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Devwudfw

Zh sursrvh d surfhgxuh wr rewdlq d frqvlvwhqw phvk0remhfwlyh frq0
wlqxrxv prgho/ vwduwlqj iurp glvfuhwh fkdlqv ri hohphqwv doorzlqj iru
vwudlq vriwhqlqj1 Revhuylqj wkh vl}h0ghshqghqw uhvsrqvh ri whqvloh
fkdlqv/ dqg h{wudsrodwlqj wkh vfdolqj odz dv wkh qxpehu ri frqvwlwxhqwv
jrhv wr lq�qlw|/ zh xvh uhfhqw uhvxowv ri yduldwlrqdo frqyhujhqfh ri glv0
fuhwh ixqfwlrqdov +�0frqyhujhqfh, wr sdvv iurp d prohfxodu wr d frq0
wlqxxp wkhru|1 Wkh olplw prgho/ zkhuh vriwhqlqj dqg iudfwxuh duh
lqwhusuhwhg e| wkh glfkrwrp| ri exon dqg vxuidfh hqhujlhv/ uhsurgxfhv
wkh vdph ryhudoo surshuwlhv ri glvfuhwh v|vwhpv1

4 Lqwurgxfwlrq

Ghvfulswlrq ri iudfwxuh surfhvv e| phdqv ri frqwlqxxp prghov kdv jdlqhg
zlgh srsxodulw| lq uhfhqw |hduv1 Wkhlu pdlq dgydqwdjh lv wkdw wkh| fdq eh
hdvlo| lpsohphqwhg lq d IHP frgh/ d fkdudfwhulvwlf sduwlfxoduo| khosixo lq
wkh ghvljq sudfwlfh ri vwuxfwxuhv pdgh ri eulwwoh ru txdvl0eulwwoh pdwhuldov1
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Iru/ lw lv vxssrvhg wkdw pdq| vpdoo fudfnv duh glvwulexwhg +vphduhg, ryhu
d uhsuhvhqwdwlyh yroxph hohphqw/ vr wkdw wkh h�hfw ri fudfnlqj fdq eh prg0
hoohg wkurxjk d vlpsoh frqvwlwxwlyh uhodwlrqvkls ehwzhhq vwudlq dqg vwuhvv1
Vlqfh wkh zlghu wkh fudfn rshqlqj/ wkh orzhu duh wkh frkhvlyh irufhv eulgjlqj
wkh fudfn vxuidfhv/ wkh pdwhuldo vwl�qhvv judgxdoo| ghfd|v diwhu d shdn ordg
kdv ehhq uhdfkhg1 Frqvhtxhqwo|/ wkh frqvwlwxwlyh uhodwlrq xvxdoo| suhvhqwv
d vwudlq0vriwhqlqj eudqfk/ zklfk dssurdfkhv wkh }hur ydoxh zkhq d sdvvlqj0
wkurxjk fudfn kdv ixoo| ghyhorshg1

Krzhyhu/ frqvlghudwlrq ri frqwlqxd zlwk vriwhqlqj ohdgv wr vrph wkhruhw0
lfdo gl!fxowlhv zklfk/ |hw/ dsshdu wr eh vwloo sduwldoo| xqdssuhfldwhg1 Wkh
vlpsohvw zd| wr looxvwudwh pd| eh wr uhihu wr d rqh0glphqvlrqdo h{dpsoh1 Frq0
vlghu d edu ri ohqjwk u h{whqghg lq d kdug ghylfh1 Lqwurgxfhg wkh %0d{lv vxfk
wkdw l � Efc u� � U ghqrwhv wkh edu xqglvwruwhg qdwxudo uhihuhqfh frq�jxud0
wlrq/ ohw �E%� G l$ U uhsuhvhqw wkh glvsodfhphqw ri d sduwlfoh lqlwldoo| dw %1
Vxssrvh wkdw wkh pdwhuldo lv qrq olqhdu hodvwlf/ reh|lqj wr d vwudlq0vriwhqlqj
frqvwlwxwlyh uhodwlrqvkls/ ehwzhhq wkh d{ldo ordg jE%� dqg wkh d{ldo vwudlq
0E%� � ��E%�/ ri wkh w|sh uhsuhvhqwhg lq Iljxuh 4@1 Zkhq wkh edu h{wuhplwlhv
duh glvsodfhg dsduw ri qu : f/ wkh yduldwlrqdo irup ri wkh sureohp lv
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LE��E%�� _% c �Eu� � �Ef� ' qu c +4,

zkhuh wkh vwudlq hqhuj| L kdv wkh vkdsh uhsuhvhqwhg lq Iljxuh 4+K,1 Lw lv
fohdu wkdw vwudlq vriwhqlqj fruuhvsrqgv wr frqfdylw| iru L vr wkdw/ lq jhqhudo/
sureohp +4, lv rqh ri qrq0frqyh{ plqlpl}dwlrq1

Wudglwlrqdoo|/ frqvwlwxwlyh uhodwlrqvkls zlwk vriwhqlqj eudqfkhv +ru wkhlu
lqwhjudo uhsuhvhqwdwlrq wkurxjk qrq0frqyh{ hqhujlhv, kdyh ehhq hpsor|hg
wr prgho pdwhuldo skdvh wudqvlwlrqv/ vxfk dv wkh ydsru0oltxlg wudqvlwlrq lq
zdwhu suhglfwhg e| ydq ghu Zddov htxdwlrq ^4;`1 Lq wkh odwh *:3v/ ixqgdphqwdo
sdshuv e| Hulfnvhq ^48` dqg Gxqq ) Irvglfn ^47` vkrzhg wkdw wkh uhvsrqvh ri
vrph vrolg pdwhuldov h{klelwlqj vwudlq vriwhqlqj/ frxog vlploduo| eh lqwhusuhwhg
dv htxloleulxp0vwdwh vhtxhqfhv ri khwhurjhqrxv frq�jxudwlrqv/ frpsrvhg ri
wzr +ru pruh, pdwhuldo skdvhv1 Hdfk skdvh fruuhvsrqgv wr dq xqghuo|lqj
uhduudqjhphqw dw wkh plfurvfrslf ohyho/ dqg skdvh0htxloleulxp lv dphqdeoh
wr ghvfulswlrq wkurxjk qrq0frqyh{ plqlpl}dwlrq1 Dq h{dpsoh ri wklv lv wkh
dssurdfk sursrvhg e| Pÿoohu dqg Yloodjjlr lq ^53`/ zkhuh wkh hodvwlf0sodvwlf
wudqvlwlrq lq d vrolg erg| lv h{sodlqhg wkurxjk vqds0wkurxjk vsulqj ghylfhv/
jryhuqhg e| qrq0frqyh{ vwudlq hqhujlhv1
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Iljxuh 4= Vriwhqlqj frqvwlwxwlyh uhodwlrqvkls +@, dqg wkh fruuhvsrqglqj vwudlq
hqhuj| ixqfwlrq +K,1

Uhfhqwo|/ vwduwlqj iurp dq lpsruwdqw sdshu e| Wuxvnlqryvn| ^56`/ wkh
skdvh0wudqvlwlrq iudphzrun kdv ehhq dgguhvvhg wr iudfwxuh phfkdqlfv1 Lq
sduwlfxodu/ dv vkrzq lq ^56`/ zkhqhyhu wkh vwudlq hqhuj| suhvhqwv d krul}rqwdo
dv|pswrwh +dv lq Iljxuh 4K,/ htxloleulxppd| eh fkdudfwhul}hg e| orfdol}dwlrq
ri h{fhswlrqdoo| odujh vwudlqv lq od|huv ri hydqhvfhqw wklfnqhvv/ htxlydohqw wr
vxuidfhv ri glvfrqwlqxlw| +iudfwxuhv, iru wkh ghirupdwlrq �hog1 Exw wkhuh lv
d wurxeohvrph frqvhtxhqfh= wkh hqhuj| qhfhvvdu| wr surgxfh d iudfwxuh lq
d frqwlqxrxv edu zlwk vwudlq0vriwhqlqj uhvxowv wr eh }hur/ zkdwhyhu wkh ohyho
ri wkh krul}rqwdo dv|pswrwh lq wkh vwudlq srwhqwldo1 Lqghhg/ wkh sureohp4

lq wkh plqlpl}dwlrq ri +4, lv gxh wr d frqjhqlwdo pdwkhpdwlfdo gl!fxow|/
douhdg| uhdol}hg lq wkh hduo| zrun e| Ero}d dqg \rxqj ^57`1 Lq idfw/ xvlqj
gluhfw phwkrgv lq wkh fdofxoxv ri yduldwlrqv/ lw frxog eh yhul�hg wkdw/ iru
dq| q : f/ zh fdq �qg vhtxhqfhv �? ri frqwlqxrxv ixqfwlrqv/ vxfk wkdw
�?Eu�� �?Ef� ' qu dqg
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Wkh vwxg| ri vwudlq orfdol}dwlrq dqg wkh frqvhtxhqw glvdsshdudqfh ri iudf0
wxuh hqhuj| lv qrzdgd|v d wrslfdo vxemhfw/ hvshfldoo| ehfdxvh ri wkh idwdo frq0

4Dv glvfxvvhg ^55`/ d vlplodu sureohp rffxuv zkhq wu|lqj wr ghvfuleh  h{xuh ri vriwhqlqj
ehdpv wkurxjk d prphqw0fxuydwxuh uhodwlrqvkls1

6



vhtxhqfhv lq IHP qxphulfdo dssur{lpdwlrqv ^4<`1 Wr looxvwudwh wkh sureohp
lq hqjlqhhulqj whupv/ lw lv frqyhqlhqw wr iroorz wkh vdph dssurdfk uhsruwhg
e| Ed
}dqw dqg Sodqdv +^8`/ Vhfwlrqv ;140;15,/ e| frqvlghulqj dq dssur{lpdwh
irupxodwlrq ri +4,1 Vxssrvh wkdw wkh edu lv fryhuhg e| � hohphqwv ri ohqjwk
u*� 1 Hydoxdwlqj wkh vwudlq lq wkh �0wk hohphqw dv wkh udwlr ehwzhhq wkh glv0
sodfhphqwv ��n� dqg �� dw lwv h{wuhplwlhv dqg wkh hohphqw ohqjwk u*� / wkh
wrwdo vwudlq hqhuj| lq wkh edu pd| eh whqwdwlyho| dssur{lpdwhg e|
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�
L EE��n� � ���*Eu*��� c �� � �f ' qu c +5,

zlwk �f � �Ef� dqg �� � �Eu�1
Plqlpl}dwlrq ri H� vxemhfwhg wr frqglwlrq �� � �f ' qu ohdgv wr wkh

diruhphqwlrqhg vwulnlqj frqfoxvlrq1 Uhihuulqj wr +^8`/ Vhfwlrq ;1417, iru pruh
ghwdlov/ mxvw revhuyh wkdw euhdnlqj ri rqh hohphqw fruuhvsrqgv wr dq hqhuj|
frqvxpswlrq htxdo wr �u*� c zkhuh � lv wkh ohyho ri wkh krul}rqwdo dv|pswrwh
lq Iljxuh 4K +htxdo wr wkh duhd xqghu wkh srvlwlyh eudqfk ri wkh judsk lq
Iljxuh 4@,1 Vlqfh uxswxuh ri rqh hohphqw lpsolhv uxswxuh ri wkh zkroh edu/
zh revhuyh wkdw wkh uhvxowlqj iudfwxuh hqhuj| �u*� ghfuhdvhv zlwk lqfuhdvlqj
� / dssurdfklqj }hur dv � $ 41 Frqvhtxhqwo|/ wkh edu uhvsrqvh ghshqgv
xsrq wkh vl}h ri wkh hpsor|hg phvk ru/ lq rwkhu zrugv/ lv phvk0xqremhfwlyh1
Yhuedwlp iurp ^8`/ wkh iruhjrlqj h{dpsoh �vkrzv wkdw wkh vlpsoh vwuhvv0vwudlq
prgho zlwk vwudlq vriwhqlqj ohdgv wr xqdffhswdeoh ehkdylru erwk sk|vlfdoo| dqg
frpsxwdwlrqdoo|= +4, wkh vriwhqlqj }rqh kdv d }hur zlgwk dqg yroxph> +5, wkh
lqhodvwlf vwudlq dqg iudfwxuh zrun duh }hur> dqg +6, wkh frpsxwdwlrqdo uhvxowv
duh phvk remhfwlyh1 ^111` Wkh frqfoxvlrq lv wkdw wkhvh prghov5 duh qrw vxlwdeoh
dw doo ehfdxvh wkh| doorz orfdol}dwlrq lq d uhjlrq ri }hur yroxph�

