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L zrxog olnh wr wkdqn doo wkh shrsoh zkr kdyh khoshg ph lq rqh zd| ru dqrwkhu gxulqj p|

vwd| erwk dw Q\X dqg dw Ehoo Odev1 Iluvw ri doo/ L zrxog olnh wr wkdqn p| dgylvru Nhq

Shuolq zkr kdv ehhq d vrxufh ri lqvsludwlrq wkurxjkrxw p| vwd| dw Q\X1 Klv hqwkxvldvp

wr sxuvxh lghdv lv yhu| frqwdjlrxv1 Klv rqjrlqj frq�ghqfh lq ph dqg vxssruw kdyh

ehhq lqvwuxphqwdo lq eulqjlqj wklv zrun wr frpsohwlrq1 Qh{w/ L zrxog olnh wr wkdqn wkh

rwkhu phpehuv ri p| uhdglqj frpplwwhh/ Exg Plvkud dqg Ghqlv ]rulq1 Exg/ ehvlghv klv

qxphurxv khosixo frpphqwv rq p| zrun/ kdv dovr ehhq yhu| jhqhurxv zlwk klv dgylfh

gxulqj p| |hduv dw wkh ghsduwphqw1 Ghqlv jdyh ph vrph yhu| lqvljkwixo dqg lpsruwdqw

frpphqwv gxulqj wkh zulwlqj ri wklv glvvhuwdwlrq1 L zrxog dovr olnh wr wkdqn Dodq Vlhjho iru

klv hqfrxudjhphqw/ dqg dgylvh dw vrph nh| prphqwv gxulqj p| vwd| dw wkh ghsduwphqw1

Dw Ehoo Odev/ L zrxog olnh wr wkdqn Euxfh Qd|oru dqg Idulg Ihlvxoolq zkr lqwurgxfhg

ph wr wkh wudqvplwwhu sodfhphqw sureohp1 Euxfh dovr jdyh ph vrph ri p| hduo| ohvvrqv rq
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uljrurxv sureohp vroylqj whfkqltxhv1 Lw zdv d sohdvxuh zrunlqj zlwk klp1 Idulg surylghg

vrph hduo| lqvljkw lqwr ydulrxv lvvxhv iurp wkh zluhohvv frppxqlfdwlrqv shuvshfwlyh1 Kh

kdv wkurxjkrxw ehhq d yhu| elj vxssruwhu ri wklv zrun1 Kh zdv dozd|v eulqjlqj wkhvh

whdpv ri whfkqlfdo dqg exvlqhvv shrsoh iurp doo ryhu wkh zruog wr vhh d ghprqvwudwlrq ri

wkh v|vwhp dqg rqh shuvlvwhqw txhvwlrq L zdv qhyhu deoh wr dqvzhu zdv= zkhq gr zh sodq

wr eulqj wklv zrun wr wkh pdunhwB

L zrxog dovr olnh wr wkdqn doo p| froohdjxhv ryhu wkh |hduv iru fuhdwlqj yhu| vwlpxodwlqj

hqylurqphqwv wr zrun lq1 Wkh| kdyh frqwulexwhg wr wkh pdq| idfhwv ri p| h{shulhqfhv1

L zrxog dovr olnh wr wkdqn doo p| iulhqgv lqfoxglqj Vxuhq Wdood/ Dqwkrq| Wulror/ Udrxo

Gduxzdod/ Ndqqd Udmdq/ dqg qxphurxv sdvw dqg suhvhqw r�fhpdwhv iru doo wkh ixq glv0

fxvvlrqv zh kdyh kdg1

D vshfldo wkdqnv jr wr p| eurwkhu Vxgklu/ zkr kdv ehhq d gh idfwr jxlgh/ phqwru/

dqg d vwurqj prwlydwru1 P| xwprvw judwlwxgh jrhv wr p| zlih Dudgkdqd iru doo khu oryh/

xqghuvwdqglqj/ dqg sdwlhqfh gxulqj wkh orqj krxuv wkdw L zdv dzd|1 Ilqdoo|/ L zrxog olnh

wr wkdqn p| sduhqwv/ p| lq0odzv/ p| vlvwhu Uhnkd/ dqg wkh uhvw ri p| idplo|/ iru wkhlu

xqfrqglwlrqdo oryh/ vxssruw/ dqg eholhi lq ph1 L mxvw zlvk L kdg �qlvkhg wklv zrun hduo|

hqrxjk iru p| prp wr kdyh vhhq wklv gd|1
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Fxuuhqw udglr sursdjdwlrq dojrulwkpv duh yhu| qduurzo| irfxvhg wr vshfl�f w|shv ri lqsxw

prghov dqg gr qrw vfdoh zhoo wr dq lqfuhdvh lq wkh qxpehu ri uhfhlyhu orfdwlrqv ru wkh

qxpehu ri sro|jrqv lq dq lqsxw prgho1 Lq wklv glvvhuwdwlrq/ zh orrn dw wkh sureohp ri

h�flhqwo| frpsxwlqj hqhuj| sursdjdwlrq dw udglr iuhtxhqflhv lq d udqjh ri jhrphwulfdoo|

gh�qhg hqylurqphqwv dqg iru ydulrxv wudqvplwwhu dqg uhfhlyhu fkdudfwhulvwlfv1 Wr dfklhyh

wklv jrdo/ zh sursrvh d xql�hg dssurdfk wr udglr sursdjdwlrq iru gl�huhqw w|shv ri lq0

sxw prghov dqg wkhlu frpelqdwlrqv dv zhoo/ e| uhsuhvhqwlqj wkh jhrphwu| dv d elqdu|

vsdfh0sduwlwlrqlqj wuhh dqg eurdgfdvwlqj hqhuj| iurp wkh vrxufh1 Wkh dssurdfk lv erwk

vfdodeoh wr odujh lqsxw prghov dv zhoo dv g|qdplfdoo| dgdswv wr lwv vfdoh zlwkrxw lqfxuulqj

xquhdvrqdeoh frpsxwdwlrqdo frvw1 Wkh sursrvhg dssurdfk lv htxdoo| h�hfwlyh iru dfrxvwlf

prgholqj dv zhoo1

Zh suhvhqw d qhz dgdswlyh ud|0ehdp wudflqj dojrulwkp zklfk lqlwldoo| whvvhoodwhv wkh

yll



vxuidfh ri d wudqvplwwhu lqwr irxu0vlghg sro|jrqv1 Hdfk sro|jrq lv fdvw dv d ehdp zklfk

dyrlgv duelwudulo| odujh jdsv ru ryhuodsv ehwzhhq dgmdfhqw ehdpv1 Iru idvw lqwhuvhfwlrq

frpsxwdwlrq hdfk ehdp fduulhv lqirupdwlrq ri lwv phgldo ud| dv zhoo1 Dv wkh frpsxwdwlrq

surfhhgv d ud|0ehdp lv dgdswlyho| vxeglylghg ghshqglqj rq ydulrxv sdudphwhuv vxfk dv

wkh surmhfwhg duhd ri d ehdp/ lwv fxuuhqw hqhuj| ohyho/ dqg wkh glvwdqfh ehwzhhq dgmdfhqw

uhfhlyhu orfdwlrqv1 Wkh sursrvhg dojrulwkp kdv vxeolqhdu0wlph frpsoh{lw| lq whupv ri wkh

qxpehu ri uhfhlyhu orfdwlrqv1

Prgholqj gl�udfwlrq r� dq hgjh ri d zhgjh lv lpsruwdqw wr frpsxwh udglr vljqdo wkdw

uhdfkhv wkh vkdgrz uhjlrq ri wkh zhgjh1 Vwrulqj wkhvh hgjhv h{solflwo| lq d gdwd vwuxfwxuh

fdq eh yhu| h{shqvlyh iru odujh lqsxw prghov dqg hvshfldoo| iru whuudlq0edvhg prghov wkdw

kdyh vljql�fdqw hohydwlrq yduldwlrqv1 Zh suhvhqw d qhz uxqwlph hgjh0ghwhfwlrq dojrulwkp

lqvwhdg ri vwrulqj wkh hgjhv vwdwlfdoo| dqg lwv dgdswdwlrq wr hqylurqphqwv uhsuhvhqwhg dv

elqdu| vsdfh0sduwlwlrqlqj wuhh1

Zh kdyh ghyhorshg d sursdjdwlrq suhglfwlrq v|vwhp fdoohg Sursdjdwh xvlqj wkhvh

dojrulwkpv zlwk jrrg vwdwlvwlfdo fruuhodwlrq ehwzhhq suhglfwhg dqg phdvxuhg uhvxowv iru

d qxpehu ri gl�huhqw lqsxw prghov1 Wkh sursrvhg dojrulwkpv kdyh ehhq xvhg wr prgho

vhyhudo rwkhu lpsruwdqw frpsxwdwlrqv uhodwhg wr d fhooxodu qhwzrun ri wudqvplwwhuv vxfk dv

vljqdo vwuhqjwk dqg sdwk orvv/ ghod| vsuhdg/ dqjxodu vsuhdg/ fduulhu0wr0lqwhuihuhqfh udwlr/

dqg prgholqj ri gl�huhqw dqwhqqd glyhuvlw| vfkhphv1
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Ghglfdwlrq ly

Dfnqrzohgjphqw y

Devwudfw yll

Olvw ri Iljxuhv {lll

Olvw ri Wdeohv {yl

4 Lqwurgxfwlrq 4

414 Prwlydwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6

415 Sulru Zrun 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;

41514 Sursdjdwlrq vfkhphv iru qhxwurq wudqvsruw 1 1 1 1 1 1 1 1 1 1 1 1 1 <

41515 Wkhupdo udgldwlrq dqg khdw wudqvihu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44

41516 Oljkw wudqvsruw prgholqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46

41517 Udgdu v|vwhpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 49

41518 Dfrxvwlf zdyh prgholqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 54

416 Rujdql}dwlrq ri wkh wkhvlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 55

5 Uhodwhg Zrun 58

514 Sursdjdwlrq dojrulwkpv iru lpdjh v|qwkhvlv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

l{



51414 Ud| wudflqj edvhg dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;

51415 Ghwhuplqlvwlf yv1 qrq0ghwhuplqlvwlf sursdjdwlrq dojrulwkpv 1 1 1 1 64

51416 Udglrvlw| edvhg dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 65

51417 K|eulg dojrulwkpv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 67

51418 Sduwlflsdwlqj dqg qrq0sduwlflsdwlqj phgld 1 1 1 1 1 1 1 1 1 1 1 1 1 1 67

515 Ud| wudflqj yhuvxv zdyhiurqw dssurdfk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 68

516 Sursdjdwlrq dojrulwkpv iru zluhohvv frppxqlfdwlrq v|vwhpv 1 1 1 1 1 1 1 1 6:

51614 Sursdjdwlrq prghov iru vlpxodwlrq ri wudqvplwwhu sodfhphqw lq dq

hqylurqphqw 1 1 1 1 1 1 1 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;

517 Sursdjdwlrq dojrulwkpv iru dfrxvwlf zdyh prgholqj 1 1 1 1 1 1 1 1 1 1 1 1 1 76

518 Sursdjdwlrq dqlpdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 78

6 H�flhqw Jhrphwulf Uhsuhvhqwdwlrq ri Hqylurqphqwv 7:

614 Srsxodu uhsuhvhqwdwlrq vfkhphv 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<

61414 Erxqgdu| uhsuhvhqwdwlrq 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<

61415 Frqvwuxfwlyh vrolg jhrphwu| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 83

61416 Vsdwldo vxeglylvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 84

61417 Rwkhu klhudufklfdo vfkhphv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 86

61418 Iuhhirup frpsoh{ vxuidfhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 88

615 Xql�hg dssurdfk wr udglr sursdjdwlrq lq dq| jhrphwulf hqylurqphqw 1 1 1 89

61514 Elqdu| vsdfh sduwlwlrqlqj wuhhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8:

616 Lpsruwlqj jhrphwulf gdwdedvhv 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

61614 Lqgrru hqylurqphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 97

61615 Rxwgrru hqylurqphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9<

61616 Whuudlq0edvhg hqylurqphqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :3

61617 Lqwhjudwlqj whuudlq zlwk exloglqjv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :6

7 Wkh ud|0ehdp wudflqj dojrulwkpv :8

714 Prgholqj eurdgfdvw prgh ri sursdjdwlrq dqg lwv udwlrqdoh 1 1 1 1 1 1 1 1 1 :8
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715 Prgholqj uhfhlyhu orfdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :;

716 Vdpsolqj huuru sureohp 1 1 1 1 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

71614 Dq xsshu erxqg iru wkh udwh ri vdpsolqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;5

717 D k|eulg vfkhph 1 1 1 1 1 1 1 1 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

71714 Gh�qlqj d ud|0ehdp 1 1 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

71715 Ud|0ehdp vxeglylvlrq edvhg rq wkh surmhfwhg duhd 1 1 1 1 1 1 1 1 1 ;9

71716 Dgdswlyh vxeglylvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;;

71717 Ehdp sduwlwlrqlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;<

71718 Ryhuylhz ri wkh dojrulwkp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <4

718 Vrph sudfwlfdo frpsxwdwlrqdo rswlpl}dwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6

8 Gl�udfwlrq lq zluhohvv frppxqlfdwlrq <8

814 Wkhru| ri gl�udfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <:

81414 JWG zhgjh gl�udfwlrq frh�flhqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 434

81415 XWG zhgjh gl�udfwlrq frh�flhqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43:

81416 Sudfwlfdo frqvlghudwlrqv wr prgho zhgjh gl�udfwlrq 1 1 1 1 1 1 1 1 1 43;

815 Prgholqj gl�udfwlrq lq jhrphwulfdoo| gh�qhg hqylurqphqwv 1 1 1 1 1 1 1 1 443

81514 G|qdplf hgjh0ghwhfwlrq lq sduwlwlrqlqj0wuhh uhsuhvhqwhg hqylurq0

phqwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 444

81515 Iuhtxhqf| edvhg sdudphwhul}dwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 449

81516 Vhdufklqj d sduwlwlrqlqj wuhh iru vxffhvvlyh lqwhuvhfwlrqv 1 1 1 1 1 1 44:

9 V|vwhp frqvlghudwlrqv iru zluhohvv frppxqlfdwlrqv 44;

914 Prgholqj lvvxhv vshfl�f wr zluhohvv frppxqlfdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 44<

91414 Lpsruwdqfh ri prgholqj skdvh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 453

91415 Lpsruwdqfh ri prgholqj srodul}dwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 453

91416 Prgholqj zlghedqg yv1 qduurzedqg sursdjdwlrq 1 1 1 1 1 1 1 1 1 1 455

91417 Uh�hfwlrq dqg wudqvplvvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 455

915 Glvfxvvlrq rq pdwhuldo surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 457
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916 Sdwk orvv dqg vljqdo vwuhqjwk frpsxwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 459

917 D sursdjdwlrq suhglfwlrq v|vwhp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45:

91714 Wh{wxuh pdsv iru lqwhudfwlyh txhu|lqj ri vljqdo vwuhqjwk 1 1 1 1 1 1 45<

: Uhvxowv 465

:14 Ydolgdwlrq ri wkh suhglfwlrq prgho yv1 �hog phdvxuhphqw gdwd 1 1 1 1 1 1 1 466

:1414 Glvfxvvlrq rq wkh phdvxuhphqw0wdnlqj surfhvv 1 1 1 1 1 1 1 1 1 1 1 466

:1415 Olqh0ri0vljkw frpsdulvrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 469

:1416 Qrq0olqh0ri0vljkw frpsdulvrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 469

:1417 Hqylurqphqw0zlgh vwdwlvwlfdo frpsdulvrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46;

:15 Fryhudjh pdsv iurp wkh Sursdjdwh v|vwhp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 473

:16 Frpsdulvrq ri uxq wlphv iru gl�huhqw w|shv ri dqwhqqdv 1 1 1 1 1 1 1 1 1 1 476

:17 Vxe0olqhdu wlph frpsoh{lw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 477

:1714 H{sorlwlqj vsdwldo frkhuhqfh ri d ud|0ehdp 1 1 1 1 1 1 1 1 1 1 1 1 1 47:

:18 UI hqjlqhhulqj dssolfdwlrqv 1 1 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<

:1814 Ghod| vsuhdg frpsxwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47<

:1815 Dqjxodu vsuhdg frpsxwdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 483

:1816 Vsdwldo dqwhqqd glyhuvlw| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 484

:1817 Prgholqj fr0fkdqqho dqg dgmdfhqw0fkdqqho lqwhuihuhqfh 1 1 1 1 1 1 1 485

:19 Qhwzrun0zlgh ordg edodqflqj 1 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

:1914 Qhwzrun ordg edodqflqj edvhg rq dqwhqqd grzqwlow2xswlow 1 1 1 1 1 487

; Frqfoxvlrqv dqg Ixwxuh Zrun 48;

;14 Ixwxuh Zrun 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48<

D Lpsruwlqj exloglqj gdwdedvhv 494

Eleolrjudsk| 497

{ll
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614 Dq h{dpsoh ri d odujh r�fh exloglqj h{wudfwhg dqg uhsuhvhqwhg dv d wkuhh0

glphqvlrqdo exloglqj1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 98

615 Vdpsoh whuudlq sdwfkhv dqg wkhlu vhdpohvv lqwhjudwlrq iru uxq wlph ordglqj1 :5

616 Wkh lpdjh vkrzv wkh xvhu lqwhuidfh wr vhohfw d frqwljxrxv vhw ri whuudlq

sdwfkhv1 1 1 1 1 1 1 1 1 1 1 1 1 1 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

714 Wkuhh0glphqvlrqdo uhqglwlrqv ri wkh qrupdol}hg jdlq sdwwhuqv ri vrph ri

wkh frpprqo| xvhg gluhfwlrqdo dqwhqqdv iru udglr sursdjdwlrq lq xuedq

dqg lqgrru hqylurqphqwv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ::

715 Jhrphwulf frpsxwdwlrq wr prgho uhfhlyhu orfdwlrqv lq d whuudlq edvhg hq0

ylurqphqwv wkdw kdyh vljql�fdqw yduldwlrqv lq hohydwlrq1 1 1 1 1 1 1 1 1 1 1 ;3

716 Dgmdfhqw ud|v plvv duelwudulo| odujh jhrphwulf remhfwv1 1 1 1 1 1 1 1 1 1 1 1 ;6

717 D wzr0glphqvlrqdo ylhz ri d ehdp vxeglylvlrq surfhvv edvhg rq vxuidfh

vdpsolqj1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;:

718 W|shv ri ehdp sduwlwlrqlqj1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;<

814 Vxeglylvlrq ri wkh uhjlrq durxqg d zhgjh dv ghwhuplqhg e| dq lqflghqw ud|1 <;

815 Hgjh gl�udfwlrq lq wkuhh0glphqvlrqv dorqj wkh Nhoohu frqh iru d ud| lqflghqw

rq d zhgjh1 1 1 1 1 1 1 1 1 1 1 1 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

{lll



816 Srodu sorw ri JWG gl�udfwlrq frh�flhqw iru d shuihfwo| frqgxfwlqj zhgjh

iru vriw srodul}dwlrq1 1 1 1 1 1 1 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

817 Srodu sorw ri JWG gl�udfwlrq frh�flhqw iru d shuihfwo| frqgxfwlqj zhgjh

iru kdug srodul}dwlrq1 1 1 1 1 1 1 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

818 Dq remhfw uhsuhvhqwhg dv d elqdu| vsdfh sduwlwlrqlqj wuhh1 Lw dovr looxv0

wudwhv d ud| lqwhuvhfwlrq zlwk wkh wuhh wr frpsxwh wzr vxffhvvlyh srlqwv ri

lqwhuvhfwlrq1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 444

819 G|qdplf ghwhuplqdwlrq ri dq hgjh dv ghslfwhg lq d wzr0glphqvlrqdo fdvh1

Qrwlfh wkh �uvw wzr srlqwv ri lqwhuvhfwlrq duh frpsxwhg iru hdfk ud|1 1 1 1 446

81: Hgjh0ghwhfwlrq ri wklq zdoov lqvlgh exloglqjv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448

914 D olvw ri jhrphwulf dqg jhqhudo UI sdudphwhuv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;

915 D olvw ri fkdudfwhulvwlfv wkdw gh�qh wudqvplwwhuv dqg uhfhlyhuv1 1 1 1 1 1 1 1 45<

916 D olvw ri vrph ri wkh rswlrqv iru wkh vlpxodwlrq v|vwhp1 1 1 1 1 1 1 1 1 1 1 1 463

:14 Frpsdulvrq ehwzhhq phdvxuhg dqg suhglfwhg srzhu lq olqh0ri0vljkw iurp

wkh wudqvplwwhu lqvlgh d odujh exloglqj1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46:

:15 Frpsdulvrq ehwzhhq phdvxuhg dqg suhglfwhg srzhu rq d vlgh vwuhhw +qrq0

olqh0ri0vljkw, iurp d wudqvplwwhu +W{, sodfhg lq orzhu Pdqkdwwdq1 1 1 1 1 46<

:16 Wkh lpdjh vkrzv dq dhuldo ylhz ri wkh frpsohwh fryhudjh pds iurp d

wudqvplwwhu orfdwlrq pdunhg dv *W{* zlwk uhfhlyhg srzhu froru0edqghg iru

hdv| ylvxdo lghqwl�fdwlrq1 Wkh jhrphwulf hqylurqphqw lv d odujh prghuq

r�fh exloglqj1 1 1 1 1 1 1 1 1 1 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

:17 Wkh lpdjh vkrzv dq dhuldo ylhz ri orzhu Pdqkdwwdq zlwk suhglfwhg fry0

hudjh iurp d wudqvplwwhu odehohg dv cW{*1 Wkh vljqdo vwuhqjwk kdv ehhq

froru0edqghg iru hdvlhu ylvxdol}dwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 475

:18 Wkh lpdjh vkrzv d odujh pxowl0�rru exloglqj1 Iru rxu vlpxodwlrqv/ d wudqv0

plwwhu zdv sodfhg rq wkh wklug �rru dqg srzhu vdpsohg rq wkh �uvw/ wklug/

irxuwk/ dqg wkh �iwk �rruv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 478
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:19 Surmhfwlrq ri d ud|0ehdp rq d sodqh ri uhfhlyhu orfdwlrqv1 1 1 1 1 1 1 1 1 1 47;

:1: Fryhudjh lq d whuudlq0edvhg hqylurqphqw iurp d wudqvplwwhu zlwk grzqwlow

dqjohv ri 3� dqg 8� zlwk uhvshfw wr wkh krul}rq1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 488

:1; Fryhudjh lq d whuudlq0edvhg hqylurqphqw iurp d wudqvplwwhu zlwk grzqwlow

dqjoh ri 43� zlwk uhvshfw wr wkh krul}rq1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 489
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614 Uxq wlph frpsdulvrq ehwzhhq vrolg dqg qrq0vrolg jhrphwulf hqylurqphqwv1 9;

615 Frpsdulvrq ehwzhhq wkh suhglfwlrq uhvxowv iru d vrolg dqg qrq0vrolg jhr0

phwulf hqylurqphqw1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;

:14 Vwdwlvwlfdo fruuhodwlrq ehwzhhq wkh phdvxuhg dqg suhglfwhg ydoxhv iru gli0

ihuhqw w|shv ri hqylurqphqwv1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 473

:15 Frpsdulvrq ri uxq wlphv iru gl�huhqw w|shv ri dqwhqqdv1 1 1 1 1 1 1 1 1 1 1 476

:16 Uxqwlph frpsdulvrq ehwzhhq d wudglwlrqdo lpdjh edvhg dojrulwkp zlwk dq

dojrulwkp edvhg rq wkh eurdgfdvw prgh ri sursdjdwlrq1 1 1 1 1 1 1 1 1 1 1 479

:17 Frpsdulvrq ri uxq wlphv zlwk d fkdqjh lq wkh qxpehu ri uhfhlyhu orfdwlrqv

dqg wkh udwh ri ud|0ehdp vxeglylvlrq1 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 jrdo ri wklv glvvhuwdwlrq lv wr ghyhors d xql�hg dssurdfk wr vlpxodwh udglr sursdjdwlrq

iurp d jlyhq wudqvplwwhu orfdwlrq lq d udqjh ri jhrphwulfdoo| gh�qhg hqylurqphqwv1 E| d

xql�hg dssurdfk/ zh phdq wkdw udwkhu wkdq kdylqj vshfl�fdoo| wdloruhg dojrulwkpv wkdw

duh dssolfdeoh wr d qduurz fodvv ri jhrphwulf hqylurqphqwv dqg vshfl�f fkdudfwhulvwlfv ri

wudqvplwwhuv dqg uhfhlyhuv/ wkh vdph vhw ri dojrulwkpv vkrxog eh dssolfdeoh wr d odujh fodvv

ri hqylurqphqwv dqg rwkhu dvvrfldwhg sdudphwhuv1 Vxfk d xql�hg dssurdfk lv qrw rqo|

lpsruwdqw lq vlpxodwlqj udglr sursdjdwlrq iru d zlghu udqjh ri uhfhlyhu dqg wudqvplwwhu

sdudphwhuv exw dovr hqdeohv sursdjdwlrq vlpxodwlrq iurp lqvlgh exloglqjv wr vwuhhw ohyho

sursdjdwlrq dqg ylfh yhuvd1

Ghvslwh wkh h{whqw ri uhvhdufk rq h�flhqw dojrulwkpv/ fxuuhqw udglr sursdjdwlrq do0

jrulwkpv duh erwk yhu| qduurzo| irfxvhg wr wkh vshfl�f qhhgv ri wkh w|sh dqg vl}h ri

jhrphwu| lq dq hqylurqphqw dv zhoo dv gr qrw vfdoh zhoo wr odujh hqylurqphqwv1 Iru h{dp0
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soh/ dq dojrulwkp wkdw vlpxodwhv udglr sursdjdwlrq lq xuedq duhdv zlwk srvvleoh uhfhlyhu

orfdwlrqv dw d frqvwdqw khljkw deryh jurxqg lv qrw htxlsshg wr h�flhqwo| vlpxodwh udglr

sursdjdwlrq lqvlgh exloglqjv zkhuh uhfhlyhuv frxog eh orfdwhg dw vhyhudo khljkwv rq gl�hu0

hqw �rruv1 Vlploduo|/ dojrulwkpv iru sursdjdwlrq lqvlgh exloglqjv ru xuedq duhdv fdqqrw

vlpxodwh sursdjdwlrq lq whuudlq0edvhg hqylurqphqwv wkdw kdyh vljql�fdqw orfdo yduldwlrq

lq hohydwlrq vxfk wkdw uhfhlyhu orfdwlrqv kdyh wr eh prghohg dw frqwlqxrxvo| fkdqjlqj

khljkw udwkhu wkdq dw d frqvwdqw khljkw1 Wkh vwdqgdug dojrulwkpv iru udglr sursdjdwlrq

duh dovr qrw htxlsshg wr prgho gl�udfwlrq h�flhqwo| lq whuudlq0edvhg hqylurqphqwv wkdw

fdq srwhqwldoo| kdyh d yhu| odujh qxpehu ri zhgjhv1

H�flhqw dojrulwkpv iru udglr sursdjdwlrq lq gl�huhqw w|shv ri hqylurqphqwv duh dovr

nh| wr prgholqj d qxpehu ri sdudphwhuv iru d fhooxodu qhwzrun ri wudqvplwwhuv1 Lq rxu

uhvhdufk/ zh vhhn wr ghyhors dojrulwkpv wkdw duh frpsxwdwlrqdoo| h�flhqw dv zhoo dv

dffxudwh zlwklq fhuwdlq dffhswdeoh erxqgv dv frpsduhg wr dfwxdo phdvxuhphqwv iurp d

�hog wuldo1 Zh uhsuhvhqw d jhrphwulf hqylurqphqw dv d elqdu| vsdfh sduwlwlrqlqj wuhh

zklfk lv erwk h�flhqw dv zhoo dv idflolwdwhv lqwhudfwlyh ylvxdol}dwlrq ri dq hqylurqphqw1

Wkh pdlq frqwulexwlrq ri wklv glvvhuwdwlrq lv d jhqhudol}hg dssurdfk wr udglr surs0

djdwlrq lq doo w|shv ri hqylurqphqwv dqg lwv dvvrfldwhg dojrulwkpv1 Lq wkh surfhvv/ zh

dqdo|}h dqg ghyhors dojrulwkpv wkdw eurdgfdvw hqhuj| iurp wkh vrxufh1 Wkh sursrvhg

dssurdfk/ dv zh zloo vkrz lq wklv glvvhuwdwlrq/ lv frpsxwdwlrqdoo| h�flhqw dqg fdq vlpx0

odwh gl�huhqw fkdudfwhulvwlfv ri wudqvplwwhuv dqg uhfhlyhuv dv zhoo1 Zh dovr ghyhors rwkhu

nh| dojrulwkpv wr vxssruw wkh deryh dssurdfk vxfk dv wkh k|eulg ud|0ehdp wudflqj do0
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jrulwkp/ wkh dgdswlyh ud|0ehdp vxeglylvlrq vfkhph/ dqg d uxqwlph dojrulwkp wr ghwhfw

hgjhv iru gl�udfwlrq1 Ilqdoo|/ xvlqj wkh sursrvhg dojrulwkpv zh glvfxvv wkh prgholqj ri

vhyhudo lpsruwdqw frpsxwdwlrqv uhodwhg wr d fhooxodu qhwzrun ri wudqvplwwhuv vxfk dv sdwk

orvv/ ghod| vsuhdg/ dqjxodu vsuhdg/ fduulhu0wr0lqwhuihuhqfh/ dqg wkh prgholqj ri ydulrxv

dqwhqqd glyhuvlw| vfkhphv1 Wkh sursrvhg dojrulwkpv fdq hdvlo| eh xvhg wr prgho rwkhu

irupv ri hqhuj| sursdjdwlrq vxfk dv dfrxvwlf zdyh sursdjdwlrq1 Zh kdyh ghyhorshg d

oleudu| ri ixqfwlrqv edvhg rq wkhvh dojrulwkpv dqg kdyh lpsohphqwhg dq lqwhudfwlyh udglr

sursdjdwlrq suhglfwlrq v|vwhp fdoohg Sursdjdwh xvlqj wklv oleudu|1

��� �L|��@|�L?

D ghvluh iru xeltxlwrxv zluhohvv frppxqlfdwlrq kdv ohdg wr d wuhphqgrxv lqfuhdvh lq gh0

pdqg iru zluhohvv vhuylfhv lq doo w|shv ri hqylurqphqwv1 Wkhvh hqylurqphqwv udqjh iurp

ghqvh xuedq dqg vhpl0xuedq hqylurqphqwv wr odujh lqgrru exloglqjv dqg uxudo hqylurq0

phqwv1 Wkh lqfuhdvh lq ghpdqg kdv fuhdwhg odujh preloh dqg �{hg wud�f ghqvlwlhv lq prvw

duhdv1 D srsxodu phwkrg ri doohyldwlqj xvhu frqjhvwlrq lq wkhvh duhdv lv wr sodfh pruh

wudqvplwwhuv lq wkh vdph jhrjudsklfdo duhd1 Dv d uhvxow/ ehwwhu sodfhphqw sodqqlqj wrrov

duh ghvluhg iru srvlwlrqlqj wkhvh wudqvplwwhuv lq forvh sur{lplw| vxfk wkdw wkhuh lv frqwlqx0

rxv fryhudjh zkloh olplwlqj lqwhu0wudqvplwwhu lqwhuihuhqfh1 Wkhvh uhtxluhphqwv kdyh pdgh

lw lpshudwlyh iru zluhohvv vhuylfh surylghuv wr xqghuvwdqg wkh fryhudjh dqg glvwulexwlrq ri

hohfwurpdjqhwlf hqhuj| +lq wkh udglr iuhtxhqf| udqjh, iurp d vshfl�f wudqvplwwhu orfdwlrq

+ru d vhw ri orfdwlrqv,1 Lw lv dovr lpsruwdqw wr xqghuvwdqg hqhuj| glvwulexwlrq erwk iurp
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wkh shuvshfwlyh ri udqjh h{whqvlrq ri wkh fryhudjh duhd/ dv zhoo dv hqkdqfhphqw ri xvhu

fdsdflw| lq d qhwzrun1

Wudglwlrqdoo|/ zluhohvv vhuylfh surylghuv kdyh frqgxfwhg hoderudwh �hog wuldov wr phd0

vxuh fryhudjh dqg glvwulexwlrq ri vljqdo vwuhqjwk dw d vshfl�f vlwh1 Dq lqwhudfwlyh v|vwhp

wkdw h�flhqwo| frpsxwhv wkh vsdwldo glvwulexwlrq ri vljqdo vwuhqjwk lq d jlyhq hqylurqphqw

fdq dfklhyh wklv dw d pxfk orzhu frvw1 Vxfk d v|vwhp lv lpsruwdqw iru vhyhudo rwkhu uhdvrqv1

Iluvw/ iru d jlyhq hqylurqphqw lw lv ghvludeoh wr jhw pd{lpxp fryhudjh zlwk wkh ohdvw qxp0

ehu ri wudqvplwwhuv1 Ehvlghv uhgxflqj wkh ryhudoo lqvwdoodwlrq frvw ri d zluhohvv qhwzrun/

wklv lv hvvhqwldo wr uhgxfh fr0fkdqqho dv zhoo dv dgmdfhqw0fkdqqho lqwhuihuhqfh iurp rwkhu

wudqvplwwhuv1 Dq lqwhudfwlyh v|vwhp fdq dfklhyh wklv pruh txlfno| wkdq dq dfwxdo �hog

wuldo1 Vhfrqg/ vlqfh wudqvplwwhuv kdyh wr eh lqvwdoohg dw orfdwlrqv wkdw duh hdvlo| dffhvvleoh

wr d vhuylfh surylghu/ rswlpdo sodfhphqw iurp wkh fryhudjh srlqw ri ylhz pd| qrw qhfhv0

vdulo| eh dq rswlpdo srvlwlrq iru dffhvvlqj d orfdwlrq1 Krzhyhu/ dq lqwhudfwlyh v|vwhp fdq

khos d xvhu dvvhvv wkh wudgh0r� ehwzhhq dq rswlpdo sodfhphqw dqg dq dffhvvleoh orfdwlrq1

Wklug/ phdvxulqj wkh sursdjdwlrq h�hfwv wkurxjk �hog wuldov iru hyhu| hqylurqphqw zkhuh

vhuylfh kdv wr eh surylghg fdq eh d surklelwlyho| h{shqvlyh dqg wlph0frqvxplqj surfhvv1

Dq h�flhqw lqwhudfwlyh v|vwhp fdq djdlq surylgh dq h�hfwlyh vroxwlrq1 Ilqdoo|/ qrw rqo|

fdq vxfk dq lqwhudfwlyh v|vwhp idflolwdwh juhdwhu xqghuvwdqglqj iru rswlpdo sodfhphqw ri

wudqvplwwhuv/ lw fdq dovr eh dq lqglvshqvdeoh sodwirup wr shuirup d ydulhw| ri dqwhqqd

glyhuvlw| vlpxodwlrqv dqg rwkhu udglr iuhtxhqf| +UI, hqjlqhhulqj vlpxodwlrqv1

Vxffhvvixo zluhohvv frppxqlfdwlrq ehwzhhq wzr orfdwlrqv lq vsdfh lv edvhg rq d vlpsoh
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sulqflsoh wkdw dq dffhswdeoh ohyho ri vljqdo uhdfkhv d uhfhlyhu orfdwlrq iurp d wudqvplwwhu

orfdwlrq1 Dq dffhswdeoh vljqdo frxog uhdfk d orfdwlrq vlpxowdqhrxvo| wkurxjk d qxpehu

ri gl�huhqw sdwkv dqg lq d qxpehu ri gl�huhqw zd|v1 Wkhvh gl�huhqw sdwkv wkhpvhoyhv

fdq eh ri gl�huhqw ohqjwkv1 Wkrxjk gl�huhqw sdwk0ohqjwkv uhvxow lq d ghod| dprqjvw

vljqdov wkdw uhdfk wkh vdph orfdwlrq/ wkh sureohp lv vwloo ri lpphqvh lqwhuhvw lq zluhohvv

frppxqlfdwlrqv/ vlqfh wkh ghod| fdq eh xvhg wr dq dgydqwdjh e| frpelqlqj wkhp +dgglqj

wkh vljqdo lqwhqvlw|, lq vhyhudo pdwkhpdwlfdo zd|v1 Wkh deryh sureohp ri pxowlsoh sdwkv

uhdfklqj d uhfhlyhu orfdwlrq iurp wkh vdph wudqvplwwhu kdv ehhq whuphg lq olwhudwxuh dv d

pxowl0sdwk sureohp1 Vrph ri wkh zd|v lq zklfk d vljqdo fdq uhdfk d orfdwlrq duh gluhfw olqh0

ri0vljkw/ vfdwwhulqj r� d vxuidfh +lqfoxglqj vshfxodu uh�hfwlrqv,/ wudqvplvvlrq wkurxjk d

vxuidfh/ dqg wkurxjk gl�udfwlrq r� wkh hgjhv ri dq remhfw1 Lw lv zruwk qrwlqj wkdw dowkrxjk

doo iuhtxhqflhv h{klelw gl�udfwlrq skhqrphqrq +wkdw lv/ d ud| ehqglqj durxqg fruqhuv,/

dw fhooxodu iuhtxhqflhv +<33 PK} wr d ihz JK}, gl�udfwlrq lv sduwlfxoduo| lpsruwdqw iru

vljqdo sursdjdwlrq1 Wkh uhdvrq lv wkdw lq d odujh qxpehu ri vfhqdulrv/ gl�udfwlrq lv

wkh rqo| phdqv e| zklfk d vljqdo uhdfkhv d vkdgrz uhjlrq1 Fhooxodu iuhtxhqflhv h{klelw

gl�udfwlrq gxh wr wkh frpsdudwlyh vfdoh ri remhfwv zlwk uhvshfw wr wkh zdyhohqjwk ri ud|v1

Lq hqylurqphqwv wkdw kdyh ihz revwuxfwlrqv ehwzhhq d wudqvplwwhu dqg d uhfhlyhu/ wklv

sureohp ri frpsxwlqj vljqdo glvwulexwlrq iurp d vrxufh lv frpsxwdwlrqdoo| wulyldo1 Exw iru

odujh uhdo0olih hqylurqphqwv wkdw kdyh ploolrqv ri vxuidfhv� +zlwk gl�huhqw vkdshv/ vl}hv/

4Zh gh�qh d vxuidfh dv d frqqhfwhg uhjlrq zlwk wkh vdph vxuidfh qrupdo1 Lq olwhudwxuh/ wklv kdv

vrphwlphv ehhq uhihuuhg wr dv d sro|jrq1 Exw zh zdqw wr gudz d glvwlqfwlrq ehwzhhq d qdwxudoo|

rffxulqj vxuidfh +sro|jrq, dqg sro|jrqv wkdw duh d uhvxow ri d vxeglylvlrq surfhvv ri dq dojrulwkp

vxfk d �qlwh hohphqw phvk iru udglrvlw| dojrulwkpv1
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dqg rulhqwdwlrqv, dqg whqv ri ploolrqv ri uhfhlyhu orfdwlrqv/ wkh sureohp ri frpsxwlqj

uhfhlyhg vljqdo vwuhqjwk hdvlo| wxuqv lqwr d frpsxwdwlrqdoo| lqwudfwdeoh rqh1

Wkh nh| wr dq lqwhudfwlyh v|vwhp lv wzrirog= dq h�flhqw dqg dffxudwh dojrulwkp iru

sursdjdwlrq ri hohfwurpdjqhwlf hqhuj| lq dq hqylurqphqw dqg dq h�flhqw gdwd vwuxfwxuh

wr uhsuhvhqw wkh vdph jhrphwulf hqylurqphqw1 Wkh hqhuj| sursdjdwlrq sureohp fdq eh

vwdwhg dv d ud| wudflqj sureohp lq d wkuhh glphqvlrqdo rswlfdo v|vwhp1 Exw dw wkh vdph

wlph d qdlyh dgdswdwlrq ri ud| wudflqj grhv qrw vfdoh h�flhqwo| iru frpsxwlqj udglr

iuhtxhqf| srzhu glvwulexwlrq lq odujh hqylurqphqwv1

Wkh wzr pdlq sureohpv wkdw pdqlihvw wkhpvhoyhv duh dv iroorzv1 Iru d odujh foxwwhuhg

xuedq hqylurqphqw ru d odujh pxowl0�rru exloglqj wkh qxpehu ri uhfhlyhu orfdwlrqv dw

zklfk wkh uhfhlyhg srzhu qhhgv wr eh vdpsohg fdq eh yhu| odujh/ doprvw rq wkh rughu ri

whqv ri ploolrqv ri orfdwlrqv iru xqlirupo| vsdfhg orfdwlrqv1 D ud| wudflqj edvhg dojrulwkp

wkdw wudfhv ud|v iurp d uhfhlyhu/ wkrxjk olqhdu lq whupv ri wkh qxpehu ri uhfhlyhu orfdwlrqv/

lv vwloo h{wuhpho| lqh�flhqw iru d yhu| odujh qxpehu ri uhfhlyhuv1 Wkh uhdvrq lv wkdw wkh

ghqvlw| glvwulexwlrq ri remhfwv lq dq hqylurqphqw lv qrw nqrzq d sulrul1 Krzhyhu/ wkh

srzhu iurp d wudqvplwwhu dwwhqxdwhv edvhg rq wkh ghqvlw| glvwulexwlrq ri remhfwv durxqg

d wudqvplwwhu1 Wkxv/ iurp wkh rxwvhw wkhuh lv xqqhfhvvdu| frpsxwdwlrq ehlqj shuiruphg

iru d odujh qxpehu ri uhfhlyhu orfdwlrqv1 Wkhvh uhfhlyhu orfdwlrqv frxog hlwkhu eh dw d

odujh glvwdqfh iurp dq hqhuj| vrxufh vxfk wkdw wkh vljqdo iurp wkh vrxufh dwwhqxdwhv

frqvlghudeo| ehiruh uhdfklqj lw ru wkh uhfhlyhu pd| eh frpsohwho| rffoxghg e| remhfwv lq

wkh hqylurqphqw1
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Wkhuhiruh/ wkh �uvw sureohp lv wr ghylvh dq dssurdfk vxfk wkdw qr zdvwhixo frpsxwd0

wlrq lv shuiruphg iru dq| vhw ri uhfhlyhuv/ wkdw lv/ wkh dojrulwkp shuirupv ehwwhu wkdq d

olqhdu wlph dojrulwkp lq wkh qxpehu ri uhfhlyhu orfdwlrqv1 Dqrwkhu sureohp lv wr ghylvh

dq dssurdfk wr vdpsoh dq hqylurqphqw lq vx�flhqw ghwdlo vxfk wkdw lw grhv qrw plvv dq|

remhfwv dqg |hw grhv lw h�flhqwo|1 Ilqdoo|/ wkh dojrulwkplf dssurdfk wr sursdjdwlrq vkrxog

eh jhqhudo hqrxjk wkdw lw grhv qrw sd| d shqdow| iru rqh w|sh ru vfdoh ri hqylurqphqw

wr dfklhyh h�flhqf| iru dqrwkhu w|sh ri hqylurqphqw1 Wklv lv lpsruwdqw iru vfhqdulrv

zkhuh lw lv ghvludeoh wr vwxg| sursdjdwlrq glvwulexwlrq iurp rqh w|sh ri dq hqylurqphqw

wr dqrwkhu w|sh ri hqylurqphqw1

Lq wklv wkhvlv/ zh zloo glvfxvv dq dojrulwkplf dssurdfk zklfk lv erwk h�flhqw dqg

dffxudwh1 Wkh dssurdfk kdv ehhq xvhg wr exlog dq UI sursdjdwlrq suhglfwlrq v|vwhp

iru zluhohvv frppxqlfdwlrq dssolfdwlrqv1 Zh zloo dovr glvfxvv lwv dojrulwkplf frpsoh{lw|

edvhg rq dq hpslulfdo vwxg| iru vdpsoh gdwdvhwv/ dv zhoo dv dgydqwdjhv dqg glvdgydqwdjhv

ri vxfk d v|vwhp1Wkh edvlf frqwulexwlrq ri wklv wkhvlv lv d xql�hg iudphzrun wr vlpxodwh

dqg vwxg| udglr sursdjdwlrq h�hfwv lq jhrphwulfdoo| uhsuhvhqwhg lqgrru/ rxwgrru/ whuudlq0

edvhg/ dqg dq| frpelqdwlrq ri vxfk hqylurqphqwv1 Lw dovr frqwulexwhv wkh dvvrfldwhg nh|

dojrulwkpv vxfk dv wkh dgdswlyh ud|0ehdp wudflqj dojrulwkp> wkh uxq0wlph hgjh0ghwhfwlrq

dojrulwkp iru gl�udfwlrq lq wkuhh0glphqvlrqdo hqylurqphqwv> dqg djdlqvw frqyhqwlrqdo

zlvgrp/ wkh wkhvlv vkrzv wkdw wkh dojrulwkplf dssurdfk ri eurdgfdvwlqj hqhuj| iurp wkh

vrxufh lv h�flhqw dv frpsduhg wr dq lpdjh0edvhg dssurdfk1

:
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Hqhuj| sursdjdwlrq kdv ehhq d vxemhfw ri uhvhdufk lq pdq| grpdlqv1 Wkhvh uhvhdufk

grpdlqv udqjh iurp vshfl�f duhdv iru gl�huhqw sduwv ri wkh hohfwurpdjqhwlf vshfwuxp

wr duhdv vxfk dv dfrxvwlfv zkhuh hqhuj| sursdjdwhv lq wkh irup ri wudqvyhuvh suhvvxuh

zdyhv1 Lq wkh hduo| gd|v/ wr vwxg| sursdjdwlrq fkdudfwhulvwlfv/ vpdoo h{shulphqwv zhuh

vhwxs lq frqwuroohg frqglwlrqv1 Wkhvh fkdudfwhulvwlfv zhuh wkhq h{wudsrodwhg wr jhw uhvxowv

iru jhqhudo frqglwlrqv1 Wr frpsohphqw wkh h{shulphqwdo uhvxowv/ vhyhudo dqdo|wlfdo dqg

qxphulfdo dssurdfkhv zhuh dovr irupxodwhg1 Zlwk wkh dgyhqw ri kljk vshhg frpsxwhuv/

pdq| ri wkhvh dssurdfkhv kdyh ehhq uhsodfhg zlwk vrsklvwlfdwhg frpsxwhu vlpxodwlrqv1

Lqlwldoo| wkhvh vlpxodwlrqv kdyh wr eh ydolgdwhg djdlqvw dfwxdo h{shulphqwdo ru wkhruhwlfdo

uhvxowv iru d fhuwdlq fodvv ri sureohpv1 Exw wkhq pdq| sureohpv iru wkdw fodvv ri sure0

ohpv fdq hdvlo| eh dqdo|}hg zlwk d pxfk vpdoohu f|foh0wlph dv frpsduhg wr dq dfwxdo

h{shulphqw/ zklfk fdq eh erwk wlph frqvxplqj dqg frvwo|1

Hohfwurpdjqhwlf hqhuj| udqjhv iurp wkh vkruwhvw jdppd ud|v zlwk d zdyhohqjwk ohvv

wkdq d ihpwrphwhu +433�D phwhuv, wr wkh orqjhvw udglr zdyhv zlwk d zdyhohqjwk ri d

ihz nlorphwhuv +43� phwhuv, dqg juhdwhu1 Vlploduo|/ dfrxvwlf zdyhv fdq udqjh iurp d ihz

fhqwlphwhuv wr whqv ri phwhuv1 Dv zh zloo vhh odwhu/ d fhuwdlq vxevhw ri wklv udqjh/ 53 nK} wr

53K} lv ri lpphqvh sudfwlfdo lqwhuhvw1 Ohw xv lqlwldoo| pds wkh pdmru uhvhdufk duhdv wkdw

kdyh vsdzqhg ryhu wkh |hduv wr ghdo zlwk vshfl�f sduwv ri wkh hohfwurpdjqhwlf vshfwuxp1

Lq wkh rughu ri lqfuhdvlqj zdyhohqjwk/ wkhvh uhvhdufk duhdv duh= skrwrq wudqvsruw iru

jdppd ud|v> wkhupdo udgldwlrq dqg khdw wudqvihu iru lqiuduhg dqg xowudylrohw ud|v> rswlfv

;



lq wkh irup ri lpdjh v|qwkhvlv iru ylvleoh oljkw> dqg udgdu/ zluhohvv frppxqlfdwlrq/ dqg

uhprwh vhqvlqj dssolfdwlrqv iru udglr zdyhv1 Vlploduo|/ dfrxvwlf zdyh +lq wkh udqjh ri

kxpdq khdulqj, prgholqj kdv ehhq uhvhdufkhg iru ehwwhu dxglr v|vwhpv/ ehwwhu dfrxvwlf

prgholqj iru dxglwrulxpv/ dqg uhfhqwo| wr prgho vrxqg sursdjdwlrq lq yluwxdo uhdolw|

vlpxodwlrqv1 Dw wkh vdph wlph/ dqrwkhu shuvshfwlyh frphv iurp wkh sduwlfoh wudqvsruw

vfkhphv vxfk dv qhxwurq wudqvsruw1

Lw lv lpsruwdqw wr qrwh wkdw hdfk ri wkh deryh grpdlqv dgguhvvhv hqhuj| sursdjdwlrq

iurp d gl�huhqw shuvshfwlyh1 Wklv shuvshfwlyh +vxfk dv d frpsxwdwlrqdo prgho, w|slfdoo|

ghshqgv rq wkh prwlydwlrq iru vhhnlqj vxfk dq xqghuvwdqglqj1 Rqh ri wkh lpsruwdqw

fkdudfwhulvwlfv ri sursdjdwlrq lv wkh zdyhohqjwk2 zlwk uhvshfw wr lwv vxuurxqglqj hqylurq0

phqw1 Wklv kdv d gluhfw lpsdfw rq wkh vroxwlrq ehlqj vrxjkw iru d sduwlfxodu grpdlq1

Wkh qh{w ihz vhfwlrqv lq wklv fkdswhu zloo rxwolqh wkh vroxwlrqv sursrvhg wr xqghuvwdqg

wkh prghv ri sursdjdwlrq lq vrph ri wkhvh pdmru uhvhdufk duhdv1 Zlwklq hdfk vhfwlrq/

zh zloo lqlwldoo| jlyh d eurdg rxwolqh ri wkh duhd lwvhoi dqg wkhq ghvfuleh wkh vljql�fdqw

vwudwhjlhv sxuvxhg lq wkdw duhd1

��2�� �hLT@}@|�L? tU�i4it uLh ?i�|hL? |h@?tTLh|

Wkh urrwv ri wkh wudqvsruw wkhru| fdq eh wudfhg edfn wr wkh Erow}pdqq htxdwlrq sursrvhg

doprvw d fhqwxu| djr1 D uhdo lqwhuhvw lq qhxwurq wudqvsruw sureohpv �uvw fdph derxw lq

5Zdyhohqjwk jlyhq e| � lv sursruwlrqdo wr wkh lqyhuvh ri iuhtxhqf| i dqg lv gh�qhg dv wkh glv0

wdqfh ehwzhhq wzr vxffhvvlyh shdnv ri d shulrglf zdyh1 Iru hohfwurpdjqhwlf zdyhv wkh uhodwlrqvkls

lv jlyhq e| � @ f@i> zkhuh f lv wkh vshhg ri oljkw lq ydfxxp jlyhq e| 5=<<:<� 43; p@v1 Vlploduo|

iru dfrxvwlf zdyhv � @ f3@i> zkhuh f3 lv wkh vshhg ri vrxqg lq ydfxxp jlyhq e| 663 p@v1
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wkh 4<73*v zlwk dq lqwhuhvw lq qxfohdu fkdlq uhdfwruv1 Vlqfh wkhq vhyhudo dqdo|wlfdo dqg

qxphulfdo vroxwlrqv kdyh ehhq sursrvhg wr vroyh wkh sureohp1 Prvw dqdo|wlfdo phwkrgv

frqvlghu vlpsoh jhrphwulhv uhvxowlqj lq olplwhg xvdjh iru sudfwlfdo dssolfdwlrqv1 Zlwk

dq lqfuhdvh lq wkh dydlodelolw| ri frpsxwdwlrqdo srzhu/ qxphulfdo phwkrgv kdyh jdlqhg

srsxodulw| ^68`1

Wr ghulyh wkh wudqvsruw wkhru| ri qhxwurqv vhyhudo dvvxpswlrqv duh pdgh1 Vrph

ri wkhvh dvvxpswlrqv duh wkh sduwlfoh ehkdylru ri qhxwurqv dqg qhxwurqv wudyholqj lq

vwudljkw olqhv lq d vlqjoh phglxp1 Qrwlfh wkdw wkhvh duh vlplodu wr wkh dvvxpswlrqv pdgh

iru oljkw wudqvsruw dv zhoo1 Rq wkh rwkhu kdqg/ fhuwdlq dvvxpswlrqv duh gl�huhqw1 Iru

h{dpsoh/ qhxwurqv wudyho pxfk ixuwkhu lqwr d vrolg phglxp dv frpsduhg wr oljkw zdyhv1

Dv d uhvxow/ yroxph vfdwwhulqj kdv wr eh frqvlghuhg iru qhxwurq wudqvsruw vlpxodwlrqv1

Vrph dvvxpswlrqv duh pdgh iru qhxwurq sduwlfoh lqwhudfwlrq zlwk lwv vxuurxqglqj phgld1

W|slfdoo|/ iru erwk qhxwurqv dv zhoo dv ylvleoh oljkw vlpxodwlrqv wkh phglxp lq zklfk wkh

sduwlfohv wudyho fdq eh frqvlghuhg dv sduwlflsdwlqj ru qrq0sduwlflsdwlqj ghshqglqj rq wkh

frqwh{w ri wkh vlpxodwlrqv1 Sduwlfoh0wr0sduwlfoh lqwhudfwlrq iru qhxwurq wudqvsruw fdq eh

qhjohfwhg rqo| li wkh ghqvlw| ri pdwwhu lv qrw kljk1 Iru rswlfdo oljkw vlpxodwlrqv/ wkrxjk

prvw ri wkh wlph lw lv dvvxphg wkdw wkh phgld lv qrq0sduwlflsdwlqj/ skhqrphqd vxfk dv

irj/ plvw/ hwf1/ frxog frqvwlwxwh dv sduwlflsdwlqj phgld dqg prghohg dffruglqjo|1

Rqh ri wkh sulqflsdo gl�huhqfhv ehwzhhq wkh wzr w|shv ri sduwlfohv lv wkh zd| lq zklfk

sulqflsoh ri frqvhuydwlrq ri hqhuj| lv dssolhg1 Iru oljkw skrwrqv/ wklv odz lv vwulfwo|

iroorzhg lq wkh vhqvh wkdw wkh hplwwhg hqhuj| lv dozd|v frqvlghuhg wr eh ohvv wkdq ru htxdo
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wr wkh lqflghqw hqhuj| +ghshqglqj rq zkhwkhu wkh vxuidfh rq zklfk hqhuj| lv lqflghqw lv

orvv| ru orvvohvv,1 Zkhuhdv/ iru qhxwurqv wkh hplwwhg hqhuj| pd| eh fulwlfdo ru vxshufulwlfdo

ghshqglqj xsrq wkh dvvxpswlrqv ri wkhlu lqwhudfwlrq zlwk wkh vxuurxqglqj phgld1

Dw wkh frpsxwdwlrqdo ohyho erwk ghwhuplqlvwlf dqg qrq0ghwhuplqlvwlf phwkrgv ri vlp0

xodwlqj sursdjdwlrq kdyh ehhq vxjjhvwhg iru qhxwurq wudqvsruw1 Prvw ri wkh ghwhuplqlvwlf

vroxwlrqv duh qxphulfdo lq qdwxuh1 Dq lpsruwdqw qrq0ghwhuplqlvwlf prgho sursrvhg lv lq

wkh irup ri d vwrfkdvwlf phwkrg fdoohg wkh Prqwh Fduor phwkrg ri frpsxwdwlrq1 Xqolnh

wkh ghwhuplqlvwlf frpsxwdwlrqdo phwkrg zkhuh wkh huuru lv v|vwhpdwlf/ qrq0ghwhuplqlvwlf

phwkrgv xvh ydulrxv suredelolw| glvwulexwlrq ixqfwlrqv wr fdvw d �qlwh qxpehu ri sduwlfohv

lq wkh hqylurqphqw dqg wudfh wkhlu sdwkv1 Wkh dffxudf| ri wkh uhvxowv lv frqwuroohg e|

lqfuhdvlqj wkh qxpehu ri sduwlfohv/ zklfk lv dfklhyhg dw dq dgglwlrqdo frpsxwdwlrqdo frvw1

