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<14 Lqwurgxfwlrq

Wkh suhfhglqj fkdswhuv uhsruwhg d qxpehu ri h{shulphqwdo dqg wkhruhwlfdo vwxglhv uh0
jduglqj wkh phfkdqlvwlf edvlv ri ydulrxv rvfloodwru| hohfwurfdwdo|wlf uhdfwlrq v|vwhpv
vxfk dv iruplf dflg r{lgdwlrq/ K

2

0r{lgdwlrq ru LR3
�

0uhgxfwlrq1 Lq vr grlqj qxphurxv
uhihuhqfhv kdyh dovr ehhq pdgh wr phfkdqlvwlf vwxglhv ri rwkhu rvfloodwru| hohfwur0
fkhplfdo uhdfwlrqv zklfk zhuh suhylrxvo| lqyhvwljdwhg e| gl�huhqw dxwkruv ^546/ :4`1
Lq idfw/ vfdqqlqj wkh uhfhqw hohfwurfkhplfdo olwhudwxuh dq ryhuzkhoplqj qxpehu ri qhz
rvfloodwru| v|vwhpv kdv ehhq uhsruwhg lqfoxglqj hohfwurfu|vwdool}dwlrq/ hohfwurfdwdo|vlv
dqg hohfwurglvvroxwlrq ^64/ 63/ 53;/ 53</ 549/ 54:/ 54;/ 54<`1 Iroorzlqj wkh suhfhsw
ri �Rfnkdp*v ud}ru� ^553/ 554` wkh qxpehu ri h{sodqdwru| k|srwkhvhv shuwdlqlqj wr
wkh sohwkrud ri shulrglf skhqrphqd lq hohfwurfkhplvwu| vkrxog eh nhsw plqlpdo> wklv
fdq eh dfklhyhg e| d v|vwhpdwlf fdwhjrul}dwlrq ri lqglylgxdo skhqrphqd dffruglqj wr
xqlyhuvdo phfkdqlvwlf fulwhuld1

Wkh vwxg| ri iruplf dflg r{lgdwlrq ru LR3
�

uhgxfwlrq h{hpsol�hg dq lqgxfwlyh
dssurdfk wrzdugv wkh phfkdqlvwlf fodul�fdwlrq dqg prgholqj ri dq rvfloodwru| hohf0
wurfkhplfdo surfhvv= Diwhu froohfwlqj vx!flhqw fkhplfdo lqirupdwlrq rq surfhhglqj
uhdfwlrq vwhsv dqg hgxfwv/ lqwhuphgldwhv dqg surgxfwv/ d wkhruhwlfdo g|qdplfdo prgho
zdv irupxodwhg zklfk zdv wr uhsurgxfh wkh revhuyhg ehkdylru txdolwdwlyho| dqg txdq0
wlwdwlyho|1 H{shulphqwdo g|qdplfdo ihdwxuhv plvvlqj lq dq hduo| vwdjh ri prgholqj duh
wkhq vrxjkw wr eh fdswxuhg e| lqfrusrudwlrq ri/ iru lqvwdqfh/ dgglwlrqdo fkhplfdo
vwhsv lqwr wkh prgho rq d edvlv ri wuldo dqg huuru1 Wklv dssurdfk/ wkrxjk hyhqwx0
doo| vxffhvvixo lq prvw fdvhv/ wxuqv rxw wr eh udwkhu wlph0frqvxplqj/ vlqfh wkh lqlwldo
irupxodwlrq dqg vxevhtxhqw prgl�fdwlrqv ri wkh lqlwldo prgho wrzdugv d ehwwhu txdo0
lwdwlyh dqg txdqwlwdwlyh pdwfk zlwk h{shulphqwv lv qrw edvhg rq g|qdplfdo dvshfwv1
Dq dowhuqdwlyh dssurdfk wrzdugv d udslg fodul�fdwlrq ri dq hohfwurfkhplfdo rvfloodwru
frqvlvwv lq wkh lqlwldo fdwhjrul}dwlrq ri wkh rvfloodwru| v|vwhp dqg lwv vshflhv zlwk

4<6



4<7 Phfkdqlvwlf fodvvl�fdwlrq ri hohfwurfkhplfdo rvfloodwruv

uhvshfw wr g|qdplfdo dqg phfkdqlvwlf ihdwxuhv vxfk dv wlph vfdohv/ ihhgedfnv/ phfk0
dqlvwlf urohv hwf1 Hdfk rvfloodwru fdwhjru| uhsuhvhqwv d fodvv ri surwrw|sh prghov dv
zhoo dv qhfhvvdu| phfkdqlvwlf lqjuhglhqwv zklfk fdq vxevhtxhqwo| eh vhdufkhg iru lq
wkh h{shulphqwdo v|vwhp> dw wkh vdph wlph/ hdfk fdwhjru| dovr uxohv rxw fhuwdlq rwkhu
prgho w|shv zklfk qhhg qrw eh ixuwkhu frqvlghuhg1 Hyhq wkrxjk wkh fdwhjrulhv gr
qrw vshfli| ghwdlohg fkhplfdo vwhsv/ wkh odwwhu dssurdfk juhdwo| uhgxfhv wkh wlph iru
hvwdeolvklqj d uhdvrqdeoh rvfloodwru| hohfwurfkhplfdo prgho/ dv qhfhvvdu| phfkdqlvwlf
ihdwxuhv fdq lpphgldwho| eh irupxodwhg dqg d udwkhu gluhfw wdujhwlqj ri dssursuldwh
fkhplfdo ihdwxuhv uh�qlqj wkh prgho ehfrphv srvvleoh1

Lq zkdw dlpv wr eh wkh d frpsuhkhqvlyh fdwhjrul}dwlrq ri hohfwurfkhplfdo rvflo0
odwru| skhqrphqd/ wkh fxuuhqw fkdswhu zloo mrlq wrjhwkhu uhohydqw h{shulphqwdo dqg
wkhruhwlfdo lqirupdwlrq frqfhuqlqj wkh phfkdqlvwlf uhtxluhphqwv iru hohfwurfkhplfdo
rvfloodwlrqv1 Wkh fodvvl�fdwlrq vfkhph vhhnv wr surylgh d iudphzrun zkhuh doo h{0
shulphqwdo hohfwurfkhplfdo rvfloodwruv nqrzq vridu fdq eh lqfoxghg> wkh vfkhph dovr
lqfoxghv rvfloodwru| prgho fodvvhv iru zklfk h{shulphqwdo v|vwhpv duh vwloo plvvlqj1

Lq dgglwlrq wr d fodvvl�fdwlrq vfkhph/ wklv fkdswhu vxjjhvwv d v|vwhpdwlf rshud0
wlrqdo h{shulphqwdo phwkrg iru wkh vwhszlvh fdwhjrul}dwlrq ri dq xqnqrzq rvfloodwru1
Hpskdvlv zdv sodfhg rq uhdg| h{shulphqwdo ihdvlelolw| ri wkh whvwv xvhg dv zhoo dv
rq wkh xvh ri plqlpdo/ d sulrul nqrzohgjh ri wkh hohfwurfkhplfdo rvfloodwru xqghu
lqyhvwljdwlrq1

Iru hohfwurfkhplfdo v|vwhpv/ Zrlwrzlf} ^48` fdph xs �uvw zlwk d fuxgh/ exw fuxfldo
glvwlqfwlrq ehwzhhq fkhplfdo dqg hohfwurfkhplfdo rvfloodwru| v|vwhpv1 Odwhu/ Nrshu
h{whqghg wklv vfkhph hpskdvl}lqj wkh fuxfldo uroh ri d qhjdwlyh gl�huhqwldo uhvlvwdqfh
+QGU, iru hohfwurfkhplfdo lqvwdelolwlhv1 Nrshu ^:7/ 56` glvwlqjxlvkhg wkuhh fodvvhv
ri hohfwurfkhplfdo rvfloodwruv= �uvw/ fxuuhqw rvfloodwruv zklfk rvfloodwh xqghu wuxo|
srwhqwlrvwdwlf frqglwlrqv/ vhfrqg/ rvfloodwruv zklfk rvfloodwh rqo| xqghu srwhqwlrvwdwlf
frqglwlrqv lq wkh suhvhqfh ri dq h{whuqdo uhvlvwdqfh dqg/ wklug/ v|vwhpv zklfk rvfloodwh
xqghu erwk srwhqwlrvwdwlf dqg jdoydqrvwdwlf frqglwlrqv1 Wkh suhvhqw fdwhjrul}dwlrq
vfkhph lq sulqflsoh exlogv rq Nrshu*v dssurdfk/ krzhyhu surylghv fuxfldo h{whqvlrqv
dqg uh�qhphqwv1

Qrwh wkdw wkh suhvhqw fodvvl�fdwlrq wkurxjkrxw uhihuv wr rvfloodwru| lqwhuidfldo sur0
fhvvhv zklfk duh lqyhvwljdwhg lq d frqyhqwlrqdo srwhqwldo2fxuuhqw0frqwuroohg duudqjh0
phqw1 Lq wkh olwhudwxuh/ krzhyhu/ d juhdw qxpehu ri hohfwurfkhplfdo rvfloodwru kdyh
ehhq uhsruwhg zklfk dssduhqwo| gr qrw uhtxluh dq| frqwuroohg rxwhu frqglwlrqv +rshq
flufxlw rvfloodwruv ^4/ 555/ 556/ 557/ 558/ 559/ 54<`,1 Lw kdv orqj ehhq nqrzq wkdw wklv lv
vlpso| ehfdxvh wkh ixqfwlrq ri/ iru lqvwdqfh/ d jdoydqrvwdw dv d frqvwdqw vlqn2vrxufh ri
hohfwurqv kdv ehhq wdnhq ryhu e| d vhfrqg uhgr{ v|vwhp +�lqwhuqdo jdoydqrvwdw� ^558`,1
Frqvhtxhqwo|/ wkh g|qdplfdo ehkdylru ri hlwkhu kdoi fhoo +uhgr{ v|vwhp, ri dq rshq
flufxlw rvfloodwru fdq eh lqyhvwljdwhg vhsdudwho| lq wkh xvxdo frqwuroohg duudqjhphqw1

Wkh fkdswhu lv rujdql}hg dv iroorzv= Diwhu d vkruw frpslodwlrq ri wkh uhohydqw
phfkdqlvwlf frqfhswv qhfhvvdu| iru d uhdg| xqghuvwdqglqj ri wkh fodvvl�fdwlrq/ lv iro0
orzhg e| d ghwdlohg fkdudfwhul}dwlrq ri wkh irxu sulqflsdo rvfloodwru fodvvhv1 Ilqdoo|/
wkh rshudwlrqdo h{shulphqwdo fodvvl�fdwlrq surfhgxuh lv ghvfulehg/ ehiruh d vkruw glv0
fxvvlrq frqfoxghv wkh fkdswhu1
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<15 Phfkdqlvwlf qrwlrqv dqg h{shulphqwdo wrrov iru fodv0
vl�fdwlrq

Prvw ri wkh phfkdqlvwlf frqfhswv phqwlrqhg khuh kdyh ehhq xvhg lqglylgxdoo| gxulqj
wklv wkhvlv1 Krzhyhu/ dv wklv fkdswhu lv wr fxoplqdwh lq d frpsuhkhqvlyh frpslod0
wlrq ri phfkdqlvwlf nqrzohgjh rq hohfwurfkhplfdo rvfloodwruv lw vhhpv dssursuldwh wr
eulh | sxw wrjhwkhu dqg uhylhz wkrvh phfkdqlvwlf lqjuhglhqwv zklfk duh fuxfldo iru
wkh fdwhjrul}dwlrq ri rvfloodwru| hohfwurfkhplfdo phfkdqlvpv1

Hvvhqwldo vshflhv1 Doo prgholqj ri hohfwurfkhplfdo uhdfwlrq g|qdplfv wkurxjkrxw
wklv wkhvlv wdflwo| lpsolhg wkh srvvlelolw| wr vxeglylgh wkh wlph0ghshqghqw fkhplfdo
yduldeohv +vshflhv, ru hohfwulfdo yduldeohv +svhxgrvshflhv, lqwr hvvhqwldo rqhv/ phdq0
lqj txdqwlwlhv wkh wlph ghshqghqfh ri zklfk lv dq lqglvshqvdeoh sduw ri wkh ryhudoo
uhdfwlrq g|qdplfv/ dqg qrq0hvvhqwldo rqhv1 Qrq0hvvhqwldo yduldeohv pd| dovr eh wlph0
ghshqghqw/ exw wkhuh lv dq h{shulphqwdo olplwlqj fdvh zkhuh wkhvh yduldeohv fdq eh
nhsw frqvwdqw zlwkrxw dowhulqj wkh v|vwhp g|qdplfv ^66`1 Xvxdoo|/ xsrq lqyhvwljdw0
lqj dq xqnqrzq hohfwurfkhplfdo v|vwhp/ d fkhplvw fdq lpphgldwho| pdnh hgxfdwhg
jxhvvhv dv wr jrrg fdqglgdwhv iru hvvhqwldo vshflhv1 Lq prgholqj hohfwurfkhplfdo eh0
kdylru e| phdqv ri gl�huhqwldo htxdwlrqv/ qrq0hvvhqwldo vshflhv fdq eh ohiw rxw dv wkh|
fdq eh lqfoxghg lq wkh fkhplfdo udwh frqvwdqwv1

Ihhgedfn orrsv1 Wkh hvvhqwldo vshflhv/ lq wxuq/ fdq xvxdoo| eh vxeglylghg dffruglqj
wr wkhlu wlph vfdoh1 Lq wkh frpsoh{ hohfwurfkhplfdo phfkdqlvpv frqvlghuhg khuh vrph
yduldeohv duh xvxdoo| idvw/ zkhuhdv rwkhuv duh vorz1 Iru qrq0wulyldo g|qdplfv vxfk
dv pxowlvwdelolw|/ vxvwdlqhg rvfloodwlrqv ru h{flwdelolw| wr rffxu erwk idvw dqg vorz
yduldeohv kdyh wr olh rq phfkdqlvwlf ihhgedfn orrsv1 Rqh orrs pxvw frqwdlq idvw
yduldeohv rqo|/ zkloh d vhfrqg orrs pxvw frqwdlq dw ohdvw rqh vorz yduldeoh lq dgglwlrq
wr dw ohdvw rqh ri wkh idvw rqhv1 Wkh iruphu ihhgedfn orrs lv wkh srvlwlyh ghvwdelol}lqj
orrs/ zkhuhdv wkh odwwhu lv uhihuuhg wr dv qhjdwlyh vwdelol}lqj ihhgedfn orrs +vhh fkdswhu
8,1