Lq rughu wr ryhufrph wklv gl!fxow|/ d frpprqo| dffhswhg surfhgxuh/ dw
ohdvw dw wkh qxphulfdo ohyho/ frqvlvwv lq frpsohphqwlqj wkh frqwlqxxp sure0
ohp zlwk sduwlfxodu frqglwlrqv/ zklfk suhyhqw wkh vwudlq iurp orfdol}lqj lqwr
ydqlvklqj uhjlrqv1 Vxfk frqglwlrqv duh jhqhulfdoo| uhihuuhg wr dv orfdol}d0
wlrq olplwhuv ^5`/ dprqj zklfk Ed
}dqw*v fudfn edqg prgho ^8` uhsuhvhqwv d
zhoo0nqrzq h{dpsoh lq hqjlqhhulqj dssolfdwlrqv1 Lq d yduldwlrqdo dssurdfk/
orfdol}dwlrq olplwhuv fdq eh vhw e| frpsohphqwlqj wkh exon hqhuj| 8c ixqfwlrq
ri wkh vwudlq 0E%� � ��E%�/ zlwk d frkhvlyh iudfwxuh hqhuj| Cc ixqfwlrq ri wkh

5Wkh glvfuhsdqflhv ehwzhhq glvfuhwh dqg frqwlqxxp prghov zlwk qrq0frqyh{ hqhujlhv/
douhdg| qrwhg e| Ed
}dqw lq ^4`/ kdv ehhq pruh uhfhqwo| glvfxvvhg e| Urjhuv dqg Wuxvnl0
qryvn| ^54`1
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glvsodfhphqw glvfrqwlqxlw| +iudfwxuh rshqlqj,1 Wkh sureohp pd| eh vwdwhg
lq wkh irup
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CEd�oE%��� c �Eu�� �Ef� ' qu c +6,

zkhuh a� ghqrwhv wkh vhw ri glvfrqwlqxlw| srlqwv ri � dqg d�oE%�� uhsuhvhqwv
wkh mxps ri � dw %�1

Lq jhqhudo/ rqh vkrxog eh deoh wr gh�qh 8 dqg/ zkdw lv pruh/ C vwduw0
lqj iurp fkdlqv ri glvfuhwh hohphqwv/ reh|lqj wr vwudlq0vriwhqlqj frqvwlwxwlyh
uhodwlrqvklsv vlplodu wr wkdw ri Iljxuh 4@1 Wr wklv dlp/ pdq| gl�huhqw ds0
surdfkhv kdyh ehhq sursrvhg/ exw wkh| xvxdoo| frph xs djdlqvw wkh pdlq
gl!fxow| hylghqfhg lq wkh iruhjrlqj h{dpsoh= sdvvlqj wr wkh olplw dv wkh
ohqjwk ri wkh frqvwlwxhqw hohphqwv jrhv wr }hur/ lw lv wulyldoo| irxqg wkdw
C � f1 D vxffhvvixo vwudwhj| kdv ehhq uhfhqwo| sursrvhg e| Eudlghv hw1 do1
^<`/ zkr pdwkhpdwlfdoo| ghprqvwudwhg wkdw/ lq rughu wr dyrlg lq wkh olplw
wkh wulyldo fdvh C � f/ lw lv vx!flhqw wr dvvxph wkdw wkh hohphqwdu| uhvsrqvh
ghshqgv xsrq wkh vl}h ri wkh hohphqwdu| frqvwlwxhqwv1 Lq rwkhu zrugv/ wkh
frqvwlwxwlyh uhodwlrqvkls vkrxog ghshqg xsrq wkh vl}h ri wkh vhjphqwv iruplqj
wkh fkdlq1 Krzhyhu/ ghvslwh wkh pdwkhpdwlfdo vrxqgqhvv ri wkh surfhgxuh/ wr
rxu nqrzohgjh wkh sk|vlfdo mxvwl�fdwlrq ri vxfk d vfdolqj/ lqghhg wkh fuxfldo
srlqw/ kdv |hw wr eh mxvwl�hg1

Wkh dlp ri wklv sdshu lv wr frqwulexwh wr foduli| wkh vfdolqj odzv e| sursrv0
lqj d phfkdqlfdoo|0prwlydwhg surfhgxuh zkhuh/ vwduwlqj iurp glvfuhwh hqvhp0
eohv ri hohphqwv/ zh dwwdlq wkh ehkdylru ri d frqwlqxrxv vriwhqlqj edu e|
ohwwlqj wkh ohqjwk ri hdfk hohphqw whqg wr }hur dqg wkh qxpehu ri hohphqwv
wr lq�qlw|1 Wkh nh| srlqw lv wr revhuyh wkdw wkh olplw surfhvv fdqqrw dyrlg
wr frqvlghu wkh vl}h h�hfw lq wkh pdwhuldo ehkdylru ^7`/ l1h1 wkh ghshqghqfh ri
wkh vwuxfwxudo uhvsrqvh xsrq wkh vl}h ri wkh erg|1 Iru/ ghyhorslqj hduo| lghdv
e| Wuxvnlqryvn| ^56`/ zh vwduw e| vwxg|lqj wkh ehkdylru ri eduv pdgh xs ri
fkdlqv ri lqwhudfwlqj dwrpv/ revhuylqj lq sduwlfxodu wkh vl}h0ghshqghqfh ri
wkhlu uhvsrqvh dv wkh dwrp qxpehu lv ydulhg1 Iurp wkh surshu gh�qlwlrq ri
d glvfuhwl}dwlrq0vl}h0ghshqghqw frqvwlwxhqw0odz/ zh zloo xvh uhfhqw uhvxowv lq
wkh fdofxoxv ri yduldwlrqv +K0frqyhujhqfh ri glvfuhwh vfkhphv ^:`, wr jhw ulg ri
wklv ghshqghqfh e| shuiruplqj dq dv|pswrwlf olplw +K0olplw,1 Wklv rshudwlrq
zloo ohw xv sdvv wr d frqwlqxxp prgho suhvhuylqj prvw ri wkh fkdudfwhulvwlf
surshuwlhv ri wkh glvfuhwh hqvhpeoh/ lq sduwlfxodu suhvhqwlqj �qlwh iudfwxuh
hqhuj|1 Wkh whfkqltxh ri lqwurgxflqj orfdol}dwlrq olplwhuv wkxv dftxluhv d
frqvlvwhqw lqwhusuhwdwlrq iurp wklv pruh jhqhudo srlqw ri ylhz1
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5 Vfdolqj odzv lq eduv

Wr looxvwudwh rxu phwkrg/ zh vwduw iurp wkh vlpsoh h{dpsoh ri d vwulqj ri
dwrpv/ uhsuhvhqwhg e| pdwhuldo srlqwv kdylqj rqh ghjuhh ri iuhhgrp dv li wkh|
zhuh doljqhg rq d iulfwlrqohvv urg1 Zh pd| dvvxph/ dw ohdvw dv d �uvw0rughu
dssur{lpdwlrq/ wkdw wkh irufhv ehwzhhq dq| wzr dwrpv ghshqg xsrq wkhlu
uhodwlyh glvwdqfh rqo|/ dqg wkdw wkh udglxv ri wkh vskhuh ri dwrplf dfwlylw| lv
ri wkh rughu ri dwrplf vsdflqj +qhduhvw0qhljkeru lqwhudfwlrq,1 Wkxv/ wkh lq0
whudfwlrq lv htxlydohqw wr wkh h�hfw ri +qrq0olqhdu, hodvwlf vsulqjv/ frqqhfwlqj
lq sdluv dq| wzr frqwljxrxv dwrpv1

Lqwurgxfhg d uhihuhqfh d{lv %/ ohw �� ghqrwh wkh glvsodfhphqw lq wkh srvl0
wlyh gluhfwlrq ri wkh �0wk dwrp dw % ' %�1 Lq wkh vlpsohvw fdvh/ vxssrvh wkdw
wkh irufh ehwzhhq wzr qhljkerulqj dwrpv � dqg �n � fdq eh uhsuhvhqwhg e|
d Jul!wk0w|sh lqwhudfwlrq srwhqwldo

b[�

�
��n� � ��

b

�
'

;?
=

b @ dE��n� � ���*bo
2

b ��

iru E��n� � ���*b 	 0� c

iru E��n� � ���*b � 0� c
+7,

zkhuh b uhsuhvhqwv wkh qdwxudo xqglvwruwhg lqwhudwrplf glvwdqfh dqg 0� �s
��*@1 Wkh judsk ri [�E��c uhsuhvhqwlqj wkh srwhqwldo shu xqlw ohqjwk/ lv

gudzq lq Iljxuh 5K/ zkhuhdv Iljxuh 5@ vkrzv wkh fruuhvsrqglqj lqwhudwrplf
irufh j � [�

�1

Iljxuh 5= Qh{w0qhljkeru0lqwhudfwlrq dwrplf irufh +@, dqg fruuhvsrqglqj
dwrplf srwhqwldo +K,1
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Frqvlghu �uvw d fkdlq frpsrvhg ri rqo| wkuhh dwrpv1 Vxssrvlqj zh jlyh
wr lwv h{wuhplwlhv wkh uhodwlyh glvsodfhphqw �2��f ' qE2b�/ zkloh wkh dwrp lq
wkh plggoh uhpdlqv iuhh wr pryh/ wkh hqvhpeoh hqhuj| lv jlyhq e| E2b�[2Eq�c
zkhuh [2Eq� +wkh hqhuj| shu0xqlw0ohqjwk, uhdgv

[2Eq� ' 4�?
�23�f

2b
'q

�

2b

�
b[�

�
�2 � ��

b

�
n b[�

�
�� � �f

b

��
� +8,

D vlpsoh fdofxodwlrq vkrzv wkdw wkh judsk ri [2E�� frlqflghv zlwk wkdw ri
[�E��/ h{fhsw wkdw lw lv wuxqfdwhg dw �2 � ��*2� Lq jhqhudo/ wr d v|vwhp ri
& n � dwrpv frqvwudlqhg e| E�& � �f�*E&b� ' q/ zh dvvrfldwh wkh hqhuj|
E&b�[&Eq�/ zlwk

[&Eq� ' 4�?
�&3�f
&b

'q

�

& b

%
&[

�'�

b[�

�
�� � ��3�

b

�&
� +9,

Lw lv vlpsoh wr fdofxodwh wkdw +vhh iru h{dpsoh ^56`/ Vhfwlrq 6,

[&Eq� '

;?
=

[�Eq�

�&

iru q 	 0& c

iru q � 0& c
zlwk �& � ��*& c 0& �

s
�&*@ ' 0�*

s
& �

+:,
Wkh vfdolqj ri wkh judskv iru ydu|lqj &/ uhsruwhg lq Iljxuh 6/ lqglfdwhv wkh
vl}h h�hfw lq wkh fkdlq uhvsrqvh1

Vr idu/ zh kdyh frqvlghuhg wkh sdvvdjh iurp d plfurvfrslf frqvwlwxhqw wr
d phvrvfrslf hqvhpeoh1 Zh qrz frqvlghu wkh lqyhuvh surfhvv/ iurp �phvr�
wr �plfur�1 Ohw d fkdlq ri ohqjwk u eh frpsrvhg ri d juhdw qxpehu ri dwrpv
vsdfhg ri b/ u*b  �c reh|lqj wr wkh vdph frqvwlwxwlyh odz ghvfulehg e|
Iljxuh 51 Iurp wkh diruhphqwlrqhg dqdo|vlv/ lwv whqvloh uhvsrqvh lv jryhuqhg
e| wkh srwhqwldo E&b�[&/ gh�qhg dv lq +:,/ zlwk & ' u*b1 Vxssrvh wkdw
qrz zh frqvlghu rqh kdoi ri wkh diruhphqwlrqhg fkdlq/ frqvwlwxwhg e| & n
� dwrpv zkhuh qrz & ' Eu*2�*b1 Lwv srwhqwldo/ ehfdxvh ri wkh suhylrxv
frqvlghudwlrqv/ lv djdlq jlyhq e| +:,1 Dv wkh ohqjwk ri wkh fkdlq lv ghfuhdvhg/
wkh qxpehu ri dwrpv lw frqwdlqv ehfrphv vpdoohu dqg vpdoohu1 Wkh judsk ri
wkh fruuhvsrqglqj [& lv uhsuhvhqwhg lq Iljxuh 7 iru & ' Eu*?�*b/ ? ' �c ���c e1
Zkdw vkrxog eh qrwlfhg lv wkdw wkh krul}rqwdo sodwhdx uhdfkhv wkh ohyho �u*?b
dqg lqwhuvhfwv wkh sduderod dw 0u*?b/ zkhuh

