuvkrfnv zhuh frqwuroohg wr d odujh

h{whqw e| sruh suhvvxuh gl�xvlrq iroorzlqj hduwktxdnhv1 D jhqhudo wkhru| zdv sur0

srvhg iru zk| wklv zdv vr1 L wdnh d qhz orrn dw wklv lghd xvlqj frpsxwhu vlpxodwlrq

zlwk wkh prgho ghyhorshg iru vwxglhv ri ghirupdwlrq iroorzlqj wkh Odqghuv hduwk0

txdnh1 Diwhuvkrfn iuhtxhqflhv duh frpsxwhg dqg diwhuvkrfn orfdwlrqv duh fruuhodwhg

zlwk sruh suhvvxuh whqghqflhv1 Wkhvh fruuhodwlrqv duh uhdvrqdeo| jrrg1 Ehwwhu uhvxowv

duh dfklhyhg e| orrnlqj dw wkh Frxorpe vwuhvv shuwxuedwlrq fdxvhg e| sruh suhvvxuh

gl�xvlrq iroorzlqj wkh hduwktxdnh1 Wkhvh uhvxowv lqglfdwh wkdw frxsohg srurhodvwlf

vwuhvv fkdqjhv fdxvhg e| sruh  xlg pryhphqw iroorzlqj dq hduwktxdnh pd| sod| d

vljql�fdqw uroh lq diwhuvkrfn rffxuuhqfh1

41519 D Jhqhudo Hduwktxdnh Prgho Vwudwhj|

Ri frxuvh/ pruh jhqhudo sk|vlfdo prghov duh srvvleoh/ lqfoxglqj ylvfrhodvwlflw|/ ydulrxv

qrqolqhdu hodvwlf wkhrulhv/ dqg pxowlskdvh  xlg  rz1 Lqfrusrudwlrq ri uhdfwlyh fkhp0

lvwu| prghov zklfk prgli| wkh pdwhuldo surshuwlhv/ idxow prghov zklfk ehkdyh/ gxulqj

uxswxuh/ dw ohdvw/ dffruglqj wr wkhlu rzq g|qdplfdo odzv/ dqg lqwhudfwlrqv zlwk rwkhu

sk|vlfdo v|vwhpv/ vxfk dv orzhu erxqgdu| frqglwlrqv fuhdwhg e| pdqwoh frqyhfwlrq/

duh doo srvvleoh h{whqvlrqv wr d prgho ri fuxvwdo g|qdplfv1 D vwudwhj| lv suhvhqwhg

e| zklfk wkh frpsoh{ sk|vlfdo dqg pdwkhpdwlfdo prghov uhtxluhg e| hdfk ri wkhvh



ELEOLRJUDSK\ 44

surfhvvhv fdq eh hqfdsvxodwhg iru xvh lq pruh frpsoh{ vlpxodwruv1 Vriwzduh frpsr0

qhqwv/ hdfk fruuhvsrqglqj wr d sduwlfxodu g|qdplfdo surfhvv/ fdq eh ghvljqhg zklfk

doorz pruh dqg pruh frpsoh{ prghov wr eh exlow iurp whvwhg vlpsohu frpsrqhqwv1

Wklv doorzv iru frqvlghudeoh  h{lelolw| lq ghvljqlqj frpsxwhu h{shulphqwv wr whvw dqg

frpsduh ydulrxv sk|vlfdo wkhrulhv derxw skhqrphqd vxfk dv hduwktxdnhv zklfk lq0

yroyh qxphurxv frpsolfdwhg/ frxsohg surfhvvhv rshudwlqj vlpxowdqhrxvo|1 D v|vwhp

iru udslg qxphulfdo h{shulphqwdwlrq zlwk frpsoh{ v|vwhpv fdq eh frqvwuxfwhg lq wklv

zd|1 Wkh uxglphqwv ri wklv v|vwhp kdyh ehhq exlow iru wkh qxphulfdo vlpxodwlrqv fdu0

ulhg rxw lq wklv glvvhuwdwlrq1 E| exloglqj rq wklv v|vwhp/ wrrov iru d zkroh jhqhudwlrq

ri vflhqwlvwv wr xvh fdq eh pdgh dydlodeoh/ pdnlqj wkh frpsxwhu d sod|jurxqg iru

vflhqwl�f fuhdwlylw|1

Eleolrjudsk|

Elrw/ P1 D1/ Jhqhudol}hg wkhru| ri 60glphqvlrqdo frqvrolgdwlrq/ M1 Dsso1 Sk|v1/ 45 /

488�497/ 4<741

Ilvkzlfn/ S1 D1/ Vlpxodwlrq Prgho Ghvljq dqg H{hfxwlrq= Exloglqj Gljlwdo Zruogv/

Suhqwlfh Kdoo/ Hqjohzrrg Fol�v/ QM/ 4<<81

Kdpeolq/ Z1 N1/ Hduwk*v G|qdplf V|vwhpv/ Vl{wk Hglwlrq/ PdfPloodq Sxeolvklqj

Fr1/ Qhz \run/ 4<<51

Qxu/ D1/ dqg M1 U1 Errnhu/ Diwhuvkrfnv fdxvhg e| sruh  xlg  rzB/ Vflhqfh/ 4:8 /

;;8�;;:/ 4<:51

Wr�rol/ W1/ dqg Q1 Pdujroxv/ Fhooxodu Dxwrpdwd Pdfklqhv= D Qhz Hqylurqphqw iru

Prgholqj/ PLW Suhvv/ Ervwrq/ 4<;:1

Zroiudp/ V1/ Fhooxodu Dxwrpdwd Dqg Frpsoh{lw| = Froohfwhg Sdshuv/ Dfdghplf

Suhvv/ Qhz \run/ 4<<71
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Shuphdelolw| Prghov iru Fuxvwdo

Vlpxodwlrq

514 Lqwurgxfwlrq

Ioxlg  rz lq wkh fuxvw lv frqwuroohg e| wkh shuphdelolw| ri wkh srurxv pdwhuldo wkurxjk

zklfk wkh  xlg  rzv1 Wkh udwh dw zklfk shuphdelolw| hyroyhv gxh wr suhflslwd0

wlrq2glvvroxwlrq/ wkh ghjuhh ri shuphdelolw| khwhurjhqhlw|/ dqg qrqolqhdu uhvsrqvh ri

shuphdelolw| wr sruh suhvvxuh duh doo fulwlfdo sdudphwhuv1 Vhhplqjo| vpdoo txdqwlwdwlyh

yduldwlrq lq wkh pdjqlwxgh ri wkhvh sdudphwhuv fdq uhvxow lq ydvwo| gl�huhqw txdolwdwlyh

ehkdylru ri wkh v|vwhp1 Lq rughu wr pdnh txdqwlwdwlyh suhglfwlrqv derxw wkh g|qdp0

lfv ri d  xlg0vdwxudwhg srurxv phglxp lw lv qhfhvvdu| wr xqghuvwdqg wkh vhqvlwlylw|

ri wkh v|vwhp wr wkh sdudphwhuv wkdw ghwhuplqh vsdwldo dqg whpsrudo shuphdelolw|

glvwulexwlrq1 Frpsxwhu vlpxodwlrq lv wkh wrro xwlol}hg wr fduu| rxw wkh txdqwlwdwlyh

h{shulphqwv khuh1 Wkhvh txdqwlwdwlyh uhvxowv fdq wkhq eh xvhg wr ghwhuplqh zklfk

�hog phdvxuhphqwv duh qhhghg wr gl�huhqwldwh ehwzhhq frpshwlqj wkhrulhv1

Dv lqglfdwhg lq wkh suhylrxv fkdswhu/ fuxvwdo surfhvvhv duh fkdudfwhul}hg e| frp0

soh{lw|= vsdwldo khwhurjhqhlw| dqg jhrphwulfdo frpsoh{lw|/ qrqolqhdulwlhv/ dqg frx0

solqj ri wzr ru pruh surfhvvhv1 Wklv pdnhv frpsxwhu vlpxodwlrq d qrq0wulyldo wdvn

dqg lv shukdsv rqh uhdvrq zk| odujh0vfdoh frpsxwhu prgholqj lv ohvv zhoo ghyhorshg

lq wkh vrolg hduwk vflhqfhv wkdq lq rwkhu hduwk vflhqfhv/ vxfk dv phwhrurorj| dqg

45
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rfhdqrjudsk|1 Vrph qhz dojrulwkplf wrrov duh hpsor|hg lq wkh lqyhvwljdwlrqv suh0

vhqwhg khuh1 Wkh odwwlfh Erow}pdqq phwkrg lv xvhg iru d sruh vfdoh lqyhvwljdwlrq ri

shuphdelolw|0srurvlw| uhodwlrqvklsv lq judqxodu pdwhuldov1 Wkh uhvxowv ri wklv vwxg|

kdyh lpsolfdwlrqv iru wkh ixqfwlrqdo uhsuhvhqwdwlrq ri shuphdelolw| lq whupv ri srurv0

lw|1

515 Sruh Vwuxfwxuh dqg Shuphdelolw|

Wkh shuphdelolw| glvwulexwlrq ri d srurxv phglxp uhsuhvhqwv wkh soxpelqj v|vwhp

wkdw frqwurov wkh  rz ri  xlg lq wkh phglxp1 Wkh hyroxwlrq ri shuphdelolw| lq d fkhp0

lfdoo| uhdfwlyh phglxp pxvw eh uhsuhvhqwhg pdwkhpdwlfdoo| dv d ixqfwlrq ri srurvlw|

lq rughu wr lqfoxgh wklv hyroxwlrq lq qxphulfdo vlpxodwlrq ri  xlg  rz zkhq fkhp0

lfdo uhdfwlrqv zklfk fkdqjh wkh phglxp duh lqfoxghg1 Wkh ixqfwlrqdo uhodwlrqvkls

ehwzhhq shuphdelolw| dqg srurvlw| pd| eh fulwlfdo iru vrph surfhvvhv zkhuh wkh udwh

dw zklfk shuphdelolw| fkdqjhv zlwk srurvlw|1 Zdoghu dqg Qxu +4<;7, kdyh vkrzq/ iru

h{dpsoh/ wkdw li shuphdelolw| ghfuhdvhv idvwhu wkdq d fulwlfdo udwh/ dqrpdorxvo| kljk

sruh suhvvxuh fdq ghyhors lq shuphdeoh urfn1 Li shuphdelolw| ghfuhdvhv vorzo|/  xlg

gudlqv txlfno| hqrxjk wr suhyhqw kljk sruh suhvvxuhv iurp rffxuulqj1 Vrph prghov ri

wkh hduwktxdnh f|foh vxjjhvw wkdw kljk sruh suhvvxuhv pd| ghyhors lq frpsduwphqwv

lq d idxow }rqh zkhq suhflslwdwlrq forjv wkh srurvlw|1 Wkh udwh dw zklfk shuphdelolw|

ghfolqhv dv srurvlw| ghfuhdvhv ghwhuplqhv zkhwkhu ru qrw wkh frpsduwphqwv ri kljk

 xlg suhvvxuh zloo irup ru qrw1

Rqh ri wkh prvw frpprq zd|v ri uhsuhvhqwlqj wkh ixqfwlrqdo uhodwlrqvkls ehwzhhq

srurvlw| dqg shuphdelolw| lv wkurxjk d srzhu odz ru Nr}hq|0Fduphq uhodwlrqvkls

+Erxuelh/ 4<;:> Gxoolhq/ 4<<5,=

& ' S�? +514,

zkhuh & lv wkh lqwulqvlf +vfdodu, shuphdelolw|/ � lv wkh srurvlw|/ ? lv dq h{srqhqw

jhqhudoo| htxdo wr 5 ru 6/ dqg f lv dq hpslulfdoo| ghwhuplqhg frh!flhqw1 Vhyhudo

Nr}hq|0Fduphq fxuyhv duh vkrzq lq �jxuh 514/ vxshulpsrvhg rq oderudwru| phdvxuh0

phqwv ri srurvlw| dqg shuphdelolw| iru vhyhudo w|shv ri vdqgvwrqhv1 Lw lv fohdu wkdw wkh
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Ottawa
Sand

Troll

Oseberg
Fontainbleau

Kozeny curves

Iljxuh 514= Nr}hq|0Fduphq fxuyhv

fxuyhv gr qrw iroorz wkh gdwd wuhqgv yhu| zhoo iru wkh Qruwk Vhd vdqgvwrqhv/ zklfk

dsshdu wr iroorz d olqhdu wuhqg rq wkh vhpl0orj sorw1

Shuvrq/ hw do1 +4<<9, vxjjhvw wkdw wkh srurvlw| pd| eh olqhduo| uhodwhg wr wkh orj

ri shuphdelolw|=

*L}E&� ' ��n( +515,

Wklv uhodwlrqvkls lv hpslulfdoo| edvhg rq oderudwru| phdvxuhphqwv ri fruhv iurp fodv0

wlf vhglphqwv +Ehwknh/ 4<;8,1 Vxfk d uhodwlrqvkls dsshduv wr eh d jrrg �w wr wkh

Qruwk Vhd gdwd zklfk lv vkrzq lq rxu sorw ri Nr}hq|0Fduphq fxuyhv1

Wkh sduwlfxodu ixqfwlrqdo uhodwlrqvkls fkrvhq iru prgholqj sruh suhvvxuh hyroxwlrq

pljkw pdnh d txdolwdwlyh gl�huhqfh ehwzhhq wkh ghyhorsphqw ri kljk sruh suhvvxuh

frpsduwphqwv dqg wkh odfn ri vxfk ghyhorsphqw1 Wr ghwhuplqh zklfk ixqfwlrqdo

uhodwlrqvkls wr xvh wr frpsxwh shuphdelolw| zkhq wkh srurvlw| hyroxwlrq lv gxh wr

xqlirup ghsrvlwlrq ri vlolfdwhv e| suhflslwdwlrq/ iru h{dpsoh/ lw zloo eh qhfhvvdu|

wr lqyhvwljdwh pruh suhflvho| wkh sk|vlfdo dqg jhrphwulfdo fdxvhv ri wkh revhuyhg

ixqfwlrqdo uhodwlrqvklsv1
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516 Shuphdelolw| uhsuhvhqwdwlrq lq srurxv pdwhul0

dov

Shuphdelolw| lv d pdfurvfrslf sdudphwhu zklfk ghwhuplqhv wkh  rz fkdudfwhulvwlfv ri

d srurxv phglxp1 Rq vfdohv odujhu wkdq wkh sruh vfdoh/ shuphdelolw| lv vsdwldoo| khw0

hurjhqhrxv lq doo uhdo hduwk pdwhuldov1 Lw pd| eh suhvvxuh ghshqghqw dqg dqlvrwurslf/

sduwlfxoduo| lq iudfwxuhg pdwhuldov1 Zkhq wkh  xlg  rzlqj wkurxjk wkh urfn pdwul{

lv fkhplfdoo| uhdfwlyh/ wkh sruh vsdfh pd| eh dowhuhg e| plqhudo ghsrvlwlrq ru glv0

vroxwlrq ri wkh urfn pdwul{1 Wkh shuphdelolw| zloo wkhq fkdqjh zlwk wlph dv  rz

surfhhgv1 Zh zlvk wr fkdudfwhul}h shuphdelolw| pdwkhpdwlfdoo| lq rughu wr lqfoxgh lw

lq d frpsxwhu vlpxodwlrq ri  rz lq uhdfwlyh srurhodvwlf phgld1

Wkh jhqhudo shuphdelolw| whqvru/ &�� dsshduv lq Gduf|*v htxdwlrq lq wkh iroorzlqj

irup=

^� '
&��
>

Y�

Y%�
+516,

zkhuh > lv wkh nlqhpdwlf ylvfrvlw|/ S lv wkh sruh suhvvxuh/ dqg ^� lv wkh  xlg  x{

dfurvv d xqlw vxuidfh duhd qrupdo wr wkh %� gluhfwlrq1

Lq frqfhswxdo prghov ri wkh vxevxuidfh/ wkh ixqfwlrqdo ghshqghqfh ri &�� pxvw eh

uhsuhvhqwhg txdqwlwdwlyho| li lw lv wr eh xvhg lq frpsxwhu vlpxodwlrqv ri srurxv phgld

 rz1 Lw lv frqyhqlhqw wr ghfrpsrvh shuphdelolw| lqwr wkh iroorzlqj irup=

h&�� ' &�� E%� � &f E%c |� � &s E�c j� +517,

Wkh whqvruldo idfwru/ &�� E%� c lq wklv uhsuhvhqwdwlrq ghshqgv rqo| rq vsdwldo orfd0

wlrq1 Iru pdq| vlpxodwlrqv/ lw pd| eh dghtxdwh wr doorz &�� E%� wr ydu| rq d odujhu

vfdoh zlwk/ iru h{dpsoh/ wkh olwkrorjlf xqlw1 Lq jhqhudo/ wkh shuphdelolw| dqlvrwurs|

zloo qrw eh nqrzq rq d �qhu vfdoh wkdq wklv1 Ixuwkhupruh/ phpru| uhtxluhphqwv

lq frpsxwhu vlpxodwlrqv zrxog eh vxevwdqwldoo| lqfuhdvhg li vl{ frpsrqhqwv ri wkh

shuphdelolw| whqvru zhuh uhtxluhg dw hyhu| julg srlqw1

Wkh vfdodu txdqwlw| &f E%c |� ydulhv vsdwldoo| dqg whpsrudoo|1 Wkh whpsrudo yduld0

wlrq lv gxh wr qrqhodvwlf hyroxwlrq ri wkh sruh vsdfh/ vxfk dv fkhplfdo dowhudwlrq dqg

gldjhqhvlv1 &f E%c |� khuh lv h{solflwo| lqghshqghqw ri wkh sruh suhvvxuh dqg dssolhg
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vwuhvv1 &f ghshqgv vwurqjo| rq krz wkh suhflslwdwlqj plqhudo lv ghsrvlwhg lq wkh sruhv1

Uhvxowv vkrzq ehorz vxjjhvw wkdw xqlirup ghsrvlwlrq fdxvhv d srurvlw|0shuphdelolw|

uhodwlrqvkls wkdw iroorzv d w|slfdo Nr}hq|0Fduphq ru h{srqhqwldo fxuyh1 Olqhdu uh0

odwlrqvklsv rq vhpl0orj d{hv gr qrw uhvxow iurp xqlirup ghsrvlwlrqdo surfhvvhv/ exw

duh dssduhqwo| fdxvhg e| wkh soxjjlqj ri sruh wkurdwv e| fod| sduwlfohv ru ghsrvlwlrq

wkdw lv uhodwhg wr wkh  x{ ri  xlg wkurxjk wkh sruh1

&s E�c j� uhsuhvhqwv wkh suhvvxuh dqg vwuhvv ghshqghqfh ri shuphdelolw|1 Wklv lv

sduwlfxoduo| lpsruwdqw lq pdwhuldov zkhuh wkh sulpdu| shuphdelolw| lv gxh wr iudfwxuhv1

\lopd} +4<<7, kdv vkrzq wkdw vwurqjo| qrqolqhdu  rz ehkdylru fdq rffxu lq uhvhuyrluv

zkhuh wkh shuphdelolw| lv vhqvlwlyh wr sruh suhvvxuh1 Orfdo vwuhvv kdv wkh vdph h�hfw

rq shuphdelolw| dv sruh suhvvxuh dqg vr dovr pxvw eh frqvlghuhg lq vrph fdvhv1 Lq

iudfwxuhg urfnv/ wkh shuphdelolw| pljkw ghshqg rq wkh ixoo vwuhvv whqvru1 W|slfdoo|/

wkh suhvvxuh ghshqghqfh ri shuphdelolw| lv jlyhq e|=

&s E�c j� ' eqE�nj� +518,

zkhuh q lv wkh shuphdelolw| frpsoldqfh ri wkh pdwhuldo1 Qrwh wkdw q pd| ydu| vsd0

wldoo|/ shukdsv zlwk wkh olwkrorjlf xqlw/ mxvw dv wkh dqlvrwurs| ydulhv1 Wkh phdq vwuhvv/

uhsuhvhqwhg khuh e| j/ dqg � uhihu wr wkh ghyldwlrq iurp vrph uhihuhqfh ydoxh1

Wkh deryh uhsuhvhqwdwlrq ri shuphdelolw| lv lqwhqghg sulpdulo| iru pdwul{ shu0

phdelolw|/ exw pd| dovr eh dghtxdwh iru iudfwxuhg phgld1 Iudfwxuhg phgld suhvhqw

sduwlfxodu prgholqj fkdoohqjhv ehfdxvh ri wkhlu  rz dqlvrwurs| dqg wkhlu dqlvrwurslf

uhvsrqvh wr vwuhvv1 Wkh uhdghu lv uhihuuhg wr wkh vwxg| Urfn Iudfwxuhv dqg Ioxlg Iorz

+4<<9, zulwwhq e| wkh Frpplwwhh rq Iudfwxuh Fkdudfwhul}dwlrq dqg Ioxlg Iorz iru d

wkrurxjk uhylhz ri  rz lq iudfwxuhg urfnv1 Wkuhh ri hljkw nh| uhfrpphqgdwlrqv pdgh

lq wklv vwxg| ghdo zlwk uhvhdufk lqwr lpsuryhg phwkrgv iru prgholqj  rz lq iudfwxuhg

v|vwhpv/ dqg qxphulfdo vwxglhv ri wkh h�hfwv ri frxsolqj ehwzhhq fkhplfdo surfhvvhv/

vwuhvv/ whpshudwxuh/ dqg  rz lq iudfwxuhg v|vwhpv1 Sruh vfdoh frpsxwhu vlpxodwlrqv/

vxfk dv wkdw suhvhqwhg lq wkh qh{w fkdswhu iru judqxodu pdwhuldov/ pd| eh hdvlo| eh

h{whqghg wr iudfwxuhv lq rughu wr xqghuvwdqg wkh h�hfwv ri fkhplfdo gldjhqhvlv rq

 rz lq iudfwxuhv1 Prghov ri iudfwxuh shuphdelolw| fdq dovr eh hdvlo| lpsohphqwhg lq

wkh wkhuprsrurhodvwlf vlpxodwlrq vriwzduh ghvfulehg lq Fkdswhu 7 lq rughu wr vwxg|
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frxsohg h�hfwv1 Iudfwxuhg v|vwhpv zloo qrw eh frqvlghuhg ixuwkhu lq wklv wkhvlv1

517 Lpsolfdwlrqv iru Fuxvwdo Ioxlgv

Wklv vkruw fkdswhu lv lqwhqghg wr vkrz wkdw shuphdelolw|/ zklfk lv riwhq wuhdwhg dv d

frqvwdqw vfdodu lq srurhodvwlf prghov/ fdq eh txlwh frpsoh{ lq hduwk pdwhuldov1 Wkh

fruuhfw uhsuhvhqwdwlrq ri shuphdelolw| dqg lwv ghshqghqfh rq sruh vwuxfwxuh fdq kdyh

lpsruwdqw lpsolfdwlrqv iru prghov ri fuxvwdo sruh suhvvxuh dqg vwuhvv hyroxwlrq1 Wkh

hyroxwlrq ri shuphdelolw| ryhu jhrorjlfdoo| vkruw shulrgv ghshqgv xsrq d qxpehu ri

idfwruv zklfk/ xowlpdwho|/ frqwuro wkh jhrphwu| ri wkh sruh vwuxfwxuh1 Vlpxodwlrq ri

fuxvwdo surfhvvhv zklfk lqfoxgh prylqj  xlgv uhtxluhv wkdw shuphdelolw| eh prghohg

txdqwlwdwlyho|1 Lq rughu wr gr wklv/ d v|vwhpdwlf vwxg| ri hdfk ri wkh idfwruv zklfk

d�hfw shuphdelolw| lv uhtxluhg1 Lq wkh qh{w fkdswhu/ zh vwxg| wkh d�hfw ri fhphqw

ghsrvlwlrq lq wkh sruh vsdfhv rq shuphdelolw| dqg srurvlw|1

Eleolrjudsk|

Ehwknh/ F1 P1/ D qxphulfdo prgho ri frpsdfwlrq0gulyhq jurxqgzdwhu  rz dqg

khdw wudqvihu dqg lwv dssolfdwlrq wr wkh sdohrk|gurorj| ri lqwudfudwrqlf vhglphq0

wdu| edvlqv/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ <3 / 9;4:�9;5;/ 4<;81

Erxuelh/ W1/ R1 Frxvv|/ dqg E1 ]lqv}qhu/ Dfrxvwlfv ri Srurxv Phgld/ Jxoi Sxeolvklqj

Fr/ Krxvwrq/ Wh{dv/ 4<;:1

Frpplwwhh rq Iudfwxuh Fkdudfwhul}dwlrq dqg Ioxlg Iorz/ hg1/ Urfn Iudfwxuhv dqg

Ioxlg Iorz / Zdvklqjwrq/ G1 F1/ Qdwlrqdo Dfdghp| Suhvv/ 4<<91

Gxoolhq/ I1 D1 O1/ Srurxv Phgld= Ioxlg Wudqvsruw dqg Sruh Vwuxfwxuh/ 5qg hg1/

Dfdghplf Suhvv/ Qhz \run/ 4<<51

Shuvrq/ P1/ M1 S1 Ud�hqvshujhu/ V1 Jh/ dqg J1 Jduyhq/ Edvlq0vfdoh k|gurjhrorjlf

prgholqj/ Uhylhzv ri Jhrsk|vlfv/ 67 +4,/ 94�;:/ 4<<91
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Zdoghu/ M1/ dqg D1 Qxu/ Srurvlw| uhgxfwlrq dqg fuxvwdo sruh suhvvxuh ghyhorsphqw/

M1 Jhr1 Uhv1/ ;< +E46,/ 4486<�4487;/ 4<;71

\lopd}/ R1/ U1 Qrohq0Krhnvhpd/ dqg D1 Qxu/ Sruh suhvvxuh sur�ohv lq iudfwxuhg dqg

frpsoldqw urfnv/ Jhrsk|vlfdo Survshfwlqj/ ss1 9<6�:47/ 4<<71



Fkdswhu 6

Shuphdelolw|0Srurvlw|

Uhodwlrqvklsv lq Judqxodu Urfnv

614 Lqwurgxfwlrq

D nqrzohgjh ri fkdudfwhulvwlf srurvlw|0shuphdelolw| uhodwlrqvklsv lq ydulrxv uhvhuyrlu

urfnv lv lpsruwdqw iru vhyhudo uhdvrqv1 Dq xqghuvwdqglqj ri krz shuphdelolw| ghshqgv

rq sruh vwuxfwxuh pd| sod| d uroh lq wkh dwwhpsw wr ghwhuplqh d sk|vlfdo uhodwlrqvkls

ehwzhhq shuphdelolw| dqg dfrxvwlf yhorflw| ru rwkhu urfn surshuwlhv wkdw fdq eh phd0

vxuhg lq wkh �hog1 Wklv lv ehfdxvh sruh vwuxfwxuh/ qrw mxvw srurvlw|/ ghwhuplqhv pdq|

urfn surshuwlhv1 Iru h{dpsoh/ sruh vwuxfwxuh ghwhuplqhv wkh vwl�qhvv ri wkh urfn pd0

wul{ dqg wkxv frqwurov wkh vshhg ri vhlvplf zdyhv lq wkh urfn1 Shuphdelolw| fkdqjhv

gxh wr fkhplfdo dowhudwlrq ri wkh sruh vsdfh lq urfnv pd| eh dq lpsruwdqw idfwru lq

pdq| fuxvwdo surfhvvhv wkdw lqyroyh  xlg  rz1 Jhrfkhplfdo hyroxwlrq ri shuphdelolw|

kdv ehhq lqyrnhg dv d fulwlfdo idfwru lq wkhrulhv ri hduwktxdnh f|fohv +E|huohh/ 4<<7,/

wkh ghyhorsphqw ri dqrpdorxvo| kljk sruh suhvvxuh +Zdoghu dqg Qxu/ 4<;7,/ dqg

edvlq0vfdoh k|gurjhrorjlf prgholqj +Shuvrq/ 4<<9,1 Lq rughu wr hydoxdwh wkh lpsru0

wdqfh ri shuphdelolw| hyroxwlrq lq wkhvh surfhvvhv/ wkh uhodwlrqvklsv dprqj srurvlw|/

shuphdelolw|/ dqg plqhudo ghsrvlwlrq sdwwhuqv pxvw eh xqghuvwrrg1

Ixuwkhu vwxg| ri uhdolvwlf gldjhqhwlf surfhvvhv zloo eh uhtxluhg iru ghhshu lqvljkw

4<
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lqwr wkh srurvlw| shuphdelolw| uhodwlrqvklsv lq srurxv urfnv1 Gljlwl}hg skrwrplfur0

judsv ri wklq vhfwlrqv pd| dovr eh xvhg iru frpsxwdwlrqv ri shuphdelolw|1 Oderudwru|

phdvxuhphqwv ri shuphdelolw| iurp wkh dfwxdo urfn vdpsoh fdq eh wdnhq dqg frp0

sduhg zlwk frpsxwhg ydoxhv wr ghwhuplqh krz sruh jhrphwu| d�hfwv shuphdelolw|1

Wkh phwkrg suhvhqwhg khuh jlyhv d phdqv iru frpsxwlqj shuphdelolw| iurp sruh jh0

rphwu|1 Wklv rshqv wkh grru wr ixuwkhu jhrorjlfdo uhvhdufk zklfk irfxvhv rq wkh sruh

vwuxfwxuh ri uhdo vhglphqwdu| +ru rwkhu, urfnv1

Qhwzrun prghov kdyh ehhq h{whqvlyho| xvhg wr vlpxodwh  xlg  rz dw wkh sruh

vfdoh1 Vhh Eu|dqw +4<<6, dqg Fdgh +4<<7, iru uhfhqw h{dpsohv ri wkh xvh ri qhwzrun

prghov iru sruh0vfdoh vwxglhv1 Lq wkh qhwzrun prgho dssurdfk/ d frpsoh{ sruh vsdfh

lv uhsuhvhqwhg e| d vhw ri lghdol}hg jhrphwulfdo �jxuhv1 Vxfk dssur{lpdwlrqv fdq eh

olplwlqj dqg duh riwhq qrq0xqltxh1 Wkh dfwxdo sruh vwuxfwxuh lv revfxuhg dqg lw lv

udwkhu gl!fxow wr prgho frpsoh{ ru luuhjxodu sruh jhrphwulhv1 Ixuwkhupruh/ lw lv

gl!fxow e| vxfk dssur{lpdwlrqv wr h{shulphqw zlwk ydulrxv sruh hyroxwlrq vfkhphv

dv zh kdyh grqh lq wklv vwxg|1

615 Odwwlfh0Erow}pdqq Iorz Prgho

Zh wdnh dq dowhuqdwlyh dssurdfk wr prgholqj sruh0vfdoh  xlg  rz lq frpsoh{ phgld1

Zh vlpxodwh  xlg  rz xvlqj wkh odwwlfh Erow}pdqq prgho +OE,1 Wkh sduwlfxodu prgho

xvhg khuh lv wkh rqh ghyhorshg e| Odgg +4<<7d,1 Lq rxu vlpxodwlrqv/ zh dvvxph orz

Uh|qrogv qxpehu/ zklfk lv dssursuldwh iru jurxqgzdwhu  rz lq srurxv phgld1 Wkh

vhfrqg whup rq wkh ohiw vlgh/ wkh lqhuwldo whup/ lv wkhq }hur1 Wkh vwhdg| vwdwh  rz

�hog lv ri lqwhuhvw iru shuphdelolw| fdofxodwlrqv1 Wkh ixoo +qrqolqhdu, Qdylhu0Vwrnhv

htxdwlrq

4Y| E�� n 4� � u� ' �uRn #u2� +614,

uhgxfhv wr

uR ' #u2� +615,

Htxdwlrq 615 ghvfulehv  rz lq wkh fuhhslqj ru Gduf| uhjlph1 Wkh  xlg lv dovr dvvxphg

wr eh lqfrpsuhvvleoh1 Vlqfh Odgg*v sdshu frqwdlqv h{whqvlyh wkhruhwlfdo dqg qxphulfdo
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glvfxvvlrqv/ dv zhoo dv qxphurxv frpsxwdwlrqdo uhvxowv/ zh zloo qrw uhshdw ghwdlov ri

rxu qxphulfdo frgh khuh1 Frqwlqxlqj dssolfdwlrqv ri rxu frgh e| Odgg iru uhodwhg

vwxglhv/ lqfoxglqj whvwv ri vlpsoh Srlvxhooh  rz/ kdyh frq�uphg wkh dffxudf| ri rxu

frgh +Odgg/ shuvrqdo frppxqlfdwlrq,1 OE prghov duh dovr ehfrplqj d frpprq dqg

dffhswhg wrro iru sruh0vfdoh vwxglhv ri  xlg  rz1 Pdq| wkhruhwlfdo dqg qxphulfdo

vwxglhv ri wkh odwwlfh Erow}pdqq phwkrg dqg yduldwlrqv rq lw duh dydlodeoh1 Vhh/ iru

h{dpsoh/ Ihuuhro +4<<8, dqg Tldq +4<<5,1 Wkh prvw dsshdolqj ri ihdwxuh ri wkh OE

prgho iru sruh0vfdoh  rz prgholqj lv wkh ghfrxsolqj ri wkh frpsxwdwlrqdo frpsoh{lw|

ri wkh qxphulfdo vfkhph iurp wkh jhrphwulfdo frpsoh{lw| ri wkh sruh vwuxfwxuh1 Rqfh

wkh qxphulfdo vfkhph lv lpsohphqwhg/  rz pd| eh vlpxodwhg lq dq| sruh jhrphwu|/

uhjdugohvv ri frpsoh{lw|/ phuho| e| fodvvli|lqj julg srlqwv hlwkhu dv urfn pdwul{ ru

sruh vsdfh1

Wkh h�hfwlyh shuphdelolw| ri d vlpxodwhg srurxv pdwhuldo fdq eh frpsxwhg iurp

wkh  xlg  x{ lq wkh pdwhuldo e| dsso|lqj Gduf|*v odz

^% ' �&

>

{�%

{%
+616,

zkhuh ^� lv wkh phdq  xlg  x{ wkurxjk wkh eorfn ri pdwhuldo lq wkh % gluhfwlrq/ n

lv wkh shuphdelolw| zklfk lv wr eh frpsxwhg/ > lv wkh  xlg ylvfrvlw| dqg {�% lv wkh

suhvvxuh judglhqw dssolhg wr wkh hqgv ri wkh eorfn ryhu wkh ohqjwk {% wr gulyh wkh

 rz1 D vfkhpdwlf gldjudp ri wkh frpsxwdwlrqdo frqfhsw xvhg wr prgho wkh urfnv lv

vkrzq lq �jxuh 6141

D xqlirup uhfwdqjxodu julg lv wkh frpsxwdwlrqdo julg1 Dq duud| ri 4*v dqg 3*v lv

xvhg wr fkdudfwhul}h julg srlqwv dv hlwkhu sruh vsdfh +3, ru plqhudo judlq +4,1 Ioxlg

 rz rffxuv rqo| lq wkh sruh vsdfhv1 Wkh odwwlfh Erow}pdqq dojrulwkp zdv xvhg wr

frpsxwh  rz yhfwruv rqo| lq wkh sruh vsdfhv/ vlqfh  rz yhorflw| lq wkh plqhudo judlq

qrghv lv }hur1
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Circular B.C.

Circular B.C.

P2
P1

∆P = P1 - P2 < 0

∆x

Iljxuh 614= Vfkhpdwlf gldjudp ri wkh gljlwdo urfn xvhg wr frpsxwh shuphdelolw| xvlqj
d odwwlfh Erow}pdqq  rz vlpxodwlrq phwkrg1

616 Sruh0Vsdfh Prghov dqg Vlpxodwhg Gldjhqhwlf

Surfhvvhv

Zh xvh dq OE vlpxodwlrq wr frpsxwh shuphdelolw| yhuvxv srurvlw| lq judqxodu urfnv

iru vhyhudo sruh hyroxwlrq vfkhphv1 Wkh vwduwlqj sruh vwuxfwxuh lv wkdw ri d ghqvh

udqgrp sdfn ri lghqwlfdo vskhuhv1 Wkh frruglqdwhv ri wkh vskhuh fhqwhuv kdyh ehhq

h{shulphqwdoo| phdvxuhg e| Ilqqh| +4<:3, dqg pdgh dydlodeoh wr xv lq gljlwdo irup1

Iru wklv qxphulfdo vwxg| zh vwduw zlwk dssur{lpdwho| 7333 vskhuh fhqwhu frruglqdwhv/

zklfk fruuhvsrqg wr d vskhulfdo yroxph ri udglxv 2f661 Iurp wklv yroxph/ zh

pds wkh vskhuhv zklfk idoo zlwklq rxu frpsxwdwlrqdo grpdlq rqwr wkh uhfwdqjxodu

frpsxwdwlrqdo grpdlq1

Iorz lv vlpxodwhg rq d fxeh wkdw lv S66 ru pruh rq hdfk vlgh1 Iljxuh 616 vkrzv

dq lpdjh wkdw zdv fuhdwhg e| sorwwlqj wkh wkuhh0glphqvlrqdo julg duud| ri 4*v dqg 3*v

zklfk duh xvhg zlwklq rxu frgh wr ghqrwh urfn judlqv dqg sruh vsdfhv/ uhvshfwlyho|1

Wkh �qlwh julg uhvroxwlrq lv dssduhqw lq wkh �jxuh1 Dv rxu qxphulfdo vlpxodwlrqv

ehorz ghprqvwudwh/ d uhvroxwlrq ri whq julg srlqwv shu vskhulfdo judlq dsshduv wr jlyh
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= pore lattice point = grain lattice point

Iljxuh 615= Vlpxodwhg judqxodu urfn zlwk vxshulpsrvhg odwwlfh srlqwv1 Lq wkh qxphu0
lfdo vlpxodwlrq/  rz rffxuv rq sruh qrghv1 Judlq qrghv duh uh hfwlqj erxqgdulhv1
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Iljxuh 616= Wkh duud| ri 4*v dqg 3*v wkdw uhsuhvhqw urfn judlqv dqg sruh vsdfhv rq wkh
frpsxwdwlrqdo julg uhvxow lq d �gljlwdo urfn� dv vkrzq khuh1 Wklv sruh prgho lv ghulyhg
iurp wkh Ilqqh| sdfn/ d udqgrp ghqvh sdfn ri lghqwlfdo vskhuhv1 Wkh uhvroxwlrq lq
wklv 9pp fxeh lv 315 pp> wkh frpsxwdwlrqdo julg lv 63{63{631 Vskhulfdo judlq hgjhv
vkrz wkh h�hfw ri wkh gljlwdo uhsuhvhqwdwlrq1

dghtxdwh uhvxowv zlwk wkh udqgrp ghqvh sdfn ri lghqwlfdo vskhuhv wkdw zh xvhg1

Judlqv lq vhglphqwdu| hqylurqphqwv duh jhqhudoo| zhoo0vruwhg gxh wr wkh sk|vlfdo

surfhvvhv wkdw ghsrvlw wkhp1 Ixuwkhupruh/ wkh ghsrvlwlrqdo surfhvv whqgv wr fdxvh

judlqv wr eh foxvwhuhg dv d udqgrp ghqvh sdfn/ udwkhu wkdq lq d uhjxodu sdfnlqj1 Wkxv/

wkh xvh ri xqlirup vskhuhv lq d udqgrp ghqvh sdfn lv d uhdvrqdeoh �uvw dssur{lpdwlrq

wr uhdo vdqgvwrqhv iru vwxg|lqj judqxodu pdwhuldov1

Sruh0vsdfh gldjhqhvlv lv prghohg lq wklv vwxg| e| +d, xqlirup jurzwk ri wkh

judlqv/+e, fhphqw ghsrvlwlrq lq orz  xlg  x{ uhjlrqv/ +f, fhphqw ghsrvlwlrq lq kljk

 xlg  x{ uhjlrqv/ +g, udqgrp suhflslwdwlrq lq wkh sruh vsdfh/ +h, vwdwlf frpelqdwlrqv

ri wkhvh surfhvvhv> dqg +i, g|qdplf frpelqdwlrqv ri wkhvh surfhvvhv zklfk fkdqjh

gxulqj wkh gldjhqhwlf surfhvv1

Xqlirup h{sdqvlrq ri wkh judlqv lv dffrpsolvkhg e| h{sdqglqj wkh udglxv ri wkh

vskhuhv lq rxu vlpxodwlrq1 Lq rxu frgh/ julg srlqwv duh lqlwldoo| dvvxphg wr eh sruh

vsdfh julg srlqwv1 Dv wkh vlpxodwhg gldjhqvlv surfhhgv/ dssursuldwh julg srlqwv duh
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pdunhg dv judlqv1 Wkxv/ h{sdqglqj wkh vskhuh udgll xqlirupo|/ iru h{dpsoh/ fdxvhv qr

sureohpv li wkh vskhuhv ryhuods> d julg srlqw lq wklv fdvh lv vlpso| pdunhg dv d judlq

qrgh pruh wkdq rqfh1 Jhrorjlfdoo|/ xqlirup h{sdqvlrq ri wkh vskhuhv fruuhvsrqgv wr

xqlirup ghsrvlwlrq ri fhphqw rq judlq vxuidfhv1 Wkh fhphqwhg jodvv ehdgv zklfk zh

phdvxuhg lq wkh oderudwru| duh dovr iruphg e| d vlplodu surfhvv1 Lq frqwudvw/ udqgrp

ghsrvlwlrq zdv vxjjhvwhg e| [0ud| plfurjudskv ri wklq vhfwlrqv ri judqxodu pdwhuldov

frqwdlqlqj vljql�fdqw fod| frqwhqw1

Wkh ghsrvlwlrqdo vfkhphv wkdw ghshqg rq  rz yhorflw| duh vlpxodwhg e| ghsrvlwlqj

fhphqw lq d vshfl�hg iudfwlrq ri wkh sruh vsdfh zkhuh wkh  xlg  rz yhorflwlhv duh wkh

orzhvw dqg wkh kljkhvw/ uhvshfwlyho|1 Zh vshfxodwhg lqlwldoo| wkdw  rz yhorflw| pljkw

sod| d ghwhuplqlvwlf uroh lq fhphqw ghsrvlwlrq lq uhdo vhglphqwdu| surfhvvhv1 Zh glg

qrw dvvxph d sduwlfxodu surfhvv zdv uhvsrqvleoh iru ghsrvlwlrq1 Ghsrvlwlrq lq kljk  rz

uhjlrqv lq uhdo urfnv pljkw eh fdxvhg e| suhflslwdwlrq dv  xlg pryhv lqwr d gl�huhqw

whpshudwxuh uhjlrq/ iru h{dpsoh1 Lq wklv fdvh/ pruh pdwhuldo zrxog eh ghsrvlwhg

zkhuh wkh prvw glvvroyhg pdwhuldo  rzv> wkdw lv/ zkhuh wkh  xlg  x{ lv kljkhvw1

Dowhuqdwlyho|/ sruh vsdfhv pljkw eh forjjhg lqlwldoo| e| vpdoohu sduwlfohv zklfk duh

fduulhg lq wkh kljk  rz fkdqqhov ri wkh sruh vsdfh1 Wklv surfhvv pljkw eh h{shfwhg

wr rffxu gxulqj hduo| gldjhqhvlv/ zkhq exuldo dqg frpsdfwlrq duh rffxulqj1 Rwkhu

sk|vlfdo phfkdqlvpv wkdw pljkw uhvxow lq kljk0 rz sruhv ehlqj �oohg duh fhuwdlqo|

srvvleoh1

Udqgrp sruh �oolqj surfhhghg lq d vlpsoh pdqqhu1 D vshfl�hg shufhqwdjh ri wkh

sruh vsdfhv zhuh �oohg udqgrpo| dqg wkh shuphdelolw| zdv uhfdofxodwhg1 Wklv sruh0

�oolqj phfkdqlvp lv lqfoxghg dv dqrwkhu hqwu| lq rxu fdwdorj ri srurvlw|0shuphdelolw|

uhodwlrqvklsv1 Wkh pdqqhu lq zklfk fod| dsshduv wr eh glvwulexwhg lq wkh sruh vsdfh

ri vrph vhglphqwdu| pdwhuldov vxjjhvwv wkdw wklv vfkhph pljkw kdyh d sk|vlfdo edvlv1

Lq uhdo v|vwhpv/ frpelqdwlrqv ri wkhvh surfhvvhv pljkw uhdvrqdeo| eh h{shfwhg

wr rffxu1 Iru h{dpsoh/ dv gldjhqhvlv surfhhgv lq vhglphqwdu| hqylurqphqwv/ wkh

uhodwlyh sursruwlrq ri gl�huhqw surfhvvhv wkdw grplqdwh pljkw fkdqjh1 Wkxv/ zh

lqyhvwljdwhg vrph frpelqdwlrqv ri rxu edvlf gldjhqhwlf dojrulwkpv dqg dowhuhg wkhp

dv wkh vlpxodwhg gldjhqhvlv surjuhvvhg1

Wkrxjk rxu sulpdu| jrdo zdv wr �qg ghsrvlwlrqdo vfkhphv wkdw zrxog pdwfk rxu
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pores

Random Dense Pack of Spheres

Iljxuh 617= Looxvwudwlrq vkrzlqj uhsuhvhqwdwlyh hohphqwdu| yroxphv +uhg rxwolqhv, lq d
udqgrp ghqvh sdfn ri vskhuhv1 Srurvlw| dqg shuphdelolw| ydoxhv dv ixqfwlrqv ri UHY
fxeh vl}hv duh vkrzq lq 6181

phdvxuhg gdwd/ wklv vwxg| pd| dovr eh xvhg dv d fdwdorj ri srurvlw|0shuphdelolw|

uhodwlrqvklsv wkdw uhvxow iurp wkh vhyhudo jhrphwulfdo dojrulwkpv wkdw frqwuro wkh gld0

jhqhvlv lq rxu vlpxodwlrqv1 Zh irxqg wkdw fhuwdlq uhodwlrqvklsv wkdw uhvxowhg iurp rxu

gldjhqhwlf dojrulwkpv dsshdu wr fruuhvsrqg wr ydulrxv gldjhqhwlf sdwwhuqv lq qdwxudo

urfnv dqg fhphqwhg ehdg sdfnv1

617 Vfdoh dqg erxqgdu| frqglwlrqv

61714 H�hfw ri vdpsoh vl}h

Doo OE vlpxodwlrqv duh lpsohphqwhg rq d fxeh zklfk lv d vsdwldo vxevhw ri wkh ixoo

Ilqqh| sdfn gdwdvhw1 Lq wklv vhfwlrq zh lqyhvwljdwh krz wkh vl}h ri wkh fxeh dqg wkh

julg vsdflqj d�hfw wkh uhvxowlqj shuphdelolw| dqg srurvlw| ydoxhv1 Lq rqh vlpxodwlrq/

wkh fhqwhu ri wkh fxeh lv srvlwlrqhg lq wkh sruh vsdfh> lq wkh rwkhu lw idoov lqvlgh d

vrolg vskhulfdo judlq1 E| h{sdqglqj wkh zdoov ri wkh fxeh/ zh fdofxodwhg wkh uhvxowlqj

srurvlw| dqg shuphdelolw| +Iljxuh 618,1 Wkh uhvxowv vkrz wkdw rqfh wkh ohqjwk ri
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wkh fxeh vlgh h{fhhgv irxu judlq udgll/ wkh vfdoh0uhodwhg  xfwxdwlrqv lq srurvlw| dqg

shuphdelolw| ehfrph qhjoljleoh1 Srurvlw| ehfrphv f��S dqg shuphdelolw| ehfrphv

2�.� � �fS6(/ zklfk duh wkh h{shulphqwdoo| ghwhuplqhg ydoxhv iru d udqgrp ghqvh

sdfn ri lghqwlfdo vskhuhv +Erxuelh/ 4<;:> Eu|dqw/ 4<<6,1
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Iljxuh 618= Wkh h�hfw ri wkh fxeh vl}h rq srurvlw| +d, dqg shuphdelolw| +e,1 Wkh
judlq gldphwhu lv 5 pp1 Wkh frpsxwdwlrqdo julg vsdflqj lv 315 pp1 Wkh vrolg fxuyh
lv iru wkh fdvh zkhuh wkh fxeh fhqwhu lv lq wkh vskhulfdo judlq> wkh grwwhg fxuyh lv iru
wkh fdvh zkhuh wkh fxeh fhqwhu lv lq d sruh> wkh krul}rqwdo olqh lv wkh ydoxh iru wkh
hqwluh sdfn1

