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Wkh shuirupdqfh ri h{lvwlqj dqg sodqqhg ploolphwhu dqg vxeploolphwhu dvwurqrplfdo duud|v

lv olplwhg e| �xfwxdwlrqv lq wkh dprxqw ri dwprvskhulf zdwhu ydsru dorqj wkh dqwhqqd*v

olqh ri vljkw1 Fruuhfwlqj wkh uhvxowlqj skdvh glvwruwlrq ri wkh uhfhlyhg vljqdov lv vhhq dv d

vljql�fdqw whfkqrorjlfdo fkdoohqjh1 Phdvxuhphqwv ri wkh yduldwlrq lq wkh olqh0ri0vljkw zdwhu

ydsru dexqgdqfh dw wkh ohyho ri 4 plfurq suhflslwdeoh zdwhu ydsru rq d wlph vfdoh ri 4

vhfrqg dqg dw duelwudu| dqwhqqd srvlwlrqv duh uhtxluhg1 Wklv wkhvlv ghvfulehv wkh ghvljq

ri/ dqg suholplqdu| uhvxowv rewdlqhg zlwk/ d zdwhu ydsru prqlwru rshudwlqj dw lqiuduhg

zdyhohqjwkv zklfk vkrzv frqvlghudeoh surplvh iru wklv dssolfdwlrq1 Lpsuryhphqwv lq/ dqg

ixwxuh sodqv iru/ wkh vhfrqg jhqhudwlrq zdwhu ydsru prqlwru fxuuhqwo| xqghu ghyhorsphqw

lv dovr glvfxvvhg1
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Olvw ri Iljxuhv yl

Olvw ri Wdeohv {

4 Lqwurgxfwlrq 4

414 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 4
415 Wursrvskhulf Skdvh Ghod| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7
416 Dgydqwdjhv ri dq Lqiuduhg Dssurdfk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

41614 Vshfwudo Lvrodwlrq ri Zdwhu Ydsru Hplvvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <
41615 Udglr Iuhtxhqf| Lqwhuihuhqfh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44
41616 Udgldqfh Frpsdulvrq 1 1 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

417 Gudzedfnv ri wkh Lqiuduhg Dssurdfk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:
418 Whpsrudo Uhvroxwlrq 1 1 1 1 1 1 1 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;
419 Skdvh Frpshqvdwlrq Uhtxluhphqwv ri DOPD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4<

5 Dwprvskhulf Udgldwlyh Wudqvihu dqg Zdwhu Ydsru 56

514 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 56
515 Udglrphwulf Edvlfv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 57
516 Udgldwlyh Wudqvihu lq d Vlqjoh0Od|hu Dwprvskhuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;

51614 Devruswlrq lq d Olqhdu Phglxp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;
51615 Hplvvlrq lq d Olqhdu Phglxp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63
51616 Dwprvskhulf Suhvvxuh yv1 Ghqvlw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 64
51617 K|gurvwdwlf Htxloleulxp lq wkh Dwprvskhuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 65
51618 Udgldwlyh Wudqvihu lq d Sodqh Sdudooho Dwprvskhuh 1 1 1 1 1 1 1 1 1 1 67
51619 Eurdghqlqj Phfkdqlvp 1 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<
5161: Eurdghqlqj Uhjlph iru Zdwhu Ydsru 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 76
5161; Udgldqfh iurp d Vlqjoh Zdwhu Ydsru Olqh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 78
5161< Fxuyh0ri0Jurzwk V|qwkhvlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7:

517 Dssolfdwlrq ri wkh Fxuyh0ri0Jurzwk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7;
51714 Rewdlqlqj d Fxuyh0ri0Jurzwk Yld Vn|0Glsslqj 1 1 1 1 1 1 1 1 1 1 1 1 7<
51715 Udglrphwhu Shuirupdqfh Ghulyhg Iurp d Fxuyh0ri0Jurzwk 1 1 1 1 1 84

518 Frpsxwhu Vlpxodwhg Dwprvskhuh Deryh Pdxqd Nhd 1 1 1 1 1 1 1 1 1 1 1 1 1 86
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519 Glvwulexwlrq ri Zdwhu Ydsru lq wkh Dwprvskhuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 87

6 Udglrphwhu Ghvljq dqg Frqvwuxfwlrq 8<

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 8<
615 D Suholplqdu| Ihdvlelolw| Fdofxodwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 93
616 Dq Ryhudoo V|vwhp Ylhz ri wkh Udglrphwhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 96
617 Wkh Lqvwuxphqw Sodwirup 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 97

61714 Sduderolf Sulpdu| Pluuru Ghvljq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 98
61715 Vfdqqlqj Pluuru Dvvhpeo| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3
61716 Lqiuduhg Ghwhfwru 1 1 1 1 1 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
61717 Rswlfdo Ilowhu 1 1 1 1 1 1 1 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
61718 Ghwhfwru Hohphqw Prxqwlqj Ghwdlov 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8
61719 Rswlfdo Fkrsslqj Eodgh dqg Ghzdu Dvvhpeo| 1 1 1 1 1 1 1 1 1 1 1 1 1 :9
6171: Ghwhfwru Suhdpsol�hu Frqvwuxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :;
6171; Suhdpsol�hu 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 ;5

618 Hohfwurqlf Lqvwuxphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;:
61814 Fkrsshu Prwru Gulyhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;:
61815 Orfn0Lq Dpsol�hu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;;
61816 Wkh Lqwhuidfh Frqwuro Xqlw +LFX, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;;
61817 Prwru Gulyhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <;

619 Frqwuro Surjudp Vriwzduh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <<
61914 Wkh Xvhu Lqwhuidfh dqg Surjudp Rshudwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 433
61915 Wkh Vwduh Prgh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 435
61916 Wkh Frqwlqxrxv Vfdq Prgh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 436
61917 Wkh Vn|gls Prgh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 437

7 Uhvxowv 439

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 1 439
715 Revhuydwlrqv 1 1 1 1 1 1 1 1 1 1 1 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:
716 D Eulhi Uhylhz ri wkh Lqvwuxphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 443
717 Lqvwuxphqw Rshudwlrq dqg Ghvfulswlrq ri Gdwd Uhfrugv 1 1 1 1 1 1 1 1 1 1 1 444
718 Dqdo|vlv ri Vwduh Gdwd 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 446

71814 Zdwhu Ydsru Yduldwlrq lq wkh Dwprvskhuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 447
71815 Frpsdulvrq zlwk wkh 4;6 JK} MFPW Zdwhu Ydsru Prqlwru 1 1 1 1 1 449

719 Fdoleudwlrq ri Lqvwuxphqwdo Uhvsrqvlylw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
71914 Lqwhqvlw| Fdoleudwlrq Wkhru| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44<
71915 Fdofxodwlrq ri Lqvwuxphqwdo Uhvsrqvlylw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 458
71916 Vwdelolw| ri wkh Uhihuhqfhv 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<

71: Fkdudfwhul}dwlrq ri Lqvwuxphqw Ilhog ri Ylhz 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 464
71; Dqdo|vlv ri Frqwlqxrxv Vfdq Gdwd 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 467

71;14 Fuhdwlrq ri d Frpsrvlwh Fxuyh0ri0Jurzwk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46:
71;15 Fdoleudwlqj wkh Frpsrvlwh Fxuyh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 475
71;16 Surwrw|sh Shuirupdqfh 1 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:
71;17 Forxg Edqn Hyroxwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 483
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8 Frqfoxvlrqv dqg Ixwxuh Gluhfwlrqv 485

814 Lpsuryhg Ghwhfwru 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 486
815 Lpsuryhg Lqiuduhg Ilowhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 487
816 Lpsuryhg Lqvwuxphqwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 487
817 Holplqdwlrq ri Rswlfdo Vslooryhu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 488
818 Uhprwh Rshudwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 488

9 FG URP Vriwzduh Dufklyh 48<

914 LGO Urxwlqhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 493
91414 Sodqfn Srzhu 795 838/ Sodqfn Fxuyhv> S odqfn Fxuyhv [/ Sodqfn 493
91415 Fxuyh ri Jurzwk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 494
91416 Sduderod Ghvljq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 494
91417 H{wudfw Gdwd 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 494
91418 Uhvsrqvlylw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 495
91419 Vwdelolw| ri Uhihuhqfhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 495
9141: Frpsdulvrq zlwk 4;6JK} 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 495
9141; Prrq Vfdq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 496
9141< Ehvw Vhyhq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 496
914143 Vwuhwfk dqg Vsolfh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 496
914144 szy Fdoleudwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 497
914145 fkhe| fdof/ fkhe| ilw/ fkhe| ghu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 497

915 Frqwuro Surjudp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 497

Eleolrjudsk| 499
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414 Yduldwlrqv lq dwprvskhulf zdwhu ydsru dexqgdqfh fdxvh glvwruwlrq lq wkh zdyhiurqw

ri dq hohfwurpdjqhwlf zdyh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8
415 Phdvxuhg dqg frpsxwhu vlpxodwhg lqiuduhg dwprvskhulf hplvvlrq deryh Pdxqd Nhd

vkrzlqj wkh vshfwudo lvrodwlrq ri zdwhu ydsru lq wkh vshfwudo uhjlrq qhdu � @ 833

fp3� +� @ 53 �p,1 Xsshu wkuhh fxuyhv duh frpsxwhu vlpxodwhg hplvvlrq iurp Q2R/

FR2 dqg K2R xvlqj froxpq dexqgdqfhv ri 519:�433� njp32/ 6153 njp32 dqg 31;6

njp32/ uhvshfwlyho|1 Wkh orzhvw fxuyh lv wkh phdvxuhg dwprvskhulf hplvvlrq xqghu

frqglwlrqv ri 3176 pp szy11 1 1 1 1 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
416 Eodfnerg| hplvvlrq fxuyhv hydoxdwhg iru d udqjh ri dwprvskhulf whpshudwxuhv1 1 1 45
417 Wkh udglr iuhtxhqf| dssurdfk wr phdvxulqj wkh hplvvlrq ri wkh 4;6 JK} zdwhu

ydsru olqh xvhv vl{ glvfuhwh fkdqqhov sodfhg dorqj wkh hplvvlrq sur�oh/ hdfk ri zklfk

surylghv d gl�huhqw vhqvlwlylw| xqghu ydulrxv ghjuhhv ri olqh vdwxudwlrq1 1 1 1 1 1 1 48
418 D vlpsoh prgho iru wkh hvwlpdwlrq ri udglrphwhu whpsrudo uhvroxwlrq edvhg rq zlqg0

vshhg dqg dqwhqqd ehdp furvvlqj wlph1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4<
419 D ylhz ri wkh Dwdfdpd sodwhdx/ wkh ixwxuh vlwh ri wkh Dwdfdpd Odujh Ploolphwhu

Duud| +DOPD,1 1 1 1 1 1 1 1 1 1 1 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
41: D uhsuhvhqwdwlrq ri dq duldo ylhz ri wkh sursrvhg DOPD duud|1 1 1 1 1 1 1 1 1 1 1 54

514 D vfkhpdwlf looxvwudwlrq ri wkh uhodwlrqvklsv dprqj wkh edvlf txdqwlwlhv ri udglrphwu|1 59
515 Wkh jhqhudo fdvh ri udgldwlyh wudqvihu ehwzhhq wzr duelwudu| vxuidfhv1 1 1 1 1 1 1 1 5:
516 Devruswlrq lq d olqhdu phglxp1 1 1 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<
517 Hplvvlrq iurp d olqhdu phglxp1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 64
518 Wkh k|gurvwdwlf htxdwlrq ghvfulehv wkh judylwdwlrqdoo| lqgxfhg yhuwlfdo ghqvlw| sur0

�oh � @ �+d, zkhuh d lv wkh dowxwxgh phdvxuhg iurp jurxqg ohyho1 Wkh ghqvlw|

sur�oh fdq dowhuqdwho| eh jlyhq dv � @ �+}, zkhuh } lv wkh hohfwurpdjqhwlf sursd0

jdwlrq gluhfwlrq xvhg lq wkh dqdo|vlv ri udgldwlyh wudqvihu dqg lv phdvxuhg iurp wkh

wrs ri wkh od|hu1 1 1 1 1 1 1 1 1 1 1 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
519 D vfkhpdwlf looxvwudwlrq ri wkh vlpsol�hg prgho xvhg iru wkh dqdo|vlv ri dwprvskhulf

udgldwlyh wudqvihu1 D vlqjoh olqh ri devruswlrq2hplvvlrq lv frqvlghuhg1 1 1 1 1 1 1 1 68
51: D jhqhulf olqh sur�oh lv fkdudfwhul}hg e| d sdudphwhu/ �/ jlylqj wkh glvwdqfh/ lq

zdyhqxpehuv/ iurp wkh olqh fhqwhu/ �J/ wr wkh srlqw zkhuh devruswlrq idoov wr kdoi

wkdw dw wkh olqh fhqwhu1 � lv uhihuhg wr dv wkh kdoi zlgwk dw kdoi pd{lpxp +KZKP,1 73



yll

51; D frpsdulvrq ri wkh Oruhqw} dqg Grssohu duhd qrupdol}hg olqh eurdghqlqj sur�ohv1

Wkh Oruhqw} sur�oh lv vhhq wr h{whqg wr odujhu glvwdqfhv iurp wkh olqh fhqwhu wkdq lq

wkh Grssohu fdvh iru wkh vdph wrwdo dprxqw ri devruswlrq1 1 1 1 1 1 1 1 1 1 1 1 1 77
51< D fxuyh ri jurzwk +erwwrp judsk, fdq eh v|qwkhvl}hg e| lqwhjudwlqj wkh hplvvlrq ri

d Oruhqw} eurdghqhg olqh +wrs judsk, dv lw uhvsrqgv wr dq lqfuhdvlqj devruehu dprxqw1 7;
5143 D fxuyh0ri0jurzwk lv rewdlqhg e| wkh whfkqltxh ri vn|0glsslqj/ lq zklfk wkh udglrph0

whu vfdqv d udqjh ri }hqlwk dqjohv wkurxjk dq dvvxphg krul}rqwdoo| krprjhqhrxv

dwprvskhuh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 83
5144 Dq looxvwudwlrq ri wkh xvh ri d fxuyh0ri0jurzwk iru fdofxodwlqj wkh uhvroxwlrq lq de0

vruehu dprxqw +l1h1 suhflslwdeoh zdwhu ydsru, iurp wkh lqvwuxphqwdo qrlvh ri wkh

udglrphwhu1 Wklv surfhgxuh fdq eh uhyhuvhg dqg xvhg wr vshfli| udglrphwhu qrlvh

shuirupdqfh iru d wdujhw devruehu dprxqw uhvroxwlrq1 Wkh yhuwlfdo d{lv ri wkh fxuyh0

ri0jurzwk fdq eh udglrphwhu vljqdo/ ru/ diwhu frqyhuvlrq yld wkh lqvwuxphqwdo uhvsrq0

vlylw|/ udgldqfh1 Lq wkh fdvh zkhuh wkh fxuyh0ri0jurzwk kdv ehhq rewdlqhg iurp d

vshfwudo lqwhjudwlrq ri frpsxwhu v|qwkhvl}hg hplvvlrq vshfwud/ wkh yhuwlfdo d{lv lv

douhdg| lq udgldqfh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 85
5145 Frpsxwhu vlpxodwhg zdwhu ydsru hplvvlrq deryh Pdxqd Nhd iru d ydulhw| ri froxpq

dexqgdqfhv udqjlqj iurp 3=58� 7=33 pp szy lq vwhsv ri 3=58= 1 1 1 1 1 1 1 1 1 1 86
5146 Fxuyh0ri0jurzwk v|qwkhvl}hg iurp wkh vlpxodwhg hplvvlrq deryh Pdxqd Nhd vkrzq

lq Iljxuh 51451 1 1 1 1 1 1 1 1 1 1 1 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
5147 Udglrvrqgh gdwd iru wkh dwprvskhuh lq wkh uhjlrq ri Pdxqd Nhd jlylqj dwprvskhulf

whpshudwxuh dqg suhflslwdeoh zdwhu ydsru dv d ixqfwlrq ri dwprvskhulf suhvvxuh1

Fxuyhv vwduwlqj dw wkh orzhu uljkw lq wkh �jxuh uhsuhvhqw suhvvxuh0whpshudwxuh sur0

�ohv1 Fxuyhv vwduwlqj iurp wkh ohiw lq wkh �jxuh uhsuhvhqw suhvvxuh0szy sur�ohv1 1 1 89

614 Dq ryhudoo ylhz ri wkh surwrw|sh udglrphwhu vkrzlqj wkh wkuhh sulqflsoh sduwv ri

wkh v|vwhp> wkh lqvwuxphqw sodwirup/ wkh hohfwurqlf lqvwuxphqwdwlrq dqg wkh odswrs

frqwuro frpsxwhu1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 96
615 Vlgh ylhz +d, dqg wrs ylhz +e, ri wkh lqvwuxphqw sodwirup1 1 1 1 1 1 1 1 1 1 1 1 1 99
616 D vfkhpdwlf ri wkh htxlydohqw rswlfdo v|vwhp ri wkh surwrw|sh udglrphwhu1 1 1 1 1 1 9:
617 Ghwdlov ri wkh LGO0dvvlvwhg �qdo ghvljq ri wkh sduderolf sulpdu| pluuru1 1 1 1 1 1 1 9;
618 D wrs ylhz ghwdlo ri wkh rswlfdo v|vwhp vkrzlqj wkh sodfhphqw ri wkh ghwhfwru ghzdu

dw wkh irfxv ri wkh sduderolf sulpdu| pluuru1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3
619 D wrs ylhz ri wkh vfdqqlqj pluuru dvvhpeo| vkrzlqj wkh qdglu uhihuhqfh srvlwlrq

rswr0vzlwfk dqg rxw0ri0udqjh olplw vzlwfk1 D ghwdlo ri wkh rswr0vzlwfk flufxlw lv

vkrzq lq wkh lqvhw1 1 1 1 1 1 1 1 1 1 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
61: Wkh vshfwudo uhvsrqvh ri wkh lqiuduhg sdvvedqg �owhu1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8
61; Ghwdlo ri ghwhfwru ghzdu vkrzlqj prxqwlqj duudqjhphqw iru PFW ghwhfwru hohphqw/

lqiuduhg �owhu dqg uh�hfwlyh fkrsshu1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ::
61< D ylhz ri wkh uhdu ri wkh ghwhfwru ghzdu vkrzlqj wkh suhdpsol�hu lqvwdoodwlrq1 1 1 :<
6143 D vfkhpdwlf ri wkh suhdpsol�hu1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;3
6144 Wkh qrlvh shuirupdqfh ri wkh suhdpsol�hu xvlqj edwwhulhv +uhg,/ dqg 453YDF0ghulyhg

srzhu lqfoxglqj +eoxh, dqg h{foxglqj +juhhq, d 93 K} hohfwulfdo �owhu1 1 1 1 1 1 1 1 ;9
6145 D vfkhpdwlf ri wkh hohfwurqlf frpsrqhqwv ri wkh udglrphwhu1 1 1 1 1 1 1 1 1 1 1 1 1 ;:
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6146 Dq lqwhulru ylhz ri wkh LFX vkrzlqj wkh frqvwuxfwlrq dv frpsulvhg ri wkuhh hohfwur0

pdjqhwlfdoo| lvrodwhg vhfwlrqv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;<
6147 Wkh udglrphwhu srzhu vxssolhv1 Wkh suhdpsol�hu vxsso| zdv lvrodwhg iurp wkh kljkhu

fxuuhqw vwhsshu prwru dqg lqwhuidfh erdug vxssolhv iru ehwwhu qrlvh shuirupdqfh1 1 <3
6148 D vfkhpdwlf ri wkh lqwhuidfh erdug flufxlwu|1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6
6149 D vfkhpdwlf ri wkh vwhsshu prwru gulyhu xqlw1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <<
614: Wkh Pdlq vfuhhq ri wkh frqwuro surjudp1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 434
614; Wkh vwduh prgh phqx1 1 1 1 1 1 1 1 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
614< Wkh frqwlqxrxv vfdq prgh phqx1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 437
6153 Wkh vn|gls prgh phqx1 1 1 1 1 1 1 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

714 D ylhz ri wkh surwrw|sh udglrphwhu vkrzlqj wkh lqvwuxphqw sodwirup dw wkh fhqwhu

ri wkh vnluw ri wkh MFPW dqg wkh lqvwuxphqwdwlrq orfdwhg vrph glvwdqfh dzd|1 1 1 43;
715 D ylhz ri wkh surwrw|sh dw wkh ehjlqqlqj ri d w|slfdo hyhqlqj revhuylqj uxq1 1 1 1 43<
716 Vwduh gdwd dftxluhg iurp }hqlwk xqghu wkh frqglwlrqv ri dq dssduhqwo| fohdu dqg

forxgohvv vn|1 Gdwd zhuh rewdlqhg xvlqj d vdpsoh udwh ri 43 K} dqg duh vkrzq dw

pxowlsoh uhvroxwlrqv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448
717 Gdwdvhwv rewdlqhg vlpxowdqhrxvo| xvlqj wkh surwrw|sh udglrphwhu dqg MFPW zdwhu

ydsru prqlwru vkrz jrrg djuhhphqw lq zdwhu ydsru dexqgdqfh dv d ixqfwlrq ri

wlph1 Wkh erwwrp +eoxh, fxuyh lv wkh MFPW 4;6 JK} zdwhu ydsru prqlwru gdwd1

Wkh xsshu wzr fxuyhv duh gdwd iurp wkh surwrw|sh dw 314 v +uhg, dqg 4 v +juhhq,

uhvroxwlrq1 Wkh yhuwlfdo d{lv odehohg lq szy uhihuv wr wkh 4;6 JK} gdwd1 1 1 1 1 1 1 44:
718 Wkuhh w|slfdo frqwlqxrxv vfdq gdwdvhwv vkrzq zlwk wkh yhuwlfdo d{lv lq vljqdo yrowdjh

+wrs, dqg/ diwhu frqyhuvlrq yld wkh lqvwuxphqwdo uhvsrqvlylw|/ udgldqfh +erwwrp,1

Wkh h�hfw ri wudqviruplqj wkh krul}rqwdo d{lv iurp }hqlwk dqjoh wr dlupdvv lv hylghqw1457
719 Wkh lqvwuxphqwdo uhvsrqvlylw| dv fdofxodwhg iru hdfk gdwd �oh1 Dovr vkrzq lv wkh

huuru lq uhvsrqvlylw| gxh wr d .20 4 N +D, dqg .20 314 N huuru lq dpelhqw eodfnerg|

whpshudwxuh1 1 1 1 1 1 1 1 1 1 1 1 1 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;
71: Wkh vwdelolw| ri wkh vljqdov iurp wkh eodfnerg| uhihuhqfhv1 Wkh phdq ri wkh vljqdov

iurp wkh eodfnerg| uhihuhqfhv duh vkrzq lq wkh ohiw kdqg judskv rq d �oh0wr0�oh

edvlv1 Wkh fruuhvsrqglqj vwdqgdug ghyldwlrqv ri wkhvh dyhudjhv duh vkrzq lq wkh

uljkw kdqg judskv1 1 1 1 1 1 1 1 1 1 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
71; Jdxvvldq �wv wr wkh prrq vfdqv surgxfhg e| LGO1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 465
71< Wzr fxuyhv0ri0jurzwk/ uhsuhvhqwlqj gl�huhqw vwdwhv ri wkh dwprvskhuh exw wdnhq ryhu

wkh vdph dlupdvv udqjh/ fdq eh lqwhusuhwhg dv dv frpsrqhqwv ri d vlqjoh fxuyh0ri0

jurzwk ryhu dq h{whqghg dlupdvv udqjh1 Li wkh orzhu fxuyh lv dvvxphg wr kdyh ehhq

rewdlqhg gxulqj frqglwlrqv ri 4 pp szy/ wkhq wkh dlupdvv ydoxhv ri wkh krul}rqwdo

d{lv duh htxlydohqw wr devruehu dprxqw lq pp szy1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46;
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7143 D vfuhhq vkrw ri wkh LGO surfhgxuh Vwuhwfk dqg Vsolfh lwhudwlyho| dgmxvwlqj wkh kru0

l}rqwdo vfdoh idfwru ri wkh xsshu frqwlqxrxv vfdq gdwdvhw wr surgxfh wkh ehvw ryhuods

zlwk wkh orzhu gdwdvhw1 Xsshu ohiw judsk vkrzv wkh wzr gdwdvhwv dv rewdlqhg ryhu wkh

vdph 406 dlupdvv udqjh exw uhsuhvhqwlqj gl�huhqw froxpq dexqgdqfhv1 Xsshu uljkw

judsk vkrzv wkh lwhudwlyh krul}rqwdo uhvfdolqj ri fxuyh e1 Orzhu ohiw judsk vkrzv

wkh ryhuods huuru zlwk d zhoo gh�qhg plqlpxp1 Orzhu uljkw judsk vkrzv wkh vsolfhg

fxuyhv/ wkh ryhuods uhjlrq dqg wkh ryhuods huuru zlwklq wklv uhjlrq +pxowlsolhg e| 43

dqg glvsodfhg yhuwlfdoo| e| 5 Y,1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 474
7144 Wkh frpsrvlwh fxuyh lv frqvwuxfwhg iurq vhyhq lqglylgxdo fxuyhv1 Wkh sxusoh dqg

eoxh frpsrqhqwv zhuh glvsodfhg xszdug dqg grzqzdug/ uhvshfwlyho|/ e| 3138 Y iru

fodulw|1 Wkh uhg frpsrqhqw olhv xqglvwxuehg rq wkh fxuyh0ri0jurzwk sur�oh1 1 1 1 1 475
7145 Fdoleudwlrq ri wkh frpsrvlwh fxuyh0ri0jurzwk lq whupv ri szy1 Wkh uhg fxuyh lv wkh

Fkhe|vkhy0�wwhg frpsrvlwh fxuyh uhsuhvhqwlqj dq dlupdvv udqjh iurp 40431 Wkh

juhhq sruwlrq ri wklv fxuyh lv dq h{wudsrodwlrq lqwr d orz froxpq dexqgdqfh uhjlrq

xqrevhuyhg dw Pdxqd Nhd1 Wkh eoxh fxuyh lv wkh Fkhe|vkhy0�wwhg frpsrvlwh fxuyh

uhvfdohg krul}rqwdoo| wr eh frqvlvwhqw zlwk wkh 4;6 JK} fdoleudwlrq gdwd1 Wkh FVR

683 �p fdoleudwlrq srlqwv duh vhhq wr vxjjhvw d voljkwo| orzhu froxpq dexqgdqfh

fdoleudwlrq wkdq wkdw ri wkh 4;6 JK}1 Wkh udglrvrqgh gdwd vxjjhvwv wkh rssrvlwh1 1 478
7146 Wkh frpsrvlwh fxuyh0ri0jurzwk lq wkh irup ri froxpq dexqgdqfh yv1 udgldqfh1 1 1 47:
7147 Wkh ghulydwlyh ri wkh fdoleudwhg fxuyh0ri0jurzwk jlyhq lq whupv ri erwk gY2gz dqg

gO2 gz1 Wkh hydoxdwlrq ri wkh shuirupdqfh ri wkh surwrw|sh udglrphwhu xvhv ydoxhv

ri wkh ghulydwlyh dw 318 dqg 413 pp szy1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47;
7148 Wkh wlph hyroxwlrq ri d forxg edqn dv uhyhdohg e| whq frqvhfxwlyh frqwlqxrxv vfdqv1 484

814 Wkh zhe edvhg uhprwh frqwuro lqwhuidfh iru LUPD1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 489
815 D ylhz iurp LUPD*v zhe0fdp vkrzlqj wkh OQ2 �dvn uh�hfwhg lq wkh grzqzdug

idflqj vfdqqlqj pluuru1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48:
816 Zlwk wkh vfdqqlqj pluuru lq wkh gluhfwo| yhuwlfdo srvlwlrq/ d uh�hfwhg lpdjh ri wkh

ghwhfwru ghzdu lv ylvleoh1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48;
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514 Udglrphwulf txdqwlwlhv dqg dvvrfldwhg xqlwv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 58

614 Vxppdu| ri sduderorlg ghvljq sdudphwhuv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9<
615 Lqiuduhg ghwhfwru fkdudfwhulvwlfv1 1 1 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
616 Vxppdu| ri dqdorj lqsxw ixqfwlrqv1 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

714 Dq h{fhusw iurp wkh gdwd orj vkrzlqj vxssohphqwdu| gdwd dvvrfldwhg zlwk hdfk gdwd

�oh1 Wkh h{fhusw vkrzq lqfoxghv rqo| ixoo frqwlqxrxv vfdq w|shv ri gdwdvhwv1 1 1 1 446
715 Wkh uhodwlrq ehwzhhq surwrw|sh udglrphwhu vljqdo yrowdjh dqg suhflslwdeoh zdwhu

ydsru dv ghwhuplqhg e| wkh MFPW zdwhu ydsru prqlwru1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
716 Vxppdu| ri dyhudjh uhvsrqvlylw| fdofxodwlrqv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 458
717 Uhvxowv ri wkh LGO Jdxvvldq �w surjudp1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 466
718 Vxppdu| ri wkh zdwhu ydsru froxpq dexqgdqfh uhvroxwlrq ri wkh surwrw|sh udglrph0

whu +xvlqj 4 v lqwhjudwlrqv, iru dwprvskhulf frqglwlrqv ri 318 dqg 413 pp szy1 1 1 47<
719 Vxppdu| ri wkh uhvroxwlrq ri wkh surwrw|sh udglrphwhu lq whupv ri wkh h{fhvv hohf0

wurpdjqhwlf sdwk ohqjwk +xvlqj 4 v lqwhjudwlrqv, iru dwprvskhulf frqglwlrqv ri 318

dqg 413 ppszy1 1 1 1 1 1 1 1 1 1 1 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<
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Wkh 54r| fhqwxu| zloo vhh wkh lqwurgxfwlrq ri yhu| odujh edvholqh ploolphwhu zdyh0

ohqjwk udglr whohvfrsh lqwhuihurphwhuv wkdw duh fdsdeoh ri uhvroylqj ihdwxuhv rq wkh rughu ri

plool0dufvhfrqgv1 Dv wkhvh whohvfrshv rshudwh rq wkh sulqflsoh ri lqwhuihurphwu|/ wkh| pxvw

dffxudwho| phdvxuh wkh wlph ghod| ehwzhhq uhfhswlrq ri ydulrxv sduwv ri dq hohfwurpdj0

qhwlf zdyhiurqw dw gl�huhqw dqwhqqdh frpsrvlqj wkh udglr whohvfrsh duud|1 Dq| yduldwlrq

lq wkh sursdjdwlrq vshhg ri dq hohfwurpdjqhwlf zdyh rq lwv zd| wr wkh dqwhqqd duud|/ gxh

wr dwprvskhulf lqkrprjhqhlwlhv/ zloo glvwruw wkh zdyhiurqw dqg ohdg wr plvlqwhusuhwdwlrq ri

wkh vljqdov iurp dvwurqrplfdo vrxufhv1 Wkh hohfwurqlf lqvwuxphqwdwlrq kdv dgydqfhg wr wkh

srlqw zkhuh wkh idfwru zklfk qrz olplwv wkh dwwdlqdeoh vsdwldo uhvroxwlrq ri odujh ploolph0

whu udglr lqwhuihurphwhuv lv wkh yduldwlrq lq wkh olqh0ri0vljkw zdwhu ydsru dexqgdqfh zklfk

fdxvhv yduldwlrqv lq wkh hohfwurpdjqhwlf sdwk ohqjwk dqg khqfh lqwhuihurphwulf skdvh1
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Suhylrxv dssurdfkhv wr dwprvskhulf skdvh frpshqvdwlrq lqfoxgh wkh idvw vzlwfklqj

dqg sdluhg duud| whfkqltxhv ^4`1 Lq wkh idvw vzlwfklqj dssurdfk/ d udglr dqwhqqd lv uhshdwhgo|

pryhg iurp wkh dvwurqrplfdo wdujhw vrxufh wr d qhdue| fdoleudwlrq srlqw vrxufh vxfk dv d

txdvdu1 Revhuyhg ghyldwlrqv ri wklv srlqw vrxufh iurp wkh h{shfwhg flufxodu v|pphwu| ri

wkh Dlu| gl�udfwlrq sur�oh wkhq fruuhvsrqg wr dwprvskhulf skdvh glvwruwlrqv zklfk fdq eh

ghwhuplqhg dqg frpshqvdwhg iru lq wkh vljqdov iurp wkh wdujhw vrxufh1 Wklv dssurdfk kdv

wkh dgydqwdjh ri jlylqj d wuxh phdvxuh ri skdvh glvwruwlrq vlqfh wkh txdvdu lv nqrzq wr eh

d srlqw vrxufh1 Li hyhu| dqwhqqd ri wkh duud| lv vzlwfkhg lq wklv zd|/ wkhq wkh skdvh huuru

iru hdfk fdq eh ghwhuplqhg1 Wkhuh duh vhyhudo gudzedfnv wr wklv dssurdfk/ krzhyhu1 Wkh

fdoleudwlrq phdvxuhphqwv duh grqh dorqj d gl�huhqw olqh0ri0vljkw wkdq wkdw ri wkh wdujhw

vrxufh dqg khqfh lqyroyh gl�huhqw dwprvskhulf sdwkv1 Revhuydwlrqv ri wkh wdujhw vrxufh

duh wkhuhiruh lqwhuuxswhg e| wkh fdoleudwlrq phdvxuhphqwv dqg/ vlqfh vxlwdeoh fdoleudwlrq

vrxufhv pd| qrw eh dydlodeoh forvh wr wkh wdujhw vrxufh/ wklv surfhvv pd| uhvxow lq orqj

fdoleudwlrq f|fohv gxulqj zklfk wkh dwprvskhuh lv dvvxphg wr eh vwdeoh1

Lq wkh sdluhg duud| dssurdfk/ revhuydwlrq ri wkh fdoleudwlrq srlqw vrxufh lv grqh rq

d frqwlqxrxv edvlv zlwk d ihz ri wkh dqwhqqdh frpsulvlqj wkh duud|> wklv dyrlgv lqwhuuxswlqj

wkh revhuydwlrq ri wdujhw vrxufh lqfxuuhg zlwk wkh idvw vzlwfklqj dssurdfk1 Rqfh djdlq/

krzhyhu/ wkh olqh0ri0vljkw xvhg wr rewdlq wkh skdvh huuru lqirupdwlrq gl�huv iurp wkdw ri

wkh wdujhw vrxufh1 Ixuwkhupruh/ dw d frvw ri �'43ploolrq shu dqwhqqd/ ghglfdwlrq ri hyhq

d vpdoo qxpehu ri dqwhqqdh wr skdvh frpshqvdwlrq uhsuhvhqwv dq h{shqvlyh vroxwlrq wr wkh

sureohp1

Gxh wr wkh grplqdqw uroh ri zdwhu ydsru lq wkh skdvh ghod| ri hohfwurpdjqhwlf
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udgldwlrq/ d qhz dssurdfk kdv ehhq ghyhorshg iru dvwurqrplfdo skdvh fruuhfwlrq zklfk xvhv

pxowl0fkdqqho udglrphwulf revhuydwlrq ri wkh 4;6JK} zdwhu ydsru hplvvlrq olqh ^5`1 Lq wklv

dssurdfk wkh udglr whohvfrsh dqwhqqd lv xvhg iru vlpxowdqhrxv revhuydwlrq ri dvwurqrplfdo

vrxufhv dqg dwprvskhulf zdwhu ydsru hplvvlrq1 Wklv whfkqltxh r�huv wkh dgydqwdjh ri

vdpsolqj wkh zdwhu ydsru hplvvlrq iurp wkh vdph dwprvskhulf froxpq wkdw wkh dvwurqrplfdo

vljqdov sdvv wkurxjk dqg pd| eh lpsohphqwhg dw hyhu| dqwhqqd lq wkh duud|1 Wkh gudzedfnv

lq wklv fdvh duh wkh ulvn ri lqwurgxfwlrq ri udglr iuhtxhqf| qrlvh gxh wr wkh suhvhqfh ri d

orfdo rvfloodwru lq wkh whohvfrsh uhfhlyhu fdelq dqg wkh uhodwlyho| orz vljqdo ohyhov gxh wr

d vpdoo vshfwudo edqgzlgwk +4JK}, ri hdfk udglrphwulf fkdqqho dqg wkh lqkhuhqwo| orz

udgldqw hplvvlrq ri wkh dwprvskhuh lq wklv vshfwudo uhjlrq1

Wklv wkhvlv ghvfulehv dq lqiuduhg whfkqltxh iru phdvxulqj zdwhu ydsru froxpq

dexqgdqfh dqg suhvhqwv wkh uhvxowv iurp wkh wuldo uxq ri d surwrw|sh lqvwuxphqw frqvwuxfwhg

dw wkh Xqlyhuvlw| ri Ohwkeulgjh dqg whvwhg dw wkh Mdphv Fohun Pd{zhoo Whohvfrsh +MFPW, rq

Pdxqd Nhd lq Ghfhpehu ri 4<<<1 Wklv sdvvlyh prgh ri revhuylqj dwprvskhulf zdwhu ydsru

hplvvlrq srvhv qr wkuhdw ri udglr iuhtxhqf| lqwhuihuhqfh wr dq dvwurqrplfdo uhfhlyhu dqg wdnhv

dgydqwdjh ri d zlghu vshfwudo edqgzlgwk dqg juhdwhu udgldqw hplvvlrq iurp dwprvskhulf

zdwhu ydsru lq wkh lqiuduhg uhjlrq1 Xvh ri d oltxlg qlwurjhq +OQ2, frrohg skrwrfrqgxfwlyh

ghwhfwru surylghv erwk kljk vhqvlwlylw| dqg kljk rshudwlqj vshhg 1

Vhfwlrq 415 ghvfulehv wkh uhodwlrqvkls ehwzhhq dwprvskhulf zdwhu ydsru dexqgdqfh

dqg hohfwurpdjqhwlf sdwk ohqjwk yduldwlrq dqg jlyhv d irupxod iru wklv frqyhuvlrq1 Vhfwlrq

416 ghwdlov wkh ehqh�wv ri phdvxulqj zdwhu ydsru lq wkh lqiuduhg dqg frqwudvwv wklv dssurdfk

zlwk udglr iuhtxhqf| udglrphwulf whfkqltxhv zkloh Vhfwlrq 417 olvwv vrph srwhqwldo gudz0
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edfnv1 Vhfwlrq 418 suhvhqwv d fdofxodwlrq ri whpsrudo uhvroxwlrq1 Vhfwlrq 419 glvfxvvhv wkh

skdvh frpshqvdwlrq uhtxluhphqwv ri wkh Dwdfdpd Odujh Ploolphwhu Duud| +DOPD, zklfk

lv uhsuhvhqwdwlyh ri wkh qhz jhqhudwlrq ri odujh ploolphwhu zdyhohqjwk lqwhuihurphwhuv1

��2 AhLTLtT�ih�U ��@ti #i*@)

Wkh wursrvskhuh lv wkh orzhvw od|hu ri wkh dwprvskhuh> lw h{whqgv wr dq dowlwxgh

ri dssur{lpdwho| 43 np dqg frqwdlqv/ ehvlghv wkh pdmru frqvwlwxhqwv Q2 dqg R2/ ydulrxv

wudfh jdvhv vxfk dv K2R/ FR2 dqg Q2R1 Gxh wr wkh ghfuhdvlqj whpshudwxuh lq wklv od|hu/

zdwhu ydsru h{lvwv sulpdulo| dw orz dowlwxghv/ exw |hw lq frqfhqwudwlrqv juhdw hqrxjk wr

frqwulexwh wr skdvh ghod| hyhq iurp kljk dowlwxgh revhuylqj vlwhv vxfk dv Pdxqd Nhd/

Kdzdll +� 7333p, dqg Fkdmqdqwru/ Fkloh +� 8333p,1

Gxh wr wkhlu odujh glsroh prphqw dqg dv|pphwulf wrs jhrphwu|/ zdwhu ydsru

prohfxohv lqwhudfw zlwk hohfwurpdjqhwlf udgldwlrq wkurxjkrxw wkh vxeploolphwhu dqg lqiuduhg

vshfwudo uhjlrqv/ ehfrplqj sduwlfxoduo| lpsruwdqw dw zdyhohqjwkv ehorz 4 fp1 Wkh uhvxowlqj

devruswlrq/ dqg khqfh skdvh ghod| dv h{suhvvhg e| wkh Nudphuv0Nurqlj uhodwlrq ^6`/ lqfuhdvhv

wkh uhiudfwlyh lqgh{ ri wkh dwprvskhuh iurp xqlw|/ dqg pxvw eh dffrxqwhg iru li gl�udfwlrq

olplwhg shuirupdqfh lv wr eh rewdlqhg iurp odujh udglr lqwhuihurphwhu duud|v1 Li wursrvskhulf

zdwhu ydsru zdv zhoo pl{hg/ wkh skdvh ghod| ri dq hohfwurpdjqhwlf zdyh sdvvlqj wkurxjk

wkh dwprvskhuh zrxog eh frqvwdqw dfurvv lwv zdyhiurqw uhvxowlqj rqo| lq d xqlirup vljqdo

dwwhqxdwlrq dqg skdvh ghod|1 Gxh wr frpsoh{ k|gurg|qdplf surfhvvhv/ yduldeoh wursrvskhulf

whpshudwxuhv dqg wkh delolw| ri zdwhu wr h{lvw lq doo wkuhh skdvhv lq wkh orzhu dwprvskhuh/
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Iljxuh 414= Yduldwlrqv lq dwprvskhulf zdwhu ydsru dexqgdqfh fdxvh glvwruwlrq lq wkh zdyhiurqw ri

dq hohfwurpdjqhwlf zdyh1

krzhyhu/ wkh frqfhqwudwlrq ri wursrvskhulf zdwhu ydsru lv kljko| yduldeoh hyhq ryhu vpdoo

glvwdqfhv +�p, dqg vkruw wlph lqwhuydov +� v,1 Wklv yduldelolw| srvhv d sureohp iru wkh

xsfrplqj jhqhudwlrq ri odujh udglr whohvfrsh duud|v/ vxfk dv DOPD/ zlwk edvholqhv rq wkh

rughu ri 43 np1 Li wkh dprxqw ri zdwhu ydsru deryh hdfk dqwhqqd ri dq duud| fdq eh phdvxuhg

dffxudwho| dqg udslgo|/ wkhq lwv h�hfwv rq skdvh yduldwlrqv/ dqg khqfh lqwhuihurphwhu dqjxodu

uhvroxwlrq/ fdq eh frpshqvdwhg1

Iljxuh 414 vkrzv dq looxvwudwlrq ri wkh skdvh ghod| surgxfhg e| yduldwlrqv lq zd0

whu ydsru ghqvlw| lq wkh dwprvskhuh deryh d gxdo hohphqw udglr lqwhuihurphwhu1 Xvlqj wkh

txdqwlwlhv vkrzq lq wkh �jxuh/ wkh lqvwdqwdqhrxv dssduhqw dqjxodu orfdwlrq ri dq dvwur0

qrplfdo vrxufh/ �/ dv ghwhuplqhg e| wkh udglr lqwhuihurphwhu fdq eh h{suhvvhg lq whupv ri
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wkh edvholqh ri wkh lqwhuihurphwhu/ e/ dqg wkh dgglwlrqdo hohfwurpdjqhwlf sdwk ohqjwk/ g/

ru/ htxlydohqwo|/ wkh skdvh fkdqjh ri wkh hohfwurpdjqhwlf zdyh/ !/ fdxvhg e| zdwhu ydsru

wkurxjk

� @ _
K
@ �b

2ZK
4=5=4

zkhuh ! lv lq udgldqv1 Wkh skdvh fkdqjh/ !/ ri dq hohfwurpdjqhwlf zdyh ri zdyhohqjwk � gxh

wr sursdjdwlrq wkurxjk dq dwprvskhuh fkdudfwhul}hg e| dq dowlwxgh ghshqghqw uhiudfwlyh

lqgh{ gxh wr zdwhu ydsru/ q
M2�

+k,/ lv jlyhq e|

! @
2Z

U
"

f
?
M2�

E�� _�

b
4=5=5

zklfk fdq eh zulwwhq dv

! @
2Z '?�

M2�
�@|6

b
4=5=6

xvlqj dq dyhudjh dwprvskhulf lqgh{ ri uhiudfwlrq gxh wr zdwhu ydsru kql
M2�

dqg h�hfwlyh

dwprvskhulf khljkw k@|61 Iurp htxdwlrq 4=5=4/ wkh fruuhvsrqglqj dgglwlrqdo hohfwurpdjqhwlf

sdwk ohqjwk gxh wr zdwhu ydsru/ g/ lv wkhq

g @ b�
2Z @ kql

M2�
k@|6 4=5=7

Wkh dqjxodu uhvroxwlrq ri d udglr lqwhuihurphwhu ghshqgv rq wkh ghjuhh wr zklfk

wkh skdvh uhodwlrqvkls ehwzhhq wkh vljqdov iurp gl�huhqw dqwhqqdh fdq eh uhvroyhg1 Xvlqj

wkh deryh uhodwlrqvklsv/ upv yduldwlrqv lq wkh shufhlyhg gluhfwlrq ri d vrxufh/ �o6r/ fdq eh

jlyhq lq whupv ri dq htxlydohqw upv skdvh qrlvh/ !o6r/ ru htxlydohqwo|/ dq upv sdwk ohqjwk

yduldwlrq/ go6r/ vshfl�hg dw d jlyhq rshudwlqj zdyhohqjwk1



:

Vlqfh fkdqjhv lq wkh uhiudfwlyh lqgh{ ri wkh dwprvskhuh dw plfurzdyh iuhtxhqflhv

duh gxh wr yduldwlrqv lq dwprvskhulf zdwhu ydsru dexqgdqfh/ wkh h{fhvv hohfwurpdjqhwlf sdwk

ohqjwk/ g/ kdv ehhq uhodwhg wr wkh yhuwlfdo froxpq dexqgdqfh ri zdwhu ydsru/ z/ h{suhvvhg

lq xqlwv ri ploolphwhuv ri suhflslwdeoh zdwhu ydsru +ppszy, e| ^4` =

g @ ��.f�f�

A@|6
�z 4=5=8

zkhuh W@|6 lv wkh dyhudjh whpshudwxuh ri wkh dwprvskhuh lq N1 Iru dq dwprvskhulf whp0

shudwxuh ri 593N/ wkh h{fhvv sdwk ehfrphv

g * 9=8�z 4=5=9

dqg/ xvlqj htxdwlrq 4=5=7/ wkh dvvrfldwhg zdyhohqjwk ghshqghqw skdvh yduldwlrq lv wkhq

! @ ��Z
b
�z 4=5=:

Wklv frqyhuvlrq idfwru kdv ehhq yhul�hg h{shulphqwdoo| iru dvwurqrplfdo sxusrvhv

^7` dqg lv qrz lq zlghvsuhdg xvh lq wkh udglr0dvwurqrplfdo frppxqlw| ^8`1

��� �_�@?|@}it Lu @? W?uh@hi_ �TThL@U�

D qhfhvvdu| uhtxluhphqw iru wkh dffxudwh udglrphwulf phdvxuhphqw ri dwprvskhulf

zdwhu ydsru dexqgdqfh dw lqiuduhg zdyhohqjwkv lv iru zdwhu ydsru hplvvlrq wr eh vshfwudoo|

lvrodwhg iurp rwkhu lqiuduhg dfwlyh dwprvskhulf prohfxodu vshflhv1 Suhylrxv phdvxuhphqwv

wdnhq iurp wkh vxpplw ri Pdxqd Nhd kdyh vkrzq wkdw dwprvskhulf hplvvlrq lq wkh 53 �p
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+� 833 fp3�, vshfwudo uhjlrq lv gxh wr zdwhu ydsru dorqh dqg hylghqfh lq vxssruw ri wklv

fodlp lv lqfoxghg lq wklv vhfwlrq1

Dq lqiuduhg dssurdfk wr zdwhu ydsru phdvxuhphqw lv dwwudfwlyh iru vhyhudo uhd0

vrqv1 Iluvwo|/ vlqfh vwurqjo| devruelqj dwprvskhulf prohfxodu vshflhv hplw dv eodfnerg|

udgldwruv/ wkh vshfwudo udgldqfh iurp dwprvskhulf zdwhu ydsru lv idu juhdwhu dw lqiuduhg

zdyhohqjwkv wkdq dw udglr iuhtxhqflhv dv fdq eh vhhq e| hydoxdwlqj wkh Sodqfn irupxod dw

w|slfdo dwprvskhulf whpshudwxuhv1 Vhfrqgo|/ frqvlghulqj wkh vlpsoh fdvh zkhuh wkh �x{

dydlodeoh wr d udglrphwhu +lqiuduhg ru udglr iuhtxhqf|, lv sursruwlrqdo wr wkh lqwhjudo ri

vshfwudo udgldqfh ryhu d vshfwudo udqjh gh�qhg e| wkh edqgsdvv ri wkh v|vwhp/ wkh wrwdo �x{

dydlodeoh wr dq lqiuduhg v|vwhp lv pxfk juhdwhu vlqfh lw xvhv d vshfwudo edqgzlgwk vhyhudo

rughuv ri pdjqlwxgh odujhu wkdq udglr iuhtxhqf| v|vwhpv1 Wklv lqfuhdvhg �x{ fdq wkhq eh

wudqvodwhg lqwr pruh vhqvlwlyh phdvxuhphqwv/ idvwhu rshudwlrq/ vpdoohu lqvwuxphqw vl}h ru

vrph frpelqdwlrq wkhuhri dv frpsduhg wr udglr iuhtxhqf| udglrphwhuv1 Wklugo|/ skrwrfrq0

gxfwlyh ghwhfwruv rshudwlqj dw lqiuduhg zdyhohqjwkv r�hu kljk rshudwlqj vshhgv/ vwdelolw|/

dqg vlpsoh lqvwuxphqwdwlrq1 Ilqdoo|/ dv suhylrxvo| phqwlrqhg/ dq lqiuduhg udglrphwhu lv dq

hqwluho| sdvvlyh ghylfh dqg lv iuhh ri udglr iuhtxhqf| lqwhuihuhqfh1 Lw pd| wkxv eh sodfhg lq

forvh sur{lplw| wr vhqvlwlyh udglr iuhtxhqf| lqvwuxphqwdwlrq zlwkrxw ulvn ri qrlvh lqgxfwlrq1

Lq ylhz ri wkh deryh frqvlghudwlrqv/ dq lqiuduhg dssurdfk wr zdwhu ydsru phdvxuh0

phqw lv h{shfwhg wr |lhog d vhqvlwlyh/ kljk vshhg dqg frpsdfw ghylfh zklfk fdq hdvlo| eh

lqfrusrudwhg rq erwk h{lvwlqj dqg ixwxuh udglr whohvfrsh dqwhqqdh1
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Lq rughu wr phdvxuh zdwhu ydsru dexqgdqfh udglrphwulfdoo| lw lv hvvhqwldo wr vhohfw

d vshfwudo udqjh lq zklfk zdwhu ydsru dorqh frqwulexwhv wr dwprvskhulf hplvvlrq dqg/ li

srvvleoh/ wr kdyh wkdw uhjlrq qhdu wkh shdn ri wkh Sodqfn fxuyh wr pd{lpl}h wkh vhqvlwlylw|

ri wkh revhuydwlrqv1 Lqiuduhg dwprvskhulf hplvvlrq deryh wkh vxpplw ri Pdxqd Nhd kdv

suhylrxvo| ehhq phdvxuhg xvlqj d Irxulhu wudqvirup vshfwurphwhu ^9` ryhu wkh vshfwudo udqjh

788 wr 968 fp3�1 Iljxuh 415 lv dq h{fhusw iurp wkhvh gdwd dqg vkrzv wkh hplvvlrq iurp

788 wr 849 fp3� +orzhvw fxuyh, dqg frpsxwhu vlpxodwhg hplvvlrq iurp Q2R/ FR2 dqg

K2R +xsshu wkuhh fxuyhv, prghohg iru wkh dwprvskhuh deryh Pdxqd Nhd1 Wkh zdwhu ydsru

froxpq dexqgdqfh gxulqj dftxlvlwlrq ri wkh phdvxuhg vshfwud zdv 3=76 ppszy dqg wkh

froxpq dexqgdqfh sdudphwhuv xvhg iru wkh v|qwkhwlf hplvvlrq vshfwuxp ri Q2R/ FR2 dqg

K2R zhuh 5=9:� 433� njp32/ 6=53njp32/ dqg 3=;6 njp32/ uhvshfwlyho|1

Dv vhhq iurp wkh �jxuh/ wkhuh lv dq devhqfh ri hplvvlrq iurpFR2 dqg Q2R iru wkh

hqwluh vshfwudo uhjlrq vkrzq dqg/ ixuwkhupruh/ wkh phdvxuhg dwprvskhulf hplvvlrq vshfwud

duh zhoo ghvfulehg e| hplvvlrq iurpK2R dorqh1 Vlqfh/ dv vkrzq lq wkh iroorzlqj vhfwlrq/ wklv

uhjlrq olhv qhdu wkh shdn ri wkh Sodqfn fxuyh iru dq dwprvskhulf whpshudwxuh ri � 593N/

lw lv d sulph vshfwudo uhjlrq lq zklfk wr frqgxfw zdwhu ydsru udglrphwu|/ surylghg wkh

qhfhvvdu| rswlfdo frpsrqhqwv +�owhuv dqg ghwhfwruv, fdq eh rewdlqhg1

D vhfrqgdu| frqvlghudwlrq lq wkh vhohfwlrq ri d vshfwudo udqjh lv wkh ghjuhh ri

vdwxudwlrq ri wkh hplvvlrq olqhv1 Dv ghvfulehg lq Fkdswhu 5/ xqvdwxudwhg olqhv jlyh wkh

prvw vhqvlwlylw| wr zdwhu ydsru froxpq dexqgdqfh vlqfh wkh lqwhjudwhg olqh lqwhqvlw| jurzv
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Iljxuh 415= Phdvxuhg dqg frpsxwhu vlpxodwhg lqiuduhg dwprvskhulf hplvvlrq deryh Pdxqd Nhd

vkrzlqj wkh vshfwudo lvrodwlrq ri zdwhu ydsru lq wkh vshfwudo uhjlrq qhdu � @ 833 fp3� +� @ 53

�p,1 Xsshu wkuhh fxuyhv duh frpsxwhu vlpxodwhg hplvvlrq iurp Q2R/ FR2 dqg K2R xvlqj froxpq

dexqgdqfhv ri 519:�433� njp32/ 6153 njp32 dqg 31;6 njp32/ uhvshfwlyho|1 Wkh orzhvw fxuyh lv

wkh phdvxuhg dwprvskhulf hplvvlrq xqghu frqglwlrqv ri 3176 pp szy11
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dssur{lpdwho| olqhduo| zlwk dexqgdqfh lq wklv uhjlph1 Diwhu wkh rqvhw ri vdwxudwlrq/ rq wkh

rwkhu kdqg/ wkh lqwhjudwhg olqh lqwhqvlw| h{klelwv d vtxduh urrw ghshqghqfh rq zdwhu ydsru

dexqgdqfh fruuhvsrqglqj wr jurzwk sulpdulo| lq wkh zlqjv ri wkh olqh1 Wkh xvh ri d vshfwudo

udqjh frqwdlqlqj dv pdq| xqvdwxudwhg olqhv dv srvvleoh lv wkhq ghvludeoh iru kljk vhqvlwlylw|

zdwhu ydsru udglrphwu|1 Dv ghvfulehg lq Fkdswhu 6/ wkh lqiuduhg �owhu dydlodeoh iru wkh

surwrw|sh udglrphwhu kdg d vshfwudo sdvvedqg ri 795� 838 fp3�> dv vhhq iurp Iljxuh 415/

dowkrxjk wklv uhjlrq frqwdlqv d pl{wxuh ri erwk zhdn dqg vwurqj devruswlrq ihdwxuhv/ wkh

pdmrulw| duh xqvdwxudwhg dqg khqfh wklv uhjlrq lv zhoo vxlwhg wr wkh vhqvlwlyh udglrphwulf

phdvxuhphqw ri zdwhu ydsru1

����2 +@_�L 6hi^�i?U) W?|ihuihi?Ui

Wkh khwhurg|qh ghwhfwlrq rffxuulqj lq udglr iuhtxhqf| zdwhu ydsru prqlwruv uh0

txluhv wkh suhvhqfh ri d orfdo rvfloodwru1 Vlqfh wkh pl{lqj surfhvv lv qrqolqhdu dqg wkh orfdo

rvfloodwru vljqdo lv vwurqj frpsduhg wr dvwurqrplfdo vrxufhv/ wkhuh lv d ulvn ri udglr iuh0

txhqf| lqwhuihuhqfh zlwk rwkhu khwhurg|qh uhfhlyhuv prxqwhg rq wkh whohvfrsh1 Dq lqiuduhg

udglrphwhu/ rq wkh rwkhu kdqg/ xvhv d GF eldvhg skrwrfrqgxfwru rshudwlqj lq d sdvvlyh

prgh/ dqg wkxv jhqhudwhv qr udglr iuhtxhqf| lqwhuihuhqfh1 Wkh kljkhvw prgxodwlqj iuh0

txhqf| rffxuulqj lq wkh surwrw|sh lqiuduhg udglrphwhu zdv wkh 533K} fkrsslqj iuhtxhqf|

ri wkh rswlfdo fkrsshu1
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Iljxuh 416= Eodfnerg| hplvvlrq fxuyhv hydoxdwhg iru d udqjh ri dwprvskhulf whpshudwxuhv1

����� +@_�@?Ui �L4T@h�tL?

