Ghod| Erxqgvlq d Qhwzrun Z lwk Djjuhjdwh Vfkhgxolqj

Dqqd Fkduq|^W Mhdq0\ yhv Oh Erxghf^∨

Dsulo47/ 5333

Devwudfw D oduj h qxp ehuri sur gxfwvlp sohp hqwlqj dj j uhj dwh ex�hulqj dqg vfkhgxolqj p hfk0 dqlvp vkdyh ehhq ghyhors hg dqg ghsor| hg/ dqg vwloop ruh duh xqghughyhorsp hqw1 Z lwk wkh udslg lqfuhdvh lq wkh ghp dqg iru uholdeoh hqg0wr0hqg TrVvroxwlrqv/ lwehfrp hv lq0 fuhdvlqj o| lp s ruwdqwwr xqghuvwdqg wkh lp solfdwlrqv ri dj j uhj dwh vfkhgxolqj rq wkh uhvxowlqj TrVfdsdelolwlhv1 Wklv sds hu vwxglhv wkh erxqgv rq wkh z ruvwfdvh ghod| lq d qhwz run lp sohp hqwlqj dj j uhj dwh vfkhgxolqj 1 Z h ghulyh dq xss huerxqg rq wkh t xhxlqj ghod| dv d ixqfwlrq ri sulrulw| wud! f xwlol}dwlrq dqg wkh p d{lp xp krs frxqwri dq| rz / dqg wkh vkdslqj sdudp hwhuvdwwkh qhwz run lqj uhvv1 Rxuerxqg h{sor ghv dwd fhu0 wdlq xwlol}dwlrq ohyhoz klfk lv d ixqfwlrq ri wkh krs frxqw1 Z h vkrz wkdwiru d j hqhudo qhwz run frq�j xudwlrq dqg oduj hu xwlol}dlrq xwlol}dwlrq dq xss hu erxqg rq ghod| / li lw h{lvwv/ p xvweh d ixqfwlrq ri wkh qxp ehu ri qr ghv dqg2ru wkh qxp ehu ri rz v lq wkh qhwz run1

Nh| zrugv=ghod| / mlwwhu/ dj j uhj dwh vfkhgxolqj / I LI R/ sulrulw| t xhxhlqj / J xdudqwhhg Vhuylfh/ Gl�vhuy

4 Lqwur gxfwlr q dqg Edfnj ur xqg

Lq wkh odvwghfdgh/ wkh sureohp ri surylglqj hqg0wr0hqg TrVj xdudqwhhv lq Lqwhj udwhg Vhu0 ylfhv qhwz runv kdv uhfhlyhg d orwri dwwhqwlrq1 Rqh ri wkh p dmru fkdoohqj hv lq surylglqj kdug hqg0wr0hqg TrV j xdudqwhhv lv wkh sureohp ri vfdodelolw| 1 Wudglwlrqdo dssurdfkhv wr surylglqj kdug hqg0wr0hqg TrVj xdudqwhhv/ z klfk lqyroyh shu rz vlj qdoolqj / ex�hulqj dqg vfkhgxolqj / duh gl! fxow/ li qrwlp srvvleoh/ wr ghsor| lq oduj h LVS qhwz runv1 Dv d uhvxow/ p hwkrgv edvhg rq wud! f dj j uhj dwlrq kdyh uhfhqwo| ehfrp h z lghvsuhdg1 D qrwdeoh h{dp soh ri p hwkrgvedvhg rq dj j uhj dwlrq kdvehhq ghyhorshg lq wkh Gl�huhqwldwhg VhuylfhvZ runlqj j urxs ri LHWI 1Lq sduwlfxodu/ UI F 58<; ^4‘ gh�qhvH{shglwhg I ruz duglqj shuKrs Ehkdylru +HI SKE,/ wkh xqghuo| lqj sulqflsoh ri z klfk lv wr hqvxuh wkdwdwhdfk krs wkh dj j uhj dwh ri wud! f uht xlulqj HI SKE wuhdwp hqwuhfhlyhv vhuylfh udwh h{fhhglqj wkh wrwdoedqgz lgwk uht xluhp hqwvri doo rz vlq wkh dj j uhj dwh dwwklvkrs1 Uhfhqwo| / d orwri sudfwlfdolp sohp hq0 wdwlrqvri HI SKE kdyh hp huj hg z khuh dooHI wud! f lvvkdshg dqg srolfhg dwwkh edfnerqh

WF ruuhvs r qglqj dxwkr u= F lvfr V| vwhp v/ 633 Ds roor Gulyh/ F khop virug/ P D 34: : 9/ id{ +<: ; ,05770; 459/ dfkduq| Cflvfr1frp ∨LF D0HSI O/ LQQ/ Hfxeohqv/ F K0 4348 Odxvdqqh0HSI O/ Vz lw}huodqg/ id{ . 74 54 9<6 9943/ oherxghfChs 1fk

lqj uhvv/ z kloh lq wkh fruh ht xlsp hqwdooHI wud! f vkduhv d vlqj oh sulrulw| I LI R ru vlqj oh klj k0z hlj kwt xhxh lq d Fodvv0Edvhg I dlu Txhxlqj vfkhgxohu1 Vlqfh wkhvh lp sohp hqwdwlrqv r�hu d yhu| klj k ghj uhh ri vfdodelolw| dwfrp sdudwlyho| orz sulfh/ wkh| duh qdwxudoo| yhu| dwwudfwlyh1

Vx! flhqwedqgz lgwk p xvweh dydlodeoh rq dq| olqn lq wkh qhwz run wr dffrp p rgdwh edqgz lgwk ghp dqgv ri doolqglylgxdo rz v uht xlulqj hqg0wr0hqg TrV1Rqh z d| ri hqvxulqj vxfk edqgz lgwk dydlodelolw| lv e| j hqhurxvo| ryhu surylvlrqlqj wkh qhwz run fdsdflw| 1 Vxfk ryhu surylvlrqlqj uht xluhv dght xdwh p hwkrgv iru p hdvxulqj dqg suhglfwlqj wud! f ghp dqgv1

Z kloh d orwri z run lv ehlqj grqh lq wklv duhd/ wkhuh uhp dlqv d vxevwdqwldo frqfhuq wkdw wkh devhqfh ri h{solflwedqgz lgwk uhvhuydwlrqvp d| xqghup lqh wkh delolw| ri wkh qhwz run wr surylghkdug TrVj xdudqwhhv1Dvd uhvxow/ dssurdfkhvedvhg rq h{solflwdj j uhj dwhedqgz lgwk uhvhuydwlrqv xvlqj UVYS dj j uhj dwlrq duh ehlqj sursrvhg ^5‘1 Wkh xvh ri UVYS dj j uhj dwlrq doorz v wkh xqfhuwdlqw| lq edqgz lgwk dydlodelolw| wr eh ryhufrp h lq d vfdodeoh p dqqhu1 Dv d uhvxow/ p hwkrgv edvhg rq UVYS dj j uhj dwlrq fdq surylgh kdug hqg0wr0hqg edqgz lgwk j xdudqwhhvwr lqglylgxdo rz vvkdulqj wkhwud! f dj j uhj dwhz lwk d sduwlfxodudj j uhj dwhUVYS uhvhuydwlrq1

Krz hyhu/ uhj dugohvv ri z khwkhu edqgz lgwk dydlodelolw| lv hqvxuhg e| ryhu surylvlrqlqj / ru e| h{solflwedqgz lgwk uhvhuydwlrqv/ wkhuh uhp dlqv d sureohp ri z khwkhu lwlv srvvleoh wr surylgh qrwrqo| edqgz lgwk j xdudqwhhvexwdovr hqg0wr0hqg odwhqf| dqg mlwwhuj xdudqwhhviru wud! f uht xlulqj vxfk j xdudqwhhv/ lq wkh fdvh z khq rqo| dj j uhj dwh vfkhgxolqj lvlp sohp hqwhg lq wkh fruh1

