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Wkh vwdwh yduldeohv ri dq hohfwulfdo flufxlw/ olnh yrowdjhv dqg fxuuhqwv fdq eh pdgh wr ehkdyh txdqwxp
phfkdqlfdoo| e| plqlpl}lqj wkh frxsolqj wr h{whuqdo ghjuhhv ri iuhhgrp wkurxjk d surshu ghvljq1 Flufxlwv
edvhg rq vxshufrqgxfwlqj wxqqho mxqfwlrqv kdyh glvsod|hg vljqdwxuhv ri pdfurvfrslf txdqwxp ehkdylru
^4/ 5/ 6/ 7/ 8/ 9/ :`/ exw wkh ohyho ri frkhuhqfh ri wkh txdqwxp vwdwhv uhpdlqhg xqwlo qrz pxfk vpdoohu
wkdq iru lvrodwhg dwrpv ru lrqv1 Lq wkh _txdqwurqlxp% flufxlw suhvhqwhg khuh/ d frkhuhqfh txdolw| idfwru
ri pruh wkdq 437 kdv ehhq rewdlqhg/ wkxv doorzlqj wkh frkhuhqw pdqlsxodwlrq ri wkh vwdwh ri wkh v|vwhp
olnh lq dwrplf sk|vlfv dqg QPU h{shulphqwv ^;`1

Wkh txdqwurqlxp frqvlvwv ri d vxshufrqgxfwlqj orrs lqwhuuxswhg e| wzr dgmdfhqw vpdoo Mrvhskvrq
wxqqho mxqfwlrqv zlwk fdsdflwdqfh Fm@5 dqg Mrvhskvrq hqhuj| HM@5 hdfk/ zklfk gh�qh d orz fdsdflwdqfh
vxshufrqgxfwlqj hohfwurgh fdoohg wkh _lvodqg%/ dqg e| d odujh Mrvhskvrq mxqfwlrq zlwk odujh Mrvhskvrq
hqhuj| +HM3 � 53HM , +vhh Ilj1 4,1 Wkh lvodqg lv eldvhg e| d yrowdjh vrxufh X wkurxjk d jdwh fdsdflwdqfh
Fj1 Lq dgglwlrq wr HM / wkh txdqwurqlxp kdv d vhfrqg hqhuj| vfdoh zklfk lv wkh Frrshu sdlu Frxorpe
hqhuj| HFS @ +5h,5@5 +Fj .Fm,1 Wkh whpshudwxuh W dqg wkh vxshufrqgxfwlqj jds � vdwlvi| nEW �
�@ oqQ dqg HFS ? �� nEW oqQ / zkhuh Q lv wkh wrwdo qxpehu ri sdluhg hohfwurqv lq wkh lvodqg1 Wkh
qxpehu ri h{fhvv hohfwurqv lv wkhq hyhq ^</ 43`/ dqg wkh v|vwhp kdv glvfuhwh txdqwxp vwdwhv zklfk duh
lq jhqhudo txdqwxp vxshusrvlwlrqv ri vhyhudo fkdujh vwdwhv zlwk gl�huhqw qxpehu aQ ri h{fhvv Frrshu
sdluv lq wkh lvodqg1 Qhjohfwlqj wkh orrs lqgxfwdqfh dqg wkh fkdujlqj hqhuj| ri wkh odujh mxqfwlrq/ wkh
Kdplowrqldq ri wkh flufxlw lv

aK @ HFS

�
aQ �Qj

�5
�HM frv+

a� . !

5
, frv a� �HM3 frv a� � Le *3 a� / +4,

zkhuh Qj @ FjX@5h lv wkh glphqvlrqohvv jdwh fkdujh/ ! @ �@*3 lv d skdvh eldv/ zlwk � wkh h{whuqdo �x{

lpsrvhg wkurxjk wkh orrs dqg *3 @ �k@5h/ a� lv wkh skdvh dfurvv wkh odujh mxqfwlrq/ dqg a� lv wkh skdvh
rshudwru frqmxjdwh wr wkh Frrshu sdlu qxpehu aQ 1 Wkh eldv fxuuhqw Le lv }hur h{fhsw gxulqj uhdgrxw ri
wkh vwdwh ^44`1