Wkh wrwdo �x{/ �/ lq Zdwwv/ froohfwhg e| d zdwhu ydsru udglrphwhu lv wkh surgxfw

ri wkh wkurxjksxw/ D/ dqg wkh udgldqfh/ O=

� @ DO 4=6=4

zkhuh D lv wkh dshuwxuh duhd/  lv wkh vrolg dqjoh ri dffhswdqfh ri wkh dshuwxuh dqg O lv

wkh vshfwudo udgldqfh ri zdwhu ydsru lqwhjudwhg ryhu wkh vshfwudo edqgsdvv ri wkh v|vwhp

xqghu frqvlghudwlrq1 Dowkrxjk dwprvskhulf zdwhu ydsru hplvvlrq dv phdvxuhg e| erwk d
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4;6JK} dqg 53 �p lqiuduhg udglrphwhu zloo qrw eh ixoo| vdwxudwhg iru froxpq dexqgdqfhv

rq wkh rughu ri � 4ppszy/ vdwxudwhg hplvvlrq zloo eh dvvxphg iru wkh frpsdulvrq ri wkh

wzr v|vwhpv1 Lq wklv fdvh wkh vshfwudo udgldqw hplvvlrq iurp dwprvskhulf zdwhu ydsru zloo

eh jlyhq e| wkh Sodqfn ixqfwlrq/

Oj +W@|6, @ Ej +W@|6, @
�
5 k f2 433e ��

� �
h
�S�ffj

&A@|6 � 4

�
3�

4=6=5

zlwk xqlwv ri Zp32 vu3�+fp3�,3� dqg zkhuh W@|6 lv wkh whpshudwxuh ri wkh dwprvskhuh lq

N dqg � lv zdyhqxpehu lq fp3�1

Dv vkrzq lq Iljxuh 416/ dw w|slfdo dwprvskhulf whpshudwxuhv ri� 593N/ pd{lpxp

hplvvlrq rffxuv dw d zdyhohqjwk ri� 53�p +833 fp3�, dqg lv dssur{lpdwho| wkuhh rughuv ri

pdjqlwxgh juhdwhu wkdq dw udglr iuhtxhqflhv1 Iru h{dpsoh/ iru dq dwprvskhulf whpshudwxuh

ri 593N/ wkh Sodqfn vshfwudo udgldqfhv dw 833 fp3� dqg 9=4 fp3� +4;6 JK}, duh

ODff S63� @ <=<;�4332 Zp32vu3�+fp3�,3� 4=6=6

OS�� S63� @ :=;:� 433D Zp32vu3�+fp3�,3� 4=6=7

dqg khqfh

u
Dff S63�

u
S�� S63�

@ 45:3 4=6=8

R�vhwwlqj wkh dgydqwdjh ri wkh juhdwhu vshfwudo udgldqfh dydlodeoh lq wkh lqiuduhg

lv wkh idfw wkdw zdwhu ydsru prqlwruv rshudwlqj dw udglr iuhtxhqflhv xvh wkh dqwhqqd glvk

lwvhoi dv wkh froohfwlqj dshuwxuh> xvlqj wkh 48p gldphwhu MFPW dqwhqqd dv dq h{dpsoh/ wkh

froohfwlqj duhd lv
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DCM5 @
Zu�D2

e @ 4:9 p2 4=6=9

Wkh surwrw|sh lqvwuxphqw ghvfulehg lq wklv wkhvlv/ rq wkh rwkhu kdqg/ zdv frq0

vwuxfwhg zlwk d sulpdu| rswlf 458pp lq gldphwhu1 Wkh froohfwlqj duhd lq wklv fdvh lv

DU- @ Z Ef��2D�2

e @ 4=56� 4332 p2 4=6=:

dqg wkh froohfwlqj duhd ri wkh udglr glvk lv vhhq wr eh � 47> 633 wlphv odujhu1

Dv glvfxvvhg lq Vhfwlrq 614/ wkh �hog ri ylhz ri wkh surwrw|sh udglrphwhu surylghg

vdpsolqj ri d 43p sdwfk ri dwprvskhuh dw d udqjh ri 4 np dqg wkxv fruuhvsrqgv wr d vrolg

dqjoh ri

 @ �

o2
@ Z_2

eo2 @ ZE�f�2

eE�fff�2 @ :=<�433D vu 4=6=;

Dvvxplqj wkh 4;6 JK} +� @ 4=9pp, v|vwhp rshudwhv dw wkh gl�udfwlrq olplw ri

wkh MFPW dqwhqqd/ wkh �hog ri ylhz ri wkh dqwhqqd vxewhqgv dq dqjoh

� @ ��22 b
_

@ ��22 E��Sf �f3��
�D @ 4=6�433e udg 4=6=<

fruuhvsrqglqj wr d vrolg dqjoh ri

 @ Z w
2

e @ Z E���f�f3e�2

e @ 4=6�433H vu 4=6=43

Jlyhq wkh odujh irfdo ohqjwk ri w|slfdo udglr whohvfrshv/ krzhyhu/ wkh zdwhu ydsru

hplwwlqj uhjlrq zloo rffxu lq wkh qhdu �hog dqg wkh vrolg dqjoh jlyhq lq htxdwlrq 4=6=43 zloo

qrw eh ydolg1 Fdofxodwlrq ri wkh �hog ri ylhz ri wkh udglr dqwhqqd lq wklv fdvh zloo ghshqg
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185180175 190

~ 1. 0 GH z  

F requency   ( G H z )

Iljxuh 417= Wkh udglr iuhtxhqf| dssurdfk wr phdvxulqj wkh hplvvlrq ri wkh 4;6 JK} zdwhu ydsru

olqh xvhv vl{ glvfuhwh fkdqqhov sodfhg dorqj wkh hplvvlrq sur�oh/ hdfk ri zklfk surylghv d gl�huhqw

vhqvlwlylw| xqghu ydulrxv ghjuhhv ri olqh vdwxudwlrq1

xsrq wkh khljkw ri wkh hplwwlqj uhjlrq dqg/ zkloh gl�fxow wr hydoxdwh/ zloo whqg wr dssurdfk

wkh vrolg dqjoh jlyhq e| htxdwlrq 4=6=;1

Dvvxplqj wkh zdwhu ydsru hplwv dv d eodfnerg|/ wkh lqwhjudwhg udgldqfh lv jlyhq

e|

O @
] j�RReo

j,J�eo

Oj g� @
] j�RReo

j,J�eo

Ej g� 4=6=44

zklfk fdq eh dssur{lpdwhg dv O @ Ej�� @ Ej+��RReo � �,J�eo, li wkh vshfwudo udgldqfh

lv frqvlghuhg frqvwdqw ryhu g�1

Wkh vshfwudo edqgzlgwk ri wkh surwrw|sh lqiuduhg udglrphwhu dv gh�qhg e| wkh



49

lqiuduhg �owhu zdv � 783� 833 fp3�/ dqg wkxv �� @ 83 fp3�1

Lq wkh 4;6JK} udglr iuhtxhqf| dssurdfk/ wkh zdwhu ydsru udgldqfh lv phdvxuhg

lq vhyhudo glvfuhwh iuhtxhqf| fkdqqhov sodfhg dorqj wkh olqh sur�oh/ hdfk rq wkh rughu ri

4=3JK} +6=66 � 4332 fp3�, zlgh/ dv vkrzq lq Iljxuh 4171 Wkh zdwhu ydsru dexqgdqfh lv

wkhq lqihuuhg xvlqj frpsxwhu prghov iurp wkh revhuyhg udgldqfhv lq wkhvh fkdqqhov/ wdnhq

hlwkhu lqglylgxdoo| ru lq frpelqdwlrq ^5`1 D vlqjoh phdvxuhphqw ri zdwhu ydsru dexqgdqfh

lq wklv dssurdfk lv wkxv rewdlqhg xvlqj d vshfwudo edqgzlgwk ri �� @ 6=66� 4332 fp3�1

Xvlqj wkh Sodqfn vshfwudo udgldqfh dw 4;6 JK} fdofxodwhg deryh dqg dvvxplqj lw

wr eh frqvwdqw ryhu wkh vshfwudo edqgzlgwk/ wkh �x{ dydlodeoh wr wkh 4;6 JK} v|vwhp iru d

vlqjoh zdwhu ydsru dexqgdqfh phdvxuhphqw lv wkhq rq wkh rughu ri

��H�BO3 @ DO�H�BO3��

@ +4:9,+:=<� 433D,+:=;:� 433D,+6=66� 4332,

@ 6=9�433H Z 4=6=45

zkhuh/ dv glvfxvvhg deryh/ wkh vrolg dqjoh lv wdnhq dv wkh vdph dv wkdw ri wkh lqiuduhg v|vwhp1

Rq wkh rwkhu kdqg/ wkh �x{ dydlodeoh wr wkh lqiuduhg udglrphwhu lv

�U- @ DODff U43���

@ +3=3456,+:=<� 433D,+<=<;� 4332,+83,

@ 7=;8�433S Z 4=6=46

Wkh deryh fdofxodwlrqv duh rqo| dssur{lpdwh vlqfh wkh udgldqfhv duh ryhuhvwlpdwhg

lq erwk fdvhv +wkh zdwhu ydsru hplvvlrq lq uhdolw| zloo qrw eh ixoo| vdwxudwhg ryhu hlwkhu
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vshfwudo edqgzlgwk, dqg v|vwhp h�flhqflhv dqg prgxodwlrq idfwruv kdyh qrw ehhq wdnhq

lqwr dffrxqw1 Hyhq vr/ wkh wrwdo �x{ dydlodeoh wr dq lqiuduhg udglrphwhu zlwk d froohfwlqj

rswlf rq wkh rughu ri 458pp gldphwhu lv vhhq wr eh � 5 rughuv ri pdjqlwxgh odujhu wkdq

wkdw ri wkh udglr iuhtxhqf| dssurdfk xvlqj d 48p gldphwhu dqwhqqd1 Iru d udglr dqwhqqd

vpdoohu wkdq wkh MFPW glvk/ vxfk dv dw wkh VPD ru DOPD/ wklv idfwru lqfuhdvhv ixuwkhu1

Lq dgglwlrq wr ehlqj xvhg wr dfklhyh d gudvwlf uhgxfwlrq lq lqvwuxphqw vl}h/ wkh lqfuhdvhg

dwprvskhulf zdwhu ydsru hplvvlrq dydlodeoh wr wkh lqiuduhg v|vwhp fdq wkhq eh wudghg iru

dq lqfuhdvh lq phdvxuhphqw vshhg/ vljqdo0wr0qrlvh udwlr ru dq hyhq ixuwkhu uhgxfwlrq lq

lqvwuxphqw vl}h1

��e #h@�M@U!t Lu |�i W?uh@hi_ �TThL@U�

Wkh srwhqwldo gudzedfnv ri dq lqiuduhg dssurdfk wr dwprvskhulf zdwhu ydsru phd0

vxuhphqwv duh wkuhhirog1 Wkh �uvw/ dv suhylrxvo| phqwlrqhg/ lv wkdw d vpdoo dshuwxuh ud0

glrphwhu zloo qrw vdpsoh wkh vdph dwprvskhulf froxpq dv wkdw ylhzhg e| wkh dqwhqqd glvk

lwvhoi1 Wr dgguhvv wklv sureohp/ wkh �hog ri ylhz ri wkh vpdoohu lqiuduhg udglrphwhu pd| eh

ghvljqhg vr dv wr plqlpl}h wklv gl�huhqfh/ iru h{dpsoh/ e| vdpsolqj d sdwfk ri dwprvskhuh

ri wkh vdph gldphwhu dv wkh udglr dqwhqqd dw d udqjh zlwklq wkh vfdoh khljkw ri zdwhu ydsru1

Dqrwkhu srvvleoh vroxwlrq zrxog eh wr lqvwdoo pruh wkdq rqh lqiuduhg udglrphwhu rq d vlqjoh

dqwhqqd dqg xvh lqwhusrodwlrq ri wkh vljqdov iurp hdfk wr ghulyh dq djjuhjdwh zdwhu ydsru

phdvxuhphqw1

Wkh vhfrqg srvvleoh glvdgydqwdjh lv wkdw wkh hplvvlrq iurp lfh fu|vwdov lq flu0
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uxv forxgv lv h{shfwhg wr kdyh d juhdwhu lpsdfw lq wkh lqiuduhg wkdq dw udglr iuhtxhqflhv1

Wkh glvfxvvlrq lv frpsolfdwhg e| wkh odfn ri ghwdlohg lqirupdwlrq rq fluuxv forxg hplvvlrq

dqg wkh odujh yduldwlrq ri forxg dqg lfh vwuxfwxuhv srvvleoh1 Hyhq lq wkh hyhqw wkdw frp0

prq forxg w|shv dw wkh Fkdmqdqwru vlwh/ iru h{dpsoh/ lqwhuihuh zlwk lqiuduhg zdwhu ydsru

phdvxuhphqwv/ wkh ehvw shuirupdqfh iurp DOPD zloo eh rewdlqhg xqghu wkh fohduhvw dwpr0

vskhulf frqglwlrqv dqg wkhvh duh suhflvho| wkh frqglwlrqv xqghu zklfk wkh lqiuduhg dssurdfk

lv h{shfwhg wr h{fho1 Shukdsv wkh ehvw vroxwlrq wr skdvh fruuhfwlrq rq wkh qh{w jhqhudwlrq

ri udglr whohvfrsh duud|v pd| eh wr lqfrusrudwh erwk w|shv ri lqvwuxphqwv wr hqdeoh skdvh

fruuhfwlrq xqghu d zlgh udqjh ri dwprvskhulf frqglwlrqv1

D wklug glvdgydqwdjh lv wkdw zdwhu ydsru hplvvlrq phdvxuhphqwv lq wkh 53�p

vshfwudo uhjlrq ehfrphv xqxvdeoh dw orz dowlwxghv gxh wr wkh lqfuhdvhg vdwxudwlrq ri wkh

odujh qxpehu ri vshfwudo olqhv lq wklv uhjlrq1 Wkh udglr iuhtxhqf| dssurdfk/ rq wkh rwkhu

kdqg/ uhpdlqv yldeoh xqghu wkhvh frqglwlrqv dqg fdq eh xvhg dw orzhu dowlwxgh udglr duud|v

vxfk dv wkh YOD lq Qhz Ph{lfr1 Wkh odwhvw jhqhudwlrq ri udglr lqwhuihurphwhuv lqfoxglqj

wkh Vplwkvrqldq Ploolphwhu Duud| +VPD, rq Pdxqd Nhd dqg DOPD dw Fkdmqdqwru/ orfdwhg

dw dowlwxghv ri � 7333p dqg � 8333p/ uhvshfwlyho|/ duh dw vlwhv zkhuh wkh lqiuduhg dssurdfk

wr zdwhu ydsru udglrphwu| fdq eh h{shfwhg wr eh h�hfwlyh1

��D Ai4TLh@* +itL*�|�L?

Dq hvwlpdwh ri wkh phdvxuhphqw udwh qhhghg wr frpshqvdwh iru udslg yduldwlrqv

ri zdwhu ydsru dexqgdqfh deryh dq dqwhqqd fdq eh pdgh e| frqvlghulqj zlqgvshhg dqg
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Iljxuh 418= D vlpsoh prgho iru wkh hvwlpdwlrq ri udglrphwhu whpsrudo uhvroxwlrq edvhg rq zlqgvshhg

dqg dqwhqqd ehdp furvvlqj wlph1

dqwhqqd vl}h dv ghslfwhg lq Iljxuh 4181 Li dq dyhudjh zlqgvshhg ri 433 npku3� lv dvvxphg/

wkh wlph wdnhq iru d zdwhu ydsru ihdwxuh wr furvv d qrplqdoo| vl}hg 43p gldphwhu dqwhqqd

ehdp lv � 3=69 v1 Dfwxdo zdwhu ydsru vwuxfwxuhv duh pruh frpsolfdwhg wkdq wklv vlpsoh

prgho dqg wkxv d whpsrudo uhvroxwlrq ri 3=4 v zdv vshfl�hg iru wkh surwrw|sh udglrphwhu1

��S ��@ti �L4Ti?t@|�L? +i^��hi4i?|t Lu �w��

Wkh udglr whohvfrsh duud| fxuuhqwo| sodqqhg iru DOPD zloo frqvlvw ri 97 dqwhq0

qdh ri 45p gldphwhu duudqjhg rq d 43np gldphwhu ulqj/ dqg gxh wr lwv odujh edvholqh/

surplvhv vxe0plool0dufvhfrqg lpdjlqj xqghu wkh ehvw dwprvskhulf frqglwlrqv1 Wkh zdwhu

ydsru froxpq dexqgdqfh/ z/ dw Fkdmqdqwru/ wkh vlwh ri DOPD rq d kljk sodwhdx lq wkh

Fklohdq Dqghv/ ydulhv ehwzhhq 3=8 dqg 7 ppszy ^8` zlwk dq dyhudjh ri 4ppszy ^4`1 D
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Iljxuh 419= D ylhz ri wkh Dwdfdpd sodwhdx/ wkh ixwxuh vlwh ri wkh Dwdfdpd Odujh Ploolphwhu Duud|

+DOPD,1

skrwrjudsk ri wkh DOPD vlwh lv jlyhq lq Iljxuh 419 dqg dq duwlvw*v uhsuhvhqwdwlrq ri wkh

DOPD duud| lv jlyhq lq Iljxuh 41:1

D phdvxuhphqw ri wkh skdvh gl�huhqfh ehwzhhq vljqdov iurp wzr dqwhqqdh/ re0

wdlqhg yld fruuhodwlrq whfkqltxhv/ lv h{suhvvhg lq whupv ri d ylvlelolw|/ Y /

Y @ YJ h
�� 4=9=4

zkhuh ! lv wkh skdvh gl�huhqfh ehwzhhq wkh vljqdov dw d jlyhq rshudwlqj iuhtxhqf| dqg YJ lv

wkh pd{lpxp ylvlelolw| rffxuulqj dw }hur skdvh ghod|1 Wkh h�hfw rq wkh dyhudjh dpsolwxgh

ri Y gxh wr skdvh qrlvh lv ^4`

kY l @ YJ kh
��l @ YJ h

3�2
o6r

* 2 4=9=5

zkhuh !o6r lv wkh upv skdvh �xfwxdwlrq gxh wr yduldwlrqv lq zdwhu ydsru froxpq dexqgdqfh1

Iru wkhruhwlfdo wuhdwphqwv wklv htxdwlrq fdq eh h{suhvvhg lq whupv ri wkh duud| edvholqh/ e/

xvlqj wkhruhwlfdo prghov ri wxuexohqfh/ iru h{dpsoh/ wkdw gxh wr Nroprjrury ^4`1 D skdvh

huuru ri 4 udgldq/ iru h{dpsoh/ jlyhv d frkhuhqfh ri
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Iljxuh 41:= D uhsuhvhqwdwlrq ri dq duldo ylhz ri wkh sursrvhg DOPD duud|1

	T :
TJ

@ 3=9 4=9=6

D uhfhqw DOPD Phpr ^:` txrwhv wkh fxuuhqw wdujhw hohfwurpdjqhwlf sdwk uhvrox0

wlrq dv 83�p/ zklfk/ xvlqj wkh frqyhuvlrq idfwru ri 9=8 jlyhq lq htxdwlrq 4=5=9/ fruuhvsrqgv

wr d froxpq dexqgdqfh uhvroxwlrq ri :=:�p szy1 Wklv ohdgv wr d frkhuhqfh ri � <8( dw

633JK} ru ;8( dw 933JK}1 Dqrwkhu phpr ^;` sxwv wkh wdujhw sdwk uhvroxwlrq dw 44=8�p

+4=:�p szy,/ exw wklv sdshu dovr frqfhghv wkdw wklv lv cvhwwlqj wkh edu yhu| kljk*1

Jlyhq wkh juhdwhu shuirupdqfh h{shfwhg iurp dq lqiuduhg dssurdfk wr zdwhu ydsru

udglrphwu|/ wkh cedu * zdv udlvhg kljkhu vwloo e| vhwwlqj rxw wr frqvwuxfw d surwrw|sh ud0

glrphwhu fdsdeoh ri 4�p uhvroxwlrq lq suhflslwdeoh zdwhu ydsru froxpq dexqgdqfh +9=8�p

sdwk ohqjwk huuru, lq d 4 v lqwhjudwlrq1 Wklv wkhvlv ghvfulehv wkh ghvljq/ frqvwuxfwlrq dqg

suholplqdu| uhvxowv rewdlqhg zlwk wkh surwrw|sh udglrphwhu dw wkh MFPW1

Fkdswhu 5 frqwdlqv d uhylhz ri wkh wkhru| ehklqg wkh rshudwlrq ri wkh udglrphwhu
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dqg lqfoxghv d glvfxvvlrq ri udgldwlyh wudqvihu wkhru|/ zdwhu ydsru olqh eurdghqlqj/ frp0

sxwhu vlpxodwhg dwprvskhulf zdwhu ydsru hplvvlrq dqg udglrvrqgh gdwd vkrzlqj wkh yhuwlfdo

glvwulexwlrq ri zdwhu ydsru lq wkh dwprvskhuh deryh Pdxqd Nhd1 Fkdswhu 6 ghvfulehv wkh

ghvljq dqg frqvwuxfwlrq ri wkh surwrw|sh lqvwuxphqw dqg lqfoxghv phfkdqlfdo/ hohfwulfdo

dqg rswlfdo dqg vriwzduh dvshfwv ri wklv frqvwuxfwlrq1 Fkdswhu 7 suhvhqwv wkh suholplqdu|

uhvxowv rewdlqhg rq wkh wuldo uxq ri wkh udglrphwhu dw wkh MFPW rq wkh vxpplw ri Pdxqd

Nhd lq Kdzdll lq Ghfhpehu ri 4<<<1 Fkdswhu 8 eulh�| glvfxvvhv lpsuryhphqwv dqg ixwxuh

gluhfwlrqv ri wkh lqiuduhg zdwhu ydsru udglrphwhu surmhfw1 Fkdswhu 9 frqfoxghv wkh wkhvlv

e| jlylqj d ghvfulswlrq ri LGO dqdo|vlv vriwzduh fuhdwhg gxulqj wkh frxuvh ri wkh wkhvlv1 D

FG URP lv lqfoxghg zlwk wkh wkhvlv dqg frqwdlqv LGO dqdo|vlv vriwzduh/ udz gdwd rewdlqhg

zlwk wkh surwrw|sh udglrphwhu dw wkh MFPW lq wkh irup ri LGO =vdy gdwd �ohv dqg wkh F..

frqwuro surjudp xvhg wr rshudwh wkh surwrw|sh lqvwuxphqw1
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Wkh dqdo|vlv ri udgldwlyh wudqvihu wkurxjk d phglxp uhtxluhv wkh dssolfdwlrq ri

udglrphwulf sulqflsohv> wkhuhiruh d uhylhz ri wkh nh| frqfhswv dqg gh�qlwlrqv ri udglrp0

hwu| lv jlyhq lq Vhfwlrq 5151 D ghwdlohg dqdo|vlv ri zdwhu ydsru udgldwlyh wudqvihu lq wkh

dwprvskhuh zrxog qhhg wr frqvlghu d pxowl0od|hu prgho lqfoxglqj suhvvxuh/ whpshudwxuh

dqg zdwhu ydsru dexqgdqfh yduldwlrqv zlwk dowlwxgh dqg/ lq dgglwlrq/ wdnh lqwr dffrxqw

wkh frpsoh{ vshfwudo hplvvlrq dqg devruswlrq fkdudfwhulvwlfv ri zdwhu ydsru dqg doo rwkhu

lqiuduhg0dfwlyh prohfxodu vshflhv suhvhqw lq wkh dwprvskhuh1 Vxfk dq dqdo|vlv lv gl�fxow wr

ghyhors dqdo|wlfdoo|1 Lq rughu wr dssuhfldwh wkh jhqhudo ihdwxuhv ri wkh ghshqghqfh ri zdwhu

ydsru lqiuduhg hplvvlrq rq wkh dprxqw ri zdwhu ydsru suhvhqw lq wkh dwprvskhuh/ d uhylhz
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lv jlyhq lq Vhfwlrq 516 ri wkh dqdo|wlfdo wkhru| ri udgldwlyh wudqvihu lq wkh vlpsol�hg fdvh ri

d vlqjoh krprjhqhrxv dwprvskhulf od|hu zlwk d vlqjoh olqh ri devruswlrq2hplvvlrq/ iroorzhg

e| d frpsdulvrq ri olqh eurdghqlqj phfkdqlvpv dssolhg wr wkh fdvh ri zdwhu ydsru deryh

Pdxqd Nhd1 Kdylqj hvwdeolvkhg wkh irup ri eurdghqlqj h{shfwhg iru zdwhu ydsru/ wkh hqg

uhvxow ri wkh dqdo|vlv lv wkh v|qwkhvlv ri d fxuyh0ri0jurzwk uhodwlqj wkh udgldqw hplvvlrq ri

zdwhu ydsru wr wkh dexqgdqfh ri hplwwlqj prohfxohv1

Vhfwlrq 517 glvfxvvhv wkh h{shulphqwdo whfkqltxh xvhg wr dftxluh d fxuyh0ri0jurzwk

dqg lwv vxevhtxhqw xvh lq wkh suhglfwlrq ri lqvwuxphqw shuirupdqfh1 Vhfwlrq 518 suhvhqwv d

frpsxwhu jhqhudwhg prgho ri dwprvskhulf zdwhu ydsru hplvvlrq deryh Pdxqd Nhd> lw lv wkhq

xvhg wr v|qwkhvl}h dq duwl�fldo fxuyh0ri0jurzwk1 Wkh hvwlpdwhg udgldqw hplvvlrq ghulyhg iurp

wklv fxuyh0ri0jurzwk zdv xvhg dw wkh rxwvhw ri wkh surmhfw wr whvw wkh yldelolw| ri dq lqiuduhg

zdwhu ydsru udglrphwhu xvlqj frpphufldoo| dydlodeoh frpsrqhqwv1 Wkh yhuwlfdo glvwulexwlrq

ri zdwhu ydsru lq wkh dwprvskhuh kdv lpsolfdwlrqv lq uhjdug wr wkh rswlfdo ghvljq ri wkh

surwrw|sh udglrphwhu> udglrvrqgh gdwd vkrzlqj w|slfdo frqglwlrqv deryh Pdxqd Nhd duh

ghvfulehg lq Vhfwlrq 5191

2�2 +@_�L4i|h�U �@t�Ut

Udglrphwu| ghvfulehv wkh wudqvsruw ri hohfwurpdjqhwlf udgldwlrq lq d sk|vlfdo v|v0

whp1 Wkh irupxodh hqfrxqwhuhg lq udglrphwu| lqyroyh vshfwudo ghshqghqflhv jhqhudoo| h{0

suhvvhg lq whupv ri hohfwurpdjqhwlf iuhtxhqf| ru zdyhohqjwk1 Vshfwudo txdqwlwlhv lq wklv

wkhvlv zloo eh jlyhq lq whupv ri zdyhqxpehu/ �/ zklfk vshfl�hv wkh uhflsurfdo ri zdyhohqjwk/
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4@�/ zlwk xqlwv ri fp3�1 Xvlqj wkh idploldu zdyh htxdwlrq f @ �� ghvfulelqj wkh sursdjd0

wlrq ri hohfwurpdjqhwlf udgldwlrq lq d ydfxxp/ zdyhqxpehu lv uhodwhg wr rswlfdo iuhtxhqf|

e|

� @ D

S
5=5=4

zkhuh � lv iuhtxhqf| lq K} dqg f @ 6 � 43�f fpv3� lv wkh vshhg ri oljkw lq ydfxxp/ ru/

dowhuqdwlyho|/ wr zdyhohqjwk/ �/ h{suhvvhg lq plfurqv +433S p, e|

� @ �fe

b
5=5=5

Wkh dqdo|vlv ri udgldwlyh wudqvihu lv irupxodwhg lq whupv ri vshfwudo hqhuj|/ Hj/

vshfwudo srzhu �j/ vshfwudo udgldqw lqwhqvlw|/ Lj/ dqg vshfwudo udgldqfh/ Oj1 Wkh vshfwudo

vxevfulsw � ghqrwhv d gl�huhqwldo zlwk uhvshfw wr zdyhqxpehu/ iru h{dpsoh Hj @ gH@g�/

dqg wkxv wrwdo hqhuj|/ srzhu/ lqwhqvlw| dqg udgldqfh duh rewdlqhg e| lqwhjudwlrq ri wkhvh

txdqwlwlhv ryhu d vshfwudo udqjh ri lqwhuhvw1 Wdeoh 514 olvwv wkhvh vshfwudo txdqwlwlhv dqg

wkhlu dvvrfldwhg xqlwv1

Wdeoh 514= Udglrphwulf txdqwlwlhv dqg dvvrfldwhg xqlwv1

+@_�L4i|h�U "�@?|�|) 5)4ML* N?�|t

tTiU|h@* i?ih}) ,j a EU43��3�

tTiU|h@* TL�ih xj ` EU43��3�

tTiU|h@* �?|i?t�|) Wj ` th3�EU43��3�

tTiU|h@* h@_�@?Ui wj ` 432th3�EU43��3�

Dv vkrzq vfkhpdwlfdoo| lq Iljxuh 514/ wkh vshfwudo lqwhqvlw|/ Lj/ ghvfulehv wkh

hplvvlrq ri udgldqw vshfwudo srzhu/ �j/ hpdqdwlqj iurp d vrxufh duhd gD/ ru htxlydohqwo|/
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I  σ

radiance  =  intensity  per point of 
pro jected area  dA  p .

P θ

area elem ent  dA  = source surface 

arbitrarily  oriented at an angle   to
the direction of propagation

θ
.  

equivalent projected area
ele ent   p  m = cos( )
oriented normal to  the
direction of propagation

dA dA   θ

.

L  σ

intensity =  radiated power, , fromΦσ 

 d  Ω  .

area or, equivalently, norm alized

to unit so lid angle , and propagating in a 

direction  centered on

 dA ( dA ) 
d

 

 

p

Ω 

Basic Radiometric Quantities

solid ang le  con ta in ing

spectral flux

d  Ω  

  .dΦσ

d Φσ

Iljxuh 514= D vfkhpdwlf looxvwudwlrq ri wkh uhodwlrqvklsv dprqj wkh edvlf txdqwlwlhv ri udglrphwu|1

surmhfwhg duhd gD� @ gD frv �/ frqwdlqhg zlwklq d vrolg dqjoh g/ odehoohg dv wudyhoolqj lq

d gluhfwlrq fhqwhuhg rq vrolg dqjoh g/ dqg qrupdol}hg wr xqlw vrolg dqjoh =

Lj @ _xj
_l 5=5=6

Dv vhhq lq wkh �jxuh/ wklv hplvvlrq lv htxlydohqw wr wkdw iurp d srlqw vrxufh S dw

d glvwdqfh u iurp wkh vxuidfh gD dv vkrzq lq wkh �jxuh1 Vshfwudo udgldqfh/ Oj/ qrupdol}hv

wkh hplwwhg vshfwudo hqhuj| wr xqlw surmhfwhg duhd hohphqw gD� lq dgglwlrq wr xqlw vrolg

dqjoh =

Oj @ _Uj
_��

@ _2xj

_�� _l 5=5=7
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A  1

A  2

dA  1
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Iljxuh 515= Wkh jhqhudo fdvh ri udgldwlyh wudqvihu ehwzhhq wzr duelwudu| vxuidfhv1

Xvlqj wkhvh edvlf txdqwlwlhv/ d jhqhudo irupxod h{suhvvlqj wkh wudqvihu ri udgldqw

hqhuj| iurp rqh sk|vlfdo vxuidfh wr dqrwkhu lv jlyhq e|

g2�j�c2 @ Oj�
_�� ULt w�_�2 ULt w2

o2
5=5=8

zkhuh �j�c2 lv wkh vshfwudo srzhu wudqvihuuhg iurp vxuidfh D� wr vxuidfh D2 dqg Oj� lv wkh

vshfwudo udgldqfh ri vxuidfh D�1 Duhd hohphqwv D� dqg D2 duh/ lq jhqhudo/ duelwudulo| vkdshg

dqg duelwudulo| rulhqwhg vxuidfhv zkrvh qrupdo yhfwruv vxewhqg wkh dqjohv �� dqg �2 zlwk

uhvshfw wr wkh glvwdqfh ehwzhhq gl�huhqwldo hohphqwv gD� dqg gD2/ dv vkrzq lq Iljxuh 5151

Lq wklv wkhvlv rqo| sodqh sdudooho udgldwlyh wudqvihu zloo eh frqvlghuhg +l1h1/ �� @ �2 @ 3,1

Wkh wudqvihu ri udgldqw srzhu iurp dq dwprvskhulf vrxufh duhd wr d udglrphwhu

ghwhfwru hohphqw yld dq rswlfdo v|vwhp fdq eh ghulyhg iurp htxdwlrq 5=5=81 Xvlqj wkh

gh�qlwlrq ri vrolg dqjoh/  @ D@u2/ wkh wudqvihu ri vshfwudo srzhu iurp dq dwprvskhulf

vrxufh duhd/ Dr/ rqwr d froohfwlqj dshuwxuh ri duhd DR/ lv jlyhq e|



5;

�j @ Oj DR
�r

o2
@ Oj DR_ 5=5=9

zkhuh _ lv wkh vrolg dqjoh vxewhqghg dw wkh froohfwlqj dshuwxuh e| wkh vrxufh duhd dqg Oj

lv wkh vshfwudo udgldqfh ri wkh dwprvskhulf vrxufh duhd1 Vlqfh wkh wkurxjksxw ri dq rswlfdo

v|vwhp lv frqvhuyhg ^<`/ wklv lv htxlydohqw wr

�j @ Oj D__ 5=5=:

zkhuh _ lv wkh vrolg dqjoh vxewhqghg dw wkh ghwhfwru e| wkh froohfwlqj dshuwxuh1 Wklv

h{suhvvlrq zloo eh xvhg h{whqvlyho| lq Fkdswhu 71

2�� +@_�@|��i Ah@?tuih �? @ 5�?}*i�w@)ih �|4LtT�ihi

2���� �MtLhT|�L? �? @ w�?i@h �i_��4

Li d phglxp devruev olqhduo| dqg wkh sursdjdwlrq gluhfwlrq lv odehoohg e| }/ wkhq

wkh fkdqjh lq vshfwudo lqwhqvlw| gxh wr devruswlrq fdq eh zulwwhq dv ^43`

gLj @ �nj � Lj g} 5=6=4

zkhuh nj lv wkh pdvv devruswlrq frh�flhqw lq p2 nj3�dqg � lv wkh pdvv ghqvlw| ri wkh

phglxp lq nj p3�1 Dowhuqdwlyho|/ d olqhdu devruswlrq frh�flhqw/ �j/ fdq eh gh�qhg zlwk

xqlwv ri p3�/ doorzlqj wkh dwwhqxdwlrq wr eh h{suhvvhg dv

gLj @ ��j Lj g} 5=6=5



5<

z = 0 z = o

Iσ

Volum e of gas is cha racterized  by an absorption 
coeffic ient  ) and  density is a  function of .zk  σ  σ (or κ

Source inc iden t intensity em ergent intens ity

Iσo

Iljxuh 516= Devruswlrq lq d olqhdu phglxp1

Wkh glphqvlrqv ri �j ru nj� lqglfdwh wkdw wkhvh txdqwlwlhv vshfli| devruswlrq shu

xqlw glvwdqfh ri sursdjdwlrq dqg wkxv dsso| wr xqlw furvv0vhfwlrqdo duhd/ ru htxlydohqwo|/

froxpq duhd1

Dv ghslfwhg lq Iljxuh 516/ d xvhixo uhodwlrq fdq eh ghyhorshg lpphgldwho| iru wkh

fdvh ri wkh wudqvplvvlrq ri udgldwlrq wkurxjk d jdvhrxv phglxp ri wklfnqhvv o/ pdvv ghqvlw|

�/ dqg devruswlrq frh�flhqw nj/ ru/ dowhuqdwho|/ �j1 Li } djdlq ghqrwhv wkh sursdjdwlrq

gluhfwlrq dqg Ljf @ LjE5'f� lv wkh qrupdoo| lqflghqw lqwhqvlw| rq wkh vode/ lqwhjudwlrq ri

htxdwlrqv 5=6=4 dqg 5=6=5 iurp } @ 3 wr } @ o jlyhv dq hphujhqw lqwhqvlw| ri

Lj @ Ljf h
3

U
,

f
&j4E5�_5g} @ Ljf h

3

U
,

f
VjE5�_5 5=6=6

lq wkh fdvh ri d phglxp ri yduldeoh ghqvlw|/ dqg

Lj @ Ljf h
3&j4, @ Ljf h

3&j� @ Ljf h
3Vj, 5=6=7
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lq wkh fdvh ri d phglxp ri frqvwdqw ghqvlw|1 Wkh txdqwlw| x @ � o lv nqrzq dv wkh devruehu

dprxqw zlwk xqlwv ri njp321 Htxdwlrq 5=6=7 fdq dovr h{suhvv wkh jhqhudo fdvh ri yduldeoh

froxpq ghqvlw| dv lq htxdwlrq 5=6=6 li wkh frqvwdqw ghqvlw| � lv uhsodfhg zlwk dq dyhudjhg

ghqvlw|

�@� @

U
,

f
4 _5

U
,

f
_5

5=6=8

Wkh devruswlrq frh�flhqwv nj dqg �j ghvfuleh wkh vshfwudo devruswlrq lq wkh

phglxp dqg duh lq jhqhudo ixqfwlrqv ri zdyhqxpehu dqg ghqvlw|1 Irupxodv iru wkhvh frhi0

�flhqwv zloo eh ghyhorshg lq Vhfwlrq 51619 iru wkh fdvh ri d vlqjoh prohfxodu olqh1

Wkh gl�huhqwldo h{suhvvlrq iru devruswlrq dv jlyhq e| htxdwlrq 5=6=5 pd| eh uhiru0

pxodwhg lq whupv ri orvv ri vshfwudo hqhuj| gxh wr devruswlrq1 Xvlqj htxdwlrqv 5=5=7 dqg

5=6=5/ dqg wkh idfw wkdw gHj @ g�j gw/ wkh gl�huhqwldo h{suhvvlrq iru wkh orvv ri udgldqw

hqhuj| lv jlyhq e|

gHj @ �j Ojg gDg} gw 5=6=9

dqg zloo eh xvhixo lq wkh ghyhorsphqw ri dwprvskhulf udgldwlyh wudqvihu glvfxvvhg lq Vhfwlrq

5=6=81

2���2 ,4�tt�L? �? @ w�?i@h �i_��4

Dv vkrzq lq Iljxuh 517/ wkh udgldqw hplvvlrq ri vshfwudo hqhuj|/ Hj/ iurp dq

lq�qlwhvlpdo yroxph hohphqw gY ri d jdvhrxv phglxp lqwr d vrolg dqjoh g lv jlyhq e|

gHj @ �j g gY gw 5=6=:
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dz

L  σ

unit area dA εσ

Iljxuh 517= Hplvvlrq iurp d olqhdu phglxp1

@ �j g gD g} gw 5=6=;

zkhuh �j lv wkh vshfwudo yroxph hplvvlrq frh�flhqw fkdudfwhul}lqj wkh phglxp zlwk xqlwv ri

M v3�p3�+fp3�,3�vu3�1 Wkh dqdo|vlv ri udgldwlyh wudqvihu lq wkh dwprvskhuh zloo eh fduulhg

rxw iru wkh fdvh ri sodqh sdudooho jhrphwu| dqg khqfh wkh sursdjdwlrq gluhfwlrq sdudphwhu/

}/ lv vhsdudwhg iurp wkh yroxph whup lq htxdwlrq 5=6=;1

2���� �|4LtT�ih�U �hitt�hi �t� #i?t�|)

Htxdwlrqv ghvfulelqj udgldwlyh wudqvihu duh xvxdoo| irupxodwhg lq whupv ri sduwlfoh

ghqvlw| zkhuhdv dwprvskhulf frqglwlrqv duh riwhq jlyhq lq whupv ri suhvvxuh1 Dq| h{suhvvlrq

lqyroylqj d pdvv ghqvlw| ri sduwlfohv/ �/ lq njp�/ fdq eh zulwwhq lq whupv ri wkh dwprvskhulf

suhvvxuh/ S / vlqfh/ iru dq| jlyhq yroxph ri dwprvskhuh/ Y / wkh lghdo jdv odz ohdgv wr wkh

frqyhuvlrq
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� @ � �
-A@|6

@
6R �

&A@|6
5=6=<

zkhuh U @ ;=647 Mpro3�N3� lv wkh xqlyhuvdo jdv frqvwdqw/ n @ 4=6;�4332� MN3� lv Erow}0

pdqq*v frqvwdqw/ W@|6 lv wkh whpshudwxuh ri wkh dwprvskhulf yroxph Y / P lv prohfxodu

zhljkw lq nj pro3�/ dqg pR lv prohfxoh pdvv lq nj 1 Wklv uhodwlrqvkls fdq dsso| wr hdfk

dwprvskhulf vshflhv lqglylgxdoo|> lq wklv fdvh P / pR/ S dqg � duh wkh prohfxodu zhljkw/

prohfxoh pdvv/ sduwldo suhvvxuh dqg pdvv ghqvlw| ri wkh vshflhv shu xqlw yroxph ri dwpr0

vskhuh/ uhvshfwlyho|1 Dowhuqdwlyho|/ e| wdnlqj dq dyhudjh ri P dqg pR shu xqlw yroxph

ri dwprvskhuh/ l1h1 kPl dqg kpRl/ htxdwlrq 5=6=< h{suhvvhv wkh frqyhuvlrq ehwzhhq wrwdo

dwprvskhulf suhvvxuh/ S@|6/ dqg wrwdo dwprvskhulf pdvv ghqvlw|/ �@|61

Dowhuqdwlyho|/ dpdvv pl{lqj udwlr/Zr/ sduwlfxodu wr d jlyhq vshflhv/ fdq eh gh�qhg

dv

Zr @
�
'�� @

6R

'6R�
@ 4

4@|6
5=6=43

dqg xvhg lq frqmxqfwlrq zlwk htxdwlrq 5=6=< wr hydoxdwh wkh pdvv ghqvlw| iru d sduwlfxodu

vshflhv1 Wklv odvw uhodwlrq lv xvhixo/ iru h{dpsoh/ zkhq wkh zdwhu ydsru ghqvlw|/ �
M2�

/ pxvw

eh h{wudfwhg iurp udglrvrqgh zdwhu ydsru pl{lqj udwlr gdwd h{suhvvhg lq judpv ri zdwhu

ydsru shu nlorjudp ri dwprvskhuh1

2���e O)_hLt|@|�U ,^��*�Mh��4 �? |�i �|4LtT�ihi

Sulru wr wkh wkhruhwlfdo ghyhorsphqw ri vlqjoh olqh dwprvskhulf udgldwlyh wudqvihu/

dq h{suhvvlrq iru wkh yduldwlrq ri ghqvlw| zlwk dowlwxgh lv uhtxluhg vlqfh wkh devruswlrq
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gro und  le ve l

a

dA

P(a+da)

da

P(a)

dV

Buoyant force on vo lume elem ent dV
            

F =  [  - ] dA  =  - dP dAB       P ( a) P( a + da)    

