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Devwudfw

Ed|hvldq qhwzrunv duh d fruh phwkrg iru xqfhuwdlqw| uhsuhvhqwdwlrq dqg uhdvrqlqj lq duwl�fldo

lqwhooljhqfh1 Wklv glvvhuwdwlrq irfxvhv rq h!flhqw dssur{lpdwh Ed|hvldq qhwzrun lqihuhqfh iru

frpsxwlqj wkh prvw suredeoh h{sodqdwlrq1 Qhz dojrulwkpv iru h!flhqw dssur{lpdwh lqihuhqfh duh

suhvhqwhg/ dqg qhz whfkqltxhv duh ghvfulehg iru fuhdwlqj kdug v|qwkhwlf Ed|hvldq qhwzrunv1

Wkuhh pdmru uhvhdufk uhvxowv uhodwhg wr vshhglqj xs Ed|hvldq qhwzrun lqihuhqfh duh suhvhqwhg

lq wklv glvvhuwdwlrq1 Iluvw/ lpsuryhphqwv duh pdgh lq wkh xvh ri jhqhwlf dojrulwkpv1 Orfdo rswlpd

lv dq lpsruwdqw sureohp lq Ed|hvldq qhwzrun lqihuhqfh1 Fodvvlfdo jhqhwlf dojrulwkpv frqyhujh/

olnh kloo0folpelqj dojrulwkpv/ wr rqh orfdo rswlpxp/ zkloh qlfklqj jhqhwlf dojrulwkpv frqyhujh wr

pxowlsoh orfdo rswlpd1 Wklv glvvhuwdwlrq lqwurgxfhv wkh Suredelolvwlf Furzglqj qlfklqj jhqhwlf

dojrulwkp/ dqg suhvhqwv wkhruhwlfdo dqg hpslulfdo uhvxowv vkrzlqj wkdw Suredelolvwlf Furzglqj jlyhv

suhglfwdeoh frqyhujhqfh/ zklfk dw htxloleulxp lv sursruwlrqdo wr wkh xwlolw| ixqfwlrq/ zklfk iru

Ed|hvldq qhwzrunv lv wkh suredelolw| ri dq h{sodqdwlrq1

Vhfrqg/ lpsuryhphqwv duh pdgh wr vwrfkdvwlf orfdo vhdufk dojrulwkpv iru h!flhqw Ed|hvldq qhw0

zrun lqihuhqfh1 Wklv glvvhuwdwlrq suhvhqwv wkh Vwrfkdvwlf Juhhg| Vhdufk dojrulwkp/ zklfk lqwurgxfhv

qrlv| vwhsv wkdw doorzv orfdo vhdufk wr hvfdsh orfdo rswlpd1 Zh dovr lqwurgxfh gl�huhqw phdvxuhv ri

jdlq +ru judglhqw, dqg dq rshudwru0edvhg dssurdfk/ jlylqj vhyhudo zd|v wr vhdufk orfdoo|1 Frpsdu0

lvrqv wr wkh vwdwh0ri0wkh0duw lqihuhqfh dojrulwkp Kxjlq vkrz wkdw Vwrfkdvwlf Juhhg| Vhdufk shuirupv

vljql�fdqwo| ehwwhu iru vdwlv�delolw| Ed|hvldq qhwzrunv dv zhoo dv iru fhuwdlq Ed|hvldq qhwzrunv iurp

dssolfdwlrqv1 Lq dssolfdwlrq qhwzrunv/ lqlwldol}dwlrq dojrulwkpv/ zklfk frpsxwh wkh prvw suredeoh

h{sodqdwlrq lq erxqglqj fdvhv/ suryh wr eh yhu| ydoxdeoh/ dqg zh lqwurgxfh wzr qryho lqlwldol}d0

wlrq dojrulwkpv ghqrwhg iruzdug dqg edfnzdug g|qdplf surjudpplqj1 Lqlwldol}dwlrq vwduwv wkh

orfdo vhdufk dw srlqwv forvhu wr orfdo rswlpd wkdq zkhq vhdufk vwduwv iurp dq h{sodqdwlrq fuhdwhg

xqlirupo| dw udqgrp1
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Odvwo|/ lpsuryhphqwv duh pdgh wr wkh xvh dqg phdvxuhphqw ri devwudfwlrq dqg djjuhjdwlrq wr

lpsuryh Ed|hvldq qhwzrun lqihuhqfh1 D fulwhulrq lv lqwurgxfhg wkdw txdqwl�hv krz gl�huhqw phwkrgv

ri devwudfwlrq lpsdfw wkh txdolw| ri lqihuhqfh1 Wkh fulwhulrq uhjdugv devwudfwlrq dv qrlvh dqg xvhv

yduldqfh dv d phdvxuh ri txdolw|1 Uhvxowv duh suhvhqwhg wkdw txdqwli| krz gl�huhqw phwkrgv dqg

ohyhov ri devwudfwlrq h�hfw dffxudf|1

Wzr pdmru uhvhdufk uhvxowv duh suhvhqwhg wkdw uhodwh wr fuhdwlqj kdug v|qwkhwlf Ed|hvldq qhw0

zrunv iru hpslulfdo uhvhdufk rq lqihuhqfh dojrulwkpv1 Rqh phwkrg wudqvodwhv ghfhswlyh sureohpv

vwxglhg lq jhqhwlf dojrulwkpv wr d Ed|hvldq qhwzrun vhwwlqj1 Zh vkrz wkdw Ed|hvldq qhwzrunv

fdq eh ghfhswlyh/ dqg wklv lv lpsruwdqw vlqfh jhqhwlf dojrulwkp shuirupdqfh vx�huv rq ghfhswlyh

sureohpv1 Wkh rwkhu uhvxow lv edvhg rq wudqvodwlqj vdwlv�delolw| sureohpv lqwr d Ed|hvldq qhwzrun

vhwwlqj/ lq d zd| wkdw doorzv frqwuro ryhu wkh ohyho ri gl!fxow| ri wkh Ed|hvldq qhwzrun lqihuhqfh

sureohp1 Lq sduwlfxodu/ zh vkrz krz judsk frqqhfwlylw|/ ydoxh ri frqglwlrqdo suredelolw| wdeohv dv

zhoo dv wkh ghjuhh ri uhjxodulw| ri wkh xqghuo|lqj judsk d�hfw wkh vshhg ri lqihuhqfh lq Kxjlq dqg

Vwrfkdvwlf Juhhg| Vhdufk1
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Dfnqrzohgjphqwv

Wklv wkhvlv zrxog qrw kdyh ehhq srvvleoh zlwkrxw p| frpplwwhh= Gdylg F1 Zlonlqv/ Gdylg H1

Jrogehuj/ Phkgl Kdudqgl/ dqg V|oyldq Ud|1 Wkdqnv wr p| dgylvru Gdylg F1 Zlonlqv iru jhwwlqj

ph lqwhuhvwhg lq xqfhuwdlqw| uhdvrqlqj xvlqj Ed|hvldq qhwzrunv/ dqg iru vxssruwlqj wklv uhvhdufk lq

vr pdq| zd|v/ erwk lqwhoohfwxdoo| dqg �qdqfldoo|1 Wkdqnv wr p| fr0dgylvru Gdylg H1 Jrogehuj iru

vkdulqj klv h{shuwlvh lq dqg hqwkxvldvp iru jhqhwlf dojrulwkpv1 Olnh Gdylg F1 Zlonlqv dqg Gdylg

H1 Jrogehuj/ Phkgl Kdudqgl dqg V|oyldq Ud| kdyh jlyhq frpphqwv dqg dvnhg lpsruwdqw txhvwlrqv

dw wkh uljkw wlphv/ dqg lq wkdw zd| vkdshg wkh frqwhqwv dqg irup ri wkh glvvhuwdwlrq lq vljql�fdqw

zd|v1 Odvw/ exw qrw ohdvw/ pdq| wkdqnv wr Gdq Urwk/ zkr duulyhg wr Loolqrlv odwh lq p| judgxdwh

vfkrro fduhhu exw vwloo jdyh d orw ri dvvlvwdqfh dqg lqvsludwlrq1

Wkdqnv wr iruphu dqg suhvhqw NEV dqg LoolJDO jurxs phpehuv dqg ylvlwruv iru frpphqwv

dqg vxjjhvwlrqv dw ydulrxv vwdjhv ri wklv uhvhdufk= Plnh Eredn/ Ydglp Exolwnr/ Hulfn Fdqwx0Sd}/

Gdylg Iulhg/ Vrqj Kdq/ Wlp Kdudkdq/ Zlooldp Kvx/ Huqhvw Nlp/ Ihuqdqgr Orer/ Vdp Pdkirxg/

Pdvdkdux Pxqhwrpr/ Pduwlq Sholndq/ Vxu|d Udpdfkdqgudq/ Vdwlvk Vkdqndudssd/ Euhqw Vslooqhu/

dqg Plvkd Yrorvklq1 Vshfldo wkdqnv jr wr Gdylg Iulhg/ Vrqj Kdq/ Wlp Kdudkdq/ dqg Plvkd

Yrorvklq iru wkhlu khos lq ghyhorslqj wkh UDYHQ wrro0vhw/ zklfk kdv ehhq xvhg lq pxfk ri wkh

hpslulfdo sduw ri wklv glvvhuwdwlrq/ dv zhoo dv wr Ydglp Exolwnr iru surylglqj frpphqwv wr dq hduolhu

yhuvlrq ri wklv glvvhuwdwlrq1

Uhvhdufkhuv zkr kdyh ghyhorshg dqg pdgh wkhlu dssolfdwlrq Ed|hvldq qhwzrunv dydlodeoh iru h{0

shulphqwdwlrq duh dovr judwhixoo| dfnqrzohgjhg/ dorqj zlwk Qlu Iulhgpdq zkr kdv froohfwhg wkhvh

qhwzrunv lq d Ed|hvldq Qhwzrun Uhsrvlwru|1 Dw wkh wlph ri wklv zulwlqj/ wkh uhsrvlwru| pd|

eh irxqg dw kwws=22zzz0qw1fv1ehunhoh|1hgx2krph2qlu2sxeolfbkwpo2Uhsrvlwru|2lqgh{1kwp1 Dovr

wkdqnv wr ihoorz phpehuv ri wkh FrUDYHQ whdp dw XLXF dqg hovhzkhuh/ dqg lq sduwlfxodu Sh0

whu Dvdur/ Urelq Edujdu/ Fdurolqh Kd|hv/ Sdwulfld Mrqhv/ Vwx Vfkodedfk/ dqg qxphurxv grpdlq
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h{shuwv/ iru fr0ghyhorslqj wkh Slu Ed|hvldq qhwzrunv xvhg lq sduwv ri wklv uhvhdufk1 Nulvwldq Nulv0

whqvhq lv dovr judwhixoo| dfnqrzohgjhg iru jlylqj shuplvvlrq wr xvh klv Eduoh| Ed|hvldq qhwzrun iru

h{shulphqwdwlrq1

Phpehuv ri wkh Kxjlq whdp/ dqg lq sduwlfxodu Pduldqqh Edqjvû/ Iudqn Mhqvhq/ dqg Oduv P1

Qlhovhq duh dfnqrzohgjhg iru wkhlu surpsw dqvzhuv wr p| txhvwlrqv uhjduglqj wkh surshu xvh ri

Kxjlq1 Lq dgglwlrq/ vrph ri wkh vriwzduh xvhg lq wklv zrun h{sorlwhg wkh JDole jhqhwlf dojrulwkp

sdfndjh zulwwhq e| Pdwwkhz Zdoo dw wkh Pdvvdfkxvhwwv Lqvwlwxwh ri Whfkqrorj|1

Rq d pruh shuvrqdo qrwh/ L zdqw wr wkdqn p| idplo| dqg iulhqgv lq Qruzd| dqg lq wkh X1V1 iru

wkhlu vxssruw ryhu wkhvh |hduv1 Lq sduwlfxodu/ L �uvw zdqw wr wkdqn p| sduhqwv Nqxw dqg Dvwulg dqg

p| vleolqjv Dqqh Wruxqq/ Wruh/ dqg Shu iru wkhlu vxssruw dqg hqfrxudjhphqw Lq dgglwlrq/ wkdqnv

jrhv wr Jxqqdu Eol{ zkr khoshg ph zkhq L vwduwhg p| judgxdwh vwxglhv khuh dw XLXF1 Ilqdoo|/

wkdqnv wr p| yhu| vshfldo iulhqg Olvd Ndxipdq/ dqg wkh uhvw ri wkh Ndxipdq idplo|/ iru vxssruw

dqg krvslwdolw|1

Wklv uhvhdufk kdv sduwo| ehhq vsrqvruhg e| RQUJudqw Q333470<80403:7</ DUOJudqw GDDO340

<90503336/ dqg QUO Judqw Q333470<:0F053941
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Wdeoh ri Frqwhqwv

Fkdswhu 4 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 1 1 4
414 Uhdvrqlqj dqg Ohduqlqj Xqghu Xqfhuwdlqw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5
415 Ed|hvldq Qhwzrunv 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 1 7
416 Ed|hvldq Qhwzrun Lqihuhqfh 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
417 Jhqhwlf Dojrulwkpv 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 1 46

41714 Wkh Vlpsoh Jhqhwlf Dojrulwkp 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 46
41715 Jhqhwlf Dojrulwkp Wkhru| 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 48
41716 Jhqhwlf Dojrulwkp Sudfwlfh 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 49

418 Frqwulexwlrqv ri Glvvhuwdwlrq 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:
41814 Sureohp Kdugqhvv= Ghfhswlyh dqg Vdwlv�delolw| Ed|hvldq Qhwzrunv 1 1 1 1 1 1 4:
41815 Jhqhwlf Dojrulwkp Qlfklqj= Suredelolvwlf Furzglqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;
41816 Orfdo Vhdufk= Vwrfkdvwlf Juhhg| Vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;
41817 Sureohp Dssur{lpdwlrq= Devwudfwlrq lq Ed|hvldq Qhwzrunv 1 1 1 1 1 1 1 1 1 1 4;

419 Uhdghu*v Jxlgh 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 1 1 1 4<

Fkdswhu 5 Ed|hvldq Qhwzrunv dqg Lqihuhqfh Dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 53
514 Ed|hvldq Qhwzrun Suholplqdulhv 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 53
515 H{dfw Lqihuhqfh Phwkrgv 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 54

51514 Lqihuhqfh e| Qhwzrun Sursdjdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 55
51515 Lqihuhqfh e| Foxvwhulqj 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

516 Lqh{dfw Lqihuhqfh Phwkrgv 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 75
51614 Olq hw do1 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 1 1 75
51615 Urmdv0Jx}pdq dqg Nudphu 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 78
51616 Jhovhpd 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 1 1 1 7:
51617 Erujkhwwl hw do1 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 7<
51618 Zhofk 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 1 1 1 1 83
51619 Plvfhoodqhrxv 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 85

517 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 1 1 1 1 1 1 1 1 1 87

Fkdswhu 6 Wkh Suredelolvwlf Furzglqj Jhqhwlf Dojrulwkp 1 1 1 1 1 1 1 1 1 1 1 1 1 8;
614 Lqwhjudwhg Wrxuqdphqw Dojrulwkpv 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<
615 Suredelolvwlf Furzglqj Dojrulwkp 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
616 Dqdo|vlv ri Suredelolvwlf Furzglqj 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 97

61614 Wzr Qlfkhv/ Vdph Mxps Suredelolwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 97
61615 Wzr Qlfkhv/ Gl�huhqw Mxps Suredelolwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 99
61616 Pxowlsoh Qlfkhv/ Gl�huhqw Mxps Suredelolwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;

617 H{shulphqwv Xvlqj Lghdol}hg Rshudwruv 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 :3

lll



61714 Wzr Qlfkhv/ Vdph Mxps Suredelolwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3
61715 Pxowlsoh Qlfkhv/ Vdph Mxps Suredelolwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :5

618 H{shulphqwv Xvlqj Wudglwlrqdo Rshudwruv 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
619 Srsxodwlrq Vl}lqj 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 1 1 :7

61914 Srsxodwlrq Vl}lqj Wkhru| 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
61915 Srsxodwlrq Vl}lqj H{shulphqwv 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 ::

61: Frqfoxvlrq dqg Ixwxuh Zrun 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 :;

Fkdswhu 7 Ghfhswlyh Ed|hvldq Qhwzrunv 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
714 Vfkhpdwd/ Ghfhswlrq/ dqg Ixqfwlrqv ri Xqlwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;4
715 Frqvwuxfwlqj Ed|hvldq Qhwzrunv 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
716 Rqhpd{ Ixqfwlrqv 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 1 ;:
717 Wuds Ixqfwlrqv 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 1 1 1 ;<
718 Kloo Ixqfwlrqv 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 1 1 1 1 <6
719 Jhqhudo EQv iurp Ghfhswlyh Wuds Ixqfwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <8

71914 70qrgh Wuds EQv 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
71915 Vroylqj wkh Htxdwlrqv iru 70qrgh Wuds EQv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <9
71916 Qxphulfdo Vroxwlrqv 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 <;

71: Frqfoxvlrq dqg Ixwxuh Zrun 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 1 433

Fkdswhu 8 Wkh Vwrfkdvwlf Juhhg| Vhdufk Dojrulwkp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 435
814 Vwrfkdvwlf Orfdo Vhdufk 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 1 437

81414 Wkh Vhdufk Dojrulwkp 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 1 437
81415 Phdvxuh 4= EODQNHW Jdlq 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 1 439
81416 Phdvxuh 5= JPSH Jdlq 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 43;

815 Rshudwru0Edvhg Vwrfkdvwlf Juhhg| Vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<
816 Lqlwldol}dwlrq Dojrulwkpv 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 1 444
817 H{shulphqwv 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 1 1 1 1 1 445

81714 Dssolfdwlrq Ed|hvldq Qhwzrunv= Gl�huhqw Vhdufk Rshudwruv 1 1 1 1 1 1 1 1 1 1 447
81715 Dssolfdwlrq Ed|hvldq Qhwzrunv= Gl�huhqw Lqlwldol}dwlrq Rshudwruv 1 1 1 1 1 1 448

818 Frqfoxvlrq dqg Ixwxuh Zrun 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 1 449

Fkdswhu 9 Kdug dqg Hdv| Ed|hvldq Qhwzrunv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 456
914 Phwkrgrorjlfdo Edfnjurxqg 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 1 457
915 Glvwulexwlrqv ri Ed|hvldq Qhwzrunv 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

91514 Wkh VDW 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 1 1 1 1 1 1 1 1 45:
91515 Wkh NG 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 1 1 1 1 1 1 1 1 1 463

916 Kdug dqg Hdv| Qhwzrunv 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 1 464
91614 Wkuhvkrog Skhqrphqd F@Y 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
91615 Wkh Qdwxuh ri wkh FSWv 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 1 465
91616 Uhjxodulw| ri Judskv 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 1 466

917 H{shulphqwv 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 1 1 1 1 1 467
91714 Udwlr H{shulphqwv 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 1 467
91715 FSW H{shulphqwv 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 1 469
91716 Uhjxodulw| H{shulphqwv 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 46:

918 Frqfoxvlrq dqg Ixwxuh Zrun 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 46;
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Fkdswhu : Devwudfwlrq iru Frpsxwlqj wkh Prvw Suredeoh H{sodqdwlrq 1 1 1 1 1 476
:14 Dssur{lpdwlrq/ Ed|hvldq Qhwzrunv/ dqg Jhqhwlf Dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 477

:1414 Devwudfwlrq dqg Uh�qhphqw 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 1 478
:1415 Djjuhjdwlrq dqg Ghfrpsrvlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 478
:1416 Dssur{lpdwlrq dqg Jhqhwlf Dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 479
:1417 Qrlvh dqg Jhqhwlf Dojrulwkpv 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 47:

:15 Suholplqdulhv= Devwudfwlrq dqg Uh�qhphqw Rshudwruv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47:
:1514 Devwudfwlrq Klhudufk| 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 47:
:1515 Devwudfw Vwdwh Vsdfhv dqg Qrghv 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;
:1516 Devwudfw EQv dqg H{sodqdwlrqv 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 1 487

:16 Devwudfwlrq iru wkh PSH Wdvn 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 1 488
:1614 Vwdwh Vsdfh 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 1 1 1 1 1 1 1 1 1 488
:1615 Txdolw| ri Devwudfwlrq 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 48:
:1616 Gl!fxow| ri Rewdlqlqj Fruuhfwqhvv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48<

:17 Devwudfwlrq Txdolw| 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 1 493
:1714 Qrgh Qrlvh Yduldqfh 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 1 493
:1715 Erxqglqj wkh Qrgh Qrlvh 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 1 495
:1716 Qhwzrun Qrlvh 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 1 496

:18 Devwudfwlrq Dojrulwkpv 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 1 497
:19 Devwudfwlrq H{shulphqwv 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 1 499

:1914 Qrgh H{shulphqwv 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 1 499
:1915 PSH H{shulphqwv 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 49;

:1: Frqfoxvlrq dqg Ixwxuh Zrun 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 4:3

Fkdswhu ; Frqfoxvlrq dqg Ixwxuh Zrun 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:4
;14 Frqfoxvlrq 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 1 1 1 1 1 4:4

;1414 Jhqhwlf Dojrulwkp Qlfklqj= Suredelolvwlf Furzglqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:5
;1415 Sureohp Kdugqhvv= Ghfhswlyh Ed|hvldq Qhwzrunv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:5
;1416 Orfdo Vhdufk= Vwrfkdvwlf Juhhg| Vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:6
;1417 Sureohp Kdugqhvv= Vdwlv�delolw| Ed|hvldq Qhwzrunv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:7
;1418 Sureohp Dssur{lpdwlrq= Devwudfwlrq lq Ed|hvldq Qhwzrunv 1 1 1 1 1 1 1 1 1 1 4:8

;15 Ixwxuh Zrun 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 1 1 1 1 4:8
;1514 Pdujlqdol}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 1 1 1 1 1 1 1 1 1 1 1 4:9
;1515 K|eulg Uhdvrqlqj dqg Ohduqlqj 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 4:9
;1516 Ed|hvldq Qhwzrun Dssur{lpdwlrq 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::

Dsshqgl{ D Devwudfwlrq dqg Uh�qhphqw Ghwdlov 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:;
D14 Devwudfwlrq dqg Uh�qhphqw 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:;
D15 Uh�qhphqw 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 1 1 1 1 1 4:<

D1514 Il{hg Fkloguhq 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 1 1 1 1 4;3
D1515 Il{hg Sduhqwv 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 1 1 1 1 1 4;5

D16 Devwudfwlrq +Frduvhqlqj, 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;8
D17 Surriv 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 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 1 1 1 1 1 1 1 1 4;<

Ylwd 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 1 1 1 1 1 1 1 1 1 1 1 534
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Olvw ri Wdeohv

514 Pxowlsolfdwlrq ri eholhi wdeohv1 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 69
515 Vxppdu| ri h{shulphqwv frpsdulqj lwhudwlyh orfdo vhdufk +LOV,/ vlpxodwhg dqqhdolqj

+VD,/ dqg jhqhwlf vhdufk +JV, iru wzr gl�huhqw EQv/ cUhgxfhg EQ* dqg cIxoo EQ*1
cQ*/ cY*/ dqg cF* jlyh wkh wrwdo vl}h ri wkh EQ/ wkh qxpehu ri glvhdvh +urrw, qrghv/ dqg
wkh qxpehu ri ihdwxuh +ohdi, qrghv uhvshfwlyho|1 Qrwh wkdw wkhvh qxpehuv duh xsshu
erxqgv vlqfh wkh| dsso| wr wkh EQ ehiruh suxqlqj/ dqg wklv zdv shuiruphg ehiruh
doo vhdufk dojrulwkpv zhuh xvhg1 Wkh qxpehuv lq wkh wdeoh uhihu wr wkh shufhqwdjh ri
fdvhv lq zklfk wkh ehvw h{sodqdwlrq zdv irxqg1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 77

516 Vxppdu| ri h{shulphqw rq wkh lpsdfw ri vwulqj ru judsk uhsuhvhqwdwlrq ri lqglylgxdov
lq JDOJR1 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 1 1 1 1 1 78

517 H{shulphqwdo uhvxowv iru JDOJR rq EQ4/ EQ5/ dqg EQ61 Gl�huhqfhv lq shuiru0
pdqfh duh vkrzq iru gl�huhqw vfdolqj frqglwlrqv= qr vfdolqj/ xqlirup vfdolqj/ dqg
lqyhuvh orjdulwkplf vfdolqj1 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 79

518 Uhvxowv iurp Jhovhpd*v h{shulphqwv zlwk wkuhh EQv EQ4/ EQ5/ dqg EQ61 1 1 1 1 1 7<
519 Urrw phdq vtxduhg huuru +UPVH, iru iruzdug vlpxodwlrq yhuvxv k|eulg ri iruzdug

vlpxodwlrq dqg JD dv d ixqfwlrq ri wkh qxpehu ri hylghqfh qrghv1 1 1 1 1 1 1 1 1 1 1 85
51: Vxppdu| ri suhylrxv uhvhdufk wr EQ lqihuhqfh xvlqj JDv1 Wkh *Zkr* froxpq

jlyhv lqlwldov iru wkh uhvhdufkhuv ri wkh dssurdfk dv iroorzv1 OJV= Olq/ Jdoshu/ dqg
Vkdfkwhu1 UJN= Urmdv0Jx}pdq dqg Nudphu1 J= Jhovhpd1 VVZ= Vdqwrv/ Vklprq|/
dqg Zlooldpv1 Z= Zhofk1 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 89

614 Wzr nh| glphqvlrqv ri lqwhjudwhg wrxuqdphqw dojrulwkpv= qdwxuh ri wkh dffhswdqfh
uxoh dqg qdwxuh ri wkh fxuuhqw vwdwh1 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<

615 H{shulphqwdo uhvxowv iru suredelolvwlf furzglqj rq wkh I4 dqg I5 ixqfwlrqv/ djjuh0
jdwhg ryhu doo jhqhudwlrqv1 Wkh cS* froxpqv vkrz suhglfwhg doorfdwlrqv/ zkloh wkh cP*
dqg cP.F* froxpqv vkrz dfwxdo doorfdwlrqv iru suredelolvwlf furzglqj zlwk pxwdwlrq
rqo| dqg zlwk pxwdwlrq dqg furvvryhu uhvshfwlyho|1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :7

616 Srsxodwlrq vl}h suhglfwhg iurp ghvluhg uholdelolw|/ dorqj zlwk revhuyhg uholdelolw|1 1 1 :;

714 Frqglwlrqv iru ixoo ghfhswlrq lq d elw vwulqj ri ohqjwk wkuhh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;6
715 Qrq0ghfhswlyh rqhpd{ �wqhvv ixqfwlrq gh�qhg ryhu elwvwulqj frqvlvwlqj ri wkuhh elwv1 ;:
716 Frqglwlrqdo suredelolw| wdeohv ri qrq0ghfhswlyh EQ frqvwuxfwhg iurp qrq0ghfhswlyh

rqhpd{ �wqhvv ixqfwlrq1 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 ;;
717 Frqglwlrqdo suredelolw| wdeohv ri qrq0ghfhswlyh EQ frqvwuxfwhg iurp qrq0ghfhswlyh

rqhpd{ �wqhvv ixqfwlrq zlwk irxu elwv1 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 ;;
718 Ghfhswlyh wuds �wqhvv ixqfwlrq gh�qhg ryhu elw vwulqj frqvlvwlqj ri wkuhh elwv1 1 1 1 1 <3
719 Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq/

ehiruh qrupdol}dwlrq1 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 <4

yl



71: Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq/
diwhu qrupdol}dwlrq1 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 <4

71; Mrlqw suredelolw| ri ghfhswlyh EQ1 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
71< Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq

zlwk irxu elwv1 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 1 1 1 <5
7143 Kloo �wqhvv ixqfwlrq gh�qhg ryhu elw vwulqj frqvlvwlqj ri wkuhh elwv1 1 1 1 1 1 1 1 1 1 1 <7
7144 Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp kloo �wqhvv ixqfwlrq zlwk wkuhh

elwv1 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 1 1 1 1 1 1 1 1 1 <7
7145 Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq1 <8
7146 Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq1 <<

814 Shuirupdqfh ri Kxjlq rq dssolfdwlrq Ed|hvldq qhwzrunv1 Wkh uhvxowv lq wkh Wrwdo
froxpq duh iru frpsxwlqj dq PSH dqg duh lq vhfrqgv1 Wkh Frpsloh dqg H{hfxwh
froxpqv jlyh wkh wlph wdnhq lq hdfk ri wkhvh wzr skdvhv> Sursv jlyhv wkh qxpehu ri
sursdjdwlrqv lq wkh h{hfxwlrq skdvh1 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 1 445

815 Shuirupdqfh ri vwrfkdvwlf juhhg| vhdufk xvlqj gl�huhqw vhdufk dojrulwkpv rq dssol0
fdwlrq Ed|hvldq qhwzrunv1 W6@% dqg I6@% jlyh lqirupdwlrq derxw wkh wlph0rxw olplw
dqg wkh pd{ qxpehu ri  lsv uhvshfwlyho|1 Wkh Pl{ sruwirolr lv d frpelqdwlrq ri
wkh EP/ JP/ EV/ dqg JV vhdufk rshudwruv dqg wkh XQ/ IV/ IGS/ dqg EGS lql0
wldol}dwlrq rshudwruv1 Wkh uhvxowv lq wkh W froxpqv duh iru frpsxwlqj dq PSH dqg
duh lq vhfrqgv1 Wkh uhvxowv lq wkh V froxpqv suhvhqw wkh qxpehu ri wlphv dq PSH
zdv irxqg1 Wlph vshqw rq lqlwldol}dwlrq lv lqfoxghg lq wkh wlph wdnhq iru wkh VJV
dojrulwkp1 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 1 1 1 1 1 446

816 Shuirupdqfh ri vwrfkdvwlf juhhg| vhdufk xvlqj gl�huhqw lqlwldol}dwlrq dojrulwkpv rq
dssolfdwlrq Ed|hvldq qhwzrunv1 Wkh uhvxowv lq wkh W froxpqv duh iru frpsxwlqj dq
PSH dqg duh lq vhfrqgv1 Wkh Pl{ sruwirolr lv d frpelqdwlrq ri wkh EP/ JP/ EV/
dqg JV vhdufk rshudwruv dqg wkh XQ/ IV/ IGS/ dqg EGS lqlwldol}dwlrq rshudwruv1
Wkh uhvxowv lq wkh V froxpqv suhvhqw wkh qxpehu ri wlphv dq PSH zdv irxqg1 Wlph
vshqw rq lqlwldol}dwlrq lv lqfoxghg lq wkh wlph wdnhq iru wkh VJV dojrulwkp1 1 1 1 1 1 446

914 Uhjxodu dqg luuhjxodu Ed|hvldq qhwzrunv fodvvl�hg dorqj wkh wzr ruwkrjrqdo glphq0
wlrqv ri fkloguhq0uhjxodulw| dqg sduhqw0uhjxodulw|1 Wkh khdglqj {2| ri d fhoo +vxfk dv
u2u, phdqv wkdw sduhqw0uhjxodulw| lv {/ fkloguhq0uhjxodulw| lv |1 1 1 1 1 1 1 1 1 1 1 1 1 465

915 Vshhg +lq vhfrqgv, ri Kxjlq dqg VJV iru PSH frpsxwdwlrq rq Ed|hvldq qhwzrun
wudqvodwhg iurp FQI irupxodv1 Qrwh wkdw VJV lv w|slfdoo| vhyhudo rughuv ri pdjql0
wxgh idvwhu wkdq Kxjlq1 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 1 468

916 Wlph +vhfrqgv, iru Kxjlq wr frpsxwh wkh PSH iru ydulrxv sdudphwhu vhwwlqjv ri wkh
NG prgho1 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 1 1 1 1 1 469

917 Wkh h�hfw ri uhjxodu dqg luuhjxodu VDW EQv rq Kxjlq frpsxwdwlrq wlph +vhfrqgv,1 1 46:
918 Wkh h�hfw ri uhjxodu dqg luuhjxodu VDW EQv rq VJV2EP2QX frpsxwdwlrq wlph

+vhfrqgv,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 1 1 1 1 1 1 46;

:14 Wr wkh ohiw/ I*v frqglwlrqdo suredelolw| wdeoh lv vkrzq ehiruh devwudfwlrq ri 
T @
d> x> q wr 
T @ |> q / wr wkh uljkw lw lv vkrzq diwhu devwudfwlrq1 1 1 1 1 1 1 1 1 1 1 1 1 487

:15 Wr wkh ohiw Y*v FSW lv vkrzq ehiruh devwudfwlrq ri 
T @ d> x> q wr 
T @ |> q/ wr wkh
uljkw lw lv vkrzq diwhu devwudfwlrq1 Qrwlfh krz wkhvh glvwulexwlrqv duh fkdqjhg1 1 1 1 487

:16 Devwudfwlrq klhudufklhv D/ E/ dqg F zlwk lqwhuqdo dqg h{whuqdo qrgh yduldqfhv iru
gl�huhqw ohyhov1 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 1 1 1 48<

yll



:17 Uhvxowv iurp xvlqj gl�huhqw dssurdfkhv wr frqvwuxfwlqj devwudfwlrq klhudufklhv rq
gl�huhqw EQ qrghv1 H{whuqdo yduldqfh lv ehwzhhq wkh jlyhq devwudfwlrq ohyho dqg wkh
jurxqg ohyho1 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 1 1 1 1 499

:18 Uhvxowv iurp PSH h{shulphqwv xvlqj wkh Eduoh| EQ xvlqj gl�huhqw devwudfwlrq do0
jrulwkpv Udqgrp/ PlqGlvwdqfh/ dqg PlqHuuru1 Hdfk urz lq wkh wdeohv deryh uhodwhv
d Uh�qhg EQ dqg dq Devwudfwhg EQ1 Lq wkh wrs wdeoh/ wkh lqihuhqfh wlphv dqg h{0
sodqdwlrq suredelolwlhv duh suhvhqwhg1 Lq wkh erwwrp wdeoh/ zh irfxv rq wkh wudgh0r�
ehwzhhq txdolw| ri devwudfwlrq dqg vshhg ri lqihuhqfh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 49;

D14 Wr wkh ohiw I*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qh0
phqw1 Qrwlfh krz wkhvh fklog glvwulexwlrqv duh nhsw wkh vdph1 1 1 1 1 1 1 1 1 1 1 1 1 4;4

D15 Wr wkh ohiw Y*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qh0
phqw1 Qrwlfh krz wkhvh glvwulexwlrqv duh fkdqjhg1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;5

D16 Wr wkh ohiw/ Y*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu
uh�qhphqw1 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 1 1 1 1 1 4;5

D17 Wr wkh ohiw/ I*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qhphqw14;6
D18 Wr wkh ohiw/ I*v FSW lv vkrzq ehiruh devwudfwlrqwr wkh uljkw lw lv vkrzq diwhu devwudfwlrq14;8
D19 Wr wkh ohiw/ Y*v FSW lv vkrzq ehiruh devwudfwlrq/ wr wkh uljkw lw lv vkrzq diwhu

devwudfwlrq1 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 1 1 1 1 4;8
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Olvw ri Iljxuhv

414 Wkh cidplo| rxw* Ed|hvldq qhwzrunv1 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
415 Wkh cidplo| rxw* fdxvdo qhwzrun1 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 :
416 Wkh wkuhh qrgh wulsohw frq�jxudwlrqv lq d fdxvdo judsk ru Ed|hvldq qhwzrunv1 1 1 1 ;
417 Fodvvl�fdwlrq dqg h{dpsohv ri Ed|hvldq qhwzrunv vwuxfwxuh1 1 1 1 1 1 1 1 1 1 1 1 1 1 45
418 Wkh vlpsoh jhqhwlf dojrulwkp1 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 47

514 Ed|hvldq qhwzrunv lqihuhqfh e| phvvdjh sdvvlqj ru qhwzrun sursdjdwlrq +iurp ^Shduo/
4<;;`,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 1 1 1 1 1 1 1 1 1 56

515 H{dpsoh Ed|hvldq qhwzrunv> wkh cfkhdwlqj vsrxvh* h{dpsoh1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;
516 Phvvdjhv dqg qrgh ydoxhv lq wkh cfkhdwlqj vsrxvh* h{dpsoh1 1 1 1 1 1 1 1 1 1 1 1 1 1 5<
517 Sulru suredelolw| glvwulexwlrq lq wkh cfkhdwlqj vsrxvh* h{dpsoh1 1 1 1 1 1 1 1 1 1 1 1 1 5<
518 Srvwhulru suredelolw| glvwulexwlrq lq wkh cfkhdwlqj vsrxvh* h{dpsoh1 1 1 1 1 1 1 1 1 1 1 64
519 Sursdjdwlqj wkh h�hfw ri qhz hylghqfh lq d Ed|hvldq qhwzrunv1 1 1 1 1 1 1 1 1 1 1 1 1 65
51: Wzr h{dpsohv ri Ed|hvldq qhwzrunv dqg mxqfwlrq wuhhv uhsuhvhqwlqj wkhp1 Wkh

Ed|hvldq qhwzrunv lv vkrzq wr wkh ohiw/ wkh mxqfwlrq wuhh wr wkh uljkw1 1 1 1 1 1 1 1 1 68
51; Wkh vl{ vwhsv lqyroyhg lq fuhdwlqj d mxqfwlrq wuhh iurp d Ed|hvldq qhwzrunv1 1 1 1 1 69
51< Devruswlrq lq d mxqfwlrq wuhh1 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;
5143 Sursdjdwlrq lq mxqfwlrq wuhh ri wkh cfkhdwlqj vsrxvh* h{dpsoh edvhg rq hylghqfh GD

@ +4/3,1 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 1 1 1 1 1 1 1 1 6<

614 Suhglfwhg uhvxowv +vrolg flufohv, yhuvxv h{shulphqwdo uhvxowv +rshq flufohv, iru sured0
elolvwlf furzglqj1 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 1 :3

615 Suhglfwhg +vrolg flufohv, dqg h{shulphqwdo +rshq flufohv, uhvxowv iru qlfkhv [�/ [e/
dqg [H= Suhglfwhg lv vwhdg|0vwdwh h{shfwhg sursruwlrq ri srsxodwlrq> h{shulphqwdo
lv phdvxuhg sursruwlrq vwduwlqj dw jhqhudwlrq rqh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4

616 Wkh whvw ixqfwlrqv I4 dqg I51 I4 lv wr wkh ohiw/ I5 wr wkh uljkw1 1 1 1 1 1 1 1 1 1 1 1 :6
617 Suhglfwhg yhuvxv dfwxdo doorfdwlrq ri lqglylgxdov wr qlfkhv iru wkh whvw ixqfwlrqv I4

dqg I51 Uhvxowv iru I4 duh vkrzq dw wkh wrs/ uhvxowv iru I5 duh vkrzq dw wkh erwwrp1 :8

714 Judsk EQ frqvwuxfwhg iurp qrq0ghfhswlyh rqhpd{ �wqhvv ixqfwlrq1 1 1 1 1 1 1 1 1 1 ;;
715 Ixoo| ghfhswlyh ixqfwlrq ryhu wkuhh elwv11 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 ;<
716 Judsk ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq zlwk wkuhh elwv1 1 1 1 <6

l{



814 Looxvwudwlqj wkh fulwhulrq ri fkrlfh frqfhsw iru vwrfkdvwlf juhhg| vhdufk lq wkh frqwh{w
ri fkrrvlqj ehwzhhq folpelqj qruwk +Q, dqg hdvw +H,1 Wr wkh ohiw/ folpelqj Q/ zklfk
orfdoo| jlyhv wkh ehvw jdlq/ lv joredoo| rswlpdo1 Wr wkh uljkw/ folpelqj Q/ zklfk vwloo
jlyhv wkh ehvw jdlq orfdoo|/ grhv qrw ohdg wr d joredoo| rswlpdo vroxwlrq1 Lq rughu
wr uhdfk wkh joredo rswlpxp wr wkh uljkw/ dw ohdvw suredelolvwlfdoo|/ rqh fdq xvh d
vwrfkdvwlf fulwhulrq ri fkrlfh/ vxfk wkdw rqh vrphwlphv fkrrvhv H udwkhu wkdq Q/ hyhq
wkrxjk wkh odwwhu lv orfdoo| vxshulru1 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 1 436

815 Wkh VJV vwrfkdvwlf juhhg| vhdufk dojrulwkp1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
816 Wkh FKRRVH0QRGH dojrulwkp/ xvhg e| VJV1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44<
817 Wkh rshudwru0edvhg VJV vwrfkdvwlf juhhg| vhdufk dojrulwkp1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 453
818 H�hfw ri xvlqj gl�huhqw VJV vhdufk rshudwruv rq dssolfdwlrq EQv1 Wkh PSH frp0

sxwdwlrq wlph +erwwrp/ orj vfdoh, dqg vxffhvv udwlr +wrs, iru Kxjlq dqg gl�huhqw
yduldqwv ri VJV lv vkrzq1 Wkh vdph sruwirolr ri lqlwldol}dwlrq rshudwruv lv xvhg iru
VJV lq doo fdvhv1 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 1 1 454

819 H�hfw ri xvlqj gl�huhqw VJV lqlwldol}dwlrq dojrulwkpv1 Wkh frpsxwdwlrq wlph +erw0
wrp, dqg vxffhvv +wrs, iru Kxjlq dqg gl�huhqw yduldqwv ri VJV lv vkrzq1 Wkh vdph
sruwirolr ri vhdufk dojrulwkpv lv xvhg iru VJV lq doo fdvhv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 455

914 H{dpsoh ri frqvwuxfwlqj d EQ iurp d FQI irupxod1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;
915 PSH frpsxwdwlrq wlph ri Kxjlq dqg VJV rq VDW EQv zlwk Y @ 63 yduldeohv dqg

F @ 93 wr F @ 459 fodxvhv1 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 1 473
916 Frpsxwdwlrq wlph +vhfrqgv, dv ixqfwlrq ri F@Y udwlr lq Kxjlq iru NG qhwzrunv1

Qrwh wkh skdvh wudqvlwlrq durxqg F@Y � 4=:/ vxssruwlqj rxu fodlp wkdw rwkhu prghov
wkdq wkh VDW prgho kdyh skdvh wudqvlwlrqv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 474

917 Frpsxwdwlrq wlph +vhfrqgv, dv ixqfwlrq ri F@Y udwlr iru luuhjxodu dqg uhjxodu VDW
qhwzrunv1 Uhvxowv iru Kxjlq duh vkrzq dw wkh wrs/ uhvxowv iru VJV wr wkh erwwrp1 1 475

:14 H{dpsoh ri vwdwh vsdfh devwudfwlrq dqg uh�qhphqw1 Qrgh U� frqwdlqv wkh ruljlqdo
vwdwhv u�c� wr u�c�S1 Qrgh U2 frqwdlqv vwdwhv u2c� wr u2cH/ zkhuh dq| vwdwh u2c� lv dq
devwudfwlrq ri wzr vwdwhv u�c2�3�dqg u�c2� lq U�1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 483

:15 Devwudfwlrq klhudufk| iru dq djhqw prqlwrulqj qrgh U�1 Wkh devwudfwlrq klhudufk|
urrwhg dw uec2 lv vlplodu wr wkh klhudufk| urrwhg dw uec�/ exw kdv ehhq ohiw rxw ri wklv
�jxuh1 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 1 1 1 1 1 1 1 1 483

:16 Ed|hvldq qhwzrun vkrzlqj devwudfwlrq dqg uh�qhphqw sulqflsohv1 1 1 1 1 1 1 1 1 1 1 1 484
:17 Ed|hvldq qhwzrun zlwk devwudfwlrq klhudufk|1 Wkh Ed|hvldq qhwzrun/ zkrvh qrgh Y

lv devwudfwhg/ lv vkrzq wr wkh ohiw/ wkh devwudfwlrq klhudufk| lv vkrzq wr wkh uljkw1 1 485
:18 Rughulqj ri h{sodqdwlrqv dffruglqj wr wkhlu suredelolw|1 Lq wkh wrs sduw ri wkh �jxuh/

dq h{dpsoh rughulqj iru kljk txdolw| devwudfwlrq klhudufklhv lv vkrzq1 Lq wkh erwwrp
sduw/ dq h{dpsoh rughulqj iru orz txdolw| devwudfwlrq lv vkrzq1 1 1 1 1 1 1 1 1 1 1 1 1 48:

:19 Wkuhh srvvleoh devwudfwlrq klhudufklhv D/ E/ dqg F frqvwuxfwhg iru d EQ qrgh [1 1 493
:1: Wkh PlqGlvwdqfh devwudfwlrq klhudufk| frqvwuxfwlrq dojrulwkp1 1 1 1 1 1 1 1 1 1 1 1 498
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Olvw ri Deeuhyldwlrqv

EGS Edfnzdug g|qdplf surjudpplqj1

ENE Ed|hvldq nqrzohgjh edvhv1

EQ Ed|hvldq qhwzrun1

FQI Frqmxqfwlyh qrupdo irup1

FSW Frqglwlrqdo suredelolw| wdeoh1

IGS Iruzdug g|qdplf surjudpplqj1

JD Jhqhwlf dojrulwkp1

JLJD Jhqh0lqyduldqw JD1

JPSH Juhhg| PSH1

JVDW Juhhg| VDW1

PSH Prvw suredeoh h{sodqdwlrq1

SFJD Suredelolvwlf furzglqj JD1

SUVD Sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj1

VDW Vdwlv�delolw|1

VJV Vwrfkdvwlf juhhg| vhdufk1

VRI Vxuylydo ri wkh �wwhvw1

{l



Fkdswhu 4

Lqwurgxfwlrq

Frpsoh{/ xqfhuwdlq hqylurqphqwv duh ri lqwhuhvw wr pdq| duhdv ri uhvhdufk1 Iru wkdw uhdvrq/ xq0

fhuwdlqw| uhdvrqlqj edvhg rq qxphurxv dssurdfkhv/ lqfoxglqj suredelolw| wkhru|/ fhuwdlqw| idfwruv/

qhxudo qhwzrunv/ dqg ix}}| orjlf kdv ehhq lqyhvwljdwhg1 Dowkrxjk suredelolw| wkhru| vhhpv olnh d

qdwxudo srlqw ri ghsduwxuh iru xqfhuwdlqw| uhdvrqlqj/ lw zdv ljqruhg iru d orqj wlph ehfdxvh rqh

eholhyhg suredelolw| wkhru| zrxog uhtxluh wrr pxfk lqirupdwlrq dqg jlyh lqwudfwdeoh dojrulwkpv1

Uhfhqw |hduv kdyh vhhq vroxwlrqv wr wkh sureohpv ri lqirupdwlrq uhtxluhphqwv dqg dojrulwkplf

lqwudfwdelolw|1 Rqh idfwru lv wkh whfkqrorjlfdo dgydqfhv lq phpru| fdsdflw| dqg surfhvvru vshhg

ri frpsxwhuv1 Dqrwkhu idfwru lv wkh ghyhorsphqw ri Ed|hvldq qhwzrunv dqg dojrulwkpv wkdw h{0

sorlw wkhlu vwuxfwxuh/ iroorzlqj Shduo*v vhplqdo zrun ^Shduo/ 4<;;` rq orfdo sursdjdwlrq lq Ed|hvldq

qhwzrunv +EQv,1 Vwloo/ lw dsshduv wkdw xqfhuwdlqw| uhdvrqlqj edvhg rq suredelolw| wkhru| lq jhq0

hudo dqg Ed|hvldq qhwzrunv lq sduwlfxodu kdv qrw uhdfkhg lwv ixoo srwhqwldo1 Iru h{dpsoh/ h{dfw

frpsxwdwlrq lq EQv zlwk mxvw d kxqguhg ru d ihz kxqguhg qrghv fdq eh h{wuhpho| vorz1 Lq wkh

suhvhqw zrun/ zh dwwdfn wkh sureohp ri lqh!flhqf| ri h{dfw lqihuhqfh e| irfxvlqj rq dssur{lpd0

wlrqv1 Wkh dssur{lpdwlrqv duh ri wzr w|shv/ dojrulwkplf dssur{lpdwlrqv dqg EQ dssur{lpdwlrqv1

E| dojrulwkplf dssur{lpdwlrq zh phdq wr frpsxwh dq dqvzhu wr d frpsxwdwlrqdo sureohp zlwkrxw

jxdudqwhhlqj wkdw wklv lv dq rswlpdo vroxwlrq wr wkdw sureohp1 Lq rwkhu zrugv/ zh lqyhvwljdwh wkh

wudgh0r� ehwzhhq vshhg dqg dffxudf| lq d Ed|hvldq qhwzrun frqwh{w1 Vshfl�fdoo|/ zh duh prwlydwhg

e| dqg lqyhvwljdwh wkh frpsxwdwlrqdo sureohp ri h!flhqwo| frpsxwlqj wkh prvw suredeoh h{sod0

qdwlrq lq Ed|hvldq qhwzrunv1 Wkh wzr pdlq dojrulwkplf dssur{lpdwlrq whfkqltxhv zh lqyhvwljdwh

duh vwrfkdvwlf/ qdpho| jhqhwlf dojrulwkpv dqg vwrfkdvwlf orfdo vhdufk1 Jhqhwlf dojrulwkpv +JDv,

duh lqvsluhg e| qdwxuh dqg duh xvhg iru dgdswdwlrq/ vhdufk/ rswlpl}dwlrq/ dqg ohduqlqj lq frpsoh{

4



dqg xqfhuwdlq hqylurqphqwv ^Jrogehuj/ 4<;<f`1 Vwrfkdvwlf orfdo vhdufk lv edvhg rq wkh revhuydwlrq

wkdw e| shuiruplqj vhdufk lq wkh qhljkerukrrg ri dq h{lvwlqj dqvzhu/ rqh fdq lwhudwlyho| pdnh

lpsuryhphqwv ohdglqj wr d jrrg dqg hyhq rswlpdo dqvzhu1

Lq dgglwlrq wr dojrulwkplf dssur{lpdwlrqv xvlqj jhqhwlf dojrulwkpv dqg vwrfkdvwlf orfdo vhdufk/

zh frqvlghu wkh sureohp ri dssur{lpdwlqj d EQ xvlqj dqrwkhu EQ/ djdlq lq wkh frqwh{w ri frp0

sxwlqj d prvw suredeoh h{sodqdwlrq1 Rqfh pruh/ wkhuh lv d wudgh0r� ehwzhhq vshhg dqg dffxudf|=

Frpsxwdwlrq lq dq dssur{lpdwhg EQ fdq eh pxfk idvwhu wkdq lq wkh ruljlqdo EQ/ krzhyhu dw wkh

frvw ri orvv ri dffxudf|1

Wkh uhvw ri wklv fkdswhu lv rujdql}hg dv iroorzv1 Vhfwlrq 414 ghvfulehv xqfhuwdlqw| uhdvrqlqj lq DL

dqg lq ghflvlrq wkhru|/ hpskdvl}lqj wkh klvwru| dqg uroh ri ghflvlrq dqg Ed|hvldq qhwzrunv1 Vhfwlrq

415 glvfxvvhv nqrzohgjh uhsuhvhqwdwlrq xvlqj Ed|hvldq qhwzrunv/ zkloh Vhfwlrq 416 jlyhv dq ryhuylhz

ri lqihuhqfh lq Ed|hvldq qhwzrunv1 Vhfwlrq 417 suhvhqwv jhqhwlf dojrulwkpv1 Wkh frqwulexwlrqv ri

wklv glvvhuwdwlrq duh glvfxvvhg lq Vhfwlrq 418/ zkloh Vhfwlrq 419 eulh | suhvhqwv wkh glvvhuwdwlrq/

fkdswhu e| fkdswhu1

414 Uhdvrqlqj dqg Ohduqlqj Xqghu Xqfhuwdlqw|

Wkh ghflvlrq vflhqfhv dqg duwl�fldo lqwhooljhqfh +DL, duh erwk frqfhuqhg zlwk uhdvrqlqj derxw df0

wlrq jlyhq lqfrpsohwh lqirupdwlrq dqg vfdufh uhvrxufhv ^Kruylw} hw do1/ 4<;;` ^Khqulrq hw do1/ 4<<4`1

Wkh ghflvlrq vflhqfhv frqvlvw ri Ed|hvldq ghflvlrq wkhru|/ wkh sv|fkrorj| ri mxgjhphqw/ dqg wkhlu

dssolfdwlrq lq rshudwlrqv uhvhdufk dqg ghflvlrq dqdo|vlv ^Kruylw} hw do1/ 4<;;`1 Wkh wzr vxe0duhdv

ri wkh ghflvlrq vflhqfhv wkdw duh ri juhdwhvw lqwhuhvw wr xv duh ghflvlrq wkhru| dqg ghflvlrq dqdo|vlv1

Ghflvlrq wkhru| lv pdgh xs ri suredelolw| wkhru| dqg xwlolw| wkhru|1 Ghflvlrq dqdo|vlv lv frqfhuqhg

zlwk holflwdwlrq/ uhsuhvhqwdwlrq/ uhdvrqlqj/ dqg vhdufk surfhgxuhv1 Vlqfh wkh irfxv ri wklv glvvhu0

wdwlrq lv xqfhuwdlqw| uhdvrqlqj/ zh zloo riwhq qrw glvwlqjxlvk ehwzhhq ghflvlrq wkhru| dqg ghflvlrq

dqdo|vlv lq wkh iroorzlqj1

Wklv vhfwlrq jlyhv d eulhi lqwurgxfwlrq wr Ed|hvldq qhwzrunv> iru pruh ghwdlo zh uhihu wr lqwur0

gxfwru| errnv ^Shduo/ 4<;;` ^Qhdsrolwdq/ 4<<3` ^Uxvvhoo dqg Qruylj/ 4<<8` ^Mhqvhq/ 4<<9` ^Fdvwloor

hw do1/ 4<<:` dqg duwlfohv ^Shduo/ 4<<3` ^Fkduqldn/ 4<<4` ^Edv|h hw do1/ 4<<5` ^Vslhjhokdowhu hw do1/

4<<6`1
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Zkdw grhv ghflvlrq wkhru| kdyh wr r�hu DLB Ghflvlrq0wkhruhwlf whfkqltxhv r�hu d sulqflsohg zd|

wr uhdvrq xqghu xqfhuwdlqw| dqg lqfrpsohwhqhvv/ wdnh lqwr dffrxqw frpsoh{ suhihuhqfhv/ dqg uhdvrq

derxw ghflvlrqv ^Kruylw} hw do1/ 4<;;`1 Ghflvlrqv xqghuolh dfwlrqv wkdw dq djhqw pd| wdnh/ dqg dv

DL pryhv wrzdugv frpsoh{/ uhdo0zruog sureohpv/ xqfhuwdlqw| ehfrphv d surplqhqw ihdwxuh1 Eholhi

dqg ghflvlrq qhwzrunv duh dw wkh fhqwhu ri dwwhqwlrq lq wkh ghflvlrq0wkhruhwlf dssurdfk wr DL1 Wkhuh

duh vhyhudo uhdvrqv iru wklv1 Iluvw/ xqfhuwdlqw|/ erwk shuwdlqlqj wr hqylurqphqw hvwlpdwlrq dqg

ghflvlrq rxwfrph/ duh fruh DL frqfhuqv1 Ed|hvldq qhwzrunv dqg ghflvlrq qhwzrunv duh fxuuhqwo|

wkh grplqdqw dssurdfk wr xqfhuwdlqw| prghoolqj lq DL ^Shduo/ 4<;;` ^Uxvvhoo dqg Qruylj/ 4<<8`/

dqg ghflvlrq wkhru|/ dqg lq sduwlfxodu lwv vxevhw suredelolw| wkhru|/ kdv uhfhqwo| ehhq h{sorlwhg

lq vhyhudo duhdv ri DL1 Wkhvh duhdv lqfoxgh h{shuw v|vwhpv/ sodqqlqj/ pdfklqh ohduqlqj/ frqwuro ri

lqihuhqfh/ shufhswlrq/ prgho frqvwuxfwlrq/ whpsrudo uhdvrqlqj/ qrqprqrwrqlf uhdvrqlqj/ lqwhooljhqw

wxwrulqj/ dqg qdwxudo odqjxdjh surfhvvlqj ^Kruylw} hw do1/ 4<;;`1 Vhfrqg/ wkh edvlv ri Ed|hvldq

qhwzrunv dqg ghflvlrq qhwzrunv lq suredelolw| dqg ghflvlrq wkhru| jlyh wkhp d vrxqg vflhqwl�f

irxqgdwlrq dv zhoo dv dq clqwhuidfh* wr rwkhu glvflsolqhv vxfk dv pdwkhpdwlfv/ vwdwlvwlfv/ rshudwlrq

uhvhdufk/ dqg hfrqrplfv1 Wklug/ Ed|hvldq qhwzrunv dqg ghflvlrq qhwzrunv kdyh suryhq xvhixo lq

dssolfdwlrqv1 Hylghqfh ri wklv lv wkh dydlodelolw| ri vkhoov iru ghyhorsphqw ri Ed|hvldq qhwzrunv dqg

ghflvlrq qhwzrunv dv zhoo dv ghvfulswlrqv ri dssolfdwlrqv lq wkh olwhudwxuh1

Lq wkh iroorzlqj/ zh irfxv rq ghflvlrq0wkhruhwlf h{shuw v|vwhpv/ vlqfh wklv lv klvwrulfdoo| wkh prvw

surplqhqw duhd ^Kruylw} hw do1/ 4<;;`1 Ghflvlrq0wkhruhwlf +ru qrupdwlyh, h{shuw v|vwhpv zhuh dprqj

wkh hduolhvw h{shuw v|vwhpv1 Hduo| gldjqrvwlf h{shuw v|vwhpv/ ghyhorshg gxulqj wkh 4<93v/ zhuh

edvhg rq suredelolw| wkhru|1 Wkh iroorzlqj vlpsoli|lqj dvvxpswlrqv zhuh dgrswhg lq wkhvh hduo|

ghflvlrq0wkhruhwlf h{shuw v|vwhpv1 Iluvw/ wkdw k|srwkhvhv +glvhdvhv, duh pxwxdoo| h{foxvlyh dqg

froohfwlyho| h{kdxvwlyh1 Vhfrqg/ wkdw dq| slhfh ri hylghqfh +v|pswrp, lv frqglwlrqdoo| lqghshqghqw

ri dq| rwkhu slhfh ri hylghqfh jlyhq wkh k|srwkhvhv1 Vxssrvh K/ H� dqg H� duh udqgrp yduldeohv1

Ohw k eh d k|srwkhvlv/ dqg h� dqg h� wzr slhfhv ri hylghqfh1 Wkhq wkh frqglwlrqdo lqghshqghqfh

dvvxpswlrq dprxqwv wr ohwwlqj Su+H� @ h� m K @ k, @ Su+H� @ h� m K @ k>H� @ h�,1 Wkhvh wzr

dvvxpswlrqv ohdg wr vlpsohu suredelolw| vshfl�fdwlrq dqg eholhi sursdjdwlrq1 H{shuw v|vwhpv edvhg

rq wkh deryh wzr dvvxpswlrqv shuiruphg dw wkh ohyho ri h{shuwv ru ehwwhu/ exw wkhlu dffhswdelolw|

glg qrw pdwfk wkhlu shuirupdqfh1
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Gxulqj wkh 4<:3v/ wkh uxoh0edvhg dqg khxulvwlf sdudgljpv ehfdph dowhuqdwlyhv wr wkh ghflvlrq0

wkhruhwlf sdudgljp1 Wzr zhoo0nqrzq uxoh0edvhg h{shuw v|vwhpv wkdw lqfrusrudwh xqfhuwdlqw| uhsuh0

vhqwdwlrq dqg frpsxwdwlrq duh P\FLQ ^Exfkdqdq dqg Vkruwol�h/ 4<;7` dqg SURVSHFWRU ^Gxgd

hw do1/ 4<:9`1 Wkh xqfhuwdlqw| fdofxodwlrqv lq wkhvh dqg vlplodu h{shuw v|vwhpv zhuh uhjdughg dv ds0

sur{lpdwlrqv wr wkh suredelolvwlf lghdo1 P\FLQ dqg SURVSHFWRU duh lq pdq| zd|v lpsuhvvlyh

v|vwhpv1 Krzhyhu/ wkhlu uxoh0edvhg dssurdfk wr uhdvrqlqj xqghu xqfhuwdlqw| lv olplwhg1 Wkh duhdv

zkhuh uxoh0edvhg lqihuhqfh suryh wr eh prvw sureohpdwlf duh lq wkh wuhdwphqw ri sulru eholhiv dqg

lq wkh dvvxpswlrq ri prgxodulw| ^Kruylw} hw do1/ 4<;;`1 Ixuwkhupruh/ wkhuh h{lvw hpslulfdo vwxglhv

vkrzlqj wkdw wkh xqfhuwdlqw| fdofxodwlrqv xvhg lq dq h{shuw v|vwhp pdwwhu zkhq hylghqfh lv zhdn

ru frq lfwlqj1 Wkxv wkhuh duh erwk wkhruhwlfdo dqg sudfwlfdo uhdvrqv wr frqvlghu dowhuqdwlyhv wr wkh

uxoh0edvhg dssurdfk wr xqfhuwdlqw|1

Wkh olplwdwlrqv ri wkh uxoh0edvhg dssurdfk wr h{shuw v|vwhpv ohg wr d uhqhzhg lqwhuhvw lq

ghflvlrq wkhru| lq wkh 4<;3v dqg 4<<3v1 Uhvhdufk rq ghflvlrq wkhru| iru h{shuw v|vwhpv fdq eh

vsolw lqwr nqrzohgjh uhsuhvhqwdwlrq/ nqrzohgjh hqjlqhhulqj +ru prgholqj,/ eholhi sursdjdwlrq/ dqg

h{sodqdwlrq ^Kruylw} hw do1/ 4<;;`1 Wkhvh duhdv ri uhvhdufk duh dovr ri lqwhuhvw wr wkh �hog ri

DL dv d zkroh1 Iru sxusrvhv ri nqrzohgjh uhsuhvhqwdwlrq/ wkh qrwlrq ri d ghflvlrq edvlv gh�qhv d

frpsohwh uhsuhvhqwdwlrq ri d ghflvlrq sureohp1 D ghflvlrq edvlv frqvlvwv ri frpsrqhqwv uhsuhvhqwlqj

dowhuqdwlyhv/ vwdwhv/ suhihuhqfhv/ dqg uhodwlrqvklsv lq d ghflvlrq vlwxdwlrq1 Qxphurxv uhsuhvhqwdwlrqv

ri d ghflvlrq edvlv kdyh ehhq ghyhorshg1 Zh zloo irfxv rq ghflvlrq qhwzrunv +ru lq xhqfh gldjudpv,/

zklfk lv d judsklfdo uhsuhvhqwdwlrq ri wkh ghflvlrq edvlv1 D ghflvlrq qhwzrun lv dq gluhfwhg df|folf

judsk +GDJ, zkhuh wkh qrghv uhsuhvhqw surshuwlhv ru txdqwlwlhv ri lqwhuhvw1 Wkh dufv uhsuhvhqw

lq xhqfhv ehwzhhq qrghv1 Wkh qrghv lq d ghflvlrq qhwzrun duh ri wkuhh w|shv= ghflvlrq qrghv/

fkdqfh qrghv/ dqg ydoxh qrghv1 D Ed|hvldq qhwzrunv lv d ghflvlrq qhwzrun zlwk rqo| fkdqfh qrghv1

Wkh qh{w vhfwlrq ghvfulehv Ed|hvldq qhwzrunv nqrzohgjh uhsuhvhqwdwlrq/ zkloh odwhu vhfwlrqv irfxv

rq lqihuhqfh lq Ed|hvldq qhwzrunv1

415 Ed|hvldq Qhwzrunv

EQv +dovr nqrzq dv Ed|hvldq/ fdxvdo/ ru suredelolvwlf qhwzrunv, duh fxuuhqwo| wkh grplqdqw xq0

fhuwdlqw| nqrzohgjh uhsuhvhqwdwlrq whfkqltxh lq DL ^Shduo/ 4<;;` ^Qhdsrolwdq/ 4<<3` ^Uxvvhoo dqg
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Qruylj/ 4<<8` ^Mhqvhq/ 4<<9`1 Ed|hvldq qhwzrunv duh gluhfwhg df|folf judskv +GDJv, zkhuh qrghv

uhsuhvhqw udqgrp yduldeohv/ dqg hgjhv uhsuhvhqw frqglwlrqdo ghshqghqfh ehwzhhq udqgrp yduldeohv1

Wkh uhdvrq zk| Ed|hvldq qhwzrunv duh lpsruwdqw lv wkhlu wkhruhwlfdoo| vrxqg irxqgdwlrq lq sured0

elolw| dqg judsk wkhru|/ wkhlu xvhixoqhvv lq glyhuvh DL frqwh{wv/ dv zhoo dv wkhlu suryhq vwuhqjwk lq

dssolfdwlrqv1

Wkh qrwdwlrq xvhg lq wkh iroorzlqj lv wklv= Udqgrp yduldeohv duh uhsuhvhqwhg xvlqj lwdolf xsshu0

fdvh ohwwhuv= D>E>F> ===>[> \>]1 Ydoxhv ri udqgrp yduldeohv duh lwdolf orzhufdvh ohwwhuv/ iru h{dpsoh

li D kdv q ydoxhv zh kdyh ydoxhv d�> ===> d?/ dqg zkhq D lv lqvwdqwldwhg wr d� zh vd| D @ d�1 Zkhq

wkh ydoxhv ri d vhw ri udqgrp yduldeohv duh glvmrlqw/ zh pd| deeuhyldwh e| rplwwlqj wkh udqgrp ydul0

deohv1 Iru h{dpsoh/ D @ d� zrxog eh htxlydohqw wr d�1 Iru d vhw ri +lqvwdqwldwhg, udqgrp yduldeohv

zh xvh erog lwdolf xsshufdvh +orzhufdvh, ohwwhuv1 Iru h{dpsoh/ udwkhu wkdq olvwlqj wkh udqgrp ydul0

deohv Y�> = = = > Y?/ zh pd| vd| Y1 Dqg d vhw ri lqvwdqwldwhg udqgrp yduldeohv H� @ h�> = = = >H6 @ h6

pd| eh deeuhyldwhg dv h +iru hylghqfh,1

Ed|hvldq qhwzrunv hqfrgh mrlqw suredelolw| ghqvlw| ixqfwlrqv lq d vsduvh pdqqhu1 Ohw Y�> = = = > Y?

eh udqgrp yduldeohv1 Wkhq wkh mrlqw suredelolw| ghqvlw| ixqfwlrq +sgi, lv ghqrwhg e| Su+Y�> = = = > Y?,/

dqg rqh fdq vshfli| wkh mrlqw sgi dv dq h{srqhqwldoo| vl}hg wdeoh�d mrlqw sgi wdeoh1 Iru wkhruhwlfdo

sxusrvhv/ zrunlqj zlwk wkh mrlqw sgi wdeoh lv �qh/ vlqfh wkh frqglwlrqdo suredelolw| ri d udqgrp

yduldeoh Y jlyhq revhuyhg hylghqfh h lv gh�qhg dv=

Su+Y m h, @ Su+Y>h,

Su+h,

li Su+h, A 3/ hovh lw lv xqgh�qhg1 Krzhyhu/ dv d edvlv iru dq lqihuhqfh dojrulwkp wkh h{solflw

uhsuhvhqwdwlrq dqg pdqlsxodwlrq ri d mrlqw sgi wdeoh srvhv sureohpv zkhq wkhuh lv d odujh qxpehu

ri udqgrp yduldeohv1 Iluvw/ wkh mrlqw sgi wdeoh qhhgv h{srqhqwldoo| pdq| qxpehuv wr eh frpsohwho|

vshfl�hg1 Vhfrqg/ hyhq li vxfk d mrlqw zdv jlyhq/ lw zrxog wdnhq h{srqhqwldo wlph wr pdqlsxodwh lw/

iru h{dpsoh zkhq pdujlqdol}lqj1

D Ed|hvldq qhwzrunv dgguhvvhv wkhvh sureohpv e| uhsuhvhqwlqj d mrlqw sgi lqwhqvlrqdoo| udwkhu

wkdq h{whqvlrqdoo|1 Li zh grq*w glvwlqjxlvk ehwzhhq udqgrp yduldeohv dqg qrghv/ d Ed|hvldq qhw0

zrunv frqvlvwv ri=
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� D vhw ri qrghv +udqgrp yduldeohv, dqg d vhw ri gluhfwhg hgjhv ehwzhhq wkh qrghv1 D qrgh kdv

d �qlwh/ pxwxdoo| h{foxvlyh dqg h{kdxvwlyh vhw ri vwdwhv1 Uhdo0ydoxhg qrghv fdq dovr eh xvhg/

dqg hyhq pl{hg zlwk glvfuhwh0ydoxhg qrghv ^Rohvhq/ 4<<6`/ krzhyhu wklv glvvhuwdwlrq irfxvhv

rq wkh glvfuhwh fdvh1

� Wkh qrghv +yhuwlfhv, dqg wkh gluhfwhg hgjhv irup d gluhfwhg df|folf judsk +GDJ,1

� Iru hdfk yduldeoh X zlwk sduhqwv Y�> = = = > Y?/ wkhuh lv d frqglwlrqdo suredelolw| wdeoh Su+X m
Y�> = = = > Y?, @ Su+X m �L ,/ zkhuh � lv d ixqfwlrq jlylqj d qrgh*v sduhqwv1

Dq h{dpsoh vkrxog pdnh wkhvh frqfhswv fohdu1 Frqvlghu wkh iroorzlqj h{dpsoh/ ruljlqdoo| lq0

wurgxfhg e| Fkduqldn ^Fkduqldn/ 4<<4`=

Vxssrvh zkhq L jr krph dw qljkw/ L zdqw wr nqrz li p| idplo| lv krph ehiruh L wu|

wkh grruv1 +Shukdsv wkh prvw frqyhqlhqw grru wr hqwhu lv grxeoh orfnhg zkhq qrerg|

lv krph1, Qrz/ riwhq zkhq p| zlih ohdyhv wkh krxvh/ vkh wxuqv rq dq rxwgrru oljkw1

Krzhyhu/ vkh vrphwlphv wxuqv rq wklv oljkw li vkh lv h{shfwlqj d jxhvw1 Dovr/ zh kdyh

d grj1 Zkhq qrerg| lv krph/ wkh grj lv sxw lq wkh edfn |dug1 Wkh vdph lv wuxh li

wkh grj kdv erzho wurxeohv1 Ilqdoo|/ li wkh grj lv lq wkh edfn |dug/ L zloo suredeo| khdu

khu edunlqj +ru zkdw L wklqn lv khu edunlqj,/ exw vrphwlphv L fdq eh frqixvhg e| rwkhu

grjv1

Zh zloo uhihu wr wklv dv wkh cidplo| rxw* h{dpsoh> lw fdq eh irupdol}hg dv d Ed|hvldq qhwzrunv

dv vkrzq lq Iljxuh 4141 Lq Iljxuh 414/ wkh rydo qrghv uhsuhvhqw udqgrp yduldeohv1 Hdfk qrgh lv

elqdu|1 Iru h{dpsoh/ IR kdv ydoxhv ir dqg �ir1 Lq rwkhu zrugv/ wkh idplo| fdq eh rxw +IR @ ir/

deeuhyldwhg ir, ru qrw rxw +IR @ �ir/ deeuhyldwhg �ir,1 Sulru dqg frqglwlrqdo suredelolwlhv duh

vkrzq lq wdexodu irupdw lq wkh �jxuh1 Iru h{dpsoh/ wkh wdeoh dw wkh wrs ohiw vwdqgv iru Su+IR,=

Su+ir, @ 3=48 dqg Su+�ir, @ 3=;81 Qrwlfh wkdw Su+ir, . Su+�ir, @ 41 Lq wkh �jxuh/ frqglwlrqdo

suredelolwlhv duh suhvhqwhg vlploduo| lq frqglwlrqdo suredelolw| wdeohv1 Iru h{dpsoh/ Su+gr m ir> es, @
3=<< dqg Su+�gr m ir> es, @ 3=34 duh suhvhqwhg lq wkh ohiw0prvw urz lq wkh Su+GR m IR>ES , wdeoh1

Wkhuh duh wzr dvshfwv wr dq| Ed|hvldq qhwzrunv= d txdolwdwlyh dvshfw dqg d txdqwlwdwlyh dvshfw1

Wkh txdolwdwlyh dvshfw ri d Ed|hvldq qhwzrunv frqfhuqv wkh fdxvdo qhwzrun*v +ru wkh GDJ*v, vwuxf0

wxuh1 Iljxuh 415 vkrzv wkh fdxvdo qhwzrun iru wkh cidplo| rxw* h{dpsoh1 Lq d fdxvdo qhwzrun/ wkh
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Converging Diverging

Iljxuh 416= Wkh wkuhh qrgh wulsohw frq�jxudwlrqv lq d fdxvdo judsk ru Ed|hvldq qhwzrunv1

gluhfwlrq ri hgjhv frqqhfwlqj qrghv lv lpsruwdqw1 Zh glvwlqjxlvk ehwzhhq wkuhh w|shv ri frqqhf0

wlrqv lq fdxvdo qhwzrunv= olqhdu/ glyhujlqj/ dqg frqyhujlqj1 Wkhvh frqqhfwlrq w|shv duh looxvwudwhg

lq Iljxuh 4161 Frqvlghu d qrgh Y� dqg wzr ri lwv qhljkeruv Y� dqg Y� lq dq duelwudu| fdxvdo qhwzrun1

Wkh vwuxfwxuh ri wkh vxejudsk lqgxfhg e| Y�> Y�/ dqg Y� lv rqh ri=

41 olqhdu= Y� $ Y� $ Y�1 Y� lv Y�*v sduhqw/ zklfk djdlq kdv Y� dv fklog1

51 frqyhujlqj= Y� $ Y� # Y� 1 Y� dqg Y� duh erwk dprqj Y�*v sduhqwv1

61 glyhujlqj= Y� # Y� $ Y� 1 Y� dqg Y� duh erwk dprqj Y�*v fkloguhq1

Wklv whuplqrorj| fdq eh xvhg derxw wkh qrgh Y� dv zhoo dv derxw d qrgh wulsohw +Y�> Y�> Y�,1

Iru h{dpsoh/ lq Iljxuh 415 wkh qrgh Grj0rxw lv olqhdu li Idplo|0rxw/ Grj0rxw/ dqg Khdu0edun duh

frqvlghuhg> lw lv frqyhujlqj li Idplo|0rxw/ Grj0rxw/ dqg Erzho0sureohp duh frqvlghuhg1 Wkh qrgh

wulsohw Oljkw0rq/ Idplo|0rxw/ dqg Grj0rxw jlyhv dq h{dpsoh ri wkh glyhujlqj frqqhfwlrq w|sh1

Wkh wkuhh wulsohw frq�jxudwlrqv ghwhuplqh zkhq xqfhuwdlqw| sursdjdwlrq ehwzhhq wzr qrghv

wdnhv sodfh dorqj d sdwk lq wkh xqghuo|lqj xqgluhfwhg judsk ri d fdxvdo qhwzrun1 Frqvlghu d sdwk

S ehwzhhq wzr qrghv X dqg Y lq wkh xqghuo|lqj xqgluhfwhg judsk ri d fdxvdo qhwzrun1 Wkh sdwk

S lv fdoohg g0vhsdudwlqj li wkhuh lv dq lqwhuphgldwh yduldeoh H dorqj wkh sdwk vxfk wkdw=

� wkh frqqhfwlrq lv vhuldo ru glyhujlqj dqg wkh vwdwh ri H lv nqrzq/ ru

� wkh frqqhfwlrq lv frqyhujlqj/ dqg qhlwkhu wkh vwdwh ri H qru ri dq| ri lwv ghvfhqgdqwv lv nqrzq1

;



D sdwk wkdw lv qrw g0vhsdudwlqj lv fdoohg d g0frqqhfwlqj sdwk1

Dq lpsruwdqw lghd uhjduglqj xqfhuwdlqw| sursdjdwlrq ehwzhhq wzr qrghv lv g0vhsdudwlrq1 Wzr

yduldeohv lq d fdxvdo qhwzrun duh g0vhsdudwhg li doo sdwkv ehwzhhq wkhp duh g0vhsdudwlqj sdwkv1

Wzr yduldeohv wkdw duh qrw g0vhsdudwhg duh g0frqqhfwhg 1 Zh zloo frph edfn wr wkh frqfhswv ri

g0vhsdudwhg dqg g0frqqhfwhg diwhu glvfxvvlqj wkh txdqwlwdwlyh dvshfwv ri Ed|hvldq qhwzrunv1

Wkh txdqwlwdwlyh dvshfw ri d Ed|hvldq qhwzrunv frqfhuqv krz frqfhswv iurp suredelolw| wkhru|

duh dgghg wr wkh fdxvdo qhwzrun/ uhvxowlqj lq d Ed|hvldq qhwzrunv1 Vlqfh d fdxvdo qhwzrun lv d GDJ/

lw*v qrghv fdq eh vruwhg wrsrorjlfdoo| lqwr d vhtxhqfh Y�> = = = > Y?1 Fruuhvsrqglqj wr wklv vhtxhqfh/

zh fdq xvh wkh fkdlq0uxoh uhsuhvhqwdwlrq ri d mrlqw sgi=

Su+Y�> Y2> = = = > Y?, @ Su+Y�, Su+Y2 m Y�, � � �Su+Y? m Y?3�> = = = > Y�,=

Vlqfh hdfk Y� lv d qrgh lq wkh fdxvdo judsk/ hdfk idfwru rq wkh uljkw0kdqg vlgh vshfl�hv wkh frq0

glwlrqdo suredelolw| iru vrph qrgh Y� lq wkh fdxvdo qhwzrun +zh gr qrw glvwlqjxlvk ehwzhhq qrghv

dqg udqgrp yduldeohv,1 Ohw �T eh wkh vhw ri sduhqwv ri Y 1 Lw vhhpv uhdvrqdeoh wkdw

Su+Y� m Y�3�> = = = > Y�, @ Su+Y� m �T�
,>

l1h1 wkdw Y� lv frqglwlrqdoo| lqghshqghqw ri doo rwkhu qrghv jlyhq lwv sduhqwv1 Dvvxplqj wklv lv wkh

fdvh/ lw pdnhv vhqvh wr vshfli| suredelolwlhv lq d Ed|hvldq qhwzrunv e| vshfli|lqj wkh frqglwlrqdo

suredelolw| ri d qrgh jlyhq lwv sduhqwv1 Pruh irupdoo|/ zh kdyh wkh iroorzlqj wkhruhp1

Wkhruhp 4 Frqvlghu d Ed|hvldq qhwzrunv ryhu wkh vhw ri qrghv Y�> = = = > Y?1 Ohw hdfk qrgh Y� eh

gh�qhg frqglwlrqdoo| lq whupv ri lwv sduhqwv �T�
1 Wkhq wkh mrlqw sgi Su+Y�> = = = > Y?, lv gh�qhg dv

iroorzv=

Su+Y�> = = = > Y?, @
?\
�'�

Su+Y� m �T�
,= +414,

Surri vnhwfk= Surri surfhhgv e| lqgxfwlrq rq wkh qxpehu ri qrghv lq wkh qhwzrun1 Vlqfh wkh

qhwzrun lv d GDJ/ d qrgh Y zlwk qr fkloguhq pxvw h{lvw1 Wkh lqgxfwlyh k|srwkhvlv dssolhv wr

<



wkh qhwzrun zlwk wkdw qrgh uhpryhg= Wkh qrgh Y lv frqglwlrqdoo| lqghshqghqw ri wkh uhvw ri wkh

qhwzrun jlyhq wkh sduhqwv1 Wkdw revhuydwlrq frpelqhg zlwk wkh lqgxfwlyh k|srwkhvlv ohdgv wr wkh

wkhruhp deryh1

Wkh qrwlrq ri frqglwlrqdo suredelolw| lv xvhg lq frqqhfwlrq zlwk eholhi sursdjdwlrq +suredelolw|

glvwulexwlrq ryhu d qrgh jlyhq hylghqfh vr idu, dqg eholhi vshfl�fdwlrq +suredelolw| glvwulexwlrq ryhu

d qrgh jlyhq lwv sduhqwv,1 Qrwlfh wkdw wkh odwwhu lv d vshfldo fdvh ri wkh iruphu/ dqg wkdw wkh iruphu

lv forvho| uhodwhg wr g0vhsdudwlrq1 Wkh vljql�fdqfh ri g0vhsdudwlrq lv dv iroorzv1 Li wzr yduldeohv

X dqg Y duh g0vhsdudwhg/ wkhq d fkdqjh lq eholhi iru X kdv qr lpsdfw rq wkh eholhi lq Y dqg

ylfh yhuvd1 Wkh frqfhsw ri g0vhsdudwlrq fdq eh looxvwudwhg xvlqj wkh idplo| rxw h{dpsoh +dgdswhg

iurp ^Fkduqldn/ 4<<4`,=

^F`rqvlghu wkh udqgrp yduldeohv Idplo|0rxw dqg Khdu0edun1 Duh wkhvh yduldeohv lqgh0

shqghqwB Lqwxlwlyho| qrw/ ehfdxvh li p| idplo| ohdyhv krph/ wkhq wkh grj lv pruh olnho|

wr eh rxw/ dqg wkxv/ L dp pruh olnho| wr khdu lw1 Krzhyhu/ zkdw li L kdsshq wr nqrz wkdw

wkh grj lv gh�qlwho| lq +ru rxw ri, wkh krxvhB Lv Khdu0edun ^frqglwlrqdoo|` lqghshqghqw

ri Idplo|0rxw wkhqB Wkdw lv/ lv Su+ke m ir> gr, @ Su+ke m gr,B Wkh dqvzhu qrz lv |hv1

Diwhu doo/ p| khdulqj khu edun zdv ghshqghqw rq khu ehlqj lq ru rxw1 Rqfh L nqrz

zkhwkhu vkh lv lq ru rxw/ wkhq zkhuh wkh idplo| lv ri qr frqfhuq1

Vr/ rqfh wkh vwdwxv ri wkh qrgh Grj0rxw lv nqrzq/ lw g0vhsdudwhv Khdu0edun dqg Idplo|0rxw1

Wklv lv dq h{dpsoh ri d vhuldo hylghqfh qrgh +Grj0rxw, g0vhsdudwlqj wzr rwkhu qrghv +Khdu0edun

dqg Idplo|0rxw,/ dqg krz wklv lpsolhv frqglwlrqdo lqghshqghqfh iru wkh fruuhvsrqglqj udqgrp

yduldeohv1

Zh lqwurgxfh d vshfldo qrwdwlrq iru frqglwlrqdo lqghshqghqfh1 Ohw X / Y / dqg Z eh udqgrp

yduldeohv1 Dvvxph wkdw X lv frqglwlrqdoo| lqghshqghqw ri Y jlyhq Z / lq rwkhu zrugv

Su+X mZ>Y , @ Su+X mZ , +415,

ru dowhuqdwlyho|
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Su+X>Y mZ , @ Su+X mZ , Su+Y mZ ,= +416,

Zh zloo deeuhyldwh wklv dv L+X>Y m Z ,1 Vlploduo|/ frqglwlrqdo ghshqghqfh zloo eh deeuhyldwhg dv

G+X>Y mZ ,1 Wkh uhvxow wkdw jhqhudol}hv wkh h{dpsoh deryh fdq qrz eh vwdwhg1

Wkhruhp 5 +Yhupd dqg Shduo 4<;;,1 Frqvlghu d Ed|hvldq qhwzrunv zlwk qrghv Y / dqg ohw [>\>

dqg ] eh vxevhwv ri Y vxfk wkdw [ dqg \ duh g0vhsdudwhg e| ] lq wkh Ed|hvldq qhwzrunv1 Wkhq

L+[>\ m ],1 Wkdw lv/ [ dqg \ duh frqglwlrqdoo| lqghshqghqw jlyhq ]1

Wkh vljql�fdqfh ri wklv wkhruhp lv wkdw frqglwlrqdo lqghshqghqfh iroorzv iurp g0vhsdudwlrq1

Wklv idfw lv h{sorlwhg lq wkhruhpv dv zhoo dv lq dojrulwkpv1 Wkh dojrulwkplf lpsruwdqfh iroorzv

iurp wkh idfw wkdw g0vhsdudwlrq fdq eh fkhfnhg lq wlph olqhdu lq wkh qxpehu ri hgjhv lq d fdxvdo

qhwzrun ^Jhljhu hw do1/ 4<<3`1

416 Ed|hvldq Qhwzrun Lqihuhqfh

Zkdw fdq d Ed|hvldq qhwzrunv eh xvhg iruB Wkh edvlf Ed|hvldq qhwzrunv lqihuhqfh dojrulwkp lv wr

frpsxwh wkh suredelolw| ghqvlw| ryhu rqh yduldeoh/ vd| K/ jlyhq wkh hylghqfh h hqfrxqwhuhg vr idu/

l1h1 Su+K m h,1 Iru wkh cidplo| rxw* h{dpsoh/ li wkh oljkw lv rq dqg zh grq*w khdu wkh grj edun/ wklv

fdq eh h{suhvvhg dv hylghqfh h @ iOR @ or>KE @ �kej1 Lq wklv fdvh/ wkh srvwhulru suredelolw| ri

IR @ ir lv 3=81 Lq rwkhu zrugv= Su+IR @ ir m OR @ or>KE @ ke, @ Su+ir m or> ke, @ 3=81 Wklv

lv dq h{dpsoh ri gldjqrvwlf lqihuhqfh/ vlqfh zh*uh revhuylqj v|pswrpv +lqvwdqwldwlrqv ri Oljkw0rq

dqg Khdu0edun, dqg duh lqwhuhvwhg lq d gldjqrvlv +glvwulexwlrq ryhu Idplo|0rxw,1 Ed|hvldq qhwzrunv

fdq dovr xvhg iru suhglfwlrq/ zkhuh wkh suredelolw| ghqvlwlhv ryhu v|pswrpv duh suhglfwhg iurp

dvvxpswlrqv derxw rqh ru vhyhudo gldjqrvhv/ ru iru pl{hg lqihuhqfh/ zkhuh erwk v|pswrpv dqg

gldjqrvhv duh nqrzq dqg wkh suredelolw| ghqvlwlhv ryhu rwkhu v|pswrpv/ gldjqrvhv ru lqwhuphgldwh

qrghv pd| eh lqihuuhg1

Pruh irupdoo|/ wzr w|slfdo gldjqrvwlf +ru degxfwlyh, lqihuhqfh wdvnv duh eholhi xsgdwlqj dqg

eholhi uhylvlrq ^Shduo/ 4<;;`1 Eholhi xsgdwlqj frpsxwhv wkh srvwhulru eholhi ryhu d k|srwkhvlv qrgh

44



Directed acyclic graph

Singly connected graph

Multiply
connected graph

M

L

J

K

 Polytree

B C

A

Tree

D I

H

G

F

E

Iljxuh 417= Fodvvl�fdwlrq dqg h{dpsohv ri Ed|hvldq qhwzrunv vwuxfwxuh1

K jlyhq lqvwdqwldwhg hylghqfh qrghv H�> ===>H6/ pruh irupdoo| Su+K m H� @ h�> ===>H6 @ h6,1

Eholhi xsgdwlqj lv dovr nqrzq dv suredelolvwlf lqihuhqfh1 Eholhi uhylvlrq frpsxwhv wkh srvwhulru

eholhi ryhu d vhw ri k|srwkhvhv qrghv K�> ===>K& jlyhq hylghqfh qrghv H�> ===> H6/ pruh irupdoo|

Su+K�> ===>K& m H� @ h�> ===> H6 @ h6,1 Eholhi uhylvlrq iru wkh fdvh zkhuh doo qrghv duh lqvwdqwldwhg

lv dovr nqrzq dv frpsxwlqj dq h{sodqdwlrq1 Wkh wdvn ri frpsxwlqj wkh prvw suredeoh h{sodqdwlrq

+PSH,/ ru wkh n prvw suredeoh h{sodqdwlrqv +nPSH, duh ri sduwlfxodu lqwhuhvw lq wklv glvvhuwdwlrq1

D qdlyh dojrulwkp iru dqvzhulqj dq| txhu| frqfhuqlqj d mrlqw sgi lv wr vwruh d wdeoh uhsuhvhqwlqj

wkh mrlqw sgi dqg wkhq pdujlqdol}h rxw doo wkh yduldeohv qrw lq wkh txhu|1 Krzhyhu/ wkh wdeoh

lv h{srqhqwldoo| vl}hg lq wkh qxpehu ri udqgrp yduldeohv/ dqg wklv dssurdfk lv wkhuhiruh rqo|

ihdvleoh iru d vpdoo qxpehu ri udqgrp yduldeohv1 Vpduwhu lqihuhqfh dojrulwkpv vwuxfwxuh wkh udqgrp

yduldeohv lq d Ed|hvldq qhwzrunv dqg h{sorlw wkh Ed|hvldq qhwzrunv vwuxfwxuh1

Doo Ed|hvldq qhwzrunv duh gluhfwhg df|folf judskv1 Zlwklq wkh fodvv ri gluhfwhg df|folf judskv/

zh glvwlqjxlvk ehwzhhq vlqjo| frqqhfwhg judskv dqg pxowlso| frqqhfwhg judskv1 Vlqjo| frqqhfwhg

qhwzrunv duh dovr nqrzq dv Fkrz wuhhv ^Shduo/ 4<;;`1 Zlwklq vlqjo| frqqhfwhg judskv/ zh glvwlqjxlvk

ehwzhhq wuhhv dqg sro|wuhhv1 Wklv Ed|hvldq qhwzrunv fodvvl�fdwlrq/ dorqj zlwk h{dpsoh Ed|hvldq

qhwzrunv/ lv vkrzq lq Iljxuh 4171

D pxowlso| frqqhfwhg judsk lv pruh h{suhvvlyh wkdq d sro|wuhh zklfk lv pruh h{suhvvlyh wkdq

d wuhh1 Xqiruwxqdwho|/ wkh frpsxwdwlrqdo frpsoh{lw| ri eholhi sursdjdwlrq lqfuhdvhv zlwk h{suhv0

vlyhqhvv1 Erwk wuhhv dqg sro|wuhhv kdyh wuhh vwuxfwxuh lq wkh xqghuo|lqj xqgluhfwhg judsk1 Wkh
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sureohp zlwk pxowlso| frqqhfwhg judskv lv wkdw wkhuh duh f|fohv lq wkh xqghuo|lqj xqgluhfwhg judsk1

F|fohv phdq wkdw hylghqfh fdq wudyho iurp rqh qrgh wr dqrwkhu wkurxjk pdq| glvwlqfw sdwkv/ dqg

wklv fdxvhv sureohpv iru eholhi sursdjdwlrq dojrulwkpv1 Eholhi sursdjdwlrq lq wuhhv lv olqhdu ^Shduo/

4<;;`/ zkloh eholhi sursdjdwlrq lq pxowlso| frqqhfwhg judskv kdv ehhq vkrzq wr eh QS0kdug ^Frrshu/

4<<3`1 Vr dq h{srqhqwldo zruvw0fdvh wlph frpsoh{lw| fdq qrw eh dyrlghg xqohvv S @ QS 1

Dw wkh vdph wlph/ lqihuhqfh lq pdq| uhdo0zruog EQv kdv suryhq wr eh wudfwdeoh lq sudfwlfh1

Dojrulwkpv urxwlqho| shuirup lqihuhqfh ryhu pxowlso| frqqhfwhg EQv zlwk xs wr dssur{lpdwho|

rqh wkrxvdqg qrghv1 Wklv dssduhqw sdudgr{ kdv ohdg wr dq lqwhqvh lqyhvwljdwlrq ri EQ lqihuhqfh

dojrulwkpv/ zklfk fdq eh fodvvl�hg dv h{dfw ru dssur{lpdwh1 H{dfw dojrulwkpv lqfoxgh qhwzrun

sursdjdwlrq ^Nlp dqg Shduo/ 4<;6` ^Shduo/ 4<;;`/ frqglwlrqlqj ^Shduo/ 4<;;`/ dqg foxvwhulqj ^Shduo/

4<;;` ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;` ^Mhqvhq hw do1/ 4<<3e`1 Dssur{lpdwlrq dojrulwkpv lqfoxgh

vwrfkdvwlf vlpxodwlrq ^Shduo/ 4<;;`/ erxqghg frqglwlrqlqj ^Kruylw} hw do1/ 4<;<`/ dqg vhdufk1

