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Vxeplwwhg wr wkh Ghsduwphqw ri Eudlq dqg Frjqlwlyh Vflhqfhv
rq Iheuxdu| 55/ 4<<</ lq sduwldo ixo�oophqw ri wkh

uhtxluhphqwv iru wkh ghjuhh ri
Grfwru ri Sklorvrsk|

�Mt|h@U|

Wkh sulqflsohv xqghuo|lqj wkh surgxfwlrq ri jrdo gluhfwhg pryhphqwv duh odujho| xqnqrzq/ dv hylghqfhg
e| wkh odfn ri duwl�fldo v|vwhpv pdwfklqj wkh uhdo0zruog shuirupdqfh ri elrorjlfdo rujdqlvpv1 Wkh
delolw| wr wudqvirup lq uhdo wlph d ydjxho| gh�qhg jrdo +vnllqj grzqkloo, lqwr d ghwdlohg prwru dfw
+v|qfkurql}hg pryhphqwv dw pxowlsoh mrlqwv, dssursuldwh xqghu d zlgh udqjh ri suhylrxvo| xqhqfrxqwhuhg
flufxpvwdqfhv +ghwdlov ri wkh whuudlq/ vqrz frqglwlrqv/ hwf1, lv vrphwklqj zh wdnh iru judqwhg +diwhu d
shulrg ri sdlqixo ohduqlqj,1 Wklv lv uhplqlvfhqw ri wkh vxemhfwlyh hdvh zlwk zklfk zh shufhlyh ylvxdoo|
foxwwhuhg hqylurqphqwv/ ru iroorz d frqyhuvdwlrq lq d qrlv| urrp1

Wklv wkhvlv dujxhv wkdw wkh fodvvlf ylhz ri prwru frqwuro dv d xqlgluhfwlrqdo surfhvv/ vwduwlqj zlwk d
sodqqlqj vwdjh +d ohduqhg pdsslqj iurp jrdov lqwr dfwlrqv ru d vwudljkwiruzdug lqwhusrodwlrq frqqhfwlqj
d qxpehu ri lqwhuphgldwh srvwxuhv lqwr d ghwdlohg wudmhfwru|, iroorzhg e| h{hfxwlrq ri wkh prwru sodq/
surylghv dq ryhuvlpsol�hg dqg lqdghtxdwh dffrxqw ri wkh yhuvdwlolw| ri hyhu|gd| kxpdq shuirupdqfh1
Zh sursrvh wkdw wklv vwdqgdug prgho ri prwru frqwuro dv zhoo dv wkh vwdqgdug erwwrp0xs prghov ri
shufhswlrq/ duh lqdghtxdwh ehfdxvh erwk shufhswlrq dqg prwru frqwuro duh dfwxdoo| %lqyhuvh% sureohpv/
dqg duh ehwwhu wuhdwhg dv vxfk1

Diwhu vrph wkhruhwlfdo frqvlghudwlrqv ri jrdo gluhfwhg pxowlmrlqw pryhphqwv/ zh ghyhors d frpsx0
wdwlrqdo prgho ri vhqvru|0prwru surfhvvlqj lq lqwhuphgldwh srlqw wdvnv +lqfoxglqj uhdfklqj, edvhg rq
vwrfkdvwlf rswlpdo frqwuro wkhru|1 Lq wklv prgho sodqqlqj dqg h{hfxwlrq duh qrw vhsdudwh vwdjhv/ exw
duh erwk lqwhjudwhg lqwr d wljkw vhqvru|0prwru orrs zklfk frqvwdqwo| dgmxvwv wkh rqjrlqj pryhphqw wr
ehwwhu dfklhyh wkh vshfl�hg jrdo1 Wkh prgho surylghv d qdwxudo dffrxqw iru d qxpehu ri h{shulphqwdo
�qglqjv uhsruwhg khuh +dv zhoo dv suhylrxvo| revhuyhg skhqrphqd,> wdnhq wrjhwkhu wkhvh h{shulphqwdo
uhvxowv vwurqjo| lqglfdwh wkdw wkh prwru v|vwhp xsgdwhv rqolqh lwv lqwhuqdo hvwlpdwhv ri erwk wkh hqyl0
urqphqw dqg wkh prylqj olpe/ dqg lv dozd|v uhdg| wr prgli| lwv %sodq% lq idyru ri d gl�huhqw pryhphqw
wkdw ehwwhu dfklhyhv wkh jrdo xqghu wkh qhz flufxpvwdqfhv1 Wkh revhuydwlrqv lqfoxgh h|h0kdqg v|qfkur0
ql}dwlrq sdwwhuqv/ fruuhfwlrqv iru xqghwhfwhg vdffdgh0wuljjhuhg ylvxdo shuwxuedwlrqv dqg kdqg lqhuwld
dqlvrwurslhv/ h�hfwv ri ghvluhg dffxudf| rq kdqg nlqhpdwlfv/ pryhphqw vhjphqwdwlrq/ vshhg0fxuydwxuh
uhodwlrqvklsv1

Wkhvlv Vxshuylvru= Plfkdho Mrugdq
Wlwoh= Dvvrfldwh Surihvvru ri Sv|fkrorj|

Wkhvlv Vxshuylvru= Zklwpdq Ulfkdugv
Wlwoh= Surihvvru ri Frjqlwlyh Vflhqfh
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4 Lqwurgxfwlrq 9

414 Rujdql}dwlrq ri wkh 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 ;

5 Wkhruhwlfdo Frqvlghudwlrqv ri Pxowlmrlqw Jrdo0Gluhfwhg Pryhphqw <

514 Fxuuhqw ylhz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <

515 Sureohpv zlwk wkh fxuuhqw ylhz 1 1 1 1 1 1 1 1 1 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

516 Jhqhudo dssurdfk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

517 Pdwkhpdwlfdo prgholqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47

518 Vxssruwlqj hylghqfh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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:

519 Uhodwhg zrun 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;

51914 Iruzdug prghov dqg frpsxwdwlrqdo ohduqlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;

51915 Vwrfkdvwlf rswlpdo frqwuro 1 1 1 1 1 1 1 1 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<

51916 Uhlqirufhphqw ohduqlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4<

51917 Vlwxdwhg dxwrqrprxv djhqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 53

51918 Vlpxodwhg sk|vlfdo hqylurqphqwv 1 1 1 1 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

51: Prwru sv|fkrsk|vlfv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 54

51; Hqg0h�hfwru frqwuro 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 56

6 Vwrfkdvwlf Rswlpdo Frqwuro ri H|h0 Kdqg Pryhphqwv lq Yld0Srlqw Wdvnv 58

614 Ryhuylhz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 58

615 Prghoolqj Dssurdfk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

616 Vwrfkdvwlf Rswlpdo Frqwuro 1 1 1 1 1 1 1 1 1 1 1 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:

617 Dgdswdwlrq wr H|h0Kdqg Frruglqdwlrq lq Yld0Srlqw Wdvnv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5<

61714 Vwdwh irupxodwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 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<

61715 Frqwuro prgho dqg elrphfkdqlfdo pxvfoh surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63

61716 Qhxurprwru 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 65
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61717 Shuirupdqfh lqgh{ dqg wlplqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 66

61718 Prwru whpsodwhv dqg ohduqlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 68

61719 Vhqvru| prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 69

6171: Phpru| olplwdwlrqv dqg ghfd| 1 1 1 1 1 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;

6171; Vhqvru|0prwru dgdswdwlrq 1 1 1 1 1 1 1 1 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<

618 Rswlpdo Frqwuro Odz Ghulydwlrq 1 1 1 1 1 1 1 1 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

61814 Vwdwh hvwlpdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 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

61815 Vtxduh urrw �owhu 1 1 1 1 1 1 1 1 1 1 1 1 1 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

61816 Lqirupdwlrq yhfwru dqg lqqrydwlrqv irup 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 76

61817 Frqwuro odz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

61818 Qrlvh fryduldqfh dqg olqhdul}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 7;

619 Vxppdu| dqg Lpsohphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7<

7 Hylghqfh iru rqolqh jrdo0gluhfwhg frqwuro lq yld0srlqw wdvnv 87

714 Ryhuylhz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 87

715 Uhdfklqj pryhphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

71514 H{shulphqw 714 0 Vsdwldo dffxudf| ri shulskhudo ylvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 88

716 Pxowlsoh yld0srlqw wdvnv 1 1 1 1 1 1 1 1 1 1 1 1 1 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;

71614 H{shulphqw 715 0 H|h0kdqg frruglqdwlrq lq sdvvlqj wkurxjk pxowlsoh wdujhwv 1 1 1 1 8;

717 Pryhphqw vhjphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 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

718 Ylvxdo shuwxuedwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

71814 H{shulphqw 716 0 Vdffdgh0wuljjhuhg wdujhw glvsodfhphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4

71815 H{shulphqw 717 0 Udqgrpl}hg wdujhw glvsodfhphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :5

71816 H{shulphqw 718 0 Orfdo sulvp vkliwv 1 1 1 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

8 Prgho lqdffxudflhv dqg fruuhfwlrq vwudwhjlhv ;6

814 Hylghqfh iru vlpsol�fdwlrqv ri v|vwhp g|qdplfv 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

815 Hylghqfh iru gluhfw irufh frqwuro frpelqhg zlwk gdpslqj frpshqvdwlrq 1 1 1 1 1 1 1 1 1 1 ;:

816 Vhqvru|0prwru dgdswdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 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

81614 H{shulphqw 814 0 Fxuvru glvsodfhphqw dgdswdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6

81615 H{shulphqw 815 0 Orfdo sulvp dgdswdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <8

817 Ohduqlqj qhz prwru vnloov 1 1 1 1 1 1 1 1 1 1 1 1 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

81714 H{shulphqw 816 0 Ohduqlqj wr wudfh frqwlqxrxv fxuyhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <8

81715 H{shulphqw 817 0 Ohduqlqj d wdeoh whqqlv vwurnh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <;
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9 Nlqhpdwlf Uhjxodulwlhv ri Vsdwldoo| Frqvwudlqhg Kdqg Pryhphqwv 436

914 Ryhuylhz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

915 Uhfrqvwuxfwlrq ri vshhg sur�ohv iurp kdqg sdwkv yld vprrwkqhvv pd{lpl}dwlrq 1 1 1 1 1 1 437

916 Ghvfulswlyh Prghov ri Wudmhfwru| Irupdwlrq 1 1 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

91614 Frpsohwh prghov ri wudmhfwru| irupdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 438

91615 Prghov ri lqwulqvlf uhjxodulwlhv 1 1 1 1 1 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

91616 Sduwldo prghov ri wudmhfwru| irupdwlrq 1 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:

917 D frqvwudlqhg plqlpxp mhun prgho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43;

91714 Irupdo gh�qlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 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;

91715 Uhodwlrq wr wkh srzhu odz 1 1 1 1 1 1 1 1 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<

918 H{shulphqw 914 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

91814 Phwkrgv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 445

91815 Gdwd dqdo|vlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

91816 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 44:

91817 Dqdo|vlv ri vshhg sur�ohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 455

91818 Whpsr �xfwxdwlrqv dqg vhjphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 455

919 H{shulphqw 915 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 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;

91914 Phwkrgv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;

91915 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 45<

91916 Wuldo0wr0wuldo yduldelolw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 463

91: Glvfxvvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 465

: Frqfoxvlrq 467
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Pryhphqwv surgxfhg lq hyhu|gd| olih sxuvxh d jrdo/ l1h1 d ghvluhg fkdqjh lq wkh vwdwh ri wkh hqylurqphqw1

Wkdw jrdo fdq eh dv wulyldo dqg zhoo gh�qhg dv wrxfklqj dq remhfw zlwk wkh �qjhu/ ru dv frpsoh{ dqg

ydjxho| gh�qhg dv klwwlqj d whqqlv edoo lq d zd| wkh rssrqhqw zloo �qg gl�fxow wr uhwxuq1 Wkh pdlq

wkhph ri wklv wkhvlv lv wkh ghshqghqfh ri elrorjlfdo pryhphqwv rq wkh jrdo wkh| sxuvxh/ dqg wkh qhhg

wr dqdo|}h fduhixoo| wkh uhodwlrqvkls ehwzhhq pryhphqw ghwdlov dqg sdudphwhuv ri wkh prwru wdvn zklfk

wkh pryhphqw zdv phdqw wr dffrpsolvk1

Zk| lv lw qhfhvvdu| wr hpskdvl}h vxfk d vhhplqjo| reylrxv idfwB Lqghhg/ rqh zrxog wklqn wkdw

wkh prwru frqwuro olwhudwxuh zrxog surylgh qxphurxv h{dpsohv ri vxfk dqdo|vhv1 Krzhyhu wkdw lv qrw

wkh fdvh1 Zkdw wkh olwhudwxuh surylghv lqvwhdg duh qxphurxv ghvfulswlrqv ri jhrphwulf surshuwlhv ri

pryhphqw wudmhfwrulhv/ vhtxhqfhv ri pxvfoh dfwlydwlrqv/ hwf1/ zlwk udwkhu vsduvh h{sodqdwlrqv ri krz

wkhvh pryhphqw fkdudfwhulvwlfv dulvh lq wkh surfhvv ri wu|lqj wr dfklhyh d fhuwdlq jrdo1 Wkh uhdvrq ri

frxuvh lv wkdw vxfk h{sodqdwlrqv duh yhu| gl�fxow wr frqvwuxfw1 Vwulfwo| vshdnlqj/ wr xqghuvwdqg zk|

ru krz d kxpdq vxemhfw surgxfhv d pryhphqw zlwk fhuwdlq fkdudfwhulvwlfv/ zh zrxog �uvw qhhg d jrrg

xqghuvwdqglqj ri krz wkh hqylurqphqw dqg jrdo duh shufhlyhg/ zkdw wkh prwlydwlrqdo ru hprwlrqdo vwdwh

ri wkh vxemhfw lv/ zkdw frjqlwlyh surfhvvhv +dqg lq sduwlfxodu uhdvrqlqj derxw wkh sk|vlfv ri wkh zruog,

duh lqyroyhg/ zkdw wkh %suhihuuhg% sdwwhuqv ri pryhphqw duh/ hwf1 Fohduo| prwru frqwuro frxog qrw pdnh

pxfk surjuhvv li uhvhdufkhuv zdlwhg iru vdwlvidfwru| dqvzhuv wr wkhvh txhvwlrqv1 Wkh zd| durxqg vxfk

frpsolfdwlrqv lv xvxdoo| wkh iroorzlqj= srvwxodwh d udwkhu vwulfw vhsdudwlrq ehwzhhq prwru frqwuro surshu

dqg wkh uhvw ri wkh surfhvvlqj lqyroyhg lq pryhphqw surgxfwlrq/ l1h1 dvvxph wkh uhvw ri wkh eudlq lv

vrphkrz �jxulqj rxw lq vx�flhqw ghwdlo zkdw qhhgv wr eh grqh +frqvwuxfwlqj d sodq,/ dqg wkh prwru

v|vwhp lv uhvsrqvleoh iru lpsohphqwlqj +h{hfxwlqj, wkdw sodq1 Lq rughu wr gudz d olqh gh�qlqj wkh grpdlq

ri prwru frqwuro rqh kdv wr eh yhu| vshfl�f derxw wkh �rz ri lqirupdwlrq dfurvv wkdw olqh/ l1h1 ghvfuleh

wkh %lqwhuidfh% ru %irupdw% ri wkh frppdqgv wkdw wkh prwru v|vwhp dffhswv dqg lpsohphqwv1

Vrph ri wkh prvw lq�xhqwldo lghdv lq prwru frqwuro fdq eh vhhq dv dwwhpswv wr gh�qh wklv irupdw/

dqg ghprqvwudwh wkdw lw lv lqghhg vx�flhqw wr h{sodlq odujh fodvvhv ri elrorjlfdo pryhphqwv=

� Vkhuulqjwrq*v lghd wkdw pryhphqwv uhvxow iurp fkdlqlqj dqg frpelqdwlrqv ri orz ohyho uh�h{hv

� V|qhujlhv 0 zklfk duh qrzdgd|v vhhq dv frpelqdwlrqv ri pxvfohv dfwlydwhg vlpxowdqhrxvo|/ zkloh

wkh frqfhsw vhhpv wr kdyh lwv ruljlq lq Ehuqvwhlq*v frruglqdwlrq sdwwhuqv

� Vhuyr frqwuro 0 wkh lghd +�uvw sursrvhg e| Phuwrq, wkdw gxh wr pxvfoh hodvwlflw|/ pryhphqwv fdq

eh surgxfhg lqgluhfwo| e| frqwuroolqj wkh htxloleulxp vwdwh ri wkh pxvfxor0vnhohwdo v|vwhp

9



� D ydulhw| ri %exloglqj eorfnv% 0 sulplwlyh lpsxovhv ru %vwurnhv% ^Prudvvr dqg Pxvvd0Lydogl ;5/

Ylyldql dqg Iodvk <8` frqfdwhqdwhg wr irup pruh frpsoh{ pryhphqwv

� Jhqhudol}hg prwru surjudpv ^Vfkplgw hw do1 :<` 0 edvlf pryhphqw sdwwhuqv wkdw fdq eh vfdohg lq

gxudwlrq dqg dpsolwxgh wr vdwlvi| wkh uhtxluhphqwv ri wkh wdvn1

Zkloh wkhvh lghdv kdyh kdg d juhdw lpsdfw rq wkh vwxg| ri wkh prwru v|vwhp dqg vwlpxodwhg d

orw ri iuxlwixo lqyhvwljdwlrqv/ wkh| kdyh lqyduldeo| idlohg wr ghprqvwudwh wkdw wkh dqdo|vlv ri pryhphqw

fdq eh mxvwl�deo| uhgxfhg wr vrph ixqgdphqwdo exloglqj eorfnv1 Wkh sureohp lv wkh %frjqlwlyh shqh0

wudelolw|% ^S|o|vk|q ;3/ Mhdqqhurg ;;` ri pryhphqwv= lw vhhpv wkdw frjqlwlyh h{shfwdwlrqv/ jrdov/ hwf1

fdq kdyh d vljql�fdqw lq�xhqfh rq doo dvshfwv ri wkh pryhphqw/ pdnlqj d vwulfw klhudufklfdo vhsdud0

wlrq yhu| xqolnho|1 Uh�h{hv fdq eh juhdwo| prgxodwhg lq wdvn ghshqghqw zd|v ^Odftxdqlwl hw do1 <6`1

Dfwlydwhg pxvfoh jurxsv xqghuo|lqj yhu| vlplodu pryhphqwv lq wkh vdph vxemhfw fdq ydu| vxevwdqwldoo|

^ydq Jdohq dqg gh Mrqj <8`/ dqg wkh pxvfoh uhfuxlwphqw sdwwhuqv dv d ixqfwlrq ri pryhphqw gluhfwlrq fdq

eh txlwh frpsoh{ ^Iodqghuv hw do1 <7`1 Wkh jdlq +vwl�qhvv, ri wkh vwuhwfk uh�h{ qhfhvvdu| iru vhuyr frqwuro

vhhpv wr eh wrr orz ^Ehqqhww hw do1 <5/ Jrpl dqg Ndzdwr <9`4 dqg ixuwkhupruh wkh pdmrulw| ri qhxurqv

lq pryhphqw0uhodwhg fruwlfdo duhdv uhsuhvhqw irufh ^Hyduwv ;4` ru yhorflw| ^Jhrujrsrxorv hw do1 ;5` ru

vrph frpelqdwlrq ri erwk ^Ndodvnd hw do1 ;<` zklfk vkrxog qrw eh wkh fdvh li wkh FQV frqwuroohg rqo|

wkh htxloleulxp srvlwlrq1 Wkh lqyduldqw uhodwlyh wlplqj vxjjhvwhg e| wkh jhqhudol}hg prwru surjudp

grhv qrw vhhp wr h{lvw ^Jhqwqhu ;:`/ dqg nlqhpdwlf lqyduldqfhv duh qrw dv vwurqj dv suhylrxvo| wkrxjkw

^Zuljkw <3`1 Zkloh frqfdwhqdwlrqv ri vwurnhv ru vsolqhv fdq �w prvw kdqg wudmhfwrulhv +dv zhoo dv pdq|

rwkhu vprrwk ixqfwlrqv wkdw duh qrw kdqg wudmhfwrulhv,/ zh kdyh qr gluhfw hylghqfh wkdw vxfk sulplwlyhv

duh dfwxdoo| xvhg e| wkh prwru v|vwhp> dovr/ wkh vwuxfwxuh ri vxfk vwurnhv +h1j1 wkh vshhg sur�oh, lv

vljql�fdqwo| d�hfwhg e| wkh dffxudf| uhtxluhg lq wkh wdvn ^Mhdqqhurg ;;`1

Qhz sursrvdov iru %exloglqj eorfnv% ru vlpsoh vhwv ri uxohv iru pryhphqw jhqhudwlrq duh zhofrphg e|

wkh prwru frqwuro frppxqlw|/ ehfdxvh wkh| uhvrqdwh zlwk wkh jhqhudoo| dffhswhg qrwlrq wkdw wkh sureohp

ri prwru frqwuro lv wrr gl�fxow dqg wkh rqo| zd| wr exlog d ixqfwlrqdo prwru v|vwhp lv wr �qg zd|v ri

vlpsoli|lqj lw1 Zkdw lv riwhq plvvlqj krzhyhu lv d fduhixo dqdo|vlv ri zkhuh h{dfwo| wkh gl�fxow| olhv/

dqg frqvhtxhqwo| lw lv riwhq xqfohdu zkhwkhu wkh sursrvhg %vlpsol�fdwlrq% lv dq dfwxdo vlpsol�fdwlrq1

Li zh eholhyh wkdw prwru ehkdylru lv jryhuqhg e| ghwdlohg suhh{lvwlqj surjudpv dqg wkdw uhvhdufk lq

prwru frqwuro vkrxog eh uhvwulfwhg wr wkh h{hfxwlrq ri vxfk surjudpv/ wkh deryh lghdv lqghhg uhsuhvhqw

vlpsol�fdwlrqv wr wkh sureohp ri prwru frqwuro +l1h1 wkh sursrvhg %exloglqj eorfnv% duh xvxdoo| %vlpsoh%

frqwuro vljqdov wkdw vkrxog eh hdv| wr h{hfxwh,1

Krzhyhu/ lq wkh devhqfh ri gluhfw hylghqfh wkdw wkh prwru v|vwhp lv lqghhg lvrodwhg iurp wkh sodqqlqj

surfhvv/ lw vhhpv dssursuldwh wr lqfoxgh sodqqlqj xqghu wkh jhqhudo khdglqj ri prwru frqwuro1 Lq wkdw

fdvh glvfryhulqj wkh frqwuro vljqdov qhfhvvdu| wr dfklhyh d fhuwdlq jrdo ehfrphv dq lqwhjudo sduw ri prwru

frqwuro/ dqg wkh jhrphwulf vlpsolflw| ri wkhlu �qdo irup grhv qrw lq lwvhoi lpso| vlpsolflw| lq wkh surfhvv ri

frqvwuxfwlqj wkhp +ru vhohfwlqj wkhp iurp d odujh froohfwlrq ri srvvleoh frqwuro vljqdov,1 Lq rwkhu zrugv/

wkh frpsoh{lw| ri wkh sureohp pd| ehfrph grplqdwhg e| wkh frpsoh{lw| ri sodqqlqj/ dqg wkhuhiruh

wkh vlpsol�fdwlrqv zh frqvlghu +hvshfldoo| zkhq wkh| kdyh ghhs lpsolfdwlrqv derxw wkh ryhudoo vwuxfwxuh

ri wkh prwru v|vwhp, vkrxog shukdsv eh dlphg dw vlpsoli|lqj wkh sodqqlqj udwkhu wkdq wkh h{hfxwlrq

sureohp1

Sodqqlqj lv riwhq htxdwhg zlwk vroylqj wkh ghjuhhv0ri0iuhhgrp sureohp/ l1h1 wkh surfhvv ri vhohfwlqj

rqh ri wkh lq�qlwho| pdq| srvvleoh pryhphqwv wkdw zrxog vdwlvi| wkh jrdo ^Zroshuw <:`1 Wklv gh�qlwlrq lv

dssursuldwh lq fdvhv zkhuh wkh idplo| ri srvvleoh pryhphqwv lv udwkhu reylrxv +h1j1 uhdfklqj wr d wdujhw,1

Lq pruh frpsoh{ vlwxdwlrqv krzhyhu lw lv qrw dw doo fohdu zkdw wkh srvvleoh pryhphqwv duh/ l1h1 wkdw
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idplo| �uvw kdv wr eh frqvwuxfwhg ehiruh zh kdyh d fkdqfh wr vhohfw rqh ri lwv phpehuv1 Wklv pryhphqw

frqvwuxfwlrq surfhvv ^Ehuqvwhlq 9:` lv olnho| wr eh udwkhu frpsoh{/ dv hylghqfhg e| wkh gl�fxowlhv wkdw

urerwlfv uhvhdufkhuv kdyh hqfrxqwhuhg lq wkh �hog ri prwlrq sodqqlqj ^Odwrpeh <4/ Pdvrq <;`1
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Wkh pdlq srlqw ri wklv wkhvlv lv wkdw wkh prwru v|vwhp lv pruh %lqwhooljhqw% wkdq wkh xvxdo ghvfulswlrqv

lpso|1 Lqvwhdg ri ehlqj d kdugzluhg vhw ri uxohv vrphkrz wxqhg wr dfklhyh jrrg shuirupdqfh/ lw lq0

vwhdg pdlqwdlqv d pruh h{solflw uhsuhvhqwdwlrq ri wkh jrdo dqg xvhv vrph srzhuixo phfkdqlvp wkdw fdq

udslgo| wudqvodwh wkdw jrdo lqwr dssursuldwh pryhphqwv xqghu d zlgh udqjh ri suhylrxvo| xqhqfrxqwhuhg

flufxpvwdqfhv1

Fkdswhu 5 glvfxvvhv wkh gl�fxowlhv lqyroyhg lq exloglqj vxfk d v|vwhp/ dqg rxwolqhv d jhqhudo dssurdfk

wr surgxflqj jrdo0gluhfwhg pryhphqwv dv zhoo dv vrph vlpsol�fdwlrqv wkdw frxog pdnh sodqqlqj pruh

wudfwdeoh1 Lw dovr dujxhv wkdw d qxpehu ri frpprq revhuydwlrqv ri elrorjlfdo pryhphqw duh frqvlvwhqw

zlwk wklv ylhz1 Zh duh fhuwdlqo| qrw jrlqj wr vroyh wkh jhqhudo prwlrq sodqqlqj sureohp khuh> rxu

pdlq jrdo lq wklv fkdswhu lv wr frqylqfh wkh uhdghu wkdw wkh kxpdq prwru v|vwhp kdv vrph ri wkh

gh�qlqj ihdwxuhv ri dq dfwlyh v|vwhp shuiruplqj d orw ri frpsxwdwlrq lpphgldwho| ehiruh dqg gxulqj wkh

pryhphqw/ dqg dovr surylgh d jhqhudo iudphzrun iru wklqnlqj derxw prwru frqwuro dv ehlqj pruh wkdq

d phuh uhsod| ri d suhuhfrughg pryhphqw whpsodwh1

Fkdswhu 6 ghulyhv d pdwkhpdwlfdo prgho frqvlvwhqw zlwk wkh deryh ylhzv iru d uhvwulfwhg idplo| ri

h{shulphqwdo wdvnv/ lqyroylqj kdqg pryhphqwv wkurxjk vpdoo vhwv ri wdujhwv1 Wkh prgho lv edvhg rq

vwrfkdvwlf rswlpdo frqwuro wkhru|/ zklfk lq wklv olplwhg frqwh{w lv htxlydohqw wr wkh iudphzrun ghyhorshg

lq Fkdswhu 51 Wkh prgho kdv wkh xqltxh ihdwxuh wkdw lw lqfoxghv vsdwldoo| olplwhg ylvxdo shufhswlrq dqg

wkxv fdq dgguhvv ylvxr0prwru frruglqdwlrq1

Fkdswhu 7 suhvhqwv d odujh vhw ri h{shulphqwdo gdwd/ dqg vlpxodwlrqv ri wkh prgho iurp Fkdswhu 61

Wkh h{shulphqwv lqfoxgh hvwlpdwhv ri ylvxdo dffxudf|/ fkdudfwhulvwlfv ri kdqg wudmhfwrulhv xqghu ydu|0

lqj dffxudf| frqvwudlqwv/ h|h0kdqg frruglqdwlrq lq yld0srlqw wdvnv/ zlwklq vxemhfw yduldelolw|/ pryhphqw

vhjphqwdwlrq/ fruuhfwlrqv iru xqsuhglfwdeoh ylvxdo shuwxuedwlrqv1 Wkh prgho fdq dgguhvv rwkhu h{shu0

lphqwdo revhuydwlrqv dydlodeoh lq wkh olwhudwxuh/ zklfk duh dovr glvfxvvhg= vshhg0dffxudf| wudgh0r�v/

judgxdo vshfl�fdwlrq ri prwru uhvsrqvhv1

Fkdswhu 8 irfxvhv rq vrph ri wkh orzhu0ohyho phfkdqlvpv lq wkh prgho +dxwrpdwlf frpshqvdwlrq

iru pxvfoh ylvfrvlw|, dqg vkrzv krz wklv h{sodlqv ixqfwlrqdo fruuhfwlrqv iru dqlvrwurslf kdqg lqhuwld

wkdw kdyh ehhq suhylrxvo| uhsruwhg1 Ixuwkhu hylghqfh iru vxfk dxwrpdwlf frpshqvdwlrq lv surylghg e|

d qxpehu ri qhxursk|vlrorjlfdo revhuydwlrqv iurp sulpdu| prwru fruwh{/ wkdw duh qdwxudoo| h{sodlqhg

e| wkh prgho1 Wkh fkdswhu dovr suhvhqwv uhvxowv iurp ohduqlqj dqg dgdswdwlrq h{shulphqwv jhqhudoo|

frqvlvwhqw zlwk wkh iudphzrun rxwolqhg lq Fkdswhu 51

Fkdswhu 9 frqwdlqv d uhodwhg prgho wr wkh rqh ghyhorshg lq Fkdswhu 6/ zklfk lv ghvfulswlyh udwkhu

wkdq ehlqj phfkdqlvwlf/ exw dffrxqwv txlwh zhoo iru wkh uhodwlrqvklsv ehwzhhq pryhphqw sdwkv dqg vshhg

sur�ohv wkdw kdyh ehhq revhuyhg suhylrxvo|1 Wkh prgho lv dssolhg wr gdwd iurp wzr h{shulphqwv/ ghprq0

vwudwlqj vljql�fdqwo| ehwwhu shuirupdqfh frpsduhg wr wkh wzr0wklugv srzhu odz zklfk lv wkh fxuuhqwo|

dffhswhg ghvfulswlrq ri wklv skhqrphqrq1

Fkdswhu : frqfoxghv wkh wkhvlv zlwk vrph �qdo uhpdunv1

;
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Xqghuo|lqj prvw lqyhvwljdwlrqv ri wkh prwru v|vwhp lv wkh dvvxpswlrq wkdw sodqqlqj dqg h{hfxwlrq duh

vhsdudwh= lq wkh sodqqlqj vwdjh wkh h{whuqdo jrdo lv wudqviruphg lqwr d ghwdlohg wudmhfwru| +ru vrph prwru

sodq2uhflsh2surjudp2vfkhpd,/ zklfk lv wkhq xvhg lq wkh h{hfxwlrq vwdjh wr surgxfh dq dfwxdo pryh0

phqw1 Sodqqlqj kdv uhfhlyhg uhodwlyho| olwwoh dwwhqwlrq1 Lq wkh w|slfdo wdvnv vwxglhg lq sv|fkrsk|vlfv dqg

qhxursk|vlrorj| +vxfk dv uhdfklqj ru rwkhu wudqvsruw wdvnv, wkh jrdo lv gh�qhg e| d vlpsoh ylvxdo vwlp0

xoxv dqg wkh idplo| ri vxffhvvixo pryhphqwv lv udwkhu reylrxv1 Wkxv wkh sursrvhg sodqqlqj dojrulwkpv

^Qhovrq ;6/ Iodvk dqg Krjdq ;8/ Xqr hw do1 ;<` duh txlwh vwudljkwiruzdug/ lqyroylqj vrph vprrwk lqwhu0

srodwlrq phwkrg dssolhg gluhfwo| wr wkh vhqvru| lqsxw +lq wkh dssursuldwh frruglqdwh v|vwhp,1 Wkh pdlq

sureohp uhfrjql}hg dw wklv vwdjh lv wkh vr fdoohg %ghjuhhv0ri0iuhhgrp% sureohp/ l1h1 krz gr zh vhohfw

wkh prvw dssursuldwh rxw ri pdq| srvvleoh pryhphqwv1 Wkh vwdqgdug vroxwlrq +lqfruuhfwo| dwwulexwhg

wr Ehuqvwhlq, lv wr dvvxph wkdw uhgxqgdqf| lv holplqdwhg e| dgglqj lqwhuqdo frqvwudlqwv/ hylghqfhg e|

pryhphqw uhjxodulwlhv qrw lpsolhg e| wkh wdvn lwvhoi +h1j1 lvrfkurq| sulqflsoh/ plqlpxp0mhun sulqflsoh/

526 srzhu odz/ slhfhzlvh0sodqdu 6G kdqg sdwkv/ olqhduo| uhodwhg mrlqw yhorflwlhv/ hwf1, Pruh frpsoh{ eh0

kdylruv kdyh ehhq vwxglhg lq wkh vnloo dftxlvlwlrq frppxqlw|/ zkhuh sodqqlqj lv qrw frqvlghuhg vhsdudwho|

exw ehfrphv d sduw ri prwru ohduqlqj= lw lv srvwxodwhg wkdw d %prwru vfkhpd% ^Vfkplgw :8` dssursuldwh

iru wkh wdvn kdv douhdg| ehhq iruphg1 Lwv irupdwlrq uholhv rq wkh h{lvwhqfh ri vrph jhqhudo0sxusrvh fd0

sdelolw| wr ohduq vhqvru|0prwru dvvrfldwlrqv dqg jhqhudol}h iurp wkhp fruuhfwo| +lqvsluhg e| shufhswxdo

ohduqlqj h{shulphqwv zlwk grw0sdwwhuq surwrw|shv 0 ^Srvqhu dqg Nhhoh :3`,1

Wkh lvvxhv wkdw kdyh dwwudfwhg prvw dwwhqwlrq lq wkh �hog duh uhodwhg wr wkh h{hfxwlrq ri d suh0vshfl�hg

pryhphqw= lpshgdqfh fkdudfwhulvwlfv ri wkh olpe/ vhuyr frqwuro prghov/ uroh ri ihhgedfn lq fruuhfwlqj

ghyldwlrqv iurp wkh ghvluhg wudmhfwru|/ v|qhujlhv dqg sdwwhuq jhqhudwruv/ uhfuxlwphqw rughu dqg pxvfoh

dfwlydwlrq sdwwhuqv/ hwf1 Zkloh wklv ohyho ri dqdo|vlv lv fhuwdlqo| qhfhvvdu| iru xqghuvwdqglqj krz wkh

elrorjlfdo v|vwhp zrunv/ rqh riwhq jhwv wkh lpsuhvvlrq wkdw li rqo| zh kdg ehwwhu dfwxdwruv dqg idvwhu

vhqvruv/ prwru frqwuro zrxog eh wulyldo1 Lq rwkhu zrugv/ wkh sureohpv wkdw duh frpprqo| vwxglhg duh qrw

fkdoohqjlqj rq wkh frpsxwdwlrqdo ohyho ^Pduu ;5`> wkh| kdyh h�flhqw vroxwlrqv rq gljlwdo frpsxwhuv dqg
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gr qrw srvh vhulrxv sureohpv iru urerwlfv hqjlqhhuv1 Lqvwhdg/ wkh pdlq gl�fxow| lq urerwlfv +rwkhu wkdq

exloglqj kdugzduh dqg ylvlrq v|vwhpv, lv prwlrq sodqqlqj1 Wkh sodqqlqj dojrulwkpv wkdw kdyh ehhq sur0

srvhg duh vxlwdeoh iru uhvwulfwhg wudqvsruw wdvnv ^Odwrpeh <4`> wkh| vfdoh srruo| +dw ohdvw h{srqhqwldoo|,

dqg ehfrph lpsudfwlfdo iru uhdolvwlf glphqvlrqdolw| ri wkh frq�jxudwlrq vsdfh dqg frpsoh{lw| ri wkh

hqylurqphqw +h1j1 prydeoh remhfwv/ qrqkrorqrplf frqvwudlqwv/ xqfhuwdlqw|,1 Dgglqj d qhz w|sh ri jrdo

ru frqvwudlqw xvxdoo| uhtxluhv d qhz dojrulwkp> lw lv qrw fohdu krz wr hyhq dssurdfk prwlrq sodqqlqj lq

pdqlsxodwlrq wdvnv vxfk dv vkx�lqj dqg ghdolqj d ghfn ri fdugv ^Pdvrq <;`1 Ixuwkhupruh/ kxpdq prwru

ehkdylru lv d orw pruh �h{leoh frpsduhg wr wkh urerwlf wdvnv iru zklfk dojrulwkpv kdyh ehhq ghyhorshg1

Zh fdq surgxfh pryhphqwv wkdw dwwdlq yhu| glyhuvh w|shv ri jrdov +ru frpelqdwlrqv ri wkhp,/ lqfoxglqj

ydulrxv ihdwxuhv ri wkh olpe wudmhfwru| ru ghvluhg h�hfwv rq wkh hqylurqphqw wkdw fdq eh txlwh eurdgo|

gh�qhg1

Mxvw olnh ylvxdo shufhswlrq ru vshhfk uhfrjqlwlrq/ wkh jhqhudwlrq ri sxusrvhixo pryhphqwv dsshduv

+vxemhfwlyho|, lpphgldwh dqg doprvw wulyldo1 Wkh gl�fxowlhv lqyroyhg fdq uhdoo| eh dssuhfldwhg rqo| diwhu

vrphrqh vhulrxvo| dwwhpswv wr exlog dq duwl�fldo v|vwhppdwfklqj kxpdq shuirupdqfh dqg idlov1 Wkxv wkh

surshu frpsxwdwlrqdo ohyho gh�qlwlrq ri wkh sureohp ri prwru frqwuro lv %surgxfh vrph pryhphqw wkdw

vdwlv�hv d jlyhq vhw ri jrdov dqg suhihuhqfhv%/ udwkhu wkdq %h{hfxwh dffxudwho| d suhvshfl�hg pryhphqw%

0 zklfk vhhpv wr prwlydwh prvw fxuuhqw uhvhdufk1 Zkloh wkhvh gh�qlwlrqv duh yhu| gl�huhqw zkhq dssolhg

wr uhdo0olih vlwxdwlrqv/ wkdw gl�huhqfh kdv ehhq eoxuuhg e| hpskdvl}lqj uhvwulfwhg oderudwru| wdvnv zlwk

wulyldo sodqqlqj uhtxluhphqwv/ dqg irfxvlqj rq jhrphwulf ghwdlov ri wkh uhfrughg wudmhfwru| lq lvrodwlrq

iurp wkh hqylurqphqw zkhuh wkh pryhphqw wrrn sodfh dqg wkh jrdo lw dfklhyhg1
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Ohw xv dvvxph iru wkh vdnh ri dujxphqw wkdw wkh ryhudoo slfwxuh deryh lv fruuhfw= iru d jlyhq jrdo

wkh v|vwhp vhohfwv2lqvwdqwldwhv d ghwdlohg prwru sodq +xvlqj d pdsslqj frqvwuxfwhg yld vrph xqnqrzq

dqg yhu| srzhuixo ohduqlqj surfhvv,/ dqg wkhq h{hfxwhv wkdw sodq dv dffxudwho| dv srvvleoh1 Zkloh d

frqfuhwh prgho ri prwru frqwuro edvhg rq wkhvh lghdv kdv qrw ehhq sursrvhg uhfhqwo| dqg wkh suhvhqw

irupxodwlrq lv wrr ydjxh wr glvsuryh/ zh zrxog dujxh wkdw lw kdv wkh zurqj �dyru1 Lw dffrxqwv zhoo iru

vwhuhrw|shg phfkdqlfdo pryhphqwv +lqghhg/ wkdw lv krz urerwv xvxdoo| zrun 0 vxevwlwxwh %doo0srzhuixo

ohduqlqj surfhvv% zlwk %kxpdq hqjlqhhu%,1 Krzhyhu/ lw lv lq frq�lfw zlwk vrph ri wkh prvw lqwhuhvwlqj

dqg xqltxh fkdudfwhulvwlfv ri elrorjlfdo pryhphqwv=

� D qxpehu ri dxwkruv kdyh uhshdwhgo| frpphqwhg rq wkh idfw wkdw elrorjlfdo pryhphqwv duh vxusulv0

lqjo| yduldeoh zkloh wkh wdvn lv ehlqj khog frqvwdqw1 Wkdw yduldelolw| lv qrw frpsohwho| udqgrp 0 lw

lv uhvwulfwhg wr wkh idplo| ri pryhphqwv wkdw dfklhyh wkh ghvluhg jrdo +h1j1 wkh rqo| frpprq srlqw

ri vhyhudo uhdfklqj pryhphqwv surgxfhg e| wkh vdph vxemhfw lv wkh wdujhw 0 ^Ehuqvwhlq 9:`,1 Wkh

deryh prgho fdq surgxfh gl�huhqw wudmhfwrulhv rq uhshdwhg wuldov li hlwkhu sodqqlqj ru h{hfxwlrq lv

d�hfwhg e| lqwhuqdo qrlvh/ exw wkhuh lv qr uhdvrq zk| wkh rqo| dvshfwv ri wkh wudmhfwru| d�hfwhg

e| qrlvh vkrxog eh wkh rqhv luuhohydqw iru wkh wdvn1 Ixuwkhupruh/ dq| duwl�fldo v|vwhp d�hfwhg e|

hqrxjk qrlvh wr pdwfk wkh yduldelolw| ri kxpdq pryhphqwv zloo eh g|vixqfwlrqdo> lw lv wkhq qrw

fohdu krz d elrorjlfdo v|vwhp xvlqj pxfk vorzhu ihhgedfn orrsv fdq hyhu vxffhhg rq dq| wdvn1

� Lq wkh sodqqlqj0h{hfxwlrq prgho wkh uroh ri vhqvru| ihhgedfn gxulqj h{hfxwlrq lv wr fruuhfw ghyld0

wlrqv dzd| iurp wkh sodq1 Vxfk d phfkdqlvp zrxog lpso| %eolqg% fruuhfwlrqv= vlqfh wkh h{hfxwlrq

v|vwhp grhv qrw nqrz zk| wkdw frqfuhwh sodq zdv iruphg +l1h1 lw grhvq*w kdyh dffhvv wr wkh jrdo,/

lw kdv wr fruuhfw doo ghyldwlrqv +wklv lv krz SG frqwuro zrunv iru h{dpsoh,1 Lq frqwudvw/ wkh rq0olqh

fruuhfwlrqv h{klelwhg e| elrorjlfdo v|vwhpv duh jrdo0gluhfwhg= zkhq rxu irrw frphv lq frqwdfw zlwk
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dq revwdfoh zh gr qrw nlfn lw dv kdug dv srvvleoh> lqvwhdg zh oliw wkh irrw dqg uhdgmxvw wkh zkroh

erg| vr dv wr pdlqwdlq edodqfh1 Lw lv srvvleoh wr �{ wklv �dz ri wkh prgho e| dvvxplqj d odujh

qxpehuv ri %edfnxs% sodqv wkdw fdq kdqgoh doo frpprq huuruv/ exw wkdw zloo pxowlso| wkh qxp0

ehu ri qhfhvvdu| prwru surjudpv +zklfk douhdg| kdv wr eh udwkhu odujh frqvlghulqj wkh qxpehu ri

gl�huhqw wdvnv wkdw dq dyhudjh kxpdq fdq shuirup,1

� Li wkh prwru v|vwhp lv lqghhg d froohfwlrq ri d odujh qxpehu ri wdvn0vshfl�f prwru surjudpv +ru

dojrulwkpv,/ rqh zrxog h{shfw wr �qg hylghqfh ri prgxodul}dwlrq rq wkh ohyho ri sk|vlrorj|1 Wkh

olwwoh zh nqrz derxw wkh qhxudo surfhvvlqj xqghuo|lqj pryhphqw surgxfwlrq srlqwv lq wkh rssrvlwh

gluhfwlrq1 Wkh prvw urexvw �qglqj lq wkh dup0uhodwhg duhdv ri qhrfruwh{ ^Jhrujrsrxorv hw do1 ;5`

lv wkdw wkh pdmrulw| ri uhfrughg fhoov4 duh eurdgo| wxqhg hyhq lq wkh vlpsohvw srvvleoh pxowlmrlqw

wdvn +uhdfklqj,/ lpso|lqj wkdw prvw fhoov vrphkrz sduwlflsdwh lq wkh h{hfxwlrq ri prvw wdvnv1 Vrph

vshfldol}dwlrq vhhpv wr h{lvw +h1j1 %judvslqj fhoov% 0 ^Ul}}rodwwl hw do1 <3`, exw lv grhv qrw dsshdu

wr eh d vx�flhqw qhxudo edvlv iru wkrxvdqgv ri prwru surjudpv/ fruuhvsrqglqj wr doo wkh wklqjv

zh fdq gr zlwk rxu kdqgv1 Zkloh lw lv srvvleoh wr kdyh ixqfwlrqdo prgxodulw| zlwkrxw dqdwrplfdo

prgxodulw|/ sk|vlrorjlfdo revhuydwlrqv duh pruh frpsdwleoh zlwk dq lqwhjudwhg v|vwhp shuiruplqj

vrph jhqhudo frpsxwdwlrq wkdw lv dssolfdeoh wr prvw prwru wdvnv1

� Wkh nlqhpdwlf uhjxodulwlhv phqwlrqhg hduolhu kdyh ehhq lqwhusuhwhg dv pdqlihvwdwlrqv ri sodqqlqj

phfkdqlvpv wkdw vroyh wkh ghjuhh0ri0iuhhgrp sureohp e| vhohfwlqj rqh ri wkh pdq| srvvleoh pryh0

phqwv1 Lq wkdw fdvh vxfk uhjxodulwlhv vkrxog eh yhu| urexvw odzv ri pryhphqw +vxfk dv Olvwlqj*v

odz, wkdw duh doprvw lpsrvvleoh wr ylrodwh1 Lqvwhdg/ wkh| dsso| rqo| %rq dyhudjh% dqg whqg wr

euhdn hyhq lq vlpsoh h{whqvlrqv ri wkh ruljlqdo wdvnv +vxfk dv uhdfklqj lq d yhuwlfdo lqvwhdg ri d

krul}rqwdo sodqh 0 ^Dwnhvrq dqg Kroohuedfk ;8`,1

� Vxffhvvixo h{hfxwlrq ri idploldu wdvnv vkrxog uhvxow iurp dq dssursuldwh prwru surjudp/ wkdw hq0

frghv wkh %uljkw% pryhphqw1 Lpdjlqh wkh iroorzlqj h{shulphqw= dvn d qrylfh edvnhwedoo sod|hu

wr vkrrw iurp d vljql�fdqw glvwdqfh/ dozd|v iurp wkh vdph lqlwldo srvlwlrq1 Uhfrug vhyhudo edoo

wudmhfwrulhv/ dyhudjh wkhp +suhvxpdeo| uhfryhulqj wkh prwru sodq ri wkh vxemhfw, dqg wkhq pryh

wkh edvnhw vr wkdw wkh dyhudjh edoo wudmhfwru| sdvvhv wkurxjk lw1 Qrz zh kdyh dgmxvwhg wkh jrdo

vr wkdw lw pdwfkhv wkh k|srwkhwlfdo prwru surjudp/ dqg wkhuhiruh zh vkrxog h{shfw shuihfw shu0

irupdqfh 0 zklfk lv txlwh xqolnho|1 D uhodwhg srlqw lv wkdw wkh ihdwxuhv ri wkh %uljkw% pryhphqw

vkrxog eh vkduhg e| prvw h{shuwv rq d jlyhq wdvn1 Lqvwhdg/ lw kdv ehhq yhu| gl�fxow wr lghq0

wli| %vljqdwxuhv% ri h{shuw shuirupdqfh/ rwkhu wkdq pryhphqw ihdwxuhv gluhfwo| uhodwhg wr wkh jrdo

^Eulvvrq dqg Dodlq <9/ Wrgrury hw do1 <:`1 Lq rwkhu zrugv/ ehwzhhq vxemhfw yduldelolw| lv olnh zlwklq

vxemhfw yduldelolw| 0 vxevwdqwldo/ exw uhvwulfwhg wr wkh idplo| ri vxffhvvixo pryhphqwv1

� Ilqdoo|/ d qrylfh vkrxog kdyh d pxfk vlpsohu2vpdoohu prwru surjudp frpsduhg wr dq h{shuw1 Vlp0

sohu surjudpv duh xvxdoo| hdvlhu wr uxq> wkxv lw lv yhu| gl�fxow wr vhh zk| xqidploldu wdvnv uhtxluh d

vljql�fdqw dprxqw ri frqfhqwudwlrq dqg h�ruw/ zkloh zhoo sudfwlfhg wdvnv ehfrph %dxwrpdwlf% dqg

vxemhfwlyho| pxfk hdvlhu1 Lw lv fhuwdlqo| qrw ehfdxvh h{shuwv gr qrw kdyh wr xvh vhqvru| ihhgedfn

+h1j1 h{shuw whqqlv sod|huv uduho| ljqruh wkh �ljkw ri wkh edoo,1 Lq jhqhudo/ li pryhphqwv uhvxow

iurp suhh{lvwlqj prwru surjudpv/ wkhlu dffxudf| vkrxog rqo| ghshqg rq wkh txdolw| ri wkdw prwru

surjudp1 Wkxv fkdqjlqj wkh dffxudf| uhtxluhphqwv ri wkh wdvn vkrxog kdyh qr h�hfwv rq wkh df0

wxdo dffxudf| ri wkh pryhphqw/ ru lwv nlqhpdwlf ghwdlov 0 erwk ri zklfk duh idovh dv zh nqrz iurp

vwxglhv ri vshhg0dffxudf| wudgh0r�v/ uhylhzhg lq ^Mhdqqhurg ;;`1
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Iljxuh 504= Vfkhpdwlf uhsuhvhqdwlrq ri gluhfw prghov ri shufhswlrq dqg prwru frqwuro1

2�� Bi?ih@* @TThL@U�

Wkh frpsxwdwlrqdo ohyho gh�qlwlrq ri prwru frqwuro phqwlrqhg hduolhu lv= jlyhq d jrdo ru d vhw ri jrdov

dqg suhihuhqfhv J/ jhqhudwh d pryhphqw P vdwlvi|lqj J +l1h1 %xvh doo dydlodeoh phdqv wr dfklhyh wkh

ghvluhg h�hfw%,1 Wkxv wkh lqsxw wr wkh v|vwhp lv J/ dqg wkh rxwsxw lv P1 Wkh fxuuhqw ylhz ri prwru

frqwuro srvwxodwhv d vroxwlrq lqyroylqj d ihhgiruzdug surfhvv wkdw pdsv J lqwr P lq wzr vwhsv +sodqqlqj

dqg h{hfxwlrq,1 Zkloh wklv lv wkh prvw qdwxudo +dqg dw �uvw jodqfh wkh rqo|, zd| wr vroyh wkh sureohp/

lw lv lqwhuhvwlqj wkdw doo gl�fxowlhv glvfxvvhg deryh fdq eh wudfhg wr wkh gluhfw/ vhtxhqwldo qdwxuh ri wkh

sursrvhg frpsxwdwlrq1

Wkh dssurdfk dgyrfdwhg khuh lv phdqw wr dgguhvv wkhvh sureohpv dqg surylgh d pruh h{flwlqj slfwxuh

ri wkh prwru v|vwhp1 Zkloh lw kdv qrw ehhq h{solflwo| frqvlghuhg lq elrorjlfdo prwru frqwuro5/ yhu| vlplodu

ylhzv kdyh kdg d orqj klvwru| lq wkh vwxg| ri shufhswlrq ^Nqloo dqg Ulfkdugv <9`1 Vr zh lqwurgxfh wkh

edvlf lghdv wkurxjk d frpsdulvrq zlwk ylvxdo shufhswlrq/ zkloh sd|lqj vshfl�f dwwhqwlrq wr wkh idfw wkdw

lq pdq| zd|v wkh wzr v|vwhpv duh rssrvlwhv ri hdfk rwkhu1

Wkh frpsxwdwlrqdo ohyho gh�qlwlrq ri ylvlrq lv= jlyhq d uhwlqdo lpdjh L/ lqihu wkh vwdwh ri wkh zruog

V zkrvh 5G surmhfwlrq rq wkh uhwlqd lv L1 Wkh wudglwlrqdo ylhz ri ylvxdo shufhswlrq dovr lqyroyhv d

ihhgiruzdug surfhvv wkdw vwduwv zlwk L dqg vhtxhqwldoo| h{wudfwv pruh dqg pruh frpsoh{ ihdwxuhv dqg

exlogv kljkhu dqg kljkhu uhsuhvhqwdwlrqv wkdw hyhqwxdoo| ohdg wr V ^Kxeho dqg Zlhvho 95/ Pduu ;5`1 Wkxv

erwk ylvlrq dqg prwru frqwuro duh grplqdwhg e| d %gluhfw% wkhru|/ zklfk fodlpv wkdw wkh lqsxw lv pdsshg

lqwr wkh rxwsxw yld vrph vhtxhqwldo xqlgluhfwlrqdo surfhvv61 Wklv lv looxvwudwhg lq Ilj 5041

Wkh wurxeoh zlwk gluhfw wkhrulhv lv wkdw lw lv qrw fohdu krz wr shuirup wkh uhtxluhg frpsxwdwlrq lq
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Iljxuh 505= Vfkhpdwlf uhsuhvhqwdwlrq ri lqyhuvh prghov ri shufhswlrq dqg prwru frqwuro1 Wklq duurzv
fruuhvsrqg wr wkh gluhfwlrq ri �rz wkdw lv ghvludeoh/ exw gl�fxow wr lpsohphqw gluhfwo|1

d sulqflsohg zd|1 Lq erwk fdvhv wkh zhoo0gh�qhg wudqvirupdwlrq lv dfwxdoo| lq wkh rssrvlwh gluhfwlrq1

Jlyhq d vwdwh ri wkh zruog V zh fdq �jxuh rxw zkdw wkh uhwlqdo lpdjh L vkrxog orrn olnh +xvlqj d prgho

ri rswlfv,/ l1h1 wkhuh lv d zhoo0gh�qhg %jhqhudwlyh prgho% dqg wkh rqo| zd| wr gh�qh wkh %uhfrjqlwlrq

prgho% uhtxluhg iru gluhfw ylvlrq lv dv dq lqyhuvh1 Vlploduo|/ jlyhq d ghwdlohg ghvfulswlrq ri d pryhphqw P

zh fdq �jxuh rxw doo srwhqwldo jrdov wkdw lw dfklhyhv +e| frpsxwlqj vshfl�f ihdwxuhv ri wkh wudmhfwru| ru

xvlqj d prgho ri Qhzwrqldq phfkdqlfv wr lqihu lwv h�hfwv rq wkh hqylurqphqw,/ l1h1 wkhuh lv d zhoo0gh�qhg

%fdxvdo prgho% dqg wkh rqo| zd| wr gh�qh wkh %frqwuro prgho% qhfhvvdu| iru gluhfw prwru frqwuro lv dv

dq lqyhuvh1 Wklv lghd lv looxvwudwhg lq Ilj 5051

Wkhuh lv qr d sulrul uhdvrq zk| dq lqyhuvh sureohp fdqqrw eh vroyhg dffxudwho| e| d gluhfw dojrulwkp1

Lqghhg/ pdq| dwwhpswv kdyh ehhq pdgh lq DL +erwk lq frpsxwhu ylvlrq dqg urerwlfv, wr frqvwuxfw gluhfw

dojrulwkpv +w|slfdoo| lqyroylqj d froohfwlrq ri khxulvwlfv, wkdw zrun lq fduhixoo| frqwuroohg hqylurqphqwv

^Uxvvho dqg Qruylj <8`1 Vxfk dojrulwkpv krzhyhu whqg wr idlo +ru vfdoh srruo|, zkhq wkh hqylurqphqw

lv pdgh voljkwo| pruh uhdolvwlf1 Lw lv srvvleoh wkdw wkh rqo| jhqhudo zd| wr vroyh yhu| kdug lqyhuvh

sureohpv vxfk dv ylvlrq dqg prwru frqwuro lv wr dfwxdoo| wuhdw wkhp dv lqyhuvh sureohpv/ l1h1 pdlqwdlq d

prgho ri wkh zhoo0gh�qhg wudqvirupdwlrq iurp rxwsxwv wr lqsxwv dv zhoo dv sulruv ryhu rxwsxwv/ dqg xvh

vrph +frpsxwdwlrqdoo| lqwhqvlyh, dojrulwkp iru lqyhuwlqj wkdw prgho1 Wklv fruuhvsrqgv wr wkh %Ed|hvldq

lqihuhqfh% wkhru| ri ylvlrq ^Nqloo dqg Ulfkdugv <9`1 Lq wklv ylhz erwk ylvxdo shufhswlrq dqg prwru frqwuro

duh dfwlyh surfhvvhv/ lqyroylqj pruh rq0olqh surfhvvlqj wkdq d rqh sdvv ihhgiruzdug frpsxwdwlrq1

Wkdw grhv qrw glplqlvk wkh lpsruwdqfh ri %vkruwfxwv% ru slhfhv ri gluhfw wudqvirupdwlrqv wkdw fdq

eh lqfrusrudwhg lq wkh lqyhuvh frpsxwdwlrq1 Qrqh ri wkh dgkhuhqwv ri wkh Ed|hvldq wkhru| ri ylvlrq

zrxog ghq| wkh h{lvwhqfh ri %hgjh ghwhfwruv% lq Y4/ dqg wkh idfw wkdw wkhlu dfwlylw| lv wr d odujh h{whqw

jhqhudwhg e| ihhgiruzdug vwlpxodwlrq iurp wkh OJQ ^Kxeho dqg Zlhvho 95`1 Vwloo/ hyhq Y4 hgjh ghwhfwruv

fdq eh d�hfwhg txlwh gudpdwlfdoo| e| vwlpxol rxwvlgh wkhlu %fodvvlfdo% uhfhswlyh �hogv ^Vrphuv hw do1 <;`

0 vrphwklqj wkdw d zhoo ghvljqhg ihdwxuh ghwhfwru vkrxog qrw gr1 Zkloh wkh fruuhvsrqglqj glvfryhu|
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lq wkh prwru v|vwhp kdv qrw |hw ehhq pdgh +rulhqwdwlrq wxqlqj lq P4 lv vlpso| d fruuhodwlrq/ qrw d

phfkdqlvwlf h{sodqdwlrq,/ wkh prwru htxlydohqw ri ihdwxuh ghwhfwruv lv wkh frqfhsw ri v|qhujlhv/ prwru

sulplwlyhv/ sdwwhuq jhqhudwruv= wkh| fdq eh vhhq dv vpdoo slhfhv ri d gluhfw +frqwuro, prgho/ dvvhpeohg

lq ydulrxv wdvn0vshfl�f zd|v wr surgxfh frpsohwh pryhphqwv1

Wklv ylhz ri prwru frqwuro pd| dsshdu wr fruuhvsrqg wr wkh sodqqlqj vwdjh rqo|/ exw lw lv qrw vr1 Wkhuh

lv qr uhdvrq wr frpsohwh wkh hqwluh frpsxwdwlrq ehiruh lqlwldwlqj wkh pryhphqw1 Lw lv ehwwhu wr �qdol}h

wkh uhvxowv rqolqh/ dv vhqvru| lqirupdwlrq ehfrphv dydlodeoh1 Lq idfw/ uh�h{hv fdq eh vhhq dv vkruwfxwv

iru lqyhuwlqj wkh fdxvdo prgho rqolqh1 Iru h{dpsoh/ wkh vwuhwfk uh�h{ lq pdq| wdvnv surgxfhv xvhixo

fruuhfwlrqv +l1h1 lw lv xvxdoo| dssursuldwh wr frpshqvdwh iru vpdoo ghyldwlrqv dzd| iurp wkh h{shfwhg

pryhphqw,> wkxv lqyhuwlqj wkh ixoo prgho zrxog riwhq surgxfh wkh vdph uhvxowv dv wkh vwuhwfk uh�h{/ rqo|

vorzhu1 Krzhyhu wkh uh�h{ lv rqo| d vkruwfxw zklfk fdq eh prgl�hg zkhq lw ehfrphv lqdssursuldwh +l1h1

lwv jdlq fdq eh juhdwo| prgxodwhg lq d wdvn0vshfl�f pdqqhu 0 ^Odftxdqlwl hw do1 ;6`,1

Rqh pd| dujxh wkdw frpsxwlqj d qhz pryhphqw iru hdfk wuldo lv d zdvwh ri uhvrxufhv1 Lqvwhdg/ zk|

qrw vwruh wkh pryhphqw mxvw h{hfxwhgB Wklv zrxog eh wkh rswlpdo vwudwhj| li zh frqvlghu wkh uhshwlwlyh

pryhphqwv surgxfhg e| urerwv dqg kxpdq vxemhfwv lq oderudwru| h{shulphqwv1 Krzhyhu lq wkh uhdo

zruog zh uduho| kdyh wr uhshdw h{dfwo| wkh vdph pryhphqw/ l1h1 wkhuh pxvw h{lvw d phfkdqlvp fdsdeoh

ri frpsxwlqj wkh qh{w pryhphqw zkloh wkh suhvhqw rqh lv ehlqj surgxfhg1 Rqfh vxfk d phfkdqlvp lv lq

sodfh lw fdq kdqgoh uhshwlwlyh wdvnv dv zhoo/ vr lw pd| dfwxdoo| eh zdvwhixo wr kdyh d ghglfdwhg vwrudjh

v|vwhp iru wklv uduh fdvh1

2�e �@|�i4@|�U@* 4L_i*�?}

Wkh reylrxv fdqglgdwh iru d prgho ri wklv nlqg lv d eholhi qhwzrun zklfk hqfrghv d fdxvdo prgho S+JmP,

dqg sulruv S+P,/ dqg iru d jlyhq jrdo J jhqhudwhv pryhphqwv P zlwk kljk srvwhulru suredelolw| S+PmJ,1
Khuh L glvfxvv vrph ri wkh ihdwxuhv ri vxfk d prgho wkdw duh vshfl�f wr wkh grpdlq ri prwru frqwuro1

Lw zdv dvvxphg iru vlpsolflw| wkdw wkh rxwsxw ri wkh v|vwhp lv wkh pryhphqw P1 Lq idfw/ wkh rxwsxw

lv d vhw ri frqwuro vljqdov F +wkh �ulqj ri prwru qhxurqv,1 Wkh rwkhu txdqwlwlhv lqyroyhg duh wkh vhw ri

mrlqw wrutxhv W/ wkh vwdwh ri wkh sk|vlfdo zruog Z +zklfk lqfoxghv olpe frq�jxudwlrq/ l1h1 P,/ dqg wkh

vhw ri vhqvru| lqsxwv V1 Wr fuhdwh d Ed|hvldq prgho/ zh qhhg d prgho ri pxvfoh irufh surgxfwlrq dqg

prphqw dupv wkdw ghvfulehv wkh wudqvirupdwlrq ri F wr W= S+WmF,/ d fdxvdo prgho ri olpe g|qdplfv

dv zhoo dv phfkdqlfdo surshuwlhv ri wkh hqylurqphqw wkdw ghvfulehv wkh h�hfwv ri W rq Z= S+ZmW,/ dqg
d jhqhudwlyh prgho ghvfulelqj krz vhqvru| lqsxwv V dulvh iurp wkh sk|vlfdo zruog Z= S+VmZ,1 Zkloh

vwxg|lqj S+VmZ, idoov lq wkh grpdlq ri shufhswlrq udwkhu wkdq prwru frqwuro/ zh qhhg wr frqvlghu lw khuh

lq rughu wr lqfrusrudwh uh�h{hv +vkruwfxwv, lqwr wkh prgho/ ru vwxg| wkh h�hfwv ri vhqvru| olplwdwlrqv rq

pryhphqw1

Wkh fhqwudo sduw ri d Ed|hvldq prgho ri prwru frqwuro lv wkh fdxvdo prgho S+ZmF,71 Lw pd| qrw eh

ihdvleoh wr exlog d yhu| dffxudwh prgho ri Qhzwrqldq phfkdqlfv> hyhq li zh kdg rqh/ lw pd| qrw eh xvhixo

vlqfh wkh sk|vlfdo surshuwlhv ri prvw remhfwv lq wkh hqylurqphqw duh qrw nqrzq h{dfwo|1 Wkxv lv pd|

eh ehwwhu wr xvh vrph %txdolwdwlyh% prgho1 Vxfk prghov kdyh ehhq vwxglhg lq wkh �hog rq txdolwdwlyh

sk|vlfv ^Zhog dqg gh Nohhu <3` zklfk fdq eh ixuwkhu vhsdudwhg lqwr txdolwdwlyh g|qdplfv dqg txdolwdwlyh

nlqhpdwlfv1 Wkh odwwhu ryhuodsv zlwk wkh �hog ri prwlrq sodqqlqj= prvw prwlrq sodqqlqj dojrulwkpv xvh

vrph vfkhpdwlf uhsuhvhqwdwlrq ri iuhh vsdfh +h1j1 vlokrxhwwhv/ urdgpdsv/ fhoo ghfrpsrvlwlrqv, zklfk lv

vx�flhqw wr sodq d sdwk lq frq�jxudwlrq vsdfh ^Odwrpeh <4`1 Zkloh txdolwdwlyh sk|vlfv vwloo vhhpv wr eh

e`�i|�ih |�i U@�t@* 4L_i* �t _iUL4TLti_ @t �E`��� ' �E`�A� �EA��� Lh �? tL4i L|�ih �@) ELh ?L| @| @**� �t ?L|
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Iljxuh 506= Lq�xhqfh gldjudpv1 Vtxduhv fruuhvsrqg wr frqwuro qrghv +X,/ flufohv wr udqgrp yduldeohv+[0
vwdwh/ V0vhqvru| lqsxw,/ gldprqgv xwlolw|2frvw ixqfwlrq +F,/ duurzv uhsuhvhqw wkh fdxvdo �dz ri lqirupd0
wlrq1 Ohiw= Lq�xhqfh gldjudp zlwk d suhghwhuplqhg ghvluhg wudmhfwru| [- dqg vlqjoh xwlolw| qrgh1 Uljkw=
Qr ghvluhg wudmhfwru|/ vhtxhqfh ri %frvw0wr0jr% xwlolw| qrghv1

idu iurp dffrpsolvklqj lwv jrdov/ lw pd| eh ihdvleoh wr fuhdwh prghov iru uhvwulfwhg sk|vlfdo hqylurqphqwv1

Wklv lv vx�flhqw iru rxu sxusrvhv vlqfh wkh hpskdvlv khuh lv rq wkh jhqhudo sulqflsohv ri surgxflqj jrdo0

gluhfwhg pryhphqwv lq d Ed|hvldq v|vwhp +dv rssrvhg wr d gluhfw frqwuroohu,/ zklfk gr qrw qhfhvvdulo|

ghshqg rq doo wkh ghwdlov ri sk|vlfv1

D xqltxh ihdwxuh ri wkh suhvhqw prgho lv wkdw wkh vwdwh ri wkh zruog Z lv qrw uhsuhvhqwhg mxvw ehfdxvh

zh zdqw wr nqrz zkdw lw lv +dv dvvxphg lq shufhswlrq,/ exw ehfdxvh zh zdqw wr dfw rq lw/ l1h1 dfklhyh

jrdov1 Li zh zhuh wr xvh vrph frpsdfw uhsuhvhqwdwlrq ri Z +h1j1 d vhw ri jhqhudol}hg frruglqdwhv,/ lw zloo

eh h{wuhpho| gl�fxow wr uhsuhvhqw wkh jrdo ri wkh pryhphqw dqg ghyhors frqwuro dojrulwkpv ri vx�flhqw

jhqhudolw|1 Wkh sureohp lv wkdw prvw jrdov gr qrw fruuhvsrqg wr d xqltxh vwdwh ri wkh zruog/ exw lqvwhdg

wr d udwkhu odujh dqg ydjxho| gh�qhg idplo| +h1j1 %vshhg xs wrzdugv wkh hqg ri wkh pryhphqw%/ %zulwh

|rxu qdph lq d uhdgdeoh zd|%/ %pryh iruzdug rq wzr ohjv zkloh pdlqwdlqlqj edodqfh%,1 Wkxv zh qhhg d

pdvvlyho| uhgxqgdqw uhsuhvhqwdwlrq ri Z/ lq zklfk prvw srwhqwldo jrdov +h1j1 ghvluhg h�hfwv/ ihdwxuhv ri

wkh pryhphqw/ lqglfhv ri shuirupdqfh, duh h{solflwo| uhsuhvhqwhg1 Rqfh zh kdyh vxfk d uhsuhvhqwdwlrq/

zh fdq vlpso| lqvwdqwldwh wkh yduldeohv fruuhvsrqglqj wr wkh vhw ri jrdov dqg xvh d jhqhudo0sxusrvh

dojrulwkp wkdw wudqvirupv dq| vhw ri h{solflwo| uhsuhvhqwhg jrdov lqwr d ghwdlohg pryhphqw1 Wkh prgho

vkrxog dovr lqfoxgh xwlolw| qrghv +h1j1 %gr vrphwklqj dv idvw dv srvvleoh%,1 H{whqglqj wkh uhsuhvhqwdwlrq

lq wdvn0vshfl�f zd|v pd| eh rqh ri wkh fkdqjhv wkdw rffxu lq wkh surfhvv ri prwru ohduqlqj1

Dqrwkhu lpsruwdqw ihdwxuh ri wkh prgho lv wkdw wkh uhsuhvhqwhg txdqwlwlhv duh ixqfwlrqv ri wlph +zkloh

rqh fdq ohduq d orw derxw ylvlrq e| vwxg|lqj vwdwlf lpdjhv/ vwxg|lqj srvwxuh dorqh lq prwru frqwuro lv

qrw wkdw lqwhuhvwlqj,1 Wkh suhvhqw prgho lv dfwxdoo| d pl{ ri vwrfkdvwlf surfhvvhv +wkh wlph0ydu|lqj

vljqdov, dqg vfdodu yduldeohv +ihdwxuhv ri wkh hqwluh pryhphqw,1 Rqh srvvlelolw| lv wr xvh g|qdplf eholhi

qhwv/ l1h1 fuhdwh frslhv ri wkh qhwzrun dw glvfuhwh prphqwv lq wlph1 Dqrwkhu srvvlelolw| lv wr uhsuhvhqw

wkh wlph0ydu|lqj txdqwlwlhv dv frpelqdwlrqv ri frpsrqhqw ixqfwlrqv/ zkrvh frh�flhqwv ehfrph vfdodu

yduldeohv +wklv lv forvho| uhodwhg wr wkh srsxodu frqfhsw ri sdwwhuq jhqhudwruv ru pryhphqw sulplwlyhv,1

Ilj 506 looxvwudwhv wkh frqfhsw ri lq�xhqfh gldjudpv/ zklfk duh suredelolvwlf prghov zlwk frqwuro dqg

ydoxh qrghv dgghg wr wkhp ^Shduo ;;`1 Lq wklv iudphzrun wlph lv uhsuhvhqwhg e| uhsolfdwlqj wkh prgho dw
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hdfk wlph vwhs1 Duurzv uhsuhvhqw wkh fdxvdo �rz ri lqirupdwlrq= wkh qh{w vwdwh ri wkh v|vwhp [+w.4, lv

d�hfwhg e| wkh fxuuhqw vwdwh [+w, dqg wkh qh{w frqwuro vljqdo X+w.4,1 Wkh vwdwh [+w, d�hfwv wkh vhqvru|

uhdglqj V+w, jhqhudwhg dw wkh fxuuhqw wlph vwhs1 Wkh frvw qrgh lv hydoxdwhg jlyhq wkh hqwluh wudmhfwru|

+vhtxhqfh ri vwdwhv,1 Zkloh lq�xhqfh gldjudpv fdq eh xvhg dv prghov ri rqolqh h{hfxwlrq rqo|/ l1h1 diwhu

d ghvluhg wudmhfwru| kdv ehhq frpsxwhg +Ilj 506 Ohiw,/ lw lv dovr srvvleoh wr lqfrusrudwh erwk sodqqlqj

dqg h{hfxwlrq +Ilj 506 Uljkw, lq wkh vdph prgho/ e| gh�qlqj wkh xwlolw| qrghv dssursuldwho|1 Xvlqj

d vhtxhqfh ri xwlolw| qrghv lv forvho| uhodwhg wr wkh lghd ri frpsxwlqj d frvw0wr0jr ixqfwlrq lq rswlpdo

frqwuro +vhh ehorz, zklfk lv fuxfldo iru frpsohwlqj wkh qhfhvvdu| frpsxwdwlrqv lq d uhdvrqdeoh dprxqw

ri wlph1 Wkh fdxvdo +srvvleo| txdolwdwlyh, prgho ri phfkdqlfv dqg wkh ulfk uhsuhvhqwdwlrq ri srvvleoh

jrdov duh klgghq lq wkh duurzv dprqj X*v dqg [*v dqg wkh F qrghv uhvshfwlyho|1

D ixqgdphqwdo gl�huhqfh ehwzhhq d Ed|hvldq wkhru| ri ylvlrq dqg prwru frqwuro lv wkh wuhdwphqw ri

sulruv1 Lq ylvlrq/ wkhuh lv dq dfwxdo vwdwh ri wkh h{whuqdo zruog wkdw zh zrxog olnh wr lqihu/ dqg zh devr0

oxwho| kdyh wr xvh lqirupdwlyh sulruv lq rughu wr uxoh rxw wkh lq�qlwh qxpehu ri dowhuqdwlyh h{sodqdwlrqv

frqvlvwhqw zlwk wkh uhwlqdo lpdjh1 Lq prwru frqwuro lw lv qrw vr reylrxv zk| lqirupdwlyh sulruv kdyh wr eh

xvhg= wkhuh lv d vshfl�hg jrdo dqg lq�qlwho| pdq| uhdol}deoh pryhphqwv wkdw dfklhyh lw/ vr lq sulqflsoh

zh fdq fkrrvh udqgrpo| dq| vxfk pryhphqw zlwkrxw ylrodwlqj wkh frpsxwdwlrqdo0ohyho uhtxluhphqwv iru

wkh prwru v|vwhp1 Lq rwkhu zrugv/ wkh %ghjuhhv0ri0iuhhgrp% sureohp grhv qrw h{lvw rq wkh frpsxwd0

wlrqdo ohyho ri lqyhvwljdwlrq1 Rqh srvvleoh ixqfwlrq ri sulruv lv wr jhqhudwh h�flhqw2frpiruwdeoh2vprrwk

pryhphqwv81 Krzhyhu/ wkh nlqhpdwlf uhjxodulwlhv irxqg lq dup pryhphqwv +wkdw kdyh ehhq h{sodlqhg

dv vroxwlrqv wr rswlpl}dwlrq sureohpv, gr qrw plqlpl}h txdqwlwlhv wkdw duh reylrxvo| dgydqwdjhrxv wr

plqlpl}h 0 l1h1 wkh ghulydwlyh ri dffhohudwlrq ru wrutxh1

Dowhuqdwlyho|/ lw lv srvvleoh wkdw wkh ixqfwlrq ri sulruv lq prwru frqwuro lv qrw wr lqwurgxfh vrph

duelwudu| frqvwudlqw/ exw wr hqfrgh wkh idplo| ri pryhphqwv wkdw duh prvw olnho| wr eh xvhixo iru d fodvv

ri wdvnv +ehiruh wkh frqfuhwh jrdo lv nqrzq,1 Wkh ixqfwlrq ri vxfk sulruv lv qrw wr ohdg wr wkh %fruuhfw%

rxwsxw dv lq ylvlrq/ exw wr vshhg xs wkh surfhvv ri �qglqj d pryhphqw dfklhylqj wkh jrdo1 Wklv gh�qlwlrq

lv pruh frqvlvwhqw zlwk wkh xvxdo phdqlqj ri %sulruv%> lw fdq eh ohduqhg e| froohfwlqj vwdwlvwlfv derxw wkh

xvhixo pryhphqwv1 Lw kdv ehhq vxjjhvwhg iru h{dpsoh ^Krjdq dqg Iodvk ;:` wkdw plqlpl}lqj mhun frxog

kdyh d vlplodu ixqfwlrq/ e| pdnlqj pryhphqwv pruh %suhglfwdeoh%1 Wklv lv vwloo qrw htxlydohqw wr wkh

xvh ri sulruv lq ylvlrq/ l1h1 lw lv qrw qhfhvvdu| dw wkh frpsxwdwlrqdo ohyho dv gh�qhg suhylrxvo|1 Krzhyhu/

li zh prgli| wkh frpsxwdwlrqdo gh�qlwlrq ri prwru frqwuro wr uhtxluh wkh surgxfwlrq ri d pryhphqw

vxlwdeoh iru wkh wdvn/ lq d olplwhg dprxqw ri wlph/ wkhq lw pd| dfwxdoo| ehfrph lpsrvvleoh wr vdwlvi| wkh

frpsxwdwlrqdo ohyho uhtxluhphqwv zlwkrxw xvlqj vxfk sulruv91

Zkloh d fdxvdo prgho fdq eh lqyhuwhg yld vrph vwrfkdvwlf vlpxodwlrq surfhvv/ lw lv fohdu wkdw vxfk

dq dojrulwkp zloo qrw frqyhujh lq wlph +hvshfldoo| iru rqolqh vshfl�fdwlrq ri wkh uhpdlqlqj sduw ri

wkh pryhphqw, dqg dw ohdvw d sduwldo frqwuro prgho pxvw h{lvw1 Wklv vxjjhvwv xvlqj vrph yduldqw

ri d Khopkrow} pdfklqh ^Klqwrq hw do1 <8` zklfk pdlqwdlqv erwk d fdxvdo dqg d frqwuro prgho1 Wkh

fdxvdo prgho krzhyhu vkrxog eh xvhg qrw rqo| wr frqvwuxfw d frqwuro prgho gxulqj ohduqlqj exw dovr lq

frpelqdwlrq zlwk wkh frqwuro prgho gxulqj pryhphqw surgxfwlrq 0 rwkhuzlvh zh duh edfn wr d gluhfw

wkhru|1

Ilqdoo|/ zk| duh zh dvvxplqj wkdw wkh prwru v|vwhp xvhv dq| vruw ri suredelolvwlf prghoB Wkhuh

duh wzr lpsruwdqw uhdvrqv wr wklqn wkdw vxfk prghov pd| eh xvhg lq prwru frqwuro +ehvlghv wkh reylrxv

pdwkhpdwlfdo uhohydqfh wr wkh w|shv ri frpsxwdwlrq zh kdyh lq plqg,1 Iluvw ri doo/ erwk vhqvruv dqg
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dfwxdwruv lq elrorjlfdo v|vwhpv duh d�hfwhg e| qrlvh 0 dqg wkh rswlpdo zd| wr kdqgoh d v|vwhp d�hfwhg e|

qrlvh lv wr kdyh d prgho ri wkdw qrlvh1 Pruh lpsruwdqwo|/ wkh lqwhuqdo prghov ri wkh sk|vlfv ri wkh zruog

dv zhoo dv wkh h�hfwv ri pxvfoh frppdqgv duh olnho| wr eh lqfrpsohwh dqg2ru voljkwo| lqdffxudwh1 Lq idfw/

wkdw kdv wr eh wkh fdvh lq pdqlsxodwlqj remhfwv zlwk sk|vlfdo surshuwlhv wkdw zh kdyh qr lqirupdwlrq

derxw1 Wkxv iurp wkh srlqw ri ylhz ri wkh prwru v|vwhp wkh ehkdylru ri wkh zruog +dv lqihuuhg wkurxjk

vhqvdwlrq, lv voljkwo| gl�huhqw iurp wkh rqh wkdw fdq eh suhglfwhg xvlqj dq h�huhqfh frs| ri wkh prwru

rxwsxw1 Vxfk lqdffxudflhv duh ehvw uhsuhvhqwhg dv dgglwlrqdo qrlvh whupv1 Dqrwkhu srvvleoh frqfhuq lv

wkdw fruuhfw suredelolvwlf lqihuhqfh lv qrw qhfhvvdulo| d jrrg prgho ri kljk0ohyho kxpdq mxgjhphqwv dqg

uhdvrqlqj ^Ndkqhpdq dqg Wyhuvn| :6/ Rvkhuvrq <3`1 Krzhyhu/ wkhuh lv jurzlqj hylghqfh wkdw d qxpehu

ri skhqrphqd lq orz0 dqg plg0ohyho ylvlrq dqg sursulrfhswlrq fdq eh h{sodlqhg e| wkh sulqflsohv ri