Fxuuhqw Fduulhuv1 Lq fkdswhu 8/ : dqg ; wkh qrwlrq ri dq ghshqghqw dqg lqghshq0
ghqw fxuuhqw fduulhu +fxuuhqw surylglqj uhdfwlrq, kdv ehhq lqwurgxfhg1 Wkh glvwlqfwlrq
dqg uljrurxv gh�qlwlrq ri wkhvh wzr w|shv ri fkdujh wudqvihu uhdfwlrq lv forvho| olqnhg
wr wkh frqfhsw ri hvvhqwldo dqg qrq0hvvhqwldo vshflhv= ghshqghqw fxuuhqw fduulhuv frq0
vxph wkh vorz/ lqklelwlqj hvvhqwldo vshflhv ru dq| lqwhuphgldwh iruphg iurp wkh vorz
vshflhv dqg pd|/ rq wrs/ eh ghshqghqw rq idvw yduldeohv> lq frqwudvw/ lqghshqghqw
fxuuhqw fduulhuv frqvxph qrq0hvvhqwldo +svhxgr,vshflhv rqo|1 Qrwh wkdw wkh lqglfdwlrq
ri d wlph vfdoh lv luuhohydqw iru qrq0hvvhqwldo vshflhv1 Dq h{dpsoh ri d ghshqghqw
fxuuhqw fduulhu lv wkh uhgxfwlrq ri wkh vorz LR3

�

lrqv +fkdswhu ;,/ zkloh wkh gl�xvlrq
olplwhg K

2

r{lgdwlrq fxuuhqw lq fkdswhu : uhsuhvhqwv dq lqghshqghqw fxuuhqw fduulhu1
Wkh dssolfdwlrq ri wkh qrwlrq ri ghshqghqw dqg lqghshqghqw fxuuhqw fduulhuv juhdwo|
vlpsol�hv d udslg fdwhjrul}dwlrq ri hohfwurfkhplfdo rvfloodwruv1

Yrowdpphwu| dqg lpshgdqfh ehkdylru1 Edvlf lqirupdwlrq derxw dq hohfwurfkhplfdo
surfhvv lv surylghg e| wkh vwdwlrqdu| yrowdpphwulf sur�oh ri wkh fxuuhqw surylglqj
uhdfwlrq/ l1h1 wkh sur�oh ri wkh idudgdlf fxuuhqw1 Lq wkh vlpsohvw fdvh rqo| rqh uhdfwlrq
lv hohfwurfkhplfdo1 Iljxuh <04 vnhwfkhv wkh sulqflsdo w|shv ri qrq0wulyldo vwdwlrqdu|
L@! fxuyhv rffxuulqj lq hohfwurfkhplfdo rvfloodwruv +fi1^55:`,1 Qrwh wkdw vwdelolw| ri



4<9 Phfkdqlvwlf fodvvl�fdwlrq ri hohfwurfkhplfdo rvfloodwruv

wkh yrowdpphwulf eudqfkhv kdv ehhq qhjohfwhg1 Wkh vwulnlqj ihdwxuh ri doo ri wkhp
frqvlvwv lq dw ohdvw rqh srwhqwldo uhjlrq zlwk d qhjdwlyh gl�huhqwldo uhvlvwdqfh +QGU,/
zklfk/ dv vhhq lq fkdswhu 7/ 8/: dqg ; lv lpphgldwho| olqnhg wr pdq| h{shulphqwdo
hohfwurfkhplfdo lqvwdelolwlhv ghvfulehg lq wkh olwhudwxuh vridu1 Lq fdq kdsshq/ wkrxjk/
+�KQGU� rvfloodwruv,/ wkdw wkh qhjdwlyh gl�huhqwldo uhvlvwdqfh pd| rqo| eh ylvleoh
rq d idvw wlph vfdoh1 Vwloo/ dv zloo eh vkrzq wkhruhwlfdoo| lq wkh qh{w vhfwlrq/ xqolnh
suhylrxv frqmhfwxuhv ^59` rqh vkrxog eh fdxwlrxv zkhq mxgjlqj iurp wkh vkdsh ri wkh
L@! fxuyh dorqh/ zkhwkhu dq revhuyhg QGU lv olqnhg wr wkh uhohydqw h{shulphqwdo
lqvwdelolw|1

Lq xsfrplqj vhfwlrqv/ lw zloo dovr eh lqyhvwljdwhg zkhwkhu wkh lpshgdqfh vshfwuxp
ri dq h{shulphqwdo rvfloodwru uljrurxvo| uhsuhvhqwv d vx!flhqw fulwhulrq iru d phfk0
dqlvwlf fdwhjrul}dwlrq dv zdv vxjjhvwhg lq uhi1 ^:7/ 56`1 Wr wklv hqg wkh lpshgdqfh
vshfwud ri vlpsoh hohfwurfkhplfdo rvfloodwruv zloo eh prghoohg1 Iroorzlqj fkdswhu 5/
wkh dgplwwdqfh ri dq hohfwurfkhplfdo surfhvv lqyroylqj srwhqwldo dqg rqh fkhplfdo
yduldeoh b� @ i+�> !, lv hdvlo| fdofxodwhg dv
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Doo sduwldo ghulydwlyhv duh hydoxdwhg dw wkh vwdwlrqdu| vwdwh1 Qrwh wkdw lq ht1 <15
wkh lpshgdqfh vshfwuxp lv d frpelqdwlrq ri doo irxu Mdfreldq hohphqwv dqg grhv
qrw doorz wkh glvwlqfwlrq ri wkhlu lqglylgxdo vljqv1 Wklv zloo ehfrph ri lpsruwdqfh
zkhq gl�huhqw rvfloodwru fodvvhv zloo eh lghqwl�hg e| ihhgedfn frqwuro phwkrgv zklfk/
dv fkdswhu : vkrzhg/ doorz frqfoxvlrqv dv wr wkh vljq ri lqglylgxdo Mdfrel pdwul{
hohphqwv1

Dq xsfrplqj vhfwlrq zloo ghdo zlwk d v|vwhpdwlf rshudwlrqdo surfhgxuh iru wkh
fodvvl�fdwlrq ri dq xqnqrzq hohfwurfkhplfdo rvfloodwru1 Wkh h{shulphqwdo wrrov xvhg
gxulqj wklv fdwhjrul}dwlrq surfhgxuh lqfoxgh erwk frqyhqwlrqdo hohfwurfkhplfdo whfk0
qltxhv dqg qrq0vwdqgdug whvwv hvshfldoo| ghvljqhg iru d phfkdqlvwlf uhfrqqdlvvdqfh ri
rvfloodwru| v|vwhpv1 Lq sduwlfxodu/ wkh wrrov lqfoxgh

� srwhqwlrvwdwlf dqg jdoydqrvwdwlf L2X fxuyhv iru wkh dvvhvvphqw ri wkh vwdwlrqdu|
srodul}dwlrq ehkdylru

� phdvxulqj wkh elixufdwlrq ehkdylru +Krsi elixufdwlrq +KE,/ dqg vdggoh0qrgh
elixufdwlrq, zlwk uhvshfw wr wkhlu uhodwlyh orfdwlrq dw frqvwdqw h{whuqdo uhvlvwdqfh
U > pruhryhu/ wkh vkdsh ri wkh elixufdwlrq gldjudp lq wkh X0U sodqh

� srwhqwlrvwdwlf dqg jdoydqrvwdwlf lpshgdqfh phdvxuhphqwv iru wkh lqyhvwljdwlrq
ri wkh g|qdplfv rq ydu|lqj wlph vfdohv

� ihhgedfn frqwuro whvwv + bL@X / b�@X> b�@L, iru wkh dvvhvvphqw ri wkh phfkdqlvwlf



Phfkdqlvwlf fodvvl�fdwlrq ri hohfwurfkhplfdo rvfloodwruv 4<:

Iljxuh <04= Frpprq w|shv ri vwdwlrqdu| fxuuhqw2srwhqwldo fxuyhv dw ydqlvklqj rkplf
uhvlvwdqfh U rffxulqj lq hohfwurfkhplfdo rvfloodwruv1 Vwdelolw| ri wkh vwdwlrqdu| srlqwv
lv qrw h{solflwo| lqglfdwhg1 d, vlpsoh Q +pd| eh klgghq rq d idvw wlph vfdoh,/ e,
frpsoh{ Q/ f, vlpsoh V/ g, frpsoh{ V

uroh ri fhuwdlq vshflhv dv zhoo dv iru wkh gluhfw lqyhvwljdwlrq ri wkh vljqv ri wkh
Mdfreldq pdwul{1

<16 Sulqflsdo phfkdqlvwlf fodvvhv ri hohfwurfkhplfdo rv0
floodwruv dqg wkhlu h{shulphqwdo fkdudfwhulvwlfv

Lq uhi1 ^:7`/ Nrshu vxjjhvwv d phfkdqlvwlf fdwhjrul}dwlrq ri hohfwurfkhplfdo rvflood0
wruv edvhg rq wkh h{shulphqwdo frqwuro prgh dqg lpshgdqfh vshfwud1 Doo rvfloodwru|
phfkdqlvpv frqvlghuhg e| Nrshu lqfoxghg dw ohdvw rqh dxwrfdwdo|wlf +svhxgr,vshflhv1
Wkh suhvhqw fdwhjrul}dwlrq vfkhph hoderudwhv rq Nrshu*v vxjjhvwlrqv +l, e| xvlqj
phfkdqlvwlf fulwhuld udwkhu wkdq h{shulphqwdo frqglwlrqv iru wkh glvwlqfwlrq ri rvflood0
wru| fdwhjrulhv +ll, e| h{whqglqj wkh fodvvl�fdwlrq e| dq dgglwlrqdo sulqflsdo rvfloodwru
fodvv +lll, e| d ghwdlohg lqyhvwljdwlrq ri sxuho| srwhqwlrvwdwlf rvfloodwruv ^:7` dqg +ly, e|
wkh lghqwl�fdwlrq dqg fkdudfwhul}dwlrq ri iuhtxhqwo| rffxuulqj rvfloodwru| vxefodvvhv1
Wkh fxuuhqw vhfwlrq dovr wulhv wr vnhwfk wkh txdolwdwlyh h{shulphqwdo ehkdylru ri wkh
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uhvshfwlyh rvfloodwru fodvvhv zkhq hqfrxqwhuhg lq h{shulphqwv1 Wkh suhvhqw fodvvl�0
fdwlrq shuwdlqv wr hohfwurfkhplfdo rvfloodwruv frqwdlqlqj dw ohdvw rqh dxwrfdwdo|vlv1
Wkxv/ wkh jurxs ri rvfloodwru| prghov lqwhqwlrqdoo| ohiw rxw khuh lv wkh kljko| h{0
rwlf fodvv ri qrqdxwrfdwdo|wlf rvfloodwruv ^55;` zklfk duh wkhruhwlfdoo| frqfhlydeoh/ |hw
udwkhu luuhohydqw xqwlo dq h{shulphqwdo v|vwhp ri wklv w|sh lv lghqwl�hg1

Wkh glvwlqfwlrq ri wkh sulqflsdo rvfloodwru| fdwhjrulhv uhihuv wr wkh phfkdqlvwlf
uroh ri wkh grxeoh od|hu srwhqwldo ! lq wkh suhvhqfh ri dw ohdvw rqh dxwrfdwdo|vlv1 Wkh
vfkhph lqfoxghv

� Fodvv L/ zkhuh ! lv qrqhvvhqwldo/ zkloh erwk wkh dxwrfdwdo|vlv dqg wkh vorz
vshflhv duh sxuho| fkhplfdo

� Fodvv LL/ zkhuh ! lv wkh hvvhqwldo vorz yduldeoh zlwk wkh dxwrfdwdo|vlv vwloo fkhp0
lfdo

� Fodvv LLL dqg YL/ zkhuh ! lv dxwrfdwdo|wlf/ zlwk d fkhplfdo vshflhv iruplqj wkh
vorz/ qhjdwlyh ihhgedfn1 Ghvslwh wkh frpprq ihdwxuhv erwk fdwhjrulhv h{klelw
yhu| glvwlqfw g|qdplfdo ehkdylru1

<1614 Fodvv L= vwulfwo| srwhqwlrvwdwlf rvfloodwruv

Phfkdqlvwlf ihdwxuhv

Vwulfwo| srwhqwlrvwdwlf rvfloodwruv hvvhqwldoo| uhsuhvhqw sxuho| fkhplfdo rvfloodwruv lq0
yroylqj dw ohdvw rqh hohfwurfkhplfdo vwhs/ l1h1 rqh fkhplfdo uhdfwlrq lv dvvrfldwhg zlwk
fkdujh0wudqvihu dw dq hohfwurgh lqwhuidfh1 Wkh lqvwdelolw| ri wkhvh rvfloodwruv lv qrw
ri hohfwulfdo qdwxuh1 Wkh lqwhuidfldo srwhqwldo gurs ! lv qrqhvvhqwldo dqg lq sulqflsoh
qhhg wkhuhiruh qrw eh frqvlghuhg lq g|qdplfdo prgholqj ri wkh grplqdwlqj lqvwdelolw|1
Frqvhtxhqwo|/ lw lv d fuxfldo ihdwxuh ri fodvv L rvfloodwruv wkdw fxuuhqw rvfloodwlrqv shu0
vlvw hyhq lq wkh h{shulphqwdo olplwlqj fdvh ri ydqlvklqj h{whuqdo uhvlvwdqfh U zkhuh
! uhpdlqv frqvwdqw dqg fdq eh uhjdughg dv sdudphwhu1 \hw iru �qlwh U/ ! ehfrphv
wlph ghshqghqw dqg pd| hyhq eh sduw ri d qrqhvvhqwldo srvlwlyh ihhgedfn orrs1 Iru
fodvv L rvfloodwruv lq sulqflsoh doo L@! fkdudfwhulvwlfv ri Ilj1 <04 duh revhuydeoh1