Khuh lv d pruh ghwdlohg ghvfulswlrq ri vrph lqihuhqfh dojrulwkpv=

� Qhwzrun sursdjdwlrq ^Nlp dqg Shduo/ 4<;6` ^Shduo/ 4<;;`= Sursdjdwhv eholhi e| phvvdjh

sdvvlqj ehwzhhq wkh qrghv lq d Ed|hvldq qhwzrunv/ dqg e| shuiruplqj orfdo frpsxwdwlrqv lq

wkh qhwzrun1 Wkh dojrulwkp zrunv iru wuhhv dqg sro|wuhhv1

� Fxwvhw frqglwlrqlqj ^Shduo/ 4<;;`= Wudqvirupv d pxowlso| frqqhfwhg judsk lqwr vhyhudo vlqjo|

frqqhfwhg judskv/ dqg shuirupv qhwzrun sursdjdwlrq ryhu hdfk vlqjo| frqqhfwhg judsk1

� Foxvwhulqj ^Shduo/ 4<;;` ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;` ^Mhqvhq hw do1/ 4<<3e`= Wudqvirupv

d pxowlso| frqqhfwhg judsk lqwr dq xqgluhfwhg judsk wkdw lv d wuhh/ dqg shuirupv eholhi

sursdjdwlrq ryhu wkh wuhh1 Wkh sursdjdwlrq lv vlplodu wr wkdw ri qhwzrun sursdjdwlrq1

� Dojheudlf phwkrg ^Ol dqg G*Dpeurvlr/ 4<<7`= Ylhzv suredelolvwlf lqihuhqfh dv d frpelqdwruldo

rswlpl}dwlrq sureohp/ wkh rswlpdo idfwrulqj sureohp1 Suredelolvwlf lqihuhqfh lv wkh sureohp

ri �qglqj dq rswlpdo idfwrulqj jlyhq d vhw ri suredelolw| glvwulexwlrqv1 Pdujlqdol}dwlrq lv

v|perolf dqg txhu|0gulyhq/ zklfk lv gl�huhqw iurp wkh deryh wkuhh dssurdfkhv zkhuh lw lv

qxphulfdo dqg gdwd0gulyhq1

Lq wkh iroorzlqj/ zh suhvhqw lq pruh ghwdlo wkh qhwzrun sursdjdwlrq dqg foxvwhulqj dssurdfkhv wr
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lqihuhqfh lq Ed|hvldq qhwzrunv1 Wkh qhwzrun sursdjdwlrq dssurdfk dssolhv wr wuhhv dqg sro|wuhhv/

zkloh foxvwhulqj fdq dovr eh dssolhg wr pxowlso| frqqhfwhg judskv1

417 Jhqhwlf Dojrulwkpv

JDv duh ixqfwlrq rswlpl}huv wkdw hpsor| vwrfkdvwlf/ srsxodwlrq0edvhg vhdufk ^Kroodqg/ 4<:8` ^Jrog0

ehuj/ 4<;<f`1 D srsxodwlrq uhsuhvhqwlqj fdqglgdwh vroxwlrqv lv hydoxdwhg iru �wqhvv xvlqj d �wqhvv

ixqfwlrq1 Jhqhwlf rshudwruv/ vxfk dv furvvryhu dqg pxwdwlrq/ wkhq fuhdwh d qhz srsxodwlrq iurp

wkh rog1 Wkh suredelolw| ri wudqvihu ri wkh jhqhwlf pdwhuldo ri dq lqglylgxdo lv d ixqfwlrq ri lwv

�wqhvv1 JDv duh dwwudfwlyh ehfdxvh ri wkhlu urexvwqhvv/ jhqhudolw|/ vlpsolflw|/ dqg ehfdxvh ri wkhlu

vxffhvv lq dssolfdwlrqv1

Wklv vhfwlrq suhvhqwv wkh vlpsoh jhqhwlf dojrulwkp/ vrph JD wkhru|/ glvfxvvhv ri wkh fhqwudo

uroh ri exloglqj eorfnv lq JDv/ dqg phqwlrqv wkh qrwlrqv ri glyhuvlw| suhvhuydwlrq dqg dssur{lpdwh

�wqhvv hydoxdwlrq1 Wkh uhdghu lqwhuhvwhg lq jhqhwlf dojrulwkpv lv uhihuuhg wr errnv ^Jrogehuj/

4<;<f` ^Plfkdohzlf}/ 4<<5` dqg duwlfohv ^Jrogehuj/ 4<<7` rq wklv wrslf1

41714 Wkh Vlpsoh Jhqhwlf Dojrulwkp

D surwrw|slfdo jhqhwlf dojrulwkp/ wkh vr0fdoohg vlpsoh jhqhwlf dojrulwkp +VJD, ^Jrogehuj/ 4<;<f`/

lv vkrzq lq Iljxuh 4181 Wkh hvvhqfh ri VJD lv uhdoo| txlwh vlpsoh= Wkh wzr pdlq gdwd w|shv

duh lqglylgxdo dqg srsxodwlrq/ zkhuh d srsxodwlrq lv dq duud| ri lqglylgxdov1 Fhqwudo lq hdfk

lqglylgxdo lv lwv fkurprvrphv +ru vwulqjv,1 Dvvxplqj d elqdu| doskdehw i3> 4j dqg d vwulqj ohqjwk

o @ ;/ dq h{dpsoh fkurprvrph lv F� @ 434434331 Lq wkh VJD dojrulwkp/ wkh rxwhuprvw orrs lv

lwhudwhg iru pd{jhq lwhudwlrqv1 Iru hdfk jhqhudwlrq wkh ixqfwlrqv vhohfw/ furvvryhu/ pxwdwh/ dqg

remixqf duh uhshdwhgo| lqyrnhg1 vhohfw+srs, slfnv dq lqglylgxdo iurp lwv lqsxw srsxodwlrq srs1 Wkh

suredelolw| ri dq lqglylgxdo ehlqj slfnhg lv sursruwlrqdo wr lwv �wqhvv�wklv lv nqrzq dv sursruwlrqdo

vhohfwlrq1 furvvryhu+fkurp�> fkurp2/ qhz0fkurp�> qhz0fkurp2/ Su+Furvvryhu,, wdnhv fkurprvrphv

fkurp� dqg fkurp2 dv lqsxw/ fuhdwlqj qhz0fkurp� dqg qhz0fkurp2 dv rxwsxw e| furvvlqj ryhu zlwk

suredelolw| Su+Furvvryhu,1 Wkh VJD xvhv vlqjoh0srlqw furvvryhu/ zkhuh hdfk fkurprvrph lv vsolw

dw mxvw rqh srvlwlrq1 Iru lqvwdqfh/ li F� @ 43443433 lv furvvhg ryhu zlwk F2 @ 33334444 dw srvlwlrq

7/ wkh fkurprvrphv F� @ 33333433 dqg Fe @ 43444444 uhvxow1 Zlwk suredelolw| Su+Pxwdwlrq,/
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Dojrulwkp VJD

jhq =@ 4
udqgrpl}h+rogsrs,
uhshdw

m =@ 4
uhshdw

pdwh� =@ vhohfw+rogsrs,
pdwh2 =@ vhohfw+rogsrs,
furvvryhu+rogsrs^pdwh�`1fkurp/ rogsrs^pdwh2`1fkurp/

qhzsrs^m`1fkurp/ qhzsrs^m . 4`1fkurp/
Su+Furvvryhu,,

qhzsrs^m`1fkurp =@ pxwdwh+qhzsrs^m`1fkurp/ Su+Pxwdwlrq,,
qhzsrs^m . 4`1fkurp =@ pxwdwh+qhzsrs^m . 4`1fkurp/ Su+Pxwdwlrq,,
qhzsrs^m`1�wqhvv =@ remixqf+ghfrgh+qhzsrs^m`1fkurp,,
qhzsrs^m . 4`1�wqhvv =@ remixqf+ghfrgh+qhzsrs^m . 4`1fkurp,,
m =@ m . 4

xqwlo m A q
rogsrs =@ qhzsrs
jhq =@ jhq. 4

xqwlo jhq A pd{jhq

Iljxuh 418= Wkh vlpsoh jhqhwlf dojrulwkp1

pxwdwh+fkurp/ Su+Pxwdwlrq,, pxwdwhv hdfk doohoh lq wkh fkurprvrph fkurp dqg wkhq uhwxuqv wkh

pxwdwhg fkurprvrph1 Iru lqvwdqfh/ FD @ 33444444 lv frpsxwhg iurp Fe e| pxwdwlqj wkh �uvw elw1

Wkh ixqfwlrqv ghfrgh dqg remixqf pdnh xs wkh lqwhuidfh wr wkh remhfwlyh ixqfwlrq/ frpsxwlqj �wqhvv

ri wkh wzr qhz lqglylgxdov1 Wkh ixqfwlrq ghfrgh pdsv d jhqrw|sh�lq wklv fdvh rqh fkurprvrph�wr

d skhqrw|sh1 Wkh hljkw0elw fkurprvrph pd|/ iru h{dpsoh/ uhsuhvhqw dq lqwhjhu lq wkh udqjh 3�45:

ru d EQ zlwk hljkw elqdu| qrghv1 Wkh �wqhvv ixqfwlrq remixqf wdnhv d ydoxh lq wklv skhqrw|slf

vsdfh dqg dvvljqv lw d �wqhvv ydoxh/ w|slfdoo| d uhdo qxpehu1

Jlyhq wkh vhwxs rxwolqhg deryh/ wkh VJD ixqfwlrqv dv d eodfn0er{ ixqfwlrq rswlpl}hu lq wkh vhqvh

wkdw qr dvvxpswlrqv duh pdgh frqfhuqlqj wkh remhfwlyh +ru �wqhvv, ixqfwlrq1 Wkh VJD hpsor|v

jhqhudwh dqg whvw/ d yduldqw ri eolqg vhdufk/ exw lv vwloo deoh wr frpsxwh d suredeo| dssur{lpdwho|

fruuhfw ixqfwlrq rswlpxp lq sro|qrpldo wlph/ xqghu fhuwdlq uhvwulfwlrqv1 Vlqfh pdq| frpsxwdwlrqdo

sureohpv fdq eh fdvw dv rswlpl}dwlrq sureohpv/ wkh VJD�dqg pruh jhqhudoo| JDv�duh lpsruwdqw

dojrulwkpv1 Zkdw pdnhv JDv gl�huhqw iurp rwkhu rswlpl}huv lv +l, wkh| duh srsxodwlrq0rulhqwhg

dqg +ll, pxowlsoh rshudwruv +furvvryhu/ pxwdwlrq/ vhohfwlrq, duh zrunlqj cfrqfxuuhqwo|* ryhu wkh
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srsxodwlrq1

41715 Jhqhwlf Dojrulwkp Wkhru|

D JD h{solflwo| surfhvvhv vwulqjv> lpsolflwo| lw surfhvvhv vfkhpdwd zklfk uhsuhvhqw vhwv ri vwulqjv1

D vfkhpd K lv d vwulqj ryhu wkh doskdehw i3> 4> �j1 Iru h{dpsoh/ wkh vfkhpd

K� @ 434434 � �

uhsuhvhqwv wkh vwulqjv

i43443433> 43443434> 43443443> 43443444j=

D vfkhpd*v rughu $ lv gh�qhg dv wkh qxpehu ri qrq0�*v lq wkh vfkhpd vwulqj1 Iru lqvwdqfh/ $+K�, @

$+434434 � �, @ 91 D vfkhpd*v gh�qlqj ohqjwk � lv gh�qhg dv wkh glvwdqfh ehwzhhq wkh qrq0�*v wkdw
duh iduwkhvw dsduw1 K�*v gh�qlqj ohqjwk lv �+K�, @ �+434434 � �, @ 9� 4 @ 81

Ohw i+K, eh wkh �wqhvv ri vfkhpd K/ i wkh dyhudjh vfkhpd �wqhvv/ p+K> w, wkh qxpehu ri

lqvwdqfhv ri vfkhpd K lq wkh srsxodwlrq dw wlph w/ dqg o wkh ohqjwk ri wkh fkurprvrph vwulqj1 Wkh

vfkhpd wkhruhp jlyhv d orzhu erxqg rq vfkhpd surfhvvlqj ^Kroodqg/ 4<:8` ^Jrogehuj/ 4<;<f`=

p+K> w. 4, �p+K> w,
i+K,

i

�
4� Su+Furvvryhu,

�+K,

o � 4
�Su+Pxwdwlrq,$+K,

�
=

Lqwxlwlyho|/ wkh vfkhpd wkhruhp vd|v wkdw vfkhpdwd zlwk deryh0dyhudjh �wqhvv/ orz rughu/ dqg vpdoo

gh�qlqj ohqjwk jurz h{srqhqwldoo|1 Vxfk kljko| �w/ orz0rughu vfkhpdwd ri vpdoo gh�qlqj ohqjwk

duh fdoohg exloglqj eorfnv1 Dowkrxjk wkh vfkhpd wkhruhp lv lpsruwdqw/ rqh dovr qhhgv wr uhdol}h lwv

lghdol}hg srlqw ri ylhz1 Wzr fdvhv lq srlqw duh wkdw wkh ydoxhv ri i+K, dqg i ydu| ryhu wlph dqg

duh qrw frqvwdqw dv vxjjhvwhg lq wkh vfkhpd wkhruhp/ dqg wkdw lw rqo| wdnhv lqwr dffrxqw vfkhpd

orvv/ qrw vfkhpd jdlq1
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41716 Jhqhwlf Dojrulwkp Sudfwlfh

Rqh ri wkh fhqwudo lqvljkwv jdlqhg ryhu |hduv ri JD wkhru| dqg sudfwlfh lv wkdw exloglqj eorfnv sod| d

nh| uroh1 Wkh iroorzlqj sulqflsohv vxppdul}h wkh uroh ri exloglqj eorfnv lq JD surfhvvlqj ^Jrogehuj

hw do1/ 4<<5`=

41 Hqvxuh dq dghtxdwh lqlwldo vxsso| ri exloglqj eorfnv

51 Hqvxuh wkdw wkh qhfhvvdu| exloglqj eorfnv duh h{shfwhg wr jurz

61 Vroyh sureohpv ri erxqghg exloglqj eorfn gl!fxow|

71 Hqvxuh wkdw exloglqj eorfn ghflvlrqv duh pdgh zhoo

81 Hqvxuh wkdw exloglqj eorfnv duh surshuo| pl{hg +ru h{fkdqjhg,

Doo ri wkhvh srlqwv frxog eh h{sdqghg xsrq> krzhyhu vlqfh wkh| duh odujho| lqwxlwlyho| fohdu/

zh zloo rqo| h{sodlq srlqw irxu frqfhuqlqj exloglqj eorfn ghflvlrqv1 Wkh sureohp khuh lv vdpsolqj

qrlvh1 Vlqfh hdfk vwulqj frqwdlqv vhyhudo vfkhpdwd/ wkhuh lv xqfhuwdlqw| lq uhodwlqj �wqhvv wr lqgl0

ylgxdo vfkhpdwd1 Wkh vroxwlrq wr wkh vdpsolqj qrlvh sureohp lv srsxodwlrq vl}lqj1 E| pdnlqj wkh

srsxodwlrq odujh hqrxjk/ wkh vdpsolqj qrlvh sureohp lv plqlpl}hg1

Vr idu/ wkh suhvhqwdwlrq kdv irfxvhg rq wkh VJD1 Krzhyhu/ wkh VJD lv d uhsuhvhqwdwlyh ri d idplo|

ri dojrulwkpv1 Rwkhu idplo| phpehuv duh dwwdlqhg e| ydu|lqj wkh VJD*v gdwd vwuxfwxuhv/ vhohfwlrq

rshudwru/ furvvryhu rshudwru/ ru pxwdwlrq rshudwru1 Dowhuqdwlyh gdwd vwuxfwxuhv duh yhfwruv ri uhdo

qxpehuv +hyroxwlrq vwudwhjlhv, dqg frpsxwhu surjudpv +jhqhwlf surjudpplqj, ^Jrogehuj/ 4<;<f`

^Plfkdohzlf}/ 4<<5`1 Xvlqj dowhuqdwlyh gdwd vwuxfwxuhv fdq pdnh lqwhjudwlrq zlwk rwkhu dojrulwkpv

hdvlhu/ dqg pd| wkhuhiruh eh dq lpsruwdqw sduw ri k|eulg JDv1 Dowhuqdwlyhv wr sursruwlrqdwh

vhohfwlrq duh wrxuqdphqw vhohfwlrq dqg udqnlqj vhohfwlrq1 Vhohfwlrq fdq dovr eh dxjphqwhg zlwk

holwlvp/ zkhuh wkh n ehvw �w lqglylgxdov duh dozd|v uhwdlqhg lq wkh srsxodwlrq iurp rqh jhqhudwlrq

wr wkh qh{w1 Vlploduo|/ wkhuh duh yduldqwv ri furvvryhu dqg pxwdwlrq1

Wzr dgydqfhg JD lvvxhv wkdw duh ri sduwlfxodu lqwhuhvw wr xv/ duh glyhuvlw| suhvhuydwlrq dqg

dssur{lpdwh �wqhvv ixqfwlrq hydoxdwlrq1 Erwk ri wkhvh dvshfwv duh glvfxvvhg lq wkh qh{w vhfwlrq1
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418 Frqwulexwlrqv ri Glvvhuwdwlrq

Zlwk wkh qrwlrqv ri Ed|hvldq qhwzrunv/ jhqhwlf dojrulwkpv/ dqg orfdo vhdufk lqwurgxfhg/ zh suhvhqw

wkh pdlq frqwulexwlrqv ri wklv glvvhuwdwlrq1

Lq hdfk fdvh/ zh vwduw zlwk suhvhqwlqj wkh frqwulexwlrq iurp d Ed|hvldq qhwzrun srlqw ri ylhz1

Diwhu wkdw/ zh frqvlghu wkh frqwulexwlrq iurp d pruh jhqhudo srlqw ri ylhz/ vxfk wkdw lw pljkw eh

dssuhfldwhg e| uhdghuv zkr duh sulpdulo| lqwhuhvwhg lq/ vd|/ jhqhwlf dojrulwkpv ru vwrfkdvwlf orfdo

vhdufk/ udwkhu wkdq Ed|hvldq qhwzrunv1

41814 Sureohp Kdugqhvv= Ghfhswlyh dqg Vdwlv�delolw| Ed|hvldq Qhwzrunv

Lq rughu wr glvwlqjxlvk wkh shuirupdqfh ri vhdufk dojrulwkpv/ lw khosv wr xvh kdug sureohpv1 Lq wklv

glvvhuwdwlrq/ zh wdnh uhvhdufk rq kdug sureohpv iurp rwkhu duhdv dqg lqwurgxfh lw lqwr wkh uhdop ri

Ed|hvldq qhwzrunv1 Lq sduwlfxodu/ zh wudqvodwh ghfhswlyh ixqfwlrqv dqg vdwlv�delolw| sureohpv lqwr

fruuhvsrqglqj Ed|hvldq qhwzrunv/ jlylqj ghfhswlyh EQv dqg vdwlv�delolw| +VDW, EQv uhvshfwlyho|1

Wkhvh EQv duh sduw ri dq h{shulphqwdo sdudgljp iru jhqhudwlqj lqfuhdvlqjo| kdug lqvwdqfhv1 Vxfk

kdug lqvwdqfhv fdq eh xvhg wr ehqfkpdun qhz dqg h{lvwlqj dojrulwkpv1 Iru lqvwdqfh/ uxqqlqj

h{shulphqwv zlwk wkh vdwlv�delolw| Ed|hvldq qhwzrunv/ zh kdyh irxqg wkdw h{lvwlqj h{dfw dojrulwkpv

duh h{wuhpho| lqh!flhqw rq wkhvh kdug lqvwdqfhv1

41815 Jhqhwlf Dojrulwkp Qlfklqj= Suredelolvwlf Furzglqj

Ed|hvldq qhwzrunv fdq eh kljko| pxowl0prgdo/ wkxv pdnlqj vhdufk dojrulwkpv frqyhujh wr orfdo

udwkhu wkdq wr joredo rswlpd1 Wkh jhqhwlf dojrulwkp whfkqltxh nqrzq dv qlfklqj dgguhvvhv wkh

sureohp ri pxowl0prgdolw|1 Qlfklqj dojrulwkpv dgguhvv pxowl0prgdolw| e| pdlqwdlqlqj glyhuvlw|/

dqg lq sduwlfxodu wkh| qhhg wr pdlqwdlq xvhixo glyhuvlw|1

Wklv glvvhuwdwlrq lqwurgxfhv d qryho qlfklqj dojrulwkp/ suredelolvwlf furzglqj1 Olnh lwv suhgh0

fhvvru ghwhuplqlvwlf furzglqj/ suredelolvwlf furzglqj lv idvw/ vlpsoh/ dqg uhtxluhv qr sdudphwhuv

eh|rqg wkdw ri wkh fodvvlfdo JD1 Lq suredelolvwlf furzglqj/ vxesrsxodwlrqv duh pdlqwdlqhg uholdeo|/

dqg lw lv srvvleoh wr dqdo|}h dqg suhglfw krz wklv pdlqwhqdqfh wdnhv sodfh1 Wklv glvvhuwdwlrq dovr

lghqwl�hv suredelolvwlf furzglqj dv d phpehu ri d idplo| ri dojrulwkpv/ zklfk zh fdoo lqwhjudwhg

wrxuqdphqw dojrulwkpv1 Lqwhjudwhg wrxuqdphqw dojrulwkpv dovr lqfoxgh ghwhuplqlvwlf furzglqj/
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uhvwulfwhg wrxuqdphqw vhohfwlrq/ sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj/ wkh Phwursrolv dojr0

ulwkp/ dqg vlpxodwhg dqqhdolqj1

41816 Orfdo Vhdufk= Vwrfkdvwlf Juhhg| Vhdufk

Zh kdyh ghyhorshg d vwrfkdvwlf orfdo vhdufk dojrulwkp dxjphqwhg zlwk vwrfkdvwlf lqlwldol}dwlrq

dojrulwkpv1 Wkh dojrulwkp/ VJV/ shuirupv vhyhudo rughuv ri pdjqlwxgh ehwwhu wkdq h{lvwlqj h{dfw

dojrulwkpv rq fhuwdlq kdug qhwzrunv frqvwuxfwhg dv ghvfulehg deryh1 VJV lv dovr frpsdudeoh lq

shuirupdqfh wr h{dfw dojrulwkpv rq d ehqfkpdun ri Ed|hvldq qhwzrunv ghyhorshg lq dssolfdwlrqv1

Zh dwwulexwh wklv vwuhqjwk wr lwv g|qdplf surjudpplqj dqg iruzdug vlpxodwlrq edvhg vwrfkdvwlf

lqlwldol}dwlrq dojrulwkp1

41817 Sureohp Dssur{lpdwlrq= Devwudfwlrq lq Ed|hvldq Qhwzrunv

Dssur{lpdwh �wqhvv ixqfwlrq hydoxdwlrq lv wudglwlrqdoo| frqfhuqhg zlwk vdylqj frpsxwdwlrq wlph>

zh dovr xvh lw wr ghfuhdvh wkh vhdufk vsdfh vl}h1 Wklv sduw ri wkh glvvhuwdwlrq irfxvhv rq klhudufklfdo

devwudfwlrq iru frpsxwlqj d prvw suredeoh h{sodqdwlrq lq Ed|hvldq qhwzrunv1 Wkh delolw| wr vshhg

xs Ed|hvldq qhwzrun lqihuhqfh xvlqj devwudfwlrq lv dq lpsruwdqw jrdo/ vlqfh vshhg ri frpsxwdwlrq

lv d vhulrxv sureohp lq odujh Ed|hvldq qhwzrunv1 Zh pdnh d frqqhfwlrq ehwzhhq devwudfwlrq dqg

qrlvh wr lqwurgxfh txdolw| fulwhuld iru devwudfwlrq1 Dq h{shulphqwdo vwxg| lv ghvfulehg wkdw dssolhv

wkuhh devwudfwlrq dojrulwkpv wr wzr odujh uhdo0zruog Ed|hvldq qhwzrunv lq wkh grpdlqv ri eduoh|

furs |lhogv dqg hohfwurp|rjudsk|/ dqg txdqwl�hv wkh xwlolw| ri devwudfwlrq1

419 Uhdghu*v Jxlgh

Wkh uhvw ri wklv glvvhuwdwlrq lv rujdql}hg dv iroorzv1 Fkdswhu 5 suhvhqwv suhylrxv uhvhdufk rq EQ

lqihuhqfh/ zlwk hpskdvlv rq lqh{dfw phwkrgv olnh jhqhwlf dojrulwkpv dqg orfdo vhdufk/ dv zhoo dv

h{dfw phwkrgv uhodwhg wr Kxjlq1 Wkh suredelolvwlf furzglqj jhqhwlf dojrulwkp lv suhvhqwhg lq

Fkdswhu 61 Suredelolvwlf furzglqj lv d qlfklqj jhqhwlf dojrulwkp edvhg rq ghwhuplqlvwlf furzglqj1

Fkdswhu 7 suhvhqwv ghfhswlyh Ed|hvldq qhwzrunv1 Fkdswhu 8 ghvfulehv vwrfkdvwlf juhhg| vhdufk/

zklfk frpelqhv kloo0folpelqj dqg udqgrp vwhsv1 Fkdswhu 9 suhvhqwv h{shulphqwdo uhvxowv ri uxqqlqj

vwrfkdvwlf juhhg| vhdufk dqg Kxjlq rq Ed|hvldq qhwzrunv frqvwuxfwhg iurp vdwlv�delolw| lqvwdqfhv1

4<



Fkdswhu : irfxvhv rq prgho dssur{lpdwlrq ru �wqhvv ixqfwlrq dssur{lpdwlrq1 Lq sduwlfxodu/ zh

frqvlghu EQ devwudfwlrq dqg uh�qhphqw/ dqg dujxh wkdw EQ devwudfwlrq fdq eh frqvlghuhg dv

qrlvh1 Fkdswhu ; frqfoxghv dqg rxwolqhv gluhfwlrqv iru ixwxuh uhvhdufk1
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Fkdswhu 5

Ed|hvldq Qhwzrunv dqg Lqihuhqfh
Dojrulwkpv

Wklv fkdswhu suhvhqwv Ed|hvldq qhwzrunv dv zhoo dv rq h{dfw dqg lqh{dfw lqihuhqfh dojrulwkpv/ dqg

dovr vhuyhv wr lqwurgxfh wkh whuplqrorj| dqg qrwdwlrq xvhg hovhzkhuh lq wklv glvvhuwdwlrq1 Suhylrxv

uhvhdufk rq xvlqj jhqhwlf dojrulwkpv dqg orfdo vhdufk iru Ed|hvldq qhwzrun lqihuhqfh lv uhylhzhg1

Zh gr qrw dwwhpsw wr eh frpsohwh> wkh vxuyh| lv olplwhg wr uhvhdufk wkdw fryhuv erwk Ed|hvldq

qhwzrunv dqg lqihuhqfh dojrulwkpv1

Wklv fkdswhu lv rujdql}hg dv iroorzv1 Vhfwlrq 514 suhvhqwv gh�qlwlrqv1 Vhfwlrq 515 suhvhqwv h{dfw

lqihuhqfh dojrulwkpv/ zkloh Vhfwlrq 516 glvfxvvhg lqh{dfw dojrulwkpv1 Vhfwlrq 517 vxppdul}hv dqg

hydoxdwhv wkh uhylhzhg uhvhdufk/ dqg lghqwl�hv iuxlwixo uhvhdufk gluhfwlrqv1

514 Ed|hvldq Qhwzrun Suholplqdulhv

D Ed|hvldq qhwzrun +EQ, uhsuhvhqwv d pxowl0yduldwh suredelolw| glvwulexwlrq dv d gluhfwhg df|folf

judsk +GDJ,1

Gh�qlwlrq 6 D EQ qrgh Y lv d udqgrp yduldeoh dvvrfldwhg zlwk d vwdwh vsdfh 
T @ iy�> ===> y&j1

Lq wkh iroorzlqj zh zloo qrw glvwlqjxlvk ehwzhhq qrghv dqg udqgrp yduldeohv1 Iru vlpsolflw|/ exw

zlwkrxw orvv ri jhqhudolw|/ zh riwhq xvh elqdu| qrghv lq wkh iroorzlqj/ vr d qrgh [ kdv 
f @ i3> 4j1

Gh�qlwlrq 7 D Ed|hvldq qhwzrun lv d wxsoh +Y>H>Su,/ zkhuh +Y>H, lv d gluhfwhg df|folf judsk

zlwk qrghv Y @ iY�> ===Y?j dqg hgjhv H @ iY�> ===> Y6j/ dqg Su lv d vhw ri frqglwlrqdo suredelolw|

wdeohv +FSWv,1 �T jlyhv wkh sduhqwv ri Y / �T wkh fkloguhq ri Y / dqg �T jlyhv dq lqvwdqwldwlrq
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ri sduhqwv ri Y 1 Iru hdfk qrgh Y 5 Y wkhuh lv rqh FSW/ zklfk gh�qhv d frqglwlrqdo suredelolw|

glvwulexwlrq Su+Y m �T ,1

Frqvlghu d Ed|hvldq qhwzrun ryhu wkh vhw ri qrghv Y1 Wkhq wkh mrlqw glvwulexwlrq Su+y, lv=

Su+y, @ Su+y�> = = = > y?, @
?\
�'�

Su+y� m �T�
,> +514,

zkhuh �T�
� iY�n�> = = = > Y?j1

Vrphwlph d EQ lv jlyhq hylghqfh lq whupv ri vhwwlqj ru fodpslqj vrph yduldeohv wr nqrzq vwdwhv1

Wkhvh qrghv duh fdoohg hylghqfh yduldeohv1

Gh�qlwlrq 8 Dq h{sodqdwlrq { lv d frpsohwh dvvljqphqw i[� @ {�> ===>[? @ {?j wkdw lv frqvlvwhqw
zlwk hylghqfh1 Frpsxwlqj d prvw suredeoh h{sodqdwlrq +PSH, lq d EQ lv �qglqj dq h{sodqdwlrq

vxfk wkdw qr rwkhu h{sodqdwlrq kdv kljkhu suredelolw|1

Lw kdv ehhq vkrzq wkdw h{dfw PSH frpsxwdwlrq lv QS0kdug ^Vklprq|/ 4<<7`1 Uhfhqwo|/ QS0

kdugqhvv iru dssur{lpdwlqj dq PSH wr zlwklq d frqvwdqw udwlr0erxqg kdv dovr ehhq suryhq wr eh

QS0kdug1

515 H{dfw Lqihuhqfh Phwkrgv

Rqh qhhgv wr pdnh d glvwlqfwlrq ehwzhhq wkh lqihuhqfh wdvnv ri eholhi xsgdwlqj +frpsxwlqj pdujlqdo

glvwulexwlrqv, dqg eholhi uhylvlrq +frpsxwlqj dq PSH,1 Krzhyhu/ lw lv riwhq wkh fdvh wkdw d eholhi

xsgdwlqj dojrulwkp/ srvvleo| zlwk vpdoo prgl�fdwlrqv/ fdq eh xvhg iru eholhi uhylvlrq1 Iru h{dp0

soh/ wklv lv wkh fdvh iru Kxjlq/ zklfk zdv lqwurgxfhg dv d eholhi xsgdwlqj dojrulwkp ^Odxulw}hq dqg

Vslhjhokdowhu/ 4<;;`/ exw zdv odwhu h{whqghg wr hqfrpsdvv eholhi uhylvlrq ^Gdzlg/ 4<<5`1 D pruh

h{wuhph h{dpsoh ri wkh forvh uhodwlrqvkls ehwzhhq wkh wzr dojrulwkplf sureohpv frphv iurp lqiru0

pdwlrq wkhru|/ zkhuh d yduldqw ri Shduo*v eholhi sursdjdwlrq dojrulwkp +d eholhi xsgdwlqj dojrulwkp,

lv xvhg wr frpsxwh dq PSH ^Oxe| hw do1/ 4<<;`1 Wklv forvh uhodwlrqvkls ehwzhhq eholhi uhylvlrq dqg

eholhi xsgdwlqj qhhgv wr eh eruqh lq plqg zkhq frqvlghulqj dojrulwkpv lq wkh iroorzlqj1
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51514 Lqihuhqfh e| Qhwzrun Sursdjdwlrq

Wklv vhfwlrq ghvfulehv eholhi sursdjdwlrq lq Ed|hvldq qhwzrunv wkdw duh vlqjo| frqqhfwhg/ xvlqj wkh

qhwzrun sursdjdwlrq ru wkh phvvdjh0sdvvlqj dojrulwkp ^Nlp dqg Shduo/ 4<;6` ^Shduo/ 4<;;`1 Wkh

hvvhqfh ri wklv dojrulwkp/ zkhq dssolhg wr wuhhv/ lv wkdw hdfk qrgh sdvvhv d phvvdjh wr lwv sduhqw

dqg d phvvdjh wr hdfk ri lwv fkloguhq1 Lq dgglwlrq/ hdfk qrgh kdv d �0ydoxh dqg d �0ydoxh dvvrfldwhg

zlwk lw/ dqg wkh srvwhulru suredelolw| ri d qrgh fdq eh frpsxwhg iurp wkhvh wzr ydoxhv dqg wkh

phvvdjhv iurp qhljkerulqj qrghv1 Wkh dojrulwkpv dovr zrunv iru sro|wuhhv1

Wklv vhfwlrq jlyhv dq lqwurgxfwlrq wr wkh qhwzrun sursdjdwlrq dssurdfk> lw lv edvhg rq wkh

errnv ri Shduo ^Shduo/ 4<;;` dqg Qhdsrolwdq ^Qhdsrolwdq/ 4<<3`1

Suholplqdulhv

Wkh qhwzrun sursdjdwlrq dojrulwkp lv edvhg rq phvvdjh sdvvlqj1 Wkh eholhi qhwzrun iudjphqw lq

Iljxuh 514 vkrzv wkh phvvdjhv wkdw duh sdvvhg wr dqg iurp d qrgh [1 Vlplodu phvvdjhv duh sdvvhg

ehwzhhq doo qrghv lq wkh Ed|hvldq qhwzrunv1 Wkh vfkhph lv edvhg rq wkh iroorzlqj revhuydwlrq1

Wkh suredelolw| glvwulexwlrq ryhu [ ghshqgv rq wzr glvwlqfw vhwv ri hylghqfh= Hylghqfh iurp wkh

vxewuhh urrwhg dw [/ dqg hylghqfh iurp rwkhu sduwv ri wkh wuhh1 Hylghqfh iurp rwkhu sduwv ri wkh

wuhh lv vxppdul}hg e| X / vlqfh X g0vhsdudwhv [ iurp wkrvh sduwv1 Vlplodu dujxphqwv fdq eh xvhg

iru rwkhu qrghv lq wkh wuhh1 Khqfh/ eholhi xsgdwlqj fdq surfhhg e| phdqv ri orfdo frpsxwdwlrqv

+zlwklq d qrgh, dqg phvvdjh sdvvlqj +ehwzhhq qrghv,1 Lq wkh iroorzlqj/ zh glvfxvv krz wkh phvvdjh

sdvvlqj vfkhph lv xvhg iru suredelolw| sursdjdwlrq lq wuhhv1

Phvvdjhv wr d Qrgh

Zh �uvw frqvlghu krz wkh suredelolw| glvwulexwlrq ryhu d qrgh [ fdq eh frpsxwhg iurp lqfrplqj

phvvdjhv wr [1 Pruh irupdoo|/ ohw=

� H3
f eh hylghqfh qrghv lq wkh wuhh urrwhg dw [1

� Hn
f eh hylghqfh qrghv frqwdlqhg lq wkh uhvw ri wkh qhwzrun1

Wkh eholhi ryhu [/ EHO+[,> edvhg rq wkh hylghqfh qrghv H @ H3
f ^Hn

f fdq eh frpsxwhg xvlqj

Ed|hv* uxoh zlwk H dv edfnjurxqg hylghqfh=
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Iljxuh 514= Ed|hvldq qhwzrunv lqihuhqfh e| phvvdjh sdvvlqj ru qhwzrun sursdjdwlrq +iurp ^Shduo/
4<;;`,1

EHO+[, @ Su+[ m H,

@ Su+[ m H3
f >H

n
f,

@
Su+H3

f m [>Hn
f,Su+[ m Hn

f,

Su+H3
f m Hn

f,
=

@
Su+H3

f m [, Su+[ m Hn
f,

Su+H3
f m Hn

f,
=

Exw vlqfh [ lv d olqhdu qrgh/ zh kdyh L+H3
f >H

n
f m [, dqg wkhuhiruh=

EHO+[, @
Su+H3

f m [, Su+[ m Hn
f,

Su+H3
f m Hn

f,
=

Zh qrz lqwurgxfh wkh iroorzlqj gh�qlwlrqv=

�+[, @ Su+H3
f m [,

�+[, @ Su+[ m Hn
f,=
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Wkh ydoxh �+[, h{suhvvhv wkh uhwurvshfwlyh ru gldjqrvwlf vxssruw wr [/ zkloh wkh ydoxh �+[,

h{suhvvhv wkh suhglfwlyh ru fdxvdo vxssruw wr [1 Zkhq wkh gh�qlwlrqv iru �+[, dqg �+[, duh

lqwurgxfhg lqwr EHO+[,/ zh jhw wkh iroorzlqj htxdwlrq=

EHO+[, @ ��+[,�+[,> +515,

zkhuh � @ Su+H3
f m Hn

f,
3� lv d qrupdol}lqj frqvwdqw1

Xvlqj Htxdwlrq 515/ �+[, dqg �+[, qhhg wr eh frpsxwhg lq rughu wr �qg EHO+[,1 Frqvlghu

�+[, �uvw1 Wkh frpsxwdwlrq ri �+[, ghshqgv rq zkhwkhu ru qrw [ lv lqvwdqwldwhg ru qrw/ vr wkhuh

duh wzr fdvhv1

Fdvh +l,= [ lv qrw lqvwdqwldwhg1 Uhphpehu wkdw \ dqg ] duh wkh fkloguhq ri [1 Vlqfh [ lv qrw

lqvwdqwldwhg/ hylghqfh qrghv duh H3
f @ H3

t ^H3
~ 1 E| g0vhsdudwlrq/ zh kdyh L+H

3
f >H

n
f m [, dqg jhw

Su+H3
t > H

3
~ m [, @ Su+H3

t m [,Su+H3
~ m [, e| Htxdwlrq 4161 Zh lqwurgxfh gh�qlwlrqv iru �t +[,

dqg �~+[, dv iroorzv=

�+[, @ Su+H3
f m [, +516,

@ Su+H3
t > H

3
~ m [,

@ Su+H3
t m [,Su+H3

~ m [,

@ �t +[,�~+[,=

Wkh �0phvvdjh �t +[, fdq eh uhdg dv cphvvdjh iurp \ wr [* +vr � lv surqrxqfhg cphvvdjh iurp*,1

Zh zloo fryhu �0phvvdjh frpsxwdwlrq odwhu/ iru qrz mxvw qrwh wkdw �+[, fdq eh frpsxwhg jlyhq

wkh �0phvvdjhv1

Fdvh +ll,= [ lv lqvwdqwldwhg/ vr zh kdyh [ @ {�1 Lq wklv fdvh/ d gxpp| qrgh G lv dgghg dv d

fklog wr [/ vhqglqj wkh iroorzlqj phvvdjhv=

�(+[, @

;A?A= 4 li [ @ {�

3 li [ 9@ {�=
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Lq wklv fdvh zh jhw

�+[, @ �(+[,�t +[,�~+[,> +517,

dqg wkh �0phvvdjh iurp G fdqfhov rxw wkh h�hfw ri wkh �0phvvdjhv iurp \ dqg ]1 Wklv frqfoxghv

wkh suhvhqwdwlrq ri krz wr frpsxwh �+[, lq Htxdwlrq 5151

Qrz/ frqvlghu wkh �+[, sduw ri Htxdwlrq 5151 Wkh ydoxh �+[, fdq eh frpsxwhg dv iroorzv=

�+[, @ Su+[ m Hn
f, +518,

@
[
L

Su+[ m Hn
f > X, Su+X m Hn

f,

@
[
L

Su+[ m X, Su+X m Hn
f,

@ Su+[ m X, � �f+X,=

Khuh/ Su+[ m X, lv wkh frqglwlrqdo suredelolw| wdeoh dvvrfldwhg zlwk wkh hgjh iurp X wr [> �
ghqrwhv grw surgxfw1 Wkh phvvdjh �f+X, fdq eh uhdg dv cphvvdjh wr[ iurp X * +vr � lv surqrxqfhg

cphvvdjh wr*,1 Wkh gh�qlwlrq �f+X, @ Su+X m Hn
f, lv lqwurgxfhg lq wkh odvw olqh deryh1

Wkh deryh htxdwlrqv jlyh xv d zd| wr frpsxwh EHO+[, iurp wkh phvvdjhv wr [ dqg wkh

frqglwlrqdo suredelolw| wdeoh Su+[ m X,1 Wklv lv vxppdul}hg lq wkh iroorzlqj htxdwlrq=

EHO+[, @ ��+[,�+[, +519,

@ ��t +[,�~+[, Su+[ m X, � �f+X,=

Phvvdjhv iurp d Qrgh

Zh qrz frqvlghu krz wkh qrgh [ fdq frpsxwh wkh phvvdjhv lw qhhgv wr vhqg wr lwv qhljkerulqj

qrghv1 Iluvw/ zh frqvlghu wkh gldjqrvwlf vxssruw phvvdjh �f+X, @ Su+H3
f m X,1 Wklv lv wkh phvvdjh

iurp [ wr lwv sduhqw qrgh X 1 Wkhuh duh wzr fdvhv wr frqvlghu1

Fdvh +l,= [ lv qrw lqvwdqwldwhg1 Zh frqglwlrq rq [ dqg xwlol}h wkh idfw wkdw L+H3
f > X m [, dv

iroorzv=
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�f+X, @
[
f

Su+H3
f m X>[,Su+[ m X, +51:,

@
[
f

Su+H3
f m [, Su+[ m X,

@
[
f

�+[,Su+[ m X,

@ Su+[ m X, � �+[,=

Khuh/ �+[, lv wkh surgxfw ri wkh phvvdjhv uhfhlyhg iurp wkh fkloguhq ri [/ dv glvfxvvhg hduolhu1 Wkh

phvvdjhv �t +[, dqg �~+[,/ zklfk zh dvvxphg zhuh vhqw wr [ hduolhu/ fdq eh frpsxwhg vlplodu

wr wkh phvvdjh �f+X,=

Fdvh +ll,= [ lv lqvwdqwldwhg/ vr zh kdyh [ @ {�1 Lq wklv fdvh/ urz l ri wkh frqglwlrqdo suredelolw|

wdeoh Su+[ m X, pdnhv xs �f+X,> zh xvh wkh iroorzlqj qrwdwlrq=

�f+X, @ Su+[ @ {� m X,= +51;,

Vhfrqg/ frqvlghu wkh fdxvdo phvvdjhv +�0phvvdjhv, wkdw [ pxvw vhqg wr lwv fkloguhq1 Iru

h{dpsoh/ frqvlghu wkh �0phvvdjh iurp [ wr \ 1 Wkh fdxvdo vxssruw wr \ iurp [ lv ghwhuplqhg e|

Hn
f dqg H3

~ = �t +[, @ Su+[ m Hn
t , @ Su+[ m Hn

f >H
3
~ ,1 Zh xvh Ed|hv* uxoh/ wuhdw Hn

f dv edfnjurxqg

nqrzohgjh/ dqg xvh L+Hn
f > H

3
~ m [, dv iroorzv=

�t +[, @ Su+[ m Hn
f >H

3
~ , +51<,

@
Su+H3

~ m [>Hn
f, Su+[ m Hn

f,

Su+H3
~ m Hn

f,

@
Su+H3

~ m [, Su+[ m Hn
f,

Su+H3
~ m Hn

f,

@ ��~+[,�+[,=

Khuh/ � @ Su+H3
~ m Hn

f,
3�/ �~+[, @ Su+H3

~ m [,/ dqg �+[, @ Su+[ m Hn
f,1 Lq rwkhu zrugv/ wkh

htxdolwlhv deryh vkrz wkdw wkh phvvdjh �t +[, fdq eh frpsxwhg e| wkh qrgh [1 Wkh phvvdjh

�f+X,/ zklfk zh dvvxphg zdv vhqw wr [ hduolhu/ fdq eh fdofxodwhg lq d zd| vlplodu wr wkh phvvdjh
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�t +[,1

Zh fdq qrz vxppdul}h wkh uroh ri phvvdjhv vhqw wr dqg iurp d qrgh [ dv zhoo dv wkh ydoxhv

�+[, dqg �+[, dvvrfldwhg zlwk lw1 D qrgh*v �0ydoxh fdq eh fdofxodwhg iurp wkh phvvdjhv lw uhfhlyhv

iurp lwv fkloguhq/ zkloh wkh �0ydoxh lv fdofxodwhg iurp wkh phvvdjh iurp lwv sduhqw1 Wrjhwkhu/ wkh

phvvdjhv dqg ydoxhv duh xvhg wr xsgdwh wkh eholhi EHO+[, lq wkh qrgh [/ xvlqj Htxdwlrq 5191 Wkh

qrgh [ vlploduo| vhqgv phvvdjhv wkdw doorz rwkhu qrghv wr frpsxwh wkhlu eholhiv1

Vshfldo Qrghv

Vrph w|shv ri qrghv qhhg vshfldo dwwhqwlrq=

� Dqwlflsdwru| qrgh D= Wklv lv dq xqlqvwdqwldwhg ohdi qrgh D1 EHO+D, vkrxog eh �+D,/ vr zh

ohw �+D, @ +4> ===> 4,1

� Hylghqfh qrgh H= Li wkh l0wk ydoxh lv revhuyhg wuxh/ ohw

�+H, @ +3> ===> 3> 4> 3> ===> 3,>

zkhuh wkhuh lv d rqh dw wkh l0wk srvlwlrq ri wkh yhfwru1

� Gxpp| qrgh G= Wklv lv d qrgh uhsuhvhqwlqj yluwxdo ru mxgjhphqwdo hylghqfh1 Srvw wkh phv0

vdjh �(+[,/ zkhuh �(+[, @ � Su+R m [,/ zkhuh � lv d frqvwdqw dqg R duh wkh revhuydwlrqv

pdgh1 Wkh frqvwdqw � mxvw phdqv wkdw �(+[, qhhg qrw eh d yhfwru wkdw vxpv wr rqh> lw lv

wkh uhodwlyh zhljkw ri wkh yhfwru ydoxhv wkdw frxqwv1

� Urrw qrgh U= Vhw �+U, htxdo wr wkh sulru suredelolw| ri wkh urrw yduldeoh U1

H{dpsoh

Eholhi sursdjdwlrq lv ehvw xqghuvwrrg e| h{dpsoh1 Wkh iroorzlqj h{dpsoh lv wdnhq iurp Qhdsrolwdq*v

errn ^Qhdsrolwdq/ 4<<3`> zh zloo uhihu wr lw dv wkh cfkhdwlqj vsrxvh* h{dpsoh=

D shuvrq lv vxvslflrxv ri klv ru khu vsrxvh fkhdwlqj1 Hylghqfh frqvlghuhg e| wkh shuvrq

lv zkhwkhu ru qrw wkhuh duh vwudqjh skrqh fdoov wr wkh vsrxvh/ zkhwkhu wkh vsrxvh glqhv

zlwk dqrwkhu shuvrq/ dqg zkhwkhu wkhuh duh uhsruwv ri wkh vsrxvh glqlqj zlwk d vwudqjhu1
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CS P (cs) = 0.1
P (~cs) = 0.9

P (pc|cs) = 0.8
P (~pc|cs) = 0.2
P (pc|~cs) = 0.4
P (~pc|~cs) = 0.6

RD

PCDA

P (da|cs) = 0.7
P (~da|cs) = 0.3
P (da|~cs) = 0.2
P (~da|~cs) = 0.8

P (rd|da) = 0.4
P (~rd|da) = 0.6
P (rd|~da) = 0.001
P (~rd|~da) = 0.999

CS: Cheating-spouse
DA: Dining-another
PC: Phone-calls
RD: Reported-dining

Iljxuh 515= H{dpsoh Ed|hvldq qhwzrunv> wkh cfkhdwlqj vsrxvh* h{dpsoh1

Wkh vlwxdwlrq fdq eh irupdol}hg dv d Ed|hvldq qhwzrun dv vkrzq lq Iljxuh 5151 +Wklv dqg

wkh iroorzlqj wkuhh �jxuhv duh dgdswhg iurp ^Qhdsrolwdq/ 4<<3`1, Erwk wkh Ed|hvldq qhwzrun*v

vwuxfwxuh dqg frqglwlrqdo suredelolwlhv duh vkrzq lq Iljxuh 5151 Lq Iljxuh 516/ wkh �0 dqg �0

ydoxhv dqg phvvdjhv iru wkh cfkhdwlqj vsrxvh* h{dpsoh duh vkrzq1 Wkh d sulrul suredelolwlhv ri hdfk

udqgrp yduldeoh FV>GD>SF/ dqg UG duh vkrzq lq Iljxuh 5171 Wklv lv wkh suredelolw| glvwulexwlrq

ryhu wkh qrghv lq wkh Ed|hvldq qhwzrun diwhu wkh sulru suredelolwlhv ryhu wkh urrw qrgh kdyh ehhq

sursdjdwhg/ exw ehiruh dq| hylghqfh kdv ehhq hqwhuhg lqwr wkh qhwzrun1 Zh rplw wkh fdofxodwlrqv

ohdglqj wr wkhvh eholhiv1

Qrz vxssrvh wkh shuvrq uhfhlyhv wkh lqirupdwlrq wkdw wkh vsrxvh glqhv zlwk dqrwkhu/ l1h1 h @

iGD @ gdj1 Wklv uhvxowv lq GD*v �0ydoxh ehlqj fkdqjhg wr +4> 3,/ vlqfh GD lv dq hylghqfh qrgh=

�+GD, @ +4> 3,=

Zh frxog kdyh dgghg d gxpp| qrgh G +vhh Htxdwlrq 517,/ krzhyhu wkh suhvhqw dssurdfk jlyhv wkh

vdph uhvxow1

Qrz/ frqvlghu wkh eholhi lq ru srvwhulru suredelolw| ri wkh uhpdlqlqj udqgrp yduldeohv lq wkh

qhwzrun/ FV/ UG/ dqg SF1 Wkdw lv/ zh zdqw wr frpsxwh Su+FV m gd,>Su+UG m gd,/ dqg Su+SF m
gd,1 Wkh lvvxh lv krz wkh phvvdjhv iurp GD d�hfw wkh �0 dqg �0ydoxhv ri rwkhu qrghv/ gluhfwo| dqg
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CS: Cheating-spouse
DA: Dining-another
PC: Phone-calls
RD: Reported-dining

RD

PC

CS

DA

π
PC (CS )
λ
PC (CS )

π DA
(C

S
)

λ DA
(C

S
)

λ RD
(D

A)

π  R
D

(D
A
)

π (PC )
λ (PC )

π (CS )
λ (CS )

π (DA )
λ (DA )

π (RD)
λ (RD)

Iljxuh 516= Phvvdjhv dqg qrgh ydoxhv lq wkh cfkhdwlqj vsrxvh* h{dpsoh1

CS: Cheating-spouse
DA: Dining-another
PC: Phone-calls
RD: Reported-dining

RD

PC

CS

DA

(0.10, 0.90)(1.00, 1.00)

(0
.1,

 0.
9)

(1
.0,

 1.
0)

(1
.00

, 1
.00

)
(0

.25
, 0

.7
5) π (PC ) = (0.44, 0.56)

λ (PC ) = (1.00, 1.00)
P (PC ) = (0.44, 0.56)

π (CS ) = (0.1, 0.9)
λ (CS ) = (1.0, 1.0)
P (CS ) = (0.1, 0.9)

π (DA ) = (0.25, 0.75)
λ (DA ) = (1.00, 1.00)
P (DA ) = (0.25, 0.75)

π (RD ) = (0.10075, 0.89925)
λ (RD ) = (1.00000, 1.00000)
P (RD ) = (0.10075, 0.89925)

Iljxuh 517= Sulru suredelolw| glvwulexwlrq lq wkh cfkhdwlqj vsrxvh* h{dpsoh1
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lqgluhfwo|1 Zh frqvlghu rqh qrgh/ qdpho| FV1

Xvlqj Htxdwlrq 51;/ zh fdq frpsxwh=

�(�+FV, @ Su+GD @ gd m FV,

@ +3=:> 3=5,=

Wkh phvvdjh ���+FV, @ +4=3> 4=3, uh hfwv wkh idfw wkdw wkhuh lv qr hylghqfh lq wkh uljkw eudqfk

ri wkh wuhh/ dqg zh xvh Htxdwlrq 516 wr jhw=

�+FV, @ �(�+FV,���+FV,

@ +3=:> 3=5,+4=3> =4=3,=

Wkh xsgdwhg eholhi ryhu FV fdq qrz eh frpsxwhg xvlqj Htxdwlrq 519=

EHO+FV, @ ��+FV,�+FV,

@ �+3=:> 3=5,+3=4> 3=<,

@ �+3=3:> 3=4;,

@ +3=5;> 3=:5,=

D ixoo ryhuylhz ri ydoxhv/ phvvdjhv/ dqg srvwhulru suredelolwlhv +ru eholhiv, iru wkh hqwluh qhwzrun

diwhu GD lv lqvwdqwldwhg lv surylghg lq Iljxuh 5181

Wuhh Sursdjdwlrq Dojrulwkp

Frqvlghu d qrgh [ zlwk p fkloguhq \�> ===> \6 dqg rqh sduhqw X 1 Wkh eholhi glvwulexwlrq ri [ fdq

eh frpsxwhg jlyhq=

� fdxvdo vxssruw= �f+X, @ Su+X m Hn
f,

� gldjqrvwlf vxssruw iurp wkh m0wk fklog= �t�+[, @ Su+H3
t�
m [,

� wkh frqglwlrqdo suredelolw| wdeoh= Su+[ m X,

64



CS: Cheating-spouse
DA: Dining-another
PC: Phone-calls
RD: Reported-dining

RD

PC

CS

DA

(0.28, 0.72)(1.00, 1.00)

(0
.1,

 0.
9)

(0
.7,

 0.
2)

(1
.00

, 1
.00

)(1
.00

, 0
.00

)
π (PC ) = (0.512, 0.488)
λ (PC ) = (1.000, 1.000)
BEL(PC) = P ( PC|da) = (0.512, 0.488)

π (CS) = (0.1, 0.9)
λ (CS) = (0.7, 0.2)
BEL(CS) = P (CS |da) = (0.28, 0.72)

π (DA) = (0.25, 0.75)
λ (DA) = (1.00, 0.00)
BEL(DA) = P (DA|da) = (1.00, 0.00)

π (RD) = (0.4, 0.6)
λ (RD) = (1.0, 1.0)
BEL(RD) = P (RD|da) = (0.4, 0.6)

Iljxuh 518= Srvwhulru suredelolw| glvwulexwlrq lq wkh cfkhdwlqj vsrxvh* h{dpsoh1

Orfdo eholhi sursdjdwlrq lv dfklhyhg xvlqj wkh iroorzlqj wkuhh vwhsv=

41 EholhiXsgdwlqj1 Xsgdwhg eholhi lv=

EHO+[, @ ��+[,�+[,=

51 ErwwrpXsSursdjdwlrq1 Wkh phvvdjh wr sduhqw X lv=

�f+X, @
[
f

�+[, Su+[ m X,=

61 WrsGrzqSursdjdwlrq1 Wkh phvvdjh wr wkh m0wk fklog \� lv=

�t� +[, @ ��+[,
\
& �'�

�t&+[,=

Wkh suredelolvwlf phdqlqj ri wkh qrghv lv pdlqwdlqhg xvlqj wkh deryh sursdjdwlrq vfkhph1

Zh vxppdul}h wkh qhwzrun sursdjdwlrq dssurdfk wr eholhi sursdjdwlrq e| phdqv ri Iljxuh 5191

+Wkh �jxuh lv dgdswhg iurp ^Shduo/ 4<;;`1, Wkh �jxuh vkrzv krz wkh Ed|hvldq qhwzrun lv lqlwldoo|
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Data
Data

(a) (b) (c)

(f) (e) (d)

Iljxuh 519= Sursdjdwlqj wkh h�hfw ri qhz hylghqfh lq d Ed|hvldq qhwzrunv1

lq htxloleulxp +d,> diwhu zklfk wzr qhz slhfhv ri hylghqfh duulyhv +e,1 Wkh hylghqfh duulyhv dw wkh

wzr ohdi qrghv pdunhg cGdwd*1 Wklv ohdgv wr phvvdjhv wr sduhqwv +zklwh phvvdjhv, +e,> wkh sduhqwv

xsgdwh wkhlu sduhqwv dqg rwkhu fkloguhq +eodfn phvvdjhv, +f,1 Eholhi xsgdwlqj frqwlqxhv xqwlo doo

qrghv kdyh uhfhlyhg wkh dssursuldwh phvvdjhv +g,0+i,1

Wkh qhwzrun sursdjdwlrq dojrulwkp kdv wkuhh dgydqwdjhrxv ihdwxuhv1 Iluvw/ lwv wlph frpsoh{lw|

lv olqhdu lq wkh gldphwhu ri wkh qhwzrun1 Vhfrqg/ wkh frpsxwdwlrqv uhtxluhg fdq eh shuiruphg orfdoo|/

dqg wkh| uhtxluh olwwoh orfdo vsdfh1 Wklug/ wkh frpsxwdwlrqv duh lqghshqghqw ri wkh joredo frqwuro

vfkhph lq wkh vhqvh wkdw gl�huhqw frqwuro vfkhphv fdq ohdg wkh qhwzrun wr d vwdeoh uhsuhvhqwdwlrq

ri wkh mrlqw sgi1

Sro|wuhh Sursdjdwlrq Dojrulwkp

Wkh qhwzrun sursdjdwlrq dojrulwkp fdq eh jhqhudol}hg wr sro|wuhhv/ l1h1 vlqjo| frqqhfwhg qhwzrunv

zkhuh vrph qrghv kdyh pruh wkdq rqh sduhqw/ exw zkhuh wkhuh lv rqo| rqh sdwk ehwzhhq dq|
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wzr qrghv lq wkh Ed|hvldq qhwzrun1 Wkh sursdjdwlrq vfkhph lv hvvhqwldoo| wkh vdph dv iru wuhhv1

Frqvlghu d qrgh [ zlwk p fkloguhq \�> ===> \6 dqg q sduhqwv X�> ===> X?1 Wkh eholhi glvwulexwlrq ri

[ fdq eh frpsxwhg jlyhq=

� fdxvdo vxssruw iurp wkh l0wk sduhqw= �f+X�, @ Su+X� m Hn
L�f

,

� gldjqrvwlf vxssruw iurp wkh m0wk fklog= �t�+[, @ Su+H3
ft�

m [,

� wkh frqglwlrqdo suredelolw| wdeoh= Su+[ m X�> ===> X?,

Orfdo eholhi sursdjdwlrq lv dfklhyhg xvlqj vlplodu vwhsv dv xvhg iru wuhhv/ l1h1 vwhsv vlplodu wr

EholhiXsgdwlqj/ ErwwrpXsSursdjdwlrq/ dqg WrsGrzqSursdjdwlrq1 Wkh sursdjdwlrq irupxodv duh

fkdqjhg wr wdnh d qrgh*v pxowlsoh sduhqwv lqwr dffrxqw1

Iru h{dpsoh/ EholhiXsgdwlqj lv vwloo edvhg rq wkh irupxod EHO+[, @ ��+[,�+[,1 Khuh/ �+[,

lv gh�qhg dv ehiruh/ exw wkh gh�qlwlrq ri �+[, lv qrz

�+[, @
[

L�c���cL?

Su+[ m X�> ===> X?,
\
�

�f+X�, +5143,

udwkhu wkdq

�+[, @
[
L

Su+[ m X,�f+X, +5144,

dv lw zdv iru wuhhv1

Wkh dgydqwdjhrxv ihdwxuhv phqwlrqhg iru wkh wuhh sursdjdwlrq dojrulwkp fduu| doprvw hqwluho|

ryhu wr wkh sro|wuhh sursdjdwlrq dojrulwkp1 Wkhuh lv d olplwdwlrq iurp wkh srlqw ri ylhz ri frpsxwd0

wlrqdo frpsoh{lw|1 Wkh vxppdwlrq lq Htxdwlrq 5143 udqjhv ryhu doo frpelqdwlrqv ri sduhqw yduldeohv1

Wklv lv h{srqhqwldo/ zklfk lv sureohpdwlf li wkhuh duh pruh wkdq 7�8 sduhqwv1 Fdqrqlfdo prghov ri

pxowl0fdxvdo lqwhudfwlrqv/ vxfk dv wkh qrlv| RU/ duh d zd| wr frxqwhudfw wklv sureohp ^Shduo/ 4<;;`1
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51515 Lqihuhqfh e| Foxvwhulqj

Foxvwhulqj lv rqh dssurdfk wr pdnlqj lqihuhqfh lq pxowlso| frqqhfwhg Ed|hvldq qhwzrunv srvvleoh

^Shduo/ 4<;;`1 Wkh Kxjlq dssurdfk lv edvhg rq foxvwhulqj1 Kxjlq sursdjdwlrq rshudwhv lq wzr

skdvhv= d frpslodwlrq ru foxvwhulqj skdvh dqg d uxq0wlph ru sursdjdwlrq skdvh1 Lq wkh frpslodwlrq

skdvh/ d Ed|hvldq qhwzrun lv wudqviruphg lqwr eholhi xqlyhuvhv rujdql}hg dv d wuhh/ d mxqfwlrq wuhh1

D eholhi xqlyhuvh frqvlvwv ri d vhw ri qrghv dqg d eholhi wdeoh/ l1h1 d qrq0qrupdol}hg mrlqw suredelolw|

wdeoh1 Lq wkh uxq0wlph skdvh/ hylghqfh lv sursdjdwhg ehwzhhq wkh eholhi xqlyhuvhv lq wkh mxqfwlrq

wuhh1

Kxjlq sursdjdwlrq zdv ruljlqdoo| ghyhorshg e| Odxulw}hq dqg Vslhjhokdowhu ^Odxulw}hq dqg

Vslhjhokdowhu/ 4<;;`> odwhu lw zdv uh�qhg e| Mhqvhq hw do1 ^Mhqvhq hw do1/ 4<<3e` ^Dqghuvhq hw do1/ 4<;<`1

Wklv vhfwlrq lv sduwo| edvhg rq wkrvh vrxufhv/ exw lq sduwlfxodu Mhqvhq*v uhfhqw errn ghvfulelqj wkh

Kxjlq dssurdfk ^Mhqvhq/ 4<<9`1

Mxqfwlrq wuhh

D mxqfwlrq wuhh lv d judsk zkhuh wkh qrghv duh foltxhv dqg hgjhv kdyh d vhsdudwru1 Wkhuh duh eholhi

wdeohv iru erwk wkh qrghv dqg wkh vhsdudwruv= eholhi wdeohv dqg vhsdudwru wdeohv uhvshfwlyho|1 D

mxqfwlrq wuhh h{klelwv wkh mxqfwlrq wuhh surshuw|= Iru dq| wzr qrghv X dqg Y lq wkh wuhh/ doo qrghv

ehwzhhq wkhp frqwdlq X _ Y 1 D mxqfwlrq wuhh uhsuhvhqwv d Ed|hvldq qhwzrun ryhu wkh yduldeohv [

li=

� wkhuh lv d qrgh frqwdlqlqj D ^ �� iru doo qrghv D lq wkh Ed|hvldq qhwzrun1

� Su+[, lv wkh surgxfw ri wkh qrgh eholhi wdeohv glylghg e| vhsdudwru eholhi wdeohv

H{dpsohv ri Ed|hvldq qhwzrunv dqg wkhlu fruuhvsrqglqj mxqfwlrq wuhhv duh vkrzq lq Iljxuh 51:1

Iru hdfk foxvwhu F dqg qhljkerulqj vhsdudwru vhw V wkh iroorzlqj krogv=

[
�.7

E+F, @ E+V,> +5145,

zkhuh E ghqrwhv d eholhi wdeoh/ d suredelolw| wdeoh wkdw grhv qrw qhfhvvdulo| vxp wr rqh1 +Eholhi

wdeohv duh glvfxvvhg lq ghwdlo ehorz1, Zkhq Htxdwlrq 5145 krogv iru d qhljkerulqj foltxh dqg
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FO

DOLO

HB

BP FO,DO,BP

LO,FO

FO

DO,HB

DO

1. Family out example

RD

CS

DA PC

CS,DA

DA,RD

DA

CS,PC

CS

2. Cheating spouse example

Compile

Compile

Iljxuh 51:= Wzr h{dpsohv ri Ed|hvldq qhwzrunv dqg mxqfwlrq wuhhv uhsuhvhqwlqj wkhp1 Wkh Ed|hvldq
qhwzrunv lv vkrzq wr wkh ohiw/ wkh mxqfwlrq wuhh wr wkh uljkw1

vhsdudwru sdlu zh vd| wkdw wkh| duh frqvlvwhqw1 Zkhq wkh htxdwlrq krogv iru doo vxfk sdluv zh vd|

wkdw wkh mxqfwlrq wuhh lv orfdoo| frqvlvwhqw1

Iurp Ed|hvldq Qhwzrun wr Mxqfwlrq Wuhh

D mxqfwlrq wuhh +ru d vhw ri eholhi xqlyhuvhv, fdq eh frqvwuxfwhg iurp d Ed|hvldq qhwzrun lq wkh

iroorzlqj zd|=

� Frqvwuxfw d prudo judsk= Pdnh dq xqgluhfwhg frs| ri wkh Ed|hvldq qhwzrun1 Dgg hgjhv

ehwzhhq qrghv D ^ ��/ zkhuh D udqjhv ryhu doo qrghv zlwk sduhqwv lq wkh Ed|hvldq qhwzrun1

� Wuldqjxodwh wkh prudo judsk= Dgg hgjhv wr wkh prudo judsk vxfk wkdw lw ehfrphv wuldqjxodwhg�

l1h1 qr fkrugohvv f|foh ri ohqjwk juhdwhu wkdq wkuhh h{lvwv1

� Fuhdwh d mxqfwlrq judsk +ru v|vwhp ri eholhi xqlyhuvhv,= Iru hdfk foltxh lq wkh wuldqjxodwhg

prudo judsk/ frqvwuxfw d qrgh lq wkh mxqfwlrq judsk1 Ehwzhhq dq| wzr mxqfwlrq wuhh qrghv

frqwdlqlqj wkh vdph qrghv lq wkh xqghuo|lqj foltxh/ frqvwuxfw d vhsdudwru zlwk wkrvh qrghv1

Dgg hgjhv ehwzhhq wkh vhsdudwru dqg wkh wzr qrghv1
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Iljxuh 51;= Wkh vl{ vwhsv lqyroyhg lq fuhdwlqj d mxqfwlrq wuhh iurp d Ed|hvldq qhwzrunv1

� Fuhdwh d mxqfwlrq wuhh= Fuhdwh d mxqfwlrq wuhh iurp wkh mxqfwlrq judsk e| ghohwlqj hgjhv dqg

vhsdudwruv1 Wkh mxqfwlrq wuhh surshuw| pxvw eh vdwlv�hg e| wkh uhvxowlqj mxqfwlrq wuhh1

Dq h{dpsoh ri iroorzlqj wkh vwhsv deryh lv vkrzq lq Iljxuh 51;1

Wkh prvw fuxfldo vwhs lq wkh surfhvv ri fuhdwlqj d mxqfwlrq wuhh iurp d Ed|hvldq qhwzrun lv

wuldqjxodwlrq1 Wklv lv ehfdxvh wuldqjxodwlrq ghwhuplqhv wkh foltxh vl}hv/ dqg wkh vl}h ri d eholhi wdeoh

lv h{srqhqwldo lq wkh vl}h ri wkh foltxh zklfk lw uhsuhvhqwv1 Wuldqjxodwlrq lv xqiruwxqdwho| nqrzq

wr eh QS0kdug/ exw wkhuh duh khxulvwlf dojrulwkpv wkdw shuirup wuldqjxodwlrq txlwh zhoo ^Mhqvhq/

4<<9` ^Kxdqj dqg Gduzlfkh/ 4<<9`1

Suholplqdulhv

Wkh rshudwlrqv ri h{whqvlrq/ uhvwulfwlrq/ pxowlsolfdwlrq/ dgglwlrq/ pdujlqdol}dwlrq/ dqg glylvlrq duh

gh�qhg iru eholhi ixqfwlrqv ru eholhi wdeohv ^Mhqvhq hw do1/ 4<<3d`1 Khuh zh frqvlghu krz pxowlsolfd0

wlrq/ glylvlrq/ dqg pdujlqdol}dwlrq qhhg wr eh gh�qhg iru eholhi wdeohv1 Pxowlsolfdwlrq lv shuiruphg
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E+[>\ ,

|� |2
{� d�� d�2
{2 d2� d22

E�+[>\ ,

|� |2
{� e�� e�2
{2 e2� e22

E
��

+[>\ ,

|� |2
{� d��e�� d�2e�2
{2 d2�e2� d22e22

Wdeoh 514= Pxowlsolfdwlrq ri eholhi wdeohv1

hohphqw0zlvh/ olnh pdwul{ pxowlsolfdwlrq zlwk d vfdodu exw xqolnh pxowlsolfdwlrq ri wzr pdwulfhv1 Vxs0

srvh zh kdyh wzr eholhi wdeohv E+[>\ , dqg E�+[>\ ,1 Wkhlu surgxfw E
��

+[>\ , @ E+[>\ ,E�+[>\ ,

lv gh�qhg dv vkrzq lq Wdeoh 5141 Dq dowhuqdwlyh zd| wr zulwh wklv surgxfw lv=

E
��

+[>\ , @ E+[>\ ,E�+[>\ ,

@

3EC d�� d�2

d2� d22

4FD
3EC e�� e�2

e2� e22

4FD
@

3EC d��e�� d�2e�2

d2�e2� d22e22

4FD =

Zh xvh wkh frqyhqwlrq wkdw wkh �uvw yduldeoh lq d eholhi ixqfwlrq/ iru lqvwdqfh [ lq E
��

+[>\ ,/ udqjhv

ryhu urzv lq wkh wdeoh zkloh wkh vhfrqg yduldeoh/ khuh \ / udqjhv ryhu froxpqv1

Eholhi wdeoh pxowlsolfdwlrq lv gh�qhg vlploduo| zkhq qrw doo yduldeohv duh ryhuodsslqj1 Wklv

fruuhvsrqgv wr pxowlsolfdwlrq zkhuh wkh glphqvlrqv ri wkh wdeohv gl�hu/ dv lq=

E
��

+[>\ , @ E+[>\ ,E�+[,

@

3EC d�� d�2

d2� d22

4FD
3EC e��

e2�

4FD
@

3EC d��e�� d�2e��

d2�e2� d22e2�

4FD =

Iru h{dpsoh/ E
��

+{�> |�, @ E+{�> |�,E
�+{�, @ d��e��/ dqg E

��

+{�> |2, @ E+{�> |2,E
�+{�, @ d�2e��1

Glylvlrq lv dovr shuiruphg hohphqw0zlvh/ dqg lv gh�qhg vlplodu wr pxowlsolfdwlrq1 Pdujlqdol}dwlrq

lv gh�qhg dqdorjrxv wr pdujlqdol}dwlrq ri suredelolw| wdeohv1
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W VS
B’(S)B’(W)

Iljxuh 51<= Devruswlrq lq d mxqfwlrq wuhh1

Lqlwldol}dwlrq

Rqfh d mxqfwlrq wuhh lv frpslohg iurp d Ed|hvldq qhwzrun/ lw qhhgv wr eh lqlwldol}hg1 Lqlwldol}dwlrq

surjuhvvhv dv iroorzv1 Iluvw/ iru hdfk foxvwhu F lq wkh mxqfwlrq wuhh ohw E+F, @ 41 Vhfrqg/ iru

hdfk yduldeoh Y& lq wkh Ed|hvldq qhwzrun/ �qg d foxvwhu F wkdw frqwdlqv Y&^ �T& / dqg ohw E�+F, @

E+F, Su+Y& m �T&,1 Diwhu wklv/ wkh iroorzlqj htxdwlrq krogv=

T?
�'�E+F�,T?3�
�'� E+V�,

@

T^
&'�Su+Y& m �T&,

4
@ Su+X,>

zkhuh F� ghqrwhv foxvwhu qxpehu l/ V� ghqrwhv vhsdudwru qxpehu m/ t lv wkh qxpehu ri qrghv lq wkh

EQ/ dqg X lv wkh vhw ri qrghv lq wkh Ed|hvldq qhwzrun1

Hylghqfh dqg Devruswlrq

Hylghqfh lv wuhdwhg dv iroorzv lq wkh Kxjlq prgho1 Vxssrvh wkhuh lv d qrgh [ vxfk wkdw Su+[, @

+{�> ===> {?,1 Hylghqfh h wkdw [ fdq rqo| eh lq {� ru {� jlyhv wkh iroorzlqj uhvxow= Su+[> h, @

+3> ===> 3> {�> 3> ===> 3> {�> 3> ===> 3,1 Wklv fdq eh uhjdughg dv pxowlsolfdwlrq ri wkh eholhi wdeoh iru [ zlwk

wkh hylghqfh yhfwru h/ zkhuh h @ +3> ===> 3> 4> 3> ===> 3> 4> 3> ===> 3,1 Lq rwkhu zrugv/ lq wkh hylghqfh yhfwru

wkhuh lv d rqh zkhuh wkhuh lv hylghqfh/ }hur hovhzkhuh1

Wkh frqglwlrqdo suredelolw| Su+[ m h, fdq eh fdofxodwhg xvlqj wkh htxdwlrq Su+[ m h, @

Su+[> h,@Su+h,=

Frqvlghu wkh mxqfwlrq wuhh lq Iljxuh 51<1 Wkh qrghv Z dqg Y duh qhljkeruv lq wkh mxqfwlrq

wuhh/ V lv wkhlu vhsdudwru/ dqg E+Z ,>E+Y , dqg E+V, wkh uhvshfwlyh eholhi wdeohv1 Wkh �jxuh vkrzv

krz wkh h�hfw ri d fkdqjh lq Y *v eholhi wdeoh E�+Y , lv sursdjdwhg wr Z *v E�+Z , yld V e| phdqv

ri wkh eholhi wdeoh E�+V,1 Pruh whfkqlfdoo|/ zh vd| wkdw wkh qrgh Z devruev iurp Y 1 Devruswlrq

dprxqwv wr wkhvh dfwlrqv=
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B(DA) = (1, 0)

CS,PCRD,DA DA DA,CS CS

Iljxuh 5143= Sursdjdwlrq lq mxqfwlrq wuhh ri wkh cfkhdwlqj vsrxvh* h{dpsoh edvhg rq hylghqfh GD
@ +4/3,1

� frpsxwh E�+V, @
S

T .7 E+Y , dw Y /

� vhqg E�+V, iurp Y wr V/ dqg

� vhqg E�+Z , @ E+Z ,�
�E7�

�E7� iurp V wr Z 1

Devruswlrq lv wkh hvvhqfh ri zkdw wdnhv sodfh gxulqj eholhi sursdjdwlrq lq wkh Kxjlq dufklwhfwxuh1

Eholhi Sursdjdwlrq= H{dpsoh

Lq wkh iroorzlqj zh looxvwudwh e| h{dpsoh krz Kxjlq sursdjdwlrq zrunv1 Frqvlghu wkh fkhdwlqj

vsrxvh h{dpsoh lqwurgxfhg hduolhu1 Wkh uhvxow ri frpslolqj wkh fkhdwlqj vsrxvh Ed|hvldq qhwzrun

lqwr d mxqfwlrq wuhh lv vkrzq lq Iljxuh 51:1 Vxssrvh lqlwldo sursdjdwlrq kdv wdnhq sodfh dqg wkdw

wkh hylghqfh h @ iGD @ gdj1 Wkdw lv/ wkh hylghqfh yhfwru lv E+GD, @ +4> 3,1 Wklv jlyhv wkh

iroorzlqj h�hfw=

E�+GD>FV, @ E�+GD>FV,E+GD,

@

3EC 3=3: 3=4;

3=36 3=:5

4FD
3EC 4

3

4FD
@

3EC 3=3: 3=4;

3=33 3=33

4FD =
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Zh pdujlqdol}h E�+GD>FV, wr jhw E�+GD,=

E�+GD, @
[
�7

E�+GD>FV, @

3EC 3=58

3=33

4FD =

Qrz/ wkh eholhi xqlyhuvh E+UG>GD, fdq eh xsgdwhg=

E�+UG>GD, @ E+UG>GD,
E�+GD,

E+GD,

@

3EC 3=73 3=34

3=93 3=<<

4FD
�

3=58 3=33

�
�

3=58 3=:8

�

@

3EC 3=7 3=3

3=9 3=3

4FD =

Vlplodu wr E�+GD,/ wkh eholhi E�+FV, fdq eh frpsxwhg e| pdujlqdol}dwlrq=

E�+FV, @
[
(�

E�+GD>FV, @

3EC 3=3:

3=4;

4FD =

Zh xsgdwh wkh eholhi xqlyhuvh E+SF>FV, vlplodu wr E+UG>GD,=

E�+SF>FV, @ E+SF>FV,
E�+FV,

E+FV,

@

3EC 3=3; 3=69

3=35 3=87

4FD
�

3=3: 3=4;

�
�

3=43 3=<3

�

@

3EC 3=389 3=3:5

3=347 3=43;

4FD =

Wkh eholhi wdeoh E�+SF>FV, fdq hdvlo| eh wxuqhg lqwr d suredelolw| wdeoh S �+SF>FV, =
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S �+SF>FV, @
4

3=389 . 3=3:5 . 3=347 . 3=43;

3EC 3=389 3=3:5

3=347 3=43;

4FD
@

3EC 3=557 3=5;;

3=389 3=765

4FD =

Wkh suredelolw| wdeoh S �+SF>FV, lv pdujlqdol}hg wr surgxfh wkh xsgdwhg suredelolwlhv S �+FV,=

S �+FV, @
[
��

S �+SF>FV, @ +3=5;> 3=:5,=

Qrwlfh krz S �+FV, lv wkh vdph dv wkh eholhi EHO+FV, rewdlqhg xvlqj wkh qhwzrun sursdjdwlrq

dssurdfk lq Vhfwlrq 515141

Eholhi Sursdjdwlrq= Dojrulwkpv

Sursdjdwlrq lq wkh mxqfwlrq wuhh ri eholhi xqlyhuvhv surfhhgv e| wkh surfhgxuhv ri phvvdjh sdvvlqj/

GlvwulexwhHylghqfh/ FroohfwHylghqfh/ dqg Kxjlq sursdjdwlrq1 Wkhvh duh doo ghvfulehg ehorz1

Kxjlq*v phvvdjh sdvvlqj vfkhph lv hvvhqwldoo| wkdw sursrvhg e| Nlp dqg Shduo ^Nlp dqg Shduo/

4<;6`= D qrgh X vhqgv d phvvdjh wr d qhljkeru qrgh zkhq doo lwv rwkhu qhljkeru qrghv kdyh vhqw

phvvdjhv wr X 1 Wkh uhdghu lv uhihuuhg wr Vhfwlrq 51514 rq qhwzrun sursdjdwlrq iru ghwdlov rq wklv1

Wkh sxusrvh ri Kxjlq phvvdjh sdvvlqj dqg wkh rwkhu frpsrqhqwv ri wkh Kxjlq dufklwhfwxuh lv

vxppdul}hg lq wkh iroorzlqj wzr wkhruhpv +vhh ^Mhqvhq/ 4<<9/ ss1 :<�:<` iru ghwdlov,1

Wkhruhp 9 Frqvlghu d EQ uhsuhvhqwlqj Su+X,/ dqg ohw W eh d mxqfwlrq wuhh fruuhvsrqglqj wr wkh

EQ1 Diwhu d ixoo urxqg ri phvvdjh sdvvlqj lq W / zh kdyh iru hdfk qrgh Y dqg vhsdudwru V wkdw=

E+Y , @
[
N.T

Su+X, @ Su+Y , dqg E+V, @ Su+V,1

Wkhruhp : Frqvlghu d EQ uhsuhvhqwlqj Su+X,/ dqg ohw W eh d mxqfwlrq wuhh fruuhvsrqglqj wr wkh

EQ1 Ohw h @ ii�> ===> i6jeh �qglqjv rq wkh yduldeohv iD�> ===>D6j1 Iru hdfk l �qg d qrgh frqwdlqlqj
D� dqg pxowlso| lwv wdeoh zlwk i�1 Wkhq/ diwhu d ixoo urxqg ri phvvdjh sdvvlqj/ zh kdyh iru hdfk

75



qrgh Y dqg vhsdudwru V wkdw=

E+Y , @ Su+Y> h, E+V, @ Su+V> h, Su+h, @
[
T

E+Y ,1

GlvwulexwhHylghqfh lv xvhg iru sursdjdwlqj eholhi iurp d qrgh diwhu lw kdv uhfhlyhg hylghqfh1

VxssrvhZ kdv uhfhlyhg hylghqfh dqg kdv d qhljkeru Y 1 GlvwulexwhHylghqfh lv d uhfxuvlyh surfhgxuh

wkdw zkhq lqyrnhg rq Y = +l, fdoleudwhv Y zlwk uhvshfw wr Z / +ll, lqyrnhv GlvwulexwhHylghqfh rq doo

qhljkeruv ri Y h{fhsw iruZ 1 Wkh cfkhdwlqj vsrxvh* h{dpsoh vkrzq hduolhu lq wklv vhfwlrq looxvwudwhv

krz GlvwulexwhHylghqfh zrunv1 Lq wkdw h{dpsoh/ sursdjdwlrq vwduwv iurp wkh qrgh +GD>FV,/ dqg

whuplqdwhv diwhu +UG>GD, dqg +FV>SF, kdyh ehhq xsgdwhg1

FroohfwHylghqfh lv xvhixo iru sursdjdwlqj hylghqfh wr d qrgh diwhu rwkhu qrghv kdyh uhfhlyhg

hylghqfh1 Lw zrunv vlploduo| wr GlvwulexwhHylghqfh/ exw zlwk uhvshfw wr xsgdwlqj d sduwlfxodu qrgh*v

srvwhulru suredelolw| edvhg rq hylghqfh hovhzkhuh lq wkh qhwzrun1

Kxjlq sursdjdwlrq lv wkh kljkhvw0ohyho dojrulwkp ri wkh Kxjlq dssurdfk1 Lw frpelqhv Glvwulex0

whHylghqfh dqg FroohfwHylghqfh dqg zrunv dv iroorzv1 Iluvw/ d sduwlfxodu qrgh lv slfnhg dv wkh urrw

ri wkh mxqfwlrq wuhh1 Wkhq GlvwulexwhHylghqfh dqg FroohfwHylghqfh duh fdoohg vxfk wkdw eholhi lv

�uvw sursdjdwhg iurp wkh urrw wrzdugv wkh ohdiv ri wkh wuhh/ wkhq iurp wkh ohdiv wrzdug wkh urrw1

Wklv dssurdfk lv dphqgdeoh wr d uhfxuvlyh lpsohphqwdwlrq1 Wkh dgydqwdjh ri Kxjlq sursdjdwlrq

ryhu wkh phvvdjh sdvvlqj vfkhph lv wkdw wkh mxqfwlrq wuhh lv wudyhuvhg lq d pruh frqwuroohg idvklrq1

Lq dgglwlrq wr eholhi xsgdwlqj/ zklfk zdv ghvfulehg deryh/ lw lv dovr srvvleoh wr gr eholhi uhylvlrq

lq wkh Kxjlq prgho1 Wkh dssurdfk lv vlplodu wr deryh/ dqg doorzv wkh prvw suredeoh h{sodqdwlrq

wr eh frpsxwhg ^Mhqvhq/ 4<<9/ ss1 437�43:`1 Qrwh wkdw Mhqvhq fdoov wkh prvw suredeoh h{sodqdwlrq

wkh frq�jxudwlrq ri pd{lpdo suredelolw|1

516 Lqh{dfw Lqihuhqfh Phwkrgv

Wklv vhfwlrq suhvhqwv dqg glvfxvvhv suhylrxv uhvhdufk rq EQ lqihuhqfh xvlqj lqh{dfw lqihuhqfh phwk0

rgv/ lqfoxglqj jhqhwlf dojrulwkpv/ vwrfkdvwlf vhdufk/ dqg vlpxodwhg dqqhdolqj1
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51614 Olq hw do1

Olq hw do1 frqvlghu degxfwlyh gldjqrvlv lq phglflqh/ l1h1 vhdufk iru wkh vhw ri gldjqrvhv +k|srwkhvhv,

wkdw ehvw h{sodlq wkh hylghqfh ^Olq hw do1/ 4<<3/ s1 45<`1 Wkh| vhh wzr sureohpv dvvrfldwhg zlwk

phglfdo degxfwlyh gldjqrvlv> xqfhuwdlqw| dqg vhdufk vsdfh vl}h1 Wr dgguhvv wkhvh wzr sureohpv/ Olq

hw do1 lqyhvwljdwh wkuhh udqgrpl}hg vhdufk whfkqltxhv= lwhudwlyh orfdo vhdufk/ vlpxodwhg dqqhdolqj/

dqg jhqhwlf vhdufk1 Srvlwlyh uhvxowv duh uhsruwhg edvhg rq dq hpslulfdo vwxg| xvlqj wkh ghflvlrq0

wkhruhwlf yhuvlrq ri wkh TPU phglfdo nqrzohgjh edvh/ TPU0GW1 Wkh dojrulwkpv suryhg wr eh

wudfwdeoh dqg frqyhujhg/ lq pdq| fdvhv/ wr wkh prvw suredeoh h{sodqdwlrq1

Lwhudwlyh orfdo vhdufk +LOV, lv d suredelolvwlf kloo0folpelqj yduldqw dovr nqrzq dv qhljkerukrrg

vhdufk ^Olq hw do1/ 4<<3/ s1 45<`1 LOV lv d frpelqdwlrq ri qh{w0dvfhqw kloo folpelqj dqg udqgrp0

pxwdwlrq kloo folpelqj dv suhvhqwhg e| Plwfkhoo ^Plwfkhoo/ 4<<9/ s1 45<`1 Wkh olplwdwlrq ri LOV lv

wkdw lw vwrsv rq +orfdo, pd{lpd/ krzhyhu vlqfh lw lv lwhudwhg lw w|slfdoo| �qgv pdq| pd{lpd/ rqh

ri zklfk pljkw eh joredo rqh1 Jhqhwlf vhdufk +JV, lv d jhqhwlf dojrulwkp ghulyhg iurp Dfnoh|*v

lwhudwhg JV ^Dfnoh|/ 4<;:`1 JV lv d vwhdg|0vwdwh JD hpsor|lqj vxuylydo ri wkh �wwhvw uhsodfhphqw/

zkhuh lqglylgxdov ri ehorz0dyhudjh �wqhvv duh uhsodfhg dw udqgrp1 Vhohfwlrq lv grqh xqlirupo| dw

udqgrp1 Dfnoh| suhvhqwv erwk d xqlirup dqg dq rughuhg furvvryhu yduldqw ri JV1 Iru erwk yduldqwv/

rqh qhz lqglylgxdo lv fuhdwhg1

Iru wkhlu yduldqw ri JV/ Olq hw do1 ghyhorshg d vshfldo pxwdwlrq rshudwru edvhg rq d qrgh*v

Pdunry eodqnhw1 Jlyhq d qrgh K�/ wkh Pdunry eodqnhw g0vhsdudwhv wkh qrgh iurp wkh uhvw ri

wkh EQ1 Wkh Pdunry eodqnhw lv h{sorlwhg lq wzr zd|v1 Iluvw/ rqo| wkh Pdunry eodqnhw qhhgv

wr eh uhfdofxodwhg diwhu pxwdwlrq1 Vhfrqg/ wkh Pdunry eodqnhw lv xvhg wr ghwhuplqh pxwdwlrq

suredelolw|1 Dvvxplqj/ zlwkrxw orvv ri jhqhudolw|/ elqdu| qrghv zlwk ydoxhv 3 dqg 4/ dq h{dpsoh

pxwdwlrq suredelolw| lv jlyhq e| wkh Pdunry0eodqnhw vfruh=

Su+Pxwdwlrq ri K� iurp 3 wr 4, @
Su+K� @ 4 m k>h,

Su+K� @ 3 m k>h, . Su+K� @ 4 m k>h, = +5146,

Khuh/ Su+K� @ k� m k>h, ghqrwhv wkh suredelolw| wkdw k|srwkhvlv K� kdv ydoxh k�/ rwkhu k|srwkhvhv

k nhhs wkhlu fxuuhqw ydoxhv dv grhv wkh hylghqfh h1 Olq hw do1 uhpdun wkdw clw lv gl!fxow wr irupdol}h
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H{shulphqwdo EQ Q Y F LOV VD JV
Uhgxfhg EQ 73:3 63 7373 ::( <7( :9(
Ixoo EQ 78:7 867 7373 8:( ;6( 85(

Wdeoh 515= Vxppdu| ri h{shulphqwv frpsdulqj lwhudwlyh orfdo vhdufk +LOV,/ vlpxodwhg dqqhdolqj
+VD,/ dqg jhqhwlf vhdufk +JV, iru wzr gl�huhqw EQv/ cUhgxfhg EQ* dqg cIxoo EQ*1 cQ*/ cY*/ dqg cF*
jlyh wkh wrwdo vl}h ri wkh EQ/ wkh qxpehu ri glvhdvh +urrw, qrghv/ dqg wkh qxpehu ri ihdwxuh +ohdi,
qrghv uhvshfwlyho|1 Qrwh wkdw wkhvh qxpehuv duh xsshu erxqgv vlqfh wkh| dsso| wr wkh EQ ehiruh
suxqlqj/ dqg wklv zdv shuiruphg ehiruh doo vhdufk dojrulwkpv zhuh xvhg1 Wkh qxpehuv lq wkh wdeoh
uhihu wr wkh shufhqwdjh ri fdvhv lq zklfk wkh ehvw h{sodqdwlrq zdv irxqg1

d wkhruhwlfdo frqvwuxfw iru rxu pxwdwlrq rshudwru* ^Olq hw do1/ 4<<3/ s1 45<`/ krzhyhu wkh lqwxlwlrq lv

wkdw wkh suredelolw| ri pxwdwlrq lv sursruwlrqdo wr wkh frqwh{w ri zkhuh pxwdwlrq wdnhv sodfh1 Wzr

gl�huhqw furvvryhu rshudwruv zhuh frqvlghuhg lq JV/ xqlirup dqg rughuhg1 Wkh| jdyh dssur{lpdwho|

wkh vdph shuirupdqfh rq TPU0GW/ zklfk fdq eh h{sodlqhg e| wkh wrsrorj| ri wklv EQ dv zhoo dv

krz lw zdv suxqhg ehiruh wkh h{shulphqw1

Wkh TPU0GW EQ lv d elsduwlwh EQ wkdw h{sorlwv wkh fdxvdo0lqghshqghqfh dvvxpswlrq1 Rqh

dvshfw ri wkh TPU0GW lv fdswxuhg lq zkdw kdv ehhq fdoohg wkh lqghshqghqw uhohydqw v|pswrpv

prgho ^Fdvwloor hw do1/ 4<<:`> lq dgglwlrq wkh qrlv|0RU dvvxpswlrq lv pdgh1 Luuhohydqw qrghv zhuh

suxqhg dzd| ehiruh JD lqihuhqfh xvlqj Vkdfkwhu*v rshudwlrqv ^Vkdfkwhu/ 4<;;`1

Wzr h{shulphqwv zhuh shuiruphg zlwk TPU0GW= xvlqj d uhgxfhg EQ dqg xvlqj d ixoo EQ1

Vl}hv ri wkhvh qhwzrunv/ ehiruh suxqlqj/ duh jlyhq lq Wdeoh 5151 Vl}hv ri qhwzrunv dfwxdoo| xvhg iru

lqihuhqfh lv qrw jlyhq ^Olq hw do1/ 4<<3/ s1 45<` dqg lv khqfh xqnqrzq1 Krzhyhu/ lw lv nqrzq wkdw rqo|

xs wr :3 �qglqjv lv xvhg1 Iru wkh uhgxfhg EQ/ 63 glvhdvhv zhuh vhohfwhg dqg dq h{kdxvwlyh vhdufk

shuiruphg wr ghwhuplqh wkh prvw suredeoh h{sodqdwlrq +PSH, lq hdfk ri 43 gl�huhqw fdvhv xvhg iru

h{shulphqwdwlrq1 Wkhvh 43 PSHv pdgh xs wkh jrog vwdqgdug1 Iru wkh ixoo EQ/ wkh jrog vwdqgdug

zdv frqvwuxfwhg e| wdnlqj wkh ehvw h{sodqdwlrq iurp wkuhh vrxufhv1 Iluvw/ 833 lwhudwlrqv zlwk

