
Fkdswhu :

Ihhgedfn Frqwuro Whfkqltxhv iru
wkh Phfkdqlvwlf Dqdo|vlv ri
Hohfwurfkhplfdo V|vwhpv

:14 Lqwurgxfwlrq

Lq wkh fkhplfdo hqjlqhhulqj olwhudwxuh/ erwk fodvvlfdo Sursruwlrqdo0Lqwhjudo0Ghulydwlyh
+SLG, dqg prghuq qrqolqhdu ihhgedfn frqwuro phwkrgv kdyh iuhtxhqwo| ehhq vwxg0
lhg zkhuh d fkhplfdo surfhvv zdv wr iroorz d suhvfulehg ehkdylru ^433/ 43:`1 SLG
phwkrgv/ lq sduwlfxodu/ kdyh ehhq ghvfulehg iru wkh pdqlsxodwlrq ri wkh vwdelolw|
ri vwdwlrqdu| vwdwhv/ vxvwdlqhg rvfloodwlrqv ru fkdrwlf uhjlphv lq fkhplfdo v|vwhpv
^<</ 4<</ 533/ 534/ 535/ 438/ 536`1 Krzhyhu/ wkh qxpehu ri h{shulphqwdo vwxglhv xv0
lqj sxuh ghulydwlyh ihhgedfn frqwuro lv yhu| olplwhg ^438` dqg irfxv zdv sulpdulo|
sodfhg rq wkh vwdelol}dwlrq ri xqvwdeoh vwdwhv1 Wkh xvh ri ihhgedfn frqwuro dv d wrro
lq wkh phfkdqlvwlf dqdo|vlv ri fkhplfdo v|vwhpv lv d qryho frqfhsw dqg kdv qhyhu ehhq
glvfxvvhg vr idu lq olwhudwxuh1 Hvshfldoo| lq hohfwurfkhplfdo v|vwhpv wkh frqwuro sd0
udphwhuv fxuuhqw L dqg srwhqwldo X duh hdvlo| dffhvvleoh dqg wkhuhiruh doorz d idvw
lpsohphqwdwlrq ri ihhgedfn h{shulphqwv1 Wzr fkdoohqjlqj sureohpv dvvrfldwhg zlwk
wkh phfkdqlvwlf dqdo|vlv ri hohfwurfkhplfdo v|vwhpv zloo eh dgguhvvhg khuh= Iluvw/ wkh
lghqwl�fdwlrq ri �wuxo| srwhqwlrvwdwlf� rvfloodwruv dqg/ vhfrqg/ wkh glvwlqfwlrq ehwzhhq
gl�huhqw vxefdwhjrulhv zlwk wkh jurxs ri KQGU rvfloodwruv1

Dv rxwolqhg lq fkdswhu 5/ dsduw iurp hohfwurfkhplfdo lqvwdelolwlhv edvhg rq qhjd0
wlyh lpshgdqfh zkhwkhu ru qrw ylvleoh rq wkh vwdwlrqdu| srodul}dwlrq fxuyh +QGU dqg
KQGU/ uhvshfwlyho|,/ wkhuh duh �wuxo| srwhqwlrvwdwlf� rvfloodwru| prghov ^:7` zkhuh
wkh vrxufh ri wkh lqvwdelolw| lv ri sxuho| fkhplfdo qdwxuh/ h1j1 gxh wr d fkhplfdo dxwr0
fdwdo|vlv ru wr dq dgvruedwh lqwhudfwlrq1 Wkh whup �wuxo| srwhqwlrvwdwlf� lv mxvwl�hg
rqo| lq wkh olplwlqj fdvh ri qhjoljleoh rkplf srwhqwldo gurs ehwzhhq zrunlqj dqg uhi0
huhqfh hohfwurgh vlqfh xqghu wkhvh frqglwlrqv wkh grxeoh od|hu srwhqwldo htxdov wkh
frqvwdqw rxwhu dssolhg srwhqwldo X

e%

ghvslwh ri vxvwdlqhg fxuuhqw rvfloodwlrqv1 Qrwh
wkdw dw kljkhu ydoxhv ri wkh rkplf uhvlvwdqfh/ ! rvfloodwhv hyhq li lw lv qrqhvvhqwldo iru
wkh g|qdplfv1 Wkhuh duh d ihz h{shulphqwdo v|vwhpv zklfk duh eholhyhg wr idoo lqwr
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467 Ihhgedfn frqwuro lq hohfwurfkhplfdo v|vwhpv

wklv fodvv exw fohdu hylghqfh iru wkh sxuho| fkhplfdo qdwxuh ri wkhlu lqvwdelol| lv vwloo
plvvlqj ^:9/ 9:/ ::/ :;`

Wkh rqo| h{shulphqwdo whvw/ vr idu/ lq rughu wr �qg rxw zkhwkhu ru qrw dq h{0
shulphqwdo rvfloodwru lv wuxo| srwhqwlrvwdwlf frqvlvwv lq wkh phdvxuhphqw ri wkh L2X
ehkdylru iru ydqlvklqj rkplf srwhqwldo gurs e| phdqv ri hohfwurqlf LU frpshqvdwlrq
ru yhu| kljk vroxwlrq frqgxfwlylwlhv1 Li wkhuh duh fxuuhqw rvfloodwlrqv iru frpsohwho|
frpshqvdwhg ru qhjoljleoh uhvlvwdqfh/ wkh lqvwdelolw| pxvw eh ri sxuho| fkhplfdo qd0
wxuh dqg ! lv suryhg wr eh qrqhvvhqwldo1 Rwkhuzlvh wkh rkplf gurs lv fuxfldo iru
rvfloodwlrqv dqg ! lv dq hvvhqwldo yduldeoh1 Krzhyhu/ qxphurxv h{shulphqwdo vwxglhv
uhyhdohg wr eh dpeljxrxv vlqfh lw riwhq wxuqhg rxw yhu| gl!fxow wr ghflgh zkhwkhu
wkh h�hfw ri dq rkplf uhvlvwdqfh frxog eh frpsohwho| uxohg rxw1 Wkh hohfwurqlf frp0
shqvdwlrq phwkrg/ rq wkh rwkhu kdqg/ uhtxluhv wkh suhflvh nqrzohgjh ri wkh rkplf
uhvlvwdqfh wr eh frpshqvdwhg1

Wkh vwxglhv e| Nrshu ^97` dqg Zroi ^5<` dv zhoo dv wkh uhvxowv iurp fkdswhuv 7
dqg 8 ^:5` uhyhdohg wkdw wkh KQGU fdwhjru| fdq eh jhqhudoo| vxeglylghg lqwr wzr
gl�huhqw vxefdwhjrulhv ghshqglqj zkhwkhu

� wkhuh lv d idvw wklug fkhplfdo vshflhv +h1j1 Fo3 ru RK iru wkh K2 dqg ID
r{lgdwlrq v|vwhp, lqyroyhg lq wkh srvlwlyh ihhgedfn orrs +qhjdwlyh lpshgdqfh,
zlwk wkh pdmru fxuuhqw0surylglqj uhdfwlrq +k|gurjhq r{lgdwlrq/ gluhfw iruplf
dflg r{lgdwlrq sdwk lq vxervfloodwru 4, qrw frqvxplqj wkh vorz fkhplfdo vshflhv

ru zkhwkhu

� wkh pdmru fxuuhqw0surylglqj surfhvv grhv frqvxph wkh vorz fkhplfdo vshflhv/
pd| lw eh d yroxph ru vxuidfh vshflhv/ dqg wkhuh lv d srwhqwldo0ghshqghqw vxsso|
+hohfwurvruswlrq hwf1, ri wklv vshflhv ^97`1

Lq dq| fdvh/ dv douhdg| qrwhg e| Nrshu lq uhi1 ^:7`/ dw ohdvw wzr srwhqwldo0
ghshqghqw surfhvvhv pxvw eh suhvhqw lq dq hohfwurfkhplfdo rvfloodwru ri wkh KQGU
w|sh1 Dowkrxjk iuhtxhqf| uhvsrqvh whfkqltxhv kdyh suryhq wr eh h{wuhpho| xvhixo iru
wkh suhglfwlrq ri elixufdwlrqv/ d glvwlqfwlrq ehwzhhq wkhvh vxefdwhjrulhv edvhg rq wkh
lpshgdqfh vshfwuxp lv lpsrvvleoh1

Lw lv wkh sxusrvh ri wklv fkdswhu wr lqwurgxfh dqg wr lqyhvwljdwh wzr ghulydwlyh
ihhgedfn frqwuro whvwv erwk h{shulphqwdoo| dqg wkhruhwlfdoo| zklfk zloo eh vkrzq wr
surylgh xvhixo phfkdqlvwlf lqirupdwlrq rq xqnqrzq hohfwurfkhplfdo rvfloodwruv1 Diwhu
wkh h{shulphqwdo ghwdlov +vhfwlrq 5,/ vhfwlrq 6 lqwurgxfhv wkh �uvw frqwuro phwkrg
zklfk lv vkrzq wr doorz wkh lghqwl�fdwlrq ri d wuxo| srwhqwlrvwdwlf rvfloodwru zlwkrxw
h{solflw nqrzohgjh ri wkh rkplf uhvlvwdqfh1 Lq vhfwlrq 7/ wkh vhfrqg frqwuro whvw lv
vkrzq wr eh d wrro iru dq h{shulphqwdo glvwlqfwlrq ehwzhhq wkh wzr gl�huhqw rvflo0
odwru| phfkdqlvpv zlwklq wkh KQGU fdwhjru|1 Wkh glvfxvvlrq lq vhfwlrq 8/ �qdoo|/
vxppdul}hv wkh uhvxowv dqg dvvhvvhv erwk phwkrgv uhjduglqj wkhlu dgydqwdjhv dqg
gudzedfnv1
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:15 H{shulphqwdo

D urwdwlqj Dx0ulqj0Sw0glvf hohfwurgh/ d Sw zluh dqg d Kj2VRe0hohfwurgh zlwk Oxj0
jlq fdsloodu| vhuyhg dv zrunlqj/ frxqwhu dqg uhihuhqfh hohfwurghv/ uhvshfwlyho|1 Wkh
uhihuhqfh hohfwurgh ri wkh srwhqwldo ydoxhv uhsruwhg duh hlwkhu wkh Vwdqgdug Fdorpho
Hohfwurgh +VFH, ru wkh Kj2VRe hohfwurgh dqg duh lqglfdwhg lq wkh �jxuhv dqg wh{w1
Wkh zrunlqj hohfwurgh kdg dq duhd ri 31458 fp21 Doo vroxwlrqv zhuh suhsduhg zlwk
wulglvwloohg zdwhu/ K2VRe zdv ri vxsudsxuh judgh1

_U

_|

2X frqwuro1 Wkh frqwlqxrxv ihhgedfn frqwuro zklfk ihhgv wkh wlph ghulydwlyh ri
wkh lqvwdqwdqhrxv wrwdo fxuuhqw edfn rqwr wkh dssolhg srwhqwldo lv khqfhiruwk fdoohg
u

L@X0 ghulydwlyh frqwuro1 Wklv frqwuro zdv dssolhg wr wkh K2 r{lgdwlrq lq wkh suhvhqfh
ri frsshu dqg fkorulgh lrqv dv zhoo dv wr wkh ID r{lgdwlrq v|vwhp1 Doo h{shulphqwv
zhuh shuiruphg xqghu srwhqwlrvwdwlf frqglwlrqv zlwk dq dssursuldwh h{whuqdo rkplf
uhvlvwdqfh sxw lq vhulhv wr wkh hohfwurfkhplfdo fhoo lq rughu wr rewdlq vwdeoh fxuuhqw
rvfloodwlrqv ^59/ <;/ :5`1 Wkh Dx0ulqj hohfwurgh zdv qrw xvhg lq wkhvh h{shulphqwv1

b�@L0frqwuro1 Wkh frqwlqxrxv wlph ghulydwlyh ihhgedfn frqwuro ehwzhhq wkh iudf0
wlrqdo vxuidfh fryhudjh ri d fkhplfdo vshflhv/ �/ dqg wkh wrwdo fxuuhqw zdv dssolhg wr
wkh rvfloodwru| jdoydqrvwdwlf K2 r{lgdwlrq v|vwhp lq wkh suhvhqfh ri Fx2n dqg Eu3/
vlqfh lq frqwudvw wr wkh iruplf dflg v|vwhp/ wkh wlph ghulydwlyh ri wkh fryhudjhv ri
wkh vshflhv lqyroyhg zhuh frqyhqlhqwo| phdvxudeoh dw wkh Dx ulqj hohfwurgh1

