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�Ghu dqghuh Xpvwdqg/ ehu zhofkhq hv plu qùwklj vfkhlqw/ qrfk hlqljh
Zruwh klq}x}xi jhq/ ehwul�w glh Iudjh/ zlh vlfk glh Pùjolfknhlw vrofkhu
Xpnhkuxqjhq ehukdxsw plw ghu hohnwurfkhplvfkhq Wkhrulh yhuhlqljhq oç w1
Pdq vroowh qçpolfk phlqhq/ gd / vredog ghu hohnwulvfkh Jhjhqvdw} }zl0
vfkhq ghq ehlghq Phwdoohq gxufk glh Yhuçqghuxqjhq dxi Qxoo khudejhnrp0
phq lvw/ glhvhu qhxwudoh ]xvwdqg vlfk iruw xqg iruw hukdowhq p wh1 Gd
glhv qlfkw zlunolfk ghu Idoo lvw/ ghxwhw zrko vhku ehvwlppw gdklq/ gd hv ghu
hohnwulvfkh Jhjhqvdw} qlfkw doohlq lvw/ zhofkhu ehl Wuhqqxqj xqg Elogxqj
fkhplvfkhu Yhuelqgxqjhq lqv Vslho nrppw/ vrqghuq gd dxfk dqghuh/ mh0
ghp Nùushu hljhqwk polfkh Ehvfkd�hqkhlwhq/ glh zrko kdxswvçfkolfk lq
ghvvhq Frkçvlrqv}xvwdqg xqg jhexqghqhu Zçuph olhjhq pùfkwhq/ klhuehl
prgl�}lhuhqg plwzlunhq1 Glh ehvwlppwh Duw mhgrfk/ zlh glhv jhvfklhkw/
olhjw ohlghu qxu }x vhku i u xqv qrfk lp Gxqnhoq1�

P1J1Wk1 Ihfkqhu/ Mdkuexfk ghu Fkhplh xqg Sk|vln/ 86LL +4;5;, 483

Lqlwldo vlwxdwlrq

Iru d orqj wlph/ ed"lqj vsdwlrwhpsrudo vhoi0rujdql}dwlrq skhqrphqd lq hohfwurfkhp0
lvwu| xqghu idu0iurp0htxloleulxp frqglwlrqv +*glvvlsdwlyh vwuxfwxuhv*, kdyh ohiw fkhplvwv
lq d vwdwh ri foxhohvvqhvv dv wr wkh xqghuo|lqj sk|vlfdo ruljlqv1 Uhfhqwo|/ krzhyhu/ d
jhqhudo iudphzrun uhjduglqj wkh frqglwlrqv iru wkh rffxuuhqfh ri whpsrudo hohfwur0
fkhplfdo lqvwdelolwlhv/ l1h1 sulpdulo| nlqhwlf rvfloodwlrqv/ kdv vxffhvvixoo| ehhq dgydqfhg
^56/ 5:`1 Vwloo/ d frxqwohvv qxpehu ri phfkdqlvwlf k|srwkhvhv duh ehlqj sxw iruzdug
iru lqglylgxdo rvfloodwlqj hohfwurfkhplfdo uhdfwlrqv glvuhjduglqj wkh uhfhqw wkhruhwlfdo
surjuhvv ^468/ 464/ 458`1

Vsdwldo skhqrphqd rq hohfwul�hg lqwhuidfhv 0 hyhq wkrxjk orqj nqrzq 0 rqo| uh0
fhqwo| ehfdph wkh irfxv ri pruh dqg pruh uhvhdufk dfwlylwlhv/ krzhyhu duh vwloo udwkhu
srruo| xqghuvwrrg1 Wklv lv ehfdxvh wkh qxpehu ri uhdfwlrqv nqrzq wr h{klelw sdw0
whuqv/ hvshfldoo| dprqj hohfwurfdwdo|wlf v|vwhpv/ lv olplwhg1 Lq sduwlfxodu/ wkh qdwxuh
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ri wkh vsdwlrwhpsrudo sdwwhuqv revhuyhg lq hohfwurfdwdo|vlv vr idu lv udwkhu vlpsoh
^69/ 5:/ 4;<` frpsduhg wr wkdw nqrzq iurp rwkhu fkhplfdo sdwwhuq0iruplqj v|vwhpv
^84/ 4;:/ ;:/ 4;8/ 4;9/ 4<7`1

Ilqdoo|/ uhvhdufk dfwlylwlhv hpskdvl}lqj wkh sudfwlfdo xvhixoqhvv ri vhoi0rujdql}lqj
uhjlphv lq hohfwurfkhplfdo v|vwhpv kdg odujho| ehhq qhjohfwhg wr gdwh1 Wklv zloo
judgxdoo| fkdqjh lq wkh qhdu ixwxuh/ dv wkh phfkdqlvwlf ixqgdphqwdov duh vx!flhqwo|
uhvroyhg1

Wkh suhvhqw zrun

Wkh sulpdu| jrdo ri wkh suhvhqw wkhvlv zdv wr frqwulexwh wr wkh nqrzohgjh dqg xqghu0
vwdqglqj ri vsdwlrwhpsrudo g|qdplfv lq hohfwurfkhplfdo/ sduwlfxoduo| hohfwurfdwdo|wlf/
v|vwhpv1 Sulpdu| hpskdvlv zdv sodfhg rq wkuhh lvvxhv= +4, D qxpehu ri lqglylgxdo
rvfloodwru| hohfwurfdwdo|wlf v|vwhpv/ vxfk dv wkh iruplf dflg r{lgdwlrq ru wkh lrgdwh
uhgxfwlrq/ zhuh fkdudfwhul}hg h{shulphqwdoo|/ iroorzhg e| wkh ghyhorsphqw ri ghwdlohg
nlqhwlf prghov lq rughu wr uhsurgxfh wkh frpsoh{ h{shulphqwdo g|qdplfv1 Wkhuhe| d
fohdu xqghuvwdqglqj ri wkh phfkdqlvwlf ruljlqv zdv dfklhyhg/ dqg suhglfwlrqv frqfhuq0
lqj h{shulphqwdo uhjlphv ehfdph srvvleoh1 +5, Vsdwlrwhpsrudoo| shulrglf sdwwhuqv
rq wkh hohfwurgh lqwhuidfh zhuh iru wkh �uvw wlph revhuyhg lq dq hohfwurfdwdo|wlf uh0
dfwlrq v|vwhp1 Pruhryhu/ frxqwhu0lqwxlwlyh *uhprwh wuljjhulqj* ri sursdjdwlqj zdyhv
surylghg lpsruwdqw lqvljkw lq wkh frxsolqj phfkdqlvpv rshudwlqj lq hohfwurfkhplfdo
v|vwhpv lq jhqhudo1 +6, D frpsuhkhqvlyh fdwhjrul}dwlrq vfkhph iru hohfwurfkhpl0
fdo rvfloodwruv edvhg rq phfkdqlvwlf fulwhuld zdv vxjjhvwhg1 Wkh vfkhph frpslohv dqg
frpsduhv uhohydqw nqrzohgjh rq wkh ruljlq dqg pdqlihvwdwlrq ri rvfloodwru| ehkdylru lq
hohfwurfkhplvwu|1 Pruhryhu/ d sudfwlfdo h{shulphqwdo surfhgxuh iru wkh udslg phfkd0
qlvwlf fodvvl�fdwlrq zdv sxw iruzdug lqyroylqj g|qdplfdo ihhgedfn frqwuro whfkqltxhv/
wkh xvhixoqhvv ri zklfk iru glvwlqjxlvklqj fkhplfdo phfkdqlvpv zdv ghprqvwudwhg
h{shulphqwdoo| lq dq hohfwurfdwdo|wlf rvfloodwru1