Defin it ion of pressure differential  

G ravitationa l  force on volum e e lement dV

F =  - mg = - ( a) da dA gG   ρ  

dP  =  - P( a )P( a + da)    z  =  0

z  = o

Equilibrium  condition   +   =  0  yie lds
the hydrosta tic equation : 

F FB G

=  - g (a)ρ 

dP

da

a =  - zo

Iljxuh 518= Wkh k|gurvwdwlf htxdwlrq ghvfulehv wkh judylwdwlrqdoo| lqgxfhg yhuwlfdo ghqvlw| sur�oh

� @ �+d, zkhuh d lv wkh dowxwxgh phdvxuhg iurp jurxqg ohyho1 Wkh ghqvlw| sur�oh fdq dowhuqdwho|

eh jlyhq dv � @ �+}, zkhuh } lv wkh hohfwurpdjqhwlf sursdjdwlrq gluhfwlrq xvhg lq wkh dqdo|vlv ri

udgldwlyh wudqvihu dqg lv phdvxuhg iurp wkh wrs ri wkh od|hu1

frh�flhqw/ nj/ zloo eh vkrzq wr kdyh d ghqvlw| ghshqghqfh1 D sodqh sdudooho vlqjoh od|hu

dwprvskhulf prgho zlwk d krprjhqrxv whpshudwxuh exw judylwdwlrqdoo| lqgxfhg suhvvxuh

yduldwlrq zloo eh frqvlghuhg1

Frqvlghulqj wkh froxpq ri xqlw furvv0vhfwlrqdo duhd vkrzq lq Iljxuh 518/ dqg xvlqj wkh

sursdjdwlrq gluhfwlrq sdudphwhu/ }/ lq sodfh ri dowlwxgh/ wkh gl�huhqwldo h{suhvvlrq iru k|0

gurvwdwlf htxloleulxp lv

gS @ j �g} 5=6=44

zkhuh S lv suhvvxuh lq Qp32 dqg j @ <=;pv32 lv wkh dffhohudwlrq gxh wr judylw|1 Xvlqj

htxdwlrq 5=6=< / htxdwlrq 5=6=44 ehfrphv

_�
�

@ _5
M

5=6=45



67

zkhuh K/ wkh vfdoh khljkw/ lv wkh dowlwxgh dw zklfk wkh suhvvxuh lv uhgxfhg e| d idfwru ri

h3� iurp wkdw dw jurxqg ohyho1

K @ -A@|6
� }

5=6=46

Wkh vfdoh khljkw fdq dsso| wr hdfk dwprvskhulf vshflhv lqglylgxdoo| ru wr wkh

dwprvskhuh dv d zkroh xvlqj dq dyhudjh dwprvskhulf prohfxodu zhljkw P@|61 Lqwhjudwlrq

ri htxdwlrq 5=6=45 iurp } @ o wr dq duelwudu| } |lhogv

S +}, @ S +o, h3
U
,

5

�

M
_5 5=6=47

zkhuh S +o, lv wkh jurxqg suhvvxuh1

Htxdwlrq 5=6=47 fdq dowhuqdwho| eh sxw lq whupv ri ghqvlw|/ �/ ru qxpehu ghqvlw|/

Q / e| uhsodflqj S +}, dqg S +o, zlwk �+}, dqg �+o,/ ru Q+}, dqg Q+o,/ uhvshfwlyho|1 Zlwk d

whpshudwxuh W@|6 dvvljqhg wr wkh lvrwkhupdo prgho dwprvskhuh wkh h{suhvvlrq iru ghqvlw|

dv d ixqfwlrq ri dowlwxgh lv wkhq

�+}, @ �+o, h3
E,35�
M 5=6=48

2���D +@_�@|��i Ah@?tuih �? @ �*@?i �@h@**i* �|4LtT�ihi

Iljxuh 519 vkrzv d vfkhpdwlf ri wkh vlpsol�hg fdvh ri sodqh sdudooho udgldwlyh

wudqvihu lq d vlqjoh dwprvskhulf od|hu vxemhfw wr judylw|1 Wkh prgho dwprvskhuh zlwk wrwdo

sdwk ohqjwk/ o/ lv fkdudfwhul}hg e| dq devruswlrq frh�flhqw �j/ hplvvlrq frh�flhqw �j/

judylwdwlrqdoo| lqgxfhg ghqvlw| sur�oh �+}, dqg dvvljqhg d xqlirup whpshudwxuh W@|61 D



68

dz

z

z + dz

Lσ (0)
z = 0

z = o

Possib le External Source

Lσ (z)

Lσ (z+dz)

Lσ ( )o

rad iom eter

Isotherm al a tm osphere o f
tem perature T  and
thickness subject to a
gravitational field and hence 
density distribution  

atm

o

ρ (z)

Spectral properties of 
atm osphere characterized
by  sing le line absorp tion /
em ission  coefficient   k  σ( )ρ,Tatm

k  σ

σ

Iljxuh 519= D vfkhpdwlf looxvwudwlrq ri wkh vlpsol�hg prgho xvhg iru wkh dqdo|vlv ri dwprvskhulf

udgldwlyh wudqvihu1 D vlqjoh olqh ri devruswlrq2hplvvlrq lv frqvlghuhg1

srvvleoh h{whuqdo vrxufh lv vkrzq rxwvlgh wkh dwprvskhuh dqg d udglrphwhu ylhzv yhuwlfdoo|

iurp wkh jurxqg1

Xvlqj wkh gh�qlwlrq ri udgldqfh jlyhq e| htxdwlrq 5=5=7/ dqg qrwlqj wkdw g�j @

gHj@gw/ frqvhuydwlrq ri vshfwudo hqhuj| dssolhg wr wkh vhfwlrq g} uhtxluhv wkdw

^Oj+} . g},�Oj+},` g gDgw @ gHje6�||e_
� gHj@KrJoKe_ 5=6=49

ru

^_uj
_5

` g} g gDgw @ gHje6�||e_
� gHj@KrJoKe_ 5=6=4:

Iurp htxdwlrq 5=6=;/ wkh hplwwhg hqhuj| lq wklv od|hu lv
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gHje6�||e_
@ �j ggDg} gw 5=6=4;

dqg/ xvlqj htxdwlrq 5=6=9/ wkh hqhuj| devruehg lv

gHj@KrJoKe_ @ �j Oj g gDg} gw 5=6=4<

frpelqlqj htxdwlrqv 5=6=4: wkurxjk 5=6=4< jlyhv

_uj
_5

@ ��jOj. �j 5=6=53

zklfk lv nqrzq dv wkh htxdwlrq ri udgldwlyh wudqvihu1 Wkh rsdflw|/ "+},/ fdq eh gh�qhg dv

"+o, @
U 5',
5'f �jg} 5=6=54

Xvlqj wklv qrwdwlrq/ g" @ �j g} dqg wkh htxdwlrq ri udgldwlyh wudqvihu ehfrphv

_uj
_�

@ Mj �Oj 5=6=55

zkhuh Mj lv wkh vrxufh ixqfwlrq

Mj @ "j
Vj

5=6=56

Htxdwlrq +5=6=55, fdq eh lqwhjudwhg e| pxowlso|lqj erwk vlghv e| h�/

_uj
_�

h� .Oj h� @ Mj h� 5=6=57

ru/ htxlydohqwo|/

_
_�
+Oj h�, @ Mj h� 5=6=58

Lqwhjudwlqj iurp " @ 3 wr dq duelwudu| " |lhogv
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] �

f

_
_�
+Oj h�, g" @

] �

f
Mj h� g" 5=6=59

^Oj h�`�f @ ^Mj h�`�f 5=6=5:

Zlwk Ojf @ OjE�'f� ghqrwlqj wkh udgldqfh yhuwlfdoo| lqflghqw rq wkh wrs ri wkh

dwprvskhuh/ hydoxdwlrq ri wkh gh�qlwh lqwhjudo |lhogv

Oj h� �Ojf @ Mj+h� � 4, 5=6=5;

dqg diwhu glylvlrq e| h�/ wkh udgldqfh revhuyhg e| wkh udglrphwhu rq wkh jurxqg/ Oj/ fdq

eh zulwwhq dv

Oj @ Ojf h
3�.Mj+4�h3�, 5=6=5<

Wkh sulqflsoh ri orfdo wkhuprg|qdplf htxloleulxp +OWH, vwdwhv wkdw/ iru d jlyhq

dwprvskhulf od|hu/ wkh devruswlrq gxh wr wkh prohfxodu vshflhv orfdwhg lq wkdw od|hu pxvw

eh htxdo wr lwv hplvvlrq li wkh whpshudwxuh ri wkh od|hu lv wr uhpdlq frqvwdqw1 Nlufkr�*v

odz wkhq doorzv wkh vrxufh ixqfwlrq wr eh wdnhq dv wkh Sodqfn ixqfwlrq/

Mj @ "j
Vj

@ Ej+W , 5=6=63

zkhuh Ej+W , lv wkh Sodqfn udgldqfh/ zklfk/ lq whupv ri zdyhqxpehu/ lv

Ej +W , @
�
5k f2 433e ��

� �
h
�S�ffj

&A@|6
� 4

�
3�

5=6=64

zlwk xqlwv ri Zp32vu3�+fp3�,3� dqg lv hydoxdwhg dw wkh whpshudwxuh ri wkh od|hu/ W @

W,@+eo/ lq N1
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Li lw fdq eh dvvxphg wkdw wkh udglrphwhu grhv qrw revhuyh d vljql�fdqw fhohvwldo

remhfw/ wkh vshfwudo udgldqfh wkdw lv lqflghqw rq wkh rxwvlgh ri wkh dwprvskhuh/ Ojf / lv wkhq

gxh wr wkh htxlydohqw 6N frvplf edfnjurxqg udgldwlrq ri vsdfh/ zklfk/ li hydoxdwhg xvlqj

htxdwlrq 5=6=64/ lv vhhq wr eh qhjoljleoh dw lqiuduhg zdyhohqjwkv1 Wkh udgldqfh revhuyhg e|

wkh udglrphwhu lv wkhq vroho| gxh wr hplvvlrq ri wkh dwprvskhuh1 Xvlqj wkh pdvv devruswlrq

frh�flhqw/ nj/ dqg dvvxplqj wklv frh�flhqw wr kdyh d ghshqghqfh rq ghqvlw|/ �/ zklfk lwvhoi

lv d ixqfwlrq ri dowlwxgh/ }/ wkh h{suhvvlrq iru wkh udgldqfh ehfrphv/ iurp htxdwlrq 5=6=5</

Oj @ Ej+W@|6,+4�h
3

U
&j 4E5� _5, 5=6=65

Xvlqj wkh dyhudjhg/ exw vwloo h{dfw/ h{suhvvlrq iru ghqvlw| rewdlqhg e| vxevwlwxwlqj

htxdwlrq 5=6=48 lqwr htxdwlrq 5=6=8/ wkh revhuyhg udgldqfh lv wkhq

Oj @ Ej+W@|6,+4�h3&j4@�,, 5=6=66

Dq dwprvskhulf prohfxodu vshflhv xqghu ixoo| vdwxudwhg frqglwlrqv +nj�@� o AA 4,

lv wkhq vhhq wr hplw dw d pd{lpxp udgldqfh jlyhq e| wkh Sodqfn udgldqfh/ hydoxdwhg dw wkh

dwprvskhulf whpshudwxuh lq zklfk wkh vshflhv uhvlghv1

Kdylqj hvwdeolvkhg dq h{suhvvlrq iru wkh udgldqfh ri d vlqjoh vshfwudo olqh revhuyhg

e| d udglrphwhu rq wkh jurxqg/ dwwhqwlrq lv qrz wxuqhg wr wkh irup ri nj zklfk uh�hfwv

wkh dprxqw ri devruswlrq/ dqg/ e| Nlufkr�*v odz wkh dprxqw ri hplvvlrq/ lq wkh prgho

dwprvskhuh1 Wkh irup ri nj lv vkrzq wr ghshqg rq wkh eurdghqlqj phfkdqlvp ri wkh

wudqvlwlrq xqghu lqyhvwljdwlrq1
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2���S �hL@_i?�?} �iU�@?�t4

Iru wkh fdvh ri devruswlrq gxh wr d vlqjoh vshfwudo olqh/ wkh pdvv devruswlrq frhi0

�flhqw/ nj/ fdq eh h{suhvvhg dv

nj @ V i+���f, 5=6=67

zkhuh i+� � �f, lv d qrupdol}hg vkdsh ixqfwlrq/ ru olqh eurdghqlqj sur�oh/ zklfk kdv wkh

surshuw|

]
"

3"

i+� � �f, g� @
]
"

f

i+� � �f, g� @ 4 5=6=68

dqg lv ghwhuplqhg iurp wkh olqh eurdghqlqj phfkdqlvp1 Wkh irupxod iru i frqwdlqv d

sdudphwhu/ �/ wkh kdoi zlgwk dw kdoi pd{lpxp ru KZKP/ zklfk vshfl�hv wkh glvwdqfh/ lq

zdyhqxpehuv/ iurp wkh olqh fhqwhu/ �f/ wr wkh srlqwv rq hlwkhu vlgh ri wkh olqh fhqwhu zkhuh

wkh devruswlrq idoov wr kdoi lwv pd{lpxp ydoxh/ dv vkrzq lq Iljxuh 51:1

Wkh sdudphwhu V lq htxdwlrq 5=6=67 lv nqrzq dv wkh lqwhjudwhg olqh vwuhqjwk

V @
]
"

3"

nj g� @
]
"

f

nj g� 5=6=69

zlwk xqlwv ri p2 nj3�fp3� dqg lwv ydoxh iru dq| sduwlfxodu wudqvlwlrq lv dydlodeoh iurp gdwd

wdexodwhg lq wkh olwhudwxuh ^44` vshfl�hg dw d vwdqgdug whpshudwxuh ri 5<9 N1 Lq oljkw ri

htxdwlrq 5=6=7/ wkh olqh vwuhqjwk iru ydulrxv jdvhv fdq eh h{shulphqwdoo| ghwhuplqhg xvlqj

d ydsru fhoo ri sdwk ohqjwk/ o/ dqg krprjhqhrxv vdpsoh ri ghqvlw| � wkurxjk wkh uhodwlrq

V @
]
"

f

�

4 ,
oq
�
Ujf
Uj

�
g� 5=6=6:
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Iljxuh 51:= D jhqhulf olqh sur�oh lv fkdudfwhul}hg e| d sdudphwhu/ �/ jlylqj wkh glvwdqfh/ lq

zdyhqxpehuv/ iurp wkh olqh fhqwhu/ �J/ wr wkh srlqw zkhuh devruswlrq idoov wr kdoi wkdw dw wkh

olqh fhqwhu1 � lv uhihuhg wr dv wkh kdoi zlgwk dw kdoi pd{lpxp +KZKP,1

Wkh olqh vwuhqjwk zhljkwv wkh duhd ri wkh qrupdol}hg eurdghqlqj sur�oh iru d jlyhq

devruehu dexqgdqfh zkloh wkh vkdsh ri wkh eurdghqlqj sur�oh uh�hfwv wkh eurdghqlqj frq0

glwlrqv wkdw duh lq h�hfw1 Dv wkh eurdghqlqj sur�oh fkdqjhv vkdsh lq uhvsrqvh wr gl�huhqw

eurdghqlqj frqglwlrqv/ wkh lqwhjudwhg duhd uhpdlqv frqvwdqw1 Wkh olqh vwuhqjwk/ V/ lv wkxv

lqghshqghqw ri wkh zlgwk ri wkh olqh sur�oh dqg lv d ixqgdphqwdo sdudphwhu ghvfulelqj d

vshfl�f wudqvlwlrq1

Wkhuh duh hvvhqwldoo| wkuhh phfkdqlvpv zklfk fdxvh wkh hplvvlrq iurp d txdqwxp

wudqvlwlrq wr kdyh d �qlwh zlgwk1 Wkh �uvw lv wkh qdwxudo zlgwk ri d olqh zklfk dulvhv ehfdxvh

wkh txdqwxp vwdwhv ri d prohfxoh kdyh d yduldelolw| lq hqhuj|/ �H/ zklfk lv uhodwhg wr wkh



74

olihwlph ri wkh vwdwh/ �w/ wkurxjk wkh Khlvhqehuj uhodwlrqvkls �H�w *k1 Wkh yduldelolw|

lq wkh iuhtxhqf| ri hplvvlrq ^45`/ h{suhvvhg lq whupv ri zdyhqxpehu/ fdq eh zulwwhq

�� @ {.
�S 5=6=6;

zkhuh k lv Sodqfn*v frqvwdqw1 Wkh h�hfwv ri qdwxudo eurdghqlqj/ ehlqj ohvv wkdq 3=334 fp3�

iru wkh vwurqjhvw prohfxodu wudqvlwlrqv ^46` ^47`/ zloo qrw eh vljql�fdqw lq frpsdulvrq wr

rwkhu dwprvskhulf eurdghqlqj phfkdqlvpv dqg fdq eh qhjohfwhg1

Wkh vhfrqg eurdghqlqj phfkdqlvp lv gxh wr wkh Grssohu vkliw lq hplvvlrq iuhtxhqf|

fdxvhg e| wkh prwlrq ri wkh hplwwlqj prohfxoh wrzdugv ru dzd| iurp wkh revhuyhu1 Wkh

glvwulexwlrq ri prohfxodu vshhgv lq dq dwprvskhulf od|hu ri whpshudwxuh W duh ghvfulehg e|

wkh Pd{zhoo0Erow}pdqq +PE, suredelolw| glvwulexwlrq

S +y, @ 7�y2+66J,eS�,e

2Z&A ,�*2 h{s+366J,eS�,e �
2

2&A , 5=6=6<

zkhuh y lv wkh yhorflw| ri wkh prohfxoh/p6J,eS�,e lv lwv pdvv lq nj/ n lv Erow}pdqq*v frqvwdqw

dqg wkh whpshudwxuh lv jlyhq lq N1 Wkh uhvxowlqj Grssohu vkliwv zloo wkhq dovr eh ghvfulehg

e| d vwdwlvwlfdo glvwulexwlrq dqg wkh Grssohu olqh eurdghqlqj h{suhvvlrq/ ghulyhg xvlqj wkh

PE glvwulexwlrq/ lv ^43`

nj
(
@ 7

�
(

I
Z
h{s+j3jJ�

(

,2 5=6=73

zkhuh �( lv wkh Grssohu KZKP/

�( @ jJ
S +

2&A
66J,eS�,e

,�*2 @ jJ
S +

2-A
� ,�*2 5=6=74
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Wkh Grssohu eurdghqlqj phfkdqlvp ehfrphv lqfuhdvlqjo| lpsruwdqw dw kljk dowl0

wxghv zkhuh wkh dwprvskhulf suhvvxuh lv orz dqg wkh dwprvskhulf whpshudwxuh/ dqg khqfh

phdq prohfxodu vshhg/ lv kljk1

Wkh wklug eurdghqlqj phfkdqlvp/ grplqdqw dw orzhu dowlwxghv/ lv nqrzq dvOruhqw}

eurdghqlqj dqg dulvhv iurp lqwhuuxswlrqv lq wkh rvfloodwlrqv ri txdqwxp wudqvlwlrqv gxh

wr froolvlrqv ehwzhhq prohfxohv1 Wkh iuhtxhqf| ri wkh lqwhuuxswlrqv lv ghshqghqw rq wkh

suhvvxuh dqg/ wr d ohvvhu h{whqw/ wkh whpshudwxuh ri wkh jdv1 D Irxulhu dqdo|vlv ri wkh �qlwh

ohqjwk zdyh0wudlqv frqvwlwxwlqj wkh hplvvlrq iurp txdqwxp wudqvlwlrqv lq d krprjhqhrxv

yroxph ri hplwwhuv/ dqg wdnlqj lqwr dffrxqw wkh Srlvvrqldq qdwxuh ri wkh shuwxuedwlrqv ^45`/

|lhogv wkh suhvvxuh eurdghqhg/ ru Oruhqw}/ olqhvkdsh

nj
u
@ 7 �

u

Z
�

Ej3jJ�2n �2
u

5=6=75

zkhuh �u lv wkh Oruhqw}ldq KZKP1 Xvlqj wkh nlqhwlf wkhru| ri jdvhv/ �u fdq eh uhodwhg

^45` wr wkh suhvvxuh/ S / dqg whpshudwxuh/ W / ri wkh prohfxodu vshflhv wkurxjk wkh uhodwlrq

�u @ �
eZ�S @ �J

�
�J

t
AJ
A 5=6=76

zkhuh � lv wkh phdq wlph ehwzhhq froolvlrqv ri wkh prohfxohv dqg �J lv wkh KZKP wdexodwhg

lq wkh olwhudwxuh dw d vshfl�f suhvvxuh dqg whpshudwxuh1 Lq wkh fdvh ri dq dowlwxgh ghshqghqw

suhvvxuh S @ S +},/ wkh Fxuwlv0Jrgvrq dssur{lpdwlrq/

S�C @

U
� E5�`r 4E5�_5U
`r 4E5�_5

5=6=77

fdq eh xvhg lq htxdwlrq 5=6=761 D vlplodu fdofxodwlrq pd| eh dssolhg wr wkh whpshudwxuh/

exw vlqfh htxdwlrq 5=6=76 h{klelwv rqo| d vtxduh urrw ghshqghqfh rq whpshudwxuh/ dqg
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ixuwkhupruh/ wkdw wkh whpshudwxuh idoov r� urxjko| olqhduo| zlwk dowlwxgh/ wkh h�hfwv ri dq

dowlwxgh ghshqghqw whpshudwxuh duh ohvv vljql�fdqw1

Iljxuh 51; vkrzv d frpsdulvrq ri wkh vkdshv ri wkh Oruhqw} dqg Grssohu sur�ohv1

Hdfk kdv ehhq qrupdol}hg wr xqlw duhd dqg wkxv uhsuhvhqwv wkh vdph dprxqw ri wrwdo de0

vruswlrq exw lw zloo eh qrwlfhg wkdw wkh Oruhqw} sur�oh kdv pxfk odujhu zlqjv dqg khqfh

wkh wrwdo devruswlrq/ ru/ e| Nlufkr�*v odz/ hplvvlrq/ gxh wr d vlqjoh Oruhqw} eurdghqhg olqh

uhtxluhv lqwhjudwlqj rxw wr pxfk odujhu glvwdqfhv iurp wkh olqh fhqwhu wkdq lq wkh fdvh ri d

Grssohu eurdghqhg olqh1

2���. �hL@_i?�?} +i}�4i uLh @̀|ih V@TLh

Wkh dqdo|vlv wkxv idu kdv qrw ehhq vshfl�f derxw wkh dwprvskhulf prohfxodu vshflhv

lqyroyhg lq udgldwlyh wudqvihu1 Wkh eurdghqlqj phfkdqlvpv glvfxvvhg lq wkh suhylrxv vhf0

wlrq duh vhqvlwlyh wr whpshudwxuh dqg suhvvxuh/ dqg/ vlqfh wkhvh txdqwlwlhv duh ixqfwlrqv ri

dowlwxgh/ wkh yhuwlfdo glvwulexwlrq ri wkh dwprvskhulf prohfxodu vshflhv xqghu frqvlghudwlrq

kdv d gluhfw ehdulqj rq zklfk eurdghqlqj phfkdqlvp+v, duh ri lpsruwdqfh1 Wkh prohfxodu

vshflhv ri lqwhuhvw iru wklv surmhfw lv zdwhu ydsru/ dqg vlqfh wklv prohfxodu vshflhv h{lvwv

sulpdulo| dw dowlwxghv ehorz � 43 np/ wkh kdoi zlgwkv ri wkh Oruhqw} dqg Grssohu sur�ohv

zloo eh frpsduhg wr hvwdeolvk wkhlu uhodwlyh lpsruwdqfh dw d kljk dowlwxgh revhuylqj vlwh

vxfk dv Pdxqd Nhd1

Dv zloo eh vkrzq lq Vhfwlrq 519/ udglrvrqgh gdwd uhyhdo wkdw zdwhu ydsru h{lvwv lq

vljql�fdqw dprxqwv wr dq dowlwxgh ri dssur{lpdwho| 4� 5 np deryh wkh vxpplw ri Pdxqd
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Iljxuh 51;= D frpsdulvrq ri wkh Oruhqw} dqg Grssohu duhd qrupdol}hg olqh eurdghqlqj sur�ohv1

Wkh Oruhqw} sur�oh lv vhhq wr h{whqg wr odujhu glvwdqfhv iurp wkh olqh fhqwhu wkdq lq wkh Grssohu

fdvh iru wkh vdph wrwdo dprxqw ri devruswlrq1

Nhd1 Xvlqj wkhvh udglrvrqgh ghulyhg gdwd/ dq dwprvskhulf whpshudwxuh ri � 593N dqg dq

dwprvskhulf suhvvxuh ri � 933pe +93 nSd, pd| eh dvvljqhg wr wklv uhjlrq1 D w|slfdo zdwhu

ydsru olqh kdv d zlgwk ri �
J
� 3=4 fp3� +�J @ 833 fp3�/ SJ @ 434=6 nSd/ WJ @ 5<9N,

^44`/ dqg/ zlwk PM2� @ 3=34; njpro3�/ wkh iroorzlqj kdoi zlgwkv fdq eh fdofxodwhg iru wkh

Oruhqw} dqg Grssohu eurdghqlqj ri zdwhu ydsru xvlqj htxdwlrqv 5=6=74 dqg 5=6=76=

�( @ jJ
S

t
2-A
�M2�

@ Dff
�f�fH

t
E2�EH���e�E2Sf�

f�f�H @ ;=5�433e fp3� 5=6=78

�u @ �J
�

�J

t
AJ
A

@ +3=4, Sf
�f���

t
2bS
2Sf @ 9=6� 4332 fp3� 5=6=79
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Iru dwprvskhulf zdwhu ydsru revhuyhg iurp Pdxqd Nhd/ Oruhqw} eurdghqlqj lv

vhhq wr grplqdwh ryhu Grssohu eurdghqlqj1 Lq wkh uhpdlqghu ri wkh dqdo|vlv wkh eurdghqlqj

frh�flhqw zloo wkxv eh dvvxphg wr eh Oruhqw}ldq/ l1h1/

nj @ nju 5=6=7:

2���H +@_�@?Ui uhL4 @ 5�?}*i @̀|ih V@TLh w�?i

Wkh h{suhvvlrq iru wkh wrwdo udgldqfh vhhq e| d udglrphwhu rq wkh jurxqg lv irxqg

e| lqwhjudwlqj htxdwlrq 5=6=66 ryhu d vshfwudo udqjh ri lqwhuhvw1 Iru wkh fdvh zkhuh wkh

lqwhjudo lv wdnhq ryhu doo zdyhqxpehuv wkh wrwdo udgldqfh lv

O @
U
"

f
Ej+W@|6, +4�h3 &j 4 ,, g� 5=6=7;

Zlwk nj h{suhvvlqj wkh Oruhqw} eurdghqhg devruswlrq gxh wr d vlqjoh olqh dv jlyhq

e| htxdwlrq 5=6=75/ wkh uhvxow ri wkh vshfwudo lqwhjudwlrq fdq eh hydoxdwhg dqdo|wlfdoo| dqg

lv nqrzq dv wkh Odghqehuj0Uhlfkh htxdwlrq ^47`

O @ 5� �u {h
3%^Mf+{,.M�+{,` 5=6=7<

zkhuh Mf+{, dqg M�+{, duh wkh Ehvvho Ixqfwlrqv ri rughu }hur dqg rqh/ uhvshfwlyho|/ dqg

lpdjlqdu| dujxphqw1 Wkh txdqwlw| { lv jlyhq e|

{ @ 7 �
2Z �

u

5=6=83

zkhuh

x @
U ,
f
�+},g} @ �@� o 5=6=84
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lv wkh devruehu dprxqw dorqj dq dwprvskhulf sdwk ohqjwk o frqwdlqlqj dq dyhudjh ghqvlw|

ri devruehu �@�1

Dq rswlfdoo| wklq olplw lv dssolfdeoh wr dq dwprvskhuh zlwk d orz rsdflw|" @ nj � o/

dv gh�qhg lq htxdwlrq 5=6=541 Dq h{suhvvlrq iru wkh jurxqg ohyho udgldqfh pd| eh rewdlqhg

hlwkhu e| xvlqj d vpdoo { dssur{lpdwlrq ri htxdwlrq 5=6=7</ ru gluhfwo| iurp htxdwlrq 5=6=7;

e| wdnlqj "j � 4/ lq zklfk hyhqw h3� � 4� " @ 4� nj�o1 Wkh vshfwudo lqwhjudwlrq wkhq

|lhogv

O @ V �@� o
U
"

f
E+W@|6,g� 5=6=85

Lq wkh fdvh ri odujh rsdflw|/ wkh udgldqfh fdq eh vkrzq wr kdyh wkh irup ^47`

O @ 5
s
V �u �@� o

U
"

f
E+W@|6,g� 5=6=86

Wkh lqwhjudwlrq ryhu zdyhqxpehu rffxuulqj lq htxdwlrq 5=6=7; lv iru wkh udqjh

^3>4` exw lq sudfwlfh/ iru d edqg olplwhg rswlfdo v|vwhp/ wklv lqwhjudo dqg wkh lqwhjudov ri

wkh olplwlqj fdvhv lq htxdwlrqv 5=6=85 dqg 5=6=86 duh hydoxdwhg ryhu wkh sdvvedqg ri wkh

v|vwhp ghwhuplqhg e| wkh frpelqhg ghwhfwru2�owhu uhvsrqvh1

Dv lqglfdwhg e| htxdwlrq 5=6=85/ lq wkh fdvh ri orz rsdflw| d olqhdu uhodwlrqvkls

h{lvwv ehwzhhq wkh revhuyhg udgldqfh dqg wkh devruehu dexqgdqfh/ �o1 D zdwhu ydsru

udglrphwhu lv wkhq vhhq wr eh prvw vhqvlwlyh wr jurzwk lq hplvvlrq zkhq wkh zdwhu ydsru

dexqgdqfh lv vpdoo dqg wklv lv suhflvho| wkh uhjlph lq zklfk wkh lqiuduhg udglrphwhu lv

h{shfwhg wr eh ydoxdeoh wr kljk dowlwxgh vxeploolphwhu revhuydwrulhv1
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2���b Fxuyh0ri0Jurzwk 5)?|�it�t

Wkh udgldqfh revhuyhg e| d udglrphwhu sorwwhg dv d ixqfwlrq ri wkh dexqgdqfh ri

wkh hplwwlqj vshflhv/ ru devruehu dprxqw/ lv nqrzq dv d fxuyh0ri0jurzwk1 Dq LGO surjudp

zdv zulwwhq wr looxvwudwh wkh jurzwk lq lqwhjudwhg hplvvlrq ri d vlqjoh Oruhqw} eurdghqhg

olqh dv d ixqfwlrq ri lqfuhdvlqj sdwk ohqjwk/ o/ zkloh nhhslqj ghqvlw|/ suhvvxuh/ whpshudwxuh

dqg olqh vwuhqjwk frqvwdqw1 D Oruhqw} kdoi zlgwk/ �f/ ri 3=4 fp3� dqg d qrupdol}hg Sodqfn

udgldqfh ri 4 zhuh duelwudulo| vhohfwhg iru xvh lq wkh qxphulfdo looxvwudwlrq1 Iljxuh 51< vkrzv

wkh jurzlqj Oruhqw} sur�oh dqg wkh uhvxowlqj lqwhjudwhg fxuyh0ri0jurzwk1

Zkhq wkh lqwhjudwhg hplvvlrq dqg devruehu dprxqw duh sorwwhg xvlqj orjdulwkplf

vfdohv/ wkh fxuyh fohduo| vkrzv wkh wzr olplwlqj srzhu odz ehkdylruv ghvfulehg e| htxdwlrqv

5=6=85 dqg 5=6=86/ l1h1/ d zhdn dqg d vwurqj uhjlph1 Lq wkh zhdn uhjlph/ wkh duhd xqghu wkh

vshfwudo olqh jurzv olqhduo| zlwk lqfuhdvlqj devruehu dexqgdqfh1 Dv wkh devruehu dexqgdqfh

lqfuhdvhv/ wkh olqh hyhqwxdoo| vdwxudwhv dv lw uhdfkhv wkh Sodqfn fxuyh fruuhvsrqglqj wr

wkh orfdo dwprvskhulf whpshudwxuh1 Ixuwkhu lqfuhdvh lq devruehu dexqgdqfh uhvxowv lq d

zlghqlqj ri wkh vshfwudo olqh dqg/ zkhq wkh olqh lv khdylo| vdwxudwhg/ wkh lqwhjudwhg duhd

lqfuhdvhv dv wkh vtxduh urrw ri wkh dexqgdqfh1

Lq rughu wr hqkdqfh vhqvlwlylw|/ wkh vshfwudo edqgsdvv ri d sudfwlfdo lqiuduhg ud0

glrphwhu vkrxog lqfoxgh pdq| olqhv ri zdwhu ydsru hplvvlrq1 Vxfk d uhjlrq pd| frpsulvh d

frpsolfdwhg pl{wxuh ri zhdn dqg vdwxudwhg olqhv1 Dowkrxjk lw fdqqrw eh ghvfulehg dqdo|w0

lfdoo|/ wkh uhvxowlqj fxuyh0ri0jurzwk iurp d vshfwudo uhjlrq frqwdlqlqj pdq| olqhv zloo kdyh

wkh jhqhudo irup dv wkdw glvsod|hg lq Iljxuh 51<1 Gdwd rewdlqhg iurp wkh surwrw|sh lqvwux0
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Iljxuh 51<= D fxuyh ri jurzwk +erwwrp judsk, fdq eh v|qwkhvl}hg e| lqwhjudwlqj wkh hplvvlrq ri d

Oruhqw} eurdghqhg olqh +wrs judsk, dv lw uhvsrqgv wr dq lqfuhdvlqj devruehu dprxqw1

phqw dqg suhvhqwhg lq Fkdswhu 7 frq�up wkh suhvhqfh ri wzr glvwlqfw uhjlphv ri jurzwk

fruuhvsrqglqj wr d frqvwdqw srzhu odz ghvfulswlrq lq orz dqg kljk zdwhu ydsru dexqgdqfh

frqglwlrqv1

2�e �TT*�U@|�L? Lu |�i Fxuyh0ri0Jurzwk

Gdwd iurp d fdoleudwhg zdwhu ydsru udglrphwhu surylglqj skdvh fdoleudwlrq iru dq

lqwhuihurphwhu duud| zrxog kdyh wkh irup ri vljqdo dv d ixqfwlrq ri wlph1 Dv ghprqvwudwhg
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lq wkh iroorzlqj vhfwlrq/ gdwd lq wkh irup ri d fxuyh0ri0jurzwk fdq eh xvhg wr suhglfw wkh

shuirupdqfh ri d udglrphwhu1 Vhfwlrq 71; zloo dovr vkrz wkh xvhixoqhvv ri wkh fxuyh0ri0jurzwk

lq fdoleudwlqj wkh udglrphwhu1

2�e�� �M|@�?�?} @ Fxuyh0ri0Jurzwk V�@ 5!)�#�TT�?}

Wr rewdlq d fxuyh0ri0jurzwk/ wkh dprxqw ri devruehu ylhzhg e| d udglrphwhu pxvw

eh ydulhg lq d nqrzq zd| dqg sorwwhg djdlqvw wkh fruuhvsrqglqj vljqdo1 Lq d oderudwru| vhw0

wlqj/ iru h{dpsoh/ d yduldeoh ohqjwk pxowl0sdvv ydsru fhoo frxog eh xvhg wr ydu| wkh revhuyhg

devruehu dprxqw lq d zhoo gh�qhg zd| zkloh nhhslqj wkh eurdghqlqj frqglwlrqv frqvwdqw1 Lq

wkh fdvh ri wkh dwprvskhuh/ wkhuh lv qr zd| wr duelwudulo| vhw wkh zdwhu ydsru dexqgdqfh exw

wkh phwkrg ri vn|0glsslqj surylghv d frqyhqlhqw phwkrg ri ydu|lqj wkh h�hfwlyh devruehu

dprxqw vhhq e| d udglrphwhu1 Li wkh yhuwlfdo suhvvxuh/ whpshudwxuh dqg devruehu dprxqw

sur�ohv fdq eh dvvxphg wr eh wkh vdph iru d orfdo vhfwlrq ri dwprvskhuh/ wkhq/ dv lq wkh

oderudwru| vhwwlqj/ wkh revhuyhg devruehu dprxqw fdq eh ydulhg e| d frqwuroohg yduldwlrq ri

sdwk ohqjwk e| dftxlulqj vljqdov iurp d udglrphwhu dv lw lv vzhsw wkurxjk d udqjh ri }hqlwk

dqjohv1

Uhihuulqj wr Iljxuh 5143/ iru dq dwprvskhuh ri h�hfwlyh khljkw k/ wkh h�hfwlyh sdwk

ohqjwk dorqj d olqh ri vljkw gh�qhg e| }hqlwk dqjoh � lv jlyhq e|

o @ �

ULt w
5=7=4

Vlqfh 4 dlupdvv fruuhvsrqgv wr wkh dwprvskhulf khljkw k/ wkh sdwk ohqjwk pd| eh zulwwhq
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Iljxuh 5143= D fxuyh0ri0jurzwk lv rewdlqhg e| wkh whfkqltxh ri vn|0glsslqj/ lq zklfk wkh udglrphwhu

vfdqv d udqjh ri }hqlwk dqjohv wkurxjk dq dvvxphg krul}rqwdoo| krprjhqhrxv dwprvskhuh1

o @ Dk 5=7=5

zkhuh D lv dlupdvv1 Li wkh dwprvskhuh lv frqvlghuhg wr eh krul}rqwdoo| krprjhqhrxv/ dqg

lv fkdudfwhul}hg e| dq dyhudjh ghqvlw| �@|6/ wkhq wkh devruehu dprxqw/ xw/ dorqj wkh olqh0

ri0vljkw dw dq| }hqlwk dqjoh/ �/ zloo eh uhodwhg wr wkh }hqlwk devruehu dprxqw/ x5e?�|�/ e|

xw @ �@|6Dk 5=7=6

Wklv uhodwlrq pd| eh lqfrusrudwhg lqwr htxdwlrqv 5=6=7; wkurxjk 5=6=86 wr jlyh wkh

revhuyhg udgldqfh dv d ixqfwlrq ri }hqlwk dqjoh/ ru/ htxlydohqwo|/ dlupdvv/ D/ vlqfh

dlupdvv @ D @ �
ULtEw� 5=7=7
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Wkh devruehu dprxqw x kdv vwdqgdug VL xqlwv ri njp32 vlqfh/ dv vhhq lq htxdwlrq

5=6=84 ru 5=7=6/ lw vshfl�hv wkh pdvv ri revhuyhg devruehu qrupdol}hg wr d olqh0ri0vljkw froxpq

ri xqlw furvv0vhfwlrqdo duhd1 Zkhq dssolhg wr d yhuwlfdo froxpq ri dwprvskhuh/ wkh devruehu

dprxqw lv uhihuuhg wr dv d froxpq dexqgdqfh/ z1 Oltxlg zdwhu kdv d ghqvlw| ri 4 j fp� dqg

khqfh d 4pp wklfn od|hu ri zdwhu rq d 4p2 vxuidfh duhd kdv d pdvv ri 4 nj1 Wkh xqlwv ri

froxpq dexqgdqfh/ l1h1 njp32/ zkhq dssolhg wr d yhuwlfdo froxpq ri zdwhu ydsru duh wkhq

htxlydohqw wr d ghswk shu xqlw duhd lq ppszy1 Lq wkh fdvh ri zdwhu ydsru/ d fxuyh0ri0jurzwk

lv wkhq odehohg rq wkh krul}rqwdo d{lv zlwk devruehu dprxqw jlyhq dv froxpq dexqgdqfh/

z/ lq ppszy1

2�e�2 +@_�L4i|ih �ihuLh4@?Ui #ih��i_ 6hL4 @ Fxuyh0ri0Jurzwk

Li wkh lqiuduhg ghwhfwru ri wkh surwrw|sh udglrphwhu uhvsrqgv olqhduo|/ lwv rxwsxw

vljqdo zloo eh uhodwhg wr wkh revhuyhg udgldqfh yld pxowlsolfdwlrq e| d fdoleudwlrq frqvwdqw

fdoohg wkh lqvwuxphqwdo uhvsrqvlylw| zlwk xqlwv ri Y Z3�1 Wkh txdqwlw| sorwwhg rq wkh yhu0

wlfdo d{lv ri d fxuyh0ri0jurzwk fdq wkhq eh hlwkhu wkh udglrphwhu vljqdo ru wkh fruuhvsrqglqj

udgldqfh1 Wkh txdqwlw| rq wkh krul}rqwdo d{lv lv devruehu dprxqw1 Wkh gl�huhqwldo ri wklv

fxuyh uhodwhv wkh huuru lq wkh revhuyhg udgldqfh wr dq huuru lq devruehu dprxqw/ dv d ixqf0

wlrq ri devruehu dprxqw1 Lq sudfwlfh/ wkh huuru lq wkh phdvxuhg udglrphwhu vljqdo +Y , lv

ghwhuplqhg e| uhshdwhg revhuydwlrq ri wkh eodfnerg| uhihuhqfhv1 Wkh huuru lq udgldqfh lv

wkhq ghulyhg e| glylglqj wklv phdvxuhg vljqdo e| wkh lqvwuxphqwdo uhvsrqvlylw| dv zloo eh

glvfxvvhg lq Vhfwlrq 7191 Dv ghprqvwudwhg lq Iljxuh 5144/ wkh huuru lq devruehu dprxqw lv

wkhq irxqg e| surmhfwlrq ri wkh udgldqfh huuru rqwr wkh devruehu dprxqw d{lv1 Wklv huuru
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An error in  s igna l (or radiance) here ....

....g ives  an erro r in  pw v here

For a  given error in  s igna l (instrum enta l no ise), the  e rror in  pw v 
is  sm alle r under dry cond itions than it is  under w etter cond itions.

  o
r 

 R
ad

ia
nc

e

Iljxuh 5144= Dq looxvwudwlrq ri wkh xvh ri d fxuyh0ri0jurzwk iru fdofxodwlqj wkh uhvroxwlrq lq devruehu

dprxqw +l1h1 suhflslwdeoh zdwhu ydsru, iurp wkh lqvwuxphqwdo qrlvh ri wkh udglrphwhu1 Wklv surfhgxuh

fdq eh uhyhuvhg dqg xvhg wr vshfli| udglrphwhu qrlvh shuirupdqfh iru d wdujhw devruehu dprxqw

uhvroxwlrq1 Wkh yhuwlfdo d{lv ri wkh fxuyh0ri0jurzwk fdq eh udglrphwhu vljqdo/ ru/ diwhu frqyhuvlrq

yld wkh lqvwuxphqwdo uhvsrqvlylw|/ udgldqfh1 Lq wkh fdvh zkhuh wkh fxuyh0ri0jurzwk kdv ehhq rewdlqhg

iurp d vshfwudo lqwhjudwlrq ri frpsxwhu v|qwkhvl}hg hplvvlrq vshfwud/ wkh yhuwlfdo d{lv lv douhdg| lq

udgldqfh1

fdq wkhq eh frpsduhg wr wkh uhvroxwlrq uhtxluhphqwv ri udglr whohvfrsh revhuydwrulhv vxfk

dv DOPD dv glvfxvvhg lq Fkdswhu 41

Lq wkh fdvh zkhuh d qxphulfdo prgho ri dq dwprvskhuh lv dydlodeoh/ dq duwl�fldo

fxuyh0ri0jurzwk pd| eh v|qwkhvl}hg iurp lw dqg/ uhyhuvlqj wkh deryh surfhgxuh/ pd| eh xvhg

wr hvwlpdwh d udglrphwhu ghwhfwlrq shuirupdqfh qhfhvvdu| iru d ghvluhg devruehu dprxqw

uhvroxwlrq1
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Iljxuh 5145= Frpsxwhu vlpxodwhg zdwhu ydsru hplvvlrq deryh Pdxqd Nhd iru d ydulhw| ri froxpq

dexqgdqfhv udqjlqj iurp 3=58� 7=33 pp szy lq vwhsv ri 3=58=

2�D �L4T�|ih 5�4�*@|i_ �|4LtT�ihi �ML�i �@�?@ ki@

Wkh wuldo ri wkh surwrw|sh udglrphwhu zdv wr eh frqgxfwhg dw wkh MFPW dqg

wkhuhiruh d pxowl0od|hu prgho dwprvskhuh ^9` zdv xvhg wr vlpxodwh wkh zdwhu ydsru hplvvlrq

deryh wklv vlwh iru wkh vshfwudo uhjlrq 783� 833 fp3� iru d ydulhw| ri froxpq dexqgdqfhv

iurp 3=58 wr 7=3 ppszy1 Wklv vlpxodwlrq/ vkrzq lq Iljxuh 5145/ vkrzv d pl{wxuh ri vwurqj

dqg zhdn hplvvlrq ihdwxuhv1

Iljxuh 5146 vkrzv wkh fxuyh0ri0jurzwk ghwhuplqhg iurp d vshfwudo lqwhjudwlrq xq0

ghu wkh lqglylgxdo fxuyhv lq Iljxuh 51451 Wkh ghulydwlyh ri wklv fxuyh0ri0jurzwk uhodwhv d

yduldwlrq ri szy wr d yduldwlrq ri udgldqfh dv suhylrxvo| glvfxvvhg1 Dv vhhq iurp wkh �jxuh/
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Iljxuh 5146= Fxuyh0ri0jurzwk v|qwkhvl}hg iurp wkh vlpxodwhg hplvvlrq deryh Pdxqd Nhd vkrzq lq

Iljxuh 51451

wkh hvwlpdwhg hplvvlrq udgldqfh iurp wkh dwprvskhuh xqghu wkh frqglwlrq ri 4 pp szy

lv dssur{lpdwho| 3=;8 Zp32vu3� dqg wkh ghulydwlyh ri wkh fxuyh0ri0jurzwk dw 4 ppszy

lv � 3=78 Zp32vu3�ppszy3�1 Wkhvh ydoxhv zhuh xvhg lq dq lqlwldo ihdvlelolw| vwxg| wr

hvwlpdwh wkh shuirupdqfh uhtxluhg ri wkh surwrw|sh lqiuduhg udglrphwhu> wklv fdofxodwlrq

zloo eh uhylhzhg lq Vhfwlrq 6151

2�S #�t|h�M�|�L? Lu @̀|ih V@TLh �? |�i �|4LtT�ihi

Lghdoo|/ wkh lqiuduhg udglrphwhu vkrxog vdpsoh d yroxph wkdw fruuhvsrqgv wr wkh

ehdp ri wkh udglr dqwhqqd iru zklfk skdvh fruuhfwlrq lv uhtxluhg1 Wkh h�hfwlyh yroxph ri

dwprvskhuh vdpsohg e| d gl�udfwlrq0olplwhg udglr whohvfrsh fruuhvsrqgv wr d f|olqghu ri wkh

vdph gldphwhu h{whqglqj wr wkh rxwhu olplw ri wkh dwprvskhuh1 Wkh lqiuduhg zdwhu ydsru
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udglrphwhu/ rq wkh rwkhu kdqg/ lv d yhu| frpsdfw ghylfh zlwk d vpdoo froohfwlqj rswlf rq

wkh rughu ri d ihz whqv ri fhqwlphwhuv1 Wkh fkdoohqjh zdv wr ghvljq wkh surwrw|sh vxfk wkdw

lw vdpsohv/ dv idu dv srvvleoh/ wkh f|olqgulfdo ehdp ri wkh udglr dqwhqqd1 Lw zdv wkhuhiruh

ghflghg wr ghvljq wkh �hog ri ylhz ri wkh udglrphwhu vxfk wkdw lw vdpsohg d sdwfk ri vn|

htxdo lq vl}h wr wkh udglr dqwhqqd dw d udqjh qrw vkruwhu wkdq wkh h�hfwlyh vfdoh khljkw ri

zdwhu ydsru1 Dv wkh surwrw|sh zdv wr eh whvwhg dw wkh MFPW/ dq hvwlpdwh ri wkh h�hfwlyh

vfdoh khljkw ri zdwhu ydsru deryh Pdxqd Nhd zdv uhtxluhg dqg udglrvrqghv odxqfkhg iurp

wkh qhdue| Klor dlusruw surylghg vxfk gdwd1

Li zdwhu h{lvwhg rqo| lq wkh ydsru skdvh/ dqg lq dq lvrwkhupdo dwprvskhuh/ wkhq

wkh yhuwlfdo glvwulexwlrq zrxog eh jlyhq e| wkh k|gurvwdwlf h{suhvvlrq ghulyhg lq vhfwlrq

516171 Uhzulwlqj htxdwlrq 5=6=48 lq whupv ri sduwlfoh ghqvlw|/ Q/ dqg dowlwxgh/ d/ wkh yhuwlfdo

glvwulexwlrq ri zdwhu ydsru prohfxohv lv wkhq jlyhq e|

Q+d, @ Q+3, h3
@
M 5=9=4

zkhuh Q+d, lv wkh qxpehu ghqvlw| ri zdwhu ydsru prohfxohv dw dq dowlwxgh d deryh wkh

vxpplw/ Q+3, lv wkh qxpehu ghqvlw| dw wkh vxpplw dqg K lv wkh suhylrxvo| glvfxvvhg vfdoh

khljkw/

K @ -A
�M2�

}
5=9=5

dssolhg wr zdwhu ydsru1 Hydoxdwlrq ri htxdwlrq 5=9=5 xvlqj d phdq dwprvskhulf whpshudwxuh

ri 593 N |lhogv d vfdoh khljkw iru zdwhu ydsru ri 45=: np/ exw vlqfh zdwhu ydsru frqghqvhv

rxw dw whpshudwxuhv ehorz 5:6N/ wkh dfwxdo glvwulexwlrq frxog qrw eh h{shfwhg wr iroorz

htxdwlrq 5=9=41 Dq h�hfwlyh vfdoh khljkw fdq eh gh�qhg dv wkh dowlwxgh dw zklfk wkh qxpehu
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Hilo Airport Radiosonde Data 