61715 H�hfw ri julg vl}h

Lq rxu qxphulfdo vlpxodwlrqv zh ehjdq zlwk d 9 pp fxeh +wkh judlq gldphwhu lv

5pp,1 Iru vrph ri wkh sruh0�oolqj vfkhphv/ zh irxqg wkdw d 43 pp fxeh jdyh

vprrwkhu uhvxowv dw orz srurvlwlhv1 Wklv h�hfw grhv qrw dsshdu wr eh gxh wr wkh julg

vsdflqj1 Vrph sruh �oolqj vfkhphv jdyh txlwh vprrwk uhvxowv grzq wr srurvlwlhv ri

ohvv wkdq DI1 Zkhq srurvlw|0shuphdelolw| fxuyhv zhuh qrw vprrwk/ zh irxqg wkdw

xvlqj d odujhu vdpsoh vl}h +; ru 43 pp, zlwk wkh vdph julg vsdflqj +43 julg srlqwv

shu vskhuh gldphwhu, jdyh txlwh jrrg uhvxowv1 D xqlirup +lq vsdfh, suhvvxuh judglhqw

lv dssolhg wr wkh  xlg sduwlfohv dorqj wkh  rz gluhfwlrq1 Wkhq wkh  x{ lv frpsxwhg

dqg wkh shuphdelolw| rewdlqhg iurp Gduf|*v odz1 Dq lpsruwdqw txhvwlrq lv= krz �qh
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Iljxuh 619= d1 Fdofxodwhg shuphdelolw| ri d 9 pp fxeh dv d ixqfwlrq ri julg vsdflqj1 e1
Flufxodu dqg vrolg erxqgdu| frqglwlrqv rq vlghv ri eorfn1 Erwk fdvhv zhuh frpsxwhg
xvlqj wkh Ilqqh| sdfn zlwk vskhuhv ri gldphwhu 5 pp1

wkh julg kdv wr eh wr surgxfh frqvlvwhqw dqg dffxudwh uhvxowv1 Lq Iljxuh 5d zh vkrz

wkh shuphdelolw| hyroxwlrq dv julg vsdfh ehfrphv �qhu1 Wkh vsdflqj ri whq julg srlqwv

shu vrolg vskhuh gldphwhu dsshduv wr eh dghtxdwh1 Wklv uhvroxwlrq zdv dovr uhsruwhg

e| Odgg +4<<7d, wr eh dghtxdwh1

61716 H�hfw ri Erxqgdu| Frqglwlrqv

Dqrwkhu lpsruwdqw lvvxh lv zkdw erxqgdu| frqglwlrq wr xvh rq wkh fxeh vlghv sdudooho

wr wkh  rz1 Zh frqvlghu wzr rswlrqv1 Wkh �uvw rqh lv zkhuh wkh sduwlfohv hodvwlfdoo|

erxqfh iurp wkh vlgh zdoov +uh hfwlqj/ ru qr0 rz erxqgdu| frqglwlrq,1 Wkh vhfrqg

rqh lv zkhuh wkh  x{ h{lwlqj rqh vlgh ri wkh fxeh htxdov wkdw hqwhulqj wkh fxeh iurp

wkh rssrvlwh vlgh +shulrglf erxqgdu| frqglwlrq,1 Erwk frqglwlrqv jlyh vlplodu uhvxowv

+Iljxuh 619e,1 Lq doo uhpdlqlqj fdofxodwlrqv zh xvh shulrglf erxqgdu| frqglwlrqv1

Uh hfwlqj erxqgdu| frqglwlrqv rffxu rq doo lqwhulru vrolg +judlq, erxqgdulhv1
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618 Qxphulfdo Uhvxowv

61814 Irxu Edvlf Gldjhqhwlf Surfhvvhv

Fdofxodwhg srurvlw|0shuphdelolw| fxuyhv duh vkrzq ehorz iru vhyhudo gldjhqhwlf vfkhphv1

Lq Iljxuh 61:/ zh glvsod| oderudwru| phdvxuhphqwv iru qdwxudo urfnv= Irqwdlqheohdx

vdqgvwrqh +Erxuelh/ 4<;8, > Qruwk Vhd vdqgvwrqhv iurp wkh Wuroo +Eodqj|/ 4<<5, dqg

Rvhehuj +Vwudqghqhv/ 4<<4, �hogv> dqg Rwwdzd vdqg +Hvwhv/ 4<<7, 1 Dovr vkrzq duh

gdwd iru wzr duwl�fldo fhphqwhg vskhuh sdfnv= hsr{|0fhphqwhg jodvv ehdgv dqg vlq0

whuhg jodvv ehdgv/ dqg fdofxodwhg srurvlw|0shuphdelolw| fxuyhv iru wkuhh sruh0�oolqj

vfkhphv= +d, xqlirup jurzwk ri wkh judlqv> +e, fhphqw ghsrvlwlrq lq sruh vsdfhv zkhuh

wkh  xlg  rz yhorflwlhv duh orzhvw> dqg +f, fhphqw ghsrvlwlrq lq sruh vsdfhv zkhuh

wkh  xlg  rz yhorflwlhv duh kljkhvw1

Oderudwru| phdvxuhphqwv ri shuphdelolw| dqg srurvlw| gdwd duh glvsod|hg lq �jxuh

61:1 Doo frpsxwhg fxuyhv lq �jxuh 61; hyroyh iurp d vlqjoh srlqw zklfk lv frpsxwhg

iurp wkh lqlwldo Ilqqh| sdfn1 Wkh srurvlw| lv dssur{lpdwho| 3169 dqg wkh shuphdelolw|/

qrupdol}hg e| wkh judlq gldphwhu vtxduhg/ lv S�H �fD6(*662 dw wklv srlqw1 Wkhvh

ydoxhv fruuhvsrqg wr oderudwru| ydoxhv iru wkh d ghqvh udqgrp sdfn +Ilqqh|/ 4<:3,1

Qrwh wkdw doo ri rxu shuphdelolw| ydoxhv duh qrupdol}hg e| hlwkhu wkh vskhuh gl0

dphwhu +iru wkhruhwlfdo ru duwl�fldo vskhuh sdfnv, ru wkh hvwlpdwhg dyhudjh judlq vl}h1

Wklv lv wkh rqo| zd| wr frpsduh shuphdelolw| ydoxhv ehwzhhq judqxodu pdwhuldov ri

gl�huhqw judlq vfdohv1

Wkh fxuyh rewdlqhg e| �oolqj orz  xlg  x{ sruhv grhv qrw dsshdu wr pdwfk dq|

ri wkh h{shulphqwdo gdwd1 Wkhuhiruh/ zh gr qrw lqyhvwljdwh wklv gldjhqhwlf vfkhph

ixuwkhu lq wklv vwxg|1

Wkh xqlirup h{sdqvlrq fxuyh/ iru kljk srurvlwlhv/ dsshduv wr pdwfk h{shulphqwdo

uhvxowv rewdlqhg iru wkh duwl�fldo fhphqwhg vskhuh sdfnv/ sduwlfxoduo| wkh vlqwhuhg

jodvv ehdgv1 Lq �jxuh 61</ zh glvsod| wkh frpsxwhg xqlirup h{sdqvlrq dqg udqgrp0

�oo shuphdelolw| fxuyhv zlwk vxshulpsrvhg h{shulphqwdo ydoxhv iru duwl�fldo judqxodu

pdwhuldov1 Wkh hsr{|0fhphqwhg jodvv ehdgv ghyldwh iurp wkh xqlirup h{sdqvlrq fxuyh

dqg wkh vlqwhuhg jodvv ehdg uhvxowv iru orz srurvlwlhv1 D suredeoh fdxvh lv wkh qrq0

xqlirup hsr{| glvwulexwlrq gxh wr judylw| � wkh dffxpxodwlrq ri hsr{| dw wkh erwwrp
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Iljxuh 61:= Oderudwru| phdvxuhphqwv ri shuphdelolw| +qrupdol}hg e| judlq gldphwhu,
yhuvxv srurvlw| iru vhyhudo nlqgv ri vdqgvwrqh dqg iru wzr jodvv ehdg sdfnv +vlqwhuhg
jodvv ehdgv dqg hsr{| fhphqwhg jodvv ehdgv,1

ri d f|olqgulfdo vdpsoh eorfnv wkh  rz1 Wkh sur{lplw| ri wkh wkhruhwlfdo xqlirup0

h{sdqvlrq fxuyh dqg h{shulphqwdo ydoxhv lqglfdwhv wkdw wkh qxphulfdo vfkhph lv dq

h�hfwlyh phwkrg iru frpsxwlqj srurvlw|0shuphdelolw| uhodwlrqvklsv lq frpsoh{ srurxv

pdwhuldov1 Wkh vlpxodwhg gldjhqhwlf vfkhph dsshduv wr dssur{lpdwh wkh hyroxwlrq ri

wkh sruh vsdfh lq wkh duwl�fldo vskhuh sdfnv1

61815 Qruwk Vhd Vdqgvwrqhv

Qrwlfh lq Iljxuh 61: wkdw dw kljk srurvlw|/ wkh gdwd srlqwv iru duwl�fldo pdwhuldov ds0

shdu wr hpdqdwh iurp wkh udqgrp0ghqvh0sdfn srlqw +S�H �fD6(*662/ 3169, lq wkh

srurvlw|0shuphdelolw| sodqh1 Wklv grhv qrw dsshdu wr eh wkh fdvh iru wkh Qruwk Vhd

vdqgvwrqhv +Rvhehuj/ Wuroo, dqg wkh Rwwdzd vdqg1 Wkh fxuyhv iru wkhvh pdwhuldov

dsshdu wr iroorz vwudljkw olqhv iurp wkh uhjlrq ri wkh Rwwdzd vdqg srlqw ri kljkhvw

srurvlw| dqg gr qrw sdvv wkurxjk wkh udqgrp0ghqvh0sdfn srlqw1 Wkh xqlirup h{sdq0

vlrq prgho dsshduv wr ghvfuleh wkh srurvlw|0shuphdelolw| uhodwlrqvkls iru fhphqwhg

dqg vlqwhuhg jodvv ehdgv/ exw ryhuhvwlpdwhv wkh shuphdelolw| ri Qruwk Vhd vdqgvwrqhv1
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Iljxuh 61;= Qrupdol}hg shuphdelolw| yhuvxv srurvlw| iurp rxu qxphulfdo vlpxodwlrqv1
Rwwdzd vdqg gdwd srlqwv iurp �jxuh 61: duh vkrzq iru uhihuhqfh1 Wkh vwduwlqj srlqw
iru wkh Ilqqh| sdfn lv pdunhg e| d wuldqjoh1 Wkhruhwlfdo fxuyhv vwduw hlwkhu iurp wkh
Ilqqh| sdfn srlqw/ ru iurp wkh srlqw wkdw lv frpsxwhg e| frqwudfwlqj wkh vskhuhv
xqwlo wkh srurvlw| dssur{lpdwho| pdwfkhv wkdw ri Rwwdzd vdqg1
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Iljxuh 61<= Frpsxwhg srurvlw|0shuphdelolw| fxuyhv iru xqlirup vskhuh h{sdqvlrq dqg
udqgrp �oolqj zlwk vxshulpsrvhg gdwd srlqwv iru duwl�fldo vskhuh sdfnv1

Sk|vlfdoo|/ wklv vxjjhvwv wkdw Qruwk Vhd vdqgvwrqhv ehjlq dv xqfhphqwhg judlqv/ vlp0

lodu wr Rwwdzd vdqg/ dqg wkhq xqghujr d gldjhqhwlf surfhvv zklfk lv udwkhu gl�huhqw

iurp xqlirup h{sdqvlrq1

Wr whvw wklv k|srwkhvlv zh dwwhpswhg wr �qg d wkhruhwlfdo gldjhqhwlf vfkhph zklfk

zrxog prgho wkh Qruwk Vhd fxuyhv1 Zh ehjlq e| frqwudfwlqj wkh vskhuhv lq wkh vlp0

xodwhg Ilqqh| sdfn xqlirupo| xqwlo wkh srurvlw| lv dssur{lpdwho| wkdw ri wkh prvw

srurxv Rwwdzd gdwd srlqw1 Zh wkhq hyroyh wkh judqxodu pdwhuldo xvlqj ydulrxv gld0

jhqhwlf vfkhphv1 Qrwh wkdw wkh srurvlw|0shuphdelolw| wuhqgv iru wkh Qruwk Vhd vdqg0

vwrqhv duh glvwlqfwlyho| gl�huhqw iurp wkdw ri Irqwdlqheohdx vdqgvwrqh/ zklfk zloo eh

frqvlghuhg vhsdudwho|1

Lq rughu wr pdwfk wkh Qruwk Vhd vdqgvwrqh wuhqgv/ zh irxqg lw qhfhvvdu| wr frp0

elqh wzr gl�huhqw gldjhqhwlf vfkhphv1 Lq �jxuh 6143 zh vkrz fxuyhv iru xqlirup

h{sdqvlrq dqg �oolqj ri kljk0 rz sruhv1 Wkhvh irup wkh wzr h{wuhph fxuyhv lq wkh

�jxuh1 Wkh wkuhh fxuyhv wkdw idoo ehwzhhq wkh h{wuhphv zhuh frpsxwhg e| doorzlqj

wkh udwh ri xqlirup h{sdqvlrq wr lqfuhdvh dv wkh gldjhqhvlv surfhhghg1 Wkdw lv/ wkh

lqlwldo sruh fhphqwdwlrq zdv gxh sulpdulo| wr �oolqj ri kljk0 rz sruhv1 Odwhu/ xqlirup
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h{sdqvlrq ehfdph wkh grplqdqw surfhvv1 Vxfk d fkdqjh lq gldjhqhvlv lv qrw xquhd0

vrqdeoh sk|vlfdoo|1 Wkh fhphqwdwlrq surfhvv pljkw eh h{shfwhg wr dowhu dv exuldo dqg

frpsdfwlrq ri vhglphqwv surfhhgv1

Iljxuh 6143= Frpsxwhg srurvlw|0shuphdelolw| fxuyhv ghulyhg e| �oolqj kljk0 rz sruhv
dqg xqlirupo| h{sdqglqj wkh vskhuhv vlpxowdqhrxvo|1 Wkh udwhv ri wkhvh frpshwlqj
surfhvvhv ydu|1 Wkh erog fxuyhv vkrz lqfuhdvlqj udwhv ri kljk0sruh �oolqj uhodwlyh
wr xqlirup h{sdqvlrq1 Dw hdfk gldjhqhwlf vwhs/ 7( ri wkh kljk0 rz sruhv duh �oohg1
Xqlirup h{sdqvlrq iru wkh wkuhh erog fxuyhv vwduwv dw d, 313338 pp/ e, 313336 pp/
dqg f, 313334 pp shu gldjhqhwlf vwhs/ uhvshfwlyho|1 Wklv h{sdqvlrq lv lqfuhdvhg e| d
idfwru ri 513 diwhu hdfk vwhs1

61816 Irqwdlqheohdx Vdqgvwrqh

Wkh Irqwdlqheohdx vdqgvwrqh srurvlw|0shuphdelolw| gdwd srlqwv duh txlwh glvwlqfw iurp

wkh Qruwk Vhd vdqgvwrqhv1 Wkh vkdsh ri wkh Irqwdlqheohdx wuhqg dsshduv wr eh vlplodu

wr wkh xqlirup h{sdqvlrq fxuyh/ dv vkrzq lq Iljxuh 61441 Wkh fxuyh iru udqgrp

ghsrvlwlrq ri fhphqw dsshduv wr dovr kdyh d vkdsh wkdw lv vlplodu wr wkh xqlirup

h{sdqvlrq fxuyh dqg wr wkh Irqwdlqheohdx wuhqg/ exw vkliwhg grzqzdug1

Dq dyhudjh judlq gldphwhu ri 3158 pp iru Irqwdlqheohdx zdv rewdlqhg iurp Erxu0

elh +4<;8,1 Skrwrplfurjudskv ri Irqwdlqheohdx wklq vhfwlrqv wdnhq e| rqh ri wkh

dxwkruv uhyhdov wkdw wkh dyhudjh judlq gldphwhu dsshduv vrphzkdw vpdoohu lq vrph
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vdpsohv1 Zh irxqg wkdw wkh Irqwdlqheohdx gdwd srlqwv pdwfk wkh xqlirup h{sdqvlrq

fxuyh yhu| zhoo li zh qrupdol}hg xvlqj 31458 pp iru wkh dyhudjh judlq gldphwhu1 Wkh

pdwfk wr wkh xqlirup h{sdqvlrq fxuyh lv vr forvh/ dqg vr glvwlqfwo| gl�huhqw iurp

wkh Qruwk Vhd vdqgvwrqhv/ wkdw zh ihho ixuwkhu vwxg| lv qhhghg rq wkh pdqqhu lq

zklfk vfdolqj lv grqh zkhq frpsdulqj srurvlw|0shuphdelolw| uhodwlrqvklsv lq judqxodu

pdwhuldov zlwk glvvlplodu phdq judlq vl}hv1 Zh wulhg pdq| frpelqdwlrqv ri wkh irxu

edvlf gldjhqhwlf vfkhphv glvfxvvhg lq wklv sdshu dqg qrqh dsshduhg wr pdwfk wkh

Irqwdlqheohdx gdwd qhduo| dv zhoo dv xqlirup judlq h{sdqvlrq zkhq wkh 31458 pp

judlq gldphwhu lv xvhg iru qrupdol}lqj wkh gdwd1

Iljxuh 6144= Frpsxwhg xqlirup h{sdqvlrq srurvlw|0shuphdelolw| fxuyh/ gdwd srlqwv
iru Irqwdlqheohdx vdqgvwrqh/ dvvxplqj judlq vl}h ri 3158 pp/ dqg Irqwdlqheohdx
dvvxplqj judlqv duh 31458 pp lq gldphwhu1

619 Frqfoxvlrqv

Zh kdyh ehhq deoh wr frpsxwh srurvlw|0shuphdelolw| fxuyhv wkdw pdwfk oderudwru|

phdvxuhphqwv iru uhdo dqg duwl�fldo judqxodu urfnv1 Wkh wkhruhwlfdo srurvlw|0shup0

hdelolw| uhodwlrqvklsv zhuh frpsxwhg xvlqj d odwwlfh Erow}pdqq phwkrg wr frpsxwh
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wkh  xlg  x{ lq d vlpxodwhg srurxv pdwhuldo/ iurp zklfk wkh shuphdelolw| zdv ghwhu0

plqhg1 Vhyhudo gldjhqhwlf vfkhphv zhuh xvhg/ dorqh dqg lq frpelqdwlrq/ wr dfklhyh

rxu uhvxowv1 Vlqwhuhg jodvv ehdgv zhuh irxqg wr kdyh d srurvlw|0shuphdelolw| uh0

odwlrqvkls wkdw zdv uhpdundeo| vlplodu wr rxu frpsxwhg xqlirup h{sdqvlrq fxuyh1

Hsr{|0fhphqwhg ehdgv zhuh vlplodu dw kljk srurvlwlhv/ exw ghyldwhg iurp wkh vlqwhuhg

ehdgv dqg wkh xqlirup h{sdqvlrq fxuyh dw orz srurvlw|1

Qruwk Vhd vdqgvwrqhv kdg srurvlw|0shuphdelolw| fkdudfwhulvwlfv wkdw zhuh txlwh

glvwlqfw iurp Irqwdlqheohdx1 Wkhvh fkdudfwhulvwlfv zhuh pdwfkhg e| rxu vlpxodwlrqv

xvlqj d gldjhqhwlf vfkhph wkdw vwduwhg zlwk wkh �oolqj ri kljk0 rz sruhv suhgrplqdw0

lqj/ wkhq vkliwhg wr xqlirup h{sdqvlrq ri wkh vskhulfdo judlqv1 Wkh vwduwlqj srlqw iru

wkhvh vlpxodwlrqv zdv rewdlqhg e| frqwudfwlqj wkh Ilqqh| sdfn vskhuhv xqlirupo| wr

wkh srurvlw| ri Rwwdzd vdqg1 Irqwdlqheohdx gdwd kdv d gl�huhqw srurvlw|0shuphdelolw|

wuhqg iurp wkh Qruwk Vhd vdqgvwrqhv/ dqg lv vlplodu lq vkdsh wr wkh xqlirup h{sdqvlrq

prgho1 Li wkh dyhudjh judlq vl}h xvhg wr qrupdol}h wkh shuphdelolw| phdvxuhphqwv iru

Irqwdlqheohdx lv 31458 pp/ wkh xqlirup h{sdqvlrq fxuyh �wv wkh Irqwdlqheohdx gdwd

yhu| forvho|1

Wkh srurvlw|0shuphdelolw| uhodwlrqvklsv frpsxwhg lq wklv vwxg| xvlqj ydulrxv gl0

djhqhwlf vfkhphv pd| dovr eh xvhg dv d eulhi fdwdorj ri wkhruhwlfdo uhvxowv wr eh

frpsduhg zlwk rwkhu oderudwru| phdvxuhphqwv ri uhdo urfnv1 Wkh odwwlfh Erow}pdqq

prgho xvhg lq wklv h{huflvh iru vlpxodwlqj  rz lq srurxv phgld zlwk frpsolfdwhg sruh

jhrphwulhv hqdeohg xv wr irfxv rq gldjhqhwlf udwkhu wkdq rq frpsxwdwlrqdo gl!fxowlhv

wkdw pljkw kdyh ehhq d pdmru glvwudfwlrq xvlqj pruh wudglwlrqdo qxphulfdo phwkrgv1

61: Dsshqgl{= D Gljlwdo Urfn Sk|vlfv Oderudwru|

Ghwhuplqdwlrq ri urfn surshuwlhv e| gluhfw fdofxodwlrq lv xvhixo lq frqmxqfwlrq zlwk

oderudwru| phdvxuhphqwv1 Wkh sulpdu| dgydqwdjh ri d qxphulfdo vlpxodwlrq lv wkdw

doo sdudphwhuv duh nqrzq dqg frqwuroohg1 Wklv doorzv h{shulphqwdwlrq zlwk rqh sdu0

wlfxodu sdudphwhu zklfk hqdeohv fdxvh dqg h�hfw wr eh ghwhuplqhg1 Wrjhwkhu zlwk

oderudwru| phdvxuhphqwv ri urfn surshuwlhv/ wklv frpelqdwlrq lv d srzhuixo wrro iru

txdqwlwdwlyho| uhodwlqj urfn surshuwlhv wr edvlf sruh vwuxfwxuh dqg sruh hyroxwlrq
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surfhvvhv1

61:14 Sruh Jhrphwu| dqg Vwuxfwxuh

Sruh jhrphwu| lv ghwhuplqhg e| wkh urfn vwuxfwxuh dqg wkh sduwlfxodu surfhvvhv zklfk

hyroyh wkh plfurvwuxfwxuh ri wkh sruhv1 Zrunlqj wrjhwkhu zlwk vhglphqwrorjlvwv/ jhr0

fkhplvwv/ dqg shwurorjlvwv/ uhdolvwlf sruh hyroxwlrq vfkhphv fdq eh vlpxodwhg1 Wkh

frpsxwdwlrqdo phwkrgv sursrvhg khuh vhsdudwh wkh fdofxodwlrq ri urfn surshuwlhv iurp

wkh ghwhuplqdwlrq ri sruh vwuxfwxuh/ vr wkhvh wzr olqhv ri lqyhvwljdwlrq pd| surfhhg

udwkhu lqghshqghqwo|1 Pdq| suhylrxvo|0xvhg phwkrgv/ vxfk dv wkh qhwzrun prghov

phqwlrqhg hduolhu/ pdnh wkh fdofxodwlrq ri surshuwlhv dqg wkh uhsuhvhqwdwlrq ri wkh

sruh vwuxfwxuh kljko| ghshqghqw xsrq rqh dqrwkhu1 Lw fdq dovr eh gl!fxow wr lp0

sohphqw gldjhqhwlf vfkhphv zklfk duh edvhg sulpdulo| rq jhrorjlfdo ru jhrfkhplfdo

prghov xvlqj suhylrxv phwkrgv1

61:15 Shuphdelolw| Fdofxodwru

Wkh odwwlfh Erow}pdqq phwkrg lv lghdoo| vxlwhg wr frpsxwlqj  xlg  rz lq d frp0

soh{ sruh jhrphwu|1 Wkh phwkrg jhqhudoo| frqvlvwv ri wzr vwhsv= sursdjdwlrq ri

 xlg �sduwlfohv� dqg froolvlrq uhod{dwlrq1 Lq d odwwlfh jdv vlpxodwlrq/ lqwhjudo qxp0

ehuv ri sduwlfohv duh pryhg durxqg wkh frpsxwdwlrqdo julg1 Prphqwxp dqg pdvv

frqvhuydwlrq odzv duh xvhg lq wkh froolvlrq vwhs1 Wkh odwwlfh Erow}pdqq phwkrg lv

d jhqhudol}dwlrq ri wkh odwwlfh jdv phwkrg lq wkdw uhdo qxpehu sduwlfoh ghqvlwlhv duh

pryhg durxqg wkh julg1 Iurp rqh srlqw ri ylhz/ wkh odwwlfh Erow}pdqq phwkrg pd|

eh ylhzhg dv dq dowhuqdwlyh �qlwh gl�huhqfh irupxodwlrq ri wkh htxdwlrqv iru Vwrnhv

 rz1 Zkhq frpsxwlqj d vwhdg|0vwdwh  rz �hog/ vxfk dv zkhq ghwhuplqlqj shuph0

delolw|/ wkh xvxdo surfhgxuh lv wr hyroyh wkh lqlwldo  rz �hog xqwlo wkh  x{ fkdqjh zlwk

hdfk sursdjdwlrq2froolvlrq vwhs lv ohvv wkdq vrph wrohudqfh1 Wkh sduwlfoh ghqvlw| dw

dq| sruh qrgh diwhu rqh vwhs lv d olqhdu frpelqdwlrq ri wkh sduwlfoh ghqvlwlhv dw qhljk0

erulqj sruh qrghv1 Qhljkerulqj qrghv lqfoxgh wkh qrgh lwvhoi ehfdxvh ri uh hfwlrqv

r� ri qhljkerulqj judlqv qrghv1

D srvvleoh phwkrg iru frpsxwlqj shuphdelolw| xvlqj wkh odwwlfh Erow}pdqqphwkrg
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zrxog eh wr zulwh wkh sursdjdwlrq dqg froolvlrq vwhsv dv d vlqjoh pdwul{ rshudwlrq1

Vxfk d pdwul{ zrxog eh vsduvh/ dv hdfk qrgh lqwhudfwv rqo| zlwk 4< rwkhu qrghv +lq0

foxglqj lwvhoi,1 Ohw xv vxssrvh wkdw wkh sduwlfoh ghqvlwlhv lq hdfk gluhfwlrq/ dw hdfk

qrgh/ duh uhsuhvhqwhg e| wkh yduldeoh �1 � kdv 4< frpsrqhqwv +gluhfwlrqdo yhorflwlhv,

dw hdfk qrgh1 Li wkhuh duh Q qrghv lq d julg ru odwwlfh/ wkhq wkhuh duh d wrwdo ri 4<Q

lqghshqghqw yduldeohv wr dgydqfh lq wlph dw hdfk vwhs1 D sursdjdwlrq vwhs pd| eh
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+617,

ru/ pruh vxfflqfwo|/

�|n� ' ��| +618,

Vlqfh rqo| wkh vwhdg vwdwh  rz �hog lv ri lqwhuhvw/ wklv fdq eh zulwwhq dv dq htxloleulxp

htxdwlrq �r ' ��r ru

E�� W��r ' f

Wkh shuphdelolw| fdq eh frpsxwhg gluhfwo| iurp wkh  rz �hog �r�

Wkh sxusrvh ri wkh  xlg  rz vlpxodwlrq lv wkh frpsxwdwlrq ri wkh vwhdg| vwdwh

 rz �hog/ iurp zklfk wkh shuphdelolw| fdq eh fdofxodwhg1 Li wkh lqwhuphgldwh  rz
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yhorflwlhv duh ri lqwhuhvw dv wkh| ghyhors lq wlph/ wklv pdwul{ phwkrg zloo qrw eh ri

lqwhuhvw1 Wkh pdwul{ phwkrg ghvfulehg khuh kdv wkh dgydqwdjh ri doorzlqj wkh kljko|0

ghyhorshg phwkrgv ri qxphulfdo olqhdu dojheud wr eh xvhg lq vroylqj wkh v|vwhp ri

htxdwlrqv iru wkh htxloleulxp  rz �hog1 Wklv pljkw eh dgydqwdjhrxv iru orz0srurvlw|

urfnv zkhuh frqyhujhqfh e| wkh wudglwlrqdo lwhudwlrqv zdv irxqg wr eh txlwh vorz1

61:16 Rwkhu Urfn Surshuwlhv

Hohfwulfdo frqgxfwlylw|

Pdq| h�hfwlyh ru pdfurvfrslf urfn surshuwlhv ehvlghv shuphdelolw| ghshqg rq wkh

plfurvwuxfwxuh ri wkh sruhv1 Lw lv ghvludeoh wr frpsxwh h�hfwlyh urfn surshuwlhv iurp

wkh vdph plfurvwuxfwxuh lq rughu wr �qg fruuhodwlrqv ehwzhhq wkhp1 Wkh sulpdu|

prwlydwlrq lv wr �qg zd|v wr ghwhuplqh surshuwlhv vxfk dv shuphdelolw| dqg srurv0

lw|/ zklfk frqwuro  rz dqg wudqvsruw lq uhvhuyrluv dqg dtxlihuv/ iurp phdvxuhdeoh

surshuwlhv vxfk dv hohfwulfdo frqgxfwlylw| dqg dfrxvwlf zdyh yhorflw|1

Wkh h�hfwlyh +pdfurvfrslf, hohfwulfdo frqgxfwlylw| ri d srurxv pdwhuldo ghshqgv

rq wkh sruh0vfdoh jhrphwu| ri wkh pdwhuldo1 Rkp*v odz dssolhv dw wkh sruh vfdoh=

a E � ' j E �. E � ' �j E �uT E � +619,

zkhuh a lv wkh hohfwulf  x{ yhfwru/ j lv wkh frqgxfwlylw|/ dqg T lv wkh hohfwulf srwhqwldo1

Hdfk ri wkhvh yduldeohv ydulhv orfdoo| dw wkh sruh vfdoh1 Wkh glyhujhqfh ri wkh  x{

yhfwru lv }hur/ vr wkdw

u � a E � ' �u � Ej E �uT E �� ' f +61:,

Wkh sruh0vfdoh srwhqwldo ixqfwlrq T E � fdq eh frpsxwhg e| vroylqj htxdwlrq 61:

xvlqj ydoxhv ri j E � iru urfn dqg zdwhu +sruh frqgxfwlylw|, wkdw duh dssursuldwh iru

wkh pdwhuldo1 Wkh h�hfwlyh frqgxfwlylw| lv wkhq irxqg iurp

jess '
a@�}{%

{T
+61;,

zkhuh a@�} lv wkh dulwkphwlf phdq  x{ lq wkh {0gluhfwlrq ryhu wkh hqwluh frpsxwd0

wlrqdo vdpsoh1 Frpsxwdwlrqdoo|/ wkh vdph sruh jhrphwu| dqg gldjhqhwlf vfkhphv
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pd| eh xvhg dv iru wkh shuphdelolw| fdofxodwlrqv1 Iru h�hfwlyh hohfwulfdo frqgxfwlylw|

fdofxodwlrqv/ wkh 4*v dqg 3*v wkdw lqglfdwh sruh vsdfh ru urfn judlq pxvw eh pdsshg

wr orfdo frqgxfwlylw| ydoxhv1 Rqfh wklv kdv ehhq dffrpsolvkhg/ wkh frpsxwdwlrq ri

wkh srwhqwldo fdq eh fduulhg rxw xvlqj wudglwlrqdo �qlwh gl�huhqfh ru �qlwh hohphqw

phwkrgv1 Wklv vriwzduh kdv ehhq zulwwhq dqg wkh dffxudf| ri lqlwldo fdofxodwlrqv kdv

ehhq frq�uphg e| frpsdulvrq zlwk oderudwru| phdvxuhphqwv dqg wkhru|1

Hodvwlf prgxol dqg S zdyh yhorflw|

Wkh urfn vwl�qhvv ghshqgv yhu| vwurqjo| rq wkh sruh jhrphwu| dqg rq wkh w|sh ri

fhphqw ghsrvlwhg dw judlq frqwdfwv1 D phwkrg iru frpsxwlqj hodvwlf prgxol xvlqj

wkh sruh jhrphwu| dqg gldjhqhwlf vfkhphv zklfk kdyh ehhq rxwolqhg douhdg| kdv wr

dffrxqw iru gl�hulqj fhphqw dqg judlq surshuwlhv1 Ydulrxv srvvlelolwlhv zklfk pd| eh

frqvlghuhg iru frpsxwlqj hodvwlf prgxol duh �qlwh hohphqw vwuxfwxudo frghv/ glvfuhwh

hohphqw phwkrgv iru vwxg|lqj wkh lqwhudfwlrq ri glvfuhwh judqxodu sduwlfohv1 Ilqlwh

gl�huhqfh ru �qlwh hohphqw hodvwlf zdyh frghv pd| eh xvhixo iru gluhfwo| vlpxodwlqj

zdyh sursdjdwlrq wkurxjk frpsoh{ phgld lq rughu wr ghwhuplqh zdyh yhorflwlhv1 Wklv

lv dq duhd iru ixwxuh uhvhdufk1

61:17 Vriwzduh Rujdql}dwlrq dqg Ghvljq

Wkh ixqgdphqwdo frqwulexwlrq ri wklv sdshu lv wkh lvrodwlrq ri lqlwldo sruh jhrphwu|/

gldjhqhwlf vfkhphv/ dqg h�hfwlyh surshuw| fdofxodwlrqv1 E| ghvljqlqj rxu frpsxwd0

wlrqdo vriwzduh wr uh hfw wkhvh gl�huhqw sk|vlfdo g|qdplfv/ zh duh deoh wr irfxv rq wkh

hvvhqwldo vflhqwl�f sureohp ri ghwhuplqlqj krz sruh vwuxfwxuh ghwhuplqhv wkh ydulrxv

urfn surshuwlhv1 Frpelqlqj wkhvh frpsxwdwlrqdo wrrov zlwk oderudwru| phdvxuhphqwv

hqdeohv xv wr vruw rxw fdxvh dqg h�hfw lq frpsoh{ srurxv urfnv1
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Iljxuh 6145= Vfkhpdwlf rujdql}dwlrq ri vriwzduh frpsrqhqwv iru d gljlwdo urfn sk|vlfv
oderudwru|1

Eleolrjudsk|

Eodqj|/ M1 S1/ Lqwhjudwhg vhlvplf olwkrorjlf lqwhusuhwdwlrq= Wkh shwursk|vlfdo edvlv/

Sk1G1 wkhvlv/ Vwdqirug Xqlyhuvlw|/ Vwdqirug/ Fdoliruqld/ 4<<51

Ervo/ Z1 M1/ M1 Gyrunlq/ dqg D1 Qxu/ D vwxg| ri srurvlw| dqg shuphdelolw| xvlqj d

odwwlfh erow}pdqq vlpxodwlrq/ Jhrsk|v1 Uhv1 Ohww1/ 58 / 47:8�47:;/ 4<<;1

Erxuelh/ W1/ dqg E1 ]lqv}qhu/ K|gudxolf dqg dfrxvwlf surshuwlhv dv d ixqfwlrq ri

srurvlw| lq irxqwdlqheohdx vdqgvwrqh/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ <3 / 44/857�

44/865/ 4<;81

Erxuelh/ W1/ R1 Frxvv|/ dqg E1 ]lqv}qhu/ Dfrxvwlfv ri Srurxv Phgld/ Jxoi Sxeolvklqj

Fr/ Krxvwrq/ Wh{dv/ 4<;:1

Eu|dqw/ V1 O1/ G1 Z1 Phooru/ dqg F1 D1 Fdgh/ Sk|vlfdoo| uhsuhvhqwdwlyh qhwzrun

prghov ri wudqvsruw lq srurxv phgld/ DLFkH Mrxuqdo / 6< +6,/ 6;:�6<9/ 4<<61

E|huohh/ M1/ Hduwktxdnhv/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ 4<<71
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Fdgh/ F1 D1/ L1 M1 Hydqv/ dqg V1 O1 Eu|dqw/ Dqdo|vlv ri shuphdelolw| frqwurov= D qhz

dssurdfk/ Fod| Plqhudov/ 5< / 7<4�834/ 4<<71

Hvwhv/ F1 D1/ Hodvwlf dqg wudqvsruw surshuwlhv ri xqfrqvrolgdwhg pdwhuldov/ Vwdqirug

Urfn dqg Eruhkroh Jhrsk|vlfv Surmhfw Uhsruw / 4<<71

Ihuuhro/ E1/ dqg G1 K1 Urwkpdq/ Odwwlfh erow}pdqq irqwdlqheohdx vdqgvwrqh/ Wudqv0

sruw lq Srurxv Phgld/ 53 +4,/ 6/ 4<<81

Ilqqh|/ M1/ Udqgrp sdfnlqjv dqg wkh vwuxfwxuh ri vlpsoh oltxlgv l1 wkh jhrphwu| ri

udqgrp forvh sdfnlqj/ Surf1 Ur|1 Vrf1/ 64<D/ 7:</ 4<:31

Odgg/ D1 M1 F1/ Qxphulfdo vlpxodwlrqv ri sduwlfxodwh vxvshqvlrqv yld d glvfuhwl}hg

erow}pdqq htxdwlrq1 sduw 4/ wkhruhwlfdo irxqgdwlrq/ Mrxuqdo ri Ioxlg Phfkdqlfv/

5:4 / 5;8�63</ 4<<71

Shuvrq/ P1/ M1 S1 Ud�hqvshujhu/ V1 Jh/ dqg J1 Jduyhq/ Edvlq0vfdoh k|gurjhrorjlf

prgholqj/ Uhylhzv ri Jhrsk|vlfv/ 67 +4,/ 94�;:/ 4<<91

Tldq/ \1 K1/ G1 g*Kxplhuhv/ dqg S1 Odoohpdqg/ Odwwlfh EJN prghov iru Qdylhu0

Vwrnhv htxdwlrq/ Hxursk|v1 Ohww1/ 4: +9,/ 7:<�7;7/ 4<<51

Vwudqghqhv/ V1/ Urfn sk|vlfv dqdo|vlv ri wkh euhqw jurxs uhvhuyrlu lq wkh rvhehuj

�hog/ Vwdqirug Urfn dqg Eruhkroh Jhrsk|vlfv Surmhfw Uhsruw / 4<<41

Zdoghu/ M1/ dqg D1 Qxu/ Srurvlw| uhgxfwlrq dqg fuxvwdo sruh suhvvxuh ghyhorsphqw/

M1 Jhr1 Uhv1/ ;< +E46,/ 4486<�4487;/ 4<;71
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Frpsxwhu Vlpxodwlrq ri wkh

Frpsoh{ Fuxvw= Wkhru|

�Zkhq zh wu| wr slfn rxw dq|wklqj e| lwvhoi/ zh �qg lw klwfkhg wr hyhu|wklqj

hovh lq wkh xqlyhuvh1�

714 Lqwurgxfwlrq

Wkh eulwwoh fuxvw lv riwhq prghohg dv dq hodvwlf vrolg iru sxusrvhv ri vwxg|lqj vhlvplf

zdyhv/ idxow phfkdqlfv/ dqg urfn sk|vlfv1 K|gurorjlvwv dqg jhrfkhplvwv/ zkr duh jhq0

hudoo| lqwhuhvwhg lq  xlg g|qdplfv ru dtxhrxv fkhplvwu|/ wuhdw wkh fuxvw dv d srurxv

phglxp wkurxjk zklfk  xlgv  rz1 Idxowv fdq juhdwo| frpsolfdwh pdwwhuv iru erwk wkh

phfkdqlfdo dqg k|gurorjlf dvshfwv ri fuxvwdo prghov1 Ri frxuvh/ sk|vlfdo dqg fkhp0

lfdo surfhvvhv rffxu vlpxowdqhrxvo| dqg lq d frxsohg idvklrq/ uhvxowlqj lq g|qdplfdo

ehkdylru wkdw lv vrphwlphv frxqwhu0lqwxlwlyh/ pd| hyhq dsshdu udqgrp/ dqg lv gl!0

fxow wr suhglfw1 Lqyhvwljdwlrq ri wkh frpsoh{ g|qdplfdo ehkdylru ri fuxvwdo surfhvvhv

uhtxluhv frpsxwhu vlpxodwlrq1 Wklv lv wkh rqo| phdqv e| zklfk wkh frqvhtxhqfhv ri

frpshwlqj sk|vlfdo wkhrulhv fdq eh h{soruhg1

Wkh sxusrvh ri wklv vwxg| lv wr suhvhqw d jhqhudo vhw ri htxdwlrqv iru wkhupdo/ ph0

fkdqlfdo/ dqg k|gurorjlf surfhvvhv lq d irup wkdw lv lqwhqghg iru frpsxwhu vlpxodwlrq1

75
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Pruh wkdq mxvw suhvhqwlqj d vhw ri htxdwlrqv/ d vwudwhj| lv jlyhq iru lpsohphqwlqj qx0

phulfdo vriwzduh wkdw lv ghvljqhg iru h{shulphqwdwlrq1 Jhqhudo dvvxpswlrqv derxw

wkh vsdwldo dqg whpsrudo yduldelolw| ri pdwhuldo surshuwlhv duh pdgh vr dv wr qrw glv0

plvv khwhurjhqhrxv frh!flhqwv dqg qrqolqhdulwlhv wkdw pljkw eh lpsruwdqw lq vrph

flufxpvwdqfhv1 Wkrxjk jhrfkhplfdo prgholqj zloo qrw eh frqvlghuhg lq dq| ghwdlo

khuh/ wkh uroh ri jhrfkhplfdo prghov lq wkh jhqhudo prgholqj iudphzrun lv lqglfdwhg1

Wkrxjk wkh iudphzrun rxwolqhg khuh lv dssursuldwh iru jhqhudo vlpxodwlrqv rq pdq|

vfdohv/ wkh vshfl�f lqwhqwlrq lv wr exlog d vlpxodwlrq iudphzrun wkdw fdq vxssruw

frpsxwdwlrqdo h{shulphqwdwlrq zlwk idxow prghov dqg hduwktxdnh vrxufh phfkdqlfv

hpehgghg lq d frpsoh{ frqwlqxxp prgho ri wkh fuxvw1 Wkh hpskdvlv lq wkh suhvhqw

sdshu lv rq wkh frqwlqxxp htxdwlrqv iru wkhuprsrurhodvwlflw|1 D glvfxvvlrq ri idxow

prgholqj zloo eh uhvhuyhg iru d ixwxuh sdshu/ wkrxjk lqglfdwlrqv ri krz idxow prghov

�w lqwr wkh jhqhudo iudphzrun duh jlyhq1

Wdeoh 714 olvwv vrph ri wkh prvw frpprq ixqgdphqwdo yduldeohv ri lqwhuhvw zkhq

ghvfulelqj wkh sk|vlfdo vwdwh ri wkh hduwk*v fuxvw1 Dorqj zlwk hdfk yduldeoh duh wkh

vlpsohvw +olqhdu/ xqfrxsohg, htxdwlrqv zklfk duh xvhg wr prgho wkh yduldeoh dqg

wkh prvw lpsruwdqw pdwhuldo surshuwlhv wkdw h�hfw lwv g|qdplfv1 Jhrfkhplvwu| lv

d ydvw vxemhfw dqg wkh prgholqj ri jhrfkhplfdo v|vwhpv lv d frpsoh{ xqghuwdnlqj

lq lwvhoi1 Ri sulpdu| lqwhuhvw iru prgholqj wkh sk|vlfdo vwdwh dqg hyroxwlrq ri wkh

fuxvw lv dtxhrxv jhrfkhplvwu| dv dq djhqw iru prgli|lqj wkh pdwhuldo surshuwlhv ri

wkh fuxvw/ vxfk dv shuphdelolw| dqg hodvwlf prgxol1 Srurvlw| lv xvxdoo| frqvlghuhg wr

eh d pdwhuldo surshuw| udwkhu wkdq d g|qdplfdo yduldeoh1 Krzhyhu/ zkhq wkh urfn

pdwhuldo wkdw pdnhv xs wkh fuxvw kdv hyroylqj surshuwlhv gxh wr fkhplfdo fkdqjhv/

srurvlw| fdq eh frqvlghuhg d ixqgdphqwdo yduldeoh zklfk ghshqgv sulpdulo| rq wkh

wrwdo vrolg skdvh iudfwlrq lq dq| jlyhq fhoo yroxph1 Nh| pdwhuldo surshuwlhv/ vxfk

dv shuphdelolw|/ wkhupdo gl�xvlylw|/ dqg hodvwlf prgxol fdq eh ghulyhg iurp srurvlw|/

jlyhq rwkhu sdudphwhuv zklfk gh�qh wkh txdqwlwdwlyh uhodwlrqvkls ehwzhhq srurvlw|

dqg rwkhu surshuwlhv1 Wkh Nr}hq|0Fduphq uxoh +Gxoolhq/ 4<<5, iru frpsxwlqj shu0

phdelolw| iurp srurvlw| lv dq h{dpsoh1 Wr xvh wklv uxoh/ dq h{srqhqw dqg d frqvwdqw

sdudphwhu pxvw eh vshfl�hg lq dgglwlrq wr srurvlw|1

Wkhuh duh pdq| htxdwlrqv zklfk fdq eh vshfl�hg wr jryhuq wkh hyroxwlrq ri wkh
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G|qdplfdo yduldeoh Jryhuqlqj htxdwlrqv Frqwuroolqj sdudphwhuv
glvsodfhphqwv/ ��/ �2/ �� Qdylhu htxdwlrqv hodvwlf prgxol/ Cc D

glvsodfhphqw udwhv ylvfrhodvwlf htxdwlrqv prgxol/ urfn ylvfrvlw|
sruh suhvvxuh/ R k|gudxolf gl�xvlrq shuphdelolw| &/ ylvfrvlw| >
whpshudwxuh/ A wkhupdo gl�xvlrq wkhupdo frqgxfwlylw|/ SA
srurvlw|/ � vrolg skdvh iudfwlrq fkhplfdo frqfhqwudwlrqv

fkhplfdo frqfhqwudwlrqv/ Sr jhrfkhplfdo v|vwhp dfwlylw| frh!flhqwv

Wdeoh 714= Wkh prvw frpprq g|qdplfdo yduldeohv ri lqwhuhvw zklfk ghvfuleh wkh
sk|vlfdo vwdwh ri wkh fuxvw1 Fkhplfdo vshflhv duh frqvlghuhg khuh rqo| dv wkh| shuwdlq
wr wkh sk|vlfdo vwdwh ri wkh fuxvw1

uhodwlyho| vpdoo vhw ri g|qdplfdo yduldeohv vkrzq lq wkh suhfhglqj wdeoh1 Wkh edvlf

jryhuqlqj htxdwlrqv olvwhg lq wkh wdeoh pd| eh frxsohg lqwr v|vwhpv ri htxdwlrqv1 Ru/

qrqolqhdu whupv pd| eh dgghg wr wkh vlpsohvw olqhdu htxdwlrqv1 Lq vrph vlwxdwlrqv/ wkh

pdwhuldo sdudphwhuv pd| eh qrqolqhdu ixqfwlrqv ri wkh g|qdplfdo yduldeohv1 Iru vrph

pdwhuldov/ dqlvrwurslf hodvwlf prgxol pd| eh dssursuldwh1 Rqh ri wkh sulpdu| wdvnv

wkdw pxvw eh dffrpsolvkhg e| frpsxwhu vlpxodwlrq lv wr ghwhuplqh zklfk htxdwlrqv

prgho wkh revhuyhg ehkdylru ri wkh fuxvw e| h{shulphqwlqj zlwk gl�huhqw ixqgdphqwdo

htxdwlrqv/ frxsolqjv ehwzhhq htxdwlrqv/ dqg vsdwldo glvwulexwlrqv ri pdwhuldo surshu0

wlhv1 Frpsoh{ g|qdplfv fdq hphujh iurp d frpelqdwlrq ri vlpsoh surfhvvhv/ hdfk ri

zklfk lv xqghuvwrrg lq lvrodwlrq1

Rqh ri wkh prvw lpsruwdqw dvshfwv ri wkh fuxvw zklfk lv qrw jryhuqhg gluhfwo| e|

dq| ri wkh deryh htxdwlrqv lv idxowlqj1 Idxow pryhphqw pd| dowhu vrph ru doo ri wkh

sulpdu| yduldeohv olvwhg deryh/ dv zhoo dv wkh pdwhuldo surshuwlhv zklfk jryhuq wkh

hyroxwlrq ri wkh sulpdu| yduldeohv1 Iurp d prgholqj srlqw ri ylhz/ idxowv pd| eh

frqvlghuhg jhrphwulfdo uhjlrqv/ gh�qhg e| julg srlqwv/ zklfk duh jryhuqhg e| odzv

glvwlqfw iurp wkh frqwlqxxp htxdwlrqv1 Iru h{dpsoh/ glvsodfhphqw dorqj erxqgdu|

srlqwv zklfk pdnh xs rssrvlqj idfhv ri d idxow pljkw eh glvsodfhg e| dsso|lqj vrph

iulfwlrq odz zkhq vkhdu vwuhvvhv h{fhhg vrph wkuhvkkrog1 Dw wkh vdph wlph/ wkhupdo

frqgxfwlylw| htxdwlrqv pljkw eh xqdowhuhg e| wkh suhvhqfh ri wkh idxow/ h{fhsw wkdw

d khdw vrxufh lv dgghg gxulqj volglqj1 Wkh lqfoxvlrq ri idxowv lq d vlpxodwlrq ri wkh

fuxvw zloo qhfhvvdulo| lqyroyh frpsolfdwhg julgglqj dqg ghflvlrq dojrulwkpv zklfk zloo

qrw eh glvfxvvhg lq wklv sdshu1 Idxowv fdq/ krzhyhu/ eh hdvlo| lqfoxghg lq wkh jhqhudo
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iudphzrun suhvhqwhg khuh dqg wklv zloo eh lqglfdwhg zkhuh dssursuldwh1

