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|�@| �?U*�_it @ ?L�i* hL|@h) u@t| |LL* tih�L� ì �@�i M��*| @ ThL|L|)Ti |�h?�?} 4@U��?i tTiU�@*�3i_ uLh
|�i ThL_�U|�L? Lu T*@t|�U tTiU|@U*i *i?tit |L |it| |��t UL?UiT|� A��t 4@U��?i U@? |�h? �ff 44 _�@4i|ih
|Lh�U T@h|t �@��?} t�hu@Ui @t)44i|h�it Lu �T |L � U4� A�i u@t| |LL* tih�L U@? |h@U! |h@�iU|Lh�it @|
uhi^�i?U�it Lu �T |L Dff O3c @?_ @UUi*ih@|�L?t Lu Dff 4*t2� A�i U@*�Mh@|�L? 4i|�L_t _i�i*LTi_ �? |��t
T@Tih _i|ih4�?i ThiU�ti �@*�it uLh |�i @h4 *i?}|� @?_ i?UL_ih �?_i *LU@|�L?t� A�i UL?|hL* t)t|i4
UL?t�t|t Lu @ UL?�i?|�L?@* �??ih TLt�|�L? UL?|hL* *LLTc uii_uLh�@h_ �*|ih�?}c @?_ hiTi|�|��i UL?|hL*� ì
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D idvw wrro vhuyr lv d vshfldol}hg d{lv rq d odwkh wkdw doorzv wkh pdfklqh wr wxuq dv|pphwulf sduwv1 H{dpsohv
ri wkhvh sduwv lqfoxgh fdpv/ r�0d{lv sduderorlgv/ dqg rskwkdoplf ohqvhv1 Rxu irfxv lq wkh suhvhqw uhvhdufk lv
rq wkh frpphufldo surgxfwlrq ri sodvwlf vshfwdfoh ohqvhv1 Wudglwlrqdo idvw wrro vhuyrv lq wkh olwhudwxuh fduu|
wkh fxwwlqj wrro wkurxjk dq hvvhqwldoo| olqhdu sdwk1 Krzhyhu/ d frqvhtxhqfh ri d olqhdu ghvljq lv wkdw wkh
ehdulqjv/ dfwxdwru/ dqg vxssruw vwuxfwxuh doo frqwulexwh htxdoo| wr wkh pdvv wkdw pxvw eh dffhohudwhg dorqj
zlwk wkh fxwwlqj wrro1 Wkh uhvxowlqj uhdfwlrq irufh dssolhg wr wkh edvh fdq h{flwh vwuxfwxudo uhvrqdqfhv/ dqg
vr frxqwhu0pdvvhv duh riwhq xvhg lq dq dwwhpsw wr frqwdlq wklv irufh ^7`1

Wkh fxwwlqj wrro lq rxu urwdu| idvw wrro vhuyr lv fduulhg dw wkh hqg ri dq ; fp dup wkdw slyrwv derxw
dq d{lv ri urwdwlrq1 Lq wklv idvklrq/ rqo| wkh fxwwlqj wrro dw wkh hqg ri wkh dup pryhv wkurxjk wkh odujhvw
glvsodfhphqw1 Wkh ehdulqjv/ dfwxdwru/ dqg vhqvru/ orfdwhg forvhu wr wkh d{lv ri urwdwlrq/ frqwulexwh ohvv
wr wkh ryhudoo lqhuwld1 Wkh ehqh�wv ri wklv urwdu| frq�jxudwlrq ryhu d olqhdu v|vwhp lqfoxgh vljql�fdqwo|
uhgxfhg uhdfwlrq irufhv/ kljkhu dfklhydeoh dffhohudwlrqv +h{shulphqwdoo| ghprqvwudwhg dw 833 p@v5,/ orzhu
frvw/ dqg pruh frpsdfw vl}h1 Wr ixuwkhu ghyhors wklv frqfhsw zh kdyh exlow d surwrw|sh wxuqlqj pdfklqh
zlwk d urwdu| idvw wrro vhuyr/ dv vkrzq lq Iljxuh 41 Wkh phfkdqlfdo ghvljq ri wkh surwrw|sh pdfklqh kdv
ehhq grfxphqwhg lq ^4` dqg ^5`1 Lq wklv sdshu/ zh suhvhqw fdoleudwlrq dqg frqwuro phwkrgv ghyhorshg iru lw1
D vljql�fdqw phfkdqlfdo fkdqjh wr wkh pdfklqh ghvljq vlqfh wkh grfxphqwhg zrun kdv ehhq wkh dgglwlrq
ri d grxeoh0hqghg dup1 Wkh dup fduulhv d sro|fu|vwdoolqh gldprqg wrro iru urxjklqj fxwv rq rqh hqg/ dqg
d vlqjoh0fu|vwdo gldprqg wrro dw wkh rwkhu1 Lw dovr frqwdlqv dq lqwhjudwhg �h{xuh dvvhpeo| iru wrro khljkw
dgmxvwphqw zlwklq d 53 �p udqjh1 Dq dgydqwdjh ri wkh urwdu|0dup frq�jxudwlrq lv wkdw wkh h{wud wrro fdq
eh dgghg iru qr lqfuhdvh lq pdfklqh vl}h/ dqg rqo| d vpdoo lqfuhdvh lq lqhuwld1
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Iljxuh 4= Gudzlqj dqg skrwrjudsk ri wkh surwrw|sh wxuqlqj pdfklqh xvlqj wkh urwdu| idvw wrro vhuyr1