Dv srlqwhg rxw lq uhi1 ^:7`/ wkh lqvwdelolw| +srvlwlyh ihhgedfn, fdq eh hlwkhu edvhg
rq ghyldwlrqv iurp lghdo Odqjpxlu dgvruswlrq dv zhoo dv dq dgvruedwh0lqgxfhg vxuidfh
skdvh wudqvlwlrqv +ohdglqj wr V dqg frpsoh{ V vkdshg yrowdpphwulf fxuyhv, ru pd|
eh gxh wr d nlqhwlf +v|qhujlvwlf ru frpshwlwlyh, dxwrfdwdo|vlv lqyroylqj rqh ru pruh
vshflhv +ohdglqj wr Q ru V vkdshg fxuyhv dv vkrzq ehorz,1 D ghwdlohg fodvvl�fdwlrq
ri fkhplfdo rvfloodwruv zlwk v|qhujlvwlf dxwrfdwdo|vlv zdv sxw iruzdug e| Hlvzluwk hw
do1 ^66` zkr vwduwhg iurp d pdujlqdoo| vwdeoh dxwrfdwdo|wlf prgho dqg glvwlqjxlvkhg
phfkdqlvwlf rvfloodwru| fodvvhv dffruglqj wr wkh prgl�fdwlrqv qhfhvvdu| wr rewdlq dq
h{srqhqwldoo| xqvwdeoh prgho1 Prgl�fdwlrqv uhjduglqj wkh vwrlfklrphwu| dqg wkh
nlqhwlfv ri wkh lqlwldo dxwrfdwdo|vlv ohg wr rvfloodwruv ri w|sh 4 dqg 5/ uhvshfwlyho|1
Zkloh w|sh 4 rvfloodwruv dozd|v h{klelw d [SG lq vrph wzr0sdudphwhu sodqh/ lw lv
fkdudfwhulvwlf iru w|sh 5 rvfloodwruv wr qhyhu glvsod| d [SG1
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Wkh g|qdplfv ri vlpsoh prghov ri fodvv L rvfloodwruv

Lq rughu wr looxvwudwh wkh yhuvdwloh g|qdplfv ri rvfloodwruv ri fodvv L lq pruh ghwdlo/ dq
ruljlqdoo| fkhplfdo w|sh05 rvfloodwru prgho zdv vwxglhg qxphulfdoo| zlwk rqh fkhplfdo
vwhs ehlqj dvvrfldwhg zlwk fkdujh wudqvihu1 Wkh rvfloodwru xvhg lv wkh zhoo0nqrzq
Euxvvhodwru ^55<` dqg uhdgv

D
 [ +<16,

5[ . ] - 6[ +<17,

[ - ] +<18,

] - S +<19,

Lwv qhwzrun gldjudp lv jlyhq lq Ilj1 <051 D dqg S duh qrqhvvhqwldo/ zkloh [ lv
wkh hvvhqwldo dxwrfdwdo|wlf vshflhv dqg [ dqg ] irup d qhjdwlyh/ vwdelol}lqj wzr0orrs1
Wkh wlph hyroxwlrq ri vshflhv [ dqg ] lq glphqvlrqohvv yduldeohv lv jlyhq e| wkh wzr
gl�huhqwldo htxdwlrqv

b{ @ d� {� e {. {2} +<1:,

b} @ �{2} . e {� f } +<1;,

zlwk d/e dqg f ghqrwlqj udwh frqvwdqwv1
Fkdujh wudqvihu lq wkh qhjdwlyh ihhgedfn orrs1 Iluvw/ uhdfwlrq vwhs <18 lv dvvxphg

wr eh dq dqrglf hohfwurfkhplfdo surfhvv zlwk wkh Exwohu0Yrophu udwh h{suhvvlrq ehlqj
Wd|oru0h{sdqghg wr �uvw rughu +vhh erog duurz lq Ilj1 <05,1 Wkh uhvxowlqj glphqvlrq0
ohvv hohfwurfkhplfdo v|vwhp uhdgv

b{ @ d� {� +e. !,{. {2} +<1<,

b} @ �{2} . +e. !,{� f} +<143,

� b! @
X
e%

� !

U
e%

� +e. !,{ +<144,

zkhuh %>X
e%

dqg U
e%

ghqrwh wkh uhodwlyh wlph vfdoh ri !/ wkh dssolhg rxwhu srwhq0
wldo dqg wkh glphqvlrqohvv surgxfw ri rkplf vhulhv uhvlvwdqfh +vroxwlrq dqg h{whuqdo
flufxlw, dqg hohfwurgh duhd/ uhvshfwlyho|1 Zkloh iru U

e%

A 3 wkh wrwdo fxuuhqw lv jlyhq
e| m

|J|

@ Le%3�

-e%

/ dw U
e%

$ 3 +vwulfwo| srwhqwlrvwdwlf fdvh, wkh uhodwlrq m
|J|

@ +e.!,{
krogv wuxh dv wkh wklug htxdwlrqv glvdsshduv1

Wkh dvvrfldwhg Mdfreldq vljq pdwul{ ri wkh hohfwurfkhplfdo prgho hydoxdwhg dw dq
xqvwdeoh irfxv qhdu wkh KE uhdgv
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Iljxuh <05= Vwrfklrphwulf qhwzrun gldjudp ri d Fodvv L +vwulfwo| srwhqwlrvwdwlf, rv0
floodwru zlwk d qrq0dxwrfdwdo|wlf hohfwurfkhplfdo uhdfwlrq +wklfn vrolg olqh, looxvwudwhg
e| phdqv ri d prgho ri dq *hohfwurfkhplfdo Euxvvhodwru*= Duurzv frqqhfwlqj vshflhv
v|perol}h fkhplfdo uhdfwlrqv> wrwdo qxpehu ri ihdwkhuv dqg eduev dw d vshflhv ghqrwh
lwv vwrfklrphwulf frh!flhqwv dv hgxfw dqg uhvshfwlyho| surgxfw +qr ihdwkhuv ghqrwhv
d vwrlfklrphwu| dqg nlqhwlf frh!flhqw htxdo wr 4,> qxpehu ri ohiw ihdwkhuv hqfrgh wkh
nlqhwlf frh!flhqw ri wkh vshflhv1

lqglfdwlqj 0 dsduw iurp wkh grplqdwlqj 5{5 xqvwdeoh vxev|vwhp lq [ dqg ] 0 d
srvlwlyh wzr0orrs ehwzhhq ! dqg [ dv zhoo dv d qhjdwlyh wkuhh0orrs1

Wkh srwhqwlrvwdwlf L@! ehkdylru dw ydqlvklqj U
e%

vkrzq lq Ilj1 <06 glvsod|v d
frpsoh{ Q vkdshg fxuyh zlwk wkh vxshufulwlfdo KE orfdwhg rq d eudqfk ri srvlwlyh
vorsh1 Vlplodu wr �qglqjv lq h{shulphqwdo rvfloodwru| v|vwhpv vxfk dv iruplf dflg
r{lgdwlrq +zklfk lv qrw d fodvv L rvfloodwru/ wkrxjk, wkh KE pryhv wr orzhu ydoxhv ri L
dqg ! dv U

e%

lv lqfuhdvhg1 Wkh elixufdwlrq gldjudp lq wkh X
e%

�U
e%

sodqh ri wkh hohf0
wurfkhplfdo prgho lv jlyhq lq Ilj1 <071 Dw U

e%

$ 3/ wkh vxshufulwlfdo KE lv orfdwhg
fdwkrglfdoo| ri wkh vdggoh0qrgh elixufdwlrqv1 Iru lqfuhdvlqj U

e%

> wkh KE srlqw lv vhhq
wr pryh wr dqrglf srwhqwldov zlwk uhvshfw wr wkh orzhu vdggoh0qrgh elixufdwlrq hyhq0
wxdoo| wxuqlqj lqwr d vxefulwldo KE eh|rqg vrph fulwlfdo U

e%

= Vwloo/ dv U dssurdfkhv
lq�qlw| wkh KE vxuylyhv hqdeolqj jdoydqrvwdwlf srwhqwldo rvfloodwlrqv +wkh jdoydqrv0
wdwlf KE ehfrphv vxshufulwlfdo iru voljkwo| orzhu ydoxhv ri d,1 Lq wkh jdoydqrvwdwlf
prgh/ wkh KE srlqw kdv uhdfkhg lwv prvw fdwkrglf orfdwlrq dorqj wkh vwdwlrqdu| frp0
soh{ Q0vkdshg fxuyh ri Ilj1 <061 Reylrxvo|/ wkh lpsrvlwlrq ri d frqvwdqw +ru qhduo|
frqvwdqw/ ghshqglqj rq wkh wlph vfdoh ri !, uhdfwlrq udwh grhv qrw vxssuhvv vxvwdlqhg
srwhqwldo rvfloodwlrqv1 Iljxuh <06 dovr glvsod|v wkh fdofxodwhg idudgdlf lpshgdqfh
vshfwud dw wzr srwhqwldov dorqj wkh yrowdpphwulf sur�oh +4/5,1 Vshfwuxp 4 h{klelwv
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Iljxuh <06= Vwdwlrqdu| L2! ehkdylru ri fodvv L rvfloodwru ht1 <1< wr <144 iru U
e%

$ 3
+vwulfwo| srwhqwlrvwdwlf fdvh,> vrolg dqg gdvkhg fxuyh v|perol}h vwdeoh dqg xqvwdeoh
vwdwlrqdu| vwdwhv/ uhvshfwlyho|1 KE ghqrwhv d Krsi elixufdwlrq srlqw1 Lqvhwv 4 dqg 5=
lpshgdqfh vshfwud dw wkh uhvshfwlyh vwdwlrqdu| vwdwhv1 Sdudphwhu xvhg= d @ 8> e @
63> f @ 3> 3:> � @ 4=

d qhjdwlyh gl�huhqwldo uhvlvwdqfh/ zklfk lv klgghq rq d idvw wlph vfdoh1 Lpsruwdqwo|/
wklv lqglfdwhv wkh irupdoo| dxwrfdwdo|wlf qdwxuh ri ! dw wkhvh sdudphwhuv gxh wr wkh
srvlwlyh wzr0orrs vhhq lq wkh Mdfreldq/ exw zrxog eh plvohdglqj zkhq ghwhuplqlqj
wkh grplqdqw g|qdplfdo lqvwdelolw|1 Wklv lv zk| wkh lpshgdqfh vshfwuxp lq lwvhoi lv
lqvx!flhqw wr xqltxho| glvwlqjxlvk dq rvfloodwru*v phfkdqlvwlf fdwhjru| dv vxjjhvwhg
lq uhi1 ^:7`1 Ilqdoo|/ Ilj1 <08 vfkhpdwlfdoo| ghslfwv wkh h{shulphqwdo yrowdpphwulf eh0
kdylru dw vx!flhqw orz vfdq udwhv xqghu srwhqwlrvwdwlf +vpdoo U

e%

, dqg jdoydqrvwdwlf
frqglwlrqv1 Wkh juh|0vkdghg duhdv lqglfdwh wkh rvfloodwru| uhjlrqv +vpdoo0dpsolwxgh
vlgh qhdu KE,/ zkloh wkh duurzv ghqrwh glvfrqwlqxrxv fxuuhqw +ru srwhqwldo, mxpsv
zkhuh hlwkhu wkh vwdeoh srodul}dwlrq eudqfkhv ru vwdeoh rvfloodwlrqv glvdsshdu1

Fkdujh wudqvihu lq wkh srvlwlyh ihhgedfn orrs1 Qh{w/ uhdfwlrq vwhs <17 ri wkh Euxv0
vhodwru lv dvvxphg wr eh dvvrfldwhg zlwk fkdujh wudqvihu +vhh Ilj1 <09,1 Diwhu lqwur0
gxfwlrq ri dq dgglwlrqdo htxdwlrq iru wkh fkdujh edodqfh ri wkh v|vwhp dqg Wd|oru
h{sdqvlrq ri wkh Exwohu0Yrophu whupv rqh rewdlqv wkh v|vwhp ri hyroxwlrq htxdwlrqv
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Iljxuh <07= Wzr0sdudphwhu elixufdwlrq gldjudp iru wkh hohfwurfkhplfdo rvfloodwru/ ht1
<1< wr <1441 Sdudphwhuv dv lq suhylrxv �jxuh1
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Iljxuh <08= Vfkhpdwlf yrowdpphwulf L @! ehkdylru ri prgho ht1 <1< wr <144 xqghu sr0
whqwlrvwdwlf +xsshu, dqg jdoydqrvwdwlf +orzhu, frqglwlrqv iru U$3 dw �qlwh vfdq udwh>
duurzv lqglfdwh deuxsw vzlwfkhv ri wkh fxuuhqw zkloh vfdqqlqj> juh| duhd zlwk yhuwlfdo
eodfn eduv v|perol}hv wkh hphujhqfh ri fxuuhqw vslnhv lqglfdwlqj fxuuhqw rvfloodwlrqv>
khljkw ri juh| duhd txdoldwlyho| hqfrghv wkh vslnh dpsolwxgh1
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Iljxuh <09= Vwrfklrphwulf qhwzrun gldjudp ri d Fodvv L +vwulfwo| srwhqwlrvwdwlf, rvflo0
odwru zlwk dq dxwrfdwdo|wlf hohfwurfkhplfdo uhdfwlrq +wklfn vrolg olqh/ *hohfwurfkhplfdo
Euxvvodwru*,1

b{ @ d� {� e{. +4 . !,{2} +<145,

b} @ �+4 . !,{2} . e{� f} +<146,

� b! @
X
e%

� !