Lq rxu h{shulphqw HM * HFS dqg qhlwkhu aQ qru a� lv d jrrg txdqwxp qxpehu1 Lq frqwudvw/ wkh odujh
mxqfwlrq lv vkxqwhg e| d odujh fdsdflwru F vr wkdw a� lv doprvw d fodvvlfdo yduldeoh1 Lq wklv uhjlph/ wkh
hqhuj| vshfwuxp lv vx�flhqwo| dqkduprqlf iru wkh wzr orzhvw hqhuj| vwdwhv m3l dqg m4l wr irup d wzr0ohyho
v|vwhp1 Wklv v|vwhp fruuhvsrqgv wr dq h�hfwlyh vslq rqh0kdoi �v zlwk hljhqvwdwhv m3l � mv} @ .4@5l dqg
m4l � mv} @ �4@5l = Dw Qj @ 4@5> Le @ 3 dqg ! @ 3> lwv _]hhpdq hqhuj|% k�34/ ri wkh rughu ri HM >
lv vwdwlrqdu| zlwk uhvshfw wr Qj/ Le dqg ! ^;`/ pdnlqj wkh v|vwhp lppxqh wr �uvw rughu �xfwxdwlrqv
ri wkh frqwuro sdudphwhuv1 Pdqlsxodwlrq ri wkh txdqwxp vwdwh lv wkxv shuiruphg dw wklv rswlpdo srlqw
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e| dsso|lqj plfurzdyh sxovhv x+w, zlwk iuhtxhqf| � * �34 wr wkh jdwh/ dqg dq| vxshusrvlwlrq m�l @
� m3l . � m4l fdq eh suhsduhg/ vwduwlqj iurp m3l1 Lq d iudph urwdwlqj durxqg wkh txdqwl}dwlrq d{lv } dw
iuhtxhqf| �> wkh plfurzdyh yrowdjh dfwv rq �v dv dq h�hfwlyh gf pdjqhwlf �hog lq wkh { } sodqh/ zlwk { dqg
} frpsrqhqwv sursruwlrqdo wr wkh plfurzdyh dpsolwxgh dqg wr wkh ghwxqlqj �� @ � � �34> uhvshfwlyho|1

Iljxuh 4= Ohiw = Lghdol}hg flufxlw gldjudp ri wkh _txdqwurqlxp%/ d txdqwxp frkhuhqw flufxlw zlwk lwv
wxqlqj/ suhsdudwlrq dqg uhdgrxw eorfnv1 Wkh flufxlw frqvlvwv ri dq lvodqg +eodfn qrgh, gholplwhg e| wzr
vpdoo Mrvhskvrq mxqfwlrqv +furvvhg er{hv, lq d vxshufrqgxfwlqj orrs1 Wkh orrs dovr lqfoxghv d wklug/
pxfk odujhu Mrvhskvrq mxqfwlrq vkxqwhg e| d fdsdflwdqfh F1 Wkh Mrvhskvrq hqhujlhv ri wkh lvodqg dqg
ri wkh odujh mxqfwlrq duh HM dqg HM31 Wkh Frrshu sdlu qxpehu lq wkh lvodqg Q dqg wkh skdvhv � dqg �
duh wkh ghjuhhv ri iuhhgrp ri wkh flufxlw1 D gf yrowdjh X dssolhg wr wkh jdwh fdsdflwdqfh Fj dqg d gf
fxuuhqw L! dssolhg wr d frlo surgxflqj d �x{ � lq wkh flufxlw orrs wxqh wkh txdqwxp hqhuj| ohyhov1

Plfurzdyh sxovhv x+w, dssolhg wr wkh jdwh suhsduh duelwudu| txdqwxp vwdwhv ri wkh flufxlw1 Wkh vwdwhv
duh uhdgrxw e| dsso|lqj d fxuuhqw sxovh Le+w, wr wkh odujh mxqfwlrq dqg e| prqlwrulqj wkh yrowdjh Y +w,

dfurvv lw1 Uljkw = Vfdqqlqj hohfwurq plfurjudsk ri d vdpsoh1

Iru uhdgrxw/ zh kdyh lpsohphqwhg d vwudwhj| uhplqlvfhqw ri wkh Vwhuq dqg Jhuodfk h{shulphqw ^45`/ lq
zklfk wkh lqirupdwlrq derxw wkh vslq ri vloyhu dwrpv lv wudqvihuuhg rqwr wkhlu wudqvyhuvh srvlwlrq= Lq rxu
h{shulphqw/ wkh lqirupdwlrq rq �v lv wudqvihuuhg rqwr wkh skdvh a�> dqg wkh wzr vwdwhv duh glvfulplqdwhg

wkurxjk wkh vxshufxuuhqw lq wkh orrs
G
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H
@
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H
@*3> zkhuh a� @ a�.! lv wkh skdvh gl�huhqfh dfurvv

wkh vhulhv frpelqdwlrq ri wkh wzr vpdoo mxqfwlrqv ^46/ 47/ 48`1 Iru wklv sxusrvh/ d wudsh}rlgdo uhdgrxw
sxovh Le+w, zlwk d shdn ydoxh voljkwo| ehorz wkh fulwlfdo fxuuhqw L3 @ HM3@*3 lv dssolhg wr wkh flufxlw +vhh
Ilj1 5,1

