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Zh h{soruh wkh qdwxuh ri gulyhq vwrfkdvwlf odwwlfh v|vwhpv zlwk qrq0shulrglf erxqgdu|

frqglwlrqv1 Wkh v|vwhpv frqvlvw ri sduwlfoh dqg krohv zklfk pryh e| h{fkdqjhv ri qhduhvw

qhljkeru sduwlfoh0kroh sdluv1 Wkhvh h{fkdqjhv duh frqwuroohg e| wkh hqhujhwlfv dvvrfldwhg

zlwk dq lqwhuqdo Kdplowrqldq/ dq h{whuqdo gulyh dqg d vwrfkdvwlf frxsolqj wr d khdw

uhvhuyrlu1 Wkh h�hfw ri wkh gulyh lv wr eldv sduwlfoh0kroh h{fkdqjhv dorqj wkh �hog lq vxfk

d zd| wkdw d sduwlfoh fxuuhqw fdq eh hvwdeolvkhg1 Kdug0fruh yroxph frqvwudlqwv olplw wkh

rffxsdwlrq ri rqo| rqh sduwlfoh +kroh, shu odwwlfh vlwh1 Iru fhuwdlq uhjlphv ri wkh ryhudoo

sduwlfoh ghqvlw| dqg whpshudwxuh/ d v|vwhp glvsod|v d krprjhqhrxv glvrughuhg skdvh1

Zh lqyhvwljdwh frrshudwlyh ehkdylru lq wklv skdvh e| xvlqj wzr0srlqw vsdwldo fruuhodwlrq

ixqfwlrqv dqg vwuxfwxuh idfwruv1 E| ydu|lqj wkh sduwlfoh ghqvlw| dqg wkh whpshudwxuh/

wkh v|vwhp rughuv lqwr d skdvh vhsdudwhg vwdwh/ frqvlvwlqj ri sduwlfoh0ulfk dqg sduwlfoh0

srru uhjlrqv1 Wkh whpshudwxuh dqg ghqvlw| iru wkh fr0h{lvwhqfh vwdwh ghshqg rq wkh

erxqgdu| frqglwlrqv1 E| xvlqj Prqwh Fduor vlpxodwlrqv/ zh hvwdeolvk fr0h{lvwhqfh fxuyhv

iru v|vwhpv zlwk vkliwhg shulrglf erxqgdu| frqglwlrqv1



Wr Olqgd/ Pdwwkhz/ Vfrww/

p| prwkhu dqg idwkhu
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Dfnqrzohgjhphqwv lll

4 LQWURGXFWLRQ 4

5 WKH ODWWLFH JDV/ LQ DQG IDU IURP HTXLOLEULXP 8

514 Wkh htxloleulxp Lvlqj odwwlfh jdv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8

515 Wkh Ndw}0Oherzlw}0Vsrkq odwwlfh jdv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

516 Wkh NOV prgho zlwk vkliwhg shulrglf erxqgdu| frqglwlrqv 1 1 1 1 1 <

6 WZR0SDUWLFOH FRUUHODWLRQV LQ WKH GLVRUGHUHG

SKDVH 46

614 Plfurvfrslfv ri wkh Vlpxodwlrqv dqg W|slfdo Frq�jxudwlrqv 1 1 1 1 46

615 Wzr0srlqw Fruuhodwlrqv lq V|vwhpv zlwk SEF dqg VSEF 1 1 1 1 1 1 48

616 Ruglqdu| dqg Vnhzhg Vwuxfwxuh Idfwruv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 56

7 Ghqvlwlhv ri fr0h{lvwlqj skdvhv lq kdoi0�oohg v|vwhpv 67

714 Phwkrgrorjlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 68

715 W|slfdo frq�jxudwlrqv lq d _khdwlqj0frrolqj% f|foh 1 1 1 1 1 1 1 1 1 6:

716 Foxvwhu vl}hv/ foxvwhu ghqvlwlhv/ dqg wkh fr0h{lvwhqfh fxuyh 1 1 1 1 1 75

8 Rughu0glvrughu wudqvlwlrqv= skdvh gldjudp lq wkh ��0W sodqh 79

814 Rughu Sdudphwhuv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 79

81414 Vwuxfwxuh Idfwruv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7:

81415 Froxpq ghqvlwlhv dqg �xfwxdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7:

81416 Foxvwhu vl}hv dqg ghqvlwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 84

81417 Lqwhuqdo hqhuj| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 84

81418 Fr0h{lvwhqfh fxuyhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 85

815 Wzr v|vwhpv zlwk SEF +K@3, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 85

81514 V|vwhpv zlwk ydu|lqj �� dqg wkh frh{lvwhqfh fxuyh iru K @ 31 95

816 V|vwhpv zlwk VSEF 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 96

81614 Wzr V|vwhpv zlwk VSEF+K@6, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 97
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81615 Wzr V|vwhpv zlwk VSEF +K@7, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 98

81616 Wzr V|vwhpv zlwk VSEF +K@<, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9<

81617 Wzr V|vwhpv zlwk VSEF +K@4;, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4

81618 V|vwhpv zlwk ydu|lqj �� 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :6

81619 Fr0h{lvwhqfh Fxuyhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :8

9 Fr0h{lvwhqfh ri d V|vwhp zlwk Odujh Ioxfwxdwlrqv ::

914 Phwkrg L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ::

915 Phwkrg LL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :<

916 Phwdvwdeoh Vwdwhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;:

: Vxppdu| dqg Rxworrn <5

:14 Vxppdu| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <5

:15 Rxworrn 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <8

Dsshqgl{ D= Gh�qlwlrq ri �J dw lqwhjhu ydoxhv <:

Dsshqgl{ E= Vnhzhg v|pphwu| ri h�
�!u <;

Dsshqgl{ F= H{dpsoh ri V dqg �V iru gl�huhqw rughuhg vwdwhv <<

Dsshqgl{ G= Foxvwhu Glvwulexwlrqv dqg Frq�jxudwlrqv 435

Ylwd 445

ll
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L wkdqn p| Sk1G1 dgylvru Suri1 Ur|fh ]ld iru klv vwhdgidvw jxlgdqfh dqg h�ruw lq

vxssruwlqj wklv glvvhuwdwlrq1 L ghhso| dssuhfldwh klv hqfrxudjhphqw dqg whdfklqj

wkurxjkrxw wkh |hduv1 L dovr wkdqn Suri1 Ehdwh Vfkplwwpdqq iru khu hqfrxudjlqj

frqyhuvdwlrqv1 Erwk ri wkhp kdyh pdgh wklv vwxg| lqwr qrq0htxloleulxp v|vwhpv

erwk d fkdoohqjh dqg d mr|1

L wkdqn p| hpsor|hu/ QVZFGG iru vxssruwlqj wklv h�ruw �qdqfldoo|1 Lq

sduwlfxodu/ L wkdqn Gu1 Wkrpdv Foduh iru vxssruwlqj orqj whup wudlqlqj dqg

Mrkq Kdj| iru frruglqdwlqj wkh wudlqlqj1 L wkdqn p| pdqdjhphqw/ Gu1 Gdylg

Odqgr/ Mrkq Kduyh| dqg Mdqh Urelqvrq iru wkhlu frqvwdqw vxssruw1

L wkdqn Plnh Uxg}lqvn| iru klv vriwzduh vxssruw dqg khosixo frqyhuvdwlrqv1

L dovr ghhso| dssuhfldwh wkh pdq| hqfrxudjlqj frqyhuvdwlrqv L kdg zlwk Mlp

Pdurqh| ryhu wkh |hduv1 Kh kdv sdwlhqwo| wdxjkw ph pdq| frpsxwhu surjudp0

plqj vnloov1 Wkhvh vnloov kdyh juhdwo| khoshg ph shuirup wkh qxphurxv Prqwh

Fduor vwxglhv lq dq h�flhqw/ uhshdwdeoh dqg v|vwhpdwlf idvklrq1 L wkdqn Gu1

]rowdq Wrurf}ndl iru khoslqj ph rujdql}h wklv glvvhuwdwlrq lqwr lwv �qdo irup1

L wkdqn Fkulv Wkrpdv dqg wkh rwkhu Sk|vlfv Ghsduwphqw*v vhfuhwdulhv iru

wkhlu dvvlvwdqfh1 L wkdqn Ghqlvh Zlvh/ p| eudqfk vhfuhwdu|/ iru khu frxqwohvv

vxeplvvlrqv ri wudlqlqj sursrvdov1

L wkdqn p| prwkhu/ idwkhu/ vleolqjv/ lq0odzv/ uhodwlyhv dqg iulhqgv iru wkhlu

hqwkxvldvwlf vxssruw1 Ilqdoo|/ L wkdqn p| zlih Olqgd dqg p| wzr vrqv/ Pdwwkhz

dqg Vfrww/ iru wkhlu oryh/ sdwlhqfh dqg vdful�fh1
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D fhqwxu| djr/ Erow}pdqq dqg Jleev odlg wkh irxqgdwlrqv iru vwdwlvwlfdo phfkdqlfv

ri v|vwhpv lq htxloleulxp zlwk d wkhupdo edwk dw whpshudwxuh W ^4`1 Lq wkdw

irupxodwlrq/ wkh hqhuj|/ ru Kdplowrqldq K^F`/ dvvrfldwhg zlwk hdfk frq�jxudwlrq

F ri wkh v|vwhp sod|v d fhqwudo uroh/ wkurxjk wkh h{suhvvlrq

Se^^F` 2 h{s +�K^F`@n�W , +414,

zklfk vwdwhv wkdw wkh suredelolw| iru �qglqj wkh v|vwhp lq F lv sursruwlrqdo wr wkh