Vlpxodwlrqv fdq eh exlow vxfk wkdw wklv dffxudf| fdq eh g|qdplfdoo| frqwuroohg edvhg rq

vrph suhgh�qhg huuru ixqfwlrqv1 Prqwh Fduor phwkrgv kdyh ehhq xvhg lq vhyhudo rwkhu

sursdjdwlrq dssolfdwlrqv1 Zh zloo glvfxvv dssolfdwlrqv ri Prqwh Fduor phwkrgv lq juhdwhu

ghwdlo zkloh glvfxvvlqj oljkw wudqvsruw vlpxodwlrq iru joredo looxplqdwlrq1

��2�2 A�ih4@* h@_�@|�L? @?_ �i@| |h@?tuih

Wkh sulpdu| phdqv ri wkhupdo udgldwlrq lq dq hqylurqphqw duh frqyhfwlrq/ frqgxfwlrq/

dqg udgldqw wudqvihu1 Iru erwk frqyhfwlrq dqg frqgxfwlrq d sk|vlfdo phglxp lv qhfhvvdu|/

zkhuhdv/ udgldqw wudqvihu fdq wdnh sodfh lq d ydfxxp wrr1 Udgldqw hqhuj| sursdjdwlrq

fdq eh vwxglhg erwk iurp wkh srlqw ri ylhz ri wkh fodvvlfdo zdyh wkhru| dv zhoo dv txdqwxp
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phfkdqlfv1 Lq prvw fdvhv/ erwk wkhvh dssurdfkhv |lhog vlplodu htxdwlrqv1 Krzhyhu/ duhdv

zkhuh vshfwudo glvwulexwlrq ri hqhuj| kdv wr eh vwxglhg/ wkh skhqrphqrq fdq eh ehwwhu

h{sodlqhg xvlqj txdqwxp wkhru| e| vlpxodwlqj hqhuj| dv glvfuhwh sduwlfohv ^8:`1 Rq wkh

rwkhu kdqg/ zdyh wkhru| surylghv d yhu| vwurqj wkhruhwlfdo iudphzrun iru wkh vwxg| ri

hohfwurpdjqhwlf udgldwlrq1 Lq wklv iudphzrun/ hohfwurpdjqhwlf udgldwlrq iroorzv wkh odzv

iru wudqvyhuvh zdyhv rvfloodwlqj shushqglfxodu wr wkh gluhfwlrq ri wkh prwlrq1 Li zh dvvxph

wkdw wkh sursdjdwlqj phglxp lv lq�qlwh/ krprjhqhrxv/ dqg lvrwurslf wkhq wkh zdyh wkhru|

htxdwlrqv dv dssolhg wr wkh hohfwurpdjqhwlf zdyhv sursdjdwlqj lq suhvhqfh ri d shuihfw

glhohfwulf phglxp fdq eh vwdwhg dv
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zkhuh/ � lv wkh hohfwulfdo shuplwwlylw|/ dqg � lv gh�qhg dv pdjqhwlf shuphdelolw| ri wkh

phglxp1 Wkhvh zdyh htxdwlrqv jryhuq wkh sursdjdwlrq ri H+ dqg H5 +lq whupv ri hohf0

wulfdo dqg pdjqhwlf frpsrqhqwv, lq wkh { gluhfwlrq1 Iru shuihfw glhohfwulfv wkhuh lv qr

dwwhqxdwlrq gxh wr wkh phglxp1 Zdyh wkhru| lv dovr xvhg wr vwxg| hohfwurpdjqhwlf surs0

djdwlrq lq rwkhu phgld vxfk dv lpshuihfw glhohfwulfv +srru frqgxfwruv,/ dqg phwdov +jrrg

frqgxfwruv, zkhuh zdyhv dwwhqxdwh zlwklq wkh phglxp gxh wr devruswlrq ri hqhuj|1 Wkh

odzv ri uh�hfwlrq dqg uhiudfwlrq kdyh dovr ehhq ghulyhg iurp wkh zdyh htxdwlrq zklfk duh

vlplodu wr wkh uhvxowv rewdlqhg wkurxjk jhrphwulfdo rswlfv1
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Wkh wkhru| iru oljkw wudqvsruw zdv sulpdulo| ghyhorshg gxulqj wkh vwxg| ri rswlfv wr

ghvljq rswlfdo v|vwhpv dovr nqrzq dv jhrphwulf rswlfv1 Krzhyhu/ wr prgho oljkw wudqvsruw/

dojrulwkplf uhvhdufk kdv dfwxdoo| �rxulvkhg rqo| lq wkh odvw wzr ghfdghv/ zkhq frpsxwhu

vflhqwlvwv vwduwhg orrnlqj dw zd|v wr v|qwkhvl}h ylvxdoo| dsshdolqj lpdjhv1 Wklv hyhqwxdoo|

ohdg wr wkh hpskdvlv rq qrw rqo| prgholqj ylvxdoo| dsshdolqj lpdjhv exw prgholqj wkhp

fruuhfwo| dv zhoo1 Vhyhudo vrsklvwlfdwhg dojrulwkplf dssurdfkhv kdyh ehhq ghyhorshg/

zklfk zh zloo vxuyh| lq Vhfwlrq 5141 Wkrxjk wkh wkhru| ri jhrphwulf rswlfv zdv ghyhorshg

xvlqj d vhw ri fdqrqlfdo jhrphwulhv/ wkh frpsxwhu judsklfv frppxqlw| kdv xvhg wkh wkhru|

rq frpsoh{ hqylurqphqwv kdylqj d frpelqdwlrq ri wkhvh jhrphwulhv1

Jhrphwulfdo dqg sk|vlfdo rswlfv

Wkh edvlf prwlydwlrq iru wkh ghyhorsphqw ri jhrphwulfdo dqg sk|vlfdo rswlfv zdv wkh

vwxg| ri sursdjdwlrq ri oljkw ud|v dqg wkhlu ehkdylru xsrq prylqj iurp rqh phglxp wr

dqrwkhu1 Wkh pdlq dvvxpswlrq zdv wkdw ud|v kdyh lq�qlwhvlpdoo| vpdoo furvv vhfwlrq dqg

wudyho lq vwudljkw olqhv nqrzq dv sdwk ri ohdvw glvwdqfh1 Wudflqj wkh sdwk ri vxfk ud|v lv

nqrzq dv ud|0wudflqj1 Wkh �uvw xvh ri ud| wudflqj dv d whfkqltxh wr vwxg| rswlfdo ghvljq

lv phqwlrqhg dv hduo| dv 4<5< ^45`1Wkh phwkrg fdq hdvlo| eh dssolhg wr udgdu dqg zluhohvv

frppxqlfdwlrq dssolfdwlrqv iru kljkhu iuhtxhqflhv dv �$ 31

Wkh edvlf lghd lv wkdw zkhq d ud| lqwhudfwv zlwk d glvfrqwlqxlw| lq wkh phglxp +lq

wkh irup ri d vxuidfh,/ hlwkhu wkh ud| lv uh�hfwhg edfn lqwr wkh khplvskhuh iurp zkhuh lw
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ruljlqdwhg/ zlwk wkh vxuidfh iruplqj wkh glylglqj sodqh/ ru lw jhwv uhiudfwhg +dovr uhihuuhg

wr dv wudqvplwwhg, wr wkh rwkhu vlgh ri wkh vxuidfh1 Wkhvh wzr zd|v duh nqrzq dv uh�hfwlrq

dqg uhiudfwlrq uhvshfwlyho|1 Ghshqglqj rq wkh wzr lqwhudfwlqj phgld/ erwk uh�hfwlrq dqg

uhiudfwlrq fdq wdnh sodfh vlpxowdqhrxvo| zlwk sduw ri wkh lqlwldo hqhuj| uh�hfwhg dqg wkh

dqrwkhu sduw ri wkh lqlwldo hqhuj| uhiudfwhg1 Ehvlghv uh�hfwlrq dqg uhiudfwlrq/ fhuwdlq

pdwhuldo fkdudfwhulvwlfv dqg vxuidfh frqglwlrqv pd| dovr devrue d sruwlrq ri wkh lqflghqw

hqhuj|1

Uh�hfwlrq/ wkh pdlq irup ri vfdwwhulqj lq rswlfv/ fdq eh vshfxodu ru gl�xvh1 Li wkh

dqjoh ri uh�hfwlrq �o wkdw wkh ud| pdnhv zlwk wkh vxuidfh qrupdo lv htxdo wr wkh dqjoh ri

lqflghqfh ��/ wkdw lv/

�o @ �� +415,

wkhq zh jhw vshfxodu uh�hfwlrq/ dovr nqrzq dv Vqhoo*v odz ri uh�hfwlrq1 Gl�xvh uh�hfwlrq

lv w|slfdoo| prghohg e| xvlqj d glvwulexwlrq ri uh�hfwlrq gluhfwlrqv durxqg wkh srlqw ri

frqwdfw ri wkh lqflghqw ud|1

Uhiudfwlrq lv wkh pdlq irup ri wudqvplvvlrq wkurxjk d vxuidfh1 D ud| ehqgv iurp lwv

vwudljkw olqh sdwk dv lw hqwhuv iurp rqh phglxp lqwr dqrwkhu1 Wklv ehqglqj ri d ud| lv d

ixqfwlrq ri wkh lqflghqw dqjoh dqg �> wkh uhiudfwlyh lqgh{ ri rqh phglxp zlwk uhvshfw wr

wkh rwkhu1 Wklv uhodwlrqvkls lv jlyhq e|

vlq �| @
��
�|
vlq �� +416,

zkhuh/ �| dqg �� duh uhvshfwlyho| wkh uhiudfwlyh lqglfhv ri wkh phglxp wr zklfk wkh ud| lv
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wudqvplwwhg dqg wkh phglxp iurp zklfk wkh ud| lv lqflghqw1 Wkh htxdwlrq lv nqrzq dv

Vqhoo*v odz ri uhiudfwlrq1

Wkh dpsolwxgh dqg skdvh ri erwk uh�hfwhg dqg wudqvplwwhg ud|v fdq eh frpsxwhg

xvlqj wkh deryh irupxodwlrq1 Wkh vtxduh ri wkh udwlr ri wkh uh�hfwhg dqg lqflghqw hqhuj|

lv uhihuuhg wr dv wkh Iuhvqho*v uh�hfwdqfh1 Li zh dvvxph wkdw qr hqhuj| lv ehlqj devruehg e|

wkh phglxp wkhq ehfdxvh ri wkh odz ri frqvhuydwlrq ri hqhuj| wkh Iuhvqho*v wudqvplwwdqfh

fdq eh frpsxwhg e| vxewudfwlqj wkh uh�hfwdqfh iurp xqlw|1

D olplwdwlrq ri jhrphwulf rswlfv lv wkdw lw dvvxphv wkdw d vshfxodu srlqw h{lvwv rq wkh

vxuidfh ri wkh remhfw1 Li d vxuidfh lv looxplqdwhg e| d vskhulfdo zdyh +dv rssrvhg wr d ud|,/

wkh udglxv ri fxuydwxuh ri wkh uh�hfwhg zdyh lv d ixqfwlrq ri erwk wkh udglxv ri fxuydwxuh

ri wkh lqflghqw zdyhiurqw dqg udglxv ri fxuydwxuh ri wkh erg| dw wkh vshfxodu srlqw1 Vlqfh

wkh erg| furvv vhfwlrq lv ghshqghqw rq lwv udglxv ri fxuydwxuh/ wkh wkhru| fdq frpsxwh

vsdwldo yduldwlrq lq wkh vljqdo iru jhrphwulhv zkrvh udgll ri fxuydwxuh lv gh�qhg1 Krzhyhu/

lw idlov li hlwkhu ru erwk udgll ri fxuydwxuh duh lq�qlwh/ wkdw lv/ li hlwkhu wkh zdyh ru wkh

vxuidfh lv sodqdu ru erwk1 Sk|vlfdo rswlfv/ rq wkh rwkhu kdqg lv deoh wr kdqgoh wkh deryh

vshfldo fdvh zkhuh jhrphwulf rswlfv idlov1 Wkh vroxwlrq lv dssur{lpdwh li gl�xvh vfdwwhulqj

lv frqvlghuhg dw wkh lqflghqw srlqw rq wkh vxuidfh1 Iru lpdjh v|qwkhvlv dssolfdwlrqv/ wkh

frpsxwhu judsklfv olwhudwxuh glvfxvvhv vhyhudo khxulvwlf glvwulexwlrqv wkdw kdyh ehhq xvhg1
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D Udgdu� lv d ghylfh wkdw wudqvplwv hohfwurpdjqhwlf hqhuj| dqg ghwhfwv lw e| lqwhusuhwlqj

wkh uhfhlyhg hqhuj| sdwwhuqv1 Wkhvh sdwwhuqv duh jhqhudwhg zkhq lqflghqw hqhuj| erxqfhv

r� dq remhfw dqg jhwv vfdwwhuhg lq wkh gluhfwlrq ri wkh uhfhlyhu1 Udgdu whfkqrorj| zdv

lqwurgxfhg lq wkh plg 4<73*v1 Lw zdv lqlwldoo| ghyhorshg wr vxevwlwxwh ylvxdo wdujhw ghwhf0

wlrq vlqfh udglr zdyhv dwwhqxdwh pxfk ohvv wkurxjk wkh dwprvskhuh dv frpsduhg wr oljkw

zdyhv/ hvshfldoo| lq suhvhqfh ri forxgv ru dw qljkw1 Dw orzhu iuhtxhqflhv udglr zdyhv duh

dovr nqrzq wr sursdjdwh pxfk eh|rqg wkh ylvleoh krul}rq1 Wklv idflolwdwhv wdujhw ghwhf0

wlrq pxfk ehiruh lw lv rswlfdoo| ylvleoh1 Vlqfh wkhq udgduv kdyh jdlqhg zlgh srsxodulw|

dqg xvdjh1

Wkhuh duh vhyhudo w|shv ri udgdu ghshqglqj rq lwv vljqdo prgxodwlrq1 Sxovhg udgdu

v|vwhpv vhqg d exuvw ri hqhuj| dqg wkhq olvwhq wr wkh hfkr uhwxuqhg e| d wdujhw1 Frqwlq0

xrxv zdyh udgdu v|vwhpv +FZ, ydu| wkh iuhtxhqf| ri wkh wudqvplwwhg vljqdo dqg phdvxuh

wkh udqjh ri iuhtxhqf| ehwzhhq wkh wudqvplwwhg dqg uhfhlyhg vljqdo1 Rqh ri wkh vlpsohvw

irupv ri FZ udgdu lv wkh prylqj wdujhw lqglfdwru +PWL, udgdu xvhg e| wkh srolfh irufh wr

wudfn prylqj yhklfohv1 Wkh deryh olvw ri udgdu v|vwhpv lv e| qr phdqv h{kdxvwlyh1 Wkhuh

duh lqqxphudeoh yduldwlrqv ri wkh deryh v|vwhpv wr vxlw gl�huhqw dssolfdwlrqv1

Udgdu v|vwhpv udqjh iurp orz0iuhtxhqf| udgduv zklfk duh xvhg iru orqj udqjh vxuyhlo0

odqfh wr kljk0iuhtxhqf| udgduv xvhg iru vkruw udqjh vxuyhloodqfh v|vwhpv1 W|slfdoo|/ udgduv

rshudwh ryhu iuhtxhqf| edqgv iurp 6 PK} wr 633 JK} +LHHH Vwdqgdug 854�4<:9,1 Iru

6Dq dfurq|p iru udglr ghwhfwlrq dqg udqjlqj1
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orqj udqjh vxuyhloodqfh/ prvwo| YKI +63 PK} ~ 633 PK}, dqg XKI +633 PK} ~ 4333

PK}, iuhtxhqf| edqgv duh xvhg ^63`1 Iru rwkhu flyloldq dqg plolwdu| dssolfdwlrqv/ udgduv

xvh kljkhu iuhtxhqf| edqgv fdoohg wkh plfurzdyh iuhtxhqf| edqgv1 Wkhvh kljkhu iuhtxhqf|

edqgv duh dovr uhihuuhg wr e| wkh ohwwhuv O/ V/ F/ [/ dqg N�1 Vrph flyloldq dssolfdwlrqv

ri udgdu whfkqrorj| duh= zhdwkhu ghwhfwlrq dqg wudfnlqj/ dxwrpreloh vshhg ghwhfwlrq/ fro0

olvlrq dyrlgdqfh/ dqg exulhg remhfw ghwhfwlrq1 Plolwdu| dssolfdwlrqv udqjh iurp jhqhudo

vxuyhloodqfh v|vwhpv wr hduo| zduqlqj v|vwhpv1

Dowkrxjk udglr zdyhv udqjh ryhu d zlgh vshfwuxp ri iuhtxhqf| edqgv/ zluhohvv frp0

pxqlfdwlrq dssolfdwlrqv duh sulpdulo| frqfhuqhg zlwk wkh lvvxhv ri sursdjdwlrq uhodwhg

wr zdyhohqjwkv ri d ihz ploolphwhuv wr ohvv wkdq d phwhu1 Wkhvh fruuhvsrqg wr shuvrqdo

frppxqlfdwlrqv vhuylfhv +SFV, dw 5 JK} wr fhooxodu udqjh ri iuhtxhqflhv dw <33 PK}1 Lw

lv lqwhuhvwlqj wr qrwh wkdw dw zdyhohqjwkv dv vpdoo dv d ihz ploolphwhuv wuhhv/ ohdyhv/ dqg

yhjhwdwlrq lq jhqhudo vwduw wr kdyh d vljql�fdqw lpsdfw rq wkh dwwhqxdwlrq ri udglr zdyhv

dqg fdqqrw eh ljqruhg zkloh prgholqj sursdjdwlrq1 Iru qrz zh zloo glvfxvv dssurdfkhv

wdnhq iru udgdu dssolfdwlrqv lq rwkhu vhjphqwv ri wkh udglr vshfwuxp1 Krzhyhu/ dv zh zloo

vhh/ vrph ri wkhvh dssurdfkhv duh dovr dssolfdeoh wr zluhohvv frppxqlfdwlrq1

Dssurdfkhv wr wkh vwxg| ri sursdjdwlrq iru udgdu v|vwhpv

D phwkrg ri udglr sursdjdwlrq sulpdulo| ghshqgv rq wkh zdyhohqjwk ri wkh zdyhv zlwk

uhvshfw wr dq lqwhudfwlqj erg|1 Dw orz iuhtxhqflhv/ li wkh zdyhohqjwk lv pxfk juhdwhu wkdq

wkh erg|/ wkhuh lv olwwoh skdvh yduldwlrq ri wkh lqflghqw zdyh ryhu wkh vsdwldo h{whqwv ri
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wkh erg|/ uhvxowlqj lq Ud|ohljk vfdwwhulqj1 Li wkh zdyhohqjwk lv frpsdudeoh lq vl}h wr wkh

lqwhudfwlqj erg|/ sursdjdwlrq lv hlwkhu gxh wr vxuidfh vfdwwhulqj ru vshfxodu vfdwwhulqj1

Iru kljkhu iuhtxhqflhv zkhuh wkh zdyhohqjwk lv pxfk vpdoohu wkdq remhfwv lw lqwhudfwv

zlwk/ wkh phwkrg ri udglr sursdjdwlrq lv vlplodu wr rswlfdo iuhtxhqflhv1 Prvw ri wkh

hqhuj| jhwv sursdjdwhg e| vshfxodu vfdwwhulqj/ zlwk dqjoh ri lqflghqfh htxdo wr dqjoh

ri uh�hfwlrq1 Vrph rwkhu phfkdqlvpv iru kljk iuhtxhqf| sursdjdwlrq duh gl�udfwlrq/

pxowlsoh uh�hfwlrqv/ dqg hqg uhjlrq vfdwwhulqj1 Vrph dssurdfkhv xvhg wr vwxg| wkh h�hfw

ri sursdjdwlrq iurp hdfk ri wkhvh vfdwwhulqj phfkdqlvpv duh=

� Dqdo|wlfdo dssurdfk

� Qxphulfdo dssurdfk

� Jhrphwulfdo dssurdfk

Dqdo|wlfdo dqg qxphulfdo dssurdfk

Prvw ri wkh dqdo|wlfdo dqg qxphulfdo phwkrgv klqjh rq wkh wkhru| ri hohfwurpdjqhwlfv

dv xql�hg e| Pd{zhoo1 Lw vwdwhv wkdw hohfwurpdjqhwlf zdyhv sursdjdwh zlwk wkh vshhg ri

oljkw lq d ydfxxp dqg duh d frpelqdwlrq ri hohfwulf dqg pdjqhwlf �hogv1 Wkh wzr �hogv

duh ruwkrjrqdo wr hdfk rwkhu dqg duh dovr ruwkrjrqdo wr wkh gluhfwlrq ri sursdjdwlrq1

Wkhvh htxdwlrqv gh�qh wkh uhodwlrqvkls ehwzhhq wkh sursdjdwlqj +dv frpsduhg wr vwdqg0

lqj zdyhv, hohfwulf dqg pdjqhwlf txdqwlwlhv ri d zdyh vrxufh dqg lwv vxuurxqglqj �hog1

Pd{zhoo*v htxdwlrqv fdq eh xvhg wr frpsxwh frpsrvlwh vroxwlrq wkdw lqfoxgh doo prghv

ri vfdwwhulqj1
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Wkh dqdo|wlfdo vroxwlrqv xvh wkh fodvvlfdo vhsdudwlrq ri yduldeohv whfkqltxh wr vroyh

wkh vhfrqg0rughu sduwldo gl�huhqwldo htxdwlrqv1 Exw wkhvh duh uhvwulfwhg wr vlpsoh erglhv

zkrvh vxuidfhv frlqflgh zlwk wkh frruglqdwhv ri wkh v|vwhp lq zklfk wkh zdyh htxdwlrq

lv ehlqj vroyhg1 Iru h{dpsoh/ d vskhuh ru d f|olqghu zkrvh vxuidfhv fdq frlqflgh zlwk

d Vskhulfdo frruglqdwh v|vwhp1 Wklv uhvwulfwv wkh xvdjh ri wkhvh vroxwlrqv wr d vhw ri

remhfwv zlwk qrw pdq| sudfwlfdo jhrphwulhv1 Krzhyhu/ dqdo|wlfdo phwkrgv vwloo surylgh

dq lpsruwdqw wrro iru ehqfkpdunlqj uhvxowv iurp rwkhu dssurdfkhv ^63`1

Wkh qxphulfdo dssurdfk wr Pd{zhoo*v htxdwlrq jlyhv xv dq h{dfw vroxwlrq1 Wkh htxd0

wlrqv fdq eh vroyhg lq dq lqwhjudo ru d gl�huhqwldo irup1 Rqh phwkrg ri vroxwlrq wr wkh

lqwhjudo htxdwlrq irupxodwlrq lv nqrzq dv wkh Phwkrg ri Prphqwv1 Wkrxjk lq sulqflsoh/

wkh irupxodwlrq fdq eh dssolhg wr dq| iuhtxhqf| udqjh/ lw lv pruh vxlwdeoh iru orz dqg

uhvrqdqw iuhtxhqf| udqjhv1 Iru kljk iuhtxhqflhv/ wkh vfdwwhulqj h�hfwv ri sursdjdwlrq

duh vx�flhqwo| orfdol}hg vxfk wkdw d jhqhudo vroxwlrq lv xqqhfhvvdu|1 Dw wkh vdph wlph d

gluhfw vroxwlrq wr Pd{zhoo*v htxdwlrqv fdq eh frpsxwdwlrqdoo| yhu| h{shqvlyh hvshfldoo|

iru frpsoh{ jhrphwulhv1 Rqh ri wkh phwkrgv iru vroylqj wkh gl�huhqwldo irup lv nqrzq dv

wkh �qlwh gl�huhqfh wlph grpdlq whfkqltxh dqg lv pruh xvhixo iru vwuxfwxuhv zlwk ydu|lqj

glhohfwulf dqg pdjqhwlf surshuwlhv dqg zlwk lqwhulru fdylwlhv1 Lw pd| eh qrwhg wkdw vhyhudo

rwkhu phwkrgv h{lvw wr vroyh wkhvh htxdwlrqv1
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Jhrphwulfdo dssurdfk

Wkh deryh wzr qxphulfdo phwkrgv duh srzhuixo iru wkh frpsxwdwlrq ri �qdo uhvxowv/ exw

idlo wr lvrodwh wkh h�hfwv iurp lqglylgxdo vfdwwhulqj surfhvvhv olnh vshfxodu dqg gl�xvh

vfdwwhulqj/ dqg hgjh gl�udfwlrq1 Rqh/ wkhuhiruh/ qhhgv d gl�huhqw dssurdfk wr vwxg| vfdw0

whulqj surfhvvhv lqglylgxdoo|1 Wkh dssurdfk ri jhrphwulf dqg sk|vlfdo rswlfv dv glvfxvvhg

lq Vhfwlrq 41516/ dqg zdyh rswlfv surylgh xv zlwk vxfk dowhuqdwlyhv1 Lw lv lpsruwdqw wr

qrwh wkdw jhrphwulf rswlfv dqg lq vrph fdvhv zdyh rswlfv fdq dovr eh dssolhg erwk dq0

do|wlfdoo| dv zhoo dv qxphulfdoo|1 H{whqvlrqv wr wkh fodvvlfdo jhrphwulf rswlfv kdyh dovr

ehhq sursrvhg lq wkh irup ri jhrphwulf wkhru| ri gl�udfwlrq1

Zdyh rswlfv= Zdyh wkhru| fdq eh ghvfulehg erwk lq whupv ri wkh vfdodu zdyh wkhru| dv

zhoo dv yhfwru zdyh wkhru|1 Wkh pdlq gl�huhqfh ehwzhhq wkh wzr lv wkdw iru yhfwru zdyh

wkhru| dq lqflghqw zdyh lv gh�qhg lq whupv ri erwk wkh hohfwulf dqg pdjqhwlf frpsrqhqwv1

Zdyhv kdyh ixuwkhu ehhq fodvvl�hg dv sodqdu zdyhv/ vskhulfdo zdyhv/ dqg kduprqlf zdyhv1

Jhrphwulf dqg xqlirup wkhru| ri gl�udfwlrq= Qhlwkhu jhrphwulf qru sk|vlfdo rs0

wlfv ghdov zlwk wkh vkdus hgjhv iruphg e| kdoylqj d grxeo| lq�qlwh sodqh1 Wr dffrxqw

iru hqhuj| glvwulexwlrq durxqg vxfk hgjhv h{whqvlrqv zhuh sursrvhg wr jhrphwulf rswlfv1

Vrpphuihog ^93` sursrvhg h{whqvlrqv iru wzr0glphqvlrqdo jhrphwulhv wr prgho gl�udfwlrq

dw wkh hgjhv1 Krzhyhu/ Nhoohu ^5;` zdv wkh �uvw wr vxjjhvw d vroxwlrq iru vxfk hgjhv

e| sursrvlqj wkh jhrphwulf wkhru| ri gl�udfwlrq +JWG, iru d wkuhh0glphqvlrqdo v|vwhp/

zkhuh wkh lqflghqw vljqdo sursdjdwhv doo durxqg wkh zhgjh iruphg e| wkh wzr grxeo| lq0
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�qlwh sodqhv1 Wkh wkhru| zdv vx�flhqw iru prvw fdvhv exw lw vwloo kdg vrph vkruwfrplqjv1

Vlqfh wkh gl�udfwlrq frh�flhqw zdv d uhvxow ri zlgh dqjoh hydoxdwlrq/ wkhuh zhuh vlqjxodu0

lwlhv lq wkh frh�flhqw dv d ud| dssurdfkhg d vkdgrz erxqgdu| ru d uh�hfwlrq erxqgdu|1

Wr ryhufrph wkh vlqjxodulw| sureohp ri JWG/ Nrx|rxpmldq dqg Sdwkdn ^64` ghyhorshg

wkh xqlirup jhrphwulf wkhru| ri gl�udfwlrq +XWG,1 Wkh pdlq lghd zdv wr lqwurgxfh Iuhv0

qho*v lqwhjudo whup lq frpsxwdwlrq ri wkh gl�udfwlrq frh�flhqw vxfk wkdw wkh uhvxowdqw

frh�flhqw uhpdlqhg �qlwh wkurxjkrxw wkh uhjlrq durxqg dq hgjh1 Zh zloo glvfxvv wklv lq

juhdwhu ghwdlo lq Vhfwlrq 814141
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Vrxqg zdyhv duh suhvvxuh zdyhv wkdw sursdjdwh lq d �xlg phglxpe1 Rqh ri wkh pdmru

gl�huhqfhv ehwzhhq hohfwurpdjqhwlf zdyhv dqg vrxqg suhvvxuh zdyhv lv wkh vshhg dw zklfk

wkh| wudyho wkurxjk d phglxp1 Dv phqwlrqhg hduolhu wkh zdyhohqjwk ri wkhvh zdyhv lv

erwk d ixqfwlrq ri wkh vshhg ri wkhvh zdyhv lq d phglxp dqg wkhlu iuhtxhqf|1 Iurp wkh

kxpdq shuvshfwlyh dfrxvwlf zdyhv lq wkh udqjh ri kxpdq khdulqj duh ri prvw lqwhuhvw1

Wkhvh dssur{lpdwho| udqjh iurp 48 ploolphwhuv wr 48 phwhuv +53NK} wr 53K}, dqg

duh djdlq frpsdudeoh +dv lq wkh fdvh ri zluhohvv frppxqlfdwlrq iru fhooxodu dqg SFV iuh0

txhqflhv, wr wkh jhrphwulf remhfwv irxqg lq rxu vxuurxqglqjv1 Iru wkh vdph uhdvrq wkh|

h{klelw vljql�fdqw gl�udfwlrq skhqrphqrq1 Vrph ri wkh fodvvlfdo h{dpsohv ri hqjlqhhulqj

dfrxvwlf dssolfdwlrqv iru prgholqj ri rxwgrru vrxqg sursdjdwlrq duh hqylurqphqwdo qrlvh

7Dlu lv frqvlghuhg wr eh �xlg dv rssrvhg wr d vrolg phglxp1 Lq d vrolg phglxp wkhvh zdyhv

duh fdoohg hodvwlf zdyhv1
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srooxwlrq/ wudqvsruwdwlrq qrlvh/ sodqw dqg idfwru| qrlvh/ hwf1 Wkh wkhru| ri jhrphwulfdo

dfrxvwlfv lv vlplodu wr wkh jhrphwulf rswlfv dqg prvw ri lw fdq hdvlo| eh dssolhg gluhfwo|

wr prgho dfrxvwlf zdyhv1 Dv rqh fdq qrwlfh wkhuh duh pdq| vlplodulwlhv ehwzhhq wkh w|sh

ri lvvxhv wkdw kdyh wr eh dgguhvvhg e| udglr zdyh sursdjdwlrq prgholqj dqg dfrxvwlf

zdyh prgholqj1 Zh ihho wkdw prvw ri wkh dojrulwkpv wkdw zh zloo glvfxvv lq wkh frplqj

fkdswhuv iru udglr sursdjdwlrq fdq gluhfwo| eh dssolhg iru dfrxvwlf zdyh prgholqj1 Lq Vhf0

wlrq 517/ zh zloo glvfxvv vrph dssolfdwlrq ghshqghqw gl�huhqfhv ehwzhhq prgholqj udglr

sursdjdwlrq dqg dfrxvwlf sursdjdwlrq dqg wkhlu lpsdfw rq wkh dojrulwkplf dssurdfkhv

xvhg1

��� �h}@?�3@|�L? Lu |�i |�it�t

Wkh wkhvlv lv rujdql}hg dv iroorzv1 Fkdswhu 5 frqwdlqv d uhylhz ri wkh uhodwhg zrun

rq sursdjdwlrq dojrulwkpv lq dssolfdwlrq duhdv vxfk dv zluhohvv frppxqlfdwlrq v|vwhpv

dqg frpsxwhu judsklfv1 Wkh edvlf wkhru| rq iuhh vsdfh srzhu dwwhqxdwlrq dorqj zlwk

gl�huhqw prghv ri sursdjdwlrq lqfoxglqj vfdwwhulqj r� vxuidfhv/ wudqvplvvlrq wkurxjk

vxuidfhv/ dqg gl�udfwlrq r� wkh fruqhuv ri remhfwv duh glvfxvvhg1 Vshfldo hpskdvlv lv

jlyhq wr w|shv ri dssurdfkhv wkdw kdyh ehhq sursrvhg dqg wkhlu uhohydqfh wr gl�huhqw

dssolfdwlrq grpdlqv1 Lw frqwdlqv d glvfxvvlrq rq wkh ghwhuplqlvwlf yv1 qrq0ghwhuplqlvwlf

prgholqj iru sursdjdwlrq v|vwhpv1 D vhfwlrq lv ghyrwhg wr d frpsdulvrq ehwzhhq ud|0

wudflqj edvhg phwkrgv dqg udglrvlw| edvhg phwkrgv dqg wkhlu dgydqwdjhv wr vshfl�f

dssolfdwlrq grpdlqv1
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Fkdswhu 6 jlyhv dq ryhuylhz ri wkh w|shv ri jhrphwulf gdwd vwuxfwxuhv wkdw fdq eh

xvhg wr uhsuhvhqw gl�huhqw w|shv ri hqylurqphqwv1 Lw dovr glvfxvvhv wkhlu uhohydqfh wr wkh

rshudwlrqv shuiruphg rq wkhvh gdwd vwuxfwxuhv1 Iru dq| vlpxodwlrq edvhg rq jhrphwulf

gdwdedvhv/ d juhdw ghdo ri dffxudf| ri wkh vlpxodwlrq ghshqgv rq rewdlqlqj vxfk gdwdedvhv1

Phwkrgv ri rewdlqlqj jhrphwulf lqirupdwlrq dorqj zlwk lpsruwlqj vxfk lqirupdwlrq lq wkh

v|vwhp lv dovr ghvfulehg1

Fkdswhu 7 frqwdlqv wkh ghvfulswlrq ri wkh ud|0ehdp wudflqj dojrulwkp lpsohphqwhg iru

suhglfwlrq ri UI sursdjdwlrq lq gl�huhqw hqylurqphqwv1 Lw ghvfulehv wkh g|qdplf ehdp

vsolwwlqj dojrulwkp wkdw dgdswv wr wkh vfdoh ri wkh hqylurqphqw1 Wkh dojrulwkp vxeglylghv

d ehdp lqwr fklog ehdpv edvhg rq ydulrxv fulwhulrq vxfk dv duhd surmhfwhg e| d ehdp dqg

wkh ohyho ri srzhu d ehdp fdq frqwulexwh1 Wkh prgholqj lvvxhv uhodwhg wr wkh eurdgfdvw

prgh ri sursdjdwlrq duh ghvfulehg1 Wkh lvvxhv ri vdpsolqj huuru dvvrfldwhg zlwk fodvvlfdo

ud|0wudflqj dojrulwkpv duh glvfxvvhg1

Gl�udfwlrq lv dq lpsruwdqw phdqv e| zklfk srzhu lv uhfhlyhg lq pdq| vkdgrz uhjlrqv

zkhuh srzhu grhv qrw uhdfk wkurxjk dq| rwkhu phdqv1 Fkdswhu 8 �uvw glvfxvvhv wklv

lpsruwdqfh ri gl�udfwlrq lq zluhohvv frppxqlfdwlrq dorqj zlwk lwv wkhru| dqg gl�huhqw

w|shv ri gl�udfwlrq frh�flhqwv wkdw fdq eh frpsxwhg1 Wkhq zh ghvfuleh d qhz uxqwlph

hgjh ghwhfwlrq dojrulwkp iru gl�udfwlrq lq wkuhh0glphqvlrqdo sduwlwlrqlqj0wuhh uhsuhvhqwhg

hqylurqphqwv lqvwhdg ri vwrulqj wkhvh hgjhv vwdwlfdoo| lq d gdwd vwuxfwxuh1

Fkdswhu 9 frqwdlqv d glvfxvvlrq rq vhyhudo v|vwhp frqvlghudwlrqv iru zluhohvv frppx0

qlfdwlrqv1 Lw dovr frqwdlqv d eulhi ghvfulswlrq ri rxu udglr sursdjdwlrq suhglfwlrq v|vwhp
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dorqj zlwk d olvw ri ydulrxv uhfhlyhu/ wudqvplwwhu/ dqg hqylurqphqw sdudphwhuv lw frqvlghuv1

Fkdswhu : frqwdlqv ryhudoo uhvxowv ri wkh frpsdulvrq ri wkh suhglfwlrq v|vwhp zlwk

dfwxdo phdvxuhg gdwd iurp �hog wuldov lq wkh vdph hqylurqphqwv1 D glvfxvvlrq rq wkh

phdvxuhphqw wdnlqj surfhvv lq wkh �hog khosv lq xqghuvwdqglqj wkh xvhixoqhvv ri vxfk d

suhglfwlrq v|vwhp1 Vhyhudo UI hqjlqhhulqj dssolfdwlrqv dqg sdudphwhuv fdq eh frpsxwhg

edvhg rq vxfk d suhglfwlrq wrro1 Zh glvfxvv frpsxwdwlrq ri vrph ri wkhvh sdudphwhuv1

Fkdswhu ; frqwdlqv d frqfoxvlrq dqg vrph gluhfwlrqv iru ixwxuh zrun lq wkh duhd1
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Lq wklv wkhvlv zh sulpdulo| dgguhvv wkh lvvxh ri h�flhqw hqhuj| sursdjdwlrq dojrulwkpv lq

odujh jhrphwulfdoo| gh�qhg hqylurqphqwv dqg wkhlu dssolfdwlrqv wr UI hqjlqhhulqj wrrov1

Wkhuh kdyh ehhq vhyhudo duhdv zkhuh vxfk dojrulwkpv kdyh ehhq sursrvhg1 Vrph ri wkh

iruhprvw duhdv duh frpsxwhu judsklfv iru lpdjh v|qwkhvlv/ orfdo/ dqg joredo looxplqdwlrq>

udglr sursdjdwlrq iru zluhohvv dssolfdwlrqv> dqg dfrxvwlf zdyh sursdjdwlrq iru ehwwhu

dfrxvwlf ghvljqv ri dxglwrulxpv/ wkhdwhuv/ dqg odwho| iru qdyljdwlrq zlwk dxudol}dwlrq lq

yluwxdo hqylurqphqwv1 Doo wkhvh duhdv kdyh rqh wklqj lq frpprq/ zklfk lv wkdw wkh ed0

vlf hqhuj| wudqvsruw wkhru| vwhpv iurp jhrphwulf rswlfv dqg lwv h{whqvlrqv1 Krzhyhu/

dvvxpswlrqv dv zhoo dv vshfldo uhtxluhphqwv ri hdfk dssolfdwlrq lqwurgxfh hqrxjk yduld0

wlrqv wr wkh edvlf sureohp vxfk wkdw wkhuh duh vljql�fdqw gl�huhqfhv lq vroxwlrqv1 Lq wklv

fkdswhu zh zloo vxuyh| vrph ri wklv uhodwhg zrun dqg glvfxvv krz lw kdv lq�xhqfhg rxu

zrun1
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Lq frpsxwhu judsklfv/ oljkw sursdjdwlrq dojrulwkpv kdyh ehhq dfwlyho| uhvhdufkhg iru

wkh sdvw wzr ghfdghv1 Wkh txhvwlrqv wkdw frpsxwhu judsklflvwv kdyh wulhg wr dqvzhu

duh= fdq zh uhfuhdwh lpdjhv ri wkh vfhqh zklfk wkh kxpdq ylvxdo v|vwhp vr qdwxudoo|

shufhlyhv gd| lq dqg gd| rxwB Zkdw lv qhfhvvdu| wr prgho uhdolvwlf ru ylvxdoo| dsshdolqj

lpdjhvB Lq udlvlqj prvw ri wkhvh txhvwlrqv/ wkh pdlq prwlydwlrq iru wkh frpsxwhu judsklfv

frppxqlw| kdv ehhq wr v|qwkhvl}h skrwr0uhdolvwlf lpdjhv1 Wklv hpskdvlv kdv ohdg wr wkh

vwxg| ri orfdo dqg joredo looxplqdwlrq h�hfwv iurp ydulrxv w|shv ri oljkw vrxufhv1 Wklv

kdv dovr ohdg wr wkh txhvwlrq= krz grhv d sduw ri wkh hohfwurpdjqhwlf vshfwuxp +fdoohg

ylvleoh oljkw, lqwhudfw zlwk lwv hqylurqphqwB Wkrxjk wkh hduo| lghdv lq frpsxwhu judsklfv

fdph iurp glvfxvvlrqv lq wkh olwhudwxuh ri wkhupdo udgldwlrq dqg khdw wudqvihu ^8:`/ vhyhudo

lqqrydwlyh lghdv kdyh vlqfh ehhq sxuvxhg wr prgho oljkw wudqvsruw1

Iurp dq lpdjh jhqhudwlrq shuvshfwlyh/ wkh vlpsohvw zd| lq zklfk d vfhqdulr fdq eh

gh�qhg lv wkdw lw frqvlvwv ri pxowlsoh oljkw vrxufhv/ d ylhzlqj srvlwlrq +wkdw gh�qhv wkh

ylhzlqj sodqh,/ dqg d vhw ri remhfwv1 Vhyhudo ohyhov ri frpsoh{lw| fdq eh dgghg wr wklv

vfhqdulr1 Wklv frpsoh{lw| pd| eh lq whupv ri gl�huhqw w|shv ri oljkw vrxufhv/ wkh vkhhu

qxpehu ri remhfwv ru plqxwh ghwdlov ri lqglylgxdo remhfwv/ dqg �qdoo| lq whupv ri wkh

remhfwlyh ri ylhz lqghshqghqw lpdjhv dv djdlqvw ylhz ghshqghqw lpdjhv1 Oljkw vrxufhv

wkhpvhoyhv fdq pdqlihvw dv gl�huhqw sk|vlfdo vkdshv ru eh ghvfulehg dv gluhfw ru lqgluhfw

vrxufhv1 Gluhfw oljkw vrxufhv fdq eh ixuwkhu glylghg lqwr srlqw oljkw vrxufhv dqg duhd oljkw

vrxufhv1 Rq wkh rwkhu kdqg/ lqgluhfw oljkw vrxufh fdq eh ghvfulehg dv dq| oljkw hplwwlqj
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vxuidfh lq wkh hqylurqphqw1 Dowkrxjk duhd oljkw vrxufhv fdq xvxdoo| eh prghohg dv �qlwh

sro|jrqv/ dqrwkhu ohyho ri frpsoh{lw| fdq eh dgghg e| prgholqj d sro|jrqdo vxuidfh zlwk

d vxlwdeo| gh�qhg hqhuj| glvwulexwlrq ixqfwlrq lqvwhdg ri d xqlirup hqhuj| hplwwdqfh

glvwulexwlrq ^9;`1 Lq h�hfw/ iru dq| skrwr0uhdolvwlf lpdjh hdfk ri wkh deryh fkdudfwhulvwlfv

kdv wr eh prghohg fduhixoo|1

D w|slfdo fodvvl�fdwlrq kdv ehhq= ud| wudflqj edvhg dojrulwkpv dqg udglrvlw| edvhg

dojrulwkpv1 Dqrwkhu fruuhvsrqglqj fodvvl�fdwlrq vxjjhvwhg lv= wkh Prqwh Fduor edvhg

phwkrgv dqg �qlwh hohphqw edvhg phwkrgv1 Erwk wkhvh fodvvl�fdwlrqv duh ydolg lq wkhuh

rzq uljkw1 Vhyhudo k|eulg vfkhphv wkdw frpelqh erwk wkhvh dssurdfkhv kdyh dovr ehhq

sursrvhg1 Krzhyhu/ oljkw wudqvsruw dojrulwkpv fdq eh ylhzhg lq d xql�hg iudphzrun dv

gl�huhqw qxphulfdo phwkrgv iru vroylqj wkh uhqghulqj htxdwlrq gh�qhg e| Ndml|d lq ^5:`1

Wkh htxdwlrq frpsxwhv wkh oljkw wudqvihuuhg iurp rqh srlqw wr dqrwkhu dorqj zlwk doo wkh

oljkw uhfhlyhg e| wkh �uvw srlqw dqg uh�hfwhg wr wkh vhfrqg srlqw1

Erwk ud| wudflqj dqg udglrvlw| edvhg dssurdfkhv fdq shuirup joredo looxplqdwlrq

frpsxwdwlrq1 Krzhyhu/ ud| wudflqj lv pruh vxlwdeoh wr prgho vshfxodu skhqrphqrq hdv0

lo|/ zkhuhdv udglrvlw| lv pruh vxlwdeoh iru frpsxwdwlrq ri gl�xvh skhqrphqrq hdvlo|1

Djdlq/ ud| wudflqj lv fodvvl�hg dv d srlqw0wr0srlqw sursdjdwlrq prgho/ zkhuhdv udglrvlw|

lv whuphg dv dq duhd0wr0duhd sursdjdwlrq prgho1 Dq dojrulwkplf duwlidfw ehwzhhq wkh

wzr dssurdfkhv lv wkdw ud| wudflqj jhqhudwhv d ylhz ghshqghqw lpdjh/ zkhuhdv udglrvlw|

frpsxwhv ylhz lqghshqghqw hqhuj| glvwulexwlrq1 Dw wkh vdph wlph/ d ylhz ghshqghqw

lpdjh fdq hdvlo| eh jhqhudwhg dv d srvw surfhvv e| udglrvlw| phwkrgv/ dowkrxjk prgholqj
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vshfxodu uh�hfwlrqv r� d vxuidfh fdq vwloo eh d fkdoohqjh iru udglrvlw| dojrulwkpv1
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Wkh edvlf dojrulwkplf dssurdfk iru ud| wudflqj fdq eh vwdwhg dv iroorzv= jlyhq d vrxufh

srvlwlrq dqg d gluhfwlrq lq d wkuhh0glphqvlrqdo vsdfh/ d ud|� lv frqvwuxfwhg dqg lwv lqwhu0

dfwlrq zlwk ydulrxv vxuidfhv lq dq hqylurqphqw lv vwxglhg1 Iurp d jhrphwulfdo srlqw ri

ylhz/ li d ud| lqwhuvhfwv zlwk d vxuidfh/ lw frxog hlwkhu uh�hfw vshfxoduo|/ vfdwwhu/ ru wudqv0

plw wkurxjk wkdw vxuidfh1 Wkh qhz ud|v wkdw jhw jhqhudwhg gxh wr wkh deryh vfdwwhulqj/

uh�hfwlrq/ dqg wudqvplvvlrq hyhqwv ghshqg rq wkh lqflghqw dqjoh ri wkh ud| dqg pdwhuldo

surshuwlhv ri wkh vxuidfh1 Wklv lqwhuvhfwlrq rshudwlrq ri d ud| zlwk wkh vxuidfh fdq eh

frpsxwdwlrqdoo| frpsoh{ iru kljkhu0rughu vxuidfhv1 Iru frpsxwdwlrqdo uhdvrqv vrph ri

wkhvh v|vwhpv dssur{lpdwh vxfk vxuidfhv dv slhfh0zlvh olqhdu vxuidfhv1

Wd{rqrp| ri ud| wudflqj dojrulwkpv

Ud| wudflqj dv vxfk fdq eh lqlwldwhg hlwkhu iurp d uhfhlyhu ru d wudqvplwwhu +lq wkh irup ri

d oljkw vrxufh,1 Wklv kdv uhvxowhg lq d ixuwkhu fodvvl�fdwlrq ri wkh ud| wudflqj dojrulwkpv

wkdw kdyh ehhq sxuvxhg1 Wkhuh kdv ehhq frqvlghudeoh ghedwh lq wkh olwhudwxuh ryhu wkh

whuplqrorj| ri zkdw frqvwlwxwhv iruzdug ru edfnzdug hqhuj| wudqvsruw phfkdqlvp1 Duyr

^6` lqlwldoo| frlqhg wkh whup edfnzdug ud| wudflqj iru dojrulwkpv wkdw pryh iurp wkh oljkw

vrxufh vlqfh prvw ri wkh suhylrxv dojrulwkpv kdg wudfhg ud|v iurp wkh h|h srvlwlrq1 Fkdw0

4D ud| lv gh�qhg dv dq lq�qlwh yhfwru lq dq duelwudu| gluhfwlrq zlwk wkh vrxufh srvlwlrq dv lwv

ruljlq1
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wrsdgkd|d| ^:` dqg Jodvvqhu ^57` whuphg wkh frqyhqwlrqdo ud| wudflqj dv edfnzdug ud|

wudflqj dqg xvhg wkh whup iruzdug ud| wudflqj iru wkh dojrulwkpv wkdw wudfh ud|v iurp wkh

oljkw vrxufh1 Wkh odwwhu frqyhqwlrq lv pruh vxlwdeoh iurp wkh hqhuj| sursdjdwlrq shuvshf0

wlyh/ zkhuhdv wkh iruphu whuplqrorj| wdnhv wkh duwlidfwv ri dq dojrulwkplf lpsohphqwdwlrq

lqwr dffrxqw1

D ehwwhu qdplqj frqyhqwlrq +dw wkh ulvn ri lqwurgxflqj |hw dqrwkhu rqh, lv rqh wkdw lv

h{solflwo| edvhg rq wkh qdwxuh ri wkh dojrulwkp/ iru h{dpsoh/ d vrxufh0edvhg ru d uhfhlyhu0

edvhg ud| wudflqj dojrulwkp1 Khuh/ wkh vrxufh0edvhg dojrulwkp zrxog fruuhvsrqg wr wudflqj

ud|v iurp wkh oljkw vrxufh dqg uhfhlyhu0edvhg dojrulwkp zrxog fruuhvsrqg wr wudflqj ud|v

iurp wkh h|h srvlwlrq1

Ghulydwlyhv ri ud| wudflqj

Ryhu wkh |hduv vhyhudo yduldwlrqv kdyh ehhq sursrvhg wr wklv edvlf ud| wudflqj dssurdfk1

Dpdqdwlghv sursrvhg frqh wudflqj ^4` zkhuh d olqhdu ud| lv jhqhudol}hg dv d frqh kdylqj

d vrolg dqjoh1 Wkh ud|v duh fdvw lqwr wkh hqylurqphqw iurp wkh h|h srvlwlrq1 Lqlwldoo|/

wkh vrolg dqjoh iru hdfk frqh lv odujh hqrxjk wr hqfrpsdvv d vlqjoh sl{ho1 Lqvwhdg ri

whvwlqj dq lqwhuvhfwlrq ri d frqh zlwk wkh remhfwv/ d surmhfwlrq ri wkh remhfwv rq d sodqh

shushqglfxodu wr wkh frqh lv xvhg iru lqwhuvhfwlrq sxusrvhv1 Wklv vlpsol�hv wkh lqwhuvhfwlrq

frpsxwdwlrq dw wkh frvw ri dffxudf|1 D qhz yluwxdo ruljlq lv frpsxwhg dorqj zlwk d qhz

vrolg dqjoh gh�qhg e| wkh lqwhuvhfwhg duhd1 Wklv qhz frqh lv ixuwkhu sursdjdwhg lqwr

wkh hqylurqphqw wr dffrxqw iru vfdwwhulqj r� vxuidfhv1 Wkh lqwhuvhfwlrq frpsxwdwlrq lv
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h{shqvlyh dqg |hw dssur{lpdwh1

Khfnehuw dqg Kdqudkdq ^59` lqwurgxfhg wkh frqfhsw ri ehdp wudflqj iru sro|jrqdo

hqylurqphqwv vwduwlqj iurp wkh h|h srvlwlrq1 D vlqjoh ehdp hqfrpsdvvlqj wkh lpdjh sodqh

lv fdvw lqwr wkh hqylurqphqw1 Wkh lqlwldo ehdp lv iudjphqwhg edvhg rq wkh ylvleoh sro|jrqv

zklfk lq wxuq duh ixuwkhu vsdzqhg lqwr uh�hfwlyh dqg uhiudfwlyh sro|khgudo s|udplgv1

Iru vkdglqj dqg vkdgrzlqj/ ehdpv zhuh fdvw iurp d oljkw vrxufh1 Wkh dojrulwkp wrrn

dgydqwdjh ri wkh frkhuhqfh ehwzhhq dgmdfhqw ud|v wr surylgh d vljql�fdqw vshhgxs dv

frpsduhg wr frqyhqwlrqdo ud| wudflqj1 Krzhyhu/ wkh phwkrg idlohg wr prgho uhiudfwlrq

fruuhfwo| ehfdxvh lw glg qrw lqfoxgh wkh ehqglqj ri wkh ehdp dv lw pryhg iurp rqh phglxp

wr dqrwkhu1 Dq lpsohphqwdwlrq duwlidfw ri wkh dojrulwkp zdv wkdw lw xvhg ghswk0�uvw

vruwlqj wr rewdlq wkh forvhvw vxuidfh lqwhuvhfwlrq lqvwhdg ri dq dojrulwkp wkdw suhsurfhvvhv

wkh vfhqh vxfk wkdw sulrulw| rughulqj fdq eh txlfno| ghwhuplqhg iurp dq| ylhzsrlqw/ iru

h{dpsoh/ wkh vfkhph ghvfulehg lq ^54`1 Wklv uhvxowhg lq wkh dojrulwkp*v wlph frpsoh{lw|

wr eh R+q2, iru q sro|jrqv> lq h�hfw/ qrw vfdolqj zhoo iru odujh hqylurqphqwv1

Vklq|d hw do1/ ^89` sursrvhg |hw dqrwkhu dojrulwkplf yduldwlrq wr ud| wudflqj/ zklfk

wulhg wr dffrxqw iru wkh vkruwfrplqjv ri wkh deryh wzr dssurdfkhv1 Wkh qhz dssurdfk

zdv qdphg Shqflo wudflqj/ zkhuh d shqflo zdv gh�qhg dv d vhw ri ud|v sdudooho wr dqg

vxuurxqglqj dq d{ldo ud|1 Wkh vxuurxqglqj ud|v zhuh fdoohg sdud{ldo ud|v1 Wkh dqwlflsdwhg

dgydqwdjh zdv wkdw vlqfh wkh sdud{ldo ud|v vkduh dssur{lpdwho| wkh vdph gluhfwlrq/ wkh

vdph d{ldo0ud| olqhdu wudqvirupdwlrq frxog eh dssolhg wr d vhw ri sdud{ldo ud|v1 Wklv

vfkhph zdv ydolg erwk iru uh�hfwlrq dqg uhiudfwlrq1 Huuru hvwlpdwlrq whfkqltxhv zhuh
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dovr ghyhorshg wr ghwhuplqh dq dssur{lpdwh vrolg dqjoh vxfk wkdw wkh wudqvirupdwlrqv

zhuh ydolg iru wkh sdud{ldo ud|v lqvlgh wkh dqjoh1

Wkhuh kdyh ehhq ydulrxv dwwhpswv dw frpelqlqj gl�huhqw ud| wudflqj vfkhphv vxfk

wkdw vrph frpsxwdwlrq lv grqh vwduwlqj iurp wkh h|h srvlwlrq dqg wkh uhvw vwduwlqj iurp

wkh oljkw vrxufh1 Duyr ^6` sursrvhg dq dojrulwkp wr shuirup vkdglqj fdofxodwlrqv vwduwlqj

iurp wkh oljkw vrxufh dqg wkh uhvw ri wkh frpsxwdwlrq prylqj iurp wkh h|h srvlwlrq1 Lq

jhqhudo/ ud| wudflqj lv vxlwdeoh iru frpsxwlqj vshfxodu uh�hfwlrqv hdvlo| zlwk srlqw oljkw

vrxufhv exw lw lv qrw wkh ehvw dssurdfk iru gl�xvh uh�hfwlrqv1
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Zh zloo qrwlfh wkdw doo wkh dojrulwkpv glvfxvvhg deryh duh frqvlghuhg wr eh ghwhuplqlvwlf

lq dssurdfk1 Khuh/ ghwhuplqlvp uhihuv wr wkh surfhvv e| zklfk dq dojrulwkp ghflghv wkh

vshfl�f sdwkv wkdw duh wr eh wudfhg1 Wklv surfhvv qhhg qrw qhfhvvdulo| eh ghwhuplqlvwlf

dv orqj dv hqrxjk sdwkv duh wudfhg vxfk wkdw doo vljql�fdqw remhfwv jhw vdpsohg1 Erwk

ghwhuplqlvwlf dqg qrq0ghwhuplqlvwlf phwkrgv kdyh ehhq sursrvhg iru uhdolvwlf lpdjh v|q0

wkhvlv1 Qrq0ghwhuplqlvwlf dssurdfkhv vxfk dv Prqwh Fduor phwkrgv kdyh ehhq zlgho|

xvhg wr vwxg| joredo looxplqdwlrq h�hfwv wr jhqhudwh v|qwkhwlf lpdjhv1 Wkhuh duh vhyhudo

yduldwlrqv wr wkh edvlf Prqwh Fduor phwkrg iru vxfk vlpxodwlrqv1 Lq frpsxwhu judsk0

lfv/ Dssho ^5` xvhg d phwkrg wkdw wudfhg udqgrp sduwlfohv wr jhqhudwh lpdjhv1 Zklwwhg

^:5` sursrvhg wkh lghd ri udqgrpo| shuwxuelqj ylhzlqj ud|v1 Frrn hw do1/ ^46` xvhg vlp0

lodu lghdv wr prgho vhyhudo gl�huhqw skhqrphqrq lqfoxglqj prwlrq eoxu/ ghswk ri �hog/
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shqxpeudv/ wudqvoxfhqf|/ dqg ix}}| uh�hfwlrqv1 Wkh| whuphg wkhlu zrun glvwulexwhg ud|

wudflqj1 Yduldwlrqv ri Prqwh Fduor phwkrgv kdyh ehhq xvhg wr dgguhvv wkh sureohp ri

doldvlqj +e| frqyhuwlqj lw lqwr udqgrp qrlvh,1 Uhfhqwo|/ Yhdfk ^99` sursrvhg d Phwursrolv

