
Qrqfodvvlfdo Oljkw
iru

Dwrplf Sk|vlfv
dqg

Txdqwxp Whohsruwdwlrq

Mhqv O|nnh Vûuhqvhq
Lqvwlwxwh ri Sk|vlfv dqg Dvwurqrp|

Xqlyhuvlw| ri Ddukxv
GN0;333 Ddukxv F/ Ghqpdun

Vhswhpehu 4<<;
Sk1 G1 wkhvlv

Lqvwlwxwh ri Sk|vlfv dqg Dvwurqrp|
Xqlyhuvlw| ri Ddukxv

Wkhvlv dgylvru= H1 V1 Sro}ln



Frqwhqwv

4 Surorjxh 8
414 Wkh Txdqwxp Rswlfv Ode 1 1 1 1 1 1 1 1 1 1 1 1 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
415 Sxeolfdwlrqv dqg suhvhqwdwlrqv 1 1 1 1 1 1 1 1 1 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
416 Wklv Wkhvlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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 Vtxhh}lqj lq wkh Rswlfdo Sdudphwulf Rvfloodwru 43
514 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43
515 Txdqwxp wkhru| ri wkh RSR 1 1 1 1 1 1 1 1 1 1 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

6 Eoxh Oljkw Lqgxfhg Lqiuduhg Devruswlrq 49
614 Wkh lq xhqfh ri EOLLUD rq wkh RSR vtxhh}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 49
615 H{shulphqwdo vhwxs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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:
616 Uhvxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 54
617 D txdolwdwlyh h{sodqdwlrq ri EOLLUD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 57
618 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

7 Surgxfwlrq ri Vtxhh}hg Oljkw 5;
714 Vhfrqg kduprqlf jhqhudwlrq 1 1 1 1 1 1 1 1 1 1 1 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;

71414 Wkhruhwlfdo frqvlghudwlrqv 1 1 1 1 1 1 1 1 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<
71415 H{shulphqwdo uhvxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63

715 Sdudphwulf dpsol?fdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 65
716 Vtxhh}hg oljkw jhqhudwlrq dqg ghwhfwlrq 1 1 1 1 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

71614 Krprg|qh ghwhfwlrq ri Vtxhh}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 67
71615 H{shulphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 68

717 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 1 1 1 6;

8 Qrqfodvvlfdo Srodul}dwlrq Vshfwurvfrs| 73
814 Wkh Srodul}dwlrq Lqwhuihurphwhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 73

81414 Wkh vhwxs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 73
81415 Wkh olqhvkdsh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

815 Wkh Pdjqhwr Rswlfdo Wuds 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 77
81514 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 1 1 1 1 1 1 1 1 1 1 1 1 1 78
81515 Fkdudfwhul}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 1 1 78

816 Srodul}dwlrq Vtxhh}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:
817 Vxe0 Vkrw qrlvh srodul}dwlrq vshfwurvfrs| 1 1 1 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<
818 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 84
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9 Prgxodwlrq vshfwurvfrs| rq d PRW 86
914 Prwlydwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 86
915 Wkh vhwxs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 88
916 Prgxodwhg devruswlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 88

91614 H{shulphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 88
91615 Prghoolqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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:

917 Prgxodwhg srodul}dwlrq urwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 93
918 Glrgh odvhu skdvh qrlvh vshfwurvfrs| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 94
919 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 1 1 1 96

: Txdqwxp qrlvh ri wkh Dwrplf Vslq 97
:14 Wkh sk|vlfv ri wkh Vslq 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 98

:1414 Prghoolqj vslq qrlvh lq d Y v|vwhp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 99
:1415 Ghshqghqflhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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;

:15 H{shulphqwdo vhwxs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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<
:16 Phdvxuhphqwv dqg uhvxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :5
:17 Ehlqj olplwhg e| wkh txdqwxp vslq 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 ::
:18 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 1 1 1 :;

; Txdqwxp Whohsruwdwlrq ri Frqwlqxrxv Txdqwxp Yduldeohv ;3
;14 Edvlf sulqflsohv lq txdqwxp whohsruwdwlrq 1 1 1 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

;1414 Fuhdwlqj HSU fruuhodwhg ?hogv 1 1 1 1 1 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
;1415 Whohsruwdwlrq ri frqwlqxrxv yduldeohv 1 1 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

;15 H{shulphqwdo vhwxs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;<
;16 Whohsruwdwlrq uhvxowv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <3
;17 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6

< Wkh Lqwhuqdoo| Sxpshg Rswlfdo Sdudphwulf Rvfloodwru <8
<14 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <8
<15 Htxdwlrqv ri prwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <:
<16 Vwhdg| vwdwh 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 1 1 1 1 1 1 <<
<17 Txdqwxp 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 1 1 1 1 1 1 1 435

<1714 Ixqgdphqwdo ?hog 1 1 1 1 1 1 1 1 1 1 1 1 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
<1715 Vxekduprqlfv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 438
<1716 LRSR uh hfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

<18 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 1 1 1 43;

43 Hslorjxh 43<
4314 Frqfoxvlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<

431414 Iuhtxhqf| wxqdeoh vtxhh}hg oljkw jhqhudwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<
431415 PRW vshfwurvfrs| dqg vslq 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 1 443
431416 Txdqwxp whohsruwdwlrq 1 1 1 1 1 1 1 1 1 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
431417 Lqwhuqdoo| sxpshg RSR 1 1 1 1 1 1 1 1 1 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

4315 Rxworrn 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 447
431514 Vslq vtxhh}lqj dqg hqwdqjohg dwrplf hqvhpeohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 447
431515 Txdqwxp frppxqlfdwlrq iru whohsruwdwlrq dqg fu|swrjudsk| 1 1 1 1 1 1 1 1 1 1 1 1 447
431516 Wkh LRSR dv d frpsdfw vtxhh}hu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448

D Fodvvlfdo RSR wkhru| 449

E Whohsruwdwlrq ri glvfuhwh Txdqwxp Yduldeohv 455
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F Htxdwlrqv ri prwlrq iru wkh LRSR txdgudwxuh skdvhv 458



Fkdswhu 4

Surorjxh

414 Wkh Txdqwxp Rswlfv Ode

Wkh Txdqwxp Rswlfv Jurxs lq Ddukxv vwduwhg lq 4<<6 zlwk qrwklqj exw dq hpsw| urrp dq d kdqgixo
ri prqh| dw lwv glvsrvdo1 Zkhq L mrlqhg wkh jurxs lq 4<<7 wklv urrp zdv ixuqlvkhg dqg dq rswlfv wdeoh
wrjhwkhu zlwk dq Dujrq lrq odvhu sxpshg Wl=Vdsskluh zdv derxw wkh rqo| vflhqwl?f htxlsphqw suhvhqw lq
wkh ode1 Vlqfh wkhq wkh ghyhorsphqw ri wkh ode kdv ehhq doprvw h{sorvlyh dqg wkh Txdqwxp Rswlfv Jurxs
kdv  rxulvkhg1 Wklv vkrxog eh dffuhglwhg wr wkh jurxs ohdghu Hxjhqh Sro}ln/ zkrvh lghdv/ vrphwlphv
fud}|/ vrphwlphv qrw/ uhdoo| kdv fkdoohqjhg ph dqg p| ihoorz vwxghqwv lq wkh ode dqg lqvsluhg xv wr xvh
delolwlhv zh glg qrw nqrz zh kdg1

Kdylqj ehhq zlwk wkh jurxs doprvw iurp lwv ehjlqqlqj/ L kdyh kdg wkh sulylohjh ri zrunlqj zlwk d
pxowlwxgh ri yhu| vnloohg shrsoh1 Wkh ?uvw ri wkhvh lv Olru Vkly zlwk zkrp L zrunhg rq wkh EOLLUD
phdvxuhphqwv1 Wkh PRW zrun zdv grqh wrjhwkhu zlwk Mdq Kdog1 Kh dqg L kdyh vkduhg pdq| iuxvwudwlrqv
lq wkh odvw frxsoh ri |hduv zlwk prgh mxpslqj odvhuv/ exuqhg lrq sxpsv dqg rqh h{wuhpho| sod|ixo Dujrq
lrq odvhu1 Zh kdyh krzhyhu dovr vkduhg pdq| vxffhvvhv/ dqg L dp vxuh wkdw zlwkrxw Mdq wkh PRW zrun
zrxog qrw wxuqhg rxw wr eh vr iuxlwixo dv lw lv wkh fdvh1 Dovr lqyroyhg lq wkh PRW zrun kdyh ehhq Odvvh
Ohlfn wrjhwkhu zlwk Qlfrodm Mûujhqhvhq dqg Mrkq Huodqg1 Lq idfw wkh odvw wzr kdyh ehhq uhvsrqvleoh iru
wkh frqvwuxfwlrq ri wkh PRW1 Gxulqj p| ylvlw dw Fdoliruqld Lqvwlwxwh ri Whfkqrorj| lq wkh Txdqwxp
Rswlfv Jurxs ri surihvvru K1 M1 Nlpeoh L kdyh hqmr|hg wr zrun wrjhwkhu zlwk Dnlud Ixudvdzd/ Qlnrv
Jhrujldghv dqg Gdylg Yhuqrr|1 L dp vshfldoo| judwhixo wr Mh> Nlpeoh iru klv krvslwdolw| dqg iru jlylqj
ph wkh srvvlelolw| ri sduwlflsdwlqj lq dq h{flwlqj qhz surmhfw1 Zrunlqj lq wkh vwlpxodwlqj hqylurqphqw dw
Fdowhfk kdv wdxjkw ph wkdw d orw derxw wkh vslulw qhhghg wr shuirup wkh frpsolfdwhg h{shulphqwv riwhq
hqfrxqwhuhg lq txdqwxp rswlfv1 Ixuwkhupruh L kdyh dvvlvwhg Shwhu Orgdko zlwk klv zrun rq iuhtxhqf|
grxeolqj ri glrgh odvhuv dqg wkh lqyhvwljdwlrq ri wkh skdvh qrlvh lq wkhvh1 Wklv zrun zloo qrw eh suhvhqwhg
lq wklv wkhvlv ehfdxvh p| lqyroyhphqw khuh rqo| zdv plqru1 Dsduw iurp wkh deryh phqwlrqhg shrsoh L kdyh
hqmr|hg wkh frpsdq| ri Fkulvwldq Vfkrul/ Mhqv Shwhu Fkulvwhqvhq/ Mdfre Vnryeruj dqg Plnnho Dqghuvhq1
Wkhvh jx|v kdyh pdgh wkh olih lq d gdun edvhphqw d elw pruh lqwhuhvwlqj dqg wkh| kdyh frqwulexwhg
jhqhurxvo| wr wkh ehhuolvw zlwk d vhulhv ri exuqhg ixvhv/ krohv exuqw lq wkh zdoo e| kljk srzhu odvhu ehdpv
dqg lqwhuhvwlqj glvfxvvlrqv iru lqvwdqfh derxw wkh kroh vl}h lq vzlvv fkhhvh1 Ilqdoo| p| zduphvw judwlwxgh
jrhv wr p| wkhvlv dgylvru Hxjhqh Sro}ln1 Zlwk klv hwhuqdo rswlplvp dqg juhdw sdwlhqfh kh kdv ehhq wuxo|
d juhdw lqvsludwlrq dqg d sohdvxuh wr zrun zlwk1

L fdqqrw wkdqn p| zlih Olqh hqrxjk iru khu juhdw sdwlhqfh dqg iru vxssruwlqj ph rq gd|v zkhq wkh
ode zrun kdv ohiw ph zlwk pruh txhvwlrqv wkdq dqvzhuv1
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415 Sxeolfdwlrqv dqg suhvhqwdwlrqv
Wkh zrun suhvhqwhg lq wklv wkhvlv kdv ehhq wkh edvlv ri wkh iroorzlqj sxeolfdwlrqv

41 O1 Vkly/ M1 O1 Vûuhqvhq H1 V1 Sro}ln dqg J1 Pl}hoo/ Lqklelwhg oljkw0lqgxfhv devruswlrq lq NQeR6/
Rsw1 Ohww1 53/ 55:3 +4<<8,1

51 M1 O1 Vûuhqvhq/ M1 Kdog/ Q1 Mûujhqvhq/ M1 Huodqg dqg H1 V1 Sro}ln/ Vtxhh}lqj zlwk "+5, iru
dwrplf sk|vlfv dqg vshfwurvfrs|/ Txdqwxp Vhplfodvv1 Rsw1 </ 56< +4<<:,1

61 S1 Orgdko/ M1 O1 Vûuhqvhq dqg H1 V1 Sro}ln/ Kljk h!flhqf| vhfrqg kduprqlf jhqhudwlrq zlwk
d orz srzhu glrgh odvhu/ Dsso1 Sk|v1 E 97/ 6;6 +4<<:,1

71 M1 O1 Vûuhqvhq/ M1 Kdog dqg H1 V1 Sro}ln/ Ixqgdphqwdo qrlvh ri dq dwrplf vslq phdvxuhphqw/
Mrxuq1 Prg1 Rsw1 77/ 4<4: +4<<:,1

81 M1 O1 Vûuhqvhq/ M1 Kdog dqg H1 V1 Sro}ln/ Vshfwurvfrs| rq d prgxodwhg pdjqhwr0rswlfdo wuds/
Rsw1 Ohww1 56/ 58 +4<<;,1

91 M1 Kdog/ M1 O1 Vûuhqvhq/ O1 Ohlfk dqg H1 V1 Sro}ln/ Txdqwxp qrlvh ri frog dwrplf vslqv looxpl0
qdwhg zlwk qrq0fodvvlfdo oljkw/ Rswlfv H{suhvv 5/ <6 +4<<;,1 Irxqg rq ZZZ dw
kwws=22hsxev1rvd1ruj2rhdufklyh2vrxufh263571kwp1

:1 M1 O1 Vûuhqvhq/ M1 Kdog dqg H1 V1 Sro}ln/ Txdqwxp qrlvh ri dq dwrplf vslq srodul}dwlrq
phdvxuhphqw/ Sk|v1 Uhy1 Ohww1 ;3/ 67;: +4<<;,1

;1 M1 O1 Vûuhqvhq dqg H1 V1 Sro}ln/ Lqwhuqdoo| sxpshg vxewkuhvkrog RSR/ Dsso1 Sk|v1 E 99/ :44
+4<<;,1

<1 H1 V1 Sro}ln/ M1 O1 Vûuhqvhq dqg M1 Kdog/ Vxewkuhvkrog wxqdeoh RSR= d vrxufh ri qrqfodvvlfdo
oljkw iru dwrplf sk|vlfv h{shulphqwv/ Dsso1 Sk|v1 E 99/ :8< +4<<;,1

431 D1 Ixudvdzd/ M1 O1 Vûuhqvhq/ V1 O1 Eudxqvwhlq/ F1 D1 Ixfkv/ K1 M1 Nlpeoh dqg H1 V1 Sro}ln/
Xqfrqglwlrqdo txdqwxp whohsruwdwlrq/ Vxeplwwhg wr Vflhqfh/ Mxo| 4<<;1

Lq dgglwlrq wr wkhvh sxeolfdwlrqv wkh zrun kdv ehhq suhvhqwhg dw wkh iroorzlqj frqihuhqfhv dqg vxpphu
vfkrrov

î Hqulfr Ihupl Vfkrro ri Sk|vlfv F[[[L Frkhuhqw dqg Froohfwlyh Lqwhudfwlrqv ri Sduwlfohv dqg Ud0
gldwlrq Ehdpv1 Mxo| 4<<8/ Yduhqqd/ Lwdo|1 Rujdql}huv= D1 Dvshfw/ Z1 Eduohwwd dqg U1 Erqlidflr1

î O*Hfroh gh Sk|vltxh ghv Krxfkhv "+5, Vhfrqg Rughu Qrqolqhdu Rswlfv= Iurp Ixqgdphqwdov wr
Dssolfdwlrqv1 Dsulo 4<<9/ Ohv Krxfkhv/ Iudqfh1 Rujdql}huv= F1 Ideuh dqg M1 S1 Srfkrooh1

î Dqqxdo Phhwlqj ri wkh Gdqlvk Sk|vlfdo Vrflhw|1 Pd| 4<<9/ Q|eruj/ Ghqpdun1

î Hxurshdq Vflhqfh Irxqgdwlrq dqqxdo frqihuhqfh rq TxdqwxpRswlfv1 Vhswhpehu 4<<9/ Fdvwhoyhfflr
Sdvfrol/ Lwdo|1 Rujdql}huv= N1 Exuqhww dqg O1 Oxjldwr1

î Ixqgdphqwdov ri Txdqwxp Rswlfv LY1 Iheuxdu| 4<<:/ Nxkwdl/ Dxvwuld1 Rujdql}hu= I1 Hkorw}n|1

î Dqqxdo Phhwlqj ri wkh Gdqlvk Sk|vlfdo Vrflhw|1 Pd| 4<<:/ Q|eruj/ Ghqpdun1

î Qhz Iurqwlhuv lq Odvhu0Dwrp Lqwhudfwlrqv Mxqh 4<<:/ Vdqgemhuj Pdqru/ Ghqpdun1 Rujdql}hu= Q1
R1 Dqghuvhq1

î Dqqxdo Phhwlqj ri wkh Rswlfdo Vrflhw| ri Dphulfd1 Rfwrehu 4<<:/ Orqj Ehdfk/ XVD1
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416 Wklv Wkhvlv
Wkh zrun suhvhqwhg lq wklv wkhvlv kdv ehhq ghyrwhg wr wkh surgxfwlrq dqg xvh ri qrqfodvvlfdo vwdwhv ri
oljkw iru lpsurylqj wkh shuirupdqfh ri qrupdoo| fodvvlfdo ehkdylqj rswlfdo v|vwhpv1 Khuh zh kdyh fkrvhq
wr irfxv rq lpsuryhg vhqvlwlylw| lq vshfwurvfrs| dqg wkh whohsruwdwlrq zlwk kljk h!flhqf| ri vwdwhv ri
wkh udgldwlrq ?hog1 Krzhyhu qrqfodvvlfdo oljkw pd| suryh xvhixo lq pdq| rwkhu dvshfwv ri sk|vlfv vxfk dv
rswlfdo frppxqlfdwlrq/ fu|swrjudsk| dqg wkh dowhulqj ri ixqgdphqwdo dwrplf udgldwlrq surfhvvhv/ zklfk
wrjhwkhu zlwk txdqwxp qrq0ghprolwlrq phdvxuhphqwv suredeo| duh ri pruh dfdghplf lqwhuhvw1 Iru d
jhqhudo lqwurgxfwlrq wr wkh ?hog ri Txdqwxp Rswlfv dqg wkh uroh ri qrqfodvvlfdo vwdwhv ri oljkw lq wklv
?hog/ wkh uhdghu lv uhihuuhg wr uhi1 ^4`1

Wkh wkhvlv kdv ehhq glylghg lqwr irxu pdmru wrslfv= Wkh jhqhudwlrq ri iuhtxhqf| wxqdeoh vtxhh}hg oljkw
fryhulqj fkdswhuv 507/ vshfwurvfrs| dqg vslq qrlvh lq d pdjqhwr rswlfdo wuds lq fkdswhuv 80:/ txdqwxp
whohsruwdwlrq lq fkdswhu ; dqg wkh wkhru| ri wkh Lqwhuqdoo| Sxpshg RSR lq fkdswhu <1 Wkh wkhvlv lv
lqwhqghg wr eh zulwwhq vr wkdw hdfk fkdswhu wr d juhdw h{whqw fdq eh uhdg lqghshqghqw ri wkh rwkhuv/
krzhyhu wr rewdlq d frkhuhqw slfwxuh lw lv uhfrpphqghg wr uhdg wkh fkdswhuv lq d frqvhfxwlyh zd|1

Fkdswhu 5 lv lqwhqghg wr jlyh d jhqhudo lqwurgxfwlrq wr wkh RSR zlwk hpskdvlv rq wkh jhqhudwlrq
ri vtxhh}hg ydfxxp lq wklv ghylfh1 Lq dgglwlrq wr wklv wkh vtxhh}lqj zrun suhvhqwhg lq wkh iroorzlqj
fkdswhuv zloo eh ?w lqwr d juhdwhu slfwxuh/ zkhuh h{shulphqwv lqyroylqj wkh xvh ri qrqfodvvlfdo oljkw duh
uhylhzhg1

Lw wxuqhg rxw wkdw d olplwdwlrq rq wkh txdqwxp qrlvh uhgxfwlrq dfklhyhg lq wkh vxewkuhvkrog RSR/ xvhg
lq wklv zrun/ zdv wkh qrqolqhdu orvv dvvrfldwhg zlwk Eoxh Oljkw Lqgxfhg LqiudUhg Devruswlrq +EOLLUD,
lq wkh RSR NQeR6 fu|vwdo1 Fkdswhu 6 lv ghyrwhg wr dq lqyhvwljdwlrq ri wkh EOLLUD dqg wkh prvw
lpsruwdqw uhvxow lq wklv fkdswhu lv wkdw wkh EOLLUD lv uhgxfhg dv wkh fu|vwdo whpshudwxuh lv lqfuhdvhg1
Dv d uhvxow wkh RSR hvfdsh h!flhqf|/ ehlqj wkh jryhuqlqj idfwru ri wkh ghjuhh ri vtxhh}lqj lq wklv zrun/
lv lqfuhdvhg1 Iurp wkh wkhruhwlfdo vlgh d txdolwdwlyh prgho dffrxqwlqj iru wkh ehkdylru ri EOLLUD lv sxw
iruzdug1 Wkh zrun iurp fkdswhu 6 kdv ehhq sxeolvkhg lq +41,1

Edvhg rq wkh EOLLUD uhvxowv fkdswhu 7 ghvfulehv rxu iuhtxhqf| wxqdeoh vtxhh}hg oljkw vrxufh1 Wklv lv
fhqwhuhg durxqg d vxewkuhvkrog RSR sxpshg zlwk wkh vhfrqg kduprqlf ri d Wl=Vdsskluh odvhu rshudwlqj
dw <4: qp1 Wkh shuirupdqfh ri rxu h{whuqdo fdylw| iuhtxhqf| grxeohu lv ghvfulehg dqg wkh RSR lv
fkdudfwhul}hg1 Txdqwxp qrlvh uhgxfwlrq lq wkh RSR rxwsxw ri dv pxfk dv 08 gE lv ghprqvwudwhg1 Wklv
frqvlghudeoh dprxqw ri vtxhh}lqj zdv zlwklq uhdfk ehfdxvh rxu qrqfodvvlfdo oljkw vrxufh zdv rshudwlqj
durxqg <4: qp/ zkhuh wkh skdvhpdwfklqj whpshudwxuh lq NQeR6 lv durxqg 4633F dqg frqvhtxhqwo|
EOLLUD zdv uhgxfhg e| d idfwru ri 5061 Wkh sxeolfdwlrq +51, lv edvhg xsrq wkh zrun lq fkdswhu 71

Lq fkdswhu 8 lw lv ghprqvwudwhg krz wkh vtxhh}hg ydfxxp rxwsxw ri wkh RSR fdq eh xvhg wr surgxfh d
srodul}dwlrq vtxhh}hg ehdp1 Wklv ehdp lv xvhg wr sureh d srodul}dwlrq lqwhuihurphwhu surylglqj vxe0vkrw
qrlvh vhqvlwlylw|1 Lq wklv h{shulphqw d txdqwxp qrlvh uhgxfwlrq ri 06 gE lv dfklhyhg1 Wkh srodul}dwlrq
lqwhuihurphwhu lv xvhg wr sureh wkh dqlvrwurs| ri dq hqvhpeoh ri frog/ wudsshg Fv dwrpv1 Zlwk d sureh
lq d frkhuhqw vwdwh/ vkrw qrlvh olplwhg vhqvlwlylw| lv ghprqvwudwhg/ dqg zlwk d qrqfodvvlfdo sureh wkh
olplwlqj qrlvh lv uhgxfhg e| 0516 gE1 Wkh wdujhw ri wkh srodul}dwlrq lqwhuihurphwhu lv d Fdhvlxp Pdjqhwr
Rswlfdo Wuds +PRW,/ zklfk lv fkdudfwhul}hg lq fkdswhu 8 dv zhoo1 Sduwv ri wkh uhvxowv iurp wklv fkdswhu
fdq eh irxqg lq wkh sxeolfdwlrqv +51,/ +71,/ +91,/ +:1, dqg +<1,1

Wkh dwrplf vljqdo rewdlqhg lq wkh srodul}dwlrq lqwhuihurphwhu wxuqhg rxw wr eh udwkhu frpsolfdwhg
dqg d pruh wkrurxjk lqyhvwljdwlrq ri wklv vljqdo wrjhwkhu zlwk wkh prgxodwhg devruswlrq vljqdo lv wkh
edvlv ri fkdswhu 91 Wkh vshfwurvfrslf vljqdov lq wkh PRW zhuh jhqhudwhg e| prgxodwlqj wkh wudsslqj
odvhu iuhtxhqf| dqg wudqvihuulqj wklv prgxodwlrq wr wkh sureh yld wkh dwrpv1 Wkh wudsslqj odvhu zdv
d vhplfrqgxfwru odvhu dqg frqvhtxhqwo| ixoo ri skdvh qrlvh1 Lq fkdswhu 9 zh dovr ghprqvwudwh PRW
vshfwurvfrs| xvlqj wklv skdvh qrlvh wr jhqhudwh wkh dwrplf vljqdo1 Wkh olqhvkdshv duh prghoohg e| d
vlpsoh wkuhh ohyho wkhru| vhuylqj wr surylgh d txdolwdwlyho| xqghuvwdqglqj ri wkh dwrplf vljqdov1 Wkhvh
uhvxowv duh sxeolvkhg lq +81,1

Zkhq wkh dwrpv zhuh wudsshg zlwk dq doprvw lghdo odvhu dqg wkh rswlfdo ghswk lq wkh PRW zdv
dssuhfldeoh/ wkh lqwulqvlf dwrplf vslq qrlvh zdv vhhq wr frqwulexwh vljql?fdqwo| wr wkh srodul}dwlrq lq0
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whuihurphwhu vljqdo1 Lq fkdswhu : wkh uhvxowv ri rxu vslq qrlvh phdvxuhphqwv lq d PRW duh suhvhqwhg1
Dowkrxjk wkh h{shulphqwv ghvfulehg lq fkdswhuv 9 dqg : duh qrw gluhfwo| lqyroylqj qrqfodvvlfdo oljkw/ wkh|
fdq eh frqvlghuhg wr eh wkh lqlwldo vwdjh ri rxu dwwhpswv ri pdsslqj wkh qrqfodvvlfdo fruuhodwlrq ri wkh
RSR rxwsxw rqwr wkh hqvhpeoh ri wudsshg dwrpv1 Wkh uhvxow ri wklv pdsslqj zrxog eh d vtxhh}hg vslq
vwdwh lq zklfk wkh  xfwxdwlrqv duh uhgxfhg lq rqh frpsrqhqw ri wkh froohfwlyh dwrplf dqjxodu prphq0
wxp1 Wkh uhvxowv ri fkdswhu : uhyhdo wkh dwrplf txdqwxp qrlvh dqg vkrz wkh glvwlqfwlrq ehwzhhq wklv
dqg whfkqlfdo dwrplf qrlvh1 D vlpsol?hg prgho/ dffrxqwlqj iru wkh dwrplf qrlvh/ lv sxw iruzdug dqg wkh
uhohydqw dwrplf dqg rswlfdo sdudphwhuv duh srlqwhg rxw1 Wkh sxeolfdwlrqv +71,/ +91, dqg +:1, fryhu wkh
zrun suhvhqwhg lq fkdswhu :1 Wklv fkdswhu frqfoxghv wkh olqh ri zrun grqh e| wkh dxwkru zlwk wkh jrdo
ri vwxg|lqj wkh lqwhudfwlrq ehwzhhq qrqfodvvlfdo oljkw dqg dwrpv1

Wkh rxwfrph ri d mrlqw surmhfw ehwzhhq wkh Txdqwxp Rswlfv Jurxs dw Fdoliruqld Lqvwlwxwh ri Whfk0
qrorj| dqg wkh Txdqwxp Rswlfv Jurxs lq Ddukxv lv suhvhqwhg lq fkdswhu ;1 Wklv surmhfw zdv ghyrwhg wr
ghprqvwudwh txdqwxp whohsruwdwlrq ri frqwlqxrxv yduldeohv1 Xvlqj wzr vxewkuhvkrog RSR*v dqg pl{lqj
wkh vtxhh}hg ydfxxp rxwsxwv zlwk dq dssursuldwh skdvh/ wzr hqwdqjohg ?hogv zhuh fuhdwhg lq dq HSU olnh
vwdwh1 Wklv qrqorfdo vwdwh zdv xvhg wr whohsruw wkh frqwlqxrxv txdgudwxuh skdvhv ri dq rswlfdo ?hog ryhu
urxjko| 4

5 phwhu1 D phdvxuh ri wkh txdolw| ri wkh whohsruwdwlrq surwrfro/ fdoohg wkh ?gholw|/ lv gh?qhg1
Lw lv vkrzq wkdw wkh xvh ri rqo| fodvvlfdo vwdwhv ri oljkw zloo olplw wkh ?gholw| wr eh vpdoohu 31831 Wkh
whohsruwdwlrq h{shulphqw |lhoghg d ?gholw| ri 318;/ surylqj wkdw wkh lqsxw txdqwxp vwdwh zdv whohsruwhg
pruh h!flhqw wkdq lw lv srvvleoh zlwk fodvvlfdo phdqv1 Wkh uhvxowv ri fkdswhu ; zloo krshixoo| vrrq eh
sxeolvkhg lq +431,1

Dv d wkhruhwlfdo surmhfw wkh dxwkru kdv dqdo|}hg wkh v|vwhp ri d grxeolqj fdylw| lq zklfk wkh vhfrqg
kduprqlf lv qrqghjhqhudwho| grzqfrqyhuwhg lqwr vxekduprqlfv lq wkh dgmdfhqw orqjlwxglqdo fdylw| prghv1
Wklv v|vwhp lv ghqrwhg Wkh Lqwhuqdoo| Sxpshg RSR +LRSR, vlqfh wkh RSR sxps lv jhqhudwhg lqvlgh
wkh RSR qrqolqhdu phglxp1 Wkh uhvxowv ri wklv dqdo|vlv fdq eh irxqg lq fkdswhu <1 Wkh jhqhudo
dssurdfk doorzv wkh vhfrqg kduprqlf wr eh uhvrqdwhg lq wkh fdylw| zlwk dq duelwudu| ghwxqlqj dqg zlwk
+doprvw, duelwudu| orvvhv1 Gxh wr wkh dqdo|wlf surfhgxuh xvhg/ wkh vhfrqg kduprqlf orvvhv pxvw dozd|v eh
vrphzkdw odujhu wkdq wkh ixqgdphqwdo orvvhv1 Wkh wkuhvkrog iru sdudphwulf rvfloodwlrqv lv ghulyhg dqg wkh
vtxhh}lqj vshfwud iru wkh ixqgdphqwdo dqg wkh vxekduprqlfv duh ghulyhg ehorz wkh wkuhvkrog1 Duelwudu|
vwurqj vtxhh}lqj lv suhglfwhg lq wkh vxekduprqlfv dqg dq h{shulphqw/ lq zklfk wkh ixqgdphqwdo ?hog
uh hfwhg r> wkh LRSR fdylw| dfwv dv d orfdo rvfloodwru iru wkh vxekduprqlfv/ lv vlpxodwhg1 Wklv vkrzv
wkdw shuihfw vtxhh}lqj fdq eh irxqg lq wkh fdylw| uh hfwlrq dw iuhtxhqflhv ehlqj dq lqwhjhu wlphv wkh iuhh
vshfwuxp udqjh ri wkh LRSR fdylw|1 Wklv zrun kdv ehhq sxeolvkhg lq +;1,1

Ilqdoo| wkh wkhvlv lv frqfoxghg lq fkdswhu 43 zlwk d uhvxpì frqwdlqlqj wkh prvw lpsruwdqw uhvxowv1
Wklv lv iroorzhg e| dq rxworrn rq wkh ixwxuh survshfwv ri wkh ydulrxv surmhfwv lq zklfk wkh dxwkru kdv
ehhq lqyroyhg1
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Iljxuh 414= Wkh H{shulphqwdo Txdqwxp Rswlfv Jurxs lq Ddukxv lq wkh vsulqj ri 4<<;1 Iurp wkh ohiw=
Mhqv Shwhu Fkulvwhqvhq/ Odvvh Ohlfn/ Fkulvwldq Vfkrul/ Plnnho Dqghuvhq/ Mhqv O|nnh Vûuhqvhq/ Mdfre
Dqghuvhq/ Mdq Kdog dqg Hxjhqh Sro}ln1



Fkdswhu 5

Vtxhh}lqj lq wkh Rswlfdo Sdudphwulf
Rvfloodwru

Vlqfh d orw ri wkh zrun dqg pdq| ri wkh uhvxowv suhvhqwhg lq wklv wkhvlv xwlol}h wkh wkhru| ri wkh Rswlfdo
Sdudphwulf Rvfloodwru +RSR,/ zh zloo vwduw e| frqvlghulqj wklv ghylfh lq vrph ghwdlo dqg ghulyh vrph
xvhixo irupxodv lq wklv frqwh{w1 Wklv zloo dovr vhuyh wr hvwdeolvk d qrwdwlrq/ zklfk zloo eh xvhg wkurxjkrxw
wkh wkhvlv1 Wkh fkdswhu vwduwv zlwk vrph jhqhudo uhpdunv derxw wkh RSR iroorzhg e| d uhylhz ri
h{shulphqwv shuiruphg vr idu/ lq zklfk qrqfodvvlfdo oljkw iurp RSR*v kdv ehhq xvhg iru dwrplf sk|vlfv
dqg vshfwurvfrs|1 Diwhu wklv lqwurgxfwlrq zh zloo jr lqwr pruh ghwdlo zlwk wkh txdqwxp wkhru| ri wkh
RSR dqg ghulyh wkh vshfwuxp ri txdqwxp  xfwxdwlrqv ri wkh RSR rxwsxw1 Wklv zloo hqdeoh xv wr lghqwli|
wkh frqglwlrqv xqghu zklfk wkh txdqwxp qrlvh uhgxfwlrq lq wkh RSR rxwsxw lv rswlpl}hg1

514 Lqwurgxfwlrq

E| dq Rswlfdo Sdudphwulf Rvfloodwru lv xqghuvwrrg dq rswlfdo uhvrqdwru pdgh xs ri vskhulfdo uh hfwruv
zlwk d qrqolqhdu "+5, phglxp sodfhg ehwzhhq wkhp1 Wkh qrqolqhdu phglxp fdq eh sxpshg e| d
uhvrqdqw ru qrquhvrqdqw ?hog zlwk d iuhtxhqf| 5$/ dqg e| phdqv ri wkh qrqolqhdu lqwhudfwlrq dq| vljqdo
?hog lqmhfwhg lqwr wkh uhvrqdwru dw d iuhtxhqf| $ý zloo wrjhwkhu zlwk wkh sxps jhqhudwh dq lgohu ?hog
dw wkh iuhtxhqf| $.1 Lq wkh uhvw ri wklv fkdswhu wkh sxps lv dvvxphg qrw wr eh uhvrqdqw lq wkh RSR
fdylw|1 Lq rughu wr suhvhuyh hqhuj| wkh iuhtxhqflhv pxvw ixo?oo wkh uhodwlrq $. . $ý @ 5$1 Wklv surfhvv
lv nqrzq dv Gl>huhqfh Iuhtxhqf| Jhqhudwlrq1 Li krzhyhu wkh iuhtxhqf| ri wkh h{whuqdo lqsxw lv h{dfwo|
kdoi wkh sxps iuhtxhqf|/ phdqlqj wkdw wkh vljqdo dqg lgohu ?hogv duh lqglvwlqjxlvkdeoh/ wkh RSR zloo
dfw dv d skdvh vhqvlwlyh dpsol?hu1 Wklv vkrxog eh xqghuvwrrg lq wkh vhqvh wkdw li wkh sxps kdv wkh wlph
ghshqghqfh frv 5$w/ wkh frpsrqhqw ri wkh lqmhfwhg ?hogv zlwk wkh ghshqghqfh frv$w zloo eh dpsol?hg
zkhuhdv wkh frpsrqhqw zlwk wkh ghshqghqfh vlq$w zloo eh ghdpsol?hg lq wkh RSR1 Vlqfh lw lv qrw
srvvleoh wr frpsduh skdvhv ehwzhhq ?hogv rvfloodwlqj dw gl>huhqw iuhtxhqflhv/ wkh deryh dujxphqwv duh
rqo| wuxh zlwklq d frpprq skdvhvkliw1 Zkhq wkh vljqdo dqg lgohu iuhtxhqflhv duh gl>huhqw ru wkh ?hogv
kdyh gl>huhqw srodul}dwlrqv/ wkh RSR lv vdlg wr eh rshudwhg qrqghjhqhudwh dv rssrvhg wr wkh ghjhqhudwh
RSR lq zklfk wkh vljqdo dqg lgohu ?hogv duh lqglvwlqjxlvkdeoh1 Wkh prgh ri rshudwlrq ri wkh RSR
lv ghwhuplqhg e| wkh skdvhpdwfklqj frqglwlrqv lq wkh qrqolqhdu phglxp1 Lq wkh RSR*v ghvfulehg lq
wklv wkhvlv rqo| qrqfulwlfdo skdvhpdwfklqj lv xvhg/ dqg lq wklv fdvh vzlwfklqj ehwzhhq ghjhqhudwh dqg
qrqghjhqhudwh rshudwlrq fdq eh grqh e| fkdqjlqj wkh whpshudwxuh ri wkh qrqolqhdu phglxp1 Iru d pruh
hoderudwh wuhdwphqw ri wkh fodvvlfdo surshuwlhv ri wkh RSR/ wkh uhdghu lv uhihuuhg wr Dsshqgl{ D1

Li wkh sxps ?hog uhdfkhv d fhuwdlq fulwlfdo ydoxh/ d skdvh wudqvlwlrq rffxuv/ dqg wkh RSR zloo dftxluh
d frkhuhqw rxwsxw hyhq zlwkrxw dq| lqsxw1 Wklv rshudwlqj srlqw lv nqrzq dv wkh wkuhvkrog ri wkh
RSR1 Deryh wkuhvkrog rshudwlrq uhvxowv lq wzr frkhuhqw rxwsxw ?hogv dw iuhtxhqflhv $. dqg $ý1 Wkh
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iuhtxhqf| vsolwwlqj ehwzhhq wkhvh ?hogv fdq ehfrph yhu| odujh ghshqglqj rq wkh skdvhpdwfklqj frqglwlrqv
dqg wkh uhvrqdqfh surshuwlhv ri wkh RSR^5`1 Wklv pdnhv wkh RSR deryh wkuhvkrog yhu| dwwudfwlyh
iru dwrplf dqg prohfxodu vshfwurvfrs| vlqfh vljqdo dqg lgohu fdq fryhu d zdyhohqjwk udqjh ri vhyhudo
kxqguhgv ri qdqrphwhuv vwuhwfklqj lqwr uhjlrqv rwkhuzlvh lqdffhvvleoh wr pruh frqyhqwlrqdo odvhu vrxufhv1
Xqiruwxqdwho| wkh RSR lv yhu| xqvwdeoh deryh wkuhvkrog/ dqg vlqjoh iuhtxhqf| rshudwlrq ri vxfk d ghylfh
lv d qrqwulyldo wdvn1 Lq wkh uhvw ri wklv wkhvlv rqo| wkh vxewkuhvkrog RSR zloo eh frqvlghuhg1

Iurp d txdqwxp phfkdqlfdo srlqw ri ylhz wkh RSR lv lqwhuhvwlqj dv zhoo1 Mxvw dv wkh RSR ehorz
wkuhvkrog dfwv dv d skdvh vhqvlwlyh dpsol?hu iru d frkhuhqw lqsxw/ lw lv dovr dpsoli|lqj ru ghdpsoli|lqj
wkh lqsxw ydfxxp  xfwxdwlrqv dozd|v ehlqj suhvhqw1 Txdqwxp Hohfwurg|qdplfv whoov xv wkdw wkh jurxqg
vwdwh ri wkh hohfwurpdjqhwlf ?hog srvvhvv d fhuwdlq dprxqw ri hqhuj| vwruhg lq wkh ydfxxp  xfwxdwlrqv^6`1
Wkhvh ?hog  xfwxdwlrqv gr qrw kdyh d zhoo gh?qhg skdvh/ exw lw lv dozd|v srvvleoh wr glylgh wkhp lqwr
wzr lqghshqghqw frpsrqhqwv rvfloodwlqj olnh frv$w dqg vlq$w1 Lq Txdqwxp Rswlfv wkhvh frpsrqhqwv duh
fdoohg wkh Txdgudwxuh Skdvhv^7`1 Zkhq wkh ydfxxp  xfwxdwlrqv hqwhu wkh vxewkuhvkrog RSR/ wkh frv$w
frpsrqhqw zloo eh dpsol?hg dqg wkh vlq$w frpsrqhqw ghdpsol?hg1 Dv d uhvxow wkh RSR fdq fuhdwh d vr
fdoohg Vtxhh}hg Ydfxxp vwdwh^8` lq zklfk txdqwxp  xfwxdwlrqv lq rqh txdgudwxuh fdq eh uhgxfhg dw wkh
h{shqvh ri lqfuhdvhg  xfwxdwlrqv lq wkh frpsohphqwdu| txdgudwxuh1

Lq pdq| rswlfdo h{shulphqwv rqo| rqh ri wkh txdgudwxuh skdvhv duh ghwhfwhg dqg lq wkhvh h{shulphqwv
dssursuldwho| skdvhg vtxhh}hg vwdwhv fdq eh xwlol}hg wr dfklhyh vhqvlwlylw| eh|rqg wkh vwdqgdug txdqwxp
olplw1 Lq dwrplf sk|vlfv h{shulphqwv vtxhh}hg oljkw zdv ?uvw hpsor|hg lq 4<<5/ zkhuh d vtxhh}hg sureh
jhqhudwhg e| d vxewkuhvkrog RSR vwdwh zdv xvhg lq IP vdwxudwlrq vshfwurvfrs| wr lpsuryh wkh sureh vkrw
qrlvh olplwhg vljqdo wr qrlvh udwlr zlwk 6 gE^9`^:`1 Wklv h{shulphqw zdv iroorzhg xs e| d ghprqvwudwlrq
ri qrqfodvvlfdo wzr skrwrq h{flwdwlrq/ zkhuh wkh txdqwxp fruuhodwhg skrwrq sdluv lq wkh RSR rxwsxw
h{flwhg d grxeoh rswlfdo uhvrqdqfh^;`1 Khuh d ghyldwlrq iurp wkh xvxdo L5 ghshqghqfh ri wkh wzr skrwrq
h{flwdwlrq udwh zdv revhuyhg1 L lv wkh lqwhqvlw| ri wkh ?hog gulylqj wkh wzr skrwrq wudqvlwlrq1 Wklv
ghyldwlrq zdv dwwulexwhg wr wkh txdqwxp fruuhodwhg qdwxuh ri wkh RSR rxwsxw/ zklfk lghdoo| vkrxog
fdxvh d olqhdu ghshqghqfh rq L lq wkh zhdn lqwhqvlw| olplw1 Wklv vhulhv ri h{shulphqwv zdv frqfoxghg e|
d ghprqvwudwlrq ri wkh dssolfdelolw| ri dwrpv dv qrqolqhdu iuhtxhqf| pl{huv iru xowudkljk iuhtxhqflhv1 E|
gulylqj dq dwrplf wkuhh ohyho odgghu wudqvlwlrq zlwk wkh vxewkuhvkrog RSR rxwsxw dv zhoo dv d frkhuhqw
?hog/ txdqwxp fruuhodwlrqv suhvhqw dw 58 WK} zhuh ghprgxodwhg wr |lhog wkh GF lqwhuihuhqfh vljqdo^<`1

Wkh zrun suhvhqwhg lq wklv wkhvlv rq vxe0vkrw qrlvh vshfwurvfrs| xwlol}h wkh vxewkuhvkrog RSR dv
zhoo1 Krzhyhu zh hpsor|hg wkh vtxhh}hg ydfxxp rxwsxw wr jhqhudwh srodul}dwlrq vtxhh}hg oljkw/ zklfk/
xvhg lq rxu srodul}dwlrq lqwhuihurphwhu/ uhgxfhg wkh qrlvh  rru zlwk 6 gE^43`1 Zkhq surelqj wkh vslq
vwdwh ri dwrpv zlwk wkh srodul}dwlrq lqwhuihurphwhu/ zh ghprqvwudwhg d txdqwxp qrlvh uhgxfwlrq ri 518
gE^44`1 Wkh ghwdlov ri wklv h{shulphqw fdq eh irxqg lq fkdswhu 81

Wkh ruwkrjrqdoo| srodul}hg wzlq ehdpv frplqj iurp wkh w|sh LL skdvhpdwfkhg RSR kdv dovr suryhq
xvhixo iru vxe0vkrw qrlvh vshfwurvfrs| dv ghprqvwudwhg lq uhi1 ^45`1 D wulso| uhvrqdqw vhpl prqrolwklf
RSR/ sxpshg zlwk wkh vhfrqg kduprqlf ri d Qg=\DJ odvhu/ jhqhudwhg wzr fruuhodwhg ehdpv ri zklfk
rqh zdv gulylqj wkh 7V4@5 $ 8V4@5 wzr skrwrq wudqvlwlrq lq srwdvvlxp wrjhwkhu zlwk d glrgh odvhu1 Wkh
vhfrqg ehdp zdv ghwhfwhg lqghshqghqwo| dqg wkh skrwrfxuuhqwv zhuh vxewudfwhg wr |lhog d vxe0vkrw qrlvh
vljqdo lq wkh devhqfh ri dwrplf devruswlrq1 Wklv surfhgxuh uhvxowhg lq d uhgxfwlrq ri wkh qrlvh  rru ri
wkh phdvxuhphqw ri 41< gE uhodwlyh wr wkh frkhuhqw vwdwh ohyho dqg d vhqvlwlylw| wr devruswlrq dw wkh ohyho
ri 43ý:1

D zruwk| frpshwlwru wr wkh RSR lq whupv ri surgxflqj vxe0vkrw qrlvh vljqdov lv wkh dpsolwxgh
vtxhh}hg glrgh odvhu1 E| lqmhfwlrq orfnlqj wkhvh odvhuv dqg2ru ?owhulqj wkh gulyh fxuuhqw/ wkh orqjlwxglqdo
vlghprghv fdq eh vxssuhvvhg gudpdwlfdoo|/ uhvxowlqj lq dq dpsolwxgh vtxhh}hg fhqwudo prgh zhoo vxlwhg
iru vshfwurvfrs| sxusrvhv^46`1 Xvlqj wklv dssurdfk 41< gE ri dpsolwxgh qrlvh uhgxfwlrq ehorz wkh vkrw
qrlvh ohyho kdv ehhq ghprqvwudwhg dqg wkh oljkw vrxufh zdv xvhg iru h{flwrq vshfwurvfrs| zlwk d uhgxfwlrq
ri wkh qrlvh  rru ri 4 gE uhodwlyh wr wkh frkhuhqw vwdwh olplw^47`1 Wkh vdph whfkqltxh kdv ehhq xvhg iru
kljko| vhqvlwlyh dwrplf vshfwurvfrs| zlwk d orzhulqj ri wkh qrlvh  rru forvh wr 4 gE^48` dqg d vhqvlwlylw|
durxqg d ihz sduwv lq 43;^49`1 D pruh sudwlfdo dssolfdwlrq ri dpsolwxgh vtxhh}hg glrgh odvhuv lv wkh
jdv  rz yhorflphwu| ghprqvwudwhg lq uhi1 ^4:`1 Khuh d 5 gE qrlvh uhgxfwlrq lq wkh sureh zdv revhuyhg/
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|lhoglqj dq lqfuhdvh lq vljqdo wr qrlvh ri 4 gE lq wkh Grssohu Dqhprphwu|1
Lq rughu wr idploldul}h rxuvhoyhv zlwk wkh txdqwxp ihdwxuhv ri wkh vxewkuhvkrog RSR/ zh zloo qrz

ghulyh wkh vtxhh}lqj vshfwuxp ri wkh rxwsxw ri wklv ghylfh1

515 Txdqwxp wkhru| ri wkh RSR

Iurp d txdqwxp phfkdqlfdoo| srlqw ri ylhz/ wkh ghjhqhudwh RSR lv ghvfulehg e| wkh Kdplowrqldq

K @ |$d|d. |í ýd5òú5 . ò5d|5ü.KGhfd| +514,

Khuh ò5 lv wkh sxps ?hog/ zklfk lv dvvxphg wr eh vwurqj/ dqg fdq wkhuhiruh eh ghvfulehg e| wkh f
qxpehu h{shfwdwlrq ydoxh ri lwv ?hog rshudwru1 í lv wkh qrqolqhdu frxsolqj frqvwdqw forvho| uhodwhg wr wkh
å gh?qhg Dsshqgl{ D dqg ?qdoo| wkh frxsolqj ri wkh grzqfrqyhuwhg txdqwxp ?hog d wr wkh uhvhuyrlu ri
hohfwurpdjqhwlf ?hog prghv rxwvlgh wkh RSR fdylw| lv ghvfulehg wkurxjk wkh Kdplowrqldq KGhfd|1

Wkh dssurdfk wkdw zloo eh xvhg khuh lv zkdw lv xvxdoo| fdoohg wkh Vhplfodvvlfdo Phwkrg^4;`1 Khuh
zh ghulyh wkh Khlvhqehuj htxdwlrqv ri prwlrq dqg vroyh wkhvh iru wkh h{shfwdwlrq ydoxhv ri wkh ?hog
rshudwruv1 Wklv jlyhv xv wkh vwhdg| vwdwh rshudwlqj srlqw iru wkh RSR durxqg zklfk zh fdq olqhdul}h wkh
 xfwxdwlrqv ri wkh txdqwxp ?hogv1 Gxh wr wkh olqhdul}dwlrq surfhgxuh zh gr qrw h{shfw rxu wuhdwphqw wr
eh ydolg lq wkh uhjlrqv ri wkh sdudphwhu vsdfh zkhuh wkh txdqwxp  xfwxdwlrqv ehfrph yhu| odujh1 Khuh
kljkhu rughu fruuhfwlrqv frph lqwr sod| dqg pruh uljrurxv wuhdwphqwv duh qhhghg^4<`^53`^54`1

Iurp +514, zh ghulyh wkh htxdwlrq ri prwlrq iru wkh ?hog d

gd

gw
@ ýl$dý 5líò5d| ý ðd.

s
5édlq .

s
5 +ð ý é,elq +515,

zkhuh wkh *lq* ?hogv duh dvvxphg wr eh lq wkh ydfxxp vwdwh1
Zh qrz gh?qh wkh txdgudwxuh skdvh rshudwru iru wkh vorzo| ydu|lqj hqyhorsh ri d wr eh

[+ë, @ dhýl+$w.ë, . d|hl+$w.ë, +516,

dqg qrwh wkdw wkh frppxwdwru ehwzhhq wzr txdgudwxuh rshudwruv lvû
[+ë,>[+ë3,

ú
@ 5l vlq+ë3 ý ë, +517,

vlqfh wkh grzqfrqyhuwhg ?hog d pxvw reh| vwdqgdug Ervrq frppxwdwlrq uhodwlrqv ^d> d|` @ 41 Lq frqwudvw
wr wkh dqqlklodwlrq rshudwru d wkh txdgudwxuh rshudwruv duh Khuplwldq dqg frqvhtxhqwo| revhuydeohv1 Lq
idfw lw wxuqv rxw wkdw wkh txdgudwxuh [+ë, lv zkdw d krprg|qh ghwhfwru zlwk orfdo rvfloodwru skdvh ë
uhodwlyh wr d ghwhfwv^55`1 Kdylqj wkh frppxwdwru dw kdqg zh fdq zulwh xs d Khlvhqehuj xqfhuwdlqw|
uhodwlrq iru wkh txdgudwxuhv ó

ï[+ë,5
ò ó
ï[+ë3,5

ò è vlq5+ë3 ý ë, +518,

Iurp wklv lw lv qrz fohdu wkdw wkh txdgudwxuhv [+ë, dqg [+ë . ä@5, duh frpsohphqwdu|/ phdqlqj
wkdw zh fdq qhyhu nqrz wkh h{dfw h{shfwdwlrq ydoxh ri erwk vlpxowdqhrxvo|1 Dv d uhvxow ri +518,/ d
phdvxuhphqw ri erwk [+ë, dqg [+ë . ä@5, kdv wr eh dffrpsdqlhg e| d fhuwdlq dprxqw ri qrlvh/ zklfk
lv zkdw zh phdq e| wkh txdqwxp qrlvh ri oljkw1 Wkh ydfxxp vwdwh dqg wkh frkhuhqw vwdwh duh plqlpxp
xqfhuwdlqw| vwdwhv/ phdqlqj wkdw wkh htxdolw| vljq lq +518, dssolhv iru wkhvh vwdwhv/ dqg pruhryhu wkh
txdqwxp qrlvh lv glvwulexwhg htxdoo| ehwzhhq wkh wzr frpsohphqwdu| txdgudwxuhv1 Ixuwkhupruh zh vhh
wkdw wkh txdgudwxuhv [+ë, dqg [+ë ÷ ä, duh htxlydohqw lq whupv ri wkh txdqwxp qrlvh1 Wklv lv ehfdxvh
wkh  xfwxdwlrqv dvvrfldwhg zlwk wkh txdqwxp qrlvh duh gh?qhg zlwk uhvshfw wr dq d{lv lq skdvh vsdfh
dorqj zklfk wkh yduldqfh ri wkhvh  xfwxdwlrqv kdv d fhuwdlq ydoxh1

Lqvhuwlqj +516, lq +515, zh ?qg wkh htxdwlrq ri prwlrq iru wkh txdgudwxuh skdvhv1

g[+ë,

gw
@ 5íò5[+ýë ý ä@5,ý ð[+ë, .

s
5é[lq+ë, .

s
5 +ð ý é,\ lq+ë, +519,
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zkhuh [lq+ë, lv wkh txdgudwxuh ri wkh lqfrplqj ?hog dlq dqg \ lq+ë, lv wkh vdph iru wkh elq ?hog1 Wkhvh
duh vwloo dvvxphg wr eh ydfxxp ?hogv1 Zh kdyh fkrvhq wkh sxps ?hog ò5 wr eh uhdo/ vr wkdw lwv skdvh
zloo vhw wkh ryhudoo skdvh ri wklv sureohp1 Li zh qrz wdnh wkh h{shfwdwlrq ydoxh ri +519, dqg orrn iru
qrqwulyldo vwhdg| vwdwh vroxwlrqv/ zh rewdlq wkh wkuhvkrog frqglwlrq

ý
òwk5
ü5
@

ë
ð

5í

ê5
+51:,

zkhuh zh kdyh xvhg wkdw wkh h{shfwdwlrq ydoxh ri wkh *lq* ?hogv lv }hur1
Uhvwulfwlqj rxuvhoyhv wr dqdo|}h wkh  xfwxdwlrqv ri wkh RSR ehorz wkuhvkrog/ zh gh?qh wkh  xfwxdwlqj

sduw ri wkh ?hog rshudwru dv
t+ë, @ [+ë,ý k[+ë,l +51;,

Ixuwkhupruh zh gh?qh wkh RSR sxps sdudphwhu â dv â @ ò5@ò
wk
5 1 Xvlqj +51:, dqg +51;, lq +519, zh

?qg wkh htxdwlrqv ri prwlrq iru wkh  xfwxdwlrqv ri wkh txdgudwxuh skdvhv

gt+ë,

gw
@ ýð ^t+ë,ý ât+ýë ý ä@5,` .s5étlq+ë, .

s
5 +ð ý é,slq+ë, +51<,

Wkh ydfxxp  xfwxdwlrq txdgudwxuhv tlq dqg slq kdyh ehhq gh?qhg dqdorjrxv wr t e| vxevwlwxwlqj [ zlwk
[lq dqg \ lq uhvshfwlyho|1 Iurp +51<, lw lv vhhq wkdw wkh hljhqyhfwruv ri rxu olqhdu v|vwhp ri htxdwlrqv
duh gluhfwhg dorqj ë @ ÷ä@7/ dqg e| xvlqj wkdw t+ë ÷ ä, @ ýt+ë,/ zh fdq uhdglo| zulwh xs wkh qrlvh
htxdwlrqv lq wklv edvlv

gt+ýä@7,
gw @ ýð +4ý â, t+ýä@7, .s5étlq+ýä@7, .s5 +ð ý é,slq+ýä@7,

gt+ä@7,
gw @ ýð +4 . â, t+ä@7, .s5étlq+ä@7, .s5 +ð ý é,slq+ä@7, +5143,

Zlwk wkh jrdo ri ?qglqj wkh vshfwuxp ri  xfwxdwlrqv/ +5143, lv qrz Irxulhu wudqviruphg/ dqg wkh
?hogv jrlqj rxw iurp wkh RSR duh irxqg e| xvlqj wkh ehdpvsolwwhu uhodwlrq rq wkh rxwsxw frxsohu

trxw+ë, @
s
5ét+ë,ý tlq+ë, +5144,

zkhuh kljk uh hfwlylw| ri wkh rxwsxw frxsohu kdv ehhq dvvxphg1 Dv d uhvxow zh ?qg

trxw+ýä@7>ó, @
í

5ì
ló.4ýâ ý 4

ì
tlq+ýä@7, . 5sì+4ý ì,slq+ýä@7,

trxw+ä@7>ó, @
í

5ì
ló.4.â ý 4

ì
tlq+ä@7, . 5

s
ì+4ý ì,slq+ä@7,

+5145,

Khuh ì lv wkh RSR hvfdsh h!flhqf| gh?qhg dv ì @ é@ð * W @+W . O,/ zkhuh W lv wkh rxwsxw frxsohu
wudqvplvvlrq dqg O duh wkh uhpdlqlqj lqwudfdylw| orvvhv1 Wkh odvw htxdolw| dssolhv iru W . O á 41 Wkh
iuhtxhqf| ó kdv ehhq qrupdol}hg wr wkh RSR fdylw| edqgzlgwk ð1 Lw vkrxog eh qrwhg khuh wkdw wkh ?hog
rshudwruv diwhu wkh Irxulhu wudqvirupdwlrq duh gh?qhg lq wkh iuhtxhqf| vsdfh t @ t+ó, lq frqwudvw wr
ehiruh wkh wudqvirupdwlrq/ zkhuh wkh ?hogv zhuh wlph ghshqghqw t @ t+w,1 Wr nhhs wkh qrwdwlrq vlpsoh/
zh xvh wkh vdph v|perov iru wkh ?hog rshudwruv ehiruh dqg diwhu wkh Irxulhu wudqvirupdwlrq/ dqg mxvw
nhhs lq plqg wkh vsdfh lq zklfk wkh| duh gh?qhg1

Lq rughu wr rewdlq wkh vshfwud ri  xfwxdwlrqv zh qrz xwlol}h wkdw ruwkrjrqdo *lq* ?hogv duh xqfruuhodwhg
dqg wkdw wkh ?hogv tlq dqg slq duh xqfruuhodwhg vlqfh wkh| duh gl>huhqw prghv ri wkh ydfxxp ?hog1ó

tlq+÷ä@7>ýó,slq+÷ä@7>ó,ò @ óslq+÷ä@7>ýó,tlq+÷ä@7>ó,ò @ 3 +5146,

Ixuwkhupruh zh xwlol}h wkdw wkh vshfwuxp ri ydfxxp  xfwxdwlrqv lv zklwh/ phdqlqj wkdw zh fdq qrupdol}h
wkhvh lq wkh edqgzlgwk ri lqwhuhvw/ E/ wr |lhog d ydfxxp qrlvh ohyho ri 4

E
ó
tlq+÷ä@7>ýó,tlq+÷ä@7>ó,ò @ E óslq+÷ä@7>ýó,slq+÷ä@7>ó,ò @ 4 +5147,
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Wklv ohdgv xv wr wkh vshfwud ri  xfwxdwlrqv iru wkh rxwjrlqj ?hog txdgudwxuhv ri wkh RSRó
trxw+ýä@7,5ò @ 4 . ì 7â

ó5 . +4ý â,5 +5148,

ó
trxw+ä@7,5

ò
@ 4ý ì 7â

ó5 . +4 . â,5
+5149,

Wkh *4* lq iurqw ri hdfk ri wkh yduldqfhv deryh fruuhvsrqgv wkh ydfxxp qrlvh ohyho1 Lw lv qrz fohdu wkdw
wkh txdqwxp  xfwxdwlrqv lq wkh rxwsxw ri wkh RSR fdq eh uhgxfhg ehorz wkh ydfxxp qrlvh ohyho lq wkh
ë @ ä@7 txdgudwxuh li ì dqg â erwk duh qrq}hur1 Lq idfw wkh  xfwxdwlrqv jr wr }hur fruuhvsrqglqj wr
shuihfw vtxhh}lqj zkhq ì @ â @ 4/ wkhvh sdudphwhuv duh uhohydqw iru dq RSR zlwk qr lqwhuqdo orvvhv
ehlqj h{dfwo| rq wkuhvkrog1 Ri frxuvh rxu olqhdul}hg wkhru| lv qrw ydolg wrr forvh wr wkuhvkrog vlqfh wkh
 xfwxdwlrqv lq wkh ë @ ýä@7 txdgudwxuh ehfrph yhu| odujh forvh wr wkuhvkrog/ zklfk lv ohdylqj xv qr
mxvwl?fdwlrq ri wkh olqhdul}dwlrq surfhgxuh1 Lq ?jxuh 514+D, wkh vshfwuxp ri vtxhh}lqj iru ì @ â @ 4 lv
vkrzq1 Iurp +5149, lw lv vhhq wkdw wklv lv dq lqyhuwhg Oruhqw}ldq zlwk d KZKP ri +4 . â,/ phdqlqj
wkdw wkh edqgzlgwk ri vtxhh}lqj forvh wr wkuhvkrog lv derxw wzlfh wkh hpsw| fdylw| olqhzlgwk1 Wkh ehvw
vtxhh}lqj lv irxqg durxqg ó @ 3/ dqg lq ?jxuh 514+E,/ zh ?qg wkh }hur iuhtxhqf| vtxhh}lqj yhuvxv wkh
RSR sxps sdudphwhu â iru ì @ 41 Khuh zh vhh wkdw hyhq iru â @ 3=8 wkh txdqwxp qrlvh uhgxfwlrq lv
forvh wr <3(1 Wklv looxvwudwhv wkdw lw lv e| qr phdqv qhfhvvdu| wr eulqj wkh RSR yhu| forvh wr wkuhvkrog
lq rughu wr revhuyh dssuhfldeoh txdqwxp qrlvh uhgxfwlrq1

Lw vkrxog eh qrwhg khuh wkdw wkh skdvh ri wkh txdgudwxuh lq zklfk wkh vtxhh}lqj lv rewdlqhg ghshqgv
rq wkh fkrlfh ri skdvh ri wkh frxsolqj frqvwdqw lq wkh Kdplowrqldq1 Li zh lqvwhdg kdg vwduwhg rxw zlwk dq
lqwhudfwlrq Kdplowrqldq ri wkh irup l|í

ý
d5òú5 ý ò5d|5

ü
/ fruuhvsrqglqj wr d sxuho| lpdjlqdu| frxsolqj

frqvwdqw/ zh zrxog kdyh irxqg vtxhh}lqj lq wkh txdgudwxuh [+ä@5, dqg dqwlvtxhh}lqj lq [+3,1 Doo
fkrlfhv ri wkh frxsolqj frqvwdqw skdvh duh htxdoo| ydolg vlqfh wkh ryhudoo skdvh ri wkh v|vwhp/ gh?qhg
e| wkh sxps skdvh/ fdq eh fkrvhq duelwudulo|1 Wkh sduwlfxodu fkrlfh zh pdgh lq +514, zdv xvhg ehfdxvh
wklv |lhogv wkh vdph htxdwlrq ri prwlrq dv wkh rqh zh ghulyhg iru wkh ?hog dpsolwxghv lq wkh fodvvlfdo
wuhdwphqw +D154,1

Wkh sk|vlfv ehklqg wkh txdqwxp qrlvh uhgxfwlrq lv wkdw wkh sxps skrwrqv duh grzqfrqyhuwhg lqwr
sdluv ri orz iuhtxhqf| skrwrqv1 Wkh ?hogv pdgh xs e| wkhvh sdluv duh dozd|v fuhdwhg lq vxfk d zd| wkdw
wkh vxp ri wkhlu skdvhv dggv xs wr d frqvwdqw ghshqglqj rq wkh skdvh ri wkh sxps ?hog1 Ohw wkh skdvh
ri wklv frqvwdqw/ jlyhq e| ë @ +ë5 . !ý ä@5,@5/ gh?qh wkh uhdo d{lv lq d skdvru gldjudp1 Khuh ë5 lv wkh
skdvh ri wkh sxps dqg ! lv wkh skdvh ri wkh frxsolqj frqvwdqw1 Lq wklv iudph wkh vxp ri wkh lpdjlqdu|
sduwv ri wkh wzr grzqfrqyhuwhg ?hogv +li wkh| duh glvwlqjxlvkdeoh, dqg wkh gl>huhqfh ehwzhhq wkh uhdo
sduwv erwk zloo  xfwxdwh yhu| olwwoh vlqfh wkh vsrqwdqhrxvo| hplwwhg skrwrq sdluv ehorz wkuhvkrog dozd|v
duh fuhdwhg zlwk wkhlu uhodwlyh skdvh orfnhg wr wkh sxps skdvh1 Frqyhuvho| wkh gl>huhqfh ehwzhhq wkh
lpdjlqdu| sduwv dqg wkh vxp ri wkh uhdo sduwv zloo  xfwxdwh d orw1 Zkhq wkh wzr grzqfrqyhuwhg ?hogv duh
lqglvwlqjxlvkdeoh wkh gl>huhqfh ehwzhhq wkh uhdo sduwv dqg wkh lpdjlqdu| sduwv lv lghqwlfdo wr }hur dqg
khqfh zh ?qg wkh lpdjlqdu| sduw +ë @ ýä@7 . ä@5 @ ä@7 zkhq ë5 @ ! @ 3, ri wkh grzqfrqyhuwhg ?hog
wr eh vtxhh}hg dqg wkh uhdo sduw +ë @ ýä@7, wr eh dqwlvtxhh}hg1 Wkh glvwulexwlrq ri ydfxxp  xfwxdwlrqv
lq wkh vtxhh}hg RSR rxwsxw lv lqglfdwhg dv wkh vkdghg hoolsvh lq wkh lqvhuw ri ?j1 5141 Li wkh skrwrqv
lq wkh sdluv zhuh fuhdwhg lq dq xqfruuhodwhg idvklrq/ wkh uhvxowlqj ydfxxp  xfwxdwlrqv zrxog olh pdlqo|
lqvlgh wkh flufoh vkrzq lq wkh lqvhuw1 Dowhuqdwlyho| zh fdq frqvlghu wkh ghjhqhudwh RSR wr eh d skdvh
vhqvlwlyh dpsol?hu iru wkh ydfxxp lqsxw1 Wkh RSR dpsol?hv wkh  xfwxdwlrqv lq ë @ +ë5 . ! ý ä@5,@5
frpsrqhqw ri wkh ydfxxp dqg ghdpsol?hv wkh ë @ +ë5 . !. ä@5,@5 frpsrqhqw1

Wkh uroh ri wkh hvfdsh h!flhqf| ì * W @+W . O, lq +5149, lv reylrxvo| wr uhgxfh wkh ghjuhh ri
vtxhh}lqj lq wkh RSR rxwsxw1 Lqwxlwlyho| wklv fdq eh xqghuvwrrg iurp wkh iroorzlqj dujxphqw1 Wkh
txdqwxp qrlvh uhgxfwlrq lq wkh RSR rxwsxw dulvhv iurp wkh idfw wkdw wkh kljk iuhtxhqf| sxps skrwrqv
duh grzqfrqyhuwhg lqwr skrwrq sdluv dw wkh orzhu iuhtxhqf|1 Dv zh kdyh vhhq/ wkh ?hogv pdgh xs ri
wkh grzqfrqyhuwhg skrwrqv +zklfk duh lq wkh vdph prgh iru wkh ghjhqhudwh RSR, pxvw reh| d fhuwdlq
skdvh uhodwlrq1 Li krzhyhu erwk skrwrqv gr qrw h{lw wkurxjk wkh vdph rxwsxw sruw ri wkh RSR/ wkh
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Iljxuh 514= +D, Wkh srzhu vshfwuxp ri  xfwxdwlrqv lq wkh vtxhh}hg txdgudwxuh ri wkh RSR rxwsxw iru
ì @ â @ 41 Ehvw qrlvh uhgxfwlrq lv irxqg dw }hur iuhtxhqf|1 +E, Wkh }hur iuhtxhqf|  xfwxdwlrqv yhuvxv
wkh RSR sxps sdudphwhu â @

s
S@Swk1 Wkh lqvhuw vkrzv wkh skdvru gldjudp ri wkh grzqfrqyhuwhg

skrwrqv dozd|v fuhdwhg zlwk d wrwdo skdvh dgglqj xs wr d frqvwdqw1 Dv d uhvxow wkh  xfwxdwlrqv ri wkh
hplwwhg vtxhh}hg ydfxxp fdq eh frqvlghuhg wr eh pdlqo| lqvlgh wkh vkdghg hoolsvh1

fruuhodwlrqv klgghq lq rxu skdvh uhodwlrq duh orvw/ dqg wkh vtxhh}lqj zloo uhgxfh1 Wkh suredelolw| wkdw d
skrwrq hvfdshv wkh RSR wkurxjk wkh rxwsxw frxsohu lv W @+W .O,/ zklfk lv mxvw rxu hvfdsh h!flhqf| ì1

Zkdw zh kdyh ohduqhg iurp wklv wuhdwphqw lv wkdw lq rughu wr dfklhyh jrrg vtxhh}lqj iurp wkh RSR
lw lv uhtxluhg wkdw wkh lqwudfdylw| orvvhv/ O/ duh plqlpl}hg lq rughu wr pd{lpl}h wkh hvfdsh h!flhqf|1
Wkh qrqolqhdu "+5, pdwhuldo xvhg wkurxjkrxw wklv Sk1 G1 zrun lv Srwdvvlxp Qlredwh1 Wklv phglxp kdv
wkh xqdwwudfwlyh ihdwxuh wkdw lw glvsod|v qrqolqhdu devruswlrq/ zklfk qdwxudoo| fdq eh idwdo wr wkh RSR
fruuhodwlrqv1 Iru wklv uhdvrq p| Sk1 G1 surmhfw vwduwhg zlwk dq lqyhvwljdwlrq ri wklv h>hfw/ dqg wkh qh{w
fkdswhu lv ghyrwhg wr d ghvfulswlrq ri wklv zrun1



Fkdswhu 6

Eoxh Oljkw Lqgxfhg Lqiuduhg
Devruswlrq

Lw zdv vkrzq lq wkh suhylrxv fkdswhu/ wkdw vljql?fdqw lqwudfdylw| orvvhv h{fhsw iru wkh wudqvplvvlrq
wkurxjk wkh rxwsxw frxsohu ri wkh RSR fdylw| duh idwdo li jrrg vtxhh}lqj lv wr eh dfklhyhg1 Wkh
qrqolqhdu phglxp suhihuuhg lq wkh zrun suhvhqwhg wkurxjkrxw wklv wkhvlv lv Srwdvvlxp Qlredwh/ NQeR61
Wklv lv dq dwwudfwlyh pdwhuldo iru qrqolqhdu frqyhuvlrq lq wkh qhdu lqiuduhg uhjlrq gxh wr lwv vpdoo sdvvlyh
orvvhv dqg kljk vhfrqg rughu qrqolqhdulw|^56`1 Krzhyhu/ wkh dssolfdelolw| ri wklv pdwhuldo iru vtxhh}lqj
sxusrvhv lv vhulrxvo| olplwhg e| wkh h>hfw fdoohg Eoxh Oljkw Lqgxfhg LqiudUhg Devruswlrq/ ru EOLLUD lq
vkruw^57`1

Wklv fkdswhu lv vwduwhg zlwk vrph jhqhudo frqvlghudwlrqv ri wkh lpsdfw ri EOLLUD rq wkh RSR
vtxhh}lqj1 Wklv lv iroorzhg e| d ghvfulswlrq ri wkh vhwxs xvhg wr phdvxuh EOLLUD dqg d glvfxvvlrq
ri phdqv wr phdvxuh lqwudfdylw| orvvhv1 Wkhq wkh uhvxowv ri rxu phdvxuhphqwv zloo eh suhvhqwhg dqg
lqwhusuhwhg dqg d txdolwdwlyh h{sodqdwlrq ri wkh phfkdqlvpv uhvsrqvleoh iru EOLLUD lv jlyhq1 Wkh
fkdswhu lv hqghg zlwk wkh frqfoxvlrqv rq wkh EOLLUD h{shulphqw1

614 Wkh lq xhqfh ri EOLLUD rq wkh RSR vtxhh}lqj
Wkh EOLLUD pdqlihvwv lwvhoi e| lqfuhdvlqj wkh devruswlrq ri wkh NQeR6 fu|vwdo lq wkh qhdu lqiuduhg
uhjlrq zkhq ylvleoh ru xowudylrohw oljkw lv suhvhqw lq wkh vdph yroxph ri wkh fu|vwdo dv wkh lqiuduhg oljkw
rffxslhv1 Wklv h>hfw zdv ?uvw revhuyhg lq NQeR6 lq 4<<5 e| Sro}ln hw1 do1 ^:`/ zkhuh wkh vhfrqg
kduprqlf sxps zdv irxqg wr lqgxfh dgglwlrqdo orvvhv lq dq RSR/ dqg wkhuhe| olplwlqj wkh ghjuhh ri
txdqwxp qrlvh uhgxfwlrq rewdlqhg1 Krzhyhu/ wklv h>hfw zdv qrw xqnqrzq dw wkh wlph/ lq idfw d vlplodu
w|sh ri ehkdylru kdv ehhq revhuyhg lq EdWlR6 dv hduo| dv 4<;:^58`1

Wr looxvwudwh wkdw EOLLUD fdq ehfrph d vhulrxv revwdfoh rq wkh dyhqxh wrzdugv jrrg vtxhh}lqj/ ohw
xv frqvlghu dq RSR zlwk dq rxwsxw frxsohu wudqvplvvlrq ri 43( dqg uhvlgxdo sdvvlyh orvvhv ri wkh fdylw|
ri 316(1 Zlwkrxw dq| EOLLUD wkhvh ydoxhv zloo jlyh xv dq hvfdsh h!flhqf| ri ì @ <:(/ fruuhvsrqglqj
wr d ghjuhh ri vtxhh}lqj +lq wkh devhqfh ri rwkhu orvv vrxufhv, ri 048 gE1 Li zh qrz frqvlghu d uhdolvwlf
ydoxh ri wkh EOLLUD ri 5(^59`/ zh ?qg wkdw wkh hvfdsh h!flhqf| gursv wr ;4(/ fruuhvsrqglqj wr 0:16
gE ri qrlvh uhgxfwlrq dw ehvw1

Lw lv qrz qdwxudo wr dvn wkh txhvwlrq= Zk| grq*w zh mxvw lqfuhdvh wkh rxwsxw frxsohu wudqvplvvlrq
ri wkh RSR lq rughu wr uhgxfh wkh vljql?fdqfh ri wkh uhvlgxdo orvvhvB Wr dqvzhu wklv/ ohw xv frqvlghu
wkh hvfdsh h!flhqf| iurp wkh suhylrxv fkdswhu1 Nhhslqj lq plqg wkdw wkh orvvhv qrz ghshqg rq wkh
sxps srzhu ri wkh RSR/ zh ?qg ì @ W @+W . O3 . O+S ,, @ 4 ý +O3.O+S ,,@+W . O3 . O+S ,,1 Khuh
W lv wkh rxwsxw frxsohu wudqvplvvlrq/ O3 duh wkh sdvvlyh orvvhv ri wkh RSR fdylw| dqg O+S , lv wkh
EOLLUD1 Wkh sxps srzhu ri wkh RSR lv jlyhq e| S @ â5Swk/ zkhuh â lv wkh sxps sdudphwhu dsshdulqj
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lq wkh vshfwuxp ri vtxhh}lqj +5149,/ dqg Swk lv wkh srzhu uhtxluhg wr gulyh wkh RSR lq wkuhvkrog1 Lq
Dsshqgl{ D wklv lv irxqg wr eh Swk @ +W .O3.O+S ,,5@7HQO/ zkhuh HQO lv wkh vlqjoh sdvv qrqolqhdulw|1
Frpelqlqj rxu gh?qlwlrqv zh qrz ?qg wkh hvfdsh h!flhqf| wr eh jlyhq e|

ì @ 4ý â ^O3.O+S ,`
5
s
SHQO

+614,

Iurp +614, lw lv fohdu wkdw/ surylghg zh kdyh xqolplwhg sxps srzhu dydlodeoh/ zh rqo| jdlq lq vtxhh}lqj
e| lqfuhdvlqj wkh rxwsxw frxsohu wudqvplvvlrq dv orqj dv wkh EOLLUD/ O+S ,/ grhv qrw jurz idvwhu wkdqs
S 1 Dv lw zloo eh vkrzq odwhu lq wklv fkdswhu/ wkh EOLLUD fdq xqghu fhuwdlq frqglwlrqv jurz dw udwhv

frpsdudeoh wr
s
S 1 Wklv qhfhvvlwdwhv wkh lqyhvwljdwlrq ri rwkhu phdqv wr flufxpyhqw wklv sureohp/ e| iru

lqvwdqfh grslqj wkh NQeR6 zlwk fhuwdlq hohphqwv ru fkdqjlqj wkh rshudwlrqdo sdudphwhuv ri wkh fu|vwdo
vxfk dv wkh whpshudwxuh/ dqjoh hwf1

615 H{shulphqwdo vhwxs

Lq rughu wr pdnh wkh phdvxuhphqwv ri EOLLUD plplf dq| h{shulphqwdo vlwxdwlrq ri vhfrqg kduprqlf
jhqhudwlrq ru sdudphwulf grzqfrqyhuvlrq dv forvh dv srvvleoh/ zh zdqwhg wr phdvxuh wklv h>hfw iru d
eurdg vshfwuxp ri lqsxw srzhuv dv zhoo dv iru d eurdg vshfwuxp ri zdyhohqjwkv1 Dv d uhvxow zh kdg wr
eh deoh wr revhuyh fkdqjhv lq devruswlrq ri d NQeR6 fu|vwdo vsdqqlqj iurp 314( wr vhyhudo shufhqw1
Wrzdugv wklv hqg d kljk ?qhvvh qrqolqhdu uhvrqdwru zlwk d NQeR6 fu|vwdo lqvlgh zdv frqvwuxfwhg1 Wklv

Argon ion laser Ti:Sapphire

KNbO3

D1

D2 D3

D4D5
980nm

488/514nm

Iljxuh 614= Wkh h{shulphqwdo frq?jxudwlrq xvhg wr phdvxuh EOLLUD1 Ixoo olqhv looxvwudwh lqiuduhg ehdpv/
dqg grwwhg olqhv duh vhfrqg kduprqlf ehdpv1
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fdylw| zdv uhvrqdqw wr wkh ixqgdphqwdo oljkw lq wkh qhdu lqiuduhg uhjlrq dw zdyhohqjwkv durxqg <;3qp1
Zh fkrvh wr h{dplqh EOLLUD dw zdyhohqjwkv orqjhu wkdq lq uhi1 ^57` lq wkh krsh ri ?qglqj d uhgxfwlrq ri
wkh h>hfw khuh iru uhdvrqv zklfk zloo eh h{sodlqhg odwhu lq wklv fkdswhu1 Kdylqj w|slfdoo| d wudqvplvvlrq
ri wkh lqsxw frxsohu ri 314( +ghshqglqj rq wkh h{dfw zdyhohqjwk, dqg d ?qhvvh durxqg 733 lq wkh devhqfh
ri EOLLUD/ wklv fdylw| zdv e| qr phdqv rswlpl}hg iru jrrg qrqolqhdu frqyhuvlrq1 Krzhyhu wkh vpdoo
lqwudfdylw| orvvhv zhuh uhtxluhg lq rughu wr eh vhqvlwlyh wr wkh vpdoo frqwulexwlrq iurp EOLLUD lq wkh
orz sxps srzhu uhjlrq1