U
e%

� +4 . !,{2} +<147,

zlwk wkh vdph sdudphwhuv dv ehiruh1 Qrz/ dw U$ 3 +vwulfwo| srwhqwlrvwdwlf fdvh,
m
|J|

@ +4 . !,{2}1
Wkh dvvrfldwhg Mdfreldq vljq pdwul{ hydoxdwhg dw dq xqvwdeoh irfxv uhdgv
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Khuh/ d srvlwlyh wzr0orrs h{lvw ehwzhhq ! dqg ] dv zhoo dv d qhjdwlyh rqh ehwzhhq
! dqg [> ixuwkhupruh wzr srvlwlyh wkuhh0orrsv duh glvfhuqleoh1

Wkh vwulfwo| srwhqwlrvwdwlf yrowdpphwulf sur�oh ri wkh hohfwurfkhplfdo prgho suhvhqwv
lwvhoi txlwh gl�huhqwo| frpsduhg wr wkh suhylrxv rqh dv vhhq lq Ilj1 <0:1 Wkh ryhudoo
L@! fxuyh lv V 0vkdshg zlwk wkh KE rq wkh xsshu eudqfk ri srvlwlyh vorsh1 Durxqg wkh
KE/ wkh idudgdlf lpshgdqfh vkrzv d qhjdwlyh uhdo sduw dw d �qlwh iuhtxhqf| dqg wkhuh0
iruh klgghq rq d vwdwlrqdu| fxuyh zklfk uh hfwv wkh suhvhqfh ri d srvlwlyh ihhgedfn
orrs lq wkh Mdfreldq1 Krzhyhu/ dv phqwlrqhg hduolhu/ iurp lpshgdqfh vwxglhg dorqh
rqh fdq qrw gudz d fohdu0fxw frqfoxvlrq dv wr wkh grplqdqw dxwrfdwdo|wlf yduldeoh1
Iru lqfuhdvlqj uhvlvwdqfhv/ wkh KE pryhv wr pruh fdwkrglf srwhqwldo1 Ilj1 <0; ghslfwv
wkh ixoo elixufdwlrq ehkdylru lq wkh X

e%

�U
e%

sodqh1 Lq frqwudvw wr wkh hohfwurfkhplfdo
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Iljxuh <0:= Vwdwlrqdu| L2! ehkdylru ri fodvv L rvfloodwru ht1 <145 wr <147 iru U
e%

$
3 +vwulfwo| srwhqwlrvwdwlf fdvh,> vrolg dqg gdvkhg fxuyh v|perol}h vwdeoh dqg xqvwdeoh
vwdwlrqdu| vwdwhv/ uhvshfwlyho|1 KE ghqrwhv d Krsi elixufdwlrq srlqw1 Lqvhwv 4 dqg 5=
lpshgdqfh vshfwud dw wkh uhvshfwlyh vwdwlrqdu| vwdwhv1 Sdudphwhu xvhg= d @ 8> e @
63> f @ 3> 3:> � @ 4=

prgho frqvlghuhg deryh/ wkh elvwdeoh dqg rvfloodwru| uhjlph ri wkh suhvhqw prgho grhv
qrw h{whqg wr odujh ydoxhv ri U

e%

vxjjhvwlqj wkh devhqfh ri jdoydqrvwdwlf srwhqwldo
rvfloodwlrqv1 Wklv lv fohduo| gxh wr wkh V 0 vkdshg yrowdpprjudp zklfk judgxdoo|
glvdsshduv lq d fxvs dv wkh uhvlvwdqfh lqfuhdvhv1 Wkh devhqfh ri jdoydqrvwdwlf rv0
floodwlrqv fdq sodxvleo| eh slfwxuhg iurp d pruh sk|vlfdo srlqw ri ylhz= lpsrvlqj
d frqvwdqw uhdfwlrq udwh rq wkh udslgo| ydu|lqj/ dxwrfdwdo|wlf sdwkzd| frqvwlwxwhv d
vhulrxv txhqfklqj ri wkh ghvwdelol}lqj sduw ri wkh phfkdqlvp ohdglqj wr prqrvwdelolw|1
Reylrxvo|/ wkh suhvhqfh ru devhqfh ri jdoydqrvwdwlf lqvwdelolwlhv zlwklq fodvv L sur0
ylghv lqirupdwlrq uhjduglqj wkh orfdwlrq ri wkh hohfwurfkhplfdo vwhs1 Ilqdoo|/ Ilj1 <0<
vfkhpdwlfdoo| lqglfdwhv krz wkh h{shulphqwdo yrowdpprjudp ri wkh hohfwurfkhplfdo
rvfloodwru orrnv olnh dw vx!flhqwo| orz vfdq udwhv1

H{shulphqwdo lghqwl�fdwlrq dqg fkdudfwhul}dwlrq

Orrnlqj dw wkh wkuhh0yduldeoh prgho htxdwlrqv glvfxvvhg deryh wkh hydoxdwlrq zkhwkhu
ru qrw ! lv dq hvvhqwldo yduldeoh lv qrw vwudljkw0iruzdug1 E| gh�qlwlrq ^563/ 564/
66` d qrqhvvhqwldo vshflhv fdq eh nhsw frqvwdqw zlwkrxw txdolwdwlyho| dowhulqj wkh
rvfloodwlrqv lq wkh uhpdlqlqj vshflhv1 Reylrxvo|/ iru dq hohfwurfkhplfdo rvfloodwru/ wkh
qdwxuh ri ! fdq eh whvwhg srwhqwlrvwdwlfdoo| dv U

e%

$ 3 zkdw lv xvxdoo| shuiruphg



539 Phfkdqlvwlf fodvvl�fdwlrq ri hohfwurfkhplfdo rvfloodwruv

Iljxuh <0;= Wzr0sdudphwhu elixufdwlrq gldjudp iru wkh hohfwurfkhplfdo rvfloodwru/ ht1
<145 wr <1471 Sdudphwhuv dv lq suhylrxv �jxuh1

Iljxuh <0<= Vfkhpdwlf yrowdpphwulf L @! ehkdylru ri prgho ht1 <145 wr <147 xqghu
srwhqwlrvwdwlf frqglwlrqv iru U$3 dw �qlwh vfdq udwh> v|perov dv lq Ilj1 <081
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e| phdqv ri d LU frpshqvdwlrq whfkqltxh1 Li iru ydqlvklqj rkplf uhvlvwdqfh fxuuhqw
rvfloodwlrqv shuvlvw/ wkh qrqhvvhqwldo qdwxuh ri ! dqg/ wkhuhiruh/ wkh suhvhqfh ri d
fodvv L rvfloodwru lv ghprqvwudwhg1 Wkrxjk h{shulphqwdoo| hdv| wr lpsohphqw/ surshu
ixqfwlrqlqj ri wkh phwkrg uhtxluhv d suhflvh nqrzohgjh ri wkh rkplf uhvlvwdqfh1

Wklv sureohp fdq eh flufxpyhqwhg e| xvlqj wkh ihhgedfn frqwuro lqwurgxfhg lq
fkdswhu :1 Wkhuh/ lw kdv ehhq vkrzq wkdw 0 zkloh ghfuhdvlqj wkh vhulhv uhvlvwdqfh ri
vroxwlrq h{whuqdo flufxlw 0 wkh vxffhvvixo vxssuhvvlrq ri vxvwdlqhg fxuuhqw rvfloodwlrqv
e| bL@X ihhgedfn frqwuro/ dvvrfldwhg zlwk wkh vxffhvvixo vwdelol}dwlrq ri wkh xqvwdeoh
irfxv/ lv d vx!flhqw fulwhulrq iru wkh suhvhqfh ri wkh olplwlqj fdvh zkhuh ! fdq eh
uhjdughg dv sdudphwhu1 Li/ krzhyhu/ xsrq vwhszlvh orzhulqj U

e%

wkh rvfloodwlrqv fhdvh
lq wkh devhqfh ri ghulydwlyh frqwuro/ wkh v|vwhp lv gh�qlwho| qrw d fodvv L rvfloodwru1

Wkh jdoydqrvwdwlf ehkdylru/ dv glvfxvvhg deryh/ fdq ixuwkhupruh doorz ydoxdeoh
frqfoxvlrqv dv wr wkh orfdwlrq ri wkh fkdujh0wudqvihu vwhs zlwklq wkh fkhplfdo qhwzrun1
Ilqdoo|/ xvlqj b�@L ru b�@X ihhgedfn frqwuro whvwv wkh vljq ri wkh srwhqwldo ghshqghqfh
ri wkh udwh ri fkdqjh ri lqglylgxdo vshflhv/ l1h1 wkh uhvshfwlyh r�0gldjrqdo hohphqw ri
wkh Mdfreldq/ fdq eh ghwhuplqhg1 Wklv surylghv ixuwkhu phfkdqlvwlf lqirupdwlrq dv
wr wkh qdwxuh ri wkh hohfwurfkhplfdo vwhs1

Wr gdwh/ wkhuh lv rqo| d yhu| vpdoo qxpehu ri h{shulphqwdo h{dpsohv ehorqjlqj wr
fodvv L1 Iluvw/ iroorzlqj wkh vfkhph lqglfdwhg deryh/ wkhuh duh h{shulphqwdo h{dpsohv
iru fodvv L zkhuh d sxuho| fkhplfdo rvfloodwru/ vxfk dv wkh Ehorxvry0]kderwlqvnll +E],
uhdfwlrq/ zdv prgl�hg vxfk wkdw dq dssursuldwh uhgr{ uhdfwlrq surfhhgv dw dq hohf0
wurgh lqwhuidfh wkhuhe| lqgxflqj shulrglf lqwhuidfldo fkdujh0wudqvihu ^565/ 566/ 567`1
Lq uhi1 ^565` d E]0olnh v|vwhp +K

2

@Sw@Fh�n@Fhen@EuR3
�

, zdv rshudwhg zlwkrxw
dq| rujdqlf r{lgl}deoh vxevwdqfh vxfk dv pdorqlf dflg1 Lqvwhdg/ d uhgxfwlyh/ hohfwul0
�hg lqwhuidfh +Sw2K

2

@Kn, wrrn fduh ri uhfryhulqj wkh uhgxfhg irup ri wkh fdwdo|vw
+Fh�n@Fhen, dqg wkh irupdwlrq ri eurplgh1 Ilj1 <043 ghslfwv wkh qhwzrun gldjudp
ri wkh phfkdqlvp1 Zkloh KEuR

2

> Fh�n dv zhoo dv Eu3 duh hvvhqwldo vshflhv lq wkh 4F
rvfloodwru ^66`/ wkh 4E rvfloodwru +h{lw ihhgedfn ^66`, lqyroyhv KEuR

2

>Eu
2

dqg Eu3

dv hvvhqwldo vshflhv zlwk wkh hohfwurgh srwhqwldo ehlqj qrqhvvhqwldo lq erwk fdvhv1
Rq wkh edvlv ri wkh h{shulphqwdo �qglqjv lq uhi1 ^438` wkh hohfwurglvvroxwlrq ri

Fx lq frqfhqwudwhg dfhwlf dflg zdv lghqwl�hg dv vwulfwo| srwhqwlrvwdwlf rvfloodwru +vhh
fkdswhu :,1 Wkhuh duh vrph ixuwkhu v|vwhpv zklfk suhvxpdeo| uhodwh wr fodvv L dv
wkhlu fxuuhqw rvfloodwlrqv shuvlvw wr doprvw qhjoljleoh rkplf uhvlvwdqfhv dqg dxwrfdw0
do|wlf fkhplfdo vwhsv duh eholhyhg wr eh lqyroyhg1 H{dpsohv duh wkh hohfwurglvvroxwlrq
ri lurq lq kljko| frqfhqwudwhg qlwulf dflg ^9:/ 568`/ zkhuh dovr dq frpsoh{ Q0vkdshg
L@! sur�oh zdv irxqg dw ydqlvklqj U

e%

> dv zhoo dv wkh hohfwurglvvroxwlrq ri vlolfrq lq
 xrulgh phgld/ idu lq wkh hohfwursrolvklqj uhjlph ^:;`1 Uhfhqwo| d vwulfwo| srwhqwlr0
vwdwlf phfkdqlvpv kdv dovr ehhq sursrvhg iru wkh rvfloodwru| Ih glvvroxwlrq lq dflglf
N

2

Fu
2

R
.

vroxwlrqv ^54<` dw srwhqwldov idu fdwkrglfdoo| ri wkh udqjh zkhuh sdvvlydwlrq
rffxuv1

<1615 Fodvv LL= V0vkdshg srodul}dwlrq

Lq suhylrxv fdwhjrul}dwlrq dssurdfkhv/ olwwoh h{solflw dwwhqwlrq kdv ehhq sdlg wr wkh
suhvhqw phfkdqlvwlf fodvv ri hohfwurfkhplfdo rvfloodwruv/ vlqfh wkh| dsshdu gluhfwo|
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Iljxuh <043= Vnhohwrq uhdfwlrq qhwzrun gldjudp ri dq rvfloodwru| E]0olnh phfkdqlvp
dvvrfldwhg zlwk wkh rvfloodwru| K

2

@Kn@Sw@Fh�n@Fhen@EuR3
�

v|vwhp lq wkh suhvhqfh
ri d uhgr{ fdwdo|vw ^565`1 Dv wkh grxeoh od|hu srwhqwldo lv qrqhvvhqwldo wkh rvfloodwruv
ehorqj wr Fodvv L1 Rwkhu qrqhvvhqwldo fkhplfdo vshflhv duh rplwwhg1
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uhodwhg wr fodvv L> |hw wkhlu phfkdqlvwlf ihdwxuhv duh fohduo| glvwlqfw iurp vwulfwo|
srwhqwlrvwdwlf rvfloodwruv1