Iljxuh 5= Vljqdov lqyroyhg lq txdqwxp vwdwh pdqlsxodwlrqv dqg phdvxuhphqw ri wkh _txdqwurqlxp%1
Wrs= plfurzdyh yrowdjh sxovhv duh dssolhg wr wkh jdwh iru vwdwh pdqlsxodwlrq1 Plggoh= d uhdgrxw

fxuuhqw sxovh Le+w, zlwk dpsolwxgh Ls lv dssolhg wr wkh odujh mxqfwlrq wg diwhu wkh odvw plfurzdyh sxovh1
Erwwrp= yrowdjh Y +w, dfurvv wkh mxqfwlrq1 Wkh rffxuhqfh ri d sxovh ghshqgv rq wkh rffxsdwlrq

suredelolwlhv ri wkh hqhuj| hljhqvwdwhv1 D glvfulplqdwru zlwk wkuhvkrog Ywk frqyhuwv Y +w, lqwr d errohdq
324 rxwsxw iru vwdwlvwlfdo dqdo|vlv1
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Zkhq vwduwlqj iurp ka�l � 3/ wkh skdvhv ka�l dqg ka�l jurz gxulqj wkh fxuuhqw sxovh/ dqg frqvhtxhqwo|
dq �v0ghshqghqw vxshufxuuhqw ghyhorsv lq wkh orrs1 Wkh orrs fxuuhqw lv wkh dqdorj ri wkh wudqvyhuvh
dffhohudwlrq h{shulhqfhg e| d vloyhu dwrp lq wkh pdjqhwlf �hog judglhqw1 Wklv fxuuhqw dggv wr wkh eldv0
fxuuhqw lq wkh odujh mxqfwlrq/ dqg e| suhflvho| dgmxvwlqj wkh dpsolwxgh dqg gxudwlrq ri wkh Le+w, sxovh/
wkh odujh mxqfwlrq vzlwfkhv gxulqj wkh sxovh wr d �qlwh yrowdjh vwdwh zlwk d odujh suredelolw| s4 iru vwdwh
m4l dqg zlwk d vpdoo suredelolw| s3 iru vwdwh m3l ^46`1 D vzlwfklqj hyhqw fruuhvsrqgv wr wkh lpsdfw ri
d vloyhu dwrp rq wkh wrs vsrw ri wkh vfuhhq1 Wkh devhqfh ri vzlwfklqj fruuhvsrqgv wr wkh lpsdfw ri d
vloyhu dwrp rq wkh erwwrp vsrw ri wkh vfuhhq1 Iru wkh sdudphwhuv ri wkh h{shulphqw/ wkh h�flhqf| ri
wklv surmhfwlyh phdvxuhphqw vkrxog eh � @ s4 � s3 @ 3=<8 iru rswlpxp uhdgrxw frqglwlrqv1 Odujh udwlrv
HM3@HM dqg F@Fm surylgh ixuwkhu surwhfwlrq iurp wkh hqylurqphqw1

Dq dfwxdo _txdqwurqlxp% vdpsoh lv vkrzq rq wkh uljkw vlgh ri Ilj1 41 Lw zdv ideulfdwhg zlwk vwdqgdug
whfkqltxh ri doxplqxp hydsrudwlrq wkurxjk d vkdgrz0pdvn rewdlqhg e| h0ehdp olwkrjudsk|1 Zlwk dq
h{whuqdo plfurzdyh fdsdflwru F @ 4 sI/ wkh sodvpd iuhtxhqf| ri wkh odujh mxqfwlrq zlwk L3 @ 3=:: �D
lv $s@5� * ; JK}1 Wkh vdpsoh dqg odvw �owhulqj vwdjh zhuh dqfkruhg wr wkh pl{lqj fkdpehu ri d
gloxwlrq uhiuljhudwru zlwk 48 pN edvh whpshudwxuh1 Wkh vzlwfklqj ri wkh odujh mxqfwlrq wr wkh yrowdjh
vwdwh lv ghwhfwhg e| phdvxulqj wkh yrowdjh dfurvv lw zlwk d urrp whpshudwxuh suhdpsol�hu iroorzhg e|
d glvfulplqdwru zlwk d wkuhvkrog yrowdjh Ywk zhoo deryh wkh qrlvh ohyho +Ilj1 5,1 E| uhshdwlqj wkh
h{shulphqw +w|slfdoo| d ihz 437 wlphv,/ zh fdq ghwhuplqh wkh vzlwfklqj suredelolw|/ dqg khqfh/ wkh