Erow}pdqq idfwru dqg n� lv wkh Erow}pdqq frqvwdqw1 Doo pdfurvfrslf surshuwlhv

ri wkh v|vwhp fdq eh ghwhuplqhg dv vwdwlvwlfdo dyhudjhv ryhu doo frq�jxudwlrqv/

zhljkwhg e| +414,1 Krzhyhu/ prvw v|vwhpv lq qdwxuh duh qrw lq htxloleulxp1 Wr

ghvfuleh wkhvh vwdwlvwlfdoo| zrxog uhtxluh/ lq jhqhudo/ d wlph ghshqghqw suredelolw|

S ^F> w`= Ixuwkhu surjuhvv w|slfdoo| uholhv rq ghulylqj/ ru srvwxodwlqj/ d gl�huhqwldo

htxdwlrq iru wklv txdqwlw|1 D zlgho| xvhg fdvh lv wkh Pdvwhu htxdwlrq/ rq zklfk

wklv wkhvlv lv edvhg1 Li rxu v|vwhp zhuh frxsohg wr d vlqjoh uhvhuyrlu ri hqhuj|

+d wkhupdo edwk,/ wklv htxdwlrq vkrxog ohdg xv/ dv w $ 4/ wr wkh vwdwlrqdu|

vroxwlrq= S W^F` @ Se^1 Li/ rq wkh rwkhu kdqg/ rxu v|vwhp lv frxsohg wr pruh wkdq

rqh uhvhuyrlu +h1j1/ wzr edwkv dw gl�huhqw whpshudwxuhv,/ wkhq zh vkrxog h{shfw

S W^F` 9@ Se^ lq jhqhudo1 Lq sduwlfxodu/ wkhuh zrxog eh d frqvwdqw �x{ ri hqhuj|

wkurxjk rxu v|vwhp/ hyhq wkrxjk doo suredelolwlhv duh wlph0lqghshqghqw1 Yhu|

olwwoh lv nqrzq derxw vxfk qrq0htxloleulxp vwhdg| vwdwh v|vwhpv/ hvshfldoo| li wkh|

duh qrw _qhdu% htxloleulxp vwdwhv +h1j1/ wzr edwkv dw lq�qlwhvlpdoo| glvwlqfw W *v,1

Uhfhqwo|/ d vlpsoh prgho ri vxfk d pdq|0erg| v|vwhp zdv sursrvhg= wkh gulyhq

Lvlqj odwwlfh jdv ^5`1 Lqghhg/ lw glvsod|v pdq| vxusulvlqj skhqrphqd/ e| frqwudvw

wr wkh zhoo nqrzq htxloleulxp fdvh1 Vlqfh lwv lqwurgxfwlrq/ frqvlghudeoh surjuhvv

wrzdug lwv xqghuvwdqglqj zdv pdgh/ wkrxjk pdq| dvshfwv uhpdlq sx}}olqj ^6`1

Wklv vwxg| lv ghyrwhg wr wkh h�hfwv ri qrq0shulrglf erxqgdu| frqglwlrqv rq wklv

vlpsoh/ |hw ulfk/ prgho ri qrq0htxloleulxp vwhdg| vwdwhv1

Wkh gulyhq odwwlfh jdv zdv sduwo| prwlydwhg e| wkh sk|vlfv ri idvw lrqlf frq0

gxfwruv ^7`1 Lq wkhvh frqgxfwruv/ odujh lrqv +h1j1/ vloyhu, krs iurp vlwh wr vlwh rq dq

xqghuo|lqj fu|vwdoolqh odwwlfh/ uhvsrqglqj wr erwk wkh wkhupdo hqylurqphqw dqg

h{whuqdo dssolhg hohfwulf �hogv1 Jhqhudoo|/ lw lv kljko| xqolnho| wkdw wzr lrqv fdq
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rffxs| wkh vdph vlwh/ vr wkdw wklv v|vwhp lv zhoo prghohg e| wkh odwwlfh jdv yhuvlrq

ri wkh Lvlqj prgho ^8/ 9`1 Ixuwkhupruh/ gxh wr Frxorpelf dqg hodvwlf irufhv/ wkh

lrqv lqwhudfw lq d qrq0wulyldo zd|1 Lq prvw fdvhv/ wkh h�hfwlyh lqwhudfwlrq lv vkruw

udqjhg dqg pd| eh dwwudfwlyh ru uhsxovlyh/ wr eh prghoohg e| qhduhvw qhljkeru

lqwhudfwlrqv lq wkh Lvlqj prgho1 Wkxv/ d frq�jxudwlrq ri wkh prgho lv vshfl�hg e|

wkh rffxsdwlrq qxpehuv iqjj/ zkhuh qj @ 3 ru 4 uhsuhvhqwv dq hpsw| ru rffxslhg

vlwh � lq/ vd|/ d +wzr0glphqvlrqdo/ g @ 5, vtxduh odwwlfh1 Wkh Kdplowrqldq lv mxvw

K^iqjj` @ �M
[

qjqj� +415,

zlwk �> �� ehlqj qhduhvw qhljkeru vlwhv dqg M +A 3 ru ? 3, uhsuhvhqwlqj wkh

vwuhqjwk ri wkh +dwwudfwlyh ru uhsxovlyh, lqwhudfwlrq1 Iru vlpsolflw|/ shulrglf

erxqgdu| frqglwlrqv +SEF, duh w|slfdoo| lpsrvhg/ vr wkdw wkh v|vwhp lv wudqvod0

wlrqdo lqyduldqw1 Lq wkh devhqfh ri h{whuqdo �hogv/ prvw ri wkh htxloleulxp wkhupr0

g|qdplf surshuwlhv duh zhoo nqrzq ^:/ 9/ ;`1 Lq sduwlfxodu/ iru d v|vwhp zlwk �{hg

sduwlfoh +lrq, ghqvlw| +� �
S

q�@Y , dqg M A 3/ wkh kljk whpshudwxuh skdvh lv

glvrughuhg dqg wkh ghqvlw| lv krprjhqhrxv1 Lq wklv glvvhuwdwlrq/ Y @ OP zkhuh

O dqg P duh wkh wzr glphqvlrqv ri rxu odwwlfh1 Dw vx�flhqwo| orz whpshudwxuhv/

wkh v|vwhp glvsod|v wzr fr0h{lvwlqj skdvhv/ rqh sduwlfoh0ulfk +ghqvlw| �n, dqg

wkh rwkhu sduwlfoh0srru +ghqvlw| �3,1 Wkh dqdo|wlf ghulydwlrq ri wkh frh{lvwhqfh

fxuyh/ ��+W ,> iru wkh g @ 5 Lvlqj prgho lv dq lpsruwdqw plohvwrqh lq wkh klvwru| ri

vwdwlvwlfdo phfkdqlfv ^:/ <`1 Wkh qh{w pdmru wulxpsk lv vxuho| wkh uhqrupdol}dwlrq

jurxs ^43`/ zklfk/ wkurxjk wkh lghdv ri xqlyhuvdolw|/ doorzv xv wr frqfoxgh wkdw

fulwlfdo ehkdylru ri d fodvv ri frpsoh{/ uhdo v|vwhpv duh lghqwlfdo wr wkrvh lq wkh

vlpsoh Lvlqj prgho1

Wr ghvfuleh hyroxwlrq dqg surshuwlhv dzd| iurp htxloleulxp/ wkh Lvlqj prgho

pxvw eh hqgrzhg zlwk vrph irup ri g|qdplfv1 Wkh wzr prvw frpprq irupv duh

qrq0frqvhuyhg ^44` dqg frqvhuyhg g|qdplfv ^45`/ wkh iruphu ehlqj pruh dssur0

suldwh iru dssolfdwlrq ri wkh Lvlqj prgho wr vslq v|vwhp1 Lq wkh odwwhu/ wkh wrwdo

sduwlfoh qxpehu lv frqvhuyhg +
S

qj@frqvwdqw,/ pruh dssursuldwh iru lrqv1 Wkxv/

zh zloo uhvwulfw rxu frqvlghudwlrqv wr rqo| prghov zlwk frqvhuyhg g|qdplfv1 Khuh/

wkh sduwlfohv krs iurp vlwh wr vlwh/ jryhuqhg e| udwhv zklfk vlpxodwh wkh frxsolqj