Fodvv LL rvfloodwruv frqwdlq d ghvwdelol}lqj phfkdqlvwlf ihdwxuh lqyroylqj rqo| fkhp0
lfdo vshflhv dv g|qdplfdo yduldeohv1 W|slfdoo|/ vxfk ihdwxuhv duh srwhqwldo0ghshqghqw
fkhplfdo vxuidfh skdvh wudqvlwlrqv ehwzhhq d odwwlfh0jdv olnh dqg frqghqvhg dgvrus0
wlrq vwdwh wkdw ohdg wr ghyldwlrqv iurp wkh lghdo Odqjpxlu dgvruswlrq lvrwkhup gxh wr
lqwhudfwlrqv ri wkh dgvruedwhv1 Htxdoo|/ dq| sxuho| fkhplfdo dxwrfdwdo|vlv lqyroylqj
rqh ru pruh dxwrfdwdo|wlf vshflhv dqg dw ohdvw rqh fkdujh0wudqvihu vwhs fdq surylgh
wkh ghvwdelol}lqj phfkdqlvwlf lqjuhglhqw1 Xs wr khuh/ wklv orrnv suhww| pxfk olnh zkdw
kdv ehhq glvfxvvhg hduolhu1 Krzhyhu/ wkh fuxfldo gl�huhqfh wr fodvv L rvfloodwruv lv wkdw
khuh dq dssursuldwh fkhplfdo qhjdwlyh ihhgedfn orrs lv plvvlqj> lqvwhdg/ wkh vorz/ qhj0
dwlyh ihhgedfn lv surylghg e| wkh grxeoh od|hu srwhqwldo ! ehlqj wkhuhe| dq hvvhqwldo
v|vwhp yduldeoh1 Wklv lv zk| xqghu vwulfwo| srwhqwlrvwdwlf frqglwlrqv doo rvfloodwru|
ehkdylru fhdvhv dqg phuho| wkh ghvwdelol}lqj fkhplfdo ihdwxuh ehfrphv ylvleoh lq wkh
vwdwlrqdu| L@! fxuyh zklfk xvxdoo| pdqlihvwv lwvhoi lq d vwulfwo| srwhqwlrvwdwlf elvwdeoh
sur�oh zkhq wkh vwdwlrqdu| fryhudjh ri dq dxwrfdwdo|wlf vshflhv lv sorwwhg yv1 d v|v0
whp sdudphwhu1 Ghshqglqj rq wkh uhodwlrq ehwzhhq dxwrfdwdo|wlf vshflhv dqg idudgdlf
fxuuhqw/ wkh elvwdeoh dgvruswlrq sur�oh jlyhv lghdoo| ulvh wr d +vlpsoh ru frpsoh{, V0 ru
d ]0vkdshg L@! sur�oh ^55:`1 Iru reylrxv uhdvrqv +rshq flufxlw srwhqwldo,/ dq lghdoo|
]0vkdshg yrowdpprjudp fdqqrw h{lvw lq d uhdo hohfwurfkhplfdo v|vwhp/ exw ehfrphv
glvwruwhg wr d frpsoh{ Q0 vkdshg fxuyh +vhh Ilj1 <04,1 Wkh odwwhu sur�oh/ krzhyhu/
lv xqdeoh wr |lhog vxvwdlqhg fxuuhqw ru srwhqwldo rvfloodwlrqv zkhq lqwhudfwlqj zlwk
dq h{whuqdo ordg0olqh +vhh fkdswhu 5,1 Wkhuhiruh/ rqo| V0 vkdshg yrowdpphwulf fxuyhv
qhhg wr eh frqvlghuhg1

D vlpsoh glphqvlrqohvv prgho ri d w|slfdo fodvv LL rvfloodwru ghvfulelqj wkh wlph
hyroxwlrq lq wkh phdq �hog ri wkh fryhudjh � ri d fkhplfdo vshflhv dv zhoo dv ri wkh
grxeoh od|hu srwhqwldo ! uhdgv lq wkh jdoydqrvwdwlf prgh

b� @ n
@

h3ks�hf�D�w+4� �,� n
_

hE�3k�s�h3f�D�w� +<148,

� b! @ m
|J|

� hks�+4� �,= +<149,

Khuh/ ht1 <148 lqyroyhv wkh dg0dqg ghvruswlrq ri d fkhplfdo vshflhv zlwk sduwlfoh
lqwhudfwlrqv ^569`1 Ixuwkhupruh/ ht1 <149 frqwdlqv dq dqrglf lqghshqghqw idudgdlf
fxuuhqw fduulhu +rqh hohfwurq wudqvihu, zlwk qrupdo srwhqwldo uhjxodwlrq1 Sdudphwhuv
n
@

dqg n
_

ghqrwh wkh dg0 dqg ghvruswlrq frh!flhqw/ � wkh wudqvihu frh!flhqw/ i wkh
hohfwurfkhplfdo h{srqhqwldo idfwru dqg � @ F

_,

@t
6J?J

wkh uhodwlyh wlph vfdoh ri ! +F
_,

>
grxeoh od|hu fdsdflwdqfh/ t

6J?J

= fkdujh dvvrfldwhg zlwk d frpsohwh prqrod|hu,1 Wkh
sdudphwhu � fdq eh lqwhusuhwhg dv lqwhudfwlrq sdudphwhu ri wkh dgvruedwhv ^97/ 569`1

Ilj1 <044 looxvwudwhv wkh fdofxodwhg ghshqghqfh ri rvfloodwru| ehkdylru rq wkh
uhodwlyh wlph vfdoh �1 Fohduo|/ dv orqj dv ! h{fhhgv d fulwlfdo wlph vfdoh/ lw lv xqdeoh
wr vhuyh dv qhjdwlyh ihhgedfn dqg rqo| elvwdelolw| fdq eh revhuyhg1 Iru odujhu �>
krzhyhu/ l1h1 zkhq ! ehfrphv vorz/ d vxshufulwlfdo KE elixufdwhv iurp d vdggoh0qrgh
fxuyh1 Wklv uh hfwv d sudfwlfdo sureohp riwhq hqfrxqwhuhg zkhq vhdufklqj iru fodvv
LL rvfloodwruv1 Wkh hohfwulfdo txdqwlw| ! lv dq lqkhuhqwo| idvw yduldeoh frpsduhg wr
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Iljxuh <044= Qxphulfdo wzr0sdudphwhu elixufdwlrq gldjudp ri fodvv LL rvfloodwru/ ht1
<148 dqg <149/ xqghu jdoydqrvwvwlf frqglwlrqv1 Gdvkhg +vrolg, fxuyhv lqglfdwh wkh or0
fdwlrqv ri Krsi +vdggoh0qrgh, elixufdwlrqv1 *rvf* dqg *prqr* lqglfdwh wkh sdudphwhu
uhjlrqv ri srwhqwldo rvfloodwlrqv dqg vwdeoh vwdwlrqdu| ehkdylru/ uhvshfwlyho|> sdudp0
hwhu ydoxhv duh n

@

@ 43> n
_

@ 4> � @ ;> � @ 3=8> i @ 6;=8=

wkh wlph vfdoh ri fkhplfdo surfhvvhv1 Idvw h{shulphqwdo vxuidfh skdvh wudqvlwlrqv
lq frpelqdwlrq zlwk kljko| fdsdflwlyh hohfwurgh vxuidfhv/ krzhyhu/ frxog surylgh dq
dssursuldwh wlph vfdoh iru rvfloodwlrqv1 Wkh wudqvlwlrq iurp d vlpsoh V wr d frpsoh{
V0vkdshg yrowdpphwulf sur�oh lv ghprqvwudwhg lq wkh � � m

|J|

elixufdwlrq gldjudp
+vhh Ilj1 <045,1 Iru phglxp � +8> 8 ? � ? :> 8, d vlpsoh V0vkdshg L@! sur�oh
|lhogv jdoydqrvwdwlf srwhqwldo rvfloodwlrqv eudfnhwhg e| wzr vxshufulwlfdo KE/ zkloh
iru odujh �> wkh vlpsoh V ghirupv lqwr d frpsoh{ V vkdsh1 Ilj1 <046 vkrzv wkh w|slfdo
srwhqwlrvwdwlf X

e%

�U
e%

elixufdwlrq gldjudp ri fodvv LL zlwk elvwdeoh ehkdylru dw orz
dqg rvfloodwru| ehkdylru dw odujh ydoxhv ri wkh rkplf uhvlvwdqfh1 Reylrxvo|/ fodvv LL
rvfloodwruv qhyhu |lhog d [SG1

Wkh w|slfdo/ h{shulphqwdoo| revhuydeoh yrowdpphwulf ehkdylru lv vfkhpdwlfdoo|
ghslfwhg lq Ilj1 <047 iru ydulrxv h{shulphqwdo frqglwlrqv1 Zkloh <047d/ f dqg h vkrz
wkh L@! sur�oh dw ydqlvklqj rkplf uhvlvwdqfh ru/ htxlydohqwo|/ xqghu frqglwlrqv zkhuh
! lv wrr idvw wr rvfloodwh/ Ilj1 <047e/ g dqg i glvsod|v wkh rvfloodwru| uhjlrqv iru dq
dssursuldwh udwlr ri wlph vfdohv1 Qrwh lq Ilj1 <047e/g wkdw jdoydqrvwdwlf rvfloodwlrqv
duh rqo| revhuydeoh rq wkh eudqfk ri qhjdwlyh vorsh/ zkloh srwhqwlrvwdwlf fxuuhqw
rvfloodwlrqv rffxu rq eudqfkhv zlwk srvlwlyh vorsh1 Ilqdoo|/ Ilj1 <048 uhsurgxfhv wkh
fkdudfwhulvwlf lpshgdqfh vshfwuxp phdvxuhg xqghu jdoydqrvwdwlf frqglwlrqv rq wkh
plggoh eudqfk ri wkh V0 vkdshg sur�oh +vhh eodfn grw lq <047,1

Rqfh d fodvv LL rvfloodwru kdv ehhq lghqwl�hg/ b�@X dv zhoo dv b�@L ihhgedfn frqwuro
whvwv fdq eh hpsor|hg lq rughu wr ghflgh zkhwkhu ru qrw wkh fxuuhqw fduulhu lv ri gh0
shqghqw ru lqghshqghqw qdwxuh/ l1h1 zkhwkhu ru qru lw lv frqvxplqj wkh vorz hvvhqwldo
vshflhv1
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Iljxuh <045= Elixufdwlrq ehkdylru ri prgho ht1 <148 dqg <149 lq ghshqghqfh ri wkh
lqwhudfwlrq sdudphwhu � dqg wkh wrwdo fxuuhqw m

|J|

= KE dqg VQ ghqrwh wkh orfdwlrq ri
Krsi elixufdwlrqv dqg vdggoh0qrgh eliuxfdwlrq/ uhvshfwlyho|1 sdudphwhuv dv lq suhylrxv
�jxuh dqg � @ 83=

Iljxuh <046= X
e%

�U
e%

elixufdwlrq gldjudp ri wkh srwhqwlrvwdwlf prgho fruuhvsrqglqj
wr ht1 <148 dqg <1491 Sdudphwhuv dv lq suhylrxv �jxuh zlwk � @ ;=

Wkhuh duh d qxpehu ri hohfwurfkhplfdo rvfloodwru| prghov ghvfulehg lq wkh olwhu0
dwxuh zklfk frqvlghu d fryhudjh0ghshqghqw dgvruswlrq frqvwdqw dv wkh vrxufh ri wkh
lqvwdelolw| ^56:/ 56;/ 56</ 4:3`1 Lq sduwlfxodu/ wkh prgho lq uhi1 ^4:3` forvho| uhvhpeohv
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Iljxuh <047= Vfkhpdwlf fxuuhqw2srwhqwldo fkdudfwhulvwlfv ri fodvv LL rvfloodwruv1 d,
Vwulfwo| srwhqwlrvwdwlf L2! ehkdylru> e, srwhqwlrvwdwlf L2X ehkdylru iru vx!flhqwo|
odujh ydoxh ri U

e%

> f, dqg g, jdoydqrvwdwlf L2! ehkdylru lq wkh fdvh ri d vlpsoh V0
vkdshg srodulvdwlrq fxuyh iru vxefulwlfdo dqg uhvshfwlyho| vxshufulwlfdo ydoxh ri �> h,
dqg i, jdoydqrvwdwlf L2! ehkdylru lq wkh fdvh ri d frpsoh{ V0vkdshg srodulvdwlrq fxuyh
iru vxefulwlfdo dqg uhvshfwlyho| vxshufulwlfdo �1
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Iljxuh <048= Fkdudfwhulvwlf lpshgdqfh gldjudp ri fodvv LL rvfloodwruv dv rewdlqhg dw
wkh srlqwv ri wkh fxuuhqw2srwhqwldo fxuyhv +suhylrxv �jxuh, lqglfdwhg e| wkh eodfn
vrolg flufohv1

wkh fodvv LL0surwrw|sh prgho frqvlghuhg deryh> xqiruwxqdwho|/ krzhyhu/ wkh prgho
zdv ghvljqhg wr ghvfuleh srwhqwldo rvfloodwlrqv gxulqj K

2

�r{lgdwlrq lq wkh suhvhqfh
ri phwdo fdwlrqv zklfk fohduo| gr qrw idoo lq wkh suhvhqw fdwhjru| ^5</ :7/ <;`1 H{shul0
phqwdo hohfwurfkhplfdo v|vwhpv zlwk d V0 vkdshg L@! fkdudfwhulvwlfv zhuh uhsruwhg e|
Hshoerlq hw do1 ^573` zkr vwxglhg wkh hohfwurfu|vwdool}dwlrq ri ]q1 Ilj1 <049 dqg <04:
uhsurgxfh wkh h{shulphqwdo �qglqjv1 Khuh/ wkh idvw g|qdplfv ri ! lpshghv wkh revhu0
ydwlrq ri rvfloodwlrqv1 Dq h{dpsoh iru dq ] vkdshg L@! sur�oh lv wkh hohfwurglvvroxwlrq
ri Vq lq dondolqh phgld ^574` zkhuh rvfloodwlrqv duh jhqhudoo| devhqw1

Lq wkh rvfloodwru| K
2

@Kn@Sw@EuR3
�

v|vwhp lq wkh devhqfh ri phwdo fdwdo|vwv
^565`/ wkh hohfwurgh srwhqwldo pd| ehfrph d qrqdxwrfdwdo|wlf/ hvvhqwldo yduldeoh lq0
yroyhg lq wkh dxwrfdwdo|wlf irupdwlrq ri eurplf dflg +dorqj vlgh zlwk wkh irupdwlrq
ri Eu3/ frpsduh Ilj1 <043,1 Wkxv/ xqghu wkhvh frqglwlrqv wkh hohfwurfkhplfdo v|v0
whp suhvxpdeo| uhsuhvhqw d Fodvv LL rvfloodwru1 Iru ixuwkhu/ surplqhqw h{shulphqwdo
v|vwhpv rqh vkrxog frqvxow wkh olwhudwxuh rq skhqrphqd lq vhplfrqgxfwru sk|vlfv
vxfk dv wkh lpsdfw0lrql}dwlrq euhdngrzq ru wkh sqsq0glrghv zkhuh V0 dqg ]0 vkdshg
yrowdpphwulf sur�ohv duh h{wuhpho| frpprq ^55:`1
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Iljxuh <049= Vwdwlrqdu| V0vkdshg L@! sur�ohv iru wkh hohfwurfu|vwdool}dwlrq ri ]q lq
dflglf phgld dw gl�huhqw lrqlf frqfhqwudwlrqv +dgdswhg iurp ^573`,1

Iljxuh <04:= Lpshgdqfh gldjudp phdvxuhg dw srlqw D ri suhylrxv �jxuh rq wkh V0
vkdshg srodulvdwlrq fxuyh +dgdswhg iurp uhi1 ^573`,1
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<1616 Fodvv LLL= QGU rvfloodwruv