Prqwh Fduor phwkrg iru oljkw wudqvsruw zkhuh udqgrpo| jhqhudwhg sdwkv duh pxwdwhg wr

vsdzq dgglwlrqdo sdwkv lq wkh ylflqlw| ri lpsruwdqw sdwkv1 Rqh ri wkh pdlq dujxphqwv lq

idyru ri Prqwh Fduor phwkrgv lv wkdw wkh| duh pruh jhqhudo dqg dsso| wr vhyhudo w|shv ri

hqylurqphqwv zlwk frpsoh{ vxuidfhv/ hvshfldoo| rqhv zklfk fdqqrw eh dssur{lpdwhg e|

sro|jrqdo jhrphwulhv1 Yhdfk dujxhv wkdw vxfk phwkrgv duh pruh urexvw wkdq wkh fruuh0

vsrqglqj ghwhuplqlvwlf phwkrgv ^9:`1 Wkh| dovr doorz prgholqj ri gl�xvh uh�hfwlrqv dqg

frpsoh{ EUGI vlpxodwlrqv zklfk duh pruh gl�fxow wr prgho zlwk fodvvlfdo ghwhuplqlvwlf

ud| wudflqj phwkrgv1
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D udglrvlw| phwkrg +kdv dovr ehhq uhihuuhg wr dv d �qlwh hohphqw phwkrg lq olwhudwxuh,

lv wkh rwkhu frpprqo| xvhg looxplqdwlrq dqg hqhuj| sursdjdwlrq whfkqltxh iru lpdjh

v|qwkhvlv1 Wklv dssurdfk lv pruh vxlwdeoh iru joredo looxplqdwlrq zkhuh hdfk sro|jrq

ru sduw ri wkh sro|jrq lv vlpxowdqhrxvo| prghohg dv d uhfhlyhu dv zhoo dv dq hplwwhu ri

hqhuj| ^56/ 77`1 Wkh dgydqwdjhv ri udglrvlw| phwkrgv duh wzr0irog1 Iluvw/ wkh| surylgh

ylhz lqghshqghqw looxplqdwlrq uhvxowv1 Vhfrqg/ udglrvlw| dojrulwkpv dffrxqw iru doo hqhuj|

lq wkh hqylurqphqw udwkhu wkdq mxvw wkh olqh ri vljkw rffoxvlrq1 Rq wkh rwkhu kdqg/ li rqh

qhhgv wr prgho rqo| d ihz ylhzlqj srvlwlrqv wkhq frpsxwlqj ylhz lqghshqghqw uhvxowv
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pd| eh zdvwhixo dqg fdq eh dujxhg wr eh d glvdgydqwdjh ri wkh phwkrg1 Wkh edvlf

frpsxwdwlrq ri d udglrvlw| phwkrg lv wr gh�qh d olqhdu htxdwlrq iru hdfk vxuidfh lq whupv

ri wkh hqhuj| hplwwhg dqg uhfhlyhg e| wkh vxuidfh zlwk uhvshfw wr hyhu| rwkhu vxuidfh lq

wkh hqylurqphqw1 Iru h{dpsoh/ iru dq hqylurqphqw frqwdlqlqj q sdwfkhv/ wkh v|vwhp ri

olqhdu htxdwlrq fdq eh gh�qhg dv d pdwul{ jlyhq e|
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zkhuh L� lv wkh looxplqdwlrq uhfhlyhg e| l|� sdwfk iurp doo rwkhu sdwfkhv/ U_� lv wkh gl�xvh

khplvskhulfdo uh�hfwdqfh hplwwhg e| wkh l|� sdwfk/ I�� lv wkh idfwru +dovr nqrzq dv d irup

idfwru, wkdw uhodwhv wkh hqhuj| ghqvlw| lqflghqw rq sdwfk m iurp sdwfk l wr wkh lqwhqvlw|

uh�hfwhg iurp sdwfk l> dqg %� lv wkh hplvvlylw| ri d sdwfk1 Wkh frpsxwdwlrq surfhhgv

e| vroylqj wklv vhw ri olqhdu htxdwlrqv1 Wkrxjk udglrvlw| phwkrgv dffrxqw iru doo hqhuj|/

surfhvvlqj pruh wkdq d frxsoh ri uh�hfwlrq lwhudwlrqv lv frpsxwdwlrqdoo| yhu| h{shqvlyh1

Ehvlghv/ wr dffrxqw iru vshfxodu uh�hfwlrq vshfldo surfhvvlqj kdv wr eh shuiruphg1 Wkh

fxuuhqw vwdwh0ri0wkh0duw udglrvlw| dojrulwkpv wdnh vhyhudo krxuv dqg hyhq gd|v wr frpsxwh

d ihz lwhudwlrqv iru odujh vfhqhv zlwk vhyhudo kxqguhg0wkrxvdqg sro|jrqv ^94`1
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D frpelqdwlrq ri udglrvlw| dqg ud| wudflqj dojrulwkpv kdyh dovr ehhq sursrvhg1 Zdoodfh

^:3` frpelqhg wkh wzr phwkrgv wr sursrvh d wzr sdvv vroxwlrq wr Ndml|d*v uhqghulqj

htxdwlrq ^5:`1 Vkdr ^88`/ dqg Vloolrq ^8;` frpelqhg wkh wzr dssurdfkhv wr surylgh vshfxodu

dqg gl�xvh uh�hfwlrqv lq wkh vdph vfhqh1 Zdoodfh ^:4` dovr h{whqghg wkh surjuhvvlyh

udglrvlw| ^44` vfkhph xvlqj khpl0fxeh dojrulwkp ^43`/ e| vkrrwlqj ud|v iurp doo vxuidfhv

lq wkh hqylurqphqw wrzdugv d vhfrqgdu| oljkw vrxufh dqg wkhq ghwhuplqlqj wkh vxuidfh0

wr0vxuidfh hqhuj| frqwulexwlrq1 Wklv uhvxowhg lq dgguhvvlqj wkh lqvx�flhqw vdpsolqj lvvxh

dqg wkh doldvlqj sureohp lqkhuhqw wr wkh hduolhu dssurdfkhv1

2���D �@h|�U�T@|�?} @?_ ?L?�T@h|�U�T@|�?} 4i_�@

Iru wkh sxusrvh ri uhdolvwlf vlpxodwlrq/ rqh dovr qhhgv wr gl�huhqwldwh ehwzhhq sduwlf0

lsdwlqj dqg qrq0sduwlflsdwlqj phglxp1 Lq prvw fdvhv/ lw lv frpsxwdwlrqdoo| vlpsohu wr

dvvxph wkdw wkhuh lv qr dwwhqxdwlrq gxh wr dq lqwhuphgldwh phglxp/ wkdw lv/ wkhuh lv d ydf0

xxp1 Iru wkh vdph uhdvrq oljkw wudqvsruw dojrulwkpv w|slfdoo| dvvxph qrq0sduwlflsdwlqj

phglxp1 Iru uhdolvwlf lpdjh v|qwkhvlv uhvhdufkhuv kdyh wdnhq dq hdvlhu zd| rxw e| prg0

holqj wkhvh skhqrphqrq dv wh{wxuhv1 Rq wkh rwkhu kdqg/ li d qdwxudo skhqrphqrq vxfk

dv irj/ vprnh/ forxgv/ hwf1/ zklfk dwwhqxdwh oljkw wr ydu|lqj ghjuhhv kdv wr eh prghohg/

dq dojrulwkp fdq eh erwk frpsxwdwlrqdoo| h{shqvlyh dqg frpsoh{1 Rqh vxfk h{dpsoh ri

prgholqj vprnh surfhgxudoo| lv jlyhq lq ^48`1 Dq lqh{shqvlyh vroxwlrq frpprqo| xvhg lv

wr dwwhqxdwh oljkw dv d ixqfwlrq ri glvwdqfh1
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Ud| wudflqj wudglwlrqdoo| vwduwv d ud| hlwkhu iurp wkh vrxufh wr wudfh lwv sdwk xqwlo lwv

hqhuj| dwwhqxdwhv ehorz d fhuwdlq wkuhvkrog ru kdv hqfrxqwhuhg d �{hg qxpehu ri vxuidfh

lqwhudfwlrqv> ru iurp wkh uhfhlyhu wr wudfh lw xqwlo wkh ud| uhdfkhv d vrxufh ru wudyhov rxwvlgh

wkh vfhqh1 Wklv dssurdfk fdq dovr eh whuphg dv wkh ghswk �uvw dssurdfk1 Wkh zdyhiurqw

dssurdfk rq wkh rwkhu kdqg dgydqfhv doo wkh ud|v wr wkh vdph glvwdqfh dw dq| jlyhq vwdwh

ri wkh frpsxwdwlrq1 Wklv fdq dovr eh fdoohg dv wkh euhdgwk �uvw dssurdfk1 Prudyhf ^6;`

yhu| hduo| rq kdg sursrvhg vlpxodwlrq ri oljkw zdyhiurqwv1 Wkh lghd zdv wkdw lqvwhdg

ri lq�qlwhvlpdoo| wklq ud|v/ oljkw lv uhsuhvhqwhg dv zdyhiurqwv zklfk zhuh vwruhg dv wzr

glphqvlrqdo duud|v ri frpsoh{ qxpehuv1 Wkh vl}h ri d prgho dqg sursdjdwlrq zlwklq lw

zhuh dvvxphg wr eh d gluhfw ixqfwlrq ri wkh zdyhohqjwk ehlqj xvhg iru wkh vlpxodwlrq1

Wkdw lv/ wkh vfhqh zdv uhsuhvhqwhg dv d er{ pdgh xs ri fhoov ri vl}h kdoi zdyhohqjwk zlgh1

Hdfk fhoo zdv fkdudfwhul}hg e| wkuhh frpsoh{ frh�flhqwv +iru uhiudfwlyh lqgh{/ vfdwwhulqj/

dqg oljkw vrxufh,1 Dv d zdyhiurqw sursdjdwhg wkurxjk d vfhqh/ wkh zdyhiurqw frh�flhqwv

zhuh pxowlsolhg zlwk wkh frh�flhqwv ri wkh fhoov ghvfulelqj wkh vfhqh1 Wkh phwkrg zdv

frqvlghuhg wr eh vxlwdeoh iru sdudooho surfhvvlqj dqg vxssrvhgo| vxshulru iru h{wuhpho|

frpsoh{ dqg ghqvh prghov2/ zkhuh sduwlfoh irup ri sursdjdwlrq fdq eh frpsxwdwlrqdoo|

yhu| h{shqvlyh1 Sursdjdwlrq lq wkh gluhfwlrq ruwkrjrqdo wr d zdyhiurqw zdv uhfrjql}hg

dv d vshfldo fdvh/ zklfk zdv gh�qhg dv d frqyroxwlrq1 Idvw Irxulhu Wudqvirup +IIW,

5Wkh edvlf dvvxpswlrq zdv wkdw vfhqhv kdyh pdwwhu hyhu| rqh kdoi zdyhohqjwk/ l1h1 w|slfdoo|

hyhu| rqh kdoi wr rqh phwhu1
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zdv xvhg wr vshhgxs wkh surfhvvlqj wr R+q orjq, udwkhu wkdq R+q2, iru w|slfdo sduwlfoh

wudflqj phwkrgv/ zkhuh q lv wkh qxpehu ri hohphqwv lq wkh wzr0glphqvlrqdo duud| ri

frh�flhqwv1 D wzr glphqvlrqdo wudqvirupdwlrq zdv dffrpsolvkhg e| �uvw wdnlqj d rqh

glphqvlrqdo IIW ri hdfk urz dqg wkhq wdnlqj d rqh glphqvlrqdo IIW ri wkh uhvxow1

Rqh gluhfw dgydqwdjh ri wkh deryh phwkrg lv d ylhz lqghshqghqw frpsxwdwlrq vlplodu wr

udglrvlw| vroxwlrqv dqg xqolnh ud| wudflqj1 Lw dovr doohyldwhg wkh doldvlqj sureohp frpprq

iru fodvvlfdo ud| wudflqj vroxwlrqv1

Lq d pruh uhfhqw zrun/ Hoehu ^4:` glvfxvvhv frpsxwdwlrq ri zdyhiurqwv1 Oljkw lv

sursdjdwhg erwk iurp d srlqw vrxufh dv zhoo dv d vskhulfdo +zlwk d zhoo gh�qhg vxuidfh

duhd, vrxufh lq dq hqylurqphqw frqvlvwlqj ri iuhhirup vxuidfhv1 D pdmru sureohp iru

sursdjdwlrq lq vxfk hqylurqphqwv lv lq ghwhuplqlqj d fruuhfw uh�hfwlrq zdyhiurqw r�

d iuhhirup vxuidfh1 Iru wklv/ d wulyduldwh zdyhiurqw htxdwlrq lv vroyhg wr frpsxwh wkh

wulyduldwh luudgldqfh ixqfwlrq1 Wkh wulyduldwh zdyhiurqw lv ixuwkhu dssur{lpdwhg dv d vhulhv

ri elyduldwh zdyhiurqwv iru hdvh ri frpsxwdwlrq1 Wkh sulqflsdo lghd xvhg lq wkh luudgldqfh�

frpsxwdwlrq lv wkh lqwhqvlw| odz ri oljkw zkhuh luudgldqfh lv lqyhuvho| sursruwlrqdo wr wkh

duhd xqghu frqvlghudwlrq1

Frpelqdwlrq ri ghswk �uvw dqg euhdgwk �uvw dssurdfk

Wr vfkhgxoh wkh fdvwlqj ri ud|v/ |hw dqrwkhu yduldwlrq ri wkh deryh ghswk �uvw dqg euhdgwk

�uvw whfkqltxhv lv d frpelqdwlrq ri wkh wzr dssurdfkhv1 Wklv kdv ehhq sursrvhg e| Skduu

hw do1 Zlwk idvwhu frpsxwhuv/ uhqghulqj dojrulwkpv fdq kdqgoh pxfk odujhu dqg frpsoh{

6Gh�qhg dv udgldqw �x{ uhfhlyhg shu xqlw duhd1
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vfhqh gdwdedvhv1 Exw wklv lqfuhdvh lq vfhqh frpsoh{lw| uhdfkhv d olplw li wkh vfhqh gdwdedvh

lv vr odujh wkdw lw grhv qrw �w lqwr wkh phpru| doo dw rqfh1 Wklv uhvxowv lq wkudvklqj/ wkxv

r�vhwwlqj wkh jdlq dfklhyhg wkurxjk d kljk vshhg surfhvvru1 Phpru|0frkhuhqw ud| wudflqj

^79` doohyldwhv wklv e| sursrvlqj d fdfklqj ^78` dqg uhrughulqj vfkhph1 Wkh phwkrg fdfkhv

d vxevhw ri wkh jhrphwulf dqg wh{wxuh gdwdedvhv lq wkh pdlq phpru| iru idvw dffhvv e|

wkh uhqghulqj v|vwhp1 Iluvw wkh dojrulwkp vwdwlfdoo| uhrughuv wkh vfhqh gdwd ghshqglqj

rq wkh ylhzlqj srvlwlrq1 Wkhq lw g|qdplfdoo| ordgv wkhvh vxevhwv lqwr phpru|1 Lw dovr

g|qdplfdoo| uhrughuv ud| lqwhuvhfwlrq surfhvvlqj wr vxlw wkh vxevhw lq wkh phpru|1
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Zluhohvv frpsxwlqj dqg frppxqlfdwlrq lv d srzhuixo sdudgljp wkdw wudqvfhqgv sk|vlfdo

frqqhfwlrq ehwzhhq d vrxufh dqg d uhfhlyhu1 Wklv kdv uhvxowhg lq d krvw ri dssolfd0

wlrqv ehlqj vxjjhvwhg xvlqj zluhohvv wudqvplvvlrq1 Wkhvh dssolfdwlrqv udqjh iurp yrlfh

wudqvplvvlrq lq wkh irup ri fhooxodu skrqhv wr gdwd wudqvplvvlrq iru preloh udglr sdjhuv/

sdopwrsv/ dqg odswrsv1

Wkh dgydqfhv lq zluhohvv whfkqrorj| dqg lwv dssolfdwlrqv kdv suhflslwdwhg d uhqhzhg

lqwhuhvw lq wkh frpsxwdwlrqdo prghov wkdw fdq vlpxodwh udglr zdyh sursdjdwlrq1 Iru zluh0

ohvv dssolfdwlrqv zh duh pdlqo| frqfhuqhg zlwk udglr iuhtxhqf| sursdjdwlrq ri zdyhohqjwk

iurp d ihz ploolphwhuv wr ohvv wkdq d phwhu1 Wkrxjk erwk udgdu dqg zluhohvv dssolfd0

wlrqv rshudwh ryhu wkh vdph udqjh ri udglr iuhtxhqflhv/ lw lv lpsruwdqw wr xqghuvwdqg wkh
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gl�huhqfhv lq remhfwlyhv iru sursdjdwlrq lq hdfk grpdlq1 Iru udgdu dssolfdwlrqv/ wdujhw

ghwhfwlrq lv wkh pdlq remhfwlyh1 Krzhyhu/ iru zluhohvv dssolfdwlrqv rqh lv lqwhuhvwhg lq

xqghuvwdqglqj wkh h{dfw glvwulexwlrq ri hqhuj| iurp d vshfl�f vrxufh1 Rqh ri wkh lpsru0

wdqw dssolfdwlrqv ri vxfk xqghuvwdqglqj lv rswlpdo sodfhphqw ri wudqvplwwhuv lq ydulrxv

hqylurqphqwv/ vxfk wkdw wkh srzhu grhv qrw gurs ehorz qrlvh wkuhvkrog dqg wkhuh lv d

vprrwk kdqgr� ri d preloh xvhu iurp rqh fhoo wr wkh rwkhu1 Wklv lv qhfhvvdu| iru dq xqlq0

whuuxswhg zluhohvv olqn iru wkh preloh xvhu1 Wkh fulwhulrq iru dq rswlpdo sodfhphqw lv wkh

ryhudoo glvwulexwlrq ri srzhu lq dq hqylurqphqw1 Lq sduwlfxodu/ srzhu uhfhlyhg dw d vsh0

fl�f uhfhlyhu srvlwlrq lq wkuhh0glphqvlrqdo vsdfh dvvxphv frqvlghudeoh lpsruwdqfh1 Rqh

ri wkh pdmru xsfrplqj dssolfdwlrqv iru zluhohvv frppxqlfdwlrq lv pdfurfhoo/ plfurfhoo/

dqg slfrfhoo sodfhphqw lq vxexuedq/ xuedq/ dqg lqgrru hqylurqphqwv uhvshfwlyho|1

2���� �hLT@}@|�L? 4L_i*t uLh t�4�*@|�L? Lu |h@?t4�||ih T*@Ui4i?| �?
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D cjrrg* sodfhphqw ri wudqvplwwhuv lv dq lwhudwlyh surfhgxuh zklfk fdq eh yhu| frvwo| li

sk|vlfdoo| shuiruphg iru hyhu| vlwh1 W|slfdoo|/ fhooxodu vhuylfh surylghuv frqgxfw hoderudwh

�hog wuldov dw vhohfwhg vlwhv wkdw eurdgo| uhsuhvhqw d fodvv ri hqylurqphqwv vxfk dv foxwwhuhg

xuedq hqylurqphqwv/ uxudo hqylurqphqwv/ ru lqvlgh exloglqjv1 Wkh| sk|vlfdoo| sodfh d

wudqvplwwhu dw d khxulvwlfdoo| ghwhuplqhg orfdwlrq dqg wkhq sk|vlfdoo| phdvxuh wkh h{dfw

uhfhlyhg vljqdo vwuhqjwk dw suhghwhuplqhg orfdwlrqv lq wkuhh0glphqvlrqdo vsdfh1

D ehwwhu phwkrg zrxog eh li dq h{dfw jhrphwulf prgho ri d vlwh0vshfl�f hqylurqphqw
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frxog eh fuhdwhg lq zklfk rqh frxog vlpxodwh sursdjdwlrq ri hqhuj| iurp ydulrxv wudqv0

plwwhu orfdwlrqv/ dqg suhglfw vljqdo vwuhqjwk lq wkuhh0glphqvlrqdo vsdfh zlwk uhdvrqdeoh

dffxudf|1 Ixuwkhu/ wkhuh pd| eh pruh wkdq rqh wudqvplwwhu lq wkh hqylurqphqw dqg lw

pd| eh zruwk frpsxwlqj li wkhuh zrxog eh dq| fr0fkdqqho ru dgmdfhqw0fkdqqho lqwhu0

ihuhqfh ehwzhhq ydulrxv wudqvplwwhuv1 Wkxv/ d vlpxodwlrq zklfk txlfno| frpsxwhv udglr

iuhtxhqf| sursdjdwlrq lq d jhrphwulfdoo| uhsuhvhqwhg prgho ri dq hqylurqphqw lv kljko|

ghvludeoh1

Wkh wzr lpsruwdqw sureohpv wkdw qhhg wr eh dgguhvvhg iru vxfk d v|vwhp duh dq

h�flhqw uhsuhvhqwdwlrq ri wkh jhrphwulf hqylurqphqw dqg d frpsxwdwlrqdo vfkhph wr

sursdjdwh hqhuj|1 Zh zloo glvfxvv ydulrxv vfkhphv ri jhrphwulf uhsuhvhqwdwlrq dqg wkhlu

dgydqwdjhv lq Fkdswhu 61 Iru hqhuj| sursdjdwlrq/ wkhuh kdyh ehhq ydulrxv dwwhpswv dw

ud| wudflqj edvhg vroxwlrqv wr wkh deryh sureohp iru suhglfwlqj vljqdo vwuhqjwkv lq lqgrru

dqg rxwgrru hqylurqphqwv1

Iru lqgrru hqylurqphqwv/ Ydohq}xhod ^97` vxjjhvwhg d ud| wudflqj dssurdfk zkhuh

h{dfw uh�hfwlrq dqg wudqvplvvlrq sdwkv duh frqvwuxfwhg ehwzhhq d wudqvplwwhu dqg wkh

uhfhlyhu vwdwlrqv1 Wkh vfkhph frpsxwhv wkh qxpehu ri lqwhuvhfwlrqv ehwzhhq wkh vrxufh

dqg wkh uhfhlyhu dqg dwwhqxdwhv wkh vljqdo dv d pxowlsoh ri wkhvh lqwhuvhfwlrqv exw iru hdfk

uh�hfwlrq lw fuhdwhv d qhz yluwxdo orfdwlrq1 Iru frpsxwdwlrqdo h�flhqf| wkh qxpehu ri

uh�hfwlrq sdwkv duh uhvwulfwhg1 Wkh dojrulwkp lv vwurqjo| eldvhg lq idyru ri wudqvplvvlrq

sdwkv dqg wklv frpsxwdwlrqdo duwlidfw frxog uhvxow lq vnhzhg glvwulexwlrq ri srzhu lq dq

hqylurqphqw zkhuh wkh dprxqw ri uh�hfwhg hqhuj| lv pruh wkdq wkh wudqvplwwhg hqhuj|
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+ehfdxvh ri wkh pdwhuldo surshuwlhv ri remhfwv lq wkdw hqylurqphqw,1 Vfkdxedfk hw do1/

^85` dqg Vhlgho hw do1/ ^86` kdyh vxjjhvwhg d sxuh ud| wudflqj edvhg dssurdfk iru suhglfw0

lqj sdwk orvv dqg ghod| vsuhdg lq plfurfhooxodu hqylurqphqwv/ zkhuh wkh uhfhlyhg vljqdo

vwuhqjwk lv vdpsohg dw odujh glvwdqfhv wr frpsxwdwlrqdoo| vshhgxs wkh suhglfwlrqv1 Vsduvh

vdpsolqj pd| eh vx�flhqw iru uxudo �dwodqgv zkhuh prvw ri wkh srzhu dwwhqxdwlrq lv gxh

wr glvwdqfh ehwzhhq d uhfhlyhu dqg d wudqvplwwhu dovr nqrzq dv orqj0whup ru odujh0vfdoh

idglqj1 Krzhyhu/ lw lv qrw vx�flhqw iru khdylo| exlow xuedq hqylurqphqwv/ zkhuh srzhu

glvwulexwlrq frxog eh yhu| gl�huhqw mxvw d ihz whqv ri phwhuv dsduw1

Nuhx}juxehu hw do1/ ^65/ 66` vxjjhvwhg d ud| vsolwwlqj phwkrg zklfk pdlqwdlqv d frq0

vwdqw vsdwldo uhvroxwlrq1 D ud| lv fdvw dv d ud| wxeh1 Vsolwwlqj ri d ud| wxeh wdnhv sodfh

dw suhghwhuplqhg }rqdo erxqgdulhv1 Wkh vfkhph lv deoh wr dgguhvv wkh sureohp ri plvv0

lqj jhrphwu|1 Krzhyhu/ wkhuh lv dq h{srqhqwldo lqfuhdvh lq wkh qxpehu ri ud|v fdvw lqwr

wkh hqylurqphqw dw hyhu| }rqdo erxqgdu|1 Iru odujh hqylurqphqwv wklv dssurdfk fdq eh

surklelwlyho| h{shqvlyh1 Wkh sursrvhg vfkhph dovr grhv qrw wdnh lqwr frqvlghudwlrq wkh

lqfuhdvh lq wkh surmhfwhg vxuidfh duhd zlwk dq lqfuhdvh lq wkh lqflghqw dqjoh1 Wklv fdq

lqwurgxfh duelwudulo| odujh huuru gxh wr lqvx�flhqw vxeglylvlrq ri d ud| wxeh iru odujh

lqflghqw dqjohv1

Wkhuh kdv dovr ehhq dq dwwhpsw dw frpsxwlqj dq rswlpdo vroxwlrq iru d sodfhphqw

ri d wudqvplwwhu lq dq hqylurqphqw1 Iruwxqh hw do1 ^53` sursrvhg dq dgdswdwlrq ri wkh

Qhoghu0Phdg*v ^76` gluhfw vhdufk phwkrg wr wkh wudqvplwwhu sodfhphqw sureohp1 Wkh lghd

zdv xvh d frpelqdwlrq ri vrph zhoo gh�qhg khxulvwlfv dqg wkh rswlpl}dwlrq dojrulwkp1
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Ghvslwh wkh h{lvwhqfh ri vhyhudo orfdo rswlpd wkh dxwkruv revhuyhg wkdw wkh deryh sureohp

zdv qrw vxlwdeoh iru joredo rswlpl}dwlrq1

Gl�udfwlrq lv dq lpsruwdqw frpsrqhqw ri wkh wrwdo hqhuj| lq rxwgrru hqylurqphqwv1

Iru suhglfwlrq ri sdwk orvv lq uxudo hqylurqphqwv Oxheehuv lq ^69` dqg ^6:` kdv frpsduhg

wkh nqlih hgjh gl�udfwlrq prgho zlwk wkh zhgjh gl�udfwlrq prgho1 Wkh pdlq gl�huhqfh

ehwzhhq wkh wzr lv wkdw iru nqlih hgjh gl�udfwlrq/ wkh cnqlih* lv frqvlghuhg dv d shuihfw

devruehu dqg khqfh wkh vrxufh lv wuhdwhg dv ehlqj lq wkh sodqh ri wkh cnqlih hgjh*1 Rq wkh

rwkhu kdqg/ zhgjh gl�udfwlrq lv vlplodu wr JWG zkhuh gl�udfwlrq wdnhv sodfh lq dq| ri

gluhfw/ uh�hfwhg/ ru gl�udfwhg uhjlrqv1 Zh ghvfuleh jhrphwulf dvshfwv ri JWG/ wkh fodv0

vl�fdwlrq ri uhjlrqv durxqg d zhgjh/ dqg lwv frh�flhqwv lq ghwdlo lq Vhfwlrq 814141 Wkxv/

JWG wxuqv rxw wr eh d pruh srzhuixo phfkdqlvp iru gl�udfwlrq zlwk olwwoh dgglwlrqdo

frvw1

Wr dfklhyh frpsxwdwlrqdo rswlpl}dwlrq iru gl�udfwlrq sursdjdwlrq/ d yduldwlrq kdv

ehhq sursrvhg zkhuh hgjhv duh wuhdwhg dv vhfrqgdu| hqhuj| vrxufhv1 Lq wkh �uvw sdvv ri

frpsxwdwlrq doo hqhuj| uhdfklqj dq hgjh lv froohfwhg1 D vhfrqg sdvv lv xvhg wr sursdjdwh

wkdw hqhuj| ixuwkhu lqwr wkh hqylurqphqw1 Wklv vfkhph kdv d gudzedfn1 Zkhq d ud| lv

lqflghqw rq dq hgjh lw glylghv wkh duhd +lq fdvh ri wzr0glphqvlrqv,/ ru yroxph +lq fdvh

ri wkuhh0glphqvlrqv,/ durxqg dq hgjh lqwr wkuhh glvwlqfw uhjlrqv�wkh vkdgrz uhjlrq/ wkh

uh�hfwhg uhjlrq/ dqg wkh lqflghqw ud| uhjlrq1 Wkhvh uhjlrqv duh d ixqfwlrq ri wkh ud|*v

lqflghqw dqjoh1 Wkh hqhuj| dwwhqxdwhv lq wkhvh uhjlrqv edvhg rq d glvwulexwlrq ixqfwlrq

ryhu wkh hqwluh udqjh ri 693�1 Li doo hqhuj| lqflghqw rq wkh hgjh lv froohfwhg iurp doo vrxufhv
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ehiruh lw lv sursdjdwhg ixuwkhu/ zh duh lqkhuhqwo| orvlqj lqirupdwlrq rq wkh erxqgdulhv

iru wkhvh uhjlrqv zklfk uhvxowv lq vljql�fdqw dssur{lpdwlrq1 Iru rxwgrru hqylurqphqw/

Ylqfr hw do1/ ^9<` kdyh vxjjhvwhg dq dqdo|wlfdo vroxwlrq wr wkh gl�udfwlrq sureohp durxqg

wkh fruqhuv1 Wkhlu vroxwlrq dssolhv wr exloglqj fruqhuv lq d w|slfdo uhfwlolqhdu vwuhhw

hqylurqphqw ehvlghv ehlqj ydolg rqo| iru wzr0glphqvlrqdo jhrphwulhv1

Dv phqwlrqhg hduolhu/ d srsxodu whfkqltxh xvhg e| fhooxodu vhuylfh surylghuv wr vwxg|

sursdjdwlrq h�hfwv iru zluhohvv dssolfdwlrqv lv wr frqgxfw �hog wuldov dqg vwxg| wkhvh

h�hfwv lq gl�huhqw w|shv ri hqylurqphqwv1 Wkh lghd zdv wkdw li d idluo| odujh qxpehu ri

�hog wuldov duh frqgxfwhg lq gl�huhqw w|shv ri hqylurqphqwv dqg eurdgo| fodvvl�hg lqwr d

ihz w|shv vxfk dv foxwwhuhg/ xuedq/ vhpl0xuedq/ uxudo/ lqgrru duhdv wkhq fhuwdlq hpslulfdo

frqfoxvlrqv frxog eh gudzq derxw wkhuh dwwhqxdwlrq fkdudfwhulvwlfv1 Wkhvh frxog lq wxuq

eh xvhg wr gudz frqfoxvlrqv iru vlplodu w|sh ri hqylurqphqwv1 Lq idfw/ vxfk �hog wuldov kdyh

frqfoxghg wkdw orqj0whup idglqj lq xuedq hqylurqphqwv iroorz d orj0qrupdo glvwulexwlrq

zkhuhdv vkruw0whup idglqj zlwk uh�hfwhg hqhuj| iroorzv Ud|ohljk glvwulexwlrq1 Vlploduo|/

gluhfw soxv uh�hfwhg sdwkv iroorz Ulfldq glvwulexwlrq ^67`1 Riwhq wkhvh uhvxowv kdyh ehhq

xvhg lq vwdwlvwlfdo vlpxodwlrqv wr suhglfw sdwk0orvv iru eurdgo| fodvvl�hg hqylurqphqwv1

Exw vxfk fodvvl�fdwlrq |lhogv yhu| dssur{lpdwh uhvxowv dqg duh jrrg rqo| dv d �uvw ohyho

ri dssur{lpdwlrq1

Fodvvlfdo lpdjh edvhg ud| wudflqj lv qrw h�flhqw iru wkh wudqvplwwhu sodfhphqw sure0

ohp ehfdxvh ri wkh qxpehu ri uhfhlyhu orfdwlrqv lv yhu| odujh1 Dw wkh vdph wlph/ dv lv

hylghqw iurp wkh deryh vxuyh| prvw ri wkh zrun rq udglr sursdjdwlrq dojrulwkpv kdv qdu0
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urzo| irfxvvhg rq vshfl�f w|shv ri hqylurqphqw vxfk dv lqvlgh exloglqjv ru lq xuedq duhdv

iru vwuhhw ohyho sursdjdwlrq1 Wklv ehfrphv d uhvwulfwlrq lq vfhqdulrv zkhuh sursdjdwlrq

glvwulexwlrq kdv wr eh vwxglhg iurp rqh w|sh ri hqylurqphqw lqwr dqrwkhu1 Dqrwkhu sure0

ohp kdv ehhq wkdw wkhvh dojrulwkpv gr qrw vfdoh zhoo wr odujh hqylurqphqwv1 Zh sursrvh

d xql�hg dssurdfk wkdw lv htxdoo| h�flhqw lq doo w|shv ri odujh jhrphwulf hqylurqphqwv

dqg wkhlu frpelqdwlrqv1

2�e �hLT@}@|�L? @*}Lh�|�4t uLh @UL�t|�U �@�i 4L_i*�?}

Dfrxvwlf prgholqj lq jhrphwulfdoo| gh�qhg hqylurqphqwv kdv wr dgguhvv lvvxhv vlplodu wr

udglr sursdjdwlrq prgholqj vxfk dv h�flhqw phwkrg ri sursdjdwlrq dv zhoo dv h�flhqw

jhrphwulf uhsuhvhqwdwlrq1 Dw wkh vdph wlph wkhuh duh vrph dssolfdwlrq ghshqghqw gl�hu0

hqfhv zklfk lpsdfw wkh dfwxdo dojrulwkpv dssolhg wr vroyh wkh lqglylgxdo sureohpv1 Rqh

pdmru dssolfdwlrq ghshqghqw gl�huhqfh lv lq wkh w|sh ri dqwhqqd ehlqj xvhg1 Li dq dfrxvwlf

prgholqj v|vwhp dvvxphv lvrwurslf rpql0gluhfwlrqdo vrxufh wkhq wkh ehdpv fdq lqlwldoo|

eh prghohg e| wkh odujhvw sro|jrqv vxuurxqglqj wkh vrxufh +iru h{dpsoh wkh vl{ sro|j0

rqdo idfhv lq d urrp,/ wkxv pdnlqj ehdp wudflqj pruh vxlwdeoh1 Krzhyhu/ iru zluhohvv

dssolfdwlrqv dqwhqqdv w|slfdoo| kdyh yhu| frpsoh{ gluhfwlrqdo/ qrq0lvrwurslf ehdp sdw0

whuqv +zlwk udwkhu �qh uhvroxwlrq,1 Prgholqj wkh wlow ri wkh ehdp/ erwk lq d}lpxwk dqg

hohydwlrq lv dqrwkhu lpsruwdqw UI hqjlqhhulqj frqvlghudwlrq1 Lq idfw/ ehvlghv irfxvvhg

dssolfdwlrqv vxfk dv gluhfwlrqdo sursdjdwlrq/ ehdp wlowlqj lv ehlqj vhulrxvo| frqvlghuhg

iru qhwzrun wud�f krw0vsrw plwljdwlrq dqg rwkhu qhwzrun0zlgh g|qdplf ordg0edodqflqj
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vfkhphv1 Dqrwkhu sulpdu| gl�huhqfh ehwzhhq prgholqj udglr iuhtxhqf| sursdjdwlrq dqg

dfrxvwlf prgholqj iru dxudol}dwlrq lq lqwhudfwlyh yluwxdo hqylurqphqwv lv wkdw lq iruphu

vfhqdulr d xvhu lv w|slfdoo| dw d frqvwdqw khljkw deryh jurxqg +ru �rru lq fdvh ri lqvlgh

exloglqjv, zkhuhdv d xvhu lq wkh odwwhu vfhqdulr fdq pryh dq|zkhuh lq wkuhh0glphqvlrqdo

vsdfh1 Iru wklv uhdvrq/ lq wkh odwwhu fdvh d zkroh ehdp0wuhh gdwd vwuxfwxuh kdv wr eh

vwruhg dv rssrvhg wr d vlqjoh khljkw �hog zkhuh zh mxvw vwruh srvvleoh xvhu srvlwlrqv lq

wkh hqylurqphqw1 Iru zluhohvv dssolfdwlrqv/ wkh xvhu lv w|slfdoo| dw d frqvwdqw khljkw iurp

wkh jurxqg +iru h{dpsoh/ vl{ ihhw deryh jurxqg iru kdqg khog fhooxodu skrqhv/ zklfk lv

dovr d w|slfdo khljkw ri d fdu dqwhqqd,1

Lq d uhfhqw zrun/ Ixqnkrxvhu hw do1 ^55` xvhg ehdp wudflqj iru dfrxvwlf prgholqj lq

vlpsoh wkuhh0glphqvlrqdo hqylurqphqwv +lq whupv ri hqylurqphqwdo ghwdlo,1 Wkh v|vwhp

lpsohphqwhg d ixoo ehdp wudflqj dojrulwkp dw wkh frvw ri qrw ehlqj deoh wr kdqgoh odujh

ghwdlohg hqylurqphqwv1 Lw lqlwldoo| sduwlwlrqv wkh wkuhh0glphqvlrqdo hqylurqphqw lqwr fhoov

xvlqj d elqdu| vsdfh sduwlwlrqlqj wuhh vfkhph dqg frqvwuxfwv dq dgmdfhqf| judsk ehwzhhq

dgmdfhqw fhoov1 Wkhq lw fdvw ehdpv iurp dq dfrxvwlf vrxufh dqg wudfhv wkhp iru vshfxodu

uh�hfwlrq dqg wudqvplvvlrq1 Wkhvh sdwkv duh ixuwkhu vwruhg lq d ehdp wuhh gdwd vwuxfwxuh

iru odwhu lqwhudfwlyh ylvxdol}dwlrq dqg dxglr sod|edfn dv yluwxdo fkdudfwhuv pryh zlwklq

wkh hqylurqphqw1 Wkh zrun grhv qrw vfdoh zhoo iru odujh jhrphwulf prghov zlwk d kljk

ghjuhh ri orfdo jhrphwulf ghwdlo ehfdxvh ri dq h{srqhqwldo jurzwk lq ehdp iudjphqwdwlrq

dqg lwv dvvrfldwhg gdwd vwuxfwxuh1 Iru h{dpsoh/ li wkh ehdp lqwhudfwv zlwk pdq| fhoo

erxqgdulhv wkhq lw fdq jhw wulpphg lqwr qduurz ehdpv glplqlvklqj wkh dgydqwdjhv ri
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ehdp wudflqj ryhu vlpsoh ud| wudflqj1 Lw lv lpsruwdqw wr qrwh wkdw wkh shuirupdqfh ri

dq| v|vwhp lv gluhfwo| sursruwlrqdo wr wkh jhrphwulf ghwdlo dydlodeoh1 Exw vlqfh wkh deryh

v|vwhp h{sorlwv wkh frkhuhqfh lq dq hqylurqphqw e| xvlqj ehdp wudflqj/ h�flhqf| ri wkh

v|vwhp lv dgyhuvho| lpsdfwhg e| d ghwdlohg prgho1 Dv zh zloo ghvfuleh odwhu/ d k|eulg

vfkhph ri uhsuhvhqwlqj ehdpv e| wkhlu phgldo ud|v lv pruh ghvludeoh wr prgho dfrxvwlf

zdyhv wrr1

2�D �hLT@}@|�L? @?�4@|�L?

D irup ri wkh euhdgwk �uvw dssurdfk zlwk zklfk zh h{shulphqwhg lq wkh frxuvh ri wkh

ghyhorsphqw ri wkh udglr sursdjdwlrq dojrulwkpv lv wr dgydqfh d ud| xqwlo lw lqwhudfwv

zlwk d vxuidfh dqg wkhq iroorz wkh vdph surfhgxuh zlwk wkh qh{w ud| lq wkh hqylurqphqw

dqg vr rq1 Wklv surfhgxuh lv iroorzhg doo wkh zd| xqwlo ud|v lq doo gluhfwlrqv kdyh ehhq

sursdjdwhg/ frqvwlwxwlqj d vlqjoh sdvv1 Wkh suhylrxv ud|v duh vwruhg lq d wuhh0olnh gdwd

vwuxfwxuh iru ixuwkhu surfhvvlqj1 Lq wklv dssurdfk/ udwkhu wkdq sursdjdwlqj d ud| ixuwkhu

lqwr uh�hfwhg dqg wudqvplwwhg ud|v dqg iroorzlqj wkdw sduwlfxodu ud| xqwlo lw dwwhqxdwhv

ehorz d wkuhvkrog/ rqh frpsxwhv wkh sdwk ri rwkhu ud|v wr vlplodu vxuidfh lqwhudfwlrq

dqg wkhq uhwxuqv edfn wr wkh frpsxwlqj ri suhylrxv ud|v1 Wkh deryh irup ri zdyhiurqw

sursdjdwlrq kdv dgydqwdjhv zkhuh wkh v|vwhp uxqv lq dq lqwhudfwlyh prgh1 Zlwk hdfk

sdvv/ wkh pryhphqw ri d zdyhiurqw lv vwxglhg dv lw sursdjdwhv lq dq hqylurqphqw/ lq

d zd| idflolwdwlqj _sursdjdwlrq dqlpdwlrq%1 Wklv lv lq frqwudvw wr ylhzlqj wkh hqhuj|

glvwulexwlrq pds lq wkh hqylurqphqw dv d �qdo lpdjh1
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D kljko| ghvludeoh jrdo iru wkhvh frpsxwdwlrqdo dojrulwkpv lv wr eh deoh wr dqlpdwh

sursdjdwlrq ri hqhuj| lq ydulrxv hqylurqphqwv1 Iru wklv sxusrvh frpsxwdwlrqdo vshhg

ri dq dojrulwkpe dvvxphv lpsruwdqfh/ zklfk ohdyhv d orw wr eh dfklhyhg/ hvshfldoo| li

dffxudf| ri wkh lpdjhv wkdw duh jhqhudwhg dovr kdv wr eh pdlqwdlqhg1

7Lw lv lqwhuhvwlqj wr qrwh wkdw Uhli hw do1/ kdyh irupdoo| vwxglhg wkh frpsoh{lw| ri ud| wudflqj

^83` dqg ehdp wudflqj ^7<` lq d wkuhh glphqvlrqdo rswlfdo v|vwhp frqvlvwlqj ri �qlwh vhw ri uh�hfwlyh

dqg sduwldoo| uh�hfwlyh +wudqvplwwdeoh, remhfwv1 Wkh ud|2ehdp wudflqj sureohp zdv irupxodwhg

dv d ghflvlrq sureohp zkhuh jlyhq dq rswlfdo v|vwhp/ d oljkw ud|*v lqlwldo srvlwlrq/ wkh gluhfwlrq/

dqg d �{hg srlqw cs* lq wkuhh0glphqvlrqdo vsdfh/ wkh txhvwlrq wkdw wkh ud| hyhqwxdoo| uhdfkhv cs*

zdv suryhq wr eh xqghflgdeoh1 Wkxv/ wkrxjk d jhqhudo vroxwlrq wr wkh ud| wudflqj sureohp lv

frpsxwdwlrqdoo| xqvroydeoh/ lwv lqwhooljhqw dgdswdwlrq wr ydulrxv dssolfdwlrqv frxog |lhog xvhixo

uhvxowv1 Dovr/ lq wkh suhvhqfh ri dwwhqxdwlrq/ dqg d erxqg rq ghwhfwdelolw|/ rqh fdq pdnh wklv

sureohp ghflgdeoh1
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Dq| vlpxodwlrq ri hqhuj| sursdjdwlrq xvlqj jhrphwulf rswlfv dqg lwv h{whqvlrq lq wkh

irup ri wkhru| ri gl�udfwlrq/ dvvxphv d vfkhph ri jhrphwulf uhsuhvhqwdwlrq iru d jlyhq

hqylurqphqw1 Uhsuhvhqwdwlrq ri d vlwh0vshfl�f jhrphwulf hqylurqphqw lwvhoi lv d wzr vwhs

surfhvv1 Iluvw/ zh qhhg dq h�flhqw vfkhph wr uhsuhvhqw wkh gdwdedvh ri jhrphwulf hqwlwlhv

+lq wkh irup ri d vxlwdeoh gdwd vwuxfwxuh, wr txlfno| dqvzhu vrph nh| txhvwlrqv1 Wkhvh

txhvwlrqv frxog udqjh iurp ghwhuplqlqj wkh h{whqwv ri d erxqglqj er{ iru d jhrphwulf

hqwlw| ru d jurxs ri hqwlwlhv> wr wkh txhvwlrq ri zkhwkhu d ud| lqwhuvhfwv zlwk dq| remhfw

dqg li vr/ wkh vshfl�f vxuidfh ri wkh remhfw wkdw lv lqwhuvhfwhg dorqj zlwk lwv pdwhuldo dqg

rwkhu surshuwlhv1 Idvw dqvzhuv wr wkhvh txhvwlrqv ehfrph fhqwudo wr wkh h�flhqf| ri dq|

dojrulwkp wkdw lv lpsohphqwhg xvlqj vxfk d gdwd vwuxfwxuh1 Wkh h�flhqf| ri d uhsuhvhq0
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wdwlrq dvvxphv ixuwkhu lpsruwdqfh li rqh ri wkh remhfwlyhv lv dovr wr lqwhudfwlyho| ylvxdol}h

wkh hqylurqphqw1 Vhfrqg/ zh qhhg d phfkdqlvp wr frpsloh d jhrphwulf gdwdedvh iru d

vshfl�f vlwh/ zklfk pd| eh dydlodeoh iurp vhyhudo gl�huhqw vrxufhv1 Wklv udz lqirupdwlrq

pd| dovr ydu| lq whupv ri wkh irupdw/ w|sh ri lqirupdwlrq/ dqg �qdoo| wkh vfdoh +ru ghwdlo,

ri lqirupdwlrq1 Iru h{dpsoh/ lw pd| lqfoxgh hohydwlrq lqirupdwlrq ri d jhrjudsklf duhd

dorqj zlwk lwv yhjhwdwlrq fryhu> d eoxh sulqw ri d flw| zlwk d khljkw �hog iru hdfk exloglqj/

ru d vwuhhw od|rxw zlwk dq dvvrfldwhg dssur{lpdwh khljkw �hog iru hdfk flw| eorfn> ru dq

dufklwhfwxudo gudzlqj ri d vshfl�f exloglqj zlwk ghwdlohg �rru od|rxw ri hdfk �rru dorqj

zlwk jhrphwulf ghwdlov ri hdfk slhfh ri ixuqlwxuh1 D pdqxdo frpslodwlrq ri vxfk gdwdedvhv

fdq eh vr whglrxv dqg wlph frqvxplqj wkdw dq| uhdolvwlfdoo| odujh hqylurqphqw frxog wdnh

xquhdolvwlf dprxqwv ri wlph1 Wkxv pdq| lghdv kdyh ehhq sursrvhg wrzdugv jhqhudwlqj

vxfk jhrphwulf gdwdedvhv lq dq dxwrpdwhg idvklrq1 Vrph vxfk gdwdedvhv duh sulpdu0

lo| jhduhg wrzdugv lqwhudfwlyh ylvxdol}dwlrq dqg rwkhuv duh vshfl�fdoo| jhduhg wrzdugv

vlpxodwlrq ri orfdo ru joredo looxplqdwlrq1

Lq wkh iroorzlqj vhfwlrqv zh zloo �uvw glvfxvv vrph ri wkh srsxodu jhrphwulf uhsuhvhq0

wdwlrq vfkhphv dqg zk| wkh| gr qrw vhuyh rxu sxusrvh ri vlpxodwlqj udglr sursdjdwlrq1

Wkhq zh zloo glvfxvv wkh udwlrqdoh iru xvlqj elqdu| vsdfh sduwlwlrqlqj wuhhv wr exlog d ud0

glr sursdjdwlrq suhglfwlrq wrro1 Ilqdoo| zh zloo glvfxvv wkh phwkrgv ri dftxlulqj gl�huhqw

w|shv ri gdwdedvhv iru rxu suhglfwlrq v|vwhp1
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Iru uhqghulqj jhrphwulf vfhqhv/ wkh frpsxwhu judsklfv frppxqlw| kdv sursrvhg vhyhudo

gl�huhqw uhsuhvhqwdwlrq vfkhphv1 Vrph ri wkh vfkhphv vwxglhg h{whqvlyho| duh erxqgdu|

uhsuhvhqwdwlrq/ frqvwuxfwlyh vrolg jhrphwu|/ gl�huhqw vsdwldo vxeglylvlrq phwkrgv/ dqg

iuhhirup vxuidfhv uhsuhvhqwhg dv kljk ghjuhh sro|qrpldov1 Ehvlghv wkhvh edvlf phwkrgv

wkhuh duh vhyhudo yduldwlrqv wr wkhvh wkdw kdyh ehhq sursrvhg1 Wkh xvdjh ri d sduwlfxodu

vfkhph lv khdylo| lq�xhqfhg e| zkhwkhu wkh uhsuhvhqwdwlrq lv xvhg iru uhqghulqj/ frpsxwhu

dlghg ghvljq dqg dqdo|vlv +vxfk dv vrolg prgholqj,/ frpsxwhu dlghg gudiwlqj/ ru iru lpdjh

surfhvvlqj1

����� �L�?_@h) hiThiti?|@|�L?

Erxqgdu| uhsuhvhqwdwlrq +Euhs, lv w|slfdoo| xqghuvwrrg dv dq| uhsuhvhqwdwlrq ri remhfwv

e| vxuidfhv +dv rssrvhg wr vrolgv,1 Lw kdv ehhq wkh prvw yhuvdwloh dqg zlgho| xvhg vfkhph

wr uhsuhvhqw jhrphwu| iru ydulrxv dssolfdwlrq grpdlqv1 Lq lwv vlpsohvw irup wkh vfkhph

hqxphudwhv doo yhuwlfhv lq dq hqylurqphqw1 Hgjhv irup d wrsrorjlfdo uhodwlrqvkls eh0

wzhhq yhuwlfhv1 Vlploduo|/ lq wkuhh0glphqvlrqdo vsdfh/ idfhv irup d wrsrorjlfdo uhodwlrq0

vkls dprqjvw hgjhv1 Iru euhs/ d frpelqdwlrq ri wkhvh yhuwlfhv/ hgjhv/ dqg sro|jrqdo idfhv

+sodqdu, lv gh�qhg dv dq remhfw1

D fohdu dgydqwdjh ri wkh uhsuhvhqwdwlrq lv wkh vlpsolflw| lq gh�qlqj lwv gdwd vwuxfwxuh1

Krzhyhu/ d pdmru glvdgydqwdjh ri euhs lv wkdw wkh edvlf gh�qlwlrq grhv qrw glvwlqjxlvk

ehwzhhq wkh lqvlgh dqg rxwvlgh ri dq remhfw1 Xvxdoo| dgglwlrqdo lqirupdwlrq kdv wr eh
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vwruhg wr pdnh wklv glvwlqfwlrq h{solflw1 W|slfdoo|/ d vxuidfh qrupdo lv vwruhg iru hdfk

sro|jrq/ zlwk d frqyhqwlrq wkdw wkh qrupdo lv gh�qhg dv d yhfwru idflqj dzd| iurp wkh

rxwvlgh ri d sro|jrq1 Wklv hqdeohv d glvwlqfwlrq ehwzhhq wkh lqvlgh dqg wkh rxwvlgh

ri d sro|jrqdo idfh zlwk uhvshfw wr dq remhfw1 Krzhyhu/ rqh vwloo fdqqrw hqvxuh wkh

frqvlvwhqf| ri dq remhfw lq whupv ri dq hqforvhg vsdfh/ vlqfh wkhuh lv qr phfkdqlvp wr

nqrz li wkhuh duh fudfnv ehwzhhq hgjhv ru yhuwlfhv1 Dq dffrpsdq|lqj gdwd vwuxfwxuh lv

qhhghg wr khos �qg dgmdfhqw yhuwlfhv lq dq hqylurqphqw1 Vlploduo|/ ghwhuplqlqj wkh forvhvw

vxuidfh lqwhuvhfwlrq lv d frvwo| rshudwlrq xqohvv d vsdwldo uhodwlrqvkls dprqjvw doo idfhv lv

pdlqwdlqhg1 Wklv djdlq dggv wr wkh frpsoh{lw| ri wkh gdwd vwuxfwxuh1 Vhyhudo yduldwlrqv

wr wklv edvlf vfkhph kdyh ehhq sursrvhg e| pdlqwdlqlqj uhodwlrqvklsv dprqjvw gl�huhqw

hqwlwlhv lq wkh gdwd vwuxfwxuh1 Prvw ri wkh v|vwhpv iru udglr sursdjdwlrq kdyh xvhg vrph

yduldwlrq ri erxqgdu| uhsuhvhqwdwlrq1 Iruwxqh hw do1 xvhg d euhs gdwd vwuxfwxuh edvhg rq

wuldqjxodwlrqv ^53`1

����2 �L?t|h�U|��i tL*�_ }iL4i|h)

Frqvwuxfwlyh vrolg jhrphwu| +FVJ, lv d srsxodu vfkhph ri uhsuhvhqwdwlrq iru vrolgv dv

rssrvhg wr d vfkhph iru erxqgdu| uhsuhvhqwdwlrq1 Wkh vfkhph zdv sulpdulo| ghyhorshg wr

prgho frpsoh{ wkuhh0glphqvlrqdo remhfwv1 Wkh uhsuhvhqwdwlrq vwduwv zlwk d vhw ri vlpsoh

sulplwlyhv vxfk dv d fxeh/ vskhuh/ frqh/ s|udplg/ dqg d whwudkhgurq/ hwf1 Sulplwlyhv duh

gh�qhg dv erxqghg yroxphv/ w|slfdoo| d uhvxow ri dq lqwhuvhfwlrq ri d vhw ri kdoivsdfhv1

Iru vrph sulplwlyhv vxfk dv d vskhuh ru d frqh/ wkh erxqghg yroxph pd| eh d sro|jrqdo
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dssur{lpdwlrq ri wkh wuxh vkdsh zlwk d wljkw frqwuro rq lwv yroxphwulf huuru erxqgv1

Qhz remhfwv duh frqvwuxfwhg iurp wkhvh sulplwlyhv e| xvlqj rqh ru pruh ri wkh errohdq

rshudwlrqv +xqlrq/ lqwhuvhfwlrq/ dqg gl�huhqfh,1 Wkhvh rshudwlrqv frxog eh ehwzhhq dq|

wzr sulplwlyhv/ ru ehwzhhq d sulplwlyh dqg d frpsoh{ remhfw1 D�qh wudqvirupdwlrqv +vxfk

dv vfdolqj/ wudqvodwlrq/ dqg urwdwlrq/ hwf1, fdq dovr eh shuiruphg erwk rq sulplwlyhv dqg

wkhlu frpelqdwlrqv1 Wkhvh errohdq rshudwlrqv irup d klhudufk| ri lqwhuphgldwh remhfwv/

zklfk fdq eh frqfhswxdoo| vwruhg lq d klhudufklfdo wuhh vwuxfwxuh1 Wkh qrghv ri wklv wuhh

uhsuhvhqw errohdq rshudwlrqv ehwzhhq remhfwv/ zkhuhdv ohdyhv ri wkh wuhh uhsuhvhqw wkh

sulplwlyhv1 Wkh zkroh hqylurqphqw frqvlvwlqj ri vhyhudo frpsoh{ remhfwv pd| djdlq eh

uhsuhvhqwhg dv d vlqjoh wuhh iru uhqghulqj frpsxwdwlrqv1 D sulplwlyh fdq dovr eh gh�qhg

e| lwv h{dfw sro|qrpldo uhsuhvhqwdwlrq1 Wkh dgydqwdjh lv wkhlu frpsdfw uhsuhvhqwdwlrq1

Exw dw wkh vdph wlph/ diwhu vhyhudo errohdq rshudwlrqv dv wkh frpsoh{lw| ri dq remhfw

lqfuhdvhv/ lw pd| ehfrph gl�fxow wr uhsuhvhqw wkh uhvxowdqw remhfw dv d vlpsoh sro|qrpldo1

Wkhuh duh vhyhudo rwkhu vfkhphv zkhuh lqvwdqflqj lq vrph irup lv xvhg dv d phdqv

ri frqvwuxfwlqj odujh gdwdedvhv frqvlvwlqj ri uhsolfdwhg remhfw ru voljkwo| wudqviruphg

remhfwv1

����� 5T@|�@* t�M_���t�L?