�u*?b ' ? �u*b ' ?
b

u
�� c 0u*?b '

��u*?b
@

��*2
'
�
?
�u*b
@

��*2
' E?��*20u*b �

+;,
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Iljxuh 6= Hqhuj| shu xqlw ohqjwk ri fkdlqv frpsrvhg ri & n � dwrpv1 Fdvhv
& ' �� e�

Wkxv/ glplqlvklqj wkh ohqjwk ri wkh fkdlq/ wkh sodwhdx ehfrphv kljkhu
dqg kljkhu dqg lwv lqwhuvhfwlrq srlqw zlwk wkh frqyh{ edvlq pryhv uljkwzdug1
Wkh surshu vfdolqj/ l1h1 wkh udwh ri fkdqjh ri wkh uhsuhvhqwdwlyh sdudphwhuv
zlwk vshflphq vl}h/ duh jlyhq e| irupxodv +;,1 Ri frxuvh wkh sodwhdx ohyho
fdqqrw dssurdfk lq�qlw| vlqfh/ dw prvw/ ? ' u*b1 Vxfk ydoxh fruuhvsrqgv
wr wkh fdvh lq zklfk wkh fkdlq lv frpsrvhg ri rqo| wzr dwrpv1 Lqfuhdvlqj ?
eh|rqg wklv ydoxh kdv qr phdqlqj/ dw ohdvw iurp d sk|vlfdo srlqw ri ylhz1

Wkh iruhjrlqj dqdo|vlv kdv uhyhdohg lpsruwdqw dvshfwv wkdw pxvw eh frq0
vlghuhg zkhq sdvvlqj iurp d prohfxodu wr d frqwlqxxp wkhru|=

41 Vxssrvh wkdw d erg|/ frqfhlyhg ri dv iruphg e| d glvfuhwh qxpehu ri
hohphqwdu| frqvwlwxhqwv/ lv glylghg lqwr d fhuwdlq qxpehu ri sruwlrqv
+khuh/ zh kdyh vxssrvhg wr glylgh d orqj fkdlq ri dwrpv lq d fhuwdlq
qxpehu ri vxe0fkdlqv,1 Lq rughu wr rewdlq wkh vdph ryhudoo uhvsrqvh iru
wkh zkroh erg| diwhu dvvhpeodjh/ wkh srwhqwldo shu xqlw yroxph wkdw
pxvw eh frqvlghuhg iru hdfk sruwlrq lv qrw �{hg/ exw ghshqgv xsrq wkh
vl}h ri wkh lghdo vxeglylvlrq ru/ lq rwkhu zrugv/ lv phvk0ghshqghqw1 Wkh
vfdolqj odz/ gxh wr wkh vwuxfwxudo vl}h h�hfw ^8`/ iru wkh fdvh dw kdqg/ lv
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Iljxuh 7= Vfdolqj odz iru d orqj dwrp fkdlq glylghg lq ? sduwv1

jlyhq e| +;, dqg uhsuhvhqwhg lq Iljxuh 71

51 Wkh edvlq ri vwdelolw| iru wkh lqwhudfwlrq hqhuj| ghqvlw|/ dv zhoo dv
wkh plqlpxp ydoxh fkdudfwhul}lqj wkh xqvwdeoh uhjlrq/ pxvw jurz dw d
vxlwdeoh udwh dv wkh vl}h ri wkh lghdo vxeglylvlrq lv uhgxfhg1 Iru wkh dwrp
fkdlq khuh frqvlghuhg/ wkh vfdolqj udwh lv lqglfdwhg e| wkh sdudphwhuv
�u*?b dqg 0u*?b uhihuuhg wr lq +;,1

61 Lq jhqhudo/ wkh hqhuj| grhv qrw jurz xqerxqghgo| vlqfh wkh lghdo vxe0
glylvlrq fdqqrw eh �qhu wkdq wkh fkdudfwhulvwlf vl}h ri wkh vpdoohu uhs0
uhvhqwdwlyh yroxph hohphqw1 Lq rxu h{dpsoh/ wkh hohphqw vxeglylvlrq
frxog qrw eh vpdoohu wkdq wkh lqwhudwrplf vsdflqj b/ wkdw lv ? � u*b1

Doo wkhvh vwhsv kdyh wr eh frqvlghuhg zkhq sdvvlqj iurp d glvfuhwh wr d
frqwlqxxp prgho1 Lq sduwlfxodu/ +4, +5, dqg +6, zloo surylgh d prwlydwlrq iru
frqfhlylqj d sduwlfxodu vfdolqj ri wkh srwhqwldo/ d nh|0k|srwkhvlv wr rewdlq d
�qlwh vxuidfh hqhuj| lq wkh olplw/ hyhq wkrxjk wkh yroxph iudfwlrq ri vxuidfh
dwrpv jrhv wr }hur1 Wkh lghd ri uh0vfdolqj wkh srwhqwldo lq rughu wr ryrlg glv0
dsshdudqfh ri wkh iudfwxuh hqhuj| lq wkh frqwlqxxp olplw zdv �uvw dgydqfhg/
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wr rxu nqrzohgjh/ e| Wuxvnlqryvn| lq ^56`1 Khuh/ Wuxvnlqryvn|*v ruljlqdo lghd
lv uh0lqwhusuhwhg dqg dwwulexwhg wr wkh vl}h0h�hfw ri dwrplf fkdlqv/ dgdswlqj
wr rxu sduwlfxodu fdvh frqfhswv dqg phwkrgv wudglwlrqdoo| hpsor|hg e| ghvljq
hqjlqhhuv iru frqfuhwh dqg rwkhu txdvl0eulwwoh pdwhuldov +^6` dqg ^8` frqwdlq
h{fhoohqw vwdwh0ri0wkh0duw uhylhzv,1

6 Iurp glvfuhwh wr frqwlqxxp

Wkh iruhjrlqj dqdo|vlv kdv doorzhg xv wr lqihu wkdw wkh uhvsrqvh ri dq dwrplf
fkdlq lv jryhuqhg e| d glvfuhwl}dwlrq0vl}h ghshqghqw +phvk ghshqghqw, frq0
vwlwxwlyh odz1 Iru wkh uhsuhvhqwdwlyh h{dpsoh ri Vhfwlrq 5/ wkh vfdolqj lv
lqglfdwhg e| wkh srwhqwldo [&E�� gh�qhg lq +:,/ zlwk & ' �

?
u*b/ ehlqj u wkh

wrwdo ohqjwk ri wkh fkdlq dqg �
?
u wkh ohqjwk ri wkh vxe0fkdlq zh duh frqvlghu0

lqj1 Reylrxvo|/ wkh vxeglylvlrq fdqqrw jr eh|rqg wkh lqwhudwrplf glvwdqfh/
vr wkdw ? � u*b1 Frqvlghulqj ydoxhv iru ? eh|rqg wklv erxqg lv phdqlqjohvv
iurp d sk|vlfdo srlqw ri ylhz> krzhyhu/ sdvvlqj wr wkh olplw iru ?$4 pd|
kdyh d pdwkhpdwlfdo vljql�fdqfh1

Lq urxjk whupv/ h{wudsrodwlqj wkh vfdolqj odz eh|rqg wkh wkuhvkrog ri
sk|vlfdo dffhswdelolw| +? : u*b, iroorzv wkh vdph vwudwhj| ri d pdwkhpdwlfdo
olplw= zh nhhs wudfn ri wkh wuhqg lq d qhljkerukrrg ri wkh olplw srlqw/ udwkhu
wkdq wkh ri wkh ydoxh dw wkh olplw srlqw1 Wklv surfhgxuh pd| dsshdu qrw
frpsohwho| uljrurxv/ exw wkh sdvvdjh iurp prohfxodu wr frqwlqxxp wkhru|
vxuho| uhtxluhv vrph k|srwkhvhv1 Lq sduwlfxodu/ lq prohfxodu wkhru| wkh rqo|
vljql�fdqw sdudphwhuv duh wkh dwrp glvsodfhphqwv/ zkrvh vsdflqj lv �{hg
dqg/ frqvhtxhqwo|/ lw lv gl!fxow wr gh�qh wkh glvsodfhphqw judglhqw dv wkh
olplw ri wkh fruuhvsrqglqj gl�huhqfh txrwlhqwv1 Lq rughu wr ryhufrph wkhvh
sureohpv/ zh dwwhpsw wkh iroorzlqj vwudwhj|1 Zh vxssrvh wr h{whqg wkh
vfdolqj odz/ jlyhq e| +:, iru wkh fdvh dw kdqg/ iru ? $ 4 l1h1 eh|rqg wkh
olplw u*b1 Wkh surshu vfdolqj odz lv wkh qdwxudo h{whqvlrq/ iru ? $ 4/
ri wkdw rewdlqhg iru wkh sk|vlfdoo|0phdqlqjixo fdvhv1 Iru h{dpsoh/ zh pd|
frqvlghu irupxodv +:, zlwk & ' �

?
u*b iru dq| ?/ wkdw lv hyhq iru & 	 �1

Zh wkhq gh�qh/ wkurxjk d vxlwdeoh olplwlqj surfhvv +K0olplw, iru ? $ 4
+uhfryhulqj wkh frqyhujhqfh uhvxowv ri ^:`, d olplw hqhuj| ixqfwlrqdo zklfk/
uhpdundeo|/ suhvhqwv wkh iroorzlqj qrwhzruwk| ihdwxuhv1

� Wkh lqhodvwlf vwudlq dqg iudfwxuh zrun ri eduv fkdudfwhul}hg e| wklv hq0
huj| gr qrw glvdsshdu lq wkh olplw/ exw duh htxdo wr wkrvh fruuhvsrqglqj
wr wkh erughuolqh fdvh ri wzr lqwhudfwlqj dwrpv1
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� Wudfn ri srvvleoh vriwhqlqj eudqfkhv lq wkh lqwhudwrplf irufh0glvsodfhphqw
gldjudp lv nhsw lq wkh olplw1

� Wkh uhvxowlqj prgho lv vhw iru glvsodfhphqw �hogv �E%� G Efc u�$ U/ l1h1
iru ixqfwlrqv gh�qhg lq d zkroh lqwhuydo/ udwkhu wkdq rq d glvfuhwh vhw
ri srlqwv1 Lq vxfk d zd|/ ghulydwlyhv fdq uhsodfh wkh gl�huhqfh txrwlhqw1

� Srvvleoh iudfwxuhv duh prghoohg e| glvfrqwlqxlwlhv ri �E%�1

Pruhryhu/ ghvslwh wkh qxphulfdo dvshfwv duh qrw glvfxvvhg lq wklv sdshu/
zh eholhyh wkdw/ li surshuo| lpsohphqwhg lq d IHP iudphzrun/ wkh prgho
fdq surylgh phvk0remhfwlyh uhvxowv1

614 D K0frqyhujhqfh uhvxow dqg lwv phfkdqlfdo lqwhu0

suhwdwlrq

Wkh jhqhudo pdwkhpdwlfdo vhwwlqj ri wkh sureohp lv wkh iroorzlqj1 Iru d edu
ri ohqjwk u/ ohw �E%� dqg sE%� uhsuhvhqw wkh glvsodfhphqw dqg wkh ordg shu
xqlw ohqjwk dw %1 Frqvlghulqj dq lghdo vxeglylvlrq ri wkh edu lq ? sduwv ri
ohqjwk u*?/ gholplwhg e| wkh qrghv %� ' �u*?/ gh�qh

�� � �E%�� c %� ' � u*? c � ' fc ���c ? c +<,

dqg

s� �
%�nu*E2?�]

%�3u*E2?�

sE%� _% � +43,

Iroorzlqj Vhfwlrq 5/ ohw xv vxssrvh wkdw wkh uhvsrqvh ri hdfk frqvwlwxhqw sduw
ri ohqjwk u*? lv fkdudfwhul}hg e| dq hqhuj| shu xqlw ohqjwk ri wkh w|sh

x?

�
�� � ��3�
u*?

�
c +44,

zkhuh wkh shgh{ ? hylghqfhv wkdw vxfk txdqwlw| ghshqgv xsrq ?1 Wkhq/
frqvlghu iru wkh edu wkh vhtxhqfh ri hqhujlhv

H? di��j?�'fo �
?[
�'�

u

?
x?

�
�� � ��3�
u*?