Hqfrpsdvvlqj vrph ri wkh prvw surplqhqw zrunkruvhv dprqj hohfwurfkhplfdo rv0
floodwruv/ wkh suhvhqw phfkdqlvwlf fdwhjru| lv suhvxpdeo| wkh prvw zlgh0vsuhdg dqg/
frqvhtxhqwo|/ kdv ehhq fkdudfwhul}hg prvw iuhtxhqwo| lq wkh hohfwurfkhplfdo olwhudwxuh
^:7/ 56/ 575/ 65`1 Lwv prvw fuxfldo ihdwxuhv duh/ �uvw/ wkdw wkh grxeoh od|hu srwhqwldo !
lv erwk dq hvvhqwldo dqg grplqdqw dxwrfdwdo|wlf yduldeoh rzlqj wr d srwhqwldo uhjlrq
ri qhjdwlyh gl�huhqwldo uhvlvwdqfh dorqj wkh vwdwlrqdu| L@! sur�oh1 Sxuho| fkhplfdo
lqvwdelolwlhv duh w|slfdoo| devhqw1 Vhfrqg/ exw htxdoo| lpsruwdqw/ lv wkh idfw wkdw
wkh fxuuhqw rvfloodwlrqv h{foxvlyho| rffxu rq wkh vwdwlrqdu| L@! eudqfk ri qhjdwlyh
vorsh1 Dw ydqlvklqj rkplf uhvlvwdqfh/ wkh srwhqwldo uhjlrq ri qhjdwlyh vorsh qdwx0
udoo| |lhogv d prqrvwdeoh Q0vkdshg yrowdpphwulf sur�oh +vhh Ilj1 <04 dqg Ilj1 <0
4;d,1 Wkh xqghuo|lqj fkhplfdo fdxvh iru wkh qhjdwlyh uhjxodwlrq fdq eh yhu| glyhuvh
^:6` vxfk dv Iuxpnlq grxeoh od|hu h�hfwv ^4;/ :4`/ dg0 dqg ghvruswlrq ri d fdwdo|vw
^546/ 4:5/ 576/ 577` ru frpshwlwlyh dgvruswlrq ^:6`1 Qrwh wkdw wkh ydulrxv fkhplfdo
fdxvhv iru wkh qhjdwlyh lpshgdqfh pd| lpso| d ydu|lqj qxpehu ri hvvhqwldo vshflhv
dqg wkhuhiruh pd| lq xhqfh wkh qxpehu ri yduldeohv wr eh frqvlghuhg lq prgholqj1

Wkh lqglvshqvdeoh suhvhqfh ri d qhjdwlyh gl�huhqwldo uhvlvwdqfh kdv ohg hohfwur0
fkhplvwv wr frlq wkh whup QGU0rvfloodwru wr ghqrwh v|vwhpv idoolqj lqwr wkh suhvhqw
fdwhjru| ^9</ 5:/ 578`1 Ilj1 <04;d0f vfkhpdwlfdoo| looxvwudwhv wkh f|foryrowdpphwulf
ehkdylru ri QGU rvfloodwruv xqghu vwulfwo| srwhqwlrvwdwlf/ srwhqwlrvwdwlf zlwk h{whuqdo
uhvlvwdqfh dqg jdoydqrvwdwlf frqglwlrqv1 Reylrxvo|/ wkh Q0vkdshg L@! fkdudfwhulvwlf
suhyhqwv jdoydqrvwdwlf rvfloodwlrqv/ lqvwhdg lw ohdgv dozd|v wr elvwdeoh ehkdylru1 Ixu0
wkhupruh/ dv iuhtxhqwo| uhsruwhg lq h{shulphqwdo dqg wkhruhwlfdo vwxglhv/ wkh fkdu0
dfwhulvwlf X

e%

� U
e%

elixufdwlrq gldjudp ri QGU rvfloodwruv lv jlyhq e| wkh [SG
^77/ :4/ 97/ :7/ :5/ 5:`/ ghslfwhg lq Ilj1 7045e1 Wkh rffxuuhqfh ri d [SG zdv dvfulehg
wr vrph lqkhuhqw v|pphwu| lq wkh uhodwlrqv jryhuqlqj wkh v|vwhp g|qdplfv ^:7`/ |hw
kdv qrw ehhq frpsohwho| uhvroyhg wr gdwh1 Gluhfwo| uhodwhg wr wkh elixufdwlrq ehkdy0
lru lv wkh fkdudfwhulvwlf lpshgdqfh vshfwuxp rq wkh plggoh L@! eudqfk zlwk qhjdwlyh
vorsh/ looxvwudwhg lq Ilj1 <04<1 Dv wkh rkplf uhvlvwdqfh lqfuhdvhv/ �uvw d Krsi elixufd0
wlrq lv hqfrxqwhuhg +}hur lpshgdqfh dw �qlwh $, iroorzhg e| d vdggoh0qrgh elixufdwlrq
eh|rqg d fulwlfdo U

e%

1 Wklv lv dqrwkhu zd| wr looxvwudwh zk| jdoydqrvwdwlf rvfloodwlrqv
duh h{foxghg lq wkh suhvhqw fdwhjru|1

Surwrw|sh prghov shuwdlqlqj wr wkh QGU fdwhjru| kdyh h{whqvlyho| ghvfulehg
lq wkh olwhudwxuh ^97/ 56/ 5:`1Wkh| doo lqfoxgh d vrxufh whup +gl�xvlrq/ dgvruswlrq ru
uhdfwlrq, ri vrph vorz fkhplfdo vshflhv +yroxph ru vxuidfh vshflhv, zklfk vxevhtxhqwo|
xqghujrhv rqh ru pruh hohfwurfkhplfdo wudqvirupdwlrqv wkh udwh ri zklfk vkrzv dq Q0
vkdshg ghshqghqfh rq srwhqwldo1 Iurp wkhruhwlfdo frqvlghudwlrqv rqh fdq irupxodwh
wkh qhfhvvdu| dqg vx!flhqw phfkdqlvwlf lqjuhglhqwv ri dq QGU rvfloodwru dv iroorzv=

� wkh sulqflsdo fkdujh0wudqvihu surfhvv frqvlvwv ri rqh ru pruh ghshqghqw idudgdlf
fxuuhqw fduulhuv zlwk dw ohdvw rqh h{klelwlqj dq Q0 vkdshg L@! sur�oh dqg

� d vorz fkhplfdo vshflhv0 frqvxphg e| doo fxuuhqw fduulhuv 0 zklfk lv iruphg ru
wudqvsruwhg e| d srwhqwldo0lqghshqghqw surfhvv1

Nrshu lqglfdwhg wkh vlpsohvw srvvleoh irupxodwlrq ri dq QGU prgho zulwlqj
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Iljxuh <04;= Vfkhpdwlf fxuuhqw2srwhqwldo fkdudfwhulvwlfv iru fodvv LLL +QGU, rvflood0
wruv= d, vwulfwo| srwhqwlrvwdwlf L2! ehkdylru zlwk LU frpshqvdwlrq> wkh eodfn vrolg
flufoh ghqrwhv wkh srlqw dvvrfldwhg zlwk wkh lpshgdqfh vshfwuxp jlyhq lq Ilj1 <0
4</ e, srwhqwlrvwdwlf L2X ehkdylru iru �qlwh rkplf uhvlvwdqfhv/ f, jdoydqrvwdwlf L2!
ehkdylru1 Duurzv/ jud| duhdv dqg eduv dv lq suhylrxv �jxuhv1

Iljxuh <04<= Fkdudfwhulvwlf lpshgdqfh ehkdylru iru fodvv LLL +QGU, rvfloodwruv dv
phdvxudeoh dw srlqw lqglfdwhg �jxuh <04;d1
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b� @ j+�,� i+�> !, +<14:,
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e%

� !

U
e%

� i+�> !, +<14;,

zkhuh j dqg i ghqrwh d vrxufh whup +gl�xvlrq2vruswlrq, dqg d ghshqghqw fxuuhqw
fduulhu zlwk Q0vkdshg L@! sur�oh/ uhvshfwlyho|1

Rqfh dq h{shulphqwdo v|vwhp kdv ehhq lghqwl�hg dv d fodvv LLL rvfloodwru / b�@X ru
b�@L ihhgedfn whvwv fdq khos ghflgh zkhwkhu ru qrw d phdvxudeoh vshflhv vkrzv wkh ds0
sursuldwh uhjxodwlrq zlwk uhvshfw wr ! +r�0gldjrqdo Mdfreldq vljq, lq rughu wr frpso|
zlwk wkh vorz qhjdwlyh ihhgedfn1 Lw lv djdlq qrwhzruwk| wkdw wkh QGU phfkdqlvp
devroxwho| doorzv iru pxowlsoh idudgdlf surfhvvhv dv orqj dv doo wkhvh uhdfwlrqv frqvxph
hlwkhu wkh vorz vshflhv ru vxffhvvlyh lqwhuphgldwhv iruphg e| wkh vorz vshflhv lq wkh
ryhudoo surfhvv1

Surplqhqw h{dpsohv ri QGU rvfloodwruv lqfoxgh wkh hohfwurglvvroxwlrq ri Ih lq
vxoixulf dflg ^579`/ wkh hohfwurfdwdo|wlf uhgxfwlrq ri shur{rglvxoskdwh rq Dj ru Sw lq
dflglf phgld ^4</ :4` ru wkh uhgxfwlrq ri Lq�n lrqv lq wkh suhvhqfh ri VFQ3 ru Fo3

rq Kj ^99/ :3/ 57:`1 Qxphurxv h{shulphqwdo h{dpsohv ri QGU rvfloodwruv duh irxqg
dprqj wkh hohfwurfkhplfdo uhgxfwlrq uhdfwlrq ri dqlrqv dqg ri fdwlrqv lq wkh suhvhqfh
ri vrph fdwdo|vw ^575` dv zhoo dv dprqj wkh v|vwhpv h{klelwlqj phwdo hohfwurglvvroxwlrq
durxqg wkh Iodgh srwhqwldo ^65/ 57;/ 579/ 575`1 Zkloh lq wkh iruphu v|vwhpv wkh
Q0 vkdshg fkdudfwhulvwlf dulvhv gxh wr grxeoh od|hu h�hfwv dqg dg0dqg ghvruswlrq
ri wkh fdwdo|vw/ uhvshfwlyho|/ wkh sdvvlydwlrq qhdu wkh Iodgh srwhqwldo surylghv wkh
qhjdwlyh uhjxodwlrq lq wkh odwwhu v|vwhpv1 Pruhryhu/ hohfwurfdwdo|wlf r{lgdwlrq ri
fhuwdlq rujdqlf ixhov vxfk dv KFRK rq Uk@Lu ^448` ru hwk|ohqh rq Sw ^445` dv
zhoo dv vrph hohfwurghsrvlwlrq uhdfwlrqv duh nqrzq wr ehorqj wr fodvv LLL= Ilj1 <053
glvsod|v wkh w|slfdo hphujhqfh ri fxuuhqw rvfloodwlrqv rq wkh �qhjdwlyh� eudqfk zlwk
lqfuhdvlqj rkplf uhvlvwdqfh lq wkh uhfhqwo| uhsruwhg hohfwur0frghsrvlwlrq ri Fx2Vq
lq wkh suhvhqfh ri odsuro ^549`1 Dqrwkhu uhfhqwo| uhsruwhg h{dpsoh ri fodvv LLL lv
wkh K

2

R
2

0 uhgxfwlrq rq Sw dqg Dj lq dflglf phgld dw vpdoo devroxwh ryhusrwhqwldov
+rvfloodwlrqv uhihuuhg wr dv D lq uhi1 ^64`/ pruh uhfhqwo| ^576/ 577`,1 Zkloh rq Dj wkh Q0
vkdshg vwdwlrqdu| L@! sur�oh dulvhv gxh wr dq dgglwlrqdo/ fdwdo|}hg uhgxfwlrq sdwkzd|
e| vxuidfh vshflhv zklfk ghvrue dw kljkhu qhjdwlyh ryhusrwhqwldov/ wkh frpshwlwlyh
eorfndjh ri fdwdo|wlf vxuidfh vlwhv e| dgvruehg k|gurjhq +dprqj rwkhu wklqjv$, lv
dvvxphg wr eh uhvsrqvleoh iru wkh qhjdwlyh lpshgdqfh revhuyhg rq Sw hohfwurghv1
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Iljxuh <053= Fkdudfwhulvwlf ghshqghqfh ri wkh yrowdpphwulf sur�oh ri fodvv LLL rvflood0
wruv rq wkh rkplf uhvlvwdqfh dv phdvxuhg gxulqj Fx2Vq fr0ghsrvlwlrq lq wkh suhvhqfh
ri odsuro 5735V +dgdswhg iurp uhi1 ^549`,1
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Iljxuh <054= Fkdudfwhulvwlf lpshgdqfh ehkdylru ri fodvv LY +KQGU, rvfloodwruv dw
srlqw lqglfdwhg lq wkh qh{w �jxuh1

<1617 Fodvv LY= KQGU rvfloodwruv

Wkh irxuwk sulqflsdo rvfloodwru fodvv lv uhodwhg wr fodvv LLL lqvridu dv wkh grxeoh od|hu
srwhqwldo ! lv wkh idvw dxwrfdwdo|wlf v|vwhp yduldeoh gxh wr d qhjdwlyh gl�huhqwldo
uhvlvwdqfh zlwk fkhplfdo vshflhv w|slfdoo| surylglqj wkh vorz g|qdplfdo ihhgedfn1
Vlploduo|/ srwhqwlrvwdwlf fxuuhqw rvfloodwlrqv rffxu dw �qlwh rkplf uhvlvwdqfhv rqo|1
Krzhyhu/ lq frqwudvw wr wkh suhfhglqj fodvv/ fodvv LY rvfloodwruv xvxdoo| h{klelw fxuuhqw
rvfloodwlrqv qrw rqo| rq d L@X eudqfk ri qhjdwlyh vorsh/ exw prvw iuhtxhqwo| vkrz
d KE rq d eudqfk zlwk srvlwlyh uhjxodwlrq/ l1h1 zkhuh wkh lpshgdqfh ] A 3 ^97`1
Frqvhtxhqwo|/ d qhjdwlyh gl�huhqwldo uhvlvwdqfh pxvw eh rshudwlyh rq d qrq}hur wlph0
vfdoh/ l1h1 pxvw eh klgghq rq wkh vwdwlrqdu| srodul}dwlrq fxuyh ^97`1 Wkhuhiruh/ wkhvh
rvfloodwruv duh riwhq uhihuuhg wr dv KQGU rvfloodwruv ^5:`1 Wkh fkdudfwhulvwlf ihdwxuh
ri d klgghq qhjdwlyh lpshgdqfh lv lqkhuhqwo| uhodwhg wr wzr ixuwkhu h{shulphqwdo
�qglqjv= Iluvw/ KQGU rvfloodwruv glvsod| vxvwdlqhg jdoydqrvwdwlf srwhqwldo rvfloodwlrqv
dqg/ vhfrqg/ wkh w|slfdo lpshgdqfh vshfwuxp phdvxuhg qhdu wkh KE uhvhpeohv wkh
vfkhph jlyhq lq Ilj1 <054 ^:7/ 56`1 Wkh rffxuuhqfh ri jdoydqrvwdwlf rvfloodwlrqv ixuwkhu
lpsolhv wkh devhqfh ri d [SG lq wkh X �U elixufdwlrq sorw dv rqh Krsi olqh kdv wr
vwd| �rxwvlgh� wkh elvwdeoh uhjlrq iru U$41