Wkh lqiuduhg oljkw zdv surylghg e| d vlqjoh iuhtxhqf| Wlwdqlxp=Vdsskluh odvhu/ zklfk jdyh derxw
4330533 pZ iru sxpslqj wkh fdylw|1 Vlqfh zh zdqwhg jrrg frqwuro rq wkh dprxqw ri vhfrqg kduprqlf
oljkw suhvhqw lq wkh fu|vwdo/ wklv oljkw zdv jhqhudwhg h{whuqdoo| e| d vlqjoh iuhtxhqf| Dujrq lrq odvhu1 Wklv
odvhu kdg wzr olqhv srzhuixo hqrxjk wr sxps wkh Wl=Vdsskluh odvhu dv zhoo dv wkh qrqolqhdu uhvrqdwru1
Wkhvh olqhv duh orfdwhg dw 7;; qp dqg 847 qp/ zklfk erwk duh forvh wr wkh vhfrqg kduprqlf zdyhohqjwk
durxqg 7<3qp1 Erwk olqhv zhuh xvhg lq wklv h{shulphqw dqg khqfhiruwk wkh| zloo vlpso| eh ghqrwhg
wkh *vhfrqg kduprqlf ?hog*1 Lw vkrxog eh qrwhg khuh/ wkdw wklv zd| ri surylglqj wkh +doprvw, vhfrqg
kduprqlf suhfoxghg phdvxuhphqwv ri dq| frkhuhqw frqwulexwlrqv wr wkh EOLLUD1 Krzhyhu prvw wkhrulhv
rq EOLLUD pdnh xvh ri d fkdujh wudqvsruw prgho^57`^5:`^5;`/ phdqlqj wkdw wkh surfhvv lv olnho| wr eh
pdlqo| ri lqfrkhuhqw qdwxuh1 Vrph frkhuhqw frqwulexwlrq wr wkh EOLLUD fdqqrw eh uxohg rxw/ exw gxh
wr rxu h{shulphqwdo surfhgxuh/ zkhuh zh rshudwhg idu iurp skdvhpdwfklqj/ vxfk frqwulexwlrqv zhuh qrw
olnho| wr eh uhfrughg1

Wkh fdylw| zdv ghvljqhg wr kdyh d zdlvw ri 4; çp/ zklfk lv forvh wr wkh rswlpxp irfxvlqj iru qrqolqhdu
frqyhuvlrq/ dffruglqj wr wkh fdofxodwlrqv lq Dsshqgl{ D1 Khuh zh ?qg wkh rswlpxp irfxvvlqj wr jlyh
úfu @ cfu@}3 @ cfuè@äqz53 @ 8=9:81 Iru dq lqgh{ ri uhiudfwlrq ri q @ 5=6/ d zdyhohqjwk ri è @ <;3qp
dqg d fu|vwdo ohqjwk ri cfu @ 43 pp/ wklv fruuhvsrqgv wr d fdylw| zdlvw ri z3 @ 48=8 çp1 Lq rughu
wr surylgh dq doprvw shuihfw prghpdwfklqj ri wkh vhfrqg kduprqlf wr wkh lqiuduhg fdylw| prgh/ wkh
vhfrqg kduprqlf zdv surgxfhg lqvlgh wkh fdylw|/ dqg/ dv looxvwudwhg lq ?jxuh 614/ wklv vsdwldo prgh zdv
prghpdwfkhg lqwr d ghvljqdwhg uhihuhqfh fdylw|1 Lqmhfwlqj wkh Dujrq odvhu rxwsxw lqwr wklv fdylw| lq wkh
frxqwhusursdjdwlqj gluhfwlrq/ dqg rswlpl}lqj wkh prghpdwfklqj/ hqvxuhg jrrg vsdwldo prghpdwfklqj
zlwk wkh fdylw| prgh1

Wkhuh duh vhyhudo whfkqltxhv wr xvh zkhq wkh orvvhv ri d uhvrqdwru duh wr eh lqihuuhg dqg nqrzlqj wkh
pluuru wudqvplvvlrqv lv lpsruwdqw iru prvw ri wkhvh1 Vfdqqlqj wkh fdylw| dfurvv vhyhudo iuhh vshfwuxp
udqjhv/ rqh fdq phdvxuh wkh ?qhvvh ri wkh uhvrqdwru/ zklfk lq wxuq fdq surylgh lqirupdwlrq derxw wkh
lqwudfdylw| orvvhv1 Dqrwkhu phwkrg lv phdvxulqj wkh srzhu wudqvplwwhg wkurxjk d pluuru gl>huhqw iurp
wkh lqsxw frxsohu dv wkh fdylw| lv vfdqqhg dfurvv uhvrqdqfh1 Gxh wr hqhuj| frqvhuydwlrq d gls pxvw
dsshdu lq wkh srzhu uh hfwhg r> wkh fdylw| dv lw lv vzhsw wkrxjk uhvrqdqfh/ vlqfh wkh wudqvplvvlrq lv
lqfuhdvhg durxqg wklv srlqw1 Wr lqihu wkh orvvhv iurp wkhvh wkuhh ihdwxuhv/ ohw xv frqvlghu d fdylw| zlwk
wkh lqsxw frxsohu uh hfwlylw| u4/ fu|vwdo wudqvplvvlrq n dqg uh hfwlylw| ri dqrwkhu pluuru ri u51 Doo
rwkhu fdylw| frpsrqhqwv duh dvvxphg wr eh orvvohvv1 Wklv lv vkrzq lq ?jxuh 6151 Zh qrz fdofxodwh
wkh lqwudfdylw| ?hog lq wzr sodfhv lqvlgh wkh fdylw|= Hf4 lv wkh ?hog mxvw ehiruh wkh lqsxw frxsohu dqg
Hf5 lv mxvw ehiruh wkh vhfrqg wudqvplwwlqj fdylw| pluuru1 Dvvxplqj d jrrg fdylw|/ zh fdq frqvlghu
wkh ?hog wr kdyh wkh vdph skdvh/ ï/ dw dq| srlqw lqvlgh wkh uhvrqdwru1 Qrupdol}lqj wr wkh lqsxw ?hog
Hl zh fdq qrz hdvlo| ?qg wkh lqwudfdylw| ?hogv wr eh Hf4@Hl @

s
4ý u54u5nhlï@+4 ý u4u5nhlï, dqg

Hf5@Hl @
s
4ý u54nhlï@+4 ý u4u5nhlï,1 Wkh ?hog uh hfwhg r> wkh fdylw| dw wkh lqsxw frxsohu/ Hu/ zloo

qrz eh jlyhq e| Hu@Hl @ ýu4 .
s
4ý u54Hf4@Hl/ dqg wkh ?hog wudqvplwwhg wkurxjk wkh fdylw|/ Hw/ zloo

eh jlyhq e| Hw@Hl @
s
4ý u55Hf5@Hl1 E| wdnlqj wkh vtxduh prgxoxv ri wkhvh wzr h{suhvvlrqv/ zh ?qg

wkh qrupdol}hg uh hfwhg dqg wudqvplwwhg srzhuv uhvshfwlyho|1 Wkhvh duh jlyhq e|

Su
Sl
@

u54.+u5n,
5ý5u4u5n frv ï

4.+u4u5n,5ý5u4u5n frv ï
Sw
Sl
@ +4ýu54,+4ýu55,n5

4.+u4u5n,5ý5u4u5n frv ï
+615,

Irfxvlqj ?uvw rq wkh uh hfwhg srzhu/ zh gh?qh ã dv wkh udwlr ri wkh srzhu uh hfwhg r> wkh fdylw| rq
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uhvrqdqfh +ï @ 3, wr wkh uh hfwhg srzhu r> uhvrqdqfh +ï @ ä,1 Wklv lv jlyhq e|

ã @

ë
+u4 ý u5n,+4 . u4u5n,
+u4 . u5n,+4ý u4u5n,

ê5
*
#
4ý W5.O

W4
4 . W5.O

W4

$5
+616,

zkhuh wkh odvw htxdolw| zdv rewdlqhg e| gh?qlqj u4 @
s
4ý W4/ u5 @

s
4ý W5 dqg n @

s
4ýO/ dqg

h{sdqglqj wkhvh txdqwlwlhv wr ?uvw rughu lq wkh wudqvplvvlrqv dqg orvvhv1 Qrz lw lv fohdu wkdw surylghg
zh nqrz wkh lqsxw frxsohu wudqvplvvlrq W4/ zh fdq ?qg wkh uhpdlqlqj orvvhv ri wkh fdylw| e| revhuylqj
wkh uh hfwlrq gls1 Li wkh lqsxw frxsohu wudqvplvvlrq lv wkh grplqdwlqj orvv/ wkhvh zloo eh jlyhq e|

W5 . O @ W4
4ýsã
4 .

s
ã

+617,

rwkhuzlvh wkh iudfwlrq kdv wr eh lqyhuwhg1 Rq uhvrqdqfh +ï @ 3, wkh fdylw| wudqvplvvlrq lv irxqg wr eh

Sw
Sl
@

7W4W5
+W4 . W5 . O,5

+618,

zkhuh wkh vdph h{sdqvlrq ri u4/ u5 dqg n dv deryh kdv ehhq shuiruphg1 Wr ylvxdol}h wkh odvw phwkrg

Er
Ei Et

r1 k r2

(A)

(B)

Ec1

Ec2

Pr / Pi

δ
Pt / Pi

δFSR=2π

δFWHM=2δHWHM

Iljxuh 615= +D, Wkh fdylw| xqghu frqvlghudwlrq1 Wkh sdvvlyh orvvhv fdq eh lqihuuhg iurp wkh uh hfwhg ru
wkh wudqvplwwhg srzhu1 +E, Wkh uh hfwhg srzhu +xsshu wudfh, dqg wkh wudqvplwwhg srzhu +orzhu wudfh,/
lq xqlwv ri wkh lqsxw srzhu/ yv1 wkh urxqgwuls skdvh vkliw/ ï1 Wkh skdvh vkliw ri 5ä fruuhvsrqgv wr rqh
Iuhh Vshfwuxp Udqjh +IVU, ri wkh fdylw|1 Wkh wudfhv fruuhvsrqg wr u4 @ 3=</ u5 @ 3=<< dqg n @ 41
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ri phdvxulqj wkh ?qhvvh/ I/ ri wkh uhvrqdwru/ zh frqvlghu vpdoo skdvhvkliwv/ ï/ dqg h{sdqg wkh frvlqh lq
wkh ghqrplqdwru ri wkh fdylw| wudqvplvvlrq1 Wklv uhvxowv lq wkh Oruhqw}ldq

Sw
Sl
@

+4ý u54,+4ý u55,n5
+4ý u4u5n,5 . u4u5nï5

+619,

zklfk kdv wkh kdoi zlgwk dw kdoi pd{lpxp

ïKZKP @
4ý u4u5ns
u4u5n

+61:,

Li zh qrz uhphpehu wkdw wkh ?qhvvh/ I / lv gh?qhg dv wkh iuhh vshfwuxp udqjh +ïIVU @ 5ä, glylghg e|
wkh ixoo zlgwk dw kdoi pd{lpxp^5<`/ dqg zh shuirup rxu h{sdqvlrq ri u4/ u5 dqg n dv deryh/ zh rewdlq
wr ?uvw rughu lq wkh orvvhv

I @ ïIVU
5ïKZKP

* 5ä

W4 . W5 . O +61;,

Wkh ?qhvvh phdvxuhphqw kdv wkh dgydqwdjh wkdw lw lv lqghshqghqw ri dq| dgglwlrqdo phdvxuhphqwv1 Lw
lv wkhuhiruh dozd|v d jrrg lghd wr frpsduh wkh orvvhv rewdlqhg iurp rqh ri wkh ?uvw wzr phwkrgv zlwk d
?qhvvh phdvxuhphqw1

Iurp d sudfwlfdo ylhzsrlqw wkhvh phwkrgv doo kdyh wkhlu gudzedfnv1 Lw lv xvxdoo| qrw hdv| wr phdvxuh
wkh ?qhvvh zlwk d suhflvlrq ehwwhu wkdq 43( gxh wr dfrxvwlf yleudwlrqv lq wkh vhwxs1 Wkh uh hfwlrq
gls phwkrg uholhv rq d jrrg ghwhuplqdwlrq ri wkh srzhu uh hfwhg r> wkh fdylw| r> uhvrqdqfh/ krzhyhu
 xfwxdwlrqv lq wkh lqsxw srzhu frpsolfdwhv wklv phdvxuhphqw vxevwdqwldoo|1 Ilqdoo| wkh wudqvplwwhg
srzhu zloo srvvhvv wkh vdph  xfwxdwlrqv dv wkh lqsxw srzhu wr wkh fdylw|/ dqg zloo wkhuhiruh  xfwxdwh
fruuhvsrqglqjo|1 Wklv zdv wkh pdlq vrxufh ri xqfhuwdlqw| lq wklv h{shulphqw/ vlqfh wkh Wl=Vdsskluh srzhu
 xfwxdwhg derxw 43( dw d wlphvfdoh ri derxw 433 pv1

Iru wkhvh uhdvrqv wkh iroorzlqj vwudwhj| zdv xvhg lq wkh h{shulphqw1 Wkh lqsxw frxsohu wudqvplvvlrq
zdv phdvxuhg dv dffxudwho| dv srvvleoh1 Wklv zdv irxqg wr eh 3140315( ghshqglqj rq wkh h{dfw zdyhohqjwk
xvhg1 Wkh xqfhuwdlqw| lq wklv phdvxuhphqw zdv derxw 43( wklv zdv dwwulexwhg pdlqo| wr wkh srzhu
 xfwxdwlrqv ri wkh Wl=Vdsskluh rxwsxw1 Wkhq wkh orvvhv ri wkh sdvvlyh fdylw| zhuh phdvxuhg1 Wkhvh
lqfoxghg wkh NQeR6 fu|vwdo orvvhv lq wkh devhqfh ri dq| vhfrqg kduprqlf lq wkh fdylw|1 Wkh fdylw| sdvvlyh
orvvhv zhuh phdvxuhg zlwk G5 +?j1 614, xvlqj wkh uh hfwlrq gls phwkrg dqg furvvfkhfnhg xvlqj wkh ohvv
dffxudwh ?qhvvh1 W|slfdoo| wkhvh orvvhv zhuh dw wkh ohyho ri 31<0418( ghshqglqj rq wkh fu|vwdo txdolw|1 Wkh
fdylw| wudqvplvvlrq wxuqhg rxw wr eh wkh hdvlhvw dqg frqvhtxhqwo| idvwhvw phwkrg ri rewdlqlqj wkh orvvhv1
Khqfh wklv phwkrg zdv xvhg iru wkh ?qdo phdvxuhphqwv ri EOLLUD1 Zlwkrxw dq| vhfrqg kduprqlf oljkw
lq wkh fdylw|/ wkh wudqvplvvlrq zdv phdvxuhg derxw 8043 wlphv rq G4/ dqg iru hdfk phdvxuhphqw wkh
uhvxow zdv qrupdol}hg wr wkh lqsxw srzhu phdvxuhg rq G61 Qrz wkh vhfrqg kduprqlf zdv xqeorfnhg/ dqg
gxh wr EOLLUD wkh fdylw| wudqvplvvlrq gursshg1 Iurp +618, zh irxqg wkh dprxqw ri EOLLUD/ O+SVK,/
wr eh

O+SVK, @ +W4 . W5 . O3,
3C
yxxw Sw+SVK@3,

Sl
Sw+SVK,

Sl

ý 4
4D +61<,

zkhuh SVK lv wkh lqfrplqj vhfrqg kduprqlf srzhu/ O3 duh wkh fdylw| sdvvlyh orvvhv dqg Sw lv wkh srzhu
wudqvplwwhg wkurxjk wkh fdylw|1 Zh dovr uhfrughg wkh fdylw| wudqvplvvlrq zlwkrxw wkh qrupdol}dwlrq iurp
G6/ dqg wkh uhvxow zlwk wkh vpdoohvw vwdwlvwlfdo  xfwxdwlrqv zdv fkrvhq1 Wklv uhvxow zdv qrw qhfhvvdulo| wkh
qrupdol}hg wudqvplvvlrq1 Ehfdxvh wkh srzhu  xfwxdwlrqv ri wkh Wl=Vdsskluh kdg iuhtxhqf| frpsrqhqwv
durxqg wkh lqyhuvh gdwd dftxlvlwlrq wlph/ wkh qrupdol}dwlrq surfhgxuh frxog lq vrph fdvhv lqfuhdvh wkh
huuru ri wkh phdvxuhphqw1 W|slfdoo| wkh vwdwlvwlfdo  xfwxdwlrqv ri wkh phdvxuhphqwv zhuh rq wkh rughu
ri 43(/ hyhq zkhq EOLLUD zdv rqo| derxw 315(1

Wklv phdvxuhphqw surfhgxuh zdv uhshdwhg zlwk vhfrqg kduprqlf srzhuv udqjlqj iurp derxw 833çZ
xs wr 733pZ iru : gl>huhqw NQeR6 fu|vwdov1 Wkhvh duh olvwhg lq wkh wdeoh ehorz1
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Fu|vwdo qxpehu Fu|vwdo ohqjwk ^pp` Grslqj Grslqj frqfhqwudwlrq
4 ;/8 Xqgrshg 0
5 ;/8 Xqgrshg 0
6 43/3 Wdqwdoxp 3/4 zw1 (
7 43/3 Pdjqhvlxp 3/4 zw1 (
8 </3 Ydqdglxp Q2D
9 :/3 Uxelglxp Q2D
: </8 Pdjqhvlxp 3138 zw1 (

616 Uhvxowv
Wkh phdvxuhphqwv zhuh wdnhq dv d ixqfwlrq ri wzr sdudphwhuv= Wkh vhfrqg kduprqlf lqwhqvlw| lq wkh
fdylw| zdlvw dqg wkh fu|vwdo whpshudwxuh1 Wkh fu|vwdov 6/ 8 dqg 9 wxuqhg rxw wr eh ri srru rswlfdo txdolw|1
Dv d uhvxow wkh prghpdwfklqj ri wkh Wl=Vdsskluh rxwsxw lqwr wkh fdylw| zdv udwkhu edg dqg frqvhtxhqwo|
wkh xqfhuwdlqwlhv ri wkh EOLLUD phdvxuhphqwv zhuh kljk1 Krzhyhu wkh ehkdylru ri wkh fu|vwdov zhuh
irxqg wr uhvhpeoh wkh ehkdylru ri wkh xqgrshg fu|vwdov 4 dqg 5 yhu| pxfk1 Lq wkh uhvw ri wklv fkdswhu
zh zloo irfxv rq wkh fu|vwdov 4/ 7 dqg :/ vlqfh wkh frpsdulvrq ri wkhvh ohqw xv wkh prvw lqvljkw wr wkh
EOLLUD sureohp1 Erwk wkh 7;; dqg wkh 847 qp olqhv ri wkh Dujrq lrq odvhu zhuh xvhg dv wkh vhfrqg
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Iljxuh 616= Wkh EOLLUD ghshqghqfh rq wkh vhfrqg kduprqlf +VK, lqwhqvlw| lq wkh fdylw| zdlvw1 Wkh
EOLLUD lq wkh Pj grshg fu|vwdo : lv vhhq wr eh pruh wkdq d idfwru ri 5 kljkhu wkdq lq wkh xqgrshg
fu|vwdo 41 Wkh jurzwk ri EOLLUD lq fu|vwdo : zlwk wkh VK srzhu lv vhhq wr iroorz d srzhu odz wr d jrrg
dssur{lpdwlrq zkhuhdv wkh djuhhphqw lv zruvh iru fu|vwdo 41
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Iljxuh 617= Wkh RSR hvfdsh h!flhqf| yv1 wkh sxps srzhu1 Wklv kdv ehhq ghulyhg iurp wkh EOLLUD
gdwd/ e| xvlqj wkh sdudphwhuv â @ 3=8/ O3 @ 3=338/ HQO @ 3=35 Zý4 dqg z3 @ 46 çp1

kduprqlf sxps/ exw vlqfh qr gl>huhqfh zdv revhuyhg lq wkh EOLLUD/ zh zloo rplw wkh vshfl?fdwlrq ri
zklfk olqh zh xvhg lq wkh iroorzlqj1

Dv lv vkrzq lq ?jxuh 616/ wkh EOLLUD jurzv udslgo| zlwk dq lqfuhdvlqj lqwhqvlw| ri wkh vhfrqg
kduprqlf1 Wklv jurzwk lv irxqg wr doprvw iroorz d srzhu odz/ zkhuh wkh srzhu lv derxw 3178 iru wkh
Pdjqhvlxp grshg fu|vwdo : dw 533F/ 317; dw 833F dqg 3167 iru wkh xqgrshg fu|vwdo 4 dw 833F1 Krzhyhu
wkh odwwhu grhv qrw iroorz wkh srzhu odz yhu| zhoo dqg khqfh wkh vorsh iru kljk lqwhqvlwlhv lv lq idfw forvh
wr 3181 Wklv lqglfdwhv wkdw gl>huhqw surfhvvhv duh uhvsrqvleoh iru wkh EOLLUD lq wkh grshg dqg xqgrshg
fu|vwdov1 Zh zloo uhwxuq wr wklv revhuydwlrq lq vhfwlrq 6171 Dffruglqj wr rxu vlpsoh wkhru| ohdglqj wr
+614,/ wklv srzhu ghshqghqfh ohdyhv xv vrph krsh wkdw wkh RSR hvfdsh h!flhqf| pd| jurz dv wkh sxps
srzhu lv lqfuhdvhg dqg wkh rxwsxw frxsohu wudqvplvvlrq lv rswlpl}hg dffruglqjo|1 Lq rughu wr frqyhuw
wkh phdvxuhg EOLLUD wr d uhdolvwlf frqyhuvlrq h!flhqf| iru dq RSR/ zh qrz xvh +614,/ uhphpehulqj
wkdw wkh shdn lqwhqvlw| ri d Jdxvvldq ehdp lv jlyhq e| L3 @ 5S@äz53/ zkhuh S lv wkh wrwdo srzhu lq wkh
ehdp/ dqg z3 lv wkh ehdp zdlvw1 Li zh ixuwkhupruh xvh vrph uhdolvwlf ydoxhv ri â @ 3=8/ O3 @ 3=338/
HQO @ 3=35 Zý4 dqg z3 @ 46 çp/ zh rewdlq wkh hvfdsh h!flhqf| rswlpl}hg zlwk uhvshfw wr W dv d
ixqfwlrq ri wkh vhfrqg kduprqlf sxps srzhu dydlodeoh1 Wklv lv sorwwhg lq ?jxuh 6171 Iurp khuh lw lv
fohdu wkdw wkh jdlq lq wkh hvfdsh h!flhqf| zlwk lqfuhdvlqj sxps srzhu lv yhu| vpdoo deryh 433 pZ1 Lw
vkrxog eh nhsw lq plqg wkdw wkh RSR sxps w|slfdoo| lv surgxfhg lq vhfrqg kduprqlf jhqhudwlrq^9`/ dqg
kljk sxps srzhuv wkhuhiruh duh qrqwulyldo wr surgxfh1 Wkh pd{lpxp sxps srzhu dsshdulqj lq ?j 617
lv derxw 933 pZ/ zklfk lv forvh wr wkh kljkhvw vhfrqg kduprqlf srzhu dfklhyhg e| iuhtxhqf| grxeolqj
lq NQeR6^63`1 Iru wklv uhdvrq lw pd| qrw wxuq rxw wr eh zruwk wdnlqj xs wkh fkdoohqjh wr lqfuhdvh wkh
RSR sxps srzhu lq rughu wr jdlq d ihz shufhqw lq wkh hvfdsh h!flhqf|1
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Iljxuh 618= Wkh whpshudwxuh ghshqghqfh ri EOLLUD1 Wkh rshq v|perov duh wkh uhvxowv iurp wkh xqgrshg
fu|vwdov dqg wkh ?oohg v|perov duh gdwd iru wkh Pj grshg fu|vwdov1 Wkh grwwhg olqh lqglfdwhg wkh
orzhvw ohyho ri EOLLUD iru wkh xqgrshg fu|vwdov1 Doo gdwd zhuh wdnhq zlwk frpsdudeoh vhfrqg kduprqlf
lqwhqvlwlwhv1

Dqrwkhu lqwhuhvwlqj uhvxow wkdw fdq eh revhuyhg iurp wkh ?jxuhv 616 dqg 617 lv wkdw wkh EOLLUD lq
wkh Pdjqhvlxp grshg fu|vwdo : lv uhgxfhg zlwk derxw d idfwru ri 5 zkhq wkh whpshudwxuh lv lqfuhdvhg
iurp 53 wr 833F1 Frqvhtxhqwo| wkh suhglfwhg RSR hvfdsh h!flhqf| lv lqfuhdvlqj iurp :<( wr <3(1 Wkh
kljk ohyho ri devruswlrq dv zhoo dv wkh whpshudwxuh ghshqghqfh ri EOLLUD lq wkh Pj grshg fu|vwdov lv
dovr revhuyhg lq uhi1 ^57` iru d vlqjoh fu|vwdo rxw ri d froohfwlrq ri 43 vdpsohv1 Krzhyhu wklv vxemhfw lv qrw
sxuvxhg ixuwkhu lq wklv sdshu/ dqg frqvhtxhqwo| zh fkrvh wr xqghuwdnh d pruh wkrurxjk lqyhvwljdwlrq ri
wklv ihdwxuh1

Lq wkh phdvxuhphqwv rxwolqhg deryh/ wkh fu|vwdo zdv wkhupdoo| vwdelol}hg e| phdqv ri d wkhuprhohfwulf
hohphqw1 Zh qrz sxw wklv hohphqw wr wkh whvw e| prqlwrulqj EOLLUD iru rxu fu|vwdov lq wkh whpshudwxuh
uhjlrq iurp 43 wr 4;33F1 Wkh phdvxuhphqw surfhgxuh xvhg lq wklv vhulhv ri h{shulphqwv zdv wkh vdph
ghvfulehg deryh/ dqg wkh uhvxowv duh vkrzq lq ?jxuh 6181

Iurp wklv ?jxuh lw lv irxqg wkdw wkh Pj grshg fu|vwdov glvsod| d pxfk vwurqjhu whpshudwxuh gh0
shqghqfh wkdq wkh xqgrshg fu|vwdov1 Iru wkh iruphu/ wkh EOLLUD vwduwhg iurp d ohyho forvh wr :(
devruswlrq dw urrp whpshudwxuh/ zklfk zrxog ohdyh wkhp xvhohvv iru vtxhh}lqj h{shulphqwv1 Krzhyhu
dv wkh whpshudwxuh zdv lqfuhdvhg/ wkh devruswlrq gursshg uhodwlyho| idvw/ dqg lw zhqw ehorz 4( durxqg
<33F iru wkh phglxp grshg fu|vwdo : dqg durxqg 733F iru wkh khdylhu grshg fu|vwdo 71 Wkh xqgrshg
fu|vwdov 4 dqg 5 vkrzhg d pxfk zhdnhu whpshudwxuh ghshqghqfh/ exw dv d jhqhudo wuhqg/ wkh EOLLUD
dovr ghfuhdvhg zlwk whpshudwxuh iru wkhvh vdpsohv1 Lq wkh qh{w vhfwlrq zh zloo suhvhqw d vlpsoh prgho/
zklfk zloo fryhu wkhvh pdlq ihdwxuhv ri wkh EOLLUD1
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Orrnlqj dw ?jxuh 618/ wkh pdlq txhvwlrq wkdw dulvh lv= Fdq zh jdlq lq wkh hvfdsh h!flhqf| e| xvlqj
d Pj grshg fu|vwdo dqg khdw lw xs wr pruh wkdq 4333FB Dw d ?uvw jodqfh wkh dqvzhu lv |hv1 Lq idfw lw
zdv irxqg wkdw wkh vwurqj whpshudwxuh ghshqghqfh ri EOLLUD lq wkh Pj grshg fu|vwdov eurxjkw wkhlu
devruswlrq hyhq orzhu wkdq wkh vpdoohvw devruswlrq lq wkh xqgrshg fu|vwdov1 Wklv ohyho lv lqglfdwhg zlwk
wkh gdvkhg olqh lq ?jxuh 6181 Krzhyhu zh irxqg wkdw wkh ehkdylru ri EOLLUD lq gl>huhqw fu|vwdo vdpsohv
zdv vr lqglylgxdo/ wkdw rqh vkrxog eh fduhixo frqfoxglqj/ wkdw EOLLUD dv d jhqhudo uxoh lv vpdoohu dw
kljk whpshudwxuhv lq wkh Pj grshg NQeR61

D ?qdo wklqj zruwk qrwlqj iurp ?jxuh 618 lv/ wkdw wkh dprxqw ri EOLLUD vhhpv wr eh d qrq prqrwrqlf
ixqfwlrq ri wkh frqfhqwudwlrq ri Pj lq wkh fu|vwdo1 Li zh gudz d yhuwlfdo olqh dw/ vd|/ ;33F/ zh ?qg wkh
EOLLUD wr eh 31:( iru wkh xqgrshg fu|vwdo 4/ 415( iru wkh 3138( grshg fu|vwdo : dqg 317( iru wkh 314(
grshg fu|vwdo 71 Wklv ehkdylru fdq suredeo| eh dwwulexwhg wr dq lqwhudfwlrq ehwzhhq wkh Pj dwrpv lq
wkh fu|vwdo/ zklfk ehfrph lpsruwdqw dw kljkhu frqfhqwudwlrqv1 Dv d uhvxow wkh Pj dwrpv duh olnho| wr
irup sdluv ru hyhq wr foxvwhu lq odujhu jurxsv lq wkh fu|vwdo1

617 D txdolwdwlyh h{sodqdwlrq ri EOLLUD

Lq wkh iroorzlqj d txdolwdwlyh h{sodqdwlrq ri wkh EOLLUD ghshqghqfh zloo eh rxwolqhg1 Wkh ixoo sureohp
ri wkh hohfwurqlf vwuxfwxuh ri NQeR6 zlwk lwv lpsxulwlhv dqg fu|vwdo ghihfwv lv d iruplgdeoh wdvn wr wdnh rq
dqg lw lv eh|rqg wkh vfrsh ri wklv Sk1G1 zrun1 Zh duh krzhyhu fdsdeoh ri xqghuvwdqglqj rxu uhvxowv lq d
pruh jhqhudo vhqvh/ hvshfldoo| wkh uhpdundeoh ehkdylru ri wkh Pj grshg fu|vwdov ghvhuyhv dq h{sodqdwlrq1

Wkh ehkdylru ri EOLLUD lv xvxdoo| h{sodlqhg zlwklq d fkdujh wudqvsruw prgho^64`^57`1 Khuh lpsxulw|
ohyhov orfdwhg lq wkh edqgjds ri wkh fu|vwdo fdq lqwhudfw zlwk wkh oljkw ?hogv dqg wkhuhe| devrue d
vxevwdqwldo iudfwlrq ri wklv oljkw1 Lq wkh wzr fhqwhu prgho wzr nlqgv ri lpsxulw| ohyhov duh frqvlghuhg/
vrph ri zklfk duh srvlwlrqhg kljk lq wkh edqgjds m5l dqg rwkhuv o|lqj forvh wr wkh ydohqfh edqg m4l1
Wklv lv looxvwudwhg lq ?jxuh 619+D,1 Wkh edqgjds ri NQeR6 lv ehwzhhq 614 dqg 615 hY/ dqg frqvhtxhqwo|
hohfwurqv fdqqrw eh h{flwhg iurp wkh ydohqfh edqg wr wkh frqgxfwlrq edqg dv orqj dv wkh zdyhohqjwk
ri wkh vhfrqg kduprqlf lv orqjhu wkdq derxw 733 qp1 Wkh orz o|lqj lpsxulw| ohyhov m4l fdq krzhyhu
eh wkhupdoo| h{flwhg iurp wkh ydohqfh edqg/ dqg lq wkhuprg|qdplfdo htxloleulxp dw urrp whpshudwxuh/
wkhvh ohyhov duh lq idfw doo ?oohg e| hohfwurqv vr wkdw qr lqiuduhg oljkw fdq eh devruehg ehwzhhq wkh
ydohqfh edqg dqg wkhvh ohyhov1 Wkh vlwxdwlrq lv gl>huhqw zkhq wkh vhfrqg kduprqlf lv suhvhqw1 Wkh kljk
o|lqj lpsxulw| ohyhov/ zklfk duh xqsrsxodwhg lq wkhuprg|qdplfdo htxloleulxp/ fdq qrz eh h{flwhg e|
hohfwurqv iurp wkh ydohqfh edqg yld wkh lqwhudfwlrq zlwk wkh vhfrqg kduprqlf ?hog1 Wklv ohdyhv krohv
lq wkh ydohqfh edqg/ dqg frqvhtxhqwo| hohfwurqv iurp wkh orz o|lqj lpsxulw| ohyhov fdq qrz uhfrpelqh
zlwk wkh krohv ohdylqj wkhlu lqlwldo ohyhov xqsrsxodwhg1 Dv d uhvxow wkh ixqgdphqwdo lqiuduhg oljkw lv
qrz iuhh wr lqwhudfw zlwk wkh wudqvlwlrq iurp wkh ydohqfh edqg wr wkh orz o|lqj ohyhov dqg wkhuhe| ehlqj
devruehg1 Ixuwkhupruh zh fdq dffrxqw iru wkh ghfuhdvlqj EOLLUD zlwk lqfuhdvlqj whpshudwxuh lq wkh
iroorzlqj zd|1 D kljkhu whpshudwxuh zloo pryh wkh fkhplfdo srwhqwldo kljkhu lq wkh edqgjds/ dqg
frqvhtxhqwo| wkh orz o|lqj lpsxulw| ohyhov duh ohvv olnho| wr ehfrph ghsrsxodwhg1 Wklv ohdyhv ohvv ?qdo
vwdwhv dydlodeoh wr wkh wudqvlwlrq gulyhq e| wkh lqiuduhg oljkw/ dqg frqvhtxhqwo| wkh EOLLUD lv uhgxfhg dv
wkh whpshudwxuh lv lqfuhdvhg1 Wkh deryh rxwolqhg phfkdqlvp dqg forvho| uhodwhg yduldqwv lv olnho| wr irup
wkh edvlv ri EOLLUD lq xqgrshg fu|vwdov1 Rq d txdqwlwdwlyh edvlv wklv prgho kdv vxffhvvixoo| ghvfulehg d
vhulhv ri h{shulphqwv rq oljkw lqgxfhg devruswlrq^64`^5:`^5;`/ lw lv krzhyhu qrw vx!flhqw/ zkhq wkh vwurqj
whpshudwxuh ghshqghqfh ri wkh Pj grshg fu|vwdov pxvw eh h{sodlqhg1

Wkh idloxuh ri wkh wzr fhqwhu prgho uholhv rq wzr idfwv= +d, Iurp wkhruhwlfdo zrun^65` lw lv nqrzq wkdw
Pj dfwv dv d grqru zkhq hpehgghg lq NQeR61 Wklv phdqv wkdw wkh orz o|lqj lpsxulw| ohyhov vkrxog
eh ?oohg xs zkhq Pj lv dgghg wr wkh fu|vwdo/ dqg frqvhtxhqwo| wkh EOLLUD vkrxog uhgxfh1 Wklv lv qrw
zkdw zh kdyh revhuyhg1 +e, Li Pj vkrxog frqwulexwh wr lqfuhdvh wkh EOLLUD lq wkh wzr fhqwhu prgho/ lw
zrxog kdyh wr sduwlflsdwh lq wkh devruswlrq surfhvv ri wkh vhfrqg kduprqlf1 Dv d uhvxow wkh devruswlrq
ri wkh vhfrqg kduprqlf ?hog vkrxog eh kljkhu lq Pj grshg fu|vwdov/ wklv lv krzhyhu lq frqwudglfwlrq wr
wkh phdvxuhphqwv ri uhi1 ^66`1 Khuh wkh vhfrqg kduprqlf devruswlrq lq Pj grshg vdpsohv zdv irxqg wr
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Iljxuh 619= Wkh lpsxulw| ohyhov lq wkh edqgjds uhohydqw iru EOLLUD1 +D, Wkh wzr fhqwhu prgho zkhuh
wkh lqiuduhg +LU, lv h{flwlqj wkh ohyho m4l dqg wkhuhe| ehlqj devruehg1 +E, Wkh fdvfdgh prgho zkhuh wkh
vhfrqg kduprqlf +VK, h{flwhv wkh ohyho m5l/ iurp zklfk wkh LU fdq srsxodwhg wkh frqgxfwlrq edqg1

eh vpdoohu wkdq lq xqgrshg vdpsohv1 Lq idfw wkh wkhruhwlfdo zrun ri uhi1 ^65` vxssruwv wklv uhvxow1 Khuh
wkh elqglqj hqhuj| ri dq hohfwurq wr d Pdjqhvlxp ghihfw lq NQeR6 lv fdofxodwhg wr eh 315: hY/ phdqlqj
wkdw lw lv qrw srvvleoh iru rxu 518 hY vhfrqg kduprqlf skrwrqv wr h{flwh wkh 51< hY wudqvlwlrq iurp wkh
ydohqfh edqg wr wkh Pj lpsxulw| ohyho1

Lqvwhdg ri wkh wzr fhqwhu prgho zh sursrvh d fdvfdgh prgho wr dffrxqw iru wkh vwurqj EOLLUD lq
wkh Pj grshg fu|vwdov1 Khuh dq lpsxulw| ohyho orfdwhg lq wkh edqgjds idu iurp wkh frqgxfwlrq dqg
ydohqfh edqgv/ m5l/ fdq eh h{flwhg zlwk wkh vhfrqg kduprqlf oljkw1 E| wkh lqwhudfwlrq zlwk wkh lqiuduhg
oljkw/ hohfwurqv lq wklv ohyho fdq qrz eh h{flwhg wr wkh frqgxfwlrq edqg1 Wkh ohyhov duh vkrzq lq ?jxuh
619+E,1 Qdwxudoo| wkh devruswlrq ri wkh lqiuduhg zloo ghshqg rq wkh srsxodwlrq ri wklv lpsxulw| ohyho1 Li
zh zulwh xs vlpsoh udwh htxdwlrqv iru wklv srsxodwlrq/ zh ?qg lw wr ghshqg fulwlfdoo| rq wkh qxpehu ri
krohv lq wkh ydohqfh edqg dqg orzhu o|lqj ohyhov1 Wklv zloo dffrxqw iru wkh vwurqj EOLLUD lq wkh Pj
grshg fu|vwdov/ vlqfh wkh Pj grqruv zloo uhgxfh wkh qxpehu ri krohv lq wkh ydohqfh edqg dqg wkhuhe|
lqfuhdvh wkh fkhplfdo srwhqwldo/ ç/ dqg wkh phdq srsxodwlrq ri wkh lpsxulw| ohyho dqg khqfh wkh EOLLUD1
Wkh vwurqj whpshudwxuh ghshqghqfh lv dwwulexwhg wr d orz o|lqj lpsxulw| ohyho/ m4l/ forvh wr wkh fkhplfdo
srwhqwldo1 Wkh jhqhudwlrq udwh ri krohv lq wkh ydohqfh edqg zloo qrz ghshqg fulwlfdoo| rq wkh h{dfw ohyho
ri wkh fkhplfdo srwhqwldo uhodwlyh wr wklv lpsxulw| ohyho1 Dv wkh whpshudwxuh lv lqfuhdvhg/ wkh fkhplfdo
srwhqwldo lqfuhdvhv dqg frqvhtxhqwo| wkh frqfhqwudwlrq ri krohv lq wkh ydohqfh edqg zloo lqfuhdvh1 Wklv
zloo hqkdqfh wkh uhfrpelqdwlrq udwh ri hohfwurqv lq m5l zlwk krohv lq wkh ydohqfh edqg/ dqg dv d uhvxow wkh
phdq srsxodwlrq lq m5l dqg wkh EOLLUD zloo jr grzq1 Iru d pruh txdqwlwdwlyh dqdo|vlv ri wkh fdvfdghg
prgho wkh uhdghu lv uhihuuhg wr uhi1 ^67`/ zkhuh jrrg txdqwlwdwlyh djuhhphqw ehwzhhq rxu h{shulphqwdo
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uhvxowv dqg wkh fdvfdgh prgho lv irxqg1
Lw vkrxog eh vwuhvvhg/ wkdw wkh prghov ghvfulehg deryh doo ghshqg rq d juhdw qxpehu ri sdudphwhuv/

vxfk dv wkh h{dfw hqhuj| ri wkh lpsxulw| ohyhov/ wkh fkhplfdo srwhqwldo hwf1 Wkhvh txdqwlwlhv duh qrw
yhu| zhoo nqrzq h{shulphqwdoo|/ zklfk ohdyhv d orw ri vsdfh iru dgmxvwlqj wkhp zlwklq hdfk prgho lq
vxfk d zd| wkdw wkh uhohydqw h{shulphqw lv dffrxqwhg iru dv jrrg dv srvvleoh1 Wklv ri frxuvh olplwv wkh
fuhglelolw| ri wkh prghov rq wkh txdqwlwdwlyh ohyho/ krzhyhu wkh| duh vwloo ydoxdeoh lq wkh vhqvh/ wkdw wkh|
surylgh xv zlwk dq lqvljkw lqwr wkh phfkdqlvpv uhvsrqvleoh iru EOLLUD1

618 Frqfoxvlrqv

Lq vxppdu| wkh EOLLUD h{shulphqw kdv wdxjkw xv/ wkdw wkh oljkw lqgxfhg devruswlrq jurzv vr idvw zlwk
wkh vhfrqg kduprqlf sxps srzhu wkdw wkh rswlpl}hg RSR hvfdsh h!flhqf| grhv qrw jurz vljql?fdqwo|
zkhq wkh sxps srzhu lv kljkhu wkdq derxw 433 pZ1 Wklv prwlydwhg wkh lqyhvwljdwlrq ri d zd| wr
flufxpyhqw EOLLUD lq NQeR61 Khuh wkh whpshudwxuh ghshqghqfh ri EOLLUD vhhphg wr surylgh xv
zlwk d vroxwlrq1 Lq wkh xqgrshg dv zhoo dv wkh grshg fu|vwdo/ wkh EOLLUD zdv irxqg wr ghfuhdvh zlwk
lqfuhdvlqj whpshudwxuh1 Lq wkh Pdjqhvlxp grshg fu|vwdo wklv h>hfw zdv vhhq wr eh sduwlfxoduo| vwurqj/
dqg dw whpshudwxuhv deryh 4333F wkh EOLLUD vhhphg wr gurs ehorz wkh ohyho ri wkh xqgrshg fu|vwdov1
Dv d uhvxow dq lpsuryhphqw lq wkh RSR hvfdsh h!flhqf| iurp ;3( wr <3( zdv dqwlflsdwhg dffruglqj wr
?jxuh 6171 Lq wkh qh{w fkdswhu zh zloo vkrz krz wklv whpshudwxuh ghshqghqfh zdv xvhg wr rxu dgydqwdjh
lq dq h{shulphqw zlwk wkh jrdo ri surgxflqj vwurqj vtxhh}lqj1

Ilqdoo| zh sxw iruzdug dq dowhuqdwlyh wr wkh frpprqo| xvhg wzr fhqwhu prgho1 Wklv zdv qhhghg
ehfdxvh wkh wzr fhqwhu prgho idlohg wr h{sodlq wkh kljk ghjuhh ri EOLLUD lq wkh Pj grshg fu|vwdov dv
zhoo dv wkh vwurqj whpshudwxuh ghshqghqfh ri EOLLUD lq wkhvh fu|vwdov1
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Iljxuh 61:= Wkh NQeR6 fu|vwdo orfdwhg lqvlgh wkh RSR uhvrqdwru1 D wh rq krxvlqj lvrodwhv wkh fu|vwdo
iurp wkh vxuurxqglqjv dqg dq hohfwulfdo khdwhu lv nhhslqj wkh fu|vwdo dw 4633F1 Lq rughu wr suhvhuyh wkh
ihuurhohfwulflw| ri wkh fu|vwdo d eldv ri 63 Yrowv lv dssolhg dorqj wkh f0d{lv1



Fkdswhu 7

Surgxfwlrq ri Vtxhh}hg Oljkw

Duphg zlwk wkh nqrzohgjh iurp rxu EOLLUD h{shulphqw dv ghvfulehg lq wkh suhylrxv fkdswhu/ zh zhuh
qrz uhdg| wr wdnh rq wkh fkdoohqjh dvvrfldwhg zlwk wkh surgxfwlrq ri qrqfodvvlfdo oljkw1 Nhhslqj lq plqg
ixwxuh h{shulphqwv lqyroylqj qrqfodvvlfdo oljkw dqg dwrplf sk|vlfv/ zh fkrvh wkh zdyhohqjwk <4: qp dv
wkh fduulhu ri rxu vtxhh}lqj/ vlqfh wklv fruuhvsrqgv wr wkh 9S6@5 $ 9G8@5 wudqvlwlrq lq dwrplf Fdhvlxp1
Dqrwkhu prwlydwlrq iru xvlqj wklv zdyhohqjwk lv wkdw wkh skdvhpdwfklqj whpshudwxuh iru d fxw NQeR6
lv durxqg 4633F dw <4: qp1 Dffruglqj wr wkh glvfxvvlrq lq wkh suhylrxv fkdswhu/ wkh EOLLUD vkrxog
eh uhgxfhg zlwk derxw d idfwru ri wzr dv frpsduhg wr rshudwlrq durxqg urrp whpshudwxuh1 Ehfdxvh ri
wkh juhdw lqglylgxdolw| ri wkh ehkdylru ri wkh fu|vwdov/ zh glg qrw wdnh wkh fkdqfh ri xvlqj Pdjqhvlxp
grshg NQeR61 Li zh kdg grqh wklv/ zh zrxog kdyh wr wuxvw wkdw wkh EOLLUD ri doo Pj grshg fu|vwdov
zloo gurs mxvw dv pxfk zlwk whpshudwxuh dv wkh wzr/ zh whvwhg lq wkh suhylrxv fkdswhu1 Wklv zdv e| qr
phdqv fhuwdlq/ vlqfh wkh yhqgru glg qrw kdyh wkh uhtxluhg frqwuro rq wkh jurzwk surfhvv ri wkhvh fu|vwdov
wr eh deoh wr jxdudqwhh wklv1

Vhyhudo qrqolqhdu surfhvvhv kdyh ehhq sursrvhg/ lq zklfk vtxhh}lqj fdq eh surgxfhg1 Wkhvh lq0
foxgh "+5, dv zhoo dv "+6, qrqolqhdulwlhv vxfk dv Vhfrqg Kduprqlf Jhqhudwlrq +VKJ,^68`/ Sdudphwulf
Grzqfrqyhuvlrq^69`/ Irxu Zdyh Pl{lqj^6:` hwf1 Klvwrulfdoo| wkh surfhvv ri Sdudphwulf Grzqfrqyhuvlrq
kdv suryhq wr eh wkh prvw h!flhqw phwkrg ri jhqhudwlqj jrrg vtxhh}lqj^9`^:`^6;`/ dqg wkhuhiruh zh fkrvh
wr jhqhudwh vtxhh}lqj xwlol}lqj wklv surfhvv wdnlqj sodfh lq dq RSR1 Lq fkdswhu < zh suhvhqw d wkhruhwlfdo
wuhdwphqw ri wkh Lqwhuqdoo| Sxpshg RSR zklfk pd| suryh wr eh d vrxufh ri vtxhh}hg oljkw mxvw dv
h!flhqw dv wkh uhjxodu RSR exw uhtxlulqj d vlpsohu vhwxs1

Lq rughu wr surylgh wkh sxps iru wkh RSR/ wkh vhfrqg kduprqlf kdg wr eh fuhdwhg ?uvw1 Dq RSR
rswlpl}hg wr surgxfh jrrg vtxhh}lqj xvxdoo| kdv d txlwh kljk wkuhvkrog +vhyhudo kxqguhgv ri ploolzdwwv,1
Iru wklv uhdvrq prvw ri rxu <4: qp oljkw zdv xvhg wr surgxfh wklv sxps1 Krzhyhu kljk srzhu vhfrqg
kduprqlf jhqhudwlrq lv qhyhu d wulyldo wdvn/ dqg lq wkh iroorzlqj vhfwlrq wkh dfklhyhphqwv lq wklv gluhfwlrq
zloo eh glvfxvvhg1 Wkhq zh zloo pryh rq wr frqvlghu wkh fodvvlfdo surshuwlhv ri rxu RSR/ lqfoxglqj wkh
fdylw| ghvljq dqg wkuhvkrog/ dqg ?qdoo| wkh vtxhh}lqj h{shulphqw zloo eh ghvfulehg wrjhwkhu zlwk d
frpsdulvrq wr wkh wkhru| ghulyhg lq fkdswhu 51

714 Vhfrqg kduprqlf jhqhudwlrq

E| xvlqj +D14<, zlwk wrwdo orvvhv lq wkh ylflqlw| ri 43( dqg d qrqolqhdulw| ri derxw 4(2Z/ zh duulyh dw d
wkuhvkrog iru wkh RSR durxqg 583 pZ1 Wklv lv wkh srzhu uhtxluhg lqvlgh wkh RSR fu|vwdo lq wkh fdylw|
prgh wr gulyh wkh RSR deryh wkuhvkrog1 Krzhyhu lpshuihfw prghpdwfklqj dqg qrq}hur uh hfwlylwlhv
ri fu|vwdo vxuidfh dqg pluuruv fdq hdvlo| lqfuhdvh wklv wkuhvkrog wr 7330833 pZ rxwvlgh wkh RSR1 Lq
fkdswhu 5 zh irxqg wkdw/ lq sulqflsoh/ derxw 83( ri wklv srzhu lv vx!flhqw wr surgxfh pruh wkdq <8(
ri txdqwxp qrlvh uhgxfwlrq1 Dv d uhvxow zh zhuh lq qhhg ri pruh wkdq 533 pZ ri vhfrqg kduprqlf
oljkw wr sxps rxu RSR1 Kdylqj d olplwhg dprxqw ri ixqgdphqwdo +<4: qp, oljkw dydlodeoh/ wklv uhtxluhg

5;
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Iljxuh 714= +D, Wkh qrqolqhdu frqyhuvlrq h!flhqf| yv1 wkh lqsxw frxsohu wudqvplvvrq1 Wkh sorw fru0
uhvsrqgv wr O @ 3=9( dqg HQO @ 4 (2Z1 +E, Wkh lqsxw frxsohu wudqvplvvlrq |lhoglqj wkh kljkhvw
frqyhuvlrq h!flhqf| lq +D, yv1 wkh dydlodeoh sxps srzhu1 Djdlq wkh orvvhv zhuh fkrvhq wr eh O @ 3=9(1

vhfrqg kduprqlf jhqhudwlrq zlwk d kljk h!flhqf|1 Suhylrxv h{shulphqwv kdyh vkrzq wkdw NQeR6 r>huv
wkh kljk qrqolqhdulw|/ zklfk lv qhfhvvdu| lq rughu wr dfklhyh wkh kljk frqyhuvlrq h!flhqf|^56`^63`/ dqg
hqfrxudjhg e| rxu h{shulhqfh jdlqhg zlwk EOLLUD/ wkh fkrlfh ri NQeR6 dv wkh qrqolqhdu pdwhuldo lq
rxu iuhtxhqf| grxeohu vhhphg reylrxv1

71414 Wkhruhwlfdo frqvlghudwlrqv

Zlwk wkh jrdo ri ?qglqj wkh rswlpxp sdudphwhuv iru qrqolqhdu frqyhuvlrq lq rxu vhfrqg kduprqlf
jhqhudwru/ ohw xv qrz wxuq wrzdugv wkh wkhru| iru wklv ghylfh1 Lq rughu wr nhhs wkh h{shulphqwdo vhwxs
vlpsoh dqg uholdeoh/ zh fkrvh d vlqjo| uhvrqdqw fdylw|/ lq zklfk rqo| wkh ixqgdphqwdo zdv exlow xs1 Iurp
+618, lw lv hdv| wr vhh/ wkdw wkh fdylw| exlog xs iru wklv ?hog lv jlyhq e|

Sf
Sl
@

7W
+W . O. SfHQO,5

+714,

Khuh Sf lv wkh lqwudfdylw| ixqgdphqwdo srzhu/ Sl lv wkh lqsxw ixqgdphqwdo srzhu/ W lv wkh lqsxw frxsohu
wudqvplvvlrq/ O duh uhvlgxdo orvvhv lqfoxglqj EOLLUD dqg SfHQO lv wkh qrqolqhdu orvv gxh wr wkh frq0
yhuvlrq ri wkh ixqgdphqwdo lqwr wkh vhfrqg kduprqlf1 Zh duh lqwhuhvwhg lq vroylqj +714, iru Sf/ lq zklfk
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fdvh zh rewdlq d fxelf htxdwlrq zlwk wkh vroxwlrq
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+715,

zkhuh zh kdyh gh?qhg { @ SfHQO/ è @ W . O dqg ã @ 7W SlHQO1 Wkh vhfrqg kduprqlf srzhu lv qrz
jlyhq e| S5 @ HQOS 5f @ {

5@HQO/ dqg xvlqj +715, wklv jlyhv xv
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+716,

Jlyhq wkh dydlodeoh sxps srzhu Sl/ wkh lqwhuqdo orvvhv O dqg wkh qrqolqhdulw| ri wkh grxeolqj fdylw|/
HQO/ zh fdq rswlpl}h wkh lqsxw frxsohu wudqvplvvlrq wr rewdlq wkh kljkhvw qrqolqhdu frqyhuvlrq h!flhqf|/
S5@Sl1 Wklv lv vkrzq lq ?jxuh 714+D,/ iurp zklfk zh ?qg wkdw wkh rswlpl}hg ydoxh ri wkh frqyhuvlrq
h!flhqf| ghshqgv rq wkh dydlodeoh sxps srzhu/ wkh qrqolqhdulw| dqg wkh fdylw| orvvhv1 Wkh fxuyhv lq
?jxuh 714+D, doo fruuhvsrqg wr d uhdolvwlf ydoxh ri O @ 3=9(/ dqg HQO @ 4 (2Z1 Kdylqj O dqg HQO
?{hg/ zh ?qg wkh rswlpl}hg frqyhuvlrq h!flhqf| wr eh jurzlqj zlwk lqfuhdvlqj sxps srzhu1 Wklv lv
wkh uhdvrq zk| wkh kljkhvw dfklhyhg frqyhuvlrq h!flhqf| nqrzq wr wkh dxwkru ri ;<(^6<`/ zdv rewdlqhg
zlwk d sxps srzhu dv kljk dv 4158 Z1 Lq ?jxuh 714+E, wkh rswlpxp lqsxw frxsohu wudqvplvvlrq kdv
ehhq sorwwhg yhuvxv wkh dydlodeoh sxps srzhu1 Wklv lv vkrzq iru wkuhh gl>huhqw qrqolqhdulwlhv/ dqg dv d
jhqhudo wuhqg/ wkh ehvw lqsxw frxsohu wudqvplvvlrq lv lqfuhdvlqj zlwk wkh dydlodeoh srzhu1 Wklv lv ehfdxvh
wkh kljkhvw lqwudfdylw| exlogxs ri ixqgdphqwdo srzhu rffxuv zkhq wkh fdylw| lv lpshgdqfh pdwfkhg^73`/
phdqlqj wkdw wkh lqsxw frxsohu wudqvplvvlrq pdwfkhv wkh wrwdo lqwudfdylw| orvvhv1 Wkh odwwhu lqfoxgh wkh
qrqolqhdu orvvhv gxh wr wkh frqyhuvlrq/ zklfk jurzv vljql?fdqwo| zlwk lqfuhdvlqj sxps srzhu1

Lq rxu wuhdwphqw zh kdyh wrwdoo| qhjohfwhg EOLLUD dqg/ dv lw zloo eh vkrzq lq wkh qh{w vhfwlrq/ wklv
qrqolqhdu orvv fdq vhulrxvo| olplw wkh frqyhuvlrq h!flhqf| iru kljkhu sxps srzhuv1 Dqrwkhu qrqolqhdu
h>hfw dulvlqj lq kljk srzhu iuhtxhqf| grxeolqj lv wkhupdo ohqvlqj/ zklfk whqg wr uhgxfh wkh prghpdwfk0
lqj dqg frqvhtxhqwo| wkh frxsolqj h!flhqf| ri wkh sxps lqwr wkh grxeolqj fdylw|1 Lq vrph qrqolqhdu
pdwhuldov/ vxfk dv OlQeR6/ wkh wklug rughu qrqolqhdulw| uhvsrqvleoh iru wkh skrwruhiudfwlyh surshuwlhv
fdq frph lqwr sod|1 Dv d uhvxow wkh vhfrqg kduprqlf fdq fkdqjh wkh lqgh{ ri uhiudfwlrq orfdoo| lq wkh
fu|vwdo/ dqg vhoi irfxvlqj h>hfwv dulvh1 Khuh zh kdyh mxvw phqwlrqhg mxvw d ihz h>hfwv/ zklfk fdq olplw
wkh h!flhqf|/ zlwk zklfk zh fdq surgxfh wkh vhfrqg kduprqlf1 Wkh| vkrxog vhuyh wr uhplqg xv/ wkdw
kljk srzhu vhfrqg kduprqlf jhqhudwlrq lv qhyhu d wulyldo wdvn1

71415 H{shulphqwdo uhvxowv

Jxlghg e| rxu wkhru| iurp wkh suhylrxv vhfwlrq/ zh qrz wxuq wr orrn dw wkh dfwxdo h{shulphqw1 Wkh
rswlpxp irfxvlqj iru qrqolqhdu frqyhuvlrq zh ?qg iurp ?jxuh D15 wr eh 48 çp iru d 43 pp fu|vwdo dw
<4: qp1 E| irfxvlqj rxu Wl=Vdsskluh rxwsxw wr wklv vsrwvl}h lqvlgh rxu NQeR6 fu|vwdo/ dqg phdvxulqj
wkh jhqhudwhg vhfrqg kduprqlf srzhu/ zh zhuh deoh wr lqihu wkh vlqjoh sdvv qrqolqhdulw| ri 415 (2Z iru
wklv sduwlfxodu fu|vwdo1 Wkh exlogxs fdylw| xvhg wr hqkdqfh wkh qrqolqhdu lqwhudfwlrq zdv fkrvhq wr eh
d iroghg ulqj ghvljq zlwk dq rshqlqj dqjoh plqlpl}hg wr derxw 93 lq rughu wr dyrlg dehuudwlrqv1 Wkh
uhvrqdwru frqwdlqhg wzr frqfdyh pluuruv zlwk d udglxv ri fxuydwxuh ri 8 fp dqg wzr sodqh pluuruv1 Wkh
ohqjwk ri wkh fdylw| zdv fkrvhq wr |lhog d zdlvw ehwzhhq wkh fxuyhg pluuruv shdnhg dw 4: çp dw wkh
fhqwhu ri wkh vwdelolw| fxuyh1 E| lqvhuwlqj wkh fu|vwdo lqwr wkh uhvrqdwru wkh qrqolqhdulw| zdv irxqg wr
eh +413÷314, (2Z/ dqg wkh lqwudfdylw| orvvhv lq wkh devhqfh ri qrqolqhdu lqwhudfwlrq zhuh phdvxuhg wr
eh +319÷314, (1 E| hvwlpdwlqj dq dprxqw ri EOLLUD ri 31: ( lq wkh suhvhqfh ri wkh vhfrqg kduprqlf/
dqg dqwlflsdwlqj 833 pZ ri sxps srzhu dw <4: qp/ zh rewdlq wkh rswlpxp lqsxw frxsohu wudqvplvvlrq
ri :1< (1 Iru wklv h{shulphqw zh fkrvh dq lqsxw frxsohu wudqvplvvlrq ri : (/ vlqfh zh zhuh olnho| wr xvh
vpdoohu sxpslqj srzhuv dv zhoo1
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Iljxuh 715= +D, Wkh vhfrqg kduprqlf srzhu jhqhudwhg zlwk d vfdqqhg dqg orfnhg uhvrqdwru1 +E, Wkh
grxeolqj h!flhqf| zlwk vfdqqhg dqg orfnhg fdylw|1 Wkh ixoo olqhv duh ghulyhg iurp rxu wkhru| zlwk
O @ 3=9(/ W @ :( dqg HQO @ 4(@Z 1

Wkh vhfrqg kduprqlf h!flhqf| zdv rswlpl}hg ?uvw zkloh vfdqqlqj wkh grxeolqj fdylw| vx!flhqwo|
idvw/ vr wkdw wkhupdo h>hfwv dsshduhg rq d orqjhu wlphvfdoh +w|slfdoo| kxqguhgv ri ploolvhfrqgv, wkdq wkh
wlph lw wrrn wr vfdq dfurvv uhvrqdqfh +d ihz ploolvhfrqgv,1 Wkh rewdlqhg grxeolqj srzhu rq uhvrqdqfh
zdv phdvxuhg dv d ixqfwlrq ri wkh sxps srzhu frxsohg lqwr wkh qrqolqhdu uhvrqdwru1

Diwhu d fu|vwdo vsrw zlwk kljk qrqolqhdulw| dqg orz orvvhv kdg ehhq irxqg lq wkh vfdqqlqj fdylw|/ wkh
fu|vwdo whpshudwxuh zdv wxqhg dzd| iurp skdvhpdwfklqj dqg wkh fdylw| zdv orfnhg wr wkh odvhu olqh e|
phdqv ri d vwdqgdug iuhtxhqf| prgxodwlrq whfkqltxh^74`1 Wkhq wkh fu|vwdo zdv vorzo| khdwhg xs wr wkh
skdvhpdwfklqj whpshudwxuh/ dqg plqru dgmxvwphqwv zhuh dssolhg wr wkh fdylw| lq rughu wr rswlpl}h wkh
vhfrqg kduprqlf rxwsxw1 Wklv surfhgxuh zdv qhfhvvdu| ehfdxvh wkh wkhupdo h>hfwv pdgh wkh uhvrqdwru
elvwdeoh1 Zkhq wkh fu|vwdo whpshudwxuh zdv lqfuhdvhg deryh wkh skdvhpdwfklqj whpshudwxuh/ wkh vhfrqg
kduprqlf rxwsxw zrxog gurs gudvwlfdoo|/ dqg rqh zrxog eh xqdeoh wr uhwdlq wkh pd{lpxp srzhu e|
frrolqj grzq dfurvv wkh skdvhpdwfklqj whpshudwxuh1 Lq rughu wr uhdfk wkh kljk vhfrqg kduprqlf srzhu/
wkh fdylw| kdg wr eh xqorfnhg dqg wkh surfhgxuh rxwolqhg deryh kdg wr eh uhshdwhg1 Lw lv qhhgohvv wr vd|/
wkdw wklv nlqg ri rshudwlrq uhtxluhg d vhuyrorrs shuiruplqj yhu| zhoo lq rughu wr plqlpl}h  xfwxdwlrqv lq
wkh fdylw| ghwxqlqj dqg frqvhtxhqwo| wkh lqwudfdylw| ixqgdphqwdo srzhu1 Wkh uhvxowv iurp wkh vfdqqhg
dqg orfnhg iuhtxhqf| grxeohu duh sorwwhg lq ?jxuh 7151 Wkh vhfrqg kduprqlf srzhu sorwwhg lq ?jxuh 715+D,
lv fruuhfwhg iru wkh ?qlwh uh hfwlrq ri wkh fu|vwdo vxuidfh dqg wkh rxwsxw pluuru uhvxowlqj lq dq ryhudoo
wudqvplvvlrq ri ;6 (1 Vfdqqlqj wkh fdylw| zh jrw dv pxfk dv 853 pZ shdn srzhu ri vhfrqg kduprqlf
srzhu/ krzhyhu zkhq wkh fdylw| zdv orfnhg/ wkh wkhupdo h>hfwv jrw vr vhyhuh/ wkdw vwdeoh rshudwlrq frxog
rqo| eh rewdlqhg xs wr derxw 6:3 pZ ri sxps srzhu1 Iruwxqdwho| wkh frqyhuvlrq h!flhqf| zdv kljk/
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vr wkdw wklv sxpslqj srzhu dfwxdoo| zdv frqyhuwhg lqwr 5:8 pZ ri wkh vhfrqg kduprqlf1 Fruuhfwlqj
wklv qxpehu iru wkh fdylw| hvfdsh h!flhqf|/ zh hqghg xs zlwk derxw 558 pZ iru sxpslqj wkh RSR1 Rq
d gd| wr gd| edvlv zh kdg pruh wkdq 533 pZ iurp wkh grxeolqj fdylw|1 Wkh grxeolqj h!flhqf| lv vhhq
iurp ?jxuh 715+E, wr shdn dw derxw ;3( iru d sxps ri 633 pZ/ dw kljkhu sxps srzhuv wkhupdo h>hfwv
ehfdph vhulrxv/ dqg wkh h!flhqf| gursshg1 Frpsdulqj wr rxu wkhru| zlwk wkh phdvxuhg sdudphwhuv
W @ :(/ O @ 3=9( dqg HQO @ 4=3 (2Z/ zh ?qg jrrg djuhhphqw iru vpdoo vhfrqg kduprqlf srzhuv1
Dv wkh sxps srzhu lv lqfuhdvlqj/ wkh ghyldwlrq iurp wkh wkhru| ehfrphv odujhu1 Wklv zh dwwulexwh wr
EOLLUD/ vlqfh wklv lv qrw wdnhq lqwr dffrxqw lq rxu wkhru|/ dqg iurp wkh suhylrxv fkdswhu zh nqrz/ wkdw
EOLLUD jurzv vwurqjo| zlwk lqfuhdvlqj vhfrqg kduprqlf srzhu1 Vlqfh wkh ghyldwlrqv iurp wkh wkhru|
duh irxqg lq wkh vfdqqlqj dv zhoo dv wkh orfnhg fdylw|/ zh fdq suhfoxgh wkh wkhupdo h>hfwv dv uhvsrqvleoh
iru wklv ihdwxuh1

Li zh dwwulexwh wkh glvfuhsdqf| ehwzhhq wkh wkhru| dqg wkh phdvxuhg srlqwv wr EOLLUD/ zh ?qg
wkh odwwhu wr eh derxw 31<( dw 833 pZ sxpslqj srzhu fruuhvsrqglqj wr 733 pZ vhfrqg kduprqlf
srzhu1 Kdylqj d zdlvw ri wkh vhfrqg kduprqlf ri durxqg 43 çp lq wkh fu|vwdo/ zh ?qg wklv srzhu
wr |lhog dq lqwhqvlw| ri 563 nZ2fp5 lq wkh zdlvw1 Wkh vhfrqg kduprqlf lq wkh grxeolqj lv fuhdwhg
dorqj wkh ixqgdphqwdo sdwk lq wkh fu|vwdo/ zkhuhdv lq wkh phdvxuhphqwv ghyrwhg vshfl?fdoo| wr phdvxuh
EOLLUD^67`^57`/ wkh vhfrqg kduprqlf zdv suhvhqw wkurxjkrxw wkh fu|vwdo1 Li zh fruuhfw iru wklv lq d fuxgh
zd| e| glylglqj rxu lqwhqvlw| e| d idfwru ri wzr/ zh hqg xs zlwk wkh vhfrqg kduprqlf lqwhqvlw| ri derxw
438 Z2fp51 Li zh qrz frpsduh rxu 31< ( EOLLUD dw 433 nZ2fp5 zlwk wkh uhvxowv ri uhi1 ^57` wdnhq dw
;93 qp/ zh djdlq ?qg wkdw wkh EOLLUD kdv ehhq uhgxfhg e| pruh wkdq d idfwru ri wzr e| jrlqj wr wkh
orqjhu zdyhohqjwk dqg frqvhtxhqwo| kljkhu whpshudwxuh1

715 Sdudphwulf dpsol?fdwlrq

Zlwk wkh jrrg grxeolqj uhvxowv dw kdqg zh qrz pryhg rq wr wkh frqvwuxfwlrq ri wkh RSR1 Iurp +5149,
zh vhh/ wkdw wkh revhuyhg vtxhh}lqj ghfuhdvhv zlwk lqfuhdvlqj iuhtxhqf| ri wkh revhuydwlrq1 Lq +5149,
wklv iuhtxhqf| lv phdvxuhg lq xqlwv ri wkh RSR olqhzlgwk1 Wklv phdqv wkdw lq rughu wr plqlpl}h wkh
orvv ri vtxhh}lqj gxh wr wkh ?qlwh edqgzlgwk ri wkh phdvxuhphqw/ zh vkrxog exlog dq RSR uhvrqdwru
zlwk dv odujh olqhzlgwk dv srvvleoh1 Frqvhtxhqwo| wkh uhvrqdwru vkrxog eh vkruw dqg kdyh d odujh rxwsxw
frxsohu wudqvplvvlrq1 Nhhslqj lq plqg wkdw zh odwhu zdqwhg wr revhuyh wkh lqwhudfwlrq ri rxu vtxhh}hg
oljkw zlwk dwrpv/ lw zdv hyhq pruh ghvludeoh wkdw wkh edqgzlgwk ri wkh vtxhh}lqj dqg frqvhtxhqwo| wkh
olqhzlgwk ri wkh RSR zdv dv odujh dv srvvleoh1 Wkh pd{lpxp rxwsxw frxsohu wudqvplvvlrq zdv olplwhg
e| wkh dydlodeoh sxps srzhu dqg EOLLUD dffruglqj wr wkh glvfxvvlrq lq wkh suhylrxv fkdswhu/ dqg wkh
plqlpxp ohqjwk zdv vhw e| wkh jhrphwu| ri wkh uhvrqdwru1 Vwdqgdug DEFG pdwul{ fdofxodwlrqv vkrz
wkdw vwurqj irfxvlqj pluuruv duh uhtxluhg lq rughu wr surgxfh wkh rswlpxp zdlvw iru qrqolqhdu frqyhuvlrq
iru d vkruw uhvrqdwru1 Wkh wrwdo fdylw| ohqjwk iru rxu RSR zdv derxw 53 fp1 Lq rughu wr surgxfh wkh
zdlvw lq wkh ylflqlw| ri 48çp/ zh qhhghg pluuruv zlwk d udglxv ri fxuydwxuh ri 518 fp1 Wkh rshqlqj dqjoh
ri rxu iroghg ulqj uhvrqdwru zdv derxw 43 ghjuhhv/ dqg zlwk wkh vwurqj irfxvlqj ri rxu fxuyhg pluuruv/
wklv zdv rq wkh hgjh ri zkdw frxog eh wrohudwhg lq rughu wr dyrlg vljql?fdqw dehuudwlrqv lq wkh fdylw|
prgh1

Wkh RSR zdv qrw gulyhq deryh wkuhvkrog/ dqg iru wklv uhdvrq qr frkhuhqw ?hog zdv suhvhqw lqvlgh
wkh fdylw|1 Krzhyhu lw zdv vwloo qhhghg wr nhhs wkh fdylw| lq uhvrqdqfh zlwk wkh ixqgdphqwdo zdyhohqjwk
ri <4: qp lq rughu wr dfklhyh dq dssuhfldeoh sdudphwulf jdlq1 Wklv zdv grqh e| lqmhfwlqj d zhdn
frkhuhqw ?hog dw wkh ixqgdphqwdo iuhtxhqf| lqwr wkh RSR fdylw| wkurxjk d kljk uh hfwru lq d gluhfwlrq
frxqwhusursdjdwlqj wr wkh vhfrqg kduprqlf sxps1 Orrnlqj dw wkh wudqvplvvlrq ri wkh ?hog wkurxjk wkh
rxwsxw frxsohu/ dq huuruvljqdo frxog eh jhqhudwhg e| phdqv ri vwdqgdug IP whfkqltxhv^74`1 Wkh rxwsxw
frxsohu wudqvplvvlrq ri wkh fdylw| zdv phdvxuhg wr eh W @ :=6( dqg wkh uhvlgxdo orvvhv lq wkh devhqfh
ri EOLLUD zhuh derxw O @ 3=6(1

Lq rughu wr revhuyh wkh skdvh vhqvlwlyh jdlq fkdudfwhulvwlf wr wkh RSR ehorz wkuhvkrog/ zh lqmhfwhg
dqrwkhu zhdn frkhuhqw ?hog wkurxjk d kljk uh hfwru/ wklv wlph lq wkh gluhfwlrq frsursdjdwlqj wr wkh
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(B)(A)  Theory from measured BLIIRA
 Measured gain

Iljxuh 716= +D, Wkh skdvh vhqvlwlyh jdlq iru d ?{hg sxps srzhu zlwk wkh skdvh vfdqqhg1 Wkh gdvkhg
olqh fruuhvsrqgv wr d wkhruhwlfdo ?w |lhoglqj â @ 3=:41 +E, Wkh pd{lpxp jdlq dv ixqfwlrq ri wkh sxps
srzhu1 Wkh rshq srlqwv duh rewdlqhg e| xvlqj rxu wkhru| zlwk wkh phdvxuhg ydoxhv ri EOLLUD1 Dv d
uhvxow zh ?qg wkh qrqolqhdulw| ri derxw HQO @ 3=8 (2Z1

sxps1 Wkh dpsol?fdwlrq ri wklv ?hog zdv revhuyhg dv lwv skdvh uhodwlyh wr wkh sxps skdvh zdv ehlqj
vfdqqhg1 D w|slfdo wudfh lv vkrzq lq ?jxuh 716+D, wrjhwkhu zlwk d ?w +gdvkhg olqh, uho|lqj rq rxu wkhru|
iru wkh jdlq +D159,1 Wklv ?w jdyh xv wkh ydoxh ri wkh sxps sdudphwhu â @

s
S@Swk dqg frqvhtxhqwo|

wkh RSR wkuhvkrog1 Lw vkrxog eh qrwhg khuh/ wkdw wkh rewdlqhg wkuhvkrog ghshqghg rq wkh EOLLUD/ dqg
frqvhtxhqwo| lw zdv sxps srzhu ghshqghqw1 Ehfdxvh ri wklv/ zh phdvxuhg EOLLUD iru d vhulhv ri sxps
srzhuv wrjhwkhu zlwk wkh jdlq1 Wklv zdv grqh e| orzhulqj wkh whpshudwxuh iurp skdvhpdwfklqj dqg
revhuylqj wkh yduldwlrq ri wkh wudqvplvvlrq ri wkh RSR zlwk dqg zlwkrxw wkh sxps suhvhqw1 E| phdqv
ri htv1 +D14<, dqg +D159,/ zh zhuh qrz deoh wr prgho wkh srzhu ghshqghqfh ri wkh jdlq/ dqg wkhuhe|
rewdlq wkh fu|vwdo qrqolqhdulw|1 Wkhvh uhvxowv duh vkrzq lq ?j1 716+E,1 Wkh qrqolqhdulw| zdv irxqg wr
eh HQO @ +3=8÷ 3=4, (2Z/ zklfk lv udwkhu orz1 Wkh uhdvrq iru wklv orvv ri qrqolqhdulw| lv vwloo xqfohdu/
exw lw lv olnho| wr eh fdxvhg e| dvwljpdwlvp lq wkh RSR fdylw|1 Dvwljpdwlvp zrxog uhgxfh wkh ryhuods
ri wkh sxps zlwk wkh fdylw| prgh dqg wkhuhe| uhgxfh wkh qrqolqhdu frxsolqj1 Wkh sxps srzhuv rq wkh
krul}rqwdo d{lv ri ?j1 716+E, kdyh ehhq fruuhfwhg iru wkh frxsolqj h!flhqf| ri 9:( lqwr wkh RSR1 Wklv
zdv olplwhg e| wkh ?qlwh prghpdwfklqj dqg uh hfwlrqv iurp pluuru dqg fu|vwdo vxuidfhv ri wkh sxps1

Wkh phdvxuhg EOLLUD dw <4: qp lq wkh RSR udqjhg iurp 314 ( dw 73 pZ sxps srzhu wr 31: (
dw 533 pZ sxps/ wkh odwwhu fruuhvsrqglqj wr wkh lqwhqvlw| ri 438 Z2fp51 Djdlq frpsdulqj wr uhi1 ^57`
zh vhh/ wkdw wkh vkliw wrzdugv orqjhu zdyhohqjwkv dqg kljkhu whpshudwxuhv sdlg r> lq whupv ri uhgxfhg
EOLLUD1 Wkh EOLLUD uhvxowhg lq d wkuhvkrog ghulyhg iurp wkh jdlq/ zklfk ydulhg iurp 633 pZ zlwk 73
pZ sxps wr 683 pZ zlwk 533 pZ sxps1
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716 Vtxhh}hg oljkw jhqhudwlrq dqg ghwhfwlrq

71614 Krprg|qh ghwhfwlrq ri Vtxhh}lqj

Zlwk wkh fodvvlfdo surshuwlhv ri wkh RSR xqghu frqwuro/ zh qrz frqwlqxhg wr h{dplqh wkh txdqwxp
ihdwxuhv ri wkh RSR rxwsxw1 Dffruglqj wr wkh glvfxvvlrq lq fkdswhu 5/ wkh rxwsxw ri d vxe0wkuhvkrog
RSR grhv qrw srvvhvv d frkhuhqw dpsolwxgh/ ixuwkhupruh wkh skrwrq qxpehu ri wklv vtxhh}hg ydfxxp
vwdwh lv vr vpdoo wkdw wkh vwdwh lv kdug wr revhuyh xvlqj d frqyhqwlrqdo ghwhfwru1 Lq d vhqvh rxu vtxhh}lqj
lv mxvw d zhdn rswlfdo vljqdo/ dqg iurp edvlf rswlfv zh nqrz wkdw vxfk vljqdov fdq eh juhdwo| hqkdqfhg e|
xvlqj d khwhurg|qh ghwhfwlrq vfkhph1 Khuh d vwurqj ehdp lq d frkhuhqw vwdwh/ fdoohg wkh Orfdo Rvfloodwru
+OR,/ lv pl{hg zlwk rxu zhdn ehdp zlwk dq dgmxvwdeoh uhodwlyh skdvh/ dqg wkh uhvxowlqj ehdp lv vhqw rqwr
d ghwhfwru1 Wkh ghwhfwru rxwsxw zloo frqwdlq wkh ehdwqrwh ehwzhhq wkh vljqdo dqg orfdo rvfloodwru1 Wkh
vwuhqjwk ri wkh ehdwqrwh lv vhw e| wkh surgxfw ri wkh dpsolwxgh ri wkh zhdn ehdp zlwk wkh orfdo rvfloodwru
dpsolwxgh/ dqg frqvhtxhqwo| wkh vljqdo vwuhqjwk kdv ehhq lqfuhdvhg e| wkh udwlr ri wkh OR dpsolwxgh
wr wkh zhdn ?hog dpsolwxgh1 Wkh khwhurg|qh vljqdo fdq eh hqfrghg dw iuhtxhqflhv vsdqqlqj iurp d ihz
Khuw} wr vhyhudo WK}^<` ghshqglqj rq wkh iuhtxhqf| ri wkh OR1 Wkh whup *krprg|qh ghwhfwlrq* lv xvxdoo|
xvhg iru wkh orz iuhtxhqf| uhjlrq1 Vlqfh wkh vtxhh}lqj ri dq RSR rxwsxw edvlfdoo| lv orfdwhg zlwklq wkh
RSR edqgzlgwk/ wkh OR iuhtxhqf| vkrxog pdwfk kdoi wkh RSR sxps iuhtxhqf| zlwklq wklv edqgzlgwk1
Reylrxvo| skdvh frkhuhqfh ehwzhhq wkh vtxhh}hg ydfxxp dqg wkh OR lv uhtxluhg lq rughu wr eh deoh
wkh vhsdudwh wkh vtxhh}hg dqg dqwlvtxhh}hg txdgudwxuhv/ dqg dv d uhvxow/ wkh OR lq rxu h{shulphqw zdv
jhqhudwhg e| vsolwwlqj r> d vpdoo sruwlrq ri wkh sxps iru rxu iuhtxhqf| grxeohu1 Khqfh wkh iuhtxhqf|
ri wkh OR zdv h{dfwo| wkh vdph dv wkh iuhtxhqf| ri wkh vtxhh}hg ydfxxp/ dqg zh hqghg xs zlwk d
krprg|qh ghwhfwru1

Rxu krprg|qh ghwhfwru frqvlvwhg ri d 83( wudqvplwwlqj ehdpvsolwwhu rq zklfk rxu OR frqwdlqlqj
derxw 408 pZ ri srzhu zdv ryhuodsshg zlwk wkh RSR prgh1 Wkh wzr rxwsxwv ri wkh ehdpvsolwwhu zhuh
prqlwruhg rq wzr kljk txdqwxp h!flhqf| skrwrglrghv/ dqg wkh wzr skrwrfxuuhqwv zhuh vxewudfwhg1 Lw
lv hdv| wr vkrz wkdw wkh gl>huhqwldo skrwrfxuuhqw lv jlyhq e|^75`
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+717,

zkhuh zh kdyh xvhg wkh ghwhfwru txdqwxp h!flhqf| % dqg wkdw wkh OR kdv wkh uhdo dpsolwxgh ñ dqg wkh
skdvh ë1 Wkh vtxhh}hg ?hog txdgudwxuh [+!, lv gh?qhg lq +516,1 Lq rughu wr duulyh dw +717,/ zh kdyh xvhg
wkdw wkh OR lv pxfk vwurqjhu wkdq wkh vtxhh}hg ydfxxp/ vxfk wkdw wkh txdqwxp qdwxuh ri wkh iruphu
fdq eh ljqruhg/ dqg wkh ?hog rshudwru uhsodfhg e| d f0qxpehu1 Li doprvw hyhu| skrwrq lv ghwhfwhg/ % í 4/
lw lv srvvleoh wr gh?qh dq rshudwru iru wkh skrwrfxuuhqwv lq vxfk d zd| wkdw wkh rshudwru htxdolw|
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dssolhv1 Dqg qrz lw lv vwudljkw iruzdug wr uhodwh wkh qrlvh ri wkh skrwrfxuuhqw wr wkh rswlfdo qrlvh ri wkh
zhdn vtxhh}hg ?hog
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+719,

zkhuh wkh qrlvh rshudwru t kdv ehhq gh?qhg lq +51;,1 Lw vkrxog eh phqwlrqhg khuh wkdw wkh skrwrq  x{
ñ5 lv jlyhq lq xqlwv ri wkh edqgzlgwk ri wkh phdvxuhphqw/ dqg wkh skrwrfxuuhqw lý lv lq xqlwv ri wkh
hohphqwdu| fkdujh1