LOV> vhfrqg/ 833/333 wuldov xvlqj d yduldqw ri wkh iruzdug vdpsolqj dojrulwkp olnholkrrg zhljklqj

^Vkdfkwhu dqg Shrw/ 4<<3` ^Ixqj dqg Fkdqj/ 4<<3`> dqg wklug/ wkh ehvw h{sodqdwlrq irxqg e| dq| ri

wkh wkuhh dojrulwkpv lq wkh h{shulphqwdo uxqv1 H{shulphqwv zlwk LOV/ VD/ dqg JD zhuh shuiruphg1

Wkh uhvxowv ri wkh h{shulphqwv duh vxppdul}hg lq Wdeoh 5151 Lq whupv ri frpsxwdwlrqdo vshhg/ LOV

zdv vljql�fdqwo| idvwhu wkdq VD zklfk zdv vljql�fdqwo| idvwhu wkdq JV1

Iru wkh uhgxfhg EQ/ LOV lv suhihuuhg wr VD dqg JV ehfdxvh ri lwv vkruwhu frpsxwdwlrq wlph
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jlylqj h{sodqdwlrqv ri wkh vdph txdolw|1 Iru wkh ixoo EQ/ VD lv suhihuuhg wr LOV dqg JV ehfdxvh

ri lwv kljkhu txdolw| h{sodqdwlrqv1 Wklv lqvljkw lqwr zk| VD rxwshuirupv LOV iru wkh ixoo EQ lv

qrwhzruwk| ^Olq hw do1/ 4<<3`=

Zh vxvshfw wkdw/ iru vrph ri wkh fdvhv/ wkh LOV dojrulwkp kdv d orz suredelolw| ri hyhu

�qglqj wkh joredo pd{lpxp1 Zh vxvshfw wkdw wkhuh duh pdq| orfdo pd{lpd wkdw duh

forvh wr wkh joredo pd{lpxp/ vr wkdw orfdo vhdufkhv whqg wr jhw wudsshg1

Lq vxppdu|/ wklv uhvhdufk vkrzv wkdw lwhudwlyh orfdo vhdufk/ vlpxodwhg dqqhdolqj/ dqg jhqhwlf

vhdufk duh vxlwdeoh iru frpsxwlqj PSHv> krzhyhu iru gl!fxow fdvhv wkhuh lv vljql�fdqw urrp iru

lpsuryhphqw1 Vrph olplwdwlrqv ri wkh dssurdfkhv lqyhvwljdwhg lv wkdw wkh suredelolwlhv ri wkh PSHv

duh qrw frpsxwhg/ wkhuh duh qr erxqgv rq wkh suredelolwlhv/ dqg wkh nPSHv duh qrw frpsxwhg1

Dovr/ lw lv dovr qrw fohdu zk| jhqhwlf vhdufk grhv qrw shuirup dv zhoo dv lwhudwlyh orfdo vhdufk1 Lw

pljkw eh xqiruwxqdwh JV sdudphwhu vhwwlqjv ru wkdw wklv JD w|sh lv qrw dssursuldwh iru EQv1 Dv

uh hfwhg lq wkh deryh txrwh/ wkhuh lv d odfn ri xqghuvwdqglqj ri zkdw wkh vwuxfwxuh ri wkh vhdufk

vsdfh lv/ dqg krz wklv lqwhudfwv zlwk zklfk vhdufk dojrulwkp lv ehvw vxlwhg wr vhdufk wkdw vsdfh1

51615 Urmdv0Jx}pdq dqg Nudphu

Urmdv0Jx}pdq dqg Nudphu ghyhorshg wkh JDOJR v|vwhp iru degxfwlyh JD lqihuhqfh lq EQv

^Urmdv0Jx}pdq dqg Nudphu/ 4<<6` ^Urmdv0Jx}pdq/ 4<<8` ^Urmdv0Jx}pdq dqg Nudphu/ 4<<9`1 Wkh

prwlydwlrq ehklqg JDOJR lv wkdw dssur{lpdwh lqihuhqfh lv dwwudfwlyh iru EQv zlwk d kljk qxpehu

ri yduldeohv/ d kljk qxpehu ri vwdwhv shu yduldeoh/ dqg pdq| xqgluhfwhg f|fohv1 Vdolhqw ihdwxuhv ri

JDOJR duh lwv xvh ri qrq0elqdu| doskdehwv/ d judsk uhsuhvhqwdwlrq/ dqg judsk rshudwruv1 Wkh xvh

ri d judsk uhsuhvhqwdwlrq lqvwhdg ri d vwulqj uhsuhvhqwdwlrq iru lqglylgxdov lv edvhg rq dq lqirupdo

vfkhpd dujxphqw= Qrghv wkdw duh dgmdfhqw lq d EQ pljkw qrw eh dgmdfhqw lq d vwulqj uhsuhvhqwdwlrq

ri wkh EQ/ exw fdq reylrxvo| eh lq d judsk1 Wkxv/ JD exloglqj eorfnv duh ohvv olnho| wr h{lvw lq wkh

vwulqj uhsuhvhqwdwlrq1

Dq h{shulphqw zdv shuiruphg wr lqyhvwljdwh wkh lpsdfw ri lqglylgxdo uhsuhvhqwdwlrq +vwulqj ru

judsk, rq JDOJR*v shuirupdqfh ^Urmdv0Jx}pdq dqg Nudphu/ 4<<9`1 Wkh DODUP EQ ^Ehlqolfk

hw do1/ 4<;<` zdv xvhg lq wkh h{shulphqw/ zklfk lv vxppdul}hg lq Wdeoh 5161 Dowkrxjk wkh wlph

h{shqglwxuh shu jhqhudwlrq lv vpdoohu iru wkh vwulqj uhsuhvhqwdwlrq/ wkh judsk uhsuhvhqwdwlrq lv
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Lqglylgxdo Uxqv Dffxudf| Frqyhujhqfh Uxq wlph
Vwulqj uhsuhvhqwdwlrq 63 ;616( 6<16 jhqhudwlrqv 951; v
Judsk uhsuhvhqwdwlrq 68 <417( 6613 jhqhudwlrqv 8:15 v

Wdeoh 516= Vxppdu| ri h{shulphqw rq wkh lpsdfw ri vwulqj ru judsk uhsuhvhqwdwlrq ri lqglylgxdov
lq JDOJR1

dgydqwdjhrxv erwk iurp wkh srlqw ri ylhz ri dffxudf| dqg uxq wlph1 Krzhyhu/ wkh gl�huhqfh lv qrw

h{wuhph/ dqg wkhuh lv dovr wkh txhvwlrq ri krz gl�huhqw EQv zrxog ehkdyh iru gl�huhqw lqglylgxdo

uhsuhvhqwdwlrqv1

D jhqhudwlrq jds prgho lv xvhg/ zkhuh wkh zruvw �w lqglylgxdov lq wkh srsxodwlrq duh uhsodfhg

hdfk jhqhudwlrq ^Urmdv0Jx}pdq dqg Nudphu/ 4<<9/ s1 97`1 Lq dgglwlrq/ rqo| d sursruwlrq ri

wkh srsxodwlrq/ wkh euhhglqj srsxodwlrq/ lv doorzhg wr pdwh1 Wr frqwuro wkh vhohfwlrq suhvvxuh ri

wkhlu sursruwlrqdwh vhohfwlrq vfkhph/ wkuhh yduldqwv ri �wqhvv vfdolqj zhuh lqyhvwljdwhg= qr vfdolqj/

lqyhuvh orjdulwkplf vfdolqj 4@ orj2+{,/ dqg xqlirup vfdolqj 4@n/ zkhuh n lv wkh vl}h ri wkh euhhglqj

srsxodwlrq +l1h1 wkh sduw ri wkh srsxodwlrq zklfk lv doorzhg wr pdwh, ^Urmdv0Jx}pdq dqg Nudphu/

4<<6`1 Lq odwhu zrun/ d jhqhudol}dwlrq ri wkh lqyhuvh orjdulwkplf vfdolqj ixqfwlrq zdv xvhg ^Urmdv0

Jx}pdq dqg Nudphu/ 4<<9`=

w+Su+{,, @
%2

+orj+Su+{, . %�,,2 . %�
>

zkhuh %� dqg %2 duh frqvwdqwv1 Xvlqj %� @ 4� 433�2dqg %2 @ 3=34/ w+Su+{,, lv gh�qhg iru Su+{, 5
^3> 4`/ zlwk w+3, r 3=3333: dqg w+4, r 41

JDOJR*v furvvryhu rshudwru lv foxvwhu0rulhqwhg1 D irfdo qrgh I lv slfnhg lq dq lqglylgxdo/ dqg

qrghv duh furvvhg ryhu zlwklq d glvwdqfh G iurp I 1 Iru lqvwdqfh/ li G @ 4/ I dqg qrghv dgmdfhqw

wr I duh furvvhg ryhu1 Pxwdwlrq rqo| pxwdwhv qrq0hylghqfh qrghv1

Wr ydolgdwh wkh dssurdfk/ d vhw ri h{shulphqwv zhuh shuiruphg1 Wkh wkuhh h{shulphqwdo EQv ri

juhdwhvw lqwhuhvw duh EQ4/ EQ5/ dqg EQ61 EQ4 kdv 46 qrghv dqg 45 hgjhv/ dqg d vhdufk vsdfh vl}h

ri 45/5;;1 EQ5 kdv 53 qrghv dqg 57 hgjhv/ dqg d vhdufk vsdfh vl}h ri :/<95/9571 EQ6 lv d yduldqw

ri EQ5 zkhuh wkh qxpehu ri hgjhv lv uhgxfhg wr 531 Lq wkh h{shulphqwv/ wkh ohdvw �w 53( ri wkh

lqglylgxdov zhuh uhsodfhg shu jhqhudwlrq1 Wkh pxwdwlrq udwhv zhuh 31358 iru EQ4/ 313:8 iru EQ5 dqg

EQ61 Whuplqdwlrq rffxuv zkhq wkhuh lv dssur{lpdwh frqyhujhqfh lq wkh srsxodwlrq ^Urmdv0Jx}pdq
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Vfdolqj vfkhph Vroxwlrqv EQ4 EQ5 EQ6

Qr vfdolqj
4 lq wrs 4
4 lq wrs 43
4 lq wrs 83

63(
433(
433(

3(
78(
:8(

Xqlirup
4 lq wrs 4
4 lq wrs 43
4 lq wrs 83

<8(
433(
433(

63(
93(
433(

Lqyhuvh orjdulwkplf
4 lq wrs 4
4 lq wrs 43
4 lq wrs 83

53(
;;(
433(

;(
77(
89(

Wdeoh 517= H{shulphqwdo uhvxowv iru JDOJR rq EQ4/ EQ5/ dqg EQ61 Gl�huhqfhv lq shuirupdqfh
duh vkrzq iru gl�huhqw vfdolqj frqglwlrqv= qr vfdolqj/ xqlirup vfdolqj/ dqg lqyhuvh orjdulwkplf
vfdolqj1

dqg Nudphu/ 4<<9/ s1 98`1

Wkh uhvxowv ri wkh h{shulphqwv duh vxppdul}hg lq Wdeoh 5171 Wkh phdvxuh ri shuirupdqfh lq

wkh wdeoh lv suhvhqfh ri rqh ri wkh ehvw �w lqglylgxdov lq wkh srsxodwlrq1 Wkh jrog vwdqgdug lv edvhg

rq v|vwhpdwlf/ h{kdxvwlyh hqxphudwlrq ri wkh EQ lq txhvwlrq1 Lq wkh wdeoh/ dq [( lq wkh c4 lq wrs

q* urz phdqv wkdw lq [( ri wkh uxqv/ dq lqglylgxdo dprqj wkh ehvw q zdv frpsxwhg1 Iurp wkh

wdeoh/ zh vhh wkdw xqlirup vfdolqj rxwshuirupv qr vfdolqj/ wkh odwwhu suredeo| jlylqj d wrr vwurqj

vhohfwlrq suhvvxuh1 Lqyhuvh orjdulwkplf vfdolqj dovr frxqwhudfwv wklv suhvvxuh/ dqg shuirupv dv zhoo

ru ehwwhu wkdq xqlirup vfdolqj/ h{fhsw iru wkh c4 lq wrs 4* fdvh iru EQ51

Urmdv0Jx}pdq dqg Nudphu dovr h{shulphqw zlwk wkh h{sdqvlrq ohyho ri furvvryhu/ qrw �qglqj

dq| vljql�fdqw gl�huhqfhv1 Lq dgglwlrq/ dq rswlpdo JD sdudphwhu vhw iru d sduwlfxodu EQ lv vxj0

jhvwhg edvhg rq uhjuhvvlrq dqdo|vlv1 Wklv sdudphwhu vhw lv dv iroorzv= Srsxodwlrq vl}h q @ 483/

Su+Pxwdwlrq, @ 3=33</ euhhglqj vhohfwlylw| E @ 3=</ dyhudjh olihwlph D @ 5 +l1h1 uhsodfhphqw udwlr

83(,/ dqg furvvryhu h{sdqvlrq ohyho O @ 71 Wklv sdudphwhu vhw irxqg rswlpxp lq ;3( ri wkh uxqv1

Urmdv0Jx}pdq dqg Nudphu dovr phqwlrq d uhodwlrqvkls ehwzhhq/ rq wkh rqh kdqg/ wkh qrwlrqv ri

ghfhswlrq dqg hslvwdwlv lq wkh JD olwhudwxuh dqg/ rq wkh rwkhu kdqg/ hgjhv dqg frqqhfwlylw| lq d

EQ1 ]hur hslvwdwlv rffxuv lq d EQ zlwk qr hgjhv> pd{lpxp hslvwdwlv lq d pd{lpdoo| frqqhfwhg EQ1

EQv duh w|slfdoo| orfdoo| frqqhfwhg/ fruuhvsrqglqj wr jhqh lqwhudfwlrqv zlwk d olplwhg qxpehu ri

qhljkerulqj jhqhv1 Wklv vkrxog sdyh wkh zd| iru exloglqj eorfn surfhvvlqj/ krzhyhu qr v|vwhpdwlf

vwxglhv duh xqghuwdnhq wr vxssruw wkhlu lqwxlwlrqv1

Lq vxppdu|/ wkh zrun e| Urmdv0Jx}pdq dqg Nudphu pdnhv frqwulexwlrqv e| uhsuhvhqwlqj
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lqglylgxdov dv judskv dqg e| frqwuroolqj vhohfwlrq suhvvxuh e| xvlqj vfdolqj ixqfwlrqv1 Krzhyhu/

pdq| ri wkh olplwdwlrqv lghqwl�hg wr dsso| wr Olq hw do1*v zrun vwloo krog1 Lq jhqhudo/ wkhuh lv d odfn

ri wkhruhwlfdo xqghuvwdqglqj/ iru h{dpsoh uhjduglqj exloglqj eorfn surfhvvlqj lq judskv yhuvxv lq

vwulqjv1 Dovr/ dq dffxudf| ri ;(/ 77(/ dqg 89( iru EQ6 iru �qglqj dq h{sodqdwlrq dprqj wkh

wrs 4/ 43/ dqg 83 uhvshfwlyho| ohdyhv vljql�fdqw urrp iru lpsuryhphqw1 Zk| lvq*w wkh dffxudf|

kljkhuB Lw lv dovr d olwwoh sx}}olqj zk| wkh rswlpl}hg sdudphwhu vhw rxwshuirupv wkh qrq0rswlpl}hg

sdudphwhu vhw1 Iru h{dpsoh/ wkh yhu| kljk uhsodfhphqw udwlr uxqv frqwudu| wr pdq| ri wkh rwkhu

uhvhdufk h�ruwv glvfxvvhg khuh1

51616 Jhovhpd

Jhovhpd lqyhvwljdwhg xvlqj d JD iru degxfwlyh uhdvrqlqj lq EQv/ dqg hpskdvl}hv wkh uhvxowlqj

lpsuryhg h!flhqf| frpsduhg wr udqgrp vdpsolqj1 Wkh pdsslqj ri d EQ lqvwdqwldwlrq lqwr d

fkurprvrpdo vwulqj/ wkh jhqhwlf rshudwruv/ dqg wkh xvh ri d EQ dv dq remhfwlyh ixqfwlrq lv grqh

vlplodu wr wkh dssurdfkhv ghvfulehg hduolhu1

Dq lqlwldo JD srsxodwlrq zdv fuhdwhg dv iroorzv1 Jhqhv fruuhvsrqglqj wr hylghqfh qrghv zhuh

dvvljqhg doohohv fruuhvsrqglqj wr wkh hylghqfh ydoxhv1 Qrq0hylghqfh urrw qrghv zhuh dvvljqhg ydoxhv

zlwk xqlirup suredelolw|/ qrq0hylghqfh qrq0urrw qrghv zhuh dvvljqhg ydoxhv dffruglqj wr wkhlu

frqglwlrqdo suredelolw|1 +Wkh dssurdfk lv d frpelqdwlrq ri wkh iruzdug vdpsolqj dojrulwkpv xqlirup

vdpsolqj dqg olnholkrrg zhljkwlqj ^Vkdfkwhu dqg Shrw/ 4<<3` ^Ixqj dqg Fkdqj/ 4<<3`/ dowkrxjk

Jhovhpd grhv qrw phqwlrq wklv1, Wkh sxusrvh ri lqlwldol}lqj wkh srsxodwlrq lq wklv zd| lv wr eldv

lw wrzdugv ehwwhu uhjlrqv ri wkh vhdufk vsdfh1

Vwhdg|0vwdwh urxohwwh0zkhho vhohfwlrq edvhg rq udqn rughu lv xvhg/ zkhuh wkh srsxodwlrq lv xs0

gdwhg diwhu hdfk uhfrpelqdwlrq1 Rqo| rqh ri wzr r�vsulqj/ suhvxpdeo| wkh ehwwhu �w/ lv doorzhg

lqwr wkh srsxodwlrq/ zkhuh lw uhsodfhv wkh ohdvw �w lqglylgxdo1 Uhsodfhphqw rqo| wdnhv sodfh li wkh

lqglylgxdo grhv qrw h{lvw lq wkh srsxodwlrq douhdg|1 Pxwdwlrq dovr rshudwhv rq wklv lqglylgxdo/ exw

grhv qrw fkdqjh doohohv fruuhvsrqglqj wr lqvwdqwldwhg qrghv1 Wkh ydoxhv Su+Furvvryhu, @ 4=3 dqg

Su+Pxwdwlrq, @ 3=5 zhuh fkrvhq dg krf1

Wkuhh elqdu| EQv zhuh xvhg iru h{shulphqwdwlrq/ EQ4/ EQ5/ dqg EQ61 EQ4 frqvlvwv ri 44

qrghv dqg 45 hgjhv1 EQ5/ dq h{whqvlrq ri EQ4/ frqvlvwv ri 46 qrghv dqg 49 hgjhv1 EQ6 lv dq
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Vroxwlrqv EQ4 EQ5 EQ6
V H V H V H

4 lq wrs 8 <<( 433( 433( 433( 433( 433(
5 lq wrs 8 <7( <9( <<( <<( 433( 433(
6 lq wrs 8 99( ;7( <3( <9( 433( 433(
7 lq wrs 8 69( 78( 8<( 9;( <8( ;:(
8 lq wrs 8 <( 7( 5;( 4;( 9<( 45(

Wdeoh 518= Uhvxowv iurp Jhovhpd*v h{shulphqwv zlwk wkuhh EQv EQ4/ EQ5/ dqg EQ61

h{whqvlrq ri EQ5 dqg kdv 48 qrghv dqg 54 hgjhv1 Iru doo wkuhh h{shulphqwv/ wkh srsxodwlrq vl}h q

zdv ghwhuplqhg e| q @ m
EQm@97/ zkhuh m
EQm lv wkh EQ*v vwdwh vsdfh1 Wkh qxpehu ri jhqhudwlrqv
wpd{ zdv ghwhuplqhg e| wpd{ @ m
EQm@491 Diwhu hdfk uxq/ wkh �yh lqglylgxdov zlwk kljkhvw �wqhvv

zhuh uhfrughg/ dqg hdfk h{shulphqw frqvlvwhg ri 433 uxqv1

Wkh h{shulphqwdo uhvxowv duh vxppdul}hg lq Wdeoh 5181 Lq wkh wdeoh/ V vwdqgv iru vroxwlrq

zkloh H vwdqgv iru h{sodqdwlrq1 D vroxwlrq frqvlvwv ri lqvwdqwldwlrqv wr doo qrq0hylghqfh qrghv1 Dq

h{sodqdwlrq/ lq Jhovhpd*v whuplqrorj|/ frpsulvhv lqvwdqwldwlrqv ri doo qrq0hylghqfh glvhdvh qrghv1

Lw dsshduv wkdw h{sodqdwlrqv duh frpsxwhg iurp doo vroxwlrqv lq wkh srsxodwlrq e| pdujlqdol}lqj

rxw wkh qrq0urrw yduldeohv ^Jhovhpd/ 4<<8/ s1 ;:4`1 Iru wkh wrs wkuhh urzv/ qrwlfh wkdw wkh ydoxhv

duh zhoo deryh 83( iru doo wkuhh EQv/ vr wkh uhvxowv duh txlwh jrrg1

Lq vxppdu|/ Jhovhpd*v uhvxowv duh lq vrph zd|v pxfk ehwwhu wkdq wkrvh ri suhylrxv h�ruwv1

Sduwo|/ wklv lv suredeo| gxh wr klv xvh ri txlwh vlpsoh EQv dv zhoo dv wrr odujh vdpsoh dqg srsxodwlrq

vl}hv +vhh ehorz iru pruh rq wkh odvw srlqw,1 Krzhyhu/ fuhglw vkrxog dovr eh jlyhq wr wkh dssurdfk

xvhg1 Lq sduwlfxodu/ frpsdulqj Wdeoh 518 zlwk Wdeoh 517/ wklv vwhdg| vwdwh vhohfwlrq vwudwhj| dsshduv

wr suhvhuyh glyhuvlw| ehwwhu/ dowkrxjk Jhovhpd grhv qrw glvfxvv wklv srlqw lq wkh duwlfoh1 Dovr/

wkh frpsxwdwlrq ri erwk dq h{sodqdwlrq +gldjqrvwlf k|srwkhvlv, dqg d vroxwlrq lv d frqwulexwlrq>

suhylrxv h�ruwv kdyh irfxvhg rq rqh ru wkh rwkhu1 Ilqdoo|/ wkh eldvhg lqlwldo srsxodwlrq lv lqwhuhvwlqj1

Vrph ri wkh olplwdwlrqv ri wklv zrun duh dv iroorzv1 Wkh vl}hv ri wkh vdpsoh vsdfh dqg wkh

srsxodwlrq duh erwk xquhdolvwlf/ ehlqj 4@49 dqg 4@97 uhvshfwlyho|1 Fohduo|/ iru odujhu EQv rqh

fdqqrw xvh vxfk odujh iudfwlrqv1 Lq jhqhudo/ wkh xvh ri idluo| vpdoo EQv ri d sduwlfxodu wrsrorj|

pdnhv rqh dvn zkhwkhu wkh dssurdfk vfdohv zhoo1 Wkh frpsdulvrq wr udqgrp vdpsolqj lv qrw yhu|

lqvwuxfwlyh/ dqg wkhuh lv yhu| olwwoh wkhru| vxssruwlqj wkh h{shulphqwv dqg wkh ghvljq fkrlfhv pdgh1
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51617 Erujkhwwl hw do1

Erujkhwwl hw do1 xvh d JD iru eholhi uhylvlrq lq d Ed|hvldq nqrzohgjh edvh +ENE,/ zklfk lv vlplodu

wr d EQ exw doorzv iru lqfrpsohwhqhvv1 Wklv zrun irfxvhv rq vfrulqj d JD lqglylgxdo zkhq wkhuh lv

ENE lqfrpsohwhqhvv dqg wkh mrlqw suredelolw| lv xqgh�qhg1 Rqh frxog dvvljq vxfk lqglylgxdov }hur

�wqhvv/ krzhyhu wklv grhv qrw jlyh wkh JD dq| vljqdo/ zklfk lv sureohpdwlf lq kljko| lqfrpsohwh

ENEv1 Iru wklv uhdvrq/ rqh zdqwv wr vfruh lqfrpsohwh vroxwlrqv/ exw qrw dv kljk dv dq| frpsohwh

vroxwlrq1 Wkdw lv/ d orzhu erxqg Su+{, iru wkh ohdvw �w lqglylgxdo { lv vrxjkw vxfk wkdw Su+{, �
Su+|, iru doo lqglylgxdov |1 Dvvxplqj qrq0}hur mrlqw suredelolwlhv/ dq dqdorjxh ri wkh iroorzlqj

hvwlpdwh H/ fdvw zlwklq wkh ENE iudphzrun/ lv xvhg iru Su+{,=

H @
?\
�'�

plq+Su+Y� m �T�,,>

zkhuh plq+Su+Y m �T ,, lv wkh plqlpdo frqglwlrqdo suredelolw| lq qrgh Y *v FSW1 Qrz wkh �wqhvv

ri dq lqglylgxdo | lv jlyhq e| Su+|, li | lv gh�qhg/ hovh lw lv jlyhq e| V+|,/ zkhuh V lv d vfrulqj

ixqfwlrq dqg V+|, ? H iru doo |1 Wkh vfrulqj ixqfwlrq lv dovr irupxodwhg vxfk wkdw pruh lqfrpsohwh

vroxwlrqv duh shqdol}hg pruh wkdq ohvv lqfrpsohwh vroxwlrqv1

Dq h{shulphqw zkhuh rqo| 7( ri wkh vroxwlrqv zhuh frpsohwh vkrzhg wkdw wkh dssurdfk zrunhg1

Wkh qxpehu ri frpsohwh vroxwlrqv irxqg dv zhoo dv frqyhujhqfh wr PSH lpsuryhg e| hpsor|lqj

wkh vfrulqj phwkrg1

Vlqfh ENEv duh eh|rqg wkh vfrsh ri rxu zrun/ wkh prvw lqwhuhvwlqj dvshfw ri wklv zrun lv wkh

idfw wkdw wkh vfrulqj ixqfwlrq fdq eh uhjdughg dv dq dssurdfk wr vfdolqj1 Dq lpsuryhphqw wr wkh

phwkrg zrxog eh wr xvh �wqhvv ixqfwlrq Su+{,.H li { lv gh�qhg/ hovh xvh V+{,1 Wklv dyrlgv wkh

dvvxpswlrq ri qrq0}hur mrlqw suredelolwlhv1

51618 Zhofk

Zhofk frqvlghuv wkh sureohp ri rq0olqh eholhi xsgdwlqj lq EQv ^Zhofk/ 4<<9`1 Kh frqfoxghv wkdw

hvwlpdwhv ri srvwhulru suredelolwlhv edvhg rq dq dufklyh ri wuldo vroxwlrqv uhvxowlqj iurp xvlqj d JD

rxwshuirupv wkh wudglwlrqdo Prqwh Fduor vlpxodwlrq dojrulwkpv vxfk dv orjlf vdpsolqj ^Khqulrq/
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4<;;`/ iruzdug vlpxodwlrq ^Vkdfkwhu dqg Shrw/ 4<<3` ^Ixqj dqg Fkdqj/ 4<<3`/ dqg edfnzdug vlpx0

odwlrq ^Ixqj dqg Idyhur/ 4<<7` iru wklv fodvv ri EQv1 Lq sduwlfxodu/ Zhofk revhuyhv h{shulphqwdoo|

wkdw frpsduhg wr d JD/ wkh Prqwh Fduor vlpxodwlrq dojrulwkpv kdyh sureohpv zlwk orz0suredelolw|

hylghqfh wkdw lv lqwurgxfhg vhtxhqwldoo| lq rq0olqh hqylurqphqwv1

Wkh lqlwldo JD srsxodwlrq lv srsxodwhg iurp dq dufklyh dv zhoo dv e| shuiruplqj d Prqwh Fduor

vlpxodwlrq/ erwk iruzdug vlpxodwlrq dqg edfnzdug vlpxodwlrq1 D vwhdg|0vwdwh JD lv xvhg/ zkhuh

d qhz lqglylgxdo uhsodfhv wkh ohdvw �w lqglylgxdo lq wkh srsxodwlrq ^Zhofk/ 4<<:`1 Furvvryhu zrunv

dv iroorzv1 D qrgh [ lv slfnhg xqlirupo| dw udqgrp iurp wkh EQ> d glvwdqfh g lv dovr vhohfwhg dw

udqgrp1 OhwP+[>g, eh wkh Pdunry qhljkerukrrg zlwk glvwdqfh g dqg fhqwhu dw [1 Wkh r�vsulqj

F ri lqglylgxdov D dqg E lv iruphg e| wdnlqj vwdwhv zlwklq P+[>g, iurp D dqg vwdwhv rxwvlgh

P+[>g, iurp E1 Wkh r�vsulqj F lv wkhq h{srvhg wr wkh iroorzlqj pxwdwlrq suredelolw|=

Su+Pxwdwh [ wr [ @ {�, @ Su+Slfn [ iru pxwdwlrq,

� Su+Pxwdwh wr [ @ {� m Slfn [ iru pxwdwlrq,

zkhuh Su+Slfn [ iru pxwdwlrq, @ 3=34/ dqg Su+Pxwdwh wr [ @ {� mSlfn [ iru pxwdwlrq, lv

frpsxwhg dv vkrzq lq Htxdwlrq 51461 Ohw F� eh wkh r�vsulqj diwhu pxwdwlrq1 Li F� grhv qrw h{lvw

lq wkh euhhglqj srsxodwlrq dqg lwv �wqhvv ri lv kljkhu wkdq wkh �wqhvv ri wkh ohdvw �w lqglylgxdo

G/ G lv uhsodfhg zlwk F �1 Ilwqhvv sursruwlrqdwh vhohfwlrq lv xvhg/ zkhuh wzr lghqwlfdo sduhqwv lv

doorzhg1 +Qrwh wkdw wkh suredelolw| ri kdylqj wzr lghqwlfdo sduhqwv lv vpdoo/ vlqfh doo lqglylgxdov lq

wkh euhhglqj srsxodwlrq duh gl�huhqw,1

Iru h{shulphqwdwlrq/ wkh iroorzlqj JD sdudphwhuv zhuh xvhg= euhhglqj srsxodwlrq vl}h 73/

furvvryhu suredelolw| 31;8/ dqg pxwdwlrq suredelolw| 31341 Wkh pd{lpxp qxpehu ri jhqhudwlrqv zdv

ydulhg1 Iru d EQ frqvlvwlqj ri 65 qrghv/ wkh urrw phdq vtxduhg huuru +UPVH, ri wkh hvwlpdwhg eholhi

lq hdfk qrgh frpsduhg wr wkh wuxh eholhi zdv fdofxodwhg1 Khuh lv d ghvfulswlrq ri krz frpsxwlqj

dq hvwlpdwh xvlqj d JD frpsduhv wr frpsxwlqj dq hvwlpdwh xvlqj edfnzdug +ru hylghqfh edvhg,

vlpxodwlrq ^Zhofk/ 4<<9/ s1 873`=

D uxq ri 43/333 wuldov ri hylghqfh edvhg vlpxodwlrq uhtxluhg frpsxwdwlrq wlph 9 wlphv
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Qxpehu ri
hylghqfh qrghv

UPVH ri iruzdug
vlpxodwlrq

UPVH ri iruzdug
vlpxodwlrq dqg JD k|eulg

3 3133<4 3134:6
4 313494 31347<
5 313554 3134<6
6 314467 313:47
7 313<84 31366:

Wdeoh 519= Urrw phdq vtxduhg huuru +UPVH, iru iruzdug vlpxodwlrq yhuvxv k|eulg ri iruzdug
vlpxodwlrq dqg JD dv d ixqfwlrq ri wkh qxpehu ri hylghqfh qrghv1

juhdwhu wkdq d frpelqdwlrq ri 8/333 edfnzdug vlpxodwlrqv dqg 5/833 jhqhwlf vhdufk

wuldov1 Hyhq lq wkdw fdvh/ wkh dufklyh UPVH zdv 31333375/ pxfk ehwwhu wkdq iru wkh

ohqjwk| vlpxodwlrq1

Wr frq�up wkh srvlwlyh �qglqjv iru wkh JD iru wkh 65 qrgh EQ/ 45 udqgrp EQv zhuh jhqhudwhg

dw udqgrp1 Hdfk qrgh frqvlvwhg ri 5�7 vwdwhv dqg kdg 3�6 sduhqwv/ zlwk hdfk vwdwh eldvhg wrzdugv

}hur= Hdfk FSW hqwu| kdv d suredelolw| ri 318 ri ehlqj }hur> li qrq0}hur lw lv fkrvhq xqlirupo| iurp

wkh lqwhuydo +3> 4` xqghu wkh frqvwudlqw wkdw hqwulhv lq d FSW froxpq pxvw dgg xs wr rqh1 Wkh

dyhudjh uhvxowv iru wkhvh 45 udqgrpo| jhqhudwhg EQv duh vxppdul}hg lq Wdeoh 5191 Wkh wuhqg khuh

lv txlwh fohdu= wkh iruzdug vlpxodwlrq dqg JD k|eulg rxwshuirupv sxuh iruzdug vlpxodwlrq dv wkh

qxpehu ri hylghqfh qrghv lqfuhdvhv1

Wkh uhvxowv ri Zhofk duh yhu| hqfrxudjlqj iurp wkh JD srlqw ri ylhz1 Lq sduwlfxodu/ Zhofk

vkrzv wkdw d JD lv hvshfldoo| xvhixo zkhq hylghqfh kdv orz suredelolw| ru zkhq vhtxhqwldo xsgdwlqj

lq d rq0olqh hqylurqphqw lv uhtxluhg1 Wkh dufklyh dqg wkh JD uhsodfhphqw vwudwhj| vhhp wr eh

wzr lpsruwdqw idfwruv1 Dovr/ kh hvwdeolvkhg lqwhuhvwlqj shuirupdqfh gl�huhqfhv iru orjlf vdpsolqj/

iruzdug vdpsolqj/ dqg edfnzdug vdpsolqj/ dowkrxjk wklv kdv qrw ehhq wkh hpskdvlv khuh1

Wkhvh duh vrph olplwdwlrqv ri wklv vwxg|1 Iluvw/ lw lv qrw fohdu wr zkdw h{whqw wkh JD ehqh�wv

iurp wkh lqlwldol}dwlrq ri lwv lqlwldo srsxodwlrq e| iruzdug vlpxodwlrq1 Zk| qrw mxvw uxq wkh JD

uljkw dzd|B Lw pljkw eh ehqh�fldo wr uxq erwk iruzdug vlpxodwlrq dqg wkh JD/ exw wklv lv qrw fohdu

iurp wkh sdshu1 Vhfrqg/ wkhuh lv d odfn ri wkhru| lq wkh sdshu1 Zk| grhv wkh JD zrun txlwh

zhoo khuh/ exw ohvv vr lq rwkhu suhylrxv uhvhdufkB Wklug/ krz vhqvlwlyh lv wkh JD wr wkh vnhzhg

glvwulexwlrq xvhg e| Zhofk/ lq sduwlfxodu dv uhsuhvhqwhg lq wkh udqgrp EQvB
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51619 Plvfhoodqhrxv

Vdqwrv dqg Vklprq| suhvhqw d v|vwhp zlwk wzr frpsrqhqwv= d jhqhudwru dqg dq hydoxdwru ^Vdqwrv

hw do1/ 4<<9` ^Vdqwrv hw do1/ 4<<:`1 Wkh jhqhudwru/ d udqgrpl}hg dssur{lpdwlrq dojrulwkp/ surylghv

dssur{lpdwlrqv txlfno|1 Wkh hydoxdwru/ d ghwhuplqlvwlf dssur{lpdwlrq dojrulwkp/ surylghv sured0

elolw| erxqgv1 E| frpelqlqj wkhp/ Vdqwrv dqg Vklprq| dwwhpsw wr jhw wkh ehvw ri erwk zruogv= Wkh

jhqhudwru vhdufkhv iru kljko| suredeoh dvvljqphqwv/ wkh hydoxdwru dffxpxodwhv wkhvh dvvljqphqwv

wr shuirup eholhi xsgdwlqj dqg jhw erxqgv1 Wkh irfxv lv rq kljk0suredelolw| sduwldo dvvljqphqwv/

vr0fdoohg lqghshqghqfh0edvhg dvvljqphqwv1

Wzr gl�huhqw JDv duh frqvlghuhg dv jhqhudwruv ^Vdqwrv hw do1/ 4<<:`1 Iluvw/ d JD zlwk frpsohwh

dvvljqphqwv lv frqvlghuhg1 Vdqwrv hw do1 edvh wkhlu JD rq wkh JD ri Ploohu hw do1 Ploohu hw do1 xvhg

d JD wr wkh QS0kdug sureohp ri pxowlsoh idxow gldjqrvlv ^Ploohu hw do1/ 4<<6`1 Wkh| xvhg d k|eulg

dssurdfk/ h{sorlwlqj orfdo lpsuryhphqw rshudwruv/ uhvxowlqj lq wkh JD �qglqj dq rswlpdo vroxwlrq

lq doprvw doo fdvhv/ zlwk jrrg shuirupdqfh1 Wkh wkuhh prvw lpsruwdqw sduwv ri wklv uhvhdufk duh

pxowlsoh idxow gldjqrvlv/ wkh uhodwlyh olnholkrrg ixqfwlrq/ dqg wkh jhqhwlf dojrulwkp1 Pxowlsoh idxow

gldjqrvlv fruuhvsrqgv wr d gldjqrvwlf EQ zlwk pxowlsoh urrw qrghv zkhuh rqh qhhgv wr frqvlghu

eholhi uhylvlrq dqg qrw mxvw eholhi xsgdwlqj1 Wkh uhodwlyh olnholkrrg ixqfwlrq lv wkdw ri Shqj dqg

Uhjjld*v suredelolvwlf fdxvdo prgho ^Shqj dqg Uhjjld/ 4<;:d` ^Shqj dqg Uhjjld/ 4<;:e`/ zkhuh

�uhodwlyh olnholkrrg jlyhv xv wkh fdsdelolw| wr frpsduh gldjqrvhv dqg vhohfw wkh ehvw rqh1� Wkh JD

lv prghohg diwhu wkh vlpsoh JD ^Jrogehuj/ 4<;<f`/ exw zlwk wkh iroorzlqj prgl�fdwlrqv= wzr0srlqw

furvvryhu/ holwlvp/ dqg d voljkw lqlwldol}dwlrq eldv1 Holwlvp lv lpsohphqwhg e| nhhslqj wkh ehvw �w

lqglylgxdo li lw lv ehwwhu wkdq wkh zruvw �w lq wkh suhylrxv jhqhudwlrq1 Wkh lqlwldol}dwlrq eldv lv gxh

wr lqvhuwlrq ri dq lqglylgxdo zlwk doo uhohydqw glvrughuv suhvhqw1 Vdqwrv hw do1 dgdsw wklv JD dv

iroorzv ^Vdqwrv hw do1/ 4<<:`= �Wkh pxwdwlrq udwh lv uhodwlyho| kljk/ vlqfh zh gr qrw zdqw wr uxq wkh

jhqhwlf dojrulwkp wr frqyhujhqfh/ exw udwkhu wr h{soruh wkh vhdufk vsdfh1 Wklv lv dovr wkh uhdvrq iru

dyrlglqj wkh holwlvw srolf|1� Lq dgglwlrq/ wkh JD ri Vdqwrv hw do1 lv edvhg rq lqghshqghqfh0edvhg

dvvljqphqwv/ zkhuh doo EQ qrghv duh qrw qhfhvvdulo| dvvljqhg d ydoxh1 Krzhyhu/ zlwklq wkh JD

srsxodwlrq/ doo qrghv ri hdfk lqglylgxdo gr kdyh d ydoxh1

Wkh vhfrqg JD wkdw lv frqvlghuhg lv d phvv| JD xvlqj lqghshqghqfh0edvhg dvvljqphqwv zlwklq

wkh JD1 Wkh xvh ri lqghshqghqfh0edvhg dvvljqphqwv zlwklq wkh JD phdqv wkdw wkh qxpehu ri
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qrghv dv zhoo dv zklfk qrghv duh dvvljqhg gl�huv zlwklq wkh JD srsxodwlrq1

Erwk JDv zhuh xvhg iru h{shulphqwdwlrq1 H{shulphqwv zlwk EQv frqwdlqlqj 5333 qrghv dqg 833

qrghv uhvshfwlyho| wxuqhg rxw qrw wr eh yhu| vxffhvvixo1 Wkh wzr JDv zhuh lqihulru wr frvw0vkdulqj

khxulvwlf vhdufk dqg wr rwkhu vdpsolqj dojrulwkpv1

Zh qrz wxuq wr d glvfxvvlrq ri wklv uhvhdufk1 Wkh suhvhqwdwlrq ri wkh JDv xvhg dv zhoo dv wkh

h{shulphqwv shuiruphg lv lqfrpsohwh/ vr lw lv gl!fxow wr glvfxvv wklv uhvhdufk lq ghwdlo1 Krzhyhu/

wkh lghd ri xvlqj ri sduwldo dvvljqphqwv/ LE dvvljqphqwv/ lv qryho1 Lq pdq| zd|v/ wklv uhvhdufk lv

vlplodu wr wkdw ri Zhofk/ vlqfh kh dovr vxjjhvw d k|eulg dssurdfk zlwk d jhqhudwru +wkh JD, dqg

dq hydoxdwru +wkh dufklyh,1 Zhofk rqo| frqvlghuv frpsohwh dvvljqphqwv/ wkrxjk/ dqg kh dovr grhv

qrw wu| wr hvwlpdwh erxqgv1 Krzhyhu/ Vdqwrv dqg Vklprq| gr qrw wu| wr hvwlpdwh erxqgv iru wkhlu

JD jhqhudwru/ rqo| iru rwkhu jhqhudwruv1

Ndqd}dzd hw do1 irfxv rq wkh sureohp ri glyhujhqfh lq EQ vlpxodwlrq dojrulwkpv/ lq sduwlfxodu

dv lw pdqlihvwv lwvhoi zkhq wkhvh dojrulwkpv duh dssolhg wr whpsrudo Ed|hvldq qhwzrunv ^Ndqd}dzd

hw do1/ 4<<8` ^Nroohu/ 4<<9`1 Wkh sureohp lv wkdw vlpxodwlrq wuldov glyhujh iurp uhdolw| dv d surfhvv

lv revhuyhg1 Wkuhh dojrulwkpv wkdw dwwdfn wklv sureohp duh lqwurgxfhg1 Wkh �uvw wzr duh hylghqfh

uhyhuvdo dqg vxuylydo ri wkh �wwhvw vdpsolqj/ wkh wklug lv d frpelqdwlrq ri wkhvh wzr dojrulwkpv1

Vxuylydo ri wkh �wwhvw vdpsolqj +VRI, lv forvho| uhodwhg wr vhohfwlrq lq JDv lq wkdw kljko| olnho|

lqvwdqwldwlrqv duh sursdjdwhg wr wkh qh{w wlph volfh lq wkh whpsrudo EQ1 Lq sduwlfxodu/ wkh VRI

dojrulwkp ^Ndqd}dzd hw do1/ 4<<8`

nhhsv d �{hg qxpehu ri vdpsohv/ exw jhqhudwhv wkh vdpsoh srsxodwlrq iru wlph volfh w e|

d zhljkwhg udqgrp vhohfwlrq iurp wkh vdpsohv dw wlph w� 4/ zkhuh wkh zhljkw lv jlyhq

e| wkh olnholkrrg iru wkh hylghqfh revhuyhg dw wlph w1 Wklv lv forvho| uhodwhg wr wkh xvh

ri �wqhvv0uhodwhg sursdjdwlrq lq jhqhwlf dojrulwkpv ^111`1

Diwhu vdpsolqj iurp wkh dssur{lpdwhg eholhi vwdwh ri wkh suhylrxv wlph volfh w � 4/ zhljkw0

lqj dffruglqj wr hylghqfh dw wlph w wdnhv sodfh1 Wklv surgxfhv zhljkwhg vdpsohv wkdw irup dq

dssur{lpdwhg eholhi vwdwh iru wlph volfh w/ dqg wkh surfhvv vwduw ryhu djdlq1

Doo ri wkh wkuhh qhz dojrulwkpv +hylghqfh uhyhuvdo/ VRI/ dqg wkh frpelqhg dojrulwkp, rxwshu0

irup olnholkrrg zhljklqj +ru iruzdug vdpsolqj, ^Vkdfkwhu dqg Shrw/ 4<<3` ^Ixqj dqg Fkdqj/ 4<<3`
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rq h{shulphqwdo whpsrudo EQv1 Ixuwkhu wkhruhwlfdo dqg h{shulphqwdo uhvxowv rq VRI duh suhvhqwhg

e| Nroohu ^Nroohu/ 4<<9`1

Zh qrz wxuq wr glvfxvvlqj VRI1 VRI lv lq pdq| zd|v vlplodu wr d JD/ dv qrwhg deryh1 Gli0

ihuhqfhv ehwzhhq d JD dqg VRI duh wkdw JDv jhqhudoo| grq*w kdyh vwdwh wudqvlwlrq suredelolwlhv

gh�qhg/ ghvslwh wkh reylrxv vlplodulw| ehwzhhq d wlph volfh lqfuhphqw lq VRI dqg jhqhudwlrq lq0

fuhphqw lq d JD1 Wkh hvvhqwldo gl�huhqfh lv wkdw d wlph volfh lqfuhphqw lv dvvrfldwhg zlwk h{whuqdo

wlph/ d jhqhudwlrq lqfuhphqw zlwk frpsxwdwlrqdo wlph1

Oduudqdjd hw do1 kdyh irfxvhg rq vwuxfwxuh ohduqlqj/ Ed|hvldq qhwzrun ixvlrq/ dqg Ed|hvldq

qhwzrun ghfrpsrvlwlrq ^Oduudqdjd hw do1/ 4<<9e` ^Oduudqdjd hw do1/ 4<<9f` ^Oduudqdjd hw do1/ 4<<9d`1

Ri wkhvh lvvxhv/ rqo| Ed|hvldq qhwzrun ghfrpsrvlwlrq ^Oduudqdjd hw do1/ 4<<9e` lv uhodwhg wr EQ

lqihuhqfh lqvridu dv lw lv rqh vwhs lq wkh surfhvv ri fuhdwlqj d mxqfwlrq wuhh iurp d EQ/ zkhuh wkh

mxqfwlrq wuhh lv xvhg iru h{dfw EQ lqihuhqfh ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;`1 Wklv uhvhdufk lv ri

vrph exw olplwhg uhohydqfh wr wkh suhvhqw uhvhdufk vlqfh zh gr qrw irfxv rq h{dfw Ed|hvldq qhwzrun

lqihuhqfh1

517 Vxppdu|

Lq wklv fkdswhu/ zh kdyh lqwurgxfhg Ed|hvldq qhwzrun whuplqrorj| dqg uhylhzhg suhylrxv uhvhdufk1

Fohduo|/ erwk h{dfw frpsxwdwlrq dqg lqh{dfw frpsxwdwlrqv kdyh wkhlu vwurqj srlqwv dv zhoo dv wkhlu

olplwdwlrqv11Lq wkh iroorzlqj/ krzhyhu/ zh irfxv rq frpsdulqj wkh gl�huhqw JD whfkqltxhv/ vlqfh

wkhlu shuirupdqfh vhhpv wr eh wkh ohdvw xqghuvwrrg/ dqg lq dgglwlrq wkh| irup rqh ri wkh pdlq

dojrulwkplf dssurdfkhv vwxglhg khuh1

Wkh gl�huhqw dssurdfkhv wdnhq wr EQ lqihuhqfh xvlqj JDv duh vxppdul}hg lq Wdeoh 51:1 Dq

hqwu| cB* vrphzkhuh phdqv wkdw wkh lqirupdwlrq fruuhvsrqglqj wr wkh hqwu| lv qrw dydlodeoh ru lv

dpeljxrxv1 Lq wkh �uvw froxpq/ lqlwldov iru wkh uhohydqw uhvhdufkhuv duh suhvhqwhg1 Wkhvh lqlwldov

vkrxog eh hdv| wr fruuhodwh wr wkh zrun suhvhqwhg douhdg|1 Prvw froxpqv vkrxog eh hdv| wr xq0

ghuvwdqg1 Jhqhudwlrq jds jlyhv wkh shufhqwdjh ri wkh srsxodwlrq uhsodfhg shu jhqhudwlrq1 Wkh

pd{lpxp jhqhudwlrq jds lv q@q @ 4> plqlpxp jhqhudwlrq jds lv 4@q1 Uhsodfhphqw lqirupdwlrq

lv ri wkh irup c[/ \*/ phdqlqj wkdw wkh qryho lqglylgxdo+v, dv ghvfulehg e| [ uhsodfh+v, wkh lqgl0

ylgxdo+v, dv ghvfulehg e| \1 Iru h{dpsoh crqh/ zruvw li qrw suhvhqw* phdqv wkdw d qhzo| fuhdwhg
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lqglylgxdo lv dgplwwhg lqwr wkh srsxodwlrq li lw lv qrw wkhuh iurp ehiruh/ uhsodflqj wkh zruvw �w

lqglylgxdo1

Dq lpsruwdqw slhfh ri lqirupdwlrq wkdw lv odfnlqj lq wkh wdeoh ehfdxvh lw lv odfnlqj lq prvw

sdshuv lv srsxodwlrq vl}h1 Lq wkh wdeoh/ lw lv vwulnlqj krz wkhuh lv d vwurqj whqghqf| wrzdugv

d vwhdg| vwdwh JD udwkhu wkdq d jhqhudwlrqdo JD1 Dqrwkhu lpsruwdqw lvvxh lv wkh dprxqw ri

k|eulgl}dwlrq1 Wkhuh duh wzr glphqvlrqv ri k|eulgl}dwlrq/ wkh gdwd glphqvlrq dqg wkh frqwuro

glphqvlrq1 Wkh gdwd glphqvlrq frqfhuqv zkhwkhu wkh vdph gdwd vwuxfwxuhv duh xvhg iru wkh JD

dqg wkh crwkhu* dojrulwkp1 Wkh ehvw h{dpsoh ri gdwd k|eulgl}dwlrq lv wkh uhvhdufk e| Urmdv0Jx}pdq

dqg Nudphu ^Urmdv0Jx}pdq dqg Nudphu/ 4<<6` ^Urmdv0Jx}pdq/ 4<<8` ^Urmdv0Jx}pdq dqg Nudphu/

4<<9`1 Wkh frqwuro glphqvlrq frqfhuqv krz frqwuro  rzv ehwzhhq JD dqg wkh rwkhu dojrulwkp1

Wkh rwkhu dojrulwkp fdq eh xvhg iru suh0 ru srvw0surfhvvlqj/ ru rqh fdq kdyh dq lqwhjudwhg k|eulg1

Erwk Jhovhpd dqg Zhofk xvh d k|eulg dssurdfk lq wkdw d vlpxodwlrq dojrulwkp lqlwldol}hv wkh JD*v

srsxodwlrq ^Jhovhpd/ 4<<8/ s1 ;:4` ^Zhofk/ 4<<9/ s1 86;`1

Dowkrxjk wkh uhvhdufk h�ruwv lq wkh duhd ri xvlqj JDv iru EQ lqihuhqfh kdyh qhlwkhu ehhq

h{whqvlyh qru zhoo frruglqdwhg/ lpsruwdqw lqvljkwv kdyh ehhq pdgh1 Lq sduwlfxodu/ wkh iroorzlqj

pd| eh frqfoxghg uhjduglqj wkh xvh ri JDv iru EQ lqihuhqfh=

� Grhv lw zrunB \hv/ JDv fdq shuirup lqihuhqfh lq EQv/ dv zlwqhvvhg lq sduwlfxodu e| wkh

uhvhdufk e| Urmdv0Jx}pdq/ Jhovhpd dqg Zhofk1 Lq sduwlfxodu/ wkh uhvhdufk e| Zhofk lv

frqylqflqj ehfdxvh wkh JD lv frpsduhg zlwk dqg rxwshuirupv vhyhudo zhoo0nqrzq Prqwh

Fduor vlpxodwlrq dojrulwkpv1

� Zk| grhv lw zrunB Lw vhhpv wkdw wkh vhohfwlrq dqg uhsodfhphqw vwudwhjlhv xvhg lq wkh JD

lv fuxfldo1 Prvw JDv kdyh xvhg vwhdg|0vwdwh vhohfwlrq udwkhu wkdq jhqhudwlrqdo vhohfwlrq1

Krzhyhu/ wklv glvwlqfwlrq lv lq lwvhoi qrw qhfhvvdulo| vljql�fdqw> zkdw lv pruh lpsruwdqw lv

uhsodfhphqw vwudwhj| dqg wkh olnh ^V|vzhugd/ 4<<4`1 Mxgjlqj iurp Wdeoh 51:/ lw grhv vhhp

wkdw uhsodflqj wkh zruvw lqglylgxdo+v, dqg rqo| ohwwlqj d qhz lqglylgxdo lqwr wkh euhhglqj

srsxodwlrq li lw grhv qrw h{lvw wkhuh ehiruhkdqg lv d jrrg vwudwhj|1 Zh frqmhfwxuh wkdw wklv

yduldqw ri vwhdg|0vwdwh vhohfwlrq suhvhuyhv glyhuvlw| zhoo/ zkloh rwkhu yduldqwv gr qrw1 Krzhyhu/

dw wklv wlph wklv lv rqo| d frqmhfwxuh/ lw pljkw eh wkdw rwkhu dvshfwv/ vxfk dv k|eulgl}dwlrq/ lv

dv ru pruh lpsruwdqw1
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Zkr Jhqhudwlrq jds Vhohfwlrq Uhsodfhphqw Vfdolqj
OJV 4@q urxohwwh zkhho/ xqlirup rqh/ ehorz0dyhudjh qr
UJN 3=5 �wqhvv sursruwlrqdo wzr/ zruvw |hv
J 4@q urxohwwh zkhho/ udqn rqh/ zruvw li qrw suhvhqw qr
VVZ 4 B doo B
Z 4@q �wqhvv sursruwlrqdo rqh/ zruvw li qrw suhvhqw qr

Zkr Furvvryhu Pxwdwlrq
OJV rqh0srlqw2xqlirup/ 4=3 |hv/ PE vfruh
UJN foxvwhu/ B |hv/ 3=358@3=3:8
J wzr0srlqw/ 4=3 |hv/ 3=5
VVZ wzr0srlqw/ 319 |hv/ A 3=366

Z PE furvvryhu/ 3=;8 |hv/ 3=342PE vfruh

Zkr Frglqj Lqfoxvlrq Lqlwldol}dwlrq Whuplqdwlrq
OJV vwulqj sduw ri EQ xqlirup 4333 jhqhudwlrqv
UJN judsk ixoo EQ xqlirup frqyhujhqfh
J vwulqj ixoo EQ eldvhg m
EQm@49 vdpsohv
VVZ vwulqj sduw ri EQ eldvhg 83 jhqhudwlrqv
Z vwulqj ixoo EQ eldvhg frqyhujhqfh

Wdeoh 51:= Vxppdu| ri suhylrxv uhvhdufk wr EQ lqihuhqfh xvlqj JDv1 Wkh *Zkr* froxpq jlyhv
lqlwldov iru wkh uhvhdufkhuv ri wkh dssurdfk dv iroorzv1 OJV= Olq/ Jdoshu/ dqg Vkdfkwhu1 UJN=
Urmdv0Jx}pdq dqg Nudphu1 J= Jhovhpd1 VVZ= Vdqwrv/ Vklprq|/ dqg Zlooldpv1 Z= Zhofk1

Wkh txhvwlrq ri zk| d JD zrunv iru EQ lqihuhqfh kdv uhfhlyhg d sduwldo dqvzhu1 Wkh iroorzlqj

duh olplwdwlrqv wr wkh uhvhdufk shuiruphg vr idu/ olplwdwlrqv wkdw zloo eh dgguhvvhg lq wkh suhvhqw

uhvhdufk=

� Odfn ri wkhru|1 Suhylrxv zrun kdv ehhq doprvw h{foxvlyho| h{shulphqwdo1 Wkhuh kdv ehhq vrph

phqwlrq ri exloglqj eorfnv dqg hslvwdwlv ^Urmdv0Jx}pdq dqg Nudphu/ 4<<9` dqg pxowlprgdolw|

^Olq hw do1/ 4<<3/ s1 45<`/ krzhyhu wkhvh uhpdunv kdyh ehhq dqhfgrwdo dqg kdyh qrw ehhq

iroorzhg xs e| wkhruhwlfdo vwxglhv edvhg rq EQv1 Iru h{dpsoh/ fuxfldo JD lvvxhv vxfk dv

glyhuvlw| suhvhuydwlrq dqg srsxodwlrq vl}lqj kdv qrw ehhq dgguhvvhg lq wkh JD iru EQ lqihuhqfh

olwhudwxuh1 Dowkrxjk d frpsuhkhqvlyh JD wkhru| lv odfnlqj/ wkhuh kdv ehhq surjuhvv lq wkh

JD frppxqlw| lq wklv duhd ryhu wkh uhfhqw |hduv/ dqg wklv surjuhvv vkrxog eh xwlol}hg1

� Odfn ri frpsdulvrq ehwzhhq gl�huhqw JDv1 W|slfdoo|/ d uhvhdufk whdp kdv frqvlghuhg rqh

JD zlwk rqh �{hg vhw ri sdudphwhuv zlwkrxw ydu|lqj wkh edvlf vhwxs pxfk1 Djdlq/ wkhuh duh
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pdq| wklqjv wkdw qhhg wr eh frqvlghuhg iru d JD wr zrun surshuo|/ dqg hyhq wkrxjk rqh grhv

qrw zdqw wr frqvlghu doo srvvleoh JD sdudphwhu vhwwlqjv lw lv fohdu wkdw pruh hpslulfdo vwxglhv

frxog eh shuiruphg1

� Odfn ri v|vwhpdwlf h{shulphqwdwlrq1 Lw lv qrw fohdu wkdw rqh kdv xvhg EQv wkdw duh lq vrph

vhqvh kdug/ hlwkhu iru h{dfw lqihuhqfh ru iru wkh vwrfkdvwlf vhdufk phwkrg ru jhqhwlf dojrulwkp

lq txhvwlrq1

Lq wkh uhpdlqghu ri wklv glvvhuwdwlrq/ zh dwwhpsw wr dgguhvv vrph ri wkh olplwdwlrqv ri wkh

suhylrxv uhvhdufk lq wklv dqg uhodwhg duhdv1
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Fkdswhu 6

Wkh Suredelolvwlf Furzglqj Jhqhwlf
Dojrulwkp

Zkhq vhdufklqj iru suredeoh h{sodqdwlrqv lq d Ed|hvldq qhwzrun/ rqh pljkw eh lqwhuhvwhg lq �qglqj

qrw rqo| d prvw suredeo| h{sodqdwlrq/ exw doo wkh prvw suredeoh h{sodqdwlrqv/ ru hyhq pdq| kljko|

suredeoh h{sodqdwlrqv/ hyhq wkrxjk vhyhudo ri wkhp pljkw kdyh orzhu suredelolwlhv wkdq d prvw

suredeoh h{sodqdwlrq1 Dovr/ Ed|hvldq qhwzrunv gh�qh/ lq wkh jhqhudo fdvh/ frpsoh{ pxowl0prgdo

ixqfwlrqv1 Wkhvh wzr jrdov ohdg xv wr frqvlghu wkh jhqhwlf dojrulwkp whfkqltxh ri qlfklqj1

Lq pruh jhqhudo whupv wkdq wkdw ri frpsxwlqj wkh prvw suredeoh h{sodqdwlrq/ wkh wzr pdlq

remhfwlyhv ri qlfklqj dojrulwkpv duh +l, wr frqyhujh wr pxowlsoh/ kljko| �w/ dqg vljql�fdqwo| gl�huhqw

vroxwlrqv/ dqg +ll, wr vorz grzq frqyhujhqfh lq fdvhv zkhuh rqo| rqh vroxwlrq lv uhtxluhg1 Gl�huhqw

dojrulwkpv kdyh ehhq ghyhorshg wr ixo�o wkhvh remhfwlyhv ^Jrogehuj dqg Ulfkdugvrq/ 4<;:` ^Kduln/

4<<8` ^Pdkirxg/ 4<<8`1 Rqh ri wkhvh dojrulwkpv lv nqrzq dv ghwhuplqlvwlf furzglqj ^Pdkirxg/

4<<8`1 Vwuhqjwkv ri ghwhuplqlvwlf furzglqj duh wkdw lw lv vlpsoh/ idvw/ dqg uhtxluhv qr sdudphwhuv lq

dgglwlrq wr wkrvh ri d fodvvlfdo JD1 Ghwhuplqlvwlf furzglqj kdv dovr ehhq irxqg wr zrun zhoo rq whvw

ixqfwlrqv dv zhoo dv lq dssolfdwlrqv1 Krzhyhu/ ghwhuplqlvwlf furzglqj dovr kdv vrph zhdn srlqwv1

Wkhuh lv d odfn ri dqdo|vlv ri frqyhujhqfh> dv d uhvxow lw lv qrw hqwluho| fohdu zkdw ghwhuplqlvwlf

furzglqj frpsxwhv1 Frqvlghulqj wkh lqwhuqdo zrunlqjv ri wkh dojrulwkp/ wkh pdlq sureohp dsshduv

wr eh wkdw wkhuh lv qr uhvwrudwlyh suhvvxuh�vshflhv ri kljkhu �wqhvv whqg wr zlq ryhu vshflhv ri

orzhu �wqhvv�wkxv qlfkhv pd| jhw orvw hyhq wkrxjk wkh| vkrxog qrw eh dffruglqj wr wkhlu �wqhvv1

Wklv fkdswhu lqwurgxfhv d qhz qlfklqj dojrulwkp/ suredelolvwlf furzglqj1 Dv wkh qdph vxjjhvwv/

suredelolvwlf furzglqj lv dq r�vsulqj ri ghwhuplqlvwlf furzglqj/ dqg dv vxfk lqkhulwv pdq| ri lwv

sohdvdqw fkdudfwhulvwlfv1 Wkh pdlq gl�huhqfh lv wkh xvh ri d suredelolvwlf udwkhu wkdq d ghwhuplqlvwlf
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Srsxodwlrq0edvhg Qrq0srsxodwlrq0edvhg

Suredelolvwlf
dffhswdqfh

Suredelolvwlf furzglqj
Sdudooho uhfrpelqdwlyh
vlpxodwhg dqqhdolqj

Phwursrolv dojrulwkp
Vlpxodwhg dqqhdolqj

Ghwhuplqlvwlf
dffhswdqfh

Ghwhuplqlvwlf furzglqj
Uhvwulfwhg wrxuqdphqw
vhohfwlrq

Orfdo vhdufk

Wdeoh 614= Wzr nh| glphqvlrqv ri lqwhjudwhg wrxuqdphqw dojrulwkpv= qdwxuh ri wkh dffhswdqfh uxoh
dqg qdwxuh ri wkh fxuuhqw vwdwh1

dffhswdqfh ixqfwlrq1 Qr orqjhu gr vwurqjhu lqglylgxdov dozd|v zlq ryhu zhdnhu lqglylgxdov/ wkh| zlq

sursruwlrqdoo| dffruglqj wr wkhlu �wqhvv/ wkxv zh jhw d uhvwrudwlyh suhvvxuh1 Xvlqj d suredelolvwlf

dffhswdqfh ixqfwlrq lv vkrzq wr jlyh vwdeoh/ suhglfwdeoh frqyhujhqfh dffruglqj wr wkh qlfklqj uxoh/

d jrog vwdqgdug iru qlfklqj dojrulwkpv1 Zh vkrz wklv erwk dqdo|wlfdoo| dqg h{shulphqwdoo|1

D vhfrqg sxusrvh ri wklv fkdswhu lv wr eulh | uhylhz wkh idplo| ri dojrulwkpv wr zklfk erwk

ghwhuplqlvwlf dqg suredelolvwlf furzglqj ehorqjv/ lqwhjudwhg wrxuqdphqw dojrulwkpv1 Rwkhu php0

ehuv ri wklv fodvv duh uhvwulfwhg wrxuqdphqw vhohfwlrq ^Kduln/ 4<<8`/ holwlvw uhfrpelqdwlrq ^Wklhuhqv

dqg Jrogehuj/ 4<<7`/ sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj ^Pdkirxg dqg Jrogehuj/ 4<<8`/

wkh Phwursrolv dojrulwkp ^Phwursrolv hw do1/ 4<86`/ dqg vlpxodwhg dqqhdolqj ^Nlunsdwulfn hw do1/

4<;6`1 Frpprq wr wkhvh dojrulwkpv lv wkdw frpshwlwlrq lv orfdol}hg dqg rffxuv ehwzhhq zkdw zh

pljkw fdoo d idplo| ri vlplodu lqglylgxdov1 Lw wxuqv rxw wkdw voljkw yduldwlrqv lq krz wkh idplo| lv

iruphg lv fuxfldo wr zkhwkhu rqh rewdlqv d qlfklqj dojrulwkp ru qrw/ dqg pruh jhqhudoo| wklv fodvv

ri dojrulwkpv lv lqwhuhvwlqj ehfdxvh lw lv yhu| h!flhqw dqg jlyhv d zlgh vshfwuxp ri ixqfwlrqdolw|

zklfk fdq eh dwwdlqhg e| fkdqjlqj d ihz sdudphwhuv1

Wkh uhvw ri wklv fkdswhu lv rujdql}hg dv iroorzv1 Vhfwlrq 614 suhvhqwv lqwhjudwhg wrxuqdphqw do0

jrulwkpv1 Vhfwlrq 615 lqwurgxfhv wkh suredelolvwlf furzglqj dojrulwkp1 Lq Vhfwlrq 616/ zh dqdo|}h

fhuwdlq yduldqwv ri suredelolvwlf furzglqj1 Vhfwlrq 617 dqg 618 jlyhv hpslulfdo hylghqfh wkdw sured0

elolvwlf furzglqj zrunv zhoo/ zkloh Vhfwlrq 619 irfxvhv rq srsxodwlrq vl}lqj1 Vhfwlrq 61: frqfoxghv

dqg srlqwv rxw gluhfwlrqv iru ixwxuh uhvhdufk1
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614 Lqwhjudwhg Wrxuqdphqw Dojrulwkpv

Lq wudglwlrqdo JDv/ pxwdwlrq dqg uhfrpelqdwlrq lv grqh �uvw/ dqg wkhq vhohfwlrq +ru uhsodfhphqw,

lv shuiruphg vhfrqg/ zlwkrxw uhjdug wr vlplodulw| ehwzhhq lqglylgxdov1 Pdq| dojrulwkpv/ vxfk

dv suredelolvwlf furzglqj/ ghwhuplqlvwlf furzglqj/ sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj/ uh0

vwulfwhg wrxuqdphqw vhohfwlrq/ wkh Phwursrolv dojrulwkp/ dqg vlpxodwhg dqqhdolqj zrun gl�huhqwo|/

dowkrxjk wklv glvwlqfwlrq kdv qrw dozd|v ehhq fohduo| h{suhvvhg lq wkh olwhudwxuh1 Zkdw wkhvh dojr0

ulwkpv/ zklfk zh vkdoo fdoo lqwhjudwhg wrxuqdphqw dojrulwkpv/ kdyh lq frpprq lv wkdw wkh surfhvvhv

ri pxwdwlrq/ uhfrpelqdwlrq/ dqg uhsodfhphqw duh doo lqwhjudwhg1 Lqwxlwlyho|/ lqwhjudwhg wrxuqdphqw

dojrulwkpv fdq jlyh qlfklqj wkurxjk orfdo wrxuqdphqwv= Vlplodu lqglylgxdov frpshwh iru vsrwv lq wkh

srsxodwlrq/ dqg �w lqglylgxdov uhsodfh wkrvh wkdw duh ohvv �w/ dw ohdvw suredelolvwlfdoo|1 Wkh h{dfwo|

qdwxuh ri wkh wrxuqdphqw ghshqgv rq wkh dojrulwkp/ dqg lv d fuxfldo idfwru lq ghflglqj zkhwkhu zh

jhw d qlfklqj dojrulwkp ru qrw1 Iru lqvwdqfh/ holwlvw uhfrpelqdwlrq ^Wklhuhqv dqg Jrogehuj/ 4<<7`

lv dq lqwhjudwhg wrxuqdphqw dojrulwkpv/ exw lw lv qrw d qlfklqj dojrulwkp1

Dq hduo| lqwhjudwhg wrxuqdphqw dojrulwkp lv wkh Phwursrolv dojrulwkp/ zklfk ruljlqdwhg lq

sk|vlfv ^Phwursrolv hw do1/ 4<86`/ dqg frqvlvwv ri jhqhudwlrq dqg dffhswdqfh vwhsv ^Qhdo/ 4<<6`1 Lq

wkh jhqhudwlrq vwhs/ d qhz vwdwh +ru lqglylgxdo, lv jhqhudwhg iurp dq h{lvwlqj vwdwh> lq wkh dffhs0

wdqfh vwhs/ wkh qhz vwdwh lv dffhswhg ru uhmhfwhg zlwk vrph suredelolw|1 Wzr frpprq dffhswdqfh

suredelolw| glvwulexwlrqv duh wkh Phwursrolv dqg wkh Erow}pdqq glvwulexwlrqv1 Wkh Erow}pdqq

glvwulexwlrq lv

Su+H�, @
h{s+�H�@W ,

h{s+�H�@W , . h{s+�H�@W ,
> +614,

zkhuh H� dqg H� duh wkh hqhujlhv ri wkh rog dqg qhz vwdwhv +lqglylgxdov, uhvshfwlyho|1

Vlpxodwhg dqqhdolqj lv hvvhqwldoo| wkh Phwursrolv dojrulwkp zlwk whpshudwxuh dgghg1 Wkh whp0

shudwxuh frqwurov wkh suredelolw| ri dffhswlqj d kljkhu0hqhuj| +ohvv �w, vwdwh +lqglylgxdo,1 Dw kljk

whpshudwxuh/ wklv suredelolw| lv yhu| kljk/ exw lw ghfuhdvhv zlwk wkh whpshudwxuh1 Vlpxodwhg dq0

qhdolqj frqvlvwv ri lwhudwlqj wkh Phwursrolv dojrulwkp dw vxffhvvlyho| orzhu whpshudwxuhv/ dqg wklv

zd| lw �qgv dq hvwlpdwh ri wkh joredo rswlpxp ^Nlunsdwulfn hw do1/ 4<;6` ^Oddukryhq dqg Dduwv/
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4<;:`1 Erwk wkh Phwursrolv uxoh dqg wkh Erow}pdqq uxoh dfklhyh wkh Erow}pdqq glvwulexwlrq

Su+H�, @
h{s+�H�@W ,S
� h{s+�H�@W ,

> +615,

zkhuh Su+H�, lv wkh suredelolw| ri kdylqj d vwdwh l zlwk hqhuj| H� dw htxloleulxp/ W lv whpshudwxuh1

Li frrolqj lv vorz hqrxjk/ rqh lv jxdudqwhhg wr �qg wkh rswlpxp1

Zlwklq wkh �hog ri jhqhwlf dojrulwkpv surshu/ dq hduo| lqwhjudwhg wrxuqdphqw dssurdfk lv suhv0

hohfwlrq1 Fdylffklr lqwurgxfhg suhvhohfwlrq/ lq zklfk d fklog uhsodfhv dq lqihulru sduhqw ^Jrogehuj/

4<;<f`1 GhMrqj wxuqhg suhvhohfwlrq lqwr furzglqj ^GhMrqj/ 4<:8`1 Lq furzglqj/ dq lqglylgxdo lv

frpsduhg wr d udqgrpo| gudzq vxesrsxodwlrq ri f phpehuv/ dqg wkh prvw vlplodu phpehu dprqj

wkh f lv uhsodfhg1 Jrrg uhvxowv zlwk f @ 5 dqg f @ 6 zhuh uhsruwhg e| GhMrqj rq pxowlprgdo

ixqfwlrqv1

Lq rughu wr lqwhjudwh vlpxodwhg dqqhdolqj dqg jhqhwlf dojrulwkpv/ wkh qrwlrq ri Erow}pdqq wrxu0

qdphqw vhohfwlrq zdv lqwurgxfhg ^Jrogehuj/ 4<<3`1 Wzr prwlydwlrqv iru Erow}pdqq wrxuqdphqw

vhohfwlrq zhuh dv|pswrwlf frqyhujhqfh +dv lq vlpxodwhg dqqhdolqj, dqg surylglqj d qlfklqj phfkd0

qlvp1 Wkh Erow}pdqq +ru orjlvwlf, dffhswdqfh uxoh/ vkrzq lq Htxdwlrq 614/ zdv xvhg1 Erow}pdqq

wrxuqdphqw vhohfwlrq zdv wkh edvlv iru sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj +SUVD, ^Pdk0

irxg dqg Jrogehuj/ 4<<8`1 SUVD dovr xvhg Erow}pdqq dffhswdqfh/ dqg lqwurgxfhg wkh iroorzlqj

wzr uxohv iru kdqgolqj fkloguhq dqg sduhqwv= +l, Lq grxeoh dffhswdqfh dqg uhmhfwlrq/ erwk sduhqwv

frpshwh djdlqvw erwk fkloguhq1 +ll, Lq vlqjoh dffhswdqfh dqg uhmhfwlrq/ hdfk sduhqw frpshwhv djdlqvw

d suh0ghwhuplqhg fklog lq wzr glvwlqfw frpshwlwlrqv1 Olnh vlpxodwhg dqqhdolqj/ SUVD xvhv d frro0

lqj vfkhgxoh1 Erwk pxwdwlrq dqg furvvryhu duh xvhg/ wr jxdudqwhh frqyhujhqfh wr wkh Erow}pdqq

glvwulexwlrq dw htxloleulxp1 Wkuhh gl�huhqw yduldqwv ri SUVD zhuh whvwhg hpslulfdoo| zlwk jrrg

uhvxowv/ wzr ri wkhvh kdyh surriv ri joredo frqyhujhqfh1 Ghwhuplqlvwlf furzglqj ^Pdkirxg/ 4<<8` lv

vlplodu wr SUVD1 Gl�huhqfhv duh wkdw ghwhuplqlvwlf furzglqj pdwfkhv xs sduhqwv dqg fkloguhq e|

plqlpl}lqj vrph glvwdqfh phdvxuh/ dqg lw xvhv wkh ghwhuplqlvwlf dffhswdqfh uxoh ri dozd|v slfnlqj

wkh ehvw �w lqglylgxdo lq hdfk sduhqw dqg fklog sdlu1

Dqrwkhu lqwhjudwhg wrxuqdphqw dojrulwkp lv wkh jhqh0lqyduldqw JD +JLJD,1 Lq JLJD/ fkloguhq

uhsodfh wkh sduhqwv ^Fxoehuvrq/ 4<<5`1 Sduhqwv duh vhohfwhg/ d idplo| frqvwuxfwhg/ fkloguhq vhohfwhg/

dqg sduhqwv uhsodfhg1 Idplo| frqvwuxfwlrq dprxqwv wr fuhdwlqj d vhw ri sdluv ri fkloguhq/ dqg iurp
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wklv vhw rqh sdlu lv slfnhg dffruglqj wr vrph fulwhulrq/ vxfk dv kljkhvw dyhudjh �wqhvv ru kljkhvw

pd{lpdo �wqhvv1 Wkh jhqhwlf lqyduldqfh sulqflsoh lv wkdw wkh glvwulexwlrq ryhu dq| rqh srvlwlrq

rq wkh jhqh grhv qrw fkdqjh ryhu wlph1 JLJD zlwk qr pxwdwlrq reh|v wkh jhqhwlf lqyduldqfh

sulqflsoh/ vr wkh jhqhwlf pdwhuldo ri wkh lqlwldo srsxodwlrq lv uhwdlqhg1 Lq dgglwlrq wr vhohfwlrq

suhvvxuh surylghg e| vhohfwlrq ri ehwwhu fklog sdluv lq d idplo|/ wkhuh lv vhohfwlrq suhvvxuh gxh wr

vruwlqj ri wkh srsxodwlrq frpelqhg zlwk vhohfwlrq ri dgmdfhqw lqglylgxdov1

Uhvwulfwhg wrxuqdphqw vhohfwlrq lv dqrwkhu lqwhjudwhg wrxuqdphqw dojrulwkp ^Kduln/ 4<<8`1 Wkh

dssurdfk lv d prgl�fdwlrq ri vwdqgdug wrxuqdphqw vhohfwlrq/ edvhg rq orfdo frpshwlwlrq1 Wzr

lqglylgxdov { dqg | duh slfnhg/ dqg furvvryhu dqg pxwdwlrq lv shuiruphg lq wkh xvxdo zd|/ fuhdwlqj

qhz lqglylgxdov {� dqg |�1 Wkhq z lqglylgxdov duh udqgrpo| fkrvhq iru {�/ dqg dprqj wkhvh wkh

forvhvw rqh/ {��/ frpshwhv zlwk {� iru d vsrw lq wkh qhz srsxodwlrq1 D vlplodu surfhgxuh lv dssolhg

wr |�1 Wkh sdudphwhu z lv fdoohg wkh zlqgrz vl}h1 Wkh zlqgrz vl}h lv vhw wr eh d pxowlsoh ri

v/ wkh qxpehu ri shdnv wr eh irxqg= z @ f � v/ zkhuh f lv d frqvwdqw1 Uhvwulfwhg wrxuqdphqw

vhohfwlrq looxvwudwhv wkdw lqwhjudwhg wrxuqdphqw dojrulwkpv rqo| qhhg wr eh kdyh wkhlu rshudwlrqv

frqfhswxdoo| lqwhjudwhg> wkh nh| srlqw lv wkdw lqglylgxdov frpshwh orfdoo| +zlwk vlplodu lqglylgxdov,

iru d vsrw lq wkh srsxodwlrq1

Lq vxppdu|/ lpsruwdqw glphqvlrqv ri lqwhjudwhg wrxuqdphqw dojrulwkpv duh wkh irup ri wkh

dffhswdqfh uxoh/ zkhwkhu wkh dojrulwkp lv srsxodwlrq0edvhg/ zkhwkhu whpshudwxuh lv xvhg/ zklfk

rshudwruv duh xvhg/ dqg zkhwkhu wkh dojrulwkp jlyhv qlfklqj ru qrw1 Wdeoh 614 vkrzv wzr ri wkh nh|

glphqvlrqv ri lqwhjudwhg wrxuqdphqw dojrulwkpv/ dqg krz gl�huhqw dojrulwkpv duh fodvvl�hg dorqj

wkhvh wzr glphqvlrqv1 Wkh lpsruwdqfh ri wkh glvwlqfwlrq ehwzhhq suredelolvwlf dqg ghwhuplqlvwlf

dffhswdqfh lv dv iroorzv1 Lw vhhpv hdvlhu wr pdlqwdlq d glyhuvh srsxodwlrq zlwk suredelolvwlf df0

fhswdqfh/ dqg wklv lv wkh jrdo ri qlfklqj dojrulwkpv1 Surfhvvhv vlplodu wr suredelolvwlf dffhswdqfh

rffxu hovhzkhuh lq qdwxuh/ iru lqvwdqfh lq fkhplfdo uhdfwlrqv dqg lq vwdwlvwlfdo phfkdqlfv1

Frqfhuqlqj rshudwruv/ rqh lpsruwdqw glvwlqfwlrq lv zkhwkhu vlplodu lqglylgxdov duh eurxjkw

wrjhwkhu wr frpshwh lpsolflwo| ru h{solflwo|1 Wkh lpsolflw dssurdfk/ ri zklfk SUVD/ ghwhuplqlvwlf

furzglqj/ suredelolvwlf furzglqj duh h{dpsohv/ lqwhjudwh wkh rshudwlrqv ri yduldwlrq dqg vhohfwlrq1

Wkh h{solflw dssurdfk/ h{dpsohv ri zklfk duh furzglqj dqg uhvwulfwhg wrxuqdphqw vhohfwlrq/ vhdufk

iru vlplodu lqglylgxdov lq wkh srsxodwlrq1 Vr lq dgglwlrq wr yduldwlrq dqg vhohfwlrq/ wkhuh lv d vhdufk
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vwhs1 Qrwh wkdw h{solflw yhuvxv lpsolflw lv d pdwwhu ri ghjuhh/ vlqfh hyhq ghwhuplqlvwlf furzglqj

zlwk furvvryhu vhdufkhv iru d jlyhq fklog iru wkh forvhvw dprqj wkh sduhqwv1 Zkhwkhu wkh lqwhjudwhg

wrxuqdphqw dojrulwkp jlyhv qlfklqj ru qrw ghshqgv rq wkh qdwxuh ri wkh idplo| frpshwlwlrq1 Li wkh

idplo| frpshwlwlrq lv edvhg rq vlplodulw|/ vxfk wkdw wzr ru pruh vlplodu lqglylgxdov frpshwh iru d

sodfh lq wkh srsxodwlrq/ wkh uhvxow lv qlfklqj/ hovh qr qlfklqj lv rewdlqhg1 Iru h{dpsoh/ ghwhuplqlvwlf

furzglqj/ uhvwulfwhg wrxuqdphqw vhohfwlrq/ dqg suredelolvwlf furzglqj duh qlfklqj dojrulwkpv/ zkloh

holwlvw uhfrpelqdwlrq dqg JLJD duh qrw1

Wkh suredelolvwlf furzglqj dojrulwkp dqg lwv vwhdg| vwdwh glvwulexwlrq lv zkdw zh wxuq wr lq wkh

qh{w vhfwlrqv1

615 Suredelolvwlf Furzglqj Dojrulwkp

Suredelolvwlf furzglqj lv edvhg rq wkh ghwhuplqlvwlf furzglqj dojrulwkp ^Pdkirxg/ 4<<8`> wkh wzr

pdlq gl�huhqfhv ehlqj +l, wkh suredelolvwlf dffhswdqfh uxoh dqg +ll, wkh idfw wkdw zh kdyh d yduldqw

zlwkrxw furvvryhu dw doo1

Ohw { dqg | eh wzr vlplodu lqglylgxdov wkdw kdyh ehhq slfnhg wr frpshwh wr uhsodfh rqh ri wkhvh

wzr lqglylgxdov lq wkh qh{w jhqhudwlrq1 Vlplodulw| frphv derxw lpsolflwo|/ zkhq pxwdwlrq rqo| lv

hpsor|hg/ ru h{solflwo|/ e| xvlqj d glvwdqfh phdvxuh lq frqqhfwlrq zlwk furvvryhu ru h{solflw vhdufk

iru idplo| phpehuv1 Lq suredelolvwlf furzglqj/ { dqg | frpshwh lq d suredelolvwlf wrxuqdphqw1

Wkh suredelolw| ri { zlqqlqj lv jlyhq e|=

s @ s+{, @
i+{,

i+{, . i+|,
> +616,

zkhuh i lv wkh �wqhvv +ru remhfwlyh, ixqfwlrq1 Qrwlfh wkdw suredelolvwlf furzglqj lv sulpdulo| d

glvwdqfh0edvhg qlfklqj dojrulwkp/ vlqfh frpshwlwlrq rffxuv zlwklq idplolhv/ ehwzhhq vlplodu lqgl0

ylgxdov1 Khuh/ wkh idplo| frqvlvwv ri wzr phpehuv { dqg |/ exw wklv fdq hdvlo| eh jhqhudol}hg wr

odujhu idplolhv1

Wkuhh yduldqwv ri wkh suredelolvwlf furzglqj dojrulwkp kdyh ehhq lqyhvwljdwhg= Yduldqw P +zlwk

pxwdwlrq rqo|,/ Yduldqw P)F +zlwk pxwdwlrq dqg furvvryhu,/ dqg Yduldqw F +zlwk furvvryhu rqo|,1

Wkhvh yduldqwv gl�hu lq wkh zd| lq zklfk rqh dwwdlqv { dqg |> dqg dovr zkhq furvvryhu lv xvhg d
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phdvxuh ri glvwdqfh lv qhhghg1

Rqh ri wkh prvw lpsruwdqw txhvwlrqv wr dvn derxw dq lqwhjudwhg wrxuqdphqw dojrulwkp lv zkdw

wkh fkdudfwhulvwlfv ri lwv vwhdg|0vwdwh +htxloleulxp, glvwulexwlrq duh1 Lq sduwlfxodu/ zh duh lqwhuhvwhg

lq wklv iru qlfkhv1 D qlfkh lv d vhw ri �wqhvv ixqfwlrq ydoxhv wkdw kdyh wkh vdph orfdo rswlpxp xqghu

vrph orfdo vhdufk dojrulwkp> vhh ^Pdkirxg/ 4<<8` iru ghwdlov1 Wkh qrwdwlrq { 5 [ zloo eh xvhg wr

lqglfdwh wkdw lqglylgxdo { lv d phpehu ri qlfkh [1 Ohw t eh wkh qxpehu ri qlfkhv/ dqg [� wkh l0wk

qlfkh1 Wkh qlfklqj uxoh

Q� @
i�S^
�'� i�

+617,

jlyhv doorfdwlrq ri Q� lqglylgxdov wr [�1 Khuh/ i� lv d phdvxuh ri �wqhvv lq qlfkh [� / iru h{dpsoh

�wqhvv ri ehvw �w/ dyhudjh �wqhvv/ ru �wqhvv vxp1 Wkh qlfklqj uxoh/ zklfk fdq eh ghulyhg iurp wkh

vkdulqj uxoh ^Jrogehuj dqg Ulfkdugvrq/ 4<;:`/ lv frqvlghuhg d jrog vwdqgdug iru qlfklqj dojrulwkpv1

Lq wkh iroorzlqj zh zloo vhh krz suredelolvwlf furzglqj jlyhv wklv uxoh dv d vshfldo fdvh1

616 Dqdo|vlv ri Suredelolvwlf Furzglqj

Zh dqdo|}h suredelolvwlf furzglqj/ �uvw wkh vshfldo fdvh zlwk wzr qlfkhv/ vhfrqg wkh pruh jhqhudo

fdvh zlwk vhyhudo qlfkhv1 Wzr nlqgv ri dqdo|vhv duh surylghg= dw vwhdg| vwdwh dqg ri wkh irup

ri frqyhujhqfh ri wkh srsxodwlrq1 Zh dvvxph vrph yduldwlrq rshudwru/ zklfk w|slfdoo| zrxog eh

pxwdwlrq ru furvvryhu1 Lq wkh dqdo|vlv zh frqvlghu rqh uhsuhvhqwdwlyh shu qlfkh> iru h{dpsoh li wkh

qlfkh lv [/ wkh uhsuhvhqwdwlyh lv {1 Zh shuirup d ghwhuplqlvwlf dqdo|vlv/ wkxv irfxvlqj rq wkh phdq

lq wkh vwrfkdvwlf surfhvvlqj ri d JD1

61614 Wzr Qlfkhv/ Vdph Mxps Suredelolwlhv

Vxssrvh zh kdyh d yduldwlrq rshudwru wkdw uhvxowv lq wzr w|shv ri mxpsv> vkruw mxpsv dqg orqj

mxpsv1 Zkhq dq lqglylgxdo lv wuhdwhg zlwk d vkruw mxps lw vwd|v zlwklq lwv qlfkh/ zkhq lw lv

wuhdwhg zlwk d orqj mxps lw mxpsv wr vrph rwkhu qlfkh1 Wkh suredelolwlhv duh sr dqg s, uhvshfwlyho|/

dqg sr . s, @ 41 Wkdw lv/ zh hlwkhu mxps vkruw ru orqj1

Frqvlghu prwkhup +lqglylgxdo ehiruh yduldwlrq rshudwru zdv dssolhg, dqg gdxjkwhu g +lqglylg0
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xdo diwhu yduldwlrq rshudwru zdv dssolhg,1 Vxssrvh zh kdyh qlfkhv [ dqg \/ dqg wklqn derxw krz

[ fdq jdlq lqglylgxdov iurp rqh jhqhudwlrq wr wkh qh{w1 +l, Wkh �uvw srvvlelolw| lv p 5 [1 Wkh

�uvw fdvh lv wkdw wkh gdxjkwhu g vwd|v lq wkh prwkhu p*v qlfkh li d vkruw mxps lv pdgh> lq wklv fdvh

lw grhvq*w pdwwhu zkhwkhu p ru g zlq vlqfh erwk duh lq wkh vdph qlfkh1 Wkh vhfrqg fdvh lv wkdw

wkh gdxjkwhu mxpsv dqg orvhv1 +Wkh fdvh zkhuh wkh gdxjkwhu mxpsv dqg zlqv lv d orvv iru [/ dqg

lv qrw sduwlflsdwlqj lq wkh gl�huhqfh htxdwlrq ehorz1, +ll, Wkh vhfrqg srvvlelolw| lv wkdw p 5 \1
Qrz/ jdlq iru qlfkh [ kdsshqv zkhq wkh gdxjkwhu mxpsv wr [ dqg zlqv1

Wkh deryh dujxphqw fdq eh irupdol}hg lq d gl�huhqfh htxdwlrq1 Ohw wkh sursruwlrq ri lqglylgxdov

lq qlfkh ] dw jhqhudwlrq w eh ]+w,1 E| dvvxpswlrq zh kdyh wzr qlfkhv/ [ dqg \/ dqg wkh sursruwlrqv

ri lqwhuhvw dw wlph w duh ghqrwhg [+w, dqg \ +w, uhvshfwlyho|1 Qrwh wkdw [+w, . \ +w, @ 4 iru dq| w1

Wklv jlyhv ulvh wr wkh iroorzlqj gl�huhqfh htxdwlrq

[+w. 4, @ sr[+w, . s,s [+w, . s,s \ +w, +618,

@ [+w,� s,[+w, . s,s =

Zh zloo vroyh wklv htxdwlrq lq wzr zd|v�frqvlghulqj wkh vwhdg| vwdwh dqg jhwwlqj d forvhg irup

irupxod1 Dw vwhdg| vwdwh zh kdyh [+w.4, @ [+w, @ [rr/ vxevwlwxwlqj wklv lqwr Htxdwlrq 618 ohdgv

wr

[rr @ [rr � s,[rr . s,s +619,

@ s 

@
i+{,

i+{, . i+|,
>

zkhuh { 5 [/ | 5 \1 Lq zrugv/ zh jhw wkh qlfklqj uxoh ri Htxdwlrq 617 dw vwhdg| vwdwh/ dv rqh

zrxog krsh iru1

Qrz zh wxuq wr rewdlqlqj d forvhg irup irupxod1 Frqvlghulqj wzr qlfkh sursruwlrqv [+w, dqg

\ +w,/ zh kdyh

[+w. 4, @ sr[+w, . s,s [+w, . s,s \ +w, +61:,

\ +w. 4, @ sr\ +w, . s,s)\ +w, . s,s)[+w,
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Wkh vroxwlrq wr wkh deryh v|vwhp ri gl�huhqfh htxdwlrqv fdq eh zulwwhq dv=

[ +w, @ s . s|r[ +3,� s|rs [ +3,� s|rs \ +3, +61;,

\ +w, @ s) � s|r[ +3, . s|rs [ +3, . s|rs \ +3, >

dqg zh vhh krz dv w whqgv wr lq�qlw| zh jhw wkh qlfklqj uxoh/ h{suhvvhg dv s dqg s)/ iru erwk

qlfkhv1

Iru looxvwudwlrq/ vxssrvh [+3, @ \ +3, @ �
2 lq wkh lqlwldo srsxodwlrq1 Wklv jlyhv vroxwlrqv=

\ +w, @ s) . +
4

5
� s),s

|
r +61<,

[ +w, @ s . +
4

5
� s ,s

|
r>

dqg djdlq zh vhh krz zh jhw wkh ghvluhg uhvxow dv w whqgv wr lq�qlw|1 Dovr qrwh wkdw d vpdoohu sr

jlyhv idvwhu frqyhujhqfh wr wkh qlfklqj uxoh sursruwlrq1 Lq vxppdu|/ zh vhh wkdw lqlwldol}dwlrq grhv

qrw d�hfw wkh idfw wkdw wkh qlfklqj uxoh lv dfklhyhg lq wkh olplw1

61615 Wzr Qlfkhv/ Gl�huhqw Mxps Suredelolwlhv

Khuh zh uhod{ wkh dvvxpswlrq ri htxdo mxps suredelolwlhv iru wkh wzr qlfkhv1 Udwkhu wkdq mxps

suredelolwlhv sr dqg s,/ zh kdyh mxps suredelolwlhv s�� iru mxpslqj iurp qlfkh [� wr qlfkh [� / zkhuh

l> m 5 i3> 4j1 Zh dovr xvh wkh qrwdwlrq [�+w, iru wkh sursruwlrq ri lqglylgxdov lq qlfkh [� dw wlph w1

Wkh idfwv s�� . s�2 @ 4 dqg s2� . s22 @ 4 duh xvhg ehorz/ wrr1

Zh rewdlq dq h{suhvvlrq iru [�+w.4, xvlqj uhdvrqlqj vlplodu wr wkdw xvhg iru Htxdwlrq 618/ iru

[�+w. 4, zh jhw=

[�+w. 4, @ s��[�+w, . s�2s [�+w, . s2�s [2+w, +6143,

@ s��[�+w, . +4� s��,s [�+w, . s2�s +4�[�+w,,

@ s��[�+w, . s [�+w,� s��s [�+w,� s2�s [�+w, . s2�s =
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Dw vwhdg| vwdwh zh kdyh [�+w. 4, @ [�+w, @ [�/ ohdglqj wr

[� @ s��[� . s [� � s��s [� � s2�s [� . s2�s 

zklfk diwhu vrph pdqlsxodwlrq vlpsol�hv wr wkh iroorzlqj doorfdwlrq udwlr iru qlfkh [�

[� @
s �

s � .
R�2
R2�

s 2
@

s �
s � . ��2s 2

= +6144,

Khuh/ ��2 @
R�2
R2�

lv ghqrwhg wkh wudqvplvvlrq udwlr iurp [� wr [21 Lq jhqhudo/ zh kdyh wkdw ��� lv wkh

wudqvplvvlrq udwlr iurp qlfkh [� wr [�1 Fohduo|/ ��2 lv odujh li wkh lq0 rz lqwr [2 lv odujh uhodwlyh wr

wkh rxw0 rz iurp [2= Zh pd| frpsduh Htxdwlrq 6144 wr wkh qlfklqj uxoh sursruwlrq Q� dffruglqj

wr Htxdwlrq 617=

Q� @
s �

s � . s 2
= +6145,

Fohduo|/ xvlqj ��2 @ 4 lq Htxdwlrq 6144 jlyhv wkh vdph doorfdwlrq dv Htxdwlrq 61451 ��2 A 4 phdqv

wkdw qlfkh [2 zloo kdyh d odujhu vxesrsxodwlrq dw htxloleulxp wkdq xqghu shuihfw qlfklqj/ jlylqj

[� d vpdoohu vxesrsxodwlrq/ zkloh ��2 ? 4 phdqv wkdw [2*v vxesrsxodwlrq dw htxloleulxp zloo eh

vpdoohu wkdq xqghu shuihfw qlfklqj/ jlylqj [� d odujhu vxesrsxodwlrq1

Wkh vl}h ri d qlfkh dv zhoo dv wkh rshudwruv xvhg zloo kdyh dq lpsdfw rq s�2 dqg s2�1 Glvuhjduglqj

wkh h�hfw ri rshudwruv/ d odujh [2 qlfkh zloo kdyh ��2 A 4 dqg wkhuhiruh jlyh d vpdoohu vxesrsxodwlrq

iru [�1 Olnhzlvh/ d vpdoo [2 qlfkh zloo kdyh ��2 ? 4 dqg wkxv d odujhu vxesrsxodwlrq iru [�1

Dorqj vlplodu olqhv/ wkh udwlr iru qlfkh [2 wxuqv rxw wr eh

[2 @
s 2

R2�
R�2

s � . s 2
@

s 2
�2�s � . s 2

>

zlwk �2� @
R2�
R�2

1

Qrwh wkdw ydoxhv iru ��2 dqg �2�/ ru pruh jhqhudoo| ��� iru wkh wudqvplvvlrq udwlr iurp qlfkh l

wr m/ zloo eh xqnqrzq1 Vr rqh fdq qrw xvh nqrzq ydoxhv iru �2 dqg �2� lq wkh htxdwlrqv deryh/

iru lqvwdqfh1 Krzhyhu/ lw lv srvvleoh wr hvwlpdwh wudqvplvvlrq udwlrv xvlqj vdpsolqj ru rqh pd| xvh

zruvw0fdvh ydoxhv1

9<



Ilqdoo|/ qrwh wkdw wkh vdph uhvxow fdq eh hvwdeolvkhg e| vroylqj wkhvh wzr vlpxowdqhrxv gl�huhqfh

htxdwlrqv=

[�+w. 4, @ s��[�+w, . s�2s [�+w, . s2�s [2+w,

[2+w. 4, @ s22[2+w, . s2�st[2+w, . s�2st[�+w,>

zklfk |lhogv idluo| frpsoh{ vroxwlrqv zklfk fdq eh vroyhg e| holplqdwlqj doo whupv zlwk jhqhudwlrq

w lq wkh h{srqhqw1 Wkhvh vroxwlrqv fdq wkhq eh vlpsol�hg/ jlylqj h{dfwo| wkh vdph uhvxow dv deryh1

61616 Pxowlsoh Qlfkhv/ Gl�huhqw Mxps Suredelolwlhv

Zh jhqhudol}h iurp wzr wr t qlfkhv1 Ohw wkh suredelolw| ri wudqvihu iurp wkh l0wk wr m0wk qlfkh

xqghu wkh yduldwlrq rshudwru eh s�� / zkhuh
S^

�'� s�� @ 41 Wkh suredelolw| ri wkh lqglylgxdo {� 5 [�
zlqqlqj ryhu wkh lqglylgxdo {� 5 [� lv

sW�� @
i+{�,

i+{�, . i+{�,
=

Zh fdq qrz vhw xs wkh iroorzlqj v|vwhp ri l gl�huhqfh htxdwlrqv=

[�+w. 4, @
[
�

s��s
W
��[�+w, .