Iljxuh 5= Gldjudp dqg skrwrjudsk ri wkh whfkqltxh iru ghwhuplqlqj dup ohqjwk dqg furvv0volgh r�vhw1
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Wklv vhfwlrq suhvhqwv rxu odwhvw fdoleudwlrq phwkrgv iru ghwhuplqlqj pruh h{dfw ydoxhv ri wkh wrro dup ohqjwk/
dqg wkh orfdwlrq ri wkh lqgh{ sxovhv rq wkh wrro d{lv dqg furvv volgh hqfrghuv1 D juhdw dvvhw lq fdoleudwlqj
wkh pdfklqh dv zhoo dv ghwhuplqlqj wkh ohqv huuru sur�oh lv rxu rq0erdug phwurorj|/ zklfk frqvlvwv ri d
3140�p uhvroxwlrq olqhdu hqfrghu prxqwhg wr wkh wrro vhuyr krxvlqj1 Wklv hqfrghu phdvxuhv sduw ghswk zlwk
d vfdqqlqj sureh ri nqrzq udglxv Us1 E| vfdqqlqj wkh sureh ryhu wkh sduw/ d vxuidfh sur�oh lv jhqhudwhg1

Zh ghyhorshg d phwkrg zklfk ghwhuplqhv wkh wrro dup ohqjwk Ud dqg wkh furvv0volgh r�vhw {3/ vkrzq lq
Iljxuh 51 Diwhu wkh wrro lv lq sodfh dqg wkh wrro dup khljkw lv dgmxvwhg/ zh fxw d whvw sduw zlwk wkh furvv0volgh
d{lv �{hg dw d nqrzq srvlwlrq {I 1 Wklv irupv d wrurlgdo vxuidfh rewdlqhg e| uhyroylqj wkh duf ri d flufoh
derxw dq d{lv1 Rqfh zh fxw wklv fdoleudwlrq wrurlg/ zh wkhq xvh wkh sureh wr sur�oh lwv vxuidfh1 Wkh jdwkhuhg
gdwd lv xvhg wr �qg wkh duf udglxv dqg glvwdqfh Uf iurp wkh fxvs wr wkh duf fhqwhu wkurxjk d ohdvw0vtxduhv
�w1 Wkh phdvxuhg duf udglxv lv htxdo wr wkh vxp ri wkh wrro dup ohqjwk Ud dqg wrro udglxv Uw/ ohvv wkh sureh
udglxv Us1 Wkh furvv volgh r�vhw {3 lv htxdo wr wkh vxp ri Uf dqg {I 1 Wklv phwkrg doorzv xv wr ghwhuplqh
wkhvh sdudphwhuv wr dq dffxudf| rq wkh rughu ri rqh plfurq1