715 Frpsoh{lw| dqg Frpsxwhu Prgholqj

Wkh prwlydwlqj dvvxpswlrq ehklqg wklv sdshu lv wkdw wkh frpsoh{lw| w|slfdoo| re0

vhuyhg lq fuxvwdo g|qdplfv lv ixqgdphqwdoo| gxh wr sk|vlfdo surfhvvhv wkdw duh zhoo0

nqrzq lq whupv ri fodvvlfdo sk|vlfv dqg fkhplvwu|1 Txdqwlwdwlyh ghvfulswlrq dqg/

hyhqwxdoo|/ suhglfwlrq duh wkxv uhdvrqdeoh h{shfwlrqv1 Wklv lv wkh jrdo ri doo sk|vl0

fdo wkhru| dqg lv lq idfw wkh hvvhqfh ri vflhqfh1 Krzhyhu/ wkh ixqgdphqwdo sk|vlfdo

surfhvvhv lqyroyhg lq vxfk frpsoh{ skhqrphqd dv hduwktxdnhv pxvw eh dghtxdwho|

prghohg lq vlpxodwlrqv li zh duh wr ehjlq wr xqghuvwdqg wkh uhodwlyh lpsruwdqfh ri

hdfk idfwru lq frqwuroolqj wkh wrwdo frpsoh{ v|vwhp1 E| wklv/ L phdq wkdw doo ri wkh

uhohydqw sk|vlfdo surfhvvhv pxvw eh lqfoxghg/ wkh| pxvw eh surshuo| frxsohg/ dqg wkh

pdwhuldo surshuwlhv pxvw eh prghohg fruuhfwo|1 Lw lv qrw vx!flhqw wr xvh d vlpsoh

gl�xvlrq htxdwlrq zlwk frqvwdqw frh!flhqwv/ iru h{dpsoh/ wr glvfxvv wkh uroh ri  xlgv

lq fuxvwdo surfhvvhv li wklv prgho lv qrw wkh fruuhfw ghvfulswlrq ri krz  xlgv  rz lq

wkh wkhuprsrurhodvwlf/ fkhplfdoo| hyroylqj pdwhuldo wkdw pdnhv xs wkh fuxvw1

Iru h{dpsoh/ lpphgldwho| iroorzlqj dq hduwktxdnh/ h{fhvv sruh  xlg grhv qrw

vlpso| gl�xvh iurp wkh hqgv ri wkh idxow lq wkh vxuurxqglqj phglxp +wklv zdv vxj0

jhvwhg e| Vfkro}/ 4<<3/ s1 53< dv wkh uhdvrq hduwktxdnh0lqgxfhg  xlg  rz fdqqrw

eh wkh xqghuo|lqj h{sodqdwlrq iru diwhuvkrfnv,1 Ehfdxvh ri srurhodvwlf h�hfwv/ sruh

 xlg suhvvxuhv duh doprvw lqvwdqwo| dowhuhg hyhu|zkhuh lq wkh uhjlrq ri wkh idxow dqg

 xlg gl�xvlrq rffxuv lq udwkhu frpsoh{ sdwwhuqv frqwuroohg e| wkh lqlwldo phdq vwuhvv

dqg wkh shuphdelolw| glvwulexwlrq lq wkh idxow uhjlrq1 Wkhuh lv d juhdw whpswdwlrq wr

vlpsoli| pdwkhpdwlfdo htxdwlrqv wr pdnh wkhp dphqdeoh wr vroxwlrq e| wkh phwkrgv

zklfk duh dydlodeoh wr xv1 Vlpsol�fdwlrq lv ghvludeoh rqo| zkhq lqvljql�fdqw whupv fdq

eh h{foxghg1 Lw lv rqh ri wkh fhqwudo wkhphv ri wklv sdshu wkdw zkhq vhhplqjo| vlpsoh

surfhvvhv rffxu wrjhwkhu lq phgld zklfk ydu| vsdwldoo| dqg whpsrudoo|/ wkh uhvxowlqj

ehkdylru pd| eh zkroo| xqolnh wkh g|qdplfv ri vlpsoh/ xqfrxsohg surfhvvhv1

Wkh whfwrqlf dqg k|gurorjlf irufhv wkdw gulyh wkh g|qdplfv ri wkh fuxvw duh qrw

lqghshqghqw ri hdfk rwkhu1 Whfwrqlf irufhv h�hfw fkdqjhv lq sruh suhvvxuh/ zklfk
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W|sh Yduldeohv lqyroyhg Sk|vlfdo h{dpsoh
Frxsohg surfhvvhv S/ j+phdq vwuhvv, Fu|hu0Pdqgho h�hfw �

Vsdwldo khwhurjhqhlw| S/ j/ & Kljk R lq idxow }rqh 2

Qrqolqhdu sdudphwhuv & ' & ER� Slvwrq0olnh suhvvxuh sur�oh �

Fkhplfdo dowhudwlrq Rc � Deqrupdo R frpsduwphqwv e

Doo ri wkh deryh doo yduldeohv dqg sdudphwhuv Hduwktxdnh f|foh D

Wdeoh 715= Ydulrxv w|shv ri frxsohg surfhvvhv ru qrq0frqvwdqw pdwhuldo surshuwlhv
fdq uhvxow lq udwkhu frpsoh{ ru vxusulvlqj ehkdylru1 Vkrzq khuh duh vrph h{dpsohv
ri vxusulvlqj g|qdplfv wkdw fdq dulvh lq wkh fuxvw/ dorqj zlwk wkh yduldeohv lqyroyhg
dqg vrph uhihuhqfhv wr hdfk h{dpsoh1 Uhihuhqfh vxshuvfulswv duh= �Fu|hu/ 4<95> 2wklv
wkhvlv/ fks1 6> �\lopd}/ hw do1/ 4<<7> eZdoghu dqg Qxu/ 4<;7> DE|huohh/ 4<<91

gulyh  xlg  rz +Lqjheulwvhq/ 4<<;,1 Ioxlg  rz fdq dovr gulyh phfkdqlfdo surfhvvhv/

hlwkhu gluhfwo| +wkurxjk srurhodvwlf h�hfwv, ru lqgluhfwo| wkurxjk wkhupdo dgyhfwlrq

dqg fkhplfdo uhdfwlrqv1 Zdoghu dqg Qxu +4<;7, kdyh vkrzq wkdw dv orqj dv wkh fuxvw

frqwdlqv sruh  xlgv/ lw lv qrw lq htxloleulxp1 Wkh fuxvw h{klelwv vhyhudo fkdudfwhulvwlfv

wkdw frqwulexwh wr wkh ryhudoo frpsoh{lw| ri fuxvwdo surfhvvhv= frxsolqj ri wzr ru

pruh surfhvvhv/ vsdwldoo| khwhurjhqhrxv pdwhuldo surshuwlhv zklfk hyroyh lq wlph/ dqg

qrqolqhdu whupv lq wkh jryhuqlqj htxdwlrqv1 Vrph h{dpsohv ri hdfk ri wkhvh dqg

wkhlu srwhqwldo gudpdwlf h�hfwv duh glvfxvvhg qrz1 Wdeoh 715 jlyhv vrph h{dpsohv lq

vxppdu| irup1

71514 Frxsohg Surfhvvhv

Lw lv srvvleoh iru wzr vlpsoh olqhdu surfhvvhv wr h{klelw qrqolqhdu/ xqsuhglfwdeoh ehkdy0

lru zkhq frxsohg wrjhwkhu1 D vwulnlqj h{dpsoh ri wklv lv wkh frxsolqj ri  rz wkurxjk

dq hodvwlf srurxv phglxp1 D frpsdulvrq ehwzhhq vlpsoh  xlg gl�xvlrq dqg frxsohg

srurhodvwlf gl�xvlrq zdv grqh e| Fu|hu +4<96, zklfk looxvwudwhv krz vxusulvlqj ehkdy0

lru fdq dulvh iurp vlpsoh olqhdu surfhvvhv wkdw duh g|qdplfdoo| frxsohg1 Wklv h�hfw

zdv �uvw glvfxvvhg lq wkh vrlo phfkdqlfv olwhudwxuh e| Pdqgho +4<86,1

Fu|hu*v vwxg| frpsduhg  xlg gl�xvlrq dv prghohg e| Whu}djkl*v frqvrolgdwlrq

wkhru| +Whu}djkl/ 4<76, zlwk Elrw*v srurhodvwlf wkhru| +Elrw/ 4<74, iru frxsohg vwuhvv

dqg  xlg gl�xvlrq1 Whu}djkl*v wkhru| lv hvvhqwldoo| d vlpsoh gl�xvlrq htxdwlrq iru d
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srurxv phglxp1 Wkh wkuhh glphqvlrqdo Whu}kdjl frqvrolgdwlrq htxdwlrq/ dv jlyhq lq

Fu|hu +4<96, lv

S�u2R '
YR

Y|

zkhuh S� lv wkh k|gudxolf gl�xvlylw| ri wkh vrlo dqg R lv wkh h{fhvv k|gurvwdwlf suhvvxuh

lq wkh zdwhu1

Elrw*v wkhru| frxsohv sruh  xlg  rz zlwk hodvwlf ghirupdwlrq1 Wkh htxdwlrqv dv

ruljlqdoo| zulwwhq e| Elrw duh

�u2Rn E� n 7�u Eu � �� n E�*s�uj ' f +714,

s2 E2� n 7�u2 Eu � �� ' K
Y Eu � ��

Y|
+715,

wrjhwkhu zlwk vl{ hodvwlflw| uhodwlrqv iru wkh vwuhvv whqvru j��/ zkhuh � lv wkh glv0

sodfhphqw yhfwru +khqfh/ u � � lv wkh yroxphwulf frqwudfwlrq ru h{sdqvlrq,/ R lv wkh

suhvvxuh lq wkh zdwhu/ s lv wkh srurvlw| ri wkh pdwhuldo/ j lv wkh k|gurvwdwlf vwuhvv

eruqh e| wkh zdwhu +wkxv/ j ' �sR,/ dqg � dqg 7 duh Odph frh!flhqwv ri wkh vnhoh0

wrq1 Fu|hu ghulyhg dqdo|wlf vroxwlrqv iru wkh vlpsoh  xlg gl�xvlrq prgho ri Whu}djkl

dqg wkh frxsohg srurhodvwlf prgho ri Elrw1 Wkh uhpdundeoh uhvxow zdv wkdw lq wkh

Elrw prgho/  xlg suhvvxuh dw wkh fhqwhu ri wkh vskhuh lqlwldoo| ulvhv ehiruh ghfd|lqj wr

wkh vwhdg|0vwdwh suhvvxuh1 Wklv sureohp zloo eh h{dplqhg lq pruh ghwdlo lq wkh qh{w

fkdswhu1

71515 Khwhurjhqhrxv Surshuwlhv

Wkh suhglfwlrq ri frqwdplqdqw pryhphqw dqg wkh  rz ri  xlgv lq d shwurohxp uhvhu0

yrlu uho| khdylo| wrgd| rq wkh xvh ri jhrvwdwlvwlfdo phwkrgv wr txdqwli| wkh uroh ri

khwhurjhqhlwlhv lq frqwuroolqj  xlg  rz lq wkh fuxvw +Wrpsvrq/ 4<<;,1 Phdvxuhphqwv

ri wkh k|gurorjlf surshuwlhv ri idxowv kdyh uhyhdohg wkhlu khwhurjhqhrxv fkdudfwhu +vhh

hvshfldoo| wkh froohfwlrq ri duwlfohv hglwhg e| Klfnpdq/ hw do1 +4<<7,1 Wkhvh vwxg0

lhv ghprqvwudwh qrw rqo| wkdw shuphdelolw| lv txlwh khwhurjhqhrxv lq dqg qhdu idxow

}rqhv/ exw lv dovr vwurqjo| dqlvrwurslf1 Lq vrph fdvhv/ khwhurjhqhrxv shuphdelolw| pd|

frpelqh zlwk srurhodvwlf h�hfwv wr fdxvh xqh{shfwhg deqrupdoo| kljk sruh suhvvxuhv1
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Wklv skhqrphqrq/ zklfk lv uhodwhg wr wkh Pdqgho0Fu|hu h�hfw/ zloo eh h{dplqhg lq

wkh qh{w fkdswhu1

71516 Qrqolqhdulwlhv

Qrqolqhdu ehkdylru lv rqh ri wkh suhgrplqdqw fkdudfwhulvwlfv ri frpsoh{ g|qdplfdo

v|vwhpv1 \lopd}/ hw do1 +4<<7, vkrzhg wkdw hyhq idluo| plog qrqolqhdulwlhv fdq fdxvh

vljql�fdqw ghyldwlrqv iurp h{shfwhg olqhdu ehkdylru zkhq shuphdelolw| lv d qrqolqhdu

ixqfwlrq ri suhvvxuh1 Wklv pd| eh dq dssursuldwh sk|vlfdo prgho ri  rz lq pdwhuldov

zkhuh wkh shuphdelolw| lv gxh sulpdulo| wr iudfwxuhv1 Iudfwxuhv whqg wr eh pxfk pruh

frpsoldqw wkdq sruh vsdfhv lq judqxodu urfnv dqg zloo whqg wr rshq ru forvh lq uhvsrqvh

wr wkh suhvvxuh ri wkh  xlg wkdw lv  rzlqj wkurxjk wkhp1 Wkh uhjlrqv durxqg pdq|

pdmru idxowv pd| eh frpsrvhg odujho| ri plfur0iudfwxuhg urfn1 Zkhq wkh shuphdelolw|

ghshqgv vwurqjo| rq wkh  xlg suhvvxuh/ d vkrfn0zdyh w|sh ri suhvvxuh iurqw pd| uhvxow

+\lopd}/ 4<<7,/ vlplodu wr qrqolqhdu wkhupdo zdyhv wkdw rffxu lq kljk0whpshudwxuh

sodvpdv zkhq udgldwlrq khdw frqgxfwlrq lv wkh grplqdqw khdw wudqvihu phfkdqlvp

+]hogrylfk/ 4<99/ s1 986,1 Wkxv/ txdolwdwlyho| dffxudwh vlpxodwlrqv ri wkh srurhodvwlf

uhvsrqvh ri iudfwxuhg pdwhuldov uhtxluhv wkdw qrqolqhdu shuphdelolw| eh frqvlghuhg lq

vlpxodwlrqv1

71517 Wlph Hyroxwlrq ri Pdwhuldo Surshuwlhv

Wkh surshuwlhv ri d srurxv pdwhuldo fkdqjh ryhu uhodwlyho| vkruw wlphvfdohv1 Wkh

sulpdu| djhqw lq wkh udslg dowhudwlrq ri urfnv lq wkh hduwk lv prylqj zdwhu1 Wkh

wlph vfdoh iru fkhplfdo dowhudwlrq ri wkh  rz surshuwlhv ri fuxvwdo urfnv pd| eh vkruw

hqrxjk wr sod| d vljql�fdqw uroh lq d qxpehu ri jhrorjlfdo surfhvvhv lq wkh vkdoorz

fuxvw/ lqfoxglqj hduwktxdnhv1 E|huohh +4<<9,/ iru h{dpsoh/ suhvhqwv d prgho iru wkh

hduwktxdnh f|foh zklfk ghshqgv xsrq hyroylqj shuphdelolw| dqg srurvlw| lq dqg qhdu

wkh idxow }rqh1 Frpsxwhu vlpxodwlrqv wr whvw vxfk k|srwkhvhv pxvw lqfoxgh wkh h�hfwv

ri hyroylqj pdwhuldo surshuwlhv1
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71518 Frpsxwdwlrqdo Vflhqfh yhuvxv Hqjlqhhulqj Frpsxwlqj

Wr xqghuvwdqg wkh ehkdylru ri frpsoh{ v|vwhpv zh pxvw eh deoh wr fduu| rxw qx0

phulfdo h{shulphqwv dqg pdqlsxodwh hdfk ri wkh sdudphwhuv ri wkh prgho vr dv wr

ghwhuplqh wkhlu h�hfw rq wkh zkroh v|vwhp xqghu ydulrxv frqglwlrqv1 Wkh xvh ri wkh

frpsxwhu dv dq h{shulphqwdo wrro wr h{soruh wkh frqvhtxhqfhv ri frpshwlqj sk|vlfdo

prghov lv riwhq uhihuuhg wr dv frpsxwdwlrqdo vflhqfh1 L zrxog olnh wr glvwljxlvk wklv

dfwlylw| iurp wkh xvh ri wkh frpsxwhu dv d jldqw fdofxodwru wkdw lv xvhg wr �frpsxwh

wkh dqvzhu� wr d sureohp zkhuh wkh sk|vlfdo prgho lv hlwkhu nqrzq ru dffhswhg1 Iru

frqyhqlhqfh/ zh zloo uhihu wr wklv odwwhu dfwlylw| dv hqjlqhhulqj frpsxwlqj1 Wkhuh lv

qr lqwhqwlrq dw doo khuh wr sodfh d ydoxh mxgjhphqw rq wkh gl�huhqw zd|v ri xvlqj

d frpsxwhu1 Erwk fdq eh htxdoo| fkdoohqjlqj pdwkhpdwlfdoo|/ erwk fdq vwuhwfk wkh

fdsdelolwlhv ri wkh odujhvw vxshufrpsxwhuv wr wkhlu olplw/ dqg erwk duh yhu| lpsruwdqw

wr wkh dgydqfhphqw ri sxuh dqg dssolhg vflhqfh1 Wkrxjk wkhuh pd| eh vrph ryhuods

lq wkhvh gh�qlwlrqv/ wkhuh lv d edvlf glvwlqfwlrq zklfk L zlvk wr pdnh1

Hqjlqhhulqj fdofxodwlrqv uhtxluh wkdw wkh xqghuo|lqj sk|vlfdo prghov/ khqfh wkh

pdwkhpdwlfdo htxdwlrqv wkdw duh ehlqj vroyhg/ eh nqrzq dqg uhodwlyho| vwdeoh1 Frp0

phufldo vriwzduh sdfndjhv jhqhudoo| r�hu wkh ehvw phdqv e| zklfk wr vroyh vxfk sure0

ohpv/ ehfdxvh wkh frghv uhtxluhg wr vroyh frpsoh{ hqjlqhhulqj sureohpv fdq uhsuhvhqw

pdq| surjudpphu0|hduv ri h�ruw wr exlog1 Vflhqwl�f frghv vrphwlphv uhtxluh dv pxfk

h�ruw wr exlog/ |hw zh vhh vflhqwlvwv/ judgxdwh vwxghqwv/ dqg lqgxvwuldo uhvhdufkhuv ri0

whq exloglqj wkhlu rzq frghv iurp vfudwfk/ shukdsv zlwk wkh khos ri pdwk oleudulhv iru

wdvnv vxfk pdwul{ vroyhuv1 Wkh uhdvrq iru wklv lv irxqg lq wkh wdvn= vflhqwl�f frghv +dv

L kdyh gh�qhg wkhp, duh xvhg wr h{shulphqw zlwk ydulrxv sk|vlfdo dqg pdwkhpdwlfdo

prghov/ frpsduh gl�huhqw frqvwlwxwlyh odzv/ dqg whvw wkh frqvhtxhqfhv ri dowhuqdwlyh

wkhruhwlfdo lghdv1 Lw lv qhfhvvdu| iru wkh vflhqwlvw wr eh deoh wr fkdqjh ixqgdphqwdo

dvshfwv ri wkh frgh lq rughu wr fduu| rxw wkh qxphulfdo h{shulphqwv1 Wklv lv zk| vr

pxfk h�ruw lv h{shqghg lq vflhqwl�f flufohv wr zulwh dqg uhzulwh qxphulfdo frghv1

Vrph ri wkh qxphulfdo h{shulphqwv suhvhqwhg lq wklv sdshu fdq eh grqh zlwk

frpphufldo frghv/ vxfk dv G|qd6G dqg Dedfxv1 Vrph/ krzhyhu/ fdqqrw1 Iru vflhqwl�f

uhvhdufk/ lw lv lpsruwdqw wr eh deoh wr whvw wkh frqvhtxhqfhv ri qhz sk|vlfdo wkhrulhv1

Iru h{dpsoh/ rqh wkhru| derxw vwuhvv wudqvihu lq wkh xsshu 433 np ri wkh hduwk/
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lqfoxglqj wkh eulwwoh fuxvw dqg wkh xsshu pdqwoh/ kdv ehhq sursrvhg e| Qxu +shuvrqdo

frppxqlfdwlrq,1 Wkh lghd lqyroyhv dq h{srqhqwldo uhodwlrq ehwzhhq vwudlq udwh dqg

vwuhvv/ zkhuh wkh h{srqhqwldo lv d ixqfwlrq ri whpshudwxuh1 Lw ghvludeoh wr frpsduh

wkh frqvhtxhqfhv ri wklv sk|vlfdo prgho djdlqvw rwkhu prghov e| vlpxodwlrq1 Wkhuh

duh qr frpphufldo frghv dydlodeoh wr whvw wklv wkhru|1

Ixuwkhupruh/ zkdw L dp dwwhpswlqj wr gr khuh lv wr exlog d qhz irxqgdwlrq

ri vriwzduh frpsrqhqwv iru qxphulfdo h{shulphqwdwlrq lq wkh vrolg hduwk vflhqfhv1

E| exloglqj vriwzduh frpsrqhqwv zklfk fdq uhdglo| eh frxsohg wrjhwkhu zlwk rwkhu

frpsrqhqwv dqg dowhuhg wr whvw qhz lghdv/ L krsh wr jdlq vrph ri wkh dgydqwdjhv ri

frpphufldo ru sxeolfdoo| dydlodeoh frghv wkdw duh douhdg| exlow/ whvwhg/ dqg zrunlqj/

zklovw uhwdlqlqj wkh vflhqwl�f qhhg iru dgdswdelolw| dqg  h{lelolw|1 D glvfxvvlrq ri

wkh vriwzduh ghvljq vwudwhj| zloo eh jlyhq lq dq dsshqgl{1 Qrz L zloo suhvhqw wkh

ixqgdphqwdo htxdwlrqv wkdw L zloo qhhg iru p| vwxglhv ri wkh uroh ri  xlgv lq fuxvwdo

jhrsk|vlfv xvlqj srurhodvwlf wkhru|1

716 Wkhruhwlfdo Ghyhorsphqw= Wkhuprsrurhodvwlf0

lw|

Wkh jrdo ri wklv vhfwlrq wr irupxodwh wkh htxdwlrqv wkdw ghvfuleh wkh hyroxwlrq ri

d fkhplfdoo| uhdfwlyh/ frxsohg srurhodvwlf fuxvw lq d irup wkdw lv qrw rqo| vxlwdeoh

iru qxphulfdo vlpxodwlrq/ exw lv iudphg lq d zd| wkdw doorzv iru uhodwlyho| hdv| h{0

shulphqwdwlrq zlwk qhz htxdwlrqv iru erwk wkh g|qdplfdo htxdwlrqv dqg pdwhuldo

surshuwlhv1 Wkh qxphulfdo lpsohphqwdwlrq pxvw dovr eh h!flhqw frpsxwdwlrqdoo|

dqg doorz wkh srvvlelolw| ri sruwlqj iurp zrunvwdwlrqv dqg shuvrqdo frpsxwhuv wr

odujh sdudooho frpsxwhuv dv wkh qhhg dulvhv1

Wkh wkhru| iru  xlg  rz lq d krprjhqhrxv/ olqhdu/ srurxv/ hodvwlf phglxp zdv

�uvw ghulyhg e| Elrw +4<74> 4<89, dqg uhvwdwhg e| Ulfh dqg Fohdu| +4<:9, 1 Wkh wkhru|

suhvhqwhg lq wkhvh fodvvlf zrunv dvvxphv wkdw wkh pdwhuldo surshuwlhv ri wkh phglxp

duh frqvwdqw lq erwk vsdfh dqg wlph1 Wkh lpsruwdqfh ri vsdwldoo| khwhurjhqhrxv shu0

phdelolw| lq frqwuroolqj  rz lq dtxlihuv dqg uhvhuyrluv lv zhoo0nqrzq1 Ohvv zhoo0nqrzq
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lv wkh idfw wkdw suhvvxuh0ghshqghqw shuphdelolw|/ vxfk dv pljkw eh irxqg lq iudfwxuhg

phgld/ fdq vljql�fdqwo| dowhu wkh  rz ehkdylru ri wkh sruh  xlg1 Ixuwkhupruh/ fkhp0

lfdo glvvroxwlrq2suhflslwdwlrq fdq vljql�fdqwo| dowhu wkh sruh vsdfh ri wkh phglxp

wkurxjk zklfk lw  rzv rq wlphvfdohv wkdw duh frpphqvxudwh zlwk wkh  rz �hog hyr0

oxwlrq1 Vlqfh uhdfwlrq udwhv riwhq ghshqg vwurqjo| rq whpshudwxuh/ wkhupdo dgyhfwlrq

dqg gl�xvlrq fdq dovr fulwlfdoo| d�hfw  xlg  rz1 D qxpehu ri wkhrulhv frqfhuqlqj

fuxvwdo ehkdylru lqyrnh fkdqjhv lq pdwhuldo surshuwlhv wr dffrxqw iru hduwktxdnh f|0

fohv/ hslvrglf sruh suhvvxuh exlogxs dqg uhohdvh/ dqg ydulrxv suh0 dqg srvw0vhlvplf

srurhodvwlf skhqrphqd1 Wkhupdo vwuhvvhv duh dovr vljql�fdqw lq pdq| vlwxdwlrqv1

Ehiruh frpsxwhuv ehfdph zlgho| dydlodeoh dv urxwlqh wrrov iru frpsxwdwlrqdo h{0

shulphqwdwlrq/ wkh htxdwlrqv iru srurhodvwlflw| zhuh qhfhvvdulo| vlpsol�hg lqwr irupv

zklfk frxog eh vroyhg dqdo|wlfdoo|1 Wkh prwlydwlrq iru wklv sdshu lv wkh fxuuhqw dydlo0

delolw| ri srzhuixo frpsxwhu kdugzduh dqg/ pruh lpsruwdqwo|/ qxphulfdo vriwzduh wr

hqdeoh wkh h{sorudwlrq ri wkh ehkdylru ri frxsohg dqg qrqolqhdu frpsoh{ surfhvvhv

lq wkh fuxvw1 Frpsxwdwlrqdo h{shulphqwdwlrq zlwk wkh frpsoh{ v|vwhpv ri htxdwlrqv

wkdw ghvfuleh wkh g|qdplfv ri wkh hduwk*v fuxvw zloo frqwulexwh wr wkh ghwhuplqdwlrq ri

zkhq ydulrxv qrqolqhdulwlhv/ khwhurjhqhlwlhv/ dqg wlph0ghshqghqw whupv duh vljql�fdqw

dqg xqghu zkdw flufxpvwdqfhv1 Wklv lv hvvhqwldo wr frqvwuxfwlqj suhglfwlyh sk|vlfdo

prghov ri wkh g|qdplfv ri hduwk surfhvvhv1

Lw lv wkxv dssursuldwh wr uh0ghulyh wkh htxdwlrqv ri srurhodvwlflw| zlwk d ylhz wr0

zdug qxphulfdo vlpxodwlrq1 Lq wkh iroorzlqj ghyhorsphqw/ zh zloo dvvxph wkdw wkh

pdwhuldo surshuwlhv pd| eh ixqfwlrqv ri vsdfh/ wlph dqg wkh vwdwh ri wkh v|vwhp +suhv0

vxuh/ whpshudwxuh/ vwuhvv,/ pd| eh qrqolqhdu/ dqg pd| eh whqvru txdqwlwlhv udwkhu

wkdq vfdoduv1 Ri frxuvh/ lqfoxvlrq ri wkhvh frpsoh{lwlhv lq wkh htxdwlrqv lv fhuwdlqo|

qrw h{kdxvwlyh1 Exw zh pxvw fkrrvh krz jhqhudo rxu prgho zloo eh dw wklv wlph dqg

dwwhpsw wr xqghuvwdqg wkh g|qdplfv ri wkh fuxvw dw wklv ohyho ehiruh lqfoxglqj pruh

ghwdlo lq wkh htxdwlrqv1 Dv Fkduoh} srlqwv rxw/ lw lv qhfhvvdu| wr �glvfhuq ehwzhhq

zkdw lv hvvhqwldo dqg zkdw lv xqqhfhvvdu| lq rughu wr vroyh sudfwlfdo sureohpv dv

vlpso| dv srvvleoh� +Fkduoh}/ 4<<;/ s1 7:,1 Wkh uhvxowlqj vhw ri frxsohg sduwldo gli0

ihuhqwldo htxdwlrqv duh dqdo|wlfdoo| lqwudfwdeoh1 Krzhyhu/ frpsxwdwlrqdo vlpxodwlrqv

kdyh surjuhvvhg wr wkh srlqw zkhuh wkh lqwhuhvwlqj sk|vlfv zklfk uhvxowv iurp frxsohg/
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qrqolqhdu htxdwlrqv dqg khwhurjhqhrxv frh!flhqwv fdq eh vwxglhg1 Lw lv wklv jrdo wkdw

prwlydwhv rxu suhvhqw sxuvxlw1

71614 Pdvv Edodqfh Htxdwlrqv

Wkh ixqgdphqwdo htxdwlrqv jryhuqlqj  xlg  rz/ khdw wudqvsruw dqg hodvwlf ghirupd0

wlrq lq d  xlg0vdwxudwhg srurxv phglxp zloo eh ghyhorshg qrz1 L zloo qrw uhshdw d

uljrurxv ghulydwlrq ri htxdwlrqv wkdw fdq eh irxqg lq rwkhu sdshuv dqg wh{wv + Ulfh

dqg Fohdu|/ 4<:9/ lv d fodvvlf sdshu/ iru h{dpsoh> Fkduoh}/ 4<<;/ jlyhv d sduwlfxoduo|

wkrurxjk ghyhorsphqw ri wkhuprsrurhodvwlflw|> Ghwrxuqd|/ 4<<6/ dqg Zdqj/ 4<<;/

wuhdw lvrwkhupdo srurhodvwlflw|,/ exw uhylhz rqo| wkrvh dvshfwv ri wkh ghulydwlrqv wkdw

gl�hu iurp vwdqgdug wuhdwphqwv1 Wklv sulpdulo| lqyroyhv frh!flhqwv +shuphdelolw|/

srurvlw|/ hodvwlf prgxol, ru vwdwh yduldeohv +whpshudwxuh/ sruh suhvvxuh, zklfk duh

xvxdoo| dvvxphg wr eh frqvwdqw lq vsdfh dqg wlph/ uhvwulfwlyh dvvxpswlrqv zklfk zloo

qrw eh pdgh khuh1 Rqo| wkh fdvh ri d vlqjoh  xlg skdvh zklfk vdwxudwhv wkh srurxv

pdwhuldo zloo eh frqvlghuhg lq wkh suhvhqw vwxg|1 Jhqhudol}dwlrq wr pxowlskdvh  rz uh0

txluhv hvvhqwldoo| wkh vdph ghyhorsphqw dv iru dq| pxowlskdvh  rz sureohp/ zlwk wkh

prgl�fdwlrqv pdgh khuh1 Pxowlskdvh  xlg  rz lv qrw qhfhvvdu| iru pdq| sureohpv

frqfhuqlqj odujh0vfdoh fuxvwdo surfhvvhv1 Wkh jrdo ri wklv vhfwlrq lv wr suhvhqw wkh vhw

ri htxdwlrqv zklfk ghvfuleh lpsruwdqw sk|vlfdo surfhvvhv wkdw frqwuro wkh g|qdplfv

ri wkh fuxvw lq d irup vxlwdeoh iru qxphulfdo glvfuhwl}dwlrq dqg frpsxwhu vlpxodwlrq1

Lw lv eholhyhg wkdw wkh fuxvw lv d frpsoh{ g|qdplfdo v|vwhp dqg txdqwlwdwlyh xq0

ghuvwdqglqj zloo rqo| eh dfklhyhg li jhrsk|vlfv pryhv eh|rqg olqhdu/ krprjhqhrxv

prghov1

Gduf|*v odz vwdwhv wkdw wkh  x{ ri  xlg lq wkh %� gluhfwlrq lv

^� ' ��� ' �&��
>

�
YR

Y%�
n 4}�

�
+716,

zkhuh ^� lv wkh yroxphwulf  x{ shu xqlw duhd/ � lv wkh srurvlw|/ �� lv wkh  xlg yhorflw|/

4 lv wkh  xlg ghqvlw|/ }� lv wkh dffhohudwlrq yhfwru gxh wr judylw|/ &�� lv wkh devr0

oxwh shuphdelolw| whqvru/ > lv wkh ylvfrvlw|/ dqg R lv wkh  xlg suhvvxuh1 Ioxlg pdvv
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frqvhuydwlrq lv h{suhvvhg dv wkh glyhujhqfh htxdwlrq=

Y6

Y|
� 4

Y^�
Y%�

' f +717,

Vxevwlwxwlqj htxdwlrq 716 lqwr htxdwlrq 717 |lhogv dq htxdwlrq iru  rz lq srurxv

phgld=

Y6

Y|
' 4

Y

Y%�

�
&��
>

�
YR

Y%�
n 4}�

��
+718,

Ylvfrvlw|/ >/ pd| ghshqg vljql�fdqwo| rq wkh whpshudwxuh ri wkh  xlg/ zklfk lv vsd0

wldoo| yduldeoh lq jhqhudo1 Khqfh/ wkh ylvfrvlw| whup pxvw uhpdlq lqvlgh wkh vsdwldo

ghulydwlyh1

Wkh wlph ghulydwlyh ri wkh  xlg pdvv uhtxluhv fduhixo hydoxdwlrq1 Wkh  xlg pdvv

shu xqlw yroxph lv wkh surgxfw ri wkh  xlg ghqvlw| dqg wkh orfdo srurvlw| ri wkh

pdwhuldo1 Vlqfh rxu lqwhqw lv wr vlpxodwh fuxvwdo ehkdylru rq d pdfurvfrslf vfdoh/ julg

eorfnv/ zklfk gh�qh hohphqwdu| yroxphv lq vlpxodwlrqv/ zloo eh dvvxphg wr eh odujh

hqrxjk wr wuhdw srurvlw| dqg rwkhu pdwhuldo surshuwlhv dv zhoo0gh�qhg frqwlqxxp

yduldeohv1

Ioxlg ghqvlw| zloo eh dvvxphg wr ghshqg rq suhvvxuh dqg whpshudwxuh1 Lw pd|

dovr ghshqg rq wkh frqfhqwudwlrq ri glvvroyhg vshflhv/ exw lq wklv sdshu fkhplfdo

vshflhv frqfhqwudwlrqv duh wuhdwhg dv jlyhq txdqwlwlhv/ hlwkhu vshfl�hg frqvwdqw ydoxhv

ru ghulyhg iurp dq xqvshfl�hg vlpxodwru1

Srurvlw| zloo ghshqg rq wkh ixqgdphqwdo vwdwh yduldeohv suhvvxuh/ whpshudwxuh/

dqg k|gurvwdwlf vwuhvv1 Lw fdq dovr ydu| zlwk wlph gxh wr lqhodvwlf sruh yroxph fkdqjhv

dvvrfldwhg zlwk pdwhuldo ghsrvlwlrq dqg glvvroxwlrq ru sodvwlf ghirupdwlrq1 Lq ixqf0

wlrqdo qrwdwlrq/

4 ' 4 ERc A � +719,

� ' � ERc Ac jc |� ' h� ERc Ac j��f E|� +71:,

Qrwh wkdw wkh sruh yroxph kdv ehhq vhsdudwhg lqwr d wlph0ghshqghqw srurvlw| �fczklfk

lv dvvxphg wr ydu| e| fkhplfdo fkdqjhv dqg lqhodvwlf ghirupdwlrq dqg d pxowlsolfd0

wlyh vfdolqj srurvlw| wkdw lv ghshqghqw xsrq suhvvxuh/ whpshudwxuh/ dqg k|gurvwdwlf
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vwuhvv1 Lq wkh uhod{hg vwdwh/ wkdw lv/ zkhq R� Roes / A � Aoes / dqg j� joes duh }hur/ h�
zloo eh htxdo wr rqh1

Wkh pdvv ghulydwlyh zlwk uhvshfw wr wlph pd| eh zulwwhq

Y6

Y|
'

Y E4��

Y|
' �

Y4

Y|
n 4

#
�J

Yh�
Y|

n h�Y�f
Y|

$
+71;,

' �
Y4

Y|
n 4�J

Yh�
Y|

n 4h��Y�f
Y|

�
�?e,@r|�S

+71<,

Wkh sruh yroxph vfdolqj idfwru/ h� ERc Ac j� c zloo jhqhudoo| eh forvh wr rqh iru pdwul{

srurvlw|/ exw pd| ydu| ryhu d frqvlghudeoh udqjh lq iudfwxuhg phgld1 Lq idfw/ li wkh

dqlvrwurslf frpsuhvvlelolw| ri iudfwxuhv lv wr eh frqvlghuhg/ wkh ixoo vwuhvv whqvru udwkhu

wkdq mxvw wkh k|gurvwdwlf vwuhvv pxvw eh frqvlghuhg lq rughu wr hydoxdwh wkh srurvlw|

fkdqjh gxh wr vwuhvv1 Lq wklv fdvh/ wkh srurvlw| +dqg frqvhtxhqwo| wkh shuphdelo0

lw|, zloo ghshqg rq wkh rulhqwdwlrq ri wkh vwuhvv �hog1 Wkhuh duh pdq| vlwxdwlrqv lq

zklfk wklv zloo eh vljql�fdqw iru fuxvwdo g|qdplfv +]redfn/ 4<<5,1 Lq wklv vlwxdwlrq/

txdqwlwlhv ghulyhg iurp srurvlw|/ iru h{dpsoh shuphdelolw|/ zloo ghshqg rq rwkhu sd0

udphwhuv ehvlghv srurvlw|/ vxfk dv wkh vwuhvv rulhqwdwlrq/ sruh suhvvxuh/ phdq iudfwxuh

rulhqwdwlrq/ dqg vr rq1 Wklv ohyho ri frpsoh{lw| fdq eh lqfrusrudwhg e| pdnlqj wkh

pdwhuldo surshuwlhv +frh!flhqwv lq wkh htxdwlrqv, ixqfwlrqv ri wkh vwdwh yduldeohv1 Wkh

uroh ri lqhodvwlf srurvlw| fkdqjhv lq jhqhudwlqj deqrupdoo| kljk sruh suhvvxuh dqg lwv

frqvhtxhqfhv iru whfwrqlf surfhvvhv zdv h{soruhg e| Zdoghu dqg Qxu +4<;5,1

Ioxlg ghqvlw| ghshqgv rqo| rq wkh suhvvxuh dqg whpshudwxuh ri wkh  xlg> qrwh wkdw

whpshudwxuh dqg suhvvxuh duh wlph0ghshqghqw/ krzhyhu1 Zkhq glvvroyhg plqhudov duh

suhvhqw/ wkh ghqvlw| pd| dovr eh d ixqfwlrq ri dtxhrxv vshflhv frqfhqwudwlrq1 Lw zloo eh

dvvxphg khuh wkdw fkhplfdo frqfhqwudwlrqv duh orz hqrxjk wkdw wkhlu h�hfw rq  xlg

ghqvlw| fdq eh ljqruhg1 Wkhuh duh pdq| fdvhv zkhq wklv lv qrw wuxh/ iru lqvwdqfh/

zkhq vhd zdwhu lqwuxghv d iuhvkzdwhu dtxlihu1 Exw wklv lv qrw lpsruwdqw iru whfwrqlf

surfhvvhv1 Wkh ghirupdwlrq ri wkh vrolg pdwul{ grhv qrw d�hfw wkh  xlg ghqvlw|1 Wkxv/

wkh wlph ghulydwlyh iru  xlg ghqvlw| lv=

Y4

Y|
'

�
Y4

YR

�
YR

Y|
n

�
Y4

YA

�
YA

Y|
+7143,
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Li wkh frh!flhqwv lq sduhqwkhvhv duh wdnhq wr eh frqvwdqwv zh kdyh

Y4

YR
' q44 +7144,

Y4

YA
' k44 +7145,

Vlploduo|/ wkh wlph ghulydwlyhv iru � pd| eh h{sdqghg dv

Y�

Y|
'

�
Y�

YR

�
YR

Y|
n

�
Y�

YA

�
YA

Y|
n

�
Y�

Yj

�
Yj

Y|
n

Y�f
Y|

+7146,

Lq pdq| vlwxdwlrqv/ lw lv fruuhfw wr prgho wkh yduldwlrq ri srurvlw| zlwk suhvvxuh/

whpshudwxuh/ dqg k|gurvwdwlf dv frqvwdqwv dovr=

Y�

YR
' q�� +7147,

Y�

YA
' k�� +7148,

Y�

Yj
' �� +7149,

Wkh hodvwlf frqvwdqwv lq htxdwlrqv 7147 wkurxjk 7149 pd| eh xvhg lq htxdwlrq 71;

dqg htxdwlrq 7146 wr |lhog

Y�

Y|
' �

�
q�

YR

Y|
n �

Yj

Y|
n k�

YA

Y|

�
n h��Y�f

Y|

�
�?

+714:,

Frpelqlqj wkhvh h{suhvvlrqv |lhogv=

Y6

Y|
' 4�

�
K
YR

Y|
n �

Yj

Y|
� @

YA

Y|

�
n 4

�
Y�

Y|

�
�?

+714;,

zkhuh K ' q� n q4 dqg @ ' � Ek� n k4� � Wkh ydoxh ri wkhvh sdudphwhuv lq whupv ri

frpprqo| phdvxuhg hodvwlf dqg k|gudxolf sdudphwhuv zloo eh h{dplqhg odwhu1 Qrwh
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wkdw wkh yduldwlrq ri srurvlw| gxh wr lqhodvwlf sruh vsdfh gldjhqhvlv lq 714; xvhv wkh

idfw wkdw h�YE�f�
Y|

' YE��
Y|

1

PfWljxh +4<;9, / iroorzlqj Ulfh dqg Fohdu| +4<:9,/ ghulyhv wkh iroorzlqj gl�xvlrq

htxdwlrq iru d wkhuprsrurhodvwlf pdwhuldo +ljqrulqj lqhodvwlf srurvlw| fkdqjhv,=

Y6

Y|
'

�
b> ED� � D�

2C�2 E�� D� E� n D��

�
Y

Y|
E� n�j�� E�f Eks � kr�A � +714<,

Wkh wkhupdo h{sdqvlrq frh!flhqwv duh glvfxvvhg lq ghwdlo lq PfWljxh +4<;8, dqg

Fkduoh} +4<<4,1 Wkh rwkhu sdudphwhuv duh dovr glvfxvvhg lq Ulfh +4<:9, dqg Zdqj

+4<<6,1 Zh fdq qrz lghqwli| wkh frh!flhqwv lq 714; lq whupv ri frpprq pdwhuldo

sdudphwhuv1 Iluvw/ zh lqwurgxfh wkh iroorzlqj qrwdwlrq=

S '
b> ED� � D�

2C�2 E�� D� E� n D��
+7153,

� '
b> ED� � D�

2C� E�� D� E� n D��
+7154,

@ ' �� Eks � kr� +7155,

Vxevwlwxwlqj htxdwlrq 716 dqg htxdwlrq 714; lqwr htxdwlrq 717 |lhogv

S
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Vlqfh zh zdqw wr doorz iru hyroxwlrq ri wkh sruh vsdfh lq rxu htxdwlrqv/ wkdw lv/

yduldeoh srurvlw| �/ d pruh vxlwdeoh irup iru wkh sdudphwhu S lv wkdw jlyhq lq Fkduoh}

+4<<:,=

S ' �
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��
+7157,

' � i�s n �oj +7158,

�s dqg �o duh wkh  xlg dqg urfn frpsuhvvlelolwlhv/ uhvshfwlyho|1 Wkh  xlg frp0

suhvvlelolw| fdq eh dvvxphg wr eh frqvwdqw1 Iru vpdoo srurvlw| fkdqjhv/ wkh urfn

frpsuhvvlelolw| pd| dovr eh dvvxphg frqvwdqw1 Krzhyhu/ lq wkh htxdwlrqv irupxodwhg

ehorz/ �s pd| ydu| ryhu wlph1
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Wzr pruh htxdwlrqv duh qhhghg wr uhvroyh wkh v|vwhp1 Wkhvh duh ghulyhg iurp wkh

vwudlq frpsdwlelolw| frqglwlrqv dqg iurp hqhuj| edodqfh +wkdw lv/ wkhupdo dgyhfwlrq0

gl�xvlrq htxdwlrq,1 Lw vkrxog eh hvshfldoo| qrwhg wkdw zh kdyh qrw dvvxphg wkdw

wkh shuphdelolw| dqg hodvwlf frh!flhqwv duh frqvwdqw1 Lq wkh prvw jhqhudo fdvh/ wkhvh

frh!flhqwv pd| eh vsdwldoo| yduldeoh/ pd| eh qrqolqhdu ixqfwlrqv ri suhvvxuh/ whpshu0

dwxuh/ dqg vwuhvv/ dqg pd| fkdqjh ryhu wlph gxh wr fkhplfdo dowhudwlrq ri wkh srurxv

vwuxfwxuh1 Wkh wzr dgglwlrqdo htxdwlrqv uhtxluhg duh ghulyhg ehorz1

71615 Khdw Wudqvsruw

D ixoo wuhdwphqw ri wkh wkhuprg|qdplfv ri  xlgv vkrxog lqfoxgh lqwhuqdo hqhuj|

fkdqjhv/ phfkdqlfdo zrun shuiruphg e| wkh  xlg/ dqg zrun djdlqvw iulfwlrq dulvlqj

iurp wkh ylvfrvlw| ri wkh  xlg1 Iru pdq| whfwrqlf sureohpv/ lw lv vx!flhqw wr uhsuhvhqw

vrph ri wkh pdwhuldo surshulwhv e| dssursuldwh dyhudjhv ehwzhhq vrolg +plqhudo, dqg

 xlg skdvhv1 Wkh hqhuj| edodqfh htxdwlrq iru wkhupdo dgyhfwlrq0gl�xvlrq ri d vlqjoh

skdvh  xlg lv
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' 'A E � +7159,

zkhuh fe/ 4/ SR duh wkh h�hfwlyh wkhupdo frqgxfwlylw|/ ghqvlw|/ dqg vshfl�f khdw/

uhvshfwlyho|/ zklfk pd| eh wdnhq wr eh wkh yroxph0iudfwlrq zhljkwhg dyhudjhv ri  xlg

dqg plqhudo surshuwlhv1 4s lv wkh  xlg ghqvlw|/ Ss lv wkh vshfl�f khdw ri wkh  xlg/ (��

lv wkh h�hfwlyh wkhupdo gl�xvlylw| whqvru ri wkh vdwxudwhg srurxv phglxp/ 'A E � lv d

khdw vrxufh dqg ^� lv wkh Gduf| yhorflw| zklfk pd| eh irxqg iurp htxdwlrq 7161 Wkh

odwwhu whup frxsohv wkhupdo dgyhfwlrq wr htxdwlrq 71561 Pruh suhflvh ghvfulswlrqv ri

wkh wkhupdo gl�xvlylw| duh srvvleoh li wkh phglxp lv frqvlghuhg wr eh d pxowlskdvh

v|vwhp zkhuh vrolg dqg  xlg skdvhv duh suhvhqw1 Hdfk skdvh/ vrolg ru  xlg/ wkhq

kdv d glvwlqfw wkhupdo gl�xvlylw| dqg wkh pdvv iudfwlrq ru vdwxudwlrq ri hdfk skdvh

lv d ghshqghqw yduldeoh wkdw fkdqjhv zlwk wlph dv  rz surfhhgv dqg dv fkhplfdo

uhdfwlrqv dowhu wkh vrolg pdwul{1 Wkh wkhupdo gl�xvlylw| zloo/ lq jhqhudo/ eh vsdwldoo|

yduldeoh1 Wkxv/ lw lv lpsruwdqw wr nhhs wkh gl�xvlylw| sdudphwhu zlwklq wkh rxwhu

vsdwldo ghulydwlyh lq htxdwlrq 71591
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Wr frpsohwh wkh v|vwhp ri sduwldo gl�huhqwldo htxdwlrqv/ zh qhhg wr lqwurgxfh d

frqvwudlqw rq wkh hodvwlf ghirupdwlrq wkdw hqvxuhv wkdw wkh vwudlqv zloo eh frqwlqxrxv

dfurvv wkh grpdlq1 Iru wklv sxusrvh/ wkh Ehowudpl0Plwfkhoo htxdwlrqv iru d wkhupr0

srurhodvwlf phglxp duh lqwurgxfhg1 Wkh ghulydwlrq ri wkhvh htxdwlrqv iroorzv iurp

wkh frpsdwlelolw| htxdwlrqv +Fkduoh}/ 4<<4> Ulfh/ 4<:9,1 Vxppdwlrq ri wkh Ehowudpl0