rffxsdwlrq suredelolwlhv m�m5 dqg m�m51
Wkh uhdgrxw sduw ri wkh flufxlw zdv whvwhg e| phdvxulqj wkh vzlwfklqj suredelolw| s dv d ixqfwlrq ri wkh

sxovh khljkw Ls/ iru d fxuuhqw sxovh gxudwlrq ri �u @ 433 qv/ dw wkhupdo htxloleulxp 1 Wkh glvfulplqdwlrq
ehwzhhq wkh fxuuhqwv fruuhvsrqglqj wr wkh m3l dqg m4l vwdwhv zdv irxqg wr kdyh dq h�flhqf| ri � @ 3=9/
zklfk lv orzhu wkdq wkh h{shfwhg � @ 3=<81 Phdvxuhphqwv ri wkh vzlwfklqj suredelolw| dv d ixqfwlrq ri
whpshudwxuh dqg uhshwlwlrq udwh lqglfdwh wkdw wkh glvfuhsdqf| ehwzhhq wkh wkhruhwlfdo dqg h{shulphqwdo
uhdgrxw h�flhqf| frxog eh gxh wr dq lqfrpsohwh wkhupdol}dwlrq ri rxu odvw �owhulqj vwdjh lq wkh eldv
fxuuhqw olqh1

Iljxuh 6= Ohiw= Phdvxuhg fhqwhu iuhtxhqf| �34 +wrs sdqhov/ v|perov, dqg ixoo zlgwk dw kdoi pd{lpxp
��34 +erwwrp sdqhov/ v|perov, ri wkh uhvrqdqfh dv d ixqfwlrq ri uhgxfhg jdwh fkdujh Qj iru uhgxfhg
�x{ ! @ 3 +uljkw sdqhov,/ dqg dv d ixqfwlrq ri ! iru Qj @ 3=8 +ohiw sdqhov,/ dw 48 pN1 Vshfwurvfrs| lv

shuiruphg e| phdvxulqj wkh vzlwfklqj suredelolw| s zkhq d frqwlqxrxv plfurzdyh luudgldwlrq ri
yduldeoh iuhtxhqf| lv dssolhg wr wkh jdwh ehiruh uhdgrxw +wg ? 433 qv,1 Frqwlqxrxv olqhv lq wrs sdqhov=
wkhruhwlfdo ehvw �w +vhh wh{w,1 Grwwhg olqhv lq erwwrp sdqhov fruuhvsrqg wr C��34@CQj * 583 PK} dqg

C��34@C+!@5�, * 763 PK}= Wkh| jlyh d orzhu erxqg wr wkh phdvxuhg ��34= Uljkw= Olqhvkdsh
phdvxuhg dw wkh rswlpdo zrunlqj srlqw ! @ 3 dqg Qj @ 3=8 +grwv,1 Oruhqw}ldq �w zlwk d IZKP