Iljxuh 5147= Udglrvrqgh gdwd iru wkh dwprvskhuh lq wkh uhjlrq ri Pdxqd Nhd jlylqj dwprvskhulf

whpshudwxuh dqg suhflslwdeoh zdwhu ydsru dv d ixqfwlrq ri dwprvskhulf suhvvxuh1 Fxuyhv vwduwlqj dw

wkh orzhu uljkw lq wkh �jxuh uhsuhvhqw suhvvxuh0whpshudwxuh sur�ohv1 Fxuyhv vwduwlqj iurp wkh ohiw

lq wkh �jxuh uhsuhvhqw suhvvxuh0szy sur�ohv1

ghqvlw| ri zdwhu ydsru prohfxohv/ lqwhjudwhg iurp jurxqg ohyho/ idoov wr h3� ri wkh wrwdo

lqwhjudwhg dprxqw1 Wklv txdqwlw| fdq eh hydoxdwhg qxphulfdoo| iurp udglrvrqgh gdwd vxfk

dv wkdw iurp wkh Klor udglrvrqghv1 Wklv h�hfwlyh vfdoh khljkw fdq eh h{shfwhg wr eh kljko|

yduldeoh dv lw uh�hfwv wkh fkdqjlqj frqglwlrqv deryh Pdxqd Nhd exw w|slfdo ydoxhv ri wkh

qxphulfdoo| ghulyhg vfdoh khljkw fdq eh wdnhq dv d jrrg fulwhulrq iru wkh vdpsolqj udqjh ri

wkh surwrw|sh udglrphwhu1

Wkh Klor dlusruw lv vlwxdwhg dssur{lpdwho| 76np wr wkh hdvw ri Pdxqd Nhd dqg

udglrvrqghv duh odxqfkhg iurp wklv orfdwlrq wzlfh d gd|/ dw 5 s1p1 dqg 5 d1p1 orfdo Kdzdlldq



8:

wlph1 Wkhvh udglrvrqgh gdwd duh dffhvvleoh rq wkh zhe dw=

kwws=22krnxnhd1vrhvw1kdzdll1hgx2fxuuhqw2udre2lwr2wh{w2

Dq h{dpsoh ri d zhhn ri vxfk gdwd lv vkrzq lq Iljxuh 5147 zkhuh lqwhjudwhg szy

+fxuyhv vwduwlqj iurp wkh ohiw, dqg dwprvskhulf whpshudwxuh +vwduwlqj iurp wkh orzhu uljkw,

duh sorwwhg dv d ixqfwlrq ri dwprvskhulf suhvvxuh1 Lw lv vhhq iurp wklv �jxuh wkdw wkh

lqwhjudwhg suhflslwdeoh zdwhu ydsru lv odujho| frqwdlqhg lq d uhjlrq ehorz � 833pe1 Lw lv

dovr vhhq wkdw wkh wrwdo froxpq dexqgdqfh ydulhg zlgho| gxulqj wklv zhhn> wkh gulhvw gd|

kdg d wrwdo froxpq dexqgdqfh ri 3=7 ppszy/ dqrwkhu jurxs ri wkuhh gd|v kdg dq dyhudjh

ydoxh ri � 4=7 ppszy/ dqg rq wzr gd|v wkh szy zdv lqghwhuplqdwh/ dv hylghqfhg e| wkh

wzr doprvw krul}rqwdo fxuyhv uhsuhvhqwlqj khdylo| ryhufdvw frqglwlrqv1

Hydoxdwlqj wkh vfdoh khljkw irupxod zlwk dq dyhudjh dwprvskhulf prohfxodu pdvv

ri 3=35; njpro3� dqg dq dyhudjh dwprvskhulf whpshudwxuh ri 593N |lhogv

K @ -A
6@|6 }

@ H���eu2Sf
f�f2Hub�H

@ :=;; np 5=9=6

Xvlqj wklv vfdoh khljkw dqg wkh w|slfdo dwprvskhulf suhvvxuh dw wkh vxpplw ri

959pe/ wkh dowlwxgh dw zklfk wkh suhvvxuh gursv wr 833pe fdq eh ghulyhg yld wkh k|gurvwdwlf

htxdwlrq=

d @ �K oq+ �
�r
, @ �+:=;;, oq+Dff

S2S
, @ 4=:: np 5=9=7

Jlyhq wkh dssur{lpdwh qdwxuh ri wkh deryh fdofxodwlrq/ dq h�hfwlyh zdwhu ydsru

vfdoh khljkw zdv wdnhq dv 4 np1 Wkh lqiuduhg udglrphwhu zdv wkhuhiruh ghvljqhg wr vdpsoh

dq duhd ri � 43p gldphwhu/ wkh w|slfdo vl}h ri d udglr dqwhqqd/ dw d udqjh ri 4 np1 Wkhvh



8;

ydoxhv wkhq hvwdeolvk dq rswlfdo �hog ri ylhz iru wkh ghvljq ri wkh surwrw|sh udglrphwhu

+Vhfwlrq 61714,1
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Wklv fkdswhu suhvhqwv ghwdlov ri wkh ghvljq dqg frqvwuxfwlrq ri wkh surwrw|sh ud0

glrphwhu1 Wkh vwduwlqj srlqw lq wkh ghvljq surfhvv zhuh wkh iroorzlqj irxu lqsxw sdudphwhuv

suhvhqwhg lq wkh suhfhglqj fkdswhuv= 4, wkh h{shfwhg dwprvskhulf zdwhu ydsru udgldqfh

ri � 3=;8 Zp32vu3� rewdlqhg yld frpsxwhu vlpxodwlrq +Vhfwlrq 518,/ 5, wkh dwprvskhulf

vdpsolqj fulwhulrq ri d 43p gldphwhu sdwfk ri vn| dw d udqjh ri 4 np/ fkrvhq wr pdwfk dv

forvho| dv srvvleoh wkh dwprvskhulf froxpq ri wkh sursrvhg DOPD udglr dqwhqqdh dw wkh

h�hfwlyh vfdoh khljkw ri zdwhu ydsru +Vhfwlrq 519,/ 6, d zrunlqj vshfwudo udqjh ri� 783�833

fp3� zlwklq zklfk zdwhu ydsru lqiuduhg hplvvlrq frxog eh h{shfwhg wr eh lvrodwhg iurp wkdw

gxh wr rwkhu dwprvskhulf vshflhv +Vhfwlrq 41614, dqg 7, wkh ghvluh wr phdvxuh wkh froxpq
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dexqgdqfh ri zdwhu ydsru wr d uhvroxwlrq ri � 4�pszy lq dq lqwhjudwlrq wlph ri � 4 v

+Vhfwlrq 418,1

Wkh �uvw vwhs zdv wr frqgxfw d ihdvlelolw| vwxg| wr hvwdeolvk wkh yldelolw| ri dq lq0

iuduhg dssurdfk wr zdwhu ydsru phdvxuhphqw1 Dvvxplqj fhuwdlq frpsrqhqw fkdudfwhulvwlfv

vxfk dv wkh vshfwudo edqgsdvv ri wkh lqiuduhg �owhu dqg vhqvlwlylw| ri frpphufldoo| dydlodeoh

ghwhfwruv/ wklv fdofxodwlrq ghwhuplqhg wkh dssur{lpdwh vl}h ri wkh rswlfv uhtxluhg iru wkh

surwrw|sh dqg lv uhsurgxfhg lq Vhfwlrq 6151 Wkh uhpdlqghu ri wkh fkdswhu ghvfulehv lq ghwdlo

wkh ghvljq dqg frqvwuxfwlrq ri wkh surwrw|sh lqfoxglqj rswlfdo/ hohfwurqlf/ phfkdqlfdo dqg

vriwzduh dvshfwv1 Vhfwlrq 616 ehjlqv zlwk dq ryhudoo ylhz ri wkh udglrphwhu v|vwhp zklfk

frqvlvwhg ri wkuhh sulqflsoh frpsrqhqwv> dq lqvwuxphqw sodwirup/ dq hohfwurqlfv sdfndjh

dqg d odswrs frpsxwhu h{hfxwlqj wkh frqwuro vriwzduh> hdfk ri wkhvh sduwv ri wkh v|vwhp lv

wkhq glvfxvvhg lq ghwdlo1 Vhfwlrq 617 ghvfulehv wkh ghvljq ri wkh lqvwuxphqw sodwirup zklfk

lqfoxghg rswlfdo frpsrqhqwv/ eodfnerg| uhihuhqfhv/ ghwhfwru ghzdu dqg ghwhfwru suhdpsol0

�hu1 Vhfwlrq 618 ghvfulehv wkh hohfwurqlf lqvwuxphqwdwlrq dqg Vhfwlrq 619/ wkh lqvwuxphqw

frqwuro vriwzduh1

��2 � �hi*�4�?@h) 6i@t�M�*�|) �@*U�*@|�L?

Wkh vshfwudo uhjlrq ri � 783 � 833 fp3� zdv wkh wdujhw vshfwudo uhjlrq iru wkh

surwrw|sh udglrphwhu1 Wkh udgldqfh iurp zdwhu ydsru deryh Pdxqd Nhd suhglfwhg e| wkh

frpsxwhu prgho iru wklv vshfwudo uhjlrq xqghu frqglwlrqv ri 4ppszy zdv 3=;8pZ1 Wkh

dwprvskhulf vdpsolqj fulwhulrq/ gh�qlqj d �hog ri ylhz iru wkh surwrw|sh/ zdv fkrvhq wr
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vdpsoh d 43p gldphwhu sdwfk dw d udqjh ri 4 np1 D sulpdu| pluuru gldphwhu ri 458pp

zdv fkrvhq dv d jrrg frpsurplvh ehwzhhq froohfwlqj duhd/ frvw dqg wkh frpsdfw ghvljq

hqylvlrqhg iru wkh udglrphwhu exw zdv vxemhfw wr uhylvlrq shqglqj wkh rxwfrph ri wkh vljqdo0

wr0qrlvh fdofxodwlrq1 Xvlqj wkhvh �jxuhv/ d suholplqdu| fdofxodwlrq zdv pdgh wr hqvxuh wkdw

dq lqiuduhg dssurdfk zdv ihdvleoh xvlqj frpphufldoo| dydlodeoh lqiuduhg ghwhfwruv dqg �owhuv

xqghu wkh vrphzkdw shvvlplvwlf dvvxpswlrq ri 43( rswlfdo h�flhqf|1 Wkh fdofxodwlrq

surfhhghg dv iroorzv1

Wkh froohfwlqj duhd zdv

D @ Z
e
+3=458,2 @ 4=5 � 4332 p2 6=5=4

Xvlqj wkh vdpsolqj fulwhulrq ri d 43p gldphwhu sdwfk dw d udqjh/ U/ ri 4 np/ wkh

�hog ri ylhz ri wkh udglrphwhu zdv

 @
�r@6R,e

-2 @
Z
e
E�f�2

E�fff�2
@ :=< �433D vu 6=5=5

Wkh suhglfwhg udgldqfh ri zdwhu ydsru deryh Pdxqd Nhd zdv � 3=;8 Zp32vu3�

+Vhfwlrq 518,1 Wkh wrwdo rswlfdo h�flhqf|/ �/ zdv dvvxphg wr eh 43( zklfk |lhoghg d wrwdo

froohfwhg srzhu

� @ � OM2� D  @ ;=5� 433H Z 6=5=6

Glvfxvvlrqv zlwk ghwhfwru pdqxidfwxuhuv lqglfdwhg wkdw d skrwrfrqgxfwru vhqvl0

wlylw| shuirupdqfh ri GW @ 5�43b fp
s
K} Z3�frxog eh h{shfwhg iru d phufxu|0fdgplxp0

whooxulgh +PFW, ghwhfwru hohphqw rshudwlqj lq wkh uhjlrq ri 833 fp3�1 Zlwk dq duhd ri

4pp2/ wkh ghwhfwru qrlvh0htxlydohqw0srzhu +QHS, zdv
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QHS @
I
�oe@

(W
@

I
�f�f32
2f�fb @ 8�433��Z

s
K}

3�
6=5=7

Wkh uhvxowlqj vljqdo0wr0qrlvh udwlr lq d 4 v lqwhuydo ehfdph

V@Q @ x
�.�

@ H�2f �f3H

Df �f3�� * 4933 6=5=8

Wkh ghulydwlyh ri wkh frpsxwhu v|qwkhvl}hg fxuyh0ri0jurzwk +Iljxuh 5146,/ uhodwlqj

wkh huuru lq revhuyhg zdwhu ydsru udgldqfh wr wkh huuru lq suhflslwdeoh zdwhu ydsru iru

wkh fdvh ri Pdxqd Nhd zdv 3=78 Zp32vu3�+ppszy,3� xqghu frqglwlrqv ri 4 pp szy1

Xvlqj wkh vljqdo0wr0qrlvh udwlr ri 4933 fdofxodwhg deryh dqg wkh suhglfwhg udgldqfh ri 3=;8

Zp32vu3�/ wklv wudqvodwhg wr dq huuru lq suhflslwdeoh zdwhu ydsru/z/ ri

�z @
f�HD

�Sff

f�eD @ 4=5 �p szy 6=5=9

iru d 4� ghwhfwlrq lq d 4 v lqwhjudwlrq1

Wklv suholplqdu| fdofxodwlrq lqglfdwhg wkdw wkh fkdoohqjlqj phdvxuhphqw uhvrox0

wlrq ri � 4�p szy frxog eh dfklhyhg xvlqj d froohfwlqj rswlf 458pp lq gldphwhu dqg xvlqj

d frpphufldoo| dydlodeoh OQ20frrohg PFW skrwrfrqgxfwlyh ghwhfwru/ edqg olplwhg wr wkh

vshfwudo udqjh 783� 833 fp3�1

Wkh lqiuduhg �owhu uhtxluhg wr gh�qh wkh vshfwudo edqgsdvv ri wkh v|vwhp frxog

eh dffrpsolvkhg hlwkhu e| d edqgsdvv w|sh �owhu ru/ dowhuqdwlyho|/ dq hgjh �owhu xvhg lq

frqmxqfwlrq zlwk wkh vkdus orqj zdyhohqjwk ghwhfwru fxw0r� fkdudfwhulvwlf ri PFW ghwhfwruv1

Wkhvh �owhuv duh qrw frpphufldoo| dydlodeoh/ exw iruwxqdwho| dq h{shulphqwdo �owhu zlwk

d sdvvedqg ri 795 � 838 fp3� zdv sxufkdvhg iurp wkh Xqlyhuvlw| ri Uhdglqj Lqiuduhg
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C h op pe r C on tro lle r

L ock  In  A m p lifie r

In ter fa ce C o ntro l U n it
          ( IC U  )

Detector Output

200 Hz

Instrum ent 
   Contro l

Instrum ent P latform Electronic Instrum entation

Laptop Computer

Reference

S ignal

Iljxuh 614= Dq ryhudoo ylhz ri wkh surwrw|sh udglrphwhu vkrzlqj wkh wkuhh sulqflsoh sduwv ri wkh

v|vwhp> wkh lqvwuxphqw sodwirup/ wkh hohfwurqlf lqvwuxphqwdwlrq dqg wkh odswrs frqwuro frpsxwhu1

Pxowlod|hu Oderudwru|/ dqg wklv surylghg wkh odvw hohphqw qhhghg iru wkh frqvwuxfwlrq ri

wkh surwrw|sh lqiuduhg zdwhu ydsru udglrphwhu1

��� �? ��ih@** 5)t|i4 V�i� Lu |�i +@_�L4i|ih

Iljxuh 614 vkrzv dq ryhudoo ylhz ri wkh zdwhu ydsru udglrphwhu zklfk lv frpsulvhg

ri wkuhh sulqflsoh frpsrqhqwv> dq lqvwuxphqw sodwirup/ wkh hohfwurqlf lqvwuxphqwdwlrq dqg d

odswrs frqwuro frpsxwhu1 Wkh hohfwurqlf lqvwuxphqwdwlrq frqvlvwv ri d fkrsshu zkhho gulyhu

xqlw/ d orfn0lq dpsol�hu dqg dq lqwhuidfh frqwuro xqlw +LFX, zklfk krxvhv srzhu vxssolhv/ dq

D2G frqyhuwhu iru wkh vljqdo rxwsxw iurp wkh orfn0lq dqg d sdudooho sruw frpsxwhu lqwhuidfh1
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Ilqdoo|/ d odswrs frpsxwhu uxqv wkh frqwuro vriwzduh1 Wkh ghvljq dqg frqvwuxfwlrq ri hdfk

ri wkhvh frpsrqhqwv lv glvfxvvhg ehorz1

��e A�i W?t|h�4i?| �*@|uLh4

Wkh lqvwuxphqw sodwirup frqwdlqhg doo wkh rswlfdo frpsrqhqwv/ wzr eodfnerg|

uhihuhqfhv dqg OQ20frrohg lqiuduhg ghwhfwru ghzdu dvvhpeo| zlwk ghwhfwru suhdpsol�hu dqg

uh�hfwlyh rswlfdo fkrsshu1 Wkh rswlfdo v|vwhp frqvlvwv ri d �dw vfdqqlqj pluuru gluhfwlqj

oljkw wr dq r�0d{lv sduderorlg kdylqj d irfdo srlqw rq wkh ghwhfwru1 Wkh vfdqqlqj pluuru

surylghg d udqjh ri revhuydeoh }hqlwk dqjohv iurp 3 wr :3=6;J dqg khqfh fxuyhv0ri0jurzwk

frxog eh rewdlqhg uhsuhvhqwlqj dq dlupdvv udqjh iurp 4� 61

Wkh frog eodfnerg| frqvlvwhg ri dq rshq �dvn ri OQ2 sodfhg rq wkh �rru gluhfwo|

ehorz wkh vfdqqlqj pluuru dvvhpeo| dqg lqwr zklfk zdv sodfhg d glvf ri HffrvrueA� ^48`/

d frpprq devruehu dw vxeploolphwhu zdyhohqjwkv/ vr dv wr holplqdwh uh�hfwlrqv iurp wkh

pluuru0olnh erwwrp ri wkh �dvn1 Zkloh wkh whpshudwxuh ri wkh dpelhqw eodfnerg| fkdqjhg

zlwk wlph/ wkh whpshudwxuh ri wkh frog eodfnerg| dw wkh uhgxfhg dwprvskhulf suhvvxuh rq

wkh vxpplw ri Pdxqd Nhd frxog eh wdnhq dv d frqvwdqw :6N1

Wkh dpelhqw eodfnerg| frqvlvwhg ri dq doxplqxp sodwh frdwhg zlwk d wkhupdoo|

frqgxfwlyh hsr{| +Hsr � Whn <53, pdwul{ ri fduerq eodfn +5( e| zhljkw fduerq eodfn,

zkrvh vxuidfh zdv lpsulqwhg zlwk d xqlirup julg ri vtxduh s|udplgdo lqghqwdwlrqv e| phdqv

ri d sodvwlf prog1 Wkh hplvvlylw| ri wklv pdwhuldo lq wkh vshfwudo uhjlrq ri 53 �p kdv ehhq

phdvxuhg wr eh juhdwhu wkdq 3=<< ^49`1 Wkh sodwh zdv prxqwhg zlwk lqvxodwlqj vxssruw
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eudfnhwv rq wkh xqghuvlgh ri wkh sodwirup1 Wkh whpshudwxuh ri wkh sodwh zdv wr kdyh

ehhq phdvxuhg zlwk d vhqvru hpehgghg lq wkh fhqwhu1 Xqiruwxqdwho| wklv vhqvru zdv odwhu

glvfryhuhg wr kdyh surgxfhg huurqhrxv uhdglqjv1 Dpelhqw whpshudwxuh uhdglqjv uhfrughg

iurp wkh MFPW rxwvlgh dlu whpshudwxuh vhqvru zhuh wkhq dvvljqhg wr wkh dpelhqw eodfnerg|

uhihuhqfh lq wkh vxevhtxhqw dqdo|vlv1 D ghwdlohg wrs dqg vlgh ylhz ri wkh lqvwuxphqw sodwirup

lv vkrzq lq Iljxuh 6151

��e�� �@h@ML*�U �h�4@h) ��hhLh #it�}?

Dq r�0d{lv sduderorlg zdv fkrvhq dv wkh sulpdu| irfxvlqj rswlf vr dv wr dyrlg

rffxowdwlrq ri wkh rswlfdo ehdp e| d vhfrqgdu| pluuru dvvhpeo| dqg khqfh pd{lpl}h wkh

rswlfdo hqhuj| froohfwhg iru d jlyhq sulpdu| pluuru gldphwhu1 Wklv dssurdfk dovr uhvxowhg

lq d vlpsoh dqg frpsdfw udglrphwhu ghvljq1 Wkh gldphwhu ri wkh sduderorlg zdv fkrvhq wr

eh 458 pp +Vhfwlrq 615,> gxh wr wkh suhylrxvo| ghwhuplqhg �hog ri ylhz uhtxluhphqw dqg

wkh vwdqgdug 4pp2 ghwhfwru hohphqw/ wkh irfdo ohqjwk zdv �{hg e| wkh frqvhuydwlrq ri wkh

rswlfdo wkurxjksxw ri wkh v|vwhp1

Uhihuulqj wr wkh vfkhpdwlf ri wkh rswlfdo v|vwhp vkrzq lq Iljxuh 616/ frqvhuydwlrq

ri wkh wkurxjksxw ri wkh rswlfdo v|vwhp uhtxluhv wkdw

D_ _ @ DR R 6=7=4

zkhuh D_ lv wkh duhd ri wkh ghwhfwru/ _ lv wkh vrolg dqjoh ylhzhg e| wkh ghwhfwru/ DR lv wkh

duhd ri wkh sduderorlg dqg R lv wkh vrolg dqjoh vxewhqghg e| wkh 43p gldphwhu dwprvskhulf
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S te p pe r M o to r L N  2  D e te c tor D e w a r

1 0  :1   P u lley  R ed u c tion
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(b ) 

Iljxuh 615= Vlgh ylhz +d, dqg wrs ylhz +e, ri wkh lqvwuxphqw sodwirup1
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Rf

D etec tor a re a   .A  d  

Ω d Ω p

h ere  a s a  lens ) w ith  area   , su bte nd in gA   p 

a ngle   a t para bolo id.Ω  p

F oca l len g th
o f pa ra b olo id .

R an ge to  sam ple d  p a tch  o f sky.

P rim a ry m irro r p arab olo id (rep resen ted 

so lid  a ng le    at de te ctor.Ω  d  
Sa m p led  pa tch  of sky  o f

a rea  , sub ten d ing  a  so lidA  s 

Iljxuh 616= D vfkhpdwlf ri wkh htxlydohqw rswlfdo v|vwhp ri wkh surwrw|sh udglrphwhu1

vdpsolqj duhd dw wkh sduderorlg1 D jrrg dssur{lpdwlrq ri wkh vrolg dqjoh vxewhqghg e| d

vdpsohg duhd Dr dw wkh sduderorlg dw d glvwdqfh U lv R @ Dr@U 2/ dqg/ vlploduo|/ wkh vrolg

dqjoh vxewhqghg e| wkh sduderorlg dw wkh ghwhfwru lv _ @ DR@i
21 Htxdwlrq 6=7=4 fdq wkhq

eh uhduudqjhg wr vshfli| d irfdo ohqjwk

i @ U
t

�_

�r
@ U

u
_2
_

_2r
6=7=5

zkhuh g_ lv wkh gldphwhu ri wkh ghwhfwru hohphqw dqg gr lv wkh gldphwhu ri wkh vrxufh duhd

+l1h1 43p,1 Khuh wkh h�hfwlyh duhd ri wkh 4pp2 vtxduh ghwhfwru hohphqw lv wdnhq dv d flufoh

ri gldphwhu g_ @ 4pp1 Wkh irfdo ohqjwk ri wkh sduderorlg lv wkhq vhhq wr eh ghwhuplqhg

e| g_/ gr/ dqg U/ doo ri zklfk kdylqj ehhq suhylrxvo| ghwhuplqhg/ dqg lv lqghshqghqw ri wkh

gldphwhu ri wkh sduderorlg1 Lqvhuwlqj ydoxhv lqwr htxdwlrq 6=7=5 |lhogv d irfdo ohqjwk ri

i @ +4333,

u
Ef�ff� �2

E�f �2 @ 3=4p 6=7=6

Kdylqj hvwdeolvkhg d qrplqdo irfdo ohqjwk frqvlvwhqw zlwk wkh ghvluhg udglrphwhu
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y

x

20.34  m m

125.00  m m

e ffe c tive  fo c a l len g th
        11 7 .2  m m

e qu a tion  o f pa ra bo la : 

x 2

4P

=

=

=y

x 2

x 2

4(100 ) m m

400  m m

d e tec to r

LN   2

co ld  f ing er

b ea m  e d ge  to  fo cu s

Iljxuh 617= Ghwdlov ri wkh LGO0dvvlvwhg �qdo ghvljq ri wkh sduderolf sulpdu| pluuru1

�hog ri ylhz/ lw uhpdlqhg wr fkrrvh dq r�0d{lv wkurz dqjoh/ zklfk/ gxh wkh irfdo ohqjwk/

lpsolhg d fhuwdlq fohdudqfh iurp wkh irfdo srlqw wr wkh hgjh ri wkh rswlfdo ehdp1 Wkh ghzdu

dvvhpeo| kdg wr eh sodfhg vxfk wkdw wkh irfxv ri wkh sduderorlg lv dw wkh ghwhfwru hohphqw

zkloh wkh ghzdu lwvhoi lv nhsw iurp lqwhuihulqj zlwk wkh rswlfdo ehdp1 Dqjohv ri wkurz pxfk

juhdwhu wkdq derxw 78 ghjuhhv zrxog surylgh d juhdwhu fohdudqfh iru wkh ghzdu dvvhpeo|

exw zrxog uhvxow lq dq xquhdvrqdeo| ghhs sduderorlg1 Wkh irfdo ohqjwk fdofxodwhg deryh

dqg wkh suhylrxvo| ghwhuplqhg sduderorlg gldphwhu ri 458pp zhuh wdnhq dv wdujhw �jxuhv

iru wkh �qdo ghvljq ri wkh sduderorlg exw zhuh vxemhfw wr vpdoo uhylvlrqv wkdw wkh fkrlfh ri

wkurz dqjoh/ ghwhfwru �hog ri ylhz dqg ghzdu fohdudqfh ghpdqghg1
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Dq LGO surjudp +Sduderod Ghvljq, zdv zulwwhq wr h{shulphqw zlwk wkhvh wudgh0

r�v1 Zlwk wkh sduderorlg gldphwhu vhw dw 458pp/ wkh uhpdlqghu ri wkh sdudphwhuv zhuh

lwhudwlyho| dgmxvwhg zkloh nhhslqj wkh I0qxpehu ri wkh sduderorlg dv forvh wr xqlw| dv

srvvleoh vr dv wr dyrlg wkh gl�fxowlhv dvvrfldwhg zlwk wkh pdqxidfwxuh ri ghhs sduderorlgv1

Wkh judsklfdo rxwsxw ri wklv surjudp vkrzlqj wkh �qdo duudqjhphqw lv jlyhq lq Iljxuh

6171lqfoxglqj wkh htxdwlrq iru wkh sduderorlg lq wkh frruglqdwh v|vwhp vkrzq zlwk {/ | dqg

733 kdylqj xqlwv ri ploolphwhuv1 D vxppdu| ri wkh rswlfdo surshuwlhv ri wkh sduderorlg lv

jlyhq lq Wdeoh 6141

Wdeoh 614= Vxppdu| ri sduderorlg ghvljq sdudphwhuv1

#it�}? �@h@4i|ih V@*�i

_�@4i|ih �2D 44
uLU@* *i?}|� ��.�2 44
6�?�4Mih f�b�.

uLU@* TL�?| Lgti| uhL4 Mi@4 i_}i 2f��e 44

Wkh sduderod zdv gldprqg wxuqhg iurp d vrolg eorfn ri doxplqxp e| Oxprqlfv

Lqf1/ +Rwwdzd,/ dqg zdv ideulfdwhg zlwk dq dgglwlrqdo 58pp ri pdwhuldo ehorz wkh { d{lv/

dv vkrzq lq wkh �jxuh/ wr doorz prxqwlqj krohv wr eh guloohg lq wkh uhdu ri wkh pluuru

lwvhoi1 Wkh sduderorlg zdv erowhg �dw djdlqvw d 58pp wklfn doxplqxp prxqwlqj sodwh

zlwkrxw surylvlrq iru dgmxvwphqw1 Dq [0\ ghzdu dvvhpeo| prxqwlqj sodwirup surylghg

irfxv dgmxvwphqw lq d krul}rqwdo sodqh zkloh wkh yhuwlfdo srvlwlrq ri wkh ghzdu zdv dgmxvwhg

e| pdfklqlqj wkh wklfnqhvv ri wkh prxqwlqj �dqjh vxssruwlqj wkh ghwhfwru ghzdu1 Iljxuh

618 surylghv d ghwdlo ri wkh wrs ylhz ri wkh �qdo ghvljq ri wkh rswlfdo v|vwhp dqg vkrzv

wkh forvh wrohudqfhv uhtxluhg wr nhhs d 458pp gldphwhu rswlfdo ehdp zkloh vlpxowdqhrxvo|
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Iljxuh 618= D wrs ylhz ghwdlo ri wkh rswlfdo v|vwhp vkrzlqj wkh sodfhphqw ri wkh ghwhfwru ghzdu

dw wkh irfxv ri wkh sduderolf sulpdu| pluuru1

dffrpprgdwlqj wkh uhtxluhphqwv ri wkh ghwhfwru ghzdu dvvhpeo|1 D surwhfwlyh vkurxg zdv

lqfrusrudwhg durxqg wkh wrs dqg vlghv ri wkh sduderorlg dqg surylghg d ghjuhh ri surwhfwlrq

iurp wkh hqylurqphqw1

��e�2 5U@??�?} ��hhLh �tti4M*)

Wkh vfdqqlqj pluuru dvvhpeo| zdv ghvljqhg wr surylgh fxuyhv0ri0jurzwk iru dq

dlupdvv udqjh ri 4 � 61 Vlqfh/ dv glvfxvvhg lq Vhfwlrq 51714/ dlupdvv @ 4@ frv+}hqlwk

dqjoh,/ wklv udqjh fruuhvsrqgv wr d }hqlwk dqjoh udqjh iurp 3�:3=6;J1 Wkh vfdqqlqj pluuru

zdv dfwxdwhg yld d 533 vwhs2uhy vwhsslqj prwru +733 vwhs2uhy lq kdoi vwhsslqj , iroorzhg e|

d 43 = 4 sxooh| uhgxfwlrq duudqjhphqw dv vkrzq lq Iljxuh 6191 Wkh frqwuro frpsxwhu wudfnhg
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wkh srvlwlrq ri wkh vfdqqlqj pluuru e| frxqwlqj vwhs sxovhv lvvxhg wr wkh gulyhu xqlw1 D

uhihuhqfh srvlwlrq zdv surylghg e| dq rswlfdo vzlwfk prxqwhg rq wkh vfdqqlqj pluuru d{oh

eorfn zlwk wkh lqwhuuxswlqj eodgh idvwhqhg wr wkh odujh sxooh| ri wkh vfdqqlqj pluuru d{oh lq

vxfk d zd| dv wr surylgh lqwhuuxswlrq ri wkh rswr0vzlwfk zkhq wkh pluuru ylhzhg wkh qdglu1

Xsrq v|vwhp vwduw xs/ wkh frpsxwhu guryh wkh vfdqqlqj pluuru wrzdug wkh qdglu xqwlo wkh

uhihuhqfh vljqdo zdv rewdlqhg1 Wkh vfdqqlqj pluuru srvlwlrq uhjlvwhu lq wkh frqwuro surjudp

zdv wkhq uhvhw wr }hur1 Vxevhtxhqw pluuru pryhphqw zdv wkhq wudfnhg e| wkh frpsxwhu yld

wklv uhjlvwhu1

Wkh 430wxuq srwhqwlrphwhu zdv dwwdfkhg wr wkh vwhsshu prwru d{oh vkdiw vr dv

wr surylgh d vhfrqgdu| +dqdorj, phdqv ri prqlwrulqj wkh vfdqqlqj pluuru srvlwlrq1 Wkh

430uhyroxwlrq udqjh ri wkh vwhsshu prwru d{oh surylghg d rqh wxuq udqjh ri wkh vfdqqlqj

pluuru d{oh dqg/ khqfh/ zdv pruh wkdq wzlfh wkdw qhhghg wr surylgh revhuydwlrqv iurp

4� 6 dlupdvvhv1 Wklv hqdeohg wkh 430wxuq srwhqwlrphwhu wr eh rshudwhg lq wkh fhqwhu ri lwv

urwdwlrqdo udqjh1 Qhyhuwkhohvv/ d phdqv kdg wr eh surylghg wr suhyhqw wkh frpsxwhu iurp

gulylqj wkh prwru eh|rqg wkh olplwv ri wkh srwhqwlrphwhu lq wkh hyhqw ri d idloxuh ri wkh

frqwuro surjudp1 Dv dovr vhhq lq Iljxuh 619/ d olplw vzlwfk zdv sodfhg rq wkh d{oh eorfn rq

wkh rssrvlwh vlgh iurp wkh rswr0vzlwfk dqg wzr urxqg0khdghg vfuhzv zhuh lqvwdoohg rq wkh

lqqhu idfh ri wkh gulyh sxooh| <8J dsduw vr dv wr dfwxdwh wkh vzlwfk li wkh vfdqqlqj pluuru ohiw

wkh udqjh ri doorzhg pryhphqw1 Wkh qrupdoo| kljk vljqdo iurp wkh olplw vzlwfk zdv DQGhg

zlwk wkh vwhs sxovhv lvvxhg e| wkh frqwuro surjudp dw wkh lqsxw ri wkh vwhsshu gulyhu xqlw

wr surylgh d kdugzduh ohyho hphujhqf| orfn0rxw ixqfwlrq1

Wkh glphqvlrqv ri wkh �dw vfdqqlqj pluuru zhuh fkrvhq voljkwo| ryhuvl}hg vr dv wr
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Iljxuh 619= D wrs ylhz ri wkh vfdqqlqj pluuru dvvhpeo| vkrzlqj wkh qdglu uhihuhqfh srvlwlrq rswr0

vzlwfk dqg rxw0ri0udqjh olplw vzlwfk1 D ghwdlo ri wkh rswr0vzlwfk flufxlw lv vkrzq lq wkh lqvhw1
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dffrpprgdwh wkh glyhujhqfh ri wkh rswlfdo ylhz iurp wkh sduderorlg gxh wr wkh �hog ri ylhz

ri wkh lqvwuxphqw/ dv zhoo dv dq| vpdoo plvdoljqphqw ri wkh rswlfdo d{lv1 Wkh �hog ri ylhz

ri wkh lqvwuxphqw zdv

� * �*2u�f6
�fff6 @ 8�433� udg 6=7=7

Wkh glvwdqfh dorqj wkh rswlfdo d{lv iurp wkh vxuidfh ri wkh sduderolf sulpdu|

pluuru wr wkh fhqwhu ri wkh �dw pluuru zdv 793 pp dqg khqfh ryhu wklv udqjh wkh rswlfdo

ehdp glyhujhg d glvwdqfh ri

g @ 793 � 8�433� @ 5=6 pp 6=7=8

eh|rqg wkh shulphwhu ri d 458pp gldphwhu flufoh dv surmhfwhg rqwr wkh vxuidfh ri wkh

vfdqqlqj pluuru1 Lq vl}lqj wkh pluuru zlgwk/ d fohdudqfh ri 45=8pp zdv doorwwhg wr hdfk

vlgh ri wkh surmhfwhg 458pp sduderorlg gldphwhu/ pdnlqj wkh pluuru zlgwk 483 pp1 Wkh

surmhfwhg glvwdqfh ri wkh rswlfdo ehdp dorqj wkh vfdqqlqj pluuru lq wkh yhuwlfdo gluhfwlrq

zkhq dw lwv pd{lpxp uhodwlyh dqjoh ri 78J zlwk uhvshfw wr wkh rswlfdo d{lv ri wkh v|vwhp lv

d idfwru ri
s
5 wlphv wkh surmhfwhg sduderorlg gldphwhu1 Wr wklv zdv dgghg d fohdudqfh ri

s
5� 45=8pp pdnlqj wkh orqj glphqvlrq ri wkh vfdqqlqj pluuru 545 pp1 Wkh pluuru zdv

ideulfdwhg iurp rswlfdo jodvv dqg frdwhg zlwk d od|hu ri doxplqxp iroorzhg e| d frdwlqj ri

VlR d ihz qdqrphwhuv wklfn iru surwhfwlrq djdlqvw wkh hqylurqphqw1

��e�� W?uh@hi_ #i|iU|Lh

Wkh lqiuduhg ghwhfwru zdv d phufxu|0fdgplxp0whooxulgh +PFW, ghylfh/ vxssolhg e|

Nropdu Whfkqrorjlhv Lqf1 ^4:`/ ghvljqhg iru rshudwlrq dw ::N1 Wkh ghwhfwru vshfl�fdwlrqv
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vxssolhg e| wkh pdqxidfwxuhu duh olvwhg lq Wdeoh 615=

Wdeoh 615= Lqiuduhg ghwhfwru fkdudfwhulvwlfv1

#i|iU|Lh �@h@4i|ih V@*�i

@U|��i @hi@ � 442

hitTL?t���|) eD��� V%`
U�| Lg �@�i*i?}|� E4@ � 22��D >4

hit�t|@?Ui 9 .. k �2 l
?L4�?@* M�@t �L*|@}i f�eD V

#8 E9�f!O3� 2�HH  �fb U4
I
O3`3�

Wkh vshfl�fdwlrqv lqglfdwh d 43( uhvsrqvh fxwr� zdyhohqjwk ri 55=48�p +784 fp3�,

dqg wklv pdnhv lw d uhdvrqdeoh pdwfk zlwk wkh lqiuduhg �owhu dv glvfxvvhg lq Vhfwlrq 617171

Wkh uhvlvwdqfh ri wkh ghylfh zdv phdvxuhg wr eh 65 dw ::N dqg wkh rswlpdo eldv yrow0

djh ri 3=78Y txrwhg e| wkh pdqxidfwxuhu fruuhvsrqgv wr d eldv fxuuhqw ri 47pD1 Yhuedo

frppxqlfdwlrq zlwk wkh pdqxidfwxuhu vxjjhvwhg wkdw voljkwo| ehwwhu shuirupdqfh frxog eh

dwwdlqhg e| lqfuhdvlqj wklv ydoxh surylghg wkh euhdngrzq yrowdjh ri 3=;Y iru wkh ghylfh

zdv qrw h{fhhghg1 Shuirupdqfh whvwv lq wkh oderudwru| uhyhdohg qr dssuhfldeoh lqfuhdvh lq

vljqdo0wr0qrlvh zlwk lqfuhdvlqj eldv yrowdjh dqg wkh uhfrpphqghg eldv fxuuhqw ri 47pD

ehfdph wkh wdujhw fxuuhqw iru wkh suhdpsol�hu ghvljq1

��e�e �T|�U@* 6�*|ih

Wkh qduurz0edqg/ lqiuduhg lqwhuihuhqfh �owhu iurp wkh Xqlyhuvlw| ri Uhdglqj/ XN/

zdv vxssolhg zlwk d uhvsrqvh fxuyh iru qrupdoo| lqflghqw udgldwlrq dqg lv vkrzq lq Iljxuh

61:1 Lq sudfwlfh/ wkh �owhu uhvsrqvh vkrxog eh prgl�hg wr wdnh lqwr dffrxqw d zdyhohqjwk vkliw

wkdw rffxuv iru udgldwlrq lqflghqw dw dq duelwudu| dqjoh1 Vlqfh udgldwlrq iurp wkh sduderod
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Iljxuh 61:= Wkh vshfwudo uhvsrqvh ri wkh lqiuduhg sdvvedqg �owhu1

hqwhuv wkh �owhu dv d udslgo| frqyhujlqj ehdp/ wkh flufxodu duhd ri wkh �owhu frxog eh glylghg

lqwr dqqxol dqg wkh frqwulexwlrq iurp hdfk fruuhfwhg iru zdyhohqjwk dqg zhljkwhg e| duhd1

Wkh wrwdo �owhu uhvsrqvh zrxog wkhq eh wdnhq dv wkh vxp ri wkhvh1 Zlwkrxw d ghwdlohg

nqrzohgjh ri wkh rswlfdo dqg wkhupdo surshuwlhv ri wkh �owhu uhtxluhg wr shuirup wkh deryh

fdofxodwlrq/ wkh qrupdoo| lqflghqw edqgsdvv uhvsrqvh ri 795� 838 fp3� zdv dvvxphg iru

wkh �owhu1

��e�D #i|iU|Lh ,*i4i?| �L�?|�?} #i|@�*t

D furvv0vhfwlrq ri wkh ghwhfwru prxqwlqj duudqjhphqw rq wkh frog �qjhu ri wkh

ghzdu lv vkrzq lq Iljxuh 61; dqg lqfoxghv wkh sodfhphqw ri wkh lqiuduhg �owhu dqg rswlfdo

zlqgrz1 Dovr vhhq lq wkh �jxuh lv wkh fkrsshu eodgh zklfk zdv ideulfdwhg iurp pluuru0�qlvk

vwdlqohvv vwhho zlwk wkh uh�hfwlyh vlgh idflqj wkh ghwhfwru hohphqw1 Wkh fkrsshu prwru dqg

OQ2 ghzdu duh prxqwhg rq d frpprq edvh sodwh1
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Wkh ghwhfwru dqg �owhu duh erwk frqwdlqhg lq d wzr slhfh frsshu �dqjh prxqwhg

rq wkh ghzdu frog �qjhu dqg duh wkxv erwk khog dw :6N +wkh erlolqj srlqw ri OQ2 rq wkh

vxpplw ri Pdxqd Nhd,1 Wkh rxwhu sduw ri wkh wzr0slhfh xqlw krogv wkh lqiuduhg �owhu djdlqvw

wkh lqqhu sduw zklfk krxvhv wkh ghwhfwru lq d oljkw0wljkw hqforvxuh1 D wklq frsshu zdvkhu lv

vhdwhg lq wkh uhfhvv rq wkh rxwhuprvw idfh ri wkh dvvhpeo| dqg ixqfwlrqv dv wkh �hog gh�qlqj

dshuwxuh1 Wkh vl}h ri wkh kroh lq wkh dshuwxuh zdv ghwhuplqhg e| wuldo dqg huuru lq wkh ode

vr dv wr surgxfh d 93J �hog ri ylhz1

Wkh rswlfdo zlqgrz zdv ideulfdwhg iurp d wklq +� :8�p, sro|surs|ohqh vkhhw

zklfk surylghv h{fhoohqw wudqvplvvlrq dw d zdyhohqjwk ri 53 �p1 Wkh vkhhw zdv xqlirupo|

vwuhwfkhg lq d f|olqgulfdo mlj/ vdqgzlfkhg ehwzhhq wzr vwhho zdvkhuv xvlqj vxshujoxh dv

dq dgkhvlyh rq erwk vlghv/ wulpphg durxqg wkh flufxpihuhqfh dqg wkhq sodfhg zlwklq dq

doxplqxp �dqjh dv vhhq lq wkh �jxuh1 Dq R0ulqj surylghg wkh ydfxxp vhdo ri wkh �dqjh

djdlqvw wkh lqqhu vwhho zdvkhu dqg d uhwdlqlqj fds vhfxuhg wkh �dqjh djdlqvw dqrwkhu R0ulqj

vhdo rq wkh ghzdu erg|1 Wkh rswlfdo zlqgrz zdv khog lq sodfh e| dwprvskhulf suhvvxuh1

��e�S �T|�U@* ��LTT�?} �*@_i @?_ #i�@h �tti4M*)

Wkh rswlfdo fkrsslqj eodgh zdv ideulfdwhg iurp d pluuru �qlvk vwdlqohvv vwhho xvlqj

wkh surfhvv ri vsdun hurvlrq pdfklqlqj1 Wklv surfhvv holplqdwhv dq| vwuhvv lqgxfhg �dzv

dqg/ frpelqhg zlwk wkh pluuru0olnh �qlvk ri wkh vwhho/ surgxfhg d eodgh zlwk d kljk txdolw|

rswlfdo vxuidfh1 Wkh uh�hfwlyh vlgh idfhg wkh ghzdu dqg surylghg wkh ghwhfwru zlwk dq

dowhuqdwlqj ylhz ri wkh udgldwlrq iurp wkh sduderorlg dqg dq xqirfxvhg ylhz ri lwvhoi +l1h1 d
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Iljxuh 61;= Ghwdlo ri ghwhfwru ghzdu vkrzlqj prxqwlqj duudqjhphqw iru PFW ghwhfwru hohphqw/

lqiuduhg �owhu dqg uh�hfwlyh fkrsshu1

:6N hqylurqphqw, wrjhwkhu zlwk wkh hplvvlrq iurp d yhu| orz hplvvlylw| dpelhqw vxuidfh1

Wklv ghvljq zdv fkrvhq wr surgxfhg d fkrsshg vljqdo ri kljkhu vwdelolw| wkdq zrxog eh

h{shfwhg iurp d qrq0uh�hfwlyh eodgh h{shulhqflqj wkh vdph whpshudwxuh yduldwlrqv1 Wkh

fkrsshu zkhho zdv pdfklqhg zlwk 8 vorwv zklfk/ zkhq urwdwhg dw 73 uhyroxwlrqv shu vhfrqg/

surylghg d 533K} prgxodwlrq ri wkh rswlfdo ehdp1 Wkh fkrsshu eodgh prwru zdv prxqwhg

rq d yhuwlfdo srvw vr dv wr surylgh ] d{lv srvlwlrq dgmxvwphqw1 Wkh srvw zdv prxqwhg/ dorqj

zlwk wkh ghzdu/ rq d frpprq edvh sodwh/ dv vhhq lq Iljxuh 61;/ zklfk doorzhg wkh hqwluh

dvvhpeo| wr eh pryhg dv d zkroh lq irfxv dgmxvwphqw1

Wkh ghzdu.fkrsshu dvvhpeo| zdv wkhq �{hg rq dq rswlfdo [0\ prxqwlqj sodwirup/

wkh [ d{lv ri zklfk frlqflghg zlwk wkh rswlfdo d{lv ri wkh sduderod/ dv vhhq lq Iljxuh 6181

Wkh �qdo irfxv srvlwlrq zdv dfklhyhg e| dgmxvwphqw ri wkh [/\/ dqg ] srvlwlrqlqj ri wkh
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ghwhfwru dvvhpeo| zlwk wkh ghwhfwru ylhzlqj d krw sodwh ri gldphwhu 483pp dw d glvwdqfh

� 7p1

��e�. #i|iU|Lh �hi@4T*��ih �L?t|h�U|�L?

Wkh uhtxluhphqwv iru wkh ghwhfwru suhdpsol�hu zhuh wkdw lw eh orz qrlvh/ frpsdfw

lq vl}h dqg kdyh d whpshudwxuh frpshqvdwhg eldvlqj duudqjhphqw vlqfh wkh lqvwuxphqw zdv

lqwhqghg iru rxwgrru rshudwlrq ryhu dq dqwlflsdwhg whpshudwxuh udqjh rq Pdxqd Nhd iurp

�43 wr .53JF1 Wkh OQ2 ghzdu zdv vxssolhg e| Nropdu Whfkqrorjlhv Lqf= dqg lqfoxghg

d vpdoo krxvlqj iru d suhdpsol�hu lqfrusrudwhg rq wkh vlgh1 Wkh glphqvlrqv ri wkh krxvlqj

zhuh 6;�:3 �4< pp dqg wkh suhdpsol�hu erdug/ frqqhfwru kdugzduh dqg vrph fdeolqj kdg

wr �w zlwklq wklv yroxph1 Iljxuh 61< vkrzv d skrwrjudsk ri wkh suhdpsol�hu frqvwuxfwlrq1

Wkh orz qrlvh uhtxluhphqw ri wkh suhdpsol�hu zdv lpsruwdqw vlqfh d odujh jdlq

zdv xvhg lq wkh lqlwldo vwdjh ri dpsol�fdwlrq1 Vlqfh wkh frog uhvlvwdqfh ri wkh PFW ghwhfwru

hohphqw zdv 65/ wkh wkhupdo yrowdjh qrlvh frqwulexwlrq zdv plqlpdo> wkxv d orz yrowdjh

qrlvh suhdpsol�hu zlwk vlploduo| vpdoo lqsxw uhvlvwdqfhv zrxog uhvxow lq d orz ryhudoo qrlvh

�jxuh1 Wkh OlqhduWhfkqrorj| OW435; rshudwlrqdo dpsol�hu +rs0dps, kdv rqh ri wkh vpdoo0

hvw yrowdjh qrlvh vshfl�fdwlrqv dprqj frpphufldoo| dydlodeoh rs0dpsv +� 4qYK}3�*2 dw

533K}, dqg lv sduwlfxoduo| vxlwhg wr orz0lpshgdqfh vrxufh dssolfdwlrqv zkhuh lwv uhodwlyho|

kljk fxuuhqw qrlvh +� 4sDK}3�*2 dw 533K}, grhv qrw frqwulexwh vljql�fdqwo| wr wkh ryhudoo

qrlvh �jxuh1

D frqvwdqw fxuuhqw eldvlqj duudqjhphqw zdv xvhg zlwk wkh ghwhfwru wr surylgh d
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Iljxuh 61<= D ylhz ri wkh uhdu ri wkh ghwhfwru ghzdu vkrzlqj wkh suhdpsol�hu lqvwdoodwlrq1

olqhdu uhodwlrq ehwzhhq rswlfdo lqsxw dqg yrowdjh rxwsxw1 Wkh rs0dps zdv rshudwhg lq d

qrq0lqyhuwlqj prgh dqg frq�jxuhg zlwk d jdlq ri 53331 D edqgsdvv ri � 53K} �5333K}

zdv vhohfwhg wr surylgh �6 gE fxw0r� srlqwv dq rughu ri pdjqlwxgh rq hlwkhu vlgh ri wkh

prgxodwlrq iuhtxhqf| ri 533K}1 D vfkhpdwlf ri wkh suhdpsol�hu lv jlyhq lq Iljxuh 61431

Orz uhvlvwdqfh ydoxhv zhuh qhhghg iru Un
�? dqg U3�? dw wkh suhdpsol�hu lqsxw wr

pdwfk wkh orz vrxufh lpshgdqfh ri wkh ghwhfwru hohphqw dqg wr dyrlg yrowdjh qrlvh gxh wr

wkh rs0dps lqsxw qrlvh fxuuhqw1 Wkh frq�lfwlqj uhtxluhphqw zdv wkdw d sk|vlfdoo| vpdoo/

dqg wkhuhiruh uhodwlyho| vpdoo ydoxh/ lqsxw frxsolqj fdsdflwru/ F�?/ kdg wr eh xvhg wr irup

wkh lqsxw kljk sdvv �owhu zlwk d euhdn iuhtxhqf| d ghfdgh ehorz wkh 533K} prgxodwlrq

iuhtxhqf|1 F�? frqvlvwhg ri wzr 433�I wdqwdoxp fdsdflwruv lq sdudooho dqg/ zlwk Un
�? @

83/ wkh orzhu �6 gE fxw0r� iuhtxhqf| zdv
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Iljxuh 6143= D vfkhpdwlf ri wkh suhdpsol�hu1

i, @
�

2Z-�?��?
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2ZEDf�E2fff�f3S�

@ 49 K} 6=7=9

Wr surgxfh d jdlq ri � 5333 lq wkh sdvvedqg ri wkh suhdpsol�hu d ihhgedfn uhvlv0

wdqfh ri Us @ 433n zdv uhtxluhg1 D ihhgedfn fdsdflwru Fs @ 9;3sI uhvxowhg lq dq xsshu

fxw0r� iuhtxhqf|

i� @
�

2Z-s�s
@ �

2ZE�fff�f��ESHff�f3�2� @ 5673K} 6=7=:

Gxulqj frqvwuxfwlrq ri wkh suhdpsol�hu lw zdv qrwhg wkdw frpelqlqj uhvlvwruv lq

vhulhv ru sdudooho wr v|qwkhvl}h d vshfl�f uhvlvwdqfh uhvxowhg lq d vxevwdqwldoo| lqfuhdvhg

qrlvh �jxuh ri wkh suhdpsol�hu/ srvvleo| gxh wr wkhupr0hohfwulf h�hfwv lq wkh vroghu mrlqwv1
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Vlqjoh uhvlvwdqfh ydoxhv dv forvh dv srvvleoh wr wkh wdujhw ydoxhv zhuh wkhuhiruh xvhg lq wkh

ideulfdwlrq ri wkh suhdpsol�hu1 Wklv frqvwuxfwlrq sklorvrsk| zdv sduwlfxoduo| lpsruwdqw lq

wkh ghwhfwru eldvlqj sruwlrq ri wkh flufxlw1

Wkh suhdpsol�hu lqfrusrudwhg whpshudwxuh frpshqvdwlrq lq wkh frqvwdqw fxuuhqw

jhqhudwru eldvlqj wkh ghwhfwru vlqfh wkh udglrphwhu zdv wr rshudwh ryhu d zlgh udqjh ri

whpshudwxuhv1 Wkh rshudwlrq ri wklv sduw ri wkh flufxlw/ vhhq lq wkh xsshu ohiw ri Iljxuh

6143/ zdv dv iroorzv1 D zhoo gh�qhg yrowdjh gurs ri 4=;3Y lv �uvw hvwdeolvkhg dfurvv wkh OHG

e| eldvlqj lw zhoo lqwr frqgxfwlrq zlwk wkh 4 n uhvlvwru/ UK1 Dvvxplqj wkh whpshudwxuh

fkdudfwhulvwlf ri wkh sq mxqfwlrq ri wkh OHG lv wkh vdph dv wkdw ri wkh sq edvh0hplwwhu

mxqfwlrq ri wkh 5Q5<3: sqs wudqvlvwru/ W / wkh yrowdjh dw wkh hplwwhu ri wkh wudqvlvwru zdv

45Y�4=;Y.3=9Y@ 43=;Y dqg lqghshqghqw ri whpshudwxuh1 D whpshudwxuh lqghshqghqw

yrowdjh ri 4=5Y zdv wkxv hvwdeolvkhg dfurvv Ue1 Wkh fxuuhqw wkurxjk wkh ghwhfwru/ L_/ zdv

wkhq ghwhuplqhg e| Ue xvlqj

L_ @
��2T
-.

