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Wkh Rvfloodwru| Hohfwurfdwdo|wlf
Lrgdwh Uhgxfwlrq

;14 Lqwurgxfwlrq

Wkh hohfwurfkhplfdo uhgxfwlrq ri dqlrqv vxfk dv V
2

R23

H

> Ih+FQ,�3
S

> S wFo
e

23 ruFuR23

e

xqghu srwhqwlrvwdwlf frqglwlrqv zklfk zhuh �uvw lqyhvwljdwhg e| Iuxpnlq dqg fr0
zrunhuv ^4:/ 4;/ 4<` lq wkh hduo| vl{wlhv kdyh hyhu vlqfh wkhq uhpdlqhg dq dfwlyh �hog
ri uhvhdufk ^53:/ :4/ 63/ 53;/ 53<`1

Wkhlu rvfloodwru| lqvwdelolwlhv xqghu srwhqwlrvwdwlf frqwuro ^53</ :4` fdq uhdglo| eh
xqghuvwrrg e| wkh k|srwkhvlv ri d Iuxpnlq lqwhudfwlrq gxh wr hohfwurvwdwlf uhsxovlrq
ri wkh hohfwurdfwlyh vshflhv uhvxowlqj lq d qhjdwlyh lpshgdqfh ^:4`1 Krzhyhu/ xqghu
jdoydqrvwdwlf frqglwlrqv glvfuhsdqflhv durvh/ dv vrph v|vwhpv h{klelw jdoydqrvwdwlf
rvfloodwlrqv/ qdpho| LR3

�

dqg Ih+FQ,�3
S

lq dondolqh vroxwlrq ^63/ 53;/ 53<` dv zhoo
dv V

2

R23

H

lq dflglf vroxwlrqv/ exw rwkhuv vxfk dv V
2

R23

H

lq dondolqh vroxwlrqv gr qrw1
Wkh phfkdqlvwlf edvlv ri wkhvh jdoydqrvwdwlf rvfloodwlrqv kdv ehhq vr idu qhlwkhu vdw0
lvidfwrulo| xqghuvwrrg qru ghvfulehg lq whupv ri qxphulfdo prghov1 Ghvslwh ydulrxv
vxjjhvwlrqv dv wr wkh ruljlq ri jdoydqrvwdwlf rvfloodwlrqv lq jhqhudo ^:6/ 97/ 5;/ 5<`/ d
sk|vlfdoo| uhdvrqdeoh h{sodqdwlrq shuwdlqlqj wr wkh dqlrq uhgxfwlrq v|vwhpv zdv vwloo
plvvlqj1

Wzr w|shv ri jdoydqrvwdwlfo| rvfloodwru| prghov ri wkh KQGU jurxs kdyh vridu
ehhq ghvfulehg lq olwhudwxuh +vhh fkdswhu :,= Rqh frpsulvhv wkh K

2

dqg wkh ID
r{lgdwlrq v|vwhpv dqg duh fkdudfwhul}hg e| +l, d vorz fkhplfdo vshflhv/ +ll, d idvw
fkhplfdo vshflhv fdxvlqj wkh qhjdwlyh lpshgdqfh dqg +lll, d fxuuhqw surylglqj surfhvv
zklfk grhv qrw frqvxph dq| hvvhqwldo vshflhv +*lqghshqghqw fxuuhqw fduulhu*,1

Wkh rwkhu rvfloodwru| KQGU prgho w|sh ruljlqdwhg lq zrun e| Nrshu dqg Vox|whuv
^97` Wkh| srlqwhg rxw d vlpsoh rvfloodwru| wzr0yduldeoh prgho ri wkh QGU fdwhjru|
zklfk h{klelwhg d ehkdylru dqdorjrxv wr v|vwhpv olnh wkh V

2

R23

H

uhgxfwlrq lq dondolqh
vroxwlrqv1 Wkhvh v|vwhpv kdyh wkh iroorzlqj ihdwxuhv= +l, wkh grxeoh od|hu srwhqwldo
lv wkh idvw dxwrfdwdo|wlf vshflhv gxh wr dq dvvxphg qhjdwlyh lpshgdqfh/ +ll, wkhvhv
prghov duh xqdeoh wr vkrz srwhqwldo rvfloodwlrqv xqghu jdoydqrvwdwlf frqwuro dqg +lll,
wkh pdmru fxuuhqw fduu|lqj surfhvv frqvxphv wkh vorz fkhplfdo vshflhv +*ghshqghqw
fxuuhqw fduulhu*,dqg +ly, xqghu srwhqwlrvwdwlf frqwuro wkh uhjlrqv ri rvfloodwlrqv dqg
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499 Wkh rvfloodwru| lrgdwh uhgxfwlrq

elvwdelolw| lq wkh +X>U, sodqh +wzr0sdudphwhu elixufdwlrq gldjudp, fruuhvsrqg wr d
[SG +vhh fkdswhu 5,1 Nrshu srlqwhg rxw wkdw wklv QGU prgho fdq eh wudqviruphg
lqwr d KQGU rvfloodwru/ l1h1 d v|vwhp h{klelwlqj jdoydqrvwdwlf srwhqwldo rvfloodwlrqv/
li srwhqwldo0ghshqghqw/ qrq0hohfwurfkhplfdo surfhvvhv vxfk dv dg0 dqg ghvruswlrq ri
hohfwurfkhplfdo vshflhv duh lqfoxghg +vhh vhfwlrq :1716,1 Wklv zdv irxqg wr eh dvvrfl0
dwhg zlwk d fkdqjh lq vkdsh ri wkh elixufdwlrq gldjudpv zklfk glg qr orqjhu h{klelw
d [SG vkdsh1 Wkh odwwhu lv d w|slfdo ihdwxuh ri dq hohfwurfkhplfdo rvfloodwru zlwk
klgghq qhjdwlyh lpshgdqfh +KQGU rvfloodwru,1

Dv zloo eh frqfoxghg lq wklv fkdswhu/ qhlwkhu Nrshu*v KQGU rvfloodwru vxefodvv
qru wkh KQGU vxefodvv frqwdlqlqj wkh ID2 k|gurjhq r{lgdwlrq v|vwhpv duh deoh wr
dghtxdwho| ghvfuleh wkh jdoydqrvwdwlf ehkdylru ri v|vwhpv olnh wkh lrgdwh uhgxfwlrq1
Lqvwhdg/ wkh h{shulphqwdo dqg wkhruhwlfdo lqyhvwljdwlrq ri wkh odwwhu v|vwhp zloo ohdg wr
wkh vxjjhvwlrq ri dq dgglwlrqdo wklug rvfloodwru| vxefodvv zlwklq wkh KQGU fdwhjru|1
Dsduw iurp lrgdwh/ v|vwhpv vxfk dv wkh rvfloodwru| jdoydqrvwdwlf Ih+FQ,�3

S

uhgxfwlrq
ru wkh Ih+FQ,e3

S

r{lgdwlrq zloo wxuq rxw wr ehorqj wr wklv qhz fodvv1

Wkh rujdql}dwlrq ri wklv fkdswhu lv dv iroorzv= Diwhu dq h{shulphqwdo fkdudfwhul}d0
wlrq ri wkh lrgdwh uhgxfwlrq v|vwhp/ d ghwdlohg fkhplfdo uhdfwlrq phfkdqlvp ohdgv wr
wkh irupxodwlrq ri d glphqvlrqohvv v|vwhp ri hyroxwlrq htxdwlrqv1 Dq dqdo|wlfdo dqg
qxphulfdo dqdo|vlv ri wkh prgho uhyhdov g|qdplfdo ihdwxuhv zklfk frpsduh idyrudeo|
zlwk wkrvh ri wkh h{shulphqwdo v|vwhp1 Lq dgglwlrq/ wkh prgho doorzv wkh vwxg| ri wkh
fkdqjhv lq wkh elixufdwlrq vwuxfwxuh rffxuulqj gxulqj d frqwlqxrxv wudqvlwlrq ehwzhhq
d QGU dqg KQGU rvfloodwru prgho1 Wkh vxevhtxhqw phfkdqlvwlf glvfxvvlrq ri wkh
lqwurgxfhg prgho dovr dgguhvvhv suhylrxvo| vxjjhvwhg lqvwdelolw| phfkdqlvpv iru wkh
lrgdwh v|vwhp1

;15 H{shulphqwdo

D srolvkhg Dj zluh +duhd= 316 fp2,/ d Sw0zluh dqg d Kj@Kj
2

VR
e

hohfwurgh zhuh
hpsor|hg dv zrunlqj/ frxqwhu dqg uhihuhqfh hohfwurgh/ uhvshfwlyho|1 Doo h{shulphqwdo
srwhqwldov uhsruwhg lq wklv fkdswhu uhihu wr wkh Vdwxudwhg Fdorpho Hohfwurgh +VFH,1
Wkh hohfwuro|wh vroxwlrqv frqwdlqhg 3148 P ru 3138 P QdLR