[
�

s��s
W
��[�+w,

Xqiruwxqdwho|/ wkhvh htxdwlrqv duh kdug wr vroyh1 Exw e| lqwurgxflqj wkh dvvxpswlrq ri orfdo

edodqfh +nqrzq dv ghwdlohg edodqfh lq sk|vlfv ^Oddukryhq dqg Dduwv/ 4<;:`,/ surjuhvv fdq eh pdgh1

Wkh frqglwlrq lv ^Qhdo/ 4<<6/ s1 6:`

[�s��s
W
�� @ [�s��s

W
��= +6146,

Wkh orfdo edodqfh dvvxpswlrq lv wkdw lqglylgxdov +ru vwdwhv, duh lq edodqfh= Wkh suredelolw| ri dq

lqglylgxdo {� ehlqj wudqviruphg lqwr dqrwkhu lqglylgxdo {� lv wkh vdph dv wkh suredelolw| ri wkh

vhfrqg lqglylgxdo {� ehlqj wudqviruphg lqwr wkh �uvw lqglylgxdo {�1 Zh fdq dvvxph wklv lv iru d

qlfkh udwkhu wkdq iru dq lqglylgxdo/ vlplodu wr zkdw zh glg deryh/ wkxv jlylqj Htxdwlrq 61461 Rq
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wkh ohiw0kdqg vlgh ri Htxdwlrq 6146 zh kdyh wkh suredelolw| ri hvfdslqj qlfkh [�/ rq wkh uljkw0kdqg

vlgh ri Htxdwlrq 6146 zh kdyh wkh suredelolw| ri hvfdslqj qlfkh [�1 Vlpsoh uhduudqjhphqw jlyhv

[� @
s��s

W
��

s��sW��
[� @ ���

i+{�,

i+{�,
[� > +6147,

zkhuh {� dqg {� duh uhsuhvhqwdwlyhv iru qlfkhv [� dqg [� uhvshfwlyho|1 Frqvlghu wkh n0wk qlfkh/

dqg h{suhvv doo rwkhu qlfkhv/ xvlqj Htxdwlrq 6147/ lq whupv ri wklv qlfkh1 Lq sduwlfxodu/ h{suhvv dq

duelwudu| [� xvlqj d sduwlfxodu [&=

[� @ �&�
i+{�,

i+{&,
[&=

Qrz/ zh lqwurgxfh wkh idfw wkdw [� . � � �.[^ @ 4/ zkhuh t lv wkh qxpehu ri qlfkhv=

�&�
i+{�,

i+{&,
[& . �&2

i+{2,

i+{&,
[& . � � �.[& . � � �. �&^

i+{^,

i+{&,
[& @ 4=

Vroylqj iru [& jlyhv

[& @
4

�&�
sE ��
sE &�

. �&2
sE 2�
sE &�

. � � �. 4 . � � �. �&^
sE ^�
sE &�

[&

>

dqg zh pd| xvh wkh idfw wkdw

i+{&,

i+{&,
�&& @ 4=

Wkh deryh wzr htxdwlrqv frpelqhg jlyhv

[& @
i+{&,S^

�'� �&�i+{�,
> +6148,

zkhuh zh gh�qh �&& @ 41 Qrwlfh krz wkh wudqvplvvlrq udwlr �&� iurp [& wr [� jhqhudol}hv wkh

wudqvplvvlrq udwlr ��2 iurp Htxdwlrq 61441 Htxdwlrq 6148 lv wkh prvw jhqhudo wkhruhwlfdo uhvxow

rq suredelolvwlf furzglqj suhvhqwhg lq wklv fkdswhu> lw jhqhudol}hv wkh qlfklqj uxoh ri Htxdwlrq 6171

Wkh qlfklqj uxoh dssolhv wr vkdulqj zlwk urxohwwh0zkhho vhohfwlrq ^Pdkirxg/ 4<<8`/ dqg pxfk ri wkdw
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Iljxuh 614= Suhglfwhg uhvxowv +vrolg flufohv, yhuvxv h{shulphqwdo uhvxowv +rshq flufohv, iru suredelolv0
wlf furzglqj1

dssurdfk wr dqdo|}lqj qlfklqj JDv fdq qrz eh fduulhg ryhu wr suredelolvwlf furzglqj1

Lq rughu wr ydolgdwh wkh wkhruhwlfdo ghyhorsphqwv vr idu/ zh shuirup h{shulphqwv lq wkh qh{w

wzr vhfwlrqv1

617 H{shulphqwv Xvlqj Lghdol}hg Rshudwruv

Wkh sxusrvhv ri wkhvh h{shulphqwv duh= +l, Fkhfn wkdw wkh ghwhuplqlvwlf gl�huhqfh htxdwlrq dqdo|vlv

prghov wkh vwrfkdvwlf vlwxdwlrq zhoo> +ll, Fkhfn wkdw wkh dssurdfk ri slfnlqj d fdqglgdwh iurp hdfk

qlfkh lv uhdvrqdeoh lq wkh dqdo|vlv1 Lq rughu wr dfklhyh wkhvh jrdov/ zh xvh txlwh odujh srsxodwlrq

vl}hv lq wkh iroorzlqj1

Wkh h{shulphqwv lq wklv �uvw vhfwlrq duh grqh xvlqj d �wqhvv ixqfwlrq zlwk rqo| t glvfuhwh qlfkhv

hdfk ri vl}h rqh/ pxwdwlrq suredelolw| s, lghdol}hg dv xqlirup fkdqjh wr rqh ri wkh rwkhu qlfkhv dqg

wkh suredelolvwlf furzglqj dffhswdqfh uxoh wr fkrrvh wkh zlqqhu1
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Iljxuh 615= Suhglfwhg +vrolg flufohv, dqg h{shulphqwdo +rshq flufohv, uhvxowv iru qlfkhv [�/ [e/
dqg [H= Suhglfwhg lv vwhdg|0vwdwh h{shfwhg sursruwlrq ri srsxodwlrq> h{shulphqwdo lv phdvxuhg
sursruwlrq vwduwlqj dw jhqhudwlrq rqh1

61714 Wzr Qlfkhv/ Vdph Mxps Suredelolwlhv

Zh xvh Htxdwlrq 61</ khuh zlwk i+{, @ 4> i+|, @ 71 Wklv jlyhv

[+w, @
4

8
.

�
4

5
� 4

8

�
s|r @

4

8
.

6

43
s|r

dqg

\ +w, @
7

8
.

�
4

5
� 7

8

�
s|r @

7

8
� 6

43
s|r=

Zh ohw t @ 5/ sr @ 3=;/ xvh srsxodwlrq vl}h 433/ dqg ohw wkh JD uxq iru 83 jhqhudwlrqv1 D sorw ri

h{shulphqwdo yhuvxv suhglfwhg uhvxowv iru qlfkh [ lv surylghg lq Iljxuh 6141 D cpxwdwlrq* suredelolw|

s, @ 4� sr @ 3=5 pljkw vhhp kljk/ exw uhfdoo wkdw wklv rshudwlrq jlyhv mxpsv ehwzhhq qlfkhv/ dqg

lv qrw wkh xvxdo elw0zlvh pxwdwlrq1 Lq wkh �jxuh/ zh qrwlfh wkdw wkh h{shulphqwdo uhvxowv iroorz wkh

suhglfwlrq yhu| zhoo1 Wkhuh lv vrph qrlvh/ exw wklv lv dv h{shfwhg/ vlqfh d suredelolvwlf dffhswdqfh
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uxoh lv xvhg1

61715 Pxowlsoh Qlfkhv/ Vdph Mxps Suredelolwlhv

Frqvlghu wkh ixqfwlrq i+{, @ {/ zkhuh { lv dq lqwhjhu ehwzhhq 4 dqg ; lqfoxvlyh/ vr t @ ;1 Khuh

zh fdq xvh Htxdwlrq 6148 zlwk ��� @ 4/ jlylqj

[� @
i+{�,S^
�'� i+{�,

> +6149,

zlwk iru h{dpsoh [� @ 4@69/ [e @ 7@69/ dqg [H @ ;@691

D sorw ri h{shulphqwdo yhuvxv suhglfwhg uhvxowv iru sr @ 3=; lv surylghg lq Iljxuh 6151 D

srsxodwlrq vl}h ri q @ 693 lv xvhg/ dqg wkh JD lv uxq iru 83 jhqhudwlrqv1 Zlwk wkh sursruwlrqv

mxvw phqwlrqhg iru [�/ [e/ dqg [H/ zh jhw suhglfwhg srsxodwlrq vl}hv q[� @ 43/ q[e @ 73/

dqg q[H @ ;31 Djdlq/ zh qrwlfh wkdw wkh hpslulfdo uhvxowv iroorz wkh suhglfwhg uhvxowv yhu| zhoo/

dowkrxjk wkhuh lv d fhuwdlq ohyho ri qrlvh dovr lq wklv fdvh/ dv h{shfwhg1

Dq dqdo|vlv ri wkh dprxqw ri qrlvh fdq eh shuiruphg dv iroorzv1 Frqvlghu wkh JD*v rshudwlrq

dv q Ehuqrxool wuldov zkhuh wkh suredelolw| ri slfnlqj iurp wkh l0wk qlfkh lv jlyhq e| Htxdwlrq 6149/

vr s� @ [�1 Wklv jlyhv d elqrpldo glvwulexwlrq/ zkhuh �� @ qs�/ �2 @ qs�+4� s�,1 Iru qlfkh [� zh

jhw iru h{dpsoh

�2 @ 693
4

69

68

69
>

zklfk jlyhv � � 6=4/ dqg vlploduo| iru [e dqg [H zh jhw � � 9=3 dqg � � :=< uhvshfwlyho|1 Wkh idfw

wkdw wkh qrlvh lqfuhdvhv zlwk wkh �wqhvv ri d qlfkh/ dv vhhq lq Iljxuh 615/ lv wkhuhiruh qrw vxusulvlqj1

618 H{shulphqwv Xvlqj Wudglwlrqdo Rshudwruv

Lq wklv vhfwlrq/ zh lqwurgxfh wudglwlrqdo pxwdwlrq dqg furvvryhu rshudwruv lqwr wkh suredelolvwlf

furzglqj h{shulphqwv1 D srsxodwlrq vl}h ri q @ 533/ dqg 433 jhqhudwlrqv lv xvhg1 Wzr suredelolvwlf

furzglqj yduldqwv duh lqyhvwljdwhg/ yduldqw P dqg yduldqw P)F1 Iru wkh yduldqw P/ pxwdwlrq

suredelolw| 3=4 lv xvhg> iru wkh yduldqw P)F/ furvvryhu suredelolw| 3=9 dqg pxwdwlrq suredelolw|
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Iljxuh 616= Wkh whvw ixqfwlrqv I4 dqg I51 I4 lv wr wkh ohiw/ I5 wr wkh uljkw1

3=6 lv xvhg1

Wdeoh 615 vkrzv uhvxowv iurp wkh h{shulphqwv1 Uhvxowv duh suhvhqwhg iru wkh I4 dqg I5 whvw

ixqfwlrqv ^Jrogehuj dqg Ulfkdugvrq/ 4<;:`/ zkhuh

I4+{, @ vlqS+8�{,

I5+{, @ h32E*? 2�+
%3f��
f�H ,

2

vlqS+8�{,=

Wkhvh wzr ixqfwlrqv duh sorwwhg lq Iljxuh 6161

Wkh txhvwlrq lv zkhwkhu rqh vkrxog irfxv rq qlfkh doorfdwlrq/ shdn doorfdwlrq/ ru d frpelqdwlrq

ri erwk1 Wkh odvw dowhuqdwlyh lv fkrvhq khuh/ vlqfh wkh vwuhqjwk ri suredelolvwlf furzglqj lv krz

lqglylgxdov duh hyhqo| doorfdwhg1 Dffruglqj wr wklv/ wkh ixqfwlrqv kdyh ehhq vsolw xs lqwr 58 htxdoo|0

vl}hg lqwhuydov rq wkh [0d{lv1 Wkhvh lqwhuydov duh suhvhqwhg dv urzv lq Wdeoh 615/ dqg dv eduv lq

Iljxuh 6171 Wkh froxpqv suhvhqw uhvxowv iru whvw ixqfwlrqv I4 dqg I51 Iru hdfk whvw ixqfwlrq/

suhglfwhg doorfdwlrq dqg h{shulphqwdo doorfdwlrq lv vkrzq1 Suhglfwhg doorfdwlrq lv frpsxwhg e|

glvfuhwl}dwlrq ri wkh whvw ixqfwlrq lq txhvwlrq/ wkhq lqwhjudwlqj ryhu dq lqwhuydo ^d> e`/ dqg �qdoo|

qrupdol}lqj e| glylglqj e| wkh lqwhjudo ri wkh ixqfwlrq ryhu ^3> 4`1 H{shulphqwdo doorfdwlrq lv phuho|

wkh doorfdwlrq ri lqglylgxdov wr wkh lqwhuydo ^d> e` glylghg e| wkh wrwdo qxpehu ri lqglylgxdov doorfdwhg

wr wkh lqwhuydo ^3> 4`1

Wkh pdlq uhvxow lq Wdeoh 615 lv wkdw iru erwk I4 dqg I5/ wkh suredelolvwlf furzglqj yduldqwv P

dqg P.F jlyh doorfdwlrq ri wuldov forvh wr wkdw suhglfwhg1 Wklv frq�upv wkdw Htxdwlrq 6148 +dqg

lwv vshfldo fdvhv dv suhvhqwhg, fdq eh dssolhg dovr zkhq fodvvlfdo JD rshudwruv duh xvhg/ dw ohdvw
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Lqwhuydo ri I4 I5
ixqfwlrq grpdlq S P P.F S P P.F
3=33� 3=37 3=333;6 3=335: 3=334< 3=3345 3=3349 3=334<

3=37� 3=3; 3=374 3=35: 3=365 3=394 3=395 3=3:;

3=3;� 3=45 3=45 3=47 3=44 3=4: 3=59 3=67

3=45� 3=49 3=3 74 3=354 3=358 3=394 3=388 3=37:

3=49� 3=53 3=333;6 3=3347 3=3347 3=3345 3=334: 3=3355

3=53� 3=57 3=333;6 3=3344 3=3359 3=3345 3=3353 3=3356

3=57� 3=5; 3=374 3=354 3=357 3=38; 3=376 3=37<

3=5;� 3=65 3=45 3=49 3=4: 3=49 3=56 3=4<

3=65� 3=69 3=374 3=358 3=35< 3=388 3=379 3=375

3=69� 3=73 3=333;6 3=334< 3=3357 3=3344 3=3345 3=334<

3=73� 3=77 3=333;6 3=3349 3=334; 3=333<: 3=3345 3=334;

3=77� 3=7; 3=374 3=357 3=35< 3=379 3=365 3=363

3=7;� 3=85 3=45 3=46 3=43 3=45 3=44 3=3;;

3=85� 3=89 3=374 3=35< 3=35< 3=374 3=359 3=35;

3=89� 3=93 3=333;6 3=334; 3=334: 3=333:; 3=334< 3=3359

3=93� 3=97 3=333;6 3=3348 3=3357 3=3339: 3=3349 3=3348

3=97� 3=9; 3=374 3=357 3=358 3=364 3=34; 3=348

3=9;� 3=:5 3=45 3=4; 3=49 3=3;3 3=376 3=366

3=:5� 3=:9 3=374 3=357 3=35: 3=359 3=34; 3=348

3=:9� 3=;3 3=333;6 3=3353 3=3365 3=3337; 3=3343 3=33388

3=;3� 3=;7 3=333;6 3=3347 3=3363 3=3336< 3=3344 3=3344

3=;7� 3=;; 3=374 3=359 3=35; 3=34: 3=345 3=344

3=;;� 3=<5 3=45 3=47 3=48 3=377 3=357 3=33<9

3=<5� 3=<9 3=374 3=35: 3=365 3=347 3=33;9 3=3399

3=<9� 4=33 3=333;6 3=3348 3=3357 3=33358 3=33388 3=3347

Wdeoh 615= H{shulphqwdo uhvxowv iru suredelolvwlf furzglqj rq wkh I4 dqg I5 ixqfwlrqv/ djjuh0
jdwhg ryhu doo jhqhudwlrqv1 Wkh cS* froxpqv vkrz suhglfwhg doorfdwlrqv/ zkloh wkh cP* dqg cP.F*
froxpqv vkrz dfwxdo doorfdwlrqv iru suredelolvwlf furzglqj zlwk pxwdwlrq rqo| dqg zlwk pxwdwlrq
dqg furvvryhu uhvshfwlyho|1

iru d fhuwdlq fodvv ri �wqhvv ixqfwlrqv1 Wkhuh duh wzr txdol�fdwlrqv khuh1 Iluvw/ qrwh wkdw wkhuh lv d

vpdoo cvprrwklqj* h�hfw iru wkh lqwhuydov ri orzhvw �wqhvv/ iru h{dpsoh wkh lqwhuydo 3=33�3=371 Wklv

lv prvwo| gxh wr doorfdwlrqv lq hduo| jhqhudwlrqv/ zkhq lqglylgxdov duh glvwulexwhg pruh xqlirupo|/

dffruglqj wr wkh xqlirup udqgrp lqlwldol}dwlrq1 Vhfrqg/ wkhuh lv d voljkwo| kljkhu doorfdwlrq wkdq

suhglfwhg wr lqwhuydov ri kljk �wqhvv/ vxfk dv wkh lqwhuydov 3=3;�3=45 dqg 3=5;�3=651 Lw lv fxuuhqwo|

qrw fohdu zkdw wkh uhdvrq lv iru wklv voljkwo| kljkhu doorfdwlrq1
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Iljxuh 617= Suhglfwhg yhuvxv dfwxdo doorfdwlrq ri lqglylgxdov wr qlfkhv iru wkh whvw ixqfwlrqv I4 dqg
I51 Uhvxowv iru I4 duh vkrzq dw wkh wrs/ uhvxowv iru I5 duh vkrzq dw wkh erwwrp1

619 Srsxodwlrq Vl}lqj

Wr ghulyh srsxodwlrq vl}lqj htxdwlrq uhvxowv iru suredelolvwlf furzglqj/ zh duh jrlqj wr h{sorlw

wkh idfw wkdw wkh dssurdfk jlyhv dq htxloleulxp1 Wkhq/ dw htxloleulxp/ zh uhtxluh wkdw zlwk kljk

suredelolw|/ zh vkdoo �qg dq lqglylgxdo ri wkh ghvluhg �wqhvv lq wkh srsxodwlrq1 W|slfdoo|/ wkh ghvluhg

�wqhvv lv wkh �wqhvv ri dq lqglylgxdo ri kljk �wqhvv/ vxfk dv wkh ehvw �w ru pruh jhqhudoo| wkh n0wk

ehvw �w1 Wkh ghvluhg �wqhvv pljkw eh nqrzq lq dgydqfh/ ru lw pljkw eh hvwlpdwhg1 Xqghuhvwlpdwlqj

wkh ghvluhg �wqhvv zloo jlyh pruh frqvhuydwlyh srsxodwlrq vl}lqj uhvxowv1

Lq wkh iroorzlqj/ zh �uvw lqwurgxfh wkhruhwlfdo uhvxowv/ gudzlqj rq Pdkirxg*v uhvhdufk ^Pdk0
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irxg/ 4<<8`1 Vhfrqg/ zh jlyh h{dpsohv ri krz wkhvh uhvxowv fdq eh xvhg dqg surylgh h{shulphqwdo

yhul�fdwlrq1

61914 Srsxodwlrq Vl}lqj Wkhru|

Frqvlghu dq lqglylgxdo {� dqg lwv �wqhvv i+{�, @ i�1 Wkh suredelolw| ri kdylqj wkh {� lqglylgxdo dw

htxloleulxp lv jlyhq e| wkh htxloleulxp suredelolw| Su+i�,1 Wkh suredelolw| ri qrw kdylqj {�/ ru {�

qrw rffxuulqj lq wkh srsxodwlrq/ lv wkhuhiruh/ iru rqh lqglylgxdo

4� Su+i�,=

Zkhq zh frqvlghu d srsxodwlrq ri q lqglylgxdov/ wkh suredelolw| ri qrw kdylqj {� lv mxvw wkh mrlqw

suredelolw|

+4� Su+i�,,
? =

Qrz/ frqvlghu {� dv d qlfkh uhsuhvhqwdwlyh/ dqg vxssrvh zh zdqw wr lghqwli| f qlfkhv1 Wkh

suredelolw| ri rqh ru pruh qlfkhv qrw rffxuulqj/ [/ lv erxqghg dv ^Pdkirxg/ 4<<8`

[ �
S[

�'�

+4� Su+i�,,
?>

dqg zh fdq vhw

[ �
S[

�'�

+4� Su+i�,,
?

dv dujxhg hovhzkhuh ^Pdkirxg/ 4<<8/ s1 496`1

Wkh suredelolw| ri kdylqj dq lqglylgxdo ri �wqhvv i� ru ehwwhu dprqj q lqglylgxdov lv wkhuhiruh

4�[>

dqg lq rughu wr kdyh dq lqglylgxdo {� zlwk �wqhvv i� ru ehwwhu/ zh uhtxluh wkdw wklv suredelolw| lv

:;



erxqghg iurp ehorz

4�[ � �=

Iurp wklv/ d srsxodwlrq vl}lqj htxdwlrq iru lghqwli|lqj f qlfkhv fdq eh ghulyhg ^Pdkirxg/ 4<<8/ s1

4:8`
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Khuh u @ iplq@ipd{ lv wkh udwlr ehwzhhq plqlpdo dqg pd{lpdo ri �wqhvv rswlpd lq wkh f qlfkhv/ j

lv wkh qxpehu ri qlfkhv/ dqg � lv wkh suredelolw| ri pdlqwdlqlqj doo f qlfkhv1

Wzr voljkw frpsolfdwlrqv uhodwhg wr wkh ghulydwlrq deryh duh dfnqrzohgjhg1 Iluvw/ wkh �wqhvv

udwlr u pljkw qrw eh nqrzq1 Krzhyhu/ lq pdq| fdvhv lw vkrxog eh hdv| wr jlyh hvwlpdwhv ri u li qrw

ri iplq dqg ipd{1 Vhfrqg/ wkhuh lv wkh txhvwlrq ri qlfkh orvv1 Htxdwlrq 614: lv edvhg rq frqvlghulqj

vhohfwlrq dorqh1 Khuh/ wkh wzr rqo| srvvleoh rxwfrphv duh wkdw dq h{lvwlqj qlfkh lv pdlqwdlqhg/ ru dq

h{lvwlqj qlfkh lv orvw1 Lq rughu iru d vxffhvv wr rffxu/ lw lv uhtxluhg wkdw wkh f qlfkhv duh pdlqwdlqhg

iru j jhqhudwlrqv/ vr qrw d vlqjoh qlfkh fdq eh orvw gxulqj wkhvh j jhqhudwlrqv1 Wklv lv uh hfwhg lq

Htxdwlrq 614: dv iroorzv1 Zkhq wkh qxpehu ri jhqhudwlrqv j lqfuhdvhv/ wkh h{suhvvlrq �
�
} zloo jhw

forvhu wr rqh/ dqg wkh uhtxluhg srsxodwlrq vl}h q zloo lqfuhdvh dv d uhvxow1 Wklv uh hfwv wkh idfw wkdw

zlwk vhohfwlrq rqo| rshudwlqj/ qlfkhv fdq rqo| eh orvw1

Rqh frxog dujxh wkdw wkh irfxv rq orvv rqo| lv wrr frqvhuydwlyh/ vlqfh qlfkhv pd| eh orvw/ exw wkh|

pd| dovr eh jdlqhg ru jhqhudwhg/ gxh wr wkh rshudwlrq ri furvvryhu/ pxwdwlrq/ ru rwkhu jhqhudwlyh

rshudwruv1 Dqg zkhq lqvshfwlqj wkh srsxodwlrq dw wkh odvw jhqhudwlrq/ vd|/ rqh lv lqwhuhvwhg lq

zkhwkhu d uhsuhvhqwdwlyh iru d qlfkh lv wkhuh ru qrw/ dqg qrw zkhwkhu lw kdg ehhq orvw suhylrxvo|1 Lw

vhhpv lqwhuhvwlqj wr lqyhvwljdwh erwk ri wkhvh wzr dssurdfkhv/ lq erwk fdvhv xvlqj Htxdwlrq 614:1

Xvlqj j zlwk wkh dfwxdo qxpehu ri jhqhudwlrqv uxq fdq eh xvhg wr jlyh d frqvhuydwlyh srsxodwlrq

vl}lqj hvwlpdwh/ zkloh vhwwlqj j @ 4 jlyhv d ohvv frqvhuydwlyh srsxodwlrq vl}lqj hvwlpdwh1 Erwk ri

wkhvh dssurdfkhv duh lqyhvwljdwhg lq wkh iroorzlqj1
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Ohvv frqvhuydwlyh +vhw j @ 4, Frqvhuydwlyh +vhw j @ 83,
Ghvluhg � Srsxodwlrq vl}h Revhuyhg �J Srsxodwlrq vl}h Revhuyhg �J
3=;3 44 3=:7 5: 4=3

3=<8 4: 3=<6 65 4=3

Wdeoh 616= Srsxodwlrq vl}h suhglfwhg iurp ghvluhg uholdelolw|/ dorqj zlwk revhuyhg uholdelolw|1

61915 Srsxodwlrq Vl}lqj H{shulphqwv

Dv dq h{dpsoh/ frqvlghu wkh �wqhvv ixqfwlrq xvhg lq Vhfwlrq 617151 Vxssrvh zh zdqw wr uholdeo|

pdlqwdlq wkh wkuhh ehvw �w qlfkhv [S> [.> dqg [H= Iru srsxodwlrq vl}lqj sxusrvhv zh qhhg wr frqvlghu

doo ri wkhvh qlfkhv1

Zh xvh Htxdwlrq 614: iru srsxodwlrq vl}lqj dv iroorzv= Jlyhq nqrzq sdudphwhuv f/ u/ �/ dqg j/

zh frpsxwh wkh srsxodwlrq vl}h q1 Wzr gl�huhqw dssurdfkhv duh xvhg wr vhwwlqj j1 Zh hlwkhu vhw

j @ 4 ru j @ 83/ vlqfh 83 jhqhudwlrqv duh xvhg lq wkh h{shulphqwv khuh1 Wkh �uvw vhwwlqj j @ 4

fruuhvsrqgv wr hvvhqwldoo| ljqrulqj wkh h�hfw ri qlfkh orvv ryhu jhqhudwlrqv1 Wkh vhfrqg vhwwlqj

j @ 83 lv pruh frqvhuydwlyh/ dqg wdnhv qlfkh orvv lqwr dffrxqw dv glvfxvvhg deryh1 Vr iru wkh

frqvhuydwlyh srsxodwlrq vl}h zh jhw
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zkloh wkh ohvv frqvhuydwlyh srsxodwlrq vl}h lv
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Revhuyhg �J lv frpsxwhg dv iroorzv1 Iru ghvluhg �/ ue h{shulphqwdo uxqv zhuh shuiruphg1 Uxqv lq

zklfk wkh wrs f qlfkhv glg qrw kdyh d uhsuhvhqwdwlyh zhuh frxqwhg/ uhvxowlqj lq d ydoxh iru idloxuh

uxqv us 1 Wkhvh duh uxqv zkhuh/ dw wkh odvw jhqhudwlrq/ dw ohdvw rqh ri wkh [S/ [./ ru [. qlfkhv grhv

qrw kdyh d uhsuhvhqwdwlyh1 Ilqdoo|/ wkh revhuyhg �J zdv frpsxwhg dv �J @ +ue � us ,@ue1 Lq wkh

h{shulphqwv uhsruwhg khuh/ ue @ 433 zdv xvhg1

Lq Wdeoh 616/ wkh uhvxowv iurp xvlqj wkh srsxodwlrq vl}lqj htxdwlrq +614:, duh vxppdul}hg1 Zh

vhh wkdw wkh ohvv frqvhuydwlyh srsxodwlrq vl}lqj dssurdfk lv lq forvhu fruuhvsrqghqfh wr wkh hpslulfdo

gdwd wkdq wkh pruh frqvhuydwlyh srsxodwlrq vl}lqj dssurdfk1 Wklv vkrzv wkdw wkh dvvxpswlrq ri
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qlfkh orvv/ dw ohdvw iru wklv sduwlfxodu whvw ixqfwlrq/ pljkw eh ryhuo| frqvhuydwlyh1

61: Frqfoxvlrq dqg Ixwxuh Zrun

D qryho qlfklqj dojrulwkp/ suredelolvwlf furzglqj/ kdv ehhq lqwurgxfhg1 Suredelolvwlf furzglqj

kdv ehhq vkrzq wkhruhwlfdoo| dv zhoo dv hpslulfdoo| wr jlyh uholdeoh qlfklqj dffruglqj wr d qryho/

jhqhudo qlfklqj uxoh/ d uxoh zklfk jhqhudol}hv wkh qlfklqj uxoh nqrzq iurp suhylrxv uhvhdufk1 Wkh

wzr fruh lghdv lq suredelolvwlf furzglqj duh +l, wr krog wrxuqdphqwv ehwzhhq vlplodu lqglylgxdov/

dqg +ll, wr ohw wrxuqdphqwv eh suredelolvwlf1 Wkhvh wzr sulqflsohv ohdgv wr d qlfklqj dojrulwkp

zklfk lv vlpsoh/ suhglfwdeoh/ dqg idvw1 Suredelolvwlf furzglqj dovr grhv qrw kdyh dq| dgglwlrqdo

sdudphwhuv frpsduhg wr fodvvlfdo JDv/ zklfk lv riwhq dq dgydqwdjh1 Wkh dojrulwkp ehorqjv wr d

idplo| ri dojrulwkpv/ lqwhjudwhg wrxuqdphqw dojrulwkpv/ zklfk duh dovr gh�qhg dqg suhvhqwhg lq

wklv fkdswhu1

Ixwxuh zrun lqfoxghv wkh iroorzlqj1 Iluvw/ h{shulphqwv rq kdughu �wqhvv ixqfwlrqv/ vxfk dv

frpsoh{ Ed|hvldq qhwzrunv/ zrxog eh lqwhuhvwlqj1 Vhfrqg/ wkh uhodwlrqvkls wr Phwursrolv dqg

vlpxodwhg dqqhdolqj frxog eh lqyhvwljdwhg ixuwkhu/ lq sduwlfxodu wkh xvh ri whpshudwxuh1 D wklug

lvvxh lv srsxodwlrq vl}lqj1 Irxuwk/ wkh dssurdfk ri kroglqj d suredelolvwlf wrxuqdphqw frxog eh

h{whqghg wr lqfoxgh wkh glvwdqfh ixqfwlrq dqg srvvleo| dovr wkh pdwlqj vwhs1
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Fkdswhu 7

Ghfhswlyh Ed|hvldq Qhwzrunv

Rqh zd| wr v|vwhpdwlfdoo| ydu| wkh kdugqhvv ri EQv lv wr gh�qh d pdsslqj iurp wkh ghfhswlyh

sureohpv xvhg lq wkh JD olwhudwxuh wr EQv/ dqg wkhq ydu| wkh kdugqhvv ri wkh ghfhswlyh sureohpv/

jlylqj EQv zlwk ydu|lqj kdugqhvv dv zhoo1

Wkh qrwlrq ri ghfhswlrq zdv lqwurgxfhg lq rughu wr v|vwhpdwlfdoo| lqyhvwljdwh wkh frqglwlrqv

xqghu zklfk JD vfkhpd surfhvvlqj pd| ohdg d JD dzd| iurp �wqhvv rswlpd ^Jrogehuj/ 4<;:`1

Ixqfwlrqv ri xqlwdwlrq zhuh odwhu glvfxvvhg lq frqqhfwlrq zlwk ghfhswlyh ixqfwlrqv1 D ixqfwlrq ri

xqlwdwlrq +ru elw0frxqwlqj ixqfwlrq, lv gh�qhg ryhu d elw vwulqj1 Lw ghshqgv rq wkh qxpehu ri rqhv

lq wkh elw vwulqj/ dqg qrw wkhlu srvlwlrqv1 Wkhuh duh vhyhudo dgydqwdjhv wr vxfk duwl�fldo ixqfwlrqv/

qrwdeo| wkhlu hdvh ri vshfl�fdwlrq dqg dqdo|vlv ^Jrogehuj/ 4<<5`1 Xqiruwxqdwho|/ wkh| duh qrw xvhg

lq dssolfdwlrqv1 Lq frqwudvw/ Ed|hvldq qhwzrunv +EQv, kdyh suryhq wr eh dq lpsruwdqw nqrzohgjh

uhsuhvhqwdwlrq irupdolvp/ iru lqvwdqfh iru suredelolvwlf uhdvrqlqj lq h{shuw v|vwhpv ^Shduo/ 4<;;`

^Qhdsrolwdq/ 4<<3`1 Krzhyhu/ lw lv qrw fohdu d sulrul zkhwkhu EQv fdq eh fkdoohqjlqj sureohpv iru

JDv ru qrw/ dqg lq sduwlfxodu zkhwkhu wkh| fdq eh ghfhswlyh1 Dqg li EQv fdq eh ghfhswlyh/ lv wkhuh

d zd| wr fkdudfwhul}h wkh frqglwlrqv xqghu zklfk wkh| duh ghfhswlyhB Wkh dgydqwdjh ri wudqvodwlqj

lqwr EQv zrxog eh wkdw EQv dsshdu wr eh pruh h{suhvvlyh/ vr rqh fdq fuhdwh EQv wkdw duh ghfhswlyh

ru cforvh* wr ehlqj ghfhswlyh/ exw zklfk duh qrw srvvleoh wr h{suhvv dv ixqfwlrqv dv xqlwdwlrq1

Wkh fxuuhqw uhvhdufk lv prwlydwhg e| suhylrxv dqg rqjrlqj uhvhdufk rq xvlqj JDv iru EQ

lqihuhqfh ^Urmdv0Jx}pdq dqg Nudphu/ 4<<6` ^Urmdv0Jx}pdq dqg Nudphu/ 4<<9` ^Zhofk/ 4<<9`

^Phqjvkrho/ 4<<:` ^Phqjvkrho dqg Zlonlqv/ 4<<;e` ^Phqjvkrho dqg Zlonlqv/ 4<<;d`1 Zh eholhyh

wkdw wklv olqh ri uhvhdufk fdq ehqh�w iurp dq lqfuhdvhg irfxv rq wkh uhodwlrqvkls ehwzhhq d EQ dqg

wkh mrlqw suredelolw| glvwulexwlrq gh�qhg e| wkh EQ/ zklfk lv wkh JD*v �wqhvv ixqfwlrq1 Khuh zh
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irfxv rq fkdudfwhulvwlfv ri d Ed|hvldq qhwzrun/ jlyhq d fhuwdlq mrlqw suredelolw| glvwulexwlrq/ zklfk

lv ghulyhg iurp d ixqfwlrq ri xqlwdwlrq1 Wkhuh kdv ehhq vrph uhvhdufk zlwklq wkh EQ frppxqlw|

rq w|slfdo surshuwlhv ri wkh mrlqw glvwulexwlrq gh�qhg e| d EQ ^Gux}g}ho/ 4<<7`/ exw olwwoh uhvhdufk

rq ydu|lqj wkh kdugqhvv ri frqvwuxfwhg qhwzrunv/ zklfk lv zkdw zh gr khuh1

Wklv fkdswhu lqwurgxfhv dq dssurdfk wr pdsslqj ixqfwlrqv ri xqlwdwlrq lqwr Ed|hvldq qhwzrunv1

Lq dgglwlrq/ lqvwdqfhv iurp wkuhh fodvvhv ri ixqfwlrqv ri xqlwdwlrq duh pdsshg wr Ed|hvldq qhwzrunv=

rqhpd{ ixqfwlrqv/ wuds ixqfwlrqv/ dqg kloo ixqfwlrqv1 Rqhpd{ ixqfwlrqv ri xqlwdwlrq duh qrq0

ghfhswlyh/ dqg wkh frqvwuxfwhg rqhpd{ EQv duh hdv| dv zhoo1 Wuds ixqfwlrqv ri xqlwdwlrq/ rq wkh

rwkhu kdqg/ duh ghfhswlyh1 Wkh wuds ixqfwlrq lqvwdqfhv pdsshg lqwr kljko| frqqhfwhg/ kdug EQv1

Kloo ixqfwlrqv ri xqlwdwlrq duh vlplodu wr wuds ixqfwlrqv ri xqlwdwlrq/ exw wkh| duh qrw ghfhswlyh1

Wkh lqvwdqfhv frqvlghuhg zhuh vwloo pdsshg wr kljko| frqqhfwhg EQv1 Wkhvh uhvxowv vkrz wkdw EQv

fdq eh ghfhswlyh/ dqg vxjjhvw wkdw ghfhswlyh ixqfwlrqv ri xqlwdwlrq duh lqghhg kdug/ qrw rqo| iru

JDv/ dqg wkdw rwkhu ixqfwlrqv ri xqlwdwlrq fdq eh kdug dv zhoo/ dowkrxjk ohvv vr wkdq wkh ghfhswlyh

rqhv1 Lq dgglwlrq/ wklv uhvhdufk sdyhv wkh zd| iru frqwuroohg dqg v|vwhpdwlf h{shulphqwdwlrq/

vlqfh h{shulphqwdo EQv ri ydu|lqj gl!fxow| fdq eh frqvwuxfwhg xvlqj wkh pdsslqj1 Dq dgglwlrqdo

dgydqwdjh ri frqvwuxfwlqj d EQ iurp d ixqfwlrq ri xqlwdwlrq lv wkdw wkh odwwhu lv d sdudphwulf

ixqfwlrq zkloh wkh iruphu lv qrq0sdudphwulf1

Wkh uhvw ri wklv fkdswhu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 714 suhvhqwv vfkhpdwd/ ghfhswlrq/ dqg

ixqfwlrqv ri xqlwdwlrq1 Vhfwlrq 715 ghvfulehv krz wr frqvwuxfw EQv iurp ixqfwlrqv ri xqlwdwlrq/

dqg wkh iroorzlqj vhfwlrqv vkrz krz EQv fdq eh frqvwuxfwhg iurp gl�huhqw fodvvhv ri ixqfwlrqv ri

xqlwdwlrq1 Vhfwlrq 716 frqvwuxfwv EQv iurp rqhpd{ ixqfwlrqv ri xqlwdwlrq/ zklfk duh qrq0ghfhswlyh

ixqfwlrqv1 Vhfwlrq 717 frqvlghuv wuds ixqfwlrqv ri xqlwdwlrq/ zklfk duh ghfhswlyh ixqfwlrqv1 Vhfwlrq

718 glvfxvvhv kloo0vkdshg ixqfwlrqv ri xqlwdwlrq1 Vhfwlrq 719 sdudphwul}hv wkh EQv/ zkloh Vhfwlrq

71: frqfoxghv dqg suhvhqwv ixwxuh zrun1 Rwkhu dssurdfkhv wr frqvwuxfwlqj kdug EQv duh glvfxvvhg

lq Fkdswhu 91

714 Vfkhpdwd/ Ghfhswlrq/ dqg Ixqfwlrqv ri Xqlwdwlrq

Wkh qrwlrq ri JD ghfhswlrq lv edvhg rq wkh dvvxpswlrq wkdw vfkhpd surfhvvlqj sod|v d fhqwudo uroh

lq JDv1 Lq wkh iroorzlqj zh lqwurgxfh vrph gh�qlwlrqv wkdw duh khosixo lq glvfxvvlqj vwdwlf vfkhpd
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surfhvvlqj1

Gh�qlwlrq ; Ohw s = i3> 4j? $ U eh d �wqhvv ixqfwlrq/ dqg ohw E @ e�===e? dqg V @ v�===v? zlwk

e� 5 i3> 4j dqg v� 5 i3> 4> �j1 Qrz gh�qh lqvw+V, @ lqvw+v�===v?, wr uhihu wr dq lqvwdqwldwlrq ri wkh

vfkhpd V1 Dq lqvwdqwldwlrq E ri V +E @ lqvw+V,, lv vxfk wkdw li v� @ �/ wkhq e� @ 3 ru e� @ 41 Li

v� 9@ �/ wkhq e� @ v�1 Qrz wkh vhw ri lqvwdqwldwlrqv ri V/ Lqvw+V,/ fdq eh gh�qhg dv iroorzv=

Lqvw+V, @ iE m E @ lqvw+V,j=

Jlyhq wkh gh�qlwlrq ri dq lqvwdqwldwlrq ri d vwulqj/ wkh qrwlrq ri vfkhpd �wqhvv fdq eh lqwur0

gxfhg1

Gh�qlwlrq < +Vfkhpd �wqhvv, Wkh vfkhpd �wqhvv t = i3> 4> �j? $ U ri vfkhpd V @ i3> 4> �j? lv

gh�qhg dv iroorzv=

t+V, @
[

�MLqvwE7�

s+E,=

Zkhq wkhuh lv qr dpeljxlw|/ zh zulwh s+V, lqvwhdg ri t+V,1

Dv dq h{dpsoh ri wkh deryh gh�qlwlrq/

t+�4�, @ s+343, . s+443, . s+344, . s+444,=

Rqh dvshfw ri JDv wkdw zh zloo irfxv rq lv wkhlu rswlpl}lqj fdsdelolw|1 Iru vlpsolflw| zh dvvxph

lq wkh iroorzlqj wkdw wkhuh lv rqh rswlpdo vwulqj�wklv fdq hdvlo| eh jhqhudol}hg1

Gh�qlwlrq 43 Ohw i eh d �wqhvv ixqfwlrq/ dqg ohw [RSW @ dujpd{fMtfc��? i+[, eh dq rswlpdo

vwulqj1 Wkhq dq| vfkhpd V vxfk wkdw lqvw+V, @ [RSW lv fdoohg dq rswlpdo vfkhpd1

Vfkhpd surfhvvlqj rshudwhv rq vfkhpd sduwlwlrqv ^Juhihqvwhwwh/ 4<<6` ^Plwfkhoo/ 4<<9`1 Lq wkh

60elw fdvh/ wkh vfkhpd sduwlwlrqv iru +g � �, duh +3 � �, dqg +4 � �,1 Frpshwlwlrq ehwzhhq elw vwulqjv

wdnhv sodfh zlwklq d vfkhpd sduwlwlrq1 Lw lv d frpprq dvvxpswlrq zlwklq wkh JD frppxqlw| wkdw

JDv vwduw e| surfhvvlqj orz0rughu vfkhpd sduwlwlrqv/ dqg wkhq judgxdoo| vkliw wrzdugv surfhvvlqj

kljk0rughu vfkhpd0sduwlwlrqv1
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Vfkhpd sduwlwlrq Frqglwlrqv iru ixoo ghfhswlrq
s+g � �, s+3 � �, A s+4 � �,
s+�g�, s+�3�, A s+�4�,
s+� � g, s+� � 3, A s+� � 4,
s+gg�, s+33�, A s+34�,> s+33�, A s+43�,> s+33�, A s+44�,
s+g � g, s+3 � 3, A s+3 � 4,> s+3 � 3, A s+4 � 3,> s+3 � 3, A s+4 � 4,
s+�gg, s+�33, A s+�34,> s+�33, A s+�43,> s+�33, A s+�44,

Wdeoh 714= Frqglwlrqv iru ixoo ghfhswlrq lq d elw vwulqj ri ohqjwk wkuhh1

Gh�qlwlrq 44 D vfkhpd sduwlwlrq lv ghfhswlyh li wkhuh h{lvwv d vfkhpd zlwk kljkhu �wqhvv wkdq

wkh rswlpdo vfkhpd lq wkh vfkhpd sduwlwlrq1 D �wqhvv ixqfwlrq lv ghfhswlyh li lw frqwdlqv d ghfhs0

wlyh vfkhpd sduwlwlrq1 D �wqhvv ixqfwlrq lv ixoo| ghfhswlyh li doo vfkhpd sduwlwlrqv +h{fhsw iru wkh

pd{lpdoo| vshfl�hg rqh, duh ghfhswlyh1 D �wqhvv ixqfwlrq lv qrq0ghfhswlyh li qr vfkhpd sduwlwlrq

lv ghfhswlyh1

Dv dq h{dpsoh/ frqvlghu d ixoo| ghfhswlyh 60elw vwulqj/ dqg dvvxph zlwkrxw orvv ri jhqhudolw|

wkdw 444 lv wkh joredo pd{lpxp/ 333 wkh ghfhswlyh pd{lpxp1 Wklv lv irupdol}hg lq wkh rswlpdolw|

frqglwlrq

s+444, A s+333, +714,

dqg wkh ghfhswlyh frqglwlrqv vkrzq lq Wdeoh 7141 Qrwh wkdw lq wklv fdvh/ wkh ghfhswlyh vfkhpdwd

duh doo lqvwdqfhv ri wkh vdph vwulqj/ qdpho| wkh ghfhswlyh pd{lpxp1 Dffruglqj wr Gh�qlwlrq 44/

wklv qhhg qrw eh wkh fdvh1

Wkhuh kdv ehhq h{whqvlyh uhvhdufk rq ghfhswlrq zlwklq wkh JD frppxqlw|1 Wkh frqqhfwlrq

ehwzhhq JDv dqg Zdovk ixqfwlrqv kdv ehhq suhvhqwhg e| Jrogehuj ^Jrogehuj/ 4<;<e` ^Jrogehuj/

4<;<d`1 Kh hpskdvl}hv wkh xwlolw| ri xvlqj Zdovk ixqfwlrqv dqg Zdovk sro|qrpldov iru dqdo|}lqj

JDv ^Jrogehuj/ 4<;<e`1 Wkhvh phwkrgv duh h{whqghg wr dqdo|}h ghfhswlrq dqg glvuxswlrq wr vfkhpd

surfhvvlqj e| jhqhwlf rshudwruv1 Lq dgglwlrq/ wkh �uvw ixoo| ghfhswlyh ixqfwlrq�ri elw ohqjwk wkuhh�

lv suhvhqwhg ^Jrogehuj/ 4<;<d`1

Wkh qrwlrq ri xqlwdwlrq kdv ehhq xvhg uhshdwhgo| iru wkh sxusrvh ri dqdo|vlv ri kdug dqg hdv|

�wqhvv ixqfwlrqv1

;8



Gh�qlwlrq 45 Ohw E eh d elw vwulqj ri ohqjwk q1 Wkh xqlwdwlrq x+E, ri E lv d ixqfwlrq gh�qhg dv

x+E, @ x+e�===e?, @ e� . � � �. e? @
?[
�'�

e�=

D ixqfwlrq ri xqlwdwlrq lv gh�qhg xvlqj x+E,1

Lq rwkhu zrugv/ xqlwdwlrq phdqv wkh qxpehu ri rqhv lq d elw vwulqj/ vr x+433, @ 4 dqg x+444, @ 61

Uhvhdufk rq ghfhswlrq kdv dovr ehhq fulwltxhg1 Iru h{dpsoh/ Eçfn vd|v wkdw clw pd| zhoo eh wkh

fdvh wkdw ^ghfhswlyh ixqfwlrqv` duh wkh sureohpv iru zklfk Jhqhwlf Dojrulwkpv pxvw idlo dffruglqj wr

wkh frqvwuxfwlrq ri wkh sureohp dqg wkh surydeoh olplwv ri Jhqhwlf Dojrulwkpv* ^Eçfn/ 4<<9/ s1 45;`1

Wkh uhvxowv lq wklv fkdswhu/ lq sduwlfxodu Vhfwlrq 717/ gr lqghhg vxjjhvw wkdw ghfhswlyh ixqfwlrqv

duh lqkhuhqwo| gl!fxow/ qrw rqo| iru JDv exw iru rwkhu dojrulwkpv dv zhoo1 Lw vkrxog/ krzhyhu/ eh

hpskdvl}hg wkdw zh rqo| jlyh h{dpsohv dqg qrw irupdo surriv ri wklv1

715 Frqvwuxfwlqj Ed|hvldq Qhwzrunv

Wzr idfwruv ri d EQ pdnh lw kdughu= D kljko| frqqhfwhg wrsrorj| dqg kljko| vnhzhg suredelolw|

glvwulexwlrqv1 Frqfhuqlqj wkh wrsrorj|/ sro|qrpldo wlph dojrulwkpv h{lvw iru EQv wkdw duh wuhhv

+dovr nqrzq dv vlqjo| frqqhfwhg qhwzrunv, ^Shduo/ 4<;;`1 Frqfhuqlqj vnhzqhvv/ wkh vlwxdwlrq lv qrw

dv fohdu1 Krzhyhu/ lw lv nqrzq wkdw vnhzhg glvwulexwlrqv fdq pdnh vwrfkdvwlf vlpxodwlrq frqyhujh

pxfk pruh vorzo|/ lq sduwlfxodu zkhq orz0suredelolw| vwdwhv duh lqvwdqwldwhg1

Erwk ixqfwlrqv ri xqlwdwlrq dqg EQv fdq eh xvhg dv JD �wqhvv ixqfwlrqv> wkh dgydqwdjh ri

ixqfwlrqv ri xqlwdwlrq frpsduhg wr EQv lv wkdw wkhuh duh ihzhu sdudphwhuv wr pdqlsxodwh1 Lq

sduwlfxodu/ wkh qxpehu ri frqglwlrqdo suredelolwlhv wkdw qhhgv wr eh vxssolhg iru d qrgh lq d EQ

jurzv h{srqhqwldoo| zlwk wkh qxpehu ri sduhqwv wkdw wkh qrgh kdv1 Lq frqwudvw/ wkh qxpehu ri

sdudphwhuv lq d ixqfwlrq ri xqlwdwlrq jurzv dw prvw olqhduo| zlwk wkh qxpehu ri elwv1

Wklv lv krz wr v|vwhpdwlfdoo| fuhdwh d Ed|hvldq qhwzrun iurp d �wqhvv ixqfwlrq=

41 Xvh wkh �wqhvv ixqfwlrq wr fuhdwh d mrlqw suredelolw| glvwulexwlrq1 Iru h{dpsoh/ li zh zdqw d

ixoo| ghfhswlyh EQ frqvlvwlqj ri n qrghv/ d ixoo| ghfhswlyh wuds ixqfwlrq +vhh Vhfwlrq 717, frqvlvwlqj

ri n elwv lv �uvw frqvwuxfwhg1 Wklv ghfhswlyh wuds ixqfwlrq lv wkhq xvhg wr frqvwuxfw d ghfhswlyh

mrlqw suredelolw| glvwulexwlrq1 Wklv lv d wdeoh frqvlvwlqj ri 5& urzv/ rqh urz shu h{sodqdwlrq lq wkh

;9



Ed|hvldq qhwzrun1

51 Xvh wkh mrlqw suredelolw| glvwulexwlrq wr frqvwuxfw d Ed|hvldq qhwzrun wkdw uhsuhvhqwv lw/ exw

lq d pruh frpsdfw pdqqhu1 Srvvleo|/ vrph dssur{lpdwlrq qhhgv wr eh wdnhq khuh/ exw wkh hvvhqwldo

fkdudfwhulvwlfv +vxfk dv ghfhswlrq, qhhg wr eh pdlqwdlqhg1 Dvvxplqj elqdu| qrghv/ wklv fuhdwhv d

qhwzrun zlwk n qrghv +dqg vrph qxpehu ri hgjhv, iurp wkh 5& wdeoh1

Wr suhsduh iru d pruh irupdo ghvfulswlrq ri wkh deryh/ wkh iroorzlqj qrwdwlrq lv lqwurgxfhg=

� ff+l,= fhoo frxqw iru fhoo l1 Fhoo frxqw lv wkh qxpehu ri vdpsohv wkdw h{lvw iru dq h{sodqdwlrq1

Iru h{dpsoh/ zlwk irxu vdpsohv iru wkh h{sodqdwlrq [� @ 3>[2 @ 4>[� @ 4/ wkh fhoo frxqw

lv ff+344, @ 71 Riwhq/ fhoov duh lqgh{hg e| d ghflpdo qxpehu udwkhu wkdq d elqdu| qxpehu/

jlylqj iru h{dpsoh/ ff+6, @ 71

� i = �wqhvv ixqfwlrq +lq wkh iroorzlqj d ixqfwlrq ri xqlwdwlrq,

� Elq+l,= ixqfwlrq wkdw jlyhv wkh lqwhjhu l lq elqdu|

� n= qxpehu ri elwv lq �wqhvv ixqfwlrq

� Urxqg+{,= urxqgv wkh qxpehu { wr wkh qhduhvw lqwhjhu

� f= frqvwdqw> lq wkh iroorzlqj f @ 6 lv xvhg

� Exlog+,= frqvwuxfwv d sdwwhuq S/ ixuwkhu ghvfulehg ehorz

� Gluhfw+,= frqvwuxfwv hgjhv iurp wkh sdwwhuq S/ ixuwkhu ghvfulehg ehorz

� Hvwlpdwh+,= hvwlpdwhv frqglwlrqdo suredelolwlhv/ ixuwkhu ghvfulehg ehorz

Wkh Frqvwuxfw dojrulwkp iru frqvwuxfwlqj d n0qrgh EQ iurp d n0elw �wqhvv ixqfwlrq/ vxfk dv d

n0elw wuds ixqfwlrq/ lv dv iroorzv=

41 Ohw wkhuh eh n qrghv i[�>[2> ===>[&j1 Ohw hdfk qrgh kdyh wzr vwdwhv i3> 4j/ l1h1 m
f�
m @ 5

iru doo l1

51 Iru l @ 3 wr 5& � 4= ff+l, # Urxqg+h{s+i+Elq+l,, . f,,

61 S# Exlog++[�>[2> ===>[&,> +m
f� m> m
f2m> ===> m
f&
m,> ff,

;:



71 H # Gluhfw+S,

81 Su# Hvwlpdwh++[�>[2> ===>[&,> +m
f�m> m
f2 m> ===> m
f&
m,> ff>H,

Wkh deryh dojrulwkp frqvwuxfwv d GDJ +Y>H, dqg frqglwlrqdo suredelolw| wdeohv Su zklfk

wrjhwkhu pdnh xs d Ed|hvldq qhwzrun1 H{dpsohv ri krz Frqvwuxfw zrunv duh jlyhq lq vhfwlrqv 716/

717/ dqg 7181

Wkh Frqvwuxfw dojrulwkp lv edvhg rq wkh revhuydwlrq wkdw d EQ fdq eh lqgxfhg iurp wkh mrlqw

glvwulexwlrq wdeoh> wklv lv ohduqlqj zlwk d frpsohwh gdwd vhw1 Dssurdfkhv iru pdfklqh ohduqlqj

ri EQv fdq wkhuhiruh eh xwlol}hg/ khuh WHWUDG ^Vfkhlqhv hw do1/ 4<<7` lv xvhg1 Wkh dojrulwkpv

Exlog dqg Hvwlpdwh erwk fruuhvsrqg wr WHWUDG surfhgxuhv +vhh ^Vfkhlqhv hw do1/ 4<<7`,/ zkloh

Gluhfw lv d txlwh vlpsoh dojrulwkp1 Jlyhq qrghv +[�>[2> ===>[&, dorqj zlwk wkhlu fduglqdolwlhv

+m
f� m> m
f2m> ===> m
f&
m, dqg d fhoo frxqw ff/ Exlog frqvwuxfwv d vhw ri sdwwhuqv S zklfk h{suhvvhv

frqglwlrqdo lqghshqghqfh dqg ghshqghqfh uhodwlrqv ehwzhhq wkh udqgrp yduldeohv1 Gluhfw wdnhv

wkh sdwwhuqv S dqg fuhdwhv d vhw ri hgjhv H1 Hvwlpdwh wdnhv wkh vdph sdudphwhuv dv Exlog dqg wkh

hgjhv H/ dqg frqvwuxfwv frqglwlrqdo suredelolw| wdeohv Su1 Exlog dqg Hvwlpdwh zhuh xvhg zlwk

wkhlu ghidxow sdudphwhu vhwwlqjv zkhq wkh uhvxowv lq wkh iroorzlqj wkuhh vhfwlrqv zhuh surgxfhg1

Zk| lv wkh h{srqhqw h{s wdnhq deryhB Wklv lv ehfdxvh EQv duh vhw xs wr zrun e| pxowlsol0

fdwlrq ri suredelolwlhv/ dqg wklv lv cfrxqwhudfwhg* e| wdnlqj wkh h{srqhqw khuh1 Pruh irupdoo|/

dq h{srqhqwldo ixqfwlrq ri xqlwdwlrq fdq eh zulwwhq dv iroorzv/ zkhuh wkh ixqfwlrq ri xqlwdwlrq

x+e�===e?, @ e� . � � �. e? lv dvvxphg=

h�E��nS @ h�EK����K?�nS

@ hK�nuuunK?nS

@ h
S?

�'� K�nS

@ hS
?\
�'�

hK� =

Qrwh wkdw wkh odvw olqh deryh lv ri wkh vdph irup dv Htxdwlrq 4141 Wklv mxvwl�hv wkh xvh ri h�E��nS

lq wkh Frqvwuxfw dojrulwkp deryh1

;;



l E @ Elq+l, x+E, i+E, i+E, . f ff+l,

3 333 3 3 6 53
4 334 4 4 7 88
5 343 4 4 7 88
6 344 5 5 8 47;
7 433 4 4 7 88
8 434 5 5 8 47;
9 443 5 5 8 47;
: 444 6 6 9 736

Wdeoh 715= Qrq0ghfhswlyh rqhpd{ �wqhvv ixqfwlrq gh�qhg ryhu elwvwulqj frqvlvwlqj ri wkuhh elwv1

716 Rqhpd{ Ixqfwlrqv

Rqhpd{ ixqfwlrqv duh jhqhudol}dwlrqv ri wkh xqlwdwlrq x+E, ri d elw vwulqj E1 Dfnoh| lqwurgxfhg

wkh rqhpd{ ixqfwlrq

i+E, @ 43� x+E,>

l1h1 mxvw d frqvwdqw pxowlsoh ri wkh ixqfwlrq ri xqlwdwlrq ^Dfnoh|/ 4<;:`1 Pruh jhqhudoo|/ d rqhpd{

ixqfwlrq ri xqlwdwlrq lv

i+E, @ g� x+E,> +715,

zkhuh g lv d frqvwdqw1 E| ohwwlqj g @ 4 lq Htxdwlrq 715/ zh jhw wkh rqhpd{ ixqfwlrq i+E, @ x+E,/

zklfk lv xvhg lq wkh iroorzlqj1

Wdeoh 715 vkrzv elw vwulqjv dqg fruuhvsrqglqj fhoo frxqwv iru wklv rqhpd{ ixqfwlrq1 Wkh frq0

glwlrqdo suredelolw| wdeohv fuhdwhg e| wkh Frqvwuxfw dojrulwkp edvhg rq wkh lqsxw lq Wdeoh 715 lv

vkrzq lq Wdeoh 716/ wkh judsk lv vkrzq lq Iljxuh 7141 Lw lv hdv| wr fkhfn wkdw wkh EQ frqvwuxfwhg

iurp wkh rqhpd{ ixqfwlrq lv qrq0ghfhswlyh/ olnh wkh rqhpd{ ixqfwlrq lwvhoi1 Xvlqj d irxu elw rqhpd{

ixqfwlrq lq d vlplodu zd| dv deryh/ wkh EQ zkrvh frqglwlrqdo suredelolwlhv duh vkrzq lq Wdeoh 717

lv dwwdlqhg1

Dv rqh pljkw kdyh h{shfwhg/ wkh EQv frqvwuxfwhg iurp wkh wzr rqhpd{ ixqfwlrqv duh txlwh

chdv|*1 Wkhuh duh qr lqwhudfwlrqv ehwzhhq qrghv lq wkh EQv/ dqg wkh frqglwlrqdo suredelolw| wdeohv

duh wkh vdph zlwklq dq| rqh EQ qrgh

;<



Su+[�,

3 3159<
4 31:64

Su+[2,

3 3159<
4 31:64

Su+[�,

3 3159<
4 31:64

Wdeoh 716= Frqglwlrqdo suredelolw| wdeohv ri qrq0ghfhswlyh EQ frqvwuxfwhg iurp qrq0ghfhswlyh
rqhpd{ �wqhvv ixqfwlrq1

X1

X3

X2

Iljxuh 714= Judsk EQ frqvwuxfwhg iurp qrq0ghfhswlyh rqhpd{ �wqhvv ixqfwlrq1

Su+[�,

3 3159<
4 31:64

Su+[2,

3 3159<
4 31:64

Su+[�,

3 3159<
4 31:64

Su+[e,

3 3159<
4 31:64

Wdeoh 717= Frqglwlrqdo suredelolw| wdeohv ri qrq0ghfhswlyh EQ frqvwuxfwhg iurp qrq0ghfhswlyh
rqhpd{ �wqhvv ixqfwlrq zlwk irxu elwv1
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Iljxuh 715= Ixoo| ghfhswlyh ixqfwlrq ryhu wkuhh elwv11

717 Wuds Ixqfwlrqv

Wklv vhfwlrq irfxvhv rq ghfhswlrq lq EQv1 Ghfhswlyh EQv duh frqvwuxfwhg iurp wuds ixqfwlrqv/

zklfk duh ghfhswlyh ixqfwlrqv ri xqlwdwlrq1 Wkh dgydqwdjh ri wuds ixqfwlrqv lv wkdw wkh| kdyh ihz

sdudphwhuv exw fdq vwloo eh pdgh ghfhswlyh1

Dfnoh| xvhg d wuds ixqfwlrq iru hpslulfdo lqyhvwljdwlrqv ^Dfnoh|/ 4<;:`/ dqg wklv ixqfwlrq kdv

odwhu ehhq jhqhudol}hg ^Ghe dqg Jrogehuj/ 4<<6`1 Wkh wuds ixqfwlrq gh�qlwlrq ri Ghe dqg Jrogehuj

lv wkh iroorzlqj=

i+E, @

;A?A=
@
5 +} � x+E,, li x+E, � }

K
&35 +x+E,� }, rwkhuzlvh

> +716,

zkhuh d lv wkh orfdo +ghfhswlyh, rswlpxp/ e lv wkh joredo rswlpxp/ dqg } lv wkh vorsh0fkdqjh

orfdwlrq1 Wkh srlqw ri d wuds ixqfwlrq lv wkdw wkhuh duh wzr rswlpd/ d dqg e/ dqg e| ydu|lqj wkh

sdudphwhuv/ rqh fdq pdnh lw pruh ru ohvv gl!fxow wr �qg wkh joredo rswlpxp e dv rssrvhg wr wkh

orfdo rswlpxp d1 Lw kdv ehhq vkrzq wkdw zkhq wkh iroorzlqj frqglwlrq krogv/ d wuds ixqfwlrq lv

ixoo| ghfhswlyh ^Ghe dqg Jrogehuj/ 4<<6/ s1 <<`=

d

e
@ u � 5� 4@+n � },

5� 4@}
> +717,

Wkh vpdoohvw elw vwulqj wkdw fdq eh ixoo| ghfhswlyh frqvlvwv ri wkuhh elwv ^Jrogehuj/ 4<;:`1 Lq
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l E @ Elq+l, x+E, i+E, i+E, . f ff+l,

3 333 3 7 : 43<:
4 334 4 5 8 47;
5 343 4 5 8 47;
6 344 5 3 6 53
7 433 4 5 8 47;
8 434 5 3 6 53
9 443 5 3 6 53
: 444 6 8 ; 5<;4

Wdeoh 718= Ghfhswlyh wuds �wqhvv ixqfwlrq gh�qhg ryhu elw vwulqj frqvlvwlqj ri wkuhh elwv1

wkh iroorzlqj/ zh frqvwuxfw d 60qrgh EQ wkdw lv ixoo| ghfhswlyh1 Wkh frqvwuxfwlrq lv edvhg rq wkh

wuds ixqfwlrq lq Htxdwlrq 7161 Ohw n @ 6/ } @ 5/ d @ 7/ dqg e @ 8 lq wkdw htxdwlrq/ vr zh jhw wkh

ixqfwlrq

i+E, @

;A?A= 5+5� x+E,, li x+E, � 5

8+x+E,� 5, li x+E, A 5

zklfk fdq dovr eh zulwwhq

i+[, @

;A?A= 5+5�[, li [ � 5

8+[ � 5, li [ A 5

dqg lv vkrzq lq Iljxuh 7151 Zh qrwh wkdw wkh frqglwlrq iru ixoo ghfhswlrq ri Htxdwlrq 717 lv phw=

7

8
@ u � 5� 4@+6� 5,

5� 4@5
@

5

6
=

Qrz wkh iroorzlqj wuds ixqfwlrq ydoxhv fdq eh fdofxodwhg= i+333, @ 7/ i+334, @ 5/ i+344, @ 3/

dqg i+444, @ 81 Wklv jlyhv elw vwulqj �wqhvv dv vkrzq lq Wdeoh 7181 Vfkhpdwd �wqhvv ydoxhv fdq

eh frpsxwhg iurp Wdeoh 718/ dqg lw fdq hdvlo| eh fkhfnhg wkdw wklv �wqhvv ixqfwlrq lv lqghhg ixoo|

ghfhswlyh1

Wkh EQ zkrvh judsk lv vkrzq lq Iljxuh 716 dqg zkrvh frqglwlrqdo suredelolw| wdeohv duh vkrzq

lq Wdeoh 719 lv frqvwuxfwhg iurp wkh �wqhvv ixqfwlrq i vkrzq lq Wdeoh 7181 Lq rughu wr pdnh wklv

EQ ghfhswlyh/ wkh Su+\�, wdeoh lv uhsodfhg zlwk d qhz wdeoh Su+\ �
�, dv iroorzv1 Vlqfh 444 lv wkh
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Su+\�,

3 3163;7
4 319<49

Su+\2 m \�,
\�= 3 4
3 31;;44 313863
4 3144;< 31<7:3

Su+\� m \�> \2,
\�= 3 4
\2= 3 4 3 4
3 31;;44 31;;3< 31;;3< 31339:
4 3144;< 3144<3 3144<3 31<<66

Wdeoh 719= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq/
ehiruh qrupdol}dwlrq1

Su+\�,

3 3187
4 3179

Su+\2 m \�,
\�= 3 4
3 31;;44 313863
4 3144;< 31<7:3

Su+\� m \�> \2,
\�= 3 4
\2= 3 4 3 4
3 31;;44 31;;3< 31;;3< 31339:
4 3144;< 3144<3 3144<3 31<<66

Wdeoh 71:= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq/
diwhu qrupdol}dwlrq1

joredo rswlpxp dqg 333 wkh ghfhswlyh rswlpxp/ wkh frqglwlrq

Su+444,

Su+333,
A 4

qhhgv wr eh pdlqwdlqhg1 Diwhu vrph fdofxodwlrq zh jhw Su+\� @ 3, ? 3=87:<1 Lw wxuqv rxw wkdw iru

h{dpsoh Su+\ �
� @ 3, @ 3=87 dqg Su+\ �

� @ 4, @ 3=79 jlyhv d ixoo| ghfhswlyh EQ zkhq wkh wzr rwkhu

wdeohv lq Wdeoh 719 duh nhsw wkh vdph1 Wdeoh 71: jlyhv wkh FSWv diwhu wklv qrupdol}dwlrq kdv ehhq

grqh1 Wdeoh 71; jlyhv wkh mrlqw glvwulexwlrq gh�qhg e| wklv EQ1

Zkdw kdsshqv li zh frqvlghu d irxu0elw wuds ixqfwlrqB Ohw n @ 7/ } @ 6/ d @ 7/ dqg e @ 8 lq
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\� \2 \� Su+\�> \2> \�,

3 3 3 3=87� 3=;;44� 3=;;44 @ 3=74<5

3 3 4 3=87� 3=;;44� 3=44;< @ 3=3899

3 4 3 3=87� 3=44;<� 3=;;3< @ 3=3899

3 4 4 3=87� 3=44;<� 3=44<3 @ 3=33:9

4 3 3 3=79� 3=3863� 3=;;3< @ 3=3548

4 3 4 3=79� 3=3863� 3=44<3 @ 3=335<

4 4 3 3=79� 3=<7:3� 3=339: @ 3=335<

4 4 4 3=79� 3=<7:3� 3=<<66 @ 3=765:

Wdeoh 71;= Mrlqw suredelolw| ri ghfhswlyh EQ1

Su+\�,

3 316;67
4 319499

Su+\2 m \�,
\�= 3 4
3 31:<49 3145<9
4 3153;7 31;:37

Su+\� m \�> \2,
\�= 3 4
\2= 3 4 3 4
3 31:<48 31:<4: 31:<4: 313643
4 3153;7 3153;5 3153;5 31<9<3

Su+\e m \�> \2> \�,
\�= 3 4
\2= 3 4 3 4
\�= 3 4 3 4 3 4 3 4
3 31:<48 31:<4; 31:<4; 31:<4: 31:<4; 31:<4: 31:<4: 31339:
4 3153;8 3153;5 3153;5 3153;6 3153;5 3153;6 3153;6 31<<66

Wdeoh 71<= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq
zlwk irxu elwv1

Htxdwlrq 716/ jlylqj wkh ixqfwlrq

i+E, @

;A?A=
e
�+6� x+E,, li x+E, � 6

8+x+E,� 6, li x+E, A 6
=

Wkh uhvxow ri uxqqlqj Frqvwuxfw/ dv vkrzq lq Wdeoh 71</ lv txlwh vlplodu wr wkdw iru wkh wkuhh0elw

wuds ixqfwlrq1

Dv rqh pljkw kdyh h{shfwhg/ wkh EQv frqvwuxfwhg iurp wkh wzr wuds ixqfwlrqv wxuq rxw wr eh

ckdughu* wkdq wkh EQv frqvwuxfwhg iurp wkh wzr rqhpd{ ixqfwlrqv1 Lq sduwlfxodu/ wkhuh duh wzr

wklqjv wr qrwlfh1 Iluvw/ wkh judsk lq Iljxuh 716 lv ixoo| frqqhfwhg/ lqglfdwlqj lqwhudfwlrqv ehwzhhq doo

udqgrp yduldeohv1 Vhfrqg/ wkh frqglwlrqdo suredelolw| wdeohv lq Wdeoh 719 dqg lq Wdeoh 71< frqwdlq

pruh ydulhg dqg h{wuhph hqwulhv wkdq wkrvh iru wkh rqhpd{ ixqfwlrqv1 Lq sduwlfxodu/ Su+\2 m \� @ 4,

<7



Y1

Y3

Y2

Iljxuh 716= Judsk ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq zlwk wkuhh elwv1

dqg Su+\� m \� @ 4> \2 @ 4, duh vxfk h{wuhph hqwulhv1

718 Kloo Ixqfwlrqv

Lqwxlwlyho|/ rqhpd{ ixqfwlrqv duh chdv|* zkloh wuds ixqfwlrqv duh ckdug*/ dqg zh kdyh vhhq krz wkh

fruuhvsrqglqj frqvwuxfwhg EQv uh hfw wklv1 Exw frxog lw eh wkh fdvh wkdw qrw rqo| wuds ixqfwlrqv/

exw dovr rwkhu ixqfwlrqv ri xqlwdwlrq/ uhvxow lq kljko| frqqhfwhg EQvB Lq rughu wr lqyhvwljdwh wklv

txhvwlrq/ zh frqvwuxfwhg d kloo ixqfwlrq e| vxewudfwlqj d wuds ixqfwlrq iurp lwv pd{lpdo ydoxh=

j+E, @ e� i+E,>

zkhuh i lv d wuds ixqfwlrq/ e lv wkh wuds ixqfwlrq*v pd{lpdo ydoxh1 Iru lqvwdqfh/ iru wkh 60elw wuds

ixqfwlrq suhvhqwhg lq Vhfwlrq 717 zh jhw

j+E, @

;A?A= 4 . e
�x+E, li x+E, � 6

8+7� x+E,, li x+E, A 6
=

Ilwqhvv ydoxhv dqg fhoo frxqwv iru wkh 60elw fdvh duh vkrzq lq Wdeoh 71431 Vrphzkdw vxusulvlqjo|/

wkh vdph judsk zdv lqgxfhg dv iru wkh fruuhvsrqglqj wuds ixqfwlrq/ vkrzq lq Iljxuh 7161 Krzhyhu/

wkh frqglwlrqdo suredelolw| wdeohv/ vkrzq lq Wdeoh 7144/ duh gl�huhqw1 Wkh prvw surplqhqw gl�hu0

hqfhv duh wkh iroorzlqj1 Iluvw/ Su+]�, lv voljkwo| pruh vnhzhg wkdq Su+\�,1 Su+]2 m ]� @ 4, lv pxfk

ohvv vnhzhg wkdq Su+\2 m \� @ 4,1 Su+]� m ]� @ 4> ]2 @ 4, lv yhu| vlplodu wr Su+\� m \� @ 4> \2 @ 4,/

dqg wkh rwkhu frqglwlrqdo suredelolw| glvwulexwlrqv duh dovr txlwh vlplodu wr hdfk rwkhu1

<8



l E @ Elq+l, x+E, i+E, i+E, . f ff+l,

3 333 3 4 7 88
4 334 4 6 9 736
5 343 4 6 9 736
6 344 5 8 ; 5<;4
7 433 4 6 9 736
8 434 5 8 ; 5<;4
9 443 5 8 ; 5<;4
: 444 6 3 6 53

Wdeoh 7143= Kloo �wqhvv ixqfwlrq gh�qhg ryhu elw vwulqj frqvlvwlqj ri wkuhh elwv1

Su+]�,

3 316:8:
4 319576

Su+]2 m ]�,

\�= 3 4
3 3144<5 318633
4 31;;3; 317:33

Su+]� m ]�> ]2,

]�= 3 4
]2= 3 4 3 4
3 314534 3144<4 3144<4 31<<66
4 31;:<< 31;;3< 31;;3< 31339:

Wdeoh 7144= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp kloo �wqhvv ixqfwlrq zlwk wkuhh
elwv1
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Su+\�,

3 t�
4 4� t�

Su+\2 m \�,
\�= 3 4
3 t t2
4 4� t 4� t2

Su+\� m \�> \2,
\�= 3 4
\2= 3 4 3 4
3 t t t t�
4 4� t 4� t 4� t 4� t�

Su+\e m \�> \2> \�,
\�= 3 4
\2= 3 4 3 4
\�= 3 4 3 4 3 4 3 4
3 t t t t t t t te
4 4� t 4� t 4� t 4� t 4� t 4� t 4� t 4� te

Wdeoh 7145= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq1

Vlplodu wr wkh 70elw wuds ixqfwlrq/ d 70elw kloo ixqfwlrq zdv dovr lqyhvwljdwhg1 Wkh uhvxowlqj

frqglwlrqdo suredelolw| wdeohv duh rplwwhg gxh wr vsdfh uhvwulfwlrqv1 Wkhvh wdeohv vkrz wkh vdph

wuhqg dv wkh 60elw wdeohv/ erwk e| wkhpvhoyhv dqg frpsduhg wr wkh 70elw wuds EQ1 Iluvw/ Su+]�, lv

vrphzkdw pruh vnhzhg wkdq Su+\�,1 Su+]2 m ]� @ 4, lv pxfk ohvv vnhzhg wkdq Su+\2 m \� @ 4,/

dqg Su+]� m ]� @ 4> ]2 @ 4, lv pxfk ohvv vnhzhg wkdq Su+\� m \� @ 4> \2 @ 4,1 Rwkhu frqglwlrqdo

suredelolw| glvwulexwlrqv duh txlwh vlplodu wr hdfk rwkhu1

719 Jhqhudo EQv iurp Ghfhswlyh Wuds Ixqfwlrqv

Lq wklv vhfwlrq/ zh lqyhvwljdwh wuds ixqfwlrqv wudqvodwhg lqwr EQv/ lq sduwlfxodu EQv zlwk 7 qrghv1

Krzhyhu/ wkh phwkrg vkrxog/ zlwk vrph h{whqvlrqv/ eh vfdodeoh wr EQv ri duelwudu| vl}h1 Lq sdu0

wlfxodu/ zh frqvlghu krz wr frqvwuxfw EQv edvhg rq wuds ixqfwlrqv zlwkrxw xvlqj WHWUDG dv zdv

grqh hduolhu lq wklv fkdswhu1

71914 70qrgh Wuds EQv

Wkh FSWv ri wkh EQ zh irfxv rq lv suhvhqwhg lq Wdeoh 71451 Qrwh wkdw wkh frqglwlrqdo suredelolwlhv

t� duh sdudphwhuv> lq dq lqvwdqwldwhg EQ wkhvh zrxog kdyh ydoxhv t� 5 ^3> 4` dqg reh| wkh frqvwudlqw

wkdw hdfk froxpq vkrxog vxp wr rqh1 Lq wkh iroorzlqj/ d vkruwkdqg qrwdwlrq lv xvhg/ zkhuh Su+\� @

|�> \2 @ |2> \� @ |�> \e @ |e, @ t+�+2+�+e1 Jlyhq wkh EQ lq Iljxuh 7145/ wkh mrlqw suredelolwlhv

fdq eh frpsxwhg/ uhvxowlqj lq mrlqw glvwulexwlrq wdeoh zlwk 5e hqwulhv1 Li zh rqo| frqvlghu wkh

<:



xqlwdwlrq/ zh zdqw vhyhudo ri wkh mrlqw suredelolwlhv wr eh htxdo ru forvh wr htxdo/ dqg wkhuhiruh zh

slfn uhsuhvhqwdwlyhv=

tffff @ t�ttt

t�fff @ +4� t�,t2tt

t��ff @ +4� t�,+4� t2,t�t

t���f @ +4� t�,+4� t2,+4� t�,te

t���� @ +4� t�,+4� t2,+4� t�,+4� te,

Khuh/ tffff/ t�fff/ t��ff/ t���f/ dqg t���� duh jlyhq/ dqg duh xvhg wr frpsxwh ydoxhv iru wkh uljkw0kdqg

vlgh1

Wkhuh lv d fohdu sdwwhuq khuh/ dqg zh pljkw irupxodwh wkh iroorzlqj dojrulwkp= Frqvlghu wkh

lqglfhv |� = = = |e/ dqg vxssrvh zh duh fxuuhqwo| dw lqgh{ |�1 Dv orqj dv zh kdyh vhhq rqo| rqhv vr

idu/ l1h1 |� @ 4 iru doo m � l/ zh pxowlso| e| +4 � t�, iru wkh lwk lqgh{1 Iru wkh �uvw }hur vhhq/ ru

|� @ 3 dqg |& @ 4 iru doo n ? m/ zh pxowlso| e| t�1 Diwhu wkh �uvw }hur/ zh pxowlso| e| t iru d }hur/

+4� t, iru d rqh1

Doo wkdw uhpdlqv qrz lv wr nqrz wkh t�*v dqg t1 Qrwh wkdw e| frqvwuxfwlrq/ tffff> t�fff> ===> t���f

dqg t���� duh nqrzq/ dqg vr wkh t�*v dv zhoo dv t pd| eh frpsxwhg iurp wkhp1

Wr jhw vrph pruh lqwxlwlrq iru wkh vwuxfwxuh ri Wdeoh 7145/ zh fdq frpsduh lw wr wkh rqhpd{

ixqfwlrq1 Prvw froxpqv lq Wdeoh 7145 duh vlplodu wr wkh rqhpd{ ixqfwlrq= Li zh slfn d 3/ zh jhw t>

li zh slfn d 4 zh jhw +4�t,1 Wkh h{fhswlrqv duh iru \� dqg li doo suhylrxv elwv +ru qrghv, kdyh ehhq

rqhv1 Dv dq h{dpsoh ri wkh odwwhu fdvh/ wkh joredo rswlpxp pd| eh dwwdlqhg/ dqg lw lv dwwdlqhg

zlwk wkh suredelolw| t���� @ +4� t�,+4� t2,+4� t�,+4� te,1

71915 Vroylqj wkh Htxdwlrqv iru 70qrgh Wuds EQv

Zh kdyh �yh htxdwlrqv dqg �yh xqnqrzqv/ vr zh fdq vroyh iru wkh xqnqrzqv1 Vwduwlqj zlwk wkh

�uvw htxdwlrq/ zh fdq vroyh iru t�/ dvvxplqj wkdw t lv nqrzq=

t� @
tffff
t�

+718,

<;



Wkhq zh vroyh iru t2 dqg vxevwlwxwh iru t� lq wkh vhfrqg htxdwlrq=

t2 @
t�fff

+4� t�,t2
@

t�fff
+4� ^ffff

^�
,t2

+719,

Vlploduo|/ zh kdyh=

t� @
t��ff

+4� t�,+4� t2,t
@

t��ff�
4� ^ffff

^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�
t

> +71:,

te @
t���f

+4� t�,+4� t2,+4� t�,
+71;,

@
t���f�

4� ^ffff
^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�3EC4� ^��ff�
�3

^ffff
^�

�#
�3

^�fff
E�3

^ffff
^�

�^2

$
^

4FD
dqg

t���� @ +4� t�,+4� t2,+4� t�,+4� te, +71<,

@

�
4� tffff

t�

�#
4� t�fff

+4� ^ffff
^�

,t2

$3EEC4� t��ff�
4� ^ffff

^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�
t

4FFD

�

3EEEEEEEEEC
4� t���f�

4� ^ffff
^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�3EC4� ^��ff�
�3

^ffff
^�

�#
�3

^�fff
E�3

^ffff
^�

�^2

$
^

4FD

4FFFFFFFFFD
=

E| vlpsoli|lqj wkh odvw htxdwlrq/ zh jhw=

t���� @
t� � tffff � t�ffft � t��fft2 � t���ft�

t�
> +7143,

zkhuh zh fdq vroyh iru t1 Rqfh t lv nqrzq/ t�> ===> te fdq hdvlo| eh frpsxwhg1 Wklv jlyhv xv FSW

ydoxhv wr �oo lqwr Wdeoh 71451

<<



71916 Qxphulfdo Vroxwlrqv

Vr idu/ zh kdyh qrw xvhg qxphulfdo txdqwlwlhv1 Qrz zh wxuq wr frpsxwlqj ydoxhv iru tffff/ t�fff/

t��ff/ t���f/ dqg t����1 Zh frqvlghu d irxu0elw wuds ixqfwlrq zlwk n @ 7/ } @ 6/ d @ 7/ dqg e @ 8/

jlylqj wkh ixqfwlrq

i+X, @

;A?A=
e
�+6� X, li X � 6

8+X � 6, li X A 6
>

zkhuh X lv wkh xqlwdwlrq ri d elw vwulqj1 Lw lv hdv| wr fkhfn wkdw wkhvh sdudphwhuv +d @ 7> e @ 8> } @

6>dqg n @ 7, vdwlvi| wkh ghfhswlyh frqglwlrq=

d

e
@

7

8
� 5� 4@+n � },

5� 4@}
@

6

8
=

Wklv jlyhv i+3, @ 7> i+4, @ H
� > i+5, @

e
� > i+6, @ 3> i+7, @ 8/ dqg wkh wrwdo vxp ri �wqhvv lv=

e[
�'f

�
7

l

�
i+l, @

�
7

3

�
7 .

�
7

4

�
;

6
.

�
7

5

�
7

6
.

�
7

6

�
3 .