wr d vlqjoh khdw edwk1 Xqolnh wkh htxloleulxp Lvlqj prgho/ pxfk ohvv lv nqrzq

derxw wkh g|qdplf surshuwlhv dqdo|wlfdoo|1

Dsso|lqj dq h{whuqdo hohfwulf �hog fruuhvsrqgv wr frxsolqj rxu v|vwhp wr wzr

hqhuj| uhvhuyrluv/ vr wkdw wkh g|qdplfv pxvw eh prgl�hg1 Lq 4<;7 ^5`/ Ndw}/

Oherzlw} dqg Vsrkq +NOV, lqwurgxfhg dq xwwhuo| vlpsoh prgl�fdwlrq wr wkh

deryh prgho= eldvlqj wkh krsslqj udwhv iru mxpsv lq wkh �hog gluhfwlrq1 Zkhq

wklv v|vwhp uhdfkhv vwhdg| vwdwh/ wkhuh zrxog eh d frqvwdqw +sduwlfoh, fxuuhqw/

zkloh SW lv gh�qlwho| qrw Se^1 Skhqrphqd/ wrwdoo| xqh{shfwhg xqghu htxloleulxp
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frqglwlrqv/ zhuh glvfryhuhg pdlqo| wkurxjk Prqwh Fduor vlpxodwlrqv1 Iru h{dp0

soh/ zkloh wkh vhfrqg rughu skdvh wudqvlwlrq +iru wkh g @ 5 v|vwhp, vxuylyhv/ orqj

udqjh fruuhodwlrqv dqg vlqjxodu vwuxfwxuh idfwruv duh suhvhqw dw doo whpshudwxuhv

deryh fulwlfdolw|1 Ehorz wkh wudqvlwlrq whpshudwxuh/ WS/ fr0h{lvwhqfh lv glvsod|hg/

wkrxjk rqo| lq wkh irup ri vwulsv sdudooho wr wkh gulyh +lqkrprjhqhlw| wudqvyhuvh

wr wkh �hog,1 Pruh xqh{shfwhg skhqrphqd dsshduhg/ djdlq zlwk wkh khos ri

frpsxwhu vlpxodwlrqv1 Lq 4<;: Pduur dqg Ydoohv frqfoxghg wkdw wkhuh duh wzr

frh{lvwhqfh fxuyhv ^9`1 Vr idu/ qr rwkhu v|vwhpdwlf vwxg| kdv ehhq xqghuwdnhq wr

frq�up wkhvh frqfoxvlrqv1

Phdqzkloh/ wkh lqwhuidfh ehwzhhq wkh fr0h{lvwlqj skdvhv lv irxqg wr eh _vprrwk%

ru idfhwhg ^46`/ udwkhu wkdq glyhujlqj zlwk v|vwhp vl}h/ dv lq htxloleulxp1 Iro0

orzlqj htxloleulxp lghdv wkdw idfhwv duh lqwlpdwho| uhodwhg wr vlqjxodulwlhv ri wkh

lqwhuidfh hqhuj| +dv d ixqfwlrq ri wkh lqwhuidfh rulhqwdwlrq, ^47`/ Ydoohv/ Ohxqj

dqg ]ld ^48` shuiruphg vlpxodwlrqv ri wklv gulyhq Lvlqj odwwlfh jdv zlwk vkliwhg

shulrglf erxqgdu| frqglwlrqv +VSEF,1 Dqrwkhu whup ehlqj _vfuhz shulrglflw|%/

wkhvh frqglwlrqv lpso| wkdw d sduwlfoh ohdylqj wkh _erwwrp hgjh% zloo uhwxuq dw

d vkliwhg orfdwlrq rq wkh _wrs hgjh1% +Shulrglf EF lv uhwdlqhg rq wkh uljkw2ohiw

hgjhv1 Iljxuh 414,

SPBC

PBC

Iljxuh 414 D Odwwlfh zlwk VSEF dqg wkh Wrurlgdo Uhsuhvhqwdwlrq

Xvlqj VSEF lv wkh vwdqgdug phwkrg iru lqgxflqj lqwhuidfhv dw gl�huhqw rul0

hqwdwlrqv iru skdvh vhsdudwhg v|vwhpv1 Vxusulvlqjo|/ wkhuh duh vlqjxodulwlhv lq wkh

exon hqhuj|/ uhvxowlqj lq pxowlvwuls skdvhv ehlqj pruh vwdeoh dw kljk vkliwv1 Dv

d uhvxow ri wkhvh qhz skdvhv/ wkh qrwlrq ri d xqltxh fr0h{lvwhqfh fxuyh uhtxluhv

ixuwkhu fodul�fdwlrq1 Vlqfh wklv vwxg| zdv shuiruphg rqo| rq kdoi0�oohg v|vwhpv/

d v|vwhpdwlf lqyhvwljdwlrq dw ydulrxv ghqvlwlhv vkrxog vkhg oljkw rq wkhvh lvvxhv1

Lq wklv vhqvh/ wklv glvvhuwdwlrq jhqhudol}hv dqg v|qwkhvl}hv wkh vwxglhv ri Pduur/
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hw1 do1 ^49/ 4:`dqg Ydoohv/ hw1 do1^48`/ wkurxjk vlpxodwlrqv ri d gulyhq Lvlqj odwwlfh

jdv zlwk VSEF/ lq d udqjh ri vkliwv dqg ghqvlwlhv1

Prvw ri wkh vwxg| irfxvhv rq d v|vwhp ri :5�69/ vr wkdw pdq| frpphqvxudwh

vkliwv fdq eh lpsohphqwhg1 Iru orz vkliwv/ wkh v|vwhp vwloo rughuv lqwr d vlqjoh/ exw

_wlowhg%/ vwuls dw orz whpshudwxuhv/ vr wkdw wkh fr0h{lvwhqfh fxuyhv fdq eh pdsshg

rxw1 Iru kljk vkliwv/ wkh v|vwhp dozd|v rughuv lqwr _pxowlvwuls skdvhv1% D ydulhw|

ri phwkrgv duh lqwurgxfhg wr gholqhdwh zkhuh wkh wudqvlwlrq rffxuv1 Zlwklq vwd0

wlvwlfdo huuruv dqg �qlwh vl}h urxqglqj/ doo jlyh frqvlvwhqw uhvxowv1 Lq dgglwlrq/ wkh

wzr0srlqw fruuhodwlrq ixqfwlrq dqg vwuxfwxuh idfwruv kdyh ehhq vwxglhg lq vrph ri

wkh v|vwhpv1

Wklv glvvhuwdwlrq lv rujdql}hg dv iroorzv1

Lq Fkdswhu 5/ wkh ghwdlov ri wkh prgho/ dv zhoo dv d eulhi uhylhz ri suhylrxv

vwxglhv/ duh suhvhqwhg1 Krz wkh vlpxodwlrqv duh shuiruphg/ dv zhoo dv lqyhvwl0

jdwlrqv ri wzr0srlqw fruuhodwlrqv dqg vwuxfwxuh idfwruv/ duh glvfxvvhg lq Fkdswhu

61 Lq Fkdswhu 7/ zh hvwlpdwhg wkh fr0h{lvwhqfh fxuyhv e| vwxg|lqj wkh ehkdy0

lru ri kdoi0�oohg v|vwhpv1 Wkh fr0h{lvwhqfh fxuyhv duh hvwdeolvkhg e| d gl�huhqw

phwkrgrorj| lq Fkdswhu 81 Khuh/ zh vwxg| fr0h{lvwhqfh e| xvlqj d ydulhw| ri rughu

sdudphwhuv1 Zkloh Fkdswhuv 7 dqg 8 duh ghyrwhg wr wkh uhvxowv iru uhodwlyho| zhoo

ehkdyhg VSEF v|vwhpv/ Fkdswhu 9 glvfxvvhv wkh h{wudruglqdu| �xfwxdwlrqv lq d

fulwlfdo v|vwhp1 Fkdswhu : vxppdul}hv wkh glvvhuwdwlrq dqg surylghv dq rxworrn

iru ixwxuh vwxglhv1
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Lq wklv fkdswhu/ zh suhvhqw rxu prgho lq ghwdlo/ vwduwlqj zlwk wkh odwwlfh jdv lq

htxloleulxp +514, dqg lq ydulrxv qrq0htxloleulxp vhwwlqjv +515,1

2��� A�i i^��*�Mh��4 Wt�?} *@||�Ui }@t

Wkh prgho ri rxu irfxv lv d jhqhudol}hg Lvlqj odwwlfh jdv ^8/ 9` lq g @ 51 Rq d vtxduh

odwwlfh zlwk SEF/ wkh vlwhv duh odehoohg e| +l> m, zlwk l 5 ^4> O` dqg m 5 ^4>P `/

vr wkdw wkh rffxsdwlrq qxpehuv duh iq+l> m,j1 Jlyhq wkh Kdplowrqldq +415,/ wkh

htxloleulxp surshuwlhv/ lq wkh wkhuprg|qdplf olplw/ duh zhoo nqrzq ^:/ ;`1 Lq

sduwlfxodu/ wkhuh lv d vhfrqg rughu skdvh wudqvlwlrq iru d kdoi0�oohg v|vwhp dw wkh