�

+Phufn/ s1d1, dv zhoo dv
4P QdRK +sxulvv1s1d1/ Ioxnd, dv vxssruwlqj hohfwuro|wh dqg zhuh iuhvko| suhsduhg
sulru wr phdvxuhphqwv1 Doo fkhplfdov zhuh hpsor|hg zlwkrxw ixuwkhu sxul�fdwlrq1
Vwhdg| Q

2

exeeolqj +8Q, ri wkh hohfwuro|wh hqvxuhg wkh devhqfh ri r{|jhq gxulqj wkh
hqwluh h{shulphqwdo surfhgxuhv1

Wkh iuhtxhqf| udqjh ri wkh lpshgdqfh phdvxuhphqwv uhdfkhg iurp 43 nK} wr 3134
K} zlwk wkh qxpehu ri phdvxuhphqwv srlqwv shu iuhtxhqf| ghfdgh ydu|lqj iurp 43
wr 581



Wkh rvfloodwru| lrgdwh uhgxfwlrq 49:

Iljxuh ;04= H{shulphqwdo f|folf yrowdpphwulf sur�ohv ri lrgdwh uhgxfwlrq rq Dj lq
dondolqh vroxwlrq +3148 P QdLR

�

> 4 P QdRK , dw ydulrxv vfdq udwhv1 vrolg= 5pY2v/
gdvkhg= 43 pY2v/ grw0gdvkhg= 83 pY2v/ grwwhg= 533 pY2v1

;16 Uhvxowv

;1614 H{shulphqwdo Fkdudfwhul}dwlrq

F|folf Yrowdpphwu|

Wkh L@X ehkdylru ri wkh lrgdwh v|vwhp dw ydulrxv srwhqwldo vfdq udwhv lv looxvwudwhg lq
Ilj1;041 Dw 5 pY2v d txdvl0vwdwlrqdu|/ gl�xvlrq0olplwhg fxuuhqw sodwhdx zdv revhuyhg
lq erwk vfdq gluhfwlrqv gxh wr pdvv0wudqvsruw frqwuroohg lrgdwh uhgxfwlrq iroorzhg
e| d vwhhs fxuuhqw lqfuhdvh gxh wr k|gurjhq hyroxwlrq +jdv exeeohv$,1 Dw kljkhu vfdq
udwhv/ vwurqjo| dv|pphwulf FYv zhuh rewdlqhg1 Rq wkh fdwkrglf vfdq/ wkh idvw lqfuhdvh
lq ryhusrwhqwldo ohdgv wr d vkdus ghfuhdvh ri lrgdwh dw wkh lqwhuidfh hylghqfhg e| wkh
Q0vkdshg yrowdpphwulf sur�oh1 Diwhu uhfryhu| ri wkh lrgdwh frqfhqwudwlrqv gxh wr
frqyhfwlrq +jdv exeeolqj,/ wkh fxuuhqw ydoxhv rq wkh uhyhuvh vfdq duh lqlwldoo| kljkhu
wkdq wkrvh rq wkh fdwkrglf vfdq1

Ilj1 ;05 dqg ;06 vkrzv wkh v|vwhp ehkdylru xsrq fxuuhqw vfdqqlqj iru wzr gli0
ihuhqw lrgdwh frqfhqwudwlrqv1 D *kdug* wudqvlwlrq iurp vwdeoh wr rvfloodwru| ehkdylru
lv vhhq dw orz devroxwh ydoxhv ri m/ zkhuhdv d vriw vxshufulwlfdo Krsi elixufdwlrq lv
glvfhuqhg dw kljk m1 Wkh rvfloodwlrq shulrg vhhpv wr eh lqyhuvho| fruuhodwhg zlwk wkh
lrgdwh exon frqfhqwudwlrq/ dv w|slfdoo| irxqg lq v|vwhpv zkhuh wkh udwh ri gl�xvlyh
pdvv0wudqvsruw ehwzhhq exon dqg vxuidfh lv dq hvvhqwldo sduw ri wkh rvfloodwru| g|0



49; Wkh rvfloodwru| lrgdwh uhgxfwlrq

Iljxuh ;05= H{shulphqwdo L@X ehkdylru gxulqj fxuuhqw vfdqv +3138 pD2v, lq wkh
devhqfh ri vwluulqj/ 4 P QdRK / 3148 P QdLR

�

=

qdplfv1 Wkh srwhqwldov revhuyhg dw fxuuhqwv uljkw deryh dqg ehorz ri wkh rvfloodwru|
uhjlrq fruuhvsrqg wr uhgxfwlrq ri lrgdwh dqg zdwhu +k|gurjhq hyroxwlrq,/ uhvshfwlyho|1
Ilqdoo|/ Ilj1 ;07 sruwud|v d vwdwlrqdu| wlph vhulhv dw L @ �4: pD zlwkrxw vwluulqj1
Xsrq vwluulqj +duurz,/ wkh rvfloodwlrqv fhdvh dqg wkh srwhqwldo vhwwohv wr d vwdwlrqdu|
kljk ydoxh1 Wklv ehkdylru lv hdvlo| xqghuvwrrg li rqh uhfdoov wkdw vwluulqj lqfuhdvhv
wkh gl�xvlrq0olplwhg fxuuhqw ri lrgdwh vxfk wkdw wkh fkrvhq wrwdo fxuuhqw fdq hqwluho|
eh surylghg e| lrgdwh uhgxfwlrq dw kljk srwhqwldov1 Wkhuhe|/ wkh rvfloodwru| fxuuhqw
udqjh eh|rqg wkh gl�xvlrq0olplwhg sodwhdx lv vkliwhg wr kljkhu fxuuhqw ydoxhv1 Eh|rqg
d fulwlfdo vwluulqj udwh doo srwhqwldo rvfloodwlrqv frpsohwho| glvdsshduhg1

Lpshgdqfh Vwxglhv

Lq Ilj1 ;08 wkurxjk Ilj1 ;0;/ wkh uhvxowv ri d srwhqwlrvwdwlf lpshgdqfh dqdo|vlv ri
wkh lrgdwh v|vwhp duh uhsruwhg lq wkh Q|txlvw uhsuhvhqwdwlrq1 Dw X @ �4=39 Y +Ilj1
;08, wkh iuhtxhqf|0ghshqghqw lpshgdqfh uhyhdov wzr fdsdflwlyh orrsv lqglfdwlqj d
vwdeoh hohfwurfkhplfdo v|vwhp zlwk wzr fkhplfdo surfhvvhv rq gl�huhqw wlph vfdohv1
Dw orzhu srwhqwldov +Ilj1 ;09/ X @ �4=59 Y ,/ wkh vkdsh ri wkh lpshgdqfh sorw fkdqjhv
gudvwlfdoo|1 Wkh orz0iuhtxhqf| fdsdflwlyh orrs glvdsshduv lq idyru ri dq lqgxfwlyh rqh
dqg h{wudsrodwlrq vxjjhvwv wkh suhvhqfh ri d qhjdwlyh uhdo lpshgdqfh +htxlydohqw
wr d QGU, dw $ @ 31 Dw X @ �4=89 Y +Ilj1 ;0:, d klgghq qhjdwlyh lpshgdqfh lv
revhuyhg vlqfh Uh ] lv qhjdwlyh rq d �qlwh iuhtxhqf| udqjh rqo|1 Ilqdoo|/ dw d srwhqwldo
zkhuh wkh k|gurjhq fxuuhqw suhydlov + X @ �4=99 Y / Ilj1;0:, wkh uhdo sduw ri wkh
lpshgdqfh qr orqjhu vkrzv d qhjdwlyh ydoxh> lqvwhdg/ wkh kljk0iuhtxhqf| fdsdflwlyh
orrs grplqdwhv iroorzhg e| d vpdoohu lqgxfwlyh rqh1



Wkh rvfloodwru| lrgdwh uhgxfwlrq 49<

Iljxuh ;06= H{shulphqwdo L@X ehkdylru gxulqj fxuuhqw vfdqv +3138 pD2v, lq wkh
devhqfh ri vwluulqj/ 4 P QdRK / 3138 P QdLR

�

1

Iljxuh ;07= Vwdwlrqdu| srwhqwldo rvfloodwlrqv dw L @ �4: pD zlwkrxw vwluulqj +3148
P QdLR

�

> 4 P QdRK ,1 Xsrq +pdjqhwlf, vwluulqj/ wkh srwhqwldo vwdelol}hv dw kljk
ydoxhv +duurz,1



4:3 Wkh rvfloodwru| lrgdwh uhgxfwlrq

Iljxuh ;08= Lpshgdqfh ehkdylru ri wkh h{shulphqwdo lrgdwh v|vwhp looxvwudwhg lq whupv
ri Q|txlvw gldjudpv dw ydulrxv srwhqwldov/ iuhtxhqf| udqjh 43 nK} 0 3134 K}/ X @
�4=39 Y=

Iljxuh ;09= Lpshgdqfh ehkdylru ri wkh h{shulphqwdo lrgdwh v|vwhp looxvwudwhg lq whupv
ri Q|txlvw gldjudpv dw ydulrxv srwhqwldov/ iuhtxhqf| udqjh 43 nK} 0 3134 K}/ X @
�4=59 Y=