Plwfkhoo htxdwlrqv |lhogv d frpsdwlelolw| frqglwlrq/ zklfk kdv wkh irup ri d Srlvvrq

htxdwlrq=

Y2

Y%2�
Ej n S�Rn S2A � ' �} E�4 n E�� �� 4o� +715:,

zkhuh wkh frqvwdqwv S� dqg S2 pd| eh h{suhvvhg lq whupv ri frpprqo|0nqrzq pdwhuldo

sdudphwhuv e|=

S� '
2 ED� � D�

� E�� D� E� n D��
+715;,

S2 '
eC E� n D�

b E�� D�
kA +715<,

kA lv wkh h�hfwlyh exon wkhupdo h{sdqvlrq frh!flhqw iru wkh  xlg0vdwxudwhg phglxp

lq wkh gudlqhg fdvh1 Wkh erg| irufh whup rq wkh uljkw vlgh ri wkh htxdwlrq lv wkh

judylwdwlrqdo irufh rq wkh phdq ghqvlw| ri urfn pdvv dqg  xlg pdvv1 4 lv wkh  xlg

ghqvlw| dqg 4o lv wkh urfn ghqvlw|1 Wkh odwwhu pd| eh vsdwldoo| yduldeoh1

71616 Hodvwlf Ghirupdwlrq

Hodvwlf ghirupdwlrq pd| eh frpsxwhg iurp wkh vwuhvv htxloleulxp htxdwlrqv zlwk

sruh suhvvxuh dqg whpshudwxuh dv dssolhg irufhv +htxdwlrq 7163,1 Li wkh ixoo| frxsohg

srurhodvwlf gl�xvlrq htxdwlrqv duh xvhg/ dv ghvfulehg deryh/ wkh phdq vwuhvv ghulyhg

iurp vroylqj wkh vwuhvv htxloleulxp htxdwlrqv zloo eh h{dfwo| htxdo wr wkh phdq vwuhvv

wkdw lv hyroyhg lq wkh wzr frxsohg srurhodvwlf htxdwlrqv/ htxdwlrqv 7156 dqg 715:1 Lw

lv frpsxwdwlrqdoo| h!flhqw wr vroyh wkh frxsohg srurhodvwlf htxdwlrqv dqg wkh vwuhvv

htxloleulxp htxdwlrqv lq wklv ghfrxsohg pdqqhu1 Krzhyhu/ wklv dssurdfk dvvxphv

wkdw erxqgdu| dqg lqlwldo frqglwlrqv fdq eh dvvljqhg wr R/ j dqg A� Li erxqgdu|



FKDSWHU 71 FRPSXWHU VLPXODWLRQRIWKHFRPSOH[FUXVW= WKHRU\8<

frqglwlrqv iru wkh phdq vwuhvv fdqqrw eh vxssolhg/ wkhq wkh srurhodvwlf htxdwlrqv iru

R dqg A pxvw eh vroyhg vlpxowdqhrxvo| zlwk wkh wkuhh htxdwlrqv iru glvsodfhphqw lq

7163

Wkh wkuhh htxdwlrqv iru wkh glvsodfhphqwv lq whupv ri sruh suhvvxuh dqg whpshu0

dwxuh duh=

Y

Y%�
EEbnC��&c&� n

Y

Y%&
EC��c&� '

Y

Y%�
k ER� Roes �� Y

Y%�
kA EA � Aoes � n 4o E � }�

+7163,

zkhuh x� duh wkh wkuhh frpsrqhqwv ri wkh glvsodfhphqw yhfwru/ b lv wkh Odph frh!0

flhqw/ dqg C lv wkh vkhdu prgxoxv1 Qrwh wkdw erwk ri wkhvh pd| eh vsdwldoo| yduldeoh1

Wkh Elrw0Zloolv sdudphwhu/ k/ lv d ixqfwlrq ri Vnhpswrq*v frh!flhqw dqg wkh gudlqhg

dqg xqgudlqhg Srlvvrq*v udwlrv= k ' 2 ED� � D� *� E�� 2D� 1 kA lv wkh h�hfwlyh exon

wkhupdo h{sdqvlrq frh!flhqw iru wkh  xlg0vdwxudwhg phglxp dv deryh1 Wkh uljkw

vlgh ri htxdwlrq 7163 lv h{suhvvhg lq whupv ri wkh ghyldwlrq ri wkh sruh suhvvxuh iurp

d uhihuhqfh ydoxh/ Roes 1 Lq wkh iroorzlqj htxdwlrqv/ Roes lv dvvxphg wr eh }hur dqg

gursshg iru frqyhqlhqfh1 Vlploduo|/ A lq wkh iroorzlqj htxdwlrqv zloo uhsuhvhqw wkh

ghyldwlrq iurp wkh uhihuhqfh vwdwh1 Wkh judylwdwlrqdo irufh yhfwru/ }�/ zloo kdyh rqo|

d }0frpsrqhqw1 4o lv wkh ghqvlw| ri wkh  xlg0vdwxudwhg urfn dw  1 Li wkh lqghshqghqw

yduldeohv duh ghyldwlrqv iurp d uhihuhqfh ydoxh wkh judylwdwlrqdo irufh whupv zloo eh

}hur1 Qrwh wkdw wkh hodvwlf prgxol duh lqvlgh ri wkh vsdwldo ghuyldwlyhv1

71617 Vxppdu| ri Wkhuprsrurhodvwlf Htxdwlrqv

Wkh vhw ri jhqhudo htxdwlrqv iru d wkhuprsrurhodvwlf pdwhuldo zlwk vl{ xqnqrzqv/ � /

j/ A / dqg wkh wkuhh frpsrqhqwv ri glvsodfhphqw ��/ duh dv iroorzv=
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lq htxdwlrq 71651

Wkh ixoo vhw ri frxsohg sduwldo gl�huhqwldo htxdwlrqv pd| rqo| eh vroyhg lq lwv

suhvhqw jhqhudo irupxodwlrq e| qxphulfdo dssur{lpdwlrq rq d frpsxwhu1 Ydulrxv

dvvxpswlrqv doorz vlpsohu irupxodwlrqv ri wkh wkhuprsrurhodvwlf sureohpzklfk dgplw

dqdo|wlfdo vroxwlrqv ru vwudljkw0iruzdug qxphulfdo vroxwlrqv dqdorjrxv wr khdw gl�xvlrq

sureohpv1 Ehfdxvh wkh shuphdelolw| lv qrw dvvxphg wr eh frqvwdqw/ htxdwlrqv 7164

dqg 7166 fdqqrw eh frpelqhg lq wkh pdqqhu grqh e| Ulfh +4<:9, dqg rwkhuv flwhg

suhylrxvo| wr jlyh dq hyroxwlrq htxdwlrq lq d vlqjoh yduldeoh 6 ' � n�j1

71618 Frqvwlwxwlyh Uhodwlrqv

Wkh vwudlq whqvru dqg vwuhvv whqvru pd| eh frpsxwhg dv ghulyhg txdqwlwlhv iurp wkh

deryh htxdwlrqv xvlqj
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71619 Pdwhuldo Surshuwlhv

Wkh phfkdqlfdo dqg k|gurorjlf surshuwlhv ri srurxv urfnv pd| eh prgl�hg txlwh

udslgo| rq d jhrorjlf wlph vfdoh e| wkh  rz ri zdwhu wkurxjk wkh sruhv1 Srurvlw|

lv wkh sulpdu| yduldeoh lq rxu pdwkhpdwlfdo htxdwlrqv wkdw lv prgl�hg1 Krzhyhu/

shuphdelolw|/ wkh hodvwlf prgxoll/ dqg prvw ri wkh rwkhu sdudphwhuv duh ixqfwlrqv ri wkh

srurvlw| ri wkh pdwhuldo1 Pdwkhpdwlfdoo|/ wlph0hyroylqj pdwhuldo surshuwlhv fdxvh wkh

ixqgdphqwdo htxdwlrqv ghulyhg suhylrxvo| wr ehfrph qrqolqhdu1 Wkh pdwkhpdwlfdo

prgho suhvhqwhg khuh dvvxphv wkdw wkh pdwhuldo frh!flhqwv pd| eh ixqfwlrqv ri wlph

+hlwkhu gluhfwo| ru yld ghshqghqfh rq whpshudwxuh ru sruh suhvvxuh,/ vsdwldo orfdwlrq/

dqg wkh lqghshqghqw yduldeohv/ zklfk lqfoxgh  xlg suhvvxuh/ vwuhvv/ dqg whpshudwxuh1

Wkh qxphulfdo vfkhph zklfk zloo eh rxwolqhg lv jhqhudo dqg phwkrgv iru erwk olqhdu

htxdwlrqv +frqvwdqw frh!flhqwv, dqg qrqolqhdu +qrqolqhdu/ wlph0ydu|lqj frh!flhqwv,

duh suhvhqwhg1

Jhrfkhplvwu| lv d ydvw vxemhfw dqg zloo qrw eh ghdow zlwk khuh/ wkrxjk zh hqylvlrq

wkh srvvlelolw| ri frxsolqj d uhdfwlyh fkhplvwu| prgho wr wkh wkhuprsrurhodvwlf prgho

lq d vhtxhqwldo pdqqhu1 E| wklv zh phdq wkdw uhdfwlyh fkhplvwu| wdnhv dv lqsxw wkh

vwdwh yduldeohv + xlg suhvvxuh/ whpshudwxuh/ vwuhvv, dw d jlyhq wlph dqg lqwhjudwhv

dkhdg wr wkh qh{w wlph vwhs1 Wkh rxwsxw iurp wkh fkhplvwu| prgho lv wdnhq dv

lqsxw wr wkh wkhuprsrurhodvwlf prgho/ prvw olnho| dv d qhz vrolg skdvh iudfwlrq zklfk

prgl�hv wkh srurvlw|1 Suhvvxuh/ phdq vwuhvv/ dqg whpshudwxuh duh wkhq lqwhjudwhg

iruzdug lq wlph/ dqg vr rq1 Srurvlw| dqg  xlg yhorflw| ydoxhv pd| eh vkduhg e|

hdfk prgxoh ru remhfw dv wkh zkroh v|vwhp hyroyhv lq wlph1 Li d jhrfkhplfdo frgh

lv dydlodeoh/ vhtxhqwldo frxsolqj wr wkh k|gurphfkdqlfdo prgho suhvhqwhg khuh vkrxog

eh vwudljkwiruzdug1

7161: Uhsuhvhqwdwlrq ri Idxowv

Idxowv suhvhqw d gl!fxow fkdoohqjh iru frpsxwhu prgholqj1 Srurhodvwlf phgld duh dv0

vxphg wr eh uhodwlyho| vprrwk frqwlqxd/ dqg wklv doorzv iru vwudljkw0iruzdug phvklqj

ri wkh grpdlq ri lqwhuhvw1 Idxowv duh jhrphwulfdoo| frpsoh{ dqg kdyh glvfrqwlqxrxv

g|qdplfv1 Rqh srvvlelolw| iru lqfrusrudwlqj idxowv lqwr d srurhodvwlf frqwlqxxp lv e|
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phdqv ri d frpsrvlwh julg1 Lpsohphqwdwlrq ri idxow g|qdplfv pxvw lqfoxgh wkh gxdo

qdwxuh ri wkh idxow1 Wkdw lv/ idxowv h{klelw erwk frqwlqxxp g|qdplfv + xlg  rz/ khdw

wudqvsruw dqg gl�xvlrq, dqg qrq0frqwlqxxp g|qdplfv1 Wkh odwwhu lqyroyhv pryhphqw

dorqj sodqhv dffruglqj wr suhvfulehg iulfwlrq odzv ru rwkhu prghov wkdw jryhuq vols

pryhphqw1

D phwkrg iru lqfrusrudwlqj idxowv lqwr d frqwlqxxp prgho ri wkh fuxvw lv wr lq0

wurgxfh d vhw ri idxow vhjphqwv gh�qhg dv vhwv ri julg srlqwv rq dgmdfhqw sodqhv1 Wkh

qhz srlqwv duh lqfrusrudwhg lqwr wkh frqwlqxxp julg e| iruplqj d frpsrvlwh julg +vhh

Gdhkohq/ 4<<: iru pruh lqirupdwlrq rq frpsrvlwh julgv,1 Wkh julg srlqwv duh wuhdwhg

dv erxqgdu| srlqwv iru ghirupdwlrq +vwuhvv, fdofxodwlrqv1 Wuhdwlqj wkhp dv erxqgdu|

srlqwv vlpso| phdqv wkdw wkhlu glvsodfhphqwv duh qrw frpsxwhg e| wkh frqwlqxxp

htxdwlrqv1 Udwkhu/ vrph rwkhu uxohv ru sk|vlfdo odzv duh xvhg dv wkh edvlv iru pryh0

phqw dorqj idxow vhjphqwv1 Wklv phwkrg lv uhodwhg wr wkh vols hohphqwv xvhg e| Jh

+4<<7,/ exw lv vrphzkdw pruh jhqhudo lq wkdw idxow vhjphqw srlqwv duh lqfrusrudwhg

lqwr wkh frqwlqxxp edfnjurxqg iru  xlg  rz ru sruh suhvvxuh fdofxodwlrqv1

H{whqvlyh ghyhorsphqw dqg whvwlqj lv vwloo uhtxluhg wr ghwhuplqh krz ehvw wr lp0

sohphqw pdq| ri wkh ghwdlov dqg zloo eh wkh vxemhfw ri ixwxuh uhvhdufk1 Hpehgglqj

idxowv lqwr d frqwlqxxp grhv qrw lpso| dq| sduwlfxodu idxow uxswxuh prgho1 Lw surylghv

d phwkrg iru qxphulfdo h{shulphqwdwlrq zlwk ydulrxv idxow prghov dqg iulfwlrq odzv

zlwklq wkh frqwh{w ri d frpsoh{ frqwlqxxp1

717 Frpsxwdwlrqdo Phwkrg

Wkhuh duh wzr vwudwhjlhv iru vroylqj wkh frxsohg v|vwhp ri htxdwlrqv suhvhqwhg1 Lq

hdfk fdvh/ wkh xqnqrzqv lqfoxgh suhvvxuh/ whpshudwxuh/ phdq vwuhvv dqg wkh wkuhh

frpsrqhqwv ri glvsodfhphqw1 Ri frxuvh/ wkh phdq vwuhvv pd| eh frpsxwhg iurp

wkh glvsodfhphqwv/ vr lw*v lqfoxvlrq dv dq xqnqrzq pljkw vhhp vxshu xrxv1 Rqh

vwudwhj| lv wr hyroyh htxdwlrqv 7164/ 7165/ dqg 7166 dv d frxsohg v|vwhp iru suhvvxuh/

whpshudwxuh dqg phdq vwuhvv1 Wkhq/ dw vhohfwhg wlphv ri lqwhuhvw ru dw d odwhu wlph/

htxdwlrqv 7167 fdq eh vroyhg lqghshqghqwo| iru hodvwlf glvsodfhphqwv xvlqj wkh ghulyhg

suhvvxuhv dqg whpshudwxuhv dv lqsxw1 Wkh frpsxwdwlrq ri j lv uhgxqgdqw lq wklv
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vwudwhj| ehfdxvh lw fdq eh frpsxwhg iurp wkh glvsodfhphqwv1 Krzhyhu/ vhsdudwlqj

wkh fdofxodwlrq lqwr wzr v|vwhpv ri vl}h 6Q +suhvvxuh/ whpshudwxuh/ phdq vwuhvv lq rqh

v|vwhp/ wkuhh frpsrqhqwv ri glvsodfhphqw lq wkh rwkhu,/ zkhuh Q lv wkh qxpehu ri

frpsxwdwlrqdo qrghv/ pd| eh suhihudeoh wr vroylqj d vlqjoh v|vwhp ri vl}h 8Q iru �yh

xqnqrzqv +suhvvxuh/ whpshudwxuh/ dqg wkh wkuhh glvsodfhphqwv,1 Ixuwkhupruh/ wkhuh

duh d qxpehu ri vlwxdwlrqv zkhuh wkh glvsodfhphqwv duh qrw ri lqwhuhvw ru qhhg rqo|

eh frpsxwhg dw vhohfwhg wlphv dqg qrw dw hyhu| wlph vwhs1 Lq wklv vlwxdwlrq/ vroylqj

wzr v|vwhpv lv frqvlghudeo| pruh h!flhqw1

Xvlqj wkh phdq vwuhvv j dv dq lqghshqghqw yduldeoh uhtxluhv wkdw lqlwldo dqg erxqg0

du| ydoxhv eh dydlodeoh1 Li wkhvh fdqqrw eh dvvljqhg/ wkhq j fdqqrw eh xvhg dv dq

lqghshqghqw yduldeoh1 Lqvwhdg/ wkh Ehowudpl0Plwfkhoo htxdwlrq pxvw eh gursshg dqg

htxdwlrqv 7164/ 7165/ dqg 7167 vroyhg dv d ixoo| frxsohg v|vwhp1 j lq htxdwlrq 7164

zloo eh frpsxwhg dw hdfk wlph vwhs iurp wkh glvsodfhphqwv xvlqj wkh frqvwlwxwlyh odz

iru srurhodvwlf pdwhuldov=

j ' g�

Y�&
Y%&

n kRn kAg�A +716;,

zkhuh g� lv wkh exon prgxoxv ri wkh srurxv pdwhuldo1

71714 Julgglqj

71715 Ilqlwh Hohphqw Vsdwldo Glvfuhwl}dwlrq

D wkrurxjk wuhdwphqw ri doo ri wkh qxphulfdo whfkqltxhv qhhghg wr vroyh d frpsoh{

vhw ri frxsohg sduwldo gl�huhqwldo htxdwlrqv lv eh|rqg wkh vfrsh ri wklv sdshu1 D eulhi

ryhuylhz ri d �qlwh hohphqw dssurdfk wr wkh vroxwlrq ri wkh deryh vhw ri htxdwlrqv lv

jlyhq khuh1 Zh �uvw zulwh wkh jhqhudo vhw ri htxdwlrqv lq wkh iroorzlqj irup=

@�
Y E� n�j n @2A �

Y|
'

Y

Y%�

�
&��
>

Y

Y%�
�

�
n s +716<,

Y2

Y%2�
EK�� n j n K2A � ' f +7173,
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S
YA

Y|
' ^�

YA

Y%�
n

Y

Y%�

�
_��

YA

Y%�

�
+7174,

zkhuh d�/ d2/ i/ e�/ e2/ f/ dqg g�� duh vlpso| vkruwkdqg qrwdwlrqv iru wkh frh!flhqwv

lq htxdwlrqv 7164/ 7165/ dqg 71661

Wkh �qlwh hohphqw glvfuhwh irup ri wkhvh htxdwlrqv lv ghulyhg e| dssur{lpdwlqj

wkh xqnqrzq ixqfwlrqv � / j dqg A e| d olqhdu vxp ri edvlv ixqfwlrqv1 Khuh zh

xvh wkh phwkrg ri zhljkwhg uhvlgxdov ru Shwury0Jdohunlq irupxodwlrq +Khoplj/ 4<<:, /

zkhuh wkh zhljkwlqj ixqfwlrqv`� dqg wkh edvlv ixqfwlrqv �� pd| eh gl�huhqw1 Shwury0

Jdohunlq hohphqwv duh xvhg sulpdulo| wr frqwuro qxphulfdo glvshuvlrq1 Lq wkh vwdqgdug

Jdohunlq �qlwh hohphqw irupxodwlrq/ �� ' `�1

R �
?[
�'�

R� E|�`� +7175,

j �
?[
�'�

r� E|�`� +7176,

A �
?[
�'�

� � E|�`� +7177,

zkhuh q lv wkh qxpehu ri qrghv/ Z� duh wkh �qlwh hohphqw zhljkwlqj ixqfwlrqv dqg

wkh R�/ r�/ � � duh xqnqrzq ydoxhv wr eh ghwhuplqhg1 D vsdwldoo| glvfuhwh zhdn irup ri

wkh v|vwhp ri htxdwlrqv lv jlyhq e|

@����

_ ER� n�r� n @2� ��

_|
nk��R� ' _� +7178,

��� EK�R� n r� n K2� �� ' �� +7179,

S���

_� �
_|

n#��� � ' '� +717:,

zkhuh

��� '

]
l

`���_l +717;,
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k�� '

]
l

�[
,'�

�[
&'�

�
&&, E �

Y`�

Y%&

Y��

Y%,

�
_l +717<,

#�� '

]
l

�
�[

&'�

%#
�[
,'�

_&, E �
Y`�

Y%&

Y��

Y%,

$
n`�^&

Y��

Y%&

&
_l +7183,

_� '

]
l

s`�_ln

]
Yl

}`�_K +7184,

'� '

]
l

'A`�_ln

]
Yl

^A`�_K +7185,

��� '

]
l

�
Y`�

Y%&

Y��

Y%,

�
_l +7186,

�� '

]
l

4}`�_l +7187,

dqg wkh ixqfwlrqv Q� duh wkh �qlwh hohphqw wuldo ixqfwlrqv1 Suhvfulehg  x{ erxqgdu|

frqglwlrqv duh wkh ixqfwlrqv uhsuhvhqwhg e| j dqg jA iru suhvvxuh dqg whpshudwxuh

 x{ frqglwlrqv1 Pdwkhpdwlfdoo|/ d  xlg  x{ erxqgdu| frqglwlrq/ lq wkh gluhfwlrq rie?/ lv
^? '

�[
,'�

�[
&'�

�
&&,?&

YR

Y%,

�
+7188,

Wkh suhvfulehg khdw  x{ kdv vlplodu gh�qlwlrq1 Lq d frpsxwhu frgh/ j dqg tA duh

vlpso| gh�qhg  x{ ydoxhv dw wkh erxqgdulhv ru dw lqwhuqdo vrxufh srlqwv1

71716 Wlph Glvfuhwl}dwlrq

Whpsrudo glvfuhwl}dwlrq lv dffrpsolvkhg e| wkh wkhwd phwkrg=

�o � �o3�

{|
' w}o n E�� w� }o3� +7189,

Zkhq w ' � / iru h{dpsoh/ zh uhfryhu wkh edfnzdug Hxohu dssur{lpdwlrq1 w ' �
2
jlyhv

wkh Fudqn0Qlfkrovrq vfkhph1 Iru h{dpsoh/ zh fdq irupdoo| dsso| wkh wkhwd phwkrg

wr htxdwlrq 7178 e| zulwlqj lw lq wkh irup

_ ER� n�r� n @2� ��

_|
'

�

@�
�3� E_�kT� +718:,
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71717 Olqhdu dqg Qrqolqhdu Vroxwlrq Phwkrgv

Dsso|lqj wkh wkhwd vfkhph/ zh rewdlq d olqhdu v|vwhp iru wkh xqnqrzqv dw wkh wlph

ohyho u=

��o ' U +718;,

zkhuh

��� '

3EEC
@���� n w{|k�� �@���� @�@2���

K���� ��� K2���

f f S��� n w{|#��

4FFD +718<,

�o� '

3EEC
Ro�

ro�

� o�

4FFD +7193,

S� '

3EEC
@�����

o3�
� nEw � ��{|k��R

o3�
� n{|_�

��

S����
o3�
� nEw � ��{|#��R

o3�
� n{|'�

4FFD +7194,

Wkh olqhdu v|vwhp lq 718; ehfrphv qrqolqhdu zkhq wkh frh!flhqwv/ iru h{dpsoh/

wkh shuphdelolw| whqvru/ ghshqg rq suhvvxuh/ vwuhvv/ ru whpshudwxuh/ ru hyroyh lq wlph1

Wkh v|vwhp ri qrqolqhdu htxdwlrqv pd| eh vroyhg xvlqj d Qhzwrq0Udskvrq lwhudwlrq1

Lq wklv phwkrg/ wkh txdqwlw| U���o lv plqlpl}hg xvlqj wkh wkh Mdfreldq +ghulydwlyh,

pdwul{ ri U���o1 Ghwdlov fdq eh irxqg lq wh{wv rq qxphulfdo rswlpl}dwlrq vxfk dv

Ghqqlv dqg Vfkqdeho/ +4<;6,1

Htxdwlrq 7167 fdq eh glvfuhwl}hg lq d vlplodu pdqqhu1 Wkh uhvxowlqj olqhdu v|vwhp

lv

� ' M +7195,

zkhuh  lv wkh yhfwru ri glvsodfhphqwv/ % ' E��c ��c ��c �2c �2c �2c ���c �?c �?c �?� � � lv

d 6q e| 6q qrqv|pphwulf pdwul{/ zklfk fdq eh sduwlwlrqhg lqwr ? eorfnv ri vl}h �� �



FKDSWHU 71 FRPSXWHU VLPXODWLRQRIWKHFRPSOH[FUXVW= WKHRU\9:

hdfk1 Wkh jhqhudo irupxod iru eorfn ���/ zklfk uhsuhvhqwv wkh frxsolqj ehwzhhq qrgh

l dqg m/ lv

��� '

@���� � � � @����
111

1 1 1
111

@���� � � � @����

+7196,

dqg

@or�� '

]
l

%
C

#[
&

��c&��c&

$
��cr��co n b��co��cr

&
_l +7197,

Wkh fruuhvsrqglqj sduwlwlrqlqj iru M lv

M� ' �

3EEC
q��

q2�

q��

4FFD +7198,

zkhuh

qo
� '

]
l

dE2Cn �b� n kA EA � Aoes���co n k ER� Roes�o _l +7199,

71718 Erxqgdu| Frqglwlrqv

Jhrorjlfdoo| uhdolvwlf erxqgdu| frqglwlrqv iru whpshudwxuh/ sruh suhvvxuh/ phdq vwuhvv/

dqg wkh glvsodfhphqwv pxvw eh suhvfulehg1 Erxqgdu| srlqwv fdq lq idfw eh dq| julg

srlqwv lq wkh grpdlq/ wkrxjk wkh| duh xvxdoo| wdnhq wr eh wkh erxqgdu| srlqwv lq wkh

jhrphwulfdo vhqvh1 Glulfkohw +�{hg ydoxh, ru Qhxpdqq +�{hg  x{, erxqgdu| frqgl0

wlrqv pd| eh xvhg iru  xlg suhvvxuh/ phdq vwuhvv/ ru whpshudwxuh1 Iru glvsodfhphqwv/

Qhxpdqq frqglwlrqv wdnh wkh irup ri frqvwdqw suhvvxuh ydoxhv zklfk duh qrupdo wr

d vshfl�hg vxuidfh1 Doo erxqgdu| frqglwlrqv pd| eh wlph0ghshqghqw dv zhoo1 Lpsoh0

phqwdwlrq ghwdlov duh qrw suhvhqwhg khuh1

Ehfdxvh lw lv riwhq gl!fxow wr dvvljq ydoxhv wr erxqgdulhv qhdu d uhjlrq ri lqwhuhvw/

erxqgdulhv duh riwhq wdnhq wr eh vx!flhqwo| idu dzd| wr dvvljq vrph edfnjurxqg ydoxh1

Wklv pd| qrw eh vx!flhqw iru ghwdlohg vwxglhv ri vshfl�f vlwhv/ exw pd| eh shuihfwo|

dghtxdwh iru qxphulfdo h{shulphqwv zkhuh jhqhudo ehkdylru ri frpsoh{ v|vwhpv lv
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ri lqwhuhvw1 Qr0 x{ erxqgdu| frqglwlrqv rq wkh edvh dqg vlghv ri d grpdlq duh

riwhq dvvxphg iru fuxvwdo vlpxodwlrqv +vhh Shuvrq/ hw do1/ 4<<9,1 Lq jhqhudo/ dydlodeoh

jhrorjlf gdwd ru wkhruhwlfdo frqvwudlqwv +iru vlpxodwlrqv ri v|qwkhwlf skhqrphqd, zloo

ghwhuplqh zklfk erxqgdu| frqglwlrqv duh dssursuldwh1

71719 Lqlwldo Frqglwlrqv

Zh zloo dvvxph wkdw wkh lqlwldo whpshudwxuh �hog lv suhvfulehg1 Hlwkhu wkh phdq

vwuhvv ru sruh suhvvxuh pxvw eh suhvfulehg lq rughu wr ghwhuplqh wkh uhpdlqlqj lqlwldo

frqglwlrq1 Wkh frxsohg whpshudwxuh/ phdq vwuhvv dqg sruh suhvvxuh �hogv pxvw vdwlvi|

wkh frpsdwlelolw| htxdwlrq +htxdwlrq 7166, iru d wkhuprsrurhodvwlf pdwhuldo dw doo

wlphv1 Wklv erxqgdu| ydoxh sureohp pxvw eh vroyhg lq rughu wr ghwhuplqh wkh lqlwldo

ydoxhv iru phdq vwuhvv ru sruh suhvvxuh jlyhq wkh rwkhu yduldeoh +dvvxplqj wkh lqlwldo

whpshudwxuh lv nqrzq,1 Glvsodfhphqwv duh rqo| qhhghg dw wkh erxqgdu| qrghv/ vlqfh

wkh| qhhg vdwlvi| rqo| d erxqgdu| ydoxh sureohp +htxdwlrq 7167,1

718 Vrph Vshfldo Fdvhv

Lq wklv vhfwlrq zh zloo ghulyh vrph xvhixo vlpsol�hg irupv iru htxdwlrqv 7164 wkurxjk

71671 Dowkrxjk wkh ixoo srurhodvwlf htxdwlrqv pd| dozd|v eh xvhg wr prgho  xlg

 rz dqg hodvwlf ghirupdwlrq/ wkh sk|vlfdo prgho fdq riwhq eh vlpsol�hg frqvlghu0

deo|/ wkhuhe| dyrlglqj wkh lqfuhdvhg frpsxwdwlrqdo exughq lqfxuuhg e| pruh frpsoh{

prghov1 Wkh sxusrvh ri qxphulfdo vlpxodwlrq pxvw dozd|v eh nhsw lq plqg zkhq

frqvlghulqj krz frpsoh{ d vlpxodwlrq wr lpsohphqw dqg fduu| rxw1 Wkh jrdo ri d

vlpxodwlrq lv wr jdlq lqvljkw lqwr qdwxudo skhqrphqd1 Riwhq d vlpsoh prgho zloo jlyh

dv pxfk lqvljkw dv d pruh frpsoh{ rqh1

71814 Suhvvxuh Gl�xvlrq dqg Ghirupdwlrq

Wkh vlpsohvw fdvh lqyroyhv lvrwkhupdo  rz lq d pdwul{ zlwk frqvwdqw pdwhuldo surs0

huwlhv dqg frqvwdqw phdq vwuhvv1 Frqvwdqw phdq vwuhvv lpsolhv wkdw wkh phdq vwuhvv

lv qrw fkdqjlqj zlwk fkdqjhv lq sruh suhvvxuh dqg wkh wlph ghulydwlyh ri phdq vwuhvv
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lv }hur1 Li wkh shuphdelolw| lv lvrwurslf/ wkdw lv/ d vfdodu txdqwlw|/ zh rewdlq wkh htxd0

wlrq iru suhvvxuh gl�xvlrq lq d srurxv phglxp1 Lw lv frpprq wr dvvxph wkdw  xlg

dqg pdwhuldo surshuwlhv duh krprjhqhrxv lq vsdfh dqg frqvwdqw lq wlph1 Wkrxjk

wklv lv xquhdolvwlf iru uhdo pdwhuldov/ lw lv qhyhuwkhohvv d w|slfdo dvvxpswlrq zkhq sruh

suhvvxuh lv frqvlghuhg lq fuxvwdo vwxglhv ehfdxvh shuphdelolw| lqirupdwlrq lv riwhq

odfnlqj1

Wkh jryhuqlqj  rz htxdwlrq lv

E�s n �o��>
YR

Y|
'

Y

Y%�

�
&��

YR

Y%�
n 4}�

�
�
�
Y�

Y|

�
�?

+719:,

Qrwh wkdw wkh frh!flhqwv khuh duh qrw dvvxphg wr eh frqvwdqw> vsdwldoo| yduldeoh ru

qrqolqhdu frh!flhqwv pd| eh xvhg1 D �qlwh hohphqw glvfuhwl}dwlrq iru wklv htxdwlrq

uhvxowv lq wkh iroorzlqj v|vwhp=

�To ' U +719;,

zkhuh

��� ' @���� n w{|k�� +719<,

dqg

S� ' @�����
o3�
� n{|_�nEw � ��{|k��R

o3�
� n{|_� +71:3,

Hodvwlf ghirupdwlrq gxh wr sruh suhvvxuh fdq eh frpsxwhg iurp wkh vwuhvv htxl0

oleulxp htxdwlrqv lq wkh xvxdo pdqqhu xvlqj wkh sruh suhvvxuh dv d wlph0ghshqghqw

irufh

Y

Y%�
EEbnC� �&c&� n

Y

Y%&
EC��c&� '

Y

Y%�
k ER� Roes � n 4o}� +71:4,

Wkh sruh suhvvxuh hyroyhv lqghshqghqwo| ri wkh hodvwlf ghirupdwlrq lq wklv v|vwhp ri

htxdwlrqv1
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71815 Frxsohg Lvrwkhupdo Srurhodvwlflw|

Wkh irupxodwlrq e| Ulfh dqg Fohdu| +4<:9, frxsohv sruh suhvvxuh dqg phdq vwuhvv1

Wklv frxsolqj lv lpsruwdqw sduwlfxoduo| zkhq  xlgv duh sxpshg lqwr ru rxw ri d

uhvhuyrlu xqghu kljk suhvvxuh/ dv/ iru h{dpsoh/ zkhq lqgxfhg vhlvplflw| uhvxowv iurp

lqmhfwlrq ru h{wudfwlrq ri  xlgv +Vhjdoo/ 4<;8,1 Hodvwlf ghirupdwlrq pd| eh ihow doprvw

lqvwdqwo| idu iurp wkh  xlg vrxufh gxh wr wkh frxsolqj ehwzhhq suhvvxuh dqg vwuhvv1

Wkh v|vwhp ri htxdwlrqv vkrzq lq wklv vhfwlrq fdq eh uhgxfhg wr wkh htxdwlrqv

ri Ulfh dqg Fohdu| +4<:9, li wkh judylw| dqg lqhodvwlf srurvlw| fkdqjh whupv duh

gursshg dqg shuphdelolw| lv dvvxphg wr eh d vfdodu frqvwdqw1 Wkh irupxodwlrq lq

Ulfh dqg Fohdu| uhgxfhv wr d v|vwhp ri wzr xqfrxsohg htxdwlrqv lq wkh wzr xqnqrzqv/

suhvvxuh dqg k|gurvwdwlf vwuhvv1 Qxphulfdoo| wklv lv sduwlfxoduo| dgydqwdjhrxv1 Vlqfh

shuphdelolw| khwhurjhqhlw| lv olnho| wr eh yhu| lpsruwdqw lq dq| uhdolvwlf vlpxodwlrq

ri wkh hduwk/ zh fkrrvh wr wuhdw wkh shuphdelolw| dv d ixqfwlrq ri vsdfh dqg srvvleo|

rwkhu yduldeohv1 Wklv suhyhqwv wkh uhgxfwlrq ri Ulfh dqg Fohdu| +4<:9,/ ohdylqj wkhvh

ixqgdphqwdo htxdwlrqv=

>� E�s n �o�

�
YR

Y|
n�

Yj

Y|

�
'

Y

Y%�

�
&��

YR

Y%�
n 4}�

�
�
�
Y�

Y|

�
�?

+71:5,

Y2

Y%2�

�
j n

�
2 ED� � D�

� E�� D� E� n D��

�
R

�
' f +71:6,

Doo ri wkh frpsrqhqwv ri wkh glvsodfhphqw fdq eh ghwhuplqhg dv zhoo lq wklv

vlpsol�fdwlrq e| vroylqj wkh vwdwlf htxloleulxp htxdwlrqv/ htxdwlrq 7167/ zlwk wkh

whpshudwxuh vhw wr }hur rq wkh uljkw vlgh1

71816 Srurhodvwlflw| zlwk Wkhupdo Gl�xvlrq

Zkhq gl�xvlyh wudqvsruw ri khdw grplqdwhv ryhu dgyhfwlyh wudqvsruw/ wkh whpshudwxuh

gl�xvlrq htxdwlrq lv ghfrxsohg iurp wkh rwkhu htxdwlrqv1 Wzr htxdwlrqv zlwk suhvvxuh

dqg phdq vwuhvv duh vroyhg dv d frxsohg v|vwhp/ dv deryh/ zlwk whpshudwxuh dv d

nqrzq ydoxh lq wklv fdvh1
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D vlqjoh xqfrxsohg gl�xvlrq htxdwlrq hyroyhv wkh whpshudwxuh �hog1
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719 Vriwzduh Lpsohphqwdwlrq

Vflhqwl�f frpsxwlqj lqyroyhv wkuhh dvshfwv/ doo ri zklfk duh lpsruwdqw zkhq wkh frp0

sxwhu lv xvhg dv dq h{shulphqwdo uhvhdufk wrro1 Wkhvh duh pdwkhpdwlfdo irupxodwlrq

ri wkh sk|vlfdo surfhvvhv/ vhohfwlrq ri dssursuldwh qxphulfdo phwkrgv/ dqg urexvw/

pdlqwdlqdeoh/ dqg h{whqvleoh vriwzduh lpsohphqwdwlrq ri wkh pdwkhpdwlfdo dqg qx0

phulfdo frqfhswv1 Wrr riwhq wkh odwwhu dvshfw lv qrw jlyhq hqrxjk dwwhqwlrq1 Wkh

uhvxow lv wkdw/ dw ehvw/ pxfk wlph lv zdvwhg lq wu|lqj wr pdlqwdlq ru dgdsw frpsoh{

frghv1 Hyhq zruvh/ huurqhrxv uhvxowv fuhhs lq gxh wr xqpdqdjdeoh frgh frpsoh{0

lw| dqg xqghwhfwhg exjv1 Qhz vriwzduh ghvljq phwkrgrorjlhv duh ghyhorslqj wr phhw

wkhvh qhhgv1 Wkrxjk wkh| duh zhoo0ghyhorshg lq vrph dssolfdwlrqv/ wkh qhz lghdv kdyh

ehhq vorzhu wr wdnh krog lq vflhqwl�f dqg hqjlqhhulqj frghv1 Dq dwwhpsw lv pdgh khuh

wr vnhwfk rxw dq remhfw0rulhqwhg ghvljq ri d vhw ri vriwzduh frpsrqhqwv wkdw pd| eh

 h{leo| xvhg iru frpsoh{ fuxvwdo vlpxodwlrq h{shulphqwv1

71914 Pdqdjlqj Frpsoh{lw| lq Vrizduh

Wkh v|vwhp suhvhqwhg khuh lv ghvljqhg wr doorz d klhudufklfdo ghyhorsphqw ri gl�huhqw

prghov lq hdfk ri wkh sulpdu| vlpxodwlrq frpsrqhqwv1 Hdfk klhudufk|/ vxfk dv wkh

SrurxvPhglxp fodvv klhudufk| vkrzq deryh/ uhsuhvhqwv d vhw ri gl�huhqw prghov wkdw
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PorousM edium  C lass H ierarchy

PorousM edium

PM tpe

PM pe

B ase C lass

D erived C lasses
.
.
.

•Pore pressure d iffusion
•Spatially variable tem perature
•N o stress coupling

•Coupled poroelasticity (B iot)
•Spatially variable tem perature

•Coupled poroelasticity (B iot)
•Therm al advection-diffusion

Future
D erived

PM  classes

•M ore com plex PM  m odels,
including, e.g., viscoelasticity

Iljxuh 714= Gldjudp ri wkh SrurxvPhglxp fodvv klhudufk|1

pd| eh vshfl�hg yhu| hdvlo| e| dq lqsxw sdudphwhu1 Iru h{dpsoh/ rqh frxog fkrrvh

wr exlog d vlpxodwru zklfk frpelqhv d SrurxvPhglxp frpsrqhqw dqg d IdxowV|vwhp

frpsrqhqw1 Rqh frxog fkrrvh d frxsohg Elrw prgho iru wkh srurxv phglxp frpsr0

qhqw/ dqg whvw ydulrxv idxow prghov zkhq frxsohg wr ru hpehgghg lq srurxv phglxp1

Wklv hqdeohv d uhvhdufkhu zkr lv/ iru h{dpsoh/ sulpdulo| lqwhuhvwhg lq idxow phfkdqlfv

wr xwlol}h udwkhu frpsolfdwhg vriwzduh frpsrqhqwv exlow e| rwkhuv zkrvh h{shuwlvh lv

lq srurphfkdqlfv1 Wklv rujdql}dwlrq lqwr vriwzduh frpsrqhqwv doorzv wkh frpsoh{lw|

ri odujh vriwzduh v|vwhpv wr eh klgghq dqg pdqdjhg1

Iru wkh uhpdlqlqj fkdswhuv lq wklv wkhvlv/ fdofxodwlrqv duh fduulhg rxw zlwk d sur0

wrw|sh v|vwhp zklfk lv gldjudphg lq �jxuh 7171 Fdofxodwlrqv ri diwhuvkrfn vwdwlv0

wlfv/ sruh suhvvxuh dqg glvsodfhphqw sur�ohv dorqj olqhv/ dqg rwkhu ghulyhg txdqwlwlhv

duh kdqgohg e| wkh VlpTxdnh frpsrqhqw/ zklfk dovr frruglqdwhv wkh rwkhu frpsr0

qhqwv1 Wkh SrurxvPhglxp frpsrqhqw kdv wzr vxe0frprqhqwv1 Rqh frpsxwhv rqo|

sruh suhvvxuh xvlqj vlpsoh gl�xvlrq wkhru|1 Wkh rwkhu lpsohphqwv ixoo| frxsohg Elrw
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FaultSystem Class Hierarchy

FaultSystem

FS1

Base Class

Derived Classes
.
.
.

•Composite grid
•Fault zone pore pressure

Iljxuh 715= Gldjudp ri IdxowV|vwhp fodvv1

MatProps Class Hierarchy

MatPropsBase Class

Derived Classes
.
.
.

• Initial property distribution
• Reactive chemistry
• Geostatistical routines

Future
Derived

PM classes

•More complex chemistry, etc

Iljxuh 716= Pdwhuldo surshuwlhv dqg uhdfwlyh fkhplvwu| fodvv1
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srurhodvwlflw|1 Hlwkhu fdq eh vhohfwhg> li rwkhu prghov ri d srurxv phglxp duh zulw0

whq lq wkh vdph iudphzrun/ wkh| fdq dovr eh vhohfwhg dw uxq wlph dqg zloo eh ixoo|

frpsdwleoh zlwk wkh rwkhu frpsrqhqwv1

Glvsodfhphqwv duh frpsxwhg e| wkh Hodvwlflw| frpsrqhqw lq wkh ghfrxsohg phwkrg

ghvfulehg deryh1 Sruh suhvvxuh +dqg whpshudwxuh/ li ghvluhg, iurp SrurxvPhglxp duh

lqsxwv wr Hodvwlflw|1 Wkh IdxowV|vwhp vkrzq khuh kdv rqo| rqh frpsrqhqw dvvrfldwhg

zlwk lw1 Lw lv wkh glvorfdwlrq prgho ri Oduvhq +4<<4,1 Lw lv xvhg rqo| wr frpsxwh

frvhlvplf vwuhvvhv/ iurp zklfk lqlwldo sruh suhvvxuh lv fdofxodwhg/ rq suhghwhuplqhg

idxowv1 Pdwhuldo surshuwlhv duh frqvwdqwv1 Shuphdelolw| lv lpsohphqwhg dv d vsdwldoo|

yduldeoh txdqwlw| zklfk pd| eh d ixoo dqlvrwurslf whqvru1

SimQuake

  SimQuake

PorousMedium Elasticity MaterialProperties

P, T, σkk

σij, ui

FaultSystem

Darcy
diffusion

Biot
poroelasticity

Constant,
spatially
variable,
tensor perm

Analytic 
dislocation

Iljxuh 717= Gldjudp ri wkh VlpTxdnh vlpxodwru wkdw zdv xvhg iru fdofxodwlrqv lq wkh
uhvw ri wklv wkhvlv1
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71: Vxppdu|

Wkh htxdwlrqv iru wkhuprsrurhodvwlflw| kdyh ehhq ghulyhg dqg vhw iruwk lq d pdqqhu

vxlwdeoh iru qxphulfdo glvfuhwl}dwlrq1 Vsdwldoo| dqg whpsrudoo| ydu|lqj frh!flhqwv

kdyh ehhq uhwdlqhg lq nhhslqj zlwk wkh ixqgdphqwdo sxusrvh ri wklv sdshu wr suhvhqw

d phwkrgrorj| iru h{sorulqj frpsoh{ g|qdplfv lq wkh eulwwoh olwkrvskhuh e| qxphulfdo

h{shulphqwdwlrq1 D qxphulfdo vwudwhj| iru vroylqj wkh htxdwlrqv zdv rxwolqhg dqg

jhqhudo fodvvhv zhuh vnhwfkhg zklfk srlqw wkh zd| wr d pdlqwdlqdeoh v|vwhp ri vriwzduh

frpsrqhqwv iru qxphulfdo h{shulphqwdwlrq1

71; Sursrvdo iru d Jhqhudo Hduwktxdnh Prgho

Wkh rujdql}dwlrq ri frxsohg v|vwhpv ri yduldeohv2htxdwlrqv lqwr fodvv klhudufklhv wkdw

zdv ghvfulehg deryh iru wkhuprsrurhodvwlflw| pd| eh h{whqghg wr pruh jhqhudo v|v0

whpv lq d gluhfw pdqqhu1 Hdfk vriwzduh frpsrqhqw vkrxog uhvhpeoh dq dqdorjrxv

sk|vlfdo v|vwhp lq whupv ri vwdwh yduldeohv dqg g|qdplfdo ehkdylru1

71;14 Jrdov

Wkh jrdo ri d jhqhudo hduwktxdnh prgho lv wr surylgh d iudphzrun iru qxphulfdoo|

h{shulphqwlqj zlwk ydulrxv sk|vlfdo prghov iru fuxvwdo g|qdplfv +lqfoxglqj wkh xsshu

pdqwoh, lq rughu wr ghwhuplqh olnho| sk|vlfdo phfkdqlvpv1 Wklv uhtxluhv pruh wkdq

mxvw d vlqjoh frpsolfdwhg frpsxwhu frgh1 Udwkhu/ d vhw ri vriwzduh frpsrqhqwv zklfk

fdq eh frxsohg wrjhwkhu lq ydulrxv zd|v dqg iurp zklfk qhz frpsrqhqwv fdq eh

ghulyhg1 Vxfk d vhw ri frpsrqhqwv fdq eh xvhg e| uhvhdufkhuv dqg h{sdqghg lq d

zd| wkdw pdnhv qhz wkhruhwlfdo lghdv 0 lpsohphqwhg lq vriwzduh 0 dydlodeoh wr d zlgh

frppxqlw|1

71;15 Hduwktxdnh Sk|vlfv

Iurp d jhqhudo ylhzsrlqw/ vriwzduh frpsrqhqwv pxvw ghulyh iurp jhqhudo whpsodwhv

wkdw hyroyh fhuwdlq vwdwh yduldeohv/ vxfk dv vwuhvv/ vwudlq/ glvsodfhphqwv/ sruh suhvvxuh/
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General Earthquake Model

  GEM

PorousMedium Elasticity MaterialProperties

ReactiveTransport
P, T, σkk σij, ui

FaultSystem

Asthenosphere

Iljxuh 718= Fodvv vwuxfwxuh iru d sursrvhg JHP prgho1
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dqg whpshudwxuh/ dffruglqj wr suhvfulehg sk|vlfdo odzv1 Wkhvh duh wkh yduldeohv olvwhg

lq wdeoh 7141 Wkh edvlf htxdwlrqv olvwhg lq wkh wdeoh duh frpprqo| xvhg wr prgho wkh

hduwk dqg kdyh ehhq ghyhorshg lq wklv sdshu1 Frxsolqj wrjhwkhu ydulrxv sduwv ri wkh

wkhuprsrurhodvwlf prgho zlwk gl�huhqw pdwhuldo surshuwlhv dqg lqlwldo frqglwlrqv lv

d yhu| frpsoh{ v|vwhp zkrvh g|qdplfv zloo uhtxluh pdq| FSX krxuv +ru |hduv$, wr

h{soruh1 Vrph lqlwldo h{shulphqwv duh jlyhq lq surfhhglqj fkdswhuv wr looxvwudwh krz

vxfk d v|vwhp fdq eh xvhg1

Wkh klhudufk| ri sk|vlfdo prghov rujdql}hg lqwr vriwzduh frpsrqhqwv dovr surylghv

d vflhqwl�f frpsxwlqj v|vwhp wkdw zloo hqdeoh qhz sk|vlfdo prghov dqg htxdwlrqv wr

eh lpsohphqwhg1 Olnh hohfwurqlf frpsrqhqwv/ qhz prghov lpsohphqwhg dv vriwzduh

frpsrqhqwv fdq eh xvhg lq frqmxqfwlrq zlwk rwkhu/ douhdg| whvwhg/ frpsrqhqwv lq

rughu wr h{soruh g|qdplfdo ehkdylru ri qhz wkhrulhv lq d odujhu/ pruh frpsoh{ frqwh{w1

Wklv lv wkh jrdo/ wkh �uvw vwhsv ri zklfk duh suhvhqwhg khuh1

71;16 Idxow Phfkdqlfv

Prghov ri fuxvwdo g|qdplfv pxvw hyhqwxdoo| lqfoxgh prghov ri idxow g|qdplfv1 Rqh

sursrvdo iru lqfoxglqj idxowv lq d frqwlqxxp prgho ri wkh fuxvw/ edvhg rq frpsrvlwh

julgv/ zdv jlyhq1 Krzhyhu/ wkh vdph frpsrqhqw vriwzduh lghd vkrxog eh lpsohphqwhg

iru idxow prghov1 Iru h{dpsoh/ d vlpsohvw idxow prgho frpsrqhqw +zklfk lv xvhg wr

prgho wkh frvhlvplf vwuhvv surgxfhg e| wkh Odqghuv hduwktxdnh lq d odwhu fkdswhu,/

xvhv dq dqdo|wlf kdoi0vsdfh glvorfdwlrq prgho wr frpsxwh vwuhvvhv iurp suhvfulehg vols

rq d idxow1 Jhqhudol}lqj/ rqh frxog lqfrsrudwh suh0h{lvwlqj/ suhvfulehg idxowv wkdw fdq

eh pdgh wr �vols� dw vhw wlphv lq d vlpxodwlrq ru zkhq vrph orfdo vwuhvv frqglwlrq lv

phw1 Dw wkdw wlph/ d prgl�fdwlrq wr wkh hyroylqj vwuhvv �hog fdq eh frpsxwhg xvlqj

wkh dqdo|wlf htxdwlrqv/ iru h{dpsoh1

Wkhuh duh pdq| idxow prghov wkdw pljkw eh frqvlghuhg1 Wkh jrdo ri wkh jhq0

hudo hduwktxdnh prgho rxwolqhg khuh lv qrw wr vhohfw wkh ehvw rqh lq vrph vhqvh dqg

lpsohphqw rqo| wkdw dv rxu fxuuhqw ehvw hduwktxdnh prgho1 Wkh srlqw wr pdgh lv

wkdw d phfkdqlvp pxvw eh surylghg zkhuhe| dq| prgho ri lqwhuhvw fdq eh lpsoh0

phqwhg zlwklq d frpsoh{ frqwlqxxp prgho dqg lwv frqvhtxhqfhv h{soruhg1 Wklv lv



ELEOLRJUDSK\ :;

krz frpshwlqj prghov fdq eh frpsduhg dqg surjuhvv pdgh wrzdug xqghuvwdqglqj

zklfk sk|vlfdo odzv duh rshudwlyh lq wkh hduwktxdnh f|foh1

Eleolrjudsk|

Elrw/ P1 D1/ Jhqhudol}hg wkhru| ri 60glphqvlrqdo frqvrolgdwlrq/ M1 Dsso1 Sk|v1/ 45 /