Rqvdjhu whpshudwxuh 3=89:6M@n� 1 Lq wkh uhvw ri wklv wkhvlv/ wklv txdqwlw| zloo eh

xvhg dv wkh xqlw ri W / wkh whpshudwxuh1 Deryh W @ 4/ wkh v|vwhp lv glvrughuhg

zlwk d krprjhqhrxv +dyhudjh, ghqvlw| jlyhq e| wkh �{hg ryhudoo ghqvlw| �1 Ehorz

wkdw/ wkh v|vwhp glvsod|v skdvh fr0h{lvwhqfh/ surylghg

�3+W , ? � ? �n+W , = +514,

D frqqhfwhg uhjlrq ri orz ghqvlw| +�3, zloo fr0h{lvw zlwk d sduwlfoh0ulfk rqh

+ghqvlw| �n,/ zlwk dssursuldwh duhdv wr vdwlvi| wkh ryhudoo ghqvlw| ri �1 Wkxv/

��+W , lv nqrzq dv wkh +wzr eudqfkhv ri wkh, fr0h{lvwhqfh fxuyh1

Lw lv riwhq frqyhqlhqw wr xvh wkh vslq odqjxdjh ri wkh Lvlqj odwwlfh jdv1 Dw hdfk

vlwh/ wkh vslq yduldeoh v fdq wdnh ydoxhv .4 ru �41 Lghqwli|lqj wkhvh zlwk wkh vlwh

ehlqj rffxslhg ru hpsw|/ zh vhh wkdw

v @ 5q� 4=

Lq wklv odqjxdjh/ wkh sduwlfoh0kroh v|pphwu| lq K lv pdqlihvw lq lwv lqyduldqfh

xqghu wkh joredo fkdqjh= v $ �v1 Dv d uhvxow/ ��+W , @ ^4	p+W ,` @5/ zkhuh

p+W , lv nqrzq dv wkh vsrqwdqhrxv pdjqhwl}dwlrq1 Wkh h{dfw fr0h{lvwhqfh fxuyh

iru wkh odwwlfh jdv ��+W , frphv iurp wkh fhoheudwhg dqdo|wlf irup ri p+W , ^:/ <`1
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Fohduo|/ li wkh ryhudoo ghqvlw| � lv yhu| forvh wr hlwkhu �n ru �3> wkh frqqhfwhg

uhjlrq ri wkh rssrvlwh skdvh zloo jdwkhu lqwr d gursohw zlwk d vlqjoh grpdlq

erxqgdu|1 Dv � lv fkdqjhg wrzdugv 4@5 +zlwk �{hg W ,/ wkh vl}h ri wklv gursohw

zloo eh odujhu/ xqwlo vrph fulwlfdo ydoxh lv uhdfkhg^4;` zkhq wkh grpdlq zloo hqflufoh

wkh wruxv dfurvv wkh vkruwhu glphqvlrq/ l1h1/ plq+O>P,1 Wzr grpdlq erxqgdulhv

+lqwhuidfhv, dsshdu/ erwk qhfhvvdulo| doljqhg zlwk wkh odwwlfh rulhqwdwlrq1 Ydulrxv

surshuwlhv ri wkhvh lqwhuidfhv/ h1j1/ sur�ohv dqg zlgwkv/ duh nqrzq dqg fdq eh

frpsduhg wr vlpxodwlrq uhvxowv1 Lqwhuidfhv zlwk rwkhu rulhqwdwlrqv fdq rqo| eh

dffhvvhg e| lpsrvlqj VSEF/ dv ghwdlohg ehorz1 Lw lv fohdu wkdw/ wr plqlpl}h

lqwhuidfh hqhuj|/ wkh grpdlq zloo vwloo hqflufoh wkh wruxv lq wkh _vkruwhvw% zd|

srvvleoh/ hyhq wkrxjk wkh lqwhuidfhv duh qr orqjhu doljqhg zlwk wkh odwwlfh +Iljxuh

514,1

SPBC

PBC

Iljxuh 514 D Grpdlq ri wkh Lvlqj prgho rq d Odwwlfh zlwk VSEF dqg wkh

Wrurlgdo Uhsuhvhqwdwlrq

Vlqfh zh zloo eh lqwhuhvwhg lq qrq0htxloleulxp surshuwlhv/ zh pxvw vshfli| lwv

g|qdplfv dv zhoo/ l1h1/ dq htxdwlrq iru lwv wlph hyroxwlrq1 Iru wklv zh uho| rq

wkh Pdvwhu htxdwlrq iru wkh suredelolw| wr �qg wkh v|vwhp lq frq�jxudwlrq F dw

wlph w= S ^F> w`1 Ohwwlqj Z ^F $ F �` ghqrwh wkh wudqvlwlrq udwh iurp F wr F�/ wklv

htxdwlrq uhdgv

C|S ^F> w` @
[

��

�
Z ^F �

$ F`S ^F �
> w`�Z ^F $ F

�`S ^F> w`
�

= +515,

Wklv htxdwlrq fdq eh xvhg wr ghvfuleh v|vwhpv hyroylqj wrzdugv wkh htxlole0

ulxp vwdwh/ surylghg wkh udwhv vdwlvi| fhuwdlq frqvwudlqwv1 Lq wkdw fdvh/ wr hqvxuh
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wkdw dq| lqlwldo glvwulexwlrq S ^F> 3` zloo vhwwoh/ dv w $ 4/ lqwr wkh htxloleulxp

Se^^F` +414,/ doo zh qhhg lv wkdw Z lv d ixqfwlrq ri

��K @ �

�
K^F

�

`�K^F`
�

dorqh/ reh|lqj wkh ghwdlohg edodqfh frqglwlrq=

Z +�,@Z +��, @ h
31 = +516,

Zkloh lw lv qrw qhfhvvdu| wr nhhs wklv frqglwlrq iru duelwudu| qrq0htxloleulxp

v|vwhpv/ zh zloo eh lqwhuhvwhg lq wkrvh zklfk fdq eh wxqhg/ frqwlqxrxvo|/ wr wkh

htxloleulxp fdvh1 Wkxv/ lq doo rxu prghov/ udwhv reh| _orfdo ghwdlohg edodqfh/% dv

zloo eh vhhq ehorz1

Iru xv/ dqrwkhu lpsruwdqw frqvwudlqw lv sduwlfoh frqvhuydwlrq/ vr wkdw wkh

g|qdplfv fdq lqyroyh rqo| _sduwlfoh0kroh h{fkdqjhv%1 Wr vlpxodwh uhdo sduwlfoh

gl�xvlrq/ zh vlpso| doorz rqo| h{fkdqjhv ri d qhduhvw qhljkeru sdlu/ l1h1/ �l ru �m

ehlqj 	4 +prg O ruP / uhvshfwlyho|,1 Fohduo|/ wkhvh h{fkdqjhv fdq eh wkrxjkw ri

dv sduwlfoh krsv wr dq xqrffxslhg qhljkerulqj vlwh1 Lq Prqwh Fduor vlpxodwlrqv/

wkh prvw idyrulwh lv wkh Phwursrolv udwh ^53`=

Z ^F $ F �` @ plq i4> h{s +���K,j +517,

zkhuh F dqg F � gl�hu rqo| e| d qhduhvw qhljkeru sduwlfoh0kroh sdlu1

2�2� A�i k@|3�wiML��|3�5TL�? *@||�Ui }@t

Prwlydwhg e| wkh sk|vlfv ri idvw lrqlf frqgxfwruv ^7` dqg wkh txhvw iru qhz ehkdy0

lru lq qrq0htxloleulxp vwhdg| vwdwhv/ Ndw}/ Oherzlw} dqg Vsrkq ^5` lqwurgxfhg d

vhhplqjo| _kdupohvv% prgl�fdwlrq wr wkh deryh prgho/ e| dsso|lqj d orfdo GF

gulyh wr wkh sduwlfohv1 Wr eh suhflvh/ zh lpdjlqh wkh sduwlfohv ehlqj _fkdujhg%

dqg lpsrvlqj dq _hohfwulf% �hog H1 H{fhsw iru wkh SEF/ vxfk d gulyh fdq eh

lqfrusrudwhg lqwr K e| dgglqj wkh whup
[
�c�

mHq+l> m, +518,

zklfk idyruv2vxssuhvvhv krsv dorqj2djdlqvw d _grzqzdugv% srlqwlqj �hog +Iljxuh

514, Lqghhg/ wklv dovr ghvfulehv sduwlfohv lq d frqvwdqw judylwdwlrqdo �hog1 Krzhyhu/

lpsrvlqj SEF lv lqfrpsdwleoh zlwk +518,/ zklfk vsrlov wudqvodwlrqdo lqyduldqfh1

Qhyhuwkhohvv/ lw lv srvvleoh wr gh�qh d wudqvodwlrqdoo| lqyduldqw udwh zklfk prghov

vxfk d gulyh=

Z ^F $ F �` @ plq i4> h{s +���K.H�m,j = +519,

:



Qrwh wkdw �m pxvw eh frpsxwhg prgxor P wr dffrxqw iru wkh SEF1 Zkloh wklv

lv vwloo 	4 iru mxpsv iurp2wr m @ 4>P / d vlplodu wulfn idlov lq +518, dv m prg

P vx�huv d glvfrqwlqxlw| dw rqh urz ri wkh wruxv1 Dv d uhvxow/ wkh vwhdg| vwdwh

glvwulexwlrq SW lv qrw jlyhq vlpso| e| ]3� h{s
k
��

�
K.