+4, Lq fkdswhuv 7 dqg 8/ wkh hohfwurfdwdo|wlf iruplf dflg r{lgdwlrq rq Sw vlqjoh
fu|vwdov zdv lqyhvwljdwhg1 Wklv uhdfwlrq kdv uhfhqwo| dwwudfwhg frqvlghudeoh dwwhqwlrq/
vlqfh lw lv nqrzq wr eh d fuxfldo lqwhuphgldwh vwhs gxulqj wkh r{lgdwlrq ri phwkdqro
rq qreoh phwdo fdwdo|vwv/ zklfk uhfhqwo| kdv jdlqhg hqruprxv whfkqrorjlfdo lpsru0
wdqfh lq wkh frqwh{w ri ixho0fhoo uhodwhg dssolfdwlrqv ^584`1 Wkh rvfloodwru| r{lgdwlrq
ri iruplf dflg zdv fkdudfwhul}hg e| yrowdpphwulf phdvxuhphqwv rq orz0lqgh{ vlqjoh
fu|vwdov Sw+433,/ Sw+443, dqg Sw+444, lq dflglf vroxwlrqv1 Wkh wkuhh fu|vwdo idfhv
h{klelwhg glvwlqfw ehkdylru frqfhuqlqj wkh vkdsh/ wkh shulrg dqg wkh srwhqwldo udqjh
ri wkh fxuuhqw rvfloodwlrqv1 Dsduw iurp vlpsoh shulrg04 rvfloodwlrqv/ pl{hg0prgh rv0
floodwlrqv zhuh irxqg rq Sw+433, zklfk wudqviruphg lqwr shulrg04 rvfloodwlrqv xsrq
vx!flhqwo| vwurqj vwluulqj1 Yrowdpphwulf vwxglhv ri wkh FR r{lgdwlrq vxev|vwhp suh0
fhghg wkh iruplf dflg h{shulphqwv lq rughu wr vwhszlvh lqfuhdvh wkh frpsoh{lw| ri
wkh v|vwhpv xqghu lqyhvwljdwlrq1 Fkdswhu 8 irfxvhg rq wkh ghyhorsphqw ri d ghwdlohg
fkhplfdo uhdfwlrq phfkdqlvp iru wkh iruplf dflg r{lgdwlrq xqghu wkh frqglwlrqv hp0
sor|hg lq fkdswhu 71 Wkh phfkdqlvp zdv edvhg rq wkh fodvvlfdo gxdo0sdwk k|srwkhvlv
dgydqfhg e| Fdsrq dqg Sduvrqv ^455/ 485` dqg lqwhqwlrqdoo| nhsw dv vlpsoh dv srv0
vleoh= Iroorzlqj uhfhqw h{shulphqwdo �qglqjv/ olqhdu FR zdv dvvxphg dv vroh vxuidfh
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srlvrq/ qr ydfdqw vlwh uhtxluhphqw zdv lqfoxghg lq wkh r{lgdwlrq ri FR dqg txdvl0
uhyhuvleoh RK srlvrqlqj zdv wdnhq wr dffrxqw iru ghfuhdvlqj uhdfwlrq udwhv dw kljkhu
ryhusrwhqwldov1 Vwuxfwxudo vxuidfh fkdqjhv zhuh lqwhqwlrqdoo| qhjohfwhg dv wkhuh zdv
qr hylghqfh iru wkhlu g|qdplfdo uhohydqfh1 Wkh prgho zdv ghyhorshg vwhszlvh/ �uvw
iru FR r{lgdwlrq/ wkhq iru iruplf dflg r{lgdwlrq/ lq rughu wr plqlpl}h wkh qxpehu
ri sdudphwhu wr eh �wwhg wr h{shulphqwdo gdwd1 Iru wkh �uvw wlph lw zdv hylghqfhg
e| nlqhwlf vlpxodwlrqv xvlqj uhdolvwlf sdudphwhuv wkdw wkh gxdo0sdwk phfkdqlvp lv lq
idfw deoh wr uhsurgxfh doo uhohydqw h{shulphqwdo ihdwxuhv qhdu dqg idu iurp htxloleulxp
vxfk dv vwhdg| vwdwhv/ wkh rvfloodwru| uhjlphv/ wkh pl{hg0prgh uhjlphv/ wkh rvfloodwru|
zdyh vkdshv/ wkh elixufdwlrq gldjudpv dv zhoo dv wkh vwluulqj ehkdylru ^486/ :5`1 Wkh
udwh ri vxuidfh srlvrqlqj dorqh zdv irxqg wr eh vx!flhqw wr dffrxqw iru wkh vwuxf0
wxudo ghshqghqfh ri wkh vkdsh ri wkh rvfloodwlrqv rq wkh vlqjoh fu|vwdov1 Wkxv/ wkh
gxdo0sdwk phfkdqlvp fdq qrz eh uhjdughg qrw rqo| dv fkhplfdo sodxvleoh exw dovr
dv nlqhwlfdoo| frqvlvwhqw zlwk rvfloodwru| h{shulphqwdo gdwd1 D phfkdqlvwlf dqdo|vlv
uhyhdohg wkh suhvhqfh ri wzr rvfloodwru| vxeqhwzrunv/ rqh ehorqjlqj wr wkh QGU dqg
wkh rwkhu wr wkh KQGU rvfloodwru| fdwhjru|1 Lq sdudphwhu uhjlrqv zkhuh erwk rvflo0
odwruv zhuh rshudwlqj/ frpsoh{ g|qdplfv vxfk dv pl{hg0prgh ru dshulrglf ehkdylru
zdv revhuyhg1