6=7=;

Lq wkh �qdo flufxlw d :8=8  4( phwdo �op uhvlvwru zdv vhohfwhg iru Ue/ uhvxowlqj

lq d eldv fxuuhqw ri 48=6pD/ forvh wr wkh rswlpdo ydoxh vxjjhvwhg e| wkh pdqxidfwxuhu1

Wkh lqfoxvlrq ri wkh 533 uhvlvwru/ US/ zdv qhfhvvdu| wr ghfuhdvh wkh srzhu glvvl0

sdwlrq ri wkh wudqvlvwru W 1 Gxulqj �qdo whvwlqj ri wkh suhdpsol�hu lq wkh oderudwru| lw zdv

irxqg wkdw rshudwlrq zlwkrxw US uhvxowhg lq d 98JF fdvh whpshudwxuh yhuvxv 87JF zlwk US

lqfoxghg +wkh wudqvlvwru fdq rshudwh zlwk d pd{lpxp fdvh whpshudwxuh ri 533JF,1 Vlqfh

wkh dwprvskhulf suhvvxuh/ dqg khqfh frrolqj h�flhqf|/ rq wkh vxpplw ri Pdxqd Nhd lv
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dssur{lpdwho| � 93( wkdw lq Ohwkeulgjh/ lw zdv ghflghg wr lqfoxgh US lq wkh eldv flufxlw

wr jlyh dq h{wud pdujlq ri vdihw|1

��e�H �hi@4T*��ih �L�ti

Wkh frqvwdqw fxuuhqw vrxufh flufxlwu| xvhg wr eldv wkh ghwhfwru hohphqw zdv frq0

vlghuhg wr eh vxemhfw wr uh�qhphqw lq vxevhtxhqw yhuvlrqv ri wkh udglrphwhu zkhuhdv wkh

ghwhfwru dqg rs0dps frq�jxudwlrq lv h{shfwhg wr uhpdlq xqfkdqjhg1 D suhdpsol�hu qrlvh

dqdo|vlv zlwkrxw lqfoxglqj frqwulexwlrqv e| wkh frqvwdqw fxuuhqw vrxufh zloo wkhq jlyh dq

lqglfdwlrq ri wkh plqlpxp qrlvh ohyho dwwdlqdeoh xvlqj wkh OW435; rs0dps dqg wkh ydoxhv

iru U_/ U
n
�?/ U

3
�?/ dqg Us vkrzq lq Iljxuh 61431

Wkh wkhupdo yrowdjh qrlvh ghqvlw| jhqhudwhg e| wkh ghwhfwru hohphqw dw wkh lqsxw

ri wkh rs0dps lv

h� @ h?_i|iU|Lh+
-n

�?

-n

�?
n-_

,

@
s
7nWU_+

Df
Dfn�2,

@
s
+7,+4=6;� 4332�,+::,+65,+DfH2,

@ 3=55 qYK}3�*2 6=7=<

Wkdw gxh wr Un
�? lv

h2 @ h?
-
n

�?

+ -_

-n

�?
n-_

,

@
t
7nWUn

�?+
�2

Dfn�2,

@
s
+7,+4=6;� 4332�,+5<6,+83,+�2H2,

@ 3=68 qYK}3�*2 6=7=43
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Wkdw gxh wr U3
�? lv

h� @ h?
-
3

�?

+
-s

-3
�?

n-s
,

@
t
7nWU3

�?+
�fff�f�

�fn�fff�f� ,

@
s
+7,+4=6;� 4332�,+5<6,+43, +4,

@ 3=7 qYK}3�*2 6=7=44

Wkh odvw wkhupdo qrlvh frqwulexwlrq lv wkdw gxh wr Us /

he @ h?-s +
-3
�?

-3
�?

n-s
,

@
s
7nWUs +

Df
Dfn�fff�f� ,

@
s
+7,+4=6;� 4332�,+5<6,+433� 43�,+3=8� 433�,

@ 3=35 qYK}3�*2 6=7=45

Wkh yrowdjh qrlvh ghqvlw| jhqhudwhg e| wkh rs0dps lqsxw fxuuhqw qrlvh ri 4 sDK}3�*2 +533

K}, dw wkh . whuplqdo ri wkh rs0dps lv

hD @ ln? +
-_-

n

�?

-n

�?
n-_

,

@ +4� 433�2,+ E�2�EDf��2nDf ,

@ 3=35 qYK}3�*2 6=7=46

dqg wkdw dw wkh 0 whuplqdo ri wkh rs0dps lv

hS @ l3? +
-_-

n

�?

-n

�?
n-_

,

@ +4� 433�2,+ EDf�E�fff�f
��

Dfn�fff�f� ,

@ 3=38 qYK}3�*2 6=7=47

Ilqdoo|/ wkh yrowdjh qrlvh ghqvlw| ri wkh rs0dps lwvhoi dw 533K} lv

h. @ h?JR3@6R
@ 4qYK}3�*2 6=7=48
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Wkh wrwdo yrowdjh qrlvh ghqvlw| uhihuuhg wr wkh lqsxw ri wkh rs0dps lv wkhq

hA @
t
h2� . h22 . h2� . h2e . h2D . h2S . h2.

@ 4=48 qYK}3�*2 6=7=49

E| xvlqj orz uhvlvwdqfh ydoxhv dw wkh lqsxw vwdjh ri wkh suhdpsol�hu/ wkh grplqdqw

vrxufh ri qrlvh lv vhhq wr eh wkdw gxh wr wkh rs0dps/ h./ dqg lqglfdwhv wkh ixqgdphqwdo

qrlvh olplw wr zklfk ixwxuh suhdpsol�hu ghvljqv xvlqj wkh vdph PFW ghwhfwru hohphqw pd|

vwulyh1 Dvvxplqj wkdw dq| ixwxuh ghvljq ri wkh ghwhfwru eldv fxuuhqw jhqhudwru zloo frqwdlq

dw ohdvw rqh wudqvlvwru lq wkh eldv fxuuhqw sdwk/ wkh yrowdjh qrlvh ghqvlw| ghyhorshg dfurvv

wkh ghwhfwru hohphqw gxh wr vkrw qrlvh zloo eh/ dw d plqlpxp/

h?r�J| @
s
5tL_U_ @

s
+5,+4=9� 433�b,+3=347, +65,

@ 5=4 qYK}3�*2 6=7=4:

zkhuh t lv wkh hohfwurq fkdujh1 Wkh fxuuhqw qrlvh ri wkh eldv flufxlw lv wkxv vhhq wr eh wkh

grplqdqw qrlvh frpsrqhqw ri wkh suhdpsol�hu1

Frqvlghulqj wkh vshfl�f ghwhfwlylw| ri wkh PFW ghwhfwru hohphqw/ GW @ 5=;; �

43b fp
s
K}Z3�/ dqg uhvsrqvlylw|/ U @ 78YZ3�/ dv uhsruwhg e| wkh pdqxidfwxuhu/ wkh

ghwhfwru qrlvh pd| eh fdofxodwhg wkhruhwlfdoo| xvlqj wkh ghwhfwru duhd/ D_ @ 4pp2=

h?_i|iU|Lh @
-
I
�_

(W
@ EeD�

I
f�f�

2�HHf�fb @ 4=9qYK}3�*2 6=7=4;

Wklv qrlvh yrowdjh ghqvlw| lv mxvw voljkwo| juhdwhu wkdq wkh plqlpxp srvvleoh lqvwuxphqwdwlrq

qrlvh ghqvlw| fdofxodwhg lq htxdwlrq 6=7=49 dqg lqglfdwhv wkdw/ zlwk d vx�flhqwo| orz qrlvh

eldv fxuuhqw jhqhudwru/ ghwhfwru0olplwhg shuirupdqfh lv rewdlqdeoh xvlqj wkh OW435;1
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Dw d v|vwhp ohyho/ qrlvh dvvrfldwhg zlwk srzhu vxssolhv/ zlulqj dqg hqylurqphqwdo

idfwruv pxvw dovr eh frqvlghuhg1 Jlyhq wkh uhodwlyho| kljk fxuuhqw gudzq e| wkh suhdpsol0

�hu/ rshudwlrq zlwk edwwhulhv zrxog kdyh ehhq lpsudfwlfdo vlqfh wkh| zrxog uhtxluh iuhtxhqw

uhfkdujlqj1 Pdlqv0ghulyhg srzhu vxssolhv/ rq wkh rwkhu kdqg/ r�hu frqyhqlhqw rshudwlrq exw

pd| qrw jlyh wkh uhtxluhg qrlvh shuirupdqfh1 Wkh suhdpsol�hu zdv wkhuhiruh whvwhg iru qrlvh

xvlqj erwk edwwhulhv dqg wudqviruphu0edvhg vxssolhv srzhuhg iurp wkh pdlqv +453Y DF,

erwk zlwk dqg zlwkrxw dgglwlrqdo 93K} �owhulqj lq dq dwwhpsw wr htxdo wkh qrlvh shuiru0

pdqfh dydlodeoh iurp edwwhulhv1

Wkh qrlvh phdvxuhphqwv zhuh rewdlqhg xvlqj d IIW vshfwuxp dqdo|}hu +Vwdqirug

Uhvhdufk V|vwhpv/ prgho VU:93/ IIW vshfwuxp dqdo|}hu, zlwk wkh ghwhfwru ylhzlqj dq

dpelhqw whpshudwxuh vrxufh1 Wkh uhvxowv ri wkh vshfwuxp dqdo|}hu qrlvh frpsdulvrq duh

vkrzq lq Iljxuh 6144> wkh suhdpsol�hu jdlq ri 5333 kdv ehhq dffrxqwhg iru dqg wkh qrlvh

ghqvlw| lv uhihuuhg wr wkh lqsxw ri wkh rs0dps1

Dv vhhq lq Iljxuh 6144/ qrlvh vslnhv dw kduprqlfv ri 93K} zhuh suhvhqw zlwk erwk

edwwhulhv dqg wkh pdlqv ghulyhg srzhu vxssolhv/ exw wr d odujhu ghjuhh lq wkh odwwhu fdvh1

Vlqfh wkh rswlfdo vljqdov zhuh prgxodwhg dw 533K}/ lw zdv lpsruwdqw wr kdyh d orz qrlvh

yrowdjh dw wklv iuhtxhqf|1 Wkh xvh ri d orfn0lq dpsol�hu hqvxuhv wkdw qrlvh vslnhv dw rwkhu

iuhtxhqflhv zrxog qrw dgyhuvho| d�hfw wkh shuirupdqfh ri wkh lqvwuxphqw1 Lw fdq dovr eh

vhhq wkdw wkh qrlvh shuirupdqfh dw wkh prgxodwlrq iuhtxhqf| ri 533K} zdv � ; qYK}3�*2

iru erwk wkh �owhuhg 453YDF0ghulyhg dqg edwwhu| vxssolhv1 Wkh �owhuhg 453Y DF0ghulyhg

srzhu vxsso|/ ghwdlohg lq Vhfwlrq 61816/ zdv wkhuhiruh fkrvhq iru xvh lq wkh �qdo ghvljq1
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Iljxuh 6144= Wkh qrlvh shuirupdqfh ri wkh suhdpsol�hu xvlqj edwwhulhv +uhg,/ dqg 453YDF0ghulyhg

srzhu lqfoxglqj +eoxh, dqg h{foxglqj +juhhq, d 93 K} hohfwulfdo �owhu1
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Lap top Com puter

     Chopped S ignal 
F rom  D etector P ream p

Chopper Motor Driver

Lock In  Am plifier

IC U
Stepper M o tor D rive Cab le

Instrum ent C ontro l C able

To C hopper M oto r 

Reference
   S ignal

200 Hz

Iljxuh 6145= D vfkhpdwlf ri wkh hohfwurqlf frpsrqhqwv ri wkh udglrphwhu1

��D ,*iU|hL?�U W?t|h�4i?|@|�L?

Dvlgh iurp wkh ghwhfwru suhdpsol�hu/ zklfk zdv sduw ri wkh ghwhfwru ghzdu/ wkh

uhpdlqghu ri wkh hohfwurqlf lqvwuxphqwdwlrq frqvlvwhg ri wkh frpsrqhqwv vkrzq lq Iljxuh

61451 Wkh lqvwuxphqw frqwuro xqlw/ LFX/ frqwdlqhg doo wkh srzhu vxssolhv xvhg e| wkh v|vwhp

dqg pdqdjhg wkh lqwhuidfh ehwzhhq wkh odswrs frpsxwhu/ wkh lqvwuxphqw sodwirup dqg wkh

orfn0lq dpsol�hu1 Wkh fkrsshu prwru frqwuroohu xqlw rshudwhg lqghshqghqwo| ri wkh LFX

dqg surylghg d uhihuhqfh vljqdo iru wkh orfn0lq dpsol�hu1 Hdfk ri wkh frpsrqhqwv lq wkh

�jxuh zloo eh glvfxvvhg lq ghwdlo lq wkh iroorzlqj vhfwlrqv1

��D�� ��LTTih �L|Lh #h��ih

Wkh fkrsshu prwru gulyhu xqlw zdv d Vwdqirug Uhvhdufk V|vwhpv VU 873 forvhg

orrs frqwuroohu rshudwhg dw d �{hg prgxodwlqj iuhtxhqf| ri 533K} 1



;;

��D�2 wLU!�W? �4T*��ih

Wkh orfn0lq dpsol�hu zdv d prgho HJ)J 853; vlqjoh fkdqqho OLD zlwk d udwlr0

phwulf rxwsxw iurp�43 wr .43YGF1 Wkh orfn0lq dpsol�hu wlph frqvwdqw/ � / dqg vhqvlwlylw|

zhuh vhw wr 43 pv dqg 433pY/ uhvshfwlyho|/ iru doo gdwd dftxluhg iru wklv wkhvlv1 Wkh h{whuqdo

uhihuhqfh iuhtxhqf| zdv surylghg e| wkh fkrsshu gulyhu xqlw1

��D�� A�i W?|ihu@Ui �L?|hL* N?�| EW�N�

Wkh LFX zdv frpsulvhg ri wkuhh vxexqlwv> wkh frpsxwhu lqwhuidfh erdug/ wkh srzhu

vxssolhv/ dqg d frpphufldo vwhsshu prwru gulyh iru wkh vfdqqlqj pluuru phfkdqlvp1 Wkh

odswrs frpsxwhu lvvxhg frqwuro frppdqgv wr wkh LFX yld ; olqhv ri wkh sdudooho sruw dqg zhuh

vxevhtxhqwo| surfhvvhg e| wkh LFX lqwr ydulrxv dvshfwv ri lqvwuxphqw frqwuro1 Wkh dqdorj

vljqdo iurp wkh ghwhfwru2orfn0lq dpsol�hu zdv gljlwl}hg zlwklq wkh LFX dqg wudqvplwwhg

edfn wr wkh frpsxwhu ryhu wkuhh dgglwlrqdo olqhv ri wkh sdudooho sruw frq�jxuhg dv d vhuldo

lqwhuidfh1 Dv vhhq lq Iljxuh 6145/ wzr fdeohv frqqhfwhg wkh LFX wr wkh lqvwuxphqw sodwirup>

d vwhsshu prwru gulyh fdeoh dqg dq lqvwuxphqw frqwuro fdeoh +zklfk dovr frqwdlqhg wkh

srzhu vxsso| iru wkh suhdpsol�hu,1 Wkh wzr fdeohv zhuh xvhg wr plqlpl}h qrlvh slfnxs rq

wkh ghwhfwru srzhu vxsso| iurp wkh kljk fxuuhqw vwhsshu prwru gulyh vljqdov1 Wkh vljqdo

iurp wkh ghwhfwru zdv wkhq vhqw wr wkh orfn0lq dpsol�hu ryhu d frd{ldo fdeoh1 Iljxuh 6146

vkrzv dq lqwhulru ghwdlo skrwrjudsk ri wkh LFX1 Wkh srzhu vxssolhv duh ylvleoh lq wkh ohiw

sduwlwlrq/ wkh frpsxwhu lqwhuidfh erdug lq wkh fhqwhu sduwlwlrq/ dqg wkh vwhsshu prwru gulyh

xqlw lq wkh uljkw sduwlwlrq1



;<

Iljxuh 6146= Dq lqwhulru ylhz ri wkh LFX vkrzlqj wkh frqvwuxfwlrq dv frpsulvhg ri wkuhh hohfwur0

pdjqhwlfdoo| lvrodwhg vhfwlrqv1

Srzhu Vxsso|

Srzhu vxssolhv zhuh uhtxluhg iru wkuhh vxev|vwhpv ri wkh lqvwuxphqw> wkh ghwhfwru

suhdpsol�hu/ wkh vwhsshu prwru gulyhu dqg wkh frpsxwhu lqwhuidfh erdug1 Wkh vxssolhv zhuh

krxvhg zlwklq wkh LFX dqg zhuh frqvwuxfwhg xvlqj jhqhulf OP 64:@66: dgmxvwdeoh yrowdjh

uhjxodwru flufxlwv ghulylqj srzhu iurp d vwdqgdug 453 YDF rxwohw1 D vfkhpdwlf gldjudp ri

wkh srzhu vxssolhv lv jlyhq lq Iljxuh 61471

Wkh srzhu vxssolhv zhuh frqvwuxfwhg dv wzr vhsdudwh flufxlwv/ hdfk zlwk lwv rzq

wudqviruphu/ lq rughu wr vhsdudwh wkh kljkhu fxuuhqw vxsso| uhtxluhg iru wkh vwhsshu prwru

gulyhu iurp wkh orz qrlvh vxsso| uhtxluhg iru wkh ghwhfwru suhdpsol�hu1 Wkh suhdpsol�hu

srzhu vxsso| zdv 	45YGF dqg frqvwlwxwhg wkh �uvw srzhu flufxlw1 Wkh vwhsshu prwru
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Iljxuh 6147= Wkh udglrphwhu srzhu vxssolhv1 Wkh suhdpsol�hu vxsso| zdv lvrodwhg iurp wkh kljkhu

fxuuhqw vwhsshu prwru dqg lqwhuidfh erdug vxssolhv iru ehwwhu qrlvh shuirupdqfh1
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gulyhu xqlw uhtxluhg d plqlpxp .5;YGF zkhuhdv wkh frpsxwhu lqwhuidfh erdug uhtxluhg

.8YGF> wkh srzhu iru erwk ri wkhvh vxexqlwv zdv ghulyhg iurp d frpprq vxsso| dqg

frqvwlwxwhg wkh vhfrqg srzhu flufxlw1 Wkh wudqviruphu iru wkh vwhsshu prwru gulyh2frpsxwhu

lqwhuidfh erdug zdv vhohfwhg wr jlyh d .65YGF �owhuhg rxwsxw wr phhw wkh qhhgv ri wkh

vwhsshu gulyhu1 Wkh .8YGF uhtxluhg iru wkh lqwhuidfh erdug zdv dovr ghulyhg iurp wkh

.65YGF e| �uvw uhjxodwlqj wr .45YGF xvlqj dq OP 64: uhjxodwru orfdwhg lq wkh srzhu

vxsso| sduwlwlrq ri wkh LFX/ dqg vxevhtxhqwo| wr .8YGF/ xvlqj dqOP :;38 ghylfh orfdwhg

rq wkh frpsxwhu lqwhuidfh erdug lwvhoi1 Wklv wzr vwdjh uhgxfwlrq zdv lpsohphqwhg vr dv

wr suhyhqw srvvleoh ryhukhdwlqj wkdw pljkw kdyh ehhq lqfxuuhg lq d vlqjoh ghylfh/ nhhslqj

lq plqg wkh uhgxfhg dwprvskhulf suhvvxuh rq wkh vxpplw ri Pdxqd Nhd1 Wkh .5;YGF

vxsso| iru wkh vwhsshu prwru gulyhu xqlw zdv ghulyhg xvlqj dqrwkhu OP 64: orfdwhg lq wkh

srzhu vxsso| sduwlwlrq ri wkh LFX1

Wkh qrlvh shuirupdqfh ri wkh suhdpsol�hu srzhu vxsso| zdv vx�flhqw wr jlyh wkh

� ; qYK}3�*2 glvfxvvhg lq Vhfwlrq 6171;1 Wkh uhvroxwlrq ri wkh 450elw D2G frqyhuwhu rq wkh

frpsxwhu lqwhuidfh erdug/ dqg wkxv wkh wrohudeoh qrlvh rq wkh rxwsxw ri wkh OP :;38/ zdv

kdoi dq OVE ru 3=8pY1 Lq rughu wr yhuli| wkh qrlvh shuirupdqfh ri wklv vxsso|/ wkh rxwsxw

iurp wkh D2G frqyhuwhu zdv prqlwruhg zkloh d frqvwdqw GF lqsxw yrowdjh zdv dssolhg wr

dq lqsxw fkdqqho1 D frqvwdqw gljlwl}dwlrq ri wkh rxwsxw zdv revhuyhg lq wkh oderudwru| zlwk

dq rffdvlrqdo glwkhulqj ri wkh ohdvw vljql�fdqw elw/ lqglfdwlqj d qrlvh ohyho ri �4 pYK}3�*21

Dv suhylrxvo| glvfxvvhg/ edwwhulhv zhuh frqvlghuhg iru wkh suhdpsol�hu vxsso| exw

htxdo qrlvh shuirupdqfh zdv rewdlqhg e| �owhulqj wkh rxwsxw iurp wkh 	45YGF pdlqv

ghulyhg vxsso| xvlqj odujh ydoxh lqgxfwruv dqg fdsdflwruv frq�jxuhg dv d orz sdvv �owhu dv
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vhhq lq Iljxuh 61471 Xvlqj wkh ydoxhv ri wkh lqgxfwru +4;pK, dqg wkh fdsdflwru +4333�I,/

wkh euhdn iuhtxhqf| ri wkh orz sdvv �owhu rffxuuhg dw

i
3�_� @ �

2Z
I
u�

@ �

2Z
s

E�Hf�f3��E�ffff�f3S�
@ 6:=8 K} 6=7=4<

dqg zdv vx�flhqw wr uhgxfh wkh qrlvh wr d ohyho ri � ; qYK}3�*2 dw wkh rswlfdo prgxodwlrq

iuhtxhqf| ri 533K}1

Lqwhuidfh Erdug

Wkh lqwhuidfh erdug frqwdlqhg erwk gljlwdo dqg dqdorj hohfwurqlf ixqfwlrqv dqg zdv

frqvwuxfwhg rq d kljk txdolw| Vfkur� A� jrog sodwhg zluh zuds erdug1 Wkh erdug lqfoxghg

wzr vhsdudwh jurxqg sodqhv zklfk zhuh xvhg iru dqdorj dqg gljlwdo jurxqgv1 D sdudooho sruw

lqwhuidfh zlwk wkh frqwuro frpsxwhu zdv fkrvhq edvhg rq sdvw h{shulhqfh zlwk wklv dssurdfk/

wkh dydlodelolw| ri d suhylrxvo| ghyhorshg sdudooho sruw F.. frppxqlfdwlrqv oleudu|/ dqg

wkh sruwdelolw| surylghg e| wklv dssurdfk lq wkh vhqvh wkdw wklv irup ri frppxqlfdwlrq

fdq eh xvhg zlwk yluwxdoo| dq| frpsxwhu1 Wkh lqwhuidfh erdug flufxlwu| zdv glylghg lqwr

dq dqdorj vhfwlrq wkdw shuiruphg gdwd dftxlvlwlrq dqg d gljlwdo vhfwlrq wkdw wudqvodwhg wkh

sdudooho sruw vljqdov lqwr ydulrxv frqwuro ixqfwlrqv1 D vfkhpdwlf ri wkh lqwhuidfh erdug lv

vkrzq lq Iljxuh 61481

Wkh dqdorj lqsxw vhfwlrq ri wkh lqwhuidfh erdug frqvlvwhg ri dq D2G frqyhuwhu/ d

uhihuhqfh yrowdjh jhqhudwru dqg dq hljkw fkdqqho FPRV dqdorj pxowlsoh{hu xvhg wr h{sdqg

rqh ri wkh D2G lqsxw fkdqqhov e| d idfwru ri hljkw1 Wkh D2G frqyhuwhu zdv dq OWF 45<6D
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Iljxuh 6148= D vfkhpdwlf ri wkh lqwhuidfh erdug flufxlwu|1
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zklfk surylghg vl{ vhohfwdeoh fkdqqhov ri 45 elw uhvroxwlrq1 D 7=3<9Y uhihuhqfh yrowdjh zdv

vxssolhg e| dq Dqdorj Ghylfhv UHI 4<; uhvxowlqj lq d 7=3<9Y @ 5�2 @ 	4pY uhvroxwlrq1

Wkh suhylrxvo| ghyhorshg F.. sdudooho sruw frppxqlfdwlrqv oleudu| hqdeohg wkh

frqwuro surjudp wr dftxluh dqdorj gdwd e| lqyrnlqj wkh vlqjoh oleudu| ixqfwlrqDGFUhdg0

Fkdq+{,/ zkhuh { lv wkh fkdqqho qxpehu 3 wkurxjk 81 Wkh FG 7384 FPRV dqdorj pxo0

wlsoh{hu zdv dwwdfkhg wr fkdqqho 8 ri wkh D2G dqg h{sdqghg wkh dqdorj lqsxw fdsdelolw|

wr 46 fkdqqhov1 Wkhvh dgglwlrqdo fkdqqhov zhuh odehohg dv 8d wkurxjk 8k1 Dffhvv wr wkh

h{sdqghg fkdqqhov zdv dfklhyhg e| vshfli|lqj d wkuhh elw dgguhvv xvlqj wkh gljlwdo rxw0

sxw frppdqg/ glvfxvvhg ehorz/ dqg wkhq shuiruplqj wkh dftxlvlwlrq iurp dqdorj fkdqqho

8 zlwk wkh deryh oleudu| frppdqg1 Vl{ ri wkh dqdorj lqsxw fkdqqhov zhuh xvhg iru vwdwxv

lqirupdwlrq iurp wkh lqvwuxphqw sodwirup dqg rqh iru dftxlvlwlrq ri wkh ghwhfwru vljqdo

yld wkh orfn0lq dpsol�hu1 Wkh uhpdlqlqj vl{ fkdqqhov zhuh xqxvhg exw dydlodeoh iru ixwxuh

ghyhorsphqw1

Wkh vhyhq dqdorj lqsxw ixqfwlrqv dqg wkhlu fkdqqho dvvljqphqwv duh vxppdul}hg

lq Wdeoh 6161 Fkdqqho 3 lv wkh vljqdo iurp wkh ghwhfwru2orfn0lq dpsol�hu1 Wkh uhpdlqghu

ri wkh vljqdov uhtxluh vrph dgglwlrqdo h{sodqdwlrq dqg duh ghvfulehg lq wxuq1

Fkdqqho 4 0 Srwhqwlrphwhu Wkh vfdqqlqj pluuru zdv dfwxdwhg e| d vwhsslqj prwru

zkrvh srvlwlrqlqj lv frqwuroohg dqg wudfnhg e| wkh frqwuro surjudp1 Vwhsshu prwruv duh vxv0

fhswleoh wr orvlqj vwhsv/ krzhyhu/ dqg d edfnxs phdqv ri phdvxulqj wkh urwdwlrqdo srvlwlrq

ri wkh vfdqqlqj pluuru zdv lpsohphqwhg e| dwwdfklqj d 430wxuq suhflvlrq srwhqwlrphwhu

wr wkh vwhsshu prwru vkdiw dv ghvfulehg lq Vhfwlrq 617161 Wkh frqwuro surjudp uhdg wkh
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Wdeoh 616= Vxppdu| ri dqdorj lqsxw ixqfwlrqv1

��@??i* �@4i #itUh�T|�L?

f #i|iU|Lh 5�}?@* |�i _i|iU|Lh t�}?@* uhL4 |�i *LU! �? @4T*��ih

� �L|i?|�L4i|ih |�i L�|T�| uhL4 |�i 4L|Lh @ �t TL|i?|�L4i|ih

2 +iuihi?Ui |�i t�}?@* uhL4 @? LT|L t��|U� ti?t�?} hiuihi?Ui TLt�|�L?

� ��|�Lu�+@?}i |�i t�}?@* uhL4 @ *�4�| t��|U� ti?t�?} L�| Lu ML�?_t

e �hitt�hi |�i L�|T�| Lu @? L?�ML@h_ @|4LtT�ih�U Thitt�hi ti?tLh

D@ �4M�i?| Ai4Tih@|�hi |�i t�}?@* uhL4 |�i @4M�i?| M*@U!ML_) |i4Tih@|�hi ti?tLh

DM ��h Ai4Tih@|�hi |�i t�}?@* uhL4 |�i L�|t�_i @�h |i4Tih@|�hi ti?tLh

DU � D� N?�ti_

srwhqwlrphwhu yrowdjh wkurxjk dqdorj fkdqqho 4/ fdofxodwhg wkh pluuru srvlwlrq lq ghjuhhv

+ru dlupdvv, dqg glvsod|hg wkh uhvxow dv dfwxdo srvlwlrq rq wkh xvhu lqwhuidfh ri wkh frqwuro

frpsxwhu1 Dovr glvsod|hg zdv wkh wkhruhwlfdo srvlwlrq/ dv ghwhuplqhg e| wkh lqwhuqdo wudfn0

lqj ri wkh prwru vwhs frxqw1 Glvfuhsdqflhv ehwzhhq wkh wzr dohuwhg wkh xvhu wr d sureohp

zlwk prwru wudfnlqj1 Lq sudfwlfh/ wkh gljlwdo frqwuro ri wkh vwhsshu prwru qhyhu idlohg wr

rshudwh fruuhfwo| dqg wklv gxdo prgh srvlwlrq uhdgrxw zdv ri juhdwhvw ydoxh lq wkh vriwzduh

ghyhorsphqw skdvh ri wkh surmhfw1

Fkdqqho 5 0 Uhihuhqfh Xsrq hlwkhu v|vwhp srzhu0xs ru vhohfwlrq ri wkh lqlwldol}dwlrq

ixqfwlrq iurp wkh xvhu lqwhuidfh/ wkh frqwuro surjudp guryh wkh vfdqqlqj pluuru wrzdug

wkh qdglu1 Wkh rswlfdo vzlwfk prxqwhg rq wkh sxooh| zkhho vljqdohg zkhq wkh pluuru kdg

uhdfkhg qdglu1 Wkh frqwuro surjudp dowhuqdwho| lvvxhg d vwhs frppdqg iroorzhg e| d uhdg

ri dqdorj fkdqqho 5 xqwlo wklv olqh zhqw kljk1 Wkh vljqdo iurp wkh lqwhuuxswhu zdv d udps

ixqfwlrq iurp orz +� 4=;Y , wr kljk +� 6=<Y , dv wkh lqwhuuxswlqj eodgh hqwhuhg wkh vzlwfk

dqg wxuqhg r� wkh sxoo0grzq skrwrwudqvlvwru1 Wkh wudqvlwlrq yrowdjh ohyho lv d yduldeoh

vhw e| wkh vriwzduh dqg wklv jdyh �h{lelolw| lq wkh �qh dgmxvwphqw ri wkh qdglu uhihuhqfh

srvlwlrq1
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Fkdqqho 6 0 Rxw0ri0Udqjh Wkh frqwuro vriwzduh prqlwruhg wkh vljqdo iurp wkh rxw0

ri0udqjh olplw vzlwfk gxulqj doo vxeurxwlqhv lqyroylqj vwhs frppdqgv lvvxhg wr wkh vwhsshu

prwru gulyhu dqg glvdeohg wkh prwru dfwxdwlrq surjudp lq wkh hyhqw ri dq lqwhuqdo wudfnlqj

huuru1 Wkh udqjh ri rshudwlrqdo prwlrq ri wkh vfdqqlqj pluuru zdv <3J +surylglqj 4;3J ri

ehdp vwhhulqj lq wkh vn|, exw 5=8 ghjuhhv ri wrohudqfh zdv doorzhg rq hlwkhu vlgh ri wklv1

Wkh vzlwfkhv zhuh zluhg vxfk wkdw wkh lqsxw wr fkdqqho 6 zdv sxoohg grzq wr jurxqg iurp

.8Y e| wkh forvlqj ri wkh olplw vzlwfk1

Fkdqqho 7 0 Suhvvxuh D Vhq�V|p prgho DVF[048DQ devroxwh dwprvskhulf suhvvxuh

vhqvru zlwk lqwhjudo rxwsxw vljqdo frqglwlrqlqj zdv lqfoxghg rq wkh lqwhuidfh erdug dqg

rffxslhg dqdorj fkdqqho 71 Wkh rxwsxw iurp wkh vhqvru zdv olqhdu dqg wzr fdoleudwlrq

srlqwv zhuh hvwdeolvkhg xvlqj wkh rxwsxw yrowdjhv fruuhvsrqglqj wr wkh suhvvxuh uhdglqjv

iurp d phufxu| pdqrphwhu lq Ohwkeulgjh dqg iurp wkh MFPW dwprvskhulf suhvvxuh vhqvru

rq Pdxqd Nhd1

Fkdqqho 8 0 Dpelhqw2Dlu Whpshudwxuh Phwdo fdvh 5Q5<3: sqs wudqvlvwruv frq0

wuroohg e| lqghshqghqw gulyhu flufxlwv rq wkh lqwhuidfh erdug zhuh wr kdyh ehhq xvhg dv

whpshudwxuh wudqvgxfhuv iru wkh dpelhqw eodfnerg|1 Krzhyhu/ wkh wudqvlvwruv frpsulvlqj

wkh frqvwdqw fxuuhqw vrxufh flufxlw zhuh irxqg wr eh h{wuhpho| vhqvlwlyh wr wkhlu fdvh whp0

shudwxuh dqg surgxfhg dqrpdorxv whpshudwxuh gdwd1

Wkh frqwuro surjudp xvhg hljkw olqhv ri wkh frqwuro frpsxwhu sdudooho sruw wr

surylgh gljlwdo frqwuro vljqdov wr wkh LFX1 Wkh frqwuro surjudp zdv deoh wr vhw ru uhvhw wkh

olqhv xvlqj wkh oleudu| ixqfwlrq VhwGLR+{/|, zkhuh { lv wkh gljlwdo fkdqqho qxpehu +3
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wkurxjk :, dqg | lv wkh orjlfdo ydoxh +3 ru 4,1 Wzr gljlwdo frqwuro rxwsxwv zhuh uhtxluhg

iru frqwuro ri wkh vfdqqlqj pluuru vwhsshu prwru +vwhs sxovh dqg gluhfwlrq, dqg irxu gljlwdo

rxwsxwv zhuh uhtxluhg iru dgguhvvlqj wkh h{sdqghg vhw ri dqdorj lqsxw fkdqqhov yld wkh

FPRV pxowlsoh{hu1

Dv vhhq lq wkh lqwhuidfh erdug vfkhpdwlf gldjudp/ wkh vfdqqlqj pluuru prwru

frqwuroohu gluhfwlrq elw lv dvvljqhg wr gljlwdo rxwsxw fkdqqho 4 dqg lv zluhg gluhfwo| wr

wklv lqsxw1 D orjlfdo 4 rq wklv olqh fdxvhg wkh vfdqqlqj pluuru wr eh gulyhq grzqzdug1

Wkh vwhs elw lv dvvljqhg wr gljlwdo fkdqqho 3 dqg lv �uvw DQGhg zlwk wkh rxwsxw iurp wkh

Rxw0ri0Udqjh gdwd olqh lq rughu wr glvdeoh wkh frqwuro surjudp iurp dfwxdwlqj wkh prwru

dw wkh kdugzduh ohyho1 Irxu dgglwlrqdo olqhv duh uhtxluhg wr dgguhvv wkh h{wud dqdorj lqsxw

fkdqqhov surylghg e| wkh dqdorj pxowlsoh{hu1 D orjlfdo 3 rq gljlwdo fkdqqho 5 surylghv wkh

fkls vhohfw lqsxw wr wkh pxowlsoh{hu dqg pxvw eh vhqw sulru wr d uhdg iurp dqdorj fkdqqho

81 Gljlwdo fkdqqhov 6/ 7 dqg 8 surylgh wkh dgguhvvlqj iru dqdorj fkdqqhov 8d wkurxjk 8k

zlwk gljlwdo fkdqqho 6 ehlqj wkh ohdvw vljql�fdqw elw1

Wkh sdudooho sruw olqhv duh ex�huhg e| QDQG jdwhv rq wkh lqwhuidfh erdug lq rughu

wr surwhfw wkh frpsxwhu sdudooho sruw flufxlwu|1 Wkhvh olqhv duh qrw odwfkhg rq wkh lqwhuidfh

erdug vlqfh wkh| duh lqwhuqdoo| odwfkhg lqvlgh wkh frpsxwhu1 Wkh vfkhpdwlf gldjudp vkrzv

wkh zlulqj dqg odehoolqj ri wkh gljlwdo olqhv lq ghwdlo1 Lw lv lpsruwdqw wr qrwh wkdw wkh

ex�hulqj lqyhuwv wkh gljlwdo ohyho rq wkh lqwhuidfh erdug iurp wkdw lvvxhg e| wkh oleudu|

frppdqg deryh1 Zlwk uhjdug wr wkh gljlwdo rxwsxw oleudu| ixqfwlrq VhwGLR+{/|,/ d |@3

ehfrphv d vhw rshudwlrq +kljk, dqg |@4 ehfrphv d uhvhw rshudwlrq +orz, rq wkh lqwhuidfh

erdug1 Wkh ELRV vhwwlqjv ri wkh frpsxwhu pxvw eh vhw wr elgluhfwlrqdo iru wkh sdudooho sruw
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lqwhuidfh wr zrun fruuhfwo|1

Wkh ohyhov gh�qhg iru wkh dvvhuwlrq ri wkh Rxw0ri0Udqjh dqg Uhihuhqfh vljqdov

zhuh gholehudwho| duudqjhg vr wkdw d frpsxwhu zrxog eh deoh wr uxq wkh frqwuro vriwzduh

zkhq qrwklqj zdv frqqhfwhg wr wkh sdudooho sruw1 Gxulqj wkh ghyhorsphqw skdvh/ lw zdv

sduwlfxoduo| xvhixo wr eh deoh wr whvw wkh vriwzduh zlwkrxw kdylqj wkh lqvwuxphqw frqqhfwhg1

��D�e �L|Lh #h��ih

D VorzV|q prgho 563 0W frpphufldo vwhsshu prwru frqwuroohu zlwk rswlrqdo uh0

gxfhg fxuuhqw dqg kdoi vwhsslqj prghv zdv xvhg wr gulyh d 533 vwhs2uhyroxwlrq vwhsshu

prwru1 Wkh prwru zdv d 9 ohdg w|sh exw e| frqqhfwlqj wkh frlov lq vhulhv dv vkrzq lq

Iljxuh 6149 wkh prwru zdv rshudwhg lq wkh 7 ohdg prgh dqg khqfh uhtxluhg ohvv fxuuhqw

dqg glvvlsdwhg ohvv khdw1 Wkh frqwuroohu uhtxluhg d vwhs sxovh dqg gluhfwlrq vljqdo dv lqsxwv

zklfk zhuh ghulyhg iurp wkh lqwhuidfh erdug dv ghvfulehg lq wkh odvw vhfwlrq dqg zdv uxq

lq wkh uhgxfhg fxuuhqw prgh vlqfh wkh xqlw glvvlsdwhg ohvv khdw dqg |hw surylghg vx�flhqw

wrutxh wr krog wkh vfdqqlqj pluuru lq srvlwlrq lq wklv prgh1 Wkh fxuuhqw lq hlwkhu ri wkh

frlo zlqglqjv xqghu wkhvh flufxpvwdqfhv zdv phdvxuhg wr eh 7;3pD1 Li wkh vfdqqlqj pluuru

qhhghg wr eh pryhg e| kdqg/ wkh srzhu wr wkh frqwuroohu zdv vlpso| wxuqhg r� e| phdqv

ri dq lq0olqh vzlwfk1

Wkh frqwuroohu zdv dovr uxq lq wkh kdoi vwhsslqj prgh e| phdqv ri wkh ixoo2kdoi

lqsxw vhohfw olqh dv vhhq lq wkh �jxuh vr dv wr surylgh wkh kljkhvw uhvroxwlrq srvvleoh1 Lq wklv

prgh 733 vwhs sxovhv surgxfhg d ixoo urwdwlrq ri wkh prwru1 Zkhq dffrxqw lv wdnhq ri wkh
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Iljxuh 6149= D vfkhpdwlf ri wkh vwhsshu prwru gulyhu xqlw1

43 = 4 sxooh| uhgxfwlrq ghvfulehg lq Vhfwlrq 61715 dqg wkh 5 = 4 udwlr ehwzhhq vfdqqlqj pluuru

urwdwlrq dqg dqjxodu glvsodfhphqw ri wkh lqvwuxphqw �hog ri ylhz/ wkh dqjxodu uhvroxwlrq

surylghg e| wkh vfdqqlqj pluuru dvvhpeo| zdv wkhq

uhvroxwlrq @ +� 6J|Jo oe�
eff r|eRr

,+ �Sf 6J|JoJ

� 6J|Jo oe�
,+ 2 r&+J

� 6�ooJoJ
,+ � 6�ooJoJ

�f 6J|JoJ
,

@ 3=4; r&+J

r|eR
6=7=53

Dv glvfxvvhg lq Vhfwlrq 614/ wkh �hog ri ylhz ri wkh rswlfdo v|vwhp zdv � 3=8J

zklfk/ li wdnhq dv Jdxvvldq/ lv vhhq wr eh vsdqqhg e| 6 vdpsohv1

��S �L?|hL* �hL}h@4 5Lu|�@hi

Wkh lqvwuxphqw frqwuro surjudp zdv zulwwhq xvlqj F.. dqg uxq xqghu GRV

vlqfh wklv odqjxdjh dqg hqylurqphqw/ uhvshfwlyho|/ surgxfhg idvw h{hfxwlrq dqg dffhvv wr
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orz ohyho frpsxwhu uhvrxufhv vxfk dv wkh sdudooho sruw1 Sdvw h{shulhqfh dqg wkh dydlodelolw|

ri suhylrxvo| ghyhorshg frgh dovr frqwulexwhg wr wklv vhohfwlrq1 Eruodqg F.. yhuvlrq 718

zdv xvhg iru frqwuro surjudp ghyhorsphqw dqg d Eruodqg vshfl�f GRV0edvhg JXL oleudu|

zdv xvhg iru udslg ghyhorsphqw ri wkh JXL lqwhuidfh1

��S�� A�i Ntih W?|ihu@Ui @?_ �hL}h@4 �Tih@|�L?