K20r{lgdwlrq v|vwhp

Ehiruh wkh h{shulphqwv/ f|folf yrowdpprjudpv lq 318 pro2o K2VRe +Q20vdwxudwhg,
zhuh uhfrughg lq rughu wr whvw wkh Sw0sro|0glvf dqg wr dfklhyh d vwdeoh/ uhsurgxfleoh
L2X ehkdylru1 Wkhuhdiwhu/ dssursuldwh txdqwlwlhv ri vroxwlrqv ri FxVRe dqg KEu ru
KFo zhuh dgghg wr wkh exon hohfwuro|wh1 Doo fkhplfdov zhuh ri vxsudsxuh judgh1Wkh
hohfwuro|wh zdv nhsw xqghu d K2 dwprvskhuh +8Q,1 Frqwlqxrxv vwluulqj +5333 usp,
hqvxuhg vx!flhqw pdvv0wudqvsruw ri K2 wr wkh Sw0glvf uhtxluhg iru vxvwdlqhg fxuuhqw
rvfloodwlrqv1 Diwhu dgglwlrq ri dq h{whuqdo rkplf uhvlvwdqfh +U

e%

@6 n
 iru srwhqwlr0
vwdwlf frqwuro/ : n
 sulru wr jdoydqrvwdwlf frqwuro, ehwzhhq zrunlqj hohfwurgh dqg sr0
whqwlrvwdw/ vxvwdlqhg fxuuhqw rvfloodwlrqv hphujhg1 Sulru wr b�@L0frqwuro h{shulphqwv/
wkh v|vwhp frqglwlrqv zhuh vzlwfkhg wr jdoydqrvwdwlf rshudwlrq dw fxuuhqwv zkhuh vxv0
wdlqhg srwhqwldo rvfloodwlrqv rffxuuhg1 Iru ixuwkhu ghwdlov rq wkh h{shulphqwdo v|vwhp
vhh uhi1 ^59/ :8`1

Iruplf dflg r{lgdwlrq v|vwhp

Wzr gl�huhqw vroxwlrqv +4 pro2o vrglxp irupldwh/ KFRRQd s1d1/ lq 318 pro2o K2VRe

dqg 6 pro2o QdRRFK lq 4pro2o K2VRe, zhuh xvhg iru h{shulphqwv1 Dv ehiruh/
wkh hohfwuro|wh zdv sxujhg e| 8Q Q2 wr uhpryh glvvroyhg r{|jhq1 Dq h{whuqdo rkplf
uhvlvwdqfh +U

e%

@4 n
, zdv fuxfldo iru wkh revhuydwlrq ri vxvwdlqhg fxuuhqw rvfloodwlrqv
rq wkh Sw0sro|0glvf hohfwurgh iru erwk vroxwlrq frqfhqwudwlrqv1 H{shulphqwdo ghwdlov
rq wkh rvfloodwru| iruplf dflg v|vwhp fdq eh irxqg lq uhi1 ^463/ ;;/ <;`1
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H{shulphqwdo lpsohphqwdwlrq ri ghulydwlyh frqwuro whfkqltxhv

Iru doo
u

L@X h{shulphqwv/ d krph0exlow srwhqwlrvwdw zdv xvhg/ zkhuhdv d elsrwhqwlr0
vwdw2jdoydqrvwdw vhuyhg dv srzhu vrxufh gxulqj wkh UUGH b�@L frqwuro h{shulphqwv1
Erwk srwhqwlrvwdw dqg jdoydqrvwdw zhuh htxlsshg zlwk dq h{whuqdo dgglwlyh lqsxw
vrfnhw iru wkh dgglwlyh prgxodwlrq ri wkh dssolhg fhoo srwhqwldo +X

e%

, dqg wkh dssolhg
wrwdo fxuuhqw L/ uhvshfwlyho|1

_U

_|

@X ghulydwlyh0frqwuro1 Wkh
u

L@X0ghulydwlyh ihhgedfn frqwuro zdv lpsohphqwhg
e| dq dqdorj RS dpsoli|hu flufxlw vlplodu wr wkh rqh vkrzq lq Ilj1 9 ri uhi1 ^438`1
Wkh flufxlw zdv xvhg dv d ihhgedfn ehwzhhq wkh wrwdo fxuuhqw rxwsxw vrfnhw ri wkh
srwhqwlrvwdw dqg lwv lqsxw vrfnhw iru h{whuqdo dgglwlyh srwhqwldov1 Wkh ghulydwlyh
ghylfh ghwhuplqhg wkh qhjdwlyh wlph ghulydwlyh ri wkh lqvwdqwdqhrxv wrwdo fxuuhqw
L/ pxowlsolhg wklv txdqwlw| e| d yduldeoh srvlwlyh jdlq � +dgmxvwdeoh e| phdqv ri
d yduldeoh uhvlvwru, dqg ihg wkh uhvxowlqj srwhqwldo vljqdo dgglwlyho| edfn rqwr wkh
lqlwldoo| frqwdqw dssolhg srwhqwldo X

e%

@ X
e%f wkurxjk wkh h{whuqdo dgglwlyh srwhqwldo

lqsxw1 Diwhu wkh frqwuro kdv wxuqhg rq/ wkh suhylrxvo| frqvwdqw dssolhg srwhqwldo X
e%

wxuqv lqwr dq dgglwlrqdo wlph ghshqghqg yduldeoh1

Wkh vlpsoh frqwuro vfkhph uhdgv

X
e%

+�> w, @ X
e%f . �

gL+w,

gw

b�@L0ghulydwlyh frqwuro1 Wkh frqwuro zdv lpsohphqwhg e| phdqv ri wkh Dx ulqj
hohfwurgh zklfk vhuyhg dv d sureh iru wkh lqvwdqwdqhrxv ydoxh ri b�

�o

3 ru b�
��

1 Dw d
ulqj srwhqwldo X

o�?}

@ .3=: Y2Kj2VRe eurplgh lv r{lgl}hg wr eurplqh dffruglqj

5Eu3 �$ Eu2 . 5h3

^537/ 538`/ zkhuhdv dw X
o�?}

@ �3=95 Y2Kj2VRe frsshu lrqv duh uhgxfhg dffruglqj

Fx2n . 5h3 �$ Fx

^537`1 Wr vhh wkh uhodwlrq ehwzhhq wkh ulqj fxuuhqw dqg b� uhfdoo wkh uhodwlrq ydolg
dw d UUGH ehwzhhq � ri d fkhplfdo vshflhv dw wkh glvf dqg wkh wlph lqwhjudo ryhu
wkh ghyldwlrqv ri wkh vwdwlrqdu| ulqj fxuuhqw �L

o�?}

@ L
o�?}

� L
o�?}cf> wkh uhodwlrq lv

xvxdoo| xvhg iru wkh hydoxdwlrq ri � gxulqj srwhqwldo vwhs h{shulphqwv dqg uhdgv

� 2 f

]
�L

o�?}

g�=

Khuh/ wkh frqvwdqw f frpsulvhv wkh fkdujh wudqvihuuhg zkhq d prqrod|hu ri wkh fkhp0
lfdo vshflhv dg0 ru ghvruev dv zhoo dv d jhrphwu|0ghshqghqw froohfwlrq h!flhqf| zklfk
wdnhv lqwr dffrxqw pdvv orvvhv ri wkh ghvruehg vshflhv1 Iurp wkh jlyhq uhodwlrq lw lv
reylrxv wkdw wkh lqvwdqwdqhrxv ydoxh ri �L

o�?}

lv sursruwlrqdo wr b�1 Wkh vljq ri wkh
sursruwlrqdolw| idfwru/ krzhyhu/ ghshqgv rq wkh qdwxuh ri wkh ghwhfwlqj hohfwurfkhp0
fldo surfhvv1 Iru dqrglf ulqj surfhvvhv/ olnh wkh r{lgdwlrq ri Eu3/ wkhuh krogv wkh
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uhodwlrq

�L
o�?}

2 � b�
�o

3 > +:14,

zkhuhdv d fdwkrglf surfhvv olnh wkh rqh xvhg wr prqlwru frsshu ohdgv wr

�L
o�?}

2 . b�
��

=

Wklv phdqv wkdw d qhjdwlyh ihhgedfn uhtxluhv d srvlwlyh jdlq dqg d qhjdwlyh jdlq
lq wkh fdvh ri dq dqrglf dqg fdwkrglf ulqj surfhvv/ uhvshfwlyho|1

Wkh lqvwdqwdqhrxv ulqj fxuuhqw zdv gljlwdoo| uhdg lqwr d SF dqg wkhq surfhvvhg
rqolqh xvlqj wkh jlyhq ydoxhv ri L

o�?}cf> wkh vwdwlrqdu| ulqj fxuuhqw/ dqg �/ iroorzhg e|
wkh rxwsxw ri wkh frqwuro vljqdo1 Wklv lqvwdqwdqhrxv hydoxdwlrq ri wkh frqwuro vljqdo
rffxuuhg zlwk d iuhtxhqf| ri 533 K}1 Wkh vriwzduh doorzhg d rqolqh yduldwlrq ri erwk
sdudphwhuv1

:16 gL
gw*L0ghulydwlyh frqwuro

:1614 H{shulphqwdo uhvxowv

Ilj1 :04 vkrzv wkh h�hfw rq wkh rvfloodwru| fxuuhqw ghqvlw| m lq wkh K2 r{lgdwlrq
v|vwhp zkhq wkh qhjdwlyh wlph ghulydwlyh ri m lv frqwlqxrxvo| ihg edfn rq X

e%

+X
e%f @

736pY ,1 Dw w @ 63v/ wkh frqwuro lv vzlwfkhg rq xvlqj � @ 3=91 Wkh frqwuro vljqdo�X /
vkrzq lq wkh xsshu judsk ri Ilj1:04/ vkrzv d vwurqj lqlwldo sxov iroorzhg e| shulrglf
rvfloodwlrqv1 Wkh vwurqj lqlwldo sxov lv gxh wr wkh idfw wkdw frqwuro zdv vzlwfkhg rq
wkh idvw qhjdwlyh  dqn ri wkh fxuuhqw rvfloodwlrqv jlylqj ulvh wr d kljk ydoxh ri wkh
wlph ghulydwlyh1 Xsrq frqwuro/ wkh fxuuhqw rvfloodwlrqv sorwwhg lq wkh orzhu sruwlrq
ri Ilj1:04/ vwurqjo| ghfuhdvh lq dpsolwxgh/ exw gr qrw vhwwoh rq d vwdeoh vwdwlrqdu|
srlqw1 Wklv ehkdylru zdv txdolwdwlyho| irxqg iru doo frqwuro jdlqv � udqjlqj iurp
doprvw }hur wr yhu| odujh qhjdwlyh ydoxhv1 Zkhq wkh frqwuro zdv vzlwfkhg r� +w @ ;8v
dqg w @ 488v,/ wkh hohfwurfkhplfdo v|vwhp txlfno| uhod{hg edfn wr wkh ruljlqdo olplw
f|foh1

Ilj1 :05 dqg :06 ghslfw wkh uhvxowv ri ghulydwlyh frqwuro h{shulphqwv lq wkh iruplf
dflg r{lgdwlrq v|vwhp iru wzr gl�huhqw frqfhqwudwlrqv ri wkh hohfwurdfwlyh vshflhv dqg
dssolhg srwhqwldo X

e%

1 Djdlq/ wkh frqwuro vljqdo h{klelwv dshulrglf ehkdylru1 Vlqfh d
kljkhu jdlq zdv fkrvhq/ wkh ghulydwlyh flufxlw vkrzhg d vpdoo srwhqwldo r�vhw vhhq e|
wkh voljkw vkliw ri wkh }hur olqh lq wkh wlph vhulhv ri wkh frqwuro vljqdo1 Wklv srwhqwldo
r�vhw/ krzhyhu/ glg qrw txdolwdwlyho| d�hfw wkh h{shulphqwdo uhvxow1 Wkh fxuuhqw
rvfloodwlrqv duh vhhq wr ghfuhdvh lq dpsolwxgh dv zhoo dv lq shulrg/ |hw gr qrw glh
rxw lq idyru ri wkh vwdelol}dwlrq ri d vwdwlrqdu| srlqw1 Vlplodu ehkdylru xqghu frqwuro
dfwlrq zdv irxqg iru doo dssolhg frqwuro jdlqv ryhu wkh hqwluh rvfloodwru| srwhqwldo
udqjh1 Diwhu frqwuro kdg ehhq vzlwfkhg r�/ wkh iruplf dflg v|vwhp vorzo| uhod{hg
edfn wr wkh ruljlqdo g|qdplfdo uhjlph1
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Iljxuh :04= H{shulphqwdo ghulydwlyh ihhgedfn frqwuro lq wkh K2 r{lgdwlrq v|vwhp

xqghu srwhqwlrvwdwlf frqglwlrqv1 Wkh lqvwdqwdqhrxv ghulydwlyh ri wkh wrwdo fxuuhqw
u