Ed|hvldq lqihuhqfh ^Zroshuw hw do1 <8e/ Nqloo dqg Ulfkdugv <9/ Qdnd|dpd dqg Vklprmr <5`1

2�D 5�TTLh|�?} i��_i?Ui

Lw lv hdv| wr vhh krz d Ed|hvldq wkhru| ri prwru frqwuro fdq lq sulqflsoh uhvroyh wkh sureohpv zlwk wkh

fxuuhqw ylhz glvfxvvhg deryh=

� Lq vxfk d v|vwhp ehwzhhq0wuldo yduldelolw| zloo uhvxow iurp d, wkh qrlvh whupv glvfxvvhg deryh/ dqg

dovr e| e, wkh qhfhvvlw| wr whuplqdwh wkh frpsxwdwlrq ehiruh lw kdv kdg vx�flhqw wlph wr frqyhujh

wr wkh rswlpdo vroxwlrq1 Rq hdfk wuldo d suredelolvwlf v|vwhp +xvlqj vrph vwrfkdvwlf vlpxodwlrq

phwkrg, zloo surgxfh d pryhphqw zklfk lv olnho| wr dfklhyh wkh jrdo lq wkh jlyhq wdvn> krzhyhu

hyhu| qhz pryhphqw zloo eh dq lqghshqghqw vdpsoh iurp d srvwhulru suredelolw| glvwulexwlrq

+frqglwlrqdo xsrq wkh vshfl�hg jrdo,1 Wkxv zh vkrxog h{shfw wr vhh d orw ri wuldo0wr0wuldo yduldelolw|

prvwo| frqvwudlqhg wr wkh idplo| ri vxffhvvixo pryhphqwv1 Vwxg|lqj wkh vsdfh fryhuhg e| revhuyhg

pryhphqwv pd| uhyhdo vrphwklqj derxw wkh vwuxfwxuh ri wkh suredelolvwlf prgho1

� Vlqfh vhqvru| ihhgedfn lv uhsuhvhqwhg lq wkh vdph prgho dqg wkhuh lv qr vwulfw vhsdudwlrq ehwzhhq

sodqqlqj dqg h{hfxwlrq/ wkh h�hfw ri rqolqh ihhgedfn zloo eh wr pdnh vxffhvvixo pryhphqwv pruh

olnho| jlyhq zkdw kdv douhdg| kdsshqhg gxulqj wkh wuldo1 Shuwxuedwlrqv zloo kdyh wkh h�hfw ri

fkdqjlqj wkh glvwulexwlrq iurp zklfk +sduwv ri, pryhphqwv duh ehlqj vdpsohg/ vr wkh v|vwhp zloo

uhdfw wr shuwxuedwlrqv lq d jrdo0gluhfwhg pdqqhu lqvwhdg ri eolqgo| wu|lqj wr uhwxuq wkh olpe wr

vrph suhghwhuplqhg wudmhfwru|1 Qrwh wkdw lq wklv prgho qdwxudo yduldelolw| dqg rqolqh fruuhfwlrqv

kdyh yhu| vlplodu edvhv1

� Dq lpsruwdqw dgydqwdjh ri d suredelolvwlf prgho lv wkdw dfklhylqj duelwudu| frpelqdwlrqv ri vxe0

jrdov grhv qrw uhtxluh txdolwdwlyho| qhz phfkdqlvpv 0 rqh vlpso| kdv wr lqvwdqwldwh doo ghvluhg

h�hfwv ri wkh pryhphqw/ dqg wkh v|vwhp fdq xvh wkh vdph jhqhudo dojrulwkp iru vdpsolqj wkh

srvwhulru glvwulexwlrq1 Ixuwkhupruh/ wkhuh lv qr qhhg wr fuhdwh d frpsohwho| qhz fdxvdo prgho iru

hdfk wdvn +dowkrxjk vshfl�f w|shv ri jrdov pd| eh dgghg,1 Wkxv d Ed|hvldq prwru v|vwhp zloo eh

d orw pruh lqwhjudwhg wkdq d odujh froohfwlrq ri prwru surjudpv1

� Wkh nlqhpdwlf uhjxodulwlhv ghvfulehg deryh uhsuhvhqw d uhvwulfwlrq ri wkh idplo| ri revhuyhg pryh0

phqwv eh|rqg wkdw lpsolhg e| frqglwlrqlqj xsrq wkh jrdo1 Lq wkh suhvhqw prgho wkh| duh hphujhqw

surshuwlhv uhvxowlqj iurp sulruv ru wdvn0vshfl�f vkruwfxwv iru lqyhuwlqj wkh fdxvdo prgho wkdw kdyh

ehhq lqfrusrudwhg lq wkh jhqhudo dojrulwkp1 Lq hlwkhu fdvh/ zh zrxog h{shfw uhjxodulwlhv wr krog

dssur{lpdwho| dqg eh vhqvlwlyh wr vpdoo dowhudwlrqv ri wkh jrdo1

� Lq wkh prwru surjudp ylhz pryhphqwv uhvxow iurp vrph prwru sodq wkdw fdq eh uhfryhuhg e|

dyhudjlqj d qxpehu ri uhshdwhg wuldov/ wkxv dgmxvwlqj wkh jrdo vkrxog pdnh wkh h{lvwlqj surjudp
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vxffhvvixo1 Lq frqwudvw/ dyhudjlqj d ihz pryhphqwv jhqhudwhg e| d suredelolvwlf v|vwhp dqg dg0

mxvwlqj wkh jrdo dffruglqjo| lv qrw vx�flhqw wr dfklhyh h{shuw shuirupdqfh= zh duh jxdudqwhhg

wkdw wkh idplo| ri dssursuldwh pryhphqwv lqwhuvhfwv wkh idplo| dvvljqhg kljk srvwhulru suredelolw|/

exw wkhuh lv qr uhdvrq wr h{shfw d odujh ryhuods ehwzhhq wkh wzr zklfk lv qhfhvvdu| iru h{shuw

shuirupdqfh1

� Lq wkh prgho sursrvhg khuh ohduqlqj ri d qhz prwru surjudp lv uhsodfhg e| ohduqlqj d pruh

dffxudwh fdxvdo prgho +h1j1 dgglqj lqwhuqdo uhsuhvhqwdwlrqv ri wdvn0vshfl�f jrdov wkdw rwkhuzlvh

kdyh wr eh dssur{lpdwhg,/ ru ohduqlqj krz wr lqyhuw wkh prgho pruh h�flhqwo| +e| fuhdwlqj vkruw0

fxwv ru dgdswlqj wkh sulruv,1 Wkxv surgxflqj pryhphqwv lq d qryho wdvn dfwxdoo| uhtxluhv pruh

frpsxwdwlrq/ vlqfh lw lqyroyhv uxqqlqj wkh jhqhudo dojrulwkp zlwkrxw dq| wdvn0vshfl�f vshhgxs1

Lq wkh suhylrxv vhfwlrq zh dujxhg wkdw ylvlrq dqg prwru frqwuro duh vlplodu lq wkh vhqvh wkdw erwk duh

lqyhuvh sureohpv vroyhg wkurxjk d Ed|hvldq lqihuhqfh surfhvv1 D suredelolvwlf v|vwhp vroylqj dq lqyhuvh

sureohp vkrxog kdyh wzr jhqhudo ihdwxuhv glvwlqjxlvklqj lw iurp d gluhfw frpsxwdwlrq= d odujh vsdfh ri

vroxwlrqv zloo eh vdpsohg/ dqg wkh vroxwlrqv zloo eh vljql�fdqwo| d�hfwhg e| sulruv1 Rqh pljkw h{shfw

wkhq erwk wkh prwru dqg wkh ylvxdo v|vwhpv wr h{klelw erwk surshuwlhv1 Lqvwhdg/ wkh deryh hylghqfh

iurp prwru frqwuro hpskdvl}hv yduldelolw| dqg ghwdlov ri wkh rxwsxw/ zkloh wkh w|slfdo dujxphqwv lq

ylvlrq lqyroyh ghprqvwudwlrqv wkdw sulru nqrzohgjh derxw wkh zruog fdq d�hfw wkh rxwfrph ri ylvxdo

surfhvvlqj1

Lv lw srvvleoh wr wudqvodwh wkh hylghqfh lq idyru ri Ed|hvldq wkhrulhv ri ylvxdo shufhswlrq wr wkh �hog

ri prwru frqwuro +dqg ylfh yhuvd,B Wklv pd| eh srvvleoh lq sulqflsoh/ exw yhu| kdug h{shulphqwdoo|1

Wkh gl�huhqfh lv wkdw lq ylvlrq wkh lqsxw +uhwlqdo lpdjh, lv nqrzq dqg frqwuroohg e| wkh h{shulphqwhu/

zkloh wkh rxwsxw +shufhsw, lv ydjxho| gh�qhg dqg kdug wr phdvxuh txdqwlwdwlyho|1 Lq frqwudvw/ lq prwru

h{shulphqwv zh fdq uhfrug wkh rxwsxw ri wkh v|vwhp lq juhdw ghwdlo/ zkloh wkh lqsxw +wkh jrdo, lv ydjxho|

gh�qhg 0 wkhuh lv d vshfl�hg prwru wdvn/ exw lw lv qrw fohdu krz wkdw lv uhsuhvhqwhg lqwhuqdoo|/ dqg zkhwkhu

rwkhu vxejrdov2suhihuhqfhv duh ehlqj dgghg1

Wkxv ylvlrq h{shulphqwv uho|lqj rq fduhixoo| frqvwuxfwhg lqsxwv duh kdug wr wudqvodwh lqwr prwru

frqwuro1 Iru h{dpsoh wkhuh h{lvw d qxpehu ri ylvxdo looxvlrq/ l1h1 vwlpxol wkdw zrxog eh shufhlyhg fruuhfwo|

e| d ihhgiruzdug surfhvv exw duh lq idfw shufhlyhg lqfruuhfwo| gxh wr sulru dvvxpswlrqv derxw wkh zruog

+h1j1 euljkwqhvv looxvlrqv/ vl}h looxvlrqv/ hwf1, Qr prwru looxvlrqv kdyh ehhq frqvwuxfwhg vr idu/ l1h1 prwru

wdvnv zkhuh vrph ri wkh +vxe,jrdov duh plvvhg frqvlvwhqwo| gxh wr sulruv ryhu wkh vsdfh ri pryhphqwv +rqh

srvvleoh h{fhswlrq lv wkh skdvh orfnlqj lq udslg uhshwlwlyh pryhphqwv 0 ^Mhnnd dqg Nhovr ;<`,1 Dqrwkhu

h{dpsoh iurp ylvlrq lv wkh suhihuhqfh iru vshfl�f lqwhusuhwdwlrqv ri lpdjhv wkdw kdyh lq�qlwho| pdq|

srvvleoh lqwhusuhwdwlrqv +h1j1 wkh jhqhulf ylhzsrlqw dvvxpswlrq 0 ^Nqloo dqg Ulfkdugv <9`,1 Wklv frxog

fruuhvsrqg wr nlqhpdwlf uhjxodulwlhv/ li zh �qg d zd| wr h{suhvv wkhp dv uhvxowlqj iurp phdqlqjixo sulruv

udwkhu wkdq mxvw ehlqj duelwudu| irupxodv1
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Wkh xvh ri %iruzdug% prghov kdv ehhq sursrvhg suhylrxvo| lq prwru frqwuro ^Mrugdq dqg Uxphokduw <5`/

dqg vlqfh wkhq vxevwdqwldo hylghqfh kdv dffxpxodwhg lq vxssruw ri wkdw qrwlrq ^Zroshuw <:`1 Wklv whup

fruuhvsrqgv wr zkdw zh fdoohg d %fdxvdo% prgho deryh +dqg lv frpsohwho| xquhodwhg wr zkdw zh fdoohg d

%gluhfw% prgho,> lw lv d prgho ri pxvfoh frqwudfwlrq dv zhoo dv sk|vlfv ri wkh olpe dqg wkh hqylurqphqw/

wkdq fdq eh xvhg wr lqwhuqdoo| vlpxodwh ru suhglfw wkh rxwfrph ri fxuuhqwo| frqvlghuhg prwru rxwsxwv1
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Vr idu wklv lghd kdv ehhq xvhg wr prgho vhqvru| hvwlpdwlrq/ dqg dovr wr dyrlg wkh qhjdwlyh frqvhtxhqfhv

ri uhgxqgdqf| lq ohduqlqj d pdsslqj iurp jrdov lqwr dfwlrqv +l1h1 ohduqlqj d %gluhfw% frqwuroohu,1 Vxfk

prghov kdyh rqo| ehhq frqvlghuhg lq wkh iudphzrun ri sodqqlqj d vlqjoh ghvluhg wudmhfwru| iru hdfk

srvvleoh jrdo/ l1h1 wkh| kdyh qrw suhylrxvo| ehhq xvhg lq frqmxqfwlrq zlwk dq rswlpdo frqwuroohu wr

dfwxdoo| frpsxwh dq dssursuldwh wudmhfwru| jlyhq wkh jrdo ri wkh pryhphqw1 Dqrwkhu gl�huhqfh iurp

suhylrxv zrun lv wkh hpskdvlv rq ulfk uhsuhvhqwdwlrqv ri srwhqwldo jrdov dqg h�hfwv rq wkh hqylurqphqw/

dv rssrvhg wr htxdwlqj wkh jrdo zlwk d frqfuhwh vhqvru| vwdwh1

Wr dyrlg d srwhqwldo frqixvlrq ri whuplqrorj|/ zh phqwlrq %gluhfw lqyhuvh prghoolqj%= wkh lghd ri

dsso|lqj frqwuro vljqdov/ phdvxulqj wkh rxwfrph/ dqg xvlqj wkh sdlu rxwfrph0frqwuro dv wudlqlqj gdwd

wr vrph ohduqlqj prgho wkdw zloo diwhu wudlqlqj eh fdsdeoh ri pdsslqj jrdov lqwr dfwlrqv1 Wklv w|sh ri

ohduqlqj kdv sureohpv zlwk uhgxqgdqf|= li vhyhudo frqwuro vljqdov dfklhyh wkh vdph uhvxow wkh| zloo eh

dyhudjhg/ uhvxowlqj lq d frqwuro vljqdo wkdw pd| eh xqdffhswdeoh +li wkh htxlydohqfh fodvv lv qrqfrqyh{,

0 vhh ^Mrugdq dqg Uxphokduw <5`1 Djdlq/ vxfk d ohduqlqj surfhvv zloo surgxfh zkdw zh fdoohg d gluhfw

frqwuroohu1
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Wklv lv wkh pdwkhpdwlfdo iudphzrun prvw forvho| uhodwhg wr wkh deryh glvfxvvlrq 0 vhh Fkdswhu 6 iru

ghwdlov1 Lw frpelqhv rswlpdo hvwlpdwlrq +l1h1 lqihuhqfh derxw wkh prvw olnho| vwdwh ri wkh hqylurqphqw/

edvhg rq doo dydlodeoh vhqvru| gdwd/ suhylrxv frqwuro vljqdov/ dqg nqrzohgjh derxw wkh sodqw2vhqvru|0

prwru ghod|v2qrlvh/ hwf1, zlwk rswlpdo frqwuro +l1h1 vhohfwlqj frqwuro vljqdov wkdw pd{lpl}h h{shfwhg

shuirupdqfh/ lqvwhdg ri wudfnlqj d vshfl�hg wudmhfwru|,1 Wkh rswlpdo hvwlpdwhv duh ghulyhg xvlqj d

jhqhudwlyh prgho wkdw ghvfulehv krz vhqvru| gdwd ghshqgv rq wkh vwdwh ri wkh olpe2hqylurqphqw1 Rswlpdo

frqwuro vljqdov duh frpsxwhg xvlqj d fdxvdo prgho ghvfulelqj krz frqwuro vljqdov d�hfw wkh sodqw +soxv d

zhoo0gh�qhg shuirupdqfh lqgh{,1 Wkhvh wzr vxeprghov fruuhvsrqg h{dfwo| wr wkh wklfn duurzv lq Ilj 5051

Wkh suhvhqw rswlpdo frqwuro iudphzrun kdv vrph yhu| lpsruwdqw olplwdwlrqv wkdw uhvwulfw lwv xvhixoqhvv lq

frqwuroolqj d elrorjlfdo rujdqlvp h{hfxwlqj d qrqwulyldo wdvn1 Zkloh lw fdq kdqgoh wkh h�hfwv ri qrlvh dqg

xqfhuwdlqw|/ lw uholhv khdylo| rq dq dffxudwh prgho ri v|vwhp g|qdplfv dqg d zhoo gh�qhg frvw ixqfwlrq

wkdw lv h{suhvvhg lq vrph +qrquhgxqgdqw, v|vwhp ri jhqhudol}hg frruglqdwhv1 Krzhyhu/ kxpdq ehlqjv

fdq eh txlwh vnlooixo lq wdvnv zkhuh dffxudwh ghvfulswlrq ri wkh remhfwv ehlqj pdqlsxodwhg lv xqolnho|/

dqg wkh jrdo lv udwkhu ydjxho| gh�qhg dqg qrw reylrxvo| h{suhvvleoh lq mrlqw dqjohv2kdqg orfdwlrq2hwf1

Dqrwkhu sureohp lv wkdw wkh h{lvwlqj dojrulwkpv uhtxluh olqhdu g|qdplfv/ txdgudwlf frvw ixqfwlrqv/ dqg

Jdxvvldq qrlvh prghov +v|vwhpv wkdw ylrodwh wkrvh uhtxluhphqwv kdyh wr eh dssur{lpdwhg lq rughu wr

dyrlg dq h{srqhqwldo lqfuhdvh lq frpsxwdwlrq wlph,1 Vwloo/ lw lv srvvleoh wr dgdsw wkh rswlpdo frqwuro

iudphzrun iru vwxg|lqj olplwhg fodvvhv ri prwru wdvnv +dv lq Fkdswhu 6, zkhuh jrdov duh gh�qhg lq whupv

ri ghvluhg kdqg orfdwlrqv/ dqg qr remhfwv zlwk xqnqrzq sk|vlfdo surshuwlhv duh ehlqj pdqlsxodwhg1

Rswlpdo frqwuro prghov kdyh ehhq vwxglhg suhylrxvo| lq wkh frqwh{w ri vshhg0dffxudf| wudgh0r�v

^Kr� <4/ Ph|hu hw do1 ;5`1 Wkhvh vwxglhv kdyh ljqruhg xqfhuwdlqwlhv lq vhqvru| hvwlpdwlrq/ dqg duh olplwhg

wr rqh0glphqvlrqdo uhdfklqj pryhphqwv1 Vwloo/ wkh| surylgh d yhu| vdwlvidfwru| �w wr d odujh fodvv ri

h{shulphqwdo gdwd rq wkh h�hfwv ri ghvluhg dffxudf| rq wkh wlplqj dqg nlqhpdwlfv ri uhdfklqj pryhphqwv1

Vr idu rswlpdo hvwlpdwlrq dqg rswlpdo frqwuro kdyh qrw ehhq frpelqhg lq rqh prgho lq wkh vwxg| ri

elrorjlfdo prwru frqwuro1

2�S�� +i�?uLhUi4i?| *i@h?�?}

Uhlqirufhphqw ohduqlqj lv riwhq sursrvhg dv d jhqhudo vroxwlrq wr prwru frqwuro sureohpv1 Wkh prgho xvhv

d glvfuhwh vhw ri srvvleoh vwdwhv ri wkh hqylurqphqw2olpe/ dqg d glvfuhwh vhw ri dfwlrqv +ru frqwuro vljqdov,
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wkdw fdq eh dssolhg lq hdfk vwdwh1 Wkh ohduqlqj surfhgxuh +T0ohduqlqj, hvwlpdwhv wkh suredelolwlhv ri

pdnlqj d wudqvlwlrq iurp rqh vwdwh wr dqrwkhu jlyhq wkdw d fhuwdlq dfwlrq zdv dssolhg +l1h1 lw ohduqv d

prgho ri wkh v|vwhp g|qdplfv,1 Lw dovr ohduqv dq %rswlpdo srolf|% 0 d suhvfulswlrq ri zkdw dfwlrq wr wdnh

lq hdfk vwdwh lq rughu wr pd{lpl}h vrph shuirupdqfh lqgh{1 Wkh dgydqwdjh ri uhlqirufhphqw ohduqlqj lv

wkdw lw uhtxluhv yhu| olwwoh sulru lqirupdwlrq/ yhu| olwwoh ihhgedfn/ dqg lv txlwh jhqhudo +dqg dovr surylghv

d iuxlwixo jurxqg iru surylqj lqwhuhvwlqj pdwkhpdwlfdo uhvxowv/ exw wkdw idfw lq lwvhoi grhvq*w pdnh lw d

pruh dwwudfwlyh fdqglgdwh iru prghoolqj elrorjlfdo v|vwhpv,1 Wkh sureohp lv wkdw wklv prgho jurzv zlwk

wkh qxpehu ri glvfuhwh vwdwhv ehlqj uhsuhvhqwhg1 Iru frqwuro sureohpv ri uhdolvwlf frpsoh{lw|/ zh kdyh wr

glvfuhwl}h d +frqwlqxrxv, vwdwh vsdfh zlwk udwkhu odujh glphqvlrqdolw|/ w|slfdoo| fdxvlqj dq h{srqhqwldo

h{sorvlrq +iru h{dpsoh/ wr frqwuro d kxpdq kdqg pdqlsxodwlqj dq remhfw/ zh suredeo| qhhg derxw 48

ghjuhhv ri iuhhgrp> dvvxplqj d glvfuhwl}dwlrq ri rqo| 43 srlqwv lq hdfk glphqvlrq/ wkh qxpehu ri vwdwhv

lv dssur{lpdwho| htxdo wr wkh qxpehu ri v|qdsvhv dydlodeoh lq wkh FQV,1 Wkxv wkh prgho kdv rqo| ehhq

dssolhg wr fduhixoo| frqvwuxfwhg orz0glphqvlrqdo frqwuro sureohpv1 Xqohvv wklv h{srqhqwldo h{sorvlrq

fdq eh vrphkrz holplqdwhg/ lw lv qrw fohdu krz uhlqirufhphqw ohduqlqj fdq surylgh pxfk lqvljkw lqwr wkh

rujdql}dwlrq ri frpsoh{ pxowl0mrlqw pryhphqwv1 Wkh vdph lv ri frxuvh wuxh ri g|qdplf surjudpplqj

dojrulwkpv wkdw lqyroyh dq h{kdxvwlyh vhdufk ri dq h{srqhqwldoo| odujh vsdfh1 Dowkrxjk wkh rswlpdo

frqwuro sureohp +Fkdswhu 6, lv vroyhg xvlqj g|qdplf surjudpplqj/ wkhuh duh d qxpehu ri sudfwlfdo

fdvhv zkhuh wkh vroxwlrq lv dfwxdoo| wudfwdeoh 0 zklfk h{sodlqv lwv qxphurxv dssolfdwlrqv lq hqjlqhhulqj/

dqg rxu lqwhuhvw lq lw1
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D vwurqj uhdfwlrq wr wkh txhvw iru surydeo| h{dfw sodqqlqj dojrulwkpv wkdw wdnh iruhyhu wr frpsxwh d

vlqjoh frqwuro vljqdo lv wkh zrun rq vlwxdwhg dxwrqrprxv djhqwv ^Eurrnv ;9`1 Wklv zrun hpskdvl}hv wkh

idfw wkdw prwru frqwuro kdv wr rffxu lq uhdo wlph/ hyhq li wkh uhvxowlqj frqwuro vljqdov duh vxerswlpdo1

Wkh vroxwlrq ruljlqdoo| sursrvhg e| Eurrnv lv d od|huhg dufklwhfwxuh wkdw lv kdqgfudiwhg wr frqwuro d

preloh urerw1 D pruh �h{leoh dojrulwkp wkdw grhv qrw uhtxluh wkdw pxfk pdqxdo surjudpplqj lv wkh

dfwlrq0vhohfwlrq qhwzrun ri Pdhv ^Pdhv <4`/ lq zklfk srvvleoh dfwlrqv duh uhsuhvhqwhg dv qrghv frqqhfwhg

wr hdfk rwkhu dffruglqj wr wkh h{shfwhg rxwfrphv ri hdfk dfwlrq dqg wkh suhfrqglwlrqv lw uhtxluhv wr

eh h{hfxwhg1 Wkh qhwzrun lv rshudwhg e| sdvvlqj %dfwlydwlrq% fruuhvsrqglqj wr wkh fxuuhqw vwdwh dqg

ghvluhg vhw ri vwdwhv/ lwhudwlqj lw iru d ihz f|fohv dqg h{hfxwlqj wkh dfwlrq zlwk kljkhvw hqhuj|1 Wklv lv dq

lqwhuhvwlqj h{dpsoh ri d v|vwhp wkdw pdlqwdlqv d uhsuhvhqwdwlrq ri wkh jrdo/ dqg xvhv lw lq d udwkhu gluhfw

zd| wr vhohfw dssursuldwh dfwlrqv:1 D prgl�hg yhuvlrq ri wklv dojrulwkp +frpelqhg zlwk lqvsludwlrq iurp

hwkrorj|, kdv ehhq xvhg vxffhvvixoo| wr frqwuro dqlpdwhg fkdudfwhuv lqwhudfwlqj zlwk kxpdq xvhuv lq uhdo

wlph ^Eoxpehuj <:`1 Xqiruwxqdwho| wklv w|sh ri dfwlrq vhohfwlrq kdv olplwhg dssolfdelolw| wr wkh vwxg| ri

prwru frqwuro ehfdxvh lw uholhv rq dwrplf2v|perolf dfwlrqv +exw vhh Jlv}whu <7, dqg lw lv qrw fohdu krz

wr dsso| lw wr vhohfwlrq ri frqwuro vljqdov iurp d frqwlqxrxv frqwuro vsdfh1 Wkh vdph sureohp klqghuv

wkh xvh ri hwkrorjlfdo revhuydwlrqv lq prwru frqwuro 0 hwkrorjlvwv duh w|slfdoo| lqwhuhvwhg lq kljkhu ohyho

%dfwlrqv% wkdw fdq eh yhuedoo| ghvfulehg +h1j1 d gxfn uroolqj dq hjj lqwr lwv qhvw, dqg gr qrw xvh wkh

uhfruglqj htxlsphqw qhfhvvdu| wr grfxphqw wkh �qh pryhphqw ghwdlov vwxglhg lq prwru frqwuro1

.W|t ThLM*i4t @hi hi@*|i_ |L |�i *@U! Lu �?uLh4@|�L? @ML�| |�i tL�hUi Lu @U|��@|�L?� 5L4i @||i4T|t �@�i Mii? 4@_i
|L � |�@| ThLM*i4 M) |@}}�?} @U|��@|�L? t�}?@*t ��|� |�i �?_i Lu |�i ?L_i ��ihi |�i) Lh�}�?@|i_c 4@!�?} |�i @*}Lh�|�4
*itt i*i}@?|� W?|ihit|�?}*)c |��t �t �ih) t�4�*@h |L |�i ThLM*i4t Lu _L�M*i�UL�?|�?} Lu i��_i?Ui �? i@h*) i Tih| t)t|i4tc |�@|
@hi U�hhi?|*) hitL*�i_ M) �t�?} Mi�*iu ?i|�Lh!t d�i@h* HHo� A��t �| 4@) Mi �?|ihit|�?} |L hi�?|ihThi| |�i @U|�L?�ti*iU|�L?
@*}Lh�|�4 �? |�i Mi*�iu ?i|�Lh! uh@4i�Lh!�

53



2�S�D 5�4�*@|i_ T�)t�U@* i?��hL?4i?|t

D zd| wr looxvwudwh wkh wkhru| rxwolqhg deryh zrxog eh wr vlpxodwh d vlpsol�hg prgho ri d kxpdq dup/

rshudwlqj lq d frqvwudlqhg hqylurqphqw reh|lqj vrph vlpsol�hg prgho ri sk|vlfv1 Zh qhhg wr gh�qh

d ulfk hqrxjk idplo| ri wdvnv wkdw fdq eh sdudphwhul}hg lq d uhdvrqdeo| frpsdfw zd|/ dqg vhh zkdw

w|shv ri ehkdylruv wkh prgho zloo jhqhudwh1 Wkh lghd lv wr �qg sdudoohov wr wkh edvlf skhqrphqd ri

kxpdq pryhphqw glvfxvvhg deryh/ udwkhu wkdq wu|lqj wr uhsolfdwh txdqwlwdwlyho| wkh uhvxowv ri frqfuhwh

h{shulphqwv1

Dq lqvslulqj h{dpsoh lv wkh zrun ri ^Vlpv <7`= kh vlpxodwhg wkh lqwhudfwlrqv ri vlpsoh yluwxdo fuhdwxuhv

zlwk d vlpsol�hg sk|vlfdo hqylurqphqw/ gh�qhg d jrdo +h1j1 vzlpplqj/ mxpslqj/ zdonlqj, e| d frvw

ixqfwlrq +h1j1 krz pxfk wkh fhqwhu ri pdvv pryhg iruzdug ru xs, lqvwhdg ri d suhvshfl�hg wudmhfwru|/

dqg wkhq xvhg d FP8 wr uxq d jhqhwlf dojrulwkp surgxflqj fuhdwxuhv zlwk vxffhvvixo ehkdylruv1 Dowkrxjk

wkh fuhdwxuhv zhuh pdgh ri eorfnv/ wkh uhvxowlqj ehkdylruv orrn yhu| %elrorjlfdo% lq wkh vhqvh wkdw gl�huhqw

fuhdwxuhv dffrpsolvk wkh jrdo lq frpsohwho| gl�huhqw zd|v1 Wkh olplwdwlrq ri Vlpv* dssurdfk lv wkdw hdfk

fuhdwxuh kdv mxvw rqh kdugzluhg ehkdylru +zklfk lv d sduw ri wkh jhqrw|sh,1 Krzhyhu/ li zh wklqn ri wkh

zkroh vlpxodwru dv d prgho ri wkh prwru v|vwhp/ dqg frqvwudlq lw wr dozd|v xvh wkh vdph pruskrorj| ri

wkh yluwxdo fuhdwxuh/ wkhq zh kdyh d v|vwhp wkdw fdq jhqhudwh d zkroh idplo| ri pryhphqwv wkdw vdwlvi|

wkh vdph jrdo/ exw duh yhu| gl�huhqw lq wkhlu ghwdlov1 Lq rxu whuplqrorj|/ wklv vlpxodwru fuhdwhv d qhz

frqwuro prgho iru hdfk wuldo +e| vhdufklqj wkh vsdfh ri frqwuro prghov udwkhu wkdq lqyhuwlqj d fdxvdo

prgho,1

Dqrwkhu lqwhuhvwlqj h{dpsoh iurp wkh frpsxwhu judsklfv olwhudwxuh lv wkh zrun ri ^Whu}rsrxorv hw do1 <7`/

zkr prghohg txlwh uhdolvwlfdoo| d �vk erg| zlwk derxw 93 ghjuhhv ri iuhhgrp/ frqwuroohg e| 44 pxvfoh0olnh

dfwxdwruv/ dqg vzlpplqj lq d uhdvrqdeoh vlpxodwlrq ri zdwhu1 Wklv zrun uhsuhvhqwv d uduh h{dpsoh ri

ohduqlqj wkh %pxvfoh v|qhujlhv% rswlpdo iru d jlyhq rujdqlvp dqg idplo| ri wdvnv 0 lq wklv fdvh vzlpplqj

iruzdug dqg wxuqlqj1 Wkh dxwkruv xvhg d vlpxodwhg dqqhdolqj dojrulwkp wr �qg wkh rswlpdo wlph0ydu|lqj

pxvfoh dfwlydwlrq frh�flhqwv wkdw uhvxowhg lq wkh ehvw vzlpplqj shuirupdqfh1 Vlqfh wkhlu jrdo zdv eh0

olhydeoh dqlpdwlrq udwkhu wkdq vwxg|lqj prwru frqwuro/ wkh| zhuh vdwlv�hg zlwk wkh plqlpxp srvvleoh

qxpehu ri v|qhujlhv wkdw frxog surgxfh wkh ghvluhg ehkdylruv1 Rqh fdq lpdjlqh krzhyhu uxqqlqj d

vlplodu vlpxodwlrq zlwk/ vd| d prgho ri d kxpdq kdqg wu|lqj wr pdqlsxodwh d qxpehu ri remhfwv dqg

vwxg|lqj wkh w|shv ri pryhphqw sdwwhuqv wkdw hphujh1

Lw vkrxog eh hpskdvl}hg wkdw wkh vxffhvv ri wkhvh vlpxodwlrqv vhhpv wr ghshqg fuxfldoo| rq xvlqj d

zhoo gh�qhg dqg lqwhuqdoo| frqvlvwhqw +dowkrxjk qrw hqwluho| uhdolvwlf, prgho ri sk|vlfv/ dqg vshfli|lqj

jrdov e| qxphulfdo lqglfhv ri shuirupdqfh udwkhu wkdq suhvfulelqj ghvluhg wudmhfwrulhv1

2�. �L|Lh Tt)U�LT�)t�Ut

Wkh pryhphqwv fxuuhqwo| vwxglhg lq prwru sv|fkrsk|vlfv lqyroyh prvwo| uhdfklqj> zkloh wklv lv d yhu|

jrrg vwduwlqj srlqw/ irfxvlqj h{foxvlyho| rq wkhvh wdvnv lv qrw olnho| wr ohdg dq| ixuwkhu wkdq wkh vwxg| ri

rulhqwhg eduv kdv ohg lq ylvlrq1 Vrph yhu| lpsruwdqw dvshfwv ri uhdolvwlf dup pryhphqwv duh holplqdwhg

lq vxfk wdvnv1

Wkhuh lv qr pdqlsxodwlrq ri wkh hqylurqphqw +rqo| wudqvsruw,/ zklfk lv yhu| uhvwulfwlyh vlqfh pd0

qlsxodwlrq lv wkh xowlpdwh jrdo ri prvw dup pryhphqwv dqg uhtxluhv d orw pruh frpsoh{ sodqqlqj wkdq

wudqvsruw wdvnv1 E| irfxvlqj rq wkh hqg0srlqw +w|slfdoo| �qjhuwls/ ru kdqgoh, zh ljqruh wkh nlqhpdwlf

uhgxqgdqf| ri wkh kxpdq dup dqg frqvhtxhqwo| d orw ri wkh yduldelolw| suhvhqw lq qdwxudo pryhphqwv

+wklv lv sduwlfxoduo| xqghvludeoh lq wkh suhvhqw iudphzrun,1 Wkh ylvxdo vwlpxol duh wrr vlpsoh dqg wkh

ghpdqg ri wkh wdvn wrr orz/ ohdylqj vxemhfwv zlwk wkh ihholqj wkdw wkh| fdq h{hfxwh wkh wdvn lq dq| zd|

wkh| zdqw +dqg udlvlqj wkh srvvlelolw| wkdw duelwudu| lqwhuqdo suhihuhqfhv duh ehlqj dgghg wr wkh jrdo,1
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Wklv pdnhv wkh dyhudjh prwru frqwuro h{shulphqw d orw ohvv frqylqflqj wkdq d ylvlrq h{shulphqw zkhuh

vxemhfwv duh qrw iuhh wr fkrrvh zkdw wkh| vhh1 Pruh ghpdqglqj prwru wdvnv +vxfk dv sod|lqj frpsxwhu

jdphv/ ru uhwxuqlqj d gl�fxow whqqlv edoo, gr qrw kdyh wkdw sureohp1 Ilqdoo|/ vwxg|lqj vlpsoh glvfuhwh

pryhphqwv holplqdwhv wkh qhhg wr frqwlqxrxvo| wdnh lqwr dffrxqw wkh vwdwh ri wkh hqylurqphqw dqg wkh

ghpdqgv ri wkh wdvn dqg wr frpsxwh wkh qh{w pryhphqw zkloh surgxflqj wkh fxuuhqw rqh1 Wklv lv dqrwkhu

lpsruwdqw ihdwxuh ri uhdo0zruog shuirupdqfh/ zklfk d uhdvrqdeoh prgho ri prwru frqwuro vkrxog eh deoh

wr ghdo zlwk1

Wkh revhuydwlrqv ri kxpdq pryhphqw wkdw zh xvhg wr dujxh djdlqvw wkh prwru surjudp ylhz prvwo|

frph iurp frpsoh{ wdvnv ^Ehuqvwhlq 9:` wkdw duh gl�fxow wr vwxg| uljrurxvo|1 Vxfk revhuydwlrqv duh ohvv

frpprq lq wkh vlpsoh wdvnv xvhg lq prwru sv|fkrsk|vlfv/ gxh wr wkh olplwdwlrqv olvwhg deryh1 Wkxv lw lv

ghvludeoh wr ghvljq d idplo| ri frqwuroohg oderudwru| wdvnv +ru d %phwdwdvn%, wkdw dyrlg wkhvh olplwdwlrqv1

Wkdw zrxog lqyroyh d yluwxdo hqylurqphqw zlwk vrph remhfwv zkrvh srvlwlrq2vkdsh2surshuwlhv2ehkdylru

fdq fkdqjh/ wudfnlqj pruh ghjuhhv ri iuhhgrp wkdq mxvw wkh �qjhuwls/ dqg frqwlqxrxvo| pdqlsxodwlqj

remhfwv +suredeo| zlwk vrph yluwxdo pdqlsxodwru vlpsohu wkdq d kxpdq kdqg,1 Wkh phwdwdvn vkrxog

kdyh d uhodwlyho| vlpsoh sdudphwhul}dwlrq/ dqg lw vkrxog eh srvvleoh wr h{sodlq lw wr vxemhfwv vr wkdw

vkrzlqj d qhz vwlpxoxv frq�jxudwlrq grhv qrw uhtxluh qhz yhuedo lqvwuxfwlrqv1

Wkh prvw lpsruwdqw ihdwxuh ri kxpdq dup pryhphqwv lq wkh suhvhqw prgho lv wkhlu yduldelolw|/

zklfk kdv wudglwlrqdoo| ehhq ljqruhg +e| irfxvlqj rq wkh dyhudjh pryhphqw,1 Lq wklv iudphzrun lw

ehfrphv yhu| lpsruwdqw wr txdqwli| qrw mxvw wkh dyhudjh pryhphqw exw wkh zkroh idplo| ri pryhphqwv

ehlqj vdpsohg/ dqg dqdo|}h lwv ryhuods zlwk wkh idplo| ri doo vxffhvvixo pryhphqwv1 Ixuwkhupruh/

wkhuh lv qr uhdvrq wr nhhs wkh wdvn �{hg exw lqvwhdg lw fdq eh ydulhg rq hyhu| wuldo/ wkxv h{sorulqj

d pxfk odujhu vxevsdfh ri srvvleoh pryhphqwv dqg uhyhdolqj pruh ri wkh vwuxfwxuh ri wkh xqghuo|lqj

v|vwhp1 Wkdw dssurdfk zloo dovr doorz d ehwwhu txdqwl�fdwlrq ri zkdwhyhu nlqhpdwlf uhjxodulwlhv hphujh

lq wkh wdvn1 Dq h{flwlqj srvvlelolw| +vxjjhvwhg e| uhfhqw uhvxowv rq rqh0wuldo ohduqlqj ri g|qdplf irufh

�hogv 0 ^Wkrurxjkpdq dqg Vkdgphku <:`, lv wkdw vrph ri wkh yduldelolw| qrupdoo| revhuyhg lv dfwxdoo|

suhglfwdeoh jlyhq wkh vhtxhqfh ri uhfhqw pryhphqwv dqg wkh fruuhvsrqglqj vhqvru| ihhgedfn +dqg d

frqfuhwh prgho ri krz rqh0wuldo ohduqlqj wdnhv sodfh,1

Dqrwkhu lpsruwdqw dvshfw ri wkh suhvhqw prgho lv rqolqh frpsxwdwlrq/ dqg edodqflqj wkh dydlodeoh

uhvrxufhv ehwzhhq fxuuhqw dqg ixwxuh pryhphqwv1 Fkdswhu 7 ghvfulehv h{shulphqwv lqyroylqj xqghwhfwhg

ylvxdo shuwxuedwlrqv +v|qfkurql}hg zlwk vdffdghv, wkdw duh lqwurgxfhg wudqvlhqwo| dqg vkrxog qrw d�hfw

wkh dup pryhphqw li d frqfuhwh sodq zdv douhdg| iruphg dqg wkh h{hfxwlrq vwdjh rqo| lqyroyhg fruuhfwlrqv

dzd| iurp wkdw sodq1 Lqvwhdg/ vxfk shuwxuedwlrqv uhvxow lq vljql�fdqw wudmhfwru| prgl�fdwlrqv1 Dovr/

vlpso| vwxg|lqj wkh wlplqj ri h|h pryhphqwv zkloh wkh dup pryhv wkurxjk d vhtxhqfh ri wdujhwv |lhogv

hylghqfh iru dssursuldwh doorfdwlrq ri surfhvvlqj wlph ehwzhhq fxuuhqw dqg ixwxuh jrdov1

Zkloh wkh prgho rxwolqhg khuh lv qrw yhu| vshfl�f derxw ohduqlqj qhz vnloov;/ lw r�huv d qhz shuvshf0

wlyh1 Wkh sureohp zlwk prwru ohduqlqj lv wkh odfn ri d jrrg gh�qlwlrq ri zkdw h{dfwo| fkdqjhv lq wkh

frxuvh ri ohduqlqj1 Reylrxvo|/ shuirupdqfh lqfuhdvhv dqg wkdw lv vrphkrz gxh wr wkh ihhgedfn uhfhlyhg

rq suhylrxv wuldov/ exw wkdw vd|v yhu| olwwoh derxw wkh dfwxdo prgl�fdwlrqv lq wkh prwru v|vwhp uhvsrq0

vleoh iru wklv lpsuryhg shuirupdqfh<1 Lq wkh suhvhqw prgho/ wkh vwdwh ri wkh prwru v|vwhp lv ghvfulehg

qrw e| wkh dyhudjh pryhphqw/ exw e| wkh zkroh idplo| ri pryhphqwv +lqfoxglqj wkrvh holflwhg e| shu0

wxuedwlrqv,1 Lw lv srvvleoh wkdw wkh lpsruwdqw gl�huhqfhv ehwzhhq qrylfhv dqg h{shuwv duh wr eh irxqg e|

H�Lhi _i|@�*t @hi Thiti?|i_ �? ��@T|iht � @?_ D�
bWu �i Mi*�i�i |�@| LMtih�i_ 4L�i4i?|t @hi 4@?�uit|@|�L?t Lu _i|@�*i_ Thii �t|�?} T*@?tc |�i? t|�_)?} U�@?}it �? |�i

4L�i4i?| |h@�iU|Lh) �t i^���@*i?| |L t|�_)�?} U�@?}it �? |�i t|@|i Lu |�i 4L|Lh t)t|i4� W? |�@| U@ti |�i t|�_) Lu 4L|Lh
*i@h?�?} �t hi_�Ui_ |L t�4T*i LMtih�@|�L?� OL�i�ihc �u |�i LMtih�i_ 4L�i4i?|t hit�*| uhL4 |�i u�?U|�L?�?} Lu @ 4Lhi
UL4T*i t)t|i4 TihuLh4�?} @ t�}?��U@?| @4L�?| Lu L?*�?i UL4T�|@|�L?c �?|ih?@* U�@?}it U@??L| Mi _�hiU|*) �?uihhi_ uhL4
|h@�iU|Lh) U�@?}it�

55



frpsdulqj wkh glvwulexwlrqv ri pryhphqwv1 Lq sduwlfxodu/ lw lv srvvleoh wkdw h{shuwv duh ehwwhu dw xvlqj

rqolqh lqirupdwlrq lq d ixqfwlrqdo zd|/ dv rssrvhg wr dsso|lqj vrph orz0ohyho fruuhfwlrq1 D fohdq zd|

wr whvw wklv k|srwkhvlv lv wr wudlq vxemhfwv wr gl�huhqw shuirupdqfh ohyhov/ dqg lqwurgxfh shuwxuedwlrqv

vrph ri zklfk lqwhuihuh zlwk wkh jrdo dqg rwkhuv gr qrw1 Wkh suhglfwlrq zrxog eh wkdw qrylfhv zloo

fruuhfw iru doo shuwxuedwlrqv/ zkloh h{shuwv zloo ljqruh wkh rqhv wkdw gr qrw lqwhuihuh zlwk wkh jrdo1 Lw lv

dovr srvvleoh wkdw h{shuwv ghyhors sulruv wkdw duh pruh dssursuldwh iru wkh wdvn +wkdw frxog eh vwxglhg

zlwk d prgl�hg wlphg uhvsrqvh sdudgljp 0 ^Khqlqj hw do1 ;;`,1 Dqrwkhu srvvlelolw| lv wkdw h{shuwv kdyh

d ehwwhu lqwhuqdo uhsuhvhqwdwlrq ri wkh jrdo1 Lq jhqhudo/ lw zrxog eh ghvludeoh wr kdyh dq h{shulphqwdo

phwkrg iru ghwhuplqlqj zkdw h{dfwo| wkh jrdo lv iru d sduwlfxodu vxemhfw> wkdw ydjxho| fruuhvsrqgv wr

wkh phwkrgv iru phdvxulqj sv|fkrphwulf ixqfwlrqv lq shufhswxdo sv|fkrsk|vlfv1

Ilqdoo|/ lw pd| eh srvvleoh wr �qg vrph htxlydohqw ri ylvxdo looxvlrqv1 D frpsoh{ exw frqwuroohg

prwru wdvn hvvhqwldoo| jlyhv wkh h{shulphqwhu pruh frqwuro ryhu wkh lqsxw wr wkh prwru v|vwhp +l1h1 wkh

jrdo,/ zklfk lv rqh ri wkh sureohpv zlwk frqvwuxfwlqj prwru looxvlrqv +wkh rwkhu sureohp lv wkdw lw lv

qrw fohdu zkdw h{dfwo| wkh sulruv duh,1 D ohvv dpelwlrxv surmhfw pd| eh wr �qg vlwxdwlrqv zkhuh vpdoo

+vsdwldoo| orfdol}hg, yduldwlrqv lq wkh wdvn ohdg wr elj gl�huhqfhv lq wkh idplo| ri uhvxowlqj pryhphqwv>

wklv lv uhplqlvfhqw ri dujxphqwv lq idyru ri wrs0grzq h�hfwv lq ylvlrq1

2�H ,?_�igiU|Lh UL?|hL*

Hqg0h�hfwru frqwuro lv wkh lghd ri dfklhylqj frqwuro ryhu d sduw ri wkh olpe/ ru srvvleo| dq h{whuqdo remhfw/

wkdw lv prvw gluhfwo| uhodwhg wr wkh wdvn fulwhulrq +wkxv wkh whup %hqg0h�hfwru%,1 Lq vxssruw ri vxfk d

frqwuro vfkhph/ lw kdv ehhq ghprqvwudwhg wkdw wkh pryhphqwv ri wkh kdqg orrn %vlpsohu% lq Fduwhvldq

vsdfh +zkhuh pdqxdo wdvnv duh xvxdoo| gh�qhg, udwkhu wkdq mrlqw vsdfh ^Prudvvr ;4`/ dqg wkdw d qxpehu

ri nlqhpdwlf lqyduldqfhv vhhp wr eh suhvhuyhg lq wkh uhohydqw hqg0h�hfwru vsdfh1 D forvho| uhodwhg lghd

lq urerwlfv lv wkdw ri rshudwlrqdo vsdfh frqwuro ^Nkdwle ;:` ru yluwxdo prgho frqwuro ^Sudww <8`/ zkhuh wkh

fhqwudo v|vwhp dvvxphv wkdw lw lv frqwuroolqj d pxfk vlpsohu pdqlsxodwru +yluwxdo prgho, gh�qhg lq wkh

dssursuldwh wdvn vsdfh dqg lvvxhv wkh fruuhvsrqglqj frqwuro vljqdov/ zklfk duh wkhq wudqvodwhg e| vrph

h�flhqw orz0ohyho v|vwhp lqwr vljqdov dssursuldwh wr gulyh wkh dfwxdo olpe +wklv pd| lqyroyh fdqfhoodwlrq

ri lqwhudfwlrq wrutxhv/ frpshqvdwlrq iru nqrzq gdpslqj/ hwf1,

Wklv lghd fdq eh lqfrusrudwhg yhu| qdwxudoo| lq wkh iudphzrun glvfxvvhg deryh 0 vhh Ilj 5071

Vxssrvh zh gh�qhg d vhw ri yluwxdo prwru rxwsxwv/ dqg d uxoh iru wudqvodwlqj wkhp lqwr dfwxdo prwru

rxwsxwv1 Wkhq wkh pdsslqj iurp yluwxdo wr uhdo prwru rxwsxwv ehfrphv d sduw ri wkh fdxvdo prgho/ l1h1

zh fdq qrz lqihu wkh h{shfwhg dfklhyhphqw ri wkh jrdo jlyhq wkh yluwxdo prwru rxwsxw1 Li lw zhuh srvvleoh

wr ghvljq wklv pdsslqj lq vxfk d zd| wkdw yluwxdo frqwuro vljqdov kdyh vwudljkwiruzdug h�hfwv lq hqg0

h�hfwru vsdfh +l1h1 zh fdq hdvlo| frpsxwh krz zhoo wkh jrdo lv vdwlv�hg jlyhq wkh yluwxdo frqwuro vljqdov,

wkhq lw pd| eh srvvleoh wr ljqruh wkh frpsohwh fdxvdo prgho dqg uhsodfh lw zlwk d +wdvn0vshfl�f, fdxvdo

prgho wkdw lv pxfk vlpsohu dqg hdvlhu wr lqyhuw1 Wkhuh lv d wudghr� lqyroyhg lq ghvljqlqj vxfk d yluwxdo

prgho1 Li zh uhtxluh wkh pdsslqj wr uhdo prwru rxwsxwv wr eh vlpsoh +h1j1 d olqhdu wudqvirupdwlrq,

wkdw zrxog vlpsoli| ohduqlqj2frqvwuxfwlqj wkh prgho/ exw pd| dovr olplw lwv xvhixoqhvv vlqfh d vlpsoh

pdsslqj wr prwru rxwsxwv pd| qrw eh vx�flhqw wr dfklhyh wkh ghvluhg h�hfwv lq hqg0h�hfwru vsdfh1 Rq

wkh rwkhu kdqg/ dwwhpswlqj wr dfklhyh shuihfw hqg0h�hfwru frqwuro pd| uhtxluh d pdsslqj iurp yluwxdo

wr uhdo prwru rxwsxwv wkdw lv wrr frpsoh{ wr ohduq1

Wklv wudghr� fruuhvsrqgv yhu| forvho| wr wkh gl�huhqw gh�qlwlrqv ri d %prwru v|qhuj|% wkdw kdyh

dsshduhg lq wkh olwhudwxuh1 Wkh ruljlqdo lghd ^Ehuqvwhlq 9:` zdv wkdw v|qhujlhv duh jhqhudo frruglqdwlrq

sdwwhuqv zkrvh gh�qlqj surshuw| lv wkdw wkh| pdnh h{hfxwlrq ri wkh wdvn hdv|1 Wkh h{lvwhqfh ri vxfk

frruglqdwlrq sdwwhuqv dqg wkhlu qhfhvvlw| iru dq| vnloohg pryhphqw zdv reylrxv wr wkdw vfkrro ri wkrxjkw/
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Iljxuh 507= Vfkhpdwlf uhsuhvhqwdwlrq ri xvlqj yluwxdo frqwuro lq d fdxvdo prgho1 Vrolg duurzv fruuhvsrqg
wr wkh ruljlqdo fdxvdo prgho1 Wkh yluwxdo rxwsxw lv d yhfwru wkdw lv wudqvodwhg lqwr prwru rxwsxwv/ wkxv
h{whqglqj wkh fdxvdo prgho1 Wkh jud| duurz fruuhvsrqgv wr wkh hqg0h�hfwru fdxvdo prgho1

wr wkh h{whqw wkdw revhuydwlrqv ri h{shuw shuirupdqfh zhuh lqwhusuhwhg dv hylghqfh iru vxfk frruglqdwlrq

sdwwhuqv ^Dudw|xq|dq hw do1 9<`1 Wkh sureohp zlwk wklv gh�qlwlrq ri frxuvh lv wkdw lw kdv qhyhu ehhq

srvvleoh wr lghqwli| zkdw wkhvh sdwwhuqv duh/ dqg krz h{dfwo| wkh| fdq eh iruphg1 Rq wkh rwkhu h{wuhph

lv wkh ylhz ri v|qhujlhv dv pxvfoh v|qhujlhv/ l1h1 jurxsv ri pxvfohv wkdw duh dfwlydwhg vlpxowdqhrxvo|

lq �{hg sursruwlrq1 Zkloh lw lv fohdu krz vxfk v|qhujlhv fdq eh lpsohphqwhg/ lw lv qrw wkdw fohdu zkdw

wkh| frxog eh xvhg iru1 Frqvlghu iru h{dpsoh wkh vlpsoh sureohp ri prylqj wkh kdqg lq 6G vsdfh1

Dq dssursuldwh vhw ri v|qhujlhv lq wklv fdvh zrxog eh d vhw wkdw dw hdfk srlqw lq vsdfh surylghv 6

gluhfwlrqv ri pryhphqw/ dorqj vrph uhdvrqdeo| gh�qhg d{hv1 Wkxv lw zrxog eh frqyhqlhqw wr kdyh 6

pxvfoh v|qhujlhv xqghuo|lqj doo kdqg wudqvsruw pryhphqwv1 Li zh zhuh wr dfwlydwh d �{hg vhw ri pxvfohv/

krzhyhu/ wkh uhvxowlqj gluhfwlrqv ri pryhphqw zrxog qrw eh yhu| vlpsoh= wkh sureohp lv fdxvhg e|

wkh yduldeoh ohqjwk0whqvlrq fxuyhv ri pxvfohv/ yduldeoh prphqw dupv dqg jhrphwu|/ qrq0frppxwdwlyh

urwdwlrqv lq 6G/ judylw|/ frq�jxudwlrq0ghshqghqw lqhuwld/ hwf1 ^Exqhr hw do1 <:`1 Xqolnh HPJ gdwd iurp

iurj suhsdudwlrqv ^G*Dyhood dqg El}}l <;`/ wkh dydlodeoh HPJ gdwd iurp kxpdq vxemhfwv lv qrw jhqhudoo|

frqvlvwhqw zlwk wkh h{lvwhqfh ri d vpdoo qxpehu ri pxvfoh frpelqdwlrqv dozd|v xvhg wr wudqvsruw wkh

dup ^Iodqghuv hw do1 <7`431 Vr li �{hg frpelqdwlrqv ri pxvfohv duh ehlqj xvhg dv v|qhujlhv/ wkhuh pxvw

eh d orw ri wkhp/ dqg wkh v|vwhp zloo kdyh wr shuirup d orw ri dgglwlrqdo frpsxwdwlrqv wr �jxuh rxw

zkhq lw lv dssursuldwh wr xvh zklfk v|qhuj|/ l1h1 wkh vlpsol�fdwlrq ri wkh frqwuro sureohp uhvxowlqj iurp

pxvfoh v|qhujlhv lv qrw wkdw reylrxv1

Wkh wuxwk suredeo| olhv vrphzkhuh lq ehwzhhq wkh wzr h{wuhphv1 Shukdsv frpsxwdwlrqdo prghov fdq

vkhg vrph oljkw rq wklv lvvxh/ e| vhdufklqj wkh vsdfh ri yluwxdo prghov wkdw vlpsoli| wkh fdxvdo prgho

dqg |hw duh hdv| wr lpsohphqw 0 vxfk dv ^Whu}rsrxorv hw do1 <7`1 Qrwh wkdw lpsohphqwlqj yluwxdo prgho

frqwuro lq urerwlfv lv qrw vr fkdoohqjlqj/ vlqfh d, wkh wdvnv urerwv shuirup duh vljql�fdqwo| vlpsohu dqg

lqyroyh ohvv ghjuhhv ri iuhhgrp/ dqg e, wkh dydlodeoh vhqvruv dqg dfwxdwruv duh idvwhu dqg pruh uholdeoh/

dqg lw lv srvvleoh wr hvwlpdwh wkh sk|vlfdo surshuwlhv ri wkh sodqw txlwh dffxudwho|1
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Lq wklv fkdswhu zh uhvwulfw rxu dwwhqwlrq wr d vpdoo idplo| ri prwru wdvnv zklfk zloo doorz xv wr lqvwdqwldwh

wkh jhqhudo wkhruhwlfdo iudphzrun ghyhorshg deryh lqwr d frqfuhwh prgho ri prwru frqwuro/ dqg pdnh

txdqwlwdwlyh frpsdulvrqv wr h{shulphqwdo gdwd1 Zh frqvlghu wdvnv zkhuh d vxemhfw lv dvnhg wr pryh d

srlqw +wkdw frxog frlqflgh zlwk wkh �qjhuwls/ ru wkh wls ri d uljlg remhfw khog e| wkh kdqg/ ru d vlpxodwhg

fxuvru frqwuroohg yld lvrphwulf irufh dssolfdwlrq, wr d vshfl�hg wdujhw orfdwlrq/ srvvleo| sdvvlqj wkurxjk

vrph lqwhuphgldwh wdujhwv +fdoohg %yld0srlqwv%,1 Wkh wdvn sdudphwhuv wkdw fdq eh ydulhg lqfoxgh wkh

qxpehu dqg orfdwlrq ri wdujhwv/ gh�qlwlrq ri wkh hqg0h�hfwru/ wlplqj dqg dffxudf| frqvwudlqwv/ ylvxdo

ihhgedfn frqglwlrqv/ dqg gl�huhqw ylvxdo ru phfkdqlfdo shuwxuedwlrqv1 Erwk kdqg dqg h|h pryhphqwv

zloo eh dqdo|}hg vlpxowdqhrxvo|/ lq d 5G sodqh41

Dowkrxjk uhvwulfwhg lq pdq| lpsruwdqw zd|v wr eh glvfxvvhg odwhu/ wklv idplo| ri wdvnv doorzv xv wr

dgguhvv d vljql�fdqw sursruwlrq ri wkh h{shulphqwdo revhuydwlrqv ri dup pryhphqwv= vshhg0dffxudf|

wudgh0r�v/ nlqhpdwlf ihdwxuhv ri sodqdu pryhphqwv/ h�hfwv ri erwk xqsuhglfwdeoh dqg v|vwhpdwlf shuwxu0

edwlrqv/ wlplqj sdwwhuqv ri h|h pryhphqwv/ uhdfwlrq wlphv/ dup lpshgdqfh fkdudfwhulvwlfv/ hwf1 Vlqfh

wkhvh revhuydwlrqv kdyh ehhq pdgh e| gl�huhqw uhvhdufkhuv lq gl�huhqw h{shulphqwv/ wkh| kdyh wudglwlrq0

doo| ehhq frqvlghuhg lq lvrodwlrq/ ohdglqj wr gl�huhqw dqg qrw qhfhvvdulo| frpsdwleoh wkhruhwlfdo dffrxqwv

dqg hpskdvl}lqj gl�huhqw dvshfwv ri vhqvru|0prwru surfhvvlqj1 Krzhyhu doo vxfk skhqrphqd zrxog rffxu

vlpxowdqhrxvo| lq wkh vdph vxemhfw dqg wkh vdph h{shulphqw/ li rqh zhuh wr pdqlsxodwh doo uhohydqw wdvn

sdudphwhuv dqg phdvxuh doo uhohydqw uhvsrqvhv1 Zkloh lw lv srvvleoh wkdw wkh prwru v|vwhp frqwdlqv d

odujh froohfwlrq ri kdugzluhg %uxohv%/ rqh iru hdfk hpslulfdo �qglqj ghvfulehg lq wkh olwhudwxuh/ lw lv pruh

olnho| wkdw wkh h{hfxwlrq ri d vlpsoh wdvn vxfk dv wkh rqh vwxglhg khuh lv edvhg rq d ihz edvlf sulqflsohv/
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jlylqj ulvh wr d qxpehu ri hphujhqw skhqrphqd1 Wkxv lw lv ghvludeoh wr kdyh d vlqjoh prgho wkdw frxog

dgguhvv/ dw ohdvw lq sulqflsoh/ wkh pdmrulw| ri revhuydwlrqv pdgh zlwklq wkh frqwh{w ri yld0srlqw wdvnv1

Wkh qh{w vhfwlrq suhvhqwv wkh udwlrqdoh ri rxu prghoolqj dssurdfk/ dqg lwv uhodwlrq wr wkh glvfxvvlrq

iurp Fkdswhu 51 Zh wkhq vxppdul}h vrph fodvvlf uhvxowv ri vwrfkdvwlf rswlpdo frqwuro wkhru|/ zklfk vhuyh

dv wkh vwduwlqj srlqw iru d qxpehu ri prgl�fdwlrqv qhfhvvdu| iru d uhdvrqdeo| uhdolvwlf prgho ri h|h0kdqg

frqwuro1 Wkhvh prgl�fdwlrqv uhtxluh vxevwdqwldo fkdqjhv lq wkh fodvvlf rswlpdo frqwuro odz/ suhvhqwhg

lq wkh iroorzlqj vhfwlrq lq d vhoi0frqwdlqhg ghulydwlrq ri wkh dojrulwkp iru vlpxodwlqj rxu prgho1 Wkh

phwkrgv xvhg lq wkh ghulydwlrq duh ghyhorshg lq ghwdlo lq ^Gdylv dqg Ylqwhu ;8/ Ehuwvhndv ;:/ Zlovn| <7`1

Zh frqfoxgh wkh fkdswhu zlwk d vxppdu| ri wkh dojrulwkp dqg vrph lpsohphqwdwlrq ghwdlov1 Wkh dfwxdo

suhglfwlrqv ri wkh prgho dqg wkhlu h{shulphqwdo yhul�fdwlrq lv ghihuuhg wr wkh qh{w fkdswhu1 Qrwh wkdw

wkh prgho sursrvhg khuh lv phdqw wr eh txlwh jhqhudo/ dqg lw frxog eh xvhg wr dgguhvv d odujh qxpehu

ri skhqrphqd qrw doo ri zklfk zloo eh glvfxvvhg lq wklv wkhvlv1
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Lq wkh vslulw ri wkh wkhruhwlfdo glvfxvvlrq iurp wkh suhylrxv fkdswhu/ zh zloo dvvxph wkdw wkh vhqvru|0

prwru v|vwhp lv vlpso| wu|lqj wr gr zkdw lw zdv dvnhg wr gr/ dv zhoo dv lw fdq1 Lq rwkhu zrugv/ lw dwwhpswv

wr surgxfh wkh %ehvw% srvvleoh pryhphqw/ zlwklq wkh vshfl�hg wlph olplwv/ xvlqj wkh dydlodeoh vhqvru|

lqsxw dv zhoo dv sulru lqirupdwlrq derxw lwv rzq surshuwlhv dqg olplwdwlrqv1 Wkh jrdo khuh lv wr ghyhors d

phfkdqlvwlf prgho ri prwru frqwuro iru yld0srlqw wdvnv/ wkdw fdq eh vxemhfwhg wr doprvw dq| h{shulphqwdo

sdudgljp d kxpdq vxemhfw frxog sduwlflsdwh lq1 Vxfk d prgho zrxog wdnh dv lqsxw wkh lqirupdwlrq wkdw

lv dydlodeoh wr wkh kxpdq vxemhfw/ prphqw e| prphqw/ dqg surgxfh d %uhdo0wlph% uhvsrqvh wkdw fdq eh

frpsduhg wr h{shulphqwdo gdwd51 Lq frqwudvw/ ghvfulswlyh prghov surylgh d sdudphwulf irup ri vxemhfwv*

uhvsrqvhv/ dqg wkh �wwlqj surfhgxuh lqyroyhv hvwlpdwlqj wkh ydoxhv ri wkh iuhh sdudphwhuv iurp revhuyhg

gdwd1 Zkloh lw lv pxfk hdvlhu wr �w ghvfulswlyh prghov wr gdwd dqg d qxpehu ri prghov lq wkh �hog idoo lq

wkdw fdwhjru| +vhh Fkdswhu 9 iru d glvfxvvlrq,/ fodvvli|lqj vxfk prghov uhodwlyh wr wkh �qh olqh ehwzhhq

h{sodqdwlrq dqg gdwd �wwlqj riwhq lqyroyhv d vxemhfwlyh mxgjhphqw ri krz %vxusulvlqj% lw lv wkdw wkh gdwd

lv �w zlwk vr %ihz% sdudphwhuv1

Lw lv fohdu iurp wkh deryh uhtxluhphqw iru uhdo0wlph rswlpdo uhvsrqvh wkdw wkh prgho zloo kdyh wr

xvh vhqvru| lqirupdwlrq wr jxlgh wkh rqjrlqj pryhphqw1 Dw wklv srlqw rqh pd| eh vxusulvhg wkdw zh

duh glvplvvlqj vr oljkwo| wkh orqj0odvwlqj ghedwhv derxw wkh uroh ri ihhgedfn lq pryhphqw surgxfwlrq

^Dgdpv :4/ Deev dqg Zlqvwhlq <3`1 Vxfk dujxphqwv kdyh irfxvhg rq udslg pryhphqwv +vlqfh qr rqh

zrxog glvsxwh wkh lpsruwdqfh ri ihhgedfn iru vorzhu pryhphqwv, dqg zkhwkhu wkh| duh hqwluho| edoolvwlf/

dqg iru krz orqj1 Reylrxvo| dq| vhqvru| lqsxw lq d elrorjlfdo v|vwhp kdv d qrq0qhjoljleoh ghod|/ dqg

dq| vhulrxv prgho kdv wr wdnh wkdw lqwr dffrxqw1 Krzhyhu wkdw idfw lq lwvhoi grhv qrw lpso| wzr gl�huhqw

prghv ri rshudwlrq 0 edoolvwlf dqg vhqvru| jxlghg> zkdw lv sursrvhg khuh lv d vlqjoh v|vwhp wkdw lv

fdsdeoh ri surgxflqj edoolvwlf pryhphqwv lq wkh devhqfh ri vhqvru| ihhgedfn dqg lv dovr suhsduhg wr

xwlol}h ihhgedfn dv vrrq dv lw ehfrphv dydlodeoh1

Jlyhq rxu prgho uhtxluhphqwv/ d qdwxudo pdwkhpdwlfdo iudphzrun lv surylghg e| wkh wkhru| ri

vwrfkdvwlf rswlpdo frqwuro/ zklfk lv frqfhuqhg zlwk pd{lpl}lqj vrph shuirupdqfh fulwhulrq e| frqwuroolqj

d vwrfkdvwlf v|vwhp zlwk vshfl�hg g|qdplfv dqg qrlv| vwdwh revhuydwlrqv1 Ehiruh jrlqj lqwr ghwdlov/ zh
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pdnh d �qdo srlqw derxw wkh jhqhudo surshuwlhv ri wkh prgho lq uhodwlrq wr wkh glvfxvvlrq lq wkh suhylrxv

fkdswhu1 Wkh vroxwlrq wr dq rswlpdo frqwuro sureohp wdnhv wkh irup ri dq rswlpdo frqwuro odz +ru srolf|,/

zklfk lv d irupxod vshfli|lqj zkdw frqwuro vljqdov wr rxwsxw dw hdfk prphqw lq wlph dv d ixqfwlrq ri

doo dydlodeoh lqirupdwlrq vr idu1 Lq rwkhu zrugv/ wkh frqwuro odz lv d suhvfulswlrq ri zkdw wr gr lq dq|

frqfhlydeoh vlwxdwlrq wkdw pd| dulvh1 Lq vrph vshfldo fdvhv +dv wkh rqh lq wkh qh{w vhfwlrq, vxfk d odz

fdq eh frpsxwhg ehiruh dq| ihhgedfn lv uhfhlyhg/ zklfk lq vrph vhqvh fruuhvsrqgv wr d vwulfw vhsdudwlrq

ehwzhhq sodqqlqj dqg h{hfxwlrq +zkhuh wkh %sodq% frqwdlqv d orw pruh wkdq d vlqjoh ghvluhg pryhphqw,1

Krzhyhu/ dv vrrq dv zh pdnh wkh pdwkhpdwlfdo prgho voljkwo| pruh frpsoh{ dqg uhdolvwlf/ zh kdyh wr

uhvruw wr dssur{lpdwlrqv wr wkh frqwuro odz wkdw duh shuiruphg lq uhdo wlph/ diwhu vhqvru| lqirupdwlrq

kdv ehfrph dydlodeoh +vhh ehorz,1 Wkxv sodqqlqj lv qrw frpsohwhg ehiruh pryhphqw rqvhw/ hyhq li zh

doorz wkh %sodq% wr eh dv vrsklvwlfdwhg dv d frqwuro odz1 Wr vhh zk| wkdw lv wuxh lq jhqhudo/ frqvlghu

dq h{wuhph fdvh vxfk dv sod|lqj frpsxwhu fkhvv1 Wkh w|slfdo dojrulwkp iru vxfk jdphv lv d plqlpd{

dojrulwkp/ wkdw iru hdfk pryh vhdufkhv wkurxjk wkh wuhh ri doo srvvleoh pryhv Q vwhsv dkhdg/ dqg fkrrvhv

wkh rqh wkdw kdv wkh prvw ghvludeoh rxwfrph1 Krzhyhu/ dw ghswk Q wkh dojrulwkp kdv wr vwrs +gxh wr

wlph olplwdwlrqv, dqg xvh vrph khxulvwlf wr hydoxdwh wkh fxuuhqw vlwxdwlrq1 Dw wkh qh{w pryh/ lw lv srvvleoh

wr vhdufk wkh wuhh rqh vwhs ixuwkhu/ l1h1 wkh khxulvwlf zloo eh dssolhg wr wkh qh{w ohyho grzq dqg wkdw fdq

srwhqwldoo| fkdqjh wkh suhylrxv hvwlpdwhv ri ghvludelolw| +vlqfh wkh khxulvwlf lv qrw h{dfw,1 Wkxv vxfk dq

dojrulwkp lv hvvhqwldoo| grlqj wkh vdph dprxqw ri sodqqlqj dw hdfk wlph vwhs +khuh rssrqhqw*v pryhv

sod| wkh uroh ri vhqvru| ihhgedfn/ l1h1 uhvwulfw wkh vsdfh ri srvvleoh vfhqdulrv,1

Zkloh vlpsoh wdvnv vxfk dv yld0srlqw pryhphqwv duh pruh vlplodu wr wkh wudfwdeoh fdvh zkhuh d frqwuro

odz fdq eh frpsxwhg dw ohdvw dssur{lpdwho|/ wkhvh wdvnv duh qrw uhsuhvhqwdwlyh ri hyhu|gd| jrdo0gluhfwhg

pryhphqwv1 Lq sduwlfxodu wkh| ljqruh phfkdqlfdo uhgxqgdqf|/ g|qdplf pdqlsxodwlrq ri remhfwv zlwk

xqfhuwdlq sk|vlfdo surshuwlhv/ dqg lq jhqhudo dq| qrqwulyldo sodqqlqj1 Dv vrrq dv zh ohdyh wkh grpdlq ri

5G wudqvsruw pryhphqwv ehwzhhq wdujhwv/ lw ehfrphv yhu| xqolnho| wkdw rswlpdo frqwuro odzv frxog eh

frpsxwhg ehiruh pryhphqw rqvhw +lq idfw/ d qxpehu ri surriv h{lvw wkdw h{dfw vsdwldo sodqqlqj sureohpv

lq urerwlfv kdyh h{srqhqwldo vsdfh frpsoh{lw| ^Fdqq| ;;` 0 edvlfdoo| phdqlqj %lqwudfwdeoh%,1

Rqh pljkw wkhq dvn/ zkdw fdq zh ohduq iurp d prgho ri yld0srlqw wdvnv li lw lv fohdu wkdw wkh vdph

dojrulwkp fdqqrw eh dssolhg wr pruh lqwhuhvwlqj wdvnvB Wkh dqvzhu lv wkdw wkh frpsxwdwlrqdo prgho lv

gl�huhqw iurp wkh dojrulwkp1 Rxu jrdo khuh lv wr vwxg| wkh surshuwlhv ri d v|vwhp wkdw lv dwwhpswlqj

wr shuirup d fhuwdlq frpsxwdwlrq +pd{lpl}h shuirupdqfh vxemhfw wr wdvn frqvwudlqwv,1 Wkh idfw wkdw

zh fdq shuirup wkdw frpsxwdwlrq dffxudwho| rqo| xqghu uhvwulfwhg frqglwlrqv lpsolhv wkdw wkh elrorjlfdo

v|vwhp pd| kdyh wr uhvruw wr dssur{lpdwlrqv lq pruh frpsoh{ vlwxdwlrqv1 Zkloh wkdw zrxog d�hfw wkh

ehkdylru ri wkh v|vwhp lq vrph lpsohphqwdwlrq0ghshqghqw zd|/ zh zrxog h{shfw wkdw h�hfw wr eh ri

%vhfrqg rughu% frpsduhg wr wkh surshuwlhv hphujlqj rq wkh frpsxwdwlrqdo ohyho/ hvshfldoo| lq wdvnv

zkhuh zh nqrz wkdw vljql�fdqw dssur{lpdwlrqv duh qrw qhfhvvdu|1
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Lq wklv vhfwlrq zh vxppdul}h wkh fodvvlf uhvxowv ri vwrfkdvwlf rswlpdo frqwuro wkhru|/ zklfk zloo eh

prgl�hg odwhu wr vxlw rxu qhhgv1 Frqvlghu d v|vwhp zlwk vwdwh [n zkhuh [ lv d yhfwru ri uhdo qxpehuv

dqg n lv d glvfuhwh wlph lqgh{1 Dw hdfk wlph vwhs d frqwuro vljqdo Xn lv vhohfwhg e| d frqwuroohu +zklfk

zh duh wr ghvljq,/ dq revhuydwlrq \n lv rewdlqhg dv d ixqfwlrq ri wkh fxuuhqw vwdwh/ dqg wkh vwdwh pdnhv

d wudqvlwlrq wr d qhz vwdwh=

[n.4 @ D[n .EXn .F�n +614,
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zkhuh � � Q+3> L, dqg $ � Q+3> L, duh qrupdoo| glvwulexwhg udqgrp yduldeohv zlwk }hur phdq dqg

xqlw fryduldqfh/ fruuhvsrqglqj wr v|vwhp dqg revhuydwlrq qrlvh uhvshfwlyho|61 Wkh frqwuroohu fdq rqo|

revhuyh wkh vwdwh ri wkh v|vwhp wkurxjk qrlv| phdvxuhphqwv/ dqg lqihu lwv hyroxwlrq iurp qrlv| g|qdplfv1

Jlyhq hvwlpdwhv ri wkh phdq + e[4, dqg fryduldqfh +	4, ri wkh vwdwh dw wlph 4/ dqg doo revhuydwlrqv

\ n�4 / ^\4> = = = > \n�4` dqg frqwurov Xn�4 / ^X4> = = = > Xn�4` xs wr wlph n � 4/ wkh mre ri wkh frqwuroohu lv

wr �qg wkh ixqfwlrqv X�
n

�
\ n�4> Xn�4> e[4>	4

�
wkdw plqlpl}h wkh h{shfwhg frvw=

M @ H

#
[W
QTQ[Q .

Q�4[
n@4

�
[W
n Tn[n . XW

n UXn
�$

+615,

Wkh gxudwlrq ri wkh pryhphqw Q / dv zhoo dv wkh pdwulfhv lq wkh v|vwhp dqg frvw htxdwlrqv duh nqrzq1

Wklv sureohp lv fdoohg wkh Olqhdu Txdgudwlf Jdxvvldq +OTJ, uhjxodwru 0 vlqfh wkh v|vwhp htxdwlrqv duh

olqhdu/ wkh frvw ixqfwlrq lv txdgudwlf/ dqg wkh qrlvh prgho lv Jdxvvldq1

Plqlpl}lqj vxfk d frvw ixqfwlrq uhtxluhv dw hdfk wlph vwhs d fkrlfh ri X�
n zklfk plqlpl}hv h{shfwhg

frvw e| wdnlqj lqwr dffrxqw doo srvvleoh vhtxhqfhv ri ixwxuh frqwurov dqg revhuydwlrqv=

plq
Xn

�
XW
n UXn .H

�
[W
n Tn[n

�
. H

\n

�
plq
Xn.4

�
XW
n.4UXn.4 .H

�
[W
n.4Tn.4[n.4

�
. H

\n.4
+� � �,

���
zklfk lq jhqhudo dprxqwv wr dq h{kdxvwlyh vhdufk ri dq h{srqhqwldoo| odujh vsdfh1 Wkxv lw lv txlwh

uhpdundeoh wkdw lq wkh OTJ fdvh wkh sureohp kdv dq h{dfw vroxwlrq +zklfk lv d pdmru vxffhvv ri frq0

whpsrudu| pdwkhpdwlfv dqg kdv jlyhq ulvh wr dq lpphqvh olwhudwxuh 0 vhh ^Gdylv dqg Ylqwhu ;8` iru d

qlfh lqwurgxfwlrq,1 Lqwxlwlyho|/ wkh sureohp lv wudfwdeoh ehfdxvh wkh h{shfwhg frvw dw wlph n +fdoohg

%frvw0wr0jr%, fdq eh hydoxdwhg uhfxuvlyho| zlwkrxw shuiruplqj dq h{kdxvwlyh vhdufk +xqolnh frpsxwhu

fkhvv iru h{dpsoh,1 Wkh vroxwlrq wr wklv sureohp lv jlyhq e| wkh iroorzlqj wkhruhpv=

Wkhruhp 4 +Ndopdq Ilowhulqj Dojrulwkp, Wkh hvwlpdwhv ri wkh phdq dqg fryduldqfh ri wkh vwdwh

duh sursdjdwhg iruzdug lq wlph dffruglqj wr=

e[n.4 @ D e[n .EXn .Nn

�
\n �K e[n

�
Nn @ D	nK

W
�
K	nK

W .JJW
��4

	n.4 @ D	nD
W .FFW �D	nK

W
�
K	nK

W .JJW
��4

K	nD
W

vwduwlqj zlwk wkh jlyhq hvwlpdwhv e[4 dqg 	41 Nn lv fdoohg wkh Ndopdq jdlq pdwul{1

Wkhruhp 5 +Rswlpdo Frqwuro Odz, Wkh rswlpdo frqwuro odz lv rewdlqhg iurp wkh vwdwh hvwlpdwhv ri

wkh Ndopdq �owhu/ dqg wkh frqvwdqw pdwulfhv O dqg V sursdjdwhg edfnzdugv lq wlph=

X�
n @ �On e[n

On @
�
EWVn.4E .U

��4
EWVn.4D

Vn @ DVn.4D
W .Tn �DVn.4E

W
�
EVn.4E

W .U
��4

EVn.4D
W
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vwduwlqj zlwk VQ @ TQ 1

Wkhruhp 6 +H{shfwhg Frvw, Wkh h{shfwhg frvw ri wkh pryhphqw lv jlyhq e|=

M @ e[W
4 V4

e[4 .
Q�4[
n@4

�
wu +Vn.4U, . wu

��
Tn � Vn .DWVn.4D

�
	n

��
D ihz surshuwlhv ri wkh vroxwlrq duh zruwk qrwlqj1 Wkh uhfxuvlyh htxdwlrqv iru 	n dqg Vn duh

lghqwlfdo xs wr d wlph uhyhuvdo/ dqg duh nqrzq dv glvfuhwh0wlph Ulffdwl htxdwlrqv1 Wkhvh txdqwlwlhv fdq

eh frpsxwhg ehiruh wkh pryhphqw/ l1h1 wkh| gr qrw ghshqg rq wkh frqwuro vljqdov Xn dqg revhuydwlrqv \n1

Wklv frqyhqlhqw surshuw| ri wkh OTJ uhjxodwru lv gxh wr wkh idfw wkdw doo vrxufhv ri qrlvh duh Jdxvvldq

dqg dgglwlyh/ dqg wkxv wkh dprxqw ri xqfhuwdlqw| fdqqrw eh d�hfwhg e| wkh dfwlrqv ri wkh frqwuroohu ru

wkh dfwxdo revhuydwlrqv1 Wkh idfw wkdw wkh rswlpdo frqwuro odz lv lqghshqghqw ri dq| txdqwlwlhv uhodwhg wr

wkh qrlvh prgho/ dqg wkh �owhulqj dojrulwkp lv lqghshqghqw ri dq| txdqwlwlhv vshfli|lqj wkh frvw ixqfwlrq

lv fdoohg wkh vhsdudwlrq sulqflsoh1 Qrwh dovr wkdw wkh frqwuro odz lv frpsxwhg dv li wkh fxuuhqw hvwlpdwh e[
zhuh wkh wuxh ydoxh ri [ +wkh rswlpdo frqwuro odz iru d frpsohwho| revhuydeoh v|vwhp kdv wkh vdph irup,1

Wklv lv nqrzq dv wkh fhuwdlqw|0htxlydohqfh sulqflsoh1 Dv zh zloo vhh vkruwo| qrqh ri wkhvh sulqflsohv dsso|

gluhfwo| lq wkh fdvh ri rxu prgho/ zklfk ohdgv wr vrph whfkqlfdo frpsolfdwlrqv1

Uhfdoo rxu glvfxvvlrq ri d Ed|hvldq prgho ri vhqvru|0prwru surfhvvlqj iurp wkh suhylrxv fkdswhu1 Wkh

pdlq lghd zdv wkdw wkh vhqvru|0prwru v|vwhp xvhv d fdxvdo prgho wr suhglfw wkh rxwfrphv ri k|srwkhwlfdo

dfwlrqv/ dqg d jhqhudwlyh prgho wr suhglfw wkh vhqvru| vwlpxol dulvlqj iurp k|srwkhwlfdo vwdwhv ri wkh

zruog1 Wkhvh wzr prghov duh wkhq %lqyhuwhg% yld vrph srzhuixo frpsxwdwlrq1 Wkh pdwkhpdwlfdo prgho

lq wklv vhfwlrq grhv h{dfwo| wkdw= wkh �uvw olqh ri +614, lv wkh fdxvdo prgho ghvfulelqj wkh kdqg g|qdplfv/

dqg wkh vhfrqg olqh lv wkh jhqhudwlyh prgho ghvfulelqj krz vhqvru| lqsxwv dulvh1 Wkh deryh wkhruhpv

%lqyhuw% wkh prgho dqdo|wlfdoo|1

��e �_@T|@|�L? |L ,)i�O@?_ �LLh_�?@|�L? �? V�@��L�?| A@t!t

Wklv vhfwlrq irupxodwhv wkh sureohp ri h|h0kdqg frruglqdwlrq lq yld0srlqw wdvnv lq wkh odqjxdjh ri

vwrfkdvwlf rswlpdo frqwuro/ dqg lqwurgxfhv wkh prgl�fdwlrqv qhfhvvdu| wr pdnh wkh OTJ iudphzrun

dssolfdeoh wr prwru frqwuro1 Udwkhu wkdq wu|lqj wr uhpdlq dv forvh dv srvvleoh wr wkh edvlf prgho dw wkh

sulfh ri xqirxqghg dvvxpswlrqv/ zh suhihu wr ghyhors d prgho wkdw zrxog dfwxdoo| uh�hfw wkh lpsruwdqw

dvshfwv ri elrorjlfdo vhqvru|0prwru surfhvvlqj dqg wkhq �qg d zd| wr vroyh lw1

��e�� 5|@|i uLh4�*@|�L?