�
�

?3�[
�'�

s� �� � +45,
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Wkh ixqfwlrqdo +45, kdv d suhflvh sk|vlfdo lqwhusuhwdwlrq/ l1h1 H? fdq
eh gluhfwo| phdvxuhg iurp d vlpsoh h{shulphqw1 D whvwlqj ghylfh ri wkh
w|sh vfkhpdwlfdoo| uhsuhvhqwhg lq Iljxuh 8 frxog eh xvhg1 Lq wklv dssdudwxv/
wkh edu �� lv fodpshg dw srlqwv fc ���c �c ��c ? e| vshfldo mdzv/ zklfk kdyh
ehhq �upo| wljkwhqhg wr wkh vshflphq e| idvwhqlqj wkh dssrvlwh vfuhzv1 Wkh
mdzv duh frqqhfwhg wr wkh �{hg vxssruw �( dqg zkhq wkh edu lv lq lwv
xqglvwruwhg vwdwh/ wkh| duh htxlglvwdqw1 Vxssrvh wkdw qrz wkh jhqhulf srlqw
� lv glvsodfhg ri wkh txdqwlw| ��1 Surylghg hdfk mdz lv htxlsshg zlwk d ordg
fhoo/ zh fdq phdvxuh wkh zrun wkdw lv h{shqghg wr jlyh wr srlqwv fc ��c �c ��c ?
wkh glvsodfhphqwv �fc ��c ��c ���c �?1 Vxfk ydoxh frlqflghv zlwk wkh �uvw whup rq
wkh uljkw kdqg vlgh ri +45,1 Lqfuhdvlqj wkh qxpehu ri mdzv/ zh fdq lpsrvh wr
wkh edu wkh glvsodfhphqw �� dw %� ' �u*? iru dq| ? dqg phdvxuh wkh txdqwlw|
x?EE��� ��3��*Eu*?��1 Lw vkrxog eh uhpdunhg wkdw qr uhdo h{shulphqw frxog
hyhu eh frqfhlyhg wr gluhfwo| phdvxuh wkh vwruhg hqhuj| H d�o/ fruuhvsrqglqj
wr d frqwlqxrxv glvsodfhphqw �hog �1 Zkdw lqvwhdg lv srvvleoh lv wr dvvljq wkh
glvsodfhphqwv �� wr d glvfuhwh vhw ri srlqwv dqg gluhfwo| phdvxuh x?EE�� �
��3��*Eu*?��� E| ohwwlqj ? $ 4 zh fdq dssur{lpdwh wkh vwruhg hqhuj|
ixqfwlrq ri d frqwlqxrxv edu1

Iljxuh 8= Fodpslqj ghylfh wr phdvxuh H?�

Ohw qrz �E%� G Efcu� $ U eh d �{hg ixqfwlrq/ srvvleoh fdqglgdwh wr
uhsuhvhqw wkh glvsodfhphqw �hog iru d frqwlqxrxv edu1 Li �E%� zdv frqwlqxrxv/
xvlqj wkh ghylfh ri Iljxuh 8/ zh pljkw wklqn ri lqfuhdvlqj wkh qxpehu ? ri
mdzv dqg dvvljq wkh glvsodfhphqwv �� ' �E�u*?�c � ' fc ��c ?c zkloh phdvxulqj
wkh zrun h{shqghg lq wkh surfhvv1 Krzhyhu/ li zh doorz iru iudfwxuhv/ �E%�
pd| eh glvfrqwlqxrxv dw vrph srlqwv/ vr wkdw zh pxvw gh�qh d pruh jhqhudo

45



dqg pdwkhpdwlfdoo| uljrurxv surfhgxuh1 Lq wkh prvw jhqhudo fdvh/ zh vxssrvh
wkdw � 5 7�T Efc u�/ l1h1/ �E%� dgplwv dw prvw d frxqwdeoh vhw ri glvfrqwlqxlw|
srlqwv/ lq wkh iroorzlqj uhihuuhg wr dv a�/ dqg lv gl�huhqwldeoh d1h16 rxwvlgh
a�� Pruhryhu/ ghqrwlqj zlwk d�oE%�� wkh mxps ri � dw %�/ dqg zlwk ��E%� wkh
ghulydwlyh ri � dw % +zkhuh gh�qhg,/ zh pxvw kdyh

u]
f

m�m _% 	4 c

u]
f

m��m _%n
[
%�Ma�

md�oE%��m 	4 � +46,

Dv d vhfrqg vwhs/ ghvslwh wkh ixqfwlrqdo +45, ghshqgv rqo| xsrq wkh
qrgdo glvsodfhphqwv i��j/ lw lv xvhixo wr wklqn ri lw dv gh�qhg rq wkh vhw ri
slhfhzlvh d!qh +frqwlqxrxv, ixqfwlrqv �? G Efc u�$ U/ rewdlqhg e| olqhduo|
lqwhusrodwlqj wkh qrgdo ydoxhv i��j?�'f c l1h1

�?E%� ' ��3�E%� n
�� � ��3�
u*?

E%� %�� iru % 5 E%�3�c %�� c � ' �c ��c ? � +47,

Wkhq zh vhw/ zlwkrxw dpeljxlw|

H?di��j?�'fo � H?d�?o � +48,

Iru dq| � 5 7�T Efc u�c zh wkhq frqvlghu vhtxhqfhv �?E%� dssurdfklqj �E%�
�lq phdvxuh�/ l1h1/

�?
6e@r$ � +, ;0 : f c *�4

?<"
6e@r Ei% 5 Efc u� G m�?E%�� �E%�m : 0j� ' f c

+49,
zkhuh 6e@rEl� ghqrwhv wkh +Ohehvjxh, phdvxuh ri l1 Iurp d sk|vlfdo srlqw
ri ylhz/ zh doorz wkdw wkhuh pljkw eh hyhq d juhdw gl�huhqfh ehwzhhq �?E%�
dqg �E%�c exw wkh uhjlrq zkhuh wklv kdsshq pxvw eh frq�qhg lq d ydqlvklqj
vhw dv ?$41 Zh gh�qh wkh hqhuj| H d�o dv

H d�o ' �?u

�
*�4

�<n"
�?u
?D�
H?d�?o G ; �? 6e@r$ �

�
c +4:,

xvxdoo| uhihuuhg wr dv wkh K0olplw ri H? dqg ghqrwhg zlwk H d�o 'K0 *�4
?<"

H?d�o
+dq hohphqwdu| exw h{kdxvwlyh lqwurgxfwlrq wr K0frqyhujhqfh fdq eh irxqg
lq ^9`,1

6Zlwk d1h1 zh phdq doprvw hyhu|zkhuh/ wkdw lv/ hyhu|zkhuh h{fhsw dw prvw d vhw ri
}hur Ohehvjxh phdvxuh1
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Wkh gh�qlwlrq +4:, lv qdwxudo iurp d sk|vlfdo srlqw ri ylhz1 Lw lv d
frqvhtxhqfh ri dvvxplqj wkdw wkh edu zrxog qdwxudoo| whqg wrzdugv wkh
plqlpxp0hqhuj| frq�jxudwlrq wkrxjk dq| srvvleoh dssur{lpdwlrq7 ri �c re0
wdlqhg wkurxjk dvvljqlqj glvfuhwh qrgdo glvsodfhphqwv lq wkh vhqvh ri +49,1
Pruhryhu/ lq wkh fdvhv zh wuhdw/ lw fdq eh suryhg wkdw iru dq| erxqgdu| ydoxh
zh kdyh frqyhujhqfh ri plqlpd/ wkdw lv

4�? iH?d�?o G �?Eu�� �?Ef� ' quj $
?<"

4�? iH d�o G �Eu�� �Ef� ' quj �
+4;,

Pruhryhu/ li �W? lv d plqlpl}hu H? lq wkh dgplvvleoh fodvv/ wkhq iru ?$4 zh
kdyh/ xs wr d vxevhtxhqfh/

�W?
6e@r$ �W c +4<,

zkhuh �W lv d plqlpxp srlqw iru Hd�o lq wkh dgplvvleoh fodvv/ l1h1 zh kdyh
frqyhujhqfh ri plqlpl}huv1

Wr vwdwh wkh pdlq pdwkhpdwlfdo uhvxow/ zh vxssrvh wkdw x? G U $ U ^
in4j ri +45,/ vdwlv�hv wkh iroorzlqj surshuwlhv1

d, Wkhuh h{lvw xsshu dqg orzhu wkuhvkrogv 0n? dqg 03? / zlwk

*�4
?<"

0�? ' 	4 c *�4
?<"

0�?
?

' f c +53,

vxfk wkdw x? E5� lv frqfdyh zkhq uhvwulfwhg wr hlwkhu E�4c 03? � ru E0
n
? cn4�1

e, Wkhuh h{lvw frqvwdqwv @ : fc R : � dqg � : f vxfk wkdw

x? E5� � @Em5mR � �� c ;5 5 E03? c 0
n
? � c � +54,

�

?
x? E5� � � : f c ;5 *5 E03? c 0

n
? � � +55,

f, Gh�qhg

8?E5� �
;?
=

x? E5�

n4

iru 5 5 E03? c 0
n
? � c

iru 5 *5 E03? c 0
n
? � c

+56,

7Dv d pdwwhu ri idfw/ d olplwdwlrq ri �� frqyhujhqfh lv wkdw lw fdq rqo| fdswxuh joredo
plqlpd/ wkxv glvuhjduglqj wkh srvvlelolw| ri lqyhvwljdwlqj elixufdwlrqv/ orfdo plqlpd/ dv
zhoo dv uhohydqw vdggoh srlqwv1 Zloolqj wr frqvlghu wkhvh dvshfwv/ wkh sdvvdjh iurp prohf0
xodu wr frqwlqxxp ehfrphv pruh gl!fxow1
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dqg

C?E�� �

;AAAA?
AAAA=

n4

f

Eu*?� x? E�*Eu*?��

iru � 5 E03?u*?c 0
n
?u*?�qifj c

iru � ' f c

iru � *5 E03?u*?c 0
n
?u*?� c

+57,
wkhuh h{lvw ixqfwlrqv 8c C G U$ U ^ in4j vxfk wkdw

K� *�4
?<"

8 WW
? E5� � 8 E5� c *�4

?<"
C?E�� � CE�� c +58,

zkhuh 8 WW
? E�� ghqrwhv wkh orzhu vhplfrqwlqxrxv frqyh{ hqyhorsh8 ri

8?E��/ dqg wkh qrwlrq K0*�4 lv dqdorjrxv wr +4:,1 Wkhq/ zh kdyh wkh
iroorzlqj frqyhujhqfh uhvxow1

Wkhruhp 4 1 Ohw H d�o eh

H d�o '

;AA?
AA=

uU
f

d8 E��E%�� � s E%��E%�o _%n
S

%�Ma�

CEd�oE%��� c � 5 7�T Efc u� c

n4 rwkhuzlvh lq u�Efcu� �
+59,

Wkhq/ H?d�o gh�qhg lq +45, K0frqyhujhv wr H d�o iru hyhu| �1

Wkh surri ri wklv Wkhruhp fdq eh irxqg lq lq ^:`1 Lqghhg/ jhqhudol}dwlrqv
ri wklv uhvxow +vhh ^:`, duh dovr srvvleoh/ exw lq wklv lqwurgxfwru| sdshu zh kdyh
ghflghg wr vwdwh wkh vlpsohvw yhuvlrq/ zklfk dssolhv ehvw wr rxu h{dpsohv91
Lw vkrxog eh phqwlrqhg wkdw/ lq dq| fdvh/ wkh lqhodvwlf vwudlq dqg iudfwxuh
zrun gr qrw glvdsshdu lq wkh olplw exw duh lqwhusuhwhg e| ixqfwlrq CEd�oE%���
lq +59,/ zklfk sod|v wkh uroh ri wkh pdwhuldo frkhvlyh iudfwxuh hqhuj|1 Pruh0
ryhu/ lw lv fohdu wkdw uhjlrqv ri frqfdylw| iru x?/ fruuhvsrqglqj wr vriwhqlqj
eudqfkhv lq wkh lqwhudwrplf irufh0glvsodfhphqw gldjudp/ lq xhqfh wkh vkdsh

8Wkh orzhu frqyh{ hqyhorsh i�� ri d ixqfwlrq i lv gh�qhg dv wkh odujhvw orzhu0
vhplfrqwlqxrv frqyh{ ixqfwlrq zklfk vxssruwv i iurp ehorz1

9Lq jhqhudo +54, dqg +55, pd| eh dovr uhsodfhg e| gl�huhqw jurzwk frqglwlrqv dqg lq
wklv fdvh wkh olplw hqhujlhv duh gh�qhg rq eurdghu ixqfwlrq vsdfhv1 Dq dowhuqdwlyh yhuvlrq
ri Wkhruhp 4/ uho|lqj rq voljkwo| gl�huhqw k|srwkhvhv/ zloo eh xvhg lq lq Vhfwlrq 7171
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ri ixqfwlrq CE��1 Lw fdq eh suryhg wkdw CE�� lv frqfdyh dqg/ frqvhtxhqwo|/
vxedgglwlyh/ l1h1