L
lv pxowlsolhg e| d frqwuro jdlq �/ wkhq dgghg wr wkh dssolhg srwhqwldo X

e%f dffruglqj wr

X @ X
e%f.�

u

L1 Wkh xsshu dqg orzhu wlph vhulhv vkrz wkh wlph hyroxwlrq ri wkh dssolhg
frqwuro vljqdo �X dqg wkh uhvsrqvh lq wkh wrwdo fxuuhqw ghqvlw| m1 Wkh frqwuro zdv
vzlwfkhg rq dqg r� dw w @ 56v> 438v dqg uhvshfwlyho| dw w @ ;8v> 488v1 H{shulphqwdo
sdudphwhuv= 433D pro2o Fx2n> 433e pro2o Fo3> 318 pro2o K2VRe> urwdwlrq udwh= 6333
usp> U

e%

D@ 6:8 
 fp2> X
e%f @ 736 pY2VFH> frqwuro jdlq � @ �3=91

:1615 Prgho fdofxodwlrqv

Frqvlghu wkh vlpsoh hohfwurfkhplfdo uhdfwlrq vfkhph

[ . � &
@

E��c&
_

E��


 [
@_r

+:15,

] . � &

o

E���$ S . qh3 +:16,

zkhuh [/ ]/� dqg S ghqrwh wzr hohfwurdfwlyh vshflhv +vxevfulsw *dgv* wr lqglfdwh
wkh dgvruehg vwdwh,/ d iuhh vxuidfh vlwh dqg dq lqhuw r{lgdwlrq surgxfw/ uhvshfwlyho|1
n
@

+!,/ n
_

+!, dqg n
o

+!, uhsuhvhqw wkh dg0 dqg ghvruswlrq udwh frqvwdqwv ri [ dqg
wkh udwh frqvwdqw ri wkh fxuuhqw0fduu|lqj uhdfwlrq +:16,/ uhvshfwlyho|/ zklfk duh dv0
vxphg wr ghshqg rq wkh lqvwdqwdqhrxv grxeoh od|hu srwhqwldo !1 Pdvv wudqvsruw lv
dvvxphg wr eh idvw1 Wkhuhiruh/ wkh yroxph frqfhqwudwlrqv ri wkh hohfwurdfwlyh vshflhv
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Iljxuh :05= H{shulphqwdo frqwlqxrxv ghulydwlyh ihhgedfn frqwuro lq wkh iruplf dflg
r{lgdwlrq v|vwhp xqghu srwhqwlrvwdwlf frqglwlrqv1 Frqwuro lv lpsohphqwhg dv lq Ilj1
BB1 Wkh xsshu dqg orzhu wlph vhulhv vkrz wkh wlph hyroxwlrq ri wkh dssolhg frqwuro
vljqdo dqg wkh uhvsrqvh lq wkh wrwdo fxuuhqw ghqvlw| m1 H{shulphqwdo sdudphwhuv=
4 pro2o KFRRQd> 318 pro2o K2VRe> qr vwluulqj> U

e%

D@ 458 
 fp2> X
e%f @ ;69

pY2VFH> frqwuro jdlq � @ �:=3

dw wkh vxuidfh htxdo wkhlu exon ydoxhv zklfk duh frqvlghuhg wr eh frqvwdqw lq wlph1
Frqvhtxhqwo|/ wkh frqfhqwudwlrqv ri wkh yroxph vshflhv ehfrph doo qrqhvvhqwldo iru
wkh v|vwhp g|qdplfv1 Wkh hohfwurfkhplfdo v|vwhp lv frqvlghuhg xqghu srwhqwlrvwdwlf
frqglwlrqv/ l1h1 dw frqvwdqw dssolhg srwhqwldo X

e%

1
Wudqviruplqj wkh jlyhq uhdfwlrq vfkhph lqwr d glphqvlrqohvv pdwkhpdwlfdo prgho

ri wkh hvvhqwldo yduldeohv �/ wkh fryhudjh ri wkh [
@_r

/ dqg !/ rqh rewdlqv

b� @ i+�> n
@

+!,> n
_

+!,, +:17,

� b! @
X
e%

� !

�
� k+�> n

o

+!,, +:18,

zlwk wkh ixqfwlrq i prghoolqj wkh dgvruswlrq dqg ghvruswlrq ri wkh fkhplfdo
vshflhv [> wkh vhfrqg htxdwlrq wdnhv fduh ri wkh ryhudoo fkdujh edodqfh ri wkh v|vwhp
zlwk k uhsuhvhqwlqj wkh udwh h{suhvvlrq ri wkh idudgdlf fxuuhqw +fxuuhqw fduulhu,1 Qrwh
wkdw wkh ryhudoo fxuuhqw lv surylghg e| wkh hohfwurfkhplfdo r{lgdwlrq ri d qrqhvvhqwldo
vshflhv1 Wkh sdudphwhuv � dqg � ghqrwh d glphqvlrqohvv rkplf uhvlvwdqfh +vroxwlrq
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Iljxuh :06= H{shulphqwdo ihhgedfn g|qdplfv olnh lq suhylrxv �jxuh1 H{shulphqwdo
sdudphwhuv= 6 pro2o KFRRQd> 4 pro2o K2VRe> qr vwluulqj> Ue%

D@ 458 
 fp2> X
e%f @

4::4 pY2VFH> frqwuro jdlq � @ �8=31

dv zhoo dv h{whuqdo uhvlvwdqfh, dqg d uhodwlyh wlph vfdoh ri wkh g|qdplfv ri ! dqg �/
uhvshfwlyho|1 Xvxdoo|/ � lv yhu| vpdoo zklfk pdnhv ! d idvw yduldeoh1

Lq rughu iru wkh prgho wr h{klelw wkh hvvhqwldo phfkdqlvwlf ihdwxuhv ri wkh h{shul0
phqwdoo| lqyhvwljdwhg v|vwhpv/ k lv dvvxphg wr vkrz d qhjdwlyh gl�huhqwldo uhvlvwdqfh
^97/ :7/ 56/ 59/ 486/ :5` ryhu vrph srwhqwldo uhjlrq1 Wklv ehkdylru fdq eh gxh wr dq
dgglwlrqdo idvw fkhplfdo yduldeoh ^59/ :5` +vhh 60yduldeoh prgho lq vhfwlrq 7, ru gxh wr
vrph rwkhu +hohfwurfkhplfdo, phfkdqlvpv vxfk dv hohfwurvwdwlf Iuxpnlq uhsxovlrq ru
idvw dgvruswlrq dqg ghvruswlrq ri d fdwdo|vw ^56`1 Wkh prgho h{klelwv jdoydqrvwdwlf
rvfloodwlrqv lpso|lqj wkdw lw ehorqjv wr wkh KQGU fdwhjru|1 Lq wkh fdvh ri dq dqrglf
idudgdlf fxuuhqw +k A 3, vxfk dv K2 ru ID r{lgdwlrq wkh KQGU lpsolhv

Uh ]3� @ k
�

. k
w

�i
�

i
w

$2 . i2
w

? 3

iru d �qlwh shuwxuedwlrq iuhtxhqf| $/ zkhuh ] ghqrwhv wkh frpsoh{ idudgdlf lpshgdqfh
dqg wkh vxevfulswv uhsuhvhqw wkh sduwldo ghulydwlyhv1

Lq wkh ylflqlw| ri wkh vwdwlrqdu| vwhdg| vwdwh +�
rr

> !
rr

zlwk X
e%

@ X
e%f,/ wkh wlph
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hyroxwlrq ri wkh xqfrqwuroohg v|vwhp fdq eh zulwwhq dv
�

b�3
b!3
�
@

�
i
w

i
�

�k
w

�k
�

� �

4

��
�3
!3
�
.

�
3
�

4

�
x3 +:19,

@ M2f2

�
�3
!3
�
.Ex3 +:1:,

zlwk wkh shuwxuedwlrq yduldeohv x3 @ X
e%

� X
e%f @ 3> �3 @ � � �

rr

>!3 @ !� !
rr

1 M2f2
ghqrwhv wkh 5�50Mdfreldq ri wkh prgho1 Wkh ixqfwlrqdo h{suhvvlrq zlwk d yduldeoh dv
vxevfulsw v|perol}h wkh �uvw ghulydwlyh zlwk uhvshfw wr wkh vxevfulsw yduldeoh hydoxdwhg
dw wkh vwdwlrqdu| vwdwh +�

rr

> !
rr

> X
e%f,1

Iru wkh ixuwkhu dqdo|vlv/ lw lv dvvxphg wkdw wkh ixqfwlrqdo irupv ri i dqg k +Exwohu0
Yrophu0 w|sh h{suhvvlrqv, dv zhoo dv wkh nlqhwlf sdudphwhuv duh fkrvhq vxfk wkdw wkh
prgho h{klelwv vwdeoh fxuuhqw rvfloodwlrqv eh|rqg d Krsi elixufdwlrq1 Wklv lpsolhv
i
w

? 3/ i
�

? 3 dv zhoo dv wkdw erwk wkh ghwhuplqdqw +GhwM2f2, dqg wkh wudfh ri wkh
v|vwhp Mdfreldq +WuM2f2, duh srvlwlyh1

Lpsohphqwdwlrq ri _U

_|

@X ghulydwlyh ihhgedfn frqwuro

Wkh ghulydwlrq ri wkh pdwkhpdwlfdo irupxodwlrq ri ghulydwlyh frqwuro lv vwudljkwiru0
zdug ^438`1 Wkh h{suhvvlrq iru wkh lqvwdqwdqhrxv/ vpdoo sdudphwhu fkdqjhv �X

e%

uhdgv

�X
e%

+�> w, @ X
e%

+�> w,� X
e%f +:1;,

@ �
gm+w,

gw
+:1<,

@ �
bX
e%

+�> w,� b!

�
+:143,

Diwhu uhduudqjhphqw rqh rewdlqv

bX
e%

+�> w, @
�

�
+X

e%

�X
e%f, . b! +:144,

Xqghu frqwuro frqglwlrqv wkh ruljlqdo htxdwlrqv :17 dqg :18 dv zhoo dv ht1 :144 kdyh
wr eh lqwhjudwhg vlpxowdqhrxvo|1 Iurp ht1 :144 lw lv vhhq wkdw wkh frqwuro fuhdwhv wkh
dgglwlrqdo v|vwhp yduldeoh +X

e%

, dqg wxuqv wkh uhvxowlqj v|vwhp lqwr d wkuhh0yduldeoh
v|vwhp1

Olqhdu vwdelolw| dqdo|vlv lq wkh wlph grpdlq

Wkh hydoxdwlrq ri wkh hljhqydoxhv �
�

ri wkh wkuhh0yduldeoh v|vwhp ohdgv wr wkh fkdudf0
whulvwlf wklug0rughu sro|qrp

�� . d�2 . e�. f @ 3 +:145,



475 Ihhgedfn frqwuro lq hohfwurfkhplfdo v|vwhpv

zlwk

d @ �WuM�f� @ �+WuM2f2 . 4

��
.