Lq wkh wdvn frqvlghuhg khuh d vxemhfw lv dvnhg wr pryh wkh kdqg wkurxjk d vhtxhqfh ri vshfl�hg wdujhwv/

zlwk vrph wlplqj dqg dffxudf| frqvwudlqwv1 Sdvvdjh wlphv wkurxjk yld0srlqwv/ h|h pryhphqw sdwwhuqv/

dqg nlqhpdwlf ghwdlov ri wkh wudmhfwru| +rwkhu wkdq sdvvlqj wkurxjk wkh wdujhwv, duh qrw vshfl�hg/ wkxv zh

dvvxph wkdw wkh| duh ehlqj rswlpl}hg vr dv wr dfklhyh wkh ehvw srvvleoh shuirupdqfh +wr eh gh�qhg ehorz,1

Vxemhfwv uhfhlyh ylvxdo lqirupdwlrq derxw kdqg dqg wdujhw srvlwlrqv/ dqg sursulrfhswlyh lqirupdwlrq

derxw kdqg dqg h|h �{dwlrq srvlwlrqv1 Doo srvlwlrqv zloo eh uhsuhvhqwhg lq erg| fhqwhuhg frruglqdwhv>

dvvxplqj wkdw wkh erg| lv �{hg uhodwlyh wr wkh h{shulphqwdo vhwxs +zklfk lw lv,/ zruog fhqwhuhg dqg erg|

5<



fhqwhuhg frruglqdwhv frlqflgh71

Wkh edvlf txdqwlwlhv wkdw qhhg wr eh uhsuhvhqwhg dw hdfk srlqw lq wlph +dqg wkxv frqvwlwxwh wkh

%vwdwh% [ ri wkh v|vwhp, duh kdqg srvlwlrq +K{> K|, dqg wdujhw srvlwlrqv
�
W s
{ > W

s
|

�
s@4===S

/ zkhuh wkh

vwduwlqj srvlwlrq lv wdujhw 4 dqg wkh �qdo srvlwlrq lv wdujhw S 1 Wkh frqwuro vljqdo lv wkh irufh dssolhg dw

wkh kdqg1 Lq rughu wr hydoxdwh wkh h�hfw ri irufh +zklfk lv htxdo wr dffhohudwlrq iru xqlw pdvv,/ zh qhhg

wr nhhs wudfn ri erwk srvlwlrq dqg yhorflw|
�
bK{> bK|

�
ri wkh kdqg1 Gh�qlqj

[ /
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zkhuh gw lv wkh glvfuhwl}dwlrq wlph vwhs/ zh kdyh v|vwhp g|qdplfv=

[n.4 @ D[n .EXn +616,

Wklv lv d pdwul{ qrwdwlrq iru wkh glvfuhwh0wlph htxdwlrqv K +w. gw, @ K +w, . bK +w,gw/ bK +w. gw, @
bK +w, . �K +w,gw/ dqg W +w . gw, @ W +w, 0 wkh odvw htxdwlrq fruuhvsrqgv wr wkh idfw wkdw wdujhwv duh

dvvxphg vwdwlrqdu|1 Lw lv dovr frqyhqlhqw wr sursdjdwh d frqvwdqw +htxdo wr 4, lq wkh vwdwh yhfwru [ wr

doorz wkh hqfrglqj ri wdvn frqvwudlqwv gh�qhg e| frqvwdqw txdqwlwlhv1 Qrwh wkdw wkh vwdwh dqg frqwuro

gr qrw frqwdlq h|h pryhphqw lqirupdwlrq1 H|h pryhphqwv zloo eh kdqgohg gl�huhqwo|1

��e�2 �L?|hL* 4L_i* @?_ M�L4iU�@?�U@* 4�tU*i ThLTih|�it

Lq wkh vwdwh irupxodwlrq deryh frqwuro vljqdov X duh dvvxphg wr eh htxdo wr wkh qhw pxvfoh irufh jhqhudwhg

dw wkh kdqg1 Wklv zrxog eh d qdwxudo dvvxpswlrq lq frqwuroolqj d urerw dup gulyhq e| sxuh wrutxh

dfwxdwruv1 Pxvfohv krzhyhu duh gl�huhqw iurp sxuh wrutxh dfwxdwruv lq vrph lpsruwdqw zd|v= wkh

dprxqw ri irufh wkh| surgxfh lv qrw rqo| d ixqfwlrq ri qhxudo dfwlydwlrq/ exw lv dovr d�hfwhg e| wkh ohqjwk0

whqvlrq dqg irufh0yhorflw| fkdudfwhulvwlfv ri wkh pxvfoh ^Ndqgho hw do1 <4/ PfPdkrq ;7`1 Ixuwkhupruh

wkh prwru qhxurqdo srro gulylqj pxvfohv lv qrw krprjhqhrxv/ exw fdq eh vhsdudwhg lq wzr frpsrqhqwv=

� prwru qhxurqv gulylqj h{wudixvdo pxvfoh �ehuv zkrvh dfwlydwlrq lv dqdorjrxv wr sxuh irufh jhqhudwlrq/

dqg � prwru qhxurqv gulylqj lqwudixvdo pxvfoh �ehuv +frqwdlqlqj vslqgoh uhfhswruv, zkrvh dfwlydwlrq

ghwhuplqhv wkh htxloleulxp srlqw iru wkh vwuhwfk uh�h{1 D qxpehu ri vhuyr frqwuro wkhrulhv ri elrorjlfdo

pryhphqw kdyh ehhq sursrvhg dffruglqj wr zklfk wkh FQV frqwurov gluhfwo| wkh � prwru qhxurqv +l1h1

e`��*i |�ihi �@�i Mii? 4@?) @h}�4i?|t hi}@h_�?} |�i ?@|�hi Lu |�i ULLh_�?@|it �ti_ M) |�i ��5 |L hiThiti?| tT@Uic
|�i @U|�@* ULLh_�?@|i t)t|i4 �L�*_ ?L| @giU| |�i Mi�@��Lh Lu |�i 4L_i* ThL��_i_ |�ihi �t @ L?i�|L�L?i 4@TT�?} |L �Lh*_�
Ui?|ihi_ �@h|it�@? ULLh_�?@|it Ei�}� TL*@h t�L�*_ih�Ui?|ihi_ 2# ULLh_�?@|it��
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vhwv wkh htxloleulxp srlqw iru wkh pxvfxor0vnhohwdo v|vwhp,/ dqg wkh dfwxdo pryhphqw uhvxowv iurp wkh

��� frdfwlydwlrq orrs dqg vsulqj0olnh phfkdqlfdo surshuwlhv ri pxvfohv ^El}}l hw do1 <5`1 Wkhuh duh vrph

pdmru sureohpv zlwk vxfk prghov=

� wkh revhuyhg dfwlydwlrq ri � prwru xqlwv grhv qrw suhfhgh wkh dfwlydwlrq ri � prwru xqlwv e| d

vx�flhqw dprxqw ri wlph ^PfPdkrq ;7`

� wkh revhuyhg vwl�qhvv +jdlq ri wkh vwuhwfk uh�h{ soxv pxvfoh hodvwlflw|, dsshduv wrr orz wr dffrxqw

iru prvw udslg pryhphqwv ^Ehqqhww hw do1 <5/ Jrpl dqg Ndzdwr <9`/ dqg lq jhqhudo wkh %vlpsol�0

fdwlrq% uhvxowlqj iurp wklv w|sh ri frqwuro +vhh Fkdswhu 5, grhv qrw vhhp wr mxvwli| wkurzlqj dzd|

wkh srvvlelolw| ri gluhfw irufh frqwuro8

� irufh2yhorflw| +lqvwhdg ri htxloleulxp srvlwlrq dorqh, dsshdu wr eh uhsuhvhqwhg lq wkh/dmrulw| fruwlfdo

prwru duhdv vwxglhg vr idu ^Jhrujrsrxorv hw do1 ;5/ Hyduwv 9;/ Mrkqvrq <5`1

Wkxv zh zloo qrw xvh sxuh htxloleulxp0srlqw frqwuro1 Krzhyhu lw lv fohdu wkdw pxvfohv kdyh d vljql�fdqw

dprxqw ri gdpslqj +zklfk lv qrw gxh wr sdvvlyh ylvfrvlw|/ exw uhvxowv iurp wkh vkdsh ri wkh irufh0yhorflw|

fxuyh, dqg wkdw vwl�qhvv +uhvxowlqj iurp wkh vorsh ri wkh pxvfoh ohqjwk0whqvlrq fxuyh dv zhoo dv wkh

vwuhwfk uh�h{, lv dozd|v suhvhqw ^Ndqgho hw do1 <4`1 Lw lv ghvludeoh wr eh deoh wr frpelqh irufh frqwuro

zlwk htxloleulxp0srlqw frqwuro lq wkh prgho1 Lqghhg/ wkh plqlpxp0mhun dqg plqlpxp0wrutxh0fkdqjh

prghov zhuh �uvw ghyhorshg rq wkh ohyho ri wkh dfwxdo dup pryhphqw +lpso|lqj wkdw wkh frqwuro vljqdo

vhqw e| wkh FQV lv irufh ru wrutxh,1 Odwhu erwk prghov zhuh prgl�hg wr wdnh vwl�qhvv dqg gdpslqj lqwr

dffrxqw/ uhvxowlqj lq d ehwwhu �w wr h{shulphqwdo gdwd1 Wkh lpsuryhg dffxudf| ri wkh prgl�hg prghov

+dvvxplqj lw lv qrw gxh wr wkh suhvhqfh ri h{wud sdudphwhuv, lpsolhv wkdw wkh FQV frqwurov gluhfwo| d

kljkhu0ohyho %irufh%/ ehiruh wkh h�hfwv ri dup lpshgdqfh kdyh ehhq dgghg1

Irupdoo|/ dvvxph wkdw wkh dffhohudwlrq ri wkh kdqg uhvxowv iurp d frpelqdwlrq ri SG frqwuro dqg

irufh frqwuro=
�K @ Xd � e bK . n+Xh �K,

Khuh e dqg n duh frqvwdqwv fruuhvsrqglqj wr gdpslqj dqg vwl�qhvv uhvshfwlyho|/ zh duh dvvxplqj pdvv

p @ 4/ Xd lv wkh dffhohudwlrq sduw ri wkh frqwuro vljqdo/ dqg Xh lv dq dgglwlrqdo frqwuro vljqdo vshfli|lqj

wkh htxloleulxp srlqw iru wkh vwuhwfk uh�h{1 Qrwh wkdw Xh lv qrw wkh %ghvluhg% kdqg srvlwlrq dqg Xd lv

qrw wkh %ghvluhg% kdqg dffhohudwlrq/ vlqfh wkh frqwuroohu lv dzduh ri wkh dfwxdo kdqg g|qdplfv1 Lw pd|

eh lqwhuhvwlqj wr vwxg| wkh rswlpdo zd| wr ydu| e dqg n e| lqfoxglqj wkhp lq wkh frqwuro vljqdo/ krzhyhu

wklv lv eh|rqg wkh vfrsh ri wkh suhvhqw prgho +wkh v|vwhp g|qdplfv ehfrphv qrqolqhdu dqg uhtxluhv dq

dgglwlrqdo olqhdul}dwlrq wr rewdlq wkh rswlpdo frqwuro odz,1

Vxevwlwxwlqj �K iru X lq +616, dqg qrwlqj wkdw K dqg bK fdq eh h{wudfwhg iurp wkh fxuuhqw vwdwh [/

zh fdq uhgh�qh wkh v|vwhp g|qdplfv=

[n.4 @ hD[n . hE hXn
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68
dqg LK dqg L bK duh lghqwlw| pdwulfhv sdgghg zlwk 3*v wkdw h{wudfw K dqg bK iurp [1 Wkxv dgglqj SG

frqwuro wr wkh gluhfw irufh frqwuro prgho ohdyhv wkh v|vwhp g|qdplfv lq wkh vdph irup1 Wkh uhpdlqlqj

sduw ri wkh ghulydwlrq grhv qrw ghshqg rq wkh h{dfw ydoxhv ri D dqg E/ vr SG frqwuro fdq eh dgghg

lqghshqghqwo| ri rwkhu prgl�fdwlrqv1

Wklv prgho doorzv wkh frqwuroohu wr vhw Xd> Xh lqghshqghqwo|/ vr lw fdq dfklhyh wkh vdph hqgsrlqw

irufh zlwk gl�huhqw frqwuro vljqdov1 Ilwwlqj vxfk d prgho wr gdwd lv gl�fxow zkhq wkh dgglwlrqdo frvwv

+vhh ehorz, dvvrfldwhg zlwk wkh gl�huhqw frpsrqhqwv ri wkh frqwuro vljqdo duh xqnqrzq/ h1j1 li zh dvvxph

wkdw rqo| Xd lqfxuv dq dgglwlrqdo frvw/ wkh frqwuroohu zloo vhw lw wr 3 dqg xvh Xh wr pryh wkh kdqg/ zklfk

lv xquhdolvwlf1 Dovr/ wkh htxloleulxp srlqw ri wkh pxvfxor0vnhohwdo v|vwhp fdqqrw eh frqwuroohg frpsohwho|

lqghshqghqwo|= zkloh wkh v|vwhp lv iuhh wr vhw wkh dfwlylw| ri � dqg � prwru xqlwv lqghshqghqwo|/ wkh

vwl�qhvv ghshqgv rq erwk pxvfoh dfwlydwlrq +Xd, rq d vkruw wlph vfdoh dqg wkh vwuhwfk uh�h{ rq d orqjhu

wlph vfdoh ^Qlfrov dqg Krxn :6`1 Wkxv lq wkh vlpxodwlrqv zh zloo xvh d vlpsohu yhuvlrq/ zklfk suhvhuyhv

wkh gdpslqj dqg vwl�qhvv whupv lq wkh v|vwhp g|qdplfv hD exw frpelqhv wkh wzr frqwuro vljqdov lqwr d

vlqjoh X +l1h1 zh xvh wkh ruljlqdo E dqg X gh�qhg deryh,1

��e�� �i�hL4L|Lh ?L�ti

Frpsdulqj +614, wr +616, zh vhh wkdw wkh rqo| gl�huhqfh lv wkh suhvhqfh ri qrlvh lq wkh OTJ uhjxodwru1

Qrlvh lv d yhu| lpsruwdqw frqfhsw lq prghoolqj elrorjlfdo vhqvru|0prwru surfhvvlqj1 Lw lv suhvhqw erwk

lq wkh vhqvru| lqsxw +vhh ehorz, dqg wkh prwru rxwsxw ri wkh v|vwhp1 Wkh odwwhu irup ri qrlvh +fdoohg

qhxurprwru qrlvh/ ^Ph|hu hw do1 ;5`, lv xvhg wr ghvfuleh wkh xqfhuwdlqw| ri wkh dfwxdo irufh surgxfhg

e| wkh pxvfohv iru d jlyhq fhqwudo vljqdo1 Wkxv lw lv qrw yhu| uhdolvwlf wr prgho qhxurprwru qrlvh dv

ehlqj dgglwlyh/ ru ghshqghqw rq wkh vwdwh ri wkh dup 0 vlqfh wkh rqo| xqsuhglfwdeoh irufhv d�hfwlqj

wkh dup lq wkh w|sh ri pryhphqwv frqvlghuhg khuh duh pxvfoh irufhv1 Lw kdv ehhq hvwdeolvkhg wkdw

wkh huuru lq surgxflqj d ghvluhg irufh ohyho e| kxpdq vxemhfwv lv sursruwlrqdo wr wkh dprxqw ri irufh

^Vfkplgw hw do1 :<` vxjjhvwlqj d qrlvh whup pxowlso|lqj wkh frqwuro vljqdo lq rxu prgho=

[n.4 @ D[n . +E . �nF,Xn .G�n +617,

zkhuh �n � Q+3> 4, lv d Jdxvvldq udqgrp yduldeoh/ �n � Q+3> L, kdv d pxowlyduldwh qrupdo glvwulexwlrq/

F @ �XE zkhuh �X lv wkh vwdqgdug ghyldwlrq ri wkh frqwuro qrlvh1 Zh dovr suhvhuyh wkh dgglwlyh qrlvh

whup wr eh deoh wr prgho rwkhu vrxufhv ri qrlvh/ vxfk dv vpdoo erg| vkliwv uhodwlyh wr wkh h{whuqdo zruog

+vhh ehorz,1 Li SG frqwuro lv ehlqj xvhg/ wkh qrlvh whup zloo d�hfw erwk wkh gluhfw irufh frpsrqhqw

ri wkh frqwuro vljqdo dv zhoo dv wkh htxloleulxp srvlwlrq frpsrqhqw1 Qrwh wkdw rxu prgho ri frqwuro

qrlvh fruuhvsrqgv wr fruuhodwhg glvwxuedqfhv lq doo frpsrqhqwv ri wkh frqwuro vljqdo X / l1h1 wkh irufh

glvwxuedqfh zloo dozd|v olh dorqj wkh fxuuhqw irufh yhfwru +zklfk lv uhdvrqdeoh vlqfh hdfk pxvfoh dssolhv

hqg0srlqw irufh lq rqh gluhfwlrq/ dqg pxvfohv wkdw duh pruh dfwlyh duh dvvxphg pruh qrlv|,1

Dv glvfxvvhg lq Fkdswhu 5/ wkh prvw olnho| vrxufh ri qrlvh lv qrw wuxh udqgrpqhvv +zklfk lv zkdw wkh

deryh prgho lpsolhv, exw d idloxuh wr wdnh lqwr dffrxqw doo frpsoh{lwlhv ri wkh frqwuroohg v|vwhp1 Iru

h{dpsoh/ pxvfohv pd| surgxfh d irufh gl�huhqw iurp wkh ghvluhg ohyho ehfdxvh wkhlu fxuuhqw phwderolf

vwdwh/ prphqw dup dqg jhrphwu|/ uhfuxlwphqw ohyho/ srvlwlrq dorqj wkh ohqjwk0whqvlrq fxuyh/ hwf1 duh

qrw hvwlpdwhg dffxudwho|1 Vxfk lqdffxudflhv duh olnho| wr �xfwxdwh vorzo| ryhu wlph1 Wkxv lw pd| eh
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ghvludeoh wr xvh d whpsrudoo| fruuhodwhg lqvwhdg ri d zklwh qrlvh prgho1 D whpsrudoo| fruuhodwhg surfhvv

kdv lwv rzq vwdwh ru phpru|=

[n.4 @ D[n .EXn . �n

�n.4 @ d�n . �nFXn .G�n

zkhuh d fruuhvsrqgv wr wkh dprxqw ri whpsrudo fruuhodwlrq +d @ 3 uhfryhuv wkh zklwh qrlvh surfhvv,1

Djdlq zh fdq uhzulwh wkh prgl�hg v|vwhp lq wkh irup=

h[n.4 @ hD h[n .
� hE . �n hF�Xn . hG�n

zkhuh

h[ @

57 [

�

68 > hD @

57 D L

3 dL

68 > hE @

57 E

3

68 > hF @

57 3

F

68 > hG @

57 3

G
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Wkxv dgglqj whpsrudoo| fruuhodwhg qrlvh ohdyhv wkh v|vwhp lq wkh irup +617,/ vr lw fdq eh dgghg lqgh0

shqghqwo| ri rwkhu prgl�fdwlrqv91

��e�e �ihuLh4@?Ui �?_i @?_ |�4�?}

Wr gh�qh d shuirupdqfh lqgh{ vlplodu wr wkh frvw ixqfwlrq +615, zh kdyh wr �{ wkh pdwulfhv Tn> U dqg

wkh ghvluhg pryhphqw gxudwlrq Q 1 Zkhq pryhphqw gxudwlrq lv vshfl�hg �{lqj Q lv vwudljkwiruzdug1

Krzhyhu/ hyhq lq wkrvh fdvhv wkh vshfl�hg pryhphqw gxudwlrq zloo qrw dozd|v eh dfklhyhg h{dfwo|1 Wkxv

lw pd| vhhp dssursuldwh wr dgg wkh gl�huhqfh ehwzhhq wkh vshfl�hg dqg dfwxdo pryhphqw gxudwlrqv wr

wkh frvw ixqfwlrq/ ru dgg d shqdow| whup wkdw lqfuhdvhv zlwk pryhphqw gxudwlrq +dv lq ^Kr� <7`,1 Lq wkh

suhvhqw prgho wklv lv yhu| gl�fxow vlqfh wkh dfwxdo pryhphqw gxudwlrq lv qrw h{solflwo| uhsuhvhqwhg lq

wkh vwdwh htxdwlrqv/ vr zh zloo kdyh wr lqihu lw iurp wkh wudmhfwru|1 Hydoxdwlqj dq h{suhvvlrq ryhu wkh

hqwluh wudmhfwru| +diwhu wkh pryhphqw lv frpsohwhg, pdnhv lw lpsrvvleoh wr gh�qh d frvw0wr0jr ixqfwlrq/

zklfk holplqdwhv doo dgydqwdjhv ri xvlqj wkh OTJ iudphzrun1 Lqvwhdg ri dgglqj dq h{solflw pryhphqw

gxudwlrq frvw/ zh zloo lqfrusrudwh lw lpsolflwo| e| uhtxlulqj kdqg yhorflw| wr ydqlvk dw wlph Q 0 wkxv

pryhphqwv zlwk lqfruuhfw gxudwlrq zloo eh shqdol}hg1 E| ydu|lqj wkh uhodwlyh zhljkw ri wkh whuplqdo

yhorflw| frqvwudlqw zh fdq lqgluhfwo| ydu| wkh zhljkw ri wkh gxudwlrq frqvwudlqw1 Wklv dssur{lpdwlrq

pd| qrw eh dssursuldwh zkhq pryhphqw gxudwlrq lv wkh yduldeoh ri lqwhuhvw/ exw lw vhhpv uhdvrqdeoh lq

fdvhv zkhuh gxudwlrq lv hlwkhu vshfl�hg/ ru lw kdv d vlpsoh vfdolqj h�hfw1

Wkh Tn pdwulfhv hqfrgh wkh uhtxluhphqw wr sdvv wkurxjk wdujhwv +dqg vwrs dw wkh hqg,1 Zkhq

lqwhuphgldwh wdujhwv duh suhvhqw/ wkh sdvvdjh wlphv wkurxjk wkhp duh qrw nqrzq lq dgydqfh vr zh gr

qrw nqrz zklfk Tn wr vhw1 Qrwh wkdw wklv lqghwhuplqdf| lv gl�huhqw iurp xqnqrzq pryhphqw gxudwlrq=

ydu|lqj yld0srlqw sdvvdjh wlphv grhv qrw uhtxluh dq dgglwlrqdo duelwudu| zhljkw/ zklfk lv qhfhvvdu| zlwk

xqnqrzq gxudwlrq wr suhyhqw lq�qlwho| vorz dqg lq�qlwho| dffxudwh pryhphqwv1 Rxu vwudwhj| lv wr vroyh

wkh sureohp zlwk �{hg sdvvdjh wlphvN @ ^4> n5> = = = > nS�4> Q ` dqg wkhq lpsohphqw dq rxwhu plqlpl}dwlrq

orrs ryhu wkh yhfwru N1 D jrrg zd| wr lqlwldol}h N lv wr h{wudfw lw iurp wkh plqlpxp0mhun wudmhfwru|

S5|h�U|*) tTi@!�?} |�i ?L�ti �? |��t uLh4 �t ThLTLh|�L?@* |L |�i Thi��L�t UL?|hL* t�}?@* �?t|i@_ Lu |�i U�hhi?| L?ic M�|
|�@| �t ?L| *�!i*) |L 4@!i @ _�gihi?Ui t�?Ui UL?ti^�|��i UL?|hL*t @hi �ih) t�4�*@h�
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+vhh Fkdswhu 9,1

Vxssrvh wkdw dw wlph nl wkh kdqg K lv uhtxluhg wr sdvv wkurxjk wdujhw W l1 Gh�qh d pdwul{ Gml

+xquhodwhg wr wkh dgglwlyh qrlvh whup deryh, wkdw h{wudfwv wkh gl�huhqfh ehwzhhq wdujhwv m dqg l +odeholqj

wkh kdqg dv wdujhw 3,=

G3l @

57 4 3 � � � �4 3 � � �
3 4 � � � 3 �4 � � �

68 > G3l[ @

57 K{ � W l
{

K| � W l
|

68
+G3l[,WG3l[ @ [WGW

3lG3l[ @
�
K{ � W l

{

�5
.
�
K| � W l

|

�5
vxjjhvwlqj wkdw T vkrxog eh gh�qhg dv=

Tnl / zlG
W
3lG3l> Tn@5N / 3

zkhuh zl fruuhvsrqgv wr wkh zlgwk ri wdujhw l/ ru wkh uhtxluhg dffxudf| dw wkdw wdujhw1 Wr hqfrgh wkh

whuplqdo yhorflw| frqvwudlqw +zlwk zhljkw y, zh kdyh wr dgg d whup=

TQ @ TnS . yGyWGy> Gy @

57 3 3 4 3 � � � 3

3 3 3 4 � � � 3
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Lw lv dovr srvvleoh wr hqfrgh frqvwudlqwv wkdw hqirufh d yhorflw| rwkhu wkdq 3 dw vshfl�hg srlqwv lq

wlph/ e| xvlqj wkh frqvwdqw 4 zh duh sursdjdwlqj lq wkh vwdwh yhfwru [1

Ilqdoo|/ wkh OTJ frvw ixqfwlrq +615, lqfoxghv d shqdow| iru wkh frqwuro vljqdo1 Wkhuh duh wzr uhdvrqv

iru lqfoxglqj wklv h{wud frvw lq hqjlqhhulqj dssolfdwlrqv=

� wkh vtxduh ri wkh frqwuro vljqdo XWUX fruuhvsrqgv wr vrph sk|vlfdo txdqwlw| +h1j1 hqhuj|, wkdw

zh zrxog olnh wr plqlpl}h

� lqfoxglqj d %uhjxodul}hu% wxuqv dqg loo0srvhg sureohp +rqh zlwk lq�qlwho| pdq| vroxwlrqv, lqwr d

zhoo0srvhg sureohp1

Lq elrorjlfdo prwru frqwuro lw frxog pdnh vhqvh wr plqlpl}h phwderolf dfwlylw|/ ru pxvfoh whqvlrq/

ru qhxurqdo �ulqj/ hwf1 doo ri zklfk fruuhvsrqg wr dq hqhuj|0olnh whup lq wkh frvw ixqfwlrq1 Krzhyhu/

frpsdulvrqv ri plqlpl}dwlrq prghov edvhg rq ghulydwlyhv ri gl�huhqw rughu vwurqjo| vxjjhvwv wkdw li

dq|wklqj lv ehlqj plqlpl}hg/ lw lv wkh vtxduhg ghulydwlyh ri dffhohudwlrq udwkhu wkdq vtxduhg dffhohudwlrq

lwvhoi1 Wkxv zh zloo lqfoxgh wkh whup +Xn � Xn�4,
W
U +Xn � Xn�4, udwkhu wkdq Xn

WUXn1 Wklv dgglwlrqdo

frvw whup uhsuhvhqwv d ghyldwlrq iurp rxu plqlpdolvw sulqflsoh ri frqvwuxfwlqj d prgho edvhg rq wdvn

uhtxluhphqwv rqo|> wkh hylghqfh iru lw zloo eh glvfxvvhg h{whqvlyho| odwhu1 Khuh zh qrwh wkdw vhwwlqj U @ 3

holplqdwhv wklv whup/ dqg vhwwlqj wr 3 d fhuwdlq sdudphwhu wkdw zloo dsshdu odwhu dfwxdoo| wudqvirupv wklv

whup lqwr Xn
WUXn/ vr zh fdq vwxg| gl�huhqw yhuvlrqv ri wkh dgglwlrqdo frvw lq wkh vdph jhqhudo prgho1

Zh xvhU @ Lu@gw5 zklfk shqdol}hv wkh ohqjwk ri wkh mhun yhfwru zlwk zhljkw u1 Zlwk wkh deryh gh�qlwlrqv/

wkh frvw ixqfwlrq iru rxu prgho ehfrphv=

M @ H

#
Q[
n@4

[W
n Tn[n .

Q[
n@4

+Xn � Xn�4,
WU +Xn � Xn�4,

$
+618,

67



Lw lv dovr srvvleoh wr shqdol}h mhun lqvwhdg ri dffhohudwlrq e| lqfoxglqj dffhohudwlrq lq wkh v|vwhp vwdwh/

gh�qlqj wkh frqwuro vljqdo wr eh mhun/ dqg xvlqj d XnWUXn whup dv lq wkh OTJ frvw +h1j1 ^Kr� <7`,1 Wklv

lv vrphzkdw ohvv qdwxudo/ dqg dovr ohdgv wr gl�fxowlhv zkhq frpelqhg zlwk lpshuihfw vwdwh revhuydwlrq

dqg d qrlvh prgho sursruwlrqdo wr dffhohudwlrq 0 wkh qrlvh ehfrphv sursruwlrqdo wr wkh +xqfhuwdlq, vwdwh/

frpsolfdwlqj pdwwhuv odwhu lq wkh ghulydwlrq1

��e�D �L|Lh |i4T*@|it @?_ *i@h?�?}

Zh dujxhg lq Fkdswhu 5 djdlqvw wkh %prwru surjudp% ylhz dffruglqj wr zklfk pryhphqwv uhvxow iurp

wkh h{hfxwlrq ri suhgh�qhg whpsodwhv/ dqg lq idyru ri d pruh urexvw prgho zklfk dozd|v pdlqwdlqv wkh

jrdo ri wkh pryhphqw dqg dwwhpswv wr �qg wkh frqwuro vljqdov wkdw pd{lpl}h h{shfwhg shuirupdqfh1

Wkh prgho ghyhorshg wkxv idu fohduo| ehorqjv wr odwwhu fdwhjru|1 Li wkh sodqw lv prghohg dffxudwho| +l1h1

doo qrlvh whupv duh xqsuhglfwdeoh, dqg wkhuh lv vx�flhqw wlph wr frpsohwh wkh uhtxluhg frpsxwdwlrqv

rq0olqh/ vxfk d prgho zrxog lqghhg eh rswlpdo dqg prwru whpsodwhv zrxog qrw frqwulexwh dq|wklqj wr

shuirupdqfh1 Krzhyhu/ lw lv olnho| wkdw vrph huuruv duh vwdwh0ghshqghqw dqg wkh prwru v|vwhp grhv qrw

dozd|v kdyh wkh wlph wr frpsohwh doo frpsxwdwlrqv1 Lq wkrvh fdvhv lw pd| eh dgydqwdjhrxv wr vwruh

lqirupdwlrq derxw wkh frqwuro vljqdov xvhg rq suhylrxv wuldov1

Krz vkrxog wkdw sulru lqirupdwlrq eh uhsuhvhqwhg dqg lqfrusrudwhg lqwr wkh rswlpdo frqwuro prghoB

Wkh deryh irup ri wkh frvw ixqfwlrq +618, doorzv dq dowhuqdwlyh lqwhusuhwdwlrq ri wkh dgglwlrqdo frqwuro0

ghshqghqw whup/ vxjjhvwlqj d qdwxudo zd| wr xvh lqirupdwlrq frpslohg iurp suhylrxv wuldov1 Dw wlph

n zh duh shqdol}lqj ghyldwlrqv ri wkh frqwuro vljqdo Xn dzd| iurp wkh %ghvluhg% ydoxh Xn�4 +zklfk lv

frpsxwhg dw wkh suhylrxv wlph vwhs dqg wkhuhiruh fdq eh wuhdwhg dv d nqrzq frqvwdqw,1 Wkxv Xn�4 fdq

eh vhhq dv d %klqw% derxw wkh qh{w frqwuro vljqdo/ dqg U dv d phdvxuh ri krz vhulrxvo| wkdw klqw vkrxog

eh wdnhq1 Wkh uhdvrq zh fkrvh Xn�4 dv wkh ghvluhg ydoxh iru Xn zdv wr shqdol}h mhun1 Lqvwhdg zh frxog

xvh d gl�huhqw klqw/ h1j1 wkh frqwuro vljqdo Xn frpslohg iurp suhylrxv vxffhvvixo wuldov1 Wkhuh duh wzr

glvdgydqwdjhv wr xvlqj dq h{solflw %whpsodwh% X4===Q =

� Vlqfh wkh whpsodwh lv qrw vwdwh0ghshqghqw/ lw ehfrphv xqxvdeoh li wkh frq�jxudwlrq ri wdujhwv lv

wudqvodwhg ru urwdwhg ru vfdohg +zklfk lv vxerswlpdo iurp d wkhruhwlfdo srlqw ri ylhz dqg dovr

frqwudglfwv revhuydwlrqv ri nlqhpdwlf lqyduldqfhv lq sodqdu pryhphqwv,

� Wkh %uhdo% rxwsxw ri wkh rswlpdo frqwuroohu lv wkh ixqfwlrq X� @ O e[ gh�qhg e| wkh pdwulfhv O/

zkloh wkh dfwxdo frqwuro vljqdo X lv mxvw wkh ydoxh ri wkh rswlpdo frqwuro odz iru d +srvvleo| qrlv|,

vwdwh hvwlpdwh e[1

Wkxv lw pd| eh suhihudeoh wr vwruh suhylrxvo| frpsxwhg frqwuro odzv O udwkhu wkdq frqwuro vljqdov X /

dqg frpsxwh wkh klqwv dv Xn @ On e[1 Dv zh zloo vhh ehorz lw lv frqyhqlhqw +gxh wr wkh vhqvru| ghod|,

wr dxjphqw wkh vwdwh zlwk wkh prvw uhfhqw frqwuro vljqdov/ dqg vr wkh suhylrxv frqwuro Xn�4 fdq eh

h{wudfwhg iurp wkh dxjphqwhg vwdwh Ln= Xn�4 @ L4Ln zkhuh L4 lv d frqvwdqw pdwul{ wr eh gh�qhg odwhu1

Wkhuhiruh wkh frqwuro frvw whup lq +618, lv douhdg| lq %klqw irup%/ zlwk %ghidxow% frqwuro odz O @ L41 E|

xvlqj d gl�huhqw O zh fdq pdnh X ghshqghqw rq e[ dv zhoo dv wkh prvw uhfhqw frqwuro vljqdo1 Lw pd| eh

lqwhuhvwlqj lq ixwxuh zrun wr �qg d ohduqlqj dojrulwkp wkdw frpslohv O iurp suhylrxv wuldov dqg frpelqhv

lw zlwk wkh lqlwldo ydoxh L4 lq vrph %rswlpdo% zd|1

Wkh dgglwlrqdo frvw whup deryh lv qrw phdqw wr fkdqjh wkh rswlpdo frqwuro odz/ exw lqvwhdg wr %eldv%

wkh frqwuroohu vr wkdw wkh rswlpdo frqwuro odz lv frpsxwhg idvwhu dqg2ru pruh dffxudwho| +zkhwkhu wkdw

lv lqghhg wkh fdvh uhpdlqv wr eh yhul�hg lq vlpxodwlrqv,1 Wklv lv uhplqlvfhqw ri qxphulfdo rswlpl}dwlrq

phwkrgv +h1j1 vlpxodwhg dqqhdolqj/ uhod{dwlrq phwkrgv/ hwf1, wkdw �qg vroxwlrqv wr gl�fxow sureohpv
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e| �uvw dssur{lpdwlqj wkhp zlwk vlpsohu rqhv/ �qglqj d vroxwlrq/ dqg wkhq wudfnlqj lw zkloh wkh ds0

sur{lpdwlrq lv judgxdoo| holplqdwhg ^Suhvv hw do1 <5`1 Lv lw srvvleoh wkdw wkh plqlpxp0mhun frvw +zklfk

wdnhv wkh irup ri d ghidxow frqwuro odz, kdv d vlplodu ixqfwlrqB Dv phqwlrqhg hduolhu/ mhun lv qrw d

sduwlfxoduo| phdqlqjixo txdqwlw| wr plqlpl}h vlqfh lw grhv qrw fruuhvsrqg wr dq| sk|vlfdo uhvrxufh wkdw

pd| eh lpsruwdqw wr wkh prwru v|vwhp1 Lw kdv ehhq vxjjhvwhg ^Krjdq dqg Iodvk ;:` wkdw plqlpl}lqj

kljkhu0rughu ghulydwlyhv uhvxowv lq pruh %suhglfwdeoh% pryhphqwv/ zklfk pd| eh dgydqwdjhrxv iurp d

frpsxwdwlrqdo srlqw ri ylhz +wkdw qrwlrq kdv qrw ehhq pdgh pruh h{solflw vlqfh wkhq,1 Dowkrxjk wklv

vxjjhvwlrq lv vlplodu lq vslulw wr wkh %eldv% ixqfwlrq sursrvhg deryh/ qrwh wkdw rqh fdq pdnh pryhphqwv

suhglfwdeoh e| dgglqj dq duelwudu| vwdwh0ghshqghqw whup wr wkh frvw ixqfwlrq dqg vr %suhglfwdelolw|% lq

lwvhoi fdqqrw h{sodlq zk| d sduwlfxodu ghulydwlyh vkrxog eh plqlpl}hg1

Lq wkh deryh prgho lw lv hdv| wr vhh zk| wkh ghidxow frqwuro odz vkrxog plqlpl}h mhun1 Vxssrvh zh

zhuh wr vwduw zlwk duelwudu| O4 dqg lwhudwh wkh ohduqlqj uxoh OW.4 @ +4� %,OW . %OW ryhu d qxpehu ri

frqwh{wv +wdujhw frq�jxudwlrqv, zkloh judgxdoo| ghfuhdvlqj wkh ohduqlqj udwh %1 Zkdw zrxog O frqyhujh

wrB Gxh wr v|pphwu|/ lw fdqqrw frqwdlq dq| vshfl�f %frppdqgv% vxfk dv wxuq ohiw/ wxuq uljkw/ vshhg xs/

vorz grzq/ hwf1 +h1j1 iru hyhu| wdujhw frq�jxudwlrq uhtxlulqj ohiw wxuqv wkhuh lv d wdujhw frq�jxudwlrq

uhtxlulqj uljkw wxuqv,1 O fdq rqo| hqfrgh klqwv wkdw duh ydolg ryhu wkh hqwluh idplo| ri prwru wdvnv1

Rqh reylrxv klqw lv wkdw rq dyhudjh wkh frqwuro vljqdo uhpdlqv xqfkdqjhg/ l1h1 wkh h{shfwhg ydoxh ri

Xn frqglwlrqdo xsrq Xn�4 +zlwkrxw dq| wdujhw lqirupdwlrq, lv Xn�41 Wkxv wkh ghidxow frqwuro odz zloo

frqyhujh wr d frvw ixqfwlrq uhtxlulqj wkh frqwuro vljqdo +zkdwhyhu lw lv, wr uhpdlq frqvwdqw1 Wkh uhdvrq

mhun dsshduv wr eh plqlpl}hg lv d %vlgh h�hfw% ri wkh idfw wkdw wkh frqwuro vljqdo lv sursruwlrqdo wr

dffhohudwlrq1

��e�S 5i?tLh) 4L_i*

Uhfdoolqj +614,/ wkh vhqvru| prgho vshfl�hv krz wkh phdvxuhphqw yhfwru ghshqgv rq wkh fxuuhqw vwdwh

dqg phdvxuhphqw qrlvh= \ @ K[ . J$1 Zh frqvlghu wzr fkdqqhov ri vhqvru| lqsxw 0 ylvlrq dqg

sursulrfhswlrq1 Dq h�huhqfh frs| +doo suhylrxv frqwuro vljqdov, lv dovr dydlodeoh wr wkh frqwuroohu/ exw

wkdw lv qrw d sduw ri wkh vhqvru| prgho +qrwh wkdw wkh h�huhqfh frs| lv dovr qrlv|/ vlqfh wkh dfwxdo irufh

surgxfhg fdq eh gl�huhqw iurp wkh frqwuroohg irufh,1 Dv vwdwhg deryh/ vsdwldo lqirupdwlrq lq wkh v|vwhp

vwdwh [ lv uhsuhvhqwhg lq d zruog2erg|0fhqwhuhg frruglqdwh v|vwhp +dvvxphg wr eh Fduwhvldq, vr doo

vhqvru| phdvxuhphqwv kdyh wr eh wudqviruphg lqwr wkdw frruglqdwh v|vwhp1 Lq sduwlfxodu/ sursulrfhswlyh

lqirupdwlrq derxw kdqg srvlwlrq dqg h|h �{dwlrq kdv wr eh lqwhjudwhg ryhu vhyhudo mrlqwv1 Wkhuh pd|

eh lqdffxudflhv lq wkhvh frruglqdwh wudqvirupdwlrqv/ zklfk zh prgho dv dgglwlrqdo vhqvru qrlvh1 Wkxv

wkh qrlvh whup J lv wkh vxp ri %wuxh% qrlvh dqg wudqvirupdwlrq huuruv1 Wkh pdjqlwxgh ri wkh qrlvh lv

nqrzq/ l1h1 wkh frqwuroohu kdv hvwlpdwhv ri wkh uholdelolw| ri hdfk vhqvru +wkhvh hvwlpdwhv pd| ehfrph

lqdffxudwh li dq h{shulphqwhu lqwurgxfhv ihhgedfn shuwxuedwlrqv 0 vhh ehorz,1

Lw lv zhoo nqrzq wkdw vhqvru|0prwru shuirupdqfh lqfuhdvhv zlwk surfhvvlqj wlph1 Iru h{dpsoh/ wkh

h{shulphqwv ri ^Khqlqj hw do1 ;;/ Jkh} hw do1 <:` vkrz wkdw ylvxdo lqirupdwlrq derxw d ghvluhg prwru

uhvsrqvh lv dydlodeoh zhoo ehiruh wkh qrupdo uhdfwlrq wlph +UW,/ dqg dv pruh surfhvvlqj wlph lv doorzhg

wkh uhvsrqvh ehfrphv pruh dffxudwh= li vxemhfwv duh dvnhg wr uhvsrqg ehiruh wkh UW/ wkh uhvsrqvh lv

qrw frpsohwho| udqgrp exw lqvwhdg dssur{lpdwhv wkh vshfl�hg uhvsrqvh1 Wkh rswlpdo frqwuro prgho

fdq fdswxuh wklv skhqrphqrq txlwh qdwxudoo|1 Frqvlghu d %slsholqh% lq zklfk vhqvru| lqsxwv duh ehlqj

surfhvvhg1 Rewdlqlqj dqg surfhvvlqj rqh lqsxw wdnhv � wlph vwhsv +� ? UW , ehiruh lw ehfrphv dydlodeoh

wr wkh frqwuroohu/ dqg wkh yduldelolw| ri lqsxwv duulylqj dw wkh hqg ri wkh slsholqh lv dozd|v wkh vdph +J,1

Wkh rswlpdo hvwlpdwlrq surfhgxuh frpelqhv doo dydlodeoh phdvxuhphqwv wr rewdlq dq hvwlpdwh zkrvh

dffxudf| lqfuhdvhv ryhu wlph1 Wkxv d sduw ri wkh frqwuroohu lv dfwxdoo| lqyroyhg lq vhqvru| surfhvvlqj/
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fruuhvsrqglqj wr wkh Ndopdq �owhu deryh:1

Qrz zh wxuq wr wkh prgho ri ylvxdo surfhvvlqj dqg h|h pryhphqwv1 Vlqfh wkh sulpdu| jrdo khuh lv

wr vwxg| dup pryhphqwv/ zh zloo eh vdwlv�hg zlwk d pruh skhqrphqrorjlfdo ghvfulswlrq ri ylvlrq1 Lq

sduwlfxodu/ zh zloo dvvxph wkdw vxemhfwv dozd|v xvh vdffdghv zklfk vhhpv wr eh wkh fdvh +lq idfw/ zkhq

wdujhwv zhuh uhpryhg doo vxemhfwv whvwhg �{dwhg vrphzkhuh lq wkh plggoh ri wkh zrunvsdfh lqvwhdg ri xvlqj

vprrwk sxuvxlw h|h pryhphqwv wr wudfn wkhlu prylqj kdqg,1 Vdffdghv duh dozd|v gluhfwhg dw rqh ri wkh

vwdwlrqdu| wdujhwv +vhh Fkdswhu 7, dqg iru rxu sxusrvhv duh dffxudwh +l1h1 zh frpelqh srvvleoh fruuhfwlyh

vdffdghv lq rqh %vdffdgh% prylqj wkh h|hv iurp rqh wdujhw wr dqrwkhu,1 H{dfw �{dwlrq lv dfklhyhg

wkurxjk vrph irup ri uhwlqdo huuru fdqfhodwlrq/ vxfk wkdw qr h{wud lqirupdwlrq lv h{wudfwhg iurp wkh h|h

pryhphqw vljqdov +l1h1 h�huhqfh frs| ri h|h pryhphqw lv qrw xvhg wr frqwuro dup pryhphqw,1 Ylvxdo

lqsxw lv devhqw gxulqj wkh vdffdglf h|h pryhphqw/ dvvxphg wr eh ri �{hg gxudwlrq1 Wklv lv prghohg e|

dgglqj d odujh frqvwdqw wr wkh ylvlrq0uhodwhg qrlvh whupv lq wkh phdvxuhphqw yhfwru;1

Wkxv wkh rqo| sdudphwhuv vshfli|lqj h|h pryhphqwv duh wkh wlphv ^v4> = = = vS�4` ri shdn h|h yhorflw|

+dvvxplqj wdujhwv duh �{dwhg lq rughu/ zklfk lv jhqhudoo| wuxh diwhu wkh kdqg sdvvhv wkh �uvw wdujhw 0

vhh Fkdswhu 7,1 Vlqfh wdujhw �{dwlrq lv h{dfw/ sursulrfhswlyh lqirupdwlrq derxw h|h srvlwlrq ehfrphv

sursulrfhswlyh lqirupdwlrq derxw wkh fxuuhqw �{dwlrq wdujhw +lq devroxwh frruglqdwhv,1 Wkh srvlwlrqv ri

doo rwkhu wdujhwv +lqfoxglqj wkh kdqg, duh shufhlyhg uhodwlyh wr wkh �{dwlrq srlqw/ l1h1 ylvlrq surylghv

hvwlpdwhv derxw wkh yhfwruv srlqwlqj iurp wkh �{dwlrq srlqw wr doo rwkhu srlqwv1 Wkh dffxudf| ri vxfk

hvwlpdwhv ghfuhdvhv zlwk glvwdqfh iurp wkh iryhd +fruuhvsrqglqj wr ghfuhdvlqj ylvxdo dfxlw|,1 Qrwh wkdw lw

lv xs wr wkh frqwuroohu wr lqwhjudwh uhodwlyh uhwlqdo lqirupdwlrq lqwr wkh erg|0fhqwhuhg frruglqdwh v|vwhp1

Ylvlrq dovr surylghv lqirupdwlrq derxw kdqg yhorflw| +wkhuh lv qr gl�huhqfh ehwzhhq uhodwlyh dqg devroxwh

yhorflw| iru d vwdwlrqdu| �{dwlrq srlqw,1 Prwlrq vhqvlwlylw| lv nqrzq wr h{whqg pxfk ixuwkhu lqwr wkh

shulskhu| frpsduhg wr vsdwldo vhqvlwlylw|/ dqg lq idfw wkhuh lv d eldv wrzdugv kljkhu vwlpxoxv yhorflwlhv

lq shulskhudo ylvlrq ^Mhdqqhurg ;;`1 Wkxv zh dvvxph wkdw wkh uholdelolw| ri yhorflw| phdvxuhphqwv grhv

qrw ghshqg rq glvwdqfh iurp wkh �{dwlrq srlqw1

Jlyhq wkh h|h pryhphqw wlphv/ zh fdq �qg wkh lqgh{ ri wkh �{dwlrq wdujhw i+n, dw hdfk wlph vwhs

n1 Iurp wkh deryh glvfxvvlrq wkh phdvxuhphqw yhfwru lv=
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. ì ��** ?L| UL?t�_ih _�gihi?| _i*@)t uLh ��t�L? @?_ ThLTh�LUiT|�L? �ihi� �L|i |�@| �?Uhi@t�?} ti?tLh _i*@) �@t @ �ih)
t�4�*@h igiU| |L �?Uhi@t�?} ti?tLh ?L�ti E�| �?Uhi@tit |�i Thi_�U|�L? Tih�L_ L�ih ���U� ?L 4i@t�hi4i?|t @hi @�@�*@M*ic @?_
|��t @UU�4�*@|it 4Lhi Thi_�U|�L? ihhLh hit�*|�?} uhL4 t)t|i4 ?L�ti��

HW? }i?ih@*c ��|�_h@�@* Lu ti?tLh) �?T�| U@? Mi 4L_i*i_ @t }hi@|*) �?Uhi@ti_ ?L�ti �? |�i ULhhitTL?_�?} |ih4t Lu |�i
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phqwv +wkhuh lv qr uhodwlyh lqirupdwlrq fruuhvsrqglqj wr W i+n,,1 Qrwh wkdw wkh revhuydwlrq prgho zloo

fkdqjh zlwk hyhu| vdffdglf h|h pryhphqw1 Wkh qrlvh whup Jn+[n, hqfrghv wkh dprxqw ri yduldelolw|

lq wkh fruuhvsrqglqj phdvxuhphqwv/ dqg lv d ixqfwlrq ri wkh vwdwh [ vlqfh wkh dprxqw ri vhqvru| qrlvh

ghshqgv rq glvwdqfhv iurp wkh fxuuhqw �{dwlrq srlqw1 Zh zloo eh pruh vshfl�f derxw J lq wkh qh{w

vhfwlrq1

Vr idu zh kdyh dvvxphg wkdw wkh h|h pryhphqw wlphv +dqg wkxv wkh ixqfwlrq i+n,, duh nqrzq1 Vlqfh

wklv lv qrw wkh fdvh/ zh zloo kdyh wr rswlpl}h ryhu wkhp dv zhoo/ l1h1 lpsohphqw dqrwkhu rxwhu plqlpl}dwlrq

orrs ryhu wkh yhfwru ^v4> = = = vS�4`1 D uhdvrqdeoh lqlwldo hvwlpdwh zrxog eh wkh yhfwru ri yld0srlqw sdvvdjh

wlphv1 Wkh wzr wlplqj plqlpl}dwlrqv fdq eh shuiruphg vlpxowdqhrxvo|1

��e�. �i4Lh) *�4�|@|�L?t @?_ _iU@)

Wkh rswlpdo prgho ri vhqvru| surfhvvlqj kdv vrph sureohpdwlf lpsolfdwlrqv=

� Li vhqvru| ihhgedfn lv zlwkgudzq dqg qr pryhphqwv duh pdgh/ wkh suhvhqw hvwlpdwhv ri wkh vwdwh

dqg dprxqw ri xqfhuwdlqw| zloo uhpdlq xqfkdqjhg iruhyhu<1 Wkxv lqwurgxflqj d ghod| shulrg diwhu

wdujhwv duh suhvhqwhg wudqvlhqwo| vkrxog qrw d�hfw shuirupdqfh1

� Iru txdqwlwlhv wkdw duh dvvxphg wr eh vwdwlrqdu| +vxfk dv wkh wdujhwv dqg wkh kdqg lq wkh devhqfh

ri frqwuro vljqdov,/ wkh hvwlpdwhv ri wkh v|vwhp lpsuryh zlwk wlph431 Wkxv li vxemhfwv duh doorzhg

wr ylhz wkh wdujhwv iru d vx�flhqwo| orqj shulrg ri wlph +l1h1 dftxluh yhu| dffxudwh hvwlpdwhv,/

ylvlrq ri wkh wdujhwv gxulqj pryhphqw vkrxog qrw d�hfw shuirupdqfh1

Lw lv zhoo hvwdeolvkhg wkdw erwk ri wkhvh suhglfwlrqv duh idovh ^Ghvpxujhw hw do1 <8/ Udr dqg Edoodug <8`1

Lqvwhdg/ lw dsshduv wkdw phpru| ghfd|v zlwk wlph/ dqg vhqvru| lqsxwv duh vdpsohg zkhqhyhu srvvleoh1

Wr dffrxqw iru wkh odwwhu �qglqj/ ^Edoodug hw do1 <:` kdyh sursrvhg wkdw vsdwldo zrunlqj phpru| fdsdflw|

lv olplwhg +wkh| frqvlghu phpru| wr eh dq duud| ri srlqwhuv wkdw fdq elqg wr h{whuqdo orfdwlrqv, dqg

prwru vwudwhjlhv duh rswlpl}hg vxemhfw wr wkdw frqvwudlqw1 Zkloh wklv h{sodlqv zk| wkh h{whuqdo zruog

zloo eh xvhg dv lwv rzq uhsuhvhqwdwlrq zkhqhyhu srvvleoh/ lw lv qrw fohdu zk| phpru| vkrxog ghfd| zkhq

qr qhz lqsxw lv dydlodeoh 0 fohduo| wkdw fdqqrw eh ghulyhg iurp d olplwhg phpru| fdsdflw|/ vlqfh wkh

ghfd|lqj lqirupdwlrq zdv douhdg| vwruhg vrphkrz1

Rqh zd| wr prgho wkhvh skhqrphqd lq wkh rswlpdo frqwuro iudphzrun zrxog eh wr dgg d frvw whup

lqyhuvho| uhodwhg wr wkh hqwurs| ri wkh suredelolw| glvwulexwlrq ri wkh vwdwh/ dqg duwl�fldoo| ghjudgh wkh

vwdwh hvwlpdwh e[ wkdw wkh frqwuroohu lv sursdjdwlqj1 Krzhyhu wkh frqwuroohu kdv wr eh dzduh ri wkhvh

fkdqjhv/ rwkhuzlvh wkh| zloo qrw eh uh�hfwhg lq wkh frqwuro odz1 Wkh rqo| zd| wr pdnh wkh frqwuroohu

dzduh ri vrphwklqj lv wr lqfoxgh lw lq wkh v|vwhp htxdwlrqv1 Wkhuhiruh zh zrxog kdyh wr dxjphqw wkh

vwdwh yhfwru zlwk 	/ dqg prgli| wkh g|qdplfv wr lqfoxgh wkh Ndopdq �owhu soxv vrph glvwxuedqfh1 Wklv

zloo pdnh wkh v|vwhp yhu| frpsolfdwhg dqg zrxog uhtxluh vxevwdqwldo dssur{lpdwlrqv1

Lqvwhdg zh sursrvh wkh iroorzlqj vlpsoh prgl�fdwlrq wkdw fdq lqwxlwlyho| dffrxqw iru erwk h�hfwv1

Lpdjlqh wkdw iru vrph uhdvrq wkh frqwuroohu lv xvlqj lqdffxudwh hvwlpdwhv ri wkh qrlvh whupv lq wkh v|vwhp1

Lq sduwlfxodu lw lv wrr frq�ghqw lq wkh vhqvru| lqsxw +J lv vpdoohu wkdq wkh dfwxdo dprxqw ri vhqvru|

qrlvh, dqg wrr vnhswlfdo derxw wkh vwdelolw| ri wkh zruog +G lv odujhu wkdq wkh dfwxdo dprxqw ri dgglwlyh

v|vwhp qrlvh,1 Vxfk d frqwuroohu zloo xvh d Ndopdq jdlq Nn odujhu wkdq wkh rswlpdo ydoxh l1h1 lw zloo

ryhufruuhfw edvhg rq vhqvru| lqsxwv> lq sduwlfxodu/ lq wkh devhqfh ri lqsxwv wkh jdlq zloo qrw ehfrph
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h{dfwo| 3 dqg wkxv wkh vwdwh hvwlpdwh +phpru|, zloo judgxdoo| ghjudgh1 Ixuwkhupruh/ wkh hvwlpdwhg

yduldqfh ri wkh vwdwh 	n zloo eh odujhu wkdq lwv wuxh ydoxh/ wkxv iurp wkh srlqw ri ylhz ri wkh frqwuroohu

lw zloo eh dgydqwdjhrxv wr vdpsoh wkh vhqvru| lqsxw dv riwhq dv srvvleoh/ dqg lq sduwlfxodu orrn dw wkh

wdujhwv hyhq li wkh| kdyh ehhq suhvhqw ehiruh wkh pryhphqw1

Zkdw frxog eh wkh uhdvrqv iru vxfk eldvhvB G pd| eh vhw wrr odujh vlpso| ehfdxvh xqghu qrupdo

flufxpvwdqfhv wkh erg| lv qrw vwdwlrqdu| uhodwlyh wr wkh h{whuqdo zruog/ l1h1 wkh h{shulphqwdo wdvn lv

duwl�fldo lq wkdw uhvshfw dqg wkh vhqvru|0prwru v|vwhp lv qrw ghvljqhg wr/ ru grhvq*w qhhg wr wdnh wklv lqwr

dffrxqw1 Wkh lqdelolw| wr vhw N @ 3 pd| uhvxow iurp d qhxudo ghvljq lq zklfk wkh vhqvru| slsholqh ihhgv

lqwr wkh prwru frqwuro v|vwhp dqg vlqfh lw xvxdoo| surylghv xvhixo lqirupdwlrq/ wkhuh lv qr phfkdqlvp

wr glvdeoh lw frpsohwho|1 Dowhuqdwlyho|/ lw pd| eh lpsrvvleoh wr pdlqwdlq d �{hg sdwwhuq ri qhxudo �ulqj

lq wkh devhqfh ri lqirupdwlyh vhqvru| lqsxw1 Qrwh wkdw qrqh ri wkh wzr eldvhv dorqh fdq h{sodlq erwk

skhqrphqd1 Lqfuhdvlqj G zloo qrw uhvxow lq phpru| ghjudgdwlrq 0 wkh frqwuroohu zloo eh frqylqfhg wkdw

lwv vwdwh hvwlpdwh lv lqdffxudwh/ exw lw zloo lq idfw eh dffxudwh +vlqfh lq uhdolw| wkhuh lv olwwoh dgglwlyh

qrlvh lq wklv wdvn, dqg vr shuirupdqfh zloo qrw eh d�hfwhg1 Vlploduo|/ ghfuhdvlqj J zloo qrw uhvxow lq

kljkhu xqfhuwdlqw| +txlwh wkh rssrvlwh, dqg wkxv wkh frqwuroohu zloo qrw dwwhpsw wr vdpsoh wkh wdujhwv

zkhqhyhu srvvleoh1

��e�H 5i?tLh)�4L|Lh @_@T|@|�L?

Wkh �qdo prgl�fdwlrq zh frqvlghu ghdov zlwk wkh srvvlelolw| ri vhqvru|0prwru dgdswdwlrq1 Zkloh wkh

prgho suhvhqwhg vr idu kdv d olplwhg fdsdflw| wr %dgdsw% lq wkh vhqvh wkdw lw fdq hvwlpdwh wkh srvlwlrqv

ri wkh kdqg dqg yld0srlqwv gl�huhqwo| dv d uhvxow ri dq h{shulphqwdo shuwxuedwlrq/ wklv dgdswdwlrq zloo

ydqlvk dv vrrq dv wkh vwdwh hvwlpdwh fkdqjhv +l1h1 lw lv ydolg zlwklq d vlqjoh pryhphqw,441 Vxfk d prgho

zrxog suhglfw/ iru h{dpsoh/ wkdw diwhuh�hfwv lq sulvp dgdswdwlrq fdq rqo| odvw iru rqh wuldo/ zklfk lv

fohduo| qrw wkh fdvh ^Zhofk ;9`1 Wkxv zh qhhg dq h{wud phfkdqlvp iru prgholqj dgdswdwlrq1 Lqwxlwlyho|/

zh qhhg wr hvwlpdwh dqg vwruh dgglwlrqdo sdudphwhuv ghvfulelqj wkh fxuuhqw glvsodfhphqw ri ylvlrq ru

sursulrfhswlrq1 Wkhvh sdudphwhuv duh qhyhu revhuyhg gluhfwo|/ exw wkh| d�hfw wkh vhqvru| lqirupdwlrq

derxw wkh kdqg dqg wdujhwv1 Zh zloo rqo| frqvlghu wkh fdvh zlwk d vlqjoh glvsodfhphqw iru hdfk prgdolw|/

dowkrxjk pruh frpsoh{ irupv ri dgdswdwlrq vxfk dv ylvxr0prwru pdsv frxog dovr eh kdqgohg +dw wkh

sulfh ri pdnlqj wkh prgho qrqolqhdu dqg olqhdul}lqj wkh frqwuro odz,1

Dvvxph wkdw ylvxdo lqsxwv duh r�vhw e| d yhfwru WY dqg sursulrfhswlyh lqsxwv derxw kdqg srvlwlrq

duh r�vhw e| WK 1 Uhodwlyh ylvxdo lqsxwv zloo qrw eh d�hfwhg e| wkdw r�vhw/ vr wkh rqo| fkdqjh lv lq

wkh vhqvru| lqsxw derxw wkh devroxwh orfdwlrqv ri wkh kdqg dqg �{dwlrq wdujhw1 Wkh revhuydwlrq prgho

ehfrphv=

h\n @ hKn��
h[n�� . hJn��+ h[n��,$n

��Nt�?} @ _iu@�*| UL?|hL* *@� u |�@| ULhhiU|t uLh t)t|i4@|�U Tih|�hM@|�L?t _i|iU|i_ L? Thi��L�t |h�@*t U@? �@�i igiU|t
^��|i t�4�*@h |L ti?tLh) @_@T|@|�L? � tii ��@T|ih D�
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hKn
h[n @

59999999999999997

K � WK

bK

W i+n, � WY

K � W i+n,

W 4 � W i+n,

111

WS � W i+n,

6:::::::::::::::8
> hKn /

59999999999999997

L 3 3 � � � 3 � � � 3 �L 3

3 L 3 � � � 3 � � � 3 3 3

3 3 3 � � � L � � � 3 3 �L
L 3 3 � � � �L � � � 3 3 3

3 3 L � � � �L � � � 3 3 3
111

111
111

111
111

111
111

111
111

3 3 3 � � � �L � � � L 3 3

6:::::::::::::::8
dqg wkh v|vwhp g|qdplfv lv prgl�hg dffruglqjo|=

h[n.4 @ hD h[n .
� hE . �n hF�Xn . hG�n

h[ @

59997
[

WK

WY

6:::8 > hD @

59997
D 3 3

3 L 3

3 3 L

6:::8 > hE @

59997
E

3

3

6:::8 > hF @

59997
F

3

3

6:::8 > hG @

59997
G

3

3

6:::8
Djdlq/ wklv prgl�fdwlrq ohdyhv wkh v|vwhp lq lwv ruljlqdo irup +rqo| fkdqjlqj wkh ydoxhv ri wkh

pdwulfhv, vr lw fdq eh dgghg lqghshqghqwo| ri wkh rwkhu prgl�fdwlrqv1 Wkh qhz hD hqfrghv wkh dvvxpswlrq

wkdw wkh r�vhwv duh frqvwdqw ryhu wlph1 D v|vwhp zlwk xqnqrzq sdudphwhuv wkdw duh ehlqj hvwlpdwhg

rq0olqh lv nqrzq dv d vhoi0wxqlqj uhjxodwru/ dqg dxjphqwlqj wkh vwdwh zlwk wkh xqnqrzq sdudphwhuv +dv

zh kdyh grqh khuh, lv rqh ri wkh phwkrgv iru vroylqj lw1

��D �T|�4@* �L?|hL* w@� #ih��@|�L?

Vxppdul}lqj wkh suhfhglqj glvfxvvlrq/ wkh prgho lv=

[n.4 @ D[n . +E . �nF,Xn .G�n +61:,

\n @ Kn��[n�� .Jn�� +[n��,$n

M @ H

#
Q[
n@4

[W
n Tn[n .

Q[
n@4

+Xn � Xn�4,
WU+Xn � Xn�4,

$

zlwk vwdwh [n/ phdvxuhphqw \n/ frqwuro Xn/ frvw ixqfwlrq M / lqghshqghqw qrlvh �n q Q+3> 4,/ $n q

Q+3> L,/ �n q Q+3> L,/ �{hg D>E>F>G>Kn> Jn +[n, >Tn> U>Q>�/ dqg X3>�4>��� / 31

Rxu jrdo lv wr �qg wkh rswlpdo frqwuro odz/ l1h1 wkh vhtxhqfh ri ixqfwlrqv X�
n

�
\ n�4> Xn�4> e[4>	4

�
plqlpl}lqj M 1 Dvvxpswlrqv derxw wkh ydoxhv ri wkh �{hg pdwulfhv zloo eh dyrlghg wr pdnh wkh ghulydwlrq

dssolfdeoh wr dq| frpelqdwlrq ri prgl�fdwlrqv suhvhqwhg lq wkh suhylrxv vhfwlrq1

��D�� 5|@|i it|�4@|�L?