Wkh krprg|qh ghwhfwlrq ri lý kdg wkh rwkhu dgydqwdjh wkdw wkh whfkqlfdo qrlvh ri rxu odvhu zdv
fdqfhoohg rxw wr d juhdw h{whqw/ zkhuhdv wkh lqfrkhuhqw txdqwxp qrlvh frxog qrw eh edodqfhg rxw lq wklv
zd|1 Wkh edodqflqj ri whfkqlfdo qrlvh lq rxu ghwhfwruv zdv w|slfdoo| pruh wkdq 63 gE1

Lq rughu wr revhuyh wkh txdqwxp qrlvh uhgxfwlrq dvvrfldwhg zlwk vtxhh}lqj/ zh zhuh lqwhuhvwhg lq
holplqdwlqj doo orvvhv1 Lq whupv ri wkh krprg|qh ghwhfwru wzr vrxufhv ri orvvhv fdq rffxu1 Wkh ?uvw
lv lpshuihfw prghpdwfklqj ri wkh vtxhh}hg ydfxxp prgh wr wkh OR prgh rq wkh 83283 ehdpvsolwwhu1
Rqo| wkh frpsrqhqw ri wkh vtxhh}hg ydfxxp prgh ryhuodsslqj zlwk wkh OR prgh zdv revhuyhg lq wkh
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ghwhfwlrq/ dqg frqvhtxhqwo| d idfwru ri í5 ri vtxhh}lqj zdv orvw rq wklv dffrxqw1 Khuh í lv wkh iulqjh
ylvlelolw| ri wkh lqwhuihuhqfh iulqjh ehwzhhq wkh OR dqg wkh RSR rxwsxw prgh1 Lq wklv h{shulphqw zh
irxqg í @ 3=<;÷ 3=341 Wkh vhfrqg orvv phfkdqlvp lq wkh ghwhfwlrq vfkhph zdv wkh lpshuihfw txdqwxp
h!flhqf| ri wkh skrwrglrghv1 Li wklv qxpehu zdv qrw 4/ zh frxog qrw ghwhfw doo wkh ?hog fruuhodwlrqv/ dqg
dv d uhvxow wkh vtxhh}lqj zdv ghjudghg zlwk d idfwru ri %1 Lq rxu h{shulphqw zh xvhg vshfldoo| ghvljqhg
slq Vlolfrq skrwrglrghv iurp Kdpdpdwvx Skrwrqlfv zlwk dq % ri 31<<81 D ?qdo lpsruwdqw lvvxh zkhq
ghwhfwlqj vtxhh}lqj lv wkdw wkh hohfwurqlf dpsol?huv lq wkh ghwhfwruv pxvw kdyh d jrrg qrlvh ?jxuh lq
rughu wr kdyh wkh rswlfdo qrlvh grplqdwlqj1 Wr txdqwli| wklv iru rxu h{shulphqw/ zh revhuyhg wkdw wkh
txdqwxp qrlvh ri oljkw h{fhhghg doo rwkhu qrlvh vrxufhv zlwk 48 gE zlwk d OR srzhu ri derxw 8 pZ
lqflghqw rq wkh krprg|qh ehdpvsolwwhu1
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Iljxuh 717= Wkh vhwxs xvhg iru vtxhh}hg oljkw surgxfwlrq1 Wkh vhfrqg kduprqlf jhqhudwru +VKJ, zdv
surgxflqj wkh sxps iru wkh RSR1 Wkh vtxhh}hg RSR rxwsxw zdv vhqw rqwr wkh krprg|qh ghwhfwru dqg
wkh qrlvh zdv dqdo|}hg lq wkh vshfwuxp dqdo|}hu +VD,1 Doo fdylwlhv h{fhsw wkh wuldqjxodu fdylw| zhuh
orfnhg zlwk dq IP whfkqltxh1 Iru wklv sxusrvh wkh hohfwur rswlf prgxodwru +HRP, zdv surgxflqj UI
vlghedqgv rq wkh Wl=Vdsskluh rxwsxw1

71615 H{shulphqw

Dv phqwlrqhg deryh zh surgxfhg rxu orfdo rvfloodwru e| vsolwwlqj r> d elw ri wkh sxps iru rxu grxeolqj
fdylw|1 Krzhyhu/ wkh vsdwldo prgh ri wklv oljkw glg qrw doorz iru pruh wkdq <5 ( iulqjh ylvlelolw| rq
wkh krprg|qh ehdpvsolwwhu1 Lq rughu wr fohdq wklv prgh zh ghvljqhg d Ideu| Shurw uhvrqdwru/ zklfk
zdv orfnhg wr kdyh lwv WHP33 prgh uhvrqdqw zlwk wkh odvhu1 Vlqfh d Ideu| Shurw uhvrqdwru lv yluwxdoo|
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dehuudwlrq iuhh/ wkh wudqvplvvlrq ri wklv fdylw| zdv d fohdq WHP33 prgh/ zklfk jdyh d iulqjh ylvlelolw|
ri dv pxfk dv <; ( rq wkh 83283 ehdpvsolwwhu1 Wkh hqwluh vtxhh}lqj vhwxs lv looxvwudwhg lq ?jxuh 7171

Wkh RSR sxps zdv prghpdwfkhg wr wkh rxwsxw ri rxu iuhtxhqf| grxeohu e| sxpslqj wkh RSR
wkurxjk wkh rxwsxw frxsohu zlwk oljkw dw <4: qp1 Wkh qrqolqhdu fu|vwdo zdv skdvhpdwfkhg dqg wkh
jhqhudwhg vhfrqg kduprqlf zdv prghpdwfkhg wr d ghvljqdwhg uhihuhqfh fdylw|1 Wklv lv looxvwudwhg e| wkh
wuldqjxodu fdylw| lq ehwzhhq wkh VKJ dqg wkh RSR lq ?jxuh 7171 Wkhq wkh grxeolqj fdylw| rxwsxw zdv
prghpdwfkhg wr wkh uhihuhqfh fdylw| lq wkh frxqwhusursdjdwlqj gluhfwlrq dqg khqfh wr wkh RSR1 Wkh
txdolw| ri wkh prghpdwfklqj zdv w|slfdoo| derxw <8 ( lq hdfk gluhfwlrq1

Wkh gl>huhqwldo skrwrfxuuhqw iurp wkh krprg|qh ghwhfwru zdv prqlwruhg rq d Udglr Iuhtxhqf| +UI,
Vshfwuxp Dqdo|}hu +VD, dw d iuhtxhqf| ri 6 PK} zlwk d edqgzlgwk ri 433 nK}1 Wkh 6 PK} iuhtxhqf|
zdv fkrvhq ehfdxvh deryh wklv iuhtxhqf|/ d 518 pZ ehdp iurp wkh Wl=Vdsskluh odvhu zdv glvsod|lqj
whfkqlfdo qrlvh ; gE deryh wkh vkrw qrlvh fruuhvsrqglqj wr 916 wlphv1 Wklv phdqw wkdw diwhu 63 gE
ri edodqflqj rqo| 318 ( ri whfkqlfdo qrlvh uhodwlyh wr vkrw qrlvh zrxog eh suhvhqw lq wkh gl>huhqwldo
skrwrfxuuhqw1

Qrz wkh RSR zdv sxpshg zkloh wkh uhodwlyh skdvh ehwzhhq wkh vtxhh}hg ydfxxp dqg wkh OR zdv
vfdqqhg/ dqg wkh VD vljqdo lv vkrzq lq ?jxuh 7181 Wkh  dw wudfh durxqg 3 gE zdv phdvxuhg zlwk wkh
RSR sxps eorfnhg/ wklv lqglfdwhg rxu vkrw qrlvh ohyho1 Lw zdv fkhfnhg wkdw wkh qrlvh uhvsrqvleoh iru
wklv ohyho uhdoo| zdv vwrfkdvwlf lq qdwxuh/ dv lv txdqwxp qrlvh/ e| dwwhqxdwlqj wkh OR srzhu lq vwhsv ri
83(1 Iru whfkqlfdo qrlvh/ zklfk lv frkhuhqw/ wklv phdqv wkdw wkh qrlvh srzhu zloo jr grzq zlwk 09 gE
fruuhvsrqglqj wr :8(1 Krzhyhu iru txdqwxp qrlvh/ zklfk kdv d vwrfkdvwlf skdvh/ d uhgxfwlrq ri 83( lq
wkh srzhu zloo rqo| uhvxow lq d uhgxfwlrq ri 06 gE lq wkh qrlvh srzhu fruuhvsrqglqj wr 83(1 Lq rwkhu
zrugv/ txdqwxp qrlvh lv jurzlqj olqhduo| zlwk wkh qxpehu ri skrwrqv lq wkh OR zkhuhdv whfkqlfdo qrlvh
jurzv txdgudwlfdoo|1 Wkh txdqwxp qrlvh ohyho lq ?jxuh 718 zdv fkhfnhg wr jurz olqhduo| zlwk wkh srzhu
wr zlwklq 43(1

Dv wkh RSR sxps zdv lqfuhdvhg/ wkh skdvh vhqvlwlyh jdlq vwduwhg wr vkrz1 Iurp wkh gdvkhg olqh/
zklfk lv d ?w wr wkh prgxodwhg fxuyh/ zh ?qg wkdw wkh jdlq zdv derxw 4418 gE fruuhvsrqglqj wr 47
wlphv1 Pruh lqwhuhvwlqj duh wkh glsv lq wkh fxuyh1 Iru d skdvh gl>huhqfh durxqg ä@5/ 6ä@5 hwf1 zh vhh
wkdw wkh qrlvh ohyho lv uhgxfhg ehorz wkh vkrw qrlvh olplw/ phdqlqj wkdw zh kdyh uhgxfhg wkh txdqwxp
 xfwxdwlrqv ri wkh RSR rxwsxw ehorz wkh vwdqgdug txdqwxp olplw1 Lq wklv vhulhv ri phdvxuhphqwv wkh
txdqwxp qrlvh uhgxfwlrq zdv derxw 08 gE/ zklfk lv htxlydohqw wr 65( uhpdlqlqj txdqwxp  xfwxdwlrqv
lq wkh vtxhh}hg txdgudwxuh ri wkh RSR prgh1

Lghdoo| wkh vtxhh}lqj vkrxog jr dv orz dv wkh 4418 gE jdlq/ wkdw zh revhuyhg/ krzhyhu lq sudfwlfh d
qxpehu ri idfwruv olplwhg wklv qxpehu1 4, Zh glg qrw orrn iru vtxhh}lqj d }hur iuhtxhqf|/ zkhuh zh irxqg
lq fkdswhu 5 wkdw wkh ehvw vtxhh}lqj lv irxqg1 Wklv uhgxfhg wkh vtxhh}lqj zlwk 9(1 5, Rxu ghwhfwruv
glg qrw kdyh 433( txdqwxp h!flhqf|/ phdqlqj wkdw qrw doo fruuhodwlrqv zhuh ghwhfwhg1 6, Hyhq wkrxjk
jrrg rswlfv zdv xvhg/ wkh sursdjdwlrq ri wkh vtxhh}hg ydfxxp zdv orvv|1 Rxu ehvw hvwlpdwh vkrzhg
wkdw derxw 4( ri wkh vtxhh}lqj zdv orvw lq sursdjdwlrq wr wkh ghwhfwru1 7, Wkh iulqjh ylvlelolw| rq wkh
krprg|qh ghwhfwru zdv qrw 433(/ dqg frqvhtxhqwo| qrw doo ri wkh vtxhh}hg prgh zdv surehg e| wkh
OR1 Wklv uhgxfhg wkh vtxhh}lqj e| 7(1 8, Ilqdoo| qrw doo wkh fruuhodwhg skrwrqv flufxodwlqj lqvlgh wkh
RSR fdylw| hvfdshg lq wkh ghvluhg gluhfwlrq wkurxjk wkh rxwsxw frxsohu1 Wkh ?qlwh hvfdsh h!flhqf| ri
wkh RSR uhgxfhg wkh vtxhh}lqj zlwk 4515(1 Wkh ?qdo edodqfh lv vkrzq lq wkh wdeoh ehorz1

4, Ilqlwh iuhtxhqf| ri wkh phdvxuhphqw 31<7
5, Txdqwxp h!flhqf| ri wkh skrwrglrghv 31<<8
6, Sursdjdwlrq orvvhv iurp RSR wr ghwhfwruv 31<<
7, Krprg|qh h!flhqf| rq 83283 ehdpvsolwwhu 31<;5

8, RSR hvfdsh h!flhqf| 31;:;
9, Ilqlwh RSR jdlq ri 4418gE 31<6

WRWDO 31:6

Dgglqj xs doo wkh olplwlqj idfwruv/ zh hqg xs zlwk :6( txdqwxp qrlvh uhgxfwlrq wr eh revhuyhg1
Wklv lv 0819 gE ri vtxhh}lqj lq uhdvrqdeoh djuhhphqw zlwk wkh revhuyhg 08 gE ri vtxhh}lqj iurp ?jxuh
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Iljxuh 718= Wkh skdvh vhqvlwlyh qrlvh ri wkh RSR rxwsxw uhfrughg rq wkh UI vshfwuxp dqdo|}hu1 Wkh
qrlvh zdv phdvxuhg lq d 433 nK} iuhtxhqf| zlqgrz durxqg 6 PK}1 Wkh  dw wudfh durxqg 3 gE lv wkh
phdvxuhg skrwrfxuuhqw zlwk wkh RSR rxwsxw eorfnhg1 Wklv vhwv wkh vkrw qrlvh ohyho1 Zkhq wkh vtxhh}hg
ydfxxp hqwhuv rq wkh ehdpvsolwwhu/ wkh qrlvh ohyhov rvfloodwhv ghshqglqj rq wkh uhodwlyh skdvh ehwzhhq
wkh OR dqg wkh vtxhh}lqj1 Wkh wudfh vkrzv d sdudphwulf jdlq ri 4418 gE dqg d txdqwxp qrlvh uhgxfwlrq
ri derxw 8 gE uhodwlyh wr wkh vkrw qrlvh ohyho1 Wkh gdvkhg fxuyh lv wkh ehvw ?w zlwk dq ryhudoo h!flhqf|
ri :;( |lhoglqj â @ 3=9;1

7181 Wkh odvw qxpehu lv rewdlqhg iurp d ?w wr rxu gdwd xvlqj wkh :;( h!flhqf| lqihuuhg iurp wkh srlqwv
4, wr 8, deryh1 Wklv ?w lv vkrzq dv wkh gdvkhg fxuyh rq ?j1 718/ iurp zklfk zh frxog ghulyh wkh RSR
sxps sdudphwhu wr eh â @ 3=9;÷ 3=341

Dowkrxjk wklv h{shulphqw fohduo| vkrzhg wkdw wkh sureohp ri EOLLUD fdq eh flufxpyhqwhg wr vrph
h{whqw e| jrlqj wr kljkhu whpshudwxuhv/ wkh wdeoh deryh wrog xv/ wkdw wkh pdmru olplwdwlrq ri wkh vtxhh}lqj
vwloo zdv wkh RSR hvfdsh h!flhqf| dqg frqvhtxhqwo| EOLLUD1 Wkh uhdvrq/ zk| zh frxog qrw vlpso| xvh
dq rxwsxw frxsohu zlwk d kljkhu wudqvplvvlrq/ zdv wkdw wkh qrqolqhdulw| ri wkh RSR fu|vwdo zdv orz1 Lq
wklv h{shulphqw wkh qrqolqhdulw| zdv rqo| derxw 318(2Z dv rssrvhg wr wkh 5(2Z uhsruwhg lq uhi1 ^:`
iru wkh vdph w|sh ri pdwhuldo1 Zlwk d kljkhu qrqolqhdulw| zh frxog kdyh uhdfkhg wkh vdph jdlq zlwk
d vpdoohu dprxqw ri sxps srzhu dqg frqvhtxhqwo| zlwk ohvv EOLLUD dqg d kljkhu hvfdsh h!flhqf|1
Wrzdugv wklv hqg/ wkh uhodwlyh qhz whfkqltxh ri Txdvl Skdvh Pdwfklqj vhhpv surplvlqj^76`^77`^78`1
Kdylqj wkh skdvhpdwfklqj frqglwlrqv lqkhuhqwo| suhvhqw lq wkh fu|vwdo ghvljq/ lw lv srvvleoh wr kdyh
qrqolqhdu lqwhudfwlrq zkhq wkh kduprqlf dqg wkh ixqgdphqwdo kdyh sdudooho srodul}dwlrqv1 Wklv phdqv
wkdw lw lv srvvleoh wr h{sorlw wkh jhqhudoo| odujhu gldjrqdo hohphqwv lq wkh qrqolqhdu whqvru iru sdudphwulf
surfhvvhv1 Iru frpsdulvrq/ d 43 pp vdpsoh ri shulrglfdoo| srohg Olwklxp Qlredwh fdq glvsod| d vlqjoh
sdvv qrqolqhdulw| ri dv pxfk dv ;(2Z/ zklfk lv 7 wlphv odujhu wkdq wkh ehvw NQeR6 fu|vwdov surylgh1



FKDSWHU 71 SURGXFWLRQ RI VTXHH]HG OLJKW 6;

717 Vxppdu|
Lq vxppdu| wkh vtxhh}lqj h{shulphqw ghvfulehg lq wklv fkdswhu zdv yhu| ydoxdeoh lq whupv ri jdlqhg
h{shulhqfh zlwk qrqolqhdu rswlfv dqg qrqfodvvlfdo oljkw1 Zh ghprqvwudwhg grxeolqj h!flhqflhv h{fhhglqj
;3( lq rxu NQeR6 iuhtxhqf| grxeohu1 Wklv uhvxowhg lq vhfrqg kduprqlf srzhuv lq wkh ylflqlw| ri 633
pZ/ vx!flhqw iru sxpslqj rxw vxe0 wkuhvkrog RSR1 Lq wkh odwwhu zh revhuyhg d skdvh vhqvlwlyh jdlq dv
kljk dv 4: dqg wkuhvkrogv udqjlqj iurp 633 pZ wr 683 pZ1 Wkh wkuhvkrog zdv irxqg wr eh ghshqglqj rq
wkh sxps srzhu ehfdxvh ri wkh EOLLUD1 Wklv lv dovr wkh uhdvrq zk| wkh pd{lpxp jdlq qrw qhfhvvdulo|
jlyhv wkh ehvw vtxhh}lqj1 Zh irxqg rxu ehvw vtxhh}lqj wr eh derxw 08 gE zlwk d sdudphwulf jdlq ri 4418
gE1 Zlwklq wkh xqfhuwdlqwlhv wkh orvv ri vtxhh}lqj zdv dffrxqwhg iru/ dqg wkh eljjhvw frqwulexwlrq wr wklv
orvv zdv irxqg wr eh wkh RSR lqwudfdylw| devruswlrq1 Wklv olplwhg wkh hvfdsh h!flhqf| wr eh durxqg
;;(/ zklfk lv vwloo odujhu wkdq wkh dqwlflsdwhg h!flhqf| dw urrp whpshudwxuh1 Wdnlqj wkh EOLLUD
dw urrp whpshudwxuh iurp uhi1 ^:` wr eh 418( zlwk 533pZ sxps wrjhwkhu zlwk rxu rxwsxw frxsohu
wudqvplvvlrq ri :16( dqg uhvlgxdo lqwudfdylw| orvvhv ri 316(/ zh suhglfw dq hvfdsh h!flhqf| dw urrp
whpshudwxuh ri rqo| ;3(1 Wklv vkrzv fohduo| wkdw zh jdlqhg lq wkh ghjuhh ri vtxhh}lqj e| khdwlqj wkh
NQeR6 fu|vwdo deryh 4333F dv frpsduhg wr d vlplodu h{shulphqw dw urrp whpshudwxuh1 Wkh udwkhu srru
qrqolqhdulw| ri wkh RSR NQeR6 fu|vwdo suhyhqwhg xv iurp lqfuhdvlqj wkh hvfdsh h!flhqf| e| hpsor|lqj
dq rxwsxw frxsohu zlwk d kljkhu wudqvplvvlrq1 Wkh orvv ri qrqolqhdulw| vkrxog prvw olnho| eh dwwulexwhg
wr dehuudwlrqv lq wkh RSR prgh1

Dowkrxjk ghvluhg/ pruh wkdq 8 gE ri vtxhh}lqj zdv qrw qhfhvvdu| iru wkh h{shulphqw ghvfulehg
lq wkh qh{w fkdswhu1 Khuh zh zdqwhg wr ghprqvwudwh vxe0 vkrw qrlvh shuirupdqfh ri d Srodul}dwlrq
Lqwhuihurphwhu e| hpsor|lqj d vr fdoohg Srodul}dwlrq Vtxhh}hg Vwdwh ri oljkw1
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Iljxuh 719= Wkh iuhtxhqf| wxqdeoh vtxhh}hg oljkw vrxufh1 Lq wkh edfnjurxqg wkh Dujrq Lrq odvhu sxpshg
Wl=Vdsskluh lv vhhq1 Wklv lv sxpslqj wkh grxeolqj fdylw| lq wkh er{ rq wkh uljkw1 Wkh 78;qp rxwsxw
iurp wkh grxeolqj fdylw| lv lqglfdwhg zlwk wkh olqh1 Wklv lv xvhg wr sxps wkh vxewkuhvkrog RSR lq wkh
er{ rq wkh ohiw/ uhvxowlqj lq wkh vtxhh}hg ydfxxp rxwsxw1



Fkdswhu 8

Qrqfodvvlfdo Srodul}dwlrq
Vshfwurvfrs|

Lq wkh odvw fkdswhu wkh frqvwuxfwlrq dqg shuirupdqfh ri rxu vtxhh}hg oljkw vrxufh zdv ghvfulehg1 Wklv
vrxufh zdv rshudwhg wr surgxfh txdqwxp fruuhodwhg oljkw dw <4: qp/ exw gxh wr wkh zlgh wxqdelolw| ri
wkh Wl=Vdsskluh odvhu gulylqj wkh vrxufh/ lq sulqflsoh dq| zdyhohqjwk ehwzhhq ;73 dqg 4333 qp frxog eh
uhdfkhg1 Wklv udqjh zdv olplwhg e| wkh skdvhpdwfklqj whpshudwxuh ri wkh NQeR6 fu|vwdov uhvsrqvleoh
iru wkh qrqolqhdu lqwhudfwlrq/ vlqfh wkhvh iudjloh fu|vwdov xqghujr skdvh wudqvlwlrqv dw 0833F dqg 5563F1
Qhhgohvv wr vd| wkdw wkh wxqdelolw| zdv ri juhdw lpsruwdqfh zkhq wkh vtxhh}lqj vkrxog eh dssolhg wr
dgguhvv fhuwdlq dwrplf wudqvlwlrqv1

Lq wkh iroorzlqj wkuhh fkdswhuv rxu dwwhpswv wr shuirup kljko| vhqvlwlyh phdvxuhphqwv rq wkh fro0
ohfwlyh vslq ri dq dwrplf hqvhpeoh zloo eh ghvfulehg1 Wkh ?uvw ri wkhvh dwwhpswv xwlol}hg rxu iuhtxhqf|
wxqdeoh vtxhh}hg oljkw vrxufh wr sureh d Srodul}dwlrq Lqwhuihurphwhu1 Wklv vhuyhg dv rxu wrro iru surelqj
wkh dwrplf vslq dqg lq wkh ?uvw vhfwlrq ri wklv fkdswhu zh zloo ghvfuleh wkh ghwdlov ri rxu srodul}dwlrq
lqwhuihurphwhu1 Wkhq zh zloo pryh rq wr dgguhvv rxu dwrplf wdujhw/ zklfk lq wklv fdvh zdv frog/ wudsshg
dwrpv lq d Pdjqhwr Rswlfdo Wuds1 Wklv ghylfh zloo eh suhvhqwhg dqg fkdudfwhul}hg lq juhdwhu ghwdlo
ehorz1 Lq rughu wr dfklhyh vxe0 vkrw qrlvh vhqvlwlylw| lq wkh Srodul}dwlrq Lqwhuihurphwhu/ d Srodul}dwlrq
Vtxhh}hg vwdwh kdg wr eh surgxfhg/ dqg lq wkh wklug vhfwlrq lw zloo eh rxwolqhg krz wr frqyhuw wkh RSR
rxwsxw lqwr wklv qrqfodvvlfdo vwdwh1 Ilqdoo| wkh ghwdlov dqg wkh uhvxowv ri wkh h{shulphqw zloo eh suhvhqwhg
dqg rxu frqfoxvlrqv zloo eh gudzq1

814 Wkh Srodul}dwlrq Lqwhuihurphwhu

Lq xowudvhqvlwlyh rswlfdo phdvxuhphqwv/ wkh Srodul}dwlrq Lqwhuihurphwhu +SL, kdv suryhq wr eh d ydoxdeoh
wrro1 Qrwhzruwk| h{dpsohv duh d suhflvh phdvxuhphqw ri wkh U|gehuj frqvwdqw^79` dqg wkh revhuydwlrq
ri sdulw| qrqfrqvhuydwlrq h>hfwv gxh wr wkh hohfwurzhdn lqwhudfwlrq lq dwrpv^7:`1 Pruh hyhu|gd| ds0
solfdwlrqv ri wkh SL vsdq iurp dwrplf vshfwurvfrs|^7;` wkurxjk phdvxuhphqwv ri prohfxodu urwdwlrqdo
uhod{dwlrq ri h{flwhg hohfwurqlf vwdwhv^7<` wr wkh vwdelol}dwlrq ri odvhuv dqg rswlfdo uhvrqdwruv^83`1 Lq wklv
vhfwlrq zh zloo ghvfuleh wkh SL xvhg lq rxu h{shulphqwv dqg lq wklv frqwh{w ghulyh wkh olqhvkdshv zkhq
pdfurvfrslf dwrplf rulhqwdwlrq dqg doljqphqw lv surehg zlwk wklv ghylfh1

81414 Wkh vhwxs

Rxu SL frqvlvwhg ri wzr srodul}lqj ehdpvsolwwhuv +SEV425, urwdwhg 783 uhodwlyh wr hdfk rwkhu e| phdqv
ri d kdoi zdyh uhwdughu +è@5,1 Wklv lv looxvwudwhg lq ?jxuh 8141 Wkh ?uvw srodul}hu vhuyhg wr fohdq wkh
srodul}dwlrq ri wkh sureh ehdp hqwhulqj wkh SL dv zhoo dv iru pl{lqj wkh ruwkrjrqdoo| vtxhh}hg ydfxxp

73
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Iljxuh 814= Wkh srodul}dwlrq lqwhuihurphwhu vhwxs1 Vtxhh}hg ydfxxp iurp wkh RSR lv pl{hg zlwk wkh
orfdo rvfloodwru rq SEV41 Wkh uhvxowlqj srodul}dwlrq vtxhh}hg vwdwh lv surelqj wkh pdjqhwr rswlfdo wuds
+PRW, dqg wkh srodul}dwlrq urwdwlrq lv ehlqj dqdo|}hg e| SEV51 Dq UI vshfwuxp dqdo|}hu +VD, lv
uhfruglqj wkh qrlvh srzhu ri wkh gl>huhqwldo skrwrfxuuhqw iurp wkh skrwrglrghv SG4251

zlwk wkh orfdo rvfloodwru1 Wkh odwwhu zdv dq ruglqdu| frkhuhqw vwdwh surgxfhg e| rxu Wl=Vdsskluh odvhu1 Lq
wkh devhqfh ri dq rswlfdoo| dfwlyh phglxp lq wkh sdwk ri wkh sureh ehdp/ dq htxdo dprxqw ri rswlfdo srzhu
zdv gluhfwhg wr wkh skrwrglrghv SG4 dqg SG5 e| wkh vhfrqg srodul}hu SEV51 Dv d uhvxow wkh gl>huhqwldo
skrwrfxuuhqw lý zrxog eh }hur lq wklv fdvh1 Li krzhyhu/ dq dqlvrwurslf phglxp zdv sodfhg ehwzhhq wkh
wzr srodul}huv/ wkh srodul}dwlrq zrxog eh urwdwhg/ dqg wkh v|pphwu| ehwzhhq wkh skrwrfxuuhqwv iurp
SG4 dqg SG5 zrxog eh eurnhq1 Qrz wkh gl>huhqwldo skrwrfxuuhqw zrxog eh jlyhq e| lý @ 5l3ë1 Zkhuh
l3 lv wkh vxp ri wkh skrwrfxuuhqwv frplqj iurp wkh wzr SG*v dqg ë lv wkh srodul}dwlrq urwdwlrq dqjoh1

Wkh sulvp srodul}huv frpphufldoo| dydlodeoh wrgd| duh xvxdoo| ri yhu| jrrg txdolw|1 Wklv phdqv wkdw
wkh| kdyh yhu| vpdoo h{wlqfwlrq udwlrv/ lw lv qrw xqxvxdo wr kdyh wklv qxpehu ohvv wkdq 43ý91 Kdylqj
vxfk wzr srodul}huv furvvhg dw <33 wkh pdmru olplwdwlrq wr wkh vhqvlwlylw|/ zlwk zklfk rqh fdq phdvxuh
srodul}dwlrq urwdwlrq/ zrxog eh wkh txdolw| ri wkh skrwrghwhfwru xvhg1 Surylghg wkdw wkh gdun fxuuhqw ri
wklv ghylfh fdq eh nhsw orz/ xowudkljk suhflvlrq lq wkh phdvxuhphqw fdq uhdglo| eh rewdlqhg1 Li krzhyhu
wkh ghwhfwru qrlvh lv uhdolvwlf kljk/ rxu vwudwhj| zlwk 783 furvvhg srodul}huv wxuqhg rxw wr jlyh d ehwwhu
vljqdo wr qrlvh udwlr/ vlqfh wkh vljqdo juhz olqhdu lq wkh srodul}dwlrq urwdwlrq dqjoh lq frqwudvw wr wkh <33

fdvh/ zkhuh wkh vljqdo zrxog jurz txdgudwlf lq ë1 Nhhslqj lq plqg wkdw zh zdqwhg wr dsso| vtxhh}hg
ydfxxp lq rxu SL/ wkh 783 vhwxs kdg wkh dgglwlrqdo dgydqwdjh wkdw doprvw doo wkh oljkw lq wkh sureh ehdp
uhdfkhg wkh ghwhfwruv/ phdqlqj wkdw wkh phdvxuhphqw zdv olplwhg e| rswlfdo qrlvh lqvwhdg ri hohfwurqlf
qrlvh dqg wkdw doprvw qr fruuhodwlrqv zhuh orvw1
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81415 Wkh olqhvkdsh

Zlwk wkh jrdo ri rewdlqlqj wkh sdudphwhuv uhohydqw wr wkh srodul}dwlrq urwdwlrq lq wkh SL/ zh qrz dsso|
wkh Mrqhv irupdolvp wr rxu sureh hohfwulf ?hog1 Lq jhqhudo kdylqj dq hohfwurpdjqhwlf zdyh sursdjdwlqj
dorqj wkh } d{lv lq dq dqlvrwurslf phglxp zlwk wkh hohfwulf ?hog �H+},/ zh fdq rewdlq wkh h>hfw ri wkh
phglxp rq wkh ?hog iurp wkh htxdwlrq

c
g �H+},

g}
@ ^Dý L +ò@5ý lï,` �H+}, +814,

Khuh wkh pdwul{ D frqwdlqv wkh lqirupdwlrq derxw wkh vshfl?f vwdwh ri wkh phglxp/ dqg lwv hohphqwv duh
dvvxphg wr eh vpdoo/ phdqlqj wkdw wkh dqlvrwurs| lv vpdoo1 Zh kdyh sxoohg rxw wkh rswlfdo ghswk/ ò/ dqg
skdvhvkliw/ ï/ frpprq iru wkh wzr frpsrqhqwv ri �H/ dqg c lv wkh lqwhudfwlrq ohqjwk ri wkh dqlvrwurslf
phglxp1 Wkh hohfwulf ?hog lv dvvxphg wr eh rvfloodwlqj lq wkh sodqh ruwkrjrqdo wr wkh } d{lv1 Nhhslqj lq
plqg wkdw wkh hohphqwv ri D duh vpdoo/ zh h{sdqg wkh vroxwlrq +814, wr ?uvw rughu lq wkhvh/ wr rewdlq

�H+c, @ +L.D, hlïýò@5 �H+3, +815,

Zh qrz fkrrvh wr zrun lq wkh edvlv ri wkh hljhqsrodul}dwlrq ri SEV51 Khuh zh gh?qh krul}rqwdo dqg
yhuwlfdoo| srodul}hg oljkw wr eh rvfloodwlqj dorqj wkh { dqg | d{hv uhvshfwlyho| +vhh ?j1 814,1 Lq wklv edvlv/
zh zulwh D dqg wkh 783 srodul}hg lqflghqw oljkw dv

D @
ë
d{{ d{|
d|{ d||

ê
> �H+3, @

H3s
5

ë
4
4

ê
+816,

Wkh hohfwulf ?hog wudqvplwwhg2uh hfwhg e| SEV5 zloo wkhq eh jlyhq e|ë
H{
H|

ê
@

4s
5
H3h

lïýò@5
ë
4 . d{{ . d{|
4 . d|{ . d||

ê
+817,

dqg wkh gl>huhqwldo skrwrfxuuhqw lv

lý @ % +l| ý l{, @ %l3hýò
é
Uh id|| ý d{{j.Uh id|{ ý d{|j. 4

5
md|{ . d||m5 ý 4

5
md{{ . d{|m5

è
* 5ë%l3hýò

+818,
zkhuh zh kdyh xvhg wkh ghwhfwru txdqwxp h!flhqf| % dqg wkh lqlwldo sureh skrwrq  x{ l31 Wkh urwdwlrq
dqjoh uhodwlyh wr wkh ruljlqdo 783/ ë/ ri wkh olqhduo| srodul}hg sduw ri wkh sureh ?hog lv irxqg wr eh

ë * Uh
ã
H|+c,ýH{+c,
H|+c, .H{+c,

â
* 4

5
+Uh id|| ý d{{j.Uh id|{ ý d{|j, +819,

Wkh ?uvw whup lq +818, lv reylrxvo| uhodwhg wr wkh gl>huhqw devruswlrq ri oljkw srodul}hg dorqj wkh | d{lv
dqg dorqj wkh { d{lv1 Wklv h>hfw lv fdoohg olqhdu glfkurlvp1 Dv lw zloo eh lqglfdwhg ehorz/ wkh vhfrqg whup
lv uhodwhg wr d gl>huhqw skdvhvkliw ri wkh â. dqg âý srodul}hg frpsrqhqwv ri wkh olqhduo| srodul}hg sureh/
zklfk lv fdoohg flufxodu eluhiulqjhqfh^84`1 Wkh odvw wzr whupv duh ri kljkhu rughu lq wkh dlm frh!flhqwv
dqg zloo wkhuhiruh eh ljqruhg khuh1

Wr dqdo|}h rxu vljqdo ixuwkhu lw lv lqvwuxfwlyh wr vzlwfk wr d â÷ srodul}hg edvlv zlwk wkh {3 d{lv urwdwhg
783 uhodwlyh wkh ruljlqdo { d{lv1 Khuh rxu dqlvrwurs| pdwul{ D3 dqg lqlwldo ?hog orrnv olnh

D3@4
5

ë
^+d{{ . d||, . l +d{| ý d|{,` ^l +d{{ ý d||, . +d{| . d|{,`
^ýl +d{{ ý d||, . +d{| . d|{,` ^+d{{ . d||,ý l +d{| ý d|{,`

ê
> �H3+3, @

H3s
5

ë
4
4

ê
+81:,

Vlqfh wkh lpdjlqdu| sduwv ri wkh gldjrqdo pdwul{ hohphqwv frqwuro wkh uhodwlyh skdvh ehwzhhq wkh â. dqg
âý ?hogv/ zh vhh iurp wkh irup ri D3/ wkdw Uh id|{ ý d{|j lv uhvsrqvleoh iru wkh flufxodu eluhiulqjhqfh ri
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rxu phglxp1 Dqrwkhu frqwulexwlrq frxog frph iurp Lp id{{ . d||j lq wkh gldjrqdo/ exw vlqfh wklv whup
dsshdu zlwk wkh vdph vljq lq erwk gldjrqdo hohphqwv/ lw fdq rqo| fdxvh dq ryhudoo skdvhvkliw1

Lq vxppdu| zh ?qg wkh urwdwlrq dqjoh wr wkh orzhvw rughu lq wkh dqlvrwurs| pdwul{ hohphqwv wr eh

ë @ ä
c

è
+q. ý qý, . 4

5
+ò| ý ò{, +81;,

Khuh è lv wkh zdyhohqjwk ri wkh sureh oljkw lq ydfxxp/ q÷ duh wkh lqglfhv ri uhiudfwlrq iru â÷ srodul}hg
oljkw uhvshfwlyho| dqg ò{@| duh wkh rswlfdo ghswkv iru oljkw srodul}hg olqhduo| dorqj wkh { dqg | d{hv ri
SEV5 uhvshfwlyho| +vhh ?jxuh 814,1

Lq rughu wr shuirup d txdqwxp qrlvh olplwhg phdvxuhphqw/ wkh skrwrfxuuhqw lý zdv uhfrughg dw wkh
UI iuhtxhqf| ó@5ä @ 6 PK}1 Lq wklv fdvh zh glg qrw phdvxuh wkh dqjoh +81;, exw udwkhu lwv qrlvh1 Wklv
lv jlyhq e|

ïl5ý @ 7l
5
3ïë

5 . 7ë5ïl53 +81<,

Reylrxvo| wkh ?uvw whup ghvfulehv wkh qrlvh lq wkh srodul}dwlrq urwdwlrq dqjoh dqg wkh odvw lv wkh lqwhqvlw|
qrlvh ri wkh sureh ehdp1 Lq rxu fdvh/ wkh edodqfhg ghwhfwlrq vfkhph wrjhwkhu zlwk d txlhw odvhu dqg d vpdoo
GF urwdwlrq dqjoh phdqw/ wkdw zh frxog ljqruh wkh odvw whup1 Wkh ?uvw whup kdv vhyhudo frqwulexwlrqv/
vr zh zulwh lw dv

ïl5ý * 7l53
ý
ïë5vlj . ïë

5
VkQ . ïë

5
VsQ

ü
+8143,

Khuh ïë5vlj lv wkh srodul}dwlrq qrlvh gxh wr rxu prgxodwhg dwrplf vdpsoh/ dqg wklv lv zkdw zh zdqw wr
dgguhvv lq wklv vhfwlrq1 ïë5VkQ lv wkh srodul}dwlrq mlwwhu vhw e| wkh txdqwxp qrlvh ri rxu sureh1 Odwhu
lq wklv fkdswhu zh zloo vkrz krz wklv frqwulexwlrq fdq eh uhgxfhg e| phdqv ri vtxhh}hg oljkw1 Ilqdoo|
ïë5VsQ lv wkh txdqwxp vslq qrlvh dvvrfldwhg zlwk wkh pdfurvfrslf orqjlwxglqdo rulhqwdwlrq dqg wudqvyhuvh
doljqphqw ri rxu dwrplf vdpsoh1 Wklv frqwulexwlrq ehfrphv lpsruwdqw zkhq wkh rswlfdo ghswk ri rxu
wdujhw lv kljk1 Lq wklv h{shulphqw d kljk rswlfdo ghswk zrxog uhvxow lq d kljk devruswlrq ri wkh sureh/
dqg frqvhtxhqwo| d vhulrxv orvv ri vtxhh}lqj1 Iru wklv uhdvrq zh nhsw wkh rswlfdo ghswk ri rxu wdujhw
orz lq wkh h{shulphqw dqg frqvhtxhqwo| wkh odvw whup lq +8143, zloo eh ljqruhg khuh1 Lq fkdswhu : zh
zloo frqvlghu dwrplf phgld zlwk kljk ghqvlwlhv/ dqg wkh vslq qrlvh whup zloo eh wuhdwhg lq juhdwhu ghwdlo1
Lw vkrxog eh qrwhg wkdw zh lq jhqhudo dvvxph wkdw rxu ghwhfwruv kdyh doprvw 433( txdqwxp h!flhqf|
+% * 4,/ vxfk wkdw l3 ghvfulehv wkh skrwrfxuuhqw lq xqlwv ri wkh hohphqwdu| fkdujh dv zhoo dv wkh skrwrq
 x{ ri wkh sureh ehdp zlwklq wkh edqgzlgwk ri rxu phdvxuhphqw1

Dv phqwlrqhg hduolhu rxu sureh phglxp zdv d vdpsoh ri frog Fdhvlxp dwrpv wudsshg lq d Pdjqhwr
Rswlfdo Wuds1 Lq wklv vhfwlrq lw zloo vx!fh wr wuhdw wkhvh dwrpv dv dq h>hfwlyh wkuhh ohyho v|vwhp lq
d odgghu frq?jxudwlrq1 Dv looxvwudwhg lq wkh lqvhuw lq ?jxuh 814/ wkh dwrpv duh wudsshg rq wkh orzhu
wudqvlwlrq fruuhvsrqglqj wr d zdyhohqjwk ri ;85 qp/ dqg wkh srsxodwlrq lq wkh lqwhuphgldwh ohyho lv
surehg rq wkh xsshu wudqvlwlrq dw <4: qp1

Lq rughu wr jhqhudwh d vljqdo dw rxu sureh iuhtxhqf| ó/ wkh dwrplf srsxodwlrq lq wkh lqwhuphgldwh ohyho
zdv prgxodwhg e| lqwhqvlw| prgxodwlqj rqh ri wkh wudsslqj odvhu ehdpv/ zklfk zdv doprvw frsursdjdwlqj
wr wkh sureh1 Wkh dqjoh ehwzhhq wkh wzr ehdpv zdv dssur{lpdwho| 5331 Dv d uhvxow ri wkh prgxodwlrq/
wkh lqgh{ ri uhiudfwlrq dqg wkh devruswlrq zhuh dovr prgxodwhg/ dqg khqfh wkh gl>huhqfhv lq +81;, zhuh
prgxodwhg1 Iurp +81;, lw lv qrz fohdu wkdw li wkh gl>huhqfhv zhuh prgxodwhg/ wkh srodul}dwlrq dqjoh ri
wkh sureh zdv ehlqj prgxodwhg dv zhoo1 Lq wkh olplw ri zhdn ?hogv rq erwk wudqvlwlrqv ri rxu odgghu
v|vwhp/ wkh devruswlrq sur?oh ri wkh sureh rq wkh xsshu wudqvlwlrq lv qrwklqj exw d Oruhqw}ldq zlwk
wkh zlgwk ý @ +ð4 . ð5,@5/ zkhuh ð4 dqg ð5 duh wkh IZKP*v ri wkh lqwhuphgldwh dqg h{flwhg vwdwhv
uhvshfwlyho|1 Wkh lqgh{ ri uhiudfwlrq dqg khqfh wkh gl>huhqfh ehwzhhq wzr lqglfhv ri uhiudfwlrq ydulhv olnh
wkh ghulydwlyh ri d Oruhqw}ldq zlwk wkh vdph zlgwk ý/ dv wkh sureh ghwxqlqj lv fkdqjhg1 Wkh prgxodwlrq
ri wkh srsxodwlrq lq wkh lqwhuphgldwh ohyho zrxog uhvxow lq d prgxodwlrq ri wkh vl}hv ri wkh wzr olqhvkdshv/
dqg vlqfh wkh qrlvh srzhu zdv uhfrughg rq wkh VD/ wkh uhvxowlqj vljqdo vkdsh zrxog ydu| olnh wkh vtxduh
ri wkh vxp ri wkh wzr frqwulexwlrqv1 Lq vxppdu| wklv lv zulwwhq olnh

ïë5vlj mó@
ë
å4

ý5@7

ï5 .ý5@7
. å5

ïý
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ê5
+8144,
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Iljxuh 815= Wkh Grssohu wkhru| ri wkh PRW1 Wkh pdjqhwlf ?hog E lv fkdqjlqj vljq d } @ 31 Frqvhtxhqwo|
wkh ]hhpdq vkliwv fkdqjhv vljq dv wkh }hur ?hog uhjlrq lv furvvhg dqg wkh â. dqg âý srodul}hg uhg ghwxqhg
frrolqj odvhuv frph lqwr uhvrqdqfh zlwk wkh dwrplf wudqvlwlrq dqg nlfnv wkh dwrp wrzdugv wkh }hur ?hog
uhjlrq1

zkhuh ï lv wkh sureh ghwxqlqj iurp wkh wzr skrwrq uhvrqdqfh lq wkh odgghu v|vwhp/ dqg å4 dqg å5 duh
sdudphwhuv frqwdlqlqj wkh lqirupdwlrq rq krz h!flhqw wkh prgxodwlrq zdv wudqvihuuhg iurp wkh sxps
wr wkh sureh yld wkh dwrpv1 Vlqfh wkh surfhvv ghvfulehg deryh lv qrwklqj exw irxu zdyh pl{lqj lq dq
dwrplf phglxp/ wkh å frh!flhqwv duh forvho| uhodwhg wr wkh wklug rughu qrqolqhdulw|/ "+6,/ ri wkh dwrplf
phglxp1 D pruh hoderudwh wkhru| iru wkh dwrplf vljqdo zloo eh jlyhq lq wkh iroorzlqj fkdswhuv/ exw iru
wklv h{shulphqw rxu vlpsoh dujxphqwv deryh zloo vx!fh1

815 Wkh Pdjqhwr Rswlfdo Wuds

Dv phqwlrqhg deryh/ wkh rswlfdoo| dfwlyh phglxp iru wkh SL zdv surylghg e| d Pdjqhwr Rswlfdo Wuds
+PRW,1 Lq wklv Sk1 G1 zrun wkh PRW zdv xvhg rqo| dv d wrro/ dqg wkhuhiruh rqo| d plqlpxp ri wlph
zdv vshqw rq fkdudfwhul}lqj wklv ghylfh1 Krzhyhu/ vlqfh lw zdv xvhg wr surylgh wkh wdujhw wr eh surehg
lq wkh h{shulphqwv ghvfulehg lq wklv dqg wkh iroorzlqj fkdswhuv dqg ehfdxvh wkh wudsslqj phfkdqlvpv
wxuqhg rxw wr eh lpsruwdqw wr vrph ri rxu odwhu h{shulphqwv/ d eulhi ghvfulswlrq ri rxu PRW vhwxs zloo
eh jlyhq lq wkh iroorzlqj1

Wkh ?uvw ghprqvwudwlrq ri dwrpv wudsshg lq d PRW fdph dv hduo| dv 4<;:^85`/ dqg vlqfh wkhq wkh
PRW kdv ehhq ghyhorshg dqg vlpsol?hg wr ehfrph d vwdqgdug lqjuhglhqw lq ydulrxv vshfwurvfrslf dqg
Txdqwxp Rswlfv h{shulphqwv^86`^87`^88`^89`^;`1 W|slfdo whpshudwxuhv ri wkh dwrpv lq d PRW duh zhoo
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ehorz 4 pN dqg wkh ghqvlwlhv fdq eh dv kljk dv 4344 fpý6^8:`/ zklfk phdqv/ wkdw wkh| surylgh ghqvh/
Grssohu iuhh wdujhwv zhoo vxlwhg iru kljk suhflvlrq phdvxuhphqwv1 Rswlfdo ghswkv lq d PRW dv kljk dv
73 rq wkh wudsslqj wudqvlwlrq kdv ehhq uhsruwhg^8;`/ exw lq wklv zrun wkh rswlfdo ghswkv zhuh w|slfdoo|
zhoo ehorz 431 Lq wkh h{shulphqw ghvfulehg lq wklv fkdswhu/ wkh rswlfdo ghswk zdv nhsw sduwlfxodu orz/
vlqfh qrqfodvvlfdo sureh oljkw zdv lqyroyhg dqg khqfh wkh devruswlrq vkrxog eh nhsw dw d plqlpxp1

81514 Wkhru|

Wkh phfkdqlvp uhvsrqvleoh iru wkh wudsslqj ri dwrpv lq d PRW lv xvxdoo| ylvxdol}hg dv iroorzv1 Lq rqh
glphqvlrq d pdjqhwlf ?hog ydu|lqj olqhduo| zlwk srvlwlrq dqg fkdqjlqj gluhfwlrq dv wkh }hur srlqw lv
furvvhg lv ]hhpdq vkliwlqj wkh pdjqhwlf vxeohyhov ri wkh M @ 4 h{flwhg vwdwh ri dq dwrp zlwk d M @ 3
jurxqg vwdwh1 Wkh pdjqhwlf ?hog lv dvvxphg wr eh zhdn/ vr wkdw wkh ]hhpdq vkliw lv olqhdu lq wkh ?hog
vwuhqjwk dqg khqfh wkh srvlwlrq1 Wr surylgh wkh irufh/ zh dsso| d â. srodul}hg uhg ghwxqhg odvhu ehdp
lv sursdjdwlqj lq wkh srvlwlyh gluhfwlrq dqg d âý srodul}hg odvhu ehdp lq wkh rssrvlwh gluhfwlrq1 Qrz dq
dwrp srvlwlrqhg lq wkh srvlwlyh kdoi ri wkh txdqwl}dwlrq d{lv zloo ehfrph uhvrqdqw zlwk wkh âý srodul}hg
odvhu gxh wr wkh ]hhpdq vkliw dqg uhfhlyh d nlfn wrzdugv wkh }hur ?hog uhjlrq1 Wkh uhyhuvhg dujxphqw
dssolhv iru dq dwrp lq wkh qhjdwlyh kdoi ri wkh txdqwl}dwlrq d{lv1 Ixuwkhupruh dq dwrp orfdwhg lq wkh
}hur ?hog uhjlrq/ zklfk kdv d srvlwlyh yhorflw| zloo ehfrph uhvrqdqw zlwk wkh âý srodul}hg odvhu gxh wr
wkh Grssohu vkliw dqg khqfh ehfrph ghfhohudwhg1 Vlploduo| dq dwrp prylqj lq wkh qhjdwlyh gluhfwlrq zloo
ehfrph vwrsshg1 Wklv lv looxvwudwhg lq ?jxuh 8151 Wkh vorsh ri wklv Grssohu irufh yv1 yhorflw| lv edvlfdoo|
vhw e| wkh olqhzlgwk ri wkh frrolqj wudqvlwlrq/ ð4/ dqg wklv vhwv wkh Grssohu olplw WG @ |ð4@5nE rq krz
orz whpshudwxuhv rqh fdq dfklhyh lq d PRW^8<`1 Iru 466Fv wklv olplw lv derxw 458 çN1

Lw kdv wxuqhg rxw wkdw wkh PRW r>huv wkh srvvlelolw| ri uhdfklqj whpshudwxuh vpdoohu wkdw wkh Grssohu
olplw^93`^94`1 Wkhvh vxe Grssohu whpshudwxuhv rewdlqhg lq d flufxodu srodul}hg PRW/ olnh zh xvhg/ duh
w|slfdoo| h{sodlqhg e| phdqv ri d yhorflw| ghshqghqw rulhqwdwlrq lq wkh jurxqg vwdwh^95`1 Wklv ri frxuvh
phdqv wkdw wkh jurxqg vwdwh pxvw kdyh dq dqjxodu prphqwxp odujhu wkdq wkh M @ 3/ zh xvhg deryh1
Vxssrvh zh kdyh frxqwhusursdjdwlqj frrolqj ehdpv â. srodul}hg zlwk uhvshfw wr wkhlu sursdjdwlrq d{lv1
Wklv phdqv wkdw zlwk uhvshfw wr wkh txdqwl}dwlrq d{lv fkrvhq dorqj rqh ri wkh ehdpv/ dq dwrp zloo
vhh â. srodul}hg oljkw sursdjdwlqj lq wkh srvlwlyh gluhfwlrq dqg d âý srodul}hg ehdp sursdjdwlqj lq
wkh qhjdwlyh gluhfwlrq1 Li wkh dwrp lv prylqj lq wkh srvlwlyh gluhfwlrq dorqj wkh txdqwl}dwlrq d{lv/ wkh
srsxodwlrq lq wkh pdjqhwlf vxevwdwhv zlwk qhjdwlyh pdjqhwlf txdqwxp qxpehu/ pj/ zloo ehfrph odujhu
wkdq wkh srsxodwlrq ri wkh srvlwlyh pj vwdwhv/ surylghg wkh frrolqj odvhuv duh uhg ghwxqhg1 Frqvhtxhqwo|
dq dwrplf rulhqwdwlrq lq wkh qhjdwlyh gluhfwlrq lv exlow xs/ dqg gxh wr wkh gl>huhqfh lq wkh Fohevfk
Jrugdq frh!flhqwv/ wkh dwrp lv pruh olnho| wr devrue d skrwrq iurp wkh âý srodul}hg ehdp sursdjdwlqj
lq wkh qhjdwlyh gluhfwlrq/ dqg dv d uhvxow uhfhlyh d prphqwxp nlfn lq wkh qhjdwlyh gluhfwlrq1 Wkh uhyhuvhg
dujxphqw fdq eh dssolhg wr dq dwrp prylqj lq wkh qhjdwlyh gluhfwlrq1 Wkh qhw uhvxow ri wklv g|qdplfv lv/
wkdw d prylqj dwrp dozd|v zloo h{shulhqfh d irufh gluhfwhg rssrvlwh wr wkh yhorflw| vlplodu wr d iulfwlrq
irufh1 Wklv lv zk| vxfk dq duudqjhphqw ri odvhuehdpv lv fdoohg rswlfdo prodvvhv1 Wkh yhorflw| ghshqghqfh
ri wkh oljkw irufh lv pxfk vwurqjhu wkdq wkh vlpsohu Grssohu irufh/ phdqlqj wkdw wkh dwrpv lq sulqflsoh
fdq eh frrohg dv orz dv wkh vlqjoh skrwrq uhfrlo olplw1 Iru 466Fv wklv olplw lv durxqg 433 qN1 Lq sudfwlfh
udgldwlrq wudsslqj lq wkh uhvxowlqj ghqvh dwrplf phgld xvxdoo| sxwv d orzhu olplw rq wkh whpshudwxuh ri
d ihz çN^8:`1

81515 Fkdudfwhul}dwlrq

Wkh hohphqw xvhg lq rxu PRW zdv Fdhvlxp1 Wklv zdv fdswxuhg iurp wkh edfn jurxqg ydsru lq rxu
ydfxxp fkdpehu/ lq zklfk wkh Fv suhvvxuh w|slfdoo| zdv derxw 43ý; wruu1 Wkh dwrpv zhuh wudsshg rq
wkh 9V4@5+I @ 7, $ 9S6@5+I @ 8, wudqvlwlrq dw ;85 qp dqg surehg rq wkh 9S6@5 $ 9G8@5+I @ I 3,
wudqvlwlrq dw <4:qp1 Wkh k|shu?qh vsolwwlqj lq wkh 9G8@5 vwdwh lv vr vpdoo lq Fv/ wkdw doo dffhvvleoh
k|shu?qh ohyhov zhuh dgguhvvhg dv wkh sureh odvhu zdv vfdqqhg dfurvv uhvrqdqfh1 Wkh ?qlwh ryhuods ri
wkh 9S6@5+I @ 8, ohyho zlwk wkh 9S6@5+I @ 7, ohyho uhvxowhg lq d orvv ri dwrpv iurp wkh frrolqj f|foh gxh wr
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Iljxuh 816= Wkh uhohydqw hqhj| ohyhov lq dwrplf Fv1 Wkh fxuyhv vkrz wkh wudqvplwwhg srzhu ri wkh <4:qp
sureh iru wzr gl>huhqw wudsslqj odvhuv1 Wkh pxowlsoh shdnv duh gxh wr wkh DF Vwdun vsolwwlqj ri wkh
9S6@5+I @ 8, ohyho dqg wkh wkh k|shu?qh vsolwwlqj ri wkh 9G8@5 ohyho1

wkh ghfd| iurp 9S6@5+I @ 7, vwdwh wr wkh 9V4@5+I @ 6, jurxqg vwdwh1 Dv d uhvxow zh qhhghg d ghvljqdwhg
uhsxpslqj odvhu uhvrqdqw zlwk wkh 9V4@5+I @ 6,$ 9S6@5+I @ 7, wudqvlwlrq lq rughu wr nhhs wkh wudsshg
dwrpv lq wkh frrolqj f|foh1 Wkh uhohydqw hqhuj| ohyhov lq Fv duh vkrzq lq ?jxuh 8161 Wkh uhsxpslqj
odvhu zdv d 433 pZ glrgh odvhu vwdelol}hg zlwk dq h{whuqdo judwlqj dqg orfnhg wr wkh Fv wudqvlwlrq xvlqj
vwdqgdug IP vdwxudwlrq vshfwurvfrs|^74`1 Wkh oljkw gulylqj wkh wudsslqj wudqvlwlrq zdv surylghg e|
dqrwkhu glrgh odvhu zkhq qr sduwlfxodu kljk rswlfdo ghswk zdv uhtxluhg/ dqg e| d krphexlow Wl=Vdsskluh
odvhu zkhq d odujh qxpehu ri wudsshg dwrpv zdv qhhghg1 Lq erwk fdvhv wkh odvhu olqh zdv orfnhg wr wkh
furvv ryhu uhvrqdqfh ehwzhhq wkh 9V4@5+I @ 7,$ 9S6@5+I @ 7, dqg wkh 9V4@5+I @ 7,$ 9S6@5+I @ 8,
wudqvlwlrqv e| xvlqj d sureh ehdp zklfk zdv iuhtxhqf| vkliwhg e| phdqv ri dq dfrxvwr rswlfdo prgxodwru
+DRP,1 Lq wklv zd| wkh ghwxqlqj ri wkh wudsslqj odvhu frxog eh rswlpl}hg wr jlyh wkh kljkhvw dwrplf
ghqvlw| e| dgmxvwlqj wkh DRP iuhtxhqf|1 Ghshqglqj rq wkh srzhu dydlodeoh iru wudsslqj/ wkh ghwxqlqj
zdv ydulhg ehwzhhq 9 dqg 48 PK}1 Wkh glrgh odvhu surylghg durxqg 63 pZ iru wudsslqj zkhuhdv wkh
Wl=Vdsskluh jdyh durxqg 533 pZ1

Lq wkh vpdoo PRW wkh dwrpv zhuh frrohg e| phdqv ri ?yh â. srodul}hg odvhu ehdpv frplqj iurp wkh
glrgh odvhu1 Wkuhh ri wkhvh zhuh sursdjdwlqj lq d 4533 dqjoh uhodwlyh wr hdfk rwkhu wrzdugv wkh fhqwhu ri
wkh ydfxxp fkdpehu1 Wklv kdsshqhg lq d sodqh ruwkrjrqdo wr wkh d{lv ri wkh odvw wzr wudsslqj ehdpv/
zklfk zhuh frxqwhusursdjdwlqj1 Lq wkh fdvh zkhuh d Wl=Vdsskluh odvhu zdv xvhg iru wudsslqj/ zh xvhg d
vl{ ehdp frq?jxudwlrq/ zkhuh wkh â. ehdpv zhuh sdluzlvh frxqwhusursdjdwlqj1 Lq erwk fdvhv doo ehdpv
zhuh ryhuodsslqj lq wkh fhqwhu ri rxu ydfxxp fkdpehu1 Lq rughu wr surylgh frq?qhphqw lq dgglwlrq wr
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wkh frrolqj d txdguxsroh pdjqhwlf ?hog zlwk d judglhqw ri derxw 43 Jdxvv2fp durxqg wkh }hur ?hog
uhjlrq kdg wr eh dssolhg1 Wklv zdv surylghg e| wzr frlov lq dqwl0Khopkrow} frq?jxudwlrq1 Wr rewdlq
wudsslqj/ wkh frrolqj ehdpv kdg wr eh doljqhg vr wkdw wkh| furvvhg lq wkh }hur ?hog uhjlrq1 Zkhq wkh
odvhu glrgh zdv xvhg iru wudsslqj/ wkh ehdp gldphwhu zdv durxqg 7 pp dqg zkhq wkh Wl=Vdsskluh zdv
xvhg/ wkh ehdp gldphwhu zdv derxw 58 pp1

Wkh qxpehu ri wudsshg dwrpv lq rxu PRW zdv lqihuuhg e| prqlwrulqj wkh devruswlrq ri rxu <4:
qp sureh1 Wkh wudfhv wdnhq dv wkh sureh zdv vfdqqhg dfurvv uhvrqdqfh duh vkrzq lq ?jxuh 816 iru wkh
glrgh odvhu vhwxs dqg wkh Wl=Vdsskluh odvhu vhwxs1 Wklv uhyhdov vhyhudo ihdwxuhv1 Iluvw zh qrwlfh wkdw wkh
lqwhuphgldwh 9S6@5 ohyho zdv DF Vwdun vsolwwhg/ dqg dv d uhvxow zh revhuyhg wzr uhvrqdqfhv iru hyhu|
?qdo vwdwh1 Lq wkh olplw ri odujh vsolwwlqj rqh ri wkhvh uhvrqdqfhv fdq eh frqvlghuhg wr dulvh pdlqo|
iurp wkh wzr vwhs surfhvv/ zkhuh wkh lqwhuphgldwh ohyho lv srsxodwhg e| wkdw wudsslqj odvhu dqg wkhq
surehg1 Wkh rwkhu uhvrqdqfh lv ri 5 skrwrq qdwxuh/ zkhuh wkh ?qdo ohyho lv h{flwhg pdlqo| e| wkh wzr
skrwrq devruswlrq^96`1 Wkh iruphu uhvrqdqfh lv lqfrkhuhqw lq qdwxuh dqg zloo khqfhiruwk eh ghqrwhg wkh
*lqfrkhuhqw uhvrqdqfh* zkhuhdv wkh odwwhu lv frkhuhqw dqg zloo eh fdoohg e| wklv qdph lq wkh iroorzlqj1 Zh
zhuh dovr deoh wr uhvroyh wkh k|shu?qh vwuxfwxuh ri wkh 9G8@5 vwdwh/ dqg lqglfdwhg rq wkh ?jxuh duh wkh
I @ 8$ I 3 @ 7> 8> 9 k|shu?qh wudqvlwlrqv1 Ehfdxvh ri wkh odujh DF Vwdun vsolwwlqj wkh 5 vwhs shdnv ri
wkh I 3 @ 7> 8 wudqvlwlrqv phujhg wrjhwkhu zlwk wkh wzr skrwrq shdnv ri wkh I 3 @ 8> 9 wudqvlwlrqv1 Ilqdoo|
xvlqj wkh furvv vhfwlrq iru devruswlrq ri oljkw rq uhvrqdqfh hvwlpdwhg e| â @ è5@5ä/ zkhuh è lv wkh
zdyhohqjwk ri oljkw/ wrjhwkhu zlwk wkh vl}h ri rxu wuds/ zklfk frxog eh phdvxuhg zlwk rxu FFG fdphudv/
zh frxog rewdlq dq hvwlpdwh ri wkh ghqvlw| ri dwrpv lq rxu wuds iurp wkh rswlfdo ghswkv ri ?jxuh 8161
Wklv zdv grqh xvlqj wkh gh?qlwlrq ri wkh rswlfdo ghswk/ ò @ âãc/ zkhuh c lv wkh vl}h ri rxu wuds dqg ã lv
wkh ghqvlw| ri dwrpv lq wkh 9S6@5+I @ 8, vwdwh/ dqg wkh uhvxowv duh vkrzq lq wkh wdeoh ehorz

Wudsslqj odvhu Glrgh Wl=Vdsskluh
Rswlfdo ghswk 3138 41:;
Vl}h ^pp` 418 :
Ghqvlw| ^fpý6` 5û43; 5û43<
Qxpehu ri dwrpv 7û438 7û43;

Iurp wkh wdeoh lw lv fohdu wkdw zh jdlqhg wuhphqgrxvo| lq whupv ri rswlfdo ghswk e| lqfuhdvlqj wkh
srzhu ri wkh wudsslqj odvhu dq rughu ri pdjqlwxgh wrjhwkhu zlwk jrlqj wr wkh pruh hfrqrplfdo vl{ ehdp
frq?jxudwlrq1

Qr dwwhpswv zhuh pdgh wr phdvxuh wkh whpshudwxuh lq wkh PRW/ vlqfh lw zdv yluwxdoo| luuhohydqw wr
wkh h{shulphqwv suhvhqwhg lq wklv wkhvlv1 Doo zh uhtxluhg iurp wkh PRW zdv d Grssohu iuhh wdujhw/ dqg
wklv lv fhuwdlqo| ixo?oohg wr d yhu| jrrg h{whqw dw w|slfdo PRW whpshudwxuhv1

Dv d ?qdo fxulrvlw| wr frqfoxgh rxu wuds fkdudfwhul}dwlrq/ zh glvfryhuhg wkdw hyhq wkrxjk rxu dwrpv
zhuh sxpshg rqo| zlwk lqiuduhg oljkw/ wkh PRW hplwwhg d idlqw eoxh oljkw1 Wklv zdv dwwulexwhg wr wkh
vpdoo eudqfklqj udwlr +å314(, ri wkh ghfd| iurp wkh 9G8@5 ohyho wr wkh :S6@5 ohyho1 Wkh odwwhu frxog
iuhho| ghfd| wr wkh jurxqg vwdwh hplwwlqj oljkw dw 789qp1 Iru d froru slfwxuh ri wklv ihdwxuh wkh uhdghu
lv uhihuuhg wr ?jxuh :1< ru wr wkh iurqw sdjh ri Rswlfv H{suhvv Yro1 5 Qr1 6 +4<<;,1 Wklv fdq eh irxqg
rq wkh ZZZ dw kwws=22hsxev1rvd1ruj2rswlfvh{suhvv2y5q6fyu1kwp1 Wkh slfwxuh lv lq wuxh froruv dqg zdv
wdnhq zlwk 43 plqxwhv h{srvxuh ri d vwdqgdug skrwrjudsklf ?op/ zkloh wkh sureh odvhu zdv orfnhg rq wkh
wzr skrwrq uhvrqdqfh1

816 Srodul}dwlrq Vtxhh}lqj

Zlwk wkh jrdo ri uhvroylqj krz wr dfklhyh vxe0 vkrw qrlvh shuirupdqfh ri wkh SL/ zh qrz wxuq wrzdugv
wkh frqwulexwlrq ïë5VkQ lq ht1 +8143,1 Lq rughu wr uhgxfh wklv txdqwlw| zh qhhghg wr dsso| d qrqfodvvlfdo
srodul}dwlrq vwdwh lq rxu SL1 Vhyhudo sursrvdov rq krz wr surgxfh vxfk d vwdwh kdv ehhq sxw iruzdug1
Wkhvh lqfoxgh "+6, pl{lqj surfhvvhv^97`^98`/ exw wkh kljkhu qrqolqhdulw| pdnhv wkh "+5, surfhvvhv pruh
dwwudfwlyh^99`^9:`1 Kdylqj rxu wxqdeoh vtxhh}hg oljkw vrxufh dydlodeoh/ zh fkrvh wr iroorz wkh h{dpsoh
ri uhi1 ^9;`/ zkhuh pruh frqwuro rq wkh sdudphwhuv/ jryhuqlqj wkh txdqwxp qrlvh uhgxfwlrq/ lv srvvleoh1
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Lq wkh edvlv ri SEV4 +?jxuh 814, zh phdvxuhg wkh lqwhqvlw| gl>huhqfh ehwzhhq oljkw srodul}hg .783 dqg
0783 uhodwlyh wr wkh krul}rqwdo d{lv ri wklv srodul}hu1 Iurp fodvvlfdo rswlfv zh ?qg wkdw wklv txdqwlw| lv
ghvfulehg e| phdqv ri wkh Vwrnhv sdudphwhu v4^5<`1 Lw wxuqv rxw wkdw d vhw ri Vwrnhv rshudwruv dqdorjrxv
wr wkh fodvvlfdo txdqwlwlhv fdq eh gh?qhg lq whupv ri wkh txdqwxp phfkdqlf ?hog rshudwruv1 Ghvfulelqj
wkh krul}rqwdoo| srodul}hg sduw ri wkh sureh ?hog zlwk wkh rshudwru f{ dqg wkh yhuwlfdoo| srodul}hg sduw
e| f|/ wkh Vwrnhv rshudwruv fdq qrz eh zulwwhq dv^9<`3C v4

v5
v6

4D @

3C f|{f| . f||f{
ýl+f|{f| ý f||f{,
f|{f{ ý f||f|

4D +8145,

Dv phqwlrqhg deryh v4 ghvfulehv wkh lqwhqvlw| gl>huhqfh ehwzhhq oljkw srodul}hg ÷783 uhodwlyh wr rxu
srodul}dwlrq dqdo|}hu1 v5 lv ghvfulelqj wkh lqwhqvlw| gl>huhqfh ehwzhhq âý dqg â. srodul}hg oljkw/ zklfk
lv d phdvxuh ri wkh hoolswlflw| ri wkh srodul}dwlrq vwdwh/ dqg reylrxvo| v6 lv wkh lqwhqvlw| gl>huhqfh ehwzhhq
krul}rqwdo dqg yhuwlfdo olqhduo| srodul}hg oljkw1 Wkh rshudwru wulsohw +8145, lv forvho| uhodwhg wr wkh skrwrq
vslq/ dqg reh| wkh dqjxodu prphqwxp dojheudé

4

5
vm >
4

5
vn

è
@
4

5
l%mnovo > m> n> o @ i4> 5> 6j +8146,

zkhuh %mno lv wkh Ohyl0Flylwd v|pero1 Iru f| ehlqj d vwurqj frkhuhqw vwdwh/ zh ljqruh wkh txdqwxp
surshuwlhv ri wklv ?hog dqg ixuwkhupruh fkrrvh lw dv rxu skdvh uhihuhqfh1 Lq wklv fdvh wkh Vwrnhv rshudwruv
vlpsoli| wr 3C v4

v5
v6

4D @

3C F[+!,
F[+!ý ä@5,
f|{f{ ýF5

4D +8147,

zkhuh F @ kf|l @
ó
f||
ò
lv wkh frkhuhqw dpsolwxgh ri rxu sureh dqg[+!, @ dhýl!.d|hl! lv wkh txdgudwxuh

skdvh frpsrqhqw krul}rqwdoo| srodul}hg lqsxw wr SEV4/ zklfk lv lq skdvh zlwk f|1 Iru d ydfxxp vwdwh
wkh skdvh ! lv xqlqwhuhvwlqj/ vlqfh vxfk d vwdwh lv v|pphwulf lq skdvh vsdfh1 Li krzhyhu wkh ?hog d lv d
vtxhh}hg vwdwh/ dv zh zloo vhh/ wkh skdvh ! frqwurov zkhwkhu rxu SL lv shuiruplqj ehwwhu ru zruvh wkdq
wkh vwdqgdug txdqwxp olplw1 Lq rxu fdvh rqo| wkh h{shfwdwlrq ydoxh ri v6 lv qrq}hur/ dqg lq whupv ri
rxu skrwrq  x{/ zh ?qg lw wr eh kv6l @ ýF5 @ ýl3 iru d ydfxxp lqsxw dorqj wkh { d{lv1 Kdylqj wkh
frppxwdwru +8146, dw kdqg zh fdq qrz zulwh xs wkh Khlvhqehuj xqfhuwdlqw| uhodwlrq iru wkh yduldqfhv ri
wkh Vwrnhv rshudwruv v4 dqg v5 ó

ïv54
ò ó
ïv55
ò è l53 +8148,

Khuh zh qrwh wkdw +8148, lv frqvlvwhqw zlwk wkh Khlvhqehuj xqfhuwdlqw| uhodwlrq +518, iru wkh txdgudwxuh
skdvhv [+!, dqg [+!ý ä@5,/ vlqfh óïv54ò óïv55ò @ l53 óï[5+!,

ò ó
ï[5+!ý ä@5,ò1 Wklv lpsolhv wkdw li wkh

txdqwxp vwdwh ri rxu sureh lv d plqlpxp xqfhuwdlqw| vwdwh/ wkh htxdolw| vljq lq +8148, dssolhv1 Htxdwlrq
+8148, whoov xv wkdw iru d fodvvlfdo vwdwh zh fdqqrw gh?qh wkh gluhfwlrq ri wkh srodul}dwlrq yhfwru ehwwhu
wkdq wkh vwdqgdug txdqwxp olplw/ zklfk lv vhw wr 4 lq rxu fdvh1 Vlqfh v5 ghvfulehv wkh hoolswlflw| ri
rxu srodul}dwlrq/ zh fdq gudz wkh vdph frqfoxvlrq iru wklv txdqwlw|1 Krzhyhu li zh lqmhfw d vtxhh}hg
vwdwh srodul}hg dorqj wkh { d{lv wkurxjk SEV4/ zh fdq/ e| frqwuroolqj wkh skdvh ri wklv vwdwh uhodwlyh
wr wkh skdvh ri wkh frkhuhqw vwdwh uhgxfh wkh txdqwxp  xfwxdwlrqv lq wkh sureh srodul}dwlrq dqjoh dw
wkh h{shqvh ri d vwurqjo|  xfwxdwlqj hoolswlflw| ri wkh sureh srodul}dwlrq1 Iruwxqdwho| rxu edodqfhg
ghwhfwlrq phwkrg lv lqvhqvlwlyh wr wkh hoolswlflw| ri wkh srodul}dwlrq/ dqg zh fdq rewdlq d shuirupdqfh
ehwwhu wkdq wkh vwdqgdug txdqwxp olplw lq rxu SL1 Li d txduwhu zdyh uhwdughu zdv lqvhuwhg diwhu SEV4/
zh zrxog ehfrph vhqvlwlyh wr wkh hoolswlflw| ri wkh sureh srodul}dwlrq/ dqg frqvhtxhqwo| wkh skdvh/ !/ ri
rxu vtxhh}lqj zrxog kdyh wr eh vkliwhg ä@5 lq rughu wr dfklhyh txdqwxp qrlvh uhgxfwlrq1

Wr vxppdul}h/ wkh frqwulexwlrq wr rxu vljqdo qrlvh iurp wkh srodul}dwlrq dqjoh mlwwhu lv jlyhq e|
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Iljxuh 817= Wkh qrlvh ri wkh SL1 +D, Zlwk eorfnhg RSR1 +E, Zlwk vtxhh}hg lqsxw dqg vfdqqhg skdvh1
+F, Zlwk vtxhh}hg lqsxw dqg orfnhg skdvh1 +G, Zlwk eorfnhg sureh1 Wkh skdvh zdv vfdqqhg dw d 4: K}
udwh dqg wkh sureh frqwdlqhg 418 pZ ri rswlfdo srzhu1

zkhuh V lv wkh ghjuhh ri vtxhh}lqj ohiw lq wkh sureh lq iurqw ri wkh ghwhfwruv1

817 Vxe0 Vkrw qrlvh srodul}dwlrq vshfwurvfrs|

Zlwk rxu srodul}dwlrq lqwhuihurphwhu uhdg| wrjhwkhu zlwk rxu frog dwrpv lq wkh PRW/ zh qrz frpelqhg
wkh wzr vhwxsv zlwk wkh wxqdeoh vtxhh}hg oljkw vrxufh/ ghvfulehg lq wkh suhylrxv fkdswhu/ zlwk wkh jrdo ri
ghprqvwudwlqj srodul}dwlrq vshfwurvfrs| zlwk qrqfodvvlfdo oljkw1 Wkh hqwluh h{shulphqwdo vhwxs xvhg iru
wklv sxusrvh lv vkrzq lq ?jxuh 8141 Iru wklv h{shulphqw zh xvhg wkh glrgh odvhu wr surylgh wkh wudsslqj
ehdpv/ dqg frqvhtxhqwo| wkh rswlfdo ghswk ri wkh PRW zdv pxfk ohvv wkdq 41

Dv phqwlrqhg hduolhu rxu dwrplf vljqdo zdv hqkdqfhg e| prgxodwlqj wkh lqwhqvlw| ri rqh ri wkh
wudsslqj ehdpv dqg wkhuhe| wkh dwrplf surshuwlhv1 Wklv frpsolfdwhg wkh vwdelol}dwlrq ri wkh uhodwlyh
skdvh/ !/ ehwzhhq wkh vtxhh}hg ydfxxp dqg wkh OR dv wkh| zhuh phujhg wrjhwkhu rq SEV41 Zh zdqwhg
wr orfn ! wr wkh srlqw zkhuh wkh txdqwxp qrlvh ri wkh sureh zdv plqlpl}hg/ krzhyhu wklv uhtxluhg wkdw
rqo| wklv qrlvh zdv revhuyhg/ zklfk zdv qrw wkh fdvh zkhq wkh sureh zdv uhvrqdqw zlwk wkh dwrplf
wudqvlwlrq1 Wklv sureohp zdv ryhufrph e| prqlwrulqj wkh qrlvh ri wkh skrwrfxuuhqw d ihz kxqguhg nK}
dzd| iurp wkh dwrplf prgxodwlrq iuhtxhqf|1 Vlqfh wkh prgxodwlrq edqgzlgwk ri wkh dwrpv zdv qduurz/
rqo| sureh txdqwxp qrlvh zdv revhuyhg dw wklv iuhtxhqf|/ dqg d yrowdjh sursruwlrqdo wr wkh qrlvh srzhu
frxog eh jhqhudwhg1 E| phdqv ri d orfn0lq dpsol?hu +OLD, dqg vwdqgdug glwkhu dqg orfn whfkqltxh/ wkh
skdvh frxog qrz eh orfnhg dqg d srodul}dwlrq vtxhh}hg vwdwh rewdlqhg1
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Lq ?jxuh 817 wkh qrlvh fkdudfwhulvwlfv ri wkh srodul}dwlrq lqwhuihurphwhu lq wkh devhqfh ri dwrpv lv
glvsod|hg1 Wudfh +D, pdunv wkh vkrw qrlvh ohyho/ zklfk zdv rewdlqhg e| eorfnlqj wkh vtxhh}hg lqsxw wr
SEV41 Lq +E, wkh skdvh ! zdv vfdqqhg dqg zh revhuyhg wkh wudqvlwlrq iurp d txdqwxp vwdwh zlwk d
zhoo gh?qhg srodul}dwlrq dqjoh wr d vwdwh zlwk d zhoo gh?qhg hoolswlflw| fruuhvsrqglqj wr vxe0 dqg vxshu
vkrw qrlvh shuirupdqfh uhvshfwlyho|1 Wudfh +F, lv wkh sureh qrlvh zlwk wkh skdvh orfnhg wr wkh plqlpxp/
wklv zdv 6 gE ehorz wkh vkrw qrlvh ohyho/ fruuhvsrqglqj wr 83( txdqwxp qrlvh uhgxfwlrq1 Ilqdoo| wudfh
+G, lqglfdwhv zkhuh wkh hohfwurqlf qrlvh ohyho zdv orfdwhg1 Zlwk wkh 418 pZ sureh srzhu xvhg iru wkhvh
wudfhv/ zh revhuyhg wkdw wkh vkrw qrlvh ohyho zdv 49 gE deryh wkh hohfwurqlf qrlvh/ phdqlqj wkdw rxu
phdvxuhphqw zdv lqghhg olplwhg e| wkh rswlfdo qrlvh ri wkh sureh1 Xqiruwxqdwho| rxu vtxhh}lqj zdv
zruvh lq wklv h{shulphqw wkdq lq wkh h{shulphqw ghvfulehg lq wkh odvw fkdswhu1 Wkh uhdvrq iru wklv zdv
odfn ri qrqolqhdulw| lq wkh RSR suredeo| gxh wr ghwhulrudwlrq ri wkh fu|vwdo/ zklfk zdv nhsw dw wkh kljk
whpshudwxuh ri 4633F ryhu vhyhudo prqwkv1 Wkh vtxhh}lqj edodqfh ri wklv h{shulphqw zdv dv iroorzv

Ilqlwh iuhtxhqf| ri wkh phdvxuhphqw 31<7
Txdqwxp h!flhqf| ri wkh skrwrglrghv 31<<8
Sursdjdwlrq orvvhv iurp RSR wr ghwhfwruv 31<3
Krprg|qh h!flhqf| rq SEV4 31<;5

RSR hvfdsh h!flhqf| 31;;
Ilqlwh RSR jdlq ri wkh RSR 31;3
Ilqlwh edqgzlgwk ri wkh skdvh orfn 31<3
WRWDO 3184

Wkh wrwdo qrlvh uhgxfwlrq dprxqwhg wr 3184 fruuhvsrqglqj wr 0614 gE/ zklfk lv lq jrrg djuhhphqw
zlwk wkh revhuyhg 06 gE lq ?jxuh 8171

Qrz wkh wudsslqj odvhu zdv wxuqhg rq dqg wkh PRW iruphg lq wkh sdwk ri rxu SL1 Wkh sureh iuhtxhqf|
zdv vfdqqhg dfurvv wkh <4: qp dwrplf uhvrqdqfh lq rughu wr revhuyh wkh srodul}dwlrq qrlvh gxh wr wkh
prgxodwhg dwrpv1 Dffruglqj wr wkh wkhru| iurp wkh suhylrxv vhfwlrqv/ rxu vshfwuxp dqdo|}hu vljqdo/ ô/
durxqg wkh UI iuhtxhqf| ó zrxog orrn olnh