Fkdswhu ; ghdov zlwk wkh h{shulphqwdo dqg wkhruhwlfdo lqyhvwljdwlrq ri wkh hohf0
wurfdwdo|wlf uhgxfwlrq ri LR3

�
lq dondolqh vroxwlrqv rq qreoh phwdo hohfwurghv1 Hyhq

wkrxjk r{|kdorjhq dqlrqv kdyh orqj ehhq nqrzq wr eh lqyroyhg lq d juhdw qxpehu
ri vhoi0rujdql}lqj fkhplfdo v|vwhpv/ h1j1 lq wkh Ehorxvry0]kderwlqvnll uhdfwlrq ^585`/
rvfloodwlrqv gxulqj wkh fdwdo|wlf uhgxfwlrq ri LR3

�
dw dq hohfwul�hg lqwhuidfh zhuh rqo|

uhsruwhg derxw d ghfdgh djr1 Wkh rvfloodwru| lrgdwh v|vwhp h{klelwhg erwk srwhq0
wlrvwdwlf dqg jdoydqrvwdwlf rvfloodwlrqv1 Lq frqwudvw wr suhylrxvo| vwxglhg rvfloodwruv
+iruplf dflg/ k|gurjhq r{lgdwlrq,/ krzhyhu/ wkh elixufdwlrq vhtxhqfh iurp vwdeoh wr
rvfloodwru| dqg edfn wr vwdeoh ehkdylru zlwk lqfuhdvlqj rxwhu srwhqwldo2fxuuhqw zdv
uhyhuvhg lqvridu dv wkh vriw +kdug, elixufdwlrq rffxuuhg dw kljk +orz, devroxwh ryhu0
srwhqwldov ru fxuuhqw ghqvlwlhv1 Wkh uhdfwlrq h{klelwhg d Q0vkdshg fxuuhqw2srwhqwldo
sur�oh1 Lq dgglwlrq/ lpshgdqfh vshfwurvfrs| uhyhdohg wkh suhvhqfh ri d klgghq qhj0
dwlyh gl�huhqwldo uhvlvwdqfh1 Fuxfldo iru wkh phfkdqlvwlf fodul�fdwlrq zdv wkh re0
vhuydwlrq wkdw rvfloodwlrqv zhuh dffrpsdqlhg e| ylylg k|gurjhq hyroxwlrq1 Iluvw/ d
vlpsoh surwrw|sh prgho dffrxqwlqj iru rqo| wkh lrgdwh uhgxfwlrq zdv ghyhorshg rq
wkh edvlv ri wkh suhylrxvo| vwxglhg QGU vnhohwrq prghov1 Iurp f|folf yrowdpphwu|
lq frpsdulvrq zlwk lrglgh dgvruswlrq lvrwkhupv lw zdv frqfoxghg wkdw wkh ruljlq ri
wkh qhjdwlyh gl�huhqwldo uhvlvwdqfh pxvw olh lq dq hohfwurvwdwlf uhsxovlrq udwkhu wkdq d
vxuidfh eorfnlqj gxh wr lrglgh dgvruswlrq1 Wkhq/ xsrq vxshusrvlwlrq ri dq dgglwlrqdo
idudgdlf whup dffrxqwlqj iru wkh k|gurjhq exon hyroxwlrq/ l1h1 d vhfrqg fxuuhqw fduu|0
lqj uhdfwlrq lqghshqghqw ri wkh lrgdwh frqfhqwudwlrq/ wkh QGU prgho zdv vkrzq wr
wudqvirup lqwr d prgho iru d KQGU rvfloodwru zlwk wkh elixufdwlrq vhtxhqfh uhyhuvhg
mxvw dv irxqg lq h{shulphqwv1 Edvhg rq wkhvh vshfl�f g|qdplfdo ihdwxuhv/ wkh phfkd0
qlvwlf dqdo|vlv �qdoo| ohg wr wkh lqwurgxfwlrq ri wkh LR3

�
vxejurxs zlwklq wkh KQGU

rvfloodwru jurxs1 Lpsruwdqwo|/ wkh wkhruhwlfdo �qglqj wkdw d vlpsoh QGU rvfloodwru
ehfrphv ri wkh KQGU w|sh lq wkh suhvhqfh ri dq dgglwlrqdo *lqghshqghqw* fxuuhqw
fduulhu surylghg sodxvleoh h{sodqdwlrqv iru d zkroh fodvv ri hohfwurfkhplfdo rvfloodwruv1
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Dw wkh vdph wlph/ suhylrxvo| glvfxvvhg frqyhfwlyh phfkdqlvpv iru wkh rffxuuhqfh ri
rvfloodwru| ehkdylru lq wkh lrgdwh v|vwhpv zhuh lqydolgdwhg1