��34 @ 3=; PK} dqg d fhqwhu iuhtxhqf| �34 @ 49796=8 PK} +vrolg olqh,1

Vshfwurvfrslf phdvxuhphqwv ri �34 zhu shuiruphg e| dsso|lqj wr wkh jdwh d zhdn frqwlqxrxv pl0
furzdyh luudgldwlrq vxssuhvvhg mxvw ehiruh wkh uhdgrxw fxuuhqw sxovh1 Wkh yduldwlrqv ri wkh vzlwfklqj
suredelolw| dv d ixqfwlrq ri wkh luudgldwlrq iuhtxhqf| glvsod| d uhvrqdqfh zkrvh fhqwhu iuhtxhqf| hyroyhv
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dv d ixqfwlrq ri wkh gf jdwh yrowdjh dqg �x{ dv wkh Kdplowrqldq +4, suhglfwv/ uhdfklqj �34 * 49=8 JK}
dw wkh rswlpdo zrunlqj srlqw +vhh Ilj1 6,1 Wkh vpdoo glvfuhsdqf| ehwzhhq wkhruhwlfdo dqg h{shulphq0
wdo ydoxhv ri wkh wudqvlwlrq iuhtxhqf| dw qrq}hur pdjqhwlf �x{ lv dwwulexwhg wr �x{ shqhwudwlrq lq wkh
vpdoo mxqfwlrqv qrw wdnhq lqwr dffrxqw lq wkh prgho1 Zh kdyh xvhg wkhvh vshfwurvfrslf gdwd wr suhflvho|
ghwhuplqh wkh uhohydqw flufxlw sdudphwhuv dqg irxqg l3 @ 4;=4 qD dqg HM@HFS @ 4=5:1 Wkh olqhzlgwk
��34 lv jlyhq lq wkh erwwrp sdqhov lq Ilj1 6 dv d ixqfwlrq ri ! dqg Qj1 Dw wkh rswlpdo zrunlqj srlqw/
wkh olqhzlgwk zdv irxqg wr eh plqlpdo zlwk d 3=; PK} ixoo zlgwk dw kdoi0pd{lpxp/ fruuhvsrqglqj wr d
txdolw| idfwru T @ 5�4371 Wkh olqhvkdsh zdv irxqg wr eh luuhsurgxfleoh/ suredeo| ehfdxvh ri voljkw vkliwv
ri wkh uhvrqdqfh iuhtxhqf| gxulqj wkh phdvxuhphqw/ uhodwhg wr orz iuhtxhqf| fkdujh ru qrlvh rq wkh skdvh
�1 Li rqh frqvlghuv wkh qduurzhvw olqhv uhfrughg/ wkh olqhzlgwk ydulhv olqhduo| zkhq ghsduwlqj iurp wkh
rswlpdo srlqw +Qj @ 4@5> ! @ 3> Le @ 3,/ wkh sursruwlrqdolw| frh�flhqwv ehlqj C��34@CQj * 583 PK}
dqg C��34@C+!@5�, * 763 PK}1 Wkhvh ydoxhv fdq eh wudqvodwhg lqwr UPV ghyldwlrqv �Qj @ 3=337
dqg �+�@5�, @ 3=335 gxulqj wkh wlph qhhghg wr uhfrug wkh uhvrqdqfh1 Wkh uhvlgxdo olqhzlgwk dw wkh
rswlpdo zrunlqj srlqw fdq eh h{sodlqhg e| wkh vhfrqg rughu frqwulexwlrq ri wkhvh qrlvhv1 Wkh dpsolwxgh
ri wkh fkdujh qrlvh lv lq djuhhphqw zlwk phdvxuhphqwv ri 4@i fkdujh qrlvh ^49`/ dqg lwv h�hfw frxog eh
plqlpl}hg e| lqfuhdvlqj wkh HM@HF udwlr1 E| frqwudvw/ wkh dpsolwxgh ri wkh skdvh qrlvh fruuhvsrqgv wr
d odujh �x{ qrlvh ^4:`/ exw lw frxog eh dovr dwwulexwhg wr eldv fxuuhqw qrlvh1

Zkhq ydu|lqj wkh ghod| ehwzhhq wkh hqg ri d uhvrqdqw luudgldwlrq dqg wkh phdvxuhphqw sxovh dw wkh
rswlpdo zrunlqj srlqw/ wkh vzlwfklqj suredelolw| ghfd|v zlwk d wlph frqvwdqw W4 @ 4=; �v +vhh Ilj1 7,1
Vxssrvlqj wkdw wkh hqhuj| uhod{dwlrq ri wkh v|vwhp lv rqo| gxh wr wkh eldv flufxlwu|/ d fdofxodwlrq dorqj
wkh olqhv ri Uhi1 ^4<` suhglfwv wkdw W4 � 43 �v iru d fuxgh glvfuhwh hohphqw prgho1 Wklv uhvxow vkrzv wkdw
qr ghwulphqwdo vrxufhv ri glvvlsdwlrq kdyh ehhq vhulrxvo| ryhuorrnhg lq rxu flufxlw ghvljq1

Iljxuh 7= Ghfd| ri wkh vzlwfklqj suredelolw| dv d ixqfwlrq ri wkh ghod| wlph wg diwhu d frqwlqxrxv
h{flwdwlrq dw wkh fhqwhu iuhtxhqf| ri wkh uhvrqdqfh olqh1 Wkh vrolg olqh lv dq h{srqhqwldo �w +yhuwlfdoo|
r�vhw e| wkh vljqdo phdvxuhg zlwkrxw plfurzdyh dssolhg wr wkh jdwh,/ iurp zklfk wkh uhod{dwlrq wlph