488�497/ 4<741

Elrw/ P1 D1/ Jhqhudo vroxwlrqv ri wkh htxdwlrqv ri hodvwlflw| dqg frqvrolgdwlrq iru d

srurxv pdwhuldo/ M1 Dsso1 Phfk1/ Wudqv DVPH / :; / <4�<9/ 4<891

E|huohh/ M1/ Hduwktxdnhv/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ 4<<71

E|huohh/ M1/ Prgho iru hslvrglf  rz ri kljk0suhvvxuh zdwhu lq idxow }rqhv ehiruh

hduwktxdnhv/ Jhrorj|/ 54 / 636�639/ 4<<91

Fkduoh}/ S1 D1/ Urfn Phfkdqlfv Yroxph 4= Wkhruhwlfdo Ixqgdphqwdov/ Hglwlrqv Whfk0

qls/ Sdulv/ 4<<41

Fkduoh}/ S1 D1/ Urfn Phfkdqlfv Yroxph 5= Shwurohxp Dssolfdwlrqv/ Hglwlrqv Whfk0

qls/ Sdulv/ 4<<:1

Fu|hu/ F1 Z1/ D frpsdulvrq ri wkh wkuhh0glphqvlrqdo frqvrolgdwlrq wkhrulhv ri elrw

dqg whu}djkl/ Txduw1 Mrxuqdo ri Phfk1 dqg Dssolhg Pdwk1/ 49 / 734�745/ 4<961

Gdhkohq/ P1/ dqg H1 D1 Wyhlwr/ Pdwkhpdwlfdo Prghov dqg Vriwzduh Wrrov lq Lqgxv0

wuldo Pdwkhpdwlfv/ Elunkdxvhu/ 4<<:1

Gxoolhq/ I1 D1 O1/ Srurxv Phgld= Ioxlg Wudqvsruw dqg Sruh Vwuxfwxuh/ 5qg hg1/

Dfdghplf Suhvv/ Qhz \run/ 4<<51

Jh/ V1/ dqg J1 Jduylq/ D wkhruhwlfdo prgho iru wkuxvw0lqgxfhg ghhs jurxqgzdwhu

h{sxovlrq zlwk dssolfdwlrq wr wkh fdqdgldq urfn| prxqwdlqv/ Mrxuqdo ri Jhrsk|vlfdo

Uhvhdufk/ << / 46;84�46;9;/ 4<<71
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Khoplj/ U1/ Pxowlskdvh Iorz dqg Wudqvsruw Surfhvvhv lq wkh Vxevxuidfh/ Vsulqjhu0

Yhuodj/ Qhz \run/ 4<<:1

Klfnpdq/ V1/ U1 Vlevrq/ dqg U1 Euxkq/ hgv1/ Wkh Phfkdqlfdo Lqyroyhphqw ri Ioxlgv

lq Idxowlqj/ Phqor Sdun/ FD/ X1 V1 Jhrorjlfdo Vxuyh|/ 4<<71

Lqjheulwvhq/ V1 H1/ dqg Z1 H1 Vdqirug/ Jurxqgzdwhu lq Jhrorjlf Surfhvvhv/ Fdp0

eulgjh Xqlyhuvlw| Suhvv/ Qhz \run/ 4<<;1

M1H1 Ghqqlv/ M1/ dqg U1 E1 Vfkqdeho/ Qxphulfdo Phwkrgv iru Xqfrqvwudlqhg Rswl0

pl}dwlrq dqg Qrqolqhdu Htxdwlrqv/ Suhqwlfh Kdoo/ Qhz \run/ 4<;61

Oduvhq/ V1 F1/ Jhrghwlf phdvxuhphqwv ri ghirupdwlrq lq vrxwkhuq fdoliruqld/ Sk1G1

wkhvlv/ Fdoliruqld Lqvwlwxwh ri Whfkqrorj|/ 4<<41

PfWljxh/ G1 I1/ Wkhuprhodvwlf uhvsrqvh ri  xlg0vdwxudwhg srurxv urfn/ Mrxuqdo ri

Jhrsk|vlfdo Uhvhdufk/ <4 / <866�<876/ 4<;91

Shuvrq/ P1/ M1 S1 Ud�hqvshujhu/ V1 Jh/ dqg J1 Jduyhq/ Edvlq0vfdoh k|gurjhrorjlf

prgholqj/ Uhylhzv ri Jhrsk|vlfv/ 67 +4,/ 94�;:/ 4<<91

Ulfh/ M1 U1/ dqg P1 S1 Fohdu|/ Vrph edvlf vwuhvv gl�xvlrq vroxwlrqv iru  xlg0vdwxudwhg

hodvwlf srurxv phgld zlwk frpsuhvvleoh frqvwlwxhqwv/ Uhy1 Jhrsk|v1 Vsdfh Sk|v1/

47 +5,/ 55:�574/ 4<:91

Vfkro}/ F1 K1/ Wkh Phfkdqlfv ri Hduwktxdnhv dqg Idxowlqj/ Fdpeulgjh Xqlyhuvlw|

Suhvv/ Qhz \run/ 4<<31

Vhjdoo/ S1/ Vwuhvv dqg vxevlghqfh uhvxowlqj iurp vxevxuidfh  xlg zlwkgudzdo lq wkh

hslfhqwudo uhjlrq ri wkh 4<;6 frdolqjd hduwktxdnh/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/

<3 / 9;34�9;49/ 4<;81

Whu}djkl/ N1/ Wkhruhwlfdo Vrlo Phfkdqlfv/ Mrkq Zloh| dqg Vrqv/ Qhz \run/ 4<761

Wrpsvrq/ D1 I1 E1/ U1 G1 Idojrxw/ V1 J1 Vplwk/ Z1 M1 Ervo/ dqg V1 I1 Dvke|/ Dqdo0

|vlv ri vxevxuidfh frqwdplqdqw pljudwlrq dqg uhphgldwlrq xvlqj kljk shuirupdqfh

frpsxwlqj/ Dgydqfhv lq Zdwhu Uhvrxufhv/ 55 / 536�554/ 4<<;1
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Zdoghu/ M1/ dqg D1 Qxu/ Srurvlw| uhgxfwlrq dqg fuxvwdo sruh suhvvxuh ghyhorsphqw/

M1 Jhr1 Uhv1/ ;< +E46,/ 4486<�4487;/ 4<;71

\lopd}/ R1/ U1 Qrohq0Krhnvhpd/ dqg D1 Qxu/ Sruh suhvvxuh sur�ohv lq iudfwxuhg dqg

frpsoldqw urfnv/ Jhrsk|vlfdo Survshfwlqj/ ss1 9<6�:47/ 4<<71

]hogrylfk/ \1 E1/ dqg \1 S1 Udl}hu/ Sk|vlfv ri Vkrfn Zdyhv dqg Kljk0Whpshudwxuh

K|gurg|qdplf Skhqrphqd/ Dfdghplf Suhvv/ Qhz |run/ 4<99/ Qrqolqhdu wkhupdo

zdyhv glvfxvvhg lq Yroxph 5/ ss98509:91

]redfn/ P1 G1/ dqg M1 K1 Khdo|/ Lq vlwx vwuhvv phdvxuhphqwv wr 618 np ghswk lq

wkh fdmrq sdvv vflhqwl�f uhvhdufk eruhkroh= Lpsolfdwlrqv iru wkh phfkdqlfv ri fuxvwdo

idxowlqj/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ <: / 836<�838:/ 4<<51



Fkdswhu 8

Wkh Pdqgho0Fu|hu H�hfw

814 Lqwurgxfwlrq

Vrph qxphulfdo vlpxodwlrqv ri  xlg  rz lq srurhodvwlf phgld duh suhvhqwhg khuh lq

rughu wr looxvwudwh krz wkh frpelqhg h�hfwv ri khwhurjhqhrxv surshuwlhv dqg frxsohg

surfhvvhv vrphwlphv |lhog txlwh xqh{shfwhg uhvxowv1 Wkh srurhodvwlf vskhuh sureohp

rxwolqhg e| Fu|hu zdv glvfxvvhg hduolhu lq wklv sdshu1 Vrphwlphv uhihuuhg wr dv wkh

Pdqgho0Fu|hu h�hfw/ wklv sureohp zloo eh vhuyh dv wkh ixqgdphqwdo h{dpsoh iru wklv

fkdswhu1 D ghwdlohg orrn dw Fu|hu*v uhvxow zloo vkrz wkdw wkh skhqrphqrq lv hyhq pruh

vxusulvlqj wkdq kdv ehhq uhsruwhg lq wkh olwhudwxuh wkxv idu +Pdqgho/ 4<86> Fu|hu/

4<96> Zdqj/ 4<<;,1 Wkh g|qdplfdo sulqflsohv h{klelwhg e| wkhvh vlpsoh h{dpsohv

ghprqvwudwh wkdw lq vrph flufxpvwdqfhv wkh frxsohg h�hfwv ri sruh  xlg suhvvxuh/

hodvwlf ghirupdwlrq/ dqg khwhurjhqhrxv surshuwlhv pxvw eh frqvlghuhg li wkh g|qdplfdo

ehkdylru ri wkh fuxvw lv wr eh surshuo| prghohg1 Wkhupdo h�hfwv/ fkhplfdo hyroxwlrq ri

urfn surshuwlhv/ dqg ydulrxv qrqolqhdulwlhv gxh wr wkh suhvhqfh ri iudfwxuhv zloo qrw eh

frqvlghuhg khuh/ wkrxjk wkh dgglwlrq ri wkhvh surfhvvhv zloo rqo| vhuyh wr xqghuvfruh

wkh ixqgdphqwdo srlqw ri wklv sdshu= wkh nqrzq fkhplvwu| dqg sk|vlfv ri fuxvwdo

surfhvvhv/ zkhq frqvlghuhg dv frxsohg surfhvvhv/ pxvw eh h{soruhg dv d wrwdo v|vwhp

e| h{whqvlyh frpsxwhu vlpxodwlrq lq rughu eh ixoo| xqghuvwrrg1 Vlpxodwlrqv ri uhdolvwlf

fuxvwdo g|qdplfv sureohpv fdq uhvxow lq uhpdundeo| frpsoh{ v|vwhpv ehkdylru wkdw

;4
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pd| h{klelw fkdudfwhulvwlfv ri wkh frpsoh{ g|qdplfv revhuyhg lq wkh hduwk1

815 Uhylhz ri srurhodvwlf htxdwlrqv

Wkh lvrwkhupdo srurhodvwlf htxdwlrqv/ zklfk zhuh suhvhqwhg lq fkdswhu 7/ duh=

q

�
YR

Y|
n�

Yj

Y|

�
'

Y

Y%�

�
&�� E%�

YR

Y%�

�
+814,

Y2

Y%2�
d@Rn jo ' f +815,

zkhuh

@ '
2 ED� � D�

� E�� D� E� n D��
+816,

dqg

q ' >� E�s n �o� +817,

Khuh/ R lv wkh sruh suhvvxuh/ j ' j&&*� lv wkh phdq vwuhvv/ � lv Vnhpswrq*v frh!flhqw/

D� dqg D duh wkh xqgudlqhg dqg gudlqhg Srlvvrq*v udwlrv/ > lv wkh  xlg ylvfrvlw|/ �

lv wkh srurvlw|/ �s dqg �o duh wkh  xlg dqg urfn frpsuhvvlelolwlhv/ uhvshfwlyho|1 D

ixuwkhu vlpsol�fdwlrq wkdw lv jhqhudoo| pdgh lq wkh olwhudwxuh lv wr dvvxph wkdw wkh

shuphdelolw| whqvru lv d vsdwldoo| krprjhqhrxv vfdodu txdqwlw|1 Wklv vlpsol�fdwlrq

lv qhfhvvdu| li wkh htxdwlrqv duh wr eh frpelqhg lqwr d vlqjoh gl�xvlrq htxdwlrq lq

6 ' E� n�j&&*�� dv Ulfh dqg Fohdu| +4<:9, dqg rwkhuv kdyh grqh1 Dv wkh iroorzlqj

dqdo|vlv zloo vkrz/ wkh khwhurjhqhrxv qdwxuh ri shuphdelolw| fdq kdyh vljql�fdqw

frqvhtxhqfhv iru srurhodvwlf sureohpv1

Wzr fdvhv iru frqvrolgdwlrq dqg sruh suhvvxuh gl�xvlrq lq d srurxv phglxp zloo eh

frqvlghuhg1 Lq wkh �uvw/ zklfk zdv h{soruhg e| Whu}djkl +4<76, lq wkh frqwh{w ri vrlo

phfkdqlfv/ dvvxphv wkdw wkh sruh  xlg gl�xvhv lq vxfk d zd| wkdw wkh sruh suhvvxuh

dqg wkh phdq vwuhvv duh frqvwdqw pxowlsohv ri hdfk rwkhu dw doo wlphv1 Wkh phdq
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vwuhvv fdq wkxv eh holplqdwhg iurp wkh jryhuqlqj htxdwlrqv dqg wkh sureohp vroyhg dv

d vlpsoh gl�xvlrq sureohp1 Wklv lv htxlydohqw wr vhwwlqj � ' k ' f lq htxdwlrqv :19

dqg 8151 Lq Elrw*v wkhru|/ wkh phdq vwuhvv lv frxsohg wr wkh sruh suhvvxuh lq d pruh

frpsolfdwhg pdqqhu dqg wzr gl�huhqwldo htxdwlrqv pxvw eh vroyhg vlpxowdqhrxvo| wr

ghulyh wkh fruuhfw g|qdplfdo ehkdylru1

816 Wkh Pdqgho0Fu|hu h�hfw

Fu|hu +4<96, frpsduhg wkh frqvrolgdwlrq prghov ri Whu}djkl dqg Elrw e| frqvlghulqj

d srurhodvwlf vskhuh vdwxudwhg zlwk  xlg dw dq lqlwldo suhvvxuh Rf1 Wkh erxqgdu| ri

wkh vskhuh dw wlph |Jn zdv vhw wr }hur suhvvxuh/ zlwk }hur vwudlq lq wkh lqwhulru ri

wkh vskhuh dqg qrupdo vwuhvvhv rq wkh erxqgdu| htxdo wr wkh lqwhulru sruh suhvvxuh1

Wzr dqdo|wlf vroxwlrqv zhuh suhvhqwhg wr ghvfuleh wkh sruh suhvvxuh dw wkh fhqwhu ri

wkh vskhuh dw | : f1 Sruh suhvvxuh dw wkh fhqwhu ri wkh srurxv hodvwlf vskhuh lq wkh

Whu}djkl prgho uhpdlqhg forvh wr Rf iru vrph wlph diwhu wkh lqlwldo lqvwdqw/ wkhq vorzo|

ghfuhdvhg dv wkh lq xhqfh ri wkh erxqgdulhv gl�xvhg lqzdug1 Lq wkh Elrw prgho wkh

sruh suhvvxuh dw wkh fhqwhu lqvwdqwo| ehjdq wr lqfuhdvh deryh wkh lqlwldo suhvvxuh/ wkhq

hyhqwxdoo| ghfolqhg dv wkh erxqgdu| h�hfwv gl�xvhg lqzdug1 Wklv vxusulvlqj ehkdylru

lv gxh wr wkh lqlwldo froodsvh ri wkh sruh yroxph qhdu wkh erxqgdu| ri wkh vskhuh dv

sruh  xlg h{lwv1 Lq Elrw*v srurhodvwlf wkhru|/ vwuhvv lv wudqvihuuhg lqzdug dv wkh  xlg

qhdu wkh erxqgdulhv hvfdshv1 Ioxlg lq wkh fhqwhu ri wkh vskhuh lv wudsshg dqg fdqqrw

hvfdsh lpphgldwho|/ vr wkh sruh suhvvxuh lqfuhdvhv gxh wr wkh frpsuhvvlyh vwuhvv rq

wkh lqwhulru ri wkh phglxp1

Lq wklv sdshu/ zh vlpxodwh Whu}djkl dqg Elrw frqvrolgdwlrq qxphulfdoo| rq d uhfw0

dqjxodu julg zlwk 43 fhoov shu vlgh1 Wkh suhvvxuh rq wkh lqwhulru ri wkh fxeh lv lqlwldoo|

4 Sd1 Wkh vlgh erxqgdulhv duh khog dw 3 Sd1 Wkh wrs dqg erwwrp ri wkh fhoo zhuh

dvvljqhg qr0 rz erxqgdu| frqglwlrqv1 Iorz lv wkxv wkurxjk wkh vlghv ri wkh fxeh

rqo|1

Wkh htxdwlrqv vroyhg lq wklv vlpxodwlrq duh wkh frxsohg  xlg  rz htxdwlrq iru

sruh suhvvxuh dqg phdq vwuhvv dqg wkh Ehowudpl0Plwfkhoo +frpsdwlelolw|, htxdwlrq/

htxdwlrqv :19 dqg 8151 D Jdohunlq �qlwh hohphqw glvfuhwl}dwlrq zdv xvhg wr vroyh wkhvh
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Pinit = 1

Pinit = 0

Iljxuh 814= Fu|hu*v vskhuh sureohp/ xvhg wr frpsduh wkh frqvrolgdwlrq wkhrulhv ri
Whu}djkl dqg Elrw1

htxdwlrqv1 Wzr sdudphwhuv zhuh ydulhg lq wkh vlpxodwlrqv/ wkh gl�xvlylw| ( ' &��
q

dqg wkh hodvwlf sdudphwhu k
1

Zkhq wkh hodvwlf sdudphwhuv k dqg � duh vhw wr }hur/

 xlg  rz iroorzv wkh vlpsoh gl�xvlyh  rz prgho dv lq htxdwlrq :191 Dv h{shfwhg/ wkh

sruh suhvvxuh lq wkh fhqwhu ri wkh fxeh uhpdlqv dw wkh lqlwldo ydoxh Rf iru d shulrg ri

wlph/ wkhq ghfd|v urxjko| h{srqhqwldoo|1 Wkh udwh ri ghfd| ghshqgv rq wkh gl�xvlylw|1

Zkhq k lv qrq}hur/ wkh sruh suhvvxuh dw wkh fhqwhu ulvhv deryh wkh lqlwldo suhvvxuh

dw �uvw/ wkhq idoov1 Iljxuh 815 vkrzv wkh h�hfw ri ydu|lqj wkh sdudphwhu k rq sruh

suhvvxuh dw wkh fhqwhu ri wkh fxeh1 Wkh k ' f fxuyh lv wkh Whu}djkl uhvxow1

Wkh pd{lpxp khljkw ri wkh sruh suhvvxuh shdn deryh wkh lqlwldo ydoxh lv frqwuroohg

e| wkh hodvwlf sdudphwhuv ri wkh pdwhuldo/ zklfk lv frqwuroohg e| wkh gl�huhqfh ehwzhhq

wkh gudlqhg dqg xqgudlqhg Srlvvrq udwlrv/ zklfk lv h{suhvvhg lq wkh sdudphwhu @ +fi1

htxdwlrq 816,1

Zkhq wkh gl�xvlylw| lv kljk/  xlg fdq hvfdsh uhdglo| iurp wkh fhqwhu ri wkh fxeh

dqg wkh suhvvxuh ulvh lv vkruw dqg vpdoo1 Zkhq wkh gl�xvlylw| lv orz/ sruh suhvvxuh

ulvh lq wkh fhqwhu ri wkh fxeh lv orqj dqg vorz1 Lw ehfrphv kljkhu zkhq wkh gl�xvlylw|
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Iljxuh 815= Sruh suhvvxuh dw wkh fhqwhu ri d vtxduh vkrzlqj wkh Pdqgho0Fu|hu h�hfw iru
vhyhudo ydoxhv ri wkh sdudphwhu d/ zklfk lv d ixqfwlrq ri gudlqhg dqg xqgudlqhg Srlvvrq
udwlrv1 Gl�xvlylw| ( ' 2/ grpdlq vl}h @ 26�26/ � ' �c @ ' f��c {% ' {+ ' f�261
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Iljxuh 816= Sruh suhvvxuh dw wkh fhqwhu ri d vtxduh vkrzlqj wkh Pdqgho0Fu|hu h�hfw iru
vhyhudo gl�xvlylw| ydoxhv1 Grpdlq vl}h lv 26�26> � ' �c @ ' f��c {% ' {+ ' f�261

lv vpdoo wkdq zkhq lw lv odujh1 Iljxuh 816 vkrzv wkh sruh suhvvxuh ghyhorsphqw ryhu

wlph lq wkh fhqwhu ri wkh fxeh zkhq wkh hodvwlf sdudphwhu @ ' f�fD dqg wkh gl�xvlylw|

lv wkh vdph dv lq wkh suhylrxv fdvh1 WLph vqdsvkrwv ri sruh suhvvxuh ydoxhv iru wkh

zkroh fxeh duh vkrzq lq �jxuh 8171

Vrph h{dpsohv ri wkh suhvvxuh �hog wkdw uhvxowhg iurp d vlpxodwlrq zlwk @ ' f�fD

dqg & ' � ' q ' ��f duh vkrzq lq �jxuh1

Wkh vl}h ri wkh uhjlrq zloo juhdwo| d�hfw wkh gxudwlrq ri hohydwhg sruh suhvvxuh1 Lq

�jxuh 818/ zh vhh wkdw sruh suhvvxuh ulvhv wr deqrupdoo| kljk ohyhov qhdu wkh lqwhulru

ri wkh grpdlq dqg uhpdlqv dw kljk ohyhov iru d uhodwlyho| orqj wlph1 Wkh uhdvrq iru

wklv lv fohdu=  xlg wudsshg lq wkh fhqwhu ri wkh uhjlrq grhvq*w ihho wkh h�hfwv ri wkh

erxqgdu| iru d orqj wlph1 Orz suhvvxuh dw wkh erxqgdulhv wdnhv d orqj wlph wr gl�xvh
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Iljxuh 817= Vqdsvkrwv ri sruh suhvvxuh hyroxwlrq vkrzlqj wkh Pdqgho0Fu|hu h�hfw1
Grpdlq vl}h lv 26� 26> � ' �c @ ' f��c {% ' {+ ' f�26c ( ' 21 Qrwh wkdw sruh
suhvvxuh lq wkh lqwhulru ri wkh fxeh h{fhhgv wkh lqlwldo ydoxh1
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Iljxuh 818= Sruh suhvvxuh dw wkh fhqwhu ri d vtxduh vkrzlqj wkh Pdqgho0Fu|hu h�hfw
iru vhyhudo grpdlq vl}hv1 Gl�xvlylw| ( ' 2/ � ' �c @ ' f��c {% ' {+ ' f�261

ryhu wkh glvwdqfh wr wkh fhqwhu1

Wkh deqrupdoo| kljk sruh suhvvxuh wkdw lv jhqhudwhg e| srurhodvwlf h�hfwv fdq eh

dwwulexwhg wr wkh wudsslqj ri  xlg lq d uhjlrq zkloh phdq vwuhvv lv wudqvihuuhg iurp

vxuurxqglqj uhjlrqv1 Wr ghprqvwudwh wkdw wkh uhjlrq ri deqrupdoo| kljk suhvvxuh

qhhg qrw eh fhqwhuhg lq d v|pphwulf grpdlq/ vxfk dv d vskhuh ru fxeh/ zh dvvljqhg

orz shuphdelolw| ydoxhv wr d flufxodu uhjlrq r�vhw iurp wkh fhqwhu ri d vtxduh1 Wklv

wudsshg wkh  xlg lq wkh orz shuphdelolw| uhjlrq1 Vwuhvv wudqvihu gxh wr wkh Pdqgho0

Fu|hu h�hfw fdxvhg sruh suhvvxuh wr ulvh deryh wkh lqlwldo ydoxh ehiruh vwduwlqj wr

glvvlsdwh1 Lq frqwudvw/ iru wkh vlpsoh  xlg gl�xvlrq fdvh/ sruh suhvvxuh qhyhu ulvhv

deryh wkh lqlwldo ydoxh1 Uhvxowv duh vkrzq lq �jxuh 8191

Qh{w/ shuphdelolw| ydoxhv ehwzhhq 3 dqg 4 zhuh udqgrpo| dvvljqhg wr julg srlqwv
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Iljxuh 819= Sruh suhvvxuh hyroxwlrq zlwk dq lvrodwhg orz0shuphdelolw| srfnhw1 Edfn0
jurxqg shuphdelolw|@4/ orz0shup ydoxh@3134> wrwdo gl�xvlylw|@shuphdelolw|1
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lq d wzr0glphqvlrqdo 2f� 2f julg1 Iru wklv vlpxodwlrq/ qr0 rz erxqgdu| frqglwlrqv

zhuh dvvljqhg wr wkh wrs dqg erwwrp ri wkh grpdlq1 Wkh shuphdelolw| glvwulexwlrq dqg

sruh suhvvxuh vqdsvkrwv duh vkrzq lq �jxuh 81:1 Wkh uhjlrq ri kljk sruh suhvvxuh lv lq

wkh fhqwhu vwuls ri wkh vtxduh/ exw wkh h�hfwv ri wkh udqgrp shuphdelolw| glvwulexwlrq

duh hylghqw1

817 Ioxlg Iorz lq Idxow ]rqhv

Wkh Vdq Dqguhdv idxow lv zhdn +Ulfh/ 4<<5> Zdqj/ hw do1/ 4<<8> ]redfn/ 4<;:,1 E|

wklv lw lv lpsolhg wkdw wkh idxow lv lq d vwdwh ri qhdu idloxuh1 Vhyhudo h{sodqdwlrqv pd|

eh jlyhq iru wkh zhdnqhvv ri wkh Vdq Dqguhdv +vhh Vfkro}/ 4<<3 dqg Hydqv/ 4<<5/ iru

h{dpsoh,1 Wkh h{lvwhqfh ri kljk sruh suhvvxuh zlwklq wkh idxow }rqh lv d frpprqo|0

phqwlrqhg h{sodqdwlrq1 D txdqwlwdwlyh phdvxuh ri wkh vwuhqjwk ri d idxow lv wkh

Frxorpe idloxuh fulwhulrq1 Wkh Frxorpe idloxuh fulwhulrq/ zklfk zdv dgrswhg iurp

vrlo phfkdqlfv/ zkhuh lw zdv fdoohg wkh Guxfnhu0Sudjhu fulwhulrq1 +Guxfnhu/ 4<85,/

vwdwhv wkdw zkhq wkh vkhdu vwuhvv � h{fhhgv wkh vols fulwhulrq/ idxow vols zloo rffxu1

Wkh Frxorpe idloxuh fulwhulrq pd| eh zulwwhq txdqwlwdwlyho| dv

� � � J n >s Ej? � R�

zkhuh � lv wkh vkhdu vwuhvv rq wkh idxow/ � f lv wkh frkhvlrq/ >s lv wkh frh!flhqw ri

lqwhuqdo iulfwlrq ru vlpso| wkh iulfwlrqdo vwuhqjwk/ j? lv wkh qrupdo vwuhvv rq wkh idxow/

dqg R lv wkh sruh suhvvxuh lq wkh idxow1 Lqfuhdvlqj sruh suhvvxuh h�hfwlyho| uhgxfhv wkh

qrupdo vwuhvv dqg wkxv uhgxfhv wkh vkhdu vwuhvv qhhghg wr h{fhhg wkh vols fulwhulrq1

Wkh txdqwlw| Ej? � R�/ riwhq uhihuuhg wr dv wkh h�hfwlyh vwuhvv1 Pruh dffxudwho|/ wkh

h�hfwlyh vwuhvv lv Ej? � kR�/ exw wkh Elrw sdudphwhu k � � lv iuhtxhqwo| dvvxphg1 D

glvfxvvlrq ri wkh uroh dqg phdqlqj ri wkh Elrw sdudphwhu fdq eh irxqg lq Qxu +4<:4,1

Dq lpsruwdqw srlqw wr pdgh khuh lv wkdw zkhq d idxow lv zhdn ru fulwlfdoo| vwuhvvhg/

rqo| d vpdoo shuwxuedwlrq wr wkh h�hfwlyh vwuhvv lv qhhghg wr h{fhhg wkh Frxorpe vols

fulwhulrq1
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Iljxuh 81:= Udqgrp ydoxhv ri wkh gl�xvlylw| sdudphwhu ( ehwzhhq 3 dqg 413 zhuh
dvvljqhg wr fhoov lq wklv vlpxodwlrq1 Wkh shuphdelolw| glvwulexwlrq lv vkrzq lq wkh wrs
ohiw lpdjh1 Wkh odvw wkuhh urzv ri lpdjhv frpsduh Whu}djkl dqg Elrw gl�xvlrq1
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Xqghu fhuwdlq frqglwlrqv/ srurhodvwlf h�hfwv fdq fdxvh sruh suhvvxuhv zlwklq k|0

gudxolfdoo| frq�qhg uhjlrqv/ vxfk dv vrph idxowv/ wr dwwdlq suhvvxuhv wkdw duh deqru0

pdoo| kljk1 Ixuwkhupruh/ wkh uhvxowv ri wkh suhfhhglqj Pdqgho0Fu|hu vlpxodwlrqv

vxjjhvw wkdw sruh suhvvxuh zlwklq wkh idxow }rqh fdq lqfuhdvh pdunhgo| eh|rqg dq

lqlwldo ydoxh hyhq zkhq qr dssduhqw vrxufh ri  xlg ru vwuhvv fkdqjh lv suhvhqw1 Wklv

lghd lv whvwhg lq d vlpsoh prgho ri d idxow }rqh khuh1

fine
fault

gouge
brecciafractured

High perm
country 

rock

Iljxuh 81;= Vfkhpdwlf slfwxuh ri E|huohh*v idxow prgho1

Rqh prgho iru d w|slfdo idxow }rqh vxjjhvwv wkdw wkh shuphdelolw| lq wkh idxow jrxjh

lv orz/ zkloh wkh shuphdelolw| lq wkh vxuurxqglqj gdpdjh }rqh lv uhodwlyho| kljk gxh wr

wkh suhvhqfh ri euhffld dqg h{whqvlyh plfuriudfwxuhv +Euxkq/ 4<<7,1 E|huohh*v prgho

+E|huohh/ 4<<7, iru wkh lqyroyhphqw ri  xlgv lq wkh hduwktxdnh f|foh k|srwkhvl}hv wkdw

shuphdelolw| ydulhv vsdwldoo| lq wkh uhjlrq ri d idxow dqg dovr wkdw lw hyroyhv lq wlph1

D vfkhpdwlf gldjudp ri d idxow vxfk dv wklv lv vkrzq lq �jxuh 81;1

D vlpsoh h{shulphqw zlwk d wzr0shuphdelolw| vlpxodwlrq dv vkrzq lq wkh �uvw

iudph ri �jxuh 81< zdv shuiruphg1 Zlwk d frqvwdqw qrupdo vwuhvv dssolhg dqg }hur

sruh suhvvxuh rq wkh vlghv/ dqg }hur0 x{ erxqgdulhv rq wkh wrs dqg erwwrp/ wkh  xlg
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 rzv sulpdulo| lq wkh krul}rqwdo gluhfwlrq1 Iljxuh 8143 vkrzv wkh sruh suhvvxuh dw

ydulrxv wlphv dorqj d olqh qrupdo wr wkh fhqwhu ri wkh idxow }rqh dqg dw wkh fhqwhu ri

wkh grpdlq wkurxjkrxw wkh gxudwlrq ri wkh vlpxodwlrq1

Wkh hvvhqwldo srlqw ri wklv vlpxodwlrq uhvxow lv wkdw sruh suhvvxuh fdq dwwdlq ydoxhv

kljkhu wkdq h{shfwhg li wkh shuphdelolw| qhdu idxowv lv orz1 Orz shuphdelolw| qrupdo

wr d idxow lv d uhdvrqdeoh dvvxpswlrq lq vrph fdvhv1 Dv zloo eh glvfxvvhg lq fkdswhu :/

sruh  xlgv sod| dq lpsruwdqw uroh lq fdxvlqj diwhuvkrfnv1 Vlpxodwlrqv wkdw dwwhpsw wr

uhsurgxfh wkh Frxorpe vwuhvv ixqfwlrq lq wkh uhjlrq vxuurxqglqj d pdmru hduwktxdnh

vkrxog qrw pdnh vlpsoh dvvxpswlrqv derxw wkh sruh suhvvxuh1 Ulvlqj sruh suhvvxuh

lq wkh idxow ylflqlw| pd| eh dq lqglfdwru ri diwhuvkrfn suredelolw|1 Lq jhqhudo/ sruh

suhvvxuh zloo ulvh iroorzlqj dq hduwktxdnh lq uhjlrqv ri glodwlrqdo phdq vwuhvv +qhjdwlyh

sruh suhvvxuh ghyldwlrq,1 Krzhyhu/ wkh Pdqgho0Fu|hu h�hfw pd| dovr fdxvh wudqvlhqw

sruh suhvvxuh lqfuhdvh lq uhjlrqv ri lqlwldo frpsuhvvlyh phdq vwuhvv1 Wkdw lv/ sruh

suhvvxuh pd| frqwlqxh wr ulvh zkhuh lw zrxog qrw eh h{shfwhg wr ulvh rq wkh edvlv ri

vlpsoh +Whu}djkl, gl�xvlrq wkhru|1 Wklv kdv lpsruwdqw lpsolfdwlrqv iru hduwktxdnh

sk|vlfv dqg iru h�ruwv wr frqvwuxfw qxphulfdo prghov ri vwuhvv hyroxwlrq lq wkh fuxvw1

818 Frqfoxvlrqv

Wklv vwxg| ghprqvwudwhv wkdw wkh Pdqgho0Fu|hu h�hfw fdq eh vlpxodwhg qxphulfdoo|

dqg wkdw lw*v rffxuuhqfh lv qrw uhvwulfwhg wr dq| sduwlfxodu jhrphwu|1 Suhylrxvo|

sxeolvkhg glvfxvvlrqv ri wkh h�hfw duh uhvwulfwhg wr vskhulfdo dqg f|olqgulfdo jhrphwulhv

ehfdxvh ri wkh qhhg wr �qg dqdo|wlfdo vroxwlrqv wr wkh jryhuqlqj v|vwhp ri htxdwlrqv1

Frpsxwhu vlpxodwlrq uhpryhv wkh grpdlq uhvwulfwlrq/ dqg doorzv h{shulphqwdwlrq

zlwk khwhurjhqhrxv surshuw| glvwulexwlrqv1 Wkh sulpdu| uhvxow ri wklv sdshu kdv ehhq

wr ghprqvwudwh wkh lpsruwdqfh ri  xlgv lq fuxvwdo ukhrorj|1 Wkh idvflqdwlqj Pdqgho0

Fu|hu h�hfw pd| kdyh lpsruwdqw lpsolfdwlrqv iru fulwlfdoo|0vwuhvvhg idxowv wkdw duh

vdwxudwhg zlwk  xlgv1 Lq sduwlfxodu/ frpsxwhu prghov ri fuxvwdo g|qdplfv dqg idxow

phfkdqlfv vkrxog lqfoxgh wkh h�hfwv ri sruh  xlgv1



FKDSWHU 81 WKH PDQGHO0FU\HU HIIHFW <7

Iljxuh 81<= Looxvwudwlrq ri d vlpsoh wzr0shuphdelolw| idxow }rqh prgho dqg wkh uhvxow0
lqj  xlg suhvvxuhv zkhq  xlg lv doorzhg wr gl�xvh rxw wkh vlghv1 Wkh shuphdelolw|
lq wkh idxow }rqh lv htxdo wr f�f� 62 dqg lq wkh vxuurxqglqj uhjlrq ��f 621 Wkh
gl�xvlylw| lv htxdo wr wkh shuphdelolw| lq pdjqlwxgh1 Iru wkh srurhodvwlf vlpxodwlrq/
@ ' f��1 Wkh qrupdo vwuhvv rq wkh vlghv % ' fc 2 lv frqvwdqw dqg htxdo wr 4 Sd
wkurxjkrxw wkh vlpxodwlrq1 Erxqgdu| sruh suhvvxuh lv 3 rq wkrvh vlghv1 Wkh wrs dqg
erwwrp erxqgdulhv duh }hur0 x{1



FKDSWHU 81 WKH PDQGHO0FU\HU HIIHFW <8

Iljxuh 8143= Sorwv ri sruh suhvvxuh +ohiw0vlgh, dorqj d olqh wkurxjk wkh idxow }rqh dw
vhyhudo wlphv dqg +uljkw0vlgh, dw wkh fhqwhu ri wkh grpdlq iru wkh zkroh wlph ri wkh
vlpxodwlrq1



ELEOLRJUDSK\ <9

Eleolrjudsk|

Euxkq/ U1 O1/ Z1 W1 Sduu|/ Z1 D1 \rqnhh/ dqg W1 Wrpsvrq/ Iudfwxulqj dqg k|0

gurwkhupdo dowhudwlrq lq qrupdo idxow }rqhv/ SDJHRSK / 475 / 93<�977/ 4<<71

E|huohh/ M1/ Hduwktxdnhv/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ 4<<71

Fu|hu/ F1 Z1/ D frpsdulvrq ri wkh wkuhh0glphqvlrqdo frqvrolgdwlrq wkhrulhv ri elrw

dqg whu}djkl/ Txduw1 Mrxuqdo ri Phfk1 dqg Dssolhg Pdwk1/ 49 / 734�745/ 4<961

Guxfnhu/ G1 F1/ dqg Z1 Sudjhu/ Vrlo phfkdqlfv dqg phfkdqlfdo dqdo|vlv ru olplw

ghvljq/ Dssolhg Pdwkhpdwlfv Txduwhuo|/ 43 / 48:�498/ 4<851

Pdqgho/ M1/ Frqvrolgdwlrq ghv vrov +hwxgh pdwkhpdwltxh,/ Jhrwhfkqltxh/ 6 / 5;:�5<</

4<861

Qxu/ D1/ dqg M1 G1 E|huohh/ Dq h{dfw h�hfwlyh vwuhvv odz iru hodvwlf ghirupdwlrq ri

urfn zlwk  xlgv/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ :9 +59,/ 9747�974</ 4<:41

Ulfh/ M1 U1/ Idxow vwuhvv vwdwhv/ sruh suhvvxuh glvwulexwlrqv/ dqg wkh zhdnqhvv ri wkh

vdq dqguhdv idxow/ lq Idxow Phfkdqlfv dqg Wudqvsruw Surshuwlhv ri Urfnv/ hglwhg e|

E1 Hydqv dqg W10I1 Zrqj/ ss1 7:8�836/ Dfdghplf Suhvv/ Qhz \run/ 4<<51

Zdqj/ F10\1/ \1 Fdl/ dqg G1 O1 Mrqhv/ Suhglfwlqj wkh duhdv ri fuxvwdo idxowlqj lq wkh

vdq iudqflvfr ed| uhjlrq/ Jhrorj|/ 56 +<,/ ::4�::7/ 4<<81

Zdqj/ K1 I1/ Srurhodvwlflw|/ xqsxeolvkhg pdqxvfulsw1

]redfn/ P1 G1/ dqg W1 Rwkhuv/ Qhz hylghqfh rq wkh vwdwh ri vwuhvv ri wkh vdq dqguhdv

idxow v|vwhp/ Vflhqfh/ 56; / 4438�4444/ 4<;:1



Fkdswhu 9

Odqghuv Srvwvhlvplf Ghirupdwlrq

914 Lqwurgxfwlrq

Sruh  xlgv duh eholhyhg wr eh lqyroyhg lq pdq| g|qdplfdo surfhvvhv uhodwhg wr vhlvplf

dfwlylw|1 Wkhvh lqfoxgh wkh idxowlqj surfhvv lwvhoi dv zhoo dv srvwvhlvplf skhqrphqd

fdxvhg e| vwuhvv fkdqjhv zklfk uhvxow iurp vhlvplf idxow vols1 Sruh suhvvxuh exlogxs

dqg uhohdvh pd| sod| d vljql�fdqw uroh lq wkh vhlvplf f|foh dqg sduwlfxoduo| lq wkh

lqlwldwlrq ri idxowlqj1 Klfnpdq/ hw do1 +4<<7, dqg Hydqv/ hw do1 +4<<5, frqwdlq pdq|

sdshuv zklfk glvfxvv wkh uroh ri sruh  xlgv lq idxowlqj1 Lq wklv sdshu zh duh lqwhuhvwhg

lq wkh ixqgdphqwdo ehkdylru ri wkh fuxvw dv d srurhodvwlf pdwhuldo +Ervo/ 4<<;e,1

Wkhuh lv jurzlqj lqwhuhvw lq wkh vhlvprorj| frppxqlw| lq ghyhorslqj d jhqhudo

hduwktxdnh prgho wr xvh iru qxphulfdo h{shulphqwdwlrq/ dv hylghqfhg e| wkh Jhqhudo

Hduwktxdnh Prgho +JHP, Zrunvkrs khog lq Vdqwd Ih/ Qhz Ph{lfr lq Qryhpehu/

4<<:1 D ehwwhu xqghuvwdqglqj ri wkh fuxvw dv d  xlg0vdwxudwhg srurhodvwlf pdwhuldo

lv qhfhvvdu| lq rughu wr xqghuvwdqg wkh sk|vlfv ri wkh hqwluh hduwktxdnh f|foh1 Sruh

 xlg suhvvxuh lv riwhq wuhdwhg dv d vhfrqgdu| h�hfw zkhq suh0 dqg srvw0vhlvplf vwuhvv

fkdqjhv duh lqyhvwljdwhg1 Wkh jrdo ri wklv sdshu lv wr ghprqvwudwh wkdw sruh  xlgv

kdyh d vljql�fdqw h�hfw rq wkh hodvwlf surshuwlhv ri wkh fuxvw dqg pxvw eh lqfoxghg lq

vwuhvv hyroxwlrq prghov1 Wr gr wklv/ sruh suhvvxuh fkdqjhv wkdw zrxog uhvxow iurp wkh

4<<5 Odqghuv hduwktxdnh duh frpsxwhg1 Iurp wklv/  xlg gl�xvlrq dqg wkh frqvhtxhqw

hodvwlf ghirupdwlrq fkdqjhv duh vlpxodwhg1 Yhuwlfdo dqg krul}rqwdo glvsodfhphqwv

<:



FKDSWHU 91 ODQGHUV SRVWVHLVPLF GHIRUPDWLRQ <;

duh lqwhusrodwhg iurp wkh hyroylqj srvwvhlvplf srurhodvwlf prgho dqg frpsduhg zlwk

phdvxuhphqwv ri wkh vdph txdqwlwlhv1 Wkh lpsruwdqfh ri sruh  xlgv lq srvwvhlvplf

fuxvwdo vwuhvv hyroxwlrq fdq eh hydoxwdwhg iurp wklv frpsdulvrq1

Hodvwlf ghirupdwlrq gxh wr vxgghq vwuhvv fkdqjhv lq wkh uhjlrq vxuurxqglqj idxowv

fdxvhv fkdqjhv lq sruh  xlg suhvvxuh1 Wkh frvhlvplf sruh suhvvxuh glvwulexwlrq uhvxowv

lq vsdwldo suhvvxuh judglhqwv zklfk fdxvh sruh  xlg pryhphqw1 Vhlvplfdoo| lqgxfhg

k|gurorjlf h�hfwv wkdw kdyh ehhq revhuyhg lqfoxgh lqfuhdvhg vwuhdp rz/ zdwhu wdeoh

fkdqjhv/ dqg zhoo ohyho  xfwxdwlrqv +Urhor�v/ 4<<9,1 Rwkhu revhuydeoh frvhlvplf dqg

wudqvlhqw srvwvhlvplf skhqrphqd/ vxfk dv yhuwlfdo ghirupdwlrq +Show}hu/ hw do1/ 4<<7>

Show}hu/ hw do1/ 4<<9> ]henhu/ 4<<7,/ krul}rqwdo glvsodfhphqw +Kxgqxw/ hw do1/ 4<<7>

Z|dww/ hw do1/ 4<<7, fkdqjhv lq diwhuvkrfn orfdwlrq dqg iuhtxhqf| +Qxu/ 4<:5,/ dqg

fkdqjhv lq vhlvplf zdyh yhorflwlhv lq wkh idxow uhjlrq +Ol/ 4<<:,/ duh dovr olnho| wr eh

ru srvvleo| uhodwhg wr sruh  xlg  rz/ exw wkh gluhfw sk|vlfdo olqn lv ohvv fhuwdlq1

Ylvfrhodvwlf uhod{dwlrq ri wkh orzhu fuxvw dqg xsshu pdqwoh/ dv zhoo dv diwhuvols/

kdyh ehhq k|srwkhvl}hg dv wkh sk|vlfdo fdxvh iru srvwvhlvplf ghirupdwlrq1 Ghqj

+4<<;, xvhg d ylvfrhodvwlf prgho frqvlvwlqj ri dq hodvwlf xsshu fuxvw rq wrs ri d uhod0

wlyho| zhdn orzhu fuxvw dqg vwurqj +kljk ylvfrvlw|, xsshu pdqwoh wr vlpxodwh revhuyhg

yhuwlfdo dqg krul}rqwdo ghirupdwlrq iroorzlqj wkh Odqghuv hduwktxdnh1 Lq rughu wr

jhw vljql�fdqw yhuwlfdo ghirupdwlrq/ vrph yhuwlfdo prwlrq rq wkh idxow sodqh zdv uh0

txluhg1 Sxeolvkhg vols prghov +Frkhh dqg Ehur}d/ 4<<7> Kxgqxw/ hw do1/ 4<<9> Zdog

dqg Khdwrq/ 4<<7, ghwhuplqhg rqo| vwulnh0vols idxowlqj/ vr lw dsshduv wkdw wkh vwurqj

pdqwoh prgho lv lqvx!flhqw1 Sroolw} +4<<;, xvhg d 60od|hu ylvfrhodvwlf prgho wr vlp0

xodwh Odqghuv srvwvhlvplf ghirupdwlrq1 Wklv prgho frqvlvwhg ri dq hodvwlf fuxvw/ d

zhdn orzhu fuxvw +ylvfrvlw| @ e � �f�H Sd0v, dqg d zhdnhu xsshu pdqwoh +ylvfrvlw|

@ 2 � �f�H Sd0v, dqg zdv deoh wr pdwfk phdvxuhg krul}rqwdo dqg yhuwlfdo ghirupd0

wlrq uhdvrqdeo| zhoo1 Dv Sroolw} srlqwv rxw +Sroolw}/ 4<<5,/ prgholqj ri srvwvhlvplf

ghirupdwlrq lv wkh rqo| zd| wr hvwlpdwh dvwkhqrvskhulf ylvfrvlw|1 Wkxv/ wxqlqj d

ylvfrhodvwlf prgho dvvxphv wkh fruuhfwqhvv ri wkh sk|vlfdo prgho1 Wklv sdshu vkrzv

wkdw srurhodvwlf h�hfwv duh vljql�fdqw/ sduwlfxoduo| qhdu wkh idxow }rqh dqg vkrxog eh

lqfoxghg lq prghov ri wkh xsshu fuxvw1
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Iljxuh 914= Pds ri wkh Prkdyh uhjlrq vkrzlqj wkh wudfh ri wkh Odqghuv idxow uxswxuh
lq uhg dqg wkh orfdwlrq ri wkh hslfhqwhu1

915 Wkh 4<<5 Odqghuv Hduwktxdnh

Wkh 4<<5 Odqghuv hduwktxdnh zdv wkh odujhvw hduwktxdnh lq vrxwkhuq Fdoliruqld lq

vhyhudo ghfdghv1 Wkh idxowv wkdw uxswxuhg lq wklv hduwktxdnh duh orfdwhg lq wkh Prkdyh

Eorfn ri vrxwkhdvwhuq Fdoliruqld1 Wkh uhjlrq lv grplqdwhg e| qruwkzhvw0wuhqglqj/

uljkw0odwhudo vwulnh0vols idxowv1 Wkh ghqvhvw foxvwhu ri idxowv lq wklv uhjlrq/ nqrzq dv

wkh Hdvwhuq Fdoliruqld Vkhdu ]rqh +HFV], lv hvwlpdwhg wr dffrprgdwh ehwzhhq < dqg

56( ri wkh uhodwlyh prwlrq ehwzhhq wkh Sdfl�f dqg Qruwk Dphulfdq whfwrqlf sodwhv1