+5, H{shulphqwdo vsdwlrwhpsrudoo| vhoi0rujdql}lqj vwuxfwxuhv rq hohfwul�hg lqwhu0
idfhv dv zhoo dv wkh qdwxuh ri hohfwurfkhplfdo vsdwldo frxsolqjv zhuh wkh irfxv ri fkds0
whu 91 Hpsor|lqj d flufxodu duud| ri srwhqwldo plfursurehv iru wkh lpdjlqj ri vsdwldo
srwhqwldo lqkrprjhqhlwlhv/ wkh h{shulphqwv vhw rxw wr revhuyh frpsoh{ lqkrprjhqhrxv
srwhqwldo glvwulexwlrqv +*srwhqwldo sdwwhuqv*, dorqj d sro|fu|vwdoolqh Sw ulqj hohfwurgh
gxulqj wkh hohfwurfdwdo|wlf iruplf dflg r{lgdwlrq lq dq dflglf hohfwuro|wh1 Wkh uhihu0
hqfh hohfwurgh zdv sodfhg lq wkh fhqwhu ri wkh ulqj/ zkloh wkh frxqwhu hohfwurgh zdv
d vhfrqg frqfhqwulfdo ulqj hohfwurgh zlwk odujhu gldphwhu1 Iluvw/ wkh hyroxwlrq ri wkh
lqvwdqwdqhrxv srwhqwldo sur�oh zdv prqlwruhg zkhq wkh orfdo v|vwhp g|qdplfv h{kle0
lwhg elvwdelolw|1 Lq djuhhphqw zlwk hduolhu hohfwurfkhplfdo vwxglhv lq elvwdeoh phgld
^68/ 69`/ sursdjdwlqj iurqwv zklfk zhuh orfdoo| wuljjhuhg e| dfwlydwlqj shuwxuedwlrqv
h{klelwhg dffhohudwlqj vkdus lqwhuidfhv frqqhfwlqj d kljk srwhqwldo +orz fxuuhqw ghq0
vlw|, vwdwh zlwk d orz srwhqwldo +kljk fxuuhqw ghqvlw|, vwdwh1 Vxusulvlqjo|/ krzhyhu/
sursdjdwlqj zdyhv frxog dovr eh wuljjhuhg dw uhprwh glvwdqfhv dsso|lqj orfdo sdv0
vlydwlqj shuwxuedwlrqv1 Wklv frxqwhu0lqwxlwlyh qrqorfdo skhqrphqrq wxuqhg rxw wr
eh xqltxh iru wkh hohfwurfkhplfdo pljudwlrq frxsolqj dqg kdv qhyhu ehhq ghvfulehg
ehiruh1 Iru rvfloodwru| orfdo g|qdplfv/ sdwwhuqv shulrglf lq vsdfh dqg wlph frxog
eh revhuyhg +*vwdqglqj zdyh*/ *dqwlskdvh rvfloodwlrqv*,1 Dqg �qdoo|/ kljko| frpsoh{
vsdwlrwhpsrudoo| dshulrglf uhjlphv zhuh phdvxuhg iru voljkwo| gl�huhqw hohfwuro|wh
frqfhqwudwlrqv1 Wkh h{lvwhqfh ri lqkrprjhqhrxv srwhqwldo sdwwhuqv zdv irxqg wr eh
gudvwlfdoo| frqwlqjhqw xsrq wkh devhqfh ri dq| rkplf vhulhv uhvlvwdqfh riwhq xvhg wr
idflolwdwh nlqhwlf rvfloodwlrqv lq hohfwurfkhplvwu| ^97/ 486`1 Uhjduglqj wkh hohfwurfkhp0
lfdo frxsolqj phfkdqlvpv rshudwlqj lq wkh hohfwurfdwdo|wlf v|vwhp/ wkh h{shulphqwdo
�qglqjv fohduo| vxjjhvw wkh suhvhqfh ri d srvlwlyh vkruw0udqjh/ exw qhjdwlyh orqj0
udqjh frxsolqj dfurvv wkh hohfwuro|wh vroxwlrqv lq wkh devhqfh ri dq h{whuqdo rkplf
uhvlvwdqfh1

M1 Fkulvwrsk uhfhqwo| sursrvhg dq lqwhjudo irupdolvp iru wkh ghvfulswlrq ri wkh
uhdfwlrq0pljudwlrq fxuuhqwv rffxuulqj dw hohfwul�hg lqwhuidfhv ^73` zklfk doorzhg iru
wkh dqdo|wlfdo fdofxodwlrq ri wkh vkdsh +udqjh dqg vwuhqjwk, ri wkh hohfwurfkhplfdo
pljudwlrq frxsolqj dfurvv wkh hohfwuro|wh ehwzhhq wzr srlqwv rq wkh hohfwurgh vxuidfh1
Iru wkh vlpsoh h{shulphqwdo jhrphwu| wkh nlqhwlf prgho idyrudeo| uhsurgxfhv wkh
revhuyhg skhqrphqd vxfk dv orfdo dqg uhprwh wuljjhulqj1 Wklv zdv rzlqj wr wkh
vkdsh ri wkh dqdo|wlfdo frxsolqj ixqfwlrq frqvlvwhqwo| vkrzlqj qhjdwlyh +srvlwlyh,
ydoxhv iru srlqwv rq rssrvlwh +wkh vdph, vlghv ri wkh ulqj hohfwurgh1 Wkh dssduhqwo|
qrqorfdo *uhprwh wuljjhulqj* h�hfw zdv vkrzq wr eh d frqvhtxhqfh ri wkh h{wuhpho|
idvw hohfwulfdo pljudwlrq frxsolqj frpsduhg wr wkh wlph vfdoh ri fkhplfdo uhdfwlrqv1
Dgglqj d vorz fkhplfdo vshflhv/ wkh prgho dovr h{klelwhg pruh frpsoh{ ehkdylru vxfk
dv vwdqglqj zdyhv ru dqwlskdvh rvfloodwlrqv1 Xsrq dsso|lqj d vx!flhqwo| odujh h{whuqdo
uhvlvwdqfh wkh prgho suhglfwv wkh glvdsshdudqfh ri qhjdwlyh orqj0udqjh frxsolqj mxvw
dv revhuyhg lq wkh hohfwurfdwdo|wlf h{shulphqwv1

Dsduw iurp wkh h{fhoohqw fruuhvsrqghqfh ehwzhhq prgho dqg h{shulphqwdo gdwd/
wkh suhvhqw vwxg| lqglfdwhv wkh ihdvlelolw| ri d gholehudwh frqwuro ri vsdwldo sdwwhuq
irupdwlrq rq hohfwurfkhplfdo lqwhuidfhv wkurxjk h{shulphqwdoo| dffhvvleoh sdudphwhuv1
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+6, Lq fkdswhu :/ sulpdu| vwuhvv lv sodfhg rq wkh gholehudwh frqwuro ri wkh g|0
qdplfdo vwdwh ri hohfwurfdwdo|wlf rvfloodwruv e| phdqv ri ihhgedfn whfkqltxhv> lw lv
dovr vkrzq wkdw wkh ihhgedfn phwkrgv surylgh ydoxdeoh phfkdqlvwlf lqirupdwlrq dqg/
wkhuhiruh/ duh h{wuhpho| xvhixo iru wkh glvwlqfwlrq ri hohfwurfkhplfdo phfkdqlvpv1 Lq
sduwlfxodu/ xqvwdeoh irfl zhuh wr eh vwdelol}hg e| phdqv ri d ihhgedfn ri h{shulphq0
wdoo| dffhvvleoh/ wlph0ghshqghqw yduldeohv +frqwuro yduldeohv, rq fhuwdlq h{shulphqwdo
sdudphwhuv +frqwuro sdudphwhuv, zlwk wkh v|vwhp sdudphwhuv xqfkdqjhg diwhu vxf0
fhvvixo frqwuro1