Iljxuh 6 ghslfwv wkh phwkrg iru ghwhuplqlqj wkh wrro dup r�vhw dqjoh/ e31 Wkh pdfklqh fxwv d vhulhv
ri �dw ohqvhv/ dqg iru hdfk sdvv/ zh uhfrug wkh wrro dup dqjoh el1 Diwhu hdfk sdvv/ zh vwrs wkh vslqgoh dqg
phdvxuh wkh ghswk sl zlwk wkh sureh1 Dv vhhq iurp wkh �jxuh/
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zkhuh s3 lv wkh ghswk ri wkh wrro d{lv lq wkh iudph ri wkh lqglfdwru1 Wkh ydoxh ri Ud lv nqrzq iurp wkh
suhfhglqj h{shulphqw1 D ohdvw0vtxduhv �w wr wkh gdwd wr ghwhuplqhv wkh xqnqrzq sdudphwhuv= wkh uhodwlyho|
xqlpsruwdqw +Uw . s3,/ dqg wkh wrro dup r�vhw dqjoh e31 Wklv phwkrg doorzv xv wr ghwhuplqh wkh wrro dup
r�vhw dqjoh wr zlwklq 3134 pudg1
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Iljxuh 6= Surfhgxuh iru fdofxodwlqj wkh wrro r�vhw dqjoh1
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Iljxuh 7= Ryhudoo frqwuro v|vwhp ghvljq iru wkh idvw wrro vhuyr d{lv1 Wkh frqwuroohu frqwdlqv d frqyhqwlrqdo
lqqhu srvlwlrq orrs/ d ihhgiruzdug �owhu wkdw lqyhuwv wkh srvlwlrq orrs uhvsrqvh rq d iuhtxhqf|0e|0iuhtxhqf|
edvlv/ dqg d uhshwlwlyh frqwuro dojrulwkp wr fruuhfw iru prgholqj huuru dqg h{whuqdo glvwxuedqfhv1
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Wkh frqwuro v|vwhp iru wkh idvw wrro vhuyr frqvlvwv ri wkuhh sduwv1 Wkh �uvw lv d srvlwlrq orrs wkdw dfklhyhv d
forvhg0orrs edqgzlgwk ri 563 K} zlwk frqyhqwlrqdo ohdg0odj frpshqvdwlrq1 Wkh vhfrqg sduw ri wkh frqwuro
v|vwhp lv d ihhgiruzdug �owhu wkdw suh0vkliwv wkh uhtxluhg wrro wudmhfwru| e| wkh phdvxuhg iuhtxhqf| uhvsrqvh
ri wkh srvlwlrq orrs1 Wklv rshq0orrs whfkqltxh lv vhqvlwlyh wr prgholqj huuruv dqg h{whuqdo glvwxuedqfhv
+vxfk dv fxwwlqj ordgv,1 Wkhvh duh fruuhfwhg iru zlwk d uhshwlwlyh frqwuro dojrulwkp zklfk lqfuhdvhv wkh
g|qdplf vwl�qhvv ri wkh d{lv dw wkh pxowlsohv ri wkh vslqgoh iuhtxhqf| zkhuh wkh uhtxluhg wudmhfwru| dqg wkh
glvwxuedqfhv duh frqfhqwudwhg1 Iljxuh 7 vkrzv d eorfn gldjudp ri wkh ryhudoo wrro d{lv frqwuro v|vwhp1 Doo ri
wkh dojrulwkpv duh lpsohphqwhg lq glvfuhwh0wlph rq d SF0edvhg gljlwdo vljqdo surfhvvru dw d 43 nK} vdpsolqj
iuhtxhqf|1