W4 @ 4=; �v lv rewdlqhg1

Zh kdyh wkhq shuiruphg frqwuroohg urwdwlrqv ri �v zlwk odujh dpsolwxgh plfurzdyh sxovhv1 Sulru wr
uhdgrxw/ d vlqjoh sxovh dw wkh wudqvlwlrq iuhtxhqf| zlwk yduldeoh dpsolwxgh X�z dqg gxudwlrq � zdv
dssolhg1 Wkh uhvxowlqj fkdqjh lq vzlwfklqj suredelolw| lv dq rvfloodwru| ixqfwlrq ri wkh surgxfw X�z�
+vhh Ilj1 8,/ lq djuhhphqw zlwk wkh wkhru| ri Udel rvfloodwlrqv ^4;`1 Lw surylghv gluhfw hylghqfh wkdw wkh
uhvrqdqfh lqghhg fruuhvsrqgv wr dq h�hfwlyh vslq udwkhu wkdq wr d vsxulrxv kduprqlf rvfloodwru uhvrqdqfh
lq wkh flufxlw1 Wkh sursruwlrqdolw| udwlr ehwzhhq wkh Udel shulrg dqg X�z� zdv xvhg wr fdoleudwh
plfurzdyh sxovhv iru wkh dssolfdwlrq ri frqwuroohg urwdwlrqv ri �v1
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Iljxuh 8= Ohiw= Udel rvfloodwlrqv ri wkh vzlwfklqj suredelolw| s +8� 437 hyhqwv, phdvxuhg mxvw diwhu d
uhvrqdqw plfurzdyh sxovh ri gxudwlrq � 1 Gdwd wdnhq dw 48 pN iru qrplqdo sxovh dpsolwxghv X�z @ 455>

;:/ 94/ dqg 76 �Y +grwv/ iurp wrs wr erwwrp,1 Wkh Udel iuhtxhqf| lv h{wudfwhg iurp vlqxvrlgdo �wv
+frqwlqxrxv olqhv,1 Uljkw= wkh Udel iuhtxhqf| +grwv, ydulhv olqhduo| zlwk X�z/ dv h{shfwhg1 Wkh irxu

srlqwv odehoohg d wr g fruuhvsrqg wr wkh fxuyhv rq wkh ohiw1

Wkh phdvxuhphqw ri wkh frkhuhqfh wlph ri �v gxulqj iuhh hyroxwlrq zdv rewdlqhg e| shuiruplqj d
Udpvh|0iulqjhv0olnh h{shulphqw ^53`1 Rqh dssolhv rq wkh jdwh wzr skdvh frkhuhqw plfurzdyh sxovhv
fruuhvsrqglqj hdfk wr d �@5 urwdwlrq durxqg { ^54` dqg vhsdudwhg e| d ghod| �w gxulqj zklfk wkh vslq
suhfhvvhv iuhho| durxqg }1 Iru d jlyhq ghwxqlqj �� ri wkh plfurzdyh iuhtxhqf|/ wkh vzlwfklqj suredelolw|
glvsod|v ghfd|lqj rvfloodwlrqv ri iuhtxhqf| �� +vhh Ilj1 9,/ zklfk fruuhvsrqg wr wkh _ehdwlqj% ri wkh vslq
suhfhvvlrq zlwk wkh h{whuqdo plfurzdyh �hog1 Wkh hqyhorsh ri wkh rvfloodwlrqv |lhogv wkh frkhuhqfh wlph
W* * 3=8 �v1 Jlyhq wkh wudqvlwlrq shulrg 4@�34 * 93 sv/ wklv phdqv wkdw �v fdq shuirup rq dyhudjh ;333
frkhuhqw iuhh suhfhvvlrq wxuqv1

Iljxuh 9= Udpvh| iulqjhv ri wkh vzlwfklqj suredelolw| s diwhu wzr �@5 plfurzdyh sxovhv vhsdudwhg e|
�w1 Grwv= gdwd dw 48 pN1 Wkh wrwdo dftxlvlwlrq wlph zdv 8 pq1 Frqwlqxrxv juh| olqh= �w e|

h{srqhqwldoo| gdpshg vlqxvrlg zlwk iuhtxhqf| 53=9 PK}/ htxdo wr wkh ghwxqlqj iuhtxhqf| ��> dqg
ghfd| wlph frqvwdqw W* @ 3=8 �v1
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Iljxuh := Wrs sdqho= Udpvh| iulqjhv phdvxuhg dw Qj @ 3=85> ! @ 3 dqg �� @ 74 PK}= Wkh ghfd| wlph
frqvwdqw ri wkh iulqjhv lv khuh W* � 63 qv1 Orzhu sdqhov = hfkr vljqdov rewdlqhg zlwk wkh sxovh vhtxhqfh
vfkhpdwlfdoo| ghvfulehg rq wkh uljkw vlgh/ iru ydulrxv vhtxhqfh gxudwlrqv �w1 D �uvw �@5 sxovh eulqjv
wkh vslq �v rq wkh �| d{lv1 Iroorzv d iuhh suhfhvvlrq e| dq dqjoh � @ 5��� w4 gxulqj d wlph w41 D