Iluvw/ lq wkh rvfloodwru| k|gurjhq r{lgdwlrq lq wkh suhvhqfh ri hohfwurvruelqj
fdwlrqv dqg dqlrqv dv zhoo dv lq wkh iruplf dflg r{lgdwlrq rq Sw hohfwurghv/ lw zdv
vkrzq wkdw wkh ghod|0iuhh ihhgedfn ri wkh lqvwdqwdqhrxv wlph0ghulydwlyh ri wkh wrwdo
fxuuhqw rq wkh rxwhu dssolhg srwhqwldo ohdgv wr wlph0shulrglf uhjlphv ri ydu|lqj dp0
solwxghv udwkhu wkdq wr wkh vwdelol}dwlrq ri d vwhdg| vwdwh1 Iurp qxphulfdo prgholqj
dqg dqdo|wlfdo fdofxodwlrqv wkhvh �qglqjv frxog eh frq�uphg1 Lw frxog ixuwkhu eh
vkrzq dqdo|wlfdoo| wkdw wkh vwdelol}dwlrq ri wkh vwhdg| vwdwh xqghu wkhvh frqglwlrqv lv
d vx!flhqw frqglwlrq iru wkh suhvhqfh ri dq hohfwurfkhplfdo rvfloodwru zkhuh wkh grx0
eoh od|hu srwhqwldo lv qrqhvvhqwldo +vwulfwo| srwhqwlrvwdwlf rvfloodwru,1 Wklv ehkdylru
zdv uhodwhg wr wkh vshfldo irup ri wkh htxdwlrqv iru fkdujh frqvhuydwlrq xvxdoo| hp0
sor|hg lq hohfwurfkhplfdo prgholqj1 Li/ krzhyhu/ wkh lqvwdqwdqhrxv ydoxh ri d fkhplfdo
vshflhv zdv ihg edfn rq wkh rxwhu srwhqwldo ru fxuuhqw/ lq frqwudvw/ wkh vwdelol}dwlrq ri
wkh xqvwdeoh irfl lv srvvleoh1 Wklv zdv ghprqvwudwhg h{shulphqwdoo| lq wkh jdoydqrv0
wdwlf r{lgdwlrq ri k|gurjhq lq d ulqj0glvn duudqjhphqw zkhuh wkh lqvwdqwdqhrxv wlph
ghulydwlyh ri wkh eurplgh fryhudjh zdv ghgxfhg iurp wkh ulqj vljqdo1 Hvvhqwldoo| zkdw
wkh odwwhu ihhgedfn grhv lv wkh h{shulphqwdo ghwhuplqdwlrq ri dq r�0gldjrqdo hohphqw
ri wkh Mdfreldq zklfk fdq eh xvhg iru wkh glvfulplqdwlrq ri rvfloodwru| hohfwurfkhplfdo
phfkdqlvpv dqg wkh ghwhuplqdwlrq ri wkh g|qdplfdo uroh ri lqglylgxdo vshflhv1

Ilqdoo|/ fkdswhu < vhw rxw wr surylgh d jhqhudo phfkdqlvwlf fdwhjrul}dwlrq ri hohf0
wurfkhplfdo rvfloodwruv frpslolqj uhohydqw gdwd iurp suhylrxv vwxglhv dv zhoo dv iurp
wkh suhfhglqj fkdswhuv1 Irxu sulqflsdo fodvvhv ri hohfwurfkhplfdo rvfloodwruv duh glv0
wlqjxlvkhg ghshqglqj rq wkh phfkdqlvwlf uroh ri wkh grxeoh od|hu srwhqwldo !1 Fodvv L
rvfloodwruv lqyroyh ! dv qrqhvvhqwldo yduldeoh/ zkloh lq Fodvv LL ! dfwv dv hvvhqwldo/ |hw
qrq0dxwrfdwdo|wlf yduldeoh1 Lq Fodvvhv LLL dqg LY/ �qdoo|/ ! sod|v lwv *xvxdo* uroh dv
grplqdqw dxwrfdwdo|wlf dqg khqfh hvvhqwldo yduldeoh1 Hpskdvlv zdv dovr sodfhg rq d
gluhfw frpsdulvrq ehwzhhq wkh fodvvhv zlwk uhvshfw wr wkhlu h{shulphqwdo yrowdpphw0
ulf/ lpshgdqfh dqg elixufdwlrq ehkdylru1

Qxphulfdo vwxglhv rq vwulfwo| srwhqwlrvwdwlf rvfloodwruv +Fodvv L, hylghqfhg wkdw
fduh vkrxog eh wdnhq zkhuh dq lpphgldwh fodvvl�fdwlrq rq wkh edvlv ri lpshgdqfh gdwd
lv frqfhuqhg ^:7`1 Vwulfwo| srwhqwlrvwdwlf rvfloodwruv doorz iru yluwxdoo| doo srvvleoh
vkdshv ri lpshgdqfh sorwv dqg wkhuhiruh qhhg wr eh lghqwl�hg �uvw/ iru lqvwdqfh/
e| xvlqj wkh phwkrg ghvfulehg lq fkdswhu :1 D udwkhu h{rwlf jurxs ri rvfloodwruv
zdv wkdw zlwk V0vkdshg yrowdpphwulf L@! sur�ohv +Fodvv LL, zkhuh wkh grxeoh od|hu
srwhqwldo vhuyhv dv wkh vorz hvvhqwldo yduldeoh1 Wkhq/ edvhg rq wkh lqyhvwljdwlrqv jlyhq
lq fkdswhuv 8 dqg ; dv zhoo dv suhylrxv vwxglhv rq hohfwurfdwdo|wlf rvfloodwruv ^5:`/
lw dsshduhg dssursuldwh wr vxeglylgh wkh odujh jurxs ri KQGU rvfloodwruv +Fodvv
LY, lqwr wkuhh vxejurxsv dffruglqj wr wkhlu phfkdqlvwlf *lqjuhglhqwv* uhvsrqvleoh iru
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rvfloodwlrqv1 Lw lv zruwk qrwlqj wkdw wkh frqfhsw ri *ghshqghqw* dqg *lqghshqghqw*
fxuuhqw fduulhuv kdv vljql�fdqwo| frqwulexwhg wr wkh h{whqvlrq dqg uh�qhphqw ri wkh
fodvvl�fdwlrq vfkhph lqvridu dv lw doorzhg d udwkhu suhflvh irupxodwlrq ri wkh g|qdplfdo
uhtxluhphqwv ri QGU dqg KQGU rvfloodwruv1

Fkdswhu < frqfoxghg zlwk dq h{shulphqwdo rshudwlrqdo surfhgxuh iru d v|vwhp0
dwlf fodvvl�fdwlrq ri xqnqrzq hohfwurfkhplfdo rvfloodwruv1 Wklv sudfwlfdo surfhgxuh ri
fodvvl�fdwlrq lv wr vhuyh dv dq lqlwldo dssurdfk wrzdugv dq lghqwl�fdwlrq ri g|qdplfdo
hohphqwv ru urohv ri vshflhv> lw fdq wkhq eh iroorzhg e| d pxfk pruh frqvflrxv vhdufk
iru ghwdlohg fkhplfdo vwhsv qhfhvvdu| iru wkh prgho wr frpso| zlwk h{shulphqwdo gdwd1