Wkh �uvw vwhs lv wr ghulyh wkh htxdwlrqv iru sursdjdwlqj wkh hvwlpdwhg phdq e[ dqg fryduldqfh 	 ri wkh

vwdwh [ iruzdug lq wlph/ e| wdnlqj lqwr dffrxqw doo frqwuro vljqdov dqg vhqvru| lqsxwv1 Ohw e[smn dqg 	smn
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ghqrwh wkh h{shfwhg phdq dqg fryduldqfh ri [s jlyhq revhuydwlrqv \4>===>n/ frqwurov X4>===>n/ dqg lqlwldo

hvwlpdwhv e[4 dqg 	41 Ehfdxvh ri wkh vhqvru| ghod| � � 4 lw grhv qrw pdnh vhqvh wr sursdjdwh [nmn�4

dqg 	nmn�4 +dv lq wkh OTJ fdvh, vlqfh dw wlph n wkh frqwuroohu uhfhlyhv lqirupdwlrq derxw [n�� udwkhu

wkdq [n1 Lqvwhdg zh zloo sursdjdwh e[n��mn�4 dqg 	n��mn�4/ dqg wkhq xvh wkh v|vwhp g|qdplfv dqg

wkh � prvw uhfhqw frqwuro vljqdov wr hvwlpdwh wkh fxuuhqw vwdwh1

Wkh ghulydwlrq ri wkh Ndopdq �owhu lv edvhg rq wkh iroorzlqj ohppdv=

Ohppd 7 Ohw [>\ kdyh d mrlqw qrupdo glvwulexwlrq57 [

\

68 q Q

3C57 e[e\
68 >
57 	[[ 	[\

	\[ 	\ \

684D
Wkhq wkh frqglwlrqdo phdq dqg fryduldqfh ri [ duh jlyhq e|

H+[m\ , @ e[ .	[\	
�4
\ \

�
\ � e\ �

	[m\ @ 	[[ �	[\	
�4
\ \	\[

Ixuwkhupruh/ li wkh mrlqw glvwulexwlrq ri [ dqg \ lv qrw qrupdo/ exw wkh �uvw dqg vhfrqg prphqwv

duh wkh vdph dv deryh/ wkhq e[ . 	[\	
�4
\ \

�
\ � e\ � lv wkh rswlpdo +l1h1 xqeldvhg/ plqlpxp yduldqfh,

olqhdu hvwlpdwru ri [ jlyhq \ 1

Ohppd 8 Ohw [ kdyh phdq e[ dqg fryduldqfh 	1 Wkhq

H
�
[WT[

�
@ e[WT e[ . wu +T	,

Fry +T[>T[, @ T	TW

Fry +[>T[, @ 	TW

Frpsxwdwlrq ri wkh qhz hvwlpdwhv lqyroyhv wzr vwhsv= frpelqlqj wkh qhz vhqvru| lqsxw \n dqg wkh

fxuuhqw hvwlpdwhv e[n��mn�4/ 	n��mn�4 wr rewdlq lpsuryhg hvwlpdwhv e[n��mn/ 	n��mn dqg wkhq xvlqj

wkh v|vwhp g|qdplfv +61:, dqg wkh fruuhvsrqglqj frqwuro vljqdo Xn�� wr rewdlq hvwlpdwhv e[n.4��mn/

	n.4��mn iru wkh qh{w wlph vwhs1 Iurp +61:, dqg ohppd 8/ wkh mrlqw glvwulexwlrq ri [n�� dqg \n kdv

phdq 57 e[n��mn�4

Kn��
e[n��mn�4

68
dqg fryduldqfh57 	n��mn�4 	n��mn�4K

W
n��

Kn��	n��mn�4 Kn��	n��mn�4K
W
n�� .H

�
Jn�� +[n��,J

W
n�� +[n��,

�
68

Zh zloo fkrrvh +vhh ehorz, d vhqvru qrlvh prgho iru zklfk H+J+[,JW+[,, fdq eh h{suhvvhg dv d ixqf0

wlrq ri wkh phdq dqg fryduldqfh ri [ zklfk zh zloo dssur{lpdwh zlwk d ixqfwlrq ri wkh phdq/ l1h1

In��
� e[n��mn�4

�
1 Qrwh wkdw wkh uhvxowlqj mrlqw glvwulexwlrq lv qr orqjhu pxowlqrupdo +zklfk zrxog eh

wkh fdvh li J glg qrw ghshqg rq [,/ wkxv ohppd 7 rqo| |lhogv wkh rswlpdo olqhdu hvwlpdwru ri [n��
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jlyhq wkh qhz revhuydwlrq \n1 Wklv dssur{lpdwlrq lv riwhq pdgh lq sudfwlfh/ dqg zh zloo xvh lw khuh wr

rewdlq wkh %phdvxuhphqw xsgdwh% htxdwlrqv=

e[n��mn @ e[n��mn�4 .

	n��mn�4K
W
n��

�
Kn��	n��mn�4K

W
n�� . In��

��4 �
\n �Kn��

e[n��mn�4

�
	n��mn @ 	n��mn�4 �

	n��mn�4K
W
n��

�
Kn��	n��mn�4K

W
n�� . In��

��4
Kn��	n��mn�4

Qrz zh xvh wkh v|vwhp g|qdplfv +61:, dqg wkh fxuuhqw frqwuro vljqdo Xn�� wr %suhglfw% wkh vwdwh rqh

vwhs dkhdg=

e[n.4��mn @ D e[n��mn .EXn��

	n.4��mn @ D	n��mnD
W .GGW .FXn��X

W
n��F

W

Frpelqlqj wkh wzr vhwv ri htxdwlrqv deryh/ zh rewdlq wkh htxlydohqw ri wkh Ndopdq �owhu iru rxu prgho1

Wkhruhp 9 +Prgl�hg Ndopdq Ilowhu, Wkh hvwlpdwhv ri wkh phdq dqg fryduldqfh ri wkh vwdwh duh

sursdjdwhg iruzdug lq wlph dffruglqj wr=

e[n.4��mn @ D e[n��mn�4 .EXn�� .Nn��

�
\n �Kn��

e[n��mn�4

�
Nn�� @ D	n��mn�4K

W
n��

�
Kn��	n��mn�4K

W
n�� . In��

� e[n��mn�4

���4
	n.4��mn @ D	n��mn�4D

W .GGW .FXn��X
W
n��F

W �
D	n��mn�4K

W
n��

�
Kn��	n��mn�4K

W
n�� . In��

� e[n��mn�4

���4
Kn��	n��mn�4D

W

vwduwlqj zlwk 	4��m3 / 	4 dqg e[4��m3 / e[41

Wkh gl�huhqfhv iurp wkh Ndopdq �owhu lq Wkhruhp 4 duh wzr= wkh fryduldqfh xsgdwh ghshqgv rq wkh

frqwuro vljqdo +gxh wr wkh suhvhqfh ri qrlvh sursruwlrqdo wr wkh frqwuro vljqdo lq wkh v|vwhp htxdwlrqv,/

dqg wkh jdlq pdwul{ dqg fryduldqfh xsgdwh ghshqg rq wkh vwdwh hvwlpdwh +wkurxjk In��,1 Wkxv wkh

vhtxhqfhv 	n>Nn fdq qr orqjhu eh suhfrpsxwhg ehiruh wkh rqvhw ri wkh pryhphqw1 Krzhyhu lw lv vwloo

wkh fdvh wkdw jlyhq wkh frqwuro vljqdov/ wkh vwdwh hvwlpdwlrq lv lqghshqghqw ri wkh frvw ixqfwlrq1

��D�2 5^�@hi hLL| �*|ih

Wkh qxphulfdo vroxwlrq ri Ulffdwl htxdwlrqv +qhfhvvdu| wr sursdjdwh 	n, lv nqrzq wr eh xqvwdeoh 0 gxh

wr wkh vxewudfwlrq lq wkh xsgdwh htxdwlrq/ 	n pd| qrw dozd|v eh srvlwlyh gh�qlwh +zklfk lv wkhruhwlfdoo|

lpsrvvleoh/ exw kdsshqv gxh wr qxphulfdo huuruv, dqg wkdw pd| fdxvh sureohpv zlwk wkh lqyhuvlrq lq

wkh xsgdwh htxdwlrq iru Nn1 Wkh sureohp lv dyrlghg e| xvlqj d vtxduh urrw �owhu/ zklfk sursdjdwhv d

vtxduh urrw ri 	n udwkhu wkdq 	n lwvhoi1 Wklv uhgxfhv e| kdoi wkh g|qdplf udqjh qhfhvvdu| wr uhsuhvhqw

vpdoo �rdwlqj srlqw qxpehuv/ dqg dovr jxdudqwhhv wkdw 	n uhpdlqv srvlwlyh gh�qlwh +vlqfh lw lv qrz

uhsuhvhqwhg dv wkh vtxduh ri dqrwkhu pdwul{,1 Uhfdoo wkdw iru d srvlwlyh gh�qlwh pdwul{ P d vtxduh urrw

P4@5 +zklfk lv xqltxh prgxor ruwkrqrupdo wudqvirupdwlrqv, vdwlv�hv P4@5PW@5 @ P dqg wkhuhiruh

P�W@5P�4@5 @ P�41 Li P lv dovr v|pphwulf wkhq wkhuh h{lvwv d v|pphwulf vtxduh urrw +zklfk lv wkh
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rqh frpsxwhg lq Pdwode iru h{dpsoh,1 Zh zloo dovr qhhg wr shuirup TU ghfrpsrvlwlrq/ zklfk iru d jlyhq

pdwul{ P surgxfhv pdwulfhv T>U vxfk wkdw P @ TU zkhuh T lv dq ruwkrqrupdo pdwul{ dqg U lv dq

xsshu wuldqjxodu pdwul{ ri wkh vdph glphqvlrq dv P 1 Erwk pdwul{ vtxduh urrwv dqg TU ghfrpsrvlwlrq

fdq eh frpsxwhg h�flhqwo|1

Jlyhq hvwlpdwhv 	
4@5
n��mn�4/

e[n��mn�4 dqg +whpsrudulo|, gh�qlqj P / GGW . FXn��XW
n��F

W zh

fdq irup wkh pdwul{ rq wkh ohiw kdqg vlgh ehorz/ dqg xvh TU ghfrpsrvlwlrq wr rewdlq wkh pdwulfhv rq

wkh uljkw= 57 Kn��	
4@5
n��mn�4 I

4@5
n�� 3

D	
4@5
n��mn�4 3 P4@5

68 @

57 Y
4@5
n�� 3 3hNn�� V

4@5
n.4�� 3

68T
E| wdnlqj wkh wudqvsrvh ri wkdw htxdwlrq/ dqg pxowlso|lqj iurp wkh uljkw +dqg xvlqj wkh idfw wkdw

TTW @ L, zh kdyh=

57 Kn��	n��mn�4K
W
n�� . In�� � � �

� � � D	n��mn�4D
W .P

68 @

57 Yn�� � � �
� � � hNn��

hNW
n�� . Vn.4��

68
zkhuh wkh � � � hqwulhv duh luuhohydqw1 Htxdwlqj wkh fruuhvsrqglqj hqwulhv ri wkh pdwul{ htxdwlrq dqg

frpsdulqj wr wkh Ndopdq �owhu deryh/ zh vhh wkdw=

Vn.4�� @ 	n.4��mnhNn�� @ D	n��mn�4K
W
n��

�
Kn��	n��mn�4K

W
n�� . In��

��W@5
Nn�� @ hNn��Y

�4@5
n�� > Yn�� @ Kn��	n��mn�4K

W
n�� . In��

wkhuhiruh wkh TU ghfrpsrvlwlrq kdv frpsxwhg wkh vtxduh urrw ri wkh vwdwh fryduldqfh/ dqg e| pxowlso|lqjhN dqg wkh lqyhuvh ri Y 4@5 zh fdq uhfryhu wkh Ndopdq jdlq pdwul{ Nn��1 Lqvwhdg ri uhfryhulqj Nn��/ lw

lv pruh frqyhqlhqw wr gh�qh wkh %lqqrydwlrq%  n / Y
�4@5
n��

�
\n �Kn��

e[n��mn�4

�
zklfk kdv }hur phdq

dqg xqlw fryduldqfh +vlqfh wkh fryduldqfh ri wkh \ �K[ whup lv h{dfwo| Y ,1 Qrz wkh xsgdwh htxdwlrqv

iru wkh h{shfwhg phdq dqg fryduldqfh ehfrph

e[n.4��mn @ D e[n��mn�4 .EXn�� . hNn�� n +61;,

	n.4��mn @ D	n��mn�4D
W .GGW .FXn��X

W
n��F

W � hNn��
hNW
n��

��D�� W?uLh4@|�L? �iU|Lh @?_ �??L�@|�L?t uLh4

Qh{w zh froohfw doo lqirupdwlrq dydlodeoh xs wr wlph n � 4 lqwr dq %lqirupdwlrq% yhfwru/ dqg uhzulwh

wkh v|vwhp g|qdplfv dqg frvw ixqfwlrq xvlqj wklv lqirupdwlrq yhfwru1 Wkh h{shfwhg phdq e[n��mn�4

lqfrusrudwhv doo vhqvru| lqsxwv xs wr n� 4 dqg doo frqwuro vljqdo xs wr n��� 41 Wkxv wkh lqirupdwlrq

yhfwru lv=

Ln /

59999997
e[n��mn�4

Xn��
111

Xn�4

6::::::8
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dqg zh fdq h{wudfw lwv frpsrqhqwv yld pxowlsolfdwlrq e| wkh pdwulfhv

e[n��mn�4 @ L[Ln> L[ @
k
L 3 � � � 3

l
Xn�s @ LsLn> Ls @

k
3 � � � L � � �

l
Xvlqj wkh lqqrydwlrq gh�qhg deryh/ zh fdq uhzulwh wkh v|vwhp g|qdplfv lq whupv ri wkh lqirupdwlrq

yhfwru L=
Ln.4 @ DLn . EXn .Nn +Ln, n +61<,

zkhuh

D @

59999999997

D E 3

L

1 1 1

L

3 3

6:::::::::8
> E @

59999999997

3

3
111

3

L

6:::::::::8
> Nn +Ln, @

59999999997

hNn�� +L[Ln,
3

3
111

3

6:::::::::8
Wklv lv fdoohg wkh lqqrydwlrqv irup ri wkh v|vwhp1 Qrwlfh wkdw wkh qhz %vwdwh% L lv frpsohwho| revhuydeoh/
dqg wkh vhqvru +In$n, dqg v|vwhp +�nFXn> G�n, qrlvh whupv iurp +61:, kdyh ehhq frpelqhg lqwr rqh

qrlvh whup Nn n1

Ehiruh wkh frvw ixqfwlrq fdq eh zulwwhq lq whupv ri L/ zh qhhg wr frpsxwh wkh fryduldqfh dw wlph n

e| lqwhjudwlqj wkh g|qdplfv iru � wlph vwhsv xvlqj wkh frqwuro vljqdov hqfrghg lq L=

	nmn�4 @ D�	n��mn�4D
W� .

�[
s@4

Ds�4
�
GGW .FXn�sX

W
n�sF

W
�
DW+s�4,

H{sdqglqj wkh eudfnhwv dqg vxevwlwxwlqj LsLn iru Xn�s/ wkh fryduldqfh dw wlph n ehfrphv=

	nmn�4 @ D�	n��mn�4D
W� .G .

�[
s@4

FsLnLWn FWs

G /
�[
s@4

Ds�4GGWDW+s�4,> Fs / Ds�4FLs

Zh dovr qhhg wr suhglfw [n iurp wkh lqirupdwlrq yhfwru L=

e[nmn�4 @PLn> P @ D�L[ .
�[
s@4

Ds�4ELs

Ilqdoo| zh duh uhdg| wr uhzulwh wkh frvw ixqfwlrq1 Ohw M�n
�Ln>	n��mn�4

�
ghqrwh wkh plqlpxp frvw wkdw

fdq eh dfklhyhg vwduwlqj dw wlph n +wklv lv nqrzq dv wkh %frvw0wr0jr% ixqfwlrq,1 Iurp Ehoopdq*v sulqflsoh
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ri rswlpdolw|/ zh kdyh=

M�n
�Ln>	n��mn�4

�
@ H

[n

�
[W
n Tn[n

�
.

plq
Xn

�
+Xn � Xn�4,

WU+Xn � Xn�4, . H
 n

�
M�n.4

�Ln.4>	n.4��mn

���

Fohduo| M @ M�4
�L4>	4��m3

�
/ zkhuh L4 /

57 e[4

3

68 >	4��m3 / 	41 Hydoxdwlqj wkh h{shfwdwlrq ryhu [/

jurxslqj whupv ghshqghqw rq L/ dqg xvlqj wu +DEF, @ wu +FDE,/ wu+{WD{, @ {WD{/ wkh olqhdulw| ri

wkh wu rshudwru/ dqg ohppd 8 ohdgv wr=

M�n @ LWn
#
PWTnP.

�[
s@4

FWs TnFs
$
Ln . wu

�
DW�TnD

�	n��mn�4

�
. wu +TnG, +6143,

.plq
Xn

�
+Xn � L4Ln,WU+Xn � L4Ln, . H

 n

�
M�n.4

�Ln.4>	n.4��mn

���
Qrwh wkdw wkh odvw h{suhvvlrq qr orqjhu ghshqgv rq [1

��D�e �L?|hL* *@�

Wkh rswlpdo frqwuro odz X� lv frpsxwhg uhfxuvlyho|/ xvlqj pdwkhpdwlfdo lqgxfwlrq1 Zh zloo gh�qh wkh

jhqhudo forvhg irup ri M�n / vkrz wkdw iru n @ Q wkh frvw0wr0jr ixqfwlrq lv lqghhg lq wkdw irup +zklfk

zloo surylgh lqlwldol}dwlrq ydoxhv iru wkh sdudphwhuv lq wkh forvhg irup, dqg wkhq frpsxwh M�n xqghu wkh

dvvxpswlrq wkdw M�n.4 lv douhdg| dydlodeoh lq wkh sursrvhg forvhg irup1

Dvvxph wkh frvw0wr0jr ixqfwlrq dqg rswlpdo frqwuro odz dw wlph n duh lq wkh irup

M�n
�Ln>	n��mn�4

�
@ LWn VnLn . wu

�
Sn	n��mn�4

�
. �n> X�

n @ OnLn

Vlqfh wkh frvw0wr0jr ixqfwlrq diwhu wlph Q lv e| gh�qlwlrq 3/ zh fdq shuirup wkh plqlpl}dwlrq dw

wlph Q h{solflwo|

M�Q
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Dw wklv srlqw rqh pljkw eh whpswhg wr uhdg r� wkh xsgdwh htxdwlrqv iru V> S> � iurp wkh �uvw/ vhfrqg

dqg wklug olqh ri wkh deryh h{suhvvlrq uhvshfwlyho|1 Lq wkh OTJ fdvh wkdw zrxog eh srvvleoh1 Qrwh dovr

wkdw lq wkh OTJ frqwuro odz +Wkhruhp 5, wkh pdwulfhv S pxowlso|lqj wkh fryduldqfh pdwul{ 	 duh qrw

sursdjdwhg h{solflwo| +lqvwhdg wkh fruuhvsrqglqj whupv duh devruehg lq wkh frqvwdqwv �,1 Wkh uhdvrq

zh kdg wr sursdjdwh S khuh lv wkdw wkh qrlvh fryduldqfh lv qr orqjhu lqghshqghqw ri wkh frqwuro vljqdov

X dqg revhuydwlrqv \ +wkh frpsolfdwlrq lv gxh wr wkh pxowlsolfdwlyh v|vwhp qrlvh dqg vwdwh0ghshqghqw

revhuydwlrq qrlvh,1

Uhfdoo wkdw hNn�� ghshqgv rq erwk e[ dqg 	1 Li zh zhuh wr wdnh lqwr dffrxqw wkdw ghshqghqfh h{dfwo|/

M�n zrxog ehfrph d qrqolqhdu ixqfwlrq ri
e[ dqg 	 +lqyroylqj d pdwul{ lqyhuvlrq dqg vrph duelwudu| qrlvh

fryduldqfh I +[,, dqg lw zrxog eh lpsrvvleoh wr rewdlq d forvhg irup h{suhvvlrq iru X�1 Li zh rqo| kdg
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pryhphqw +h1j1 iurp wkh plqlpxp0mhun wudmhfwru|,/ ru frpsxwh wkh rswlpdo frqwuro odz lwhudwlyho| e|

vwduwlqj zlwk vrph hvwlpdwhv dqg uhsodflqj wkhp dw hdfk vwhs zlwk wkh qhz rswlpdo wudmhfwru|1 Dq|
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7:



��D�D �L�ti UL�@h�@?Ui @?_ *�?i@h�3@|�L?

Ehiruh surfhhglqj zlwk wkh olqhdul}dwlrq zh kdyh wr gh�qh wkh revhuydwlrq qrlvh fryduldqfh In��
� e[n��mn�4

�
1

Uhfdoo iurp +619, wkdw wkh �uvw wkuhh hqwulhv ri wkh phdvxuhphqw yhfwru frqwdlq srvlwlrqv lq devroxwh

+erg|0fhqwhuhg, frruglqdwhv rewdlqhg wkurxjk sursulrfhswlrq dqg ylvxdo pryhphqw ghwhfwlrq/ wkdw zh

dvvxph duh lqghshqghqw ri wkh �{dwlrq srlqw1 Wkh uhpdlqlqj S hqwulhv frqwdlq gl�huhqfh yhfwruv iurp
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Sdudphwhu Ghvfulswlrq

Q Qxpehu ri wlph vwhsv lq wkh vlpxodwlrq

S Qxpehu ri wdujhwv/ h{foxglqj vwduwlqj srvlwlrq

gw Gxudwlrq ri rqh wlph vwhs/ lq vhfrqgv

Gvdf Dyhudjh vdffdgh gxudwlrq/ lq wlph vwhsv +phdvxuhg gluhfwo|,

z4===S Zhljkwv iru hdfk wdujhw +ghvluhg vsdwldo dffxudf|,

y Zhljkw ri whuplqdo yhorflw| +ghvluhg wlplqj dffxudf|,e[4 Lqlwldo vwdwh hvwlpdwh +kdqg srvlwlrq/ yhorflw|/ wdujhw srvlwlrqv,

	4 Yduldqfh ri wkh lqlwldo vwdwh hvwlpdwh

Wkh qh{w jurxs ri sdudphwhuv ghvfuleh wkh lqwhuqdo surshuwlhv ri wkh vhqvru|0prwru v|vwhp dqg kdyh

wr eh hvwlpdwhg lq rughu wr lqvwdqwldwh wkh prgho1 Lqghshqghqw hvwlpdwhv iru prvw ri wkhp fdq eh irxqg

lq wkh olwhudwxuh=

Sdudphwhu Ghvfulswlrq
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> �5i Yduldqfhv ri devroxwh phdvxuhphqwv

� Yduldqfh ri uhodwlyh phdvxuhphqwv @ � nwdujhw0�{dwlrqn5

�5X Yduldqfh ri frqwuro qrlvh

�5G Yduldqfh ri srvlwlrqdo dgglwlyh qrlvh +yhorflw| qrlvh @ 3,

n> e Vwl�qhvv dqg gdpslqj frh�flhqwv

u Zhljkw ri gl�huhqfhv ehwzhhq frqvhfxwlyh frqwurov

� Vhqvru| ghod|/ lq qxpehu ri wlph vwhsv

Wkh frqwuroohu fdq eh orjlfdoo| vhsdudwhg lq wzr sduwv/ rqh ghulyhg iurp wkh vwrfkdvwlf rswlpdo frqwuro

iudphzrun dqg wkh rwkhu ehlqj uhvsrqvleoh iru vhwwlqj dgglwlrqdo yduldeohv e| xvlqj wkh �uvw sduw dv dq

lqqhu plqlpl}dwlrq orrs1 Wkhvh dgglwlrqdo yduldeohv duh=

Yduldeoh Ghvfulswlrq
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H{shfwhg wudmhfwru| dqg fryduldqfh iru olqhdul}dwlrq

O4===Q Ghidxow frqwuro odz +lqlwldoo| htxdo wr L4 0 plq1mhun,

Doo wkhvh txdqwlwlhv fdq eh lqlwldol}hg iurp wkh plqlpxp0mhun wudmhfwru| +vhh Fkdswhu 9,1 Wkh wlplqj

yduldeohv fdq eh rswlpl}hg e| frpsxwlqj wkh h{shfwhg frvw iru gl�huhqw vhwwlqjv1 Zh dvvxphg deryh wkdw
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h|h0pryhphqw dqg sdvvdjh wlphv duh glvfuhwh +uhsuhvhqwhg lq qxpehu ri vlpxodwlrq wlph vwhsv,1 Wklv

lv d sureohp li wkhlu rswlpdo ydoxhv duh wr eh frpsxwhg e| vrph plqlpl}dwlrq surfhgxuh/ vlqfh prvw

qxphulfdo plqlpl}dwlrq surfhgxuhv zloo vwrs zkhq wkh| hqfrxqwhu d shuihfwo| �dw uhjlrq lq sdudphwhu

vsdfh1 Lqwhusrodwlrq ri wkh frvw ixqfwlrq ehwzhhq lqwhjhu sdudphwhu ydoxhv lv qrw d yhu| jrrg lghd vlqfh

ixqfwlrq hydoxdwlrqv duh txlwh h{shqvlyh/ dqg wkh sdudphwhu vsdfh lv odujh1 Lqvwhdg zh zloo pdnh wkh

frvw ixqfwlrq frqwlqxrxv lq wkh wlplqj sdudphwhuv e| dvvxplqj wkdw ylvxdo lqsxw lv uhpryhg judgxdoo|

durxqg vdffdgh rqvhw2r�vhw wlph/ dqg wkdw wkh wdujhw frvw lv glvwulexwhg dprqj Tn dqg Tn.4 zkhq wkh

sdvvdjh wlph lv ehwzhhq n dqg n . 41

[>	> O fdqqrw eh rswlpl}hg vlqfh wkh| d�hfw wkh gh�qlwlrq ri wkh frvw ixqfwlrq> lqvwhdg wkh| duh

prgl�hg dv glvfxvvhg lq wkh suhylrxv vhfwlrqv1 Wkhvh dgglwlrqdo yduldeohv fdq eh frpsxwhg hlwkhu rqfh

dw wkh ehjlqqlqj ri wkh pryhphqw/ ru �qh0wxqhg dw hdfk wlph vwhs1 Li wkh| duh �{hg dw wkh ehjlqqlqj

ri wkh pryhphqw/ wkh rswlpdo frqwuro odz fdq dovr eh frpsxwhg lq dgydqfh1 Zkhqhyhu wkh dgglwlrqdo

yduldeohv fkdqjh/ wkh �{hg txdqwlwlhv T>K>O[ >O	 xvhg lq wkh rswlpdo frqwuroohu kdyh wr eh uhfrpsxwhg1

Ilqdoo|/ wkh rswlpdo frqwuroohu frpsxwhv +dffruglqj wr wkh deryh wkhruhpv, dqg sursdjdwhv wkurxjk

wlph +n, wkh iroorzlqj yduldeohv=

Yduldeoh Ghvfulswlrqe[n��mn�4 Hvwlpdwh ri wkh v|vwhp vwdwh

	
4@5
n��mn�4 Vtxduh urrw fryduldqfh ri wkh vwdwh hvwlpdwhhNn�� Prgl�hg ndopdq jdlq

Vn Frvw0wr0jr whup pxowlso|lqj L
Sn Frvw0wr0jr whup pxowlso|lqj 	

�n Frqvwdqw frvw0wr0jr whup

On Rswlpdo frqwuro odz

X�
n Rswlpdo frqwuro vljqdo

Dvvxplqj wkdw [>	 duh ehlqj prgl�hg gxulqj wkh pryhphqw/ wkh dojrulwkp lqyroyhv wkh iroorzlqj

vwhsv dw hdfk wlph n=

41 Vwduw zlwk hvwlpdwhv e[n��mn�4 dqg 	
4@5
n��mn�41

51 Sursdjdwh Vn dqg Sn edfnzdugv vwduwlqj iurp wlph Q / wr rewdlq On dqg X�
n @ OnLn1 Srvvleo|

lwhudwh wklv vwhs wr lpsuryh[>	1 Frpsxwh frvw0wr0jr �n li lw lv qhhghg wr rswlpl}h wlplqj yduldeohv1

61 Xvlqj wkh qhz phdvxuhphqw \n/ frqwuro X�
n dqg hNn��/ frpsxwh e[n.4��mn dqg 	

4@5
n.4��mn dqg irup

Ln.41
Uhfdoo wkdw zh kdg wr pdnh vrph dssur{lpdwlrqv lq ghulylqj wkh rswlpdo frqwuro odz1 Lq sduwlf0

xodu/ zh xvhg wkh rswlpdo olqhdu hvwlpdwru ri [n jlyhq \n lqvwhdg ri wkh rswlpdo hvwlpdwru +zklfk

lv qrqolqhdu gxh wr rxu prgho ri vsdwldo ylvlrq,1 Dovr/ zh xvhg d olqhdu dssur{lpdwlrq wr wkh whup

wu
��
V[n.4 � Sn.4

� hNn��
hNW
n��

�
durxqg dq h{shfwhg wudmhfwru|1 Wr dvvhvv wkh dffxudf| ri wkhvh dssur{0

lpdwlrqv/ zh udq wkh prgho rq 8 gl�huhqw sdudphwhu vhwwlqjv +forvh wr wkh rqhv xvhg lq wkh qh{w fkdswhu,

wr rewdlq wkh rswlpdo frqwuro odz dqg h{shfwhg frvw/ dqg wkhq vlpxodwhg 83 wuldov xvlqj wkh fruuhvsrqg0

lqj rswlpdo frqwuro odz wr jhqhudwh frqwuro vljqdov1 Wkh rswlpdo frqwuro odz zdv frpsxwhg rqfh ehiruh
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Iljxuh 604= H{shfwhg yv1 hpslulfdo frvw/ frpsxwhg iru 8 vlpxodwlrq uxqv ri 83 wuldov hdfk +vkrzq duh
vwdqgdug huuru eduv,1

pryhphqw rqvhw dqg uhpdlqhg frqvwdqw gxulqj wkh pryhphqw1 Wdujhw sdvvdjh wlphv dqg h|h pryhphqw

wlphv zhuh vhw htxdo wr wkh wdujhw sdvvdjh wlphv rewdlqhg iurp wkh plqlpxp mhun prgho +Fkdswhu 9,1

Wkh h{shfwhg wudmhfwru| [n zdv lqlwldol}hg wr wkh plqlpxp mhun wudmhfwru|/ dqg wkh h{shfwhg fryduldqfh

	n zdv frpsxwhg iurp wkh plqlpxp mhun wudmhfwru| e| uxqqlqj wkh Ndopdq �owhu1

Iluvw zh dvvhvvhg krz forvh wkh h{shfwhg frvw lv wr wkh hpslulfdo frvw rewdlqhg e| hydoxdwlqj wkh frvw

ixqfwlrq +618, gluhfwo| rq wkh vlpxodwhg wudmhfwrulhv1 Wkh gl�huhqfh zdv zlwklq 5( ri wkh frvw ydoxh/ dv

vkrzq lq Ilj 6041

Zh dovr vlpxodwhg wkh prgho rq wkh vdph sdudphwhu vhwv dv ehiruh zlwkrxw wkh olqhdul}dwlrq +wklv fdq

eh grqh e| vlpso| vhwwlqj O[ @ 3>O	 @ 3,1 Wkh huuru +gl�huhqfh ehwzhhq h{shfwhg dqg hpslulfdo frvw,

lqfuhdvhg e| derxw 83( dqg wkh hpslulfdo frvw lqfuhdvhg e| 43(/ ghprqvwudwlqj wkdw wkh olqhdul}dwlrq

d, uhvxowv lq d ehwwhu frqwuro odz dqg e, wkh frqwuroohu kdv d ehwwhu hvwlpdwh ri krz jrrg wkdw frqwuro

odz lv1

Wkh olqhdul}dwlrq sdudphwhuv +dqg wkxv wkh frqwuro odz, w|slfdoo| frqyhujhg diwhu 4 xsgdwh1 Wklv lv

vkrzq lq Ilj 6051

Zh dovr frpsxwhg wkh gl�huhqfh ehwzhhq wkh dfwxdo ydoxh ri wkh wu
��
V[n.4 � Sn.4

� hNn��
hNW
n��

�
dqg

wkh rqh frpsxwhg iurp wkh olqhdul}dwlrq/ dw hyhu| wlph vwhs1 Lw lv qrw vxusulvlqj wkdw wkh huuru ydqlvkhv

diwhu [n kdv frqyhujhg wr wkh h{shfwhg wudmhfwru| rewdlqhg iurp wkh fruuhvsrqglqj rswlpdo frqwuro odz

+l1h1 zh duh frpsxwlqj wkh frvw dw wkh olqhdul}dwlrq srlqw,1 Qrwh krzhyhu wkdw wkh huuru lv udwkhu vpdoo

hyhq ehiruh wkh �uvw lwhudwlrq/ zkhq [n lv htxdo wr wkh plqlpxp mhun wudmhfwru|1 W|slfdo uhvxowv duh

vkrzq lq Ilj 6061
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Iljxuh 605= Plqlpxp mhun wudmhfwru| +0 0,/ h{shfwhg wudmhfwru| ghiruh +gldprqg, dqg diwhu +vrolg, �uvw
lwhudwlrq1 Flufohv fruuhvsrqg wr wdujhw orfdwlrqv1
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Loop 1

Iljxuh 606= Olqhdul}hg +gldprqg, yv dfwxdo +vrolg, ydoxh ri wkh wu+1, whup dw hyhu| wlph vwhs/ ehiruh dqg
diwhu wkh �uvw lwhudwlrq1
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Lq wklv fkdswhu zh ghvfuleh d qxpehu ri h{shulphqwdo uhvxowv lqglfdwlqj wkdw hyhq lq vlpsoh wdvnv vxfk

dv uhdfklqj ru prylqj wkurxjk d vpdoo vhw ri vhtxhqwldo wdujhwv/ wkh vhqvru|0prwru v|vwhp frqvwdqwo|

xsgdwhv lwv lqwhuqdo hvwlpdwh ri wkh hqylurqphqw +lqfoxglqj wkh prylqj kdqg, dqg prgl�hv wkh rqjrlqj

pryhphqw dffruglqjo|1 Suhvhqwo| zh fdqqrw uxoh rxw wkh srvvlelolw| wkdw wkh skhqrphqd ghvfulehg ehorz

uhvxow iurp wkh h{hfxwlrq ri suhh{lvwlqj prwru surjudpv1 Wklv zh wklqn lv prvwo| gxh wr wkh odfn ri

dq h{shulphqwdoo| idovl�deoh gh�qlwlrq ri %prwru surjudp%1 Lq wkh devhqfh ri vxfk d gh�qlwlrq/ doo zh

fdq vkrz lv wkdw d qxpehu ri lqwhuhvwlqj h�hfwv duh ehwwhu h{sodlqhg lq wkh iudphzrun ghyhorshg lq wkh

suhylrxv fkdswhuv/ dqg xvlqj d suhuhfrughg prwru whpsodwh lq dgglwlrq wr wkh surfhvvlqj srvwxodwhg khuh

zrxog qrw dffrxqw iru dq| dgglwlrqdo �qglqjv1

Dv zloo ehfrph fohdu vkruwo|/ prvw ri wkh h{shulphqwdo uhvxowv glvfxvvhg lq wklv fkdswhu duh uhsolfdwhg

e| rxu prgho iru udwkhu reylrxv uhdvrqv1 Wkxv zh gr qrw %h{sodlq% dq|wklqj zlwk hphujhqw surshuwlhv

ri wkh prgho wkdw fdqqrw eh ghgxfhg hdvlo| iurp Fkdswhu 61 Zkloh wklv w|sh ri h{sodqdwlrq lv vrphwlphv

suhihuuhg lq prghoolqj zrun +vlqfh lw fohduo| ghprqvwudwhv wkdw wkh ghvluhg rxwfrphv zhuh qrw exlow lqwr

wkh prgho, lw lv qrw rxu jrdo khuh1 Rq wkh frqwudu|/ wkh prgho zdv gluhfwo| lqvsluhg e| vrph ri wkh gdwd

suhvhqwhg ehorz1

Wkh h{shulphqwv zhuh shuiruphg xvlqj d surmhfwlrq v|vwhp wkdw hqdeohg xv wr glvsod| yluwxdo wdujhwv

rq wkh vxuidfh ri d krul}rqwdo wdeoh rq zklfk vxemhfwv zhuh dvnhg wr pryh wkhlu kdqg1 Lq doo h{shulphqwv

wkh urrp zdv gdun/ l1h1 wkh rqo| ylvxdo ihhgedfn vxemhfwv uhfhlyhg derxw wkhlu kdqg srvlwlrq zdv wkh

rqh zh fkrvh wr glvsod|1 Kdqg srvlwlrq zdv glvsod|hg e| xvlqj dq OHG dwwdfkhg wr d vpdoo srlqwhu

khog e| wkh vxemhfw +lq h{shulphqwv wkdw glg qrw uhtxluh ylvxdo shuwxuedwlrq ri kdqg orfdwlrq,/ ru e| d

frpsxwhu0jhqhudwhg fxuvru fdoleudwhg wr pdwfk wkh sk|vlfdo orfdwlrq ri wkh dup +lq h{shulphqwv zkhuh

kdqg orfdwlrq zdv glvsodfhg xqnqrzq wr wkh vxemhfw,1 Kdqg srvlwlrq zdv uhfrughg zlwk dq Rswrwudfn

6353 uxqqlqj dw 453K}1 Lq vrph h{shulphqwv h|h pryhphqwv zhuh dovr uhfrughg xvlqj dq Lvfdq lqiuduhg

wudfnhu/ uxqqlqj dw 453K}1 Zh hvwlpdwhg wkh ghod| ri wkh h|hwudfnhu uhodwlyh wr wkh Rswrwudfn +e|

dwwdfklqj d srvlwlrqdo vhqvru rq wkh h|h fdphud/ wdsslqj rq wkh khdgprxqw zkloh d vxemhfw zdv �{dwlqj/
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dqg frpsdulqj wkh uhdglqjv ri wkh wzr vhqvruv, dqg frpshqvdwhg iru lw 0 lw zdv rqh ylghr iudph1

e�2 +i@U��?} 4L�i4i?|t

e�2�� , Tih�4i?| e�� � 5T@|�@* @UU�h@U) Lu Tih�T�ih@* ��t�L?

Wkh jrdo ri wklv h{shulphqw zdv wr hvwlpdwh wkh vsdwldo dffxudf| ri shulskhudo ylvlrq/ l1h1 wkh dffxudf|

zlwk zklfk vxemhfwv fdq orfdol}h wdujhwv suhvhqwhg wudqvlhqwo| lq wkh shulskhudo ylvxdo �hog1 Wklv lv

fohduo| lpsruwdqw iru ydolgdwlrq ri wkh prgho zklfk pdnhv vshfl�f dvvxpswlrqv derxw wkh ghfd| ri ylvxdo

dffxudf| zlwk glvwdqfh iurp wkh �{dwlrq srlqw1 Qrwh wkdw rxu hvwlpdwhv duh d ixqfwlrq ri glvwdqfh dorqj

wkh krul}rqwdo wdeoh udwkhu wkdq ylvxdo dqjoh1

Phwkrgv

Vl{ vxemhfwv sduwlflsdwhg lq wkh h{shulphqw/ zklfk odvwhg derxw 48 plqxwhv1 Vxemhfwv pdgh 633 srlqwlqj

pryhphqwv dffruglqj wr wkh iroorzlqj surwrfro= zkloh wkh kdqg zdv vwdwlrqdu| dqg wkh vxemhfw zdv

�{dwlqj dw wkh OHG dwwdfkhg wr wkh kdqg/ d frpsxwhu jhqhudwhg wdujhw dsshduhg iru :33 pv dqg wkhq

glvdsshduhg1 Wkh vxemhfw zdv lqvwuxfwhg wr pdlqwdlq �{dwlrq dw wkh OHG zkloh wkh wdujhw zdv suhvhqw/

dqg wr pdnh d srlqwlqj pryhphqw wr lwv +uhphpehuhg, orfdwlrq zkhq lw glvdsshduhg1 Vxemhfwv zhuh

qrw uhtxluhg wr uhvsrqg dv idvw dv srvvleoh/ dqg wkh gxudwlrq ri wkh srlqwlqj pryhphqw zdv qrw olplwhg

0 l1h1 zh zdqwhg wr doorz wkh ehvw srvvleoh orfdol}dwlrq ri wkh uhphpehuhg wdujhw orfdwlrq1 Rqfh wkh

srlqwlqj pryhphqw whuplqdwhg +ghwhfwhg dxwrpdwlfdoo| xvlqj d vpdoo yhorflw| wkuhvkrog,/ wkh qh{w wdujhw

dsshduhg zlwk d ghod| ri :33 pv1 Wdujhw orfdwlrqv zhuh vhohfwhg udqgrpo|/ vxfk wkdw wkh glvwdqfh iurp

wkh fxuuhqw kdqg srvlwlrq zdv xqlirupo| glvwulexwhg ehwzhhq 63 dqg 5;3 pp/ lq udqgrp gluhfwlrqv +zlwk

wkh uhvwulfwlrq wkdw wdujhwv kdg wr uhpdlq zlwklq wkh olplwv ri wkh zrunvsdfh,1

Uhvxowv

Hqgsrlqw huuruv iurp d w|slfdo vxemhfw duh vkrzq lq Ilj 704 0 qrwh wkdw wkh huuru dorqj wkh pryhphqw

gluhfwlrq lv vxssuhvvhg rq wklv judsk1 Lw lv fohdu wkdw wkh vsuhdg ri wkh huuruv lqfuhdvhv olqhduo| zlwk

glvwdqfh1 Wklv lv frq�uphg lq wkh vxppdu| sorw lq Ilj 7051 Ryhudoo hqgsrlqw yduldeoh huuru +vwdqgdug

ghyldwlrq, lqfuhdvhv uhpdundeo| olqhduo| zlwk glvwdqfh1 Wkhuh zdv dovr d vpdoo eldv 0 pryhphqwv whqghg

wr xqghuvkrrw e| 9 pp rq wkh dyhudjh +ryhu doo vxemhfwv, 0 fruuhvsrqglqj wr d udqjh h�hfw1 Wkdw eldv

kdv ri frxuvh ehhq vxewudfwhg lq frpsxwlqj wkh yduldqfh1 Wkh yduldeoh huuruv dorqj wkh gluhfwlrq ri

pryhphqw zhuh voljkwo| eljjhu wkdq wkh rqhv lq wkh ruwkrjrqdo gluhfwlrq +46pp yv1 4318pp, vxjjhvwlqj

wkdw vrph ri wkh orfdol}dwlrq huuru pd| eh gxh wr wkh idfw wkdw wkh kdqg lv xvhg dv d srlqwhu/ dqg

kdqg uhdfklqj pryhphqwv duh nqrzq wr kdyh odujhu hqgsrlqw huuruv dorqj wkh gluhfwlrq ri pryhphqw

^Jrugrq hw do1 <7`1

Zh xvhg wklv gdwd wr �w wkh sdudphwhuv ri wkh prgho fruuhvsrqglqj wr ylvxdo shufhswlrq/ dqg �{hg

wkhvh ydoxhv wkurxjkrxw doo vlpxodwlrqv1 Wkh prgho dovr frqwdlqv vhqvru| qrlvh whupv +srvlwlrq dqg

yhorflw| qrlvh, fruuhvsrqglqj wr sursulrfhswlrq1 Lqfuhdvlqj wkrvh whupv kdv yhu| vlplodu h�hfwv wr gh0

fuhdvlqj wkh dprxqw ri v|vwhp qrlvh1 Vlqfh lw lv gl�fxow wr ghvljq h{shulphqwv wkdw lvrodwh wkh dffxudf|

ri sursulrfhswlrq +wkdw zrxog lqyroyh whpsrudulo| ghd�huhqwlqj wkh vxemhfwv,/ zh �{hg wkrvh sdudph0

whuv vr wkdw sursulrfhswlrq zdv vljql�fdqwo| ohvv uholdeoh wkdq ylvlrq +lq wkh ylflqlw| ri wkh wdujhw,/ |hw

uhvxowhg lq lpsuryhg shuirupdqfh1
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Iljxuh 704= Hqgsrlqw huuruv ri d w|slfdo vxemhfw1 Wdujhwv zhuh vdpsohg iurp wkh vrolg olqh/ wkh vwduwlqj
srvlwlrq lv pdunhg zlwk wkh furvv/ doo pryhphqwv kdyh ehhq doljqhg zlwk wkh krul}rqwdo gluhfwlrq1 Qrwh
gl�huhqw vfdoh rq [ dqg \ d{hv1
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Slope = 0.07    Intercept = 5.38mm

Iljxuh 705= Vwdqgdug ghyldwlrq ri glvwdqfhv dzd| iurp wkh phdq/ frpsxwhg lq ryhuodsslqj elqv ri 83
pv dqg vprrwkhg xvlqj d fxelf vsolqh1 Vkrzq lv gdwd iru lqglylgxdo vxemhfwv/ dqg wkh olqhdu uhjuhvvlrq
olqh iru wkh frpelqhg gdwd iru doo vxemhfwv1
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Odujhu hqgsrlqw huuruv dorqj pryhphqw gluhfwlrq

Iljxuh 706= Vlpxodwlrq= uhdfklqj pryhphqwv ri htxdo gxudwlrq wr wdujhwv dw gl�huhqw glvwdqfhv zlwkrxw
ylvxdo ihhgedfn ri kdqg orfdwlrq1 Hqgsrlqw huuru lqfuhdvhv zlwk glvwdqfh1

D qxpehu ri skhqrphqd fdoohg vshhg2dffxudf| wudgh0r�v kdyh ehhq revhuyhg +vhh ^Sodprqgrq dqg Dolpl<:`

iru d uhfhqw uhylhz, wkdw lqglfdwh d vwurqj uhodwlrqvkls ehwzhhq pryhphqw vshhg +ru gxudwlrq, dqg wkh

dffxudf| wkdw fdq eh dfklhyhg1 Vxfk wudgh0r�v duh revhuyhg e| hlwkhu vshfli|lqj ghvluhg dffxudf| dqg

dvnlqj vxemhfwv wr pryh dv txlfno| dv srvvleoh +dv lq Ilwwv* odz, ru vshfli|lqj pryhphqw gxudwlrq dqg dvn0

lqj vxemhfwv wr eh dv dffxudwh dv srvvleoh +dv lq Vfkplgw*v odz, 0 ^Mhdqqhurg ;;/ Vfkplgw hw do1 :<`1 Zkloh

d qxpehu ri h{sodqdwlrqv iru wkhvh skhqrphqd kdyh ehhq frqvlghuhg ^Sodprqgrq dqg Dolpl<:` wkh prvw

sduvlprqlrxv h{sodqdwlrq vr idu vhhpv wr eh wkh vwrfkdvwlf rswlpdo frqwuro prgho ri ^Ph|hu hw do1 ;5`/

dqg pruh uhfhqwo| ri ^Kr� <7/ Kr� <4`1 Wkhuh duh wkuhh pdlq gl�huhqfhv ehwzhhq wkhvh sulru prghov

dqg wkh rqh ghyhorshg khuh=

� zh frqvlghu wzr0glphqvlrqdo dv rssrvhg wr rqh0glphqvlrqdo pryhphqwv +zklfk ohdgv wr vrph qhz

uhvxowv suhvhqwhg lq wkh qh{w vhfwlrq,>

� zh kdyh frpelqhg d prgho ri vhqvru| hvwlpdwlrq zlwk wkh rswlpdo frqwuroohu/ zkloh sulru prghov

dvvxphg shuihfw vwdwh revhuydwlrqv>

� wkh v|vwhp qrlvh lq rxu prgho lv sursruwlrqdo wr dffhohudwlrq2irufh udwkhu wkdq yhorflw| 0 zklfk

vhhpv sk|vlrorjlfdoo| pruh uhdolvwlf/ dqg lv dovr vxssruwhg e| sv|fkrsk|vlfdo gdwd ^Vfkplgw hw do1 :<`1

Ehorz zh vkrz h{dpsohv ri wkh wzr fodvvhv ri vshhg2dffxudf| wudgh0r�v1 Ilj BB vkrzv krz hqgsrlqw

huuruv lqfuhdvh zlwk glvwdqfh +nhhslqj pryhphqw gxudwlrq frqvwdqw,/ frqvlvwhqw zlwk wkh revhuydwlrqv ri

^Jrugrq hw do1 <7` dqg uhodwhg wr Vfkplgw*v odz1 Wkh uhdvrq iru wklv h�hfw lv wkh v|vwhp qrlvh sursruwlrqdo

wr dffhohudwlrq 0 wr surgxfh d wzr wlphv odujhu pryhphqw zlwk wkh vdph gxudwlrq/ wkh prgho kdv wr xvh

wzr wlphv kljkhu dffhohudwlrq zklfk uhvxowv lq pruh qrlvh1

Wkh qh{w �jxuh 707 ghprqvwudwhv wkh edvlf skhqrphqrq xqghuo|lqj Ilwwv* odz= zkhq ghvluhg dffxudf|

lv lqfuhdvhg/ wkh ghffhohudwlrq skdvh ri wkh pryhphqw lqfuhdvhv +zklfk dffrxqwv iru lqfuhdvhg pryhphqw
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Iljxuh 707= Vlpxodwlrq= zkhq ghvluhg dffxudf| lv lqfuhdvhg +e| lqfuhdvlqj wkh zhljkw ri wkh vsdwldo
huuru,/ wkh vshhg sur�ohv ehfrph pruh vnhzhg1

gxudwlrq zkhq gxudwlrq lv qrw frqwuroohg, 0 ^PdfNhq}lh hw do1 ;:/ Ploqhu dqg Lmd} <3`1 Wklv rffxuv lq

wkh prgho iru wzr uhdvrqv= vorzlqj grzq dw wkh hqg ri wkh pryhphqw uhvxowv lq ohvv v|vwhp qrlvh +dv

wkh suhylrxv rswlpdo frqwuro prghov kdyh vkrzq,/ exw dovr doorzv wkh kdqg wr uhpdlq lq wkh uhjlrq ri

kljkhvw ylvxdo vhqvlwlylw| iru d orqjhu shulrg ri wlph1

Ilj 708 looxvwudwhv wkh rswlpdo hvwlpdwlrq surfhgxuh zklfk lv d sduw ri wkh prgho1 Wkh hvwlpdwlrq

surfhgxuh vwduwv zlwk d sulru suredelolw| +ghwhuplqhg e| wkh udqjh ri srvvleoh wdujhw orfdwlrqv 0 lq

wklv fdvh rqo| wzr,> wklv sulru uhpdlqv xqd�hfwhg iru � wlph vwhsv +zklfk lv wkh ghod| ri wkh vhqvru|

slsholqh,/ dqg wkhq ehjlqv wr vkliw wrzdugv wkh fruuhfw wdujhw1 Qrwh wkdw vxfk d vhqvru| prgho dffrxqwv

txlwh qdwxudoo| iru wkh revhuydwlrqv ri ^Khqlqj hw do1 ;;/ Jkh} hw do1 <:` zkr irxqg wkdw uhvsrqvhv irufhg

wr rffxu ehiruh wkh UW kdyh d glvwulexwlrq wkdw lv htxdo wr wkh sulru iru ohvv wkdq ;3 pv/ dqg judgxdoo|

vkliwv wrzdugv wkh fruuhfw wdujhw dqg ehfrphv pruh shdnhg41

e�� ��*|�T*i ��@�TL�?| |@t!t

e���� , Tih�4i?| e�2 � ,)i��@?_ ULLh_�?@|�L? �? T@tt�?} |�hL�}� 4�*|�T*i

|@h}i|t

Wkh remhfwlyh ri wklv h{shulphqw zdv wr ghvfuleh wkh sdwwhuqv ri h|h pryhphqwv wkdw dffrpsdq| kdqg

pryhphqwv wkurxjk pxowlsoh wdujhwv/ dqg wkh zd| wklv sdwwhuq lv d�hfwhg e| wdvn sdudphwhuv1 Zh zhuh

� ì U@??L| h�*i L�| |�i TLtt�M�*�|) � t�}}it|i_ M) |�i @�|�Lht � |�@| |�i igiU| �t _�i |L @ }h@_�@* tTiU��U@|�L? Lu |�i
4L|Lh hitTL?tic h@|�ih |�@? @ }h@_�@* �4ThL�i4i?| Lu |�i ti?tLh) it|�4@|i�
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Iljxuh 708= Vlpxodwlrq= D vfkhpdwlf ghvfulswlrq ri wkh vhqvru| surfhvvlqj prgho1 Lqsxwv duh jhqhudwhg
frqwlqxrxvo| zlwk d suredelolw| glvwulexwlrq ghwhuplqhg e| wkh wdujhw +Wrs,1 Wkh lqsxwv uhdfk wkh
hvwlpdwru zlwk d �{hg ghod|1 Zlwk wlph wkh rswlpdo hvwlpdwh vkliwv wrzdugv wkh fruuhfw ydoxh/ dqg lwv
yduldqfh ghfuhdvhv +Erwwrp,1
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dovr lqwhuhvwhg lq wkh h�hfwv ri gl�huhqw ihhgedfn frqglwlrqv dqg dffxudf| uhtxluhphqwv rq wkh nlqhpdwlfv

ri wkh kdqg wudmhfwru|1

Phwkrgv

Vhyhq vxemhfwv sduwlflsdwhg lq wklv h{shulphqw/ zklfk odvwhg derxw 53 plq1 Wkh| zhuh dvnhg wr pryh

d srlqwhu wkurxjk vhtxhqfhv ri frqvhfxwlyho| qxpehuhg wdujhwv/ zlwk d wlph olplw1 Hdfk wdujhw kdg d

udglxv/ dqg vxemhfwv zhuh lqiruphg wkdw wkh frpsxwhu zrxog vljqdo dq huuru li wkh| idlohg wr sdvv lqvlgh

wkdw udglxv1 Dw wkh ehjlqqlqj ri hdfk wuldo d vwduwlqj er{ dsshduhg dqg wkh vxemhfw kdg wr pryh lqvlgh

lw dqg vwrs1 Dw wkdw srlqw wkh vwduwlqj er{ glvdsshduhg dqg wkh vhtxhqfh ri wdujhwv dsshduhg1 Wkh

vxemhfw zdv iuhh wr pryh zkhq uhdg|1 Krzhyhu/ rqfh wkh pryhphqw vwduwhg +ghwhfwhg dxwrpdwlfdoo| dqg

vljqdoohg zlwk d ehhs, wkhuh zdv d wlph olplw zlwklq zklfk wkh pryhphqw kdg wr eh frpsohwhg1 Wklv zdv

hqirufhg e| vrxqglqj d vhfrqg ehhs 633 pv ehiruh wkh hqg ri wkh doorzhg shulrg/ dqg vljqdoolqj dq huuru

li wkh vxemhfw zdv vwloo prylqj1 Huuruv zhuh vljqdoohg e| furvvlqj rxw wkh plvvhg wdujhwv/ dqg vkrzlqj

dq duurz lq wkh odvw wdujhw li pryhphqw vshhg zdv deryh wkh dffhswdeoh wkuhvkrog dw wkh hqg ri wkh wuldo

shulrg1 Wkh huuru glvsod| uhpdlqhg rq wkh vfuhhq iru 4 vhf1 Wdujhw frq�jxudwlrqv zhuh suhvhqwhg lq

eorfnv ri 48/ zlwk d zduqlqj phvvdjh sulqwhg dw wkh ehjlqqlqj ri hdfk eorfn1 Zlwklq d eorfn wkh rqo|

fkdqjh iurp wuldo wr wuldo zdv d vpdoo udqgrp glvsodfhphqw ri wkh wdujhw vhw/ xqlirupo| vdpsohg dorqj

wkh [ dqg \ d{lv ehwzhhq 068 dqg 68 pp +wklv zdv grqh wr uhgxfh ryhuwudlqlqj,1 Dovr/ dw wkh ehjlqqlqj

ri hdfk wuldo wkh wdujhwv dsshduhg lq h{dfwo| wkh vdph srvlwlrq uhodwlyh wr wkh kdqg orfdwlrq/ l1h1 hyhq li

wkh vxemhfw pdgh d uhsrvlwlrqlqj huuru lw zdv holplqdwhg e| wkh surjudp1

Wkh gl�huhqw frqglwlrqv lqfoxghg 5 gl�huhqw wdujhw frq�jxudwlrqv/ suhvhqwhg zlwk dqg zlwkrxw ylvxdo

ihhgedfn derxw kdqg orfdwlrq +lq wkh qr ihhgedfn frqglwlrqv wkh OHG zdv wxuqhg r� zkhq wkh wdujhwv

dsshduhg/ dqg wxuqhg rq djdlq dw wkh hqg ri wkh pryhphqw,1 Zh dovr ydulhg wkh wdujhw vl}hv1 Wkh

ghidxow udglxv zdv ; pp/ zklfk lq vrph frqglwlrqv +dqg vrph wdujhwv, zdv uhgxfhg wr 7 pp1 Wkh

doorzhg gxudwlrq ri wkh pryhphqwv zdv 4533 pv1 Vxemhfwv jhqhudoo| frpsolhg zlwk wklv wlph olplw1

Uhvxowv

Wkh sdwwhuq ri h|h pryhphqwv xvhg e| doo vxemhfwv rq wkh odujh pdmrulw| ri wuldov +deryh <3(, zdv

wkh iroorzlqj= wkh h|hv �{dwhg rq d wdujhw wkdw wkh kdqg kdg qrw |hw uhdfkhg/ dqg zkhq wkh kdqg zdv

lq wkh ylflqlw| ri wkh wdujhw/ d vdffdgh zdv pdgh wr wkh iroorzlqj wdujhw1 Ehiruh wkh ehjlqqlqj ri wkh

kdqg pryhphqw prvw vxemhfwv pdgh vdffdghv ehwzhhq wkh wdujhwv1 Wzr ri wkh vxemhfwv dfwxdoo| whqghg

wr lqlwldwh wkh kdqg pryhphqw zkloh vwloo vfdqqlqj/ exw wkh h|hv uhwxuqhg wr wdujhw 4 ehiruh wkh kdqg

uhdfkhg lw/ dqg iurp wkdw srlqw rq wkh h|h pryhphqw sdwwhuq zdv wkh vdph dv ghvfulehg deryh1 Wkxv wkh

lpsruwdqw yduldeoh wr dqdo|}h lv wkh wlplqj ri wkh h|h pryhphqwv/ uhodwlyh wr wkh wlph zkhq wkh kdqg

sdvvhv wkh fxuuhqw �{dwlrq wdujhw +gh�qhg dv wkh srlqw ri qhduhvw dssurdfk, ru wkh wlph hodsvhg iurp

wkh ehjlqqlqj ri wkh pryhphqw1 Lq wklv dqdo|vlv wkh h|h pryhphqw wlph lv gh�qhg dv wkh wlph ri shdn

h|h yhorflw| +vlqfh lw fdq eh hvwlpdwhg pruh uholdeo|/ dqg lv dovr wkh sdudphwhu xvhg lq wkh prgho,1 Wkh

rqvhw ri wkh h|h pryhphqw lv rq wkh dyhudjh 58 pv hduolhu1

Zh revhuyhg wkdw lq wkh suhvhqfh ri ylvxdo ihhgedfn derxw kdqg srvlwlrq/ �{dwlrq zdv pdlqwdlqhg

rq wkh dyhudjh 433 pv diwhu wkh kdqg sdvvhg wkh fxuuhqw �{dwlrq wdujhw1 D klvwrjudp ri wklv h|h0kdqg

ghod| iru 5333 vdffdghv iurp doo vxemhfwv dqg wdujhw frq�jxudwlrqv lv vkrzq lq Ilj 709 0 Wrs1 Wklv ghod|

zrxog eh xqqhfhvvdu| li wkh uroh ri ylvlrq lq wklv wdvn zdv wr fruuhfw ghyldwlrqv ehwzhhq wkh kdqg dw wkh

wdujhw wkdw lv fxuuhqwo| ehlqj dssurdfkhg1

Wklv ghod| zdv qrw �{hg/ exw lqvwhdg zdv hdvlo| prgl�deoh e| dowhulqj wkh wdvn 0 vhh Ilj 709 Erwwrp1

Wkh odujhvw h�hfw zdv revhuyhg zkhq zh uhpryhg ihhgedfn derxw kdqg srvlwlrq gxulqj wkh pryhphqw
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Iljxuh 709= Klvwrjudpv ri wlph ri shdn h|h yhorflw| uhodwlyh wr wdujhw sdvvdjh wlph1 Gdvkhg olqh pdunv
3/ vrolg olqh lv wkh phgldq ydoxh1 Vdffdgh rqvhw rffxuv durxqg 58pv hduolhu1 Wrs= vdffdghv zlwk ylvxdo
ihhedfn ri kdqg orfdwlrq1 Erwwrp= ylvxdo ihhgedfn uhpryhg1
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Iljxuh 70:= Vlpxodwlrq= Iru d pryhphqw zlwk d vlqjoh lqwhuphgldwh wdujhw dqg �{hg sdvvdjh wlph/ zh
ydulhg wkh h|h pryhphqw wlph dqg frpsxwhg wkh h{shfwhg frvw iru wkh uhvxowlqj rswlpdo frqwuro odz1
Zkhq ylvlrq lv uhpryhg +e| juhdwo| lqfuhdvlqj ylvxdo qrlvh lq wkh prgho,/ wkh rwlpdo h|h pryhphqw wlph
pryhv forvhu wr wkh sdvvdjh wlph1

+wkh wdujhwv zhuh dozd|v glvsod|hg,1 Lq wklv fdvh wkh h|h0kdqg ghod| zdv uhgxfhg e| derxw :3 pv/

l1h1 li zh frpsxwhg wkh vdffdgh rqvhw wlph lqvwhdg ri wkh wlph ri shdn h|h yhorflw|/ wkdw ghod| zrxog

eh lqglvwlqjxlvkdeoh iurp }hur1 Zh revhuyhg rwkhu v|vwhpdwlf gl�huhqfhv lq h|h0kdqg ghod| 0 ehwzhhq

gl�huhqw wdujhwv dorqj d pryhphqw/ ru dw wkh vdph wdujhw dv vrph ri wkh uhpdlqlqj wdujhwv fkdqjhg1

Wkhvh gl�huhqfhv zhuh vpdoohu +rq wkh rughu ri 63 pv, exw vljql�fdqw1 Lw lv suhvhqwo| qrw fohdu krz wr

ghvfuleh vxfk h�hfwv +rwkhu wkdq suhvhqwlqj wkh vshfl�f wdujhw frq�jxudwlrqv zkhuh wkh| rffxu, vr zh

zloo qrw glvfxvv wkhp dq| ixuwkhu1 Krzhyhu/ wkhlu h{lvwhqfh vxjjhvwv wkdw h|h0kdqg ghod| lv dq lpsruwdqw

yduldeoh wkdw lv wljkwo| frqwuroohg/ dqg vwxg|lqj lw lq pruh ghwdlo pd| ohdg wr rwkhu lqwhuhvwlqj �qglqjv1

Wkh vdph h�hfw +holplqdwlqj wkh h|h0kdqg ghod| lq wkh devhqfh ri ylvxdo ihhgedfn, zdv revhuyhg lq

wkh vlpxodwlrqv 0 Ilj 70:1 Lq wkh prgho lw lv dgydqwdjhrxv wr pdlqwdlq �{dwlrq dw wkh fxuuhqw wdujhw

diwhu wkh kdqg sdvvhv wkurxjk lw/ ehfdxvh wklv lv wkh rqo| wlph zkhq wkh kdqg lv forvh wr wkh fhqwhu ri

�{dwlrq dqg wkxv lwv srvlwlrq2yhorflw| fdq eh hvwlpdwhg pruh dffxudwho|1 Uhprylqj ylvxdo ihhgedfn ri

kdqg orfdwlrq holplqdwhv wkdw dgydqwdjh/ dqg wkh rswlpdo h|h pryhphqw wlph pryhv forvhu wr wkh sdvvdjh

wlph +lq idfw/ lq wklv prgho wkhuh lv qr uhdvrq wr pdnh wkh h|h pryhphqw diwhu wkh sdvvdjh wlph zlwkrxw

ylvxdo ihhgedfn,1 Dovr/ wkh plqlpxp lq wkh frvw ixqfwlrq lq wkh suhvhqfh ri ylvxdo ihhgedfn lv pxfk

pruh surqrxqfhg +qrw ylvleoh rq wkh judsk vlqfh zh kdyh vkliwhg dqg uhvfdohg wkh fxuyhv wr idflolwdwh

frpsdulvrq,1 Wklv pd| h{sodlq zk| wkh h|h pryhphqw klvwrjudp zlwk ylvxdo ihhgedfn +Ilj 709, vkrzv

vljql�fdqwo| ohvv vsuhdg1

Zh dovr dvnhg zkhwkhu lw lv pruh dssursuldwh wr dqdo|}h h|h pryhphqw wlphv uhodwlyh wr wkh kdqg

sdvvdjh wlph/ ru wkh ehjlqqlqj ri wkh pryhphqw +zklfk zrxog eh suhihuuhg li zh eholhyhg wkdw h|h

pryhphqw wlphv duh surjudpphg ehiruh kdqg pryhphqw rqvhw,1 Wr wklv hqg zh frpsxwhg wkh zlwklq

vxemhfw yduldelolw| ri devroxwh vdffdgh wlphv/ devroxwh sdvvdjh wlphv/ dqg vdffdgh wlphv uhodwlyh wr wkh
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Iljxuh 70;= Yduldelolw| ri devroxwh vdffdgh dqg sdvvdjh wlphv/ dqg uhodwlyh vdffdgh wlphv iru gl�huhqw
yld srlqwv dqg ihhgedfn frqglwlrqv1

fruuhvsrqglqj sdvvdjh wlphv1 Wklv frpsxwdwlrq zdv shuiruphg lq eorfnv ri 48 lghqwlfdo wuldov iru vlqjoh

vxemhfwv/ dqg wkh uhvxowv zhuh dyhudjhg ryhu vxemhfwv1 Dv Ilj 70; vkrzv uhodwlyh h|h0kdqg ghod| zdv

vljql�fdqwo| ohvv yduldeoh wkdq vdffdgh ru sdvvdjh wlphv phdvxuhg iurp pryhphqw rqvhw1 Dovr/ lw zdv

derxw wkh vdph iru wkh �uvw dqg vhfrqg lqwhuphgldwh srlqwv/ zkloh wkh yduldelolw| ri devroxwh wlphv

lqfuhdvhg vxevwdqwldoo| iru wkh vhfrqg lqwhuphgldwh srlqw1 Wklv h{foxghv wkh srvvlelolw| wkdw sdvvdjh

wlphv dqg vdffdgh wlphv duh suhsurjudpphg ehiruh pryhphqw rqvhw 0 li wkdw zhuh wkh fdvh dqg zh

vxewudfwhg wkh wzr/ zh zrxog h{shfw wkh yduldelolw| ri wkhlu gl�huhqfh +l1h1 h|h0kdqg ghod|, wr eh eljjhu

wkdq wkh yduldelolw| lq dq| ri wkh devroxwh wlphv1 Wkxv wkh h|h dqg kdqg pryhphqwv duh v|qfkurql}hg

rqolqh1 Krzhyhu/ wklv lv qrw grqh +hqwluho|, wkurxjk ylvxdo ihhgedfn 0 qrwh wkdw lq wkh devhqfh ri ylvxdo

ihhgedfn derxw kdqg orfdwlrq wkh uhvxow lv wkh vdph/ dqg lq idfw h|h0kdqg yduldelolw| hyhq ghfuhdvhv

dw wkh �uvw lqwhuphgldwh srlqw1 Wkhuhiruh wkh h|h pryhphqw lv v|qfkurql}hg rqolqh zlwk wkh hvwlpdwhg

orfdwlrq ri wkh kdqg +wkdw hvwlpdwh fdq eh rewdlqhg wkurxjk sursulrfhswlrq/ ru lqwhjudwlrq ri prwru

frppdqgv/ ru prvw olnho| erwk,1

Qh{w zh wxuq wr wkh dqdo|vlv ri kdqg nlqhpdwlfv1 Ilj 70< vkrzv wkh kdqg sdwkv iru doo vxemhfwv

lq wkh edvholqh frqglwlrqv +doo wdujhw vl}hv htxdo wr ; pp udglxv,1 Prvw ri wkhvh phgldq wudmhfwrulhv

ryhuods dqg wxuq dw wkh yld srlqwv/ exw wkhuh duh d frxsoh ri h{fhswlrqv zkhuh wkh sdwkv wxuq hlwkhu

ehiruh ru diwhu wkh yld srlqw1 Wkh erwwrp sduw ri wkh �jxuh vkrzv wkh h�hfwv ri lqfuhdvhg dffxudf| 0 wkh

vhjphqwv ri wkh pryhphqw ehfrph vwudljkwhu/ dqg wkh fxuydwxuh dw wkh yld srlqw lqfuhdvhv1 Wklv h�hfw

ri lqfuhdvhg dffxudf| kdv qrw ehhq grfxphqwhg ehiruh vlqfh suhylrxv vwxglhv kdyh irfxvhg rq vlqjoh

uhdfklqj pryhphqwv ^PdfNhq}lh hw do1 ;:/ Ploqhu dqg Lmd} <3`1

Fkdqjhv lq dffxudf| dovr kdyh d vljql�fdqw h�hfw rq wkh vshhg sur�ohv1 Ilj 7043 vkrzv wkdw wkhuh lv

d vljql�fdqw ghfuhdvh lq +qrupdol}hg, vshhg zkhq vxemhfwv duh prylqj wrzdugv d srlqw zlwk d vpdoohu
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Configuration 1 All Configuration 2 All

Accuracy T1 Accuracy at T1, T2

Iljxuh 70<= Phgldq kdqg sdwkv iru doo vxemhfwv +wrs, dqg dyhudjh +ryhu doo vxemhfwv, sdwkv iru edvholqh
dqg lqfuhdvhg dffxudf| frqglwlrqv1

udglxv1 Wklv fruuhvsrqgv forvho| wr wkh �qglqj iurp wkh olwhudwxuh rq vshhg0dffxudf| wudgh0r�v wkdw

vshhg sur�ohv ehfrph pruh vnhzhg zkhq dffxudf| lqfuhdvhv ^Ph|hu hw do1 ;5/ Ploqhu dqg Lmd} <3`1 Lq

rxu fdvh pryhphqw gxudwlrq lv vshfl�hg/ vr zh revhuyh d uhglvwulexwlrq ri vshhg1

Vlplodu h�hfwv duh revhuyhg lq wkh prgho zkhq zh ydu| wkh uhodwlyh zhljkwv ri wkh mhun frvw dqg wkh

vsdwldo dffxudf| frvw1 Lqfuhdvlqj uhtxluhg dffxudf| +htxlydohqw wr ghfuhdvlqj mhun frvw, uhvxowv lq ohvv

vprrwk wudmhfwrulhv/ hvvhqwldoo| frqqhfwlqj wkh wdujhwv zlwk vwudljkw olqhv 0 Ilj 70441 Lw lv lqwhuhvwlqj wkdw

wkh pdlq vrxufh ri ehwzhhq vxemhfw yduldelolw| lq wkh h{shulphqwdo gdwd lv dovr wkh dprxqw ri fxuydwxuh

dw wkh wdujhwv1 Wkxv lw lv srvvleoh wkdw gl�huhqw vxemhfwv lqwhusuhw gl�huhqwo| wkh dffxudf| uhtxluhphqwv

ri wkh wdvn +wkh lqvwuxfwlrqv zhuh wr sdvv wkurxjk wkh fhqwhuv ri wkh wdujhwv li srvvleoh/ dqg dyrlg plvvlqj

wkh wdujhwv dowrjhwkhu,1

Wkh uhpdlqlqj sduw ri wklv dqdo|vlv irfxvhv rq wkh zlwklq vxemhfw wuldo0wr0wuldo kdqg wudmhfwru| ydul0

delolw| ryhu d eorfn ri 48 lghqwlfdo wuldov/ zkhuh pryhphqw wlph kdv ehhq qrupdol}hg1 Ilj 7046 frqyh|v

vhyhudo lqwhuhvwlqj �qglqjv1 Wkh srvlwlrqdo yduldqfh +Wrs, lv horqjdwhg dorqj wkh pryhphqw gluhfwlrq

ehwzhhq wdujhwv/ exw vkulqnv wr doprvw d flufoh zkhq sdvvlqj wkurxjk wkh wdujhw1 Wkh duhd ri wkh srvlwlrq

yduldqfh hoolsvh +Plggoh, fruuhodwhv zlwk pryhphqw vshhg1 Dovr/ wkh yduldelolw| ri lqvwdqwdqhrxv vshhg

fruuhodwhv zlwk wkh devroxwh ydoxh ri dffhohudwlrq +Erwwrp,1

Wklv yduldelolw| sdwwhuq lv qrw �{hg/ exw fkdqjhv zlwk wkh dffxudf| frqvwudlqwv dqg ylvxdo ihhgedfn

frqglwlrqv 0 Ilj 70451 Wkh h�hfw ri uhprylqj ylvxdo ihhgedfn lv wr lqfuhdvh +e| d idfwru ri 5, wkh edvholqh

yduldelolw| zlwk ylvxdo ihhgedfn1 Pruh lqwhuhvwlqj lv wkh h�hfw ri lqfuhdvhg dffxudf| uhtxluhphqwv1 Zkdw

zh vhh lv edvlfdoo| wkdw vxemhfwv duh fdsdeoh ri wudglqj0r� yduldelolw|= zkhq wkh yduldelolw| dw wkh vshfl�hg

yld srlqw ghfuhdvhv/ wkh yduldelolw| dw wkh rwkhu yld srlqw lqfuhdvhv1 Qrwh wkdw wkh wudgh0r� prvw olnho|

uhvxowv iurp wkh olplw rq pryhphqw gxudwlrq= li vxemhfwv zhuh doorzhg wr lqfuhdvh pryhphqw gxudwlrq iru

wdujhw frq�jxudwlrqv zlwk lqfuhdvhg dffxudf| uhtxluhphqwv/ suhvxpdeo| wkh| zrxog +dv lq Ilwwv* odz,1
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Iljxuh 7044= Vlpxodwlrq= Lqfuhdvlqj wkh uhodwlyh zhljkw ri wkh mhun frvw uhvxowv lq vprrwkhu wudmhfwrulhv1
Li mhun lv holplqdwhg frpsohwho| iurp wkh prgho/ wkh wudmhfwrulhv ehfrph vwudljkw dqg yhorflw| dssurdfkhv
}hur dw wkh lqwhuphgldwh wdujhwv1
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Iljxuh 7045= Srvlwlrqdo yduldqfh lqfuhdvhv lq wkh devhqvh ri ylvxdo ihhgedfn/ dqg ghfuhdvhv zlwk ghvluhg
dffxudf|1

e�e �L�i4i?| ti}4i?|@|�L?