Doo h{shulphqwdo ihdwxuhv phqwlrqhg vr idu duh jhqhudoo| ydolg iru dq| KQGU rvflo0
odwru1 Iurp phfkdqlvwlf dqdo|vhv ri qxphurxv KQGU v|vwhpv/ krzhyhu/ lw dsshduhg
sudfwlfdo wr vxeglylgh wkh KQGU fdwhjru| ixuwkhu lqwr dw ohdvw wkuhh vxefdwhjrulhv1
Hdfk vxefdwhjru| h{klelwv wkh jhqhudo ihdwxuhv/ exw rq wrs lv fkdudfwhul}hg e| erwk
vshfl�f phfkdqlvwlf dqg h{shulphqwdo ihdwxuhv rq zklfk wkh vxeglylvlrq lv edvhg1 Lw
wxuqhg rxw wkdw wkh surwrw|sh prghov shuwdlqlqj wr wkh wkuhh KQGU vxefdwhjrulhv fdq
eh ghulyhg iurp wkh vlpsoh QGUprgho ^97` e| voljkw/ |hw fuxfldo phfkdqlvwlf prgl�fd0
wlrqv1 Wkhvh prgl�fdwlrqv zhuh lqlwldoo| prwlydwhg e| wkh pdwkhpdwlfdo uhtxluhphqwv
iru jdoydqrvwdwlf rvfloodwlrqv/ vwloo doorz d sodxvleoh wudqvodwlrq lqwr fkhplfdo whupv1
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Iljxuh <055= Vfkhpdwlf fxuuhqw2srwhqwldo fkdudfwhulvwlfv ri fodvv LY +KQGU, rvflood0
wruv1 d, vwulfwo| srwhqwlrvwdwlf L2! ehkdylru> wkh eodfn vrolg flufoh ghqrwhv wkh srlqw
dvvrfldwhg zlwk wkh lpshgdqfh vshfwuxp jlyhq lq wkh suhylrxv �jxuh/ e, srwhqwlr0
vwdwlf L2X ehkdylru iru �qlwh ydoxhv ri U/ f, jdoydqrvwdwlf L2! ehkdylru1 Duurzv/ jud|
duhdv dqg eduv dv lq suhylrxv �jxuhv1

Fodvv LY14= Srwhqwldo0ghshqghqw vrxufh ri wkh lqklelwru

Wkh vlpsohvw zd| wr rewdlq dq KQGU rvfloodwru iurp dq QGU prgho lv wr dvvxph
d srwhqwldo0ghshqghqw vrxufh whup ri wkh vorz/ lqklelwlqj vshflhv ^97`1 Vwduwlqj zlwk
ht1 <14: dqg <14; dqg dvvxplqj d srwhqwldo ghshqghqw dgvruswlrq ri �> rqh fdq
vkrz wkdw wkh w|slfdo yrowdpphwulf sur�oh ri wkh KQGU rvfloodwlrqv duh uhfryhuhg1
+vhh Ilj1 <055, Wkh vriw wudqvlwlrq wr vxvwdlqhg rvfloodwlrqv rffxuv dw vpdoo devroxwh
ryhusrwhqwldov/ zkloh wkh kdug wudqvlwlrq +vdggoh0orrs, lv revhuyhg dw odujh srwhqwldo
ydoxhv1 Wkh dgglwlrqdo srwhqwldo ghshqghqfh lqwurgxfhv d fhuwdlq v|pphwu|0euhdnlqj
^:7` +qr [SG, zklfk hqdeohv jdoydqrvwdwlf rvfloodwlrqv1

Dowkrxjk lw dsshduv dv d vpdoo vwhs iurp QGU wr LY14/ wr gdwh wkhuh lv qr h{shu0
lphqwdo h{dpsoh zklfk idoov lq wkh LY14 fdwhjru|1
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Fodvv LY15= Wkh K
2

@ID jurxs

Wklv vxefdwhjru| w|slfdoo| lqyroyhv dq lqghshqghqw fxuuhqw fduulhu/ l1h1 d idudgdlf
surfhvv frqvxplqj qrqhvvhqwldo vshflhv rqo|> e| lwvhoi lw h{klelwv d qrupdo srwhqwldo
uhjxodwlrq1 Prgho fdofxodwlrqv vkrzhg wkdw wkh fxuuhqw fduulhu pd| hyhq eh srwhqwldo0
lqghshqghqw +gl�xvlrq olplwhg fxuuhqw,1 Dv irxqg lq prvw h{shulphqwdo LY15 v|vwhpv/
wkh surgxfwlrq dqg uhprydo ri dq hvvhqwldo fkhplfdo vshflhv rq d idvw wlph vfdoh/ khuh
ghqrwhg �

�

> prgxodwhv wkh L@! fkdudfwhulvwlfv/h1j1 gxh wr vxuidfh eorfnlqj/ vxfk wkdw
d Q0vkdshg sur�oh rffxuv1 Ilqdoo|/ d vhfrqg vorz hvvhqwldo fkhplfdo vshflhv/ khuh
ghqrwhg �

2

> dggv wr wkh phfkdqlvp surylglqj wkh qhjdwlyh ihhgedfn1 H{shulphqwdo
v|vwhpv ixuwkhu whdfk wkdw hlwkhu wkh surgxfwlrq dqg2ru wkh uhprydo ri �

2

duh srwhqwldo
ghshqghqw1 Lpsruwdqwo|/ wkh g|qdplfv ri wkh vorz vshflhv fryhuv xs wkh Q0 vkdshg
sur�oh ri wkh !> �

�

vxev|vwhp vxfk wkdw wkh KQGU ihdwxuhv duh rewdlqhg mxvw olnh lq
wkh LY14 fdvh +vhh Ilj1 <055,1 Lw iroorzv wkdw LY15 v|vwhpv uhtxluh wkuhh yduldeohv iru
d surshu g|qdplfdo ghvfulswlrq/ hyhq wkrxjk 0 iurp d pdwkhpdwlfdo srlqw ri ylhz 0
wkh !> �

�

vxev|vwhp pd| eh htxdoo| uhsodfhg e| d vlqjoh hyroxwlrq htxdwlrq ri ! zlwk
Q0vkdshg sur�oh1 D surwrw|sh prgho dqg wkh dvvrfldwhg Mdfreldq vljq pdwul{ ri d
fodvv LY15 v|vwhp zhuh ghvfulehg lq fkdswhu :1

Lw lv reylrxv wkdw d h�hfw ri vxuidfh eorfnlqj ri �
�

fdq eh prvw hdvlo| ghvljqhg e|
frpshwlwlyh dg0 dqg ghvruswlrq zkhuh fdwdo|wlf fxuuhqw fduulhuv duh frqfhuqhg zklfk
uhtxluh iuhh vxuidfh vlwhv1 Wkhuhiruh/ lw lv ri olwwoh vxusulvh wkdw hohfwurfdwdo|wlf uhdfwlrq
v|vwhpv vxfk dv K

2

r{lgdwlrq lq wkh suhvhqfh ri phwdo fdwlrqv dqg dqlrqv ^5<` ru wkh
r{lgdwlrq ri rujdqlf ixhov +vhh fkdswhu 7 ru ^548/ 575`, idoo lqwr wklv fodvv1 Dovr wkh
qlfnho glvvroxwlrq v|vwhp lq wkh wudqvsdvvlyh uhjlrq fdq eh whqwdwlyho| fodvvl�hg khuh
^57</ 583`1

Fodvv LY16= Wkh LR3
�

jurxs

Wklv vxefdwhjru| fdq eh ghulyhg iurp dq QGU lq d suhww| vlpsoh/ vwudljkw0iruzdug
pdqqhu1 Dgglqj dq dssursuldwh dqrglf lqghshqghqw fxuuhqw fduulhu wr wkh dqrglf
QGU v|vwhp +ht1 <14:/<14;, |lhogv wkh v|vwhp

b� @ j+�,� i+�> !, +<14<,

b! @
X
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� !

U
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� i+�> !,� k+�> !, +<153,

zklfk vkrz wkh w|slfdo jhqhudo ihdwxuhv ri dq KQGU rvfloodwru1 Khuh/ k+�> !,
pxvw qrw gluhfwo| frqvxph �= Wkh dgglwlrqdo fxuuhqw surylglqj uhdfwlrq doorzv iru wkh
wrwdo fxuuhqw wr eh glylghg dprqj hlwkhu idudgdlf surfhvv1 Wklv dggv dq dgglwlrqdo
ghjuhh ri iuhhgrp wr wkh v|vwhp dqg doorzv wkh uhfryhu| ri � dw kljk ydoxhv ri !
uhvxowlqj lq jdoydqrvwdwlf olplw f|fohv +vhh fkdswhu ; iru ghwdlov,1 Gxh wr wkh vlplodu
prgho vwuxfwxuh wkh Mdfreldq vljq pdwul{ ri fodvv LY16 rvfloodwruv fruuhvsrqgv wr wkdw
ri fodvv LY141 Krzhyhu/ dv srlqwhg rxw lq fkdswhu ;/ wkh elixufdwlrq gldjudp dqg
yrowdpphwulf sur�ohv gl�hu vljql�fdqwo| frpsduhg wr wkh suhylrxv vxefdwhjrulhv dv
wkh vhtxhqfh ri kdug dqg vriw elixufdwlrq wr rvfloodwru| ehkdylru lv uhyhuvhg +vhh Ilj1
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;06 dqg ;046,1
Wkh reylrxv h{dpsoh iru wklv jurxs lv wkh hohfwurfdwdo|wlf LR3

�

uhgxfwlrq v|vwhp/
glvfxvvhg lq fkdswhu ;/ dv zhoo dv uhodwhg v|vwhpv vxfk dv wkh Ih+FQ,�3

S

uhgxfwlrq
rq Sw ^63` ru wkh Ih+FQ,e3

S

r{lgdwlrq surfhvv ^53;`1 Pruhryhu/ wkh hohfwurfdwdo|wlf
uhgxfwlrq ri V

2

R23

H

uhgxfwlrq/ rq Sw dqg Dj dq QGU v|vwhp lq qhxwudo2dondolqh ph0
gld/ �pxwdwhv� lqwr d KQGU v|vwhp lq dflglf vroxwlrqv dv wkh k|gurjhq uhgxfwlrq lv
vkliwhg wr kljkhu srwhqwldov ryhuodsslqj zlwk wkh V

2

R23

H

uhgxfwlrq surfhvv1 Dqrwkhu
uhfhqwo| uhsruwhg h{shulphqwdo h{dpsoh lv wkh dqrglf glvvroxwlrq ri Se0Dj door| hohf0
wurghv lq dflglf vxoskdwh hohfwurghv ^54:` zkhuh r{|jhq hyroxwlrq lv vxshulpsrvhg
rq sdvvlydwlqj hohfwurgh surfhvvhv ohdglqj wr d klgghq QGU zklfk frxog eh fohduo|
lghqwl�hg e| lpshgdqfh vshfwurvfrs|1 Ilqdoo|/ wkh K

2

R
2

0 uhgxfwlrq v|vwhp rq Sw lq
dflglf vroxwlrqv dw kljk K

2

R
2

frqfhqwudwlrqv dqg kljk qhjdwlyh ryhusrwhqwldov +rvflo0
odwlrqv E lq uhi1 ^64`, lv suhvxpdeo| ri wkh LY16 w|sh/ vlqfh wkh Q0vkdshg fkdudfwhulvwlf
dw vpdoo qhjdwlyh ryhusrwhqwldov +rvfloodwlrqv D lq ^64`, lv vxshulpsrvhg e| qrupdoo|
uhjxodwhg K

2

0 hyroxwlrq1 Wkxv/ lqwhuhvwlqjo|/ wkh K
2

R
2

0 uhgxfwlrq v|vwhp h{klelwv
erwk dq QGU dqg d KQGU rvfloodwru lq gl�huhqw uhjlrqv ri ryhusrwhqwldo gxh wr wkh
vdph qrqolqhdu ihdwxuh1

Lw fdq qrw eh h{foxghg wkdw wkh yhuvdwloh g|qdplfv ri wkh KQGU rvfloodwruv fdq
eh uhdol}hg lq fkhplfdo dqg phfkdqlvwlf zd|v rwkhu wkdq looxvwudwhg deryh> wklv zrxog
vxjjhvw wkh lqwurgxfwlrq ri ixuwkhu KQGU vxefdwhjrulhv1 Zkloh LY16 vkrxog eh glvwlq0
jxlvkdeoh rq wkh edvlv ri lwv elixufdwlrq ehkdylru/ LY14 dqg LY15 fdq eh glvwlqjxlvkhg
e| wkhlu Mdfreldq vljq pdwul{ xvlqj ihhgedfn frqwuro wrrov +vhh fkdswhu :,1