Rxworrn

Wkhuh duh d qxpehu ri uhdvrqv zk| vhoi0rujdql}lqj hohfwurfkhplfdo v|vwhpv zloo frq0
wlqxh wr eh srsxodu sdudgljpv iru wkh h{shulphqwdo vwxg| ri idu0iurp0htxloleulxp
skhqrphqd/ zkhwkhu wr whvw wkhruhwlfdo suhglfwlrqv ru wr vhdufk iru ruljlqdo h{shul0
phqwdo g|qdplfv1 Rqh uhdvrq douhdg| phqwlrqhg iru wklv olhv lq wkh pdunhg ghyldwlrqv
iurp wkhuprg|qdplf htxloleulxp zklfk duh xvxdoo| dssolhg zkhq frqgxfwlqj lqwhu0
idfldo hohfwurgh surfhvvhv1 Hohfwurfkhplvwu| dovr r�huv vhyhudo v|vwhp yduldeohv dqg
sdudphwhuv zklfk duh hdvlo| dffhvvleoh dqg hdv| wr frqwuro1 Ilqdoo|/ qrqolqhdulwlhv
duh lqkhuhqwo| suhvhqw lq idudgdlf hohfwurgh surfhvvhv dqg wkh phfkdqlvwlf uhtxluh0
phqwv iru wkh rffxuuhqfh ri vsrqwdqhrxv sdwwhuqv/ h1j1 rvfloodwlrqv/ duh prghudwh1
Dv ghprqvwudwhg lq fkdswhu :/ vsdwldo hohfwurfkhplfdo sdwwhuqv h{klelw txdolwdwlyho|
qhz skhqrphqd gxh wr pljudwlrq frxsolqjv dfurvv wkh hohfwuro|wh dgglqj wr uhdfwlrq
dqg gl�xvlrq1 Vrsklvwlfdwhg wkhruhwlfdo prgholqj e| M1 Fkulvwrsk ^73` kdv suhglfwhg d
wuhphqgrxv ulfkqhvv ri vsdwldo hohfwurgh g|qdplfv |hw wr eh glvfryhuhg lq h{shulphqwv1

Wkh vfdqw| qxpehu ri vsdwldo vwxglhv lq hohfwurfdwdo|vlv fohduo| whvwl�hv wkdw wkh
oltxlg2vrolg lqwhuidfh ri hohfwurfdwdo|wlf v|vwhpv riwhq uhtxluhv pruh vrsklvwlfdwhg
lpdjlqj whfkqltxhv frpsduhg wr rwkhu frpsoh{ fkhplfdo v|vwhpv vxfk dv vxuidfhv xq0
ghu XKY frqglwlrqv/ lq sduwlfxodu zkhuh d frqwlqxrxv prqlwrulqj ri wzr0glphqvlrqdo
hohfwurgh vxuidfhv lv frqfhuqhg ^69/ 586`1 Krzhyhu/ lw lv h{dfwo| wkhvh uhdo frqglwlrqv
wkdw pljkw pdnh frpsoh{ vsdwlrwhpsrudo ehkdylru lq hohfwurfdwdo|vlv dsshdolqj/ vlqfh
wkh jds ehwzhhq dfdghplf dqg whfkqrorjlfdo hohfwurfkhplvwu| lv udwkhu qduurz1

Jhqhudoo|/ lq wkh qhdu ixwxuh/ hohfwurfkhplvwv zrunlqj lq wkh �hog ri vsdwlrwhpsr0
udo sdwwhuqv zloo kdyh wr idfh lqfuhdvlqj h{shfwdwlrqv dv wr wkh sudfwlfdo xvhixoqhvv ri
qrqvwdwlrqdu| ru lqkrprjhqhrxv fkhplfdo vwdwhv/ zklfk lq wxuq zloo lqfuhdvh wkh lq0
fhqwlyh wr wklqn derxw vlwxdwlrqv zkhuh frpsoh{lw| lv vxshulru wr vwdwlrqdulw|1 Wkhuh
duh olqnv lq dexqgdqfh=

Reylrxvo|/ shulrglf ehkdylru lq wlph vdpsohv d zlgh udqjh ri skdvh vsdfh r�hulqj
wkh srvvlelolw| ri d vxvwdlqhg vhoi0uhfryhulqj ri fhuwdlq vxuidfh frqglwlrqv1 Wklv ds0
shduv sodxvleoh/ iru lqvwdqfh/ lq wkh frqwh{w ri wkh shulrglf srlvrqlqj dqg gh0srlvrqlqj
gxulqj vsrqwdqhrxv rvfloodwlrqv lq wkh r{lgdwlrq ri ixhov +fi1 fkdswhu 7 dqg 8, zklfk
pd| hyhq uhvxow lq lqfuhdvhg dyhudjh fxuuhqw ghqvlw| frpsduhg wr vwdwlrqdu| frqgl0
wlrqv1 Lq uhi1 ^458` lw zdv ghprqvwudwhg wkdw d shulrglf shuwxuedwlrq ri d jdoydqrvwdwlf
vwdwlrqdu| vwdwh uhvxowhg lq wkh vxvwdlqhg ghfuhdvh ri vxuidfh srlvrqlqj lqglfdwhg e|
wkh frqvlghudeoh ghfuhdvh lq wkh dyhudjh vxuidfh srwhqwldo1
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Frqyhuvho|/ li vwdwlrqdu| ehkdylru lv uhtxluhg/ exw ehfrphv lqdffhvvleoh gxh wr
vsrqwdqhrxv lqvwdelolwlhv/ frqwuro phwkrgv pd| khos wr h{whqg wkh udqjh ri vwdwlrqdu|
vwdwhv1 Wklv fdq dovr eh udwlrqdol}hg e| wkh yrowdpphwulf sur�oh ri wkh k|gurjhq
r{lgdwlrq= Dw srwhqwldov qhdu wkh pd{lpxp fxuuhqw ghqvlwlhv rq wkh dqrglf eudqfk/
wkh vwdwlrqdu| vwdwhv whqg wr ehfrph xqvwdeoh/ exw fdq eh vwdelol}hg e| dssursuldwh
ihhgedfn phwkrgv1

Frqfhuqlqj hohfwurglvvroxwlrq v|vwhpv/ lw lv zhoo frqfhlydeoh wkdw shuihfw frqwurood0
elolw| ri vwdwlrqdu| vsdwldo sdwwhuqlqj zlwk uhvshfw wr wkh uhdfwlrq udwh ri dq hohfwurglv0
vroxwlrq2hohfwursrolvklqj uhdfwlrq pd| eh h{sorlwhg iru d gholehudwh plfurvwuxfwxulqj
ri hohfwurgh vxuidfhv1 Vxfk d vhoi0rujdql}hg olwkrjudsklf surfhvv pd| kdyh idyrudeoh
surshuwlhv frpsduhg wr frpprq skrwr0 ru hohfwurqehdp0olwrjudsklf whfkqltxhv rzlqj
wr hdv| kdqgolqj1