Khuh zh h{dplqh lq pruh ghwdlo wkh rswlpdo frqwuro odz frpsxwhg e| wkh prgho/ dqg krz lw fdq jlyh

ulvh wr revhuydwlrqv wkdw vhhp wr vxjjhvw pryhphqw vhjphqwdwlrq1

Lq Ilj 7047 zh kdyh sorwwhg vrph ri wkh frh�flhqwv ri wkh pdwulfhv O gh�qlqj wkh rswlpdo frqwuro

odz ryhu wlph +zh kdyh fkrvhq d olqhdu duudqjhphqw ri wdujhwv wr vlpsoli| wkh sorw,1 Wkh rswlpdo

frqwuro odz lv vprrwko| lqwhusrodwlqj ehwzhhq wkh plqlpxp mhun sulqflsoh +erwwrp sorw 0 li wkh judsk

uhdfkhv 4 wkdw fruuhvsrqgv wr vhwwlqj mhun wr }hur, dqg sursruwlrqdo frqwuro +wrs sorw 0 wkh v|pphwu|

fruuhvsrqgv wr sxvklqj wkh kdqg wrzdugv wkh hvwlpdwhg wdujhw srvlwlrq,1 Qrwh wkdw lpphgldwho| ehiruh

wkh kdqg uhdfkhv d wdujhw wkh dffxudf| frqvwudlqw wdnhv suhfhghqfh dqg wkh prgho xvhv suhgrplqdqwo|

srvlwlrqdo frqwuro/ zkloh dw wkh ehjlqqlqj ri hdfk %vhjphqw% zkhq fruuhfwlrqv duh qrw wkdw lpsruwdqw lw

lv dgydqwdjhrxv wr rshudwh forvhu wr wkh plqlpxp mhun sulqflsoh1 Dowkrxjk lw dsshduv wkdw wkh frqwuro

odz lv d frqfdwhqdwlrq ri yhu| vlplodu slhfhv +fruuhvsrqglqj wr hdfk sdlu ri frqvhfxwlyh wdujhwv,/ uhfdoo

wkdw lw lv ehlqj frpsxwhg dv d vroxwlrq wr wkh rswlpdo frqwuro sureohp +61:, wkdw pdnhv qr h{solflw

uhihuhqfh wr pryhphqw vhjphqwdwlrq1 Wkh dssduhqw vhjphqwdwlrq dulvhv rqo| ehfdxvh ri wkh sduwlfxodu

irup ri wkh frvw ixqfwlrq +wkh T pdwulfhv hqfrgh wkh h{lvwhqfh ri pxowlsoh wdujhwv,1 H{dfwo| wkh vdph

frpsxwdwlrqdo phfkdqlvp krzhyhu zrxog surgxfh frqwuro odzv zlwkrxw dq| klqw ri vhjphqwdwlrq li wkh

frvw ixqfwlrq lv gl�huhqw +h1j1 wudflqj d frqwlqxrxv fxuyh/ ru uhdfklqj iru d vlqjoh wdujhw,1

Lw kdv ehhq nqrzq iru d zkloh ^Zrrgzruwk 4;<<` wkdw uhdfklqj wr vpdoo wdujhwv uhvxowv lq d surorqjhg

ghffhohudwlrq skdvh ri wkh pryhphqw1 Pruh fduhixo nlqhpdwlf dqdo|vlv kdv uhyhdohg wkdw rq vrph +exw

qrw doo, wuldov wkh vshhg sur�ohv h{klelw pxowlsoh shdnv wrzdugv wkh hqg ri wkh uhdfklqj pryhphqw

^Ploqhu dqg Lmd} <3`/ zklfk kdv ehhq lqwhusuhwhg dv hylghqfh wkdw hqgsrlqw ylvxdoo|0jxlghg fruuhfwlrqv

frqvlvw ri glvfuhwh vwhuhrw|slfdo pryhphqwv +zlwk d vwudljkw sdwk dqg d v|pphwulf ehoo0vkdshg vshhg

sur�oh, vxshulpsrvhg rq hdfk rwkhu1 Wklv lqwhusuhwdwlrq ohdyhv vrph rshq txhvwlrqv= d, pxowlsoh shdnv
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Iljxuh 7046= Srvlwlrqdo yduldqfh shu vsdwldo orfdwlrq +Wrs,/ Srvlwlrqdo yduldqfh +duhd ri wkh fruuhvsrqglqj
hoolsvh, ryhu wlph 0 frpsduhg wr wkh +duelwudulo| vfdohg, vshhg sur�oh +Plggoh,/ Vshhg yduldqfh frpsduhg
wr vfdohg devroxwh dffhohudwlrq +Erwwrp,1
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Iljxuh 7047= Vlpxodwlrq= Frh�flhqwv ri wkh rswlpdo frqwuro odz ryhu wlph1 Yhuwlfdo olqhv fruuhvsrqg wr
wdujhw sdvvdjh wlphv1 Gdvkhg olqhv lq wkh wrs sorw uhsuhvhqw wkh frh�flhqwv pxowlso|lqj wdujhw orfdwlrq/
vrolg olqh 0 hvwlpdwhg kdqg orfdwlrq1 Wkh whpsrudo hyroxwlrq ri wkh gdpslqj whupv +qrw vkrzq, lv vlplodu
wr wkdw ri wkh srvlwlrqdo frqwuro whupv1

lq wkh vshhg sur�oh dovr rffxu lq wkh devhqfh ri ylvxdo ihhgedfn ^Mhdqqhurg ;;`/ e, rq pdq| wuldov wkh

ghffhohudwlrq skdvh kdv d udwkhu vprrwk dqg frqwlqxrxv vshhg sur�oh dqg dowkrxjk lw fdq eh �w zlwk

d vhw ri edvlv ixqfwlrqv/ lw lv d pdwwhu ri vshfxodwlrq zkhwkhu wkdw �w uh�hfwv wkh xqghuo|lqj vwuxfwxuh

ri wkh pryhphqw1 Vwloo/ wkh h{lvwhqfh ri d yduldeoh qxpehu ri vhfrqgdu| shdnv lq wkh vshhg sur�oh lv d

vhulrxv sureohp iru h{lvwlqj rswlpdo frqwuro prghov ri Ilwwv* odz/ zklfk hlwkhu suhglfw d �{hg qxpehu ri

shdnv ^Ph|hu hw do1 ;5` ru d frqwlqxrxv vnhzlqj ri wkh vshhg sur�oh ^Kr� <4`1

Rxu prgho lv prvw vlplodu wr wkh frqwlqxrxv0wlph prgho ri ^Kr� <4`/ krzhyhu lw dyrlgv wkh deryh

sureohp ehfdxvh khuh pryhphqwv duh wzr0glphqvlrqdo1 Lq Ilj 7048 zh kdyh sorwwhg wkh h{shfwhg vshhg

sur�oh fruuhvsrqglqj wr wkh rswlpdo frqwuro odz iru d uhdfklqj pryhphqw zlwk kljk dffxudf| uhtxluhphqwv

+uhodwlyh wr wkh mhun frvw,1 Wkh h{shfwhg vshhg sur�oh lv vnhzhg dqg wkh h{shfwhg sdwk shuihfwo| vwudljkw

+qrw vkrzq,/ dv lq wkh prgho ri ^Kr� <4`1 Krzhyhu/ wkh vlpxodwhg wudmhfwrulhv duh qrw shuihfwo| vwudljkw

+gxh wr wkh qrlvh whupv lq wkh prgho,/ lqvwhdg wkh| duh pruh fxuyhg wrzdugv wkh hqg ri wkh pryhphqw

dqg iuhtxhqwo| h{klelw pxowlsoh shdnv lq wkh vshhg sur�oh1 Lq wkh prgho wklv skhqrphqrq grhv qrw

dulvh iurp frqfdwhqdwlrq ri glvfuhwh suhgh�qhg pryhphqw whpsodwhv/ exw lv d frqvhtxhqfhv ri wkh kljk

srvlwlrqdo huuru jdlq dw wkh hqg ri wkh pryhphqw1 Vlplodu ehkdylru kdv uhfhqwo| ehhq revhuyhg lq d

wzr0glphqvlrqdo SG frqwuro prgho zlwk pruh uhdolvwlf dup g|qdplfv ^Ekxvkdq dqg Vkdgphku <;`1

Pryhphqw vhjphqwdwlrq pd| dovr eh lqihuuhg iurp wkh iroorzlqj dqdo|vlv= frpsxwh wkh sdluzlvh

fruuhodwlrqv ehwzhhq ihdwxuhv ri wkh wudmhfwru| dw gl�huhqw srlqwv lq wlph/ dqg orrn iru wlph lqwhuydov

zlwklq zklfk wkh srlqwv dorqj wkh wudmhfwru| duh vwurqjo| fruuhodwhg zlwk hdfk rwkhu dqg wkh fruuhodwlrq

gursv vljql�fdqwo| dw wkh erxqgdu| ri wkh whpsrudo lqwhuydo1 Zh kdyh irxqg vxfk hylghqfh lq d qxpehu ri

h{shulphqwv1 Zh frpsxwhg wkh sdluzlvh fruuhodwlrqv ehwzhhq kdqg srvlwlrqv lq gl�huhqw srlqwv lq wlph

+dyhudjh ri u5
{
dqg u5

|
/ wkuhvkroghg dw 318,/ diwhu wkh gxudwlrq ri wkh wudmhfwrulhv zdv qrupdol}hg1 Wkh

eorfn0gldjrqdo vwuxfwxuh ri wkh fruuhodwlrq pdwul{ lq Ilj 7049 fdq eh vhhq dv hylghqfh iru vhjphqwdwlrq=
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Iljxuh 7048= Vlpxowlrq +uhdflqj pryhphqw wr d vlqjoh wdujhw,= Wklfn olqh 0 vshhg sur�oh ri h{shfwhg
wudmhfwru|1 Wklq olqhv 0 vlqjoh wuldo vshhg sur�ohv/ d�hfwhg e| qrlvh1

srlqwv lq wkh vdph vhjphqw duh fruuhodwhg zlwk hdfk rwkhu/ exw qrw zlwk srlqwv lq rwkhu vhjphqwv1 Lw lv

lqwhuhvwlqj wkdw zh kdyh rewdlqhg d yhu| vlplodu fruuhodwlrq pdwul{ e| dqdo|}lqj wkh 6G kdqg sdwkv ri

vxemhfwv klwwlqj d wdeoh whqqlv edoo +wkh h{shulphqw lv ghvfulehg Fkdswhu 8,1 Wkh uhvxowlqj pdwul{ 0 Ilj

704: 0 kdv d yhu| vlplodu vwuxfwxuh/ dowkrxjk lq wklv h{shulphqw wkhuh zhuh qr h{solflw vsdwldo wdujhwv1 Wkh

dssduhqw vhjphqwdwlrq srlqwv fruuhvsrqg wr d, wkh wudqvlwlrq ehwzhhq wkh suhsdudwru| skdvh dqg wkh

idvw iruzdug vzlqj ri wkh sdggoh/ dqg e, wkh srlqw ri lpsdfw zlwk wkh edoo1 Wkxv wkh vhfrqg vhjphqwdwlrq

srlqw lv lq wkh plggoh ri d uhodwlyho| vwudljkw pryhphqwv zlwk d ehoo0vkdshg vshhg sur�oh1

Zkloh wkhvh �qglqjv +hvshfldoo| lq wkh fdvh ri wdeoh whqqlv, fdq eh lqwhusuhwhg dv udwkhu vwurqj hylghqfh

iru pryhphqw vhjphqwdwlrq/ wkh vdph skhqrphqrq rffxuv lq wkh prgho zklfk grhv qrw h{solflwo| vhjphqw

wkh pryhphqw 0 Ilj 704;1 Lq jhqhudo/ ihhgedfn uhjxodwlrq kdv d ghfruuhodwlqj h�hfw= li wkh frqwuroohu zdv

dwwhpswlqj wr pdlqwdlq d fhuwdlq srvwxuh/ ru rwkhuzlvh kdg d %jrdo% gh�qhg dw hdfk srlqw lq wlph zh

zrxog h{shfw wr vhh dq doprvw gldjrqdo fruuhodwlrq pdwul{1 Lq rxu fdvh krzhyhu srvlwlrqdo frqvwudlqwv

duh rqo| gh�qhg dw wkh sdvvdjh wlphv1 Zkloh zh fdq frpsxwh dq h{shfwhg wudmhfwru| iurp wkh frqwuro

odz/ lw lv qrw d %ghvluhg% wudmhfwru|/ l1h1 wkh frqwuroohu grhv qrw suhihu wkdw sduwlfxodu wudmhfwru| ryhu

rwkhu wudmhfwrulhv wkdw kdyh vlplodu frvwv1 Dv d uhvxow/ lw rqo| pdnhv fruuhfwlrqv zkhq uhtxluhg e| wkh

jrdo frqvwudlqwv +l1h1 qhdu wkh wdujhwv 0 dv vhhq lq Ilj 7047, vr qrlvh h�hfwv duh doorzhg wr dffxpxodwh

lqvlgh hdfk vhjphqw/ uhvxowlqj lq eorfn0gldjrqdo fruuhodwlrq pdwulfhv1 Djdlq/ wklv lv dq h{dpsoh zkhuh

d vhhplqjo| vhjphqwhg pryhphqw lv jhqhudwhg e| d frpsxwdwlrqdo phfkdqlvp wkdw kdv qr h{solflw

vhjphqwdwlrq exlow lqwr lw/ exw lv wu|lqj wr dffrpsolvk d wdvn zklfk glfwdwhv d vhjphqwhg irup ri frqwuro1

9<



Iljxuh 7049= Fruuhodwlrq pdwul{/ vkrzlqj krz suhglfwdeoh wkh kdqg orfdwlrq dw rqh srlqw lq wlph lv jlyhq
wkh orfdwlrq dw dqrwkhu srlqw lq wlph1 Wkh vrolg olqhv pdun wkh sdvdjh wlphv wkurxjk wkh wdujhwv1

Iljxuh 704:= Fruuhodwlrq pdwul{ ri kdqg srvlwlrq lq d wdeoh whqqlv vwurnh1
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Iljxuh 704;= Vlpxodwlrq= fruuhodwlrq pdwul{ ri kdqg srvlwlrq lq wkh prgho iru d vlqjoh yld0srlqw +sdvvdjh
wlph pdnhu zlwk vrolg olqhv,1

e�D V�t�@* Tih|�hM@|�L?t

Wkh h{shulphqwv lq wklv vhfwlrq h{soruh wkh h�hfwv ri ylvxdo shuwxuedwlrqv gxulqj wkh pryhphqw1 Lq wkh

�uvw wzr h{shulphqwv zh glvsodfhg rqh ri wkh wdujhwv/ zkloh lq wkh wklug rqh zh lqwurgxfhg d sulvp vkliw

+l1h1 glvsodfhg wkh kdqg orfdwlrq, lq d olplwhg uhjlrq ri wkh zrunvsdfh1 Erwk shuwxuedwlrqv uhvxow lq

udslg/ dssursuldwh frpshqvdwlrqv/ hyhq wkrxjk vxemhfwv duh xqdzduh ri wkh h{lvwhqfh ri wkh shuwxued0

wlrqv1 Ri sduwlfxodu lqwhuhvw lv wkh �qglqj wkdw vxemhfwv fruuhfwhg iru ixwxuh %huuruv% wkdw frxog rqo| eh

lqihuuhg iurp wkh ylvxdo glvsod|/ vxjjhvwlqj wkdw wkh prwru v|vwhp lv dfwlyho| prqlwrulqj wkh vwdwh ri

wkh hqylurqphqw dqg pdnlqj dssursuldwh dgmxvwphqwv rqolqh/ dv rssrvhg wr iroorzlqj d suhghwhuplqhg

pryhphqw sodq1

e�D�� , Tih�4i?| e�� � 5@UU@_i�|h�}}ihi_ |@h}i| _�tT*@Ui4i?|t

Phwkrgv

Vl{ vxemhfwv zhuh dvnhg wr pryh wkurxjk d vhtxhqfh ri 7 wdujhwv +soxv d vwduwlqj srvlwlrq/ qxpehuhg 4,

0 vhh Ilj 704<1 H|h pryhphqwv zhuh prqlwruhg/ dqg wdujhwv zhuh glvsodfhg durxqg wkh wlph ri shdn h|h

yhorflw| wr dyrlg wkh srvvlelolw| ri vxemhfwv ehlqj dzduh ri wkh shuwxuedwlrqv1 Uhfdoo wkdw h|h pryhphqwv

rffxu urxjko| zkhq wkh kdqg sdvvhv wkh �{dwlrq wdujhw1 Hdfk glvsodfhphqw zdv 5 fp hlwkhu xs ru grzq

+fkrvhq udqgrpo|,1 Wuldov iurp wkh wkuhh frqglwlrqv vkrzq lq wkh �jxuh zhuh pl{hg udqgrpo|> rq 83( ri

wkh wuldov qr shuwxuedwlrq zdv lqwurgxfhg1 Vxemhfwv zhuh dvnhg wr sdvv wkurxjk wkh wdujhwv lq vhtxhqfh

dqg vwrs dw wkh �qdo wdujhw1 Kdqg orfdwlrq zdv dozd|v glvsod|hg wkurxjk d frpsxwhu0jhqhudwhg fxuvru1

Lq wklv dqg doo uhpdlqlqj h{shulphqwv zh glg qrw glvsod| vsdwldo huuru lqirupdwlrq> pryhphqw gxudwlrq

:4



zdv hqirufhg e| sulqwlqj d zduqlqj phvvdjh zkhqhyhu wkh wuldo gxudwlrq h{fhhghg wkh doorfdwhg wlph

+4733 pv,1 Dv ehiruh/ vxemhfwv zhuh iuhh wr vwduw wkh pryhphqw zkhq uhdg|/ dqg pryhphqw rqvhw zdv

ghwhfwhg dxwrpdwlfdoo|1

Uhvxowv

Zh vkrz wkh h�hfwv ri wdujhw glvsodfhphqwv rq wkh dyhudjh pryhphqw sdwk lq hdfk frqglwlrq/ iru glv0

sodfhphqw dw dq lqwhuphgldwh wdujhw 0 Ilj 7053 dqg wkh �qdo wdujhw 0 Ilj 70541 Wkh prvw lpsruwdqw uhvxow

lv wkh vljql�fdqw gl�huhqfh ehwzhhq xs0 dqg grzq0 shuwxuehg wuldov lq frqglwlrq 4 +Wrs,1 Lq wklv fdvh

wdujhw 7 +lq Ilj 7053, uhpdlqhg glvsodfhg zkloh wkh kdqg zdv wudyhuvlqj wkh vhjphqw ehwzhhq wdujhwv 5

dqg 6/ dqg wkh h|hv zhuh �{dwhg rq wdujhw 61 Li lw zhuh wkh fdvh wkdw d pryhphqw sodq zdv dydlodeoh

dqg wkh v|vwhp zdv rqo| prqlwrulqj ghyldwlrqv dzd| iurp wkdw sodq/ wkhuh lv qr uhdvrq zk| wudqvlhqw

xqghwhfwhg glvsodfhphqwv ri wdujhwv wkdw wkh kdqg kdv qrw |hw uhdfkhg vkrxog d�hfw wkh pryhphqw/ dqg

|hw wkh| gr1 Wkh h�hfw lv fohduo| frqvlvwhqw zlwk d prgho wkdw frqwlqxrxvo| vdpsohv wkh ylvxdo lqsxw/

irupv qhz hvwlpdwhv ri wdujhw orfdwlrqv/ dqg dgmxvwv wkh kdqg pryhphqw dffruglqjo|1 Wkh uhvxowv iurp

wkh rwkhu wzr frqglwlrqv fruuhvsrqg wr zkdw rqh pljkw h{shfw/ l1h1 li wkh shuwxuedwlrq lv lqwurgxfhg

hduolhu wkh fruuhfwlrq lv odujhu +Plggoh,/ exw wkhuh lv dovr d vxevwdqwldo fruuhfwlrq zkhq wkh shuwxuedwlrq

lv lqwurgxfhg diwhu wkh kdqg ehjlqv wkh pryhphqw wr wkdw wdujhw +Erwwrp,1 Wklv pdnhv wkh uhvxow iurp

frqglwlrq 4 hyhq pruh lqwhuhvwlqj/ ehfdxvh fohduo| wkh ylvxr0prwru v|vwhp kdv wlph wr pdnh dgmxvwphqwv

gxulqj vhjphqw 607/ |hw wkh h�hfw ri wkh wdujhw shuwxuedwlrq zkloh wudflqj vhjphqw 506 pxvw kdyh ehhq

elj hqrxjk vr wkdw lw fdqqrw eh fdqfhohg gxulqj vhjphqw 607 +wkh v|vwhp vkrxog dwwhpsw wr fdqfho lw

vlqfh lq frqglwlrq 4 wkh wdujhw lv edfn dw lwv ruljlqdo orfdwlrq gxulqj wudflqj ri vhjphqw 607,1

e�D�2 , Tih�4i?| e�e � +@?_L4�3i_ |@h}i| _�tT*@Ui4i?|t

Wkh gudzedfn ri wkh h{shulphqwdo sdudgljp deryh lv wkdw vdffdghv rffxu dw uhodwlyho| frqvwdqw wlphv/

wkxv v|qfkurql}lqj wdujhw glvsodfhphqwv zlwk vdffdgh wlphv grhv qrw doorz xv wr h{soruh wkh h�hfwv

ri lqwurgxflqj shuwxuedwlrqv dw gl�huhqw wlphv1 Wr rewdlq wkdw phdvxuhphqw/ zh lqiruphg vxemhfwv

wkdw shuwxuedwlrqv zloo rffxu dqg dvnhg wkhp wr fruuhfw dv pxfk dv srvvleoh zkloh vwloo frpsohwlqj wkh

pryhphqw lq wlph1

Phwkrgv

Ilyh vxemhfwv zhuh dvnhg wr pryh wkhlu kdqg wkurxjk frqvhfxwlyho| qxpehuhg wdujhwv1 Khuh wkh frq�j0

xudwlrqv zhuh fkrvhq vr wkdw wkh vwdulqj dqg hqglqj wdujhw ryhuodsshg 0 wr dyrlg wkh wlph qhfhvvdu| iru

uhsrvlwlrqlqj dqg wkxv vshhg xs wkh h{shulphqw1 Wkhuh zhuh 7 lqwhuphgldwh wdujhwv/ soxv wkh vwduw2hqg

wdujhw1 Wkh odvw wkuhh lqwhuphgldwh wdujhwv zhuh glvsodfhg +udqgrpo|, wr rqh ri wzr srvvleoh orfdwlrqv/

urxjko| 5 fp dzd| iurp wkh dyhudjh pryhphqw sdwkv lq d gluhfwlrq ruwkrjrqdo wr wkh sdwk1 Glvsodfh0

phqwv rffxuuhg dw udqgrp wlphv ehiruh wkh wdujhw zdv uhdfkhg/ dqg wkh wdujhw uhwxuqhg wr lwv ruljlqdo

orfdwlrq dw dqrwkhu udqgrp wlph ehiruh lw zdv uhdfkhg +wkh surjudp froohfwhg d edvholqh iru hdfk vxemhfw

wr hvwlpdwh zkhq +v,kh zdv olnho| wr sdvv wkurxjk wkh wdujhwv/ dqg xvhg wkdw wr glvwulexwh wkh shuwxu0

edwlrq wlphv xqlirupo| lq d 0833=0433 pv zlqgrz ehiruh sdvvdjh wlph,1 Wkh shuwxuedwlrq zdv suhvhqw

iru dw ohdvw 83 pv1 Vxemhfwv zhuh lqvwuxfwhg wkdw glvsodfhphqwv zloo rffxu/ dqg dvnhg wr sdvv wkurxjk

wkh prvw uhfhqw wdujhw orfdwlrq zkloh vwloo frpsohwlqj wkh pryhphqw lq wkh doorfdwhg wlph +hqirufhg dv

ehiruh,1 Rq hdfk wuldo d wdujhw dqg d gluhfwlrq ri shuwxuedwlrq zhuh fkrvhq udqgrpo|1 Rq 83( ri wkh

wuldov wkhuh zdv qr shuwxuedwlrq1
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Condition 1: transient displacement 2 targets ahead:

Condition 2: permanent displacement 2 targets ahead:

Condition 3: permanent displacement 1 target ahead:
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Iljxuh 704<= Vfkhpdwlf uhsuhvhqdwlrq ri wkh 6 frqglwlrqv1 Wrs= wdujhw lv glvsodfhg zkhq wkh kdqg lv
wzr wdujhwv dkhdg/ dqg glvsodfhg edfn zkhq wkh kdqg lv rqh wdujhw dkhdg1 Plggoh= wdujhw lv glvsodfhg
zkhq wkh kdqg lv wzr wdujhwv dkhdg dqg uhpdlqv lq wkh qhz srvlwlrq wkurxjkrxw wkh pryhphqw1 Erwwrp=
wdujhw lv glvsodfhg zkhq wkh kdqg lv rqh wdujhw dkhdg dqg uhpdlqv lq wkh qhz srvlwlrq wkurxjkrxw wkh
pryhphqw1
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Iljxuh 7053= Iru hdfk vxemhfw zh frpsxwhg wkh phgldq sdwk/ dqg wkhq dyhudjhg wkh uhvxowv ryhu vxemhfwv
+juh| uhjlrqv fruuhvsrqg wr huuru eduv,1 Wkh yhuwlfdo pdun lv wzlfh wkh pdjqlwxgh ri wkh glvsodfhphqw
+5 fp,1 Vkrzq dovr duh wkh dyhudjh gxudwlrqv iru wudyhuvlqj hdfk vhjphqw1
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Iljxuh 7054= Wkh �jxuh irupdw lv wkh vdph dv lq Ilj 7045/ h{fhsw zh duh vkrzlqj h�hfwv iru glvsodfhphqwv
ri wkh �qdo wdujhw1
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Uhvxowv

Ilj 7055 vkrzv wkh whpsodwhv dqg wkh odujhvw sdwk ghirupdwlrqv uhvxowlqj iurp wkh shuwxuedwlrqv1 Wkh

SFD frqvwudlqhg wr wkh vxevsdfh ruwkrjrqdo wr wkh dyhudjh sdwk +wr dyrlg pl{lqj ri yhorflw| dqg sdwk

�xfwxdwlrqv, pd| eh d xvhixo phwkrg iru vwxg|lqj wudmhfwru| ghirupdwlrqv/ exw zh rqo| xvh lw khuh wr

looxvwudwh wkh pdlq h�hfw1

Wkh vxuidfh lq Ilj 7056 vxppdul}hv wkh pdjqlwxgh ri wdujhw uhodwhg fruuhfwlrqv wkdw rffxuuhg iru

gl�huhqw rqvhw dqg r�vhw wlphv ri wkh shuwxuedwlrq1 Iru hdfk wuldo zh irxqg wkh lqwhuvhfwlrq ri wkh sdwk

zlwk wkh olqh dorqj zklfk wkh wdujhw ri lqwhuhvw zdv glvsodfhg/ dqg wudqviruphg wkdw lq (/ zkhuh 433(

fruuhvsrqghg wr sdvvlqj wkurxjk wkh glvsodfhg orfdwlrq/ dqg 3( wr sdvvlqj wkurxjk wkh ruljlqdo orfdwlrq

+qrwh wkdw dw wkh wlph ri sdvvdjh wkh wdujhw kdg douhdg| uhwxuqhg wr lwv ruljlqdo orfdwlrq,1 Zh srrohg

wkh shuwxuedwlrq wuldov +derxw 4333, iurp doo vxemhfwv/ dqg sorwwhg wkh dprxqw ri fruuhfwlrq iru hdfk

wuldo dv d ixqfwlrq ri wkh rqvhw dqg r�vhw wlphv1 Zh wkhq xvhg elfxelf lqwhusrodwlrq wr d uhjxodu julg/

iroorzhg e| elfxelf vsolqh vprrwklqj wr rewdlq wkh vxuidfh lq wkh �jxuh1

Wkh uhvxow lv h{dfwo| zkdw zh zrxog h{shfw iurp d v|vwhp xvlqj doo dydlodeoh lqirupdwlrq derxw

ixwxuh wdujhwv wr dgmxvw wkh pryhphqw1 Li wkh shuwxuedwlrq rffxuv hduo|/ dqg lv uhpryhg hduo| +h1j1 rqvhw

0783 pv/ r�vhw 0683 pv, wkhuh lv yhu| olwwoh h�hfw= suhvxpdeo| wkh wdujhw orfdwlrq lv xsgdwhg gxulqj wkh

glvsodfhphqw/ exw wkhq wkhuh lv hqrxjk wlph wr xsgdwh lw djdlq wr wkh ruljlqdo orfdwlrq 0 wkxv zh grq*w

vhh dq| h�hfw dw wkh wlph ri sdvvdjh wkurxjk wkh wdujhw1 Rq wkh rwkhu h{wuhph/ li wkh rqvhw lv wrr odwh

+h1j1 0433 pv, wkhuh lv lqvx�flhqw wlph wr xsgdwh wkh lqwhuqdo hvwlpdwh ri wdujhw orfdwlrq dqg fruuhfw wkh

pryhphqw1 Krzhyhu/ li wkh rqvhw lv derxw 0683 pv dqg wkh r�vhw derxw 0583 pv +plggoh ri wkh vxuidfh,/

zh vhh d vxevwdqwldo h�hfw ri derxw 83( 0 l1h1 wkh 433 pv gxulqj zklfk wkh wdujhw zdv glvsodfhg zhuh

vx�flhqw wr xsgdwh wkh hvwlpdwh ri lwv orfdwlrq dqg fruuhfw wkh kdqg pryhphqw1 Sduw ri wkdw h�hfw lv

suredeo| fdqfhohg gxulqj wkh uhpdlqlqj 583 pv/ vr wkh ydoxhv vkrzq lq wkh �jxuh duh dfwxdoo| orzhu

erxqgv rq krz pxfk wkh lqwhuqdo hvwlpdwhv ri wdujhw orfdwlrq fkdqjh1

Lw lv fohdu zk| wkh prgho ehkdyhv lq wkh vdph zd| 0 Ilj 70571 Zkloh �{dwlqj dw wdujhw 5/ lw vwloo

surfhvvhv doo dydlodeoh ylvxdo lqirupdwlrq/ dqg lq sduwlfxodu wkh glvsodfhg orfdwlrq ri wdujhw 61 Wklv

shuwxuehg ihhgedfn vkliwv wkh lqwhuqdo hvwlpdwh ri wdujhw 6/ dqg vlqfh wkh pryhphqw lv %sodqqhg% rqolqh5

lw lpphgldwho| d�hfwv wkh kdqg sdwk1 Diwhu wkh wdujhw lv pryhg edfn wr lwv ruljlqdo orfdwlrq wkh lqwhuqdo

hvwlpdwh dovr vwduwv prylqj lq wkh rssrvlwh gluhfwlrq> krzhyhu wkdw surfhvv wdnhv vrph wlph dqg wkxv

wkh kdqg sdwk lv qrw uhvwruhg frpsohwho| wr zkdw lw zrxog kdyh ehhq li wkh wdujhw zhuh qrw glvsodfhg1

e�D�� , Tih�4i?| e�D � wLU@* Th�t4 t��u|t

Lq wklv h{shulphqw zh h{soruh wkh h�hfwv ri ylvxdo glvsodfhphqw ri kdqg orfdwlrq +l1h1 sulvp vkliw, rq

wkh kdqg sdwk1 Qrwh wkdw rxu shuwxuedwlrqv duh udqgrpl}hg +l1h1 wkh gluhfwlrq ri wkh glvsodfhphqw

lv xqsuhglfwdeoh/ dqg rq 83( ri wkh wuldov wkhuh lv qr shuwxuedwlrq,/ wkxv wklv lv qrw dq dgdswdwlrq

h{shulphqw +zh vwxg| dgdswdwlrq lq wkh qh{w fkdswhu,1 Wkh fruuhfwlrqv revhuyhg khuh +dv lq wkh deryh

h{shulphqwv, duh doo vlqjoh wuldo fruuhfwlrqv/ fdxvhg e| vhqvru| lqsxw uhfhlyhg lq wkdw wuldo1

Phwkrgv

Dv ehiruh/ vxemhfwv +;, zhuh dvnhg wr pryh wkhlu kdqg wkurxjk frqvhfxwlyho| qxpehuhg wdujhwv1 Gxulqj

wkh pryhphqw/ kdqg srvlwlrq zdv glvsod|hg rqo| lq d uhjlrq lq wkh plggoh ri wkh zrunvsdfh 0 wkh shulskhu|

2�*|�L�}� |�i LT|�4@* UL?|hL* *@� E@?_ |��t |�i i TiU|i_ |h@�iU|Lh)� i �t| MiuLhi 4L�i4i?| L?ti|c |�i @U|�@* |h@�iU|Lh)
hit�*|t uhL4 @TT*)�?} |�i UL?|hL* *@� |L |�i L?*�?i it|�4@|it Lu |�i t|@|i Lu |�i *�4M @?_ |�i i?��hL?4i?|� �t _�tU�tti_
@ML�ic �? 4Lhi UL4T*i |@t!t �| 4@) ?L| Mi ui@t�M*i |L UL4T�|i i�i? |�i LT|�4@* UL?|hL* *@� MiuLhi 4L�i4i?| L?ti|�
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Largest path corrections

Iljxuh 7055= Wdujhw frq�jxudwlrqv/ dyhudjh pryhphqw sdwkv +ryhu doo vxemhfwv,/ dqg wkh glvsodfhg wdujhw
duh vkrzq1 Wkh pxowlsoh fxuyhv fruuhvsrqg wr wkh odujhvw vkdsh ghirupdwlrq uhvxowlqj iurp wkh shuwxu0
edwlrq/ frpsxwhg zlwk SFD frqvwudlqhg wr wkh gluhfwlrq ruwkrjrqdo wr wkh dyhudjh sdwk 0 l1h1 wkh �uvw
SFD/ dgghg wr wkh phdq zlwk gl�huhqw zhljkwv1
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Iljxuh 7056= Shufhqw fruuhfwlrq +lq wkh gluhfwlrq ri wkh glvsodfhphqw, dv d ixqfwlrq ri +rqvhw/ r�vhw,
wlph1
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Transient target displacement affects path

Iljxuh 7057= Vlpxodwlrq= Wudqvlhqw glvsodfhphqwv ri wdujhw 6 zkloh �{dwlrq lv pdlqwdlqhg dw wdujhwv 5
dqg wkh kdqg lv prylqj iurp 4 wr 5 d�hfw wkh sdwk vljql�fdqwo|1
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Iljxuh 7058= Orfdo sulvp vkliw sdudgljp1 Kdqg srvlwlrq lv glvsod|hg rqo| lq wkh oljkw uhjlrq/ dqg pd|
eh glvsodfhg lq d udqgrp gluhfwlrq1

ri wkh %rshqlqj% sdvvhg wkurxjk wkh plggoh wzr wdujhwv 0 vhh Ilj 7058 +wkh dfwxdo wdujhw frq�jxudwlrq

zdv gl�huhqw iurp wkh �jxuh 0 vhh ehorz,1 Diwhu d wuldo zdv frpsohwhg/ wdujhwv glvdsshduhg/ dqg wkh

kdqg fxuvru dsshduhg zkhq wkh vxemhfw ehjdq prylqj wrzdugv wkh vwduwlqj srvlwlrq/ l1h1 wkhuh zdv qr

sulvp glvsodfhphqw rq wkh uhwxuq/ dqg vxemhfwv frxog vhh wkhlu kdqg srvlwlrq zkloh uhsrvlwlrqlqj1 Wklv

sdudgljp zdv fkrvhq wr doorz xv wr lqwurgxfh xqghwhfwhg kdqg glvsodfhphqwv1 Li zh kdg glvsodfhg wkh

kdqg fxuvru dw wkh ehjlqqlqj ri wkh pryhphqw +zkhq vxemhfwv nqrz wkdw wkh| duh srvlwlrqhg fruuhfwo|,

wkh shuwxuedwlrq zrxog eh udwkhu reylrxv1 Krzhyhu/ rqfh vxemhfwv ehjdq prylqj lw zdv hdv| wr frqylqfh

wkhp wkdw wkhlu kdqg zdv dw d gl�huhqw srvlwlrq 0 doo vxemhfwv uhpdlqhg xqdzduh ri wkh glvsodfhphqw +5

fp,/ dqg lqwhusuhwhg wkh shufhlyhg huuruv dv pryhphqw huuruv1

Uhvxowv

Wkh uhvxow ri wkh xqghwhfwhg sulvp vkliw zdv d udslg fruuhfwlrq wr wkh rqjrlqj pryhphqw/ lq wkh ds0

sursuldwh gluhfwlrq 0 vhh Ilj 70591 Wkh h{srvxuh wr wkh sulvpdwlf vkliw lv derxw 533 pv/ dqg wrzdugv

wkh hqg ri lw zh ehjlq wr vhh d fkdqjh1 Lqwhuhvwlqjo|/ wkh fruuhfwlrq lqfuhdvhv lq wkh uhpdlqlqj sduw

ri wkh pryhphqw zkhuh qr ylvxdo ihhgedfn zdv suhvhqwhg1 Wklv fdqqrw rffxu li wkh prwru v|vwhp zdv

xvlqj rqo| fxuuhqwo| dydlodeoh ihhgedfn wr fruuhfw iru ghyldwlrqv dzd| iurp d ghvluhg wudmhfwru|1 Wkh

uhvxow vxjjhvwv wkdw wkh hvwlpdwh ri kdqg orfdwlrq rewdlqhg gxulqj wkh h{srvxuh shulrg zdv lqwhuqdoo|

h{wudsrodwhg lqwr wkh odvw sruwlrq ri wkh pryhphqw1 Qrwh dovr wkdw glvsodfhphqwv dorqj wkh pryhphqw

uhvxowhg lq odujhu fruuhfwlrq1 Wklv revhuydwlrq lqglfdwhv wkdw wkh prwru v|vwhp uholhv rq ylvxdo ihhgedfn

wr hvwlpdwh kdqg orfdwlrq dorqj wkh pryhphqw pruh wkdq lq wkh gluhfwlrq ruwkrjrqdo wr lw1 Vlqfh wkh

ylvxdo dffxudf| lq wkhvh wzr gluhfwlrq lv olnho| wr eh wkh vdph +vhh H{shulphqw 714,/ wkh rqo| h{sodqdwlrq

lv wkdw wkh xqfhuwdlqw| dvvrfldwhg zlwk wkh lqwhuqdo hvwlpdwh ri kdqg orfdwlrq lv eljjhu dorqj wkh pryh0

phqw gluhfwlrq +dqg wkxv shuwxuehg vhqvru| lqsxw kdv d eljjhu h�hfw,1 Wklv djuhhv zlwk wkh revhuydwlrq

iurp h{shulphqw 715 wkdw yduldelolw| dorqj wkh pryhphqw lv odujhu ^Jrugrq hw do1 <7`1 Wkh suhvhqw uhvxow

vxjjhvwv wkdw wkh ylvxr0prwru v|vwhp lv dfwxdoo| dzduh ri wkdw idfw1 Qrwlfh dovr wkdw wkhuh lv d eldv

:<



+xqghuvkrrw, lq uhdfklqj wr wkh �qdo wdujhw/ zklfk lv wr eh h{shfwhg lq wkh devhqfh ri ylvxdo ihhgedfn lq

wkdw uhjlrq +iurp d udqjh h�hfw,1

Zh kdyh shuiruphg dq hduolhu h{shulphqw zkhuh vxemhfwv zhuh lqiruphg wkdw kdqg orfdwlrq zloo eh

glvsodfhg/ dqg dvnhg diwhu hyhu| pryhphqw +krul}rqwdo, wr lqglfdwh wkh gluhfwlrq ri wkh glvsodfhphqw

+lq d irufhg fkrlfh sdudgljp 0 hlwkhu xs0grzq ru ohiw0uljkw,1 Wkh wkuhvkrog iru uholdeoh ghwhfwlrq ri wkh

glvsodfhphqw dorqj wkh pryhphqw zdv derxw wzr wlphv kljkhu wkdq wkh wkuhvkrog dorqj wkh ruwkrjrqdo

gluhfwlrq/ vxjjhvwlqj djdlq wkdw wkh xqfhuwdlqw| ri wkh vhqvru|0prwru v|vwhp derxw lwv lqwhuqdo hvwlpdwh

ri kdqg orfdwlrq dorqj wkh pryhphqw lv vljql�fdqwo| odujhu1

Zh dovr ydulhg wkh lqvwuxfwhg pryhphqw wlph/ zklfk frqvhtxhqwo| lqfuhdvhg wkh wlph vshqw lq wkh

sulvp vkliw uhjlrq1 Wkh h�hfw ri pryhphqw gxudwlrq lv vkrzq lq Ilj 705:1
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Iljxuh 7059= Dyhudjh sdwkv +ryhu doo vxemhfwv, zlwk fruuhvsrqglqj huuru eduv/ iru shuwxuedwlrqv lq rssr0
vlwh gluhfwlrqv +shuwxuedwlrq gluhfwlrq dqg pdjqlwxgh duh vkrzq,1
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Iljxuh 705:= H�hfwv ri orfdo sulvp vkliwv iru gl�huhqw pryhphqw gxudwlrqv1 Erwwrp 0 dprxqw ri fruuhfwlrq
dw wdujhw 61
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Zkhq zh lqwurgxfhg rxu prgho lq Fkdswhu 6/ lw zdv dvvxphg wkdw wkh vwrfkdvwlf rswlpdo frqwuroohu

frpsxwhv wkh vljqdov gulylqj d vhw ri %yluwxdo rxwsxwv% 0 Ilj 507 0 wkdw surylgh %vlpsoh% frqwuro lq hqg0

h�hfwru vsdfh1 Lq sduwlfxodu/ zh dvvxphg wkdw wkh frqwuro vljqdov duh wkh [0 dqg \0 qhw pxvfoh irufhv

dssolhg dw wkh kdqg/ frqvlghuhg dv d srlqw pdvv prylqj rq d sodqdu vxuidfh1 Wkh srvvleoh lqdffxudflhv lq

lpsohphqwlqj hqg0h�hfwru frqwuro +l1h1 pdnlqj wkh kdqg ehkdyh dv d srlqw pdvv, zhuh prghohg dv qrlvh

zkrvh pdjqlwxgh pdwfkhg wkh pdjqlwxgh ri wkrvh lqdffxudflhv1 Krzhyhu/ lq uhdolw| wkh huuruv uhvxowlqj

iurp lpshuihfw lpsohphqwdwlrq ri hqg0h�hfwru frqwuro zrxog eh vwdwh ghshqghqw1 Wkh vhqvru| sduw ri

wkh prgho pd| dovr eh lpshuihfw1 Hyhq li wkh prgho zdv h{dfwo| dffxudwh/ lw pd| qrw eh ihdvleoh +lq

pruh frpsoh{ wdvnv, wr frpsxwh d frqwuro odz lq uhdo wlph1 Lq doo wkhvh fdvhv/ lw zrxog eh srvvleoh wr

lpsuryh wkh shuirupdqfh ri wkh rswlpdo frqwuroohu e| dxjphqwlqj lw zlwk vrph fruuhfwlrq vwudwhjlhv1

Lq wkh �uvw vhfwlrq zh uhylhz h{shulphqwdo hylghqfh wkdw wkh FQV lqghhg vhhpv wr xvh d vlpsol�hg

prgho ri hqg0h�hfwru frqwuro/ dqg vkrz wkdw rxu prgho +lq sduwlfxodu wkh frpshqvdwlrq iru pxvfoh

ylvfrvlw| lqfoxghg lq wkh frqwuro vljqdo, surylghv d yhu| sduvlprqlrxv h{sodqdwlrq iru vrph w|shv ri

dxwrpdwlf fruuhfwlrq wkdw kxpdq vxemhfwv h{klelw1 Lq wkh qh{w vhfwlrq zh frqvlghu d qxpehu ri +udwkhu

rgg, qhxursk|vlrorjlfdo uhvxowv wkdw fdq eh h{sodlqhg e| rxu prgho1 Wkh iroorzlqj vhfwlrq lqwhusuhwv

vrph dgdswdwlrq uhvxowv dv hylghqfh ri fruuhfwlrq vwudwhjlhv phdqw wr lpsuryh wkh shuirupdqfh ri wkh

frqwuroohu +udwkhu wkdq gluhfwo| frpshqvdwh iru wkh h{shulphqwdoo| lqwurgxfhg shuwxuedwlrq,1 Ilqdoo| zh

suhvhqw gdwd iurp wzr ohduqlqj h{shulphqwv wkdw duh qrw forvho| uhodwhg wr wkh uhvw ri wkh fkdswhu/ exw

surylgh d jrrg looxvwudwlrq ri vrph srlqwv pdgh lq Fkdswhu 5 derxw wkh glvwlqfwlrqv ehwzhhq qrylfh dqg

h{shuw shuirupdqfh1

D�� ,��_i?Ui uLh t�4T*��U@|�L?t Lu t)t|i4 _)?@4�Ut

Wklv vhfwlrq lv edvhg rq wkh �qglqjv ri ^Jrugrq hw do1 <7e`1 Wkhvh dxwkruv dvnhg vxemhfwv wr pdnh udslg

uhdfklqj pryhphqwv lq 57 gl�huhqw gluhfwlrqv/ zlwkrxw ylvlrq ri wkh kdqg1 Wkh| irxqg d qxpehu ri v|v0

whpdwlf h�hfwv ri pryhphqw gluhfwlrq/ qrqh ri zklfk vkrxog h{lvw li shuihfw hqg0h�hfwru frqwuro2nlqhpdwlf

lqyduldqfh zdv suhvhqw1 Wkh gdwd zdv frqvlvwhqw zlwk wkh k|srwkhvlv wkdw wkh FQV idlov wr wdnh lqwr
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Inertia ellipsoid Expected acceleration

Movement direction

Iljxuh 804= Ohiw= Vfkhpdwlf 50olqn dup +er{@vkrxoghu,/ zlwk lqhuwld hoolsvrlg dw wkh kdqg1 Uljkw=
dffhohudwlrq uhvxowlqj iurp dsso|lqj wkh vdph hqg0srlqw irufh lq doo gluhfwlrqv1

dffrxqw wkh dqlvrwurslf lqhuwld dw wkh kdqg/ l1h1 lw dssolhv wkh vdph qhw pxvfoh irufh lq doo gluhfwlrqv

0 wkh suhglfwlrq ri wklv k|srwkhvlv lv vkrzq lq Ilj 8041 Wkh gdwd lv lq Ilj 805 Wrs 0 wkh dffhohudwlrq

hoolsvrlg lv rulhqwhg ruwkrjrqdo wr wkh lqhuwld hoolsvrlg 41 Li wkh FQV zhuh wr ljqruh wkh dqlvrwurslf lqhuwld

wkurxjkrxw wkh pryhphqw +l1h1 rxwsxw d ihhgiruzdug irufh sur�oh,/ zh zrxog h{shfw pryhphqwv zlwk

odujhu h{whqw lq gluhfwlrqv zlwk vpdoohu lqhuwld/ dqg htxdo pryhphqw gxudwlrq lq doo gluhfwlrqv1

Lqvwhdg/ vxemhfwv dfklhyhg doprvw frqvwdqw pryhphqw h{whqw +Wklug urz, e| uhgxflqj pryhphqw

gxudwlrq lq gluhfwlrqv zkhuh wkh lqlwldo dffhohudwlrq zdv juhdwhu +Erwwrp,1 Wkh dxwkruv dujxhg wkdw lw

lv gl�fxow wr h{sodlq wklv frpshqvdwlrq zlwk ihhgedfn phfkdqlvpv1 Iluvw ri doo/ pryhphqwv zhuh txlwh

udslg dqg shuiruphg lq wkh devhqfh ri ylvxdo ihhgedfn1 Pruh lpsruwdqwo|/ hylghqfh ri frpshqvdwlrq

zdv suhvhqw iurp wkh yhu| ehjlqqlqj ri wkh pryhphqw 0 Ilj 8061 Hyhq dv hduo| dv wkh wlph ri shdn

dffhohudwlrq/ pryhphqwv lq gluhfwlrqv zlwk odujhu lqlwldo dffhohudwlrq zhuh douhdg| dgydqfhg lq wlph1

Wkxv lw dsshduv wkdw= d, wkh FQV lv xqdzduh ri wkh lqhuwldo dqlvrwurs| zkhq lw lqlwldwhv d uhdfklqj

pryhphqw/ e, wkh gl�huhqfhv lq lqlwldo dffhohudwlrq duh frpshqvdwhg e| gl�huhqfhv lq pryhphqw gxudwlrq

vr wkdw wkh h{whqw ri wkh pryhphqw +zklfk lv zkdw wkh vxemhfwv duh dvnhg wr frqwuro, uhpdlqv frqvwdqw/

dqg f, wkdw frpshqvdwlrq lv suhvhqw iurp wkh yhu| ehjlqqlqj ri wkh pryhphqw/ dv li wkh FQV zhuh dzduh

ri lwv %plvwdnh% zkloh lw lv pdnlqj lw51

Khuh zh zloo vkrz krz wkhvh revhuydwlrqv pd| uhvxow iurp wkh w|sh ri frqwuro vljqdo xvhg wr gulyh

�A�i �}�hit t�L� t�4�*@|�L? hit�*|t uhL4 |�i 4L_i*c ���U� @hi �ih) t�4�*@h |L |�i Lh�}�?@* �}�hit�
2A�i @�|�Lht @*tL UL?t�_ih |�i TLtt�M�*�|) |�@| |�iti hit�*|t @h�ti uhL4 i^��*�Mh��4 TL�?| UL?|hL*c @?_ hi�iU| �| |�hL�}�

t�4�*@|�L?t � Mh�i�)c i^��*�Mh��4 TL�?| UL?|hL* U@??L| @UUL�?| uLh |�iti hit�*|t MiU@�ti |�i t|�g?itt i**�Tti �t Lh�i?|i_
_�gihi?|*)�
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Movement direction

Iljxuh 805= Vlpxodwlrq= Shdn dffhohudwlrq +wrs,/ shdn yhorflw| +vhfrqg urz,/ pryhphqw h{whqw +wklug
urz,/ dqg pryhphqw gxudwlrq +erwwrp, dv d ixqfwlrq ri pryhphqw gluhfwlrq +ohiw,/ dovr vkrzq dv d udgldo
sorw +uljkw,1
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Iljxuh 806= Vlpxodwlrq= wlph ri rffxuhqfh ri gl�huhqw pryhphqw odqgpdunv +hqg/ shdn yhorflw|/ shdn
dffhohudwlrq, dv d ixqfwlrq ri pryhphqw gluhfwlrq1

wkh kdqg lq rxu prgho1 Lq sduwlfxodu/ wkh frpshqvdwlrq iru pxvfoh ylvfrvlw| exlow lqwr wkh frqwuro vljqdo

surgxfhv h{dfwo| wkh ehkdylru revhuyhg e| ^Jrugrq hw do1 <7e`1 Wr vlpsoli| wkh glvfxvvlrq lq wklv dqg

wkh iroorzlqj vhfwlrq zh zloo rqo| frqvlghu d ihhgiruzdug frqwuro vljqdo fruuhvsrqglqj wr d plqlpxp0mhun

wudmhfwru|61 Zh prgho wkh kdqg dv d srlqw pdvv prylqj lq d ylvfrxv hqylurqphqw/ dqg frpsxwh wkh

+ihhgiruzdug, irufh sur�oh wkdw zrxog surgxfh d plqlpxp0mhun wudmhfwru| lq wkh devhqfh ri qrlvh ru

prgho huuruv1 Zh dyhudjhg wkh phdvxuhphqwv ri ^Wvxml hw do1 <8` iru doo vxemhfwv dqg gluhfwlrqv wr rewdlq

hvwlpdwhv ri lqhuwld dqg ylvfrvlw| dw wkh kdqg 0 p @ 4nj dqg e @ 43Qv@p uhvshfwlyho| 71 Wkhq wkh

frqwuro vljqdo qhfhvvdu| wr gulyh wkh kdqg zdv frpsxwhg dv i +w, @ pd +w, . ey +w,/ zkhuh wkh yhfwruv

d +w, >y +w, ghqrwh wkh dffhohudwlrq dqg yhorflw| fruuhvsrqglqj wr d plqlpxp0mhun wudmhfwru| { +w, lq wkh

dssursuldwh gluhfwlrq1 Li zh zhuh wr dsso| wklv frqwuro vljqdo +irufh, wr d srlqw zlwk pdvvp dqg ylvfrvlw|

e zh zrxog uhfryhu { +w, h{dfwo|1

Zkdw li wkh pdvv lv qrw p lq doo gluhfwlrqv/ exw lqvwhdg ydulhv dffruglqj wr wkh lqhuwld hoolsvrlg dw wkh

kdqg 0 Ilj 804B Lq vrph gluhfwlrqv +ruwkrjrqdo wr wkh iruhdup, wkh pdvv zloo eh vpdoohu wkdq p/ dqg vr

wkh lqlwldo dffhohudwlrq dqg yhorflw| zloo h{fhhg wkrvh xvhg wr frpsxwh wkh frqwuro irufh1 Dv d uhvxow wkh

ylvfrxv irufh zloo dovr h{fhhg ey +w, dqg pryhphqw gxudwlrq zloo frqvhtxhqwo| ghfuhdvh1 Wklv lv vkrzq

lq Ilj 8051 Zkloh wkh fkdqjhv lq lqlwldo dffhohudwlrq dqg pryhphqw gxudwlrq lq wklv prgho duh dozd|v

uhflsurfdo +uhjdugohvv ri sdudphwhu vhwwlqjv,/ wkh wzr h�hfwv gr qrw fdqfho rxw wr surgxfh d uhodwlyho|

frqvwdqw pryhphqwv h{whqw iru dq| sdudphwhu vhwwlqjv1 Wkxv lw lv hqfrxudjlqj wkdw sdudphwhuv yhu| forvh

wr h{shulphqwdo phdvxuhphqwv ri kdqg lpshgdqfh surgxfh wklv fdqfhodwlrq1 Vlqfh wkh %frpshqvdwlrq%

iru gl�huhqw dffhohudwlrqv lv gxh wr fruuhvsrqglqj fkdqjhv lq wkh ylvfrxv irufhv +dqg grhv qrw uhtxluh

�A��t �t @ U*Lti @TThL �4@|�L? |L |�i Mi�@��L�h Lu L�h 4L_i* uLh h@T�_ 4L�i4i?|t i iU�|i_ ��|�L�| ��t�L? @?_ *L�
@UU�h@U) UL?t|h@�?|t�

e� t4@** t|�g?itt |ih4 E2f �%4� �@t @*tL �ti_ �? |�i t�4�*@|�L?tc M�| �| _Lit ?L| @giU| |�i hit�*|t �? |��t U�@T|ih
t�}?��U@?|*)�
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ihhgedfn phfkdqlvpv,/ wkh h�hfw lv hylghqw iurp wkh yhu| ehjlqqlqj ri wkh pryhphqw 0 Ilj 8061

Wkxv zh kdyh dq h{dpsoh zkhuh wkh lqwhuqdo prgho ri olpe g|qdplfv xvhg e| wkh FQV dsshduv wr

eh vlpsol�hg/ exw wkh lpshgdqfh ri wkh kdqg frpelqhg zlwk dssursuldwh frqwuro vljqdov lv vx�flhqw wr

holplqdwh uhdfklqj huuruv1 Ri frxuvh vxfk orz0ohyho phfkdqlvpv pd| qrw eh vx�flhqw lq h{hfxwlqj pruh

frpsoh{ pryhphqwv zlwk kljkhu dffxudf| frqvwudlqwv1 Lw kdv ehhq k|srwkhvl}hg suhylrxvo| wkdw vxfk

d frpelqdwlrq ri gluhfw dqg frpshqvdwru| frqwuro vljqdov pd| doorz wkh FQV wdnh dgydqwdjh ri wkh

ylvfr0hodvwlf surshuwlhv ri wkh olpe dqg uhgxfh pryhphqw huuruv ^Klqwrq ;7`1 Frpshqvdwlrq iru gdpslqj

lq frpelqdwlrq zlwk sursruwlrqdo frqwuro udwkhu wkdq gluhfw irufh frqwuro kdv dovr ehhq frqvlghuhg lq wkh

htxloleulxp srlqw iudphzrun ^PfLqw|uh dqg El}}l <6`1

D�2 ,��_i?Ui uLh _�hiU| uLhUi UL?|hL* UL4M�?i_ ��|� _@4T�?}

UL4Ti?t@|�L?

Lq wklv vhfwlrq zh frqvlghu d qxpehu ri hohfwursk|vlrorjlfdo revhuydwlrqv ri sulpdu| prwru fruwh{ +P4,

dfwlylw| dvvrfldwhg zlwk sodqdu kdqg pryhphqwv/ dqg dujxh wkdw wkh| kdyh d qdwxudo h{sodqdwlrq rqfh

zh dvvxph wkdw wkh rxwsxw ri P4 lv d frqwuro vljqdo zlwk wkh surshuwlhv ghvfulehg deryh1

Lw kdv ehhq nqrzq iru d zkloh wkdw P4 lv d fuxfldo frpsrqhqw ri wkh fruwlfdo qhwzrun uhvsrqvleoh

iru wkh frqwuro ri pryhphqw +vhh ^Mrkqvrq <5` iru d uhylhz,1 Ghvslwh |hduv ri lqwhqvh vwxg|/ lw lv vwloo

qrw fohdu zkdw wkh ghvfhqglqj vljqdo8 phdqv dqg krz h{dfwo| lw frqwurov wkh rqjrlqj pryhphqw1 Wkh

lghd wkdw P4 lv d %�qdo frpprq sdwkzd|% zklfk froohfwv doo pryhphqw0uhodwhg vljqdov iurp fruwh{ dqg

wudqvplwv wkhp wr wkh vslqdo frug ^Hyduwv ;4` kdv orvw fuhglelolw| gxh wr wkh �qglqj wkdw suhprwru dqg

vxssohphqwdu| prwru duhdv frqwdlq derxw wkh vdph qxpehuv ri SWQv ^Gxp dqg Vwulfn <4`> vwloo/ ohvlrqv

lq P4 uhvxow lq sdudo|vlv/ zkloh ohvlrqv lq rwkhu pryhphqw0uhodwhg fruwlfdo duhdv kdyh pxfk pruh vxewoh

h�hfwv ^Mrkqvrq <5` vxjjhvwlqj d ixqgdphqwdo uroh ri P4 dfwlylw| lq wkh surgxfwlrq ri doo yroxqwdu|

pryhphqwv1 Zh fdq vhsdudwh wkh frqwuryhuvlhv vxuurxqglqj wkh uhsuhvhqwdwlrq lq P4 lw wzr fdwhjrulhv=

zkdw lv wkh irupdw +frruglqdwh v|vwhp, ehlqj xvhg/ dqg zkdw lv wkh txdqwlw| ehlqj hqfrghg lq wkdw

irupdw1

Vxssruw iru dq h{wulqvlf +srvvleo| Fduwhvldq, frruglqdwh v|vwhp kdv frph iurp vwxglhv ^Jhrujrsrxorv hw do1 ;5/

Vfkzduw} <7` vkrzlqj wkdw wkh srsxodwlrq dfwlylw| lq P4 fdq eh xvhg wr uhfrqvwuxfw uhdvrqdeo| zhoo wkh

kdqg nlqhpdwlfv lq Fduwhvldq vsdfh/ dqg wkdw wkh �ulqj ri lqglylgxdo qhxurqv kdv d eurdg frvlqh wxq0

lqj zlwk uhvshfw wr pryhphqw gluhfwlrq1 Krzhyhu/ lw lv nqrzq wkdw xqghu plog dvvxpswlrqv wkh vdph

uhvxowv duh wr eh h{shfwhg hyhq li P4 qhxurqv hqfrghg txdqwlwlhv lq mrlqw frruglqdwhv/ ru dfwlydwlrq

ohyhov ri pxvfoh jurxsv ^Pxvvd0Lydogl ;;/ Vdqjhu <7`1 Rq wkh rwkhu kdqg/ lw kdv ehhq vkrzq wkdw wkh

srsxodwlrq yhfwru9 urwdwhv durxqg wkh vkrxoghu zkhq pryhphqwv zlwk wkh vdph h{wulqvlf gluhfwlrq duh

shuiruphg lq gl�huhqw duhdv ri wkh zrunvsdfh ^Fdplqlwl hw do1 <3`1 Ixuwkhupruh/ fkdqjlqj wkh srvwxuh

ri wkh dup zkloh d prqnh| lv pdnlqj uhdfklqj pryhphqwv lghqwlfdo dw wkh ohyho ri kdqg nlqhpdwlfv ohdgv

wr vljql�fdqw fkdqjhv lq wkh �ulqj udwhv2suhihuuhg gluhfwlrqv lq wkh pdmrulw| ri uhfrughg P4 qhxurqv

^Vfrww dqg Ndodvnd <:`1 Wkxv lw vhhpv wkdw zkdwhyhu wkh irupdw ri wkh uhsuhvhqwdwlrq lv/ lw lv forvho|

uhodwhg wr mrlqw frruglqdwhv:1 Lw kdv dovr ehhq dujxhg wkdw wkhuh pd| qrw h{lvw d xqltxh %irupdw% lq

DA�i _itUi?_�?} t�}?@* �t |h@?t4�||i_ ��@ |�i *L?} @ L?t Lu T)h@4�_@* |h@U| ?i�hL?t � �A�t� `��*i i@h*) i Tih�4i?|iht
�ihi U@hiu�* |L �_i?|�u) �A�t |�hL�}� @?|�_hL4�U t|�4�*@|�L?c |��t �t ?L| _L?i hL�|�?i*) @?)4Lhi� A��t UL4T*�U@|it 4@||iht
i�i? u�h|�ih t�?Ui �| �t ?L| U*i@h ��@| Ui** |)Tit _�gihi?| }hL�Tt hiULh_ uhL4�

SA�i TLT�*@|�L? �iU|Lh �t |�i �@?_ �i*LU�|) Thi_�U|i_ uhL4 ?i�hL?@* 4i@? �h�?} h@|it �?_ih @ *�?i@h i?UL_�?} 4L_i* �
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.W?|ihit|�?}*)c |�i L�ih��i*4�?} 4@�Lh�|) Lu hiti@hU�iht Etii 4Lt| hiUi?| �i�hLtU�i?Ui �Mt|h@U|t� @hi t|�** uLU�t�?} L?
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P4/ l1h1 rqh fdq �qg hylghqfh iru uhsuhvhqwdwlrqv lq dq| frruglqdwh v|vwhp rqh fkrrvhv wr orrn iru

^Wkdfk ;8/ Ihw} <5`1 D pdwkhpdwlfdo prgho xvlqj frruglqdwh0iuhh uhsuhvhqwdwlrqv +edvlv ixqfwlrqv, kdv

ehhq sursrvhg ^Srxjhw dqg Vhmqrzvnl <:`1

Wkh qdwxuh ri wkh txdqwlwlhv hqfrghg lq P4 +zklfk lv zkdw zh duh lqwhuhvwhg lq khuh, lv hyhq ohvv fohdu

wkdq wkh frruglqdwh v|vwhp xvhg wr hqfrgh wkhp;1 Klvwrulfdoo| P4 zdv wkrxjkw wr eh lqyroyhg lq kljkhu

prwru ixqfwlrqv +vlqfh lw lv d sduw ri qhrfruwh{, dqg Shq�hog*v vwlpxodwlrq vwxglhv vhhphg wr frq�up

wkdw1 Hyduwv dujxhg wkdw lw lv d orw forvhu wr wkh shulskhu| +wkxv wkh %�qdo frpprq sdwkzd|% lghd, e|

vkrzlqj vwurqj fruuhodwlrqv ehwzhhq �ulqj udwhv dqg irufhv udwkhu wkdq glvsodfhphqw ^Hyduwv 9;`1 Dorqj

wkh vdph olqhv/ vslnh0wuljjhuhg dyhudjlqj dqg plfurvwlpxodwlrq vwxglhv frq�uphg wkdw SWQv kdyh udwkhu

gluhfw h�hfwv rq HPJ dfwlylw| +krzhyhu P4 fdq eh dfwlyh lq wkh devhqfh ri HPJ fkdqjhv, ^Ihw} <5`1

Rq wkh rwkhu h{wuhph/ Jhrujrsrxorv dqg frooderudwruv kdyh dujxhg wkdw P4 h{huwv kljkhu0ohyho frqwuro

wkdq vlpso| vshfli|lqj irufh ru pxvfoh frqwudfwlrqv 0 lw zdv vkrzq wkdw pryhphqw gluhfwlrq dv zhoo dv

pruh devwudfw txdqwlwlhv +h1j1 phqwdo urwdwlrqv/ prylqj remhfwv wkdw kdyh wr eh lqwhufhswhg zlwk wkh

kdqg/ fkdqjhv lq irufh udwkhu wkdq qhw irufh, duh zhoo uhsuhvhqwhg rq wkh srsxodwlrq ohyho1

Zkloh vrph ri wkh dssduhqw frqwudglfwlrqv pd| eh h{sodlqhg e| wkh idfw wkdw gl�huhqw uhvhdufkhuv

pd| eh uhfruglqj iurp gl�huhqw fhoo w|shv/ lw kdv ehhq vkrzq wkdw wkh wzr edvlf �qglqjv 0 hqfrglqj

ri irufh xqghu lvrphwulf frqglwlrqv dqg yhorflw| gxulqj pryhphqw 0 frh{lvw lq wkh vdph srsxodwlrq ri

fhoov1 ^Ndodvnd hw do1 ;<` vwxglhg dup pryhphqwv pdgh xqghu h{whuqdo ordgv lq wkh vdph qhxurqv dqg

wkh vdph wdvn/ dqg ghprqvwudwhg wkdw erwk ordg0 dqg yhorflw|0 uhodwhg vljqdov duh suhvhqw lq wkh �ulqj

udwhv/ dqg wkhlu h�hfwv duh doprvw shuihfwo| dgglwlyh<1 Ixuwkhupruh/ lw zdv vkrzq wkdw wkh lvrphwulf irufh

srsxodwlrq yhfwru kdv yhu| vlplodu surshuwlhv wr wkh yhorflw| srsxodwlrq yhfwru/ lqfoxglqj wkh urwdwlrq

zlwk wkh vkrxoghu ^Vhujlr dqg Ndodvnd <:`1

Zk| zrxog wkh �ulqj sdwwhuq lq P4 hqfrgh dgglwlyho| erwk lqvwdqwdqhrxv irufh dqg yhorflw|/ dqg krz

frxog orzhu ohyhov lq wkh FQV vhsdudwh wkrvh txdqwlwlhv dqg xvh wkhp wr frqwuro wkh rqjrlqj pryhphqwB

Ghfrglqj lv qrw w|slfdoo| vhhq dv d sureohp/ pd|eh ehfdxvh h{shulphqwhuv fdq d�rug wr froohfw gdwd ryhu

orqj shulrgv ri wlph dqg duudqjh vr wkdw rqo| rqh sdudphwhu ydulhv dqg wkh rwkhuv duh holplqdwhg vlpso|

e| vxewudfwlqj d edvholqh1 Wkh vslqdo flufxlwu| krzhyhu fdqqrw gr wkdw vlqfh lw kdv wr rshudwh lq uhdo wlph1

Iru h{dpsoh/ zkhq wzr yduldeohv +ordg gluhfwlrq dqg pryhphqw gluhfwlrq, fkdqjh lq wkh vdph h{shulphqw

dqg wkh srsxodwlrq yhfwru lv dssolhg zlwkrxw dwwhpswlqj wr dyhudjh rxw rqh ri wkhp/ lw qr orqjhu srlqwv lq

wkh gluhfwlrq ri hlwkhu wkh pryhphqw yhorflw| ru wkh h{whuqdo ordg ^Ndodvnd hw do1 ;<`1 Hyhq li vhsdudwlrq

ri wkhvh wzr vljqdov lq uhdo wlph zdv vrphkrz srvvleoh/ zh duh vwloo ohiw zlwk d ixqgdphqwdo sureohp1

Vlqfh wkh sk|vlfdo dup lv dq lqhuwldo phfkdqlvp wkdw frqyhuwv h�ruw +irufh/ wrutxh, lqwr �rz +yhorflw|/

prphqwxp, ^Krjdq dqg Iodvk ;:`/ wkhvh yduldeohv fdqqrw eh frqwuroohg lqghshqghqwo|1 Wr jr durxqg

wkdw sureohp/ gl�huhqw dssurdfkhv kdyh ehhq wulhg lq urerwlfv/ vxfk dv k|eulg irufh2srvlwlrq frqwuro/

lpshgdqfh frqwuro/ hwf1 Rqh fdq hlwkhu dwwhpsw wr frqwuro irufh dorqj vrph d{hv dqg pryhphqw dorqj

rwkhuv ^Nkdwle ;:`/ ru frqwuro erwk lqgluhfwo| e| vshfli|lqj dq htxloleulxp vwdwh dqg dup lpshgdqfh

^Krjdq dqg Iodvk ;:`1 Lq hlwkhu fdvh/ wkh rxwsxw ri vxfk frqwuroohuv qhyhu uhsuhvhqwv wkh ghvluhg yhorflw|

dqg irufh +dqg srvlwlrq, vlpxowdqhrxvo| dorqj wkh vdph d{lv1 Lw lv wkhq qrw fohdu zk| erwk vljqdov vkrxog

eh hpehgghg lq wkh ghvfhqglqj fruwlfdo frppdqg1

Qrwh wkdw wkh P4 rxwsxw vhhpv wr fruuhvsrqg wr wkh sv|fkrorjlfdo h�ruw lqyroyhg1 Lq lvrphwulf irufh

surgxfwlrq/ ru ordg frpshqvdwlrq/ wkh shufhswlrq ri h�ruw pdwfkhv wkh irufh h{huwhg dw wkh kdqg1 Wklv
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lv qr orqjhu wuxh gxulqj iuhh dup pryhphqwv1 Frqvlghu d uhdfklqj pryhphqw iruzdug= vlqfh wkh dup

kdv olwwoh sdvvlyh gdpslqj/ wkh dffhohudwlqj irufhv dw wkh ehjlqqlqj ri wkh pryhphqw duh yhu| vlplodu lq

pdjqlwxgh dqg rssrvlwh lq vljq wr wkh ghffhohudwlqj irufhv dw wkh hqg ri wkh pryhphqw1 \hw wkh shufhlyhg

dprxqw ri %sxvklqj% dw wkh ehjlqqlqj vhhpv wr eh pxfk juhdwhu wkdq wkh dprxqw ri %sxoolqj% dw wkh

hqg +li wkh odwwhu lv ihow dw doo,1 Iurp wklv srlqw ri ylhz wkh rxwsxw ri P4 fruuhvsrqgv pruh forvho| wr

vrph kljkhu ohyho frqwuro phfkdqlvp udwkhu wkdq d pxvfoh frqwuroohu/ exw wkh txhvwlrq vwloo uhpdlqv zkdw

wklv phfkdqlvp lv wu|lqj wr frqwuro1

Wkh prgho iurp wkh suhylrxv vhfwlrq vhhpv wr eh wkh vlpsohvw zd| wr uhfrqfloh wkh h{shulphqwdo

�qglqjv glvfxvvhg deryh/ dqg lqwhusuhw wkh �ulqj sdwwhuq lq P4 dv d phdqlqjixo frqwuro vljqdo gulylqj

d sk|vlfdo dup1 Dvvxph wkdw wkh srsxodwlrq dfwlylw| fruuhvsrqgv wr wkh irufh h{huwhg dw wkh kdqg/

lqfoxglqj d frpshqvdwlrq iru wkh h{shfwhg ylvfrxv irufhv +gxh wr dfwlyh pxvfoh gdpslqj,= Frqwuro +w, @

pd +w, . ey +w,1 Fohduo| xqghu lvrphwulf frqglwlrqv wkdw vljqdo htxdov wkh irufh surgxfhg e| wkh kdqg

+vlqfh wkhuh lv qr pryhphqw dqg wkxv qr gdpslqj,/ zkloh gxulqj pryhphqw wkh vljqdo lv d vxp ri wkh

h{shfwhg yhorflw| dqg dffhohudwlrq yhfwruv/ zhljkwhg e| wkh lqhuwld dqg ylvfrvlw| frh�flhqwv uhvshfwlyho|1

Vlqfh h{whqvlyh phdvxuhphqwv ri dup lpshgdqfh lq prqnh|v kdyh qrw ehhq grqh/ zh zloo xvh wkh

fruuhvsrqglqj qxpehuv iurp kxpdq vxemhfwv ^Wvxml hw do1 <8`/ qrwlqj wkdw iru wkh h�hfwv glvfxvvhg khuh

lw lv wkh udwlr ri lqhuwld dqg gdpslqj wkdw pdwwhuv/ qrw wkhlu devroxwh ydoxhv1 Lq Ilj 807 zh kdyh sorwwhg

wkh vshhg dqg dffhohudwlrq sur�ohv ri d plqlpxp mhun wudmhfwru|/ dqg wkhlu zhljkwhg vxp +wklfn fxuyh,1

Frpsduhg wr wkh vshhg sur�oh/ wkh frqwuro vljqdo lv vnhzhg wr wkh ohiw dqg lq sduwlfxodu gxulqj wkh

ghffhohudwlrq skdvh idoov r� idvwhu wkdq wkh vshhg sur�oh1 Wklv skhqrphqrq lv ylvleoh lq wkh gdwd ri

^Prudq dqg Vfkzduw} <;` zkr frpsduhg wkh dfwxdo yhorflw| sur�oh dqg wkh rqh uhfrqvwuxfwhg iurp wkh

srsxodwlrq yhfwru/ dyhudjhg ryhu d kxjh qxpehu ri wuldov iurp vhyhudo prqnh|v dqg vhyhudo gl�huhqw

h{shulphqwv1 Xqiruwxqdwho| wkrvh dxwkruv whuplqdwhg nlqhpdwlf gdwd uhfruglqj ehiruh wkh dfwxdo hqg

ri wkh pryhphqw vr wkh frpsohwh ghffhohudwlrq skdvh ri wkh frqwuro vljqdo lv qrw ylvleoh/ exw wkh sduw

wkdw zdv uhfrughg fohduo| vkrzv d vwhhshu ghfolqh lq wkh fruwlfdo �ulqj udwhv frpsduhg wr wkh vshhg

sur�oh1 Lw pd| eh lqwhuhvwlqj wr yhuli| wkdw revhuydwlrq +dqg wkh rqhv glvfxvvhg ehorz, xvlqj wkh

gdwd ri ^Ehqgd hw do1 <:` zkr vwxglhg uhdfklqj pryhphqwv xqghu yduldeoh irufh �hogv/ doorzlqj d ehwwhu

glvvrfldwlrq ri pryhphqw0 dqg irufh0 uhodwhg vljqdov1

Lw kdv ehhq revhuyhg wkdw wkh P4 srsxodwlrq yhfwru urxjko| fruuhvsrqgv wr lqvwdqwdqhrxv yhorf0

lw| qrw rqo| gxulqj vwudljkw uhdfklqj pryhphqwv/ exw dovr gxulqj pruh frpsoh{ gudzlqj pryhphqwv

^Vfkzduw} <7`1 Qrw vxusulvlqjo|/ wkh fruwlfdo vljqdo ohdgv wkh kdqg yhorflw| yhfwru e| d %suhglfwlrq lqwhu0

ydo% +SL, wkdw frxog uhvxow iurp wkh ghod|v lq qhxudo wudqvplvvlrq1 Lw kdv ehhq revhuyhg krzhyhu wkdw

wkh SL lv qrw frqvwdqw/ exw ydulhv zlwk wkh fxuydwxuh ri wkh wudmhfwru| 0 wkh wlph odj lv vljql�fdqwo| odujhu

iru uhjlrqv zlwk kljkhu fxuydwxuh/ ohdglqj ^Vfkzduw} <7` wr srvwxodwh gl�huhqw w|shv ri surfhvvlqj lq wkh

wudqvlwlrq uhjlrqv ehwzhhq uhodwlyho| vwudljkw vhjphqwv1 Zkloh wklv h{sodqdwlrq fdqqrw eh h{foxghg/ rxu

prgho surylghv d vlpsohu h{sodqdwlrq 0 vhh Ilj 8081 Wkh frqwuro vljqdo lv d olqhdu frpelqdwlrq ri yhorf0

lw| dqg dffhohudwlrq1 Lq uhodwlyho| olqhdu vhjphqwv ri wkh wudmhfwru| erwk ri wkhvh yhfwruv srlqw lq wkh

pryhphqw gluhfwlrq/ wkxv wkh SL dsshduv wr eh vpdoohu1 Zkhq wkh wudmhfwru| ehjlqv wr wxuq krzhyhu/

wkh dffhohudwlrq yhfwru dozd|v wxuqv ehiruh wkh yhorflw| yhfwru/ dqg dgglqj wkh wzr uhvxowv lq d frqwuro

yhfwru wkdw ohdgv kdqg yhorflw| e| d orqjhu SL1 Qrwh wkdw erwk ri wkhvh skhqrphqd zloo rffxu wr gl�huhqw

ghjuhhv uhjdugohvv ri wkh h{dfw sdudphwhu vhwwlqj ri wkh prgho/ ru wkh wudmhfwru| ehlqj wudfhg1

Zkloh wkh lqlwldo revhuydwlrqv ri pryhphqw0uhodwhg P4 dfwlylw| lq uhdfklqj zhuh ghvfulehg dv yhorflw|

vljqdov wkdw gr qrw uhyhuvh wrzdugv wkh hqg ri wkh pryhphqw +wkh zd| d irufh0uhodwhg vljqdo zrxog uhyhuvh,/

pruh fduhixo whpsrudo dqdo|vlv kdv uhyhdohg uhyhuvdov ri wkh srsxodwlrq yhfwru ^Ndodvnd hw do1 <5`1 Lw lv

lqwhuhvwlqj wkdw vxfk uhyhuvdov zhuh rqo| vhhq lq vlgh0wr0vlgh pryhphqwv dqg qrw lq iruzdug0edfnzdug

pryhphqwv1 Wklv h�hfw zdv lqwhusuhwhg dv hylghqfh wkdw wkh srsxodwlrq yhfwru lv sduwldoo| uhodwhg wr wkh

irufhv h{huwhg e| wkh kdqg/ exw lw zdv vrphzkdw sx}}olqj wkdw uhyhuvdov rqo| rffxuuhg lq wkh pryhphqw
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Force control with damping compensation

Iljxuh 807= Vlpxodwlrq= Wklfn olqh 0 wkh frqwuro vljqdo iru rxu prgho wu|lqj wr surgxfh d plqlpxp0mhun
wudmhfwru|1 Wklq olqhv 0 fkdqjhv lq wkh frqwuro vljqdo iru 58( yduldwlrqv lq pdvv1 Gdvkhg 0 yhorflw|
sur�oh/ Gdvk0grw 0 dffhohudwlrq sur�oh ri plqlpxp0mhun wudmhfwru|1
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Direction of control signal

Iljxuh 808= Vlpxowlrq= wkh frqwuro vljqdo +yhfwru, sorwwhg iru wkh fruuhvsrqglqj srlqwv dorqj d plqlpxp0
mhun wudmhfwru| wkurxjk d vlqjoh yld srlqw1
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Inertia and damping

Control signal

Iljxuh 809= Vlpxodwlrq= Ohiw 0 lqhuwld dqg ylvfrvlw| hoolsvrlgv +vfdohg wr �w rq wkh vdph sorw, iru dyhujh
kxpdq vxemhfwv1 Uljkw 0 wkh frqwuro vljqdov fruuhvsrqglqj wr d plqlpxp0mhun wudmhfwru| lq wkh wzr
gluhfwlrqv1

gluhfwlrq zkhuh wkh| zrxog eh ohdvw h{shfwhg li rqh rqo| wdnhv lqwr frqvlghudwlrq wkh lqhuwld hoolsvrlg1 Lq

rxu prgho krzhyhu wkh suhvhqfh ri uhyhuvdov lq wkh frqwuro vljqdo lv ghwhuplqhg qrw e| lqhuwld dorqh/ exw

e| wkh lqhuwld2ylvfrvlw| udwlr1 Wkh rulhqwdwlrq ri wkh wzr hoolsvrlgv lq d fdqrqlfdo dup srvwxuh lv vkrzq lq

Ilj 809 Ohiw1 Wkh ylvfrvlw| hoolsvh lv nqrzq wr srlqw dzd| iurp wkh vkrxoghu/ l1h1 wkh odujhvw ylvfrvlw| zloo

eh h{shulhqfhg gxulqj iruzdug0edfnzdug pryhphqwv1 Wklv lv vx�flhqw wr surgxfh vljql�fdqwo| eljjhu

uhyhuvdov ri wkh frqwuro vljqdo iru vlgh0wr0vlgh pryhphqwv 0 Ilj 809 Uljkw1 Zkloh wklv h�hfw ghshqgv rq wkh

h{dfw sdudphwhu ydoxhv/ wkh ylvfrvlw| hoolsvhv lq kxpdqv dqg prqnh|v suredeo| kdyh vlplodu rulhqwdwlrqv

+dqg wkh lqhuwld hoolsvhv duh dozd|v rulhqwhg dorqj wkh iruhdup,1

Ilqdoo|/ lq wkh vwxg| ri uhdfklqj pryhphqwv zlwk vlplodu kdqg nlqhpdwlfv dqg gl�huhqw srvwxuhv

^Vfrww dqg Ndodvnd <:` wkh dxwkruv dwwhpswhg wr lghqwli| wkh qdwxuh ri wkh frqwuro vljqdov hqfrghg lq

P4 e| exloglqj gl�huhqw prghov dqg frpsdulqj wkh suhglfwhg dprxqw ri srvwxudo ghshqghqfh wr wkhlu

hpslulfdo revhuydwlrqv1 Wkh rxwfrph ri wkhlu dqdo|vlv zdv wkdw qhxurqv hqfrglqj mrlqw yhorflwlhv zrxog eh

ohvv vhqvlwlyh/ zkloh qhxurqv hqfrglqj mrlqw wrutxh zrxog eh pruh vhqvlwlyh wr fkdqjhv lq dup frq�jxudwlrq

frpsduhg wr P4 �ulqj udwhv1 Wklv vxjjhvwv d frqwuro vljqdo vrphzkhuh %lq ehwzhhq% yhorflw| dqg wrutxh

0 zklfk lv zkdw rxu prgho dvvxphv1

D�� 5i?tLh)�4L|Lh @_@T|@|�L?