<17 Dq rshudwlrqdo surfhgxuh iru phfkdqlvwlf fodvvl�fd0
wlrq

Rq wkh edvlv ri wkh phfkdqlvwlf fkdudfwhul}dwlrq dqg fdwhjrul}dwlrq ri wkh suhfhglqj
vhfwlrqv/ lw lv srvvleoh wr ghvljq d v|vwhpdwlf h{shulphqwdo vwudwhj| iru wkh fodvvl�0
fdwlrq ri xqnqrzq hohfwurfkhplfdo rvfloodwruv1 Wkh pdlq sxusrvh ri dq lqlwldo fdw0
hjrul}dwlrq olhv lq wkh jdlq ri ydoxdeoh lqirupdwlrq rq wkh qdwxuh ri wkh hvvhqwldo
vshflhv/ rq wkh urohv ri lqglylgxdo vshflhv dqg rq ixuwkhu phfkdqlvwlf ihdwxuhv vxfk dv
fxuuhqw fduulhuv hwf1 Iurp wklv nqrzohgjh wkh h{shulphqwhu fdq vwduw h{sorulqj wkh
ghwdlohg fkhplvwu| zlwk d udwkhu glvwlqfw vhqvh ri sxusrvh1 Wkh iroorzlqj rshudwlrqdo
surfhgxuh lv looxvwudwhg lq Ilj1 <0561

Vwhs 4= Lghqwl�fdwlrq ri vwulfwo| srwhqwlrvwdwlf rvfloodwruv

Wkh xqnqrzq hohfwurfkhplfdo rvfloodwru �uvw qhhg wr eh h{dplqhg zlwk uhvshfw wr
wkh h{lvwhqfh ri vxvwdlqhg fxuuhqw rvfloodwlrqv dw ydqlvklqj rkplf uhvlvwdqfh/ l1h1 dw
odujh hohfwuro|wh frqgxfwlylwlhv1 Wklv lv qhfhvvdu| vlqfh rwkhu whvwv vxfk dv lpshgdqfh
vshfwud gr qrw xqltxho| vshfli| dq rvfloodwru dw wklv srlqw ri wkh fodvvl�fdwlrq surfh0
gxuh1 Lq fdvhv zkhuh d fohdu ghflvlrq uhpdlqv grxewixo/ wkh g|qdplfdo L@X ihhgedfn
frqwuro whvwv dv zhoo dv wkh LU frpshqvdwlrq whfkqltxh pd| khos gudz fohdu frqfox0
vlrqv1 Wkh vxffhvvixo dssolfdwlrq ri wkh L@X whfkqltxh suryhv/ zkhuhdv wkh fhdvh ri
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wkh rvfloodwlrqv iru ghfuhdvlqj U glvsuryhv wkh suhvhqfh ri d fodvv L rvfloodwru1 Ixuwkhu0
pruh/ jdoydqrvwdwlf rvfloodwlrqv uxoh rxw dq hohfwurfkhplfdo dxwrfdwdo|vlv dqg b�@X dqg
b�@L frqwuro whvwv ri lqglylgxdo/ phdvxudeoh vshflhv surylgh wkh vljq ri wkhlu srwhqwldo
uhjxodwlrq dqg khos ghwhuplqh wkhlu orfdwlrq zlwklq wkh phfkdqlvp1

Vwhs 5= Lghqwl�fdwlrq ri fodvv LL rvfloodwruv

Dw wklv srlqw ri wkh surfhgxuh/ d V0vkdshg/ elvwdeoh vwulfwo| srwhqwlrvwdwlf sur�oh
hylghqfhv wkh suhvhqfh ri vrph sxuho| fkhplfdo elvwdelolw|1 Wkh yrowdpphwulf sur�oh
pd| eh whvwhg jdoydqrvwdwlfdoo| iru V ru frpsoh{ V ehkdylru dv zhoo dv srwhqwlrvwdw0
lfdoo| dw odujh uhvlvwdqfhv1 Dq lpshgdqfh vshfwuxp vlplodu wr Ilj1 <048 vkrxog eh
revhuydeoh rq wkh plggoh eudqfk1 Wkhq/ b�@X dqg b�@L frqwuro whvwv ri wkh vorz/ lq0
klelwlqj vshflhv khos ghflgh zkhwkhu wkh fxuuhqw surylglqj uhdfwlrq lv d ghshqghqw
ru lqghshqghqw fxuuhqw fduulhu1 Iru h{dpsoh/ vxssrvlqj dq hohfwurfkhplfdo r{lgdwlrq
v|vwhp/ d ghshqghqw +lqghshqghqw, fxuuhqw fduulhu lpsolhv iru wkh Mdfreldq hohphqw
Y

�

w

Y�

A 3 + Y
�

w

Y�

? 3,1

Vwhs 6= Lghqwl�fdwlrq ri QGU rvfloodwruv

Dw wklv vwdjh ri wkh fdwhjrul}dwlrq surfhgxuh/ wkh lpshgdqfh vshfwuxp ru htxly0
dohqwo| wkh yrowdpphwulf sur�oh dv zhoo dv wkh X0U elixufdwlrq gldjudp uhfhlyh wkh
fodvvl�fdwlrq0uhodwhg lpsdfw dvfulehg wr wkhp lq uhi1 ^:7`1 Jdoydqrvwdwlf rvfloodwlrqv
gh�qlwho| uxoh rxw dq QGU rvfloodwru/ zkhuhdv elvwdelolw| xqdpeljxrxvo| hylghqfhv
wkh suhvhqfh ri wkh odwwhu1 Dovr/ lpshgdqfh vshfwud ru dq [SG fdq vhuyh dv lghqwli|0
lqj fulwhuld iru d fodvv LLL rvfloodwru1 Dv glvfxvvhg hduolhu/ wkh phfkdqlvwlf yduldwlrqv
ri QGU v|vwhpv duh suhww| pxfk olplwhg wr wkh fkhplfdo lpsohphqwdwlrq ri wkh Q0
vkdshg fkdudfwhulvwlfv> wklv xvxdoo| idflolwdwhv wkh lghqwl�fdwlrq ri wkh fxuuhqw fduulhuv
ru wkh vorz vshflhv1 Wkhuhdiwhu/ d nlqhwlf prgho fdq uhdglo| eh irupxodwhg dffruglqj
wr wkh surwrw|sh prgho lqglfdwhg deryh1

Vwhs 7= Uhvroxwlrq ri wkh dssursuldwh KQGU fodvv

E| ghidxow/ wkh hohfwurfkhplfdo rvfloodwru xqghu lqyhvwljdwlrq pxvw qrz ehorqj wr
wkh irxuwk fdwhjru|1 Lpshgdqfh vshfwud rq L@! eudqfkhv ri srvlwlyh vorsh dv zhoo dv
f|foryrowdpphwulf gdwd fdq frq�up wkh ghidxow frqfoxvlrq1

� Vwhs 714= Lghqwl�fdwlrq ri fodvv LY16

Qh{w/ wkh vhtxhqfh ri wkh kdug dqg vriw elixufdwlrqv wr olplw f|fohv lq wkh X
e%

�U
e%

elixufdwlrq gldjudp ru/ pruh hdvlo|/ rq d vlqjoh f|foryrowdpphwulf vfdq +jdoydqrvwdwlf
ru srwhqwlrvwdwlf, qhhg wr eh frqvlghuhg1 Wkh vhtxhqfh vriw wudqvlwlrq +vxshufulwlfdo
Krsi elixufdwlrq, 0 kdug wudqvlwlrq +vdggoh0orrs elixufdwlrq, iru lqfuhdvlqj devroxwh
ryhusrwhqwldov surylghv hylghqfh wkdw doo grplqdqw fxuuhqw fduulhuv duh hlwkhu ghshq0
ghqw ru lqghshqghqw/ zkloh d uhyhuvhg vhtxhqfh vxjjhvw wkh suhvhqfh ri erwk w|shv ri
fxuuhqw fduulhuv/ l1h1 0 zlwklq rxu fodvvl�fdwlrq vfkhph 0 vxjjhvwv wkh suhvhqfh ri d
LR3

�

jurxs rvfloodwru +fodvv LY16,1 Lq pdq| h{shulphqwdo v|vwhpv/ wkh vorz vshflhv lv
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Iljxuh <056= Vxppdu| ri dq rshudwlrqdo phwkrg iru wkh h{shulphqwdo fodvvl�fdwlrq
ri dq xqnqrzq hohfwurfkhplfdo rvfloodwru +FF @ fxuuhqw fduulhu,1 Ghwdlov rq wkh
h{shulphqwdo surfhgxuh duh jlyhq lq wkh wh{w1
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dvvrfldwhg zlwk wkh grplqdqw hohfwurdfwlyh uhdjhqw/ zkhuhdv wkh vxshulpsrvhg dggl0
wlrqdo idudgdlf surfhvv qhhgv wr eh vhdufkhg iru1 Wkh suhfhglqj vhfwlrq looxvwudwhg dq
dssursuldwh surwrw|sh prgho dssolfdeoh iru LR3

�

jurxs rvfloodwruv1

� Vwhs 715= Glvwlqfwlrq ehwzhhq fodvv LY14 dqg fodvv LY15

Lq pdq| h{shulphqwdo rvfloodwruv/ lw lv lpphgldwho| reylrxv iurp wkh hohfwuro|wh
frpsrvlwlrq ru wkh h{shulphqwdo frqglwlrqv zkhwkhu wkh grplqdwlqj idudgdlf sur0
fhvvhv duh frqvxplqj hvvhqwldo ru qrqhvvhqwldo vshflhv/ l1h1 zkhwkhu wkh fxuuhqw fduul0
huv duh ghshqghqw ru lqghshqghqw/ uhvshfwlyho|1 Li wklv lv qrw wkh fdvh/ wkh dssolfdwlrq
ri b�@X dqg b�@L whvwv xvlqj wkh vorz fkhplfdo vshflhv khosv ghflgh wkh qdwxuh ri wkh
idudgdlf surfhvv1 Frqfoxvlrqv duh gudzq iurp wkh vdph dujxphqwv dqg uhodwlrqv dv
phqwlrqhg lq vwhs 51 Li wkh grplqdqw idudgdlf surfhvv frqvxphv wkh vorz vshflhv/
reylrxvo| d fodvv LY14 rvfloodwru lv suhvhqw> rwkhuzlvh wkh lqyhvwljdwhg v|vwhp idoov
lqwr wkh LY15 fdwhjru|1 Lq wkh odwwhu fdvh/ rqh pd| qhhg wr vhdufk iru dq dgglwlrqdo
idvw vshflhv +fdwdo|vw/ frpshwlwlyh vshflhv, h{klelwlqj dq lqyhuvh srwhqwldo uhjxodwlrq
Y

�

w

Y�

frpsduhg wr wkh vorz lqklelwru1 Khuh djdlq/ wkh b�@X dqg b�@L ihhgedfn frqwuro
whvwv surylgh d uholdeoh wrro lq �qglqj dssursuldwh fdqglgdwhv1

<18 Frqfoxglqj uhpdunv

Lq dq dwwhpsw wr uhdfk d sudfwlfdo rshudwlrqdo surfhgxuh iru udslg phfkdqlvwlf fdwhjr0
ul}dwlrq ri xqnqrzq hohfwurfkhplfdo rvfloodwruv/ wkh fxuuhqw fkdswhu vhw r� wr frpsloh/
jurxs dqg vxssohphqw uhohydqw phfkdqlvwlf dqg h{shulphqwdo ihdwxuhv uhjduglqj rv0
floodwru| skhqrphqd lq hohfwurfkhplvwu|1

Wkh fdwhjrul}dwlrq vfkhph uhtxluhg wkh suhvhqfh ri dw ohdvw rqh +hohfwur,fkhplfdo
dxwrfdwdo|vlv lq dq rvfloodwru*v phfkdqlvp iru wkh v|vwhp wr eh fodvvl�deoh/ wkhuhe|
h{foxglqj wkh h{rwlf fodvv ri qrqdxwrfdwdo|wlf rvfloodwruv1 Zkloh wkh sulqflsdo irxu
fodvvhv uhsuhvhqw d frpsohwh fodvvl�fdwlrq vfkhph/ lw lv qrw h{foxghg wkdw wkh lqwur0
gxfwlrq ri ixuwkhu vxefdwhjrulhv pd| ehfrph dssursuldwh lq wkh ixwxuh1

Hpskdvlv kdv ehhq sodfhg rq wkh qrwlrq ri ylhzlqj hohfwurfkhplfdo rvfloodwruv dv
v|vwhpv zklfk 0 wr vrph h{whqw 0 fdq eh ghfrpsrvhg lq lqglylgxdo g|qdplfdo ixqf0
wlrqdo vxexqlwv wkdw/ lq wxuq/ pd| eh wudqvodwhg lq fkhplfdo whupv1 Wklv ylhz reyl0
rxvo| vxjjhvwv d vrphzkdw pruh g|qdplfv0rulhqwhg dssurdfk wrzdug wkh fodul�fdwlrq
ri hohfwurfkhplfdo rvfloodwruv= wkh lqlwldo dvvhvvphqw ri uhohydqw g|qdplfdo ihdwxuhv/
h1j1 wkh fdwhjru|/ wkh uroh ri vshflhv/ wkh g|qdplfdo qdwxuh ri idudgdlf surfhvvhv/
doorzv d udwkhu gluhfwhg/ vxevhtxhqw dqdo|vlv e| wudglwlrqdo fkhplfdo whfkqltxhv1

Reylrxvo|/ iru vdnh ri vlpsolflw| dqg fohduqhvv wkh wkhruhwlfdo fodvvl�fdwlrq riwhq
uhihuuhg wr wkh vlpsohvw dqg sxuhvw uhdol}dwlrq ri dq rvfloodwru fodvv srvvleoh1 Uhdo
h{shulphqwdo v|vwhpv iuhtxhqwo| h{klelw pruh frpsoh{ ehkdylru vxfk dv pl{hg0prgh
rvfloodwlrqv dqg2ru fkdrwlf ehkdylru ^65`1 Riwhq wklv uhvxowv iurp wkh suhvhqfh ri pruh
wkdq rqh rvfloodwru zlwklq wkh ryhudoo fkhplfdo phfkdqlvp/ dv h{hpsol�hg h{shulphq0
wdoo| lq wkh iruplf dflg r{lgdwlrq +fkdswhu 7 dqg 8, ru/ pruh jhqhudoo|/ lq wkh jhqhudo
surwrw|sh prgho iru pl{hg0prgh ehkdylru uhsruwhg lq uhi1 ^5:` zkhuh dq QGU dqg
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d KQGU rvfloodwru duh vxshulpsrvhg1 E| dssursuldwh h{shulphqwdo lvrodwlrq ri rvflo0
odwru| vxev|vwhpv/ krzhyhu/ d vlqjoh0rvfloodwru fodvvl�fdwlrq fdq |hw eh shuiruphg lq
wkhvh fdvhv1