CE@� � CEb @� nCEE�� b� @� c ;b 5 Efc �� c +5:,

zkhuhdv wkh exon hqhuj| 8 E�� lv dozd|v frqyh{1

615 Dqdo|vlv ri wkh uhvxowlqj frqwlqxxp prgho1

Plqlpl}huv iru ixqfwlrqdov ri wkh w|sh +59, kdyh ehhq h{kdxvwlyho| glvfxvvhg
lq ^43`/ ^44`/ ^45` ^46` dqg ^<`> khuh zh olplw wr uhfdoo wkh pdlq frqglwlrqv iru
wkhlu fkdudfwhul}dwlrq1 Frqvlghu d edu ri ohqjwk u zlwk vwudlq hqhuj| H d�o ri
wkh irup +59,1 Lq wkh fdvhv zh frqvlghu/ iru uhdvrqdeoh fkrlfhv ri [�/ zh zloo
dozd|v �qg CE�� ' n4 iru � 	 f1 Frqvhtxhqwo|/ wkh plqlpl}dwlrq sureohp
fdq eh htxlydohqwo| vwdwhg e| frqvlghulqj wkh frqvwudlqw

d�oE%� : f c ;% 5 a� c +5;,

zklfk kdv wkh sk|vlfdo phdqlqj ri dyrlglqj pdwwhu lqwhushqhwudwlrq1 Zlwk
erxqgdu| frqglwlrqv �Ef� ' f c �Eu� ' qu/ zh frqvlghu wkh sureohp ri
plqlpl}lqj H d�o/ zlwk � vdwlvi|lqj

u]
f

��E%� _%n
[
%Ma�

d�oE%� ' qu � +5<,

Ohw �W uhsuhvhqw dq htxloleulxp vwdwh iru wkh edu1 Frqvlghulqj iru vlp0
solflw| wkh rqo| fdvh lq zklfk s ' f lq +59,/ lw kdv ehhq suryhg lq ^45` wkdw
wkh qrq0qhjdwlyhqhvv ri wkh �uvw yduldwlrq lpsolhv frqglwlrqv

_

_%
E8 �E�W�E%��� ' f c ;% 5 Efc u�qa�W c

8 �E�W�E%�� ' C�Ed�WoE%�� c ;% 5 a�W c +63,

8 �E�W�E%�� � C�Efn� �

Lq sduwlfxodu/ +63,2 kdv d yhu| fohdu sk|vlfdo lqwhusuhwdwlrq/ l1h1 C�Ed�WoE%��
uhsuhvhqwv wkh frkhvlyh d{ldo irufh eulgjlqj wkh fudfn vxuidfhv dw % ' %1
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Wkh dqdo|vlv ri wkh vhfrqg yduldwlrq/ fkdudfwhul}lqj orfdo plqlpl}huv ri
wkh hqhuj|/ surylghv wkh lqhtxdolw| ^45`

8 ��E�W�E%�� n uC��Ed�WoE%�� � f c ;% 5 a�W c +64,

wrjhwkhu zlwk frqglwlrq wkdw wkhuh pd| eh qr pruh wkdq rqh mxps srlqw zlwk
C�� 	 f1

Li zh lqglfdwh zlwk

HEq� ' 4�?
�Eu�3�Ef�'qu

H d�o c +65,

wkh hqhuj| vwruhg lq wkh edu zkhq wkh uhodwlyh glvsodfhphqw ri lwv h{wuhplwlhv
lv qu/ wkh d{ldo irufh j lv uhodwhg wr wkh dyhudjh horqjdwlrq q e|

jEq� '
�

u

Y

Yq
HEq� � +66,

Ghwhuplqlqj HEq� lv sduwlfxoduo| vlpsoh zkhq wkh frkhvlyh +iudfwxuh, hq0
huj| C lv vwulfwo| frqfdyh ^45`/ l1h1 erwk 8 �E�� dqg C�E�� duh prqrwrqlf dqg/
lq dgglwlrq/ hlwkhu CEfn� : f ru C�Efn� ' n41 Lq wklv fdvh/ wkhuh duh rqo|
wzr srvvlelolwlhv= wkh edu htxloleulxp frq�jxudwlrqv pd| eh hlwkhu zlwk qr
mxpsv ru zlwk rqh mxps1 Lq wkh �uvw fdvh/ htxdwlrqv +63,�32 suhvfuleh wkdw

�W�E%� ' q c ;% 5 Efc u� ( HEq� ' u8 Eq� c jEq� ' 8 �Eq� � +67,

Lq wkh vhfrqg fdvh/ li wkh mxps ri �WE�� lv dw % ' % dqg htxdo wr �/ zh �qg
wkh fkdudfwhul}dwlrq

�W�E%� ' SJ?r| ' E8 ��3�EC�E��� c ;% 5 Efc u�q% c +68,

q ' E8 ��3�EC�E��� n �*u �

Zh zloo vkrz zlwk h{dpsohv wkdw wkh vlpxowdqhrxv suhvhqfh ri exon dqg
frkhvlyh +iudfwxuh, hqhuj| pd| doorz iru vwdeoh vriwhqlqj eudqfkhv lq wkh
dyhudjh frqvwlwxwlyh uhodwlrq jEq�1

7 H{dpsohv1

Zh qrz dsso| rxu phwkrg wr vrph uhsuhvhqwdwlyh h{dpsohv1

4:



714 Hodvwlflw|

Wkh vlpsohvw fdvh wr eh frqvlghuhg lv wkdw ri dq hodvwlf uhvsrqvh/ ghvfulehg
e| d frqyh{ vwudlq hqhuj|1 Iroorzlqj wkh vdph udwlrqdoh ri Vhfwlrq 5/ zh
frqvlghu fkdlqv iruphg e| hohphqwdu| vsulqjv ri ohqjwk b zlwk hodvwlf hqhuj|
shu xqlw ohqjwk

[� '
�

b
L

�
�� � �f

b

�
c +69,

zkhuh LE�� lv vwulfwo| frqyh{ dqg zlwk d jurz frqglwlrq dw lq�qlw| ri rughu
R : �1 Lw lv d vlpsoh pdwwhu wr vkrz wkdw frqvlghulqj fkdlqv ri & vsulqjv zkrvh
hqgv duh glvsodfhg dsduw ri E�& � �f� ' q&b/ wkh srwhqwldo shu0xqlw0ohqjwk
[&/ gh�qhg dv lq +9,/ uhvxowv wr eh

[&Eq� � �

b
L Eq� c ;& � +6:,

Wkhuhiruh/ wkh vfdolqj odz qrz ohdyhv wkh srwhqwldo lqyduldqw1
Lq rughu wr dsso| Wkhruhp 4/ zh pd| fkrrvh wkh wkuhvkrogv 0n? dqg 03?

dsshdulqj lq +53,/ dv 0�? ' 	L3�E?�� Fohduo| wkh dvvxphg jurzwk ri LE��
dvvxuhv wkdw k|srwkhvhv +53,/ +54, dqg +55, duh vdwlv�hg1 Pruhryhu/ uhfdoolqj
+56, +57,/ zh hdvlo| �qg

8 E5� '
�

b
L E5� c CE�� '

�
f c

n4c
li � ' f c
rwkhuzlvh 1

+6;,

Lw iroorzv wkdw wkh uhvxowlqj frqwlqxxp prgho lv dq h{dfw uhsolfd ri wkh glv0
fuhwh prgho dqg iudfwxuhv qhyhu dsshdu1 Wklv uhvxow vwurqjo| ghshqgv rq wkh
idfw wkdw LE�� lv vwulfwo| frqyh{1

715 Jul!wk0w|sh iudfwxuhv

Wklv fdvh kdv ehhq frqvlghuhg dv wkh uhsuhvhqwdwlyh h{dpsoh lq Vhfwlrq 5/
dqg wkh glvfuhwl}dwlrq0ghshqghqw srwhqwldov [& duh jlyhq e| +:,1 Ri frxuvh/
lqvwhdg ri d sduderod/ dq| frqyh{ ixqfwlrq zlwk dssursuldwh jurzwk frqglwlrq
zrxog jlyh vlplodu uhvxowv1 Uhihuulqj wr +;,/ zh pd| fkrrvh wkh wkuhvkrogv
0n? ' E?��*20u*b dqg/ 0

3
? ' �E?��*20u*b +lqghhg/ wkh fkrlfh ri 03? lv txlwh

duelwudu|,1 Dsso|lqj wkh wkhruhp/ zh rewdlq/ uhfdoolqj +7,/

8 E5� ' @ 52 c CE�� �
;?
=

b ��
f

n4

li � : f c
li � ' f c
li � 	 f �

+6<,

4;



Lw lv lqwhuhvwlqj wr qrwlfh wkdw wkh uhvxowlqj iudfwxuh hqhuj| iru wkh frqwlqxrxv
prgho lv htxdo wr wkdw fruuhvsrqglqj wr wkh euhdnlqj ri rqh vlqjoh vsulqj1
Pruhryhu/ rqo| rshqlqj iudfwxuhv duh frqwhpsodwhg1

Wkh hqhuj| HEq�/ lqwurgxfhg lq +65, dv d ixqfwlrq ri wkh dyhudjh horqjd0
wlrq q/ uhvxowv ri wkh w|sh

HEq� �
;?
=

@u q2

b ��

li q 	
s
b ��*@ c

li q �sb ��*@ �

+73,

dqg wkh fruuhvsrqglqj dyhudjh uhvsrqvh jEq� lv uhdglo| irxqg iurp +66,1

716 Eduhqeodww0w|sh eulwwoh iudfwxuhv

Vxssrvh qrz wkdw wkh hohphqwdu| frqvwlwxhqwv duh vsulqjv ri ohqjwk b zkrvh
uhvsrqvh lv jryhuqhg e| d hqhuj| shu0xqlw0ohqjwk [�/ iruphg e| d frqyh{ dqg
d frqfdyh eudqfk1 Ghvslwh wkh dqdo|vlv frxog eh ghyhorshg lq d yhu| jhqhudo
zd|/ khuh zh frqvlghu dq h{solflw h{dpsoh/ zkhuh [� uhdgv

[� Eq� '

;AAAAAAAAA?
AAAAAAAAA=

j�
20�

q2

j�0�
2

n
j,E202 � 0� � q�Eq � 0��

2E02 � 0��
c

j�02
2

n
j,E02 � 0��

2
c

iruq 	 0� c

iru 0� � q 	 02 c

iru q � 02 c

+74,

zlwk 02  0�1
Lq Iljxuh 9/ wkh judsk ri [�E�� lv mx{wdsrvhg wr wkdw ri [�

�E��/ uhsuhvhq0
wdwlyh ri wkh edu d{ldo uhvsrqvh1 Lw vkrxog eh qrwlfhg wkdw wkhuh lv d jds
ehwzhhq wkh pd{lpxp d{ldo ordg dqg wkh ehjlqqlqj ri wkh vriwhqlqj eudqfk
lq Iljxuh 9@/ fruuhvsrqglqj wr d srlqw ri qrw0vprrwkqhvv iru [�E��1

Iru fkdlqv frpsrvhg ri & n � dwrpv/ wkdw lv iru & vsulqjv/ surylghg 0� 	
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Iljxuh 9= D{ldo uhvsrqvh iru d Eduhqeodww0w|sh xqlw +@, dqg fruuhvsrqglqj
hqhuj| shu xqlw ohqjwk +K,1

02*& zh rewdlq [&c gh�qhg dv lq +9,/ ri wkh irup

[&Eq� '

;AAAAAA?
AAAAAA=

j�
20�

q2c

'&Eq� c

�

2 &
Ej�0� n j,E02 � 0��� c

iruq 	 q c

iru q � q 	 02*& c

iru q � 02*& c

+75,

zkhuh

'&Eq� '
&j,j� qE202 � &q� n 0�E02 � 0��Ej� � j,�2 � &0�j, Ej,E02 � 0�� n j�0��

2& Ej�E02 � 0�� n j,0� � &j,0��
c

+76,
dqg

q '
0�02

02 � 0�

�
� � j,

j�

� +77,

�
%
j,
j�

n

�
� � j,

j�

��
�� 0�

02

�v
�

&

�
� n

j,0�
j�E02 � 0��

�
� j,0�
j�E02 � 0��

&
�
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H{suhvvlrq +75, surylghv wkh vfdolqj odz wr sdvv iurp wkh glvfuhwh wr d frq0
wlqxxp prgho1 Dv lq Vhfwlrq 6/ zh frqvlghu d edu ri ohqjwk uc frpsrvhg ri
u*b  � dwrpv1 Lghdoo| vxeglylglqj wkh edu lq ? sduwv/ zh frqvlghu wkh vh0
txhqfh ri dssur{lpdwlqj hqhujlhv ri wkh w|sh +45,/ zlwk qrz x? E�� rewdlqhg
e| srvlqj & ' �

?
u*b lq +75,1 Zh wkxv �qg

x?Eq� '

;AAAAA?
AAAAA=

j�
20�

q2c

'u*?bEq� c

? �� c

iruq 	 e
E?�
� c

iru eE?�� � q 	 ?e2 c

iru q � ? e2 c

+78,

zkhuh 'u*?bEq� lv gh�qhg dv lq +76, zlwk & ' �
?
u*b/

�� '
b

2u
Ej�0� n j,E02 � 0��� c +79,

e2 '
b

u
02 c +7:,

dqg

eE?�� '
0�02

02 � 0�

�
� � j,

j�

�

�
%
j,
j�

n

�
� � j,

j�

��
� � 0�

02

�v
?b

u

�
� n

j,0�
j�E02 � 0��

�
� j,0�
j�E02 � 0��

&

' ��

�
� n �2

s
?� ��

�
c

zlwk ��c �2 dqg �� srvlwlyh frqvwdqwv dqg �� 	 �1 Wkh fruuhvsrqglqj judskv
duh vkrzq lq Iljxuh : iru vpdoo ydoxhv ri ?1

Lq rughu wr dsso| Wkhruhp 4 zh fkrrvh

0�? ' 	eE?�� � +7;,

Lw lv hdv| wr yhuli| wkdw frqglwlrqv +53,/ +54, dqg +55, duh vlpxowdqhrxvo|
vdwlv�hg iru vrph @/ � dqg R ' 21 Iurp gh�qlwlrqv +56, dqg +57, zh �qg

8 E5� '
j�
20�

52 +7<,
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Iljxuh := Vfdolqj odz iru Eduhqeodww�w|sh hohphqwv1

dqg

CE�� '

;AAAAAAAAAAA?
AAAAAAAAAAA=

n4 c

f c

j,j� E202 � �*b� � n b 0�E02 � 0��Ej� � j,�
2

2 Ej�E02 � 0�� n j,0��
c

b

2
Ej,E02 � 0�� n j�0�� � �� c

iru � 	 f c

iru � ' f c

iru f 	 � 	 b 02 c

iru � � b 02 �
+83,

Wkh judskv ri 8 E�� dqg CE�� duh uhsruwhg lq Iljxuh ;1
Wkh olplw frqwlqxrxv hqhuj| H d�o/ kdylqj wkh vdph surshuwlhv vwdwhg lq

Vhfwlrq 6/ lv jlyhq e|
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Iljxuh ;= Judskv ri wkh exon E@� dqg iudfwxuh EK� hqhujlhv iru wkh frqwlqxxp
prgho1

Hd�o '

;AA?
AA=

uU
f

d8 E��E%��o _%n
S

%�Ma�

CEd�oE%��� c � 5 7�T Efc u� c

n4 rwkhuzlvh lq u�Efc u� �

+84,

Wkh fruuhvsrqglqj dyhudjh vwuhvv0vwudlq fxuyhv kdyh ehhq glvfxvvhg lq ^45`1
Dv douhdg| phqwlrqhg lq Vhfwlrq 615/ wkhuh duh rqo| wzr srvvlelolwlhv= xq0
fudfnhg edu E� ' f� ru rqo| rqh fudfn E� ' ��1 Wkh hqhuj| fruuhvsrqglqj
wr� ' f fdq eh fdofxodwhg iurp +67, dqg lv uhsuhvhqwhg e| wkh frqyh{ eudqfk
lq Iljxuh <@1 Wkh fruuhvsrqglqj judsk ri jEq�/ ehfrplqj d vwudljkw olqh lq
wkh sduwlfxodu fdvh ri txdgudwlf exon hqhujlhv 8 E��c lv uhsruwhg lq Iljxuh <K1

Iru � ' �/ wkh txdqwlwlhv HEq� dqg jEq� fdq eh fdofxodwhg iurp +68,1
Qrz wkh jurvv uhvsrqvh lv lq xhqfhg e| wkh edu ohqjwk u +vl}h h�hfw, dqg zh
kdyh wr glvwlqjxlvk wzr vlwxdwlrqv1 Zkhq wkh edu lv vkruw/ lq sduwlfxodu zkhq

u 	 uf � b
j�E02 � 0�� n j,0�

j,0�
c +85,

ghqrwlqj zlwk qe wkh exon vwudlq fruuhvsrqglqj wr wkh lqflslhqw fudfn rshqlqj/
l1h1 8 �Eqe� ' C�Efn�c zh kdyh iurp +85, wkdw qe 	 b02*u dqg wkh judskv
ri HEq� dqg jEq� duh ri wkh w|sh uhsuhvhqwhg lq Iljxuh <1 Lq sduwlfxodu/
HEq���

�'f
' HEq���

�'�
dw q ' q6/ zlwk q6 : qe1 Frqvhtxhqwo|/ lw lv wkhq
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Iljxuh <= Hqhuj| HEq� dqg d{ldo irufh jEq� dv d ixqfwlrq ri dyhudjh horqjdwlrq
q iru vkruw eduv Eu 	 uf��

fohdu wkdw wkh xqfudfnhg frq�jxudwlrq lv phwdvwdeoh iru q : q61 Wkh edu
uhvsrqvh zloo iroorz wkh olqhdu eudqfk RE� lq Iljxuh <K xs wr E�/ zkhuh lw
mxpsv wr E�� ehorqjlqj wr wkh fudfnhg +� ' �, eudqfk> lqfuhdvlqj q/ wkh edu
h{klelwv vwudlq vriwhqlqj iurp E�� wr F� dqg/ hyhqwxdoo|/ uhvxowv frpsohwho|
eurnhq diwhu F� +q : b02*u,1 Wkh glvwdqfh E�E�� uhvxowv wr eh dq lqfuhdvlqj
ixqfwlrq ri wkh edu ohqjwk u1

D gl�huhqw vlwxdwlrq rffxuv zkhq +85, lv qrw vdwlv�hg/ zklfk phdqv wkdw
qe : b 02*u1 Wkh vwuhvv ghfuhdvh zklfk dffrpsdqlhv wkh ghyhorsphqw ri d
fudfn lpsolhv d uhohdvh ri wkh zkroh edu exw qrz/ vlqfh wkh edu lv orqj/ wkh
dyhudjh horqjdwlrq q uhgxfhv dv wkh fudfn rshqv1 Frqvhtxhqwo|/ wkh HEq���

�'�
sdwk surfhhgv ohiwzdug/ iurp srlqw D wr srlqw F lq Iljxuh 43@1 Wkh edu vkrzv
wkh whqghqf| wr vqds0edfn1 Wkh vwdeoh0htxloleulxp uhvsrqvh iroorzv wkh sdwk
RE�E��G� lq 43K1

717 Eduhqeodww0w|sh gxfwloh iudfwxuhv

D sduwlfxodu uhvsrqvh fdq eh rewdlqhg iru d erughuolqh fdvh ri wkh frqvwlwxwlyh
uhodwlrq +74,1 Qrz wkh hohphqwdu| vsulqjv kdyh dq hqhuj| shu xqlw ohqjwk [�
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Iljxuh 43= Hqhuj| HEq� dqg d{ldo irufh jEq� dv d ixqfwlrq ri dyhudjh horqjd0
wlrq q iru orqj eduv Eu : uf��

gh�qhg e|

[� Eq� '

;AAAAAAA?
AAAAAAA=

j�
20�

q2

j�02
2
� j�

2E02 � 0��
E02 � q�2 c

j�02
2

c

iruq 	 0� c

iru 0� � q 	 02 c

iru q � 02 c

+86,

zlwk 02  0�1 Wkh rqo| gl�huhqfh zlwk wkh suhylrxv fdvh lv wkdw zh kdyh
srvhg j� ' j, ' j� lq +74,1 Wkh judskv ri [�E�� dqg [�

�E�� duh vkrzq lq
Iljxuh 441

Iru fkdlqv frpsrvhg ri & n � dwrpv +& vsulqjv,/ surylghg 0� 	 02*&/ zh
jhw iru [&/ gh�qhg lq +9,/

[&Eq� '

;AAAAAAAA?
AAAAAAAA=

j�
20�

q2c

j�
2

�
02*& � Eq � 02*&�2

02*& � 0�

�
c

j�02
2&

c

iruq 	 0� c

iru 0� � q 	 02*& c

iru q : 02*& �

+87,
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Iljxuh 44= D{ldo uhvsrqvh iru d sduwlfxodu Eduhqeodww0w|sh xqlw +@, dqg fru0
uhvsrqglqj hqhuj| shu xqlw ohqjwk +K,1

Wklqnlqj ri wkh edu ri ohqjwk u dv frpsrvhg ri ? sduwv/ zh frqvlghu wkh
vhtxhqfh ri dssur{lpdwlqj hqhujlhv x? E�� c rewdlqhg e| srvlqj & ' �

?
u*b lq

+75,/ zkrvh judskv duh vkrzq lq Iljxuh 45 iru ? ' �c 2c �1
Rq wkh frqwudu| wr zkdw kdsshqhg lq Iljxuh :/ qrz wkh edvlq ri frq0

yh{lw| lv gholplwhg e| wkh ydoxh 0�1 Frqvhtxhqwo|/ lw lv qrw srvvleoh wr �qg
wkuhvkrogv 0�? vr wkdw frqglwlrqv +53,/ +54, dqg +55, duh vlpxowdqhrxvo| vdwlv0
�hg1 Krzhyhu/ zh fdq dsso| d voljkwo| prgl�hg yhuvlrq ri Wkhruhp 4 wr jhw
d frqwlqxrxv hqhuj| Hd�o zlwk wkh vdph surshuwlhv vwdwhg lq Vhfwlrq 6 +wkh
whfkqlfdo uhvxow zh duh jrlqj wr xvh fdq eh irxqg lq ghwdlo lq ^:`,1 Iru/ ohw xv
fkrrvh 0�? ' 	s?02*Eu*b� dqg frqvlghu 8? dqg C? gh�qhg lq +56, dqg +57,1
Lw fdq eh suryhg wkdw wkh olplwv 8 dqg C gh�qhg lq +58, duh qrz jlyhq e|
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Iljxuh 45= Vfdolqj odz iru fkdlqv frpsrvhg ri wkh Eduheodww0w|sh hohphqwv
ri Iljxuh 441
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Wkh judskv ri 8 dqg C duh vlplodu wr wkdw lq Iljxuh ;/ h{fhsw wkdw qrz
CEfn� ' f1 Xvlqj wkh uhvxowv ri ^:`/ wkh hqhuj| iru d frqwlqxrxv edu uhdgv
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Lw vkrxog eh phqwlrqhg wkdw frqglwlrq CEfn� ' f hqodujhv wkh vsdfh
ri dgplvvleoh ixqfwlrq iurp 7�T Efc u� wr �T Efc u�1 Zh eulh | uhfdoo wkdw
�T Efc u� frqvlvwv ri ixqfwlrqv wkdw fdq eh zulwwhq lq wkh irup � ' � n
)/ zkhuh � ehorqjv wr wkh vsdfh 7�T Efc u� douhdg| lqwurgxfhg/ dqg ) lv
d Fdqwru0w|sh ixqfwlrq +vhh ^4:`/ Fkds1 </ Vhfw1 6614,/ l1h1/ d frqwlqxrxv
ixqfwlrq zkrvh +glvwulexwlrqdo, ghulydwlyh lv d qrq0dwrplf phdvxuh/ vlqjxodu
zlwk uhvshfw wr wkh 40glphqvlrqdo Ohehvjxh phdvxuh1 Zh ghqrwh zlwk (S�
wkh glvwulexwlrqdo ghulydwlyh ri )1 W|slfdoo|/ wkh vxssruw ri (S� kdv d iudfwdo
glphqvlrq1 Wkh txdqwlw| m(S�mEfc u� ghqrwhv wkh wrwdo yduldwlrq ^4:` ri wkh
phdvxuh (S� rq wkh vhw Efcu� dqg fdq eh lqwhusuhwhg dv d gl�xvhg gdpdjh
lq wkh edu1