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4:4

Iljxuh ;0:= Lpshgdqfh ehkdylru ri wkh h{shulphqwdo lrgdwh v|vwhp looxvwudwhg lq whupv
ri Q|txlvw gldjudpv dw ydulrxv srwhqwldov/ iuhtxhqf| udqjh 43 nK} 0 3134 K}/ X @
�4=89 Y=

Iljxuh ;0;= Lpshgdqfh ehkdylru ri wkh h{shulphqwdo lrgdwh v|vwhp looxvwudwhg lq whupv
ri Q|txlvw gldjudpv dw ydulrxv srwhqwldov/ iuhtxhqf| udqjh 43 nK} 0 3134 K}/ X @
�4=99 Y=



4:5 Wkh rvfloodwru| lrgdwh uhgxfwlrq

;1615 Prgho Fdofxodwlrqv

Wkh Fkhplfdo Uhdfwlrq Phfkdqlvp

Jhqhudo lrgdwh fkhplvwu|1 Lq d vwurqjo| dondolqh vroxwlrq LR3

�

0lrqv duh nqrzq wr
xqghujr d vwhszlvh hohfwurfdwdo|wlf uhgxfwlrq wr LR3 yld wkh uhdfwlyh lqwhuphgldwh
LR3

2

iroorzhg e| d glvsursruwlrqdwlrq uhdfwlrq |lhoglqj L3 dqg LR3

�

^543`=

LR3

�

. 5h3 .K
2

R �$ LR3

2

. 5RK3

LR3

2

. 5h3 .K
2

R �$ LR3 . 5RK3

6LR3 �$ LR3

�

. 5L3

L
2

irupv/ li dw doo/ lq vpdoo wudfhv rqo| dqg lpphgldwho| glvsursruwlrqdwhv lqwr L3 dqg
LR3 =

5LR3 . 5h3 . 5K
2

R �$ L
2

. 7RK3

L
2

. 5RK3 �$ L3 . LR3 .K
2

R 1

L3/ rq wkh rwkhu kdqg/ lv xqdeoh wr xqghujr dq| frpsursruwlrqdwlrq uhdfwlrq1 Wkxv/
dv wkh hohfwurfkhplfdo uhdfwlrq surfhhgv/ LR3

�

lv hvvhqwldoo| uhgxfhg wr L3 zklfk frq0
vwlwxwhv wkh �qdo lqhuw surgxfw^543`1

Prgho phfkdqlvp1 Frqvlghu wkh gl�xvlyh pdvv wudqvsruw ri wkh hohfwuruhdfwlyh
vshflhv ehwzhhq wkh exon dqg wkh hohfwurgh

LR3

� K�,&

 LR3

� _,

/ +;14,

iroorzhg e| wkh srwhqwldo0ghshqghqw uhgxfwlrq ri LR3

� _,

wr vrph lqhuw/ qrq0dgvruehg
surgxfw S/ h1j1 L3=

LR3

� _,

. qh3 �$ S +;15,

Khuh/ LR3

� K�,&

dqg LR3

� _,

ghqrwh wkh frqfhqwudwlrq ri LR3

�

lq wkh exon dqg uhvshf0
wlyho| uljkw rxwvlgh wkh grxeoh od|hu1

Wkh odwwhu uhdfwlrq lv dvvxphg wr surfhhg zlwkrxw dq| dgvruehg lqwhuphgldwhv1
Lwv ixqfwlrqdo ghshqghqfh rq srwhqwldo vwurqjo| ghwhuplqhv wkh ryhudoo v|vwhp g|qdp0
lfv1 Vlplodu wr hohfwurfkhplfdo uhgxfwlrq uhdfwlrqv ri dqlrqv vxfk dv V

2

R23

H

^:4` / d
Iuxpnlq0w|sh frxorpe lqwhudfwlrq ehwzhhq wkh hohfwurdfwlyh vshflhv zlwklq wkh gl�x0
vlyh grxeoh od|hu zloo eh dvvxphg wr rshudwh gxulqj uhdfwlrq ;15 ryhu vrph srwhqwldo
lqwhuydo1 Wklv dvvxpswlrq lv mxvwl�hg iru uhgxfwlrq +r{lgdwlrq, ri kljko| fkdujhg
hohfwurdfwlyh dqlrqv +fdwlrqv, durxqg wkh srlqw ri }hur fkdujh1

Dv vxjjhvwhg e| wkh h{shulphqwdo �qglqjv/ dsduw iurp wkh LR3

�

uhgxfwlrq uhdfwlrq/
wkh hohfwurfdwdo|wlf uhgxfwlrq ri surwrqv duh wr eh frqvlghuhg dv dq dgglwlrqdo fxuuhqw
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surylglqj fkhplfdo surfhvv1 Wkh srwhqwldo0ghshqghqw uhdfwlrq vhtxhqfh uhdgv

�.K
2

R . h3 
 K
@_

.RK3 +;16d,

K
@_

.K
2

R . h3 �$ K
2

.RK3 +;16e,

zlwk wkh vhfrqg vwhs ehlqj udwh0ghwhuplqlqj rq Sw dqg Dx hohfwurghv ^96`1 � ghqrwhv d
eduh vxuidfh vlwh dqgK

@_

uhsuhvhqwv dwrplfdoo| dgvruehg k|gurjhq1 Wkh frqfhqwudwlrq
ri K

@_

fdq vdiho| eh holplqdwhg dgldedwlfdoo| ^96` zklfk ohdgv/ lq wkh devhqfh ri
dq| rwkhu dgvruehg vshflhv dqg dvvxplqj d frqvwdqw frqfhqwudwlrq ri surwrqv/ wr d
phuho| srwhqwldo0ghshqghqw udwh odz iru wkh k|gurjhq hyroxwlrq uhdfwlrq1 Qrwh wkdw
lq uhi1 ^7<` vwhs ;16d lv uhsruwhg wr eh vorzhu wkdq vwhs ;16e iru Dx dqg Dj lq dflglf
hohfwuro|whv1 Krzhyhu/ wklv zrxog lpso| d qhjoljleoh vxuidfh fryhudjh ri K

@_

dqg
khqfh djdlq uhvxow lq d phuho| srwhqwldo0ghshqghqw k|gurjhq fxuuhqw1 Lq frqwudvw/
lq wkh suhvhqfh ri dq dgglwlrqdo vxuidfh vshflhv/h1j1 �

2

/ wkh udwh h{suhvvlrq ehfrphv
h{solflwo| ghshqghqw rq wkh qxpehu ri eduh vxuidfh vlwhv +4� �

2

,1
Ht1 ;14/ ;15 dqg ;16 zlwk q @ 9 duh khqfhiruwk uhihuuhg wr dv phfkdqlvp D1 Frp0

sduhg wr suhylrxv hohfwurfkhplfdo prghov iru rvfloodwru| uhdfwlrqv ^:4/ 97` phfkdqlvp
D lqyroyhv dq dgglwlrqdo fxuuhqw0surylglqj uhdfwlrq zklfk zloo dgg lqwhuhvwlqj qhz
g|qdplfv1

Dv iru uhdfwlrq ;15 lw lv dujxdeoh zkhwkhu lw lv sk|vlfdoo| uhdvrqdeoh wkdw wkh
hohfwurq wudqvihu ri vl{ hohfwurqv lv vlpso| oxpshg lqwr rqh vlqjoh vwhs1 Wkhuhiruh/ dq
h{whqghg phfkdqlvp E frqvlghuv d vwhszlvh uhgxfwlrq ri LR3

�

wr L3 dffruglqj wr wkh
iroorzlqj vfkhph=

LR3

� _,

. q h3 �$ [ +;17d,

[ .ph3 �$ S +;17e,

Khuh/ [ ghqrwhv d fkhplfdo lqwhuphgldwh/ h1j1 LR3

2

ru LR3 / iruphg e| wkh lqlwldo
uhgxfwlrq ri LR3

�

/ iroorzhg e| wkh srwhqwldo0ghshqghqw frqvxpswlrq ri [ wr irup
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fxuyh 6 dqg 7 wkh v|vwhp h{klelwv erwk srwhqwlrvwdwlf fxuuhqw rvfloodwlrqv dw kljkhu
ydoxhv ri wkh uhvlvwdqfh dqg jdoydqrvwdwlf srwhqwldo rvfloodwlrqv dv zloo eh vhhq odwhu rq1
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kljk k|gurjhq udwh frqvwdqwv wkh Krsi olqh wxuqv dqg glvdsshduv/ dv zhoo1 Sdvw wkh
fxvs/ wkh prgho h{klelwv wkh ehkdylru ri d KQGU rvfloodwru +frpsduh Ilj1;047/ xsshu
fxuyh/ dqg Ilj1;043/ fxuyh 6 dqg 7,1 Ilj1 ;053 ixuwkhu uhyhdov wkdw olplw f|foh eh0
kdylru lv vwurqjo| vhqvlwlyh wr wkh ixqfwlrqdo irup ri n

o

+!> nf
�

,= Srwhqwldo rvfloodwlrqv
erxqghg e| wzr vriw +Krsi, elixufdwlrqv h{lvw rqo| lq d vpdoo udqjh ri nf