Uxswxuh gxulqj wkh Odqghuv hduwktxdnh rffxuuhg dorqj vhyhudo pdmru idxowv wkdw

zhuh wkrxjkw wr eh glvfrqqhfwhg1 Lw wkxv surylghg dq h{dpsoh ri krz vwuhvv fkdqjhv

fdxvhg e| rqh idxow fdq fdxvh uxswxuh dorqj dgmdfhqw idxowv1 D pdmru diwhuvkrfn
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rffxuhg rq wkh Elj Ehdu idxow dssur{lpdwho| wkuhh krxuv odwhu dqg 73 np wr wkh zhvw

ri wkh Odqghuv uxswxuh1 Wkh Elj Ehdu hduwktxdnh kdg d gl�huhqw rulhqwdwlrq dqg

vols wkdq wkh Odqghuv hduwktxdnh> lw zdv urxjko| frqmxjdwh wr wkh Odqghuv hyhqw1

Wkh Odqghuv vxuidfh uxswxuh surgxfhg uljkw0odwhudo glvsodfhphqw ryhu d wrwdo uxswxuh

ohqjwk ri dssur{lpdwho| ;8 np1 Dyhudjh vols ri wzr wr irxu phwhuv zdv phdvxuhg

dorqj wkh vxuidfh dqg wkh wrwdo pdjqlwxgh zdv ghwhuplqhg wr eh P�@:161

Show}hu hw do1 +4<<9, xvhg V|qwkhwlf Dshudwxuh Udgdu +VDU, lqwhuihurphwu| wr

ghwhuplqh srvwvhlvplf vxuidfh glvsodfhphqw lq wkh uhjlrq ri wkh 4<<5 Odqghuv hduwk0

txdnh1 Olqh sorwv ri yhuwlfdo glvsodfhphqw dorqj �43 np vhjphqwv vsdqqlqj wkuhh

gl�huhqw wlph lqwhuydov zhuh frqvwuxfwhg e| frpelqlqj VDU lpdjhv iurp gl�huhqw

wlph lqwhuydov ryhu vhyhudo |hduv diwhu wkh hduwktxdnh1 Sur�ohv zhuh orfdwhg dorqj

wkuhh olqhv zklfk lqwhuvhfwhg wkh idxow zkhuh wkh uxswxuh fkdqjhg gluhfwlrq ru mxpshg

wr dqrwkhu idxow eudqfk1 Wkhvh vhjphqwv iruphg wzr sxoo0dsduw vwuxfwxuhv dqg d

frpsuhvvlyh mrj1 Krul}rqwdo ghirupdwlrq phdvxuhphqwv xvhg lq wklv vwxg| lqfoxgh

d vxuyh| ri d olqhdu duud| ri jhrghwlf prqxphqwv e| Vdydjh dqg Vyduf +4<<:, xv0

lqj wkh Joredo Srvlwlrqlqj V|vwhp +JSV, dqg uhodwlyh glvsodfhphqw phdvxuhphqwv

e| Vkhq/ hw do1 +4<<7, ehwzhhq 49 JSV uhfhlyhuv orfdwhg lq wkh uhjlrq durxqg wkh

Odqghuv hduwktxdnh1 Wkhvh gdwd vrxufhv duh vlpxodwhg zlwk rxu frpsxwdwlrqdo prgho

wr whvw wkh wkhru| wkdw sruh  xlgv duh uhvsrqvleoh iru d vljql�fdqw sduw ri wkh ryhudoo

srvwvhlvplf vwuhvv fkdqjhv1

Dowkrxjk pdq| srvwvhlvplf k|gurorjlf h�hfwv fdq eh revhuyhg ru phdvxuhg/ lw lv

gl!fxow wr dfwxdoo| phdvxuh orfdo sruh suhvvxuh fkdqjhv dw wkh wlphv dqg orfdwlrqv

qhfhvvdu| wr fruuhodwh sruh suhvvxuh fkdqjhv zlwk wkh revhuyhg h�hfwv1 Frpphqwlqj

rq wkh sruh  xlg gl�xvlrq k|srwkhvlv iru h{sodlqlqj revhuyhg srvwvhlvplf yhuwlfdo

glvsodfhphqwv/ Show}hu hw do1 +4<<9, vwdwh wkdw �D fulwlfdo whvw ri wklv prgho zrxog

uhtxluh sruh suhvvxuh gdwd wkdw fdq eh rewdlqhg e| zdwhu0ohyho phdvxuhphqw lq zhoov

qhdu uxswxuh }rqhv1 Vxfk gdwd duh odfnlqj lq wkh uhjlrq ri Odqghuv� +hpskdvlv dgghg,1

Frpsxwdwlrqdo vlpxodwlrq pd| eh hpsor|hg lq wklv vlwxdwlrq wr whvw wkh sodxvlelolw|

ri wkh sruh  xlg gl�xvlrq k|srwkhvlv1
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916 Frpsxwdwlrqdo Prgho

91614 Lqgxfhg Sruh Suhvvxuh Gxh wr Idxow Vols

Wkh lqlwldo +frvhlvplf, sruh suhvvxuh glvwulexwlrq lv dvvxphg wr eh fdxvhg hqwluho| e|

wkh hodvwlf yroxphwulf vwudlq wkdw uhvxowv iurp vols dorqj wkh idxow vhjphqwv1 Wklv lv

d uhdvrqdeoh dssur{lpdwlrq dzd| iurp wkh idxow }rqh/ zkhuh wkh vwuhvvhv duh qrw vr

odujh dv wr h{fhhg wkh hodvwlf olplw ri wkh fuxvw1 Qhdu wkh idxow/ krzhyhu/ lw pd| eh

h{shfwhg wkdw lqhodvwlf uhvsrqvh pxvw rffxu zkhq wkh |lhog vwuhqjwk ri wkh urfn lv

h{fhhghg1 Wklv lv qrw lqfoxghg lq rxu fxuuhqw prgho1 Wkh vols sdudphwhuv ghwhuplqhg

e| Kxgqxw/ hw do1 +4<<7, zhuh xvhg wr frpsxwh wkh frvhlvplf vwuhvv �hog surgxfhg

e| wkh pdmru vhjphqwv ri wkh Odqghuv uxswxuh/ dv zhoo dv dorqj wkh qhdue| Elj Ehdu

dqg Lurq Ulgjh idxowv1 Wkh odwwhu idxowv volsshg vrrq diwhu wkh pdlq uxswxuh/ vr wkh

vwuhvv fkdqjhv lqgxfhg e| wkhp duh lqfoxghg lq rxu vwuhvv fdofxodwlrqv1 Wkh idxow

sdudphwhuv xvhg lq rxu prgho duh vkrzq lq Wdeoh 9141

Wkh frvhlvplf k|gurvwdwlf vwuhvv �hog zdv frpsxwhg iurp wkhvh idxow sdudphwhuv

xvlqj d surjudp zklfk lpsohphqwv dq dqdo|wlf kdoi0vsdfh hodvwlf glvorfdwlrq prgho

+Oduvhq/ 4<<4,1 Wkh phdq vwuhvv �hog frpsxwhg xvlqj wklv prgho lv vkrzq lq Iljxuh

9151 Wkh idxow vhjphqwv xvhg wr frpsxwh wkh vwuhvv �hog duh vxshulpsrvhg rq wkh

lpdjh1 Qrwh lq wkh prgho sdudphwhuv wkdw vols dorqj dq| vhjphqw zdv dvvxphg wr eh

xqlirup ryhu wkh hqwluh ohqjwk ri wkh vhjphqw dqg iurp wkh vxuidfh wr 43 np ghswk1

Wklv dvvxpswlrq lv d vlpsol�fdwlrq ri wkh uhdo vlwxdwlrq> vols vroxwlrqv zklfk kdyh

ghswk yduldwlrq kdyh ehhq ghwhuplqhg e|/ iru h{dpsoh/ Zdog dqg Khdwrq +4<<7, dqg

Frkhh dqg Ehur}d +4<<7, 1 Wkhvh vwxglhv glg qrw surylgh wkh ghwdlohg vols sdudphwhuv

lq wdexodu irup wkdw zhuh qhhghg dv lqsxw iru wkh fdofxodwlrqv lq wklv vwxg|/ dv glg

Kxgqxw/ hw do1 +4<<7,1 Krzhyhu/ iru wklv vwxg| zh duh �uvw lqwhuhvwhg lq txdolwdwlyh

ehkdylru ri wkh fuxvw1 Wkdw lv/ zh zlvk wr h{dplqh zkhwkhu ru qrw sruh  xlg h�hfwv

fdq dffrxqw iru revhuyhg srvwvhlvplf skhqrphqd1 Xqfhuwdlqw| lq pdwhuldo sdudphwhuv/

vxfk dv shuphdelolw| dqg hodvwlf frh!flhqwv/ lv shukdsv juhdwhu wkdq dq| huuruv wkdw

pljkw eh lqwurgxfhg e| dvvxplqj xqlirup vols rq hdfk vhjphqw1

Wkh frvhlvplf sruh suhvvxuh �hog zklfk zdv frpsxwhg iru wklv vwxg| lv vkrzq

lq �jxuh 9151 Rqh fdq glvfhuq wkh jhqhudo irxu0txdgudqw vwuxfwxuh ri d w|slfdo hgjh
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Vhjphqw Odwlwxgh Orqjlwxgh Ohqjwk +np, D}lpxwk Vols +fp,
Fdps Urfn D 6719:<4 04491:3:3 ;1473 07615; 3
Fdps Urfn E 6719677 04491994< 71<96 095137 533
Hphuvrq D 6718<46 044919447 ;19:4 0691<5 5:3
Hphuvrq E 671887< 044918967 6176< 08:173 973
Hphuvrq F 671864< 044918765 51;;: 083144 8;3
Hphuvrq G 6718459 044918573 519;3 08417: 588
Hphuvrq H 6717;:6 044917<<9 71845 08415; 7;3
Hphuvrq I 671786; 044917:74 716:3 0971;6 693
Wudqvihu D 67183<< 044918664 519<; 0;<198 6:8
Wudqvihu E 6717;;4 04491847; 6168< 0;<19< 463
Wudqvihu F 671748: 0449179:: 718;4 0<;1:9 678
Krphvwhdg Ydooh| D 671836: 0449186;< 41:63 0831:5 483
Krphvwhdg Ydooh| E 6717;86 04491856< 61558 08;1:: 573
Krphvwhdg Ydooh| F04 6717854 044918365 71:94 098167 558
Krphvwhdg Ydooh| F05 6717466 044917;49 71:83 098168 948
Vols Jds 6716;97 0449178<: 51<78 075176 <3
Krphvwhdg Ydooh| G 6716:37 0449177;6 418:9 0<5194 473
Krphvwhdg Ydooh| H 6716745 04491769< 816;6 09915< 6;3
Nlfndsrr 67166:8 044917854 81:<9 0<9158 653
Mrkqvrq Ydooh| D 67165;; 044917:3: 71:86 0861;< 3
Mrkqvrq Ydooh| E 6715<:6 0449177;4 61798 0991<: 743
Mrkqvrq Ydooh| F 6715987 0449176;< 61<4; 0;71;8 5;3
Mrkqvrq Ydooh| G 67155<< 0449176;3 71344 0<51:9 4<3
Mrkqvrq Ydooh| H 6714<6: 044917674 71474 0::165 643
Sd{wrq 6714839 0449173:9 :1489 09:18; 463
Hxuhnd D 671435: 044916;7< 715;5 0:3164 3
Hxuhnd E 67138;: 0449169:6 91383 0:5185 43
Elj Ehdu 6715375 04491:;66 5;1333 75133 077
Lurq Ulgjh 671966: 044918958 441947 <199 056

Wdeoh 914= Idxow sdudphwhuv iru wkh Odqghuv idxow uxswxuh ghwhuplqhg e| Kxgqxw/ hw
do1 +4<<7,1
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glvorfdwlrq vwuhvv �hog/ wkrxjk wkhuh lv frqvlghudeo| pruh vpdoo0vfdoh vwuxfwxuh lq rxu

prgho/ hvshfldoo| qhdu wkh idxow1 Zh xvhg wkh frqyhqwlrq wkdw frpsuhvvlyh vwuhvvhv duh

qhjdwlyh> khqfh/ uhjlrqv ri srvlwlyh sruh suhvvxuh fruuhvsrqg wr uhjlrqv ri frpsuhvvlyh

vwuhvv1

Wkh lqlwldo sruh suhvvxuh glvwulexwlrq lq rxu prgho lv frpsxwhg iurp wkh k|gur0

vwdwlf vwuhvv �hog e| dvvxplqj xqgudlqhg ghirupdwlrq1 Wkh whup *xqgudlqhg ghiru0

pdwlrq* lpsolhv wkdw vwuhvv shuwxuedwlrqv duh lpsrvhg vr udslgo| wkdw wkh  xlg lq

dq hohphqwdo yroxph ru frpsxwdwlrqdo fhoo grhv qrw kdyh wlph wr pryh e| gl�xvlyh

wudqvsruw wr dq| qhljkerulqj fhoov1 Wklv lv sk|vlfdoo| uhdvrqdeoh/ ehfdxvh olwwoh sruh

 xlg pryhphqw zloo rffxu gxulqj wkh eulhi wlph wkdw wkh dfwxdo uxswxuh lv kdsshqlqj1

Pdwkhpdwlfdoo|/ xqgudlqhg frqglwlrqv phdq wkdw sruh suhvvxuh lv olqhduo| uhodwhg wr

k|gurvwdwlf vwuhvv e|

� ' ��

�
j_�r, +914,

zkhuh � lv Vnhpswrq*v frh!flhqw/ S lv sruh suhvvxuh/ dqg j_�r, ' j��nj22nj�� lv wkh

k|gurvwdwlf vwuhvv gxh wr wkh idxow glvorfdwlrq1 Frpsuhvvlyh vwuhvvhv duh dvvxphg wr eh

qhjdwlyh1 Vnhpswrq*v frh!flhqw lv dq hodvwlf sdudphwhu wkdw lv frpprqo| phdvxuhg

lq wkh oderudwru|1 W|slfdo ydoxhv iru � udqjh iurp dssur{lpdwho| 318 iru pdueoh

dqg Fkdufrdo Judqlwh wr 31;8 iru Zhvwhuo| Judqlwh dqg 31;; iru Uxku Vdqgvwrqh

dqg h�hfwlyho| 413 iru prvw xqfrqvrolgdwhg vrlov +Ulfh dqg Fohdu|/ 4<:9,1 Iru rxu

vlpxodwlrqv/ zh xvhg � ' f�H1

91615 Sruh Ioxlg Gl�xvlrq dqg Hodvwlf Ghirupdwlrq

Ioxlg  rz lq d srurhodvwlf phglxp fdq eh prghohg e| d vhw ri sduwldo gl�huhqwldo

htxdwlrqv �uvw vhw iruwk e| P1 D1 Elrw +Elrw/ 4<74, dqg uhirupxodwhg e| Ulfh dqg

Fohdu| +4<:9, dqg rwkhuv1 Wkh htxdwlrqv ghulyhg e| Ulfh dqg Fohdu| dqg frpprqo|

xvhg iru srurhodvwlf vwxglhv dvvxph wkdw wkh pdwhuldo sdudphwhuv duh frqvwdqw1 Wkh

vlpxodwlrqv suhvhqwhg lq wklv sdshu xvh frqvwdqw pdwhuldo surshuwlhv dovr1 Krzhyhu/

wkh irupxodwlrq ri wkh htxdwlrqv suhvhqwhg khuh dqg wkh lpsohphqwdwlrq rxu frgh

duh pruh jhqhudo dqg doorz pdwhuldo sdudphwhuv wr ydu| vsdwldoo| dqg whpsrudoo|1

Zh h{shfw wkdw wkh yduldelolw| ri pdwhuldo sdudphwhuv/ hvshfldoo| shuphdelolw|/ lv
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Iljxuh 915= Odqghuv frvhlvplf k|gurvwdwlf vwuhvv �hog fdofxodwhg xvlqj wkh kdoi0vsdfh
vols prgho glvo +Oduvhq/ 4<<4,1 Idxow wudfh iru wkh 5: vhjphqwv ri wkh Odqghuv uxswxuh/
soxv Elj Ehdu dqg Lurq Ulgjh idxowv duh vkrzq1 Odqghuv idxow wudfh zdv ghulyhg iurp
wkh sdudphwhuv jlyhq lq wdeoh 9141
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suredeo| vljql�fdqw lq wkh uhjlrq qhdu wkh idxow1 Wkh vsdwldoo| khwhurjhqhrxv qdwxuh

ri shuphdelolw| dqg hodvwlf surshuwlhv dqg wkhlu dowhudwlrq lq wlph duh lpsruwdqw dqg

zloo eh lqyhvwljdwhg lq d ixwxuh sdshu1

Wkh lpsruwdqfh ri wkh frxsohg qdwxuh ri sruh suhvvxuh dqg k|gurvwdwlf vwuhvv

gl�xvlrq iru fuxvwdo  xlg  rz uhpdlqv dq duhd ri dfwlyh uhvhdufk1 Lw lv fohdu wkdw wkh

frxsolqj ehwzhhq hodvwlf ghirupdwlrq dqg  xlg suhvvxuh gl�xvlrq lv vljql�fdqw lq vrph

vlwxdwlrqv/ vxfk dv zkhq vhlvplflw| lv lqgxfhg e|  xlg lqmhfwlrq ru h{wudfwlrq iurp wkh

jurxqg1 +vhh iru h{dpsoh/ Vhjdoo 4<<7> Kvlhk/ 4<;4,1 Lq rxu fdofxodwlrqv/ zh frqvlghu

erwk vlpsoh gl�xvlrq dqg ixoo| frxsohg srurhodvwlf gl�xvlrq1 Yhuwlfdo glvsodfhphqwv

iru erwk fdvhv duh suhvhqwhg1 Krul}rqwdo glvsodfhphqw uhvxowv duh jlyhq rqo| iru wkh

ixoo| frxsohg srurhodvwlf fdvh/ vlqfh wkh yhuwlfdo vlpxodwlrq uhvxowv lqglfdwhg wkdw wkh

pruh uhdolvwlf frxsohg htxdwlrqv jdyh vljql�fdqwo| gl�huhqw uhvxowv iurp wkh xqfrxsohg

fdvh1

Rxu irupxodwlrq ri wkh srurhodvwlf htxdwlrqv iroorzv Ulfh dqg Fohdu| +4<:9,/ exw

lv voljkwo| pruh jhqhudo lq wkdw zh dvvxph vsdwldoo| yduldeoh frh!flhqwv dqg d ixoo

whqvru shuphdelolw|1 Sruh suhvvxuh lv frxsohg wr k|gurvwdwlf vwuhvv dqg reh|v wkh

iroorzlqj vhw ri htxdwlrqv=

K
Y E� n�j�

Y|
'

Y

Y%�

�
&�� E%�

Y

Y%�
�

�
+915,

zkhuh � lv wkh sruh suhvvxuh ghyldwlrq iurp d uhihuhqfh suhvvxuh/ j ' Ej%% n j++ n j55� *�

lv wkh phdq vwuhvv ghyldwlrq iurp wkh uhihuhqfh vwuhvv fdxvhg e| wkh suhvhqfh ri wkh

sruh  xlg/ &�� lv wkh lqwulqvlf shuphdelolw| ri wkh urfn dqg K lv d frh!flhqw zklfk

lqfoxghv wkh hodvwlf surshuwlhv ri wkh urfn dqg  xlg ghqvlw| dqg ylvfrvlw|=

K '
b> ED� � D�

2C�2 E�� D� E� n D��
+916,

D dqg D� duh wkh gudlqhg dqg xqgudlqhg Srlvvrq*v udwlrv/ uhvshfwlyho|/ C lv wkh vkhdu

prgxoxv/ E lv Vnhpswrq*v frh!flhqw/ dqg > lv wkh  xlg ylvfrvlw|1

D vhfrqg htxdwlrq pd| eh ghulyhg iurp wkh vwudlq frpsdwlelolw| frqglwlrqv dqg

lv htxlydohqw wr wkh Ehowudpl0Plwfkhoo htxdwlrq lq hodvwlflw| wkhru|=
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Y2

Y%2�
ES� n j� ' f +917,

zkhuh

S '
2 ED� � D�

� E�� D� E� n D��
+918,

Zkhq D ' D�/ S lv }hur/ j lv frqvwdqw lq wlph dqg rqo| � hyroyhv lq wlph/ dv lq

wkh fdvh ri vlpsoh gl�xvlrq ri d frpsuhvvleoh  xlg wkurxjk dq lqfrpsuhvvleoh srurxv

urfn1 Sk|vlfdoo|/ D ' D� fruuhvsrqgv wr wkh fdvh zkhuh wkh urfn hodvwlf surshuwlhv

duh xqh�hfwhg e| wkh suhvhqfh ri  xlg1 Lw vkrxog eh hpskdvl}hg wkdw lq htxdwlrqv

915 dqg 917 � uhsuhvhqwv wkh suhvvxuh ghyldwlrq iurp wkh uhihuhqfh ru suh0vhlvplf sruh

suhvvxuh1 j lq wkhvh htxdwlrqv lv qrw wkh phdq vwuhvv gxh wr wkh idxow glvorfdwlrq/

zklfk zdv xvhg wr frpsxwh lqlwldo sruh suhvvxuh1 Udwkhu/ j khuh lv wkh phdq vwuhvv

ghyldwlrq fdxvhg e| wkh suhvhqfh ri wkh sruh  xlg suhvvxuh � 1 Wkxv/ j ghfd|v wr }hur

dv wkh sruh suhvvxuh ghfd|v wr }hur1

Vlqfh wkh shuphdelolw| kdv qrw ehhq dvvxphg frqvwdqw lq htxdwlrq 915/ lw fdqqrw eh

wdnhq rxwvlgh ri wkh vsdwldo ghulydwlyhv1 Pdwkhpdwlfdoo|/ wklv suhyhqwv wkh ghfrxsolqj

vwudwhj| xvhg e| Ulfh dqg Fohdu| +4<:9, dqg rwkhuv zkhuhe| wkh wzr htxdwlrqv duh

frpelqhg/ uhvxowlqj lq d vlpsoh gl�xvlrq htxdwlrq iru wkh  xlg pdvv h{fhvv ru gh�flw/

6 � � n�j1 Wkh htxdwlrq lv

Ko�Se
Y6

Y|
'

Y26

Y%2�

zkhuh Ko�Se frpelqhv frqvwdqw hodvwlf dqg  xlg surshuwlhv1 Wklv odwwhu irupxodwlrq lv

xvhixo zkhq frqvwdqw pdwhuldo surshuwlhv duh dvvxphg dqg zkhq  xlg pdvv lv ehlqj

sxpshg lqwr ru h{wudfwhg iurp d zhoo +Vhjdoo/ 4<;8, 1 Zkhq shuphdelolw| lv vsdwldoo|

khwhurjhqhrxv/ wkh wzr htxdwlrqv fdqqrw eh frpelqhg1

Wkh qxphulfdo vroxwlrq ri wkh vhw ri srurhodvwlf htxdwlrqv lq rxu frgh lv edvhg

rq d �qlwh hohphqw glvfuhwl}dwlrq vfkhph xvlqj Shwury0Jdohunlq hohphqwv lq vsdfh

dqg dq xszlqg �qlwh gl�huhqfh phwkrg lq wlph1 Wkh htxdwlrqv duh ixoo| frxsohg

lq dq lpsolflw pdqqhu1 D suhfrqglwlrqhg lwhudwlyh phwkrg/ vwdelol}hg elfrqmxjdwh
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judglhqwv +ElFJVwde, zlwk d uhod{hg lqfrpsohwh OX suhfrqglwlrqlqj +ULOX, lv xvhg

wr vroyh wkh olqhdu v|vwhp wkdw uhvxowv iurp wkh lpsolflw glvfuhwl}dwlrq1 Ghwdlov rq

wkh ixqgdphqwdo qxphulfdo urxwlqhv fdq eh irxqg lq wh{wv rq �qlwh hohphqw phwkrgv/

vxfk dv wkrvh flwhg suhylrxvo| ru rq qxphulfdo olqhdu dojheud +h1j1 Jroxe/ 4<;<,

1 Khoplj +4<<:, jlyhv d fohdu glvfxvvlrq qxphulfdo phwkrgv iru  rz dqg wudqvsruw

htxdwlrqv zlwk d ohyho ri pdwkhpdwlfdo uljru dssursuldwh iru hqjlqhhuv dqg vflhqwlvwv1

Sdqgh/ hw do1 +4<<3, fryhu wkh dssolfdwlrq ri �qlwh hohphqw phwkrgv wr urfn phfkdqlfv

sureohpv1 Wkh sxeolfdoo|0dydlodeoh Gl�sdfn qxphulfdo oleudulhv zhuh xvhg iru wkh frgh

iudphzrun +vhh kwws=22zzz1qremhfwv1frp iru ixuwkhu lqirupdwlrq,1 Wkh xvh ri wklv

frpphufldoo|0dydlodeoh pdwkhpdwlfdoo| oleudu| doorzhg xv wr frqvwuxfw d vrsklvwlfdwhg

vlpxodwru xvlqj douhdg|0whvwhg vriwzduh frpsrqhqwv1

Wkh grpdlq iru rxu sureohp lv dssur{lpdwho| <5 np e| 443 np krul}rqwdoo|

zlwk krul}rqwdo julg vsdflqj ri 5 np iru fdofxodwlrqv ri yhuwlfdo glvsodfhphqw dqg wkh

krul}rqwdo glvsodfhphqwv ri Vdydjh dqg Vyduf +4<<9,1 Wr pdwfk wkh uhvxowv ri Vkhq/

hw do1 +4<<7,/ wkh grpdlq zdv h{sdqghg wr 5:7 np e| 555 np zlwk krul}rqwdo julg

uhvroxwlrq ri 7 np1 Wkh ghswk zdv 43 np ryhu 5 fhoov +8 np yhuwlfdo julg vsdflqj, iru

doo fdvhv1 Wkh idxow prgho xvhg zdv lghqwlfdo iru doo vlpxodwlrqv1 Julg uhvroxwlrq zdv

5 np krul}rqwdoo| dqg 8 np yhuwlfdoo|1 Li pruh lqirupdwlrq derxw pdwhuldo surshuw|

yduldwlrq zdv dydlodeoh qhdu wkh idxow d �qhu julg lq wklv uhjlrq zrxog eh ghvludeoh1

Erxqgdu| frqglwlrqv lqyroyhg erwk  xlg dqg hodvwlf ydoxhv1 ]hur  rz erxqgdulhv zhuh

xvhg wr lplwdwh idu0dzd| erxqgdulhv +Shuvrq/ hw do1/ 4<<9, 1 Glvsodfhphqw erxqgdu|

frqglwlrqv zhuh }hur qrupdo vwuhvv dorqj doo vlghv1 Wkh odwwhu erxqgdu| frqglwlrqv

zrxog uhvxow lq dq loo0srvhg hoolswlf ru erxqgdu| ydoxh sureohp> krzhyhu/ wkh frxsohg

v|vwhp ri htxdwlrqv lv dq lqlwldo0ydoxh sureohp dqg lv wkxv zhoo0gh�qhg1

Wkh lqlwldo frqglwlrqv iru sruh suhvvxuh dqg phdq vwuhvv ghyldwlrq duh irxqg e|

dvvljqlqj sruh suhvvxuh ydoxhv xvlqj wkh xqgudlqhg dvvxpswlrq dv lq htxdwlrq 9141

Wkh phdq vwuhvv ghyldwlrq gxh wr wkh lqgxfhg sruh suhvvxuh lv irxqg e| vroylqj wkh

frpsdwlelolw| frqglwlrq/ htxdwlrq 917/ zklfk pxvw dozd|v eh vdwlv�hg1

Hodvwlf ghirupdwlrq lv frpsxwhg iurp wkh vwuhvv htxloleulxp htxdwlrqv zlwk wkh

sruh suhvvxuh dv dq dssolhg irufh +htxdwlrq 919,1 Li wkh ixoo| frxsohg srurhodvwlf

gl�xvlrq htxdwlrqv duh xvhg/ dv ghvfulehg deryh/ wkh phdq vwuhvv ghulyhg iurp vroylqj
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wkh vwuhvv htxloleulxp htxdwlrqv zloo eh h{dfwo| htxdo wr wkh phdq vwuhvv wkdw lv

hyroyhg lq wkh wzr frxsohg srurhodvwlf htxdwlrqv/ htxdwlrqv 915 dqg 9171 Zh fkrrvh

wr vroyh wkh frxsohg srurhodvwlf htxdwlrqv dqg wkh vwuhvv htxloleulxp htxdwlrqv lq wklv

ghfrxsohg pdqqhu iru frpsxwdwlrqdo h!flhqf|1 Wkh htxdwlrqv iru wkh glvsodfhphqwv

lq whupv ri sruh suhvvxuh duh

Y

Y%�
EEbnC� �&c&� n

Y

Y%&
EC��c&� '

Y

Y%�
k E�|J|@, � �oes� +919,

zkhuh x� duh wkh wkuhh frpsrqhqwv ri wkh glvsodfhphqw yhfwru/ b lv wkh xvxdo Odph

frh!flhqw dqg C lv wkh vkhdu prgxoxv1 Qrwh wkdw erwk ri wkhvh pd| eh vsdwldoo|

yduldeoh1 Wkh Elrw0Zloolv sdudphwhu/ k/ lv d ixqfwlrq ri Vnhpswrq*v frh!flhqw dqg

wkh gudlqhg dqg xqgudlqhg Srlvvrq*v udwlrv= k ' 2 ED� � D� *� E�� 2D�1 Wkh uljkw

vlgh ri htxdwlrq 919 lv h{suhvvhg lq whupv ri wkh ghyldwlrq ri wkh sruh suhvvxuh iurp d

uhihuhqfh ydoxh/ �oes 1 Lq wkh iroorzlqj vlpxodwlrqv � ' �|J|@,��oes zdv dvvxphg wr eh

}hur lqlwldoo|1 Wkdw lv/ wkh vwdwh ri vwuhvv dqg sruh suhvvxuh mxvw ehiruh wkh hduwktxdnh

hyhqw zdv wdnhq dv wkh uhihuhqfh vwdwh1

Rxu edvlf dojrulwkplf vwudwhj| lv wr hyroyh htxdwlrqv 915 dqg 917 lq wlph dv d ixoo|

frxsohg v|vwhp1 Rqo| dw ghvljqdwhg wlphv duh wkh htxdwlrqv 919 vroyhg/ xvlqj wkh

fxuuhqw ydoxh ri suhvvxuh iru wkh uljkw kdqg vlgh1 Wklv lv frpsxwdwlrqdoo| h!flhqw

ehfdxvh zh qhhg wr vroyh d frxsohg v|vwhp ri vl}h 5Q/ zkhuh Q lv wkh qxpehu ri

qrghv/ dw hdfk wlph vwhs1 Rqo| dw vhohfwhg wlphv/ d v|vwhp ri vl}h 6Q lv vroyhg iru wkh

xqnqrzq glvsodfhphqwv1 Li suhvvxuh dqg wkh wkuhh frpsrqhqwv ri glvsodfhphqwv duh

fkrvhq dv wkh xqnqrzq yduldeohv/ d v|vwhp ri vl}h 7Q pxvw eh vroyhg dw hyhu| wlph

vwhs1

Ydoxhv iru hodvwlf dqg k|gurorjlf frh!flhqwv xvhg lq rxu vlpxodwlrqv duh vkrzq

lq wdeoh 9151 Uhdvrqdeoh ydoxhv iru pdwhuldo surshuwlhv zhuh fkrvhq rq wkh zrun ri

Klfnpdq +4<<7,/ Ulfh dqg Fohdu| +4<:9,/ dqg Zdqj +4<<6,1 Iru wklv vwxg|/ dyhudjh

ydoxhv zhuh dvvljqhg wkurxjkrxw wkh grpdlq1 Wklv ljqruhv wkh idfw wkdw wkh pdwhuldo

surshuwlhv duh olnho| txlwh khwhurjhqhrxv/ hvshfldoo| qhdu wkh idxow1 Wkh xqgudlqhg

Srlvvrq udwlr lv sduwlfxoduo| vhqvlwlyh vlqfh lw lv wkh gl�huhqfh ehwzhhq wkh wzr Srlvvrq

udwlrv wkdw dsshduv lq doo wkuhh jryhuqlqj htxdwlrqv1 Wkh ydoxhv vkrzq khuh iru D dqg
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D� zhuh wdnhq iurp Show}hu/ hw do1 +4<<9,1 Ixuwkhu frpsxwdwlrqdo h{shulphqwdwlrq lv

uhtxluhg wr h{soruh wkh vhqvlwlylw| ri wkh hodvwlf uhvsrqvh ri wkh fuxvw wr wkh ixoo udqjh

ri srvvleoh pdwhuldo surshuwlhv1

Sdudphwhu V|pero Ydoxh
Lqwulqvlf shuphdelolw| &�� E�c �c f��� pG

Ioxlg Ylvfrvlw| > f�ff� Sd0v
Vkhdu prgxoxv C 22 JSd

Vnhpswrq*v Frh!flhqw � f�H
Srlvvrq udwlr D f�2D

Xqgudlqhg Srlvvrq udwlr D� f�2D ru f�2H
Ghulyhg txdqwlwlhv=

b>ED�3D�
2C�2E�3D�E�nD��

e �f3�e

2ED�3D�
�E�3D�E�nD��

S f ru f�f.D

Elrw0Zloolv= 2ED�3D�
�E�32D�

k 319

Wdeoh 915= Hodvwlf dqg k|gurorjlf sdudphwhuv xvhg lq qxphulfdo vlpxodwlrq ri  xlg
 rz dqg ghirupdwlrq iroorzlqj wkh 4<<5 Odqghuv hduwktxdnh1

917 Srvwvhlvplf Yhuwlfdo Glvsodfhphqw

91714 VDU Phdvxuhphqwv ri Srvwvhlvplf Uherxqg

Phdvxuhphqwv ri qhdu0�hog srvwvhlvplf vxuidfh glvsodfhphqw iroorzlqj wkh 5; Mxqh

4<<5 Odqghuv hduwktxdnh uxswxuh kdyh ehhq pdgh e| Show}hu/ hw do1 +4<<9, xvlqj

VDU lqwhuihurphwu|1 Phdvxuhphqwv zhuh pdgh ryhu wkuhh gl�huhqw wlph lqwhuydov

lq wkh uhjlrq ri wkh ;80ploh vxuidfh uxswxuh1 Wkh vxuidfh wudfh ryhu zklfk wkhvh

phdvxuhphqwv zhuh wdnhq lv vkrzq lq �jxuh 9161 Wkh yhuwlfdo glvsodfhphqw sur�ohv

ghwhuplqhg iurp wkh VDU phdvxuhphqwv duh vkrzq lq wkh hqodujhg vxelpdjhv1 Wkh

wlph lqwhuydov duh vkrzq lq wdeoh 9161

Wkuhh dvshfwv ri wkh VDU sur�ohv duh wr eh qrwhg1 Iluvw/ wkh pdjqlwxgh ri wkh

glvsodfhphqwv lv rq wkh rughu ri 8 fp1 Vhfrqgo|/ wkh vkdsh ri wkh sur�ohv lv udwkhu

frpsoh{1 Wklv lv gxh qrw rqo| wr wkh frpsoh{lw| ri wkh idxowv/ exw dovr wr wkh khwhur0

jhqhrxv k|gurorjlf dqg phfkdqlfdo surshuwlhv ri wkh fuxvw qhdu wkh idxow1 Wklugo|/ wkh
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Olqh Sur�oh Wlph Shulrg
4 Gd| 74 wr 44;6
5 Gd| <5 wr 4637
6 Gd| 4<9 wr ;96

Wdeoh 916= Wlph lqwhuydov ryhu zklfk yhuwlfdo glvsodfhphqw fkdqjhv zhuh phdvxuhg
dqg frpsxwhg iroorzlqj wkh Odqghuv hduwktxdnh1 Gd| 4 lv 5; Mxqh 4<<5/ wkh gd| ri
wkh hduwktxdnh1

uhod{dwlrq wlph zdv hvwlpdwhg wr eh 5:6 	 77 gd|v1 Wklv uhod{dwlrq wlph lv frqvlghu0

deo| ohvv wkdq wkh wlphvfdoh wkdw zrxog eh dvvrfldwhg zlwk uhod{dwlrq gxh wr ylvfrxv

 rz ri wkh orzhu fuxvw/ zklfk kdv ehhq lqyrnhg wr h{sodlq srvwvhlvplf diwhu0vols +iru

h{dpsoh/ vhh Vkhq/ 4<<7,1 W|slfdo ylvfrxv uhod{dwlrq ri wkh orzhu fuxvw rffxuv rq d

wlphvfdoh pruh wkdq dq rughu ri pdjqlwxgh juhdwhu/ dssur{lpdwho| 69 |hduv +Wxufrwwh

dqg Vfkxehuw/ 4<;5,1

91715 Frpsxwhg Srvwvhlvplf Uherxqg

Xvlqj rxu frxsohg srurhodvwlf frgh/ zh frpsxwhg wkh yhuwlfdo ghirupdwlrq lq wkh

uhjlrq ri wkh Odqghuv hduwktxdnh ryhu wkuhh wlph lqwhuydov fruuhvsrqglqj wr wkh wlph

shulrgv wkdw zhuh phdvxuh e| Show}hu/ hw do1 +4<<9, zlwk VDU lqwhuihurphwu|1

Lq Iljxuh 917/ frpsxwhg yhuwlfdo glvsodfhphqwv duh vkrzq dw wlphv dqg orfdwlrqv

wkdw frlqflgh zlwk wkh wlphv dw zklfk VDU phdvxuhphqwv zhuh pdgh1 Ioxlg  rz lq

917 iroorzhg vlpsoh gl�xvlrq +K ' f,1 Lq �jxuh 918 zh ohw K ' f�f.D/ zklfk fruuhvsrqgv

wr d srurhodvwlf fdvh lq zklfk wkh fuxvwdo urfnv uhvsrqg hodvwlfdoo| wr fkdqjhv lq sruh

suhvvxuh1

918 Srvwvhlvplf Krul}rqwdo Ghirupdwlrq

Krul}rqwdo ghirupdwlrq iroorzlqj wkh 4<<5 Odqghuv hduwktxdnh kdv ehhq ghwhuplqhg

e| d qxpehu ri uhvhdufkhuv +Vkhq/ hw do1/ 4<<7> Vdydjh/ hw do1/ 4<<:> Z|dww/ hw do1/

4<<7, / xvlqj JSV jhrghwlf duud|v/ wulodwhudwlrq/ dqg orqj0edvh vwudlqphwhuv1 Krul0

}rqwdo ghirupdwlrq fdxvhg e| srvwvhlvplf sruh suhvvxuh hyroxwlrq zrxog eh fruuhodwhg
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Iljxuh 916= VDU phdvxuhphqwv ri Odqghuv srvwvhlvplf yhuwlfdo glvsodfhphqw1
Slfwxuh iurp Mhw Sursxovlrq Ode/ Show}hu/ 4<<9= kwws=22zzz0udgdu1mso1qdvd1jry2
vhfw6562LqVdu7fuxvw2OdqghuvSrvw1kwpo1 Xvhg zlwk shuplvvlrq ri dxwkru1
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Iljxuh 917= Frpsxwhg srvwvhlvplf yhuwlfdo glvsodfhphqwv dorqj wkh sur�ohv fruuh0
vsrqglqj wr wkh VDU phdvxuhphqwv e| Show}hu/ hw do1 +4<<9,/ dvvxplqj vlpsoh gl�x0
vlrq ri wkh  xlg= S ' f1 Wkh wlph lqwhuydov iru hdfk sur�oh fruuhvsrqg wr wkrvh vkrzq
lq wdeoh 9161
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Iljxuh 918= Frpsxwhg srvwvhlvplf yhuwlfdo glvsodfhphqwv dorqj wkh sur�ohv fruuh0
vsrqglqj wr wkh VDU phdvxuhphqwv e| Show}hu/ hw do1 +4<<9,/ dvvxplqj srurhodvwlf
gl�xvlrq ri wkh  xlg= S ' f�f.D1 Wkh wlph lqwhuydov iru hdfk sur�oh fruuhvsrqg wr
wkrvh vkrzq lq wdeoh 9161
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wr yhuwlfdo ghirupdwlrq1 Yhuwlfdo xsoliw zrxog eh h{shfwhg wr rffxu zkhuh krul}rqwdo

h{whqvlrq lv rffxulqj/ zkloh yhuwlfdo vxevlghqfh zrxog fruuhodwh wr krul}rqwdo frqwudf0

wlrq1 Wklv frqwudvwv zlwk ghirupdwlrq fdxvhg e| ylvfrhodvwlf ghirupdwlrq lq zklfk

yhuwlfdo xsoliw zrxog rffxu zkhuh krul}rqwdo frqwudfwlrq lv rffxulqj1 Wklv surylghv

d zd| wr ghwhuplqh wkh frqwulexwlrq ri srurhodvwlf gl�xvlrq wr wkh wrwdo srvwvhlvplf

krul}rqwdo ghirupdwlrq iroorzlqj wkh Odqghuv hduwktxdnh1

D frpsdulvlrq ri yhuwlfdo dqg krul}rqwdo ghirupdwlrq zrxog eh txlwh vwudljkw0

iruzdug li frpsuhkhqvlyh duhdo gdwd zhuh dydlodeoh iru devroxwh yhuwlfdo dqg krul}rq0

wdo glvsodfhphqwv1 Duhdo pdsv iru yhuwlfdo glvsodfhphqw dqg krul}rqwdo glvsodfhphqw

frxog wkhq eh frpsduhg iru fruuhodwlrqv1 Xqiruwxqdwho|/ vxfk gdwd lv qrw dydlodeoh1 Dq

dowhuqdwlyh dssurdfk lv wr frpsduh dydlodeoh krul}rqwdo glvsodfhphqw gdwd wr htxly0

dohqw frpsxwhg krul}rqwdo glvsodfhphqwv/ mxvw dv frpsxwhg yhuwlfdo glvsodfhphqwv

zhuh frpsduhg wr VDU phdvxuhphqwv1 Lw zdv fohdu wkdw wkh yhuwlfdo glvsodfhphqwv

gxh wr sruh  xlg gl�xvlrq fruuhodwhg udwkhu zhoo zlwk VDU phdvxuhphqwv1 Li frp0

sxwhg krul}rqwdo glvsodfhphqwv dovr fruuhodwh zlwk phdvxuhphqwv/ zh fdq frqfoxgh

wkdw srurhodvwlf uhod{dwlrq lv dw ohdvw d vljql�fdqw frpsrqhqw ri wkh wrwdo srvwvhlvplf

ghirupdwlrq1

Lq �jxuhv 919 wkurxjk 91; wkh fruuhodwlrq ehwzhhq sruh suhvvxuh fkdqjhv/ yhuwlfdo

glvsodfhphqw/ dqg krul}rqwdo ghirupdwlrq duh looxvwudwhg1 Yhuwlfdo dqg krul}rqwdo

glvsodfhphqwv lq wkhvh �jxuhv duh gxh hqwluho| wr wkh frpsxwhg sruh suhvvxuh fkdqjhv1

Dv h{shfwhg/ yhuwlfdo xsoliw/ krul}rqwdo h{sdqvlrq/ dqg srvlwlyh sruh suhvvxuh fkdqjhv

rffxu lq wkh vdph orfdwlrqv1

Vkhq/ hw do1 +4<<7, xvhg JSV uhfhlyhuv dw d qxpehu ri vlwhv lq wkh uhjlrq ri

wkh Odqghuv hduwktxdnh wr ghwhuplqh uhodwlyh glvsodfhphqwv ehwzhhq vwdwlrqv ryhu

d shulrg ri dssur{lpdwho| wkuhh |hduv1 Iljxuh 91< vkrzv wkh orfdwlrqv ri vwdwlrqv

xvhg e| Vkhq/ hw do1 +4<<7,1 Uhg wuldqjohv uhsuhvhqw wkh vxevhw ri vwdwlrqv wkdw zhuh

vhohfwhg iru frpsxwhu fdofxodwlrq1

Uhodwlyh srvlwlrqv ehwzhhq vhohfwhg sdluv ri vxuyh| pdunhuv dw wlphv xs wr dssur{0

lpdwho| rqh |hdu diwhu wkh Odqghuv hduwktxdnh hyhqw duh sorwwhg lq �jxuh 91431 Wkh

dqdorjrxv sorwv wkdw uhvxowhg iurp frpsxwhu vlpxodwlrq ri srurhodvwlf glvsodfhphqw

duh vkrzq lq �jxuh 91441
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Iljxuh 919= Suhvvxuh fkdqjhv iurp gd| 3 +5; Mxqh 4<<5, wr gd| 4559 iroorzlqj wkh
Odqghuv hduwktxdnh1
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Iljxuh 91:= Yhuwlfdo glvsodfhphqw iurp gd| 3 +5; Mxqh 4<<5, wr gd| 4559 iroorzlqj
wkh Odqghuv hduwktxdnh1
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Iljxuh 91;= Krul}rqwdo vwudlq fkdqjh iurp gd| 3 +5; Mxqh 4<<5, wr gd| 4559 iroorzlqj
wkh Odqghuv hduwktxdnh1
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Iljxuh 91<= Pds vkrzlqj wkh vxuidfh wudfh ri wkh Odqghuv hduwktxdnh +|hoorz, dqg
JSV srvwvhlvplf prqlwrulqj vwdwlrqv +uhg wuldqjohv, xvhg wr frpsxwh krul}rqwdo gh0
irupdwlrq1 Iljxuh lv iurp Vkhq/ hw do1 +4<<7,1 Xvhg zlwk shuplvvlrq ri dxwkru1
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Iljxuh 9143= JSV edvholqh vroxwlrqv iurp Vkhq/ hw do1 +4<<7,1 Xvhg zlwk shuplvvlrq
ri wkh dxwkru1
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Iljxuh 9144= Frpsxwhg krul}rqwdo +hdvw dqg qruwk, glvsodfhphqw gl�huhqfhv1 Vwdwlrqv
duh lqglfdwhg rq wkh yhuwlfdo d{lv ri wkh ohiw +qruwk, sorw1 Wkhvh fxuyhv duh dqdorjrxv
wr wkh fxuyhv ghwhuplqhg e| Vkhq/ hw do1 +4<<7, iurp JSV phdvxuhphqwv1
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Iljxuh 9145= Pds ri uhjlrq qhdu wkh Odqghuv hduwktxdnh vkrzlqj wkh jhrghwlf duud|
xvhg e| Vdydjh dqg Vyduf1 Xvhg zlwk shuplvvlrq ri wkh dxwkruv1

Wkh �uvw wkuhh vhwv ri sorwv duh iru vwdwlrqv wkdw duh idu iurp wkh idxow dqg uhod0

wlyho| idu iurp hdfk rwkhu +MSO4/ SLQ4/ dqg GV43,1 Vlqfh sruh suhvvxuhv ghyldwlrqv

duh vpdoo idu iurp wkh idxow/ uhodwlyho| olwwoh fkdqjh lq srvlwlrq zrxog eh h{shfwhg lq

wkh frpsxwhg glvsodfhphqwv1 Wklv lv fohduo| vhhq lq �jxuh 91441 Wkh phdvxuhg uhod0

wlyh glvsodfhphqwv iru wkhvh wkuhh sdluv lv pruh vljql�fdqw lq wkh qruwkzdug gluhfwlrq/

exw uhodwlyho|  dw lq wkh hdvwzdug gluhfwlrq1 Wklv lqglfdwhv wkdw vrph sk|vlfdo surfhvv

lq dgglwlrq wr srurhodvwlf gl�xvlrq lv rshudwlyh idu iurp wkh idxow lq wkh qruwk0vrxwk

gluhfwlrq1 Vwuhvv shuwxuedwlrqv gxh wr diwhuvkrfnv/ ylvfrhodvwlf uhod{dwlrq/ dqg frq0

wlqxlqj pryhphqw ri whfwrqlf sodwhv rq hlwkhu vlgh ri wkh idxow pljkw doo frqwulexwh wr

wkhvh qruwk0vrxwk glvsodfhphqwv1

Wkh odvw irxu vhwv ri sorwv doo lqyroyh wkh vwdwlrq SD[X/ zklfk lv orfdwhg yhu| forvh

wr wkh idxow qhdu wkh hslfhqwhu dw wkh vrxwkhuq hqg1 Sruh suhvvxuh fkdqjhv zrxog eh

h{shfwhg wr eh odujh dw wklv orfdwlrq1 Frpsxwhg srurhodvwlf glvsodfhphqwv ri irxu

zlgho|0glvshuvhg vwdwlrqv +:333/ SLQ4/ MSO4/ dqg GV43, uhodwlyh wr SD[X duh txlwh

vlplodu wr wkh phdvxuhg glvsodfhphqwv lq erwk pdjqlwxgh dqg gluhfwlrq/ vxjjhvwlqj

wkdw sruh  xlgv frqwulexwh vljql�fdqwo| wr hodvwlf ghirupdwlrq qhdu wkh idxow1

Frpsxwhg glvsodfhphqwv iru vhwv irxu wkurxjk vhyhq +:3330:334/ 93850GV43/ Ehdu0

MSO4/ :3330SLQ4, ghyldwh iurp phdvxuhg wuhqgv lq dw ohdvw rqh frpsrqhqw1 Wkuhh ri

wkhvh irxu sdluv lqyroyh vwdwlrqv wkdw duh yhu| qhdu idxow vhjphqwv +:333/ :334/ Ehdu,1