Dgdswdwlrq 0 d v|vwhpdwlf fkdqjh lq prwru ehkdylru uhvxowlqj iurp uhshdwhg vhqvru| ru prwru shuwxu0

edwlrqv 0 kdv ehhq vwxglhg h{whqvlyho| lq kxpdq prwru sv|fkrsk|vlfv ^Vkdgphku dqg Pxvvd0Lydogl <7/

Zhofk ;9/ Zroshuw <:`1 Wkh vlpsohvw dqg prvw h�flhqw uhflsh iru dgdswdwlrq zrxog vhhp wr eh wkh iro0

<4



orzlqj= ghwhfw dq| v|vwhpdwlf ghyldwlrqv iurp wkh h{shfwhg vhqvru| lqsxw gxulqj pryhphqw/ lghqwli| wkh

vrxufh ri wkh ghyldwlrqv dv dffxudwho| dv srvvleoh/ dqg lqwurgxfh d fruuhvsrqglqj fruuhfwlrq +lq hlwkhu wkh

vhqvru| ru prwru sduw ri wkh vhqvru|0prwru orrs, wkdw fdqfhov wkh shuwxuedwlrq1 Wklv vhfwlrq glvfxvvhv

d qxpehu ri h{dpsohv zkhuh wklv vlpsoh dgdswdwlrq vfkhph grhv qrw vhhp wr eh xvhg1 Wkh prvw zlgho|

vwxglhg h{dpsoh lv sulvp dgdswdwlrq 0 uhdfklqj wr ylvxdo wdujhwv zkloh zhdulqj sulvp jodvvhv wkdw vkliw

wkh ylvxdo zruog1 Li wkh v|vwhp zhuh wr glvfryhu wkh vrxufh ri shuwxuedwlrqv +l1h1 d ylvxdo vkliw, zh zrxog

h{shfw wr vhh d frpshqvdwlrq zkhuhe| doo ylvxdoo| shufhlyhg orfdwlrqv duh r�vhw lq wkh rssrvlwh gluhf0

wlrq1 Ixuwkhupruh wklv lv derxw wkh vlpsohvw shuwxuedwlrq rqh frxog lpdjlqh/ dqg lq dgglwlrq vxemhfwv

duh dzduh wkdw wkhlu prwru huuruv duh fdxvhg e| wkh sulvp jodvvhv1 Wkxv li wkh vhqvru|0prwru v|vwhp

zdv ghvljqhg wr glvfryhu wkh wuxh vrxufhv ri shuwxuedwlrq dqg fdqfho wkhp rxw/ sulvp dgdswdwlrq lv rqh

vfhqdulr zkhuh zh zrxog h{shfw wr vhh hylghqfh ri wkdw1 Lq sduwlfxodu/ zh zrxog h{shfw sulvp dgdswdwlrq

wr wudqvihu ehwzhhq olpev 0 zklfk lv qrw wkh fdvh ^Zhofk ;9`1 Lqvwhdg wkh uhvxowlqj jhqhudol}dwlrq sdwwhuqv

kdyh ehhq txlwh gl�fxow wr lqwhusuhw1

Li zh lqvlvw wkdw dgdswdwlrq lqyroyhv dq lqihuhqfh derxw wkh vrxufh ri shuwxuedwlrqv iroorzhg e|

dq dssursuldwh frpshqvdwlrq/ zh zrxog kdyh wr frqfoxgh wkdw hyhq lq wkh vlpsohvw srvvleoh fdvh wkh

dgdswlqj v|vwhp lv lqfdsdeoh ri grlqj lwv mre1 \hw lw lv d yhu| srzhuixo dqg urexvw v|vwhp/ wkdw uhtxluhv

rqo| d ihz shuwxuehg wuldov wr uhvwruh prwru shuirupdqfh wr lwv ohyho iurp ehiruh shuwxuedwlrqv zhuh

lqwurgxfhg1 Hyhq ihzhu wuldov zlwkrxw shuwxuedwlrqv duh vx�flhqw wr holplqdwh wkh dgdswdwlrq h�hfw

^Zhofk ;9/ Vkdgphku dqg Pxvvd0Lydogl <7/ Vdehv <9`1 Zkdw zrxog vxfk d udslg sodvwlflw| eh qhhghg iru

lq wkh uhdo zruog/ rxwvlgh wkh ryhufrqvwudlqhg dqg ryhuvlpsol�hg oderudwru| wdvnv zh w|slfdoo| vwxg|B

Wkh frpprq dqvzhu wr wklv txhvwlrq lv fdoleudwlrq iru fkdqjhv lq wkh vhqvruv ru dfwxdwruv/ h1j1 fkdqjhv

lq h|h jhrphwu|/ dup jurzwk/ fkdqjhv lq pxvfoh vwuhqjwk/ hwf1 Krzhyhu/ li zh wdnh wkh hwkrorjlfdo srlqw

ri ylhz vrphzkdw vhulrxvo|/ vxfk dq dffrxqw ri dgdswdwlrq vhhpv txlwh devxug1 Wkh elrorjlfdo fkdqjhv

wkdw dgdswdwlrq lv vxssrvhg wr fdoleudwh iru rffxu rq wkh wlph vfdoh ri prqwkv ru |hduv/ dqg duh xvxdoo|

luuhyhuvleoh1 Zk| zrxog zh xvh dq dgdswdwlrq v|vwhp zkrvh wlph vfdoh lv r� e| d ihz rughuv ri pdjqlwxgh

+l1h1 vhfrqgv,/ zklfk lv uhdg| wr mxps wr huurqhrxv frqfoxvlrqv derxw wkh qdwxuh ri wkh shuwxuedwlrqv

edvhg rq d ihz wuldov dqg lv zloolqj wr hudvh dq| wudfh ri dgdswdwlrq iroorzlqj dq hyhq vpdoohu qxpehu ri

qrqshuwxuehg wuldovB

Zh zrxog vxjjhvw wkdw wkh qxphurxv udslg vhqvru|0prwru dgdswdwlrq h�hfwv wkdw kdyh ehhq revhuyhg

gr qrw dulvh iurp d v|vwhp zkrvh jrdo lv wr fdoleudwh iru vorz ghyhorsphqwdo fkdqjhv1 Lqvwhdg lw pxvw

h{lvw iru wkh sxusrvh ri yhu| udslg fruuhfwlrqv ri prwru ehkdylru/ wkdw duh rqo| xvhixo li wkh| fdq eh

dffrpsolvkhg edvhg rq lqirupdwlrq iurp d ihz wuldov/ dqg dovr ehfrph luuhohydqw li wkh| duh qrw xvhixo

iru hyhq ihzhu wuldov1 Zkdw frxog qhfhvvlwdwh vxfk udslg fruuhfwlrqvB Fohduo| lw lv qrw wkh qhhg wr txlfno|

frpshqvdwh iru sulvp jodvvhv wkdw zh dfflghqwdoo| sxw rq1 Lw lv wkhq qrw vxusulvlqj wkdw wkh dgdswdwlrq

v|vwhp grhv qrw vhhp wr glvfryhu wkh qdwxuh ri wkh sulvp vkliwv dqg frpshqvdwh dffruglqjo| +e| kdylqj

shuihfw wudqvihu ehwzhhq olpev, 0 iurp lwv srlqw ri ylhz d sulvp vkliw lv qrw d %vlpsoh% +l1h1 olnho|, hyhqw/

dqg ehlqj irufhg wr pdnh dq lqihuhqfh iurp d ihz wuldov wkh v|vwhp suhihuv vrph rwkhu h{sodqdwlrq1

Vr/ zkdw lv wkh dgdswdwlrq v|vwhp wu|lqj wr frpshqvdwh iruB Zh gr qrw wklqn wkdw wkh h{shulphqwv

qhfhvvdu| wr dqvzhu wkdw txhvwlrq kdyh ehhq ghvljqhg |hw1 Wkh srlqw ri wkh deryh glvfxvvlrq lv wkdw zh

vkrxog shukdsv dssurdfk dgdswdwlrq h{shulphqwv zlwk wkh xqghuvwdqglqj wkdw zh duh qrw |hw grlqj wkh

uljkw h{shulphqw/ l1h1 wkh shuwxuedwlrqv zh lqwurgxfh dqg wkh zd|v zh ghvfuleh wkh fruuhvsrqglqj fkdqjhv

lq prwru ehkdylru duh qrw qhfhvvdulo| %surwrw|slfdo% iurp wkh srlqw ri ylhz ri wkh dgdswlqj v|vwhp1 Khuh

lv dqrwkhu h{dpsoh ehvlghv sulvp dgdswdwlrq1 H{shulphqwv zlwk ylvfrxv irufh �hogv lpsrvhg e| d urerw

dup zkloh wkh vxemhfw lv uhdfklqj wr ylvxdo wdujhwv kdyh lqglfdwhg wkdw wkh prwru v|vwhp exlogv dq

lqwhuqdo prgho ri wkh yhorflw|0ghshqghqw irufh �hog dqg xvhv wkdw prgho wr fdqfho wkh h{whuqdo irufhv
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^Vkdgphku dqg Pxvvd0Lydogl <7`143 Krzhyhu/ forvhu h{dplqdwlrq ri wklv dgdswdwlrq h�hfw kdv uhyhdohg d

pruh frpsoh{ slfwxuh1 Iru h{dpsoh/ li wkh h{whuqdo irufh �hog lv lqwurgxfhg rqo| lq wkh vhfrqg kdoi ri

wkh pryhphqw/ vxemhfwv ehjlq wr ghyldwh iurp wkhlu edvholqh wudmhfwrulhv iurp wkh yhu| ehjlqqlqj ri wkh

pryhphqw/ zkhuh qr irufhv duh suhvhqw1 Wkh ghyldwlrq lv lq wkh gluhfwlrq rssrvlwh wr wkh irufh �hog/ vr

wkdw lq wkh vhfrqg kdoi ri wkh pryhphqw wkh irufh sxvkhv wkh kdqg edfn wrzdugv wkh wdujhw ^Pdwvxrnd <;`1

Dqrwkhu dvshfw ri vxemhfw*v ehkdylru qrw frqvlvwhqw zlwk d vlpsoh prgho ri dgdswdwlrq lv wkh iroorzlqj

revhuydwlrq +pdgh lqghshqghqwo| e| Pdwvxrnd dqg Wkrurxjkpdq 0 shuvrqdo frppxqlfdwlrq,= wkh ryhudoo

vkdsh ri wkh wudmhfwrulhv +uh�hfwlqj wkh k|srwkhwlfdo lqwhuqdo prgho ri wkh irufh �hog, whqgv wr frqyhujh

zlwklq yhu| ihz wuldov/ dqg diwhu wkdw wkh rqo| fkdqjhv dsshdu wr eh lq wkh �qdo skdvh ri wkh pryhphqw

zkhq vxemhfwv dwwhpsw wr dftxluh wkh wdujhw1 Wkhvh revhuydwlrqv lqglfdwh wkdw dgdswdwlrq wr irufh �hogv

uhvxowv iurp vrph +gl�fxow wr ghvfuleh, fkdqjhv lq wkh prwru vwudwhj| xvhg iru uhdfklqj/ udwkhu wkdq

wkh dftxlvlwlrq ri dq lqwhuqdo prgho ri wkh shuwxuedwlrq1 Lw lv srvvleoh wkdw wkh sulpdu| remhfwlyh ri wkh

dgdswdwlrq surfhvv lv uhvwrulqj shuirupdqfh rq wkh wdvn +l1h1 dftxluh wkh wdujhw zlwklq wkh wlph olplw,

udwkhu wkdq uhvwrulqj wkh vkdsh ri wkh edvholqh wudmhfwru| 0 wkh odwwhu ehlqj dq hslskhqrphqrq1

Wkh iroorzlqj wzr h{shulphqwv surylgh pruh h{dpsohv ri dgdswdwlrq h�hfwv zkhuh wkh prwru vwudwhj|

dsshduv wr eh prgl�hg vr dv wr uhfryhu shuirupdqfh rq wkh prwru wdvn/ zkloh wkh %wuxh% vrxufh ri wkh

shuwxuedwlrq lv qrw fdqfhohg1

D���� , Tih�4i?| D�� � ��htLh _�tT*@Ui4i?| @_@T|@|�L?

Phwkrgv

Zh vwxglhg dgdswdwlrq wr uhshdwhg kdqg shuwxuedwlrqv wuljjhuhg e| vdffdglf h|h pryhphqwv1 Dv ehiruh/

vxemhfwv zhuh dvnhg wr sdvv wkurxjk d vhtxhqfh ri lqwhuphgldwh wdujhwv> wkh fxuvru fruuhvsrqglqj wr kdqg

srvlwlrq zdv glvsodfhg dw wkh wlph ri shdn h|h yhorflw| iurp wdujhw 5 wr wdujhw 6/ dqg uhpdlqhg glvsodfhg

uhodwlyh wr wkh kdqg +krul}rqwdoo|/ e| .5 ru 05 fp, iru wkh gxudwlrq ri wkh pryhphqw1 Wkh shuwxuedwlrq

zdv v|vwhpdwlf/ lq eorfnv ri 43 wuldov iroorzhg e| 8 wuldov zlwkrxw ylvxdo ihhgedfn derxw kdqg srvlwlrq1

Zh dovr lqwhuohdyhg eorfnv zlwk qr shuwxuedwlrq1

Uhvxowv

Vxemhfwv dgdswhg lq uhvsrqvh wr wkh shuwxuedwlrq/ vr wkdw wkh kdqg diwhu dgdswdwlrq dsshduhg wr sdvv

wkurxjk wkh wdujhwv 0 Ilj 80: Wrs1 Wkh vshhg sur�ohv krzhyhu dgdswhg lq d udwkhu xqh{shfwhg zd| 0 lq0

vwhdg ri vfdolqj wkh vshhg orfdoo| lq wkh vhjphqw ri wkh pryhphqw zkrvh ohqjwk fkdqjhg +dv wkh lvrfkurq|

sulqflsoh/ ru plqlpxp0mhun prgho suhglfwv,/ wkh hqwluh vshhg sur�oh zdv vfdohg1 Zkhq +d gl�huhqw jurxs

ri, vxemhfwv zhuh dvnhg wr pdnh qrqshuwxuehg pryhphqwv wkurxjk r�vhw wdujhw frq�jxudwlrqv uhvxowlqj

lq wkh vdph sdwkv dv wkh dgdswdwlrq h{shulphqw/ wkh vshhg sur�oh zdv qrz %qrupdo%/ l1h1 lw h{klelwhg

wkh fkdudfwhulvwlfv ghvfulehg lq wkh olwhudwxuh1 Wklv h�hfw rq wkh vshhg sur�ohv vkrxog qrw rffxu li wkh

v|vwhp zdv h{hfxwlqj %ghidxow% pryhphqwv wkurxjk d uhpdsshg vsdfh1 Lqvwhdg lw dsshduv wkdw d gli0

ihuhqw prwru vwudwhj| +frqwuro odz, lv ehlqj xvhg/ zklfk fdq eh ghvfulehg yhuedoo| dv %gr zkdw |rx glg

ehiruh/ exw vshhg xs dqg sdvv wkurxjk wkh wdujhwv%1

�fA��t �t t�4�*@h |L |�i @UUL�| Lu Th�t4 @_@T|@|�L? @t _�tUL�ih) Lu |�i ��t�@* t��u| @?_ @ ULhhitTL?_�?} Lgti| Lu ��t�@*
TihUiT|�L?�
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Iljxuh 80:= Ohiw= diwhuh�hfw ri dgdswdwlrq wr 5 fp kdqg glvsodfhphqw ohiw ru uljkw/ dqg qrupdol}hg vshhg
sur�ohv diwhu dgdswdwlrq iru wkh wzr glvsodfhphqwv1 Uljkw= qr shuwxuedwlrqv 0 vxemhfwv duh dvnhg wr pryh
wkurxjk wdujhwv r�vhw e| .5 ru 05 fp/ uhvxowlqj lq wkh vdph sdwkv exw gl�huhqw vshhg sur�ohv frpsduhg
wr dgdswdwlrq1
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D���2 , Tih�4i?| D�2 � wLU@* Th�t4 @_@T|@|�L?

Phwkrgv

Wklv h{shulphqw lv lghqwlfdo wr wkh orfdo sulvp vkliw h{shulphqw deryh +d qhz jurxs ri 43 vxemhfwv zdv

uhfuxlwhg,/ h{fhsw wkdw khuh wkh vdph shuwxuedwlrq zdv dssolhg lq eorfnv ri 43 wuldov/ iroorzhg e| 8 wuldov

zlwkrxw ylvxdo ihhgedfn derxw kdqg srvlwlrq1 Djdlq/ rq wkh uhwxuq wr wkh vwduwlqj er{ wkh fruuhfw kdqg

srvlwlrq zdv glvsod|hg1

Uhvxowv

Ilj 80; vkrzv wkh diwhuh�hfw +l1h1 wudmhfwrulhv rq wkh qr0ihhgedfn wuldov dw wkh hqg ri hdfk eorfn, ri wkh

v|vwhpdwlf glvsodfhphqw1 Vxemhfwv fruuhfwhg wkhlu pryhphqwv dssursuldwho|/ dqg uhwdlqhg wkdw dgdswd0

wlrq diwhu wkh glvsodfhphqw zdv uhpryhg1 Wklv uhvxow lv lqwhuhvwlqj iru wzr uhdvrqv1 Iluvw/ wkh dgdswdwlrq

fdqqrw eh h{sodlqhg e| d joredo vkliw ri wkh ylvxdo zruog/ vlqfh dw wkh vwduwlqj srvlwlrq vxemhfwv duh

dzduh ri wkh dfwxdo kdqg orfdwlrq1 Wkxv zh kdyh qr dgdswdwlrq dw wkh vwduwlqj srvlwlrq/ dqg frpsdudeoh

dprxqwv ri dgdswdwlrq lq wkh h{srvhg dqg wkh qrqh{srvhg uhjlrq dw wkh hqg ri wkh pryhphqw1 Dovr/

uhfdoo wkdw diwhu hdfk wuldo wkh kdqg sdvvhv wkurxjk wkh vdph duhd ri vsdfh zkhuh wkh glvsodfhphqw zdv

suhvhqw1 Exw wkdw grhv qrw lqwhuihuh zlwk dgdswdwlrq gxulqj wkh pryhphqw1

Wdnhq wrjhwkhu wkhvh revhuydwlrqv lqglfdwh wkdw lq wkh surfhvv ri dgdswdwlrq/ wkh vhqvru|0prwru

v|vwhp grhv qrw uhdoo| dgdsw wr wkh v|vwhpdwlf shuwxuedwlrq lw zdv h{srvhg wr/ exw lqvwhdg �qgv d qhz

zd| ri dfklhylqj wkh jrdo ri wkh pryhphqw1 Hduolhu zh udlvhg wkh txhvwlrq= zkdw lv wkh v|vwhp frqvwdqwo|

wu|lqj wr dgdsw wrB Pd|eh lw lv qrw uhdoo| wu|lqj wr dgdsw wr dq| v|vwhpdwlf shuwxuedwlrqv/ exw lqvwhdg

lw lv frqvwdqwo| wu|lqj wr lpsuryh lwv shuirupdqfh rq wkh prwru wdvn1 Rqh zd| wr gr wkdw +dv lq wkh

prgho iurp Fkdswhu 6, zrxog eh wr prgli| wkh ghidxow frqwuro odz lw xvhv1

D�e wi@h?�?} ?i� 4L|Lh t!�**t

Wklv vhfwlrq suhvhqwv uhvxowv iurp wzr ohduqlqj h{shulphqwv1 Dowkrxjk qrw gluhfwo| uhodwhg wr wkh prgho/

wkh| looxvwudwh wkh dujxphqw ghyhorshg lq wkh lqwurgxfwlrq wkdw ohduqlqj qhz prwru vnloov grhv qrw

lqyroyh wkh dftxlvlwlrq ri dq lghqwl�deoh prwru whpsodwh1 Lq wkh �uvw h{shulphqw zh ghprqvwudwh d

irup ri ohduqlqj wkdw grhv qrw lpsuryh shuirupdqfh lq wkh devhqfh ri ylvxdo ihhgedfn +zklfk d prwru

whpsodwh vkrxog gr,/ |hw dv vrrq dv ylvxdo ihhgedfn ehfrphv dydlodeoh lw kdv d vljql�fdqw h�hfw1 Wkh

vhfrqg h{shulphqw hpskdvl}hv wkh srlqw wkdw shuirupdqfh pd| lqfuhdvh vxevwdqwldoo| lq wkh frxuvh ri d

ihz h{shulphqwdo vhvvlrqv/ zlwkrxw ehlqj fruuhodwhg wr lghqwl�deoh nlqhpdwlf ihdwxuhv ri wkh pryhphqwv1

Wklv revhuydwlrq lv sduwlfxoduo| lqwhuhvwlqj vlqfh zh wudlqhg vxemhfwv e| dvnlqj wkhp wr uhsolfdwh d

suhuhfrughg h{shuw*v pryhphqw 0 |hw vxemhfwv* shuirupdqfh diwhu wudlqlqj zdv qrw uhodwhg wr krz zhoo

wkh| pdqdjhg wr uhsolfdwh wkdw uhihuhqfh pryhphqw1

D�e�� , Tih�4i?| D�� � wi@h?�?} |L |h@Ui UL?|�?�L�t U�h�it

Phwkrgv

Whq vxemhfwv zhuh dvnhg wr wudfh frqwlqxrxv fxuyhv suhvhqwhg rq d yhuwlfdo frpsxwhu vfuhhq/ e| prylqj

wkh kdqgoh ri d sodqdu pdqlsxodqgxp zkrvh srvlwlrq lq vsdfh zdv dozd|v glvsod|hg rq wkh vfuhhq1 Wkh

vdph fxuyh zdv suhvhqwhg lq d eorfn ri 48 wuldov1 Zh vwxglhg gl�huhqw ihhgedfn frqglwlrqv/ lqyroylqj

d, ixoo ihhgedfn 0 fxuyh ylvleoh wkurxjkrxw wkh pryhphqw> e, sduwldo ihhgedfn 0 fxuyh glvsod|hg ehiruh
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Iljxuh 80;= Dyhudjh sdwkv lq qr0ihhgedfn wuldov iroorzlqj dgdswdwlrq +diwhuh�hfwv,/ vkrzq iru doo glv0
sodfhphqw gluhfwlrqv1
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Iljxuh 80<= Shuirupdqfh +dyhudjh glvwdqfh, lq fxuyh wudflqj h{shulphqw/ iru wzr vhwv ri fxuyhv
+vrolg2gdvkhg,/ suhvhqwhg lq ixoo ihhgedfn0phpru|0sduwldo ihhgedfn dqg sduwldo ihhgedfn frqglwlrqv uh0
vshfwlyho|1

pryhphqw rqvhw dqg lqylvleoh gxulqj wkh pryhphqw> f, fxuyh lv qhyhu vkrzq lq wkh hqwluh eorfn/ dqg

vxemhfwv duh dvnhg wr wudfh lw iurp phpru| +phpru| eorfnv reylrxvo| iroorzhg ihhgedfn eorfnv rq zklfk

wkh vdph fxuyh zdv suhvhqwhg,1 Wkh vhw ri fxuyhv zdv glylghg lq wzr vxevhwv1 Wkh �uvw vxevhw zdv

suhvhqwhg zlwk ixoo ihhgedfn/ wkhq qr ihhgedfn/ dqg 633 wuldov odwhu +diwhu rwkhu fxuyhv kdyh ehhq wudfhg,

zdv suhvhqwhg djdlq zlwk sduwldo ihhgedfn1 Wkh rwkhu vxevhw zdv �uvw suhvhqwhg zlwk sduwldo ihhgedfn1

Uhvxowv

Ilj 80< vkrzv dyhudjh shuirupdqfh dv d ixqfwlrq ri wuldo qxpehu 0 shuirupdqfh zdv gh�qhg dv dyhudjh

kdqg ghyldwlrq iurp wkh ghvluhg fxuyh1 Zkhq d fxuyh lv wudfhg zlwk ixoo ihhgedfn +ohiw,/ shuirupdqfh

judgxdoo| lpsuryhv1 Li lpphgldwho| diwhu wkdw wkh vxemhfw lv dvnhg wr surgxfh lw iurp phpru| +plggoh,

zlwk qr ihhgedfn shuirupdqfh ghfuhdvhv vxevwdqwldoo| rq wkh yhu| qh{w wuldo/ dqg nhhsv ghwhulrudwlqj

vorzo|1 Wkh vdph fxuyh lv suhvhqwhg djdlq zlwk sduwldo ihhgedfn +l1h1 uhpryhg iurp wkh vfuhhq dw wkh

ehjlqqlqj ri wkh pryhphqw, 633 wuldov dqg 53 plq odwhu 0 vrolg/ uljkw sorw1 Frpsduhg wr d fxuyh wkdw lv

suhvhqwhg iru wkh �uvw wlph zlwk sduwldo ihhgedfn +gdvkhg olqh, shuirupdqfh rq wkh suhylrxvo| sudfwlfhg

fxuyh lv vljql�fdqwo| ehwwhu/ wkhuhiruh vrph ohduqlqj ri wkdw fxuyh kdv wdnhq sodfh dqg lv suhvhuyhg gxulqj

wkh lqwhuyhqlqj wuldov1 Krzhyhu/ zkdw lv uhwdlqhg lv qrw d prwru surjudp wkdw vshfl�hv zkdw pryhphqw

wr pdnh 0 li wkdw zhuh wkh fdvh shuirupdqfh iurp phpru| +plggoh sorw, vkrxog qrw ghfd| edfn wr wkh

ohyhov fruuhvsrqglqj wr d suhylrxvo| xqvhhq fxuyh1 Wkxv wkh prwru v|vwhp uhwdlqv dq delolw| wr wudfh wkh

fxuyh ehwwhu li wudqvlhqw ylvxdo lqirupdwlrq lv dydlodeoh/ exw wkdw grhv qrw frqwulexwh wr shuirupdqfh lq

wkh frpsohwh devhqfh ri ylvxdo ihhgedfn1
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D�e�2 , Tih�4i?| D�e � wi@h?�?} @ |@M*i |i??�t t|hL!i

Lq wklv h{shulphqw zh xvhg d phwkrg iru wudlqlqj frpsoh{ vnloov e| glvsod|lqj vxemhfw*v pryhphqwv lq uhdo

wlph lq d yluwxdo hqylurqphqw/ vxshulpsrvhg rq dq dqlpdwlrq ri d %whdfkhu% pryhphqw wkdw vxemhfwv

zhuh dvnhg wr uhsolfdwh1 Wklv zrun lv sxeolvkhg lq ^Wrgrury hw do1 <:`1 Lw lv uhohydqw khuh ehfdxvh lw

surylghv dq h{dpsoh ri prwru ohduqlqj zkhuh shuirupdqfh lpsuryhv txlwh vljql�fdqwo|/ |hw lw lv qrw

uhodwhg wr dq| vshfl�f ihdwxuhv ri wkh pryhphqw wkdw frxog eh lqwhusuhwhg dv d prwru whpsodwh ru d

prwru surjudp1 Wklv lv hyhq pruh vxusulvlqj jlyhq wkh idfw wkdw zh dfwxdoo| wudlqhg vxemhfwv wr h{hfxwh

d vshfl�f pryhphqw1

Phwkrgv

Wkh h{shulphqwdo vhwxs lv vkrzq lq Ilj 80431 Zh xvhg d eodfn zrrghq wdeoh +;8 fp e| 578 fp, dqg d

vwdqgdug qhw +khljkw ri 48 fp, zklfk zdv dwwdfkhg 498 fp dzd| iurp wkh hgjh forvhvw wr wkh vxemhfw/

dorqj zlwk d eodfn wdsh 48 fp deryh wkh qhw1 D vtxduh wdujhw ri vl}h 48 fp zdv sodfhg krul}rqwdoo| rq

wkh wdeoh 53 fp ehklqg wkh qhw1 Zklwh wdeoh whqqlv edoov zhuh gursshg +pdqxdoo| e| wkh h{shulphqwhu,

wkurxjk d wudqvsduhqw wxeh wkdw zdv dwwdfkhg wr d wlowhg sodwirup rq wkh ohiw vlgh ri wkh wdeoh1 Wkh edoov

fdph rxw ri wkh wxeh dw d yhorflw| dqg dqjoh w|slfdo iru dq lqwhuphgldwh wdeoh whqqlv vkrw/ dqg erxqfhg

r� wkh wdeoh lq d kljko| frqvlvwhqw zd|1 Wkh vxemhfw zdv vwdqglqj dw d frqyhqlhqw glvwdqfh lq iurqw ri

wkh wdeoh/ kroglqj d sdggoh lq wkh ohiw kdqg1 Doo vxemhfwv lq wklv vwxg| zhuh uljkw kdqghg1 Wkhuhiruh/ rxu

lqwhqwlrq zdv wr wudlq vxemhfwv rq d gl�fxow wdvn zlwk wkhlu qrq0grplqdqw kdqg1 Wkh wdvn zdv wr ohw

wkh edoo erxqfh rqfh/ klw lw zlwk wkh sdggoh/ dqg vhqg lw wkurxjk wkh krul}rqwdo rshqlqj ehwzhhq wkh qhw

dqg wkh wdsh vxfk wkdw wkh edoo odqghg rq wkh wdujhw1 Diwhu hyhu| wuldo wkh h{shulphqwhu uhfrughg wkh

vfruh e| suhvvlqj d exwwrq1 Wkh lqwhuydo ehwzhhq wzr wuldov zdv xvxdoo| lq wkh udqjh ri 8 wr 43 vhfrqgv1

Dq hohfwur0pdjqhwlf vhqvru +LvrWudfn LL/ Srokhpxv Frus1, zdv xvhg wr wudfn wkh srvlwlrq dqg rulhq0

wdwlrq ri wkh sdggoh1 Lw lqfoxghg d vpdoo +5{5{5fp, uhfhlyhu dwwdfkhg wr wkh sdggoh/ dqg d wudqvplwwhu

sodfhg xqghu wkh wdeoh1 Erwk wkh uhfhlyhu dqg wkh wudqvplwwhu zhuh frqqhfwhg wr d vhqvru er{ zlwk d

wklq fdeoh1 Wkh fdeoh iurp wkh uhfhlyhu zdv sodfhg durxqg wkh vkrxoghuv ri wkh vxemhfw dqg glg qrw

uhvwulfw pryhphqwv lq dq| zd|1 Wkh vhqvru vdpsohg wkh wkuhh glphqvlrqdo srvlwlrq dqg rulhqwdwlrq ri

wkh sdggoh dw 93K}1

Gxulqj wudlqlqj wkh frpsxwhu glvsod|hg d uhdolvwlf wkuhh glphqvlrqdo vlpxodwlrq ri wkh hqylurqphqw

0 Ilj 80441 Wkh vlpxodwhg hqylurqphqw frqvlvwhg ri d judsklfdo uhsuhvhqwdwlrq ri wkh h{shulphqwdo

vhwxs/ wkh vxemhfw*v sdggoh/ wkh whdfkhu*v sdggoh/ dqg wkh edoo1 Looxplqdwlrq/ rffoxvlrq/ dqg shuvshfwlyh

surmhfwlrq zhuh xvhg wr surylgh ghswk fxhv1 Wkh wzr sdggohv dqg wkh edoo zhuh wkh rqo| prylqj remhfwv

lq wkh yluwxdo vfhqh1 Dssursuldwh vrxqg h�hfwv zhuh lqfoxghg lq dq dwwhpsw wr uhsodfh wkh plvvlqj

vhqvru| lqirupdwlrq dw wkh prphqw ri lpsdfw ehwzhhq wkh sdggoh dqg wkh yluwxdo edoo1 Wkh srvlwlrq ri

wkh vxemhfw*v sdggoh lq wkh vlpxodwru zdv xsgdwhg dw 73 K}/ dqg wkh vhqvru ghod| zdv ohvv wkdq 53pv1

Lq wudlqlqj wkh whdfkhu sdggoh h{hfxwhg wkh ghvluhg pryhphqw uhshdwhgo| +zdlwlqj iru wkh vlpxodwhg

edoo wr frph rxw ri wkh wxeh dqg erxqfh/ klwwlqj lw dqg vhqglqj lw wr wkh wdujhw,/ zkloh wkh vxemhfw zdv

wu|lqj wr pryh klv2khu sdggoh zlwk wkdw ri wkh whdfkhu1 Diwhu hyhu| pryhphqw d vfruh uh�hfwlqj d phdvxuh

ri vlplodulw| +lq vsdfh dqg wlph, ehwzhhq wkh whdfkhu dqg wkh vxemhfw pryhphqwv zdv glvsod|hg1 Wkh

whdfkhu pryhphqw zdv d uhsod| ri d uhfruglqj ri dq h{shuw sod|hu klwwlqj d uhdo edoo dqg vhqglqj lw wr wkh

wdujhw1 Lq wklv uhsod|/ wkh wudmhfwru| ri wkh edoo zdv qrw uhfrughg exw frqvwuxfwhg iurp d pdwkhpdwlfdo

prgho ri wkh g|qdplfv ri wkh edoo1 Wklv zdv srvvleoh ehfdxvh wkh edoo zdv dozd|v gholyhuhg dw wkh vdph

srvlwlrq dqg yhorflw|1 Wklv prgho zdv dffxudwh hqrxjk vr wkdw wkh uhdo pryhphqw uhfrughg iurp wkh

h{shuw sod|hu klw wkh vlpxodwhg edoo dqg vhqw lw lq wkh gluhfwlrq ri wkh wdujhw1

Wzhqw| vxemhfwv zhuh udqgrpo| glylghg wr d frqwuro jurxs dqg d wudlqlqj jurxs1 Hdfk vxemhfw

sduwlflsdwhg lq wkh h{shulphqw iru 6 frqvhfxwlyh gd|v/ 5 vhvvlrqv shu gd| +vhsdudwhg e| d vkruw euhdn,1 Lq
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Iljxuh 8043= H{shulphqwdo vhwxs1 Vxemhfwv khog d sdggoh lq wkhlu ohiw kdqg/ dqg klw edoov wkdw zhuh
gursshg wkurxjk wkh wudqvsduhqw wxeh1 Wkh wdvn zdv wr vhqg wkh edoo ehwzhhq wkh qhw dqg wkh wdsh
deryh lw/ dqg klw wkh wdujhw ehklqg wkh qhw1 Gxulqj wudlqlqj wkh vlpxodwlrq zdv vkrzq rq d frqyhqlhqwo|
orfdwhg frpsxwhu prqlwru> d fkdqjh lq erg| srvlwlrq iurp wudlqlqj wr sudfwlfh zdv qrw qhfhvvdu|1

hdfk vhvvlrq frqwuro vxemhfwv sod|hg 63 edoov zklfk zhuh qrw vfruhg/ iroorzhg e| 93 edoov zklfk zhuh vfruhg

wkxv h{wud sudfwlfh uhsodfhg frdfklqj lq wklv h{shulphqw1 Wkh h{shulphqwhu surylghg yhuedo ihhgedfn rq

jurvv huuruv kh qrwlfhg +iru frqwuro vxemhfwv rqo|,1 Wudlqlqj vxemhfwv vwduwhg hdfk vhvvlrq +lqfoxglqj wkh

�uvw rqh, zlwk wudlqlqj lq wkh vlpxodwru/ dqg wkhq sod|hg 93 edoov1 Wudlqlqj zdv whuplqdwhg diwhu wkh

vlplodulw| vfruh ehwzhhq wkh vxemhfw*v pryhphqwv dqg wkh whdfkhu vdwxudwhg dw d suhgh�qhg dffhswdeoh

ydoxh1 Dv d uhvxow ri wklv whuplqdwlrq fulwhulrq h{shulphqwdo vxemhfwv zhuh wudlqhg orqjhu lq wkh �uvw

vhvvlrq wkdq lq dq| rwkhu vhvvlrq1 Wkh wlph lw wrrn wkh frqwuro vxemhfwv wr sod| wkh �uvw +xqvfruhg, 63

edoov lq hdfk vhvvlrq zdv pdwfkhg wr wkh dyhudjh wudlqlqj wlph shu vhvvlrq iru wkh h{shulphqwdo vxemhfwv1

Lq vxppdu|/ wkh frqwuro dqg wudlqlqj vxemhfwv vshqw wkh vdph dprxqw ri wlph sudfwlflqj1 Krzhyhu/

wkh frqwuro vxemhfwv klw 83( pruh uhdo edoov wkdq wkh wudlqlqj vxemhfwv1 Wkh uhpdlqlqj sudfwlfh wlph iru

wkh wudlqlqj vxemhfwv zdv vshqw lq wkh yluwxdo hqylurqphqw1

Uhvxowv

Wkh shuirupdqfh ri erwk jurxsv lv suhvhqwhg lq Ilj 80451 Dqdo|vlv ri yduldqfh vkrzhg wkdw shuirupdqfh

zdv lqfuhdvlqj iru erwk jurxsv +I+8/;3,@713/ s?3134,1 Wkh gl�huhqfh lq shuirupdqfh ehwzhhq wkh wzr

jurxsv ryhu wkh zkroh h{shulphqw zdv qrw zlwklq dffhswhg vljql�fdqfh ohyhov +pdlq h�hfw ri jurxs zdv

I+4/49,@615/ s@313<,1 Wkh uhdvrq lv wkdw zh duh orrnlqj dw ohduqlqj fxuyhv zklfk duh vdpsohg riwhq/ vr

zh vkrxog qrw h{shfw wr vhh d pdlq h�hfw ri wudlqlqj/ exw udwkhu d gl�huhqfh dw wkh hqg ri wkh h{shulphqw1

Lqghhg/ wkh vfruh ri wkh wudlqlqj jurxs zdv vljql�fdqwo| kljkhu wkdq wkh vfruh ri wkh frqwuro jurxs rq

wkh odvw vhvvlrq +w0whvw/ w+49,@5174/ s@3135,1 Dovr/ wkh lpsuryhphqw ri wkh wudlqlqj jurxs zdv eljjhu

wkdq wkh lpsuryhphqw ri wkh frqwuro jurxs +w0whvw/ w+49,@514/ s@3138,1 Lqwhuhvwlqjo|/ wkh wudlqlqj jurxs

zdv ehwwhu rq wkh yhu| �uvw vhvvlrq +w0whvw/ w+49,@515/ s@3137, exw wkh gl�huhqfh glvdsshduhg rq wkh
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Iljxuh 8044= Yluwxdo hqylurqphqw1 D 48% VYJD prqlwru glvsod|hg d vlpxodwlrq ri wkh whdfkhu sdggoh
klwwlqj wkh edoo/ vxshulpsrvhg rq wkh pryhphqw ri wkh vxemhfw sdggoh +wudfnhg e| d pdjqhwlf vhqvru,1
Gl�huhqw froruv dqg lqwhqvlwlhv zhuh xvhg iru wkh hohphqwv lq wkh vfhqh/ zklfk zdv uhqghuhg lq 97;{7;3
sl{hov/ 589 froru prgh1

qh{w vhvvlrq1

Hyhq wkrxjk wkh wudlqlqj jurxs dv d zkroh h{hfxwhg pryhphqwv vlplodu wr wkh whdfkhu wudmhfwru|/

zh revhuyhg wkdw lqglylgxdo vxemhfwv prgl�hg wkh whdfkhu pryhphqw lq vxemhfw0vshfl�f zd|v1 Dv dq

h{dpsoh/ Ilj 8046 vkrzv wkh hyroxwlrq ri wkh pryhphqwv ri rqh wudlqlqj vxemhfw ryhu wkh 6 gd|v ri wkh

h{shulphqw1 Wkh jhqhudo vkdsh lv vlplodu wr wkh whdfkhu/ sduwlfxoduo| gxulqj wkh iruzdug vzlqj/ exw dq

h{wud wzlvw lq ghswk lv lqwurgxfhg/ dqg lw ehfrphv pruh surqrxqfhg zlwk wlph1 Rwkhu vxemhfwv ghyldwhg

frqvlvwhqwo| lq wkh rwkhu wzr glphqvlrqv/ lqglfdwlqj wkdw wkhvh vxemhfw0vshfl�f prgl�fdwlrqv duh qrw

fdxvhg e| srru shufhswlrq ri wkh whdfkhu pryhphqw lq ghswk1

Zh frxog qrw lghqwli| dq| wudmhfwru| ihdwxuhv +zlwklq wkh wudlqlqj jurxs, fruuhodwhg zlwk shuirupdqfh1

D vlplodu irup ri rqolqh ihhgedfn +lq d pxfk vlpsohu h{shulphqwdo sdudgljp/ lqyroylqj d vlqjoh0mrlqw

hoerz pryhphqw 0 lqwurgxfhg e| ^Vfkplgw dqg \rxqj <4`, kdv ehhq vwxglhg e| ^Eulvvrq dqg Dodlq <9`1

Wkhvh dxwkruv dovr irxqg wkdw wudfnlqj lq uhdo wlph d suhvshfl�hg wudmhfwru| uhvxowhg lq d yhu| vljql�fdqw

lqfuhdvh lq shuirupdqfh1 Wkh| dovr dwwhpswhg wr fruuhodwh shuirupdqfh +ehwzhhq vxemhfwv, zlwk d qxpehu

ri nlqhpdwlf ihdwxuhv/ dqg frqfoxghg wkdw qr vxfk fruuhodwlrqv h{lvw1 Dq lqwhuhvwlqj frqfoxvlrq ri wkdw

vwxg| lv wkdw wkh %txdolw|% ri wkh suhuhfrughg pryhphqw lv qrw fuxfldo 0 wudlqlqj zlwk wkh ehvw pryhphqw

ri wkh ehvw vxemhfw yv1 d pryhphqw fkrvhq iurp edvholqh shuirupdqfh ri hdfk lqglylgxdo vxemhfw uhvxowhg

lq htxdo lpsuryhphqw1

Wdnhq wrjhwkhu wkhvh h{shulphqwv vxjjhvw wkdw hyhq zkhq ohduqlqj lv fohduo| d uhvxow ri dwwhpswlqj wr

uhsurgxfh d vshfl�f pryhphqw whpsodwh/ krz zhoo wkh whpsodwh lv dftxluhg grhv qrw d�hfw shuirupdqfh

dqg ixuwkhupruh wkh h{dfw whpsodwh ehlqj wudfnhg lv qrw fuxfldo1 Zk| lv lw wkhq wkdw shuirupdqfh

lpsuryhv vljql�fdqwo|/ frpsduhg wr htxdo dprxqwv ri sudfwlfhB Wkh rqo| srvvleoh h{sodqdwlrq vhhpv wr

eh wkdw wkh surfhvv ri wudfnlqj lwvhoi frqwulexwhv wr ohduqlqj/ dqg lw grhvq*w uhdoo| pdwwhu zkdw whpsodwh
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Iljxuh 8045= Shuirupdqfh1 Vfruhv dyhudjhg ryhu vxemhfwv lq hdfk jurxs dqg vhvvlrq/ zlwk vwdqgdug huuru
eduv/ duh vkrzq1 Wkh vfruh fruuhvsrqgv wr wkh qxpehu ri wdujhw klwv +93 wuldov shu vhvvlrq,1

lv wudfnhg dqg zkhwkhu lw lv hyhqwxdoo| dftxluhg1 Wklv lv vrphzkdw uhodwhg wr wkh uhvxow iurp wkh suhylrxv

h{shulphqw +816, zkhuh zh vdz wkdw wudflqj d frqwlqxrxv fxuyh kdv d ohduqlqj h�hfw/ exw lw fdqqrw eh

uhyhdohg lq wkh devhqfh ri ylvxdo ihhgedfn/ l1h1 lw lv qrw gxh wr wkh dftxlvlwlrq ri d sduwlfxodu pryhphqw

wudmhfwru|1
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Iljxuh 8046= Vxppdul}hg wudmhfwrulhv iru rqh wudlqlqj vxemhfw h{hfxwlqj wkh uhdo wdvn rq gd| 4 +D,/ gd|
5 +E,/ dqg gd| 6 +F,/ vxshulpsrvhg rq wkh whdfkhu wudmhfwru|1
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Wkh vshhg sur�ohv ri dup pryhphqwv glvsod| d qxpehu ri uhjxodulwlhv/ lqfoxglqj ehoo0vkdshg vshhg

sur�ohv lq vwudljkw uhdfklqj pryhphqwv dqg dq lqyhuvh uhodwlrqvkls ehwzhhq vshhg dqg fxuydwxuh lq

h{whpsrudqhrxv gudzlqj pryhphqwv +ghvfulehg dv d 526 srzhu odz,1 Khuh zh sursrvh d qhz prgho

wkdw vlpxowdqhrxvo| dffrxqwv iru erwk uhjxodulwlhv/ e| uhsodflqj wkh 526 srzhu odz zlwk d vprrwkqhvv

frqvwudlqw1 Iru d jlyhq sdwk ri wkh kdqg lq vsdfh/ rxu prgho dvvxphv wkdw wkh vshhg sur�oh zloo

eh wkh rqh wkdw plqlpl}hv wkh wklug ghulydwlyh ri srvlwlrq +ru _mhun%,1 Dqdo|vlv ri wkh pdwkhpdwlfdo

uhodwlrqvkls ehwzhhq wklv vprrwkqhvv frqvwudlqw dqg wkh 526 srzhu odz uhyhdohg wkdw lq erwk wzr dqg

wkuhh glphqvlrqv/ wkh srzhu odz lv htxlydohqw wr vhwwlqj wkh mhun dorqj wkh qrupdo wr wkh sdwk wr }hur> lw

jhqhudwhv vshhg suhglfwlrqv wkdw duh vlplodu/ exw fohduo| glvwlqjxlvkdeoh iurp wkh suhglfwlrqv ri rxu prgho1

Zh kdyh dvvhvvhg wkh dffxudf| ri wkh prgho rq d qxpehu ri prwru wdvnv lq wzr dqg wkuhh glphqvlrqv/

lqyroylqj glvfuhwh pryhphqwv dorqj duelwudu| sdwkv/ wudfhg zlwk gl�huhqw olpe vhjphqwv1 Wkh qhz prgho

surylghv d yhu| forvh �w wr wkh revhuyhg vshhg sur�ohv lq doo fdvhv1 Lwv shuirupdqfh lv xqlirupo| ehwwhu

frpsduhg wr doo h{lvwlqj yhuvlrqv ri wkh 526 srzhu odz/ vxjjhvwlqj wkdw wkh fruuhodwlrq ehwzhhq vshhg

dqg fxuydwxuh pd| eh d frqvhtxhqfh ri dq xqghuo|lqj prwru vwudwhj| wr surgxfh vprrwk pryhphqwv1

Rxu uhvxowv lqglfdwh wkdw wkh uhodwlrqvkls ehwzhhq wkh sdwk dqg wkh vshhg sur�oh ri d frpsoh{ dup

pryhphqw lv vwurqjhu wkdq suhylrxvo| wkrxjkw/ hvshfldoo| zlwklq d vlqjoh wuldo1 Wkh dffxudf| ri wkh

prgho zdv txlwh xqlirup ryhu pryhphqwv ri gl�huhqw vkdsh/ vl}h/ dqg dyhudjh vshhg1 Zh glg qrw

�qg hylghqfh iru vhjphqwdwlrq/ |hw suhglfwlrq huuru lqfuhdvhg zlwk pryhphqw gxudwlrq/ vxjjhvwlqj d

frqwlqxrxv �xfwxdwlrq ri wkh _whpsr% ri glvfuhwh pryhphqwv1 Wkh lpsolfdwlrqv ri wkhvh �qglqjv iru

prwru sodqqlqj dqg rqolqh frqwuro duh glvfxvvhg1

Wkh prgho suhvhqwhg lq wklv vhfwlrq lv d ghvfulswlyh rqh/ lq wkh vhqvh wkdw lw ghvfulehv jhrphwulf

surshuwlhv ri kdqg wudmhfwrulhv udwkhu wkdq vxjjhvwlqj dq dfwxdo phfkdqlvp iru wkhlu jhqhudwlrq +xqolnh

wkh rswlpdo frqwuro prgho ghyhorshg lq Fkdswhu 6,1 Dv zh zloo vhh/ lw surylghv d yhu| forvh �w wr
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h{shulphqwdo gdwd iurp vsdwldoo| frqvwudlqhg kdqg pryhphqwv41 Ri sduwlfxodu lqwhuhvw khuh lv wkh �qglqj

wkdw wkh prgho ghvfulehv vlqjoh wuldo gdwd ehwwhu wkdq dyhudjh wudmhfwrulhv/ vxjjhvwlqj wkdw lw pd| eh

forvho| uhodwhg wr wkh prgho iurp wkh suhylrxv fkdswhu1 Dw wklv srlqw krzhyhu wkh pdwkhpdwlfdo vlplodulw|

ehwzhhq wkh wzr prghov lv qrw yhu| fohdu 0 wkh gl�fxow| lq skudvlqj wklv prgho lq wkh rswlpdo frqwuro

iudphzrun lv wkdw lw suhvfulehv dq h{solflw uhodwlrqvkls ehwzhhq ihdwxuhv ri lqlglyxdo pryhphqwv +l1h1

vshhg dqg orfdo sdwk vkdsh, qrqh ri zklfk lv ehlqj uhsuhvhqwhg h{solflwo| lq wkh rswlpdo frqwuro prgho1

Wkh zrun suhvhqwhg lq wklv fkdswhu lv sxeolvkhg lq ^Wrgrury dqg Mrugdq <;`1

S�2 +iUL?t|h�U|�L? Lu tTii_ ThL�*it uhL4 �@?_ T@|�t ��@ t4LL|��

?itt 4@ �4�3@|�L?

Wkh pdmrulw| ri kxpdq dup pryhphqwv surgxfhg lq hyhu|gd| olih duh xqghufrqvwudlqhg= wkh ghvluhg

h�hfw rq wkh h{whuqdo hqylurqphqw fdq eh dfklhyhg lq d odujh qxpehu ri zd|v/ wkxv wkh h{dfw pryhphqw

h{hfxwhg dw d sduwlfxodu wlph lv qrw frpsohwho| ghwhuplqhg e| wkh prwru wdvn1 Zh h�ruwohvvo| sodq

dqg h{hfxwh xqghufrqvwudlqhg dup pryhphqwv wkdw dfklhyh wkh ghvluhg h�hfw/ dqg duh dw wkh vdph wlph

vprrwk dqg judfhixo1 Ixuwkhupruh/ zh fdq surgxfh dssursuldwh pryhphqwv lq wdvnv wkdw lqyroyh doprvw

duelwudu| frpelqdwlrqv ri frqvwudlqwv= vsdwldo orfdwlrqv wkdw wkh kdqg vkrxog sdvv wkurxjk/ remhfwv wkdw

kdyh wr eh dyrlghg/ irufhv wkdw kdyh wr eh h{huwhg zlwk yhu| dffxudwh wlplqj/ uhtxluhphqwv rq wkh vshhg

dw fhuwdlq srlqwv dorqj wkh sdwk/ ghvluhg gxudwlrqv ri wkh hqwluh pryhphqw ru vpdoohu vhjphqwv ri lw/ hwf1

Wklv lpsuhvvlyh delolw| wr wdnh lqwr dffrxqw d glyhuvh vhw ri wdvn frqvwudlqwv dqg udslgo| %�oo lq% wkh

plvvlqj ghwdlov ri wkh pryhphqw vxjjhvwv wkdw wkh prwru v|vwhp kdv yhu| jhqhudo dqg h�flhqw phfkdqlvpv

iru vroylqj loo0srvhg sureohpv1 Frqvhtxhqwo|/ d iuxlwixo olqh ri uhvhdufk lq wkh �hog ri prwru frqwuro kdv

ehhq wr lghqwli|/ prvwo| wkurxjk revhuydwlrqdo vwxglhv/ uhjxodulwlhv lq elrorjlfdo pryhphqw wkdw duh qrw

lq dq| zd| lpsolhg e| wkh wdvn1 Rqfh lghqwl�hg/ vxfk uhjxodulwlhv fdq eh xvhg wr lqihu wkh vwuxfwxuh ri

wkh xqghuo|lqj prwru v|vwhp wkdw surgxfhv wkhp1 H{dpsohv ri wklv dssurdfk lqfoxgh= Olvwlqjv odz/ Ilwwv

odz/ wkh lvrfkurq| sulqflsoh +Ylyldql dqg Vfkqhlghu/ 4<<4,/ olqhduo| uhodwhg mrlqw yhorflwlhv +Vrhfkwlqj

dqg Whu}xror/ 4<;9,/ slhfh0zlvh sodqdu 6G kdqg sdwkv +Vrhfkwlqj dqg Whu}xror/ 4<;:,/ vwudljkw sdwkv

dqg ehoo0vkdshg vshhg sur�ohv ri uhdfklqj pryhphqwv +Prudvvr/ 4<;4,/ wkh lqyhuvh uhodwlrqvkls ehwzhhq

lqvwdqwdqhrxv wdqjhqwldo vshhg dqg fxuydwxuh ri wkh kdqg sdwk +Mdfn/ 4;<8> Odftxdqlwl hw do1/ 4<;6,1

Lq wklv zrun zh irfxv rq wkh uhodwlrqvklsv revhuyhg ehwzhhq wkh kdqg sdwkv dqg vshhg sur�ohv ri

dup pryhphqwv wkdw duh vsdwldoo| frqvwudlqhg1 Zh ehjlq zlwk d eulhi vxppdu| ri h{lvwlqj yhuvlrqv ri

wkh plqlpxp0mhun prgho +Iodvk dqg Krjdq/ 4<;8, dqg wkh 526 srzhu odz +Odftxdqlwl hw do1/ 4<;6,/

dqg frpsduh wkhlu lpsolfdwlrqv iru wkh elrorjlfdo phfkdqlvpv xqghuo|lqj wudmhfwru| irupdwlrq1 Zh wkhq

ghyhors d qhz prgho wkdw hvvhqwldoo| frpelqhv wkh dsshdolqj ihdwxuhv ri wkhvh sulru prghov> lw vlpxowd0

qhrxvo| dffrxqwv iru erwk wkh ehoo0vkdshg vshhg sur�ohv ri vwudljkw uhdfklqj pryhphqwv dqg wkh lqyhuvh

uhodwlrqvkls ehwzhhq fxuydwxuh dqg vshhg ri fxuyhg kdqg pryhphqwv1 Lq d vhulhv ri h{shulphqwv zh

ghprqvwudwh wkdw wkh qhz prgho surylghv dq dffxudwh ghvfulswlrq ri d qxpehu ri glvfuhwh dup pryh0

phqwv zlwk duelwudu| kdqg sdwkv lq erwk wzr dqg wkuhh glphqvlrqv1 Ilqdoo|/ zh glvfxvv wkh lpsolfdwlrqv

ri rxu revhuydwlrqv iru wkh jhqhudwlrq ri frpsoh{ kdqg wudmhfwrulhv1

�W| _Lit ?L| |@!i �?|L @UUL�?| ti?tLh)�4L|Lh ?L�ti @?_ _it�hi_ @UU�h@U)c tL T�i?L4i?@ hi*@|i_ |L |�i tTii_�@UU�h@U)
|h@_iLg U@??L| Mi 4L_i*i_ �? |��t uh@4i�Lh!�
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Lq wklv vhfwlrq zh glvwlqjxlvk wkuhh jurxsv ri prghov +Ilj 904, edvhg rq wkh ohyhov ri elrorjlfdo surfhvvlqj

wkh| sdudooho1 Rxu fodvvl�fdwlrq hpskdvl}hv wkh lpsolfdwlrqv ri gl�huhqw prghov iru prwru frqwuro/ udwkhu

wkdq pdwkhpdwlfdo vlplodulwlhv dprqj wkhp1

S���� �L4T*i|i 4L_i*t Lu |h@�iU|Lh) uLh4@|�L?

Wkh prvw dpelwlrxv jurxs ri prghov suhglfw wkh rxwfrph ri wkh surfhvvlqj lq wkh hqwluh FQV lq d

uhvwulfwhg vhw ri wdvnv1 Vxfk prghov surylgh d frpsohwh _uhflsh% iru wudmhfwru| jhqhudwlrq/ vwduwlqj zlwk

wkh h{whuqdoo| vshfl�hg wdvn ghvfulswlrq/ dqg ohdglqj wr dq revhuydeoh wudmhfwru|1 Lw zrxog eh lghdo li

rqh frxog frqvwuxfw d prgho ri wklv nlqg wkdw djuhhv forvho| zlwk d zlgh udqjh ri h{shulphqwdo gdwd>

xqiruwxqdwho|/ wklv kdv suryhq wr eh gl�fxow1

D jhqhudo phwkrg iru frqvwuxfwlqj vxfk prghov lv surylghg e| rswlpl}dwlrq wkhru|= rqh gh�qhv d

%frvw% ixqfwlrqdo/ dqg dwwhpswv wr vkrz wkdw wkh pryhphqwv w|slfdoo| surgxfhg lq d jlyhq wdvn duh wkh

rqhv wkdw plqlpl}h frvw/ vxemhfw wr wkh frqvwudlqwv lpsrvhg e| wkh wdvn1 D qxpehu ri prghov edvhg rq

rswlpl}dwlrq wkhru| kdyh ehhq frqvlghuhg +Qhovrq/ 4<;6> Xqr hw do1/ 4<;<> Zdqq hw do1/ 4<;;> Iodvk dqg

Krjdq/ 4<;8,/ wkh frvw ehlqj hqhuj|/ irufh/ lpsxovh/ shdn vshhg/ shdn dffhohudwlrq/ gxudwlrq/ ru wrutxh

fkdqjh1 Wkh prgho zklfk vhhpv wr dffrxqw iru wkh odujhvw erg| ri gdwd/ zkloh dw wkh vdph wlph ehlqj

dwwudfwlyho| vlpsoh/ lv wkh %plqlpxp0mhun% prgho +Iodvk dqg Krjdq/ 4<;8,1 Wkh frvw lv gh�qhg dv wkh

vtxduhg mhun +wklug ghulydwlyh ri kdqg srvlwlrq ryhu wlph,/ lqwhjudwhg ryhu wkh hqwluh pryhphqw> lw lv

plqlpl}hg ryhu doo wudmhfwrulhv wkdw kdyh wkh vdph lqlwldo srlqw/ �qdo srlqw/ dqg srvvleo| sdvv wkurxjk

d vpdoo vhw ri lqwhuphgldwh +yld, srlqwv vshfl�hg lq wkh wdvn lwvhoi1 Lq uhdfklqj wdvnv wkh plqlpxp0

mhun prgho suhglfwv vwudljkw sdwkv dqg ehoo0vkdshg vshhg sur�ohv wkdw pdwfk h{shulphqwdo revhuydwlrqv

udwkhu zhoo +Iodvk dqg Krjdq/ 4<;8,1 Wkhuh duh fdvhv krzhyhu zkhuh vxemhfwv v|vwhpdwlfdoo| surgxfh

qrq0vwudljkw uhdfklqj pryhphqwv +Dwnhvrq dqg Kroohuedfk/ 4<;8,1 Vlqfh wklv prgho lv sxuho| nlqhpdwlf/

lw suhglfwv lqyduldqfh zlwk uhvshfw wr wudqvodwlrq/ urwdwlrq/ dqg vsdwldo ru whpsrudo vfdolqj1 Lw kdv ehhq

vkrzq wkdw sodqdu urwdwlrq ri wkh ghvluhg pryhphqw fdq vljql�fdqwo| d�hfw wkh kdqg sdwk lq yld0srlqw

+Xqr hw do1/ 4<;<,/ dv zhoo dv revwdfoh dyrlgdqfh +Vdehv/ 4<<:, wdvnv1 Zh vkrz pruh h{dpsohv ri wklv

skhqrphqrq odwhu1

S���2 �L_i*t Lu �?|h�?t�U hi}�*@h�|�it

Rq wkh rwkhu h{wuhph/ zh kdyh prghov wkdw gr qrw h{solflwo| dvvxph dq|wklqj derxw wkh prwru wdvn/

ru wkh �rz ri lqirupdwlrq surfhvvlqj lq wkh FQV1 Wkh| vlpso| txdqwli| lqwulqvlf uhodwlrqvklsv ehwzhhq

ihdwxuhv ri wkh revhuyhg wudmhfwrulhv wkdw duh qrw uhodwhg d sulrul +lq wklv fdvh ehwzhhq wkh sdwk dqg

vshhg sur�oh,1 Qrwh wkdw d fdxvdo uhodwlrqvkls ehwzhhq wkh wzr ihdwxuhv lv qrw qhfhvvdulo| lpsolhg1 Vxfk

prghov duh frqvlvwhqw zlwk dq| sursrvhg phfkdqlvp ri wudmhfwru| irupdwlrq wkdw surgxfhv wkh revhuyhg

uhodwlrqvkls hlwkhu wkurxjk dq h{solflw frpsxwdwlrq/ ru dv dq hphujhqw surshuw| ri vrph rwkhu/ srvvleo|

xquhodwhg surfhvv1

Lw kdv ehhq sursrvhg +Odftxdqlwl hw do1/ 4<;6, wkdw iru d odujh fodvv ri pryhphqwv zlwk fxuyhg kdqg

sdwkv/ wkh vshhg y+w, lv uhodwhg wr wkh fxuydwxuh �+w, wkurxjk d srzhu odz= y+w, @ ��+w,�4@6/ zkhuh � lv

d frqvwdqw jdlq idfwru1 Wkh ydolglw| ri wklv odz lv w|slfdoo| ghprqvwudwhg wkurxjk d fruuhodwlrq ehwzhhq

y dqg ��4@6/ ru ehwzhhq orj+y, dqg orj+�,1 Zkloh wkh uhvxowlqj fruuhodwlrq frh�flhqwv duh udwkhu kljk

+Ylyldql dqg Fhq}dwr/ 4<;8,/ lw lv qrw lpphgldwho| reylrxv iurp vxfk dqdo|vhv krz pxfk ri wkh ghwdlov

ri wkh vshhg sur�ohv duh fdswxuhg/ dsduw iurp wkh jhqhudo wuhqg wkdw vshhg ghfuhdvhv zlwk lqfuhdvlqj

fxuydwxuh1 Lw kdv ehhq dujxhg/ iru h{dpsoh/ wkdw wkh dfwxdo vshhg sur�ohv fdq eh vnhzhg uhodwlyh wr wkh
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TASK

Unspecified
Motor Planning

TRAJECTORY

Path Speed

Compact Spatio-Temporal
Internal Representation

Original Min Jerk,
Min Torque Change

Splines,
Via-Point Velocity,
Post-hoc Segmentation

Constrained Min Jerk,
2/3 Power Law

Models of Trajectory Formation

CNS

PARTIAL MODELS

COMPLETE MODELS

INTRINSIC MODELS

Iljxuh 904= Vfkhpdwlf uhsuhvhqwdwlrq ri rxu prgho fodvvl�fdwlrq vfkhph1 Juh| er{hv fruuhvsrqg wr
jurxsv ri prghov/ dqg gdvkhg duurzv duh wkh suhglfwlrqv wkhvh prghov pdnh1 Vrolg duurzv uhsuhvhqw wkh
dfwxdo �rz ri lqirupdwlrq lq wkh FQV +wkh lqwhuqdov ri wkh _FQV% er{ duh ri frxuvh k|srwkhwlfdo,1 Wkh
revhuyhg wudmhfwru| fdq eh ixuwkhu vhsdudwhg lqwr d sulrul lqghshqghqw ihdwxuhv/ lq wklv fdvh vshhg dqg
sdwk1
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srzhu odz suhglfwlrq/ dqg wkh fruuhodwlrq ehwzhhq orj+y, dqg orj+�, vwloo uhpdlqv kljk +Zdqq hw do1/

4<;;,1 Wkh dqdo|vlv wkdw frxog uhvroyh wklv lvvxh/ zklfk wkxv idu kdv ehhq devhqw iurp wkh olwhudwxuh/ lv d

gluhfw frpsdulvrq vxshulpsrvlqj wkh dfwxdo dqg suhglfwhg vshhg sur�ohv1 Lq lwv ruljlqdo irup wkh srzhu

odz kdv wzr olplwdwlrqv= d, lw grhv qrw dsso| wr sdwkv wkdw kdyh lq�hfwlrq srlqwv ru vwudljkw vhjphqwv

+l1h1 iru � @ 3 wkh suhglfwhg vshhg lv lq�qlwh,/ dqg lw lv lqdffxudwh dw orz fxuydwxuh> e, wkh idfw wkdw

y+w, ghfuhdvhv wrzdugv 3 dw wkh hqgsrlqwv ri glvfuhwh pryhphqwv fdqqrw eh fdswxuhg1 Wr �{ wkh �uvw

sureohp/ Ylyldql dqg Vfkqhlghu +4<<4, vxjjhvwhg d prgl�hg srzhu odz= y+w, @ �+�+w, . �,� / zkhuh �

ghshqgv rq wkh dyhudjh vshhg dqg � lv d iuhh sdudphwhu hvwlpdwhg iurp wkh dfwxdo gdwd1

Ghvslwh wkhvh olplwdwlrqv/ wkh srzhu odz vhhpv wr surylgh d vxusulvlqjo| jrrg ghvfulswlrq ri wkh

vshhg sur�ohv ri frpsoh{ pryhphqwv/ zklfk kdv prwlydwhg uhfhqw dwwhpswv wr �qg dq h{sodqdwlrq ri

wklv uhjxodulw|1 Zlwklq wkh iudphzrun ri htxloleulxp0srlqw frqwuro +El}}l hw do1/ 4<<5,/ Juleeoh dqg Rvwu|

+4<<9, kdyh vkrzq wkdw li wkh htxloleulxp srlqw lv pryhg dorqj dq hoolsvh zlwk d frqvwdqw vshhg/ wkh

kdqg wudfhv d vlplodu hoolsvh reh|lqj wkh srzhu odz1 D srwhqwldo sureohp zlwk wklv h{sodqdwlrq lv wkdw

wkh ydolglw| ri wkh htxloleulxp0srlqw k|srwkhvlv lwvhoi kdv uhfhqwo| ehhq txhvwlrqhg lq vwxglhv dujxlqj

wkdw wkh uhtxluhg vwl�qhvv lv pxfk odujhu wkdq h{shulphqwdo phdvxuhphqwv xqghu g|qdplf frqglwlrqv

+Ehqqhww hw do1/ 4<<5> Jrpl dqg Ndzdwr/ 4<<9,51 Dqrwkhu sursrvhg h{sodqdwlrq +Sroolfn dqg Vdslur/

4<<9, lv wkh pdwkhpdwlfdoo| lqwhuhvwlqj idfw wkdw d srlqw prylqj dffruglqj wr wkh srzhu odz pdlqwdlqv

frqvwdqw _d�qh yhorflw|%> lw uhpdlqv wr eh fodul�hg krz d�qh yhorflw| lv uhodwhg wr dup pryhphqwv/ dqg

zk| lw pljkw eh dgydqwdjhrxv wr nhhs lw frqvwdqw1 Dq dowhuqdwlyh vxjjhvwlrq/ wkdw zh zloo frqvlghu lq wkh

suhvhqw sdshu/ lv wkdw pd{lpdoo| vprrwk +l1h1 plqlpxp0mhun, pryhphqwv kdyh vshhg sur�ohv ghvfulehg

e| wkh srzhu odz +Zdqq hw do1/ 4<;;,1 Ylyldql dqg Iodvk +4<<8, whvwhg wklv hpslulfdoo| e| dsso|lqj

erwk wkh 526 srzhu odz dqg wkhlu prgl�hg plqlpxp0mhun prgho +vhh ehorz, wr wkh vdph h{shulphqwdo

gdwd1 Wkhvh dxwkruv frqfoxghg wkdw wkh vshhg0fxuydwxuh uhodwlrqvkls ghvfulehg e| wkh srzhu odz lv qrw

lpsolflw lq wkh plqlpxp0mhun k|srwkhvlv1

S���� �@h|�@* 4L_i*t Lu |h@�iU|Lh) uLh4@|�L?

Ilqdoo|/ d qxpehu ri lqwhuphgldwh prghov kdyh ehhq sursrvhg/ dwwhpswlqj wr eulgjh wkh jds ehwzhhq

surylglqj d frpsohwh uhflsh iru wudmhfwru| irupdwlrq dqg vlpso| txdqwli|lqj lqwulqvlf uhjxodulwlhv ri

revhuyhg wudmhfwrulhv1 Vxfk prghov dvvxph wkdw wkh prwru wdvn lv wudqviruphg +yld vrph xqvshfl�hg

sodqqlqj surfhvv, lqwr d frpsdfw vsdwlr0whpsrudo uhsuhvhqwdwlrq/ lqyroylqj d vpdoo qxpehu ri sdudphwhuv

wkdw duh vx�flhqw wr jhqhudwh wkh revhuyhg wudmhfwru|1

Prudvvr dqg Pxvvd0Lydogl +4<;6, vxjjhvwhg wkdw frpsoh{ kdqg wudmhfwrulhv duh frpsrvhg ri sduwldoo|

ryhuodsslqj olqhdu _vwurnhv% +prghohg dv E0vsolqhv zlwk ehoo0vkdshg vshhg sur�ohv,/ wkdw fdq eh vfdohg

dqg srvlwlrqhg dv wr irup d ghvluhg wudmhfwru|1 Wkh sdudphwhuv ri wkh prgho +wlplqj/ vfdoh/ dqg srvlwlrq

ri hdfk vhjphqw, zhuh lqlwldoo| h{wudfwhg iurp wkh h{shulphqwdo gdwd/ dqg wkhq dgmxvwhg lwhudwlyho| xqwlo

d jrrg �w wr wkh revhuyhg wudmhfwrulhv zdv rewdlqhg1

Ylyldql dqg Iodvk +4<<8, sursrvhg d prgl�fdwlrq ri wkh plqlpxp0mhun prgho/ zklfk dvvxphv wkdw

wkh pryhphqw lv lqwhuqdoo| uhsuhvhqwhg dv d vhw ri vdolhqw srlqwv/ dqg wkh yhorflw| +vshhg gluhfwlrq dqg

pdjqlwxgh, dw wkhvh srlqwv1 Wkh dxwkruv h{wudfwhg wkh yhorflwlhv iurp wkh revhuyhg kdqg wudmhfwrulhv/

dqg xvhg vwdqgdug rswlpl}dwlrq phwkrgv wr vroyh iru wkh uhvxowlqj plqlpxp0mhun sdwk dqg vshhg sur�oh

+wkh vroxwlrq lv d frqfdwhqdwlrq ri 8wk rughu sro|qrpldo vsolqhv,1 Wklv prgho kdv dovr ehhq vwxglhg

e| \dory +4<<4,/ zkr irxqg wkdw ryhudoo lw lv pruh dffxudwh wkdq yhuvlrqv ri wkh plqlpxp0mhun prgho

xwlol}lqj rqo| wkh srvlwlrq +dqg wdqjhqw wr wkh sdwk, ri d yld0srlqw1

2+iUi?| @h}�4i?|t hi}@h_�?} |�i ?L?*�?i@h�|�it Lu �@?_ �4Ti_@?Ui @?_ ��i|�ih |�i) U@? @UUL�| uLh |��t *L� t|�g?itt
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Dqrwkhu srvvleoh prgho lq wklv fdwhjru| lv _srvw0krf vhjphqwdwlrq%= vwduw zlwk dq| prgho wkdw

suhglfwv d orfdo vshhg sur�oh jlyhq d sruwlrq ri wkh sdwk/ gh�qh d vhjphqwdwlrq uxoh zklfk vrphkrz

vhohfw vhjphqw erxqgdulhv jlyhq wkh frpsohwh sdwk/ dqg dsso| wkh prgho wr hdfk vhjphqw1 Vlqfh wkh

orfdo vshhg sur�ohv jhqhudwhg e| wklv surfhgxuh zloo kdyh wr eh vfdohg dssursuldwho|/ rqh kdv wr phdvxuh

wkh dfwxdo wlph lw wdnhv wkh vxemhfw wr wudyhuvh hdfk vhjphqw ri wkh sdwk/ dqg xvh wkrvh wlphv lq �wwlqj

wkh prgho1

Vlqfh wkh k|srwkhwlfdo lqwhuqdo uhsuhvhqwdwlrq lv qrw gluhfwo| revhuydeoh/ dqg fdqqrw eh ghulyhg iurp

wkh wdvn ghvfulswlrq +rwkhuzlvh wkh prgho zrxog ehorqj wr wkh �uvw fdwhjru|, lw kdv wr eh lqihuuhg iurp wkh

revhuyhg wudmhfwru| lwvhoi1 Wkxv wkh deryh prghov duh ydolgdwhg e| h{wudfwlqj wkhlu sdudphwhuv iurp wkh

h{shulphqwdo gdwd/ dqg ghprqvwudwlqj wkdw wkhvh sdudphwhuv duh vx�flhqw wr uhfrqvwuxfw wkh vdph gdwd1

Vwulfwo| vshdnlqj/ wklv surfhgxuh vkrzv wkdw wkh idplo| ri wudmhfwrulhv surgxfhg e| wkh prgho frqwdlqv

wkh idplo| ri kxpdq dup wudmhfwrulhv> lq lwvhoi lw lv qrw d surri wkdw wkh sursrvhg lqwhuqdo uhsuhvhqwdwlrq

lv dfwxdoo| ehlqj xvhg e| wkh prwru v|vwhp1 Wr vxssruw wkh odwwhu fodlp dqg pdnh ghwdlohg frpsdulvrqv

wr prghov lq wkh rwkhu wzr fdwhjrulhv/ zh qhhg d zd| ri txdqwli|lqj krz pxfk ri wkh lqirupdwlrq suhvhqw

lq wkh gdwd lv ehlqj h{wudfwhg lq �wwlqj wkh sdudphwhuv ri wkh prgho1 Wklv pd| dsshdu wr eh d sureohp

zlwk wkh srzhu odz dv zhoo/ vlqfh lw suhglfwv d vshhg sur�oh jlyhq d sdwk h{wudfwhg iurp wkh revhuyhg

wudmhfwru|1 Wkh fuxfldo gl�huhqfh lv wkdw wkh sdwk ri d wudmhfwru| lv qrw d sulrul uhodwhg wr wkh vshhg

sur�oh/ zkloh lq wkh deryh h{dpsohv wkh sdudphwhuv h{wudfwhg iurp wkh revhuyhg wudmhfwru| frqwdlq

lqirupdwlrq derxw doo dvshfwv ri wkh wudmhfwru| +l1h1 erwk vsdwldo dqg whpsrudo lqirupdwlrq,1

S�e � UL?t|h@�?i_ 4�?�4�4 �ih! 4L_i*

Wkh pdlq dgydqwdjh ri wkh srzhu odz lv wkdw lq sulqflsoh lw fdq eh dssolhg wr doprvw dq| pryhphqw= jlyhq

dq duelwudu| sdwk lw dozd|v suhglfwv d vshhg sur�oh1 Wkh sureohpv zlwk lw duh uhodwhg wr wkh sduwlfxodu

irupxod xvhg wr suhglfw vshhg iurp sdwk1 Lq frqwudvw/ doo nqrzq sureohpv zlwk wkh ruljlqdo plqlpxp0

mhun prgho duh lq wkh sdwk suhglfwlrq= lw fdq idlo wr suhglfw wkh kdqg sdwk jlyhq wkh frq�jxudwlrq ri

yld0srlqwv/ exw wkhuh duh qr nqrzq fdvhv zkhuh wkh sdwk zdv suhglfwhg dffxudwho| zkloh wkh vshhg sur�oh

zdv qrw1

Rxu prgho frpelqhv wkh dsshdolqj ihdwxuhv ri wkh wzr prghov= lw suhvhuyhv dqg h{whqgv wkh jhqhu0

dolw| ri wkh srzhu odz/ zkloh uhsodflqj wkh sduwlfxodu uhodwlrqvkls ehwzhhq fxuydwxuh dqg vshhg zlwk d

vprrwkqhvv frqvwudlqw1 Zh sursrvh wkdw iru dq revhuyhg sdwk ri wkh kdqg lq vsdfh/ wkh vshhg sur�oh

dorqj wkdw sdwk zloo eh wkh rqh wkdw plqlpl}hv mhun +lq jhqhudo _vprrwkqhvv% lv v|qrq|prxv wr _kdylqj

vpdoo kljk0rughu ghulydwlyhv%> wkh phdvxuh ri vprrwkqhvv zh xvh lv rqh ri pdq| srvvlelolwlhv,1 Wklv

frqvwudlqhg sulqflsoh/ olnh wkh srzhu odz/ txdqwl�hv dq lqwulqvlf uhodwlrqvkls ehwzhhq wkh sdwk dqg vshhg

ri wkh revhuyhg wudmhfwru|/ udwkhu wkdq vxjjhvwlqj d frqfuhwh phfkdqlvp iru wudmhfwru| irupdwlrq +l1h1

zh gr qrw vxjjhvw wkdw vshhg lv ehlqj frpsxwhg h{solflwo| dv d ixqfwlrq ri kdqg sdwk,1 Qrwh wkdw zh xvh

wkh sdwk revhuyhg rq d sduwlfxodu wuldo wr suhglfw wkh vshhg sur�oh rq wkdw vdph wuldo/ zklfk lv d qdwxudo

zd| wr prgho wkh vljql�fdqw yduldelolw| lq vshhg sur�ohv lq d eorfn ri lghqwlfdo wuldov +vhh ehorz,1 Lq

frqwudvw/ wkh ruljlqdo plqlpxp0mhun prgho suhglfwv d vlqjoh rswlpdo pryhphqw iru d jlyhq frq�jxudwlrq

ri yld0srlqwv/ dqg wkxv fdq rqo| eh dssolhg wr dyhudjh gdwd1

S�e�� 6Lh4@* _i�?�|�L?

Ohw u+v, @ +{+v,> |+v,> }+v,, eh d 6G fxuyh/ ghvfulelqj wkh sdwk ri wkh kdqg gxulqj d sduwlfxodu wuldo/

zkhuh v lv wkh fxuylolqhdu frruglqdwh +glvwdqfh dorqj wkh sdwk,/ dqg wkh wdqjhqwldo vshhg lv bv+w, + bv lv
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d wlph ghulydwlyh/ u3 lv wkh ghulydwlyh zlwk uhvshfw wr v/ dqg erogidfh vljql�hv yhfwru txdqwlwlhv,1 Rxu

prgho dvvxphv wkdw wkh whpsrudo sur�oh ri wkh pryhphqw lv wkh vfdodu ixqfwlrq v+w, wkdw plqlpl}hv=

M @

] W

3

���� g6

gw6
u+v+w,,

����5 gw +914,

Wklv gl�huv iurp wkh ruljlqdo irupxodwlrq ri wkh plqlpxp mhun k|srwkhvlv lq wkdw khuh wkh sdwk u lv

jlyhq/ dqg zh duh rqo| plqlpl}lqj ryhu wkh vsdfh ri vshhg sur�ohv1 Iodvk dqg Krjdq +4<;8, frpsxwhg

erwk wkh sdwk dqg wkh vshhg jlyhq d vhw ri yld srlqwv1 Ohw xv ghqrwh wkh whup lqvlgh wkh lqwhjudo e| O=

O @

���� g6

gw6
u+v,

����5 @ ���� g5

gw5
u3+v, bv

����5 @ ���� g

gw

�
u33+v, bv5 . u3+v,�v

�����5

O @
��u333+v, bv6 . 6u33+v, bv�v. u3+v,

===
v
��5 +915,

Wklv plqlpl}dwlrq sureohp lv lqyduldqw wr urwdwlrqv dqg wudqvodwlrq ri wkh sdwk u1 Rxu jrdo lv wr

wudqvirup wkh deryh h{suhvvlrq lqwr d irup wkdw pdnhv wkdw lqyduldqfh h{solflw1 Zh nqrz iurp gl�huhqwldo

jhrphwu| +h1j1 Sudndvk/ 4<;4, wkdw d 6G fxuyh fdq eh gh�qhg xqltxho|/ xs wr wudqvodwlrqv dqg urwdwlrqv/

e| lwv fxuydwxuh �+v, dqg lwv wruvlrq �+v,1 Lw lv qrw srvvleoh wr vlpso| h{suhvv u lq whupv ri � dqg � dqg

vxevwlwxwh lq +915,1 Krzhyhu/ wkh ghulydwlyhv ri u fdq eh h{suhvvhg dv ixqfwlrqv ri wkh fxuydwxuh dqg

wruvlrq1 Wkh sdwk u vdwlv�hv Iuhqhw*v irupxodv=

w3 @ �q > q3 @ �e� �w > e3 @ ��q

zkhuh w+v, lv wkh xqlw wdqjhqw/ q+v, lv wkh xqlw qrupdo/ dqg e+v, lv wkh xqlw elqrupdo yhfwru wr wkh fxuyh

u+v, dw srlqw v1 Xvlqj wkh idfw wkdw wkh ghulydwlyh ri wkh sdwk zlwk uhvshfw wr wkh fxuylolqhdu frruglqdwh

v lv wkh xqlw wdqjhqw yhfwru/ zh rewdlq=

u3 @ w > u33 @ �q > u333 @ �3q. � +�e� �w,

Zh fdq qrz vxevwlwxwh lq +915,=

O @
��q ��3 bv6 . 6� bv�v

�
. w

�===
v � �5 bv6

�
. e

�
bv6��

���5 +916,

dqg vlqfh wkh wdqjhqw/ qrupdo/ dqg elqrupdo duh ruwkrjrqdo/

O @
�
�3 bv6 . 6� bv�v

�5
.
�===
v � �5 bv6

�5
.
�
bv6��

�5
+917,

S�e�2 +i*@|�L? |L |�i TL�ih *@�

Qrz wkdw zh kdyh dq h{solflw uhodwlrq ehwzhhq fxuydwxuh dqg mhun/ zh dqdo|}h wkh frqvwudlqhg plqlpxp

mhun sulqflsoh wr �qg krz lw uhodwhv wr wkh srzhu odz1 Zh gh�qh d ixqfwlrq +ghshqghqw rq v+w,, wkdw lv

htxdo wr wkh whup pxowlso|lqj wkh wruvlrq � lq +917,=

Dv @ bv6�+v,
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Wdnlqj ghulydwlyhv zlwk uhvshfw wr wlph rq erwk vlghv/ zh rewdlq=

�3+v, bv7 . 6 bv5�v�+v, @ D3

v bv

�3+v, bv6 . 6 bv�v�+v, @ D3

v

Qrwh wkdw wkh whup rq wkh ohiw lv h{dfwo| wkh whup pxowlso|lqj wkh qrupdo yhfwru lq +916,1 Zh qrz

vxevwlwxwh lq +916,=

O @
��q +D3

v, . w
�===
v �Dv�

�
. e +Dv�,

��5 +918,

O @ D35
v .