�

ydoxhv
+433��2�433��.,1 Djdlq dw vpdoohu nf

�

/ vwdeoh srwhqwldo rvfloodwlrqv duh erxqghg e| d
vriw dqg d kdug wudqvlwlrq1 Lqwhuhvwlqjo|/ fdofxodwlrqv vkrzhg wkdw erwk vdggoh0qrgh
dqg Krsi lqvwdelolwlhv vwloo h{lvw hyhq iru nf

�

�$ 31 Lq wklv olplwlqj fdvh/ n
o

+!> nf
�

,
fkdqjhv lwv vkdsh iurp d Q wr d � / l1h1 n

o

+!> nf
�

,$ 3 iru erwk !$	4 dqg wkhuhiruh
h{klelwv d joredo udwh pd{lpxp1

81 Srwhqwlrvwdwlf elixufdwlrq ehkdylru Wkh srwhqwlrvwdwlf ehkdylru ri prgho D
lq whupv ri elixufdwlrq gldjudpv lv ghslfwhg lq Ilj1 ;054 wr Ilj1 ;0561 Ilj1 ;054 zdv
fdofxodwhg dw d frpsdudeo| orz uhvlvwdqfh dqg glvsod|v rqo| d vpdoo udqjh ri elvwdelolw|
iru srvlwlyh nf

�SS

1 Lq frqwudvw wr wkh suhylrxv �jxuh/ krzhyhu/ wkh Krsi elixufdwlrq olqh
qrz h{whqgv wr nf

�SS

@ 3> vlqfh QGU rvfloodwruv duh deoh wr rvfloodwh xqghu srwhqwlr0
vwdwlf frqglwlrqv1 ;055 dqg ;056 glvsod| wkh g|qdplfv lq wkh +X> �, sodqh dw nf

�SS

@ 3=3
dqg nf

�SS

@ 3=6> uhvshfwlyho|/ frq�uplqj wkh uhodwlrq ri wkh vkdsh ri wkh elixufdwlrq
gldjudp wr wkh phfkdqlvwlf fdwhjru| ri wkh rvfloodwru= Zkhuhdv QGU rvfloodwruv zhuh
uhsruwhg wr h{foxvlyho| h{klelw [SGv/ KQGU rvfloodwruv xvxdoo| glvsod|hg qrq0[SG



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4;4

Iljxuh ;048= Fdofxodwhg lpshgdqfh vshfwud dw wkh fruuhvsrqglqj vwhdg| vwdwh lq Ilj1
;0471 ] ghqrwhv wkh wrwdo lqwhuqdo lpshgdqfh ri wkh v|vwhp1

Iljxuh ;049= Fdofxodwhg lpshgdqfh vshfwud dw wkh fruuhvsrqglqj vwhdg| vwdwh lq Ilj1
;0471 ] ghqrwhv wkh wrwdo lqwhuqdo lpshgdqfh ri wkh v|vwhp1



4;5 Wkh rvfloodwru| lrgdwh uhgxfwlrq

Iljxuh ;04:= Fdofxodwhg lpshgdqfh vshfwud dw wkh fruuhvsrqglqj vwhdg| vwdwh lq Ilj1
;0471 ] ghqrwhv wkh wrwdo lqwhuqdo lpshgdqfh ri wkh v|vwhp1

Iljxuh ;04;= Fdofxodwhg lpshgdqfh vshfwud dw wkh fruuhvsrqglqj vwhdg| vwdwh lq Ilj1
;0471 ] ghqrwhv wkh wrwdo lqwhuqdo lpshgdqfh ri wkh v|vwhp1



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4;6

Iljxuh ;04<= Wzr0sdudphwhu elixufdwlrq gldjudp ri prgho D lq wkh +nf
�SS

> L, sodqh
zlwk nf

�

@ 3=34 / gdvkhg olqh= Krsi elixufdwlrqv/ vrolg olqh= vdggoh qrgh elixufdwlrqv1
Zlwklq wkh gdvkhg orrs vwdeoh olplw f|foh ehkdylru h{lvwv1

Iljxuh ;053= Wzr0sdudphwhu elixufdwlrq gldjudp ri prgho D lq wkh +nf
�SS

> L, sodqh
zlwk nf

�

@ 3=34 / gdvkhg olqh= Krsi elixufdwlrqv/ vrolg olqh= vdggoh qrgh elixufdwlrqv1
Zlwklq wkh gdvkhg orrs vwdeoh olplw f|foh ehkdylru h{lvwv1



4;7 Wkh rvfloodwru| lrgdwh uhgxfwlrq

olnh gldjudpv ^:7`1 D fohdu h{sodqdwlrq ri wkh wudqvlwlrq kdv qrw ehhq jlyhq wr gdwh1
Lqwhuhvwlqjo|/ prgho D doorzv d vprrwk wudqvlwlrq iurp [SG wr qrq0[SG dv vhhq lq
Ilj1;04< dqg wkhuhiruh d vwxg| ri wkh fkdqjhv lq wkh elixufdwlrq gldjudpv jrlqj iurp
d QGU wr d KQGU rvfloodwru1 Iroorzlqj wkh fkdqjhv lq wkh elixufdwlrq gldjudp zlwk
lqfuhdvlqj nf

�SS

/ lw wxuqhg rxw wkdw erwk Wdnhqv0Erjgdqry +WE, srlqwv +hqgsrlqwv ri
Krsi olqhv rq wkh vdggoh qrgh olqhv, pryhg wrzdugv kljkhu ydoxhv ri X dqg � xqwlo rqh
WE srlqw suhvxpdeo| glvdsshduhg dw lq�qlw| zkloh wkh rwkhu uhpdlqhg dw yhu| kljk
ydoxhv ri X dqg �= Wkh glvdsshdudqfh ri wkh WE srlqw zdv dvvrfldwhg zlwk wkh vkliw
ri wkh Krsi elixufdwlrq fxuyh vxfk dv wr eh dozd|v orfdwhg rxwvlgh wkh elvwdeoh uhjlrq
li iroorzhg wr lq�qlw| +vhh Ilj1 ;056,1 Wklv srwhqwlrvwdwlf ihdwxuhv looxvwudwhv djdlq
d vriw dqg d kdug elixufdwlrq iru doprvw doo ydoxhv ri wkh uhvlvwdqfh/ l1h1 dovr lq wkh
olplw ri � �$ 4/ xqghu jdoydqrvwdwlf frqglwlrqv1 Qrwh/ krzhyhu/ wkdw wkh vkdsh ri
Ilj1 ;056 lv lq frqwudvw wr �qglqjv lq suhylrxvo| lqyhvwljdwhg srwhqwlrvwdwlf rvfloodwruv
lqvridu dv wkh uhodwlyh orfdwlrq ri wkh vriw dqg wkh kdug elixufdwlrq zdv uhyhuvhg1

Iljxuh ;054= Wzr0sdudphwhu elixufdwlrq gldjudp ri prgho D lq wkh +nf
�SS

> X, sodqh
zlwk nf

�

@ 3=34> � @ 3=;= Olqh frglqjv dv lq suhylrxv �jxuhv1

91 Skdvh ehkdylru Ilqdoo|/ Ilj1;057 looxvwudwhv wkh uhodwlyh skdvh ehkdylru ri
wkh prgho yduldeohv dqg wkh lqglylgxdo idudgdlf fxuuhqwv dw d wrwdo fxuuhqw ydoxh ri
L @ �3=<8 1 Reylrxvo|/ dw kljk srwhqwldov wkh frqfhqwudwlrq ri lrgdwh gursv gxh wr
frqvwdqw idvw hohfwurq wudqvihu +lrgdwh uhgxfwlrq, zklfk lq wxuq orzhuv wkh srwhqwldo1
Dw d vx!flhqwo| orz srwhqwldo/ wkh udwh ri lrgdwh uhgxfwlrq/ l1h1 frqvxpswlrq/ vxgghqo|
gursv dqg wkh lrgdwh frqfhqwudwlrq fdq uhfryhu/ zkloh wkh fxuuhqw lv fduulhg wr d kljkhu
shufhqwdjh e| wkh k|gurjhq hyroxwlrq1



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4;8

Iljxuh ;055= [SG elixufdwlrq gldjudp iru wkh QGU fdvh lq wkh +X> �, sodqh zlwk
nf
�

@ 3=34> nf
�SS

@ 3=3=

Iljxuh ;056= Qrq0[SG elixufdwlrq gldjudp iru wkh KQGU fdvh lq wkh +X> �, sodqh
zlwk nf

�

@ 3=34> nf
�SS

@ 3=6>hqodujhphqw +lqvhw, vkrzv wkh vdggoh0qrgh elixufdwlrq
fxuyhv dv zhoo wkh xsshu Krsi elixufdwlrq fxuyh1



4;9 Wkh rvfloodwru| lrgdwh uhgxfwlrq

Iljxuh ;057= Uhodwlyh skdvh ehkdylru ri *> f> wkh k|gurjhq hyroxwlrq fxuuhqw
m
M2