S
�c� mHq+l> m,

�l
1 Pruh

lpsruwdqwo|/ xqolnh S W
e^/ lw grhv qrw vdwlvi| joredo ghwdlo edodqfh uhodwlrq1 Iru

htxloleulxp/ zh kdyh

Z ^F $ F
�`S W

e^^F` @Z ^F �
$ F`SW

e^^F
�`=

Iru qrq0htxloleulxp/ zh kdyh

Z ^F $ F
�`S W^F` 9@Z ^F �

$ F`S W^F �`

iru doo sdluv iF>F �
j1 Vlqfh wkh gl�huhqfh ri wkhvh wzr vlghv lv d phdvxuh ri

wkh qhw vwhdg| vwdwh suredelolw| fxuuhqw ehwzhhq F dqg F �/ zh frxog pdnh dq

dqdorj| wr hohfwurpdjqhwlvp khuh1 Zkloh htxloleulxp vwdwhv duh dqdorjxhv ri

hohfwurvwdwlfv/ zlwk wlph lqghshqghqw fkdujh glvwulexwlrq dqg }hur fxuuhqw/ wkhvh

vwdwhv fruuhvsrqg wr wkrvh lq pdjqhwrvwdwlfv zlwk d wlph lqghshqghqw fkdujh

glvwulexwlrq dqg d qrq0}hur vwhdg| fxuuhqw1

Iru yhu| vpdoo v|vwhpv +xs wr 5{7,/ wkh Pdvwhu htxdwlrq +515, zlwk +519, fdq

eh vroyhg h{dfwo| wr jlyh S W ^54/ 55`1 Wkrxjk wkhvh vwxglhv uhyhdo lqwhuhvwlqj

dqg lpsruwdqw gl�huhqfhv ehwzhhq htxloleulxp dqg qrq0htxloleulxp vwhdg| vwdwh

surshuwlhv/ wkh| vkhg yhu| olwwoh oljkw rq fr0rshudwlyh skhqrphqd lq wkh wkhuprg|0

qdplf olplw1 Lqvwhdg/ vxfk surshuwlhv frphv pdlqo| iurp Prqwh Fduor vlpxodwlrq

vwxglhv dqg frqwlqxxp �hog wkhruhwlf dqdo|vlv^6`1

Iurp vlpxodwlrqv/ wklv qrq0htxloleulxp v|vwhp lv irxqg wr glvsod| d vhfrqg

rughu wudqvlwlrq dw doo H/ zlwk WS+H, A 4 dqg � @ 4@51 Deryh fulwlfdolw|/ wkh wzr

srlqw fruuhodwlrq ixqfwlrq glvsod|v srzhu odz ghfd|^56`/ dv rssrvhg wr h{srqhqwldo

ghfd| lq htxloleulxp1 Fruuhvsrqglqjo|/ wkh vwuxfwxuh idfwru lv vlqjxodu dw wkh

ruljlq ^57`/ xqolnh wkh Ruqvwhlq0]huqlnh irup lq wkh H @ 3 fdvh1 Wkh fulwlfdo

surshuwlhv/ suhglfwhg iurp uhqrupdol}dwlrq jurxs dqdo|vlv ^58`/ idoo rxwvlgh wkh

xqlyhuvdolw| fodvv ri wkh htxloleulxp Lvlqj prgho ^43`1 Vxevhtxhqw vlpxodwlrqv zlwk

�qlwh vl}h vfdolqj dqdo|vlv odujho| frq�up wkhvh uhvxowv^59`1 Ehorz fulwlfdolw|/ wkh

v|vwhp glvsod|v skdvh fr0h{lvwhqfh/ wkrxjk rqo| vwulsv sdudooho wr wkh gulyh +l1h1/

lqkrprjhqhlw| wudqvyhuvh wr H, duh vhhq1 Vlpxodwlqj zlwk kdoi0�oohg v|vwhpv zlwk

H @4/ Pduur dqg Ydoohv ^49` phdvxuhg wkh ghqvlwlhv ri wkhvh skdvhv dqg uhsruwhg

wkh fr0h{lvwlqj fxuyh ��+W ,1 Lqflghqwdoo|/ zh vkrxog phqwlrq wkdw/ xvlqj v|vwhpv

zlwk r�0fulwlfdo ghqvlwlhv/ wkhvh dxwkruv irxqg �uvw rughu wudqvlwlrqv zlwklq wkh

��+W , deryh/ ohdglqj wkhp wr frqfoxgh wkdw wkhuh duh wzr fr0h{lvwhqfh fxuyhv

^49`$ Krzhyhu/ wkhvh phdvxuhphqwv kdyh qrw ehhq lqghshqghqwo| yhul�hg1 Qru

;



kdv wkhuh ehhq d v|vwhpdwlf vwxg| ri �qlwh vl}h h�hfwv/ zklfk zrxog/ qdlyho|/ ohdg

wr vlplodu frqfoxvlrqv iru htxloleulxp v|vwhpv1

2��� A�i kw5 4L_i* ��|� t��u|i_ Tih�L_�U ML�?_@h) UL?_�|�L?t

Wkrxjk wkh| vhhp wr eh dfdghplf/ vkliwhg shulrglf erxqgdu| frqglwlrqv surylgh

lqglvshqvdeoh wrrov wr lqyhvwljdwh wkh surshuwlhv ri lqwhuidfhv ehwzhhq fr0h{lvwhqfh

skdvhv1 Zlwk SEF dorqh/ wkh lqwhuidfhv zloo dozd|v eh doljqhg/ rq wkh dyhudjh/

zlwk rqh ri wkh odwwlfh d{hv1 Wr lqgxfh lqwhuidfhv zlwk rwkhu rulhqwdwlrqv/ VSEF

pxvw eh lpsrvhg1 Wklv _wulfn% lv h{sorlwhg h{whqvlyho| iru htxloleulxp Lvlqj prg0

hov ^5:`/ lq erwk g @ 5 dqg 6/ iru �qglqj rulhqwdwlrq ghshqghqfh ri lqwhuidfldo

hqhujlhv/ wkh uhodwlrqvkls wr wkh vwdwlvwlfdo zlgwk ri lqwhuidfhv dqg wkh urxjkhqlqj

wudqvlwlrq ^5;`1 W|slfdoo|/ lq rqo| rqh gluhfwlrq lv wkh erxqgdu| frqglwlrq vkliwhg1

Iru wkh g @ 5 prgho vshfl�fdoo|/ wklv lpsolhv wkh vlwh +l> 4, lv d qhduhvw qhljkeru wr

+l.K>P, iru doo l +dqg/ ri frxuvh/ vlploduo| iru +4> m, dqg +O> m,,1 Lq sduwlfxodu/

zkhq d sduwlfoh dw +l> 4, lv gulyhq _grzqzdugv%/ lw uhdsshduv dw +l.K>P,= Zh

zloo uhihu wr K dv wkh vkliw1

Qdwxudoo|/ vlplodu txhvwlrqv derxw wkh surshuwlhv ri lqwhuidfhv lq d gulyhq v|v0

whp durvh1 Lq frqwudvw wr wkh xqgulyhq v|vwhp/ lq zklfk wkh lqwhuidfldo zlgwk

glyhujhv zlwk wkh vtxduh urrw ri wkh olqhdu v|vwhp vl}h/ wkh h�hfw ri wkh gulyh lv

irxqg wr _vprrwk rxw% wkh lqwhuidfh ^46` vr wkdw wkh zlgwk dsshduv wr frqyhujh1

Lq wklv vhqvh/ H d�hfwv wkh lqwhuidfh olnh d judylwdwlrqdo �hog/ vxssuhvvlqj doo

�xfwxdwlrqv deryh wkh fdsloodu| khljkw1 Vxevhtxhqwo|/ d pruh ghwdlohg lqyhvwljd0

wlrq irxqg wkh khljkw0khljkw fruuhodwlrqv wr eh vlqjxodu lq wkh vpdoo zdyh0yhfwru

olplw ^5<`1 Iru htxloleulxp v|vwhpv/ wkhuh lv d zhoo nqrzq frqqhfwlrq ehwzhhq

vprrwk lqwhuidfhv +idfhwv, dqg nlqnv lq wkh lqwhuidfldo hqhuj| dv d ixqfwlrq ri wkh

rulhqwdwlrq ^47`1 H{sorulqj wkh srvvlelolw| wkdw wklv frqqhfwlrq vxuylyhv lq wkh

gulyhq fdvh/ Prqwh Fduor vlpxodwlrqv zlwk VSEF zhuh fduulhg rxw ^48`/ vr wkdw

hqhujlhv dvvrfldwhg zlwk lqwhuidfhv dw ydulrxv rulhqwdwlrqv fdq eh phdvxuhg1 Khuh/