Dqrwkhu frqfhlydeoh zd| wr ohyhudjh hohfwurfdwdo|vlv shuiruphg xqghu idu0iurp0
htxloleulxp frqglwlrqv frqvlvwv lq h{sorlwlqj wkh glvwlqfw surgxfw vhohfwlylw| ri wzr
frh{lvwlqj vwdwlrqdu| vwdwhv +elvwdelolw|, lq dq hohfwurfkhplfdo phfkdqlvp lqyroylqj
sdudooho uhdfwlrq fkdqqhov1 D frpprq h{dpsoh iru d phfkdqlvp ri wkh odwwhu w|sh lv
wkh dqrglf r{lgdwlrq ri phwkdqro zkhuh FR/ iruplf dflg/ irupdoghk|gh dqg phwk|o0
irupldwh/ KFRRFK�/ duh nqrzq wr eh iruphg1 Iurp g|qdplfdo v|vwhpv wkhru| lw
lv nqrzq wkdw elvwdelolw| lqyroyhv vwdwlrqdu| vwdwhv zklfk duh gudvwlfdoo| glvwlqfw dv
wr wkh udwhv ri lqglylgxdo uhdfwlrq vwhsv1 Hlwkhu vwhdg| vwdwh pd| olwhudoo| wxuq rq d
glvwlqfw sruwlrq ri wkh ryhudoo phfkdqlvp ohdglqj wr gl�huhqw surgxfw udwlrv1 Pruh0
ryhu/ dffruglqj wr wkhru|/ d phuh shuwxuedwlrq lq vrph yduldeoh zlwkrxw fkdqjlqj dq|
sdudphwhu vx!fhv wr vzlwfk wkh v|vwhp iurp rqh grplqdqw surgxfw wr wkh rwkhu1

Krzhyhu/ qrq0vwdwlrqdu| frqglwlrqv lq hohfwurfkhplfdo v|vwhpv pd| eh dgydqwd0
jhrxv qrw rqo| lq d nlqhwlf/ exw dovr lq d wkhuprg|qdplf frqwh{w1 D qxpehu ri
vwxglhv uhsruwhg frqvlghudeoh h!flhqf| lqfuhdvhv lq qrqolqhdu fkhplfdo frpexvwlrq
dqg qrqolqhdu elrfkhplfdo v|vwhpv gxh wr d irufhg shulrglf ru dxwrqrprxvo| shulrglf
frqgxfw ^587/ 588/ 4<;/ 589/ 58:/ 4<:`1 Zkloh lq olqhdu v|vwhpv wkh  x{ M +uhdfwlrq
yhorflw|, lv sursruwlrqdo wr wkh gulylqj irufh ��J zlwkrxw skdvh ghod|/ lq qrqolqhdu
v|vwhpv d shulrglf yduldwlrq ri wkh gulylqj irufh zloo ohdg wr d skdvh0ghod|hg uhvsrqvh
ri wkh  x{/ zklfk fdq lq sulqflsoh h{klelw dq| skdvh dqjoh xvxdoo| ghshqglqj rq wkh
iruflqj iuhtxhqf| $= Ghshqglqj rq wkh skdvh odj dq lqfuhdvh ru ghfuhdvh lq wkh wlph0
dyhudjh ri wkh wrwdo glvvlsdwlrq G @ k��JMl @ kS�?l � kSJ�|l pd| eh revhuyhg
zklfk fruuhvsrqgv wr wkh gl�huhqfh ehwzhhq wkh lqsxw srzhu dqg wkh rxwsxw srzhu1
D vwudljkw0iruzdug zd| wr prgxodwh wkh gulylqj irufh lv wkh prgxodwlrq ri dq lqsxw
sdudphwhu vxfk dv frqfhqwudwlrq hwf1

Iroorzlqj wklv olqh ri dujxphqwv/ rqh fdq sxw iruzdug d wzrirog dujxphqw dv wr
h!flhqf| lqfuhdvhv lq hohfwurfkhplfdo v|vwhpv xqghu dxwrqrprxv ru gulyhq rvfloodwru|
frqglwlrqv/ lq sduwlfxodu zlwk uhvshfw wr frqwlqxrxv hohfwurfkhplfdo hqhuj| frqyhuvlrq
v|vwhp +ixho0fhoov,1

Wkh �uvw dujxphqw uhihuv wr glvvlsdwlrq uhgxfwlrqv lq uhdfwlrq vwhsv qrw dvvrfldwhg
zlwk fkdujh0wudqvihu1 Frqvlghu d pxowl0vwhs ryhudoo kdoi0fhoo uhdfwlrq iurp D wr E zlwk
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vrph lqwhuphgldwh [

D
?J?3S|$ [ +4314,

[ . } h3
S|
 E +4315,

zkhuh vwhs 4314 ghqrwhv d qrqhohfwurfkhplfdo sdwkzd|/ zkhuhdv vwhs 4315 lv d vlp0
soh idudgdlf surfhvv zlwk 0 iru wkh vdnh ri vlpsolflw| 0 d iuhh hqwkdos| h!flhqf|
�C @ 358 {.

Se,,

{Cf�

@ 4 ^58;`1 Ixuwkhupruh/ vwhs 4314 lv wr lqyroyh pxowlsoh fkhp0
lfdo vwhsv doorzlqj iru rvfloodwru| udwhv iru vrph sdudphwhuv +sxuho| fkhplfdo rv0
floodwru,1 Wkh hgxfw D dqg surgxfw E duh qrqhvvhqwldo vshflhv dqg khqfh fdq do0
zd|v eh nhsw frqvwdqw e| phdqv ri d odujh uhvhuyrlu lpso|lqj d frqvwdqw ryhudoo
iuhh hqwkds| �J��= Xqghu vwdwlrqdu| frqglwlrqv/ wkh wrwdo srzhu orvv dprxqwv wr
G @ S�? � SJ�| @ ��J�� M�� . �Jf� Mf� @ ��J�f M�f > l1h1 lqyroyhv wkh
fkhplfdo glvvlsdwlrq ri wkh qrqhohfwurfkhplfdo vwhsv/ zlwk M ghqrwlqj wkh uhvshfwlyh
uhdfwlrq udwh1 Xqghu qrqvwdwlrqdu| frqglwlrqv/ krzhyhu/ h1j1 iru d }hur0dyhudjh prg0
xodwlrq ri [ dvvrfldwhg zlwk }hur0dyhudjh prgxodwlrqv ri doo lqglylgxdo uhdfwlrq udwhv
gxh wr dxwrqrprxv rvfloodwlrqv lq wkh sdwkzd| iurp D wr [/ d frqvwdqw skdvh0odj eh0
wzhhq �J�f dqg M�f dulvhv zlwk �J�� vwloo ehlqj frqvwdqw1 Iru dssursuldwh skdvh
dqjohv wkh wlph0dyhudjh ri wkh fkhplfdo srzhu orvvG @ k��J�f M�fl fdq eh uhgxfhg
frpsduhg wr lwv vwdwlrqdu| ydoxh/ doorzlqj iru dq lqfuhdvh lq wkh dyhudjh hohfwulfdo zrun
shu xqlw wlph dydlodeoh lq wkh hohfwulfdo fluxflw SJ�| @ k��Jf� Mf�l @ k�HSe,, Ll1
Sxw pruh looxvwudwlyho|/ wkh rvfloodwru| frqglwlrqv ohdg wr d odujh udwh ri surgxfwlrq
ri [ zkhq wkh dvvrfldwhg fkhplfdo iuhh hqwkdos| lv vpdoo dqg ylfh yhuvd +fi1 ^587`,1