vxevhtxhqw � sxovh eulqjv wkh vslq lq wkh v|pphwulf srvlwlrq zlwk uhvshfw wr { d{lv1 Iroorzv d vhfrqg
iuhh suhfhvvlrq gxulqj wlph w5/ zklfk eulqjv wkh vslq dw dq dqjoh % @ 5���+w5 � w4, zlwk wkh | d{lv1 Wkh

odvw �@5 sxovh uhvxowv lq d �qdo } frpsrqhqw ri wkh vslq htxdo wr frv %= Wkh dyhudjh vzlwfklqj
suredelolw| s @ +4� kfrv %l,@5/ rewdlqhg e| uhshdwlqj wkh vhtxhqfh/ lv dq rvfloodwlqj ixqfwlrq ri w5 � w4=

Wkh dpsolwxgh ri wkh rvfloodwlrqv lv gdpshg dzd| iurp w4 @ w5 +wklfn wlfn lq hdfk sdqho, gxh wr
�xfwxdwlrqv ri ��=

Zkhq wkh flufxlw lv eldvhg dzd| iurp wkh rswlpdo srlqw/ wkh frkhuhqfh wlph W* ri wkh rvfloodwlrq lv
vwurqjo| uhgxfhg/ dv vkrzq lq wkh wrs sdqho ri Ilj1 : iru Qj @ 4@5 . 3=35/ ! @ 31 Lq rughu wr ghwhuplqh
wkh frqwulexwlrq wr ghskdvlqj ri orz iuhtxhqf| fkdujh qrlvh/ zh kdyh shuiruphg vslq hfkr h{shulphqwv=
dq lqwhuphgldwh � sxovh lv lqvhuwhg ehwzhhq wkh wzr �@5 sxovhv ri wkh Udpvh| vhtxhqfh +vhh Ilj1 :/ uljkw
vlgh,1 Wkh h�hfw ri wkh � sxovh lv wr pdnh wkh skdvhv dffxpxodwhg gxulqj wkh wzr iuhh hyroxwlrq wlph
lqwhuydov w4 dqg w5 wr vxewudfw rqh iurp wkh rwkhu +vhh Ilj1 :,1 E| v|pphwu|/ zkhq w4 @ w5> wkh wrwdo skdvh
dffxpxodwhg lv lqghshqghqw ri �� li �� lv frqvwdqw ryhu wkh frpsohwh vhtxhqfh1 Frpsduhg wr wkh Udpvh|
iulqjhv h{shulphqw/ zkhuh frkhuhqfh gxulqj �w lv uhyhdohg e| wkh shulrglf hyroxwlrq ri kfrv ^5����w`l >
wkh hfkr vljqdo ydulhv dv +4� kfrv ^5���+w5 � w4,`l,@5 dqg lv wkhuhiruh ohvv vhqvlwlyh wr �xfwxdwlrqv ri ��
iurp vhtxhqfh wr vhtxhqfh zkhq w4 � w51 Lq wkh h{shulphqw/ zh kdyh uhfrughg wkh vzlwfklqj suredelolw|
dw �{hg ydoxhv ri �w> dv d ixqfwlrq ri wkh ghod| w4 +ohiw sdqhov ri Ilj1 :,1 Xs wr �w * 4 �v/ iulqjhv
hphujh durxqg w4 @ w5 @ +�w � �,@5 +khuh/ � � 48 qv,/ lqglfdwlqj wkdw gxulqj sxovh vhtxhqfhv ri wklv
gxudwlrq/ frkhuhqfh zdv dw ohdvw sduwo| frqvhuyhg1 Dv h{shfwhg/ wkh shulrg ri wkh rvfloodwlrqv lv wzlfh dv
vkruw lq wkh hfkr h{shulphqw wkdq lq wkh Udpvh| h{shulphqw1 Wkh revhuydwlrq ri vslq hfkrhv dw wlph
vfdohv pxfk odujhu wkdq wkh ghfd| wlph ri wkh Udpvh| iulqjhv lqglfdwhv wkdw lq wklv vlwxdwlrq ghfrkhuhqfh
zdv hvvhqwldoo| gxh wr fkdujh �xfwxdwlrqv dw iuhtxhqflhv orzhu wkdq 4@�w � 4 PK}1 Qr hfkr zdv vhhq lq
h{shulphqwv shuiruphg dw ! 9@ 3/ vxjjhvwlqj wkdw wkh uhohydqw skdvh qrlvh zdv dw kljkhu iuhtxhqflhv1
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Lq doo rxu wlph grpdlq h{shulphqwv/ wkh rvfloodwlrq shulrg ri wkh vzlwfklqj suredelolw| forvho| djuhhv
zlwk wkhru|/ phdqlqj d suhflvh frqwuro ri wkh suhsdudwlrq ri �v dqg ri lwv hyroxwlrq1 Krzhyhu/ wkh dpsolwxgh
ri wkh rvfloodwlrqv lv vpdoohu wkdq h{shfwhg e| d idfwru ri wkuhh wr irxu1 Wklv orvv ri frqwudvw lv olnho| wr
eh gxh wr d uhod{dwlrq ri wkh ohyho srsxodwlrq gxulqj wkh phdvxuhphqw lwvhoi1 Lq sulqflsoh wkh fxuuhqw
sxovh/ zkrvh ulvh wlph lv 83 qv/ lv vx�flhqwo| dgldedwlf qrw wr lqgxfh wudqvlwlrqv gluhfwo| ehwzhhq wkh wzr
ohyhov1 Qhyhuwkhohvv/ lw lv srvvleoh wkdw wkh uhdgrxw ru hyhq wkh suhsdudwlrq sxovhv h{flwh uhvrqdqfhv lq
wkh eldv flufxlwu| zklfk lq wxuq frxog lqgxfh wudqvlwlrqv lq rxu wzr0ohyho pdqlirog1 H{shulphqwv xvlqj
ehwwhu vkdshg uhdgrxw sxovhv dqg d eldv flufxlwu| zlwk ehwwhu frqwuroohg kljk0iuhtxhqf| lpshgdqfh duh
qhhghg wr foduli| wklv srlqw1