Dq lp sruwdqwh{dp soh ri wud! f uht xlulqj yhu| vwulqj hqwghod| j xdudqwhhv lv yrlfh1 D srsxodudssurdfk wr vxssruwlqj yrlfh wud! f lvwr xvh HI SKE dqg vhuyhlwdwd klj k sulrulw| 1

Wkh xqghuo| lqj lqwxlwlrq lv wkdwdv orqj dv wkh ordg ri yrlfh wud! f lv vxevwdqwldoo| vp doohu wkdq wkh vhuylfh udwh ri wkh yrlfh t xhxh/ wkhuh z loo eh qr +ru yhu| olwwoh, t xhxhlqj ghod| dqg khqfh yhu| olwwoh odwhqf| dqg mlwwhu1 Krz hyhu/ olwwoh z run kdv ehhq grqh lq t xdqwli| lqj h{dfwo| krz p xfk yrlfh wud! f fdq dfwxdoo| eh vxssruwhg z lwkrxwylrodwlqj vwulqj hqwhqg0 wr0hqg ghod| exgj hwwkdwyrlfh wud! f uht xluhv1

Dqrwkhu h{dp soh z khq d wud! f dj j uhj dwh p d| uht xluh d vwulqj hqwodwhqf| dqg mlwwhu j xdudqwhh lv wkh vr0fdoohg YluwxdoOhdvhg Olqh +YOO, ^4‘1 Wkh xqghuo| lqj lghd ri wkh YOO lv wr surylgh d fxvwrp hu z lwk dq hp xodwlrq ri d ghglfdwhg olqh ri d j lyhq edqgz lgwk ryhu wkh LS lqiudvwuxfwxuh1 Rqh dwwudfwlyh surshuw| ri wkh uhdoghglfdwhg olqh lv wkdwd fxvwrp hu z kr kdv wud! f z lwk glyhuvh TrVuht xluhp hqwv fdq shuirup orfdovfkhgxolqj edvhg rq wkrvh uht xluhp hqwv dqg orfdoedqgz lgwk doorfdwlrq srolflhv/ dqg wkh hqg0wr0hqg TrVh{shulhqfhg e| klv wud! f z loo eh hqwluho| xqghu wkh fxvwrp huv frqwuro1 Rqh z d| wr surylgh d forvh hp xodwlrq ri wklv vhuylfh ryhu LS lqiudvwuxfwxuh frxog eh wr doorfdwh d t xhxh shu hdfk YOO lq d Z I T vfkhgxohu dwhdfk urxwhu lq wkh qhwz run1 Krz hyhu/ vlqfh wkhuh frxog eh d yhu| oduj h qxp ehu ri YOOv lq wkh fruh/ shu0YOO t xhxhlqj dqg vfkhgxolqj suhvhqwv d vxevwdqwldo fkdoohqj h1 Dv d uhvxow/ lwlv yhu| dwwudfwlyh wr xvh dj j uhj dwh t xhxhlqj dqg vfkhgxolqj iru

YOO wud! f dv z hoo1 Krz hyhu/ dj j uhj dwh ex�hulqj vfkhgxolqj lqwurgxfhv vxevwdqwldoo| p ruh mlwwhu wkdq shu0YOO vfkhgxolqj 1 Wklv mlwwhu uhvxowv lq vxevwdqwldoghyldwlrq iurp wkh kdug slsh p rghori wkh ghglfdwhg olqn/ dqg p d| fdxvh vxevwdqwldoghj udgdwlrq ri vhuylfh dv vhhq e| ghod| 0vhqvlwlyh wud! f lqvlgh d j lyhq YOO1 Khqfh/ xqghuvwdqglqj mxvwkrz vhyhuh wkh ghj udgdwlrq ri vhuylfh +dvvhhq e| ghod| vhqvlwlyhwud! f z lwklq d YOO, fdq ehz lwk dj j uhj dwh vfkhgxolqj lv dq lp sruwdqwsureohp wkdwkdv qrwehhq z hooxqghuvwrrg1

Rqh ri wkh j rdov ri wklv grfxp hqwlv wr t xdqwli| wkh vhuylfh j xdudqwhhv wkdwfdq eh

dfklhyhg z lwk dj j uhj dwh vfkhgxolqj 1 Wkhuh duh wz r dssurdfkhvwkdwfdq eh wdnhq lq sxuvxlw ri wklvj rdo1 Rqh lvwr dqdo| }h vwdwlvwlfdoehkdylruri wkh v| vwhp dqg wr t xdqwli| �vwdwlvwlfdo j xdudqwhhv�1 Z kloh d oduj h dp rxqwri z run kdv ehhq grqh lq wklv duhd/ wkhuh lv vwloo dq xqfhuwdlqw| derxwz kdwwkh dssursuldwh wud! f p rgho vkrxog eh1 Lq wklv uhvshfw/ dq lqwhuhvwlqj dssurdfk lv suhvhqwhg e| Eulfkhwhw1 do1 lq ^6‘/ z khuh lwlv frqmhfwxuhg wkdw wkh vwdwlvwlfdo ehkdylru ri shulrglf wud! f hqwhulqj d qhwz run ri ghwhup lqlvwlf vhuyhuv lv �ehwwhu� wkdq wkh ehkdylruri Srlvvrq wud! f1 Li wklvfrqmhfwxuh lvwuxh/ wkhq wkh lp solfdwlrq z rxog eh wkdwwkh t xhxhlqj ghod| dqg uhvxowlqj mlwwhuri vwulfwo| shulrglf wud! f z rxog eh qr z ruvh wkdwwkh ehkdylru ri d wdqghp ri P 2G24 vhuyhuv1 Dqrwkhu dssurdfk wr t xdqwli| lqj ghod| j xdudqwhhv lwwr dqdo| }h wkh ghwhup lqlvwlf z ruvwfdvh shuirup dqfh1 Vxfk dqdo| vlvlv ri lp p hgldwh lp sruwdqfh lq wkh frqwh{wri surylglqj hqg0wr0hqg J xdudqwhhg Vhuylfh ^7‘ dfurvv d qhwz run z lwk dj j uhj dwh vfkhgxolqj / vxfk dvd Gl�vhuy forxg lp sohp hqwlqj HI SKE1Vlqfh J Vgh�qlwlrq uht xluhv dydlodelolw| ri d p hdqlqj ixop dwkhp dwlfdoghod| erxqgv/ wkh delolw| wr surylgh d ghwhup lqlvwlf ghod| erxqg dfurvv d Gl�vhuy forxg z rxog hqdeoh vxssruwlqj hqg0wr0hqg J xdudqwhhg Vhuylfh wr d rz hyhq li lwv sdwk wudyhuvhv d Gl�vhuy grp dlq1 Xqghuvwdqglqj z ruvwfdvh ghod| erxqgv lq d Gl�vhuy forxg lv dovr lp sruwdqwlq wkh frqwh{wri vxssruwlqj YrLS dssolfdwlrqv ryhu d Gl�vhuy qhwz run1 Hqfrghg yrlfh wud! f lv shulrglf e| qdwxuh/ dqg yrlfh j hqhudwhg e| ghylfhv vxfk dv YrLS SE[ v xvlqj kdugz duh frghuv v| qfkurql}hg wr qhwz run VRQHW forfnv fdq dgglwlrqdoo| eh klj ko| v| qfkurql}hg1 Wkh frqvht xhqfh ri shulrglflw| lv wkdwli d edg sdwwhuq rffxuv iru rqh sdfnhwri d rz / lw lv olnho| wr uhshdwlwvhoi shulrglfdoo| iru sdfnhwv ri wkh vdp h rz 1 Wkhuhiruh/ lwlv qrwmxvw d udqgrp lvrodwhg sdfnhwwkdwfdq eh d�hfwhg e| d edg sdwwhuq/ p dnlqj lwyhu| xqolnho| wkdwp ruh wkdq d yhu| vp dooqxp ehuri sdfnhwvri dq| j lyhq rz z looeh d�hfwhg +dqg khqfh mxvwli| lqj wkh dvvxp swlrq wkdwwkh xvhuv z looqhyhu qrwlfh vxfk d uduh hyhqw, 0udwkhu/ lwlv d udqgrp rz ru vhwri rz v wkdwp d| vhh frqvlvwhqwo| edg shuirup dqfh iru wkh gxudwlrq ri wkhfdoo1Dvwkhdp rxqwri YrLS wud! f lqfuhdvhv/ hyhu| qrz dqg wkhq d edg fdvhz lookdsshq/ dqg hyhq li grhv qrwkdsshq wkdwiuht xhqwo| / z khq lwgrhv rffxu/ d vhwri xvhuv duh p rvw fhuwdlqo| olnho| wr vx�hu srwhqwldoo| vhyhuh shuirup dqfh ghj udgdwlrq1 Wkhvh frqvlghudwlrqv surylgh p rwlydwlrq wr wdnh d forvhu orrn dwwkh z ruvwfdvh ehkdylru1 Rq wkh rwkhu kdqg/ wkh whp srudu| qdwxuh ri yrlfh wud! f +h1j 1 frqyhuvdwlrqvvwduwlqj dqg hqglqj , glvuxswvvwulfw shulrglflw| ri yrlfh wud! f1 I xuwkhup ruh/ lq sudfwlfh lwvkrxog eh h{shfwhg wkdwdshulrglf wud! f p d| eh vkdulqj wkh vdp h dj j uhj dwh t xhxhvz lwk shulrglf wud! f/ +h1j 1 p lvvlrq fulwlfdo p hglfdodssolfdwlrq vkdulqj wkh vdp h HI t xhxh z lwk yrlfh rz v,1 Khqfh/ edvlqj z ruvwfdvh uhvxowv rq wkh dvvxp swlrq ri vwulfwshulrglflw| p d| | lhog huurqhrxv uhvxowv1 Wkhuh lv d z lghvsuhdg eholhi/ edvhg oduj ho| rq lqwxlwlrq/ wkdwdv orqj dv wkh xwlol}dwlrq rq dq| olqn lv nhswvp doohqrxj k +vxfk dv ohvv wkdq 83( ,/ wkh z ruvwfdvh ghod| wkurxj k wkh qhwz run z loo eh yhu| vp doo1 Xqiruwxqdwho| / wklv lqwxlwlrq ohdgv wr huurqhrxv frqfoxvlrqv1 Sulru dqdo| wlfdoz run rq vwxg| lqj wkh ghod| erxqgv lq d qhwz run z lwk dj j uhj dwh vfkhgxolqj lqglfdwhvwkdwqhwz runvz lwk dj j uhj dwh vfkhgxolqj p d| kdyhxqerxqghg t xhxhlqj ghod| hyhq z lwk dj j uhj dwh rxwsxwvkdslqj ^43‘1 Rq wkh rwkhu vlgh ri wkh vshfwuxp / vhyhudouhvhdufkhuv ghp rqvwudwh wkdwwkh delolw| wr surylgh j rrg ghod| erxqgv p d| ghshqg rq frp soh{ j oredo frqglwlrqv ^44‘/ ^45‘1 Lq sduwlfxodu/ wklv z run dvvxp hv wkdwlqglylgxdo rz v duh vkdshg dw wkh qhwz run hqwu| lq vxfk d z d| wkdwwkh vsdflqj ehwz hhq sdfnhwv lv dwohdvwht xdowr wkh vr0fdoohg urxwh lqwhuihuhqfh qxp ehu +ULQ,^41 Lwlv vkrz q wkdwlq wklv fdvh wkh hqg0wr0hqg