Wkh julg uhvroxwlrq iru wkh frpsxwdwlrqdo prgho +7 np krul}rqwdoo|, lv juhdwhu wkdq

wkh glvwdqfh wr wkh idxow dw wkhvh vwdwlrqv1 Vlqfh wkhuh lv d juhdw ghdo ri yduldwlrq

lq sruh suhvvxuhv dorqj wkh idxowv dw dq dssduhqwo| �qh vfdoh/ fdofxodwlrqv zlwk �qhu

uhvroxwlrqv pljkw |lhog gl�huhqw uhvxowv dw wkhvh vwdwlrqv1

Vdydjh dqg Vyduf +4<<:, ghwhuplqhg glvsodfhphqwv ri jhrghwlf vwdwlrqv dorqj dq

duud| uhodwlyh wr d �{hg vwdwlrq1 Iljxuh 9145 lv d pds ri wkh uhjlrq durxqg wkh Odqghuv

idxow wudfh zlwk wkh jhrghwlf vwdwlrq orfdwlrqv lqglfdwhg1

Krul}rqwdo glvsodfhphqwv sdudooho dqg qrupdo wr wkh idxow wudfh/ uhodwlyh wr wkh

vwdwlrq odehohg Vdqk zhuh ghwhuplqhg1 Sorwv ri wkrvh phdvxuhphqwv duh vkrzq lq
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�jxuh BB1 Lw lv lpphgldwho| dssduhqw wkdw wkh pryhphqw ri doo vwdwlrqv dorqj wkh

jhrghwlf duud| duh lq wkh vdph gluhfwlrq/ uhodwlyh wr wkh Vdqk vwdwlrq/ erwk qrupdo

dqg sdudooho wr wkh idxow1 Wklv lv sduwlfxoduo| vxusulvlqj vlqfh wkh duud| orfdwlrqv duh

rq erwk vlghv ri wkh idxow1 Vwdwlrqv rq rssrvlwh vlghv ri wkh idxow zrxog eh h{shfwhg

wr vkrz glvsodfhphqwv lq gl�huhqw gluhfwlrqv1 Wklv lv frq�uphg e| wkh glvsodfhphqw

yhfwruv lq �jxuh 9147/ zklfk zloo eh glvfxvvhg odwhu1 H{dplqdwlrq ri wkh orfdwlrq ri wkh

jhrghwlf duud| vwdwlrq lq Vdydjh +4<<:, dqg frpsdulqj wklv wr wkh vwuhvv �hog lq �jxuh

915 uhyhdov wkdw wkh jhrghwlf duud| olhv dssur{lpdwho| dorqj wkh qrgdo olqh ehwzhhq

txdgudqwv lq wkh frvhlvplf phdq vwuhvv �hog1 Wkrxjk vwuhvv dqg sruh suhvvxuh zloo

kdyh gl�huhqw vljqv dorqj wkh duud| rq gl�huhqw vlghv ri wkh idxow/ wkh pdjqlwxghv zloo

qrw eh dv odujh dv wkh| zrxog eh lq orfdwlrqv dzd| iurp wkh qrgdo olqh1 Wkxv/ wkh

uhodwlyh glvsodfhphqwv vkrzq lq �jxuh BB pxvw eh gxh odujho| wr wkh glvsodfhphqw ri

wkh Vdqk vwdwlrq1

Iljxuh 9146= Frpsxwhg glvsodfhphqwv uhodwlyh wr Vdqk gxh wr sruh  xlg suhvvxuh

Frpsxwhg glvsodfhphqwv uhodwlyh wr Vdqk dorqj wkh jhrghwlf duud| gxh wr srurh0

odvwlf uhod{dwlrq duh vkrzq lq �jxuh 91461 Wkh pdjqlwxghv ri wkh glvsodfhphqwv dqg

wkh jhqhudo vkdsh ri wkh fxuyhv duh vlplodu hqrxjk wr wkh phdvxuhg glvsodfhphqwv lq
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�jxuh BB wr vxssruw wkh fodlp wkdw srurhodvwlf gl�xvlrq pd| frqwulexwh d vljql�fdqw

dprxqw wr wkh wrwdo srvwvhlvplf ghirupdwlrq1 Krzhyhu/ wkh fxuyhv gr qrw �w wkh gdwd

zhoo1 Khwhurjhqhlwlhv lq wkh shuphdelolw| �hog/ zklfk zloo juhdwo| d�hfw  xlg  rz/

pd| frqwulexwh wr wklv1 Lw lv dovr olnho| wkdw rwkhu surfhvvhv frqwulexwh wr krul}rqwdo

ghirupdwlrq dqg wkh gdwd frqwdlqv wkh frpelqhg h�hfwv ri wklv1 Ghqj/ hw do1 +4<<;,

vkrzv uhvxowv ri ylvfrhodvwlf ghirupdwlrq vlpxodwlrqv dqg frpsduhv wr Vdydjh dqg

Vyduf*v gdwd1

Glvsodfhphqwv dorqj wkh duud| uhodwlyh wr wkh Jrog vwdwlrq duh vkrzq lq �jxuh 91471

Wkh Jrog vwdwlrq lv uhodwlyho| idu iurp wkh idxow/ dssur{lpdwho| 433 np iurp wkh qruwk

hqg ri wkh Odqghuv idxow wudfh1 Wkh duud| glvsodfhphqwv duh dssur{lpdwho| sdudooho

wr wkh idxow dqg lq wkh gluhfwlrq ri idxow pryhphqw +uljkw0odwhudo,1 Wkh glvsodfhphqwv

lqfuhdvh lq pdjqlwxgh dzd| iurp wkh idxow1 dqg / wkh glvsodfhphqwv dorqj wkh duud|

duh lq rssrvlwh gluhfwlrqv rq hlwkhu vlgh ri wkh idxow1

Frpsxwhg krul}rqwdo glvsodfhphqwv lq wkh hqwluh uhjlrq vxuurxqglqj wkh Odqghuv

idxow duh vkrzq lq �jxuh 91481 Wkhvh duh glvsodfhphqwv fkdqjhv uhodwlyh wr wkh frvhlv0

plf glvsodfhphqw �hog dqg qrw uhodwlyh wr wkh orfdwlrq dw Jrog1 Wkh sruh suhvvxuh

fkdqjhv dw wkh uhprwh Jrog vwdwlrq zrxog eh txlwh vpdoo/ vr olwwoh li dq| gl�huhqfhv

uhvxow iurp wklv1 Vhyhudo dvshfwv ri wkh frpsxwhg glvsodfhphqw �hog duh ri qrwh1 Iluvw/

wkh glvsodfhphqwv duh odujhvw qhdu wkh idxow/ zkhuh wkh juhdwhvw phdq vwuhvv dqg sruh

suhvvxuh fkdqjhv rffxu1 Wklv frqwudvwv zlwk wkh phdvxuhg glvsodfhphqwv/ zklfk duh

odujhvw dzd| iurp wkh idxow1 Fohduo|/ srurhodvwlf gl�xvlrq/ zklfk zloo eh odujhvw qhdu

wkh idxow/ fdqqrw eh wkh rqo| surfhvv fdxvlqj ghirupdwlrq1 Vhfrqgo|/ wkh glvsodfh0

phqw yhfwruv kdyh wkh vdph jhqhudo gluhfwlrq dv wkh phdvxuhg glvsodfhphqw yhfwruv

lq �jxuh 91471 Srurhodvwlf ghirupdwlrq pxvw frqwulexwh d vljql�fdqw frpsrqhqw wr

wkh wrwdo ghirupdwlrq/ hvshfldoo| qhdu wkh idxow1 Ilqdoo|/ zh qrwh wkdw sruh suhvvxuh

fkdqjhv qhdu wkh idxow h{klelw frqvlghudeoh vsdwldo frpsoh{lw| dqg wklv lv uh hfwhg

lq wkh glvsodfhphqw yhfwruv qhdu wkh idxow1 Wkh ihz jhrghwlf vwdwlrqv qhdu wkh idxow

vhhp wr dovr h{klelw wklv nlqg ri gluhfwlrqdo frpsoh{lw|1
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Iljxuh 9147= Pds ri wkh Odqghuv uhjlrq vkrzlqj wrwdo glvsodfhphqw uhodwlyh wr Jrog
ryhu wkh 6170|hdu lqwhuydo fryhuhg e| wkh vxuyh|v1 Iljxuh wdnhq iurp Vdydjh dqg Vyduf
+4<<5,1 Xvhg zlwk shuplvvlrq ri wkh dxwkruv1
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Oldw

Lae4

Iljxuh 9148= Fkdqjhv lq sruh suhvvxuh dqg krul}rqwdo glvsodfhphqw iurp wkh prphqw
diwhu wkh Odqghuv hduwktxdnh xqwlo 617 |hduv +4559 gd|v, diwhu wkh hduwktxdnh duh
vkrzq1 Qrwh wkdw glvsodfhphqwv duh wkrvh gxh vroho| wr hodvwlf ghirupdwlrq fdxvhg e|
sruh suhvvxuh fkdqjhv1 Wkh khdy| eodfn olqh vkrzv wkh orfdwlrq ri wkh jhrghwlf duud|
xvhg e| Vdydjh dqg Vyduf +4<<:,1
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919 Glvfxvvlrq

Rxu frpsxwhg yhuwlfdo glvsodfhphqw fkdqjhv kdyh d pdjqlwxgh dqg fkdudfwhulvwlf

ghfd| wlph wkdw pdwfk phdvxuhg ydoxhv uhdvrqdeo| zhoo1 Wkh frxsohg srurhodvwlf

vlpxodwlrqv dsshdu wr jlyh yhuwlfdo glvsodfhphqw sur�ohv wkdw duh txdolwdwlyho| gl�hu0

hqw iurp wkh vlpsoh gl�xvlrq fdvh1 Wklv vxjjhvwv wkdw wkh frxsohg srurhodvwlf h�hfwv

pd| eh vljql�fdqw/ sduwlfxoduo| qhdu frpsoh{ idxow uhjlrqv1 Dqhodvwlf h�hfwv duh olnho|

wr eh txlwh lpsruwdqw yhu| qhdu idxow hqgv zkhuh vwuhvvhv duh kljk hqrxjk wr fdxvh

idloxuh ri wkh urfn/ wkrxjk wkhvh h�hfwv zhuh qrw frqvlghuhg khuh1 Yduldwlrqv lq wkh

h�hfwlyh hodvwlf surshuwlhv ri wkh urfn pdwhuldo qhdu wkh idxow zrxog dovr d�hfw wkh

glvsodfhphqw sur�ohv1

Frpsxwhg krul}rqwdo glvsodfhphqwv lqglfdwh wkdw srurhodvwlf ghirupdwlrq lv d vlj0

ql�fdqw frpsrqhqw ri wkh wrwdo srvwvhlvplf krul}rqwdo glvsodfhphqw �hog1 Lw dsshduv

wkdw rwkhu sk|vlfdo surfhvvhv duh dovr rshudwlqj1 Ylvfrhodvwlf uherxqg kdv ehhq vxj0

jhvwhg e| vhyhudo dxwkruv dv d olnho| fdxvh +Ghqj/ hw do1/ 4<<;> Vdydjh dqg Vyduf/

4<<9> Vkhq/ hw do1/ 4<<7> Z|dww/ hw do1/ 4<<7,1 Vdydjh dqg Vyduf +4<<9, qrwh wkdw

glvorfdwlrq prghov edvhg rq srvwvhlvplf vols ehorz 43 np fdq dffrxqw iru vrph ri

wkh revhuyhg krul}rqwdo ghirupdwlrq/ exw qrw doo1 Lw vhhpv sduwlfxoduo| olnho| wkdw

srurhodvwlf ghirupdwlrq zrxog eh prvw vljql�fdqw qhdu wkh idxow dqg ohvv lpsruwdqw

idu iurp wkh idxow1 Srvwvhlvplf vols ehorz 43 np zrxog dovr eh ohvv vljql�fdqw idu

iurp wkh idxow1

Shuphdelolw| yduldelolw| lv olnho| wr kdyh d surirxqg d�hfw rq wkh srurhodvwlf gh0

irupdwlrq lq wkh idxow uhjlrq1 Lq rxu vlpxodwlrqv/ shuphdelolw| zdv krprjhqhrxv

wkurxjkrxw wkh uhjlrq ri vwxg|1 Wklv lv fhuwdlqo| qrw dq dffxudwh prgho ri wkh shu0

phdelolw| vwuxfwxuh ri idxowv1 Vwxglhv lqglfdwh wkdw wkh shuphdelolw| vwuxfwxuh qhdu

idxowv lv txlwh frpsoh{ dqg wkh pdjqlwxgh ri lqwulqvlf shuphdelolw| pd| ydu| ryhu

vhyhudo rughuv ri pdjqlwxgh dprqj idxow jrxjh/ wkh vxuurxqglqj gdpdjh }rqh/ dqg lq

wkh uhjlrqdo frxqwu| urfn +Iruvwhu/ hw do1/ 4<<7> Orjdq dqg Ghfnhu/ 4<<7,1 Dqlvrwurs|

lv olnho| wr eh vwurqj/ sduwlfxoduo| lq wkh idxow jrxjh1 Ixuwkhupruh/ shuphdelolw| pd|

dovr eh vwurqjo| d�hfwhg e| sruh suhvvxuh lq kljko| iudfwxuhg urfn +\lopd}/ hw do1/

4<<7,1 Kljk sruh suhvvxuh fdq rshq iudfwxuhv dqg fuhdwh orfdoo| kljk  rz sdwkv zklfk
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forvh dv suhvvxuh ghfd|v1 Wklv h�hfw zrxog pdqlihvw lwvhoi dv fkdqjlqj wlph vfdohv ri

uhod{dwlrq= idvw ghfd| qhdu wkh idxow lq kljk vwuhvv2sruh suhvvxuh uhjlrqv/ dqg vorzhu

ghfd| odwhu qhdu wkh idxow dqg dw doo wlphv idu iurp wkh idxow1 Wkh odwwhu zrxog lqyroyh

wkh frpsoh{ lqwhudfwlrq ri sruh suhvvxuh/ sulqflsoh vwuhvv rulhqwdwlrq/ dqg plfuriudf0

wxuh rulhqwdwlrq1 Li khwhurjhqhlw|/ dqlvrwurs| dqg qrqolqhdulw| zhuh lqfoxghg lq rxu

vlpxodwlrqv lw zrxog fhuwdlqo| d�hfw wkh vkdsh ri wkh glvsodfhphqw sur�ohv wkdw zhuh

frpsxwhg1 Dgglwlrqdo vlpxodwlrqv wdnlqj wkhvh surshuwlhv lqwr dffrxqw duh qhfhvvdu|

wr dvvhvv wkhlu lpsruwdqfh lq wkh ryhudoo g|qdplfdo hyroxwlrq ri wkh srvwvhlvplf vwuhvv

�hog1

Wkrxjk zh xvhg d wkuhh0glphqvlrqdo frgh/ rxu vlpxodwlrqv zhuh h�hfwlyho| wzr0

glphqvlrqdo vlqfh wkh idxow vols xvhg wr frpsxwh lqlwldo sruh suhvvxuhv zdv yhuwlfdoo|

frqvwdqw1 Lqirupdwlrq ghwdlolqj yhuwlfdo vols yduldwlrq lv dydlodeoh lq wkh olwhudwxuh

dqg pljkw eh lqfoxghg lq d pruh ghwdlohg vlpxodwlrq +Zdog dqg Khdwrq/ 4<<7,+B,1

Zh eholhyh wkdw wklv zrxog qrw d�hfw wkh frpsxwhg yhuwlfdo ghirupdwlrq dv pxfk dv

shuphdelolw| yduldwlrqv1

91: Frqfoxvlrqv

Wkh sxusrvh ri wklv vwxg| zdv wr ghprqvwudwh wkdw wkh hodvwlf ghirupdwlrq fdxvhg

e| sruh  xlg pryhphqw iroorzlqj wkh Odqghuv hduwktxdnh zdv vljql�fdqw hqrxjk wr

eh frqvlghuhg d �uvw0rughu h�hfw1 Wkh fohdu lpsolfdwlrq ri rxu vlpxodwlrqv lv wkdw

sruh suhvvxuh fdqqrw eh ljqruhg lq prgholqj vwxglhv ri srvwvhlvplf vwuhvv hyroxwlrq/

hvshfldoo| qhdu wkh idxow1 Wkh frpsxwhu vlpxodwlrqv suhvhqwhg khuh vxssruw wkh k|0

srwkhvlv e| Show}hu/ hw do1 +4<<9, wkdw sruh  xlg  rz fdq dffrxqw iru wkh srvwvhlvplf

yhuwlfdo glvsodfhphqw phdvxuhg e| VDU lpdjhu| lq wkh uhjlrq ri wkh 4<<5 Odqghuv

hduwktxdnh dqg wkh vxjjhvwlrq e| Vdydjh dqg Vyduf/ +4<<9,1 Vkhq/ hw do1/ +4<<7,/ Z|0

dww/ hw do1/ +4<<7, dqg rwkhuv wkdw srurhodvwlf h�hfwv pljkw eh lqyroyhg lq wkh ryhudoo

srvwvhlvplf ghirupdwlrq surfhvv1 Xvlqj uhdvrqdeoh ydoxhv iru pdwhuldo surshuwlhv/ rxu

vlpxodwlrqv surgxfhg yhuwlfdo glvsodfhphqwv kdylqj erwk pdjqlwxgh dqg ghfd| wlphv

wkdw zhuh vlplodu wr wkrvh wkdw zhuh phdvxuhg1 Frpsxwhg krul}rqwdo glvsodfhphqwv

kdg pdjqlwxghv dqg gluhfwlrqv wkdw vwurqjo| lqglfdwh wkdw srurhodvwlf ghirupdwlrq
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zdv d vljql�fdqw frpsrqhqw ri wkh glvsodfhphqw �hog/ wkrxjk lw zdv dssduhqw wkdw

rwkhu surfhvvhv/ sduwlfxoduo| idu iurp wkh idxow/ zhuh dovr dfwlyh1

Wr uhsurgxfh wkh phdvxuhg glvsodfhphqw �hogv pruh suhflvho| zrxog uhtxluh wkdw

wkh shuphdelolw| vwuxfwxuh dqg hodvwlf surshuwlhv qhdu wkh idxow eh nqrzq dqg uhs0

uhvhqwhg pruh dffxudwho| lq rxu vlpxodwlrq prgho1 Frqwlqxrxv ghirupdwlrq fdxvhg

e| srvwvhlvplf ylvfrhodvwlf uhod{dwlrq dqg prylqj whfwrqlf sodwhv zrxog frqwulexwh

wr wkh ryhudoo ghirupdwlrq ryhu wkh vhyhudo |hduv wkdw zhuh frqvlghuhg lq wklv vwxg|1

Wkh uhvxowv suhvhqwhg khuh gr/ krzhyhu/ suhvhqw frpshoolqj hylghqfh wkdw sruh  xlg

gl�xvlrq lv uhvsrqvleoh iru d vljql�fdqw sduw ri wkh revhuyhg srvwvhlvplf ghirupdwlrq

lq wkh uhjlrq ri wkh Odqghuv hduwktxdnh1

91; Dfnqrzohgjhphwv

Wklv zrun zdv sduwldoo| vxssruwhg e| wkh wkh Xqlwhg Vwdwhv Jhrorjlfdo Vxuyh| +XVJV,

Qdwlrqdo Hduwktxdnh Kd}dugv Surjudp +QHKHS,1

Eleolrjudsk|

Elrw/ P1 D1/ Jhqhudol}hg wkhru| ri 60glphqvlrqdo frqvrolgdwlrq/ M1 Dsso1 Sk|v1/ 45 /

488�497/ 4<741

Ervo/ Z1 M1/ dqg D1 Qxu/ Qxphulfdo vlpxodwlrq ri srvwvhlvplf ghirupdwlrq gxh wr

sruh  xlg gl�xvlrq/ lq Srurphfkdqlfv= D Wulexwh wr Pdxulfh D1 Elrw / hglwhg e|

h1 D1 M10I1 Wklpxv/ ss1 56�5;/ D1 D1 Edonhpd/ Urwwhugdp/ 4<<;1

Frkhh/ E1 S1/ dqg J1 F1 Ehur}d/ Vols glvwulexwlrq ri wkh 4<<5 odqghuv hduwktxdnh

dqg lwv lpsolfdwlrqv iru hduwktxdnh vrxufh phfkdqlfv/ Exoo1 Vhlvp1 Vrf1 Dp1/ ;7 /

9<5�:45/ 4<<71

Ghqj/ M1/ P1 Jxuqlv/ K1 Ndqdprul/ dqg H1 Kdxnvvrq/ Ylvfrhodvwlf  rz lq wkh orzhu

fuxvw diwhu wkh 4<<5 odqghuv/ fdoliruqld/ hduwktxdnh/ Vflhqfh/ 5;5 / 49;<�49<5/ 4<<;1
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Hydqv/ E1/ dqg W10I1 Zrqj/ hgv1/ Idxow Phfkdqlfv dqg Wudqvsruw Surshuwlhv ri Urfnv/

Dfdghplf Suhvv/ Lqf1/ Vdq Glhjr/ 4<<51

Jroxe/ J1/ dqg F1 Y1 Ordq/Pdwul{ Frpsxwdwlrqv/ 5qg hg1/ Mrkqv Krsnlqv Xqlyhuvlw|

Suhvv/ Edowlpruh/ 4<;<1

Khoplj/ U1/ Pxowlskdvh Iorz dqg Wudqvsruw Surfhvvhv lq wkh Vxevxuidfh/ Vsulqjhu0

Yhuodj/ Qhz \run/ 4<<:1

Klfnpdq/ V1/ U1 Vlevrq/ dqg U1 Euxkq/ hgv1/ Wkh Phfkdqlfdo Lqyroyhphqw ri Ioxlgv

lq Idxowlqj/ Phqor Sdun/ FD/ X1 V1 Jhrorjlfdo Vxuyh|/ 4<<71

Kxgqxw/ N1 Z1/ hw do1/ Fr0vhlvplf glvsodfhphqwv ri wkh 4<<5 odqghuv hduwktxdnh

vhtxhqfh/ Exoo1 Vhlv1 Vrf1 Dp1/ 6 / 958�978/ 4<<71

Ol/ \1/ M1 Ylgdoh/ N1 Dnl/ I1 [x/ dqg W1 Exughwwh/ Hylghqfh ri vkdoorz idxow }rqh

khdolqj diwhu wkh 4<<5 p:18 odqghuv/ fdoliruqld/ hduwktxdnh/ Vflhqfh/ 4<<:1

Qxu/ D1/ dqg M1 U1 Errnhu/ Diwhuvkrfnv fdxvhg e| sruh  xlg  rzB/ Vflhqfh/ 4:8 /

;;8�;;:/ 4<:51

Sdqgh/ J1 Q1/ J1 Ehhu/ dqg M1 U1 Zlooldpv/ Qxphulfdo Phwkrgv lq Urfn Phfkdqlfv/

Mrkq Zloh| dqg Vrqv/ Lqf1/ Qhz \run/ 4<<31

Show}hu/ J1/ N1 Kxgqxw/ dqg N1 Ihljo/ Dqdo|vlv ri frvhlvplf vxuidfh glvsodfhphqw

judglhqwv xvlqj udgdu lqwhuihurphwu|= Qhz lqvljkwv lqwr wkh odqghuv hduwktxdnh/

Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ ss1 54<:4�54<;4/ 4<<71

Show}hu/ J1/ S1 Urvhq/ I1 Urjh}/ dqg N1 Kxgqxw/ Srvwvhlvplf uherxqg lq idxow vwhs0

ryhuv fdxvhg e| sruh  xlg  rz/ Vflhqfh/ 5:6 / 4535�4537/ 4<<91

Shuvrq/ P1/ M1 S1 Ud�hqvshujhu/ V1 Jh/ dqg J1 Jduyhq/ Edvlq0vfdoh k|gurjhrorjlf

prgholqj/ Uhylhzv ri Jhrsk|vlfv/ 67 +4,/ 94�;:/ 4<<91

Ulfh/ M1 U1/ dqg P1 S1 Fohdu|/ Vrph edvlf vwuhvv gl�xvlrq vroxwlrqv iru  xlg0vdwxudwhg

hodvwlf srurxv phgld zlwk frpsuhvvleoh frqvwlwxhqwv/ Uhy1 Jhrsk|v1 Vsdfh Sk|v1/

47 +5,/ 55:�574/ 4<:91
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Urhor�v/ H1/ Srurhodvwlf whfkqltxhv lq wkh vwxg| ri hduwktxdnh0uhodwhg k|gurorjlf

skhqrphqd/ Dgydqfhv lq Jhrsk|vlfv/ 6: / 468�4<8/ 4<<91

Vdydjh/ M1 F1/ dqg M1 O1 Vyduf/ Srvwvhlvplf ghirupdwlrq dvvrfldwhg zlwk wkh 4<<5

pz@:16 odqghuv hduwktxdnh/ vrxwkhuq fdoliruqld/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/

435 / :898�:8::/ 4<<:1

Vhjdoo/ S1/ Vwuhvv dqg vxevlghqfh uhvxowlqj iurp vxevxuidfh  xlg zlwkgudzdo lq wkh

hslfhqwudo uhjlrq ri wkh 4<;6 frdolqjd hduwktxdnh/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/

<3 / 9;34�9;49/ 4<;81

Vkhq/ ]1/ G1 Mdfnvrq/ \1 Ihqj/ P1 Folqh/ P1 Nlp/ S1 Idqj/ dqg \1 Erfn/ Srvwvhlvplf

ghirupdwlrq iroorzlqj wkh odqghuv hduwktxdnh/ fdoliruqld/ 5; mxqh 4<<5/ Exoohwlq ri

wkh Vhlvprorjlfdo Vrflhw| ri Dphulfd/ ;7 / :;3�:<4/ 4<<71

Zdog/ G1 M1/ dqg W1 K1 Khdwrq/ Vsdwldo dqg whpsrudo glvwulexwlrq ri vols iru wkh 4<<5

odqghuv/ fdoliruqld/ hduwktxdnh/ Exoohwlq ri wkh Vhlvprorjlfdo Vrflhw| ri Dphulfd/

;7 +6,/ 99;�9<4/ 4<<71

Zdqj/ K1 I1/ Txdvl0vwdwlf srurhodvwlf sdudphwhuv lq urfn dqg wkhlu jhrsk|vlfdo ds0

solfdwlrqv/ SDJHRSK / 474 +52627,/ 59<�5;9/ 4<<61

Z|dww/ I1 N1/ G1 F1 Djqhz/ dqg P1 Jodgzlq/ Frqwlqxrxv phdvxuhphqwv ri fuxvwdo

ghirupdwlrq iru wkh 4<<5 odqghuv hduwktxdnh vhtxhqfh/ Exoohwlq ri wkh Vhlvprorjlfdo

Vrflhw| ri Dphulfd/ ;7 / :9;�::</ 4<<71

]henhu/ K1 D1/ S1 D1 Urvhq/ U1 P1 Jrogvwhlq/ D1 Jdeulho/ dqg F1 O1 Zhuqhu/ Rq wkh

ghulydwlrq ri frvhlvplf glvsodfhphqw �hogv xvlqj gl�huhqwldo udgdu lqwhuihurphwu|=

Wkh odqghuv hduwktxdnh/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ << / 4<94:�4<967/ 4<<71



Fkdswhu :

Diwhuvkrfnv dqg Sruh Ioxlg

Gl�xvlrq

:14 Lqwurgxfwlrq

Diwhuvkrfnv duh dq hqljpd1 Wkh| duh fohduo| dvvrfldwhg zlwk d suhfhglqj vhlvplf hyhqw

dqg wkhlu vsdwldo glvwulexwlrq lv idluo| zhoo fruuhodwhg zlwk frvhlvplf vwuhvv fkdqjhv

+Nlqj/ hw do1/ 4<<7,1 \hw diwhuvkrfnv gr qrw kdsshq lpphgldwho| iroorzlqj dq hduwk0

txdnh1 Wkh iuhtxhqf| ri diwhuvkrfnv ghfd|v olnh d gl�xvlyh surfhvv +Qxu/ 4<:5,/

lqglfdwlqj wkdw d wlph0ghshqghqw sk|vlfdo surfhvv lv dw zrun1 Qxu dqg Errnhu +4<:5,

sursrvhg wkdw sruh suhvvxuh uhdgmxvwphqw diwhu dq hduwktxdnh frxog h{sodlq wkh wlph

ghod| lq wkh rffxuhqfh ri diwhuvkrfnv1 Vlqfh wkh fuxvw lv eholhyhg wr eh vdwxudwhg zlwk

zdwhu grzq wr vhlvprjhqlf ghswkv +Zdoghu/4<;7, dqg wkhuh duh pdq| fohdu h{dpsohv

wr ghprqvwudwh wkdw wkh fuxvw ehkdyhv dv d srurhodvwlf phglxp/ qrw vlpso| dq hodvwlf

phglxp +Urhor�v/ 4<<9,/ lw zrxog vhhp wkdw sruh suhvvxuh h�hfwv pxvw eh frqvlghuhg

lq rughu wr xqghuvwdqg wkh wlph0ghshqghqw qdwxuh ri idxowlqj surfhvvhv1

Diwhuvkrfnv ri wkh 4<<5 Odqghuv duh vwxglhg khuh xvlqj vlpxodwlrqv ri frxsohg

srurhodvwlf gl�xvlrq1 Lw zdv irxqg wkdw srvwvhlvplf Frxorpe vwuhvv fkdqjhv fdxvhg

e| sruh  xlg gl�xvlrq fruuhodwh ehwwhu zlwk diwhuvkrfn orfdwlrq gdwd ehwwhu wkdq hlwkhu

vwdwlf Frxorpe vwuhvv ru sruh  xlg suhvvxuh dorqh1 Wkh srurhodvwlf k|srwkhvlv lv d

sk|vlfdoo| vdwlvi|lqj h{sodqdwlrq iru diwhuvkrfnv wkdw uhfrqflohv frvhlvplf Frxorpe

464
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vwuhvv dqg sruh  xlg h{sodqdwlrqv iru diwhuvkrfnv dqg r�huv d sk|vlfdo phfkdqlvp

iru diwhuvols dqg wkh h{sdqvlrq ri diwhuvkrfn }rqhv1 Wkh k|srwkhvlv wkdw sruh  xlg

gl�xvlrq fdxvhv vljql�fdqw fuxvwdo vwuhvv fkdqjhv diwhu dq hduwktxdnh lv frqvlvwhqw

zlwk wkhrulhv wkdw srvlw sruh  xlg pryhphqw iroorzlqj wkh Odqghuv hduwktxdnh dv wkh

fdxvh iru revhuyhg srvwvhlvplf ghirupdwlrq +Ervo/ 4<<;> Show}hu/ 4<<9> Show}hu/ 4<<;,1

Ydulrxv diwhuvkrfn wkhrulhv sodfh wkh wlph hohphqw iru diwhuvkrfn rffxuhqfh rq

fkdqjlqj idxow surshuwlhv +wlph0ghshqghqw iulfwlrq odzv,1 Pruh lqwulfdwh wkhrulhv ri

hduwktxdnh dqg diwhuvkrfn surgxfwlrq +iru h{dpsoh/ Glhwhulfk/ 4<<7, vhhn wr h{sodlq

wkh rffxuuhqfh ri diwhuvkrfnv e| lqfrusrudwlqj wlph0ghshqghqw idxow frqvwlwxwlyh surs0

huwlhv +lqfoxglqj vwdwh dqg udwh0ghshqghqw iulfwlrq odzv, dqg wlph0ghshqghqw h{whuqdo

+vwuhvv dqg sruh suhvvxuh, fkdqjhv lq wkh fuxvw1 Erwk surfhvvhv rffxu lq idxowv dqg

sod| d uroh lq hduwktxdnh qxfohdwlrq1 Khuh zh h{dplqh fkdqjhv lq vwuhvv dqg sruh

suhvvxuh rq idxowv lq wkh uhjlrq ri dq hduwktxdnh dv wkh grplqdwh fdxvh ri diwhuvkrfn

surgxfwlrq1 Wklv grhv qrw qhfhvvdulo| frq lfw zlwk rwkhu prghov +vxfk dv Glhwhulfk/

4<<7,/ exw vlpso| sodfhv wkh irfxv rq h{whuqdo fkdqjhv lq wkh phglxp udwkhu wkdq

idxow surshuw| fkdqjhv1

Ol/ hw do1 +4<;:, lqyhvwljdwhg wkh fruuhodwlrq ehwzhhq wlph0ghshqghqw Frxorpe

vwuhvv dqg diwhuvkrfnv iru wkuhh hduwktxdnhv1 Wkhlu vwxg| zdv lqfrqfoxvlyh1 Lpsru0

wdqw olplwdwlrqv lq wkdw vwxg| lqfoxghg vlpsol�hg idxow vols prghov/ dqdo|wlfdo srurh0

odvwlf vroxwlrqv zklfk fdqqrw dffrxqw iru khwhurjhqhrxv gl�xvlylwlhv/ dqg lqdffxudwh

diwhuvkrfn orfdwlrqv1 Rxu uhvhdufk kdv vkrzq wkdw ghwdlohg uhsuhvhqwdwlrqv ri idxow

vols/ erwk krul}rqwdoo| dqg yhuwlfdoo|/ fdq juhdwo| d�hfw wkh orfdwlrq ri sruh suhvvxuh

lqfuhdvh ru ghfuhdvh1 Wklv sdshu dwwhpswv wr ryhufrph wkhvh suhylrxv olplwdwlrqv lq

prgholqj srvwvhlvplf srurhodvwlf gl�xvlrq dqg uh0h{dplqh wkh uroh ri srurhodvwlf  xlg

suhvvxuh dqg vwuhvv hyroxwlrq iroorzlqj d pdmru hduwktxdnh iru zklfk frqvlghudeoh gdwd

lv dydlodeoh1

:15 Qxu dqg Errnhu K|srwkhvlv

Sruh  xlg gl�xvlrq zdv �uvw sursrvhg e| Qxu dqg Errnhu +4<:5, dv wkh wlph0ghshqghqw

surfhvv uhvsrqvleoh iru fdxvlqj diwhuvkrfnv1 Wkhlu lghd zdv uhodwlyho| vlpsoh= zkhq
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dq hduwktxdnh rffxuv/ wkhuh lv dq doprvw0lqvwdqwdqhrxv prgl�fdwlrq wr wkh uhjlrqdo

vwuhvv �hog1 Wkh fkdqjh lq vwuhqjwk ri d idxow +ru urfn,/ ghwhuplqhg h{shulphqwdoo|

e| Kxeehuw dqg Uxeh| +4<8<,/ zdv jlyhq e|

{7 ' >s Ej � R�

zkhuh >s lv wkh frh!flhqw ri lqwhuqdo iulfwlrq ru vlpso| wkh iulfwlrqdo vwuhqjwk/ j lv

wkh phdq vwuhvv/ dqg R lv wkh sruh suhvvxuh lq wkh idxow1 Diwhuvkrfnv zloo rffxu rq

idxowv zkhuh wkh vkhdu vwuhvv h{fhhgv wkh vwuhqjwk ri wkh idxow1 Lpphgldwho| iroorzlqj

dq hduwktxdnh/ wkh sruh suhvvxuh lv fkdqjhg e| dq dprxqw sursruwlrqdo wr wkh phdq

vwuhvv lqgxfhg e| wkh hduwktxdnh= R ' ��j1 Lq pdq| vwxglhv/ d �uvw0rughu dvvxpswlrq

lv � ' �1 Diwhu wkh hduwktxdnh/ sruh  xlgv zloo  rz iurp uhjlrqv ri kljk suhvvxuh

+frpsuhvvlrqdo uhjlrqv, wr uhjlrqv ri orz suhvvxuh +glodwdwlrqdo uhjlrqv,1 Wkh dssolhg

phdq vwuhvv �hog zloo uhpdlq dssur{lpdwho| frqvwdqw/ vr wkh vwuhqjwk ri wkh idxow

zloo fkdqjh ryhu wlph1 Wkh qxpehu ri diwhuvkrfnv/ dffruglqj wr wklv wkhru|/ vkrxog

eh sursruwlrqdo wr wkh wlph udwh ri fkdqjh ri sruh suhvvxuh lqwhjudwhg ryhu d uhjlrq1

Pruhryhu/ wkh wkhru| suhglfwv wkdw diwhuvkrfnv zloo rffxu zkhuh wkh sruh suhvvxuh lv

lqfuhdvlqj> wkdw lv/ lq uhjlrqv ri frvhlvplf glodwdwlrq1

Frqvlghu d yroxph ri wkh fuxvw zkhuh dq hduwktxdnh kdv rffxuuhg1 Li wkh frq�qlqj

suhvvxuh/ j/ dqg vkhdu vwuhvv duh frqvwdqw/ idloxuh rq uhjlrqdo idxowv wkdw glg qrw idlo

zkhq wkh lqlwldo vkrfn rffxuuhg zloo whqg wr rffxu zkhuh wkh vwuhqjwk ri wkh idxowv

lv ghfuhdvlqj1 Wkdw lv/ diwhuvkrfnv zloo rffxu zkhuh sruh suhvvxuh lv lqfuhdvlqj1 Wkh

qxpehu ri vols hyhqwv +diwhuvkrfnv, vkrxog eh sursruwlrqdo wr wkh wrwdo lqfuhdvh lq

sruh suhvvxuh lq wkh yroxph ryhu d vshfl�hg wlph lqwhuydo1 Txdqwlwdwlyho|/ wklv zdv

h{suhvvhg e| lqwhjudwlqj wkh wlph udwh ri fkdqjh ri sruh suhvvxuh=

_�

_|
'

�

S

]
l

�
Y�

Y|

�
_� +:14,

zkhuh f lv d qrupdol}lqj idfwru/ S lv sruh suhvvxuh/ Q lv wkh qxpehu ri diwhuvkrfnv/

dqg l lv wkh yroxph ri urfn1
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:16 Wkh Frxorpe Iudfwxuh Fulwhulrq

Wkh iulfwlrqdo vwuhqjwk ri idxowv lv ehwwhu uhsuhvhqwhg e| wkh hpslulfdo Frxorpe iudf0

wxuh fulwhulrq wkdq Kxehuw dqg Uxeh|*v vwuhqjwk fulwhulrq/ vlqfh lw lv wkh frpsuhvvlrqdo

vwuhvv qrupdo wr wkh idxow sodqh wkdw frqwurov wkh iulfwlrqdo vwuhqjwk ri d idxow udwkhu

wkdq wkh phdq vwuhvv1 Wkh Frxorpe vwuhvv lv h{suhvvhg pdwkhpdwlfdoo| e|

� S � � � >r Ej? � � � +:15,

zkhuh � S lv wkh Frxorpe vwuhvv/ � dqg j? duh wkh vkhdu dqg qrupdo vwuhvvhv zlwk

uhvshfw wr d jlyhq idxow sodqh/ dqg � lv wkh  xlg suhvvxuh lq wkh idxow1 D idxow whqgv

wr idlo zkhq � S : f1 Wkh Frxorpe fulwhulrq lv lghqwlfdo wr wkh Kxehuw dqg Uxeh|

vwuhqjwk li phdq vwuhvv lv uhsodfhg e| wkh idxow qrupdo vwuhvv lq wkh odwwhu1 Zkhuhdv

wkh phdq vwuhvv lv lvrwurslf/ � S ghshqgv rq wkh orfdo vwuhvv �hog dqg wkh rulhqwdwlrq ri

wkh idxow ri lqwhuhvw1 Wkrxjk wkh rulhqwdwlrq ri lqglylgxdo idxowv lv xvxdoo| xqnqrzq

lq d uhjlrq/ wkh dyhudjh rulhqwdwlrq ri pdq| idxowv lq d uhjlrq fdq riwhq eh lqihuuhg1

Suhvxpdeo|/ idxowv rulhqwhg vr dv wr pd{lpl}h wkh Frxorpe vwuhvv zloo eh prvw olnho|

wr idlo +Nlqj/ hw do1/ 4<<7,1

Lw lv frpprq wr dvvxph sruh suhvvxuh lv vlpso| d pxowlsoh ri wkh phdq vwuhvv1

Wklv vlpsol�fdwlrq lpsolhv wkdw wkh xqgudlqhg frqglwlrq lv dssolfdeoh1 D srurhodvwlf

phglxp lv vdlg wr eh lq wkh xqgudlqhg vwdwh zkhq wkh vwuhvv prgl�fdwlrq wkdw uhvxowv

iurp d glvorfdwlrq rffxuv vr txlfno| wkdw  xlgv lq wkh sruhv duh hvvhqwldoo| vwdwlrqdu|

dqg gr qrw  rz dssuhfldeo|1 Pdwkhpdwlfdoo|/ xqgudlqhg lpsolhv wkdw � ' ��j/

zkhuh j lv wkh phdq vwuhvv dqg wkh sursruwlrqdolw| frqvwdqw � lv Vnhpswrq*v frh!0

flhqw1 Vnhpswrq*v frh!flhqw lv dq hpslulfdoo| ghwhuplqhg frqvwdqw wkdw txdqwl�hv wkh

iudfwlrq ri d frpsuhvvlyh vwuhvv rq d srurxv urfn wkdw lv wudqvihuuhg wr wkh sruh  xlg1

Zdqj +4<<6, jlyhv ydoxhv iru fuxvwdo urfnv lq wkh dssur{lpdwh udqjh 3188 wr 31<1 Li

frpsuhvvlrq lv sulpdulo| lq wkh gluhfwlrq qrupdo wr d idxow/ wkhq j � j?1 Wklv doorzv

dq h�hfwlyh iulfwlrq frh!flhqw wr eh gh�qhg/ >e ' >s E����/ zklfk lqfrusrudwhv

sruh suhvvxuh lqwr dq h�hfwlyh Frxorpe vwuhvv=

� e � � � >ej? +:16,
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Wkh h�hfwlyh Frxorpe iudfwxuh fulwhulrq lv d vwdwlf txdqwlw| wkdw fdq eh frpsxwhg

rqfh dqg iru doo/ jlyhq d vols prgho ru frvhlvplf vwuhvv �hog iru dq hduwktxdnh1 Zh

zloo dgrsw wkh frqyhqwlrq wkdw frpsuhvvlyh vwuhvvhv duh qhjdwlyh1

Xqiruwxqdwho|/ wkh xqgudlqhg dvvxpswlrq lv idovh rq wlph vfdohv ryhu zklfk diwhu0

vkrfnv rffxu1 W|slfdo gl�xvlylwlhv lq wkh fuxvw duh rq wkh rughu ri f�f� wr ��f 62*r

+Fkduoh}/ 4<<:> Zdqj/ 4<<6,1 Ol/ hw do1 +4<;:, xvhg gl�xvlylwlhv lq wkh udqjh f�� wr �f

62*r lq wkhlu vwxg| ri diwhuvkrfnv1 Wkh wlph vfdoh iru gl�xvlrq ryhu glvwdqfhv ri 43

np lv dv olwwoh dv 43 gd|v zlwk wkh odujhu ri wkhvh ydoxhv wr vhyhudo |hduv iru wkh vpdoohu

ydoxhv1 Wkh dssursuldwh wlph vfdoh iru diwhuvkrfn vwxglhv lv qrw wkh uxswxuh wlph ri

dq hyhqw/ exw wkh wlph shulrg ryhu zklfk diwhuvkrfnv rffxu iroorzlqj dq hduwktxdnh1

Wkh xqgudlqhg dvvxpswlrq grhv qrw krog lq wkh fuxvw ryhu d shulrg ri gd|v ru prqwkv/

dqg shukdsv |hduv/ iroorzlqj dq hduwktxdnh hyhqw1 Sruh  xlgv zloo  rz iurp uhjlrqv

ri kljk suhvvxuh wr uhjlrqv ri orz suhvvxuh iroorzlqj dq hduwktxdnh1 Wkh uhvxowlqj

sruh suhvvxuh uhglvwulexwlrq lv frxsohg wr wkh vwuhvv �hog1 Wkxv/ wkh uroh ri sruh  xlgv

lq fdxvlqj diwhuvkrfn dfwlylw| pxvw eh h{dplqhg pruh forvho|1

Zh eholhyh wkdw sruh suhvvxuh gl�xvlrq sod|v d sduwlfxoduo| lpsruwdqw uroh lq

fdxvlqj diwhuvkrfnv ehfdxvh lw lv wkh sulpdu| wlph0ghshqghqw whup lq wkh Frxorpe

fulwhulrq1 Diwhuvkrfnv gr qrw doo rffxu lpphgldwho| iroorzlqj dq hduwktxdnh> wkh|

rffxu zlwk d wlph0ghshqghqw iuhtxhqf| wkdw ghfd|v lq d pdqqhu uhpdundeo| vlplodu

wr  xlg gl�xvlrq lq srurxv phgld1 Zh gr qrw glvsxwh wkh dssolfdelolw| ri wkh Frxorpe

fulwhulrq wr wkh suhglfwlrq ri ixwxuh vhlvplf dfwlylw|1 Udwkhu/ zh eholhyh wkdw wkh wlph0

ghshqghqw sruh suhvvxuh zklfk dsshduv lq wkh Frxorpe fulwhulrq fdqqrw eh glvplvvhg1

Dvvxph wkdw lq d uhjlrq vxuurxqglqj dq hduwktxdnh/ idxowv kdyh d xqlirup glvwul0

exwlrq ri vwuhqjwkv1 Wkhq wkh qxpehu ri idxowv wkdw idlo lq d fhuwdlq wlph lqwhuydo zloo

eh gluhfwo| sursruwlrqdo wr wkh wrwdo lqfuhdvh ri � S lq wkh uhjlrq ryhu wkdw wlph lqwhu0

ydo1 Ixuwkhupruh/ rqo| wkh uhjlrqv zkhuh � S lv lqfuhdvlqj qhhg wr eh frqvlghuhg vlqfh

orfdwlrqv zkhuh wkh Frxorpe vwuhvv lv ghfuhdvlqj zloo qrw whqg wr kdyh diwhuvkrfnv1

Wklv pd| eh h{suhvvhg txdqwlwdwlyho| e|

� E{|� �
]
oe}�J?