@ �nf
�SS

hn
�SS

+*, dqg wkh LR3

�

uhgxfwlrq fxuuhqw m
U�

3

�

@ �f n
o

+*> nf
�

, xvlqj

nf
�

@ 3=34> nf
�SS

@ 3=61

;17 Glvfxvvlrq

;1714 Wkh Lrgdwh Uhgxfwlrq Phfkdqlvp

D vlpsoh uhdfwlrq vhtxhqfh zdv lqwurgxfhg iru wkh nlqhwlf ghvfulswlrq ri wkh hohf0
wurfdwdo|wlf lrgdwh uhgxfwlrq zklfk lqyroyhg +l, d Qhuqvw0w|sh pdvv wudqvsruw ri wkh
hohfwurdfwlyh vshflhv LR3

�

ehwzhhq wkh exon dqg wkh vxuidfh ^:4/ 97`/ +ll, wkh uhgxfwlrq
ri LR3

�

wr L3 wkurxjk d vlqjoh0vwhs ru d pxowl0vwhs uhdfwlrq vhtxhqfh +phfkdqlvpv
D dqg E, +*ghshqghqw* fxuuhqw fduulhu, dqg +lll, wkh suhvhqfh ri dq dgglwlrqdo *lq0
ghshqghqw* fxuuhqw fduulhu frplqj lqwr h�hfw dw orzhu ydoxhv ri !1 Dvvxpswlrq +l,
lv d yhu| frpprq dssur{lpdwlrq ri wkh ixoo pdvv wudqvsruw sureohp dqg kdv ehhq
dssolhg lq suhylrxv vwxglhv ^:4/ 97/ :5`1 Dvvxpswlrqv +ll, dqg +lll, iroorzhg iurp wkh
h{shulphqwdo L@X ehkdylru +Ilj1 ;04, dqg uhvshfwlyho| iurp wkh vwurqj ylvleoh k|0
gurjhq hyroxwlrq dw kljkhu ryhusrwhqwldov1 Zkloh wkh lqghshqghqw fxuuhqw fduulhu zdv
dvvxphg wr h{klelw d qrupdo srwhqwldo uhjxodwlrq wkurxjkrxw/ wkh udwh h{suhvvlrq ri
wkh lrgdwh uhgxfwlrq zdv fkrvhq wr h{klelw d qrq0wulyldo srwhqwldo ghshqghqfh 0 zlwk
wkh vkdsh ri d Q +Ilj1 ;0<, 0 vxfk dv wr ghvfuleh d Iuxpnlq0w|sh uhsxovlrq ehwzhhq
LR3

�

lrqv zlwklq wkh gl�xvh sruwlrq ri wkh grxeoh od|hu1 Wkh Iuxpnlq k|srwkhvlv
zdv vxssruwhg e| d qxpehu ri h{shulphqwdo �qglqjv= Dsduw iurp ehlqj sk|vlfdoo|
uhdvrqdeoh iru wkh uhgxfwlrq ri vpdoo dqlrqv/ wkh fruuhvsrqghqfh ehwzhhq wkh uhod0
wlyh orfdwlrq ri wkh srwhqwldo rvfloodwlrqv rq Dj/ Dx dqg Sw ^63` dqg wkh uhvshfwlyh



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4;:

srlqwv ri }hur fkdujh ^:4/ 94` lv lq idyru ri Frxorpe h�hfwv1 Pruh lpsruwdqwo|/ wkh
dvvxpswlrq ri d Iuxpnlq h�hfw suhglfwv wkh dxwrfdwdo|wlf qdwxuh ri ! lq vrph sr0
whqwldo lqwhuydo zklfk lq wxuq lv dvvrfldwhg zlwk d qhjdwlyh uhdo lpshgdqfh +QGU,1
Wkh odwwhu zdv lq idfw revhuyhg lq wkh h{shulphqwdo lpshgdqfh dqdo|vlv +Ilj1 ;0:/
;09,1 Lq sduwlfxodu/ Ilj1;0: lqglfdwhv d QGU rq }hur0iuhtxhqf| wlph vfdoh vxjjhvwlqj
d voljkwo| qhjdwlyh vorsh lq wkh vwdwlrqdu| L@X fkdudfwhulvwlf1 Wkh lpshgdqfh �qglqjv
ixuwkhupruh mxvwli| wkh fkrlfh ri wkh grxeoh od|hu srwhqwldo ! dv wkh idvw +dxwrfdw0
do|wlf, g|qdplfdo yduldeoh1 Xvxdoo|/ zkhq ghdolqj zlwk Iuxpnlq h�hfwv/ dq lpsolflw
srwhqwldo htxdwlrq iru wkh Iuxpnlq srwhqwldo ^7;` kdv wr eh vroyhg ^:4`1 Wkh xvh ri
d qrq0prqrwrqrxv srwhqwldo ghshqghqfh ri wkh uhdfwlrq udwh vxfk dv n

o

+!> nf
�

,/ krz0
hyhu/ frqvwlwxwhv d frpprq dssurdfk wr flufxpyhqw wkh whglrxv vroxwlrq ri lpsolflw
htxdwlrqv dv uhsruwhg lq fdofxodwlrqv xvlqj d prgho ri wkh V

2

R23

H

0uhgxfwlrq v|vwhp
^547`1

Prgho vlpxodwlrqv ri +l, srwhqwldo +Ilj1 ;043/;044/;045, dqg fxuuhqw vfdqv +Ilj1;0
46/ ;047,/ +ll, elixufdwlrq ehkdylru erxqglqj rvfloodwru| ehkdylru +Ilj1 ;04< wr ;056, dv
zhoo dv +lll, lpshgdqfh vshfwud zhuh lq jrrg txdolwdwlyh djuhhphqw zlwk h{shulphqwv
+Ilj1 ;08 wr ;0;/ frpsduh dovr Ilj18 lq uhi1^63`,1 Lq sduwlfxodu/ wkh w|sh dqg wkh
orfdwlrq ri elixufdwlrqv +vriw dqg kdug wudqvlwlrq ehwzhhq vwdeoh2rvfloodwru| ehkdylru,
frxog eh zhoo uhsurgxfhg1

Lq frqwudvw wr fdofxodwlrqv/ wkh h{shulphqwdo lpshgdqfh sorwv uhyhdohg dq dggl0
wlrqdo idvw fkhplfdo surfhvv hylghqfhg e| dq dgglwlrqdo fdsdflwlyh orrs dw kljk iuh0
txhqflhv1 Wkh xqnqrzq surfhvv vhhpv wr eh derxw wzr rughuv ri pdjqlwxgh idvwhu
wkdq wkh fkdudfwhulvwlf wlphvfdoh ri wkh rvfloodwru| surfhvv +vhh Ilj1 ;07 dqg lpshgdqfh
phdvxuhphqwv,1 K|gurjhq dgvruswlrq lv xqolnho| wr eh uhvsrqvleoh iru wkh idvw surfhvv/
vlqfh wkh dgglwlrqdo orrs zdv dovr revhuydeoh dw srwhqwldov zkhuh qr K0dgvruswlrq fdq
rffxu1 Dq h{whqghg vwhszlvh uhgxfwlrq phfkdqlvp/ krzhyhu/ dv suhvhqwhg lq phfkd0
qlvp E/ lv deoh wr surylgh d frqvlvwhqw h{sodqdwlrq ri wkh dgglwlrqdo fdsdflwlyh orrs1
Phfkdqlvp E +ht1 ;17, lqyroyhv dq dgglwlrqdo lqwhuphgldwh [ gxulqj wkh uhgxfwlrq
ri LR3

�

= Dv orqj dv wkh �uvw vwhs lv udwh ghwhuplqlqj/ wkh ryhudoo nlqhwlfv zrxog eh
jryhuqhg e| uhdfwlrq ;17d +orz fkdudfwhulvwlf iuhtxhqf|,1 Surfhvv ;17e zrxog ehfrph
ylvleoh rqo| rq d idvwhu wlphvfdoh1 Vlqfh prgho D lqyroyhv rqh fkhplfdo vshflhv rqo|/ lw
lv wkhuhiruh xqdeoh wr uhsurgxfh d vhfrqg fdsdflwlyh orrs lq wkh lpshgdqfh gldjudpv1
Lq frqfoxvlrq/ wkh dgglwlrqdo idvw fkhplfdo surfhvv lq wkh h{shulphqwdo v|vwhp ohdyhv
doo uhvxowv uhjduglqj wkh phfkdqlvwlf uroh ri vorz fkhplfdo surfhvv xqd�hfwhg1