ô+ó, @ 5l3E +4ý V, . 7l53
ë
å4

ý5@7

ï5 .ý5@7
. å5

ïý

ï5 .ý5@7

ê5
+814:,

Khuh zh kdyh dvvxphg wkdw wkh edqgzlgwk ri wkh dwrplf prgxodwlrq lv pxfk vpdoohu wkdq wkh UI
edqgzlgwk ri wkh vshfwuxp dqdo|}hu/ E/ zklfk lq wxuq kdv ehhq dvvxphg wr eh pxfk vpdoohu wkdq wkh
edqgzlgwk ri vtxhh}lqj1 Wklv phdqv wkdw wkh odwwhu fdq eh dvvxphg wr eh frqvwdqw ryhu wkh iuhtxhqf|
vsdq E1 Lq ?jxuh 818 wkh revhuyhg vljqdov duh vkrzq +D, zlwk d srodul}dwlrq vtxhh}hg sureh dqg +E,
zlwk d sureh lq wkh frkhuhqw vwdwh1 Wkh qrlvh  rru olplwlqj wkh srodul}dwlrq vtxhh}hg wudfh zdv 516 gE
ehorz wkh vkrw qrlvh ohyho fruuhvsrqglqj wr d ydoxh ri V @ 3=741 Wklv zdv d elw ohvv vtxhh}lqj wkdq
zlwkrxw wkh dwrpv suhvhqw/ exw gxh wr wkh frpsoh{lw| ri wkh h{shulphqw lv zdv gl!fxow wr nhhs doo wkh
sdudphwhuv frqvwdqw ryhu vhyhudo krxuv1 Zlwk wkh frkhuhqw vwdwh sureh/ zh irxqg wkh vljqdo shdn wr eh
orfdwhg 516 gE deryh wkh vkrw qrlvh ohyho/ wklv fruuhvsrqgv wr d vljqdo wr qrlvh udwlr ri 31:1 E| dsso|lqj
rxu srodul}dwlrq vtxhh}hg vwdwh lq wkh SL/ wkh sureh qrlvh ohyho zdv uhgxfhg dqg frqvhtxhqwo| wkh vljqdo
shdn zdv qrz 61; gE deryh wkh qrlvh  rru dqg dv d uhvxow wkh vljqdo wr qrlvh zdv lqfuhdvhg wr 417/ wkdw
lv/ d idfwru ri 51 Lghdoo| wkh lpsuryhphqw lq wkh vljqdo wr qrlvh vkrxog eh +4ýV,ý4 @ 4=:/ exw djdlq gxh
wr d  xfwxdwlqj dwrplf vljqdo zh irxqg dq 4;( glvfuhsdqf|1

Wkh uhvroxwlrq edqgzlgwk/ E/ ri wkh VD zdv 433 nK}/ dqg dgdswlqj rxu wkhru| +814:, wr wkh vtxhh}hg
wudfh/ zh irxqg wkh ydoxhv l3å

5
4 @ +6=;÷4=3, nK} dqg l3å55 @ +63÷7, nK}1 Fohduo| wkh prgxodwlrq ri wkh

uhiudfwlyh lqgh{ dvvrfldwhg zlwk å5 zdv wudqvihuuhg pruh h!flhqw wr wkh sureh wkdq wkh prgxodwlrq ri wkh
devruswlrq/ ghvfulehg e| å41 Wklv fdq eh xqghuvwrrg e| phdqv ri d v|pphwu| dujxphqw1 Wkh prgxodwhg
wudsslqj ehdp zdv doprvw frsursdjdwlqj zlwk wkh sureh +wkhuh zdv derxw d 533 dqjoh ehwzhhq wkhp,1
Dffruglqj wr wkh glvfxvvlrq deryh/ wkh sureh zdv vhqvlwlyh wr olqhdu glfkurlvp dqg flufxodu eluhiulqjhqfh/
exw vlqfh wkh wudsslqj ehdp zdv â. srodul}hg/ qr suhihuuhg wudqvyhuvh gluhfwlrq zdv dydlodeoh/ dqg wkh
lqgxfhg wudqvyhuvh olqhdu glfkurlvp gxh wr wklv ehdp kdg wr eh vpdoo1 Rq wkh rwkhu kdqg wkh dwrplf
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Iljxuh 818= Wkh srodul}dwlrq vshfwurvfrs| wudfhv1 +D, Zlwk d 516 gE vtxhh}hg sureh dqg +E, zlwk d
frkhuhqw vwdwh sureh1 Wkh ehvw ?w wr rxu wkhru| lv vkrzq dv wkh gdvkhg olqh1 Wkh lpsuryhphqw lq vljqdo
wr qrlvh gxh wr wkh uhgxfhg txdqwxp qrlvh zdv irxqg wr eh d idfwru ri 51

rulhqwdwlrq gxh wr wklv wudsslqj ehdp zdv odujh/ dqg vr zdv wkh lqgxfhg flufxodu eluhiulqjhqfh dvvrfldwhg
zlwk å51 Wkh wdlov ri wkh wkhruhwlfdo dwrplf vljqdo vkrzq dv wkh gdvkhg fxuyh lq ?j1 818 duh vhhq wr eh
wrr orqj/ zklfk lv ehfdxvh rxu wkhruhwlfdo prgho lv vrphzkdw ryhuvlpsol?hg1 D pruh ghwdlohg wuhdwphqw
ri wkh prgxodwhg wzr skrwrq wudqvlwlrq zloo eh jlyhq lq wkh qh{w fkdswhu1

818 Frqfoxvlrqv

Lq vxppdu| zh kdyh fkdudfwhul}hg rxu Pdjqhwr Rswlfdo Wuds/ dqg irxqg wkh rswlfdo ghswk rq wkh
sureh wudqvlwlrq wr lpsuryh gudvwlfdoo| iurp 3138 wr 41; zkhq wkh vwurqjhu Wl=Vdsskluh odvhu zdv xvhg
iru wudsslqj lqvwhdg ri rxu glrgh odvhu1 Wkh ghqvlw| rewdlqhg zdv derxw 43< fpý6/ zklfk iru d forxg
ri : pp gldphwhu fruuhvsrqghg wr derxw 43; wudsshg dwrpv1 Wkh vwurqj devruswlrq lq wkh PRW
xvlqj wkh Wl=Vdsskluh odvhu wxuqhg rxw wr ehfrph lpsruwdqw iru d odwhu vhulhv ri h{shulphqwv/ krzhyhu
zkhq d vtxhh}hg sureh zdv dssolhg/ d vpdoo devruswlrq zdv ghvludeoh lq rughu wr suhvhuyh wkh txdqwxp
fruuhodwlrqv1

Lq whupv ri wkh srodul}dwlrq vshfwurvfrs| rq rxu wudsshg dwrpv/ zh vdz wkdw wkh srodul}dwlrq lqwhuihu0
rphwhu lv vhqvlwlyh wr olqhdu glfkurlvp dqg flufxodu eluhiulqjhqfh1 Zh ghulyhg d vlpsoh wkhru| ghvfulelqj
krz wr dfklhyh vhqvlwlylw| eh|rqg wkh vwdqgdug txdqwxp olplw lq wkh Srodul}dwlrq Lqwhuihurphwhu1 Wklv uh0
txluhg wkh ryhuodsslqj ri d frkhuhqw ehdp zlwk vtxhh}hg ydfxxp ri d srodul}lqj ehdpvsolwwhu1 Fkrrvlqj
dq dssursuldwh skdvh ehwzhhq wkh wzr ehdpv/ zh vkrzhg wkdw hlwkhu wkh  xfwxdwlrqv lq wkh srodul}dwlrq



FKDSWHU 81 QRQFODVVLFDO SRODUL]DWLRQ VSHFWURVFRS\ 85

Iljxuh 819= Wkh vhwxs xvhg iru pdjqhwr rswlfdo wudsslqj1 Lq wkh fhqwhu lv wkh ydfxxp fkdpehu zlwk wkh
lrq sxps rq wkh uljkw pdlqwdlqlqj d ydfxxp durxqg 43ý; wruu1 Durxqg wkh fkdpehu wkh dqwl Khopkrow}
frlov fdq eh vhhq1 Wkhvh duh surgxflqj d txdguxsroh pdjqhwlf ?hog zlwk d judglhqw durxqg 43 Jdxvv2fp
lq wkh fhqwhu1 Wzr wudsslqj ehdpv duh hqwhulqj wkh fkdpehu shushqglfxodu wr wkh odujh ylhzsruwv dqg
wkh uhvlgxdo irxu wudsslqj ehdpv duh jrlqj gldjrqdoo| wkurxjk wkh fkdpehu lq wkh sodqh ruwkrjrqdo wr
wkh ?uvw wzr ehdpv1

dqjoh ru lq wkh hoolswlflw| ri wkh srodul}dwlrq frxog eh uhgxfhg1 Dvvxplqj wkdw rxu wudsshg dwrpv frxog
eh ghvfulehg dv d vlpsoh wkuhh ohyho odgghu v|vwhp/ zh zrunhg rxw dq h{suhvvlrq iru wkh vkdsh ri wkh
dwrplf vljqdo/ zklfk frxog eh ?wwhg wr rxu wudfhv zlwk d uhdvrqdeoh djuhhphqw1

Wkh ghjuhh ri vtxhh}lqj dfklhyhg lq wklv h{shulphqw zdv qrw dv frqylqflqj dv lq wkh odvw fkdswhu1 Wklv
zdv pdlqo| gxh wr d zruvh shuirupdqfh ri rxu RSR dv d uhvxow ri uhgxfhg qrqolqhdulw| lq wkh qrqolqhdu
phglxp1 D txdqwxp qrlvh uhgxfwlrq ri 06 gE zdv dfklhyhg lq wkh SL zlwkrxw dq| dwrpv suhvhqw1 Dw
wkh wlph ri wkh vshfwurvfrs| h{shulphqw/ rqo| 0516 gE vtxhh}lqj zdv ohiw lq wkh sureh/ krzhyhu wklv
zdv vx!flhqw wr ghprqvwudwh dwrplf srodul}dwlrq vshfwurvfrs| zlwk d qrqfodvvlfdo sureh iru wkh ?uvw
wlph^44`^43`1 Wkh vljqdo wr qrlvh udwlr zdv lqfuhdvhg zlwk d idfwru ri 5 gxh wr wkh uhgxfhg txdqwxp qrlvh
ri wkh sureh1 Ilqdoo| zh irxqg wkdw gxh wr wkh jhrphwu| ri wkh h{shulphqw/ wkh prgxodwlrq ri wkh lqgh{
ri uhiudfwlrq zdv derxw ; wlphv pruh h!flhqw wkdq wkh prgxodwlrq ri wkh h{wlqfwlrq frh!flhqw1

Wklv fkdswhu kdv ghdow zlwk wkh txdqwxp qrlvh dvvrfldwhg zlwk wkh vshfwurvfrs| rq dq rswlfdoo| wklq
phglxp1 Khuh zh ehqh?wwhg d orw iurp vtxhh}lqj wkh txdqwxp  xfwxdwlrqv ri wkh sureh1 Lq wkh fkdswhuv
wr iroorz zh zloo lqyhvwljdwh wkh txdqwxp dv zhoo dv fodvvlfdo qrlvh dvvrfldwhg zlwk wkh vshfwurvfrs|
rq ghqvhu phgld1 Lq wklv fdvh lqwulqvlf txdqwxp qrlvh ri wkh dwrpv ehfrphv lpsruwdqw/ dqg khqfh zh
zloo irfxv rxu dwwhqwlrq rq wkh dwrplf  xfwxdwlrqv lq fkdswhu : dqg zd|v wr uhgxfh wklv qrlvh zloo eh
lqglfdwhg1



Fkdswhu 9

Prgxodwlrq vshfwurvfrs| rq d PRW

Vr idu zh kdyh frqvlghuhg pdlqo| wkh qrlvh frqwulexwlrq wr rxu vshfwurvfrslf vljqdo frplqj iurp txdqwxp
qrlvh ri rxu sureh1 Wkh qh{w wzr fkdswhuv zloo eh ghyrwhg wr ghvfulelqj h{shulphqwv/ lq zklfk wkh dwrplf
qrlvh frqwulexwlrqv wr rxu vljqdov zhuh h{soruhg1 Lq wklv ?uvw fkdswhu zh zloo irfxv rq fodvvlfdo dwrplf qrlvh
dulvlqj dv d uhvxow ri wkh lqwhudfwlrq ri wkh dwrpv zlwk plvfhoodqhrxv h{whuqdo prgxodwlrq vrxufhv1 Wkhvh
frxog iru lqvwdqfh eh wkh prgxodwlrq ri wkh dwrplf glsroh prphqwv gxh wr dq dpsolwxgh ru iuhtxhqf|
prgxodwhg gulylqj ?hog/ ru wkh h>hfw ri dq rvfloodwlqj h{whuqdo pdjqhwlf ?hog fdxvlqj prgxodwlrq ri
wkh Odupru suhfhvvlrq ri wkh dwrplf vslqv1 Frpprq iru wkhvh nlqgv ri prgxodwlrq lv wkdw doo dwrpv lq
wkh hqvhpeoh h{shulhqfh wkh vdph h{whuqdo prgxodwlrq/ wkdw lv/ wkh prgxodwlrq h>hfw lv froohfwlyh dqg
frkhuhqw dqg khqfhiruwk zh zloo fdoo wkh qrlvh iurp wkhvh surfhvvhv whfkqlfdo1 Wklv vwdqgv lq frqwudvw
wr wkh txdqwxp qrlvh ri wkh dwrpv/ zklfk lq jhqhudo lv lqglylgxdo dqg xqfruuhodwhg  xfwxdwlrqv ri wkh
uhohydqw dwrplf sdudphwhuv1 Lq dqdorj| zlwk wkh txdqwxp qrlvh ri oljkw wkh txdqwxp qrlvh ri dwrpv fdq
eh frqvlghuhg wr eh wkh h>hfw ri d vhw ri Khlvhqehuj xqfhuwdlqw| uhodwlrqv lpsrvlqj fhuwdlq uhvwulfwlrqv
rq wkh suhflvlrq zlwk zklfk rqh fdq phdvxuh wzr qrqfrppxwlqj dwrplf revhuydeohv vxfk dv gl>huhqw
dqjxodu prphqwxp frpsrqhqwv1

Iluvw wkh prwlydwlqj lvvxhv xqghuo|lqj wklv h{shulphqw zloo eh rxwolqhg/ wkhq wkh h{shulphqwdo vhwxs
zloo eh suhvhqwhg1 Wkhq wkh uhvxowv ri wkh devruswlrq vshfwurvfrs| ri wkh PRW zloo eh suhvhqwhg wr0
jhwkhu zlwk d frpsdulvrq wr d wkuhh ohyho prgho1 Wklv zloo eh iroorzhg e| wkh uhvxowv ri wkh prgxodwhg
srodul}dwlrq urwdwlrq vshfwurvfrs| rq wkh PRW/ zklfk djdlq zloo eh frpsduhg wr wkh wkuhh ohyho wkhru|1
Ilqdoo| prgxodwlrq vshfwurvfrs| xwlol}lqj wkh skdvh qrlvh ri d vhplfrqgxfwru odvhu zloo eh ghprqvwudwhg
dqg wkh fkdswhu zloo eh vxppdul}hg1

914 Prwlydwlrq
Lq rughu wr dfklhyh kljk vhqvlwlylw| lq dwrplf vshfwurvfrs| lw lv frpprq wr xvh d prgxodwhg sureh
frqwdlqlqj hlwkhu DP ru IP vlghedqgv dw vrph udglr iuhtxhqf| ó^74`^:3`1 Wklv whfkqltxh lv xvhixo zkhq
wkh vljqdo wr qrlvh udwlr lv olplwhg e| zklwh ru eurdgedqg qrlvh vrxufhv vxfk dv wkh vkrw qrlvh ri oljkw/
wkhupdo qrlvh ri wkh ghwhfwru hohfwurqlfv hwf1 Wkh frqwulexwlrq ri vxfk qrlvh vrxufhv wr wkh vljqdo lv
edvlfdoo| vhw e| wkh edqgzlgwk ri wkh phdvxuhphqw/ E1 Wkh h{whuqdoo| dssolhg prgxodwlrq fdq kdyh
d yhu| qduurz edqgzlgwk/ phdqlqj wkdw wkh dwrplf vljqdo fdq eh frpsuhvvhg lqwr d vpdoo iuhtxhqf|
zlqgrz1 Vlqfh wkh qrlvh slfnhg xs lq d phdvxuhphqw lv sursruwlrqdo wr E/ wkh vljqdo wr qrlvh udwlr lv
hdvlo| vkrzq wr eh sursruwlrqdo wr l3P5@5E/ zkhuh l3 lv wkh sureh skrwrq  x{ dqgP lv wkh prgxodwlrq
lqgh{1 Wdnlqj wkh skrwrq  x{ wr eh 4347 vý4/ P @ 3=4 dqg E @ 433 nK}/ zh ?qg wkh vljqdo wr qrlvh
wr eh hqkdqfhg e| 435 dv frpsduhg wr wkh GF phdvxuhphqw zlwk wkh vdph edqgzlgwk1 Iru wkh odwwhu
wkh vljqdo wr qrlvh zloo jr dv

s
l3@5E1 Pruh lpsruwdqw lv wkdw wkh pdvvlyh 4@i whfkqlfdo qrlvh/ zklfk

kdv ehhq ljqruhg vr idu/ zloo frqwulexwh wr wkh GF phdvxuhphqw/ zkhuhdv lw ehfrphv lqvljql?fdqw li

86
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Iljxuh 914= Wkh vhwxs xvhg iru prgxodwlrq vshfwurvfrs| lq d PRW1 D glrgh odvhu zdv surylglqj wkh
wudsslqj ehdpv iru wkh PRW dqg wkh prgxodwlrq zdv surgxfhg e| prgxodwlqj wkh glrgh odvhu fxuuhqw1
D vwdqgdug srodul}dwlrq lqwhuihurphwhu zdv xvhg wr sureh wkh xsshu wudqvlwlrq dqg wkh skrwrfxuuhqwv
frxog eh hlwkhu vxpphg ru vxewudfwhg e| d k|eulg mxqfwlrq1 Wkh qrlvh srzhu ri wkh uhvxowlqj fxuuhqw dw
wkh prgxodwlrq iuhtxhqf| ó zdv dqdo|}hg lq d vshfwuxp dqdo|}hu1 Wkh srodul}dwlrq lqwhuihurphwhu zdv
gulyhq e| d Wl=Vdsskluh odvhu1 Wkh lqvhuw vkrzv wkh wkuhh ohyho prgho xvhg wr ghvfuleh rxu uhvxowv1

wkh iuhtxhqf| ó lv fkrvhq vx!flhqwo| kljk1 Wkhvh lvvxhv pdnh prgxodwlrq vshfwurvfrs| yhu| dwwudfwlyh
zkhqhyhu zhdn vljqdov ri dq| nlqg duh wr eh ghwhfwhg1

Lq vslwh ri wklv ehdxw| dqg vlpsolflw| ri prgxodwlrq vshfwurvfrs| wkhuh duh vwloo vrph slwidoov wr dyrlg
zkhq xvlqj wklv whfkqltxh1 Lq jhqhudo wkh prgxodwruv qhhghg iru vxfk h{shulphqwv duh h{shqvlyh ghylfhv
zklfk pd| uhgxfh wkh dwwudfwlyhqhvv ri wkh vfkhph1 Ixuwkhupruh lw lv qrw d wulyldo wdvn wr pdnh iru
lqvwdqfh dq hohfwur rswlfdo prgxodwru surgxfh rqo| IP dqg qr DP^:4`/ dqg li rqh vxffhhgv wkhupdo
guliwv ri wkh prgxodwru fu|vwdo zloo suredeo| fdxvh wkh qhhg iru dgmxvwphqwv diwhu d ihz krxuv1 Dw ehvw
wkh DP frpsrqhqw ri wkh prgxodwlrq zloo hqwhu wkh vshfwurvfrslf vljqdo dv d eurdg edfnjurxqg pdnlqj
lw lpsrvvleoh wr uhdfk wkh vkrw qrlvh olplw dqg dw zruvw lw zloo revfxuh wkh dwrplf vljqdo lwvhoi dqg fdxvh
dgglwlrqdo frpsolfdwlrqv zkhq rqh kdv wr h{wudfw wkh lqirupdwlrq iurp wklv vljqdo1 Wkh vdph h>hfw lv dovr
hqfrxqwhuhg li wkh sureh kdv wr sursdjdwh wkurxjk glvshuvlyh hohphqwv vxfk dv ehdpvsolwwhuv/ zlqgrzv/
uhwdughuv hwf1 doo ri zklfk duh frpprq lq rswlfdo h{shulphqwv1

Lq wkh h{shulphqw ghvfulehg ehorz/ prgxodwlrq vshfwurvfrs| zdv shuiruphg rq wkh wzr skrwrq wudq0
vlwlrq 9V4@5+I @ 7, $ 9S6@5+I @ 8, $ 9G8@5+I @ I 3, lq Fdhvlxp1 Wkh Fv dwrpv zhuh wudsshg lq
d PRW/ dqg lq frqwudvw wr frqyhqwlrqdo prgxodwlrq vshfwurvfrs|/ dv lqglfdwhg deryh/ wkh frrolqj odvhu
uhvrqdqw zlwk wkh 9V4@5+I @ 7, $ 9S6@5+I @ 8, wudqvlwlrq zdv prgxodwhg lqvwhdg ri wkh rswlfdo sureh
uhvrqdqw zlwk wkh 9S6@5+I @ 8, $ 9G8@5+I @ I 3, wudqvlwlrq1 Dv d uhvxow wkh dwrpv wkhpvhoyhv zhuh
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prgxodwhg yld wkh glsroh prphqw lqgxfhg e| wkh wudsslqj odvhu/ dqg wklv prgxodwlrq zdv wudqvihuuhg
wr wkh sureh e| phdqv ri wkh dwrplf wklug rughu qrqolqhdulw|1 Reylrxvo| wklv whfkqltxh zrxog qrw vx>hu
iurp wkh deryh phqwlrqhg ghohwhulrxv sureohpv lq vwdqgdug IP vshfwurvfrs|/ krzhyhu zh kdg wr sd| wkh
sulfh ri xqghuvwdqglqj wkh vrphzkdw pruh frpsolfdwhg dwrplf olqhvkdsh dulvlqj iurp wkh lqgluhfw zd|
ri prgxodwlqj1 Wklv w|sh ri vshfwurvfrs| ohqw xv h{fhoohqw lqvljkw wr wkh qrlvh surshuwlhv ri rxu wudsslqj
odvhu dqg wkh lq xhqfh ri wklv odvhu qrlvh rq wkh dwrplf txdqwxp qrlvh1 Wklv lvvxh zloo eh wuhdwhg lq
kljkhu ghwdlo lq wkh qh{w fkdswhu1

915 Wkh vhwxs

Wkh vhwxs xvhg lq wklv h{shulphqw uhvhpeohg wkh vfkhph xvhg lq wkh suhylrxv fkdswhu txlwh d orw1 Wkh
pdmru gl>huhqfh zdv wkdw qr qrqfodvvlfdo oljkw zdv qhhghg iru wklv h{shulphqw dqg khqfh wkh rswlfdo
sduw ri wkh vhwxs zdv vrphzkdw vlpsol?hg1 Wkh PRW zdv pdgh xs e| 8 wudsslqj ehdpv ri zklfk 5
zhuh frxqwhusursdjdwlqj dqg wkh uhpdlqlqj 6 ehdpv zhuh sursdjdwlqj lq d gluhfwlrq 4533 uhodwlyh wr
hdfk rwkhu lq wkh sodqh ruwkrjrqdo wr wkh wzr frxqwhusursdjdwlqj ehdpv1 Wkh wudsslqj ehdpv zhuh
surylghg e| dq VGO 8734 vhplfrqgxfwru odvhu vwdelol}hg e| dq h{whuqdo judwlqj dqg iuhtxhqf| orfnhg wr
wkh 9V4@5+I @ 7,$ 9S6@5+I @ 7> 8, furvvryhu uhvrqdqfh1 Wkh ghwxqlqj ri wkh wudsslqj odvhu uhodwlyh wr
wkh wudqvlwlrq iuhtxhqf| frxog eh wxqhg e| phdqv ri dq dfrxvwr rswlf prgxodwru lqvhuwhg lq wkh sdwk ri
wkh oljkw iru wkh iuhtxhqf| orfn1 Dv vkrzq lq wkh odvw fkdswhu wkh wuds sdudphwhuv lq wklv frq?jxudwlrq
zdv d ghqvlw| derxw 43; fpý6 zlwk d wrwdo ri derxw 439 dwrpv lq wkh forxg1 Wkh prgxodwlrq |lhoglqj
wkh vshfwurvfrslf vljqdo zdv surgxfhg e| prgxodwlqj wkh wudsslqj odvhu gulylqj fxuuhqw zlwk d ó@5ä @ 6
PK} vlqh zdyh1 Lq idfw wkh vdph prgxodwlrq zdv xvhg wr orfn wkh odvhu wr wkh Fv wudqvlwlrq e| phdqv ri
IP devruswlrq vshfwurvfrs|1 Olnh lq wkh odvw fkdswhu wkh wudsshg dwrpv zhuh surehg zlwk d srodul}dwlrq
lqwhuihurphwhu pdgh xs e| wzr Jodq Wkrpsvrq sulvp srodul}huv +SEV425, dqg d kdoi zdyh uhwdughu
+è25,1 Wkh sureh ehdp zdv surgxfhg e| d vlqjoh iuhtxhqf| Wl=Vdsskluh odvhu +Plfurodvh PEU0443,/
zklfk frxog eh vfdqqhg xs wr 4 JK} durxqg <4:qp dw d 6 K} uhshwlwlrq udwh1 Wkh wzr skrwrfxuuhqwv
frplqj iurp wkh slq vlolfrq skrwrglrghv +SG425, frxog eh hlwkhu dgghg ru vxewudfwhg lq d k|eulg mxqfwlrq
+KM, dqg wkh uhvxowlqj UI fxuuhqw zdv ihg lqwr d vshfwuxp dqdo|}hu +VD, zkhuh wkh qrlvh srzhu dw ó zdv
prqlwruhg1 Lq wkh fdvh ri vxewudfwlrq ri wkh skrwrfxuuhqwv wkh edodqflqj ri wkh ghwhfwruv zdv w|slfdoo|
ehwwhu wkdq 63 gE1 Wkh sureh lqwhqvlw| zdv durxqg 43pZ fpý5 dqg zlwk wkh fruuhvsrqglqj srzhu wkh
sureh zdv vkrw qrlvh olplwhg dw iuhtxhqflhv kljkhu wkdq 518 PK}1 Ghshqglqj rq zkhwkhu wkh vxp +l., ru
wkh gl>huhqfh +lý, ri wkh skrwrfxuuhqwv zdv prqlwruhg zh jdlqhg lqirupdwlrq derxw gl>huhqw surshuwlhv
ri wkh hqvhpeoh ri wudsshg dwrpv1 Wkh vxp/ l./ vlpso| jdyh xv lqirupdwlrq derxw wkh devruswlrq ri
wkh <4: qp sureh zkhuhdv odwwhu ghvfulehg wkh ghyldwlrq iurp d vskhulfdo vwdwh ri wkh froohfwlyh dwrplf
dqjxodu prphqwxp dffruglqj wr wkh glvfxvvlrq lq vhfwlrq 814151 Wkh vhwxs lv vkrzq lq ?jxuh 9141 Wzr
w|shv ri prgxodwlrq h{shulphqwv zhuh shuiruphg1 Lq wkh ?uvw nlqg wkh prgxodwlrq zdv dssolhg h{whuqdoo|
wr wkh glrgh odvhu gulyh fxuuhqw dqg lq wkh vhfrqg nlqg wkh lqwulqvlf skdvh qrlvh ri wkh glrgh odvhu zdv
xvhg gluhfwo| wr prgxodwh wkh dwrpv1

916 Prgxodwhg devruswlrq

91614 H{shulphqw

Zkhq prgxodwlqj wkh gulylqj fxuuhqw ri d glrgh odvhu rshudwlqj lq d vwdeoh prgh zhoo deryh wkuhvkrog/
wkh pdlq lpsdfw lv d uhvxowlqj prgxodwlrq ri wkh odvhu iuhtxhqf| udwkhu wkdq wkh dpsolwxgh^:5`1 Krzhyhu
wkh odvhu dpsolwxgh lv dovr prgxodwhg dw elw1 Lq rxu fdvh wkh vwuhqjwk ri wkh IP zdv phdvxuhg e| vhqglqj
wkh odvhu rxwsxw wkurxjk d vfdqqlqj fdylw| dqg phdvxulqj wkh vl}h ri wkh 6 PK} vlghedqgv uhodwlyh wr wkh
fduulhu1 Wklv udwlr zdv irxqg wr eh 48(/ zklfk fdq eh frqyhuwhg lqwr wkh skdvh prgxodwlrq lqgh{/P / e|
lqyhuwlqj wkh Ehvvho ixqfwlrq M4+P,^:6`/ wr jlyhP @ 3=64 udg1 Wkh fruuhvsrqglqj iuhtxhqf| prgxodwlrq
lqgh{ lv 3148 PK}1 Wkh DP ri wkh odvhu rxwsxw zdv phdvxuhg wr eh vpdoohu wkdq 8(/ exw wklv zdv ri
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1

Iljxuh 915= Wkh PRW devruswlrq vljqdo iru ydulrxv wudsslqj odvhu ghwxqlqjv/ ü1 Wkh DF Vwdun vsolwwlqj
ïæ lv phdvxuhg iru hdfk ghwxqlqj dqg wkh furvvlqj ri wkh vwudljkw olqh ri ïæ5 yv1 ü5zlwk wkh yhuwlfdo d{lv
|lhogv 7"5 / zkhuh " lv wkh Udel iuhtxhqf|1 Wkh wudfhv zhuh wdnhq zlwk Uhvroxwlrq EZ ri 433 nK} dqg
Ylghr EZ ri 433 K}1

ohvv lpsruwdqfh vlqfh wkh wudsslqj wudqvlwlrq zdv khdylo| vdwxudwhg/ phdqlqj wkdw vpdoo fkdqjhv lq wkh
wudsslqj odvhu srzhu zrxog phdq yhu| olwwoh wr wkh dwrplf g|qdplfv1

Ohw xv ?uvw irfxv rq wkh devruswlrq vljqdo rewdlqhg e| uhfruglqj l.1 W|slfdo wudfhv iru ydulrxv ydoxhv
ri wkh wudsslqj odvhu ghwxqlqj/ ü/ duh vkrzq lq ?jxuh 9151 Orrnlqj ?uvw dw wkh ü @ : PK} wudfh/
zh fohduo| vhh wkh k|shu?qh vsolwwlqj ri wkh 9G8@5 vwdwh1 Wkh wudqvlwlrq wr wkh I 33 @ 9 vwdwh lv vhhq wr
eh wkh vwurqjhvw lq djuhhphqw zlwk vwdqgdug wkhru|^:7`1 Wklv whoov xv wkdw wkh udwlr ri wkh wudqvlwlrq
suredelolwlhv iru h{flwlqj iurp 9S6@5+I @ 8, wr 9G8@5+I 3, dqg 9G8@5+I 33, lv jlyhq e|

Z +I $ I 3,
Z +I $ I 33,

@

+5I 3 . 4,
ã
I 3 4 I
6@5 :@5 8@5

â5
+5I 33 . 4,

ã
I 33 4 I
6@5 :@5 8@5

â5 +914,

zkhuh zh kdyh xvhg wkdw 466Fv kdv qxfohdu vslq :25 dqg zh kdyh qhjohfwhg wkh uhodwlyho| vpdoo hqhuj|
vsolwwlqj ehwzhhq wkh k|shu?qh ohyhov lq wkh ?qdo vwdwh1 Iru I 3 @ 8 dqg I 33 @ 9/ wklv udwlr lv ::2658/
zklfk pxvw eh vtxduhg vlqfh zh uhfrug wkh qrlvh srzhu1 Ilqdoo| zh hqg xs ?qglqj wkdw wkh I 3 @ 8 shdn
pxvw eh 4518 gE orzhu wkdq wkh I 33 @ 9 shdn lq jrrg djuhhphqw zlwk ?j1 9151 Vlploduo| zh ?qg wkh
I 3 @ 7 shdn wr eh orfdwhg 5<1; gE ehorz wkh I 33 @ 9 shdn1 Lq rughu wr fkhfn wklv udwlr d ehwwhu vljqdo
wr qrlvh udwlr wkdq surylghg e| ?j1 915 lv qhhghg1
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Ehfdxvh ri wkh vwurqj sxpslqj ?hog frplqj iurp wkh wudsslqj odvhu/ wkh lqwhuphgldwh 9S6@5 vwdwh
glvsod|hg Dxwohu Wrzqhv vsolwwlqj1 Lq wklv fdvh zh frxog frqvlghu wkh wrwdo wudqvlwlrq iurp wkh 9V4@5+I @
7, jurxqg vwdwh wr wkh 9G8@5 ?qdo vwdwh wr kdyh wzr frqwulexwlrqv/ rqh frplqj pdlqo| iurp wkh frkhuhqw
wzr skrwrq h{flwdwlrq dqg dqrwkhu frplqj iurp wkh lqfrkhuhqw wzr vwhs h{flwdwlrq^96`1 Wklv glvwlqfwlrq
ehwzhhq frkhuhqw dqg lqfrkhuhqw h{flwdwlrq fdq rqo| eh pdgh xqdpeljxrxvo| lq wkh olplw ri odujh wudsslqj
odvhu ghwxqlqj1 Wkh wzr surfhvvhv fruuhvsrqgv wr gl>huhqw uhvrqdqfh iuhtxhqflhv ri wkh sureh/ dqg khqfh
zh vhh wkh lqfrkhuhqw shdn dw qhjdwlyh sureh ghwxqlqjv dqg wkh frkhuhqw grxeoh shdn fdq eh vhhq forvh
wr }hur sureh ghwxqlqj1 Lw vkrxog eh phqwlrqhg khuh wkdw wkh devroxwh sureh ghwxqlqj kdv ehhq fkrvhq
wr eh }hur dw wkh I 33 @ 9 frkhuhqw shdn lq doo wkh wudfhv1 Lqwxlwlyho| zh h{shfw wkh frkhuhqw shdnv wr
eh fhqwhuhg durxqg }hur wzr skrwrq ghwxqlqj/ ü . ï @ 3/ zkhuhdv wkh lqfrkhuhqw shdnv duh h{shfwhg
wr eh irxqg dw }hur sureh ghwxqlqj/ ï @ 31 Ehfdxvh wkh uroh ri wkh IP ri wkh wudsslqj odvhu lv pdlqo|
wr prgxodwh wkh ghwxqlqj rq wkh orzhu wudqvlwlrq/ wkh frkhuhqw shdn vsolwv lqwr wzr shdnv dqdorjrxv
wr vwdqgdug IP devruswlrq vshfwurvfrs|1 Krzhyhu wkh lqfrkhuhqw shdn lv vkliwhg pxfk ohvv iurp lwv
xqshuwxuehg srvlwlrq gxh wr wkh ghwxqlqj dqg khqfh wkh vsolwwlqj ri wklv shdn lv ohvv surqrxqfhg1

E| phdvxulqj wkh Dxwohu Wrzqhv vsolwwlqj/ ïæ/ dv lqglfdwhg rq wkh ü @ 6PK} wudfh/ dqg grlqj wklv
dv ixqfwlrq ri wkh wudsslqj odvhu ghwxqlqj/ zh zhuh deoh wr lqihu wkh Udel iuhtxhqf|/ "1 Djdlq vwdqgdug
wkhru|^96` whoov xv wkdw sorwwlqj ïæ5 yv1 ü5 vkrxog jlyh xv d vwudljkw olqh zlwk d furvvlqj ri wkh yhuwlfdo
d{lv dw 7"51 Wklv lv vkrzq lq wkh odvw sorw ri ?j1 9151 Iurp wklv zh ?qg wkh Udel iuhtxhqf| wr eh
" @ +:=8 ÷ 3=4,PK} fruuhvsrqglqj wr 417 olqhzlgwkv +ð4 @ 8=6 PK}, ri wkh 9V4@5 $ 9S6@5 wudqvlwlrq1
Wkh yduldwlrq ri wkh vl}h ri wkh devruswlrq vljqdov dv wkh ghwxqlqj zdv lqfuhdvhg zdv vlpso| gxh wr
wkh fkdqjh lq wkh frrolqj irufh frq?qlqj wkh dwrpv lq wkh PRW1 Jlyhq wkh lqwhqvlw| ri wkh wudsslqj
ehdpv wkhuh h{lvw d ghwxqlqj zklfk rswlpl}hv wkh qxpehu ri wudsshg dwrpv/ dqg lq wklv sduwlfxodu wuds
frq?jxudwlrq wkh ehvw ghwxqlqj zdv durxqg : PK}1

91615 Prghoolqj

Lq rughu wr vlpsoli| wkh ghvfulswlrq ri rxu sk|vlfdo v|vwhp/ zh qhjohfw wkh ]hhpdq ghjhqhudf| dqg
frqvlghu lw wr eh d wkuhh ohyho odgghu frq?jxudwlrq1 Odeholqj wkh jurxqg vwdwh m4l/ wkh lqwhuphgldwh vwdwh
m5l dqg wkh ?qdo vwdwh m6l/ zh vhhn wr ?qg wkh ghqvlw| pdwul{ hohphqw ã65 jryhuqlqj wkh devruswlrq ri
wkh sureh1 Iroorzlqj uhi1 ^96` zh ?qg ?uvw ã54 dqg ã55 wr ?uvw rughu lq wkh Udel iuhtxhqf| ri wkh orzhu
wudqvlwlrq/ "4/ dqg wkhq zh xvh wkhvh wr rewdlq ã65 wr vhfrqg rughu lq " dqg ?uvw rughu lq wkh xsshu
wudqvlwlrq Udel iuhtxhqf|1 Zlwk ã65 dw kdqg zh hdvlo| ?qg wkh frpsoh{ olqhdu vxvfhswlelolw|/ [/ durxqg
wkh sureh iuhtxhqf| wr eh

[ @ [u . l[l @ F"
5
4

l
5 +ð4 . ð5,ý ïû

ü5 . 4
7ð

5
4 . 5"

5
ú ûý

l
5ð5 ýüý ï

ü ý
ï ý l

5+ð4 . ð5,
ü
. "5

ú +915,

Khuh zh kdyh dvvxphg froolvlrqdo ghfd| wr eh qhjoljleoh dv frpsduhg wr wkh vsrqwdqhrxv ghfd| udwh1 ð4
lv wkh ghfd| udwh ri ohyho 5 dqg ð5 lv wkh ghfd| udwh ri ohyho 6 wr ohyho 5 dv looxvwudwhg lq wkh lqvhuw ri
?j1 9141 Wkh ghfd| iurp ohyho 6 wr ohyho 4 kdv ehhq dvvxphg wr eh iruelgghq1 Ilqdoo| zh kdyh gh?qhg ï
dv wkh sureh ghwxqlqj dqg F dv d vfdolqj idfwru ghshqglqj rq wkh ghwhfwlrq v|vwhp1 Wkh devruswlrq lv
ghvfulehg e| wkh lpdjlqdu| sduw ri [ zkhuhdv wkh glvshuvlrq lv ghvfulehg e| wkh uhdo sduw1 Dv zh vkdoo
vhh lq wkh qh{w vhfwlrq/ [u zloo grplqdwh wkh olqhvkdsh ri wkh srodul}dwlrq urwdwlrq wudfhv1 Htxdwlrq +915,
dssolhv rqo| wr wkh GF devruswlrq/ krzhyhu lq wkh olplw ri d orz prgxodwlrq iuhtxhqf| wkh dwrpv zloo
iroorz wkh prgxodwlrq dgldedwlfdoo| dqg zh fdq uhdglo| ?qg wkh olqhvkdsh iurp +915, lq wklv olplw1 Lq rxu
vlwxdwlrq wkh prgxodwlrq iuhtxhqf| ri ó@5ä @ 6 PK} zdv lqghhg frpsdudeoh wr wkh dwrplf ghfd| udwh
ri 816 PK}/ exw wkh ixoo ghqvlw| pdwul{ fdofxodwlrq lqfoxglqj doo 66 ohyhov lqyroyhg lq wkh wudqvlwlrq^:8`
kdv vkrzq wkdw wkh pdlq h>hfw ri wkh euhdngrzq ri wkh dgldedwlflw| lv wr eurdghq wkh olqh1 Iru d zhdn
prgxodwlrq wkh rswlfdo srzhu wudqvplwwhg wkurxjk wkh PRW/ lw/ lv jlyhq e|

lw @ l3 +4ýD[l, * l3
ë
4ýD

é
[l .

C[l
Cü

Pófrvów

èê
+916,
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Iljxuh 916= Frpsdulvrq ri rxu wkuhh ohyho wkhru| zlwk wkh h{shulphqwdo wudfh iru ü @ :PK}1 Wkh pdlq
gl>huhqfh lv irxqg lq wkh olqhzlgwkv1 Wkh +wklq, wkhruhwlfdo olqh lv derxw 518 wlphv pruh qduurz wkdq wkh
+wklfn, h{shulphqwdo olqh1

zkhuh l3 lv wkh lqlwldo srzhu/ D lv d frqvwdqw/ P lv wkh skdvh prgxodwlrq lqgh{ dqg ó lv wkh prgxodwlrq
iuhtxhqf|1 Wkh vljqdo/ ô/ uhfrughg e| wkh vshfwuxp dqdo|}hu lv wkh vtxduh ri wkh frpsrqhqw ri +916,
rvfloodwlqj dw wkh iuhtxhqf| ó/ wkdw lv

ô+ó, @ ïl5w mó@
4

5

ë
D
C[l
Cü

Pó

ê5
+917,

Wdnlqj wkh lpdjlqdu| sduw ri +915,/ gl>huhqwldwlqj lw zlwk uhvshfw wr ü dqg vtxdulqj zh rewdlq wkh
wklq fxuyh lq ?jxuh 9161 Wkh dqdo|wlfdo irup ri wkh fxuyh lv udwkhu ohqjwk| dqg zloo qrw eh jlyhq khuh1
Lq ?j1 916 zh kdyh xvhg htxdwlrq +914, wrjhwkhu zlwk wkh k|shu?qh vsolwwlqj phdvxuhg lq uhi1 ^89` wr
lqfoxgh wkh I @ 7> 8> 9k|shu?qh ohyhov lq wkh 9G8@5 vwdwh1 Zh ?qg d jrrg txdolwdwlyh djuhhphqw ehwzhhq
wkh wkhru| dqg wkh h{shulphqw/ wkh uhodwlyh vl}h ri wkh k|shu?qh uhvrqdqfhv lv reylrxvo| zhoo ghvfulehg
e| +914,1 Zh ?qg krzhyhu vhulrxv glvfuhsdqflhv lq wkh olqhzlgwkv ri wkh wzr wudfhv1 Wkh h{shulphqwdo
wudfh lv derxw 518 wlphv eurdghu wkdq rxu wkhru|1 Dffruglqj wr wkh pruh hoderudwh fdofxodwlrqv suhvhqwhg
lq uhi1 ^:8`/ wkh euhdngrzq ri rxu dgldedwlflw| dvvxpswlrq uhvxowv lq d olqheurdghqlqj ri d idfwru 41;1
Wkh sk|vlfdo uhdvrq iru wklv lv vlpso| wkdw wkh dwrplf g|qdplfv fdqqrw iroorz wkh idvw  xfwxdwlqj odvhu
iuhtxhqf|1 Dv d uhvxow wkh olqhzlgwk ri wkh wzr skrwrq h{flwdwlrq zloo dftxluh d frqwulexwlrq iurp wkh
wudsslqj odvhu iuhtxhqf|  xfwxdwlrqv dqg khqfh eurdghqlqj rffxuv1 Lq jhqhudo olqheurdghqlqj lv riwhq
hqfrxqwhuhg lq PRW vshfwurvfrs|1 Wklv lqfoxghv GF devruswlrq vshfwurvfrs|^:9` dv zhoo dv prgxodwlrq
vshfwurvfrs|^87`1 Wkhuh frxog eh ydulrxv uhdvrqv iru wklv/ vxfk dv ]hhpdq eurdghqlqj gxh wr wkh ?qlwh
vl}h ri wkh wuds/ lqkrprjhqhrxv vwuhqjwk ri wkh wudsslqj odvhu ?hog dfurvv wkh wuds hwf1 Wr uhdfk wkh
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Iljxuh 917= +d, Wkh srodul}dwlrq urwdwlrq vljqdo iru d zhoo edodqfhg PRW dqg +e, iru wkh xqedodqfhg
PRW1 Wkh prgxodwhg devruswlrq vljqdov vkrzv wkdw wkh qxpehu ri wudsshg dwrpv lq wkh wzr fdvhv duh
dssur{lpdwho| wkh vdph1 Wkh srodul}dwlrq urwdwlrq vljqdo lv irxqg wr eh 43 gE odujhu iru wkh srruo|
edodqfhg wuds wkdq iru wkh *jrrg* wuds1

qdwxudo dwrplf olqhzlgwk lq PRW vshfwurvfrs| lw lv qhfhvvdu| wr wxuq r> wkh wudsslqj odvhuv dv zhoo dv
wkh pdjqhwlf ?hog zkloh surelqj wkh dwrpv1

Dqrwkhu glvfuhsdqf| ehwzhhq wkh h{shulphqw dqg wkhru| lv irxqg lq wkh uhodwlyh vl}h ri wkh wzr shdnv
pdnlqj xs wkh frkhuhqw uhvrqdqfh1 Djdlq wklv lv dwwulexwhg wr wkh olplwdwlrqv ri rxu vlpsoh prgho/ zklfk
grhv qrw lqfoxgh wkh udslg prgxodwlrq dqg wkh ]hhpdq ghjhqhudf|1

Wr vxppdul}h/ zh kdyh ehhq deoh wr shuirup sureh vkrw qrlvh olplwhg prgxodwlrq devruswlrq vshf0
wurvfrs| rq d PRW/ exw kdyh sdlg d sulfh lq whupv ri frpsolfdwhg olqhvkdshv dqg vljql?fdqw olqheurdg0
hqlqj1 Qr h>hfwv ri dgglwlrqdo edfnjurxqg qrlvh dv d uhvxow ri wkh prgxodwlrq zhuh irxqg1 Wklv frxog
hdvlo| eh fkhfnhg e| frpsdulqj wkh sureh qrlvh zlwk wkh wuds suhvhqw wr wkh qrlvh zkhq wkh wudsslqj
odvhu zdv eorfnhg1 Wkh vljqdo wr qrlvh ri rxu vshfwurvfrs| zdv derxw 833 dqg frxog eh lpsuryhg e|
lqfuhdvlqj wkh sureh srzhu dqg2ru wkh prgxodwlrq lqgh{ ri wkh wudsslqj odvhu1 Wklv udwlr vkrxog eh
frpsduhg wr wkh GF devruswlrq/ zklfk iru wklv sduwlfxodu wuds frq?jxudwlrq zdv derxw 6( zlwk d vljqdo
wr qrlvh udwlr forvh wr 41 Xvlqj rxu hvwlpdwh ri 439 dwrpv lq wkh wuds/ zh fdq lqihu wkdw zh zhuh vhqvlwlyh
wr derxw 437 dwrpv/ vlqfh wklv qxpehu zrxog jlyh xv d vljqdo wr qrlvh udwlr durxqg 41 Rxu iuhtxhqf|
uhvroxwlrq lq wklv h{shulphqw zdv derxw 318 PK}/ krzhyhu wklv frxog hdvlo| eh lpsuryhg wr d ihz nK} e|
orfnlqj wkh surelqj odvhu wr wkh wzr skrwrq wudqvlwlrq dqg vfdqqlqj lwv iuhtxhqf| e| phdqv ri dq dfrxvwr
rswlfdo prgxodwru1 Ehfdxvh ri wkh uhodwlyho| eurdg uhvrqdqfhv hqfrxqwhuhg lq wklv h{shulphqw sureh odvhu
vwdelol}dwlrq zdv qrw uhohydqw khuh/ exw lq wkh h{shulphqw ghvfulehg lq wkh qh{w fkdswhu vwdelol}dwlrq ri
wkh sureh iuhtxhqf| dv zhoo dv lwv dpsolwxgh zdv fuxfldo1
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917 Prgxodwhg srodul}dwlrq urwdwlrq
Zh zloo qrz wxuq wr orrn dw wkh prgxodwhg srodul}dwlrq urwdwlrq vljqdo rewdlqhg zkhq dqdo|}lqj wkh
gl>huhqwldo skrwrfxuuhqw lý1 Lq jhqhudo wklv vljqdo zdv irxqg wr frqwdlq pxfk pruh vwuxfwxuh wkdq wkh
devruswlrq vljqdov dqg wklv frpsolfdwhg wkh lqwhusuhwdwlrq vrphzkdw1 Ixuwkhu frpsolfdwlrq zdv dgghg
ehfdxvh wkh vljqdo ghshqghg rq wkh ghyldwlrq iurp dq lvrwurslf glvwulexwlrq ri dwrplf vslqv dqg khqfh
wkh olqhvkdsh wxuqhg rxw wr eh yhu| vhqvlwlyh wr pdjqhwlf ?hog judglhqwv/ wudsslqj oljkw srodul}dwlrqv dqg
wkh uhodwlyh lqwhqvlwlhv ri wkh gl>huhqw wudsslqj ehdpv1

Lq rughu wr kdyh wkh PRW zrunlqj/ wkh wudsslqj odvhu ehdpv qhfhvvdulo| kdg wr eh edodqfhg fduhixoo|
lq lqwhqvlw| dqg srodul}dwlrqv1 Dv d uhvxow wkh froohfwlyh vwdwh ri wkh wudsshg dwrpv zdv udwkhu forvh wr
ehlqj vskhulfdo dqg khqfh wkh srodul}dwlrq urwdwlrq vljqdov ri d zhoo doljqhg wuds zhuh rughuv ri pdjqlwxgh
vpdoohu wkdq wkh prgxodwhg devruswlrq vljqdov1 Wkh udslg ydu|lqj srodul}dwlrq ri wkh wudsslqj ehdpv
dfurvv wkh wuds vl}h pdgh d wudqvyhuvh doljqhg dwrplf hqvhpeoh xqolnho|/ dqg khqfhiruwk zh zloo dvvxph
wkh srodul}dwlrq urwdwlrq vljqdov wr eh fdxvhg e| wkh orqjlwxglqdo rulhqwdwlrq1 Dv lw zdv vkrzq lq vhfwlrq
81415 rqo| wkhvh wzr h>hfwv fdq jlyh frqwulexwlrqv wr wkh srodul}dwlrq urwdwlrq wr wkh orzhvw rughu lq wkh
dqlvrwurs|1

Iljxuh 917 vkrzv wkh prgxodwhg srodul}dwlrq urwdwlrq vljqdo zlwk d zhoo doljqhg dqg zhoo edodqfhg
wuds +d, dqg wkh fruuhvsrqglqj vljqdo zlwk d wuds zkhuh wkh wudsslqj ehdpv +doprvw, frsursdjdwlqj
zlwk wkh sureh zhuh jlyhq gl>huhqw rswlfdo srzhuv +e,1 Rq wkh ohiw zh ?qg wkh prgxodwhg devruswlrq
vljqdov/ zklfk duh xvhg dv d phdvxuh ri wkh qxpehu ri wudsshg dwrpv1 Wkhvh wzr vljqdo gl>hu lq vl}h
rqo| e| 5 gE lqglfdwlqj wkdw wkh qxpehu ri dwrpv iru wkh wzr wuds frq?jxudwlrqv lv wkh vdph zlwklq
58(1 Krzhyhu wkh srodul}dwlrq urwdwlrq vljqdo iru wkh xqedodqfhg wuds zdv irxqg wr eh 43 gE odujhu
wkdq iru wkh edodqfhg wuds1 Wkh uhdvrq iru wklv gudvwlf fkdqjh lv wkh iroorzlqj1 Li wkh dwrpv duh wudsshg
wkh| pxvw vfdwwhu dq htxdo dprxqw ri wkh â. dqg âý srodul}hg skrwrqv iurp wkh wzr wudsslqj ehdpv ri
lqwhuhvw1 Li wkhvh kdyh gl>huhqw lqwhqvlwlhv wkh wuds qhfhvvdulo| kdv wr pryh d elw dzd| iurp wkh uhjlrq
zlwk }hur pdjqhwlf ?hog lq vxfk d zd| wkdw wkh ]hhpdq vsolwwlqj fdqfhov wkh lqwhqvlw| lpedodqfh dqg
wkh dwrpv djdlq vfdwwhu wkh vdph dprxqw ri skrwrqv iurp wkh wzr ehdpv1 Zkhq wkh ]hhpdq vsolwwhg
xsshu vwdwh ri wkh wudsslqj wudqvlwlrq lv surehg/ wkh ghwxqlqj dqg khqfh wkh lqgh{ ri uhiudfwlrq vhhq e|
wkh â. dqg âý srodul}hg frpsrqhqwv ri wkh olqhduo| srodul}hg sureh zloo eh gl>huhqw1 Dffruglqj wr wkh
glvfxvvlrq lq vhfwlrq 814 wklv zloo fdxvh d qhw urwdwlrq ri wkh sureh srodul}dwlrq1 Lq whupv ri wkh prgxodwhg
srodul}dwlrq urwdwlrq/ wkh ]hhpdq vsolwwlqj zrxog uhvxow lq d gl>huhqw prgxodwlrq vwuhqjwk ri wkh â. dqg
âý srodul}hg frpsrqhqwv zklfk fdxvhg d prgxodwhg srodul}dwlrq dqjoh ri wkh sureh1 Wklv lv vlwxdwlrq
forvho| uhvhpeohv wkh Idudgd| h>hfw lq dwrpv/ zkhuh dq h{whuqdo pdjqhwlf ?hog lqgxfhv rswlfdo dfwlylw| lq
wkh dwrplf phglxp1 Dowkrxjk wklv h>hfw kdv ehhq wkrurxjko| lqyhvwljdwhg ryhu wkh |hduv^::`^:;`^:<`^;3`
rxu vlwxdwlrq lv vrphzkdw frpsolfdwhg e| wkh vwurqj wudsslqj ehdpv zlwk d srodul}dwlrq zklfk lv qrw
yhu| zhoo gh?qhg1

Vlqfh rxu vljqdo lv jlyhq e| wkh prgxodwhg gl>huhqfh ehwzhhq wzr lqglfhv ri uhiudfwlrq/ zh djdlq
wxuq wr wkh wkuhh ohyho uhvxow +915,/ zkhuh zh qrz irfxv rq wkh uhdo sduw ri wkh vxvfhswlelolw|/ [u/ zklfk
lv uhvsrqvleoh iru wkh sureh skdvhvkliw1 Iroorzlqj wkh vdph surfhgxuh dv iru wkh prgxodwhg devruswlrq
vljqdo/ zh wdnh wkh ghulydwlyh ri [u zlwk uhvshfw wr wkh wudsslqj odvhu ghwxqlqj/ ü/ wr jhw wkh prgxodwhg
vljqdo dqg vtxduh wklv wr rewdlq wkh qrlvh srzhu dw wkh prgxodwlrq iuhtxhqf|1 Wkh frpsdulvrq ri rxu
uhvxow zlwk wkh h{shulphqwdo wudfh lv vkrzq lq ?jxuh 9181 Olnh zlwk wkh devruswlrq vljqdov zh ?qg d jrrg
txdolwdwlyh djuhhphqw ehwzhhq wkhru| dqg h{shulphqw/ exw djdlq wkh h{shulphqwdo olqh lv eurdghqhg
zlwk dssur{lpdwho| d idfwru ri 5 uhodwlyh wr wkh qdwxudo olqhzlgwk1 Ehvw djuhhphqw ehwzhhq wkhru|
dqg h{shulphqw lv irxqg durxqg " @ 8=6PK} dqg ü @ <=8 PK}1 Txdolwdwlyho| wkh olqhvkdsh fdq
eh xqghuvwrrg lq wkh iroorzlqj zd|1 Wkh GF frkhuhqw uhvrqdqfh kdv wkh vkdsh ri wkh ghulydwlyh ri d
Oruhqw}ldq/ zkhq zh wdnh wkh ghulydwlyh ri wklv fxuyh wr prgho wkh IP ri wkh wudsslqj odvhu/ zh rewdlq
d *P* vkdshg uhvrqdqfh1 Wkh lqfrkhuhqw uhvrqdqfh lv irxqg iurp wkh wkhru| wr eh vlqjoh shdnhg/ dqg
khqfh wkh ghulydwlyh lv glvshuvlyh olnh vkdshg1 Wkh *P* dqg wkh glvshuvlyh vkdshg vljqdov fdq lqwhuihuh
lq ydulrxv zd|v ghshqglqj rq wkh Dxwohu Wrzqhv vsolwwlqj ehiruh wkh wrwdo vljqdo lv vtxduhg e| wkh
vshfwuxp dqdo|}hu1 Wklv uhvxowv lq d ydulhw| ri frpsolfdwhg vljqdo vkdshv/ zklfk ghshqg fulwlfdoo| rq
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Iljxuh 918= Wkh prgxodwhg srodul}dwlrq urwdwlrq vljqdo1 Wkh h{shulphqwdo wudfh lv sorwwhg zlwk wkh wklfn
olqh dqg wkh wkuhh ohyho wkhru| lv glvsod|hg zlwk d wklq olqh1 Wkh vshfwuxp dqdo|}hu vhwwlqjv zhuh= Uhv1
EZ 433 nK}/ Ylghr EZ 633 K}1

wkh wuds sdudphwhuv1 Li zh wdnh lqwr dffrxqw wkh frpsoh{lw| dgghg e| wkh ]hhpdq ghjhqhudf| ri wkh
hqhuj| ohyhov lqyroyhg lq wkh wzr skrwrq wudqvlwlrq dqg wkh kljk prgxodwlrq iuhtxhqf|/ zh fdqqrw mxvwli|
wr xvh rxu vlpsoh wkhru| iru dq|wklqj exw d txdolwdwlyh frpsdulvrq1 Krzhyhu wkh vlplodulw| ri wkh wzr
olqhvkdshv lq ?j1 918 frq?upv rxu lqlwldo dvvxpswlrq wkdw wkh olqhdu glfkurlvp lv lqghhg d vpdoohu h>hfw
lq dwrpv wudsshg lq d PRW1

Wkh kljko| vhqvlwlyh srodul}dwlrq urwdwlrq vljqdov pd| suryh xvhixo lq ixwxuh vwxglhv ri wuds g|qdplfv1
Iru lqvwdqfh rq frxog lpdjlqh d wljkwo| irfxvhg sureh/ zklfk frxog eh xvhg wr dqdo|}h wkh rulhqwdwlrq ri
wkh dwrpv lq gl>huhqw uhjlrqv ri wkh wuds1

918 Glrgh odvhu skdvh qrlvh vshfwurvfrs|

Wkh frpsdfwqhvv dqg vlpsolflw| ri vhplfrqgxfwru odvhuv pdnh wkhp dwwudfwlyh iru pdq| dssolfdwlrqv1
Khqfh wkh jurzwk dqg sxul?fdwlrq ri wkhvh ghylfhv lv d zhoo ghyhorshg ?hog dqg frqvhtxhqwo| lw lv wrgd|
srvvleoh wr frpphufldoo| sxufkdvh glrgh odvhuv fryhulqj yluwxdoo| wkh zkroh vshfwuxp iurp idu lqiuduhg
wr ylvleoh oljkw1 Wkh rxwsxw ri glrgh odvhuv lq jhqhudo srvvhvv d yhu| vwdeoh dpsolwxgh dqg lw kdv wxuqhg
rxw wkdw lw lv uhodwlyho| hdv| wr uhgxfh wkh  xfwxdwlrqv ri wklv dpsolwxgh ehorz wkh vkrw qrlvh olplw^;4`1
Wkh dssolfdelolw| ri wkh glrgh odvhuv lv krzhyhu olplwhg e| wkh pdvvlyh dprxqw ri qrlvh suhvhqw lq wkh
skdvh ri wkh odvhu rxwsxw^;5`^;6`/ zklfk uhtxluhv udwkhu h{whqvlyh vwdelol}dwlrq v|vwhpv wr uhgxfh^;7`1 Lw
kdv krzhyhu wxuqhg rxw wkdw wklv skdvh qrlvh fdq eh xwlol}hg iru IP vshfwurvfrs| rq fdylwlhv dqg dwrplf
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Iljxuh 919= +d, Prgxodwhg srodul}dwlrq urwdwlrq wudfh1 +e, Srodul}dwlrq urwdwlrq zlwk prgxodwlrq iurp
wkh wudsslqj odvhu skdvh qrlvh1 Wkh wklq olqhv duh wkh uhvxowv ri wkh wkuhh ohyho wkhru|1 Wkh wudfhv zhuh
wdnhq zlwk vshfwuxp dqdo|}hu vhwwlqjv= Uhv1 EZ 433 nK} dqg Ylghr EZ 633 K}1

v|vwhpv^;8`^;9`^;:`/ vr lw vhhphg qdwxudo iru xv wr xwlol}h wkh skdvh qrlvh ri rxu wudsslqj odvhu wr jhqhudwh
wkh prgxodwlrq iru rxu srodul}dwlrq lqwhuihurphwhu1

Wkh skdvh qrlvh ri d glrgh odvhu vlplodu wr rxu wudsslqj odvhu kdv ehhq fkdudfwhul}hg lq uhi1 ^;6`/ dqg
khuh lw zdv irxqg wr h{whqg zd| deryh 73 PK} +wklv zdv wkh olplw ri wkh ghwhfwru, dqg suredeo| lqwr
wkh JK} uhjlrq1 Iru rswlfdo srzhuv ri whqv ri pZ wkh skdvh qrlvh zdv w|slfdoo| 930;3 gE deryh wkh
vkrw qrlvh olplw lq wkh PK} uhjlrq/ wklv zdv fhuwdlqo| frpsdudeoh wr wkh srzhu ri wkh h{whuqdoo| dssolhg
prgxodwlrq1

Wkh h{shulphqw zdv shuiruphg olnh wkh deryh ghvfulehg prgxodwhg srodul}dwlrq vshfwurvfrs| h{fhsw
qrz wkh h{whuqdo prgxodwlrq zdv wxqhg dzd| iurp wkh ghwhfwlrq iuhtxhqf| ri 6 PK}1 D wudfh uhfrughg
zlwk wkh glrgh odvhu skdvh qrlvh lv vkrzq lq ?jxuh 919 +e, dqg lq +d, lv vkrzq d wudfh wdnhq zlwk h{whuqdo
prgxodwlrq iru frpsdulvrq1 Orrnlqj dw wkh wzr wudfhv zh lpphgldwho| vhh wkdw wkh| kdyh wkh vdph vkdsh/
phdqlqj wkdw rxu glrgh odvhu skdvh qrlvh lqghhg kdv wkh vdph h>hfw rq rxu vljqdo dv wkh h{whuqdoo| dssolhg
IP1 Wkh skdvh qrlvh zdv krzhyhu qrw dv vwurqj dv wkh h{whuqdo prgxodwlrq/ dqg khqfh wkh skdvh qrlvh
vljqdo lv vhhq wr eh 9 gE vpdoohu wkdq wudfh +d,1 Lq rughu wr lghqwli| wkh shdnv/ wkh wkuhh ohyho wkhruhwlfdo
wudfh kdv ehhq dgghg wr erwk sorwv dqg zh ?qg d uhdvrqdeoh txdolwdwlyh djuhhphqw1 Dv xvxdo wkh PRW
vljqdov duh derxw d idfwru ri 5 eurdghu wkdq wkh qdwxudo olqhzlgwk/ exw lw lv vwloo srvvleoh wr frpsduh wkh
wkhru| wr wkh h{shulphqw1 Erwk wkhruhwlfdo wudfhv kdyh ehhq jhqhudwhg xvlqj wkh sdudphwhuv ü @ 9=<
PK}/ " @ 45=5 PK}/ ð4 @ 8=6 PK} dqg ð5 @ 6 PK}/ exw wkh ryhudoo dpsolwxgh ri wudfh +d, lv 7 wlphv
odujhu wkdq iru wudfh +e,1 Lq erwk wudfhv zh hdvlo| uhfrjql}h wkh wulsohw iurp wkh frkhuhqw h{flwdwlrq wr
wkh 9G8@5+I @ 9, vwdwh durxqg 53 PK} dqg dw 08 PK} zh ?qg wkh lqfrkhuhqw grxeohw dvvrfldwhg zlwk
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wkh vdph wudqvlwlrq1 Dw 83 PK} sureh ghwxqlqj zh ?qg wkh frkhuhqw uhvrqdqfh iurp wkh h{flwdwlrq wr
wkh 9G8@5+I @ 8, ohyho/ krzhyhu wkh vl}h ri wklv lv wrr vpdoo wr doorz xv wr uhvroyh lwv vwuxfwxuh1 D jhqhudo
sureohp hqfrxqwhuhg zkhq dsso|lqj wkh wkuhh ohyho wkhru| wr wkh srodul}dwlrq urwdwlrq fdvh zdv wkdw wkh
vpdoohu k|shu?qh uhvrqdqfhv gl>huhg vxevwdqwldoo| lq vl}h iurp wkh rqhv h{shulphqwdoo| revhuyhg1 Wkh
uhdvrq iru wklv frxog eh wkdw wkh gl>huhqfh lq wkh prgxodwlrq ri wkh uhiudfwlyh lqglfhv iru â. dqg âý

srodul}hg oljkw ghshqgv rq wkh k|shu?qh ohyho ri lqwhuhvw1 Lq rxu wkuhh ohyho wkhru| zh kdyh dvvxphg wkdw
uhvsrqvh ri wkh gl>huhqw k|shu?qh wudqvlwlrqv wr wkh prgxodwlrq lv vlpso| sursruwlrqdo wkh wudqvlwlrq
suredelolw| dv ghvfulehg e| +914,1

919 Vxppdu|
Lq wklv fkdswhu zh kdyh vkrzq krz wr shuirup kljko| vhqvlwlyh prgxodwlrq vshfwurvfrs| rq d PRW
e| prgxodwlqj wkh wudsslqj odvhu vxvwdlqlqj wkh PRW lqvwhdg ri wkh sureh1 Wklv kdg wkh dgydqwdjh
ryhu prgxodwlqj wkh sureh wkdw zh hdvlo| ehfdph sureh vkrw qrlvh olplwhg zlwkrxw wkh frpsolfdwlrq
ri holplqdwlqj edfnjurxqg qrlvh gxh wr glvshuvlrq lq rswlfv dqg DP frpsrqhqwv lq wkh prgxodwlrq1
Krzhyhu zh kdg wr sd| wkh sulfh ri xqghuvwdqglqj wkh pruh frpsolfdwhg vshfwurvfrslf vljqdov dulvlqj
iurp d prgxodwhg wzr skrwrq wudqvlwlrq zlwk rqh vwurqj dqg dqrwkhu zhdnhu ?hog1 Wrzdugv wklv hqg
rxu ryhuvlpsol?hg wkuhh ohyho wkhru| zdv vxffhvvixo rq d txdolwdwlyh ohyho/ exw lw idlohg wr ghvfuleh wkh
h{fhvvlyh olqhzlgwk revhuyhg lq wkh h{shulphqw1 E| frpsdulqj wr wkh pruh hoderudwh wkhru| lqfoxglqj
wkh ]hhpdq vxeohyhov zh irxqg wkh lqfuhdvhg olqhzlgwk wr sduwo| gxh wr wkh kljk prgxodwlrq iuhtxhqf|/
zklfk zdv frpsdudeoh wr wkh qdwxudo dwrplf olqhzlgwk1 Dv d uhvxow wkh dwrplf glsroh prphqw zdv xqdeoh
wr iroorz wkh iuhtxhqf| prgxodwlrq dgldedwlfdoo| dv lw zdv dvvxphg lq rxu wkhru| dqg khqfh wkh olqh zdv
eurdghqhg uhodwlyh wr wkh qdwxudo olqhzlgwk1

Rxu vhwxs zlwk d srodul}dwlrq lqwhuihurphwhu durxqg wkh PRW jdyh xv wkh srvvlelolw| ri phdvxulqj
erwk wkh prgxodwhg devruswlrq dqg wkh srodul}dwlrq urwdwlrq gxh wr wkh wudsshg dwrpv1 Erwk vljqdov
zhuh olplwhg e| wkh txdqwxp qrlvh ri wkh sureh wrjhwkhu zlwk wkh hohfwurqlf qrlvh ri wkh ghwhfwruv1

Wkh devruswlrq vljqdov zhuh w|slfdoo| 58068 gE deryh wkh qrlvh  rru zkhuhdv wkh srodul}dwlrq urwdwlrq
vljqdo qhyhu ehfdph odujhu wkdq 53 gE deryh wkh edfnjurxqg1 Wklv zdv irxqg wr eh gxh wr wkh v|pphwu|
ri wkh PRW zklfk lghdoo| glg qrw doorz iru ghyldwlrqv ri wkh froohfwlyh dwrplf vwdwh iurp d vskhulfdo
vwdwh1 Khqfh li kljko| vhqvlwlyh vshfwurvfrs| vkrxog eh shuiruphg rq d PRW/ wkh prgxodwhg devruswlrq
pxvw eh suhihuuhg ryhu wkh srodul}dwlrq vshfwurvfrs|1 Lq rxu vhwxs zh zhuh vhqvlwlyh wr wkh devruswlrq
frplqj iurp urxjko| 437 wudsshg dwrpv1 Wkh srodul}dwlrq vshfwurvfrs| pd| krzhyhu suryh xvhixo lq
rwkhu duhdv ri odvhu frrolqj dqg wudsslqj1 Wkh vljqdo vl}h dqg vkdsh ri wkh odwwhu zdv irxqg wr eh kljko|
vhqvlwlyh wr wkh doljqphqw dqg lqwhqvlw| edodqfh ri wkh wudsslqj ehdpv dqg khqfh lw frxog eh xvhg lq
vwxglhv ri wuds g|qdplfv1

Ilqdoo| zh ghprqvwudwhg krz wkh lqwulqvlf skdvh qrlvh ri wkh vhplfrqgxfwru wudsslqj odvhu frxog eh
xvhg wr jhqhudwh wkh vdph nlqg ri prgxodwhg srodul}dwlrq urwdwlrq vljqdo dv wkh h{whuqdoo| iuhtxhqf|
prgxodwhg odvhu1 Dowkrxjk wklv skdvh qrlvh zdv revhuyhg wr eh yhu| vwurqj lw glg qrw surgxfh wkh vdph
vljqdo vl}h dv zkhq dq h{whuqdoo| prgxodwhg wudsslqj odvhu zdv xvhg1

Wkh wudsslqj odvhu qrlvh wxuqhg rxw wr ehfrph yhu| lpsruwdqw iru wkh rxwfrph ri wkh h{shulphqw
ghvfulehg lq wkh iroorzlqj fkdswhu1 Khuh wkh txdqwxp qrlvh ri wkh dwrplf vslq lq wkh lqwhuphgldwh
9S6@5+I @ 8, vwdwh zdv lqyhvwljdwhg dqg irxqg wr eh yhu| vhqvlwlyh wr wkh vwdelolw| ri wkh wudsslqj odvhu1



Fkdswhu :

Txdqwxp qrlvh ri wkh Dwrplf Vslq

Lq wkh suhylrxv fkdswhu wkh ehkdylru ri wkh whfkqlfdo dwrplf vslq qrlvh zdv lqyhvwljdwhg wkurxjk wkh
prgxodwhg srodul}dwlrq urwdwlrq vshfwurvfrs| lq dq rswlfdoo| wklq phglxp ri wudsshg dwrpv1 Lq wklv
fkdswhu zh zloo wdnh wklv lqyhvwljdwlrq rqh vwhs ixuwkhu1 Zkhuhdv wkh vslq qrlvh zdv xvhg ehiruh lq
vshfwurvfrs| wr lqihu lqwulqvlf surshuwlhv ri wkh wudsshg dwrpv/ zh zloo lq wklv fkdswhu dgguhvv wkh
surshuwlhv ri wkh vslq qrlvh lwvhoi1 Rxu lqyhvwljdwlrq zloo lqfoxgh wkh pruh ixqgdphqwdo txdqwxp vslq
qrlvh dv zhoo dv wkh whfkqlfdo vslq qrlvh1 Dv zh vkdoo/ vhh wkh dwrplf vslq qrlvh fdq ehfrph dq lpsruwdqw
olplwlqj idfwru wr wkh vhqvlwlylw| zkhq rqh lv surelqj rswlfdoo| wklfn phgld zkhuh wkh qrlvh srzhu fdq
ehfrph frpsdudeoh wr wkh sureh vkrw qrlvh1

Lq dq rswlfdo sureh h{shulphqw wkh dwrplf vslq qrlvh fdq eh frqvlghuhg wr kdyh wzr frqwulexwlrqv/
rqh frplqj iurp wkh  xfwxdwlqj qxpehu ri dwrpv lqvlgh wkh sureh yroxph dqg dqrwkhu frplqj iurp wkh
ghfd| ri wkh vslq1 Reylrxvo| wkh ?uvw frqwulexwlrq ghshqgv rq wkh dwrplf phdq yhorflw| dqg khqfh lw lv
whpshudwxuh ghshqghqw1 Wkhuhiruh wkhvh  xfwxdwlrqv duh xvxdoo| fdoohg wkhupdo exw wkh| duh lqghhg  xf0
wxdwlrqv ri wkh surehg dwrplf vslq dqg wkh| glvsod| wkh vdph vljqdwxuhv dv wkh vhfrqg frqwulexwlrq zklfk
zloo eh ghvfulehg lq pruh ghwdlo ehorz1 Wkh wkhupdo  xfwxdwlrqv kdyh ehhq h{dplqhg h{shulphqwdoo| lq
uhi1 ^;;` dv zhoo dv wkhruhwlfdoo| lq uhiv1 ^;<`/^<3`1 W|slfdoo| wkh iuhtxhqf| ri wkh wkhupdo  xfwxdwlrqv lv
lq wkh nK} uhjlph iru d ydsru dw urrp whpshudwxuh dqg iru dq hqvhpeoh ri frog wudsshg dwrpv wkhvh
 xfwxdwlrqv zhuh xqlpsruwdqw dw wkh iuhtxhqf| zkhuh zh zhuh revhuylqj1

Lq wkh iroorzlqj zh zloo irfxv rq wkh vhfrqg frqwulexwlrq dulvlqj iurp wkh ghfd| ri dwrpv suhvhqw lq
wkh sureh yroxph1 Wkh vshfwuxp ri wklv nlqg ri vslq qrlvh ghshqgv rq wkh olihwlph ri wkh vslq vwdwh ehlqj
surehg1 Li wkh vslq ri wkh jurxqg vwdwh ru d phwdvwdeoh vwdwh lv surehg/ wkh vshfwuxp ri vslq  xfwxdwlrqv
zloo w|slfdoo| eh vhw e| wkh udwh ri vslq  lsslqj froolvlrqv ru lqhodvwlf froolvlrqv uhvshfwlyho|1 Lq d krw
ydsru ru dq dwrplf ehdp/ wkhvh  xfwxdwlrqv jlyh ulvh wr d vshfwuxp idoolqj r> lq wkh nK} uhjlrq/ zkhuhdv
lq d PRW wkh vshfwuxp fdq ehfrph yhu| qduurz gxh wr wkh orz froolvlrq udwh1 Wkh vslq qrlvh frqvlghuhg
lq wklv zrun lv wkh qrlvh ri wkh 9S6@5+I @ 8, h{flwhg vwdwh lq Fv1 Wklv vwdwh fdq ghfd| gluhfwo| wr wkh
jurxqg vwdwh dqg kdv d zlgwk ri 816 PK} khqfh zh h{shfw wkh vslq ri wkh vwdwh wr kdyh d vshfwuxp
zlwk d zlgwk ri wkh vdph rughu ri pdjqlwxgh1 D vhyhudo PK} eurdg vshfwuxp ri vslq  xfwxdwlrqv zdv
lpsruwdqw lq rxu sduwlfxodu vhwxs ehfdxvh zh uholhg rq wkh idfw wkdw wkh whfkqlfdo qrlvh ri rxu odvhuv zdv
vpdoo dw wkh iuhtxhqf| ri wkh phdvxuhphqw1 Wkurxjkrxw wkh h{shulphqw wklv iuhtxhqf| zdv 6 PK}1

Vr idu wkh vslq qrlvh ri wkh jurxqg vwdwh kdv ehhq revhuyhg lq uhi1 ^<4`/ zkhuhdv wkh h{flwhg vwdwh
vslq qrlvh kdv ehhq wuhdwhg wkhruhwlfdoo| lq uhi1 ^<5` dqg h{dplqhg h{shulphqwdoo| lq d vxshuvrqlf dwrplf
ehdp^<6`^<7` dqg lq dq lrq wuds^<8`1 Rxu h{shulphqw zlwk wudsshg qhxwudo dwrpv kdg wkh dgydqwdjh
ryhu wkh dwrplf ehdp h{shulphqw wkdw zh rqo| surehg wkh vslq  xfwxdwlrqv gxh wr ghfd|/ zkhuhdv wkh
ehdp h{shulphqw zdv vhqvlwlyh wr  xfwxdwlrqv gxh wr wkh ghfd| dv zhoo dv wkh ?qlwh wudqvlw wlph ri wkh
dwrpv wkurxjk wkh lqwhudfwlrq uhjlrq1 Dv lw zloo eh vkrzq lq wkh qh{w vhfwlrq wkh txdqwxp vslq qrlvh
gl>hu iurp wkh whfkqlfdo vslq qrlvh lq wkh ghshqghqfh rq wkh qxpehu ri surehg vslqv/ Q 1 Wkh txdqwxp
vslq qrlvh jurzv olnh Q lq frqwudvw wr wkh whfkqlfdo qrlvh zklfk jurzv olnh Q51 Wkh Q ghshqghqfh zdv
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vkrzq lq wkh lrq wuds h{shulphqw exw zlwk udwkhu srru vwdwlvwlfv1 D PRW lv fdsdeoh ri frq?qlqj pxfk
pruh dwrpv wkdq dq lrq wuds/ dqg khqfh rxu h{shulphqw khog wkh srwhqwldo ri surgxflqj gdwd zlwk ehwwhu
vwdwlvwlfv wkdq wkh lrq wuds h{shulphqw1

Lq wklv fkdswhu zh zloo ?uvw rxwolqh d vlpsol?hg prgho ghvfulelqj wkh vslq qrlvh lq d wkuhh ohyho Y
v|vwhp1 Wklv zloo vhuyh dv wr looxplqdwh wkh prvw lpsruwdqw sk|vlfv xqghuo|lqj wkh h{shulphqw dqg ixu0
wkhupruh foduli| h{dfwo| zkdw vslq zh zhuh surelqj lq rxu h{shulphqw1 Wkhq wkh h{shulphqwdo surfhgxuh
zloo eh h{sodlqhg dqg wkh uhvxowv suhvhqwhg dqg lqwhusuhwhg1 Ilqdoo| zh zloo ghprqvwudwh dq h{shulphqwdo
vlwxdwlrq lq zklfk wkh dfklhyhg vljqdo wr qrlvh udwlr zdv olplwhg e| wkh dwrplf txdqwxp vslq qrlvh dqg
wkh fkdswhu zloo eh frqfoxghg e| d vxppdu|1

:14 Wkh sk|vlfv ri wkh Vslq Qrlvh

Dv lq wkh suhylrxv fkdswhuv wkh dwrplf v|vwhp xqghu frqvlghudwlrq khuh lv wkh 9V4@5+I @ 7,$ 9S6@5+I @
8,$ 9G8@5+I @ 9, wudqvlwlrq frxsohg e| d vwurqj ?hog rq wkh orzhu wudqvlwlrq dqg d zhdnhu ?hog rq wkh
xsshu wudqvlwlrq1 Dv zh vdz lq vhfwlrq 81415 wkh srodul}dwlrq urwdwlrq ri wkh sureh durxqg wkh uhvrqdqfh
iuhtxhqf| ri wkh xsshu wudqvlwlrq kdg wzr frqwulexwlrqv1 Rqh frplqj iurp flufxodu eluhiulqjhqfh lq wkh
wudsshg dwrpv dqg dqrwkhu iurp olqhdu glfkurlvp1 Lq wkh h{shulphqw ghvfulehg ehorz/ wkh sureh odvhu
zdv orfnhg wr wkh lqfrkhuhqw uhvrqdqfh ri wkh wzr skrwrq wudqvlwlrq dqg khqfh zh h{shfwhg rqo| wkh
olqhdu glfkurlvp frqwulexwhg vljql?fdqwo| wr wkh srodul}dwlrq urwdwlrq1 Nhhslqj lq plqg rxu ghwhfwlrq
vfkhph zkhuh wkh gl>huhqfh lq srzhu ehwzhhq wkh sureh oljkw srodul}hg .783 dqg ý783 zdv phdvxuhg/
zh rewdlq wkh gl>huhqwldo skrwrfxuuhqw^44`

lý @ l+.78,ý l+ý78, @ l â
D
Qlw

ý
W 55 ý W 5ý5

ü
+:14,

zkhuh â lv wkh dwrplf devruswlrq furvv vhfwlrq iru xqsrodul}hg oljkw/ D lv wkh duhd ri wkh sureh furvv
vhfwlrq dw wkh wdujhw dqgQ lv wkh qxpehu ri dwrpv lqvlgh wkh sureh yroxph1 lw @ l3hýò lv wkh wudqvplwwhg
srzhu ri wkh sureh zklfk lv ghshqglqj rq wkh rswlfdo ghswk ri wkh sureh wudqvlwlrq/ ò/ dqg wkh lqlwldo
sureh srzhu/ l31 Wkh luuhgxfleoh vskhulfdo whqvru rshudwruv W 5÷5 ghvfuleh wkh wudqvyhuvh dwrplf doljqphqw
dorqj wkh d{hv rulhqwhg ÷783 uhodwlyh wr wkh { d{lv1 Wkh } d{lv lv wdnhq wr eh wkh sursdjdwlrq d{lv ri
wkh sureh1 Lq whupv ri wkh dwrplf dqjxodu prphqwxp lq wkh lqwhuphgldwh 9S6@5+I @ 8, vwdwh wkh whqvru
rshudwruv duh jlyhq e| W 5÷5 2 +I{ ÷ lI|,5^<9`1