�
7

7

�
8 @

;6

6

Wkh �wqhvv ydoxhv zh jhw duh wkhuhiruh tffff @ �2
H� / t�fff @

H
H� / t��ff @

e
H� / t���f @ 3/ dqg t���� @ �D

H� 1

E| vxevwlwxwlqj wkhvh ydoxhv lqwr Htxdwlrq 7143/ zh jhw dq htxdwlrq lq t rqo|=

9;t� � 45� ;t � 7t2 @ 3=

Khuh/ wkh vroxwlrq lv t @ 3=9861 +Qrwh wkdw wkh qxphulfdo ydoxhv iurp qrz rq duh dssur{lpdwh1,

Zh vxevwlwxwh lqwr Htxdwlrq 718/ Htxdwlrq 719/ Htxdwlrq 71:/ Htxdwlrq 71;/ dqg Htxdwlrq 71<
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Su+\�,

3 3=84<

4 3=7;4

Su+\2 m \�,
\�= 3 4
3 3=986 3=7:3

4 3=67: 3=863

Su+\� m \�> \2,
\�= 3 4
\2= 3 4 3 4
3 3=986 3=986 3=986 3=5<3

4 3=67: 3=67: 3=67: 3=:43

Su+\e m \�> \2> \�,
\�= 3 4
\2= 3 4 3 4
\�= 3 4 3 4 3 4 3 4
3 3=986 3=986 3=986 3=986 3=986 3=986 3=986 3

4 3=67: 3=67: 3=67: 3=67: 3=67: 3=67: 3=67: 4

Wdeoh 7146= Frqglwlrqdo suredelolw| wdeohv ri EQ frqvwuxfwhg iurp ghfhswlyh wuds �wqhvv ixqfwlrq1

uhvshfwlyho|/ dqg jhw=

t� @
tffff
t�

@ 3=84<

t2 @
t�fff

+4� t�,t2
@

t�fff
+4� ^ffff

^�
,t2

@ 3=7:3

t� @
t��ff

+4� t�,+4� t2,t
@

t��ff�
4� ^ffff

^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�
t

@ 3=5<3

te @
t���f

+4� t�,+4� t2,+4� t�,

@
t���f�

4� ^ffff
^�

��
4� ^�fff

E�3
^ffff
^�

�^2

�3EC4� ^��ff�
�3

^ffff
^�

�#
�3

^�fff
E�3

^ffff
^�

�^2

$
^

4FD
@ 3

Wkh EQ FSWv lq Wdeoh 7146 duh mxvw wkh deryh qxphulfdo ydoxhv vxevwlwxwhg lqwr Wdeoh 71451 Lw

vkrxog eh qrwhg wkdw rxu frqvwuxfwlrq grhv qrw jxdudqwhh wkdw wkh uhvxowlqj EQ lv ixoo| ghfhswlyh1

Lq idfw/ zh duh qrw hyhq jxdudqwhhg htxdo suredelolwlhv iru vwulqjv +ru h{sodqdwlrqv, ri wkh vdph

xqlwdwlrq1 Dv dq h{dpsoh/ iru wzr ri wkh elwvwulqjv ri xqlwdwlrq wzr zh kdyh tff�� @ t�t+4� t,+4�
t, @ 3=373; dqg t�ff� @ +4�t�,t2t+4�t, @ 3=3845/ zkloh wkh wuds ixqfwlrq*v ydoxh lv 7@;6 @ 3=37;51

Krzhyhu/ li rqh zdqwv wr jxdudqwhh ixoo ghfhswlrq/ rqh fdq frqvlghu wkh pd{lpxp/ plqlpxp/ dqg

fhuwdlq rwkhu suredelolwlhv ri h{sodqdwlrqv frpsxwhg iurp wkh EQ/ dqg pdnh vxuh wkdw wkhvh reh|

fhuwdlq vx!flhqw frqglwlrqv iru ghfhswlyh ixqfwlrqv ^Ghe dqg Jrogehuj/ 4<<7`1
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71: Frqfoxvlrq dqg Ixwxuh Zrun

Fkdudfwhul}lqj fodvvhv ri �wqhvv ixqfwlrqv iru zklfk hyroxwlrqdu| frpsxwdwlrq lv dssursuldwh lv rqh

ri wkh prvw lpsruwdqw fxuuhqw uhvhdufk gluhfwlrqv1 Wklv fkdswhu irfxvhv rq wzr w|shv ri �wqhvv

ixqfwlrqv= ixqfwlrqv ri xqlwdwlrq dqg Ed|hvldq qhwzrunv/ dqg lq sduwlfxodu wklv fkdswhu lqwurgxfhv

dq dssurdfk wr pdsslqj ixqfwlrqv ri xqlwdwlrq lqwr Ed|hvldq qhwzrunv1 Lq dgglwlrq/ lqvwdqfhv iurp

wkuhh fodvvhv ri ixqfwlrqv ri xqlwdwlrq kdyh ehhq pdsshg wr Ed|hvldq qhwzrunv= rqhpd{ ixqfwlrqv/

wuds ixqfwlrqv/ dqg kloo ixqfwlrqv1 Rqhpd{ ixqfwlrqv ri xqlwdwlrq duh qrq0ghfhswlyh/ dqg wkh

frqvwuxfwhg rqhpd{ EQv duh qrq0ghfhswlyh dqg hdv| dv zhoo1 Wuds ixqfwlrqv ri xqlwdwlrq/ rq wkh

rwkhu kdqg/ duh ghfhswlyh1 Wkh wuds ixqfwlrq lqvwdqfhv pdsshg lqwr kljko| frqqhfwhg/ kdug EQv/

zklfk fdq eh pdgh ghfhswlyh1 Kloo ixqfwlrqv ri xqlwdwlrq duh vlplodu wr wuds ixqfwlrqv ri xqlwdwlrq/

exw wkh| duh qrw ghfhswlyh xqghu wkh fxuuhqw gh�qlwlrq1 Wkh lqvwdqfhv frqvlghuhg zhuh vwloo pdsshg

wr kljko| frqqhfwhg EQv1 Krzhyhu/ ryhudoo wkh vnhzqhvv lq wkh frqglwlrqdo glvwulexwlrqv zdv vpdoohu

iru wkh kloo EQ wkdq iru wkh wuds EQv1

Erwk wkh wuds dqg wkh kloo ixqfwlrqv jlyh kljko| frqqhfwhg Ed|hvldq qhwzrunv/ vxjjhvwlqj wkdw

wkh| duh lq d vhqvh gl!fxow1 Lq uhwurvshfw/ wklv dsshduv uhdvrqdeoh vlqfh ixqfwlrqv ri xqlwdwlrq duh

joredo/ phdqlqj wkdw wkh hqwluh vwulqj lv wdnhq lqwr dffrxqw iru �wqhvv frpsxwdwlrq1 Krzhyhu/ zkhq

wkh vnhzqhvv ri wkh frqglwlrqdo glvwulexwlrqv lv dovr wdnhq lqwr dffrxqw/ wkh kloo EQv duh jhqhudoo|

ohvv vnhzhg wkdq wkh wuds EQv/ vxssruwlqj wkh lqwxlwlrq wkdw kloo EQv duh chdvlhu* wkdq wuds EQv1

Zkloh wkh frqvwuxfwlrq xqghuo|lqj wkh rqhpd{/ wuds/ dqg kloo ixqfwlrqv zdv edvhg rq hqxphud0

wlrq/ zh kdyh dovr lqyhvwljdwhg 70qrgh sdudphwul}hg EQv/ edvlqj wkhp rq ghfhswlyh wuds ixqfwlrqv1

Wklv lv dq dssurdfk zklfk surplvhv wr vfdoh ehwwhu wkdq wkh suhylrxv rqh1

Ixwxuh zrun lq wkuhh duhdv vwdqgv rxw= v|vwhpdwlf h{shulphqwdwlrq/ rwkhu phdvxuhv ri ixqfwlrq

gl!fxow|/ dqg rwkhu dvshfwv ri wkh uhodwlrq ehwzhhq ixqfwlrqv ri xqlwdwlrq dqg EQv1 Uhjduglqj

v|vwhpdwlf h{shulphqwdwlrq/ wkh dssurdfk ghvfulehg khuh fdq eh xvhg wr fuhdwh EQv iru v|vwhpdwlf

h{shulphqwdwlrq/ dorqj wkh iroorzlqj olqhv= Vxssrvh zh kdyh d ghfhswlyh EQ frqvlvwlqj ri n qrghv

\�> ===> \&1 Qrz zh fdq frqvwuxfw d EQ frqvlvwlqj ri q qrghv e| pdnlqj f frslhv ri wkh n qrghv dv
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Su+[�> ===>[?, @
S\

�'�

Su+\�� > ===>[?�,=

Wkhuh duh vhyhudo sdudphwhuv wr ydu| zkhq frqvwuxfwlqj wkhvh qhwzrunv/ hyhq zkhq wkh| duh

frqvwuxfwhg iurp ixqfwlrqv ri xqlwdwlrq= Vl}h ri ghfhswlrq/ vl}h ri ghfhswlyh qhwzrun/ qxpehu ri

ghfhswlyh vxe0qhwzrunv/ dqg vljqdo gl�huhqfh ehwzhhq ghfhswlyh dqg qrq0ghfhswlyh rswlpd1

Uhjduglqj rwkhu dvshfwv uhodwhg wr ixqfwlrqv ri xqlwdwlrq dqg EQv/ dgglwlrqdo uhvhdufk lv qhhghg

wr h{dfwo| irupdol}h wkh frqglwlrqv xqghu zklfk EQv duh ghfhswlyh ru qrq0ghfhswlyh/ vlplodu wr wkdw

grqh iru ixqfwlrqv ri xqlwdwlrq ^Ghe dqg Jrogehuj/ 4<<6`1 Vhfrqg/ rqh frxog lqyhvwljdwh hpslulfdoo|

wkh ghjuhh wr zklfk wkhuh lv ghfhswlrq lq vrph cqdwxudo* EQv/ l1h1 EQv wkdw kdyh ehhq ghyhorshg

iru dssolfdwlrq sxusrvhv1 Wklug/ fhuwdlq h{whqvlrqv pd| eh pdgh wr wkh frqvwuxfwlrq lq Vhfwlrq 719=

dyrlg }hur lq wdeohv vxfk dv Wdeoh 7146 deryh> jhqhudol}h dujxphqw deryh/ vr wkdw lw dssolhv wr EQv

ri dq| vl}h/ qrw mxvw wkh 70qrgh rqh> lqyhvwljdwh gursslqj hgjhv lq wkh ghfhswlyh EQ prgho/ vlqfh

ixoo| frqqhfwhg EQv duh uhdolvwlf rqo| iru EQv ri vpdoo vl}h +dqg lq idfw/ wkh hgjh wr qrgh udwlr lq

dssolfdwlrq EQv lv vxusulvlqjo| orz,1
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Fkdswhu 8

Wkh Vwrfkdvwlf Juhhg| Vhdufk
Dojrulwkp

Lq wklv fkdswhu zh suhvhqw d vwrfkdvwlf orfdo vhdufk dojrulwkp/ vwrfkdvwlf juhhg| vhdufk +VJV,/

zklfk dovr kdv d vwrfkdvwlf lqlwldol}dwlrq frpsrqhqw1 Wkh fruh ri VJV lv d jhqhudol}dwlrq ri wkh

JVDW ^Vhopdq hw do1/ 4<<5/Vhopdq hw do1/ 4<<7` dojrulwkp wr wkh suredelolvwlf fdvh1 Zh lqwurgxfh

dqg h{shulphqw zlwk wzr yduldwlrqv ri wkh jdlq +ru fkdqjh lq xwlolw|, ixqfwlrq/ wkh fruh ri wkh

dojrulwkp1 Rqh ri wkh jdlq ixqfwlrqv/ JPSH jdlq/ lv d jhqhudol}dwlrq ri JVDW/ zkloh wkh rwkhu

jdlq ixqfwlrq/ Eodqnhw jdlq/ lv d suredelolvwlf yhuvlrq ri wkh JVDW jdlq1

Rxu uhvhdufk rq vwrfkdvwlf orfdo vhdufk kdv dq dojrulwkplf frpsrqhqw/ VJV/ dqg d phwkrgrorjl0

fdo frpsrqhqw1 Wkh dojrulwkplf frpsrqhqw lv wkh pdlq wrslf ri wklv fkdswhu/ zkloh wkh phwkrgrorj0

lfdo dvshfwv duh lq irfxv lq Fkdswhu 91 Krzhyhu/ vlqfh wkh mxvwl�fdwlrq iru VJV lv wr eh h�hfwlyh rq

fhuwdlq EQv zkhuh h{dfw lqihuhqfh lv kdug/ zh eulh | suhylhz rxu dssurdfk wr v|vwhpdwlfdoo| vwxg|

wkh vfdodelolw| ri dojrulwkpv iru PSH frpsxwdwlrq1 Iluvw/ jlyhq wkdw udqgrpo| jhqhudwhg qhwzrunv

jlyh/ lq jhqhudo/ hdv| lqihuhqfh wdvnv dqg duh wkhuhiruh qrw xvhixo +dqg pd| hyhq eh plvohdglqj, iru

vfdodelolw| vwxglhv/ zh ghyhors d zd| wr jhqhudwh lqfuhdvlqjo| kdughu EQv lq d v|vwhpdwlf zd|1 Zh

vkrz krz wr jhqhudwh EQv iru zklfk frpsxwlqj wkh PSH lpsolhv lghqwli|lqj d vdwlvi|lqj dvvljqphqw

ri d fruuhvsrqglqj FQI irupxod1 Zh wkhq exlog rq zrun wkdw kdv ehhq grqh lq wkh ghwhuplqlvwlf

fdvh ^Plwfkhoo hw do1/ 4<<5`/ dqg jhqhudwh kdug lqvwdqfhv ri wkhvh sureohpv1 H{whqvlyh h{shulphqwv

kdyh ehhq grqh zlwk rqh ri wkh ehvw suredelolvwlf lqihuhqfh sdfndjhv dydlodeoh/ wkh Kxjlq v|vwhp/

zklfk lv edvhg rq foxvwhulqj dqg sursdjdwlrq lq mrlq wuhhv ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;/Gdzlg/

4<<5` � vhh dovr Vhfwlrq 51515 iru d suhvhqwdwlrq ri foxvwhulqj1 Wkhvh h{shulphqwv vkrz wkdw wkh

foxvwhulqj dssurdfk kdv vljql�fdqw sureohpv frpsxwlqj wkh PSH ri lqfuhdvlqjo| kdug lqvwdqfhv/
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Iljxuh 814= Looxvwudwlqj wkh fulwhulrq ri fkrlfh frqfhsw iru vwrfkdvwlf juhhg| vhdufk lq wkh frqwh{w
ri fkrrvlqj ehwzhhq folpelqj qruwk +Q, dqg hdvw +H,1 Wr wkh ohiw/ folpelqj Q/ zklfk orfdoo| jlyhv
wkh ehvw jdlq/ lv joredoo| rswlpdo1 Wr wkh uljkw/ folpelqj Q/ zklfk vwloo jlyhv wkh ehvw jdlq orfdoo|/
grhv qrw ohdg wr d joredoo| rswlpdo vroxwlrq1 Lq rughu wr uhdfk wkh joredo rswlpxp wr wkh uljkw/ dw
ohdvw suredelolvwlfdoo|/ rqh fdq xvh d vwrfkdvwlf fulwhulrq ri fkrlfh/ vxfk wkdw rqh vrphwlphv fkrrvhv
H udwkhu wkdq Q/ hyhq wkrxjk wkh odwwhu lv orfdoo| vxshulru1

xqwlo lw euhdnv grzq frpsohwho| dqg uhtxluhv dq xquhdvrqdeoh dprxqw ri wlph1 Iru fhuwdlq EQv/

VJV shuirupv vhyhudo rughuv ri pdjqlwxgh ehwwhu wkdq wkh Kxjlq v|vwhp1

Lq wklv fkdswhu/ zh h{shulphqw zlwk rxu vwrfkdvwlf orfdo vhdufk dojrulwkp rq dssolfdwlrq EQv1

Zh �qg wkdw rxu dojrulwkp lv txlwh h�hfwlyh rq wkhvh qhwzrunv/ dqg shuirupv frpsdudeo| wr Kxjlq1

Khuh/ rqh vljql�fdqw frpsrqhqw lq wkh vxffhvv ri wkh dojrulwkp lv wkh vwrfkdvwlf lqlwldol}dwlrq

prgxoh/ lq sduwlfxodu wkh g|qdplf surjudpplqj dqg iruzdug vlpxodwlrq dojrulwkpv1 Hvvhqwldoo|/

wklv lqlwldol}dwlrq prgxoh vxjjhvwv d jrrg vwduwlqj srlqw wr wkh vwrfkdvwlf orfdo vhdufk frpsrqhqw ri

VJV 1 Wkh g|qdplf surjudpplqj dojrulwkpv frpsxwh d frpsohwh vroxwlrq ri d +udqgrpo|, vlpsol�hg

qhwzrun/ iru zklfk wkh lqihuhqfh dojrulwkp lv wudfwdeoh1 Wzr rwkhu vljql�fdqw uhdvrqv iru VJV *v

vxffhvv duh wkh delolw| wr h{sorlw gl�huhqw vhdufk dqg lqlwldol}dwlrq dojrulwkpv ru rshudwruv/ dqg dovr

wkh JPSH phdvxuh ri jdlq wxuqv rxw wr eh srzhuixo1

Wkh uhvw ri wklv fkdswhu lv rujdql}hg dv iroorzv1 Vhfwlrq 814 ghvfulehv rxu wrs ohyho vwrfkdvwlf

orfdo vhdufk dojrulwkp1 Vhfwlrq 815 ghvfulehv rshudwru0edvhg VJV / dqg lq Vhfwlrq 816 zh suhvhqw

lqlwldol}dwlrq dojrulwkpv1 Lq Vhfwlrq 817 zh suhvhqw wkh h{shulphqwdo ghvljq dqg uhvxowv1 Vhfwlrq

818 frqfoxghv dqg rxwolqhv ixwxuh zrun1 Fkdswhu 9 lv forvho| uhodwhg wr wklv fkdswhu/ dv lw irfxvhv
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rq v|vwhpdwlfdoo| jhqhudwlqj EQv dqg xvlqj wkhp iru VJV dqg Kxjlq h{shulphqwdwlrq1

814 Vwrfkdvwlf Orfdo Vhdufk

Wklv vhfwlrq suhvhqwv wkh vwrfkdvwlf orfdo vhdufk dojrulwkp/ VJV1 Zh �uvw suhvhqw wkh wrs0ohyho

dojrulwkp/ wkhq zh suhvhqw wkh wzr phdvxuhv ri jdlq/ Eodqnhw jdlq dqg JPSH jdlq1

81414 Wkh Vhdufk Dojrulwkp

Vwrfkdvwlf juhhg| vhdufk +VJV, lv d orfdo vhdufk dojrulwkp dxjphqwhg zlwk vwrfkdvwlf lqlwldol}d0

wlrq dqg qrlvh vwhsv1 VJV lv edvhg rq suhylrxv uhvhdufk rq vwrfkdvwlf orfdo vhdufk iru frpsxwlqj

vdwlvi|lqj dvvljqphqwv lq sursrvlwlrqdo irupxodv ^Vhopdq hw do1/ 4<<5/ Vhopdq hw do1/ 4<<7`1 Wkhuh

lv dovr d vlplodulw| wr wkh vwrfkdvwlf vlpxodwlrq dojrulwkp ^Shduo/ 4<;;` zklfk lv sulpdulo| lqwhqghg

iru eholhi xsgdwlqj exw fdq dovr eh xvhg iru eholhi uhylvlrq1 VJV lv dovr uhodwhg wr LOV +vhh Fkdswhu

5 dqg ^Olq hw do1/ 4<<3/ s1 45<`, dqg VOV ^Ndvn dqg Ghfkwhu/ 4<<<`1 Krzhyhu/ LOV grhv qrw lqfru0

srudwh wkh qrlvh dqg lqlwldol}dwlrq fdsdelolwlhv ri VJV1 VOV/ zklfk zdv ghyhorshg lqghshqghqwo|

dqg frqfxuuhqwo| zlwk VJV/ vkduhv vhyhudo fkdudfwhulvwlfv/ vxfk dv qrlvh � ru vwrfkdvwlf � vwhsv

dqg lqlwldol}dwlrq1 Krzhyhu/ vhyhudo ri wkh ghwdlov duh gl�huhqw lq VJV dqg lq VOV/ lqfoxglqj wkh

lqlwldol}dwlrq dojrulwkpv/ wkh phdvxuhv ri jdlq/ dv zhoo dv wkh idfw wkdw VJV kdv dq rshudwru0edvhg

yduldqw zklfk zh ghvfuleh lq Vhfwlrq 8151

VJV/ zklfk lv suhvhqwhg lq Iljxuh 815/ vwduwv iurp dq h{sodqdwlrq {/ dqg shuirupv orfdo fkdqjhv

wr { lq rughu wr lpsuryh wkh suredelolw| Su+{,1 Gl�huhqw phdvxuhv ri jdlq P / forvho| uhodwhg

wr exw qrw qhfhvvdulo| gluhfwo| edvhg rq Su+{,/ fdq eh xvhg wr jxlgh wkh orfdo fkdqjhv/ dqg zh

suhvhqw EODQNHW dqg JPSH ehorz1 Lq dgglwlrq wr d phdvxuh ri jdlq/ VJV hqfrpsdvvhv wkh

qrwlrq ri fulwhulrq ri fkrlfh F1 Wklv fulwhulrq ghwhuplqhv krz wkh dojrulwkp ghflghv/ edvhg rq

wkh jdlq/ zklfk yduldeoh wr  ls qh{w1 Zh kdyh lqyhvwljdwhg wzr w|shv ri fulwhuld ri fkrlfh/ Pd{

dqg Vwrfkdvwlf1 Wkh �uvw/ Pd{/ fkrrvhv juhhglo| dqg |lhogv fodvvlfdo vwhhshvw0dvfhqw kloo0folpelqj1

Wkh Vwrfkdvwlf fulwhulrq |lhogv suredelolvwlf kloo0folpelqj/ e| suredelolvwlfdoo| ghflglqj zklfk vwdwh

wr  ls/ w|slfdoo| edvhg rq wkh vwdwh*v uhodwlyh xwlolw| dffruglqj wr wkh fkrvhq phdvxuh ri jdlq P 1

Wkh Vwrfkdvwlf fulwhulrq lv uhodwhg wr wkh vwrfkdvwlf vlpxodwlrq dojrulwkp dv zhoo dv wr wkh qrlvh

vwudwhjlhv xvhg lq vwrfkdvwlf orfdo vhdufk ^Vhopdq hw do1/ 4<<7`1 Zkhq zh zdqw wr pdnh wkh jdlq
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P dqg fkrlfh F h{solflw/ zh ghqrwh wkh dojrulwkp VJV2PF/ zlwk P 5 iE>Jj dqg F 5 iP>Vj/
zkhuh E vwdqgv iru Eodqnhw/ J iru JPSH/ P iru Pd{/ dqg V iru Vwrfkdvwlf1 Qrwh wkdw P dqg F

fdq dovr eh yhu| vlpsoh/ ru hvvhqwldoo| e|0sdvvhg/ vxfk dv lq wkh fdvh zkhuh xqlirup qrlvh +QX, lv

dssolhg1 Iru xqlirup qrlvh/ d qrq0hylghqfh qrgh lv �uvw slfnhg dw udqgrp/ dqg wkhq d qhz vwdwh ri

wkdw qrgh lv slfnhg dw udqgrp1

Lqwxlwlrqv ehklqg wkh frqfhswv ri jdlq dqg fulwhulrq ri fkrlfh duh looxvwudwhg lq Iljxuh 8141

Vxssrvh rxu fxuuhqw vwdwh lv zkhuh rqh ri wkh vwduv lv/ dqg zh qhhg wr ghflgh ehwzhhq qruwk +Q,

dqg hdvw +H, dv rxu qh{w vwhs1 D phdvxuh ri jdlq gh�qhv krz zh phdvxuh surjuhvv iru hdfk ri

rxu fdqglgdwh qh{w vwhsv1 D fulwhulrq ri fkrlfh ghwhuplqhv krz zh fkrrvh ehwzhhq wkh gl�huhqw

fdqglgdwh vwhsv/ edvhg rq wkh fdqglgdwh jdlqv/ xvlqj d Pd{ fulwhulrq ru d Vwrfkdvwlf fulwhulrq1 Lq

erwk vlwxdwlrqv lq Iljxuh 814/ d Pd{ fulwhulrq zrxog dozd|v fkrrvh wr vwhs qruwk/ zkloh d Vwrfkdvwlf

fulwhulrq zrxog vwhs qruwk rqo| prvw ri wkh wlph1 Qrwh wkdw lq wkh vlwxdwlrq wr wkh uljkw/ folpelqj H

kdsshqv wr eh wkh ehwwhu fkrlfh/ vlqfh wklv kloo lv kljkhu1 Fohduo|/ lq wkh vlwxdwlrq wr wkh ohiw/ dozd|v

vwhsslqj qruwk lv yhu| jrrg/ zkloh lq wkh vlwxdwlrq wr wkh uljkw lw lv yhu| edg1 Wkh Vwrfkdvwlf

fulwhulrq dyrlgv dozd|v pdnlqj vxfk yhu| jrrg ru yhu| edg fkrlfhv e| folpelqj dffruglqj wr d

suredelolw| glvwulexwlrq1

Wkh VJV lqsxw sdudphwhuv PWULHV +pd{lpxp qxpehu ri wulhv, dqg PIOLSV +pd{lpxp

qxpehu ri  lsv, frqwuro/ uhvshfwlyho|/ krz pdq| uhvwduwv duh shuiruphg dqg krz pdq| orfdo  lsv

duh grqh ehiruh d uhvwduw1 S0QRLVH frqwurov wkh qrlvh ohyho1 Dsso|lqj qrlvh dprxqwv wr wdnlqj

d udqgrp vwhs zlwk suredelolw| S0QRLVH/ dqg wdnlqj d juhhg| vwhs xvlqj wkh fkrvhq phdvxuh ri

surjuhvv zlwk suredelolw| 4� S0QRLVH1 Wkh lqsxw sdudphwhu JDLQ frqwurov zklfk phdvxuh ri

jdlq dqg zklfk phdvxuh ri xwlolw| lv xvhg1 Wkh c sdudphwhu frqwurov wkh whuplqdwlrq ri VJV/ dqg

zh whuplqdwh zkhq dq h{sodqdwlrq e lv irxqg vxfk wkdw wkh xwlolw| ri e lv c +h1j1/ zlwk d suredelolvwlf

surjuhvv phdvxuh zh kdyh Su+e, @ c,1 Rwkhu whuplqdwlrq fulwhuld fdq hdvlo| eh lqfrusrudwhg lqwr

VJV1 Lq sduwlfxodu/ zh kdyh lpsohphqwhg wkh rswlrq ri whuplqdwlqj diwhu h{hfxwlqj VJV iru d

fhuwdlq wlph shulrg/ hyhq wkrxjk wklv lv qrw vkrzq lq Iljxuh 8151

Wkh VJV dojrulwkp uhwxuqv wzr ydoxhv1 Wkh �uvw ydoxh lv d Errohdq ydoxh vljqli|lqj zkhwkhu

vhdufk zdv vxffhvvixo ru qrw> wkh vhfrqg ydoxh e lv wkh h{sodqdwlrq zlwk wkh kljkhvw vfruh1 Wkh

lqsxw ydoxh c @ 3 phdqv wkdw qr qrlvh vkrxog eh dssolhg> lq wklv fdvh VJV lv vxffhvvixo zkhq
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uhdfklqj d orfdo rswlpxp1 Zlwk c A 3/ VJV lv vxffhvvixo li c lv dwwdlqhg1

VJV xvhv FrpsxwhJdlq/ vhh Iljxuh 816/ wr hydoxdwh fdqglgdwh wxsohv/ l1h1 wr frpsxwh wkh jdlq

ri qrghv dqg vwdwhv1 FrpsxwhJdlq lwhudwhv ryhu doo qrghv dqg ryhu doo vwdwhv ri hdfk qrgh [�/

h{foxglqj wkh qrgh*v fxuuhqw vwdwh {�/ dqg frpsxwhv zklfk qrghv duh fdqglgdwhv wr kdyh wkhlu vwdwh

fkdqjhg/ dorqj zlwk wkhlu jdlq1

Wkh FkrrvhVwdwh ixqfwlrq dssolhv wkh fulwhulrq ri fkrlfh dqg slfnv zklfk vwdwh lv  lsshg1 Wkhq/

lq Xwlolw|+{>JDLQ, wkh xwlolw| phdvxuh uhodwhg wr JDLQ lv dssolhg1 Li JDLQ lv EODQNHW/ wkh

zhoo0nqrzq suredelolw| surgxfw xwlolw| ri Htxdwlrq 514 lv xvhg=

Xwlolw|+{>EODQNHW, @ Su+{,=

Li JDLQ lv JPSH/ wkhq wkh iroorzlqj suredelolw| vxp xwlolw| lv xvhg=

Xwlolw|+{>JPSH, @
?[
�'�

Su+{� m �f�
,=

Xvlqj rqh ri wkhvh wzr xwlolw| phdvxuhv zh nhhs wkh ehwwhu h{sodqdwlrq ri { dqg e/ dqg lwhudwh

xqohvv wkh olplw c kdv ehhq uhdfkhg1

Qrwh wkdw FrpsxwhJdlq lpsohphqwv erwk wkh EODQNHW dqg wkh JPSH jdlqv> zklfk rqh lv

xvhg ghshqgv rq wkh ydoxh ri wkh lqsxw sdudphwhu JDLQ1 Zlwklq wkh lqqhu0prvw orrs/ FrpsxwhJdlq

frqwdlqv lpsohphqwdwlrqv ri wkh EODQNHW dqg JPSH phdvxuhv/ zklfk duh suhvhqwhg ehorz1

Zlwklq wkdw orrs wkhuh duh dovr fdoov wr QrghFkloguhqSuredelolw|/ zklfk frpsxwhv wkh xwlolw| ri

qrgh [�*v vwdwh lq h{sodqdwlrq {/ xvlqj wkh xwlolw| jdlq vshfl�hg e| JDLQ1 Lq FrpsxwhJdlq/ zh

kdyh iru vlpsolflw| dvvxphg wkdw doo qrq0hylghqfh qrghv duh lwhudwhg ryhu1 Wkh jhqhudol}dwlrq wr d

vxevhw ri doo qrghv lv hdv|1

81415 Phdvxuh 4= EODQNHW Jdlq

Wr vlpsoli| h{srvlwlrq/ zh dvvxph m
f m @ 5 lq wklv dqg wkh iroorzlqj vxevhfwlrq1 Wkh lqwxlwlrq

ehklqg EODQNHW lv wkdw wkh vwdwh ri d qrgh [ vkrxog eh  lsshg iurp { wr �{ li wklv ohdgv wr d

kljkhu suredelolw| lq wkh h{sodqdwlrq zklfk frqwdlqv wkh lqvwdqwldwlrq { iru qrgh [1 Pruh irupdoo|/
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zh frpsxwh wkh EODQNHW jdlq ��+{> �{,/ zkhuh F� 5 �f =
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,
= +814,

Wkh EODQNHW jdlq lv rewdlqhg dv iroorzv1 Ohw { eh wkh h{sodqdwlrq ehiruh  lsslqj/ {� wkh

h{sodqdwlrq diwhu  lsslqj vrph qxpehu ri qrghv1 D uhdvrqdeoh phdvxuh ri wkh jrrgqhvv ri wkrvh

 lsv lv

�� +{> �{, @
Su+{�,

Su+{,
> +815,

vlqfh wkh suredelolw| ri wkh  lsshg h{sodqdwlrq Su+{�, fdq eh frpsxwhg e| wdnlqj wkh suredelolw|

ri wkh rog h{sodqdwlrq Su+{, dqg pxowlso|lqj lw zlwk wkh jdlq ri Htxdwlrq 815=

Su+{�, @ �� +{> �{,Su+{,=

E| dsso|lqj Htxdwlrq 514/ zh fdq zulwh +815, dv

�� +{>{�, @

T?
�'� Su+{

�
� m ��f�

,T?
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,
>

zkhuh {�� @ {� li qrgh [� zdv qrw  lsshg/ {�� @ �{� li qrgh [� zdv  lsshg/ dqg sduhqw lqvwdqwldwlrqv

��f�
dqg �f�

duh fkdqjhg wr uh hfw wkh  lsshg qrghv1

Li rqo| rqh qrgh [ lv  lsshg/ zh fdq h{sorlw wkh orfdolw| ri wkh EQ wr uhvwulfw wkh dprxqw ri

frpsxwdwlrq qhhghg1 Lq sduwlfxodu/ zh rqo| qhhg wr frqvlghu wkh Pdunry eodqnhw ri [/ wkdw lv wkh

FSW lq [ lwvhoi dv zhoo dv FSWv lq [*v fkloguhq F 5 �f =
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zkhuh \ duh wkh EQ qrghv rwkhu wkdq [ dqg �f / \ @Y�[ ^�f / dqg \� 5 \1 Wklv lv h{dfwo|

wkh EODQNHW jdlq ��+{> �{, +814,1

Wkh lpsohphqwdwlrq ri wkh EODQNHW phdvxuh lq VJV lv vkrzq lq Iljxuh 8161 Wkh dvvljqphqw

wr Rog lv wkh ghqrplqdwru lq EODQNHW/ zkloh wkh dvvljqphqw wr Qhz lv EODQNHW*v qxphudwru1

EODQNHW lv qrw gh�qhg li wkh qxphudwru lv }hur1 Wklv ohdgv xv wr whvw iru }hur lq FrpsxwhJdlq/

dqg wdnh wkh iroorzlqj dfwlrq= Li Rog +qxphudwru lq Htxdwlrq 814, dqg Qhz +ghqrplqdwru lq Htxd0

wlrq 814, duh erwk }hur/ zh gh�qh EODQNHW jdlq wr eh rqh1 Li Rog lv }hur exw Qhz lv qrq0}hur/

zh juhhglo| slfn wkh qhz vwdwh v/ zklfk lv �{ lq wkh elqdu| fdvh/ dqg uhwxuq1 Vr lq wklv fdvh/ zh

duh pruh juhhg| wkdq xvxdo/ vlqfh wkh �uvw vwdwh lq wkh �uvw qrgh zkhuh d  ls ohdgv iurp d }hur

wr d qrq0}hur suredelolw| lv slfnhg dv d fdqglgdwh iru  lsslqj1 Lw lv qrw kdug wr wklqn derxw EQ

wrsrorjlhv zkhuh vxfk dq dssurdfk lv wrr juhhg|/ dqg xvlqj wkh JPSH jdlq zrxog eh ehwwhu1

81416 Phdvxuh 5= JPSH Jdlq

Zh pd| wdnh wkh orjdulwkp ri wkh EODQNHW jdlq lq +814,/ xqghu wkh dvvxpswlrq wkdw doo FSW

hqwulhv lqyroyhg duh qrq0}hur
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Zh qrz gurs wkh dvvxpswlrq wkdw doo FSW hqwulhv lqyroyhg duh qrq0}hur/ vlqfh/ diwhu doo/ }hur hqwulhv

riwhq rffxu lq EQv1 Zh dovr gurs wkh orjdulwkpv/ jlylqj wkh JPSH jdlq

�C+{> �{, @

57Su+�{ m �f, .[
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Su+f m ����
,

68�
57Su+{ m �f, .[

��

Su+f m ���
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68 > +816,

zkhuh F� 5 �f 1 Wkh pdlq dgydqwdjh ri wklv qhz phdvxuh lv wkdw lw lv zhoo0gh�qhg dqg jlyhv d

phdvxuh ri jdlq hyhq zkhq }hur hqwulhv duh lqyroyhg1 Dqg dv zh zloo vhh lq h{shulphqwv/ wklv lv

riwhq yhu| lpsruwdqw1 Dovr/ zh fdq kdqgoh wkh }hur fdvh zlwkrxw frpsolfdwlqj wkh dojrulwkp dv zdv

qhhghg iru EODQNHW�vhh Iljxuh 8161 Rqh fdq uhjdug wkh JPSH jdlq dv d vprrwkhg yduldqw ri

wkh Eodqnhw jdlq/ jlylqj dq dssur{lpdwlrq ri wkh Eodqnhw jdlq1
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Qrwh wkdw wkh JPSH jdlq lv qrw fruuhfw/ wkdw lv d srvlwlyh JPSH jdlq grhv qrw lpso| dq

lqfuhdvh lq dq h{sodqdwlrq*v suredelolw|1 Krzhyhu/ JPSH jdlq lv d vwulfw jhqhudol}dwlrq ri wkh JVDW

jdlq ^Vhopdq hw do1/ 4<<5`/ dqg dv vxfk lw uhpdlqv fruuhfw rq hvvhqwldoo| ghwhuplqlvwlf EQv/ vxfk dv

wkrvh ghvfulehg lq Vhfwlrq 915141 Wkh JVDW phdvxuh lv frqvwuxfwhg iru vdwlv�delolw| irupxodwhg dv

dq rswlpl}dwlrq sureohp/ wkh PD[VDW sureohp1 PD[VDW lv dq rswlpl}dwlrq sureohp zkhuh rqh

rswlpl}hv wkh qxpehu ri vdwlv�hg fodxvhv> fohduo| zkhq rswlpxp lv uhdfkhg lq PD[VDW rqh kdv

dovr vroyhg wkh xqghuo|lqj VDW sureohp1

Wkh uhdvrqlqj ehklqg wkh JVDW jdlq dqg wkh JPSH jdlq vkrzq lq Htxdwlrq 816 lv vlplodu1

Xvlqj wkh JVDW jdlq/ zh  ls wkh yduldeoh zklfk jlyhv wkh kljkhvw lqfuhdvh lq vdwlv�hg fodxvhv1

Xvlqj wkh JPSH jdlq/ zh  ls wkh EQ qrgh zklfk jlyhv wkh kljkhvw lqfuhdvh lq suredelolwlhv zkhq

dgghg +dqg qrw pxowlsolhg dv xvxdo,1 Vr wkh JPSH jdlq lv forvho| uhodwhg wr wkh suredelolw| vxp

xwlolw| phdvxuh1

815 Rshudwru0Edvhg Vwrfkdvwlf Juhhg| Vhdufk

Wkh VJV dojrulwkp zh kdyh frqvlghuhg vr idu kdv ehhq jhqhudol}hg/ jlylqj zkdw zh ghqrwh dq

rshudwru0edvhg yduldqw ri VJV 1 Wkh rshudwru0edvhg VJV uhwdlqv wkh vwuxfwxuh ri vwdqgdug VJV /

zlwk wzr qhvwhg orrsv iru wulhv dqg  lsv/ dqg rqh ru vhyhudo lqlwldol}dwlrqv dw wkh vwduw ri hdfk wu|1

Zkdw lv qhz lq rshudwru0edvhg VJV lv wkdw zkhq dq lqlwldol}dwlrq ru d vhdufk vwhs lv dwwhpswhg/ wkh

dojrulwkp fkrrvhv rqh dprqj d sruwirolr ri rshudwruv1 Wkh fkrlfh lv grqh iroorzlqj d urxqg0urelq

vfkhgxoh ru dffruglqj wr d suredelolw| glvwulexwlrq gh�qhg e| dvvrfldwlqj d suredelolw| zlwk hdfk

rshudwru1 Zh kdyh wkh iroorzlqj fodvvhv ri rshudwruv=

� Lqlwldol}dwlrq rshudwruv= Xqlirup lqlwldol}dwlrq +XQ,/ iruzdug vlpxodwlrq +IV,/ edfnzdug g|0

qdplf surjudpplqj +EGS,/ dqg iruzdug g|qdplf surjudpplqj +IGS,1 Wkhvh rshudwruv duh

suhvhqwhg lq Vhfwlrq 8161

� Vhdufk rshudwruv=

� Juhhg| rshudwruv= JPSH jdlq zlwk pd{ fulwhulrq +JP,/ Eodqnhw jdlq zlwk pd{ fulwh0

ulrq +EP,1 Wkhvh rshudwruv duh hvvhqwldoo| wkh vdph dv wkh fruuhvsrqglqj juhhg| vhdufk

dojrulwkpv suhvhqwhg lq Vhfwlrq 8161
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� Vwrfkdvwlf +qrlvh, rshudwruv= Xqlirup qrlvh +QX,/ Eodqnhw jdlq zlwk vwrfkdvwlf fulwhulrq

+EV,/ JPSH jdlq zlwk vwrfkdvwlf fulwhulrq +JV,/ vwrfkdvwlf vlpxodwlrq +VV,1

Wkh rshudwru0edvhg yduldqw ri VJV/ zklfk zh fdoo RVJV / lv suhvhqwhg lq Iljxuh 8171 RVJV

dovr xvhv d sruwirolr ri vhdufk rshudwruv VhdufkSruwirolr dqg d sruwirolr ri lqlwldol}dwlrq rshudwruv

Lqlwldol}dwlrqSruwirolr1 Lq RVJV / zh dovr pdnh d vwurqjhu glvwlqfwlrq ehwzhhq xwlolw| dqg jdlq wkdq

lq vwdqgdug VJV1 Lq sduwlfxodu/ hdfk rshudwru kdv dq dvvrfldwhg jdlq/ zklfk lv xquhodwhg wr krz

ryhudoo xwlolw| lv frpsxwhg1 Vr/ iru h{dpsoh/ doo rshudwruv fdq xvh JPSH jdlq/ zkloh wkh ryhudoo

xwlolw| ri dq h{sodqdwlrq fdq eh frpsxwhg xvlqj lwv suredelolw| surgxfw xwlolw| ru wkh suredelolw|

vxp xwlolw|1

Wkh vwuxfwxuh ri RVJV lv h{dfwo| olnh wkdw ri VJV = Wkhuh lv dq rxwhu orrs iru wulhv/ dqg dq

lqqhu orrs iru  lsv1 Wkh wkuhh vxeurxwlqhv Lqvwdqwldwh/ Vhdufk dqg FkhfnOlplw gr pxfk ri wkh zrun

lq RVJV / hpsor| wkh Eodqnhw dqg JPSH phdvxuhv ri jdlq/ dqg rshudwh dv iroorzv1 Lqvwdqwldwh+{/

e/ l/ XWLOLW\, lqvwdqwldwhv wkh h{sodqdwlrq {/ xvlqj wkrvh dprqj wkh lqlwldol}dwlrq rshudwruv XQ/

IV/ EGS/ dqg IGS wkdw duh sduw ri wkh Lqlwldol}dwlrqSruwirolr1 Li e lv vhw wr wuxh/ lqlwldol}dwlrq lv

shuiruphg l wlphv/ dqg wkh ehvw ri wkhvh h{sodqdwlrqv/ dffruglqj wr wkh xwlolw| phdvxuh/ lv xvhg dv

edvlv iru vhdufk1 Li e lv vhw wr idovh/ lqlwldol}dwlrq lv shuiruphg rqfh1 Vhdufk+{, shuirupv d vhdufk

vwhs rq wkh h{sodqdwlrq {> xvlqj wkh phdvxuh ri jdlq dvvrfldwhg zlwk wkh fkrvhq vhdufk rshudwru1

Wkh vhdufk rshudwru xvhg lv fkrvhq iurp dprqj wkh vwrfkdvwlf dqg wkh juhhg| rshudwruv lq wkh

VhdufkSruwirolr1 FkhfnOlplw+s> c, uhwxuqv wuxh li c A 3 dqg s . % c � c/ hovh idovh lv uhwxuqhg1

Khuh/ % lv d vpdoo srvlwlyh frqvwdqw/ w|slfdoo| zh xvh % @ 433� wr dyrlg huurqhrxv qrq0whuplqdwlrq

gxh wr qxphulfdo urxqglqj huuruv1

Qrwh krz RVJV lv d jhqhudol}dwlrq ri vwdqgdug VJV > zh fdq uhjdug vwdqgdug VJV *v qrlvh dqg

kloo0folpelqj vwhsv dv wzr rshudwruv fkrvhq iurp d VhdufkSruwirolr ri vl}h wzr/ zkhuh rqh vhdufk

rshudwru lv d juhhg| rshudwru/ wkh rwkhu lv d vwrfkdvwlf rshudwru1 Dqg zh fdq uhjdug vwdqgdug

VJV *v lqlwldol}dwlrq dv dq lqlwldol}dwlrq rshudwru fkrvhq iurp dq Lqlwldol}dwlrqSruwirolr ri vl}h rqh1

Wkh dgydqwdjh ri rshudwru0edvhg VJV frpsduhg wr vwdqgdug VJV lv jhqhudolw| dqg  h{lelolw|/

zklfk ohdgv/ dv zh zloo vhh lq Vhfwlrq 817/ wr ehwwhu shuirupdqfh1 Lq dgglwlrq/ wkh rshudwruv pdnh

RVJV yhu| vlplodu wr d JD/ zklfk pdnhv wkhlu lqwhjudwlrq hdvlhu dv d qh{w vwhs1 Dqg wkh vwdqgdug

VJV fdq eh vlpxodwhg xvlqj wkh rshudwru0edvhg VJV / vr wkh ixqfwlrqdolw| ri vwdqgdug VJV lv qrw
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orvw1 Wkh pdlq glvdgydqwdjh zlwk rshudwru0edvhg VJV lv wkdw lw lv d olwwoh vorzhu/ gxh wr wkh

ryhukhdg dvvrfldwhg zlwk wkh rshudwruv1 Krzhyhu/ zh kdyh irxqg lw wr eh rqo| dssur{lpdwho| 53(

vorzhu/ dqg lwv ehqh�wv rxwzhljkwv wklv frvw1 Lq wkh iroorzlqj/ zh riwhq gr qrw glvwlqjxlvk ehwzhhq

wkhvh wzr yduldqwv ri VJV 1

816 Lqlwldol}dwlrq Dojrulwkpv

Vwrfkdvwlf orfdo vhdufk fdq eh lpsuryhg e| vwduwlqj iurp d jrrg lqlwldo h{sodqdwlrq1 Zh kdyh

lqyhvwljdwhg wkh iroorzlqj lqlwldol}dwlrq dojrulwkpv iru vwrfkdvwlf jhqhudwlrq ri lqlwldo h{sodqdwlrqv=

xqlirup lqlwldol}dwlrq/ iruzdug vlpxodwlrq/ iruzdug g|qdplf surjudpplqj/ dqg edfnzdug g|qdplf

surjudpplqj1 Wkhvh vwrfkdvwlf lqlwldol}dwlrq dojrulwkpv/ zkr doo kdyh d frpsoh{lw| ri R+q,/ duh

suhvhqwhg lq wkh iroorzlqj1

Xqlirup lqlwldol}dwlrq +XQ, dvvljqv lqlwldo vwdwhv lqghshqghqwo| dqg xqlirupo| dw udqgrp1 Wkh

dojrulwkp jrhv wkurxjk doo qrghv/ dqg li d qrq0hylghqfh qrgh [ lv hqfrxqwhuhg/ hdfk vwdwh kdv d

suredelolw| ri 4@m
f m ri ehlqj fkrvhq1 Iruzdug vlpxodwlrq +IV, lv d zhoo0nqrzq EQ vlpxodwlrq

dojrulwkp ^Khqulrq/ 4<;;`= Urrw qrghv U duh lqlwldol}hg lqghshqghqwo| dw udqgrp dffruglqj wr

wkhlu sulru glvwulexwlrq Su+U,/ zkloh qrq0urrw qrghv duh lqlwldol}hg dffruglqj wr wkhlu frqglwlrqdo

glvwulexwlrqv Su+Y m �T ,/ dqg rqo| diwhu wkhlu sduhqw qrghv �T kdyh ehhq lqlwldol}hg1 Hylghqfh

qrghv duh ri frxuvh qrw fkdqjhg1

Wkh g|qdplf surjudpplqj +GS, lqlwldol}dwlrq dojrulwkpv duh edvhg rq wkh Ylwhuel dojrulwkp

^Udelqhu/ 4<;<`1 Wkh Ylwhuel dojrulwkp/ diwhu rxu jhqhudol}dwlrq ri lw wr EQv/ fruuhfwo| frpsxwhv

dq PSH lq EQv zklfk duh wuhhv1 Vr rq EQv zklfk duh cforvh* wr ehlqj wuhhv zh dovr h{shfw wkhvh

dojrulwkpv wr zrun zhoo1 Wkhvh dojrulwkpv vsolw d EQ lqwr wuhhv/ lqlwldol}h hdfk wuhh lqghshqghqwo|/

dqg wkhq frpelqh wkh h{sodqdwlrqv lq hdfk wuhh wr jlyh dq h{sodqdwlrq iru wkh hqwluh EQ1

Edfnzdug g|qdplf surjudpplqj +EGS, lv lqvsluhg e| wkh edfnzdug Ylwhuel dojrulwkp1 Iluvw/

EGS glylghv wkh EQ lqwr wuhhv/ vwduwlqj iurp wkh urrw qrghv1 Wklv lv grqh xvlqj vwrfkdvwlf ghswk0

�uvw vhdufk/ vxfk wkdw gl�huhqw wuhhv duh w|slfdoo| frqvwuxfwhg hdfk wlph1 Vhfrqg/ EGS vhwv xs wkh

GS duud|v/ vwduwlqj iurp wkh ohdi qrghv1 Wkh GS duud|v duh rqh qxphulfdo duud| dqg rqh vwdwh

duud| shu EQ qrgh1 Wklug/ EGS frqvwuxfwv dq h{sodqdwlrq e| iruzdug sursdjdwlrq ryhu wkh GS

duud|v1
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EQ sdudphwhuv Kxjlq
Qhwzrun Q H H2Q Frpsloh H{hfxwh Wrwdo Sursv
Eduoh| 7; ;7 4=:8 43=7; 68 78=;7 :

Olqn :57 4458 4=88 6< 554; 558: 48:

Pxqlq4 4;< 5;5 4=7< 47:=< 464=5 5:<=4 4

Sljv 774 8<5 4=67 4=5;4 5;=35 5<=6 444

Slu6 476 49; 4=4: 3=37: 3=348 3=395 6

Zdwhu 65 99 5=39 5=79< 5=3:; 7=87: 4

Wdeoh 814= Shuirupdqfh ri Kxjlq rq dssolfdwlrq Ed|hvldq qhwzrunv1 Wkh uhvxowv lq wkh Wrwdo froxpq
duh iru frpsxwlqj dq PSH dqg duh lq vhfrqgv1 Wkh Frpsloh dqg H{hfxwh froxpqv jlyh wkh wlph
wdnhq lq hdfk ri wkhvh wzr skdvhv> Sursv jlyhv wkh qxpehu ri sursdjdwlrqv lq wkh h{hfxwlrq skdvh1

Iruzdug g|qdplf surjudpplqj +IGS, lv lqvsluhg e| wkh iruzdug Ylwhuel dojrulwkp1 IGS zrunv

vlplodu wr EGS/ exw vwduwv vwrfkdvwlf vhdufk iurp wkh ohdi qrghv/ frqvwuxfwv GS duud|v iurp wkh

urrw qrghv/ dqg shuirupv edfnzdug sursdjdwlrq iurp wkh ohdi qrghv1

Zh lqwurgxfh wkh iroorzlqj whuplqrorj| iru EQv zlwk wuhh wrsrorj|1 D iruzdug wuhh lv d EQ

wuhh zkhuh IGS frpsxwhv dq PSH1 D edfnzdug wuhh lv d EQ wuhh zkhuh EGS frpsxwhv dq PSH1

Zh riwhq xvh wkh vdph qrwdwlrq dv iru vhdufk rshudwruv wr lqglfdwh zklfk lqlwldol}dwlrq rshudwruv

duh sduw ri wkh Lqlwldol}dwlrqSruwirolr1 Iru h{dpsoh/ VJV2IGS2EGS phdqv wkdw VJV zlwk IGS

dqg EGS lq wkh Lqlwldol}dwlrqSruwirolr kdv ehhq xvhg1

817 H{shulphqwv

Wkhuh duh vhyhudo zd|v lq zklfk rqh fdq lqyhvwljdwh wkh VJV dojrulwkp hpslulfdoo|1 Lq wkh iroorzlqj/

wkh pdlq irfxv lv rq dssolfdwlrq lqvwdqfhv1 Vhfwlrq 81714 fryhuv wkh h�hfw ri xvlqj gl�huhqw vhdufk

rshudwruv/ zkloh Vhfwlrq 81715 fryhuv wkh h�hfw ri dsso|lqj gl�huhqw lqlwldol}dwlrq rshudwruv1

Vlqfh VJV lv lqfrpsohwh/ rqh txhvwlrq lv zkhq lw vkrxog frqfoxgh wkdw lw kdv irxqg dq PSH1

Wklv lv frqwuroohg e| wkh ydoxhv ri wkh VJV dqg RVJV sdudphwhuv PWULHV/ PIOLSV/ W4@ / dqg c1

JVDW olwhudwxuh vd|v wkdw c^d`v d urxjk jxlgholqh/ vhwwlqj PIOLSV htxdo wr d ihz wlphv wkh qxpehu

ri yduldeohv lv vx!flhqw* ^Vhopdq hw do1/ 4<<5`1 Iru ZVDW/ d yduldqw ri JVDW zlwk pruh gluhfwhg

qrlvh vwhsv ^Vhopdq hw do1/ 4<<7`/ w|slfdoo| yhu| ihz wulhv/ zlwk fruuhvsrqglqj orz PWULHV ydoxhv/

duh xvhg ^Vhopdq hw do1/ 4<<7`1 Dqrwkhu sdudphwhu wkdw lv lpsruwdqw lv qrlvh ohyho S0QRLVH/ dqg

rqh dovr qhhgv wr vhw wklv1 Lq wkh iroorzlqj/ zh kdyh xvhg h{lvwlqj uhvxowv dv jxlgholqhv dv zhoo dv
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Ed|hvldq Vhwwlqjv VJV2Pl{ VJV2EP VJV2EV VJV2JP VJV2JV
Qhwzrun W4@ I4@ W V W V W V W V W V
Eduoh| 8;4 <9 598=7 < 8;4=4 3 8;4 3 53< < 77;=9 6

Olqn 558: 477; :5=7< 43 96=; 43 558: 3 ;9=9< 43 476=: 43

Pxqlq4 59;; 6:; 44=;8 43 48=78 43 5365 8 ;=385 43 4:=;7 43

Sljv 7<6 ;;5 447=6 43 7<6 3 7<6 3 47:=: 43 74<=< 5

Slu6 95 5;9 4=:<< 43 4=<6; 43 6=3<4 43 4=389 43 5=7<7 43

Zdwhu 939 97 3=8:5 43 5=399 43 5=6<4 43 4=48; 43 4=33 43

Wdeoh 815= Shuirupdqfh ri vwrfkdvwlf juhhg| vhdufk xvlqj gl�huhqw vhdufk dojrulwkpv rq dssolfdwlrq
Ed|hvldq qhwzrunv1 W6@% dqg I6@% jlyh lqirupdwlrq derxw wkh wlph0rxw olplw dqg wkh pd{ qxpehu
ri  lsv uhvshfwlyho|1 Wkh Pl{ sruwirolr lv d frpelqdwlrq ri wkh EP/ JP/ EV/ dqg JV vhdufk
rshudwruv dqg wkh XQ/ IV/ IGS/ dqg EGS lqlwldol}dwlrq rshudwruv1 Wkh uhvxowv lq wkh W froxpqv
duh iru frpsxwlqj dq PSH dqg duh lq vhfrqgv1 Wkh uhvxowv lq wkh V froxpqv suhvhqw wkh qxpehu ri
wlphv dq PSH zdv irxqg1 Wlph vshqw rq lqlwldol}dwlrq lv lqfoxghg lq wkh wlph wdnhq iru wkh VJV
dojrulwkp1

Ed|hvldq Vhwwlqjv VJV2Pl{ VJV2XQ VJV2IV VJV2IGS VJV2EGS
Qhwzrun W4@ I4@ W V W V W V W V W V
Eduoh| 8;4 <9 598=7 < 8;4 3 8;4 3 54:=< 43 8;4 3

Olqn 558: 477; :5=7< 43 558: 3 5=76< 43 558: 3 558: 3

Pxqlq4 59;; 6:; 44=;8 43 59;; 3 3=7739 43 789=: 43 59;; 3

Sljv 7<6 ;;5 447=6 43 7<6 3 7<6 3 99=58 43 7<6 3

Slu6 95 5;9 4=:<< 43 95=35 3 95=35 3 94=<5 4 3=344 43

Zdwhu 939 97 3=8:5 43 3=753 43 3=44;: 43 5=43 43 46=55 43

Wdeoh 816= Shuirupdqfh ri vwrfkdvwlf juhhg| vhdufk xvlqj gl�huhqw lqlwldol}dwlrq dojrulwkpv rq
dssolfdwlrq Ed|hvldq qhwzrunv1 Wkh uhvxowv lq wkh W froxpqv duh iru frpsxwlqj dq PSH dqg duh lq
vhfrqgv1 Wkh Pl{ sruwirolr lv d frpelqdwlrq ri wkh EP/ JP/ EV/ dqg JV vhdufk rshudwruv dqg wkh
XQ/ IV/ IGS/ dqg EGS lqlwldol}dwlrq rshudwruv1 Wkh uhvxowv lq wkh V froxpqv suhvhqw wkh qxpehu
ri wlphv dq PSH zdv irxqg1 Wlph vshqw rq lqlwldol}dwlrq lv lqfoxghg lq wkh wlph wdnhq iru wkh VJV
dojrulwkp1
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h{shulphqwhg xqwlo d jrrg sdudphwhu vhwwlqj zdv irxqg1

Iru frpsdulvrq wr VJV/ zh xvh wkh vwdwh0ri0wkh0duw dojrulwkp Kxjlq ^Odxulw}hq dqg Vslhjhokdo0

whu/ 4<;;` ^Gdzlg/ 4<<5`1 Kxjlq xvhv wzr skdvhv wr frpsxwh dq PSH/ d frpslodwlrq skdvh dqg dq

h{hfxwlrq ru sursdjdwlrq skdvh1 Wkh h{hfxwlrq skdvh pd| frqvlvw ri vhyhudo sursdjdwlrqv1 Lq wkh

iroorzlqj/ wkh wrwdo wlph ri wkh frpslodwlrq skdvh dqg wkh h{hfxwlrq skdvh iru Kxjlq wr frpsxwh

dq PSH lv xvhg zkhq frpsdulqj wr VJV1

Iru wkh h{shulphqwv glvfxvvhg khuh/ dv zhoo dv wkrvh uhsruwhg lq Fkdswhu 9/ d Ghoo 743 xvlqj

4JE ri UDP dqg xs wr <JE ri vzds vsdfh kdv ehhq xvhg1 Qrwh wkdw wklv vhwxs idyruv Kxjlq/

zklfk lv UDP0lqwhqvlyh1 Vwrfkdvwlf orfdo vhdufk/ rq wkh rwkhu kdqg/ xvhv yhu| olwwoh UDP1

81714 Dssolfdwlrq Ed|hvldq Qhwzrunv= Gl�huhqw Vhdufk Rshudwruv

Iru wkh dssolfdwlrq EQv/ zh �uvw udq Kxjlq1 Wkh uhvxowlqj PSH suredelolw| zdv wkhq xvhg dv d

xwlolw| olplw c lq VJV/ dqg lq dgglwlrq d wlph olplw W4@ zdv xvhg1 Wkh wlph0rxw W4@ lqsxw wr

VJV ghshqghg rq wkh wlph xvhg e| Kxjlq wr frpsxwh wkh PSH/ ghqrwh wklv wlph WM 1 Jlyhq WM /

W4@ zdv vhw dv iroorzv= Iru 3 ? WM � 3=4 = W4@ @ 4333WM > iru 3=4 ? WM � 43 = W4@ @ 433WM >

iru 43 ? WM � 4333 = W4@ @ 43WM > dqg iru 4333 ? WM ? 4 = W4@ @ WM 1 Xvlqj olplwv c dqg

W4@ pljkw qrw eh qdwxudo lq dssolfdwlrqv/ krzhyhu lw pdnhv rxu frpsdulvrq ehwzhhq dojrulwkpv

pruh lqirupdwlyh1 Vhwwlqjv iru VJV *v sdudphwhuv W4@ dqg PIOLSV +I4@ , duh vkrzq lq Wdeoh

8151 Iru wkh vhdufk rshudwruv/ wkh vhwwlqjv +l, Su+R, @ 3=< dqg Su+QX, @ 3=4/ zkhuh R 5 iEP/

EV/ JP/ JVj dqg +ll, Su+EP, @ 3=58>Su+JP, @ 3=58>Su+EV, @ 3=58> dqg Su+JV, @ 3=58 zhuh

xvhg iru wkh gl�huhqw yduldqwv ri VJV uhvshfwlyho|1

Uhvxowv iru EQv iurp dssolfdwlrqv duh vkrzq lq Wdeoh 814/ Wdeoh 815 dqg lq Iljxuh 8181 Wdeoh

814 vkrzv uhvxowv iru Kxjlq1 Urzv lq Wdeoh 815 vkrz gl�huhqw EQv/ zkloh froxpqv vkrz uhvxowv iru

VJV yduldqwv1 Iru hdfk dojrulwkplf yduldqw/ wkhuh duh wzr froxpqv/ W dqg V1 W jlyhv wkh dyhudjh

wlph ri wkh 43 uxqv shuiruphg shu EQ/ zkloh V suhvhqwv wkh qxpehu ri vxffhvvhv1 Ilqglqj dq PSH

frxqwv dv vxffhvv1

Lq Iljxuh 818 dqg Wdeoh 815/ wkh uhvxowv iurp wkh h{shulphqwv wkdw irfxv rq wkh gl�huhqfhv

ehwzhhq vhdufk rshudwruv duh suhvhqwhg1 Wkh pdlq uhvxowv duh dv iroorzv1 Iluvw/ wkh uhvxowv iru VJV

duh frpsdudeoh wr wkrvh iru Kxjlq1 Lq vrph fdvhv/ qrwdeo| iru Eduoh|/ Sljv/ dqg Slu6/ Kxjlq lv
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idvwhu/ zkloh iru Olqn/ Pxqlq4/ dqg Zdwhu/ VJV lv idvwhu dqg kdv d shuihfw vxffhvv vfruh/ erwk iru

VJV2JP2QX dqg iru VJV2Pl{1 Vhfrqg/ wkh pl{wxuh yduldqw VJV2Pl{ lv frqvlvwhqwo| wkh ehvw

ru vhfrqg ehvw VJV yduldqw1 Wkhuhiru/ xvlqj doo dydlodeoh vhdufk rshudwruv lv dq hdv| zd| wr jlyh

yhu| jrrg shuirupdqfh1 Wklug/ zklfk vhdufk rshudwru lv ehvw ghshqgv rq wkh EQ dw kdqg1 Iru

wkh Eduoh| EQ/ wkh eodqnhw rshudwruv VJV2EV2QX dqg VJV2EP2QX gr qrw zrun zhoo/ zkloh

VJV2JP2QX grhv1 Wkh uhdvrq iru wklv lv suredeo| wkdw Eduoh| kdv pdq| vpdoo suredelolwlhv s

lq wkh udqjh 4=3 � 4332 ? s ? 4=3 � 433D/ jlylqj xqghu rz/ dqg rqh lv pruh olnho| wr ryhufrph

wkhvh sureohpv zkhq wkh JPSH jdlq lv xvhg1 Iru wkh Olqn dqg Pxqlq4 EQv/ VJV2EV2QX grhv

qrw zrun zhoo/ zkloh wkh rwkhu VJV yduldqwv gr1 Wkh JPSH yduldqwv zrun zhoo ehfdxvh ri doo wkh

ghwhuplqlvwlf frqvwudlqwv lq wkhvh EQv> wkh uhdvrq iru wkh gl�huhqfh ehwzhhq wkh eodqnhw yduldqwv

lv qrw zhoo xqghuvwrrg1 Wkh Sljv EQ lv d pruh h{wuhph yduldqw ri Olqn dqg Pxqlq4/ lq whupv ri

wkh gl�huhqfh ehwzhhq shuirupdqfh ri VJV yduldqwv1 Lq wkh wzr odvw EQv/ Slu6 dqg Zdwhu/ doo ri

wkh dojrulwkpv kdyh shuihfw vfruhv/ dqg wkh lqihuhqfh wlphv duh qrw pxfk gl�huhqw1

81715 Dssolfdwlrq Ed|hvldq Qhwzrunv= Gl�huhqw Lqlwldol}dwlrq Rshudwruv

Lq d vhfrqg vhw ri h{shulphqwv zlwk dssolfdwlrq EQv/ wkh irfxv zdv rq lqyhvwljdwlqj wkh h�hfw

ri wkh lqlwldol}dwlrq rshudwruv1 Wkh h{shulphqwdo dssurdfk xvhg lv vlplodu wr wkh rqh ghvfulehg

lq Vhfwlrq 81714/ zlwk wkh hvvhqwldo gl�huhqfh wkdw lqlwldol}dwlrq rshudwruv duh xvhg rqh dw d wlph

dfurvv doo EQv/ zkloh wkh vdph EP2JP2EV2JV sruwirolr ri vhdufk rshudwruv lv hpsor|hg iru doo

lqlwldol}dwlrq rshudwruv1 Vhdufk rshudwruv zhuh lqyrnhg suredelolvwlfdoo|/ zlwk xqlirup suredelolw|1

Qrwh wkdw VJV2Pl{ lq Wdeoh 815 lv h{dfwo| wkh vdph yhuvlrq ri VJV dv VJV2Pl{ lq Wdeoh 8161

Lq Iljxuh 819 dqg Wdeoh 816/ wkh uhvxowv iurp wkh h{shulphqwv wkdw irfxv rq gl�huhqw lqlwldol}dwlrq

dojrulwkpv duh suhvhqwhg1 Wkh pdlq uhvxowv duh dv iroorzv1 Iluvw/ zklfk lqlwldol}dwlrq rshudwru lv

ehvw lv lq jhqhudo yhu| ghshqghqw rq wkh EQ dw kdqg/ krzhyhu wkh pl{wxuh XQ2IV2IGS2EGS

shuirupv frqvlvwhqwo| zhoo1 Iru wkh Eduoh| EQ/ rqo| VJV2IGS dqgVJV2Pl{ zrun zhoo1 Wklv lv

gxh wr Eduoh|*v wrsrorj|/ zklfk lv forvh wr ehlqj d iruzdug wuhh/ lq zklfk IGS zrunv shuihfwo|1 Iru

wkh Olqn EQ/ rqo| VJV2IV dqgVJV2Pl{ zrun/ ehfdxvh ri doo wkh ghwhuplqlvwlf frqvwudlqwv lq wkhvh

EQv1 Pxqlq4 lv lq vhyhudo zd|v vlplodu wr Olqn/ exw khuh/ vxusulvlqjo|/ VJV2IGS dovr zrunv zhoo1

Iru wkh Sljv EQ/ rqo| VJV2IGS dqgVJV2Pl{ zrun/ djdlq ehfdxvh ri wkh EQv wrsrorj|/ zklfk lv
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forvh wr d iruzdug wuhh1 Iru wkh Slu6 EQ/ erwk ri wkh g|qdplf surjudpplqj rshudwruv zrun/ zkloh

wkh rwkhu wzr lqlwldol}dwlrq rshudwruv gr qrw1 Wkh uhdvrq iru wklv lv Slu6*v forvh wr wuhh0vkdshg

wrsrorj|> vrph sduwv ri wklv EQ duh iruzdug wuhhv/ zkloh rwkhu sduwv duh edfnzdug wuhhv1 Qrwlfh

wkdw wkh EGS yduldqw lv pxfk ehwwhu/ dqg wklv lv frqvlvwhqw zlwk wkh wrsrorj|1 Zdwhu lv wkh rqo|

EQ lq zklfk doo lqlwldol}dwlrq rshudwruv kdyh shuihfw vfruhv1 Wkh uhdvrq iru wklv lv wkdw wklv EQ kdv

d od|huhg wrsrorj| zlwk erwk iruzdug dqg edfnzdug wuhh dvshfwv1 Wkhuh duh pdq| ghwhuplqlvwlf

frqvwudlqwv zklfk fdq eh xwlol}hg e| iruzdug vlpxodwlrq/ dqg vlqfh dssur{lpdwho| 83( ri wkh FSW

hqwulhv lq Zdwhu duh }hur/ dqg wkh judsk lv wkh prvw kljko| frqqhfwhg dprqj wkh whvwhg dssolfdwlrq

EQv/ lw lv qrw vxusulvlqj wkdw VJV2IV lv wkh zlqqhu1

Vhfrqg/ zlwk wkh h{fhswlrq ri Zdwhu/ wkh xqlirup lqlwldol}dwlrq +XQ, shuirupv srruo|/ dqg hyhq

iru Zdwhu lw lv rxwshuiruphg e| iruzdug vlpxodwlrq +IV,1 Lw dsshduv txlwh hdv| wr �qg dq PSH lq

Zdwhu> lq idfw wklv lv wkh rqo| EQ lq zklfk doo lqlwldol}dwlrq rshudwruv kdyh shuihfw vfruhv1

Wkh idfw wkdw wkhuh lv/ lq jhqhudo/ vxfk d odujh gl�huhqfh lq shuirupdqfh ehwzhhq gl�huhqw

lqlwldol}dwlrq rshudwruv pdnhv xv frqfoxgh wkh iroorzlqj1 Iluvwo|/ lqlwldol}dwlrq sod|v d nh| uroh

zkhq grlqj vwrfkdvwlf orfdo vhdufk lq dssolfdwlrq EQv= xqlirup lqlwldol}dwlrq lv vxffhvvixo lq rqo|

rqh ri wkh EQv1 Vhfrqgo|/ xvlqj d sruwirolr ri lqlwldol}dwlrq dojrulwkpv lv yhu| iuxlwixo1 Iru vrph

EQv/ iru lqvwdqfh wkrvh wkdw kdyh d wuhh wrsrorj| ru d wrsrorj| zklfk lv doprvw d wuhh/ lw hdv| wr

vhh wkdw rqh lqlwldol}dwlrq rshudwru vkrxog rxwshuirup rwkhu rshudwruv1 Krzhyhu/ pruh jhqhudoo|/

lw lv gl!fxow wr suhglfw zklfk lqlwldol}dwlrq rshudwru zloo �qg dq PSH lq wkh vkruwhvw wlph/ dqg lq

vxfk fdvhv wkh sruwirolr dssurdfk sd|v r�1

818 Frqfoxvlrq dqg Ixwxuh Zrun

Wkh pdlq frqwulexwlrq ri wklv fkdswhu lv wkh VJV vwrfkdvwlf juhhg| vhdufk dojrulwkp1 VJV frpelqhv

juhhg| vhdufk/ vwrfkdvwlf vhdufk/ dqg lqlwldol}dwlrq dojrulwkpv1 Zh kdyh suhvhqwhg wzr VJV yduldqwv/

vwdqgdug VJV dqg rshudwru0edvhg VJV1 Zh kdyh vkrzq wkdw VJV rxwshuirupv Kxjlq rq kdug EQv

frqvwuxfwhg iurp vdwlv�delolw| lqvwdqfhv/ dqg rxwshuirupv Kxjlq rq fhuwdlq dssolfdwlrq EQv1 Fruh

idfwruv lq wkh vxffhvv ri VJV duh wkh lqlwldol}dwlrq rshudwruv/ wkh JPSH phdvxuh/ dqg wkh dssurdfk

ri xvlqj d sruwirolr ri rshudwruv iru frpsxwdwlrq1 Wkh sdudgljp iru frqvwuxfwlqj kdug Ed|hvldq

qhwzrunv dqg wkhlu xvh lq ehqfkpdunlqj dojrulwkpv iru frpsxwlqj PSHv lq Ed|hvldq qhwzrunv lv
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suhvhqwhg lq pruh ghwdlo lq Fkdswhu 91

Duhdv iru fxuuhqw dqg ixwxuh zrun lqfoxgh wkh iroorzlqj1 Iluvw/ wkh lpsruwdqw uroh ri lqlwldol}dwlrq

dqg surjuhvv phdvxuhv/ hvshfldoo| lq dssolfdwlrq qhwzrunv/ udlvhv wkh txhvwlrq ri pruh lqwhooljhqwo|

fkrrvlqj wkh ehvw lqlwldol}dwlrq phwkrg iru d jlyhq EQ1 Vhfrqg/ lq orfdo vhdufk/ dq hvvhqwldo txhvwlrq

lv krz wr hvfdsh iurp orfdo plqlpd1 Lq wklv fkdswhu/ rxu dqvzhu kdv ehhq xvlqj qrlvh1 Dqrwkhu

dssurdfk lv xvlqj furvvryhu iurp jhqhwlf dojrulwkpv1 Dowhuqdwlyho|/ wkh wzr phdvxuhv ri jdlq fdq eh

ghfrpsrvhg lqwr wkhlu sduhqw sduw dqg fkloguhq sduw/ dqg rqh frxog xvh wkhvh lqglylgxdoo|1 Pruh

jhqhudoo|/ wkhuh lv srwhqwldo iru dgglwlrqdo k|eulgl}dwlrq/ iru h{dpsoh frpelqlqj vwrfkdvwlf orfdo

vhdufk zlwk Kxjlq/ ru frpelqlqj wkh IGS dqg EGS dojrulwkpv1 Wklug/ dgglwlrqdo lqyhvwljdwlrq

ri zkhq wr whuplqdwh/ rwkhu wkdq xvlqj d xwlolw| ru wlph olplw/ lv qhhghg1
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VJV+PWULHV/ PIOLSV/ S0QRLVH/ JDLQ/ F/ c ,
Lqsxw= PWULHV pd{lpxp & ri uhvwduwv

PIOLSV pd{lpxp & ri  lsv
S0QRLVH qrlvh suredelolw|
JDLQ JPSH ru EODQNHW
F fulwhulrq ri fkrlfh
c olplw

Rxwsxw= e hvwlpdwh ri PSH
erro vxffhvv ru qrw

Lqlwldol}h+e,
iru l# 4 wr PWULHV

Lqlwldol}h+{, ~vwrfkdvwlf lqlwldol}dwlrq�
li +Xwlolw|+{>JDLQ, AXwlolw|+e>JDLQ,, e# {
li +c A 3 dqg Xwlolw|+e>JDLQ, A c, uhwxuq +wuxh/ e,
iru m # 4 wr PIOLSV

Qrlvh# Udqgrp34+, ? S0QRLVH
li +qrw Qrlvh,

FrpsxwhJdlq+{>f>JDLQ/F,
li +Hpsw|+f,,

li +S0QRLVH @ 3, euhdn
hovh Qrlvh# wuxh

hovh
+Qrgh/ Vwdwh,# FkrrvhVwdwh+f>F,~slfn iurp fdqglgdwh duud|�

hqgli
hqgli
li +Qrlvh,

Qrgh# slfn qrgh dw udqgrp
Vwdwh# slfn vwdwh iurp qrgh dw udqgrp

hqgli
{^Qrgh`# Vwdwh ~fkdqjh Vwdwh ri Qrgh lq h{sodqdwlrq {�
li +Xwlolw|+{>JDLQ, A Xwlolw|+e/ JDLQ, e# {
li +c A 3 dqg Xwlolw|+e/ JDLQ, A c, uhwxuq +wuxh/ e,

hqgiru
hqgiru
li +c @ 3, uhwxuq +wuxh/ e, hovh uhwxuq +idovh/ e,

Iljxuh 815= Wkh VJV vwrfkdvwlf juhhg| vhdufk dojrulwkp1
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FrpsxwhJdlq+{>f>JDLQ/F,
Lqsxw= { h{sodqdwlrq

f fdqglgdwhv
JDLQ jdlq w|sh
F fulwhulrq ri fkrlfh

Rxwsxw= f fdqglgdwhv
li +JDLQ @ JPSH, Lqlwldol}h+f> 3, hovh Lqlwldol}h+f> 4,
iru hdfk qrq0hylghqfh qrgh [� 5 [

r# {�
Rog# QrghFkloguhqSuredelolw|+[�>{>JDLQ,
iru hdfk vwdwh v 5 
f�

� {�
{� # v ~wu| vwdwh v lq l0wk qrgh�
Qhz# QrghFkloguhqSuredelolw|+[�>{>JDLQ,
li +JDLQ @ JPSH, Qhw # Qhz 0 Rog
hovh

li +Rog @ 3,
li +Qhz @ 3, Qhw# 4
hovh

Irufh+f> l> v, ~irufh vwdwh v lqwr fdqglgdwh duud| f�
uhwxuq

hqgli
hovh

Qhw # Qhz 2 Rog
hqgli

hqgli
Dgg+f> l> v>Qhw, ~dgg vwdwh v wr fdqglgdwh duud| f�

hqgiru
{� # r ~uhvhw vwdwh wr ruljlqdo ydoxh�

hqgiru

Iljxuh 816= Wkh FKRRVH0QRGH dojrulwkp/ xvhg e| VJV1
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RVJV+PIOLSV/ XWLOLW\/ F/W4@ /c/l ,
Lqsxw= PIOLSV pd{lpxp & ri  lsv

XWLOLW\ VXP ru SURGXFW
W4@ wlph olplw
c olplw
l & ri lqlwldol}dwlrqv wulhg

Rxwsxw= e hvwlpdwh ri PSH
erro vxffhvv ru qrw

Lqvwdqwldwh+e>idovh/l>XWLOLW\,
vwduw# Forfn+,
zkloh +Forfn+,� vwduw ? W4@ ,

Lqvwdqwldwh+{>wuxh/l>XWLOLW\,
iru m # 4 wr PIOLSV

Vhdufk+{,
li +Xwlolw|+{>JDLQ, A Xwlolw|+e/ JDLQ,, e# {
li FkhfnOlplw+Xwlolw|+e/ XWLOLW\,> c, uhwxuq +wuxh/ e,

hqgiru
hqgiru
li +c @ 3, uhwxuq +wuxh/ e, hovh uhwxuq +idovh/ e,

Iljxuh 817= Wkh rshudwru0edvhg VJV vwrfkdvwlf juhhg| vhdufk dojrulwkp1
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Iljxuh 818= H�hfw ri xvlqj gl�huhqw VJV vhdufk rshudwruv rq dssolfdwlrq EQv1 Wkh PSH frpsx0
wdwlrq wlph +erwwrp/ orj vfdoh, dqg vxffhvv udwlr +wrs, iru Kxjlq dqg gl�huhqw yduldqwv ri VJV lv
vkrzq1 Wkh vdph sruwirolr ri lqlwldol}dwlrq rshudwruv lv xvhg iru VJV lq doo fdvhv1
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Iljxuh 819= H�hfw ri xvlqj gl�huhqw VJV lqlwldol}dwlrq dojrulwkpv1 Wkh frpsxwdwlrq wlph +erwwrp,
dqg vxffhvv +wrs, iru Kxjlq dqg gl�huhqw yduldqwv ri VJV lv vkrzq1 Wkh vdph sruwirolr ri vhdufk
dojrulwkpv lv xvhg iru VJV lq doo fdvhv1
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Fkdswhu 9

Kdug dqg Hdv| Ed|hvldq Qhwzrunv

H{shulphqwdo zrun lq Ed|hvldq qhwzrun lqihuhqfh fdq eh shuiruphg xvlqj qhwzrunv iurp dssolfd0

wlrqv/ dv zdv grqh lq Fkdswhu 81 Zkloh wklv dssurdfk lv ydoxdeoh/ wkhuh duh dovr olplwdwlrqv1 Iluvw/

wkh qxpehu ri EQv shu dssolfdwlrq lv w|slfdoo| yhu| vpdoo/ w|slfdoo| rqh/ vrphwlphv xs wr �yh1 Lw lv

lpsrvvleoh wr rewdlq jrrg vwdwlvwlfv xvlqj vxfk vpdoo vdpsohv1 Vhfrqg/ dv zh kdyh vhhq lq Fkdswhu

8/ EQv ydu| frqvlghudeo| dfurvv dssolfdwlrqv lq whupv ri wkh wlph PSH frpsxwdwlrq uhtxluhv/ dqg

lw lv xqfohdu krz pxfk rqh fdq ohduq iurp srrolqj EQv iurp gl�huhqw dssolfdwlrqv1 Wklug/ wkhuh

lv wkh srvvlelolw| wkdw h{lvwlqj EQv pljkw kdyh ehhq hqjlqhhuhg wr jlyh dghtxdwh shuirupdqfh lq

h{lvwlqj lqihuhqfh hqjlqhv/ dqg lw vhhpv yhu| ydoxdeoh wr frqvwuxfw EQv wkdw duh qrw eldvhg lq wklv

zd|1

Dgguhvvlqj wkhvh olplwdwlrqv dvvrfldwhg zlwk xvlqj EQv iurp dssolfdwlrqv iru h{shulphqwv/ wklv

fkdswhu lqyhvwljdwhv d phwkrgrorjlfdo jhqhudwlrq ri EQ lqvwdqfhv vr wkdw d v|vwhpdwlf frpsdulvrq

ri dojrulwkpv fdq eh grqh1 Jhqhudwlqj Ed|hvldq qhwzrunv udqgrpo|/ krzhyhu/ pd| uhvxow lq hdv|

lqihuhqfh sureohpv wkdw gr qrw suhvhqw d fkdoohqjh wr dojrulwkpv dqg pd| qrw uh hfw wkh kdugqhvv

ri uhdolvwlf lqvwdqfhv1 Fduh kdv wr eh wdnhq/ wkhuhiruh/ zkhq udqgrpo| jhqhudwlqj qhwzrunv/ lq rughu

wr frqwuro wkh kdugqhvv ri wkh uhvxowlqj lqihuhqfh sureohp1

Wklv fkdswhu suhvhqwv dq h{shulphqwdo sdudgljp iru v|vwhpdwlfdoo| jhqhudwlqj lqfuhdvlqjo| kdug

lqvwdqfhv xvhg wr frpsxwh wkh prvw suredeoh h{sodqdwlrqv lq Ed|hvldq qhwzrunv1 Dv d nqrzohgjh

uhsuhvhqwdwlrq irupdolvp/ Ed|hvldq qhwzrunv duh txlwh h{suhvvlyh/ dqg wkhuh duh pdq| sdudphwhuv

rqh fdq v|vwhpdwlfdoo| ydu| lq rughu wr jdlq hpslulfdo lqvljkwv1 Zh vwxg| d ihz ri wkhvh vwuxfwxudo

dqg glvwulexwlrqdo sdudphwhuv ri Ed|hvldq qhwzrunv dqg vkrz krz fkdqjlqj wkhp +zkloh pdlqwdlq0

lqj qhwzrun vl}h, fdq fkdqjh wkh kdugqhvv ri wkh sureohp iurp d yhu| vlpsoh lqihuhqfh sureohp wr
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rqh wkdw h{lvwlqj dojrulwkpv fdqqrw kdqgoh1 Dprqj wkh sdudphwhuv zh vwxg| duh wkh udwlr ri wkh

qxpehu ri urrw qrghv wr wkh qxpehu ri qrq0urrw qrghv lq wkh qhwzrun/ wkh luuhjxodulw| ri wkh judsk

dqg wkh glvwulexwlrqdo qdwxuh ri wkh frqglwlrqdo suredelolw| wdeohv1

Zh dovr irfxv rq erxqglqj ru h{wuhph fdvhv/ EQv zklfk duh h{wuhph lq wkh vhqvh ri ehlqj txlwh

xqlirup dorqj wkh glphqvlrq ri lqwhuhvw/ vxfk dv kdylqj rqo| 3@40suredelolwlhv1 Wkh dgydqwdjh ri

vxfk fdvhv lv wkdw/ li fkrvhq fduhixoo|/ wkh| duh yhu| kdug ru hdv| iru rqh ri wkh dojrulwkpv zh vwxg|1

Rxu mxvwl�fdwlrq iru irfxvlqj rq vxfk erxqglqj fdvhv lv wkdw xqohvv rqh rewdlqv uhvxowv wkhuh/ wkh

ohvv h{wuhph fdvhv zloo qrw eh lqwhuhvwlqj/ hlwkhu1 Zkloh wkh irfxv rq h{wuhph fdvhv lv ohvv uhdolvwlf

iurp dq dssolfdwlrq srlqw ri ylhz/ lw pdnhv wkh v|vwhpdwlf h{shulphqwdwlrq pxfk pruh lqirupdwlyh1

Wkh kdugqhvv ri wkh qhwzrunv lv lqyhvwljdwhg h{shulphqwdoo| xvlqj rqh ri wkh prvw vxffhvvixo

frpphufldo lqihuhqfh dojrulwkpv/ Kxjlq/ dorqj zlwk wkh vwrfkdvwlf juhhg| vhdufk dojrulwkp +VJV,

wkdw zh kdyh ghyhorshg/ dqg zklfk lv suhvhqwhg lq Fkdswhu 81 Zkloh erwk dojrulwkpv euhdn grzq

dv wkh kdugqhvv ri wkh sureohp lqfuhdvhv/ zh vkrz wkdw wkh| ydu| vljql�fdqwo| dorqj vrph ri wkh

glphqvlrqv dqg/ vxusulvlqjo|/ wkdw wkh shuirupdqfh ri wkh vwrfkdvwlf vhdufk dojrulwkp ghjudghv

pruh judfhixoo| lq pdq| fdvhv1

Wkh uhvw ri wklv fkdswhu lv rujdql}hg dv iroorzv1 Vhfwlrq 914 lqwurgxfhv lq pruh ghwdlo wkh

phwkrgrorjlfdo srlqwv wr eh pdgh1 Vhfwlrq 915 suhvhqwv wkh VDW dqg NG prghov zh xvh iru jhq0

hudwlqj EQv/ dqg wkh uhodwlrqv ehwzhhq wkhp1 Vhfwlrq 916 glvfxvvhv wkh lqwhudfwlrq ehwzhhq EQ

ihdwxuhv dqg dojrulwkplf kdugqhvv1 Vhfwlrq 917 suhvhqwv h{shulphqwdo hylghqfh/ zkloh Vhfwlrq 918

frqfoxghv dqg glvfxvvhv ixwxuh zrun1 Fkdswhu 8 lv forvho| uhodwhg wr wklv fkdswhu/ dv lw suhvhqwv

wkh VJV lq ghwdlo1

914 Phwkrgrorjlfdo Edfnjurxqg

Hvvhqwldoo| doo wkh lqihuhqfh sureohpv vwxglhg zlwklq wkh Ed|hvldq qhwzrun +EQ, irupdolvp duh

nqrzq wr eh frpsxwdwlrqdoo| kdug ^Frrshu/ 4<<3/ Urwk/ 4<<9/ Vklprq|/ 4<<7`/ dqg jlyhq wkhlu

fhqwudo uroh lq glyhuvh dxwrpdwhg uhdvrqlqj dssolfdwlrqv/ ghyhorslqj khxulvwlfv iru wkhvh sureohpv

lv dq lpsruwdqw uhvhdufk sureohp1 D vljql�fdqw frpsrqhqw ri wklv zrun kdv wr eh h{shulphqwdo

dqg uho| rq wkh jhqhudwlrq ri lqvwdqfhv/ vr wkdw d v|vwhpdwlf frpsdulvrq ri dojrulwkpv fdq eh grqh1

Krzhyhu/ zkloh zruvw fdvh frpsoh{lw| uhvxowv vkrz lqihuhqfh lq yhu| vlpsoh +doehlw odujh, qhwzrunv
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wr eh kdug/ jhqhudwlqj qhwzrunv udqgrpo| pd| whqg wr uhvxow lq hdv| lqihuhqfh sureohpv wkdw gr

qrw suhvhqw d fkdoohqjh wr wkh dojrulwkpv dqg pd| qrw uh hfw wkh kdugqhvv ri uhdolvwlf lqvwdqfhv1

Lq wklv fkdswhu zh vwxg| wkh sureohp ri frpsxwlqj wkh prvw suredeoh h{sodqdwlrq +PSH, lq

Ed|hvldq qhwzrunv dqg suhvhqw dq h{shulphqwdo sdudgljp iru v|vwhpdwlfdoo| jhqhudwlqj lqfuhdvlqjo|

kdug lqvwdqfhv iru frpsxwlqj wkh PSH/ dv zhoo dv d fduhixo vwxg| ri vrph ri wkh idfwruv wkdw

frqwulexwh wr wkh kdugqhvv ri lqihuhqfh1

Zh vwxg| d ihz vwuxfwxudo dqg glvwulexwlrqdo sdudphwhuv ri Ed|hvldq qhwzrunv dqg vkrz krz

fkdqjlqj wkhp +zkloh pdlqwdlqlqj qhwzrun vl}h, fdq fkdqjh wkh kdugqhvv ri wkh sureohp iurp d yhu|

vlpsoh lqihuhqfh sureohp wr rqh wkdw h{lvwlqj dojrulwkpv fdqqrw kdqgoh1 Dprqj wkh sdudphwhuv zh

vwxg| duh wkh udwlr ri wkh qxpehu ri urrw qrghv wr wkh qxpehu ri qrq0urrw qrghv lq wkh qhwzrun/

wkh luuhjxodulw| ri wkh xqghuo|lqj judsk/ dqg wkh glvwulexwlrqdo qdwxuh ri frqglwlrqdo glvwulexwlrq

wdeohv1

Wkh kdugqhvv ri wkh qhwzrunv lv lqyhvwljdwhg h{shulphqwdoo| xvlqj wzr idplolhv ri qhwzrunv dqg

wzr dojrulwkplf dssurdfkhv1 Rxu vhohfwlrq ri idplolhv ri kdug qhwzrunv wr vwxg| h{whqgv uhvhdufk

rq jhqhudwlqj kdug lqvwdqfhv iru vdwlv�delolw| sureohpv ^Plwfkhoo hw do1/ 4<<5`1 Zh vkrz wkh uhodwlrq

ehwzhhq frpsxwlqj wkh PSH dqg lghqwli|lqj d vdwlvi|lqj dvvljqphqw ri d fruuhvsrqglqj FQI

irupxod dqg xvh wklv uhodwlrq wr exlog kdug lqvwdqfhv iru PSH1 Dv d uhvxow/ zh frqfhqwudwh rq wzr

w|shv ri qhwzrunv � wkrvh wkdw duh ghulyhg gluhfwo| iurp lqvwdqfhv ri vdwlv�delolw|/ yld d pdsslqj

zh suhvhqw/ dqg d fodvv ri qhwzrunv lqwurgxfhg lq ^Ndvn dqg Ghfkwhu/ 4<<<`/ iru zklfk zh vkrz wkh

uhodwlrqv wr VDW0olnh qhwzrunv1 Lq erwk fdvhv/ jhqhudwlqj udqgrp qhwzrunv pd| uhvxow lq yhu| hdv|

lqvwdqfhv/ exw d fduhixo vhohfwlrq ri wkh sdudphwhuv dorqj wkh glphqvlrqv zh glvfxvv/ hyhq zkloh

�{lqj wkh vl}h ri wkh qhwzrun/ pd| uhvxow lq qhwzrunv wkdw h{lvwlqj dojrulwkpv fdqqrw kdqgoh1

Dojrulwkplfdoo|/ zh lqyhvwljdwh wzr yhu| gl�huhqw dssurdfkhv1 Zh xvh wkh Kxjlq v|vwhp/ rqh

ri wkh ehvw suredelolvwlf lqihuhqfh sdfndjhv dydlodeoh/ zklfk lv edvhg rq foxvwhulqj dqg sursdjdwlrq

lq mrlq wuhhv ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;/Gdzlg/ 4<<5`1 Hyhq wkrxjk Kxjlq zdv ruljlqdoo|

ghyhorshg iru eholhi xsgdwlqj ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;`/ lw zdv odwhu h{whqghg wr kdqgoh

PSH frpsxwdwlrq ^Gdzlg/ 4<<5`1 Wkh dojrulwkp vwd|v hvvhqwldoo| wkh vdph/ prgxor wkh xvh ri

pd{lpl}dwlrq udwkhu wkdq pdujlqdol}dwlrq iru PSH frpsxwdwlrq/ krzhyhu PSH frpsxwdwlrq fdq

uhtxluh pxowlsoh sursdjdwlrqv1 Vr d EQ zklfk lv kdug iru Kxjlq PSH frpsxwdwlrq zloo dovr eh kdug

45:



iru Kxjlq eholhi xsgdwlqj/ xqohvv wkh kdugqhvv lv rqo| fdxvhg e| d kljk qxpehu ri sursdjdwlrqv1

Wkh vhfrqg dojrulwkp zh xvh lv wkh vwrfkdvwlf vhdufk dojrulwkp VJV/ zklfk zh kdyh ghyhorshg1

Rxu �qglqjv doorz xv wr lghqwli| fohdu wuhqgv lq krz wr jhqhudwh kdug dqg hdv| lqvwdqfhv iru

wkh PSH sureohp/ zkloh vkrzlqj dw wkh vdph wlph vrph lqwhuhvwlqj surshuwlhv ri wkh dojrulwkpv

dqg wkhlu ghshqghqf| rq ydulrxv frqglwlrqv1 Vwuxfwxudoo|/ zh lghqwli| vlplodu wuhqgv iru erwk w|shv

ri qhwzrunv dqg erwk dojrulwkpv1 Ohw Y eh wkh qxpehu ri urrw qrghv lq wkh qhwzrun dqg F eh

wkh qxpehu ri qrq0urrw qrghv1 Wkh udwlr F@Y lv dq lqglfdwlrq wr wkh kdugqhvv sdudphwhu ri wkh

qhwzrun> dv wklv udwlr jurzv/ zkhq �{lqj wkh qxpehu Q @ F.Y ri qrghv lq wkh qhwzrun/ wkh PSH

sureohp ehfrphv kdughu1 Zh lghqwli| d wkuhvkrog skhqrphqd/ wkh ydoxh ri zklfk pd| ghshqg rq

wkh vhwwlqj ri rwkhu sdudphwhuv/ deryh zklfk wkh wlph wr �qg wkh PSH jurzv h{srqhqwldoo|1 D

vhfrqg vwuxfwxudo sdudphwhu zh frqvlghu lv wkh uhjxodulw| ri wkh xqghuo|lqj judsk ri wkh qhwzrun1

Iru wkh foxvwhulqj dqg sursdjdwlrq edvhg dojrulwkp zh vkrz wkdw/ nhhslqj wkh vl}h ri wkh qhwzrun

frqvwdqw/ wkh lqihuhqfh sureohp iru uhjxodu judskv lv kdughu wkdq wkh sureohp iru luuhjxodu judskv1

Shukdsv qrw vxusulvlqjo|/ wklv lvvxh grhv qrw d�hfw wkh vwrfkdvwlf vhdufk dojrulwkp lq d vljql�fdqw

zd|1

Rxu glvwulexwlrqdo vwxg| lv frqfhuqhg zlwk fkdqjlqj wkh qdwxuh ri wkh FSW wdeohv zkloh nhhslqj

wkh vwuxfwxuh ri wkh qhwzrun �{hg1 Zh revhuyh d vljql�fdqw gl�huhqfh ehwzhhq wkh ehkdylruv ri wkh

wzr dojrulwkplf dssurdfkhv zh vwxg|1 Zkloh wkh foxvwhulqj dqg sursdjdwlrq edvhg dojrulwkp vfdohv

yhu| edgo| zkhq wkh FSW frqwdlqv yhu| h{wuhph ydoxhv +qdpho|/ wkh FSW vlpxodwhv orjlfdo jdwhv,

lw ehkdyhv pxfk qlfhu zkhq wkh FSWv duh vprrwkhu1 Txlwh wkh rssrvlwh ehkdylru lv revhuyhg iru

wkh vwrfkdvwlf dojrulwkp/ zklfk lv h{srqhqwldoo| idvwhu wkdq Kxjlq zkhq wkh FSWv kdyh h{wuhph

ydoxhv1 Lq wkh vprrwkhu FSW/ zh irxqg wkdw wkh w|sh ri lqlwldol}dwlrq xvhg lq wkh vwrfkdvwlf

dojrulwkp vljql�fdqwo| d�hfwv wkh lqihuhqfh wlph1

915 Glvwulexwlrqv ri Ed|hvldq Qhwzrunv

Vlqfh lqihuhqfh lq EQv lv frpsxwdwlrqdoo| kdug/ dq lpsruwdqw txhvwlrq lv krz wr v|vwhpdwlfdoo|

vwxg| khxulvwlfv iru wklv sureohp1 Rqh ri wkh pdmru sureohpv rqh idfhv lv wkdw iru pdq| kdug

sureohpv vlpso| jhqhudwlqj udqgrp lqvwdqfhv |lhogv idluo| hdv| sureohp lqvwdqfhv dqg pd| plvohdg

wklv h�ruw ^Dqjoxlq dqg Ydoldqw/ 4<:</Iudqfr dqg Sdxoo/ 4<;6/Fkhhvhpdq hw do1/ 4<<4`1
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Wklv sureohp kdv ehhq dgguhvvhg lq wkh frqwh{w ri vdwlv�delolw|/ lq wkh vhplqdo zrun ri ^Plwfkhoo

hw do1/ 4<<5`/ zkhuh lw zdv vkrzq krz wr jhqhudwh kdug lqvwdqfhv iru 6VDW1 Wkhvh lghdv fdq eh

jhqhudol}hg dqg xvhg wr jhqhudwh kdug lqvwdqfhv iru wkh PSH sureohp1 Wkh edvlf lghd lv wr vwduw

zlwk d FQI irupxod dqg jhqhudwh d EQ lq zklfk wkh PSH fruuhvsrqgv wr d vdwlvi|lqj dvvljqphqw

ri wkh ruljlqdo FQI1 Lq wklv zd| kdug lqvwdqfhv ri vdwlv�delolw| fruuhvsrqg wr kdug lqvwdqfhv ri wkh