4ULQ lv gh�qhg dv wkh qxp ehu r i r ffxuuhqfhv r i d rz mrlqlqj wkh sdwk ri vrp h rwkhu rz 1

uhvxowlv erxqghg e| wkh wlp h wr wudqvp lwd qxp ehu ri sdfnhwv ht xdowr wkh ULQ1

Wkh frqwulexwlrq ri wklvsdshulvwz rirog1 I luvwz h vkrz wkdwiruvx! flhqwo| orz hqrxj k xwlol}dwlrq idfwruv/ ghwhup lqlvwlf ghod| erxqgv fdq eh rewdlqhg dv d ixqfwlrq ri wkh erxqg rq xwlol}dwlrq ri dq| olqn dqg wkh p d{lp xp krs frxqwri dq| rz 1 Vhfrqg/ z h duj xh wkdw iru oduj hu xwlol}dwlrq/ iru dq| j lyhq ydoxhv ri ghod| / krs frxqwdqg xwlol}dwlrq lwlv srvvleoh wr frqvwuxfwd qhwz run lq z klfk wkh t xhxlqj ghod| h{fhhgv wkh fkrvhq ghod| ydoxh1 Wklv lp solhv wkdwiru oduj h hqrxj k xwlol}dwlrq/ hlwkhu wkh erxqg grhv qrwh{lvwdwdoo/ ru li lwgrhv h{lvwlwp xvweh d ixqfwlrq ri wkh vl}h dqg srvvleo| wrsrorj | ri wkh qhwz run1

5 P r gho/ Dvvxp s wlr qv dqg Whup lqr or j |

Z hdvvxp hwkdwdooqrghvlq wkhqhwz run duhrxwsxw0ex�huhg ghylfhvlp sohp hqwlqj dj j uhj dwh fodvv0edvhg vwulfwSulrulw| Vfkhgxolqj_51 Wud! f hqwhuv wkh qhwz run dwvrp h qrghv +uhihuuhg wr dv lqjuhvv hgjh, dqg h{lwv dwvrp h rwkhu qrghv +uhihuuhg wr dv hjuhvv hgjh,1 Z h frqvlghu dwohdvw5 fodvvhvri hgj h0wr0hgj h +h5h, rzv/ z khuh d rz lvvrp h froohfwlrq ri sdfnhwvz lwk wkh frp p rq lqj uhvv dqg hj uhvv hgj h sdlu1 Z h z loouhihu wr rqh ri wkh fodvvhv dv sulrulw| fodvv1 Dwhdfk qrgh lq wkh qhwz run sdfnhwv ehorqj lqj wr wkh sulrulw| fodvv duh t xhxhg lq d vhsdudwh sulrulw| txhxh z klfk lv vhuyhg dwvwulfwqrq0suhhp swlyh sulrulw| ryhu dq| rwkhu t xhxh1 Wkh wrwdo wud! f ri doo sulrulw| rz v vkdulqj d sduwlfxodu olqn lv uhihuhhg wr dv d sulrulw| djjuhjdwh1 Z h dvvxp h wkdwhdfk h5h sulrulw| rz I lvvkdshg wr frqirup wr d ohdn| exfnhwz lwk sdudp hwhuv +U^I >E^I , z khq lwduulyhv dwwkh lqj uhvv hgj h1 Qrwh wkdwwkh rz fdq lwvhoi frqvlvwri d qxp ehu ri p lfur rz v vkdulqj wkh vdp h lqj uhvv0hj uhvv hgj h sdlu/ exw qr dvvxp swlrq lvp dgh rq krz wkrvh p lfur rz vduh vkdshg1 Rxu p rghoixuwkhu doorzv wkdw wkh dj j uhj dwh ri doo rz v hqwhulqj dwd j lyhq lqj uhvv srlqw/ uhj dugohvv ri wkhlu hj uhvv hgj h/ fdq eh dgglwlrqdoo| dj j uhj dwho| vkdshg/ exwrxu uhvxowv gr qrwghshqg rq vxfk dj j uhj dwh vkdslqj 1

OhwV+o, ghqrwh wkh vhwri doosulrulw| rz v frqvwlwxwlqj wkh sulrulw| dj j uhj dwh rq olqn o1

Z h dvvxp h wkdwwkh dp rxqwri sulrulw| wud! f rq dq| olqn grhv qrwh{fhhg d fhuwdlq udwlr