Zkhq wkh lqvwuxphqw zdv srzhuhg xs/ wkh frqwuro surjudp ehjdq rshudwlrq e|

dwwhpswlqj wr hvwdeolvk frppxqlfdwlrq zlwk wkh OWF 45<6 D2G fkls1 Li frppxqlfdwlrq

zdv qrw hvwdeolvkhg/ wkh surjudp r�huhg wkh rswlrq wr frqwlqxh/ zklfk/ li vhohfwhg/ uhvxowhg

lq qrupdo surjudp rshudwlrq1 Wklv prgh ri surjudp rshudwlrq zdv lqglvshqvdeoh gxulqj

surjudp ghyhorsphqw1

Li frppxqlfdwlrq zdv hvwdeolvkhg/ wkh surjudp surpswhg wkh xvhu iru wkh qdph

ri d gdwd �oh wr zklfk doo lqvwuxphqw dfwlylw| dqg gdwd zrxog eh orjjhg1 Wkh surjudp wkhq

h{hfxwhg dq lqlwldol}dwlrq urxwlqh zklfk vhw wkh udglrphwhu wr wkh qdglu/ glvsod|hg wkh xvhu

lqwhuidfh rq wkh frpsxwhu vfuhhq/ dqg wkhq dzdlwhg ixuwkhu xvhu lqsxw1 Iljxuh 614: vkrzv

wkh xvhu lqwhuidfh pdlq vfuhhq1

Wkh lqvwuxphqw zdv ghvljqhg wr dftxluh gdwd lq rqh ri wkuhh revhuydwlrqdo prghv>

vwduh/ frqwlqxrxv vfdq/ dqg vn|gls1 Zkhq qrw dftxlulqj gdwd/ wkh surjudp frxog eh vdlg wr

eh lq dq lgoh prgh1 Wkh lqlwldol}dwlrq surfhgxuh/ lghqwlfdo wr wkdw dxwrpdwlfdoo| shuiruphg

dw v|vwhp srzhu0xs/ irufhg wkh lqvwuxphqw wr glvuhjdug dq| fxuuhqw vhwwlqjv dqg guryh wkh

vfdqqlqj pluuru wr wkh qdglu xqwlo wkh uhihuhqfh vljqdo zdv dftxluhg dv suhylrxvo| ghvfulehg1
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Iljxuh 614:= Wkh Pdlq vfuhhq ri wkh frqwuro surjudp1

Wkh lqvwuxphqw wkhq uhvhw wkh lqwhuqdo srvlwlrq frxqwhu wr }hur dqg uhvxphg wkh lgoh prgh1

Wklv lqlwldol}dwlrq surfhgxuh frxog eh lqyrnhg dw dq| wlph lq lgoh prgh1

Doo ri wkh revhuydwlrqdo prghv zhuh dffhvvhg e| phdqv ri wkh dssursuldwh udglr

exwwrq/ vhhq rq wkh orzhu uljkw ri wkh xvhu lqwhuidfh lq wkh �jxuh> wklv uhvxowhg lq wkh

dsshdudqfh ri d srs0xs phqx lqwr zklfk vshfl�f revhuydwlrqdo sdudphwhuv zhuh hqwhuhg1

Wzr rwkhu lpsruwdqw lqvwuxphqw frqwuro ixqfwlrqv/ lqyrnhg iurp wkh nh|erdug dqg uhsuh0

vhqwhg rq wkh xvhu lqwhuidfh rqo| e| d qrwlfh rq wkh erwwrp/ zhuh kdug uhvhw dqg vriw uhvhw1

Wkh kdug uhvhw ixqfwlrqhg dv dq hphujhqf| vwrs ihdwxuh dqg whuplqdwhg rshudwlrq ri wkh

frqwuro surjudp lpphgldwho|1 Lw frxog eh lqyrnhg dw dq| wlph dqg uhwxuqhg wkh xvhu wr

GRV1 Wkh vriw uhvhw whuplqdwhg gdwd dftxlvlwlrq dfwlylw| diwhu wkh fxuuhqwo| h{hfxwlqj f|foh

dqg uhwxuqhg wkh xvhu wr wkh fxuuhqwo| uxqqlqj gdwd dftxlvlwlrq prgh1 Wklv odwhu ixqfwlrq
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zdv xvhixo iru edfnlqj rxw ri dq revhuydwlrq zlwk lqfruuhfwo| vshfl�hg sdudphwhuv +zurqj

lqwhjudwlrq wlph/ iru h{dpsoh, zlwkrxw vkxwwlqj grzq wkh vhvvlrq1

Gxulqj wkh rshudwlrq ri dq| ri wkh prghv d gdwd uhfrug zdv zulwwhq wr d glvn

�oh dqg frqwdlqhg doo dftxluhg gdwd/ d wlph vwdps dqg d orj ri doo lqvwuxphqw dfwlylw|

+prgh fkdqjhv/ sdudphwhu vhwwlqjv hwf1,1 Wkh dftxluhg gdwd gl�huhg lq irupdw ghshqglqj

rq revhuydwlrqdo prgh dqg frqvlvwhg sulpdulo| ri wkh udglrphwhu vljqdo dv d ixqfwlrq ri wlph

ru }hqlwk dqjoh/ exw lqfoxghg wkh suhvvxuh wudqvgxfhu yrowdjh/ whpshudwxuh vhqvru gdwd/ dqg

doo lqvwuxphqw frqwuro vljqdov1 Gxulqj rshudwlrq ri dq| ri wkh gdwd dftxlvlwlrq prghv/ wkh

udglrphwhu vljqdo zdv glvsod|hg lq uhdo wlph rq wkh xvhu lqwhuidfh/ lq erwk judsklfdo dqg

gljlwdo irup/ lq dgglwlrq wr ehlqj orjjhg wr glvn1 D uljkw folfn rq wkh prxvh zkhq wkh fxuvru

zdv lq wkh judsklfdo glvsod| duhd fdxvhg wkh fxuvru wr wudqvirup lqwr d furvvkdlu dqg wkh

frruglqdwhv ri wkh vfuhhq wr eh glvsod|hg qxphulfdoo|1 Vhyhudo rwkhu gdwd vxfk dv fxuuhqw

wlph dqg wkh vwdwxv ri dq| fxuuhqwo| uxqqlqj gdwd dftxlvlwlrq prghv fdq eh vhhq rq wkh

orzhu sduw ri wkh xvhu lqwhuidfh lq Iljxuh 614:1 Ghwdlov ri wkh rshudwlrq ri hdfk revhuydwlrqdo

prgh duh qrz jlyhq lq wxuq1

��S�2 A�i Vwduh �L_i

Lq wkh vwduh prgh wkh lqvwuxphqw srlqwhg wr d xvhu0vshfl�hg }hqlwk dqjoh dw zklfk

wkh udglrphwhu vljqdo zdv dftxluhg dv d ixqfwlrq ri wlph1 Iljxuh 614; vkrzv wkh vwduh prgh

srs0xs phqx dffhvvhg yld wkh dssursuldwh udglr exwwrq vhhq rq wkh orzhu uljkw ri wkh �jxuh1

Wkh xvhu vhohfwhg wkh }hqlwk dqjoh iurp zklfk gdwd zdv wr eh dftxluhg dqg wkh lqwhjudwlrq
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Iljxuh 614;= Wkh vwduh prgh phqx1

wlph iru hdfk phdvxuhphqw1 Wkh }hqlwk dqjoh frxog eh vshfl�hg lq whupv ri wkh dqjoh/ lq

ghjuhhv/ iurp }hqlwk ru wkh htxlydohqw dlupdvv zkhuh dlupdvv@42 frv+}hqlwk dqjoh,1 Udglr

exwwrqv zhuh surylghg wr vshfli| suhgh�qhg }hqlwk dqjohv fruuhvsrqglqj wr wkh iuhtxhqwo|

dffhvvhg srvlwlrqv ri }hqlwk +3 ghjuhhv,/ dpelhqw/ phdqlqj wkh dpelhqw eodfnerg| uhihuhqfh

+orfdwhg dw 45;J, dqg OQ2/ phdqlqj wkh OQ2 eodfnerg| uhihuhqfh +orfdwhg dw 4;3J,1

��S�� A�i Frqwlqxrxv Vfdq �L_i

Lq wkh frqwlqxrxv vfdq prgh/ wkh lqvwuxphqw zdv srlqwhg wr d xvhu0vshfl�hg vwduw0

lqj }hqlwk dqjoh dqg wkhq dftxluhg wkh ghwhfwru vljqdo dv d ixqfwlrq ri lqfuhdvlqj }hqlwk

dqjoh xvlqj wkh kljkhvw srvvleoh uhvroxwlrq +3=4;J2 vwhs, xqwlo d orzhu xvhu0vshfl�hg }hqlwk
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Iljxuh 614<= Wkh frqwlqxrxv vfdq prgh phqx1

dqjoh zdv uhdfkhg1 Rqfh djdlq/ wkh dqjoh frxog eh vshfl�hg lq whupv ri wkh htxlydohqw

dlupdvv/ li ghvluhg1 Wkh xvhu dovr vshfl�hg wkh qxpehu ri vfdqv dqg wkh lqwhjudwlrq wlph1

Iljxuh 614< vkrzv wkh frqwlqxrxv vfdq srs0xs phqx lq zklfk wkhvh revhuydwlrqdo sdudph0

whuv zhuh hqwhuhg1 Revhuydwlrqv xvlqj wklv prgh frqvlvwhg ri f|fohv zkhuhlq d vfdq ri wkh

vshfl�hg udqjh ri }hqlwk dqjohv zdv iroorzhg/ li vhohfwhg/ e| phdvxuhphqwv iurp hdfk ri wkh

uhihuhqfh eodfnerglhv1 Wklv vhohfwlrq zdv grqh yld wkhFdo +fdoleudwlrq, udglr exwwrq/ vhhq

lq wkh orzhu ohiw ri wkh srs0xs phqx1

��S�e A�i Vn|gls �L_i

Wkh vn|gls revhuydwlrqdo prgh shuiruphg wkh vdph ixqfwlrq dv wkh frqwlqxrxv vfdq

prgh lq wkdw dwprvskhulf hplvvlrq frxog eh revhuyhg ryhu d xvhu0vshfl�hg udqjh ri }hqlwk
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Iljxuh 6153= Wkh vn|gls prgh phqx1

dqjohv/ exw gl�huhg lq wkdw dlupdvv lqfuhphqwv lq vwhsv ri 3=58 duh vhohfwhg ru ghvhohfwhg yld

udglr exwwrqv lq wkh vn|gls prgh srs0xs phqx/ dv vkrzq lq Iljxuh 61531 Zkloh wkh vn|gls

prgh surylghv d idvwhu phdvxuhphqw f|foh wkdq wkh frqwlqxrxv vfdq prgh/ wkh odwwhu zdv

xvhg h{foxvlyho| wr surylgh doo gdwd dw wkh kljkhvw srvvleoh dqjxodu uhvroxwlrq/ wkh irup prvw

xvhixo iru udglrphwhu fdoleudwlrq1 Wkh h{wud wlph lqyroyhg lq wkh dftxlvlwlrq ri frqwlqxrxv

vfdq gdwdvhwv zdv qrw frqvlghuhg dq lpsruwdqw idfwru1
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Wklv fkdswhu suhvhqwv wkh uhvxowv ri wkh revhuydwlrqv wdnhq zlwk wkh surwrw|sh

udglrphwhu dw wkh Mdphv Fohun Pd{zhoo Whohvfrsh +MFPW, rq wkh vxpplw ri Pdxqd Nhd/

Kdzdll1 D ghvfulswlrq ri wkh revhuylqj uxq frqgxfwhg dw wkh MFPW/ lqfoxglqj frpphqwv

uhjduglqj revhuydwlrqdo frqglwlrqv/ lv jlyhq lq Vhfwlrq 715/ dqg lqfoxghv skrwrjudskv vkrzlqj

wkh udglrphwhu lq rshudwlrq1 Vhfwlrq 716 eulh�| uhylhzv wkh lqvwuxphqwdwlrq zklfk zdv

glvfxvvhg lq ghwdlo lq Fkdswhu 61 Vhfwlrq 717 h{sodlqv krz wkh lqvwuxphqw zdv rshudwhg dqg

ghvfulehv wkh irup ri wkh gdwd uhfrugv surgxfhg gxulqj wkh revhuylqj uxq1

Gdwd iurp wkh lqvwuxphqw zdv dftxluhg lq hlwkhu wkh vwduh ru d frqwlqxrxv vfdq

prgh +Vhfwlrq 619, ri rshudwlrq1 Wkh lqvwuxphqw frxog dftxluh vwduh gdwd iurp duelwudu|

}hqlwk dqjohv xvlqj d zlgh udqjh ri vdpsolqj wlphv exw lq sudfwlfh gdwd zdv rewdlqhg iurp

rqo| wkh }hqlwk srvlwlrq dw d vdpsolqj udwh ri 43K}1 Wkh vwduh prgh ri rshudwlrq zdv
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dovr xvhg wr dftxluh gdwd vlpxowdqhrxvo| zlwk wkh 4;6JK} MFPW zdwhu ydsru prqlwru/

dqg wkhvh gdwd surylgh d gluhfw frpsdulvrq zlwk wkh dowhuqdwh udglr iuhtxhqf| dssurdfk wr

zdwhu ydsru phdvxuhphqw1 Vhfwlrq 718 suhvhqwv wkh uhvxowv iurp wkh vwduh prgh ri rshudwlrq1

Wkh frqwlqxrxv vfdq prgh ri rshudwlrq dftxluhg gdwd ryhu d frqwlqxrxv udqjh ri

}hqlwk dqjohv iurp 3 wr :3=6;J +4 � 6 dlupdvvhv, zklfk zhuh xvhg wr frqvwuxfw d fxuyh0ri0

jurzwk1 Gdwd uhfrugv iurp wklv prgh ri rshudwlrq dovr frqwdlqhg phdvxuhphqwv iurp wkh

eodfnerg| uhihuhqfhv zklfk hqdeohg wkh lqvwuxphqw wr eh fdoleudwhg lq whupv ri udgldqfh1

Wkhvh uhvxowv/ lqfoxglqj d wkhruhwlfdo dqdo|vlv ri wkh fdoleudwlrq surfhvv/ duh ghvfulehg lq

Vhfwlrq 7191 Vhfwlrq 71: ghvfulehv wkh fkdudfwhul}dwlrq ri wkh �hog ri ylhz ri wkh lqvwux0

phqw dv ghwhuplqhg e| wdnlqj frqwlqxrxv vfdq phdvxuhphqwv dfurvv wkh prrq1 Vhfwlrq

71; suhvhqwv wkh dqdo|vlv ri frqwlqxrxv vfdq gdwdvhwv frqwdlqlqj dwprvskhulf +zdwhu ydsru,

hplvvlrq phdvxuhphqwv dqg d glvfxvvlrq ri wkh wkhru| ehklqg wkh dqdo|vlv1 Wklv vhfwlrq

fxoplqdwhv lq wkh ghwhuplqdwlrq ri wkh froxpq dexqgdqfh uhvroxwlrq ri wkh lqvwuxphqw/

�z/ lq plfurphwhuv ri suhflslwdeoh zdwhu ydsru +�pszy,1 Dq dgglwlrqdo uhvxow rewdlqhg

xvlqj wkh frqwlqxrxv vfdq prgh ri rshudwlrq zdv wkh revhuydwlrq ri wkh wlph hyroxwlrq ri

d forxg edqn sdvvlqj ryhu wkh vxpplw ri Pdxqd Nhd1

e�2 �Mtih�@|�L?t

Gdwd zhuh froohfwhg gxulqj dq revhuylqj uxq dw wkh Mdphv Fohun Pd{zhoo Whohvfrsh

+MFPW, dwrs Pdxqd Nhd iurp Ghfhpehu < wr 4;/ 4<<<1 Udlq dqg irj rq wkh vxpplw

suhyhqwhg rshudwlrq ri wkh lqvwuxphqw iru wkh �uvw irxu gd|v1 Wkh gdwd suhvhqwhg lq wklv
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Iljxuh 714= D ylhz ri wkh surwrw|sh udglrphwhu vkrzlqj wkh lqvwuxphqw sodwirup dw wkh fhqwhu ri

wkh vnluw ri wkh MFPW dqg wkh lqvwuxphqwdwlrq orfdwhg vrph glvwdqfh dzd|1

wkhvlv zhuh rewdlqhg ryhu d �yh gd| shulrg iurp Ghfhpehu 46 wr 4:1 Gxulqj wklv wlph

wkh orfdo uhodwlyh kxplglw|/ dv phdvxuhg e| wkh MFPW uhodwlyh kxplglw| vhqvru/ udqjhg

iurp d pd{lpxp ri 83( rq wkh 46wk wr d plqlpxp ri 47( rq wkh 4:wk dv wkh h�hfwv ri

wkh lqfohphqw zhdwkhu judgxdoo| glplqlvkhg1 W|slfdoo|/ wkh revhuydwlrqv zhuh frqgxfwhg

iurp dssur{lpdwho| 9 s1p1 wr 45 d1p1/ orfdo Kdzdlldq wlph/ dqg frqwhpsrudqhrxvo| zlwk

d MFPW revhuylqj uxq frqgxfwhg e| rwkhu phpehuv ri Gu1 Qd|oru*v jurxs1 Wkh vn|

frqglwlrqv zhuh jhqhudoo| fohdu zlwk vrph vfdwwhuhg kljk fluuxv forxg xvxdoo| suhvhqw gxulqj

wkh hduo| hyhqlqj1 D vljql�fdqw forxg edqn zdv revhuyhg qhdu wkh krul}rq rq wkh hyhqlqj

ri Ghfhpehu 48wk1

Iljxuh 714 vkrzv d skrwrjudsk ri wkh surwrw|sh udglrphwhu dw wkh fhqwhu ri wkh
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Iljxuh 715= D ylhz ri wkh surwrw|sh dw wkh ehjlqqlqj ri d w|slfdo hyhqlqj revhuylqj uxq1

dsurq ri wkh MFPW zlwk wkh hohfwurqlf lqvwuxphqwdwlrq orfdwhg vrph glvwdqfh dzd| rq d

fduw1 Iljxuh 715 vkrzv wkh surwrw|sh lq rshudwlrq dw wkh MFPW wdnhq dw wkh ehjlqqlqj ri d

w|slfdo hyhqlqj ri revhuydwlrq1 Vqrz fdq eh vhhq rq d qhdue| flqghu frqh lq wkh edfnjurxqg/

hylghqfh ri wkh uhfhqw lqfohphqw zhdwkhu1
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Wkh lqvwuxphqw frqvlvwhg ri dq OQ20frrohg ghwhfwru wkdw dowhuqdwho| ylhzhg wkh

dwprvskhuh/ dqg dpelhqw dqg OQ2 eodfnerg| uhihuhqfhv e| phdqv ri d vwdwlrqdu| sduderolf

pluuru dqg d vfdqqlqj sodqh pluuru1 Wkh rswlfdo lqsxw wr wkh ghwhfwru zdv fkrsshg dw

533K} e| d uh�hfwlyh fkrsshu eodgh/ prxqwhg lpphgldwho| lq iurqw ri wkh ghwhfwru/ vr

wkdw wkh ghwhfwru zdv dowhuqdwho| suhvhqwhg wkh wkurxjksxw iurp wkh dwprvskhuh +ru wkh

eodfnerglhv, dqg d uh�hfwhg ylhz ri lwv rzq frog hqylurqphqw1 Wkh prgxodwhg ghwhfwru

vljqdo zdv dpsol�hg e| d idfwru ri 5333 e| d orz qrlvh suhdpsol�hu +Vhfwlrq 6171:, dqg wkhq

v|qfkurqrxvo| ghwhfwhg e| phdqv ri d orfn0lq dpsol�hu zlwk dq dgglwlrqdo jdlq ri 433 dqg

d udwlrphwulf rxwsxw iurp 043 wr .43 Y 1 Wkh rxwsxw iurp wklv dpsol�hu zdv gljlwl}hg e| d

450elw D2G frqyhuwhu dqg orjjhg wr d gdwd �oh1

D F.. surjudp/ uxqqlqj xqghu GRV rq d odswrs frpsxwhu/ zdv uhvsrqvleoh iru

lqvwuxphqw frqwuro dqg gdwd dftxlvlwlrq1 Vlqfh wkh hpehgghg whpshudwxuh vhqvru jdyh

dqrpdorxv uhdglqjv +Vhfwlrq 617,/ wkh whpshudwxuh ri wkh dpelhqw eodfnerg| uhihuhqfh zdv

wdnhq wr eh htxdo wr ydoxhv uhfrughg e| wkh MFPW dpelhqw whpshudwxuh vhqvru dqg dvvljqhg

wr wkh gdwd rq d �oh0e|0�oh edvlv/ zkhuh wkh dftxlvlwlrq wlph ri d w|slfdo gdwd �oh zdv rq wkh

rughu ri 53 plqxwhv1 Wkh whpshudwxuh ri wkh frog eodfnerg| dw wkh uhgxfhg dwprvskhulf

suhvvxuh rq wkh vxpplw ri Pdxqd Nhd zdv wdnhq dv :6N iru wkh gxudwlrq ri wkh revhuylqj

uxq1
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Wkh lqvwuxphqw zdv rshudwhg lq rqh ri wzr revhuylqj prghv/ vwduh ru frqwlqxrxv

vfdq +Vhfwlrq 619,1 Xsrq srzhu0xs/ wkh lqvwuxphqw fuhdwhg dq revhuylqj vhvvlrq gdwd �oh

lqwr zklfk zhuh uhfrughg dwprvskhulf suhvvxuh/ revhuylqj sdudphwhuv/ vhvvlrq vwduw dqg

hqg wlphv/ dqg doo wkh dftxluhg gdwd1 H{lwlqj wkh frqwuro surjudp wkhq forvhg wkh �oh dqg

whuplqdwhg wkh vhvvlrq1 Dq| qxpehu ri vwduh dqg2ru frqwlqxrxv vfdq rshudwlrqv frxog eh

shuiruphg dv d vlqjoh vhvvlrq/ exw/ lq sudfwlfh/ revhuylqj vhvvlrqv zhuh uhvwulfwhg wr rqo|

rqh w|sh iru vlpsolflw|1

Lq wkh vwduh prgh/ wkh vfdqqlqj pluuru srlqwhg dw d �{hg }hqlwk dqjoh dqg phd0

vxuhphqwv ri dwprvskhulf udgldqfh zhuh rewdlqhg dv d ixqfwlrq ri wlph1 Wkh xvhu vshfl�hg

wkh lqwhjudwlrq wlph dqg wkh qxpehu ri phdvxuhphqwv wr eh wdnhq1 Wkh lqwhjudwlrq wlph

xvhg iru vwduh prgh phdvxuhphqwv zdv vhw dw 3=4 v iru doo gdwd lq wklv wkhvlv1 Lq frqwudvw

wr wkh frqwlqxrxv vfdq prgh ri rshudwlrq/ fdoleudwlrq phdvxuhphqwv iurp wkh eodfnerglhv

frxog qrw eh vhohfwhg dxwrpdwlfdoo| dv sduw ri d vwduh rshudwlrq1 Lqvwhdg/ phdvxuhphqwv

iurp wkh eodfnerglhv zhuh dftxluhg lq wkh vdph zd| dv dq| rwkhu vwduh rshudwlrq +l1h1/ e|

hqwhulqj wdujhw dqjohv ri 45;J dqg 4;3J fruuhvsrqglqj wr wkh orfdwlrqv ri wkh dpelhqw dqg

OQ2 uhihuhqfhv/ uhvshfwlyho|,1

Lq wkh frqwlqxrxv vfdq prgh/ wkh vfdqqlqj pluuru �uvw srlqwhg wr wkh }hqlwk +4

dlupdvv, zkhuh wkh vljqdo zdv lqwhjudwhg iru wkh uhtxhvwhg wlph1 Wkh }hqlwk dqjoh zdv

wkhq lqfuhdvhg lq 3=4;J lqfuhphqwv dqg wkh surfhvv uhshdwhg xqwlo wkh xsshu olplw ri :3=6;J

+6 dlupdvvhv, zdv uhdfkhg1 Wkh vfdqqlqj pluuru wkhq srlqwhg wr wkh dpelhqw eodfnerg|



445

dqg vxevhtxhqwo| wr wkh OQ2 eodfnerg| iru fdoleudwlrq phdvxuhphqwv1 Wkh deryh vhtxhqfh

lv whuphg d f|foh1 Wkh lqvwuxphqw zdv deoh wr vfdq ehwzhhq dq| wzr uhtxhvwhg dqjohv

zlwklq wkh udqjh ri 3J dqg :3=6;J exw lq sudfwlfh rqo| ixoo udqjh vfdqv zhuh rewdlqhg1

Wkh lqwhjudwlrq wlph iru hdfk phdvxuhphqw +dv zhoo dv fdoleudwlrq phdvxuhphqwv iurp wkh

eodfnerg| uhihuhqfhv, frxog eh duelwudulo| vshfl�hg iurp d orzhu olplw ri 3=34 v exw/ dv lq wkh

vwduh prgh/ lqwhjudwlrq wlphv ri 3=4 v zhuh xvhg h{foxvlyho|1 D ixoo frqwlqxrxv vfdq f|foh

wkhq frqvlvwhg ri 6<4 +:3=6;J � 3=4;J, phdvxuhphqwv iurp wkh dwprvskhuh iroorzhg e| wzr

uhihuhqfh phdvxuhphqwv1 Rqh frqwlqxrxv vfdq vhvvlrq wkhq surgxfhg rqh fruuhvsrqglqj

gdwd �oh frpsrvhg ri rqh ru pruh frqwlqxrxv vfdq rshudwlrqv1 D w|slfdo �oh frqwdlqhg

ehwzhhq 43 wr 53 f|fohv dqg wkxv 43 wr 53 lqghshqghqw fdoleudwlrq phdvxuhphqw sdluv1

Wkh frqwuro surjudp orjjhg doo dftxluhg gdwd wr d �oh vxlwdeo| odehoohg dv ehlqj

frpsrvhg ri vwduh ru frqwlqxrxv vfdq rshudwlrqv1 Wdeoh 714 vkrzv dq h{fhusw iurp wkh gdwd

�oh orj vkrzlqj wkh vxssohphqwdu| gdwd dvvrfldwhg zlwk hdfk �oh1 Wkh �uvw froxpq vkrzv

wkh gd| rq zklfk wkh �oh zdv fuhdwhg dorqj zlwk dq| eulhi frpphqwv1 Gdwd �ohv duh odehohg

dv 4/ 5/ hwf1 dv vkrzq lq wkh vhfrqg froxpq dqg hdfk uhsuhvhqwv dq revhuylqj vhvvlrq1 Wkh

wklug froxpq jlyhv wkh vwduw dqg hqg wlphv iru wkh vhvvlrq1 Wkh irxuwk dqg vl{wk froxpqv

vshfli| wkh w|sh ri vhvvlrq/ l1h1 frqwlqxrxv vfdq ru vwduh1 Lq wkh fdvh ri d frqwlqxrxv vfdq/

wkh irxuwk dqg �iwk froxpqv lqglfdwh krz pdq| frqwlqxrxv vfdqv zhuh shuiruphg dqg wkh

udqjh ri dqjohv xvhg/ uhvshfwlyho|1 Lq wkh fdvh ri d vwduh prgh/ wkh vl{wk dqg vhyhqwk froxpq

vkrz wkh qxpehu ri vdpsohv wdnhq dqg wkh dqjoh dw zklfk wkh| zhuh wdnhq/ uhvshfwlyho|1

Froxpq hljkw vkrzv wkh orfdo dwprvskhulf suhvvxuh/ S / lq plooleduv/ dv phdvxuhg e| wkh

rq0erdug suhvvxuh wudqvgxfhu1 Dv phqwlrqhg lq Vhfwlrq 617/ wkh whpshudwxuh ri wkh dpelhqw
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Wdeoh 714= Dq h{fhusw iurp wkh gdwd orj vkrzlqj vxssohphqwdu| gdwd dvvrfldwhg zlwk hdfk gdwd

�oh1 Wkh h{fhusw vkrzq lqfoxghv rqo| ixoo frqwlqxrxv vfdq w|shv ri gdwdvhwv1

#@|i _@|@ �*i 5|@h| |�4i �L?|�?�L�t +@?}i 5|@hi @?}*i � A O
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A��htc #iU�S

ef .Gef T4 2D u�** � � S2D�S 2�� 2��D

HG�f T4 S2D�b ��� 2.�f

e� HG�D T4 2D u�** � � S2D�H ��� 2S�b

HG�. T4 S2S�f ��� 22�H

6h�c #iU�.

DD HGD� T4 � � �fff b S2e�b f�H �H�.

HGD. T4 S2e�b f�H �H�.

DS HGDH T4 � � Sfff b S2e�b f�b �S�b

bG�2 T4 S2e�b f�b �S�b

eodfnerg| zdv vhw htxdo wr wkdw surylghg e| wkh MFPW dpelhqw whpshudwxuh vhqvru orfdwhg

rq wkh dsurq ri wkh MFPW> wklv ydoxh ri W@6K lv uhfrughg lq froxpq qlqh1 Froxpq whq vkrzv

wkh orfdo uhodwlyh kxplglw|/ K/ dv uhfrughg iurp wkh MFPW kxplglw| vhqvru1

e�D �?@*)t�t Lu Vwduh #@|@

Wkh sulpdu| ydoxh ri wkh vwduh prgh zdv wr rewdlq kljk vshhg revhuydwlrqv ri

wkh yduldwlrq ri zdwhu ydsru hplvvlrq dv d ixqfwlrq ri wlph dorqj dq duelwudu| olqh0ri0vljkw1

Wklv prgh ri revhuydwlrq zdv dovr ydoxdeoh lq wkh jdwkhulqj ri dwprvskhulf hplvvlrq gdwd

frqwhpsrudqhrxvo| zlwk wkh MFPW 4;6JK} zdwhu ydsru prqlwru dqg doorzhg d frpsdulvrq

ehwzhhq wkh gdwd rewdlqhg iurp wkh surwrw|sh udglrphwhu zlwk wkdw iurp wkh udglr iuhtxhqf|

dssurdfk1 Vwduh prgh gdwd iurp wkh surwrw|sh udglrphwhu zdv lq wkh irup ri vljqdo yrowdjh

yv1 wlph dqg/ gxh wr wkh uhodwlyho| kljk vdpsoh udwh +43K},/ wkhvh gdwd uhyhdohg wkh udslg

yduldwlrq ri zdwhu ydsru hplvvlrq dv d ixqfwlrq ri wlph1
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Lq wkh hduo| pruqlqj ri Wkxuvgd|/ Ghfhpehu 49/ ehwzhhq wkh krxuv ri 45=63 d1p1

dqg 4=48 d1p1/ wkh vwduh prgh zdv xvhg wr dftxluh gdwd iurp wkh }hqlwk xqghu wkh frqglwlrqv

ri dq dssduhqwo| fohdu dqg forxgohvv vn|1 Wkh lqvwuxphqw zdv vhw wr vdpsoh dw d udwh ri 43K}

iru d shulrg ri dssur{lpdwho| 73 plqxwhv1 Iljxuh 716 vkrzv wkh uhvxowv ri wklv revhuydwlrq1

Lq rughu wr nhhs wkh gdwd �ohv wr d uhdvrqdeoh vl}h/ wkh frpsohwh vwduh revhuydwlrq zdv

frpsrvhg ri wkuhh lqglylgxdo vwduh rshudwlrqv1 D wlph ri dssur{lpdwho| 43 v vhsdudwhg

wkh vwduh rshudwlrqv dv rqh rshudwlrq zdv hqghg/ vwruhg wr glvn dqg dqrwkhu lqlwldwhg/ dqg

dffrxqwv iru wkh wzr glvfrqwlqxlwlhv lq wkh gdwd vhhq lq wkh �jxuh dw 4483 v dqg 5633 v1

Wklv gdwdvhw lv vljql�fdqw dv lw uhyhdohg wkh sdvvdjh ri d vhfwlrq ri dwprvskhuh

frqwdlqlqj dq lqfuhdvhg dprxqw ri zdwhu ydsru/ hyhq wkrxjk wkh vn| uhpdlqhg fohdu wr

wkh h|h1 Wkh gdwd lv vkrzq dw vhyhudo pdjql�fdwlrqv/ dqg dw wkh kljkhvw uhvroxwlrq/ wkh

lqglylgxdo gdwd srlqwv duh vhhq1 Wkh lqvwuxphqwdo huuru/ wr eh ghulyhg lq Vhfwlrq 71916

iurp wkh vwdelolw| ri wkh vljqdov iurp wkh OQ2 eodfnerg| uhihuhqfh/ lv lqfoxghg lq wkh �jxuh1

Jlyhq wkh lqvwuxphqwdo huuru/ �qh vfdoh yduldwlrq ri wkh vljqdo rq wkh rughu ri 3=4 v fdqqrw eh

wdnhq dv uhdo yduldwlrqv lq zdwhu ydsru dexqgdqfh vlqfh wkhvh vwuxfwxuhv olh zlwklq wkh huuru

edu1 Gxh wr rswlfdo vslooryhu dw wkh OQ2 �dvn/ wkh vwdelolw| ri wkh uhdglqjv iurp wkh OQ2

eodfnerg| uhihuhqfh/ jlyhq lq Vhfwlrq 71916/ uhsuhvhqwv dq ryhu0hvwlpdwh ri wkh lqvwuxphqwdo

huuru/ dqg lq oljkw ri wklv/ lw lv olnho| wkdw wkh yduldwlrq ehwzhhq lqglylgxdo vdpsohv vhhq lq

wkh orzhu judsk ri Iljxuh 716 uhsuhvhqw uhdo yduldwlrqv lq zdwhu ydsru dexqgdqfh1 Lq dq|

fdvh/ wuhqgv rq wkh rughu ri 4 v duh fohduo| glvfhuqleoh iurp wkhvh gdwd1
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Iljxuh 716= Vwduh gdwd dftxluhg iurp }hqlwk xqghu wkh frqglwlrqv ri dq dssduhqwo| fohdu dqg forxgohvv

vn|1 Gdwd zhuh rewdlqhg xvlqj d vdpsoh udwh ri 43 K} dqg duh vkrzq dw pxowlsoh uhvroxwlrqv1
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Rq wkh hyhqlqj ri Iulgd|/ Ghfhpehu 4:/ Surihvvru Ulfkdug Kloov ri wkh Xqlyhuvlw| ri

Fdpeulgjh/ XN/ nlqgo| doorzhg xv wr xvh klv 4;6JK} zdwhu ydsru prqlwru vlpxowdqhrxvo|

zlwk rxu rzq1 Iru d shulrg ri dssur{lpdwho| rqh krxu wkh surwrw|sh lqvwuxphqw dftxluhg

vwduh prgh gdwd iurp wkh vdph gluhfwlrq dv wkh 4;6JK} v|vwhp zklfk xwlol}hv wkh MFPW

dqwhqqd lwvhoi1 Wkh hohydwlrq ri erwk lqvwuxphqwv fruuhvsrqghg wr d }hqlwk dqjoh ri <J1 Vlqfh

wkh surwrw|sh udglrphwhu zdv orfdwhg rq wkh dsurq ri wkh MFPW/ dv vkrzq lq Iljxuh 714/

dqg wkh dsurq urwdwlrq lv rqo| dgmxvwhg shulrglfdoo| wr iroorz wkh pruh suhflvh d}lpxwkdo

dqwhqqd urwdwlrq/ wkh d}lpxwk frruglqdwhv ri wkh wzr gdwd vhwv glg qrw fruuhvsrqg h{dfwo|1

Xsrq h{dplqdwlrq/ lw zdv irxqg wkdw wkhuh zdv d kljk ghjuhh ri fruuhodwlrq ehwzhhq

wkh wzr gdwdvhwv dqg wkdw d vlpsoh vkliw lq wkh krul}rqwdo d{lv doorzhg wkhp wr eh eurxjkw

lqwr doljqphqw1 Iljxuh 717 glvsod|v wkh vlpxowdqhrxv revhuydwlrqv diwhu wkh wlph vkliw1 Wkh

orzhu fxuyh lv wkh 4;6JK} gdwd/ vdpsohg dw d udwh ri 3=4 K}1 Wkh xsshu fxuyh lv wkh udz

vwduh gdwd iurp wkh surwrw|sh/ zkloh wkh plggoh fxuyh lv wkh vdph gdwd vprrwkhg e| d idfwru

ri 43 wr dq h�hfwlyh uhvroxwlrq ri 4 v1 Wkh orfdo wlph vkrzq rq wkh krul}rqwdo d{lv/ dqg wkh

suhflslwdeoh zdwhu ydsru vfdoh ri wkh yhuwlfdo d{lv/ lq pp szy/ duh wdnhq iurp wkh 4;6JK}

gdwd uhfrug1 Wkh gdwd iurp wkh surwrw|sh zdv ryhuodlg/ glvsodfhg krul}rqwdoo| dqg uhvfdohg

yhuwlfdoo| wr jlyh wkh ehvw fruuhodwlrq1 Wkhvh gdwd vhwv duh vkrzq glvsodfhg yhuwlfdoo| e| 3=4

xqlwv iru fodulw|1 Xvlqj wkh wlph vwdps surylghg lq wkh surwrw|sh gdwd �ohv/ d ghod| ri d

ihz plqxwhv zdv revhuyhg ehwzhhq wkh gdwd vhwv gxh wr wkh gl�huhqfh lq d}lpxwk ehwzhhq

wkh wzr lqvwuxphqwv1



44:

P
re

ci
p i

ta
b l

e  
W

at
er

 V
ap

or
  (

 m
m

 p
w

v 
)

Loca l H aw aii tim e (decim a l hours  pm )

3.0

2.5

2.0
9.40 9.50 9.60 9.70 9.80

Iljxuh 717= Gdwdvhwv rewdlqhg vlpxowdqhrxvo| xvlqj wkh surwrw|sh udglrphwhu dqg MFPW zdwhu

ydsru prqlwru vkrz jrrg djuhhphqw lq zdwhu ydsru dexqgdqfh dv d ixqfwlrq ri wlph1 Wkh erwwrp

+eoxh, fxuyh lv wkh MFPW 4;6 JK} zdwhu ydsru prqlwru gdwd1 Wkh xsshu wzr fxuyhv duh gdwd iurp

wkh surwrw|sh dw 314 v +uhg, dqg 4 v +juhhq, uhvroxwlrq1 Wkh yhuwlfdo d{lv odehohg lq szy uhihuv wr wkh

4;6 JK} gdwd1

Dowkrxjk qrw vkrzq lq wkh �jxuh/ wkh yhuwlfdo d{lv/ odehohg lq ppszy/ kdv dq

dowhuqdwh vfdoh lq vljqdo yrowdjh fruuhvsrqglqj wr wkh gdwd iurp wkh surwrw|sh1 Dvvxplqj

wkdw wkh kljkhvw dqg orzhvw vljqdo ydoxhv ri wkh wzr gdwd vhwv fruuhvsrqg wr revhuydwlrqv ri

wkh vdph dwprvskhulf ihdwxuh/ wkh vljqdo yrowdjh ri wkh surwrw|sh wkhq fruuhvsrqgv wr wkh

suhflslwdeoh zdwhu ydsru dv ghwhuplqhg e| wkh suhylrxvo| fdoleudwhg 4;6JK} zdwhu ydsru

prqlwru dw wkhvh wlphv +<173 dqg <19: OKW,1

Sulru wr hydoxdwlrq ri wkh uhvshfwlyh ydoxhv ri szy dqg vljqdo yrowdjhv dw wkhvh
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srlqwv xvlqj dq LGO surfhgxuh +Frpsdulvrq zlwk 4;6JK},/ wkh wzr gdwd vhwv zhuh hdfk

vprrwkhg e| dq dgglwlrqdo idfwru> wkh surwrw|sh gdwd zdv vprrwkhg e| d idfwru ri 533 +wr dq

htxlydohqw 53 v lqwhjudwlrq lqwhuydo, dqg wkh 4;6JK} gdwd zdv vprrwkhg e| d idfwru ri 5 +dovr

wr dq htxlydohqw 53 v lqwhjudwlrq lqwhuydo,1 Wkhvh gdwd srlqwv/ zklfk hvwdeolvk d frqyhuvlrq

ehwzhhq vljqdo yrowdjh +ru/ diwhu lqwhqvlw| fdoleudwlrq/ udgldqfh, dqg zdwhu ydsru froxpq

dexqgdqfh/ z/ suryhg vxshulru wr udglrvrqgh fdoleudwlrq gdwd dqg zhuh wkhuhiruh xvhg dv

wkh sulpdu| phdqv ri fdoleudwlqj wkh surwrw|sh1 Wkhvh fdoleudwlrq srlqwv duh vxppdul}hg

lq Wdeoh 7151

Wdeoh 715= Wkh uhodwlrq ehwzhhq surwrw|sh udglrphwhu vljqdo yrowdjh dqg suhflslwdeoh zdwhu ydsru

dv ghwhuplqhg e| wkh MFPW zdwhu ydsru prqlwru1

5�}?@* uhL4 ThL|L|)Ti �hiU�T�|@M*i @̀|ih V@TLh
@t _i|ih4�?i_ M) �H� BO3 h@_�L4i|ih

EVo6r� E44 T���

��S� 2�f�
��be 2�H.

e�S �@*�Mh@|�L? Lu W?t|h�4i?|@* +itTL?t���|)

Ghwhfwru uhvsrqvlylw|/ U_e|/ lv xvxdoo| gh�qhg dv wkh ghwhfwru rxwsxw vljqdo yrowdjh

shu xqlw Zdww ri lqflghqw rswlfdo srzhu zlwk xqlwv ri YZ3�1 Zh gh�qhg dq ryhudoo lqvwux0

phqwdo uhvsrqvlylw|/ U�?r|/ h{suhvvhg lq YZ3�p2 vu/ uhodwlqj lqvwuxphqw rxwsxw yrowdjh wr

lqflghqw udgldqfh1 Phdvxuhphqwv ri wkh wzr eodfnerg| uhihuhqfhv doorzhg wklv frqyhuvlrq

idfwru ehwzhhq udglrphwhu vljqdo yrowdjh dqg vrxufh udgldqfh wr eh ghwhuplqhg1

Wklv dvshfw ri lqvwuxphqw fdoleudwlrq fruuhvsrqgv wr frqyhuvlrq ehwzhhq gl�huhqw



44<

vfdohv rq wkh yhuwlfdo d{lv ri wkh fxuyh0ri0jurzwk dqg lv glvwlqfw iurp d vhfrqg fdoleudwlrq

surfhgxuh/ glvfxvvhg lq Vhfwlrq 71;/ zkhuhlq d frqyhuvlrq idfwru lv hvwdeolvkhg ehwzhhq

suhflslwdeoh zdwhu ydsru +krul}rqwdo d{lv ri frqwlqxrxv vfdq gdwdvhwv, dqg udglrphwhu vljqdo

xvlqj wkh gdwd iurp Wdeoh 7151

Dv suhylrxvo| ghvfulehg/ fdoleudwlrq phdvxuhphqwv zhuh uhfrughg rqo| lq frqwlq0

xrxv vfdq gdwd �ohv1 Qrw doo wkh frqwlqxrxv vfdq �ohv frqwdlq xvhixo fdoleudwlrq gdwd/

krzhyhu/ dv vrph ri wkh gdwd zhuh rewdlqhg ehiruh wkh vhwwlqjv ri wkh hohfwurqlf lqvwuxphq0

wdwlrq kdg ehhq �qdol}hg dqg/ rq rffdvlrq/ wkh OQ2 uhvhuyrlu udq orz1 Vl{whhq frqwlqxrxv

vfdq �ohv/ frqwdlqlqj fdoleudwlrq phdvxuhphqwv wdnhq diwhu wkh lqvwuxphqwdo frq�jxudwlrq

kdg ehhq rswlpl}hg/ zhuh vhohfwhg iru xvh lq wkh ghwhuplqdwlrq ri wkh lqvwuxphqwdo uhvsrq0

vlylw|1 Vshfl�fdoo|/ wkhvh gdwd �ohv zhuh qxpehuv 53/ 54/ 55/ 56/ 57/ 68/ 73/ 74/ 76/ 77/ 78/

83/ 84/ 85/ 93 dqg 951 Dq LGO urxwlqh +H{wudfw Gdwd, zdv xvhg wr h{wudfw wkh eodfnerg|

fdoleudwlrq phdvxuhphqwv iurp hdfk frqwlqxrxv vfdq gdwd �oh1 Hdfk �oh frqwdlqhg rqh

dpelhqw dqg rqh OQ2 eodfnerg| phdvxuhphqw shu frqwlqxrxv vfdq f|foh zlwk w|slfdoo| 48

f|fohv shu �oh1 Wkh urxwlqh fdofxodwhg d phdq dqg d vwdqgdug ghyldwlrq ri wkh vljqdov iurp

wkh dpelhqw dqg frog eodfnerglhv iru hdfk �oh1

e�S�� W?|i?t�|) �@*�Mh@|�L? A�iLh)

Wkh fdoleudwlrq surfhgxuh jlyhq ehorz ghvfulehv krz wkh lqvwuxphqwdo uhvsrqvlylw|

lv ghwhuplqhg iurp revhuydwlrqv ri wkh eodfnerg| uhihuhqfhv1 Gxh wr wkh ghvljq ri wkh

udglrphwhu/ nqrzohgjh ri wkh fkdudfwhulvwlfv ri wkh rswlfdo hohphqwv zdv qrw uhtxluhg iru dq

dffxudwh ghwhuplqdwlrq ri U�?r| vlqfh wkh rswlfdo wudlq zdv wkh vdph zkhq wkh lqvwuxphqw
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ylhzhg wkh dwprvskhuh ru wkh fdoleudwlrq vrxufhv> wkh h�flhqflhv dqg hplvvlylwlhv ri wkh

rswlfdo hohphqwv zhuh frpprq wr doo phdvxuhphqwv1

Wkh lqiuduhg edqgzlgwk ri wkh surwrw|sh zdv ghwhuplqhg e| wkh vshfwudo edqgsdvv

ri wkh lqiuduhg �owhu1 Wkh lqwhjudwhg vshfwudo udgldqfh ri wkh dwprvskhuh/ ryhu wkh �owhu

edqgzlgwk/ �� @ 795� 838 fp3�/ fdq eh zulwwhq

O @|6 @

DfD]

eS2

�j@|6Ej +W@|6 , g� 7=9=4

zkhuh W@|6 lv wkh whpshudwxuh ri wkh dwprvskhuh/ �j@|6 lv wkh hplvvlylw| ri wkh dwprvskhuh

dqg Ej+W , lv wkh vshfwudo udgldqfh jlyhq e| wkh Sodqfn ixqfwlrq/ htxdwlrq 5=6=641 Vlplodu

h{suhvvlrqv krog iru wkh udgldqfh ri wkh frog eodfnerg|/ Ou�2
/ wkh dpelhqw eodfnerg|/

O@6K/ wkh vfdqqlqj �dw pluuru/ Or/ wkh sduderolf pluuru/ OR/ wkh uh�hfwlyh fkrsshu eodgh/

OS/ wkh sro|surs|ohqh zlqgrz/ O�/ dqg wkh rswlfdo �owhu/ Os / xvlqj wkhlu fruuhvsrqglqj

whpshudwxuhv1 Wkh ghwhfwru dovr vhhv wkh udgldqfh ri lwv rzq OQ20frrohg hqylurqphqw/ Oe/

zkhq lwv �hog ri ylhz lv lqwhuuxswhg e| wkh uh�hfwlyh fkrsshu eodgh1

Iru wkh qduurz vshfwudo edqg xqghu frqvlghudwlrq wkh ydulrxv hplvvlylwlhv ri wkh

rswlfdo frpsrqhqwv duh wdnhq dv frqvwdqw exw xqnqrzq txdqwlwlhv1 Wkh hplvvlylwlhv ri

wkh eodfnerglhv duh dovr wdnhq dv frqvwdqwv zlwk ydoxhv ri �@6K�e?| @ 4 dqg �u�2 @ 41

Wkh vshfwudo hplvvlylw| ri wkh dwprvskhuh/ �j@|6/ lv d frpsolfdwhg ixqfwlrq ri zdyhqxpehu/

uhsuhvhqwlqj wkh vshfwudo hplvvlrq ri zdwhu ydsru/ dqg ghshqgv rq wkh froxpq dexqgdqfh/

dqg erwk wkh whpshudwxuh dqg suhvvxuh sur�ohv ri wkh dwprvskhuh1

Wkh rswlfdo vljqdo srzhuv lqflghqw rq wkh ghwhfwru zkhq wkh lqvwuxphqw lv wdnlqj

+fkrsshg, phdvxuhphqwv ri wkh dwprvskhuh/ � r&+/ wkh dpelhqw eodfnerg|/ � @6K/ dqg wkh
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OQ2 eodfnerg|/ � u�2
/ duh

�@|6 @ ^ ws w� uR ur O@|6 . ws w� uR Or . ws w� OR

. ws O� . Os � + w2s w
2
� uS Oe . ws w� OS, ` D 7=9=5 d

�@6K @ ^ ws w� uR ur O@6K . ws w� uR Or . ws w� OR

. ws O� . Os � + w2s w
2
� uS Oe . ws w� OS, ` D 7=9=5 e

�u�2
@ ^ws w� uR ur Ou�2

. ws w� uR Or . ws w� OR

. ws O� . Os � + w2s w
2
� uS Oe . ws w� OS, ` D 7=9=5 f

zkhuh w lv wkh wudqvplwwdqfh dqg u lv wkh uh�hfwdqfh ri wkh vxevfulswhg rswlfdo frpsrqhqwv> v

uhihuv wr wkh vfdqqlqj sodqh pluuru/ s uhihuv wr wkh sduderolf pluuru/ f uhihuv wr wkh uh�hfwlyh

fkrsshu eodgh/ z uhihuv wr wkh sro|surs|ohqh zlqgrz dqg i uhihuv wr wkh lqiuduhg �owhu1

Wkh ydulrxv whupv lqyroylqj w dqg u/ dv zlwk wkh hplvvlylwlhv ri wkh rswlfdo frpsrqhqwv/ duh

wdnhq dv frqvwdqw exw xqnqrzq ixqfwlrqv ri �1 Wkh deryh htxdwlrqv fdq eh zulwwhq dv

� @|6 @ + � O @|6 . OJR|�Sr � Ooes,eS|e_ , D 7=9=6 d

�@6K @ + � O@6K . OJR|�Sr � Ooes,eS|e_ , D 7=9=6 e

�u�2
@ + � Ou�2

. OJR|�Sr � Ooes,eS|e_ , D 7=9=6 f

zkhuh wkh h�flhqf| ri wkh rswlfdo wudlq lv

� @ ws w� uR ur 7=9=7

dqg zkhuh wkh udgldqfhv dvvrfldwhg zlwk wkh rswlfv dqg wkdw dvvrfldwhg zlwk wkh fkrsshu

dqg ghwhfwru hqylurqphqw duh froohfwhg lqwr wkh iroorzlqj whupv=
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OJR|�Sr @ ws w� uR Or.ws w� OR.ws O�.Os 7=9=8

Ooes,eS|e_ @ w2s w
2
� uS Oe . ws w� OS 7=9=9

Glylglqj htxdwlrqv 7=9=6 e| D wxuqv wkh ohiw kdqg vlghv lqwr udgldqfhv dqg doorzv

wkh vxevhtxhqw fdoleudwlrq dqdo|vlv wr eh fduulhg rxw lq whupv ri wkh udgldqfh ri wkh vrxufhv

udwkhu wkdq wkhlu �x{1 Vxewudfwlrq ri htxdwlrq 7=9=6 f iurp 7=9=6 e dqg glylvlrq e| D wkhq

|lhogv d fkrsshg udgldqfh �O_ dw wkh ghwhfwru ri

�O_ @ � + O@6K � Ou�2
, 7=9=:

Wkh upv yrowdjh vljqdov iurp wkh orfn0lq dpsol�hu dvvrfldwhg zlwk d fkrsshg re0

vhuydwlrq ri wkh dpelhqw dqg OQ2 eodfnerglhv duh/ uhvshfwlyho|/ Y@6K dqg Yu�2
1 Wkh lq0

vwuxphqwdo uhvsrqvlylw| fdq eh zulwwhq dv

U�?r| @ + �Y @ �O , @ +Y@6K�Yu�2, @ +O@6K�Ou�2
, 7=9=;

zlwk xqlwv ri YZ3�p2vu dqg zkhuh

�O @ {u_
#

@ + O@6K � Ou�2
, 7=9=<

U�?r| zdv ghwhuplqhg xvlqj ydoxhv ri Y@6K dqg Yu�2
surylghg e| wkh LGO urxwlqh

+H{wudfw Gdwd, dqg wkh fruuhvsrqglqj O@6K dqg Ou�2
rewdlqhg yld wkh Sodqfn ixqfwlrq

xvlqj wkh vrxufh whpshudwxuhv W@6K/ iurp wkh MFPW dpelhqw whpshudwxuh vhqvru/ dqg Wu�2
1

Jlyhq wkh uhvsrqvlylw| ri wkh PFW ghwhfwru hohphqw/ U_/ surylghg e| wkh pdq0

xidfwxuhu/ d ydoxh iru �/ wkh ryhudoo rswlfdo h�flhqf| ri wkh surwrw|sh udglrphwhu fdq eh

gh�qhg dv
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� @ U�?r| @ U_ 7=9=43

Dq dffxudwh nqrzohgjh ri wklv h�flhqf| frxog eh xvhg lq ixwxuh ihdvlelolw| fdofx0

odwlrqv +Vhfwlrq 615,1

Xvlqj wkh lqvwuxphqwdo uhvsrqvlylw|/ U�?r|/ dwprvskhulf hplvvlrq gdwd froohfwhg e|

wkh lqvwuxphqw fdq eh wudqviruphg lqwr d judsk zkrvh yhuwlfdo d{lv lv jlyhq lq whupv ri

udgldqfh udwkhu wkdq vljqdo yrowdjh1 Iljxuh 718 vkrzv wkuhh frqwlqxrxv vfdq gdwdvhwv1 Wkh

xsshu judsk vkrzv wkh udz gdwd zlwk vljqdo yrowdjh sorwwhg dv d ixqfwlrq ri }hqlwk dqjoh1