_hqhuj|% vlpso| uhihuv wr wkh dyhudjh ydoxh ri K zklfk lv gluhfwo| uhodwhg wr wkh

qxpehu ri sduwlfoh0sduwlfoh sdluv1 Pxfk wr wkh vxusulvh ri wkhvh dxwkruv/ wkhuh

lv d nlqn vlqjxodulw| dvvrfldwhg zlwk wkh exon hqhuj| $ Lq vkdus frqwudvw/ VSEF

grhv qrw d�hfw exon txdqwlwlhv lq htxloleulxp1 Wklv ehkdylru fdq eh h{sodlqhg

txdolwdwlyho| e| qrwlqj wkdw wkh wzr lqwhuidfhv lq d wlowhg vwuls duh qrw htxlydohqw/

vlqfh wkh gulyh euhdnv sduwlfoh0kroh v|pphwu|1 Wkh lqwhuidfh zlwk wkh sduwlfoh0

ulfk skdvh _xsvwuhdp% zloo dfw dv d vrxufh ri sduwlfohv iru wkh kroh0ulfk exon/ vlqfh

wkhuh lv d frpsrqhqw ri H dfurvv wkh lqwhuidfh/ vwulsslqj sduwlfohv iurp wkh ghqvh

skdvh1 Vlploduo|/ krohv zloo eh vwulsshg dqg vhqw lq wkh rssrvlwh gluhfwlrq1 Dv d

uhvxow/ wklv lqwhuidfh lv pruh gl�xvlyh dqg lv uhihuuhg wr dv wkh _hydsrudwlqj hgjh%1

<



Rq wkh rwkhu kdqg/ dq lqwhuidfh zlwk wkh sduwlfoh0ulfk skdvh _grzqvwuhdp% dfwv

pruh dv d vlqn iru sduwlfoh0kroh sdluv/ vlqfh erwk sduwlfoh dqg kroh duh gulyhq lqwr

wklv uhjlrq1 Wklv ghqvhu uhjlrq zloo eh fdoohg wkh _devruelqj hgjh%1

Hyhq pruh uhpdundeoh lv wkdw/ iru odujhu dqg odujhu vkliwv/ wkh v|vwhp xqghu0

jrhv d vhulhv ri qryho wudqvlwlrqv/ dv d uhvxow ri wkh frpshwlwlrq ehwzhhq wkh gulyh

dqg wkh lqwhusduwlfoh dwwudfwlrq1 Iluvw/ wkhuh lv d _vsolwwlqj% wudqvlwlrq/ zkhuh wkh

vlpsoh skdvh vhsdudwhg vwdwh zlwk d vlqjoh +ghqvh, vwuls wudqvirupv lqwr rqh zlwk

pxowlsoh vwulsv1 Zkloh M idyruv d vlqjoh _wlowhg% vwuls +vr dv wr plqlpl}h vxuidfh

hqhuj|,/ H wulhv wr doljq wkh lqwhuidfhv _yhuwlfdoo|% +sdudooho wr wkh gulyh,1 Iru

odujh K/ wkh gulyh zlqv dqg/ e| wdnlqj wkh irup ri d vlqjoh/ wklqqhu vwuls zlwk

pxowlsoh zlqglqj durxqg wkh wruxv +Iljxuh 514,/ wkh lqwhuidfhv fdq eh pxfk ehwwhu

doljqhg zlwk H1 Li wkh vkliw lv frpphqvxudwh zlwk O/ wkh v|vwhp pd| glvsod| O@K

yhuwlfdo vwulsv1 Rwkhuzlvh/ wkh pxowlsoh vwulsv zloo dovr eh wlowhg/ wkrxjk qrw dv

pxfk dv lq wkh vlqjoh vwuls fdvh1 Dv K lqfuhdvhv ixuwkhu/ wkh wlow ri wklv pxowl0vwuls

skdvh zloo lqfuhdvh1 Dv d uhvxow/ wkhuh iroorzv d vhtxhqfh ri _phujlqj% wudqvlwlrqv/

zkhuh dq q0vwuls vwdwh ehfrphv dq +q� 4,0vwuls vwdwh1 Wkrxjk wkh phfkdqlvp ri

wkhvh qhz wudqvlwlrqv lv txdolwdwlyho| xqghuvwrrg/ d txdqwlwdwlyho| uholdeoh wkhru|

uhpdlqv hoxvlyh ^63`1

Vlqfh wkh pdlq prwlydwlrq ri wkh vwxglhv xvlqj VSEF olhv lq lqwhuidfldo surs0

huwlhv/ wkh Prqwh Fduor vlpxodwlrqv zhuh shuiruphg rqo| iru kdoi0�oohg/ O @ P

v|vwhpv dw W @ 3=;= Lq wklv vwxg|/ zh irfxv rq wkh exon surshuwlhv ri d gulyhq v|v0

whp zlwk VSEF/ vxfk dv wzr0srlqw fruuhodwlrq ixqfwlrqv lq wkh glvrughuhg skdvh

dqg wkh fr0h{lvwhqfh fxuyh lq wkh orz whpshudwxuh skdvh1 Wkh prgho lv wkh vdph

dv wkdw ghvfulehg lq wkh suhylrxv wzr vhfwlrqv1 Wr nhhs wkh vwxg| pdqdjhdeoh/

zh nhsw wkh vl}h �{hg/ dw O @ :5> P @ 69/ dqg h{soruhg wkh wkuhh0glphqvlrqdo

sdudphwhu vsdfh +K>�> W , ri vkliw/ ryhudoo ghqvlw|/ dqg whpshudwxuh1 Wkh fkrlfh

ri :5� 69 lv reylrxvo| prwlydwhg e| wkh pdq| glylvruv dydlodeoh1

Ehiruh glvfxvvlqj wkh Prqwh Fduor lqyhvwljdwlrqv/ zh suhvhqw wkh h{dfw uhvxowv

iru SW lq d vpdoo v|vwhp/ 5� 6= Wkrxjk wkhvh zloo qrw jlyh xv pxfk lqirupdwlrq

frqfhuqlqj skdvh wudqvlwlrqv/ wkh| zloo r�hu vrph lqwhuhvwlqj frqwudvw wr wkh rqhv

iru wkh gulyhq SEF fdvh1 Iroorzlqj ^54/ 55`/ zh jurxs wkh wrwdo ri 53 frq�jxudwlrqv

lqwr 7/ edvhg rq v|pphwu| ri wudqvodwlrqdo lqyduldqfh dorqh1 +Iljxuh 515, Xqolnh

wkh SEF fdvh/ wkhuh lv qr uh�hfwlrq v|pphwu|/ gxh wr wkh VSEF1 Lq wkh vwhdg|

vwdwh/ doo F*v lq hdfk jurxs pxvw eh htxdoo| suredeoh/ ohdylqj xv zlwk rqo| 7 S W*v1
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               1a             1b            1c            1d         1e       1f

P1*

        2a       2b            2c          2d         2e       2f

P2*

      3a            3b            3c          3d        3e       3f

P3*

      4a            4b

P4*

Iljxuh 515 Suredelolwlhv iru Jurxsv ri Frq�jxudwlrqv lq d 5� 6 Odwwlfh zlwk

VSEF

Irfxvlqj rq H @4 dqg �qlwh W / wkh Pdvwhu htxdwlrq +515,/ zlwk }hur rq wkh

ohiw/ fdq eh hdvlo| vroyhg1 Gh�qlqj { � h3qa / wkh qrupdol}hg glvwulexwlrq lv
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zkhuh wkh vxevfulsw uhihuv wr wkh jurxsv lq Iljxuh 5151 Wkhvh dvvxph wkh irup

S
W

e^� @ {@]> S
W

e^2 @ S
W

e^� @ 4@] > S
W

e^e @ {
�
@]> ] @ 45 . 9{. 5{�

iru wkh H @ 3 htxloleulxp fdvh1

Fohduo|/ wkhvh wzr glvwulexwlrqv duh txlwh gl�huhqw ixqfwlrqv ri W 1 Ohw xv

kljkoljkw d ihz srlqwv1 Dv h{shfwhg/ doo frq�jxudwlrqv duh htxdoo| suredeoh +4253,

iru erwk v|vwhpv dw lq�qlwh whpshudwxuh +{ @ 4,1 Rq wkh rwkhu kdqg/ dw wkh

rssrvlwh h{wuhph +W @ { @ 3,/ wkh xqgulyhq v|vwhp glvsod|v skdvh vhsdudwlrq

+wudqvyhuvh wr wkh gulyh/ lq wklv fdvh,1 Lq frqwudvw wr erwk htxloleulxp dqg gulyhq