Lq djuhhphqw zlwk suhylrxv frqmhfwxuhv ^63`/ wkh suhvhqfh ri wkh k|gurjhq hyr0
oxwlrq +lqghshqghqw fxuuhqw fduulhu, wxuqhg rxw wr eh fuxfldo iru wkh h{lvwhqfh ri
jdoydqrvwdwlf srwhqwldo rvfloodwlrqv dv looxvwudwhg lq wkh elixufdwlrq gldjudp Ilj1;04<
ru olnhzlvh dv vhhq lq wkh dqdo|wlfdo dqdo|vlv ri Dsshqgl{ D1 Lqwhuhvwlqjo|/ wkh suhv0
hqfh ri d srvlwlyh srwhqwldo ghshqghqfh ri wkh ghshqghqw fxuuhqw fduulhu iru yhu| odujh
! zdv vkrzq wr eh phuho| d vx!flhqw/ exw qrw d qhfhvvdu| frqglwlrq iru jdoydqrvwdwlf
rvfloodwru| lqvwdelolwlhv/ vlqfh dovr d � 0vkdshg udwh ghshqghqfh +udwh$ 3 dv m!m $ 4,
uhvxowhg lq dqdorjrxv g|qdplfdo ehkdylru1 Qrwh ixuwkhu/ wkdw iru odujh ydoxhv ri nf

�SS

+nf
�SS

A 3=7,> wkh srwhqwldo rvfloodwlrqv rffxu dw fxuuhqw ydoxhv deryh wkh gl�xvlrq olp0
lwhg sodwhdx dv uhsruwhg lq ^63`1 Iurp fdofxodwlrqv jlyhq lq Ilj1 ;04< lw lv reylrxv
wkdw wrr kljk d udwh ri k|gurjhq hyroxwlrq fdq lpshgh wkh revhuydwlrq ri jdoydqrvwdwlf



4;; Wkh rvfloodwru| lrgdwh uhgxfwlrq

srwhqwldo rvfloodwlrqv1 Olnhzlvh/ dv vkrzq lq ;053/ srwhqwldo rvfloodwlrqv duh yhu| vhq0
vlwlyh wr fkdqjhv lq wkh ghwdlohg vkdsh ri wkh srwhqwldo ghshqghqfh ri wkh ghshqghqw
fxuuhqw fduulhu1 Wkxv/ Ilj1 ;04< dqg ;053 vkrz wkdw wkh h{lvwhqfh dqg wkh orfdwlrq ri
jdoydqrvwdwlf rvfloodwlrqv duh vwurqjo| frqwlqjhqw xsrq wkh edodqfh ri uhdfwlrq udwhv
ri erwk wkh ghshqghqw dqg lqghshqghqw fxuuhqw fduulhu1 Vwluulqj zdv vkrzq wr vkliw
wkh jdoydqrvwdwlf rvfloodwru| fxuuhqw udqjh wr kljkhu fxuuhqw ydoxhv ^63` zklfk lv hdvlo|
h{sodlqhg lq wkh prgho e| wkh lqfuhdvh ri wkh wudqvsruw0olplwhg lrgdwh fxuuhqw1 Wkh
prgho ixuwkhu suhglfwv wkdw vx!flhqwo| vwurqj vwluulqj fdxvhv doo rvfloodwru| uhjlphv
wr glvdsshdu/ vlqfh f lv �{hg dw d txdvl0frqvwdqw ydoxh dqg wkhuhiruh wkh vorz qhjdwlyh
ihhgedfn yduldeoh lv uhpryhg1 Wklv frxog eh yhul�hg h{shulphqwdoo|1

;1715 Wkh ruljlq ri wkh jdoydqrvwdwlf rvfloodwru| lqvwdelolw|

Srwhqwldo rvfloodwlrqv zlwk wzr fxuuhqw fduulhuv1 Wkh fhqwudo ihdwxuh ri wkh lrgdwh
prgho lv grxewohvvo| wkh qrq0prqrwrqrxv srwhqwldo ghshqghqfh ri wkh lrgdwh uhgxf0
wlrq udwh1 n

o

+!> nf
�

, plplfnlqj d Iuxpnlq lqwhudfwlrq ri wkh hohfwurdfwlyh vshflhv ^97`/

vlqfh wkh frqglwlrq Y&oE�c&
f

�
�

Y�

A 3 +lqyhuvh uhjxodwlrq, lv d suhfrqglwlrq iru frpsoh{ frq0
mxjdwh hljhqydoxhv zlwk srvlwlyh uhdo sduwv xqghu erwk srwhqwlrvwdwlf dqg jdoydqrvwdwlf
frqglwlrqv1 Wkh qhjdwlyh uhjxodwlrq ri n

o

+!> nf
�

, e| lwvhoi lv wkh ruljlq ri d qhjdwlyh
lpshgdqfh +QGU, lq wkh vwdwlrqdu| L@X fxuyh +vhh Ilj1;043 fxuyh 4,1 Xqghu jdoydqr0
vwdwlf frqglwlrqv/ krzhyhu/ d vhfrqg frqglwlrq ehfrphv fuxfldo iru rvfloodwlrqv1 Wklv lv
wkh suhvhqfh ri d fxuuhqw fduu|lqj surfhvv qrw frqvxplqj lrgdwh +lqghshqghqw fxuuhqw
fduulhu,= iru nf

�SS

@ 3 wkh jdoydqrvwdwlf prgho h{klelwv h{foxvlyho| elvwdelolw| +QGU
w|sh rvfloodwru,/ zkhuhdv iru nf

�SS

A 3 srwhqwldo rvfloodwlrqv ehfrph srvvleoh1 Ixuwkhu0
pruh/ dw kljkhu ydoxhv ri nf

�SS

wkh QGU ehfrphv klgghq +KQGU w|sh rvfloodwru/ vhh
Ilj1;043 fxuyh 6/7,1

Lq looxvwudwlyh whupv/ wkh ruljlq ri wkh jdoydqrvwdwlf rvfloodwlrqv fdq eh ghvfulehg
dv iroorzv= Lqlwldoo|/ vxssrvh wkh ydoxh ri ! lv wr wkh uljkw ri wkh uhodwlyh pd{lpxp ri
n
o

+!> nf
�

, lq Ilj1;0<1 Wkdw lv/ li wkh QGU lv ylvleoh rq wkh vwdwlrqdu| L@X fkdudfwhulvwlf/
wkh ydoxh ri ! lv wr wkh uljkw ri wkh uhodwlyh fxuuhqw plqlpxp ri wkh vwdwlrqdu| L@X
fkdudfwhulvwlf +vhh fxuyh 5 lq Ilj1;043,1 Wkh frqfhqwudwlrq ri lrgdwh dw wkh grxeoh
od|hu/ f / lv vwhdglo| ghsohwlqj/ xqwlo wkh olplwlqj fxuuhqw lv uhdfkhg zkhuh f ehfrphv
}hur1 Li wkh frqvwdqw ydoxh ri L zdv fkrvhq vxfk dv wr h{fhhg wkh olplwlqj fxuuhqw ydoxh/
! vorzo| ghfuhdvhv lq rughu wr nhhs xs wkh frqvwdqw fxuuhqw L1 Dv vrrq dv ! hqwhuv
wkh uhjlrq ri wkh qhjdwlyh uhjxodwlrq ri n

o

+!> nf
�

, / wkh QGU ohdgv wr dq dxwrfdwdo|wlf
jurzwk ri m!m1 Dv ! jurzwkv/ wkh udwh ri lrgdwh uhgxfwlrq gursv/ zkhuhdv wkh udwh ri wkh
lqghshqghqw fxuuhqw fduulhu lqfuhdvhv xqwlo lw edodqfhv wkh gl�huhqfh ehwzhhq L dqg
wkh lqvwdqwdqhrxv lrgdwh fxuuhqw1 Wklv vwrsv wkh dxwrfdwdo|wlf jurzwk ri m!m1 Vlqfh wkh
udwh ri lrgdwh uhgxfwlrq lv qrz durxqg wkh orzhu hqg ri wkh srwhqwldo uhjlrq ri qhjdwlyh
uhjxodwlrq/ f kdv wkh rssruwxqlw| wr uhfryhu dv fohduo| vhhq lq Ilj1;0571 D kljkhu ydoxh
ri f ohdgv wr d kljkhu gl�xvlrq0olplwhg lrgdwh fxuuhqw xqwlo lw h{fhhgv wkh fkrvhq ydoxh
ri wkh wrwdo fxuuhqw djdlq1 Wklv/ lq wxuq/ ohdgv wr d ulvh lq ! dqg wkh lqlwldo frqglwlrqv
duh uhvwruhg1 Qrwh/ wkdw zlwkrxw dq lqghshqghqw fxuuhqw fduulhu/ wkh fxuuhqw L zrxog
kdyh wr eh vxssolhg e| lrgdwh uhgxfwlrq dw doo wlphv dqg qr uhfryhu| ri f zrxog eh
srvvleoh1 Wkh srwhqwldo zrxog uhpdlq orz dqg frqvhtxhqwo| wkh v|vwhp zrxog glvsod|



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4;<

elvwdeoh ehkdylru +QGU0rvfloodwru,1 Qrwh wkdw wklv phfkdqlvp lv h�hfwlyh uhjdugohvv
zkhwkhu ru qrw wkh QGU lv ylvleoh lq wkh vwdwlrqdu| fkdudfwhulvwlf +QGU ru KQGU
rvfloodwru,1