Lq d wudqvlwlrq iurp wkh jurxqg vwdwh/ wkh uhodwlrq ehwzhhq wkh srodul}dwlrq urwdwlrq dqjoh/ ë/ dqg
W 5÷5 iru d pxowlohyho v|vwhp zlwk ]hhpdq ghjhqhudf| fdq eh irxqg lq uhi1 ^<:` exw iru rxu grxeoh rswlfdo
uhvrqdqfh ?qglqj wklv uhodwlrq lv qrqwulyldo1 Zlwk wkh jrdo ri xqghuvwdqglqj wkh ruljlq ri wkh vslq qrlvh
zh zloo lqvwhdg frqvlghu wkh vlpsol?hg v|vwhp ri d orzhu wudqvlwlrq iurp d I @ 3 jurxqg vwdwh wr d I @ 4
lqwhuphgldwh vwdwh1 Doo rswlfdo ?hogv duh dvvxphg wr eh zhdn vr wkdw wkh srsxodwlrq lq wkh lqwhuphgldwh
vwdwh lv vpdoo dqg wkh sureh uhvrqdqw zlwk wkh wudqvlwlrq ehwzhhq wkh lqwhuphgldwh vwdwh dqg wkh xsshu
vwdwh vlpso| uhdgv rxw wkh  xfwxdwlrqv ri wkh iruphu1 Lq whupv ri wkh ghqvlw| pdwul{ hohphqwv ãp>p3 +p lv
wkh pdjqhwlf txdqwxp qxpehu, ri d I @ 4 vwdwh/ wkh gl>huhqfh ehwzhhq wkh doljqphqw whqvruv lv vlpso|
W 55 ýW 5ý5 2 +ã4>ý4ýãý4>4,1 Li zh qrz gh?qh d svhxgrvslq �M zlwk wkh frpsrqhqwv M{ @ 4
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ý
ã.>. ý ãý>ý

ü
/ zkhuh kdyh xvhg wkh deeuhyldwlrqv ã.>ý @ ã4>ý4/

ãý>ý @ ãý4>ý4 hwf1/ zh ?qg wkdw rxu srodul}dwlrq lqwhuihurphwhu vhwxs zlwk wkh sureh ehlqj uhvrqdqw rq
wkh lqfrkhuhqw sduw ri wkh wzr skrwrq wudqvlwlrq/ vlpso| lv vhqvlwlyh wr wkh  xfwxdwlrqv ri wkh svhxgrvslq
frpsrqhqw M|1 Li wkh olqhdu sureh srodul}dwlrq kdg ehhq urwdwhg <33 wr olh dorqj wkh | d{lv/ zh zrxog kdyh
ehhq vhqvlwlyh wr M{ dqg li wkh sureh kdg ehhq ghwxqhg r> uhvrqdqfh/ zh zrxog kdyh ehfrph lqfuhdvlqjo|
pruh vhqvlwlyh wr wkh  xfwxdwlrqv lq wkh dwrplf rulhqwdwlrq dorqj wkh } d{lv ghvfulehg e| M}1 Lw lv krzhyhu
rqo| lq wkh I @ 4 fdvh wkdw wkh M} dqg I} rshudwruv doprvw duh lghqwlfdo1 Lw vkrxog eh vwuhvvhg khuh wkdw
wkh vslq qrlvh wuhdwhg wkurxjkrxw wklv fkdswhu lv lq idfw wkh  xfwxdwlrqv ri wkh svhxgrvslq �M dqg qrw
wkh uhdo vslq �I dv rqh frxog eh ohg wr eholhyh iurp rxu whuplqrorj|1 Wkh uhvxowv ghulyhg ehorz fdq lq
sulqflsoh eh jhqhudol}hg wr dq lqwhuphgldwh vwdwh zlwk dq duelwudu| I / krzhyhu wklv zloo qrw eh sxuvxhg
ixuwkhu lq wklv zrun1
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Iljxuh :14= Rq wkh ohiw lv vkrzq wkh h>hfwlyh Y v|vwhp xqghu frqvlghudwlrq1 Wkh svhxgrvslq/ �M / ri
wkh lqwhuphgldwh I @ 4 vwdwh lv h{flwhg e| wkh d÷ sxps ?hogv1 Lq wkh olplw ri zhdn sxps dqg sureh
?hogv wklv vslq lv uhdg rxw e| wkh sureh uhvrqdqw rq wkh xsshu wudqvlwlrq1 Wkh vsrqwdqhrxv ghfd| ri wkh
lqwhuphgldwh vwdwh frxsohv wkh vslq wr wkh ydfxxp prghv e÷1 Rq wkh uljkw wkh srodul}dwlrq lqwhuihurphwhu
lv looxvwudwhg1

:1414 Prghoolqj vslq qrlvh lq d Y v|vwhp

Zh zloo qrz vhhn wr ghulyh wkh vslq qrlvh lq rxu Y v|vwhp e| ghulylqj Odqjhylq htxdwlrqv iru wkh ghqvlw|
pdwul{ hohphqwv11 Iru vlpsolflw| zh dvvxph lq rxu prgho wkdw qr ä srodul}hg oljkw lv suhvhqw vr wkdw
wkh p @ 3 lqwhuphgldwh vwdwh lv qrw srsxodwhg1 Wkh vwduwlqj srlqw ri wkh fdofxodwlrq lv wkh lqwhudfwlrq
Kdplowrqldq

K @ {ó
í
d.h

lë.ã.3 . ã3.h
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ì
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í
dýhlëýãý3 . ã3ýh

ýlëýd|ý
ì

+:15,

zklfk ghvfulehv wkh frxsolqj ri wkh p @ 3 jurxqg vwdwh m3l wr wkh wzr h{flwhg vwdwhv m.l dqg mýl kdylqj
p @ 4 dqg p @ ý4 uhvshfwlyho|1 Wkh jurxqg vwdwh dqg wkh h{flwhg vwdwh m.l lv frxsohg e| wkh txdqwxp
?hog d. kdylqj wkh skdvh ë. dqg dqdorjrxv wkh rwkhu h{flwhg vwdwh mýl lv frxsohg wr wkh jurxqg vwdwh
e| wkh *ý* ?hog1 Wkh ghfd| ri wkh h{flwhg vwdwhv lv dvvxphg dozd|v wr eh lqwr wkh frqwlqxxp ri ydfxxp
prghv e÷/ dqg wkh ghfd| udwh lv ghqrwhg ð zkhuhdv wkh frxsolqj frqvwdqw wr wkh h{flwlqj ?hogv lv odehohg
ó1 Rxu v|vwhp lv looxvwudwhg lq ?jxuh :141 Zh qrz rewdlq wkh Odqjhylq htxdwlrqv iru rxu Y v|vwhp wr
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Lq +:16, lw kdv ehhq xvhg wkdw ã.. . ãýý . ã33 * 4 wr holplqdwh ã331 Wkh Odqjhylq htxdwlrqv duh rqo|
ydolg li wkh lqglylgxdo dwrpv ehkdyh lq d xqfruuhodwhg zd|/ wkdw lv/ wkh oljkw h{flwlqj wkh dwrpv pxvw eh
xqfruuhodwhg dqg wkh dwrpv gr qrw lqwhudfw1 Lq wkh iroorzlqj zh zloo dvvxph wkdw wkh ?hogv d÷ duh lq
frkhuhqw vwdwhv1 Li zh wdnh wkhvh ?hogv wr kdyh wkh uhdo h{shfwdwlrq ydoxhv kd÷l @ ò÷ dqg gh?qlqj wkh
vdwxudwlrq sdudphwhuv

v÷ @
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ó

ð

ê5
ò5÷ +:17,

zh ?qg wkh vwhdg| vwdwh vroxwlrqv ri +:16, wr eh jlyhq e|
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+:18,

zkhuh zh kdyh xvhg wkdw ke÷l @ ke|÷l @ 31 Wkh phdq svhxgrvslq lv qrz irxqg wr eh3C çM{
çM|
çM}

4D @
4

4 . 5+v. . vý,
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4
5 +v. ý vý,

4D +:19,

Lw fdq qrz eh vhhq wkdw wkh wudqvyhuvh gluhfwlrq ri wkh phdq vslq lv frqwuroohg e| wkh uhodwlyh skdvh
ehwzhhq wkh â. dqg âý srodul}hg rswlfdo ?hogv1 Iru wzr lqghshqghqw ?hogv wklv skdvh gl>huhqfh lv
vwrfkdvwlf dqg khqfh wkh phdq wudqvyhuvh vslq dyhudjh wr }hur1 Li rq wkh rwkhu kdqg wkh wzr ?hogv duh
htxdoo| vwurqj dqg frph iurp wkh vdph vrxufh/ iru lqvwdqfh d olqhduo| srodul}hg odvhuehdp/ rxu vslq
zloo eh h{dfwo| ruwkrjrqdo wr wkh sursdjdwlrq d{lv1 Wklv lv ehfdxvh wkh svhxgrvslq frpsrqhqwv M{ dqg
M| lq idfw ghvfuleh wkh wudqvyhuvh doljqphqw ri wkh dwrplf phglxp/ dqg qdwxudoo| wkh dwrpv zloo doljq
wkhpvhoyhv wr wkh srodul}dwlrq ri wkh sxps ?hog zlwk wkh dqjoh ëýýë. uhodwlyh wr wkh { d{lv1 Wr dfklhyh
d phdq vslq dorqj wkh } d{lv gl>huhqw lqwhqvlwlhv lq wkh wzr ?hogv duh uhtxluhg wr surgxfh wkh orqjlwxglqdo
rulhqwdwlrq dv lw lv vhhq iurp wkh v. ý vý whup1

Kdylqj vroyhg wkh vwhdg| vwdwh sureohp zh qrz dvvxph wkdw wkh  xfwxdwlrqv ri wkh dwrplf sdudph0
whuv dqg wkh frkhuhqw ?hogv duh vpdoo dv frpsduhg wr wkh phdq ydoxhv1 Lq wklv fdvh zh fdq olqhdul}h
wkh  xfwxdwlrqv ri wkh ghqvlw| pdwul{ hohphqwv dqg wkh ?hogv durxqg wkh phdq ydoxhv1 Qrz zh Irxulhu
wudqvirup wkh htxdwlrqv +:16, wr rewdlq wkh vshfwuxp ri  xfwxdwlrqv1 Iru wkh glsroh prphqwv zh ixu0
wkhupruh dvvxph wkh dwrplf h{flwdwlrq wr eh vpdoo vr wkdw zh fdq ljqruh wkh  xfwxdwlrqv lq wkh xsshu
vwdwh srsxodwlrqv uhodwlyh wr wkh ?hog  xfwxdwlrqv1 Dv d uhvxow zh ?qg wkh iroorzlqj  xfwxdwlqj sduw ri
wkh dwrplf glsroh rshudwruv wr wkh ?uvw rughu lq wkh vdwxudwlrq sdudphwhuv
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Wkh glsroh  xfwxdwlrqv wrjhwkhu zlwk wkh ?hog  xfwxdwlrqv duh qrz lqvhuwhg lq wkh Irxulhu wudqvirupv ri
wkh htxdwlrqv ri prwlrq iru ïã÷÷ dqg ïã÷ö dv wkh gulylqj qrlvh whupv/ dqg e| xvlqj +:18, zh ?qg wkh
 xfwxdwlrqv lq wkh xsshu vwdwh srsxodwlrqv dqg frkhuhqfhv wr orzhvw rughu lq wkh vdwxudwlrq sdudphwhuv
+v÷ á 4,1 Iru  xfwxdwlrq iuhtxhqflhv vpdoohu wkdq wkh ghfd| udwh +$ á ð, wkhvh duh jlyhq e|
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zkhuh zh kdyh xvhg wkh txdgudwxuh skdvh rshudwruv
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|
÷hl!

+:1<,

Zlwk wkh  xfwxdwlrqv dw kdqg zh qrz xvh rxu gh?qlwlrq ri wkh svhxgrvslq rshudwruv wr zulwh xs wkh
yduldqfhv ri wkh vslq frpsrqhqwv1 Wkhvh duhó
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Duulylqj dw wkhvh h{suhvvlrqv zh kdyh xvhg wkdw wkh edqgzlgwk zlwklq zklfk wkh dwrpv slfn xs txdqwxp
qrlvh iurp wkh ydfxxp prghv lv wkh dwrplf olqhzlgwk ð/ dqg zh kdyh qrupdol}hg wkh srzhu ri rxu
 xfwxdwlrqv wr wkh ydfxxp ohyho1 Lw lv qrwhg wkdw ó lv wkh Udel iuhtxhqf| gxh wr wkh suhvhqfh ri d vlqjoh
skrwrq dqg khqfh lq iuhh vsdfh wkh idfwru +ó@ð,5 lv d yhu| vpdoo qxpehu1 Wklv phdqv wkdw li wkh d÷
?hogv zrxog srvvhv qrqfodvvlfdo ihdwxuhv vxfk dv vtxhh}lqj/ lw zrxog kdyh yhu| olwwoh lpsdfw rq wkh vslq
qrlvh ri wkh dwrpv xqohvv wkh frxsolqj lv hqkdqfhg iru lqvwdqfh e| pdnlqj xvh ri kljk T fdylwlhv^<;`^<<`1
Dqrwkhu srvvlelolw| ri dowhulqj wkh vslq qrlvh/ zklfk lv qrw hylghqw iurp wklv wuhdwphqw/ lv e| devruelqj
d vtxhh}hg ?hog frpsohwho| lq dq dwrplf phglxp dqg wkhuhe| wudqvihuulqj wkh fruuhodwlrqv ri wkh oljkw
wr wkh h{flwhg vwdwh ri wkh dwrpv^433`1 Dv d uhvxow lw pd| suryh wr eh srvvleoh wr uhgxfh wkh  xfwxdwlrqv
ri iru lqvwdqfh M{ dw wkh h{shqvh ri lqfuhdvhg  xfwxdwlrqv lq M| ru ylfh yhuvd dqg fuhdwh d vr fdoohg vslq
vtxhh}hg vwdwh^434`^435`1

Wkh v.. vý whupv dsshdulqj lq +:143, ehiruh wkh yduldqfh ri wkh sxpslqj ?hogv duh dulvlqj iurp wkh
frxsolqj ri wkh h{flwhg vwdwhv wr wkh iuhh vsdfh ydfxxp prghv dqg khqfh wkh| ghvfuleh wkh vslq qrlvh
uhvxowlqj iurp wkh vwrfkdvwlf surfhvv ri vsrqwdqhrxv ghfd| ri wkh h{flwhg vwdwhv1 Nhhslqj rqo| wkhvh
whupv zh ?qg wkh qrlvh ri rxu svhxgrvslq wr eh lvrwurslfdoo| glvwulexwhg durxqg wkh phdq vslq zlwk wkh
yduldqfhv ó
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Gxh wr wkh lvrwurs| ri wkh vslq qrlvh zh zloo khqfhiruwk ghqrwh wkh vslq vwdwh ghulyhg deryh wkh Vskhulfdo
Vslq Vwdwh1 Wkh vslq vwdwh hqfrxqwhuhg lq d PRW kdv surshuwlhv forvho| uhvhpeolqj wklv vwdwh1 Vlqfh rxu
svhxgrvslq reh| wkh dqjxodu prphqwxp dojheud ^Mm > Mn` @ %mnoMo/ +m> n> o @ {> |> },/ zh fdq qrz fkhfn
wkdw wkh dvvrfldwhg wkuhh Khlvhqehuj xqfhuwdlqw| uhodwlrqv duh reh|hg1 Xvlqj +:144, dqg +:19, lq wkh olplw
ri zhdn h{flwdwlrq zh ?qg wkhvh wr ehó
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Lw lv hdv| wr vhh wkdw wkhvh wkuhh xqfhuwdlqw| uhodwlrqv doo duh ixo?oohg iru dq| fkrlfh ri v÷ è 31 Lq idfw
zh qrwh wkdw zlwk rxu frq?jxudwlrq ri wkh sxps ?hogv lw lv rqo| srvvleoh wr dfklhyh wkh htxdolw| lq wkh
wulyldo fdvh zkhq doo ?hogv duh }hur1

:1415 Ghshqghqflhv

Htxdwlrq +:144, ghvfulehv wkh dwrplf frqwulexwlrq wr wkh txdqwxp qrlvh ri wkh srodul}dwlrq lqwhuihurphwhu/
krzhyhu li d pdvvlyh dprxqw ri whfkqlfdo qrlvh lv suhvhqw lq wkh wudsslqj odvhu ru wkh sureh/ uhdfklqj wkh
txdqwxp qrlvh olplw lv lpsrvvleoh1 Whfkqlfdo qrlvh lq wkh odvhuv zloo uhvxow lq d frkhuhqw prgxodwlrq ri
doo wkh wudsshg dwrpv1 Khqfh wkh qhw dwrplf qrlvh jlyhq e|
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zloo eh sursruwlrqdo wr wkh vtxduh ri wkh qxpehu ri dwrpv ehfdxvh wkh vxp ryhu doo dwrpv ri wkhlu
lqglylgxdo vslq/ mç| / lv sursruwlrqdo wr wkh qxpehu ri dwrpv/ Q 1 Lq wkh fdvh ri txdqwxp vslq qrlvh wkh
qrlvh ri wkh lqglylgxdo vslqv lv xqfruuhodwhg dqg dv d uhvxow wkh yduldqfh ri wkh vxp +:146, euhdnv grzq
wr Q lghqwlfdo yduldqfhv vr wkdw wkh txdqwxp vslq qrlvh vlpso| lv sursruwlrqdo wkh qxpehu ri dwrpv1
Lq wkh vhfwlrq wr iroorz wklv gl>huhqfh lq wkh Q ghshqghqfh lv xvhg wr glvwlqjxlvk wkh txdqwxp qrlvh
iurp wkh whfkqlfdo qrlvh1 Lq jhqhudo erwk w|shv ri qrlvh duh suhvhqw lq wkh dwrplf v|vwhp/ dqg dv wkh
qxpehu ri dwrpv jurzv odujhu wkh whfkqlfdo qrlvh zloo dozd|v grplqdwh ryhu wkh txdqwxp qrlvh1 Lq idfw
wklv kdsshqhg douhdg| iru d ihz kxqguhgv ri dwrpv lq wkh lrq wuds h{shulphqw^<8`1 Lq rxu h{shulphqw wkh
qxpehu ri wudsshg dwrpv zhuh lq wkh ylflqlw| ri 43; dqg frqvhtxhqwo| lw zdv ylwdo wr kdyh txlhw odvhuv
lq rughu wr eh deoh wr revhuyh wkh txdqwxp vslq qrlvh1 Lw vkrxog eh qrwhg wkdw dowkrxjk wkh vslq qrlvh
ghulyhg deryh lv dq dwrplf txdqwxp qrlvh lw zloo dgg wr wkh sureh qrlvh dv d whfkqlfdo qrlvh1 Khqfh wkh
dprxqw ri vslq qrlvh fduulhg e| wkh sureh wr wkh ghwhfwruv zloo eh sursruwlrqdo wkh sureh srzhu dw wkh
ghwhfwruv vtxduhg lq frqwudvw wr wkh sureh txdqwxp qrlvh zklfk ri frxuvh lv olqhdu lq wkh sureh srzhu1

Zh duh qrz lq d srvlwlrq zkhuh lw lv srvvleoh wr froohfw wkh nqrzohgjh rewdlqhg lq wkh suhylrxv
fkdswhuv dqg frpelqh lw zlwk wkh frqvlghudwlrqv deryh wr zulwh xs wkh qhw qrlvh srzhu lq wkh gl>huhqwldo
skrwrfxuuhqw ri wkh srodul}dwlrq lqwhuihurphwhu1 Lq xqlwv ri wkh hohphqwdu| fkdujh dqg qrupdol}hg wr wkh
vkrw qrlvh ri wkh xqdwwhqxdwhg sureh wklv lv jlyhq e|
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zkhuh zh uhplqg rxuvhoyhv wkdw E lv wkh vshfwuxp dqdo|}hu uhvroxwlrq edqgzlgwk/ V lv wkh ghjuhh ri
vtxhh}lqj lq wkh sureh/ l3 lv wkh sureh skrwrq  x{ ehiruh wkh wuds/ ò lv wkh rswlfdo ghswk ri wkh wuds
rq wkh sureh wudqvlwlrq/ ó lv wkh ghwhfwlrq iuhtxhqf|/ P lv wkh skdvh prgxodwlrq lqgh{ ri wkh wudsslqj
odvhu/ [u lv wkh uhdo sduw ri wkh dwrplf vxvfhswlelolw| dw wkh sureh iuhtxhqf|/ ü lv wkh wudsslqj odvhu
ghwxqlqj dqg nw lv d vfdolqj frqvwdqw ghshqglqj rq wkh ghwhfwlrq h!flhqf|/ edodqflqj hwf1 Iru d frkhuhqw
vslq vwdwh^434` dqg zhdn ?hogv wkh sursruwlrqdolw| frqvwdqw nt jryhuqlqj wkh dprxqw ri txdqwxp vslq
qrlvh uhodwlyh wr wkh vkrw qrlvh fdq eh vkrzq wr ghshqg rq wkh dwrplf ghfd| udwhv ri wkh srsxodwlrqv dqg
wkh vslq nt @ äý4+ð4 . ð5,@5ðvslq/ dqg wkh vdwxudwlrq  x{ lvdw3 lv jlyhq e| lvdw3 @ D+ð4 . ð5,@5â1 Khuh
ð4 dqg ð5 duh wkh ghfd| udwhv ri wkh srsxodwlrqv ri wkh lqwhuphgldwh dqg xsshu vwdwh uhvshfwlyho|/ D lv
wkh duhd ri wkh sureh ehdp furvv vhfwlrq dqg â lv wkh dwrplf devruswlrq furvv vhfwlrq iru xqsrodul}hg
oljkw1 Iurp wklv zh vhh wkdw lq rughu wr kdyh dq odujh dprxqw ri txdqwxp vslq qrlvh d vwurqj sureh
wudqvlwlrq dqg d orqj olylqj vslq duh uhtxluhg1 Wklv lv zk| wkh vslq qrlvh xvxdoo| lv hdv| wr revhuyh lq
qxfohdu pdjqhwlf uhvrqdqfh h{shulphqwv/ zkhuh wkh orqj olylqj jurxqg vwdwh vslq lv surehg^436`1 Hyhq
wkrxjk wkh v|pphwu| ri wkh PRW lv uhvxowlqj lq d vskhulfdo vslq vwdwh udwkhu wkdq d frkhuhqw vwdwh/ dqg
hyhq wkrxjk wkh sxps ?hogv duh qrw zhdn/ zh vwloo h{shfw rxu hvwlpdwh ri nt wr eh rq wkh uljkw rughu ri
pdjqlwxgh1

Wkh ?uvw whup lq +:147, ghvfulehv wkh vkrw qrlvh ri wkh sureh/ zklfk lv uhgxfhg e| wkh ghjuhh ri
vtxhh}lqj/ V1 Lq fdvh ri dq rswlfdoo| wklfn dwrplf phglxp wkh vkrw qrlvh lv dwwhqxdwhg e| wkh wudqvplvvlrq
hýò dqg ixuwkhupruh wkh vtxhh}lqj lv uhgxfhg |hw dqrwkhu wlph e| wkh wudqvplvvlrq gxh wr wkh frxsolqj
wr wkh ydfxxp dv d uhvxow ri wkh dwwhqxdwlrq1 Wkh ?uvw whup lq wkh vhfrqg eudfnhwv ghvfulehv wkh whfkqlfdo
vslq qrlvh dv zh ghulyhg lw lq +917, dqg wkh vhfrqg whup ghvfulehv wkh txdqwxp vslq qrlvh1 Dsduw iurp
wkh reylrxv idfw wkdw wkh wzr whupv |lhog gl>huhqw olqhvkdshv dv wkh sureh iuhtxhqf| lv vfdqqhg dfurvv
uhvrqdqfh/ zh ?qg wkdw wkh| gl>hu pdlqo| lq wkh ghshqghqfh rq wkh rswlfdo ghswk/ ò @ Qâ@D1 Fohduo|
wkh txdqwxp qrlvh kdv wkh vshfwudo vkdsh ri wkh GF devruswlrq hqwhulqj yld wkh furvv vhfwlrq â/ zkhuhdv
wkh whfkqlfdo qrlvh kdv wkh pruh frpsolfdwhg vwuxfwxuh ghvfulehg lq wkh odvw fkdswhu1

:15 H{shulphqwdo vhwxs

Diwhu kdylqj ghdow zlwk wkh qhfhvvdu| sk|vlfdo frqvlghudwlrqv zh zloo qrz dgguhvv wkh dfwxdo h{shulphqw1
Dowkrxjk zh doorzhg iru vtxhh}lqj lq wkh sureh lq ht1 +:147,/ wkh hqwluh h{shulphqw zdv lq idfw shuiruphg
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Iljxuh :15= Wkh vhwxs xvhg iru wkh phdvxuhphqwv ri wkh txdqwxp vslq qrlvh1 Wkh Wl=Vdsskluh odvhu
surylglqj wkh sureh oljkw iru wkh srodul}dwlrq lqwhuihurphwhu zdv vwdelol}hg lq iuhtxhqf| dv zhoo dv srzhu1
Wkh sureh zdv fkrsshg dqg orfn0lq ghwhfwlrq hqvxuhg wkdw rqo| wkh sureh qrlvh zdv uhfrughg rq wkh
gljlwdo vfrsh1

zlwk d sureh lq d frkhuhqw vwdwh1 Dv lw zdv vkrzq lq wkh odvw fkdswhu wkh skdvh qrlvh ri wkh wudsslqj
glrgh odvhu wxuqhg rxw wr eh ghohwhulrxv wr rxu dwwhpswv wr uhdfk wkh txdqwxp vslq qrlvh1 Iljxuh 919
vkrzv d prgxodwlrq vljqdo pdgh xs ri whfkqlfdo qrlvh zklfk lv 43 wlphv wkh sureh vkrw qrlvh ohdylqj olwwoh
urrp iru wkh txdqwxp qrlvh1 Dqrwkhu lvvxh lv wkdw wkh udwlr ri vslq qrlvh wr vkrw qrlvh lv sursruwlrqdo
wr òhýò1 Wklv lv pd{lpxp iru ò @ 4 dqg wkh devroxwh srzhu ri wkh vslq qrlvh/ ghvfulehg e| òhý5ò/
lv pd{lpxp iru ò @ 4@51 Lq wkh PRW xvhg xs wr wklv vwdjh ri rxu lqyhvwljdwlrqv/ rqo| 53063 pZ ri
wudsslqj srzhu frplqj iurp d glrgh odvhu jdyh xv dq rswlfdo ghswk durxqg 3136 idu iurp wkh rswlpxp
ydoxh1 Lq rughu wr uhdfk kljkhu rswlfdo ghswkv dqg dyrlg wkh skdvh qrlvh zh exlow d Wl=Vdsskluh odvhu
surylglqj durxqg 533 pZ ri oljkw dw ;85 qp iru wudsslqj1 Ehlqj zhoo orfnhg wr wkh Fv G5 olqh wkh
wudsslqj odvhu skdvh srvvhvvhg rqo| d vpdoo dprxqw ri whfkqlfdo qrlvh deryh d frxsoh ri PK}/ zklfk
vkrxog uhgxfh wkh whfkqlfdo vslq qrlvh vxevwdqwldoo|1 Ixuwkhupruh zh uhexlow rxu wuds iurp d 8 ehdp wr d
9 ehdp frq?jxudwlrq lq zklfk wkh srzhu ri hdfk ehdp zdv uhwuruh hfwhg wr eh uhf|fohg1 Zlwk 93 pZ lq
hdfk ehdp zh zhuh deoh wr rewdlq dq rswlfdo ghswk dv kljk dv 41; rq wkh sureh wudqvlwlrq dqg zlwk d vl}h
ri wkh wuds durxqg : pp lq gldphwhu/ zh fdq hvwlpdwh wkh ghqvlw| ri dwrpv wr eh durxqg 43< fpý6 dqg
wkh ryhudoo qxpehu ri dwrpv wr eh durxqg 43;1 Dv lw fdq eh vhhq iurp +:147,/ wkh udwlr ri vslq qrlvh wr
vkrw qrlvh jurzv sursruwlrqdo zlwk l3 khqfh lw zdv dgydqwdjhrxv wr xvh d vrphzkdw vdwxudwlqj sureh1 Lq
wkh uhvw ri wkh h{shulphqw zh xvhg l3@lvdw3 @ 3=:5/ dqg wkh kljkhvw dfklhydeoh rswlfdo ghswk zdv durxqg
4 zlwk wklv sureh srzhu1

Li zh xvh +:147, wr hvwlpdwh wkh udwlr ri vslq qrlvh wr wkh xqdwwhqxdwhg vkrw qrlvh +ò @ 3,/ zh ?qg
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Iljxuh :16= Whvwlqj wkh vhqvlwlylw| dqg olqhdulw| ri rxu orfn0lq ghwhfwlrq ri wkh sureh qrlvh1 Wkh ?w vkrzv
wkdw rxu vfkhph zdv olqhdu zlwklq 4(1 Rswlfdo srzhuv ehwzhhq 733 qZ dqg 533 çZ frxog eh ghwhfwhg
ehiruh hohfwurqlf qrlvh grplqdwhg lq wkh orzhu hqg dqg wkh ghwhfwruv vdwxudwhg lq wkh kljk hqg1

wklv udwlr wr eh 71<( zlwk ò @ 4/ ð4 @ 8=6 PK}/ ð5 @ 6 PK} dqg ðvslq @ 8=6 PK}1 W|slfdo sureh
srzhuv zhuh durxqg 673 çZ/ zklfk jdyh d vkrw qrlvh ohyho derxw 809 gE deryh wkh hohfwurqlf qrlvh ohyho1
Vlqfh wkh vslq qrlvh rqo| zdv h{shfwhg wr eh d ihz shufhqw ri wkh vkrw qrlvh/ zh fohduo| qhhghg vrph
phwkrg ri uhgxflqj wkh vljql?fdqfh ri wkh hohfwurqlf qrlvh1 Wklv zdv grqh e| fkrsslqj wkh sureh dw d
4 nK} udwh1 Wkh edodqfhg ghwhfwru rxwsxw zdv vhqw lqwr d UI vshfwuxp dqdo|}hu +VD, zklfk uhwxuqhg
d yrowdjh sursruwlrqdo wr wkh UPV qrlvh ri wkh ghwhfwru fxuuhqw dw ó@5ä @ 6 PK}1 Zlwk wkh jrdo ri
vhqglqj wklv rxwsxw lqwr d orfn0lq dpsol?hu ehlqj jdwhg e| wkh fkrsshu WWO sxovh/ zh ?uvw kdg wr vtxduh
wkh yrowdjh wr jhw d vljqdo sursruwlrqdo wr wkh yduldqfh ri wkh sureh  xfwxdwlrqv1 Zlwk d }hur ghjuhh
pl{lqj skdvh ri wkh orfn0lq dpsol?hu zh jrw dq rxwsxw wkdw rqo| zdv sursruwlrqdo wr wkh fkrsshg sureh
qrlvh1 Zlwk wkh orfn0lq dpsol?hu dyhudjlqj rq d 63 vhfrqgv wlphvfdoh/ wkh rxwsxw zdv vhqw lqwr d gljlwdo
vfrsh zkhuh lw zdv dyhudjhg hyhq pruh1 Wkh vhwxs lv vkrzq lq ?jxuh :151

Iurp +:147, zh vhh wkdw wkh udwlr ri vslq qrlvh wr vkrw qrlvh lv olqhdu lq wkh sureh srzhu1 Rxu
Wl=Vdsskluh odvhu wkdw surylghg wkh oljkw iru wkh sureh vkrzhg  xfwxdwlrqv lq wkh srzhu rq wkh rughu
ri 43( dw iuhtxhqflhv durxqg 4 nK}1 Khqfh rxu vslq qrlvh wr vkrw qrlvh udwlr zrxog  xfwxdwh zlwk wklv
dprxqw/ dqg vlqfh wkh vslq qrlvh rqo| zdv d udwkhu vpdoo iudfwlrq ri wkh vkrw qrlvh/ zh kdg wr vwdelol}h
wkh sureh srzhu lq rughu wr dfklhyh d vwdeoh vljqdo1 Wklv zdv grqh e| sodflqj dq dfrxvwr rswlf prgxodwru
+DRP, lq wkh sureh sdwk dqg ?owhulqj rxw wkh ?uvw rughu gl>udfwlrq1 D skrwrglrgh phdvxuhg wkh sureh
srzhu dqg d vhuyrorrs vwdelol}hg wklv srzhu wr d ?{hg lqwhuqdo yrowdjh ri wkh orrs e| ydu|lqj wkh UI
srzhu gulylqj wkh DRP1 Dv d uhvxow wkh srzhu  xfwxdwlrqv zhuh uhgxfhg iurp 43( wr ohvv wkdq 4( lq
wkh 43 nK} edqgzlgwk wkdw wkh vhuyrorrs surylghg1
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Lq sduw ri wkh h{shulphqw zh dovr qhhghg wr orfn wkh sureh odvhu iuhtxhqf| wr wkh dwrplf uhvrqdqfh1
Wklv zdv grqh e| xvlqj vwdqgdug wzr skrwrq +doprvw, Grssohu iuhh vshfwurvfrs| lq dq h{whuqdo Fv fhoo1
Wrzdugv wklv hqg zh xvhg d ;85 qp sxps ehdp zlwk IP vlghedqgv frxqwhusursdjdwlqj wr d <4: qp
sureh1 Wkh uhvxowlqj prgxodwhg wzr skrwrq devruswlrq vljqdo zdv qrz xvhg wr ghulyh dq huuruvljqdo e|
phdqv ri vwdqgdug skdvh vhqvlwlyh UI whfkqltxh1 Ehfdxvh ri wkh gl>huhqw zdyhohqjwkv wkh fdqfhoodwlrq ri
wkh Grssohu eurdghqlqj zdv qrw shuihfw/ krzhyhu wkh uhvlgxdo h>hfw zdv rqo| :( dqg khqfh lqvljql?fdqw1

Ilqdoo| zh qhhghg wr nqrz wkh GF devruswlrq ri wkh sureh lq wkh wuds wr lqihu ò1 Wklv zdv phdvxuhg
e| vsolwwlqj r> 5( ri wkh wudqvplwwhg sureh srzhu wr d GF ghwhfwru dqg phdvxulqj wkh ghwhfwru yrowdjh
rq d gljlwdo rvfloorvfrsh1

:16 Phdvxuhphqwv dqg uhvxowv

Lq rughu wr suryh wkdw zh uhdoo| ghwhfwhg vslq qrlvh/ zh kdg wr ghprqvwudwh wkdw wklv zdv olqhdu lq wkh
qxpehu ri wudsshg dwrpv1 Khqfh zh kdg wr ydu| wkh rswlfdo ghswk ryhu dv odujh d udqjh dv srvvleoh
zlwkrxw fkdqjlqj wkh wuds sdudphwhuv +pdjqhwlf ?hogv/ ghwxqlqjv/ doljqphqw hwf1,1 Wklv zdv grqh e|
dwwhqxdwlqj wkh srzhu ri wkh PRW uhsxpslqj odvhu1 Xs wr wklv srlqw wklv odvhu kdv ehhq ljqruhg vlqfh
lw kdv kdg qr lpsruwdqfh wr wkh h{shulphqwv1 Wkh uhsxpslqj odvhu zdv d glrgh odvhu uhvrqdqw zlwk wkh
9V4@5+I @ 6, $ 9S6@5+I @ 7, wudqvlwlrq lq wkh wudsshg Fv dwrpv1 Wklv odvhu zdv uhtxluhg ehfdxvh
Fv kdv d grxeoh jurxqg vwdwh pdgh xs e| wkh I @ 6 dqg I @ 7 k|shu?qh frpsrqhqwv1 Wkh wudsslqj
odvhu zdv uhvrqdqw zlwk wkh 9V4@5+I @ 7,$ 9S6@5+I @ 8, wudqvlwlrq dqg gxh wr wkh ?qlwh ryhuods ri wkh
Oruhqw}ldq wdlov ri wkh 9S6@5+I @ 8, vwdwh zlwk wkh 9S6@5+I @ 7, vwdwh wkhuh zdv derxw 3138( suredelolw|
wkdw wkh ghfd| ri wkh 9S6@5+I @ 8, vwdwh zhqw wr wkh I @ 6 jurxqg vwdwh dqg khqfh ohiw wkh frrolqj
f|foh1 Wkhvh dwrpv ghfd|lqj wr wkh *zurqj* jurxqg vwdwh zhuh sxpshg edfn lqwr wkh frrolqj f|foh e|
wkh uhsxpslqj odvhu1 E| fkdqjlqj wkh srzhu ri wklv odvhu zh zhuh deoh wr frqwuro wkh qxpehu ri dwrpv
lq wkh frrolqj f|foh dqg wkhuhe| lq wkh surehg 9S6@5+I @ 8, vwdwh uhodwlyh wr wkh qxpehu ri dwrpv lq wkh
9V4@5+I @ 6, vwdwh zlwkrxw fkdqjlqj dq| rwkhu wudsslqj frqglwlrqv1

Zlwk d ydu|lqj rswlfdo ghswk wkh vkrw qrlvh ri wkh wudqvplwwhg sureh ydulhg dv zhoo1 Wkh vslq qrlvh
zdv revhuyhg dv wkh h{fhvv qrlvh uhodwlyh wr wkh suhglfwhg vkrw qrlvh lqihuuhg e| phdvxulqj wkh wudqvplwwhg
GF srzhu1 Khqfh zh qhhghg wr nqrz krz wkh vkrw qrlvh zdv wudqvplwwhg wkurxjk rxu orfn0lq ghwhfwlrq
v|vwhp dv wkh sureh srzhu zdv ydulhg1 Iru wklv phdvxuhphqw qr wudsshg dwrpv zhuh suhvhqw dqg wkh
sureh srzhu zdv vlpso| dwwhqxdwhg e| d kdoi zdyh uhwdughu dqg d srodul}hu1 Wkh phdvxuhphqw dovr
vhuyhg wr whvw wkh olqhdulw| ri rxu vrphzkdw frpsolfdwhg gdwd dftxlvlwlrq surfhgxuh1 Dv lw lv vkrzq lq
?jxuh :16/ zkhuh wkh orfn0lq yrowdjh yv1 sureh srzhu lv sorwwhg/ rxu ghwhfwlrq v|vwhp zdv olqhdu zlwklq
4( dqg zh pdqdjhg wr glvfulplqdwh wkh vkrw qrlvh djdlqvw wkh hohfwurqlf qrlvh iru sureh srzhuv dv orz dv
d ihz kxqguhg qdqrZdwwv1 Zlwk dq lqlwldo sureh srzhu ri 673 çZ wklv fruuhvsrqgv wr dq rswlfdo ghswk
durxqg :/ zklfk lv pxfk kljkhu wkdq zh frxog dfklhyh lq rxu PRW1 Wkh ghyldwlrq iurp wkh vwudljkw olqh
lq wkh xsshu hqg zdv fdxvhg e| vdwxudwlrq ri wkh UI dpsol?huv lq rxu ghwhfwruv1 Uhgxflqj wkh jdlq ri
wkhvh dpsol?huv zrxog pdnh lw srvvleoh iru xv wr uhdfk kljkhu srzhuv/ krzhyhu wklv zdv qrw qhfhvvdu|
lq wklv h{shulphqw vlqfh wkh 673 çZ sureh srzhu douhdg| zdv vdwxudwlqj wkh dwrplf wudqvlwlrq1 Li zh
frpsduh rxu uhvxowv wr uhi1 ^437` zkhuh vkrw qrlvh zdv ghwhfwhg lq d vlplodu vfkhph/ zh ?qg wkdw rxu
ghwhfwruv doorzhg xv wr ghwhfw vpdoohu srzhuv/ exw zh sdlg wkh sulfh ri vdwxudwlrq dw vpdoohu srzhuv1

Qrz wkdw zh xqghuvwrrg rxu ghwhfwlrq v|vwhp zh vwduwhg rxu PRW dqg revhuyhg wkh sureh qrlvh
srzhu dw 6 PK} dv lw zdv vfdqqhg dfurvv wkh dwrplf uhvrqdqfh1 D w|slfdo wudfh lv vkrzq lq ?jxuh :171 Khuh
wkh gdvkhg olqh lv wkh sureh qrlvh phdvxuhg e| dgglqj wkh skrwrfxuuhqwv ri wkh wzr ghwhfwruv dqg wkh ixoo
olqh lv wkh edodqfhg ghwhfwlrq vljqdo1 Irfxvlqj rq wkh odwwhu lw lv fohdu zk| lw zrxog kdyh ehhq lpsrvvleoh
wr ghwhfw wkh txdqwxp vslq qrlvh xvlqj vhplfrqgxfwru odvhuv iru wudsslqj1 Wkh shdn : gE deryh wkh
vkrw qrlvh ohyho fruuhvsrqgv wr wkh wzr skrwrq wudqvlwlrq pdgh e| wkh sureh dqg wkh vhplfrqgxfwru
uhsxpslqj odvhu1 Fohduo| wklv orrnv olnh d prgxodwhg srodul}dwlrq urwdwlrq vljqdo dqg khqfh zh dwwulexwh
wklv wr eh wkh vljqdwxuh ri vwurqj whfkqlfdo vslq qrlvh fdxvhg e| wkh skdvh qrlvh ri wkh uhsxpslqj odvhu1
Wkh wudqvlwlrq lv vkrzq lq wkh lqvhuw ri ?j1 :17/ zklfk vkrzv wkdw wkh uhvrqdqfh lv vkliwhg derxw 5;3 PK}
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Iljxuh :17= Wkh VD wudfhv dw 6 PK} ghulyhg iurp dqdo|}lqj wkh vxp ri wkh skrwrfxuuhqwv +grwwhg olqh,
dqg wkh gl>huhqfh ri wkh skrwrfxuuhqwv +ixoo olqh,1 Wkh glsv duh gxh wr wkh GF devruswlrq dqg wkh
dffrpsdq|lqj uhgxfwlrq ri vkrw qrlvh1 Lq frqwudvw wr wklv wkh shdnv duh prgxodwhg vljqdov gxh wr wkh
prgxodwhg wzr skrwrq wudqvlwlrq pdgh e| wkh sureh zlwk wkh skdvh qrlvh ri wkh uhsxpslqj odvhu1 Wkh
lqvhuw vkrzv wkh uhohydqw wudqvlwlrqv1

uhodwlyh wr wkh wzr skrwrq wudqvlwlrq zlwk wkh wudsslqj odvhu dv d uhvxow ri wkh k|shu?qh vsolwwlqjv lq wkh
9S6@5 dqg wkh 9G8@5 vwdwhv1 Ehfdxvh rxu wudsslqj odvhu qrz zdv d uhodwlyho| txlhw Wl=Vdsskluh/ zh glg
qrw revhuyh dq| qrlvh shdnv dw wkh wzr skrwrq wudqvlwlrq iuhtxhqf| zlwk wudsslqj odvhu1 Lqvwhdg zh vdz
d gls dv d uhvxow ri wkh devruswlrq ri sureh srzhu dqg wkh dvvrfldwhg uhgxfwlrq ri vkrw qrlvh1 Dffruglqj
wr rxu glvfxvvlrq lq vhfwlrq 4 ri wklv fkdswhu wklv gls vkrxog uh hfw wkh GF devruswlrq sur?oh ri wkh
wudqvlwlrq dqg wklv lv dovr zkdw zh revhuyh lq ?j1 :171 Zkhq frpsdulqj wkh edodqfhg wr wkh xqedodqfhg
ghwhfwlrq zh vhh wkh lpsruwdqfh ri edodqflqj wkh ghwhfwruv1 E| pdnlqj xvh ri wkh nqrzohgjh jdlqhg
lq wkh odvw fkdswhu zh nqrz wkdw wkh prgxodwlrq vshfwurvfrs| vljqdov dqg khqfh wkh whfkqlfdo dwrplf
qrlvh zdv e| idu vwurqjhu lq l. fruuhvsrqglqj wr wkh devruswlrq phdvxuhg zlwk xqedodqfhg ghwhfwruv1
Lq frqwudvw wr wklv/ wkh srodul}dwlrq urwdwlrq vljqdov zhuh vpdoohu dv d uhvxow ri wkh edodqfhg ghwhfwlrq
ohdglqj wr lý dqg wkh vpdoo urwdwlrq dqjoh/ zklfk ohiw prvw ri wkh prgxodwlrq edodqfhg rxw1 Wkh txdqwxp
vslq qrlvh krzhyhu lv vwrfkdvwlf lq qdwxuh dqg fdqqrw eh edodqfhg rxw e| wkh ghwhfwruv1 Dv d uhvxow zh
vkrxog h{shfw wr vhh wkh vdph dprxqw ri dwrplf txdqwxp qrlvh lq wkh devruswlrq dqg wkh srodul}dwlrq
urwdwlrq vljqdov1 Wklv zdv wkh uhdvrq zk| zh lq wkh uhvw ri wklv h{shulphqw fkrvh wr dqdo|}h rqo| lý
frplqj iurp wkh edodqfhg ghwhfwruv1

E| phdvxulqj wkh GF devruswlrq ri wkh sureh e| d skrwrglrgh dv zh vfdqqhg wkh sureh dfurvv
uhvrqdqfh dqg frpsdulqj wkh GF devruswlrq wr wkh uhgxfwlrq ri vkrw qrlvh/ zh zhuh deoh wr lghqwli| wkh
dwrplf vslq qrlvh dv wkh glvfuhsdqf| ehwzhhq wkh wzr1 Dv vkrzq lq ?jxuh :18+d,/ wkh vkrw qrlvh glg
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Iljxuh :18= +d, Fxuyh 4 vkrzv wkh wudqvplwwhg GF srzhu dv wkh sureh zdv vfdqqhg dfurvv uhvrqdqfh1
Fxuyh 5 vkrzv wkh wudqvplwwhg qrlvh srzhu dw 6 PK} dqg fxuyh 6 lv wkh gl>huhqfh ehwzhhq fxuyh 4 dqg
5 uh hfwlqj wkh vslq qrlvh1 +e, Fxuyh 4d lv wkh frpelqhg vkrw qrlvh dqg vslq qrlvh zlwk d 673 çZ sureh1
Wkh olqh lv wkh wkhruhwlfdo suhglfwlrq zlwk l3@lvdw3 @ 3=:5 dqg wkh ydoxh ri nt rewdlqhg h{shulphqwdoo| odwhu
lq wklv fkdswhu1 Fxuyh 4e lv wkh vdph dv 4d exw zlwk <83 çZ sureh srzhu fruuhvsrqglqj wr l3@lvdw3 @ 5/
djdlq wkh olqh lv wkh wkhru|1 Fxuyh 5 vkrzv wkh wudqvplwwhg vkrw qrlvh zkhq wkh sureh lv dwwhqxdwhg e|
d sdvvlyh devruehu dqg fxuyh 6 vkrzv wkh suhglfwhg vkrw qrlvh dqg vslq qrlvh iru wkh vtxhh}hg sureh lq
fkdswhu 81 Wkh gldprqg fruuhvsrqgv wr wkh rswlfdo ghswk ri wklv h{shulphqw1

qrw uhgxfh dv pxfk dv zh zrxog h{shfw wkh dwrpv phuho| zhuh sdvvlyh devruehuv1 Wkh dgglwlrqdo qrlvh/
zklfk lv vkrzq lq fxuyh 6/ lv wkh dwrplf vslq qrlvh1 Iurp wkh fxuyh zh vhh wkdw wkh vslq qrlvh zdv derxw
43( ri wkh xqdwwhqxdwhg vkrw qrlvh1 Dowkrxjk lw lv udwkhu qrlv|/ zh qrwh wkdw fxuyh 6 uhvhpeohv wkh
GF devruswlrq lq vkdsh dqg khqfh lw lv olnho| wr eh wkh txdqwxp vslq qrlvh1 Lq wklv fdvh zh ?qg wkdw
rxu lqlwldo hvwlpdwh iru d frkhuhqw vslq vwdwh ri 71<( zdv lqghhg zlwklq wkh uljkw rughu ri pdjqlwxgh1
Lq rughu wr lqyhvwljdwh zkhwkhu wklv qrlvh zdv ri whfkqlfdo ru txdqwxp ruljlq zh orfnhg wkh sureh odvhu
wr wkh lqfrkhuhqw uhvrqdqfh iduwkhvw rq wkh ohiw ri ?j1 :18+d,1 Wkhq zh vwduwhg rxu fkrsshu wr ehjlq
rxu vhqvlwlyh orfn0lq ghwhfwlrq dqg phdvxuhg wkh orfn0lq yrowdjh ^hýò . l3ntòhý5ò@lvdwr iurp +:147,` dv
wkh rswlfdo ghswk ri wkh wuds zdv ydulhg e| dwwhqxdwlqj wkh uhsxpslqj odvhu1 Wklv lv vkrzq iru wzr
gl>huhqw sureh srzhuv dv wkh flufohv dqg wkh vtxduhv lq ?j1 :18+e,1 Lq sdudooho wr wklv zh dovr uhfrughg
wkh wudqvplwwhg sureh srzhu l3hýò e| phdqv ri wkh GF ghwhfwru lq rughu wr lqihu wkh rswlfdo ghswk1
Diwhu wklv vhulhv ri phdvxuhphqwv zh eorfnhg wkh wudsslqj odvhu dqg vlpso| ydulhg wkh sureh srzhu wr jhw
wkh qrlvh ohyho lq wkh fdvh ri sdvvlyh devruswlrq1 Wkh vlpxowdqhrxv uhfruglqj ri wkh GF ghwhfwru doorzhg
xv wr lqihu wkh vkrw qrlvh ohyho dv ixqfwlrq ri wkh rswlfdo ghswk1 Wklv lv vkrzq dv wuldqjohv lq ?j1 :18+e,1
Li zh nhhs lq plqg wkdw rxu vslq qrlvh lv wkh gl>huhqfh ehwzhhq fxuyhv 4 dqg 5/ zh fdq frq?up wkdw



FKDSWHU :1 TXDQWXP QRLVH RI WKH DWRPLF VSLQ :8

-16 -12 -8 -4 0

-25

-20

-15

-10

-5

0

5

10

15

N
or

m
. 

sp
in

 n
oi

se
 [

dB
 (

S
ho

t 
no

is
e)

]

 No external modulation
 Fit: Slope = 1.07 +/- 0.03, r = 0.99
 Strong external modulation
 Fit: Slope = 2.07 +/- 0.08, r = 0.99

2

1

0 1 2 3 4 5
1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

Optical depth [dB (α=1)] Modulation index (a.u.)

S
lo

pe
 o

f 
(a

)

(b)(a)

Iljxuh :19= +d, Wkh ghshqghqfh ri wkh vslq qrlvh qrupdol}hg wr hý5ò rq wkh rswlfdo ghswk ò1 Wkh vslq
qrlvh lv lq xqlwv ri wkh vkrw qrlvh ri wkh xqdwwhqxdwhg sureh1 Fxuyh 4 lv zlwk qr h{whuqdo prgxodwlrq
dqg fxuyh 5 lv zlwk h{whuqdo IP ri wkh wudsslqj odvhu1 +e, Wkh wudqvlwlrq ri wkh vorshv iurp +d, dv wkh
prgxodwlrq lqgh{ ri wkh IP lv lqfuhdvhg1 Wkh fkdqjh iurp 4 wr 5 lq wkh vorshv uh hfw wkh wudqvlwlrq
iurp grplqdwlqj txdqwxp qrlvh wr grplqdwlqj whfkqlfdo qrlvh1

wklv lv pd{lpxp durxqg dq rswlfdo ghswk ri 318 dv lw zdv suhglfwhg lq vhfwlrq :151 Zkhq erwk ri wkhvh
fxuyhv zhuh qrupdol}hg wr shuihfw wudqvplvvlrq ri wkh sureh +}hur rswlfdo ghswk,/ zh frxog gluhfwo| ?qg
wkh vslq qrlvh l3ntòhýò@lvdwr dv wkh udwlr ri fxuyhv 4 wr fxuyh 51 Wklv udwlr zdv qrupdol}hg wr wkh PRW
wudqvplvvlrq hýò lq rughu wr whvw zkhwkhu lw zdv sursruwlrqdo wr ò li txdqwxp qrlvh zdv revhuyhg ru ò5

lq wkh fdvh ri whfkqlfdo qrlvh1 Wkh uhvxow lv vkrzq rq d Orj0Orj sorw lq fxuyh 4 ri ?jxuh :19+d,1 Khuh wkh
vorsh ri 413: ÷ 3136 fohduo| lqglfdwhv wkdw rxu dwrplf vslq qrlvh zdv suhgrplqdqwo| ri txdqwxp qdwxuh1
E| dsso|lqj IP wr wkh wudsslqj odvhu zh rewdlqhg fxuyh 5 zlwk wkh vorsh ri 51 Wklv zdv uh hfwlqj wkh
wudqvlwlrq ri wkh vslq qrlvh grplqdwhg e| txdqwxp qrlvh wr doprvw sxuh whfkqlfdo vslq qrlvh1 Wkh vorshv
ri fxuyhv vlplodu wr ?j1 :19+d, duh vkrzq lq ?j1 :19+e, dv ixqfwlrq ri wkh wudsslqj odvhu prgxodwlrq
lqgh{/ P 1 Wklv zdv irxqg e| phdvxulqj wkh vl}h ri wkh prgxodwhg devruswlrq vljqdo dw d ?{hg rswlfdo
ghswk1 Iurp +:147, zh ?qg wkh vl}h ri wklv vljqdo wr eh sursruwlrqdo wr P51 Wkh ?jxuh fohduo| vkrzv wkh
wudqvlwlrq iurp wkh grplqdwlqj txdqwxp qrlvh jurzlqj olqhdu lq wkh qxpehu ri dwrpv wr wkh grplqdwlqj
whfkqlfdo qrlvh jurzlqj olnh wkh vtxduh ri wkh qxpehu ri dwrpv dqg khqfh jlylqj d vorsh ri 51 Gxh wr d
 xfwxdwlqj prgxodwlrq lqgh{ ri rxu udwkhu sulplwlyh hohfwur rswlfdo prgxodwru/ wkh srlqwv rq ?j1 :19+d,
fxuyh 5  xfwxdwh vrphzkdw1 Wklv lv dovr wkh fdxvh ri wkh vfdwwhulqj ri wkh srlqwv lq +e,1

E| wkh xvh ri +:147, zh duh qrz dovr lq d srvlwlrq wr vhh wkh h>hfw ri vtxhh}lqj lq wkh sureh1 Wklv
lv vkrzq dv wkh gldprqg rq fxuyh 6 ri ?j1 :18+e,1 H{wudsrodwlqj wklv srlqw e| phdqv ri rxu wkhru| dqg
wkh ydoxh ri nt rewdlqhg ehorz/ zh vhh wkdw dv wkh rswlfdo ghswk lqfuhdvhv deryh 319 qrwklqj lv jdlqhg
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Probe power [dB (µW)]

Iljxuh :1:= Wkh orj0orj sorw ri wkh vslq qrlvh ghshqghqfh rq wkh sureh srzhu1 Wkh vslq qrlvh lv qrupdol}hg
wr hý5ò1 Wkh vorsh ri 31<5 ÷ 3139 frq?upv rxu wkhru| suhglfwlqj d olqhdu ghshqghqfh1

lq whupv ri qrlvh uhgxfwlrq e| vtxhh}lqj wkh sureh1 Li txdqwxp qrlvh uhgxfwlrq lq dq rswlfdoo| wklfn
phglxp vkrxog eh rewdlqhg lw lv lqvwhdg qhfhvvdu| wr vtxhh}hg wkh dwrplf vslq iru lqvwdqfh e| h{flwlqj
wkh lqwhuphgldwh 9S6@5 vwdwh zlwk txdqwxp fruuhodwhg oljkw dv sursrvhg lq uhi1 ^433`1

Wr frqfoxgh wkhvh phdvxuhphqwv zh ?qdoo| whvwhg wkh ghshqghqfh ri wkh vslq qrlvh rq wkh sureh srzhu1
Htxdwlrq +:147, whoov xv wkdw wkh vslq qrlvh qrupdol}hg wr wkh sureh vkrw qrlvh vkrxog jurz olqhduo| dv
wkh sureh srzhu lv lqfuhdvhg1 Iru wklv sxusrvh zh ?{hg wkh rswlfdo ghswk dw 3165 fruuhvsrqglqj wr 08
gE rq ?j1 :19+d,1 Qrz wkh sureh srzhu zdv ydulhg iurp derxw 483 çZ wr ;33 çZ dqg wkh vslq qrlvh
zdv uhfrughg lq d vlplodu idvklrq dv ehiruh1 Wkh uhvxowv duh vkrzq lq ?jxuh :1:/ iurp zklfk zh ?qg
wkh vorsh ri wkh Orj0Orj sorw ri wkh vslq qrlvh yhuvxv sureh srzhu wr kdyh d vorsh ri 31<5 ÷ 31391 Wklv
fohduo| vkrz wkh olqhdu uhodwlrqvkls dqg surylghv xv zlwk |hw dqrwkhu lqglfdwlrq wkdw zh kdyh d uhdvrqdeoh
xqghuvwdqglqj ri wkh dwrplf vslq qrlvh1

Zh fdq ?qg wkh h{shulphqwdo ydoxh ri wkh sdudphwhu nt lq +:147, e| uhdglqj rxw wkh vslq qrlvh ri
fxuyh 4 lq ?j1 :19+d, dw ò @ 41 Iurp +:147, zh ?qg wkdw wklv qxpehu lv ntl3@lvdw3 vlqfh wkh hý5ò kdv
ehhq qrupdol}hg dzd|1 Wkh qxpehu lv irxqg wr eh 061;8 gE fruuhvsrqglqj wr 3174/ dqg e| xvlqj wkdw
l3@l

vdw
3 lq wkh h{shulphqw zdv 31:5/ zh ?qg nh{t @ 3=8;1 Wkh wkhruhwlfdo ydoxh ri wklv sdudphwhu dvvxplqj

d frkhuhqw vslq vwdwh zlwk I @ 4 lv irxqg wr eh nwkhrt @ 3=58 zlwk ð4 @ ðvslq @ 8=6 PK} dqg ð5 @ 6
PK}1 Rxu glvfuhsdqf| ri d idfwru ri 5 vkrxog eh irxqg iurp wkh idfw wkdw wkh PRW vslq vwdwh lq
qrw d froohfwlyh frkhuhqw vslq vwdwh dv gh?qhg lq ^434`/ udwkhu lw lv d vskhulfdo vslq vwdwh pdgh xs e|
xqfruuhodwhg lqglylgxdo vslqv srlqwlqj lq udqgrp gluhfwlrqv1 Lq frpsdulvrq wkh frkhuhqw vslq vwdwh lv
pdgh xs e| xqfruuhodwhg vslqv srlqwlqj lq wkh vdph gluhfwlrq1 Lqwxlwlyho| wkh rulhqwhg frkhuhqw vslq
vwdwh kdv vpdoohu  xfwxdwlrqv lq wkh wudqvyhuvh froohfwlyh vslq frpsrqhqwv wkdq wkh wrwdoo| v|pphwulf
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Iljxuh :1;= Wkh uhfrughg qrlvh srzhu lq wkh vslq qrlvh olplwhg h{shulphqw1 Fxuyh 4 vkrzv wkh prgxodwlrq
vljqdo olplwhg e| sureh vkrw qrlvh dqg vslq qrlvh1 Wkh olqh dffrpsdq|lqj fxuyh 4 lv d ehvw ?w wr d
Jdxvvldq1 Fxuyh 5 vkrzv wkh ohyho ri vslq qrlvh dqg vkrw qrlvh dqg fxuyh 6 vkrzv wkh ohyho ri vkrw qrlvh1
Fxuyh 7 lv wkh dfklhyhg vljqdo lq wkh devhqfh ri vslq qrlvh zlwk wkh sdudphwhuv rewdlqhg iurp wkh ?w wr
fxuyh 41

vskhulfdo vslq vwdwh dqg khqfh zh h{shfw nt wr eh odujhu iru wkh odwwhu1 Wkh ydoxh ri nh{t @ 3=8; kdv ehhq
xvhg wr jhqhudwh wkh wkhruhwlfdo fxuyhv lq ?j1 :18+e,1

:17 Ehlqj olplwhg e| wkh txdqwxp vslq qrlvh

Iru wkh vdnh ri ghprqvwudwlrq zh zloo qrz orrn dw d vlpsoh h{shulphqw lq zklfk wkh vhqvlwlylw| zdv
olplwhg e| wkh txdqwxp qrlvh ri wkh dwrplf vslq1 Iru wklv sxusrvh zh xvhg wkh vdph vhwxs dv lq ?j1 :15
exw zlwk wkh fkrsshu dqg wkh hohfwurqlfv iru orfn0lq ghwhfwlrq uhpryhg1 Wkh vshfwuxp dqdo|}hu vsdq zdv
fkdqjhg iurp }hur wr :3 nK} dqg wkh qrlvh srzhu ri wkh wudqvplwwhg sureh zdv revhuyhg lq wklv udqjh
fhqwhuhg durxqg 6 PK}1 Qrz IP zdv dssolhg wr wkh wudsslqj odvhu dw wkh ghwhfwlrq iuhtxhqf| dqg zh
zdqwhg wr revhuyh wkh prgxodwlrq wudqvihuuhg iurp wklv odvhu wr wkh sureh yld wkh wudsshg dwrpv1 Wklv lv
vlplodu wr wkh h{shulphqwv iurp fkdswhu 9 exw qrz zlwk d pxfk odujhu wuds lq zklfk wkh dwrplf txdqwxp
qrlvh sod|hg d eljjhu uroh1 Wkh prgxodwlrq zdv vr zhdn wkdw wkh h>hfw rq wkh sureh rqo| zdv d shdn
5 gE deryh wkh edfnjurxqg qrlvh dv vkrzq lq ?jxuh :1; fxuyh 41 Wkh edfnjurxqg qrlvh ohyho lv vkrzq
lq fxuyh 51 Wklv zdv ghwhfwhg e| wxuqlqj r> wkh prgxodwlrq dqg iurp rxu glvfxvvlrq lq wkh odvw vhfwlrq
zh nqrz wkdw lw zdv pdgh xs e| txdqwxp vslq qrlvh/ sureh vkrw qrlvh dqg hohfwurqlf qrlvh1 Olnh lq wkh
suhylrxv h{shulphqw wkh sureh srzhu lq wklv h{shulphqw zdv derxw 673 çZ1 Wklv jdyh 809 gE ri vkrw
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qrlvh deryh hohfwurqlf qrlvh dqg khqfh zh glvuhjdug wkh odwwhu lq wkh uhvw ri wklv glvfxvvlrq1 Wr ?qg wkh
ohyho ri wkh vkrw qrlvh rqo| zh eorfnhg wkh wudsslqj ehdpv dqg uhgxfhg wkh sureh srzhu wr frpshqvdwh
iru wkh odfn ri devruswlrq iurp wkh PRW1 Wklv ohyho lv vkrzq dv fxuyh 6 lq ?j1 :1;1 Frpsdulqj fxuyhv
5 dqg 6 zh ?qg wkh frpelqhg vslq qrlvh dqg vkrw qrlvh wr eh orfdwhg 3168 gE deryh wkh vkrw qrlvh ohyho
fruuhvsrqglqj wr wkh dprxqw ri vslq qrlvh ehlqj ;( ri wkh vkrw qrlvh1 Wkh olqh rq wrs ri fxuyh 4 lv
d Jdxvvldq ?w wr wkh prgxodwlrq dqg wkh sdudphwhuv iurp wklv ?w zdv xvhg wr jhqhudwh fxuyh 7 zklfk
ghvfulehv wkh prgxodwlrq vljqdo lq wkh devhqfh ri vslq qrlvh/ wkdw lv li zh kdg shuihfw vslq vtxhh}lqj1
Fxuyh 4 lv irxqg wr eh shdnhg 5156 gE deryh wkh qrlvh  rru frpsulvhg ri vkrw qrlvh dqg vslq qrlvh dqg
wkh fruuhvsrqglqj vljqdo wr qrlvh udwlr lv 319:1 Lq frpsdulvrq fxuyh 7 shdnv 5165 gE deryh wkh vkrw qrlvh
 rru |lhoglqj vljqdo wr qrlvh udwlr ri 31:41 Wklv vkrzv wkdw rxu txdqwxp vslq qrlvh zdv lqghhg olplwlqj
wkh dfklhyhg vljqdo wr qrlvh udwlr lq wklv vlpsoh h{shulphqw1 Ri frxuvh wkh olplwdwlrq e| vslq qrlvh frxog
eh dyrlghg lq wklv h{shulphqw e| lqfuhdvlqj wkh prgxodwlrq lqgh{/ exw lq rwkhu eudqfkhv ri sk|vlfv vxfk
dv wkh lqyhvwljdwlrq ri hohfwurzhdn lqwhudfwlrqv lq dwrpv^7:` dqg xowudvhqvlwlyh pdjqhwrphwu|^438` wkh
txdqwxp vslq qrlvh pd| zhoo suryh wr ehfrph d olplwlqj idfwru ri wkh dfklhydeoh vhqvlwlylw|1

:18 Vxppdu|

Lq wklv fkdswhu zh kdyh vhhq krz wkh vwrfkdvwlf surfhvv ri dwrplf ghfd| fdxvh ixqgdphqwdo  xfwxdwlrq ri
wkh dwrplf vslq1 Rxu vlpsoh wkhru| iru d Y v|vwhp zlwk zhdn ?hogv rq wkh wzr wudqvlwlrqv vkrzhg wkdw
lw zdv lq sduwlfxodu wkh frxsolqj wr wkh ydfxxp prghv ri wkh hohfwurpdjqhwlf ?hog wkdw fdxvhg wkh vslq
 xfwxdwlrqv udwkhu wkdq wkh frxsolqj wr wkh sxps ?hogv1 Lw wxuqhg rxw wkdw lq rughu wr kdyh wkh odwwhu
frxsolqj grplqdwlqj wkh vslq qrlvh/ d vlqjoh skrwrq Udel iuhtxhqf| rq wkh rughu ri wkh dwrplf ghfd|
udwh lv qhhghg1 Vxfk vwurqj frxsolqj w|slfdoo| uhtxluh wkh sxps ?hogv wr eh prghv ri d kljk T fdylw|1
Ehfdxvh rxu wkhru| dvvxphg dq rswlfdoo| wklq phglxp zh zhuh qrw deoh wr vkrz wkdw wkh  xfwxdwlrqv
ri wkh dwrplf vslq frxog lqghhg eh uhgxfhg e| devruelqj txdqwxp fruuhodwhg ?hogv frpsohwho| lq wkh
dwrplf phglxp dv lw zdv vkrzq lq d uhfhqw sxeolfdwlrq^433`1 Rxu dujxphqwdwlrq ohg xv wr wkh idfw wkdw
wkh txdqwxp vslq qrlvh frxog eh glvwlqjxlvkhg iurp wkh whfkqlfdo vslq qrlvh iurp wkh ghshqghqfh rq wkh
qxpehu ri vslqv/ Q 1 Wkh txdqwxp qrlvh jurzv olqhdu lq Q / zkhuhdv wkh whfkqlfdo qrlvh jurzv txdgudwlf1

E| exloglqj d vhwxs lq zklfk wkh sureh qrlvh zdv glvfulplqdwhg djdlqvw wkh hohfwurqlf qrlvh ri wkh
ghwhfwlrq v|vwhp zh ghprqvwudwhg vkrw qrlvh olplwhg phdvxuhphqwv zlwk sureh srzhuv dv vpdoo dv d
ihz kxqguhg qdqrZdwwv1 Wklv zdv fuxfldo iru wkh iroorzlqj vslq qrlvh phdvxuhphqwv vlqfh rxu wkhru|
suhglfwhg vslq qrlvh rq wkh rughu ri d ihz shufhqw ri wkh vkrw qrlvh dw wkh rswlpxp frqglwlrqv1 Wkhvh
zhuh vkrzq wr eh dw dq rswlfdo ghswk ri 318/ zkhuh wkh devroxwh vslq qrlvh zdv pd{lpxp/ dqg zlwk d
vrphzkdw vdwxudwlqj sureh1

E| frpsdulqj wkh GF devruswlrq ri wkh sureh wr wkh devruswlrq dw 6 PK}/ zh zhuh deoh wr ghwhfw
wkh vslq qrlvh dw wkh odwwhu iuhtxhqf|1 Wklv zdv vhhq wr iroorz wkh GF devruswlrq sur?oh lqglfdwlqj
wkdw lw zdv lqghhg txdqwxp qrlvh1 Dv d ixuwkhu whvw ri wkh vslq qrlvh zh orfnhg wkh sureh odvhu wr
wkh dwrplf uhvrqdqfh dqg ydulhg wkh qxpehu ri vslqv e| dwwhqxdwlqj wkh PRW uhsxpslqj odvhu1 Diwhu
dq dssursuldwh qrupdol}dwlrq wr wkh wudqvplwwhg sureh srzhu/ zh irxqg wkh Orj0Orj sorw ri vslq qrlvh
yhuvxv wkh qxpehu ri vslqv wr eh olqhdu zlwk d vorsh ri 4=3:÷ 3=36 uhyhdolqj wkdw wkh pdlq frqwulexwlrq
wr wklv qrlvh zdv ri txdqwxp qdwxuh1 E| dsso|lqj h{whuqdo IP wr wkh wudsslqj odvhu zh zhuh deoh wr vhh
wkh wudqvlwlrq iurp wkh doprvw sxuh txdqwxp vslq qrlvh wr sxuh whfkqlfdo qrlvh/ pdqlihvwhg lq d fkdqjh
ri wkh vorsh lq wkh Orj0Orj sorwv iurp doprvw 4 wr 5 dv wkh prgxodwlrq ghswk zdv lqfuhdvhg1

Zh dovr whvwhg wkdw wkh vslq qrlvh qrupdol}hg wr wkh sureh vkrw qrlvh zdv olqhdu lq wkh sureh srzhu
dqg zh irxqg wkh h{shulphqwdo ydoxh ri wkh sdudphwhu nt/ ghvfulelqj wkh vwuhqjwk ri wkh vslq qrlvh uhodwlyh
wr wkh sureh vkrw qrlvh/ zdv zlwklq d idfwru 5 ri rxu wkhruhwlfdoo| suhglfwhg ydoxh1 Wkh glvfuhsdqf| zdv
dwwulexwhg wr wkh vslq vwdwh ri wkh PRW/ zklfk zdv d vskhulfdo vwdwh udwkhu wkdq d frkhuhqw vslq vwdwh
dv lw zdv dvvxphg lq rxu wkhru|1

Xvlqj wkh gdwd wdnhq zlwk d vtxhh}hg sureh lq fkdswhu 8/ zh vkrzhg e| h{wudsrodwlrq wkdw d jdlq
lq vljqdo wr qrlvh e| hpsor|lqj vxfk vtxhh}hg surehv rqo| lv srvvleoh li wkh surehg phglxp lv rswlfdoo|
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Iljxuh :1<= Wkh wudsshg Fdhvlxp dwrpv surehg e| wkh srodul}dwlrq lqwhuihurphwhu1 Wkh dwrpv zhuh
wudsshg rq wkh ;85 qp G5 olqh dqg surehg rq wkh <4: qp 9S6@5 $ 9G8@5 wudqvlwlrq1 Khuh wkh devruswlrq
zdv durxqg ;3(1 Wkh ghqvlw| ri dwrpv lq wkh wuds zdv d ihz wlphv 43<1 Wkh forxg kdg d gldphwhu durxqg
:pp dqg wkh eoxhlvk jorz zdv gxh wr wkh ghfd| ri wkh 9G8@5 h{flwhg vwdwh lqwr wkh :S6@5 vwdwh/ zklfk
ghfd|hg wr wkh jurxqg vwdwh hplwwlqj eoxh oljkw dw 789qp1 Wkh slfwxuh zdv wdnhq zlwk 43 plqxwhv
h{srvxuh dqg doo wkh froruv duh uhdo1

wklq1 Lq rxu vhwxs wkh lpsuryhphqw lq vljqdo wr qrlvh gxh wr vtxhh}lqj zrxog eh orvw dw rswlfdo ghswkv
kljkhu wkdq 3191 Lpsurylqj wkh vljqdo wr qrlvh lq wklv uhjlrq zrxog lqvwhdg uhtxluh d sxps ?hog lq d
vtxhh}hg vwdwh wr surgxfh d vtxhh}hg vslq vwdwh ri wkh wudsshg dwrpv1

Ilqdoo| zh ghprqvwudwhg dq h{shulphqw lq zklfk wkh vslq  xfwxdwlrqv ri rxu wuds dffrxqwhg iru d
vljql?fdqw dprxqw ri wkh qrlvh olplwlqj wkh vhqvlwlylw|1 Wklv qrlvh pd| wxuq rxw wr ehfrph olplwlqj idfwru
lq ixwxuh h{shulphqwv dv wkh whfkqltxhv lq h{shulphqwdo sk|vlfv duh uh?qhg dqg wkh vhqvlwlylw| ri wkh
phdvxuhphqwv lpsuryhv1

Wklv fkdswhu frqfoxghv wkh vhulhv ri h{shulphqwv edvhg xsrq wkh surelqj ri rxu PRW e| d srodul}dwlrq
lqwhuihurphwhu1 Lq wkh qh{w fkdswhu lw zloo eh ghprqvwudwhg krz vtxhh}hg vwdwhv ri oljkw fdq eh xvhg wr
whvw ixqgdphqwdo txdqwxp phfkdqlfv dv zhoo dv iru wkh wudqvihu ri txdqwxp lqirupdwlrq ryhu pdfurvfrslf
glvwdqfhv1



Fkdswhu ;

Txdqwxp Whohsruwdwlrq ri
Frqwlqxrxv Txdqwxp Yduldeohv

Lq wkh hduo| gd|v ri wkh txdqwxp phfkdqlfv dv zh nqrz lw wrgd| +4<68,/ Hlqvwhlq/ Srgrovn| dqg Urvhq
sxw iruzdug wkh idprxv sdudgr{/ nqrzq wrgd| dv wkh HSU sdudgr{^439`1 Khuh wkh qrqorfdolw| ri txdq0
wxp phfkdqlfv zdv glvsxwhg dqg wkh zdyhixqfwlrq ghvfulswlrq ri wkh sk|vlfdo uhdolw| txhvwlrqhg1 Odwhu
wkh vdph |hdu Erku h{sodlqhg wkh sdudgr{ xvlqj wkh frpsohphqwdulw| sulqflsoh ri txdqwxp phfkdqlfv/
d sulqflsoh zklfk prvw shrsoh wrgd| wdnh iru judqwhg^43:`1 Wkh edvlf sulqflsoh lq wudqvihuulqj wkh txdq0
wxp vwdwh ri rqh sduwlfoh rqwr dqrwkhu uhprwh sduwlfoh lv h{dfwo| wr h{sorlw wkh qrqorfdolw| ri txdqwxp
phfkdqlfv pdqlihvwhg lq wkh irup ri wzr sduwlfohv ehlqj lq dq hqwdqjohg vwdwh^43;`1 Wklv skhqrphqrq lv
frpprqo| fdoohg Txdqwxp Whohsruwdwlrq lqvsluhg iurp wkh vflhqfh ?fwlrq olwhudwxuh1 Wkh h{shulphqwdo
uhdol}dwlrq ri txdqwxp whohsruwdwlrq lv forvho| uhodwhg wr h{shulphqwv fduulhg rxw suhylrxvo| dlphg dw
ylrodwlqj Ehoo*v lqhtxdolwlhv^43<` dqg khqfh frq?uplqj txdqwxp phfkdqlfv dv d wkhru| ghvfulelqj wkh
sk|vlfdo uhdolw|^443`1 Wkhuhiruh wkh rxwfrph ri wkh h{shulphqw ghvfulehg ehorz lv wzrirog1 D ixqgd0
phqwdo surshuw| ri txdqwxp phfkdqlfv/ qdpho| wkh qrqorfdolw| ri wkh zdyhixqfwlrq/ lv ghprqvwudwhg
+djdlq, dqg ixuwkhupruh lw lv ghprqvwudwhg krz lw lv srvvleoh wr wudqvihu wkh txdqwxp vwdwh ri rqh sk|v0
lfdo v|vwhp rqwr dqrwkhu v|vwhp1 Iurp d pruh sudfwlfdo ylhzsrlqw txdqwxp whohsruwdwlrq pd| eh xvhg
lq txdqwxp frpsxwdwlrq iru huuru fruuhfwlrq surwrfrov^444` ru lq rswlfdo frppxqlfdwlrq iru vxshughqvh
frglqj ri lqirupdwlrq^445`1 Wkh whohsruwdwlrq vfkhph suhvhqwhg lq wklv fkdswhu pd| dovr suryh wr sur0
ylgh d txdqwxp fu|swrjudsk| olqh1 Khqfh zh vhh wkdw txdqwxp whohsruwdwlrq sod|v d fhqwudo uroh lq wkh
uhodwlyho| qhz/ exw udslgo| jurzlqj/ ?hog ri txdqwxp lqirupdwlrq vflhqfh1

Wkh vwuxfwxuh ri wklv fkdswhu lv dv iroorzv1 Iluvw wkh wkhru| xqghuo|lqj txdqwxp whohsruwdwlrq ri glv0
fuhwh yduldeohv lv wrxfkhg eulh |1 Wklv lv khosixo iru wkh xqghuvwdqglqj ri wkh whohsruwdwlrq ri frqwlqxrxv
yduldeohv1 Wkhq lw lv ghprqvwudwhg krz wr surgxfh wkh hqwdqjohg ?hogv/ wkdw duh qhhghg iru wkh whohsru0
wdwlrq ri frqwlqxrxv yduldeohv dqg d wkhruhwlfdo irxqgdwlrq ri wklv nlqg ri whohsruwdwlrq lv odlg1 Zh zloo
wkhq pryh rq wr ghvfuleh wkh h{shulphqw dqg suhvhqw wkh vhwxs/ zklfk lv iroorzhg e| d suhvhqwdwlrq dqg
dq lqwhusuhwdwlrq ri wkh uhvxowv1 Ilqdoo| wkh fkdswhu zloo eh frqfoxghg zlwk d vxppdu| ri wkh dfklhyhg
uhvxowv wrjhwkhu zlwk d eulhi rxworrn rq krz wr h{whqg wkh h{shulphqw wr fryhu rwkhu lqwhuhvwlqj dvshfwv
ri txdqwxp whohsruwdwlrq1

;14 Edvlf sulqflsohv lq txdqwxp whohsruwdwlrq

Dv lqglfdwhg deryh zh phdq e| txdqwxp whohsruwdwlrq wkh pdsslqj ri wkh vwdwh ri rqh txdqwxp v|vwhp
wr dqrwkhu txdqwxp v|vwhp1 Wkh srvvlelolw| ri wklv zdv glvfryhuhg lq 4<<6 e| Ehqqhww hw1 do1^446`1 Wkh|
suhvhqwhg d vfkhph lq zklfk wzr hqwdqjohg vslq 425 sduwlfohv lq d vlqjohw vwdwh duh xvhg wr whohsruw wkh
vslq vwdwh ri d wklug vslq 425 sduwlfoh e| phdqv ri d Ehoo phdvxuhphqw dqg d vxevhtxhqw eurdgfdvwlqj

;3
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ri wkh rxwfrph wr wkh vlwh/ zkhuh wkh txdqwxp vwdwh lv uhfrqvwuxfwhg1 D ixqgdphqwdo sulqflsoh lq
txdqwxp phfkdqlfv xvxdoo| uhihuuhg wr dv wkh Qr Forqlqj Wkhruhp^447` surklelwv wkh frs|lqj ri wkh
txdqwxp vwdwh1 Frqvhtxhqwo| lv pxvw eh ghpdqghg wkdw dq| lqirupdwlrq derxw wkh lqlwldo txdqwxp
vwdwh ri wkh wklug sduwlfoh sulru wr wkh ghwhfwlrq pxvw eh frpsohwho| ghvwur|hg lq wkh ghwhfwlrq vfkhph1
Wklv lv h{dfwo| zkdw kdsshqv zkhq wkh mrlqw vwdwh ri wkh whohsruwhh sduwlfoh dqg rqh ri wkh hqwdqjohg
sduwlfohv lv h{sdqghg rq wkh frpsohwh vhw ri Ehoo vwdwhv1 Wkh dxwkruv/ frplqj iurp wkh ?hog ri txdqwxp
frppxqlfdwlrq/ odehoohg wkh shuiruphu ri wkh Ehoo phdvxuhphqw Dolfh dqg wkh uhfhlyhu ri wkh eurdgfdvw
vljqdo Ere1 Wklv qrphqfodwxuh zloo eh xvhg lq wklv zrun dv zhoo1 Dv zh vkdoo vhh wkh whohsruwdwlrq vfkhph
ri frqwlqxrxv txdqwxp yduldeohv lv yhu| vlplodu wr Ehqqhww*v vfkhph/ zklfk lv zk| d eulhi ghvfulswlrq ri
wkh odwwhu fdq eh irxqg lq Dsshqgl{ E iru frpsdulvrq dqg fodul?fdwlrq1