�===
v �Dv�

�5
.D5

v�
5

Iurp wkh gh�qlwlrq ri Dv/ zh kdyh=

bv+w, @ D4@6
v ��4@6

Wkh srzhu odz vwdwhv wkdw D
4@6
v @ frqvw/ ru D3

v @ 31 Wkxv wkh srzhu odz lv htxlydohqw wr vhwwlqj

wkh qrupdo frpsrqhqw ri wkh lqvwdqwdqhrxv mhun wr 3/ dqg wkh elqrupdo frpsrqhqw sursruwlrqdo wr � /

hyhu|zkhuh dorqj wkh pryhphqw1

Iru 5G fxuyhv u+w, @ +{+w,> |+w,,/ wklv fdq eh vkrzqpruh gluhfwo|1 Wkh srzhu odz y+w, @ frqvw=�+w,�4@6

lq 5G fdq eh zulwwhq dv=

+ b{5 . b|5,4@5 @ frqvw

#s
+ b{�| � b|�{,5

+ b{5 . b|5,6@5

$
�4@6

b{�| � b|�{ @ frqvw

Wdnlqj ghulydwlyhv/ dqg fdqfholqj whupv/ zh jhw=

b{@ b| @
===
{@

===
| > bumm===u

Wkh mhun yhfwru srlqwv dorqj wkh wdqjhqw/ zklfk lv ruwkrjrqdo wr wkh qrupdo> wkhuhiruh wkh mhun dorqj wkh

qrupdo lv }hur1

Ehiruh dqdo|}lqj h{shulphqwdo gdwd/ zh fdq dvn zkhwkhu wkh srzhu odz dqg wkh frqvwudlqhg plqlpxp

mhun prgho suhglfw vlplodu vshhg sur�ohv iru glvfuhwh pryhphqwv dorqj duelwudu| v|qwkhwlf sdwkv1 Lq Ilj

905 zh kdyh sorwwhg wkuhh v|qwkhwlf sdwkv/ iru zklfk zh kdyh frpsxwhg wkh vshhg sur�ohv suhglfwhg

e| rxu prgho +vrolg, dqg wkh srzhu odz +gdvkhg,1 Dovr vkrzq lv wkh pdjqlwxgh dqg gluhfwlrq ri wkh

lqvwdqwdqhrxv mhun yhfwru dw vhyhudo srvlwlrqv dorqj wkh sdwk1 Qrwh wkdw lq prvw fdvhv wkh qrupdo mhun

lv forvh wr }hur/ dqg wkh wzr vshhg sur�ohv duh udwkhu vlplodu +wkh ghyldwlrq qhdu wkh hqg srlqwv lv gxh

wr wkh idfw wkdw wkh srzhu odz fdqqrw suhglfw pryhphqwv wkdw vwduw dqg vwrs,1 Wkhuh duh gl�huhqfhv/

krzhyhu= lq h{dpsoh E zkhuh wkh fxuydwxuh lv doprvw frqvwdqw wkh srzhu odz suhglfwv d vshhg sur�oh

zklfk lv �dwwhu wkdq wkh plqlpxp mhun suhglfwlrq1 Iru prvw ri wkh sdwkv zh kdyh vwxglhg/ wkh wzr

suhglfwlrqv duh vlplodu lq wkh vhqvh wkdw wkh| jr xs dqg grzq wrjhwkhu/ exw fohduo| glvwlqjxlvkdeoh +l1h1

h{dpsoh D lv qrw w|slfdo,1

Zk| lv lw wkdw wkh srzhu odz/ zklfk suhglfwv lqvwdqwdqhrxv vshhg rqo| xvlqj wkh orfdo fxuydwxuh/

frphv forvh wr vroylqj wkh joredo plqlpl}dwlrq sureohp +914,B Rqh lqwxlwlyh dqvzhu lv wkh iroorzlqj=

vlqfh wkh wrwdo mhun lv d vxp ri wzr +lq 6G ri wkuhh, qrqqhjdwlyh whupv/ dqg wkh srzhu odz plqlpl}hv rqh

ri wkhp +qrupdo mhun lv vhw wr }hur,/ lw lv dq h�flhqw dssur{lpdwlrq wr wkh vroxwlrq ri +914, +vxjjhvwlqj

wkdw lq 6G wkh gl�huhqfh ehwzhhq wkh wzr vshhg suhglfwlrqv zloo eh odujhu,1 Lw vhhpv krzhyhu wkdw wklv

lv qrw dozd|v wkh frpsohwh dqvzhu1 Lq sdqho G ri Ilj 905 zh kdyh sorwwhg wkh wdqjhqwldo dqg qrupdo
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Iljxuh 905= D/E/F 0 H{dpsohv ri wkh frqvwudlqhg plqlpxp mhun +vrolg, dqg srzhu odz +gdvkhg, vshhg
sur�oh suhglfwlrqv iru wkh v|qwkhwlf sdwkv rq wkh ohiw1 Wkh mhun yhfwru lv sorwwhg dw vhyhudo srlqwv dorqj
wkh sdwk +iru wkh plqlpxp mhun vshhg sur�oh,1 G 0 Wkh wdqjhqwldo dqg qrupdo mhun frpsrqhqwv iru wkh
plggoh sruwlrq ri h{dpsoh F1 Wzr vpdoo shuwxuedwlrqv duh dssolhg wr wkh plqlpxp mhun vshhg sur�oh
+vrolg,/ dqg wkh fruuhvsrqglqj h�hfwv rq wkh mhun frpsrqhqwv duh vkrzq1
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frpsrqhqwv ri wkh mhun ryhu wkh plggoh sruwlrq ri h{dpsoh F1 Zh fdq vhh wkdw vpdoo shuwxuedwlrqv

durxqg wkh rswlpdo vshhg sur�oh lqfuhdvh erwk whupv/ lpso|lqj wkdw lq wklv fdvh wkh rswlpdo vshhg

sur�oh vlpxowdqhrxvo| plqlpl}hv erwk whupv/ dqg qrw mxvw wkhlu vxp +wklv kdsshqv durxqg srlqwv ri kljk

fxuydwxuh,1 Lq vxppdu|/ wkh frqvwudlqhg plqlpxp mhun prgho dqg wkh srzhu odz suhglfw vlplodu vshhg

sur�ohv iru d jlyhq sdwk1 Wkhuh vhhp wr h{lvw d idplo| ri sdwkv iru zklfk wkh wzr duh h{dfwo| htxlydohqw/

dqg lghqwli|lqj wkdw idplo| pd| surylgh ixuwkhu lqvljkwv/ exw wklv lv rxwvlgh wkh vfrsh ri wkh suhvhqw

sdshu1

S�D , Tih�4i?| S��

S�D�� �i|�L_t

Wr whvw rxu prgho/ dqg frpsduh lw wr wkh srzhu odz/ zh vwxglhg 7 wdvnv lq zklfk d sdwk zdv vshfl�hg

dqg vxemhfwv zhuh dvnhg wr h{hfxwh dq dup pryhphqw dorqj wkdw sdwk1 Zh xvhg glvfuhwh pryhphqwv

ri vkruw gxudwlrq dqg sdwkv ri ydu|lqj ghjuhh ri frpsoh{lw|1 Wr dyrlg gudzlqj frqfoxvlrqv iurp dq

lvrodwhg pryhphqw/ zh xvhg vhyhudo sdwkv lq hdfk wdvn1 Wkh vdph ; uljkw kdqghg vxemhfwv sduwlflsdwhg

lq doo 7 wdvnv1 Vkruw euhdnv zhuh jlyhq ehwzhhq wdvnv1 Wkh hqwluh h{shulphqw odvwhg derxw 78 plqxwhv1

Hqg0srlqw srvlwlrq zdv uhfrughg dw 433 K} zlwk dq Rswrwudn 6353 lqiuduhg v|vwhp1

Wdvn 4 0 kdqg2�qjhu pryhphqwv

Vxemhfwv vwrrg lq iurqw ri d krul}rqwdo wdeoh/ wr zklfk zh kdg wdshg d zklwh vkhhw ri sdshu +ohwwhu irupdw,

zlwk wkh whpsodwhv vkrzq lq Ilj 906 sulqwhg rq lw1 Vxemhfwv khog d srlqwhu lq wkhlu uljkw kdqg> wkh wdvn

zdv wr srvlwlrq wkh srlqwhu qhdu wkh flufoh rq wkh fxuuhqw whpsodwh/ zdlw wr khdu d ehhs vljqdolqj wkdw

wkh wls ri wkh shq zdv lq wkh vwduwlqj duhd/ dqg wkhq wudfh wkh vshfl�hg sdwk1 Diwhu 43 wuldov d ehhs ri

gl�huhqw slwfk vljqdohg wkh vxemhfw wr pryh wr wkh qh{w whpsodwh1 Qr lqvwuxfwlrqv zhuh jlyhq uhjduglqj

wkh gxudwlrq ru vshhg ri wkh pryhphqw1 Zh revhuyhg wkdw vxemhfwv xvhg suhgrplqdqwo| kdqg dqg �qjhu

pryhphqwv lq wklv wdvn1

Wdvn 5 0 5G dup pryhphqwv

Vxemhfwv vdw rq dq dgmxvwdeoh fkdlu dqg pdgh dup pryhphqwv rq d wdeoh srvlwlrqhg voljkwo| ehorz

vkrxoghu khljkw/ vr wkdw wkh pryhphqwv +pdgh e| volglqj wkh dup rq wkh wdeoh, rffxuuhg lq d krul}rqwdo

sodqh dw vkrxoghu khljkw1 Zh xvhg d YJD surmhfwru wr glvsod| frpsxwhu jhqhudwhg lpdjhv rq d wlowhg

vfuhhq/ zklfk wkh vxemhfw ylhzhg lq d vhplwudqvsduhqw pluuru1 Wkh v|vwhp zdv fdoleudwhg vr wkdw wkh

surmhfwhg lpdjhv dsshduhg wr eh rq wkh wdeoh +vhh Zroshuw hw do1/ 4<<8 iru ghwdlov,1 Vxemhfwv khog d

vpdoo fxuvru +wudfnhg e| wkh lqiuduhg fdphudv,/ zklfk kdg dq OHG dwwdfkhg wr lw wkdw surylghg hqgsrlqw

ylvxdo ihhgedfn gxulqj wkh pryhphqw1 Wkh urrp zdv gdun vr vxemhfwv frxog qrw vhh wkhlu dup1 Wkh

vdph hljkw whpsodwhv iurp wdvn 4/ vfdohg xs e| d idfwru ri ;/ zhuh surmhfwhg rqh dw d wlph1 Wkh wdvn zdv

djdlq wr srvlwlrq wkh fxuvru dw wkh vwduwlqj srlqw ri wkh whpsodwh/ zdlw iru d ehhs frq�uplqj d fruuhfw

lqlwldo srvlwlrq/ dqg wkhq wudfh wkh sdwk1 Hdfk sdwk zdv wudfhg whq wlphv1 Diwhu hdfk wuldo zh glvsod|hg d

srvlwlrqdo huuru vfruh/ zklfk zdv wkh pd{lpxp ghyldwlrq +lq ploolphwhuv, ehwzhhq wkh ghvluhg dqg dfwxdo

sdwkv1 Djdlq/ vxemhfwv zhuh doorzhg wr pdnh pryhphqwv ri dq| vshhg1 Wklv wdvn lqyroyhg suhgrplqdqwo|

vkrxoghu dqg hoerz pryhphqwv1
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Iljxuh 906= Whpsodwhv xvhg lq wdvnv 4 dqg 5/ gudzq wr vfdoh1 Wkh flufoh pdunv wkh vwduwlqj srlqw rq hdfk
whpsodwh1 Wkh rughu ri suhvhqwdwlrq lv urz0�uvw1
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Wdvn 6 0 yld srlqwv

Zh xvhg wkh vdph vhwxs dv lq wdvn 51 Wkh glvsod| frqwdlqhg d vwduw srlqw/ dq hqg srlqw/ dqg irxu

lqwhuphgldwh srlqwv/ qxpehuhg 4 wkurxjk 71 Wkh vxemhfw zdv dvnhg/ diwhu prylqj wr wkh vwduw srlqw

dqg khdulqj d frq�updwlrq ehhs/ wr pdnh d pryhphqw wkdw sdvvhg wkurxjk wkh lqwhuphgldwh srlqwv lq

wkh vshfl�hg rughu +zlwkrxw vwrsslqj,/ dqg �qlvkhg dw wkh hqg srlqw1 Wkh frq�jxudwlrqv zh xvhg duh

vkrzq lq Ilj 9071 Wkhuh zhuh d wrwdo ri 9 frq�jxudwlrqv/ hyhu| rwkhu frq�jxudwlrq ehlqj d <3 ghjuhh

urwdwlrq ri wkh suhfhglqj rqh1 Vxemhfwv h{hfxwhg 43 wuldov lq hdfk eorfn1 Dv ehiruh/ pryhphqw vshhg

zdv qrw vshfl�hg1 Qrwh wkdw wkh frq�jxudwlrqv xvhg gr qrw fruuhvsrqg wr wkh frqwlqxrxv sdwkv iurp

wkh suhylrxv wzr wdvnv1

Wdvn 7 0 6G dup pryhphqwv

Vxemhfwv vwrrg lq iurqw ri wkh wdeoh/ kroglqj wkh fxuvru lq wkhlu uljkw kdqg/ dqg d 6G zluhiudph prgho

lq wkhlu ohiw kdqg1 Wkh prghov zhuh dssur{lpdwho| 43{43{43 fp/ dqg uhsuhvhqwhg vprrwk 6G fxuyhv1

Wkh wdvn zdv wr �uvw vwxg| wkh prgho/ dqg wkhq wu| wr pdnh d pryhphqw zlwk wkh uljkw kdqg wkdw kdg

wkh vdph vkdsh +qrw qhfhvvdulo| wkh vdph vl}h,1 Wkh vwduwlqj srlqw rq wkh prgho zdv pdunhg1 Wkhuh

zdv qr vshfl�hg vwduwlqj srvlwlrq iru wkh dup/ vlqfh wkh pryhphqw frxog qrw eh vxshulpsrvhg rq wkh

zluhiudph prgho1 Dw wkh ehjlqqlqj ri hdfk wuldo vxemhfwv kdg wr vwrs prylqj wkh fxuvru dqg zdlw iru d

ehhs1 Wkh h{shulphqwhu zdlwhg iru wkh vxemhfw wr uhsrvlwlrq/ dqg wkhq pdqxdoo| dfwlydwhg d surfhgxuh

wkdw fkhfnhg iru }hur vshhg sulru wr pryhphqw rqvhw1 Hdfk zluhiudph prgho zdv xvhg lq 43 wuldov/ wkhuh

zhuh d wrwdo ri wkuhh prghov1 Pryhphqw vshhg dqg gxudwlrq zhuh qrw vshfl�hg1

S�D�2 #@|@ @?@*)t�t

Wkh gdwd iurp hdfk wuldo iru hdfk vxemhfw dqg wdvn zhuh dqdo|}hg vhsdudwho|/ l1h1 qr dyhudjlqj ryhu wuldov

zdv shuiruphg1 Wkh �uvw vwhs zdv wr vprrwk wkh udz gdwd1 Zh xvhg fxelf vsolqh vprrwklqj +Gh Erru/

4<:;, dssolhg wr {+w,/ |+w,/ dqg }+w,1 Wkh sdudphwhu � +zklfk ghwhuplqhv wkh dprxqw ri vprrwklqj,

zdv vhw dgdswlyho| iru hdfk wuldo/ vr wkdw wkh pd{lpxp ghyldwlrq ehwzhhq dq| vprrwkhg vdpsoh srlqw

dqg wkh fruuhvsrqglqj udz gdwd srlqw zdv zlwklq d suh vshfl�hg udglxv1 Wkdw udglxv zdv vhw wr 31335

ri wkh h{whqw ri wkh sdwk 0 wkh kljk dffxudf| ri wkh Rswrwudn v|vwhp reyldwhg wkh qhhg iru vxevwdqwldo

vprrwklqj1 Rqfh zh rewdlqhg wkh fxelf vsolqh uhsuhvhqwdwlrq ri wkh gdwd iru hdfk wuldo/ doo vxevhtxhqw

vwhsv +l1h1 h{wudfwlqj vshhg dqg fxuydwxuh, zhuh dssolhg gluhfwo|/ zlwkrxw dq| ixuwkhu �owhulqj1

Zh wkhq frpsxwhg d vshhg sur�oh suhglfwlrq iurp wkh ruljlqdo srzhu odz/ wkh prgl�hg srzhu odz/ dqg

wkh frqvwudlqhg plqlpxp mhun phwkrg +vhh ehorz,1 Wr frpsxwh wkh gl�huhqfh ehwzhhq hdfk suhglfwlrq

dqg wkh dfwxdo vshhg sur�oh/ zh h{suhvvhg doo vshhg sur�ohv dv d ixqfwlrq ri duf ohqjwk v dqg vfdohg

wkhp vr wkdw wkh dyhudjh vshhg zdv rqh dqg wkh sdwk ohqjwkv zhuh htxdo1 Vfdolqj ri sdwk ohqjwk zdv

qhfhvvdu|/ vlqfh vxemhfwv glg qrw iroorz wkh vshfl�hg whpsodwhv h{dfwo|/ wkxv wkh sdwkv rq gl�huhqw wuldov

kdg voljkwo| gl�huhqw ohqjwk1 Doljqphqw dorqj v grhv qrw d�hfw wkh srzhu odz suhglfwlrqv zklfk duh orfdo>

lw lv qhfhvvdu| iru rxu prgho/ vlqfh lw lv d joredo phwkrg dqg suhglfwlrq huuruv hduo| lq wkh pryhphqw

dffxpxodwh dqg fdxvh plvdoljqphqw wrzdugv wkh hqg li vshhg lv h{suhvvhg dv d ixqfwlrq ri wlph1

Zh gh�qhg irxu phdvxuhv ri ghyldwlrq ehwzhhq wzr vshhg sur�ohv y4+v, dqg y5+v, wkdw duh douhdg|

vfdohg wr kdyh xqlw dyhudjh vshhg> k=l vljql�hv dyhudjlqj ryhu v/ u+=> =, lv d fruuhodwlrq frh�flhqw1

Pd{lpxp ghyldwlrq= PD[+y4> y5, @pd{+my4+v,� y5+v,m,
Phdq devroxwh ghyldwlrq= PDG+y4> y5, @ kmy4+v,� y5+v,ml

Vwdqgdug ghyldwlrq= VWG+y4> y5, @
sk+y4+v,� y5+v,,5l

Xqh{sodlqhg yduldqfh= Y DU+y4> y5, @ 4� u+y4+v,> y5+v,,5
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Iljxuh 907= Yld0srlqw frq�jxudwlrqv xvhg lq wdvn 6/ gudzq wr vfdoh1 Wkh flufoh pdunv wkh vwduwlqj srlqw/
wkh vwdu pdunv wkh hqg srlqw1 Hyhu| rwkhu frq�jxudwlrq +uljkw froxpq, lv d <3 ghjuhh urwdwlrq ri wkh
suhfhglqj rqh1
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Wkh �uvw wkuhh txdqwlwlhv lqglfdwh ghyldwlrqv ehwzhhq lqvwdqwdqhrxv vshhg suhglfwlrqv/ lq xqlwv uhod0

wlyh wr wkh dyhudjh vshhg1 Wkxv wkh| duh vhqvlwlyh wr wkh dprxqw ri �xfwxdwlrqv lq wkh revhuyhg vshhg

sur�ohv +l1h1 uhodwlyho| �dw vshhg sur�ohv zloo eh hdvlhu wr �w dffruglqj wr wkhvh phdvxuhv,1 Li wkh vshhg

sur�ohv duh qrw vfdohg wr kdyh xqlw dyhudjh vshhg/ wkhq wkhvh phdvxuhv zloo eh vhqvlwlyh wr wkh dyhudjh

vshhg1 Wkh odvw phdvxuh fruuhvsrqgv wr wkh shufhqw yduldqfh +�xfwxdwlrqv durxqg wkh phdq, lq wkh re0

vhuyhg vshhg sur�oh qrw h{sodlqhg e| wkh suhglfwhg vshhg sur�oh/ dqg lv d�hfwhg e| gl�huhqfh lq vkdshv

udwkhu wkdq vfdolqj idfwruv1

Iru hdfk prgho zh frpsxwhg wkh suhglfwlrqv ryhu wkh hqwluh pryhphqw/ dqg ryhu wkh plggoh 93( ri

wkh pryhphqw +l1h1 vwduwlqj dw 53( dqg hqglqj dw ;3( dorqj wkh sdwk,1 Wkh odwwhu zdv grqh lq rughu wr

dvvhvv wkh dffxudf| ri wkh srzhu odz dzd| iurp wkh hqg srlqwv/ zkhuh lw lv olnho| wr eh lqdffxudwh vlqfh

lw grhvq*w kdyh d phfkdqlvp iru hqiruflqj 3 vshhg dw wkh lqlwldo dqg �qdo srlqwv ri glvfuhwh pryhphqwv1

Zh h{dplqhg d qxpehu ri vshhg sur�ohv wr hqvxuh wkdw wkh 53( ri wkh pryhphqw holplqdwhg dw hdfk hqg

zdv hqrxjk wr fryhu wkh sduwv ri wkh vshhg sur�oh wkdw vhhphg d�hfwhg e| lqlwldo dffhohudwlrq dqg �qdo

ghfhohudwlrq1

Wkh suhglfwlrq iru wkh ruljlqdo srzhu odz zdv rewdlqhg gluhfwo| iurp wkh htxdwlrq y+v, @ ��+v,�4@61

Iru sdwkv zlwk lq�hfwlrq srlqwv/ zh dgghg d vpdoo srvlwlyh frqvwdqw wr wkh fxuydwxuh/ wkdw zdv khog

frqvwdqw iru doo wuldov1 Wkxv wkh ruljlqdo srzhu odz kdv qr iuhh sdudphwhuv= lw wdnhv wkh sdwk/ dqg wkh

gxudwlrq ri wkh pryhphqw/ dqg suhglfwv d vshhg sur�oh1 Wkh prgl�hg srzhu odz y+v, @ �+�+v, . �,�

kdv wzr iuhh sdudphwhuv +�> �,1 Zh rswlpl}hg wkhp +xvlqj d qrqolqhdu vlpsoh{ phwkrg, vhsdudwho| iru

hdfk wuldo dqg hdfk phdvxuh ri ghyldwlrq gh�qhg deryh1 Dowkrxjk lq wkh ruljlqdo irupxodwlrq � ghshqghg

rq dyhudjh vshhg/ zh hvwlpdwhg lw iurp wkh gdwd wr rewdlq wkh prvw dffxudwh �w wkh prgl�hg srzhu

odz frxog surylgh1 Wkh srvvlelolw| ri pryhphqw vhjphqwdwlrq +Ylyldql dqg Fhq}dwr/ 4<;8, lv dgguhvvhg

odwhu1

Wkh suhglfwlrq ri wkh frqvwudlqhg plqlpxp0mhun prgho zdv frpsxwhg xvlqj qrqolqhdu rswlpl}dwlrq

phwkrgv iru yduldwlrqdo sureohpv +vhh ehorz,1 Lq lwv suhvhqw irup/ wkh plqlpl}dwlrq uhtxluhv wkh vshhg

dqg dffhohudwlrq dw wkh hqgsrlqwv +lq sulqflsoh wklv frxog eh dyrlghg/ e| plqlpl}lqj ryhu wkrvh sdudphwhuv

dv zhoo,1 Iru d glvfuhwh pryhphqw/ erwk wkh vshhg dqg dffhohudwlrq dw wkh hqgsrlqwv duh }hur> vlqfh wklv

lv nqrz d sulrul/ dqg qrw h{wudfwhg iurp wkh h{shulphqwdo gdwd/ wkh prgho kdv qr iuhh sdudphwhuv zkhq

dssolhg wr wkh hqwluh pryhphqw1 Lq rughu wr dsso| wkh prgho wr wkh plggoh 93( ri wkh pryhphqw/ zh

xvhg wkh dfwxdo hqgsrlqw vshhg dqg dffhohudwlrq phdvxuhg h{shulphqwdoo|1 Qrwh krzhyhu wkdw zh duh

suhglfwlqj udwkhu frpsoh{ vshhg sur�ohv/ wkxv wkh wzr hqgsrlqwv ri d vxe pryhphqw frqwdlq uhodwlyho|

yhu| olwwoh lqirupdwlrq1 Lq frqwudvw/ wkh prgl�hg srzhu odz xvhv wkh hqwluh vshhg sur�oh wr h{wudfw wkh

ydoxhv ri lwv iuhh sdudphwhuv1

Frqvwudlqhg plqlpl}dwlrq surfhgxuh

Plqlpl}lqj wkh lqwhjudo ri O @ +�3 bv6 . 6� bv�v,5 . +
===
v � �5 bv6,5 . + bv6��,5 zlwk uhvshfw wr wkh whpsrudo

sur�oh v+w, lv d yduldwlrqdo sureohp/ zklfk fdq eh dssurdfkhg xvlqj d qxpehu ri whfkqltxhv1 Lw wxuqv

rxw wkdw wkh vwdqgdug whfkqltxhv iru vroylqj yduldwlrqdo sureohpv gr qrw zrun yhu| zhoo lq wklv fdvh1

Iurp wkh Hxohu0Odjudqjh sulqflsoh/ wkh vroxwlrq v+w, vdwlv�hv wkh 9wk0rughu qrqolqhdu ruglqdu| gl�hu0

hqwldo htxdwlrq CO
Cv � g

gw
CO
Cv3 .

g5

gw5
CO
Cv33 � g6

gw6
CO
Cv333 @ 3/ vxemhfw wr wkh frqvwudlqwv rq v+w, dqg lwv ghulydwlyhv

dw wkh wzr hqgsrlqwv ri wkh pryhphqw1 Wklv sureohp lv yhu| gl�fxow qxphulfdoo|/ ehfdxvh wkh vroxwlrq

ghshqgv rq kljk rughu ghulydwlyhv ri wkh sdwk/ zklfk lv uhfrughg h{shulphqwdoo| dqg wkxv kdv vrph qrlvh

lq lw1 Zh irxqg wkdw erwk vkrrwlqj dqg uhod{dwlrq phwkrgv iru vroylqj erxqgdu| ydoxh sureohpv +Suhvv

hw do1/ 4<<5, idlo1

Dqrwkhu srvvlelolw| lv wr plqlpl}h +914, gluhfwo|/ e| uhsuhvhqwlqj v+w, dv d olqhdu frpelqdwlrq ri Q

�{hg edvlv ixqfwlrqv il+w,= v+w, @
SQ

l@4 flil+w,/ dqg xvlqj judglhqw ghvfhqw zlwk uhvshfw wr wkh frh�flhqwv
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fl1 Zh xvhg vl{wk0rughu E0vsolqhv dv edvlv ixqfwlrqv/ dqg d suhfrqglwlrqhg frqmxjdwh judglhqw phwkrg wr

�qg wkh rswlpdo frh�flhqwv +Jloo dqg Pxuud|/ 4<;4,1 Wklv plqlpl}dwlrq dozd|v frqyhujhg/ exw iuhtxhqwo|

irxqg orfdo plqlpd/ dqg lw zdv qhfhvvdu| wr uhvwduw lw d qxpehu ri wlphv ehiruh d jrrg vroxwlrq frxog

eh irxqg1 Dq dgglwlrqdo sureohp lv wkdw lw lv qrw fohdu zkdw d jrrg vroxwlrq lv1

Wkh phwkrg zh xvhg khuh lv ohvv gluhfw/ exw kdv wkh dgydqwdjh wkdw lw lv idvwhu/ dqg vhhpv wr frqyhujh

wr wkh vdph plqlpxp uhjdugohvv ri wkh lqlwldo frqglwlrqv1 Udwkhu wkdq xvlqj wkh frpsohwh sdwk u+v,/

zh fkrvh d vhw ri 43 lqwhuphgldwh srlqwv/ htxdoo| vsdfhg dorqj wkh sdwk +l1h1 wkhlu srvlwlrqv frqwdlq qr

whpsrudo lqirupdwlrq,1 Zh wkhq irxqg wkh plqlpxp mhun pryhphqw +lq wkh vhqvh ri Iodvk dqg Krjdq/

4<;8, wkurxjk wkrvh srlqwv/ jlyhq wkh yhorflw| dqg dffhohudwlrq dw wkh wzr hqg srlqwv1 Li wkh uhvxowlqj

plqlpxp mhun pryhphqw kdv d sdwk yhu| forvh wr u+v,/ zh duh jxdudqwhhg wkdw lwv vshhg sur�oh lv wkh

vroxwlrq wr rxu ruljlqdo sureohp +l1h1 zh duh frpsxwlqj d plqlpxp ryhu d jlyhq vhw e| plqlpl}lqj ryhu

d vxshuvhw dqg hqvxulqj wkdw wkh vroxwlrq lv lq wkh ruljlqdo vhw,1 Zh ghvfuleh wkh plqlpl}dwlrq surfhgxuh

ehorz1

Lw kdv ehhq vkrzq +Iodvk dqg Krjdq/ 4<;8, wkdw iru jlyhq sdvvdjh wlphv W / srvlwlrqv {/ yhorflwlhv

y/ dqg dffhohudwlrqv d dw wkh hqg0srlqwv ri rqh vhjphqw/ wkh plqlpxp0mhun wudmhfwru| lv d 8wk0rughu

sro|qrpldo lq w/ zkrvh frh�flhqwv fdq eh hdvlo| ghwhuplqhg xvlqj wkh hqg0srlqw frqvwudlqwv1 Lw lv wkhq

srvvleoh wr lqwhjudwh wkh vtxduhg mhun dqdo|wlfdoo|/ dqg vxp lw ryhu doo vhjphqwv1 Wkh mhun ri wkh rswlpdo

wudmhfwru| lv=

MW>{>y>d+W4===Q > {4===Q > y4===Q > d4===Q , @
Q�4[
l@4

6
6d5l � 5dldl.4 . 6d5l.4

+Wl.4 � Wl,7
. 57

6dlyl � 5dl.4yl . 5dlyl.4 � 6dl.4yl.4
+Wl.4 � Wl,6

.7;
7y5l . :ylyl.4 . 7y5l.4

+Wl.4 � Wl,5
. 453

+dl � dl.4,+{l � {l.4,

+Wl.4 � Wl,5

.:53
+yl . yl.4,+{l � {l.4,

Wl.4 � Wl
. :53+{l � {l.4,

5

Qrwh wkdw wkh deryh h{suhvvlrq lv txdgudwlf lq doo y dqg d/ dqg wkxv fdq eh plqlpl}hg zlwk uhvshfw wr wkrvh

sdudphwhuv e| vhwwlqj wkh judglhqw wr 3 dqg vroylqj +qxphulfdoo|, wkh uhvxowlqj v|vwhp ri olqhdu htxdwlrqv1

Xvlqj wklv plqlpl}dwlrq/ iru jlyhq sdvvdjh wlphv W +dqg lqwhuphgldwh srlqw srvlwlrqv {,/ zh fdq frpsxwh

wkh mhun iru wkh rswlpdo wudmhfwru|= MW4===Q >{4===Q @
S

{@[>\>] plqy4===Q >d4===Q MW>{>y>d+W4===Q > {4===Q > y4===Q > d4===Q ,

Ilqdoo|/ wkh ixqfwlrq MW4===Q >{4===Q lv plqlpl}hg ryhu doo srvvleoh W5===Q�4 xvlqj d qrqolqhdu vlpsoh{ phwkrg1

Zh irxqg wkdw wkh uhvxowlqj sdwk lv htxlydohqw wr u+v,/ dqg wkh vshhg sur�ohv rewdlqhg lq wklv zd| zhuh

lqglvwlqjxlvkdeoh iurp wkh vshhg sur�ohv rewdlqhg zlwk wkh gluhfw phwkrg deryh/ zkhq lw zdv uxq hqrxjk

wlphv wr �qg d joredo plqlpxp1

S�D�� +it�*|t

Lq wkh �uvw wzr wdvnv/ iru zklfk wkh frpsohwh sdwk zdv vshfl�hg dqg wkh pryhphqw zdv vxshulpsrvhg

rq lw/ vxemhfwv zhuh deoh wr iroorz wkh vshfl�hg sdwkv dffxudwho|1 Lq wkh 6G wdvn/ wkh pdmrulw| ri

vxemhfwv zhuh qrw deoh wr uhsolfdwh wkh vshfl�hg vkdshv zhoo/ dqg glg qrw frqyhujh wr d yhu| vwdeoh

pryhphqw vwudwhj| lq 43 wuldov1 Diwhu wkh h{shulphqw vxemhfwv uhsruwhg wkdw wkh| zhuh dzduh ri wkhlu

srru shuirupdqfh/ exw glg qrw nqrz krz wr shuirup wkh wdvn ehwwhu1 Dowkrxjk wklv lv dq lpsruwdqw

lvvxh wr frqvlghu/ erwk wkh srzhu odz dqg wkh frqvwudlqhg plqlpxp mhun prgho suhglfw d vshhg sur�oh

jlyhq wkh dfwxdo/ qrw wkh ghvluhg sdwk ri wkh kdqg/ vr zh fdq vwloo dsso| wkhp dqg dvvhvv wkh dffxudf|
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ri wkhlu suhglfwlrqv1 Lw zdv dovr revhuyhg wkdw wkh wruvlrq � ydulhg udwkhu vprrwko|/ lqvwhdg ri ehlqj

qrq}hur rqo| dw d glvfuhwh vhw ri srlqwv dv vxjjhvwhg e| Prudvvr +4<;6, dqg Vrhfkwlqj dqg Whu}xror

+4<;:,1 Ghyldwlrqv iurp slhfhzlvh0sodqdu gudzlqj lq 6G kdyh dovr ehhq revhuyhg e| Jxvlv +4<<8,> zh

gr qrw dqdo|}h wklv glvfuhsdqf| ixuwkhu vlqfh lw lv qrw wkh irfxv ri wkh suhvhqw vwxg|1

Lq wkh yld0srlqw wdvn zh vshfl�hg irxu lqwhuphgldwh srlqwv/ dqg vxemhfwv zhuh iuhh wr fkrrvh dq|

sdwk wkdw sdvvhg wkurxjk wkhp lq wkh fruuhfw rughu1 Rxu frqvwudlqhg plqlpxp mhun phwkrg fdqqrw

pdnh d suhglfwlrq derxw wkh dfwxdo sdwk vxemhfwv fkrrvh lq wklv wdvn/ exw wkh ruljlqdo prgho +Iodvk

dqg Krjdq/ 4<;8, suhglfwv wkdw wkh sdwk zloo eh wkh rqh wkdw plqlpl}hv mhun1 Zkloh wklv lv riwhq wkh

fdvh/ zh irxqg qxphurxv v|vwhpdwlf ghyldwlrqv1 Ilj 908 vkrzv gdwd iurp vl{ gl�huhqw vxemhfwv> hdfk

sdlu ri sorwv uhsuhvhqwv wkh odvw �yh rxw ri wkh whq wuldov +grwwhg, wkdw wkh vxemhfw pdgh/ rq wkh ruljlqdo

dqg wkh urwdwhg frq�jxudwlrq ri yld0srlqwv1 Wkh vrolg olqh lv wkh plqlpxp mhun sdwk/ zklfk uhpdlqv

lqyduldqw wr urwdwlrq1 Qrwh wkdw wkh ghyldwlrqv duh qrw mxvw lvrodwhg wuldov/ exw vwdeoh vwudwhjlhv xwlol}hg

e| wkh vxemhfwv> dovr/ wkh dfwxdo sdwkv ghshqghg rq wkh rulhqwdwlrq ri wkh whpsodwh/ frqwudu| wr wkh

prgho suhglfwlrq1 Zkloh vrph ri wkhvh ghyldwlrqv pd| eh wkh uhvxow ri dup g|qdplfv d�hfwlqj wkh

sdwk/ wkh odujh gl�huhqfhv +h1j1 8D, ehwzhhq wkh sdwkv dgrswhg e| gl�huhqw vxemhfwv iru wkh vdph yld0

srlqw frq�jxudwlrq vxjjhvw wkdw pxowlsoh yld0srlqw wdvnv pd| kdyh d vljql�fdqw frjqlwlyh frpsrqhqw/

l1h1 vxemhfwv kdyh wr vwxg| wkh frq�jxudwlrq dqg ghflgh zkdw jhqhudo sdwk wkh| zdqw wr wdnh1 Lq idfw

zh revhuyhg wkdw rq wkh lqlwldo wuldov lq d qhz frq�jxudwlrq/ vxemhfwv vrphwlphv vwrsshg dqg fruuhfwhg

wkhlu pryhphqw/ zklfk lv xqolnho| wr kdsshq li wkh| kdyh douhdg| sodqqhg d vprrwk sdwk wkdw sdvvhv

wkurxjk wkh yld0srlqwv lq wkh vshfl�hg rughu1 Zkdwhyhu wkh uhdvrq iru wkhvh glvfuhsdqflhv/ zh frqfoxgh

wkdw wkh ruljlqdo plqlpxp0mhun prgho fdqqrw dffrxqw iru wkh vljql�fdqw ehwzhhq vxemhfw yduldelolw| rq

pxowlsoh yld0srlqw wdvnv1

Zh qrz wxuq wr d txdqwlwdwlyh frpsdulvrq ri rxu prgho dqg wkh srzhu odz1 Ilj 909 vkrzv vxppdu|

huuru vwdwlvwlfv/ iru doo wdvnv dqg doo huuru phdvxuhv/ ryhu wkh frpsohwh +ohiw, dqg plggoh 93( ri wkh

pryhphqw +uljkw,1 Iru hdfk vxemhfw/ zh frpsxwhg wkh phgldq suhglfwlrq huuru lq hdfk eorfn ri 43 wuldov

dqg wkhq dyhudjhg ryhu doo whpsodwhv lq d jlyhq wdvn1 Wkh frqvwudlqhg plqlpxp mhun prgho shuiruphg

xqlirupo| ehwwhu wkdq wkh prgl�hg srzhu odz/ zklfk lq wxuq zdv xqlirupo| ehwwhu wkdq wkh ruljlqdo

srzhu odz +wkh odwwhu reylrxvo| kdv wr eh wkh fdvh,1 Dqdo|vlv ri yduldqfh vkrzhg wkdw lq wkh pdmrulw| ri

wkh frpsdulvrqv +wkh 6G wdvn2frpsohwh pryhphqwv rq wkh PDG dqg VWG phdvxuhv ehlqj wkh h{fhswlrq,

wkh gl�huhqfhv duh vljql�fdqw dw wkh s ? 3=38 ohyho1 Ixuwkhupruh/ wklv rughulqj krogv iru hyhu| vxemhfw

zh whvwhg1 Wkh gl�huhqfh lv htxdoo| odujh ryhu wkh frpsohwh pryhphqw dqg wkh plggoh 93(/ wkhuhiruh lw

lv qrw h{sodlqhg e| wkh glvfuhsdqw suhglfwlrqv ri wkh srzhu odz dw wkh hqg srlqwv ri glvfuhwh pryhphqwv1

Wr dqdo|}h wkh ghshqghqfh ri wkh prgho shuirupdqfh rq wkh whpsodwh ehlqj wudfhg/ zh dyhudjhg wkh

gdwd ryhu vxemhfwv dqg frpsduhg wkh wkuhh suhglfwlrq phwkrgv iru hdfk whpsodwh1 Ilj 90: +dup wdvn 0

frpsohwh pryhphqwv, vkrzv wkdw wkh rughulqj krogv iru doo whpsodwhv zh whvwhg/ dqg qrw mxvw wkh rqhv

wkdw lqfoxgh lq�hfwlrq srlqwv1 Wklv zdv wuxh iru doo wdvnv1 Lw lv lqwhuhvwlqj wkdw wkh frqvwudlqhg plqlpxp

mhun prgho vkrzv d udwkhu xqlirup ohyho ri shuirupdqfh/ erwk ryhu gl�huhqw whpsodwhv dqg ryhu gl�huhqw

wdvnv1 Zh h{shfwhg wkdw wkhuh pljkw eh dq h�hfw ri wuldo qxpehu/ uhvxowlqj iurp ohduqlqj wkh sdwwhuq lq

wkh frxuvh ri wkh 43 wuldov/ exw wkhuh zdv qr hylghqfh ri wkdw1 Lw lv vwloo srvvleoh wkdw lq pruh gl�fxow

wdvnv wkh shuirupdqfh ri wkh prgho fkdqjhv zlwk h{shulhqfh/ exw wkhuh zdv vlpso| yhu| olwwoh ohduqlqj

lq rxu h{shulphqwv1 Lqghhg wkh vsdwldo huuru glg qrw fkdqjh vljql�fdqwo| ryhu wuldov1

Wkhuh duh vrph gl�huhqfhv ehwzhhq wkh irxu huuru phdvxuhv zh gh�qhg1 Wkh pd{lpxp ghyldwlrq

shqdol}hv wkh ruljlqdo srzhu odz rq whpsodwhv zlwk lq�hfwlrq srlqwv/ vlqfh wkh suhglfwhg vshhg dw 3

fxuydwxuh lv yhu| odujh +lw zrxog eh lq�qlwh li zh glgq*w dgg d vpdoo frqvwdqw wr wkh fxuydwxuh,1 Wkh phdq

devroxwh ghyldwlrq dqg wkh vwdqgdug ghyldwlrq duh yhu| vlplodu/ xs wr d vfdolqj idfwru1 Wkh xqh{sodlqhg

yduldqfh vhhpv wr eh wkh prvw vhqvlwlyh phdvxuh 0 lw lv wkh rqo| rqh wkdw ghwhfwv vljql�fdqw gl�huhqfhv

lq wkh ehkdylru ri rxu prgho rq gl�huhqw wdvnv dqg whpsodwhv1 Wkxv lw zloo eh wkh phdvxuh xvhg lq wkh
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A

B

C

Iljxuh 908= H{dpsohv ri sdwkv wudfhg lq wdvn 61 Hdfk sdlu ri sorwv lv gdwd iurp rqh vxemhfw +vl{ gl�huhqw
vxemhfwv vkrzq,1 Wkh vrolg olqh lv wkh plqlpxp mhun sdwk +zklfk zdv qrw vkrzq wr wkh vxemhfwv,/ dqg
wkh grwwhg olqhv duh wkh dfwxdo sdwkv rq wkh odvw 8 wuldov ri wkh 43 wuldo eorfn1 Wkh �oohg flufoh pdunv wkh
hqg srlqw1
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Complete trajectory                                                      Middle 60%
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Iljxuh 909= Vxppdu| huuru vwdwlvwlfv zlwk vwdqgdug huuru eduv iru wkh wkuhh prghov/ frpsxwhg ryhu wkh
hqwluh pryhphqw +ohiw, dqg wkh plggoh 93( +uljkw,/ iru doo wdvnv dqg huuru phdvxuhv1 Iru hdfk vxemhfw/
wkh phgldq huuru vfruh lq hdfk eorfn ri 43 wuldov zdv frpsxwhg/ dqg wkh uhvxowv zhuh dyhudjhg ryhu doo
whpsodwhv lq wkh wdvn1
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Arm task - complete trajectory
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Iljxuh 90:= Suhglfwlrq huuruv iru doo huuru phdvxuhv dqg doo whpsodwhv lq wdvn 5 0 frpsohwh pryhphqwv/
dyhudjhg ryhu vxemhfwv1
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uhpdlqlqj sduw ri wkh sdshu/ zkhuh zh vwxg| krz wkh prgho ghshqgv rq wkh ghwdlov ri wkh wdvn1 Doo

vxevhtxhqw dqdo|vhv kdyh dovr ehhq shuiruphg zlwk wkh phdq devroxwh ghyldwlrq phdvxuh/ |lhoglqj yhu|

vlplodu uhvxowv1

S�D�e �?@*)t�t Lu tTii_ ThL�*it

Wkxv idu zh kdyh frqvlghuhg vwdwlvwlfv edvhg rq wkh dyhudjh suhglfwlrq huuruv1 Lq wklv vhfwlrq zh shuirup

d pruh ghwdlohg frpsdulvrq ri wkh dfwxdo vshhg sur�ohv1 Ilj 90; vkrzv vshhg sur�ohv ri doo ; vxemhfwv

wudflqj whpsodwhv 4/5/6/8 iurp Ilj 9061 Wklv gdwd lv iurp wkh qh{w h{shulphqw/ zkhuh d vkruw pryhphqw

wlph +418 vhf, zdv hqirufhg 0 wkhvh duh wkh frqglwlrqv xqghu zklfk erwk rxu prgho dqg wkh prgl�hg

srzhu odz duh prvw dffxudwh +vhh ehorz,1 Zh kdyh vfdohg wkh odvw 8 vshhg sur�ohv +frpsohwh pryhphqwv,

lq hdfk eorfn iru hdfk vxemhfw/ dqg dyhudjhg wkhp1 Vrolg olqhv duh wkh dfwxdo vshhg sur�ohv/ wkh gdvkhg

olqhv duh wkh frqvwudlqhg plqlpxp mhun suhglfwlrqv/ dqg wkh grwwhg olqhv duh wkh prgl�hg srzhu odz

suhglfwlrqv1 Vlqfh vfdolqj grhv qrw doljq wkh vshhg sur�ohv shuihfwo|/ dyhudjlqj lv qrw qhfhvvdulo| d

phdqlqjixo rshudwlrq/ exw lw khosv lghqwli| v|vwhpdwlf suhglfwlrq huuruv1 Qrwh wkdw zh vkrz dyhudjhv

ryhu wkh suhglfwlrqv iru lqglylgxdo wuldov/ qrw d suhglfwlrq iru wkh dyhudjh wuldo +zklfk zrxog eh ohvv

phdqlqjixo vlqfh erwk suhglfwlrq phwkrgv duh qrqolqhdu,1

Lw lv hylghqw wkdw wkh prgl�hg srzhu odz suhglfwlrq kdv vljql�fdqw v|vwhpdwlf huuru/ zklfk lv qrw

uhvwulfwhg wr wkh hqg srlqwv ri wkh pryhphqwv1 Wkh �dw vshhg sur�ohv lw suhglfwv lq whpsodwh 5 fruuhvsrqg

wr d uhjlrq ri frqvwdqw fxuydwxuh +dv zdv qrwhg lq Ilj 905,1 Zh frqfoxgh wkdw wkh srzhu odz fdswxuhv

yhu| zhoo wkh pd{lpd dqg plqlpd ri wkh dfwxdo vshhg sur�ohv/ exw rwkhuzlvh lw lv qrw d vdwlvidfwru|

prgho ri wkh ghwdlov suhvhqw lq wkh h{shulphqwdo gdwd1 Zkloh vrph ri wkh huuruv duh gxh wr vnhzlqj +dv

Zdqq hw do1/ 4<;; dujxhg,/ wkh suhgrplqdqw huuru lv lq wkh suhglfwhg ydoxhv dw wkh vshhg h{wuhpd1

Wkh suhglfwlrq ri wkh frqvwudlqhg plqlpxp mhun phwkrg lv pxfk pruh dffxudwh/ dqg prvw ri wkh

uhpdlqlqj huuru vhhpv wr eh gxh wr ehwzhhq0vxemhfw yduldelolw|1 Vwloo/ wkhuh lv vrph v|vwhpdwlf huuru

ohiw1 Wkh �uvw vshhg pd{lpxp rq whpsodwh 4/ dqg wkh vhfrqg pd{lpxp rq whpsodwh 6 duh erwk voljkwo|

xqghuhvwlpdwhg iru doo vxemhfwv1 Ryhudoo/ wkh suhglfwlrqv ri wkh prgho duh udwkhu forvh wr wkh h{shulphq0

wdoo| revhuyhg vshhg sur�ohv/ dqg lq vrph fdvhv +odvw 5 vxemhfwv lq whpsodwh 5 iru h{dpsoh, lw lv kdug wr

lpdjlqh wkdw dq| prgho zrxog eh pruh dffxudwh1

Qh{w zh h{dplqh gdwd iurp lqglylgxdo wuldov/ vlqfh wkh dyhudjlqj surfhgxuh lv olnho| wr revfxuh vrph

ghwdlov1 Iru whpsodwhv 4/5/6/8/;/ zh srrohg doo wuldov wrjhwkhu/ dqg irxqg wkh rqh iru zklfk erwk huuru

vfruhv zhuh dv forvh dv srvvleoh wr wkh fruuhvsrqglqj phgldqv1 Wkh dfwxdo +vrolg,/ prgl�hg srzhu odz

+grwwhg,/ dqg frqvwudlqhg plqlpxp mhun +gdvkhg, vshhg sur�ohv iru wkh vhohfwhg wuldov +plggoh 93(, duh

vkrzq lq Ilj 90<1 Zh fdq vhh wkdw wkhuh duh odujh huuruv lq wkh srzhu odz suhglfwlrq wkdw duh qrw uhodwhg

wr hqg srlqw dffhohudwlrq +ghfhohudwlrq,1 Qrwh wkh xqqdwxudo vkdus shdnv/ fruuhvsrqglqj wr lq�hfwlrq

srlqwv +wkh| zhuh vprrwkhg rxw lq Ilj 90;, 0 dowkrxjk wkh prgl�hg srzhu odz dggv d srvlwlyh frqvwdqw wr

wkh fxuydwxuh +rswlpl}hg iru wkh sduwlfxodu wuldo,/ wklv phfkdqlvp lv dssduhqwo| qrw vx�flhqw wr ghdo zlwk

lq�hfwlrq srlqwv1 Zh pljkw h{shfw wkdw li wkh sdwkv lqfoxghg vwudljkw vhjphqwv/ wkh shuirupdqfh ri wkh

prgl�hg srzhu odz zrxog eh hyhq zruvh1 Wkh lq�hfwlrq srlqwv duh qrw wkh rqo| sureohp krzhyhu~qrwh

wkh ghyldwlrqv lq wkh wrs uljkw sdqho/ zklfk fruuhvsrqg wr d sdwk zlwk vwulfwo| srvlwlyh fxuydwxuh1

S�D�D Ai4TL ��U|�@|�L?t @?_ ti}4i?|@|�L?

Erwk wkh frqvwudlqhg plqlpxp0mhun prgho dqg wkh prgl�hg srzhu odz dvvxph wkdw wkh whpsr/ ru jdlq/

ru _sv|fkrorjlfdo vshhg% ri wkh pryhphqw lv khog frqvwdqw/ dqg wkh yduldwlrq lq vshhg lv rqo| uhodwhg wr

wkh sdwk1 Fohduo| wkdw grhvq*w kdyh wr eh wkh fdvh> h1j1 zh fdq dvn wkh vxemhfwv wr vshhg xs wrzdugv

wkh hqg ri wkh pryhphqw1 Lw lv frqfhlydeoh wkdw hyhq lq wkh devhqfh ri h{solflw lqvwuxfwlrqv wr frqwuro
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Iljxuh 90;= Dyhudjh vshhg sur�ohv iru doo vxemhfwv/ vpdoo 418 vhfrqgv pryhphqw lq h{shulphqw 5 +7 ri wkh
8 whpsodwhv vkrzq/ qxpehuv fruuhvsrqg wr whpsodwh srvlwlrqv lq �jxuh 6,1 Dfwxdo vshhg sur�oh 0 vrolg/
frqvwudlqhg plqlpxp mhun suhglfwlrq 0 gdvkhg/ srzhu odz 0 grwwhg1 Doo vshhg sur�ohv zhuh vfdohg ehiruh
dyhudjlqj1
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Iljxuh 90<= W|slfdo h{dpsohv ri vlqjoh wuldo vshhg sur�ohv +vrolg,/ frqvwudlqhg plqlpxp mhun suhglfwlrq
+gdvkhg, dqg srzhu odz +grwwhg, rq vlqjoh wuldov 0 h{shulphqw 5/ plggoh 93( ri wkh pryhphqw1
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Iljxuh 9043= Jdlq �xfwxdwlrqv iru wkh prgl�hg srzhu odz dqg rxu prgho +frqvhfxwlyh pryhphqwv ri rqh
vxemhfw wudflqj whpsodwh 4,1 Yhuwlfdo olqhv fruuhvsrqg wr srlqwv ri pd{lpxp dqg plqlpxp vshhg1

vshhg/ wkh whpsr ri wkh pryhphqw lv yduldeoh1 Iru hdfk prgho/ zh gh�qh wkh jdlq +ru whpsr, dv wkh udwlr

ehwzhhq wkh dfwxdo dqg suhglfwhg vshhg sur�ohv dw hdfk srlqw lq wlph +wkh gh�qlwlrq lv prgho0ghshqghqw

e| qhfhvvlw|,1 Ylyldql dqg Fhq}dwr +4<;8, vxjjhvwhg wkdw wkh jdlq lv d slhfhzlvh0frqvwdqw ixqfwlrq ri

wlph= lq hdfk vhjphqw lw lv sursruwlrqdo wr d srzhu ixqfwlrq ri wkh fruuhvsrqglqj sdwk ohqjwk= � @ NS�

+� khuh fruuhvsrqgv wr wkh sdudphwhu � gh�qhg e| Ylyldql dqg Fhq}dwr,1

Zh frpsxwhg wkh jdlq idfwru iru d qxpehu ri glvfuhwh pryhphqwv iru erwk prghov/ dqg glg qrw �qg

dq| fdvh lq zklfk lw zdv frqylqflqjo| slhfh0zlvh frqvwdqw1 Ilj 9043 vkrzv d w|slfdo sorw~�yh frqvhfxwlyh

wuldov iru rqh vxemhfw wudflqj whpsodwh 41 Zh wkhq dssolhg wkh vhjphqwhg yhuvlrq ri wkh prgl�hg srzhu

odz wr wkh gdwd iurp doo vxemhfwv rq wkh dup wdvn 0 vxevhw ri whpsodwhv xvhg lq H{shulphqw 5 +vhh ehorz,1

Hdfk pryhphqw zdv vhjphqwhg dw wkh vshhg pd{lpd +fruuhvsrqglqj wr fxuydwxuh plqlpd,1 Wkh sruwlrqv

ehwzhhq wkh hqg srlqwv dqg wkh forvhvw vhjphqw erxqgdu| zhuh holplqdwhg1 Zh dssolhg wkh prgl�hg

srzhu odz zlwk vhjphqwdwlrq zlwk hlwkhu �{hg � @ 3=58 +zklfk zdv irxqg wr eh wkh rswlpdo �{hg ydoxh,

ru � ehlqj rswlpl}hg iru hdfk lqglylgxdo wuldo ri hdfk vxemhfw +pdnlqj wkh frpsdulvrq wr rxu prgho

vrphzkdw xqidlu,1

Ilj 9044 vkrzv wkh vshhg suhglfwlrq huuru/ uhodwlyh wr wkh suhglfwlrq huuru ri wkh qrq0vhjphqwhg

prgl�hg srzhu odz/ iru wkh 5 gl�huhqw vhjphqwdwlrq phwkrgv1 Wkh lpsuryhphqw lq doo fdvhv lv pxfk

vpdoohu frpsduhg wr wkh lpsuryhphqw ri wkh +qrq0vhjphqwhg, frqvwudlqhg plqlpxp0mhun phwkrg ryhu

wkh prgl�hg srzhu odz1 Wklv vhjphqwdwlrq phwkrg zdv dovr dssolhg dw vshhg plqlpd +fruuhvsrqglqj

wr fxuydwxuh pd{lpd 0 dv lq wkh prgho ri Prudvvr dqg Pxvvd0Lydogl/ 4<;6, |lhoglqj yhu| vlplodu uhvxowv1

Qrwh wkdw wkh rswlpdo �{hg ydoxh ri � @ 3=58 lv vljql�fdqwo| vpdoohu wkdq wkh ydoxh ri � @ 3=9 revhuyhg e|

Ylyldql dqg Fhq}dwr +4<;8,1 Vlqfh � @ 3 fruuhvsrqgv wr d odfn ri vhjphqwdwlrq/ wklv lv dqrwkhu lqglfdwlrq
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Iljxuh 9044= Iru hdfk vhjphqwdwlrq phwkrg +�{hg � @ 3=58 ru � rswlpl}hg vhsdudwho| iru hdfk wuldo, dqg
rxu prgho/ zh vkrz wkh suhglfwlrq huuru uhodwlyh wr wkh suhglfwlrq huuru ri wkh xqvhjphqwhg prgl�hg
srzhu odz/ dssolhg ryhu wkh vdph sruwlrq ri wkh sdwk dv wkh rqh vhohfwhg e| wkh vhjphqwdwlrq vfkhph1

wkdw vhjphqwdwlrq lv vlpso| qrw suhvhqw lq rxu gdwd/ dqg wkh whpsr �xfwxdwlrqv duh frqwlqxrxv dqg dw

suhvhqw xqsuhglfwdeoh1 Wkh �xfwxdwlrqv lq Ilj 9043 duh v|vwhpdwlf vlqfh wkh wuldov duh iurp wkh vdph

vxemhfw/ exw wkh| ehfrph xqsuhglfwdeoh dfurvv vxemhfwv +dv fdq eh lqihuuhg iurp Iljxuh 90;,1

Zkloh wkh ghwdlov ri wkh jdlq �xfwxdwlrqv fdqqrw eh h{sodlqhg/ wkhlu pdjqlwxgh +gluhfwo| uhodwhg wr

suhglfwlrq huuru, frxog ydu| v|vwhpdwlfdoo| zlwk vrph rwkhu yduldeoh1 Zh douhdg| vdz wkdw lw lv qrw

yhu| vhqvlwlyh wr wkh wdvn/ ru wkh whpsodwh ehlqj wudfhg1 D frpsdulvrq ri suhglfwlrq huuru ryhu vxemhfwv

krzhyhu uhyhdohg d vwurqj fruuhodwlrq ehwzhhq krz udslgo| vxemhfwv pryhg rq wkh dyhudjh/ dqg krz zhoo

wkh frqvwudlqhg plqlpxp mhun prgho suhglfwhg wkhlu vshhg sur�ohv +d zhdnhu fruuhodwlrq zdv revhuyhg iru

wkh prgl�hg srzhu odz,1 Ilj 9045 vkrzv d vfdwwhu sorw ri phdq pryhphqw gxudwlrq +ryhu doo whpsodwhv,

dqg phdq suhglfwlrq huuru iru rxu prgho lq doo wdvnv1 Wkhuh duh vhyhudo srvvleoh lqwhusuhwdwlrqv ri wklv

uhvxow1 Lw pd| eh wkdw wkh whpsr �xfwxdwlrqv dffxpxodwh zlwk pryhphqw wlph/ wkxv pryhphqwv wkdw

wdnh orqjhu kdyh ohvv suhglfwdeoh vshhg sur�ohv1 Lw lv dovr srvvleoh wkdw dw kljk dyhudjh vshhg/ pryhphqwv

duh iru vrph uhdvrq pruh uhjxodu1 Vlqfh zh glg qrw ydu| wkh vl}h ri wkh whpsodwhv v|vwhpdwlfdoo|/ gxudwlrq

zdv fruuhodwhg zlwk vshhg +Zdqq hw do1 4<;; dovr revhuyhg wkdw wkh srzhu odz krogv ehwwhu iru idvwhu

pryhphqwv/ dqg dwwulexwhg wkh h�hfw wr vshhg lqvwhdg ri gxudwlrq,1 Dqrwkhu srvvlelolw| lv wkdw wkh h�hfw

lv d vsxulrxv ehwzhhq0vxemhfw fruuhodwlrq/ l1h1 vrph vxemhfwv qdwxudoo| surgxfh pruh suhglfwdeoh vshhg

sur�ohv/ dqg wkh vdph vxemhfwv whqg wr pdnh idvwhu pryhphqwv zkhq gxudwlrq lv qrw vshfl�hg1 Wkh qh{w

h{shulphqw zdv ghvljqhg wr glvwlqjxlvk ehwzhhq wkhvh srvvlelolwlhv1
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Arm Task    r^2=0.78
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Via Task    r^2=0.65
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Hand Task    r^2=0.81
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3D Task    r^2=0.30

Iljxuh 9045= Vfdwwhusorw ri pryhphqw gxudwlrq yv1 suhglfwlrq huuru iru wkh frqvwudlqhg plqlpxp mhun
prgho/ doo wdvnv1 Hdfk gdwd srlqw uhsuhvhqwv rqh vxemhfw/ wkh uhvxowv zhuh dyhudjhg ryhu doo wuldov wkh
vxemhfw pdgh lq wkh fruuhvsrqglqj wdvn1
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Iljxuh 9046= Vfkhpdwlf uhsuhvhqwdwlrq ri wkh 6 frqglwlrqv lq wkh h{shulphqw1

S�S , Tih�4i?| S�2

Wr holplqdwh wkh srvvlelolw| wkdw ehwzhhq0vxemhfw yduldelolw| fdq dffrxqw iru wklv fruuhodwlrq/ wkh h{shu0

lphqw kdg d zlwklq0vxemhfw ghvljq1 Zh qrz vshfl�hg wkh gxudwlrq ri wkh pryhphqw/ dqg dovr ydulhg

wkh vsdwldo vfdoh/ zklfk doorzhg xv wr glvwlqjxlvk ehwzhhq wkh h�hfwv ri pryhphqw gxudwlrq dqg dyhudjh

vshhg +dqg vl}h,1 D qhz jurxs ri ; vxemhfwv zdv uhfuxlwhg iru wklv h{shulphqw1

S�S�� �i|�L_t

Wkh vhwxs zdv wkh vdph dv lq wdvn 5 0 vxemhfwv zhuh dvnhg wr pdnh dup pryhphqwv rq d krul}rqwdo

wdeoh/ e| wudflqj d frqwlqxrxv fxuyh surmhfwhg rq wkh wdeoh1 Wr uhgxfh h{shulphqwdo wlph/ zh xvhg dq

duelwudu| vxevhw ri 8 whpsodwhv +4/5/6/8/; lq Ilj 906,/ hdfk suhvhqwhg lq 6 eorfnv ri 43 lghqwlfdo wuldov1 Lq

eorfn 4/ wkh whpsodwh zdv odujh +vdph vl}h dv lq h{shulphqw 4,/ dqg ghvluhg pryhphqw gxudwlrq zdv 6

vhfrqgv1 Lq eorfn 5/ wkh whpsodwh zdv dovr odujh/ dqg gxudwlrq zdv 418 vhfrqgv1 Lq eorfn 6/ wkh whpsodwh

zdv vfdohg grzq e| d idfwru ri 5/ dqg ghvluhg gxudwlrq zdv 418 vhfrqgv1 Wkxv/ eorfnv 4 dqg 5 zhuh

pdwfkhg iru vl}h/ eorfnv 5 dqg 6 iru pryhphqw gxudwlrq/ dqg eorfnv 4 dqg 6 iru dyhudjh vshhg +dvvxplqj

ri frxuvh wkdw vxemhfwv surgxfhg pryhphqwv ri wkh vshfl�hg gxudwlrqv/ zklfk wkh| glg, 0 vhh Ilj 90461

Dw wkh ehjlqqlqj ri hdfk wuldo/ wkh vxemhfw srvlwlrqhg wkh hqg0srlqw lq wkh vwduwlqj duhd dqg zdlwhg iru

wkh vwduw flufoh wr glvdsshdu/ frq�uplqj d fruuhfw lqlwldo srvlwlrq1 Wkh frpsxwhu vrxqghg d ehhs zkhq

wkh vxemhfw vwduwhg prylqj dqg d vhfrqg ehhs zkhq wkh vxemhfw vwrsshg prylqj1 Diwhu hdfk wuldo/ wkh

dfwxdo gxudwlrq zdv vkrzq +lq xqlwv ri 42433 vhfrqgv,1 Wkh ghvluhg gxudwlrq zdv sulqwhg rq wkh vfuhhq

wkurxjkrxw wkh h{shulphqw1 Vxemhfwv zhuh wrog zkdw wkh qxpehuv phdqw dqg zhuh lqvwuxfwhg wr wudfh

wkh sdwkv iru wkh vshfl�hg gxudwlrqv1
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Iljxuh 9047= Vxppdu| huuru vwdwlvwlfv iru h{shulphqw 5/ frpsohwh pryhphqwv +ohiw, dqg plggoh 93(
+uljkw,1 Wkh uhvxowv duh frpsxwhg lq wkh vdph zd| dv lq �jxuh 91 Wkh odvw suhglfwlrq phwkrg lv wkh
dyhudjh vshhg sur�oh ryhu d eorfn ri 43 frqvhfxwlyh wuldov/ xvhg wr suhglfw hdfk lqglylgxdo wuldo1

S�S�2 +it�*|t

Wkh gdwd zdv dqdo|}hg lq h{dfwo| wkh vdph zd| dv lq h{shulphqw 41 Doo vxemhfwv wudfhg wkh sdwkv

dffxudwho|/ dqg zhuh deoh wr dgmxvw wkh gxudwlrq ri wkhlu pryhphqwv lq wkh �uvw 506 wuldov lq hdfk eorfn1

Suhglfwlrq huuru vwdwlvwlfv/ dyhudjhg ryhu whpsodwhv/ duh vkrzq lq Ilj 90471 Djdlq/ zh irxqg wkdw wkh

frqvwudlqhg plqlpxp mhun phwkrg suhglfwv vshhg sur�ohv forvhu wr wkh rqhv revhuyhg h{shulphqwdoo|/

frpsduhg wr erwk yhuvlrqv ri wkh srzhu odz1 Lq wklv fdvh/ wkh frqvwudlqhg plqlpxp mhun suhglfwlrq zdv

derxw wkuhh wlphv ehwwhu wkdq wkh prgl�hg srzhu odz/ dqg irxu wlphv ehwwhu wkdq wkh ruljlqdo srzhu odz1

Wkh gl�huhqfh lv vwloo suhvhqw zkhq vshhg sur�ohv duh frpsxwhg iru wkh plggoh 93( ri wkh pryhphqwv1

Lw fdq eh vhhq lq Ilj 9047 wkdw wkh suhglfwlrq huuruv iru wkh odujh idvw pryhphqwv duh dozd|v vlplodu wr

wkh vpdoo rqhv dqg gl�huhqw iurp wkh huuruv iru wkh odujh vorz pryhphqwv1 Dqdo|vlv ri yduldqfh uhyhdohg

vljql�fdqw gl�huhqfhv iru wkh frqvwudlqhg plqlpxp mhun suhglfwlrqv/ dqg wkh prgl�hg srzhu odz dssolhg

wr wkh plggoh 93( ri wkh pryhphqwv> wkh suhglfwlrq huuru iru wkh odujh 6 vhfrqgv pryhphqw zdv odujhu

wkdq wkh huuru iru erwk wkh odujh 418 vhfrqgv/ dqg wkh vpdoo 418 vhfrqgv pryhphqw +s ? 3=34,1 Wklv uhvxow

lqglfdwhv wkdw wkh dffxudf| ri wkh suhglfwlrq ghshqgv rq wkh gxudwlrq/ qrw wkh dyhudjh vshhg ru vsdwldo

vfdoh ri wkh pryhphqw1 Zh fdq dovr frqfoxgh wkdw wkh fruuhodwlrq lq h{shulphqw 4 zdv qrw hqwluho| gxh

wr v|vwhpdwlf ehwzhhq0vxemhfw yduldelolw|/ vlqfh wkh vhfrqg h{shulphqw |lhoghg wkh uhvxow zlwklq vxemhfwv1

Wkh kljkhu dffxudf| ri rxu prgho zkhq dssolhg wr wkh plggoh 93( lqvwhdg ri wkh frpsohwh pryhphqw

pd| eh gxh wr wkh idfw wkdw wkh prgho lv ehlqj dssolhg wr d pryhphqw ri vkruwhu gxudwlrq1 Krzhyhu/

wklv pd| dovr eh fdxvhg e| xvlqj wkh h{shulphqwdoo| revhuyhg ydoxhv ri vshhg dqg dffhohudwlrq dw wkh

hqgsrlqwv ri wkh plggoh vhjphqw1

Lw lv srvvleoh wkdw wkh h�hfw ri pryhphqw gxudwlrq rq prgho dffxudf| lv gxh wr wkh idfw wkdw revhuyhg
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vshhg sur�ohv lq vkruw gxudwlrq pryhphqwv duh vrphkrz gl�huhqw2vlpsohu/ dqg dq| prgho zrxog |lhog

ehwwhu uhvxowv1 Wr dvvhvv wklv dowhuqdwlyh/ zh kdyh lqfoxghg lq Ilj 9047 dqrwkhu suhglfwlrq phwkrg uhodwhg

wr wkh dprxqw ri wuldo0wr0wuldo yduldelolw| suhvhqw lq d eorfn ri lghqwlfdo wuldov1 Zh frpsxwhg wkh phdq

vshhg sur�oh ryhu hdfk eorfn ri 43 wuldov +vhsdudwho| iru hdfk vxemhfw,/ dqg xvhg lw wr suhglfw wkh vshhg

sur�oh iru hdfk ri wkh lqglylgxdo wuldov1 Wkh sdwwhuq ri suhglfwlrq huuruv zh vhh lq Ilj 9047 lv yhu|

gl�huhqw= lw dsshduv wkdw wuldo0wr0wuldo yduldelolw| ghfuhdvhv zlwk vshhg udwkhu wkdq gxudwlrq/ dqg lv

hvvhqwldoo| wkh vdph ryhu wkh hqwluh pryhphqw dqg wkh plggoh 93(1 Wkxv wkh kljkhu prgho dffxudf| iru

vkruwhu gxudwlrqv uhvxowv iurp d vwurqjhu frxsolqj ehwzhhq sdwk dqg vshhg/ udwkhu wkdq d gl�huhqfh lq

wkh vshhg sur�ohv wkhpvhoyhv1

S�S�� Ah�@*�|L�|h�@* �@h�@M�*�|)

Lw lv riwhq dvvxphg wkdw wkh prwru v|vwhp frqvwuxfwv d sodq ri wkh ghvluhg wudmhfwru| iru wkh fxuuhqw wdvn/

dqg lqvwdqwldwhv wkdw sodq rq hdfk sduwlfxodu wuldo1 Dowkrxjk wkhuh lv qr zlghvsuhdg djuhhphqw rq zkdw

h{dfwo| vxfk d sodq pljkw frqwdlq/ lw vhhpv uhdvrqdeoh wr dvvxph wkdw wkh dfwxdo wudmhfwrulhv surgxfhg

rq frqvhfxwlyh wuldov rq wkh vdph wdvn duh yduldwlrqv durxqg wkh vdph sodq/ zkhuh wkh yduldelolw| lv gxh

wr xqvshfl�hg vrxufhv ri qrlvh1 Wkxv wkh dyhudjh wudmhfwru| ryhu d eorfn ri lghqwlfdo wuldov fruuhvsrqgv

wr wkh pryhphqw wkdw zrxog uhvxow iurp wkh sodq lq wkh devhqfh ri yduldelolw|1 Lq vxssruw ri wklv qrwlrq/

lw kdv ehhq revhuyhg wkdw wkh vshhg sur�ohv ri uhdfklqj pryhphqwv ri gl�huhqw ohqjwk dqg gxudwlrq fdq

eh doljqhg doprvw shuihfwo| diwhu vwudljkwiruzdug uhvfdolqj/ dqg frpsohwh prghov ri wudmhfwru| irupdwlrq

vxfk dv wkh ruljlqdo plqlpxp mhun prgho ru wkh plqlpxp wrutxh0fkdqjh prgho +Xqr hw do1 4<;;, kdyh

ehhq dssolhg wr wkh dyhudjh wudmhfwru|1

Xqghu wkhvh dvvxpswlrqv/ zh fdq dwwhpsw wr lghqwli| wkh ohyho ri surfhvvlqj zkhuh wkh uhodwlrqvkls

ehwzhhq sdwk dqg vshhg hphujhv1 Lq sduwlfxodu/ wkh vprrwkqhvv revhuyhg lq h{shulphqwdo gdwd pd|

eh douhdg| suhvhqw lq wkh sodq/ lq zklfk fdvh rxu prgho vkrxog dsso| ehwwhu wr wkh dyhudjh wudmhfwru|

wkdq wr vlqjoh0wuldo wudmhfwrulhv +qrwh wkdw dyhudjlqj e| lwvhoi grhv qrw qhfhvvdulo| surgxfh vprrwkhu

wudmhfwrulhv/ l1h1 li zh dyhudjh vhyhudo rswlpdo wudmhfwrulhv zh zloo rewdlq d vxerswlpdo rqh 0 ehfdxvh

wkh prgho lv qrqolqhdu,1 Ixuwkhupruh/ wkh vshhg sur�oh suhglfwhg iurp wkh dyhudjh sdwk vkrxog eh

pruh dffxudwh lq h{sodlqlqj wkh vlqjoh wuldo vshhg sur�ohv wkdq wkh suhglfwlrqv rewdlqhg iurp wkh vlqjoh

wuldo sdwkv1 Lq wkh qrwdwlrq ri Ilj 9048 +zkhuh PM+=, lv wkh vshhg suhglfwhg e| wkh prgho iru d jlyhq

sdwk/ k=l vljql�hv dyhudjlqj ryhu d eorfn ri wuldov/ dqg = lv wkh huuru ehwzhhq dfwxdo dqg suhglfwhg vshhg

sur�ohv,/ PM+sdwk, = vshhg A PM+ksdwkl, = vshhg A PM+ksdwkl, = kvshhgl1 Dowhuqdwlyho|/ li vprrwkqhvv
lv lqkhuhqw lq wkh +xqnqrzq, vrxufhv ri yduldelolw|/ zh vkrxog h{shfw wkh vlqjoh wuldo suhglfwlrqv wr eh pruh

dffxudwh wkdq erwk dyhudjh phwkrgv= PM+sdwk, = vshhg ? PM+ksdwkl, = vshhg ? PM+ksdwkl, = kvshhgl1
Vlqfh wklv dqdo|vlv lv prvw olnho| wr |lhog fohdu uhvxowv zkhq wkh prgho zrunv ehvw/ zh irfxvhg rq

wkh gdwd iurp doo 418 vhf pryhphqwv lq h{shulphqw 51 Dv Ilj 9048 vkrzv/ qrqh ri wkh deryh rughulqjv

krog1 Lw lv wuxh wkdw wkh frqvwudlqhg plqlpxp mhun prgho ghvfulehv wkh dyhudjh wudmhfwru| ehwwhu wkdq

lqglylgxdo wudmhfwrulhv= PM+sdwk, = vshhg A PM+ksdwkl, = kvshhgl/ wkhuhiruh vprrwkqhvv lv suhvhqw lq

wkh sodq dqg dgglqj yduldelolw| ghfuhdvhv wkh sodqqhg vprrwkqhvv1 Krzhyhu/ wkh vshhg sur�oh suhglfwhg

iurp wkh dyhudjh sdwk h{sodlqv wkh lqglylgxdo vshhg sur�ohv d orw zruvh wkdq wkh vlqjoh wuldo suhglfwlrqv=

PM+sdwk, = vshhg ? PM+ksdwkl, = vshhg1 Lq idfw/ hyhq wkh dyhudjh vshhg sur�oh +zklfk lv wkh ehvw

srvvleoh frqvwdqw suhglfwru, shuirupv zruvh wkdq wkh vlqjoh wuldo suhglfwlrq phwkrg= PM+sdwk, = vshhg ?

kvshhgl = vshhg1 Wkhuhiruh/ wkh wuldo0wr0wuldo yduldelolw| revhuyhg lq vshhg sur�ohv lv sduwldoo| suhglfwdeoh

jlyhq wkh wuldo0wr0wuldo yduldelolw| lq wkh sdwk1 Qrwh wkdw vshhg suhglfwlrqv edvhg rq wkh whpsodwh udwkhu

wkdq wkh dyhudjh sdwk duh d orw ohvv dffxudwh/ vxjjhvwlqj wkdw wkh vsdwldo ghyldwlrqv iurp wkh vshfl�hg

whpsodwh pd| eh suhvhqw lq wkh sodq1

Lq vxppdu|/ wkh slfwxuh wkdw hphujhv iurp wklv dqdo|vlv lv wkh iroorzlqj= wkh uhodwlrqvkls ehwzhhq
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Complete trajectory - all 1.5 sec movements
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Unexplained variance

Middle 60% - all 1.5 sec movements
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Unexplained variance

Iljxuh 9048= Frpsdulvrq ri suhglfwlrq huuruv ri rxu prgho +rq doo 418 vhf pryhphqwv lq h{shulphqw 5,
dqg srvvleoh uhfrqvwuxfwlrqv ri d _fhqwudo sodq%1 PM+sdwk, = vshhg 0 rxu prgho/ dssolhg rq d wuldo0
e|0wuldo edvlv +gdun edu,1 kvshhgl = vshhg 0 wkh dyhudjh vshhg sur�oh ryhu d eorfn ri 43 wuldov/ xvhg wr
suhglfw hdfk lqglylgxdo vshhg sur�oh1 PM+ksdwkl, = vshhg 0 wkh vshhg sur�oh jhqhudwhg e| rxu prgho
iru wkh dyhudjh sdwk/ dqg xvhg wr suhglfw hdfk lqglylgxdo vshhg sur�oh1 PM+ksdwkl, = kvshhgl 0 wkh
vshhg sur�oh jhqhudwhg e| rxu prgho iru wkh dyhudjh sdwk/ dqg xvhg wr suhglfw wkh dyhudjh vshhg sur�oh1
PM+whpsodwh, = kvshhgl 0 wkh vshhg sur�oh jhqhudwhg e| rxu prgho iru wkh vshfl�hg whpsodwh/ dqg xvhg
wr suhglfw wkh dyhudjh vshhg sur�oh1 PM+whpsodwh, = vshhg 0 wkh vshhg sur�oh jhqhudwhg e| rxu prgho
iru wkh vshfl�hg whpsodwh/ dqg xvhg wr suhglfw hdfk lqglylgxdo vshhg sur�oh1
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vshhg dqg sdwk lv suhvhqw lq wkh sodq/ dqg lv vwurqjhu wkdq wkdw revhuyhg rq lqglylgxdo wuldov1 Krzhyhu/

wkh wuldo0wr0wuldo yduldelolw| lv qrw dw doo %udqgrp%> wkh sdwk dqg wkh vshhg sur�oh uhsuhvhqwhg lq wkh

fhqwudo sodq duh prgl�hg wrjhwkhu lq d zd| wkdw suhvhuyhv wkh sodqqhg vprrwkqhvv1 Lw lv ri frxuvh

srvvleoh wkdw d vwulfw vhsdudwlrq ehwzhhq sodqqlqj dqg h{hfxwlrq grhv qrw h{lvw/ dqg wkxv wkh deryh

dqdo|vlv |lhogv pl{hg uhvxowv1

S�. #�tU�tt�L?