Vsdwldo vxeglylvlrq phwkrgv kdyh ehhq xvhg iru pdq| prgholqj dqg ghvljq dssolfdwlrqv1

Wkh edvlf lghd ri dq| vsdwldo vxeglylvlrq phwkrg lv wr glylgh vsdfh lqwr glvmrlqw vxe0

vsdfhv1 Vsdfh lq wkh fxuuhqw frqwh{w lv ehlqj xvhg dv d glphqvlrqohvv txdqwlw|/ wkdw
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lv/ lw fdq uhsuhvhqw wzr glphqvlrqv/ wkuhh glphqvlrqv/ ru dq| kljkhu glphqvlrq1 Iru

sudfwlfdo sxusrvhv khuh zh zloo uhvwulfw rxuvhoyhv wr wzr dqg wkuhh0glphqvlrqdo vsdfhv1 Wkh

uhvroxwlrq wr zklfk vsdfh lv vxeglylghg ghshqgv rq wkh ghvluhg dffxudf| iru d sduwlfxodu

dssolfdwlrq ru d vshfl�f remhfw1 Vsdfh fdq eh vxeglylghg e| d qxpehu ri whfkqltxhv1

Lw fdq hlwkhu eh vxeglylghg xqlirupo| ru qrqxqlirupo|1 Dw wkh vdph wlph vxeglylvlrq

fdq eh dorqj wkh frruglqdwh d{hv ru dorqj dq| duelwudu| d{lv1 Dq dgydqwdjh ri xqlirup

vxeglylvlrq lv wkdw lw lv dojrulwkplfdoo| vlpsoh exw lw frxog uhvxow lq xqqhfhvvdu| glylvlrq

ri vsdfh +ghshqglqj rq wkh dssolfdwlrq,1 Qrqxqlirup vxeglylvlrq rq wkh rwkhu kdqg

xvxdoo| vxeglylghv vsdfh edvhg rq vrph suhgh�qhg fulwhulrq1 Wkh fulwhulrq frxog eh

edvhg rq vrph orjlfdo hqwlw| ru iru wkdw pdwwhu frxog eh edvhg rq d sk|vlfdo hqwlw|1

Qrqxqlirup vxeglylvlrq lq jhqhudo lv dojrulwkplfdoo| frpsoh{ exw pruh suhflvh1 Wkh

kljkhu frpsxwdwlrqdo frvw pd| qrw eh d yhu| lpsruwdqw frqvlghudwlrq vlqfh iru prvw

dssolfdwlrqv lw lv shuiruphg dv d suh0surfhvvlqj vwhs1

Wzr ri wkh prvw frpprqo| xvhg vsdwldo vxeglylvlrq vfkhphv duh Elqdu| Vsdfh Sduwl0

wlrqlqj Wuhhv +evsw, dqg q_ wuhhv1 Wkhruhwlfdoo| vshdnlqj wkh surfhvv ri vxeglylvlrq iru

erwk wkhvh vfkhphv fdq eh dssolhg wr dq| glphqvlrqdo vsdfh1 Iru wkh vdph uhdvrq wkh|

duh vrphwlphv uhihuuhg wr dv glphqvlrq lqghshqghqw vsdwldo vxeglylvlrq vfkhphv1 Elqdu|

vsdfh sduwlwlrqlqj wuhhv kdyh dovr ehhq uhihuuhg wr dv sduwlwlrqlqj wuhhv lq olwhudwxuh1 Wkh

pdlq gl�huhqfh ehwzhhq wkh wzr lv wkdw q_ wuhhv shuirup d{lv doljqhg vxeglylvlrq lq d g0

glphqvlrqdo vsdfh1 Khuh q uhihuv wr wkh qxpehu ri glylvlrqv shuiruphg iru hdfk glphqvlrq1

Iru h{dpsoh/ elqdu| sduwlwlrqlqj glylghv wkh vsdfh lqwr wzr vxe0vsdfhv1 Hdfk vxeglylvlrq
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rshudwlrq fuhdwhv htxdoo| vl}hg q_ vsdwldo xqlwv1 Rfwuhh fdq eh frqvlghuhg dv d vshfldo

fdvh ri q_ wuhhv iru wkuhh0glphqvlrqdo vsdfh zkhuh hyhu| vxeglylvlrq uhvxowv lq 5� +l1h1 ;,

htxdo rfwdqwv dorqj lwv wkuhh d{hv1 Lq idfw/ lw dftxluhg lwv qdph rfwuhh�d wuhh ri rfwdqwv/

ehfdxvh ri wklv rshudwlrq1 Txdgwuhhv fdq djdlq eh wuhdwhg dv dqrwkhu vshfldo fdvh ri q_

wuhhv iru wzr0glphqvlrqv/ zklfk vxeglylghv wzr0glphqvlrqdo vsdfh lqwr irxu txdgudqwv1

Rq wkh rwkhu kdqg/ evsw sduwlwlrqv d g0glphqvlrqdo vsdfh zlwk d +g � 4, glphqvlrqdo

hqwlw| ^54/ 74`1 Iru h{dpsoh/ sodqhv +zklfk duh wzr0glphqvlrqdo, duh xvhg wr sduwlwlrq

d wkuhh0glphqvlrqdo vsdfh/ dqg vr rq1 Khuh xqolnh rfwuhhv/ wkh sduwlwlrqlqj k|shusodqh�

grhv qrw kdyh d suhihuhqfh wrzdugv d vshfl�f rulhqwdwlrq1 Erwk wkhvh vfkhphv gh�qh d

klhudufk| ri uhfxuvlyh vxeglylvlrq1

����e �|�ih ��ih@hU��U@* tU�i4it

Wkhuh duh vrph rwkhu klhudufklfdo ghfrpsrvlwlrq vfkhphv/ zklfk kdyh xvhg ohyhov ri hq0

forvlqj yroxphv wkrxjk qrw qhfhvvdulo| glvmrlqw ^</ 47`1 Wkh edvlf lghd ri erwk wkh vfkhphv

zdv wr kdyh d klhudufk| ri erxqglqj yroxphv/ zklfk hqdeohg suxqlqj ri odujh sduwv ri

wkh jhrphwulf hqylurqphqw wr dyrlg dq| xqqhfhvvdu| lqwhuvhfwlrq frpsxwdwlrq1 Wkhvh

erxqglqj yroxphv zhuh qrw qhfhvvdulo| ri d sduwlfxodu vkdsh ru vl}h1 Dqrwkhu klhudufklfdo

vfkhph wkdw xvhg rqo| sdudoohohslshgv zdv sursrvhg e| Uxelq hw do1 ^84`1 Wkh pdlq

prwlydwlrq zdv wkdw wklv krprjhqhlw| doorzhg vlpsohu frpsxwdwlrqdo surfhvvlqj1 Wkhvh

4Lq olwhudwxuh/ k|shusodqhv kdyh ehhq xvhg wr uhihu wr gl�huhqw frqfhswv lq gl�huhqw frqwh{wv1

Khuh k|shusodqh lv xvhg wr ghqrwh wkh glphqvlrq lqghshqghqw qdwxuh ri wkh glylglqj sodqh lq

frqwudvw wr wkh wzr0glphqvlrqdo sodqh1
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sdudoohohslshgv zhuh dovr rulhqwhg vxfk wkdw wkh| plqlpl}hg wkh erxqglqj yroxph iru wkh

hqforvhg remhfwv1

Dqrwkhu klhudufklfdo gdwd vwuxfwxuh xvhg iru h{wuhpho| odujh jhrphwulf gdwdedvhv zdv

sursrvhg e| Skduu hw do1 lq ^79`1 Wkh zrun dgguhvvhg wzr sureohpv1 Iluvw/ wkh sureohp ri

phpru| wkudvklqj ehfdxvh wkh jhrphwulf gdwdedvh lv vr odujh wkdw lw grhv qrw �w lqwr wkh

pdlq phpru| doo dw rqfh1 Vhfrqg/ wr lpsuryh wkh h�flhqf| ri wkh frpsxwdwlrq iru qhduhvw

ud| lqwhuvhfwlrq1 Dv zh zloo vhh wkhuh lv urrp iru lpsuryhphqw rq erwk wkhvh iurqwv1 Wkh

h�flhqf| frphv iurp wkh revhuydwlrq wkdw dq| ud| wudflqj phwkrg rq vxfk gdwdedvhv fdq

eh lpsuryhg e| dgkhulqj wr wkh vsdwldo orfdolw| lq d jhrphwulf gdwdedvh1 Wkh vroxwlrq

sursrvhg zdv wkdw wkh hqylurqphqw eh glylghg lqwr vpdoohu vxevhwv wkdw kdyh urxjko|

wkh vl}h ri wkh dydlodeoh fdfkh1 Iru h�flhqf| hdfk ri wkhvh vxevhwv frxog wkhq eh ordghg

ru uhpryhg iurp phpru| doo dw rqfh1 Wr dyrlg ordglqj d vxevhw ri jhrphwulf hqwlwlhv

pdq| wlphv wkh hqylurqphqw lv ryhuod|hg zlwk d julg ri yr{hov fdoohg wkh vfkhgxolqj julg1

Ud|v duh jurxshg wrjhwkhu iru hdfk vxfk yr{ho dqg surfhvvhg rqo| diwhu vx�flhqwo| odujh

qxpehu ri ud|v kdyh ehhq froohfwhg1 Dgglwlrqdo h�flhqf| lv dfklhyhg e| xvlqj d vlqjoh

vkdsh vxfk dv wuldqjohv iru doo jhrphwulf remhfwv1 Krzhyhu/ wklv rqh0ohyho klhudufk| ri

vxevhwv vwloo grhv qrw vx�fh iru idvw lqwhuvhfwlrq frpsxwdwlrq ehfdxvh d odujh gdwdedvh

pd| hqg xs kdylqj d ihz wkrxvdqg wuldqjohv shu julg yr{ho1 D wzr0ohyho lqwhuvhfwlrq

klhudufk| frqvlvwlqj ri wkh jhrphwu| julg dqg wkh dffhohudwlrq julg zhuh xvhg lq wkh deryh

zrun1 Lw lv lpsruwdqw wr qrwh wkdw dowkrxjk wkh| xvhg d wzr0ohyho klhudufk|/ wkh qxpehu

ri ohyhov frxog hdvlo| eh h{whqghg wr wkuhh ru pruh ghshqglqj rq wkh qxpehu ri jhrphwulf
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hqwlwlhv lq wkh hqylurqphqw1 Wkh edvlf lghd lv wr eulqj wkh qxpehu ri jhrphwulf remhfwv

grzq wr d ihz kxqguhg dw wkh orzhvw ohyho zlwklq dq| julg yr{ho1 Rqh sulpdu| gudzedfn

zlwk wkh deryh uhjxodu julg dssurdfk lv dq lpsolflw dvvxpswlrq wkdw jhrphwulf remhfwv

duh xqlirupo| glvwulexwhg lq dq hqylurqphqw1 W|slfdoo|/ iru qrq0xqlirupo| glvwulexwhg

hqylurqphqwv dq rfwuhh0olnh julg vwuxfwxuh ^8<` pd| eh pruh vxlwdeoh1 Dqrwkhu dssurdfk

dssolfdeoh wr qrq0xqlirupo| glvwulexwhg hqylurqphqwv dqg pruh jhqhudo dv zhoo +lq prvw

fdvhv,/ pd| eh d elqdu| vsdfh sduwlwlrqlqj wuhh/ dv glvfxvvhg lq Vhfwlrq 615141

����D 6hiiuLh4 UL4T*i t�hu@Uit

Dv rqh zrxog qrwlfh/ doo wkh deryh uhsuhvhqwdwlrq vfkhphv duh hlwkhu sro|jrqdo dssur{lpd0

wlrqv ri iuhhirup remhfwv +h1j1/ vsdwldo vxeglylvlrq phwkrgv, ru lq idfw/ duh sxuh sro|jrqdo

uhsuhvhqwdwlrqv +h1j1/ euhs,1 FVJ lq sulqflsoh fdq kdyh dq| sulplwlyhv zlwk d sro|qrpldo

gh�qlwlrq +h1j1/ vskhuh/ frqh hwf1,/ exw iru frpsxwdwlrqdo uhdvrqv sro|jrqdo dssur{lpd0

wlrqv duh xvhg iuhtxhqwo|1 Qr glvfxvvlrq rq jhrphwulf uhsuhvhqwdwlrq vfkhphv lv frpsohwh

zlwkrxw phqwlrqlqj iuhhirup vxuidfhv1 Wklv ohdyhv xv zlwk d qhhg wr uhsuhvhqw iuhhirup

vxuidfhv +iru h{dpsoh/ wkh vxuidfh ri wkh hduwk dqg rwkhu qdwxudoo| rffxuulqj remhfwv,1

Vrph fdq eh uhsuhvhqwhg dv d ixqfwlrq ri d sro|qrpldo htxdwlrq1 Krzhyhu/ wkhuh duh

d krvw ri rwkhu uhsuhvhqwdwlrq vfkhphv iru wklv sxusrvh/ vxfk dv dojheudlf vxuidfhv/ dqg

E0vsolqh vxuidfhv lqfoxglqj wkhlu yduldwlrqv dqg sdudphwulf irupv1 Wkrxjk wkh uhsuh0

vhqwdwlrq lv h{dfw lq wkhvh irupv lw lv frpsxwdwlrqdoo| h{shqvlyh wr shuirup lqwhuvhfwlrq

rshudwlrqv1 Wklv frpsxwdwlrqdo frvw pd| qrw mxvwli| wkh dgydqwdjh ri dq h{dfw uhsuhvhq0

88



wdwlrq dqg khqfh xvdjh ri vxfk d uhsuhvhqwdwlrq lv sxuho| ghshqghqw rq wkh dssolfdwlrq iru

zklfk wkh uhsuhvhqwdwlrq lv ehlqj xvhg1 Wr dfklhyh wkh ryhudoo jrdo ri d xql�hg dssurdfk

wr prgho udglr sursdjdwlrq dv zhoo dv iru idvw lqwhuvhfwlrq frpsxwdwlrq/ zh zloo uhsuhvhqw

d whuudlq dv d elqdu| vsdfh sduwlwlrqlqj wuhh1
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Dv zdv glvfxvvhg hduolhu/ prvw ri wkh hduolhu zrun wr frpsxwh udglr srzhu glvwulexwlrq

kdv irfxvvhg rq vshfldol}hg w|shv ri hqylurqphqwv1 Lqwhuhvwlqjo|/ wkhvh hqylurqphqwv zhuh

fodvvl�hg qrw edvhg rq wkhlu hohfwurpdjqhwlf zdyh sursdjdwlrq surshuwlhv exw udwkhu rq

wkh delolw| ri wkh dojrulwkpv wr uhsuhvhqw odujh hqylurqphqwv1 Qhhgohvv wr vd|/ wkdw vshfl�f

v|vwhpv kdyh ehhq ghyhorshg wkdw fdq vlpxodwh hqhuj| lq rqo| rqh w|sh ri hqylurqphqw

dw d wlph vxfk dv xuedq rxwgrru hqylurqphqwv ru lqvlgh exloglqjv1 Dw wkh vdph wlph/

wkhuh duh qr nqrzq v|vwhpv wkdw vlpxodwh doo udglr sursdjdwlrq h�hfwv +iru h{dpsoh/

olqh0ri0vljkw/ uh�hfwlrqv/ dqg gl�udfwlrqv, lq hqylurqphqwv zklfk kdyh odujh gl�huhqfhv

lq hohydwlrq +ydooh|v dqg kloov,1 Zh fodvvli| wkhvh odvw w|sh ri hqylurqphqwv dv whuudlq

edvhg hqylurqphqwv1 Wkh sureohp lv qrw vr pxfk lq pdqdjlqj gl�huhqw v|vwhpv iru

gl�huhqw jhrphwulf hqylurqphqwv/ exw lq vlpxodwlqj udglr sursdjdwlrq iurp rqh w|sh

ri hqylurqphqw wr dqrwkhu w|sh ri hqylurqphqw1 Iru h{dpsoh/ d wudqvplwwhu sodfhg dw

d vwuhhw fruqhu lq d ghqvh xuedq flw| vxfk dv Pdqkdwwdq grhv qrw uhvwulfw lwv vljqdo

sursdjdwlrq phuho| wr wkh vwuhhwv/ wkh vljqdo dovr fuhhsv lqvlgh lqglylgxdo exloglqjv1 Zlwk
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pruh dqg pruh exloglqjv kdylqj wkhlu rzq fhooxodu dqg SFV qhwzrunv/ wklv hqhuj| iurp

rxwvlgh wkh exloglqj fdq fdxvh odujh lqwhuihuhqfhv lqvlgh1 Rq wkh rwkhu kdqg/ li wklv

vljqdo vwuhqjwk lv vwurqj hqrxjk dqg lv ri wkh ghvluhg udgldwlrq +lv iurp wkh vdph v|vwhp/

l1h1 qrq0lqwhuihulqj, lw fdq dfwxdoo| lq�xhqfh wkh �qdo sodfhphqw ri wudqvplwwhuv lqvlgh

wkhvh exloglqjv1 Iru wklv uhdvrq/ d xql�hg dssurdfk wr sursdjdwlrq lq d frpelqdwlrq ri

hqylurqphqwv jrhv d orqj zd| lq dfklhylqj wklv jrdo1

Wkhuh duh wzr duhdv wkdw kdyh wr eh dgguhvvhg iru d xql�hg dssurdfk wr udglr sursd0

jdwlrq lq dq| jhrphwulf hqylurqphqw1 Iluvw/ lv d pxowl0uhvroxwlrq h�flhqw gdwd vwuxfwxuh

wr uhsuhvhqw jhrphwu|1 Vhfrqg/ lv dq dgdswlyh vfkhph wr fdvw ud|v dw d �qhu uhvroxwlrq lq

sodfhv zkhuh wkhuh lv pruh jhrphwulf ghwdlo dqg dw d frduvhu uhvroxwlrq zkhuh hlwkhu wkh

jhrphwulf ghwdlo lv qrw kljk ru wkh remhfwv duh vsduvho| orfdwhg1
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Sduwlwlrqlqj wuhhv kdyh ehhq d srsxodu phwkrg wr uhsuhvhqw odujh jhrphwulf gdwdedvhv

iru uhqghulqj lpdjhv1 Iru h{dpsoh/ iru joredo looxplqdwlrq frpsxwdwlrqv/ iru lqwhudfwlyh

zdonwkurxjkv ri frpsoh{ hqylurqphqwv ^87`/ dqg iru jhrphwulf prgholqj xvlqj vhw rshud0

wlrqv ^95`1 Uhfhqwo| lw kdv ehhq xvhg iru dfrxvwlf prgholqj ^55`1 Iru udglr sursdjdwlrq/ zh

�uvw xvhg elqdu| sduwlwlrqlqj wuhhv lq ^4;` wr dfklhyh frpsxwdwlrqdo vshhg iru lqwhuvhfwlrq

sxusrvhv1 Wkh klhudufklfdo pxowl0uhvroxwlrq qdwxuh ri sduwlwlrqlqj wuhhv zdv h�flhqw wr

ghwhuplqh wkh forvhvw vxuidfh lqwhuvhfwlrq lq odujh hqylurqphqwv1 Wkh vfkhph dovr suryhg

wr eh yhu| h�hfwlyh iru lqwhudfwlyh ylvxdol}dwlrq dqg sodfhphqw ri wudqvplwwhuv lq odujh
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hqylurqphqwv ^7:`1

Wkh uhsuhvhqwdwlrq fodvvl�hv wkh jhrphwulf remhfwv lq dq hqylurqphqw e| vxeglylglqj

vsdfh1 Wkh surfhvv vwduwv e| fkrrvlqj d glylglqj sodqh +dovr nqrzq lq olwhudwxuh dv d

k|shusodqh,1 Doo wkh jhrphwulf remhfwv duh vsdwldoo| fodvvl�hg ghshqglqj rq zkhwkhu wkh|

duh wr wkh ohiw ru wkh uljkw ri wkh wklv vxeglylglqj k|shusodqh1 Hqwlwlhv wkdw idoo rq wkh

sodqh duh fodvvl�hg dv vxfk1 Wkhuh duh vhyhudo fulwhulrq wkdw fdq eh xvhg wr fkrrvh wkhvh

k|shusodqhv1 Vrph ri wkhvh glylglqj k|shusodqhv fdq eh frlqflghqw wr wkh sro|jrqdo idfhv

ri wkh remhfwv1

Dw wkh hqg ri wkh surfhvv wkh jhrphwulf hqylurqphqw kdv d wuhh gdwd vwuxfwxuh zkhuh

wkh qrghv ri d wuhh duh wkh sduwlwlrqlqj k|shusodqhv zlwk wkh ohiw vxewuhh frqwdlqlqj doo wkh

jhrphwulf hqwlwlhv wr wkh ohiw ri wkh k|shusodqh dqg wkh uljkw vxewuhh frqwdlqlqj wkh hqwlwlhv

wkdw duh wr wkh uljkw ri wkh k|shusodqh1 Vlqfh evsw fodvvl�hv wkh vsdfh yroxphwulfdoo|/ wkh

ohdyhv ri wkh wuhh fodvvli| wkh hqylurqphqw dv vsdfh lqvlgh dq remhfw dqg vsdfh rxwvlgh

doo wkh remhfwv +ru qrw lqvlgh dq| ri wkh remhfwv,1 Sduwlwlrqlqj wuhh uhsuhvhqwdwlrq kdv d

fohdu dgydqwdjh lq fodvvli|lqj d srlqw lq vsdfh zklfk dw zruvw lv htxlydohqw wr wudyhuvlqj

wkh ghswk ri wkh wuhh1 Wkh ghswk iru d _zhoo frqvwuxfwhg% sduwlwlrqlqj wuhh lv w|slfdoo|

R+orjQ,/ zkhuh Q lv wkh qxpehu ri vxuidfhv lq wkh hqylurqphqw ^75`1 Wklv lv d pdmru

lpsuryhphqw ryhu Euhs zklfk lv w|slfdoo| R+Q,1 Vrph ri wkh rwkhu dgydqwdjhv duh

hdv| vxuidfh ylvlelolw| ghwhuplqdwlrq +dovr nqrzq dv klgghq vxuidfh sureohp,/ dqg idvw

ghwhuplqdwlrq ri forvhvw vxuidfh lqwhuvhfwlrq zlwk d ud| lq d jhrphwulf gdwdedvh1

Khuh lw zloo eh xvhixo wr gr d rqh0rq0rqh frpsdulvrq ehwzhhq wkh wzr0ohyho klhudu0
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fklfdo dssurdfk dv glvfxvvhg lq Vhfwlrq 61417 dqg d sxuh elqdu| vsdfh sduwlwlrqlqj wuhh

dssurdfk1 Iru h{dpsoh/ ohw dq hqylurqphqw frqvlvw ri whq ploolrq wuldqjohv wkdw duh xql0

irupo| glvwulexwhg dfurvv wkh hqylurqphqw1 Zlwk wkh deryh dssurdfk ri wzr0ohyho julgv/

hdfk julg0fhoo dw wkh orzhvw ohyho zloo kdyh d ihz kxqguhg wuldqjohv1 D orj+Q, vhdufk zlwklq

dq| julg0fhoo zloo wdnh rqo| d ihz vwhsv/ zkhuh Q lv wkh qxpehu ri wuldqjxodu sro|jrqv1

Rq wkh rwkhu kdqg/ dq dssurdfk wkdw frqvwuxfwv d vlqjoh edodqfhg evsw frxog wdnh vhyhudo

whqv ri vwhsv +rq dq dyhudjh/ orj+Q, vwhsv,/ li hdfk vhdufk lv shuiruphg vwduwlqj iurp wkh

urrw ri wkh wuhh1

Qrz/ li zh dvvxph wkdw pdq| rshudwlrqv kdyh wr eh shuiruphg/ lq vxffhvvlrq/ lq d orfdo

uhjlrq vsdqqlqj d vlqjoh julg0fhoo wkhq vshhgxs iru wkh wzr0ohyho dssurdfk lv vxevwdqwldo/

hvshfldoo| rqfh d julg0fhoo lv ghwhuplqhg1 Wklv lv ehfdxvh �uvw wkh frvw ri ghwhuplqlqj

d sduwlfxodu julg0fhoo lv dpruwl}hg ryhu doo wkh rshudwlrqv iru wkh julg0fhoo1 Vhfrqg/ wklv

frvw ri vhdufklqj iru wkh julg0fhoo lv qrw uhshdwhg iru hdfk rshudwlrq shuiruphg zlwklq wkh

julg0fhoo1 Lq wklv h{dpsoh/ zlwk wkh dvvxpswlrqv zh kdyh pdgh/ wkh iruphu dssurdfk kdv

d fohdu dgydqwdjh1 Exw dw wkh vdph wlph xqohvv wkh dssolfdwlrq lv wdloru0pdgh vxfk wkdw

orwv ri rshudwlrqv kdyh wr eh shuiruphg orfdoo| lq vxffhvvlrq wkhuh pd| eh d vxevwdqwldo

ryhukhdg lqyroyhg lq froohfwlqj rshudwlrqv iru d orfdo uhjlrq/ lq zklfk fdvh edodqfhg

wuhhv pd| vwloo kdyh vrph dgydqwdjhv dv rssrvhg wr wkh julg0edvhg dssurdfk1 Vkdgh

hw do1 ^87` kdyh xvhg evsw uhsuhvhqwdwlrq zlwk edodqfhg wuhhv lq whupv ri wkh qxpehu

ri jhrphwulf sulplwlyhv frqwdlqhg lq hdfk vxewuhh wr idflolwdwh klhudufklfdo ylhz0iuxvwxp

fxoolqj1 Krzhyhu/ qhlwkhu d xqlirup0julg dssurdfk qru d edodqfhg evsw dssurdfk pd|
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zrun iru d uhdolvwlf hqylurqphqw zkhuh hqwlwlhv duh w|slfdoo| qrw xqlirupo| glvwulexwhg1

Wkh fhqwudo lvvxh lq wkh xvdjh ri d evsw dssurdfk iru qrq0xqlirupo| glvwulexwhg jhrp0

hwu| lv wkh frqvwuxfwlrq ri jrrg sduwlwlrqlqj wuhhv1 Wkdw lv/ wkh ghswk ri d wuhh vkrxog eh

fruuhodwhg wr wkh suredelolw| ri uhdfklqj d uhjlrq1 Wklv lv dqdorjrxv wr d Kx�pdq frglqj

whfkqltxh zkhuh kljkhu suredelolw| ydoxhv duh dvvljqhg vkruwhu frghv1 Wkxv/ wkh frqfhsw

ri yduldeoh khljkw wuhhv fdq uhvxow lq vxevwdqwldo frpsxwdwlrqdo jdlqv ghshqglqj rq wkh

glvwulexwlrq ri jhrphwulf hqwlwlhv lq wkh hqylurqphqw1 Lq idfw/ ixuwkhu frpsxwdwlrqdo h�0

flhqf| fdq eh rewdlqhg iru uhjlrqv zlwk yhu| kljk ghqvlw| ri jhrphwulf hqwlwlhv e| xvlqj

wkh frqfhsw ri erxqglqj yroxphv durxqg wkhvh kljk ghqvlw| uhjlrqv1 Wklv fdq dovr eh

hdvlo| lqfrusrudwhg lq wkh frqvwuxfwlrq ri d evsw wuhh e| vwrulqj dgglwlrqdo lqirupdwlrq

uhjduglqj d erxqglqj er{ ri wkh vxewuhh dw hdfk qrgh1 Wklv ohdgv xv wr wkh txhvwlrq ri

krz gr zh jr derxw frqvwuxfwlqj vxfk d wuhh iru qrq0xqlirupo| glvwulexwhg jhrphwu|B

Lqwxlwlyho|/ zh zdqw vkruw sdwkv wr odujh uhjlrqv dqg orqj sdwkv wr vpdoo uhjlrqv1 Zh

glvfxvv wklv lq wkh qh{w vhfwlrq1

Frqvwuxfwlrq ri jrrg sduwlwlrqlqj wuhhv

Iurp wkh rxwvhw lw vhhpv wkdw wkh h�flhqf| ri d evsw vfkhph sulpdulo| ghshqgv rq wkh

sduwlwlrqlqj wuhh wkdw lv exlow iru dq hqylurqphqw1 Lw lv zruwk qrwlflqj wkdw lq sulqflsoh/

wkh vdph hqylurqphqw fdq eh uhsuhvhqwhg e| vhyhudo gl�huhqw elqdu| wuhhv dqg surylqj

wkdw d frqvwuxfwhg wuhh lv rswlpdo lv gl�fxow iru d dq| hqylurqphqw ohw dorqh iru d fodvv

ri jhrphwulf hqylurqphqwv1 D zruvw fdvh vfhqdulr zrxog eh d sduwlwlrqlqj wkdw uhvxowv lq
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d olqhdu wuhh1 Wkh dyhudjh vhdufk wlph iru vxfk d wuhh lv R+Q,> zkhuh Q lv wkh qxpehu ri

vxuidfhv lq wkh hqylurqphqw1 Dw wkh rwkhu h{wuhph/ dqg wkh prvw lqwxlwlyh/ lv d edodqfhg

wuhh zklfk plqlpl}hv wkh ryhudoo khljkw ri wkh wuhh wr R+orjQ,= Wkh dyhudjh vhdufk wlph

iru vxfk d wuhh lv fruuhvsrqglqjo|/ R+orjQ,=

Wr frqvwuxfw d sduwlwlrqlqj wuhh wkh vlpsohvw khxulvwlf lv wr xvh wkh vhw ri euhs idfhv dv

fdqglgdwh k|shusodqhv21 Qrwh wkdw pxowlsoh frlqflghqw idfhv duh uhsuhvhqwhg e| d vlqjoh

k|shusodqh1 Lqlwldoo| doo euhs idfhv duh lq wklv vhw1 D k|shusodqh zklfk fryhuv wkh pd{l0

pxp vxuidfh duhd dqg uhvxowv lq ohdvw vsolwwlqj ri rwkhu idfhv lv frqvlghuhg wkh ehvw fkrlfh

iru vxevhtxhqw lqwhuvhfwlrq txhulhv1 Krzhyhu/ ehwwhu wuhhv fdq eh exlow xvlqj dq h{shfwhg

frvw prgho dv glvfxvvhg e| Qd|oru lq ^75`1 D frpelqdwlrq ri khxulvwlf phwkrgv dqg dq h{0

shfwhg frvw prgho iru jrrgqhvv ri d wuhh fdq eh xvhg wr jhqhudwh d �qdo sduwlwlrqlqj wuhh1

Vlqfh lw lv gl�fxow wr ghwhuplqh dq rswlpdo sduwlwlrqlqj k|shusodqh dw hdfk vwhs zlwkrxw

hydoxdwlqj doo srvvleoh k|shusodqhv/ ydulrxv khxulvwlf phwkrgv khos lq jhqhudwlqj d vhw

ri fdqglgdwh k|shusodqhv1 Wkhq/ xvlqj wkh h{shfwhg frvw prgho ri jrrgqhvv/ rqh ri wkh

fdqglgdwh k|shusodqhv lv vhohfwhg wkdw plqlpl}hv h{shfwhg frvw gxulqj hdfk vxeglylvlrq

lwhudwlrq1

Wkh h{shfwhg frvw prgho iru dq rshudwlrq rq d sduwlwlrqlqj wuhh lv jlyhq e| wkh

vxppdwlrq ri frvwv dw hdfk qrgh ri wkh wuhh1 Frvw dw hdfk qrgh lv jlyhq lq whupv ri

wkh frvw ri lwv ohiw fklog wuhh pxowlsolhg e| wkdw eudqfk suredelolw| soxv wkh frvw ri uljkw

fklog wuhh pxowlsolhg e| lwv eudqfk suredelolw| soxv vrph frqvwdqw frvw iru surfhvvlqj wkdw

5D k|shusodqh lv gh�qhg dv dq lq�qlwh sodqh kdylqj d gluhfwlrq zklfk lv qrupdo wr wkh sodqh

lw uhsuhvhqwv dqg d vfdodu *g* zklfk lv wkh glvwdqfh iurp wkh ruljlq ri wkh frruglqdwh v|vwhp1
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qrgh1 Wkh ohiw dqg wkh uljkw fklog wuhhv dovr fruuhvsrqg wr wkh qhjdwlyh +u3, dqg srvlwlyh

+un, vxeuhjlrqv iruphg e| wkh k|shusodqh dw wkh qrgh1 Wkh iroorzlqj htxdwlrq vwdwhv wkh

deryh uhodwlrqvkls iru d jhqhudo rshudwlrq rq wkh wuhh1

HSJr|^W ` @ 4 . s3 �HSJr|^W
3` . sn �HSJr|^W

n` +614,

Iru dq rshudwlrq vxfk dv �qglqj wkh vxuidfh / wkh edvlf lghd lv wkdw wkh suredelolw| ri

klwwlqj d vxeuhjlrq lv gluhfwo| sursruwlrqdo wr wkh duhd ri wkh vxeuhjlrq zlwk uhvshfw wr

wkh ruljlqdo duhd/ zklfk lv jlyhq e|

sn @ duhd+un,@duhd+u, +615,

dqg

s3 @ duhd+u3,@duhd+u, +616,

Vlqfh zh duh exloglqj wkh wuhh wrs0grzq/ zh pxvw hvwlpdwh wkh h{shfwhg frvw ri wkh dv

|hw xqfrqvwuxfwhg vxewuhh1 Zh xvh wkh qxpehu ri idfhv lq hdfk kdoivsdfh dv jlyhq ehorz=

HSJr|^W
n` � menm�H +617,

Vlploduo|/

HSJr|^W
3` � me3m�H +618,

Zh shuiruphg vhyhudo h{shulphqwv zlwk wkh h{srqhqw e| frpsxwlqj wkh dyhudjh khljkw/

pd{lpxp ghswk/ dqg vwdqgdug ghyldwlrq iurp wkh dyhudjh iru d frqvwuxfwhg evsw iru d

jlyhq hqylurqphqw1 D ydoxh ri 31; zdv ghwhuplqhg hpslulfdoo| wr eh wkh ehvw iru odujh
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rxwgrru hqylurqphqwv dqg lqglylgxdo exloglqjv1 Wklv h{srqhqw frxog yhu| zhoo eh gl�huhqw

iru gl�huhqw w|shv ri hqylurqphqwv iurp �dw whuudlqv wr yhu| kloo| whuudlqv1

Wkh iroorzlqj svhxgr frgh ri wkh sduwlwlrqlqj wuhh dojrulwkp jlyhv dq lghd ri wkh euhs

wr evsw frqyhuvlrq1

Euhs wr Evsw= Euhs e $ Evsw W i

Li e @@ QXOO wkhq

W @ d fhoo

Hovh

k @ Fkrrvh K|shusodqh+ e ,

i en> e3> ef j @ Sduwlwlrq Euhs+ e/ k ,

W1idfhv @ ef

W1srv vxewuhh @ Euhs wr Evsw+ en ,

W1qhj vxewuhh @ Euhs wr Evsw+ e3 ,

j

��� W4TLh|�?} }iL4i|h�U _@|@M@tit

Dq hvvhqwldo vwhs lq shuiruplqj vlpxodwlrq rq dq| vlwh0vshfl�f hqylurqphqw lv wr eh deoh wr

lpsruw wkhvh gdwdedvhv lqwr wkh vlpxodwlrq v|vwhp lq wkh ghvluhg irupdw1 Wklv lv wuxh/ eh

lw d odujh exloglqj zlwk ghwdlohg od|rxw/ dq dfwxdo flw|vfdsh zlwk h{dfw vsdwldo ghvfulswlrq

ri vwuhhwv dqg exloglqjv/ ru d uroolqj whuudlq frqvlvwlqj ri kloov dqg ydooh|v1 Wklv fdq eh d
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fkdoohqjlqj wdvn iru dq| vlpxodwlrq v|vwhp1

Whuudlq jhrphwulf gdwdedvhv kdyh ehhq vxffhvvixoo| jhqhudwhg e| vwhuhr vdwhoolwh lp0

djhu|1 Jhrphwulf gdwdedvhv iru xuedq duhd zlwk odujh frqvwuxfwhg uhjlrqv fdq eh fuhdwhg

e| d frpelqdwlrq ri flw| od|rxw eoxhsulqwv dqg dlusodqh vwhuhr skrwrjudskv zklfk surylgh

wkh hohydwlrq lqirupdwlrq iru ydulrxv exloglqjv dqg odqgpdunv1 Vrph ri wkh whfkqltxhv

xvhg wr jhqhudwh whuudlq hohydwlrq gdwdedvhv fdq eh xvhg wr jhqhudwh exloglqj khljkw lqiru0

pdwlrq dw uhjxodu lqwhuydov/ exw fhuwdlq srvw0surfhvvlqj kdv wr eh shuiruphg wr uhfrqfloh

wklv gdwd zlwk wkh dfwxdo exloglqjv lq wkh hqylurqphqw1 Lqvlgh vshfl�f exloglqjv/ dufkl0

whfwxudo eoxhsulqwv duh dq lpsruwdqw vrxufh ri vxfk gdwdedvhv1 Wkrxjk doo wkh deryh

phwkrgv duh xvhixo/ wkh| vwloo uhtxluh vrph dprxqw ri pdqxdo zrun wr surgxfh d xvdeoh

irup ri d jhrphwulf gdwdedvh1 Zh rewdlqhg gl�huhqw gdwdedvhv iurp vhyhudo gl�huhqw

vrxufhv iru xvh lq vlpxodwlrqv rxwolqhg lq Fkdswhu :1

����� W?_LLh i?��hL?4i?|t

Rqh ri wkh phwkrgv zh hpsor|hg wr rewdlq jhrphwulf gdwdedvhv ri d od|rxw ri odujh

exloglqjv zdv wkurxjk wkhlu dufklwhfwxudo gudzlqjv1 Lq Dsshqgl{ D/ zh glvfxvv dw ohqjwk

d surfhvv zh xvhg wr lpsruw exloglqj od|rxwv dqg frqyhuw wkhp lqwr wkuhh0glphqvlrqdo

jhrphwulf prghov iru ylvxdol}dwlrq dqg vlpxodwlrq ri udglr sursdjdwlrq1 Dq h{dpsoh

ri wklv lpsohphqwdwlrq dqg xvdjh ri wkh surfhvv rq d odujh r�fh exloglqj +d Oxfhqw

Whfkqrorjlhv exloglqj lq Zklssdq|/ QM, lv vkrzq lq Iljxuh 6141
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Iljxuh 614= Dq h{dpsoh ri d odujh prghuq r�fh exloglqj h{wudfwhg iurp d wzr0glphqvlrqdo

gudzlqj dqg uhsuhvhqwhg dv d wkuhh0glphqvlrqdo exloglqj zlwk prvw jhrphwulf hqwlwlhv

uhfrqflohg zlwk wkhlu dfwxdo jhrphwu|1 Gl�huhqw froruv uhsuhvhqw gl�huhqw pdwhuldo w|shv1

Iru h{dpsoh/ lq wkh lpdjh uhg uhsuhvhqwv frqfuhwh dqg juhhq uhsuhvhqwv vkhhwurfn pdwhuldo1
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Vrolg yv1 qrq0vrolg jhrphwulf hqylurqphqw

Wkh prvw frpprq sureohp zlwk wzr0glphqvlrqdo FDG jhrphwulf gdwdedvhv +�rru sodqv,

lv wkdw zdoov dqg rwkhu vxfk ihdwxuhv duh uhsuhvhqwhg dv olqh vhjphqwv zlwk qr dvvrfldwhg

wklfnqhvv1 Krzhyhu/ vlqfh zdoov kdyh �qlwh wklfnqhvv wkh| duh uhsuhvhqwhg lq prvw gudzlqjv

dv wzr sdudooho olqhv zlwk d �qlwh glvwdqfh ehwzhhq wkhp1 Wr frqvwuxfw d wkuhh0glphqvlrqdo

uhsuhvhqwdwlrq ri d �rru sodq dq hdv| whfkqltxh lv wr h{wuxgh doo hqwlwlhv lq wkh khljkw

gluhfwlrq1 Exw wkdw uhvxowv lq wzr sdudooho sodqhv iru hdfk vlgh ri d zdoo zlwk qr wklfnqhvv

dvvrfldwhg zlwk wkhp/ h�hfwlyho| lqfuhdvlqj wkh vl}h ri wkh gdwdedvh dw ohdvw e| d idfwru

ri wzr1 Wklv lqfuhdvh pd| kdyh d gluhfw lpsdfw rq wkh surfhvvlqj wlph ri wkh suhglfwlrq

v|vwhp1 Dqrwkhu sureohp lv wkdw wkhvh sdudooho olqhv pd| qrw eh frqvlvwhqw wkurxjkrxw

wkh gudzlqj lq wkh ruljlqdo gdwdedvh lwvhoi1 Iru h{dpsoh/ dw zdoo lqwhuvhfwlrqv vrphwlphv

rqh ri wkh olqhv lv vkruwhu wkdq wkh rwkhu dqg dw rwkhu wlphv vlpso| kdv d jds ehwzhhq

wkh wzr olqhv dw d fruqhu1 Wkhuh lv qr hdv| vroxwlrq wr wklv sureohp1

Rqh vroxwlrq dv sursrvhg e| Nhuqljkdq hw do1 lq ^5<` lv wr frdohvfh wkhvh wzr olqhv1 Wkh

sureohp zlwk vxfk dq dssurdfk lv wkdw li hlwkhu rqh ri wkh ruljlqdo olqh vhjphqwv lv xvhg

wr uhsuhvhqw wkh uhvxowdqw zdoo wkhq wkh sk|vlfdo orfdwlrq ri wkh zdoo vkliwv zlwk uhvshfw wr

rwkhu hqwlwlhv lq wkh hqylurqphqw1 Rq wkh rwkhu kdqg/ li d qhz olqh vhjphqw lv lqwurgxfhg

lq0ehwzhhq wkhvh wzr olqhv lqvwhdg ri wkh wzr ruljlqdo olqh vhjphqwv wkhq lw ehfrphv

h{wuhpho| gl�fxow wr uhfrqfloh gl�huhqw fruqhuv ri wkh zdoov zlwkrxw vxevwdqwldo pdqxdo

lqwhuyhqwlrq1 Li qrz d wklfnqhvv lv dvvljqhg wr wkhvh sodqhv/ wkhq djdlq/ uhfrqflolqj wkh

hgjhv vxfk wkdw wkhuh duh qr jdsv dw wkh fruqhuv lv d sureohp1 Wklv fdq kdyh d vljql�fdqw
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lpsdfw rq wkh suhglfwlrq uhvxowv lq hqylurqphqwv zlwk wklfn zdoov1 Wklv lv hvshfldoo| wuxh

iru wkh h{whulru zdoov ri d exloglqj1 Vxfk srvlwlrqdo dqrpdolhv dw wkh h{whulru zdoov fdq

dovr kdyh vljql�fdqw lpsdfw rq wkh suhglfwlrq uhvxowv li hqhuj| glvwulexwlrq kdv wr eh

suhglfwhg lqvlgh d exloglqj iurp d wudqvplwwhu orfdwhg rxwvlgh wkh exloglqj ru ylfh yhuvd1

Wkh lghdo fdvh zloo eh wr vrphkrz �oo wkh vsdfh lq0ehwzhhq wkh wzr dgmdfhqw erxqgdulhv

ri d zdoo wr irup d vlqjoh vrolg zdoo ri wkh ghvluhg wklfnqhvv1

Wr dgguhvv wkh deryh sureohpv dqg pdlqwdlq srvlwlrqdo frqvlvwhqf| ri wkh gdwdedvh zh

uhsuhvhqw vxfk hqylurqphqwv dv qrq0vrolgv1 Dqrwkhu prwlydwlrq iru ghyhorslqj wklv uhsuh0

vhqwdwlrq zdv lq wkh vslulw ri ghyhorslqj d xql�hg dssurdfk wr sursdjdwlrq iru doo w|shv

ri hqylurqphqwv zlwk lqsxwv iurp vhyhudo gl�huhqw vrxufhv1 Wkh zdoov duh uhsuhvhqwhg e|

wkhlu erxqgdulhv dv wzr h{wuxghg vrolg sro|khgudov kdylqj duelwudulo| vpdoo wklfnqhvv1 Lq

rxu frqwh{w/ d vrolg jhrphwulf hqwlw|� lv gh�qhg dv rqh wkdw lv d forvhg sro|khgudoe kdylqj

d �qlwh yroxph1 Dq hqylurqphqw fdq wkhq eh frqvlvwhqwo| uhsuhvhqwhg dv d elqdu| vsdfh

sduwlwlrqlqj wuhh1 Wr shuirup ud|0ehdp wudflqj dv glvfxvvhg lq Fkdswhu 7/ zh frpsxwh

wkh �uvw wzr lqwhuvhfwlrqv +lqvwhdg ri mxvw wkh �uvw lqwhuvhfwlrq,/ zkhuh wkh �uvw lqwhuvhf0

wlrq fruuhvsrqgv wr wkh iurqw vlgh ri wkh zdoo dqg wkh vhfrqg lqwhuvhfwlrq fruuhvsrqgv

wr wkh uhdu vlgh ri wkh zdoo zlwk uhvshfw wr wkh srlqw ri lqwhuvhfwlrq1 Frqfhswxdoo|/ wkh

surfhvvlqj lv wkh vdph dv vkrzq lq Iljxuh 8181

Wkh pdlq gl�huhqfh ehwzhhq vrolg dqg qrq0vrolg jhrphwulf uhsuhvhqwdwlrq zlwk uhvshfw

6Wr frqvwuxfw d wuxh wkuhh0glphqvlrqdo vrolg hqylurqphqw iurp wklv h{wuxghg hqylurqphqw/ rqh

frxog uxq dojrulwkpv vlplodu wr wkh uhfrqvwuxfwlrq dojrulwkp jlyhq lq ^6<`1
7Lq jhqhudo/ wkh vrolg jhrphwulf hqwlw| qhhg qrw eh sro|khgudo lq vkdsh1
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wr wkh vlpxodwlrq v|vwhp iru udglr sursdjdwlrq pd| frph iurp wkh frpsxwdwlrqdo wlph

lw wdnhv iru hdfk gdwdedvh1 Zh frqgxfwhg vhyhudo h{shulphqwv rq wkh vdph hqylurqphqw

uhsuhvhqwhg dv vrolg dqg qrq0vrolg1 D frpsdulvrq ri wkh qrupdol}hg uxq wlphv lv vkrzq

lq Wdeoh 6141

W|sh ri gdwd edvh Qrupdol}hg wlph

Wklq vrolg zdoov 413

Wklfn vrolg zdoov 413

Qrq0vrolg zdoov 4156

Wdeoh 614= Uxq wlph frpsdulvrq ehwzhhq vrolg dqg qrq0vrolg jhrphwulf hqylurqphqwv1

W|sh ri gdwd edvh Phdq +lq gE, Vwg1 Ghyldwlrq +lq gE,

Wklq vrolg yv1 qrq0vrolg zdoov 319: 4153

Wklfn vrolg yv1 qrq0vrolg zdoov 419: 51:6

Wklq vrolg yv1 wklfn vrolg zdoov 4137 5178

Wdeoh 615= Frpsdulvrq ehwzhhq wkh suhglfwlrq uhvxowv iru d vrolg dqg qrq0vrolg jhrphwulf

hqylurqphqw1

Dv zh qrwlfh iurp Wdeoh 614 lw wdnhv dssur{lpdwho| wzhqw|0wkuhh shufhqw orqjhu wr

frpsxwh wkh suhglfwlrqv lq d qrq0vrolg hqylurqphqw dv frpsduhg wr d vrolg hqylurqphqw1

Wkh uhdvrq iru wkh lqfuhdvh lq wlph lv wkdw iru wkh qrq0vrolg hqylurqphqw wzr lqwhuvhfwlrqv

duh ehlqj frpsxwhg iru wkh fruuhvsrqglqj lqwhuvhfwlrq lq fdvh ri d vrolg hqylurqphqw1

Wklv lv h{shfwhg edvhg rq wkh evsw uhsuhvhqwhg jhrphwu| zklfk �qgv wkh forvhvw vxuidfh

lqwhuvhfwlrq dv dq R+orjq, rshudwlrq1 Wkh qrupdol}hg uxq wlph uhsruwhg lq wkh wdeoh

lqfoxghv wkh ryhukhdg ri uhdglqj wkh jhrphwulf gdwdedvh/ frpsxwlqj frh�flhqw wdeohv iru
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hdfk pdwhuldo w|sh dqg zdoo fkdudfwhulvwlf/ dqg zulwlqj wkh �qdo gE lpdjhv1 Wdeoh 615

vkrzv wkh gl�huhqfh lq suhglfwhg ydoxhv wdnhq ryhu doo wkh uhfhlyhu orfdwlrqv ehwzhhq wkh

wzr w|shv ri uhsuhvhqwdwlrqv1

����2 ��|_LLh i?��hL?4i?|t

Wkhuh duh wzr phwkrgv ri lpsruwlqj gdwdedvhv ri odujh flwlhv1 Rqh xvhv exloglqj gdwdedvhv

wkdw frqwdlq khljkw lqirupdwlrq iru lqglylgxdo exloglqjv1 Wkhvh gdwdedvhv duh vlpsoh wr

surfhvv dqg fdq eh yhu| dffxudwh1 Wkh rwkhu phwkrg zklfk pd| qrw eh dv dffxudwh dv wkh

�uvw dssurdfk lv wr exlog d wkuhh0glphqvlrqdo gdwdedvh iurp wkh wzr0glphqvlrqdo vwuhhw

pdsv1 Wklv odwwhu dssurdfk kdv wzr gudzedfnv1 Iluvw/ wkh dffxudf| ri vxfk d gdwdedvh

zloo rqo| eh dssur{lpdwlqj wkh flw| wr d eorfn ohyho zlwk srvvleo| wkh phdq khljkw ri doo

wkh exloglqjv lq d eorfn dvvljqhg wr wkh uhvshfwlyh eorfnv1 Vhfrqg/ wkhvh gdwdedvhv fdq

rqo| eh frqvwuxfwhg iru ghqvh foxwwhuhg flw| hqylurqphqwv vxfk dv Pdqkdwwdq/ zklfk kdv

odujh exlowxs duhd dqg zhoo gh�qhg eorfnv +lq d julg irupdw,1 Wkh reylrxv dgydqwdjh ri

wkh odwwhu dssurdfk lv wkdw ghwdlohg vwuhhw pdsv duh txlwh xeltxlwrxvo| dydlodeoh zkhuhdv

iru wkh iruphu dssurdfk wkhvh gdwdedvhv kdyh wr h{lvw zlwk vrph djhqf| ru wkh rwkhu1

Qrwlfh wkdw zh duh qrw jlylqj d orw ri frqvlghudwlrq wr ghwdlov olnh d idfdgh ri dq lqgl0

ylgxdo exloglqj1 Wkhvh duh lpsruwdqw jhrphwulf ghwdlov iurp d ylvxdo shuvshfwlyh exw duh

qrw dv lpsruwdqw iurp d shuvshfwlyh ri frpsxwlqj orqj0whup idglqj fkdudfwhulvwlfv lq dq

rxwgrru hqylurqphqw1 Ehvlghv/ lqfrusrudwlqj wkhvh ghwdlov lq wkh gdwdedvh duh d pdwwhu

ri ghedwh rq wkh dffxudf| yhuvxv frpsxwdwlrqdo h�flhqf| wudghr�1 Edvhg rq vhyhudo
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khxulvwlf h{shulphqwv/ zh frqfoxghg wkdw wkh ehqh�wv lq whupv ri dffxudf| duh idu ohvv

wkdq wkh lqfuhdvh lq wkh frpsxwdwlrqdo frvw1 Wkh uhdo sureohp frphv lv dvvljqlqj pdwh0

uldo surshuwlhv wr hdfk lqglylgxdo exloglqj1 Wr dgguhvv wklv frqvwudlqw zh xvhg d vlqjoh

glhohfwulf frqvwdqw iru wkh zkroh hqylurqphqw zklfk uhvxowhg lq d yhu| jrrg fruuhodwlrq

ehwzhhq vlpxodwlrq dqg wkh dfwxdo phdvxuhphqwv1 Lpdjhv zlwk sursdjdwlrq uhvxowv lq

odujh flw|vfdshv vxfk dv Pdqkdwwdq duh vkrzq lq Fkdswhu :1

����� Aihh@�?�M@ti_ i?��hL?4i?|t

Wrsrjudsklfdo gdwdedvhv ri doprvw doo ri wkh Xqlwhg Vwdwhv dqg pdq| rwkhu uhjlrqv durxqg

wkh zruog duh dydlodeoh lq wkh irup ri Gljlwdo Hohydwlrq Prghov +GHP, iurp XV Jhrorjlfdo

Vxuyh| +XVJV, ^49`1 Wkhvh gdwdedvhv surylgh hohydwlrq lqirupdwlrq dw vhyhudo gl�huhqw

uhvroxwlrqv udqjlqj iurp wkluw| duf0vhfrqg gdwd wr dv kljk d uhvroxwlrq dv rqh duf0vhfrqg

gdwd1 Zlwk vxfk d zlgh udqjh ri uhvroxwlrqv d gdwd edvh fdq kdyh dq hohydwlrq gdwd

srlqw udqjlqj iurp hyhu| 633 phwhuv wr 63 phwhuv1 Krzhyhu/ dq| uhvroxwlrq frduvhu wkdq

83 � :3phwhuv lv qrw yhu| xvhixo iru udglr sursdjdwlrq vlqfh vrph vljql�fdqw whuudlq

ihdwxuhv pd| qrw eh uhsuhvhqwhg lq d slhfhzlvh olqhdu uhsuhvhqwdwlrq ri vxfk d whuudlq1

W|slfdoo| wklv gdwd lv glylghg lqwr htxdo vl}hg wlohv zklfk zh fdoohg whuudlq sdwfkhv1 Iru

h{dpsoh/ d vlqjoh wkuhh duf0vhfrqg suh0irupdwwhg sdwfk h{whqgv wr doprvw 43{ :=8plohv1

Lqwhjudwlqj whuudlq sdwfkhv iru uxq wlph ordglqj

Iru udglr sursdjdwlrq lq odujh whuudlq edvhg hqylurqphqwv/ ordglqj wkh hqwluh gdwdedvh

dw rqh wlph lv qrw rqo| lqh�flhqw exw vrphwlphv lqihdvleoh dv zhoo1 D vlqjoh sdwfk +ri
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43{ :=8plohv, kdylqj vhyhqw| phwhu uhvroxwlrq fdq hdvlo| kdyh d ihz ploolrq wuldqjohv

ghshqglqj rq orfdo yduldwlrqv lq hohydwlrq/ zklfk lqfuhdvhv gudpdwlfdoo| iru kljkhu uhvrox0

wlrq sdwfkhv1 Wkxv/ lw lv lpsruwdqw wr ordg sduwv ri wkh hqylurqphqw dw d wlph1 Zh fdph

xs zlwk dq dssurdfk vlplodu wr wkh rqh glvfxvvhg hduolhu lq Vhfwlrq 614171 Lqvwhdg ri d

wzr0ohyho lqwhuvhfwlrq julg zh xvhg d vlqjoh0ohyho julg1 Zh frpsxwhg yroxphwulf erxqglqj

er{hv durxqg hdfk whuudlq sdwfk zkhuh wkh vl}h ri wkh sdwfk fdq eh duelwudulo| vpdoo1 Lw

lv lpsruwdqw wr qrwh wkdw li hdfk sdwfk lv odujh/ wkdw lv/ h{whqglqj pruh wkdq whq vtxduh

plohv/ wkhq d frruglqdwh v|vwhp kdv wr eh fkrvhq fduhixoo| vxfk wkdw wkh fxuydwxuh ri hduwk

grhv qrw d�hfw wkh vhdpohvv lqwhjudwlrq ri wkhvh sdwfkhv1 W|slfdoo| whuudlq sdwfk lqiru0

pdwlrq lv dydlodeoh lq vskhulfdo frruglqdwh v|vwhp zklfk lv wudqviruphg lqwr d Fduwhvldq

frruglqdwh v|vwhp1 Rqh ri wkh sulpdu| sureohpv zlwk surfhvvlqj odujh whuudlq sdwfkhv

lv lq vhohfwlqj d vxlwdeoh ruljlq iru wkh Fduwhvldq frruglqdwh v|vwhp1 Li wkh ruljlq ri wkh

Fduwhvldq frruglqdwh v|vwhp lv gh�qhg dv wkh lqwhuvhfwlrq ri wkh }hur orqjlwxgh +JPW,

dqg }hur odwlwxgh +htxdwru,/ wkh wudqvirupdwlrq glvwruwv wkh vkdsh ri wkh sdwfkhv wkdw duh

ixuwkhu dzd| iurp wklv ruljlq1 Wklv lv gxh wr wkh fxuydwxuh ri wkh hduwk1 Wr doohyldwh wklv

glvwruwlrq/ gxulqj d suhsurfhvvlqj vwhs zh vhohfw d vxlwdeoh ruljlq iurp zlwklq d uhjlrq/

iru h{dpsoh/ iru qruwkhuq Qhz Mhuvh|/ d orfdwlrq iurp rqh ri wkh sdwfkhv lv vhohfwhg dqg

vwruhg dv d uhihuhqfh frruglqdwh zlwk hdfk whuudlq sdwfk wkdw lv frqyhuwhg lqwr wkh evsw

irupdw1 Li doo vhohfwhg whuudlq sdwfkhv iru d vlpxodwlrq kdyh wkh vdph uhihuhqfh frruglqdwh

zlwk wkh vdph ruljlq wkhq wkh udglr sursdjdwlrq vlpxodwlrq lv shuiruphg hovh wkh sdwfkhv

duh uhfrqyhuwhg lqwr wkh evsw irupdw zlwk d qhz frpprq uhihuhqfh frruglqdwh v|vwhp
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ehiruh d vlpxodwlrq fdq surfhhg1 Iljxuh 615 vkrzv dq h{dpsoh ri d vlqjoh whuudlq sdwfk

dqg wkhq d frqfdwhqdwlrq ri irxu dgmdfhqw sdwfkhv1

(a)

(b)

Iljxuh 615= Wkh lpdjhv vkrz d vdpsoh whuudlq ri Erxoghu/ Frorudgr duhd1 Iru looxvwudwlyh

sxusrvhv wkh lpdjhv zhuh frqvwuxfwhg iurp d frduvh 6 duf0vhfrqg GHP gdwd1 +d, Vlqjoh

whuudlq sdwfk1 +e, Pxowlsoh whuudlq sdwfkhv +wlohv, lqwhjudwhg vhdpohvvo| zklfk fdq eh

ordghg g|qdplfdoo| dw uxq wlph iru vlpxodwlrq1

Wklv vlpsoh surfhvv ri frqfdwhqdwlqj whuudlq sdwfkhv dw uxq wlph dovr khosv lq whupv

ri d vxlwdeoh xvhu lqwhuidfh1 D xvhu fdq lqwhudfwlyho| vhohfw d vhw ri frqwljxrxv +frqqhfwhg,

whuudlq sdwfkhv/ dv vkrzq lq Iljxuh 616/ dqg wkhq uxq wkh udglr sursdjdwlrq vlpxodwlrq

rq wkh hqylurqphqw1 Wkh deryh lghd ri lqwhjudwlqj sduwv ri dq hqylurqphqw dw uxq wlph
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fdq dovr eh h{whqghg wr rwkhu w|shv ri hqylurqphqwv1

Iljxuh 616= Wkh lpdjh vkrzv wkh xvhu lqwhuidfh wr vhohfw d frqqhfwhg vhw ri whuudlq sdwfkhv1