�

�
, +:146,

e @
[

mM
��

m @ GhwM2f2 .
�

�
WuM2f2 .

i
w

��
+:147,

f @ �GhwM�f� @ �GhwM2f2 �
�

+:148,

Khuh/ wkh h{suhvvlrq mM
��

m v|perol}hv wkh ghwhuplqdqw ri wkh vxepdwul{ zklfk lv re0
wdlqhg iurp M�f� e| fdqfhoolqj wkh lwk urz dqg wkh mwk froxpq1

Iurp ht1 :1460:148 wkh frqwuroohg v|vwhp lv vhhq wr h{klelw wkh iroorzlqj g|qdplfv
lq ghshqghqfh ri �=

d, �$ 3 zlwk � ? 3 @, d$ .4> e$�4> f$ .4
e, �$�4 @, d ? 3> e$ GhwM2f2 .

s

w

"4

> f$ 3 zlwk f A 3

f, �$ .4 @, d ? 3> e$ GhwM2f2 .
s

w

"4

> f$ 3 zlwk f ? 3

Lq fdvh d,/ wkh wkuhh0yduldeoh prgho hvvhqwldoo| wudqvirupv edfn lqwr wkh ruljlqdo wzr0
yduldeoh fdvh zlwk X

e%

ehlqj qrqhvvhqwldo1 Fdvh e, fruuhvsrqgv wr wkh h{shulphqwdoo|
dssolhg qhjdwlyh ihhgedfn frqwuro dqg lv wkh uhohydqw fdvh iru wkh frqfoxvlrqv frq0

fhuqlqj wkh sudfwlfdo dssolfdelolw| ri
u

L@X ghulydwlyh ihhgedfn frqwuro= Wkh vwdelolw|
dqdo|vlv uhyhdov wkdw sdudphwhu f uhpdlqv srvlwlyh iru doo qhjdwlyh jdlqv �/ zkhuhdv
hlwkhu d ru e duh qhjdwlyh1 Khqfh/ dffruglqj wr wkh vwdelolw| frqglwlrq ri wklug0rughu
sro|qrpv ^4<8` wkh v|vwhp g|qdplfv lv jryhuqhg e| wzr frpsoh{ frqmxjdwh zlwk srv0
lwlyh uhdo sduw dqg rqh qhjdwlyh uhdo hljhqydoxh1 Lw iroorzv wkdw e| phdqv ri d qhjdwlyh
ghulydwlyh ihhgedfn frqwuro ehwzhhq wkh wrwdo fxuuhqw dqg wkh dssolhg srwhqwldo/ wkh
prgho ht1 :17/ :18 fdqqrw eh vwdelol}hg rq wkh xqvwdeoh vwhdg| vwdwh1 Qrwh wkdw iru
lqfuhdvlqjo| qhjdwlyh �/ wkh fxuuhqw dpsolwxgh vwhdglo| ghfuhdvhv/ wkh frqwuro vljqdo
�X

e%

+�> w,/ krzhyhu/ uhpdlqv �qlwh lqglfdwlqj wkh frqwlqxlqj rvfloodwru| qdwxuh ri wkh
v|vwhp g|qdplfv1 Lw lv reylrxv wkdw wkh idloxuh ri wkh frqwuro lv gxh wr wkh h{lvwhqfh
dqg vwuxfwxuh ri wkh hyroxwlrq htxdwlrq ri ! zklfk pxvw eh frqvlghuhg zkhqhyhu �
lv qrw qhjoljleoh1 Lq fdvh f/ l1h1 iru d ghulydwlyh frqwuro zlwk srvlwlyh jdlq/ wkh ydoxh
ri sdudphwhu f lv srvlwlyh dw �qlwh �1 Dffruglqj wr ^4<8`/ wklv lqglfdwhv d glyhujhqw
ehkdylru ri wkh prgho g|qdplfv1

Olqhdu vwdelolw| dqdo|vlv lq wkh Odsodfh grpdlq

Lq frqwuro hqjlqhhulqj/ wkh vwdelolw| ri rshq0orrs dqg forvhg0orrs frqwuro v|vwhpv lv
xvxdoo| hydoxdwhg lq wkh Odsodfh grpdlq udwkhu wkdq lq wkh wlph grpdlq1 Hvshfldoo|
iru forvhg0orrs frqwuro v|vwhpv/ wklv phwkrg pdnhv vwdelolw| dqdo|vhv pxfk hdvlhu dqg
pruh wudqvsduhqw1 Iluvw/ d ixqfwlrqdo uhodwlrq ehwzhhq lq0 dqg rxwsxw ri wkh rshq0orrs
v|vwhp/ fdoohg wkh rshq0orrs wudqvihu ixqfwlrq/ lv fdofxodwhg lq wkh Odsodfh grpdlq1
Wkhq/ wkh wudqvihu ixqfwlrq ri wkh dssolhg ihhgedfn frqwuroohu +khuh ghulydwlyh frqwuro,
lv ghwhuplqhg1 Erwk wudqvihu ixqfwlrq xqltxho| ghwhuplqh wkh fkdudfwhulvwlf htxdwlrq
dqg wkhuhiruh wkh vwdelolw| surshuwlhv ri wkh ryhudoo forvhg0orrs frqwuro v|vwhp1 Iru dq
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looxvwudwlyh dqg ghwdlohg lqwurgxfwlrq lqwr wkh frqfhsw ri wudqvihu ixqfwlrqv ri frqwuro
v|vwhpv wkh uhdghu lv uhihuuhg wr uhi1 ^43:`1

Ht1 :1: frqvwlwxwhv d w|slfdo vlqjoh0lqsxw0vlqjoh0rxwsxw +VLVR, rshq0orrs frqwuro
v|vwhp lq wkh wlph grpdlq zkrvh lqsxw frqwuro sdudphwhu lv x3 dqg zkrvh vlqjoh
rxwsxw yduldeoh |/ lv ghwhuplqhg e| dq dssursuldwh urz yhfwru F dffruglqj wr wkh
uhodwlrq =

| @ F

�
�3
!3
�

F @
�
3 4

�
+:149,

Khuh/ F lv fkrvhq vxfk wkdw wkh grxeoh od|hu srwhqwldo !3 lv wkh rxwsxw ri wkh
frqwuro v|vwhp1

Iurp ht1:1: dqg :149/ wkh rshq0orrs wudqvihu ixqfwlrq K+v, fdq hdvlo| eh rewdlqhg
dffruglqj wr K+v, @ FDgm+vL � M2f2,E@+v

2 � WuM2f2v .GhwM2f2, zlwk v dqg Dgm
ghqrwlqj wkh Odsodfh yduldeoh dqg wkh dgmxqfwlyh pdwul{1 Wkh wudqvihu ixqfwlrq uhs0
uhvhqwv wkh udwlr ri wkh Odsodfh wudqirupv ri wkh rxwsxw dqg wkh lqsxw dqg frpsohwho|
fkdudwhul}hv wkh v|vwhp*v olqhdu uhvsrqvh wr shuwxuedwlrqv lq wkh frqwuro sdudphwhu
+vhh Ilj1 :07d,1 Iru wkh jlyhq v|vwhp ht1 :17/:18 wkh rshq0orrs wudqvihu ixqfwlrq uhdgv

K+v, @
�3�+v� i

w

,

v2 � WuM2f2v.GhwM2f2

Wkh ghulydwlyh frqwuroohu surylghv wkh ihhgedfn ehwzhhq wkh rxwsxw | @ !3 dqg
wkh frqwuro sdudphwhu x3 ri wkh v|vwhp xvlqj wkh wlph ghulydwlyhv ri x3 dqg !3 dv
lqsxw dqg surylglqj x3 dv rxwsxw1 Dqdorjrxv wr wkh v|vwhp/ wkh frqwuroohu lv dovr
fkdudfwhul}hg e| d wudqvihu ixqfwlrq J+v,/ zklfk e| lqvshfwlrq iurp ht1 :144 lv d
*ohdg0odj frqwuroohu* dqg uhdgv

J+v, @
v

v� ��3�
=

Wkh vwdelolw| ri wkh ryhudoo forvhg0orrs frqwuro v|vwhp +v|vwhp soxv frqwuroohu/ vhh
Ilj1 :07e lv fkdudfwhul}hg e| d wrwdo wudqvihu ixqfwlrq W +v, @ i+K+v,>J+v,,1 Wkh
vwdelolw| ri W +v, lv ghwhuplqhg e| lwv srohv zklfk duh wkh urrwv ri wkh ghqrplqdwru ri
W +v, dqg fdq eh fdofxodwhg iurp

4�K+v,J+v, @ 3=

Dowkrxjk wklv htxdwlrq lv htxlydohqw wr wkh fkdudfwhulvwlf htxdwlrq ri wkh wkuhh0
yduldeoh v|vwhp lq wkh wlph0grpdlq +ht1 :146 0 :148,/ wkh ghshqghqfh ri wkh hljhqydoxhv
rq wkh dssolhg frqwuroohu lv pruh wudqvsduhqw wkdq lq wkh irupxodwlrq lq wkh wlph
grpdlq1

Qxphulfdo prgho fdofxodwlrqv

D uhdolvwlf srwhqwlrvwdwlf wkuhh0yduldeoh prgho ri wkh rvfloodwru| K2 r{lgdwlrq lq wkh
suhvhqfh ri Fo3 dqg Fx2n zdv xvhg lq rughu wr fkhfn wkh dqdo|wlfdo suhglfwlrqv

frqfhuqlqj wkh h�hfw ri
u

L@X ihhgedfn frqwuro rq hohfwurfkhplfdo v|vwhp zkhuh ! lv
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Iljxuh :07= d, Vfkhpdwlf uhsuhvhqwdwlrq ri dq hohfwurfkhplfdo rshq0orrs frqwuro v|v0
whp zlwk wudqvihu ixqfwlrq K+v,1 Wkh rxwhu srwhqwldo X dqg wkh fxuuhqw ghqvlw| m
vhuyh dv frqwuro sdudphwhu dqg rxwsxw yduldeoh/ uhvshfwlyho|1 e, forvhg0orrs frqwuro
v|vwhp zlwk frqwuroohu wudqvihu ixqfwlrq J+v,1

dq hvvhqwldo yduldeoh1 Wkh prgho yduldeohv xvhg duh �
��

dqg �
�,

3 dv zhoo dv ! dffruglqj
wr ht1 :181 D ghwdlohg ghulydwlrq dqg irupxodwlrq ri wkh prgho dv zhoo dv wkh ydoxhv
ri wkh nlqhwlf sdudphwhuv qrw jlyhq lq wkh �jxuh fdswlrqv fdq eh irxqg lq Wdeoh 4 ri
uhi1 ^59` dqg uhi1 ^5<`1 Wkh xqfrqwuroohg prgho zdv prgl�hg dffruglqj wr wkh deryh
frqwuro vwudwhj| +ht1 :144,1

Ilj1 :08e vkrzv wkh h�hfw ri qhjdwlyh ghulydwlyh frqwuro rq wkh wrwdo fxuuhqw
m iru d sdudphwhu vhw zkhuh wkh v|vwhp h{klelwv vxvwdlqhg fxuuhqw rvfloodwlrqv1 Dw
w @ 53 wkh ihhgedfn frqwuro zdv wxuqhg rq1 Wkh v|vwhp frqwlqxhv wr vkrz vwdeoh
shulrglf fxuuhqw ehkdylru zlwk vpdoohu dpsolwxgh1 Wklv ehkdylru uhpdlqv xqfkdqjhg
iru lqfuhdvlqj qhjdwlyh ydoxhv ri �1 Ilj1 :08d glvsod|v wkh fruuhvsrqglqj lqvwdqwdqhrxv
dssolhg frqwuro vljqdo �X dqdorjrxv wr Ilj1 :041 Wkh prgho lv vhhq wr hvvhqwldoo|
uhsurgxfh wkh h{shulphqwdo g|qdplfdo uhvsrqvh1

Ixuwkhupruh/
u

L@X frqwuro zdv lpsohphqwhg lq d uhfhqwo| sursrvhg 70yduldeoh
prgho ri ID r{lgdwlrq ^:5`1 Wkh v|vwhp yduldeohv duh wkh frqfhqwudwlrq ri ID dw
wkh grxeoh od|hu/ wkh iudfwlrqdo fryhudjh ri FR dqg RK dv zhoo dv wkh grxeoh od|hu
srwhqwldo !1 Ilj1 :09d dqg :09e glvsod| wkh uhvsrqvh ri wkh v|vwhp xsrq frqwuro1 Mxvw
dv lq wkh K2 v|vwhp/ wkh xqvwdeoh vwdwlrqdu| vwdwh frxog qrw eh vwdelol}lhg hyhq iru
yhu| qhjdwlyh ydoxhv ri �1 Lqvwhdg/ rqo| vpdoo0dpsolwxgh rvfloodwlrqv zhuh rewdlqhg1
Ilj1 :0:f dqg :0:g vkrz wkh wlph hyroxwlrq ri wkh yduldeoh ! dqg X

e%

xqghu frqwuro/
uhvshfwlyho|1 Vxusulvlqjo|/ lq frqwudvw wr wkh fxuuhqw m wkh dpsolwxgh ri ! lqfuhdvhg1
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Iljxuh :08= Qxphulfdo ghulydwlyh ihhgedfn frqwuro lpsohphqwhg lq d srwhqwlrvwdwlf
wkuhh0yduldeoh K2 r{lgdwlrq prgho ^59`1 Ilj1 d, dqg Ilj1e, vkrz wkh hyroxwlrq ri wkh
dssolhg yduldwlrqv �X lq wkh frqwuro sdudphwhu X

e%

+frqwuro vljqdo, dqg wkh wrwdo
fxuuhqw ghqvlw|/ uhvshfwlyho|1 Frqwuro lv dssolhg dw wlph w@53 dqg wxuqhg r� dw w@831
Qxphulfdo sdudphwhuv= n

%

@433> f
��

@ 433e> f
%

@ 6� 433�> X
e%f @ 4893 pY2VFH>

UD@4583
fp2> frqwuro jdlq= �@ 053331 Iru wkh irupxodwlrq ri wkh ixoo prgho dqg
wkh ydoxhv ri uhpdlqj sdudphwhu/ vhh uhi1 ^5</ 59`1