3 ⋆ δ ⋆ 4 ri wkh fdsdflw| ri dq| olqn1 P ruh vshfl�fdoo| z h uht xluh wkdwirudq| olqn olq wkh qhwz run ⋃ I ▽ V+o, UI ⪰ δF+o, z khuh F+o, lv wkh fdsdflw| ri olqn o1 Z h dovr uht xluh wkdwz h

fdq erxqg wkh vxp ri wkh wrnhq exfnhwghswkvexuvwdwdq| olqn uhodwlyh wr wkh olqn fdsdflw| / qdp ho| z h fdq h{suhvv vrp h sdudp hwhu χ vxfk wkdwiru dooolqnv o ⋃ I ▽ V+o, EI ⪰ χF+o,1 Lq p dq| fdvhv/ wkh ghswk ri wkh ohdn| exfnhwri d rz ghshqgvolqhduo| rq wkh udwh ri wkh rz / vxfk wkdwE^I ⪰ χ^3U^I iruhyhu| rz I dqg iruvrp h χ^31 Lq vxfk fdvhvz h vhwχ @δχ^31 Wklv sdshup dnhvqr dvvxp swlrqv derxwwkh h{dfwp hfkdqlvp hqvxulqj wkh frqglwlrqvderyh � lw fdq eh edvhg rq h{solflwuhvhuydwlrqv vxfk dv ghvfulehg lq ^5‘/ ru vrp h uholdeoh surylvlrqlqj whfkqlt xh1 Lq dgglwlrq/ z h dvvxp h wkdwwkh urxwh ri dq| rz lq wkh qhwz run wudyhuvhv dw p rvwk qrghv +dovr uhihuuhg wr dv krsv,1 I lqdoo| / z h dvvxp h wkdwwkhuh h{lvwv d erxqg rq wkh vl}h ri dq| sdfnhwlq wkh qhwz run/ ghqrwhg P WX1

5 Rxu uhvxowv hdvlo| h{whqg wr fodvv0edvhg Z I T vfkhgxohuv dv z hoo1

6 D Ghod| Er xqg ir u D J hqhudoWr s r or j |

Z h fdq devwudfwrxu qrgh ghvfulswlrq e| vd| lqj wkdwwkh sulrulw| dj j uhj dwh dwolqn o lv j xdudqwhhg d vhuylfh fxuyh ht xdo wr ϕ_o+w, @ +wF +o, ∗ P WX,^. ^8/ 9/ : / ; ‘1 Dovr fdoo Λ+o, d erxqg rq wkh shdn udwh ri doo lqfrp lqj klj k sulrulw| wud! f dwolqn o1 Li z h kdyh qr lqirup dwlrq derxwwklv shdn udwh/ wkhq Λ+o, @. △ 1 I ru d urxwhu z lwk oduj h lqwhuqdovshhg dqg ex�hulqj rqo| dwwkh rxwsxw/ Λ+o, lv wkh vxp ri wkh elwudwhv ri doo lqfrp lqj olqnv1 Wkh ghod| erxqg lv ehwwhu iru d vp doohu Λ+o,1 Dovr/ gh�qh x+o, @^{Λ+o,∗ F +o,}_{Λ+o,∗ δ F +o,} 1 Qrwh wkdw x+o, lqfuhdvhv z lwk Λ+o,/ dqg li Λ+o, @. △ / wkhq x+o, @41 I lqdoo| / ohwx @p d–_ox+o, dqg Ξ @p d–_o^{P WX}_{F +o,} 1

Wkhr uhp 4 Li δ ⋆ p lq_o^{Λ+o,}

+Λ+o,∗ F +o,,+k∗ 4,. F +o, wkhq d erxqg rq wkh hqg0wr0hqg ghod| iru kljk

sulrulw| wud! f lv G @ k 4∗ +k ∗ 4,xδ +Ξ . xχ,

Sur r i Wkh surri frqvlvwv lq vkrz lqj vhsdudwho| wkdw+4, li d �qlwh erxqg h{lvwv/ wkhq wkh irup xod lq Wkhruhp 4 lv wuxh dqg +5, wkdwd �qlwh erxqg h{lvwv1

+Sduw4, Z h dvvxp h wkdwd �qlwh erxqg h{lvwv1 FdooG^∋ wkh z ruvwfdvh ghod| dfurvv dq| qrgh1 Ohwd_I +w, @ wU_I . E_I eh wkh duulydo fxuyh iru wkh iuhvk wud! f ri rz I dwwkh qhwz run hqwu| 1 Frqvlghu d ex�hu dwvrp h olqn o1 Dq duulydofxuyh iru wkh dj j uhj dwh wud! f dwwkh lqsxwri olqn olv

d+w, @p lq wΛ+o,> ⋃ I ▽ V+o, d_I +w. +k ∗ 4,G^∋, ⟨

Wkh irup husduwlq wkh irup xod lv ehfdxvh wkh wrwdolqfrp lqj elwudwh lvolp lwhg e| Λ+o,>wkh odwwhu lv ehfdxvh dq| rz uhdfklqj wkdwqrgh kdv xqghuj rqh d ghod| erxqghg e| +k ∗ 4,G^∋1 Wkxv d+w, ⪰ d^∋+w, @p lq+wΛ+o,>wδF+o, . e^∋, z lwk e^∋ @χF+o,. δF+o,+k∗ 4,G^∋1D erxqg rq wkhghod| dwrxuqrghlvj lyhq e| wkhkrul}rqwdo ghyldwlrq ehwz hhq wkh duulydofxuyh d^∋+w, dqg wkh vhuylfh fxuyh ϕ_o+w, @ +wF+o, ∗ P WX,^. ^8/ 9/ : / ; ‘1 Diwhu vrp h doj heud/ wklv j lyhv d erxqg rq wkh ghod| dv^{P WX. x+o,e∋}_{F +o,} 1 Qrz G^∋ lv wkh z ruvwfdvh ghod| >slfn owr eh d qrgh z khuh wkh z ruvwfdvh ghod| G^∋ lv dwwdlqhg1 Z h p xvwkdyh G^∋ ⪰^{P WX. x+o,e∋}_{F +o,} 1 Wkxv/ z h p xvwkdyh G^∋ ⪰ Ξ . xχ . +k ∗ 4,xδG^∋ ru ht xlydohqwo|

+4∗ +k ∗ 4,xδ, G^∋ ⪰ Ξ . xχ +4,

δ 3137 313; 3145 3149 3153

G+Λ+o, @. △ , 491; ; : 715< . △ . △ . △

G +Λ+o, @5F+o,, 451: 8 6519: : 4183 4; 9133 . △

Wdeoh 4= Wkh erxqg G +lq p v, lq wklv sdshu iru k @431 E^I @433E iru doo rz v/ U^I @

65ne2v iru doo rz v/ F+o, @47¡/: 93P e2v dqg Λ+o, @. △ ru Λ+o, @5F+o,1

Wkh frqglwlrq rq δ p hdqv wkdwδ ⋆_4^{+k∗ 4,x} 1 Ht xdwlrq +4, lp solhv wkhq wkdw

G_∋ ⪰ G^4 @ Ξ . xχ 4∗ +k ∗ 4,xδ Wkh hqg0wr0hqg ghod| lv wkxv erxqghg e| kG^4/ z klfk diwhu vrp h doj heud surylghv wkh uh0 t xluhg irup xod1

+Sduw5, Z h qrz suryh wkdwd �qlwh erxqg h{lvwv1 Z h xvh wkh wlp h0vwrsslqj p hwkrg lq

^46‘1 I rudq| wlp h wA 3/ frqvlghuwkh yluwxdov| vwhp p dgh ri wkh rulj lqdoqhwz run/ z khuh doo vrxufhv duh vwrsshg dwwlp h w1 Wklv qhwz run vdwlv�hv wkh dvvxp swlrqv ri sduw4/ vlqfh wkhuh lv rqo| d �qlwh qxp ehu ri elwv dwwkh lqsxw1 FdooG_∋+w, wkh z ruvwfdvh ghod| dfurvv dooqrghv iruwkh yluwxdoqhwz run lqgh{hg e| w1 I urp wkh deryh ghulydwlrq z h vhh wkdwG_∋+w, ⪰ G^4 iru doow1 Ohwwlqj wwhqg wr . △ vkrz v wkdwwkh z ruvwfdvh ghod| dwdq| qrgh uhp dlqv erxqghg e| G^4 1