SEF fdvhv/ qrqh ri wkh S W*v ydqlvk iru H @ 4 dqg W @ 3 zlwk VSEF1 Rqh

frqvhtxhqfh lv wkh odfn ri frpsohwh +ru pd{lpdo, skdvh vhsdudwlrq1 Wkhvh duh wkh
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�uvw lqglfdwlrqv wkdw wkh exon surshuwlhv ri d gulyhq v|vwhp pd| eh vljql�fdqwo|

d�hfwhg e| lpsrvlqj VSEF1 Dv d �qdo h{dpsoh ri zkdw lqwhuhvwlqj skhqrphqd

fdq eh h{wudfwhg rxw ri vxfk d vlpsoh v|vwhp/ zh kdyh frpsxwhg wkh dyhudjh

+lqwhuqdo, hqhuj| X �? K A/ lwv �xfwxdwlrqv �X2
�? K

2
� X2 A/ dqg wkh

_vshfl�f khdw% CX@CW 1 Mxvw dv lq wkh SEF fdvhv ^55`/ wkh gulyh ohdgv wr rqh

pdqlihvwdwlrq ri wkh ylrodwlrq ri wkh �xfwxdwlrq glvvlsdwlrq wkhruhp +IGW,/ l1h1/

�X2
9@ n�W

2 +CX@CW ,

wkh htxdolw| ri wkh wzr txdqlwlhv lv jxdudqwhhg iru v|vwhpv lq htxloleulxp1

Ilqdoo| zh wxuq wr vlpxodwlrq vwxglhv/ zklfk doorz xv wr h{soruh wkh fr0

rshudwlyh ehkdylru ri pdq|0erg| v|vwhpv dqg irup wkh pdlq sduw ri wklv wkhvlv1

Lq wklv dssurdfk/ rxu :5 � 69 v|vwhpv duh hyroyhg lq wlph/ vwduwlqj lq hlwkhu d

udqgrp ru frpsohwho| rughuhg lqlwldo frq�jxudwlrq1 Khuh/ _frpsohwho| rughuhg%

uhihuv wr kdylqj d vrolgo| �oohg vlqjoh vwuls ri wkh dssursuldwh zlgwk �O/ wlowhg

dssursuldwho| wr vdwlvi| VSEF1 Wkxv/ wkhvh duh wkh W @ 3> H @ 3 frq�jxud0

wlrqv/ zlwk wzr lghqwlfdo/ vkdus lqwhuidfhv wkdw frqvlvw ri d vhulhv ri _ohgjhv% ri

htxdo ohqjwk1 Wlph hyroxwlrq lv txrwhg lq Prqwh Fduor vwhsv1 Gxulqj vxfk d

vwhs/ wkh v|vwhp lv xsgdwhg e| udqgrpo| fkrrvlqj d qhduhvw0qhljkeru sdlu +d

erqg, dqg lpsohphqwlqj +519, li lw lv d sduwlfoh0kroh sdlu1 Vshfl�fdoo|/ wkh| zloo

eh h{fkdqjhg surylghg wkh uhvxowdqw +���K.H�m, lv srvlwlyh> rwkhuzlvh/ zlwk

suredelolw| h{s +���K.H�m, = Lq wkh qh{w wzr Fkdswhuv/ zh suhvhqw rxu dqdo0

|vlv ri wkh glvrughuhg skdvh ri wkh gulyhq v|vwhp iroorzhg e| rxu ghwhuplqdwlrq

ri wkh fr0h{lvwhqfh fxuyh/ xvlqj vhyhudo gl�huhqw phwkrgv1

45




� Cb����-CY�w. ��--.w�CY��7 Y�

CQ. $Y7�-$.-.$ �Q�7.

Wkrxjk wkh prvw lqwhuhvwlqj skhqrphqd lq wkhvh v|vwhpv duh skdvh wudqvlwlrqv/

wkh| gr glvsod| qrq0wulyldo ehkdylru/ xqolnh wkhlu htxloleulxp frxqwhusduwv/ hyhq

lq wkh glvrughuhg vwdwh1 Lq sduwlfxodu/ wkh wzr0srlqw fruuhodwlrq lv orqj udqjhg

^56`/ ghvslwh wkh vkruw udqjhg qdwxuh ri erwk wkh lqwhusduwlfoh lqwhudfwlrqv dqg

wkh krsslqj g|qdplfv1 Wklv fkdswhu lv ghyrwhg wr d vwxg| ri vxfk fruuhodwlrqv1

���� ��UhLtULT�Ut Lu |�i 5�4�*@|�L?t @?_ A)T�U@* �L?�}�h@|�L?t

Wr vlpxodwh d prgho jryhuqhg e| wkh Pdvwhu htxdwlrq +515, zlwk udwhv +519,/ zh

fkrvh d :5�69 odwwlfh1 Lq wkh frpsxwhu frghv/ zh xvhg wkh vslq odqjxdjh/ vr wkdw

v+l> m, @ 	4 +614,

iru hdfk vlwh +l> m,= Wr uh0hpskdvl}h/ vkliwhg shulrglf erxqgdu| frqglwlrq +VSEF,

lpsolhv wkdw wkh iroorzlqj sdluv

+4> m, dqg +:5> m,

+l> 4, dqg +l.K> 69, +615,

duh qhduhvw qhljkeruv1 Lq jhqhudo/ zh kdyh

+l> m, @ +l. :5> m, @ +l.K> m . 69, +616,

Iru frqyhqlhqfh/ zh lqyhvwljdwhg rqo| v|vwhpv zlwk vkliwv zklfk duh glylvruv ri

wkh yhuwlfdo ohqjwk/ l1h1/

K @ 3> 6> 7> 9> <> dqg 4; = +617,

Iru wklv sduw ri rxu vwxg|/ rqo| kdoi0�oohg v|vwhpv duh xvhg/ l1h1/

[

�c�

v+l> m, @ 3= +618,
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Ilqdoo|/ zh vhohfwhg wkuhh whpshudwxuhv= iurp d _kljk% ri 7=3 +lq xqlwv ri wkh

Rqvdjhu whpshudwxuh, wr mxvw deryh fulwlfdolw|/ zklfk duh voljkwo| gl�huhqw iru wkh

ydulrxv vkliwv1 Lq wkh gulyhq fdvhv/ rqo| lq�qlwh H zdv xvhg1 Dq H @ 3 fdvh

zdv dovr lqfoxghg/ iru frqyhqlhqw frpsdulvrqv zlwk wkh htxloleulxp prgho1 Lq wkh

vlpxodwlrqv/ H @4 lv dfwxdoo| 83M=

Vlqfh zh duh irfxvvlqj rq glvrughuhg vwdwhv/ dq lqlwldoo| udqgrp frq�jxudwlrq

lv fkrvhq1 Lq d Prqwh Fduor vwhs / rqh ri wkh :5 � 69 � 5 _erqgv% +l1h1/ sdluv

ri qhduhvw qhljkerulqj vslqv, lv udqgrpo| fkrvhq iru xsgdwh1 Lq wklv pdqqhu/ rq

wkh dyhudjh hdfk erqg kdv wkh vdph fkdqfh ri ehlqj fkrvhq lq d vwhs1 Fohduo|/

li wkh fkrvhq sdlu duh ri htxdo vljqv/ h{fkdqjhv duh xqqhfhvvdu|1 Li wkh| duh ri

rssrvlwh vljqv/ zh frpsxwh wkh fkdqjh lq erwk wkh lqwhuqdo hqhuj| dqg wkh _orfdo

srwhqwldo% gxh wr H=

� � ���K.H�m +619,

dqg/ dffruglqj wr +519,/ h{fkdqjh wkh sdlu zlwk _suredelolw|% plq i4> h{s +�,j1

Wkh Prqwh Fduor _vhfrqg% +PFV, lv gh�qhg wr eh :5�69�5 Prqwh Fduor vwhsv1

W|slfdo uxqv duh 433N PFV orqj1 Jlyhq wkdw wkh wudqvlhqwv lq wkh v|vwhp zloo

xvxdoo| glh grzq lq 53N PFV/ zh wdnh phdvxuhphqwv rq 733 frq�jxudwlrqv lq

wkh odvw ;3N PFV1 Lw lv jhqhudoo| eholhyhg wkdw frq�jxudwlrqv vhsdudwhg e| 533

PFV duh qr orqjhu fruuhodwhg1 Iljxuhv 614d0i vkrz wkh w|slfdo frq�jxudwlrqv iru

v|vwhpv gulyhq lqwr vwhdg| vwdwhv +dv h{klelwhg e| fruuhodwlrqv vwxglhv,/ vxemhfwhg

wr ydulrxv vkliwv dqg whpshudwxuhv1

+d, W@317 +e, W@513 +f, W@418
Iljxuh 614+d, W|slfdo frq�jxudwlrqv iru K @ 3

+d, W@713 +e, W@513 +f, W@417
Iljxuh 614+e, W|slfdo frq�jxudwlrqv iru K @ 6
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+d, W@713 +e, W@513 +f, W@417
Iljxuh 614+f, W|slfdo frq�jxudwlrqv iru K @ 7