Srwhqwldo rvfloodwlrqv zlwk srwhqwldo0ghshqghqw vruswlrq1 D vlplodu phfkdqlvp rs0
hudwhv lq wkh jdoydqrvwdwlf rvfloodwru| surwrw|sh prgho vxjjhvwhg lq uhi1 ^97`1 Wkhuh/
xqolnh prgho D/ qr dgglwlrqdo fxuuhqw fduulhu lv suhvhqw1 Lqvwhdg/ d srwhqwldo ghshq0
ghqw dg0 dqg ghvruswlrq ri wkh vorz fkhplfdo vshflhv zdv dvvxphg1 Hyhq wkrxjk wkh
wrwdo fxuuhqw L kdv wr eh surylghg e| wkh ghshqghqw fxuuhqw fduulhu dw doo wlphv/ d uh0
fryhu| ri wkh frqfhqwudwlrq ri wkh fkhplfdo vshflhv ehfrphv srvvleoh gxh wr hqkdqfhg
dgvruswlrq zlwk lqfuhdvlqj !1

;1716 Wkh elixufdwlrq vwuxfwxuh ri QGU dqg KQGU rvfloodwruv lq
wkh +X/4� sodqh

Zkhuhdv Krsi dqg vdggoh0qrgh elixufdwlrq vhwv lq QGU rvfloodwruv zhuh xvxdoo| irxqg
wr h{klelw d [SG lq vrph wzr0sdudphwhu sodqh/ wklv elixufdwlrq vwuxfwxuh zdv dozd|v
ghvwur|hg lq KQGU rvfloodwruv lq idyru ri vrph qrq0[SG1 Dv vkrzq lq Ilj1;04</ lq0
fuhdvlqj nf

�SS

iurp }hur lv dvvrfldwhg zlwk d frqwlqxrxv wudqvlwlrq ri prgho D iurp d
QGU +Ilj1;055, wr d KQGU rvfloodwru +Ilj1;056,1 Wkhuhiruh/ wkh txdolwdwlyh fkdqjhv
lq wkh elixufdwlrq vwuxfwxuh lq wkh +X@�, sodqh xsrq lqfuhdvlqj nf

�SS

frxog eh vwxglhg
lq pruh ghwdlo1 Lw wxuqhg rxw wkdw zlwk odujhu nf

�SS

erwk WE0srlqwv ri wkh [SG pryhg
wr kljkhu ydoxhv ri X dqg � xqwlo rqh WE srlqw suhvxpdeo| glvdsshduhg dw lq�qlw|1
Vlpxowdqhrxvo| wkh Krsi elixufdwlrq fxuyh vkliwhg lq vxfk d zd| wkdw iroorzlqj lw lq
rqh gluhfwlrq/ wkh fxuyh zdv orfdwhg iru doo X> �$4 rxwvlgh wkh uhjlrq ri elvwdelolw|
+Ilj1;056,1 Wklv fkdqjh lq orfdwlrq ri wkh Krsi fxuyh hqdeohv jdoydqrvwdwlf rvflood0
wlrqv1 Lqwhuhvwlqjo|/ lw lv qrw duelwudu| zklfk WE srlqw glvdsshduv dw lq�qlw|1 Lqvwhdg/
lw zdv irxqg wkdw lq prghov vlplodu wr prgho D/ wkh Krsi elixufdwlrq fxuyh ehfrphv
uhorfdwhg vxfk wkdw wkh jdoydqrvwdwlf vxshufulwlfdo Krsi elixufdwlrq +Ilj1;046/ ;047
dqg Ilj1;04</ ;053, lv orfdwhg dw odujh devroxwh ydoxhv ri L 1 Wklv lv frqwudvw wr suhyl0
rxv uhsruwv lq jdoydqrvwdwlf v|vwhpv dqg prghov vxfk dv k|gurjhq r{lgdwlrq/ iruplf
dflg r{lgdwlrq hwf1 ^548/ :8/ 5;` zkhuh wkh jdoydqrvwdwlf vriw +Krsi, elixufdwlrq do0
zd|v rffxuv dw vpdoo devroxwh ydoxhv ri wkh wrwdo fxuuhqw/ zkloh wkh kdug wudqvlwlrq
edfn wr vwdeoh ehkdylru +prvwo| vdggoh0orrs elixufdwlrqv, rffxuuhg dw kljk ydoxhv ri
L1 Wkdw ihdwxuh/ l1h1 Krsi dw odujh dqg kdug elixufdwlrq dw orz ydoxhv ri wkh wrwdo
fxuuhqw/ vhhpv wr eh uhodwhg zlwk wkh suhvhqfh ri wzr fxuuhqw fduulhuv dqg fdq srvvleo|
vhuyh dv dq h{shulphqwdo fulwhulrq iru d udslg phfkdqlvwlf fodvvl�fdwlrq ri xqnqrzq
jdoydqrvwdwlf rvfloodwru| v|vwhpv ^9<`1

;1717 Uhodwlrq wr d Frqyhfwlyh Pdvv Wudqvihu Phfkdqlvp

Lq wkh phfkdqlvwlf glvfxvvlrqv ri hduolhu uhsruwv rq jdoydqrvwdwlf rvfloodwlrqv gxulqj
dqlrq uhgxfwlrq uhdfwlrqv vxfk dv LR3

�

^63/ 53;/ 53<`/ wkh dxwkruv sodfhg hpskdvlv
h{foxvlyho| rq d frqyhfwlyh pdvv wudqvihu ihhgedfn phfkdqlvp gxh wr k|gurjhq hyr0
oxwlrq1 Lq jhqhudo/ srwhqwldo rvfloodwlrqv lqyroylqj frqyhfwlyh ihhgedfn uhsohqlvklqj
wkh frqfhqwudwlrq ri wkh hohfwurdfwlyh vshflhv f dw wkh vxuidfh uhtxluh wkh iroorzlqj dv0
vxpswlrqv= +l, d gl�xvlrq olplwhg fxuuhqw sodwhdx ri dq hohfwurfkhplfdo surfhvv/ +ll, dq



4<3 Wkh rvfloodwru| lrgdwh uhgxfwlrq

lqghshqghqw fxuuhqw surylglqj surfhvv dqg +lll, d vxgghq ghwdfkphqw ri jdv exeeohv
dvvrfldwhg zlwk d yhu| vkdus lqfuhdvh ri wkh gl�xvlrq olplwhg fxuuhqw e| pl{lqj LR3

�

1
E| phdqv ri Ilj1 ;058 zklfk vfkhpdwl}hv vxfk dq rvfloodwru| frqyhfwlrq phfkdqlvp
wkh ruljlq ri rvfloodwlrqv fdq eh xqghuvwrrg lq ghwdlo= Dv orqj dv wkh jdoydqrvwdwlfdoo|
fkrvhq fxuuhqw ghqvlw| L +krul}rqwdo olqh, fdq eh phw e| wkh sulpdu| hohfwurfkhplfdo
surfhvv +ghshqghqw fxuuhqw fduulhu,/ wkh srwhqwldo uhpdlqv kljk +srlqw D,1 Krzhyhu/
frqvwdqw frqvxpswlrq ri wkh fkhplfdo vshflhv dqg vorz gl�xvlyh pdvv wudqvsruw ohdgv
wr d vwhdg| ghfuhdvh ri wkh fxuuhqw surylghg e| wkh sulpdu| surfhvv xqwlo lw gursv
ehorz wkh uhtxluhg ydoxh ri L1 Qrz/ ! ulvhv xqwlo wkh fxuuhqw lv phw e| phdqv ri
wkh lqghshqghqw fxuuhqw fduulhu dvvrfldwhg zlwk wkh hyroxwlrq ri jdv exeeohv +srlqw
E,1 ! kdv uhdfkhg d orz ydoxh dw wklv srlqw ri wkh f|foh1 Wkh exeeolqj surylghv d
vxgghq frqyhfwlyh irufh uhsohqlvklqj wkh frqfhqwudwlrq f dqg wkhuhe| lqfuhdvlqj wkh
gl�xvlrq olplwhg fxuuhqw sodwhdx ri lrgdwh deryh wkh ydoxh ri L1 Qrwh wkdw vlqfh wklv
surfhvv zloo hyhqwxdoo| uhvwruh !> lw dfwv dv d qhjdwlyh ihhgedfn1 Qrz/ wkh lqvwdqwd0
qhrxv ydoxh ri wkh lrgdwh fxuuhqw dorqh h{fhhgv L dqg frqvhtxhqwo| ! ulvhv xqwlo wkh
ruljlqdo frqglwlrqv duh uhvwruhg1 Lpsruwdqwo|/ li wkh frqyhfwlyh irufh dvvrfldwhg zlwk
jdv exeeolqj lv rq wkh vdph ru rq d vpdoohu wlphvfdoh dv !/ vxvwdlqhg shulrglf ehkdy0
lru lv lpsrvvleoh/ vlqfh d vwdwlrqdu|/ lqwhuphgldwh srwhqwldo dw prghudwh exeeolqj udwh
zloo eh dssurdfkhg lq d gdpshg rvfloodwru| wudqvlhqw1 Wkhuhiruh/ vxvwdlqhg shulrglf
ehkdylru uhtxluhv wkh xqvdwlvi|lqj dvvxpswlrq ri d yhu| vxgghq exeeoh0ghwdfkphqw
udlvlqj wkh gl�xvlrq olplwhg fxuuhqw doprvw lqvwdqwdqhrxvo| iurp dq xqghufulwlfdo wr
dq ryhufulwlfdo ydoxh1