Glvfxvvlr q= Li Λ+o, @. △ / qdp ho| li z h kdyh qr lqirup dwlrq derxwwkh vxp ri wkh elw udwhv ri doolqfrp lqj olqnv/ wkhq wkh frqglwlrq ehfrp hv δ ⋆_4^{k∗ 4} dqg wkh erxqg lv G @k Ξ . χ 4∗ +k ∗ 4,δ I ru�qlwh ydoxhv ri Λ+o,/ wkh erxqg lv vp doohu1 Wdeoh 4 looxvwudwhv wkh ydoxh ri rxu erxqg rq rqh h{dp soh1 Rxu erxqg h{sorghv z khq δ whqgv wr p lq^o_{Λ+o,}^{+Λ+o,∗ F +o,,+k∗ 4,. F +o,} / z klfk lv yhu| xqiruwxqdwh1 Lwlv qrwfohdu z khwkhu wkh ghod| grhv ehfrp h xqerxqghg lq doofdvhv z khuh rxuerxqg lvlq�qlwh1H{sorvlrq ri erxqgvirudj j uhj dwh vfkhgxolqj lvqrwqhz / dqg kdvehhq hqfrxqwhuhg iruh{dp soh lq ^</ 43‘1Lq ^43‘/ dq h{dp soh qhwz run lvj lyhq z khuhwkhz ruvwfdvh ghod| ehfrp hvxqerxqghg irud ydoxh ri δ forvh wr 41Qrwh wkdwli Λ+o, lvforvh wr F+o, irudoo o/ wkhq x lvforvh wr 31Wklvlvwkh fdvh irud klj k vshhg dgg0gurs ulqj qhwz run/ z khuh wkh elw udwh lvp xfk klj khuiruwkh ulqj wkdq iruwkh lqsxwolqnv1 Lq wkdwfdvh/ G @k+Ξ . xχ, . r+x, dqg wkh h{sorvlrq grhv qrwwdnh sodfh1 Lwlv dovr nqrz q wkdw/ lq sudfwlfh/ li vrp h uhvwulfwlrq rq wkh wrsrorj | / urxwhv ru udwhv duh lp srvhg/ ehwwhu z ruvwfdvh ghod| v iru I LI R qhwz runv fdq eh rewdlqhg1 I ruh{dp soh/ lwfdq eh vkrz q wkdwiruvrp h wrsrorj lhv/ vxfk dvp xowlvwdj h qhwz runv/ wkh z ruvwfdvh ghod| lv j lyhq e|_{+4. δ , k ∗ 4}^δ +_{δ ep d–}^{Up lq} . Ξ ,>z khuh e^{p d–} dqg U^{p lq} duh wkh xsshu erxqg rq wkh wrnhq exfnhwghswk dqg wkh orz hu erxqg rq wkh udwh ri doolqj uhvv ohdn| exfnhwvkdshuv ^47‘1 Lq wklv fdvh wkh h{sorvlrq grhv qrwwdnh sodfh1 Lwlv vkrz q lq

^44/ 45‘/ wkdwli lqglylgxdo rz vduh vkdshg dwqhwz run hqwu| lq vxfk d z d| wkdwwkh vsdflqj ehwz hhq sdfnhwv lv dwohdvwht xdowr wkh urxwh lqwhuihuhqfh qxp ehu +ULQ, ri wkh rz +vhh irrwqrwh 4 s17,/ wkhq wkh hqg0wr0hqg ghod| lv erxqghg e| wkh wlp h wr wudqvp lwd qxp ehu

S(i,0) n(i,1) n(i,2) n(i,3) n(i,4)

S(i-1,1,1) S(i-1,1,3) S(i-1,2,3) S(i-1,3,3)

D(i,2,1) D(i,2,3) D(i,4,1) D(i,4,3)

I lj xuh 4= Wkh lwhudwlwlyh qhwz run wrsrorj | ri lwhudwlrq l iru k @81 Eodfn flufohv uhsuhvhqw qhwz runv frqvwuxfwhg dwlwhudwlrq l ∗ 4/Rqo| 6 rxwri nk eodfn flufohv duh vkrz q shu hdfk qrgh q+l>m,1 Wkh rxwsxwri qrgh q+l>7, lq lwhudwlrq l ∗ 4 ghqrwhg e| wkh duurz srlqwlv frqqhfwhg wr wkh lqsxwri rqh ri wkh eodfn flufohv ri lwhudwlrq l1

ri sdfnhwv ht xdowr wkh ULQ1Wklv xvxdoo| uhvxowv lq p xfk vp doohu erxqgv wkdq wkh erxqgv khuh/ doehlwdwwkh h{shqvh ri p ruh uhvwulfwlrqv rq wkh urxwhv dqg wkh udwhv1

7 Ghod| Z lwk Oduj hu Xwlol}dwlr q

Z h z looqrz duj xh wkdwli xwlol}dwlrq idfwru δ A^4_{k∗ 4} >wkhq wkh z ruvwfdvh ghod| erxqg/ li lwh{lvwv/ p xvwghshqg rq vrp h qhwz run sdudp hwhu ghvfulelqj wkh vl}h ri wkh qhwz run ru lwv wrsrorj | 1 P ruh suhflvho| / lwz looeh vkrz q wkdwiru dq| ydoxh ri wkh ghod| G/ dqg iru dq| δ A^4_{k∗ 4}^{nk. 4}_{nk∗ 4} / wkhuh h{lvwv d oduj h hqrxj k qhwz run vxfk wkdwwkh ghod| ri vrp h sdfnhw fdq h{fhhg G/ hyhq li wkh p d{lp xp krs frxqwri dq| rz qhyhu h{fhhgv k1 Vlqfh n fdq eh fkrvhq wr eh duelwudulo| oduj h/ wklv lp solhv wkdwiru dq| δ A^4_{k∗ 4} >dqg iru dq| ydoxh ri ghod| G/ wkhuh h{lvwvd qhwz run z lwk p d{lp xp krs frxqwk z khuh wkh ghod| ri vrp h sdfnhw h{fhhgv G1

Wr vhhkrz wklvqhwz run fdq ehexlow/ frqvlghuwkhiroorz lqj lwhudwlyhfrqvwuxfwlrq/ vkrz q lq I lj xuh 41 Wkh edvlf exloglqj eorfn ri wkh frqvwuxfwlrq lv d fkdlq ri k ∗ 4 qrghv1 Wkh qrghv duh lqgh{hg q+l>m,/ z khuh l lv wkh lwhudwlrq frxqwdqg mlv wkh frxqwri wkh qrghv lq wkh fkdlq1 Dwdq| lwhudwlrq l/ wkhuh lv d vrxufh v+l>3, z klfk lv dwwdfkhg gluhfwo| wr qrgh q+l>4,1 Hdfk ri wkh qrghv q+l>m,>m@ 4>5>///k ∗ 5 dovr kdyh nk lqsxwolqnv hdfk/ dqg doo qrghv q+l>m,>m@5>///k ∗ 4 kdyh kn rxwsxwolqnv1 Hdfk ri wkh nk lqsxwolqnv ri lwhudwlrq l duh frqqhfwhg wr qrgh q+l∗ 4>k∗ 4, ri d qhwz run frqvwuxfwhg dwlwhudwlrq l∗ 4 +wkh qhwz runv frqvwuxfwhg dwlwhudwlrq l ∗ 4 duh ghqrwhg V+l ∗ 4>m>p ,/ z khuh mlv wkh lqgh{ ri wkh qrgh lq wkh fkdlq/ dqg p lv wkh lqgh{ ri wkh lqsxwwr qrgh q+l>m,1 Hdfk ri wkh nk rxwsxwolqnv fruuhvsrqglqj wr hdfk qrgh q+l>m, lvfrqqhfwhg wr nk ghvwlqdwlrq qrghv/ ghqrwhg G+l>m>p ,1