Wkh uhtxluhg wrro srvlwlrq lv fuhdwhg lq uhdo0wlph iurp wkh wkh phdvxuhg srvlwlrqv ri wkh vslqgoh dqg
furvv volgh1 Vxfk d vfkhph h{sorlwv wkh kljk0edqgzlgwk/ kljk0dffhohudwlrq fdsdelolwlhv ri wkh idvw wrro vhuyr
wr dgmxvw iru srvlwlrqlqj huuruv lq wkh rwkhu wzr d{hv1 Wkh vriwzduh vwruhv wkh frh�flhqwv ri d Irxulhu Vhulhv
uhsuhvhqwdwlrq ri wkh wrrosdwk/ dqg wkxv wkh uhtxluhg wudmhfwru| frqvlvwv hqwluho| ri d vxppdwlrq ri vlqxvrlgv
dw lqwhjhu pxowlsohv ri wkh vslqgoh urwdwlrqdo iuhtxhqf|1 Uhsuhvhqwlqj wkh uhtxluhg wrro srvlwlrq dv }/ wkh
furvv volgh srvlwlrq dv {/ dqg wkh vslqgoh dqjoh dv �/ zh kdyh wkdw
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Wkh frh�flhqwv d dqg e duh vwruhg lq wkh orrnxs wdeoh1 W|slfdoo| zh uhtxluh ehwzhhq 9 dqg 43 kduprqlfv
wr fdswxuh wr wuxh vkdsh wr zlwklq vxe0plfurq huuruv1 Zh wkhq xvh wkh phdvxuhg iuhtxhqf| uhvsrqvh ri
wkh srvlwlrq orrs wr suh0vkliw wkh wrro wudmhfwru| rq d iuhtxhqf|0e|0iuhtxhqf| edvlv/ wkxv dssur{lpdwho|
fdqfholqj wkh sodqw g|qdplfv1 Vxfk d ihhgiruzdug �owhu lv yhu| dffxudwh dw lqyhuwlqj wkh sodqw dw sduwlfxodu
iuhtxhqflhv/ dqg lv qrw d�hfwhg e| wkh suhvhqfh ri qrq0plqlpxp skdvh }hurhv1 Ihhgiruzdug �owhulqj dorqh
w|slfdoo| uhgxfhv rxu wudfnlqj huuruv wr ohvv wkdq derxw 5(1

D uhshwlwlyh frqwuro vfkhph ixuwkhu lqfuhdvhv wkh wudfnlqj dffxudf|1 Wklv sduwlfxodu dojrulwkp lv edvhg
rq zrun lq dgdswlyh ihhgiruzdug fdqfhoodwlrq e| Phvvqhu dqg Ergvrq ^6`1 Lw frqwdlqv d vhulhv ri vlqxvrlgdo
jhqhudwruv wkdw surgxfh wkh uhtxluhg frqwuro h�ruw wr gulyh wkh wudfnlqj huuru wr }hur1 Wkh frqfhsw lv vlplodu
wr xvlqj dq lqwhjudwru iru dfklhylqj }hur huuruv xqghu frqvwdqw lqsxwv1 Wklv dojrulwkp lv htxlydohqw wr wkh
olqhdu v|vwhp jlyhq e|
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zkhuh $v uhsuhvhqwv wkh ixqgdphqwdo vslqgoh iuhtxhqf|/ dqg jq lv d frqvwdqw jdlq1 Zh duh fxuuhqwo| dsso|lqj
uhshwlwlyh frqwuro wr wkh �uvw �yh hyhq kduprqlfv ri wkh vslqgoh iuhtxhqf|1