D xvhu fdq vhohfw d sdwfk +vkrzq lq uhg,/ gh0vhohfw d sdwfk +vkrzq lq |hoorz,/ ru shuirup

dq lqtxlu| rq d sdwfk1

����e W?|i}h@|�?} |ihh@�? ��|� M��*_�?}t

Zh sursrvh d vlpsoh dojrulwkp wr lqwhjudwh hohydwlrq lqirupdwlrq dorqj zlwk xuedq flw|0

vfdshv1 Zh frpsxwh wkh h{whqwv ri hdfk exloglqj lq wkh exloglqj gdwdedvh1 Wkhq zh

frpsxwh wkh plqlpxp hohydwlrq iru wkh h{whqwv ri wkh exloglqj xqghu frqvlghudwlrq1 Wkh
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exloglqj khljkw vkrxog eh phdvxuhg iurp wklv plqlpxp srlqw ri hohydwlrq vxfk wkdw hdfk

exloglqj lqglylgxdoo| lv deryh lwv orfdo jurxqg sodqh1 Vlqfh evsw surylghv xv zlwk dq hdv|

zd| ri lqwhjudwlqj wzr remhfwv e| phujlqj wkhlu lqglylgxdo sduwlwlrqlqj wuhhv edvhg rq

errohdq rshudwlrqv +vxfk dv xqlrq/ lqwhuvhfwlrq/ dqg gl�huhqfh,/ whuudlq/ exloglqjv/ dqg

rwkhu vxfk vwuxfwxuhv fdq hdvlo| eh lqwhjudwhg vhdpohvvo|1
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Lq wklv fkdswhu/ zh �uvw ghvfuleh wkh vshfldo uhtxluhphqwv wkdw prwlydwhg wkh ghyhorsphqw

ri rxu dojrulwkp1 Wkhq zh glvfxvv wkh dvvxpswlrqv wkdw zhuh xvhg wr ghyhors wkh ud|0

ehdp wudflqj dojrulwkp dqg �qdoo|/ wkh dfwxdo dojrulwkp1 Vlqfh wkh dojrulwkpv xvh d

jhrphwulf edvlv wr prgho udglr zdyh sursdjdwlrq wkh| frxog eh xvhg htxdoo| h�hfwlyho|

wr prgho dfrxvwlf zdyhv ru zdyh sursdjdwlrq lq vrph rwkhu iuhtxhqf| grpdlqv1

e�� �L_i*�?} MhL@_U@t| 4L_i Lu ThLT@}@|�L? @?_ �|t h@|�L�

?@*i

D ghvluh wr ghyhors d xql�hg dssurdfk wr prgholqj hqhuj| sursdjdwlrq lq gl�huhqw w|shv ri

hqylurqphqwv zdv dq lpsruwdqw frqvlghudwlrq lq wkh ghyhorsphqw ri wkhvh dojrulwkpv1 Dv

glvfxvvhg lq Fkdswhu 5/ prvw ri wkh oljkw wudqvsruw dojrulwkpv fdvw ud|v lq wkh hqylurqphqw

vwduwlqj iurp wkh h|h srvlwlrq1 Rqh ri wkh suhgrplqdqw uhdvrqv iru wklv dojrulwkplf
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dssurdfk lv wkdw oljkw wudqvsruw dssolfdwlrqv +sulpdulo| lpdjh v|qwkhvlv dssolfdwlrqv,

w|slfdoo| kdyh d yhu| vpdoo qxpehu ri ylhzlqj srvlwlrqv iru zklfk dq lpdjh kdv wr eh

jhqhudwhg1 Lq vxfk vfhqdulrv/ wkh lpdjh0edvhg dssurdfk pd| eh zhoo vxlwhg1 Exw li wkh

qxpehu ri ylhzlqj srvlwlrqv lqfuhdvhv vxevwdqwldoo|/ fdvwlqj ud|v iurp wkh vrxufh pd| eh

pruh h�flhqw1

Prgholqj sursdjdwlrq iurp dq hqhuj| vrxufh kdv vhyhudo rwkhu dgydqwdjhv1 Zh fdoohg

wklv dssurdfk wkh eurdgfdvw prgh ri sursdjdwlrq1 Wkhvh dgydqwdjhv hvshfldoo| krog iru

dssolfdwlrqv vxfk dv zluhohvv sursdjdwlrq lq udglr preloh hqylurqphqwv/ dqg lq sulqflsoh/

duh dssolfdeoh wr prgholqj dfrxvwlf zdyhv dv zhoo1 Hqhuj| iurp d wudqvplwwhu/ iru h{dpsoh/

lqvlgh odujh pxowl0�rru exloglqjv/ fdq eh wudfhg wr vhyhudo ohyhov deryh dqg ehorz wkh

�rru zkhuh wkh wudqvplwwhu lv sk|vlfdoo| orfdwhg/ wkdw lv/ udglr zdyhv duh nqrzq wr wudyho

wkurxjk zdoov/ �rruv/ dqg fhlolqjv1 Wklv lv xqolnh ylvleoh oljkw iru zklfk zdoov/ �rru/ dqg

fhlolqjv dfw dv rsdtxh vxuidfhv1 Wklv pdnhv lw lpshudwlyh iru udglr sursdjdwlrq suhglfwlrq

v|vwhpv wr uhfrug vljqdo vwuhqjwk dw hdfk ri wkhvh �rruv iurp d jlyhq wudqvplwwhu1 Dq

dojrulwkp edvhg rq eurdgfdvw prgh ri sursdjdwlrq lv h�flhqw ehfdxvh vshfl�f sdwkv

zloo rqo| eh wudfhg wkurxjk wkh hqylurqphqw li wkh| kdyh qrw dwwhqxdwhg xqwlo wkhq1

Lpsohphqwdwlrq ri wklv dojrulwkplf dssurdfk lq vxfk fdvhv jlyhv xv d vxe0olqhdu wlph

dojrulwkp lq wkh qxpehu ri uhfhlyhu orfdwlrqv dv zh zloo glvfxvv lq Vhfwlrq :171 Wklv

dssurdfk lv dovr vxlwdeoh iru whuudlq edvhg hqylurqphqwv1 Lq vxfk hqylurqphqwv uhfhlyhu

orfdwlrqv kdyh wr eh prghohg dw d frqvwdqw khljkw deryh jurxqg +w|slfdo iru preloh

uhfhlyhu dqwhqqdv,/ zklfk pd| kdyh frqwlqxrxv fkdqjhv lq hohydwlrq1 Fdvwlqj ud|v iurp
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wkh vrxufh kdqgohv vxfk prgholqj pxfk pruh qdwxudoo|1

Dqrwkhu shfxoldulw| ri prgholqj udglr sursdjdwlrq wkdw lv zhoo dgguhvvhg e| wklv

dssurdfk lv wkdw riwhq wkh wudqvplwwlqj vrxufh lv d gluhfwlrqdo dqwhqqd udwkhu wkdq dq

rpql0gluhfwlrqdo lvrwurslf vrxufh ri hqhuj|1 Wkhvh gluhfwlrqdo dqwhqqdv w|slfdoo| kdyh

d frpsoh{ sdwwhuq ri hqhuj| glvwulexwlrq lq wkuhh0glphqvlrqv1 Vrph h{dpsohv ri wkhvh

frpsoh{ sdwwhuqv duh jlyhq lq Iljxuh 7141 Wklv gluhfwlylw| ri d wudqvplwwhu lv vrphwlphv

(a)

(d)(c)

(b)

Iljxuh 714= Wkhvh lpdjhv vkrz wkuhh0glphqvlrqdo uhqglwlrqv ri wkh qrupdol}hg jdlq sdw0

whuqv ri vrph ri wkh frpprqo| xvhg gluhfwlrqdo dqwhqqdv iru udglr sursdjdwlrq lq xuedq

dqg lqgrru hqylurqphqwv1 +d, Dq dqwhqqd jdlq sdwwhuq zlwk d krul}rqwdo ehdp zlgwk ri

693� +frqvwdqw jdlq, dqg d yhuwlfdo ehdp zlgwk ri 8�= +e, Wklv kdv d jdlq sdwwhuq zlwk

krul}rqwdo ehdp zlgwk ri 693� +yduldeoh jdlq, dqg d yhuwlfdo ehdp zlgwk ri 8�= +f, Krul0

}rqwdo ehdp zlgwk ri 453� dqg yhuwlfdo ehdp zlgwk ri 47�= +g, Krul}rqwdo ehdp zlgwk ri

98� dqg yhuwlfdo ehdp zlgwk ri :�=

dfklhyhg e| xswlowlqj ru grzqwlowlqj� wkh sk|vlfdo dqwhqqd/ ru urwdwlqj lw lq d}lpxwkdo

4Wkh vdph dssurdfk ri sk|vlfdo wlow lv riwhq xvhg wr prgho gluhfwlrqdo vrxqg vrxufhv lq odujh

::



gluhfwlrq1 Fdvwlqj ud|v iurp wkh vrxufh qdwxudoo| h{whqgv lwvhoi wr wkh prgholqj lvvxhv

ri wkhvh frpsoh{ hqhuj| vrxufhv1 Wkh edvlf lghd lv wr surfhgxudoo| frqvwuxfw wkh hqhuj|

glvwulexwlrq sdwwhuq shu xqlw duhd lq wkuhh0glphqvlrqv dw uxqwlph zlwkrxw vwrulqj lw lq

wkh gdwd vwuxfwxuh1

e�2 �L_i*�?} hiUi��ih *LU@|�L?t

Dqrwkhu prwlydwlrq iru wkh ghyhorsphqw ri wkh eurdgfdvw dssurdfk zdv wkdw lw idflolwdwhv

h�flhqw prgholqj ri uhfhlyhu orfdwlrqv lq gl�huhqw hqylurqphqwv1 Iru prvw zluhohvv ds0

solfdwlrqv rqh zloo qrwlfh wkdw preloh xvhu dqwhqqdv duh w|slfdoo| dw d frqvwdqw khljkw/

dssur{lpdwho| vl{ wr hljkw ihhw deryh jurxqg/ erwk zkloh zdonlqj dv zhoo dv zkloh prylqj

lq d yhklfoh1 Wkh vdph lv wuxh iru xvhuv lqvlgh exloglqjv/ erwk �{hg dv zhoo dv preloh1 Iru

wkh vdph uhdvrq lw lv ghvludeoh wkdw uhfhlyhu orfdwlrqv eh prghohg dw d frqvwdqw khljkw

deryh jurxqg iru rxwgrru dqg whuudlq edvhg hqylurqphqwv dqg dw d frqvwdqw khljkw deryh

d sduwlfxodu �rru lqvlgh d exloglqj1

Iru hqylurqphqwv vxfk dv lqvlgh exloglqjv dqg odujh foxwwhuhg xuedq flwlhv wkdw gr

qrw h{whqg pruh wkdq rqh vtxduh ploh/ lw fdq prvwo| eh dvvxphg wkdw wkh jurxqg lv

doprvw krul}rqwdo1 Lq vxfk vfhqdulrv/ uhfhlyhu orfdwlrqv fdq eh jhrphwulfdoo| prghohg dv

d vlqjoh krul}rqwdo sodqh1 Wklv sodqh fdq hdvlo| eh uhsuhvhqwhg lq wkh sduwlwlrqlqj wuhh

gdwd vwuxfwxuh zlwkrxw vxevwdqwldo frvw lq whupv ri wkh qxpehu ri dgglwlrqdo sro|jrqv1

Wkh lghd lv wkdw iru lqwhuvhfwlrq sxusrvhv wkh krul}rqwdo sodqh lv wdjjhg zlwk d vshfldo

dxglwrulxpv1
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lghqwl�hu1 Li d ud|0ehdp lqwhuvhfwv zlwk vxfk d sro|jrq/ lqvwhdg ri dwwhqxdwlqj wkh vljqdo/

dq lqgh{ ri d uhfhlyhu orfdwlrq lv frpsxwhg edvhg rq wkh srlqw ri lqwhuvhfwlrq1 Hdfk wlph

vxfk d uhfhlyhu orfdwlrq lv frpsxwhg/ vljqdo vwuhqjwk shu xqlw duhd ri wkh fxuuhqw ehdp lv

uhfrughg lq lwv fruuhvsrqglqj gdwd vwuxfwxuh +vxfk dv d wzr ru kljkhu glphqvlrqdo duud|,1

Wklv gdwd vwuxfwxuh dovr olqnv wkh sro|jrq wr dgglwlrqdo lqirupdwlrq derxw uhfhlyhuv vxfk

dv wkhlu h{dfw orfdwlrq/ wkhlu h{whqwv/ dqg dq| rwkhu vshfl�f uhfhlyhu fkdudfwhulvwlfv1

Wkh lghd ri xvlqj d vlqjoh krul}rqwdo sodqh iru d vhw ri uhfhlyhu orfdwlrqv fdq dovr eh

lqfrusrudwhg lqwr wkh frqvwuxfwlrq ri d sduwlwlrqlqj wuhh iru wkh hqylurqphqw1 Wkh sodqh

fdq eh xvhg dv wkh �uvw k|shusodqh zklfk vxeglylghv wkh hqylurqphqw vxfk wkdw lw lv

sodfhg forvhu wr wkh urrw ri wkh sduwlwlrqlqj wuhh1 Hyhu| wlph d vhdufk lv shuiruphg rq

vxfk d sduwlwlrqlqj wuhh/ lw fdq eh txlfno| ghwhuplqhg li wkh ud|0ehdp lqwhuvhfwv zlwk wklv

sodqh dqg uhfhlyhg srzhu uhfrughg1

Iru whuudlq edvhg hqylurqphqwv wkdw kdyh vljql�fdqw hohydwlrq yduldwlrqv/ d krul}rqwdo

sodqh fdqqrw eh xvhg wr prgho uhfhlyhu orfdwlrqv dw d frqvwdqw khljkw deryh jurxqg dv

vkrzq lq Iljxuh 7151 Wkh sureohp pdqlihvwv lwvhoi ehfdxvh ri wkh vorsh ri wkh jurxqg dw

wkh srlqw ri lqwhuvhfwlrq1 Li d yhklfoh lv prylqj rq wklv vorsh wkh uhfhlyhu dqwhqqd prxqwhg

rq d yhklfoh lv shushqglfxodu wr wkh jurxqg1 Ghshqglqj rq wkh vorsh ri wkh jurxqg dqg

wkh vsdwldo glvwdqfh ehwzhhq wzr vxffhvvlyh uhfhlyhu orfdwlrqv/ srzhu fdq jhw uhfrughg

lq dq lqfruuhfw uhfhlyhu elq1 Wkh vroxwlrq frphv iurp wkh revhuydwlrq wkdw hyhu| wlph

dq lqflghqw ud| lqwhuvhfwv wkh jurxqg d uhfhlyhu uhfhlyhv srzhu rqfh ehiruh wkh lqflghqw

ud| klwv wkh jurxqg dqg wkhq dqrwkhu uhfhlyhu orfdwlrq uhfhlyhv srzhu diwhu wkh ud| kdv
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Typical terrain environment

Receiver locations 
sampled above ground

Source If a horizontal 
position is used

for indexing

Reflected ray

Incident ray

Iljxuh 715= Jhrphwulf frpsxwdwlrq wr prgho uhfhlyhu orfdwlrqv lq d whuudlq edvhg hqyl0

urqphqwv wkdw kdyh vljql�fdqw yduldwlrqv lq hohydwlrq1

uh�hfwhg r� wkh jurxqg1 Gl�udfwlrq lv kdqgohg dv d vshfldo fdvh1 Iru vxfk vfhqdulrv/

lqvwhdg ri uhsuhvhqwlqj wkh uhfhlyhu orfdwlrqv dv d vlqjoh krul}rqwdo sodqh dqg wdjjlqj lw

zlwk d xqltxh lghqwl�hu/ wkh jurxqg lwvhoi lv wdjjhg zlwk d xqltxh lghqwl�hu1 Wkhq dq

lqgh{ ri d sduwlfxodu uhfhlyhu lv frpsxwhg edvhg rq vlpsoh jhrphwulf fdofxodwlrqv1

Lw lv zruwk qrwlqj wkdw wkh deryh dssurdfk lv qrw uhvwulfwhg wr prgho uhfhlyhu orfdwlrqv

rqo| lq d krul}rqwdo sodqh ru lq wzr0glphqvlrqv1 Lq jhqhudo/ uhfhlyhuv frxog eh prghohg

dv yr{hov zkhuh hdfk uhfhlyhu kdv d �qlwh yroxph lq wkuhh0glphqvlrqv1 Lq wklv fdvh/ wkh

hqwluh hqylurqphqw fdq eh xqlirupo| ru qrq0xqlirupo| vxeglylghg lqwr yr{hov dqg uhfhlyhg

hqhuj| uhfrughg lq hdfk yr{ho1
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Rqh ri wkh sureohpv ri prgholqj hqhuj| sursdjdwlrq iurp wkh vrxufh lv wkdw lw lv gl�fxow

wr hvwlpdwh d sulrul wkh qxpehu ri ud|v wkdw qhhg wr eh fdvw iurp wkh vrxufh1 Wzr ud|v

wkdw vwduw iurp wkh vdph vrxufh glyhujh dv wkh xqiroghg sdwk ohqjwk ri wkhvh ud|v lqfuhdvhv1

Wkrxjk wklv glyhujhqfh lv d ixqfwlrq ri wkh lqlwldo dqjoh ri vhsdudwlrq ehwzhhq ud|v dw wkh

vrxufh/ wkh dfwxdo glvwdqfh ri vhsdudwlrq ehwzhhq wkh wzr ud|v lv d ixqfwlrq ri erwk wkh

dqjoh dqg wkh glvwdqfh wkhvh ud|v kdyh wudyhohg ehiruh wkh| hqfrxqwhu dq remhfw1 Iurp

wkh shuvshfwlyh ri frpsxwdwlrqdo h�flhqf| wkh ghvluh lv wr fdvw hqrxjk ud|v vxfk wkdw wkh

hqylurqphqw lv vx�flhqwo| vdpsohg dqg |hw qrw ryhu0vdpsohg1 Dw wkh vdph wlph iurp

dq dffxudf| vwdqgsrlqw d suxghqw dssurdfk zrxog eh wr ryhu0vdpsoh udwkhu wkdq xqghu0

vdpsoh1 Exw wkhq krz pxfk grhv rqh ryhu0vdpsohB Wkhuh fdq dozd|v eh sdwkrorjlfdo

jhrphwulf hqylurqphqwv iru zklfk d jlyhq udwh ri vdpsolqj2 zloo qrw eh vx�flhqw1 Wkh

rwkhu sureohp lv wkdw w|slfdoo| remhfwv lq dq hqylurqphqw duh qrw xqlirupo| glvwulexwhg1

Wr hqvxuh wkdw doo uhjlrqv lq wkh hqylurqphqw duh vx�flhqwo| vdpsohg/ d xqlirup vdpsolqj

dw wkh udwh ri wkh vpdoohvw jhrphwulf hqwlw| lv uhtxluhg/ zklfk lv vxuho| lqh�flhqw1 Iru

wklv uhdvrq wkh frqyhqwlrqdo zlvgrp kdv ehhq wkdw lw lv lqh�flhqw wr fdvw ud|v iurp wkh

vrxufh1

5Wkh udwh ri vdpsolqj lv gh�qhg dv wkh dqjxodu vhsdudwlrq dw zklfk wkh ud|v duh fdvw iurp wkh

vrxufh1
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Fdq zh frpsxwh dq xsshu erxqg iru wkh udwh ri vdpsolqjB Khuh dq xsshu erxqg lv gh�qhg

dv wkh zruvw udwh dw zklfk wkh ud|v kdyh wr eh fdvw lqwr dq hqylurqphqw wr hqvxuh wkdw qr

jhrphwulf hqwlwlhv duh plvvhg1 Fohduo|/ wklv lv ghshqghqw rq wkh vl}h ri wkh hqylurqphqw/

wkh vl}h ri wkh vpdoohvw remhfw/ dqg wkh wrwdo srzhu ri wkh wudqvplwwlqj vrxufh1 Ohw H

eh wkh lqlwldo hqhuj| ri wkh wudqvplwwhu shu xqlw duhd1 Dovr ohw wkh pd{lpxp sdwk orvv

shuplwwhg iru wkh hqylurqphqw eh �[ gE zlwk uhvshfw wr wkh lqlwldo hqhuj| +wkh qhjdwlyh

vljq lv ehfdxvh lw lv zlwk uhvshfw wr wkh lqlwldo hqhuj|/ rwkhuzlvh sdwk orvv lv d srvlwlyh

txdqwlw|,1 Li wkh plqlpxp udwh ri dwwhqxdwlrq jlyhq e| iuhh vsdfh dwwhqxdwlrq lv dvvxphg

wr eh u2> zkhuh u lv wkh glvwdqfh lq phwhuv iurp wkh vrxufh wr d uhfhlyhu orfdwlrq wkhq wkh

glvwdqfh wudyhohg e| d ud| ehiruh lw dwwhqxdwhv ehorz wkh wkuhvkrog fdq eh gh�qhg dv

u @

t
43+

f

�f
, +714,

ru

[ @ 43� orj�f

�
4

u2

�
+715,

Li S lv wkh ghvluhg vhsdudwlrq glvwdqfh ehwzhhq wkh wzr dgmdfhqw ud|v wkhq dq dqjoh �

ehwzhhq wkh wzr ud|v lv jlyhq e|

� @ wdq3�
�
S

u

�
+716,

Qrwlfh wkdw iru looxvwudwlrq sxusrvhv � lv ehlqj gh�qhg lq d vlqjoh sodqh dqg qrw dv d vrolg

dqjoh1 Iru h{dpsoh/ zlwk d sdwk orvv ri ;3gE> d vljqdo fdq wudyho dv idu dv 43ephwhuv ri
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Transmitter

Diffracted rays

Adjacent rays miss an object

Reflected ray

Transmitted ray

Iljxuh 716= Dgmdfhqw ud|v plvv duelwudulo| odujh jhrphwulf remhfwv1

xqiroghg sdwk ohqjwk1 Wr fryhu d plqlpxp vhsdudwlrq ri 43phwhuv> ud|v zloo kdyh wr eh

fdvw dw hyhu| 3=336�1 Lw lv hylghqw iurp wkh deryh frpsxwdwlrq wkdw li doo uhdvrqdeo| vl}hg

remhfwv lq dq hqylurqphqw kdyh wr eh vdpsohg wkhq ud|v zloo kdyh wr eh fdvw dw d yhu|

kljk uhvroxwlrq1 Iljxuh 716 vkrzv krz dgmdfhqw ud|v fdq plvv duelwudulo| vl}hg remhfwv li

wkh hqylurqphqw lv qrw vdpsohg dghtxdwho|1

e�e � �)Mh�_ tU�i4i

Iurp rxu glvfxvvlrq lq wkh suhylrxv vhfwlrqv lw lv hylghqw wkdw eurdgfdvw prgh kdv vhyhudo

dgydqwdjhv iru udglr sursdjdwlrq1 Krzhyhu/ lw lv dovr hylghqw wkdw d vlpsoh ud| wudflqj

edvhg dgdswdwlrq lv hlwkhu h{wuhpho| lqh�flhqw ru kdv wr ghdo zlwk wkh vdpsolqj huuru
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sureohp1 Wr dgguhvv wkh lvvxh ri vdpsolqj huuru zh sursrvh d k|eulg vfkhph ri sursdjdwlrq

iurp wkh vrxufh/ zklfk lv d frpelqdwlrq ri ud| wudflqj dqg ehdp wudflqj fdoohg ud|0ehdp

wudflqj1 Wr dgguhvv wkh lvvxh ri h�flhqf| zh sursrvh d vfkhph wkdw g|qdplfdoo| dgdswv

wr wkh vfdoh ri wkh hqylurqphqw/ wkdw lv/ wkh dojrulwkp vxeglylghv d ud|0ehdp zkhuhyhu

qhfhvvdu|1 Zh fdoohg wkh frpelqhg vfkhph wkh dgdswlyh ud|0ehdp wudflqj dojrulwkp1

Rqh fdq wklqn ri d k|eulg vfkhph ri sursdjdwlrq dv d phfkdqlvp ri nhhslqj wudfn

ri wkh glyhujhqfh ehwzhhq wzr vxffhvvlyh ud|v |hw dw wkh vdph wlph qrw glvwruwlqj wkh

sk|vlfv ru iru wkdw pdwwhu wkh jhrphwulf fkdudfwhulvwlfv ri wkh ud| wkhru|1 Jhrphwulfdoo|

vshdnlqj/ wkh edvlf lghd ri wkh k|eulg vfkhph lv wkdw txdgulodwhudo +irxu vlghg, s|udplgdo

ehdpv duh fdvw lqwr wkh hqylurqphqw/ exw dw wkh vdph wlph d phgldo ud| uhsuhvhqwlqj hdfk

ehdp lv dovr pdlqwdlqhg lq wkh gdwd vwuxfwxuh1 Wkh qrwlrq ri d ehdp dvvlvwv wkh wudfhu

lq dyrlglqj jhrphwulf hqwlwlhv iurp idoolqj lq ehwzhhq wzr dgmdfhqw ud|v1 Wkh qrwlrq ri

d uhsuhvhqwdwlyh phgldo ud| idflolwdwhv idvwhu lqwhuvhfwlrq frpsxwdwlrq zlwk wkh sodqdu

vxuidfhv lq wkh hqylurqphqw1 Zh qrz �uvw glvfxvv wkh pdlq frpsrqhqwv ri wkh dojrulwkp

dqg wkhq jlyh dq ryhuylhz ri wkh dojrulwkp1

e�e�� #i�?�?} @ h@)�Mi@4

D wudqvplwwhu lv jhrphwulfdoo| uhsuhvhqwhg dv d vskhuh kdylqj dq h{solflw vxuidfh duhd

udwkhu wkdq mxvw d srlqw1 Krzhyhu/ wkh srzhu lq dq| gluhfwlrq lv prgxodwhg e| dq dqwhqqd

jdlq0sdwwhuq dqg wkh wrwdo srzhu ri wkh wudqvplwwhu1 Dv d �uvw vwhs/ wkh vxuidfh duhd ri
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d wudqvplwwhu lv whvvhoodwhg lqwr irxu0vlghg sro|jrqv�1 Khuh/ wkh vl}h ri whvvhoodwlrq fdq

eh gh�qhg e| d xvhu zlwk wkh ghidxow vl}h ehlqj hyhu| rqh ghjuhh qhdu wkh htxdwru ri

wkh vskhuh dqg d frduvhu vl}h qhdu wkh srohv1 Wklv vfkhph khosv xv lq gh�qlqj wkh lqlwldo

vrolg dqjoh ri d ehdp lq wkuhh0glphqvlrqv dv d ixqfwlrq ri wzr dqjohv � dqg !> zkhuh

� lv gh�qhg lq wkh krul}rqwdo sodqh dqg ! lv gh�qhg lq wkh sodqh shushqglfxodu wr wkh

krul}rqwdo sodqh1 Ilqdoo|/ iru hdfk ri wkh sro|jrqv/ d ehdp lv gh�qhg lq wkh Prgho

Frruglqdwh V|vwhp +PFV, e| d yluwxdo xs0yhfwru/ d yluwxdo ruljlq +zklfk lv lqlwldoo| wkh

vdph dv wkh wudqvplwwhu orfdwlrq,/ dqg d vrolg dqjoh1 Wkrxjk d ehdp lv fdvw lq PFV/

iru vxeglylvlrq sxusrvhv lw lv wudqviruphg lq d frruglqdwh v|vwhp fdoohg Ehdp Frruglqdwh

V|vwhp +EFV,/ zkhuh EFV lv gh�qhg vxfk wkdw wkh yluwxdo xs0yhfwru frlqflghv zlwk wkh

}0d{lv/ wkh phgldo ud| frlqflghv zlwk wkh {0d{lv/ wkh dsh{ ri wkh ehdp frlqflghv zlwk wkh

ruljlq ri wkh frruglqdwh v|vwhp1 Wkh wzr frpsrqhqwv � dqg ! ri wkh vrolg dqjoh ghwhuplqh

wkh ehdp h{whqwv lq |0d{lv dqg }0d{lv uhvshfwlyho|1

Wkhuh zhuh rwkhu ud|0ehdp uhsuhvhqwdwlrq vfkhphv zklfk zhuh jlyhq vrph frqvlghud0

wlrq1 Rqh ri wkhp zdv wr xvh frqhv lqvwhdg ri sro|jrqdo ud|0ehdpv1 D frqh zdv gh�qhg

lq whupv ri d fhqwudo d{lv dorqj zlwk d vrolg dqjoh1 D pdmru glvdgydqwdjh ri d frqh dv

rssrvhg wr d sro|jrqdo ehdp lv wkdw d jlyhq vxuidfh grhv qrw jhw whvvhoodwhg frpsohwho|/

uhvxowlqj lq jdsv ru ryhuodsv lq wkh sursdjdwlrq1 Wkhvh jdsv hyhqwxdoo| dffuxh zlwk wkh

wrwdo glvwdqfh wudyhuvhg1 Dv d uhvxow/ jhrphwulf hqwlwlhv pd| eh plvvhg e| wkh sursdjdwlrq

6Wkh whvvhoodwlrq fdq dovr eh lq wkh irup ri q0vlghg sro|jrqv zklfk pd| eh pruh vxlwdeoh

zlwk d ehdp vxeglylvlrq vfkhph vxfk dv wzr0glphqvlrqdo elqdu| vsdfh sduwlwlrqlqj dv glvfxvvhg

lq wkh vhfwlrq rq ehdp vxeglylvlrq1 Exw dw wkh vdph wlph zlwk q pruh wkdq irxu/ frpsxwlqj d

fruuhvsrqglqj vrolg dqjoh zloo eh pruh frpsoh{1
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iru dwwhqxdwlrq sxusrvhv1 Rq wkh rwkhu kdqg/ li ryhuodsslqj frqhv duh xvhg wkhq wkh vdph

uhfhlyhu orfdwlrq pd| uhfhlyh srzhu iurp pxowlsoh ehdpv +zklfk zhuh ryhuodsslqj lq wkh

�uvw sodfh dqg vkrxog frqwulexwh srzhu rqo| rqfh, uhvxowlqj lq lqfruuhfw suhglfwlrq1

e�e�2 +@)�Mi@4 t�M_���t�L? M@ti_ L? |�i ThL�iU|i_ @hi@

Dv d ud|0ehdp lv fdvw lq wkh hqylurqphqw lw pd| lqwhuvhfw d vxuidfh dw dq duelwudu|

dqjoh1 Wkh duhd wkh ud|0ehdp surmhfwv rq wkh lqwhuvhfwhg vxuidfh lv d ixqfwlrq ri erwk

wkh lqflghqw dqjoh dqg lwv vrolg dqjoh1 Iru d jlyhq vrolg dqjoh/ wkh odujhu wkh lqflghqw

dqjoh zlwk uhvshfw wr wkh vxuidfh qrupdo/ wkh odujhu lv wkh surmhfwhg duhd1 Zh vxeglylgh d

ud|0ehdp lqwr fklog ud|0ehdpv edvhg rq wklv surmhfwhg duhd1 Wklv lv rqh ri wkh vljql�fdqw

gl�huhqfhv ehwzhhq wkh suhylrxv dssurdfkhv dqg rxu dssurdfk1 Wkdw lv/ wkh vxeglylvlrq

lv shuiruphg edvhg rq wkh duhd surmhfwhg e| d ud|0ehdp rq wkh lqwhuvhfwhg vxuidfh udwkhu

wkdq vxeglylvlrq edvhg rq wkh vrolg dqjoh ri d ehdp1 Wkh gl�huhqfh lq wkh wzr vxeglylvlrq

vfkhphv lv vkrzq lq Iljxuh 7171 Rqh zloo qrwlfh wkdw dv wkh lqflghqw dqjoh zlwk uhvshfw

wr wkh vxuidfh qrupdo lqfuhdvhv wr �@5> d vxeglylvlrq dw wkh vrolg dqjoh fdq vwloo ohdyh

duelwudulo| odujh surmhfwlrqv rq wkh lqwhuvhfwhg vxuidfh1 Rq wkh rwkhu kdqg/ rxu vfkhph

fdq jxdudqwhh wkh uhtxluhg udwh ri vxeglylvlrq1 Wkh h�hfw ri pdlqwdlqlqj d vxeglylvlrq

udwh edvhg rq wkh surmhfwhg duhd lv wkdw wkh qxpehu ri fklog ehdpv vsdzqhg iurp d sduhqw

ehdp lv pxfk odujhu li wkh lqflghqw dqjoh lv odujh/ zklfk olplwv wkh duelwudulo| odujh huuruv

wkdw fdq rwkhuzlvh jhw lqwurgxfhg gxh wr wkh vxewhqghg duhd dssurdfklqj lq�qlw|1
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(b)

arbitrary surface

beam extents

beam origin
equal subdivision
of the solid angle

uniform subdivision
based on projected area

arbitrary surface

Iljxuh 717= D wzr0glphqvlrqdo ylhz ri d ehdp vxeglylvlrq surfhvv edvhg rq vxuidfh

vdpsolqj1 +d, Htxdo vxeglylvlrq ri wkh vrolg dqjoh fdxvhv wkh lqhtxdolw| ehwzhhq wkh wzr

surmhfwhg duhdv rq wkh vxuidfh1 Wklv glvsdulw| lqfuhdvhv zlwk dq lqfuhdvh lq wkh lqflghqw

dqjoh1 +e, Xqlirup vxeglylvlrq ri wkh surmhfwhg duhd ri wkh ehdp doohyldwhv wklv sureohp1
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Wklv lv d nh| frpsrqhqw ri wkh dojrulwkp wr frqwuro wkh vdpsolqj huuru sureohp1 Dv wkh

sdwk0ohqjwk ri d ud|0ehdp lqfuhdvhv vr grhv wkh duhd lw surmhfwv rq dq| vxuidfh dw d jlyhq

lqflghqw dqjoh1 Wr frqwuro wklv surmhfwhg duhd wkh dojrulwkppdlqwdlqv d udwh ri vxeglylvlrq

wr dgdswlyho| vxeglylgh d ud|0ehdp1 Lqlwldoo|/ wklv udwh lv vhw e| wkh vxuidfh whvvhoodwlrq

ri d wudqvplwwhu zklfk lv d ixqfwlrq ri wkh zdyhohqjwk iru d sduwlfxodu vlpxodwlrq uxq dqg

wkh dssur{lpdwh vl}h ri jhrphwulf remhfwv lq dq hqylurqphqw1 Krzhyhu/ dv wkh vlpxodwlrq

surjuhvvhv/ fulwhulrq vxfk dv wkh wrwdo srzhu fxuuhqwo| frqwulexwhg e| d ehdp/ wkh glvwdqfh

ehwzhhq wkh uhfhlyhu orfdwlrqv/ dqg wkh vl}h ri wkh jhrphwulf hqwlwlhv duh dovr wdnhq lqwr

dffrxqw1 Wkh lghd ri xvlqj srzhu lv wkdw d ehdp vkrxog eh vxeglylghg dw d �qhu uhvroxwlrq

li wkhuh lv d vljql�fdqw frpsrqhqw ri wkh lqlwldo srzhu uhpdlqlqj lq wkh ehdp/ dqg dw d

frduvhu uhvroxwlrq li wkh srzhu kdv dwwhqxdwhg vx�flhqwo|1 Rq wkh rwkhu kdqg/ wkh lghd

ri xvlqj wklv glvwdqfh ehwzhhq uhfhlyhu orfdwlrqv dqg wkh vl}h ri wkh jhrphwulf hqwlwlhv

lv qrw wr vxeglylgh d ud|0ehdp pruh wkdq lv qhfhvvdu|1 Rqfh dq lqwhuvhfwlrq srlqw kdv

ehhq frpsxwhg/ erwk wkh lqflghqw dqjoh dw wkh srlqw ri lqwhuvhfwlrq dqg wkh glvwdqfh +wkh

ud|0ehdp kdv wudyhohg vlqfh wkh odvw lqwhuvhfwlrq, fdq eh frpsxwhg1 Wklv jlyhv xv wkh

surmhfwhg duhd dqg d phdvxuh wr ghwhuplqh li vxeglylvlrq lv qhfhvvdu|1 Li d vxeglylvlrq

lv shuiruphg/ qhz fklog ud|0ehdpv duh frpsxwhg1 Hdfk ri wkhvh fklog ud|0ehdpv duh

lqghshqghqwo| fdvw lqwr wkh hqylurqphqw dqg wkh surfhvv frqwlqxhv xqwlo wkh srzhu lq d

ud|0ehdp dwwhqxdwhv ehorz d xvhu gh�qhg wkuhvkrog ru wkh qxpehu ri vxuidfh lqwhuvhfwlrqv

h{fhhg d suhgh�qhg olplw1

;;
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Vhyhudo ehdp sduwlwlrqlqj vfkhphv fdq eh xvhg wr pdlqwdlq d fhuwdlq udwh ri vxeglylvlrq

rq dq lqwhuvhfwhg vxuidfh1 Lq jhqhudo/ doo vfkhphv vxeglylgh wkh surmhfwhg duhd1 Hdfk

vxeglylvlrq lq wxuq lv gh�qhg dv d qhz ud|0ehdp zlwk lwv vrolg dqjoh fruuhvsrqglqj wr

wkh h{whqwv ri wkh vxeglylvlrq1 Wkh wkuhh pdlq sduwlwlrqlqj vfkhphv wkdw zh kdyh frq0

vlghuhg duh vkrzq lq Iljxuh 7181 Iru hdvh ri looxvwudwlrq d ehdp surmhfwlrq lv vkrzq dv d

uhfwdqjxodu uhjlrq zlwk wkh lqwhuvhfwhg vxuidfh frpsohwho| hqforvhg e| wkh surmhfwlrq1 Lq

d jhqhudo fdvh li wkh lqwhuvhfwhg vxuidfh lv qrw frpsohwho| hqforvhg e| wkh fxuuhqw ehdp

surmhfwlrq/ wkh dgmdfhqw ehdp surmhfwlrq dffrxqwv iru wkh uhpdlqlqj sduw ri wklv vxuidfh1

Zh qrz glvfxvv wkh wkuhh pdlq sduwlwlrqlqj vfkhphv dorqj zlwk wkhlu dgydqwdjhv dqg

(a) (b) (c)

Iljxuh 718= Wkuhh edvlf w|shv ri ehdp sduwlwlrqlqj1 +d, 5G elqdu| vsdfh sduwlwlrq ri wkh

ehdp h{whqwv1 +e, Txdgwuhh sduwlwlrqlqj1 +f, Xqlirup vsdwldo sduwlwlrqlqj1 Lq +d, hdfk

hqforvhg frqyh{ uhjlrq lv d fklog ehdp ri wkh sduhqw ehdp/ dqg lq +e, ) +f, grwwhg olqhv

duh wkh qhz ehdp sduwlwlrqv1

glvdgydqwdjhv1

;<



� Wzr0glphqvlrqdo elqdu| vsdfh sduwlwlrqlqj= Khuh d ehdp lv sduwlwlrqhg lqwr

wzr0glphqvlrqdo frqyh{ uhjlrqv wr irup vxe0ehdpv1 Wkh vfkhph sulpdulo| xvhv wkh

hgjhv ri d sro|jrqdo vxuidfh wr sduwlwlrq d ehdp surmhfwlrq1 Dq dgydqwdjh ri wkh

vfkhph lv wkdw dq h{dfw vxeglylvlrq ri d ehdp surmhfwlrq edvhg rq wkh lqwhuvhfwhg

vxuidfh fdq eh rewdlqhg1 D glvdgydqwdjh ri wkh vfkhph lv wkdw lw uhvxowv lq dq

duelwudu| vlghg vxe0ehdp/ zklfk fdqqrw eh dssur{lpdwhg e| d vrolg dqjoh1 Dqrwkhu

glvdgydqwdjh ri wklv vfkhph lv wkdw li wkh vl}h ri dq lqglylgxdo ehdp lv qrw uhvwulfwhg/

d vlwxdwlrq frxog dulvh zkhuh frpsohwh jhrphwulf hqwlwlhv jhw hqjxoihg e| d sduwlfxodu

ehdp vl}h1 Wklv pd| irufh d sduwlfxodu vsdwldo uhvroxwlrq wr eh pdlqwdlqhg/ zklfk

lv juhdwhu wkdq ru htxdo wr d frpelqdwlrq ri wkh ghqvlw| ri wkh uhfhlyhu orfdwlrqv

iru wkh vlpxodwlrq dqg wkh ghwdlo ri jhrphwulf hqwlwlhv1 Dovr qrwlfh wkdw ehdp

sduwlwlrqlqj lq fdvh ri Iljxuh 718 +d, lv qrw xqltxh dv zh fdq kdyh pruh wkdq rqh

frqyh{ sduwlwlrqlqj iru wkh vdph ehdp surmhfwlrq1

� Txdgwuhh sduwlwlrqlqj= Wklv vfkhph uhfxuvlyho| vxeglylghv wkh erxqgv ri d ehdp

surmhfwlrq lqwr irxu txdgudqwv1 Wkh sduwlwlrqlqj lv ghwhuplqhg edvhg rq wkh ghvluhg

vsdwldo uhvroxwlrq ri d ehdp1 Wkh vxeglylvlrq frqwlqxhv li wkhuh duh dq| hgjhv wkdw

vwloo qhhg wr eh uhvroyhg1 Wkh vl}h ri d txdgudqw lq zklfk wkh xquhvroyhg hgjh

idoov vkrxog eh odujhu wkdq wkh fxuuhqw ehdp sduwlwlrqlqj uhvroxwlrq1 Wkh pdlq

glvdgydqwdjh ri wkh vfkhph +dv lq wkh fdvh ri elqdu| vsdfh sduwlwlrqlqj, lv wkdw d

sduwlfxodu sduwlwlrqlqj pd| uhvxow lq odujh ehdpv vxfk wkdw vpdoo jhrphwulf hqwlwlhv

pd| eh plvvhg1 Dq dgydqwdjh ri wkh vfkhph lv wkdw lv vlpsoh wr lpsohphqw dqg
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pd| qrw sduwlwlrq d ehdp xqqhfhvvdulo|1 Wklv pd| eh d ehwwhu sduwlwlrqlqj vfkhph

wkdq xqlirup sduwlwlrqlqj lq fhuwdlq fdvhv1

� Xqlirup vsdwldo sduwlwlrqlqj= Wklv vfkhph xqlirupo| vxeglylghv wkh erxqgv ri d

ehdp surmhfwlrq/ ghshqglqj rq wkh ghvluhg vsdwldo uhvroxwlrq1 Wkh pdlq dgydqwdjh

ri wkh vfkhph lv wkdw lw lv deoh wr pdlqwdlq wkh ohyho ri ghvluhg vxeglylvlrq yhu|

hdvlo|1 Wkh vfkhph lv dovr yhu| hdv| wr lpsohphqw1 Lw lv lpsruwdqw wr qrwh wkdw

li d xqlirup txdgulodwhudo ehdp lqwhuvhfwv zlwk d vxuidfh dw dq duelwudu| dqjoh lw

surmhfwv dq duelwudu| txdgulodwhudo1 Gh�qlqj wklv duelwudu| txdgulodwhudo ehdp zlwk

wkh vrolg dqjohv � dqg ! lv qrw srvvleoh1 Iru wklv uhdvrq zh vxeglylgh dq duelwudu|

txdgulodwhudo zlwk xqlirup uhfwdqjohv lq wzr0glphqvlrqv wkxv djdlq ehlqj deoh wr

gh�qh wkh vrolg dqjoh iru d fklog ehdp1 D frpelqdwlrq ri wkh deryh sduwlwlrqlqj

vfkhphv zrxog eh wkh prvw h�hfwlyh lq frqwdlqlqj wkh qxpehu ri ehdpv wr lwv

plqlpxp dqg vwloo fryhu wkh hqylurqphqw vx�flhqwo|1

e�e�D ��ih��i� Lu |�i @*}Lh�|�4

D kljk ohyho ryhuylhz ri wkh ud|0ehdp wudflqj dojrulwkp lv dv iroorzv= Wkh dojrulwkp

wdnhv wzr sdudphwhuv/ rqh d ghvfulswlrq ri wkh jhrphwulf hqylurqphqw dqg wkh rwkhu

lv d vlpxodwlrq vwdwh ghvfulelqj wkh fkdudfwhulvwlfv ri wudqvplwwhuv/ uhfhlyhuv/ dqg wkh

hqylurqphqw1 D olvw ri vrph ri wkhvh sdudphwhuv lv jlyhq lq Iljxuh 914 dqg Iljxuh 9151 Wkh

dojrulwkp vwduwv e| whvvhoodwlqj wkh vxuidfh duhd ri d vrxufh lqwr irxu0vlghg sro|jrqv1 Iru

hdfk sro|jrq d ud|0ehdp lv frqvwuxfwhg zlwk wkh ruljlq ri wkh lqlwldo ud|0ehdp frlqflglqj
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zlwk wkh ruljlq ri wkh vrxufh dqg lwv vrolg dqjoh gh�qhg e| wkh h{whqwv ri wkh sro|jrq1

Hdfk sro|jrqdo ud|0ehdp lv fdvw lq wkh hqylurqphqw1 Li wkh ud|0ehdp lqwhuvhfwv zlwk wkh

sodqh uhsuhvhqwlqj wkh uhfhlyhu orfdwlrqv/ fxuuhqw srzhu ohyho lv uhfrughg iru hdfk uhfhlyhu

wkdw wkh ud|0ehdp lqwhuvhfwv1 Li wkh ud|0ehdp lqwhuvhfwv zlwk dq| rwkhu vxuidfh dqg li lw

lv ghwhuplqhg wkdw wkh ud|0ehdp kdv wr eh vxeglylghg edvhg rq ydulrxv fulwhulrq +vxfk

dv uhpdlqlqj srzhu lq wkh ud|0ehdp/ glvwdqfh wudyhohg vlqfh wkh odvw lqwhuvhfwlrq/ dqg

wkh glvwdqfh ehwzhhq vxffhvvlyh uhfhlyhu orfdwlrqv, wkhq fklog ud|0ehdpv duh frqvwuxfwhg1

Hdfk fklog ud|0ehdp lv lqghshqghqwo| fdvw lq wkh hqylurqphqw1 Li dq hgjh lv ghwhfwhg wkhq

gl�udfwhg ud|0ehdpv duh frqvwuxfwhg dqg fdvw1 Hovh uh�hfwhg dqg wudqvplwwhg ud|0ehdpv

duh frqvwuxfwhg dqg fdvw1 Wklv surfhgxuh frqwlqxhv xqwlo wkh srzhu ohyho ri d ud|0ehdp

idoov ehorz d fhuwdlq wkuhvkrog1 Wkh iroorzlqj lv wkh svhxgr0frgh ri wkh dojrulwkp1
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Ud|0EhdpWudflqj +Evsw hqy/ VlpxodwlrqVwdwh vwdwh, i

Iru hdfk W{

Iru hdfk whvvhoodwhg sro|jrq rq wkh vxuidfh ri W{

Frqvwuxfw ud|0ehdp

Gr xqwlo ud|0ehdp srzhu ? wkuhvkrog

Li ud|0ehdp lqwhuvhfwv wkh sodqh uhsuhvhqwlqj uhfhlyhu orfdwlrqv wkhq

Uhfrug fxuuhqw srzhu ohyho lq hdfk lqwhuvhfwhg uhfhlyhu

Li ud|0ehdp vxeglylvlrq uhtxluhg wkhq

Iru hdfk vxeglylghg ud|0ehdp

Li hgjh ghwhfwhg wkhq

Frqvwuxfw dqg fdvw gl�udfwhg ud|0ehdpv

Hovh

Frqvwuxfw dqg fdvw uh�hfwhg ud|0ehdp

Frqvwuxfw dqg fdvw wudqvplwwhg ud|0ehdp

j

e�D 5L4i Th@U|�U@* UL4T�|@|�L?@* LT|�4�3@|�L?t

Wkhuh duh vhyhudo rswlpl}dwlrqv wkdw duh hdv| wr lpsohphqw |hw fdq surylgh vljql�fdqw

frpsxwdwlrqdo h�flhqf| zkhq dssolhg wr dq dfwxdo v|vwhp1 Vrph ri wkhvh duh jhqhudo

rswlpl}dwlrqv zkhuhdv rwkhuv duh yhu| vshfl�f wr d w|sh ri hqylurqphqw ru d sduwlfxodu
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vfhqdulr ehlqj prghohg1

Lq xuedq hqylurqphqwv wkh lqglylgxdo exloglqjv duh odujh hqrxjk wkdw wkh vljqdo jhwv

dwwhqxdwhg orqj ehiruh lw h{lwv wkh exloglqj iurp wkh rwkhu vlgh1 Lq vxfk vfhqdulrv li surs0

djdwlrq lv qrw ehlqj prghohg iurp rxwvlgh exloglqjv wr lqvlgh exloglqjv wkhq wkh wudqv0

plvvlrq sdwkv fdq frpsohwho| eh ljqruhg1 Khuh exloglqjv dfw dv odujh rsdtxh vxuidfhv1

Wkxv fryhudjh lq prvw rxwgrru duhdv fdq suhgrplqdqwo| eh uhvwulfwhg wr d frpelqdwlrq

ri uh�hfwhg dqg gl�udfwhg sdwkv1 Dqrwkhu hdv| wr lpsohphqw rswlpl}dwlrq lv iru hqyl0

urqphqwv wkdw rqo| kdyh yhuwlfdo zdoov dqg qr ryhu0kdqjlqj idfdghv ru frqfdyh jhrphwulf

remhfwv1 Lq vxfk hqylurqphqwv/ d ud| yhfwru fdq eh whvwhg iru wkhlu }0gluhfwlrq1 Li wkh

gluhfwlrq ri wkh ud| lv lq wkh srvlwlyh }0gluhfwlrq dqg wkh ud| ruljlq lv deryh wkh khljkw

dw zklfk uhfhlyhu orfdwlrqv duh ehlqj prghohg/ wkhq surfhvvlqj ri wklv ud| yhfwru fdq eh

whuplqdwhg1 Wkh uhdvrq lv wkdw wklv ud|0ehdp zloo qhyhu frqwulexwh wr dq| ri wkh uhfhlyhu

orfdwlrqv1 Hpslulfdo uhvxowv lqglfdwh wkdw wklv vlpsoh rswlpl}dwlrq fdq uhvxow lq d pruh

wkdq �iw| shufhqw uxq wlph lpsuryhphqw lq vrph vfhqdulrv1

Dqrwkhu rswlpl}dwlrq lv wkh sdudphwhul}dwlrq ri wkh ud|0ehdp vxeglylvlrq surfhvv dv

d ixqfwlrq ri uhpdlqlqj hqhuj| lq wkh ehdp zklfk uhvxowv lq vljql�fdqw frpsxwdwlrqdo

h�flhqf| zlwkrxw pxfk orvv ri dffxudf|1
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Dv zh kdyh phqwlrqhg lq wkh hduolhu fkdswhuv/ iru udglr sursdjdwlrq gl�udfwlrq lv dq lp0

sruwdqw irup ri vfdwwhulqj hqhuj| durxqg zhgjhv1 Lq wklv fkdswhu/ zh zloo �uvw glvfxvv

wklv lpsruwdqfh ri gl�udfwlrq lq zluhohvv frppxqlfdwlrq/ lqfoxglqj wkh wkhru| ri gl�udf0

wlrq/ dqg lwv xvdjh lq wkuhh0glphqvlrqdo hqylurqphqwv1 Wkhq zh glvfxvv wkh dojrulwkpv

zh ghyhorshg wr frpsxwh gl�udfwlrq xvlqj wkh ud|0ehdp wudflqj dojrulwkp ghvfulehg lq

wkh suhylrxv fkdswhu lq dq hqylurqphqw wkdw lv uhsuhvhqwhg dv d elqdu| vsdfh0sduwlwlrqlqj

wuhh1 Rqh ri wkh pdmru fkdoohqjhv ri frpsxwlqj gl�udfwlrq lq odujh hqylurqphqwv lv wr

frqwuro wkh frpsxwdwlrqdo frvw lqyroyhg lq �qglqj dq hgjh lq dq hqylurqphqw/ ehvlghv wkh

hqruprxv vwrudjh ghpdqg lw sodfhv rq dq| gdwd vwuxfwxuh1 Zh zloo glvfxvv d qhz uxqwlph

dojrulwkp wr ghwhfw hgjhv g|qdplfdoo| lq sduwlwlrqlqj wuhh uhsuhvhqwhg jhrphwulhv udwkhu
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wkdq vwrulqj hgjhv vwdwlfdoo| lq wkh gdwd vwuxfwxuh1 Wkh dojrulwkp lqfxuv dq dgglwlrqdo

frvw ri �qglqj dq dgmdfhqw vxuidfh lq wkh evsw1

Dw dq lqwxlwlyh ohyho/ gl�udfwlrq fdq eh gh�qhg dv ehqglqj ri dq lqflghqw ud| dw d

vxuidfh glvfrqwlqxlw| wr frqwulexwh hqhuj| wkurxjkrxw wkh vkdgrz uhjlrq ri wkh vxuidfh1

Wkhvh glvfrqwlqxlwlhv fdq eh lq wkh irup ri dq hgjh ri d zhgjh/ d fruqhu ri dq remhfw/

ru dq| rwkhu vxuidfh glvfrqwlqxlw|1 Khuh/ d zhgjh lv gh�qhg dv d phhwlqj ri wzr sodqdu

vxuidfhv dqg d fruqhu lv gh�qhg dv d phhwlqj ri wkuhh sodqdu vxuidfhv1 Lw lv lpsruwdqw wr

gl�huhqwldwh ehwzhhq uhiudfwlrq zkhuh wkh ehqglqj ri wkh lqflghqw ud| lv gxh wr d gl�huhqfh

lq wkh ghqvlwlhv ri wkh wzr phglxpv/ dqg gl�udfwlrq zkhuh wkh ehqglqj ri ud|v lv gxh wr d

sk|vlfdo glvfrqwlqxlw| zlwklq wkh vdph phglxp1 Wkh skhqrphqrq ri gl�udfwlrq rffxuv dw

doo hohfwurpdjqhwlf iuhtxhqflhv dv zhoo dv iru dfrxvwlf zdyhv1 Krzhyhu/ iru hohfwurpdjqhwlf

zdyhv lw lv pruh uhohydqw dw vrph iuhtxhqflhv wkdq rwkhuv1 Dw d wkhruhwlfdo ohyho wklv

uhohydqfh lv gluhfwo| d ixqfwlrq ri wkh zdyhohqjwk zlwk uhvshfw wr wkh vl}h ri wkh jhrphwulf

remhfwv wkhvh zdyhv lqwhudfw zlwk1 Dw d pruh sudfwlfdo ohyho wklv uhohydqfh lv d ixqfwlrq

ri wkh remhfwlyhv iru zklfk vxfk d vlpxodwlrq lv ehlqj shuiruphg1 Iru h{dpsoh/ dw ylvleoh

oljkw iuhtxhqflhv +gxh wr lwv vpdoo zdyhohqjwk,/ zkhq oljkw ud|v lqwhudfw zlwk remhfwv zh

xvh lq rxu hyhu|gd| olih/ gl�udfwlrq dv vxfk lv plqlpdoo| qrwlfhg e| d kxpdq h|h1 Dv

d uhvxow/ lq devhqfh ri dq| dpelhqw oljkw/ zh gr qrw vhh remhfwv lq wkh vkdgrz uhjlrq1

Lqwhuhvwlqjo|/ iru wkh vdph uhdvrq/ zh gr qrw vhh pdq| h{dpsohv ri gl�udfwlrq ehlqj

vlpxodwhg iru lpdjh v|qwkhvlv1 Exw dw wkh vdph wlph/ li oljkw ud|v duh vlpxodwhg r� urxjk

vxuidfhv dw dplfurjhrphwu| ohyho wkhq gl�udfwlrq fdq eh ri lpsruwdqfh ^58`1 Wkh uhohydqfh
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ri gl�udfwlrq lv hylghqw iru zluhohvv frppxqlfdwlrq/ hvshfldoo| lq wkh 4 JK} wr 5 JK}

udqjh/ ehfdxvh pdq| ri wkh remhfwv lq rxu vxuurxqglqj hqylurqphqw duh frpsdudeoh wr

wkh zdyhohqjwk +318 wr 4 irrw, lq wklv udqjh1

Fodvvlfdo wkhru| ri jhrphwulf rswlfv +iru uh�hfwlrq dqg wudqvplvvlrq, lv edvhg rq wkh

edvlf sulqflsoh wkdw ud|v wudyho lq vwudljkw olqhv1 Wklv lpsolhv wkdw lw grhv qrw surylgh dq|

wkhruhwlfdo edvlv iru sursdjdwlrq lq wkh vkdgrz uhjlrq ri dq revwdfoh1 Rq wkh rwkhu kdqg/

zdyh rswlfv surylghv d vrxqg edvlv ri ghdolqj zlwk wkh zdyh qdwxuh ri wkh hohfwurpdjqhwlf

hqhuj|1 Dw wkh vdph wlph/ wkhuh kdyh ehhq dwwhpswv dw h{whqglqj wkh wkhru| ri jhrphwulf

rswlfv wr dffrxqw iru gl�udfwlrq dw vxuidfh hgjhv dqg dv d uhvxow/ gl�udfwlrq frh�flhqwv

kdyh ehhq irupxodwhg iru dwwhqxdwlrq ri wkh lqflghqw vljqdo1

D�� A�iLh) Lu _�gh@U|�L?