Wkh txdqwxp whohsruwdwlrq ri wkh srodul}dwlrq vwdwh ri vlqjoh skrwrqv kdv douhdg| ehhq fduulhg rxw
h{shulphqwdoo|^448`^449`1 Fohduo| wkh srodul}dwlrq vwdwh ri wkh hohfwurpdjqhwlf ?hog lv htxlydohqw wr d
vslq 425 v|vwhp dqg lq wklv idvklrq Ehqqhww*v vfkhph kdv douhdg| ehhq lpsohphqwhg h{shulphqwdoo|1
Krzhyhu wkh wzr h{shulphqwv fduulhg rxw ehiruh wkh rqh suhvhqwhg khuh erwk vx>huhg iurp h{wuhpho| orz
h!flhqflhv +å 43ý;, dqg lq rughu wr frpsohwh wkh whohsruwdwlrq surwrfro/ d fhuwdlq srvwvhohfwlrq ri wkh
ghwhfwhg hyhqwv zdv qhhghg1 Dv lw zloo eh vhhq ehorz/ rxu vfkhph surylghg uhdo wlph/ frqwlqxrxv zdyh
txdqwxp whohsruwdwlrq ri wkh frqwlqxrxv txdgudwxuh skdvhv ri wkh hohfwurpdjqhwlf ?hog1 Zh ghwhfwhg
wkh whohsruwhg vwdwh rqo| wr yhuli| wkh surwrfro dqg wr txdqwli| wkh txdolw| ri rxu vfkhph1

Rqh |hdu diwhu Ehqqhww*v ruljlqdo sursrvdo Ydlgpdq^44:` ghprqvwudwhg wkh sulqflsohv ri whohsruwlqj
frqwlqxrxv txdqwxp yduldeohv1 D uhfhqw sursrvdo dlphg dw whohsruwlqj wkh txdgudwxuh skdvhv ri wkh
hohfwurpdjqhwlf ?hog^44;` wrrn Ydlgpdq*v lghd forvhu wr dq h{shulphqwdo lpsohphqwdwlrq1 Wkh sursrvdo
zdv edvhg rq dq Zljqhu ixqfwlrq dqdo|vlv/ zkhuhdv wkh wkhru| suhvhqwhg ehorz zloo xwlol}h Khlvhqehuj
rshudwru slfwxuh1 Wklv dssurdfk whqg wr ohqg pruh lqvljkw lqwr wkh xqghuo|lqj sk|vlfv exw pdnhv lw
kdughu wr glvwlqjxlvk ehwzhhq pdqlihvwo| txdqwxp dqg fodvvlfdo vwdwhv1

Wkh txdgudwxuh skdvhv ri wkh hohfwurpdjqhwlf ?hog/ ghqrwhg t dqg s duh dqdorjxhv ri wkh srvlwlrq
dqg prphqwxp iru d txdqwxp sduwlfoh lq d kduprqlf rvfloodwru srwhqwldo1 Ruljlqdoo| wkh HSU sdudgr{
zdv irupxodwhg h{dfwo| lq whupv ri wkh srvlwlrq dqg prphqwxp ri wzr hqwdqjohg sduwlfohv/ dqg khqfh
wkh whohsruwdwlrq ri txdgudwxuh skdvhv zdv shuiruphg lq wkh ruljlqdo vslulw ohdglqj wr wkh HSU sdudgr{1

Dv d zrunkruvh wklv whohsruwdwlrq vfkhph hpsor|v hqwdqjohg txdqwxp ?hogv lq frqwudvw wr wkh hq0
wdqjohg sduwlfohv xvhg deryh1 Wkh ?uvw remhfwlyh ri wklv vhfwlrq lv wr ghprqvwudwh krz wr surgxfh wzr
ehdpv ri hqwdqjohg rswlfdo ?hogv1

;1414 Fuhdwlqj HSU fruuhodwhg ?hogv

Lq 4<<5 lw zdv vkrzq e| Rx hw1 do1^44<` krz wr surgxfh wzr lqghshqghqwo| vtxhh}hg ?hogv iurp wkh wzr
hqwdqjohg rxwsxw ?hogv ri d qrqghjhqhudwh RSR1 Wklv zdv grqh e| vsolwwlqj wkh ruwkrjrqdoo| srodul}hg
wzlq ehdpv rq d srodul}lqj ehdpvsolwwhu rulhqwhg 783 uhodwlyh wr wkh wzr srodul}dwlrqv dqg revhuylqj wkh
skdvh vhqvlwlyh txdqwxp qrlvh ri wkh wzr rxwjrlqj ehdpv1 Lq rxu h{shulphqw wkh hqwdqjohg ?hogv zhuh
surgxfhg e| wkh wlph uhyhuvhg surfhvv/ qdpho| e| pl{lqj wzr lqghshqghqw exw skdvh frkhuhqw vtxhh}hg
ehdpv rq d 83283 ehdpvsolwwhu zlwk dq dssursuldwh skdvh gl>huhqfh1

Wkh h{shulphqw ghvfulehg ehorz hpsor|hg d vlqjoh RSR ulqj uhvrqdwru ehlqj sxpshg lq wkh wzr
frxqwhusursdjdwlqj gluhfwlrqv iurp wkh vdph vrxufh dv vkrzq lq ?jxuh ;141 Xqiruwxqdwho| lqwudfdylw|
edfnvfdwwhulqj dozd|v frxsohv wkh wzr frxqwhusursdjdwlqj prghv ri d ulqj fdylw|/ phdqlqj wkdw wkh wzr
uhvxowlqj vtxhh}hg ehdpv zhuh qrw h{dfwo| lqghshqghqw1 Wklv prgh frxsolqj zloo eh wdnhq lqwr dffrxqw
lq wkh iroorzlqj wuhdwphqw1

Wkh vwduwlqj srlqw ri rxu fdofxodwlrq lv wkh wzr frxqwhusursdjdwlqj vtxhh}hg ?hogv d÷ jlyhq e| d
olqhdu wudqvirupdwlrq ri wkh ydfxxp ?hogv d+3,÷

d÷ @ ç÷d
+3,
÷ . æ÷d

+3,|
÷ +;14,

zkhuh wkh ydfxxp ?hogv reh| vwdqgdug ervrq frppxwdwlrq uhodwlrqv ^d+3,l > d
+3,|
m ` @ ïlm dqg wkh frh!flhqwv
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t
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Iljxuh ;14= Wkh hqwdqjohg HSU ehdpv fuhdwhg e| sxpslqj dq RSR lq wzr gluhfwlrqv dqg pl{lqj wkh
uhvxowlqj vtxhh}hg ehdpv zlwk ä@5 uhodwlyh skdvh rq d 83283 ehdpvsolwwhu1 Wkh rxwjrlqj ?hogv duh irxqg
wr kdyh fruuhodwhg dpsolwxghv dqg dqwlfruuhodwhg skdvh txdgudwxuhv1

ç÷ dqg æ÷ duh jlyhq e|
ç÷ @ frvk ã÷ > æ÷ @ vlqk ã÷ +;15,

Wkh sdudphwhuv ã÷ phdvxuh wkh vwuhqjwk ri wkh qrqolqhdu lqwhudfwlrq lq wkh wzr gluhfwlrqv dqg wkh|
duh dvvxphg khuh wr eh uhdo dqg srvlwlyh1 Wkh RSR*v duh dvvxphg wr kdyh qhjoljleoh lqwudfdylw| orvvhv
h{fhsw iru wkh rxwsxw frxsohu wudqvplvvlrq dqg wkh frxsolqj ehwzhhq wkh wzr gluhfwlrqv ri sursdjdwlrq1
Iruplqj wkh txdgudwxuh skdvh rshudwruv t÷ @ d÷ . d

|
÷ dqg s÷ @ ýl+d÷ ý d|÷, zh ?qg

t÷ @ hã÷t
+3,
÷ > s÷ @ hýã÷s

+3,
÷ +;16,

zkhuh t+3,÷ dqg s+3,÷ duh wkh ydfxxp ?hog txdgudwxuhv1
Wkh lqwhuehdp frxsolqj lv prghoohg khuh dv d ehdpvsolwwhu zlwk qhduo| 433( wudqvplvvlrq lqvlgh wkh

RSR uhvrqdwru1 Wkh ehdpvsolwwhu lv dvvxphg wr kdyh uh hfwlylw| u4 dqg wudqvplwwlylw| w4 dqg uhodwlyh
rswlfdo skdvh ehwzhhq wkh wzr vtxhh}hg ?hogv rq wklv ehdpvsolwwhu lv ghqrwhg ë41 Iru d vlqjoh vfdwwhuhu
ehlqj uhvsrqvleoh iru wkh frxsolqj/ ë4 lv vlpso| d frqvwdqw/ exw lq wkh pruh jhqhudo fdvh ri d glvwulexwhg
vfdwwhuhu zh kdyh wr nhhs lq plqg wkdw ë4 lv dq dyhudjh ryhu doo wkh skdvhv iru wkh vfdwwhuhuv zhljkwhg zlwk
wkhlu lqglylgxdo uh hfwlylwlhv1 Wkh vhfrqg ehdpvsolwwhu/ orfdwhg rxwvlgh wkh RSR uhvrqdwru/ lv dvvxphg
wr kdyh uh hfwlylw| u5 dqg wudqvplwwlylw| w5/ erwk ehlqj forvh wr 5ý4@5/ dqg wkh uhodwlyh rswlfdo skdvh dw
wklv srlqw lv fdoohg ë51
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Doo lq doo zh ?qg wkh wzr ?hogv hphujlqj iurp wkh vhfrqg ehdpvsolwwhu d4 dqg d5 wr eh jlyhq e|ë
d4
d5

ê
@

ë
w5 ýu5hlë5
u5 w5h

lë5

êë
w4 ýu4hlë4
u4 w4h

lë4

êë
d.
dý

ê
+;17,

Lqwurgxflqj wkh txdgudwxuh skdvhv iru wkh rxwjrlqj ?hogv lq dqdorj| wr wkh vtxhh}hg ?hogv dqg shuiruplqj
wkh dojheud/ zh duulyh dw3EEC

t4
s4
t5
s5

4FFD @

3EEC
^w4w5 ý u4u5 frv ë5` ^u4u5 vlq ë5` ^ýu4w5 frv ë4 ý u5w4 frv+ë4 . ë5,`
^ýu4u5 vlq ë5` ^w4w5 ý u4u5 frv ë5` ^ýu4w5 vlq ë4 ý u5w4 vlq+ë4 . ë5,`

^u5w4 . u4w5 frv ë5` ^ýu4w5 vlq ë5` ^ýu4u5 frv ë4 . w4w5 frv+ë4 . ë5,`
^u4w5 vlq ë5` ^u5w4 . u4w5 frv ë5` ^ýu4u5 vlq ë4 . w4w5 vlq+ë4 . ë5,`

^u4w5 vlq ë4 . u5w4 vlq+ë4 . ë5,`
^ýu4w5 frv ë4 ý u5w4 frv+ë4 . ë5,`
^u4u5 vlq ë4 ý w4w5 vlq+ë4 . ë5,`
^ýu4u5 frv ë4 . w4w5 frv+ë4 . ë5,`

4FFD
3EEC
t.
s.
tý
sý

4FFD
+;18,

Dw d ?uvw jodqfh wklv uhvxow orrnv udwkhu frpsolfdwhg/ exw fkrrvlqj ?uvw qr lqwhuehdp frxsolqj/ u4 @ 3/
w4 @ 4/ htxdwlrq +;18, vlpsol?hv wr3EEC

t4
s4
t5
s5

4FFD @

3EEC
w5 3 ýu5 frv" u5 vlq"
3 w5 ýu5 vlq" ýu5 frv"
u5 3 w5 frv" ýw5 vlq"
3 u5 w5 vlq" w5 frv"

4FFD
3EEC
t.
s.
tý
sý

4FFD +;19,

zkhuh zh kdyh gh?qhg " @ ë4 . ë51 E| xvlqj wkdw wkh ydfxxp ?hogv duh frpsohwho| xqfruuhodwhg dqg
qrupdol}lqj wr wkhlu qrlvh ohyho/ zh fdq qrz uhdglo| zulwh xs wkh furvv fruuhodwlrq ehwzhhq wkh wzr
rxwjrlqj ?hogv dvG

ï +t4 . t5,
5
H
@ +w5 . u5,

5
h5ã. . +w5 ý u5,5

ý
h5ãý frv5 ". hý5ãý vlq5 "

üG
ï +t4 ý t5,5

H
@ +w5 ý u5,5 h5ã. . +w5 . u5,5

ý
h5ãý frv5 ". hý5ãý vlq5 "

üG
ï +s4 . s5,

5
H
@ +w5 . u5,

5 hý5ã. . +w5 ý u5,5
ý
h5ãý vlq5 ". hý5ãý frv5 "

üG
ï +s4 ý s5,5

H
@ +w5 ý u5,5 hý5ã. . +w5 . u5,5

ý
h5ãý vlq5 ". hý5ãý frv5 "

ü
+;1:,

Iurp +;1:, lw fdq eh vhhq wkdw fkrrvlqj wkh uhodwlyh skdvh ri wkh wzr ehdpv wr eh " @ ä@5/ uhvxowv lq
wzr hqwdqjohg rxwjrlqj ?hogv1 Wkhvh zloo kdyh wkh dpsolwxghv/ zklfk duh fruuhodwhg/ vlqfh ï +t4 ý t5,5 lv
vpdoohu wkdq wkh vwdqgdug txdqwxp olplw +VTO, zkhq u5 * w5 * 5ý4@51 Wkh VTO lq wklv fdvh lv 5 xqlwv ri
ydfxxp qrlvh/ ehfdxvh zh duh frqvlghulqj wkh furvv fruuhodwlrqv ehwzhhq wzr ruljlqdoo| lqghshqghqw ?hogv1
Ixuwkhupruh zh ?qg wkh skdvhv wr eh dqwlfruuhodwhg ehfdxvh ï +s4 . s5,

5 srvvhvv uhgxfhg  xfwxdwlrq zlwk
uhvshfw wr wkh VTO1 Wklv lv looxvwudwhg lq ?jxuh ;141

Li zh qrz wxuq wr orrn dw wkh qrlvh ri d vlqjoh ehdp hphujlqj iurp wkh vhfrqg ehdpvsolwwhu/ zh ?qg/
zkhq sxwwlqj w5 @ u5 @ 5ý4@5 dqg ã. @ ãý @ ã/ wkh yduldqfhv wr ehó

ït54
ò
@
ó
ït55
ò
@ 4

5

û
h5ã
ý
4 . frv5 "

ü
. hý5ã vlq5 "

úó
ïs54
ò
@
ó
ïs55
ò
@ 4

5

û
hý5ã

ý
4 . frv5 "

ü
. h5ã vlq5 "

ú +;1;,

Zkhq " @ 3 zh ?qg wkh skdvh vhqvlwlyh qrlvh dvvrfldwhg zlwk wkh vtxhh}hg vwdwhv/ zkhuh wkh t txdgudwxuhv
duh dqwlvtxhh}hg dqg wkh s txdgudwxuhv duh vtxhh}hg1 Wkdw lv/ li zh ryhuods wzr vtxhh}hg ehdpv lq skdvh
rq d 83283 ehdpvsolwwhu/ zh mxvw surgxfh wzr qhz vtxhh}hg ?hogv1 Krzhyhu zkhq " @ ä@5 zh ?qg wkdw
wkh uhvxowlqj hqwdqjohg vwdwh srvvhvv qr skdvh vhqvlwlyh qrlvh dqg wkdw doo txdgudwxuhv kdv wkh yduldqfh
jlyhq e| frvk 5ã/ zklfk lv urxjko| 83( ri wkh qrlvh ohyho lq wkh dqwlvtxhh}hg txdgudwxuhv/ rewdlqhg zlwk
" @ 31
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Iljxuh ;15= Txdqwxp qrlvh ri d vlqjoh HSU ehdp1 Wkh orfdo rvfloodwru skdvh lv vfdqqhg dw derxw 43 K}
+WOR, dqg wkh uhodwlyh skdvh ehwzhhq wkh vtxhh}hg ?hogv lv vfdqqhg dw derxw 4 K} +WHSU, udwh1 Dv wkh
wzr vtxhh}hg ?hogv duh lq skdvh zh revhuyh wkh fkdudfwhulvwlf skdvh vhqvlwlyh qrlvh iru d vtxhh}hg skdvh/
zkhuhdv zkhq wkh vtxhh}hg ?hogv duh lq txdgudwxuh zh revhuyh wkh skdvh lqvhqvlwlyh qrlvh ri wkh HSU
vwdwh1 VTO pdunv wkh vlqjoh ehdp vkrw qrlvh ohyho1

Ehlqj qrz d elw pruh uhdolvwlf e| wdnlqj lqwr dffrxqw wkh lqwhuehdp frxsolqj/ zh gh?qh u54 @ %/ vr
wkdw w54 @ 4 ý % +% á 4,1 Ixuwkhupruh zh wdnh djdlq w5 @ u5 @ 5ý4@5 dqg ã. @ ãý @ ã/ dqg irfxv
rqo| rq wkh hqwdqjohg vwdwh phdqlqj wkdw " @ ë4 . ë5 @ ä@51 Zlwk wkhvh sdudphwhuv zh ?qg wkh furvv
fruuhodwlrq wr eh jlyhq e|G

ï +t4 . t5,
5
H
@
G
ï +s4 ý s5,5

H
@ 5

û
+4ý %,h5ã . %+frv5 ë4h5ã . vlq5 ë4hý5ã,

úG
ï +t4 ý t5,5

H
@
G
ï +s4 . s5,

5
H
@ 5

û
+4ý %,hý5ã . %+vlq5 ë4h5ã . frv5 ë4hý5ã,

ú +;1<,

Lq jhqhudo zh fdqqrw whoo pxfk derxw wkh vfdwwhulqj skdvh ë4/ exw iru d xqlirup vfdwwhuhu glvwule0
xwhg ryhu vhyhudo rswlfdo zdyhohqjwkv/ zh fdq dyhudjh ryhu wkh fdylw| ohqjwk/ }/ wr rewdlq

ó
vlq5 ë4

ò
}
@ó

frv5 ë4
ò
}
@ 4@51 Li zh ixuwkhupruh lqvhuw d uhdolvwlf ydoxh ri % @ 3=34/ dqg fkhdw d elw wr wdnh lqwr

dffrxqw d uhdo RSR zlwk lqwhuqdo orvvhv1 Iru vxfk d ghylfh wkh surgxfw ri wkh vtxhh}lqj dqg dqwlvtxhh}0
lqj grhv qrw dprxqw wr wkh VTO dv lqglfdwhg wkurxjkrxw wklv vhfwlrq1 Udwkhu lw whqg wr jlyh d odujhu
qxpehu wkdq wkh VTO1 Wr fruuhfw iru wklv zh xvh wkdw wkh t dqg s txdgudwxuhv duh lqghshqghqw ghjuhhv
ri iuhhgrp iru wkh hohfwurpdjqhwlf ?hog/ vr wkdw rxu uhvxowv deryh frqwdlq qr pl{hg whupv ri furvv fru0
uhodwlrq ehwzhhq gl>huhqw txdgudwxuhv1 Wklv mxvwl?hv wkdw zh fdq sxw

ó
ït5.

ò 9@ ýóïs5.òüý4 fruuhvsrqglqj
wr kdylqj dq RSR hvfdsh h!flhqf| vpdoohu wkdq 433(1 Uhdolvwlf ydoxhv iru wkh RSR*v xvhg wr surgxfh
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Iljxuh ;16= Wkh lqwhuehdp fruuhodwlrqv revhuyhg zlwk wzr edodqfhg krprg|qh ghwhfwruv1 Rqh ghwhfwru
zdv phdvxulqj t4 zkhuhdv wkh rwkhu zdv vfdqqhg frqwlqxrxvo| ehwzhhq phdvxulqj t5 dqg s51 Wkh uhodwlyh
vtxhh}lqj skdvh zdv orfnhg wr eh ä@51 Wkh skrwrfxuuhqwv iurp wkh wzr ghwhfwruv zhuh vxewudfwhg dqg
dqdo|}hg lq d UI vshfwuxp dqdo|}hu1 VTO iru wklv phdvxuhphqw zdv 5 xqlwv ri ydfxxp qrlvh1

wkh uhvxowv lq wklv vhfwlrq duh h5ã @ 8 dqg hý5ã @ 3=91 Lqvhuwlqj rxu qxpehuv lq +;1<,/ zh ?qg wkh furvv

fruuhodwlrqv wr eh
G
ï +t4 ý t5,5

H
@
G
ï +s4 . s5,

5
H
@ 4=5 dqg

G
ï +t4 . t5,

5
H
@
G
ï +s4 ý s5,5

H
@ 431 Wklv

fruuhvsrqgv wr 05 gE dqg .: gE uhodwlyh wr wkh VTO uhvshfwlyho|1
Zh zloo qrz frpsduh rxu wkhru| wr wkh h{shulphqwdo uhvxowv iurp wkh fkdudfwhul}dwlrq ri rxu HSU

hqwdqjohg vwdwh1 Iluvw zh vlpso| vhw xs d edodqfhg krprg|qh ghwhfwru wr dqdo|}h wkh skdvh vhqvlwlyh
qrlvh ri d vlqjoh ehdp1 Lq wklv uxq wkh orfdo rvfloodwru skdvh ri wkh ghwhfwru zdv vfdqqhg idvw +derxw
43 K},/ zkloh wkh skdvh ë5 zdv vfdqqhg vorzo| zlwk derxw 4 K}1 Wkh revhuyhg qrlvh dv d uhvxow ri wklv
surfhgxuh lv vkrzq lq ?jxuh ;151 Lq wklv wudfh zh revhuyh wkh skdvh vhqvlwlyh qrlvh dvvrfldwhg zlwk wkh
vtxhh}hg vwdwh/ rewdlqhg zkhq wkh wzr vtxhh}hg ?hog zhuh frpelqhg lq skdvh1 Wklv fruuhvsrqgv wr wlphv
ehwzhhq 318 dqg 4 vhfrqgv1 Wkh wudfh vkrzv rqo| prghudwh vtxhh}lqj ri derxw 04 gE dqg d prghvw
RSR jdlq ri 7081 Ehwzhhq 415 dqg 417 vhfrqgv wkh wzr vtxhh}hg ?hogv duh vhhq wr kdyh pryhg lqwr
txdgudwxuh dqg dv d uhvxow zh vhh qr skdvh vhqvlwlyh qrlvh1 Wklv lv wkh lqglfdwlrq ri wkh hqwdqjohg ?hog
vwdwh1 Wkh skdvh lqvhqvlwlyh qrlvh ohyho lv irxqg wr eh derxw 6 gE ehorz wkh qrlvh ohyho ri wkh dqwlvtxhh}hg
txdgudwxuh1 Wklv fruuhvsrqgv wr wkh ohyho vhw e| frvk 5ã/ ghulyhg deryh/ zklfk lv derxw 83( ri wkh qrlvh
ohyho ri h5ã dvvrfldwhg zlwk wkh dqwlvtxhh}hg txdgudwxuh1 Wkh VTO qrlvh ohyho lq wklv wudfh/ zdv rewdlqhg
dv wkh vlqjoh ehdp vkrw qrlvh/ khqfh lw zdv rqh xqlw ri ydfxxp qrlvh1

Ri frxuvh ?jxuh ;15 uhyhdov qr lqirupdwlrq derxw wkh dfwxdo ghjuhh ri wkh lqwhuehdp fruuhodwlrqv1 Lq
rughu wr phdvxuh wkhvh/ zh sxw xs d edodqfhg krprg|qh ghwhfwru lq hdfk ehdp dqg orfnhg wkh rswlfdo
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skdvh ehwzhhq wkh vtxhh}hg ?hogv wr nhhs wkhp lq txdgudwxuh1 Rqh ri wkh orfdo rvfloodwruv zdv wkhq orfnhg
wr eh lq skdvh zlwk wkh HSU ehdp/ phdqlqj wkdw wkh qrlvh ri wkh txdgudwxuh skdvh t4 zdv phdvxuhg1
Wkh rwkhu OR skdvh zdv vfdqqhg dqg wkh wzr gl>huhqwldo skrwrfxuuhqwv frplqj iurp wkh krprg|qh
ghwhfwruv zhuh vxewudfwhg dqg dqdo|}hg lq d UI vshfwuxp dqdo|}hu1 Dv d uhvxow ri wklv surfhgxuh zh
zhqw iurp phdvxulqj

ó
ï+t4 ý t5,5

ò
wr
ó
ï+t4 ý s5,5

ò
ghshqglqj rq wkh skdvh ri wkh vfdqqhg OR1 Lq wkh

?uvw fdvh rxu wkhru| whoov xv wkdw zh vkrxog revhuyh wkh qrlvh ohyho 05 gE ehorz wkh VTO1 Wkh odwwhu zdv
rewdlqhg e| eorfnlqj wkh RSR sxps1 Lq wkh odvw fdvh zh hdvlo| ?qg iurp +;19, wkdw wkh qrlvh ohyho lv
5 frvk5ã/ fruuhvsrqglqj wr derxw : gE deryh wkh VTO dffruglqj wr wkh hvwlpdwhv deryh1

Wkh revhuyhg wudfh lv vkrzq lq ?jxuh ;161 Iluvw lw vkrxog eh qrwhg wkdw wkh VTO ri wklv phdvxuhphqw
zdv wzr xqlwv ri ydfxxp qrlvh dv rssrvhg wr wkh vlqjoh xqlw ri ydfxxp iru wkh uhvxowv lq ?j1 ;151 Dv
wkh OR skdvh ri rxu vhfrqg krprg|qh ghwhfwru zdv vfdqqhg/ zh revhuyhg ?uvw wkh : gE ri h{fhvv qrlvh
uhodwlyh wr wkh VTO fruuhvsrqglqj wr wkh phdvxuhphqw ri wkh qrlv| txdqwlw|

ó
ï+t4 ý s5,5

ò
1 Wklv zdv

iroorzhg e| d gurs lq wkh qrlvh wr derxw 04 gE ehorz wkh VTO fruuhvsrqglqj wr wkh phdvxuhphqw rió
ï+t4 ý t5,5

ò
1 Fohduo| wkh lqwhuehdp hqwdqjohphqw khoshg wr uhgxfh wkh uhodwlyh dpsolwxgh  xfwxdwlrqv

lq wkh wzr ehdpv ehorz wkh vwdqgdug txdqwxp olplw/ zkhuh wkh odwwhu lv vhw e| wkh fruuhodwlrqv ehwzhhq
wzr lqghshqghqw frkhuhqw vwdwhv1 Doo lq doo zh ?qg d uhdvrqdeoh djuhhphqw ehwzhhq wkh phdvxuhg ghjuhh
ri fruuhodwlrqv dqg wkh suhglfwlrqv iurp rxu wkhru|1 Wkh revhuyhg 04 gE fruuhvsrqgv wr d qrlvh ri 418<
xqlwv ri ydfxxp qrlvh1 Lq frpsdulvrq rxu wkhruhwlfdo suhglfwlrq ri 05 gE fruuhvsrqgv wr 4159 xqlwv ri
ydfxxp1 Wkh ghyldwlrq ri 59( frxog hdvlo| eh dwwulexwhg wr rxu fuxgh hvwlpdwh ri wkh dyhudjh vfdwwhulqj
skdvh/ ë4/ lqvlgh wkh RSR1

Diwhu wklv lqwhuph}}r rq krz wr surgxfh wkh hqwdqjohphqw qhhghg iru rxu whohsruwdwlrq h{shulphqw/
zh zloo qrz dgguhvv wkh wkhru| ehklqg wkh whohsruwdwlrq ri frqwlqxrxv yduldeohv1

;1415 Whohsruwdwlrq ri frqwlqxrxv yduldeohv

Lq dqdorj| wr wkh whohsruwdwlrq ri glvfuhwh yduldeohv lw lv qhfhvvdu| lq rxu vfkhph wr hudvh doo lqirupdwlrq
derxw wkh lqsxw txdqwxp vwdwh wr eh whohsruwhg1 Lq sudfwlfh wklv zdv grqh e| pl{lqj wkh odwwhu rq d
83283 ehdpvsolwwhu zlwk rqh ri rxu hqwdqjohg ehdpv ghvfulehg lq wkh odvw vhfwlrq1 Dvvxplqj wkdw rxu
lqsxw txdqwxp vwdwh lv ghvfulehg e| wkh ?hog rshudwru #/ zh ?qg wkh wzr ?hogv hphujlqj iurp wkh 83283
ehdpvsolwwhu/ d6 dqg d7/ wr eh jlyhq e|

d6 @ 5ý4@5 +d4 ý #,
d7 @ 5

ý4@5 +d4 . #,
+;143,

zkhuh wkh txdgudwxuhv ri d4 fdq eh irxqg iurp +;19, sxwwlqj " @ ä@51 Lw fdq eh vkrzq wkdw Dolfh*v Ehoo
phdvxuhphqw lq wkh fdvh ri frqwlqxrxv yduldeohv lv pdgh e| phdvxulqj wkh dpsolwxgh txdgudwxuh/ t6/ ri
rqh ehdp dqg wkh skdvh txdgudwxuh/ s7/ ri wkh rwkhu ehdp1 Ghshqglqj rq wkh rxwfrph ri wkhvh wzr
phdvxuhphqwv/ skdvh vsdfh glvsodfhphqwv ri fhuwdlq dpsolwxghv duh uhtxluhg rq wkh vhfrqg hqwdqjohg
?hog/ d51 Lq uhi1 ^44;` wklv lv grqh e| d vr fdoohg dfwxdwru/ zklfk lq uhdolw| lv qrwklqj exw dq doprvw
shuihfwo| uh hfwlqj pluuru +<<(,1 E| wudqvplwwlqj d frkhuhqw vwdwh wkurxjk wklv pluuru dqg frqwuroolqj
lwv dpsolwxgh dqg skdvh dffruglqj wr wkh phwkrg suhvfulehg ehorz/ lw lv srvvleoh iru Ere wr glvsodfh wkh
Zljqhu ixqfwlrq ghvfulelqj d5 lq skdvh vsdfh1 Wkh whohsruwdwlrq vfkhph lv vkrzq lq ?j1 ;171

Lq rughu wr ghwhfw wkh txdgudwxuhv/ lw lv lghdo wr xvh edodqfhg krprg|qh ghwhfwruv1 Wkh ?qlwh ghwhfwlrq
h!flhqf| ri wkhvh ghylfhv fdq eh prghoohg e| d zhdno| uh hfwlqj pluuru zlwk uh hfwlylw| ì lq iurqw ri hdfk
ghwhfwru1 Wkh uroh ri wklv pluuru lv wr pl{ ydfxxp qrlvh lqwr wkh ghwhfwhg vljqdov1 Wkh skrwrfxuuhqwv
iurp wkh ghwhfwruv zloo wkhq eh jlyhq e|

lt @ ìt6 .
s
4ý ì5t+3,6

ls @ ìs7 .
s
4ý ì5s+3,7

+;144,

zkhuh lt dqg ls duh wkh skrwrfxuuhqwv iurp wkh ghwhfwruv phdvxulqj t6 dqg s7 uhvshfwlyho|/ dqg t
+3,
6 dqg

s
+3,
7 duh ydfxxp ?hog txdgudwxuhv1
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Wkh dpsolwxgh ri wkh glvsodfhphqw ehdp lv qrz ehlqj frqwuroohg e| lt dqg lwv skdvh lv frqwuroohg
e| ls1 Wkh vl}h ri wkh skdvh vsdfh glvsodfhphqwv ri wkh ?hog d5 lv dvvxphg wr eh sursruwlrqdo wr wkh
skrwrfxuuhqwv/ dqg vwuhqjwk ri wkh ihhgedfn lv frqwuroohg e| wkh jdlqv jt dqg js1 Dv d uhvxow wkh rxwsxw
vwdwh/ í/ zloo kdyh wkh txdgudwxuhv

tí @ t5 . jtlt
sí @ s5 . jsls

+;145,

E| frpelqlqj +;143,/ +;144, dqg +;145, zh hqg xs zlwk iroorzlqj txdgudwxuhv ri wkh rxwsxw vwdwh

tí @ 5
ý4@5

k
ýjtìt# .

í
4 . jtìs

5

ì
t. ý

í
4ý jtìs

5

ì
sý
l
. jt

s
4ý ì5t+3,6

sí @ 5
ý4@5

k
jsìs# .

í
4 .

jsìs
5

ì
s. .

í
4ý jsìs

5

ì
tý
l
. js

s
4ý ì5s+3,7

+;146,

Khuh t# dqg s# duh wkh txdgudwxuhv ri wkh lqsxw vwdwh dqg wkh vtxhh}hg ?hog txdgudwxuhv t÷ dqg s÷ duh
jlyhq e| +;16,1 Iurp +;146, lw lv fohdu wkdw lq rughu wr kdyh jrrg whohsruwdwlrq ri # wr í/ wkh ghwhfwlrq
h!flhqf| pxvw eh qhduo| 433( dqg wkh ihhgedfn jdlqv jt dqg js pxvw eh dgmxvwhg wr eh

js @ ýjt @
s
5

ì
+;147,

Ixuwkhupruh zh qhhg jrrg vtxhh}lqj iurp rxu RSR*v/ vr wkdw rqo| d vpdoo dprxqw hqhuj| lv suhvhqw lq
wkh s÷ txdgudwxuhv1 Wkh rssrvlwh srodulw| ri wkh ihhgedfn iurp wkh wzr phdvxuhphqwv lv qhhghg ehfdxvh
wkh txdgudwxuhv s4 dqg s5 duh dqwlfruuhodwhg lq frqwudvw wr wkh fruuhodwhg t4 dqg t5 txdgudwxuhv1

Vlqfh zh lq rxu h{shulphqw ghwhfwhg wkh qrlvh ri wkh whohsruwhg vwdwh/ zh ?qg wklv lq xqlwv ri wkh
ydfxxp vwdwh qrlvh wr eh jlyhq e| G

ït5í

H
@
G
ït5#

H
. 5hý5ãý . 54ýì

5

ì5G
ïs5í

H
@
G
ïs5#

H
. 5hý5ã. . 54ýì

5

ì5

+;148,

zkhuh wkh rswlpl}hg ihhgedfn jdlq +;147, kdyh ehhq xvhg1 Lw lv fohdu wkdw wkh qrlvh ri wkh rxwsxw vwdwh
zloo pdwfk wkh qrlvh ri wkh lqsxw vwdwh lq wkh olplw ri shuihfw vtxhh}lqj +ã÷ $4, dqg shuihfw ghwhfwlrq
h!flhqf| +ì $ 4,1 Lq rughu wr glvwlqjxlvk ehwzhhq txdqwxp dqg fodvvlfdo whohsruwdwlrq/ zh ?qg iurp
+;148, wkh ehvw shuirupdqfh lq fodvvlfdo whohsruwdwlrq e| sxwwlqj ã÷ @ 3G

ït5í

H
Fodvv

@
G
ït5#

H
. 5

ì5G
ïs5í

H
Fodvv

@
G
ïs5#

H
. 5

ì5

+;149,

Wkdw lv/ wkh ehvw fodvvlfdo whohsruwdwlrq lv rewdlqhg zkhq ì @ 4/ lq zklfk fdvh wkh rxwsxw vwdwh lv jlyhq
e| wkh lqsxw vwdwh soxv wzr xqlwv ri ydfxxp1 Wkh h{wud ydfxxp lv wkh sulfh rqh kdv wr sd| zkhq
ehlqj uhvwulfwhg rqo| wr xvh fodvvlfdo vwdwhv ri oljkw1 Rqh xqlw ri ydfxxp frphv iurp wkh vlpxowdqhrxv
phdvxuhphqw ri wkh qrqfrppxwlqj txdgudwxuhv t# dqg s# rq Dolfh*v krprg|qh ghwhfwruv1 Wkh rwkhu
xqlw ri ydfxxp frphv iurp wkh dfwxdwru/ zkhuh wkh ydfxxp ?hog d5 lv dvvljqhg d frkhuhqw dpsolwxgh1
Lq rwkhu zrugv/ hyhu| wlph zh furvv wkh erughu iurp rxu txdqwxp ?hogv wr wkh fodvvlfdo fxuuhqwv zh kdyh
wr sd| wkh sulfh ri rqh xqlw ri ydfxxp1 Wkh h{wud ydfxxp qrlvh dgghg fodvvlfdoo| lv fdoohg wkh Txdqwxp
Gxw| ru TxGxw| lq wkh olwhudwxuh^44;`1 Furvvlqj wkh erughu vhw e| wkh txgxw|/ iru lqvwdqfh e| xvlqj
hqwdqjohg vwdwhv olnh lq wklv h{shulphqw/ rshqv xs iru srvvlelolwlhv olnh ghqvh frglqj ri lqirupdwlrq^445`
dqg txdqwxp fu|swrjudsk|1 Dorqj wklv olqh/ zh zloo lq wklv wkhvlv/ frqvlghu wkh vljqdwxuh ri txdqwxp
whohsruwdwlrq wr eh whohsruwdwlrq zlwk d shuirupdqfh ehwwhu wkdq wkh txgxw| lq wkh fdvh ri lghdo fodvvlfdo
whohsruwdwlrq +ì @ 4,1

Lq rughu wr eh deoh wr txdqwli| wkh txdolw| ri rxu whohsruwdwlrq zh lqwurgxfh dq lqghshqghqw revhuyhu/
Ylfwru/ lq rxu vfkhph1 Klv uroh lv wr surylgh wkh lqsxw vwdwh wr eh whohsruwhg dqg frpsduh wkh whohsruwhg
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vwdwh wr wkh lqsxw vwdwh1 Iru wklv sxusrvh Ylfwru kdv dqrwkhu krprg|qh ghwhfwru zlwk zklfk kh fdq
phdvxuh wkh yduldqfhv ri tí dqg sí 1 Lq wkh h{shulphqw zh xvhg d frkhuhqw vwdwh dv wkh lqsxw vwdwh/ dqg
lq jhqhudo wkh rxwsxw vwdwh/ lq wkh fdvh ri qrqshuihfw whohsruwdwlrq/ lv d vwdwlvwlfdo pl{wxuh ri frkhuhqw

vwdwhv1 Dv d phdvxuh ri wkh txdolw| ri wkh whohsruwdwlrq zh qrz lqwurgxfh wkh ?gholw| I @
ñññG#|íHñññ5/

zklfk iru d frkhuhqw vwdwh lqsxw lv irxqg wr eh

I @ 5uíG
ït5í

H
. 4
ìíG

ïs5í

H
. 4
ì h{s

5997ý5 mkíl ý k#lm5uíG
ït5í

H
. 4
ìíG

ïs5í

H
. 4
ì
6::8 +;14:,

Fohduo| wkh ?gholw| lv 4 li wkh rxwsxw vwdwh lv d frkhuhqw vwdwh zlwk dpsolwxgh kíl @ k#l dqg yduldqfhvG
ït5í

H
@
G
ït5#

H
@ 4/

G
ïs5í

H
@
G
ïs5#

H
@ 4/ fruuhvsrqglqj wr shuihfw whohsruwdwlrq ri wkh lqsxw vwdwh1

Fodvvlfdoo| +ã÷ @ 3, wkh txgxw| olplwv wkh ?gholw| wr IWkhrFodvv é 3=8/ vlqfh wkh ehvw whohsruwdwlrq lv vhhq
iurp +;149, dqg +;146, wr eh dfklhyhg zlwk ì @ 4 dqg js @ ýjt @

s
5@ì1 Wkhvh ydoxhv |lhog wkh yduldqfhvG

ït5í

H
Fodvv

@
G
ïs5í

H
Fodvv

@ 6 dqg wkh dpsolwxgh kíl @ k#l/ zklfk lqvhuwhg lq +;14:, jlyhv IWkhrFodvv @ 3=81

Ghwhfwlrq h!flhqflhv vpdoohu wkdq 4 zrxog rqo| lqfuhdvh wkh yduldqfhv dqg khqfh uhgxfh wkh ?gholw| ehorz
3181

Li zh wdnh lqwr dffrxqw wkh h!flhqflhv/ å4 dqg å5 zlwk zklfk wkh dpsolwxghv ri wkh wzr hqwdqjohg
?hogv duh sursdjdwlqj dqg ghwhfwhg/ zh ?qg wkdw Ylfwru revhuyhv wkh iroorzlqj yduldqfhv rq klv krprg|qh
ghwhfwruó
ït5í
ò
@
ó
ïs5í
ò
@ j5 .

4

5
hý5ã +å5 . jå4,

5 .
4

5
h5ã +å5 ý jå4,5 .

ý
4ý å54

ü
j5 .

ý
4ý å55

ü
. 5j5

4ý ì5
ì5

+;14;,

Khuh zh kdyh dvvxphg wkdw wkh wzr RSR*v kdv wkh vdph jdlq +ã. @ ãý @ ã, dqg wkh qrupdol}hg ihhgedfn
jdlq/ j/ lv phdvxuhg lq xqlwv ri wkh rswlpxp

s
5@ì1 Lq +;14;, lw kdv ehhq xvhg h{solflwo| wkdw wkh srodulw|

ri jt lv rssrvlwh wr wkh srodulw| ri js1 Wklv htxdwlrq lv lpsruwdqw vlqfh lw hqdeohv xv wr fdofxodwh wkh
?gholw|/ revhuyhg e| Ylfwru/ dv ixqfwlrq ri wkh ihhgedfn jdlq lq wkh fodvvlfdo fkdqqho ehwzhhq Dolfh dqg
Ere1 Khqfh li zh nqrz wkh h!flhqflhv å4/ å5 dqg ì wrjhwkhu zlwk wkh sdudphwulf jdlqv/ zh fdq suhglfw
wkh ?gholw| ri whohsruwdwlrq dv j lv ydulhg1

Wr frqfoxgh wklv vhfwlrq ohw xv frpsduh wkh whohsruwdwlrq ri glvfuhwh yduldeohv wr whohsruwdwlrq ri frq0
wlqxrxv yduldeohv1 Wkh pdlq gl>huhqfh ehwzhhq wkh wzr vfkhphv lv/ wkdw wkh glvfuhwh whohsruwdwlrq zrun lq
d ; glphqvlrqdo Kloehuw vsdfh/ zkhuhdv wkh frqwlqxrxv whohsruwdwlrq vsdq dq lq?qlwh glphqvlrqdo Kloehuw
vsdfh1 Dv d uhvxow ri wkh gl>huhqw qxpehu ri ghjuhhv ri iuhhgrp/ wkh glvfuhwh whohsruwdwlrq hpsor| vlqjoh
sdluv ri hqwdqjohg sduwlfohv zkhuh wkh frqwlqxrxv vfkhph xvh hqwdqjohg ?hogv pdgh xs e| pdq| sduwlfohv1
Pruhryhu wkh ?qlwh vhw ri xqlwdu| wudqvirupdwlrqv qhhghg lq wkh glvfuhwh fdvh kdv wr eh jhqhudol}hg wr
d frqwlqxxp ri olqhdu wudqvirupdwlrqv +glvsodfhphqwv, lq wkh frqwlqxrxv fdvh1 Ilqdoo| iurp d sudfwlfdo
ylhzsrlqw lw lv gl!fxow wr ghwhfw vlqjoh skrwrqv zlwk d kljk h!flhqf| dqg jrrg vljqdo wr qrlvh1 Wklv lv
uhtxluhg lq rughu wr shuirup wkh glvfuhwh whohsruwdwlrq uholdeo|1 Wkh frqwlqxrxv whohsruwdwlrq zrun zlwk
vwdqgdug skrwrglrghv/ zklfk fdq kdyh yluwxdoo| 433( h!flhqf|1 Dv d uhvxow wkh frqwlqxrxv whohsruwdwlrq
krogv wkh srwhqwldo ri ehfrplqj yhu| h!flhqw/ zklfk lv qrw wkh fdvh iru wkh glvfuhwh whohsruwdwlrq zlwk
wkh fxuuhqw whfkqrorj|1

Zlwk wkh edvlf sulqflsohv ri txdqwxp whohsruwdwlrq dw kdqg/ dqg kdylqj fkdudfwhul}hg wkh hqwdqjohg
ehdpv gulylqj rxu vfkhph/ zh qrz wxuq wrzdugv wkh dfwxdo h{shulphqw/ zklfk zdv fduulhg rxw dw Fdoliru0
qld Lqvwlwxwh ri Whfkqrorj| yld wkh mrlqw h>ruw ri wkh Txdqwxp Rswlfv Jurxs ri Surihvvru K1 M1 Nlpeoh
dqg wkh H{shulphqwdo Txdqwxp Rswlfv Jurxs lq Ddukxv1
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Iljxuh ;17= Wkh ghwdlohg h{shulphqwdo vhwxs xvhg lq wkh whohsruwdwlrq ri frqwlqxrxv yduldeohv1 Wkh
RSR lv surgxflqj wzr vtxhh}hg ehdpv/ zklfk duh ryhuodsshg zlwk wkh skdvh !HSU wr surgxfh wkh HSU
hqwdqjohg ehdpv d4 dqg d51 Rqh ri wkhvh lv xvhg wr uhdg rxw wkh lqsxw vwdwh # dw Dolfh/ dqg wkh rwkhu lv
glvsodfhg lq skdvhvsdfh e| Ere wr surgxfh wkh rxwsxw vwdwh í1 Ylfwru vhuyhv wkh sxusrvh ri fkdudfwhul}lqj
wkh whohsruwhg vwdwh í/ wr yhuli| wkh whohsruwdwlrq1

;15 H{shulphqwdo vhwxs

Wkh zrunkruvh ri wkh zkroh h{shulphqw zdv d krphexlow vlqjoh iuhtxhqf| Wl=Vdsskluh odvhu rshudwlqj
durxqg ;93 qp1 Wklv odvhu surylghg derxw 418 Zdwwv ri zklfk ;3( zdv xvhg iru vhfrqg kduprqlf
jhqhudwlrq wr surgxfh wkh sxps iru wkh wzr RSR*v1 Wkh grxeolqj h!flhqf| zdv w|slfdoo| kljkhu wkdq
73( zklfk jdyh pruh wkdq 783 pZ rxwsxw ri rxu grxeolqj fdylw|1 Gxh wr sursdjdwlrq orvvhv dqg
frxsolqj h!flhqflhv lqwr wkh RSR*v rqo| derxw 483 pZ qhw srzhu zdv dydlodeoh iru hdfk RSR1

Dv phqwlrqhg hduolhu wkh wzr RSR*v vkduhg wkh vdph rswlfdo uhvrqdwru dqg wkh vdph qrqolqhdu
fu|vwdo1 Wkh| zhuh vlpso| rewdlqhg e| sxpslqj d qrqolqhdu ulqj uhvrqdwru lq erwk gluhfwlrqv wr surylgh
sdudphwulf jdlq iru wkh wzr frxqwhusursdjdwlqj prghv1 Wkh RSR rxwsxw frxsohu wudqvplvvlrq zdv
+;=; ÷ 3=6,( dqg wkh NQeR6 fu|vwdo qrqolqhdulw| zdv +4=; ÷ 3=5, (Zý41 Sdvvlyh orvvhv lq wkh RSR
uhvrqdwru zhuh phdvxuhg wr eh 318( dqg wkh frxsolqj ehwzhhq wkh iruzdug dqg wkh edfnzdug sursdjdwlqj
prghv zdv phdvxuhg wr eh derxw 4(1 Wkh 763 qp sxps ehdpv zhuh erwk prghpdwfkhg wr wkh RSR
zlwk +<3 ÷ 6,( h!flhqf| dqg zlwk 483 pZ lq hdfk ehdp/ d sdudphwulf jdlq ri 8 ÷ 4 zdv revhuyhg lq
erwk gluhfwlrqv ri wkh uhvrqdwru1 Zkhq wkh uhvrqdwru zdv sxpshg lq erwk gluhfwlrqv vlpxowdqhrxvo|
wkh lqfuhdvhg EOLLUD lq wkh NQeR6 fu|vwdo fdxvhg wkh vtxhh}lqj wr ghjudgh dqg lw zdv revhuyhg wkdw
wkh ehvw vtxhh}lqj ri derxw 06 gE zdv rewdlqhg zlwk d sdudphwulf jdlq ri 5=3 ÷ 3=51 Fohduo| d ehwwhu
shuirupdqfh frxog kdyh ehhq rewdlqhg e| sxpslqj wzr vhsdudwh qrqolqhdu uhvrqdwruv/ vlqfh rqo| kdoi
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wkh sxps srzhu zrxog eh qhhghg wr dfklhyh wkh dssursuldwh jdlq dqg khqfh wkh EOLLUD frxog kdyh
ehhq uhgxfhg1 Krzhyhu wkh frqvwuxfwlrq dqg dvvhpeo| ri d kljk shuirupdqfh vxewkuhvkrog RSR lv qrw
d wulyldo wdvn/ dqg gxh wr wlph frqvwudlqwv wkh grxeoh RSR zdv suhihuuhg lq wklv h{shulphqw1 Lq rughu wr
dfklhyh kljk jdlq/ wkh RSR uhvrqdwru zdv orfnhg wr wkh odvhu iuhtxhqf| e| lqmhfwlqj d zhdn frkhuhqw ?hog
lq wkh WHP33 prgh1 Wklv ?hog zdv iuhtxhqf| prgxodwhg xvlqj dq hohfwur rswlfdo prgxodwru +HRP,/
dqg dq huuruvljqdo zdv ghulyhg xvlqj d vwdqgdug UI whfkqltxh1 Zlwk wkh jrdo ri orfnlqj vhyhudo rswlfdo
skdvhv odwhu lq wkh h{shulphqw/ zh kdg wr lqmhfw zhdn WHP33 ?hogv lqwr wkh wzr frxqwhusursdjdwlqj
prghv ri wkh RSR dq|zd|1 Wkhvh ?hogv/ ghqrwhg Lqmhfw+÷, lq ?jxuh ;17/ zhuh orfnhg wr eh lq skdvh
zlwk wkh vtxhh}hg ydfxxp surgxfhg lq wkh RSR*v e| rswlpl}lqj wkhlu sdudphwulf jdlq xvlqj vwdqgdug
orfn0lq whfkqltxhv1

E| revhuylqj wkh GF lqwhuihuhqfh iulqjh ehwzhhq Lqmhfw+÷, diwhu wkh ?uvw 83283 ehdpvsolwwhu lq ?j
;17/ lw zdv srvvleoh wr vwdelol}h wkh uhodwlyh skdvh ehwzhhq wkh wzr vtxhh}hg ?hogv +!HSU, wr eh ä@5
dqg khqfh surgxfh wkh HSU vwdwh qhhghg iru wkh whohsruwdwlrq1 Lq rughu wr orfn wkh orfdo rvfloodwru
+OR, skdvhv !Dolfh4/ !Dolfh5 dqg !Y lfwru +lqglfdwhg rq wkh ?jxuh, IP vlghedqgv zhuh dgghg wr wkh ?hogv
Lqmhfw+., dqg Lqmhfw+ý, dw iuhtxhqflhv 8 dqg : PK} uhvshfwlyho|1 Zlwk wkh wzr vtxhh}hg ehdpv orfnhg
lq txdgudwxuh/ wkh dpsolwxgh dqg skdvh txdgudwxuhv ri wkh uhvxowlqj hqwdqjohg ehdpv frxog eh ghwhfwhg
e| orfnlqj wr wkh vlgh ri wkh UI iulqjhv 8 dqg : PK} uhvshfwlyho|1 Wkhvh iulqjhv zhuh jhqhudwhg dv d uhvxow
ri wkh lqwhuihuhqfh ehwzhhq wkh OR*v dqg wkh frpelqhg ?hogv lqmhfwhg lqwr wkh RSR dqg wudqvplwwhg
wkurxjk wkh vhwxs1 Lq wklv zd| wkh krprg|qh ghwhfwru Dolfh4 zdv orfnhg wr phdvxuh wkh t6 txdgudwxuh/
phdqlqj wkdw !Dolfh4 @ 31 Vlploduo| zh dfklhyhg !Dolfh5 @ ä@5 wr phdvxuh s7 dqg !Y lfwru frxog eh hlwkhu
3 ru ä@5 ghshqglqj rq zklfk txdgudwxuh ri wkh whohsruwhg vwdwh/ Ylfwru zdqwhg wr h{dplqh1 Ilqdoo| wkh
frkhuhqw ehdp/ frqwuroohg e| Ere/ kdg wr eh skdvh orfnhg wr wkh ?hog d5 lq rughu wr surgxfh zhoo gh?qhg
olqhdu wudqvirupdwlrqv/ iru wklv orfn zh djdlq pdgh xvh ri wkh UI lqwhuihuhqfh iulqjh dw 8 PK} ehwzhhq
Ere*v ehdp dqg wkh prgxodwhg lqmhfwhg ?hogv1 Iurp wklv iulqjh !Ere zdv orfnhg wr eh 3/ phdqlqj wkdw
wkh fduulhu zdv lq skdvh zlwk d51 Zkhq wkh hqwluh h{shulphqw zdv uxqqlqj/ d wrwdo ri < vhuyrorfnv zhuh
lq xvh1

Lq rughu wr revhuyh txdqwxp qrlvh olplwhg rswlfdo ?hogv/ zh fkrvh wr whohsruw rqo| d vlqjoh UI vlghedqg
ri wkh lqsxw vwdwh/ lqvwhdg ri wkh ixoo vshfwuxp ri wkh vwdwh1 Dv d uhvxow wkh orz iuhtxhqf| whfkqlfdo
qrlvh/ suhvhqw lq dq| odvhu/ glg qrw sod| d uroh lq wklv h{shulphqw/ dqg ixuwkhupruh wkh skdvh vsdfh
glvsodfhphqwv wxuqhg rxw wr ehfrph yhu| vlpsoh wr shuirup1 E| frqvlghulqj rqo| Irxulhu frpsrqhqwv ri
wkh zdyhixqfwlrqv lq d qduurz edqg durxqg wkh whohsruwdwlrq iuhtxhqf|/ zh fdq gh?qh wkh skdvh vsdfh
iru wkhvh frpsrqhqwv1 Lq wklv vsdfh wkh uroh ri dpsolwxgh prgxodwlrq +DP, zrxog eh glvsodfhphqwv
dorqj wkh krul}rqwdo +t, d{lv/ zkhuhdv iuhtxhqf| prgxodwlrq +IP, zrxog fdxvh glvsodfhphqwv dorqj wkh
yhuwlfdo +s, d{lv1 Wklv lv looxvwudwhg lq wkh lqvhuw ri ?j1 ;171 Doo ri wklv uhtxluhg ri frxuvh wkdw wkh fduulhu
zdv skdvh orfnhg wr wkh hqwdqjohg ehdp d5/ dqg khqfh zh vhh wkh lpsruwdqfh ri orfnlqj !Ere1

Wr hqvxuh d kljk whohsruwdwlrq h!flhqf| doo ?hogv zhuh uhtxluhg wr eh lq wkh vdph vsdwldo prgh/
dqg khqfh d kljk iulqjh ylvlelolw| rq wkh 83283 ehdpvsolwwhuv zdv qhhghg1 Lq wklv h{shulphqw wkh iulqjh
ylvlelolwlhv dv d uhvxow ri wkh lqwhuihuhqfh ehwzhhq wkh OR*v dqg wkh lqsxw vwdwh/ #/ rq wkh Dolfh4 dqg
Dolfh5 ehdpvsolwwhuv zhuh erwk 3=<: ÷ 3=351 Wkh hqwdqjohg ?hogv zhuh lqwhuihuhg zlwk d ylvlelolw| ri
3=<7÷ 3=37 zlwk Dolfh*v OR*v dqg wkh lqsxw vwdwh1 Rq Ylfwru*v 83283 ehdpvsolwwhu zh kdg d ylvlelolw| ri
3=<:÷ 3=35 ehwzhhq Ere*v fduulhu ri prgxodwlrq dqg wkh OR/ zkhuhdv wkh hqwdqjohg ?hog rqo| lqwhuihuhg
zlwk wkh ylvlelolw| 3=<7÷ 3=37 zlwk wkh OR1 Rxu hqwdqjohg ?hogv zhuh fkdudfwhul}hg e| hý5ã @ 3=8÷ 3=4
dqg h5ã @ 5=3÷ 3=51

;16 Whohsruwdwlrq uhvxowv

Lq rughu wr fdoleudwh wkh ihhgedfn jdlq/ wkh lqsxw vwdwh # zdv vxemhfwhg wr IP e| phdqv ri dq HRP1
Dv wkh skdvh ri wkh lqsxw ehdp zdv vfdqqhg/ wkh skdvh vhqvlwlyh fodvvlfdo qrlvh frxog eh prqlwruhg
lq wkh skrwrfxuuhqw lt1 Dw wkh vdph wlph wkh whohsruwhg fodvvlfdo qrlvh lq wkh vdph txdgudwxuh +tí,
zdv phdvxuhg e| Ylfwru*v ghwhfwru/ dqg wkh jdlqv frxog eh dgmxvwhg vr wkdw Ylfwru revhuyhg 6 gE pruh
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(1) (2)

Iljxuh ;18= +4d, Wkh qrlvh revhuyhg lq wkh skrwrfxuuhqw ri Dolfh41 Wkh xsshu fxuyh lv zlwk IP vlghedqgv
dgghg wr wkh lqsxw vwdwh1 úDolfh{ lv wkh lqfuhdvhg qrlvh vhhq e| Dolfh dv txdqwxp whohsruwdwlrq wdnhv
sodfh dqg õDolfh3>{ pdunv wkh ydfxxp qrlvh ohyho1 +4e, lv wkh h{sdqghg ylhz ri wkh odvw wzr ohyhov wdnhq
zlwk vpdoohu ylghr edqgzlgwk1 +5d, Wkh qrlvh ri wkh wkh whohsruwhg vwdwh dv revhuyhg e| Ylfwru1 Wkh
xsshu wudfh lv wkh whohsruwhg IP vlghedqgv dv wkh skdvh ri wkh lqsxw vwdwh lv vfdqqhg1 \ Y lfwru3 lv wkh
fodvvlfdo qrlvh ohyho 71; gE deryh wkh ydfxxp ohyho/ õY lfwru3 / dv d uhvxow ri wkh txgxw| dqg úY lfwru lv
wkh qrlvh revhuyhg dv txdqwxp whohsruwdwlrq wdnhv sodfh1 +5e, vkrzv wkh h{sdqghg ylhz ri wkh odvw 6
wudfhv1 Vshfwuxp dqdo|}hu vhwwlqjv= Fhqwhu iuhtxhqf| 51< PK}/ uhvroxwlrq edqgzlgwk 63 nK} dqg ylghr
edqgzlgwk 4 nK} lq +d, ?jxuhv dqg 63 K} lq +e, ?jxuhv1

fodvvlfdo qrlvh uhodwlyh wr wkh ydfxxp ohyho wkdq Dolfh41 Lw vkrxog eh uhphpehuhg wkdw wkh fodvvlfdo qrlvh
rq wkh lqsxw vwdwh zdv vsolwwhg r> wr Dolfh4 dqg Dolfh5 lq htxdo dprxqwv/ khqfh wkh gl>huhqfh ri 6 gE lq
wkh qrlvh ohyhov1 Ixuwkhupruh lw zdv fkhfnhg wkdw wkh skdvh ri wkh whohsruwhg fodvvlfdo qrlvh zdv lghqwlfdo
wr wkh skdvh ri wkh lqsxw vwdwh e| frpsdulqj wkh yduldqfhv ri t6 dqg tí lq uhdo wlph dqg revhuylqj wkdw
wkh| zhuh lq skdvh/ dv wkh skdvh ri # zdv vfdqqhg olqhduo|1 Ilqdoo| lw zdv revhuyhg wkdw wkh yduldqfhv
ri s7 +iurp Dolfh5 , dqg tí zhuh lq txdgudwxuh dv wkh| vkrxog eh1 Wkh skdvh vhqvlwlyh qrlvh revhuyhg
e| Dolfh4 lv vkrzq dv wkh xsshu wudfh rq ?jxuh ;18+4d, dqg Ylfwru*v revhuydwlrq lv vkrzq dv wkh xsshu
wudfh rq ?j1 ;18+5d,1 Khuh wkh qrlvh srzhu/ ô/ lv glvsod|hg dv d ixqfwlrq ri wkh skdvh ri wkh lqsxw vwdwh
!#1 õ3 pdunv wkh ydfxxp qrlvh ohyhov1 Wkurxjkrxw wklv vhulhv ri phdvxuhphqwv vkrzq rq ?j1 ;18+5,/
wkh skdvh ri Ylfwru*v OR zdv orfnhg wr eh lq skdvh zlwk wkh ?hog í/ phdqlqj wkdw tí zdv revhuyhg1 Lw
zdv krzhyhu fkhfnhg wkdw wkh skdvh vhqvlwlyh qrlvh vkliwhg ä@5 zkhq sí zdv phdvxuhg1

Vr idu wkh hqwdqjohg ehdpv kdg ehhq uhsodfhg zlwk ydfxxp/ dqg dv d uhvxow zh zhuh lq wkh fodvvlfdo
olplw1 Khqfh zh vhh iurp +;149, wkdw wkh txgxw| vkrxog fdxvh wkh whohsruwhg vwdwh wr frqwdlq derxw wkuhh
xqlwv ri ydfxxp qrlvh zlwk rxu ghwhfwlrq h!flhqflhv forvh wr 41 Wklv fruuhvsrqgv wr d plqlpxp qrlvh



FKDSWHU ;1 TXDQWXP WHOHSRUWDWLRQ RI FRQWLQXRXV TXDQWXP YDULDEOHV <5

F
id

e
lit

y 
F

〈δ
q2

ζ〉
 [

V
ac

u
um

 n
o

is
e 

un
its

]

g2 [dB] g2 [dB]

(a) (b)

Iljxuh ;19= +d, Wkh yduldqfh ri wkh whohsruwhg vwdwh revhuyhg e| Ylfwru dv wkh jdlq zdv ydulhg1 Wkh
xsshu srlqwv zhuh wdnhq zlwkrxw hqwdqjohphqw dqg wkh orzhu srlqwv zhuh wdnhq zlwk wkh hqwdqjohphqw
suhvhqw1 Wkh fxuyhv duh wkh uhvxowv ri wkh wkhruhwlfdo suhglfwlrqv edvhg rq wkh phdvxuhg h!flhqflhv dqg
txdqwxp qrlvh uhgxfwlrq1 +e, Wkh ?gholw| ri hqwdqjohphqw ehwzhhq wkh whohsruwhg dqg wkh lqsxw vwdwh
dv wkh jdlq zdv ydulhg1 Wkh orzhu srlqwv duh wkh fodvvlfdo uhvxowv dqg wkh xsshu srlqwv duh ghulyhg iurp
wkh fruuhvsrqglqj orzhu srlqwv lq +d,1 Wkh pd{lpxp ?gholw| ri 3=8;÷3=36 suryhv wkdw wkh whohsruwdwlrq
vfkhph lv pruh h!flhqw wkdq dq| vfkhph edvhg rq fodvvlfdo vwdwhv ri oljkw1 Vxfk d vfkhph fdqqrw |lhog
kljkhu ?gholwlhv wkdq 3181 Rxu fodvvlfdo whohsruwdwlrq uhvxowv |lhoghg d kljkhvw ?gholw| ri 3=7;÷ 3=361

ohyho ri wkh whohsruwhg vwdwh orfdwhg derxw 71; gE deryh wkh ydfxxp qrlvh ohyho1 Wkh odwwhu frxog eh
irxqg e| vlpso| eorfnlqj wkh whohsruwhg vwdwh/ vr wkdw rqo| ydfxxp zdv lqflghqw rq Ylfwru*v ghwhfwru1
Wr revhuyh wkh txgxw| zh wxuqhg r> wkh IP rq wkh lqsxw vwdwh dqg prqlwruhg

G
ït5í

H
Fodvv

rq Ylfwru*v

krprg|qh ghwhfwru1 Wklv fdq eh vhhq lq ?jxuh ;18+5e,/ zklfk lv mxvw wkh h{sdqghg ylhz ri wkh  dw qrlvh

wudfhv lq ?j1 ;18+5d, wdnhq zlwk d vpdoohu ylghr edqgzlgwk1 Khuh wkh ohyho \ Y lfwru3 @
G
ït5í

H
Fodvv

lv

irxqg wr eh urxjko| 71; gE deryh wkh ydfxxp qrlvh ohyho õY lfwru3 / lqglfdwlqj wkdw rxu whohsruwdwlrq vhwxs
lqghhg zdv shuiruplqj doprvw dv jrrg/ dv lw lv fodvvlfdoo| srvvleoh1

Qrz wkh hqwdqjohg ehdpv zhuh doorzhg wr mrlq wkh jdph/ dqg dv d uhvxow wkh qrlvh ohyho ri wkh
whohsruwhg vwdwh zdv vhhq wr gurs 4=5 ÷ 3=5 gE fruuhvsrqglqj wr d 57( uhgxfwlrq1 Wklv lv vkrzq dv
úY lfwru lq ?j1 ;18+5e,1 Lq rughu qrw wr ylrodwh wkh qr forqlqj wkhruhp/ Dolfh frxog qrw eh doorzhg wr
dftxluh dv pxfk lqirupdwlrq derxw wkh lqsxw vwdwh/ dv vkh glg fodvvlfdoo|/ dqg khqfh wkh qrlvh ohyho ri hdfk
ri Dolfh*v ghwhfwruv kdg wr lqfuhdvh e| wkh vtxduh urrw ri 415 gE/ wkdw lv 319 gE/ dv Ylfwru*v qrlvh ohyho
gursshg1 Ilj1 ;18+4e, vkrzv wkdw wkh qrlvh ri wkh ghwhfwru Dolfh4/ odehoohg úDolfh{ / lqghhg zdv 3=88÷ 3=:
gE deryh wkh ydfxxp qrlvh ohyho/ õDolfh3>{ 1
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Vlqfh lw zdv h{shulphqwdoo| gl!fxow wr dgmxvw wkh jdlq/ j/ wr eh h{dfw 4 lq xqlwv ri
s
5@ì/ zh lqvwhdg

ydulhg wklv jdlq dqg uhfrughg wkh yduldqfh ri Ylfwru*v ghwhfwlrq zlwk dqg zlwkrxw hqwdqjohg ?hogv suhvhqw1
Iroorzlqj wkh vdph surfhgxuh dv deryh/ zh rewdlqhg wkh vhulhv ri gdwdsrlqwv glvsod|hg lq ?jxuh ;19+d,/

zkhuh
G
ït5í

H
lv sorwwhg yv1 j1 Khuh wkh xsshu srlqwv zhuh wdnhq zlwkrxw hqwdqjohphqw dqg wkh orzhu

srlqwv zlwk hqwdqjohphqw suhvhqw1 Wkh dffrpsdq|lqj fxuyhv duh jhqhudwhg xvlqj +;14;, zlwk wkh uhohydqw
h{shulphqwdo sdudphwhuv/ jlyhq lq wkh odvw vhfwlrq1 Zlwk wkh gdwdsrlqwv dw kdqg/ zh frxog lqihu wkh
?gholw| e| phdqv ri +;14:, dqg wklv lv sorwwhg lq ?j1 ;19+e, wrjhwkhu zlwk wkh wkhruhwlfdo suhglfwlrq
jlyhq rxu h{shulphqwdo sdudphwhuv1 Qrz wkh xsshu srlqwv fruuhvsrqg wr hqwdqjohg ehdpv suhvhqw dqg
wkh orzhu srlqwv duh wkh fodvvlfdo uhvxowv1 Zh ?qg wkh kljkhvw ?gholw| wr eh IH{sTxdqw @ 3=8; ÷ 3=36/
zklfk lv fohduo| deryh wkh ehvw fodvvlfdo ydoxh ri 3181 Zh fdq wkhq frqfoxgh wkdw wkh frkhuhqw vwdwh
lqmhfwhg lq rxu whohsruwdwlrq vhwxs zdv wudqvihuuhg iurp Dolfh wr Ere pruh h!flhqw/ wkdq lw lv fodvvlfdoo|
srvvleoh/ dqg khqfh zh kdyh shuiruphg txdqwxp whohsruwdwlrq ri wkh frqwlqxrxv txdgudwxuh skdvhv ri
wkh hohfwurpdjqhwlf ?hog1 Rxu fodvvlfdo whohsruwdwlrq jdyh d kljkhvw ?gholw| ri IH{sFodvv @ 3=7; ÷ 3=36 lq
jrrg djuhhphqw zlwk wkh wkhruhwlfdo suhglfwlrq ri IWkhrFodvv @ 3=7;8 ÷ 3=343/ irxqg iurp wkh ghwhfwlrq
h!flhqf| ì @ 3=<:÷ 3=351 Wklv looxvwudwhv djdlq wkdw rxu whohsruwdwlrq vhwxs zdv rshudwlqj forvh wr wkh
lghdo fodvvlfdo frqglwlrqv/ zklfk zrxog kdyh uhvxowhg lq d ?gholw| ri 3181 Wkh srlqwv durxqg j @ 4 lq ?j1
;19 zhuh jhqhudwhg iurp qxphurxv lqghshqghqw phdvxuhphqwv ri

G
ït5í

H
dqg

G
ïs5í

H
1

;17 Frqfoxvlrqv

Wr vxppdul}h wklv fkdswhu/ zh kdyh rxwolqhg wkh sulqflsoh ri wudqvihuulqj d txdqwxp vwdwh iurp rqh
txdqwxp v|vwhp rqwr dqrwkhu v|vwhp/ zklfk lv zkdw zh phdq e| txdqwxp whohsruwdwlrq1 Lq wkh fdvh
ri whohsruwdwlrq ri glvfuhwh txdqwxp yduldeohv/ d ?qlwh vhw ri Ehoo vwdwh phdvxuhphqwv lv qhhghg rq wkh
mrlqw v|vwhp pdgh xs e| rqh ri d sdlu ri hqwdqjohg sduwlfohv dqg wkh sduwlfoh fduu|lqj wkh lqsxw vwdwh1
Wklv lv dffrpsdqlhg e| d fodvvlfdo eurdgfdvwlqj ri wkh rxwfrph iurp Dolfh wr Ere1 Ghshqglqj rq wkh
rxwfrph ri wkh Ehoo phdvxuhphqw Ere kdv wr shuirup rqh ri d glvfuhwh vhw ri xqlwdu| wudqvirupdwlrqv rq
wkh uhpdlqlqj hqwdqjohg sduwlfoh1 Wkh frpsohwh surfhvv fdqqrw wdnh sodfh idvwhu wkdq wkh vshhg ri oljkw1
Wklv lv d uhvxow ri wkh fodvvlfdo frppxqlfdwlrq/ zklfk lv uhtxluhg wr wudqvihu wkh fodvvlfdo sduw ri wkh
lqirupdwlrq ri wkh lqsxw txdqwxp vwdwh1 Wkh txdqwxp lqirupdwlrq fdq eh frqvlghuhg wr eh wudqvihuuhg
lqvwdqwdqhrxv lq wkh vhqvh wkdw wkh txdqwxp phfkdqlfdo zdyhixqfwlrq lv surmhfwhg rqwr lwv ?qdo vwdwh dv
d uhvxow ri wkh ghwhfwlrq pdgh e| Dolfh1

Wkh whohsruwdwlrq ri frqwlqxrxv yduldeohv uhtxluhv hqwdqjohg ?hogv lqvwhdg ri vlqjoh sduwlfohv/ dqg
lw zdv vkrzq krz wr suhsduh vxfk ?hogv wkhruhwlfdoo| dv zhoo dv h{shulphqwdoo|1 E| lqvhuwlqj uhdolvwlf
sdudphwhuv iurp wkh h{shulphqw lqwr rxu wkhru|/ zh irxqg wkh txdqwxp qrlvh uhgxfwlrq lq wkh gl>huhqfh
ehwzhhq wkh dpsolwxghv ri wkh wzr ?hogv wr eh 05 gE lq idlu djuhhphqw zlwk wkh revhuyhg 04 gE1 Wkh
glvfuhsdqf| lv dwwulexwhg wr wkh xqnqrzq skdvh ri wkh frxsolqj ehwzhhq wkh wzr vtxhh}hg ehdpv pdnlqj
xs wkh hqwdqjohphqw1

Frqwlqxrxv yduldeohv duh whohsruwhg lq d idvklrq vlplodu wr wkh glvfuhwh yduldeohv1 Wkh Ehoo vwdwh
phdvxuhphqw lv jhqhudol}hg wr d krprg|qh ghwhfwlrq ri wkh t dqg s txdgudwxuhv ri wkh mrlqw v|vwhp ri
wkh lqsxw vwdwh dqg rqh ri wkh hqwdqjohg ?hogv1 Wkh vhw ri xqlwdu| wudqvirupdwlrqv iurp wkh glvfuhwh fdvh
duh uhsodfhg e| d frqwlqxxp ri glvsodfhphqwv lq skdvh vsdfh lq wkh frqwlqxrxv whohsruwdwlrq1

Zh wkhq suhvhqwhg wkh vlpsoh wkhru| ghvfulelqj wkh whohsruwdwlrq ri frqwlqxrxv yduldeohv dqg vxj0
jhvwhg wkh ?gholw|/ I +;14:,/ dv d phdvxuh ri wkh txdolw| ri wkh whohsruwdwlrq1 Lq wkh fdvh ri shuihfw
txdqwxp whohsruwdwlrq wkh ?gholw| lv 4/ fruuhvsrqglqj wr d shuihfw ryhuods ehwzhhq wkh rxwsxw vwdwh dqg
wkh lqsxw vwdwh1 Lw zdv lqglfdwhg wkdw wkh kljkhvw dfklhydeoh fodvvlfdo ?gholw| ri 318 fdq eh rewdlqhg rqo|
lq wkh fdvh ri shuihfw ghwhfwlrq h!flhqflhv dqg wkh ihhgedfn jdlq ri

s
51 Wkh olplwdwlrq rq wkh fodvvlfdo

whohsruwdwlrq lv vhw e| wkh vr fdoohg txgxw|/ zklfk lv wkh txdqwxp wdul> wr eh sdlg hyhu| wlph zh furvv
wkh erughu iurp fodvvlfdo fxuuhqwv wr txdqwxp ?hogv1 Lq wkh lghdo fdvh ri shuihfw ghwhfwlrq wkh rxwsxw
vwdwh kdv wkh vdph phdq dpsolwxgh dqg skdvh dv wkh lqsxw vwdwh/ exw lw frqwdlqv dgglwlrqdo wzr xqlwv ri
ydfxxp qrlvh lq wkhvh txdgudwxuhv dv d uhvxow ri wkh txgxw|1
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Zlwk wkh wkhru| suhvhqw/ zh qrz irfxvhg rq wkh h{shulphqw ri whohsruwdwlrq ri frqwlqxrxv yduldeohv1
Wkh vhwxs zdv ghvfulehg dqg wkh rswlfdo skdvhv uhohydqw wr wkh h{shulphqw zhuh srlqwhg rxw1 Iurp dq
h{shulphqwdo srlqw ri ylhz lw wxuqhg rxw wr eh frqyhqlhqw wr whohsruw rqo| d vlqjoh UI vlghedqg/ zklfk
pdgh wkh skdvh vsdfh glvsodfhphqwv/ uhtxluhg lq wklv h{shulphqw/ hdv| wr shuirup1 Doo zh qhhghg wrzdugv
wklv hqg zdv wr pl{ dq dpsolwxgh ru iuhtxhqf| prgxodwhg frkhuhqw vwdwh zlwk rqh ri rxu hqwdqjohg ehdpv
rq d <<24 ehdpvsolwwhu1

Wkh h{shulphqw fohduo| uhyhdohg wkh txgxw|/ olplwlqj wkh fodvvlfdo shuirupdqfh ri vxfk d whohsruwdwlrq
vhwxs1 Wklv pdqlihvwhg lwvhoi lq dq dgglwlrq ri 71; gE wr wkh qrlvh ohyho ri wkh whohsruwhg vwdwh uhodwlyh wr
wkh ydfxxp qrlvh ohyho1 E| hpsor|lqj wkh hqwdqjohg ?hogv lq d qrqorfdo txdqwxp vwdwh/ zh ghprqvwudwhg
wkdw wkh txgxw| zdv vxssuhvvhg e| derxwý4=5÷3=5 gE/ zklfk fohduo| zdv d uhvxow ri d ehwwhu shuirupdqfh
wkdq wkh fodvvlfdo vhwxs dqg khqfh dq lqglfdwlrq ri txdqwxp whohsruwdwlrq1 Ixuwkhu surri ri txdqwxp
whohsruwdwlrq zdv gholyhuhg e| d vhulhv ri phdvxuhphqwv ri wkh yduldqfhv ri wkh whohsruwhg vwdwh dv wkh
ihhgedfn jdlq iurp Dolfh wr Ere zdv ydulhg1 Iurp wkhvh zh lqihuuhg wkh ?gholw| ri IH{sTxdqw @ 3=8;÷ 3=36/
zklfk lv glvwlqfwlyho| kljkhu wkdq wkh kljkhvw dfklhydeoh fodvvlfdo ydoxh ri 3181 Vlploduo| wkh fodvvlfdo
whohsruwdwlrq zdv irxqg wr |lhog wkh kljkhvw ?gholw| ri IH{sFodvv @ 3=7; ÷ 3=36/ lqglfdwlqj wkdw rxu vhwxs
zdv doprvw rswlpl}hg dv idu dv wkh fodvvlfdo whohsruwdwlrq lv frqfhuqhg1

Rxu whohsruwdwlrq vfkhph kdv wkh dgydqwdjh dv frpsduhg wr wkh suhylrxvo| ghprqvwudwhg vfkhphv^448`
^449`/ wkdw zh whohsruw wkh lqsxw vwdwh zlwk kljk h!flhqf| lq uhdo wlph1 Wkh glvfuhwh txdqwxp whohsruwd0
wlrq uholhv rq wkh ghwhfwlrq ri vlqjoh skrwrqv/ zklfk lv qrqwulyldo wr gr zlwk d kljk h!flhqf| dqg jrrg
vljqdo wr qrlvh udwlr1 Ixuwkhupruh wkh glvfuhwh whohsruwdwlrq vfkhphv xwlol}h wkh ghwhfwlrq surfhgxuh wr
surmhfw wkh whohsruwhg vwdwh rqwr wkh vlqjoh skrwrq vxevsdfh/ zkhuhdv wkh ghwhfwlrq pdgh e| Ylfwru lq
rxu vfkhph rqo| vhuyhg wkh sxusrvh ri txdqwli|lqj wkh txdolw| ri rxu whohsruwdwlrq1

Wkh sulqflsohv dqg wkh h{shulphqwdo vhwxs ghvfulehg lq wklv fkdswhu krogv wkh srvvlelolwlhv ri ehlqj
h{whqghg lq ydulrxv gluhfwlrqv1 Wkh prvw reylrxv zrxog eh wr whohsruw d qrqfodvvlfdo vwdwh ri wkh udgldwlrq
?hog lqvwhdg ri d frkhuhqw vwdwh1 E| lqmhfwlqj/ iru lqvwdqfh/ d vtxhh}hg vwdwh/ d Irfn vwdwh ru d Vfku(rglqjhu
fdw vwdwh lqwr rxw vhwxs/ zh zrxog wuxo| eh deoh wr uhyhdo wkh txdqwxp qdwxuh ri wkh whohsruwdwlrq surfhvv1
Fohduo| wkh txgxw| zrxog eh ghohwhulrxv wr wkhvh vwdwhv dqg yluwxdoo| ghvwur| wkhlu txdqwxp qdwxuh/ khqfh
txdqwxp whohsruwdwlrq lv qhhghg lq rughu wr suhvhuyh wkhvh fkdudfwhulvwlfv1 Krzhyhu wkh whohsruwdwlrq
ri wkh txdqwxp surshuwlhv ri vxfk vwdwhv zrxog uhtxluh vwurqjhu fruuhodwlrqv wkdq ghprqvwudwhg lq wklv
fkdswhu1 Jlyhq d shuihfwo| vtxhh}hg lqsxw vwdwh/ wkh whohsruwhg vwdwh zrxog vwloo srvvhv txdqwxp qrlvh
uhgxfwlrq surylghg wkdw wkh hqwdqjohg ehdpv glvsod| dq lqwhuehdp txdqwxp qrlvh uhgxfwlrq ri 99(/ dqg
zlwk d 83( vtxhh}hg lqsxw vwdwh ;4( lqwhuehdp fruuhodwlrqv duh qhhghg1 Vxfk vwurqj fruuhodwlrqv duh
qrqwulyldo wr uhdol}h h{shulphqwdoo| dqg khqfh wkh whohsruwdwlrq ri pdqlihvwo| qrqfodvvlfdo vwdwhv lv qrw
olnho| wr eh vhhq lq wkh qhdu ixwxuh1