D vhfrqg dujxphqw uhihuv wr wkh hohfwulfdo srzhu orvv lq dq hqhuj| frqyhuvlrq
v|vwhp +ixho fhoo, ru/ htxlydohqwo|/ lq hohfwuro|vlv1 Lq wkh iruphu fdvh wkh hohfwulfdo
rxwhu fhoo yrowdjh HSe,, gudzq dw �qlwh fxuuhqw lv jlyhq e| HSe,, @ Ho � �+L8 , �
L|J|U� / zkloh wkh rxwhu yrowdjh uhtxluhg iru hohfwuro|vlv uhdgv Xe% @ Ho . �+L8 , .
L|J|U� zkhuh Ho ghqrwhv wkh uhyhuvleoh yrowdjh ri wkh hohfwurfkhplfdo vwhs/ �+L8 , wkh
ryhusrwhqwldo orvvhv dv d ixqfwlrq ri wkh idudgdlf fxuuhqw L8 / dqg L|J|U� wkh lqqhu
rkplf yrowdjh orvvhv1 Qrwh wkdw wkh htxlydohqw fhoo flufxlw jlyhq lq Ilj1 505 xqghuolhv
wklv frqvlghudwlrq1 Reylrxvo|/ iru erwk fdvhv wkh wkh wrwdo srzhu orvv xqghu vwdwlrqdu|
frqglwlrqv uhdgv G @ L8 �+L8 , . L2

|J|
U�1 Xvxdoo| lq vlpsoh hohfwurfkhplfdo v|vwhpv

erwk whupv lqfuhdvh wkh ryhudoo srzhu orvv1 Qrz frqvlghu dq hohfwurfkhplfdo KQGU
rvfloodwru dw d srwhqwldo +vhh eodfn grw lq Ilj1 <055, zkhuh lw h{klelwv dq lpshgdqfh
ehkdylru vlplodu wr wkdw vkrzq lq Ilj1 ;0: dqg Ilj1 <054 zkhuh wkh wrwdo lpshgdqf lv
qhjdwlyh ryhu d zlgh udqjh ri $= Lq rughu wr dyrlg fdsdflwlyh frqwulexwlrqv/ rqh fdq
gulyh wkh rvfloodwru dw h{dfwo| wkh iuhtxhqf| $f A 3 iru zklfk wkh lpshgdqfh vshfwuxp
furvvhv wkh qhjdwlyh uhdo d{lv/ l1h1 wkh wrwdo lpshgdqfh ]|J| lv uhdo dqg qhjdwlyh dqg

uhdgv ]|J| @ U� .
�~8 �

2

+i~8

zlwk ]8 ghqrwlqj wkh gl�huhqwldo fkdujh0wudqvihu uhvlvwdqfh

]8 @ m]8 m h�) @ ��+w, @�L8 +w, @ ��fh
�/| @�L8f h

�E/|3)�1
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Wklv lq wxuq lpsolhv wkdw Uh ]8 lv qhjdwlyh dqg odujh frpsduhg wr U�1 Lq wkh
olqhdu uhjlph/ rqh fdq vkrz wkdw wkh dyhudjh wrwdo fkdqjh ri glvvlsdwlrq xqghu shulrglf
iruflqj zlwk iuhtxhqf| $ lv jhqhudoo| jlyhq e|
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zlwk ]S@R ghqrwlqj wkh fdsdflwlyh lpshgdqfh/ \8 wkh idudgdlf dgplwwdqfh dqg F_,

wkh grxeoh od|hu fdsdflw|1 Zkhq fdsdflwlyh frqwulexwlrqv duh qhjoljleoh gxh wr vpdoo
F_, wklv uhodwlrq uhgxfhv wr
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Zkhq wkh fdsdflwlyh frqwulexwlrqv ri ]8 dqg F_, mxvw fdqfho/ dv lw lv wkh fdvh dw
$f/ rqh rewdlqv

k�Gl @ 4

5
��2

f

#
U�

�
Uh]8 +$f,

m]8 +$f,m2
�
2

.
Uh]8 +$f,

m]8 +$f,m2
$
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1 Dw d Krsi elixufdwlrq zkhuh Uh]8 @
�U� zlwk wkh fdsdflwlyh frqwulexwlrqv fdqfhoolqj hdfk rwkhu wkh uhodwlrq uhdgv
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Wklv lpsolhv wkdw d qhw lqfuhdvh ri wkh dyhudjh hohfwulfdo zrun shu xqlw wlph fdq eh
dfklhyhg qrw rqo| e| shulrglf iruflqj/ exw fdq dovr uhvxow iurp dxwrqrprxv rvfloodwru|
ehkdylru1 Lq rwkhu zrugv/ lw lv wkh qrqolqhdu fkhplvwu| lqyroyhg zklfk doorzv wkh
ghfrxsolqj ri irufhv dqg  x{hv/ jlyhv ulvh wr wkh deryh lpshgdqfh ehkdylru dqg/ lq
wxuq/ lqfuhdvhv wkh h!flhqf|1

Vrph ri wkh rxwolqhg srvvleoh dssolfdwlrqv uhpdlq txlwh vshfxodwlyh dw suhvhqw1
\hw/ dorqjvlgh zlwk d ghwdlohg phfkdqlvwlf xqghuvwdqglqj wkh| pljkw hqfrxudjh hohf0
wurfkhplvwv wr wdfnoh dgydqfhg dssurdfkhv wr dssolfdwlrq ri Qrqolqhdu G|qdplfv lq
wkh ixwxuh1
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