Dwlwhudwlrq l @4/ hdfk ri wkh qhwz runv V+3>m>p , +l1h1 hdfk ri wkh eodfn flufohv, lv mxvw d vlqj oh vrxufh qrgh1 Dvvxp h wkdwdoosdfnhwv duh wkh vdp h vl}h/ dqg wkdwdoowkh vrxufhv lq wkh qhwz run duh ohdn| exfnhwfrqvwudlqhg z lwk udwhv u @^{δ F}_{nk. 4} dqg exuvw+ghswk, ht xdo wr rqh sdfnhw1 Dvvxp h wkdwd rz rulj lqdwlqj dwvrxufh V+3>m>p , hqwhuv dwqrgh q+4>m, ri

:

wkh fkdlq/ wudyhuvhv d vlqj oh krs ri wkh fkdlq dqg h{lwv dwqrgh q+l>m. 4, wr ghvwlqdwlrq

G+3>m. 4>p ,1 Dvvxp h ixuwkhu wkdwd rz rulj lqdwlqj dwvrxufh v+4>3, wudyhuvhv wkh z kroh fkdlq1 Qrwh wkdwwkh xwlol}dwlrq ri dq| olqn lq wkh fkdlq grhv qrwh{fhhg δ 1 Dvvxp h wkdw wkh sursdj dwlrq wlp h ri dq| olqn lvqhj olj leoh +lwz looehfrp h fohduwkdwwklvdvvxp swlrq grhv qrwohdg wr dq| orvv ri j hqhudolw| ,1 Dvvxp h dovr wkdwdooolqnv duh ri wkh vdp h vshhg/ dqg wkdwwkh wlp h wr wudqvp lwwkh sdfnhwdwolqn vshhg lv fkrvhq dv xqlwri wlp h1

Dwlwhudwlrq l @4 dwwlp h w@3 z h p dnh d vlqj oh sdfnhwixoo| duulyh wr qrgh q+4>4, iurp hdfk ri wkh vrxufhvV+4>4>p ,1 Ohw*vfroruwkhvh sdfnhwveoxh1 Dvvxp h dovr wkdwdwwlp h }hur d uhg sdfnhwvwduwhg lwv wudqvp lvvlrq iurp qrgh V+4>3, dqg ixoo| duulyhg wr q+4>4, dwwlp h w^4 @41 E| wklv wlp h rqh eoxh sdfnhwri wkh kn eoxh sdfnhwv z klfk duulyhg dwwlp h w@3 kdv ghsduwhg iurp q+l>4,/ dqg wkhuhiruh wkh uhg sdfnhwkdv irxqg d t xhxh ri ohqj wk nk ∗ 4 eoxh sdfnhwv dkhdg ri lw1 E| wlp h w^5 @w^4 . nk wkh uhg sdfnhwz looeh ixoo| wudqvp lwwhg iurp qrgh q+4>4,1 Dvvxp h wkdwdwwlp h w^5 ∗ 4 d vlqj oh eoxh sdfnhwixoo| duulyhv iurp hdfk ri wkh qrghv V+4>5>p ,/ vr wkdwwkh uhg sdfnhw�qgv d t xhxh ri vl}h nk ∗ 4 dwwkh vhfrqg qrgh lq wkh fkdlq dv z hoo+uhfdoowkdwdoowkh eoxh sdfnhwv iurp wkh suhylrxv qrgh h{lwwkh qhwz run dwqrgh q+4>5,1

Uhshdwlqj wklv surfhvv dwhdfk ri wkh qrghv lq wkh fkdlq/ lwlv hdv| wr vhh wkdwwkh uhg sdfnhwz loovx�hu wkh wrwdot xhxhlqj ghod| ri +k ∗ 4,+kn ∗ 4, sdfnhw0wlp hv dwolqn vshhg dv lwwudyhuvhv wkh fkdlq1 Vlqfh wkh udwh ri wkh uhg rz lv u @_{δ F}^{nk. 4} A_{nk∗ 4}^{nk. 4}_4^{k∗ 4}_F^{+k∗ 4,+nk∗ 4,} / lw p hdqvwkdwlq +k ∗ 4,+kn∗ 4, sdfnhwwlp hvdwolqn vshhg F dwohdvwrqh p ruh uhg sdfnhwfdq eh wudqvp lwwhg iurp wkh vrxufh V+4>3,1Vlqfh wkhuh duh qr rwkhueoxh sdfnhwvduulylqj wr wkh fkdlq e| frqvwuxfwlrq_6/ wkh vhfrqg uhg sdfnhwz loofdwfk xs z lwk wkh �uvwuhg sdfnhw/ dqg khqfh wkh exuvwri wz r uhg sdfnhwv z loodffxp xodwh dwwkh h{lwri qrgh q+4>k ∗ 4,1 Dvvxp h wkdwwkh uhg rz dwwkh �uvwlwhudwlrq mxvwvhqgv wz r sdfnhwv dqg h{lwv1

Wkhqh{wvwhs ri wkhlwhudwlyhfrqvwuxfwlrq z loowdnh+k∗ 4,kn ri wkhqhwz runvfrqvwuxfwhg lq vwhs 4 dqg frqqhfwwkh rxwsxwri qrgh q+4>k ∗ 4, ri hdfk ri wkhvh qhwz runv +qrgh q+4>7, lq I lj 1 4, wr rqh ri wkh qrghv q+5>m, ri wkh vhfrqg lwhudwlrq1 Wkdwlv/ qrgh q+l ∗ 4>k ∗ 4, ehfrp hv wkh vrxufh V+l ∗ 4>m>p , ri wkh fkdlq dwwkh qh{wlwhudwlrq1 OhwW+4, eh wkh wlp h lwwdnhv wr dffxp xodwh wkh wz r0sdfnhwexuvwdwwkh h{lwiurp qrgh q+4>k ∗ 4, dwlwhudwlrq

41 Ohwwkhq W+4, eh dovr wkh wlp h z khq wkh �uvwelwri wkh wz r0sdfnhwexuvwduulyhv dwqrgh q+5>4, iurp hdfk ri wkh qrghv V+4>4>p , dwlwhudwlrq 51 Ohw*v uhfroru doowkrvh sdfnhwv eoxh1

Li wkh vrxufh V+5>3, hp lwv d uhg sdfnhwdwwlp h w^4 @W+4, . 4/ wkhq lwixoo| duulyhv dwqrgh q+5>4, dwwlp h w^5 @W+4, . 5/ dqg �qgv wkh t xhxh ht xdowr 5kn ∗ 4 eoxh sdfnhwv +vlqfh 5kn sdfnhwv kdyh duulyhg dqg rqh kdv ohiwlq wkh suhylrxv wlp h vorw1 Wkdwp hdqv wkdwwkh odvw elwri wkh uhg sdfnhwz looohdyh qrgh q+5>4, dwwlp h W+4, . 5 . 5nk1 Dvvxp h qrz wkdwwkh ohyho04 qhwz runv frqqhfwhg wr qrgh q+5>5, duh vwduwhg dwwlp h 5nk/ lqvwhdg ri dwwlp h }hur1

Wklvp hdqv wkdwe| wkh wlp h wkh odvwelwri rxuuhg sdfnhwlq wkh vhfrqg lwhudwlrq duulyhv wr qrgh q+5>5,/ d wz r0sdfnhw+eoxh, exuvwz looduulyh wr qrgh q+5>5, iurp hdfk ri wkh qhwz runv

V+4>5>p ,/ dqg vr wkh uhg sdfnhwz loo dj dlq �qg wkh t xhxh ri vl}h 5nk ∗ 4 eoxh sdfnhwv1