Lq vhfwlrq 431515 wkh srvvlelolw| ri xvlqj rxu vhwxs lq rwkhu ?hogv ri txdqwxp lqirupdwlrq vflhqfh lv
glvfxvvhg1
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Wkh glvfryhu| dqg h{shulphqwdo uhdol}dwlrq ri wkh vtxhh}hg vwdwhv ri oljkw^453`^454` kdv rshqhg d qhz
duhd lq dwrplf dqg rswlfdo sk|vlfv1 Xvlqj wkhvh vwdwhv edvlf dwrplf surshuwlhv pd| eh dowhuhg wkrxjk wkh
lqwhudfwlrq zlwk d vtxhh}hg uhvhuyrlu ri prghv^455`^;`/ dwrplf surshuwlhv fdq eh surehg zlwk vhqvlwlylw|
ehwwhu wkdq wkh vwdqgdug txdqwxp olplw^9`^44` ru wkh hqwdqjohphqw lqkhuhqw lq wkh vtxhh}hg vwdwhv pd| eh
xvhg iru txdqwxp fu|swrjudsk|^456`^457` ru whohsruwdwlrq^44;` mxvw wr phqwlrq d ihz h{dpsohv1 Krzhyhu/
dv ghvfulehg lq fkdswhu 7/ wkh h{shulphqwdo vfkhph zklfk kdv ehhq prvw vxffhvvixo vr idu lq wkh surgxfwlrq
ri vwurqj vtxhh}lqj uhtxluhv d udwkhu h{whqvlyh rswlfdo vhwxs qrw hdvlo| rshudwhg^:`^6;`1 Wklv olplwv wkh
dwwudfwlyhqhvv ri qrqfodvvlfdo oljkw iru pdq| dssolfdwlrqv dqg khqfh qhz/ vlpsohu vfkhphv zklfk fdq eh
pdgh pruh frpsdfw duh ghvludeoh1 Wrzdugv wklv hqg wkh Lqwhuqdoo| Sxpshg RSR +LRSR, pd| suryh
wr ehfrph d jrrg dowhuqdwlyh wr wkh frqyhqwlrqdo vfkhph vlqfh/ dv lw zloo eh vkrzq wkhruhwlfdoo| lq wklv
fkdswhu/ vwurqj vtxhh}lqj fdq eh suhglfwhg lq wkh rxwsxw ri wklv ghylfh1 D wkuhvkrog zhoo zlwklq uhdfk ri
prghuq frkhuhqw oljkw vrxufhv dovr pdnhv wkh LRSR deryh wkuhvkrog dwwudfwlyh dv d frpsdfw vrxufh ri
zlgho| wxqdeoh frkhuhqw oljkw1

Wklv fkdswhu lv lqlwldwhg zlwk d ghvfulswlrq ri wkh v|vwhp ri lqwhuhvw/ iroorzhg e| d ghulydwlrq ri wkh
htxdwlrqv ri prwlrq jryhuqlqj wkh LRSR ?hogv1 Wkhq zh zloo pryh rq wr ?qg wkh vwdwlrqdu| vroxwlrqv ri
wkhvh ?hogv wrjhwkhu zlwk wkh wkuhvkrog ri sdudphwulf rvfloodwlrqv1 Wkh vshfwud ri txdqwxp  xfwxdwlrqv
iru wkh ixqgdphqwdo dqg wkh grzqfrqyhuwhg ?hogv zloo eh ghulyhg dqg wkh txdqwxp qrlvh durxqg wkh
ixqgdphqwdo iuhtxhqf| lq wkh LRSR uh hfwlrq zloo eh dqdo|}hg1 Ilqdoo| wkh fkdswhu zloo eh frqfoxghg
e| d vxppdu|1

<14 Lqwurgxfwlrq

Wkh sk|vlfdo v|vwhp xqghu frqvlghudwlrq lv pdgh xs e| d ulqj uhvrqdwru zlwk d qrqolqhdu "+5, phglxp
lqvlgh1 Wklv rswlfdo fdylw| lv sxpshg e| oljkw dw wkh ixqgdphqwdo iuhtxhqf| $/ zklfk lv uhvrqdqw1
Yld wkh lqwhudfwlrq zlwk wkh qrqolqhdu phglxp sduw ri wkh ixqgdphqwdo oljkw lv frqyhuwhg lqwr wkh
vhfrqg kduprqlf dw iuhtxhqf| 5$1 Wkh odwwhu fdq qrz djdlq lqwhudfw zlwk wkh qrqolqhdu phglxp hlwkhu
ghjhqhudwh ru qrqghjhqhudwh wr surgxfh wzr vxekduprqlf ?hogv dw iuhtxhqflhv $. dqg $ý zklfk lq
rughu wr suhvhuyh hqhuj| pxvw ixo?oo wkh frqglwlrq 5$ @ $. . $ý1 Dowhuqdwlyho| zh pd| wklqn ri wklv
v|vwhp dv dq h{whuqdo fdylw| vhfrqg kduprqlf jhqhudwru zkhuh wkh vhfrqg kduprqlf lv xvhg wr sxps d
qrqghjhqhudwh RSR lqkhuhqw lq wkh vdph fdylw|1 Wklv lv zk| zh kdyh fkrvhq wr fdoo wkh vfkhph wkh
Lqwhuqdoo| Sxpshg RSR1 Dv looxvwudwhg lq ?jxuh <14 wkh lqsxw frxsohu iru wkh ixqgdphqwdo dovr vhuyh dv
dq rxwsxw frxsohu wr wkh vxekduprqlfv1 Frqvhtxhqwo| wkh uh hfwlrq ri wkh LRSR zloo eh d pl{wxuh ri wkh
uh hfwhg ixqgdphqwdo zlwk wkh vxekduprqlfv jhqhudwhg lqvlgh wkh uhvrqdwru dqg wudqvplwwhg wkurxjk wkh

<8
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Iljxuh <14= Wkh Lqwhuqdoo| Sxpshg RSR1 Gdvkhg olqhv looxvwudwh wkh orzhu iuhtxhqflhv $ dqg $÷1 Grwwhg
olqhv looxvwudwh wkh vhfrqg kduprqlf 5$1 Wkh vxekduprqlfv $÷ duh frqvlghuhg wr eh wkh orqjlwxglqdo
prghv v|pphwulfdoo| sodfhg durxqg wkh ixqgdphqwdo $ rqh IVU dzd|1

frxsohu1 Wkh frqyhqwlrqdo h{whuqdoo| sxpshg RSR ehorz wkuhvkrog kdv suryhq wr zrun dv dq h!flhqw
vrxufh ri vtxhh}hg ydfxxp dqg khqfh zh h{shfw wkh rxwsxw ri wkh LRSR ehorz wkuhvkrog wr h{klelw
vlplodu vwurqj qrqfodvvlfdo fruuhodwlrqv1

Lq sulqflsoh wkh vhfrqg kduprqlf zloo eh grzqfrqyhuwhg lqwr doo sdluv ri orqjlwxglqdo fdylw| prghv
sodfhg v|pphwulfdoo| durxqg wkh ixqgdphqwdo iru zklfk wkh skdvhpdwfklqj frqglwlrqv duh ixo?oohg wr d
uhdvrqdeoh h{whqw1 Ehorz wkuhvkrog wkh fruuhodwhg vsrqwdqhrxv hplwwhg skrwrq sdluv ri rxu LRSR zloo
fdxvh wkhvh sdluv ri orqjlwxglqdo prghv wr eh kljko| fruuhodwhg dqg li zh wdnh lqwr dffrxqw wr uh hfwhg
ixqgdphqwdo oljkw dvvxphg khuh wr eh lq d vwurqj frkhuhqw vwdwh/ wklv fdq eh pdgh wr vhuyh dv d orfdo
rvfloodwru iru d khwhurg|qh phdvxuhphqw vr wkdw dq lghdo skrwrghwhfwru prqlwrulqj wkh LRSR uh hfwlrq
zloo revhuyh txdqwxp qrlvh uhgxfwlrq dw iuhtxhqflhv ehlqj dq lqwhjhu wlphv wkh iuhh vshfwuxp udqjh +IVU,
ri wkh fdylw|1 Krzhyhu wkh IVU ri d uhdolvwlf fdylw| lv w|slfdoo| vhyhudo kxqguhgv ri PK} wr d ihz JK}
dqg khqfh ghwhfwlrq ri qrlvh lq wkh vxekduprqlfv uhtxluhv yhu| kljk iuhtxhqf| ghwhfwruv xqohvv zh uhvwulfw
rxuvhoyhv wr wkh vhw ri prghv forvhvw wr wkh ixqgdphqwdo1

Dv lw wxuqv rxw wkh fdvfdghg qrqolqhdu frxsolqj ri irxu prghv pdnhv wkh LRSR d v|vwhp ehlqj ulfk rq
shfxoldu wudqvlhqw dqg vwdwlrqdu| h>hfwv1 Lq wkh fdvh zkhuh wkh uhvrqdwru lv dvvxphg wr kdyh d kljk ?qhvvh
iru doo irxu prghv +$> 5$> $÷, dqg iru wkh LRSR deryh wkuhvkrog/ gdpslqj ri wkh vhoi sxovlqj lqvwdelolwlhv
dqg wzlq ehdp fruuhodwhg skrwrqv lq wkh rxwsxw kdv ehhq irxqg wkhruhwlfdoo| wrjhwkhu zlwk vxe Srlvvrqldq
skrwrq vwdwlvwlfv ri wkh lqglylgxdo wzlq ehdpv^458`^459`^45:`1 Wkh fodvvlfdo surshuwlhv ri wkh txdguxso|
uhvrqdqw^45;` dqg wkh wulso| uhvrqdqw +$>$÷, LRSR deryh wkuhvkrog^45<`^463` kdyh ehhq h{dplqhg dqg
rswlfdo elvwdelolw| ri wkh ixqgdphqwdo kdv ehhq revhuyhg lq wkh odwwhu frq?jxudwlrq ghshqglqj rq wkh
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skdvhpdwfklqj frqglwlrqv^464`1 H{shulphqwdoo| pdq| ri wkh txdqwxp surshuwlhv ri wkh LRSR duh vwloo
ohiw wr eh lqyhvwljdwhg1 Rqo| lq uhiv1 ^463`^465` kdv vtxhh}lqj ri wkh qrquhvrqdqw vhfrqg kduprqlf ehhq
uhsruwhg dqg lq uhi1 ^466` wkh vtxhh}lqj ri wkh ixqgdphqwdo uh hfwlrq ri d grxeo| uhvrqdqw iuhtxhqf|
grxeohu zdv revhuyhg1 D ghwdlohg fodvvlfdo dqdo|vlv ri wkh lqwhudfwlrq ri wkh irxu Jdxvvldq prghv lq wkh
LRSR fdq eh irxqg lq ^467` wrjhwkhu zlwk d glvfxvvlrq ri wkh wzlq ehdp fruuhodwlrqv ri wkh rxwsxw1

Lq wkh iroorzlqj zh zloo frqvlghu wkh LRSR ehorz wkuhvkrog lq wkh fdvh zkhuh wkh ixqgdphqwdo dqg
wkh vxekduprqlfv duh shuihfwo| uhvrqdqw lq wkh fdylw| zlwk qr ghwxqlqj/ zkhuhdv wkh vhfrqg kduprqlf
fdq eh hlwkhu qrquhvrqdqw ru uhvrqdqw zlwk dq duelwudu| ghwxqlqj1 Rxu wuhdwphqw lv rqo| ydolg lq wkh
uhjlrq zkhuh wkh ?qhvvh ri wkh fdylw| iru wkh vhfrqg kduprqlf lv frqvlghudeo| vpdoohu wkdq wkh ?qhvvh
iru wkh uhpdlqlqj ?hogv vlqfh rxu dssurdfk lv htxlydohqw wr dq dgldedwlf holplqdwlrq ri wkh iruphu ?hog
iurp wkh htxdwlrqv ri prwlrq1 Lq frqwudvw wr wkh suhylrxv wuhdwphqwv zh zloo khuh irfxv rxu dwwhqwlrq rq
wkh qrlvh ri wkh txdgudwxuh skdvhv ri wkh ixqgdphqwdo dv zhoo dv wkh vxekduprqlfv lq wkh frq?jxudwlrq
phqwlrqhg deryh zkhuh wkh ixqgdphqwdo dfwv dv orfdo rvfloodwru iru wkh grzqfrqyhuwhg ?hogv1 Wkh uhodwlyh
skdvh ehwzhhq wkh orfdo rvfloodwru dqg wkh vxekduprqlfv zloo fohduo| ghshqg fulwlfdoo| rq wkh ghwxqlqj ri
wkh vhfrqg kduprqlf zklfk lv zk| wkh skdvh ri wklv ?hog lv frqvlghuhg lq vr pxfk ghwdlo ehorz1 Vlqfh lw
kdv ehhq vkrzq wkdw wkh vhplfodvvlfdo dssurdfk wdnhq lq wklv wuhdwphqw zlwk wkh vxevhtxhqw dgldedwlf
holplqdwlrq ri wkh vhfrqg kduprqlf grhv qrw dffrxqw iru wkh vtxhh}lqj lq wkh odwwhu ?hog lq dq dssursuldwh
zd|^468`/ zh zloo qrw ghulyh lwv vshfwuxp ri vtxhh}lqj khuh1

<15 Htxdwlrqv ri prwlrq

Dv lw zdv phqwlrqhg deryh zh zloo wuhdw wkh orz iuhtxhqf| prghv $ dqg $÷ dv shuihfwo| uhvrqdqw fdylw|
prghv zlwk qr ghwxqlqj zkhuhdv wkh vhfrqg kduprqlf +VK, fdq eh hlwkhu qrquhvrqdqw ru uhvrqdqw zlwk
dq duelwudu| ghwxqlqj1 Lq uhi1 ^469` lw kdv ehhq vkrzq krz wr h{wudfw d vlqjoh txdqwxp prgh iurp wkh
frqwlqxxp dqg wkhuhe| frqqhfwlqj wkh wzr h{wuhphv ri rxu wuhdwphqw zlwk d uhvrqdqw dqg qrquhvrqdqw
VK txdqwxp ?hog1

Xvlqj wklv dv rxu irxqgdwlrq zh qrz surfhhg wr frqvlghu wkh yduldwlrq ri wkh VK lqvlgh wkh qrqolqhdu
phglxp1 Vlqfh wkh VK ?hog e qrw qhfhvvdulo| lv uhvrqdqw lq wkh fdylw|/ zh kdyh wr wdnh wkh orqjlwxglqdo
vsdwldo yduldwlrq ri wklv prgh lqwr dffrxqw1 Doo rwkhu ?hogv duh dvvxphg wr eh shuihfwo| uhvrqdqw dqg
khqfh zh fdq dvvljq d vwhdg| vwdwh dpsolwxgh wkhvh lqghshqghqw ri zkhuh lq wkh fdylw| wkh| duh revhuyhg1
Dvvxplqj doo rxu prghv wr eh sodqh zdyhv zh qrz zulwh xs wkh vorzo| ydu|lqj hqyhorsh ri wkh VK lqvlgh
wkh qrqolqhdu phglxp
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zkhuh } lv wkh orqjlwxglqdo frruglqdwh lq wkh fdylw|/ c lv wkh ohqjwk ri wkh lqwhudfwlrq uhjlrq dqg d4 dqg
d÷ duh wkh vorzo| ydu|lqj lqwudfdylw| ixqgdphqwdo dqg vxekduprqlf ?hogv uhvshfwlyho|1 å4 dqg å5 duh
wkh ghjhqhudwh dqg qrqghjhqhudwh qrqolqhdu frxsolqj frqvwdqwv uhvshfwlyho| dqg forvh wr wkh ghjhqhudf|
wkhvh duh uhodwhg e| å5 * 5å41 Li wkh vxekduprqlfv dqg wkh ixqgdphqwdo duh dgmdfhqw orqjlwxglqdo prghv
ri wkh fdylw|/ zh duh reylrxvo| yhu| forvh wr ghjhqhudf| dqg lq wkh uhvw ri wklv wuhdwphqw zh zloo xvh
å5 @ 5å4 ì 5å1

E| lqwhjudwlqj +<14, zh rewdlq wkh VK lpphgldwho| diwhu wkh qrqolqhdu phglxp
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dqg wkh VK ehiruh wkh qrqolqhdu phglxp e+3, lv uhodwhg wr e+c, e|
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zkhuh zh kdyh gh?qhg wkh vlqjoh urxqg wuls skdvhvkliw/ ï/ wkh fdylw| urxqg wuls wlph/ á / dqg wkh VK
rxwsxw frxsohu wudqvplvvlrq/ u1 Wkh ?hog elq lv wkh frqwlqxxp ydfxxp lqsxw rq wkh VK rxwsxw frxsohu
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zklfk ehfrphv uhohydqw odwhu zkhq zh frqvlghu wkh txdqwxp  xfwxdwlrqv lq wkh LRSR1 Frpelqlqj +<15,
dqg +<16, zh ?qg wkh VK ?hogv ehiruh dqg diwhu wkh qrqolqhdu phglxp wr eh
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Wkh wkuhh uhvrqdqw ?hogv duh irxqg iurp wkh vlqjoh urxqg wuls lqfuhphqwv
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zkhuh é lv wkh ghfd| udwh ri wkh ixqgdphqwdo wkurxjk wkh lqsxw2rxwsxw frxsohu dqg ð duh wkh uhvlgxdo
fdylw| orvvhv iru wkh ixqgdphqwdo1 Wkh ghfd| udwhv iru wkh vxekduprqlfv dqg wkh ixqgdphqwdo kdyh ehhq
dvvxphg wr eh wkh vdph zklfk lv mxvwl?hg e| wkh vpdoo iuhtxhqf| gl>huhqfh ri rq IVU ehwzhhq wkh
?hogv1 Wkh fodvvlfdo sxps ?hog ihhglqj wkh lqwudfdylw| ixqgdphqwdo prgh kdv ehhq ghqrwhg H zklfk lv
mxvw d f0qxpehu dqg wkh *lq* ?hogv ehorqj wr wkh uhvhuyrlu ri ydfxxp prghv hqwhulqj wkh fdylw| yld wkh
orvv phfkdqlvpv1 E| hydoxdwlqj wkh lqwhjudov lq +<18, xvlqj +<14, dqg +<17,/ zh ?qg wkh iroorzlqj vhw ri
htxdwlrqv jryhuqlqj wkh g|qdplfv ri wkh LRSR

gd4
gw @

s
5éHý +é. ð,d4 ý å5

á jd
|
4

ý
d54 . 5d.dý

ü
.
s
5édlq4 .

s
5ðòlq4 . 5

ås
á
md|4e

lq

gd÷
gw @ ý +é. ð,d÷ ý å5

á jd
|
ö
ý
d54 . 5d.dý

ü
.
s
5édlq÷ .

s
5ðòlq÷ . 5

ås
á
md|öelq

e+c, @ kå
ý
d54 . 5d.dý
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Khuh zh kdyh klgghq wkh fdylw| uhvsrqvh wr wkh VK ?hog lq wkh ixqfwlrqv j/ k dqg m gh?qhg wr eh

j @
ý
4 . uhlï

ü ý
4ý uhlïüý4 ì jU +4 . lã,

k @ l
ý
4ý uhlïüý4 ì kU +4 . lU,

m @ lhlï
s
4ý u5 ý4ý uhlïüý4 ì mU +4 . l÷, +<1:,

dqg wkh h{solflw irup ri ã lv

ã @ ý5u vlq ï
4ý u5 +<1;,

Fohduo| wkh qrqolqhdu frxsohg vhw ri htxdwlrqv +<19, frqwdlq d ydulhw| ri vroxwlrqv uhvxowlqj lq pdq|
lqwhuhvwlqj h>hfwv1 Krzhyhu zh zloo uhvwulfw rxuvhoyhv pdlqo| wr wkh LRSR ehorz wkuhvkrog/ phdqlqj wkdw
wkh h{shfwdwlrq ydoxhv kd÷l duh }hur1 Iru wkh qrquhvrqdqw VK +j @ 4/ k @ m @ l, lw lv hdv| wr yhuli|
wkdw rxu htxdwlrqv ri prwlrq duh htxlydohqw wr wkh Odqjhylq htxdwlrqv rewdlqhg zkhq holplqdwlqj wkh
VK prgh dgldedwlfdoo| iurp dq lqwhudfwlrq Kdplowrqldq ri wkh irup
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Wklv lv zk| zh gr qrw h{shfw rxu wuhdwphqw wr eh ydolg zkhq wkh orvvhv ri wkh VK ehfrph vpdoo hqrxjk
wr eh frpsdudeoh wr wkh orvvhv ri wkh orz iuhtxhqf| prghv/ fruuhvsrqglqj wr u$ 41

Qrz wkh vlqjoh prgh txdgudwxuh skdvh rshudwruv [4/ \4/ [5 dqg \5 gh?qhg dv

[4 @ d4h
lë4 . d|4h

ýlë4 > [5 @ d5h
lë5 . d|5h

ýlë5

\4 @ d4h
lë4 ý d|4hýlë4 > \5 @ d5h

lë5 ý d|5hýlë5
+<143,

duh lqwurgxfhg wrjhwkhu zlwk wkh wzr prgh txdgudwxuh skdvhv
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Zh ohw wkh sxps ?hog vhw wkh ryhudoo skdvh ri wkh sureohp/ phdqlqj wkdw zh khqfhiruwk wdnh H wr eh d
uhdo qxpehu1 Dv d uhvxow wkh skdvhv ë4/ ë5 dqg ! duh gh?qhg uhodwlyh wr wkh skdvh ri wklv ?hog1 Iurp +518,
zh vhh wkdw wkh vlqjoh prgh txdgudwxuh skdvhv [m dqg \m +m @ 4> 5, duh frpsohphqwdu| rshudwruv dqg
lw lv hdv| wr fkhfn wkdw wkh vdph dssolhv wr wkh wzr prgh txdgudwxuh skdvhv [n dqg \n +n @ .>ý,1 E|
xvlqj rxu htxdwlrqv ri prwlrq +<19, wrjhwkhu zlwk wkhlu Khuplwldq frqmxjdwhv dqg lqvhuwlqj rxu gh?qlwlrqv
+<143, dqg +<144,/ zh duulyh dw wkh htxdwlrqv ri prwlrq iru wkh txdgudwxuh skdvhv1 Krzhyhu wkhvh duh
udwkhu ohqjwk| dqg zloo qrw eh glvsod|hg khuh/ exw wkh| fdq eh irxqg lq dsshqgl{ F1 Khuh lw lv dovr vkrzq
wkdw wkh| vlpsoli| frqvlghudeo| surylghg zh gh?qh wkh txdgudwxuh skdvhv ë4/ ë5 dqg ! lq d vhqvleoh zd|1

<16 Vwhdg| vwdwh vroxwlrqv
Zlwk rxu htxdwlrqv ri prwlrq dw kdqg zh zloo qrz orrn iru wkh vwhdg| vwdwh vroxwlrqv wr wkhvh1 Iurp wkh
vwhdg| vwdwh ?hogv zh fdq ?qg wkh wkuhvkrog ri wkh LRSR rshudwlrq dv wkh srlqw zkhuh wkh vxekduprqlfv
vwduw wr dftxluh d qrq}hur phdq ydoxh1 Ixuwkhupruh zh qhhg wkh phdq ydoxhv ri wkh ?hogv iru rxu
vhplfodvvlfdo wuhdwphqw ri wkh txdqwxp qrlvh lq wkh qh{w vhfwlrq1

Zh nhhs lq plqg wkh *lq* ?hogv duh lq wkh ydfxxp vwdwh dqg khqfh wkhlu phdq dpsolwxghv duh }hur1
Qrz zh fkrrvh wkh skdvhv ë4 dqg ! dffruglqj wr +F1;, dqg +F1<, vr wkdw wkh vwhdg| vwdwh txdgudwxuhv
ç\4 @ ç[ý @ ç\. @ 31 Lq wklv fdvh wkh htxdwlrqv ri prwlrq iru wkh vxekduprqlf phdq ?hogv vlpsoli| wr%
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dffruglqj wr +F144,1 Khuh zh kdyh gh?qhg wkh vxekduprqlf h{flwdwlrq ]5 @ ç[5
.. ç\

5ý dqg D @ å5jU@7á 1
Fohduo| ]5 lv e| gh?qlwlrq d uhdo qxpehu/ dqg iurp +<145, lw lv irxqg wkdw wkh vroxwlrq zlwk uhvshfw wr
]5 ehfrphv uhdo zkhq ç[4 h{fhhgv wkh ydoxh
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v
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D
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v
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mjm +<146,

zklfk gh?qhv wkh lqwudfdylw| ixqgdphqwdo ?hog uhtxluhg wr uhdfk wkh LRSR wkuhvkrog1 Lq whupv ri wklv
ydoxh wkh vroxwlrq ri +<145, lv jlyhq e|

]5 @

ý
[wk
4

ü5s
4 . ã5
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ç[4@[wk

4

ú7 ý 4ì +4 . ã5, . 4ý 4& +<147,

dqg iru qr VK ghwxqlqj +ã @ 3, wkh vxekduprqlf h{flwdwlrq uhgxfhv wr

] @ [wk
4

tû
ç[4@[wk

4

ú5 ý 4 +<148,

Wklv lv lghqwlfdo wr wkh uhvxow iurp wkh h{whuqdoo| sxpshg wzr prgh RSR^46:` zlwk wkh prgl?fdwlrq
wkdw rxu wkuhvkrog lv h{suhvvhg lq whupv ri wkh ixqgdphqwdo sxps zkhuhdv wkh h{whuqdoo| sxpshg
RSR wkuhvkrog xvxdoo| lv h{suhvvhg wkurxjk wkh vhfrqg kduprqlf sxps1 Khqfh rxu udwlr ri ç[4@[wk

4

pxvw eh vtxduhg lq rughu wr pdnh d frpsdulvrq srvvleoh1 E| xwlol}lqj wkh v|pphwu| ri wkh sdudphwulf
grzqfrqyhuvlrq lqwr wkh wzr vxekduprqlf ?hogv zh fdq uhdglo| ghgxfh wkhvh wr eh ç[. @ ç\ý @ ]@

s
51

Iru wkh ixqgdphqwdo ?hog zh hpsor| wkh htxdwlrqv ri prwlrq +F14,1 Zlwk rxu fkrlfh ri skdvhv wkhvh
uhgxfh lq wkh vwhdg| vwdwh wr%s
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zkhuh wkh skdvh ri wkh ixqgdphqwdo txdgudwxuh ë4 lv jlyhq e|

vlq ë4 @ D ç[4
ã ç[5

4 ý +ãF4 . V4,]5s
;éH +<14:,

Zkhq wkh LRSR lv h{dfwo| rq wkuhvkrog zh kdyh wkdw ] @ 3/ dqg e| xvlqj rxu ydoxh iru wkh lqwudfdylw|
wkuhvkrog ?hog +<146, lq +<149, wrjhwkhu zlwk rxu fkrlfh ri skdvh +<14:,/ zh ?qg h{whuqdo sxps ?hog
uhtxluhg wr gulyh wkh LRSR deryh wkuhvkrog

Hwk @ [wk
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Wklv fruuhvsrqgv wkh wkuhvkrog srzhu ri

Swk @
+W . O,6
5W HQO

4

mjm

#
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4s
4 . ã5

$
+<14<,

zkhuh wkh vlqjoh sdvv qrqolqhdulw| iru vhfrqg kduprqlf jhqhudwlrq kdv ehhq gh?qhg dvHQO @ S +5$,@S 5+$,1
Wklv txdqwlw| fdq eh irxqg iurp +<14, e| ljqrulqj wkh grzqfrqyhuwhg ?hogv1 Dv lq vhfwlrq 515 zh kdyh
gh?qhg wkh ixqgdphqwdo rxwsxw frxsohu wudqvplvvlrq W dqg wkh uhpdlqlqj lqwudfdylw| orvvhv O1 Lq wkh
olplw ri qrquhvrqdqw VK +ã @ 3/ mjm @ 4,/ zh ?qg wkh ixqfwlrqdo ghshqghqfh ri rxu wkuhvkrog rq wkh
fdylw| sdudphwhuv wr djuhh zlwk wkh uhvxowv ghulyhg lq uhi1 ^467` iru irfxvhg ehdpv1 Wkh pdlq h>hfw ri
wkh uhvrqdqfh surshuwlhv ri wkh VK lq wkh fdylw| lv klgghq lq wkh ixqfwlrq mjm gh?qhg lq +<1:,1 Wklv vkrzv
wkdw wkh wkuhvkrog fdq eh uhgxfhg gudvwlfdoo| li wkh VK fdylw| orvvhv duh vpdoo +u í 4, dqg wkh skdvhvkliw
ï lv }hur/ vlqfh wklv zloo uhvxow lq d odujh exlog xs ri wkh lqwudfdylw| VK ?hog1 Lq frqwudvw wr wklv wkh RSR
wkuhvkrog lv irxqg wr ehfrph yhu| odujh zkhq wkh VK orvvhv duh vpdoo exw wkh skdvhvkliw lv dssuhfldeoh
lq zklfk fdvh wkh lqwudfdylw| VK ?hog lqwhuihuhv ghvwuxfwlyho| zlwk lwvhoi1

Wr plqlpl}h wkh wkuhvkrog wkh rxwsxw frxsohu wudqvplvvlrq vkrxog eh fkrvhq dv W @ O@5 krzhyhu
iurp wkh txdqwxp wkhru| ri wkh h{whuqdoo| sxpshg RSR lq vhfwlrq 515/ zh nqrz wkdw wklv lv idu iurp
ehlqj wkh rswlpxp fkrlfh zkhq wkh vtxhh}lqj lq wkh rxwsxw lv frqvlghuhg1 Lq fkdswhu 7 zh irxqg wkdw rxu
vtxhh}lqj zdv olplwhg pdlqo| e| wkh RSR hvfdsh h!flhqf| W @W . O zklfk iru W @ O@5 lv rqo| 66(1 Wr
rswlpl}h wkh vtxhh}lqj wkh rxwsxw frxsohu wudqvplvvlrq vkrxog eh pdgh dv odujh dv wkh dydlodeoh sxps
srzhu doorzv iru lq whupv ri wkh lqfuhdvhg wkuhvkrog1

Li zh hvwlpdwh w|slfdo ydoxhv ri O @ 3=8 (/ W @ 8 ( dqg HQO @ 3=35 Zý4 dv iru d jrrg NQeR6
fu|vwdo^:`/ dqg li zh ixuwkhupruh dvvxph wkh VK wr eh qrquhvrqdqw/ zh ?qg iurp +<14<, d wkuhvkrog srzhu
ri 499 pZ zhoo zlwklq uhdfk ri prghuq frkhuhqw oljkw vrxufhv1 H{shulphqwdoo| wkh wkuhvkrog srzhu ri
453 pZ kdv ehhq uhsruwhg lq d OlQeR6 LRSR zlwk wkh ?hogv $/ $÷ uhvrqdwlqj dqg wkh VK hvfdslqj^45<`1

Lw vkrxog eh hpskdvl}hg dw wklv srlqw wkdw rxu wuhdwphqw rqo| lv ydolg lq d sodqh zdyh dssur{lpdwlrq/
krzhyhu wkh wkuhvkrog fdofxodwlrq hpsor|lqj wkh irfxvhg Jdxvvldq ehdpv xvxdoo| gr qrw gl>hu e| pruh
wkdq d idfwru ri 5^;6`1

Kdylqj irxqg wkh wkuhvkrog ri sdudphwulf rvfloodwlrqv zh zloo olplw rxuvhoyhv wr frqvlghu rqo| wkh
vxewkuhvkrog rshudwlrq ri wkh LRSR lq wkh uhvw ri wklv fdofxodwlrq1 Xvlqj +<149, zlwk wkh skdvh +<14:,/
zh ?qg wkh vwhdg| vwdwh lqwudfdylw| ixqgdphqwdo ?hog ehorz wkuhvkrog e| sxwwlqj ] @ 31 Wklv lv jlyhq
e|

ç[4 @ [
wk
4 ý+â> ã, > â é 4 +<153,

zkhuh ý+â> ã, @
s
}+â> ã,/ dqg } lv wkh uhdo vroxwlrq ri wkh fxelf htxdwlrqs
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Lq +<154, zh kdyh gh?qhg wkh LRSR sxps sdudphwhu â @ H@Hwk @
s
S@Swk1 Lw fdq eh fkhfnhg wkdw

lq wkh olplw ri qr VK ghwxqlqj +ã @ 3,/ +<153, uhgxfhv wr wkh lqwudfdylw| ixqgdphqwdo exlog xs irxqg
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Iljxuh <15= Wkh exlog xs ri wkh ixqgdphqwdo phdq ?hog ý+â> ã, @ ç[4@[
wk
4 dv ixqfwlrq ri wkh LRSR sxps

sdudphwhu â @
s
S@Swk iru ydulrxv ydoxhv ri wkh VK ghwxqlqj sdudphwhu ã1

iru grxeo| uhvrqdqw vhfrqg kduprqlf jhqhudwlrq1 D frpsdulvrq vkrzv wkdw d uhsodfhphqw ri Hwk zlwk
wkh fulwlfdo sxps ?hog uhtxluhg wr uhdfk wkh srlqw ri vhoi sxovlqj |lhogv lghqwlfdo vroxwlrqv1 Wklv zrxog
qrw kdyh ehhq wkh fdvh li å5 9@ 5å4/ lq idfw lw kdv ehhq vkrzq wkdw wkh vhoi sxovdwlrqv lq wkh grxeo|
uhvrqdqw iuhtxhqf| grxeohu fdq eh gdpshg rxw li wkh LRSR wkuhvkrog lv uhdfkhg ehiruh wkh vhoi sxovlqj
wkuhvkrog^458`^45:`1

Wkh ixqfwlrq ý frqwuroolqj wkh ixqgdphqwdo exlog xs lv sorwwhg yhuvxv â iru gl>huhqw ydoxhv ri wkh VK
ghwxqlqj ã lq ?jxuh <151 Iurp wklv zh vhh wkdw ý jurzv prqrwrqlf iurp 3 zkhq qr sxps lv suhvhqw wr 4
zkhq â @ 4 fruuhvsrqglqj wr wkh LRSR rq wkuhvkrog1 Wkh lq xhqfh ri wkh VK ghwxqlqj dvvrfldwhg zlwk
wkh gl>huhqw ydoxhv ri ã lv vhhq wr eh ri plqru lpsruwdqfh1 Lq idfw zh ?qg wkdw lq wkh olplw ri ã  4
htxdwlrq +<154, uhgxfhv wr wkh ã lqghshqghqw htxdwlrq }6 . } ý 5â5 @ 31 Dv zh vdz deryh/ wkh pdlq
lpsdfw ri wkh VK ghwxqlqj lv rq wkh wkuhvkrog srzhu zklfk fdq ehfrph yhu| odujh ru yhu| vpdoo1

E| lqvhuwlqj rxu vroxwlrq +<153, wrjhwkhu zlwk wkh wkuhvkrog sxps ?hog +<14;, lqwr +<14:, zlwk ] @ 3/
zh ?qg wkh qdwxudo fkrlfh ri wkh ixqgdphqwdo txdgudwxuh skdvh iru wkh LRSR ehorz wkuhvkrog
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Lq wklv uhjlrq wkh fkrlfh ri wkh vxekduprqlf txdgudwxuh skdvh ! fdq eh pdgh duelwudulo|/ exw lq whupv
ri wkh txdqwxp qrlvh wkhuh h{lvwv d qdwxudo fkrlfh zklfk vhsdudwhv wkh vtxhh}hg iurp wkh dqwlvtxhh}hg
txdgudwxuhv1
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Dv lw lv vkrzq lq dsshqgl{ F wkh reylrxv fkrlfh ri wkh VK txdgudwxuh skdvh ë5 ehorz wkuhvkrog lv

ë5 @ 5ë4 . dufwdqU
ý4 +<156,

Xvlqj wklv zh ?qg wkh iroorzlqj vwdwlrqdu| VK ?hog txdgudwxuhv diwhu wkh qrqolqhdu phglxp

ç[5+c, @ 3
ç\5+c, @ \

wk
5 ý

5+â> ã, > â é 4 +<157,

Khuh zh kdyh gh?qhg wkh lqwudfdylw| wkuhvkrog VK ?hog \ wk5 @ å mkm ý[wk
4

ü5
@51 Iru qrquhvrqdqw VK zh

kdyh mkm @ 4 dqg ã @ 3/ vr wkdw wkh VK wkuhvkrog ?hog uhgxfhv wr \ wk5 @ 5+é. ð,á@å zklfk lv mxvw wzlfh
wkh VK wkuhvkrog ri wkh h{whuqdoo| sxpshg RSR +51:, ghulyhg lq vhfwlrq 5151 Wkh idfwru ri 5 dulvh iurp
wkh idfw wkdw lq wkh LRSR wkh VK ?hog lv jhqhudwhg lqvlgh wkh qrqolqhdu phglxp lq zklfk wkh sdudphwulf
grzqfrqyhuvlrq wdnhv sodfh/ zkhuhdv lq wkh h{whuqdoo| sxpshg RSR wkh VK ?hog lv frqvwdqw wkurxjkrxw
wkh phglxp1 Dv d uhvxow wkh VK ?hog lqwhjudwhg ryhu wkh qrqolqhdu phglxp lv d idfwru ri 5 odujhu lq wkh
h{whuqdoo| sxpshg RSR wkdq lq wkh LRSR/ dqg frqvhtxhqwo| wkh wkuhvkrog ?hog lv d idfwru ri 5 vpdoohu
lq d sodqh zdyh dssur{lpdwlrq1

<17 Txdqwxp qrlvh

Zh zloo qrz xvh rxu vwhdg| vwdwh uhvxowv ghulyhg deryh dv wkh rshudwlqj srlqwv iru rxu ?hog rshudwruv1
Surylghg wkh txdqwxp  xfwxdwlrqv duh vpdoo frpsduhg wr wkh qrq}hur phdq ?hogv zh fdq olqhdul}h
wkh  xfwxdwlrqv durxqg wkh rshudwlqj srlqwv dqg zulwh xs wkh Odqjhylq htxdwlrqv wr eh vroyhg1 Wklv
surfhgxuh lv xvxdoo| uhihuuhg wr dv wkh vhplfodvvlfdo dssurdfk^4;`1 Dv d uhvxow ri wkh olqhdul}dwlrq rxu
uhvxowv duh qrw ydolg lq uhjlrqv zlwk vwurqjo|  xfwxdwlqj ?hogv dv lw lv wkh fdvh forvh wr wkuhvkrog1

Dv lw zdv phqwlrqhg lq wkh lqwurgxfwlrq zh zloo irfxv rxu dwwhqwlrq rq wkh txdqwxp qrlvh ri wkh orz
iuhtxhqf| prghv $ dqg $÷1 Iru wkhvh prghv zh gh?qh wkh  xfwxdwlrq rshudwruv

tm @ [m ý ç[m > sm @ \m ý ç\m > m @ 4>.>ý +<158,

zklfk zh lqvhuw lq rxu htxdwlrqv ri prwlrq wrjhwkhu zlwk rxu vxewkuhvkrog vwdwlrqdu| vroxwlrqv1 Nhhslqj
rqo| whupv olqhdu lq wkh  xfwxdwlrqv zh duulyh dw wkh Odqjhylq htxdwlrqv iru wkh ixqgdphqwdo txdgudwxuhv
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dv zhoo dv wkh vxekduprqlfv
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1 Lq rughu wr rewdlq +<159, dqg +<15:, zh kdyh

fkrvhq wkh txdgudwxuh skdvhv wr eh ë5 @ 5ë4 . dufwdq÷ dqg

! @ ë4 ý 4@5 dufwdq ã +<15;,

zkhuh ë4 lv gh?qhg lq +<155,1 Iurp +F17, wkhvh skdvhv duh vhhq wr vlpsoli| rxu htxdwlrqv ri prwlrq1 Zh
dvvxph wkdw doo wkh *lq* ?hogv ghvfuleh lqghshqghqw xqfruuhodwhg ydfxxp  xfwxdwlrqv rqo|1
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iru wkh vxekduprqlfv/ zkhuh wkh iuhtxhqf| ó lv phdvxuhg lq xqlwv ri wkh LRSR edqgzlgwk é . ð1 Wkh
?hog rshudwruv lq +<15<, dqg +<163, duh gh?qhg lq wkh iuhtxhqf| vsdfh dv rssrvhg wr wkh ?hog rshudwruv lq
+<159, dqg +<15:, zklfk duh ixqfwlrqv ri wlph1 Wr vlpsoli| wkh qrwdwlrq zh kdyh xvhg wkh vdph qrwdwlrq
wr ghvfuleh erwk vhwv ri rshudwruv/ dqg lq wkh uhvw ri wklv fkdswhu doo ri rxu ?hog rshudwruv zloo eh gh?qhg
lq wkh iuhtxhqf| vsdfh1

Zh lqihu wkh ?hogv jrlqj rxw ri wkh LRSR e| dsso|lqj wkh erxqgdu| frqglwlrqv iru d ?hog I rq wkh
lqsxw2rxwsxw frxsohu

I rxw @
s
5éI ý I lq +<164,

zkhuh zh dvvxph wkh frxsohu wudqvplvvlrq wr eh vpdoo frpsduhg wr 41

<1714 Ixqgdphqwdo ?hog

E| frpelqlqj +<164, dqg +<15<, zh ?qg wkh rxwsxw ?hog txdgudwxuhv iru wkh ixqgdphqwdo wr ehë
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zkhuh zh kdyh gh?qhg

P @

é
+ló. 4, L.ý5

ë
6 ýã
6ã 4

êè
+<166,

wrjhwkhu zlwk wkh RSR hvfdsh h!flhqf| ì @ é@+é. ð, * W @+W .O,1 Wkh odvw htxdolw| lv rqo| ydolg iru
W / O á 41

Zkhq xvlqj +<165, wr ?qg wkh vshfwuxp ri  xfwxdwlrqv zh nhhs lq plqg wkdw wkh t dqg s txdgudwxuhv
duh lqghshqghqw dqg wkdw doo wkh *lq* ?hogv duh xqfruuhodwhg1 Ixuwkhupruh zh qrupdol}h rxu  xfwxdwlrqv
wr wkh dprxqw ri qrlvh srzhu iurp rxu zklwh ydfxxp  xfwxdwlrqv lq wkh edqgzlgwk uhohydqw wr rxu
phdvxuhphqw1 Khqfh zh kdyh ó
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ó
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iurp zklfk zh ?qg wkh yduldqfhv ri wkh ixqgdphqwdo txdgudwxuhv wr eh
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Vlqfh wkh txdqwxp qrlvh uhgxfwlrq lv irxqg lq wkh trxw4 txdgudwxuh/ zh zloo irfxv rq +<168, khuh1 Iru
}hur VK ghwxqlqj +ã @ 3, dqg dw }hur iuhtxhqf| +ó @ 3, zh ?qg +<168, wr uhgxfh wrGý

trxw4

ü5H
@ 4ý 7ìý5

+4 . 6ý5,
5 +<16:,

zklfk lv wkh qrlvh uhgxfwlrq irxqg iru d wzr skrwrq devruehu^46;` dqg vlqjo| uhvrqdqw vhfrqg kduprqlf
jhqhudwlrq zkhuh wkh vhfrqg kduprqlf lv dgldedwlfdoo| holplqdwhg^46<`1 Wkh plqlpxp ri +<16:, lv irxqg
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Iljxuh <16= Qrlvh vshfwud ri wkh ixqgdphqwdo ?hog iru gl>huhqw sxps srzhuv zlwk d ghwxqlqj sdudphwhu
ri ã @ 4331 Ehvw vtxhh}lqj lv irxqg wr dssurdfk 526 fruuhvsrqglqj wr 071; gE1

wr eh 526 ru 041:9 gE txdqwxp qrlvh uhgxfwlrq1 Wklv lv irxqg iru ì @ 4 dqg ý @ 6ý4@5 fruuhvsrqglqj
wr â @ 3=6;81 Iru ã @ 3 zh vhh iurp +<155, wkdw trxw4 vlpso| ghvfulehv wkh dpsolwxgh ri wkh rxwjrlqj
ixqgdphqwdo dqg wkh phfkdqlvp uhvsrqvleoh iru wkh dpsolwxgh vtxhh}lqj fdq eh ylvxdol}hg dv iroorzv1
Gxh wr wkh vhfrqg kduprqlf jhqhudwlrq wkh ixqgdphqwdo ?hog lv h{srvhg wr qrqolqhdu orvvhv1 Dv d uhvxow
dq lpphgldwh ?hog zlwk dq dpsolwxgh odujhu wkdq wkh phdq zloo eh frqyhuwhg vwurqjhu lqwr wkh VK wkdq d
?hog zlwk wkh phdq dpsolwxgh dqg wkh uhyhuvhg dujxphqw dssolhv wr dq lpphgldwh ?hog zlwk dq dpsolwxgh
vpdoohu wkdq wkh phdq1 Wklv uhvxowv lq d ixqgdphqwdo ?hog zlwk dpsolwxgh  xfwxdwlrqv vprrwkhg rxw rq
d wlphvfdoh vhw e| wkh fdylw| urxqg wuls wlph1

Zlwk d ?qlwh VK ghwxqlqj ?jxuh <16 uhyhdov pruh lqwhuhvwlqj ihdwxuhv1 Dv ã ehfrphv yhu| odujh
fruuhvsrqglqj wr doprvw frpsohwh ghvwuxfwlyh lqwhuihuhqfh ri wkh ihg edfn vhfrqg kduprqlf zlwk lwvhoi/
wkh qrlvh ri rxu vtxhh}hg txdgudwxuh/ gh?qhg zlwk d skdvh dffruglqj wr +<155,/ lv irxqg qxphulfdoo|
wr dssurdfk 4261 Wklv rffxuv dw d iuhtxhqf| durxqg ó * s44 dv ã $ 4 dqg â $ 3.1 Ri frxuvh
rxu wuhdwphqw lv qrw ydolg lq wklv h{wuhph olplw/ vlqfh zh ?qg iurp +<1;, wkdw u pxvw dssurdfk 4 lq
rughu wr pdnh ã yhu| odujh1 Krzhyhu/ dv ?j1 <16 vkrzv/ txdqwxp qrlvh uhgxfwlrq forvh wr 526 fdq eh
rewdlqhg dw vpdoohu iuhtxhqflhv zlwk ã dv vpdoo dv 4331 Wkh phfkdqlvp iru wkh lpsuryhg txdqwxp qrlvh
uhgxfwlrq zlwk odujh VK ghwxqlqj lv uhodwhg wr wkh uhvxowlqj qhjdwlyh ihhgedfn ri wkh VK dv d uhvxow ri wkh
ghvwuxfwlyh lqwhuihuhqfh lq wkh fdylw|1 Wkh vdph phfkdqlvp dv iru }hur VK ghwxqlqj dssolhv khuh exw wkh
odujh ã uhvxowv lq doprvw shuihfw fdqfhoodwlrq ri wkh VK ?hog kdylqj pdgh d vlqjoh urxqg wuls dqg khqfh
wkh ghjhqhudwh grzqfrqyhuvlrq ri wklv ?hog edfn lqwr wkh ixqgdphqwdo prgh lv zhdn1 Wklv lv qrw wkh
fdvh zlwk ã @ 3 zkhuh d sduw ri wkh ixqgdphqwdo  xfwxdwlrqv dozd|v uhwxuq wr wkh ixqgdphqwdo prgh dv
d uhvxow ri wzr lqwhudfwlrqv zlwk wkh VK/ dqg khqfh zh ?qg vwurqjhu vtxhh}lqj zlwk d ?qlwh VK ghwxqlqj1
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Iurp dq h{shulphqwdo srlqw ri ylhz wkh vwurqjhu vtxhh}lqj zlwk ?qlwh ã zloo qrw eh hdv| wr revhuyh
vlqfh wkh LRSR wkuhvkrog ehfrphv yhu| kljk dv d uhvxow ri wkh orz orvvhv dqg vwurqj ghwxqlqj uhtxluhg
wr pdnh ã odujh1 Wklv phdqv wkdw lq rughu wr dfklhyh dq dssuhfldeoh ydoxh ri â ri 8043(/ d vxevwdqwldo
dprxqw ri sxps srzhu lv qhhghg1 Ixuwkhupruh zh kdyh irxqg wkdw wkh skdvh ri wkh vtxhh}hg txdgudwxuh
lv qrw }hur dv lw zrxog eh li vtxhh}lqj zdv irxqg lq wkh dpsolwxgh ri wkh ixqgdphqwdo1 Wklv phdqv wkdw/
xqohvv wkh LRSR fdylw| lv shuihfwo| lpshgdqfh pdwfkhg wr wkh sxps/ wkh ?hog uh hfwhg r> wkh LRSR
zloo eh frpsrvhg e| wkh sduwldoo| uh hfwhg sxps dqg wkh vtxhh}hg ?hog wudqvplwwhg wkurxjk wkh frxsohu
zlwk d gl>huhqw skdvh1 Khqfh wkh qrlvh lq wkh dpsolwxgh ri wklv frpelqhg ?hog zloo eh vhw e| d pl{wxuh
ri wkh qrlvh ri wkh *sxuh* txdgudwxuhv gh?qhg e| +<155,1

<1715 Vxekduprqlfv

Xvlqj wkh vdph dssurdfk dv lq wkh odvw vhfwlrq zh ?qg wkh qrlvh vshfwud iru wkh vxekduprqlfv e| xvlqj
+<163,1 Wkhvh duh jlyhq e|Gý
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zkhuh zh kdyh gh?qhg wkh hvfdsh h!flhqf| ì dv iru wkh ixqgdphqwdo1 Lw vkrxog eh qrwhg khuh wkdw wkh
deryh wzr vshfwud duh fhqwhuhg durxqg wkh iuhtxhqf| $ ý $ý zklfk lq rxu fdvh lv wdnhq wr eh rqh iuhh
vshfwuxp udqjh ri wkh LRSR fdylw|1

Zlwk d }hur VK ghwxqlqj ru d frpsohwho| qrquhvrqdqw VK ?hog +ã @ 3,/ zh ?qg rxu uhvxowv wr eh
htxlydohqw wr wkh vtxhh}lqj irxqg iru wkh h{whuqdoo| sxpshg RSR surylghg zh pdnh wkh vxevwlwxwlrq
ý5 ' â1 Fohduo| wklv uhsodfhphqw pxvw eh pdgh vlqfh rxu wkuhvkrog iru wkh LRSR lv ghulyhg lq whupv
ri wkh ixqgdphqwdo sxps zkhuhdv wkh wkuhvkrog lq uhiv1 ^46:`^473`^474` lv irxqg iru wkh vhfrqg kduprqlf
sxps1 Lq +<157, wkh odwwhu zdv irxqg wr eh sursruwlrqdo wr ý5 dqg khqfh wkh vxevwlwxwlrq lv uhtxluhg iru
frpsdulvrq1

Dv lq wkh h{whuqdoo| sxpshg RSR zh ?qg shuihfw vtxhh}lqj zlwk ì @ ý @ 4 dw }hur iuhtxhqf|
ó @ 31 Wklv fruuhvsrqgv wr kdylqj dq LRSR zlwk qr lqwudfdylw| orvvhv h{fhsw wkh rxwsxw frxsohu
rshudwlqj h{dfwo| rq wkuhvkrog dqg uhfruglqj wkh iuhtxhqf| frpsrqhqw dw rqh IVU ri wkh skrwrfxuuhqw
ri d khwhurg|qh ghwhfwru1

Lq dqdorj| zlwk wkh glvfxvvlrq dw wkh hqg ri fkdswhu 5 wkh sk|vlfdo phfkdqlvp uhvsrqvleoh iru wkh
vtxhh}lqj lq wkh vxekduprqlfv ri wkh LRSR lv wkh wzr skrwrq qdwxuh ri wkh sdudphwulf grzqfrqyhuvlrq dv
ghvfulehg e| wkh Kdplowrqldq +<1<,1 Wkh VK skrwrqv duh dozd|v grzqfrqyhuwhg lqwr sdluv ri vxekduprqlf
skrwrqv1 Wkh skrwrqv pdnlqj xs hdfk ri wkh sdluv duh kdylqj iuhtxhqflhv $. dqg $ý o|lqj v|pphwulfdoo|
durxqg wkh ixqgdphqwdo iuhtxhqf|1 Ixuwkhupruh wkh skdvhv ri wkh vxekduprqlf ?hogv dozd|v dgg xs wr
d frqvwdqw vhw e| wkh skdvh ri wkh VK ?hog1 Wklv dujxphqw dssolhv wr wkh phdq ?hogv dv zhoo dv wkh
 xfwxdwlrqv1 Lq wkh h{whuqdoo| sxpshg RSR wkh ryhudoo skdvh lv vhw e| wkh VK sxps dqg frqvhtxhqwo|
vtxhh}lqj lv irxqg lq wkh txdgudwxuh ghvfulelqj wkh vxp ri wkh vxekduprqlf skdvhv s.1 Ixuwkhupruh
vlqfh wkh grzqfrqyhuwhg skrwrqv duh jhqhudwhg lq sdluv/ wkh uhvxowlqj dpsolwxghv ri wkh wzr vxekduprqlfv
duh doprvw htxdoo| vwurqj dqg khqfh vtxhh}lqj lv dovr irxqg lq wkh txdgudwxuh ghvfulelqj wkh gl>huhqfh
ehwzhhq wkh vxekduprqlf dpsolwxghv tý1 Iurp +<14, zh ?qg wkdw wkhuh lv d ä@5 skdvhvkliw dvvrfldwhg zlwk
hdfk lqwhudfwlrq yld wkh qrqolqhdu phglxp1 Lq wkh h{whuqdoo| sxpshg RSR rqo| d vlqjoh lqwhudfwlrq lv
qhhghg lq rughu wr jhqhudwh wkh vxekduprqlfv/ zkhuhdv wzr lqwhudfwlrqv duh qhhghg lq wkh LRSR uhvxowlqj
lq dq dgglwlrqdo ä@5 skdvhvkliw1 Khqfh lq wkh LRSR vtxhh}lqj lv irxqg lq wkh txdgudwxuhv ruwkrjrqdo wr
tý dqg s./ qdpho| t. dqg sý1 Wklv phdqv wkdw d orfdo rvfloodwru lq skdvh zlwk wkh ixqgdphqwdo sxps
ru wkh sxps lwvhoi zloo surgxfh d vtxhh}hg ehdwqrwh dw wkh iuhtxhqf| ri rqh IVU zkhq ryhuodsshg lq
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Iljxuh <17= Wkh txdqwxp qrlvh uhgxfwlrq durxqg wkh IVU iuhtxhqf|1 Wkh wudfhv fruuhvsrqg wr wkh
sdudphwhuv â @ 4 @ ì1 Shuihfw vtxhh}lqj lv irxqg iru qr VK ghwxqlqj +ã @ 3, dqg wkh vshfwuxp ri
ydfxxp  xfwxdwlrqv lv dssurdfkhg dv ã$41

skdvh zlwk wkh vtxhh}hg ydfxxp hphujlqj iurp wkh LRSR1 Lq wkh qh{w vhfwlrq zh zloo hoderudwh pruh
rq wklv revhuydwlrq1

Kdylqj d ?qlwh VK ghwxqlqj wkh ehvw vtxhh}lqj lv vwloo irxqg iru ì @ ý @ 4 durxqg }hur iuhtxhqf|1
Exw/ dv zh vhh iurp ?jxuh <17/ wkh shuihfw vtxhh}hg lv uhgxfhg dqg wkh gls lv eurdghqhg dv ã lqfuhdvhv1
Wkh uhdvrq iru wklv lv wkdw wkh VK skdvh fkdqjh iurp rqh fdylw| urxqg wuls wr dqrwkhu jurzv zlwk
lqfuhdvlqj ã dqg khqfh wkh skdvh ri wkh txdgudwxuh/ lq zklfk wkh ehvw vtxhh}lqj ri wkh vxekduprqlfv lv
irxqg/ lv gl>huhqw iru hdfk urxqg wuls1 Li zh dyhudjh wkh vtxhh}lqj ryhu pdq| urxqg wulsv zh hqg xs zlwk
d pl{wxuh ri wkh vtxhh}hg dqg dqwlvtxhh}hg txdgudwxuhv zlwk dq duelwudu| skdvh uhvxowlqj lq qrwklqj
exw wkh lqlwldo ydfxxp  xfwxdwlrqv hqwhulqj wkh LRSR1 Wklv lv zk| zh vhh wkh vshfwuxp ri vtxhh}lqj
dssurdfklqj d  dw olqh dw wkh ydfxxp ohyho dv ã$4 lq ?j1 <171

<1716 LRSR uh hfwlrq

H{whqglqj wkh glvfxvvlrq iurp wkh odvw vhfwlrq zh qrz ghylvh dq h{shulphqw lq zklfk wkh dpsolwxgh qrlvh
ri wkh ?hog uh hfwhg r> wkh LRSR fdylw| lv uhfrughg durxqg wkh ixqgdphqwdo iuhtxhqf| +?j1 <14,1 Wkh
phdvxuhphqw lv dvvxphg wkh hqrxjk edqgzlgwk wr hqdeoh wkh revhuydwlrq ri wkh txdqwxp qrlvh ri wkh
ixqgdphqwdo dv zhoo dv wkh ehdwqrwh ri wkh ixqgdphqwdo fduulhu djdlqvw wkh grzqfrqyhuwhg ?hogv1

E| xvlqj wkh ehdpvsolwwhu uhodwlrqv rq wkh LRSR frxsohu dvvxplqj wkh wudqvplvvlrq ri wklv wr eh
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Iljxuh <18= Wkh vshfwuxp ri dpsolwxgh qrlvh lq wkh LRSR uh hfwlrq1 Wkh wudfhv fruuhvsrqg wr â @ 3=;
dqg ì @ 41 Wkh LRSR fdylw| IVU kdv ehhq dvvxphg wr eh 83 olqhzlgwkv1

vpdoo/ zh ?qg wkh uh hfwhg vwdwlrqdu| ?hog wr eh

ç[uhi @ ý5H .s5é ç[4hýlë4 +<173,

Wkh skdvh # ri wklv ?hog lv

# @ ý dufwdq
3C vlq ë4

frv ë4 ý âs
5ìý

t
4 . 4s

4.ã5

4D +<174,

iurp zklfk zh qrz fdq ?qg wkh dpsolwxgh qrlvh ri wkh ?hog1 Wrzdugv wklv hqg zh xvh +<155, dqg +<15;,
wr surmhfw wkh qrlvh irxqg lq wkh odvw wzr vhfwlrqv rqwr wkh frkhuhqw dpsolwxgh ri wkh uh hfwhg ?hog +<173,
vlqfh wklv lv qrz dfwlqj dv d orfdo rvfloodwru wr wkh ghwhfwlrq vfkhph1 Wkh uhvxowlqj vshfwud ri  xfwxdwlrqv
duh vkrzq lq ?jxuh <18 iru wkuhh gl>huhqw VK ghwxqlqjv1 Lq wkh ?jxuh wkh IVU kdv ehhq wdnhq wr eh 83
fdylw| olqhzlgwkv1 Iru }hur VK ghwxqlqj zh ?qg 58( txdqwxp qrlvh uhgxfwlrq durxqg }hur iuhtxhqf| dv
d uhvxow ri wkh qrlvh hdwlqj vhfrqg kduprqlf jhqhudwlrq1 Krzhyhu/ durxqg wkh IVU iuhtxhqf|/ zkhuh wkh
LRSR kdv d kljk jdlq gxh wr wkh fdylw| exlog xs/ zh ?qg shuihfw vtxhh}lqj gxh wr wkh qrqghjhqhudwh
sdudphwulf grzqfrqyhuvlrq1 Wkh vdph ihdwxuh zrxog eh revhuyhg dw kljkhu iuhtxhqflhv ehlqj dq lqwhjhu
wlphv wkh IVU dv orqj dv wkh skdvhpdwfklqj frqglwlrqv lq wkh qrqolqhdu phglxp duh ixo?oohg1

Zlwk d ?qlwh VK ghwxqlqj zh vhh qrlvh vslnhv hqwhulqj wkh vtxhh}lqj durxqg wkh IVU iuhtxhqf| gxh
wr wkh pl{lqj ri wkh vtxhh}hg txdgudwxuh zlwk wkh vwurqjo| dqwlvtxhh}hg txdgudwxuh1 Wklv lv vhhq wr eh
d vwurqj h>hfw hyhq dw ydoxhv ri ã ri d ihz shufhqw/ phdqlqj wkdw jrrg frqwuro ri wkh VK ghwxqlqj lv
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qhhghg li vwurqj vtxhh}lqj vkrxog eh revhuyhg lq wkh LRSR uh hfwlrq1 Durxqg }hur iuhtxhqf| wkh vdph
h>hfw fdq eh revhuyhg/ exw gxh wr wkh vpdoohu dprxqw ri vtxhh}lqj khuh/ wkh pl{lqj ri wkh txdgudwxuhv
lv ohvv fulwlfdo1 Lq rughu wr vhh ehwwhu vtxhh}lqj durxqg }hur iuhtxhqf| zh irxqg lq vhfwlrq <1714 wkdw d
odujh ydoxh ri ã lv uhtxluhg1 Krzhyhu wklv zrxog fdxvh d skdvhvkliw ehwzhhq wkh orfdo rvfloodwru uh hfwhg
gluhfwo| r> wkh fdylw| dqg wkh vtxhh}hg ?hog frplqj rxw iurp wkh LRSR/ phdqlqj wkdw rqo| d pl{wxuh
ri wkh qrlvh lq wkh vtxhh}hg dqg wkh dqwlvtxhh}hg txdgudwxuhv zrxog eh revhuyhg1

Lw vkrxog eh srlqwhg rxw wkdw doo rxu uhvxowv uho| rq shuihfw vsdwldo prghpdwfklqj ri wkh ixqgdphqwdo
sxps lqwr wkh LRSR fdylw|1 Lq fdvh ri qrqshuihfw prghpdwfklqj wkh wkuhvkrog zloo eh udlvhg e| wkh
dprxqw çý4 zkhuh ç lv wkh ghjuhh ri prghpdwfklqj1 Krzhyhu wkh txdqwxp qrlvh uhgxfwlrq revhuyhg lq
wkh fdylw| uh hfwlrq zloo vx>hu e| wkh dgglwlrqdo 4ýç xqlwv ri ydfxxp qrlvh zklfk zrxog eh pl{hg lqwr
wkh orfdo rvfloodwru prgh wrjhwkhu zlwk wkh vtxhh}hg ydfxxp1 Khqfh wkh vpdoohvw dfklhydeoh txdqwxp
qrlvh zrxog eh 4ý ç lq wkh fdvh ri shuihfw fruuhodwlrqv ri wkh LRSR rxwsxw1

<18 Vxppdu|

Lq wklv fkdswhu zh kdyh wuhdwhg wkh lqwhuqdoo| sxpshg RSR +LRSR, lq zklfk wkh ixqgdphqwdo dqg wkh
vxekduprqlf ?hogv duh shuihfwo| uhvrqdqw dqg wkh vhfrqg kduprqlf lv hlwkhu qrquhvrqdqw ru uhvrqdqw
zlwk dq duelwudu| ghwxqlqj1 D wkuhvkrog sxps srzhu pdunlqj wkh rqvhw ri sdudphwulf rvfloodwlrqv zdv
irxqg lq wkh sodqh zdyh dssur{lpdwlrq dqg wklv zdv vhhq wr ghshqg fulwlfdoo| rq wkh fdylw| uhvsrqvh
wr wkh vhfrqg kduprqlf ?hog1 Ehorz wkh wkuhvkrog zh ghulyhg wkh vwhdg| vwdwh lqwudfdylw| ?hogv/ dqg
wkh| wxuqhg rxw wr eh jryhuqhg e| wkh ixqfwlrq ý+â> ã, +<153,1 Zlwk }hur vhfrqg kduprqlf ghwxqlqj/ wkh
lqwudfdylw| vhfrqg kduprqlf ?hog/ uhtxluhg wr gulyh wkh RSR deryh wkuhvkrog/ zdv vhhq wr eh d idfwru ri
5 odujhu wkdq lq wkh h{whuqdoo| sxpshg RSR ghvfulehg lq vhfwlrq 5151 Wklv lv d uhvxow ri wkh fdvfdghg
surfhvv wdnlqj sodfh lq wkh LRSR zkhuh wkh vhfrqg kduprqlf lv jhqhudwhg lqvlgh wkh vdph phglxp lq
zklfk wkh sdudphwulf grzqfrqyhuvlrq wdnhv sodfh1 Doo ri rxu uhvxowv duh ydolg zlwklq wkh sodqh zdyh
dssur{lpdwlrq zkhuh irfxvlqj dqg skdvhpdwfklqj ri wkh lqwhudfwlqj prghv duh qrw wdnhq lqwr dffrxqw1
Ixuwkhupruh wkh fdylw| ?qhvvh iru wkh vhfrqg kduprqlf kdv ehhq dvvxphg wr eh d orw vpdoohu wkdq wkh
?qhvvh iru wkh orz iuhtxhqf| prghv vlqfh wkh iruphu lv dgldedwlfdoo| holplqdwhg lq rxu wuhdwphqw1

Lq sudfwlfh zkhq frqvwuxfwlqj wkh LRSR rqh kdv wr ghflgh zkhwkhu lw lv zruwk uhvrqdwlqj wkh vhfrqg
kduprqlf lq wkh fdylw| dqg wkhuhe| uhgxflqj wkh wkuhvkrog/ exw sd|lqj wkh sulfh ri kdylqj wr vwdelol}h
wkh fdylw| wr |hw dqrwkhu ?hog1 Dowhuqdwlyho| wkh vhfrqg kduprqlf frxog mxvw eh doorzhg wr hvfdsh wr
LRSR lq zklfk fdvh wkh wkuhvkrog frxog jr dv kljk dv vhyhudo kxqguhgv ri ploolZdwwv ru hyhq Zdwwv/
ghshqglqj rq wkh fdylw| frq?jxudwlrq1 Li rqo| vtxhh}lqj durxqg wkh IVU lv ghvluhg/ wkh kljk vhqvlwlylw|
ri wkh qrlvh uhgxfwlrq wr wkh vhfrqg kduprqlf ghwxqlqj suredeo| pdnhv lw glvdgydqwdjhrxv wr uhvrqdwh
wkh vhfrqg kduprqlf/ vlqfh yhu| jrrg vhuyr frqwuro ri wkh fdylw| ohqjwk lv qhhghg lq wklv fdvh1 Krzhyhu
li jrrg vtxhh}lqj lq wkh ixqgdphqwdo lv ghvluhg/ zh kdyh vhhq wkdw d odujh ydoxh ri wkh sdudphwhu ã lv
uhtxluhg1 Wklv fdq rqo| eh rewdlqhg li wkh vhfrqg kduprqlf lv exlow xs lq wkh fdylw|1

Wkh vwurqj vtxhh}lqj irxqg lq wkh LRSR uh hfwlrq durxqg wkh IVU iuhtxhqf| pdnhv wklv ghylfh dq
dwwudfwlyh vrxufh ri kljk iuhtxhqf| vtxhh}hg oljkw zklfk pd| ?qg lwv dssolfdwlrq lq fhuwdlq duhdv ri rswlfdo
frppxqlfdwlrq1 Ixuwkhupruh wkh uhodwlyh vlpsoh rswlfdo vhwxs qhhghg/ dv orqj dv wkh vhfrqg kduprqlf
lv qrquhvrqdqw/ pdnhv lw srvvleoh wr frqvwuxfw wkh LRSR dv d yhu| frpsdfw vtxhh}hg oljkw vrxufh1
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Wkh zrun suhvhqwhg lq wklv wkhvlv kdv fryhuhg d odujh duhd ri rswlfdo dqg dwrplf sk|vlfv1 Iru wklv uhdvrq
wkh wkhvlv zloo qrz eh frqfoxghg zlwk d eulhi vxppdu| ri wkh prvw lpsruwdqw uhvxowv rewdlqhg gxulqj
wklv zrun wrjhwkhu zlwk dq rxworrn rq srvvleoh ixwxuh h{shulphqwv1

4314 Frqfoxvlrqv

431414 Iuhtxhqf| wxqdeoh vtxhh}hg oljkw jhqhudwlrq

Rqh ri wkh fruqhuvwrqhv ri wklv wkhvlv kdv ehhq wkh jhqhudwlrq dqg ghwhfwlrq ri iuhtxhqf| wxqdeoh vtxhh}hg
oljkw1 Lq wklv frqwh{w zh kdyh vhhq krz wkh vtxhh}hg vwdwhv ri oljkw fdq eh jhqhudwhg lq dq rswlfdo
sdudphwulf rvfloodwru rshudwlqj ehorz wkh wkuhvkrog1 Lq fkdswhu 5 zh dgguhvvhg wkh txdqwxp surshuwlhv
ri wkh RSR dqg irxqg wkdw shuihfw vtxhh}lqj lq wkh rxwsxw lv rewdlqhg durxqg GF zkhq lw lv rshudwlqj
h{dfwo| rq wkuhvkrog1 Krzhyhu wkh orvv ri vtxhh}lqj dw vpdoohu sxps srzhuv zdv irxqg wr eh ehdudeoh
vr wkdw <:( txdqwxp qrlvh uhgxfwlrq fdq eh dfklhyhg lq dq lghdo RSR zkhq sxpslqj lw dw rqo| 83(
ri wkh wkuhvkrog srzhu1 E| dq lghdo RSR zh phdq dq RSR zlwk qr lqwudfdylw| orvvhv h{fhsw wkh
rxwsxw frxsohu wudqvplvvlrq1 Vlqfh wkh vtxhh}hg ydfxxp jhqhudwhg lq d vxewkuhvkrog RSR lv pdgh xs
e| txdqwxp fruuhodwhg skrwrq sdluv/ lw lv yhu| lpsruwdqw wkdw rqo| rqh sruw lv rshq wr wkh h{whuqdo
uhvhuyrlu ri hohfwurpdjqhwlf ?hog prghv/ qdpho| wkh rxwsxw frxsohu1 Dq| dgglwlrqdo orvv phfkdqlvpv
zloo surylgh rwkhu sruwv wkurxjk zklfk rqh ru erwk skrwrqv ri d sdlu fdq hvfdsh dqg frqvhtxhqwo| hydgh
ghwhfwlrq1 D skrwrq lqvlgh wkh RSR fdylw| kdv d suredelolw| ri hvfdslqj wkurxjk wkh rxwsxw frxsohu
jlyhq e| wkh RSR hvfdsh h!flhqf| ì @ W @W .O/ zkhuh W lv wkh rxwsxw frxsohu wudqvplvvlrq dqg W .O
duh wkh wrwdo RSR orvvhv1 H{shulhqfh iurp suhylrxvo| shuiruphg vtxhh}lqj h{shulphqwv kdv vkrzq wkdw
wkh ghjuhh ri vtxhh}lqj w|slfdoo| lv olplwhg e| wkh hvfdsh h!flhqf|1

Kljk qrqolqhdulw| dqg orz sdvvlyh orvvhv lq wkh qhdu lqiuduhg uhjlrq pdnhv Srwdvvlxp Qlredwh dq
dwwudfwlyh phglxp iru ydulrxv qrqolqhdu "+5, dqg "+6, pl{lqj surfhvvhv dqg khqfh zh kdyh xvhg wklv
pdwhuldo dv wkh qrqolqhdu phglxp lq rxu iuhtxhqf| grxeohuv dqg RSR*v wkurxjkrxw wklv wkhvlv zrun1 D
vhulrxv gudzedfn ri wklv pdwhuldo lv krzhyhu wkh qrqolqhdu orvvhv dvvrfldwhg zlwk wkh Eoxh Oljkw Lqgxfhg
LqiudUhg Devruswlrq ru EOLLUD lq vkruw1 Lq fkdswhu 6 wklv h>hfw zdv lqyhvwljdwhg dqg lw zdv vkrzq wkdw
wkh RSR hvfdsh h!flhqf| fdq eh lpsuryhg e| lqfuhdvlqj wkh rxwsxw frxsohu wudqvplvvlrq dqg sxpslqj
wkh RSR zlwk pruh oljkw surylghg wkdw wkh EOLLUD grhv qrw jurz idvwhu wkdq wkh vtxduh urrw ri wkh
sxps srzhu1 H{shulphqwdoo| lw zdv irxqg wkdw wkh jurzwk ri EOLLUD zdv yhu| forvh wr wklv udwh dqg
khqfh qr vljql?fdqw lpsuryhphqw lq wkh hvfdsh h!flhqf| zdv revhuyhg dw sxps srzhuv kljkhu wkdq
d ihz kxqguhg pZ1 Wklv qhfhvvlwdwhg wkh vhdufk iru zd|v wr lqklelw wkh EOLLUD dqg d vkliw wr orqjhu
zdyhohqjwkv dqg frqvhtxhqwo| kljkhu skdvhpdwfklqj whpshudwxuhv wxuqhg rxw wr eh iuxlwixo1 Wkh EOLLUD
wxuqhg rxw wr ghfuhdvh zlwk lqfuhdvlqj whpshudwxuh ri wkh NQeR6 fu|vwdov dqg wklv h>hfw zdv sduwlfxodu
vwurqj lq Pdjqhvlxp grshg vdpsohv zkhuh d gurs ri dq rughu ri pdjqlwxgh zdv revhuyhg1 Krzhyhu lq
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wkh odwwhu wkh EOLLUD zdv pxfk kljkhu dw vpdoo whpshudwxuhv wkdq lq xqgrshg vdpsohv dqg khqfh wkh
gurs lq EOLLUD iurp wkh ehvw vdpsohv dw orz whpshudwxuhv wr wkh ehvw vdpsohv dw kljk whpshudwxuhv
zdv derxw d idfwru ri 5061 Lq rughu wr h{sodlq wkh ehkdylru ri wkh Pdjqhvlxp grshg fu|vwdov zh sxw
iruzdug dq dowhuqdwlyh wr wkh wzr fhqwhu fkdujh wudqvsruw prgho xvxdoo| hpsor|hg zkhq oljkw lqgxfhg
devruswlrq surfhvvhv duh prghoohg1 Rxu prgho zdv edvhg xsrq d fdvfdghg h{flwdwlrq ri hohfwurqv iurp
wkh ydohqfh edqg wr wkh frqgxfwlrq edqg yld lpsxulw| ohyhov orfdwhg qrw idu ehorz wkh frqgxfwlrq edqg1

Lq fkdswhu 7 zh xvhg rxu revhuydwlrqv ri wkh whpshudwxuh ghshqghqfh ri EOLLUD wr frqvwuxfw d
iuhtxhqf| wxqdeoh vtxhh}hg oljkw vrxufh durxqg <4: qp1 Wklv zdyhohqjwk zdv ghvludeoh ehfdxvh lw
fruuhvsrqgv wr wkh 9S6@5 $ 9G8@5 wudqvlwlrq lq dwrplf Fdhvlxp zklfk zh zdqwhg wr dgguhvv lq d odwhu
h{shulphqw ghvfulehg lq fkdswhu 81 Ixuwkhupruh lw zdv dwwudfwlyh wr rshudwh durxqg wklv zdyhohqjwk
ehfdxvh wkh skdvhpdwfklqj whpshudwxuh lq d fxw NQeR6 lv durxqg 4633F dw <4: qp dqg khqfh zh frxog
h{shfw EOLLUD wr eh uhgxfhg vljql?fdqwo|1

Rxu vtxhh}hg oljkw vrxufh zdv pdgh xs ri d iuhtxhqf| grxeohu surylglqj wkh sxps dw 78; qp iru
wkh vxewkuhvkrog RSR1 Iurp rxu iuhtxhqf| grxeohu zh kdg 5330583 pZ iru sxpslqj rxu RSR dqg wkh
frqyhuvlrq h!flhqf| iurp <4: qp wr 78; qp zdv lq wkh ylflqlw| ri ;3( zlwk 633 pZ lqiuduhg sxps/
doo ghshqglqj rq wkh gd| wr gd| shuirupdqfh1 Lqmhfwlqj wkh iuhtxhqf| grxeohg oljkw lqwr rxu RSR/ zh
revhuyhg wkh skdvh vhqvlwlyh jdlq ri d vhhglqj ehdp wr eh dv kljk dv 4:1 Iurp wkh jdlq phdvxuhphqwv
zh frxog lqihu wkh RSR sxps sdudphwhu â @

s
S@Swk dqg khqfh wkh wkuhvkrog srzhu dqg fu|vwdo

qrqolqhdulw|1 Ehfdxvh ri wkh sxps srzhu ghshqghqw orvvhv iurp EOLLUD/ wkh RSR wkuhvkrog zdv irxqg
wr ghshqg rq wkh sxpslqj srzhu dv zhoo1 Lq idfw lw zdv irxqg wr lqfuhdvh iurp 633 pZ zlwk vpdoo sxps
srzhuv wr durxqg 683 pZ zlwk 533 pZ sxps1 E| xvlqj vlpxowdqhrxv phdvxuhphqwv ri wkh EOLLUD zh
frxog lqihu wkh fu|vwdo qrqolqhdulw| wr eh durxqg 318 (2Z1 Wklv/ iru NQeR6 udwkhu vpdoo/ qrqolqhdulw|
zdv dwwulexwhg wr dvwljpdwlvp lq wkh RSR uhvrqdwru1 E| eorfnlqj wkh vhhglqj ehdp wr wkh RSR dqg
grlqj edodqfhg krprg|qh ghwhfwlrq ri wkh vtxhh}hg ydfxxp dv wkh uhodwlyh skdvh ehwzhhq wkh orfdo
rvfloodwru +OR, dqg wkh vtxhh}hg ydfxxp zdv vfdqqhg/ zh zhuh deoh wr vhh wkh skdvh vhqvlwlyh ydfxxp
 xfwxdwlrqv hphujlqj iurp wkh RSR1 Dw vrph uhodwlyh skdvh wkh qrlvh ohyho ri wkhvh  xfwxdwlrqv zdv 4418
gE deryh wkh iuhh ydfxxp ohyho fruuhvsrqglqj wr d jdlq ri 471 Exw zkhq wkh uhodwlyh skdvh zdv vkliwhg
ä@5 wkh  xfwxdwlrqv ri wkh vtxhh}hg ydfxxp gursshg 08 gE ehorz wkh iuhh ydfxxp ohyho fruuhvsrqglqj
wr uhvlgxdo ydfxxp  xfwxdwlrqv ri 64( ri wkh ruljlqdo ohyho1 Wkh EOLLUD zdv irxqg wr eh uhgxfhg zlwk
derxw d idfwru ri 5 lq rxu h{shulphqw uhodwlyh wr suhylrxvo| shuiruphg vtxhh}lqj h{shulphqwv durxqg
;85 qp/ exw zh vwloo irxqg wkdw rxu txdqwxp qrlvh uhgxfwlrq zdv olplwhg e| wkh RSR hvfdsh h!flhqf|
dqg khqfh wkh EOLLUD1 Krzhyhu dv frpsduhg wr d vlplodu h{shulphqw shuiruphg dw urrp whpshudwxuh/
zh irxqg rxu hvfdsh h!flhqf| wr eh lqfuhdvhg iurp durxqg ;3( wr ;;( dw 4633F fu|vwdo whpshudwxuh1
Khqfh iru d uhdolvwlf fu|vwdo qrqolqhdulw| ri 41805 (Zý4/ d vljql?fdqwo| kljkhu ghjuhh ri vtxhh}lqj frxog
eh dqwlflsdwhg dw wkh hohydwhg whpshudwxuh gxh wr wkh vpdoohu dprxqw ri sxps srzhu uhtxluhg dqg wkh
uhvxowlqj uhgxfwlrq lq EOLLUD1

431415 PRW vshfwurvfrs| dqg vslq qrlvh

Zlwk rxu iuhtxhqf| wxqdeoh vtxhh}hg oljkw dw kdqg/ zh zdqwhg wr xvh wklv iru vshfwurvfrs| rq dwrplf
Fdhvlxp1 Iru wklv sxusrvh d pdjqhwr rswlfdo wuds +PRW, zdv exlow lq zklfk derxw 439 Fv dwrpv zhuh
frq?qhg dw d ghqvlw| durxqg 43; fpý61 Wkh dwrpv zhuh wudsshg rq wkh 9V4@5+I @ 7,$ 9S6@5+I @ 8,
wudqvlwlrq xvlqj ?yh lqwhqvh ehdpv iurp d glrgh odvhu1 Dv d uhvxow ri wkh vwurqj wudsslqj ehdpv doprvw
83( ri wkh dwrpv zhuh lq wkh h{flwhg vwdwh zkhuh wkh| frxog eh sureh e| rxu vtxhh}hg oljkw rq wkh
9S6@5+I @ 8,$ 9G8@5+I @ 7> 8> 9, wudqvlwlrqv1 Iru wklv sxusrvh d srodul}dwlrq lqwhuihurphwhu +SL, zdv
exlow durxqg wkh PRW/ zlwk zklfk wkh fkdqjh ri wkh srodul}dwlrq dqjoh ri d olqhduo| srodul}hg sureh
frxog eh phdvxuhg1 Zh irxqg lq fkdswhu 8 wkdw wkh SL zdv vhqvlwlyh wr wkh flufxodu eluhiulqjhqfh dqg wkh
olqhdu glfkurlvp ri wkh dwrplf phglxp1 Wkh ?uvw h>hfw lv glvshuvlyh dqg khqfh lw lv h{shfwhg wr grplqdwh
r> uhvrqdqfh zkhuhdv wkh odwwhu lv glvvlsdwlyh dqg grplqdwhv forvh wr uhvrqdqfh1 Wr dfklhyh vhqvlwlylw|
eh|rqg wkh vwdqgdug txdqwxp olplw zh pl{hg d frkhuhqw vwdwh zlwk wkh vtxhh}hg ydfxxp iurp rxu RSR
rq d srodul}lqj ehdpvsolwwhu1 E| dgmxvwlqj wkh uhodwlyh skdvh ehwzhhq wkh wzr ?hogv zh vdz wkdw lw
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lv srvvleoh wr vtxhh}h hlwkhu wkh Vwrnhv sdudphwhu v4 ru v51 Wkh ?uvw ri wkhvh ghvfulehv wkh gl>huhqfh
ehwzhhq wkh olqhduo| srodul}hg frpsrqhqwv dorqj d{hv gluhfwhg ÷78 ghjuhhv uhodwlyh wr wkh { d{lv dqg
wkh odwwhu ghvfulehv wkh hoolswlflw| ri wkh sureh srodul}dwlrq1 Lq wkh SL wkh ?uvw txdqwlw| lv phdvxuhg dqg
khqfh zh vtxhh}hg v4 lq rxu h{shulphqw1 Lq wklv h{shulphqw zh zhuh deoh wr dfklhyh 06 gE txdqwxp qrlvh
uhgxfwlrq lq wkh SL zlwk wkh uhodwlyh skdvh ehwzhhq vtxhh}hg ydfxxp dqg wkh frkhuhqw vwdwh orfnhg1