PSH sureohp1 Pruhryhu/ wkh wkuhvkrog skhqrphqd lghqwl�hg iru lqvwdqfhv ri vdwlv�delolw|/ qdpho|

wkdw wkh kdugqhvv ri wkh sureohp ghshqgv rq wkh udwlr ri wkh qxpehu ri fodxvhv wr wkh qxpehu ri

yduldeohv/ fdq eh jhqhudol}hg wr wkh fdvh ri Ed|hvldq qhwzrunv1

Zh jhqhudol}h wklv sdudphwhu dqg frqvlghu wkh udwlr F@Y zkhuh Y lv wkh qxpehu ri urrw qrghv lq

wkh qhwzrun dqg F lv wkh qxpehu ri qrq0urrw qrghv1 Wklv wxuqv rxw wr eh wkh qdwxudo jhqhudol}dwlrq

iru wkh idplolhv ri qhwzrunv zh vwxg| dqg/ dv lq wkh fdvh ri Errohdq vdwlv�delolw| zh h{klelw d

wkuhvkrog skhqrphqd/ hyhq zkhq nhhslqj Q @ F . Y �{hg1

Zh frqvlghu wzr idplolhv ri qhwzrunv1 Iluvw zh suhvhqw VDW0olnh qhwzrunv/ lq zklfk wkh pdsslqj

iurp wkh vdwlv�delolw| sureohpv lv idluo| gluhfw1 Wkhq zh glvfxvv d pruh jhqhudo frqvwuxfwlrq/

suhvhqwhg lq ^Ndvn dqg Ghfkwhu/ 4<<<`/ zklfk zh vkrz wr eh yhu| uhodwhg wr wkh VDW qhwzrunv dqg/

dv d uhvxow/ fdq eh vwxglhg iurp wkh vdph srlqw ri ylhz1

Zh vkrxog txdoli| rxu uhvxowv e| srlqwlqj rxw wkdw wkh| rqo| dsso| iru sduwlfxodu dojrulwkpv/ lq

rxu fdvh Kxjlq dqg VJV1 Lq wkh frqwh{w ri VDW/ wkh iroorzlqj kdv ehhq vwdwhg ^Plwfkhoo hw do1/ 4<<5`=

c^Z`h suhvhqw hpslulfdo uhvxowv vkrzlqj wkdw udqgrp lqvwdqfhv ri vdwlv�delolw| fdq eh jhqhudwhg

lq vxfk d zd| wkdw hdv| dqg kdug vhwv ri lqvwdqfhv +iru d sduwlfxodu VDW surfhgxuh/ dq|zd|, duh

suhglfwdeoh lq dgydqfh1* Dowkrxjk wkhuh lv vljql�fdqw hpslulfdo hylghqfh wkdw fhuwdlq kdug sureohp

uhjlrqv fduu| ryhu ehwzhhq dojrulwkpv/ wkhuh lv dv |hw olwwoh wkhruhwlfdo vxssruw iru wklv revhuydwlrq1

91514 Wkh VDW Prgho

Exloglqj rq d frqvwuxfwlrq iurp ^Frrshu/ 4<<3/Urwk/ 4<<9` wkh edvlf lghd lv wr vwduw zlwk d FQI

irupxod dqg jhqhudwh d Ed|hvldq qhwzrun iru zklfk dq PSH fruuhvsrqgv wr d vdwlvi|lqj dvvljqphqw

ri wkh FQI1 Wkxv/ vwduwlqj zlwk d kdug FQI |lhogv d EQ iru zklfk frpsxwlqj wkh PSH lv kdug1

Zkloh wkh vwudljkw iruzdug frqvwuxfwlrq |lhogv d kdug/ |hw vlpsoh EQ/ lq wkh vhqvh wkdw wkh yduldeohv

duh doo Errohdq dqg wkh frqglwlrqdo suredelolw| wdeohv duh vlpsoh/ zh dovr vxjjhvw zd|v wr jhqhudol}h
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Iljxuh 914= H{dpsoh ri frqvwuxfwlqj d EQ iurp d FQI irupxod1

eh|rqg wkdw/ dqg lw lv hdv| wr yhuli| wkdw wkh uhvxowlqj qhwzrunv duh vwloo kdug1

Iljxuh 914 ghslfwv wkh jhqhudo lghd ri wkh frqvwuxfwlrq1 Jlyhq d 6FQI irupxod i @
Y6
�'�F� zlwk

fodxvhv F� @ [�� b[�2 b[�� zh frqvwuxfw d od|huhg Ed|hvldq qhwzrun/ lq zklfk rqh od|hu ri qrghv

fruuhvsrqgv wr wkh yduldeohv [�/ d vhfrqg fruuhvsrqgv wr wkh fodxvhv F�> dqg d wklug fruuhvsrqgv wr

wkh ixqfwlrq ydoxh qrgh/ i 1 Wkh yduldeohv [� duh doo urrw qrghv dqg duh olqnhg rqo| wr fodxvh qrghv1

D yduldeoh [� kdv dq hgjh gluhfwhg wrzdug F� l� [� rffxuv lq wkh fodxvh F�1 Doo wkh fodxvh qrghv

duh olqnhg wr wkh ixqfwlrq qrgh i 1 Wkh frqglwlrqdo suredelolw| wdeohv duh vhw vr wkdw S +i @ 4, A 3

l� wkh dvvljqphqw wr wkh [� *v vdwlv�hv wkh 6FQI irupxod1 Lw lv hdv| wr vhh wkdw wklv kdsshqv li iru

doo l/ wkh frqglwlrqdo suredelolw| wdeoh dvvrfldwhg zlwk wkh qrgh F� vlpxodwhv dq ru jdwh ri wkuhh

lqsxwv/ dqg wkh wdeoh dvvrfldwhg zlwk wkh qrgh i vlpxodwhv dq dqg jdwh ryhu doo wkh F�*v1 Lq rughu

wr jhqhudwh d qhwzrun wkdw fruuhvsrqgv wr d qrq prqrwrqh FQI +FQI irupxod zlwk qhjdwlrq,/ wkh

FSW qhhgv wr eh jhqhudol}hg voljkwo| lq d vwudljkw iruzdug zd|1

Dq h{dpsoh ri wkh deryh frqvwuxfwlrq ryhu wkh yduldeohv [�>[2>[�>[e lv vkrzq dw wkh wrs

lq Iljxuh 9141 Wkh fruuhvsrqglqj FQI kdv wzr fodxvhv zlwk yduldeohv [�>[2>[� dqg [2>[�>[e

uhvshfwlyho|/ dqg wkh FSW lv frqvwuxfwhg vr dv wr hqfrgh wkh ru rq wkh fruuhvsrqglqj olwhudov +h1j1/

[� ru �[�,1

Lq rughu wr jhqhudwh d EQ iru wkh PSH sureohp lw lv vx!flhqw wr fodps wkh fodxvh qrghv F� wr

4/ dqg lq wklv zd| gurs wkh qrgh i dqg wkh frqmxqfwlrq jdwh1 Dq h{dpsoh ri wkh uhvxowlqj qhwzrun

lv vkrzq dw wkh erwwrp ri Iljxuh 9141 Lw lv hdv| wr yhuli| wkdw dq dvvljqphqw ri ydoxhv wr wkh [� *v
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kdv d srvlwlyh suredelolw| l� lw vdwlv�hv wkh fruuhvsrqglqj 6FQI irupxod1 Wkhuh pd| eh pdq|

vdwlvi|lqj dvvljqphqwv/ doo zlwk wkh vdph suredelolw|/ pdnlqj wkhp doo PSHv1

Vdwlv�delolw| pljkw vhhp olnh d olplwhg sureohp wr frqvlghu vlqfh +l, lw lv d ghflvlrq sureohp/

qrw dq rswlpl}dwlrq sureohp olnh frpsxwlqj dq PSH dqg +ll, lw jlyhv d sduwlfxodu elsduwlwh EQ

wrsrorj|1 Zh surylgh frxqwhu0dujxphqwv wr wkhvh wzr dujxphqwv lq wkh iroorzlqj1

Frqfhuqlqj +l,/ hyhq wkrxjk vdwlv�delolw| lv reylrxvo| d ghflvlrq sureohp/ zh qrwh wkdw ghflvlrq

sureohpv duh vshfldo fdvhv ri rswlpl}dwlrq sureohpv1 Wkh rswlpl}dwlrq sureohp ri �qglqj dq PSH

ri qrq0}hur suredelolw| fruuhvsrqg wr wkh sureohp ri ghflglqj zkhwkhu wkh irupxod lv vdwlv�deoh1

Dqg hyhq zlwklq wkh VDW iudphzrun/ uhjdugohvv ri wkh EQ shuvshfwlyh/ lw kdv suryhq iuxlwixo wr ylhz

wklv ghflvlrq sureohp dv dq rswlpl}dwlrq sureohp/ nqrzq dv wkh PD[VDW sureohp1 PD[VDW

lv dq rswlpl}dwlrq sureohp zkhuh rqh rswlpl}hv wkh qxpehu ri vdwlv�hg fodxvhv1 Vr hyhq wkrxjk

vdwlv�delolw| lv d ghflvlrq sureohp/ wkhuh lv d vwurqj frqqhfwlrq wr rswlpl}dwlrq sureohpv/ dqg

hpskdvl}lqj wkh gl�huhqfh ehwzhhq ghflvlrq sureohpv dqg rswlpl}dwlrq sureohpv grhv qrw vhhp

iuxlwixo1

Wkh dgydqwdjh ri irfxvlqj rq wklv sduwlfxodu ghflvlrq sureohp lw wkdw lw lv d erxqglqj fdvh zkhuh

zh h{shfw d vwrfkdvwlf orfdo vhdufk dojrulwkp wr shuirup zhoo/ dqg Kxjlq qrw vr zhoo1 Rqh fdq

vprrwk dqg shuwxue wkh 3@40suredelolwlhv lq d VDW EQ/ dqg judgxdoo| pdnh lw pruh ri d cuhdolvwlf*

rswlpl}dwlrq sureohp1 Krzhyhu/ li rqh fdqqrw vkrz/ h{shulphqwdoo|/ vxshulru shuirupdqfh iru rqh

dojrulwkp ryhu dqrwkhu lq wkh erxqglqj fdvh ri VDW EQv/ wkhvh pruh frpsolfdwhg h{shulphqwv duh

qrw zruwkzkloh1

Frqfhuqlqj +ll,/ zh dujxh wkdw hyhq wkrxjk wkh elsduwlwh VDW EQv kdyh d olplwhg wrsrorj|/ wklv

wrsrorj| lv/ �uvw ri doo/ lqwhuhvwlqj lq lwv rzq uljkw1 Vhyhudo dssolfdwlrqv/ lqfoxglqj phglfdo gldjqrvlv

dv lq wkh TPU0GW EQ ^Olq hw do1/ 4<<3` dqg lqirupdwlrq wkhru| ^Jdoodjhu/ 4<95` ^Iuh|/ 4<<;`/ xvh

EQv zlwk wklv wrsrorj|1 Vhfrqg/ lqihuhqfh dojrulwkpv kdyh ehhq sursrvhg iru wklv wrsrorj| ^Khqulrq/

4<<4`1 D wklug uhdvrq zk| wkh elsduwlwh wrsrorj| lv lqwhuhvwlqj lv wkdw lw surylghv d zhoo0xqghuvwrrg

vwhsslqj vwrqh iru rwkhu wrsrorjlhv1 Dv zh ghwdlo ehorz/ rqh fdq uhjdug wkh ohdi qrghv lq d VDW

EQ dv wkh qrq0urrw qrghv lq dq duelwudu| EQ1 Ru/ rqh fdq uhjdug wkh wzr ohyhov dv d �uvw vwhs lq

wkh gluhfwlrq ri frqvlghulqj pxowl0ohyho EQv/ dqg doo EQv fdq fhuwdlqo| eh rujdql}hg lqwr pxowlsoh

ohyhov ^Fdvwloor hw do1/ 4<<:`1
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Wkhuh duh vhyhudo zd|v wr jhqhudwh udqgrp 6FQI irupxodv1 Dvvxph rqh fkrrvhv wkh srolf|=

zrun zlwk Y yduldeohv dqg F fodxvhv> jhqhudwh wkh fodxvhv e| vhohfwlqj yduldeohv xqlirupo| lqwr

fodxvhv dqg qhjdwh hdfk yduldeoh zlwk suredelolw| 3=8 ^Plwfkhoo hw do1/ 4<<5`1 Lq wklv fdvh/ lw wxuqv

rxw wkdw wkhuh lv d skdvh wudqvlwlrq skhqrphqd ehwzhhq hdv| sureohpv dqg kdug sureohpv wkdw

ghshqgv rq wkh udwlr ehwzhhq wkh qxpehu ri yduldeohv Y dqg wkh qxpehu ri fodxvhv F/ qdpho|/

F@Y 1 Wkurxjk h{whqvlyh h{shulphqwdwlrq lw kdv ehhq hvwdeolvkhg wkdw iru 6FQI irupxodv wkhuh lv

d skdvh wudqvlwlrq durxqg F@Y � 7=58/ dqg wkh kdughvw lqvwdqfhv duh irxqg lq wkh uhjlrq durxqg wkh

skdvh wudqvlwlrq/ wkh kdug uhjlrq ^Plwfkhoo hw do1/ 4<<5`1 Yld wkh frqvwuxfwlrq deryh/ wkh lpsruwdqfh

ri wklv udwlr fduulhv ryhu wr EQv1 Wkh wkuhvkrog ydoxh lwvhoi pd| fkdqjh/ wkrxjk/ li rwkhu sdudphwhuv

lq wkh jhqhudwlrq duh fkdqjhg1 Qrwlfh wkdw lq rxu fdvh/ Y lv wkh qxpehu ri urrw qrghv lq wkh qhwzrun

dqg F wkh qxpehu ri qrq0urrw qrghv lq wkh qhwzrun1 F@Y wxuqv rxw wr eh dq lqwhuhvwlqj kdugqhvv

sdudphwhu hyhq iru pruh jhqhudo qhwzrunv1

Lq dgglwlrq/ zh vrphwlphv frqvlghu wkh udwlr ehwzhhq wkh qxpehu ri hgjhv lq wkh qhwzrun H/

dqg wkh qxpehu ri qrghv Q 1 Wklv phdvxuh lv pruh jhqhudo iurp wkh EQ srlqw ri ylhz/ vlqfh lw grhv

qrw dvvxph wkh elsduwlwh vwuxfwxuh ri FQI0olnh EQv1 Lq rxu fdvh/ d 6FQI rq Y yduldeohv dqg F

fodxvhv |lhogv d qhwzrun zlwk Q @ Y .F yduldeohv dqg H @ 6F hgjhv1 D udwlr ri F@Y @ n lpsolhv

H@Q @ 6n@+n . 4, +h1j1/ iru n @ 7>H@Q @ 5=7,1

Qrwh wkdw zh duh qrw fodlplqj wkdw wkh udwlr lv frqvwdqw ehwzhhq prghov1 Krzhyhu/ zkdw zh

gr fodlp lv wkdw zlwk lqfuhdvlqj F@Y +ru H@Q, udwlr iru d jlyhq prgho +vxfk dv wkh VDW prgho,/

zh h{shfw wr vhh d vlplodu wkuhvkrog skhqrphqrq durxqg vrph udwlr/ zkhuh wkh udwlr prvw olnho| lv

prgho0ghshqghqw1 Zkhwkhu wklv lv wkh fdvh ru qrw lv dq hpslulfdo txhvwlrq/ dqg lq rughu wr jdlq

vrph pruh lqvljkw uhjduglqj wklv/ zh wxuq wr wkh NG prgho1

91515 Wkh NG Prgho

Lq wklv vhfwlrq zh iroorz d vxjjhvwlrq iru jhqhudwlqj udqgrp Ed|hvldq qhwzrunv/ vxjjhvwhg uhfhqwo|

e| Ndvn dqg Ghfkwhu ^Ndvn dqg Ghfkwhu/ 4<<<`= Wkh surfhgxuh wkh| vxjjhvw fdq eh ylhzhg dv

iroorzv1 Fkrrvh wkh iroorzlqj wkuhh sdudphwhuv= Q 0 wkh qxpehu ri qrghv lq wkh qhwzrun> Y 0 wkh

qxpehu ri urrw qrghv dqg S 0 wkh qxpehu ri sduhqwv ri d qrq0urrw qrgh1 Frqvwuxfw d qhwzrunv dv

iroorzv= Lqgh{ wkh qrghv iurp 4 wr Q / dqg lwhudwh ryhu wkh qrghv1 Dw wkh l0wk vwhs/ slfn wkh l0wk
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qrgh dqg slfn/ xqlirupo| dw udqgrp S sduhqwv dprqj wkh qrghv lqgh{hg iurp l. 4 wr Q 1 Uhshdw

xqwlo wkhuh duh Y qrghv ohiw1

Wklv dojrulwkp w|slfdoo| fuhdwhv EQv zlwk d wuhh0olnh wrsrorj|1 Krzhyhu/ qrwlfh wkdw li F @

Q � Y / wkh qxpehu ri qrq0urrw qrghv/ lv pxfk vpdoohu wkdq Y / wkh judsk lv olnho| wr eh doprvw

elsduwlwh/ zlwk F qrq0urrw qrghv dqg Y urrw qrghv1 Lq wklv zd|/ wklv prgho/ zklfk zh zloo fdoo wkh

NG prgho/ lv d jhqhudol}dwlrq ri wkh elsduwlwh VDW prgho1 Lqvwhdg ri uhvwulfwlqj qrghv dprqj wkh

ohdi qrghv wr kdyh sduhqwv rqo| dprqj wkh urrw qrghv/ qrq0urrw qrghv duh doorzhg wr kdyh rwkhu

qrghv dv fkloguhq1

Ndvn dqg Ghfkwhu lqyhvwljdwh h{shulphqwdoo| wkh prgho xvlqj zkdw zh pljkw fdoo d frqvwdqw

qrgh fduglqdolw| dssurdfk1 Lq wkh h{suhvvlrq Q @ Y .F/ Q lv nhsw frqvwdqw/ zkloh Y dqg F ydu|1

916 Kdug dqg Hdv| Qhwzrunv

Lq wklv vhfwlrq/ zh glvfxvv vhyhudo idfwruv zklfk pljkw d�hfw wkh kdugqhvv ri wkh sureohp ri frp0

sxwlqj dq PSH1 Zh suhvhqw wkh idfwruv dqg xvh wklv wr prwlydwh wkh h{shulphqwv zh shuiruphg

dqg rxu h{shfwdwlrqv uhjduglqj h�hfw ydulrxv idfwruv pd| kdyh1 Lq sduwlfxodu/ zh glvfxvv wkh F@Y

udwlr/ wkh uhjxodulw| ri wkh xqghuo|lqj judsk dqg wkh qdwxuh ri wkh FSWv1

91614 Wkuhvkrog Skhqrphqd �*T

Dv phqwlrqhg hduolhu/ iru wkh fdvh ri sursrvlwlrqdo vdwlv�delolw|/ d skdvh wudqvlwlrq skhqrphqd

ehwzhhq kdug lqvwdqfhv dqg hdv| lqvwdqfhv kdv ehhq revhuyhg1 Wklv skhqrphqd ghshqgv rq wkh

udwlr F@Y ehwzhhq wkh qxpehu ri yduldeohv Y dqg wkh qxpehu ri fodxvhv F lq wkh FQI irupxod1

Jlyhq wkh zd| zh kdyh jhqhudwhg wkh VDW qhwzrunv iurp VDW irupxodv/ zh kdyh pdsshg Y wr

eh wkh qxpehu ri urrw qrghv lq wkh qhwzrun dqg F wkh qxpehu ri qrq0urrw qrghv lq wkh qhwzrun1

Zh h{shfw d vlplodu wkuhvkrog skhqrphqd wr rffxu khuh/ qdpho|/ frpsxwlqj wkh PSH ehfrphv

vljql�fdqwo| kdughu kdv wkh udwlr lqfuhdvhv1 Dowkrxjk/ jlyhq gl�huhqw sdudphwhu vhwwlqj/ wkh ydoxh

ri wkh wkuhvkrog lwvhoi pd| ydu|1

Wkh vlwxdwlrq lv vrphzkdw pruh vxewoh iru wkh NG qhwzrun/ zklfk w|slfdoo| kdyh d wuhh olnh

vwuxfwxuh1 Krzhyhu/ edvhg rq rxu hduolhu glvfxvvlrq zh kdyh revhuyhg wkdw wkh NG qhwzrun duh

hvvhqwldoo| d jhqhudol}dwlrq ri wkh VDW qhwzrunv dqg wkxv h{shfw wkdw F@Y uhpdlqv dq lpsruwdqw
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Fkloguhq0uhjxodu +-2u, Fkloguhq0luuhjxodu +-2l,

Sduhqw0uhjxodu +u2-,

Uhjxodu +u2u,
Fodvvlfdo Jdoodjhu frghv

nFQI dqg Uhdg0c
Uhjxodu NG qhwzrunv

Luuhjxodu +u2l,
Prghuq Jdoodjhu frghv

nFQI
Luuhjxodu NG qhwzrunv

Sduhqw0luuhjxodu +l2-,
Luuhjxodu +l2u,

Uhdg0c
Luuhjxodu +l2l,

Pdq| dssolfdwlrq EQv

Wdeoh 914= Uhjxodu dqg luuhjxodu Ed|hvldq qhwzrunv fodvvl�hg dorqj wkh wzr ruwkrjrqdo glphqwlrqv
ri fkloguhq0uhjxodulw| dqg sduhqw0uhjxodulw|1 Wkh khdglqj {2| ri d fhoo +vxfk dv u2u, phdqv wkdw
sduhqw0uhjxodulw| lv {/ fkloguhq0uhjxodulw| lv |1

sdudphwhu/ dqg wkdw zh fdq vhh d wkuhvkrog skhqrphqd wkhuh wrr1

D wklug lvvxh wkdw lv ri lqwhuhvw khuh/ jlyhq wkdw zh vwxg| wkhvh lvvxhv zlwk wzr gl�huhqw dojr0

ulwkplf dssurdfkhv/ lv wkh h{whqw wr zklfk wkh kdugqhvv lv dojrulwkplf ghshqghqw1

91615 Wkh Qdwxuh ri wkh FSWv

Zh frqvlghu wkuhh FSW w|shv= Xqlirup glvfuhwh FSWv/ Errohdq FSWv dqg xqlirup frqwlqxrxv

FSWv1 +Zh kdyh dovr frqvlghuhg dgglqj orz ohyhov ri qrlvh wr Errohdq FSWv exw wklv kdv wxuqhg

rxw wr jlyh vlplodu ehkdylru wr wkh Errohdq fdvhv1, Wkhvh w|shv fryhu wkh FSWv wkdw duh uhtxluhg

wr surylgh dq h{dfw pdsslqj iurp VDW sureohpv wr wkh fruuhvsrqglqj EQv dv zhoo dv lghdol}dwlrqv

ri FSWv wkdw pljkw rffxu lq dssolfdwlrqv1

Jlyhq wkh qdwxuh ri wkh dojrulwkplf dssurdfkhv zh vwxg| 0 wkh foxvwhulqj dqg sursdjdwlrq edvhg

dojrulwkp Kxjlq yhuvxv wkh vwrfkdvwlf vhdufk VJV/ wkh pdlq frqfhuq khuh lv wkh h�hfw ri wkh FSWv

rq wkh dojrulwkpv1

Lq wkh fdvh ri Errohdq FSWv zh h{shfw wkdw wkh qxpehu ri PSHv zrxog eh uhodwlyho| odujh/

dqg wkhuhiruh wklv zrxog pdnh wkh lqihuhqfh sureohp +nhhslqj rwkhu sdudphwhuv �{hg, kdughu iru

Kxjlq wr kdqgoh zkloh/ iru wkh vdph uhdvrq/ zrxog pdnh lw hdvlhu iru VJV1 Kxjlq zrxog kdyh wr

uhshdwhgo| sursdjdwh xqwlo lw duulyhv dw rqh PSH/ zkloh VJV lv pruh olnho| wr �qg rqh ri wkh PSHv

iurp d jrrg vwduwlqj srlqw iru kloo0folpelqj1

Wkh rwkhu h{wuhph fdvh/ ri xqlirupo| vhohfwhg FSWv lv h{shfwhg wr |lhog wkh rssrvlwh uhvxowv1

Zh h{shfw wkdw lq wklv fdvh wkhuh zloo eh ihzhu PSHv/ w|slfdoo| rqh1 Wklv zloo eh dgydqwdjhrxv wr

Kxjlq/ kdylqj wr sursdjdwh rqo| rqfh/ exw pd| pdnh wkh sureohp ri �qglqj wkh PSH kdughu iru

d juhhg| vhdufk dojrulwkp olnh VJV1
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91616 Uhjxodulw| ri Judskv

Wkh lvvxh ri wkh uhjxodulw| ri wkh xqghuo|lqj judsk ri wkh qhwzrun kdv uhfhlyhg vrph dwwhqwlrq lq

wkh frqwh{w ri EQv xvhg lq lqirupdwlrq wkhru| ^Jdoodjhu/ 4<95` ^Oxe| hw do1/ 4<<;`1 Lq sduwlfxodu/

zkhq xvlqj lwhudwhg eholhi sursdjdwlrq wr frpsxwh wkh PSH jlyhq d frghzrug wudqvplwwhg ryhu d

qrlv| fkdqqho/ luuhjxodu qhwzrunv kdyh ehhq irxqg wr shuirup ehwwhu wkdq uhjxodu rqhv1 Dowkrxjk

Jdoodjhu*v ruljlqdo frgh +ghqrwhg fodvvlfdo Jdoodjhu frghv lq Wdeoh 914, hqirufh wkh frqvwudlqw wkdw

hdfk urrw qrgh vkrxog kdyh wkh vdph qxpehu ri fkloguhq/ dqg hdfk ohdi qrgh vkrxog kdyh wkh vdph

qxpehu ri sduhqwv ^Jdoodjhu/ 4<95`/ ^Oxe| hw do1/ 4<<;` surylghv d frpshoolqj dujxphqw iru zk|

oliwlqj wkhvh dvvxpswlrqv pd| eh ehqh�fldo iru frpsxwlqj wkh PSH zkhq ghfrglqj/ jlylqj prghuq

Jdoodjhu frgh1 Wkh lqwxlwlrq lv wkdw/ xvlqj d sursdjdwlrq edvhg dojrulwkp/ kljk ghjuhh qrghv pd|

whqg wr jhw txlfnhu wr wkh �uljkw� vhwwlqj/ jlyhq wkdw wkh| qhhg wr vdwlvi| pruh frqvwudlqwv dqg wklv

ohdgv wr d �zdyh h�hfw� wkdw khosv orzhu ghjuhh qrghv �qg wkhlu �uljkw� vhwwlqj1

Lq rughu wr hydoxdwh wkh h�hfw ri wklv vwuxfwxudo surshuw| rq frpsxwlqj wkh PSH zh lqwurgxfh

wkh iroorzlqj whuplqrorj|1

Gh�qlwlrq 46 D EQ lv sduhqw0uhjxodu li doo qrghv zlwk lq0ghjuhh juhdwhu wkdq }hur kdyh wkh vdph

qxpehu ri sduhqwv1 D EQ lv fkloguhq0uhjxodu li doo qrghv zlwk rxw0ghjuhh juhdwhu wkdq }hur kdyh

wkh vdph qxpehu ri fkloguhq1 D EQ lv uhjxodu li lw lv fkloguhq0uhjxodu dqg sduhqw0uhjxodu/ hovh lw lv

luuhjxodu1

Wdeoh 914 vxppdul}hv vrph idplolhv ri EQv dqg krz wkh| fdq eh fodvvl�hg lqwr wkh irxu fodvvhv/

xvlqj wkh wzr ruwkrjrqdo glphqvlrqv ri fkloguhq0uhjxodulw| dqg sduhqw0uhjxodulw|1 Prvw hqwulhv lq

wklv wdeoh vkrxog eh zhoo0nqrzq ru h{sodlqhg douhdg|> wkh qrwlrq ri uhdg0c phdqv wkdw d yduldeoh lv

xvhg c wlphv lq d fodxvh1 Qrwh wkdw uhjxodulw| frxog hdvlo| eh pdgh pruh judgxdo> iru h{dpsoh rqh

frxog xvh yduldqfh lq lq0ghjuhh dqg rxw0ghjuhh d phdvxuh ri uhjxodulw|1 Zlwk wklv pruh jhqhudo

phdvxuh/ kljk yduldqfh phdqv luuhjxodu/ orz yduldqfh phdqv uhjxodu1 Khuh/ krzhyhu/ zh suhvhqw

h{shulphqwv rqo| zlwk wzr h{wuhph fdvhv1 Zh lqyhvwljdwh wkh h�hfw ri uhjxodulw| e| nhhslqj wkh

qxpehu ri qrghv dqg hgjhv �{hg/ dqg ydu|lqj krz hgjhv duh dwwdfkhg wr qrghv zlwk uhvshfw wr

fkloguhq0uhjxodulw|1 Wkh frqvwuxfwlrq dojrulwkpv ri Vhfwlrq 915 kdyh ehhq dxjphqwhg wr frqvwuxfw

luuhjxodu ru uhjxodu EQv1
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Zh duh frqfhuqhg derxw wzr lvvxhv1 Iluvw/ wkh jhqhudo h�hfw ri fkdqjlqj wkh uhjxodulw| rq wkh

kdugqhvv ri frpsxwlqj wkh PSH dqg vhfrqg/ wkh h{whqw wr zklfk wkh gl�huhqw dojrulwkpv ehkdyh

gl�huhqwo| xqghu wkhvh frqglwlrqv1 Rxu h{shfwdwlrq lv wkdw/ li lqghhg uhjxodulw| pdnhv wkh lqihuhqfh

sureohp kdughu/ dq dojrulwkplf dssurdfk wkdw ghshqgv pruh rq wkh EQ wrsrorj|/ vxfk dv Kxjlq/

zrxog eh d�hfwhg pruh vljql�fdqwo| wkdq dq dojrulwkp olnh VJV1

917 H{shulphqwv

Lq wklv vhfwlrq zh shuirup h{shulphqwv zlwk VJV dqg Kxjlq/ xvlqj EQv iurp NG dqg VDW glv0

wulexwlrqv/ dqg ydu|lqj wkh ydulrxv sdudphwhuv wkdw frqwuro zklfk EQv duh jhqhudwhg iurp wkhvh

prghov1

Lq Vhfwlrq 91714/ zh irfxv rq wkh h�hfw ri ydu|lqj wkh udwlr lq EQv zkhuh wkh FSWv duh Errohdq

ixqfwlrqv1 Zh vkrz wkdw fhuwdlq EQv zlwk d kljk udwlr duh kdug iru Kxjlq/ exw hdv| iru VJV1 Vhfwlrq

91715 suhvhqwv h{shulphqwdo uhvxowv wkdw oliwlqj wkh dvvxpswlrq ri Errohdq FSWv pdnhv fhuwdlq EQv

kdughu iru VJV/ zkloh wkh| jhw hdvlhu iru Kxjlq1 Vhfwlrq 91716 lqyhvwljdwhv wkh uroh ri uhjxodulw|1

Lq wkh suhvhqw h{shulphqwv/ zh uhvwulfw rxuvhoyhv wr qrghv zlwk wzr vwdwhv/ dqg Errohdq FSWv

duh RU0jdwhv1 Wkh phwkrgrorj| xvhg lv wr jhqhudwh d qxpehu ri EQ lqvwdqfhv dffruglqj wr wkh

VDW ru NG prghov/ uxq VJV dqg Kxjlq rq wkhvh lqvwdqfhv/ dqg uhfrug vwdwlvwlfv vxfk dv phgldq/

phdq �/ dqg vwdqgdug ghyldwlrq � iru wkh wlph +lq vhfrqgv, wr frpsxwh dq PSH1

Xqohvv rwkhuzlvh qrwhg/ wkh whuplqdwlrq fulwhulrq zh xvh iru VJV lv wkdw dq PSH kdv ehhq

irxqg ru d suh0vshfl�hg/ kljk wlph0olplw kdv ehhq uhdfkhg1 Wklv pljkw qrw eh wkh zd| rqh zrxog

xvh VJV lq dq dssolfdwlrq/ zkhuh rqh pljkw zdqw wr wudgh r� vshhg dqg vroxwlrq txdolw| lq d pruh

 h{leoh zd|/ krzhyhu rxu dssurdfk pdnhv frpsdulvrq ehwzhhq VJV dqg Kxjlq hdvlhu1 Iru VDW

EQv/ VJV zloo jhqhudoo| �qg d vdwlv�deoh dvvljqphqw lq d yhu| vkruw wlph/ dqg zh ohw wkh dojrulwkp

uxq xqwlo d vdwlvi|lqj dvvljqphqw kdv ehhq lghqwl�hg1 Dqg lq rwkhu EQv/ zh jhqhudoo| ohw VJV uxq

xqwlo dq PSH kdv ehhq irxqg1

91714 Udwlr H{shulphqwv

Xvlqj wkh frqvwuxfwlrq suhvhqwhg lq Vhfwlrq 91514/ 6VDW EQv ri ydu|lqj kdugqhvv zhuh jhqhudwhg

dw udqgrp1 Lpsruwdqw EQ sdudphwhuv duh qxpehu ri yduldeohv Y / qxpehu ri fodxvhv F/ qxpehu ri
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EQ sdudphwhuv Kxjlq VJV2JP Frpsdulvrq
Y F F2Y H2Q �M �M �C �C �C@�M
53 73 5 5=33 3=488 3=3869 3=33459 3=33765 ;=46� 433�

63 93 5 5=33 6=8< 5=4< 3=339<5 3=33;7< 4=<6� 433�

68 :3 5 5=33 4:=4 46=7 3=33893 3=33<;: 6=5:� 433e

73 ;3 5 5=33 <3=: 98=7 3=338<9 3=33::3 9=8:� 433D

53 93 6 5=58 3=8:: 3=596 3=34649 3=35637 5=5;� 4332

63 <3 6 5=58 5;=8 59=; 3=36455 3=3869: 4=43� 433�

68 438 6 5=58 567 487 3=396:3 3=46697 5=:5� 433e

73 453 6 5=58 4758 4443 3=3:<:5 3=44366 8=8<� 433D

53 ;3 7 5=73 4=53 3=7<8 3=45493 3=5;5;9 4=33� 433�

63 453 7 5=73 434=; 98=8 3=85773 4=34676 8=48� 433�

68 473 7 5=73 4449 <3; 4=3::;5 4=;3634 <=99� 433e

Wdeoh 915= Vshhg +lq vhfrqgv, ri Kxjlq dqg VJV iru PSH frpsxwdwlrq rq Ed|hvldq qhwzrun
wudqvodwhg iurp FQI irupxodv1 Qrwh wkdw VJV lv w|slfdoo| vhyhudo rughuv ri pdjqlwxgh idvwhu wkdq
Kxjlq1

hgjhv H/ dqg qxpehu ri qrghv Q 1 Wkh F@Y 0udwlr dqg wkh H@Q0udwlr duh erwk phdvxuhv ri kdugqhvv

ri d EQ> dv d uxoh ri wkxpe zh kdyh wkdw wkh odujhu wkhvh udwlrv duh/ wkh kdughu wkh qhwzrun lv

rq wkh dyhudjh1 Wkh frqvwuxfwhg EQv frqvlvw ri 53> 63> 68> dqg 73 yduldeohv/ dqg kdyh d F@Y 0udwlr

udqjlqj iurp 5 wr 7/ vhh Wdeoh 9151 Iru VJV/ 43 PWULHV/ 43+F . Y , PIOLSV/ dqg d qrlvh ohyho

ri S0QRLVH @ 3=4 zdv xvhg1

Uhvxowv duh vkrzq lq Wdeoh 915/ zkhuh hdfk urz vxppdul}hv 83 ghwhuplqlvwlf lqvwdqfhv1 Wkh

phdq dqg vwdqgdug ghyldwlrq ri PSH frpsxwdwlrq wlph lv suhvhqwhg iru Kxjlq dqg rqh yduldqw ri

VJV1 Wkh uhvxowv iru PSH frpsxwdwlrq duh lq vhfrqgv1 Wkh Frpsdulvrq froxpq vxppdul}hv wkh

uhvxowv e| jlylqj udwlrv iru phdqv ri frpsxwdwlrq wlphv ri wkh wzr dojrulwkpv1 Dowkrxjk zh kdyh

h{shulphqwhg zlwk 3@4 lqvwdqfhv dv zhoo dv vprrwkhg lqvwdqfhv zh suhvhqw khuh uhvxowv rqo| iru wkh

3@4 fdvhv1 Dovr/ zh rqo| suhvhqw uhvxowv iru lqvwdqfhv zklfk Kxjlq zdv deoh wr surfhvv1 +Kxjlq

zdv qrw deoh wr surfhvv/ dw ohdvw qrw lq uhdvrqdeoh dprxqwv ri wlph/ odujhu lqvwdqfhv wkdq zkdw lv

suhvhqwhg,1 Wkh uhdvrq iru irfxvlqj rq lqvwdqfhv zklfk Kxjlq frxog surfhvv lv wkdw iru wkhvh fdvhv

zh nqrz iru vxuh wkdw vrph qrq0}hur PSH h{lvwv1 Wklv phwkrgrorj| lv wkh vdph dv xvhg lq wkh

vhplqdo uhvhdufk rq vdwlv�delolw| ^Vhopdq hw do1/ 4<<5/Vhopdq hw do1/ 4<<7`1

Iru Kxjlq/ wkhuh duh wzr pdlq h�hfwv/ dv suhglfwhg1 Iluvw/ dv wkh F@Y 0udwlr lqfuhdvhv wrzdugv

wkh kdug uhjlrq/ wkh lqihuhqfh wlph lqfuhdvhv vxshu0olqhduo|1 Vhfrqg/ dv wkh qxpehu ri yduldeohv dqg

fodxvhv lqfuhdvhv/ wkh lqihuhqfh wlph lqfuhdvhv/ wrr1
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EQ sdudphwhuv Kxjlq
Y.F Y F F2Y phgldq �M �M EQv

589 479 443 3=:8 3=4893 3=48:< 3=3474 433
589 469 453 3=;; 3=5363 3=53;< 3=37<: 433
589 459 463 4=36 3=5;43 3=6485 3=43;< 433
589 449 473 4=54 3=9;;3 3=;99: 3=:434 433
589 439 483 4=75 7=5368 9=9469 :=53;6 433
589 437 485 4=79 ;=36<3 43=<5<5 43=5;45 433
589 435 487 4=84 45=3;33 4<=;;56 55=3687 433
589 433 489 4=89 53=7533 68=6<97 78=3769 433
589 <; 48; 4=94 5<=;783 83=;89; 86=69;8 <;
589 <9 493 4=9: 88=833 <9=<8< 544=<53 <<
589 ;9 4:3 4=<; 53;=733 ;39=;33 4733=:83 8

Wdeoh 916= Wlph +vhfrqgv, iru Kxjlq wr frpsxwh wkh PSH iru ydulrxv sdudphwhu vhwwlqjv ri wkh
NG prgho1

Iru VJV/ dq PSH zdv irxqg lq doo fdvhv/ vr rqo| wkh vhdufk wlphv duh suhvhqwhg lq Wdeoh

9151 VJV zlwk wkh JPSH phdvxuh rxwshuirupv Kxjlq e| vhyhudo rughuv ri pdjqlwxgh rq wkhvh

EQv1 Wklv lv vxppdul}hg lq wkh �C@�M froxpq lq Wdeoh 9151 Lq wklv froxpq zh dovr vhh wkdw wkh

dgydqwdjh ri xvlqj VJV lqfuhdvhv zlwk lqfuhdvlqj sureohp vl}h/ zkloh wkhuh lv qr vxfk fohdu wuhqg

iru F@Y 0udwlr1

Lq d uhodwhg h{shulphqw/ zh xvhg Y @ 63 yduldeohv/ dqg ydulhg wkh qxpehu ri fodxvhv iurp

F @ 93 wr F @ 4591 Djdlq/ zh xvh rqo| vdwlv�deoh EQv/ dqg uxq VJV xqwlo dq PSH lv irxqg ru

xqwlo wkh wlph olplw W4@ lv uhdfkhg1 Lq Iljxuh 915/ wkh uhvxowv iurp wkhvh h{shulphqwv duh vkrzq1

Qrwh wkdw VJV2JP2QX frqvlvwhqwo| �qgv PSHv lq wkhvh EQv/ zkloh VJV2EP2QX grhv qrw1

Wklv fruuhvsrqgv zhoo zlwk wkh vxshulru shuirupdqfh ri VJV2JP2QX frpsduhg wr VJV2EP2QX

lq Iljxuh 9151 D vhfrqg pdlq srlqw lv wkdw VJV2JP2QX lv wzr wr wkuhh rughuv ri pdjqlwxgh

idvwhu wkdq Kxjlq rq wkhvh qhwzrunv/ zkloh VJV2EP2QX lv idvwhu wkdq Kxjlq rq qhwzrunv zlwk

F@Y ? 6=4> diwhu wkdw srlqw Kxjlq lv idvwhu1

91715 FSW H{shulphqwv

Khuh zh oliw wkh dvvxpswlrq wkdw FSWv duh Errohdq ixqfwlrqv1 Lq sduwlfxodu/ zh slfn FSW ydoxhv

iurp d xqlirup frqwlqxrxv glvwulexwlrq dw udqgrp1 Lq Wdeoh 916/ zh suhvhqw uhvxowv iru Kxjlq rq

NG EQv zlwk xqlirup frqwlqxrxv FSWv1 Qrwh wkdw wklv lv gl�huhqw iurp h{shulphqwv zlwk VDW

lq Wdeoh 915/ vlqfh khuh zh nhhs Y .F frqvwdqw udwkhu wkdq Y 1 +Wkh h�hfw ri wklv lv d qrq0olqhdu
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EQ sdudphwhuv Uhjxodu VDW EQv Luuhjxodu VDW EQv Udwlr
Y F F2Y p �

o*o
7 �

o*o
7 V p �

�*o
7 �

�*o
M V �

o*o
7 @�

�*�
7

63 93 5=3 49=:3 4<=7 44=8 433 6=9: 6=43 5=43 433 6=46
63 99 5=5 5<=33 66=4 49=7 433 :=44 ;=54 8=34 433 7=37
63 :5 5=7 75=;7 78=9 4<=; 433 <=<7 44=94 9=:8 433 6=<6
63 :; 5=9 8;=74 98=; 64=; 433 47=93 4;=6; 45=85 433 6=8;
63 ;7 5=; 434=78 43<=; 8<=: 433 54=76 59=64 4:=<; 433 7=4:
63 <3 6=3 454=38 464=3 99=6 433 5<=74 68=65 54=69 433 6=:4
63 <9 6=5 489=78 48;=7 98=7 433 78=97 86=:; 66=<3 433 5=<8
63 435 6=7 49;=63 4<5=3 <:=7 433 8;=:7 9:=69 75=:< 433 5=;8
63 43; 6=9 4:;=88 545=4 447=4 433 ::=84 ;8=:9 78=6: <9 5=7:
63 447 6=; 559=<3 597=6 485=7 << ;<=:6 43:=5; 99=:: <: 5=79
63 453 7=3 58:=33 639=4 49;=7 <9 43:=88 454=:6 99=;9 ;; 5=84
63 459 7=5 64;=58 68;=6 498=9 ;9 458=68 488=4; <:=59 9; 5=64

Wdeoh 917= Wkh h�hfw ri uhjxodu dqg luuhjxodu VDW EQv rq Kxjlq frpsxwdwlrq wlph +vhfrqgv,1

fkdqjh lq wkh F@Y 0udwlr dv d ixqfwlrq ri d fkdqjh lq F1, Dovr qrwh wkdw wkhuh duh wzr sduhqwv

shu qrq0urrw qrgh udwkhu wkdq wkuhh dv lv xvhg lq 6VDW1 Lq Iljxuh 916/ wkh phdq frpsxwdwlrq wlph

�M iru Kxjlq rq wkhvh qhwzrunv lv ghslfwhg1 Zh qrwh wkh vkdus skdvh wudqvlwlrq durxqg wkh udwlr

F@Y � 4=:1 Dovr qrwh wkdw wkh NG EQv xvhg e| Ndvn dqg Ghfkwhu ^Ndvn dqg Ghfkwhu/ 4<<<`/ zlwk

F@Y � 3=:8 iru wkh fdvh ri Q @ 589/ duh dfwxdoo| txlwh hdv| iru Kxjlq wr vroyh1

Lq rwkhu h{shulphqwv/ zh frq�uphg wkh h{shfwdwlrq wkdw Kxjlq rxwshuirupv VJV rq EQv zlwk

xqlirup frqwlqxrxv qrghv/ dqg dovr frq�uphg wkdw wkhvh qrghv pdgh Kxjlq uxq idvwhu wkdq zkdw

lw grhv rq EQv zlwk Errohdq FSWv1

91716 Uhjxodulw| H{shulphqwv

Wr dqvzhu rxu txhvwlrqv derxw uhjxodulw|/ zh shuiruphg h{shulphqwv dv vxppdul}hg lq Wdeoh 9171

EQv zhuh fuhdwhg iurp wkh VDW glvwulexwlrq/ ydu|lqj wkh F@Y 0udwlr/ dv hduolhu/ exw dovr ydu|lqj

zkhwkhu wkh| zhuh luuhjxodu +fruuhvsrqglqj wr nVDW irupxodv, ru uhjxodu +fruuhvsrqglqj wr nVDW

dqg Uhdg0c irupxodv,1

Uhvxowv iurp wkh Kxjlq h{shulphqwv duh suhvhqwhg lq Wdeoh 917 dqg lq Iljxuh 9171 Wkh pdlq

h�hfw lv wkdw wkh pruh uhjxodu EQv frqvlvwhqwo| uhtxluh pruh wlph iru frpsxwdwlrq1 Wkdw lv/ EQv

wkdw duh uhjxodu duh vorzhu wkdq wkrvh wkdw duh luuhjxodu1 Wklv lv vxppdul}hg lq wkh udwlr ehwzhhq

wkh frpsxwdwlrq phdqv lq wkh uhjxodu fdvh �o*oM dqg lq wkh luuhjxodu fdvh ��*oM 1 Lq sduwlfxodu/ zh
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EQ sdudphwhuv Uhjxodu VDW EQv Luuhjxodu VDW EQv Udwlr
Y F F2Y p �

o*o
7 �

o*o
7 V p �

�*o
7 �

�*o
M V �

o*o
7 @�

�*�
7

63 93 5=3 3=47 3=54 3=4< 433 3=4: 3=58 3=5; 433 3=;7
63 99 5=5 3=63 3=76 3=77 433 3=53 3=6; 3=78 433 4=46
63 :5 5=7 3=7: 3=<6 4=8< 433 3=94 4=53 4=8; 433 3=:;
63 :; 5=9 3=<3 4=:< 5=75 433 4=83 5=8 6=< 433 3=:5
63 ;7 5=; 4=93 6=83 8=83 433 5=43 8=7 :=7 433 3=98
63 <3 6=3 7=43 44=:3 54=63 433 8=:3 46=3 4;=3 433 3=<3
63 <9 6=5 43=83 58=43 68=53 433 46=43 65=5 76=7 433 3=:;
63 435 6=7 4<=83 74=73 79=63 433 7;=:3 :3=3 8:=7 433 3=8<
63 43; 6=9 :5=:3 ;3=83 89=73 433 ;7=63 ;8=; 8;=9 <9 3=;8
63 447 6=; 483=33 433=8 8<=93 << 483=33 443=9 88=7 <9 3=<4
63 453 7=3 483=33 466=53 6<=73 <9 483=33 45<=< 75=8 ;; 4=35
63 459 7=5 483=33 467=53 6:=;3 ;9 483=33 467=< 68=< 9; 3=<<

Wdeoh 918= Wkh h�hfw ri uhjxodu dqg luuhjxodu VDW EQv rq VJV2EP2QX frpsxwdwlrq wlph +vhf0
rqgv,1

kdyh wkdw 5=6 ? �oM@�
�
M ? 7=51 Lqwhuhvwlqjo|/ wklv udwlr ghfuhdvhv dv wkh F@Y 0udwlr lqfuhdvhv1

D vhfrqg h�hfw lv wkdw wkh qxpehu ri EQv wkdw frxog eh surfhvvhg xqghu wkh uhjxodu frqglwlrq

lv juhdwhu wkdq wkdw qxpehu xqghu wkh luuhjxodu frqglwlrq1

Lq Wdeoh 918 dqg Iljxuh 917/ zh lqyhvwljdwh wkh h�hfw ri uhjxodulw| rq VJV1 Lq wkhvh h{shulphqwv/

zh xvh rqo| wkh EQv zklfk fdq eh surfhvvhg e| Kxjlq iurp Wdeoh 9171 Vr iru doo EQv xs wr wkh

6=7 udwlr/ wkhuh duh 433 EQv/ zkloh iru kljkhu udwlrv wkhuh duh ihzhu EQv1 Lq wklv fdvh/ gl�huhqfh

ehwzhhq vshhg ri lqihuhqfh lv pxfk vpdoohu/ dqg wkh udwlr lv/ li dq|wklqj/ uhyhuvhg frpsduhg wr

Kxjlq1

Lq vxppdu|/ zh kdyh vkrzhg wkdw uhjxodulw| lv lpsruwdqw qrw rqo| iru wkh lwhudwhg eholhi sursd0

jdwlrq dojrulwkp zkhq xvhg rq lqirupdwlrq wkhru| EQv1 Lq sduwlfxodu/ zh kdyh vkrzhg hpslulfdoo|

wkdw uhjxodu EQv duh vorzhu wr surfhvv iru Kxjlq/ zkloh iru VJV wkh gl�huhqfh ehwzhhq uhjxodu dqg

luuhjxodu EQv lv yhu| vpdoo1

918 Frqfoxvlrq dqg Ixwxuh Zrun

Wklv fkdswhu suhvhqwv dq h{shulphqwdo sdudgljp iru frqvwuxfwlqj kdug Ed|hvldq qhwzrunv dqg wkhlu

uroh lq ehqfkpdunlqj dojrulwkpv iru frpsxwlqj PSHv1 Zh kdyh vwxglhg d udqjh ri vwuxfwxudo

dqg glvwulexwlrqdo sdudphwhul}dwlrq ri EQv dqg vkrzhg krz wkh| d�hfw wkh kdugqhvv ri frpsxwlqj
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PSHv1 Zh kdyh vkrzq wkdw ydu|lqj wkhvh sdudphwhuv/ hyhq zkhq nhhslqj wkh qhwzrun vl}h �{hg/

pd| pdnh wkh qhwzrunv kdug wr kdqgoh iru vwdwh0ri0wkh0duw dojrulwkpv olnh Kxjlq1 Lq dgglwlrq/

rxu vwxg| frpsduhv wzr glvwlqfw dojrulwkplf dssurdfkhv dqg vkrz krz gl�huhqw sdudphwhuv ydoxhv

d�hfw wkhp gl�huhqwo| wr wkh h{whqw wkdw wkhlu shuirupdqfh gl�huv h{srqhqwldoo| lq wkh sureohp

vl}h1

Wkh frqwulexwlrq ri wklv zrun lv wkxv wzr irog= Phwkrgrorjlfdoo|/ zh eholhyh wklv olqh ri zrun wr

eh hvvhqwldo vr wkdw ydolg h{shulphqwdo hydoxdwlrq ri dojrulwkpv fdq eh shuiruphg1 Dojrulwkplfdoo|/

wklv zrun khosv lq ghyhorslqj dq xqghuvwdqglqj ri wkh vxlwdelolw| ri gl�huhqw dojrulwkplf dssurdfkhv

lq gl�huhqw vhwwlqjv1

Wklv zrun fdq eh h{whqghg lq pdq| gluhfwlrqv1 Prvw lpsruwdqw lv wr ghyhors d ehwwhu xqghu0

vwdqglqj wr lqwhuphgldwh fdvhv1 Zkloh zh kdyh vwxglhg h{wuhph fdvhv lq d ihz glphqvlrqv/ pdlqo|

wr h{klelw wkdw wkuhvkrog skhqrphqd h{lvwv/ lw lv hvvhqwldo wr shuirup vlplodu vwxglhv iru ohvv h{wuhph

fdvhv dorqj wkhvh dqg rwkhu glphqvlrqv1
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Iljxuh 915= PSH frpsxwdwlrq wlph ri Kxjlq dqg VJV rq VDW EQv zlwk Y @ 63 yduldeohv dqg
F @ 93 wr F @ 459 fodxvhv1
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Iljxuh 916= Frpsxwdwlrq wlph +vhfrqgv, dv ixqfwlrq ri F@Y udwlr lq Kxjlq iru NG qhwzrunv1 Qrwh
wkh skdvh wudqvlwlrq durxqg F@Y � 4=:/ vxssruwlqj rxu fodlp wkdw rwkhu prghov wkdq wkh VDW
prgho kdyh skdvh wudqvlwlrqv1
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Iljxuh 917= Frpsxwdwlrq wlph +vhfrqgv, dv ixqfwlrq ri F@Y udwlr iru luuhjxodu dqg uhjxodu VDW
qhwzrunv1 Uhvxowv iru Kxjlq duh vkrzq dw wkh wrs/ uhvxowv iru VJV wr wkh erwwrp1
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Fkdswhu :

Devwudfwlrq iru Frpsxwlqj wkh Prvw
Suredeoh H{sodqdwlrq

Devwudfwlrq klhudufklhv kdyh vhhq zlghvsuhdg xvh zlwklq pdq| duhdv ri duwl�fldo lqwhooljhqfh1 Wkhuh

duh vhyhudo sxusrvhv ri devwudfwlrq/ lqfoxglqj +l, lpsurylqj kxpdq frpsuhkhqvlrq dqg lqwhudfwlrq

^Fkdqj dqg Ixqj/ 4<<4`/ +ll, idflolwdwlqj ohduqlqj dqg nqrzohgjh dftxlvlwlrq ^Nr}d/ 4<;<`/ dqg +lll,

lpsurylqj wkh vshhg ru txdolw| ri vhdufk ^Zhoopdq dqg Olx/ 4<<7` ^Phqjvkrho dqg Zlonlqv/ 4<<;d`1

Lpsurylqj wkh vshhg ru txdolw| ri vhdufk iru d prvw suredeoh h{sodqdwlrq lq d Ed|hvldq qhw0

zrun +EQ, ^Shduo/ 4<;;` lv wkh pdlq prwlydwlrq iru wkh uhvhdufk uhsruwhg lq wklv fkdswhu1 H{dfwo|

frpsxwlqj d prvw suredeoh h{sodqdwlrq +PSH, lv frpsxwdwlrqdoo| kdug ^Vklprq|/ 4<<7`/ dqg wkh

odujh qrgh vwdwh vsdfhv wkdw rffxu iuhtxhqwo| lq dssolfdwlrq EQv kdyh suryhq wr eh d pdmru idfwru

lq vorzlqj grzq wkh vshhg ri lqihuhqfh1 Lq dgglwlrq wr ehlqj gluhfwo| xvhg/ odujh vwdwh vsdfhv fdq

eh fdxvhg e| d glvfuhwl}dwlrq ri frqwlqxrxv qrghv1

Wr dwwdfn wkh sureohp ri odujh vwdwh vsdfhv vorzlqj grzq wkh vshhg ri lqihuhqfh/ zh devwudfw

wkhvh odujh qrgh vwdwh vsdfhv1 Zh lqwurgxfh wkh shuvshfwlyh wkdw dq devwudfwhg vwdwh lq d vhdufk

vsdfh fdq eh uhjdughg dv d qrlv| dssur{lpdwlrq ri wkh vhwv ri vwdwhv wkdw lw devwudfwv1 Wklv shuvshf0

wlyh lv ydoxdeoh ehfdxvh vwrfkdvwlf vhdufk dojrulwkpv vxfk dv jhqhwlf dojrulwkpv +JDv, ^Jrogehuj/

4<;<f` fdq eh dxjphqwhg zlwk devwudfwlrq dqg uh�qhphqw zkhq frpsxwlqj d prvw suredeoh h{sod0

qdwlrq ^Phqjvkrho dqg Zlonlqv/ 4<<;d`/ dqg JDv kdyh suryhq urexvw hyhq zkhq xvlqj qrlv| �wqhvv

ixqfwlrqv ^Jrogehuj/ 4<;<f` ^Ploohu/ 4<<:`1

Rxu dssurdfk uholhv rq dq delolw| wr frqvwuxfw devwudfwlrq klhudufklhv ri kljk txdolw|/ dqg wklv

lv d pdlq irfxv ri wkh suhvhqw fkdswhu1 Wklv fkdswhu v|qwkhvl}hv dqg h{whqgv uhvhdufk iurp vhyhudo

duhdv ri duwl�fldo lqwhooljhqfh1 Lq sduwlfxodu/ zh h{whqg suhylrxv zrun rq EQ devwudfwlrq dqg

478



uh�qhphqw ^Fkdqj dqg Ixqj/ 4<<4` ^Zhoopdq dqg Olx/ 4<<7` ^Olx dqg Zhoopdq/ 4<<9` ^Phqjvkrho

dqg Zlonlqv/ 4<<;d` e| irfxvlqj rq PSH frpsxwdwlrq/ lghqwli|lqj txdolw| fulwhuld iru devwudfwlrq

klhudufklhv/ ghyhorslqj dojrulwkpv iru devwudfwlrq klhudufk| frqvwuxfwlrq/ dqg hpslulfdoo| whvwlqj

wkhp1 Iru d vwrfkdvwlf vhdufkhu vxfk dv d JD/ wkh jrdo ri xvlqj devwudfwlrq dqg uh�qhphqw iru

vhdufk lv pruh uholdeoh frqyhujhqfh ru lqfuhdvhg vshhg ri kdqgolqj pruh devwudfw +khqfh frduvhu,

lqglylgxdov/ dqg ixwxuh uhvhdufk vkrxog lqyhvwljdwh wkhvh lvvxhv1

Wkh uhpdlqghu ri wklv fkdswhu lv rujdql}hg dv iroorzv1 Frqfhswv uhodwhg wr Ed|hvldq qhwzrun

dqg JD dssur{lpdwlrq duh suhvhqwhg lq Vhfwlrq :141 Zh irfxv rq devwudfwlrq dqg uh�qhphqw lq

Ed|hvldq qhwzrunv lq Vhfwlrq :151 Zh glvfxvv devwudfwlrq iru wkh PSH wdvn lq Vhfwlrq :16/ dqg zh

lqyhvwljdwh txdolw| phdvxuhv iru devwudfwlrq lq Vhfwlrq :171 Devwudfwlrq dojrulwkpv duh suhvhqwhg

lq Vhfwlrq :18/ dqg zh jlyh h{shulphqwdo uhvxowv iru wkhp lq Vhfwlrq :191 Vhfwlrq :1: frqfoxghv dqg

rxwolqhv ixwxuh uhvhdufk1 Dsshqgl{ D jlyhv ixuwkhu ghwdlov derxw devwudfwlrq dqg uh�qhphqw1

:14 Dssur{lpdwlrq/ Ed|hvldq Qhwzrunv/ dqg Jhqhwlf Dojrulwkpv

Wkh fhqwudo lghd lq EQ dssur{lpdwlrq lv/ jlyhq dq h{sodqdwlrq { wr/ jlyh dq dssur{lpdwh ydoxh ri

Su+{, udwkhu wkdq Su+{, lwvhoi1 Dv ghwdlohg odwhu lq wklv fkdswhu/ zh dssur{lpdwh wkh h{sodqdwlrq

{ e| dqrwkhu h{sodqdwlrq |/ dqg wkhq xvh Su+|, dv dq dssur{lpdwlrq wr Su+{,1 Iru EQv/ zh

zloo glvwlqjxlvk ehwzhhq devwudfwlrq dqg djjuhjdwlrq/ zklfk erwk kdyh ehhq ghvfulehg lq wkh EQ

olwhudwxuh ^Fkdqj dqg Ixqj/ 4<<4` ^Zhoopdq dqg Olx/ 4<<7` ^Olx dqg Zhoopdq/ 4<<9`1 Devwudfwlrq

lv hvvhqwldoo| wr uhsodfh vhyhudo qrgh vwdwhv zlwk rqh qrgh vwdwh1 Devwudfwlrq lv dovr nqrzq dv

vwdwh0vsdfh devwudfwlrq ^Zhoopdq dqg Olx/ 4<<7` ^Olx dqg Zhoopdq/ 4<<9`/ frduvhqlqj ^Fkdqj dqg

Ixqj/ 4<<4`/ ru ehkdylrudo devwudfwlrq ^Jhqhvhuhwk/ 4<;7`1 Djjuhjdwlrq lv hvvhqwldoo| wr uhsodfh

vhyhudo qrghv zlwk rqh qrgh1 Djjuhjdwlrq lv dovr nqrzq dv vwuxfwxudo devwudfwlrq ^Zhoopdq dqg

Olx/ 4<<7` ^Jhqhvhuhwk/ 4<;7` ru klhudufklfdo devwudfwlrq ^Vulqlydv/ 4<<7`1 Wkh lqyhuvh rshudwlrqv

ri devwudfwlrq dqg djjuhjdwlrq/ uh�qhphqw dqg ghfrpsrvlwlrq/ duh dovr ri lqwhuhvw> wkhvh zloo eh

glvfxvvhg ehorz dv zloo rwkhu lvvxhv uhodwhg wr devwudfwlrq dqg djjuhjdwlrq lq Ed|hvldq qhwzrunv1

Suhylrxv uhvhdufk hvwdeolvkhv wkdw JDv fdq shuirup zhoo xvlqj dssur{lpdwh �wqhvv ixqfwlrqv

^Juhihqvwhwwh dqg Ilw}sdwulfn/ 4<;8` ^Ploohu/ 4<<:` ^Fkdspdq dqg Vdlwrx/ 4<<7`1 Dq devwudfwhg

EQ lv dq dssur{lpdwlrq ri wkh ruljlqdo EQ/ dqg lv wkhuhiruh dq dssur{lpdwh �wqhvv ixqfwlrq1 Wkh
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dgydqwdjh ri devwudfwlrq lv wkdw wkh vhdufk vsdfh lv pdgh vpdoohu dqg khqfh hdvlhu wr vhdufk1 Wkh

sulfh wr sd| lv lqdffxudf|/ zklfk fdq eh frqvlghuhg wr eh qrlvh/ krzhyhu suhylrxv uhvhdufk kdv

vkrzq wkdw JDv duh qrlvh0wrohudqw ^Juhihqvwhwwh dqg Ilw}sdwulfn/ 4<;8`1 Lq wkh uhvw ri wklv vhfwlrq

zh glvfxvv dssur{lpdwlrq lq Ed|hvldq qhwzrunv dv zhoo dv jhqhwlf dojrulwkpv/ dssur{lpdwlrqv/ dqg

qrlvh1

:1414 Devwudfwlrq dqg Uh�qhphqw

Fkdqj dqg Ixqj lqwurgxfhg wkh wzr rshudwlrqv ri uh�qh dqg frduvhq iru glvfuhwh Ed|hvldq qhwzrunv

+EQv, ^Fkdqj dqg Ixqj/ 4<<4`1 Frduvhq holplqdwhv vwdwhv iru d qrgh +lw lv dq devwudfwlrq rshudwlrq,/

zkloh uh�qh lqwurgxfhv qhz vwdwhv iru d qrgh +lw lv d uh�qhphqw rshudwlrq,1 Erwk rshudwlrqv/ zklfk

duh glvfxvvhg lq pruh ghwdlo lq Vhfwlrq :15/ wdnh dv lqsxw d wdujhw qrgh dqg d ghvluhg uh�qhphqw ru

frduvhqlqj/ dqg wkhq rxwsxw d uhylvhg frqglwlrqdo suredelolw| glvwulexwlrq iru wkh wdujhw qrgh dqg

iru wkh wdujhw qrgh*v fkloguhq1 Erwk rshudwlrqv duh edvhg rq frqvwudlqwv rq wkh Pdunry eodqnhw

ri wkh wdujhw qrgh1 Wzr fodvvhv ri rshudwlrqv duh ghvfulehg= h{whuqdo rshudwlrqv dqg lqwhuqdo

rshudwlrqv1 H{whuqdo rshudwlrqv fkdqjh wkh EQ wrsrorj| e| xvlqj Vkdfkwhu*v rshudwlrqv ^Vkdfkwhu/

4<;;`1 Lqwhuqdo rshudwlrqv/ rq wkh rwkhu kdqg/ pdlqwdlq wkh EQ wrsrorj|1 Lq wkh iroorzlqj zh irfxv

rq wkh lqwhuqdo devwudfwlrq rshudwlrq1

Zhoopdq dqg Olx dovr frqvlghu devwudfwlrq ri d qrgh [/ dqg lq sduwlfxodu krz wkh frqglwlrqdo

suredelolw| wdeohv uhodwhg wr d sduhqw S dqg d fklog F duh d�hfwhg1 Xsgdwlqj ri Su+[ m S , lv vlplodu
wr Fkdqj dqg Ixqj/ zkloh xsgdwlqj ri Su+F m [, lv gl�huhqw1 Ohw wkh vwdwhv {�> ===> {� 5 
f eh

devwudfwhg wr {��� 5 
f� 1 Zhoopdq dqg Olx*v devwudfwlrq rshudwlrq +ZO devwudfwlrq, dssur{lpdwhv

wkh frqglwlrqdo suredelolw| glvwulexwlrq dqg lv gh�qhg dv=

Su+f m {���, @
S�

,'� Su+f m {,,
m � l. 4

>

zkhuh mF+{�,m @ m � l. 41 Lq rwkhu zrugv/ wkh m � l. 4 vwdwhv {�> ===> {� lq qrgh [ duh devwudfwhg

lqwr rqh vwdwh {��� lq qrgh [ �1 Wkh dssurdfk khuh lv wr dssur{lpdwh e| dyhudjlqj ryhu doo wkh

frqglwlrqdov Su+f m {, ri [1
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:1415 Djjuhjdwlrq dqg Ghfrpsrvlwlrq

Suhylrxv uhvhdufk rq djjuhjdwlrq kdv ehhq ohvv h{whqvlyh wkdq wkdw rq devwudfwlrq/ hyhq wkrxjk lq

vrph vhqvh wkh lvvxhv lqyroyhg duh pruh frpsuhkhqvlyh= Djjuhjdwlrq pdnhv codujhu* fkdqjhv wr d

Ed|hvldq qhwzrun1

Vulqlydv lqyhvwljdwhv wkh uhodwlrqvkls ehwzhhq prgho0edvhg uhdvrqlqj dqg EQv ^Vulqlydv/ 4<<7`1

Vshfl�fdoo|/ kh frqvwuxfwhg d wudqvodwlrq dojrulwkp wkdw fuhdwhv d EQ iurp d klhudufklfdo ixqfwlrqdo

vfkhpdwlf/ dqg ghvfulehv krz foxvwhulqj ^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;` ^Mhqvhq hw do1/ 4<<3e`

fdq eh prgl�hg wr h{sorlw wkh klhudufk|1 Wklv zrun kdv ehhq h{whqghg wr lqfoxgh frpsxwdwlrq ri

uhsdlu sodqv ^Vulqlydv dqg Kruylw}/ 4<<8`1 Wkh edvlf ixqfwlrqdo vfkhpdwlf xqlw lv d frpsrqhqw F1 D

frpsrqhqw kdv lqsxw/ rxwsxw/ dqg d prgh> wkh prgh uhsuhvhqwv rshudwlrqdo vwdwxv ri wkh xqlw +h1j1

fruuhfw/ vwxfn0dw04/ ru vwxfn0dw03 iru d wudqvlvwru,1 Xqohvv lw lv dwrplf/ d frpsrqhqw lv uhfxuvlyho|

ghfrpsrvhg lqwr vxefrpsrqhqwv F�> ===> F?= Wkh wudqvodwlrq vfkhph wdnhv d ixqfwlrqdo vfkhpdwlf

dqg fuhdwhv d EQ frqvlvwlqj ri wkhvh qrghv= L� uhsuhvhqwv lqsxw l/ R uhsuhvhqwv wkh rxwsxw/P� uhsuh0

vhqwv prgh l/ dqg [� uhsuhvhqwv lqwhuqdo yduldeoh l1 Lqwhuqdo yduldeohv duh vxefrpsrqhqw lqsxw dqg

rxwsxw wkdw duh qrw lqsxwv dqg rxwsxwv ri wkh frpsrqhqw1 Dw wkh ohyho ri vxefrpsrqhqwv F�> ===> F?/

zh kdyh d EQ uhsuhvhqwlqj wkh mrlqw glvwulexwlrq Su+L�> ===> L6> R>P�> ===>P?>[�> ===>[&, Dw d kljkhu

ohyho/ F lv frqvlghuhg dq djjuhjdwh dqg wkh fruuhvsrqglqj EQ uhsuhvhqwv Su+L�> ===> L6>R>P,1 Vulql0

ydv ghvfulehv krz wkh kljkhu ohyho glvwulexwlrq lv frpsxwhg iurp wkh orzhu ohyho glvwulexwlrq xvlqj

Vkdfkwhu*v wrsrorjlfdo wudqvirupdwlrq rshudwlrqv iru pdujlqdol}dwlrq ^Vkdfkwhu/ 4<;;`1

:1416 Dssur{lpdwlrq dqg Jhqhwlf Dojrulwkpv

Dssur{lpdwlrqv kdyh dovr ehhq h{soruhg zlwklq wkh JD frppxqlw|1 Dssur{lpdwlrqv fdq eh grqh

dw d orz ohyho/ qdpho| dw wkh ohyho ri wkh JD vwulqjv wkhpvhoyhv1 Lw kdv ehhq revhuyhg wkdw xvlqj

lqglylgxdov wkdw duh dv �qh0judlqhg dv wkh| fdq eh pljkw qrw eh rswlpdo1 Iru h{dpsoh/ wklv zdv

wkh uhvxow ri xvlqj d JD iru vwuxfwxudo phfkdqlfdo ghvljq ^Fkdspdq dqg Vdlwrx/ 4<<7`1 Lq wkh

uhvhdufk ri Fkdspdq hw do1/ d JD zdv xvhg iru frqfhswxdo ghvljq/ lq sduwlfxodu vwuxfwxudo wrsrorj|

ghvljq lq phfkdqlfdo ghvljq ^Fkdspdq dqg Vdlwrx/ 4<<7`1 D klhudufklfdo vxeglylvlrq vfkhph zdv

dssolhg/ zkhuh dq lqlwldo rswlpxp zdv irxqg xvlqj d frduvh glvfuhwl}dwlrq1 Wklv lqlwldo rswlpxp

zdv vxeglylghg lqwr irxu vxeghvljqv/ dqg hdfk zdv rswlpl}hg svhxgr0lqghshqghqwo| xvlqj wkh vdph
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vwulqj ohqjwk dv lqlwldoo| xvhg1 Wkh irxu srsxodwlrqv fruuhvsrqglqj wr wkh uhvshfwlyh irxu txdgudqwv

zhuh lqlwldol}hg zlwk pxwdwhg yhuvlrqv ri wkh frduvh rswlpxp +wkh kljk pxwdwlrq udwh 3148 zdv xvhg,1

Ilwqhvv hydoxdwlrq zdv grqh joredoo|/ l1h1 e| frpelqlqj dq lqglylgxdo lq wkh fxuuhqw txdgudqw zlwk

wkh ehvw lqglylgxdov lq wkh rwkhu wkuhh txdgudqwv/ dqg vhtxhqwldoo| jrlqj wkurxjk wkh irxu txdgudqwv1

Frpsduhg wr qrw xvlqj klhudufklfdo vxeglylvlrq/ d vlplodu frqfhswxdo ghvljq zdv irxqg xvlqj ihzhu

�wqhvv hydoxdwlrqv +46/833 yhuvxv 4;/333,/ zkhuh pdq| ri wkh �wqhvv hydoxdwlrqv zhuh ohvv h{shqvlyh

iru wkh klhudufklfdo vxeglylvlrq vfkhph1

:1417 Qrlvh dqg Jhqhwlf Dojrulwkpv

Iru JDv/ wkhuh lv d wudgh0r� lqyroyhg lq �wqhvv ixqfwlrq hydoxdwlrq1 JD �wqhvv ixqfwlrq hydoxdwlrq

fdq eh vorz dqg dffxudwh rq wkh rqh kdqg ru idvw dqg dssur{lpdwh rq wkh rwkhu ^Juhihqvwhwwh dqg

Ilw}sdwulfn/ 4<;8`=

Jlyhq d �{hg dprxqw ri frpsxwdwlrq wlph/ lv lw ehwwhu wr ghyrwh vxevwdqwldo wlph wr

jhwwlqj kljko| dffxudwh hydoxdwlrqv/ ru wr rewdlq txlfn/ urxjk hydoxdwlrqv dqg uxq wkh

JD iru pdq| pruh jhqhudwlrqvB

Rqh irup ri dssur{lpdwh �wqhvv ixqfwlrq hydoxdwlrq lv Prqwh Fduor vdpsolqj1 D fhqwudo txhvwlrq

khuh lv krz pdq| vdpsohv wr shuirup shu �wqhvv ixqfwlrq hydoxdwlrq1 Juhihqvwhwwh dqg Ilw}sdwulfn

h{shulphqwdoo| ghflghg wkh rswlpdo qxpehu ri sl{hov wr eh vdpsohg lq dq lpdjh/ rswlpdo phdqlqj

wkh qxpehu wkdw jdyh ehvw JD shuirupdqfh ^Juhihqvwhwwh dqg Ilw}sdwulfn/ 4<;8`1 D voljkwo| gl�huhqw

shuvshfwlyh lv wkdw Prqwh Fduor vdpsolqj lqgxfhv d qrlv| �wqhvv ixqfwlrq1 Wkh lpsdfw ri vxfk qrlvh

rq frqyhujhqfh/ srsxodwlrq vl}lqj/ dqg vdpsolqj kdv ehhq lqyhvwljdwhg ^Ploohu/ 4<<:`1

:15 Suholplqdulhv= Devwudfwlrq dqg Uh�qhphqw Rshudwruv

Lq wklv vhfwlrq/ zh lqwurgxfh whuplqrorj| uhodwhg wr devwudfwlrq/ �uvw wkh qrwlrq ri dq devwudfwlrq

klhudufk|1 Edvhg rq wkdw/ zh fdq lqwurgxfh wkh whuplqrorj| wkdw d qrgh lv dq devwudfwlrq +uh�qh0

phqw, ri dqrwkhu qrgh/ dqg d EQ lv dq devwudfwlrq +uh�qhphqw, ri dqrwkhu EQ/ dqg vlploduo| iru

h{sodqdwlrqv1
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:1514 Devwudfwlrq Klhudufk|

Dq devwudfwlrq klhudufk| lv d GDJ zklfk vwuxfwxuhv wkh vwdwh vsdfh ri d EQ qrgh1

Gh�qlwlrq 47 Ohw [ eh d EQ qrgh zlwk 
f @ i{�> ===> {&j1 Dq devwudfwlrq klhudufk| iru [ lv d

GDJ wkdw lv d wuhh zkhuh hdfk ohdi qrgh uhsuhvhqwv vrph {�/ wkh urrw qrgh uhsuhvhqwv wkh glvmxqfwlrq

ri doo vwdwhv {�b� � �b{&/ dqg lqwhulru qrgh qxpehu l uhsuhvhqwv d glvmxqfwlrq ri m vwdwhv/ {��b� � �b{�� 1

Lq wkh iroorzlqj gh�qlwlrq zh irfxv rq wkh uhodwlrqv ehwzhhq vwdwhv lq dq devwudfwlrq klhudufk|1

Gh�qlwlrq 48 Ohw K eh dq devwudfwlrq klhudufk|1 D jurxqg vwdwh lv d ohdi lq K1 Dq devwudfw vwdwh

lv dq lqwhulru ru d urrw qrgh lq K1 D vwdwh �v gluhfwo| uh�qhv dqrwkhu vwdwh v lq K +�v 5 �+v,, li

wkhuh lv d gluhfwhg hgjh iurp �v wr v1 D vwdwh v gluhfwo| devwudfwv dqrwkhu vwdwh �v lq K +v 5 �+�v,, li

�v 5 �+v,1 D vwdwh �v uh�qhv d vwdwh v lq K +�v 5 �W+v,, li wkhuh lv d gluhfwhg sdwk iurp �v wr v ru li

v @ �v1 D vwdwh v devwudfwv d vwdwh �v lq K +v 5 �W+�v,, li �v 5 �W+v, lq K1

Zh surqrxqfh �v dqg av cv grzq* dqg cv xs* uhvshfwlyho|/ uhihuulqj wr wkh devwudfwlrq klhudufk|1

Qrwh wkdw d vwdwh v erwk devwudfwv dqg uh�qhv lwvhoi e| wkhvh gh�qlwlrqv1 Zkhq zh zdqw wr h{foxgh

wklv srvvlelolw|/ wkh whuplqrorj| vwulfw devwudfwlrq dqg vwulfw uh�qhphqw lv xvhg1 Lq rughu wr vlpsoli|

wkh qrwdwlrq/ zh riwhq gr qrw h{solflwo| phqwlrq wkh devwudfwlrq klhudufk| K lq wkh iroorzlqj1

Qrwh wkdw dq dewulwudu| vhw ri vwdwhv V @ iv�> ===> v&j pljkw ru pljkw qrw eh d ydolg vwdwh vsdfh1

D vhw ri vwdwhv V lv d ydolg vwdwh vsdfh li hyhu| ohdi qrgh lq lwv devwudfwlrq klhudufk| K kdv h{dfwo|

rqh devwudfw vwdwh lq wkh vhw V1

Wkh ohyho ri d vwdwh lq dq devwudfwlrq klhudufk| lv gh�qhg lqgxfwlyho| dv wkh ohyho ri lwv sduhqw

vwdwh soxv rqh1 Wkh ohyho ri wkh urrw qrgh lv }hur1 Vlqfh zh dvvxph wkhuh lv rqo| rqh urrw qrgh/ wkh

qrwlrq ri ohyho lv zhoo0gh�qhg1

:1515 Devwudfw Vwdwh Vsdfhv dqg Qrghv

Vhyhudo ri wkh gh�qlwlrqv ri Fkdswhu 5 fdq qrz eh h{whqghg wr dffrpprgdwh devwudfwlrqv dqg

uh�qhphqwv1 Lq sduwlfxodu/ zh fdq qrz wklqn derxw d vwdwh vsdfh dv devwudfwlqj dqrwkhu vwdwh

vsdfh/ dqg d EQ qrgh dv devwudfwlqj dqrwkhu EQ qrgh1 Dovr/ zh qhhg wr lqwurgxfh uhdvrqdeoh zd|v

ri fkdqjlqj FSWv zkhq devwudfwlqj ru uh�qlqj1
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Gh�qlwlrq 49 D vwdwh vsdfh V @ iv�> ===> v6j devwudfwv d vwdwh vsdfh �V @ i�v�> ===> �v?j li wkh| kdyh

wkh vdph devwudfwlrq klhudufk| K dqg iru doo �v 5 �V wkhuh h{lvwv vrph v 5 V vxfk wkdw �v 5 �W+v, lq

K1

Lw lv vrphwlphv pruh frqyhqlhqw wr wdon derxw d qrgh udwkhu wkdq d qrgh dqg lwv vwdwh vsdfh/

wkxv zh zloo riwhq qrw phqwlrq wkh vwdwh vsdfh h{solflwo|1 Riwhq zh zloo dovr frqvlghu gl�huhqw qrghv/

hyhq wkrxjk wkh| vkduh wkh vdph devwudfwlrq klhudufk| dqg lw lv rqo| wkhlu vwdwh vsdfh zklfk gl�huv1

Dq h{dpsoh ri wklv lv vkrzq lq Iljxuh :14/ zkhuh U�/ U2/ dqg U� duh hvvhqwldoo| yduldqwv ri wkh

vdph qrgh1

Iljxuh :14 vkrzv d vlpsoh h{dpsoh ri devwudfwlrq dqg uh�qhphqw lq djhqw prqlwrulqj1 Vxssrvh

dq djhqw fdq dw dq| rqh wlph eh lq rqh dprqj d qxpehu ri uhjlrqv +khuh dorqj d olqh,/ dqg vxssrvh

wkhuh duh 49 uhjlrqv dw wkh jurxqg ohyho1 Ohw wkhvh jurxqg ohyho uhjlrqv eh qdphg iurp u�c� wkurxjk

u�c�S1 Ohw wkh EQ qrghU� udqjh ryhu vwdwhv fruuhvsrqglqj wr wkhvh uhjlrqv ru vhjphqwv/ uhsuhvhqwlqj

wkh vhjphqw lq zklfk wkh djhqw lv1 Wkhq qhljkerulqj vwdwhv fdq eh devwudfwhg/ iru h{dpsoh vwdwhv

u�c� dqg u�c2 fdq eh devwudfwhg lqwr u2c� dv vkrzq lq Iljxuh :141 Iljxuh :15 frqwdlqv dq devwudfwlrq

klhudufk| iru wklv h{dpsoh1

Zh duh lq wklv vhfwlrq sulpdulo| frqfhuqhg zlwk suhgh�qhg dqg klhudufklfdo devwudfwlrq dqg

uh�qhphqw1 E| suhgh�qhg zh phdq wkdw wkh devwudfwlrq klhudufk| lv jlyhq1 Wklv dvvxpswlrq lv

oliwhg lq odwhu vhfwlrqv/ zkhuh zh irfxv rq frqvwuxfwlqj devwudfwlrq klhudufklhv1 Dq h{dpsoh ri d

grpdlq zkhuh d suhgh�qhg devwudfwlrq klhudufk| lv qdwxudo lv lq wkh glvfuhwl}dwlrq ri d frqwlqxrxv/

uhdo0ydoxhg vsdfh zklfk rffxuv lq vsdwldo devwudfwlrq1 Devwudfwlrq/ wkhq/ dprxqwv wr cphujlqj*

dgmdfhqw vwdwhv/ zkloh uh�qhphqw lv wkh cvsolwwlqj* ri d vwdwh lqwr lwv frpsrqhqw/ dgmdfhqw/ vwdwhv1

Lq wkh frqwh{w ri vsdwldo devwudfwlrq/ klhudufklfdo devwudfwlrq phdqv wkdw/ rqfh vwdwhv x��dqg x�2

kdyh ehhq slfnhg/ wkhuh lv qr dpeljxlw| lq krz wr devwudfw1

Vhyhudo ri wkh gh�qlwlrqv ri wkh suhylrxv vhfwlrq fdq qrz eh h{whqghg wr dffrpprgdwh devwudf0

wlrqv dqg uh�qhphqwv1

Gh�qlwlrq 4: Ohw K eh dq devwudfwlrq klhudufk|1 D jurxqg vwdwh vsdfh +ru jurxqg qrgh, zlwk

uhvshfw wr K lv d vwdwh vsdfh 
f +ru d qrgh [, zkhuh doo vwdwhv duh ohdi qrghv lq K1 Dq devwudfw

vwdwh vsdfh +ru qrgh, kdv vrph vwdwh wkdw lv qrw d ohdi lq K1
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BN node statesBN nodes
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R3

R1

abstraction

abstraction

Iljxuh :14= H{dpsoh ri vwdwh vsdfh devwudfwlrq dqg uh�qhphqw1 Qrgh U� frqwdlqv wkh ruljlqdo
vwdwhv u�c� wr u�c�S1 Qrgh U2 frqwdlqv vwdwhv u2c� wr u2cH/ zkhuh dq| vwdwh u2c� lv dq devwudfwlrq ri
wzr vwdwhv u�c2�3�dqg u�c2� lq U�1

r3,1

r1,1 r1,2 r1,3 r1,4 r1,5 r1,6 r1,7 r1,8

r2,1 r2,2 r2,3 r2,4

r3,2

r4,1

r5,1

r4,2

Iljxuh :15= Devwudfwlrq klhudufk| iru dq djhqw prqlwrulqj qrgh U�1 Wkh devwudfwlrq klhudufk|
urrwhg dw uec2 lv vlplodu wr wkh klhudufk| urrwhg dw uec�/ exw kdv ehhq ohiw rxw ri wklv �jxuh1
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Px

SX

Iljxuh :16= Ed|hvldq qhwzrun vkrzlqj devwudfwlrq dqg uh�qhphqw sulqflsohv1

Zh dgrsw wkh lqwhuqdo devwudfwlrq dqg uh�qhphqw rshudwruv iru frqglwlrqdo suredelolw| lqwur0

gxfhg e| Fkdqj dqg Ixqj ^Fkdqj dqg Ixqj/ 4<<4`1 Lq rxu yduldqw ri wkhlu vfkhph/ wkh lqsxwv wr

devwudfwlrq dqg uh�qhphqw duh=

� d qrgh [ zkrvh vwdwh vsdfh 
f lv wr eh uh�qhg ru devwudfwhg1

� d qhz vwdwh vsdfh 
�
f 1

� dq devwudfwlrq klhudufk| K/ zklfk ghvfulehv zklfk vwdwhv { 5 
f duh uhodwhg wr zklfk vwdwhv

{� 5 
�
f 1

Wkh rxwsxwv duh wkh iroorzlqj=

� d qhz frqglwlrqdo glvwulexwlrq iru [/ Su�+[ m �f,

� d qhz frqglwlrqdo glvwulexwlrq iru vxffhvvruv ri [/ Su�+Vf m �7f ,/ zkhuh Vf lv d vxffhvvru

+fklog, ri [/ Vf 5 �f 1

Wkh fhqwudo lghd ri Fkdqj dqg Ixqj lv wr nhhs wkh h�hfw ri devwudfwlrq dqg uh�qhphqw orfdol}hg/

lq sduwlfxodu e| nhhslqj wkh mrlqw glvwulexwlrq ri wkh Pdunry eodqnhw ri wkh devwudfwhg qrgh lqwdfw/

li srvvleoh1 Wkh wrsrorj| ri wkh EQ vkrzq lq Iljxuh :16 looxvwudwhv wklv> wkh qrgh [ dqg lwv Pdunry
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F

T

M
top (t)

yes (y) no (n)

tank (a) truck (u)

Iljxuh :17= Ed|hvldq qhwzrun zlwk devwudfwlrq klhudufk|1 Wkh Ed|hvldq qhwzrun/ zkrvh qrgh Y lv
devwudfwhg/ lv vkrzq wr wkh ohiw/ wkh devwudfwlrq klhudufk| lv vkrzq wr wkh uljkw1

eodqnhw lv ghslfwhg1 Wkhlu lghd ohdgv wr wkh iroorzlqj wzr w|shv ri frqvwudlqwv rq devwudfwlrq1 Wkh

sduhqw frqvwudlqw lv

Su+a{ m �f, @
[

%M4E	%�

Su+{ m �f,,> +:14,

zkloh wkh fklog frqvwudlqw lv

Su+vf m a�7f ,Su+a{ m �f, @
[

%M4E	%�

Su+vf m �7f ,Su+{ m �f,= +:15,

Khuh/ vf 5 
7f / zkhuh zh uhfdoo wkdw Vf 5 �f 1 Dq ruljlqdo vwdwh lv {/ zkloh wkh devwudfwhg vwdwh

lv a{/ zkhuh zh kdyh { 5 �7f dqg a{ 5 a�7f 1

Wkhuh duh vhyhudo zd|v wr xvh wkh sduhqw dqg fklog frqvwudlqwv iru devwudfwlrq dqg uh�qhphqw1

Jlyhq dq devwudfwlrq klhudufk|/ wkh| fdq eh xvhg wr frpsxwh FSWv iru dq devwudfw qrgh1 Wkh

frqvwudlqwv duh xvhg wkdw zd| lq wklv vhfwlrq> lq wklv fdvh wkh iroorzlqj irup ri +:15, lv xvhixo=

Su+vf m a�7f , @
S

%M4E	%� Su+vf m �7f , Su+{ m �f,
Su+a{ m �f, =

Jlyhq dq devwudfwlrq klhudufk| dqg wkh FSW hqwu| Su+vf m �7f ,/ zh fdq frpsxwh Su+vf m a�7f ,1
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Zkhq frqvwuxfwlqj dq devwudfwlrq klhudufk|/ zh dujxh wkdw dprqj wkh sduhqw frqvwudlqw +:14,

dqg wkh fklog frqvwudlqw +:15,/ wkh sduhqw frqvwudlqw lv prvw lpsruwdqw/ vlqfh wkh sduhqw suredelolwlhv

Su+{ m �f, dqg Su+a{ m �f, dovr sduwlflsdwh lq wkh fklog frqvwudlqw1

Dq h{dpsoh Ed|hvldq qhwzrun/ eruurzhg iurp ^Fkdqj dqg Ixqj/ 4<<4/ Iljxuh :` dqg xvhg lq

wkh iroorzlqj lv vkrzq lq Iljxuh :171 Khuh/ P vwdqgv iru plolwdu| xqlw w|sh/ zlwk 
� @ ie> fj1
Y vwdqgv iru d yhklfoh lq d sduwlfxodu sodfh dw d sduwlfxodu wlph/ zlwk 
T @ i|> qj +|hv ru qr,

ru 
T @ id> x> qj +wdqn/ wuxfn/ ru qr,1 Wkhvh wzr vwdwh vsdfhv duh uhsuhvhqwhg dv dq devwudfwlrq

klhudufk| lq Iljxuh :171 W vwdqgv iru whuudlq frqglwlrqv/ zlwk 
A @ ij> ej +jrrg ru edg,1 I lv

ihdwxuh/ 
8 @ id> e> rj1 Lq wklv qhwzrun/ Y *v vwdwh vsdfh fdq eh devwudfwhg iurp 
T @ id> x> qj wr

T @ i|> qj/ vr �+a{, @ �+|, @ id> xj/ zkloh �+id> xj, @ |> vhh wkh devwudfwlrq klhudufk| lq Iljxuh

:171 Frqglwlrqdo suredelolw| wdeohv iru wklv h{dpsoh duh vkrzq lq Wdeoh :14 dqg Wdeoh :151

Dv dq h{dpsoh/ ohw xv frqvlghu krz wr frpsxwh suredelolw| ydoxhv lq wzr forvho| uhodwhg fdvhv/

Fdvh +l, dqg Fdvh +ll,1 Fdvh +l, dqg Fdvh +ll, duh iru rqh sduwlfxodu devwudfwlrq klhudufk|1 Fdvh +l,=

Vxssrvh Y @ |/ P @ e/ I @ d/ dqg W @ j iru wkh vhfrqg fklog frqvwudlqw deryh1 Iru wkh uljkw

kdqg vlgh ri wkh fklog frqvwudlqw zh wkhq jhw=

S
%M4E	%� Su+d m {> j,Su+{ m e,

Su+| m e, @
+Su+d m d> j, Su+d m e, . Su+d m x> j,Su+x m e,,

Su+| m e, +:16,

@
+3=7� 3=6 . 3=9� 3=8,

3=;

@ 3=858=

Fdvh +ll,= Ohw P @ f/ zlwk wkh rwkhu qrghv lqvwdqwldwhg dv deryh +l1h1 Y @ |/ I @ d/ dqg W @ j,=