Wkh orzhu judsk vkrzv wkh lqwhqvlw| fdoleudwhg gdwd h{suhvvhg lq whupv ri udgldqfh dv d

ixqfwlrq ri dlupdvv +42frv+}hqlwk dqjoh,,1 Wkh vljqdov iurp wkh dpelhqw dqg OQ2 eodfnerg|

uhihuhqfhv zklfk duh lqfoxghg lq frqwlqxrxv vfdq gdwdvhwv fdq eh vhhq lpphgldwho| wr wkh

uljkw ri wkh fxuyhv1

Lw zloo eh qrwlfhg iurp Iljxuh 718 wkdw wkh OQ2 uhihuhqfh vljqdo yrowdjh kdv d ydoxh

ri � 3=9Y1 Frqvlghulqj wkh doprvw qhjoljleoh udgldqfh ri wkh OQ2 vrxufh dw d zdyhohqjwk

ri 53 �p +Vhfwlrq 41616,/ lw zdv h{shfwhg wkdw wklv vljqdo vkrxog kdyh ehhq qhduo| }hur1

Vlqfh fduh zdv wdnhq wr hqvxuh wkdw wkh orfn0lq dpsol�hu zdv fruuhfwo| skdvhg gxulqj doo

revhuydwlrqv/ wkh rqo| sodxvleoh h{sodqdwlrq iru wklv r�vhw zdv dq rswlfdo vslooryhu rffxuulqj

dw wkh OQ2 eodfnerg|1 Sulru wr wkh revhuylqj uxq/ d 483 pp gldphwhu frsshu glvn/ frdwhg

zlwk wkh vdph eodfnhqhg hsr{| vxuidfh xvhg rq wkh dpelhqw eodfnerg| +Vhfwlrq 617,/ zdv

wr kdyh ehhq lpphuvhg dw wkh erwwrp ri d OQ2 �dvn1 Xqiruwxqdwho|/ wkh rqo| OQ2 �dvnv

dydlodeoh dw wkh MFPW zhuh voljkwo| xqghuvl}hg> wklv uhvxowhg lq dq rswlfdo vslooryhu dqg

dffrxqwv iru wkh GF r�vhw vhhq lq wkh gdwd1 Ixuwkhu hylghqfh vxssruwlqj wklv h{sodqdwlrq
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Iljxuh 718= Wkuhh w|slfdo frqwlqxrxv vfdq gdwdvhwv vkrzq zlwk wkh yhuwlfdo d{lv lq vljqdo yrowdjh

+wrs, dqg/ diwhu frqyhuvlrq yld wkh lqvwuxphqwdo uhvsrqvlylw|/ udgldqfh +erwwrp,1 Wkh h�hfw ri

wudqviruplqj wkh krul}rqwdo d{lv iurp }hqlwk dqjoh wr dlupdvv lv hylghqw1

kdv ehhq surylghg e| uhfhqw uhvxowv iurp dq xsjudghg yhuvlrq ri wkh udglrphwhu zklfk vkrz

}hur vljqdo yrowdjh zkhq wkh udglrphwhu ylhzv wkh fdoleudwlrq vrxufh1

Lq wkh dqdo|vlv ri wkh gdwd suhvhqwhg lq wklv wkhvlv/ wkh frqvwdqw r�vhw yrowdjh/

uhvxowlqj iurp wkh rswlfdo vslooryhu/ zdv vxewudfwhg iurp doo gdwdvhwv1 Wkh lqvwuxphqwdo

uhvsrqvlylw| dqg wkh udglrphwhu vhqvlwlylw| ghulyhg lq wkh vxevhtxhqw dqdo|vlv zloo wkhuhiruh

uhsuhvhqw orzhu shuirupdqfh olplwv ri wkh surwrw|sh udglrphwhu1
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Htxdwlrq 7=9=; zdv xvhg wr rewdlq wkh lqvwuxphqwdo uhvsrqvlylw|/ U�?r|/ xvlqj wkh

gdwd iurp wkh dpelhqw dqg OQ2 eodfnerglhv/ orfdwhg lq frqwlqxrxv vfdq gdwd �ohv1 Vlqfh

d vlqjoh whpshudwxuh +iurp wkh MFPW dpelhqw whpshudwxuh vhqvru, zdv dvvljqhg wr wkh

dpelhqw eodfnerg| iru hdfk gdwd �oh +frqwdlqlqj� 53 dpelhqw eodfnerg| uhdglqjv shu �oh,/

d uhvsrqvlylw| zdv dovr fdofxodwhg iru hdfk �oh> wkh vljqdo yrowdjhv iurp wkh OQ2 dqg dpelhqw

eodfnerglhv/ xvhg lq htxdwlrq 7=9=; rq d �oh0wr0�oh edvlv/ zdv dq dyhudjh ri doo OQ22dpelhqw

eodfnerg| uhdglqjv zlwklq wkh �oh1 Wkh vwdqgdug ghyldwlrq ri hdfk ri wkhvh ydoxhv zdv

dovr fdofxodwhg1 Wkh uhvxow zdv dq dyhudjh uhvsrqvlylw|/ zlwk dvvrfldwhg huuru/ iru hdfk �oh1

Wdeoh 7161 jlyhv d vxppdu| ri wkhvh fdofxodwlrqv1

Wdeoh 716= Vxppdu| ri dyhudjh uhvsrqvlylw| fdofxodwlrqv1

#@|@ 6�*i A@6K wu�2 w@6K Vu�2 V@6K + {+ {+8

Ek� E`%42th� E`%42th� EV� EV� EV%`%42th� EV%`%42th� EV%`%42th�

2f 2.S�f e��,�� D�fDS f�DHe ��be� f�SSe S�H,�� ��D,��
2� 2.S�f e��,�� D�fDS f�D.. ��b�S f�SS� .�f,�� 2�e,��
22 2.S�2 e��,�� D�fSb f�D.b ��bff f�SDS S�H,�� 2�f,��
2� 2.S�2 e��,�� D�fSb f�DHD ��Hb� f�SD� S�S,�� ���,��
2e 2.D�� e��,�� D�f2e f�DHH ��H.S f�SDD S�b,�� 2��,��
�D 2.e�D e��,�� e�bH� f�D.e ��HH� f�SSD S�b,�� ��.,��
ef 2.D�� e��,�� D�f2e f�DSe ��HH� f�SS� .��,�� 2�D,��
e� 2.e�e e��,�� e�b.S f�DSf ��HSS f�SSD S�H,�� ��e,��
e� 2.e�� e��,�� e�bSS f�DD2 ��HDD f�SSS .��,�� 2�e,��
ee 2.e�� e��,�� e�b.� f�DS� ��H2H f�SDH S�b,�� ��b,��
eD 2.��H e��,�� e�beS f�DSH ��H�f f�SSf .�2,�� 2�H,��
Df 2.e�e e��,�� e�b.S f�DH. ��Hbb f�SSS .�f,�� ��b,��
D� 2.e�2 e��,�� e�bbS f�D.D ��b2H f�S.2 .�f,�� 2�f,��
D2 2.e�f e��,�� e�bDS f�D.� ��b�� f�S.e .�2,�� 2�e,��
Sf 2.e�� e��,�� e�bS� f�D.. ��HHe f�SS. .�f,�� ��b,��
S2 2.e�� e��,�� e�bS� f�DHb ��HDS f�SDb .�f,�� 2��,��

Iurp hdfk ri wkh 49 frqwlqxrxv vfdq gdwd �ohv olvwhg lq Vhfwlrq 71914/ dqg djdlq lq

wkh �uvw froxpq ri wkh Wdeoh 716/ wkh LGO surjudp +H{wudfw Gdwd, surylghg wkh dyhudjhg
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yrowdjh uhdglqjv iurp wkh OQ2 dqg dpelhqw eodfnerglhv/ Yu�2
dqg Y@6K/ uhvshfwlyho|> wkhvh

duh olvwhg lq wkh �iwk dqg vl{wk froxpqv ri Wdeoh 7161 Wklv LGO urxwlqh dovr fdofxodwhg

vwdqgdug ghyldwlrqv/ �Yu�2
dqg �Y@6K/ iru Yu�2

dqg Y@6K/ uhvshfwlyho| +qrw lqfoxghg lq

wdeoh,1 Wkh whpshudwxuh ri wkh OQ2 uhihuhqfh/ Wu�2
/ zdv dvvxphg wr eh frqvwdqw dw :6N1

Wkh whpshudwxuh dvvljqhg wr wkh dpelhqw eodfnerg| iru hdfk �oh/ W@6K/ lv olvwhg lq wkh

vhfrqg froxpq1 Dqrwkhu LGO urxwlqh +Sodqfn Srzhu 795 838, frpsxwhg wkh lqwhjudo ri

wkh Sodqfn udgldqfh +htxdwlrq 5=6=64, ryhu wkh vshfwudo udqjh 795� 838 fp3� iru erwk wkh

OQ2 dqg dpelhqw eodfnerglhv/ l1h1/ Ou�2
dqg O@6K/ xvlqj wkhlu uhvshfwlyh whpshudwxuhv/

Wu�2
dqg W@6K1 Wkhvh udgldqfhv duh olvwhg lq wkh wklug dqg irxuwk froxpqv/ uhvshfwlyho|1

Wkh fdofxodwhg �oh0e|0�oh lqvwuxphqwdo uhvsrqvlylw| lv jlyhq lq wkh vhyhqwk froxpq1

Wr hvwlpdwh wkh huuru rq U�?r|/ huuruv pxvw eh dvvljqhg wr wkh yrowdjhv dqg udgl0

dqfhv lq wkh uhvsrqvlylw| irupxod/ htxdwlrq 7=9=;1 Wkh LGO urxwlqh +H{wudfw Gdwd, surylghg

wkh vwdqgdug ghyldwlrqv/ �Y@6K dqg �Yu�2
/ iru wkh huuru rq Yu�2 dqg Y@6K/ uhvshfwlyho|1

Zlwk uhjdug wr wkh huuru lq dpelhqw eodfnerg| udgldqfh/ �O@6K/ lw zdv qrwhg wkdw wkh orfdo

whpshudwxuh yduldwlrqv rffxuulqj ryhu wkh gxudwlrq ri rqh gdwd �oh zhuh rq wkh rughu ri

� 4N/ dqg wkxv dq huuru ri 	4N zdv dvvljqhg iru �W@6K1 Wklv huuru lq whpshudwxuh zdv

wudqvodwhg wr dq huuru lq udgldqfh/ �O@6K/ e| frpsxwlqj wkh vshfwudo lqwhjudwlrq ri wkh

Sodqfn ixqfwlrq xvlqj whpshudwxuhv ri W@6K 	 4N=

�O@6K @ �
2 ^ O@6K+W@6K . 4N, � O@6K+W@6K � 4N, ` 7=9=44

Wkh huuru lq wkh udgldqfh ri wkh OQ2 eodfnerg|/ �Ou�2/ zdv wdnhq wr eh }hur vlqfh

wkh whpshudwxuh ri OQ2 rq wkh vxpplw lv vwdeoh +dwprvskhulf suhvvxuh yduldwlrqv gxulqj

wkh revhuylqj uxq zhuh 	6pe,1 Ixuwkhupruh/ dv vkrzq lq Vhfwlrq 41616/ wkh udgldqfh ri d



45:

:6N vrxufh lv dssur{lpdwho| wkuhh rughuv ri pdjqlwxgh vpdoohu wkdq dq dpelhqw +5:6N,

vrxufh/ dqg wkxv grhv qrw frqwulexwh vljql�fdqwo| wr wkh sursdjdwhg huuru1

Frqvlghulqj htxdwlrq 7=9=;/ dqg wdnlqj �Ou�2 @ 3/ wkh huuru lq wkh uhvsrqvlylw|

lv jlyhq e|

�U�?r| @ mU�?r|m
v �

{u@6K
u@6K 3 uu�2

�2
.

�s
E{T@6K�2 n E{Tu�2�2

T@6K 3 Tu�2

�2
7=9=45

dqg zdv fdofxodwhg iru hdfk gdwd �oh> wkhvh ydoxhv duh olvwhg lq froxpq hljkw ri Wdeoh 7161

Vlqfh wkh vshfwudo uhjlrq 795� 838 fp3� olhv qhdu wkh shdn ri wkh Sodqfn ixqfwlrq zkhq

hydoxdwhg dw wkh whpshudwxuh ri wkh dpelhqw eodfnerg| +vhh Iljxuh 416,/ wkh 	4N huuru

dvvljqhg wr �W@6K pdnhv �O@6K wkh grplqdqw huuru lq wkh uhvsrqvlylw| fdofxodwlrq1

Wkh huuru dvvrfldwhg zlwk wkh xqfhuwdlqwlhv lq wkh whpshudwxuh/ dqg khqfh udgldqfh/

ri wkh dpelhqw eodfnerg| lv rqh wkdw fdq eh hdvlo| uhgxfhg e| pruh dffxudwh wkhuprphwu|1

Lq rughu wr jlyh d ehwwhu uhsuhvhqwdwlrq ri wkh wuxh shuirupdqfh ri wkh surwrw|sh udglrph0

whu/ wkh huuru lq wkh lqvwuxphqwdo uhvsrqvlylw| zdv uhfdofxodwhg xvlqj htxdwlrq 7=9=45 zlwk

�W@6K @ 	3=4N> wkh uhvxowv duh olvwhg lq froxpq qlqh ri Wdeoh 716 dv �UW
�?r|

1

Wkh dyhudjh ri wkh dyhudjhg �oh0e|0�oh uhvsrqvlylwlhv +froxpq : lq Wdeoh 716, jdyh

wkh �qdo lqvwuxphqwdo uhvsrqvlylw|=

U�?r| @ 3=996 YZ3�p2vu 7=9=46

Wkh dyhudjh ri wkh huuruv lq lqvwuxphqwdo uhvsrqvlylw| xvlqj �W@6K @ 	4N +fro0

xpq ; ri Wdeoh 716, zdv

�U�?r| @ :� 433� YZ3�p2vu 7=9=47
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Iljxuh 719= Wkh lqvwuxphqwdo uhvsrqvlylw| dv fdofxodwhg iru hdfk gdwd �oh1 Dovr vkrzq lv wkh huuru

lq uhvsrqvlylw| gxh wr d .20 4 N +D, dqg .20 314 N huuru lq dpelhqw eodfnerg| whpshudwxuh1

zkhuhdv wkh dyhudjh ri wkh huuruv xvlqj �W@6K @ 	3=4N zdv

�UW
�?r|

@ 5� 433� YZ3�p2vu 7=9=48

Wdnlqj wkh zruvw fdvh huuru/ wkh �qdo lqvwuxphqwdo uhvsrqvlylw| ehfdph

U�?r| @ 3=996 	 :� 433� YZ3�p2vu 7=9=49

Iljxuh 719 vkrzv d judsklfdo vxppdu| ri wkh lqvwuxphqwdo uhvsrqvlylw| fdofxod0

wlrqv1 Jlyhq vx�flhqw uhdglqjv iurp wkh eodfnerg| uhihuhqfhv/ wkh huuru lq wkh uhvsrqvlylw|/

lq sulqflsoh/ frxog eh uhgxfhg wr d srlqw zkhuh lw ehfrphv qhjoljleoh lq frpsdulvrq wr wkh

lqvwuxphqwdo qrlvh1 Lq dq| fdvh/ wkh szy uhvroxwlrq ri wkh udglrphwhu lv ghulyhg vroho| iurp

wkh lqvwuxphqwdo qrlvh/ zklfk/ lq wxuq/ lv ghulyhg iurp dq dqdo|vlv ri wkh vwdelolw| ri wkh

vljqdov iurp wkh eodfnerg| uhihuhqfhv1
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Wkh lqvwuxphqwdo qrlvh zdv ghwhuplqhg iurp dq dqdo|vlv ri wkh �oh0wr0�oh vwdqgdug

ghyldwlrqv ri wkh vljqdov iurp wkh eodfnerglhv/ �Y@6K dqg �Yu�2
/ lqwurgxfhg lq wkh suh0

ylrxv vhfwlrq> w|slfdoo| wkhuh zhuh 48� 53 lqghshqghqw eodfnerg| phdvxuhphqwv lq hdfk

vwdqgdug ghyldwlrq fdofxodwlrq1 Wklv qrlvh/ ru yrowdjh vljqdo huuru/ fruuhvsrqgv wr dq huuru

lq phdvxuhg szy/ �z/ e| surmhfwlrq ri wkh lqvwuxphqwdo qrlvh rqwr wkh krul}rqwdo d{lv ri

wkh fxuyh0ri0jurzwk dv glvfxvvhg lq Vhfwlrq 517151

Wkh whpshudwxuh ri wkh dpelhqw eodfnerg| iroorzhg fkdqjhv lq rxwvlgh whpshud0

wxuhv ryhu wkh gxudwlrq ri hdfk gdwd �oh/ dqg khqfh wkh vfdwwhu lq hdfk �Y@6K zdv h{shfwhg

wr eh juhdwhu wkdq wkdw lq wkh fruuhvsrqglqj �Yu�2
/ vlqfh wkh whpshudwxuh ri wkh OQ2 zdv

frqvwdqw1 Iru wkh vdph uhdvrq/ wkh �oh0wr0�oh yduldelolw| ri �Y@6K zdv dovr h{shfwhg wr eh

juhdwhu wkdq wkdw ri �Yu�2
wr dq hyhq odujhu ghjuhh/ vlqfh wkh whpshudwxuh fkdqjhv ryhu

wkh frxuvh ri dq hyhqlqj zhuh juhdwhu wkdq wkrvh ryhu wkh dftxlvlwlrq wlph ri d vlqjoh �oh1

Lw lv wkhq uhdvrqdeoh wr wdnh wkh dyhudjh ri �Yu�2
/ zlwkrxw frqvlghudwlrq ri �Y@6K/ dv

uhsuhvhqwdwlyh ri wkh qrlvh shuirupdqfh ri wkh udglrphwhu1

Dv glvfxvvhg lq Vhfwlrq 71914/ wkh xqghuvl}hg OQ2 �dvn uhvxowhg lq dq rswlfdo

vslooryhu ri wkh udglrphwhu ehdp1 Wkh vljqdov iurp wkh OQ2 eodfnerg| zrxog wkhuhiruh

eh vxemhfw/ dw d orz ohyho/ wr yduldwlrqv lq wkh dpelhqw whpshudwxuh1 Lw lv wkhuhiruh dovr

uhdvrqdeoh wr dvvxph wkdw wkh plqlpxp �oh0wr0�oh vwdqgdug ghyldwlrq/ �Yu�2
/ udwkhu wkdq

wkh dyhudjh ri doo wkh �oh0wr0�oh vwdqgdug ghyldwlrqv/ dv wkh wuxh lqvwuxphqwdo qrlvh1 Wklv

plqlpxp ydoxh vlpso| uhsuhvhqwhg wkh vwdqgdug ghyldwlrq ri OQ2 eodfnerg| vljqdov wdnhq
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Iljxuh 71:= Wkh vwdelolw| ri wkh vljqdov iurp wkh eodfnerg| uhihuhqfhv1 Wkh phdq ri wkh vljqdov iurp

wkh eodfnerg| uhihuhqfhv duh vkrzq lq wkh ohiw kdqg judskv rq d �oh0wr0�oh edvlv1 Wkh fruuhvsrqglqj

vwdqgdug ghyldwlrqv ri wkhvh dyhudjhv duh vkrzq lq wkh uljkw kdqg judskv1

ryhu d shulrg gxulqj zklfk wkh whpshudwxuh ri wkh MFPW dsurq �rru fkdqjhg wkh ohdvw1

Wkh uhvxowv ri wkh dqdo|vlv ri wkh vljqdov iurp wkh eodfnerg| uhihuhqfhv duh vkrzq

lq Iljxuh 71:1 Wkh juhdwhu �oh0wr0�oh vwdelolw| ri wkh OQ2 uhihuhqfh/ dv frpsduhg zlwk wkh

dpelhqw uhihuhqfh/ lv dssduhqw lq wkh ohiw kdqg �jxuhv zklfk duh vkrzq wr wkh vdph vfdoh1

Wkh h{shfwhg orzhu vfdwwhu lq wkh vljqdov iurp wkh OQ2 uhihuhqfh dv frpsduhg zlwk wkh

dpelhqw uhihuhqfh/ lv dovr vhhq lq wkh uljkw kdqg �jxuhv zklfk duh sorwwhg xvlqj wkh vdph
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yhuwlfdo udqjh1 Wkh plqlpxp vwdqgdug ghyldwlrq/ �Yu�2
@ 6=4pY/ lv vhhq zlwk wkh irxuwk

gdwd �oh lq wkh orzhu uljkw kdqg judsk fruuhvsrqglqj wr gdwd �oh 56 +Vhfwlrq 71914,1 Wkh

dyhudjh ri wkh vwdqgdug ghyldwlrqv iurp wklv judsk/ rq wkh rwkhu kdqg/ zdv �Yu�2
@ 8=;pY1

Vlqfh wkh vdpsoh wlph xvhg iru doo gdwd froohfwhg lq wklv wkhvlv zdv 3=4 v/ wkh qrlvh lq d 4

vhfrqg lqwhjudwlrq ehfdph

Y?J�re @
D�Hf�f

3�I
�f

@ 4=;pY 7=9=4:

xvlqj wkh dyhudjh vwdqgdug ghyldwlrq/ dqg

Y?J�re @
���f�f3�I

�f
@ 3=<;pY 7=9=4;

xvlqj wkh plqlpxp vwdqgdug ghyldwlrq1 Erwk ri wkhvh ydoxhv zloo eh xvhg lq Vhfwlrq 71; lq

wkh glvfxvvlrq ri wkh szy uhvroxwlrq ri wkh udglrphwhu1

Dv d �qdo qrwh/ wkh 3=8:8Y vxewudfwhg iurp doo gdwdvhwv wr dffrxqw iru wkh rswlfdo

vslooryhu +Vhfwlrq 71914, zdv ghwhuplqhg iurp wkh dyhudjh ri wkh vljqdov iurp wkh OQ2

uhihuhqfh/ Yu�2
/ vkrzq lq wkh orzhu ohiw kdqg judsk ri Iljxuh 71:1

e�. ��@h@U|ih�3@|�L? Lu W?t|h�4i?| 6�i*_ Lu V�i�

Wkh prrq zdv ylvleoh rq hyhu| hyhqlqj ri wkh revhuylqj uxq/ dqg qrupdoo|/ fduh

zdv wdnhq wr dyrlg wkh ylflqlw| ri wkh prrq zkhq wdnlqj revhuydwlrqv1 Rq wkh hyhqlqj ri

Iulgd|/ Ghf1 4:/ krzhyhu/ wkh lqvwuxphqw zdv gholehudwho| pdgh wr vfdq dfurvv wkh prrq
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Iljxuh 71;= Jdxvvldq �wv wr wkh prrq vfdqv surgxfhg e| LGO1

lq dq dwwhpsw wr ghwhuplqh wkh �hog ri ylhz ri wkh lqvwuxphqw1 Wkhvh gdwd zhuh rewdlqhg

xvlqj wkh frqwlqxrxv vfdq prgh ri rshudwlrq dqg wkh uhvxowv uhfrughg lq �oh 84d1

Wkh ixoo prrq vxewhqgv dq dqjoh ri� 3=8J1 Wkh prrq zdv dssur{lpdwho| kdoi ixoo/

krzhyhu/ gxulqj wkh revhuydwlrq dqg wkxv lw glg qrw uhsuhvhqw d xqlirupo| looxplqdwhg vrxufh1

Wkh gdwd rewdlqhg iurp wkh prrq vfdqv uhsuhvhqw d frqyroxwlrq ri wkh lqvwuxphqwdo �hog ri

ylhz +IRY, zlwk wkh prrq1 Wkhvh vfdqv dsshduhg Jdxvvldq lq vkdsh dv vkrzq lq Iljxuh

71;1 Iru vlpsolflw|/ wkhuhiruh/ lw zdv dvvxphg wkdw erwk wkh ehdp sur�oh ri wkh udglrphwhu

dqg wkh prrq zhuh Jdxvvldq lq vkdsh1 Vlqfh wkh frqyroxwlrq ri wzr Jdxvvldq sur�ohv
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Wdeoh 717= Uhvxowv ri wkh LGO Jdxvvldq �w surjudp1

5U@? 6`O�
?�4Mih E_i}hiit�

� ��fD
2 ��f.
� ���f
e ���2
D ��f.
S ���2

@�ih@}i ��fb

surgxfhv dqrwkhu Jdxvvldq sur�oh/ zlwk d uhvxowlqj IZKP rewdlqhg e| d txdgudwxuh vxp

ri wkh frpsrqhqw IZKP*v/ lw zdv d vlpsoh pdwwhu wr h{wudfw wkh ehdp sur�oh iurp wkh

gdwd1 Dq LGO urxwlqh +Prrq Vfdq, zdv zulwwhq wr h{wudfw wkh prrq vfdq gdwd iurp �oh 85

dqg �w d Jdxvvldq.olqhdu sur�oh wr wkh vl{ lqglylgxdo vfdqv1 Iljxuh 71; vkrzv wkh ruljlqdo

vfdqv dqg wkh Jdxvvldq.olqhdu �wv1 Wkh uhvxowlqj IZKP*v duh vxppdul}hg lq Wdeoh 717/

dqg lqfoxgh dq dyhudjh ydoxh1

Wkh IZKP ri wkh lqvwuxphqw zdv ghwhuplqhg wr eh

IZKP�?r| @
t

IZKP 2

_@|@
� IZKP 2

6JJ?

@
s
4=3<2 � 3=82 @ 3=<:J 7=:=4

Dv wkh rswlfdo v|vwhp zdv ghvljqhg wr kdyh d IRY ri � 3=8J +4@44: udg/ Vhfwlrq

61714,/ wkh phdvxuhg IRY ri 3=<:J lqglfdwhg wkdw wkh lqvwuxphqw zdv voljkwo| rxw ri irfxv1

Dv glvfxvvhg lq Vhfwlrq 61719/ wkh irfxv ri wkh lqvwuxphqw zdv ghwhuplqhg e| sodflqj d krw

frsshu sodwh ri gldphwhu 483pp dw d glvwdqfh ri � 7p iroorzhg e| pd{lpl}dwlrq ri wkh

rxwsxw vljqdo e| dgmxvwphqw ri wkh [0\ ghzdu sodwirup1 Gxh wr wkh orz I qxpehu ri wkh
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sduderolf pluuru/ wklv surfhvv zdv surqh wr vpdoo huuruv lq ghzdu sodfhphqw1 Lw zdv rqo| lq

wkh vxevhtxhqw gdwd dqdo|vlv wkdw wklv irfxv huuru zdv glvfryhuhg1 Lq uhwurvshfw/ d odujhu

vrxufh�udglrphwhu glvwdqfh vkrxog kdyh ehhq xvhg1 Vlqfh/ krzhyhu/ wkh uhvxow ri ehlqj

voljkwo| rxw ri irfxv zdv wr vdpsoh d voljkwo| odujhu sdwfk ri dwprvskhuh wkdq zdv lqwhqghg/

wklv glg qrw vhulrxvo| lpsdfw wkh surmhfw1

e�H �?@*)t�t Lu �L?|�?�L�t 5U@? #@|@

Dv ghvfulehg lq Vhfwlrq 51714/ d fxuyh0ri0jurzwk uhsuhvhqwv wkh vshfwudoo| lqwhjudwhg

hplvvlrq iurp dq devruelqj prohfxodu vshflhv dv wkh wrwdo dprxqw ri wkdw vshflhv lv ydulhg

lq d nqrzq zd|1 Frqwlqxrxv vfdq gdwdvhwv rewdlqhg e| wkh surwrw|sh udglrphwhu zhuh lq

wkh irup ri vljqdo yrowdjh yv1 dlupdvv +diwhu frqyhuvlrq ri wkh }hqlwk dqjohv,1 Lq rughu wr

surgxfh fxuyhv ri jurzwk iurp wkhvh gdwdvhwv/ lw zdv qhfhvvdu| wr uhvfdoh wkh krul}rqwdo d{hv

+sdudphwul}hg iurp 4� 6, wr uh�hfw wkh devruehu dprxqw lq wkh dwprvskhuh dw wkh wlph ri

revhuydwlrq1 Wklv zdv grqh e| hvwdeolvklqj d uhodwlrq ehwzhhq wkh revhuyhg dlupdvv/D/ dqg

wkh devruehu dprxqw/ x/ lq xqlwv ri njp321 Lq wkh fdvh ri dwprvskhulf zdwhu ydsru/ zkhq

D @ 4/ wkh udglrphwhu zdv ylhzlqj wkh }hqlwk dqg wkh devruehu dprxqw/ x/ ehfdphv wkh

yhuwlfdo zdwhu ydsru froxpq dexqgdqfh/ z/ lq xqlwv ri njp32/ ru/ htxlydohqwo|/ ploolphwhuv

ri suhflslwdeoh zdwhu ydsru/ +pp szy,1

Dw dq| prphqw wkh wrwdo devruehu dprxqw/ x/ ylhzhg e| d udglrphwhu lv

x @
U
"

f
�+o,go 7=;=4
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Li wkh dwprvskhuh fdq eh frqvlghuhg wr eh krul}rqwdoo| krprjhqhrxv dqg sodqh

sdudooho wkhq wkh lqwhjudwhg devruehu dprxqw dorqj dq| olqh0ri0vljkw/ dw dq| jlyhq lqvwdqw/

lv htxdo wr wkdw lqwhjudwhg dorqj wkh }hqlwk pxowlsolhg e| wkh fxuuhqw dlupdvv/

x @ zD 7=;=5

Wkh vljqdo yrowdjh/ Y / iurp d udglrphwhu/ lq wkh jhqhudo fdvh/ fdq eh zulwwhq dv

Y @ J+x, @ J+zD, 7=;=6

zkhuh z uhsuhvhqwv wkh fxuuhqw ydoxh ri froxpq dexqgdqfh dqg J lv/ lq jhqhudo/ d qrq0

olqhdu ixqfwlrq uhsuhvhqwlqj wkh lqwhjudwhg udgldqfh gxh wr d jlyhq devruehu dprxqw/ x1 Iru

d vlqjoh hplvvlrq olqh/ iru h{dpsoh/ J lv wkh Odghqehuj0Uhlfkh ixqfwlrq +htxdwlrq 5=6=7<,

zkrvh qrq0olqhdulw| uhsuhvhqwv wkh wudqvlwlrq iurp d zhdn wr d vdwxudwhg uhjlph dv ghslfwhg

lq Iljxuh 51<1 Zkhq pdq| olqhv/ ri ydu|lqj vwuhqjwk/ duh frqvlghuhg/ J kdv qr dqdo|wlfdo

uhsuhvhqwdwlrq1 Qrqhwkhohvv/ J zrxog eh h{shfwhg wr kdyh wkh vdph jhqhudo irup dv Iljxuh

51</ dv hylghqfhg e| wkh h{shulphqwdoo| rewdlqhg gdwd lq wkh orzhu judsk ri Iljxuh 7181

Dv vhhq iurp htxdwlrq 7=;=6/ wkh udglrphwhu rxwsxw vljqdo lv d ixqfwlrq ri wkh

surgxfw ri z dqg D/ dqg lv wkhuhiruh lqvhqvlwlyh wr krz wklv surgxfw lv glvwulexwhg dprqjz

dqg D1 Frqvlghu wzr gl�huhqw dwprvskhulf frqglwlrqv uhsuhvhqwhg e| froxpq dexqgdqfhv

z� dqg z2/ zkhuh z2 A z�1 Frqwlqxrxv vfdq gdwdvhwv rewdlqhg xqghu wkhvh wzr frqglwlrqv

fdq eh zulwwhq/ xvlqj htxdwlrq 7=;=6/ dv

Y� @ J+x�, @ J+z�D, 7=;=7

Y2 @ J+x2, @ J+z2D, 7=;=8
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zkhuh D lv wkh vdph lq erwk fdvhv vlqfh erwk gdwdvhwv zhuh qhfhvvdulo| rewdlqhg ryhu wkh

vdph udqjh ri }hqlwk dqjohv1 Li wkh gdwdvhwv zhuh hdfk dftxluhg ryhu d vkruw wlph lqwhuydo

wkhq z� dqg z2 fdq eh frqvlghuhg dv frqvwdqwv dqg khqfh Y� dqg Y2 duh ixqfwlrqv ri D

dorqh1 Dv idu dv wkh udglrphwhu lv frqfhuqhg/ wkh vhfrqg ri wkhvh htxdwlrqv frxog eh zulwwhq

dv

Y2 @ J+x2, @ J+z�� �2

��
� D, @ J+z�D�, 7=;=9

zkhuh D� A D vlqfh z2 A z�1 Frqwlqxrxv vfdq gdwdvhwv rewdlqhg xqghu gl�huhqw froxpq

dexqgdqfh frqglwlrqv/ exw ryhu dq lghqwlfdo dlupdvv udqjh/ fdq wkxv eh lqwhusuhwhg dv kdylqj

ehhq rewdlqhg xqghu wkh vdph froxpq dexqgdqfh frqglwlrqv exw ryhu d odujhu dlupdvv udqjh1

Wkh wzr gdwdvhwv olh yhuwlfdoo| glvsodfhg iurp rqh dqrwkhu zkhq sorwwhg rq wkh vdph judsk

zlwk wkh frpprq dlupdvv sdudphwhu/ D/ rq wkh krul}rqwdo d{lv +vhh Iljxuh 718,1 Lq oljkw

ri wkh deryh glvfxvvlrq/ hlwkhu rqh ri wkh wzr gdwdvhwv fdq wkhq eh uhvfdohg krul}rqwdoo| wr

frlqflgh zlwk wkh fxuyh0ri0jurzwk ri wkh rwkhu1

Wklv surfhvv pd| wkhq eh dssolhg wr pdq| gdwdvhwv rewdlqhg ryhu d zlgh udqjh

ri frqglwlrqv1 Wkh yhuwlfdoo| glvsodfhg fxuyhv/ sorwwhg rq d frpprq judsk/ frxog wkhq eh

lqwhusuhwhg dv ehlqj gl�huhqw frpsrqhqwv ri d vlqjoh fxuyh0ri0jurzwk/ rewdlqhg e| h{sdqglqj

wkh krul}rqwdo vfdohv ri vxevhtxhqwo| kljkhu fxuyhv wr surgxfh dq ryhuods zlwk wkh qh{w

orzhu fxuyh1 Wklv revhuydwlrq wkhq vxjjhvwv wkdw doo frqwlqxrxv vfdq gdwdvhwv/ rewdlqhg

ryhu dq dlupdvv udqjh ri 4� 6/ exw dw wlphv fruuhvsrqglqj wr gl�huhqw yhuwlfdo zdwhu ydsru

froxpq dexqgdqfh/ pd| dowhuqdwho| eh ylhzhg dv sduwv ri d vlqjoh fxuyh0ri0jurzwk1 Wkh

krul}rqwdo +szy, udqjh ri wklv frpsrvlwh fxuyh0ri0jurzwk h{whqgv iurp d plqlpxp htxdo

wr wkh orzhvw dwprvskhulf froxpq dexqgdqfh hqfrxqwhuhg ryhu wkh revhuylqj uxq +wlphv
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rqh, wr d pd{lpxp htxdo wr wkh kljkhvw dwprvskhulf froxpq dexqgdqfh hqfrxqwhuhg wlphv

wkuhh1

Iru h{dpsoh/ frqvlghu wzr gdwdvhwv uhsuhvhqwlqj dwprvskhuhv zlwk froxpq dexq0

gdqfhv ri 4 dqg 5 ppszy/ uhvshfwlyho|/ dv vkrzq lq Iljxuh 71<1 Wkh frqwlqxrxv vfdq

gdwdvhwv wkhq olh yhuwlfdoo| glvsodfhg iurp rqh dqrwkhu zkhq sorwwhg rq d judsk xvlqj dlu0

pdvv rq wkh krul}rqwdo vfdoh1 Zkhq sorwwhg xvlqj devruehu dprxqw rq wkh krul}rqwdo d{lv/

krzhyhu/ wkh �uvw frqwlqxrxv vfdq gdwdvhw zrxog kdyh frruglqdwhv iurp 4 ppszy wr 6

ppszy/ dqg wkh vhfrqg iurp 5 ppszy wr 9 ppszy1 Lw wkhq iroorzv wkdw/ li wkh xsshu

gdwdvhw lv uhvfdohg krul}rqwdoo|/ lw fdq eh pdgh wr ryhuods wkh �uvw +orzhu, fxuyh ryhu wkh

udqjh ri 5 wr 6 ppszy/ dv vkrzq lq wkh Iljxuh 71<1 Wkh udqjh ri ryhuods ehwzhhq dq|

wzr gdwdvhwv lv wkhq d uh�hfwlrq ri wkh vlplodulw| ri wkh dwprvskhulf frqglwlrqv gxulqj hdfk

phdvxuhphqw1

e�H�� �hi@|�L? Lu @ �L4TLt�|i Fxuyh0ri0Jurzwk

Pdq| ri wkh gdwd vhwv surgxfhg d fxuyh0ri0jurzwk wkdw ghyldwhg pdunhgo| iurp

wkh vprrwk dqg ihdwxuhohvv fxuyhv h{shfwhg iurp d krprjhqhrxv dwprvskhuh1 Iurp wkh

gdwd uhfrug/ vhyhq frqwlqxrxv vfdq gdwdvhwv +gdwd �ohv 54/ 55/ 74/ 77/ 78/ 83 dqg 93, zhuh

fkrvhq wr jhqhudwh d frpsrvlwh fxuyh0ri0jurzwk1 Wkhvh gdwdvhwv zhuh �uvw sorwwhg rq wkh

vdph judsk wr hqvxuh wkdw wkh kljkhvw vljqdo yrowdjh rq dq| jlyhq fxuyh zdv kljkhu wkdq

wkh orzhvw vljqdo yrowdjh ri wkh fxuyh lpphgldwho| deryh lw/ dqg zrxog wkhuhiruh/ zlwk

surshu vfdolqj/ ryhuods wr d uhdvrqdeoh ghjuhh1 Zkhq sorwwhg xvlqj wkh frpprq dlupdvv
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A irm ass / absorber am ount

Two exam ple  datase ts representing  
atm ospheres of 1 -3 m m   (lower curve)  and 
2-6  m m  (upper curve) taken  at d ifferen t tim es 
but over the sam e 1 -3 a irm ass range.

con tinuous scan
pwv

pwv
 

 

W hen upper curve is  rescaled horizontally to  
prov ide m in im al overlap  erro r w ith the  lower curve,
it is  seen to represent the 
the sam e  as the  lower curve .curve-of-g row th

2-6  m m  section  of  pwv

Rad iosonde derived  data applies to 
zen ith signals.

   

pwv

O verlap  reg ion .

Iljxuh 71<= Wzr fxuyhv0ri0jurzwk/ uhsuhvhqwlqj gl�huhqw vwdwhv ri wkh dwprvskhuh exw wdnhq ryhu

wkh vdph dlupdvv udqjh/ fdq eh lqwhusuhwhg dv dv frpsrqhqwv ri d vlqjoh fxuyh0ri0jurzwk ryhu dq

h{whqghg dlupdvv udqjh1 Li wkh orzhu fxuyh lv dvvxphg wr kdyh ehhq rewdlqhg gxulqj frqglwlrqv

ri 4 pp szy/ wkhq wkh dlupdvv ydoxhv ri wkh krul}rqwdo d{lv duh htxlydohqw wr devruehu dprxqw lq

pp szy1

frruglqdwh/ D/ hdfk gdwdvhw lv uhsuhvhqwhg e|

Y? @ J+z?D, 7=;=:

Wkh surfhgxuh wr frqvwuxfw wkh frpsrvlwh fxuyh0ri0jurzwk ehjlqv e| ohdylqj wkh

orzhvw fxuyh xqglvwxuehg> wklv gdwdvhw fdq eh uhsuhvhqwhg dv

Y� @ J+z�D, 7=;=;

Diwhu wkh surfhvv ri vwuhwfklqj hdfk vxevhtxhqwo| kljkhu gdwdvhw krul}rqwdoo|/ wr

surgxfh dq ryhuods zlwk wkh suhylrxv rqh/ wkh vhfrqg fxuyh lv ghvfulehg e|

Y2 @ J+z�
�2

��
D, 7=;=<
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dqg wkh q|� gdwdvhw ri wkh frpsrvlwh fxuyh lv

Y? @ J+z�
�2

��
===

�?

�?3�
D, 7=;=43

Wkh krul}rqwdo vwuhwfklqj idfwru frqqhfwlqj dq| gdwdvhw wr lwv suhghfhvvru lv wkh

udwlr ri wkh +xqnqrzq, froxpq dexqgdqfhv ri wkh dwprvskhuh dw wkh wlph ri wkhlu dftxlvlwlrq1

Iurp htxdwlrqv 7=;=< dqg 7=;=43 lw lv vhhq wkdw wkh frpsrvlwh fxuyh0ri0jurzwk uhodwhv wkh

udglrphwhu vljqdo xqghu froxpq dexqgdqfh frqglwlrqv iurp d plqlpxp ri z4�? @ z� wr d

pd{lpxp ri

z4@ @ z� �
�2

��
===

�?

�?3�
� 6 7=;=44

Wr frqvwuxfw wkh frpsrvlwh fxuyh0ri0jurzwk iurp wkh vhyhq vhohfwhg gdwdvhwv/ dq

LGO urxwlqh +Vwuhwfk dqg Vsolfh, zdv ghyhorshg wr ghwhuplqh wkh vfdoh idfwruv frqqhfwlqj

dq| wzr gdwdvhwv1 Wkh wudqvirupdwlrq ri wkh xqlirupo|0vsdfhg }hqlwk dqjohv lqwr dlupdvv

+D@42frv+}hqlwk dqjoh,, uhvxowv lq frqwlqxrxv vfdq gdwd zklfk olh rq d qrqxqlirup julg1

Ixuwkhupruh/ wkh vwuhwfklqj ri wkh lqglylgxdo fxuyhv lq wkh jhqhudwlrq ri wkh frpsrvlwh

fxuyh0ri0jurzwk ixuwkhu glvwruwv wkh julg ri dlupdvv ydoxhv1 Wr idflolwdwh wkh qxphulfdo

surfhgxuh/ hdfk frqwlqxrxv vfdq gdwdvhw zdv �uvw uh0julgghg rqwr d xqlirup dlupdvv julg/

ri vsdflqj �D @ 3=34/ xvlqj vsolqh lqwhusrodwlrq1 Lqvshfwlrq ri wkh frqwlqxrxv vfdq gdwdvhwv

vkrzhg wkdw/ zkhq frpelqhg/ wkh frpsrvlwh fxuyh0ri0jurzwk fryhuhg d udqjh iurp 4 wr� 43

dlupdvvhv> wkh julg udqjh iru wkh Vwuhwfk0dqg0Vsolfh urxwlqh zdv fkrvhq wr eh 3� 431

Wkh vfdolqj idfwru ehwzhhq dq| wzr vxffhvvlyh fxuyhv/ �?
�?3�

/ zdv irxqg e| lwhud0

wlyho| dgmxvwlqj d wuldo vfdolqj idfwru/ i / wr plqlpl}h wkh ryhuods huuru jlyhq e|
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"2 @
S

d@E��3 KE�� o2

�
7=;=45

zkhuh d+l, duh wkh vljqdo gdwd ri wkh orzhvw fxuyh ri wkh sdlu +wdnhq dv wkh uhihuhqfh iru

wkh Vwuhwfk0dqg0Vsolfh surfhgxuh,/ e+m, duh wkh vljqdo gdwd ri wkh xsshu fxuyh dqg Q lv wkh

qxpehu ri julg srlqwv lq wklv uhjlrq1 Wkh vxppdwlrq lv wdnhq ryhu wkh ryhuods uhjlrq ri wkh

wzr fxuyhv +l � m,1 Iru wkh fdvh ri gdwd wdnhq ryhu dq dlupdvv udqjh ri 4� 6/ dqg d julg

vsdflqj ri 3=34/ htxdwlrq 7=;=45 ehfrphv

"2 @

S
�ff

�ffs
d @E��3 KEs�� o2

E�3s��ff 7=;=46

Wkh vfdolqj idfwru/ i / zdv ydulhg ryhu d udqjh iurp 4 wr 6/ lq vwhsv ri 3=34/ dqg wkh fruuh0

vsrqglqj "2 zdv hydoxdwhg dw hdfk vwhs1 Wkh vfdoh idfwru fruuhvsrqglqj wr wkh plqlpxp"2

ydoxh wkhq ehfrphv �?
�?3�

1 Iljxuh 7143 vkrzv d vfuhhq vkrw ri wkh LGO surjudp h{hfxwlqj wkh

deryh surfhgxuh iru wzr vxffhvvlyh fxuyhv1 Wkh xsshu ohiw judsk vkrzv wzr udz frqwlqxrxv

vfdq gdwdvhwv sorwwhg ryhu wkh 4�6 dlupdvv udqjh +zkhuh d lv wkh orzhu uhihuhqfh fxuyh dqg

e lv wkh xsshu fxuyh,1 Lq wkh xsshu uljkw judsk/ fxuyh e kdv ehhq uhvfdohg e| lqfuhdvlqj

dprxqwv1 Wkh "2 ri wkh ryhuods uhjlrq +htxdwlrq 7=;=45, lv vkrzq lq wkh orzhu ohiw judsk

dqg h{klelwv d zhoo gh�qhg plqlpxp1 Wkh orzhu uljkw judsk vkrzv fxuyh e ryhu0sorwwhg

zlwk fxuyh d xvlqj wkh vfdolqj idfwru i @ �?
�?3�

/ fruuhvsrqglqj wr wkh plqlpxp "2 ydoxh1

Dovr vkrzq lq wklv �jxuh lv wkh ryhuods huuru ehwzhhq fxuyhv d dqg e/ pxowlsolhg e| d idfwru

ri 43/ dqg r�vhw yhuwlfdoo| e| 5Y1

Uhshdwlqj wkh deryh surfhvv rq fxuyh0e|0fxuyh edvlv uhvxowhg lq wkh jhqhudwlrq ri

d vlqjoh/ frpsrvlwh fxuyh0ri0jurzwk/ uhsuhvhqwlqj wkh ixoo udqjh ri dwprvskhulf frqglwlrqv

hqfrxqwhuhg gxulqj wkh revhuylqj uxq1 Iljxuh 7144 vkrzv wkh �qdo frpsrvlwh fxuyh dqg lv
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Iljxuh 7143= D vfuhhq vkrw ri wkh LGO surfhgxuh Vwuhwfk dqg Vsolfh lwhudwlyho| dgmxvwlqj wkh krul0

}rqwdo vfdoh idfwru ri wkh xsshu frqwlqxrxv vfdq gdwdvhw wr surgxfh wkh ehvw ryhuods zlwk wkh orzhu

gdwdvhw1 Xsshu ohiw judsk vkrzv wkh wzr gdwdvhwv dv rewdlqhg ryhu wkh vdph 406 dlupdvv udqjh exw

uhsuhvhqwlqj gl�huhqw froxpq dexqgdqfhv1 Xsshu uljkw judsk vkrzv wkh lwhudwlyh krul}rqwdo uhvfdolqj

ri fxuyh e1 Orzhu ohiw judsk vkrzv wkh ryhuods huuru zlwk d zhoo gh�qhg plqlpxp1 Orzhu uljkw judsk

vkrzv wkh vsolfhg fxuyhv/ wkh ryhuods uhjlrq dqg wkh ryhuods huuru zlwklq wklv uhjlrq +pxowlsolhg e|

43 dqg glvsodfhg yhuwlfdoo| e| 5 Y,1

vhhq wr eh frpsrvhg ri vhyhudo uh0vfdohg lqglylgxdo frqwlqxrxv vfdq gdwdvhwv1 Wzr ri wkh

frpsrqhqw fxuyhv lq wkh �jxuh +sxusoh dqg eoxh, kdyh ehhq glvsodfhg yhuwlfdoo| e|	3=38Y

wr vkrz pruh fohduo| wkh uhjlrqv ri ryhuods1 Wkh uhg fxuyh kdv ehhq ohiw xqglvwxuehg dqg

h{whqgv wr wkh pd{lpxp ydoxh ri 43 dlupdvvhv1

Ilqdoo|/ d Fkhe|vkhy sro|qrpldo zdv �wwhg wr wklv frpsrvlwh fxuyh0ri0jurzwk/ dqg

lqfoxghg wkh srlqw +3/3,1 D Fkhe|vkhy sro|qrpldo zdv fkrvhq ehfdxvh ri lwv delolw| wr
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Iljxuh 7144= Wkh frpsrvlwh fxuyh lv frqvwuxfwhg iurq vhyhq lqglylgxdo fxuyhv1 Wkh sxusoh dqg

eoxh frpsrqhqwv zhuh glvsodfhg xszdug dqg grzqzdug/ uhvshfwlyho|/ e| 3138 Y iru fodulw|1 Wkh uhg

frpsrqhqw olhv xqglvwxuehg rq wkh fxuyh0ri0jurzwk sur�oh1

surylgh d kljkhu rughu �w wkdq fdq eh rewdlqhg xvlqj vwdqgdug sro|qrpldo �wwlqj urxwlqhv

zklfk whqg wr glyhujh1 Ixuwkhupruh/ wkh Fkhe|vkhy sro|qrpldo fdq eh hdvlo| gl�huhqwldwhg

wr surylgh wkh udglrphwhu froxpq dexqgdqfh uhvroxwlrq1

e�H�2 �@*�Mh@|�?} |�i �L4TLt�|i ��h�i

Dw wklv srlqw/ wkh frpsrvlwh fxuyh0ri0jurzwk jlyhv wkh udglrphwhu vljqdo yrowdjh

ixqfwlrq dv d ixqfwlrq ri dlupdvv1 Li froxpq dexqgdqfhv/ z?/ zhuh phdvxuhg e| dq lqghshq0

ghqw phdqv dw wkh wlph hdfk gdwdvhw zdv dftxluhg/ wkhq wkh krul}rqwdo d{lv ri hdfk gdwdvhw/

dqg khqfh wkh frpsrvlwh fxuyh dv d zkroh/ frxog eh uhvfdohg iurp dlupdvv lqwr devruehu

dprxqw xvlqj x? @ z?D1 Hdfk gdwdvhw zrxog wkhq ehfrph d fdoleudwhg fxuyh0ri0jurzwk
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uhodwlqj udglrphwhu yrowdjh wr froxpq dexqgdqfh ryhu wkh udqjh z? wr 6z?/ l1h1/

Y? @ J+x?, 7=;=47

Wkuhh lqghshqghqw phwkrgv ri ghwhuplqlqj wkh zdwhu ydsru froxpq dexqgdqfh

zhuh dydlodeoh1 Wkh �uvw phwkrg zdv wr xvh gdwd iurp wkh vlpxowdqhrxv revhuydwlrq ri zdwhu

ydsru hplvvlrq zlwk wkh 4;6 JK} MFPW zdwhu ydsru prqlwru glvfxvvhg lq Vhfwlrq 718161