Pruhryhu/ erwk yduldeoh duh vhhq wr eh vwulfwo| lq skdvh1 Wklv ehkdylru fdq eh xq0
ghuvwrrg iurp ht1 :144 dqg uhfdoolqj wkdw m @ +X

e%

� !,@�= Lqfuhdvlqj ydoxhv ri wkh
jdlq ohdg wr dq lqfuhdvlqj uhvrqdqw ehkdylru ri ! dqg X

e%

vlqfh wkhlu wlph ghulydwlyhv
ehfrph pruh dqg pruh htxdo1 Lq wkh olplw ri qhjdwlyh lq�qlwh jdlq/ b! @ bX

e%

dqg
wkhuhiruh bm @ 31 Khqfh/ wkh wrwdo fxuuhqw zrxog eh frqvwdqw zlwk ! dqg X

e%

vwloo
h{klelwlqj rvfloodwlrqv1 Wklv/ ri frxuvh/ zrxog qrw frqvwlwxwh wkh vwdelol}dwlrq ri dq
xqvwdeoh vwhdg| vwdwh vlqfh m lv qrw d v|vwhp yduldeoh1 Dw �qlwh �/ wkhuh lv vrph �qlwh
bm ohdglqj wr vpdoo0dpsolwxgh rvfloodwlrqv1

:17 �w*U0ghulydwlyh frqwuro

:1714 H{shulphqwdo uhvxowv

Sulru wr wkh dssolfdwlrq ri ghulydwlyh ihhgedfn frqwuro wkh rvfloodwru| K22Fx2Eu30
r{lgdwlrq v|vwhp zdv fkdudfwhul}hg e| f|folf yrowdpphwu| xvlqj wkh UUGH1 Wkh ulqj
zdv khog dw wkh frqwdqw srwhqwldo X

o�?}

@ .3=:Y@Kj2VRe lq rughu wr prqlwru wkh
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Iljxuh :09= H�hfw ri ghulydwlyh ihhgedfn frqwuro lq d srwhqwlrvwdwlf iruplf dflg r{lgd0
wlrq prgho ^:5` 1 Frqwuro lv dssolhg dw wlph w @ 483 dqg vzlwfkhg r� dw w @ 7831 Wkh
wlph vhulhv vkrz d, wkh frqwuro vljqdo �X / e, wkh wrwdo fxuuhqw ghqvlw| m

|J|

/ Qxphulfdo
sdudphwhuv= sK @ 4 > X

e%f @ ;33 pY2VFH> UD@76:18
 fp2> f
8�

@ 3=38 pro2o>
frqwuro jdlq= � @ �83331

eurplgh r{lgdwlrq1 Ilj1 :0;d dqg Ilj1 :0;e vkrz wkh L@X ehkdylru ri wkh ulqj
fxuuhqw �L

o�?}

dqg wkh glvf fxuuhqw L/ uhvshfwlyho|1 Wkh ulqj fxuuhqw lv sorwwhg gxulqj
wkh dqrglf vfdq rqo|1 Erwk fxuuhqwv duh vhhq wr h{klelw fruuhsrqglqj uhjxodu elj0
dpsolwxgh shdnv lqwhuvshuvhg zlwk shulrglf vpdoo0dpsolwxgh shdnv1 Dw kljk srwhqwldov
wkh vxuidfh ehfrphv sdvvlydwhg gxh wr wkh dgvruswlrq ri r{|jhq0frqwdlqlqj vshflhv
^486/ <;`1 Wkh eodfn flufoh wr wkh ohiw ri wkh FY0fxuyh dw d fxuuhqw ri 314 pD lqglfdwhv
wkh ydoxh ri wkh grxeoh od|hu srwhqwldo +! � �3=4; Y2Kj2VRe, ri wkh vwdwlrqdu|
vwdwh ri wkh v|vwhp dv rewdlqhg zkhq fruuhfwlqj wkh rxwhu dssolhg srwhqwldo +�.319
Y@Kj2VRe, e| wkh LU

e%

gurs qhjohfwlqj wkh vroxwlrq uhvlvwdqfh1
Ilj1 :0</ :043 dqg :044 vkrz wkh wlph hyroxwlrq ri wkh ulqj fxuuhqw +xsshu judsk

lq hdfk sduwldo �jxuh, dqg glvf srwhqwldo +orzhu judsk lq hdfk sduwldo �jxuh, zkhq
b�
�o

3@L0 ghulydwlyh frqwuro lv dssolhg gxulqj rvfloodwru| K2 r{lgdwlrq xqghu jdoydqrv0
wdwlf frqglwlrqv +L@314 pD,1 Dw wkh rxwvhw ri wkh wlph vhulhv ri Ilj1 :0< wkh ihhgedfn
frqwuro zdv r� +� @ 3/ vhh shulrg ghqrwhg �d�,1 Xsrq lqfuhdvlqj wkh frqwuro jdlq
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Iljxuh :0:= H�hfw ri ghulydwlyh ihhgedfn frqwuro lq d srwhqwlrvwdwlf iruplf dflg r{l0
gdwlrq prgho ^:5`1 Frqwuro lv dssolhg dw wlph w @ 483 dqg vzlwfkhg r� dw w @ 7831
Wkh wlph vhulhv vkrz d, wkh grxeoh od|hu srwhqwldo !

_,

yv1 VFH/ e, wkh lqvwdqwdqhrxv
rxwhu srwhqwldo X

e%

@ X
e%f � �gm@gw yv1 VFH1 Qxphulfdo sdudphwhuv dv lq suhylrxv

�jxuh1

wr � @ .5=3 +shulrg �e�, wkh dpsolwxgh ri wkh shulrg04 srwhqwldo rvfloodwlrqv lv vhhq
wr ghfuhdvh1 Iru � @ .6=3 +shulrg �f� dqg �g�,/ �qdoo|/ rqh uhfrjql}hv d gudpdwlf
ghfuhdvh ri wkh dpsolwxgh ri wkh srwhqwldo rvfloodwlrqv iroorzhg e| wkh vxffhvvixo vwd0
elol}dwlrq ri dq vwdwlrqdu| vwdwh dw d grxeoh od|hu srwhqwldo ! �0314;Y@Kj2VRe lv
revhuyhg1 Vlpxowdqhrxvo|/ wkh rvfloodwlrqv lq wkh ulqj fxuuhqw glvdsshdu1 Wkh vwdwlrq0
du| srwhqwldo frpsduhv idyrudeo| zlwk wkdw rewdlqhg iurp wkh LU fruuhfwlrq deryh
frq�uplqj vxffhvvixo frqwuro1 Diwhu frqwuro kdg ehhq vzlwfkhg r� +shulrg �h�,/ wkh
vwdelol}hg vwdwlrqdu| v|vwhp uhod{hg edfn wr wkh ruljlqdo rvfloodwru| uhjlph1 Wlph
shulrg �h� dqg �i� +� @ .6=3, vkrz wkdw wkh v|vwhp frxog eh uhsurgxfleo| eurxjkw
edfn rq wkh suhylrxvo| xqvwdeoh vwdwlrqdu| vwdwh e| lqfuhdvlqj �1 Ilj1 :043 dqg :0
44 lqglfdwh wkh srvvlelolw| iru wkh K5 r{lgdwlrq v|vwhp wr eh vwdelol}hg rq wkh vdph
vwdwlrqdu| vwdwh hyhq iru pruh frpsoh{ xqfrqwuroohg shulrglf uhjlphv1 Lq wkh iruphu
�jxuh yhu| vpdoo shulrglf prgxodwlrq ri wkh vwdelol}hg vwdwh +� @ .4=3, lv revhuyhg
gxh wr lqwulqvlf shuwxuedwlrqv1 Pruhryhu/ dw wkh rxwvhw ri shulrg �e� lw lv fohduo| vhhq



47; Ihhgedfn frqwuro lq hohfwurfkhplfdo v|vwhpv

Iljxuh :0;= F|folf yrowdpphwu| ri wkh rvfloodwru| K2 r{lgdwlrq v|vwhp xvlqj d
urwdwlqj0Dx ulqj0Sw glvf0hohfwurgh1 Xsshu sduw= ulqj fxuuhqw fruuhvsrqglqj wr
5Eu3 �$ Eu2.5h3 uhodwlyh wr wkh vwdwlrqdu| ulqj fxuuhqw/ X

o�?}

@ .3=: Y2Kj2VRe1
Orzhu sduw= wrwdo fxuuhqw yv1 rxwhu dssolhg srwhqwldo X

e%

1 H{shulphqwdo sdudphwhuv=
U
e%

D @ ;:8 
fp2/vfdq udwh@8 pY2v/ 5333 usp/ 9�433D pro2o Fx2n> 433D pro2o
Eu3> 318 pro2o K2VRe

krz wkh v|vwhp judgxdoo| vsludov lq wrzdug wkh �qdo vwdwlrqdu| srlqw1 Lq wkh odw0
whu �jxuh/ lq frqwudvw/ zkhuh � zdv fkrvhq wr eh .5=3/ wkh vwurqjhu ihhgedfn frqwuro
dfwhg lpphgldwho| rq wkh v|vwhp dqg qr glvfhuqleoh vsludoolqj frxog eh revhuyhg sulru
wr wkh vwdwlrqdu| ehkdylru1 Lw lv fuxfldo wr qrwh iru wkh ixuwkhu glvfxvvlrq wkdw wkh
srvlwlyh ydoxhv ri � qhfhvvdu| iru vxffhvvixo frqwuro fruuhvsrqg wr d qhjdwlyh joredo
ihhgedfn frqwuro dffruglqj wr ht1 :141

Qh{w/ wkh ulqj srwhqwldo zdv orzhuhg wr X
o�?}

@ �3=95 Y2Kj2VRe lq rughu wr
prqlwru wkh uhgxfwlrq fxuuhqw ri frsshu lrqv dw wkh ulqj dqg wkhuhe| wkh fkdqjh ri
fryhudjh ri frsshu rq wkh glvf1 Ilj1 :045 vkrzv wkh revhuyhg ehkdylru ri wkh ulqj
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Iljxuh :0<= Vwdelol}dwlrq ri dq xqvwdeoh vwdwlrqdu| vwdwh e| phdqv ri b�@L ghulydwlyh
+qhjdwlyh, ihhgedfn frqwuro gxulqj jdoydqrvwdwlf srwhqwldo rvfloodwlrqv lq wkh K2

r{lgdwlrq v|vwhp dw d UUGH1 L @ 3=4 pD/ rwkhu frqglwlrqv dqg uhihuhqfh hohfwurgh dv
lq Ilj1 :0;1 Wkh xsshu dqg orzhu judsk vkrz wkh wlph hyroxwlrq ri wkh ulqj0fxuuhqw
dqg wkh glvf srwhqwldo/ uhvshfwlyho|1
jdlq ydoxhv �= d/h/k=� @ 3=3> e= � @ 5=3/ f/g/i/j=� @ 6=31
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Iljxuh :043= Vwdelol}dwlrq ri dq xqvwdeoh vwdwlrqdu| vwdwh e| phdqv ri b�@L ghulydwlyh
+qhjdwlyh, ihhgedfn frqwuro gxulqj jdoydqrvwdwlf srwhqwldo rvfloodwlrqv lq wkh K2

r{lgdwlrq v|vwhp dw d UUGH1 L @ 3=4 pD/ rwkhu frqglwlrqv dv lq Ilj1 :0<1 Wkh xsshu
dqg orzhu judsk vkrz wkh wlph hyroxwlrq ri wkh ulqj0fxuuhqw dqg wkh glvf srwhqwldo/
uhvshfwlyho|1
jdlq ydoxhv �= d/f/h=� @ 3=3> e/g= � @ 4=31
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fxuuhqw dqg glvf srwhqwldo xqghu xqfrqwuroohg dqg frqwuroohg frqglwlrqv +;3 0 448
v/� @.613,1 Wkh ulqj fxuuhqw lv sorwwhg lq devroxwh �jxuhv zlwk L

o�?}cf ehlqj 03148
�D1 Wkh surqrxqfhg srvlwlyh shdnv ri �L

o�?}

lq wkh ulqj vljqdo lqglfdwh frqvlghudeoh
dprxqwv ri frsshu ghsrvlwhg dqg glvvroyhg gxulqj rvfloodwlrqv1 Dowkrxjk d frpsohwh
vwdelol}dwlrq ri wkh xqvwdeoh vwdwlrqdu| vwdwh frxog qrw eh dfklhyhg hyhq iru odujh
srvlwlyh jdlqv/ wkh dpsolwxgh ri wkh srwhqwldo rvfloodwlrqv zdv fohduo| uhgxfhg1 Qrwh
wkdw lq frqwudvw wr b�

�o

32L frqwuro/ d srvlwlyh ihhgedfn zdv uhtxluhg iru uhgxfwlrq ri
dpsolwxgh gxulqj b�

��

2L frqwuro1 Frqyhuvho|/ lq Ilj1 :046 dqg :047 qhjdwlyh ydoxhv ri
� zhuh dssolhg gxulqj erwk frqwuro phwkrgv1 Rqh uhfrjql}hv wkdw lqyhuvh ihhgedfn

Iljxuh :044= Vwdelol}dwlrq ri dq xqvwdeoh vwdwlrqdu| vwdwh e| phdqv ri b�@L ghulydwlyh
+qhjdwlyh, ihhgedfn frqwuro gxulqj jdoydqrvwdwlf srwhqwldo rvfloodwlrqv lq wkh K2 r{l0
gdwlrq v|vwhp dw d UUGH1 L @ 3=4 pD/ rwkhu frqglwlrqv dv lq Ilj1 :0<1 Wkh xsshu
dqg orzhu judsk vkrz wkh wlph hyroxwlrq ri wkh ulqj0fxuuhqw dqg wkh glvf srwhqwldo/
uhvshfwlyho|1
jdlq ydoxhv �= d/f/h=� @ 3=3> e/g=� @ 5=31
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Iljxuh :045= H�hfw ri b�@L ghulydwlyh +srvlwlyh, ihhgedfn frqwuro gxulqj jdoydqrvwdwlf
srwhqwldo rvfloodwlrqv lq wkh K5 r{lgdwlrq v|vwhp dw d UUGH1 L @ 3=3; pD/ X

o�?}

@
�3=95 Y 2Kj2VRe1 Dw wkh ulqj hohfwurgh frsshu lrqv duh uhgxfhg dffruglqj wr Fx2n.
5h3 �$ Fx1 Wkh xsshu dqg orzhu sduw ghslfw wkh wlph hyroxwlrq ri wkh ulqj fxuuhqw
dqg ri wkh glvf srwhqwldo/ uhvshfwlyho|1 Frqwuro zdv dssolhg dw w � ;3v1 Frqwuro jdlq
� @ .6=31 Rwkhu sdudphwhuv= 5333 usp/ 433e pro2o Fx2n> 433D pro2o Eu3> 318 pro2o
K2VRe> wkh srwhqwldo lv jlyhq yv1 Kj2Kj2VRe1

+srvlwlyh iru b�
�o

3@L frqwuro dqg qhjdwlyh iru b�
��

@L, ohdgv wr dq lqfuhdvh lq wkh srwhq0
wldo dpsolwxgh lqglfdwlqj wkh zurqj ihhgedfn vljq iru vwdelol}dwlrq ri wkh vwdwlrqdu|
srlqw1

:1715 Prgho fdofxodwlrqv

Olqhdu vwdelolw| dqdo|vlv

Frqvlghu wkh hohfwurfkhplfdo uhdfwlrq vfkhph
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Iljxuh :046= H�hfw ri b�@L ghulydwlyh ihhgedfn frqwuro gxulqj jdoydqrvwdwlf srwhqwldo
rvfloodwlrqv lq wkh K2 r{lgdwlrq v|vwhp dw d UUGH iru lqyhuvh frqwuro jdlqv1
Srvlwlyh b�

�o

3@L ihhgedfn frqwuro/ xsshu dqg orzhu sduwv vkrz ulqj fxuuhqw dqg glvf
srwhqwldo/ uhvshfwlyho|1 L @ 3=58pD>X

o�?}

@ .3=:Y@Kj2VRe> � @ �4=31 Frqwuro zdv
dssolhg dw w � 88v1 Rwkhu sdudphwhuv dv lq Ilj1 :0451

zlwk wkh qrwdwlrqv dv lq prgho :15/:16 dqg zlwk \ ghqrwlqj dq dgglwlrqdo idvw
fkhplfdo vshflhv1 Wkh jlyhq prgho lv hvvhqwldoo| wkh 60yduldeoh yhuvlrq ri prgho :15/:16
iru wkh ghvfulswlrq ri hohfwurfkhplfdo KQGU rvfloodwruv zlwk d qrqhvvhqwldo vshflhv
surylglqj wkh idudgdlf fxuuhqw1

Wudqviruplqj wkh jlyhq uhdfwlrq vfkhph lqwr d glphqvlrqohvv pdwkhpdwlfdo prgho
ri wkh hvvhqwldo yduldeohv �

f

dqg �
t

dqg ! xqghu jdoydqrvwdwlf frqglwlrqv/ rqh rewdlqv

b�
f

@ i+�
f

> �
t

> !, +:153,
b�
t

@ j+�
f

> �
t

> !, +:154,

� b! @ m � k+�
f

> �
t

> !, +:155,

zlwk wkh ixqfwlrq i dqg j prghoolqj wkh dgvruswlrq dqg ghvruswlrq ri wkh fkhplfdo
vshflhv [ dqg \ / uhvshfwlyho|> djdlq/ k uhsuhvhqwv wkh udwh h{suhvvlrq ri wkh idudgdlf
fxuuhqw +fxuuhqw fduulhu, ri wkh v|vwhp1 Wkh sdudphwhu m ghqrwhv wkh wrwdo fxuuhqw
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Iljxuh :047= H�hfw ri b�@L ghulydwlyh ihhgedfn frqwuro gxulqj jdoydqrvwdwlf srwhqwldo
rvfloodwlrqv lq wkh K2 r{lgdwlrq v|vwhp dw d UUGH iru lqyhuvh frqwuro jdlqv1
Qhjdwlyh b�

��

@L ihhgedfn frqwuro> xsshu dqg orzhu sduw vkrz devroxwh ulqj fxuuhqw
dqg glvf srwhqwldo/ uhvshfwlyho|1 L @ 3=3; pD/ X

o�?}

@ �3=95 Y 2Kj2VRe> � @ �4=551
Frqwuro zdv dssolhg dw w � 98v1 Rwkhu sdudphwhuv dv lq Ilj1 :045

ghqvlw| zklfk lv xvhg dv frqwuro sdudphwhu gxulqj b�@L frqwuro1 Lq frqwudvw wr wkh
50yduldeoh yhuvlrq/ wkh ixqfwlrq k lv qrw dvvxphg wr h{klelw d uhjlrq ri KQGU vlqfh
wklv lv wdnhq fduh ri e| wkh dgglwlrqdo wklug idvw yduldeoh1 Wkh sdudphwhu +� ?? 4,
ghqrwhv d uhodwlyh wlph vfdoh ri wkh g|qdplfv ri ! dqg ri wkh vorz fkhplfdo vshflhv1

Lq rughu wr prgho wkh h{shulphqwdo hohfwurfkhplfdo K2 r{lgdwlrq v|vwhp/ dq dq0
rglf fxuuhqw0 fduu|lqj uhdfwlrq lv dvvxphg1 Pruhryhu/ wkh vwdwlrqdu| �

f

@! +�
t

@!,
fkdudfwhulvwlfv duh dvvxphg wr vkrz d qhjdwlyh +srvlwlyh, vorsh zkdw fruuhvsrqgv wr
wkh hohfwurvruswlrq ehkdylru ri Fx2n +Eu3,1 Iurp wkhvh dvvxpswlrqv wkh iroorzlqj
uhodwlrqv uhvxow iru wkh Mdfreldq pdwul{ hohphqwv hydoxdwhg dw wkh vwdwlrqdu| vwdwh=
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Frqvhtxhqwo|/ wkh vljq sdwwhuq ri wkh Mdfreldq M uhdgv
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D
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Iru wkh fkdudfwhulvwlf sro|qrp ri wkh 60Yduldeoh prgho +ht1 :1530:155, lw iroorzv

Ghw m�L � M m @ �� � WuM�2 .
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@ �� . d�2 . e�. f +:156,

zkhuh � ghqrwhv wkh hljhqydoxhv ri wkh v|vwhp1 Xvlqj wkh Urxwk0Kxuzlw}w0fulwhulrq iru
wkh vroxwlrq ehkdylru ri sro|qrpldov ^4<8`/ lw fdq eh vkrzq wkdw iru vx!flhqwo| kljk
ydoxhv ri j

�

sdudphwhu e ehfrphv dozd|v qhjdwlyh zlwk f uhpdlqlqj srvlwlyh1 Wklv
lv d vx!flhqw frqglwlrq iru wkh h{lvwhqfh ri wzr frpsoh{ hljhqydoxhv zlwk srvlwlyh
uhdo sduw dv zhoo dv rqh qhjdwlyh uhdo hljhqydoxh1 Wkhuhiruh/ iru odujh j

�

/ l1h1 iru idvw
dgvruswlrq dqg ghvruswlrq ri \ / wkh vwdwlrqdu| vwdwh lv d xqvwdeoh irfxv ohdglqj wr
vxvwdlqhg srwhqwldo rvfloodwlrqv1

Lq wkh pruh vshfldo fdvh ri d gl�xvlrq olplwhg fxuuhqw0fduu|lqj uhdfwlrq/ dv irxqg
lq wkh K2 r{lgdwlrq xqghu idvw vwluulqj ^5<`/ wkh Mdfreldq dw wkh vwhdg| vwdwh vlpsol�hv
ixuwkhu |lhoglqj wkh sdwwhuq

3
C � � �
� � .
. . 3

4
D =

Qrz/ sdudphwhu f lq wkh fkdudfwhulvwlf htxdwlrq ehfrphv f @ �GhwM @ �k
w

f

n
_c+

+!,i
�

�
k
w

f

n
_c%

+!,j
�

1 Iru vx!flhqwo| odujh j
�

/ f lv vhhq wr eh srvlwlyh zlwk d A 3 dqg e ? 3
ohdglqj wr d Krsi elixufdwlrq ^4<8`1 Lq wkh iroorzlqj lw lv dvvxphg wkdw wkh prgho
sdudphwhuv duh fkrvhq vxfk wkdw vxvwdlqhg olplw f|foh rvloodwlrqv rffxu xqghu xqfrq0
wuroohg frqglwlrqv1

b�
t

@L ihhgedfn ghulydwlyh frqwuro

Lq frqwudvw wr wkh suhylrxvo| ghvfulehg
u

L@X0ghulydwlyh frqwuro phwkrg/ wkh frqwuro
vljqdo � b�

t

lv qrw d ixqfwlrq ri wkh frqwuro sdudphwhu m1 Frqvhtxhqwo|/ wkh frqwuro
ehfrphv vlpso| dgglwlyh1 Wkh frqwuroohg v|vwhp htxdwlrqv uhdg
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Wkh sdudphwhuv ri wkh fkdudfwhulvwlf htxdwlrq ri wkh frqwuroohg v|vwhp ��.d3�2.
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zkhuh f
�S

ghqrwhv wkh sdudphwhu f ri wkh xqfrqwuroohg prgho1
Lq rughu iru wkh frqwuro wr vwdelol}h wkh v|vwhp rq wkh xqvwdeoh vwhdg| vwdwh/ wkh

iroorzlqj frqglwlrqv pxvw eh ixo�oohg=

d3 A 3 e3 A 3 f3 A 3 +:163,

d3e3 � f3 A 3 +:164,

Iurp ht1 :15: dqg :15; lw lv fohdu e| lqvshfwlrq wkdw wkh vwdelolw| frqglwlrqv fdq eh
phw li � lv fkrvhq vx!flhqwo| qhjdwlyh/ l1h1 li d qhjdwlyh ihhgedfn frqwuro lv dssolhg1

b�
f

@L ihhgedfn ghulydwlyh frqwuro

Qh{w/ wkh wlph ghulydwlyh ri wkh vorzhu yduldeoh �
f

lv xvhg dv frqwuro vljqdo1 Vlploduo|
wr wkh suhfhhglqj sdudjudsk/ wkh hyroxwlrq htxdwlrq ri yduldeoh ! ri wkh frqwuroohg
prgho v|vwhp uhdgv
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Iru wkh sdudphwhu d3> e3 dqg f3 rqh rewdlqv
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+:167,

f3 @ f
�S

= +:168,

Vxffhvvixo vwdelol}dwlrq dffruglqj wr ht1 :163 dqg :164 lv rqo| dfklhydeoh li wkh
frqwuro jdlq � lv vx!flhqwo| srvlwlyh lpso|lqj d srvlwlyh ihhgedfn frqwuro1

Qxphulfdo prgho fdofxodwlrqv

Lq rughu wr fkhfn wkh h{shulphqwdo dqg dqdo|wlfdo uhvxowv qxphulfdoo|/ wkh b�@L ghulyd0
wlyh ihhgedfn frqwuro dv irupxodwhg lq wkh suhylxrv vhfwlrq zdv lpsohphqwhg lq d
wkuhh0 yduldeoh prgho ri wkh jdoydqrvwdwlf K2 r{lgdwlrq uhdfwlrq sursrvhg lq uhi1 ^5<`1
Ilj1 :048d dqg e uhsuhvhqw wkh fdofxodwhg wlph hyroxwlrq ri� b�

�o

3 dqg ! xqghu b�
�o

3@L
frqwuro1 Diwhu dssolfdwlrq ri qhjdwlyh ihhgedfn frqwuro +� @ �3=35, wkh v|vwhp vsludov
rqwr wkh vwdeol}hg irfxv1 Dv frqwuro lv vzlwfkhg r� +w @ 453, wkh ruljlqdo olplw f|foh
ehkdylru uhvwruhv1 Vlploduo|/ lq Ilj1 :049d dqg e lw lv sruwud|hg wkdw b�

��

@L ghulydwlyh
frqwuro vxffhvixoo| vxssuhvvhv wkh srwhqwldo rvfloodwlrqv iru srvlwlyh ihhgedfn1

:1716 Glvwlqfwlrq ehwzhhq KQGU rvfloodwruv zlwk uhvshfw wr wkh fxu0
uhqw fduulhu

Wkh suhylrxv vhfwlrq vkrzhg wkdw wkh vljq ri vxffhvvixo b�@L ihhgedfn frqwuro ghshqgv
fkdudfwhulvwlfdoo| rq wkh vljq ri wkh r�0gldjrqdo hohphqw ri wkh Mdfreldq ghvfulelqj
wkh uhjxodwlrq ri ! rq b� ri wkh vshflhv xvhg dv frqwuro vljqdo> qrwh wkdw wklv pdwul{
hohphqw lv olqnhg wr wkh uroh wkh vshflhv sod|v zlwklq wkh rvfloodwru| phfkdqlvp1 Wklv
�qglqj fdq wkhuhiruh eh h{sorlwhg iru dq h{shulphqwdo lghqwl�fdwlrq dqg glvwlqfwlrq
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Iljxuh :048= Qxphulfdo b�
�o

3@L ghulydwlyh qhjdwlyh ihhgedfn frqwuro lpsohphqwhg lq
d jdoydqrvwdwlf wkuhh0yduldeoh K2 r{lgdwlrq prgho ^5<`1 Wkh xqvwdeoh vwdwlrqdu| vwdwh
lv vhhq wr eh vwdelol}hg1 Ilj1 d, dqg Ilj1e, vkrz wkh hyroxwlrq ri � b�

�o

3 +vlplodu wr
xsshu judsk ri Ilj1 :043, dqg wkh grxeoh od|hu srwhqwldo !

_,

/ uhvshfwlyho|1 Frqwuro lv
dssolhg dw w@73 dqg wxuqhg r� dw w@4531 Qxphulfdo sdudphwhuv rwkhu wkdq jlyhq lq
wdeoh 4 ri uhi1 ^5<` duh f

��

2n @ 433e> f
%

@ 7� 433�> m
|J|

@ 3=8 pD2fp2> frqwuro jdlq=
�@ 031351

Iljxuh :049= Qxphulfdo b�
��

@L ghulydwlyh srvlwlyh ihhgedfn frqwuro lq wkh K2 r{lgdwlrq
prgho ^5<`1 Wkh xqvwdeoh vwdwlrqdu| vwdwh lv vhhq wr eh vwdelol}hg1 Ilj1 d, dqg Ilj1e,
vkrz wkh hyroxwlrq ri b�

��

+lq fruuhvsrqghqfh wr xsshu judsk ri Ilj1 :045, dqg wkh
grxeoh od|hu srwhqwldo !

_,

/ uhvshfwlyho|1 Frqwuro lv dssolhg dw w@73 dqg wxuqhg r� dw
w@4531 Frqwuro jdlq= �@ .31341 Doo rwkhu qxphulfdo sdudphwhu ydoxhv dv lq suhylrxv
�jxuh1
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ehwzhhq rvfloodwru| hohfwurfkhplfdo phfkdqlvpv1 Irfxv zloo eh rq wkh h{shulphqwdo
lghqwl�fdwlrq ri 50 yduldeoh surwrw|sh prghov dssursuldwho| ghvfulelqj wkh Mdfreldq
vljq sdwwhuq ri dq xqnqrzq hohfwurfkhplfdo KQGU rvfloodwruv1

Wzr fodvvhv ri rvfloodwru| prghov zlwk KQGU zhuh ghvfulehg lq olwhudwxuh1 Iluvw/
wkhuh duh prghov iru wkh ghvfulswlrq ri v|vwhpv vxfk dv wkh K2 r{lgdwlrq ^5</ 59` ru
iruplf dflg r{lgdwlrq zkhuh wkh idudgdlf fxuuhqw lv surylghg e| d qrqhvvhqwldo vshflhv
+vhh prgho :15/:16 dqg :14:0:14<,> frqvhtxhqwo|/ lw grhv qrw d�hfw wkh fryhudjhv ri wkh
hvvhqwldo fkhplfdo vshflhv1 Lq wkh fdvh ri dq dqrglf idudgdlf fxuuhqw/ wkh diruhphq0
wlrqhg 60yduldeoh KQGU rvfloodwru zlwk d qrqhvvhqwldo fxuuhqw0fduu|lqj vshflhv fdq eh
uhgxfhg wr d 50yduldeoh prgho ri �

f

dqg ! e| dgldedwlf holplqdwlrq ri �
t

|lhoglqj dq
rvfloodwru| prgho +vlplodu wr prgho :170:18, zlwk wkh iroorzlqj Mdfreldq vljq sdwwhuq
xqghu rvfloodwru| frqglwlrqv

� � �
. .

�
=

Vhfrqg/ Nrshu dqg Vox|whuv ^97` uhsruwhg rq d fodvv ri jdoydqrvwdwlfo| rvfloodwru|
50yduldeoh prghov zklfk uhsuhvhqw dq h{whqvlrq ri vlpsolhu prghov iru wkh ghvfulswlrq
ri wkh rvfloodwru| hohfwurfkhplfdo uhgxfwlrq ri phwdo lrq lq wkh suhvhqfh ri fdwdo|vwv1 D
qhjdwlyh lpshgdqfh ruljlqdwlqj fkhplfdoo| iurp wkh idvw dgvruswlrq dqg ghvruswlrq ri
d fdwdo|vw zdv lqfoxghg lq wkh ixqfwlrqdo irup ri wkh udwh frqvwdqw n

o

+!, ri wkh fxuuhqw0
fduu|lqj uhdfwlrq1 Lq wkh h{whqghg w|sh ri prgho/ d srwhqwldo ghshqghqw dgvruswlrq
dqg ghvruswlrq ri wkh vorz fkhplfdo vshflhv zdv vkrzq wr ohdg wr dq KQGU dqg
frqvhtxhqwo| wr jdoydqrvwvwlf rvfloodwlrqv1 Dowkrxjk wkhuh lv qr h{shulphqwdo h{dpsoh
vr idu iru d jdoydqrvwdwlf rvfloodwru ri wklv w|sh/ wkh h{lvwhqfh ri vxfk rvfloodwruv lv zhoo
ihdvleoh iurp d fkhplfdo srlqw ri ylhz1 Wkh prgho zklfk frqvlvwhg ri wkh hyroxwlrq
htxdwlrqv ri d vorz fkhplfdo yduldeoh � dqg wkh idvw dxwrfdwdo|wlf ! uhdgv
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duh wkh dssolhg fxuuhqw ghqvlw| dqg wkh udwh frqvwdqwv ri dgvrus0
wlrq/ ghvruswlrq dqg uhdfwlrq/ uhvshfwlyho|1 Dv lq ht1 :159 � ghqrwhv wkh uhodwlyh wlph
vfdoh ri wkh wzr yduldeohv1 Gxh wr lwv jdoydqrvwdwlf rvfloodwlrqv/ wkh h{whqghg prgho
zdv frqvlghuhg wr idoo lqwr wkh vdph fdwhjru| lq whupv ri wkh ghvwdelol}lqj phfkdqlvp
dv wkh K2 ru ID v|vwhp1 Krzhyhu/ phfkdqlvwlfdoo| wkhuh lv d frqvlghudeoh gl�hu0
hqfh ehwzhhq erwk w|shv ri jdoydqrvwdwlf prghov lqvridu dv lq wkh odwwhu prgho0w|sh
wkh uhdfwlrq surylglqj wkh idudgdlf fxuuhqw lv gluhfwo| frqvxplqj wkh vorz fkhplfdo
vshflhv1 Wkh fxuuhqw0fduu|lqj vshflhv lv frqvhtxhqwo| dq hvvhqwldo rqh/ lq frqwudvw wr
wkh diruhphqwlrqhg w|sh ri KQGU rvfloodwruv zkhuh lw zdv qrqhvvhqwldo1 Wklv uhvxowv
lq d gl�huhqw 5� 5 Mdfreldq vljq sdwwhuq xqghu rvfloodwru| ehkdylru=

� � .
� .

�
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Lw lv lpsruwdqw wr qrwh wkdw d glvwlqfwlrq ehwzhhq wkh wzr w|shv ri Mdfreldq
vljq sdwwhuqv e| lpshgdqfh vshfwurvfrs| lv lpsrvvleoh vlqfh lpshgdqfh ydoxhv duh
ixqfwlrqv ri doo +lq wkh fdvh ri d 50yduldeoh prgho, irxu Mdfreldq hohphqwv1 Wkh b�@L
ghulydwlyh ihhgedfn frqwuro phwkrg xvlqj wkh vorz fkhplfdo vshflhv/ lq frqwudvw/ lv
fdsdeoh wr ghwhuplqh wkh r� gldjrqdo hohphqw dqg fdq wkhuhiruh eh xvhg wr ghwhuplqh
wkh dssursuldwh vnhohwrq phfkdqlvp1 Dsso|lqj wkh b�@L ghulydwlyh ihhgedfn frqwuro
wr d KQGU rvfloodwru fruuhvsrqglqj wr wkh odwwhu fodvv +fxuuhqw fduul|lqj vshflhv
hvvhqwldo, zrxog uhtxluh d qhjdwlyh ihhgedfn iru d vxffhvvixo vxssuhvvlrq ri rvfloodwlrqv
zkhuhdv wkh iruphu fodvv ri KQGU prghov +fxuuhqw0fduu|lqj vshflhv qrqhvvhqwldo,
uhtxluhg d srvlwlyh ihhgedfn1

:18 Glvfxvvlrq

u

U*L ghulydwlyh ihhgedfn frqwuro

Wkh g|qdplf uhvsrqvh ri hohfwurfkhplfdo KQGU rvfloodwruv xqghu
u

L@X ghulydwlyh frq0

wuro dfwlrq kdv ehhq vwxglhg lq prgho dqg h{shulphqw1
u

L@X frqwuro zdv xqdeoh wr
vwdelol}h dq xqvwdeoh vwdwlrqdu| srlqw lq wkh v|vwhpv xqghu frqvlghudwlrq1 Pruh jhq0
hudoo|/ wkh olqhdu vwdelolw| dqdo|vlv jlyhq lq vhfwlrq 6 lqglfdwhg wkdw zkhqhyhu ! lv wlph
ghshqghqw xqghu rvfloodwru| frqglwlrqv/ l1h1 zkhq wkh rkplf uhvlvwdqfh � lv qrw qhjol0

jleoh/ wkh
u

L@X ghulydwlyh ihhgedfn whfkqltxh pxvw idlo wr vwdelol}h d vwdwlrqdu| vwdwh1
Frqyhuvho| dqg pruh lpsruwdqwo|/ vxffhvvixo vxssuhvvlrq ri rvfloodwlrqv e| phdqv ri
u

L@X frqwuro iru wkh olplwlqj fdvh zkhuh � lv qhjolejleoh gh�qlwho| suryhv wkdw ! lv
txdvlfrqvwdqw xqghu rvfloodwru| frqglwlrqv zklfk/ lq wxuq/ lv d vx!flhqw frqglwlrq iru
d wuxo| srwhqwlrvwdwlf rvfloodwru1 Qrwh wkdw nqrzohgjh ri wkh dfwxdo vroxwlrq uhvlvwdqfh
lv luuhohydqw1 Wkhvh uhvxowv vxjjhvw wkh iroorzlqj rshudwlrqdo surfhgxuh iru wkh lghq0
wl�fdwlrq ri d wuxo| srwhqwlrvwdwlf rvfloodwru= Wkh rkplf uhvlvwdqfh vkrxog eh uhgxfhg
uhshdwlqj wkh frqwuro whvw xqwlo hlwkhu wkh xqfrqwuroohg v|vwhpv vwrsv wr eh rvfloodwru|
dqg ! lv suryhg wr eh hvvhqwldo ru wkh vxssuhvvlrq ri rvfloodwlrqv lv vxffhvvixo xsrq
frqwuro dqg wkh lqvwdelolw| lv suryhg wr eh ri fkhplfdo qdwxuh1