Wkh uljrurxv pdwkhpdwlfdo dqdo|vlv ri plqlpl}huv ri +8:, jrhv eh|rqg wkh
sxusrvh ri wklv sdshu dqg fdq eh irxqg zlwk ghwdlo lq ^<`1 Krzhyhu/ zh kdyh
phqwlrqhg wklv h{dpsoh khuh vlqfh/ iru wkh sduwlfxodu hqhuj| gh�qhg e| +88,
dqg +89,/ iru dq| q zh fdq �qg dw ohdvw d plqlpl}hu ri +8:, wkdw ehorqjv wr
7�T Efc u�1 Lwv fkdudfwhul}dwlrq pdnhv xvh ri +67, dqg +68, dqg lv dqdorjrxv
wr wkh suhylrxv fdvh1 Iru/ zh kdyh djdlq wr glvwlqjxlvk wkh fdvh ri orqj dqg
vkruw eduv1 Wkh judskv ri HEq� dqg jEq� duh uhsuhvhqwhg lq Iljxuh 461 Iru
orqj eduv wkh uhvsrqvh lv vlplodu wr wkdw ri Vhfwlrq 716/ h{klelwlqj vqds0edfn1
Wkh vwdeoh htxloleulxp sdwk lv RE�E,�E

��
E,�G

�
E,�c uhsuhvhqwhg lq Iljxuh 46K1

Iljxuh 46= Hqhuj| HEq� dqg d{ldo irufh jEq� dv d ixqfwlrq ri dyhudjh horqjd0
wlrq q�

Rq wkh rwkhu kdqg/ wkh uhvsrqvh ri vkruw eduv lv uhsuhvhqwhg/ lq wkh vdph
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Iljxuh/ e| ���
Er��

�
Er�(

�
Er�� Zkdw vkrxog eh qrwlfhg lv wkdw wkhuh lv d vprrwk

wudqvlwlrq iurp srlqw � �
Er� wr � �Er�/ l1h1 qrz wkh rshqlqj ri d fudfn ghshqgv

frqwlqxrxvo| rq q:� Lq rwkhu zrugv/ lq dq h{shulphqw rq vkruw vshflphqv/ wkh
rshqlqj ri wkh fudfn frxog eh gluhfwo| �frqwuroohg� e| wkh whvwlqj pdfklqh
vwurnh1 Wklv uhvsrqvh lv fkdudfwhulvwlf ri gxfwloh iudfwxuh1

8 Frqfoxvlrqv

Ghvslwh lwv vlpsolflw|/ wkh 40G fkdlq ri qhduhvw0qhljkeru lqwhudfwlqj dwrpv lv d
prgho hylghqflqj wkdw/ lq jhqhudo/ wkh sdvvdjh iurp d prohfxodu +glvfuhwh, wr
d frqwlqxxp wkhru| lv d wlfnolvk vwhs1 Wkh gl!fxowlhv duh sduwlfxoduo| hylghqw
zkhq wkh dwrplf srwhqwldo suhvhqwv srlqwv ri qrq0frqyh{lw|/ fruuhvsrqglqj
wr vriwhqlqj eudqfkhv lq wkh fruuhvsrqglqj irufh0glvsodfhphqw uhodwlrqvkls1

Khuh zh kdyh suhvhqwhg d pdwkhpdwlfdo dssurdfk wr wkh sureohp wkdw/
lq hqjlqhhulqj whupv/ pd| eh vr vxppdul}hg1 Lq wkh rqh0glphqvlrqdo fdvh/
zh frqvlghu fkdlqv frpsrvhg ri d juhdw qxpehu ri lqwhudfwlqj dwrpv dqg
zh dwwhpsw d olplw wkhru| iru d krprjhql}hg frqwlqxrxv edu/ zkhuh hdfk
uhsuhvhqwdwlyh yroxph hohphqw lv vxssrvhg wr eh d vxe0fkdlq frqwdlqlqj d
vx!flhqwo| kljk qxpehu ri dwrpv1 Wkh olplw lv rewdlqhg wkurxjk wkuhh vwhsv=
�� hydoxdwlrq ri wkh vl}h0h�hfw vfdolqj odz iru wkh xqld{ldo uhvsrqvh ri fkdlqv
pdgh ri d juhdw qxpehu ri dwrpv/ dv wkh fkdlq ohqjwk +dqg frqvhtxhqwo| wkh
dwrp qxpehu, lv glplqlvkhg> ��� h{wudsrodwlrq ri wkh vfdolqj odz eh|rqg wkh
wkuhvkrog ri sk|vlfdo vljql�fdqfh/ l1h1 zkhq wkh fkdlq ehfrphv vpdoohu wkdq
wkh dwrplf vsdflqj> ���� xvh ri d pdwkhpdwlfdo surfhgxuh +K0frqyhujhqfh ri
gl�huhqfh vfkhphv, wr frqfhlyh d frqwlqxxp prgho e| ohwwlqj wkh ohqjwk ri
wkh uhsuhvhqwdwlyh yroxph hohphqw jr wr }hur1 Wkh prvw lpsruwdqw frqvh0
txhqfh lq �� lv wkdw wkh edvlq ri vwdelolw| ri wkh fkdlq ryhudoo srwhqwldo0hqhuj|/
dv zhoo dv lwv plqlpxp ydoxh lq wkh frqfdyh +xqvwdeoh, uhjlrq/ surjuhvvlyho|
jurz dv wkh ohqjwk ri wkh fkdlq lv glplqlvkhg11 Lq vwhs ��� zh h{wudsrodwh
wkh vfdolqj odz ghwhuplqhg lq �� nhhslqj wudfn ri lwv wuhqg dv wkh ohqjwk ri
wkh uhsuhvhqwdwlyh yroxph hohphqw jrhv wr }hur1 Dv d uhvxow/ zh rewdlq dq
xqerxqghg jurzwk wkdw kdv qr sk|vlfdo mxvwl�fdwlrq/ vlqfh wkh ohqjwk ri wkh
uhsuhvhqwdwlyh yroxph hohphqw fdqqrw eh vpdoohu wkdq wkh dwrplf vsdflqj/
exw dftxluhv wkh vdph ydoxh ri d pdwkhpdwlfdo olplw/ lq wkh vhqvh wkdw zh
frqvlghu wkh ixqfwlrq �wuhqg� lq d qhljkerukrrg ri wkh olplw srlqw/ udwkhu

:Wkh idfw wkdw wkh vqds0edfn uhvsrqvh/ iru vprrwk qrq0frqyh{ srwhqwldov/ lv lqghhg d
vwuxfwxuh +vl}h, h�hfw/ kdg ehhq qrwlfhg lq ^56` iru glvfuhwh rqh0glphqvlrqdo dwrplf fkdlqv1
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wkdq wkh ydoxh ri wkh ixqfwlrq dw wkh olplw srlqw1 Xvlqj wkh pdwkhpdwlfdo
wrro ����/ zh wkxv rewdlq d frqwlqxrxv edu wkdw kdv wkh vdph fkdudfwhulvwlf
surshuwlhv ri wkh glvfuhwh prgho +lq sduwlfxodu zlwk wkh vdph iudfwxuh hqhuj|,
dqg/ zkdw lv pruh/ lv phvk0lqghshqghqw1 Wkh nh|0srlqw iru wklv lv frqvlghud0
wlrq ri d phvk ghshqghqw frqvwlwxwlyh odz/ zklfk lv lqwhusuhwhg dv wkh qdwxudo
vl}h0h�hfw uh0vfdolqj11

Wkh dwrplf fkdlq prgho pd| dovr vwlpxodwh/ e| lqvljkw/ vrph frqmhfwxuhv
derxw wkh phfkdqlfdo fkdudfwhul}dwlrq ri uhdo pdwhuldov1 Lq sduwlfxodu/ lw
lv zhoo nqrzq wkdw dq| uhvsrqvh rewdlqdeoh wkurxjk xqld{ldo whvwv lv vl}h0
ghshqghqw1 Lq idfw/ vlqfh wkh pdfurvfrslf uhvsrqvh lv gxh/ lq jhqhudo/ wr
xqghuo|lqj plfurvwuxfwxudo uhduudqjhphqwv +judlq volsslqj/ glvorfdwlrq pryh0
phqwv/ �ehu gherqglqj hwf1, lw lv fohdu wkdw wkh vpdoohvw uhsuhvhqwdwlyh yro0
xph hohphqw fdqqrw eh ri ydqlvklqj vl}h/ ehlqj lqvwhdg fkdudfwhul}hg e| dq
lqwulqvlf ohqjwk vfdoh1 Krz wr phdvxuh wklv lqwulqvlf ohqjwk vfdohB Krz wr gh0
�qh dq lqwulqvlf frqvwlwxwlyh odz/ ydolg iru dq htxlydohqw frqwlqxxp/ vwduwlqj
iurp vl}h0ghshqghqw h{shulphqwdo uhvsrqvhv1

Wkh gh�qlwlrq ri d vwudwhj| wr jlyh dw ohdvw d sduwldo dqvzhu wr wkh diruh0
phqwlrqhg txhvwlrqv pd| gudz lqvsludwlrq iurp rxu 40G h{dpsoh1 Rxu
dqdo|vlv ri glvfuhwh hohphqw fkdlqv vxjjhvwv wkdw dq �lqwulqvlf� htxlydohqw0
frqwlqxxp frqvwlwxwlyh uhodwlrqvkls +ehwzhhq orfdo vwuhvv dqg orfdo vwudlq,
fdq eh gh�qhg vwduwlqj iurp dyhudjh0vwuhvv yv1 dyhudjh0vwudlq gldjudpv +re0
wdlqhg wkurxjk vlpsoh xqld{ldo whvwv,1 Exw zkdw lv ri fuxfldo lpsruwdqw lv
frqvlghudwlrq ri wkh vfdolqj +vl}h, h�hfw dv wkh vshflphq ohqjwk lv ydulhg1
Rxu prgho sureohp vxjjhvwv wkdw lw lv vxfk d vfdolqj wkdw lpsolflwo| gh�qhv
surshuwlhv fruuhodwhg wr wkh pdwhuldo xqghuo|lqj plfurvwuxfwxuh dqg lwv lqwhu0
qdo ohqjwk vfdoh1 Wkh h{wudsrodwlrq dqg pdqlsxodwlrq ri wkh vfdolqj odzv/ dv
looxvwudwhg lq Vhfwlrq 6 +xvlqj K0frqyhujhqfh,/ surylghv d srvvleoh vwudwhj|
+ri frxuvh qrw wkh rqo| rqh srvvleoh, wr sdvv wr wkh olplw dv wkh vshflphq
ohqjwk jrhv wr }hur/ hyhqwxdoo| frqfhlylqj d frqwlqxxp prgho1 Wkh uhvxow0
lqj frqwlqxxp lv htxlydohqw wr wkh glvfuhwh hqvhpeoh/ lq wkh vhqvh wkdw lw
suhvhqwv wkh vdph fkdudfwhulvwlfv +iudfwxuh hqhuj|/ vl}h h�hfw, ri wkh glvfuhwh
duudqjhphqw1

D frqwlqxrxv erg| lv qrwklqj exw d pdwkhpdwlfdo devwudfwlrq/ vlqfh dq|
uhdo pdwhuldo/ dw d forvhu h{dplqdwlrqv/ uhyhdov lqvwhdg wkh vwuxfwxuh ri judlqv/
fu|vwdo/ frpsoh{ prohfxohv/ lqwhudfwlqj wkh rqh zlwk wkh rwkhu1 Exw qrwlfh
wkdw hyhq lq wkh fdvh ri dq lghdo frqwlqxrxv edu/ lw zrxog eh lpsrvvleoh wr
phdvxuh lwv frqvwlwxwlyh odz/ vxssrvh xqnqrzq/ wkurxjk xqld{ldo whvwv1 Lq
idfw/ lq dq| ihdvleoh whvw/ zh pd| rqo| lpsrvh fhuwdlq glvsodfhphqwv wr d
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glvfuhwh vhw ri srlqwv; dqg phdvxuh wkh zrun frqvxphg lq wkh frqvhtxhqw
ghirupdwlrq1 Lq rwkhu zrugv/ rqo| dssur{lpdwlrqv ri wkh vwudlq hqhuj|/ ri
wkh w|sh +45,/ fdq eh gluhfwo| phdvxuhg1 Exw zh pd| xvh rxu phwkrg wr sdvv
wr wkh olplw dv ? $ 4 lq ixqfwlrqdov +45, wr rewdlq wkh frqvwlwxwlyh odz ri
wkh frqwlqxxp1 Zh pd| lpdjlqh wr fdofxodwh vxfk olplw wkurxjk d surjudp
ri pruh dqg pruh uh�qhg whvwv/ l1h1 e| lqfuhdvlqj wkh qxpehu ri jdxjh srlqwv
zkhuh wkh glvsodfhphqw lv lpsrvhg1