Wkh dgydqwdjh ri wklv phwkrg zdv wkdw wkh gdwd uhsuhvhqwhg revhuydwlrqv iurp hvvhqwldoo|

wkh vdph dwprvskhuh dw wkh vdph wlph1 Wkh glvdgydqwdjh zdv wkdw wkh fdoleudwlrq ri wkh

4;6 JK} udglrphwhu zdv xqfhuwdlq1

Wkh vhfrqg phwkrg zdv wr xvh phdvxuhphqwv ri dwprvskhulf rsdflw| dv uhfrughg e|

wkh Fdoliruqld Vxeploolphwhu Revhuydwru| +FVR,1 Wkh FVR kdv wzr prqlwruv ri dwprvskhulf

rsdflw|/ rqh rshudwlqj dw 558 JK} dqg dqrwkhu dw d zdyhohqjwk ri 683 �p1 Suhylrxv

zrun kdv vkrzq wkdw d vlpsoh uhodwlrq h{lvwv ehwzhhq wkh dwprvskhulf rsdflw| dw 558 JK}/

�22DCM5/ dqg wkh froxpq dexqgdqfh ri zdwhu ydsru/ z/ lq ppszy ^4;`=

z @ 53+�22DCM5 �3=349, 7=;=48

Xqiruwxqdwho|/ wkh 558 JK} prqlwru zdv qrw rshudwlrqdo gxulqj wkh revhuylqj

uxq1 Wkh 683 �p prqlwru zdv/ krzhyhu/ rshudwlrqdo gxulqj wklv shulrg/ dqg Gu1 Ulfkdug

Fkdpehuolq kdv nlqgo| pdgh wklv gdwd dydlodeoh wr xv1 Lqirupdwlrq uhjduglqj wkh FVR

prqlwruv lv dydlodeoh dw kwws=22sxxrr1vxepp1fdowhfk1hgx2/ zkhuh lw lv vkrzq wkdw

��Df>6 @ 56� �22DCM5 7=;=49

dqg wkxv htxdwlrq 7=;=48 ehfrphv
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z+ppszy, @ 53 +
��Df>6

2�
� 3=349, 7=;=4:

Zkloh wkh FVR rsdflw| phdvxuhphqwv/ olnh wkrvh ri wkh 4;6 JK} prqlwru/ duh

rewdlqhg iurp wkh vxpplw ri Pdxqd Nhd/ wkhuh duh wzr sulqflsdo glvdgydqwdjhv wr wkhlu xvh

dv fdoleudwlrq srlqwv= wkh phdvxuhphqwv duh rewdlqhg iurp d �{hg d}lpxwkdo dqjoh +gl�huhqw

iurp wkh gdwd rewdlqhg zlwk wkh surwrw|sh, dqg duh surylghg dw 53 plqxwh lqwhuydov1

Wkh wklug phwkrg zdv wr xvh gdwd surylghg e| wkh udglrvrqghv odxqfkhg wzlfh

gdlo| iurp Klor dlusruw dw 3=33 dqg 45=33 XW +5=33s1p1 dqg 5=33 d1p1 OKW,1 Wkhuh duh

wkuhh sulqflsdo glvdgydqwdjhv ri udglrvrqgh phdvxuhphqwv= wkh| rffxu rqo| rqfh d qljkw/

wkh odxqfk vlwh lv � 76 np wr wkh hdvw ri wkh vxpplw ri Pdxqd Nhd dqg/ pruh lpsruwdqwo|/

wkh| whqg wr fduu| prlvwxuh doriw iurp wkh wurslfdo odxqfk vlwh zklfk whqgv wr |lhog hohydwhg

froxpq dexqgdqfh gdwd1

Lq oljkw ri wkh deryh/ lw zdv ghflghg wr fdoleudwh wkh surwrw|sh udglrphwhu xvlqj

wkh gdwd rewdlqhg iurp wkh 4;6 JK} prqlwru1 Gdwd iurp wkh rwkhu wzr phwkrgv/ ehlqj ri d

pruh txhvwlrqdeoh qdwxuh/ zhuh xvhg wr frq�up wkh fdoleudwlrq1 Wkh uhg fxuyh lq Iljxuh 7145

vkrzv wkh Fkhe|vkhy0�wwhg frpsrvlwh fxuyh0ri0jurzwk1 Wklv fxuyh zdv wudqviruphg lqwr d

fdoleudwhg fxuyh0ri0jurzwk e| uhvfdolqj lwv krul}rqwdo d{lv wr surylgh frqvlvwhqf| zlwk orzhvw

ri wkh 4;6 JK} fdoleudwlrq srlqwv jlyhq lq Wdeoh 715 +uhsuhvhqwhg e| wkh orzhu uhg vtxduh,

dqg uhvxowhg lq wkh eoxh fxuyh lq Iljxuh 71451 Wkh vhfrqg lqghshqghqw 4;6 JK} fdoleudwlrq

srlqw iurp Wdeoh 715 lv vhhq wr idoo gluhfwo| rq wkh fdoleudwhg fxuyh1 Wkh krul}rqwdo d{lv

fdoleudwlrq vfdoh idfwru xvhg wr wudqvirup dlupdvv lqwr froxpq dexqgdqfh zdv

z @ 3=949D 7=;=4;
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Iljxuh 7145= Fdoleudwlrq ri wkh frpsrvlwh fxuyh0ri0jurzwk lq whupv ri szy1 Wkh uhg fxuyh lv wkh

Fkhe|vkhy0�wwhg frpsrvlwh fxuyh uhsuhvhqwlqj dq dlupdvv udqjh iurp 40431 Wkh juhhq sruwlrq ri

wklv fxuyh lv dq h{wudsrodwlrq lqwr d orz froxpq dexqgdqfh uhjlrq xqrevhuyhg dw Pdxqd Nhd1 Wkh

eoxh fxuyh lv wkh Fkhe|vkhy0�wwhg frpsrvlwh fxuyh uhvfdohg krul}rqwdoo| wr eh frqvlvwhqw zlwk wkh

4;6 JK} fdoleudwlrq gdwd1 Wkh FVR 683 �p fdoleudwlrq srlqwv duh vhhq wr vxjjhvw d voljkwo| orzhu

froxpq dexqgdqfh fdoleudwlrq wkdq wkdw ri wkh 4;6 JK}1 Wkh udglrvrqgh gdwd vxjjhvwv wkh rssrvlwh1

dqg wkh qhduqhvv ri wklv vfdoh idfwru wr xqlw| doorzv wkh vdph krul}rqwdo vfdoh wr eh xvhg iru

erwk dlupdvv dqg froxpq dexqgdqfh +lq ppszy, lq Iljxuh 71451

Wkh FVR 683 �p gdwd/ fruuhvsrqglqj wr wkh wlphv ri wkh wzr 4;6 JK} fdoleudwlrq

phdvxuhphqwv lq Wdeoh 715/ zhuh frqyhuwhg wr pp szy xvlqj htxdwlrq 71;14:1 Wkh uhvxowlqj

ydoxhv ri 4=:6 dqg 5=83 ppszy/ rewdlqhg dw <=53 dqg <=73 s1p1/ OKW/ Ghfhpehu 4:/ fru0

uhvsrqghg wr udglrphwhu vljqdo yrowdjhv ri 4=94Y dqg 4=<7Y/ uhvshfwlyho|1 Wkhvh wzr gdwd

srlqwv duh sorwwhg lq Iljxuh 7145 dv juhhq flufohv dqg vkrz jrrg djuhhphqw zlwk wkh 4;6



479

JK} gdwd1 Lq idfw/ wkh frpsrvlwh fxuyh0ri0jurzwk frxog htxdoo| kdyh ehhq fdoleudwhg xvlqj

wkhvh wzr gdwd srlqwv kdg wkh| ehhq ri ohvv txhvwlrqdeoh txdolw|1

Ilqdoo|/ wkh udglrvrqgh fdoleudwlrq gdwd duh glvsod|hg lq Iljxuh 7145 dv eoxh wuldq0

johv1 Rqo| gdwd rewdlqhg qhdu wkh hqg +�plgqljkw, ri wkh �yh revhuylqj vhvvlrqv frxog eh

h{shfwhg wr uhdvrqdeo| fruuhodwh zlwk wkh szy uhdglqjv iurp wkh udglrvrqgh odxqfkhg wzr

krxuv odwhu1 Ixuwkhupruh/ rq rqo| irxu ri wkhvh rffdvlrqv zdv wkh vwdelolw| ri wkh dwprvskhuh

+dv uhyhdohg e| wkh frqvlvwhqf| ri vxffhvvlyh frqwlqxrxv vfdq gdwdvhwv rewdlqhg dw wkh hqg

ri wkh qljkw, vx�flhqw wr mxvwli| wkh xvh ri udglrvrqgh gdwd1 Wkhvh irxu gdwd srlqwv vkrz

d zlgh vfdwwhu dqg d wuhqg wrzdug d odujhu froxpq dexqgdqfh wkdq wkdw lqglfdwhg e| wkh

MFPW dqg FVR gdwd1 Lw zdv odwhu glvfryhuhg wkdw wkh prgho ri udglrvrqghv odxqfkhg iurp

Klor duh dprqj wkh roghvw lq xvh lq wkh Xqlwhg Vwdwhv dqg/ gxh wr wkhlu fdsdflwlyh vhqvruv/

whqg wr fduu| prlvwxuh xs iurp orzhu dowlwxghv1 Wkh vfdwwhu vkrzq e| wkh udglrvrqgh srlqwv

xqghuolqh wkh qhhg iru wkh dffxpxodwlrq ri d odujh gdwdedvh ri udglrvrqgh gdwd li wkhvh duh

wr eh xvhg iru fdoleudwlrq sxusrvhv1

Wkh +rswlrqdo, �qdo vwhs lq wkh fdoleudwlrq surfhvv zdv wr wudqvirup wkh vljqdo d{lv

lqwr udgldqfh yld glylvlrq e| wkh uhvsrqvlylw| +htxdwlrq 7=9=49,1 Wkh uhvxow lv wkh fxuyh0

ri0jurzwk vkrzq lq Iljxuh 7146 zlwk xqlwv ri udgldqfh rq wkh yhuwlfdo d{lv1 Gxh wr wkh

h�hfwv ri wkh rswlfdo vslooryhu lghqwl�hg lq wkh surwrw|sh +Vhfwlrq 71914,/ wkh uhvsrqvlylw|

fdofxodwhg lq Vhfwlrq 719 lv xquholdeoh dqg khqfh wkh udgldqfh jlyhq rq wkh yhuwlfdo d{lv lq

Iljxuh 7146 lv rqo| dssur{lpdwh1 Iru wklv uhdvrq wkh froxpq dexqgdqfh uhvroxwlrq ri wkh

surwrw|sh udglrphwhu zloo eh fdofxodwhg xvlqj wkh ghulydwlyh ri wkh fdoleudwhg frpsrvlwh

fxuyh0ri0jurzwk h{suhvvhg lq whupv ri vljqdo yrowdjh1
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Iljxuh 7146= Wkh frpsrvlwh fxuyh0ri0jurzwk lq wkh irup ri froxpq dexqgdqfh yv1 udgldqfh1

e�H�� �hL|L|)Ti �ihuLh4@?Ui

Wkh vorsh ri wkh fdoleudwhg frpsrvlwh fxuyh0ri0jurzwk +eoxh fxuyh lq Iljxuh 7145,

zdv wkhq xvhg wr ghulyh wkh froxpq dexqgdqfh uhvroxwlrq ri wkh surwrw|sh udglrphwhu e|

surmhfwlqj wkh yrowdjh qrlvh ri wkh lqvwuxphqwdwlrq rqwr wkh froxpq dexqgdqfh d{lv xvlqj

wkh vorsh ri wkh fxuyh0ri0jurzwk1 Vlqfh wkh ghulydwlyh lv d ixqfwlrq ri froxpq dexqgdqfh/ wkh

shuirupdqfh ri wkh udglrphwhu lv dovr d ixqfwlrq ri froxpq dexqgdqfh1 Fohduo|/ wkhuhiruh/

wkh ehvw shuirupdqfh ri wkh surwrw|sh zloo eh rewdlqhg dw orz froxpq dexqgdqfh ohyhov

zkhuh wkh ghulydwlyh lv odujh1 Iljxuh 7147 vkrzv d sorw ri wklv ghulydwlyh1

Vlqfh wkh lqiuduhg udglrphwhu lv lqwhqghg iru xvh dw kljk dowlwxgh revhuydwrulhv/ wkh

froxpq dexqgdqfh uhvroxwlrq shuirupdqfh ri wkh surwrw|sh zloo eh hydoxdwhg iru froxpq

dexqgdqfhv ri 3=8 dqg 4=3 ppszy1 Ixuwkhupruh/ vlqfh wkhuh zdv uhdvrq wr eholhyh wkdw
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Iljxuh 7147= Wkh ghulydwlyh ri wkh fdoleudwhg fxuyh0ri0jurzwk jlyhq lq whupv ri erwk gY2gz dqg

gO2gz1 Wkh hydoxdwlrq ri wkh shuirupdqfh ri wkh surwrw|sh udglrphwhu xvhv ydoxhv ri wkh ghulydwlyh

dw 318 dqg 413 pp szy1

wkh plqlpxp udwkhu wkdq wkh dyhudjh lqvwuxphqwdo qrlvh uhsuhvhqwv wkh wuxh qrlvh shuiru0

pdqfh ri wkh surwrw|sh/ dv glvfxvvhg lq Vhfwlrq 71916/ wkh lqvwuxphqwdo shuirupdqfh zloo eh

hydoxdwhg xvlqj erwk ri wkhvh ydoxhv1 Iurp htxdwlrqv 7=9=4: dqg 7=9=4;/ wkh dyhudjh dqg

plqlpxp lqvwuxphqwdo qrlvhv iru d 4 v lqwhjudwlrq duh/ uhvshfwlyho|/

�Y@� @ 4=;�433� Y 7=;=4<

�Y4�? @ 3=<;�433� Y 7=;=53

Wkh ghulydwlyh ri wkh frpsrvlwh fxuyh0ri0jurzwk dw froxpq dexqgdqfhv ri 3=8 dqg

4=3 ppszy duh/ uhvshfwlyho|/

_T
_�

+3=8ppszy, @ 3=<< Y +ppszy,3� 7=;=54

_T
_�

+4ppszy, @ 3=93 Y +ppszy,3� 7=;=55
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Wdeoh 718= Vxppdu| ri wkh zdwhu ydsru froxpq dexqgdqfh uhvroxwlrq ri wkh surwrw|sh udglrphwhu

+xvlqj 4 v lqwhjudwlrqv, iru dwprvskhulf frqglwlrqv ri 318 dqg 413 pp szy1

@|4LtT�ih�U UL*�4? @M�?_@?Ui UL?_�|�L? f�D 44 T�� ��f 44 T��

hitL*�|�L? �t�?} @�ih@}i �?t|h�4i?|@* ?L�ti ��H >4 T�� ��f >4 T��

hitL*�|�L? �t�?} 4�?�4�4 �?t|h�4i?|@* ?L�ti ��f >4 T�� ��S >4 T��

Wdeoh 719= Vxppdu| ri wkh uhvroxwlrq ri wkh surwrw|sh udglrphwhu lq whupv ri wkh h{fhvv hohfwur0

pdjqhwlf sdwk ohqjwk +xvlqj 4 v lqwhjudwlrqv, iru dwprvskhulf frqglwlrqv ri 318 dqg 413 ppszy1

@|4LtT�ih�U UL*�4? @M�?_@?Ui UL?_�|�L? f�D 44 T�� ��f 44 T��

hitL*�|�L? �t�?} @�ih@}i �?t|h�4i?|@* ?L�ti �2 >4 2f >4

hitL*�|�L? �t�?} 4�?�4�4 �?t|h�4i?|@* ?L�ti S�e >4 �� >4

Wkh froxpq dexqgdqfh uhvroxwlrq ri wkh surwrw|sh udglrphwhu lv wkhq fdofxodwhg

e|

�z @ {T
_T

_�

7=;=56

xvlqj wkh ydoxhv jlyhq lq htxdwlrqv 71;14< 0 71;1551 Wkhvh uhvxowv/ froohfwhg lq Wdeoh 718/

vxppdul}h wkh szy phdvxuhphqw uhvroxwlrq ri wkh surwrw|sh udglrphwhu xvlqj 4 v lqwhjud0

wlrqv1

Dv glvfxvvhg lq Vhfwlrq 415/ d idfwru ri 9=8 lv xvhg wr frqyhuw wkh froxpq dexqgdqfh

uhvroxwlrq/ �z/ lqwr h{fhvv hohfwurpdjqhwlf sdwk ohqjwk uhvroxwlrq/ �g/ zkhuh wkh xqlwv ri

z dqg g duh wkh vdph1 D vxppdu| ri wkh h{fhvv hohfwurpdjqhwlf sdwk ohqjwk uhvroxwlrq ri

wkh surwrw|sh/ xvlqj 4 v lqwhjudwlrqv/ lv jlyhq lq Wdeoh 7191

Lw lv vhhq iurp wklv wdeoh wkdw wkh wdujhw hohfwurpdjqhwlf sdwk ohqjwk uhvroxwlrq

vhw rxw iru DOPD kdv ehhq dfklhyhg e| wkh surwrw|sh udglrphwhu iru dwprvskhulf froxpq
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dexqgdqfh frqglwlrqv ehorz 4 ppszy li wkh plqlpxp lqvwuxphqwdo qrlvh lv wdnhq dv lwv

wuxh qrlvh shuirupdqfh1

e�H�e �*L�_ �@?! ,�L*�|�L?

Dprqj wkh frqwlqxrxv vfdq gdwdvhwv glvsod|lqj duwlidfwv ru rwkhu dqrpdorxv vwuxf0

wxuhv zdv d gdwdvhw wdnhq lq wkh hduo| hyhqlqj mxvw diwhu vxqvhw/ wkdw uhfrughg wkh wlph

hyroxwlrq ri d vljql�fdqw forxgedqn dv lw sdvvhg ryhu Pdxqd Nhd dqg pryhg wr wkh zhvw1

Wkh forxgv zhuh pxfk orzhu dqg wklfnhu wkdq wkh fluuxv revhuyhg dw rwkhu wlphv1

Iljxuh 7148 vkrzv wklv gdwd dv d 60G sorw dqg lqglfdwhv wkh wlph rughu ri wkh vfdqv1

Wkh ihdwxuhv lq wkh gdwd vhhp wr glvvlsdwh dqg uhdvvhpeoh pruh vr wkdq prylqj dv d zkroh1

Wkh forxg edqn zdv frpsrvhg ri pruh wkdq rqh vwuxfwxuh> lw lv vhhq wr eh dq hyroylqj hqwlw|

zlwk vwuxfwxuhv wkdw fdq hydsrudwh dqg uhirup lq gluhfwlrqv rssrvlwh wr wkh ryhudoo prwlrq1

Wkhvh vfdqv djdlq xvhg d vdpsolqj wlph ri 3=4 v dqg d vlqjoh vfdq wrrn rq wkh rughu ri 63

vhfrqgv wr frpsohwh1 Wkh hodsvhg wlph iurp vfdq 4 wr 43 zdv wkhq � 8 plqxwhv1
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Iljxuh 7148= Wkh wlph hyroxwlrq ri d forxg edqn dv uhyhdohg e| whq frqvhfxwlyh frqwlqxrxv vfdqv1
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Wklv wkhvlv kdv suhvhqwhg wkh ghvljq/ frqvwuxfwlrq dqg uhvxowv iurp wkh �uvw �hog

whvw ri d surwrw|sh lqiuduhg udglrphwhu ghvljqhg wr phdvxuh/ erwk udslgo| dqg dffxudwho|/ wkh

zdwhu ydsru froxpq dexqgdqfh deryh kljk dowlwxgh vlwhv1 Wkh surwrw|sh v|vwhp surylghg d

surri0ri0frqfhsw ri dq lqiuduhg dssurdfk wr zdwhu ydsru froxpq dexqgdqfh phdvxuhphqw1

Wkh uhvxowv suhvhqwhg lq Fkdswhu 7 vkrz wkdw/ xqghu frqglwlrqv ri 4ppszy/

zklfk uhsuhvhqwv wkh dyhudjh froxpq dexqgdqfh dw wkh Fkdmqdqwru vlwh/ wkh surwrw|sh kdv

vkrzq wkh delolw| wr uhvroyh dw ohdvw 	6 �pszy +4� lq d 4 v lqwhjudwlrq,/ htxlydohqw wr

	53 �p ri h{fhvv hohfwurpdjqhwlf sdwk ohqjwk1 Dv glvfxvvhg lq Vhfwlrq 71916/ wkhuh lv

jrrg uhdvrq wr eholhyh wkdw wkh uhvroxwlrq ri wkh surwrw|sh lv forvhu wr 	4=9 �pszy +4�

lq d 4 v lqwhjudwlrq,/ htxlydohqw wr 	44 �p ri h{fhvv hohfwurpdjqhwlf sdwk ohqjwk1 Wkhvh

uhvxowv douhdg| yluwxdoo| phhw wkh fkdoohqjlqj uhtxluhphqwv iru skdvh fruuhfwlrq ri wkh qhz

jhqhudwlrq ri udglr lqwhuihurphwhuv vxfk dv DOPD1 Pruh lpsuhvvlyh lv wkh idfw wkdw wkh|

zhuh rewdlqhg rq wkh wuldo uxq ri d qhz phwkrgrorj|1
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Wkhvh hqfrxudjlqj uhvxowv kdyh surylghg wkh lpshwxv iru ixuwkhu ghyhorsphqw ri

wklv whfkqltxh1 Vhyhudo duhdv ri lpsuryhphqw lghqwl�hg gxulqj wkh frxuvh ri wklv wkhvlv

kdyh ehhq lqfrusrudwhg lqwr d vhfrqg jhqhudwlrq +Skdvh LL, lqvwuxphqw qdphg LUPD 0 dq

Lqiuduhg Udglrphwhu iru Ploolphwhu Dvwurqrp|1 Wkhvh lpsuryhphqwv/ dqg wkhlu lpsdfw rq

lqvwuxphqw shuirupdqfh/ duh glvfxvvhg lq wklv fkdswhu1

D�� W4ThL�i_ #i|iU|Lh

D qhz phufxu|0fdgplxp0whooxulgh lqiuduhg ghwhfwru kdv ehhq rewdlqhg iurp Nro0

pdu Whfkqrorjlhv Lqf1/ lghqwlfdo wr wkh hduolhu ghwhfwru/ exw kdylqj d kljkhu ghwhfwlylw|

dqg uhvsrqvlylw|/ 8=44 � 43b fpK}3�*2Z3� dqg 469 YZ3�/ uhvshfwlyho|/ frpsduhg zlwk

5=;;� 43b fpK}3�*2Z3� dqg 78 YZ3� lq wkh hduolhu ghwhfwru1 Wkh vljqdo0wr0qrlvh udwlr

ri dq lqiuduhg ghwhfwru lv gh�qhg dv

7
� @ �(W

I
�

8=4=4

zkhuh S lv wkh lqsxw vljqdo srzhu/ GW lv wkh vshfl�f ghwhfwlylw| dqg D lv wkh ghwhfwru duhd1

Wkh h{shfwhg vljqdo0wr0qrlvh lpsuryhphqw lv wkhq

7*� E?e��
7*� EJ,_� @ D���f�fb

2�HHf�fb @ 4=:: 8=4=5

Wkh qrlvh yrowdjh ghqvlw| ri wkh qhz ghylfh lv

h? @
-?e�

I
�

(W
@ ��SEf���

D���f�fb @ 5=:qYK}3�*2 8=4=6

exw vlqfh wklv ghwhfwru qrlvh lv vshfl�hg dw 43 nK}/ wkh fruuhvsrqglqj ydoxh dw 533 K} zloo

eh kljkhu1 Dv zdv vkrzq lq Vhfwlrq 6171;/ wkh grplqdqw vrxufh ri qrlvh lq wkh suhdpsol�hu
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flufxlw zdv wkdw gxh wr wkh OW435; rs0dps +4 qYK}3�*2,> lw vkrxog wkxv eh hdvlhu wr dfklhyh

ghwhfwru olplwhg shuirupdqfh lq wkh qhz v|vwhp1

D�2 W4ThL�i_ W?uh@hi_ 6�*|ih

Lqiuduhg �owhuv duh qrwrulrxvo| gl�fxow wr ideulfdwh iru xvh dw � 53�p1 Wkh �owhu

xvhg lq wkh surwrw|sh zdv qrw dq rswlpdo pdwfk wr wkh vshfwudo uhjlrq ri lqwhuhvw/ exw zdv

wkh rqo| rqh dydlodeoh1 Surihvvru Shwhu Dgh/ Txhhq Pdu| dqg Zhvw�hog Froohjh/ Xqlyhuvlw|

ri Orqgrq/ XN/ kdv uhfhqwo| h{whqghg klv �owhu ideulfdwlrq whfkqrorj| iurp � 83 fp3� wr

� 833 fp3�1 Zkloh vwloo lq wkh ghyhorsphqw skdvh/ Gu1 Dgh kdv surylghg wzr �owhuv xvlqj

uhvrqdqw fdsdflwlyh dqg lqgxfwlyh plfur0hohphqwv wkdw surylgh d ehwwhu pdwfk zlwk erwk wkh

qhz ghwhfwru dqg wkh vshfwudo uhjlrq ri lqwhuhvw1 Wkh kljkhu h�flhqf| +� ;3(,/ dqg ehwwhu

edqg vhohfwlrq/ duh h{shfwhg wr surylgh dw ohdvw d idfwru ri wzr lpsuryhphqw lq ghwhfwlrq

h�flhqf| ryhu wkh surwrw|sh lqvwuxphqw1

D�� W4ThL�i_ W?t|h�4i?|@|�L?

Wkh lpsuryhphqwv lq hohfwurqlf lqvwuxphqwdwlrq lqfoxgh wkh xvh ri d 570elw/ ghowd0

vljpd D2G frqyhuwhu zklfk lv fxuuhqwo| rshudwhg dw dq htxlydohqw 4; elw uhvroxwlrq zlwk d

3=6 v lqwhjudwlrq wlph1 Zlwk d yrowdjh uhihuhqfh ri 5=8Y/ 4 OVE fruuhvsrqgv wr d yrowdjh

ri <=8�Y1 Uhfhqw uhvxowv iurp LUPD vkrz wkdw wkh fxuuhqwo| revhuyhg qrlvh �rru ri wkh

lqvwuxphqwdwlrq lv dssur{lpdwho| 583�Y lq d 3=6 v lqwhjudwlrq dqg w|slfdo pd{lpxp vljqdov
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+iurp wkh dpelhqw eodfnerg|, duh rq wkh rughu ri 5=7Y1 Frpsduhg zlwk wkh fruuhvsrqglqj

surwrw|sh phdvxuhphqwv/ wkh uhvxow lv dq dssur{lpdwho| vhyhq0irog lqfuhdvh lq vljqdo0wr0

qrlvh1

Wkh pdoixqfwlrqlqj whpshudwxuh vhqvru flufxlwu| kdv ehhq uhsodfhg dqg fxuuhqwo|

surylghv whpshudwxuh uhdglqjv zlwk dq dffxudf| ri 	3=4N1

D�e ,*�4�?@|�L? Lu �T|�U@* 5T�**L�ih

Wkh rswlfdo vslooryhu ri wkh OQ2 eodfnerg| +Vhfwlrq 71914, rffxuulqj lq wkh sur0

wrw|sh kdv ehhq fruuhfwhg e| xvh ri d odujhu �dvn1 Wkh vljqdov iurp wkh OQ2 eodfnerg|

revhuyhg zlwk wkh orfn0lq dpsol�fdwlrq lq LUPD dfwxdoo| uhyhuvh lq srodulw| zkhq wklv

vrxufh lv ylhzhg dqg khqfh lqglfdwh wkdw wkh OQ2 �dvn dsshduv froghu wkdq d uh�hfwhg ylhz

ri wkh ghwhfwru hqylurqphqw1 Wkhvh vljqdov olh qhdu wkh qrlvh �rru ri wkh lqvwuxphqwdwlrq

+583�Y, dqg khqfh surylgh d zhoo gh�qhg dqg vwdeoh fdoleudwlrq srlqw1

D�D +i4L|i �Tih@|�L?

Wkh prvw gudpdwlf lpsuryhphqw ri wkh surwrw|sh udglrphwhu kdv ehhq wkh lp0

sohphqwdwlrq ri zhe edvhg frqwuro1 LUPD kdv qrz ehhq lqvwdoohg/ vhpl0shupdqhqwo|/ rq

wkh dsurq ri wkh MFPW dqg lv uhprwho| rshudwhg ryhu wkh zhe iurp Ohwkeulgjh1 Wklv

uhprwh/ dqg dxwrpdwlf/ frqwuro ri LUPD hqdeohv wkh lqvwuxphqw wr froohfw zdwhu ydsru

phdvxuhphqwv vlpxowdqhrxvo| zlwk udglrvrqgh odxqfkhv dqg wkxv Skdvh LL zloo lqfoxgh wkh
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Iljxuh 814= Wkh zhe edvhg uhprwh frqwuro lqwhuidfh iru LUPD1

frpslodwlrq ri d odujh gdwdedvh ri udglrvrqgh0fruuhodwhg phdvxuhphqwv1 Lq dgglwlrq/ phd0

vxuhphqwv iurp wkh MFPW 4;6 JK} zdwhu ydsru prqlwru/ FVR 558JK} 2 683�p rsdflw|

prqlwru dqg VFXED vn|0glsv/ zloo dovr eh lqfoxghg lq wklv gdwdedvh1

LUPD zdv ghsor|hg lq odwh Dxjxvw/ 5333/ dqg rshudwhv rq dq| qljkw wkdw wkh

MFPW lv rshq iru rshudwlrq dqg wkh FVR rsdflw| prqlwru lqglfdwhv ohvv wkdq 5 pp szy1

LUPD fdq eh vfkhgxohg wr shuirup frqwlqxrxv vfdq/ vn|gls/ vwduh ru fdoleudwlrq phdvxuh0

phqwv/ ru dq| frpelqdwlrq wkhuhri/ dv hlwkhu d vlqjoh ru pxowl0frpsrqhqw revhuydwlrq1 Fxu0

uhqwo|/ wkh eljjhvw gudzedfn wr rshudwlrq lv wkh uhtxluhphqw iru d whohvfrsh rshudwru wr �oo

wkh ghwhfwru ghzdu hyhu| ihz krxuv1 Lq wkh Skdvh LLL ghyhorsphqw/ zklfk zloo ehjlq lq hduo|

5334/ forvhg f|foh uhiuljhudwlrq zloo eh lqfrusrudwhg lqwr wkh LUPD ghvljq/ reyldwlqj wkh

qhhg iru fu|rjhqv1 Wzr vxfk xqlwv zloo eh exlow iru Skdvh LLL dqg lw lv dqwlflsdwhg wkdw wkh|

zloo eh prxqwhg rq wzr dqwhqqdh ri wkh Vplwkvrqldq Ploolphwhu Duud| +VPD, doorzlqj wkh
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Iljxuh 815= D ylhz iurp LUPD*v zhe0fdp vkrzlqj wkh OQ2 �dvn uh�hfwhg lq wkh grzqzdug idflqj

vfdqqlqj pluuru1

lqiuduhg dssurdfk wr skdvh fruuhfwlrq wr eh whvwhg/ iru wkh �uvw wlph/ rq dq dvwurqrplfdo

vrxufh1

Wkh zhevlwh iru LUPD lv orfdwhg dw kwws=22lupd1mfpw1mdfk1kdzdll1hgx exw/ fxu0

uhqwo|/ d sdvvzrug lv uhtxluhg iru dffhvv1 Lq ixwxuh/ wkh uhvxowv iurp LUPD zloo eh srvwhg

rq wkh MFPW zhevlwh1 Iljxuh 814 vkrzv wkh zhe lqwhuidfh iru LUPD dqg Iljxuhv 815 dqg

816 vkrz ylhzv rewdlqhg e| LUPD*v rq0erdug czhe0fdp*1 Wkh zhe0fdp lv rulhqwhg wrzdug

wkh MFPW dqwhqqd iurp LUPD*v srvlwlrq rq wkh dsurq dqg wkh jruwh{A� zlqgvfuhhq ri

wkh MFPW zloo eh qrwlfhg lq wkh edfnjurxqg1
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Iljxuh 816= Zlwk wkh vfdqqlqj pluuru lq wkh gluhfwo| yhuwlfdo srvlwlrq/ d uh�hfwhg lpdjh ri wkh

ghwhfwru ghzdu lv ylvleoh1
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Wkh FG URP lqfoxghg zlwk wklv wkhvlv frqwdlqv wkh LGOA� dqdo|vlv vriwzduh/ udz

gdwd �ohv +lq wkh irup ri LGO 1vdy �ohv, dqg wkh F.. lqvwuxphqw frqwuro surjudp +qdphg

cIhol{*,1 Zlwk wkh FG0gulyh ghvljqdwhg dv g=q / wkh gluhfwru| vwuxfwxuh lv dv iroorzv

g=qLUPD

qLGO Vriwzduh

qUdz Gdwd

qFrqwuro Surjudp

qIhol{

qlqfoxghv

zlwk wkh LGO surfhgxuhv vwruhg lq wkh gluhfwru| qLGO Vriwzduh/ wkh udz gdwd �ohv

lq qUdz Gdwd dqg wkh frqwuro surjudp lq qIhol{1



493

S�� W#w +L�|�?it

Vrph ri wkh LGO surfhgxuhv vwdqg dorqh/ zkhuhdv rwkhuv rshudwh rq udz gdwd �ohv

+1vdy �ohv, zklfk frqwdlq wkh gdwd rewdlqhg zlwk wkh surwrw|sh udglrphwhu1 Wkh surfhgxuhv

wkdw rshudwh rq =vdy �ohv frqwdlq d gluhfwru| sdwkzd| lq wkh LGO frgh wkdw dvvxphv wkdw wkh

FG0gulyh lv ghvljqdwhg dv gulyh g=q1 Li wkh FG0gulyh ghvljqdwlrq lv gl�huhqw/ wkh surjudpv

zloo kdyh wr eh fkdqjhg dffruglqjo|1 Lq rughu iru wkh surfhgxuhv wr h{hfxwh iurp wkh FG/

wkh LGO vhdufk sdwkzd|/ irxqg lq wkh c�ohqsuhihuhqfhv* phqx zlwklq LGO/ pxvw lqfoxgh

wkh gluhfwru| sdwkzd| g=qLUPDqLGO Vriwzduhq1 LGO yhuvlrq 815 lv qhhghg wr uxq wkh

surfhgxuhv1 Vkruw ghvfulswlrqv ri wkh LGO surfhgxuhv uhihuhqfhg lq wkh erg| ri wkh wkhvlv

duh jlyhq ehorz1

S���� �,@?S& �J�eo eS2 DfDc �,@?S& ��o�erc � ,@?S& ��o�er fc �,@?S&

Wkh surfhgxuh Sodqfn Srzhu 795 838 hydoxdwhv wkh lqwhjudwhg udgldqfh ri d eodfn0

erg|/ lq xqlwv ri Zp32vu3�/ iru d jlyhq eodfnerg| whpshudwxuh/ ryhu wkh sdvvedqg ri wkh

surwrw|sh udglrphwhu +l1h1/ 795� 838 fp3�,1 Wkh ixqfwlrq Sodqfn Fxuyhv lv xvhg wr sorw

wkh Sodqfn udgldqfh dv d ixqfwlrq ri zdyhqxpehu iru duelwudu| qxpehu ri fxuyhv dqg whp0

shudwxuhv1 Wkh ixqfwlrq Sodqfn hydoxdwhv wkh vshfwudo udgldqfh iru duelwudu| zdyhqxpehu

lq xqlwv ri Zp32vu3�+fp3�,3� dqg lv fdoohg dv d ixqfwlrq iurp Sodqfn Fxuyhv1 D yhuvlrq

ri Sodqfn Fxuyhv/ fdoohg Sodqfn Fxuyhv [/ lv dovr lqfoxghg lq wkh dufklyh dqg lv lghqwlfdo

wr wkh iruphu h{fhsw wkdw lw xvhv dq [Zlqgrzv judsklfdo lqwhuidfh1
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Wklv surfhgxuh zdv xvhg wr vlpxodwh wkh fxuyh0ri0jurzwk/ rewdlqhg zlwk d Oruhqw}

eurdghqhg hplvvlrq olqh/ e| fdofxodwlqj wkh lqwhjudwhg hplvvlrq dv d ixqfwlrq ri froxpq

dexqgdqfh/ �o1 Wkh dqdo|vlv dovr lqfoxghv d fdofxodwlrq ri wkh Odghqehuj0Uhlfkh irupxod/

wkh wkhruhwlfdo irup ri wkh fxuyh0ri0jurzwk1

S���� �@o@KJ,@ (er�}?

Wklv surfhgxuh zdv xvhg wr jhqhudwh wkh rswlfdo ghvljq ri wkh sduderolf pluuru dqg

xvhv pluuru gldphwhu/ dqjoh ri r�0d{lv wkurz dqg irfdo ohqjwk dv lqsxw sdudphwhuv1

S���e .%|o@S| (@|@

Wklv surfhgxuh h{wudfwhg gdwd iurp �ohv vdyhg dvpn[[=vdy zkhuh[[ ghvljqdwhv

d frqwlqxrxv vfdq gdwd �oh qxpehu1 Wkhvh =vdy �ohv duh lq wkh irup ri d vwuxfwxuh +pdwul{,

fdoohg duud|/ dqg krogv doo wkh frqwlqxrxv vfdq gdwd iurp d vlqjoh vhvvlrq zlwk }hqlwk

dqjohv iurp 3J wr :3=6;J olvwhg yhuwlfdoo| lq wkh �uvw froxpq +froxpq 3, dqg hdfk frqwlqxrxv

vfdq gdwdvhw ri wkh vhvvlrq olvwhg lq vxevhtxhqw froxpqv +froxpqv 4 wr frov,1 Eodfnerg|

phdvxuhphqwv wdnhq dw wkh hqg ri hdfk frqwlqxrxv vfdq dsshdu lq wkh odvw wzr urzv ri

wklv duud| dw dqjohv ri 45;J dqg 4;3J1 Vlqfh d ixoo frqwlqxrxv vfdq gdwdvhw frqvlvwv ri

6<4 uhdglqjv +iru d }hqlwk dqjoh udqjh iurp 3J wr :3=6;J/ lq vwhsv ri 3=4;J,/ wkh duud| kdv

glphqvlrqv ri 6<6 urzv � +qxpehu ri frqwlqxrxv vfdqv .4, froxpqv1
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Wkh surfhgxuh H{wudfw Gdwd frpelqhg doo wkh frqwlqxrxv vfdq gdwdvhwv zlwklq

wkh vhvvlrq lqwr d vlqjoh dyhudjhg frqwlqxrxv vfdq gdwdvhw lqfoxglqj wkh uhdglqjv iurp wkh

eodfnerg| uhihuhqfhv1 Lq dgglwlrq/ wkh urxwlqh fdofxodwhg wkh vwdqgdug ghyldwlrqv ri doo

frqwlqxrxv vfdq2OQ2eodfnerg|2dpelhqw eodfnerg| uhdglqjv zlwklq wkh �oh1 Wkh surfhgxuh

wkhq surgxfhg dqrwkhu =vdy �oh zlwk wkh qdph dy pn[[=vdy zklfk frqvlvwhg ri dq duud|

lghqwlfdo wr wkh ruljlqdo pn[[=vdy duud| h{fhsw zlwk wzr dgglwlrqdo froxpqv frqwdlqlqj

wkh dyhudjhg gdwd/ dqg dvvrfldwhg vwdqgdug ghyldwlrqv/ dsshqghg dv frov. 4 dqg frov. 51

S���D -erRJ?r���|+

Wklv urxwlqh sorwv wkh �oh0e|0�oh lqvwuxphqw uhvsrqvlylw| dqg dvvrfldwhg huuru fdo0

fxodwhg e| H{wudfw Gdwd1

S���S 7|@K�,�|+ Js -eseoe?Ser

Wklv surfhgxuh sorwv wkh dyhudjh dqg vwdqgdug ghyldwlrqv ri wkh vljqdov iurp wkh

eodfnerg| uhihuhqfhv fdofxodwhg lq H{wudfw Gdwd1

S���. �J6R@o�rJ? ��|� �H�CM5

Wklv surfhgxuh dqdo|}hg wkh gdwd rewdlqhg vlpxowdqhrxvo| zlwk wkh MFPW 4;6

JK} zdwhu ydsru prqlwru1 Wkh surfhgxuh sorwv erwk gdwdvhwv lq wkhlu udz irup/ dqg zlwk

gl�huhqw dprxqwv ri vprrwklqj1 Lq dgglwlrq/ wkh surfhgxuh sulqwv rxw wkh pd{lpxp dqg
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plqlpxp ydoxhv ri hdfk gdwdvhw/ l1h1/ fruuhvsrqglqj ydoxhv ri surwrw|sh vljqdo yrowdjh dqg

4;6 JK}0ghulyhg szy ydoxhv1

S���H �JJ? 7S@?

Wklv surfhgxuh zdv xvhg wr ghwhuplqh wkh �hog ri ylhz ri wkh surwrw|sh udglrphwhu

e| surgxflqj d Jdxvvldq. olqhdu �w iru wkh gdwdvhwv frqwdlqlqj prrq sur�ohv1

S���b �er| 7e�e?

Vhyhq frqwlqxrxv vfdq gdwdvhwv zhuh vhohfwhg iru xvh lq wkh frpslodwlrq ri d frp0

srvlwh fxuyh0ri0jurzwk1 Wkhvh gdwd�ohv zhuh qxpehuv 54/ 55/ 74/ 77/ 78/ 83 dqg 931 Wklv

surfhgxuh sorwv wkhvh vhohfwhg gdwdvhwv rq d frpprq judsk1

S����f 7|oe|S� @?_ 7R,�Se

Wklv surfhgxuh zdv fhqwudo wr wkh gdwd dqdo|vlv dv lw ghwhuplqhg wkh vfdoh idfwru

ehwzhhq dq| wzr lqsxw gdwdvhwv qhfhvvdu| wr vsolfh wkh gdwdvhwv wrjhwkhu dv d vlqjoh fxuyh0

ri0jurzwk/ rq d frpprq dlupdvv vfdoh1 Wkh surfhgxuh wdnhv lq frqwlqxrxv vfdq 1vdy �ohv

wzr dw d wlph dqg wkhq vwuhwfkhv rxw wkh { vfdoh idfwru ri wkh kljkhu ri wkh wzr fxuyhv

uhfxuvlyho| wr �qg wkh idfwru zklfk surgxfhg wkh ehvw vsolfhg �w wr wkh orzhu fxuyh1
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Wklv lv wkh �qdo dqdo|vlv surfhgxuh dqg ehjlqv e| dvvhpeolqj wkh ydulrxv lqglylgxdo

frqwlqxrxv vfdq gdwdvhwv lqwr d frpsrvlwh fxuyh0ri0jurzwk xvlqj wkh vfdoh idfwru ghwhuplqhg

e| Vwuhwfk dqg Vsolfh1 D Fkhe|vkhy sro|qrpldo lv wkhq �wwhg wr wklv frpsrvlwh fxuyh1 Wkh

szy fdoleudwlrq gdwd srlqwv ghulyhg iurp wkh MFPW 4;6 JK} zdwhu ydsru prqlwru/ wkh FVR

683�p rsdflw| prqlwru dqg udglrvrqgh duh wkhq sorwwhg rq wkh vdph judsk dv wkh frpsrvlwh

fxuyh1 Wkh frpsrvlwh fxuyh lv wkhq uhvfdohg krul}rqwdoo| wr djuhh zlwk wkh orzhvw ri wkh

4;6 JK} srlqwv olvwhg lq Wdeoh 7151 Ilqdoo|/ wkh ghulydwlyh ri wkh uhvfdohg frpsrvlwh fxuyh

lv frpsxwhg/ zklfk doorzhg wkh ghwhuplqdwlrq ri wkh szy uhvroxwlrq shuirupdqfh/ �z/ ri

wkh surwrw|sh udglrphwhu1

S����2 S�eK+ S@,Sc S�eK+ s�|c S�eK+ _eo

Wkh LGO surfhgxuh szy Fdoleudwlrq �wwhg wkh frpsrvlwh fxuyh wr d Fkhe|vkhy

sro|qrpldo xvlqj wkh ixqfwlrq fkhe| ilw/ zklfk lwvhoi xvhg wkh ixqfwlrq fkhe| fdof1 Wkh

ghulydwlyh ri wkh sro|qrpldo zdv fdofxodwhg zlwk wkh ixqfwlrq fkhe| ghu1

S�2 �L?|hL* �hL}h@4

Zkloh wkh F.. lqvwuxphqw frqwuro surjudp lv vshfl�f wr wkh kdugzduh xvhg zlwk

wkh surwrw|sh lqvwuxphqw/ dqg lv wkhuhiruh ri olplwhg xvhixoqhvv/ lw lv lqfoxghg lq wkh vriwzduh

dufklyh iru frpsohwhqhvv1 Lw pd| eh uxq iru ghprqvwudwlrq sxusrvhv surylghg qrwklqj lv



498

frqqhfwhg wr wkh frpsxwhu sdudooho sruw1 Wkh surjudp zloo glvsod| wkh xvhu lqwhuidfhv

glvfxvvhg lq Vhfwlrq 619/ dqg zloo eh ixoo| rshudwlrqdo/ h{fhsw wkdw doo dqdorj gdwd zloo eh

uhdg dqg glvsod|hg dv 7=3<9 Y1
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^4` F1 O1 Fdulool dqg P1 D1 Krogdzd|/ _Wursrvskhulf Skdvh Fdoleudwlrq lq Ploolphwhu

Lqwhuihurphwu|/% kwws=22zzz1du[ly=dvwur0sk2<<3757; +4<<<,1

^5` P1 Zlhgqhu/ Dwprvskhulf Zdwhu Ydsrxu dqg Dvwurqrplfdo Ploolphwhu Lqwhuihurphwu|

+SkG Wkhvlv/ Fdpeulgjh/ XN/ 4<<;,1

^6` M1 Fdoodzd|/ Txdqwxp Wkhru| ri wkh Vrolg Vwdwh1 +Dfdghplf Suhvv/ Orqgrq/ 4<<4,1

^7` G1 F1 Krjj/ I1 R1 Jxludxg/ dqg P1 W1 Ghfnhu/ _Phdvxuhphqw ri H{fhvv Udglr Wudqv0

plvvlrq Ohqjwk rq Hduwk0Vsdfh Sdwkv/% Dvwurq1 Dvwursk|v1 <8/ 637~63: +4<;4,1

^8` R1 S1 Od|/ _DOPD Phpr qxpehu 53<= 4;6 JK} Udglrphwulf Skdvh Fruuhfwlrq iru wkh

Ploolphwhu Duud|/% kwws=22zzz1ppd1qudr1hgx2phprv +4<<;,1

^9` G1 D1 Qd|oru/ U1 W1 Eruhlnr/ W1 D1 Fodun/ U1 M1 Hphu|/ E1 Ilwwrq/ dqg P1 I1 Nhvvohu/

_Dwprvskhulf hplvvlrq lq wkh 530plfurq zlqgrz iurp Pdxqd Nhd/% sdvs <9/ 49:~4:6

+4<;7,1

^:` F1 Fdulool/ R1 Od|/ dqg H1 Vxwwrq/ _DOPD Phpr 543= Udglrphwulf Skdvh Fruuhfwlrq/%

kwws=22zzz1ppd1qudr1hgx2phprv +4<<;,1
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^;` G1 Ghojdgr/ D1 Rwdurod/ Y1 Eholwvn|/ G1 Xuedlq/ U1 Kloov/ dqg S1 Pduwlq0Frfkhu/

_DOPD Phpr 5:414= Wkh Ghwhuplqdwlrq ri Suhflslwdeoh Zdwhu Ydsru dw Fkdmqdqwru

iurp Revhuydwlrqv ri wkh 4;6 JK} Zdwhu Olqh/% kwws=22zzz1ppd1qudr1hgx2phprv

+4<<<,1

^<` Z1 Zroih/ Lqwurgxfwlrq wr Udglrphwhu| +VSLH Suhvv/ Qhz \run/ 4<<3,1

^43` J1 U|elfnl dqg D1 Oljkwpdq/ Udgldwlyh Surfhvvhv lq Dvwursk|vlfv +Mrkq Zloh| dqg

Vrqv/ Qhz \run/ 4<:<,1

^44` O1 Urwkpdq dqg hw1 do1/ _Wkh KLWUDQ Prohfxodu Vshfwurvfrslf Gdwdedvh/ 4<<9 Hgl0

wlrq/% M1 Txdqw1 Vshf1 Udg1 Wudqv1 93/ 998~:43 +4<<;,1

^45` N1 Nrqgudw|hy/ Udgldwlrq lq wkh Dwprvskhuh +Dfdghplf Suhvv/ Qhz \run/ 4<9<,1

^46` J1 Khu}ehuj/Prohfxodu Vshfwud dqg Prohfxodu Vwuxfwxuh Yroxph L +Ydq Qrvwudqg Uhlq0

krog/ Qhz \run/ 4<83,1

^47` H1 PfFduwqh|/ Devruswlrq dqg Hplvvlrq e| Dwprvskhulf Jdvhv +Mrkq Zloh| dqg Vrqv/

Qhz \run/ 4<;6,1

^48` Hffrvrue/ Hphuvrq dqg Fxplqj/ 937Z 4;5 Vw/ Jdughqd/ FD <357;/ XVD 1

^49` S1 Dgh/ _Sulydwh frppxqlfdwlrq/% +5333,1

^4:` Nropdu Whfkqrorjlhv Lqf1/ 4733 H Jhqhudo Duwv Ug1/ Frq|huv/ JD 63345/ XVD 1

^4;` J1 U1 Gdylv/ P1 M1 Qd|oru/ G1 D1 Jul�q/ W1 D1 Fodun/ dqg Z1 V1 Kroodqg/ _Eurdgedqg

Vxeploolphwhu Vshfwurvfrs| ri KFQ/ QK� dqg SK� lq wkh Wursrvskhuh ri Mxslwhu/%

Lfduxv 463/ 6;:~736 +4<<:,1