S
%M4E	%� Su+d m {> j,Su+{ m f,

Su+| m f, @
+Su+d m d> j, Su+d m f, . Su+d m x> j,Su+x m f,,

Su+| m e, +:17,

@ 3=88=

Qrz wdnh wkh dyhudjh ri wkh ydoxhv frpsxwhg lq Htxdwlrq :16 dqg Htxdwlrq :17> wklv jlyhv wkh

devwudfwhg ydoxh
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Su+I m Y>W ,
Y = d x q

W = j e j e j e

d 317 314 319 317 314 315
e 318 318 316 315 314 315
r 314 317 314 317 31; 319

Su+I m Y>W ,
Y = | q

W = j e j e

d 3186:8 3163958 3143 3153
e 316958 315<6:8 3143 3153
r 314333 3173333 31;3 3193

Wdeoh :14= Wr wkh ohiw/ I*v frqglwlrqdo suredelolw| wdeoh lv vkrzq ehiruh devwudfwlrq ri 
T @ d> x> q
wr 
T @ |> q / wr wkh uljkw lw lv vkrzq diwhu devwudfwlrq1

Su+Y mP,

P = e f

d 316 314
x 318 316
q 315 319

Su+Y mP,

P = e f

| 31; 317
q 315 319

Wdeoh :15= Wr wkh ohiw Y*v FSW lv vkrzq ehiruh devwudfwlrq ri 
T @ d> x> q wr 
T @ |> q/ wr wkh
uljkw lw lv vkrzq diwhu devwudfwlrq1 Qrwlfh krz wkhvh glvwulexwlrqv duh fkdqjhg1

Su+d m |> j, @ 3=858 . 3=88

5
@ 3=86:8 +:18,

dv vkrzq lq Wdeoh :14/ pruh vshfl�fdoo| lq wkh FSW wr wkh uljkw/ lq wkh froxpq zlwk Y @ | dqg

W @ j/ dqg wkh urz zlwk I @ d1 Wkh rwkhu frqglwlrqdo suredelolw| ydoxhv lq wklv FSW fdq eh

frpsxwhg lq d vlplodu zd|1

Lq dgglwlrq wr devwudfwlrq rshudwruv/ uh�qhphqw rshudwruv kdyh ehhq lqwurgxfhg dqg fdq eh

xvhg wr shuirup zkdw zh ghqrwh vwudljkw uh�qhphqw +vhh Dsshqgl{ D,1 Dq dowhuqdwlyh wr xvlqj

wkh uh�qhphqw rshudwruv lv wr shuirup zkdw zh ghqrwh uh�qhphqw e| devwudfwlrq1 Uh�qhphqw e|

devwudfwlrq mxvw phdqv wkdw li zh kdyh dq devwudfw qrgh aY / dqg zdqw wr uh�qh wr qrgh Y / zh fdq

gr wklv e| devwudfwlqj Y iurp wkh jurxqg qrgh �Y / Y @ �W+ �Y ,1 Uh�qhphqw e| devwudfwlrq lv dozd|v

dw ohdvw dv jrrg dv vwudljkw uh�qhphqw/ dqg lq wkh iroorzlqj zh uhvwulfw rxuvhoyhv wr uh�qhphqw e|

devwudfwlrq iru wkdw uhdvrq1
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:1516 Devwudfw EQv dqg H{sodqdwlrqv

Wkh qrwlrqv ri EQv dqg h{sodqdwlrqv fdq eh h{whqghg lqwr devwudfw EQv dqg devwudfw h{sodqdwlrqv

dv iroorzv1

Gh�qlwlrq 4; D Ed|hvldq qhwzrun zlwk devwudfwlrq klhudufklhv lv d wxsoh +Y>H>Su>K,/ zkhuh

+Y>H>Su, lv d Ed|hvldq qhwzrun/ K d vhw ri devwudfwlrq klhudufklhv1

Zh duh lqwhuhvwhg lq devwudfwlrq ehfdxvh lw fdq eh grqh lq sro|qrpldo wlph/ e| lwhudwlqj ryhu

doo wkh qrghv lq d EQ/ xvlqj wkh dssursuldwh devwudfwlrq rshudwru+v, dv ghvfulehg deryh1

Zh fdq lqwurgxfh devwudfwlrq uhodwlrqv ehwzhhq EQv/ vlplodu wr iru qrghv dqg vwdwh vsdfhv1

Jlyhq dq devwudfwhg Ed|hvldq qhwzrun aE 5 �W+E,/ zh fdq frqvlghu wkh vlwxdwlrq zkhuh dq h{sod0

qdwlrq a{ lq aE devwudfwv dq h{sodqdwlrq { lq E/ vr wkhvh h{sodqdwlrqv duh forvho| uhodwhg wkurxjk

wkh devwudfwlrq klhudufklhv1

Gh�qlwlrq 4< D jurxqg h{sodqdwlrq lv dq h{sodqdwlrq zkhuh doo vwdwhv duh jurxqg1 Dq devwudfw h{0

sodqdwlrq lv dq h{sodqdwlrq zkhuh vrph vwdwh lv devwudfw1 Dq h{sodqdwlrq a{ devwudfwv dq h{sodqdwlrq

{/ a{ 5 �W+{,/ li a{ lv dq h{sodqdwlrq lq aE/ { lv dq h{sodqdwlrq lq E/ dqg aE 5 �W+E,1

Dorqj vlplodu olqhv/ zh kdyh wkdw dq h{sodqdwlrq �{ lv vdlg wr uh�qh dqrwkhu h{sodqdwlrq {/ �{

5 �W+{,1

Kdylqj lqwurgxfhg wkh whuplqrorj| iru devwudfwlrq dqg uh�qhphqw/ zh wxuq wr krz lw fdq dqg

vkrxog eh grqh iru wkh sxusrvhv ri wkh PSH wdvn lq wkh qh{w vhfwlrqv1

:16 Devwudfwlrq iru wkh PSH Wdvn

Vxssrvh zh kdyh d EQ D zklfk lv dq devwudfwlrq ri dqrwkhu EQ U/ ru D 5 �W+U,1 Wkhuh duh wzr

zd|v lq zklfk EQ D lv ri lqwhuhvw/ ghvslwh wkh idfw wkdw U lv +dw ohdvw e| rxu dvvxpswlrqv khuh, d

pruh dffxudwh prgho1 +l, Iluvw/ D fdq lq vrph fdvhv eh dq hqg0uhvxow lq lwvhoi> iru h{dpsoh wkh EQ

U pd| frqwdlq pdq| glvwlqfwlrqv wkdw duh qrw frqvlghuhg uhohydqw wr wkh sduwlfxodu wdvn dw kdqg1

Lq wklv fdvh/ wkh devwudfw EQ D vxppdul}hv dvshfwv ri wkh uh�qhg EQ U/ ru rqh lv zloolqj wr xvh

dq devwudfwhg EQ/ ghvslwh orvv lq dffxudf|/ ehfdxvh lw lv idvwhu1 +ll, Vhfrqg/ wkh devwudfw EQ fdq

eh frqvlghuhg wr eh d vwhsslqj0vwrqh iru wkh uh�qhg EQ1 Lq wklv fdvh/ wkh devwudfw EQ lv xvhg wr
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suhglfw fhuwdlq dvshfwv ri wkh uh�qhg EQ1 Iru lqvwdqfh/ lghdoo| zh zrxog olnh dq PSH lq wkh uh�qhg

EQ wr devwudfw wr dq h{sodqdwlrq wkdw lv dq PSH lq wkh devwudfw EQ/ dqg ylfh yhuvd1 Lq erwk +l,

dqg +ll,/ wkh txdolw| ri devwudfwlrqv pdwwhuv/ dqg dgydqwdjhv dqg glvdgydqwdjhv ri devwudfwlrq lv

zkdw zh wxuq wr qh{w1

:1614 Vwdwh Vsdfh Vl}h

D �uvw dgydqwdjh ri devwudfwlrq lv wkdw wkh vhdufk vsdfh lq dq devwudfwhg EQ zloo eh vpdoohu wkdq

wkdw iurp zklfk lw lv devwudfwhg1 Vxssrvh d EQ frqwdlqv qrghv Y�> ===> Y?1 Wkhq wkh fduglqdolw| ri

wkh vhdufk vsdfh ri wkh ruljlqdo EQ lv=

m 
T� m � � � �� m 
T? m>

zkloh wkh vhdufk vsdfh ri dq devwudfwhg EQ lv

m 
	T�
m � � � �� m 
 	T?

m>

zkhuh aY� lv wkh devwudfwhg qrgh ri wkh qrgh Y� lq wkh ruljlqdo EQ1 Li d EQ frqwdlqv whq qrghv/ hdfk

zlwk whq vwdwhv/ dqg doo devwudfwhg qrghv frqwdlq wzr vwdwhv/ wklv jlyhv d udwlr ehwzhhq wkh EQ vwdwh

vsdfhv ri=

5�f

43�f
@

4357

4 33333 33333
@ 3=3333334357>

zklfk lv d vxevwdqwldo vhdufk vsdfh uhgxfwlrq1

Wkh vhfrqg dgydqwdjh ri xvlqj dq devwudfwhg EQ lv wkdw wkh rshudwlrqv rq h{sodqdwlrqv/ ru

lqglylgxdov lq wkh JD frqwh{w/ zloo eh idvwhu1 Wklv lv pdlqo| ehfdxvh �wqhvv ri lqglylgxdov fdq eh

frpsxwhg idvwhu exw dovr ehfdxvh rwkhu rshudwlrqv pljkw eh idvwhu/ vlqfh lqglylgxdov kdyh vpdoohu

vwdwh vsdfhv1

Ohw { dqg �{ eh h{sodqdwlrqv/ dqg vxssrvh �{ uh�qhv {1 Xvlqj Htxdwlrq 514 zh fdq frpsxwh

erwk Su+�{, dqg Su+{,/ dqg Su+{, hvwlpdwhv Su+�{,1 Wklv hvwlpdwh sodfhv vhyhudo h{sodqdwlrqv lqwr

wkh vdph htxlydohqfh fodvv dv idu dv wkhlu suredelolw| jrhv1 Wkh qxpehu ri h{sodqdwlrqv lq hdfk
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x2

y4y1

x1

y2 y3

Good abstraction
hierarchies

Poor abstraction
hierarchies

x2

y4y1

x1

y2 y3

1.00.0 Probability of explanations

Explanations in
abstract BN X

Explanations in
abstract BN X

Explanations in
refined BN Y

Explanations in
refined BN Y

Iljxuh :18= Rughulqj ri h{sodqdwlrqv dffruglqj wr wkhlu suredelolw|1 Lq wkh wrs sduw ri wkh �jxuh/ dq
h{dpsoh rughulqj iru kljk txdolw| devwudfwlrq klhudufklhv lv vkrzq1 Lq wkh erwwrp sduw/ dq h{dpsoh
rughulqj iru orz txdolw| devwudfwlrq lv vkrzq1

htxlydohqfh fodvv/ zklfk lv mxvw wkh gl�huhqfh lq fduglqdolw| iru hdfk qrgh*v vwdwh vsdfh/ qhhgv wr eh

dffrxqwhg iru1 Iru wklv/ frqvlghu dq devwudfw h{sodqdwlrq { lq EQ E/ dqg wkh h{sodqdwlrqv �{�> ===>�{}

lw uh�qhv wr lq EQ �E/ zkhuh �E 5 �W+E,1 Khuh j fdq eh frpsxwhg dv iroorzv=

j @
?\
�'�

m
 �f�
m

m
f�
m @

?\
�'�

j�> +:19,

Uhfdoo wkdw �[� lv uh�qhg iurp [�/ dqg vr m
 �f�
m � m
f�

m/ dqg wkhuhiruh j � 41 Wkh phdvxuh j

lqglfdwhv krz pxfk wkh vhdufk vsdfh lv h{sdqghg e| uh�qhphqw1

Wzr forvho| uhodwhg shuvshfwlyhv rq devwudfwlrq txdolw| h{lvw/ rqh irfxvhv rq wkh devwudfwlrq

klhudufklhv wkhpvhoyhv/ wkh rwkhu irfxvhv rq wkh h{sodqdwlrqv1 Lghdoo|/ wkh h{sodqdwlrq shuvshfwlyh

vkrxog gulyh wkh devwudfwlrq klhudufk| shuvshfwlyh1 Devwudfwlrq klhudufklhv duh jrrg/ iru rxu

sxusrvhv/ li wkh| pdnh lw hdvlhu wr frpsxwh dq PSH1 Lq wkh iroorzlqj vxevhfwlrq/ zh irfxv rq krz

wr pdlqwdlq/ li srvvleoh/ PSHv zkhq grlqj devwudfwlrq1

:1615 Txdolw| ri Devwudfwlrq

Iru frpsxwlqj wkh PSH/ fruuhfwqhvv ri wkh h{sodqdwlrq dqg qrw qhfhvvdulo| fruuhfwqhvv ri wkh

suredelolw| ri wkh h{sodqdwlrq lv lpsruwdqw1 Rqh fdq dujxh wkdw iru ghflvlrq pdnlqj sxusrvhv/

wkh prvw lpsruwdqw txhvwlrq lv zkhwkhu d v|vwhp frpsxwhv wkh fruuhfw PSH/ dqg zkhwkhu wkh
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suredelolw| lv fruuhfw lv ohvv lpsruwdqw1 Pruh irupdoo|/ ohw { dqg | eh h{sodqdwlrqv/ dqg ohw a{ dqg

a| eh wkhlu uhvshfwlyh devwudfwlrqv1 Zkdw zh zdqw wr dyrlg lv Su+{, ASu+|, zkloh Su+a{, ? Su+a|,/

ru Su+a{, A Su+a|, zkloh Su+{, ?Su+|,1 Lq rughu wr dyrlg wklv/ d srvvleoh jrog vwdqgdug lv wklv= Li

Su+{�, � Su+{2, � === � Su+{6,/ wkhq Su+a{�, � Su+a{2, � === � Su+a{6,1 Khuh/ p lv wkh qxpehu ri

h{sodqdwlrqv lq wkh EQ1 Wkdw lv/ wkh devwudfwlrq surfhvv vkrxog qrw fkdqjh wkh rughulqj/ dffruglqj

wr suredelolw|/ ri wkh h{sodqdwlrqv1 Wklv sulqflsoh lv looxvwudwhg lq Iljxuh :181 D txhvwlrq lv zkhwkhu

rqh vkrxog uhtxluh wklv iru doo h{sodqdwlrqv udwkhu wkdq mxvw iru h{sodqdwlrqv ri kljk suredelolw|1

D gdqjhu ri irfxvlqj rq wkh txdolw| ri kljk0suredelolw| h{sodqdwlrqv rqo| lv wkdw wkh| pljkw eh

lqfrqvlvwhqw zlwk hylghqfh/ dqg lq vxfk fdvhv orzhu0suredelolw| h{sodqdwlrqv zloo eh PSHv1 Rq wkh

rwkhu kdqg/ li orz suredelolw| h{sodqdwlrqv duh PSHv/ wklv phdqv wkhuh lv hylghqfh dqg wkh vhdufk

vsdfh lv vpdoohu1 Vr irfxvlqj rq wkh txdolw| ri orz0suredelolw| h{sodqdwlrqv dv pxfk dv wkdw ri

kljk0suredelolw| h{sodqdwlrqv vhhpv xqqhfhvvdu|1 Iru orz0suredelolw| h{sodqdwlrqv/ rqh fdq d�rug

wr uh�qh wr orzhu0ohyho vwdwhv lq wkh devwudfwlrq klhudufk|1

Dq dowhuqdwlyh shuvshfwlyh rq wkh txdolw| ri devwudfwlrq lv wr irfxv rq suredelolwlhv ri devwudfwhg

h{sodqdwlrqv/ dqg wklv lv zkdw zh gr qh{w1 Zh glvwlqjxlvk ehwzhhq wzr txdolwlhv ri dq devwudfw

h{sodqdwlrq {1 Wkh vxppdul}lqj txdolw| ri { frqfhuqv krz forvh Su+{, lv wr Su+�{�, . ===.Su+�{},1

Fohduo|/

Su+{, @ Su+�{�, . ===.Su+�{}, +:1:,

lv wkh jrog vwdqgdug/ zh fdoo wklv shuihfw vxppdul}lqj devwudfwlrq= Wkh suhglfwlyh txdolw| ri {

frqfhuqv krz forvho| Su+{, suhglfwv wkh suredelolw| ri �{�/ Su+�{�,/ zkhuh l 5 ^4> j`/ dqg j lv wkh wrwdo

qxpehu ri h{sodqdwlrqv zklfk { uh�qhv wr lq �E1 Zh lqwurgxfh wkh qrwlrq ri dq hvwlpdwh fSu+�{, ri
wkh wuxh suredelolw| Su+{�,=

fSu+�{, @ Su+{,@j= +:1;,

Fohduo|/

fSu+�{, @ Su+�{�, +:1<,
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iru doo l 5 ^4> j` lv wkh lghdo vlwxdwlrq/ zh fdoo wklv shuihfw suhglfwlyh devwudfwlrq1 Pruh uhdolvwlf/

zkhq Htxdwlrq :1< fdqqrw eh dwwdlqhg/ lv wr plqlpl}h wkh ghyldwlrq

}[
�'�

�fSu+�{,� Su+�{�,
�2

@

}[
�'�

�
Su+{,

j
� Su+�{�,

�2

iru d jlyhq devwudfw h{sodqdwlrq {/ zlwk �{� 5 �W+{,1 Qrz/ zh qhhg wr gr wklv iru doo p h{sodqdwlrqv

lq dq devwudfwhg EQ/ zklfk jlyhv xv

6[
�'�

}[
�'�

�fSu+�{�,� Su+�{��,
�2

@
6[
�'�

}[
�'�

�
Su+{�,

j
� Su+�{��,

�2

> +:143,

zkhuh {� lv wkh devwudfwhg EQ*v m0wk h{sodqdwlrq/ dqg �{�� lv wkh l0wk h{sodqdwlrq zklfk {� uh�qhv

wr1 Qrz/ zh zdqw wr plqlpl}h wkh vxp lq Htxdwlrq :1431 Fohduo|/ hqxphudwlqj doo srvvleoh EQv

dqg frpsxwlqj wklv vxp h{solflwo| ryhu doo h{sodqdwlrqv lq rughu wr plqlpl}h lv frpsxwdwlrqdoo|

surklelwlyh1 Vwloo/ wkh deryh htxdwlrqv surylgh lghdol}hg frqglwlrqv zklfk zh fdq wu| wr dssur{lpdwh/

dqg zh zloo uhwxuq wr wklv odwhu lq wklv fkdswhu1 Li zh fdq hvwlpdwh wkh h{sodqdwlrq suredelolw|

uholdeo|/ wkhq zh fdq dovr �qg wkh PSH1 Wkhuhiruh/ zh irfxv rq plqlpl}lqj suredelolw| huuru lq wkh

iroorzlqj1

:1616 Gl!fxow| ri Rewdlqlqj Fruuhfwqhvv

Wkh sureohp zlwk wkh txdolw| phdvxuhv dqg wkh jrog vwdqgdugv deryh lv wkdw wkh| fdqqrw eh

h!flhqwo| frpsxwhg/ vlqfh frpsxwlqj wkh PSH lv QS0kdug1 Dqg hyhq li lw frxog eh frpsxwhg

lq R+4, wlph/ wkhuh lv dq h{srqhqwldo qxpehu ri h{sodqdwlrqv lq d EQ/ vr iru EQv ri lqwhuhvwlqj

vl}h/ rqh fdqqrw frpsxwh1 Krzhyhu/ zkdw rqh fdq gr lv wr h{sorlw wkh EQ vwuxfwxuh/ xvlqj ydulrxv

khxulvwlf phwkrgv ri frpsxwlqj devwudfwhg EQv dqg khqfh devwudfw h{sodqdwlrqv/ dqg wkhq shuirup

phdvxuhphqwv ryhu wkh devwudfw dqg uh�qhg h{sodqdwlrqv/ vhhlqj krz zhoo wkh| shuirup zlwk uhvshfw

wr wkh txdolw| fulwhuld1 Wklv lv wkh dssurdfk wdnhq lq wklv fkdswhu1 Zh zloo uhwxuq wr wklv lvvxh lq

Vhfwlrq :19/ zklfk frqwdlqv hpslulfdo uhvxowv1

Krzhyhu/ ehiruh zh jhw wr wkdw zh qhhg wr frqvlghu wkh edvlv ri rxu devwudfwlrq dojrulwkpv1 Lq

sduwlfxodu/ zh frqvlghu devwudfwlrq dv d qrlv| surfhvv/ dqg ghfrpsrvh h{sodqdwlrq qrlvh lqwr qrgh

qrlvh dqg qhwzrun qrlvh1 Wkhvh wrslfv duh h{soruhg lq wkh qh{w vhfwlrq1
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Klhudufk|= D/ E/ F D E F D/ E/ F
Ohyho= 5 4 4 4 3
{� 3=4 3=48 3=5 3=5 3=58

{2 3=5 3=48 3=5 3=5 3=58

{� 3=6 3=68 3=6 3=5 3=58

{e 3=7 3=68 3=6 3=7 3=58

!2�c& 3 3=3358 3=338 3=338 3=3458

*2� 3=3458 3=34 3=3358 3=33:8 3

Wdeoh :16= Devwudfwlrq klhudufklhv D/ E/ dqg F zlwk lqwhuqdo dqg h{whuqdo qrgh yduldqfhv iru
gl�huhqw ohyhov1

x1,2,3,4

x1,2 x3,4

x4x3x2x1

x1,2,3,4

x1,3 x2,4

x4x2x3x1

x1,2,3,4

x4

x2 x3x1

x1,2,3

Abstraction hierarchy A Abstraction hierarchy B Abstraction hierarchy C

Iljxuh :19= Wkuhh srvvleoh devwudfwlrq klhudufklhv D/ E/ dqg F frqvwuxfwhg iru d EQ qrgh [1

:17 Devwudfwlrq Txdolw|

Htxdwlrq :1: dqg Htxdwlrq :1< ghvfuleh jrog vwdqgdugv iru devwudfwlrq1 Krzhyhu/ hyhq fSu+�{, r
Su+�{�, lv wrohudeoh/ dqg lq jhqhudo wkh txhvwlrq lv zkdw wkh gl�huhqfh 7s+�{> �{�, @ mfSu+�{,�Su+�{�,m
lv1 Wkh gl�huhqfh 7s+�{> �{�, fdq eh uhjdughg dv qrlvh/ h{sodqdwlrq qrlvh1 Qrwh wkdw wkhvh qrwlrqv

fdq hdvlo| eh jhqhudol}hg iurp h{sodqdwlrqv dqg suredelolwlhv wr duelwudu| lqglylgxdov dqg �wqhvv

ixqfwlrqv iru JDv dqg vwrfkdvwlf vhdufk dojrulwkpv lq jhqhudo1 Lq wkh iroorzlqj zh glvfxvv qrgh

qrlvh dqg qhwzrun qrlvh> wkh irfxv lv rq lqglylgxdo qrghv dqg wkh frpsohwh qhwzrun uhvshfwlyho|1

:1714 Qrgh Qrlvh Yduldqfh

Wkh qrwlrq ri qrgh qrlvh yduldqfh lv suredeo| ehvw xqghuvwrrg e| phdqv ri dq h{dpsoh1 Vxssrvh

zh kdyh d EQ frqvlvwlqj ri rqh qrgh [/ zlwk jurxqg vwdwhv {�> {2> {�> dqg {e1 Ohw Su+{�, @
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3=4>Su+{2, @ 3=5>Su+{�, @ 3=6> dqg Su+{e, @ 3=7/ vhh Wdeoh :161 Wkuhh srvvleoh zd|v ri frqvwuxfwlqj

devwudfwlrq klhudufklhv duh looxvwudwhg lq Iljxuh :191 D �uvw devwudfwlrq klhudufk| D lv zkhuh {�

dqg {2 duh devwudfwhg lqwr {�c2 zlwk Su+{�c2, @ 3=6/ {� dqg {e lqwr {�ce zlwk Su+{�ce, @ 3=:/ dqg

urrw vwdwh {�c2c�ce zlwk Su+{�c2c�ce, @ 41 Xvlqj Htxdwlrq :19 dqg Htxdwlrq :1</ zh fdq qrz hvwlpdwh

suredelolwlhv/ vhh Wdeoh :16 iru uhvxowv1

Qrz zh lqwurgxfh wkh qrwlrqv ri h{whuqdo dqg lqwhuqdo yduldqfh/ !2�c& dqg *2� uhvshfwlyho|=

!2�c& @
4

v

r[
�'�

�fSu+{� m �f�
,�fSu+|� m �t�,�2

*2� @
4

v

r[
�'�

�fSu+{� m �f�
,,� 4

v

�2

>

Khuh v lv wkh qxpehu ri h{sodqdwlrqv dqg wkh frqglwlrqdo suredelolw| glvwulexwlrqv fSu+{� m �f�
,

dqg fSu+|� m �+�, duh iurp ohyhov m dqg n uhvshfwlyho|/ zlwk n ? m1 H{whuqdo yduldqfh frpsduhv

frqglwlrqdo suredelolwlhv dw wzr ohyhov/ zkloh lqwhuqdo yduldqfh lv d phdvxuh ri wkh ghyldwlrq iurp d

xqlirup glvwulexwlrq dw d sduwlfxodu ohyho1 Zh zdqw h{whuqdo yduldqfh wr eh dv orz dv srvvleoh/ wr

plqlpl}h gl�huhqfh ehwzhhq devwudfwlrq ohyhov/ dqg lqwhuqdo yduldqfh wr eh dv kljk dv srvvleoh/ wr

vhsdudwh ehwzhhq vwdwhv dw wkh vdph devwudfwlrq ohyho dv pxfk dv srvvleoh1 Lq wkh iroorzlqj h{whuqdo

yduldqfh !2�c& lv dozd|v zlwk uhvshfw wr wkh jurxqg ohyho/ lq zklfk fdvh zh ohdyh lpsolflw wkdw ohyho

dqg mxvw vd| !2� 1 Dq h{dpsoh frpsxwdwlrq iru devwudfwlrq klhudufk| D lv=

!2�c2 @
+3=48� 3=4,2 . +3=48� 3=5,2 . +3=68� 3=6,2 . +3=68� 3=7,2

7
@ 3=3358=

D vhfrqg devwudfwlrq klhudufk| E lv {�c� zlwk Su+{�c�, @ 3=7/ dqg {2ce zlwk Su+{2ce, @ 3=91 Iru

frpsxwlqj wkh PSH/ rqh frxog dujxh wkdw lw lv lpsruwdqw wr kdyh vpdoo h{whuqdo yduldqfh iru vwdwhv

zlwk pruh suredelolw| pdvv/ dqg wkxv lqwurgxfh dq xqedodqfhg devwudfwlrq klhudufk| F= Dw ohyho 4

zh kdyh qrghv {e dqg {�c2c� zlwk Su+{e, @ 3=7 dqg Su+{�c2c�, @ 3=91 Vhh Wdeoh :16 iru frpsxwdwlrqv

ri h{whuqdo dqg lqwhuqdo yduldqfhv1

Wkh lghd zlwk yduldqfh lv wkdw d ehwwhu devwudfwlrq klhudufk| kdv jhqhudoo| orz h{whuqdo yduldqfh

!2�c& dqg kljk lqwhuqdo yduldqfh *2� 1 Wkhvh txdolw| phdvxuhv fdq eh xvhg wr frpsduh gl�huhqw

devwudfwlrq klhudufklhv iru d jlyhq qrgh1 Lq Wdeoh :16 lqwhuqdo dqg h{whuqdo yduldqfh lv suhvhqwhg

496



iru wkh wkuhh h{dpsoh klhudufklhv1 D lv ehvw/ F vhfrqg ehvw/ dqg E wklug ehvw1 D lv ehwwhu wkdq E

ehfdxvh wkh gl�huhqfh ehwzhhq wkh hvwlpdwhg suredelolw| dqg wkh wuxh suredelolw| iru {� +vd|, lv

vpdoohu iru D dw wkh �uvw devwudfwlrq ohyho +zlwk {�c2 dqg {�ce, wkdq lw lv iru E +zlwk {�c� dqg {2ce,1

Lq rxu whuplqrorj|/ wkh h{whuqdo yduldqfh lv vpdoohu iru D1

:1715 Erxqglqj wkh Qrgh Qrlvh

Lq dojrulwkpv iru frqvwuxfwlqj devwudfwlrq klhudufklhv/ rqh h{solflwo| ru lpsolflwo| qhhgv wr pdnh

wudgh0r� ehwzhhq ydulrxv sdudphwhuv vxfk dv wkh huuru f lqwurgxfhg zkhq devwudfwlqj/ wkh ghjuhh

n ri qrghv lq wkh devwudfwlrq klhudufk|/ dqg wkh qxpehu ri ohyhov c lq wkh devwudfwlrq klhudufk|1

Khuh/ zh lqyhvwljdwh krz wkhvh sdudphwhuv duh uhodwhg xqghu fhuwdlq lghdol}hg frqglwlrqv1 Wkhvh

lghdol}hg frqglwlrqv duh +l, zh dvvxph wkdw wkh Pdunry eodqnhw lv pdlqwdlqhg shuihfwo|/ dqg +ll, wkh

lq0ghjuhh ri qrq0ohdi qrghv lq wkh devwudfwlrq klhudufk| lv d frqvwdqw n1

Vxssrvh wkdw a{ lv dq gluhfw devwudfwlrq ri {/ dqg wkdw wkh| rqo| gl�hu zlwk uhvshfw wr rqh qrgh

[1 Dqg ixuwkhu vxssrvh wkdw wkh gl�huhqfh lq frqglwlrqdo suredelolwlhv iru rqh sduwlfxodu sduhqw

lqvwdqwldwlrq lv erxqghg e| d frqvwdqw f1 Wkdw lv/ lq wkh sduhqw frqvwudlqw ri Htxdwlrq :14/ rqh ri

wkh vwdwhv/ {6/ lv vxfk wkdw suredelolwlhv ri doo rwkhu vwdwhv { duh erxqghg dv iroorzv=

Su+{6 m �f,� f

5
� Su+{ m �f, � Su+{6 m �f, . f

5
=

Vhh wkh fdofxodwlrq lq Htxdwlrq :18 iru dq h{dpsoh1 Vxssrvh wkdw n vwdwhv duh ehlqj devwudfwhg

khuh1 Wkhq wkh vxp zloo eh erxqghg

n
�
Su+{6 m �f,� f

5

�
�
[

%M4E	%�

Su+{ m �f, � n
�
Su+{6 m �f, . f

5

�
=

Vxevwlwxwlqj xvlqj Htxdwlrq :14 zh dwwdlq

n
�
Su+{6 m �f,,� f

5

�
� Su+{� m �f,, � n

�
Su+{6 m �f,, . f

5

�
=

Vxssrvh wkhuh duh pxowlsoh ohyhov ri devwudfwlrq/ lq sduwlfxodu wkdw {� kdv sduhqw {�� lq wkh
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devwudfwlrq klhudufk|/ jlylqj=

n
�
Su+{�6 m �f,,� f

5

�
� Su+{�� m �f,, � n

�
Su+{�6 m �f,, . f

5

�
=

Frpelqlqj wkhvh wzr htxdwlrqv/ zh jhw

n2Su+{6 m �f,� f

5
+n . n2, � Su+{�� m �f,, � n2 Su+{6 m �f,, . f

5
+n . n2,=

Lq jhqhudo zh kdyh

n� Su+{6 m �f,� g � Su+{
� m �f,, � n� Su+{6 m �f,, . g>

zkhuh

g @
f
�
n�n� � n

�
5+n � 4,

= +:144,

Khuh/ f lv wkh huuru/ n lv wkh ghjuhh ri qrghv lq wkh devwudfwlrq klhudufk|/ dqg c lv wkh qxpehu ri

ohyhov1 Zh zdqw wr pdnh wkh erxqg dv wljkw dv srvvleoh/ lq rwkhu zrugv plqlpl}h g1 Lq rughu wr

gr wkdw/ zh qhhg wr plqlpl}h f/ n/ dqg c1 Reylrxvo|/ wkhuh duh wudgh0r�v lqyroyhg lq grlqj vr1

Iru h{dpsoh/ kdylqj d vpdoo qxpehu ri ohyhov zloo jlyh d kljk qrgh ghjuhh1 W|slfdoo|/ gl�huhqw

dojrulwkpv iru klhudufk| frqvwuxfwlrq pdnh gl�huhqw wudgh0r�v iru wkhvh sdudphwhuv/ dv zh zloo vhh

lq wkh iroorzlqj1

:1716 Qhwzrun Qrlvh

Vr idu/ zh kdyh frqvlghuhg EQ qrghv/ krzhyhu wkh lqwhudfwlrq ehwzhhq qrghv lq wkh EQ lv dovr ri

lqwhuhvw zkhq frpsxwlqj dq PSH1 Zh fdq pdnh glvwlqfwlrq ehwzhhq lqwhuqdo yduldqfh dqg h{whuqdo

yduldqfh khuh dv zhoo1 Qhwzrun lqwhuqdo yduldqfh lv iru rqh sduwlfxodu EQ1 Qhwzrun h{whuqdo yduldqfh/

rq wkh rwkhu kdqg/ frpsduhv EQv dw gl�huhqw devwudfwlrq ohyhov1

Wkh txhvwlrq lv/ krz grhv wkh devwudfwlrq surfhvv d�hfw wklvB Xvlqj vwdwhv kljk lq xs lq devwudf0

wlrq klhudufklhv/ wkh qhwzrun lqwhuqdo yduldqfh zloo eh vpdoo1 Dv zh pryh grzq lq wkh devwudfwlrq

klhudufklhv ri d EQ/ wkh qhwzrun lqwhuqdo yduldqfh zloo lqfuhdvh/ dqg lw zloo eh dw lwv pd{lpxp
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zkhq wkh qhwzrun lv jurxqg1 Qhwzrun h{whuqdo yduldqfh/ krzhyhu/ zloo eh kljk dw kljk ohyhov ri

devwudfwlrq/ dqg orz dw orz ohyhov ri devwudfwlrq1

D nh| srlqw lv dovr wkdw wkh qrgh yduldqfhv +lqwhuqdo dqg h{whuqdo, fduu| ryhu wr wkh qhwzrun

yduldqfhv1 Kljk qrgh h{whuqdo yduldqfh jlyhv kljk qhwzrun h{whuqdo yduldqfh/ dqg kljk qrgh lqwhu0

qdo yduldqfh jlyhv kljk qhwzrun lqwhuqdo yduldqfh1 Dv dq dssur{lpdwlrq/ rqh fdq dvvxph wkdw d

sdudphwulf suredelolw| glvwulexwlrq lv iroorzhg1

:18 Devwudfwlrq Dojrulwkpv

Vr idu/ zh kdyh dvvxphg wkdw devwudfwlrq klhudufklhv h{lvw> wklv vhfwlrq suhvhqwv dojrulwkpv iru

frqvwuxfwlqj wkhp1 Zh suhvhqw wkuhh dojrulwkpv= plqlpdo glvwdqfh devwudfwlrq/ plqlpdo huuru

devwudfwlrq/ dqg udqgrp devwudfwlrq1 Wkh odwwhu lv d edvh0olqh dojrulwkp wr fkhfn wkdw wkh cuhdo*

dojrulwkpv gr lq idfw khos eh|rqg frqvwuxfwlqj devwudfwlrq klhudufklhv dw udqgrp1

Devwudfwlrq klhudufklhv duh frqvwuxfwhg r�0olqh/ dqg wkhq xvhg rq0olqh gxulqj frpsxwdwlrq1

Fohduo|/ lw lv frpsxwdwlrqdoo| kdug wr kdyh dojrulwkpv rswlpl}h doo ri wkh devwudfwlrq klhudufk|

sdudphwhuv lqwurgxfhg lq wkh suhylrxv vhfwlrq/ krzhyhu dv orqj dv cuhdvrqdeo|* jrrg devwudfwlrq

klhudufklhv duh frqvwuxfwhg/ qrlvh0uhvlolhqw vhdufkhuv vxfk dv JDv fdq vwloo pdnh jrrg xvh ri wkh

klhudufklhv1 Vwloo/ zh zrxog olnh wr frqvwuxfw devwudfwlrq klhudufklhv ri jrrg txdolw|1

Wkh iroorzlqj juhhg| dojrulwkp/ zklfk zh fdoo plqlpdo glvwdqfh devwudfwlrq +PlqGlvwdqfh,/

lv rqh dojrulwkp iru devwudfwlrq klhudufk| frqvwuxfwlrq/ vhh Iljxuh :1:1 Wkh dojrulwkp zrunv e|

slfnlqj wzr vwdwhv v dqg v� ri d qrgh V iru devwudfwlrq/ plqlpl}lqj wkh glvwdqfh g+v> v�,1

Ydulrxv glvwdqfh phdvxuhv pd| eh xvhg1 Dq reylrxv glvwdqfh phdvxuh lv vxp ri vtxduhv1 Iru

qrgh V/ zh vxp ryhu doo frqglwlrqdo glvwulexwlrqv iru wkh vwdwhv v dqg v� dv iroorzv=

g+v> v�, @
[
Z7

�
Su+v m �7,� Su+v� m �7,

�2
> +:145,

zkhuh �7 lv d sduhqw lqvwdqwldwlrq ri V1 Lq rwkhu zrugv/ �7 lv d sduhqw lqvwdqwldwlrqv/ dqg zh vxp

wkh vtxduhg gl�huhqfh ryhu doo sduhqw lqvwdqwldwlrqv iru wkh qrgh V1 Qrz/ gr wklv iru doo sdluv ri

vwdwhv v/ v�1 Iru h{dpsoh/ li 
7 @ iv�> v2> v�j/ zh frpsxwh +:145, iru doo srvvleoh sdluv +v�> v2,/

+v�> v2,/ dqg +v2> v�,1 Xvlqj wklv phdvxuh/ zh �qg g4�?> y�> dqg y2/ zkhuh g4�? lv wkh plqlpdo
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PlqGlvwdqfh+V,
Lqsxw= V EQ qrgh
Rxwsxw= D devwudfwlrq klhudufk|
D# hpsw| klhudufk|
y� # v�
y2 # v2
uhshdw

iru hdfk vwdwh v 5 
T

iru hdfk vwdwh v� 5 
T � v
g# g+v> v�,
li +g ? g4�?,

g4�? # g
y� # v
y2 # v�

hqgli
hqgiru

hqgiru
d# devwudfw y� dqg y2
D# D xsgdwhg zlwk d

xqwlo rqo| rqh vwdwh lq V

Iljxuh :1:= Wkh PlqGlvwdqfh devwudfwlrq klhudufk| frqvwuxfwlrq dojrulwkp1

glvwdqfh dqg y� dqg y2 duh wkh vwdwhv dprqj doo srvvleoh vwdwhv wkdw jlyh g4�?1

D zhdnqhvv ri plqlpdo glvwdqfh devwudfwlrq lv wkdw wkhuh pljkw eh vhyhudo vwdwhv zlwk yhu|

vlplodu frqglwlrqdo glvwulexwlrqv/ dqg vr rqh pljkw zdqw wr phujh doo ri wkhvh udwkhu wkdq hqiruflqj

d elqdu| rxw0ghjuhh rq lqwhuqdo qrghv lq wkh devwudfwlrq klhudufk|1 Wklv revhuydwlrq ohdgv wr dq

dowhuqdwlyh dojrulwkp/ plqlpdo huuru devwudfwlrq +PlqHuuru,/ zklfk lv edvhg rq PlqGlvwdqfh= Vwduw

zlwk wkh wzr vwdwhv v dqg v� zklfk duh forvhvw dffruglqj wr wkh glvwdqfh phdvxuh g+v> v�,1 Lq dgglwlrq/

dgg doo vwdwhv zklfk duh zlwklq d glvwdqfh f/ zkhuh f lv d frqvwdqw1

Ilqdoo|/ wkhuh lv udqgrp devwudfwlrq +Udqgrp,/ zklfk mxvw slfnv vwdwhv dw udqgrp dqg phujh

wkhp lqwr dq devwudfw vwdwh1 Wklv surfhvv lv uhshdwhg xqwlo mxvw rqh vwdwh/ wkh urrw vwdwh/ lv ohiw1

Qrwh wkdw wkhuh duh vhyhudo rwkhu uhdvrqdeoh dojrulwkpv iru devwudfwlrq klhudufk| frqvwuxfwlrq>

lqghhg sduw ri wkh fkdoohqjh khuh lv wr vwulnh d edodqfh ehwzhhq rswlpl}lqj wkh gl�huhqw sdudphwhuv

wkdw kdyh dq lpsdfw rq wkh txdolw| ri devwudfwlrq1 Iru h{dpsoh/ rqh fdq wu| wr pdnh wkh devwudfwlrq

klhudufk| dv edodqfhg dv srvvleoh/ exw ydu| wkh rxw0ghjuhh ri devwudfw vwdwhv1 Wkh lghd zlwk wklv

dojrulwkp lv wr plqlpl}h wkh khljkw ri wkh devwudfwlrq klhudufk|1 Ru rqh fdq vwduw e| slfnlqj wkh

vwdwh v zkrvh frqglwlrqdo glvwulexwlrq lv vpdoohvw rq dyhudjh1 Phujh wr v doo rwkhu vwdwhv zlwklq
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Dojrulwkp EQ qrgh H{whuqdo yduldqfh !2 Lqwhuqdo yduldqfh *2 Ohyho c
Udqgrp Y� 3=493 3=539 7

PlqGlvwdqfh Y� 3=45; 3=5<4 9

PlqHuuru Y� 3=45; 3=5<4 9

Udqgrp Y2 3=648 3=78: 7

PlqGlvwdqfh Y2 3=4;8 3=83; 9

PlqHuuru Y2 3=4;8 3=83; 9

Udqgrp Y� 3=777 3=88< 6

PlqGlvwdqfh Y� 3=594 3=89; 8

PlqHuuru Y� 3=57< 3=999 6

Udqgrp Ye 3=968 3=:89 7

PlqGlvwdqfh Ye 3=55: 3=:;9 <

PlqHuuru Ye 3=49< 3=:95 9

Udqgrp YD 3=493 3=4:6 6

PlqGlvwdqfh YD 3=3<: 3=4;7 7

PlqHuuru YD 3=3<: 3=4;7 7

Udqgrp YS 3=49< 3=46: 6

PlqGlvwdqfh YS 3=46: 3=5<9 8

PlqHuuru YS 3=46: 3=5<9 8

Wdeoh :17= Uhvxowv iurp xvlqj gl�huhqw dssurdfkhv wr frqvwuxfwlqj devwudfwlrq klhudufklhv rq gli0
ihuhqw EQ qrghv1 H{whuqdo yduldqfh lv ehwzhhq wkh jlyhq devwudfwlrq ohyho dqg wkh jurxqg ohyho1

d fhuwdlq wrohudqfh/ dqg fuhdwh dq devwudfwhg vwdwh iurp doo wkhvh vwdwhv1 Li qr rwkhu vwdwhv wkdq

v h{lvwv zlwklq wkh wrohudqfh/ lqfuhdvh lw dqg wu| djdlq1 Wkh lghd zlwk wklv dojrulwkp lv wr sodfh

vwdwhv zlwk kljkhu dyhudjh suredelolw| kljkhu xs lq wkh devwudfwlrq klhudufk|1

Lq rughu wr jhw d ehwwhu xqghuvwdqglqj ri krz wkhvh dojrulwkpv ehkdyh/ zh shuirup h{shulphqwv

dv iroorzv1

:19 Devwudfwlrq H{shulphqwv

Wklv vhfwlrq suhvhqwv h{shulphqwv shuiruphg xvlqj wkh devwudfwlrq frqvwuxfwlrq dojrulwkpv1 Iluvw/

zh suhvhqw h{shulphqwv wkdw irfxv rq qrghv/ vhfrqg h{shulphqwv wkdw irfxv rq PSHv1

:1914 Qrgh H{shulphqwv

Khuh/ zh fkdudfwhul}h devwudfwlrq klhudufklhv frqvwuxfwhg xvlqj wkh dojrulwkpv ri wkh suhylrxv

vhfwlrq xvlqj wkh txdolw| phdvxuhv lqwurgxfhg deryh1 Vr wkh w|shv ri klhudufklhv duh +l, udqgrp
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devwudfwlrq klhudufklhv/ +ll, plqlpdo glvwdqfh klhudufklhv/ dqg +lll, plqlpdo huuru klhudufklhv1

Lq rughu wr zrun zlwk uhdolvwlf gdwd/ zh frqvlghu wkh dssolfdwlrq EQv Eduoh| dqg Pxqlq41 Eduoh|

kdv 7; qrghv dqg ;7 hgjhv/ Pxqlq4 kdv 4;< qrghv dqg 5;5 hgjhv1 Eduoh| lv d EQ prgho ri Eduoh|

furs |lhogv ^Nulvwhqvhq dqg Udvpxvvhq/ 4<<:e` ^Nulvwhqvhq dqg Udvpxvvhq/ 4<<:d`1 Pxqlq4 lv sduw

ri dq h{shuw hohfwurp|rjudsk| dvvlvwdqw ^Dqguhdvvhq hw do1/ 4<;:`1 Wkhvh duh EQv zkhuh pdq| qrghv

kdyh d kljk qxpehu ri vwdwhv/ vr wkdw devwudfwlrq frxog eh xvhixo1 H{shulphqwv duh shuiruphg rq

qrghv Y�> Y2> Y�> Ye> YD> dqg YS/ vhh Wdeoh :171 Wkh qrgh Y� lv Pxqlq4*v UbPHGG5bDPSbZG

qrgh/ Y2 lv Pxqlq4*v UbDSEbPXVL]H/ Y� lv Pxqlq4*v UbP\RSbP\G\bDSEbPXVL]H/ Ye

lv Eduoh|*v v585;/ YD lv Eduoh|*v gjy438</ dqg YS lv Eduoh|*v dnvbyjw1

Uhvxowv duh dovr suhvhqwhg lq Wdeoh :171 Lq hdfk urz zh kdyh d frqvwuxfwlrq dojrulwkp dqg qrgh

frpelqdwlrq1 Wkh wkuhh uhvxow froxpqv duh !2/ *2/ dqg c1 Wkh qxpehuv iru h{whuqdo yduldqfh !2 dqg

lqwhuqdo yduldqfh *2 duh dyhudjhg ryhu doo ohyhov/ dqg wkhq qrupdol}hg1 Qrwh wkdw wkh qrlvh qxpehuv

duh frpsxwhg ryhu c � 4 ohyhov> wkh jurxqg ohyho lv rplwwhg1 Iru h{dpsoh/ wkh urz cPlqHuuru/ Y�*

kdv 6 ohyhov dqg phdq h{whuqdo yduldqfh iru wkh 5 qrq0jurxqg ohyhov ri 9=94:77h3f2� dqg 3=7<<:8

uhvshfwlyho|1 Wklv jlyhv

!2�c& @ +9=94:77h3f2� . 3=7<<:8,@5 @ 3=57<>

dv fdq eh irxqg lq wkh wdeoh1

Wkh pdlq wuhqgv lq wkh uhvxowv duh dv iroorzv1 PlqGlvwdqfh dqg PlqHuuru jhqhudoo| rxwshuirupv

Udqgrp zkhq lw frphv wr h{whuqdo yduldqfh !2 dqg lqwhuqdo yduldqfh *21 Uhfdoo iurp dq hduolhu

vhfwlrq wkdw h{whuqdo yduldqfh vkrxog eh dv vpdoo dv srvvleoh/ zkloh lqwhuqdo yduldqfh vkrxog eh

dv odujh dv srvvleoh1 Wklv phdqv wkdw wkh PlqGlvwdqfh dqg PlqHuuru dojrulwkpv duh frqvwuxfwlqj

jrrg klhudufklhv lq whupv ri wkhvh phdvxuhv1 PlqGlvwdqfh dqg PlqHuuru shuirup txlwh vlploduo|/

h{fhsw iru Y� dqg Ye1 Khuh/ PlqHuuru lv ehwwhu iru h{whuqdo yduldqfh/ krzhyhu iru lqwhuqdo yduldqfh

PlqGlvwdqfh lv xqh{shfwhgo| ehwwhu lq wkh Ye fdvh1

Frqfhuqlqj wkh qxpehu ri ohyhov lq wkh devwudfwlrq klhudufklhv/ c/ zh vhh wkdw iru Y� dqg Ye/

PlqHuuru jlyhv orzhu devwudfwlrq klhudufklhv/ wkdw lv devwudfwlrq klhudufklhv zlwk vpdoohu c0ydoxhv1

Wklv lv dv h{shfwhg1 Udqgrp jlyhv devwudfwlrq klhudufklhv zlwk wkh vpdoohvw c0ydoxhv/ dqg djdlq

wklv lv dv h{shfwhg1
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Dojrulwkp Uh�qhg EQ Devwudfwhg EQ
c W +|PSH, Su+|PSH, c W +{PSH, Su+{PSH, Su+a|PSH,

Udqgrp 5 9=6 4=6� 433S 4 3=364 4=:� 433e 4=8� 433H

Udqgrp 6 9< 6=:� 433. 5 9=6 4=6� 433S 9= 5� 433�D

PlqGlvwdqfh 5 3=45 4=4� 433D 4 3=349 5=3� 433� 7=5� 433D

PlqGlvwdqfh 6 6=3 4=:� 433S 5 3=45 4=4� 433D 4=6� 433�2

PlqHuuru 5 3=5< 5=4� 433. 4 3=37: 4=6� 433S 4=:� 433H

PlqHuuru 6 7=7 ;=9� 433. 5 3=5< 5=4� 433. 5=<� 433��

Dojrulwkp Uh�qhg EQ Devwudfwhg EQ Udwlrv
c c �hE	)PSH �

�hE PSH �
A E)PSH �
A E PSH �

�hE	)PSH �
�hE PSH �

� A E)PSH �
A E PSH �

Udqgrp 5 4 <=4� 433D 536=5 4=;� 4332

Udqgrp 6 5 7=;� 433b 44=3 8=6� 433H

PlqGlvwdqfh 5 4 5=3� 4332 :=8 4=8� 433�

PlqGlvwdqfh 6 5 4=5� 433. 58=3 6=3� 433S

PlqHuuru 5 4 4=6� 4332 9=5 ;=4� 4332

PlqHuuru 6 5 4=6� 433S 48=5 5=3� 433D

Wdeoh :18= Uhvxowv iurp PSH h{shulphqwv xvlqj wkh Eduoh| EQ xvlqj gl�huhqw devwudfwlrq dojr0
ulwkpv Udqgrp/ PlqGlvwdqfh/ dqg PlqHuuru1 Hdfk urz lq wkh wdeohv deryh uhodwhv d Uh�qhg EQ
dqg dq Devwudfwhg EQ1 Lq wkh wrs wdeoh/ wkh lqihuhqfh wlphv dqg h{sodqdwlrq suredelolwlhv duh suh0
vhqwhg1 Lq wkh erwwrp wdeoh/ zh irfxv rq wkh wudgh0r� ehwzhhq txdolw| ri devwudfwlrq dqg vshhg ri
lqihuhqfh1

:1915 PSH H{shulphqwv

Wkhuh duh ydulrxv zd|v ri grlqj phdvxuhphqwv rq wkh txdolw| ri devwudfwlrq1 Iru vpdoo EQv/ rqh

fdq shuirup euxwh0irufh hqxphudwlrq1 Iru odujhu EQv/ zkhuh euxwh0irufh hqxphudwlrq lv lqihdvleoh/

rqh fdq shuirup vdpsolqj dqg fkhfn wr zkdw h{whqw wkh txdolw| fulwhuld duh phw1 Wkdw lv/ vdpsoh

d vhw ri devwudfw h{sodqdwlrqv {�> ===>{r/ dqg frpsxwh wkh uh�qhg h{sodqdwlrqv iru hdfk {�/ wkxv

fuhdwlqj d uh�qhg vhw ri h{sodqdwlrqv �{�> ===>�{o1 Qrz/ e| frqvlghulqj wkh txdolw| fulwhuld ryhu wkhvh

wzr vhwv ri h{sodqdwlrqv/ zh fdq vd| vrphwklqj hpslulfdoo| derxw krz rxu gl�huhqw devwudfwlrq

dojrulwkpv shuirup1 Ilqdoo|/ rqh fdq frpsxwh dq PSH lq d uh�qhg EQ/ devwudfw wkh PSH/ dqg

frpsduh wkh uhvxowlqj h{sodqdwlrq wr dq PSH lq wkh devwudfwhg EQ1 Wklv odvw dssurdfk lv iroorzhg

khuh1

Uhvxowv iru wkh Eduoh| EQ duh suhvhqwhg lq Wdeoh :181 Hdfk urz irfxvhv rq rqh dojrulwkp dqg

wkh uhodwlrqvkls ehwzhhq wzr EQv/ zkhuh d uh�qhg EQ lv suhvhqwhg wr wkh ohiw/ dq devwudfw EQ lv
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suhvhqwhg wr wkh uljkw lq wkh wrs wdeoh1 Lq wkh devwudfw EQ/ {PSH lv d PSH/ zkloh |PSH lv dq

PSH lq wkh uh�qhg EQ1 a|PSH lv dq PSH hvwlpdwh/ dqg lv frqvwuxfwhg e| vwduwlqj zlwk |PSH/ dqg

devwudfwlqj hdfk vwdwh xvlqj wkh dssursuldwh devwudfwlrq klhudufklhv vxfk wkdw d ydolg h{sodqdwlrq

iru wkh devwudfwhg EQ uhvxowv1 Wkh Ohyho froxpqv c jlyh wkh ohyhov wr zklfk wkh EQv duh devwudfwhg1

Wkh ohyho c @ 3 lv zkhq wkhuh lv rqh vwdwh shu qrgh/ wkh urrw qrgh lq wkh devwudfwlrq klhudufk|1

Wkhuhiruh/ c � 4 phdqv wkdw wkh EQ kdv wzr ru pruh vwdwhv1

Lq wkh erwwrp sduw ri Wdeoh :18/ zh irfxv rq pd{lpl}lqj PSH devwudfwlrq dffxudf| �� dqg

vshhg0xs gxh wr devwudfwlrq �A 1 Khuh/ zh kdyh wkh gh�qlwlrqv

�� @
Su+a|PSH,

Su+{PSH,
� 4

dqg

�A @
W +|PSH,

W +{PSH,
� 4=

Wkh dffxudf| udwlr �� lv d phdvxuh ri krz pxfk ehwwhu wkh wuxh PSH Su+{PSH, lv frpsduhg wr wkh

hvwlpdwhg PSH Su+a|PSH,/ zkloh wkh vshhg0xs udwlr �A jlyhv krz pxfk wkh devwudfwlrq vshhgv xs

lqihuhqfh1 Fohduo|/ zh zdqw wr pd{lpl}h erwk ri �� dqg �A 1 Lq rughu wr kdyh dq ryhudoo phdvxuh/

zh lqwurgxfh �� @ �� ��A 1 Lq wkh iroorzlqj/ zh xvh wkh Kxjlq v|vwhp ^Gdzlg/ 4<<5` ^Odxulw}hq

dqg Vslhjhokdowhu/ 4<;;` wr frpsxwh PSHv/ dqg wkh wlphv lq wkh Wlph froxpqv ri Wdeoh :18 duh iru

frpsxwlqj dq PSH xvlqj Kxjlq1

Rxu lqwhusuhwdwlrq ri Wdeoh :18 lv dv iroorzv1 Qrwh wkdw wkh urzv fdqqrw eh frpsduhg gluhfwo|

ehwzhhq wkh dojrulwkpv/ vlqfh lq jhqhudo rqh fdqqrw dvvxph wkdw wkh| frqvwuxfw devwudfwlrq klhu0

dufklhv zlwk wkh vdph ghswk1 Krzhyhu/ wkh �� phdvxuh frpshqvdwhv iru wklv/ dqg fdq eh xvhg iru

frpsdulvrq ehwzhhq dojrulwkpv1 Wkh pdlq uhvxow froxpq duh wkhuhiruh iru �� dqg ��1 Frqvlghulqj

wkh �� froxpq/ zh �uvw frpsduh wkh uhvxowv iru PlqGlvwdqfh dqg PlqHuuru yhuvxv wkh uhvxowv iru

Udqgrp1 Khuh/ zh vhh wkdw PlqGlvwdqfh dqg PlqHuuru lv pxfk ehwwhu1 Vhfrqg/ zh qrwlfh wkdw

wkhuh lv qr pdmru gl�huhqfh ehwzhhq PlqGlvwdqfh dqg PlqHuru1 Wklv lv vxusulvlqj/ dqg zh fxuuhqwo|

kdyh qr jrrg h{sodqdwlrq iru wklv/ vlqfh zh irxqg wkdw PlqHuuru jhqhudoo| zdv ehwwhu lq whupv ri

lqwhuqdo dqg h{whuqdo yduldqfh lq Wdeoh :171 D wklug srlqw lv wkdw zh vhh wkdw Udqgrp fuhdwhv
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devwudfwlrq klhudufklhv zlwk juhdwhu ghswk/ dv srlqwhg rxw hduolhu/ dqg wklv lv uh hfwhg lq wkh Wlph

froxpqv1 Wkh wlphv duh pxfk juhdwhu wkdq wkrvh iru PlqGlvwdqfh dqg PlqHuuru/ vr wkh EQv duh

pxfk odujhu khuh1

Frqvlghulqj wkh �� phdvxuh/ zh frqfoxgh wkdw wkh txdolw| gursv txlfno| dv wkh ohyhov lqfuhdvh1

Vhfrqg/ zh vhh wkdw xqghu ��/ PlqGlvwdqfh lv vwloo wkh ehvw devwudfwlrq dssurdfk dw wkh kljkhvw

devwudfwlrq ohyho/ dv lw zdv xqghu ��1

:1: Frqfoxvlrq dqg Ixwxuh Zrun

E| v|qwkhvl}lqj uhvhdufk lq devwudfwlrq dqg uh�qhphqw dqg Ed|hvldq qhwzrunv/ lqvsluhg e| jhqhwlf

dojrulwkpv/ zh kdyh lqwurgxfhg qryho zd|v ri fkdudfwhul}lqj/ frqvwuxfwlqj/ dqg xwlol}lqj devwudf0

wlrq klhudufklhv1 Txdolw| phdvxuhv iru EQ devwudfwlrq klhudufklhv zhuh lqwurgxfhg dqg hpslulfdoo|

lqyhvwljdwhg zlwk uhvshfw wr vhyhudo gl�huhqw dssurdfkhv wr frqvwuxfwlqj devwudfwlrq klhudufklhv1

Wkh PlqGlvwdqfh dqg PlqHuuru devwudfwlrq klhudufk| frqvwuxfwlrq dojrulwkpv zhuh vkrzq wr jlyh

vxshulru shuirupdqfh ryhu Udqgrp devwudfwlrq klhudufk| jhqhudwlrq1

Fxuuhqw dqg ixwxuh uhvhdufk uhodwhg wr wklv lqfoxghv wkh iroorzlqj1 Iluvw/ devwudfwlrq dqg uh�qh0

phqw fdq eh lqwurgxfhg lqwr vhdufk dojrulwkpv xvhg iru EQ lqihuhqfh/ vxfk dv jhqhwlf dojrulwkpv/

orfdo vhdufk dqg vlpxodwhg dqqhdolqj1 Vhfrqg/ wkhuh lv d vlplodulw| ehwzhhq devwudfwlrq dqg uh0

�qhphqw rq wkh rqh kdqg dqg whpshudwxuh lq vlpxodwhg dqqhdolqj rq wkh rwkhu/ zklfk fdq eh

h{sorlwhg1
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Fkdswhu ;

Frqfoxvlrq dqg Ixwxuh Zrun

Ed|hvldq qhwzrunv duh vhhlqj lqfuhdvhg xvh lq duwl�fldo lqwhooljhqfh dqg rwkhu uhodwhg vflhqfhv dqg

glvflsolqhv1 Krzhyhu/ Ed|hvldq qhwzrunv duh dovr lqkhuhqwo| frpsxwdwlrqdoo| kdug wr shuirup lq0

ihuhqfh lq iru prvw lqwhuhvwlqj lqihuhqfh wdvnv1 Wklv lv wkh fdvh/ iru lqvwdqfh/ iru wkh sureohp

lqyhvwljdwhg lq wklv glvvhuwdwlrq/ qdpho| frpsxwlqj d prvw suredeoh h{sodqdwlrq +PSH,1 Wkh uh0

vhdufk uhsruwhg lq wklv glvvhuwdwlrq kdv ehhq frqfhuqhg zlwk ryhufrplqj wkhvh gl!fxowlhv/ dqg kdv

pdgh surjuhvv lq wkh duhdv ri qlfklqj jhqhwlf dojrulwkpv/ vwrfkdvwlf orfdo vhdufk/ dqg devwudfwlrq1

Vhfrqg/ zh kdyh ghyhorshg d sdudgljp iru v|vwhpdwlf hpslulfdo hydoxdwlrq ri dojrulwkpv iru PSH

frpsxwdwlrq1

Lq wkh iroorzlqj/ zh surylgh frqfoxvlrqv dqg rxwolqh ixwxuh zrun1 Frqfoxvlrqv duh suhvhqwhg lq

Vhfwlrq ;14/ zkloh ixwxuh zrun lv suhvhqwhg lq Vhfwlrq ;151

;14 Frqfoxvlrq

Wkh uhvxowv ri glvvhuwdwlrq idoo lq wzr fdwhjrulhv= Iluvw/ wkh dojrulwkplf dssurdfkhv> Vhfrqg/ wkh

fkdoohqjlqj sureohpv1 Vlqfh wkh dssurdfkhv zh kdyh ghyhorshg wr frqvwuxfw fkdoohqjlqj sureohpv

vkrxog kdyh lqwhuhvw lqghshqghqwo| ri rxu vwrfkdvwlf vhdufk dojrulwkpv/ iru lqvwdqfh dv kdug sureohpv

iru pdfklqh ohduqlqj/ zh jlyh vhsdudwh frqfoxvlrqv iru wkhvh wzr fdwhjrulhv lq wkh iroorzlqj1

Wkh suredelolvwlf furzglqj jhqhwlf dojrulwkp/ zklfk jlyhv qlfklqj/ lv suhvhqwhg lq Vhfwlrq ;14141

Ghfhswlyh Ed|hvldq qhwzrunv duh glvfxvvhg lq Vhfwlrq ;14151 Wkh vwrfkdvwlf juhhg| vhdufk +VJV,

dojrulwkp lv suhvhqwhg lq Vhfwlrq ;14161 Dq dssurdfk wr frqvwuxfw fkdoohqjlqj sureohpv edvhg rq

FQI irupxodv/ zlwk hpslulfdo uhvxowv iru VJV/ lv suhvhqwhg lq Vhfwlrq ;14171 Ilqdoo|/ Vhfwlrq ;1418
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suhvhqwv uhvxowv uhodwhg wr devwudfwlrq1

;1414 Jhqhwlf Dojrulwkp Qlfklqj= Suredelolvwlf Furzglqj

Rxu uhvhdufk rq qlfklqj zdv prwlydwhg e| dq lqwhuhvw lq xvlqj jhqhwlf dojrulwkpv iru Ed|hvldq

qhwzrun ohduqlqj dqg lqihuhqfh/ dqg lq sduwlfxodu iru frpsxwlqj wkh prvw suredeoh h{sodqdwlrq lq

d Ed|hvldq qhwzrun1 Lq rwkhu zrugv/ zh irfxvhg rq jhqhwlf dojrulwkp �wqhvv ixqfwlrqv uhsuhvhqwhg

dv Ed|hvldq qhwzrunv1

Ed|hvldq qhwzrunv duh w|slfdoo| pxowl0prgdo/ vrphwklqj zklfk pdnh wkhp fkdoohqjlqj iru orfdo

vhdufk dqg fodvvlfdo jhqhwlf dojrulwkpv1 Prwlydwhg e| wklv/ zh kdyh lqyhvwljdwhg qlfklqj jhqhwlf

dojrulwkpv dqg lq sduwlfxodu ghyhorshg d qhz qlfklqj dojrulwkp/ suredelolvwlf furzglqj/ Wkh wzr

pdlq remhfwlyhv ri qlfklqj dojrulwkpv/ jhqhudoo|/ duh wr frqyhujh wr pxowlsoh/ kljko| �w/ dqg vlj0

ql�fdqwo| gl�huhqw vroxwlrqv/ dqg wr vorz grzq frqyhujhqfh lq fdvhv zkhuh rqo| rqh vroxwlrq lv

uhtxluhg1 Gl�huhqw dojrulwkpv kdyh ehhq ghyhorshg wr ixo�o wkhvh remhfwlyhv/ dprqj wkhp ghwhu0

plqlvwlf furzglqj1 Suredelolvwlf furzglqj lv forvho| uhodwhg wr ghwhuplqlvwlf furzglqj/ dqg kdv pdq|

ri wkh vdph dgydqwdjhv= lw lv vlpsoh/ idvw/ dqg uhtxluhv qr sdudphwhuv eh|rqg wkrvh ri fodvvlfdo JDv

Suredelolvwlf furzglqj lv d wrxuqdphqw vhohfwlrq dojrulwkp zlwk vlplodulw|0edvhg uhsodfhphqw/ dqg

lw xvhv d suredelolvwlf udwkhu wkdq d ghwhuplqlvwlf dffhswdqfh ixqfwlrq1 Zh kdyh vkrzq wkdw xvlqj

d suredelolvwlf dffhswdqfh ixqfwlrq jlyhv vwdeoh/ suhglfwdeoh frqyhujhqfh forvh wr wkh qlfklqj uxoh/

d jrog vwdqgdug iru qlfklqj dojrulwkpv/ dqg zh vkrzhg wklv erwk dqdo|wlfdoo| dqg h{shulphqwdoo|1

Rxu uhvhdufk dovr lghqwl�hv suredelolvwlf furzglqj dv d phpehu ri d idplo| ri dojrulwkpv/ zklfk

zh fdoo lqwhjudwhg wrxuqdphqw dojrulwkpv1 Lqwhjudwhg wrxuqdphqw dojrulwkpv dovr lqfoxgh ghwhu0

plqlvwlf furzglqj/ uhvwulfwhg wrxuqdphqw vhohfwlrq/ sdudooho uhfrpelqdwlyh vlpxodwhg dqqhdolqj/ wkh

Phwursrolv dojrulwkp/ dqg vlpxodwhg dqqhdolqj1

;1415 Sureohp Kdugqhvv= Ghfhswlyh Ed|hvldq Qhwzrunv

Xvlqj JDv iru frpsxwlqj wkh prvw suredeoh h{sodqdwlrq udlvhv wkh txhvwlrq ri zkdw wkh uhodwlrqvkls

lv ehwzhhq d EQ dqg wkh mrlqw suredelolw| glvwulexwlrq gh�qhg e| wkh EQ/ zklfk lv wkh JD*v �wqhvv

ixqfwlrq1 Wkh dssurdfk zh wrrn zdv wr irfxv rq fkdudfwhulvwlfv ri d Ed|hvldq qhwzrun/ jlyhq

d fhuwdlq mrlqw suredelolw| glvwulexwlrq/ zklfk zdv ghulyhg iurp d ixqfwlrq ri xqlwdwlrq1 Wkhuh
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kdv ehhq vrph uhvhdufk zlwklq wkh EQ frppxqlw| rq w|slfdo surshuwlhv ri wkh mrlqw glvwulexwlrq

gh�qhg e| d EQ/ exw olwwoh uhvhdufk rq v|vwhpdwlfdoo| ydu|lqj wkh kdugqhvv ri frqvwuxfwhg qhwzrunv/

zklfk lv zkdw zh irfxvhg rq lq wklv uhvhdufk1 Wr doohyldwh wklv/ zh pdsshg fhuwdlq ixqfwlrqv ri

xqlwdwlrq lqwr Ed|hvldq qhwzrun lqvwdqfhv1 Ghfhswlyh dqg rwkhu ixqfwlrqv ri xqlwdwlrq kdyh ehhq

frqvlghuhg lq rughu wr xqghuvwdqg zklfk �wqhvv ixqfwlrqv duh kdug dqg zklfk duh hdv| iru jhqhwlf

dojrulwkpv wr rswlpl}h1 Wkhuh duh vhyhudo dgydqwdjhv wr vxfk duwl�fldo ixqfwlrqv/ qrwdeo| wkhlu hdvh

ri vshfl�fdwlrq dqg dqdo|vlv1 Wkh pdlq uhvxow ri wklv uhvhdufk zdv wkdw lw vkrzhg wkdw Ed|hvldq

qhwzrunv fdq eh ghfhswlyh1

;1416 Orfdo Vhdufk= Vwrfkdvwlf Juhhg| Vhdufk

Vwrfkdvwlf orfdo vhdufk kdv suryhq wr eh srzhuixo dojrulwkpv iru �qglqj vdwlvi|lqj dvvljqphqwv

ri FQI irupxodv1 Wkh vwrfkdvwlf orfdo juhhg| vhdufk dojrulwkp +VJV, ghyhorshg dv sduw ri wklv

uhvhdufk lv d jhqhudol}dwlrq ri wkh JVDW dojrulwkp ghyhorshg lq wkh frqwh{w ri vdwlv�delolw|1 Wzr

yduldwlrqv ri VJV*v xwlolw| ixqfwlrq kdyh ehhq ghyhorshg dqg h{shulphqwhg zlwk1 Rqh yhuvlrq/

JPSH/ lv d jhqhudol}dwlrq ri JVDW*v xwlolw| phdvxuh wr wkh suredelolvwlf fdvh/ zkloh wkh rwkhu

phdvxuh Eodqnhw lv d suredelolvwlf yhuvlrq ri JVDW*v xwlolw| phdvxuh1 Lq h{shulphqwv/ zh kdyh

irxqg wkdw erwk phdvxuhv ri jdlq duh txlwh h�hfwlyh rq kdug lqvwdqfhv/ dqg lq sduwlfxodu wkh|

shuirup vhyhudo rughuv ri pdjqlwxgh ehwwhu wkdq wkh vwdwh0ri0wkh0duw h{dfw lqihuhqfhu Kxjlq rq

wkhvh lqvwdqfhv1

H{shulphqwv zlwk VJV rq vrph dssolfdwlrq EQv kdyh dovr ehhq grqh1 Zh kdyh irxqg wkdw

wkh dojrulwkp lv txlwh h�hfwlyh rq wkhvh qhwzrunv wrr/ dqg shuirupv frpsdudeo| wr Kxjlq1 Lq

wkh dssolfdwlrq EQv/ dq lpsruwdqw frpsrqhqw lq wkh vxffhvv ri wkh dojrulwkp duh wkh vwrfkdvwlf

lqlwldol}dwlrq dojrulwkpv/ dqg lq sduwlfxodu wkh g|qdplf surjudpplqj dqg iruzdug vlpxodwlrq do0

jrulwkpv1 Wkh iruzdug vlpxodwlrq dojrulwkp lv nqrzq iurp hduolhu uhvhdufk/ zkloh wkh iruzdug

dqg edfnzdug g|qdplf surjudpplqj dojrulwkpv kdyh ehhq ghyhorshg dv sduw ri wklv glvvhuwdwlrq1

Wkh lqlwldol}dwlrq dojrulwkpv vxjjhvw jrrg vwduwlqj srlqwv wr wkh vwrfkdvwlf orfdo vhdufk edvhg rq d

frpsohwh vroxwlrq ri d udqgrpo| vlpsol�hg qhwzrun1 Lq wkhvh vlpsol�hg qhwzrunv/ wkh lqlwldol}dwlrq

dojrulwkpv shuirup lq sro|qrpldo wlph1
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;1417 Sureohp Kdugqhvv= Vdwlv�delolw| Ed|hvldq Qhwzrunv

Dq h{shulphqwdo dssurdfk lv qhhghg wr lqyhvwljdwh wkh shuirupdqfh ri lqihuhqfh dojrulwkpv iru

wkh PSH wdvn1 Xqiruwxqdwho|/ dssolfdwlrq EQv kdyh vrph olplwdwlrqv zkhq xvhg iru wklv sxusrvh1

Wkhuh duh w|slfdoo| yhu| ihz EQv shu dssolfdwlrq/ dqg EQv ydu| dorqj wrr pdq| glphqvlrqv ehwzhhq

dssolfdwlrqv/ pdnlqj v|vwhpdwlf h{shulphqwdwlrq gl!fxow1 Wkhuhiruh/ lw lv ehwwhu iru h{shulphqwdo

sxusrvhv wr frqvwuxfw udqgrp EQv dffruglqj wr vrph glvwulexwlrq lq rughu wr jhw pruh d pruh

frqwuroohg vhwwlqj dqg lpsuryhg vwdwlvwlfv1 Fduhixo vhohfwlrq ri wkh glvwulexwlrq iurp zklfk udqgrpo|

frqvwuxfwhg qhwzrunv duh jhqhudwhg lv uhtxluhg/ vxfk wkdw wkh| duh qhlwkhu wrr hdv| qru wrr kdug1

Zh kdyh ghyhorshg d sdudgljp iru v|vwhpdwlfdoo| jhqhudwlqj lqfuhdvlqjo| kdug lqvwdqfhv iru

frpsxwlqj wkh PSH/ dv zhoo dv d fduhixoo| vwxglhg vrph ri wkh idfwruv wkdw frqwulexwh wr wkh

kdugqhvv ri lqihuhqfh1 Zh kdyh vwxglhg vrph vwuxfwxudo dqg glvwulexwlrqdo sdudphwhuv ri Ed|hvldq

qhwzrunv dqg vkrzhg krz ydu|lqj wkhp +zlwk frqvwdqw qhwzrun vl}h, fdq fkdqjh wkh kdugqhvv

ri d qhwzrun dv idu dv PSH frpsxwdwlrq lv frqfhuqhg1 Wkh pdlq sdudphwhuv vwxglhg duh= wkh

udwlr ri wkh qxpehu ri urrw qrghv wr wkh qxpehu ri qrq0urrw qrghv lq d EQ/ wkh luuhjxodulw| ri

wkh xqghuo|lqj judsk/ dqg wkh glvwulexwlrqv ri frqglwlrqdo glvwulexwlrq wdeohv1 Wkh kdugqhvv ri

wkh qhwzrunv zdv lqyhvwljdwhg h{shulphqwdoo| xvlqj wzr fodvvhv ri qhwzrunv1 Rqh ri wkh fodvvhv

h{whqgv uhvhdufk rq jhqhudwlqj kdug lqvwdqfhv iru vdwlv�delolw| sureohpv ^Plwfkhoo hw do1/ 4<<5`1 Zh

kdyh h{sorlwhg wkh uhodwlrqvkls ehwzhhq frpsxwlqj dq PSH dqg �qglqj d vdwlvi|lqj dvvljqphqw

ri d fruuhvsrqglqj FQI irupxod wr frqvwuxfw kdug lqvwdqfhv iru wkh PSH sureohp1 Wzr fodvvhv

ri EQv kdyh ehhq lqyhvwljdwhg= EQv gluhfwo| frqvwuxfwhg iurp VDW irupxodv/ dqg d fodvv ri EQv

lqwurgxfhg e| Ndvn dqg Ghfkwhu ^Ndvn dqg Ghfkwhu/ 4<<<`1 Iru wkh odwwhu EQ fodvv zh kdyh vkrzhg

wkh uhodwlrqvkls wr VDW0edvhg EQv1 Iru erwk fodvvhv/ jhqhudwlqj udqgrp qhwzrunv fdq uhvxow lq

yhu| hdv| lqvwdqfhv1 Rq wkh rwkhu kdqg/ e| fduhixoo| vhohfwlqj sdudphwhuv dorqj fhuwdlq glphqvlrqv/

hyhq zkloh �{lqj wkh vl}h ri wkh qhwzrun/ rqh fdq frqvwuxfw EQv wkdw h{lvwlqj dojrulwkpv fdqqrw

kdqgoh1 Wzr dojrulwkpv kdyh ehhq lqyhvwljdwhg= Iluvw/ Kxjlq/ zklfk lv rqh ri wkh ehvw suredelolvwlf

lqihuhqfh dojrulwkpv dydlodeoh/ dqg zklfk xvhv foxvwhulqj dqg sursdjdwlrq lq mrlq wuhhv1 Vhfrqg/

wkh vwrfkdvwlf vhdufk dojrulwkp VJV/ zklfk zh kdyh suhvhqwhg lq Vhfwlrq ;14161 Wkh uhvxowv ri wklv

uhvhdufk surylgh gluhfwlrqv iru krz wr frqvwuxfw kdug dqg hdv| lqvwdqfhv iru wkh PSH sureohp/

dqg dovr vkrzv vrph lqwhuhvwlqj dvshfwv ri wkh Kxjlq dqg VJV dojrulwkpv/ lq sduwlfxodu krz wkhlu
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shuirupdqfh ydulhv dffruglqj wr fhuwdlq ihdwxuhv ri wkh sureohp lqvwdqfhv ehlqj frqvwuxfwhg1

;1418 Sureohp Dssur{lpdwlrq= Devwudfwlrq lq Ed|hvldq Qhwzrunv

Wkh vl}h ri qrgh vwdwh vsdfhv lq EQv fdq kdyh dq lpsdfw ri vhyhudo rughuv ri pdjqlwxgh rq wkh

vshhg ri lqihuhqfh1 Lq fhuwdlq flufxpvwdqfhv/ rqh pljkw eh lqwhuhvwhg lq wudglqj dffxudf| iru vshhg/

dqg shuirup lqihuhqfh ryhu dq dssur{lpdwhg EQ1 Frqvwuxfwlqj devwudfwhg EQv edvhg rq wkh xvh

ri devwudfwlrq klhudufklhv lv rqh surplvlqj dssurdfk wr EQ dssur{lpdwlrq1

Vwdwh vsdfh devwudfwlrq iru EQv kdv ehhq lqyhvwljdwhg hduolhu/ krzhyhu wklv lv wkh �uvw wlph

devwudfwlrq kdv ehhq xvhg lq wkh frqwh{w ri frpsxwlqj dq PSH lq d Ed|hvldq qhwzrun1 Lq wklv

uhvhdufk/ zh kdyh ghyhorshg fulwhuld iru phdvxulqj wkh txdolw| ri devwudfwlrq klhudufklhv frqvwuxfwhg

e| gl�huhqw devwudfwlrq dojrulwkpv1 Zh kdyh uhjdughg huuru lqwurgxfhg e| devwudfwlrq dv qrlvh/

dqg xvhg yduldqfh dv d phdvxuh ri wkh txdolw| ri devwudfwlrq klhudufklhv +dqg e| lpsolfdwlrq/

devwudfwlrq dojrulwkpv,1 Zh kdyh dovr ghyhorshg devwudfwlrq dojrulwkpv/ zklfk duh whfkqltxhv

iru frqvwuxfwlqj devwudfwlrq klhudufklhv iru vwdwh vsdfhv ri Ed|hvldq qhwzrunv qrghv1 Xvlqj wkh

devwudfwlrq dojrulwkpv/ zh kdyh shuiruphg devwudfwlrq h{shulphqwv/ erwk rq d qrgh edvlv dqg rq

dq PSH edvlv1 Dw wkh qrgh ohyho/ wkh devwudfwlrq dojrulwkpv zh kdyh ghyhorshg duh hpslulfdoo|

frpsduhg xvlqj wkh yduldqfh fulwhuld1 Dw wkh qhwzrun ohyho/ zh kdyh hydoxdwhg wkh devwudfwlrq

klhudufklhv zlwk uhvshfw wr wkhlu dffxudf| iru frpsxwlqj wkh PSH ri wkh EQ1 Lq erwk fdvhv/

zh �qg wkdw rxu devwudfwlrq dojrulwkpv shuirup vljql�fdqwo| ehwwhu wkdq frqvwuxfwlqj devwudfwlrq

klhudufklhv dw udqgrp1

;15 Ixwxuh Zrun

Prwlydwhg e| wkh PSH sureohp/ zh kdyh ghyhorshg dojrulwkpv dv zhoo dv dq dssurdfk wr hpslulfdo

lqyhvwljdwlrqv1 Ixwxuh zrun lqfoxghv h{whqglqj wklv zrun wr rwkhu lqihuhqfh sureohpv +Vhfwlrq

;1514,> k|eulgl}dwlrq dqg lqwhjudwlrq ri lqihuhqfh phwkrgv +Vhfwlrq ;1515,> dqg dgglwlrqdo uhvhdufk

rq dssur{lpdwlrq +Vhfwlrq ;1516,1

4::



;1514 Pdujlqdol}dwlrq

Frpsxwlqj d prvw suredeoh h{sodqdwlrq +frpsxwlqj mrlqw glvwulexwlrq ryhu doo qrghv lq d EQ, dqg

eholhi xsgdwlqj +pdujlqdo glvwulexwlrq ryhu rqh qrgh lq d EQ, duh wzr h{wuhphv rq d vfdoh1 Lq wklv

glvvhuwdwlrq/ zh kdyh irfxvhg rq frpsxwlqj d prvw suredeoh h{sodqdwlrq/ dqg d qdwxudo qh{w vwhs lv

pdujlqdol}lqj ryhu d �{hg ru yduldeoh qxpehu ri qrghv zkloh frpsxwlqj d prvw suredeoh h{sodqdwlrq

� ru wkh n prvw suredeoh h{sodqdwlrqv � ryhu wkh uhpdlqlqj qrghv1 Suredeo| wkh prvw reylrxv

zd| wr gr pdujlqdol}dwlrq lv e| vlpxodwlrq/ zkhuh fhuwdlq qrghv lq wkh EQ duh ghvljqdwhg dv �{hg/

rwkhuv dv yduldeoh1 +Wklv frphv lq dgglwlrq wr wkh fodpslqj ri hylghqfh qrghv1, Qrz/ zh rswlpl}h

ryhu wkh �{hg qrghv dv ehiruh/ exw dv sduw ri �wqhvv hydoxdwlrq/ iru lqvwdqfh/ zh pd| vlpxodwh ryhu

wkh yduldeoh qrghv1 Wklv jlyhv d vhwwlqj wkdw lv vlplodu wr/ exw qrw h{dfwo| wkh vdph dv/ suhylrxv

uhvhdufk rq jhqhwlf dojrulwkpv dqg qrlv| �wqhvv ixqfwlrqv1 Zh kdyh vr idu dvvxphg wkdw zh kdyh

ghvljqdwhg ehiruhkdqg zklfk qrghv duh �{hg dqg zklfk qrghv duh yduldeoh1 Dxwrpdwlfdoo| ghwhfwlqj

zklfk qrghv wr pdujlqdol}h rxw lv d pruh lqyroyhg h{whqvlrq zklfk zrxog eh yhu| lqwhuhvwlqj wr

vroyh1

;1515 K|eulg Uhdvrqlqj dqg Ohduqlqj

Vhyhudo dojrulwkpv iru frpsxwlqj dq PSH kdyh ehhq lqyhvwljdwhg lq wklv uhvhdufk1 Jlyhq wkdw dv d

edvh0olqh/ wkhuh duh wzr qdwxudo h{whqvlrqv= Iluvw/ wr frpelqh wkh dojrulwkpv lq zd|v qrw frqvlghuhg

khuh1 Wkh wkuhh dojrulwkplf dssurdfkhv/ vwrfkdvwlf orfdo vhdufk/ jhqhwlf dojrulwkpv/ dqg devwudfwlrq/

zhuh lqyhvwljdwhg lq frqmxqfwlrq ehfdxvh wkh| duh frpsolphqwdu| dqg dovr hdv| dqg zruwkzkloh wr

lqwhjudwh1 Olplwhg lqwhjudwlrq kdv ehhq grqh lq wklv glvvhuwdwlrq/ krzhyhu/ lw vhhpv wr eh d iuxlwixo

duhd iru ixwxuh zrun1 Vhfrqg/ wr ohduq zkhq wr xvh zklfk lqihuhqfh dojrulwkp1 Wkh vhfrqg duhd

ri uhvhdufk irfxvhv rq wkh pdfklqh ohduqlqj dvshfwv ri k|eulgl}dwlrq1 Rqh ri wkh ohvvrqv iurp wkh

suhvhqw uhvhdufk lv wkdw gl�huhqw lqihuhqfh dojrulwkpv duh dssolfdeoh lq gl�huhqw flufxpvwdqfhv/ dqg

lw lv qrw reylrxv zkhq wr xvh zklfk dojrulwkp1 Vr rqh zdqwv wr xvh d pl{wxuh ri dojrulwkpv/ dqg lq

rughu wr gr vr rqh frxog ohduq d phwd0ohyho Ed|hvldq qhwzrun wkdw hvwlpdwhv wkh gl�huhqw yduldeohv

zklfk lq xhqfh wkh fkrlfh ri dojrulwkpv1 D Ed|hvldq dssurdfk dw wkh phwd0ohyho zrxog dovr doorz

wkh xvh ri sulruv iru zkhq wr xvh zklfk dojrulwkp/ dqg wklv vhhpv yhu| qdwxudo1 Iru wklv w|sh ri

ohduqlqj iru uhdvrqlqj/ wkhuh duh dovr wkh lvvxhv uhodwhg wr rq0olqh yhuvxv r�0olqh ohduqlqj1
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;1516 Ed|hvldq Qhwzrun Dssur{lpdwlrq

Ixwxuh zrun uhjduglqj dssur{lpdwlrq lqfoxghv uhvhdufk lq wkh iroorzlqj gluhfwlrqv1 Iluvw/ wkhuh lv

wkh txhvwlrq ri zkhwkhu wklv uhvhdufk fdq eh jhqhudol}hg wr kdqgoh djjuhjdwlrq dqg ghfrpsrvlwlrq/

phdqlqj ydu|lqj wkh qxpehu ri qrghv lq d EQ/ dv zhoo dv devwudfwlrq dqg uh�qhphqw1 Qrwh wkdw d

ixoo| devwudfwhg EQ qrgh kdv mxvw rqh vwdwh/ dqg rqh pljkw dv zhoo gurs lw iurp wkh qhwzrun1 Wklv

jlyhv d edvlv iru djjuhjdwlrq dqg ghfrpsrvlwlrq/ wkh txhvwlrq lv krz wr h{sorlw wklv revhuydwlrq wr

lpsuryh vshhg ri lqihuhqfh dqg iru pdfklqh ohduqlqj sxusrvhv1 Vhfrqg/ wkhuh lv dq dqdorjxh ehwzhhq

dssur{lpdwlrq +iru h{dpsoh devwudfwlrq dqg uh�qhphqw, rq wkh rqh kdqg/ dqg whpshudwxuh dv xvhg

lq vlpxodwhg dqqhdolqj rq wkh rwkhu1 Vlpxodwhg dqqhdolqj zdv ghyhorshg e| dgglqj wkh qrwlrq ri

whpshudwxuh wr wkh Phwursrolv dojrulwkp/ wkxv pdnlqj lw pruh vxlwdeoh iru rswlpl}dwlrq ^Nlunsdwulfn

hw do1/ 4<;6`1 Dowkrxjk wklv qrwlrq ri whpshudwxuh kdyh suryhq yhu| xvhixo/ wkh ruljlqdwruv ri

vlpxodwhg dqqhdolqj uhpdun wkdw lw lv riwhq kdug wr pds whpshudwxuh lqwr frqfhswv ri wkh v|vwhp

lq txhvwlrq ^Nlunsdwulfn hw do1/ 4<;6`= c^W`kh frqfhsw ri wkh whpshudwxuh ri d sk|vlfdo v|vwhp

kdv qr reylrxv htxlydohqw lq wkh v|vwhp ehlqj rswlpl}hg1* Zh vxjjhvw wkhuh lv dq htxlydohqw wr

whpshudwxuh lq duwl�fldo lqwhooljhqfh v|vwhpv/ qdpho| wkh qrwlrqv ri devwudfwlrq dqg uh�qhphqw=

Devwudfwlrq lqfuhdvhv whpshudwxuh/ uh�qhphqw orzhuv whpshudwxuh1 Dqg kljk ohyhov ri devwudfwlrq

duh htxlydohqw wr kljk whpshudwxuhv/ orz ohyhov ri devwudfwlrq duh htxlydohqw wr orz whpshudwxuhv1

Wkh qrwlrq ri dqqhdolqj vfkhgxoh lq vlpxodwhg dqqhdolqj fdq eh uhodwhg wr dq devwudfwlrq dqg

uh�qhphqw vfkhgxoh zkhq devwudfwlrq klhudufklhv duh xvhg1 Ixuwkhupruh/ lq pdq| duhdv ri duwl�fldo

lqwhooljhqfh dqg rswlpl}dwlrq lw lv yhu| qdwxudo wr lqwurgxfh dq devwudfwlrq klhudufk|/ ru rqh pljkw

h{lvw douhdg|1 Wklv frqwudvwv zlwk wkh idfw wkdw zkdw wkh whpshudwxuh lv lq pdq| v|vwhp ehlqj

prghohg kdv suryhq hoxvlyh1 Wkhuh lv d gl�huhqfh ehwzhhq whpshudwxuh dqg devwudfwlrq dqg

uh�qhphqw= Wkh iruphu lv d pdfurvfrslf frqwuro sdudphwhu vlplodu wr frvw +ru hqhuj|/ �wqhvv,/

zkloh wkh odwwhu duh plfurvfrslf frqwuro rshudwruv1 Wklv gl�huhqfh wxuqv rxw wr eh iruwxqdwh/ vlqfh

lw pdnhv wkh wzr duhdv frpsohphqwdu|1 Zkdw whpshudwxuh eulqjv wr wkh wdeoh lv wkdw iurp lw/

g|qdplf dqqhdolqj vfkhgxohv fdq eh frqvwuxfwhg1 Jlyhq wkh htxlydohqfh ehwzhhq whpshudwxuh dqg

devwudfwlrq/ wklv jlyhv dq dssurdfk wr frqvwuxfw g|qdplf devwudfwlrq dqg uh�qhphqw vfkhgxohv1

4:<



Dsshqgl{ D

Devwudfwlrq dqg Uh�qhphqw Ghwdlov

Wklv dsshqgl{ uhghulyhv dqg surylghv vrph pruh ghwdlov uhodwhg wr Ixqj dqg Fkdqj*v devwudfwlrq

dqg uh�qhphqw rshudwruv iru Ed|hvldq qhwzrunv ^Fkdqj dqg Ixqj/ 4<<4`1 Wkhlu rshudwruv duh

lpsruwdqw/ exw wkh ruljlqdo sdshu ^Fkdqj dqg Ixqj/ 4<<4`/ ehlqj d frqihuhqfh sdshu/ lv odfnlqj

vrph ghwdlov zklfk zh surylgh khuh1 Wklv pdwhuldo surylghv edfnjurxqg iru Fkdswhu :1 Xqolnh lq

wkdw fkdswhu/ zh xvh wkh ruljlqdo qrwdwlrq ehorz/ iru hdvh ri furvv0uhihuhqfh wr wkh ruljlqdo sdshu1

D14 Devwudfwlrq dqg Uh�qhphqw

Ixqj dqg Fkdqj lqwurgxfhg wkh wzr rshudwlrqv ri uh�qh dqg frduvhq iru glvfuhwh Ed|hvldq qhwzrunv

+EQv, ^Fkdqj dqg Ixqj/ 4<<4`1 Frduvhq holplqdwhv vwdwhv iru d qrgh +lw lv dq devwudfwlrq rshudwlrq,/

zkloh uh�qh lqwurgxfhv qhz vwdwhv iru d qrgh +lw lv d uh�qhphqw rshudwlrq,1 Erwk rshudwlrqv

wdnh dv lqsxw d wdujhw qrgh dqg d ghvluhg uh�qhphqw ru frduvhqlqj/ dqg wkh| rxwsxw d uhylvhg

frqglwlrqdo suredelolw| glvwulexwlrq iru wkh wdujhw qrgh dqg iru wkh wdujhw qrgh*v fkloguhq/ dqg erwk

rshudwlrqv duh edvhg rq frqvwudlqwv rq wkh Pdunry eodqnhw ri wkh qrgh1 Erwk h{whuqdo dqg lqwhuqdo

uh�qhphqw dqg h{whuqdo rshudwlrqv duh gh�qhg1 H{whuqdo rshudwlrqv fkdqjh wkh EQ wrsrorj| e|

xvlqj Vkdfkwhu*v rshudwlrqv ^Vkdfkwhu/ 4<;;`1 Lqwhuqdo rshudwlrqv/ rq wkh rwkhu kdqg/ pdlqwdlq wkh

EQ wrsrorj|1 Lq wkh iroorzlqj zh irfxv rq wkh lqwhuqdo rshudwlrqv1

Wkhvh duh wkh lqsxwv wr devwudfwlrq dqg uh�qhphqw=

� qrgh { zkrvh vwdwh vsdfh 
% lv wr eh uh�qhg ru devwudfwhg1

� qhz vwdwh vsdfh 
�
%1

� d uhodwlrq ehwzhhq 
% dqg 
�
%/ ghvfulelqj zklfk vwdwhv $ 5 
% jr zlwk zklfk vwdwhv $�

% 5 
�
%1

4;3



� wkh Pdunry eodqnhw ri {

Wkh rxwsxwv duh wkh iroorzlqj=

� qhz frqglwlrqdo glvwulexwlrq iru {/ Su�+{ m S%,/ zkhuh S% duh sduhqwv ri {

� qhz frqglwlrqdo glvwulexwlrq iru vxffhvvruv ri {/ Su�+v% m {> Sr%,/ zkhuh v% lv d vxffhvvru ri {/
Sr% lv sduhqwv ri vxffhvvruv ri { +h{foxglqj {,1 Qrwh wkh gl�huhqfh ehwzhhq V%/ zklfk lv doo

vxffhvvruv/ dqg v%/ zklfk lv rqh vxffhvvru1

Wkh uhodwlrq ehwzhhq 
% dqg 
�
%/ phqwlrqhg deryh/ lv vshfl�hg e|=

� U= pdsv d vlqjoh ydoxh lq 
% lqwr pxowlsoh ydoxhv lq 
�
%

� F= pdsv d vlqjoh ydoxh lq 
�
% lqwr pxowlsoh ydoxhv lq 
%

Wkh wrsrorj| ri wkh vlpsohvw EQ wkdw h{klelwv doo ihdwxuhv phqwlrqhg deryh lv vkrzq lq Iljxuh

:161

D15 Uh�qhphqw

Wkh fhqwudo lghd lq wkh iroorzlqj lv wr nhhs wkh h�hfw ri devwudfwlrq dqg uh�qhphqw orfdol}hg/

lq sduwlfxodu e| nhhslqj wkh mrlqw glvwulexwlrq ri wkh Pdunry eodqnhw lqwdfw1 Iluvw zh frqvlghu

frqvwudlqwv wkdw dsso| wr wkh qhz frqglwlrqdo suredelolw| glvwulexwlrq zkhq $% 5 
% lv uh�qhg wr

$�
% 5 
�

%1

Iru uh�qhphqw/ d frqvwudlqw rq wkh qhz suredelolw| glvwulexwlrq wkdw reh|v wkdw wkh sulqflsoh

ri ohdylqj wkh Pdunry eodqnhw lqwdfw lv wkh iroorzlqj1 Wklv frqvwudlqw dssolhv wr d qrgh { dqg lwv

sduhqw S%=

Su+$% m S%, @
[

/�

%M-E/%�

Su+$�
% m S%,= +D14,

Uhfdoo wkdw U lv d uh�qhphqw ixqfwlrq wkdw pdsv d vlqjoh ydoxh $% 5 
% lqwr pxowlsoh ydoxhv

$�
% 5 
�

%1

4;4



Iru uh�qhphqw/ wkh frqvwudlqw rq wkh Pdunry eodqnhw lv wkhq=

Su+V% m S%> S7%, @
[
%

Su+v% m {> Sr%,Su+{ m S%, +D15,

@
[
%�

Su+v%� m {�> Sr%, Su+{� m S%�,

Lq sduwlfxodu/ iru wkh vwdwh $% wr eh uh�qhg/ wkh htxdwlrq

Su+v% m $%> Sr%, Su+$% m S%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%, Su+$

�
% m S%, +D16,

qhhgv wr eh vdwlv�hg1 khuh/ wkh rog dqg devwudfw vwdwh lv rq wkh ohiw kdqg vlgh/ wkh qhz dqg uh�qhg

vwdwh lv rq wkh uljkw kdqg vlgh1

D1514 Il{hg Fkloguhq Phwkrg

D vroxwlrq vdwlvi|lqj wkh frqvwudlqw lq Htxdwlrq D16 uhjdugohvv ri Su+$�
% m S%, lv

Su+v% m $�

%> Sr%, @ Su+v% m $%> Sr%,= +D17,

Wklv �{hv wkh frqglwlrqdo glvwulexwlrq iru wkh fkloguhq/ exw doorzv ixoo iuhhgrp iru wkh sduhqw

frqglwlrqdo glvwulexwlrqv1

Zh qrz wxuq wr dq h{dpsoh ri Htxdwlrq D16 lq xvh1 Wkh h{dpsoh xvhv wkh Ed|hvldq qhwzrun

vkrzq lq Iljxuh :171 khuh/ P vwdqg iru plolwdu| xqlw w|sh/ zlwk 
� @ iD>Ej1 Y vwdqgv iru d

yhklfoh lq d sduwlfxodu sodfh dw d sduwlfxodu wlph/ zlwk 
T @ i\>Qj +|hv ru qr, ru 
T @ iD>X>Qj
+wdqn/ wuxfn/ ru qr,1 W vwdqgv iru whuudlq frqglwlrqv/ zlwk 
A @ iJ>Ej +jrrg ru edg,1 I lv d

ihdwxuh1

Frqglwlrqdo suredelolw| wdeohv +FSWv, uhodwhg wr wklv h{dpsoh duh vkrzq lq Wdeoh D14 dqg

Wdeoh D151 Lq wklv qhwzrun/ Y *v vwdwh vsdfh lv uh�qhg iurp 
T @ i\>Qj wr 
T @ iD>X>Qj/ vr
U+$%, @ U+\ , @ iD>Xj1 Zh irfxv khuh rq wkh fdvh zkhuh wkh rwkhu qrghv kdyh ydoxhv I @ D/

W @ J/ dqgP @ D1 Iluvw/ frqvlghu wkh ohiw kdqg vlgh ri Htxdwlrq D16/ frqwdlqlqj wkh vwdwh $% @ \

zklfk lv uh�qhg=
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Su+I m Y>W ,
Y = \ Q

W = J E J E

D 3178 3163 3143 3153
E 3178 3163 3143 3153
R 3143 3173 31;3 3193

Su+I m Y>W ,
Y = D X Q

W = J E J E J E

D 3178 3163 3178 3163 3143 3153
E 3178 3163 3178 3163 3143 3153
R 3143 3173 3143 3173 31;3 3193

Wdeoh D14= Wr wkh ohiw I*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qhphqw1
Qrwlfh krz wkhvh fklog glvwulexwlrqv duh nhsw wkh vdph1

Su+v% m $%> Sr%,Su+$% m S%, @ Su+I @ D m W @ J>Y @ \ , Su+Y @ \ mP @ D,

@ 3=78� 3=;

Vhfrqg/ frqvlghu wkh vwdwhv U+$%, @ U+\ , @ iD>Xj lq wkh uljkw kdqg vlgh ri Htxdwlrq D16=

[
/�

%M-E/%�

Su+v% m $�
%> Sr%, Su+$

�
% m S%, @ Su+I @ D m W @ J>Y @ D,Su+Y @ D mP @ D,

. Su+I @ D m W @ J>Y @ X,Su+Y @ X mP @ D,

Qrz vlqfh Su+I @ D m W @ J>Y @ D, @ 3=78 @ Su+I @ D m W @ J>Y @ X, +vhh Wdeoh D14, zkloh

Su+Y @ D mP @ D, @ 3=8 dqg Su+Y @ X mP @ D, @ 3=6 +vhh Wdeoh D15,/ zh jhw=

[
/�

%M-E/%�

Su+v% m $�
%> Sr%,Su+$

�
% m S%�, @ 3=78� 3=8 . 3=78� 3=6

@ 3=78� 3=;
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Su+Y mP,

P = D E

\ 31; 317
Q 315 319

Su+Y mP,

P = D E

D 316 314
X 318 316
Q 315 319

Wdeoh D15= Wr wkh ohiw Y*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qhphqw1
Qrwlfh krz wkhvh glvwulexwlrqv duh fkdqjhg1

Su+Y mP,

P = D E

\ 31; 317
Q 315 319

Su+Y mP,

P = D E

D 3149 313;
X 3197 3165
Q 3153 3193

Wdeoh D16= Wr wkh ohiw/ Y*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qhphqw1

D1515 Il{hg Sduhqwv Phwkrg

Vxssrvh wkdw wkh sursruwlrqv Su+$
�

% m S%, dvvljqhg lq Htxdwlrq D14 duh wkh vdph iru doo suhghfhvvru

ydoxhv/ qdpho| li

Su+$�
% m S%,S

/�

%M-E/%�
Su+$�

% m S%,
@ N+$�

%, +D18,

zkhuh N+$
�

%, lv d ixqfwlrq ghshqglqj rqo| rq $
�

%/ wkhq Htxdwlrq D16 fdq eh uhgxfhg wr d vlqjoh

frqvwudlqw

Su+v% m $%> Sr%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%,N+$�

%,= +D19,

+Vhh surri ri wklv lq wkh qh{w vhfwlrq1, Lq wklv fdvh/ Su+v% m $�
%> Sr%, grhv qrw qhhg wr eh wkh vdph

dv Su+v% m $%> Sr%,1 Wklv jlyhv wkh rssrvlwh vlwxdwlrq ri wkh rqh ghvfulehg hduolhu= khuh wkh sduhqw

glvwulexwlrq lv �{hg/ zkloh wkh fklog glvwulexwlrqv duh fkdqjhg1

Frqvlghu Wdeoh D171 khuh/ wkh froxpq odehohg c\* lv uh�qhg lqwr wkh froxpqv odehohg cD* dqg

cX*1 Frqvlghu wkh sduhqw vwdwh P @ D=
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Su+I m Y>W ,
Y = \ Q

W = J E J E

D 3178 3163 3143 3153
E 3178 3163 3143 3153
R 3143 3173 31;3 3193

Su+I m Y>W ,
Y = D X Q

W = J E J E J E

D 31;3 3183 316958 3158 3143 3153
E 3143 3143 3186:8 3168 3143 3153
R 3143 3173 314333 3173 31;3 3193

Wdeoh D17= Wr wkh ohiw/ I*v FSW lv vkrzq ehiruh uh�qhphqw/ wr wkh uljkw lw lv vkrzq diwhu uh�qhphqw1

Su+$�
% m S%,S

/�

%M-E/%�
Su+$�

% m S%,
@

Su+Y @ D mP @ D,

Su+Y @ D mP @ D, . Su+Y @ X mP @ D,

@
3=49

3=49 . 3=97
@ 3=5 @ N+D,=

Olnhzlvh iru wkh sduhqw vwdwh P @ E=

Su+$�
% m S%,S

/�

%M-E/%�
Su+$�

% m S%,
@

Su+Y @ D mP @ E,

Su+Y @ D mP @ E, . Su+Y @ X mP @ E,

@
3=3;

3=3; . 3=65
@ 3=5 @ N+D,=

Dorqj vlplodu olqhv/ zh kdyh N+X, @ 3=;1

Qrz frqvlghu wkh ohiw kdqg vlgh ri Htxdwlrq D191 Wkh FSW ydoxh lv jlyhq dv +vhh Wdeoh D17,=

Su+v% m $%> Sr%, @ Su+I @ D m W @ J>Y @ \ , @ 3=78

Qh{w frqvlghu wkh uljkw kdqg vlgh ri Htxdwlrq D19=

[
/�

%M-E/%�

Su+v% m $�
%> Sr%,N+$

�

%, @ Su+I @ D m W @ J>Y @ D,�N+D,

. Su+I @ D m W @ J>Y @ X,�N+X,

Qrz zlwk Su+I @ D m W @ J>Y @ D, @ 3=;/ N+D, @ 3=5/ Su+I @ D m W @ J>Y @ X, @ 3=6958>

dqg N+X, @ 3=; zh jhw
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[
/�

%M-E/%�

Su+v% m $�
%> Sr%,N+$

�

%, @ 3=;� 3=5 . 3=6958� 3=; @ 3=78=

Zkhuh gr wkh qxpehuv lq Wdeoh D17 frph iurpB Wklv lv zkdw zh zloo irfxv rq qh{w1 Frqvlghu

Su+I� m Y+> W�, @ Su+I� m Y@> W�, Su+Y@ mP&, . Su+I� m Y�> W�, Su+Y� mP&,

Su+Y+ mP&,
> +D1:,

zkhuh/ I� lv wkh lwk ydoxh ri wkh qrgh I 1

Qrz slfn Su+I@ m Y@> W}, +ru Su+I@ m Y�> W},,> wklv ghwhuplqhv Su+I@ m Y�> W}, +ru Su+I@ m Y@> W},,1
Frqvlghu wkh fdvh I� @ I@ dqg W� @ W}1 Wkh iroorzlqj lv vhhq iurp Wdeoh D17=

Su+I@ m Y+> W}, @ 3=78=

Xvlqj Htxdwlrq D1:/

Su+I@ m Y+> W}, @
Su+I@ m Y@> W},Su+Y@ mP&,

Su+Y+ mP&,
.