Uhshdwlqj wklvsurfhvvirudook∗ 4 qrghvlq wkh fkdlq dwlwhudwlrq 5/ z h p dnh wkh uhg sdfnhw ghod| hg e| +5nk ∗ 4,+k ∗ 4, A 5+nk ∗ 4,+k ∗ 4, sdfnhwwlp hv1 Gxulqj wklv wlp h 5 p ruh uhg sdfnhwvz loofdwfk xs/ uhvxowlqj lq d 60sdfnhwexuvw1 Dvvxp h wkdwdwlwhudwlrq 5 wkh uhg rz

6 Qrwh wkdwwkh idfwwkdweoxh vrxufhv duh ohdn| exfnhwfr qvwudlqhg z lwk udwh o gr hv qrwsuhyhqwwkh s rvvlelolw| wkdwwkh| duh vhqglqj dwudwh vorz hu wkdq o1 Lq sduwlfxodu/ hdfk eoxh vrxufh fdq vhqg mxvwd vlqj oh sdfnhwdqg wkhq vwr s z lwkrxwylrodwlqj dq| ri wkh fr qvwudlqwv1

;

ghod| dqg mlwwhu j xdudqwhhv duh uht xluhg1 I ru wkh w| slfdofdvh ri ohdn| exfnhwfrqvwudlqhg rz v rxu ghod| erxqg lv olqhdu lq wkh erxqg rq wkh udwlr_{E I}^{UI} dfurvv doo sulrulw| rz v wkdwduh lqglylgxdoo| vkdshg dwwkh lqj uhvv1 Khqfh/ wkhuh lv dq lp p hgldwh lp solfdwlrq wkdwwkh vp doohu wklv udwlr/ wkh ehwwhu wkh erxqgv fdq eh surylghg1 Z kloh E^I ghshqgv sulp dulo| rq wkh dffxudf| ri wkh vkdshu/ U^I ghshqgv rq wkh judqxodulw| ri vkdshg rz v1

Lq wkh fdvh ri p lfur rz vkdslqj / wkh p lqlp do udwh ri wkh p lfur rz fdq eh t xlwh vp doo/ uhvxowlqj lq d oduj h ghod| erxqg1 Wkhuh lv d vxevwdqwldodgydqwdj h wkhuhiruh lq dj j uhj dwlqj p dq| vp doop lfur rz v lqwr dq dj j uhj dwh dqg vkdslqj wkh dj j uhj dwh dv d z kroh1 Z kloh lq sulqflsoh wkhuh lv d udqj h ri fkrlfhv iru dj j uhj dwlrq/ wkhuh duh wz r qdwxudofkrlfhv= hgj h0 wr0hgj h dj j uhj dwhv ru hgj h0wr0hyhu| z khuh dj j uhj dwhv1 Hgj h0wr0hgj h vkdslqj lv qdwxudoiru h{solflwedqgz lgwk uhvhuydwlrq whfkqlt xhv1 Lq wklv fdvh U^I dqg E^I uhodwh wr wkh udwh dqg wrnhq exfnhwghswk ri wkh hgj h0wr0hgj h rz dj j uhj dwhv1 Dv glvfxvvhg deryh/ vkdslqj wkh wrwdohgj h0wr0hgj h dj j uhj dwhv doorz v uhgxflqj wkh ghod| erxqg olqhduo| z lwk wkh ghj uhh ri dj j uhj dwlrq1 Hgj h0wr0hyhu| z khuh dj j uhj dwh vkdslqj lv iuht xhqwo| dvvxp hg lq frqmxqfwlrq z lwk edqgz lgwk surylvlrqlqj 1

Wkh h�hfwri wklv fkrlfh rq ghod| erxqgv ghshqgv rq h{dfwo| krz surylvlrqlqj lv grqh1

Rqh srvvlelolw| iru surylvlrqlqj wkh qhwz run lv wr hvwlp dwh wkh hgj h0wr0hgj h ghp dqg p dwul{ irusulrulw| wud! f dqg hqvxuh wkdwwkhuh lvvx! flhqwfdsdflw| wr dffrp p rgdwh wklvghp dqg/ dvvxp lqj wkdwwkh wud! f p dwul{ lv dffxudwh hqrxj k1 Dqrwkhurswlrq lv wr p dnh qr dvvxp s0 wlrq rq wkh hgj h0wr0hgj h sulrulw| wud! f p dwul{/ exwudwkhu wr dgp lwd fhuwdlq dp rxqwri sulrulw| wud! f dwhdfk lqj uhvvhgj h/ uhj dugohvvri wkh ghvwlqdwlrq/ dqg surylvlrq wkh qhwz run lq vxfk z d| wkdwhyhq li doowud! f iurp doovrxufhvkdsshqv wr sdvvwkurxj k d vlqj oh erwwoh0 qhfn olqn/ wkh fdsdflw| ri wkdwolqn lvvx! flhqwwr hqvxuh wkdwsulrulw| wud! f xwlol}dwlrq grhv qrwh{fhhg δ1 Ghshqglqj rq z klfk ri wkh wz r fkrlfhv iru surylvlrqlqj lv fkrvhq/ vkdslqj ri wkh hgj h0wr0hyhu| z khuh dj j uhj dwh kdvwkh rssrvlwh h�hfwrq wkh ghod| erxqg1 Lq wkh fdvh ri

�hgj h0wr0hgj h surylvlrqlqj �/ wkh edqgz lgwk ri dq| olqn p d| eh vx! flhqwwr dffrp p rgdwh wkhdfwxdoordg ri sulrulw| wud! f z klohuhp dlqlqj z lwklq wkhwduj hwxwlol}dwlrq erxqg1Khqfh/ lwlv wkh p lqlp doudwh dqg wkh p d{lp xp exuvwvl}h ri wkh dfwxdo hgj h0wr0hgj h dj j uhj dwhv vkdulqj dq| olqn wkdwh�hfwwkh ghod| erxqg1 Krz hyhu/ dj j uhj dwh hgj h0wr0doovkdslqj p d| uhvxowlq lqglylgxdovxevwuhdp ri wkh vkdshg hgj h0wr0hyhu| z khuh dj j uhj dwh ehlqj vkdshg wr d p xfk klj khuudwh wkdq wkh h{shfwhg udwh ri wkdwvxevwuhdp 1 Z khq wkh hgj h0wr0hyhu| z khuh dj j uhj dwh vsolwvlqvlgh wkh qhwz run lqwr gl�huhqwvxevwuhdp vj rlqj wr gl�huhqwghvwlqdwlrqv/ hdfk ri wkrvh vxevwuhdp vp d| kdyh lq wkh z ruvwfdvh vxevwdqwldoo| oduj huwrnhq exfnhwghswk wkdq wkdwri wkh dj j uhj dwh hgj h0wr0hyhu| z khuh vwuhdp_71 Wklv uhvxowv lq vxevwdqwldolqfuhdvh ri wkh z ruvwfdvh ghod| ryhu wkh hgj h0wr0hgj h vkdslqj p rgho1 P ruhryhu/ lq wklv fdvh wkh surshuwlhv ri lqj uhvv vkdshuv gr qrwsurylgh vx! flhqwlqirup dwlrq wr erxqg wkh z ruvwfdvh ghod| / vlqfh lwlv wkh exuvwwrohudqfh ri wkh vxevwuhdp v lqvlgh wkh vkdshg dj j uhj dwhv wkdwlv qhhghg/ exwlv xqnqrz q1

Lq frqwudvw/ li wkh �z ruvwfdvh� surylvlrqlqj lv dvvxp hg/ wkh qhwz run lv surylvlrqhg lq vxfk d z d| wkdwhdfk olqn fdq dffrp p rgdwh doowkh wud! f hyhq li doohgj h0wr0hyhu| z khuh dj j uhj dwhv hqg xs vkdulqj wklv olqn1 Lq wklv fdvh wkh vkdslqj sdudp hwhuv ri wkh hgj h0wr0 hyhu| z khuh dj j uhj dwh duh dssursuldwh iru wkh ghod| erxqg1 Lqwxlwlyho| / lq wklv fdvh wkh dj j uhj dwh exuvwwrohudqfh rq dq| olqn fdq rqo| eh vp doohu wkdq lq wkh z ruvwfdvh_81