Li d ud| lv lqflghqw rq dq hgjh ri d zhgjh dqg iroorzv rqo| wkh odzv ri jhrphwulf rswlfv

wkhq wkh duhd durxqg wkh zhgjh fdq eh glylghg lqwr wkuhh glvwlqfw uhjlrqv1 Wkh �uvw

uhjlrq lv zkhuh erwk gluhfw +olqh0ri0vljkw, ud|v dv zhoo dv uh�hfwhg ud|v iurp wkh vrxufh

duh ylvleoh1 Wkh erxqgdu| ri wklv uhjlrq lv gh�qhg e| wkh ud| wkdw uh�hfwv r� wkh hgjh

zkhq d ud| iurp wkh vrxufh lv lqflghqw rq wkh hgjh1 Wklv erxqgdu| lv dswo| nqrzq dv

wkh uh�hfwlrq vkdgrz erxqgdu|1 Wkh vhfrqg uhjlrq lv zkhuh rqo| gluhfw ud|v uhdfk1 Wklv

uhjlrq lv erxqghg e| wkh uh�hfwhg ud| rq rqh vlgh dqg e| wkh erxqgdu| iruphg e| wkh

lqflghqw ud| wkdw euxvkhv wkh hgjh rq wkh rwkhu vlgh1 Wklv odwwhu erxqgdu| lv dovr nqrzq

dv wkh lqflghqw vkdgrz erxqgdu|1 Ilqdoo|/ wkh wklug uhjlrq lv iruphg ehwzhhq wkh lqflghqw
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vkdgrz erxqgdu| dqg wkh idfh ri wkh zhgjh lq wkh vkdgrz uhjlrq zkhuh qhlwkhu gluhfw

qru uh�hfwhg ud|v uhdfk1 Dowkrxjk wklv wklug uhjlrq lv fdoohg wkh vkdgrz uhjlrq/ hqhuj|

lv qrw wrwdoo| devhqw1 H{shulphqwv uhyhdo wkdw hqhuj| grhv uhdfk wklv vkdgrz uhjlrq1

Wkhvh erxqgdulhv dorqj zlwk wkh wkuhh glvwlqfw uhjlrqv duh vkrzq lq Iljxuh 8141 Wr

Incident shadow boundary

Reflection shadow boundary

Incident ray
Point of observation

φ’

φ

nπ

(2 - n)π

Source

An arbitrary angled wedge

Face ‘0’

Face ‘n’

Iljxuh 814= Dq lqflghqw ud| rq wkh hgjh ri d zhgjh glylghv wkh uhjlrq durxqg wkh zhgjh

lqwr wkuhh glvwlqfw uhjlrqv1 Wkhvh uhjlrqv duh gh�qhg e| wkh uh�hfwlrq vkdgrz erxqgdu|/

wkh lqflghqw vkdgrz erxqgdu|/ dqg wkh zhgjh1

dffrxqw iru wkh hqhuj| glvwulexwlrq lq wkh vkdgrz uhjlrq/ h{whqvlrq wr jhrphwulf rswlfv

+dovr nqrzq dv ud| rswlfv, zdv sursrvhg/ zklfk ohg wr zkdw zh nqrz dv wkh jhrphwulf

wkhru| ri gl�udfwlrq1 Wr irupxodwh wkh wkhru| wkdw lv dssolfdeoh wr gl�huhqw jhrphwulhv/

<;



d qxpehu ri fdqrqlfdo� jhrphwulhv fdq eh frqvlghuhg1 Vlqfh zh jhrphwulfdoo| uhsuhvhqw

d fxuyhg vxuidfh dv lwv slhfh0zlvh olqhdu dssur{lpdwlrq/ zh zloo qrw frqvlghu d gl�udfwlrq

frh�flhqw iru fxuyhg vxuidfhv vhsdudwho|1 Ohw xv dvvxph d zhgjh zlwk d vwudljkw hgjh dv

vkrzq lq Iljxuh 8141

Li dwwhqxdwlrq durxqg d zhgjh lv wr eh prghohg qxphulfdoo| lq dq dqlvrwurslf phgld

wkhq wkh wrwdo gl�udfwhg �hog dw dq| srlqw H_+v, durxqg wkh zhgjh fdq eh zulwwhq lq d

frpsdfw irup e| wkh iroorzlqj irupxod ^7`=

H_+v, @ H�+T_, �G �D+�> v, � h3�&r +814,

zkhuh H�+T_, lv wkh lqflghqw �hog dw wkh srlqw ri lqwhuvhfwlrq/ G lv wkh g|dglf2 gl�udfwlrq

frh�flhqw/ D+�> v, lv wkh vsdwldo dwwhqxdwlrq vsuhdglqj idfwru/ zklfk lv gl�huhqw iru d

sodqh/ f|olqghu/ dqg d vskhulfdo zdyh +� lv wkh glvwdqfh ehwzhhq wkh uhihuhqfh srlqw T_

dw wkh hgjh dqg wkh vhfrqg fdxvwlf ri wkh gl�udfwhg ud|> dqg v lv wkh glvwdqfh dorqj

wkh gl�udfwhg ud| iurp wkh uhihuhqfh srlqw,/ dqg h3�&r lv wkh skdvh yduldwlrq whup1 Wkh

vsuhdglqj idfwru iru d sodqh zdyh lv jlyhq e| �I
r
1 Wklv lv vlplodu wr wkh frpsdfw yhuvlrq

xvhg wr frpsxwh wkh uh�hfwhg ru wudqvplwwhg �hog1 Qrwlfh wkdw wkh g|dglf irup lv wkh

prvw jhqhudo irup ri d gl�udfwlrq frh�flhqw zklfk lv pruh vxlwdeoh iru dqlvrwurslf phgld

zkhuh gl�huhqw srodul}dwlrqv kdyh wr frqvlghuhg vlpxowdqhrxvo|1 W|slfdoo| d vfdodu irup

4Gl�udfwlrq frh�flhqwv ghulyhg iurp dv|pswrwlf vroxwlrqv wr wkh vlpsohvw erxqgdu|0ydoxh sure0

ohpv/ zklfk kdyh wkh vdph orfdo jhrphwulhv dv wkh srlqw ri lqwhuhvw duh uhihuuhg wr dv fdqrqlfdo

sureohpv1
5D g|dglf lv gh�qhg e| wkh vxp ri Q g|dgv zkhuh d g|dg lv gh�qhg dv d mx{wdsrvlwlrq ri wzr

yhfwruv D dqg E dv +D E, zlwkrxw d grw surgxfw ru d yhfwru surgxfw ehwzhhq wkhp1 Lq jhqhudo

d g|dglf kdv qlqh whupv lq d pdwul{ irup exw w|slfdoo| qr pruh wkdq wkuhh g|dgv duh uhtxluhg wr

uhsuhvhqw d g|dglf1 Lq rxu fdvh/ rqo| wzr g|dgv vx�fh wr gh�qh wkh gl�udfwlrq frh�flhqw g|dglf1
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ri wkh gl�udfwlrq frh�flhqw fdq eh xvhg ghshqglqj rq wkh dssolfdwlrq/ pdwhuldo w|sh ri

wkh zhgjh/ dqg uhvroxwlrq dw zklfk wkh vlpxodwlrq lv ehlqj frqgxfwhg1

Wkhuh duh wzr grplqdqw dssurdfkhv wr frpsxwh wkh deryh gl�udfwlrq g|dg G1 Wkh|

duh wkh jhrphwulf wkhru| ri gl�udfwlrq +JWG, dqg lwv h{whqvlrq lq wkh irup ri wkh xqlirup

jhrphwulf wkhru| ri gl�udfwlrq +XWG,1 Vlqfh wkh gl�udfwlrq frh�flhqw ydulhv ghshqglqj

rq wkh pdwhuldo w|sh ri wkh zhgjh/ wkh| fdq eh fodvvl�hg lqwr wkuhh fdwhjrulhv qdpho|=

d shuihfw frqgxfwru/ d shuihfw devruehu/ dqg qhlwkhu ri wkhvh wzr ehlqj fodvvl�hg dv d

�qlwh frqgxfwru1 Lq vrph fdvhv/ wkh irupxodwlrq fdq eh vlpsol�hg edvhg rq wkhvh dvvxps0

wlrqv1 Ohw xv qrz glvfxvv wkh frpsxwdwlrq ri hdfk ri wkhvh gl�udfwlrq frh�flhqwv/ wkhlu

dgydqwdjhv dv zhoo dv glvdgydqwdjhv1

D zrug rq whuplqrorj|

Wkh vfdodu gl�udfwlrq frh�flhqwv/ dovr nqrzq dv g|dgv/ duh xvxdoo| gh�qhg lq whupv ri

wkhlu lqflghqw srodul}dwlrq1 Li wkh lqflghqw �hog lv hohfwulf wkhq lw vdwlv�hv wkh krprjhqhrxv

Glulfkohw erxqgdu| frqglwlrqv rq erwk idfhv ri wkh zhgjh1 Vlploduo|/ li wkh lqflghqw �hog lv

pdjqhwlf wkhq lw vdwlv�hv wkh krprjhqhrxv Qhxpdqq erxqgdu| frqglwlrqv rq erwk idfhv

ri wkh zhgjh1 Vrph uhihuhqfhv lq olwhudwxuh kdyh lqvwhdg xvhg wkh whupv vriw dqg kdug sr0

odul}dwlrq1 Wkhvh whupv kdyh ehhq wdnhq iurp dfrxvwlfv/ zkhuh wkh| uhihu wr Glulfkohw dqg

Qhxpdqq erxqgdu| frqglwlrqv/ uhvshfwlyho|1 Wkxv lq hohfwurpdjqhwlfv/ vriw uhsuhvhqwv

dq hohfwulfdoo| srodul}hg lqflghqw �hog/ zkhuhdv kdug uhsuhvhqwv d pdjqhwlfdoo| srodul}hg

lqflghqw �hog1 Iru zluhohvv frppxqlfdwlrq dssolfdwlrqv vxfk dv preloh udglr sursdjdwlrq/
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wkh whuplqrorj| ri vriw uhsuhvhqwv krul}rqwdo srodul}dwlrq zkloh kdug uhsuhvhqwv yhuwlfdo

srodul}dwlrq1

Zhgjh gl�udfwlrq lq wkuhh glphqvlrqv

Dv gh�qhg hduolhu/ d zhgjh lv frqvlghuhg dv wzr sodqdu vxuidfhv phhwlqj dw dq dqjoh ohvv

wkdq �= Wkh lqwhuvhfwlrq ri wkhvh wzr vxuidfhv lv gh�qhg dv dq hgjh ri wkh zhgjh1 Ohw

wkh h{whulru dqjoh ri wkh zhgjh eh gh�qhg dv q�> dv vkrzq lq Iljxuh 814/ zkhuh q lv d

uhdo qxpehu1 Wkhq wkh zhgjh dqjoh z fdq eh jlyhq e| z @ 5� � q� � +5 � q,�= Iru

frqyhqlhqfh/ wkh zhgjh dqjoh lv xvxdoo| uhihuuhg wr e| wkh sdudphwhu q=

Nhoohu lqwurgxfhg jhrphwulfdo wkhru| ri gl�udfwlrq ^5;` iru wkuhh0glphqvlrqdo jhrph0

wulhv1 Wkh kdoopdun ri wkh Nhoohu wkhru| iru gl�udfwlrq zdv wkh lqwurgxfwlrq ri wkh Nhoohu

frqh dv vkrzq lq Iljxuh 8151 Lw zdv gh�qhg dv d frqh iruphg durxqg dq hgjh dzd| iurp

wkh lqflghqw ud| zlwk wkh d{lv ri wkh frqh pdnlqj d kdoi dqjoh zlwk wkh hgjh1 Nhoohu

frqmhfwxuhg wkdw xqolnh wkh xvxdo uh�hfwhg ud| r� d vxuidfh/ zklfk surfhhgv lq d xqltxh

gluhfwlrq diwhu uh�hfwlrq/ dq hgjh0uh�hfwhg ud| frxog surfhhg lq dq| gluhfwlrq lqvlgh wklv

frqh1 Wklv uhvxowhg lq d pdwkhpdwlfdo irupxodwlrq iru d JWG gl�udfwlrq frh�flhqw1

D���� BA# �i_}i _�gh@U|�L? ULi�U�i?|

Vlqfh JWG lv d gluhfw h{whqvlrq ri jhrphwulf rswlfv/ wkh wzr vkdgrz erxqgdulhv vkrz xs

dv d glvfrqwlqxlw| lq wkh gl�udfwlrq frh�flhqw/ zkhuh wkh vroxwlrq ri wkh frh�flhqw whqgv

wrzdugv lq�qlw|1 Wkhvh glvfrqwlqxlw| uhvxow lq vlqjxodulwlhv lq wkh vroxwlrq ri wkh gl�udfwhg

�hog dorqj wkh erxqgdulhv/ zklfk fdq eh vljql�fdqw iru qxphulfdo vlpxodwlrqv1 Dw wkh vdph
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β0

Keller cone

Front wedge face

Back wedge face

Iljxuh 815= D ud| lqflghqw rq dq hgjh ri d zhgjh gl�udfwv dorqj d frqh fdoohg wkh Nhoohu

frqh zlwk lwv kdoi dqjoh htxdo wr dqjoh iruphg e| wkh lqflghqw ud| zlwk wkh vxuidfh ri wkh

zhgjh1

wlph wkh irupxodwlrq lv xvhixo lq fhuwdlq vfhqdulrv iru rwkhu w|shv ri vlpxodwlrqv1

Zh qrz gh�qh wkh dfwxdo gl�udfwlrq frh�flhqw1 Ohw !� eh wkh dqjoh iruphg e| wkh

lqflghqw ud| zlwk wkh iurqw idfh ri wkh zhgjh dqg ! eh wkh dqjoh dw zklfk wkh gl�udfwhg

�hog lv ehlqj revhuyhg1 Li wkh srlqw ri revhuydwlrq lv dw dq dqjoh � iurp wkh iurqw idfh

ri wkh zhgjh wkhq dqjoh !� !� jlyhv xv wkh uh�hfwlrq vkdgrz erxqgdu| dqg dqjoh !. !�

jlyhv xv wkh lqflghqw vkdgrz erxqgdu|1 Iru qrwdwlrqdo frqyhqlhqfh ohw $� � !� !� dqg

$2 � ! . !�= Wkhq/ iru d shuihfwo| frqgxfwlqj zhgjh wkh gl�udfwlrq frh�flhqw iru vriw

dqg kdug srodul}dwlrq +uhihuuhg wr e| vxevfulswv v dqg k uhvshfwlyho|, fdq eh jlyhq e|

Gr+$�> $2> q, @
h3�Z*e vlq Z

?

q
s
5�n

�
4

frv+Z?,� frv+/�? ,
� 4

frv+Z?,� frv+/2? ,

�
+815,

G�+$�> $2> q, @
h3�Z*e vlq Z

?

q
s
5�n

�
4

frv+Z?,� frv+/�? ,
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4
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zkhuh n @ 2Z
b lv d frqvwdqw ghshqghqw rq wkh zdyhohqjwk ri wkh lqflghqw ud| fdoohg wkh

zdyh0qxpehu1 Qrwlfh wkdw lq wkh deryh irupxodwlrq wkh vlqjxodulwlhv dw wkh wzr erxqgdulhv

pdqlihvw wkhpvhoyhv lq wkh irup ri wkh dqjohv $� dw wkh uh�hfwlrq erxqgdu| dqg $2 dw wkh

lqflghqw +olqh0ri0vljkw, erxqgdu|1 Doo dqjohv iru wkhvh frpsxwdwlrqv duh jlyhq lq udgldqv1

Iljxuh 816 dqg Iljxuh 817 judsklfdoo| vkrz wkh frpsxwdwlrq ri wkh gl�udfwlrq frh�flhqw
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Iljxuh 816= Srodu sorw ri JWG gl�udfwlrq frh�flhqw iru d shuihfwo| frqgxfwlqj zhgjh iru

vriw srodul}dwlrq1 Iru looxvwudwlrq sxusrvhv zh kdyh dvvxphg wkh zhgjh dqjoh wr eh htxdo

wr <3� dqg wkh dqjoh wkh lqflghqw ud| pdnhv zlwk d vxuidfh ri wkh zhgjh htxdo wr 63�=

iru vriw dqg kdug srodul}dwlrq uhvshfwlyho|1 Khuh/ iru looxvwudwlrq sxusrvhv zh dvvxph
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Iljxuh 817= Srodu sorw ri JWG gl�udfwlrq frh�flhqw iru d shuihfwo| frqgxfwlqj zhgjh iru

kdug srodul}dwlrq1 Iru looxvwudwlrq sxusrvhv zh kdyh dvvxphg wkh zhgjh dqjoh wr eh htxdo

wr <3� dqg wkh dqjoh wkh lqflghqw ud| pdnhv zlwk d vxuidfh ri wkh zhgjh htxdo wr 63�=
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wkdw wkh zhgjh dqjoh zklfk lv d ixqfwlrq ri q> lv <3�> dqg wkh lqflghqw ud| pdnhv dq

dqjoh ri 63� zlwk wkh wrs vxuidfh ri wkh zhgjh/ +l1h1/ !� @ 63�,1 Wkh frh�flhqw kdv ehhq

qrupdol}hg1 Krzhyhu/ rqh zloo qrwlfh wkdw lq d uhdo hqylurqphqw wkh zhgjh dqjoh fdq ydu|

ehwzhhq 3� dqg 4;3�> dqg d ud| fdq eh lqflghqw dq|zkhuh durxqg wkh rxwvlgh ri d zhgjh1

Dffruglqjo|/ wkh gl�udfwlrq frh�flhqw ydoxhv zloo fkdqjh1 Qrwlfh wkh vlqjxodulwlhv dw wkh

uh�hfwlrq erxqgdu| dqg wkh olqh0ri0vljkw erxqgdu| zklfk fruuhvsrqg wr wkh dqjohv $� @ �

dqg $2 @ � uhvshfwlyho|1 Dovr/ qrwlfh wkdw wkh frh�flhqw grhv qrw kdyh dq| vlqjxodulwlhv

lq wkh vkdgrz uhjlrq eh|rqg olqh0ri0vljkw wrzdugv wkh rwkhu idfh ri wkh zhgjh +dzd|

iurp wkh lqflghqw ud|,1 Wkhuhiruh/ wkh deryh irupxodwlrq vx�fhv li sursdjdwlrq lv wr eh

prghohg rqo| lq wkh vkdgrz uhjlrq1

D shuihfwo| devruelqj zhgjh lv gh�qhg dv d zhgjh/ zklfk frpsohwho| devruev doo

lqflghqw hqhuj|1 Iru vxfk d zhgjh/ wkh erxqgdu| frqglwlrqv iru erwk vriw dqg kdug

srodul}dwlrq uhpdlq wkh vdph1 Dovr/ wkh hqhuj| �hog lv sulpdulo| jlyhq e| wkh ud|v wkdw

gluhfwo| uhdfk wkh srlqw ri revhuydwlrq udwkhu wkdq wkh uh�hfwlrq r� wkh zhgjh1 Khqfh/

wkh gl�udfwlrq frh�flhqw fdq eh gh�qhg lq pxfk vlpsohu whupv dqg lv jlyhq e| ^4<`/

G+$�, @
4

� � m$�m .
4

� . m$�m +817,

zkhuh $�lv d ixqfwlrq ri ! dqg !� dv ghvfulehg hduolhu lq wkh vhfwlrq1 Lw pd| eh revhuyhg

wkdw ehfdxvh qr uh�hfwlrqv duh ehlqj frqvlghuhg/ wkh frh�flhqw lv qrw ghshqghqw rq wkh

zhgjh dqjoh1

Lq d w|slfdo hqylurqphqw prvw ri wkh remhfwv duh qhlwkhu shuihfwo| frqgxfwlqj qru

shuihfwo| devruelqj1 Wklv pdnhv lw lpshudwlyh wr frqvlghu gl�udfwlrq durxqg �qlwho| frq0
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gxfwlqj zhgjhv1 Wkh lqwxlwlyh lghd iru vxfk zhgjhv lv wkdw ehfdxvh ri �qlwh frqgxfwlylw|

ri d zhgjh/ wkh uh�hfwlrq dqg lqflghqw vkdgrz erxqgdulhv durxqg lw pd| qrw eh zhoo

gh�qhg1 Dv d uhvxow/ wkh gl�udfwlrq frh�flhqw vkrxog dffrxqw iru lpshuihfw uh�hfwlrqv

dv zhoo dv vrph ohyho ri vljqdo wudqvplvvlrq wkurxjk wkh hgjh ri wkh zhgjh1 Wkh vdph

uhdvrqlqj lv xvhg wr dffrxqw iru orvvhv dw urxjk vxuidfhv1 Wkhvh uh�hfwlrq dqg wudqv0

plvvlrq dqrpdolhv fdq eh dffrxqwhg iru e| lqwurgxflqj dgglwlrqdo whupv Lf> L?> Uf> dqg

U?> zkhuh Lf dqg L? duh wkh fruuhfwlrq whupv wr dffrxqw iru gl�huhqfhv ehwzhhq �qlwho|

dqg shuihfwo| frqgxfwlqj zhgjhv iru idfhv 3 dqg q uhvshfwlyho| dw wkh lqflghqw vkdgrz

erxqgdu|1 Vlploduo|/ Uf dqg U? duh wkh fruuhfwlrq whupv wr dffrxqw iru wkh gl�huhqfhv dw

wkh uh�hfwlrq vkdgrz erxqgdu| iru zhgjhv iru idfhv 3 dqg q uhvshfwlyho|1 Wkh gl�udfwlrq

frh�flhqw fdq �qdoo| eh vwdwhg dv

Gk+$�> $2, @ LkfG
k
f$� . Lk?G

k
?$� .Uk

fG
k
f$2 .Uk

?G
k
?$2 +818,

zkhuh Gk
f dqg Gk

? duh wkh gl�udfwlrq frh�flhqw whupv iru d shuihfwo| frqgxfwlqj zhgjh

iru hgjh idfhv 3 dqg q= Khuh/ � 5 iv> kj uhihu wr wkh vfdodu frh�flhqwv iru vriw dqg kdug

srodul}dwlrq uhvshfwlyho|1 Wkh frh�flhqw zlwk wkh dujxphqw $� lv glvfrqwlqxrxv qhdu wkh

lqflghqw vkdgrz erxqgdu|/ zkhuhdv wkh frh�flhqw zlwk wkh dujxphqw $2 lv glvfrqwlqxrxv

qhdu wkh uh�hfwlrq vkdgrz erxqgdu| ^;`1 Rqh pd| qrwlfh wkdw wkh fruuhfwlrq whupv

jlyhq lq 818 fdq ydu| ghshqglqj rq wkh jhrphwu| ru pdwhuldo surshuwlhv ri wkh zhgjh1 Iru

h{dpsoh/ iru whuudlq edvhg hqylurqphqwv/ w|slfdoo| wkhuh lv qhjoljleoh wudqvplvvlrq wkurxjk

wkh whuudlq1 Lq vxfk fdvhv/ Lf dqg L? fdq eh vhw wr xqlw|1 Vlploduo|/ wr frpshqvdwh iru dq|

uh�hfwlrq orvvhv dw wkh uh�hfwlrq vkdgrz erxqgdu| wkh whupv Uf dqg U? fdq eh uhsodfhg
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e| wkh uh�hfwlrq frh�flhqwv iru wkh hgjh idfhv 3 dqg q uhvshfwlyho|1 Wkh devroxwh ydoxhv

ri wkhvh frqvwdqwv duh xqlw| iru shuihfw frqgxfwruv1 Doo wkh deryh glvfxvvlrq vwloo grhv qrw

uhvroyh wkh lvvxh ri vlqjxodulwlhv dw wkh wzr erxqgdulhv1

D���2 NA# �i_}i _�gh@U|�L? ULi�U�i?|

Dv glvfxvvhg lq Vhfwlrq 81414/ wkh uh�hfwlrq dqg lqflghqw vkdgrz erxqgdulhv durxqg wkh

zhgjh fdxvh vlqjxodulwlhv lq wkh gl�udfwlrq frh�flhqw ghulyhg e| JWG1 Wr dffrxqw iru

wkhvh vlqjxodulwlhv/ XWG zdv irupxodwhg1 D gl�udfwlrq frh�flhqw iru d shuihfwo| frqgxfw0

lqj zhgjh zdv lqlwldoo| sursrvhg lq ^64` dqg lv jlyhq e| wkh iroorzlqj htxdwlrqv
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zkhuh Gr dqg G� duh wkh frh�flhqwv iru vriw dqg kdug srodul}dwlrq uhvshfwlyho|1 Khuh/ n

kdv wkh xvxdo phdqlqj/ ��f lv wkh dqjoh ehwzhhq wkh lqflghqw ud| dqg wkh wdqjhqw wr wkh

gl�udfwlqj hgjh/ dqg I +, lv wkh Iuhvqho wudqvlwlrq ixqfwlrq1 Wkh ydulrxv frpsrqhqwv lq

wkh dujxphqw ri wklv wudqvlwlrq ixqfwlrq duh jlyhq e|

O @ n �
�
v � v�
v. v�

�
+81;,

43:



zkhuh v lv wkh glvwdqfh iurp wkh vrxufh wr wkh zhgjh dqg v� lv wkh glvwdqfh iurp wkh zhgjh

wr wkh srlqw ri revhuydwlrq dqg

d� +$, @ 5 frv2
�
5q�Q� � $

5

�
> zkhuh $ @ i$�> $2j +81<,

Khuh/ Qn dqg Q3 duh wkh lqwhjhuv wkdw prvw forvho| vdwlvi| wkh iroorzlqj htxdwlrqv=

5q�Qn � $ @ � dqg 5q�Q3 � $ @ �� +8143,

Qrwlfh wkdw iru d shuihfwo| frqgxfwlqj zhgjh Uf dqg U? duh dovr xqlw| dv ghvfulehg lq

wkh suhylrxv vhfwlrq1 Iru d �qlwh frqgxfwlqj zhgjh Uf dqg U? duh vxlwdeo| prgl�hg1

Lw lv lpsruwdqw wr qrwh wkdw dv glvfxvvhg lq Vhfwlrq 815 d zhgjh lv ghwhfwhg dw uxqwlph

udwkhu wkdq vwrulqj hdfk ri wkhp h{solflwo| lq wkh gdwd vwuxfwxuh1 Rqfh wkh hgjh ri d

zhgjh lv ghwhfwhg wkh vkdgrz erxqgdulhv fdq eh ghwhuplqhg zlwk wkh khos ri wkh lqflghqw

ud|1

D���� �h@U|�U@* UL?t�_ih@|�L?t |L 4L_i* �i_}i _�gh@U|�L?

Kdylqj glvfxvvhg wkh irupxodwlrq ri wkh wzr gl�udfwlrq frh�flhqwv dqg wkhlu dgydqwdjhv

dqg glvdgydqwdjhv/ zh qrz glyhuw rxu dwwhqwlrq wr wkh sudfwlfdo lvvxhv ri xvlqj wkhvh

gl�udfwlrq frh�flhqwv1 Lw lv lpsruwdqw wr qrwlfh wkdw dowkrxjk wkh sursrvhg ud|0ehdp

wudflqj dojrulwkpv duh lqghshqghqw ri wkh w|sh ri gl�udfwlrq frh�flhqw wkdw lv ehlqj

xvhg/ wkhuh fdq eh vljql�fdqw frpsxwdwlrqdo dgydqwdjhv ri xvlqj rqh ryhu wkh rwkhu lq dq

dfwxdo suhglfwlrq v|vwhp1 Iru rxu suhglfwlrq v|vwhp/ zh xvhg JWG gl�udfwlrq frh�flhqw

lqvwhdg ri XWG1 Wklv lv ehfdxvh ri wkh zd| zh prgho gl�udfwhg hqhuj|1 Li gl�udfwlrq lv
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prghohg dqdo|wlfdoo| ru qxphulfdoo| wkhq hdfk hgjh kdv wr eh wuhdwhg dv d qhz vrxufh

dqg hqhuj| sursdjdwhg lq doo wkuhh uhjlrqv durxqg wkh hgjh1 Vlqjxodulwlhv lq JWG durxqg

wkh uh�hfwlrq erxqgdu| dv zhoo dv gl�udfwlrq erxqgdu| fdq kdyh d vljql�fdqw lpsdfw rq

wkh uhvxowv1 Zh prgho gl�udfwlrq rqo| lq wkh vkdgrz uhjlrq lqvwhdg ri doo durxqg wkh

zhgjh1 Wkh lghd lv wkdw ehfdxvh ri wkh odz ri frqvhuydwlrq ri hqhuj|/ wkh lqflghqw hqhuj|

jhwv glvwulexwhg dv gl�udfwhg hqhuj| doo dorqj wkh dqjoh q� durxqg wkh zhgjh1 Krzhyhu/

hqhuj| hpdqdwlqj lq dq| vshfl�f gluhfwlrq dorqj d gl�udfwlrq sdwk lv olwwoh dv frpsduhg

wr wkh frqwulexwlrq iurp wkh gluhfw ru uh�hfwhg sdwkv lq wkh rwkhu wzr uhjlrqv durxqg

d zhgjh1 Khqfh/ wkh ryhudoo lpsdfw rq dffxudf| ri qrw dffrxqwlqj iru gl�udfwlrq sdwkv

lq rwkhu uhjlrqv lv plqlpdo1 Rq wkh rwkhu kdqg/ vlqfh wkh vkdgrz uhjlrq lv wkh rqo|

uhjlrq wkdw grhv qrw uhfhlyh hqhuj| iurp dq| rwkhu sdwk/ wkh vpdoo ohyho ri hqhuj| iurp

d gl�udfwlrq sdwk fdq kdyh d vljql�fdqw h�hfw lq wklv uhjlrq1 Lq h�hfw/ frpsxwdwlrqdo

h�flhqf| dfklhyhg xvlqj wklv vfkhph lv pruh vljql�fdqw dv frpsduhg wr wkh orvw dffxudf|1

Wkh rwkhu uhdvrq lv wkdw iru prvw ri udglr sursdjdwlrq vlpxodwlrqv lq odujh hqylurq0

phqwv/ w|slfdoo| wkh lqwhuhvw lv lq wkh hqhuj| glvwulexwlrq ixuwkhu dzd| iurp wkh zhgjh

udwkhu wkdq yhu| forvh wr wkh zhgjh1 Li wkh glvwdqfh ehwzhhq wkh srlqw ri lqwhuhvw dqg

wkh zhgjh dw zklfk wkh vljqdo lv ehlqj gl�udfwhg lv juhdwhu wkdq 433� � 48� 63 phwhuv>

wkhq wkh uhvxowv jlyhq e| wkh JWG dqg XWG gl�udfwlrq frh�flhqwv duh yhu| forvh wr hdfk

rwkhu1 Wkdw lv/ wkh vlqjxodulwlhv lq wkh JWG irupxodwlrq duh pruh surqrxqfhg lq wkh

qhdu �hog durxqg d zhgjh +ohvv wkdq 8�, wkdq ixuwkhu dzd| iurp wkh zhgjh dv vkrzq

lq ^7`1 Wkh sursdjdwlrq suhglfwlrq uhvxowv dv vkrzq lq Fkdswhu : vkrz wkdw wkh deryh
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dvvxpswlrqv duh zlwklq dffhswdeoh erxqgv1

D�2 �L_i*�?} _�gh@U|�L? �? }iL4i|h�U@**) _i�?i_ i?��hL?�

4i?|t

Wr prgho gl�udfwlrq lq d jhrphwulfdoo| gh�qhg hqylurqphqw/ w|slfdoo| hgjhv dv zhoo dv

fruqhuv kdyh wr eh h{solflwo| vwruhg lq wkh gdwd vwuxfwxuh1 Lq fhuwdlq vfhqdulrv/ wkhvh hgjhv

frxog dovr eh dssur{lpdwhg e| d f|olqghu zkhuh wkh d{lv ri wkh f|olqghu frlqflghv zlwk wkh

hgjh xqghu frqvlghudwlrq1 Vlploduo|/ d fruqhu frxog eh dssur{lpdwhg e| d vskhuh zlwk wkh

fhqwhu ri wkh vskhuh frlqflglqj zlwk wkh fruqhu1 Wklv dssurdfk pd| eh dssursuldwh iru

vpdoo rxwgrru hqylurqphqwv zkhuh hdfk exloglqj hgjh frxog eh uhsuhvhqwhg dv d f|olqghu

dqg d fruqhu dv d vskhuh1 Krzhyhu/ iru odujh flw|vfdshv ru whuudlq edvhg hqylurqphqwv

wkh dssurdfk fdq eh frpsxwdwlrqdoo| yhu| h{shqvlyh1 Lq vxfk hqylurqphqwv gl�huhqfhv lq

hohydwlrq fdq srwhqwldoo| vkrz xs dv d odujh qxpehu ri zhgjhv1 Ehvlghv/ iru lqwhuvhfwlrq

sxusrvhv dq lqghshqghqw gdwd vwuxfwxuh zloo kdyh wr eh pdlqwdlqhg wr h�flhqwo| vhdufk

iru wkhvh hgjhv dqg fruqhuv1 Lw lv lpsruwdqw wr qrwh wkdw iru dq| slhfhzlvh olqhdu uhsuh0

vhqwdwlrq vxfk dv d euhs ru evsw/ vwrulqj zhgjh lqirupdwlrq iru dq hqylurqphqw zklfk

kdv d ihz ploolrq glvwlqfw idfhv frxog hdvlo| lqfuhdvh wkh vl}h ri wkh gdwd vwuxfwxuh e|

pxowlsoh wlphv1 Lq wkh iroorzlqj glvfxvvlrq/ lw pd| dsshdu wkdw zh kdyh xvhg hgjh dqg

zhgjh lqwhufkdqjhdeo|1 Krzhyhu/ zhgjh lv uhihuuhg wr dv wkh wkuhh0glphqvlrqdo remhfw

zlwk wzr glvwlqfw lqwhuvhfwlqj idfhv/ zkhuhdv dq hgjh lv gh�qhg dv wkh olqh ri lqwhuvhfwlrq

zkhuh wkh wzr idfhv duh lqwhuvhfwlqj1
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Zh ghvfuleh dq h�flhqw phwkrg wr g|qdplfdoo| ghwhuplqh zhgjhv lq sduwlwlrqlqj0wuhh

uhsuhvhqwhg hqylurqphqwv1 Wr ghwhuplqh li d zhgjh kdv ehhq ghwhfwhg lq vxfk hqylurq0

phqwv/ zh vlpso| xvh ud| lqwhuvhfwlrq1 Wkdw lv/ lqvwhdg ri frpsxwlqj wkh �uvw srlqw ri

lqwhuvhfwlrq zlwk d ud|/ zh frpsxwh wkh �uvw wzr vxffhvvlyh srlqwv ri lqwhuvhfwlrq zlwk

wkh ud|1 Wklv surfhvv lv ghvfulehg slfwruldoo| lq Iljxuh 818 iru d evsw uhsuhvhqwdwlrq1

a

b

c

d

e

f

g
OUT IN

a

b

c

d

IN

eg

OUT

OUT

OUT

OUT

OUT

OUT

OUT

OUT

IN

IN

OUT

OUT

(a) (b)
Ray origin

First ray
intersection

Second ray
intersection

Iljxuh 818= Dq remhfw uhsuhvhqwhg dv d elqdu| vsdfh sduwlwlrqlqj wuhh1 Lw dovr looxvwudwhv

d ud| lqwhuvhfwlrq zlwk wkh wuhh wr frpsxwh wzr vxffhvvlyh srlqwv ri lqwhuvhfwlrq1

Wkh �uvw wzr lqwhuvhfwlrqv ghwhuplqh wkh sodqhv wkdw lqwhuvhfw zlwk wkh ud|1 Wkh
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edvlf lghd lv wkdw li d zhgjh lv hqfrxqwhuhg wkhq wkh �uvw lqwhuvhfwlrq +dv wkh ud| wudyhov

iurp dq crxwvlgh* uhjlrq wr clqvlgh* uhjlrq, zloo uhsuhvhqw rqh vlgh ri wkh zhgjh dqg wkh

vhfrqg lqwhuvhfwlrq +dv wkh vdph ud| ixuwkhu wudyhov iurp clqvlgh* uhjlrq wr crxwvlgh* uhjlrq,

zloo uhsuhvhqw wkh vhfrqg vlgh ri wkh vdph zhgjh lq d sduwlwlrqlqj0wuhh gdwd vwuxfwxuh1

Krzhyhu/ wkh deryh vfhqdulr pd| qrw qhfhvvdulo| uhsuhvhqw d zhgjh1 Wkh rwkhu vfhqdulr

pd| eh wkdw dowkrxjk wkh ghwhfwhg jhrphwu| lv d zhgjh lw vwloo pd| qrw txdoli| iru

gl�udfwlrq ehfdxvh wkh srlqw ri lqwhuvhfwlrq lv wrr idu dzd| iurp wkh hgjh1 Wr holplqdwh

vxfk vsxulrxv fdvhv dqg ghwhuplqh li wkh lqwhuvhfwhg srlqw lv forvh wr dq hgjh zh shuirup

dgglwlrqdo frpsxwdwlrq1

Wuljrqrphwulf frpsxwdwlrq lv xvhg wr fdofxodwh glvwdqfh ehwzhhq d srlqw ri lqwhu0

vhfwlrq dqg wkh fruuhvsrqglqj rssrvlwh idfh ri wkh srvvleoh zhgjh1 Ohw sg� eh wkh shu0

shqglfxodu glvwdqfh iurp wkh �uvw lqwhuvhfwlrq wr wkh vhfrqg vxuidfh ri wkh zhgjh vkrzq

dv DE lq Iljxuh 8191 Vlploduo|/ ohw sg2 eh wkh shushqglfxodu glvwdqfh iurp wkh vhfrqg

lqwhuvhfwlrq wr wkh �uvw vxuidfh ri wkh zhgjh vkrzq dv FG lq Iljxuh 8191 Dovr ohw g�

dqg g2 eh wkh dfwxdo glvwdqfhv ri �uvw dqg vhfrqg srlqw ri lqwhuvhfwlrq iurp wkh hgjh

vkrzq dv DH dqg FH uhvshfwlyho| lq wkh �jxuh1 Wr frpsxwh wkh glvwdqfh iurp d vxuidfh

zh �uvw frpsxwh wkh htxdwlrq ri wkh sodqdu vxuidfh dqg wkhq surfhhg wr frpsxwh wkh

shushqglfxodu glvwdqfh dv zhoo dv wkh dfwxdo glvwdqfh1

Ohw
3<

Q�@ +o�>p�> q�, eh wkh qrupdo wr wkh �uvw vxuidfh dqg
3<

Q2@ +o2>p2> q2, eh wkh

qrupdo wr wkh vhfrqg vxuidfh/ wkhq shushqglfxodu glvwdqfh iurp wkh �uvw lqwhuvhfwlrq srlqw
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Incident ray

θ1

θ2Surface normal

Surface normal

φ1

φ2

Π/2−θ1

Π/2−θ2

Surface of a wedge

First intersection
with the wedge

Second intersection
 with the wedgeA

CB

D

E

Iljxuh 819= G|qdplf ghwhuplqdwlrq ri dq hgjh dv ghslfwhg lq d wzr0glphqvlrqdo fdvh1

Qrwlfh wkh �uvw wzr srlqwv ri lqwhuvhfwlrq duh frpsxwhg iru hdfk ud|1
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wr wkh vhfrqg vxuidfh lv jlyhq e|

sg� @ o� � {2 .p� � |2 . q� � }2 .G� +8144,

zkhuh G� lv iurp wkh htxdwlrq ri wkh �uvw sodqh�1 Vlploduo|/ shushqglfxodu glvwdqfh iurp

wkh vhfrqg lqwhuvhfwlrq srlqw wr wkh �uvw vxuidfh lv jlyhq e|

sg2 @ o2 � {� .p2 � |� . q2 � }� .G2 +8145,

Qrz/ �� lv wkh dqjoh ehwzhhq wkh lqflghqw ud| wkh dqg wkh qrupdo wr wkh �uvw vxuidfh/

jlyhq e| +8=46, dqg �2 lv wkh dqjoh ehwzhhq wkh lqflghqw ud| dqg wkh vxuidfh qrupdo wr

wkh vhfrqg vxuidfh jlyhq e| +8=47,

�� @ duffrv+
3<

�+U,�
3<

Q�, +8146,

�2 @ duffrv+
3<

U�
3<

Q2, +8147,

zkhuh
3<

U lv wkh lqflghqw ud|1 Zh zloo qrwlfh wkdw 7DEF jlyhv xv wkh uhodwlrq jlyhq e|

htxdwlrq +8=48,

!� . +�@5� ��, . +�@5� �2, . �@5 @ � +8148,

Vroylqj wkh suhylrxv htxdwlrq iru !�> zh jhw

!� @ �� . �2 � �@5 +8149,

Ilqdoo|/ g� fdq eh frpsxwhg e|

g� @
sg�

frv+!�,
+814:,

6Htxdwlrq ri wkh sodqh lv jlyhq e| D �{.E �|.F �}.G zkhuh +D>E>F, lv wkh vxuidfh qrupdo1
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Vlploduo|/ g2 fdq hdvlo| eh frpsxwhg xvlqj sg2 dqg !2> zkhuh !2 @ !�1 Rqfh wkhvh

glvwdqfhv kdyh ehhq frpsxwhg d zhgjh lv ghwhfwhg li hlwkhu ri wkhvh glvwdqfhv lv ohvv

wkdq d xvhu vhwdeoh � fdoohg wkh hgjh0ghwhfwlrq idfwru1 Zh xvhg wkh deryh phwkrg wr

ghwhfw hgjhv lq rxwgrru xuedq hqylurqphqwv iru urri0wrs dqg vwuhhw0ohyho ghsor|phqw ri

wudqvplwwhuv dv zhoo iru gl�udfwlrq lq whuudlq edvhg hqylurqphqwv zlwk jrrg fruuhodwlrq

zlwk wkh phdvxuhg gdwd1 Vrph ri wkh uhvxowv iru frpsdulvrq ehwzhhq wkh phdvxuhg dqg

suhglfwhg ydoxhv duh vkrzq lq Wdeoh :141

Rqh ri wkh fdvhv wkdw lv fxuuhqwo| qrw dffrxqwhg iru e| wkh deryh hgjh ghwhfwlrq

dojrulwkp lv lqvlgh exloglqjv zkhuh wkh zdoov duh h{wuhpho| wklq dv vkrzq lq Iljxuh 81:1

Wkh sureohp lq wklv vshfldo fdvh lv wkdw hyhq wkrxjk wkh srlqw ri lqwhuvhfwlrq pd| eh

ray

Thin wall

Iljxuh 81:= Hgjh0ghwhfwlrq ri wklq zdoov lqvlgh exloglqjv1

zlwklq wkh olplwv ri dq hgjh0ghwhfwlrq idfwru +forvh wr dq hgjh,/ wkh hgjh lwvhoi pd| qrw

jhw ghwhfwhg e| wkh dojrulwkp1 Wklv lv ehfdxvh wr ghwhfw dq hgjh zh rqo| frpsxwh wkh �uvw
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wzr ud|0vxuidfh lqwhuvhfwlrqv1 Lq wklv fdvh/ wkh �uvw wzr lqwhuvhfwlrqv zloo frpsxwh wkh wzr

lqwhuvhfwlrq srlqwv rq hdfk vlgh ri wkh vdph zdoo1 Vlqfh wkh wzr vlghv duh sdudooho wr hdfk

rwkhu/ wkh deryh frpsxwdwlrq iru hgjh ghwhfwlrq zloo qrw irup wkh 7DHF dv vkrzq lq

Iljxuh 8191 Dv d uhvxow/ wkh gl�udfwlrq hyhqw zloo qrw eh lqlwldwhg e| wkh ud|0ehdp wudflqj

dojrulwkp1 Lqvwhdg/ d uh�hfwlrq dqg d wudqvplvvlrq hyhqw zloo eh lqlwldwhg1 Krzhyhu/ wkh

fdvh grhv qrw srvh d vljql�fdqw sureohp iru fruuhfw frpsxwdwlrq ri srzhu glvwulexwlrq lq

wkh vkdgrz uhjlrq iru hqylurqphqwv vxfk dv lqvlgh exloglqjv zklfk pd| kdyh wklq zdoov1

Wklv lv ehfdxvh iru sursdjdwlrq lqvlgh exloglqjv wkh vkdgrz uhjlrqv uhfhlyh prvw ri wkh

fryhudjh wkurxjk wudqvplvvlrq dqg uh�hfwlrq sdwkv lqvwhdg ri gl�udfwlrq sdwkv1 Dv zh

fdq qrwlfh/ wkh vljqdo lq wklv fdvh zloo jhw frqwulexwhg lq wkh vkdgrz uhjlrq wkurxjk wzr

vxffhvvlyh wudqvplvvlrq sdwkv1

D�2�2 6hi^�i?U) M@ti_ T@h@4i|ih�3@|�L?

Wkh hgjh0ghwhfwlrq idfwru lwvhoi fdq eh gh�qhg lq whupv ri wkh iuhtxhqf| +zdyhohqjwk,/

wkxv surylglqj dq lpsruwdqw sdudphwhul}dwlrq1 Ehvlghv ehlqj d ixqfwlrq ri zdyhohqjwk/

� fdq eh d ixqfwlrq ri wkh vdpsolqj udwh dw zklfk uhfhlyhg vljqdo lv ehlqj vdpsohg ru wkh

jhrphwulf ghwdlo +vl}h ri jhrphwulf hqwlwlhv, lq wkh hqylurqphqw1 Lq d zluhohvv sursdjdwlrq

dqg dqdo|vlv vlpxodwlrq v|vwhp/ vxfk sdudphwhul}dwlrq jlyhv d xvhixo frqwuro wr wkh xvhu

zlwk zklfk wkh| fdq uhodwh wr udwkhu wkdq wkh idfwru ehlqj dq devwudfw frqvwdqw1
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Rqh phwkrg ri vhdufklqj iru vxffhvvlyh srlqwv ri lqwhuvhfwlrq lq elqdu| vsdfh sduwlwlrqlqj

wuhh lv wr hyhu| wlph vwduw d vhdufk iurp wkh urrw ri wkh wuhh1 Wklv fdq eh h{shqvlyh li wkh

wuhh lv odujh1 Dqrwkhu hdv| phwkrg lv wr uhphpehu wkh odvw qrgh dw zklfk wkh lqwhuvhfwlrq

zdv vxffhvvixo1 Dq| vxevhtxhqw vhdufk frxog wkhq vwduw iurp wklv qrgh1 Wklv fdq eh

xvhixo lq fdvhv zkhuh wkh orfdolw| ri uhjlrq kdv ehhq pdlqwdlqhg zkloh frqvwuxfwlqj wkh

sduwlwlrqlqj wuhh1 Lq dq| fdvh/ wkh zruvw fdvh vfhqdulr lv wkh vdph dv vhdufklqj iurp wkh

urrw/ exw rq dq dyhudjh wkh vhdufk fdq eh wzlfh dv idvw1
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D udglr sursdjdwlrq suhglfwlrq v|vwhp edvhg rq wkh sursrvhg dojrulwkpv fdq eh xvhg wr

h�flhqwo| frpsxwh vhyhudo gl�huhqw sdudphwhuv1 Lq wklv fkdswhu/ zh zloo lqlwldoo| glvfxvv

vrph lvvxhv vshfl�f wr vlpxodwlrq ri udglr sursdjdwlrq dqg wkhq glvfxvv frpsxwdwlrq ri

vrph ri wkhvh sdudphwhuv vxfk dv sdwk orvv dqg dfwxdo vljqdo vwuhqjwk glvwulexwlrq iurp

d jlyhq vrxufh1 Zh zloo dovr eulh�| ghvfuleh wkh sursdjdwlrq v|vwhp Sursdjdwh zklfk

vlpxodwhv wkhvh frpsxwdwlrqv1 Vrph rwkhu sdudphwhuv vxfk dv ghod| vsuhdg/ dqjxodu

vsuhdg/ dqg vsdwldo glyhuvlw| zloo eh glvfxvvhg lq Fkdswhu :1

Frpsxwdwlrq ri vrph ri wkhvh sdudphwhuv fdq dovr idflolwdwh dq h�flhqw lqvwdoodwlrq

ri d fhooxodu qhwzrun ri wudqvplwwhuv1 W|slfdoo|/ d wudqvplwwhu lv d jhqhulf whup xvhg wr

lqglfdwh wkdw wkh vljqdo lv ehlqj wudqvplwwhg iurp wkdw orfdwlrq1 Vlploduo|/ d uhfhlyhu
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lv d jhqhulf whup xvhg wr lqglfdwh wkdw wkh vljqdo lv ehlqj uhfhlyhg dw wkdw orfdwlrq1

Krzhyhu/ lq zluhohvv frppxqlfdwlrqv wkhuh duh vhyhudo yduldwlrqv ri wklv whuplqrorj| wkdw

fdq eh xvhg ghshqglqj rq wkh frqwh{w1 Li rqo| wkh hohfwurqlfv lv ehlqj frqvlghuhg wkhq

erwk d wudqvplwwhu ru d uhfhlyhu fdq eh uhihuuhg wr dv dq dqwhqqd1 Dqrwkhu whuplqrorj|

frpprqo| xvhg lq wklv frqwh{w lv d edvh vwdwlrq dqg dpreloh/ zkhuh d edvh vwdwlrq lqfoxghv

wkh hohfwurqlfv ri dq dqwhqqd dv zhoo dv wkh frpsxwlqj uhvrxufhv qhfhvvdu| wr eh deoh wr

frppxqlfdwh zlwk wkh rwkhu sduwv ri d qhwzrun1 D preloh rq wkh rwkhu kdqg lv wkh ghylfh

fduulhg durxqg e| d xvhu dqg lqfoxghv dq dqwhqqd dqg rwkhu frpsxwlqj uhvrxufhv1 Lw lv

lpsruwdqw wr qrwh wkdw erwk d edvh vwdwlrq dqg d preloh fdq rshudwh dv d wudqvplwwhu

+W{, dv zhoo dv d uhfhlyhu +U{,1 Lq rxu glvfxvvlrq/ xqohvv vshfl�fdoo| phqwlrqhg/ zh kdyh

lpsolflwo| uhihuuhg wr wkh edvh vwdwlrq dv d wudqvplwwhu dqg wkh preloh dv d uhfhlyhu1

S�� �L_i*�?} �tt�it tTiU��U |L ��hi*itt UL44�?�U@|�L?

Vljqdo dwwhqxdwlrq dovr nqrzq dv idglqj lq zluhohvv frppxqlfdwlrq hqylurqphqwv fdq

sulpdulo| eh glylghg lqwr wzr w|shv= odujh0vfdoh idglqj dqg vpdoo0vfdoh idglqj1 Odujh0

vfdoh idglqj lv w|slfdoo| wkh uhvxow ri dwwhqxdwlrq gxh wr revwuxfwlrqv lqfoxglqj glvwdqfh

vhsdudwlrq ehwzhhq d wudqvplwwhu dqg d uhfhlyhu1 Rq wkh rwkhu kdqg/ vpdoo0vfdoh idglqj

lv d uhvxow ri wkh pxowl0sdwk skhqrphqrq revhuyhg lq zluhohvv frppxqlfdwlrq1 Wkhuh kdv

ehhq frqvlghudeoh ghedwh rq zkhwkhu lw lv lpsruwdqw wr frqvlghu skdvh dqg srodul}dwlrq

ri dq lqflghqw ud| wr dffxudwho| suhglfw hlwkhu odujh0vfdoh ru vpdoo0vfdoh idglqj1
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Wkh skdvh ri d ud| +zklfk lv ghshqghqw rq wkh zdyhohqjwk, ydulhv zlwk wkh glvwdqfh

wudyhohg lq iuhh vsdfh dv zhoo dv wkh qxpehu ri revwuxfwlrqv wkh ud| kdv hqfrxqwhuhg1

Hyhu| wlph wkh ud| lqwhudfwv zlwk dq revwuxfwlrq lw fkdqjhv lwv skdvh e| d uljkw dqjoh

+<3�,1 Wkh �uvw dqg wkh pruh surqrxqfhg irup ri skdvh yduldwlrq dprqjvw ud|v uhdfklqj

wkh vdph orfdwlrq iurp wkh vdph wudqvplwwhu pdqlihvwv lwvhoi lq wkh irup ri wlph0ghod|hg

pxowl0sdwk ud|v1 Rq wkh rwkhu kdqg/ dv zh pryh dzd| iurp wkh wudqvplwwhu/ d ud| lv

uh�hfwhg/ wudqvplwwhg/ dqg gl�udfwhg e| pdq| remhfwv vxfk wkdw lwv skdvh lv vx�flhqwo|

udqgrpl}hg qrw wr kdyh d vljql�fdqw qhw lpsdfw rq wkh wrwdo skdvh yduldwlrq ri wkh vljqdo1

Wkxv/ wkh qhw skdvh yduldwlrq iurp wkh odwwhu fdq eh dvvxphg wr eh }hur1 Lw lv zruwk

qrwlqj wkdw dowkrxjk iru rxu sxusrvhv prgholqj skdvh yduldwlrq iurp wkh wlph0ghod|hg

vljqdo vx�fhv/ frpsxwlqj skdvh gxh wr revwuxfwlrqv lv htxdoo| vlpsoh1

S���2 W4TLh|@?Ui Lu 4L_i*�?} TL*@h�3@|�L?

Wkh srodul}dwlrq ri d udgldwhg zdyh lv gh�qhg dv wkdw surshuw| ri d zdyh zkrvh gluhfwlrq

dqg uhodwlyh pdjqlwxgh ri wkh hohfwulf �hog yhfwru ydulhv zlwk wlph1 Wkh srodul}dwlrq ri

wkh hohfwulf �hog ri d zdyh fdq eh ghfrpsrvhg lqwr wzr ruwkrjrqdo frpsrqhqwv/ qdpho|

krul}rqwdo +dovr nqrzq dv shushqglfxodu, srodul}dwlrq dqg yhuwlfdo +dovr nqrzq dv sdudooho,

srodul}dwlrq1 Li wkh hohfwulf �hog yhfwru lv shushqglfxodu wr wkh sodqh ri lqflghqfh� lw lv

fdoohg shushqglfxodu srodul}dwlrq1 Vlploduo|/ li wkh hohfwulf �hog yhfwru lv sdudooho wr wkh

4Wkh sodqh ri lqflghqfh lv gh�qhg dv wkh sodqh frqwdlqlqj wkh lqflghqw ud| yhfwru dqg wkh

qrupdo wr wkh lqflghqw vxuidfh1
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sodqh ri lqflghqfh wkhq lw lv fdoohg sdudooho srodul}dwlrq1 Dqrwkhu whuplqrorj| frpprqo|

xvhg lv zlwk uhvshfw wr wkh lqwhuidfh sodqh1 Li wkh hohfwulf �hog lv sdudooho wr wkh lqwhuidfh

sodqh wkhq lw lv fdoohg krul}rqwdo +ru H, srodul}dwlrq dqg li lw lv shushqglfxodu wr wkh

lqwhuidfh sodqh wkhq lw lv fdoohg yhuwlfdo +ru K, srodul}dwlrq1 Wkh wrwdo �hog lv wkh yhfwru

vxp ri wkhvh wzr �hogv1

Li d yhuwlfdoo| srodul}hg zdyh lv udgldwhg lq wkh hqylurqphqw/ sduw ri wkh hqhuj| diwhu

lqwhudfwlqj zlwk wkh hqylurqphqw jhwv frqyhuwhg lqwr krul}rqwdoo| srodul}hg hqhuj| dqg

wkh uhvw ri lw uhpdlqv dv yhuwlfdoo| srodul}hg1 Vlploduo|/ d krul}rqwdoo| srodul}hg vljqdo

jhwv frqyhuwhg lqwr wkh wzr vhsdudwh frpsrqhqwv1 Li erwk wkh udgldwhg zdyh dv zhoo

dv wkh uhfhlyhg zdyh duh ri wkh vdph srodul}dwlrq wkhq dq| hqhuj| frqyhuwhg lqwr wkh

rwkhu w|sh ri srodul}dwlrq lv frqvlghuhg dv dwwhqxdwlrq orvv uhvxowlqj iurp dq lqwhudfwlrq

zlwk wkh hqylurqphqw1 Hpslulfdo vwxglhv ^98` dv zhoo dv rxu rzq �hog wuldov ^96` kdyh

vkrzq wkdw iru preloh frppxqlfdwlrq li wkh udgldwhg zdyh lv yhuwlfdoo| srodul}hg wkhq wkh

hqhuj| frqyhuwhg lqwr krul}rqwdo srodul}dwlrq lv doprvw qhjoljleoh/ wkdw lv/ pruh wkdq 43 gE

orzhu wkdq wkh uhfhlyhg yhuwlfdoo| srodul}hg vljqdo1 Iru wklv uhdvrq/ lw lv qrw qhfhvvdu| wr

h{solflwo| prgho srodul}dwlrq iru wkh frpsxwdwlrq ri vljqdo vwuhqjwk dwwhqxdwlrq1 Exw dw

wkh vdph wlph/ li srodul}dwlrq glyhuvlw| lv ehlqj frqvlghuhg hlwkhu dw wkh edvh vwdwlrq ru

dw wkh preloh wkhq h{solflw prgholqj ri srodul}dwlrq ehfrphv lpsruwdqw1
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Iru zluhohvv frppxqlfdwlrqv gl�huhqw dffhvv vfkhphv fdq eh xvhg wr prgxodwh vljqdo

sursdjdwlrq lq dq hqylurqphqw1 Wkhvh vfkhphv xvh ydu|lqj prgxodwlrq edqgzlgwkv1 Iru

h{dpsoh/ zlghedqg sursdjdwlrq +lq fdvh ri frgh glylvlrq pxowlsoh dffhvv, xvhv xs wr d

8PK} zlgh fkdqqho zkhuhdv qduurzedqg sursdjdwlrq +lq fdvh ri wlph glylvlrq pxowlsoh

dffhvv, xvhv rqo| 63NK} zlgh fkdqqho1 D yhu| qdwxudo txhvwlrq wkdw fdq eh srvhg lv=

fdq zh xvh wkh vdph ud|0ehdp wudflqj dojrulwkp wr prgho erwk w|shv ri vljqdovB Wkhr0

uhwlfdoo|/ frkhuhqfh edqgzlgwk lv gh�qhg dv wkh pd{lpxp vhsdudwlrq iru zklfk wkh vljqdov

duh vwloo frqvlghuhg wr eh fruuhodwhg1 Qduurzedqg lv gh�qhg dv zkhuh wkh edqgzlgwk lv

vxevwdqwldoo| qduurzhu wkdq wkh frkhuhqfh edqgzlgwk dqg zlghedqg lv gh�qhg dv zkhuh

lw lv pxfk zlghu wkdq wkh frkhuhqfh edqgzlgwk1 D zlghedqg vljqdo w|slfdoo| h{shulhqfhv

vhohfwlyh idglqj gxh wr wkh gl�huhqw iuhtxhqf| frpsrqhqwv kdylqj gl�huhqw idglqj fkdu0

dfwhulvwlfv1 Dv ri qrz zh kdyh qrw shuiruphg ghwdlohg vlpxodwlrqv rq wklv dvshfw exw wkh

suhglfwlrq v|vwhp fdq uxq dw vhyhudo gl�huhqw iuhtxhqflhv wr frpsxwh wkh lqglylgxdo idg0

lqj fkdudfwhulvwlfv1 Wkh uhdvrqlqj ehlqj wkdw wkh rqo| gl�huhqfh ehwzhhq gl�huhqw uxqv

lv wkh yduldwlrq lq wkh zdyhohqjwk ri wkh vljqdo1

S���e +i�iU|�L? @?_ |h@?t4�tt�L?