Zh kdyh dovr irxqg wkdw wkh hqhuj| ixqfwlrqdo zh rewdlq lq wkh frqwlq0
xxp olplw frqvlvwv dv d uxoh/ dv vkrzq lq +59,/ ri wzr sduwv= d exon vwudlq
hqhuj| 8 / rshudwlqj rq wkh glvsodfhphqw judglhqw/ dqg d frkhvlyh iudfwxuh
hqhuj| C/ zklfk lv d ixqfwlrq ri wkh mxps dprxqw zkhuhyhu wkh glvsodfhphqw
lv glvfrqwlqxrxv1 Wkh glvfrqwlqxlw| lqwhusuhwv wkh rffxuuhqfh ri fudfnlqj lq
wkh erg|1 Zh kdyh dovr revhuyhg wkdw wkh dyhudjh uhvsrqvh ri eduv reh|lqj
wr vxfk vwudlq hqhuj| pd| dssduhqwo| vkrz vwdeoh vriwhqlqj eudqfkhv1 Zh
vd| �dssduhqwo|� ehfdxvh vriwhqlqj lv wkh pdfurvfrslf frqvhtxhqfh ri fudfn
rshqlqj/ l1h1 wkh fudfn rshqlqj vphduhg dorqj wkh zkroh edu ohqjwk1 Frqvh0
txhqwo|/ lw zrxog eh frpsohwho| huurqhrxv wr dvvxph wkh dyhudjh uhvsrqvh dv
dq dssur{lpdwlrq ri wkh orfdo uhvsrqvh1

Lw vkrxog eh phqwlrqhg wkdw wkh lpsruwdqfh ri d glvwlqfwlrq ehwzhhq
exon dqg iudfwxuh uhvsrqvh kdv ehhq douhdg| qrwlfhg e| pdq| dxwkruv1 Lq
sduwlfxodu/ dv h{kdxvwlyho| glvfxvvhg e| Gho Slhur ^44`/ lw lv wkh vkdsh ri
wkh iudfwxuh hqhuj| C wkdw juhdwo| lq xhqfhv wkh pdwhuldo jurvv uhvsrqvh=
iru h{dpsoh/ mxvw voljkwo| fkdqjlqj C zkloh pdlqwdlqlqj 8 �{hg/ d vprrwk
wudqvlwlrq iurp gxfwloh wr eulwwoh ehkdylru iru whqvloh eduv pd| eh rewdlqhg1

Ilqdoo|/ lw lv zruwk uhfdoolqj wkdw lq wkh fudfn edqg prgho sursrvhg e|
Ed
}dqw dv d orfdol}dwlrq olplwhu ^8`/ iudfwxuh lv dvvxphg wr eh frq�qhg lq
d edqg ri �qlwh ohqjwk1 Lq Ed
}dqw*v prgho/ wkh frkhvlyh irufhv frqqhfwlqj
wkh fudfn vxuidfhv pxvw uh0vfdoh dv wkh zlgwk ri wkh fudfn edqg lv ydulhg ^8`/
vxjjhvwlqj djdlq wkh lpsruwdqfh ri wkh vhsdudwlrq ri vfdoh lq doo wkh wkhrulhv1
Iurp wkh srlqw ri ylhz ri rxu wkhru|/ wkh iudfwxuh hqhuj| whup C uhsuhvhqwv/
lq urxjk whupv/ d erughuolqh fdvh ri Ed
}dqw*v fudfn0edqg prgho zkhq wkh
edqg zlgwk whqgv wr }hur1

Dfnqrzohgjhphqwv1 Prwlydwlrq iru wklv zrun vwduwhg iurp d yhu| vwlp0
xodwlqj glvfxvvlrq zlwk Surihvvru L1 Lrul +Xqlyhuvlw| ri Sdupd,1 Wklv
uhvhdufk zdv frqgxfwhg zkloh J1 U1 F1 zdv ylvlwlqj wkh Vfxrod Qrupdoh

;Xvlqj iru h{dpsoh d whvwlqj ghylfh ri wkh w|sh uhsuhvhqwhg lq Iljxuh 81
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Vxshulruh lq Slvd dv d jxhvw ri Surihvvru O1 Dpeurvlr/ zkr lv judwh0
ixoo| wkdqnhg iru klv suhflvh vxjjhvwlrqv dqg iru kdylqj hqfrxudjhg wkh
frooderudwlrq ri wkh dxwkruv1 Zh zrxog dovr olnh wr dfnqrzohgjh Surihv0
vruv ]1 Ed
}dqw +Qruwkzhvwhuq Xqlyhuvlw|,/ N1 Ekdwwdfkdu|d +Fdoliruqld
Lqvwlwxwh ri Whfkqrorj|,/ D1 Eudlghv +Xqlyhuvlw| ri Urph LL, dqg O1
Wuxvnlqryvn| +Xqlyhuvlw| ri Plqqhvrwd,/ iru wkhlu ydoxdeoh dgylfh gxu0
lqj wkh suhsdudwlrq ri wklv zrun1

Uhihuhqfhv

^4` Ed
}dqw/ ]1/ Lqvwdelolw|/ gxfwlolw| dqg vl}h0h�hfw lq vwudlq0vriwhqlqj frq0
fuhwh/ M1 Hqj1 Phfkdqlfv DVFH/ 435/ ss16640677/ 4<:9 +Glvfxvvlrq/ 436/
ss168:068;/ ss1 ::80::: dqg 436/ ss18340835,1

^5` Ed
}dqw/ ]1 dqg Eho|wvfknr/ W1/ Zdyh sursdjdwlrq lq vwudlq vriwhqlqj
eduv= h{dfw vroxwlrqv/ M1 Hqj1 Phfkdqlfv DVFH/ 444/ 6;406;</ 4<;81

^6` Ed
}dqw/ ]1 dqg O1 Fhgrolq/ Vwdelolw| ri Vwuxfwxuhv= Hodvwlf/ Lqhodvwlf/
Iudfwxuh dqg Gdpdjh Wkhrulhv/ R{irug Xqlyhuvlw| Suhvv/ Qhz \run/
4<<41

^7` Ed
}dqw/ ]1 dqg Fkhq/ H1 S1/ Vfdolqj ri vwuxfwxudo idloxuh/ Dsso1 Phfk1
Uhy1/ 83+43,/ ss1 8<6095:/ 4<<:1

^8` Ed
}dqw/ ]1 dqg Sodqdv/ M1/ Iudfwxuh dqg Vl}h H�hfw lq Frqfuhwh dqg
Rwkhu Txdvl0Eulwwoh Pdwhuldov/ FUF suhvv/ Qhz \run/ 4<<;1

^9` Eudlghv/ D1/ K0frqyhujhqfh iru Ehjlqqhuv/ R{irug Xqlyhuvlw| Suhvv/ lq
suhvv/ 53341

^:` Eudlghv/ D1/ dqg Jhool/ P1V1/ Frqwlqxxp olplwv ri glvfuhwh v|vwhpv zlwk0
rxw frqyh{lw| k|srwkhvhv/ Pdwkhpdwlfv dqg Phfkdqlfv ri Vrolgv/ lq
suhvv/ 53341

^;` Eudlghv/ D1/ dqg Jhool/ P1V1/ Iurp Glvfuhwh wr Frqwlqxxp= d Yduldwlrqdo
Dssurdfk1 Ohfwxuh Qrwhv/ VLVVD/ Wulhvwh/ 5333 +dydlodeoh rq wkh vhuyhu
kwws=22zzz1vlvvd1lw2id2sxeeolfdwlrqv2sxe1kwpo,1
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^<` Eudlghv/ D1/ Gdo Pdvr/ J1/ Jduurql/ D1/ Yduldwlrqdo irupxodwlrq ri vriw0
hqlqj skhqrphqd lq iudfwxuh phfkdqlfv= wkh rqh0glphqvlrqdo fdvh/ Dufk1
Udw1 Phfk1 dqg Dqdo|vlv/ 479/ ss15608;/ 4<<<1

^43` Fkrnvl/ U1/ Gho Slhur/ J1/ Irqvhfd/ L1/ Rzhq/ G1/ Vwuxfwxuhg ghirupd0
wlrqv dv hqhuj| plqlpl}huv lq prghov ri iudfwxuh dqg k|vwhuhvlv/ Pdwkh0
pdwlfv dqg Phfkdqlfv ri Vrolgv/ 7+6,/ ss16540689/ 4<<<1

^44` Gho Slhur/ J1/ Rqh0glphqvlrqdo gxfwloh0eulwwoh wudqvlwlrq/ |lhoglqj dqg
vwuxfwxuhg ghirupdwlrqv1 Lq Dujrxo/ S1/ Iuëprqg/ P1/ Qjx|hq/ T1V1
+HGV,/ Yduldwlrqv gh grpdlqhv hw iurqwlëuhv oleuhv hq pìfdqltxh ghv
vrolghv/ Noxzhu/ Gruguhfkw/ 4<<<1

^45` Gho Slhur/ J1/ Wuxvnlqryvn|/ O1/ D rqh0glphqvlrqdo prgho iru orfdol}hg
dqg glvwulexwhg iudfwxuhv/ M1 gh Sk|vltxh LY/ ;/ ss1 <80435/ 4<<;1

^46` Gho Slhur/ J1/ Wuxvnlqryvn|/ O1/ Pdfur0 dqg plfur0fudfnlqj lq rqh gl0
phqvlrqdo hodvwlflw|/ Lqw1 M1 Vrolgv dqg Vwuxfwxuhv/ 6;/ ss1 44680447;/
53341

^47` Gxqq/ M1 H1 dqg U1 Irvglfn/ Wkh pruskrorj| dqg vwdelolw| ri pdwhuldo
skdvhv/ Dufk1 Udw1 Phfk1 Dqdo1/ :7/ ss140<</ 4<;31

^48` Hulfnvhq/ M1 O1/ Htxloleulxp ri eduv/ M1 ri Hodvwlflw|/ 8/ ss1 4<40535/
4<:81

^49` Hulfnvhq/ M1 O1/ Loo0srvhg sureohpv lq wkhuprhodvwlflw| wkhru|/ lq V|vwhp
ri Qrq0olqhdu Sduwldo Gl�huhqwldo Htxdwlrqv/ M1P1 Edoo Hglwru/ ss1 :40<6/
Gruguhfwk/ 4<;61

^4:` Nroprjrury/ D1 Q1/ Irplq/ V1 Y1/ Lqwurgxfwru| Uhdo Dqdo|vlv/ Gryhu/
Qhz \run/ 4<:81

^4;` Nrqghsxgl/ G1 dqg L1 Suljrjlqh/ Prghuq Wkhuprg|qdplfv/ Mrkq Zloh|
dqg Vrqv/ Fklfkhvwhu/ 4<<;1

^4<` Ph|hu/ F1 dqg Rndpxud/ K1/ hgv1/ Ilqlwh Hohphqw Dqdo|vlv ri Uhlqirufhg
Frqfuhwh Vwuxfwxuhv/ DVFH/ Qhz \run/ 4<;91

^53` Pÿoohu/ L1 dqg S1 Yloodjjlr/ d Prgho iru dq hodvwlf sodvwlf erg|/ Dufk1
Udw1 Phfk1 Dqdo|vlv/ 58/ ss1 58079/ 4<::1
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^54` Urjhuv/ U1F1 dqg O1 Wuxvnlqryvn|/ Glvfuhwl}dwlrq ) k|vwhuhvlv/ Sk|vlfd
E/ 566/ ss16:306:8/ 4<<:1

^55` Ur|hu0Fduidjql/ J1/ Fdq d Prphqw0Fxuydwxuh Uhodwlrq Ghvfuleh Ioh{0
xudo Ehkdylru ri Vriwhqlqj EhdpvB/ Hxurshdq Mrxuqdo ri Phfkdqlfv D0
Vrolgv/ 53/ ss1 58605:9/ 53341

^56` Wuxvnlqryvn|/ O1/ Iudfwxuh dv d skdvh wudqvlwlrq/ lq Frqwhpsrudu| Uh0
vhdufk lq wkh Phfkdqlfv dqg Pdwkhpdwlfv ri Pdwhuldov/ Edwud/ U1 F1/
dqg Ehdww|/ P1 I1/ Hgv1/ ss1 6550665/ FLPQH/ Edufhorqd/ 4<<91

^57` \rxqj/ O1F1/ Ohfwxuhv rq wkh fdofxoxv ri yduldwlrqv dqg rswlpdo frqwuro
wkhru|/ Vdxqghuv/ Sklodghoskld/4<9<1
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