Iljxuh 8= Wrro vhuyr wudfnlqj shuirupdqfh zkloh wxuqlqj d 3{7 wrulf vxuidfh lq dq rswlfdo sodvwlf dw 933 USP1
Wkh ohiw wudfh vkrzv wkh srvlwlrq/ dqg wkh uljkw wudfh vkrzv wkh wudfnlqj huuru1
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Zh duh qrz frqfhqwudwlqj rq dsso|lqj wkh fdoleudwlrq dqg frqwuro dojrulwkpv zlwk wkh jrdo ri wxuqlqj
sodvwlf vshfwdfoh ohqvhv zlwk irup dffxudflhv ri dssur{lpdwho| rqh plfurq/ dqg vxuidfh �qlvkhv ri ohvv wkdq
533 qp Ut 1 Lw wkhq ehfrphv ihdvleoh wkdw vxfk ohqvhv fdq eh frdwhg wr rswlfdo fodulw| gluhfow|/ holplqdwlqj
dq h{lvwlqj wlph0frqvxplqj dqg lqdffxudwh odsslqj dqg srolvklqj surfhvv1 Zh duh qhdu wr vxfk shuirupdqfh
lq wkh suhvhqw surwrw|sh pdfklqh1 Iljxuh 8 vkrzv wkh wudfnlqj shuirupdqfh ri wkh idvw wrro vhuyr v|vwhp
zkhq wxuqlqj d wrulf vxuidfh lq FU6< +d frpprq rswlfdo sodvwlf, zlwk wkh vlqjoh0fu|vwdo wrro1 Wkh wudfh
zdv jdwkhuhg dw d fxwwlqj udglxv ri derxw 63 pp dqg d vslqgoh vshhg ri 933 USP1 Wklv ohqv vxuidfh lv �dw
dorqj rqh d{lv/ dqg kdv d frqfdyh udglxv ri 46518 pp dorqj wkh rwkhu1 Wkh uhvxowlqj f|olqgulfdo vxuidfh
lv frqvlghuhg d yhu| gl�fxow suhvfulswlrq wr fxw e| suhvhqw vwdqgdugv1 Wkh uhvlgxdo wudfnlqj huuru kdv dq
upv ydoxh ri 415 plfurqv/ dqg lv frqfhqwudwhg dw wkh 45wk kduprqlf ri wkh vslqgoh iuhtxhqf|1 Wkh uhshwlwlyh
frqwuro dojrulwkp fdq eh h{sdqghg wr dwwhqxdwh wklv frpsrqhqw ri wkh huuru/ exw dw suhvhqw zh duh dw wkh
olplwv ri surfhvvlqj fdsdelolw| rq rxu GVS1 Zh sodq wr xsjudgh lw lq wkh qhdu ixwxuh/ dqg surfhhg zlwk d
vhfrqg0jhqhudwlrq pdfklqh ghvljq1
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Wkh dxwkruv zrxog olnh wr wkdqn Suri1 Urehuw Krfnhq iurp wkh Xqlyhuvlw| ri Qruwk Fdurolqd dw Fkduorwwh/ dqg
Pu1 Mlp Eu|dq/ iruphuo| ri Odzuhqfh Olyhupruh Qdwlrqdo Oderudwru|/ iru wkhlu h{whqvlyh khos lq ghyhorslqj
wkh fdoleudwlrq surfhgxuhv1 Zh zrxog dovr olnh wr wkdqn PlfurH iru wkhlu grqdwlrq ri dq hqfrghu v|vwhp/
wkh Prruh Wrro Frpsdq| iru wkhlu grqdwlrq ri d pdfklqh edvh/ dqg Ghnd Uhvhdufk iru shuiruplqj wkh HGP
zrun rq wkh wrro dup1 Sruwlrqv ri wklv zrun irup sduw ri wkh Pdvwhuv wkhvhv ri Gdylg Pd dqg Gdylg Fkdujlq/
dqg wkh Grfwrudo wkhvlv ri Vwhskhq Oxgzlfn/ doo lq wkh Phfkdqlfdo Hqjlqhhulqj ghsduwphqw dw P1L1W1
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^4` Vwhskhq M1 Oxgzlfn/ Gdylg D1 Fkdujlq/ Mrvhsk D1 Fdo}duhwwd/ dqg Gdylg O1 Wuxpshu1 Ghvljq ri d urwdu|
idvw wrro vhuyr iru rskwkdoplf ohqv ideulfdwlrq1 Suhflvlrq Hqjlqhhulqj/ 4<<<1 dffhswhg iru sxeolfdwlrq1

^5` Vwhskhq M1 Oxgzlfn/ Gdylg F1 Pd/ dqg Gdylg O1 Wuxpshu1 D urwdu| dup edvhg wxuqlqj pdfklqh iru
rskwkdoplf ohqvhv1 Lq Surfhhglqjv ri wkh 46wk Dqqxdo Phhwlqj ~ Wkh Dphulfdq Vrflhw| iru Suhflvlrq
Hqjlqhhulqj/ yroxph 4;/ sdjhv 86~89/ 4<<;1

^6` Zlooldp Phvvqhu dqg Pduf Ergvrq1 Ghvljq ri dgdswlyh ihhgiruzdug dojrulwkpv xvlqj lqwhuqdo prgho
htxlydohqfh1 Lqwhuqdwlrqdo Mrxuqdo ri Dgdswlyh Frqwuro dqg Vljqdo Surfhvvlqj/ <=4<<~545/ 4<<81

^7` P1 Zhfn/ K1 Rh}phudo/ N1 Nhkonrss/ dqg W1 Whuzhl1 D orqj vwurnh idvw0wrro0vhuyr zlwk dlu ehdulqjv1 Lq
K1 Nxq}pdqq/ hglwru/ Surjuhvv lq Suhflvlrq Hqjlqhhulqj dqg Qdqrwhfkqrorj|/ sdjhv 6<6~6<9/ 4<<:1