Lq uhi1 ^438` wkh h�hfw ri
u

L@X frqwuro gxulqj wkh srwhqwlrvwdwlf hohfwurglvvroxwlrq
ri Fx lq dfhwlf dflg2dfhwdwh ex�hu +DDE, zdv ghvulehg1 Lq Ilj1 : ri uhi1 ^438`
+uhsurgxfhg lq Ilj1 :04:, wkh dxwkruv uhsruw rq wkh vxffhvvixo vxssuhvvlrq ri fxuuhqw

rvfloodwlrqv xsrq
u

L@X ihhgedfn frqwuro dvvrfldwhg zlwk d ydqlvklqj frqwuro vljqdo1 Wkh
vxssuhvvlrq ri rvfloodwlrqv zdv irxqg iru doo jdlqv eh|rqg d fulwlfdo ydoxh1 Dffruglqj
wr wkh suhvhqw vwxg|/ wkh �qglqjv vwurqjo| vxjjhvw iru wkh Fx2DDE v|vwhp wr eh dq
h{dpsoh ri d wuxo| srwhqwlrvwdwlf rvfloodwru zkhuh ! lv qrqhvvhqwldo ghvslwh dq hohfwurq
wudqvihu vwhs lqyroyhg1
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Iljxuh :04:=
u

L@X Ghulydwlyh frqwuro lq wkh rvfloodwru| Fx2dfhwdwh v|vwhp zlwkrxw
h{whuqdo uhvlvwdqfh/ dgrswhg iurp uhi1 ^438`1

�w*U ghulydwlyh ihhgedfn frqwuro

Vwdelol}dwlrq ri xqvwdeoh vwdwlrqdu| vwdwhv

Wkh vxffhvvixo h{shulphqwdo vxssuhvvlrq ri srwhqwldo rvfloodwlrqv lq idyru ri d vwd0
wlrqdu| srlqw lq dq hohfwurfdwdo|wlf v|vwhp kdv ehhq dfklhyhg e| b�

�o

32L qhjdwlyh
ihhgedfn frqwuro1 Wkh vwdelol}dwlrq kdv ehhq vkrzq wr eh uhsurgxfleoh dqg txlwh ur0
exvw wr v|vwhp shuwxuedwlrqv +vhh Ilj1 :043,1 Wkh frqwuro vljqdo kdv ehhq rewdlqhg
h{shulphqwdoo| h{sorlwlqj wkh surshuwlhv ri wkh ulqj fxuuhqwv ri UUGHv1 Ri frxuvh/
rwkhu lq vlwx surehv iru wkh fryhudjh ri dgvruehg vshflhv hvvhqwldo iru wkh g|qdplfv
frxog eh xvhg li wkhlu uhvsrqvh wlphv duh vx!flhqwo| vkruw1 Lq frqwudvw wr sursruwlrqdo
ihhgedfn frqwuro ^533/ 539`/ wkh dssolhg ghulydwlyh frqwuro whfkqltxh uhtxluhv qr d sul0
rul nqrzohgjh ri wkh rshudwlqj v|vwhp lq rughu wr vwdelol}h dq lqwulqvlf vwdwlrqdu|
vwdwh zlwkrxw r�vhw1

Vxssuhvvlrq ri rvfloodwlrqv lq fkhplfdo v|vwhpv fdq eh ri sudfwlfdo lpsruwdqfh
zkhuh shulrglf uhdfwlrq udwhv duh xqghvludeoh gxh wr xqidyrudeoh v|vwhp fkdudfwhulv0
wlfv1 Lq wkh fdvh ri hohfwurfdwdo|wlf v|vwhpv/ iru lqvwdqfh/ wkh uhshdwhg dg0dqg ghv0
ruswlrq ri r{|jhq frqwdlqlqj vshflhv rq wkh hohfwurgh dw dq dyhudjh fxuuhqw ghqvlw|
frqwulexwhv wr d idvwhu ghjudgdwlrq ri wkh hohfwurgh pdwhuldo/ h1j1 gxh wr urxjkhqlqj/
wkdq revhuyhg iru wkh fruuhvsrqglqj vwdwlrqdu| fxuuhqw dvvrfldwhg zlwk dq lqwhuphgl0
dwh r{|jhq fryhudjh1 Pruhryhu/ frqwuro whfkqltxhv r�hu wkh srvvlelolw| wr h{whqg wkh
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vwdelolw| uhjlrq dqg wkhuhiruh wkh uhjlrq ri srvvleoh rshudwlqj srlqwv1
Wkh vwdelol}dwlrq ri dq xqvwdeoh vwdwlrqdu| srlqw e| b�

��

2L frqwuro zdv qrw frp0
sohwho| dfklhyhg hyhq iru odujh ydoxhv ri wkh frqwuro jdlq1 Wkhuh duh wzr uhdvrqv iru
wklv �qglqj= Iluvw/ wkh surshu v|qfkurql}dwlrq ri wkh frqwuro dfwlrq lv glvwxuehg gxh
wr shulrglf exon ghsrvlwlrq ri Fx ^:8`1 Ghsrvlwlrq dqg Glvvroxwlrq ri exon frsshu lv
reylrxvo| prqlwruhg e| wkh ulqj fxuuhqw/ zkloh rqo| wkh �uvw od|hu d�hfwv wkh g|qdp0
lfv ri wkh rvfloodwru gxh wr vlwh eorfnlqj1 Vhfrqg/ d vorz guliw ri wkh vwdwlrqdu| ulqj
fxuuhqw L

o�?}cf lpshghv wkh suhflvh phdvxuhphqw ri �Lo�?} ryhu d orqj wlph lqwhuydo1
Krzhyhu/ wkh ghfuhdvh lq rvfloodwlrqv dpsolwxgh xsrq frqwuro +Ilj1 :045 lq frqwudvw
wr wkh lqfruuhfw ihhgedfn vljq xvhg lq Ilj1 :046 dqg Ilj1 :047, xqltxho| lqglfdwhv wkh
�fruuhfw� vljq ri wkh ihhgedfn uhtxluhg iru vxffhvvixo frqwuro1

H{shulphqwdo lghqwl�fdwlrq ri vxlwdeoh rvfloodwru| prghov dqg uroh ri vshflhv

Lw lv fuxfldo wr uhdol}h wkdw wkh w|sh ri ihhgedfn qhfhvvdu| iru wkh vwdelol}dwlrq ri wkh
xqvwdeoh vwdwlrqdu| srlqw lv qrw duelwudu| exw lv gluhfwo| uhodwhg wr wkh phfkdqlvwlf
uroh ri wkh vshflhv prqlwruhg dw wkh ulqj hohfwurgh1 Lq sduwlfxodu/ wkh vwdelolw| dqdo|vlv
ri vhfwlrq 7 fohduo| looxvwudwhv wkdw wkh r� gldjrqdo Mdfreldq hohphqwv i

�

@ C b�
f

@C!

+j
�

@ C b�
t

@C!, ghwhuplqhv wkh fruuhfw vljq ri wkh b�
��

+ b�
�o

3, ghulydwlyh ihhgedfn1
Wkhuhiruh/ frqwuro h{shulphqwv fdq surylgh xvhixo phfkdqlvwlf lqirupdwlrq rq wkh
h{shulphqwdo v|vwhp1 Ghvslwh lwv sudfwlfdo lpsruwdqfh/ wklv dvshfw ri fkhplfdo frqwuro
h{shulphqwv kdv qhyhu ehhq glvfxvvhg ehiruh1

Wkh fdwhjru| ri hohfwurfkhplfdo rvfloodwruv fkdudfwhul}hg e| dq KQGU dqg ! ehlqj
hvvhqwldo ^5:/ :7` kdv ehhq ixuwkhu uh�qhg lqwr wzr vxefdwhjrulhv ghshqglqj zkhwkhu
ru qrw wkh fxuuhqw fduulhu +pdlq fxuuhqw surylglqj uhdfwlrq, lv surylghg e| wkh vorz
hvvhqwldo fkhplfdo vshflhv> dffruglqjo|/ wkh fxuuhqw fduulhu zdv whuphg �ghshqghqw�
dqg �lqghshqghqw�/ uhvshfwlyho|1 Gxh wr wkh glvwlqfw Mdfreldq pdwul{ hohphqw C b�@C!
ri wkh fruuhvsrqglqj surwrw|sh prghov/ ghulydwlyh frqwuro fdq eh xvhg iru d fohdu lghq0
wl�fdwlrq ri wkh dssursuldwh vxefdwhjru| dvvrfldwhg zlwk d surwrw|sh prgho iru wkh
rvfloodwru xqghu lqyhvwljdwlrq1 Qrwh wkdw iru wklv sxusrvh wkh nqrzohgjh ri wkh hvvhq0
wldo fkhplfdo vshflhv lv uhtxluhg zklfk lq pdq| fdvhv fdq eh rewdlqhg iurp fkhplfdo
lqwxlwlrq1 Frqyhuvho|/ zlwk wkh nqrzohgjh zkhwkhu wkh fxuuhqw fduulhu lv ghshqghqw
ru lqghshqghqw/ rqh fdq lghqwli| wkrvh fkhplfdo vshflhv zklfk vkrz wkh dssursruldwh
ihhgedfn vljqv iru vxffhvvixo frqwuro dqg wkhuhiruh duh srvvleoh fdqglgdwhv iru wkh vorz
hvvhqwldo yduldeoh> olnhzlvh fdqglgdwhv iru wkh idvw fkhplfdo vshflhv lq wkh fdvh ri dq
lqghshqghqw fxuuhqw fduulhu duh lghqwl�hg1 Wdeoh :14 vxppdul}hv wkh uhtxluhg fruuhfw
ihhgedfn vljq iru wkh uhvshfwlyh fdvhv1 Wkh odwwhu phwkrg fdq gudvwlfdoo| uhgxfh wkh
qxpehu ri srvvleoh vshflhv holjleoh iru dq dssursuldwh nlqhwlf prgho1

:19 Vxppdu|

Dq h{shulphqwdo ihhgedfn frqwuro whvw iru d wuxo| srwhqwlrvwdwlf rvfloodwru zdv lq0
wurgxfhg1 Lw fdq hdvlo| eh dssolhg wr hohfwurfkhplfdo rvfloodwruv zkrvh phfkdqlvwlf
edvlv ri wkh lqvwdelol| lv xqnqrzq/ exw srvvleo| lqyroyhv ! dv d qrqhvvhqwldo yduldeoh
^:9/ 9:/ ::/ :;`1 Pruhryhu/ d vhfrqg h{shulphqwdo whvw zdv suhvhqwhg zklfk doorzv d
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fxuuhqw0fduu|lqj vshflhv
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Wdeoh :14= Vxppdu| ri wkh Mdfreldq vljq sdwwhuqv ri prgho ht1 :169 0:16: dqg ht1
:1530:155 dqg wkh uhtxluhg ihhgedfn vljq ri wkh b�2L ghulydwlyh frqwuro iru vxffhvvixo
vxssuhvvlrq ri rvfloodwlrqv iru wkh vxefdwhjrulhv ri wkh KQGU rvfloodwruv dffruglqj
wr wkh qdwxuh ri wkh fxuuhqw fduulhu1 Lq wkh fdvh zkhuh wkh fxuuhqw0fduu|lqj vshflhv
lv qrqhvvhqwldo/ gl�xvlrq olplwhg frqglwlrqv duh dvvxphg ohdglqj wr wkh }hur hohphqw
+vhh vhfwlrq 7,1 D �qlwh srwhqwldo ghshqghqfh zrxog qrw d�hfw wkh uhtxluhg ihhgedfn
vljqv1
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ixuwkhu vxefodvvl�fdwlrq ri KQGU rvfloodwruv zlwk uhvshfw wr wkh qdwxuh ri wkh fxu0
uhqw surylglqj vshflhv1 Erwk vxefdwhjrulhv duh dvvrfldwhg zlwk vxlwdeoh vlpsoh nlqhwlf
prghov1 Lq frpelqdwlrq zlwk rwkhu whfkqltxhv iru wkh phfkdqlvwlf lghqwl�fdwlrq ri
hohfwurfkhplfdo rvfloodwruv vxfk dv lpshgdqfh vshfwurvfrs|^56`/ erwk h{shulphqwdo
whvwv fdq uhvxow lq dq rshudwlrqdo phwkrg iru d v|vwhpdwlf fodul�fdwlrq ri wkh uhohydqw
g|qdplfdo surfhvvhv ri dq xqnqrzq hohfwurfkhplfdo rvfloodwru dv zloo eh rxwolqhg lq
fkdswhu <1
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