Su+I@ m Y�> W},Su+Y� mP&,

Su+Y+ mP&,

@ Su+I@ m Y@> W},� 3=5 . Su+I@ m Y�> W},� 3=;=

Wdnlqj wkh deryh wrjhwkhu/ zh jhw=

Su+I@ m Y@> W},� 3=5 . Su+I@ m Y�> W},� 3=; @ 3=78=

Slfnlqj Su+I@ m Y@> W}, @ 3=;/ wklv jlyhv=

Su+I@ m Y�> W}, @ 3=78� Su+I@ m Y@> W},� 3=5

3=;
@

3=78� 3=;� 3=5

3=;
@ 3=695 8>

dv vkrzq wr wkh uljkw lq Wdeoh D171
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Su+I m Y>W ,
Y = D X Q

W = J E J E J E

D 317 314 319 317 314 315
E 318 318 316 315 314 315
R 314 317 314 317 31; 319

Su+I m Y> W ,
Y = \ Q

W = J E J E

D 3186:8 3163958 314 315
E 316958 315<6:8 314 315
R 314333 3173333 31; 319

Wdeoh D18= Wr wkh ohiw/ I*v FSW lv vkrzq ehiruh devwudfwlrqwr wkh uljkw lw lv vkrzq diwhu devwudfwlrq1

Su+Y mP,

P = D E

D 316 314
X 318 316
Q 315 319

Su+Y mP,

P = D E

\ 31; 317
Q 315 319

Wdeoh D19= Wr wkh ohiw/ Y*v FSW lv vkrzq ehiruh devwudfwlrq/ wr wkh uljkw lw lv vkrzq diwhu devwudf0
wlrq1

D16 Devwudfwlrq +Frduvhqlqj,

Qrz ohw xv wxuq wr devwudfwlrq +zkdw Fkdqj dqg Ixqj fdoo frduvhqlqj,1 Wkh wzr frqvwudlqwv khuh

duh=

Su+$�
% m S%, @

[
/%M�E/�

%�

Su+$% m S%,

dqg

Su+v% m $�
%> Sr%, Su+$

�
% m S%, @

[
/%M�E/�

%�

Su+v% m $%> Sr%, Su+$% m S%,=

Wkh odvw htxdwlrq lv htxlydohqw wr

Su+v% m $�
%> Sr%, @

4

Su+$�
% m S%,

[
/%M�E/�

%�

Su+v% m $%> Sr%, Su+$% m S%,=

Rqh pljkw qhhg wr dssur{lpdwh zkhq grlqj devwudfwlrq1

4;:



Ohw $�
% @ \ / F+$�

%, @ F+\ , @ iD>Xj1 Wkh frduvhqlqj rshudwlrq lv wkhq =

4

Su+$�
% m S%,

[
/%M�E/�

%�

Su+v% m $%> Sr%,Su+$% m S%, @

4

Su+Y @ \ mP @p,

[
/%M�ET't �

Su+I @ i m $%> W @ w, Su+$% mP @p,>

zlwk vrph dvvljqphqwv I @ i / W @ w/ dqg P @p1 Qrz ohw i @ D/ w @ J=

[
/%M�ET't �

Su+I @ D m $%> W @ J, Su+$% mP @p,1

Qrz ohw P @ D> zh fdq jr wr Wdeoh D18 dqg Wdeoh D19 wr �qg ydoxhv=

4

Su+Y @ \ mP @ D,

[
/%M�Et �

Su+I @ D m $%> W @ J, Su+$% mP @ D, @

4

3=;
+3=7� 3=6 . 3=9� 3=8, @ 3=858=

Pruh suhflvho|/ zh xvhg wkh idfw wkdw $% 5 iD>Xj/ vr

[
/%M�Et �

Su+I @ D m $%> W @ J,Su+$% mP @ D, @ Su+I @ D m Y @ D>W @ J, Su+Y @ D mP @ D,

. Su+I @ D m Y @ X>W @ J,Su+Y @ X mP @ D,

Vlploduo|/ zh ohw P @ E dqg jhw

4

Su+Y @ \ mP @ E,

[
/%M�ET't �

Su+I @ D m $%> W @ J, Su+$% mP @ E, @

4

3=7
+3=7� 3=4 . 3=9� 3=6, @ 3=88=

Wdnlqj wkh deryh wzr uhvxowv wrjhwkhu dqg frpsxwlqj wkh dyhudjh/ rqh jhwv

Su+I @ D m Y @ \>W @ J, @
3=858 . 3=88

5
@ 3=868:>

4;;



zklfk lv wkh ydoxh vkrzq lq Wdeoh D181

D17 Surriv

Htxdwlrq D19 lv ghulyhg dv iroorzv1 Iurp Htxdwlrq D16 zh kdyh=

Su+v% m $%> Sr%, Su+$% m S%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%, Su+$

�
% m S%,

zklfk lv htxlydohqw wr

Su+v% m $%> Sr%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%,

Su+$�
% m S%,

Su+$% m S%, =

E| wkh gh�qlwlrq ri Su+$% m S%, lq Htxdwlrq D14 zh jhw

Su+v% m $%> Sr%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%,

Su+$�
% m S%,S

/�

%M-E/%�
Su+$�

% m S%,
=

zh fdq qrz lqwurgxfh wkh gh�qlwlrq ri N+$
�

%, dv vkrzq lq Htxdwlrq D18/ dqg jhw wkh ghvluhg uhvxow=

Su+v% m $%> Sr%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%,N+$

�

%,=

Qh{w/ zh vkrz wkh ghulydwlrq ri Htxdwlrq D1:/ uhsurgxfhg khuh=

Su+I� m Y+> W�, @ Su+I� m Y@> W�,Su+Y@ mP&, . Su+I� m Y�> W�, Su+Y� mP&,

Su+Y+ mP&,
=

Uhphpehu wkdw I� lv wkh lwk ydoxh ri wkh qrgh I 1 Wr ghulyh wkh htxdwlrq deryh/ vwduw zlwk xvlqj

Htxdwlrq D19

Su+I� m Y+> W�, @
[

T �

+M-ET+�

Su+I� m Y �
+ > W�,N+Y �

+,>

4;<



zkhuh N+Y �
+, lv gh�qhg dffruglqj wr Htxdwlrq D18=

N+Y �
+, @

Su+Y �
+ mP&,S

T �

+M-ET+�
Su+Y �

+ mP&,
@

Su+Y �
+ mP&,

Su+Y+ mP&,
=

Dqg vlqfh U+Y+, @ iY@> Y�j/ zh jhw wzr whupv lq wkh vxp

[
T �

+M-ET+�

Su+I� m Y �
+ > W�,

Su+Y �
+ mP&,

Su+Y+ mP&,
@

Su+I� m Y@> W�,Su+Y@ mP&, . Su+I� m Y�> W�, Su+Y� mP&,

Su+Y+ mP&,
>

zklfk lv wkh ghvluhg uhvxow lq Htxdwlrq D1:1

Wkh iroorzlqj lv d ghulydwlrq ri Htxdwlrq D171

Su+v% m $%> Sr%, Su+$% m S%, @
[

/�

%M-E/%�

Su+v% m $�
%> Sr%, Su+$

�
% m S%,

Qrz ohw Su+v% m $�
%> Sr%, @ Su+v% m $%> Sr%, Wklv jlyhv=

[
/�

%M-E/%�

Su+v% m $�
%> Sr%, Su+$

�
% m S%, @

[
/�

%M-E/%�

Su+v% m $%> Sr%,Su+$�
% m S%,

@ Su+v% m $%> Sr%,
[

/�

%M-E/%�

Su+$�
% m S%,

@ Su+v% m $%> Sr%,Su+$% m S%,>

zkhuh wkh odvw vwhs iroorzv iurp Htxdwlrq D141
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Eleolrjudsk|

^Dfnoh|/ 4<;:` Dfnoh|/ G1 K1 +4<;:,1 Dq Hpslulfdo Vwxg| ri Elw Yhfwru Ixqfwlrq Rswlpl}dwlrq/

fkdswhu 46/ sdjhv 4:3�5371 Lq ^Gdylv/ 4<;:`1

^Dqghuvhq hw do1/ 4<;<` Dqghuvhq/ V1 N1/ Rohvhq/ N1 J1/ Mhqvhq/ I1 Y1/ dqg Mhqvhq/ I1 +4<;<,1

KXJLQ�d vkhoo iru exloglqj Ed|hvldq eholhi xqlyhuvhv iru h{shuw v|vwhpv1 Lq Surfhhglqjv ri wkh

Hohyhqwk Lqwhuqdwlrqdo Mrlqw Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh +LMFDL0;<,/ yroxph 5/ sdjhv

43;3�43;8/ Ghwurlw/ Plfkljdq1 Prujdq Ndxipdqq1

^Dqguhdvvhq hw do1/ 4<;:` Dqguhdvvhq/ V1/ Zroge|h/ P1/ Idofn/ E1/ dqg Dqghuvhq/ V1 +4<;:,1 PXQLQ

� D fdxvdo suredelolvwlf qhwzrun iru lqwhusuhwdwlrq ri hohfwurp|rjudsklf �qglqjv1 Lq Surfhhglqjv

ri wkh Whqwk Lqwhuqdwlrqdo Mrlqw Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh +LMFDL0;:,/ sdjhv 699�6:5/

Plodq/ Lwdo|1

^Dqjoxlq dqg Ydoldqw/ 4<:<` Dqjoxlq/ G1 dqg Ydoldqw/ O1 J1 +4<:<,1 Idvw suredelolvwlf dojrulwkpv iru

Kdplowrqldq flufxlwv dqg pdwfklqjv1 Mrxuqdo ri Frpsxwhu dqg V|vwhp Vflhqfhv/ 4;+5,=488�4<61

^Eçfn/ 4<<9` Eçfn/ W1 +4<<9,1 Hyroxwlrqdu| Dojrulwkpv lq Wkhru| dqg Sudfwlfh1 R{irug Xqlyhuvlw|

Suhvv/ Qhz \run1

^Edv|h hw do1/ 4<<5` Edv|h/ N1/ Ghdq/ W1/ Nlupdq/ M1/ dqg Ohmwhu/ P1 +4<<5,1 D ghflvlrq0wkhruhwlf

dssurdfk wr sodqqlqj/ shufhswlrq/ dqg frqwuro1 LHHH H{shuw/ :+7,=8;�981

^Ehlqolfk hw do1/ 4<;<` Ehlqolfk/ L1 D1/ Vxhuprqgw/ K1 M1/ Fkdyh}/ U1 P1/ dqg Frrshu/ J1 I1 +4<;<,1

Wkh DODUPprqlwrulqj v|vwhp= D fdvh vwxg| zlwk wzr suredelolvwlf lqihuhqfh whfkqltxhv iru eh0

olhi qhwzrunv1 Lq Surfhhglqjv Vhfrqg Hxurshdq Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh lq Phglflqh/

sdjhv 57:�5891 Vsulqjhu0Yhuodj/ Qhz \run1

4<4



^Exfkdqdq dqg Vkruwol�h/ 4<;7` Exfkdqdq/ E1 dqg Vkruwol�h/ H1 +4<;7,1 Uxoh0edvhg H{shuw V|v0

whpv= Wkh P\FLQ H{shulphqwv ri wkh Vwdqirug Khxulvwlf Surjudpplqj Surmhfw1 Dgglvrq Zhvoh|/

Uhdglqj/ PD1

^Fdvwloor hw do1/ 4<<:` Fdvwloor/ H1/ Jxwlhuuh}/ M1 P1/ dqg Kdgl/ D1 V1 +4<<:,1 H{shuw v|vwhpv dqg

suredelolvwlf qhwzrun prghov1 Vsulqjhu0Yhuodj/ Qhz \run1

^Fkdqj dqg Ixqj/ 4<<4` Fkdqj/ N1 dqg Ixqj/ U1 +4<<4,1 Uh�qhphqw dqg frduvhqlqj ri Ed|hvldq

qhwzrunv1 Lq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh 9/ sdjhv 768�7781 Hovhylhu/ Dpvwhugdp1

^Fkdspdq dqg Vdlwrx/ 4<<7` Fkdspdq/ F1 G1 dqg Vdlwrx/ N1 +4<<7,1 Jhqhwlf dojrulwkpv dv dq

dssurdfk wr frq�jxudwlrq dqg wrsrorj| ghvljq1 Mrxuqdo ri Phfkdqlfdo Ghvljq/ 449=4338�43451

^Fkduqldn/ 4<<4` Fkduqldn/ H1 +4<<4,1 Ed|hvldq qhwzrunv zlwkrxw whduv1 DL Pdjd}lqh/ 45+7,=83�961

^Fkhhvhpdq hw do1/ 4<<4` Fkhhvhpdq/ S1/ Ndqhivn|/ E1/ dqg Wd|oru/ Z1 P1 +4<<4,1 Zkhuh wkh uhdoo|

kdug sureohpv duh1 Lq Surfhhglqjv ri wkh Wzhoiwk Lqwhuqdwlrqdo Mrlqw Frqihuhqfh rq Duwl�fldo

Lqwhooljhqfh +LMFDL0<4,/ sdjhv 664�66:/ V|gqh|/ Dxvwudold1

^Frrshu/ 4<<3` Frrshu/ I1 J1 +4<<3,1 Wkh frpsxwdwlrqdo frpsoh{lw| ri suredelolvwlf lqihuhqfh xvlqj

Ed|hvldq eholhi qhwzrunv1 Duwl�fldo Lqwhooljhqfh/ 75=6<6�7381

^Fxoehuvrq/ 4<<5` Fxoehuvrq/ M1 +4<<5,1 Jhqhwlf lqyduldqfh= D qhz sdudgljp iru jhqhwlf dojrulwkp

ghvljq1 Whfkqlfdo Uhsruw <5035/ Xqlyhuvlw| ri Doehuwd/ Ghsduwphqw ri Frpsxwhu Vflhqfh1

^Gdylv/ 4<;:` Gdylv/ O1/ hglwru +4<;:,1 Jhqhwlf Dojrulwkpv dqg Vlpxodwhg Dqqhdolqj1 Slwpdq/

Orqgrq1

^Gdzlg/ 4<<5` Gdzlg/ D1 S1 +4<<5,1 Dssolfdwlrqv ri d jhqhudo sursdjdwlrq dojrulwkp iru suredelolv0

wlf h{shuw v|vwhpv1 Vwdwlvwlfv dqg Frpsxwlqj/ 5=58�691

^Ghe dqg Jrogehuj/ 4<<6` Ghe/ N1 dqg Jrogehuj/ G1 H1 +4<<6,1 Dqdo|}lqj ghfhswlrq lq wuds ixqf0

wlrqv1 Lq ^Zklwoh|/ 4<<6`1

^Ghe dqg Jrogehuj/ 4<<7` Ghe/ N1 dqg Jrogehuj/ G1 H1 +4<<7,1 Vx!flhqw frqglwlrqv iru ghfhswlyh

dqg hdv| elqdu| ixqfwlrqv1 Dqqdov ri Pdwkhpdwlfv dqg Duwl�fldo Lqwhooljhqfh/ 43=6;8�73;1
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^GhMrqj/ 4<:8` GhMrqj/ N1 D1 +4<:8,1 Dq Dqdo|vlv ri wkh Ehkdylru d Fodvv ri Jhqhwlf Dgdswlyh

V|vwhpv1 SkG wkhvlv/ Xqlyhuvlw| ri Plfkljdq1

^Gux}g}ho/ 4<<7` Gux}g}ho/ P1 M1 +4<<7,1 Vrph surshuwlhv ri mrlqw suredelolw| glvwulexwlrqv1 Lq

Surfhhglqjv ri wkh Whqwk Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL0<7,/

sdjhv 4;:�4<7/ Vhdwwoh/ ZD1

^Gxgd hw do1/ 4<:9` Gxgd/ U1/ Kduw/ S1/ dqg Qlovvrq/ Q1 +4<:9,1 Vxemhfwlyh Ed|hvldq phwkrgv iru

uxoh0edvhg lqihuhqfh v|vwhpv1 Lq DILSV Frqihuhqfh Surfhhglqjv ri wkh 4<:9 Qdwlrqdo Frpsxwhu

Frqihuhqfh/ sdjhv 43:8�43;5 /yro 781

^Iudqfr dqg Sdxoo/ 4<;6` Iudqfr/ M1 dqg Sdxoo/ P1 +4<;6,1 Suredelolvwlf dqdo|vlv ri wkh Gdylv Sxw0

qdp surfhgxuh iru vroylqj wkh vdwlv�delolw| sureohp1 Glvfuhwh Dssolhg Pdwkhpdwlfv/ 8=::�;:1

^Iuh|/ 4<<;` Iuh|/ E1 M1 +4<<;,1 Judsklfdo Prghov iru Pdfklqh Ohduqlqj dqg Gljlwdo Frppxqlfdwlrq1

PLW Suhvv/ Fdpeulgjh/ PD1

^Ixqj dqg Fkdqj/ 4<<3` Ixqj/ U1 dqg Fkdqj/ N1 +4<<3,1 Zhljklqj dqg lqwhjudwlqj hylghqfh iru

vwrfkdvwlf vlpxodwlrq lq Ed|hvldq qhwzrunv1 Lq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh 8/ sdjhv

53<�54<1 Hovhylhu/ Dpvwhugdp1

^Ixqj dqg Idyhur/ 4<<7` Ixqj/ U1 dqg Idyhur/ E1 G1 +4<<7,1 Edfnzdug vlpxodwlrq lq Ed|hvldq

qhwzrunv1 Lq Surfhhglqjv ri wkh Whqwk Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh

+XDL0<7,/ sdjhv 55:�567/ Vhdwwoh/ ZD1

^Jdoodjhu/ 4<95` Jdoodjhu/ U1 J1 +4<95,1 Orz ghqvlw| sdulw| fkhfn frghv1 LUH Wudqvdfwlrqv rq

Lqirupdwlrq Wkhru|/ ;=54�5;1

^Jhljhu hw do1/ 4<<3` Jhljhu/ G1/ Yhupd/ W1/ dqg Shduo/ M1 +4<<3,1 g0vhsdudwlrq= Iurp wkhruhpv wr

dojrulwkpv1 Lq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh 8/ sdjhv 46<�47;1 Hovhylhu/ Dpvwhugdp1

^Jhovhpd/ 4<<8` Jhovhpd/ H1 V1 +4<<8,1 Degxfwlyh uhdvrqlqj lq Ed|hvldq eholhi qhwzrunv xvlqj d

jhqhwlf dojrulwkp1 Sdwwhuq Uhfrjqlwlrq Ohwwhuv/ 49=;98�;:41

^Jhqhvhuhwk/ 4<;7` Jhqhvhuhwk/ P1 +4<;7,1 Wkh xvh ri ghvljq ghvfulswlrqv lq dxwrpdwhg gldjqrvlv1

Duwl�fldo Lqwhooljhqfh/ 57=744�7691
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^Jrogehuj/ 4<;<d` Jrogehuj/ G1 +4<;<d,1 Jhqhwlf dojrulwkpv dqg Zdovk ixfwlrqv= LL1 Ghfhswlrq

dqg lwv dqdo|vlv1 Frpsoh{ V|vwhpv/ 6+5,=486�4:41

^Jrogehuj/ 4<;<e` Jrogehuj/ G1 +4<;<e,1 Jhqhwlf dojrulwkpv dqg Zdovk ixqfwlrqv= L1 D jhqwoh

lqwurgxfwlrq1 Frpsoh{ V|vwhpv/ 6+5,=45<�4851

^Jrogehuj/ 4<<3` Jrogehuj/ G1 +4<<3,1 D qrwh rq Erow}pdqq wrxuqdphqw vhohfwlrq iru jhqhwlf

dojrulwkpv dqg srsxodwlrq0rulhqwhg vlpxodwhg dqqhdolqj1 Frpsoh{ V|vwhpv/ 7+7,=778�7931

^Jrogehuj hw do1/ 4<<5` Jrogehuj/ G1/ Ghe/ N1/ dqg Fodun/ M1 +4<<5,1 Jhqhwlf dojrulwkpv/ qrlvh dqg

wkh vl}lqj ri srsxodwlrqv1 Frpsoh{ V|vwhpv/ 9+7,=666�6951

^Jrogehuj/ 4<;:` Jrogehuj/ G1 H1 +4<;:,1 Vlpsoh Jhqhwlf Dojrulwkpv dqg wkh Plqlpdo Ghfhswlyh

Sureohp/ sdjhv :7�;;1 Lq ^Gdylv/ 4<;:`1

^Jrogehuj/ 4<;<f` Jrogehuj/ G1 H1 +4<;<f,1 Jhqhwlf Dojrulwkpv lq Vhdufk/ Rswlpl}dwlrq ) Pdfklqh

Ohduqlqj1 Dgglvrq0Zhvoh|/ Uhdglqj/ PD1

^Jrogehuj/ 4<<5` Jrogehuj/ G1 H1 +4<<5,1 Frqvwuxfwlrq ri kljk0rughu ghfhswlyh ixqfwlrqv xvlqj

orz0rughu Zdovk frh!flhqwv1 Dqqdov ri Pdwkhpdwlfv dqg Duwl�fldo Lqwhooljhqfh/ 8=68�7;1

^Jrogehuj/ 4<<7` Jrogehuj/ G1 H1 +4<<7,1 Jhqhwlf dqg hyroxwlrqdu| dojrulwkpv frph ri djh1 Frp0

pxqlfdwlrqv ri wkh DFP/ 6:+6,=446�44<1

^Jrogehuj dqg Ulfkdugvrq/ 4<;:` Jrogehuj/ G1 H1 dqg Ulfkdugvrq/ M1 +4<;:,1 Jhqhwlf dojrulwkpv

zlwk vkdulqj iru pxowlprgdo ixqfwlrq rswlpl}dwlrq1 Lq Surfhhglqjv ri wkh Vhfrqg Lqwhuqdwlrqdo

Frqihuhqfh rq Jhqhwlf Dojrulwkpv/ sdjhv 74�7</ Kloovgdoh/ QM1 Huoedxp1

^Juhihqvwhwwh/ 4<<6` Juhihqvwhwwh/ M1 M1 +4<<6,1 Ghfhswlrq frqvlghuhg kdupixo1 Lq ^Zklwoh|/ 4<<6`1

^Juhihqvwhwwh dqg Ilw}sdwulfn/ 4<;8` Juhihqvwhwwh/ M1 M1 dqg Ilw}sdwulfn/ M1 P1 +4<;8,1 Jhqhwlf

vhdufk zlwk dssur{lpdwh ixqfwlrq hydoxdwlrqv1 Lq Surfhhglqjv ri dq Lqwhuqdwlrqdo Frqihuhqfh rq

Jhqhwlf Dojrulwkpv dqg wkhlu Dssolfdwlrqv/ sdjhv 445�453/ Slwwvexuj/ SD1 Huoedxp1

^Kduln/ 4<<8` Kduln/ J1 U1 +4<<8,1 Ilqglqj pxowlprgdo vroxwlrqv xvlqj uhvwulfwhg wrxuqdphqw vhohf0

wlrq1 Lq Surfhhglqjv ri wkh Vl{wk Lqwhuqdwlrqdo Frqihuhqfh rq Jhqhwlf Dojrulwkpv/ sdjhv 57�64/

Vdq Iudqflvfr/ FD1 Prujdq Ndxipdqq1
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^Khqulrq/ 4<;;` Khqulrq/ P1 +4<;;,1 Sursdjdwlqj xqfhuwdlqw| lq Ed|hvldq qhwzrunv e| suredelolvwlf

orjlf vdpsolqj1 Lq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh 51 Hovhylhu/ Dpvwhugdp1

^Khqulrq/ 4<<4` Khqulrq/ P1 +4<<4,1 Vhdufk0edvhg phwkrgv wr erxqg gldjqrvwlf suredelolwlhv lq

yhu| odujh eholhi qhwzrunv1 Lq Surfhhglqjv ri wkh Vhyhqwk Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo

Lqwhooljhqfh +XDL0<4,/ sdjhv 475�4831

^Khqulrq hw do1/ 4<<4` Khqulrq/ P1/ Euhhvh/ M1 V1/ dqg Kruylw}/ H1 M1 +4<<4,1 Ghflvlrq dqdo|vlv dqg

h{shuw v|vwhpv1 DL Pdjd}lqh/ 45+7,=97�<1

^Kroodqg/ 4<:8` Kroodqg/ M1 K1 +4<:8,1 Dgdswdwlrq lq Qdwxudo dqg Duwl�fldo V|vwhpv1 Xqlyhuvlw| ri

Plfkljdq Suhvv/ Dqq Dueru/ PL1

^Kruylw} hw do1/ 4<;;` Kruylw}/ H1 M1/ Euhhvh/ M1 V1/ dqg Khqulrq/ P1 +4<;;,1 Ghflvlrq wkhru| lq h{shuw

v|vwhpv dqg duwl�fldo lqwhooljhqfh1 Lqwhuqdwlrqdo Mrxuqdo ri Dssur{lpdwh Uhdvrqlqj/ 5=57:�6351

^Kruylw} hw do1/ 4<;<` Kruylw}/ H1 M1/ Vxhuprqgw/ K1 M1/ dqg Frrshu/ J1 I1 +4<;<,1 Erxqghg frq0

glwlrqlqj= Ioh{leoh lqihuhqfh iru ghflvlrqv xqghu vfdufh uhvrxufhv1 Lq Surfhhglqjv ri wkh Iliwk

Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL0;<,/ sdjhv 4;5�4<6/ Zlqgvru/ Rqwdulr1

Prujdq Ndxipdqq1

^Kxdqj dqg Gduzlfkh/ 4<<9` Kxdqj/ F1 dqg Gduzlfkh/ D1 +4<<9,1 Lqihuhqfh lq eholhi qhwzrunv= D

surfhgxudo jxlgh1 Lqwhuqdwlrqdo Mrxuqdo ri Dssur{lpdwh Uhdvrqlqj/ 48=558�5961

^Mhqvhq/ 4<<9` Mhqvhq/ I1 Y1 +4<<9,1 Dq Lqwurgxfwlrq wr Ed|hvldq Qhwzrunv1 Vsulqjhu0Yhuodj/ Qhz

\run1

^Mhqvhq hw do1/ 4<<3d` Mhqvhq/ I1 Y1/ Odxulw}hq/ V1 O1/ dqg Rohvhq/ N1 J1 +4<<3d,1 Ed|hvldq xsgdwlqj

lq fdxvdo suredelolvwlf qhwzrunv e| orfdo frpsxwdwlrqv1 VLDP Mrxuqdo rq Frpsxwlqj/ 7=59<�5;51

^Mhqvhq hw do1/ 4<<3e` Mhqvhq/ I1 Y1/ Rohvhq/ N1 J1/ dqg Dqghuvhq/ V1 N1 +4<<3e,1 Dq dojheud ri

Ed|hvldq eholhi xqlyhuvhv iru nqrzohgjh0edvhg v|vwhpv1 Qhwzrunv/ 53+8,=96:�98<1

^Ndqd}dzd hw do1/ 4<<8` Ndqd}dzd/ N1/ Nroohu/ G1/ dqg Uxvvhoo/ V1 +4<<8,1 Vwrfkdvwlf vlpxodwlrq

dojrulwkp iru g|qdplf suredelolvwlf qhwzrunv1 Lq Surfhhglqjv ri wkh Hohyhqwk Dqqxdo Frqihuhqfh

rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL0<8,/ sdjhv 679�684/ Prqwuhdo/ Fdqdgd1
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^Ndvn dqg Ghfkwhu/ 4<<<` Ndvn/ N1 dqg Ghfkwhu/ U1 +4<<<,1 Vwrfkdvwlf orfdo vhdufk iru Ed|hvldq

qhwzrunv1 Lq Surfhhglqjv Vhyhqwk Lqwhuqdwlrqdo Zrunvkrs rq Duwl�fldo Lqwhooljhqfh dqg Vwdwlvwlfv/

Iruw Odxghugdoh/ IO1 Prujdq Ndxipdqq1

^Nlp dqg Shduo/ 4<;6` Nlp/ M1 K1 dqg Shduo/ M1 +4<;6,1 D frpsxwdwlrqdo prgho iru frpelqhg fdxvdo

dqg gldjqrvwlf uhdvrqlqj lq lqihuhqfh v|vwhpv1 Lq Surfhhglqjv ri wkh Hljkwk Lqwhuqdwlrqdo Mrlqw

Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh +LMFDL0;6,/ sdjhv 4<3�4<6/ Nduovuxkh/ Jhupdq|1 Prujdq

Ndxipdqq1

^Nlunsdwulfn hw do1/ 4<;6` Nlunsdwulfn/ V1/ Jhodww Mu1/ F1 G1/ dqg Yhffkl/ P1 S1 +4<;6,1 Rswlpl}dwlrq

e| vlpxodwhg dqqhdolqj1 Vflhqfh/ 553=9:4�9;31

^Nroohu/ 4<<9` Nroohu/ G1 +4<<9,1 Dssur{lpdwh suredelolvwlf lqihuhqfh lq g|qdplf surfhvvhv1 Lq

Zrunlqj Qrwhv ri wkh 4<<9 DDDL Vsulqj V|psrvlxp rq Ohduqlqj G|qdplfdo V|vwhpv1

^Nr}d/ 4<;<` Nr}d/ M1 U1 +4<;<,1 Klhudufklfdo jhqhwlf dojrulwkpv rshudwlqj rq srsxodwlrqv ri frp0

sxwhu surjudpv1 Lq Surfhhglqjv ri wkh Hohyhqwk Lqwhuqdwlrqdo Mrlqw Frqihuhqfh rq Duwl�fldo

Lqwhooljhqfh +LMFDL0;<,/ sdjhv :9;�::7/ Ghwurlw/ PL1 Prujdq Ndxipdqq1

^Nulvwhqvhq dqg Udvpxvvhq/ 4<<:d` Nulvwhqvhq/ N1 dqg Udvpxvvhq/ L1 D1 +4<<:d,1 D ghflvlrq vxs0

sruw v|vwhp iru phfkdqlfdo zhhg frqwuro lq pdowlqj eduoh|1 Lq Surfhhglqjv ri Iluvw Hxurshdq

Frqihuhqfh iru Lqirupdwlrq Whfkqrorj| lq Djulfxowxuh/ sdjhv 77:�785/ Wkh Ur|do Yhwhulqdu| dqg

Djulfxowxudo Xqlyhuvlw|/ Frshqkdjhq/ Ghqpdun1

^Nulvwhqvhq dqg Udvpxvvhq/ 4<<:e` Nulvwhqvhq/ N1 dqg Udvpxvvhq/ L1 D1 +4<<:e,1 Xvlqj d ed|hvldq

qhwzrun iru vhwwlqj xs d ghflvlrq vxssruw iru h�hfw ri ixqjdo glvhdvhv lq pdowlqj eduoh|1 Lq [[YLL

Lqwhuqdwlrqdo Elrphwulfdo Froortxlxp/ Devwudfwv/ sdjhv 57�58/ Wkh Srolvk Elrphwulf Vrflhw|1

^Oddukryhq dqg Dduwv/ 4<;:` Oddukryhq/ S1 M1 P1 y1 dqg Dduwv/ H1 K1 O1 +4<;:,1 Vlpxodwhg Dq0

qhdolqj= Wkhru| dqg Dssolfdwlrqv1 Pdwkhpdwlfv dqg Lwv Dssolfdwlrqv1 G1 Uhlgho/ Gruguhfkw/

Kroodqg1

^Oduudqdjd hw do1/ 4<<9d` Oduudqdjd/ S1/ Nxlmshuv/ F1 P1 K1/ Pxujd/ U1 K1/ dqg \xuudphqgl/ \1

+4<<9d,1 Ohduqlqj Ed|hvldq qhwzrun vwuxfwxuh e| vhdufklqj iru wkh ehvw rughulqj zlwk jhqhwlf

dojrulwkpv1 LHHH Wudqvdfwlrqv rq V|vwhpv/ Pdq/ dqg F|ehuqhwlfv/ 59+7,=7;:�7<61
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^Oduudqdjd hw do1/ 4<<9e` Oduudqdjd/ S1/ Nxlmshuv/ F1 P1 K1/ Pxujd/ U1 K1/ \xuudphqgl/ \1/ Judqd/

P1/ Or}dqr/ M1 D1/ Doel}xul/ [1/ G*Dqmrx/ D1/ dqg Wruuhdoghd/ I1 M1 +4<<9e,1 Frpsxwdwlrqdo

Ohduqlqj dqg Suredelolvwlf Uhdvrqlqj/ fkdswhu Jhqhwlf Dojrulwkpv Dssolhg wr Ed|hvldq Qhwzrunv/

sdjhv 544�5671 Zloh|/ Fklfkhvwhu/ XN1

^Oduudqdjd hw do1/ 4<<9f` Oduudqdjd/ S1/ Pxujd/ U1 K1/ Sr}d/ P1/ dqg Nxlmshuv/ F1 P1 K1 +4<<9f,1

Ohduqlqj iurp Gdwd= DL dqg Vwdwlvwlfv Y/ fkdswhu Vwuxfwxuh Ohduqlqj ri Ed|hvldq Qhwzrunv e|

K|eulg Jhqhwlf Dojrulwkpv/ sdjhv 498�4:71 Vsulqjhu0Yhuodj/ Qhz \run1

^Odxulw}hq dqg Vslhjhokdowhu/ 4<;;` Odxulw}hq/ V1 dqg Vslhjhokdowhu/ G1 M1 +4<;;,1 Orfdo frpsxwd0

wlrqv zlwk suredelolwlhv rq judsklfdo vwuxfwxuhv dqg wkhlu dssolfdwlrq wr h{shuw v|vwhpv +zlwk

glvfxvvlrq,1 Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw| vhulhv E/ 83+5,=48:�5571

^Ol dqg G*Dpeurvlr/ 4<<7` Ol/ ]1 dqg G*Dpeurvlr/ E1 +4<<7,1 H!flhqw lqihuhqfh lq Ed|hv qhwv dv d

frpelqdwruldo rswlpl}dwlrq sureohp1 Lqwhuqdwlrqdo Mrxuqdo ri Dssur{lpdwh Uhdvrqlqj/ 44+4,=88�

;41

^Olq hw do1/ 4<<3` Olq/ U1/ Jdoshu/ D1/ dqg Vkdfkwhu/ U1 +4<<3,1 Degxfwlyh lqihuhqfh xvlqj sure0

delolvwlf qhwzrunv= Udqgrpl}hg vhdufk whfkqltxhv1 Whfkqlfdo Uhsruw NVO0<30:6/ Nqrzohgjh

V|vwhpv Oderudwru|/ Vwdqirug1

^Olx dqg Zhoopdq/ 4<<9` Olx/ F1 dqg Zhoopdq/ P1 S1 +4<<9,1 Rq vwdwh0vsdfh devwudfwlrq iru dq|0

wlph hydoxdwlrq ri Ed|hvldq qhwzrunv1 VLJDUW Exoohwlq/ sdjhv 83�8:1

^Oxe| hw do1/ 4<<;` Oxe|/ P1 J1/ Plw}hqpdfkhu/ P1/ Vkrnuroodkl/ P1 D1/ dqg Vslhopdq/ G1 D1 +4<<;,1

Lpsuryhg orz0ghqvlw| sdulw|0fkhfn frghv xvlqj luuhjxodu judskv dqg eholhi sursdjdwlrq1 Lq LVLW

4<<;/ Fdpeulgjh/ PD1

^Pdkirxg/ 4<<8` Pdkirxg/ V1 Z1 +4<<8,1 Qlfklqj phwkrgv iru jhqhwlf dojrulwkpv1 SkG wkhvlv/

Xqlyhuvlw| ri Loolqrlv dw Xuedqd0Fkdpsdljq/ Xuedqd/ LO/ XVD1 LoolJDO Uhsruw <83341

^Pdkirxg dqg Jrogehuj/ 4<<8` Pdkirxg/ V1 Z1 dqg Jrogehuj/ G1 H1 +4<<8,1 Sdudooho uhfrpelqdwlyh

vlpxodwhg dqqhdolqj= D jhqhwlf dojrulwkp1 Sdudooho Frpsxwlqj/ 54=4�5;1
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^Phqjvkrho/ 4<<:` Phqjvkrho/ R1 M1 +4<<:,1 Eholhi qhwzrun lqihuhqfh lq g|qdplf hqylurqphqwv1 Lq

Surfhhglqjv ri wkh Iliwhhqwk Qdwlrqdo Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh +DDDL0<;,/ sdjh ;46/

Pdglvrq/ ZL1

^Phqjvkrho dqg Zlonlqv/ 4<<;d` Phqjvkrho/ R1 M1 dqg Zlonlqv/ G1 F1 +4<<;d,1 Devwudfwlrq iru eh0

olhi uhylvlrq= Xvlqj d jhqhwlf dojrulwkp wr frpsxwh wkh prvw suredeoh h{sodqdwlrq1 Lq Vdwlv�flqj

Prghov= Sdshuv iurp wkh 4<<; DDDL Vsulqj V|psrvlxp/ sdjhv 79�86/ Phqor Sdun/ FD1 DDDL

Suhvv1 Whfklfdo Uhsruw VV0<;0381

^Phqjvkrho dqg Zlonlqv/ 4<<;e` Phqjvkrho/ R1 M1 dqg Zlonlqv/ G1 F1 +4<<;e,1 Jhqhwlf dojrulwkpv

iru eholhi qhwzrun lqihuhqfh= Wkh uroh ri vfdolqj dqg qlfklqj1 Lq Surfhhglqjv Vhyhqwk Dqqxdo

Frqihuhqfh rq Hyroxwlrqdu| Surjudpplqj/ sdjhv 87:�889/ Vdq Glhjr/ FD1

^Phwursrolv hw do1/ 4<86` Phwursrolv/ Q1/ Urvhqeoxwk/ D1 Z1/ Urvhqeoxwk/ P1 Q1/ Whoohu/ D1 K1/ dqg

Whoohu/ H1 +4<86,1 Htxdwlrq ri vwdwh fdofxodwlrqv e| idvw frpsxwlqj pdfklqhv1 Mrxuqdo ri Fkhplfdo

Sk|vlfv/ 54+9,=43;:�43<51

^Plfkdohzlf}/ 4<<5` Plfkdohzlf}/ ]1 +4<<5,1 Jhqhwlf dojrulwkpv . gdwd vwuxfwxuhv @ hyroxwlrq

surjudpv1 Duwl�fldo Lqwhooljhqfh1 Vsulqjhu0Yhuodj/ Qhz \run1

^Ploohu/ 4<<:` Ploohu/ E1 +4<<:,1 Qrlvh/ Vdpsolqj/ dqg H!flhqw Jhqhwlf Dojrulwkpv1 SkG wkhvlv/

Xqlyhuvlw| ri Loolqrlv/ Xuedqd0Fkdpsdljq1 LoolJDO Uhsruw <:3341

^Ploohu hw do1/ 4<<6` Ploohu/ M1 D1/ Srwwhu/ Z1 G1/ Jdqgkdp/ U1 Y1/ dqg Odshqd/ F1 Q1 +4<<6,1 Dq

hydoxdwlrq ri orfdo lpsuryhphqw rshudwruv iru jhqhwlf dojrulwkpv1 LHHH Wudqvdfwlrqv rq V|vwhpv/

Pdq/ dqg F|ehuqhwlfv/ 56+8,=4673�46841

^Plwfkhoo hw do1/ 4<<5` Plwfkhoo/ G1/ Vhopdq/ E1/ dqg Ohyhvtxh/ K1 M1 +4<<5,1 Kdug dqg hdv| glvwulex0

wlrqv ri VDW sureohpv1 Lq Surfhhglqjv ri wkh Whqwk Qdwlrqdo Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh

+DDDL0<5,/ sdjhv 78<�798/ Vdq Mrvh/ FD1

^Plwfkhoo/ 4<<9` Plwfkhoo/ P1 +4<<9,1 Dq Lqwurgxfwlrq wr Jhqhwlf Dojrulwkpv1 Wkh PLW Suhvv/

Fdpeulgjh/ PD1
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^Qhdo/ 4<<6` Qhdo/ U1 P1 +4<<6,1 Suredelolvwlf lqihuhqfh xvlqj Pdunry fkdlq Prqwh Fduor phwkrgv1

Whfkqlfdo Uhsruw FUJ0WU0<604/ Ghsduwphqw ri Frpsxwhu Vflhqfh/ Xqlyhuvlw| ri Wrurqwr1

^Qhdsrolwdq/ 4<<3` Qhdsrolwdq/ U1 H1 +4<<3,1 Suredelolvwlf Uhvrqlqj lq H{shuw V|vwhpv1 Mrkq Zloh|

) Vrqv/ Qhz \run/ Qhz \run1

^Rohvhq/ 4<<6` Rohvhq/ N1 J1 +4<<6,1 Fdxvdo suredelolvwlf qhwzrunv zlwk erwk glvfuhwh dqg frqwlqx0

rxv yduldeohv1 LHHH Wudqvdfwlrqv rq Sdwwhuq Dqdo|lvlv dqg Pdfklqh Lqwhooljhqfh/ 48+6,=5:8�5:<1

^Shduo/ 4<;;` Shduo/ M1 +4<;;,1 Suredelolvwlf Uhdvrqlqj lq Lqwhooljhqw V|vwhpv= Qhwzrunv ri Sodxvleoh

Lqihuhqfh1 Prujdq Ndxipdqq/ Vdq Pdwhr/ FD1

^Shduo/ 4<<3` Shduo/ M1 +4<;<�4<<3,1 Uhdvrqlqj xqghu xqfhuwdlqw|1 Lq Dqqxdo Uhylhz ri Frpsxwhu

Vflhqfh/ yroxph 7/ sdjhv 6:�:51 Dqqxdo Uhylhzv Lqf1/ Sdor Dowr/ FD1

^Shqj dqg Uhjjld/ 4<;:d` Shqj/ \1 dqg Uhjjld/ M1 D1 +4<;:d,1 D suredelolvwlf fdxvdo prgho iru gl0

djqrvwlf sureohp vroylqj�sduw L= Lqwhjudwlqj v|perolf fdxvdo lqihuhqfh zlwk qxphulf suredelolvwlf

lqihuhqfh1 LHHH Wudqvdfwlrqv rq V|vwhpv/ Pdq/ dqg F|ehuqhwlfv/ 4:+5,=479�4951

^Shqj dqg Uhjjld/ 4<;:e` Shqj/ \1 dqg Uhjjld/ M1 D1 +4<;:e,1 D suredelolvwlf fdxvdo prgho iru

gldjqrvwlf sureohp vroylqj�sduw LL= Gldjqrvwlf vwudwhj|1 LHHH Wudqvdfwlrqv rq V|vwhpv/ Pdq/

dqg F|ehuqhwlfv/ 4:+6,=6<8�7391

^Udelqhu/ 4<;<` Udelqhu/ O1 U1 +4<;<,1 D wxwruldo rq klgghq Pdunry prghov dqg vhohfwhg dssolfd0

wlrqv lq vshhfk uhfrjqlwlrq1 Surfhhglqjv ri wkh LHHH/ ::=58:�5;91

^Urmdv0Jx}pdq/ 4<<8` Urmdv0Jx}pdq/ F1 +4<<8,1 Dq Hyroxwlrqdu| Surjudpplqj Dssurdfk wr

Suredelolvwlf Prgho0Edvhg Idxow Gldjqrvlv ri Fkhplfdo Surfhvvhv1 SkG wkhvlv/ PLW1

^Urmdv0Jx}pdq dqg Nudphu/ 4<<6` Urmdv0Jx}pdq/ F1 dqg Nudphu/ P1 D1 +4<<6,1 JDOJR= D

Jhqhwlf DOJRulwkp ghflvlrq vxssruw wrro iru frpsoh{ xqfhuwdlq v|vwhpv prghohg zlwk Ed|hvldq

eholhi qhwzrunv1 Lq Surfhhglqjv ri wkh Qlqwk Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh

+XDL0<6,/ sdjhv 69;�6:8/ Zdvklqjwrq/ GF1
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^Urmdv0Jx}pdq dqg Nudphu/ 4<<9` Urmdv0Jx}pdq/ F1 dqg Nudphu/ P1 D1 +4<<9,1 Dq hyroxwlrqdu|

frpsxwlqj dssurdfk wr suredelolvwlf uhdvrqlqj rq Ed|hvldq qhwzrunv1 Hyroxwlrqdu| Frpsxwdwlrq/

7+4,=8:�;81

^Urwk/ 4<<9` Urwk/ G1 +4<<9,1 Rq wkh kdugqhvv ri dssur{lpdwh uhdvrqlqj1 Duwl�fldo Lqwhooljhqfh/

;5=5:6�6351

^Uxvvhoo dqg Qruylj/ 4<<8` Uxvvhoo/ V1 M1 dqg Qruylj/ S1 +4<<8,1 Duwl�fldo Lqwhooljhqfh= D Prghuq

Dssurdfk1 Suhqwlfh0Kdoo/ Hqjohzrrg Fol�v/ QM1

^Vdqwrv hw do1/ 4<<:` Vdqwrv/ H1/ M1/ Vklprq|/ V1 H1/ dqg Zlooldpv/ H1 +4<<:,1 K|eulg dojrulwkpv

iru dssur{lpdwh eholhi xsgdwlqj lq Ed|hv qhwv1 Lqwhuqdwlrqdo Mrxuqdo ri Dssur{lpdwh Uhdvrqlqj/

4:=54:�56:1

^Vdqwrv hw do1/ 4<<9` Vdqwrv/ Hxjhqh/ M1/ Vklprq|/ V1 H1/ dqg Zlooldpv/ H1 +4<<9,1 Vdpsoh0dqg0

dffxpxodwh dojrulwkpv iru eholhi xsgdwlqj lq Ed|hv qhwzrunv1 Lq Surfhhglqjv ri wkh Wzhoiwk

Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL0<9,/ sdjhv 7::�7;7/ Sruwodqg/

RU1

^Vfkhlqhv hw do1/ 4<<7` Vfkhlqhv/ U1/ Vsluwhv/ S1/ Jo|prxu/ F1/ dqg Phhn/ F1 +4<<7,1 WHWUDG LL=

Wrrov iru Fdxvdo Prgholqj1 Huoedxp/ Kloovgdoh/ QM1

^Vhopdq hw do1/ 4<<7` Vhopdq/ E1/ Ndxw}/ K1 D1/ dqg Frkhq/ E1 +4<<7,1 Qrlvh vwudwhjlhv iru lp0

surylqj orfdo vhdufk1 Lq Surfhhglqjv ri wkh Wzhoiwk Qdwlrqdo Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh

+DDDL0<7,/ sdjhv 66:�676/ Vhdwwwoh/ Zdvklqjwrq1

^Vhopdq hw do1/ 4<<5` Vhopdq/ E1/ Ohyhvtxh/ K1/ dqg Plwfkhoo/ G1 +4<<5,1 D qhz phwkrg iru vroy0

lqj kdug vdwlv�delolw| sureohpv1 Lq Surfhhglqjv ri wkh Whqwk Qdwlrqdo Frqihuhqfh rq Duwl�fldo

Lqwhooljhqfh +DDDL0<5,/ sdjhv 773�779/ Vdq Mrvh/ FD1 DDDL Suhvv1

^Vkdfkwhu/ 4<;;` Vkdfkwhu/ U1 +4<;;,1 Suredelolvwlf lqihuhqfh dqg lq xhqfh gldjudpv1 Rshudwlrqv

Uhvhdufk/ 69=8;<�9371

^Vkdfkwhu dqg Shrw/ 4<<3` Vkdfkwhu/ U1 dqg Shrw/ P1 +4<<3,1 Vlpxodwlrq dssurdfkhv wr jhqhudo
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suredelolvwlf lqihuhqfh rq eholhi qhwzrunv1 Lq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh 8/ sdjhv 554�

564/ Dpvwhugdp1 Hovhylhu1

^Vklprq|/ 4<<7` Vklprq|/ H1 +4<<7,1 Ilqglqj PDSv iru eholhi qhwzrunv lv QS0kdug1 Duwl�fldo

Lqwhooljhqfh/ 9;=6<<�7431

^Vslhjhokdowhu hw do1/ 4<<6` Vslhjhokdowhu/ G1 M1/ Gdzlg/ D1 S1/ Odxulw}hq/ V1 O1/ dqg Frzhoo/ U1 J1

+4<<6,1 Ed|hvldq dqdo|vlv lq h{shuw v|vwhpv +zlwk glvfxvvlrq,1 Vwdwlvwlfdo Vflhqfh/ ;=54<�5;61

^Vulqlydv/ 4<<7` Vulqlydv/ V1 +4<<7,1 D suredelolvwlf dssurdfk wr klhudufklfdo prgho0edvhg gldjqrvlv1

Lq Surfhhglqjv ri wkh Whqwk Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL�

<7,/ sdjhv 86;�878/ Vhdwwoh/ ZD1

^Vulqlydv dqg Kruylw}/ 4<<8` Vulqlydv/ V1 dqg Kruylw}/ H1 +4<<8,1 H{sorlwlqj v|vwhp klhudufk| wr

frpsxwh uhsdlu sodqv lq suredelolvwlf prgho0edvhg gldjqrvlv1 Lq Surfhhglqjv ri wkh Hohyhqwk

Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL�<8,/ sdjhv 856�864/ Prqwuhdo/

Txhehf/ Fdqdgd1

^V|vzhugd/ 4<<4` V|vzhugd/ J1 +4<<4,1 D vwxg| ri uhsurgxfwlrq lq jhqhudwlrqdo dqg vwhdg|0vwdwh

jhqhwlf dojrulwkpv1 Lq Udzolqv/ J1 M1 H1/ hglwru/ Irxqgdwlrqv ri Jhqhwlf Dojrulwkpv/ sdjhv

<7�434/ Vdq Pdwhr/ FD1 Prujdq Ndxipdqq1

^Wklhuhqv dqg Jrogehuj/ 4<<7` Wklhuhqv/ G1 dqg Jrogehuj/ G1 H1 +4<<7,1 Holwlv uhfrpelqdwlrq=

Dq lqwhjudwhg vhohfwlrq uhfrpelqdwlrq JD1 Lq Surfhhglqjv ri wkh Iluvw LHHH Frqihuhqfh rq

Hyroxwlrqdu| Frpsxwdwlrq/ sdjhv 485�48</ Ruodqgr/ IO1

^Zhofk/ 4<<9` Zhofk/ U1 O1 +4<<9,1 Uhdo wlph hvwlpdwlrq ri Ed|hvldq qhwzrunv1 Lq Surfhhglqjv ri wkh

Wzhoiwk Dqqxdo Frqihuhqfh rq Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL�<9,/ sdjhv 866�877/

Sruwodqg/ Ruhjrq1

^Zhofk/ 4<<:` Zhofk/ U1 O1 +4<<:,1 Shuvrqdo frppxqlfdwlrq1

^Zhoopdq dqg Olx/ 4<<7` Zhoopdq/ P1 S1 dqg Olx/ F10O1 +4<<7,1 Vwdwh0vsdfh devwudfwlrq iru dq|0

wlph hydoxdwlrq ri suredelolvwlf qhwzrunv1 Lq Surfhhglqjv ri wkh Whqwk Dqqxdo Frqihuhqfh rq

Xqfhuwdlqw| lq Duwl�fldo Lqwhooljhqfh +XDL0<7,/ sdjhv 89:�8:7/ Vhdwwoh/ ZD1
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^Zklwoh|/ 4<<6` Zklwoh|/ G1/ hglwru +4<<6,1 Irxqgdwlrqv ri Jhqhwlf Dojrulwkpv LL1 Prujdq Ndxi0

pdqq/ Vdq Pdwhr/ FD1
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Ylwd

Shuvrqdo Gdwd

Ixoo qdph= Roh Mdnre Phqjvkrho

\hdu dqg sodfh ri eluwk= 4<96/ Kdpdu/ Qruzd|

Qdwlrqdolw|= Qruzhjldq

Hgxfdwlrq

Sk1G1/ Frpsxwhu Vflhqfh/ Xqlyhuvlw| ri Loolqrlv/ Xuedqd0Fkdpsdljq +XLXF,/ Loolqrlv +Dxj 4<<6

� Pd| 4<<<,1

� Sdvvhg wkh Suholplqdu| Ghihqvh lq Mxo| 4<<:/ whqwdwlyh Sk1G1 glvvhuwdwlrq wlwoh cH!flhqw

Ed|hvldq Qhwzrun Lqihuhqfh= Jhqhwlf Dojrulwkpv/ Vwrfkdvwlf Orfdo Vhdufk/ dqg Devwudfwlrq1*

Dgylvru Surihvvru Gdylg F1 Zlonlqv/ fr0dgylvru Surihvvru Gdylg H1 Jrogehuj1 Dqwlflsdwhg

judgxdwlrq gdwh lv Pd| 4<<<1

� Uhvhdufk lqwhuhvwv= duwl�fldo lqwhooljhqfh dqg nqrzohgjh0edvhg v|vwhpv/ lq sduwlfxodu xqfhu0

wdlqw| uhdvrqlqj xvlqj Ed|hvldq qhwzrunv> hyroxwlrqdu| frpsxwdwlrq> pdfklqh ohduqlqj dqg

nqrzohgjh dftxlvlwlrq> lqwhooljhqw wxwrulqj v|vwhpv dqg h{shuw fulwltxlqj v|vwhpv1

E1V1/ Frpsxwhu Vflhqfh/ Qruzhjldq Lqvwlwxwh ri Whfkqrorj| +QWK,/ Wurqgkhlp/ Qruzd| +Dxj

4<;7 � Dsu 4<;<,1

� Vshfldol}dwlrq lq frpsxwhu qhwzrunv dqg duwl�fldo lqwhooljhqfh1

� Xqghujudgxdwh wkhvlv rq qdwxudo odqjxdjh lqwhuidfhv wr gdwdedvhv1
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H{shulhqfh

Uhvhdufk Dvvlvwdqw/ Xqlyhuvlw| ri Loolqrlv/ Xuedqd0Fkdpsdljq/ Loolqrlv +Mdq 4<<8 � suhvhqw,1

� Phpehu ri wkh Nqrzohgjh0Edvhg V|vwhpv Jurxs/ khdghg e| Surihvvru Gdylg F1 Zlonlqv1

Wkh NEV Jurxs irfxvhv rq wkh lqwhusod| ehwzhhq h{shuw v|vwhp vkhoo dufklwhfwxuhv/ pdfklqh

ohduqlqj/ suredelolvwlf uhdvrqlqj/ dqg lpphuvlyh h{shuw lqwhuidfhv1

� Uhvhdufk dqg ghyhors dssur{lpdwh lqihuhqfh lq kdug Ed|hvldq qhwzrunv xvlqj jhqhwlf dojr0

ulwkpv dqg vwrfkdvwlf orfdo vhdufk whfkqltxhv dv zhoo dv devwudfwlrq> frpsduh shuirupdqfh wr

h{dfw dojrulwkpv1

� Khdg NEV Ed|hvldq qhwzrun jurxs frqvlvwlqj ri xqghujudgxdwh dqg judgxdwh vwxghqwv gh0

yhorslqj wkh UDYHQ wrro iru Ed|hvldq qhwzrun uhsuhvhqwdwlrq/ lqihuhqfh/ dqg ylvxdol}dwlrq1

Wkh UDYHQ wrro lv lpsohphqwhg lq PV Ylvxdo F.. +edfn0hqg, dqg Mdyd +iurqw0hqg,/ dqg

surylghv d jhqhulf hqylurqphqw wkdw lv fxuuhqwo| sduw ri FrUDYHQ/ d vhw ri wrrov jhduhg

wrzdugv hqkdqflqj vlwxdwlrq dzduhqhvv iru plolwdu| lqwhooljhqfh dqdo|vwv1

� Uhvhdufk dqg ghyhorsphqw ri whfkqltxhv dqg wrrov iru h{shuw fulwltxlqj/ sodq uhfrjqlwlrq/

dqg lqwhooljhqw wxwrulqj/ lq sduwlfxodu iru Qdydo vkls gdpdjh frqwuro1 Wklv uhvhdufk lv sduw ri

ghyhorslqj d pxowl0phgld v|vwhp/ zlwk dq h{shuw fulwltxlqj frpsrqhqw/ iru fulvlv pdqdjhphqw

wudlqlqj iru wkh Qdy|1

� Sduwlflsdwh dqg frruglqdwh zulwlqj ri sursrvdov iru judqwv/ kroglqj uhylhzv/ ghprqvwudwlqj

vriwzduh surwrw|shv> suhvhqw uhvxowv ri uhvhdufk dw frqihuhqfhv/ v|psrvld/ dqg zrunvkrsv1

Vxpphu Lqwhuq/ Iluvw Txdgudqw/ Sdvdghqd/ Fdoliruqld +Pd| 4<<; � Dxj 4<<;,1

� Zrunhg lq wkh jurxs khdghg e| Gu1 Gdylg M1 Ohlqzhehu dw Iluvw Txdgudqw1 Iluvw Txdgudqw

lv d �qdqfldo dvvhw pdqdjhu zklfk pdqdjhv sruwirolrv iru odujh frusrudwh lqyhvwruv1

� Ghvljqhg dqg ghyhorshg pxowl0remhfwlyh dqg qlfklqj jhqhwlf dojrulwkp +PQJD, lq F..

xqghu Xql{/ lqwhuidflqj wr Iluvw Txdgudqw*v prgho hqjlqhhulqj v|vwhp lqfoxglqj uhjuhvvlrq

dqg xvhu lqwhuidfh vriwzduh1
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� Uhfhlyhg 433( erqxv/ wkh kljkhvw erqxv hyhu uhfhlyhg e| d Vxpphu Lqwhuq dw Iluvw Txdgudqw/

edvhg rq wkh vxffhvv ri wkh vriwzduh1

Uhvhdufk Dvvlvwdqw/ Xqlyhuvlw| ri Loolqrlv/ Xuedqd0Fkdpsdljq/ Loolqrlv +Dxj 4<<7 � Mdq 4<<9,1

� Vrolg Prgholqj jurxs/ khdghg e| Surihvvru \rqj Vh Nlp1

� Uhvhdufk dqg ghyhorsphqw lq lqwhooljhqw wxwrulqj dqg h{shuw fulwltxlqj v|vwhpv iru whdfklqj

vsdwldo uhdvrqlqj vnloov1

� Ohg whdp lq ghvljq dqg ghyhorsphqw ri d vsdwldo uhdvrqlqj wxwru Ylvxdo Whdfkhu/ lpsohphqwhg

lq F dqg wkh uxoh0edvhg odqjxdjh Folsv1 Wkh Ylvxdo Whdfkhu/ zklfk lv edvhg rq cplvvlqj ylhz*

sureohpv/ lv xvhg lq wkh lqwurgxfwru| hqjlqhhulqj frxuvh JH436 dw wkh Xqlyhuvlw| ri Loolqrlv

wr hqkdqfh vsdwldo ylvxdol}dwlrq delolwlhv ri vwxghqwv1

Uhvhdufk Vflhqwlvw/ VLQWHI GHODE/ Wurqgkhlp/ Qruzd| +Dsu 4<;< � Dxj 4<<6,1

� Nqrzohgjh Hqjlqhhulqj dqg Lpdjh Surfhvvlqj Jurxs/ khdghg e| Lqjheruj Vûoyehuj1

� Uhvhdufk dqg ghyhorsphqw ri whfkqltxhv dqg wrrov iru nqrzohgjh hqjlqhhulqj/ lq sduwlfxodu

d nqrzohgjh ydolgdwlrq wrro +NYDW, dqg d wrro iru lqwhufkdqjh ehwzhhq gl�huhqw nqrzohgjh

dftxlvlwlrq wrrov +NUI,1 Erwk NYDW dqg NUI duh lpsohphqwhg lq dq remhfw0rulhqwhg sdfndjh

rq wrs ri Frpprq Olvs/ dqg erwk lqfoxghg judsklfdo xvhuv lqwhuidfhv1

� Sduwlflsdwhg lq wkh HVSULW LLL surmhfw XqLWh1 Wkh sxusrvh ri XqLWh zdv wr lqwhjudwh

xqfhuwdlq/ lqfrpsohwh dqg whpsrudo uhdvrqlqj1 Wklv zdv grqh e| shuiruplqj wkhruhwlfdo zrun

rq lqwhjudwlrq ri wkhvh uhdvrqlqj w|shv/ ghyhorslqj d phwkrgrorj| dqg d vriwzduh sodwirup/

dqg/ �qdoo|/ exloglqj wzr dssolfdwlrqv1 Wkh dssolfdwlrqv frqfhuqhg sodqqlqj lq wkh frqwh{w

ri suhpdwxuho| eruq lqidqwv dqg whpsrudo dqg xqfhuwdlqw| uhdvrqlqj gxulqj vdwhoolwh whvwlqj1

Sduwlflsdwhg lq XqlWh phwkrgrorj| ghyhorsphqw dqg ghyhorsphqw ri surwrw|shv iru idfw lq0

whufkdqjh1 Vshfl�hg/ ghvljqhg/ dqg lpsohphqwhg wkh Nqrzohgjh Uhirupxodwlrq Wrro/ d wrro

iru wudqvodwlrq dqg lqwhufkdqjh ri nqrzohgjh gxulqj nqrzohgjh dftxlvlwlrq1 NUI lv d sduw ri

wkh nqrzohgjh hqjlqhhulqj zrunehqfk NHZ +vhh ehorz,1
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� Uhvhdufkhg dqg ghyhorshg nqrzohgjh0edvhg v|vwhpv lqfoxglqj gdwd0/ nqrzohgjh0 dqg hqwhu0

sulvh prghov1 Ghyhorshg dq hqwhusulvh prgho iru wkh Qruzhjldq Gluhfwrudwh ri Qdwxuh Pdq0

djhphqw1 Wkh sxusrvh ri wkh prgho lv wr vxssruw wkh gluhfwrudwh lq gl�huhqw dvshfwv ri wkhlu

dfwlylwlhv/ hvshfldoo| wr hydoxdwh dfwlrqv lqlwldwhg e| wkh gluhfwrudwh lwvhoi1 Lqwhuylhzhg h{0

shuwv dw wkh Gluhfwrudwh1 Wkh hqwhusulvh prgho zdv sduwo| edvhg rq wkh lqwhuylhzv/ sduwo| rq

zulwwhq nqrzohgjh vrxufhv1

� Sduwlflsdwhg lq wkh ghyhorsphqw ri wkh vriwzduh v|vwhp wkh Nqrzohgjh Hqjlqhhulqj Zrun0

ehqfk +NHZ,1 NHZ zdv ghyhorshg lq wkh DFNqrzohgjh surmhfw +HVSULW LL,1 Wkh surmhfw

hpskdvl}hg lqwhjudwlrq ri wrrov iru nqrzohgjh dftxlvlwlrq dqg pdfklqh ohduqlqj1 Lq dgglwlrq

wr wkhvh wrrov/ wkh zrunehqfk frqwdlqv wrrov iru nqrzohgjh lqwhjudwlrq/ ydolgdwlrq/ wudqvirupd0

wlrq/ dqg d vhw ri hglwruv1 NHZ zdv lpsohphqwhg lq Frpprq Olvs xvlqj wkh remhfw0rulhqwhg

xvhu lqwhuidfh sdfndjh SFH/ dqg uxqv xqghu Xql{ rq Vxq zrunvwdwlrqv1

Vshfl�hg/ ghvljqhg/ dqg ghyhorshg wkh nqrzohgjh ydolgdwlrq wrro NYDW/ dqg sduwlflsdwlrq lq

zrun rq frqfhswxdol}lqj NHZ/ nqrzohgjh wudqvirupdwlrq/ nqrzohgjh uhsuhvhqwdwlrq/ NHZ

ixqfwlrqdo vshfl�fdwlrq/ dqg NHZ hydoxdwlrq1 Sduwlflsdwhg lq VLQWHI GHODE*v zrun lq

ghyhorslqj d khos ghvn dvvlvwdqw iru wkh Qruzhjldq lqvxudqfh frpsdq| XQL Vwruheudqg D2V/

lqfoxglqj nqrzohgjh holflwdwlrq/ dftxlvlwlrq/ dqg surwrw|slqj xvlqj NHZ1

� Sduwlflsdwhg lq ihdvlelolw| vwxg|/ uhtxluhphqw vshfl�fdwlrq/ nqrzohgjh dftxlvlwlrq dqg hduo|

ghvljq ri nqrzohgjh0edvhg v|vwhp +NEV, lq wkh JDOHQR05333 khdowk0fkhfn vwdwlrq +HXUHND0

surmhfw HX59,1 JDOHQR05333 lv edvhg rq qrq0lqydvlyh phdvxuhphqwv ri khduw0 dqg oxqj0

dfwlylw| gxulqj h{huflvh whvwlqj/ dqg wkh remhfwlyh lv wr lqwhjudwh lq rqh v|vwhp ixqfwlrq

phdvxuhphqw/ sdwlhqw dgplqlvwudwlrq/ dqg nqrzohgjh0edvhg ghflvlrq vxssruw1

� Vxshuylvhg QWK vwxghqwv wrzdugv wkh ghjuhh ri Vlylolqjhqlûu +E1V1, lq Frpsxwhu Vflhqfh1

H{dplqdwlrq ri Vlylolqjhqlûu vwxghqwv dw QWK1

Whdfklqj Dvvlvwdqw/ Qruzhjldq Lqvwlwxwh ri Whfkqrorj|/ Wurqgkhlp/ Qruzd| +Dxj 4<;8 � Dsu

4<;<,1

� WD lq wkh Ghsduwphqw ri Frpsxwhu Vflhqfh/ lq wkh iroorzlqj frxuvhv= Lqwurgxfwru| frxuvh lq

frpsxwhu vflhqfh/ Gdwd edvhv/ dqg V|perolf frpsxwdwlrq1
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Surjudpphu/ Edvlf Frppxqlfdwlrq Jurxs/ Qruvn Gdwd D2V/ Rvor/ Qruzd| +Vxpphuv 4<;: dqg

4<;;,1

� Vxpphu 4<;;= Ghvljqhg/ ghyhorshg dqg whvwhg orfdo duhd qhwzrun vriwzduh idflolwdwlqj frp0

pxqlfdwlrq ehwzhhq SFv1 Wkh vriwzduh vxssruwhg d folhqw0vhuyhu prgho ri frpsxwlqj/ dqg

zdv lpsohphqwhg xvlqj wkuhdgv lq Plfurvriw F dqg Plfurvriw Odq Pdqdjhu xqghu RV251

� Vxpphu 4<;:= Ghvljqhg dqg lpsohphqwhg surwrw|sh xvhu lqwhuidfh iru d qhwzrun prqlwru1

Wkh surjudp zdv lpsohphqwhg rq d SF0DW xvlqj Plfurvriw F xqghu Plfurvriw Zlqgrzv1

Surjudpphu/ UhjqvndsvUhylvmrq D2V/ Kdpdu/ Qruzd| +Vxpphu 4<;9,1

� Ghvljqhg dqg ghyhorshg wlph dqg frvw dffrxqwlqj vriwzduh iru wkh dffrxqwlqj �up Uhjqvnds0

vUhylvmrq D2V1 Wkh vriwzduh zdv lpsohphqwhg xvlqj gEdvh0LLL . rq d SF0DW1 Wkh v|vwhpv

frpsxwhv krz pxfk wr eloo hdfk folhqw edvhg rq gdwd rq krxuv vshqw dqg rwkhu frvwv shu

hpsor|hh lq UhjqvndsvUhylvmrq D2V1

Sxeolfdwlrqv

Mrxuqdo Sxeolfdwlrqv

� Kxeedug/ F1/ R1 M1 Phqjvkrho/ F1 Prrq/ dqg \1 V1 Nlp1 cYlvxdo Uhdvrqlqj Lqvwuxfwlrqdo

Vriwzduh V|vwhp1* Lq Frpsxwhuv dqg Hgxfdwlrq/ 5;+7,/ 4<<:1

� Phqjvkrho/ R1 M1/ V1 Fkdxkdq/ dqg \1 V1 Nlp/ cLqwhooljhqw Fulwltxlqj dqg Wxwrulqj ri Vsdwldo

Uhdvrqlqj Vnloov1* Lq Duwl�fldo Lqwhooljhqfh iru Hqjlqhhulqj Ghvljq/ Dqdo|vlv/ dqg Pdqxidf0

wxulqj/ 43+6,=568�57</ Mxqh 4<<91

� Phqjvkrho/ R1 M1/ cD Uhirupxodwlrq Whfkqltxh dqg Wrro iru Nqrzohgjh Lqwhufkdqjh gxulqj

Nqrzohgjh Dftxlvlwlrq1* Lq Lqwhuqdwlrqdo Mrxuqdo ri Kxpdq0Frpsxwhu Vwxglhv/ 76+5,=4::�

545/ 4<<81

� Phqjvkrho/ R1 M1/ cNqrzohgjh Ydolgdwlrq � Sulqflsohv dqg Sudfwlfh1* Lq LHHH H{shuw/

;+6,=95�9;/ Mxqh 4<<61
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Vwurqjo| Uhihuhhg Frqihuhqfh dqg Zrunvkrs Sxeolfdwlrqv

� Phqjvkrho/ R1 M1 dqg G1 H1 Jrogehuj/ cSuredelolvwlf Furzglqj= Ghwhuplqlvwlf Furzglqj zlwk

Suredelolvwlf Uhsodfhphqw1* Dffhswhg wr Jhqhwlf dqg Hyroxwlrqdu| Frpsxwdwlrq Frqihuhqfh

+JHFFR0<<,/ Mxo| 46�4:/ Ruodqgr/ IO1

� Zlonlqv/ G1 F1/ R1 M1 Phqjvkrho/ R1 Fkhuq|vkhqnr/ S1 P1 Mrqhv/ F1 F1 Kd|hv/ dqg U1 Edujdu1

cFrooderudwlyh Ghflvlrq Pdnlqj dqg Lqwhooljhqw Uhdvrqlqj lq Mxgjh Dgylvru V|vwhpv1* Lq

Surfhhglqjv Kdzdll Lqwhuqdwlrqdo Frqihuhqfh rq V|vwhp Vflhqfhv +KLFVV065,/ Mdqxdu| 4<<<1

� Mrqhv/ S1 P1/ F1 F1 Kd|hv/ G1 F1 Zlonlqv/ U1 Edujdu/ M1 Vqlh}hn/ S1 Dvdur/ R1 M1 Phqjvkrho/

G1 Nhvvohu/ P1 Oxfhqwl/ L1 Fkrl/ Q1 Wx/ dqg M1 Vfkodedfk/ cFrUDYHQ= Prgholqj dqg Ghvljq

ri d Pxowlphgld Lqwhooljhqw Lqiudvwuxfwxuh iru Frooderudwlyh Lqwhooljhqfh Dqdo|vlv1* Lq 4<<;

LHHH Lqwhuqdwlrqdo Frqihuhqfh rq V|vwhpv/ Pdq/ dqg F|ehuqhwlfv/ Rfwrehu 44047/ 4<<;/ Vdq

Glhjr/ FD1

� Phqjvkrho/ R1 M1/ G1 H1 Jrogehuj/ dqg G1 F1 Zlonlqv/ cGhfhswlyh dqg Rwkhu Ixqfwlrqv ri

Xqlwdwlrq dv Ed|hvldq Qhwzrunv1* Lq Jhqhwlf Surjudpplqj 4<<;= Surfhhglqjv ri wkh Wklug

Dqqxdo Frqihuhqfh/ ss1 88<�899/ Mxo| 55058/ 4<<;/ Xqlyhuvlw| ri Zlvfrqvlq/ Pdglvrq/ ZL1

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv1 cJhqhwlf Dojrulwkpv iru Eholhi Qhwzrun Lqihuhqfh= Wkh

Uroh ri Vfdolqj dqg Qlfklqj*1 Lq Surf1 ri wkh Vhyhqwk Dqqxdo Frqihuhqfh rq Hyroxwlrqdu|

Surjudpplqj/ ss1 87:�889/ Vdq Glhjr/ FD/ Pdufk 58�5:/ 4<<;1

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv/ cDevwudfwlrq iru Eholhi Uhylvlrq= Xvlqj d Jhqhwlf Dojr0

ulwkp wr Frpsxwh wkh Prvw Suredeoh H{sodqdwlrq1* Lq Vdwlv�flqj Prghov= Sdshuv iurp wkh

4<<; DDDL Vsulqj V|psrvlxp/ ss1 790 86/ Whfkqlfdo Uhsruw VV0<;038/ DDDL Suhvv/ Pdufk

4<<;/ Vwdqirug Xqlyhuvlw|/ FD1

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv/ cDevwudfwlrq dqg Djjuhjdwlrq lq Eholhi Qhwzrunv1* Lq

Devwudfwlrqv/ Ghflvlrqv/ dqg Xqfhuwdlqw|= Froohfwhg Sdshuv iurp wkh 4<<: Zrunvkrs1 ss1

86�8;/ Whfkqlfdo Uhsruw ZV0<:03;/ DDDL Suhvv/ Phqor Sdun/ FD/ Mxo| 4<<:1

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv/ cUhfrjqlwlrq dqg Fulwltxlqj ri Huurqhrxv Djhqw Dfwlrqv1*
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Lq Djhqw Prgholqj= Sdshuv iurp wkh 4<<9 DDDL Zrunvkrs/ P1 Wdpeh dqg S1 Jp|wudvlhzlf}

+hgv1,/ ss1 94�9;1 Whfkqlfdo Uhsruw ZV0<9035/ DDDL Suhvv/ Phqor Sdun/ FD/ Dxjxvw 4<<91

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv/ cWrzdugv dq Dssurdfk wr H{sorlwlqj Grpdlq Vwuxfwxuh

iru Sodqqlqj1* Lq Surf1 DDDL Zrunvkrs rq Vwuxfwxudo Lvvxhv lq Sodqqlqj dqg Whpsrudo

Ohduqlqj/ Sruwodqg/ RU/ Dxjxvw 4<<91

� Kxeedug/ F1/ R1 M1 Phqjvkrho/ F1 Prrq/ dqg \1 V1 Nlp/ cPxowlphgld Lqvwuxfwlrqdo Vriw0

zduh iru Ylvxdo Uhdvrqlqj= Ylvxdo Uhdvrqlqj Wxwru +YUW,1* Lq Surf1 LHHH Lqwhuqdwlrqdo

Frqihuhqfh rq Pxowlphgld Frpsxwlqj dqg V|vwhpv/ Klurvklpd/ Mdsdq/ Mxqh 4<<91

� Phqjvkrho/ R1 M1/ cGh�qlwh Fodxvh Judppduv iru Nqrzohgjh Lqwhufkdqjh gxulqj Nqrzohgjh

Dftxlvlwlrq1* Lq Surf1 Nqrzohgjh Dftxlvlwlrq Zrunvkrs/ E1 U1 Jdlqhv dqg P1 Pxvhq +hgv1,/

ss1 4414�44153/ Edq�/ Fdqdgd/ Mdqxdu| 4<<71

� Phqjvkrho/ R1 M1 dqg L1 Vûoyehuj/ cDftxlvlwlrq dqg Prghoolqj ri Xqfhuwdlq/ Lqfrpsohwh

dqg Wlph0Ydu|lqj Nqrzohgjh1* Lq Surfhhglqjv ri :wk Hxurshdq Nqrzohgjh Dftxlvlwlrq iru

Nqrzohgjh0Edvhg V|vwhpv Zrunvkrs/ Wrxorxvh/ Iudqfh/ Vhswhpehu 4<<61 Dovr sulqwhg lq Ohf0

wxuh Qrwhv lq Duwl�fldo Lqwhooljhqfh/ Q1 Dxvvhqdf hw do1 +hg1,/ ss1 633�64<1 Vsulqjhu0Yhuodj/

Khlghoehuj/ 4<<61

� Qrugeû/ L1/ R1 M1 Phqjvkrho/ dqg L1 Vûoyehuj/ cGhyhorsphqw ri Frpsoh{ Dssolfdwlrqv= Lqwh0

judwlrq Vxssruw iru Wlph/ Xqfhuwdlqw|/ dqg Lqfrpsohwhqhvv1* Lq Surf1 Vhfrqg Zruog Frqjuhvv

rq H{shuw V|vwhpv/ Olverd/ Sruwxjdo/ Mdqxdu| 4<<61

� Phqjvkrho/ R1 M1/ L1 Qrugeû/ dqg L1 Vûoyehuj/ cWkh Nqrzohgjh Hqjlqhhulqj Zrunehqfk= H{0

shulhqfhv iurp Exloglqj wkh Nqrzohgjh Edvh ri d Khosghvn Dssolfdwlrq1* Lq Surf1 Wzhoiwk

Lqwhuqdwlrqdo Frqihuhqfh rq Duwl�fldo Lqwhooljhqfh/ H{shuw V|vwhpv dqg Qdwxudo Odqjxdjh/

ss1 86�98/ Dyljqrq/ Iudqfh/ Mxqh 4<<51

� Phqjvkrho/ R1 M1/ cNYDW= D Wrro iru Lqfuhphqwdo Nqrzohgjh Ydolgdwlrq lq d Nqrzohgjh

Hqjlqhhulqj Zrunehqfk/* Lq Surfhhglqjv ri 4vw Hxurshdq Zrunvkrs rq wkh Yhul�fdwlrq dqg

Ydolgdwlrq ri Nqrzohgjh0Edvhg V|vwhpv/ ss1 46604791 Orjlfd Fdpeulgjh/ Fdpeulgjh/ Hqj0

odqg/ Mxo| 4<<41
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Ohvv Vwurqjo| Uhihuhhg Frqihuhqfh dqg Zrunvkrs Sxeolfdwlrqv

� Phqjvkrho/ R1 M1/ G1 F1 Zlonlqv/ dqg V1 Xfnxq/ cIlowhulqj dqg Ylvxdol}lqj Xqfhuwdlq Edw0

woh�hog Gdwd Xvlqj Ed|hvldq Qhwzrunv1* Lq Surf1 DUO Dgydqfhg Glvsod|v dqg Lqwhudfwlyh

Glvsod|v Ihghudwhg Oderudwru| Vhfrqg Dqqxdo V|psrvlxp/ Froohjh Sdun/ PG/ Iheuxdu| 4<<;1

� Phqjvkrho/ R1 M1 dqg G1 F1 Zlonlqv/ cYlvxdol}lqj Xqfhuwdlqw| lq Edwwoh�hog Uhdvrqlqj Xv0

lqj Eholhi Qhwzrunv1* Lq Surf1 DUO Dgydqfhg Glvsod|v dqg Lqwhudfwlyh Glvsod|v Ihghudwhg

Oderudwru| Iluvw Dqqxdo V|psrvlxp/ ss1 S48�S55/ Dghoskl/ PG/ DUO Dghoskl Oderudwru|/

Mdqxdu| 4<<:1

� Nlp/ \1 V1/ F1 Prrq/ V1 Fkdxkdq/ F1 Kxeedug/ R1 M1 Phqjvkrho/ dqg K1 ]kdr/ cYlvxdo

Uhdvrqlqj Wxwru +YUW,= Lqvwuxfwlrqdo Vriwzduh V|vwhp iru Plvvlqj Ylhz Sureohp1* Lq Surf1

DVHH Hqjlqhhulqj Ghvljq Judsklfv Frqi1/Dphv/ Qryhpehu 4<<81

Devwudfwv dqg Srvlwlrq Vwdwhphqwv

� Phqjvkrho/ R1 M1 cHyroxwlrqdu| Frpsxwdwlrq lq Ed|hvldq Qhwzrunv1* Lq Odwh Euhdnlqj Sdshuv

ri wkh Wklug Dqqxdo Jhqhwlf Surjudpplqj Frqihuhqfh/ s1 48</ Mxo| 4<<;/ Pdglvrq/ ZL1

� Phqjvkrho/ R1 M1 cEholhi Qhwzrun Lqihuhqfh lq G|qdplf Hqylurqphqwv1* Lq Surf1 DDDL <:/

s1 ;46/ Surylghqfh/ UL/ Mxo| 4<<:1
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