Vxvwdlqhg uhjxodu shulrg04 rvfloodwlrqv dv uhsruwhg lq Ilj1 ;05 dqg ;06 ru uhi1 ^63`
uhtxluh d yhu| kljk ghjuhh ri uhsurgxflelolw| ri wkh exeeoh vl}h dv zhoo dv ri wkh exeeoh
irupdwlrq dqg glvsodfhphqw surfhvvhv zklfk lv xqolnho|1

Prvw lpsruwdqwo|/ krzhyhu/ wkh phuh vxssrvlwlrq ri rqh gl�xvlrq0olplwhg idudgdlf
fxuuhqw +L_,

8

, dqg dq dgglwlrqdo lqghshqghqw srvlwlyho|0uhjxodwhg fxuuhqw +aL
8
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A 3, lv xqdeoh wr dffrxqw iru wkh revhuyhg qhjdwlyh uhdo lpshgdqfhv1 Wklv lv

hdvlo| vkrzq lq d rqh0vshflhv prgho vlplodu wr prgho D1 Vlqfh lq wkh gl�xvlrq0olplwhg
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zkhuh doo sduwldo ghulydwlyhv duh hydoxdwhg lq wkh gl�xvlrq0olplwhg vwdwlrqdu| vwdwh1

Lq vxppdu|/ hyhq wkrxjk lw lv lq sulqflsoh frqfhlydeoh iru d frqyhfwlyh pdvv
wudqvsruw phfkdqlvp wr h{klelw rvfloodwru| ehkdylru/ wkh h{shulphqwdo �qglqjv ohqg
vxssruw wr dq lqvwdelolw| phfkdqlvp edvhg rq d qhjdwlyh lpshgdqfh udwkhu wkdq wr
frqyhfwlrq0ghsohwlrq surfhvvhv1



Wkh rvfloodwru| lrgdwh uhgxfwlrq 4<4

Iljxuh ;058= Vfkhpdwlf looxvwudwlrq ri d srvvleoh frqyhfwlrq0ghsohwlrq rvfloodwru xqghu
jdoydqrvwdwlf frqwuro1 Wkh krul}rqwdo/ vrolg olqh vkrzv wkh frqvwdqw wrwdo fxuuhqw L +vhh
ht1;19,= Wkh wzr vrolg sodwhdx fxuyhv sruwud| wkh lqvwdqwdqhrxv ryhudoo L@X ehkdylru
lpphgldwho| ehiruh +orzhu fxuyh, dqg diwhu +xsshu fxuyh, hyroxwlrq ri jdv exeeohv> wkh
uhvshfwlyh ydoxhv ri * +rshudwlrqdo srlqwv ri wkh v|vwhp, lv jlyhq e| srlqwv D dqg E1
Wkh gdvkhg sodwhdx fxuyhv dqg wkh gdvkhg h{srqhqwldo fxuyh lqglfdwh wkh lqglylgxdo
frqwulexwlrqv ri wkh ghshqghqw dqg lqghshqghqw fxuuhqw fduulhu/ uhvshfwlyho|1

;1718 H{whqvlrq wr rwkhu rvfloodwru| hohfwurfdwdo|wlf uhgxfwlrqv dqg
r{lgdwlrqv

Wkh prgho dqg phfkdqlvwlf frqvlghudwlrqv lqwurgxfhg deryh fdq uhdglo| eh h{whqghg
wr wkh ghvfulswlrq dqg xqghuvwdqglqj ri ixuwkhu hohfwurfdwdo|wlf uhgxfwlrq dqg r{0
lgdwlrq v|vwhpv +uhi1 ^53<` dqg uhihuhqfhv wkhuhlq,1 Dq lpshgdqfh dqdo|vlv ri wkh
Ih+FQ,�3

S

v|vwhp ^53;` / iru lqvwdqfh/ hylghqfhg wkh h{lvwhqfh ri d QGU dw �qlwh
iuhtxhqflhv vxjjhvwlqj d KQGU w|sh rvfloodwru1 Lq dqdorj| wr wkh lrgdwh uhgxfwlrq
v|vwhp/ d Iuxpnlq0w|sh Frxorpe lqwhudfwlrq dsshduv olnho| wr eh wkh ruljlq ri wkh
QGU zklfk/ rq vxshusrvlwlrq ri dq dgglwlrqdo fxuuhqw fduulhu olnh k|gurjhq hyroxwlrq/
lv deoh wr fdxvh jdoydqrvwdwlf srwhqwldo rvfloodwlrqv1

Wkh hohfwurfdwdo|wlf uhgxfwlrq ri V
2

R23

H

lq dondolqh vroxwlrq lv nqrzq wr eh elvwdeoh
xqghu jdoydqrvwdwlf frqglwlrqv1 Lq dflglf vroxwlrq/ krzhyhu/ srwhqwldo rvfloodwlrqv
duh revhuyhg1 Wklv �qglqj lv uhdglo| xqghuvwrrg li rqh dvvxphv wkdw wkh k|gurjhq
hyroxwlrq lq dondolqh frqglwlrqv lv vkliwhg wrr idu fdwkrglfdoo| wr lqwhudfw zlwk wkh
shur{rglvxoskdwh uhgxfwlrq/ exw dssurdfkhv wkh dssursuldwh srwhqwldo udqjh lq rughu
wr fdxvhv srwhqwldo rvfloodwlrqv dv wkh sK lv orzhuhg1

Srwhqwldo rvfloodwlrqv zhuh dovr uhsruwhg gxulqj wkh hohfwurfdwdo|wlf r{lgdwlrq ri
dqlrqv vxfk dv Ih+FQ,e3

S

lq wkh suhvhqfh ri R
2

hyroxwlrq rq Sw hohfwurgh ^53<`1 Khuh/
d Iuxpnlq0w|sh lqwhudfwlrq ri wkh hohfwurfdwdo|wlf vshflhv lv reylrxvo| devhqw1 Qrwh/



4<5 Wkh rvfloodwru| lrgdwh uhgxfwlrq

krzhyhu/ wkdw wkh rvfloodwru| srwhqwldo udqjh frlqflghv zlwk wkh srwhqwldo zkhuh dg0
vruswlrq ri r{|jhq vshflhv ^49:/ 499` rffxuv1 Wkhuhiruh/ d Q0vkdshg srwhqwldo ghshq0
ghqfh ri wkh Ih+FQ,e3

S

r{lgdwlrq fxuuhqw +vlplodu wr Ilj1;0<, fdq eh h{shfwhg vlpso|
dvvxplqj d orzhu r{lgdwlrq udwh rq Sw zklfk lv fryhuhg e| vrph r{|jhq vshflhv +Sw0
RK ru Sw0R, dv frpsduhg wr wkdw rq wkh eduh Sw phwdo vxuidfh1 Lq frpelqdwlrq
zlwk wkh r{|jhq hyroxwlrq fxuuhqw/ d KQGU rvfloodwru lv rewdlqhg mxvw olnh wkh rqh
lqwurgxfhg deryh1

;18 Vxppdu|

D nlqhwlf wzr0yduldeoh prgho iru wkh rvfloodwru| lrgdwh uhgxfwlrq xqghu jdoydqrvwdwlf
frqwuro zdv vkrzq wr h{sodlq qxphurxv h{shulphqwdo ihdwxuhv suhylrxvo| xqdffrxqwhg
iru1 Wkh hvvhqwldo sduwv ri wkh prgho frqvlvwhg/ �uvw/ lq d qrq0prqrwrqrxv srwhqwldo
ghshqghqfh ri wkh pdmru fxuuhqw fduulhu +lrgdwh uhgxfwlrq, zklfk zdv dvvrfldwhg zlwk
d QGU dqg/ vhfrqg/ lq dq lqghshqghqw fxuuhqw fduulhu zlwk qrupdo srwhqwldo uhjxod0
wlrq +k|gurjhq hyroxwlrq,1 Wklv frpelqdwlrq uhvxowhg lq d qryho w|sh ri jdoydqrvwdwlf
rvfloodwru| prghov +vxefodvv ri wkh KQGU fdwhjru|, zlwk zklfk dprqj rwkhu wklqjv
wkh wudqvlwlrq iurp d QGU wr d KQGU rvfloodwru frxog eh vwxglhg1 Wkh ruljlq ri wkh
lqvwdelolw| zdv glvfxvvhg lq wkh frqwh{w ri suhylrxv vxjjhvwlrqv1 Wkh phfkdqlvp ri
wkh rvfloodwru| lqvwdelolw| zdv vkrzq wr eh dovr dssolfdeoh wr d zkroh fodvv ri uhodwhg
hohfwurfdwdo|wlf jdoydqrvwdwlf rvfloodwruv1