Lq frqfoxvlrq zh kdyh ghvljqhg dqg rshudwhg d vxshufrqgxfwlqj wxqqho mxqfwlrq flufxlw zklfk ehkdyhv
dv d wxqdeoh wzr0ohyho dwrp wkdw fdq eh ghfrxsohg iurp lwv hqylurqphqw1 Zkhq wkh uhdgrxw lv r�/ wkh
frkhuhqfh ri wklv _txdqwurqlxp% dwrp lv ri vx�flhqw txdolw| +T* @ 5=8�437, wkdw dq duelwudu| txdqwxp
hyroxwlrq fdq eh surjudpphg zlwk d vhulhv ri plfurzdyhv sxovhv1 Frxsolqj vhyhudo ri wkhvh flufxlwv
fdq eh dfklhyhg xvlqj rq0fkls fdsdflwruv1 Wkh delolw| wr wxqh dqg dgguhvv wkhp lqglylgxdoo| zrxog
doorz wr surgxfh hqwdqjohg vwdwhv dqg sureh wkhlu txdqwxp fruuhodwlrqv1 Wkhvh ixqgdphqwdo sk|vlfv
h{shulphqwv frxog ohdg wr wkh uhdol}dwlrq ri txdqwxp orjlf jdwhv/ dq lpsruwdqw vwhs wrzdugv wkh sudfwlfdo
lpsohphqwdwlrq ri vrolg0vwdwh txdqwxp surfhvvruv ^55`1

Dfnqrzohgjhphqwv= Wkh lqglvshqvdeoh whfkqlfdo zrun ri Slhi Ru�od lv judwhixoo| dfnqrzohgjhg1 Wklv
zrun kdv juhdwo| ehqh�whg iurp gluhfw lqsxwv iurp M1 P1 Pduwlqlv dqg \1 Qdndpxud1 Wkh dxwkruv
dfnqrzohgjh glvfxvvlrqv zlwk S1 Ghovlqj/ J1 Idofl/ G1 Kdylodqg/ K1 Prrlm/ U1 Vfkrhonrsi/ J1 Vfk�rq dqg
J1 Zhqglq1 Wklv zrun lv sduwo| vxssruwhg e| wkh Hxurshdq Xqlrq wkurxjk frqwudfw LVW0439:6 VTXELW
dqg e| wkh Frqvhlo J�hq�hudo gh o*Hvvrqqh +HTXP surmhfw,1
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