7Wklv lv ehfdxvh d orz 0udwh vxevwuhdp ri d klj k0udwh vkds hg dj j uhj dwh p d| eh vkds hg wr d p xfk oduj hu udwh wkdq lwv rz q1

8Qrwh wkdwwkh �z r uvwfdvh� s urylvlrqlqj p r ghowduj hwlqj d sduwlfxodu xwlol}dwlrq erxqg uhvxowv lq vxe0

9 Vxp p du|

Z h kdyh glvfxvvhg wkh ghod| erxqgv z klfk fdq eh rewdlqhg lq d qhwz run z lwk dj j uhj dwh sulrulw| I LI R vfkhgxolqj iru sulrulw| wud! f1 Rxu p dlq uhvxowlv wkh ghod| erxqg iru dq duelwudu| wrsrorj | z klfk lv rewdlqhg dv d ixqfwlrq ri sulrulw| wud! f xwlol}dwlrq dqg wkh p d{lp xp krs frxqw1Xqiruwxqdwho| / wklverxqg lvydolg rqo| iruuhdvrqdeo| vp dooxwlol}dwlrq1 Z h kdyh duj xhg wkdwiru oduj hu xwlol}dwlrq wkh erxqg hlwkhu grhv qrwh{lvw/ ru p xvwghshqg rq vrp h rwkhu frqvwudlqwv rq wkh wrsrorj | ru urxwhv1 Rxu uhvxowv lp so| wkdwdwohdvwiru vp dooxwlol}dwlrq dqg krs frxqw/ lwlvsrvvleoh wr surylgh vwulfwghod| j xdudqwhhvhyhq li rqo| dj j uhj dwh vfkhgxolqj lv hp sor| hg lq wkh qhwz run1 Z h kdyh duj xhg wkdwwkh ghod| erxqg fdq eh lp suryhg e| xvlqj dssursuldwh dj j uhj dwh vkdslqj srolflhv dwwkh qhwz run lqj uhvv1 Lw uhp dlqv xqfohdu z khwkhu wkh xvh ri vrp h dgglwlrqdoqhwz run sdudp hwhuv fkdudfwhul}lqj wkh vl}h ri wkh qhwz run p lj kw| lhog uhdvrqdeoh ghod| erxqgv dwoduj hu xwlol}dwlrq iru d j hqhudo wrsrorj | 1 Xqghuvwdqglqj wklv lvvxh dsshduv wr eh dq lp sruwdqwduhd ri ixwxuh z run erwk iurp wkh dqdo| wlfdodqg sudfwlfdovwdqgsrlqwv1

Uhihuhqfhv

^4‘ Y1Mdfrevrq/ N1Qlfkrov/ N1Srgxul1Dq H{shglwhg I ruz duglqj SKE/ UI F 58<; / Mxqh 4<<<

^5‘ I 1Ednhu/ F1Lwxuudogh/ I 1Oh I dxfkhxu/ E1Gdylh1 Dj j uhj dwlrq ri UVYS iru LSy7 dqg LSy9 Uhvhuydwlrqv/ gudiw0lhwi0lvvoo0uvys0djju0331w{wVhswhp ehu 4<<</ z run lq surj uhvv1

^6‘ I Eulfkhw/ O1P dvvrxolh/ M1Urehuwv Vwrfkdvwlf Rughulqj dqg wkh Qrwlrq ri Qhj olj leoh FGY/ LWF48/ Z dvklqj wrq/ G1F1Mxqh 4<<:

^7‘ Vfkhqnhu/ V1/ Sduwulgj h/ F1/ J xhulq/ U11Vshfl�fdwlrq ri J xdudqwhhg Txdolw| ri Vhuylfh/ UI F 5545 Vhswhp ehu 4<<:

^8‘ U1O1Fux}1 Txdolw| ri vhuylfh j xdudqwhhv lq yluwxdoflufxlwvz lwfkhg qhwz runv1 LHHH MVDF/ sdj hv 437; �4389/ Dxj xvw4<<81

^9‘ M10\ 1OhErxghf1Dssolfdwlrq ri qhwz run fdofxoxvwr j xdudqwhhg vhuylfh qhwz runv1LHHH Wudqvdfwlrqv rq Lqirup dwlrq Wkhru| / 7743; : �43<9/ P d| 4<<; 1

^: ‘ F1V1 Fkdqj 1 Rq ghwhup lqlvwlf wud! f uhj xodwlrq dqg vhuylfh j xdudqwhh D v| vwhp dwlf dssurdfk e| �owhulqj 1LHHHWudqvdfwlrqvrq Lqirup dwlrq Wkhru| / 7743<9�443: / Dxj xvw 4<<; 1

^; ‘ U1Dj udz do/ U1O1Fux}/ F1Rnlqr/ dqg U1Udmdq1Shuirup dqfh erxqgv iru rz frqwuro surwrfrov1 LHHH2DFP Wudqvdfwlrqv rq Qhwz runlqj +: , 6/ sdj hv 643�656/ Mxqh 4<<<1

^<‘ Sduhnk D1N1dqg J doodj hu U1J 1 D j hqhudol}hg surfhvvru vkdulqj dssurdfk wr rz frqwuro lq lqwhj udwhg vhuylfhv qhwz runv Wkh p xowlsoh qrgh fdvh1 LHHH2DFP Wudqv1 Qhwzrunlqj/ yro505/ sdj hv 46: �483/ Dsulo4<<71

vwdqwldoo| p r uh ryhusurylvlr qlqj wkdq wkh �s rlqw0wr 0s r lqw� s urylvlrqlqj xvlqj dq hvwlp dwhg wud! f p dwul{/ru h{s olflws rlqw0wr s r lqwedqgz lgwk door fdwlr q xvlqj vlj qdohg dgp lvvlrq fr qwuro1 44

^43‘ P 1Dqguhz v/ E1Dz huexfk/ D1I huqdqgh}/ M1Nohlqehuj / W1Ohlj kwrq/ dqg ] 1Olx1 Xql0 yhuvdovwdelolw| uhvxowviruj uhhg| frqwhqwlrq uhvroxwlrq surwrfrov1Lq 6: wk DqqxdoLHHH

V| p srvlxp rq I rxqgdwlrqv ri Frp sxwhu Vflhqfh +I RFV*<9,/ Exuolqjwrq YW/ Rfwrehu

4<<91

^44‘ M\ Oh Erxghf dqg J 1Khexwhuqh1Frp p hqwrq d ghwhup lqlvwlf dssurdfk wr wkh hqg0wr0 hqg dqdo| vlv ri sdfnhw rz v lq frqqhfwlrq rulhqwhg qhwz run1LHHH2DFP Wudqvdfwlrqv rq Qhwzrunlqj/ I heuxdu| 53331

^45‘ L1 Fkodp wdf/ D1 I dudj �/ K1 ] kdqj / dqg D1 I xp dj dool1 D ghwhup lqlvwlf dssurdfk wr wkh hqg0wr0hqg dqdo| vlv ri sdfnhw rz v lq frqqhfwlrq rulhqwhg qhwz runv1 LHHH2DFP wudqvdfwlrqv rq qhwzrunlqj/ +9,7755�764/ 3; 4<<; 1

^46‘ F1V1Fkdqj 1 D fflowhulqj wkhru| iru Frp p xqlfdwlrq Qhwzrunv1 Vsulqj hu Yhuodj / 4<<<1

^47‘ D1Fkduq| 1�Ghod| Erxqgv lq d Qhwz run z lwk Dj j uhj dwh Vfkhgxolqj �1Gudiwyhuvlrq1 iws=22iwshqj 1flvfr1frp 2iws2dfkduq| 2dj j uhj dwhb ghod| b y71sv/ I heuxdu| 53331