E{� S*{|� _� +:17,

Lq wkh vlpsohvw dssur{lpdwlrq/ zh pd| dvvxph lq htxdwlrq :15 wkdw wkh vkhdu
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dqg qrupdo vwuhvvhv fkdqjh uhodwlyho| olwwoh diwhu d pdlqvkrfn dqg fdq eh dvvxphg

frqvwdqw ryhu wkh shulrg zkhq prvw diwhuvkrfnv rffxu1 Doo fkdqjhv wr wkh Frxorpe

vwuhvv zloo wkhq eh gxh wr fkdqjhv lq  xlg suhvvxuh=

Y� S
Y|

'
Y�

Y|
+:18,

Uhsodflqj htxdwlrq :18 lq htxdwlrq :17 |lhogv htxdwlrq :141

Wkhuh lv vrph hylghqfh wr vxjjhvw wkdw fkdqjhv wr wkh vkhdu vwuhvv fdxvhg e| sruh

 xlg gl�xvlrq duh vljql�fdqw1 Errnhu +4<:7, vkrzhg wkdw lq wkh fdvh ri d vlpsoh hgjh

glvorfdwlrq/ vkhdu vwuhvvhv dorqj d idxow pd| eh vwurqjo| frxsohg wr sruh suhvvxuh dqg

fdq fkdqjh dssuhfldeo| ryhu wlph gxh wr  xlg gl�xvlrq1 Ol +4<;:, vkrzhg wkdw sruh

 xlg gl�xvlrq uhvxowv lq vorz urwdwlrq ri wkh vwuhvv vkdgrz fdxvhg e| dq hgjh glvor0

fdwlrq1 Wkhvh vxjjhvw wkdw sruh suhvvxuh lv qrw wkh rqo| vljql�fdqw wlph0ghshqghqw

whup lq wkh Frxorpe vwuhvv fulwhulrq wkdw pxvw eh frqvlghuhg1

:17 Htxdwlrqv iru Ioxlg Gl�xvlrq lq d SrurxvPhglxp

Sruh suhvvxuh gl�xvlrq iru d vlqjoh skdvh  xlg lq d srurxv phglxp lv prghohg e|

>� E�s n �o�

�
YR

Y|

�
'

Y

Y%�

�
&�� E%c R�

YR

Y%�

�
+:19,

zkhuh R lv wkh sruh suhvvxuh/ > lv wkh  xlg ylvfrvlw|/ � lv wkh srurvlw|/ �s dqg �o

duh wkh  xlg dqg urfn frpsuhvvlelolwlhv/ uhvshfwlyho|/ dqg &�� E%� lv wkh shuphdelolw|

whqvru1 Shuphdelolw| lv zulwwhq lq d jhqhudo irup khuh wr lqglfdwh wkdw lw pd| eh

vsdwldoo| yduldeoh/ dqlvrwurslf/ dqg pd| hyhq ghshqg rq sruh suhvvxuh1 Zh zloo qrw

h{dplqh wkh h�hfwv ri doo wkhvh yduldeohv lq wklv vwxg|/ exw doorz iru wklv srvvlelolw|

lq ixwxuh vwxglhv e| pdnlqj rxu prgho jhqhudo1

Iru frqyhqlhqfh/ wkh frh!flhqwv lq htxdwlrq :19 pd| eh oxpshg lqwr d vlqjoh

gl�xvlylw| frh!flhqw

( '
&�� E%c R�

>� E�s n �o�

Wkh shuphdelolw| & lv wdnhq wr eh d vfdodu ydoxh zklfk pd| eh vsdwldoo| khwhurjhqhrxv1

W|slfdo ydoxhv iru G lq wkh fuxvw udqjh iurp f�f� wr � 62*r +Fkduoh}/ 4<<:> Zdqj/
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4<<6,1 Wkh gl!fxow| lq prgholqj  rz lq srurxv phgld/ zkhwkhu rqh lv lqwhuhvwhg lq

wkh wudqvsruw ri frqwdplqdqwv lq dq dtxlihu/ wkh  rz ri rlo iurp d shwurohxp uhvhuyrlu/

ru wkh gl�xvlrq ri sruh suhvvxuh iroorzlqj dq hduwktxdnh/ lv lq ghwhuplqdwlrq ri wkh

shuphdelolw| ri wkh srurxv urfnv1 Lq idxowhg uhjlrqv/ wkh shuphdelolw| vwuxfwxuh pd|

eh txlwh khwhurjhqhrxv +Klfnpdq/ hw do1 4<<7,1 Shuphdelolw| lq idxow }rqhv kdv

ehhq revhuyhg wr eh erwk dqlvrwurslf dqg dv|phwulfdoo| glvwulexwhg +Vhhexujhu/ 4<;4,1

]rqhv ri orz shuphdelolw| surylghv d phfkdqlvp iru wudqvlhqw sruh suhvvxuh lqfuhdvh lq

d idxow hyhq zkhq wkh sruh suhvvxuh lq wkh vxuurxqglqj urfn lv ghfuhdvlqj wkurxjk wkh

Pdqgho0Fu|hu h�hfw +Ervo/ pdqxvfulsw lq suhsdudwlrq> fkdswhu 7 lq wklv glvvhuwdwlrq,1

Iru rxu vwxg|/ zh zloo kdyh wr dvvxph idluo| vlpsoh shuphdelolwlhv/ exw qrwh wkdw pxfk

h�ruw lv h{shqghg e| hqylurqphqwdo dqg rlo frpsdqlhv wr ghwhuplqh wkh shuphdelolw|

ri d uhvhuyrlu ehfdxvh ri lwv lpsruwdqfh lq frqwuroolqj  xlg  rz1 D frqfhswxdo prgho

zlwk pruh ghwdlohg dqg dffxudwh uhsuhvhqwdwlrq ri wkh dfwxdo shuphdelolw| vwuxfwxuh

lq wkh Odqghuv uhjlrq zrxog |lhog d pruh uhdolvwlf vlpxodwlrq ri sruh  xlg gl�xvlrq

h�hfwv1

Sruh suhvvxuh pd| eh frxsohg wr hodvwlf ghirupdwlrq lq wkh vlpsohvw fdvh e| dv0

vxplqj rqo| wkdw sruh suhvvxuh lv d vrxufh whup lq wkh htxdwlrqv iru olqhdu hodvwlflw|

dqg wkdw wkh hodvwlf ghirupdwlrq grhv qrw dssuhfldeo| d�hfw wkh udwh ri  xlg gl�xvlrq1

Wkh htxdwlrqv iru hodvwlf glvsodfhphqw lq whupv ri sruh suhvvxuh duh

Y

Y%�
EEbnC� �&c&� n

Y

Y%&
EC��c&� '

Y

Y%�
k E�|J|@, � �oes� +:1:,

zkhuh x� duh wkh wkuhh frpsrqhqwv ri wkh glvsodfhphqw yhfwru/ b lv wkh xvxdo Odph

frh!flhqw dqg C lv wkh vkhdu prgxoxv1 Qrwh wkdw erwk ri wkhvh pd| eh vsdwldoo|

yduldeoh1 Wkh Elrw0Zloolv sdudphwhu/ k/ lv d ixqfwlrq ri Vnhpswrq*v frh!flhqw dqg

wkh gudlqhg dqg xqgudlqhg Srlvvrq*v udwlrv= k ' 2 ED� � D� *� E�� 2D�1 Wkh uljkw

vlgh ri htxdwlrq :1: lv h{suhvvhg lq whupv ri wkh ghyldwlrq ri wkh sruh suhvvxuh iurp d

uhihuhqfh ydoxh/ �oes 1 Lq wkh iroorzlqj vlpxodwlrqv � ' �|J|@,��oes zdv dvvxphg wr eh

}hur lqlwldoo|1 Wkdw lv/ wkh vwdwh ri vwuhvv dqg sruh suhvvxuh mxvw ehiruh wkh hduwktxdnh

hyhqw zdv wdnhq dv wkh uhihuhqfh vwdwh1 Iurp qrz rq/ � zloo eh xvhg wr uhsuhvhqw

wkh fkdqjh lq sruh suhvvxuh iurp wkh suh0vhlvplf uhihuhqfh vwdwh1 Vwudlq dqg vwuhvv
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fdq eh frpsxwhg iurp wkh glvsodfhphqw �hog lq wkh xvxdo zd| iurp ghulydwlyhv ri wkh

glvsodfhphqw �hog1

Lq vrph fdvhv/ wkh vwuhvv �hog lqgxfhg e| sruh suhvvxuh zloo lq xhqfh wkh sruh  xlg

gl�xvlrq vljql�fdqwo|1 Elrw +4<89, �uvw ghulyhg wkh htxdwlrqv iru frxsohg srurhodv0

wlflw|1 Rxu irupxodwlrq ri wkh srurhodvwlf htxdwlrqv iroorzv Ulfh dqg Fohdu| +4<:9,/

exw lv pruh jhqhudo lq wkdw zh dvvxph vsdwldoo| yduldeoh frh!flhqwv dqg d ixoo whqvru

shuphdelolw|1 Sruh suhvvxuh lv frxsohg wr k|gurvwdwlf vwuhvv dqg reh|v wkh iroorzlqj

vhw ri htxdwlrqv=

K
Y E� n�j�

Y|
'

Y

Y%�

�
&�� E%�

Y

Y%�
�

�
+:1;,

dqg

Y2

Y%2�
ES� n j� ' f +:1<,

zkhuh � lv wkh sruh suhvvxuh ghyldwlrq iurp d uhihuhqfh suhvvxuh/ j ' Ej%% n j++ n j55� *�

lv wkh phdq vwuhvv ghyldwlrq iurp wkh uhihuhqfh vwuhvv fdxvhg e| wkh suhvhqfh ri wkh

sruh  xlg/ &�� lv wkh lqwulqvlf shuphdelolw| ri wkh urfn dqg K lv d frh!flhqw zklfk

lqfoxghv wkh hodvwlf surshuwlhv ri wkh urfn dqg  xlg ghqvlw| dqg ylvfrvlw|=

K '
b> ED� � D�

2C�2 E�� D� E� n D��
+:143,

D dqg D� duh wkh gudlqhg dqg xqgudlqhg Srlvvrq*v udwlrv/ uhvshfwlyho|/ C lv wkh vkhdu

prgxoxv/ � lv Vnhpswrq*v frh!flhqw/ > lv wkh  xlg ylvfrvlw| dqg

S '
2 ED� � D�

� E�� D� E� n D��
+:144,

Zkhq D ' D�/ S lv }hur/ j lv frqvwdqw lq wlph dqg rqo| � hyroyhv lq wlph/ dv lq wkh

fdvh ri vlpsoh gl�xvlrq ri d frpsuhvvleoh  xlg wkurxjk dq lqfrpsuhvvleoh srurxv urfn

jlyhq e| htxdwlrq :191 Sk|vlfdoo|/ D ' D� fruuhvsrqgv wr wkh fdvh zkhuh wkh urfn

hodvwlf surshuwlhv duh xqh�hfwhg e| wkh suhvhqfh ri  xlg1 Lw vkrxog eh hpskdvl}hg

wkdw lq htxdwlrqv :19 dqg :1< � uhsuhvhqwv wkh suhvvxuh ghyldwlrq iurp wkh uhihuhqfh
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ru suh0vhlvplf sruh suhvvxuh1 j lq wkhvh htxdwlrqv lv qrw wkh phdq vwuhvv gxh wr wkh

idxow glvorfdwlrq xvhg wr frpsxwh lqlwldo sruh suhvvxuh1 Udwkhu/ j khuh lv wkh phdq

vwuhvv ghyldwlrq fdxvhg e| wkh suhvhqfh ri wkh sruh  xlg suhvvxuh � 1 Wkxv/ j ghfd|v

wr }hur dv wkh sruh suhvvxuh ghfd|v wr }hur1

:18 Diwhuvkrfnv ri wkh 4<<5 Odqghuv Hduwktxdnh

:1814 Ghvfulswlrq ri wkh 5; Mxqh 4<<5 hyhqw

Lq rughu wr whvw rxu wkhrulhv derxw diwhuvkrfn wuljjhulqj/ zh fkrvh wr orrn dw wkh 4<<5

Odqghuv hduwktxdnh1 Wkh 4<<5 Odqghuv hduwktxdnh zdv d odujh dqg zhoo0grfxphqwhg

hduwktxdnh1 Wkh idxowv wkdw uxswxuhg lq wkh Odqghuv hduwktxdnh duh orfdwhg lq wkh

Prkdyh Eorfn ri vrxwkhdvwhuq Fdoliruqld1 Wkh uhjlrq lv grplqdwhg e| qruwkzhvw0

wuhqglqj/ uljkw0odwhudo vwulnh0vols idxowv1 Uxswxuh gxulqj wkh Odqghuv hduwktxdnh rf0

fxuuhg dorqj vhyhudo pdmru idxowv wkdw zhuh suhylrxvo| wkrxjkw wr eh glvfrqqhfwhg1 Lw

wkxv surylghg dq h{dpsoh ri krz vwuhvv fkdqjhv fdxvhg e| rqh idxow fdq fdxvh uxswxuh

dorqj dgmdfhqw idxowv1

Wkh Odqghuv hduwktxdnh zdv suhfhghg e| wzr prqwkv ri lqwhqvh vhlvplf dfwlylw| lq

wkh uhjlrq vrxwk ri wkh pdlqvkrfn idxow wudfh +\hdwv/ hw do1/ 4<<:/ ss1 558055:,1 Wkh

odujhvw ri wkhvh iruhvkrfnv zdv wkh Mrvkxd Wuhh hduwktxdnh zklfk rffxuuhg rq Dsulo

56/ 4<<; zlwk d pdjqlwxgh ri P�@9141 Diwhuvkrfnv ri wkh Mrvkxd Wuhh hduwktxdnh

pljudwhg qruwkzdug lq wkh wzr prqwkv ehwzhhq wkh Mrvkxd Wuhh dqg Odqghuv hduwk0

txdnhv1 Wklv dfwlylw| frqwlqxhg wr pljudwh wr wkh ylflqlw| ri wkh Odqghuv k|srfhqwhu

xqwlo rqo| krxuv ehiruh wkh pdlq vkrfn1 Lw lv vxjjhvwhg wkdw wklv wlph0ghshqghqw eh0

kdylru uhtxluhv wlph0ghshqghqw g|qdplfv iru d fdxvdo h{sodqdwlrq dqg wkdw sruh0 xlg

lqgxfhg vwuhvv fkdqjhv fdq dffrxqw iru wklv1

D pdmru diwhuvkrfn rffxuhg rq wkh Elj Ehdu idxow dssur{lpdwho| wkuhh krxuv

odwhu dqg 73 np wr wkh zhvw ri wkh Odqghuv uxswxuh1 Wkh Elj Ehdu hduwktxdnh kdg d

gl�huhqw rulhqwdwlrq dqg vols wkdq wkh Odqghuv hduwktxdnh> lw zdv urxjko| frqmxjdwh wr

wkh Odqghuv hyhqw1 Wkh Odqghuv vxuidfh uxswxuh surgxfhg uljkw0odwhudo glvsodfhphqw

ryhu d wrwdo uxswxuh ohqjwk ri dssur{lpdwho| ;8 np1 Dyhudjh vols ri wzr wr irxu
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phwhuv zdv phdvxuhg dorqj wkh vxuidfh dqg wkh wrwdo pdjqlwxgh zdv ghwhuplqhg wr

eh P�@:161

:1815 Vols prghov dqg  xlg  rz vlpxodwlrq

Iru wklv vwxg| lw lv lpsruwdqw wr kdyh dq dffxudwh d vols prgho1 Lqlwldo sruh suhvvxuhv

duh ghwhuplqhg e| wkh vols prgho dqg vxevhtxhqw  rz zloo ghshqg wr d odujh h{whqw

rq wkh lqlwldo sruh suhvvxuhv1 Kxgqxw/ hw do1 +4<<7, xvhg jhrghwlf dqg vxuidfh uxswxuh

gdwd wr surgxfh d ghwdlohg krul}rqwdo vols prgho ri wkh Odqghuv hduwktxdnh wkrxjk lw

lv olplwhg e| lwv dvvxpswlrq ri xqlirup yhuwlfdo vols1 Zh xvh wklv prgho wr frpsxwh

wkh frvhlvplf phdq vwuhvv wkdw zrxog eh surgxfhg e| wkh hduwktxdnh1 Iurp wklv/

wkh sruh suhvvxuh fkdqjhv gxh wr wkh phdq vwuhvv duh frpsxwhg iurp wkh xqgudlqhg

frqglwlrq

� ' ��j

Wklv frqglwlrq dssolhv rqo| dw wkh prphqw ri idxow vols/ ehiruh wkh  xlg kdv wlph wr

gl�xvlrq dssuhfldeo|1 Vxevhtxhqw  xlg  rz lv wkhq vlpxodwhg e| vroylqj wkh frxsohg

srurhodvwlf htxdwlrqv vkrzq deryh1 Lw vkrxog eh vwuhvvhg wkdw dowkrxjk wkh vols prgho

ri Kxgqxw hw do1+4<<7,/ kdv frqvlghudeoh krul}rqwdo ghwdlo/ lw grhv qrw lqfoxgh yhuwlfdo

yduldelolw|1 Lq rughu wr h{dplqh wkh h�hfwv ri yhuwlfdo yduldelolw| lq wkh vols prgho/ zh

dovr xvhg wkh vols prgho ri Zdog dqg Khdwrq +4<<7,1

:1816 Uhjlrqdo diwhuvkrfn iuhtxhqflhv

Uhjlrqdo diwhuvkrfn iuhtxhqflhv dffruglqj wr wkh Qxu dqg Errnhu k|srwkhvlv pd| eh

frpsxwhg iurp vlpxodwhg sruh suhvvxuhv dw vhohfwhg wlphv e| lqwhjudwlqj qxphulfdoo|

wkh wlph udwh ri fkdqjh ri sruh suhvvxuh ryhu d gh�qhg yroxph=

�

S
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�
Y�

Y|

�
_ ��
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�'�

� E|?�� � E|?3��
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�� +:145,

zkhuh l lv wkh grpdlq ri lqwhuhvw/ �� lv wkh yroxph ri wkh l|� fhoo/ dqg wkh vxppdwlrq

lv ryhu doo Q fhoov lq wkh grpdlq1 S lv d vfdolqj idfwru zklfk uhodwhv wkh fkdqjh lq sruh



FKDSWHU :1 DIWHUVKRFNV DQG SRUH IOXLG GLIIXVLRQ 474

suhvvxuh wr wkh diwhuvkrfn iuhtxhqf|1 Lq wklv fdvh wkh grpdlq lv wkh uhjlrq erxqghg e|

orqjlwxgh 044:13� wr 044913� dqg odwlwxgh 661;� wr 671;�/ d uhjlrq dssur{lpdwho| b2 np

e| ��� np1 Wkh udwh dw zklfk sruh suhvvxuh ghfd|v lv frqwuroohg e| wkh shuphdelolw|

ri wkh fuxvw1 Wkh vfdolqj idfwru lv vhw htxdo wr rqh1

Iljxuh :14 vkrzv wkh lqlwldo +frvhlvplf, sruh suhvvxuh glvwulexwlrq wkdw zdv frp0

sxwhg iurp Kxgqxw*v idxow prgho/ zklfk lv vxshulpsrvhg rq wkh sruh suhvvxuh lpdjh1

Lqlwldo vwuhvvhv zhuh frpsxwhg xvlqj wkh hodvwlf glvorfdwlrq frgh ri Oduvhq +Oduvhq/

4<<4,1 Wkh eS� DD� � julg/ zklfk xvhv 5 np � 5 np � 8 np fhoov/ dsshduv wr kdyh

hqrxjk uhvroxwlrq wr fdswxuh prvw ri wkh vsdwldo yduldelolw| ri wkh sruh suhvvxuh dorqj

wkh idxow1

Iljxuh :15 vkrzv dfwxdo diwhuvkrfn iuhtxhqf| gdwd dqg wkh frpsxwhg iuhtxhqf|

edvhg rq wkh sruh suhvvxuh gl�xvlrq k|srwkhvlv1 Wklv zdv dffrpsolvkhg e| vroylqj

htxdwlrq :19 qxphulfdoo|1 Dw hdfk wlph vwhs/ wkh sruh suhvvxuh fkdqjh iurp wkh

suhylrxv wlph vwhs zdv frpsxwhg dw hyhu| julg srlqw1 Wkh sruh suhvvxuh fkdqjhv

zhuh wkhq lqwhjudwhg ryhu wkh hqwluh grpdlq xvlqj htxdwlrq :1451

Wkh vfdolqj sdudphwhu S ' H zdv ghwhuplqhg hpslulfdoo| e| �wwlqj wkh wkhruhwl0

fdo fxuyh wr wkh diwhuvkrfn gdwd1 Wkh wkhruhwlfdo fxuyh lv dssur{lpdwho| ohyho xqwlo

urxjko| 43 gd|v/ zkhq lw ehjlqv wr iroorz d vwudljkw ghfolqh rq wkh orj0orj sorw1 Wklv

fruuhvsrqgv dssur{lpdwho| wr wkh dfwxdo gdwd1 Lq wkh dqdo|wlfdo vroxwlrq vkrzq lq

Qxu dqg Errnhu*v ruljlqdo zrun/ wkh wkhruhwlfdo sruh suhvvxuh gl�xvlrq fxuyh lv d

vwudljkw olqh rq orj0orj d{hv1 Qxphulfdoo|/ wkh sruh suhvvxuh gl�xvlrq olqh fdqqrw eh

vwudljkw rq d orj0orj sorw iru �qlwh julgv iru uhdvrqv wkdw kdyh ehhq glvfxvvhg1 Wklv

fruuhvsrqgv sk|vlfdoo| wr wkh idfw wkdw dq hodvwlf glvorfdwlrq prgho idlov zkhq wkh

wkhruhwlfdo hodvwlf vwuhvv h{fhhgv wkh vwuhqjwk ri wkh urfn1 Sruh suhvvxuhv ru frvhlvplf

vwuhvv kdyh d �qlwh olplw lq uhdo urfnv1

Wkh suhglfwhg diwhuvkrfn iuhtxhqf| fxuyh fruuhvsrqgv txlwh zhoo wr wkh dfwxdo

diwhuvkrfn iuhtxhqf| gdwd1 Fdofxodwlrq ri diwhuvkrfn iuhtxhqf| fxuyhv iru vxegrpdlqv

ri wkh hqwluh uhjlrqv vxuurxqglqj wkh Odqghuv hduwktxdnh dovr djuhhg uhdvrqdeo| zhoo

zlwk gdwd1 Krzhyhu/ d pxfk ehwwhu whvw ri wkh wkhru| lv wr orrn dw sruh suhvvxuh

whqghqf| dw wkh orfdwlrqv ri lqglylgxdo diwhuvkrfn hyhqwv1
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Iljxuh :14= Frvhlvplf phdq vwuhvv �hog frpsxwhg iurp Kxgqxw/ hw do1 +4<<7, vols
prgho1 Idxow wudfh lv vxshulpsrvhg rq wkh phdq vwuhvv lpdjh1 Qhjdwlyh phdq vwuhvv
lv frpsuhvvlyh1
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Iljxuh :15= Uhjlrqdo diwhuvkrfn iuhtxhqf| +hyhqwv shu gd|, iroorzlqj wkh 4<<5 Odqghuv
hduwktxdnh dv d ixqfwlrq ri wkh gd|v diwhu wkh pdlq vkrfn1 Gdvkhg olqh lv dfwxdo
phdvxuhphqwv1 Wkh vrolg olqh lv wkh frpsxwhg iuhtxhqf| edvhg rq wkh k|srwkhvlv ri
Qxu dqg Errnhu1
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:1817 Sruh suhvvxuh whqghqf| dw diwhuvkrfn orfdwlrqv

Wr gluhfwo| whvw wkh k|srwkhvlv wkdw diwhuvkrfnv zloo whqg wr rffxu zkhuh sruh suhv0

vxuh lv lqfuhdvlqj/ wkh orfdwlrq lq vsdfh dqg wlph ri hdfk diwhuvkrfn lq wkh �uvw |hdu

iroorzlqj wkh pdlq hduwktxdnh zhuh uhdg lqwr rxu sruh  xlg gl�xvlrq prgho gxulqj

h{hfxwlrq1 Rq hdfk gd| ri wkh vlpxodwlrq/ wkh sruh suhvvxuh wuhqg dw wkh orfdwlrq ri

hdfk diwhuvkrfn iru wkdw gd| zdv ghwhuplqhg1 Zkhuh wkh sruh suhvvxuh zdv lqfuhdv0

lqj/ dq hyhqw frxqwhu zdv lqfuhphqwhg e| rqh1 Lq wklv zd|/ wkh iudfwlrq ri diwhuvkrfnv

wkdw kdsshqhg lq d orfdwlrq zkhuh wkh sruh suhvvxuh zdv lqfuhdvlqj zdv uhfrughg dv d

ixqfwlrq ri wlph1 Ryhudoo/ qhduo| wzr0wklugv +98(, ri wkh diwhuvkrfnv rffxuuhg zkhuh

sruh suhvvxuh/ dw wkh wlph ri wkh hyhqw/ zdv lqfuhdvlqj +�jxuh :16,1 Rxwvlgh ri wkh

idxow }rqh/ wkh shufhqwdjh ri diwhuvkrfnv rffxulqj zkhuh sruh suhvvxuh lv lqfuhdvlqj

dssurdfkhv ;3(1

Dv phqwlrqhg hduolhu/ wkh shuphdelolw| vwuxfwxuh ri idxow }rqhv fdq eh dqlvrwurslf

dqg khwhurjhqhrxv +Klfnpdq/ hw do1/ 4<<8,1 Zlwklq wkh idxow }rqh/ gh�qhg wr eh 43

np rq hlwkhu vlgh ri wkh idxow wudfh/ wkh iudfwlrq ri diwhuvkrfnv rffxulqj zkhuh sruh

suhvvxuh zdv ulvlqj zdv voljkwo| juhdwhu zkhq wkh shuphdelolw| zdv lqfuhdvhg e| d

idfwru ri irxu sdudooho wr wkh idxow dqg ghfuhdvhg e| d idfwru ri 433 qrupdo wr wkh

idxow1 Hqkdqfhg shuphdelolw| dorqj wkh idxow dqg ghfuhdvhg shuphdelolw| qrupdo wr

wkh idxow kdv ehhq revhuyhg +Vhh wkh froohfwlrq ri sdshuv rq wklv vxemhfw lq Klfnpdq/

4<<7,1 Wkrxjk rqh ri wkh prvw gl!fxow sureohpv dvvrfldwhg zlwk vlpxodwlrqv ri

 xlg  rz lq wkh fuxvw lv dvvljqphqw ri shuphdelolw| ydoxhv/ wklv h{huflvh vxjjhvwv

wkdw lw lv qrw d vwdwlf frvhlvplf vwdwh yduldeoh wkdw lv frqwuroolqj diwhuvkrfnv/ exw d

g|qdplf yduldeoh wkdw fkdqjhv zlwk wkh shuphdelolw|1 Wkh iudfwlrq ri diwhuvkrfnv

rffxulqj zkhuh Ss lv lqfuhdvlqj zdv voljkwo| kljkhu +9;(, lq wkh idxow }rqh zlwk wkh

dqlvrwurslf shuphdelolw|1 Rxwvlgh wkh idxow }rqh zdv xqfkdqjhg1 Wklv lqglfdwhv wkdw

wkh shuphdelolw| ri wkh idxow }rqh dqg wkh vxuurxqglqj uhjlrq pd| kdyh dq h�hfw rq

wkh orfdwlrq ri diwhuvkrfnv1 Vlpxodwlrqv xvlqj Zdog dqg Khdwrq*v vols prgho +4<<7,/

zklfk lqfoxghv yduldeoh vols zlwk ghswk/ glg qrw lpsuryh rxu uhvxowv1

D pdunhg gurs lq wkh iudfwlrq ri diwhuvkrfnv rffxulqj zkhuh sruh suhvvxuh lv

lqfuhdvlqj rffxuv dw durxqg 483 gd|v diwhu wkh pdlqvkrfn1 Lq �jxuh :17 zh �qg

wkh fdxvh ri wklv gurs1 Diwhuvkrfn orfdwlrqv zhuh zulwwhq wr vhsdudwh �ohv dw uxq
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Iljxuh :16= Iudfwlrq ri diwhuvkrfnv wkdw rffxu zkhuh sruh suhvvxuh lv ulvlqj1
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gxulqj rxu vlpxodwlrqv ghshqglqj rq zkhwkhu sruh suhvvxuh whqghqf| zdv srvlwlyh ru

qhjdwlyh dw wkh wlph ri wkh diwhuvkrfn1 Eodfn grwv lq �jxuh :17 lqglfdwh wkh orfdwlrqv ri

diwhuvkrfnv wkdw rffxuhg zkhq sruh suhvvxuh zdv lqfuhdvlqj dw wkdw orfdwlrq1 Froruhg

grwv lqglfdwh wkrvh wkdw rffxuhg zkhuh sruh suhvvxuh zdv ghfuhdvlqj1 Dovr vkrzq/ zlwk

odujh eoxh vtxduhv/ duh odujh diwhuvkrfnv +:P813,1 Rq Qryhpehu 5< dqg Ghfhpehu 7/

wzr odujh diwhuvkrfnv rffxuhg mxvw qruwk ri wkh Elj Ehdu idxow1 D foxvwhu ri diwhuvkrfnv

zdv dssduhqwo| vsdzqhg e| wkhvh wzr odujh hyhqwv lq d uhjlrq zkhuh sruh suhvvxuh zdv

ghfuhdvlqj1 Wkh sruh suhvvxuh �hog/ krzhyhu/ zrxog kdyh ehhq vljql�fdqwo| dowhuhg e|

wkh odujh diwhuvkrfnv1 Wklv h�hfw zdv qrw lqfoxghg lq rxu prgho1 Lq idfw/ dq dffxudwh

vlpxodwlrq zrxog kdyh wr lqfrusrudwh wkh vwuhvv dqg sruh suhvvxuh fkdqjhv iru doo

prghudwho| odujh hyhqwv li lw zdv wr dffxudwho| prgho wkh dfwxdo suhvvxuh hyroxwlrq ri

wkh uhjlrq1 Wklv vhhpv wr dffrxqw iru wkh vkdus gurs rq wkh fxuyhv lq �jxuh :16 wkdw

rffxuuhg qhdu gd| 4831

Lw lv vljql�fdqw wkdw wkh diwhuvkrfnv zklfk gr qrw djuhh zlwk rxu k|srwkhvlv duh

qrw udqgrpo| vfdwwhuhg1 Wkh| duh sulpdulo| irxqg lq irxu glvwlqfw foxvwhuv= rqh mxvw

phqwlrqhg lq dvvrfldwlrq zlwk wkh Qryhpehu 5< dqg Ghfhpehu 7 diwhuvkrfnv> rqh r�

wkh vrxwkhuq hqg ri wkh Mrkqvrq Ydooh| dqg Hxuhnd Shdn idxowv fhqwhuhg dw +044917/

6714,> r� wkh qruwkhuq hqg ri wkh Fdps Urfn idxow/ fhqwhuhg dw +04491:/ 6719,> dqg d

vpdoo foxvwhu lq wkh vols jds uhjlrq wkdw frqqhfwv wkh Hphuvrq dqg Krphvwhdg Ydooh|

idxowv/ fhqwhuhg dw +044918/ 6718,1 Wklv vxjjhvwv wkdw sruh suhvvxuh dorqh lv qrw wkh

fdxvh ri diwhuvkrfnv1

:1818 Frxorpe vwuhvv gxh wr sruh suhvvxuh

Errnhu +4<:7, vxjjhvwhg wkdw sruh  xlg gl�xvlrq iroorzlqj d idxow glvorfdwlrq fdxvhv

sduwldo uhordglqj ri wkh vwuhvv rq wkh idxow1 Dqrwkhu zd| wr lqwhusuhw wklv lv wkdw wkh

suhvhqfh ri sruh  xlgv lq dq hodvwlf phglxp sduwldoo| uhvlvwv wkh vwuhvv lpsrvhg e| wkh

lqlwldo idxow glvorfdwlrq1 Sruh  xlg lv d vkrfn devruehu wkdw plwljdwhv/ vr vrph h{whqw/

wkh lqlwldo vwudlq lpsrvhg e| d idxow glvorfdwlrq1 Wkh  xlg  rz wkdw iroorzv uhod{hv wkh

uhvlvwdqfh dqg wkh vwudlq jrhv dv|pswrwlfdoo| wr wkh vwdwh wkdw zrxog kdyh ehhq dw0

wdlqhg lqlwldoo| li wkh  xlg kdg qrw ehhq suhvhqw1 Zh pljkw h{shfw/ wkhq wkdw sruh  xlg



FKDSWHU :1 DIWHUVKRFNV DQG SRUH IOXLG GLIIXVLRQ 47:

Iljxuh :17= Diwhuvkrfnv ri wkh Odqghuv hduwktxdnh1 \hoorz grw vkrzv orfdwlrq ri
pdlqvkrfn hslfhqwhu1 Odujh eoxh vtxduhv lqglfdwh diwhuvkrfnv zlwk Pz : 8131 Eodfn
grwv lqglfdwh diwhuvkrfnv zklfk rffxuuhg zkhuh sruh suhvvxuh zdv ulvlqj1 Froruhg grwv
duh diwhuvkrfnv wkdw rffxuuhg zkhuh sruh suhvvxuh zdv ghfuhdvlqj1 Froru lqglfdwhv wkh
pdjqlwxgh ri wkh sruh suhvvxuh dw wkh wlph ri wkh diwhuvkrfn hyhqw1
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gl�xvlrq zrxog whqg wr fdxvh wkh Frxorpe vwuhvv wr lqfuhdvh ryhu wlph lq orfdwlrqv

zkhuh wkh lqlwldo Frxorpe vwuhvv zdv srvlwlyh1 Wkh fruuhvsrqghqfh ehwzhhq orfdwlrqv

ri lqlwldo Frxorpe vwuhvv dqg Frxorpe vwuhvv lqfuhdvh gxh wr sruh  xlg gl�xvlrq zloo

qrw fruuhvsrqg h{dfwo|/ vlqfh wkh pryhphqw ri  xlg zloo eh frqwuroohg e| shuphdelolw|

khwhurjhqhlwlhv1 Ol/ hw do1 +4<;:, vkrzhg wkdw uhjlrqv ri srvlwlyh Frxorpe zloo urwdwh

vrphzkdw zlwk wlph gxh wr srurhodvwlf h�hfwv1 Vlploduo|/ Frxorpe vwuhvv lqfuhdvhv

zloo whqg wr rffxu lq uhjlrqv zkhuh sruh suhvvxuh lv lqfuhdvlqj/ exw wkh fruuhvsrqghqfh

zloo qrw eh h{dfw1 Wklv fdq h{sodlq zk| suhglfwlrqv ri diwhuvkrfn orfdwlrq edvhg rq

lqlwldo vwdwlf Frxorpe vwuhvv fdofxodwlrqv +Nlqj/ hw do1/ 4<<7, dqg rq sruh suhvvxuh

fkdqjh +uhvxowv suhvhqwhg lq wklv sdshu, erwk jlyh idluo| jrrg uhvxowv1 Sk|vlfdoo|/ wkh

yduldeoh ri lqwhuhvw lv wkh fkdqjh lq Frxorpe vwuhvv gxh wr sruh suhvvxuh gl�xvlrq1

Wr whvw wklv k|srwkhvlv/ zh iroorzhg wkh deryh surfhgxuh wr vlpxodwh  rz iroorzlqj

wkh Odqghuv hduwktxdnh1 Zdog dqg Khdwrq*v glvorfdwlrq prgho zdv xvhg +4<<7, wr

lqlwldol}h sruh suhvvxuhv/ sulpdulo| ehfdxvh Nlqj/ hw do1 +4<<7, xvhg wklv prgho iru d

vwxg| ri Frxorpe vwuhvv iroorzlqj wkh Odqghuv hduwktxdnh1 Zh wkhq frpsxwhg wkh

Frxorpe vwuhvv gxh rqo| wr sruh suhvvxuh ryhu wkh vdph uhjlrq dv rxu sruh suhvvxuh

vwxg| dw hyhu| wlph vwhs lq rxu vlpxodwlrq1 Wkh fkdqjh lq Frxorpe vwuhvv gxh wr

sruh suhvvxuh fkdqjh zdv frpsxwhg dw wkh wlph dqg orfdwlrq ri hdfk diwhuvkrfn lq wkh

|hdu iroorzlqj wkh pdlqvkrfn1 Zlwklq 43 np ri wkh idxow }rqh/ zkhuh wkh pdmrulw|

ri diwhuvkrfnv rffxuuhg/ pruh wkdq ;8 ( rffxuuhg zkhuh Frxorpe vwuhvv gxh wr sruh

suhvvxuh zdv lqfuhdvlqj1 Diwhu wkh 4;|� gd|/ 433 ( ri wkh diwhuvkrfnv lq wkh idxow

}rqh rffxuuhg zkhuh � S E� � zdv lqfuhdvlqj1 Iru wklv fdofxodwlrq/ zh xvh eD� iru wkh

idxow vwulnh dqjoh dqg dvvxphg ohiw odwhudo vols whqghqf|1 Wklv fuxgh hvwlpdwh lv

dssur{lpdwho| zkdw zdv xvhg e| Nlqj/ hw do1 wr fruuhodwh diwhuvkrfnv wr wkh lqlwldo

Frxorpe vwuhvv �hog fdxvhg e| wkh idxow vols1

Odqghuv diwhuvkrfnv duh vkrzq lq Iljxuh :181 Eodfn grwv duh diwhuvkrfnv wkdw

rffxuuhg zkhuh � S E� � zdv lqfuhdvlqj1 Zh qrwh wkdw lq wkh idxow }rqh/ wkrvh wkdw

glvdjuhh zlwk rxu k|srwkhvlv duh qrw udqgrpo| vfdwwhuhg/ exw duh foxvwhuhg dw wkh

qruwk hqg ri wkh Fdps Urfn idxow/ fhqwhuhg dw +0449198/ 67198,1 Vwuhvvhv gxh wr wkh

Lurq Ulgjh idxow zklfk duh qrw surshuo| prghohg pd| dffrxqw iru wklv1

Wkh iudfwlrq ri wrwdo diwhuvkrfnv rffxulqj zkhuh � S E� � lv lqfuhdvlqj zdv durxqg
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Iljxuh :18= Diwhuvkrfnv ri wkh Odqghuv hduwktxdnh frpsduhg wr Frxorpe vwuhvv whq0
ghqf| gxh wr sruh  xlg gl�xvlrq1 Eodfn grwv lqglfdwh diwhuvkrfnv zklfk rffxuuhg
zkhuh � S E� � zdv ulvlqj1 Froruhg grwv duh diwhuvkrfnv wkdw rffxuuhg zkhuh � S E� � zdv
ghfuhdvlqj1 Froru lqglfdwhv wkh wlph ri wkh diwhuvkrfn hyhqw> eoxh2ylrohw duh hduo|/ uhg
duh diwhu 483 gd|v1

;3(1 Diwhuvkrfnv rxwvlgh ri wkh idxow }rqh zhuh odujho| dvvrfldwhg zlwk wkh odujh Elj

Ehdu diwhuvkrfn1 Dv zlwk wkh sruh suhvvxuh vwxg| lq wkh suhylrxv vhfwlrq/ d foxvwhu

ri diwhuvkrfnv qruwk ri wkh Elj Ehdu idxow rffxuv diwhu gd| 483/ iroorzlqj wzr odujh

diwhuvkrfnv lq wkdw orfdwlrq1 Wkh h�hfwv ri wkrvh diwhuvkrfnv vkrxog eh wdnhq lqwr

dffrxqw lq dq dffxudwh uhsuhvhqwdwlrq ri wkh fkdqjlqj vwuhvv �hog1

Wkh Frxorpe vwuhvv whqghqf| ghshqgv rq wkh vwulnh dqjoh ri wkh diwhuvkrfn idxow1

Rxu xvh ri d frqvwdqw ydoxh ri 77� jlyhv uhpdundeo| jrrg uhvxowv/ sduwlfxoduo| lqvlgh

wkh idxow }rqh1 D wuxh whvw ri rxu wkhru| zrxog uhtxluh lqirupdwlrq derxw wkh vols

phfkdqlvp iru hdfk diwhuvkrfn1
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:19 Vxppdu| dqg Frqfoxvlrqv

Rxu �uvw revhuydwlrq iurp rxu vlpxodwlrqv lv wkdw prvw diwhuvkrfnv rffxuhg zkhuh

sruh suhvvxuh zdv lqfuhdvlqj1 Ixuwkhupruh/ diwhuvkrfnv zklfk rffxu zkhuh sruh suhv0

vxuh lv ghfuhdvlqj duh qrw udqgrpo| vfdwwhuhg1 Lqvwhdg/ wkh| rffxu lq irxu glvwlqfw

foxvwhuv1 Doo ri wkhvh foxvwhuv duh orfdwhg lq uhjlrqv ri uhodwlyho| orz sruh suhvvxuh

ghyldwlrq/ dorqj qrgdo olqhv vhsdudwlqj wkh irxu pdlq vwuhvv txdgudqwv iru wkh Odqghuv

hduwktxdnh1 Wklv ohg xv wr h{dplqh wkh Frxorpe vwuhvv �hog fdxvhg e| wkh suhvhqfh

ri sruh  xlgv dqg krz lw zrxog fkdqjh zlwk wlph1

Wkh wlph0ghshqghqfh ri diwhuvkrfnv uhtxluhv d wlph0ghshqghqw sk|vlfdo phfkd0

qlvp1 Rxu vlpxodwlrqv lqglfdwh wkdw wkh ryhuzkhoplqj pdmrulw| ri Odqghuv diwhuvkrfnv

zhuh rffxulqj zkhuh wkh Frxorpe vwuhvv gxh wr sruh  xlg gl�xvlrq zdv lqfuhdvlqj1

Ehfdxvh wkhuh lv dpsoh hylghqfh wr vxjjhvw wkdw wkh fuxvw ehkdyhv dv d srurhodvwlf

phglxp/ lw lv uhdvrqdeoh wr h{shfw wkdw sruh  xlg gl�xvlrq zloo kdyh dq h�hfw rq

wkh vwuhvv vwdwh ri wkh fuxvw1 Sruh  xlgv lqlwldoo| uhvlvw lpsrvhg vwuhvvhv/ wkhq uhod{

ryhu wlph1 Wklv h{sodlqv wkh uhdvrqdeo| jrrg fruuhodwlrq ehwzhhq lqlwldo Frxorpe

vwuhvv dqg diwhuvkrfnv1 Zh hpskdvl}h/ krzhyhu/ wkdw wkh srvw0vhlvplf Frxorpe vwuhvv

fkdqjhv gxh wr sruh  xlg gl�xvlrq duh wkh hvvhqwldo wlph0ghod|hg fdxvh ri diwhuvkrfnv1

Wkhruhwlfdo vwxglhv ri srurhodvwlf uhvsrqvh iroorzlqj hgjh glvorfdwlrqv e| Errnhu

+4<:7, dqg Ol +4<;:, kdyh vkrzq wkdw wkh Frxorpe vwuhvv �hog lq wkh uhjlrq durxqg d

idxow zloo fkdqjh iroorzlqj uxswxuh gxh wr sruh  xlg gl�xvlrq1 Wkh frpsoh{lw| ri uhdo

idxowv uhtxluhv ghwdlohg qxphulfdo prgholqj wr frpsduh srurhodvwlf vlpxodwlrq uhvxowv

zlwk dfwxdo gdwd1

Vlqfh shuphdelolw| frqwurov wkh gluhfwlrq dqg udwh ri  xlg gl�xvlrq lq d srurxv

phglxp/ pruh dffxudwh nqrzohgjh ri wkh shuphdelolw| vwuxfwxuh ri idxowv dqg wkh

vxuurxqglqj uhjlrqv zloo eh uhtxluhg wr pdnh ehwwhu fdofxodwlrqv ri wkh udwh dqg pdj0

qlwxgh ri srurhodvwlf vwuhvv fkdqjhv gxh wr sruh  xlg pryhphqw1 Wkh suhvvxuh gh0

shqghqfh ri shuphdelolw|/ vsdwldo khwhurjhqhlwlhv dqg dqlvrwurs| lq dqg qhdu wkh idxow

}rqh pd| gudpdwlfdoo| d�hfw  xlg  rz sdwwhuqv dqg wkh hyroxwlrq ri wkh srvwvhlvplf

suhvvxuh �hog1 Wkh pdjqlwxgh ri wkh srurhodvwlf h�hfw ghshqgv dovr rq wkh hodvwlf sd0

udphwhuv ri wkh pdwhuldo/ sduwlfxoduo| wkh gl�huhqfh ehwzhhq gudlqhg dqg xqgudlqhg



ELEOLRJUDSK\ 484

hodvwlf prgxol/ ru Srlvvrq udwlrv/ D� dqg D1 Qhyhuwkhohvv/ wkh uhvxowv ri wklv vwxg|

lqglfdwh wkdw sk|vlfdo prghov ri vwuhvv hyroxwlrq lq wkh fuxvw pxvw lqfoxgh sruh  xlgv

li h�hfwv zlwk wlph vfdohv ri gd|v wr vhyhudo |hduv duh ri lqwhuhvw1 Hyhq dssur{lpdwh

hvwlpdwhv iru pdwhuldo sdudphwhuv dsshdu wr vxssruw rxu srurhodvwlf k|srwkhvlv1 Zh

vxjjhvw wkdw srurhodvwlf uhod{dwlrq pljkw dovr h{sodlq revhuyhg diwhuvols1

Juhdwhu xvh vkrxog eh pdgh ri frpsxwhu vlpxodwlrq wr vwxg| wkh sk|vlfv ri fuxvwdo

g|qdplfv lq rughu wr ehwwhu xqghuvwdqg wkh hduwktxdnh surfhvv1 Wklv zloo uhtxluh uh0

vhdufk lqwr prgholqj whfkqltxhv iru wkh fuxvw +dqg shukdsv wkh xsshu pdqwoh dv zhoo,1

Phwkrgv iru prgholqj  xlg  rz lq wkh fuxvw kdyh ehhq vwxglhg iru pdq| |hduv ehfdxvh

ri wkhlu hfrqrplf dqg hqylurqphqwdo lpsruwdqfh1 Wkh uroh ri shuphdelolw| lq frq0

wuroolqj  xlg  rz lq frqwdplqdwhg dtxlihuv dqg lq shwurohxp uhvhuyrluv lv zhoo nqrzq1

Frqvlghudeoh uhvhdufk kdv ehhq ghyrwhg wr vwxglhv ri krz wr prgho shuphdelolw| khw0

hurjhqhlwlhv wkurxjk wkh xvh ri jhrvwdwlvwlfv/ ydulrxv prghov iru  rz lq iudfwxuhg

phgld/ dqg qhz phwkrgv iru phdvxulqj shuphdelolw| gluhfwo| ru uhprwho|1 Fuxvwdo

g|qdplfv uhvhdufk zloo kdyh wr eruurz  xlg  rz prgholqj phwkrgv iurp k|gurorj|

dqg uhvhuyrlu hqjlqhhulqj lq rughu wr ghwhuplqh pruh suhflvho| krz wkh sk|vlfv ri

 xlgv pxvw eh lqwhjudwhg lqwr wkh frpsoh{ v|vwhpv ri idxow phfkdqlfv dqg fuxvwdo

vhlvplflw|1

:1: Dfnqrzohgjhphqwv

Wklv zrun zdv vxssruwhg e| XVJV2QHKHUS Judqw &47670KT0<:0JU036 dqg GRH

Edvlf Vflhqfh Surjudp Judqw &IJ360;9HU469341 Wkh dxwkruv zlvk wr wkdqn Juhj

Ehur}d iru khosixo glvfxvvlrqv derxw diwhuvkrfnv1

Eleolrjudsk|

Elrw/ P1 D1/ Jhqhudo vroxwlrqv ri wkh htxdwlrqv ri hodvwlflw| dqg frqvrolgdwlrq iru d

srurxv pdwhuldo/ M1 Dsso1 Phfk1/ Wudqv DVPH / :; / <4�<9/ 4<891



ELEOLRJUDSK\ 485

Errnhu/ M1 W1/ Wlph ghshqghqw vwudlq iroorzlqj idxowlqj ri d srurxv phglxp/ Mrxuqdo

ri Jhrsk|vlfdo Uhvhdufk/ :< / 536:�5377/ 4<:71

Ervo/ Z1 M1/ dqg D1 Qxu/ Qxphulfdo vlpxodwlrq ri srvwvhlvplf ghirupdwlrq gxh wr

sruh  xlg gl�xvlrq/ lq Srurphfkdqlfv= D Wulexwh wr Pdxulfh D1 Elrw / hglwhg e|

h1 D1 M10I1 Wklpxv/ ss1 56�5;/ D1 D1 Edonhpd/ Urwwhugdp/ 4<<;1

Fkduoh}/ S1 D1/ Urfn Phfkdqlfv Yroxph 5= Shwurohxp Dssolfdwlrqv/ Hglwlrqv Whfk0

qls/ Sdulv/ 4<<:1

Glhwhulfk/ M1/ D frqvwlwxwlyh odz iru udwh ri hduwktxdnh surgxfwlrq dqg lwv dssolfdwlrq

wr hduwktxdnh foxvwhulqj/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ << / 5934�594;/ 4<<71

Klfnpdq/ V1/ U1 Vlevrq/ dqg U1 Euxkq/ hgv1/ Wkh Phfkdqlfdo Lqyroyhphqw ri Ioxlgv

lq Idxowlqj/ Phqor Sdun/ FD/ X1 V1 Jhrorjlfdo Vxuyh|/ 4<<71

Kxgqxw/ N1 Z1/ hw do1/ Fr0vhlvplf glvsodfhphqwv ri wkh 4<<5 odqghuv hduwktxdnh

vhtxhqfh/ Exoo1 Vhlv1 Vrf1 Dp1/ 6 / 958�978/ 4<<71

Nlqj/ J1 F1 S1/ U1 V1 Vwhlq/ dqg M1 Olq/ Vwdwlf vwuhvv fkdqjhv dqg wkh wuljjhulqj ri

hduwktxdnhv/ Exoohwlq ri wkh Vhlvprorjlfdo Vrflhw| ri Dphulfd/ ;7 / <68�<86/ 4<<71

Oduvhq/ V1 F1/ Jhrghwlf phdvxuhphqwv ri ghirupdwlrq lq vrxwkhuq fdoliruqld/ Sk1G1

wkhvlv/ Fdoliruqld Lqvwlwxwh ri Whfkqrorj|/ 4<<41

Ol/ Y1 F1/ V1 K1 Vhdoh/ dqg W1 Fdr/ Srvwvhlvplf vwuhvv dqg sruh suhvvxuh uhdgmxvwphqw

dqg diwhuvkrfn glvwulexwlrqv/ Whfwrqrsk|vlfv/ 477 / 6:�87/ 4<;:1

Qxu/ D1/ dqg M1 U1 Errnhu/ Diwhuvkrfnv fdxvhg e| sruh  xlg  rzB/ Vflhqfh/ 4:8 /

;;8�;;:/ 4<:51

Show}hu/ J1/ S1 Urvhq/ I1 Urjh}/ dqg N1 Kxgqxw/ Srvwvhlvplf uherxqg lq idxow vwhs0

ryhuv fdxvhg e| sruh  xlg  rz/ Vflhqfh/ 5:6 / 4535�4537/ 4<<91

Show}hu/ J1/ S1 Urvhq/ dqg I1 Urjh}/ Srurhodvwlf uherxqg dorqj wkh odqghuv 4<<5

hduwktxdnh vxuidfh uxswxuh/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ 436 / 63464�63478/

4<<;1
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Urhor�v/ H1/ Srurhodvwlf whfkqltxhv lq wkh vwxg| ri hduwktxdnh0uhodwhg k|gurorjlf

skhqrphqd/ Dgydqfhv lq Jhrsk|vlfv/ 6: / 468�4<8/ 4<<91

Vhhexujhu/ G1 D1/ Vwxglhv ri qdwxudo iudfwxuhv/ idxow }rqh shuphdelolw|/ dqg d sruh

vsdfh0shuphdelolw| prgho/ Sk1G1 wkhvlv/ Vwdqirug Xqlyhuvlw|/ 4<;41

Vwhskhq Klfnpdq/ U1 E1/ Ulfkdug Vlevrq/ Lqwurgxfwlrq wr vshfldo vhfwlrq= Wkh ph0

fkdqlfdo lqyroyhphqw ri  xlgv lq idxowlqj/ Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/ 433 /

45;64�45;73/ 4<<81

Zdog/ G1 M1/ dqg W1 K1 Khdwrq/ Vsdwldo dqg whpsrudo glvwulexwlrq ri vols iru wkh 4<<5

odqghuv/ fdoliruqld/ hduwktxdnh/ Exoohwlq ri wkh Vhlvprorjlfdo Vrflhw| ri Dphulfd/

;7 +6,/ 99;�9<4/ 4<<71

Zdoghu/ M1/ dqg D1 Qxu/ Srurvlw| uhgxfwlrq dqg fuxvwdo sruh suhvvxuh ghyhorsphqw/

M1 Jhr1 Uhv1/ ;< +E46,/ 4486<�4487;/ 4<;71

Zdqj/ K1 I1/ Txdvl0vwdwlf srurhodvwlf sdudphwhuv lq urfn dqg wkhlu jhrsk|vlfdo ds0

solfdwlrqv/ SDJHRSK / 474 +52627,/ 59<�5;9/ 4<<61

\hdwv/ U1 V1/ N1 Vlhk/ dqg F1 U1 Doohq/ Wkh Jhrorj| ri Hduwktxdnhv/ R{irug Xqlyhu0

vlw| Suhvv/ Qhz \run/ 4<<:1
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