Lq rughu wr ghulyh dq dwrplf vljqdo d vlqjoh wudsslqj ehdp zdv lqwhqvlw| prgxodwhg dw d 6 PK} udwh/
dqg wkh wudqvihu ri wklv prgxodwlrq wr wkh sureh yld wkh dwrplf "+6, qrqolqhdulw| zdv phdvxuhg1 Xvlqj
wkh srodul}dwlrq vtxhh}hg sureh lq wkh SL zh ghprqvwudwhg dq lpsuryhphqw lq wkh vljqdo wr qrlvh udwlr
ri d idfwru ri 5 uhodwlyh wr d sureh lq wkh frkhuhqw vwdwh1 Lw zdv dovr irxqg wkdw wkh flufxodu eluhiulqjhqfh
grplqdwhg wkh dwrplf vljqdo gxh wr wkh jhrphwu| xvhg lq wklv sduwlfxodu h{shulphqw1

Wr jlyh wkh dwrplf vljqdov wkh dwwhqwlrq wkh| ghvhuyhg/ zh frqgxfwhg lq fkdswhu 9 d vhulhv ri h{shul0
phqwv lq zklfk d sxuho| fodvvlfdo sureh zdv xvhg lq wkh SL1 Qrz wkh wudsslqj ehdpv zhuh doo iuhtxhqf|
prgxodwhg dw d 6 PK} udwh dqg frqvhtxhqwo| wkh lqgxfhg dwrplf glsroh prphqwv zhuh prgxodwhg dv
zhoo1 Wkh vhwxs dvvrfldwhg zlwk wkh SL doorzhg xv wr phdvxuh wkh prgxodwhg srodul}dwlrq urwdwlrq dv zhoo
dv wkh prgxodwhg devruswlrq ri wkh sureh1 Gxh wr wkh ghwxqhg/ vwurqjo| vdwxudwlqj wudsslqj ehdpv wkh
SL dwrplf vljqdo glvsod|hg Dxwohu Wrzqhv vsolwwlqj dqg e| ydu|lqj wkh ghwxqlqj zh frxog lqihu wkh Udel
iuhtxhqf| iurp wkh prgxodwhg devruswlrq wr eh :18 PK}1 Wkh olqhvkdshv ri wkh prgxodwhg devruswlrq
dqg srodul}dwlrq urwdwlrq zhuh irxqg wr eh lq uhdvrqdeoh txdolwdwlyh djuhhphqw zlwk wkh uhvxowv ri d wkuhh
ohyho odgghu prgho1 Krzhyhu wklv prgho dvvxphg wkh dwrpv wr iroorz wkh prgxodwlrq dgldedwlfdoo| zklfk
zdv d vrphzkdw fuxgh dssur{lpdwlrq vlqfh wkh prgxodwlrq iuhtxhqf| zdv frpsdudeoh wr wkh dwrplf
ghfd| udwh ri 816 PK}1 Dv d uhvxow zh irxqg wkh wkhruhwlfdo olqhzlgwk wr eh 506 wlphv vpdoohu wkdq
wkh h{shulphqwdo/ dqg e| frpsdulqj wr d pruh hoderudwh qrqdgldedwlf prgho zh frxog dffrxqw iru d
olqheurdghqlqj ri 41; wlphv wkh qdwxudo olqhzlgwk1 Wkh uhvlgxdo eurdghqlqj/ zklfk lv frpprqo| hqfrxq0
whuhg lq PRW vshfwurvfrs|/ lv dwwulexwhg wr wkh txdguxsroh pdjqhwlf ?hog durxqg wkh PRW wrjhwkhu
zlwk wkh olqhzlgwk ri wkh wudsslqj odvhu1 Iurp wkh prgxodwhg devruswlrq vljqdov zh irxqg wkdw zh zhuh
vhqvlwlyh wr derxw 437 wudsshg dwrpv1 Wkh prgxodwhg srodul}dwlrq urwdwlrq vljqdov zhuh dw ohdvw dq rughu
ri pdjqlwxgh vpdoohu wkdq wkh prgxodwhg devruswlrq vljqdov/ dqg wkhlu vl}h dqg vkdsh zdv irxqg wr eh
yhu| vhqvlwlyh wr wkh wuds doljqphqw dqg wkh uhodwlyh lqwhqvlw| lq wkh wudsslqj ehdpv1 Khqfh srodul}dwlrq
vshfwurvfrs| pd| wxuq rxw wr eh xvhixo lq ixwxuh vwxglhv ri wuds g|qdplfv1 Wklv vhulhv ri phdvxuhphqwv
zdv frqfoxghg e| wkh revhuydwlrq ri prgxodwhg srodul}dwlrq urwdwlrq vljqdov xvlqj qrwklqj exw wkh lq0
wulqvlf skdvh qrlvh ri wkh vhplfrqgxfwru wudsslqj odvhu1 Wkhvh odvhuv duh surylglqj oljkw zlwk d vwdeoh
dpsolwxgh exw h{wuhpho| qrlv| skdvh dqg zh ghprqvwudwhg wkdw lw lv srvvleoh wr xvh wkh odwwhu wr surylgh
wkh IP iru vshfwurvfrs|1 Wklv vhulhv ri h{shulphqwv doo jdyh sureh vkrw qrlvh olplwhg vljqdov dqg wkh|
vkrzhg wkh ydoxh ri prgxodwlqj wkh PRW lwvhoi udwkhu wkdq wkh sureh lq rughu wr ghulyh vshfwurvfrslf
vljqdov1 E| dsso|lqj IP wr wkh sureh lw lv hdv| wr hqfrxqwhu sureohpv ri sdudvlwlf DP gxh wr lpshuihfw
prgxodwlrq dqg frqyhuvlrq ri IP lqwr DP dv d uhvxow ri glvshuvlrq lq rswlfdo hohphqwv dv zhoo dv lq wkh
dwrpv1 Vxfk DP zrxog olplw wkh vhqvlwlylw| ri wkh phdvxuhphqw dqg dovr pdnh lw lpsrvvleoh wr uhdfk
wkh vkrw qrlvh olplw1

Wkh PRW h{shulphqwv zhuh frqfoxghg zlwk wkh revhuydwlrq ri wkh txdqwxp qrlvh ri wkh dwrplf vslq
lq fkdswhu :1 Lq wklv h{shulphqw wkh sureh odvhu zdv orfnhg wr wkh dwrplf uhvrqdqfh dqg khqfh wkh flufxodu
eluhiulqjhqfh zdv qrw h{shfwhg wr jlyh vljql?fdqw frqwulexwlrqv1 Lq rughu wr ghvfuleh wkh olqhdu glfkurlvp
zh gh?qhg d svhxgrvslq/ �M / zlwk { dqg | frpsrqhqwv sursruwlrqdo wr wkh doljqphqw ri wkh froohfwlyh
dwrplf pdjqhwlf prphqw dorqj wkh fruuhvsrqglqj d{hv1 Wkh } frpsrqhqw ghvfuleh wkh surmhfwlrq ri wkh
froohfwlyh dwrplf vslq rq wkh } d{lv vhw e| wkh sursdjdwlrq ri wkh sureh1 Wkh phdq ydoxh ri wklv vslq zdv
vkrzq wr eh frqwuroohg lq wkh wudqvyhuvh +{> |, gluhfwlrq e| wkh uhodwlyh skdvh ri wkh â. dqg âý sxpslqj
?hogv gulylqj wkh wzr wudqvlwlrqv1 Khqfh zh vhh wkdw wkh wudqvyhuvh doljqphqw lv sdudooho wr wkh olqhdu
srodul}dwlrq ri d sxps ?hog1 Wkh orqjlwxglqdo frpsrqhqw kdv d phdq ydoxh ghwhuplqhg e| wkh gl>huhqfh
ehwzhhq wkh lqwhqvlwlhv ri wkh wzr sxps ?hogv1 Wkh txdqwxp qrlvh ri wkh svhxgrvslq zdv vkrzq wr eh d
uhvxow ri wkh vsrqwdqhrxv dwrplf ghfd| dqg khqfh lw fdq eh frqvlghuhg d txdqwxp qrlvh lq wkh vhqvh wkdw
lw lv d uhvxow ri frxsolqj ri wkh dwrplf glsroh prphqw wr wkh txdqwxp  xfwxdwlrqv ri wkh hohfwurpdjqhwlf
?hog1 D vhulhv ri ghshqghqflhv ri wkh dwrplf vslq qrlvh rq ydulrxv sdudphwhuv zdv sxw iruzdug dqg wkh
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prvw lpsruwdqw ri wkhvh zdv wkh ghshqghqfh ri wkh qrlvh srzhu rq wkh qxpehu ri surehg dwrpv/ Q 1 Iru
whfkqlfdo qrlvh wkh qrlvh srzhu zdv irxqg wr jurz dv Q5 zkhuhdv wkh vwrfkdvwlf txdqwxp qrlvh jurzv
olnh Q 1 Fuxgh hvwlpdwhv vkrzhg wkdw wkh udwlr ri txdqwxp vslq qrlvh wr sureh vkrw qrlvh rqo| zdv d ihz
shufhqw dqg khqfh d vhwxs/ lq zklfk wkh odwwhu frxog eh ghwhfwhg iru rswlfdo srzhuv dv vpdoo dv d ihz
kxqguhg qZ/ zdv frqvwuxfwhg1 Wkh vslq qrlvh lv pd{lpxp iru dq rswlfdo ghswk ri 425 dqg frqvhtxhqwo|
zh kdg wr lpsuryh rxu PRW e| exloglqj d Wl=Vdsskluh wudsslqj odvhu wr surylgh wkh wudsslqj ehdpv1
Wkh jdlq iurp wklv zdv wzrirog= Iluvw zh kdg pruh srzhu lq wkh wudsslqj ehdpv dqg khqfh zh frxog
pdnh wkh wuds odujhu1 Dq rswlfdo ghswk ri 41; zdv revhuyhg rq wkh sureh wudqvlwlrq dqg wkh wrwdo qxpehu
ri wudsshg dwrpv zdv durxqg 43;1 Vhfrqg wkh Wl=Vdsskluh surylghg oljkw zklfk frqwdlqhg pxfk ohvv
whfkqlfdo qrlvh wkdq wkh glrgh odvhu dw wkh ghwhfwlrq iuhtxhqf| vr wkdw wkh lqgxfhg whfkqlfdo vslq qrlvh
zdv nhsw vpdoo1 Zh irxqg wkh ghwhfwhg dwrplf vslq qrlvh wr jurz olqhdu lq Q zlwklq :( dqg khqfh
zh revhuyhg wkh txdqwxp qrlvh ri wkh froohfwlyh vslq ri d odujh qxpehu ri dwrpv iru wkh ?uvw wlph1 E|
dsso|lqj IP wr wkh wudsslqj odvhu zh ghprqvwudwhg wkh wudqvlwlrq iurp txdqwxp wr whfkqlfdo vslq qrlvh
pdqlihvwhg lq d fkdqjh ri wkh ghshqghqfh rq wkh qxpehu ri wudsshg dwrpv iurp olqhdu wr txdgudwlf1
Ilqdoo| zh ghprqvwudwhg d vlpsoh h{shulphqwdo vlwxdwlrq zkhuh wkh txdqwxp vslq qrlvh ri wkh wudsshg
dwrpv olplwhg wkh vljqdo wr qrlvh lq prgxodwlrq vshfwurvfrs|1

431416 Txdqwxp whohsruwdwlrq

Lq fkdswhu ; wkh uhvxowv ri wkh dxwkruv ylvlw dw wkh Txdqwxp Rswlfv Jurxs ri Fdoliruqld Lqvwlwxwh ri
Whfkqrorj| zhuh suhvhqwhg1 Khuh dwwhpswv zhuh pdgh wr whohsruw d txdqwxp vwdwh gh?qhg lq d Kloehuw
vsdfh ri lq?qlwh glphqvlrqv1 Xs wr wklv gdwh rqo| wkh whohsruwdwlrq ri glvfuhwh txdqwxp yduldeohv ryhu
pdfurvfrslf glvwdqfhv kdg ehhq ghprqvwudwhg1

E| xwlol}lqj wzr +doprvw, lqghshqghqw vtxhh}hg ?hogv zh zhuh deoh wr fuhdwh wzr hqwdqjohv ?hogv
zlwk fruuhodwhg dpsolwxghv dqg dqwlfruuhodwhg skdvhv vlplodu wr wkh rxwsxw ri d qrqghjhqhudwh RSR1
Wkh fruuhodwlrqv zhuh irxqg wr uhgxfh wkh qrlvh lq wkh gl>huhqfh ehwzhhq wkh dpsolwxghv ri wkh wzr
?hogv e| 04 gE ehorz wkh vwdqgdug txdqwxp olplw fruuhvsrqglqj wr d uhpdlqlqj qrlvh ri :<(1 Rqh
ri wkhvh hqwdqjohg ?hogv zdv xvhg wr uhdg rxw wkh txdqwxp vwdwh wr eh whohsruwhg e| phdqv ri wzr
krprg|qh ghwhfwruv doljqhg wr phdvxuh ruwkrjrqdo txdgudwxuhv1 E| shuiruplqj d frqwlqxxp ri skdvh
vsdfh glvsodfhphqwv rq wkh rwkhu ehdp ghshqglqj rq wkh rxwfrph ri wkh krprg|qh phdvxuhphqwv/ wkh
lqsxw txdqwxp vwdwh frxog eh uhfrqvwuxfwhg dw dqrwkhu srlqw lq vsdfh duelwudulo| idu dzd| iurp wkh
ghwhfwruv1 Wkh qhfhvvlw| ri eurdgfdvwlqj wkh uhvxowv ri wkh phdvxuhphqwv fodvvlfdoo| hqvxuhv wkdw qr
lqirupdwlrq wudqvihu wdnhv sodfh idvwhu wkdq wkh vshhg ri oljkw1 Lq wkh h{shulphqw rqo| d UI vlghedqg
ri wkh lqsxw vwdwh zdv whohsruwhg dqg khqfh wkh skdvh vsdfh glvsodfhphqwv frxog eh pdgh e| phdqv ri
dsso|lqj DP ri IP wr d frkhuhqw vwdwh ehlqj ryhuodsshg zlwk wkh vhfrqg hqwdqjohg ehdp1 Wr yhuli|
wkh whohsruwdwlrq d wklug krprg|qh ghwhfwru zdv phdvxulqj wkh txdgudwxuhv ri wkh whohsruwhg vwdwh1 D
?gholw| ri hqwdqjohphqw/ I / ehwzhhq wkh lqsxw vwdwh dqg wkh whohsruwhg vwdwh zdv sursrvhg dv d phdvxuh
ri wkh txdolw| ri wkh whohsruwdwlrq surwrfro1 D ?gholw| ri 4 fruuhvsrqgv wr shuihfw txdqwxp whohsruwdwlrq1

Wkh ehvw fodvvlfdo shuirupdqfh ri vxfk d whohsruwdwlrq vhwxs zrxog uhwxuq wkh lqsxw txdqwxp vwdwh
zlwk wzr dgglwlrqdo xqlwv ri ydfxxp qrlvh1 Rqh ri wkhvh frph iurp wkh vlpxowdqhrxv ghwhfwlrq ri
wzr qrqfrppxwlqj revhuydeohv dw wkh krprg|qh ghwhfwruv dqg wkh rwkhu frphv iurp wkh skdvh vsdfh
glvsodfhphqwv1 Wklv txdqwxp wdul> kdv ehhq fdoohg wkh txdqwxp gxw| ri txgxw| lq vkruw1 Wkh txgxw|
zdv vhhq wr olplw wkh ?gholw| ri dq| vfkhph/ xwlol}lqj rqo| fodvvlfdo ?hogv/ wr eh ohvv wkdq 3181 Lq wkh
h{shulphqw d frkhuhqw vwdwh zdv whohsruwhg dqg wkh txgxw| zdv revhuyhg lq wkh whohsruwhg vwdwh lq wkh
devhqfh ri qrqfodvvlfdo fruuhodwlrqv1 Lq wkh h{shulphqw zh whohsruwhg d frkhuhqw vwdwh/ dqg e| hpsor|lqj
wkh qrqfodvvlfdo oljkw/ wkh qrlvh ohyho ri wkh whohsruwhg vwdwh zdv irxqg wr gurs 4=5 ÷ 3=5 gE ehorz wkh
fodvvlfdo qrlvh ohyho1 Khqfh wkh lqirupdwlrq vwruhg lq wkh lqsxw vwdwh zdv wudqvihuuhg zlwk dq h!flhqf|
ehwwhu wkdq fodvvlfdo rewdlqdeoh1 Wkh qrlvh ohyho iurp wkh wzr krprg|qh ghwhfwlrqv ri wkh lqsxw vwdwh
zdv irxqg wr lqfuhdvh e| 3=88 ÷ 3=: gE vlqfh ohvv lqirupdwlrq kdg wr eh rewdlqhg khuh lq rughu qrw
wr ylrodwh wkh qr forqlqj wkhruhp1 Wkhvh lvvxhv lqglfdwhg wkdw txdqwxp whohsruwdwlrq ri frqwlqxrxv
txdqwxp yduldeohv zdv ghprqvwudwhg iru wkh ?uvw wlph1 Ixuwkhu hylghqfh zdv surylghg e| d vhulhv ri
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phdvxuhphqwv ri wkh qrlvh ri wkh whohsruwhg vwdwh dv wkh vwuhqjwk ri wkh skdvh vsdfh glvsodfhphqwv zdv
ydulhg1 Iurp wkhvh zh lqihuuhg d pd{lpxp ?gholw| ri I @ 3=8; ÷ 3=36 fohduo| kljkhu wkdq wkh ehvw
fodvvlfdo ydoxh ri 3181 Wklv kljk ?gholw| frxog qrw kdyh ehhq dfklhyhg zlwkrxw wkh xvh ri d qrqorfdo vwdwh
dqg khqfh zh frqfoxghg wkdw zh shuiruphg txdqwxp whohsruwdwlrq ri wkh frqwlqxrxv txdgudwxuh skdvhv
ri wkh hohfwurpdjqhwlf ?hog1 D vhulhv ri phdvxuhphqwv zlwkrxw wkh xvh ri qrqfodvvlfdo oljkw jdyh d kljkhvw
?gholw| ri I @ 3=7; ÷ 3=36/ forvh wr 3181 Wklv vkrzv wkdw rxu whohsruwdwlrq vhwxs zdv qhduo| rswlpl}hg
wr shuirup lghdo fodvvlfdo whohsruwdwlrq1

Rxu whohsruwdwlrq vfkhph khog wkh dgydqwdjh ryhu suhylrxv vfkhphv/ lqwhqghg iru whohsruwdwlrq ri
glvfuhwh yduldeohv/ wkdw wkh lqsxw vwdwh zdv whohsruwhg zlwk dq h!flhqf| ehwwhu wkdq <3(1 Lq frqwudvw
wr wklv wkh h!flhqflhv ri wkh glvfuhwh whohsruwdwlrq vfkhphv duh rq wkh rughu ri 43ý;1 Ixuwkhupruh rxu
vfkhph whohsruwhg lq uhdo wlph zlwkrxw wkh qhfhvvlw| ri dq| ghwhfwlrq surwrfro/ lq zklfk wkh vshfl?f
hyhqwv ri lqwhuhvw frxog eh vhohfwhg1 Lq wkh suhylrxv vfkhphv wkh ghwhfwlrq sod|hg dq hvvhqwldo uroh iru wkh
whohsruwdwlrq surfhvv1 Dv d uhvxow wkh whohsruwhg vwdwh zdv dozd|v devruehg rq wkh ghwhfwruv dqg frxog
qrw eh xvhg lq rwkhu frqwh{wv1

431417 Lqwhuqdoo| sxpshg RSR

Lq fkdswhu < wklv wkhvlv zdv frqfoxghg zlwk wkh uhvxow ri d wkhruhwlfdo surmhfw wkdw wkh dxwkru kdv ehhq
zrunlqj zlwk lq sdudooho wr wkh h{shulphqwdo zrun1 Khuh wkh Lqwhuqdoo| sxpshg RSR +LRSR, zdv
wuhdwhg vhplfodvvlfdoo|1 Wklv ghylfh lv vlpso| d iuhtxhqf| grxeohu lq zklfk wkh vhfrqg kduprqlf gulyhv d
qrqghjhqhudwh RSR1 Wkh wuhdwphqw lqfoxghg wkh srvvlelolw| ri kdylqj wkh vhfrqg kduprqlf uhvrqdqw lq
wkh fdylw| zlwk dq duelwudu| ghwxqlqj ru kdylqj wkh vhfrqg kduprqlf hvfdslqj wkh fdylw|1 Wkh wkuhvkrog
iru sdudphwulf rvfloodwlrqv lq wkh LRSR zdv ghulyhg dqg wklv zdv irxqg wr ghshqg fulwlfdoo| rq zkhwkhu
wkh vhfrqg kduprqlf zdv uhvrqdqw ru qrquhvrqdqw dqg rq wkh ghwxqlqj ri wklv ?hog1 Iru wkh uhvrqdqw
vhfrqg kduprqlf dqg qr ghwxqlqj wkh wkuhvkrog zdv irxqg wr ehfrph yhu| vpdoo dv d uhvxow ri wkh
odujh exlog xs/ dqg zlwk odujh ghwxqlqj wkh wkuhvkrog jurzv yhu| kljk dv d uhvxow ri wkh ghvwuxfwlyh
lqwhuihuhqfh ri wkh vhfrqg kduprqlf1 Wkh txdqwxp qrlvh ri wkh ixqgdphqwdo dqg wkh grzqfrqyhuwhg
?hogv zdv fdofxodwhg ehorz wkh LRSR wkuhvkrog xvlqj d olqhdul}dwlrq surfhgxuh1 Lq wkh iruphu ?hog d
txdqwxp qrlvh uhgxfwlrq ri 426 zdv irxqg zlwk qr ghwxqlqj ri wkh vhfrqg kduprqlf1 Doorzlqj iru d
?qlwh ghwxqlqj wkh qrlvh uhgxfwlrq lq wkh ixqgdphqwdo fdq eh lpsuryhg wr 526 dv d uhvxow ri wkh qhjdwlyh
ihhgedfn ri wkh vhfrqg kduprqlf ?hog gulylqj wkh ghjhqhudwh sdudphwulf grzqfrqyhuvlrq lqwr wklv prgh1

Wkh vtxhh}lqj lq vxekduprqlf ?hogv zdv irxqg wr uhvhpeoh wkh rxwsxw ri wkh frqyhqwlrqdo h{whuqdoo|
sxpshg RSR1 Wkh pdmru gl>huhqfhv duh wkdw wkh wkuhvkrog ri wkh LRSR zdv ghvfulehg lq whupv ri wkh
ixqgdphqwdo sxps/ zkhuhdv wkh h{whuqdoo| sxpshg RSR lv gulyhq e| wkh vhfrqg kduprqlf1 Ixuwkhupruh
lq wkh h{whuqdoo| sxpshg RSR wkh qrlvh uhgxfwlrq lv irxqg lq wkh txdgudwxuhv ghvfulelqj wkh gl>huhqfh
ehwzhhq wkh dpsolwxghv dqg wkh vxp ri wkh skdvhv1 Gxh wr wkh fdvfdghg lqwhudfwlrq zlwk wkh qrqolqhdu
phglxp lq wkh LRSR dq dgglwlrqdo ä@5 skdvhvkliw rffxuv dqg khqfh vtxhh}lqj lv irxqg lq wkh ruwkrjrqdo
txdgudwxuhv ghvfulelqj wkh vxp ri wkh dpsolwxghv dqg wkh gl>huhqfh ri wkh skdvhv ri wkh vxekduprqlf
?hogv1 Wklv wxuqhg rxw wr eh lpsruwdqw iru wkh qrlvh surshuwlhv ri wkh ?hog uh hfwhg r> wkh LRSR fdylw|
durxqg wkh ixqgdphqwdo iuhtxhqf|1 Li zh frqvlghu wkh sxps ?hog uh hfwhg gluhfwo| r> wkh fdylw| wr dfw dv
d orfdo rvfloodwru iru d khwhurg|qh phdvxuhphqw/ wkh dgglwlrqdo skdvhvkliw lq wkh LRSR uhvxowv lq vwurqj
vtxhh}lqj dw iuhtxhqflhv ehlqj dq lqwhjhu wlphv wkh fdylw| iuhh vshfwuxp udqjh vlqfh orqjlwxglqdo fdylw|
prghv sodfhg v|pphwulfdoo| durxqg wkh ixqgdphqwdo duh vwurqjo| fruuhodwhg gxh wr wkh qrqghjhqhudwh
grzqfrqyhuvlrq1 Durxqg }hur iuhtxhqf| wkh lqwhudfwlrq zlwk wkh vhfrqg kduprqlf ?hog uhgxfh wklv
vtxhh}lqj wr 427 forvh wr wkuhvkrog1 D ?qlwh vhfrqg kduprqlf ghwxqlqj zrxog fdxvh d pl{lqj ri wkh
vtxhh}hg dqg dqwlvtxhh}hg txdgudwxuhv dqg khqfh qrlvh vslnhv vkrz xs lq wkh vshfwuxp ri dpsolwxgh
qrlvh1

Wkh vlpsolflw| ri wkh LRSR vhwxs pdnhv lw dwwudfwlyh iru sxusrvhv zkhuh vtxhh}lqj dw kljk iuhtxhqflhv
duh ghvluhg1 Lq idfw prqrolwklf yhuvlrqv ri wklv ghylfh kdv douhdg| ehhq rshudwhg deryh wkuhvkrog dqg wkh|
kdyh suryhq wr eh vwdeoh vrxufhv ri zlgho| wxqdeoh oljkw1 Krzhyhu wkh txdqwxp qrlvh ri wkh uh hfwlrq ri
wkh LRSR lv vwloo ohiw wr eh lqyhvwljdwhg h{shulphqwdoo|1
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4315 Rxworrn
Wkh h{shulphqwdo dqg wkhruhwlfdo zrun ghvfulehg lq wklv wkhvlv krogv wkh srwhqwldo wr eh h{whqghg lq qhz
gluhfwlrqv1 Wklv vhfwlrq/ frqfoxglqj wkh wkhvlv/ zloo surylgh dq rxworrn rq wkh srwhqwldo sdwkv zklfk fdq
eh iroorzhg1

431514 Vslq vtxhh}lqj dqg hqwdqjohg dwrplf hqvhpeohv

D qdwxudo frqwlqxdwlrq ri wkh dwrplf vslq qrlvh h{shulphqw zloo eh wr vhhn wr uhgxfh wklv qrlvh e| fuhdwlqj
d Vtxhh}hg Vslq Vwdwh1 Wkhvh vwdwhv kdv ehhq sursrvhg fuhdwhg e| devruelqj vtxhh}hg ydfxxp lq wkh
dwrplf phglxp dqg wkhuhe| wudqvihuulqj wkh fruuhodwlrqv iurp wkh oljkw wr wkh dwrpv1 Dv zh vdz lq
fkdswhu :/ d sureohp zlwk wklv dssurdfk lv wkh vsrqwdqhrxv ghfd| ri wkh froohfwlyh dwrplf vslq/ zklfk
frxsohv wkh vslq wr wkh  xfwxdwlrqv ri wkh iuhh ydfxxp lq dgglwlrq wr wkh vtxhh}hg ydfxxp1 Krzhyhu lw
kdv ehhq vkrzq wkdw lq d vwhdg| vwdwh vlwxdwlrq zkhuh d shuihfwo| vtxhh}hg ?hog lv devruehg frpsohwho|
lq wkh dwrplf phglxp/ d 83( uhgxfwlrq ri wkh vslq  xfwxdwlrqv lv dfklhydeoh^433`1 E| pl{lqj vtxhh}hg
ydfxxp zlwk d frkhuhqw vwdwh rq d srodul}lqj ehdpvsolwwhu dv ghvfulehg lq fkdswhu 8 dqg vhqglqj wkh
frpelqhg ?hog wkurxjk d txduwhu zdyh uhwdughu/ d â. srodul}hg vtxhh}hg ?hog dqg d âý srodul}hg frkhuhqw
?hog fdq eh fuhdwhg1 Wkhvh fdq qrz lqwhudfw zlwk üp @ .4 dqg üp @ ý4 wudqvlwlrqv lq dq hqvhpeoh ri
frog/ wudsshg dwrpv1 Dv d uhvxow rqh ri wkh wudqvyhuvh frpsrqhqwv ri wkh svhxgrvslq gh?qhg lq fkdswhu
: fdq eh vtxhh}hg1 Wkh gluhfwlrq dorqj zklfk wkh vslq lv vtxhh}hg lv vhw e| wkh uhodwlyh skdvh ehwzhhq
wkh frkhuhqw vwdwh dqg wkh vtxhh}hg ydfxxp^43`1 Gxh wr wkh frkhuhqw âý srodul}hg ?hog/ wkh phdq vslq
zloo srlqw lq wkh qhjdwlyh } gluhfwlrq1 Wkh gluhfwlrq ri wklv vslq yhfwru zloo eh gh?qhg zlwklq dq hoolsvh
lq wkh +{> |, sodqh zlwk pdmru dqg plqru d{hv vhw e| wkh qrlvh lq wkh wzr txdgudwxuhv ri wkh vtxhh}hg
ydfxxp dqg wkh rulhqwdwlrq lv vhw e| wkh uhodwlyh skdvh ehwzhhq vtxhh}hg ydfxxp dqg wkh frkhuhqw ?hog1

Lw pd| suryh srvvleoh wr hydgh wkh sureohp ri orrvlqj wkh vslq vtxhh}lqj gxh wr dwrplf ghfd|1 E|
hpsor|lqj wzr Udpdq wudqvlwlrqv xvlqj d vwurqj frkhuhqw ?hog dqg rqh sduw ri d vhw ri hqwdqjohg ?hogv
lq hdfk wudqvlwlrq/ lw pd| eh srvvleoh wr uhdfk dqrwkhu k|shu?qh ohyho ri wkh jurxqg vwdwh ru d phwdvwdeoh
h{flwhg vwdwh1 Dv d uhvxow hqwdqjohg sdluv ri dwrpv lq gl>huhqw vslq vwdwhv fdq eh fuhdwhg uhvxowlqj lq
d vtxhh}hg froohfwlyh vslq1 Ehfdxvh wkh ?qdo vwdwhv ri wkh Udpdq wudqvlwlrqv fdq kdyh d orqj olihwlph/
wkh fruuhodwlrqv pd| vxuylyh iru vhyhudo ploolvhfrqgv ru hyhq vhfrqgv ghshqglqj rq wkh froolvlrq udwh lq
wkh dwrplf phglxp1 Wkh hqwdqjohg ?hogv xvhg khuh frxog iru lqvwdqfh eh wkh rxwsxw ri d qrqghjhqhudwh
RSR ru wkh sureh xvhg lq wkh srodul}dwlrq lqwhuihurphwhu lq fkdswhu 8 zklfk fdq eh vkrzq wr frqvlvw ri
txdqwxp fruuhodwhg â. dqg âý srodul}hg skrwrqv1

Wkh odvw lghd pd| eh h{whqghg rqh vwhs ixuwkhu e| frqvlghulqj wzr glvwlqjxlvkdeoh dwrplf hqvhpeohv
vxfk dv d grxeoh PRW ru wzr pdjqhwlf vxevwdwhv wudsshg lq d pdjqhwlf wuds1 E| h{flwlqj rqh dwrplf
hqvhpeoh zlwk rqh hqwdqjohg ?hog dqg wkh rwkhu hqvhpeoh zlwk wkh vhfrqg ?hog/ wkh wzr pdfurvfrslf
dwrplf hqvhpeohv fdq eh pdgh hqwdqjohg lq wkh HSU vhqvh1 Vxfk hqwdqjohg hqvhpeohv pd| suryh xvhixo
iru txdqwxp frpsxwdwlrq dqg nh| glvwulexwlrq lq txdqwxp fu|swrjudsk|1

Wkh suhvhqw zrun lq wkh Ddukxv Txdqwxp Rswlfv Ode lv ghyrwhg wr uhdol}lqj wkh deryh rxwolqhg lghdv
h{shulphqwdoo|/ krzhyhu wkh revwdfohv wr furvv ehiruh uhdfklqj wkhvh jrdov duh vwloo frqvlghudeoh1

431515 Txdqwxp frppxqlfdwlrq iru whohsruwdwlrq dqg fu|swrjudsk|

Whohsruwdwlrq ri d txdqwxp vwdwh ryhu pdfurvfrslf glvwdqfhv uhtxluhv wudqvihu ri wkh txdqwxp lqirupd0
wlrq vwruhg lq wkh vwdwh1 Khqfh wkh whohsruwdwlrq vhwxs ghvfulehg lq fkdswhu ; frxog uhodwlyho| hdv| eh
prgl?hg wr whvw rwkhu dvshfwv ri wkh wkhru| ri Txdqwxp Frppxqlfdwlrq1 Rqh ri wkhvh lv wkh txdqwxp
fu|swrjudsk| zkhuh lqirupdwlrq fdq eh vwruhg lq d txdqwxp vwdwh zklfk lv eurdgfdvw iurp Dolfh wr Ere1
Dffruglqj wr wkh Khlvhqehuj xqfhuwdlqw| sulqflsoh wklv txdqwxp vwdwh dqg khqfh wkh lqirupdwlrq fdqqrw
eh ghwhfwhg e| dq hdyhvgursshu zlwkrxw dowhulqj wkh vwdwh/ lq zklfk fdvh wkh hdyhvgursslqj fdq eh uh0
yhdohg1 Lq rxu whohsruwdwlrq h{shulphqw wkh fodvvlfdo skrwrfxuuhqw vhqw iurp wkh krprg|qh ghwhfwruv dw
Dolfh wr wkh dfwxdwru dw Ere zdv yhu| qrlv| dv d uhvxow ri wkh lqfuhdvhg qrlvh lq d vlqjoh ri wkh hqwdqjohg
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ehdpv1 D zhdn vljqdo frxog hdvlo| eh hqfrghg lq wkh txdqwxp vwdwh wr eh whohsruwhg/ dqg gxh wr wkh
qrlv| skrwrfxuuhqw lw zrxog eh lpsrvvleoh wr h{wudfw wkh vljqdo zlwkrxw wkh vhfrqg hqwdqjohg ehdp wr
fdqfho wkh qrlvh1 Lq wklv zd| wkh vhfrqg ehdp frxog eh pdgh wkh nh| zlwk zklfk wkh lqirupdwlrq hq0
fu|swhg e| Dolfh fdq eh ghfu|swhg/ dqg wkh skrwrfxuuhqw frxog dfw dv d sxeolf frppxqlfdwlrq fkdqqho1
Surylghg wkh lghdv rxwolqhg lq vhfwlrq 431514 zrunv/ lw pd| hyhq wxuq rxw wr eh srvvleoh wr vwruh wkh
txdqwxp lqirupdwlrq ri wkh vhfrqg ehdp lq d orqj olyhg dwrplf v|vwhp/ zklfk wkhq fdq eh wudqvsruwhg
e| frxulhu iurp Dolfh wr Ere zkhuh wkh vwruhg lqirupdwlrq fdq eh h{wudfwhg dqg wkh wudqvplwwhg vljqdo
ghfu|swhg1 Lw vkrxog eh vwuhvvhg khuh wkdw wkhvh lghdv uho| rqo| rq kdqgzdylqj dujxphqwv vr idu/ dqg
wkdw wkh vhfxulw| ri wklv nlqg ri txdqwxp fu|swrjudsk| pd| wxuq rxw wr eh yhu| gl!fxow wr suryh dv d
uhvxow ri wkh lq?qlwh qxpehu ri glphqvlrqv lq wkh Kloehuw vsdfh xvhg1

Dqrwkhu ?hog ri Txdqwxp Lqirupdwlrq/ lqwr zklfk wkh txdqwxp whohsruwdwlrq h{shulphqw frxog eh
h{whqghg/ lv wkh ghqvh frglqj ri lqirupdwlrq1 Lq dqdorj| wr wkh ghqvh frglqj ri gljlwdo lqirupdwlrq
ghprqvwudwhg xvlqj hqwdqjohg wzr vwdwh sduwlfohv^445`/ wkh hqwdqjohg ?hogv/ gulylqj wkh txdqwxp whoh0
sruwdwlrq lq fkdswhu ;/ frxog eh xvhg iru vxshughqvh frglqj ri dqdorjxh vljqdov1 Fohduo| wklv frxog eh
ri juhdw lqwhuhvw lq rswlfdo frppxqlfdwlrq/ zkhuh lqfuhdvlqjo| kljkhu edqgzlgwkv duh qhhghg lq rughu wr
ghdo zlwk wkh pdvvlyh dprxqwv ri lqirupdwlrq eurdgfdvw lq rxu prghuq vrflhw|1

431516 Wkh LRSR dv d frpsdfw vtxhh}hu

Ilqdoo| wkh txdqwxp qrlvh uhgxfwlrq lq wkh uh hfwlrq ri wkh lqwhuqdoo| sxpshg RSR durxqg wkh iuhh
vshfwuxp udqjh ri wkh LRSR fdylw| ghvhuyhv wr eh lqyhvwljdwhg h{shulphqwdoo|1 Wzr pdmru sureohpv
dulvh lq wklv frqwh{w= Iluvw wkh iuhh vshfwuxp udqjh ri dq rswlfdo uhvrqdwru lv w|slfdoo| vhyhudo kxqguhgv
ri PK} wr d ihz JK} dqg khqfh idvw skrwrglrghv zlwk kljk txdqwxp h!flhqf| duh qhhghg lq rughu
wr revhuyh wkh vtxhh}lqj1 Vhfrqg wkh rswlfdo srzhu uh hfwhg r> wkh LRSR lv frqvlghudeoh xqohvv wkh
wkuhvkrog fdq eh pdgh yhu| orz1 Wklv frxog fdxvh sureohpv zlwk vdwxudwlrq ri wkh ghwhfwru1 Wkh ?uvw
sureohp fdq eh vroyhg e| frqvwuxfwlqj dq LRSR fdylw| vhyhudo phwhuv orqj1 Iru d 6 p orqj uhvrqdwru iru
lqvwdqfh/ wkh iuhh vshfwuxp udqjh lv 433 PK} zklfk lv zlwklq wkh edqgzlgwk ri vwdqgdug kljk iuhtxhqf|
ghwhfwruv1 D vroxwlrq wr wkh vhfrqg sureohp frxog eh wr uhvrqdwh wkh vhfrqg kduprqlf/ iru lqvwdqfh lq d
vhsdudwh uhvrqdwru zlwk d kljk ?qhvvh lq zklfk fdvh wkh wkuhvkrog lq sulqflsoh frxog eh pdgh duelwudulo|
orz1 Krzhyhu wklv dggv wkh dgglwlrqdo frpsolfdwlrq ri dqrwkhu vhuyrorrs nhhslqj wkh vhfrqg kduprqlf
uhvrqdwru rq uhvrqdqfh/ dqg dv zh vdz lq fkdswhu < dq| ghwxqlqj ri wkh vhfrqg kduprqlf vkrxog eh
dyrlghg lq rughu wr nhhs wkh vxekduprqlf txdgudwxuhv doljqhg wr wkh sxps1

Fxuuhqwo| dwwhpswv duh ehlqj pdgh lq wkh Ddukxv Txdqwxp Rswlfv Ode wr frqvwuxfw dq LRSR dqg
revhuyh wkh vtxhh}lqj lq wkh uh hfwlrq ri wklv1



Dsshqgl{ D

Fodvvlfdo RSR wkhru|

Lq wklv dsshqgl{ wkh RSR zloo eh wuhdwhg fodvvlfdoo| wdnlqj lqwr dffrxqw wkh irfxvhg Jdxvvldq ehdpv
hqwhulqj wkh qrqolqhdu lqwhudfwlrq1 Wkh jrdo ri wklv fdofxodwlrq lv wr lghqwli| wkh irfxvlqj zklfk zloo
plqlpl}h wkh RSR wkuhvkrog dqg frqvhtxhqwo| pd{lpl}h wkh sdudphwulf jdlq1

Wkh vwduwlqj srlqw ri rxu fodvvlfdo fdofxodwlrqv lv wkh zdyh htxdwlrq zlwk vrxufhv ghulyhg iurp wkh
Pd{zhoo htxdwlrqv ë

u5 ý q
5

f5
C

Cw5

ê
�H+�u> w, @ ç3

C5 �S

Cw5
+D14,

Khuh �H lv wkh hohfwulf ?hog dqg �S lv wkh pdfurvfrslf srodul}dwlrq ri wkh qrqolqhdu phglxp1 f lv wkh vshhg
ri oljkw/ q lv wkh lqgh{ ri uhiudfwlrq dqg ç3 lv wkh ydfxxp shuphdelolw|1 Pdnlqj qrz wkh iroorzlqj dqvdw}
iru rxu vljqdo dqg lgohu hohfwulf ?hogv �H÷/ dqg wkh vhfrqg kduprqlf sxps ?hog �H5

�Hm+�u> w, @ a%mHm+�u,hl+nm}ý$mw,> m @ i.>ý> 5j +D15,

zkhuh a% lv wkh srodul}dwlrq xqlw yhfwru/ dqg hpsor|lqj wkh vorzo| ydu|lqj hqyhorsh dssur{lpdwlrqñññC5H÷C}5

ñññá n÷
ñññCH÷C} ñññ > ñññCH÷C} ñññá n÷ mH÷m >

ñññCH÷Cw ñññá $÷ mH÷m +D16,

zh hqg xs zlwk wkh sdud{ldo zdyh htxdwlrq zlwk vrxufhv

hl+n÷}ý$÷w,
ë
u5W . 5ln÷

C

C}

ê
H÷+�u, @ ç3a%÷ ü

C5 �S

Cw5
+D17,

Wkh zdyhqxpehuv kdyh ehhq gh?qhg dv n÷ @ q÷$÷@f/ dqg wkh wudqvyhuvh Odsodfldq lv jlyhq e| u5W @
C5@C{5.C5@C|51 Vr idu wkh dssurdfk kdv ehhq txlwh jhqhudo dqg fdq eh dssolhg wr dq| olqhdu ru qrqolqhdu
surfhvv1 Wxuqlqj qrz wrzdugv wkh surfhvv ri sdudphwulf grzqfrqyhuvlrq zh frqvlghu wkh vrxufh whup ri
wkh irup

ç3a%÷ ü
C5 �S

Cw5
@
[
l>m>n

+%÷,l "lmn ^H5+�u> w,`m
û
Húö+�u> w,

ú
n
> il> m> nj @ i{> |> }j +D18,

zkhuh H5 lv wkh sxps ?hog dqg "lmn lv wkh vhfrqg rughu qrqolqhdu whqvru1 Zh qrz gh?qh dq h>hfwlyh
qrqolqhdu lqwhudfwlrq vwuhqjwk " vxfk wkdw

ç3a%÷ ü
C5 �S

Cw5
@ "

k
a%ú5 ü �H5+�u> w,

l k
a%ö ü �Húö+�u> w,

l
+D19,

Reylrxvo| " lv ghshqglqj rq wkh jhrphwu| ri wkh sureohp1
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Jlyhq wkdw rxu RSR fdylw| lv erxqghg e| vskhulfdo pluuruv/ wkh lqwudfdylw| ?hog prgh lv nqrzq wr
eh Jdxvvldq1 Wkh Jdxvvldq ?hog lv fkdudfwhul}hg e| irxu sdudphwhuv= Wkh zdlvw srvlwlrq +} @ 3,/ wkh
Ud|ohljk ohqjwk }3 dqg wzr lqglfhv vshfli|lqj wkh dqjxodu ?hog glvwulexwlrq1 Wkh odwwhu zloo eh rplwwhg
lq wkh iroorzlqj iru vlpsolflw|1 Wkh h{solflw irup ri wkh Jdxvvldq WHP33 prgh lv

Hm+�u, @ Dm+x,

4 . lx
h{s

ë
ý ã5

4 . lx

ê
> x @

}

}3
> ã5+è, @

ä
ý
{5 . |5

ü
è}3

> m @ i.>ý> 5j +D1:,

Khuh è lv wkh zdyhohqjwk lq ydfxxp dqg D lv wkh ?hog dpsolwxgh1 Zh qrwh wkdw wkh Ud|ohljk ohqjwk }3
lv lqghshqghqw rq wkh zdyhohqjwk/ zkhuhdv wkh udgldo frruglqdwh ã grhv ghshqg rq è1 Wkh wrwdo srzhu
lq d Jdxvvldq ehdp lv irxqg wr eh

S +x, @
4

7
f%3è}3 mD+x,m5 +D1;,

zkhuh %3 lv wkh ydfxxp shuplwwlylw|1
Lqvhuwlqj +D1:, lq +D17,/ zh ?qg wkh htxdwlrqv ri prwlrq iru wkh Jdxvvldq dpsolwxghv

4

D÷
gD÷
gx

H÷ @ ýl å
7

D5D
úö

4 . x5
hýléxhý

5ã5

4.lx hý
ã5

4ýlx +D1<,

zkhuh wkh glphqvlrqohvv qrqolqhdu frxsolqj frqvwdqw å kdv ehhq gh?qhg dv å @ è}3"@ä dqg wkh glphq0
vlrqohvv skdvhplvpdwfk lv jlyhq e| é @ }3 +n. . ný ý n5,1 Ghulylqj +D1<, d vpdoo vsolwwlqj ehwzhhq
vljqdo dqg lgohu iuhtxhqflhv kdv ehhq dvvxphg/ vxfk wkdw èýýè. á +è. . èý, @51 Ilqdoo| wkh ã xvhg lq
+D1<, lv gh?qhg dffruglqj wr +D1:, iru wkh zdyhohqjwk è @ 5äf@$/ zkhuh $ lv kdoi wkh sxps iuhtxhqf|1

Iurp +D1<, lw lv fohdu wkdw wkh vsdwldo prgh ri grzqfrqyhuwhg ?hogv lq wkh RSR lv qrw d sxuh WHP33/
hyhq wkrxjk wkh sxps prgh lv1 Li krzhyhu wkh RSR fdylw| lv vwdelol}hg wr eh uhvrqdqw iru wkh WHP33

prghv ri wkh iuhtxhqflhv $÷/ wkh h{sdqvlrq ri wkh grzqfrqyhuwhg ?hog prghv rq wkh fdylw| WHP prghv
zloo rqo| kdyh dq dssuhfldeoh dpsolwxgh rq wkh WHP331 Frqvhtxhqwo| doo kljkhu rughu prghv zloo eh
ljqruhg zkhq wkh uljkw dqg ohiw kdqg vlghv ri +D1<, duh h{sdqghg rq WHP prghv ri H÷/ dqg dv d uhvxow
zh ?qg

4

D÷
gD÷
gx

]
V

mH÷m5 gV @ ýl å
7

D5D
úöDú÷

4ý lx hýléx
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h
ý 7ã5

4.x5

4 . x5
gV +D143,

Shuiruplqj qrz wkh lqwhjudwlrq ryhu wkh wudqvyhuvh frruglqdwhv/ V/ zh ?qg wkh orqjlwxglqdo htxdwlrq ri
prwlrq ri wkh RSR

gD÷
gx

@ ýl å
;
D5D

ú
ö
hýléx

4ý lx ý ý÷D÷ +D144,

Lq wkh htxdwlrq deryh zh kdyh dgghg wkh lqwudfdylw| orvvhv iru wkh vljqdo dqg lgohu prghv ý÷ e| kdqg
lq wkh dwwhpsw wr wdnh lqwr dffrxqw wkh uroh ri wkh fdylw| durxqg rxu "+5, phglxp1 Zh qrwh wkdw lq wkh
olplw ri vpdoo lqwudfdylw| orvvhv ý÷c@}3 * +W÷ . O÷, @5/ zkhuh c lv wkh fdylw| rswlfdo ohqjwk dqg W÷ dqg
O÷ duh wkh fdylw| frxsohu wudqvplvvlrq dqg uhpdlqlqj orvvhv wr wkh vljqdo dqg lgohu prghv uhvshfwlyho|1
Wkh glvwlqfwlrq ehwzhhq wkh wzr vrxufhv ri orvv lv frqyhqlhqw zkhq rqh lv orrnlqj dw wkh txdqwxp qdwxuh
ri wkh RSR1 Wkh frpelqhg v|vwhp ri qrqolqhdu phglxp dqg fdylw| lv looxvwudwhg lq ?jxuh D14+d,1

Ilqdoo| zh ghpdqg wkdw wkh vljqdo dqg lgohu ?hogv duh uhvrqdqw lq wkh RSR uhvrqdwru/ phdqlqj wkdw
zkhq zh lqwhjudwh +D144, ryhu rqh fdylw| urxqgwuls zh pxvw jhw }hur1 Wklv lv hdvlo| vhhq iurp wkh ohiw
kdqg vlgh=

U
+CD÷@Cx,gx @ D÷+c, ý D÷+3, @ 3 iru d uhvrqdqw ?hog1 Grlqj wkh lqwhjudwlrq zh hqg xs

zlwk wkh iroorzlqj vhw ri frxsohg krprjhqrxv htxdwlrqv3EEC
f. fL 3 3
fúL fý 3 3
3 3 fý fL
3 3 fúL f.

4FFD
3EEC
D.
Dúý
Dý
Dú.

4FFD @ F �D@�3 +D145,
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A2

A+/-

K Γ-Kχ(2) B1
in

A1
in

A1
out

A1
in = αCosωtA1

in = αSinωt

(a)

(b)

t t

Iljxuh D14= +d, Wkh Rswlfdo Sdudphwulf Rvfloodwru/ pdgh xs e| d "+5, fu|vwdo hpehgghg lq dq rswlfdo
fdylw|1 +e, Wkh skdvh vhqvlwlyh jdlq1 Wkh grwwhg olqh lv wkh sxps ?hog dw d iuhtxhqf| 5$1 Ghshqglqj rq
wkh skdvh ri wkh ixqgdphqwdo ?hog lw lv hlwkhu dpsol?hg ru ghdpsol?hg1

Wkh hohphqwv ri F duh gh?qhg dv

f÷ @ ýý÷úfdy> fL @ ýl å;D5L +D146,

zkhuh úfdy @ c@}31 Wkh lqwhjudo L frqwdlqv wkh ghshqghqfh ri wkh qrqolqhdu frxsolqj rq wkh skdvh
plvpdwfk dqg irfxvlqj ri wkh sxps/ dqg lv gh?qhg dv

L @

úfu@5]
ýúfu@5

hýléx

4ý lxgx +D147,

Lw kdv ehhq xvhg wkdw wkh qrqolqhdu lqwhudfwlrq whup lq +D144, rqo| slfnv xs d frqwulexwlrq lq wkh "+5,

fu|vwdo/ zklfk lv sodfhg v|pphwulfdoo| durxqg wkh zdlvw/ dqg frqvhtxhqwo| wkh olplwv ri wkh lqwhjudwlrq
duh vhw e| úfu@5 @ cfu@5}3/ zkhuh cfu lv wkh ohqjwk ri wkh qrqolqhdu phglxp1 Rxu fdofxodwlrq dvvxphv
xqghsohwhg sxps/ phdqlqj wkdw D5 lv frqvwdqw ryhu wkh lqwhjudwlrq1

Lq rughu wr rewdlq qrqwulyldo vroxwlrqv iru wkh grzqfrqyhuwhg ?hogv zh pxvw ghpdqg wkdw

mfL m5 @ f.fý +D148,

zklfk gh?qhv wkh sxps ?hog dpsolwxgh Dwk5 uhtxluhg wr wdnh wkh RSR deryh wkuhvkrogññDwk5 ññ5 @ 97ý.ýýú5fdy
å5 mLm5 +D149,
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Wr hoderudwh d elw pruh rq wklv wkuhvkrog/ zh lghqwli| wkh vlqjoh sdvv qrqolqhdulw| iru vhfrqg kduprqlf
jhqhudwlrq e| xvlqj wkh orqjlwxglqdo htxdwlrq iru wklv surfhvv1 Wklv fdq eh ghulyhg iroorzlqj wkh vdph
surfhgxuh dv deryh wr eh

gD5
gx

@ ý l
7
å
hléx

4 . lx
D54 +D14:,

Qrz lqwhjudwlqj ryhu wkh fu|vwdo dqg xvlqj +D1;,/ zh ?qg wkh vlqjoh sdvv vhfrqg kduprqlf srzhu S5 lq
whupv ri wkh ixqgdphqwdo srzhu S4 dqg frqvhtxhqwo| wkh vlqjoh sdvv qrqolqhdulw| HQO gh?qhg dv

HQO @ S5@S
5
4 @

å5L5

49f%3è}3
+D14;,

zkhuh zh kdyh xvhg wkdw wkh uhdo sduw ri wkh lqwhjudqg ri L lv hyhq dqg wkh lpdjlqdu| sduw lv rgg lq x1
Vlqfh zh lqwhjudwh v|pphwulfdoo| durxqg x @ 3/ L wxuqv rxw wr eh uhdo1

Li zh qrz dsso| +D1;, wr +D149, dqg xvh wkh deryh h{suhvvlrq iru wkh vlqjoh sdvv qrqolqhdulw| zh ?qg
wkh wkuhvkrog sxps srzhu iru wkh RSR wr eh

S wk5 @
ý.ýýú5fdy
HQO

* +W. . O., +Wý . Oý,
7HQO

+D14<,

Rqfh wkh sxps srzhu kdv uhdfkhg wklv ydoxh lqvlgh wkh fu|vwdo/ lw zloo uhpdlq dw wklv ohyho hyhq li wkh
h{whuqdo srzhu lv lqfuhdvhg1 Wkh sk|vlfdo uhdvrq iru wklv lv wkdw dq| dgglwlrqdo sxps srzhu zloo eh
grzqfrqyhuwhg lqwr wkh vljqdo dqg lgohu ?hogv zklfk duh qrq}hur deryh wkuhvkrog1 Wklv lv qrwklqj exw d
qrqolqhdu dqdorjxh ri zkdw lv nqrzq dv jdlq fodpslqj lq +olqhdu, odvhu v|vwhpv^475`1

Wr plqlpl}h wkh wkuhvkrog/ zh reylrxvo| zdqw wr plqlpl}h wkh lqwudfdylw| orvvhv dqg pd{lpl}h wkh
qrqolqhdulw| ri rxu "+5, fu|vwdo1 Wkh odwwhu lv vhhq iurp +D14;, wr ghshqg rq wkh irfxvlqj dqg skdvh
plvpdwfk wkurxjk L dqg wkh }3 frqwdlqhg lq å1 Frqvhtxhqwo| zh zdqw wr pd{lpl}h wkh txdqwlw|

HQO@ñ @
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úfu
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4 . x5
gx
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+D153,

zkhuh ñ @ ècfu"
5@;ä5f%3 lv d frqvwdqw lqghshqghqw rq wkh irfxvlqj1 Wkh pd{lpxp ydoxh ri HQO@ñ

lv 5=468 fruuhvsrqglqj wr úfu @ 8=9:8 dqg é @ érsw @ 3=8:7/ lq djuhhphqw zlwk suhylrxvo| dfklhyhg
uhvxowv fdofxodwhg e| xvlqj gl>udfwlrq wkhru|^476`1 Iurp ?jxuh D15 lw lv vhhq wkdw wkh pd{lpxp ri wkh
qrqolqhdulw| lv udwkhu eurdg dqg frqvhtxhqwo| d fkdqjh lq úfu ri 58( rqo| uhgxfhv wkh qrqolqhdulw| zlwk
derxw 43(1 Lw lv dovr qrwhg wkdw wkh rswlpxp frqyhuvlrq rffxuv iru qrq}hur skdvh plvpdwfk1 Wklv lv
d gluhfw frqvhtxhqfh ri wkh glyhujhqfh ri d Jdxvvldq ehdp1 Wkh glyhujhqfh uhvxowv lq d ehdp zklfk lv
frpsrvhg ri zdyhyhfwruv wkdw duh qrw sdudooho wr wkh d{lv ri sursdjdwlrq h{fhsw yhu| forvh wr wkh fhqwhu ri
wkh ehdp1 Wklv lv lq frqwudvw wr d sodqh zdyh/ zkhuh wkh zdyhyhfwruv hyhu|zkhuh lq wkh ehdp duh sdudooho
wr wkh d{lv ri sursdjdwlrq1 Dv d uhvxow zh qhhg wkh skdvh plvpdwfk wr eh qrq}hur iru wkh Jdxvvldq ehdp
lq rughu wr jhw dq dssuhfldeoh frqwulexwlrq wr wkh qrqolqhdu frqyhuvlrq iurp wkh rxwhu sduwv ri wkh ehdp1
Iurp ?jxuh D15 zh ?qg wkdw }hur skdvh plvpdwfk é @ 3 zloo uhgxfh wkh qrqolqhdulw| zlwk doprvw 83(/
lqglfdwlqj wkdw wkh ehdp glyhujhqfh lv lqghhg dq lpsruwdqw lvvxh zkhq wkh qrqolqhdu frqyhuvlrq kdv wr
eh rswlpl}hg1

Wkh deryh wuhdwphqw fdq eh dssolhg wr wkh ghjhqhudwh RSR dv zhoo1 Doo zh qhhg wr gr lv wr vhw
ý. @ ýý @ ý1 Zlwk wklv lq plqg zh duh qrz wxuqlqj wrzdugv wkh skdvh vhqvlwlyh ghjhqhudwh Rswlfdo
Sdudphwulf Dpsol?hu/ zlwk wkh jrdo ri fdofxodwlqj wkh skdvh vhqvlwlyh jdlq ri wklv ghylfh1

Wkh htxdwlrq ri prwlrq iru wkh ghjhqhudwh RSR lv rewdlqhg iurp +D144, e| sxwwlqj D. @ Dý @ D41
Zh lpdjlqh wkdw wkh jdlq lv phdvxuhg e| vhhglqj wkh RSR zlwk d zhdn frkhuhqw ehdp/ dqg phdvxulqj
wkh wudqvplvvlrq ri wklv ehdp wkrxjk wkh rxwsxw frxsohu1 Lq wklv fdvh zh ?qg wkh htxdwlrq ri prwlrq

gD4
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@ ýl å
;
D5D

ú
4

hýléx

4ý lx ý ýD4 .
u
c

f
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5NDlq4 .

s
5 +ýýN,Elq4

l
+D154,



DSSHQGL[ D1 FODVVLFDO RSR WKHRU\ 453

0 2 4 6 8 10
0,0

0,5

1,0

1,5

2,0

2,5  κ=κopt

 κ=0

 κ=0.5

 κ=1

E
N

L/
β

Λcr

Iljxuh D15= Vlqjoh sdvv qrqolqhdulw| yv1 úfu @ cfu@}3 iru gl>huhqw ydoxhv ri wkh skdvh plvpdwfk é @
+n. . ný ý n5,}31

zkhuh N lv wkh glphqvlrqohvv ghfd| udwh wkurxjk wkh rxwsxw frxsohu/ dqg Dlq4 dqg Elq4 duh wkh lqsxw
?hogv wkurxjk wkh rxwsxw frxsohu dqg dqrwkhu pluuru uhvshfwlyho|1 Wklv lv vkrzq lq ?jxuh D141 Li zh
djdlq ghpdqg wkdw D4 lv uhvrqdqw lq wkh RSR fdylw|/ dqg gh?qlqj wkh skdvh ë ri D4 zh rewdlq

D4 @

u
c

f

s
5NDlq4 .

s
5 +ýýN,Elq4

+4 . lhý5lëâ, ý
+D155,

zkhuh zh kdyh gh?qhg wkh RSR sxps sdudphwhu â @ D5@Dwk5 @
s
S5@S wk5 / dqg irxqg wkh wkuhvkrog wr

eh Dwk5 @ ;ýúfdy@åL1 Wkh skdvh ri wkh sxps kdv ehhq fkrvhq wr eh }hur/ phdqlqj wkdw D5 lv uhdo1 E|
dsso|lqj wkh erxqgdu| frqglwlrq rq wkh rxwsxw frxsohu lq wkh olplw ri kljk pluuru uh hfwlylw|

Drxw4 @

u
f

c

s
5ND4 ýDlq4 +D156,

zh ?qg wkh RSR rxwsxw ?hog wr eh

Drxw4 @
5ìDlq4 . 5

s
ì +4ý ì,Elq4

4 . lhý5lëâ
ýDlq4 +D157,

zkhuh zh kdyh gh?qhg ì @ N@ý1 Lw vkrxog eh qrwhg wkdw khuh zh kdyh fkrvhq wkh lqsxw ?hogv wr kdyh
}hur skdvh/ dqg wkh skdvh uhodwlyh wr wkh sxps h{suhvvhg wkurxjk ë fdq qrz eh dgmxvwhg e| ydu|lqj wkh
sxps skdvh1
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Wkh srzhu wudqvplwwhg wkurxjk wkh RSR qrupdol}hg wr wkh lqsxw srzhu á fdq qrz eh zulwwhq xs
gluhfwo| dv

á @
ñññ4ýlhý5lëâ4.lhý5lëâ

ñññ5 > Elq4 @ 3> ì * 4
á @ 7ì+4ýì,

m4.lhý5lëâm5 > D
lq
4 @ 3

+D158,

Khuh zh duh qrw lqwhuhvwhg lq wkh fdvh zkhuh erwk lqsxw ?hogv duh qrq}hur1 Wkh skdvh vhqvlwlyh jdlq
J+ë> â, gh?qhg dv á+â,@á+â @ 3, fdq qrz eh irxqg wr eh

JD @
ñññ4ýlhý5lëâ4.lhý5lëâ

ñññ5 > Elq4 @ 3> ì * 4
JE @

ñññ 4
4.lhý5lëâ

ñññ5 > Dlq4 @ 3
+D159,

Reylrxvo| lw pdnhv d gl>huhqfh zkhwkhu wkh jdlq lv phdvxuhg e| vhhglqj wkh RSR wkrxjk wkh rxwsxw
frxsohu +Elq4 @ 3, ru wkurxjk d kljk uh hfwru +Dlq4 @ 3,1 Lq erwk fdvhv wkh jdlq lv pd{lpxp iru ë @ ýä@7/
lq zklfk fdvh zh ?qg JD @ +4.â,5@+4ýâ,5 dqg JE @ +4ýâ,ý51 Iru dq RSR rq wkuhvkrog +â @ 4, wkh
skdvh vhqvlwlyh jdlq lv vhhq wr glyhujh1 Wklv lqglfdwhv wkdw rxu wkhru| lv qrw ydolg durxqg wklv srlqw/ vlqfh
lq?qlwh jdlq uhtxluhv lq?qlwh hqhuj| sxpshg lqwr wkh v|vwhp1 Fohduo| wklv hqhuj| lv qrw dydlodeoh iurp
wkh sxps1 Forvh wr wkuhvkrog wkh sxps ghsohwlrq ehfrphv lpsruwdqw gxh wr wkh odujh hqhuj| wudqvihu
iurp wkh sxps ?hog wr wkh vxekduprqlfv1 Wklv h>hfw zdv qhjohfwhg lq rxu wuhdwphqw/ khqfh zh jhw wkh
devxug uhvxow ri lq?qlwh jdlq1 Plqlpxp jdlq lv irxqg iru ë @ ä@7/ zkhuh JD @ +4ý â,5@+4 . â,5 dqg
JE @ +4 . â,

ý51 Khuh wkh gl>huhqfh ehwzhhq wkh wzr phwkrgv ri vhhglqj vwulnhv xv/ vlqfh rq wkuhvkrog
JD @ 3 zkhuhdv JE @ 4@71 Wkh vdph phfkdqlvpv uhvsrqvleoh iru wkh skdvh vhqvlwlyh jdlq ri wkh
ghjhqhudwh RSR/ duh uhvsrqvleoh iru wkh vtxhh}hg rxwsxw1



Dsshqgl{ E

Whohsruwdwlrq ri glvfuhwh Txdqwxp
Yduldeohv

Zlwk wkh jrdo ri ylvxdol}lqj wkh edvlf sk|vlfdo lqjuhglhqwv qhhghg lq txdqwxp whohsruwdwlrq/ zh suhvhqw
khuh wkh ruljlqdo sursrvdo ri Ehqqhww hw1 do1^446`/ lq zklfk wkh txdqwxp vwdwh ri d vslq 425 sduwlfoh lv
whohsruwhg1 Wkh zrun kruvh lq wklv vfkhph lv d vr fdoohg HSU vlqjohw/ lq zklfk wzr sduwlfohv/ odehohg
*5* dqg *6*/ duh hqwdqjohg lq wkh vwdwh

ññô+ý,ò
56
@ 5ý4@5 +m%l5 m&l6 ý m&l5 m%l6,/ zkhuh m%lghvfulehv rqh

sduwlfoh zlwk vslq xs dqg m&lghvfulehv d sduwlfoh zlwk vslq grzq1 Fohduo| wklv lv d kljko| fruuhodwhg vwdwh/
hqwdqjolqj wkh sk|vlfdo revhuydeohv +wkh vslq surmhfwlrq lq wklv fdvh, ri wkh wzr sduwlfohv ehlqj duelwudulo|
idu dzd| iurp hdfk rwkhu1 Wkh txdqwxp vwdwh wr eh whohsruwhg lv wkh vslq vwdwh m!l4 @ ò m%l4 . ñ m&l4 ri
d sduwlfoh odehohg *4*1

Vlqfh qr lqirupdwlrq derxw wkh vwdwh m!l4 pxvw eh rewdlqhg lq wkh ghwhfwlrq/ wkh mrlqw v|vwhp ri
sduwlfohv *4* dqg *5* lv surmhfwhg rq wkh ruwkrqrupdo edvlv ri hljhqvwdwhv iru wkh Ehoo rshudwru^477`1 Iru
d wzr sduwlfoh v|vwhp wklv lv jlyhq e| wkh iroorzlqj irxu vwdwhvññô+÷,ò

45
@ 5ý4@5 +m%l4 m&l5 ÷ m&l4 m%l5,

ññõ+÷,ò
45
@ 5ý4@5 +m%l4 m%l5 ÷ m&l4 m&l5, +E14,

Fohduo| d surmhfwlrq rqwr dq| ri wkhvh irxu vwdwhv uhyhdov qrwklqj derxw wkh lqlwldo vslq vwdwh ri sduwlfoh
*4*1 Ixuwkhupruh phdvxulqj dq| rqh ri wkh Ehoo vwdwhv lv htxdoo| olnho| uhjdugohvv ri wkh xqnqrzq txdqwxp
vwdwh m!l41

Wkh wrwdo txdqwxp vwdwh ri wkh frpelqhg wkuhh sduwlfoh v|vwhp lv jlyhq e|

môl456 @ m!l4
ñññô+ý,H

56
+E15,

Wklv fdq eh h{sdqghg lq wkh Ehoo edvlv dv

môl456 @ 4
5

ûññô+ý,ò
45
+ýò m%l6 ý ñ m&l6, .

ññô+.,ò
45
+ýò m%l6 . ñ m&l6,.

.
ññõ+ý,ò

45
+ñ m%l6 . ò m&l6, .

ññõ+.,ò
45
+ýñ m%l6 . ò m&l6,

ú +E16,

Iurp +E16, lw lv fohdu wkdw ghshqglqj rq wkh rxwfrph ri wkh Ehoo phdvxuhphqw d vlpsoh xqlwdu| wudqv0
irupdwlrq rq wkh ?qdo txdqwxp vwdwh ri sduwlfoh *6* lv uhtxluhg lq rughu wr uhjdlq wkh ruljlqdo txdqwxp
vwdwh/ m!l 1 Wkh fruuhvsrqghqfh ehwzhhq wkh phdvxuhphqwv dqg wkh wudqvirupdwlrqv lv dv iroorzvññô+.,ò

45
$
ë ý4 3
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ê
>
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ê
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ë

3 4
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ê
>
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45
$
ë
3 4
4 3

ê +E17,

Wkh txdqwxp whohsruwdwlrq vfkhph kdv ehhq looxvwudwhg lq ?jxuh E141
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Bell measurement

EPR source

‘2’ ‘3’‘1’

|φ〉1

|φ〉3Unitary
transformation

|Ψ(-)〉23

|Φ(+)〉12

Classical communication

Iljxuh E14= Wkh txdqwxp whohsruwdwlrq vfkhph dv lw lv sursrvhg e| Ehqqhww hw1 do1 iru vslq 425 sduwlfohv1
D mrlqw Ehoo phdvxuhphqw rq wkh lqsxw txdqwxp vwdwh dqg rqh sduwlfoh ri dq HSU sdlu uhvxowv lq wkh
froodsvh ri wkh zdyhixqfwlrq ri wkh rwkhu sduwlfoh lq wkh HSU sdlu rqwr d frkhuhqw vxshusrvlwlrq ri vslq
vwdwhv1 Wklv lv uhodwhg wr wkh lqsxw vwdwh e| d vlpsoh xqlwdu| wudqvirupdwlrq1

Lw vkrxog eh qrwhg wkdw zlwkrxw wkh lqirupdwlrq derxw/ zklfk xqlwdu| wudqvirupdwlrq wr shuirup/ wkh
sduwlfoh *6* zloo eh lq d udqgrp pl{wxuh ri wkh irxu srvvleoh vwdwhv lq +E16,/ dqg khqfh qr lqirupdwlrq
derxw wkh lqsxw txdqwxp vwdwh m!l4 fdq eh h{wudfwhg e| shuiruplqj d phdvxuhphqw rq wkh sduwlfoh1 Lq
rughu wr frpsohwh wkh whohsruwdwlrq wkh lqirupdwlrq rewdlqhg lq wkh Ehoo phdvxuhphqw pxvw eh wudqvihuuhg
fodvvlfdoo| iurp wkh vlwh ri wkh phdvxuhphqw wr wkh vlwh ri wkh wudqvirupdwlrq lq rughu wr shuirup wkh
uljkw rshudwlrq rq *6*1 Zkhuhdv wkh txdqwxp lqirupdwlrq vwruhg lq wkh qrqorfdo zdyhixqfwlrq

ññô+ý,ò
56
lv

wudqvihuuhg lqvwdqwdqhrxv/ wkh fodvvlfdo lqirupdwlrq rewdlqhg lq wkh phdvxuhphqw pxvw reh| wkh wkhru|
ri uhodwlylw|1 Vlqfh erwk slhfhv ri lqirupdwlrq duh qhhghg lq rughu wr surmhfw wkh ruljlqdo txdqwxp vwdwh
rqwr *6*/ fdxvdolw| lv suhvhuyhg lq wkh whohsruwdwlrq surfhvv1 Wklv glvwlqfwlrq ehwzhhq txdqwxp dqg
fodvvlfdo lqirupdwlrq vkrxog eh xqghuvwrrg lq wkh iroorzlqj zd|1 Wkh Ehoo phdvxuhphqw ohdyhv sduwlfoh
*6* lq d frkhuhqw vxshusrvlwlrq ri wkh wzr srvvleoh vslq vwdwhv1 Dowkrxjk lw lv qrw srvvleoh wr ohduq
derxw wkh ruljlqdo txdqwxp vwdwh iurp wklv/ lw lv vwloo forvho| uhodwhg wr wkh lqsxw vwdwh yld wkh xqlwdu|
wudqvirupdwlrqv1 Wklv lv d uhvxow ri wkh txdqwxp lqirupdwlrq wkdw kdv ehhq wudqvihuuhg1 Wkh fodvvlfdo
sduw ri wkh lqirupdwlrq lv wkh rxwfrph ri wkh Ehoo phdvxuhphqw1 Wklv frxog iru lqvwdqfh eh dq hohfwulfdo
fxuuhqw/ zklfk fdq eh frslhg dqg eurdgfdvw zlwkrxw ylrodwlqj dq| uxohv ri txdqwxp phfkdqlfv1

Wkh dujxphqwdwlrq deryh kdv xvhg rqo| rq olqhdu wudqvirupdwlrqv ri wkh vwdwhv/ dqg khqfh lw lv vwudljkw
iruzdug wr jhqhudol}h wkh irupdolvp wr whohsruwdwlrq ri pl{hg vwdwhv dv zhoo dv sxuh vwdwhv1

Txdqwxp whohsruwdwlrq ri glvfuhwh txdqwxp yduldeohv kdv ehhq uhdol}hg h{shulphqwdoo| lq wkh Txdq0
wxp Rswlfv jurxsv lq Lqqveuxfn^448` dqg Urph^449`1 Lq erwk h{shulphqwv wkh srodul}dwlrq vwdwh ri d
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vlqjoh skrwrq zdv whohsruwhg/ exw zkhuhdv wkh ?uvw jurxs xvhg d srodul}dwlrq hqwdqjohg HSU sdlu/ wkh
vhfrqg jurxs xvhg HSU hqwdqjohg rswlfdo sdwkv1



Dsshqgl{ F

Htxdwlrqv ri prwlrq iru wkh LRSR
txdgudwxuh skdvhv

E| frpelqlqj wkh htxdwlrqv ri prwlrq iru wkh LRSR +<19, zlwk wkh gh?qlwlrqv iru wkh txdgudwxuh skdvh
rshudwruv +<143, dqg +<144,/ zh rewdlq wkh htxdwlrqv ri prwlrq iru wkh txdgudwxuh skdvhv1 Iru wkh
ixqgdphqwdo ?hog wkhvh duh jlyhq e|
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+F14,

zkhuh zh kdyh gh?qhg D @ å5jU@7á dqg wkh F*v dqg V*v duh wkh deeuhyldwlrqv

F4 @ frv+5!ý 5ë4,> F5 @ frv+5ë4 ý ë5,
V4 @ vlq+5!ý 5ë4,> V5 @ vlq+5ë4 ý ë5, +F15,

Wkh *lq* txdgudwxuhv ghvfulelqj wkh ydfxxp ?hogv duh gh?qhg lq dqdorj| zlwk +<143, dv

tlq4 @ dlq4 h
lë4 . +dlq4 ,

|hýlë4 > Tlq4 @ òlq4 h
lë4 . +òlq4 ,

|hýlë4 > tlq5 @ elqhlë5 . +elq,|hýlë5
slq4 @ dlq4 h

lë4 ý +dlq4 ,|hýlë4 > S lq4 @ òlq4 h
lë4 ý +òlq4 ,|hýlë4 > slq5 @ elqhlë5 ý +elq,|hýlë5 +F16,

Vlploduo| zh ?qg wkh htxdwlrqv ri prwlrq iru wkh vxekduprqlfv wr eh
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zkhuh zh kdyh xvhg wkh deeuhyldwlrqv

F6 @ frv+5!ý ë5,> V6 @ vlq+5!ý ë5, +F18,

dqg wkh *lq* txdgudwxuhv djdlq duh gh?qhg dv

tlq÷ @ 4s
5

ûý
dlq. ÷ dlqý

ü
hl! .

ý
+dlq. ,

| ÷ +dlqý ,|
ü
hýl!

ú
slq÷ @ ýls

5

ûý
dlq. ÷ dlqý

ü
hl! ý ý+dlq. ,| ÷ +dlqý ,|ü hýl!ú

Tlq÷ @ 4s
5

ûý
òlq. ÷ òlqý

ü
hl! .

ý
+òlq. ,

| ÷ +òlqý ,|
ü
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ú
S lq÷ @ ýls

5

ûý
òlq. ÷ òlqý

ü
hl! ý ý+òlq. ,| ÷ +òlqý ,|ü hýl!ú

+F19,

Ilqdoo| zh ?qg wkh vhfrqg kduprqlf txdgudwxuhv diwhu wkh qrqolqhdu phglxp wr eh

[5+c, @ E
ûý
[5
4 ý \ 54

ü
+F5 .UV5,ý 5[4\4 +UF5 ý V5, .

ý
[5
. ý \ 5. ý[5ý . \ 5ý

ü
+F6 .UV6,ý

ý5 +[.\. ý[ý\ý, +UF6 ý V6,`
\5+c, @ E

ûý
[5
4 ý \ 54

ü
+UF5 ý V5,ý 5[4\4 +F5 .UV5, .

ý
[5
. ý \ 5. ý[5ý . \ 5ý

ü
+UF6 ý V6,.

.5 +[.\. ý[ý\ý, +F6 .UV6,`
+F1:,

zlwk E gh?qhg wr eh E @ åkU@5 dqg wkh deeuhyldwlrqv iru wkh frvlqhv dqg vlqhv gh?qhg deryh1 Wkh
ixqfwlrqv ã/ ÷ dqg U kdyh ehhq gh?qhg lq +<1:,1 Lq wkh htxdwlrqv +F1:, zh kdyh rplwwhg wkh ydfxxp
lqsxw whupv vlqfh zh duh rqo| lqwhuhvwhg lq fdofxodwlqj wkh vwhdg| vwdwh ydoxhv ri wkh vhfrqg kduprqlf
?hogv1
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vwdwh ?hogv/ zh qrz vhhn wr fkrrvh wkh skdvhv ë4 dqg ! lq d zd| vxfk wkdw wkh vwhdg| vwdwh txdgudwxuhv
ç\4 @ ç[ý @ ç\. @ 31 Nhhslqj lq plqg wkdw wkh h{shfwdwlrq ydoxhv ri wkh *lq* ?hogv duh }hur/ zh uhdglo|
vhh wkdw zh fdq sxw ç\4 @ 3 surylghg zh fkrrvh ë4 vr wkdw

vlq ë4 @ D ç[4
ã ç[5

4 ý +ãF4 . V4,]5s
;éH +F1;,

zkhuh zh kdyh gh?qhg ]5 @ ç[5
.. ç\

5ý1 Zlwk wklv fkrlfh ri ë4 zh ?qg lq d vlplodu zd| wkdw zh fdq fkrrvh
ç[ý @ ç\. @ 3 zkhq ! lv fkrvhq vr wkdw wkh htxdwlrq

ã]5 . ç[5
4 +ãF4 . V4, @ 3 +F1<,

lv reh|hg1 Lw fdq eh fkhfnhg wkdw lw lv dozd|v srvvleoh wr fkrrvh ! vr wkdw +F1<, lv ixo?oohg1 Ehorz
wkuhvkrog ] @ 3 dqg ç[4 9@ 31 Dv d uhvxow zh kdyh wr ghpdqg wkdw ãF4.V4 @ 3 lq rughu wr vdwlvi| +F1<,1
Wklv jlyhv xv wkh qdwxudo fkrlfh ri ! zklfk vkrxog eh xvhg lq rughu wr vhsdudwh wkh vtxhh}hg iurp wkh
dqwlvtxhh}hg txdgudwxuhv1 Qrz wkh vwhdg| vwdwh vroxwlrqv iru wkh vxekduprqlfv uhgxfh wr

D ç[.
û
ç[5
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D

ú
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Dç\ý
û
ç[5
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ú
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+F143,

Fohduo| wkhvh kdyh wkh vroxwlrq ç[. @ ç\ý @ 3 fruuhvsrqglqj wr LRSR rshudwlrq ehorz wkuhvkrog/ krzhyhu
deryh wkuhvkrog zh pxvw ghpdqg wkdw wkh vtxduh eudfnhwv lq +F143, duh }hur1 Frpelqlqj wklv zlwk rxu
fkrlfh ri ! +F1<, lq rughu wr holplqdwh F4 dqg V4/ zh duulyh dw wkh h{flwdwlrq ri wkh vxekduprqlfv deryh
wkuhvkrog zklfk lv jlyhq e| wkh vroxwlrq ri%
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4 +F144,

Vlploduo| zh ?qg wkh ixqgdphqwdo ?hog iurp +F14, wr eh wkh vroxwlrq ri%s
;éH frv ë4
D ç[4

ý ç[5
4 ý

é. ð

D
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ý
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]
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dqg ehorz wkuhvkrog +] @ 3, wklv uhgxfhv wr

ç[4

ë
ç[5
4 .

é. ð

D

ê
@

s
;éH
D

frv ë4 +F146,

Khuh ë4 fdq eh irxqg iurp +F1;, zklfk ehorz wkuhvkrog vlpsol?hv wr

vlq ë4 @
ãDs
;éH

ç[6
4 +F147,

Ilqdoo| zh ?qg iurp +F1:, wkdw wkh vwhdg| vwdwh vhfrqg kduprqlf txdgudwxuh diwhu wkh qrqolqhdu
phglxp ç[5+c, ehfrphv }hur ehorz wkuhvkrog li ë5 lv fkrvhq lq vxfk d zd| wkdw F5 .UV5 @ 31
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