Dv vwdwhg hduolhu/ uh�hfwlrq fdq eh prghohg erwk dv vshfxodu dv zhoo dv gl�xvh1 Wkh

gl�huhqfh ehlqj wkdw vshfxodu uh�hfwlrq iroorzv Vqhoo*v odz ri uh�hfwlrq wr frpsxwh wkh

gluhfwlrq ri wkh uh�hfwhg ud| zkhuhdv gl�xvh uh�hfwlrq fdvwv ud|v durxqg wkh srlqw ri
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lqflghqfh dv d ixqfwlrq ri d suhgh�qhg glvwulexwlrq1

Iru dwwhqxdwlrq ri vljqdo gxh wr uh�hfwlrq +ru wudqvplvvlrq, w|slfdoo| dq revwuxfwlrq

fdq eh wuhdwhg dv d vlqjoh krprjhqhrxv pdwhuldo1 Iru h{dpsoh/ wklv lv d jrrg dssur{l0

pdwlrq iru jurxqg lq d whuudlq edvhg hqylurqphqw1 Krzhyhu/ zdoov lqvlgh exloglqjv duh

xvxdoo| pdgh ri pxowlsoh od|huv ri vkhhw urfn +ri gl�huhqw wklfnqhvv, lqwhuvshuvhg zlwk od|0

huv ri dlu iru ehwwhu lqvxodwlrq1 Li wklv lv prghohg e| fdvwlqj d uh�hfwlrq dqg d wudqvplvvlrq

ud|0ehdp dw wkh erxqgdu| ri hdfk od|hu/ lw fdq frpsxwdwlrqdoo| eh h{wuhpho| h{shqvlyh1

Dq dowhuqdwlyh lv wr prgho wkhp dv d vlqjoh revwuxfwlrq zlwk wkh frpsxwhg dwwhqxdwlrq

fruuhvsrqglqj wr wkh qxpehu ri od|huv lq d zdoo1 Wkh frh�flhqwv iru pxowl0od|huhg remhfwv

kdyh ehhq ghvfulehg lq ^9`1

Uh�hfwlrq dqg wudqvplvvlrq frh�flhqw

Wkh uh�hfwlrq frh�flhqw iru dq duelwudu| qxpehu ri od|huv lv jlyhq e|

U @
]
E?�
�? � ]?n�

]
E?�
�? . ]?n�

+914,

zkhuh q lv wkh qxpehu ri od|huv1 Frpsxwdwlrq ri wkhvh frh�flhqwv fdq eh h{shqvlyh1 Wr

doohyldwh wklv h{shqvh dw uxq wlph zh suh0frpsxwh wkhvh frh�flhqwv iru hyhu| pdwhuldo

w|sh lq wkh hqylurqphqw dv zhoo dv iru lqflghqw dqjohv dw forvh lqwhuydov dqg vwruh wkhp lq

d wdeoh1 Vlploduo|/ wkh wudqvplvvlrq frh�flhqw lv jlyhq e|

W @
5]

E?�
�?

]
E?�
�? . ]?n�

+915,
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Wr ghvljq d v|vwhp zklfk fdq eh xvhg wr suhglfw vljqdo sursdjdwlrq lq d vlwh0vshfl�f

hqylurqphqw lq olhx ri dq dfwxdo �hog wuldo/ lw lv qrw rqo| qhfhvvdu| wr prgho wkh vkdsh

dqg vl}h ri remhfwv dv h{dfwo| dv srvvleoh exw dovr eh deoh wr gh�qh wkhlu pdwhuldo surshuwlhv

dv forvh wr uhdolw| dv srvvleoh1 Wklv lv ehfdxvh vljqdo dwwhqxdwlrq e| d vxuidfh lv d gluhfw

ixqfwlrq ri lwv pdwhuldo surshuwlhv1 Exw dw wkh vdph wlph/ ghshqglqj rq wkh jhrphwulf

ghwdlo ehlqj uhsuhvhqwhg/ ghwhuplqlqj d krprjhqhrxv pdwhuldo surshuw| iru dq remhfw dqg

dvvljqlqj lqglylgxdo vxuidfhv d pdwhuldo w|sh fdq eh udwkhu fkdoohqjlqj1

Wkh udqjh ri remhfwv +wkdw pd| d�hfw zluhohvv sursdjdwlrq lq dq hqylurqphqw, fdq

eurdgo| eh fodvvl�hg dv pdwhuldov wkdw duh glhohfwulfv +dovr nqrzq dv lqvxodwruv,/ pdj0

qhwlfv/ ru frqgxfwruv1 Wkhuh fdq eh ydulrxv vkdghv ru frpelqdwlrqv ri wkhvh exw iru

vlpxodwlrq sxusrvhv wkh deryh fodvvl�fdwlrq vx�fhv1 Shuplwwlylw| lv d phdvxuh ri srodu0

l}delolw| iru glhohfwulfv dqg lv jlyhq e| %> zlwk xqlwv dv Ip3� +idudgv 2phwhu,1 Vlploduo|/

shuphdelolw| lv d phdvxuh ri pdjqhwlvp ri wkh pdwhuldo dqg lv jlyhq e| �>zlwk xqlwv dv

Kp3� +khqulhv 2phwhu,1 Ilqdoo|/ frqgxfwlylw| lv d phdvxuh ri wkh hdvh zlwk zklfk fxuuhqw

�rzv ri wkh pdwhuldo dqg lv jlyhq e| �>zlwk xqlwv dv 
p3� +rkp2phwhu,1 D whup uhodwlyh

shuplwwlylw|2 fdq eh gh�qhg dv

%o @
%

%f
+916,

zkhuh %f lv wkh shuplwwlylw| ri ydfxxp1 Wkrxjk shuplwwlylw| dqg uhodwlyh shuplwwlylw|

5Lq vrph olwhudwxuh/ lqyhuvh ri wkh vtxduh urrw ri uhodwlyh shuplwwlylw| lv uhihuuhg wr dv lqgh{ ri

uhiudfwlrq/ d frpprqo| xvhg frqvwdqw lq prvw ri wkh uhqghulqj dqg joredo looxplqdwlrq v|vwhpv1
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kdyh wkh vdph qxphulfdo ydoxh ~ d frqvwdqw/ uhodwlyh shuplwwlylw| lv xqlwohvv vlqfh shu0

plwwlylw| ri ydfxxp lv 4 e| gh�qlwlrq 1 Wklv lv dovr nqrzq dv wkh glhohfwulf frqvwdqw1

Vlploduo|/ zh fdq gh�qh d uhodwlyh shuphdelolw| whup zklfk lv d glphqvlrqohvv txdqwlw|/

jlyhq e| �o @
>
>f
1 Exw vlqfh prvw ri wkh pdwhuldov h{fhsw ihuurpdjqhwlfv kdyh shuplwwly0

lw| forvh wr 4/ iru sudfwlfdo sxusrvhv �o fdq eh wuhdwhg dv xqlw|1 Wkh lqwulqvlf lpshgdqfh

� lv jlyhq e| � @
t

>

0
> dqg vljql�hv wkh hdvh dw zklfk wkh zdyh fdq wudyho lq wkh phglxp1

Wkh udgldq iuhtxhqf| lv jlyhq e| $ @ 5�i / zkhuh i lv wkh iuhtxhqf| lq K}1 Li wkh

glvsodfhphqw fxuuhqw lv pxfk juhdwhu wkdq wkh frqgxfwlrq fxuuhqw/ wkdw lv/ +$% r �,

wkhq wkh phglxp ehkdyhv olnh d glhohfwulf1 Li +� @ 3, wkh phglxp lv d shuihfw/ ru

orvvohvv glhohfwulf/ zkhuhdv li � lv qrw htxdo wr }hur wkhq wkh phglxp lv orvv| ru lpshuihfw

glhohfwulf1 Ilqdoo|/ li +$�q �,> wkdw lv/ wkh frqgxfwlrq0fxuuhqw lv pxfk juhdwhu wkdq wkh

glvsodfhphqw0fxuuhqw wkhq wkh phglxp lv fodvvl�hg dv d frqgxfwru ^7`1

Lw lv lpsruwdqw wr qrwh wkdw iuhtxhqf| lv dq hvvhqwldo frpsrqhqw lq ghwhuplqlqj

zkhwkhu d phglxp lv d glhohfwulf ru d frqgxfwru1 Iru h{dpsoh/ wkh hduwk ehkdyhv olnh d

frqgxfwru dw durxqg 4 nK} zkhuhdv dw plfurzdyh iuhtxhqf| ri 63 JK} lw ehkdyhv olnh

d glhohfwulf1 Wkh ehwwhu wkh glhohfwulf/ wkh orzhu wkh qxpehu ri iuhh hohfwurqv zklfk fdq

wudqvihu fkdujh iurp rqh sodfh wr wkh rwkhu> khqfh lwv frqgxfwlylw| lv orz dqg lw lv d ehwwhu

lqvxodwru1

Iru lqgrru hqylurqphqw zh lghqwli| eurdg fdwhjrulhv ri w|shv ri pdwhuldo dqg dvvljq

d w|sh wr hdfk vxuidfh1 Iru rxwgrru hqylurqphqwv zh fdq xvh wkh vdph surfhgxuh iru

lqglylgxdo exloglqjv ru xvh d eurdg pdwhuldo w|sh iru wkh zkroh hqylurqphqw1 Iru whuudlq0
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edvhg hqylurqphqwv zh dvvljq d vlqjoh pdwhuldo w|sh wr wkh zkroh whuudlq1

S�� �@|� *Ltt @?_ t�}?@* t|hi?}|� UL4T�|@|�L?

Dojrulwkplfdoo| wkh frpsxwdwlrq ri erwk sdwk orvv dqg vljqdo vwuhqjwk duh yhu| vlplodu1

Wkh edvlf gl�huhqfh ehwzhhq wkh wzr lv wkdw sdwk orvv lv wkh uhodwlyh dwwhqxdwlrq ri srzhu

ehwzhhq wkh vrxufh dqg wkh uhfhlyhu zlwkrxw uhjdug wr wkh vshfl�f dqwhqqd fkdudfwhulvwlfv

vxfk dv vljqdo jdlq sdwwhuq/ qxpehu ri eudqfkhv/ dqg wkh ehdp zlgwk ri hdfk eudqfk/

zkhuhdv/ vljqdo vwuhqjwk lv wkh devroxwh dwwhqxdwlrq ehwzhhq d wudqvplwwhu dqg d uhfhlyhu1

Iru sdwk orvv frpsxwdwlrq wkh vrxufh wudqvplwwhu lv w|slfdoo| frqvlghuhg wr eh dq rpql0

gluhfwlrqdo lvrwurslf dqwhqqd1 Lq wkh prvw jhqhudo irup/ zh fdq gh�qh sdwk orvv dv d

surgxfw ri wkh dwwhqxdwlrq d vljqdo hqfrxqwhuv dw hdfk revwuxfwlrq vwduwlqj iurp wkh

vrxufh xqwlo lw uhdfkhv wkh uhfhlyhu orfdwlrq1 Wkh sdwk orvv iru hdfk sursdjdwlrq sdwk

ehwzhhq wkh vrxufh dqg wkh uhfhlyhu orfdwlrq fdq eh jlyhq e|

soR @

T
� ��
T

� ��
T

& �&

mglvwRm2
+917,

zkhuh so lv wkh sdwk orvv iru d sduwlfxodu sdwk s/ l lv wkh qxpehu ri uh�hfwlrqv wkh sdwk

hqfrxqwhuv dqg �� lv wkh uh�hfwlrq frh�flhqw ri wkh l
|� vxuidfh1 Vlploduo|/ m lv wkh qxpehu

ri wudqvplvvlrqv zlwk �� ehlqj wkh wudqvplvvlrq frh�flhqw ri wkh m|� vxuidfh dqg n lv wkh

qxpehu ri gl�udfwlrqv zlwk �& ehlqj wkh gl�udfwlrq frh�flhqw ri wkh n|� zhgjh1 Ehvlghv

wkh dwwhqxdwlrq gxh wr vxuidfh revwuxfwlrqv d sursdjdwlqj zdyh dovr dwwhqxdwhv lq iuhh0

vsdfh/ zklfk lv jlyhq e| wkh lqyhuvh ri wkh vtxduh ri wrwdo sdwk ohqjwk1 Rqh zloo qrwlfh

wkdw lq d ydfxxp iuhh0vsdfh dwwhqxdwlrq lv jlyhq e| dq h{srqhqw ri wzr1 Vrphwlphv d
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kljkhu h{srqhqw lv xvhg wr dffrxqw iru rwkhu kdug wr prgho dwprvskhulf dwwhqxdwlrq vxfk

dv prlvwxuh frqwhqw lq dlu ru dwwhqxdwlrq gxh wr yhjhwdwlrq1 Vlqfh zluhohvv sursdjdwlrq

dffrxqwv iru doo sdwkv uhdfklqj d vdpsoh srlqw iurp wkh vdph vrxufh/ wkh wrwdo sdwk orvv

So lv gh�qhg dv

So @
[
R

soR +918,

Lq jhqhudo/ frpsxwlqj sdwk orvv zlwk dq lvrwurslf vrxufh fdq eh pruh h{shqvlyh wkdq

frpsxwlqj lw iru dq dfwxdo wudqvplwwhu zlwk d frpsoh{ jdlq sdwwhuq1 Wklv lv ehfdxvh

iru sdwk orvv frpsxwdwlrq/ sdwkv lq doo gluhfwlrqv kdyh wr eh wudfhg xqwlo d vshfl�hg

dwwhqxdwlrq lv uhdfkhg luuhvshfwlyh ri wkh lqlwldo srzhu dq lqglylgxdo sdwk pd| kdyh1 Rq

wkh rwkhu kdqg/ rqh ri wkh dgydqwdjhv ri xvlqj sdwk orvv frpsxwdwlrq/ ghvslwh dgglwlrqdo

frpsxwdwlrqdo frvw lv lq d vfhqdulr zkhuh uhshdwhg vlpxodwlrqv kdyh wr eh shuiruphg rq

wkh vdph hqylurqphqw zlwk wkh vdph wudqvplwwhu orfdwlrq h{fhsw d fkdqjh lq wkh lqlwldo

srzhu ru jdlq sdwwhuq ri wkh wudqvplwwhu1 Lq vxfk vfhqdulrv wkh dfwxdo dwwhqxdwlrq fdq eh

frpsxwhg e| vlpsoh srvw0surfhvvlqj rq wkh sdwk orvv uhvxowv1

S�e � ThLT@}@|�L? Thi_�U|�L? t)t|i4

Zh ghyhorshg dq lqwhudfwlyh v|vwhp fdoohg Sursdjdwh wkdw prghov udglr sursdjdwlrq lq

vhyhudo gl�huhqw w|shv ri hqylurqphqwv1 Wkh judsklfdo xvhu lqwhuidfh ri wkh v|vwhp zdv

zulwwhq lq Wfo2Wn/ zkhuh Wfo lv d kljk ohyho vfulswlqj odqjxdjh dqg Wn lv d oleudu| ri

judsklfv sulplwlyhv1 Dqrwkhu oleudu| fdoohg Sro|pqld� zdv xvhg wr uhsuhvhqw rxu jhrphwulf

6Wkh oleudu| zdv sulpdulo| zulwwhq e| Euxfh Qd|oru dw Ehoo Odev1
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hqylurqphqw dv d elqdu| vsdfh sduwlwlrqlqj wuhh1 D xvhu fdq lqwhudfwlyho| vhohfw dqg

ylvxdol}h dq hqylurqphqw/ vhw wudqvplwwhu dqg uhfhlyhu fkdudfwhulvwlfv/ dqg sodfh wkhp lq

wkh hqylurqphqw iru d vlpxodwlrq1 Vrph ri wkh wudqvplwwhu dqg uhfhlyhu fkdudfwhulvwlfv

wkdw fdq eh prghohg e| wkh v|vwhp duh vkrzq lq Iljxuh 9151 Vlploduo|/ vrph ri wkh

(a)

(b)

Iljxuh 914= +d, D olvw ri sdudphwhuv wkdw frqwuro wkh jhrphwulf surshuwlhv ri wkh ud|0ehdp

wudflqj dojrulwkp1 +e, D olvw ri jhqhudo udglr sursdjdwlrq sdudphwhuv1

sdudphwhuv uhodwhg wr d jhrphwulf hqylurqphqw lqfoxglqj sdudphwhuv wkdw frqwuro wkh vl}h

ri d ud|0ehdp lv vkrzq lq Iljxuh 9141 Vrph rswlrqv uhodwhg wr wkh w|sh ri hqylurqphqw

ru wkh w|sh ri sursdjdwlrq sdwkv wkdw fdq eh lqghshqghqwo| vlpxodwhg e| wkh v|vwhp duh
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vkrzq lq Iljxuh 9161

(a)

(b)

Iljxuh 915= +d, D olvw ri fkdudfwhulvwlfv wkdw gh�qh d wudqvplwwhu1 +e, D olvw ri fkdudfwhu0

lvwlfv wkdw gh�qh d vhw ri uhfhlyhu dw d vshfl�f khljkw1

S�e�� Ai |�hi 4@Tt uLh �?|ih@U|��i ^�ih)�?} Lu t�}?@* t|hi?}|�

Lq dq lqwhudfwlyh v|vwhp/ lw hqkdqfhv d xvhuv h{shulhqfh pxfk pruh li rqh fdq lqtxluh

wkh ohyho ri vljqdo vwuhqjwk dw d orfdwlrq dv rqh lv qdyljdwlqj wkurxjk wkdw hqylurqphqw1

Iru vxfk txhu|lqj ri vljqdo vwuhqjwk/ zh frqvwuxfw d vdpsoh sodqh zklfk uhsuhvhqwv d vhw

ri uhfhlyhuv dw d frqvwdqw khljkw dqg lqwhjudwh lw lqwr wkh hqylurqphqw e| frqvwuxfwlqj d
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Iljxuh 916= D olvw ri vrph ri wkh rswlrqv iru wkh vlpxodwlrq v|vwhp1
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qhz sduwlwlrqlqj wuhh1 Zh xvhg Vfxosw/ d gudzlqj surjudp ghyhorshg e| Euxfh Qd|oru

wr glvsod| rxu wkuhh0glphqvlrqdo hqylurqphqwv1 Zh lqlwldoo| frqyhuw d suhglfwhg fryhudjh

pds lqwr d wh{wxuh pds zklfk lv pdsshg rqwr wkh uhvshfwlyh vdpsoh sodqh iru ylvxdol}d0

wlrq1 Hdfk ri wkhvh vdpsoh sodqhv duh wdjjhg zlwk d xqltxh lghqwl�hu dqg wkh suhglfwhg

ydoxhv duh vwruhg lq d gdwd vwuxfwxuh1 Gxulqj lqwhudfwlyh qdyljdwlrq d xvhu fdq srlqw

dw dq| uhfhlyhu orfdwlrq rq dq| ri wkh vdpsoh sodqhv1 Wkh v|vwhp frpsxwhv dq lqgh{

fruuhvsrqglqj wr wkh srlqw ri lqwhuvhfwlrq zklfk lq wxuq uhsruwv wkh vljqdo vwuhqjwk iru

wkh fruuhvsrqglqj uhfhlyhu orfdwlrq1 Vrph h{dpsohv ri fryhudjh pdsv xvhg dv wh{wxuhv lv

jlyhq lq Vhfwlrq :151
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Zh qrz suhvhqw wkh ryhudoo uhvxowv edvhg rq wkh dojrulwkpv wkdw kdyh ehhq ghyhorshg1

Vrph ri wkh uhvxowv kdyh douhdg| ehhq suhvhqwhg dorqj zlwk lqglylgxdo vhfwlrqv zkhuh

wkh uhvshfwlyh dojrulwkplf lvvxhv zhuh glvfxvvhg1 Wkh dojrulwkpv zhuh frpsduhg edvhg

rq krz zhoo wkh| suhglfw srzhu glvwulexwlrq lq d jlyhq hqylurqphqw dqg dovr edvhg rq

wkhlu uxq wlph h�flhqf|1 Zh frpsduhg wkh uhvxowv ri rxu dojrulwkpv zlwk wkh dfwxdo

phdvxuhphqwv lq vhyhudo gl�huhqw w|shv ri hqylurqphqwv1 Iru rxu whvwv zh zloo vlpxodwh

d w|slfdo preloh frppxqlfdwlrq dssolfdwlrq1 Wkh vfhqdulr lv wkdw d wudqvplwwhu +dw wkh

edvh vwdwlrq, wudqvplwv udglr vljqdov lqwr dq hqylurqphqw1 Lw lv ghvludeoh wr ghwhuplqh

zkhwkhu d preloh prylqj lq wkh hqylurqphqw lv deoh wr uhfhlyh dq dffhswdeoh vljqdo iurp

wklv wudqvplwwhu1 Wkhuh fdq eh vhyhudo yduldwlrqv wr wklv edvlf vfhqdulr zklfk fdq eh

wudqviruphg lqwr wklv edvlf vfhqdulr1
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Iru wkh fxuuhqw v|vwhp wr kdyh dq| xvdjh dv d sudfwlfdo UI hqjlqhhulqj wrro/ wkh suhglfwlrq

prgho qhhgv wr eh frpsduhg zlwk wkh dfwxdo phdvxuhphqwv dqg uhvxowv ydolgdwhg iru

vlplodu frqglwlrqv lq wkh �hog1 Zh zloo ghyrwh wkh lqlwldo sduw ri wklv vhfwlrq wr glvfxvv wkh

surfhvv ri wdnlqj phdvxuhphqwv1 Wkhq zh zloo ghvfuleh wkh surfhvv ri frpsdulqj wkhvh

phdvxuhphqwv zlwk wkh suhglfwlrqv iurp wkh vlpxodwlrqv dqg wkh mxvwl�fdwlrq ri zk| wklv

surfhvv lv dffhswdeoh1 Wkh phdvxuhphqw0wdnlqj surfhvv lv lqghhg yhu| whglrxv wr vd| wkh

ohdvw1 Lq idfw/ wkh uhdo ydoxh +lq whupv ri wkh vdyhg pdq0krxuv, ri vxfk d wrro lv rqo|

uhdol}hg li rqh kdv ehhq lqyroyhg lq wdnlqj vxfk phdvxuhphqwv$

Wkh dojrulwkpv dqg wkh vlpxodwlrq v|vwhp exlow durxqg lw zdv ydolgdwhg e| frpsdulqj

wkh suhglfwhg ydoxhv lq dq hqylurqphqw dqg wkh ydoxhv ri wkh fruuhvsrqglqj phdvxuhphqwv1

Wklv dovr eulqjv xs wkh lvvxh ri dq dyhudjlqj vfkhph wkdw fdq eh xvhg iru vxfk d frpsdu0

lvrq1

.���� #�tU�tt�L? L? |�i 4i@t�hi4i?|�|@!�?} ThLUitt

Wkhuh duh vhyhudo zd|v lq zklfk phdvxuhphqw dqg wkh suhglfwhg uhvxowv frxog eh frp0

sduhg1 Rqh srvvleoh phwkrg lv wr gr d srlqw0wr0srlqw frpsdulvrq ehwzhhq wkh suhglfwhg

dqg phdvxuhg srzhu dw d jlyhq orfdwlrq1 Lq vrph vhqvhv wklv srlqw0wr0srlqw frpsdulvrq lv

dfwxdoo| dq duhd0wr0duhd frpsdulvrq zkhuh wkh duhd pd| eh d ixqfwlrq ri wkh zdyhohqjwk1

Wklv eulqjv lq wkh txhvwlrq ri zkdw lv wkh rswlpdo duhd iru frpsdulvrq1 Reylrxvo|/ rqh
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sureohp lv suhvhqw lq wkh phdvxuhphqw0wdnlqj surfhvv1 W|slfdoo|/ lq xuedq rxwgrru dv

zhoo dv whuudlq edvhg hqylurqphqwv/ phdvxuhphqwv duh wdnhq e| frqqhfwlqj d preloh uh0

fhlyhu dorqj zlwk d joredo srvlwlrq v|vwhp +JSV, uhfhlyhu wr d frpsxwhu1 Wkh preloh

uhfhlyhu uhfrugv wkh dpsolwxgh ri wkh uhfhlyhg srzhu dqg wkh JSV uhfhlyhu uhfrugv wkh

jhrjudsklfdo frruglqdwhv dw wkdw orfdwlrq1 Wklv vhwxs lv sodfhg lq d ydq zklfk lv gulyhq

durxqg lq dq hqylurqphqw1 Iru sudfwlfdo uhdvrqv/ lw lv gl�fxow iru d ydq wr pryh vorzhu

wkdq 53plohv@krxu/ hvshfldoo| li wkhvh phdvxuhphqwv duh wdnhq gxulqj wkh gd|1 Wklv

vshhg wudqvodwhv wr dssur{lpdwho| <phwhuv@vhf1 Rq wkh rwkhu kdqg/ wkh vdpsolqj udwh ri

wkh fxuuhqwo| dydlodeoh JSV uhfhlyhuv lv dssur{lpdwho| rqfh d vhfrqg1 Wklv lpsolhv wkdw

uhfhlyhg vljqdov fdq eh vdpsohg dssur{lpdwho| hyhu| 43phwhuv1 Krzhyhu/ orfdwlrq lqiru0

pdwlrq dw kljkhu uhvroxwlrqv fdq eh rewdlqhg e| lqwhusrodwlqj wkh lqwhuphgldwh srvlwlrqv1

Dqrwkhu sureohp zlwk wkh fxuuhqwo| dydlodeoh JSV uhfhlyhuv lv wkdw wkh wuxh uhfhlyhu or0

fdwlrqv duh glwkhuhg +iru plolwdu| uhdvrqv, vxfk wkdw lw lv r� e| d ihz whqv ri phwhuv1

Wklv pd| qrw eh d vljql�fdqw glvwdqfh iurp d ylvxdo shuvshfwlyh lq d odujh flw| ri vhyhudo

vtxduh plohv1 Exw iru duhd0wr0duhd frpsdulvrq ehwzhhq phdvxuhg dqg suhglfwhg ydoxhv

wklv fdq eh txlwh vljql�fdqw/ hvshfldoo|/ li wkh duhd ehlqj frpsduhg lv ohvv wkdq hyhu| whq

phwhuv1 Rqh phwkrg ri dffrxqwlqj iru wklv huuru fdq eh e| xvlqj dqrwkhu uhihuhqfh JSV

uhfhlyhu dqg wkhq vxewudfwlqj wkh frpprq glwkhulqj idfwru1 Krzhyhu/ iru rxu sxusrvhv ri

ydolgdwlqj wkh vlpxodwlrq prgho zlwk wkh phdvxuhg uhvxowv zh ryhuod| wkh phdvxuhg JSV

orfdwlrqv rq dq dfwxdo vwuhhw pds wr dffrxqw iru dq| vsdwldo glvfuhsdqflhv1

D vlplodu vhwxs fdq eh xvhg iru phdvxuhphqwv lqvlgh d exloglqj1 Lqvwhdg ri d ydq/ d
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fduw fduu|lqj doo wkh htxlsphqw fdq hdvlo| eh xvhg1 Wkh pdlq gl�huhqfh lv lq wkh surfhvv

ri fruuhodwlqj d orfdwlrq zlwk wkh uhfhlyhg vljqdo vwuhqjwk dw wkdw orfdwlrq1 Wkh sureohp

lv wkdw iru d JSV uhfhlyhu wr ixqfwlrq surshuo| lw vkrxog lqlwldoo| kdyh olqh0ri0vljkw zlwk

dw ohdvw irxu wr �yh vdwhoolwhv1 Rqfh wkh JSV uhfhlyhu kdv orfnhg lwv srvlwlrq/ wkh uhfhlyhu

vkrxog wkhq eh orfnhg wr dw ohdvw wkuhh vdwhoolwhv dw doo wlphv/ zklfk lv reylrxvo| qrw

srvvleoh lqvlgh d exloglqj1 Wkh olqh0ri0vljkw zlwk dq| wkuhh vdwhoolwhv lv qhfhvvdu| iru wkh

wuldqjxodwlrq dojrulwkp wr frpsxwh d xqltxh srvlwlrq rq hduwk1 Dq dowhuqdwlyh phwkrg

wr rewdlq orfdwlrq lqirupdwlrq lv wr pdqxdoo| pds wkh sdwk ri wkh fduw wkurxjk wkh

fruulgruv wr lqglylgxdo gdwd srlqwv1 Wkh srvlwlrqlqj pd| qrw eh wkh prvw h{dfw exw lv

zlwklq dffhswdeoh udqjh ri huuru1 Khuh wkh orfdwlrqv fdq eh dw d pxfk �qhu uhvroxwlrq1

Wkh rwkhu lvvxh iru dyhudjlqj lv iurp wkh srlqw ri ylhz ri sursdjdwlrq/ wkdw lv/ vpdoo0

vfdoh idglqj fdxvhv ghhs qxoov ru rwkhu vkdus yduldwlrq lq vljqdo dpsolwxgh zlwklq d frxsoh

ri phwhuv1 Khqfh/ vrph vsdwldo dyhudjlqj lv qhfhvvdu| wr dyhudjh rxw wkhvh vpdoo0vfdoh

idglqj h�hfwv1 W|slfdoo|/ wkh phdq vljqdo vwuhqjwk uhfhlyhg dw d sduwlfxodu orfdwlrq lv

frpsxwhg e| dyhudjlqj wrwdo srzhu uhfhlyhg ryhu dq duhd ri 8� wr 73�= Wklv wudqvodwhv wr

d udqjh ri 4 phwhu wr 43 phwhu lq wkh 4 JK} wr 5 JK} iuhtxhqflhv iru fhooxodu dqg SFV

edqgv uhvshfwlyho| ^7;`1 D jrrg phdvxuh ri frpsdulqj wkhvh uhvxowv lv edvhg rq phdq

gl�huhqfh ehwzhhq wkh suhglfwhg dqg phdvxuhg ydoxhv dqg vwdqgdug ghyldwlrq iurp wkh

phdq1

Zh glylghg wkhvh srlqw0wr0srlqw whvw fdvhv lqwr wzr fdwhjrulhv1 Wkh �uvw fdvh lv gh�qhg

dv olqh0ri0vljkw +ORV, zkhuh wkhuh lv dw ohdvw rqh gluhfw sdwk ehwzhhq wkh wudqvplwwhu dqg
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wkh uhfhlyhu orfdwlrq1 Wklv grhv qrw suhfoxgh dq| rwkhu w|shv ri sdwkv vxfk dv uh�hfwhg

ru gl�udfwhg sdwkv iurp wkh wudqvplwwhu wr wkh vdph uhfhlyhu orfdwlrq1 Wkh rwkhu fdvh lv

gh�qhg dv qrq0olqh0ri0vljkw +QORV,1 Wklv lv lghqwl�hg vxfk wkdw wkhuh lv qr gluhfw sdwk

ehwzhhq wkh wudqvplwwhu dqg wkh uhfhlyhu exw wkhuh pd| eh pdq| rwkhu w|shv ri sdwkv1

.���2 w�?i�Lu�t�}�| UL4T@h�tL?

Wkh whvw fdvh lv lqvlgh d phglxp vl}hg exloglqj/ d Oxfhqw Whfkqrorjlhv idflolw| dw Fudzirug

Kloo/ QM1 Wkh wudqvplwwhu lv orfdwhg dssur{lpdwho| hljkw ihhw deryh wkh �rru rq rqh vlgh

ri d orqj fruulgru1 Iru frpsdulvrq sxusrvhv wkh uhfhlyhu orfdwlrqv duh dvvxphg wr eh

doo dorqj wkh fruulgru dw dssur{lpdwho| vl{ ihhw deryh wkh �rru1 Qrwlfh wkdw wkhuh fdq

eh vhyhudo sdwkv wkdw uhdfk d jlyhq uhfhlyhu orfdwlrq edvhg rq wudqvplvvlrqv wkurxjk

zdoov dqg uh�hfwlrqv r� zdoov/ wkh urri/ dqg wkh �rru1 Iljxuh :14 vkrzv d srlqw0wr0srlqw

frpsdulvrq ehwzhhq wkh phdvxuhg dqg suhglfwhg ydoxhv dw kxqguhgv ri orfdwlrqv dorqj

wkh fruulgru1

.���� �L?�*�?i�Lu�t�}�| UL4T@h�tL?

Zh xvhg d odujh foxwwhuhg xuedq hqylurqphqw olnh orzhu Pdqkdwwdq dv d whvw fdvh iru

wkh qrq0oljkw0ri0vljkw frpsdulvrq1 Wkh wudqvplwwhu lv orfdwhg dw dssur{lpdwho| wkluw|

ihhw deryh jurxqg1 Wkh uhfhlyhuv duh orfdwhg dw d khljkw ri vl{ ihhw deryh jurxqg/ d

w|slfdo khljkw ri d fdu dqwhqqd ru d shuvrq zdonlqj rq d vwuhhw1 Wkh judsk frpsduhv wkh

phdvxuhphqwv zlwk wkh suhglfwlrq edvhg rq wkh ud|0ehdp wudflqj dojrulwkpv rq d vlgh

vwuhhw wzr eorfnv dzd| iurp wkh vwuhhw zkhuh wkh wudqvplwwhu lv orfdwhg1 Wklv hqvxuhv
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Iljxuh :14= Frpsdulvrq ehwzhhq phdvxuhg dqg suhglfwhg srzhu lq olqh0ri0vljkw iurp wkh

wudqvplwwhu lqvlgh d odujh exloglqj1
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wkdw wkhuh lv qr olqh0ri0vljkw sdwk ehwzhhq wkh wudqvplwwhu dqg dq| ri wkh uhfhlyhuv1 Dv lq

wkh fdvh ri olqh0ri0vljkw vlpxodwlrqv/ wkh frpsdulvrq lv srlqw0wr0srlqw zkhuh d elq vl}h lv

dssur{lpdwho| �yh vtxduh phwhuv1 Iljxuh :15 vkrzv d srlqw0wr0srlqw frpsdulvrq ehwzhhq

wkh phdvxuhg dqg suhglfwhg ydoxhv dw kxqguhgv ri orfdwlrqv dorqj wkh edfn vwuhhw1

.���e ,?��hL?4i?|���_i t|@|�t|�U@* UL4T@h�tL?

Wr hydoxdwh rxu dojrulwkpv iru dq hqwluh hqylurqphqw zh xvhg wzr vwdwlvwlfdo phdvxuhv1

Wkh �uvw lv d phdq gl�huhqfh ehwzhhq wkh phdvxuhg dqg suhglfwhg srzhu dpsolwxgh iru

doo uhfhlyhu orfdwlrqv lq wkh hqylurqphqw dqg wkh rwkhu lv wkh vwdqgdug ghyldwlrq iurp wkh

phdq1 Wkh phdq gl�huhqfh lv jlyhq e|

PG @

�S
� +[6e@r� �[Roe_�S|e_�

,

Q
+:14,

zkhuh [6e@r dqg [Roe_�S|e_ duh wkh phdvxuhg dqg suhglfwhg vljqdo vwuhqjwk ydoxhv uhvshf0

wlyho| dw d vdpsohg orfdwlrq/ dqg Q lv qxpehu ri vdpsoh srlqwv1 Wkh vwdqgdug ghyldwlrq

lv jlyhq e|

VG @

t
[2 �[

2
+:15,

zkhuh [ lv wkh gl�huhqfh ehwzhhq wkh phdvxuhg dqg suhglfwhg ydoxhv/ [2 ghqrwhv wkh

phdq ri wkh vtxduhv ri wkh ydoxhv/ dqg [
2
ghqrwhv wkh vtxduh ri wkh phdq ri wkh ydulrxv

ydoxhv1 Erwk wkhvh phdvxuhv duh jlyhq lq gE1 Wdeoh :14 vkrzv d frpsdulvrq iru d qxpehu

ri hqylurqphqwv edvhg rq wkh deryh vwdwlvwlfdo fulwhulrq1
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Distance from the Tx (in meters)

80 85 90 95 100 105 110 115

P
ow

er
 (

in
 d

B
m

)

-80

-75

-70

-65

-60

-55

-50

-45

-40
Measured power distribution
Predicted power distribution

Iljxuh :15= Wkh judsk vkrzv d frpsdulvrq ehwzhhq phdvxuhg dqg suhglfwhg srzhu rq d

vlgh vwuhhw +qrq0olqh0ri0vljkw, iurp d wudqvplwwhu +W{, sodfhg lq orzhu Pdqkdwwdq1 Wkh

qrq0olqh0ri0vljkw vwuhhw lv uxqqlqj sdudooho wr wkh vwuhhw zkhuh wkh wudqvplwwhu lv sodfhg

dqg vkrzv d fdvh ri sursdjdwlrq durxqg wkh eorfn1 Wkh vxgghq lqfuhdvh lq srzhu eh|rqg

wkh 433 phwhu pdun lv ehfdxvh wkdw duhd lv dw dq lqwhuvhfwlrq ri d furvv urdg dqg dv d

uhvxow uhfhlyhg srzhu iurp dgglwlrqdo sdwkv1 Rqh zloo dovr qrwlfh dq dqrpdo| ehwzhhq wkh

suhglfwhg dqg phdvxuhg vljqdo vwuhqjwk dw durxqg <6 phwhuv lq whupv ri d vxgghq gurs

lq wkh suhglfwhg ydoxh dv frpsduhg wr wkh phdvxuhg ydoxh1 Dowkrxjk/ zh gr qrw kdyh

dq h{sodqdwlrq iru wklv gurs lq srzhu lq wklv sduwlfxodu fdvh/ zh kdyh frqmhfwxuhg edvhg

rq rxu h{shulhqfh zlwk rwkhu lqsxw prghov dqg wkhlu dqdo|vhv1 Suhglfwlrqv e| vxfk d

v|vwhp dv rxuv duh rqo| dv dffxudwh dv wkh lqsxw prgho1 Li wkhuh duh vljql�fdqw gl�huhqfhv

ehwzhhq wkh jhrphwulf lqsxw prgho xvhg iru suhglfwlrqv dqg wkh dfwxdo hqylurqphqw lq

zklfk wkh phdvxuhphqwv zhuh wdnhq wkhq zh pd| qrwlfh vxfk dqrpdolhv1 Lq wklv fdvh lw lv

srvvleoh wkdw wkh jhrphwulf prgho ri orzhu Pdqkdwwdq zh xvhg pd| kdyh vrph jhrphwulf

hqwlwlhv zklfk zhuh qrw suhvhqw zkhq wkh phdvxuhphqwv zhuh wdnhq1
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W|sh ri jhrphwulf hqylurqphqw Devroxwh phdq +lq gE, Vwg1 ghyldwlrq +lq gE,

Rxwgrru ~ orzhu Pdqkdwwdq 41<3 ;158

Lqvlgh eogj1 ~ Fudzirug Kloo 4183 9153

Lqvlgh eogj1 ~ Plggohwrzq 3173 8143

Wdeoh :14= Wkh wdeoh vkrzv wkh vwdwlvwlfdo fruuhodwlrq ehwzhhq wkh phdvxuhg dqg suhglfwhg

ydoxhv iru gl�huhqw w|shv ri hqylurqphqwv1 Wkh uhvxowv duh frpsxwhg edvhg rq d srlqw0

wr0srlqw frpsdulvrq ryhu wkh hqwluh hqylurqphqw1

.�2 �L�ih@}i 4@Tt uhL4 |�i �hLT@}@|i t)t|i4

Wkh ud|0ehdp wudflqj dojrulwkp uhfrugv wkh wrwdo uhfhlyhg srzhu iru d hdfk xqltxh uhfhlyhu

orfdwlrq iurp d jlyhq wudqvplwwhu orfdwlrq1 Wklv lv jhqhudwhg dv d fryhudjh pds1 Li

wkhuh duh pruh wkdq rqh uhfhlyhu orfdwlrqv iru d jlyhq odwlwxgh0orqjlwxgh frruglqdwh/ wkdw

lv/ srzhu kdv wr eh uhfrughg dw pruh wkdq rqh khljkw +iru h{dpsoh/ lqvlgh exloglqjv,

wkhq pxowlsoh fryhudjh pdsv fruuhvsrqglqj wr hdfk xqltxh khljkw duh jhqhudwhg iru wkh

vdph wudqvplwwhu orfdwlrq1 Zh xvhg Sursdjdwh wr frpsxwh srzhu glvwulexwlrq lq vhyhudo

gl�huhqw hqylurqphqwv1 Iljxuh :16 vkrzv dq dhuldo ylhz ri wkh sursdjdwlrq glvwulexwlrq

lqvlgh d odujh r�fh exloglqj1 Wkh wudqvplwwhu lv sodfhg dssur{lpdwho| hljkw ihhw deryh

wkh �rru lq rqh ri wkh fruulgruv dqg srzhu lv vdpsohg dssur{lpdwho| vl{ ihhw deryh wkh

�rru doo dfurvv wkh exloglqj1 Vlploduo|/ Iljxuh :17 vkrzv wkh fryhudjh ri srzhu iurp

d wudqvplwwhu lq orzhu Pdqkdwwdq lq wkh zdoo vwuhhw duhd/ zklfk lv dq h{dpsoh ri dq

xuedq hqylurqphqw1 Dq h{dpsoh ri fryhudjh lq d whuudlq0edvhg hqylurqphqw lv vkrzq lq

Iljxuh :1: dqg Iljxuh :1;1 Dv phqwlrqhg lq Vhfwlrq 91714/ wkhvh fryhudjh pdsv fdq eh
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> -60> -70> -100 > -90 > -80> -110< -110No coverage

Legend of signal color bands in dBm

Tx

Iljxuh :16= Wkh lpdjh vkrzv dq dhuldo ylhz ri wkh frpsohwh fryhudjh pds iurp d wudqvplw0

whu orfdwlrq pdunhg dv *W{* zlwk uhfhlyhg srzhu froru0edqghg iru hdv| ylvxdo lghqwl�fdwlrq1

Wkh jhrphwulf hqylurqphqw lv d odujh prghuq r�fh exloglqj1
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> -60> -70> -100 > -90 > -80> -110< -110No coverage

Legend of signal color bands in dBm

Tx

Iljxuh :17= Wkh lpdjh vkrzv dq dhuldo ylhz ri orzhu Pdqkdwwdq zlwk suhglfwhg fryhudjh

iurp d wudqvplwwhu odehohg dv cW{*1 Wkh vljqdo vwuhqjwk kdv ehhq froru0edqghg iru hdvlhu

ylvxdol}dwlrq
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txhulhg e| d xvhu gxulqj lqwhudfwlyh qdyljdwlrq ri dq hqylurqphqw1

.�� �L4T@h�tL? Lu h�? |�4it uLh _�gihi?| |)Tit Lu @?|i??@t

Lq Vhfwlrq 714/ zh kdg phqwlrqhg wkdw rqh ri wkh dgydqwdjhv ri d eurdgfdvw prgh ri

sursdjdwlrq lv wkdw lw fdq kdqgoh frpsoh{ dqwhqqd jdlq sdwwhuqv dqg lv deoh wr ghulyh

uxqwlph h�flhqf| iru dqwhqqdv wkdw kdyh qduurz krul}rqwdo ru yhuwlfdo ehdp zlgwkv1

Wdeoh :15 vkrzv d frpsdulvrq ri uxq wlphv iru gl�huhqw w|shv ri dqwhqqd jdlq sdwwhuqv

edvhg rq wkh sursrvhg dojrulwkpv1 Rqh zloo qrwlfh iurp wkh wdeoh wkdw ghshqglqj rq wkh

krul}rqwdo dqg yhuwlfdo ehdp zlgwk ri dq dqwhqqd/ wkh uxq wlphv frxog ydu| gudpdwlfdoo|1

W{= dqwhqqd fkdudfwhulvwlfv Qxpehu ri Uxq wlph

Krul}rqwdo ehdp zlgwk Yhuwlfdo ehdp zlgwk uhfhlyhuv +lq vhf,

693� zlwk frqvwdqw +43gE, jdlq 8� 4;5{463{7 ::9:1;

693� zlwk yduldeoh jdlq 8� 4;5{463{7 794;16

453� 47� 4;5{463{7 774416

98� :� 4;5{463{7 574;18

Wdeoh :15= Wkh wdeoh vkrzv uxq wlphv iru gl�huhqw w|shv ri dqwhqqdv1 Wkh dqwhqqdv gl�hu

lq wkhlu jdlq sdwwhuqv dv zhoo dv krul}rqwdo dqg yhuwlfdo ehdp zlgwkv1 Khuh/ d ehdp zlgwk

ri dq dqwhqqd lv gh�qhg dv wkh zlgwk ri wkh ehdp eh|rqg zklfk lwv jdlq idoov ehorz kdoi

lwv shdn ydoxh/ wkdw lv/ e| pruh wkdq 6gE1
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Dv glvfxvvhg lq Vhfwlrq 715/ rqh ri wkh prwlydwlrqv ri ghyhorslqj dq dojrulwkp edvhg rq

wkh eurdgfdvw prgh ri sursdjdwlrq zdv lwv uxqwlph h�flhqf| zlwk uhvshfw wr wkh qxpehu

ri uhfhlyhu orfdwlrqv1 Lq wklv vhfwlrq zh hpslulfdoo| vkrz wkdw rxu ud|0ehdp wudflqj

dojrulwkp kdv vxe0olqhdu wlph frpsoh{lw| lq whupv ri wkh qxpehu ri uhfhlyhu orfdwlrqv1

Rqh ri wkh vfhqdulrv lq zklfk wklv h�flhqf| jhwv h�hfwlyho| ghprqvwudwhg lv lqvlgh odujh

exloglqjv zlwk pxowlsoh �rruv1 Wklv lv vr ehfdxvh udglr zdyhv +xqolnh ud|v lq wkh ylvxdo

vshfwuxp, gr wudyho wkurxjk fhlolqjv/ �rruv/ dqg rwkhu rsdtxh vxuidfhv vxfk dv zdoov

wr hlwkhu frqwulexwh hqhuj| dw dqrwkhu �rru ru fdxvh lqwhuihuhqfh dw dqrwkhu �rru1 Iru

wklv uhdvrq srzhu glvwulexwlrq iurp d jlyhq vrxufh kdv wr eh vdpsohg dw vhyhudo �rruv

zklfk lqfuhdvhv wkh qxpehu ri uhfhlyhuv pxowlsoh irog1 Lw lv lpsruwdqw wr revhuyh wkdw doo

uhfhlyhuv rq d sduwlfxodu �rru kdyh wkh vdph khljkw1 Wklv fdq hdvlo| eh prghohg e| rxu

dojrulwkp e| uhsuhvhqwlqj doo uhfhlyhuv dw wkh vdph khljkw dv d vlqjoh krul}rqwdo sodqh1

Wr hydoxdwh wkh shuirupdqfh ri rxu dojrulwkp lq vxfk d vfhqdulr zh xvhg d odujh �yh0

�rru exloglqj�1 Wklv pxowl0�rru hqylurqphqw lv vkrzq lq Iljxuh :181 D frpsdulvrq ri

wkh uxq wlphv ehwzhhq wkh ud|0ehdp wudflqj dojrulwkp dqg dq lpdjh edvhg dojrulwkp

wkdw lv olqhdu lq wkh qxpehu ri uhfhlyhu orfdwlrqv iru wklv odujh pxowl0�rru exloglqj lv

vkrzq lq Wdeoh :161 Dv rqh zloo qrwlfh iurp wkh qrupdol}hg uxq wlphv jlyhq lq wklv wdeoh/

wkh shuirupdqfh ri ud|0ehdp wudflqj dojrulwkp kdv vxe0olqhdu wlph frpsoh{lw| lq whupv

4Wklv jhrphwulf gdwdedvh ri wkh Frpsxwhu Vflhqfh exloglqj/ Xqlyhuvlw| ri Fdoliruqld/ Ehunhoh|

zdv surylghg e| Wkrpdv Ixqnkrxvhu zrunlqj dw wkh wlph dw Ehoo Odev/ Oxfhqw Whfkqrorjlhv Lqf1
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Iljxuh :18= Wkh lpdjh vkrzv d odujh pxowl0�rru exloglqj1 Iru rxu vlpxodwlrqv/ d wudqv0

plwwhu zdv sodfhg rq wkh wklug �rru dqg srzhu vdpsohg rq wkh �uvw/ wklug/ irxuwk/ dqg

wkh �iwk �rruv1
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ri wkh qxpehu ri uhfhlyhu orfdwlrqv dv frpsduhg wr wkh olqhdu lqfuhdvh lq wlph iru dq

lpdjh edvhg dojrulwkp1 Wkh dojrulwkp kdv vxe0olqhdu wlph frpsoh{lw| ehfdxvh lw lv qrw

Uxq wlph +qrupdol}hg,

W|sh ri jhrphwulf Qxpehu ri uhfhlyhu Olqhdu0wlph lpdjh Eurdgfdvw

hqylurqphqw orfdwlrqv edvhg dojrulwkp dojrulwkp

d �yh �rru 4;5{463{4 413 413

XF Ehunhoh|/ 4;5{463{5 513 413:

FV exloglqj 4;5{463{6 613 4143

4;5{463{7 713 4146

Wdeoh :16= Wklv wdeoh vkrzv d uxqwlph frpsdulvrq ehwzhhq d vwdqgdug lpdjh edvhg dojr0

ulwkp dqg rxu dojrulwkp edvhg rq wkh eurdgfdvw prgh ri sursdjdwlrq1 Wkh frpsdulvrq lv

edvhg rq dq lqfuhdvh lq wkh qxpehu ri khljkwv dw zklfk srzhu lv ehlqj vdpsohg lq d odujh

pxowlsoh0�rru exloglqj1 Hdfk khljkw lv gh�qhg dv vdpsoh sodqh kdylqj wkh vdph qxpehu

ri uhfhlyhu orfdwlrqv1 Iru hdv| frpsdulvrq wkh uxq wlphv kdyh ehhq qrupdol}hg1

gluhfwo| ghshqghqw rq wkh qxpehu ri uhfhlyhu orfdwlrqv1 Wkh vljqdo lv sursdjdwhg lqwr wkh

hqylurqphqw iurp d vrxufh zlwkrxw dq| nqrzohgjh ri wkh h{dfw orfdwlrq ru wkh qxpehu ri

uhfhlyhuv1 W|slfdoo|/ lq foxwwhuhg hqylurqphqwv wkh srzhu ohyho lq d ud|0ehdp dwwhqxdwhv

ehorz d ghvluhg wkuhvkrog orqj ehiruh d sduwlfxodu uhfhlyhu lv hqfrxqwhuhg1 dqg rqo| li

d ud|0ehdp lqwhuvhfwv d sro|jrq +sodqh, uhsuhvhqwlqj d vhw ri uhfhlyhu orfdwlrqv grhv d

ud|0ehdp uhfrug wkh fxuuhqw srzhu ohyho iru wkhvh uhfhlyhuv1 Dowkrxjk lw lv lpsruwdqw wr

qrwh wkdw wkh dojrulwkp grhv wdnh wkh glvwdqfh ehwzhhq vxffhvvlyh uhfhlyhu orfdwlrqv lqwr

dffrxqw ehiruh uhfruglqj wkh srzhu ohyhov iru hdfk uhfhlyhu1

Wkh wlph frpsoh{lw| ri wkh ud|0ehdp wudflqj dojrulwkp fdq dovr eh phdvxuhg dv d

ixqfwlrq ri wkh glvwdqfh ehwzhhq wkh uhfhlyhu orfdwlrqv1 Wkh uxqwlph ri wkh dojrulwkp
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lqfuhdvhv vxe0olqhduo| zlwk uhvshfw wr wkh lqfuhdvh lq wkh qxpehu ri uhfhlyhuv iru wkh vdph

hqylurqphqw1 Wklv lv ehfdxvh wkh dojrulwkp lv deoh wr h{sorlw vsdwldo frkhuhqfh ri d ehdp

dv ghvfulehg lq wkh qh{w vhfwlrq1

.�e�� , T*L�|�?} tT@|�@* UL�ihi?Ui Lu @ h@)�Mi@4

Prvw ri wkh hduo| dwwhpswv dw sursrvlqj dojrulwkpv vxfk dv frqh wudflqj/ ehdp wudflqj/

ru shqflo wudflqj ^4/ 59/ 89` zhuh h{solflwo| ghvljqhg wr h{sorlw wkh frqfhsw ri vsdwldo

frkhuhqfh dqg dv d uhvxow wkh frpsxwdwlrqdo h�flhqf| wkh| surylgh1 Lq rxu fdvh/ dowkrxjk

wkh prwlydwlrq zdv qrw wr h{solflwo| ghylvh dq dojrulwkp wr h{sorlw vsdwldo frkhuhqfh/ wkh

ud|0ehdp wudflqj dssurdfk dgguhvvhv wkh lvvxh ri frkhuhqfh txlwh h�hfwlyho|1 Zkhq d

ud|0ehdp lqwhuvhfwv d vdpsoh sodqh +d sro|jrqdo sodqh wkdw jhrphwulfdoo| uhsuhvhqwv wkh

uhfhlyhu orfdwlrqv, dqg surmhfwv xsrq d odujh duhd/ wkh ud|0ehdp lq h�hfw lv h{sorlwlqj

frkhuhqfh wr frqwulexwh hqhuj| wr d qxpehu ri uhfhlyhu orfdwlrqv vlpxowdqhrxvo|1 Wklv lv

srvvleoh/ vlqfh hdfk ud|0ehdp pdlqwdlqv srzhu0ghqvlw| shu xqlw vtxduh duhd udwkhu wkdq

wkh dfwxdo srzhu lq d ehdp1 Iljxuh :19 ghslfwv wklv frqfhsw ri vlpxowdqhrxvo| frqwulexwlqj

wr d qxpehu ri uhfhlyhu orfdwlrqv1

Zh hydoxdwhg wkh ud|0ehdp wudflqj dojrulwkp erwk e| ydu|lqj rqo| wkh qxpehu ri uh0

fhlyhu orfdwlrqv dqg e| ydu|lqj wkh qxpehu ri uhfhlyhu orfdwlrqv dorqj zlwk d fruuhvsrqg0

lqj fkdqjh lq wkh ud|0ehdp vxeglylvlrq udwh1 Wkh lqfuhdvh lq wkh uxqwlph lv pdujlqdo dv

frpsduhg wr wkh lqfuhdvh lq wkh qxpehu ri uhfhlyhu orfdwlrqv dv lv vkrzq lq Wdeoh :171
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Beam origin

Plane of receiver locations

Beam projection on the 
plane of receiver locations

Medial ray for the beam

Iljxuh :19= Surmhfwlrq ri d ud|0ehdp rq d sodqh ri uhfhlyhu orfdwlrqv1 Wkh ehdp lqwhuvhf0

wlrq zlwk wkh sodqh lv ghwhuplqhg e| wkh ehdpv phgldo ud|1 Gxh wr wkh vsdwldo frkhuhqfh

ri wkh ud|0ehdp doo uhfhlyhu orfdwlrqv fryhuhg e| wkh surmhfwlrq uhfhlyh wkh vdph srzhu

ghqvlw| shu xqlw duhd1

W|sh ri Qxpehu Uhodwlrqvkls ri Uxq wlph +lq vhf, ydu|lqj

jhrphwulf ri uhfhlyhu uhfhlyhu vsdq uhfhlyhu uhfhlyhu vsdq z2fkdqjh lq

hqylurqphqw orfdwlrqv z2zdyhohqjwk vsdq rqo| ud|0ehdp vxeglylvlrq udwh

d �yh �rru 8/<48 7� 6<8617 6:8:15

XF Ehunhoh|/ 56/993 5� 74741; 744:13

FV exloglqj <7/973 4� 7<5819 856919

6:;/893 318� ;36917 :9:31:

Wdeoh :17= Wkh wdeoh vkrzv d frpsdulvrq ri uxq wlphv zlwk d fkdqjh lq wkh qxpehu ri

uhfhlyhu orfdwlrqv dqg wkh udwh ri ud|0ehdp vxeglylvlrq1
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Vhyhudo UI hqjlqhhulqj dssolfdwlrqv fdq eh exlow durxqg d wrro wkdw h�flhqwo| frpsxwhv

srzhu glvwulexwlrq lq dq hqylurqphqw iurp d jlyhq wudqvplwwhu orfdwlrq zlwk vshfl�f

dqwhqqd surshuwlhv1 Rqh ri wkhvh dssolfdwlrqv lv iru wkh vwxg| ri ehwwhu dqwhqqd v|vwhpv1

Hpslulfdo vwxglhv kdyh vkrzq wkdw dqwhqqd glyhuvlw| fdq eh xvhg wr frxqwhu vpdoo0vfdoh

idglqj h�hfwv revhuyhg lq pxowlsdwk hqylurqphqwv1 Lw lv dovr dq lpsruwdqw whfkqltxh wr

rewdlq juhdwhu dqwhqqd h�flhqf| zklfk fdq ohdg wr kljkhu fdsdflw| lq d zluhohvv qhwzrun1

Dqwhqqd glyhuvlw| fdq eh lq wkh irup ri vsdwldo glyhuvlw|/ srodul}dwlrq glyhuvlw|/ wlph

glyhuvlw|/ dqg dqjxodu glyhuvlw|1 Vrph ri wkhvh glyhuvlw| vfkhphv fdq eh vlpxodwhg xvlqj

rxu v|vwhp1

.�D�� #i*@) tThi@_ UL4T�|@|�L?