Wklv sdshu kdv suhvhqwhg d frqvwudlqhg plqlpxp0mhun prgho ri wkh uhodwlrqvkls ehwzhhq kdqg sdwk dqg

vshhg sur�oh ri frpsoh{ dup pryhphqwv1 Zh dssolhg wkh prgho wr d zlgh udqjh ri vsdwldoo| frqvwudlqhg

prwru wdvnv lqyroylqj glvfuhwh pryhphqwv ri vkruw gxudwlrqv dqg duelwudu| sdwkv1 Wkh qhz prgho

sursrvhg khuh xql�hv wzr vhwv ri h{shulphqwdo revhuydwlrqv= wkh fkdudfwhulvwlf ehoo0vkdshg vshhg sur�oh

ri vwudljkw uhdfklqj pryhphqwv/ dqg wkh sdwk0vshhg uhodwlrqvkls lq h{whpsrudqhrxv pryhphqwv zlwk

frpsoh{ sdwkv1 Wkh vshhg suhglfwlrqv ri rxu prgho duh htxlydohqw wr wkrvh ri wkh ruljlqdo plqlpxp0mhun

prgho zkhq wkh sdwk lv vwudljkw/ dqg pruh dffxudwh zkhq wkh Iodvk dqg Krjdq +4<;8, prgho idlov lq wkh

sdwk suhglfwlrq1 Zkloh rxu prgho xvhv wkh hqwluh sdwk +l1h1 d frqwlqxrxv fxuyh, wr suhglfw vshhg/ lw lv

srvvleoh lqvwhdg wr uhsuhvhqw wkh sdwk dv d odujh qxpehu ri lqwhuphgldwh srlqwv dqg srvvleo| wdqjhqwv dw

wkrvh srlqwv 0 li vxfk d uhsuhvhqwdwlrq frqwdlqv vx�flhqw lqirupdwlrq wr uhfrqvwuxfw wkh frqwlqxrxv sdwk

wkurxjk vrph lqwhusrodwlrq phwkrg/ wklv ehfrphv htxlydohqw wr rxu prgho1 Lq sudfwlfh/ iru wkh idplo| ri

whpsodwhv vwxglhg khuh zh kdyh irxqg wkdw wkh hqwluh sdwk fdq eh uhfrqvwuxfwhg iurp derxw 43 srlqwv

vdpsohg dw htxdo glvwdqfhv1 Wklv grhv qrw lpso| dq| lqwhuqdo uhsuhvhqwdwlrq frqvlvwlqj ri 43 glvfuhwh

srlqwv 0 lw lv vlpso| d frqvhtxhqfh ri wkh pdwkhpdwlfdo idfw wkdw fxuyhv dv vprrwk dv wkh rqhv xvhg khuh

fdq hdvlo| eh uhfrqvwuxfwhg wkurxjk lqwhusrodwlrq1

Zh vkrzhg wkdw dowkrxjk pdwkhpdwlfdoo| wkh frqvwudlqhg plqlpxp0mhun prgho |lhogv suhglfwlrqv wkdw

duh jhqhudoo| vlplodu wr wkh srzhu odz/ lwv shuirupdqfh lv vljql�fdqwo| ehwwhu wkdq erwk wkh ruljlqdo dqg

prgl�hg yhuvlrqv ri wkh srzhu odz/ iru doo wdvnv dqg pryhphqw whpsodwhv zh vwxglhg1 Ixuwkhupruh/ wkh

prgho qdwxudoo| h{whqgv wkh sdwk0vshhg uhodwlrqvkls suhylrxvo| revhuyhg lq h{whpsrudqhrxv pryhphqwv

wr lqfoxgh wkh dffhohudwlrq dqg ghfhohudwlrq skdvhv ri glvfuhwh pryhphqwv/ zklfk duh pxfk pruh frpprq1

Wkxv/ lw fdq eh dujxhg wkdw wkh orfdo vshhg0fxuydwxuh uhodwlrqvkls h{suhvvhg e| wkh srzhu odz/ wr wkh

h{whqw wkdw lw �wv h{shulphqwdo gdwd/ fdq eh ghulyhg iurp d pruh joredo vprrwkqhvv frqvwudlqw wkdw

uhodwhv wkh sdwk wr wkh vshhg sur�oh1

Lq frpsdulqj dq| wzr prghov/ zh kdyh wr orrn qrw rqo| dw wkhlu frpshwhqfh lq dffrxqwlqj iru h{shu0

lphqwdo gdwd/ exw dovr dw wkh prgho frpsoh{lw| +Rffdp*v ud}ru,1 Zh hpskdvl}h wkdw prgho frpsoh{lw|

kdv qrwklqj wr gr zlwk wkh frpsoh{lw| ri wkh pdwkhpdwlfv lqyroyhg> lqvwhdg lw lv uhodwhg wr krz pdq| dqg

zkdw iuhh sdudphwhuv duh xvhg lq �wwlqj wkh gdwd1 Lq wkdw vhqvh/ wkh frqvwudlqhg plqlpxp0mhun prgho

dqg wkh ruljlqdo srzhu odz duh htxlydohqw 0 wkh| erwk srvwxodwh wkdw wkh vshhg sur�oh ri d pryhphqw

lv d zhoo gh�qhg ixqfwlrq ri kdqg sdwk/ dqg gr qrw uhtxluh dq| h{wud sdudphwhuv1 Wkh prgl�hg srzhu

odz kdv kljkhu prgho frpsoh{lw| vlqfh lw lqyroyhv d iuhh sdudphwhu +�, h{wudfwhg iurp wkh revhuyhg

wudmhfwrulhv1 Ixuwkhupruh/ doo yhuvlrqv ri wkh srzhu odz uhtxluh h{wud phfkdqlvpv iru ghdolqj zlwk uh0

jlrqv ri }hur fxuydwxuh/ dqg zlwk }hur vshhg dw wkh hqgsrlqwv ri d glvfuhwh pryhphqw1 Wkxv zh dujxh

wkdw wkh vwdwlvwlfdo frpsoh{lw| ri wkh prgho suhvhqwhg khuh/ zkhq dssolhg wr glvfuhwh pryhphqwv zlwk

lq�hfwlrq srlqwv ru vwudljkw vhjphqwv/ lv qr juhdwhu wkdq dq| yhuvlrq ri wkh 526 srzhu odz1 Zh dovr kdyh

wr frpsduh wkh gl�fxowlhv lqyroyhg lq wkh srvvleoh elrorjlfdo lpsohphqwdwlrq ri hdfk prgho1 Iurp wkdw

srlqw ri ylhz wkh srzhu odz pd| dsshdu pruh dsshdolqj vlqfh lw lv dqdo|wlfdoo| wudfwdeoh +l1h1 vshhg

fdq eh rewdlqhg gluhfwo| iurp fxuydwxuh/ zlwkrxw dq| qxphulfdo dssur{lpdwlrq,1 Li zh eholhyh wkdw wkh

elrorjlfdo v|vwhp dfwxdoo| xvhv wkh frqfuhwh pdwkhpdwlfdo irupxod/ wklv lv fhuwdlqo| d elj dgydqwdjh1
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Krzhyhu zh duh ghdolqj zlwk prghov wkdw rqo| txdqwli| lqwulqvlf uhodwlrqvklsv ehwzhhq sdwk dqg vshhg/

lqvwhdg ri vshfli|lqj d uhflsh iru wudmhfwru| irupdwlrq1 Iru h{dpsoh/ lw kdv ehhq vxjjhvwhg wkdw d 526

srzhu odz pd| hphujh rxw ri wkh frpsoh{ qrqolqhdu lqwhudfwlrqv ri d odujh qxpehu ri gluhfwlrq0wxqhg

qhxurqv lq sulpdu| prwru fruwh{ +Oxndvklq dqg Jhrujrsrxorv/ 4<<6, 0 vxfk dq lpsohphqwdwlrq grhv qrw

xvh wkh dqdo|wlfdo wudfwdelolw| ri wkh srzhu odz/ holplqdwlqj dq| dgydqwdjh lw pd| kdyh ryhu wkh prgho

suhvhqwhg khuh1

Frqwudu| wr suhylrxv lqyhvwljdwlrqv +Ylyldql dqg Fhq}dwr/ 4<;8, zh glg qrw �qg hylghqfh iru vhjphq0

wdwlrq> lqvwhdg wkh _whpsr% vhhphg wr �xfwxdwh udwkhu vprrwko| dqg xqsuhglfwdeo|1 Zh wklqn wklv lv gxh

wr wkh gl�huhqw qdwxuh ri wkh pryhphqwv vwxglhg khuh1 Suhylrxv zrun rq vhjphqwdwlrq kdv irfxvhg rq

uhshwlwlyh pryhphqwv ri orqj gxudwlrq/ zklfk lpsolhg +dw ohdvw ylvxdoo|, d udwkhu reylrxv vhjphqwdwlrq

sdwwhuq1 Lqvwhdg zh xvhg pryhphqw gxudwlrqv ri rqh0wzr vhfrqgv/ zlwk whpsodwhv wkdw duh qrw reyl0

rxvo| frpsrvhg ri d vpdoo qxpehu ri vlpsoh fxuyhv frqfdwhqdwhg wrjhwkhu1 Lw lv srvvleoh wkdw glvfuhwh

pryhphqwv ri vxfk vkruw gxudwlrq duh qrw lqwhuqdoo| vhjphqwhg/ hyhq zkhq wkh| kdyh frpsoh{ sdwkv1

Dowhuqdwlyho|/ wkh ghfrpsrvlwlrq lqwr vhjphqwv pd| eh yduldeoh iurp wuldo wr wuldo/ suhyhqwlqj xv iurp

�qglqj dq| hylghqfh iru lw1

Wkh kljk dffxudf| ri wkh frqvwudlqhg plqlpxp0mhun prgho doorzhg xv wr pdnh wzr lpsruwdqw revhu0

ydwlrqv wkdw kdyh qrw uhfhlyhg suhylrxv dwwhqwlrq=

d, wkh uhodwlrqvkls ehwzhhq sdwk dqg vshhg lv vwurqjhu iru pryhphqwv ri vkruwhu gxudwlrq/ dqg lv qrw

d�hfwhg e| vsdwldo vfdoh ru dyhudjh vshhg +lw lv dovr udwkhu xqlirup dfurvv wdvnv dqg pryhphqw sdwkv,>

e, wkh sdwk ri wkh kdqg rq d sduwlfxodu wuldo frqwdlqv vljql�fdqw lqirupdwlrq derxw wkh vshhg sur�oh rq

wkdw vdph wuldo> wklv lqirupdwlrq lv orvw li zh rqo| vwxg| wkh dyhudjh sdwk ryhu d eorfn ri lghqwlfdo wuldov1

Suhvhqwo| wkh prgho lv dssolhg wr wkh frpsohwh sdwk/ |lhoglqj d frpsohwh vshhg sur�oh1 Lw lv xqolnho|

wkdw wkh prwru v|vwhp pdlqwdlqv wkh sdwk0vshhg uhodwlrqvkls joredoo|/ hvshfldoo| ryhu pryhphqwv ri yhu|

orqj gxudwlrq1 Rxu �qglqj wkdw suhglfwlrq huuru lqfuhdvhv zlwk pryhphqw gxudwlrq +dqg qrw dyhudjh

vshhg ru vsdwldo vfdoh, vxjjhvwv wkdw wkh %volglqj zlqgrz% ryhu zklfk wkh prgho dssolhv ehvw pd| eh

udwkhu vpdoo/ l1h1 derxw 4 vhf1 D pruh orfdo uhodwlrqvkls ehwzhhq sdwk dqg vshhg lv dovr frqvlvwhqw zlwk

revhuydwlrqv wkdw wkh 526 srzhu odz dssolhv lq wudfnlqj wdvnv zkhuh olwwoh dgydqfh sodqqlqj ri pd{lpdoo|

vprrwk pryhphqwv lv srvvleoh1 Wkxv lw lv ghvludeoh wr prgli| wkh surfhgxuh iru �wwlqj wkh prgho vr

wkdw lw fdq eh dssolhg wr vhjphqwv ri wkh sdwk/ zlwkrxw uhtxlulqj hqgsrlqw vshhg dqg dffhohudwlrq +rqo|

gxudwlrq iru wkdw vhjphqw,1 Wklv fdq eh grqh e| plqlpl}lqj mhun ryhu wkhvh sdudphwhuv dv zhoo1

Rxu h{dplqdwlrq ri wuldo0wr0wuldo yduldelolw| vxjjhvwv wkdw vprrwkqhvv lv fhqwudoo| sodqqhg/ dqg wkh

yduldelolw| ri wkh kdqg sdwk dqg wkh vshhg sur�oh duh frxsohg lq d zd| wkdw pdlqwdlqv wkh sodqqhg

sdwk0vshhg uhodwlrqvkls1 Vlqfh wkh pryhphqwv zh vwxglhg duh qrw h{hfxwhg dw pd{lpxp vshhg/ rqh

olnho| vrxufh ri yduldelolw| lv wkh h�hfw ri rqolqh fruuhfwlrqv1 Vxfk rqolqh fruuhfwlrqv/ krzhyhu/ kdyh

wr eh lqfrusrudwhg vprrwko| lq wkh pryhphqw/ lq d pdqqhu wkdw lv frqvlvwhqw zlwk wkh ryhudoo sdwk0

vshhg uhodwlrqvkls ghvfulehg e| wkh frqvwudlqhg plqlpxp mhun prgho1 Hylghqfh iru vxfk huuru fruuhfwlrq

phfkdqlvpv lv surylghg e| wkh grxeoh0vwhs sdudgljp/ zkhuh d uhdfklqj pryhphqw lv vprrwko| fruuhfwhg

wr hqg dw d shuwxuehg wdujhw orfdwlrq li vxemhfwv duh xqdzduh ri wkh shuwxuedwlrq +Shoolvrq hw do1/ 4<;9,1

Lw lv dovr srvvleoh wkdw orz0ohyho fruuhfwlrq2vwdelolw| phfkdqlvpv +h1j1 vrph yhuvlrq ri htxloleulxp srlqw

frqwuro, frpelqhg zlwk d vrxufh ri qrlvh pd| jlyh ulvh wr yduldwlrqv durxqg wkh ghvluhg wudmhfwru| wkdw

suhvhuyh lwv lqwulqvlf surshuwlhv1 Wkh ghvluhg wudmhfwru| lwvhoi grhv qrw kdyh wr eh jhqhudwhg e| d vhuyr

frqwuro phfkdqlvp/ exw rqo| wkh orz0ohyho rqolqh fruuhfwlrqv wr lw1

Ilqdoo|/ zh fdqqrw uxoh rxw wkh srvvlelolw| wkdw wkh wuldo0wr0wuldo yduldelolw| zh vwxglhg zdv dfwxdoo|

sodqqhg1 Lw lv txlwh gl�fxow wr lghqwli| wkh ohyhov ri surfhvvlqj rq zklfk gl�huhqw uhjxodulwlhv hphujh/

edvhg rq revhuydwlrqdo vwxglhv dorqh1 Wkh sureohp lv wkdw rqfh d pryhphqw lv h{hfxwhg/ lw lv lpsrvvleoh

wr ghwhuplqh zkhwkhu wkh vxemhfw kdg sodqqhg wr surgxfh h{dfwo| wkdw pryhphqw ru wkh rxwfrph zdv

vljql�fdqwo| d�hfwhg e| rqolqh surfhvvhv/ zlwkrxw shuwxuedwlyh h{shulphqwdo pdqlsxodwlrqv1
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Wkh pdlq srlqw zh wulhg wr pdnh lq wklv wkhvlv zdv wkdw hyhu|gd| pryhphqwv duh jrdo0gluhfwhg/ dqg

wklv idfw pdnhv lw lpsrvvleoh wr xqghuvwdqg prwru frqwuro zlwkrxw h{solflwo| dqdo|}lqj krz wkh prwru

wdvn ghwhuplqhv wkh frqfuhwh pryhphqw wudmhfwrulhv surgxfhg e| wkh prwru v|vwhp1 Zkloh ihz shrsoh

zrxog glvdjuhh zlwk wklv jhqhudo vwdwhphqw/ wkhuh duh qrw wrr pdq| h{dpsohv ri vwxglhv wkdw dgguhvv

wkh uhodwlrqvkls ehwzhhq pryhphqw sdwwhuqv dqg wkh jrdo wkh| sxuvxh1 Wklv lv shukdsv gxh wr wkh

gl�fxow| ri vwxg|lqj elrorjlfdo prwru sodqqlqj +erwk h{shulphqwdoo| dqg wkhruhwlfdoo|,/ dqg wr wkh

olplwdwlrqv ri h{lvwlqj uhfruglqj whfkqltxhv wkdw fdq rqo| txdqwli| wkh uhsuhvhqwdwlrqv xvhg e| wkh FQV

dqg wkh nlqhpdwlf sdwwhuqv ri wkh uhvxowlqj pryhphqwv/ exw qrw wkh xqghuo|lqj frpsxwdwlrqv1 Lqwhoohfwxdo

mxvwl�fdwlrq iru irfxvlqj rq wkh h{hfxwlrq ri douhdg| iruphg sodqv zkloh odujho| glvuhjduglqj wkh sodq

irupdwlrq surfhvv4 lv surylghg e| wkh %prwru surjudp ylhz%/ zklfk hvvhqwldoo| srvwxodwhv wkdw vxfk

d vlpsol�fdwlrq lv uhdvrqdeoh1 Dvvxplqj d vwulfw vhsdudwlrq ehwzhhq sodqqlqj dqg h{hfxwlrq/ zh fdq

lqghhg krsh wr xqghuvwdqg wkh exloglqj eorfnv ru sulplwlyhv wkdw prwru sodqv duh pdgh ri dqg wkh zd|

wkh| duh h{hfxwhg/ lqghshqghqw ri wkh hqylurqphqwdo jrdov wkh| sxuvxh1

Exw zkdw li/ dv zh fodlphg lq Fkdswhu 5/ wklv vlpsol�fdwlrq lv xquhdvrqdeohB Li zh djuhh wkdw wkh vwulfw

vhsdudwlrq ehwzhhq sodqqlqj dqg h{hfxwlrq lv qrw gluhfwo| vxssruwhg e| h{shulphqwdo gdwd dqg lqvwhdg

frqwudglfwv d qxpehu ri lpsruwdqw fkdudfwhulvwlfv ri elrorjlfdo pryhphqw/ wkhq zh vkrxog frqvlghu wkh

srvvlelolw| wkdw %sodqqlqj% lv dq lqwhjudo sduw ri wkh vhqvru|0prwru orrs dqg wkxv wkh vshfl�fdwlrq ri wkh

prwru wdvn fdq d�hfw doo pryhphqw ghwdlov prphqw0e|0prphqw1 Lq Fkdswhu 5 zh dujxhg wkdw wkh prwru

v|vwhp grhv qrw qhhg d %pdjlf% vhw ri sulplwlyhv dqg fruuhvsrqglqj %vlpsoh% uxohv iru wudqvodwlqj doo

srvvleoh prwru wdvnv lqwr wkrvh sulplwlyhv/ zlwkrxw hyhu kdylqj wr dqdo|}h wkh wdvn dqg �jxuh rxw zkdw

pryhphqwv zrxog dffrpsolvk lw51 Lqvwhdg wkh sureohp ri prwru frqwuro frxog eh vroyhg dv dq lqyhuvh

sureohp +zklfk lv zkdw lw dfwxdoo| lv,/ e| pdlqwdlqlqj d uhsuhvhqwdwlrq ri zkdw qhhgv wr eh dfklhyhg dqg

d fdxvdo prgho ri zkdw pryhphqwv dfklhyh zkdw jrdov/ dqg xvlqj vrph srzhuixo frpsxwdwlrq wr lqyhuw

wkdw1

Lq Fkdswhu 6 zh ghyhorshg d prgho ri h|h0kdqg pryhphqwv lq yld0srlqw wdvnv +edvhg rq vwrfkdvwlf

rswlpdo frqwuro wkhru|, wkdw looxvwudwhv krz sodqqlqj dqg h{hfxwlrq fdq eh lqwhjudwhg lqwr wkh vdph
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v|vwhp surgxflqj rswlpdo pryhphqwv rqolqh1 Wkh prgho zdv xvhg lq Fkdswhu 7 wr vlpxodwh d qxpehu

ri sv|fkrsk|vlfdo �qglqjv rq h|h0kdqg frruglqdwlrq/ vshhg2dffxudf| wudgh0r�v/ dqg kdqg nlqhpdwlfv lq

yld0srlqw wdvnv1 Lqghshqghqw ri wkh prgho/ wkhvh �qglqjv +dqg hvshfldoo| wkh shuwxuedwlrq gdwd, vwurqjo|

lqglfdwh wkdw wkh prwru v|vwhp lv frqvwdqwo| xsgdwlqj lwv lqwhuqdo hvwlpdwhv ri erwk wkh hqylurqphqw dqg

wkh prylqj olpe/ dqg lv uhdg| wr prgli| lwv %sodq% lq idyru ri d gl�huhqw pryhphqw wkdw ehwwhu dfklhyhv

wkh jrdo xqghu wkh qhz flufxpvwdqfhv1 Lq sduwlfxodu/ zh irxqg d qxpehu ri fdvhv zkhuh wudmhfwru|

prgl�fdwlrqv fdxvhg e| ylvxdo shuwxuedwlrqv fdqqrw eh h{sodlqhg e| dq| prgho wkdw lv wu|lqj wr h{hfxwh

d suhh{lvwlqj sodq dv dffxudwho| dv srvvleoh dqg xvhv fxuuhqwo| dydlodeoh vhqvru| lqsxw wr fruuhfw iru

ghwhfwhg ghyldwlrqv1

Fkdswhu 8 irfxvhg rq rqh dvshfw ri wkh prgho 0 dxwrpdwlf gdpslqj frpshqvdwlrq 0 zklfk vhhpv wr

dffrxqw iru d udqjh ri sv|fkrsk|vlfdo dqg sk|vlrorjlfdo gdwd1 Zh dovr glvfxvvhg ohduqlqj dqg dgdswdwlrq

lq wkh Ed|hvldq iudphzrun ri prwru frqwuro1 Lq Fkdswhu 9 zh suhvhqwhg d ghvfulswlyh prgho ri kdqg

nlqhpdwlfv wkdw fdswxuhv zhoo wkh uhodwlrqvkls ehwzhhq wkh sdwk dqg vshhg sur�oh ri gudzlqj pryhphqwv1

Lv lq lqwhuhvwlqj lq wkh suhvhqw frqwh{w vlqfh wkdw uhodwlrqvkls wxuqhg rxw wr krog ehwwhu iru lqglylgxdo

wuldov udwkhu wkdq dyhudjh wudmhfwrulhv/ zklfk vkrxog qrw eh wkh fdvh li ehwzhhq0wuldo yduldelolw| uhvxowhg

iurp qrlvh srooxwlqj wkh fhqwudo sodq1

Lq vxppdu|/ zh dujxhg wkdw wkh wudglwlrqdo prwru0surjudp ylhz lv lqdghtxdwh iru vwxg|lqj hyhu|0

gd| prwru dfwv ri uhdolvwlf frpsoh{lw|/ dqg zh ghprqvwudwhg wkdw wkh dowhuqdwlyh Ed|hvldq iudphzrun

sursrvhg khuh fdq eh lqvwdqwldwhg lqwr d frqfuhwh prgho wkdw fdswxuhv d qxpehu ri sv|fkrsk|vlfdo skh0

qrphqd iurp vlpsoh oderudwru| wdvnv +zkhuh rq �uvw jodqfh d pruh vrsklvwlfdwhg prgho lv qrw qhhghg,1

Krzhyhu/ wkh prvw fkdoohqjlqj dqg lqwhuhvwlqj dvshfw ri wklv zrun 0 ghprqvwudwlqj wkdw rxu iudphzrun lv

lqghhg dssolfdeoh wr uhdolvwlf prwru wdvnv/ lqyroylqj d kljk ghjuhh ri uhgxqgdqf| dqg qrqwulyldo sodqqlqj

uhtxluhphqwv 0 uhpdlqv wr eh grqh lq wkh ixwxuh1
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^Deev dqg Frqqru ;<` Deev/ M1K1/ Frqqru/ Q1S1 +4<;<, Prwru frruglqdwlrq iru ixqfwlrqdo

kxpdq ehkdylruv= shuvshfwlyhv iurp d vshhfk prwru gdwd edvh1 Lq Shu0

vshfwlyhv rq wkh Frruglqdwlrq ri Pryhphqw/ Zdoodfh hg1 Qruwk0Kroodqg1

^Deev dqg Zlqvwhlq <3` Deev/ M1K1/ Zlqvwhlq/ F1M1 +4<<3, Ixqfwlrqdo frqwulexwlrqv ri udslg dqg

dxwrpdwlf vhqvru|0edvhg dgmxvwphqwv wr prwru rxwsxw1 Lq Dwwhqwlrq

dqg Shuirupdqfh [LLL= Prwru Uhsuhvhqwdwlrq dqg Frqwuro/ Mhdqqhurg

hg1 Odzuhqfh Huoedxp Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Dgdpv :4` Dgdpv/ M1D1 +4<:4, D forvhg0orrs wkhru| ri prwru ehkdylru1 Mrxuqdo

ri Prwru Ehkdylru/ 6= 444047<1

^Dudw|xq|dq hw do1 9<` Dudw|xq|dq/ J1K1/ Jxu�qnho/ Y1V1/ Pluvnll/ P1O1 +4<9<, Lqyhvwljdwlrq

ri dlplqj dw d wdujhw1 Elrsk|vlfv/ 46= 869086;1

^Dwnhvrq dqg Kroohuedfk ;8` Dwnhvrq/ F1J1/ Kroohuedfk/ M1P1 +4<;8, Nlqhpdwlf ihdwxuhv ri xquh0

vwudlqhg yhuwlfdo dup pryhphqwv1 Mrxuqdo ri Qhxurvflhqfh/ 8= 564;0

56631

^Edoodug hw do1 <:` Edoodug/ G1K1/ Kd|krh/ P1P1/ Srrn/ S1N1/ Udr/ U1S1Q1 +4<<:, Ghlfwlf

frghv iru wkh hperglphqw ri frjqlwlrq1 Ehkdylrudo dqg Eudlq Vflhqfhv/

53+7,= :561

^Ehqgd hw do1 <:` Ehqgd/ E1M1/ Jdqgroir/ I1/ Ol/ F10V1U1/ Wuhvfk/ P1F1/ GlOruhq}r/ G1/

El}}l/ H1 +4<<:, Qhxurqdo dfwlylwlhv lq PL ri d pdfdtxh prqnh| gxulqj

uhdfklqj pryhphqwv lq d ylvfrxv irufh �hog1 Vrflhw| iru Qhxurvflhqfh

Devwudfwv/ 93:145/ 56= 48891

^Ehqqhww hw do1 <5` Ehqqhww/ G1M1/ Kroohuedfk/ M1P1/ [x \1/ Kxqwhu/ L1Z1 +4<<5, Wlph0

ydu|lqj vwl�qhvv ri kxpdq hoerz mrlqw gxulqj f|folf yroxqwdu| pryh0

phqw1 H{shulphqwdo Eudlq Uhvhdufk/ ;;= 76607751

^Ehuwvhndv ;:` Ehuwvhndv/ G1S1 +4<;:, G|qdplf Surjudpplqj= Ghwhuplqlvwlf dqg

Vwrfkdvwlf Prghov1 Suhqwlfh0Kdoo Q1M1

^Eoxpehuj <:` Eoxpehuj/ E1P1 +4<<:,Rog Wulfnv/ Qhz Grjv= Hwkrorj| dqg Lqwhudfwlyh

Fuhdwxuhv1 Sk1G1 Wkhvlv/ PLW/ Fdpeulgjh PD1

^El}}l hw do1 <5` El}}l/ H1/ Krjdq/ Q1/ Pxvvd0Lydogl/ I1D1/ Jlv}whu/ V1 +4<<5, Grhv wkh

qhuyrxv v|vwhp xvh htxloleulxp0srlqw frqwuro wr jxlgh vlqjoh dqg pxo0

wlmrlqw pryhphqwv1 Ehkdylrudo dqg Eudlq Vflhqfhv/ 48= 93609461
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^Ehuqvwhlq 9:` Ehuqvwhlq/ Q1L1 +4<9:, Wkh Frruglqdwlrq dqg Uhjxodwlrq ri Pryhphqwv1

Shujdprq Suhvv1

^Eulvvrq dqg Dodlq <9` Eulvvrq/ W1D1/ Dodlq/ F1 +4<<9, Vkrxog frpprq rswlpdo pryhphqw

sdwwhuqv eh lghqwl�hg dv wkh fulwhulrq wr eh dfklhyhg1 Mrxuqdo ri Prwru

Ehkdylru/ 5;+6,= 54405561

^Eurrnv ;9` Eurrnv/ U1 +4<;9, D urexvw od|huhg frqwuro v|vwhp iru d preloh urerw1

LHHH Mrxuqdo ri Urerwlfv dqg Dxwrpdwlrq/ UD+5,041

^Ekxvkdq dqg Vkdgphku <;` Exvkdq/ Q1/ Vkdgphku/ U1 +4<<;, Qhxudo Frqwuro ri Pryhphqw1

^Exqhr hw do1 <:` Exqhr/ F1D1/ Vrhfkwlqj/ M1I1/ Iodqghuv/ P1 +4<<:, Srvwxudo ghshqghqfh

ri pxvfoh dfwlrqv= lpsolfdwlrqv iru qhxudo frqwuro1 Mrxuqdo ri Qhxur0

vflhqfh/ 4:+9,= 545;054751

^Fdplqlwl hw do1 <3` Fdplqlwl/ U1/ Mrkqvrq/ S1E1/ Xuedqr/ D1 +4<<3, Pdnlqj dup pryh0

phqwv zlwklq gl�huhqw sduwv ri vsdfh= g|qdplf dvshfwv lq wkh sulpdwh

prwru fruwh{1 Mrxuqdo ri Qhxurvflhqfh/ 43+:,= 536<0538;1

^Fdqq| ;;` Fdqq|/ M1 +4<<;, Wkh Frpsoh{lw| ri Urerw Prwlrq Sodqqlqj1 PLW

Suhvv/ Fdpeulgjh PD1

^Furvvpdq dqg Jrrghyh 96` Jurvvpdq/ H1U1I1Z1/ Jrrghyh/ S1M1 +4<96, Ihhgedfn Frqwuro ri Dup

Pryhphqw dqg Ilwwv* odz1 H{shulphqwdo Sv|fkrorj| Vrflhw|/ R{irug/

Hqjodqg1

^G*Dyhood dqg El}}l <;` G*Dyhood/ D1/ El}}l/ H1 +4<<;, Orz glphqvlrqdolw| ri vxsudvslqdoo| lq0

gxfhg irufh �hogv1 Surfhhglqjv ri wkh Qdwlrqdo Dfdghp| ri Vflhqfh/ <8=

::440::471

^Gdylv dqg Ylqwhu ;8` Gdylv/ P1K1D1/ Ylqwhu U1E1 +4<;8, Vwrfkdvwlf Prghoolqj dqg Frqwuro=

Prqrjudskv rq Vwdwlvwlfv dqg Dssolhg Suredelolw|1 Fkdspdq dqg Kdoo1

^Gh Erru :;` Gh Erru/ F1 +4<:;, D Sudfwlfdo Jxlgh wr Vsolqhv1 Qhz0\run= Vsulqjhu0

Yhuodj1

^Ghvpxujhw hw do1 <8` Ghvpxujhw/ P1/ Urvvhwwl/ \1/ Sudeodqf/ F1/ Vwhopdfk/ J1/ Mhdqqhurg/

P1 +4<<8, Uhsuhvhqwdwlrq ri kdqg srvlwlrq sulru wr pryhphqw dqg

pryhphqw yduldelolw|1 Fdqdgldq Mrxuqdo ri Sk|vlrorj| dqg Skdupd0

frorj|/ :5= 59505:51

^Hyduwv 9;` Hyduwv/ H1Y1 +4<9;, Uhodwlrq ri s|udplgdo wudfw dfwlylw| wr irufh h{huwhg

gxulqj yroxqwdu| pryhphqw1 Mrxuqdo ri Qhxursk|vlrorj|/ 64= 4705:1

^Hyduwv ;4` Hyduwv/ H1Y1 +4<;4, Uroh ri prwru fruwh{ lq yroxqwdu| pryhphqwv lq

sulpdwhv1 Lq= Eurrnv Y1E1 +hg, Kdqgerrn ri Sk|vlrorj|/ Vhfwlrq L Qhu0

yrxv V|vwhp/ Yroxph 5/ Sduw 5/ Prwru Frqwuro1 Zlooldpv dqg Zlonlqv/

Edowlpruh/ 43;6044531

^Ihw} <5` Ihw}/ H1H1 +4<<5, Duh pryhphqw sdudphwhuv uhfrjql}deo| frghg lq wkh

dfwlylw| ri vlqjoh qhxurqvB Ehkdylrudo dqg Eudlq Vflhqfhv/ 48= 9:<09<31
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^Iodvk dqg Krjdq ;8` Iodvk/ W1/ Krjdq/ Q1 +4<;8, Wkh frruglqdwlrq ri dup pryhphqwv=

dq h{shulphqwdoo| frq�uphg pdwkhpdwlfdo prgho1 Mrxuqdo ri Qhxur0

vflhqfh/ 8+:,= 49;;04:361

^Iodqghuv hw do1 <7` Iodqghuv/ P1/ Shoohjulql/ M1M1/ Vrhfkwlqj/ M1I1 +4<<7, Vsdwldo2whpsrudo

fkdudfwhulvwlfv ri d prwru sdwwhuq iru uhdfklqj1 Mrxuqdo ri Qhxursk|v0

lrorj|/ :4+5,= ;440;461

^Jlv}whu <7` Jlv}whu/ V1 +4<<7,1 Uhlqirufhphqw wxqlqj ri dfwlrq v|qwkhvlv dqg vhohf0

wlrq lq d yluwxdo iurj1 Lq Iurp Dqlpdov wr Dqlpdwv LLL1 Fol�/ Kxvedqgv/

Ph|hu dqg Zlovrq/ hgv1 PLW Suhvv/ Fdpeulgjh PD1

^Juleeoh dqg Rvwu| <9` Juleeoh/ S1/ Rvwu|/ G1 +4<<9, Ruljlqv ri wkh srzhu odz uhodwlrqvkls eh0

wzhhq pryhphqw yhorflw| dqg fxuydwxuh= prgholqj wkh h�hfwv ri pxv0

foh phfkdqlfv dqg olpe g|qdplfv1 Mrxuqdo ri Qhxursk|vlrorj|/ :9+8,=

5;860931

^Juleeoh hw do1 <;` Juleeoh/ S1O1/ Rvwu|/ G1M1/ Vdqjxlqhwl/ Y1/ Oderlvvlhuh/ U1 +4<<;, Duh

frpsoh{ frqwuro vljqdov uhtxluhg iru kxpdq dup pryhphqwB Mrxuqdo

ri Qhxursk|vlrorj|/ :<+6,= 473<047571

^Jrpl dqg Ndzdwr <9` Jrpl/ K1/ Ndzdwr/ P1 +4<<9, Htxloleulxp0srlqw frqwuro k|srwkhvlv

h{dplqhg e| phdvxuhg dup vwl�qhvv gxulqj pxowlmrlqw pryhphqw1 Vfl0

hqfh/ 5:5= 44:04531

^Jxvlv <8` Jxvlv/ D1 +4<<8, Dup Wudmhfwru| Sodqqlqj lq 6G Vsdfh1 P1Vf1 Wkhvlv/

Zhl}pdqq Lqvwlwxwh ri Vflhqfh1

^Jhqwqhu ;:` Jhqwqhu/ G1U1 +4<;:, Wlplqj ri vnloohg prwru shuirupdqfh= whvwv ri wkh

sursruwlrqdo gxudwlrq prgho1 Sv|fkrorjlfdo Uhylhz/ <7+5,= 58805:91

^Jhrujrsrxorv hw do1 ;5` Jhrujrsrxorv/ D1S1/ Ndodvnd/ M1I1/ Fdplqlwl/ U1/ Pdvvh|/ M1W1 +4<;5,

Rq wkh uhodwlrqvklsv ehwzhhq wkh gluhfwlrq ri wzr0glphqvlrqdo dup

pryhphqwv dqg fhoo glvfkdujh lq sulpdwh prwru fruwh{1 Mrxuqdo ri Qhx0

urvflhqfh/ 5+44,= 485:0486:1

^Jhrujrsrxorv hw do1 ;7` Jhrujrsrxorv/ D1S1/ Fdplqlwl/ U1/ Ndodvnd/ M1 +4<;7, Vwdwlf vsdwldo

h�hfwv lq prwru fruwh{ dqg duhd 8= txdqwlwdwlyh uhodwlrqv lq d wzr0

glphqvlrqdo vsdfh1 H{shulphqwdo Eudlq Uhvhdufk/ 87= 77907871

^Jkh} hw do1 <3` Jkh}/ F1/ Khqlqj/ Z1/ Idylood/ P1 +4<<3, Sdudooho lqwhudfwlqj fkdq0

qhov lq wkh lqlwldwlrq dqg vshfl�fdwlrq ri prwru uhvsrqvh ihdwxuhv1 Lq

Dwwhqwlrq dqg Shuirupdqfh [LLL= Prwru Uhsuhvhqwdwlrq dqg Frqwuro/

Mhdqqhurg hg1 Odzuhqfh Huoedxp Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Jkh} dqg Vdlqexuj <8` Jkh}/ F1/ Vdlqexuj/ U1 +4<<8, Sursulrfhswlyh frqwuro ri lqwhumrlqw frru0

glqdwlrq1 Fdqdgldq Mrxuqdo ri Sk|vlrorjlfdo Skdupdfrorj|/ :6+5,= 6380

6481

^Jkh} hw do1 <:` Jkh}/ F1/ Idylood/ P1/ Jklodugl/ P1I1/ Jrugrq/ M1/ Ehuphmr/ U1/ Sxoo0

pdq/ V1 +4<<:, Glvfuhwh dqg frqwlqxrxv sodqqlqj ri kdqg pryhphqwv

dqg lvrphwulf irufh wudmhfwrulhv1 H{shulphqwdo Eudlq Uhvhdufk/ 448=

54:05661

46;



^Jrugrq hw do1 <7` Jrugrq/ M1/ Jklodugl/ P1I1/ Jkh}/ F1 +4<<7, Dffxudf| ri sodqdu uhdfk0

lqj pryhphqwv L1 Lqghshqghqfh ri gluhfwlrq dqg h{whqw yduldelolw|1 H{0

shulphqwdo Eudlq Uhvhdufk/ <<= <:04441

^Jrugrq hw do1 <7e` Jrugrq/ M1/ Jklodugl/ P1I1/ Frrshu/ V1H1/ Jkh}/ F1 +4<<7, Dffxudf| ri

sodqdu uhdfklqj pryhphqwv LL1 V|vwhpdwlf h{whqw huuruv uhvxowlqj iurp

lqhuwldo dqlvrwurs|1 H{shulphqwdo Eudlq Uhvhdufk/ <<= 44504631

^Khqlqj hw do1 ;;` Khqlqj/ Z1/ Idylood/ P1/ Jkh}/ F1 +4<;;, Wudmhfwru| frqwuro lq wdu0

jhwhg irufh lpsxovhv1 Y1 Judgxdo vshfl�fdwlrq ri uhvsrqvh dpsolwxgh1

H{shulphqwdo Eudlq Uhvhdufk/ :4= 449045;1

^Klqwrq ;7` Klqwrq/ J1 +4<;7, Vrph frpsxwdwlrqdo vroxwlrqv wr Ehuqvwhlq*v sure0

ohpv1 Lq Zklwlqj/ K1W1D +Hg, Kxpdq Prwru Dfwlrqv= Ehuqvwhlq Uh0

dvvhvvhg1 Qruwk0Kroodqg/ 4<;71

^Klqwrq hw do1 <8` Klqwrq/ J1H1/ Gd|dq/ S1/ Iuh|/ E1M1/ Qhdo/ U1 +4<<8, Wkh zdnh0vohhs

dojrulwkp iru xqvxshuylvhg qhxudo qhwzrunv1 Vflhqfh/ 59;= 448;04494

^Krjdq dqg Iodvk ;:` Krjdq/ Q1/ dqg Iodvk/ W1 +4<;:, Prylqj judfhixoo|= txdqwlwdwlyh wkhr0

ulhv ri prwru frruglqdwlrq1 Wuhqgv lq Qhxurvflhqfh/ 43+7,= 4:304:71

^Kr� <7` Kr�/ E1 +4<<7, D prgho ri gxudwlrq lq qrupdo dqg shuwxuehg uhdfklqj

pryhphqw1 Elrorjlfdo F|ehuqhwlfv/ :4= 7;407;;1

^Kr� <4` Kr�/ E1 +4<<4, Sk1G1 Wkhvlv1 XVF1

^Kroodqgv hw do1 <8` Kroodqgv/ P1D1/ Pdusoh0Kruydw/ G1H1/ Khqnhv/ V1/ Urzdq/ D1 +4<<8,

Kxpdq h|h pryhphqwv gxulqj ylvxdoo| jxlghg vwhsslqj1 Mrxuqdo ri Pr0

wru Ehkdylru/ 5:+5,= 48804961

^Kxeho dqg Zlhvho 95` Kxeho/ G1K1 dqg Zlhvho/ W1Q1 +4<95, Uhfhswlyh �hogv/ elqrfxodu lqwhu0

dfwlrq dqg ixqfwlrqdo dufklwhfwxuh lq wkh fdw*v ylvxdo fruwh{1 Mrxuqdo ri

Sk|vlrorj|/ 498= 88<089;1

^Mdfn 4;<8` Mdfn/ Z1U1 +4;<8, Rq wkh dqdo|vlv ri yroxqwdu| pxvfxodu pryhphqwv

e| fhuwdlq qhz lqvwuxphqwv1 Mrxuqdo ri Dqdwrp| dqg Sk|vlrorj|/ 5<=

7:607:;1

^Mhnnd dqg Nhovr ;<` Mhnd/ M1M1/ Nhovr/ M1D1V +4<;<, Wkh g|qdplf sdwwhuq dssurdfk wr frru0

glqdwhg ehkdylru= d wxwruldo uhylhz1 Lq Shuvshfwlyhv rq wkh Frruglqd0

wlrq ri Pryhphqw/ Zdoodfh hg1 Qruwk0Kroodqg1

^Mhdqqhurg ;;` Mhdqqhurg/ P1 +4<;;, Wkh Qhxudo dqg Ehkdylrudo Rujdql}dwlrq ri Jrdo0

Gluhfwhg Pryhphqwv1 R{irug Vflhqfh Sxeolfdwlrqv1

^Mrkdqvvrq dqg Zhvwolqj <3` Mrkdqvvrq/ U1V1/ Zhvwolqj/ J1 +4<<3, Wdfwloh d�huhqw vljqdov lq wkh

frqwuro ri suhflvlrq juls1 Lq Dwwhqwlrq dqg Shuirupdqfh [LLL= Prwru

Uhsuhvhqwdwlrq dqg Frqwuro/ Mhdqqhurg hg1 Odzuhqfh Huoedxp Dvvr0

fldwhv Lqf/ Sxeolvkhuv1
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^Mrkqvrq <5` Mrkqvrq/ S1E1 +4<<5, Wrzdug dq xqghuvwdqglqj ri wkh fhuheudo fruwh{

dqg uhdfklqj pryhphqwv= d uhylhz ri uhfhqw dssurdfkhv1 Lq Fdplqlwl/

U1/ Mrkqvrq/ S1E1/ Exuqrg/ \1 +hg, Frqwuro ri Dup Pryhphqw lq Vsdfh=

Qhxursk|vlrorjlfdo dqg Frpsxwdwlrqdo Dssurdfkhv1 Ehuolq> Qhz \run=

Vsulqjhu0Yhuodj/ 4<<51

^Mrugdq dqg Uxphokduw <5` Mrugdq/ P1L1/ Uxphokduw/ G1H1 +4<<5, Iruzdug prghov= vxshuylvhg

ohduqlqj zlwk d glvwdo whdfkhu1 Frjqlwlyh Vflhqfh/ 49= 63:06871

^Ndqgho hw do1 <4` Ndqgho/ H1U1/ Vfkzduw}/ M1K1/ Mhvvhoo/ W1P1 +4<<4, Sulqflsohv ri Qhxudo

Vflhqfh1 Dssohwrq ) Odqjh1

^Ndodvnd hw do1 ;<` Ndodvnd/ M1I1/ Frkhq/ G1D1/ K|gh/ P1O1/ Suxg*krpph/ P1 +4<;<, D

frpsdulvrq ri pryhphqw gluhfwlrq0uhodwhg yhuvxv ordg gluhfwlrq0uhodwhg

dfwlylw| lq sulpdwh prwru fruwh{/ xvlqj d wzr0glphqvlrqdo uhdfklqj

wdvn1 Mrxuqdo ri Qhxurvflhqfh/ <+9,= 53;3054351

^Ndodvnd hw do1 <5` Ndodvnd/ M1I1/ Fudpprqg/ G1M1/ Frkhq/ G1D1G1/ Suxg*krpph/ P1/

K|gh/ P1O1 +4<<5, Frpsdulvrq ri fhoo glvfkdujh lq prwru/ suhprwru/

dqg sdulhwdo fruwh{ gxulqj uhdfklqj1 Lq Fdplqlwl/ U1/ Mrkqvrq/ S1E1/ dqg

Exuqrg/ \1 +hg, Frqwuro ri Dup Pryhphqw lq Vsdfh= Qhxursk|vlrorjl0

fdo dqg Frpsxwdwlrqdo Dssurdfkhv1 Ehuolq> Qhz \run= Vsulqjhu0Yhuodj/

4<<51

^Ndkqhpdq dqg Wyhuvn| :6` Wyhuvn|/ Ndkqhpdq +4<:6, Rq wkh sv|fkrorj| ri suhglfwlrq1 Sv|fkr0

orjlfdo Uhylhz/ ;3= 56:05841

^Ndzdwr <;` Ndzdwr/ P1 +4<<;, Wdon suhvhqwhg lq %Frplqj wr julsv zlwk lqwhuqdo

prghov% vhvvlrq/ ;wk Dqqxdo Qhxudo Frqwuro ri Pryhphqw Phhwlqj1

^Nhhoh hw do1 <3` Nhhoh/ V1Z1/ Frkhq/ D1/ Lyu|/ U1 +4<<3, Prwru surjudpv= frqfhswv dqg

lvvxhv1 Lq Dwwhqwlrq dqg Shuirupdqfh [LLL= Prwru Uhsuhvhqwdwlrq dqg

Frqwuro/ Mhdqqhurg hg1 Odzuhqfh Huoedxp Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Nkdwle ;:` Nkdwle/ R1 +4<;:, D xql�hg dssurdfk wr prwlrq dqg irufh frqwuro ri

urerw pdqlsxodwruv= wkh rshudwlrqdo vsdfh irupxodwlrq1 LHHH Mrxuqdo

ri Urerwlfv dqg Dxwrpdwlrq/ 6+4,= 760861

^Nudndxhu hw do1 <9` Nudndxhu/ M1Z1/ Slqh/ ]1P1/ Jkh}/ F1 +4<<9, Gl�huhqfh lq jhqhudol}d0

wlrq ri dgdswdwlrq wr dowhuhg jdlqv dqg glvsod| urwdwlrqv lq uhdfklqj

pryhphqwv1 Vrflhw| iru Qhxurvflhqfh Devwudfwv/ 6871451

^Nqloo dqg Ulfkdugv <9` Nqloo/ G1/ Ulfkdugv/ Z1 +4<<9, Shufhswlrq dv Ed|hvldq Lqihuhqfh1 Fdp0

eulgjh Xqlyhuvlw| Suhvv1

^Odftxdqlwl hw do1 ;6` Odftxdqlwl/ I1/ Whu}xror/ F1/ Ylyldql/ S1 +4<;6, Wkh odz uhodwlqj wkh

nlqhpdwlf dqg �jxudo dvshfwv ri gudzlqj pryhphqwv1 Dfwd Sv|fkrorj0

lfd/ 87= 44804631

^Odftxdqlwl hw do1 <6` Odftxdqlwl/ I1/ Fduur}}r/ P1/ Erujkhvh/ Q1D1 +4<<6, Wlph0ydu|lqj ph0

fkdqlfdo ehkdylru ri pxowlmrlqwhg dup lq pdq1 Mrxuqdo ri Qhxursk|vl0

rorj|/ 9<+8,= 4776047971
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^Odwrpeh <4` Odwrpeh/ M1F1 +4<<4, Urerw Prwlrq Sodqqlqj1 Noxzhu Dfdghplf Sxe0

olvkhuv1

^Odv}or <5` Odv}or/ M1L1 +4<<5, Prwru frqwuro dqg ohduqlqj= krz idu gr wkh h{shu0

lphqwdo wdvnv uhvwulfw rxu wkhruhwlfdo lqvljkwB Lq Dssurdfkhv wr wkh

Vwxg| ri Prwru Frqwuro dqg Ohduqlqj/ Vxpphuv hg1 Qruwk0Kroodqg1

^Oxndvklq dqg Jhrujrsrxorv <6` Oxndvklq/ D1Y1/ Jhrujrsrxorv/ D1S1 +4<<6, D g|qdplfdo qhxudo qhw0

zrun prgho iru prwru fruwlfdo dfwlylw| gxulqj pryhphqw= srsxodwlrq

frglqj ri pryhphqw wudmhfwrulhv1 Elrorjlfdo F|ehuqhwlfv/ 9<= 84:08571

^PdfNhq}lh hw do1 ;:` PdfNhq}lh/ F1O1/ Pduwhqlxn/ U1J1/ Gxjdv/ F1/ Olvnh/ G1/ Hlfnphlhu/ E1

+4<;:, Wkuhh0glphqvlrqdo pryhphqw wudmhfwrulhv lq Ilwwv* wdvn= lpsol0

fdwlrqv iru frqwuro1 Wkh Txdwhuo| Mrxqudo ri H{shulphqwdo Sv|fkrorj|/

6<D= 95<097:1

^PdfNhq}lh dqg Ydq Hhug <3` PdfNhq}lh/ F1O1/ Ydq Hhug/ G1O1 +4<<3, Uk|wkplf suhflvlrq lq wkh

shuirupdqfh ri sldqr vfdohv= prwru sv|fkrsk|vlfv dqg prwru surjudp0

plqj1 Lq Dwwhqwlrq dqg Shuirupdqfh [LLL= Prwru Uhsuhvhqwdwlrq dqg

Frqwuro/ Mhdqqhurg hg1 Odzuhqfh Huoedxp Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Pdhv <4` Pdhv/ S1 +4<<4, Ghvljqlqj Dxwrqrprxv Djhqwv/ PLW Hovhylhu 4<<41

^Pdvrq <;` Pdvrq/ P1 +4<<;, Phfkdqlfv ri Pdqlsxodwlrq/ Ohfwxuh qrwhv/ FPX1

^PfLqw|uh dqg El}}l <6` PfLqw|uh/ M1/ El}}l/ H1 +4<<6, Vhuyr k|srwkhvhv iru wkh elrorjlfdo frq0

wuro ri pryhphqw1 Mrxuqdo ri Prwru Ehkdylru/ 58+6,= 4<605351

^Pdwvxrnd <;` Pdwvxrnd/ \1 +4<<;,Prghov ri Jhqhudol}dwlrq lq Prwru Frqwuro1 Sk1G1

Wkhvlv/ PLW/ Fdpeulgjh PD1

^Pduu ;5` Pduu/ G1 +4<;5, Ylvlrq1 Z1K1 Iuhhpdq dqg Frpsdq|/ Qhz \run1

^PfPdkrq ;7` PfPdkrq/ W1 +4<;7, Uh�h{hv dqg prwru frqwuro1 Lq Pxvfohv/ Uh�h{hv

dqg Orfrprwlrq1 Sulqfhwrq Xqlyhuvlw| Suhvv/ Sulqfhwrq QM1

^Ph|hu hw do1 ;5` Ph|hu/ G1H1/ Vplwk/ M1H1N1/ Zuljkw/ F1H1 +4<;5, Prghov iru wkh vshhg

dqg dffxudf| ri dlphg pryhphqwv1 Sv|fkrorjlfdo Uhylhz/ ;<= 77<07;51

^Ploqhu dqg Lmd} <3` Ploqhu/ W1H1/ Lmd}/ P1P1 +4<<3, Wkh h�hfw ri dffxudf| frqvwudlqwv rq

wkuhh0glphqvlrqdo pryhphqw nlqhpdwlfv1 Qhxurvflhqfh/ 68+5,= 69806:71

^Prudq dqg Vfkzduw} <;` Prudq/ G1Z1/ Vfkzduw}/ D1E1 +4<<;, Prwru frwulfdo uhsuhvhqwdwlrq ri

vshhg dqg gluhfwlrq gxulqj uhdfklqj1 Mrxqudo ri Qhxursk|vlrorj|/ lq

suhvv1

^Prudvvr ;4` Prudvvr/ S1 +4<;4, Vsdwldo frqwuro ri dup pryhphqwv1 H{shulphqwdo

Eudlq Uhvhdufk/ 75= 556055:1

^Prudvvr dqg Pxvvd0Lydogl ;5` Prudvvr/ S1/ dqg Pxvvd0Lydogl/ I1D1 +4<;5, Wudmhfwru| irupdwlrq dqg

kdqgzulwlqj= d frpsxwdwlrqdo prgho1 Elrorjlfdo F|ehuqhwlfv/ 78= 4640
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^Prudvvr ;6` Prudvvr/ S1 +4<;6, Wkuhh glphqvlrqdo dup wudmhfwrulhv1 Elrorjlfdo F|0

ehuqhwlfv/ 7;= 4;:04<71

^Pxvvd0Lydogl ;;` Pxvvd0Lydogl/ I1D1 +4<;;, Gr qhxurqv lq wkh prwru fruwh{ hqfrgh pryh0

phqw gluhfwlrqB Dq dowhuqdwlyh k|srwkhvlv1 Qhxurvflhqfh Ohwwhuv/ <4=

43904441

^Qdnd|dpd dqg Vklprmr <5` Qdnd|dpd/ N1/ Vklprmr/ V1 +4<<5, H{shulhqflqj dqg shufhlylqj ylvxdo

vxuidfhv1 Vflhqfh/ 58:= 468:046961

^Qhovrq ;6` Qhovrq/ Z1O1 +4<;6, Sk|vlfdo sulqflsohv iru hfrqrplhv ri vnloohg pryh0

phqwv1 Elrorjlfdo F|ehuqhwlfv/ 79= 468047:1

^Qhzho dqg Hpphuln ;<` Qhzho/ N1P1/ ydq Hpphuln/ U1H1D1 +4<;<, Wkh dftxlvlwlrq ri frrugl0

qdwlrq= suholplqdu| dqdo|vlv ri ohduqlqj wr zulwh1 Kxpdq Pryhphqw

Vflhqfh/ 44=44604561

^Qhzho hw do1 :;` Qhzho/ N1P1/ Nxjohu/ S1Q1/ ydq Hpphuln/ U1H1D1/ PdfGrqdog/ S1Y1

+4<;<, Vhdufk vwudwhjlhv dqg wkh dftxlvlwlrq ri frruglqdwlrq1 Lq Shu0

vshfwlyhv rq wkh Frruglqdwlrq ri Pryhphqw/ Zdoodfh hg1 Qruwk0Kroodqg1

^Qhzho :;` Qhzho/ N1P1 +4<:;, Vrph lvvxhv rq dfwlrq sodqv1 Lq Lqirupdwlrq Sur0

fhvvlqj lq Prwru Frqwuro dqg Ohduqlqj1 Vwhopdfk hg1 Dfdghplf Suhvv1

^Qlfrov dqg Krxn :6` Qlfrov/ W1U1/ Krxn/ M1F1 +4<:6, Uh�h{ frpshqvdwlrq iru yduldwlrqv lq

wkh phfkdqlfdo surshuwlhv ri d pxvfoh1 Vflhqfh/ 4;4=4;504;71

^Rvkhuvrq <3` Rvkhuvrq/ G1 +4<<3, Mxgjhphqw1 Lq Rvkhuvrq dqg Vplwk/ hg1 Dq Lqylwd0

wlrq wr Frjqlwlyh Vflhqfh1 Yroxph 6= Wklqnlqj1 PLW Suhvv/ Fdpeulgjh

PD1

^Srxjhw dqg Vhmqrzvnl <:` Srxjhw/ D1/ Vhmqrzvnl/ W1 +4<<:, Vsdwldo wudqvirupdwlrqv lq wkh sdul0

hwdo fruwh{ xvlqj edvlv ixqfwlrqv1 Mrxuqdo ri Frjqlwlyh Qhxurvflhqfh/

<+5,=555056:1

^Sudww <8` Sudww/ M1H1 +4<<8, Yluwxdo Prgho Frqwuro ri d Elshg Zdonlqj Urerw1

PH Wkhvlv/ PLW/ Fdpeulgjh PD1

^Shduo ;;` Shduo/ M1 +4<;;, Suredelolvwlf Uhdvrqlqj lq Lqwhooljhqw V|vwhpv= Qhw0

zrunv ri Sodxvleoh Lqihuhqfh1 Prujdq Ndxipdqq/ Vdq Pdwhr FD1

^Shoolvrq hw do1 ;9` Shoolvrq/ G1/ Sudeodqf/ F1/ Jrrgdoh/ P1D1/ Mhdqqhurg/ P1 +4<;9, Ylvxdo

frqwuro ri uhdfklqj pryhphqwv zlwkrxw ylvlrq ri wkh olpe1 LL1 Hylghqfh

ri idvw xqfrqvflrxv surfhvvhv fruuhfwlqj wkh wudmhfwru| ri wkh kdqg wr

wkh �qdo srvlwlrq ri d grxeoh0vwhs vwlpxoxv1 H{shulphqwdo Eudlq Uh0

vhdufk/ 95= 63606441

^Shuolq <:` Shuolq/ N1 +4<<:, Uhdo Wlph Uhvsrqvlyh Dqlpdwlrq zlwk Shuvrqdolw|1

Rqolqh whfklfdo uhsruw/ Phgld Uhvhdufk Oderudwru|/ Q\X1

^Sodprqgrq dqg Dolpl<:` Sodprqgrq/ U1/ Dolpl/ D1P1 Vshhg2dffxudf| wudgh0r�v lq wdujhw0

gluhfwhg pryhphqwv1 Ehkdylrudo dqg Eudlq Vflhqfhv/ 53= 5:<067<1
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^Sroolfn dqg Vkdslur <:` Sroolfn/ I1H1// Vdslur/ J1 +4<<:, Frqvwdqw d�qh yhorflw| suhglfwv wkh

426 srzhu odz ri sodqdu prwlrq shufhswlrq dqg jhqhudwlrq1 Ylvlrq Uh0

vhdufk/ 6:+6,= 67:1

^Srvqhu dqg Nhhoh :3` Srvqhu/ P1L1/ Nhhoh/ V1Z1 +4<:3, Uhwhqwlrq ri devwudfw lghdv1 Mrxuqdo

ri H{shulphqwdo Sv|fkrorj|/ ;6= 637063;1

^Sudeodqf dqg Shoolvrq <3` Sudeodqf/ F1/ Sholvvrq/ G1 +4<<3, Jd}h vdffdgh dqg kdqg srlqwlqj

duh orfnhg wr wkhlu jrdo e| txlfn lqwhuqdo orrsv1 Lq Dwwhqwlrq dqg

Shuirupdqfh [LLL= Prwru Uhsuhvhqwdwlrq dqg Frqwuro/ Mhdqqhurg hg1

Odzuhqfh Huoedxp Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Suhvv hw do1 <5` Suhvv/ Z1/ Whxnrovn|/ V1D1/ Yhwwhuolqj/ Z1W1/ Iodqqhu|/ E1S1 +4<<5,

Qxphulfdo Uhflshv lq F1 Fdpeulgjh Xqlyhuvlw| Suhvv1

^Sudndvk ;4` Sudndvk/ Q1 +4<;4, Gl�huhqwldo Jhrphwu|1 Dq Lqwhjudwhg Dssurdfk1

WDWD PfJudz0Kloo Sxeolvklqj Frpsdq| Olplwhg1

^S|o|vk|q ;3` S|o|vk|q/ ]1 +4<;3, Frpsxwdwlrqdo prghov dqg hpslulfdo frqvwudlqwv1

Ehkdylrudo dqg Eudlq Vflhqfhv/ 4= <6045;1

^Udr dqg Edoodug <8` Udr/ U1S1Q1/ Edoodug/ G1K1 +4<<8, Dq dfwlyh ylvlrq dufklwhfwxuh edvhg

rq lfrqlf uhsuhvhqwdwlrqv1 Duwl�fldo Lqwhooljhqfh/ :;= 79408381

^Ul}}rodwwl hw do1 <3` Ul}}rodwwl/ J1/ Jhqwloxffl/ P1/ Fdpdugd/ U1P1/ Jdoohvh/ Y1/ Oxsslqr/

J1/ Pdwhool/ P1/ Irjdvvl/ O1 +4<<3, Qhxurqv uhodwhg wr uhdfklqj0judvslqj

dup pryhphqwv lq wkh urvwudo sduw ri duhd 9 +duhd 9��,1 H{shulphqwdo

Eudlq Uhvhdufk/ ;5= 66:06831

^Uxvvho dqg Qruylj <8` Uxvvho/ V1 M1/ Qruylj/ S1 +4<<8, Duwl�fldo Lqwhooljhqfh/ d Prghuq Ds0

surdfk1

^Vdehv dqg Mrugdq <:` Vdehv/ S1 dqg Mrugdq/ P1 +4<<:, Revwdfoh dyrlgdqfh dqg d shuwxuedwlrq

vhqvlwlylw| prgho iru prwru sodqqlqj1 Mrxuqdo ri Qhxurvflhqfh/ 4<<: 4:=

:44<0:45;1

^Vdehv <9` Vdehv/ S1 +4<<9, Wkh Sodqqlqj ri Ylvxdoo| Jxlghg Dup Pryhphqwv=

Ihhgedfn Shuwxuedwlrq dqg Revwdfoh Dyrlgdqfh Vwxglhv1 Sk1G1 Wkhvlv/

PLW1

^Vdolqdv dqg Deerw <7` Vdolqdv/ H1/ Deerww/ O1I1 +4<<7, Yhfwru uhfrqvwuxfwlrq iurp �ulqj udwhv1

Mrxuqdo ri Frpsxwdwlrqdo Qhxurvflhqfh/ 4=;<043:1

^Vdqjhu <7` Vdqjhu/ W1G1 +4<<7, Wkhruhwlfdo frqvlghudwlrqv iru wkh dqdo|vlv ri srs0

xodwlrq frglqj lq prwru fruwh{1 Qhxudo Frpsxwdwlrq/ 9= 5<06:1

^Vfkplgw :8` Vfkplgw/ U1D1 +4<:8, D vfkhpd wkhru| ri glvfuhwh prwru vnloo ohduqlqj1

Sv|fkrorjlfdo Uhylhz/ ;5+7,= 55805931

^Vfkplgw hw do1 :<` Vfkplgw/ U1D1/ Kdznlqv/ E1/ Iudqfn/ M1V1/ Txlqq/ M1W1 +4<:<, Prwru0

rxwsxw yduldelolw|= d wkhru| iru wkh dffxudf| ri udslg prwru wdvnv1

Sv|fkrorjlfdo Uhylhz/ ;9= 74807841
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^Vfkplgw dqg \rxqj <4` Vfkplgw/ U1D1/ \rxqj/ G1H1 +4<<4, Phwkrgrorj| iru prwru ohduqlqj=

d sdudgljp iru nlqhpdwlf ihhgedfn1 Mrxuqdo ri Prwru Ehkdylru/ 56=

460571

^Vfkzduw} <7` Vfkzduw}/ D1 +4<<7, Gluhfw fruwlfdo uhsuhvhqwdwlrq ri gudzlqj1 Vflhqfh/

598= 87308751

^Vfkzduw} dqg Prudq <;` Vfkzduw}/ D1E1/ Prudq/ G1Z1 +4<<;, Prwru fruwlfdo dfwlylw| gxulqj

gudzlqj pryhphqwv1 7= Srsxodwlrq dfwlylw| gxulqj ohpqlvfdwh gudzlqj1

Mrxuqdo ri Qhxursk|vlrorj|/ lq suhvv1

^Vfrww dqg Ndodvnd <:` Vfrww/ V1K1/ Ndodvnd/ M1I1 +4<<:, Uhdfklqj pryhphqwv zlwk vlplodu

kdqg sdwkv exw gl�huhqw dup rulhqwdwlrqv1 L1 Dfwlylw| ri lqglylgxdo

fhoov lq prwru fruwh{1 Mrxuqdo ri Qhxursk|vlrorj|/ ::= ;590;851

^Vhujlr dqg Ndodvnd <:` Vhujlr/ O1H1/ Ndodvnd/ M1I1 +4<<:, V|vwhpdwlf fkdqjhv lq gluhfwlrqdo

wxqlqj ri prwru fruwh{ fhoo dfwlylw| zlwk kdqg orfdwlrq lq wkh zrunvsdfh

gxulqj jhqhudwlrq ri vwdwlf lvrphwulf irufhv lq frqvwdqw vsdwldo gluhf0

wlrqv1 Mrxuqdo ri Qhxursk|vlrorj|/ 44:3044:71

^Vkdgphku dqg Pxvvd0Lydogl <7` Vkdgphku/ U1/ Pxvvd0Lydogl/ I1 +4<<7, Dgdswlyh uhsuhvhqwdwlrq ri g|0

qdplfv gxulqj ohduqlqj ri d prwru wdvn1 Mrxuqdo ri Qhxurvflhqfh/ 47+8,=

653;065571

^Vkdgphku dqg Wkrurxjkpdq <:` Ohduqlqj dqg phpru| irupdwlrq ri dup pryhphqwv1 Lq= Elrphfkdq0

lfv dqg Qhxudo Frqwuro ri Pryhphqw/ Zlqwhuv/ M1P1 dqg Fudjr/ S1 H1

hgv1/ Vsulqjhu0Yhuodj/ lq suhvv1

^Vlpv <7` Vlpv/ N1 +4<<7, Hyorylqj 6G pruskrorj| dqg ehkdylru e| frpshwlwlrq1

Duwl�fldo Olih LY Surfhhglqjv/ Eurrnv/ U1 dqg Pdhv/ S1 hg1 PLW Suhvv1

^Vxpphu <5` Vxpphuv/ M1M1 +4<<5, Prwru ehkdylru= d �hog lq fulvlvB Lq Dssurdfkhv

wr wkh Vwxg| ri Prwru Frqwuro dqg Ohduqlqj/ Vxpphuv hg1 Qruwk0

Kroodqg1

^Vrhfkwlqj dqg Whu}xror ;9` Vrhfkwlqj/ M1I1/ Whu}xror/ F1D1 +4<;9, Dq dojrulwkp iru wkh jhqhudwlrq

ri fxuylolqhdu zulvw prwlrq lq dq duelwudu| sodqh lq wkuhh glphqvlrqdo

vsdfh1 Qhxurvflhqfh/ 4<= 46<6047381

^Vrhfkwlqj dqg Whu}xror ;:` Vrhfkwlqj/ M1I1/ Whu}xror/ F1D1 +4<;:, Rujdql}dwlrq ri dup pryhphqwv

lq wkuhh0glphqvlrqdo vsdfh1 Zulvw prwlrq lv slhfhzlvh sodqdu1 Qhxur0

vflhqfh/ 56+4,= 860941

^Vrhfkwlqj hw do1 <8` Vrhfkwlqj/ M1I1/ Exqhr/ F1D1/ Khuupdqq/ X1/ Iodqghuv/ P1 +4<<8, Pry0

lqj h�ruwohvvo| lq wkuhh glphqvlrqv= grhv Grqghu*v odz dsso| wr dup

pryhphqwB Mrxuqdo ri Qhxurvflhqfh/ 48+<,= 95:41

^Vrphuv hw do1 <;` Vrphuv/ G1F1/ Wrgrury/ H1Y1/ Vldsdv/ D1J1/ Wrwk/ O1M1/ Nlp/ G1/ Vxu/

P1 +4<<;, D orfdo flufxlw dssurdfk wr xqghuvwdqglqj lqwhjudwlrq ri

orqj0udqjh lqsxwv lq sulpdu| ylvxdo fruwh{1 Fhuheudo fruwh{/ ;+6,= 5371
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^Gxp dqg Vwulfn <4` Gxp/ U1S1/ Vwulfn/ S1O1 +4<<4, Wkh ruljlq ri fruwlfrvslqdo surmhfwlrqv

iurp suhprwru duhdv lq wkh iurqwdo oreh1 Mrxuqdo ri Qhxurvflhqfh/ 44=

99:09;<1

^Whu}rsrxorv hw do1 <7` Whu}rsrxorv/ G1/ Wx/ [1/ Ju}hv}f}xn/ U1 +4<<7, Duwl�fldo �vkhv= dx0

wrqrprxv orfrprwlrq/ shufhswlrq/ ehkdylru/ dqg ohduqlqj lq d vlpx0

odwhg sk|vlfdo zruog1 Duwl�fldo Olih/ 4+7,= 65:06841

^Wkdfk ;8` Wkdfk/ Z1W1 +4<;8, Fruuhodwlrq ri qhxurqdo glvfkdujh zlwk sdwwhuq dqg

irufh ri pxvfxodu dfwlylw|/ mrlqw srvlwlrq/ dqg gluhfwlrq ri lqwhqghg qh{w

pryhphqw lq prwru fruwh{ dqg fhuhehooxp1 Mrxuqdo ri Qhxursk|vlrorj|/

74= 98709:91

^Wkrurxjkpdq dqg Vkdgphku <:` Wkrurxjkpdq/ N1/ Vkdgphku/ U1 +4<<:, Lq�xhqfh ri diwhu0h�hfwv rq

ohduqlqj ri dq lqwhuqdo prgho iru uhdfklqj pryhphqwv1 Vrflhw| iru Qhx0

urvflhqfh Devwudfwv/ 56=5361

^Wrgrury hw do1 <:` Wrgrury/ H1/ Vkdgphku/ U1/ El}}l/ H1 +4<<:, Dxjphqwhg ihhgedfn suh0

vhqwhg lq d yluwxdo hqylurqphqw dffhohudwhv ohduqlqj ri d gl�fxow prwru

wdvn1 Mrxuqdo ri Prwru Ehkdylru/ 5<+5,= 47:048;1

^Wrgrury dqg Mrugdq <;` Wrgrury/ H1/ Mrugdq/ P1L1 +4<<;, Vprrwkqhvv pd{lpl}dwlrq dorqj d

suhgh�qhg sdwk dffxudwho| suhglfwv wkh vshhg sur�ohv ri frpsoh{ dup

pryhphqwv1 Mrxuqdo ri Qhxursk|vlrorj|/ ;3+5,= 9<91

^Wvxml hw do1 <8` Wvxml/ W1/ Prudvvr/ S1J1/ Jrwr/ N1/ Lwr/ N1 +4<<8, Kxpdq kdqg

lpshgdqfh fkdudfwhulvwlfv gxulqj pdlqwdlqhg srvwxuh1 Elrorjlfdo F|0

ehuqhwlfv/ :5= 7:807;81

^Wxoohu dqg Nhovr <3` Wxoohu/ E1/ Nhovr/ M1D1V1 +4<<3, Skdvh wudqvlwlrqv lq vshhfk surgxfwlrq

dqg wkhlu shufhswxdo frqvhtxhqfhv1 Lq Dwwhqwlrq dqg Shuirupdqfh [LLL=

Prwru Uhsuhvhqwdwlrq dqg Frqwuro/ Mhdqqhurg hg1 Odzuhqfh Huoedxp

Dvvrfldwhv Lqf/ Sxeolvkhuv1

^Xqr hw do1 ;<` Xqr/ \1/ Ndzdwr/ P1/ Vx}xnl/ U1 +4<;<, Irupdwlrq dqg frqwuro ri rs0

wlpdo wudmhfwru| lq kxpdq pxowlmrlqw dup pryhphqw1 Elrorjlfdo F|ehu0

qhwlfv/ 94= ;<04341

^ydq Hpphuln hw do1 ;<` ydq Hpphuln/ U1H1D1/ Eulqnhu/ E1S1O1P1/ Yhuhlmnhq/ E1/ Zklwlqj/

K1W1D1 +4<;<, Suhihuuhg whpsr lq wkh ohduqlqj ri d jurvv f|folfdo dfwlrq1

Txdwhuo| Mrxuqdo ri H{shulphqwdo Sv|fkrorj|/ 74D= 58405951

^ydq Jdohq dqg gh Mrqj <8` ydq Jdohq/ J1S/ gh Mrqj/ Z1S1 +4<<8, Ilwwv* odz dv wkh rxwfrph ri

d g|qdplf qrlvh �owhulqj prgho ri prwru frqwuro1 Kxpdq Pryhphqw

Vflhqfh/ 47= 86<08:41

^Ylqgudv hw do1 <9` Ylqgudv/ S1/ Ylyldql/ S1/ Shoolvrq/ G1 +4<<9, Wudqvihu ri jdlq dgdswdwlrq=

hylghqfh ri yhfwruldo frglqj lq jrdo0gluhfwhg pryhphqwv1 Vrflhw| iru

Qhxurvflhqfh Devwudfwv/ 49<1;1

^Ylyldql dqg Fhq}dwr ;8` Ylyldql/ S1/ Fhq}dwr/ P1 +4<;8, Vhjphqwdwlrq dqg frxsolqj lq frpsoh{

pryhphqwv1 Mrxuqdo ri H{shulphqwdo Sv|fkrorj|= Kxpdq Shufhswlrq

dqg Shuirupdqfh/ 44= ;5;0;781
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^Ylyldql dqg Vfkqhlghu <4` Ylyldql/ S1/ Vfkqhlghu/ U1 +4<<4, D ghyhorsphqwdo vwxg| ri wkh uhodwlrq0

vkls ehwzhhq jhrphwu| dqg nlqhpdwlfv ri gudzlqj pryhphqwv1 Mrxuqdo

ri H{shulphqwdo Sv|fkrorj|= Kxpdq Shufhswlrq dqg Shuirupdqfh/ 4:=

4<;054;1

^Ylyldql dqg Iodvk <8` Ylyldql/ S1/ Iodvk/ W1 +4<<8, Plqlpxp0mhun/ wzr0wklugv srzhu odz/ dqg

lvrfkurq|= frqyhujlqj dssurdfkhv wr pryhphqw sodqqlqj1 Mrxuqdo ri

H{shulphqwdo Sv|fkrorj|= Kxpdq Shufhswlrq dqg Shuirupdqfh/ 54+6,=

50861

^Zdqq hw do1 ;;` Zdqq/ M1/ Qlppr0Vplwk/ L1/ Zlqj/ D1P1 +4<;;, Uhodwlrqvkls ehwzhhq

yhorflw| dqg fxuydwxuh lq pryhphqw= htxlydohqfh dqg glyhujhqfh eh0

wzhhq d srzhu odz dqg d plqlpxp0mhun prgho1 Mrxuqdo ri H{shulphqwdo

Sv|fkrorj|= Kxpdq Shufhswlrq dqg Shuirupdqfh/ 47= 955096:1

^Zhog dqg gh Nohhu <3` Zhog/ G1V1/ gh Nohhu/ M1 +4<<3, Uhdglqjv lq Txdolwdwlyh Uhdvrqlqj

Derxw Sk|vlfdo V|vwhpv1 Prujdq Ndxipdqq Sxeolvkhuv1

^Zhofk ;9` Zhofk/ U1 +4<;9, Dgdswdwlrq ri vsdfh shufhswlrq1 Lq Kdqgerrn ri Kx0

pdq Shufhswlrq dqg Shuirupdqfh/ Er�/ Ndxipdq dqg Wkrpdv/ hgv1

Zloh|/ Qhz \run1

^Zhlvv <;` Zhlvv/ \1 +4<<;, Ed|hvldq Prwlrq Hvwlpdwlrq dqg Vhjphqwdwlrq1 Sk1G1

Wkhvlv/ PLW/ Fdpeulgjh PD1

^Zlovn| <7` Zlovn|/ D1V1 +4<<7, Uhfxuvlyh Hvwlpdwlrq1 Ohfwxuh qrwhv/ PLW1

^Zroshuw hw do1 <8` Zroshuw/ G1/ Jkdkudpdql/ ]1/ Mrugdq/ P1L1 +4<<8, Duh dup wudmhfwrulhv

sodqqhg lq nlqhpdwlf ru g|qdplf frruglqdwhvB Dq dgdswdwlrq vwxg|1

H{shulphqwdo Eudlq Uhvhdufk/ 436= 79307:31

^Zroshuw hw do1 <8e` Zroshuw/ G1/ Jkdkudpdql/ ]1/ Mrugdq/ P1L1 +4<<8, Dq lqwhuqdo prgho

iru vhqvrulprwru lqwhjudwlrq1 Vflhqfh/ 59<+8565,= ;3690;3:81

^Zroshuw <:` Zroshuw/ G1 +4<<:, Frpsxwdwlrqdo dssurdfkhv wr prwru frqwuro1 Wuhqgv

lq Frjqlwlyh Vflhqfh/ 4+9,= 53<05491

^Zlqwhu ;<` Zlqwhu/ G1D1 +4<;<, Frruglqdwlrq ri prwru wdvnv lq kxpdq jdlw1 Lq Shu0

vshfwlyhv rq wkh Frruglqdwlrq ri Pryhphqw/ Zdoodfh hg1 Qruwk0Kroodqg1

^Zroih hw do1 <5` Zroih/ M1P1/ \hh/ D1/ Iulhgpdq0Kloo V1U1 +4<<5, Fxuydwxuh lv d edvlf

ihdwxuh iru ylvxdo vhdufk wdvnv1 Shufhswlrq/ 54+7,= 79;07;31

^Zrrgzruwk 4;<<` Zrrgzruwk/ U1V1 +4;<<, Wkh dffxudf| ri yroxqwdu| pryhphqw1 Sv|0

fkrorjlfdo Uhylhz/ 6= 404471

^Zuljkw <3` Zuljkw/ F1H1 +4<<3, Jhqhudol}hg prwru surjudpv= uhh{dplqlqj fodlpv

ri h�hfwru lqghshqghqfh lq zulwlqj1 LqDwwhqwlrq dqg Shuirupdqfh [LLL=

Prwru Uhsuhvhqwdwlrq dqg Frqwuro/ Mhdqqhurg hg1 Odzuhqfh Huoedxp

Dvvrfldwhv Lqf/ Sxeolvkhuv1

^\dory <4` \dory/ V1 +4<<4, Frpsxwdwlqdo Prghov ri Kdqg Wudmhfwru| Sodqqlqj lq

Gudzlqj Pryhphqwv1 P1Vf1 Wkhvlv/ Zhl}pdqq Lqvwlwxwh ri Vflhqfh1
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