Rqh ri wkh whfkqltxhv lq zklfk wlph glyhuvlw| fdq eh xvhg lv e| frpsxwlqj ghod| vsuhdg

h{shulhqfhg e| vljqdov lq dq hqylurqphqw1 Lq d pxowlsdwk hqylurqphqw wzr vljqdov uhdfk0

lqj d vdpsoh srlqw iurp wkh vdph vrxufh pd| kdyh gl�huhqw sdwk ohqjwkv/ zklfk uhvxowv

lq gl�huhqw duulydo wlphv1 Lq dq dqdorj v|vwhp/ wklv wlph ghod| lv qrw ghvludeoh1 Exw

iru d gljlwdo v|vwhp vxfk dv frgh glylvlrq pxowlsoh dffhvv +FGPD,/ wklv ghod| +zlwklq d

vshfl�hg olplw, fdq eh xvhg wr dq dgydqwdjh e| frpelqlqj wkhvh vljqdov1

Rxu v|vwhp idflolwdwhv wklv frpsxwdwlrq txlwh hdvlo| e| uhfruglqj lqglylgxdo vljqdov

uhfhlyhg dw d uhfhlyhu orfdwlrq1 Pxowlsoh sdwkv duh uhfrughg e| d vlpsoh hqkdqfhphqw

wr wkh gdwd vwuxfwxuh wkdw hlwkhu uhfrugv wkh sdwk ohqjwk dorqj zlwk wkh uhfhlyhg vljqdo
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vwuhqjwk ru lqgh{hv wkh uhfhlyhg vljqdo vwuhqjwk edvhg rq wkh wlph ghod| ri wkh uhfhlyhg

vljqdo1 Wkh phdq wlph ghod|/ � lv frpsxwhg dv

� @

S
&
d&W&S
&
d&

+:16,

zkhuh d& lv wkh dpsolwxgh ri wkh n|� vljqdo dqg W& lv wkh uhodwlyh wlph ghod| ri wkh

n|� vljqdo iurp wkh �uvw vljqdo uhfhlyhg dw wkh orfdwlrq1 Wkh ghod| vsuhdg fdq wkhq eh

frpsxwhg dv

�� @

t
�2 � �2 +:17,

zkhuh �2 lv jlyhq e| wkh iroorzlqj htxdwlrq1

�2 @

S
&
d&W

2

&S
&
d&

+:18,
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Lq vrph foxwwhuhg hqylurqphqwv dqwhqqdv gr qrw uhfhlyh dq| vljqdo iurp fhuwdlq dqjxodu

gluhfwlrqv1 Li wklv fdq eh suhglfwhg zlwk d fhuwdlq ohyho ri frq�ghqfh wkhq dqwhqqd v|vwhpv

frxog eh exlow dqg ghsor|hg zlwk vshfl�f ehdp sdwwhuqv kdylqj dq dqjxodu vsuhdg wkdw

duh wdloruhg wr vshfl�f hqylurqphqwv1 Wkdw lv/ wkh jdlq sdwwhuq ri dq dqwhqqd frxog eh

dowhuhg vxfk wkdw wkhuh lv pruh jdlq lq vrph gluhfwlrqv wkdq rwkhuv wr pdwfk wkh qhhgv ri

dq hqylurqphqw1

Dqjxodu glyhuvlw| lv prvwo| xvhg dw wkh edvh vwdwlrq +erwk iru d wudqvplwwhu dv zhoo dv

iru d uhfhlyhu, lqvwhdg ri dw wkh preloh ehfdxvh ri wkh frvw ri surylglqj odujhu dqwhqqdv rq

d preloh skrqh1 Wr vlpxodwh dqjxodu glyhuvlw| iru d uhfhlyhu dw wkh edvh vwdwlrq wkh vljqdo
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kdv wr eh wudqvplwwhg iurp wkh uhfhlyhu orfdwlrqv1 Wklv fdq eh h{wuhpho| lqh�flhqw1 Lq

vxfk vfhqdulrv zh xvh wkh sulqflsoh ri uhflsurflw| wr uhgh�qh wkh sureohp1

Wkh sulqflsoh ri uhflsurflw| vwdwhv wkdw li d wudqvplwwlqj dqwhqqd dqg d uhfhlylqj dq0

whqqd lqwhufkdqjh wkhlu orfdwlrq zlwkrxw fkdqjlqj dq| rwkhu dqwhqqd sdudphwhuv vxfk dv

wkh wudqvplwwhg srzhu dqg wkh dqwhqqd jdlq sdwwhuq wkhq wkh uhfhlyhg vljqdo vwuhqjwk

uhpdlqv wkh vdph dw wkh uhfhlyhu1 Wkh uhvxow fdq gluhfwo| eh ghulyhg iurp wkh Pd{zhoo*v

htxdwlrqv lq hohfwurpdjqhwlf wkhru|1 Wklv sulqflsoh lv yhu| xvhixo wr prgho dqjxodu glyhu0

vlw|1

Wr frpsxwh wkh dqjxodu vsuhdg iru dq hqylurqphqw/ wkh lghd lv wr prgho d wudqvplwwhu

dw wkh edvh vwdwlrq dv d gluhfwlrqdo dqwhqqd zlwk d suhgh�qhg ehdp zlgwk1 Dw wkh

vdph wlph hdfk preloh orfdwlrq lv prghohg dv dq rpql0gluhfwlrqdo lvrwurslf dqwhqqd1

Srzhu lv wudqvplwwhg iurp hdfk ri wkhvh gluhfwlrqdo dqwhqqdv iru doo 693�> dqg fryhudjh

frpsxwhg dv d ixqfwlrq ri wkh dqjoh dw zklfk wkh vljqdo zdv sursdjdwhg1 Wkhq d phwulf

fdq ghwhuplqh wkh h{whqw ri wkh fryhudjh iurp hdfk ri wkhvh dqjohv1 Wklv fdq ghwhuplqh d

jrrg dssur{lpdwlrq ri wkh ehdp zlgwk iru dq dqwhqqd dv zhoo dv wkh suhihuuhg d}lpxwkdo

dqjoh dw zklfk srzhu lv wr eh wudqvplwwhg iru d jlyhq hqylurqphqw1

.�D�� 5T@|�@* @?|i??@ _��iht�|)

Dqrwkhu dqwhqqd glyhuvlw| vfkhph wkdw fdq eh prghohg e| wkh v|vwhp lv wkh vsdwldo

dqwhqqd glyhuvlw|1 Lq khdylo| exlow xuedq hqylurqphqwv ghhs idghv fdq rffxu dw vsdwldoo|

forvh orfdwlrqv1 Wr doohyldwh vxfk sureohpv/ vhuylfh surylghuv w|slfdoo| lqvwdoo pruh wkdq
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rqh vhfwruhg dqwhqqd dw wkh edvh vwdwlrq1 Wkhvh uhfhlyhuv fdq hlwkhu eh sodfhg dw d

krul}rqwdo vsdwldo vhsdudwlrq ru d yhuwlfdo vsdwldo vhsdudwlrq zlwk uhvshfw wr hdfk rwkhu1

Wkh lghd lv wkdw li wkhuh lv d qduurz idgh wkhq dw ohdvw rqh ri wkhvh dqwhqqdv zrxog uhfhlyh

d vwurqj ud| hyhq li wkh rwkhu uhfhlyhv d idghg ud|1

Lqvwhdg ri prgholqj wkhvh dqwhqqdv dv uhfhlyhuv dqg wkh prelohv dv wudqvplwwhuv/ eh0

fdxvh ri wkh sulqflsoh ri uhflsurflw| zh fdq djdlq prgho wkh uhfhlyhuv dw wkh edvh vwdwlrq

dv wudqvplwwhuv dqg wkh prelohv dv uhfhlyhuv1 Zlwk wklv uhgh�qlwlrq/ wkh sureohp lv wkh

vdph dv rxu vwdqgdug sursdjdwlrq sureohp1 D vlpxodwlrq lv shuiruphg iru hdfk ri wkh

dqwhqqdv +dw vsdwldoo| vhsdudwhg orfdwlrqv, dw wkh edvh vwdwlrq1 Vlqfh rxu v|vwhp uhfrugv

doo wkh wlph0ghod|hg pxowlsdwkv/ d fruuhodwlrq ehwzhhq gl�huhqw pxowlsdwkv uhfhlyhg e|

wkh lqglylgxdo dqwhqqdv fdq eh frpsxwhg1

.�D�e �L_i*�?} UL�U�@??i* @?_ @_�@Ui?|�U�@??i* �?|ihuihi?Ui

Dffruglqj wr zdyh wkhru|/ dq lpsruwdqw zdyh h�hfw lv frkhuhqfh/ zklfk phdvxuhv wkh

fruuhodwlrq ehwzhhq wkh skdvhv ri wzr ehdpv1 Lqwhuihuhqfh lq wkh fodvvlfdo vhqvh lv gh�qhg

vxfk wkdw li wkhuh lv d srvlwlyh fruuhodwlrq ehwzhhq wkh skdvhv wkhq wkh lqwhuihuhqfh lv

frqvwuxfwlyh hovh lw lv ghvwuxfwlyh1 Li wzr ehdpv zkhq vxshulpsrvhg duh frpsohwho| lqfr0

khuhqw wkhq wkh wzr lqwhqvlwlhv jhw dgghg olqhduo| +zkhuh lqwhqvlw| lv gh�qhg dv wkh phdq

vtxduhg dpsolwxgh,1 Wklv zdv ixuwkhu frq�uphg e| wkh idprxv wzr0volw h{shulphqw ^8`1

Fr0fkdqqho2 dqg dgmdfhqw0fkdqqho lqwhuihuhqfh lq zluhohvv frppxqlfdwlrq grhv qrw uh0

ihu wr lqwhuihuhqfh lq wkh fodvvlfdo vhqvh ri zdyh wkhru|1 Zh prgho fr0fkdqqho lqwhuihuhqfh

5Khuh fkdqqho uhihuv wr d suhgh�qhg iuhtxhqf| dw zklfk wkh vljqdo lv ehlqj wudqvplwwhg1
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e| frpsxwlqj wkh uhfhlyhg vljqdo vwuhqjwk dw hdfk uhfhlyhu orfdwlrq iurp doo wudqvplwwhuv

lq wkh hqylurqphqw1 Fduulhu0wr0lqwhuihuhqfh dw d uhfhlyhu orfdwlrq zlwk uhvshfw wr d wudqv0

plwwhu Wf lv gh�qhg dv d udwlr ri wkh vljqdo vwuhqjwk uhfhlyhg iurp Wf dqg wkh wrwdo srzhu

uhfhlyhg iurp doo rwkhu vrxufhv1 Wkh uhodwlrqvkls lv jlyhq e| wkh htxdwlrq +:19,

F

L
@

Wf
6S
�'�

W�

+:19,

zkhuh p lv wkh qxpehu ri rwkhu wudqvplwwhuv lq wkh hqylurqphqw/ W� lv wkh uhfhlyhg vlj0

qdo vwuhqjwk iurp wkh l|� vrxufh/ dqg L lv wkh wrwdo lqwhuihuhqfh1 Lw lv zruwk qrwlqj wkdw

frpsxwdwlrqdoo| wkhuh lv qr gl�huhqfh ehwzhhq fr0fkdqqho dqg dgmdfhqw0fkdqqho lqwhuihu0

hqfh1 Krzhyhu/ ghshqglqj rq wkh vhwxs ri d qhwzrun ri wudqvplwwhuv/ vshfl�f wudqvplwwhuv

pd| eh wudqvplwwlqj rq wkh vdph fkdqqho ru dgmdfhqw fkdqqho ^7;`1 Wklv lv wdnhq lqwr

frqvlghudwlrq wr ghwhuplqh wkh w|sh ri lqwhuihuhqfh ehlqj frpsxwhg1

.�S �i|�Lh!���_i *L@_ M@*@?U�?}

Rqh ri wkh dssolfdwlrqv iru vxfk d udglr sursdjdwlrq suhglfwlrq wrro lv lq wkh pdqdjhphqw

ri d qhwzrun ri edvh vwdwlrqv iru rswlpdo fdsdflw| xwlol}dwlrq1 D w|slfdo edvh vwdwlrq

lq dq| jhrjudsklf duhd fdq vhuyh d fhuwdlq qxpehu ri xvhuv edvhg rq d ihz suhgh�qhg

sdudphwhuv1 Rq wkh rwkhu kdqg/ wud�f ghqvlwlhv lq dq| jhrjudsklf uhjlrq dqg dw dq|

wlph lv qhlwkhu xqlirup lq qdwxuh qru fdq eh suhglfwhg d sulrul1 Iru h{dpsoh/ wud�f

ghqvlw| fdq gudvwlfdoo| fkdqjh rq vshfl�f gd|v ghshqglqj rq duelwudu| hyhqwv/ vxfk dv

wud�f dfflghqwv/ d edoo jdph/ ru d frqfhuw vrphzkhuh lq wrzq> ru hyhq gxulqj wkh frxuvh

ri d gd| ghshqglqj rq fhuwdlq wud�f sdwwhuqv1 Qr qhwzrun fdq eh rswlpl}hg iru doo ri
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wkhvh hyhqwxdolwlhv1 Wkhuhiruh/ phwkrgv kdyh wr eh ghylvhg wr plwljdwh xvhu frqjhvwlrq

vfhqdulrv/ hvshfldoo| wkrvh wkdw fdxvh ryhuordglqj lq rqh sduw ri wkh qhwzrun zkloh xqghu

xwlol}lqj dqrwkhu sduw ri wkh qhwzrun1

.�S�� �i|�Lh! *L@_ M@*@?U�?} M@ti_ L? @?|i??@ _L�?|�*|%�T|�*|

Rqh phwkrg ri dfklhylqj wklv ordg edodqflqj lv e| g|qdplfdoo| grzqwlowlqj vrph dqwhqqdv

dqg vlpxowdqhrxvo| xswlowlqj rwkhu dgmdfhqw dqwhqqdv1 Dq dqwhqqd grzqwlow lpsolflwo| uh0

gxfhv d sduwlfxodu edvh vwdwlrqv fryhudjh duhd zklfk fruuhvsrqglqjo| uhgxfhv wkh qxpehu

ri xvhuv wkdw kdyh wr eh vhuyhg e| wkh edvh vwdwlrq +dvvxplqj d xqlirup glvwulexwlrq ri

xvhuv zlwklq wkh duhd ri lq�xhqfh,1 Vlploduo|/ dq dqwhqqd xswlow lpsolflwo| lqfuhdvhv wkh

fryhudjh duhd dqg wkh qxpehu ri xvhuv lw fdq srwhqwldoo| vhuyh1 Rxu v|vwhp fdq eh xvhg

wr h�hfwlyho| prgho vxfk d vfhqdulr1

Zh frqgxfwhg vlpxodwlrqv lq d whuudlq edvhg hqylurqphqw wr vlpxodwh wkh h�hfwv ri

dq dqwhqqd grzqwlow dqg lwv lpsdfw rq wkh jurxqg fryhudjh1 Iljxuh :1: vkrzv lpdjhv

ri fryhudjh zkhq wkh dqwhqqd lv srlqwhg dw wkh krul}rq/ wkdw lv/ 3� grzqwlow dqg kdv d

grzqwlow dqjoh ri 8�= Iljxuh :1; vkrzv fryhudjh zlwk d grzqwlow dqjoh ri 43� zlwk uhvshfw

wr wkh krul}rq1 Rqh fdq qrwlfh wkh uhgxfwlrq lq wkh fryhudjh duhd e| revhuylqj vkulqnlqj

srzhu ohyhov vkrzq dv froru edqgv lq wkh lqglylgxdo lpdjhv1 Wkh luuhjxodu fryhudjh lv

gxh wr wkh whuudlq h�hfwv dv zhoo dv wkh sduwlfxodu dqwhqqd jdlq sdwwhuq ehlqj xvhg1 Zh

frpsxwh wkh qhz jdlq sdwwhuq ri d grzqwlowhg dqwhqqd e| xvlqj wkh ruljlqdo jdlq ydoxh

dw dq dqjoh dqg prgli|lqj lw e| wkh grzqwlow dqjoh lqvwhdg ri frqvwuxfwlqj d frpsohwho|
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(a) (b)

Tx

> -55> -65> -95 > -85 > -75> -105< -105No coverage

Legend of signal color bands in dBm

Tx

Iljxuh :1:= Wkh lpdjh vkrzv fryhudjh lq d whuudlq0edvhg hqylurqphqw iurp d wudqvplwwhu

orfdwlrq pdunhg dv cW{*1 Wkh fryhudjh lv iurp dq dqwhqqd wkdw lv grzqwlowhg wr frqwuro

lqwhufhoo lqwhuihuhqfh e| uhgxflqj wkh duhd xqghu fryhudjh dv zhoo dv wkh vljqdo vwuhqjwk

dw d sduwlfxodu uhfhlyhu orfdwlrq1 +d, Wklv vkrzv wkh fryhudjh zkhq wkh wudqvplwwhu lv

srlqwlqj dw wkh krul}rq1 +e, Wklv vkrzv wkh fryhudjh zlwk d grzqwlow dqjoh ri 8� zlwk

uhvshfw wr wkh krul}rq1 Qrwlfh wkh uhgxfwlrq lq wkh srzhu ohyhov dv frpsduhg wr wkh

fruuhvsrqglqj orfdwlrqv iru wkh rwkhu grzqwlow dqjoh1
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> -55> -65> -95 > -85 > -75> -105< -105No coverage

Legend of signal color bands in dBm

Tx

Iljxuh :1;= Wklv lpdjh vkrzv wkh fryhudjh iurp d wudqvplwwhu pdunhg cW{* zlwk d grzqwlow

dqjoh ri 43� zlwk uhvshfw wr wkh krul}rq1 Doo wkh rwkhu vlpxodwlrq sdudphwhuv duh wkh vdph

dv wkh suhylrxv �jxuh zlwk 3� dqg 8� grzqwlow1 Qrwlfh wkh uhgxfwlrq lq wkh srzhu ohyhov

dv frpsduhg wr wkh fruuhvsrqglqj orfdwlrqv iru wkh rwkhu wzr grzqwlow dqjohv dorqj zlwk

wkh vkulqndjh lq fryhudjh duhd1 Wkh luuhjxodu fryhudjh lv gxh wr wkh whuudlq h�hfwv dv zhoo

dv wkh dqwhqqd jdlq sdwwhuq ehlqj xvhg1
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qhz jdlq sdwwhuq1 Wkh iruphu dssurdfk lv pruh ghvludeoh dqg fruuhvsrqgv wr dq hohfwulfdo

grzqwlow zkhuhdv wkh odwwhu dssurdfk fruuhvsrqgv wr d sk|vlfdo grzqwlow ri dq dqwhqqd1
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Zh frqfoxgh e| djdlq suhvhqwlqj wkh pdlq frqwulexwlrqv ri wklv glvvhuwdwlrq1 Zh kdyh

sursrvhg d xql�hg dssurdfk wr sursdjdwlrq iru gl�huhqw w|shv ri vlwh0vshfl�f jhrphwulf

hqylurqphqwv1 Wkh wkhvlv sursrvhv d eurdgfdvw prgh ri sursdjdwlrq dqg hpslulfdoo|

vkrzv wkdw lw lv frpsxwdwlrqdoo| pruh h�flhqw iru udglr sursdjdwlrq dssolfdwlrqv wkdq

dq lpdjh edvhg dssurdfk1 Lw dovr suhvhqwv dq dgdswlyh ud|0ehdp wudflqj dojrulwkp/ dqg

dq dojrulwkp wr g|qdplfdoo| frpsxwh hgjhv lq dq hqylurqphqw iru gl�udfwlrq sxusrvhv1

D xql�hg dssurdfk wr udglr sursdjdwlrq lq doo w|shv ri hqylurqphqwv lv h{wuhpho|

lpsruwdqw li whuudlq h�hfwv kdyh wr eh xqghuvwrrg dorqj zlwk rwkhu revwuxfwlrqv vxfk

dv exloglqjv lq xuedq dqg uxudo hqylurqphqwv1 Wkh v|vwhp dqg dojrulwkpv ghvfulehg lq

wklv wkhvlv fdq dfw dv d frpsuhkhqvlyh sodwirup iru sursdjdwlrq vwxglhv1 Lw fdq vhuyh dv

d sodwirup wr vwxg| dqwhqqd glyhuvlw| lvvxhv lq vlwh0vshfl�f hqylurqphqwv dv zhoo1 Wkh

dgdswlyh ud|0ehdp wudflqj dojrulwkp fdq dovr eh dssolhg wr vlpxodwlqj dxglr sursdjdwlrq
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lq wkuhh0glphqvlrqdo hqylurqphqwv1

Zh xvhg wkh sursrvhg dojrulwkpv wr ghyhors d suhglfwlrq v|vwhp1 Wkh suhglfwlrq

v|vwhp zdv xvhg wr prgho sursdjdwlrq vljqdo vwuhqjwk dqg rwkhu sdudphwhuv lq vhyhudo

gl�huhqw w|shv ri jhrphwulf hqylurqphqwv1 Wkh suhglfwlrq uhvxowv zhuh wkhq frpsduhg

zlwk �hog phdvxuhphqwv iurp wkhvh vshfl�f hqylurqphqwv1 Wkh fruuhodwlrq ehwzhhq wkh

suhglfwhg dqg phdvxuhg uhvxowv zhuh jrrg dqg zlwklq dffhswdeoh erxqgv1

Dowkrxjk wkh pdlq irfxv ri wklv wkhvlv zdv wr ghyhors h�flhqw dojrulwkpv iru hqhuj|

sursdjdwlrq lq jhrphwulfdoo| gh�qhg hqylurqphqwv wkh xvhixoqhvv ri vxfk d v|vwhp odujho|

ghshqgv rq wkh hdv| dydlodelolw| ri vlwh0vshfl�f jhrphwulf prghov1 Rewdlqlqj d jhrphwulf

prgho ri d vlwh0vshfl�f hqylurqphqw dqg dvvljqlqj wkh fruuhfw pdwhuldo surshuwlhv wr hdfk

ri wkh vxuidfhv ru jhrphwulf hqwlwlhv lv vwloo d fkdoohqjh1 Rqh ri wkh krshv lv wkdw zlwk

wlph pruh exloglqjv dqg xuedq duhdv zloo eh dydlodeoh lq vrph hohfwurqlf irup ru wkh rwkhu

vxfk wkdw wkh| fdq hdvlo| eh lpsruwhg lqwr vxfk suhglfwlrq v|vwhpv iru zlghu xvdjh1

H�� 6�|�hi L̀h!

Wkhuh duh d qxpehu ri duhdv lq zklfk wklv zrun fdq eh h{whqghg1 Rqh ri wkh duhdv lv wr

�qg d ehwwhu ud|0ehdp vxeglylvlrq dssurdfk dqg lqyhvwljdwh li d txdgwuhh sduwlwlrqlqj

dssurdfk lv pruh h�flhqw wkdq xqlirup vxeglylvlrq1 Wkrxjk wkh fxuuhqw dojrulwkpv kdyh

dgguhvvhg wkh lvvxh ri sursdjdwlrq iru fhuwdlq edqgv ri iuhtxhqflhv d pruh wkrurxjk lq0

yhvwljdwlrq lv uhtxluhg iru kljkhu iuhtxhqflhv zkhuh vpdoo jhrphwulf hqwlwlhv vxfk dv ohdyhv

sod| dq lpsruwdqw uroh lq dwwhqxdwlqj wkh vljqdo vljql�fdqwo| wr qhfhvvlwdwh d ghwdlohg
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prgholqj ri yhjhwdwlrq1

Pdq| rwkhu xvhixo prgholqj sureohpv fdq eh gh�qhg rq wrs ri d v|vwhp wkdw suhglfwv

udglr sursdjdwlrq lq d vlwh0vshfl�f hqylurqphqw1 Rqh vxfk sureohp lv wkh vlpxodwlrq ri

srzhu frqwuro lq d FGPD v|vwhp1 Fxuuhqwo| lw lv h{wuhpho| h{shqvlyh wr frqgxfw dq|

�hog wuldo wkdw lqyroyhv d qhwzrun frqvlvwlqj ri d odujh qxpehu ri edvh vwdwlrqv dqg pdq|

prelohv1 Vlploduo|/ xqghuvwdqglqj preloh kdqg0r� +dv d preloh pryhv iurp rqh fhoo wr

dqrwkhu, lq d vlwh0vshfl�f hqylurqphqw lv dq lpsruwdqw sureohp lq wkh rswlpdo xwlol}dwlrq

ri d qhwzrun ri edvh vwdwlrqv1 D v|vwhp wkdw suh0frpsxwhv sursdjdwlrq glvwulexwlrq iurp

d vhw ri wudqvplwwhuv frxog eh d jrrg vwduwlqj srlqw lq prgholqj vxfk sureohpv1
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Wkhvh gd|v prvw ri wkh prghuq exloglqjv duh �uvw ghvljqhg xvlqj vrph w|sh ri dq dufkl0

whfwxudo vriwzduh sdfndjh ehiruh wkh dfwxdo frqvwuxfwlrq ehjlqv1 Wklv khosv qrw rqo| lq

ehwwhu ghvljqv exw ixwxuh pdlqwhqdqfh ri wkh exloglqj dv zhoo1 DxwrFDG lv d srsxodu

dufklwhfwxudo ghvljq dqg gudzlqj sdfndjh1 Wkh vriwzduh sdfndjh kdv dq DVFLL �oh irupdw

fdoohg gdwd lqwhufkdqjh irupdw +g{i, ^73`/ wr rxwsxw gudzlqj �ohv1 Wkh irupdw lv d gh idfwr

lqgxvwu| vwdqgdug iru dufklwhfwxudo dqg pdq| rwkhu w|shv ri gudzlqjv1 Zh irxqg wkdw

prvw ri wkh dufklwhfwxudo �rru sodqv ri exloglqjv duh dydlodeoh lq wkh g{i irupdw hlwkhu

ehfdxvh wkh| zhuh ghvljqhg xvlqj DxwrFDG ru d sdfndjh wkdw vxssruwhg wkh g{i iru0

pdw1 Rqh ri wkh vlpsohvw phwkrg ri dftxlulqj wklv odujh srro ri exloglqj �rru sodqv zdv

wr frqyhuw wkhvh �ohv dydlodeoh lq g{i irupdw lqwr rxu lqwhuqdo elqdu| vsdfh sduwlwlrqlqj

wuhh +evsw, irupdw1 Zh xvhg d g{i sduvhu� wkdw uhdgv wkhvh DVFLL �ohv wr jhqhudwh dq

4Wkh lqlwldo yhuvlrq ri wklv sduvhu zdv zulwwhq e| Plfkhoo Srwphvlo dqg odwhu prgl�hg e| wkh

dxwkru dw Ehoo Odev wr vxlw wkh qhhgv ri h{wudfwlqj xvhixo hqwlwlhv iurp wkh g{i �ohv1
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lqwhuphgldwh sro|jrqdo uhsuhvhqwdwlrq/ zklfk lv wkhq frqyhuwhg lqwr wkh evsw �oh irupdw1

Krzhyhu/ wkhvh g{i �ohv kdyh d orw ri xqqhfhvvdu| lqirupdwlrq/ zklfk grhv qrw do0

zd|v fruuhvsrqg wr wkhlu sk|vlfdo uhsuhvhqwdwlrq lq wkh exloglqj1 Iru h{dpsoh/ vkruw olqh

vhjphqwv vwdfnhg wrjhwkhu uhsuhvhqw vwdluv> furvvhg olqh vhjphqwv zlwklq d uhfwdqjoh uhs0

uhvhqw hohydwru vkdiwv dqg exloglqj froxpqv> vrph dufv uhsuhvhqw grru vzhhsv> soxpelqj

�{wxuhv duh uhsuhvhqwhg e| vlpsoh olqh gudzlqjv/ dqg vr rq1 Lw lv lqwhuhvwlqj wr qrwh wkdw

prvw ri wkhvh v|perolf uhsuhvhqwdwlrqv duh phuho| xvhg ehfdxvh ri wkh frqyhqlhqfh iru

wkh gudiwvpdq ru vrphwlphv duh d vwdqgdug frqyhqwlrq lq wkh gudiwlqj zruog1 Vlqfh erwk

zdoov +dfwxdo jhrphwulf hqwlwlhv, dv zhoo dv wkhvh v|perolf uhsuhvhqwdwlrqv xvh olqhv dqg

dufv/ lw lv kdug wr gl�huhqwldwh ehwzhhq wkhp dxwrpdwlfdoo|1 Wkxv d gxpe dxwrpdwhg

frqyhuvlrq grhv qrw zrun1 Vrph khxulvwlfv dqg vrph pdqxdo suh0surfhvvlqj lv qhfhvvdu|

ehiruh wkhvh gudzlqjv fdq eh xvhg iru prgholqj sxusrvhv1 Ilqdoo|/ wkh sureohp lv wkdw

wkhvh �rru sodqv duh wzr0glphqvlrqdo/ zkhuhdv/ wkh dfwxdo jhrphwu| wkh| uhsuhvhqw lv

wkuhh0glphqvlrqdo1 Wkdw lv/ wkh �rru sodqv gr qrw kdyh dq| lqirupdwlrq derxw wkh khljkw

ri wkh lqglylgxdo hqwlwlhv1 Zh xvhg vhyhudo khxulvwlfv wr doohyldwh wkhvh sureohpv1

Iluvw/ zh revhuyhg wkdw vrph ri wkhvh v|perolf uhsuhvhqwdwlrqv/ wh{w/ dqg qrwdwlrqv duh

xvxdoo| sodfhg lq vhsdudwh od|huv wkdw duh gl�huhqw iurp wkh dfwxdo jhrphwu|1 Dowkrxjk lw

lv gl�fxow wr lghqwli| wkhvh od|huv e| qdph dfurvv doo g{i �ohv +lq devhqfh ri dq| qdplqj

frqyhqwlrq iru wkhvh od|huv,/ lw vwloo lv dq h�hfwlyh �uvw vwhs wr suxqh wkhvh hqwlwlhv edvhg

rq wkh od|huv1 Zh xvhg froru dv dq dwwulexwh wkdw gl�huhqwldwhv w|shv ri zdoov/ iru h{dpsoh/

frqfuhwh/ vkhhw0urfn/ ru phuh sduwlwlrqv ehwzhhq r�fhv1 Vrph khxulvwlfv edvhg wkh vl}h
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ri wkh olqh vhjphqwv zhuh dovr xvhg wr h{wudfw uhohydqw lqirupdwlrq exw qr vwdqgdug

jhqhudol}dwlrqv fdq eh gudzq1 Vhyhudo vlplodu khxulvwlfv kdyh ehhq sursrvhg lq ^5<` wr

uhvroyh vrph ri wkhvh h{wudqhrxv ihdwxuhv lq wkhvh gdwdedvhv1

Rqfh d g{i �oh kdv ehhq fohdqhg ri wkhvh h{wudqhrxv ihdwxuhv/ d �oh lv uhdg e| wkh

sduvhu1 Vshfl�f ydoxhv duh xvhg wr �owhu gl�huhqw dwwulexwhv1 Hdfk sro|olqh uhsuhvhqwlqj

wkh zdoov lv h{wuxghg lq wkh }0gluhfwlrq +khljkw,1 Wkhq d �rru dqg d fhlolqj lv dgghg wr

wkh h{wudfwhg exloglqj gdwdedvh1 Lq fdvh d exloglqj kdv d idovh fhlolqj/ dqrwkhu sro|jrqdo

hqwlw| lv dgghg wr pdwfk wkh gdwdedvh zlwk wkh dfwxdo hqylurqphqw1
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^4` Dpdqdwlghv/ Mrkq1 Ud| Wudflqj zlwk Frqhv/ Frpsxwhu Judsklfv/ Yro1 4;/ Qr1 6/

Mxo| 4<;7/ ss1 45<~4681

^5` Dssho/ D1 Vrph whfkqltxhv iru vkdglqj pdfklqh uhqghulqjv ri vrolgv/ DILSV 4<9;/

Vsulqj Mrlqw Frpsxwhu Frqihuhqfh/ Yro1 65/ ss1 6:~781

^6` Duyr/ Mdphv1 Edfnzdug Ud| Wudflqj/ Ghyhorsphqw lq Ud| wudflqj/ Vljjudsk Frxuvh

Qrwhv/ Yro1 45/ Dxj1 4<;91

^7` Edodqlv/ F1D1 Dgydqfhg Hqjlqhhulqj Hohfwurpdjqhwlfv/ Mrkq Zloh|/ 4<;</ Qhz \run1

^8` Eruq/ P1/ dqg Zroi/ H1 Sulqflsohv ri Rswlfv= Hohfwurpdjqhwlf Wkhru| ri Sursdjdwlrq/

Lqwhuihuhqfh dqg Gl�udfwlrq ri Oljkw/ Vl{wk hglwlrq/ Shujdprq Suhvv/ Qhz \run/

4<;91

^9` Euhnkryvnlnk/ O1P1/ Jrglq/ R1D1 Dfrxvwlfv ri Od|huhg Phgld L/ Sodqh dqg Txdvl0

Sodqh Zdyh/ Vsulqjhu0Yhuodj/ Ehuolq/ Jhupdq|/ 4<<31
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^:` Fkdwwrsdgkd|d| dqg Ixmlprwr1 El0gluhfwlrqdo ud| wudflqj/ Frpsxwhu Judsklfv= Sur0

fhhglqjv ri FJ Lqwhuqdwlrqdo 4<;:/ Vsulqjhu Yhuodj/ Wrn|r/ 4<;:/ ss1 668~6761

^;` Fkdpehuolq/ N1F1/ dqg Oxheehuv/ U1M1 Dq hydoxdwlrq ri Orqjoh|0Ulfh dqg JWG

sursdjdwlrq prghov/ LHHH Wudqvdfwlrqv Dqwhqqd Sursdjdwlrq/ Yro1 DS063/ Qryhp0

ehu 4<;5/ ss1 43<6~43<;1

^<` Fodun/ Mdphv1 Klhudufklfdo Jhrphwulf Prghov iru Ylvleoh Vxuidfh Dojrulwkpv/ Frp0

pxqlfdwlrqv ri wkh DFP/ Yro1 43/ Qr1 43/ 4<:9/ ss1 87:~8871

^43` Frkhq/ P1I1/ Juhhqehuj/ G1S1 Wkh Khpl0Fxeh= D Udglrvlw| Vroxwlrq iru Frpsoh{

Hqylurqphqwv/ Frpsxwhu Judsklfv/ Yro1 4</ Qr1 6/ Mxo| 4<;8/ ss1 64~731

^44` Frkhq/ P1I1/ Vkhqfkdqj/ H1F1/ Zdoodfh/ M1U1/ Juhhqehuj/ G1S1 D Surjuhvvlyh Uh0

�qhphqw Dssurdfk wr Idvw Udglrvlw| Lpdjh Jhqhudwlrq/ Frpsxwhu Judsklfv/ Yro1

55/ Qr1 6/ Dxjxvw 4<;;/ ss1 :8~;71

^45` Frqudg|/ D1H1 Dssolhg Rswlfv dqg Rswlfdo Ghvljq/ Sduw L/ R{irug Xqlyhuvlw| Suhvv/

4<5<1 +uhsulqwhg e| Gryhu Sxeolfdwlrqv Lqf1 Qhz \run/ 4<8:,1

^46` Frrn/ Urehuw O1/ Sruwhu/ Wkrpdv/ dqg Fdushqwhu/ Oruhq1 Glvwulexwhg Ud| Wudflqj/

Frpsxwhu Judsklfv/ Yro1 4;/ Qr1 6/ Mxo| 4<;7/ ss1 45<~4681

^47` Gdgrxq/ Qrup/ Nlunsdwulfn/ Gdylg J1/ dqg Zdovk/ Mrkq S1 Klhudufklfdo Dssurdfkhv

wr Klgghq Vxuidfh Lqwhuvhfwlrq Whvwlqj/ Surfhhglqjv ri Judsklfv Lqwhuidfh/Pd| 4<;5/

ss1 73~891
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^48` Hehuw G1 hw do1 Wh{wxulqj dqg Prgholqj= D Surfhgxudo Dssurdfk/ Vhfrqg Hglwlrq> DS

Surihvvlrqdo> Fdpeulgjh 4<<;/ fkdswhu hqwlwohg= Qrlvh/ K|shuwh{wxuh/ Dqwldoldvlqj/

dqg Jhvwxuhv1

^49` Hgzdugv/ U1/ dqg Gxunlq/ M1 Frpsxwhu Suhglfwlrq ri Vhuylfh Duhd iru YKI Preloh

Udglr Qhwzrunv/ Surfhhglqjv ri wkh LHH/ Yro1 449/ Qr1 </ ss1 47<6~4833/ 4<9<1

^4:` Hoehu/ Jhuvkrq1 Orz Frvw Looxplqdwlrq xvlqj dq Dssur{lpdwlrq ri Oljkw Zdyhiurqwv/

Frpsxwhu Judsklfv/ Yro1 5;/ Qr1 6/ VLJJUDSK 4<<7/ ss1 668~6751

^4;` Ihlvxoolq/ I1/ Qd|oru/ E1I1/ Udmnxpdu/ D1/ dqg Urjhuv/ O1 Vlpxodwlrq ri UI Sursdjd0

wlrq lq Odujh Vfdoh Lqgrru dqg Rxwgrru Hqylurqphqwv/ DW)W Zrunvkrs rq Zluhohvv

Frppxqlfdwlrqv dqg Preloh Frpsxwlqj/ DW)W Ehoo Odev/ Kropgho/ QM/ Rfw1 4<<71

^4<` Ihovhq/ O1E1/ dqg Pdufxylw}/ Q1 Udgldwlrq dqg Vfdwwhulqj ri Zdyhv/ Suhqwlfh Kdoo/

Qhz Mhuvh|/ 4<:61

^53` Iruwxqh/ Vwhyhq M1/ Jd|/ Gdylg P1/ Nhuqljkdq/ Euldq Z1/ Odqgurq/ R1/ Ydohq}xhod/

U1 D1/ dqg Zuljkw/ P1 K1 ZLVH Ghvljq ri Lqgrru Zluhohvv V|vwhpv= Sudfwlfdo Frp0

sxwdwlrq dqg Rswlpl}dwlrq/ LHHH Frpsxwdwlrqdo Vflhqfh dqg Hqjlqhhulqj/ Yro1 5/

Qr1 4/ Vsulqj 4<<8/ ss1 8;~9;1

^54` Ixfkv/ Khqu|/ Nhghp/ ]yl P1/ dqg Qd|oru/ Euxfh I1 Rq Ylvleoh Vxuidfh Jhqhudwlrq

e| D Sulrul Wuhh Vwuxfwxuh/ Frpsxwhu Judsklfv/ Yro1 47/ Qr1 6/ VLJJUDSK 4<;3/

ss1 457~4661
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^55` Ixqnkrxvhu/ W1/ Fduoerp/ L1/ Honr/ J1/ Slqjdol/ J1/ Vrqgkl/ P1/ dqg Zhvw/ M1 D

Ehdp Wudflqj Dssurdfk wr Dfrxvwlf Prgholqj iru Lqwhudfwlyh Yluwxdo Hqylurqphqwv/

Frpsxwhu Judsklfv/ Yro1 65/ Qr1 6/ VLJJUDSK 4<<;/ Ruodqgr/ IO/ Mxo|/ 4<<;/ ss1

54~651

^56` Jrudo/ F1P1/ Wruudqfh/ N1H1/ Juhhqehuj/ G1S1/ dqg Edwwdloh/ E1 Prgholqj wkh Lq0

whudfwlrq ri Oljkw Ehwzhhq Gl�xvh Vxuidfhv/ Frpsxwhu Judsklfv/ Yro1 4;/ Qr1 6/

VLJJUDSK 4<;7/ ss1 546~5551

^57` Jodvvqhu/ D1 hg1 Dq Lqwurgxfwlrq wr Ud| Wudflqj/ Dfdghplf Suhvv/ Orqgrq/ 4<;<1

^58` Kh/ [1G1/ Wruudqfh/ N1H1/ Vloolrq/ I1[1/ dqg Juhhqehuj/ G1S1 D frpsuhkhqvlyh sk|v0

lfdo prgho iru oljkw uh�hfwlrq/ Frpsxwhu Judsklfv/ Yro1 58/ Qr1 7/ Mxo| 4<<4/ ss1

4:8~4;91

^59` Khfehuw/ Sdxo V1/ dqg Kdqudkdq/ Sdw1 Ehdp Wudflqj Sro|jrqdo Remhfwv/ Frpsxwhu

Judsklfv/ Yro1 4;/ Qr1 6/ Mxo| 4<;7/ ss1 44<~45:1

^5:` Ndml|d/ Mdphv W1 Wkh Uhqghulqj Htxdwlrq/ Frpsxwhu Judsklfv/ Yro1 53/ Qr1 6/

Dxjxvw 4<;9/ ss1 476~4831

^5;` Nhoohu/ M1E1 Gl�udfwlrq e| dq Dshuwxuh/ Mrxuqdo ri Dssolhg Sk|vlfv/ Yro1 5;/ Qr1 7/

Dsulo 4<8:/ ss1 759~7771

^5<` Nhuqljkdq/ Euldq Z1/ dqg Ydq Z|n/ Fkulvwrskhu M1 H{wudfwlqj jhrphwulfdo lqiru0
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pdwlrq iurp dufklwhfwxudo gudzlqjv/ Surfhhglqjv ri wkh Zrunvkrs rq Dssolhg Frp0

sxwdwlrqdo Jhrphwu|/ Pd| 4<<9/ ss1 ;5~;:1

^63` Nqrww/ Hxjhqh I1/ Vkdh�hu/ P1I1/ Plfkdho/ W1 Udgdu Furvv Vhfwlrq/ 5qg Hglwlrq/

Duwhfk Krxvh/ Qruzrrg/ PD/ 4<<61

^64` Nrx|rxpmldq/ U1J1/ dqg Sdwkdn/ S1K1 D Xqlirup Jhrphwulfdo Wkhru| ri Gl�udfwlrq

iru dq hgjh lq d shuihfwo| frqgxfwlqj vxuidfh/ Surfhhglqjv ri LHHH/ Qry1 4<:7/ Yro1

95/ Qr1 44/ ss1 477;~47941

^65` Nuhx}juxehu/ S1/ Xqwhuehujhu/ S1/ dqg Jdkohlwqhu/ U1 D Ud| vsolwwlqj prgho iru

lqgrru udglr sursdjdwlrq dvvrfldwhg zlwk frpsoh{ jhrphwulhv/ Surfhhglqjv ri wkh

76ug LHHH Yhklfxodu Whfkqrorj| Frqihuhqfh/ Pd| 4<<6/ ss1 55:~5631

^66` Nuhx}juxehu/ S1/ Euxqgo/ W1/ Nxudq/ Z1/ dqg Jdkohlwqhu/ U1 Suhglfwlrq ri Lqgrru

Udglr Sursdjdwlrq zlwk wkh Ud| Vsolwwlqj Prgho Lqfoxglqj Hgjh Gl�udfwlrq dqg

Urxjk Vxuidfhv/ Surfhhglqjv ri wkh 77wk LHHH Yhklfxodu Whfkqrorj| Frqihuhqfh/

Mxqh 4<<7/ ss1 ;:;~;;51

^67` Ohh/ Zlooldp F1\1Preloh Frppxqlfdwlrq Ghvljq Ixqgdphqwdov/ MrkqZloh| ) Vrqv/

4<<61

^68` Ohzlv/ H1 H1/ dqg Ploohu/ Mu1/ Z1I1 Frpsxwdwlrqdo Phwkrgv ri Qhxwurq Wudqvsruw/

Mrkq Zloh| ) Vrqv/ 4<;71

^69` Oxheehuv/ U1M1 Ilqlwh Frqgxfwlylw| Xqlirup JWG Yhuvxv Nqlih Hgjh Gl�udfwlrq lq

49;



Suhglfwlrq ri Sursdjdwlrq Sdwk Orvv/ LHHH Wudqvdfwlrqv rq Dqwhqqd dqg Sursdjd0

wlrq/ Yro1 DS~65/ Qr1 4/ Mdq1 4<;7/ ss1 :3~:91

^6:` Oxheehuv/ U1M1 Sursdjdwlrq Suhglfwlrq iru Kloo| Whuudlq Xvlqj JWG Zhgjh Gl�udf0

wlrq/ LHHH Wudqvdfwlrqv rq Dqwhqqd dqg Sursdjdwlrq/ Yro1 DS~65/ Qr1 </ Vhsw1

4<;7/ ss1 <84~<881

^6;` Prudyhf/ K1S1 6G Judsklfv dqg wkh Zdyh Wkhru|/ Frpsxwhu Judsklfv/ Yro1 48/ Qr1

6/ VLJJUDSK 4<;4/ ss1 5;<~5<91

^6<` Pxudol/ W1P1/ dqg Ixqnkrxvhu/ Wkrpdv D1 Frqvlvwhqw Vrolg dqg Erxqgdu| Uhs0

uhvhqwdwlrqv iurp Duelwudu| Sro|jrqdo Gdwd/ 4<<: V|psrvlxp rq Lqwhudfwlyh 6G

Judsklfv/ Surylghqfh/ UL/ ss1 488~4951

^73` Pxuud|/ M1G1/ dqg ydqU|shu/ Z1 Hqf|forshgld ri Judsklfv Iloh Irupdwv/ R*Uhloo| )

Dvvrfldwhv/ 4<<91

^74` Qd|oru/ E1I1 Elqdu| Vsdfh Sduwlwlrqlqj Wuhhv dv dq Dowhuqdwlyh Uhsuhvhqwdwlrq ri

Sro|wrshv/ FDG/ Yro1 55/ Qr1 7/ Pd| 4<<3/ ss1 583~5861

^75` Qd|oru/ E1I1 Frqvwuxfwlqj Jrrg Sduwlwlrqlqj Wuhhv/ Judsklfv Lqwhuidfh/ Wrurqwr

Fdqdgd/ Pd| 4<<6/ ss1 4;4~4<41

^76` Qhoghu/ M1D1/ dqg Phdg/ U1 D Vlpsoh{ Phwkrg iru Ixqfwlrq Plqlpl}dwlrq/ Frpsxwhu

Mrxuqdo/ Yro1 :/ 4<98/ ss1 63;~6461

^77` Qlvklwd/ W1/ dqg Qdndpdh/ H1 Frqwlqxrxv Wrqh Uhsuhvhqwdwlrq ri Wkuhh0Glphqvlrqdo
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Remhfwv Wdnlqj Dffrxqw ri Vkdgrzv dqg Lqwhuuh�hfwlrqv/ Frpsxwhu Judsklfv/ Yro1

4</ Qr1 6/ VLJJUDSK 4<;8/ ss1 56~631

^78` Skduu/ P1/ dqg Kdqudkdq/ S1 Jhrphwu| fdfklqj iru ud| wudflqj glvsodfhphqw pdsv/

Hxurjudsklfv Zrunvkrs rq Uhqghulqj/ 4<<9/ ss1 64~731

^79` Skduu/ P1/ Nroe/ F1/ Jhuvkehlq/ U1/ dqg Kdqudkdq/ S1 Uhqghulqj Frpsoh{ Vfhqhv

zlwk Phpru|0Frkhuhqw Ud| Wudflqj/ Frpsxwhu Judsklfv/ Yro1 64/ Qr1 6/ VLJ0

JUDSK 4<<:/ ss1 434~43;1

^7:` Udmnxpdu/ D1/ Qd|oru/ E1I1/ Ihlvxoolq/ I1/ dqg Urjhuv/ O1 Suhglfwlqj UI Fryhudjh

lq Odujh Hqylurqphqwv xvlqj Ud|0Ehdp Wudflqj dqg Sduwlwlrqlqj Wuhh Uhsuhvhqwhg

Jhrphwu|/ Zluhohvv Qhwzrunv/ Yro1 5/ Qr1 5/ 4<<9/ ss1 476~4871

^7;` Udssdsruw/ W1V1Zluhohvv Frppxqlfdwlrqv Sulqflsohv ) Sudfwlfh/ Suhqwlfh Kdoo Lqf1/

4<<91

^7<` Uhli/ M1/ W|jdu/ G1/ dqg \rvklgd/ D1 Wkh Frpsxwdelolw| dqg Frpsoh{lw| ri Rswlfdo

Ehdp Wudflqj/ Surf1 64vw Dqqxdo V|psrvlxp rq Irxqgdwlrqv ri Frpsxwhu Vflhqfh/

Yro1 4/ 4<<3/ ss1 439~4471

^83` Uhli/ M1/ W|jdu/ G1/ dqg \rvklgd/ D1 Frpsxwdelolw| dqg Frpsoh{lw| ri Ud| Wudflqj/

Glvfuhwh dqg Frpsxwdwlrqdo Jhrphwu|/ Yro1 44/ Qr1 6/ Dsulo 4<<7/ ss1 598~5;;1

^84` Uxelq/ V1P1/ dqg Zklwwhg/ W1 D wkuhh0glphqvlrqdo uhsuhvhqwdwlrq iru idvw uhqghulqj

4:3



ri frpsoh{ vfkhphv/ Frpsxwhu Judsklfv/ Yro1 47/ Qr1 6/ VLJJUDSK 4<;3/ ss1 443~

4491

^85` Vfkdxedfk/ N1U1/ Gdylv LY/ Q1M1/ dqg Udssdsruw/ W1V1 D Ud| Wudflqj Phwkrg iru

Suhglfwlqj Sdwk Orvv dqg Ghod| Vsuhdg lq Plfurfhooxodu Hqylurqphqwv/ 75qg LHHH

Yhklfxodu Whfkqrorj| Frqihuhqfh/ Ghqyhu/ Fr/ Pd| 4<<5/ ss1 <65~<681

^86` Vhlgho/ Vfrww \1/ dqg Udssdsruw/ Wkhrgruh V1 D Ud| Wudflqj Whfkqltxh wr Suhglfw

Sdwk Orvv dqg Ghod| Vsuhdg Lqvlgh Exloglqjv/ Ylujlqld Sro|whfkqlf Lqvwlwxwh dqg

Vwdwh Xqlyhuvlw|/ Eodfnvexuj/ YD1

^87` Vkdgh/ M1/ Olvfklqvnl/ G1/ Vdohvlq/ G1/ GhUrvh/ W1/ dqg Vq|ghu/ M1 Klhudufklfdo lpdjh

fdfklqj iru dffhohudwhg zdonwkurxjkv ri frpsoh{ hqylurqphqwv/ Frpsxwhu Judsklfv/

Yro1 63/ Qr1 6/ VLJJUDSK 4<<9/ ss1 :8~;51

^88` Vkdr/ P1]1/ Shqj/ T1V1/ Oldqj/ \1G1 D Qhz Udglrvlw| Dssurdfk e| Surfhgxudo

Uh�qhphqwv iru Uhdolvwlf Lpdjh V|qwkhvlv/ Frpsxwhu Judsklfv/ Yro1 55/ Qr1 7/ VLJ0

JUDSK 4<;;/ ss1 <6~4341

^89` Vklq|d/ P1/ Wdndkdvkl/ W1/ dqg Qdlwr/ V1 Sulqflsohv dqg Dssolfdwlrqv ri Shqflo Wudf0

lqj/ Frpsxwhu Judsklfv/ Yro1 54/ Qr1 7/ VLJJUDSK 4<;:/ ss1 78~871

^8:` Vlhjho/ U1/ dqg Krzhoo/ M1U1 Wkhupdo Udgldwlrq Khdw Wudqvihu/ 6ug hglwlrq/ Khpl0

vskhuh Sxeolvklqj Frus1/ Zdvklqjwrq G1F1/ 4<<51
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^8;` Vloolrq/ I1/ Sxhfk/ F1 D Jhqhudo Wzr0Sdvv Phwkrg Lqwhjudwlqj Vshfxodu dqg Gl�xvh

Uh�hfwlrq/ Frpsxwhu Judsklfv/ Yro1 56/ Qr1 6/ VLJJUDSK 4<;</ ss1 668~6771

^8<` Vq|ghu/ Mrkq P1 dqg Eduu/ Dodq K1 Ud| Wudflqj Frpsoh{ Prghov Frqwdlqlqj Vxuidfh

Whvvhoodwlrqv/ Frpsxwhu Judsklfv/ Yro1 54/ Qr1 7/ VLJJUDSK 4<;:/ ss1 44<~45;1

^93` Vrpphuihog/ D1 Ohfwxuhv rq Wkhruhwlfdo Sk|vlfv/ Rswlfv/ Yro1 7/ Dfdghplf Suhvv/

Qhz \run/ 4<971

^94` Whoohu/ Vhwk1/ Irzohu/ Fhohvwh1/ Ixqnkrxvhu/ Wkrpdv1/ dqg Kdqudkdq/ Sdw1 Sduwlwlrq0

lqj dqg Rughulqj Odujh Udglrvlw| Frpsxwdwlrqv/ Frpsxwhu Judsklfv/ Yro1 5;/ Qr1

6/ VLJJUDSK 4<<7/ ss1 776~783

^95` Wkledxow/ Z1/ dqg Qd|oru/ E1I1 Vhw Rshudwlrqv rq Sro|khgud Xvlqj Elqdu| Vsdfh

Sduwlwlrqlqj Wuhvv/ Frpsxwhu Judsklfv/ Yro1 54/ Qr1 7/ VLJJUDSK 4<;:/ ss1 486~

4951

^96` Wulror/ D1 shuvrqqho frppxqlfdwlrqv1

^97` Ydohq}xhod/ U1D1 Ud|0Wudflqj Dssurdfk wr Suhglfwlqj Lqgrru Zluhohvv Wudqvplvvlrq/

Surfhhglqjv ri wkh 76ug LHHH Yhklfxodu Whfkqrorj| Frqihuhqfh/ Pd| 4<<6/ ss1 547~

54;1

^98` Ydxjkdq/ U1J1 Srodul}dwlrq Glyhuvlw| lq Preloh Frppxqlfdwlrqv/ LHHH Wudqvdf0

wlrqv Yhklfxodu Whfkqrorj|/ Yro1 6</ Qr1 6/ Dxjxvw 4<<3/ ss1 4::~4;91
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^99` Yhdfk/ H1/ dqg Jxledv/ Ohrqlgdv M1 Phwursrolv Oljkw Wudqvsruw/ Frpsxwhu Judsklfv/

Yro1 64/ Qr1 6/ VLJJUDSK 4<<:/ ss1 98~:91

^9:` Yhdfk/ H1 Urexvw Prqwh Fduor Phwkrgv iru Oljkw Wudqvsruw Vlpxodwlrq/ Sk1G1 wkhvlv/

Vwdqirug Xqlyhuvlw|/ 4<<;1

^9;` Yhuehfn/ F1S1/ dqg Juhhqehuj/ Grqdog S1 D Frpsuhkhqvlyh Oljkw0Vrxufh Ghvfulswlrq

iru Frpsxwhu Judsklfv/ LHHH Frpsxwhu Judsklfv dqg Dssolfdwlrqv/ Mxo| 4<;7/ ss1

99~:81

^9<` Ylqfr/ Hufhj1/ Uxvwdnr/ Mu1/ D1M1/ dqg Urpdq/ U1V1 Gl�udfwlrq Durxqg Fruqhuv dqg

lwv H�hfw rq wkh Plfurfhoo Fryhudjh Duhd lq Xuedq dqg Vxexuedq Hqylurqphqwv dw

<33 PK}/ 5 JK}/ dqg 9 JK}/ LHHH Wudqvdfwlrqv rq Yhklfxodu Whfkqrorj|/ Yro1 76/

Qr1 6/ Dxjxvw 4<<7/ ss1 :95~:991

^:3` Zdoodfh/ M1U1/ Frkhq/ P1I1/ Juhhqehuj/ G1S1 D wzr0sdvv vroxwlrq wr wkh uhqghulqj

htxdwlrq= d v|qwkhvlv ri ud|0wudflqj dqg udglrvlw| phwkrgv/ Frpsxwhu Judsklfv/ Yro1

54/ Qr1 7/ VLJJUDSK 4<;:/ ss1 644~6531

^:4` Zdoodfh/ M1U1/ Hoptxlvw/ N1D1/ Kdlqhv/ H1D1 D Ud| Wudflqj Dojrulwkp iru Surjuhvvlyh

Udglrvlw|/ Frpsxwhu Judsklfv/ Yro1 56/ Qr1 6/ VLJJUDSK 4<;</ ss1 648~6571

^:5` Zklwwhg/ W1 Dq Lpsuryhg Looxplqdwlrq Prgho iru Vkdghg Glvsod|/ Frppxqlfdwlrqv

ri wkh DFP/ Yro1 56/ Qr1 9/ 4<;3/ ss1 676~67<1
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