+d, W@713 +e, W@513 +f, W@416
Iljxuh 614+g, W|slfdo frq�jxudwlrqv iru K @ 9

+d, W@713 +e, W@513 +e, W@418
Iljxuh 614+h, W|slfdo frq�jxudwlrqv iru K @ <

+d, W@713 +e, W@513 +f, W@418
Iljxuh 614+i, W|slfdo frq�jxudwlrqv iru K @ 4;

��2� A�L�TL�?| �Lhhi*@|�L?t �? 5)t|i4t ��|� ��� @?_ 5���

Vlqfh wkhuh lv qr vsrqwdqhrxv v|pphwu| euhdnlqj deryh fulwlfdolw|/ wkh prvw

surplqhqw ihdwxuh ri rxu vwdwlvwlfdo v|vwhp lv wkh wzr0srlqw fruuhodwlrq1 Gxh

wr wudqvodwlrqdo lqyduldqfh/ rqo| wkh uhodwlyh fr0ruglqdwh ehwzhhq wkh wzr vslqv

duh qhhghg/ vr wkdw zh zulwh

J+{> |, �? v+3> 3,v+{> |, A +61:,

zklfk fduulhv lqirupdwlrq rq wkh suredelolw| wkdw wkh wzr vslqv duh doljqhg1 Lq d

vlpxodwlrq vwxg|/ ? = = = A zloo eh frpsxwhg wkurxjk dyhudjhv erwk lq vsdfh dqg
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wlph1 H{solflwo|/ wkh iruphu lqyroyhv

4

Y

[

�c�

v+l> m,v+l. {> m . |, +61;,

zlwk Y @ OP @ 58<5 khuh1 Zh vkrxog hpskdvl}h wkdw VSEF +616, pxvw eh xvhg

li wkh dujxphqwv lq v+l . {> m . |, h{fhhg +:5/69,1 Wkh wlph dyhudjh lv vlpsoh/

xvlqj wkh 733 frq�jxudwlrqv lq wkh odvw ;3N PFV1

Ehiruh glvsod|lqj wkh uhvxowv/ ohw xv h{dplqh wkh v|pphwu| surshuwlhv ri +61:,1

Zh kdyh/ zlwk SEF/

J+{> |, @ J+�{>�|, +61<,

zklfk pd| eh fdoohg _lqyhuvlrq% v|pphwu|1 Qrwh wkdw wklv lv dq h{dfw v|pphwu|/

reh|hg frq�jxudwlrq e| frq�jxudwlrq1 Ri frxuvh/ lq wkh vshfldo fdvh ri | @ 3/ wklv

v|pphwu| lv vdph dv uh�hfwlrq v|pphwu|= {$�{1 Iru d v|vwhp lq htxloleulxp

ru d gulyhq rqh/ zlwk K @ 3/ zh frxog h{shfw lqyduldqfh xqghu wkdw v|pphwu|

dovr/ l1h1/

J+{> |, @ J+�{> |, +6143,

iru duelwudu| |1 Krzhyhu/ wklv v|pphwu| krogv rqo| rq wkh dyhudjh1 Iru wkh gulyhq

v|vwhp zlwk VSEF/ wkhuh duh qr jhqhudo dujxphqwv iru +6143, wr eh wuxh1

Ilqdoo|/ zh qrwh wkdw wkh fdvh ri | @P@5 lv vshfldo/ olnh wkh | @ 3 SEF fdvh1

Wkhuh lv dq h{dfw uh�hfwlrq v|pphwu|/ durxqg wkh vkliwhg d{lv= { @ K@5= Wr vhh

wklv/ zh xvh +616, dqg rewdlq

J+{.
K

5
>
P

5
, @ J+{ �

K

5
>�

P

5
,

vr wkdw/ e| +61<,/

J+{.
K

5
>
P

5
, @ J+�{.

K

5
>
P

5
,= +6144,

Zkloh lw lv wkh wudglwlrqdo txdqwlw|/ wklv J pd| qrw eh wkh prvw frqyhqlhqw

iru glvsod|lqj rughu dorqj wkh vkliwhg d{hv1 Vlqfh lw pxvw vdwlvi| VSEF/ d sorw ri

lwv frqwrxuv lv h{shfwhg wr glvsod| d vkhduhg fkdudfwhu1 Wkxv/ zh duh ohg wr gh�qh

d vnhzhg fruuhodwlrq ixqfwlrq=

�J+�{> �|, � J+{� �|> |, +6145,

vr wkdw lwv frqwrxu sorwv vdwlvi| SEF lq wkh vkhduhg fr0ruglqdwhv

�{ � {� �|> �| � | +6146,
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zkhuh

� � K@P

Lq sduwlfxodu/ iru d frpsohwho| rughuhg vwdwh zlwk d vlqjoh wlowhg vwuls +h1j1/ lq

wkh W @ H @ 3 fdvh zlwk VSEF,/ lw zrxog eh lqyduldqw xqghu erwk sdulw| dqg

uh�hfwlrq=
�J+�{> �|, @ �J+��{>��|, @ �J+��{> �|, @ �J+�{>��|,=

Qrwh wkdw/ vlqfh J lv gh�qhg rqo| iru lqwhjhu ydoxhv ri +{> |,/ �J zloo qrw _olh% rq d

vtxduh odwwlfh1 Zkdw wkhvh wzr fruuhodwlrq ixqfwlrqv hpskdvl}h lv wkh frpshwlwlrq

ehwzhhq wkh gulyh dqg wkh erxqgdu| frqglwlrq1 Lq sduwlfxodu/ zh zloo glvfxvv wkh

urohv sod|hg e| J dqg �J lq glvsod|lqj wkh vljql�fdqw gl�huhqfhv ehwzhhq wkh

K @ 7 dqg 4; fdvhv1 Lq Iljxuhv 615d0i dqg 616e0i/ zh vkrz frqwrxu sorwv ri erwk

J dqg �J iru wkh vwdwhv dvvrfldwhg zlwk frq�jxudwlrqv vkrzq lq Iljv1 614d0i1 Iru

ylvlelolw| lq wkhvh sorwv/ wkh qrupdol}dwlrq idfwru 4@Y lq +61;, lv vxssuhvvhg1
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Iljxuh 615 +d, Frqwrxu Sorw ri J+{/|, iru K@3
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+e, W@513
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+f, W@418

Iljxuh 617 Frqwrxu sorw ri J+{> |, iru dq htxloleulxp v|vwhp zlwk SEF1

Qrw vxusulvlqjo|/ lq wkh gulyhq v|vwhpv/ fruuhodwlrqv duh kljko| dqlvrwurslf/

ehlqj srvlwlyh dorqj wkh �hog dqg qhjdwlyh lq wkh wudqvyhuvh gluhfwlrq1 Wkh| duh

fohduo| vwurqjhu wkdq lq wkh H @ 3 fdvh/ exw fruuhodwlrqv duh qrw dq h�flhqw zd|

wr phdvxuh txdqwlwdwlyho| wkh orqj udqjhg qdwxuh ri wkh fruuhodwlrqv1 Wkh odujh

glvwdqfh h�hfwv duh pruh wudqvsduhqw wkurxjk wkh vwuxfwxuh idfwruv/ wkh wrslf ri

wkh qh{w vhfwlrq1 Khuh/ ohw xv srlqw rxw vrph lqwhuhvwlqj ihdwxuhv1

Iru d v|vwhp lq htxloleulxp/ zh vkrxog h{shfw wkdw/ lq wkh qhljkerukrrg ri

+3> 3,/ fruuhodwlrqv vkrxog qrw eh pxfk d�hfwhg e| wkh erxqgdu| frqglwlrqv1 Lq

sduwlfxodu/ wkh fruuhodwlrq ohqjwk lv vpdoo idu deryh fulwlfdolw|/ vr wkdw VSEF

pdnhv olwwoh lpsdfw rq wkh fruuhodwlrq ixqfwlrq1 Wkxv/ zh h{shfw wkdw J zrxog

eh txlwh dghtxdwh1 Rq wkh rwkhu kdqg/ dv zh dssurdfk WS dqg wkh fruuhodwlrq

ohqjwk uhdfkhv wkh v|vwhp vl}h/ VSEF zloo xqgrxewhgo| pdnh lwv suhvhqfhv ihow/

vr wkdw xvlqj �J zrxog eh pruh frqyhqlhqw1

Lq frqwudvw/ wkh vlwxdwlrq lv pruh frpsoh{ iru d gulyhq v|vwhp1

Iru yhu| kljk whpshudwxuhv/ wkhuh lv olwwoh fruuhodwlrq lq jhqhudo dqg zh pd|

h{shfw wkdw J ru �J zloo eh vljql�fdqw rqo| qhdu wkh ruljlq1 Wkxv/ wkh h�hfwv ri

VSEF duh h{shfwhg wr eh plqlpdo1 Iurp wkh W @ 7 sorwv lq Iljv1 615/ zklfk

vkrz wkh J*v xs wr m{m> m|m @ </ wkh frqwrxuv duh hvvhqwldoo| lqghshqghqw ri wkh
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vkliw1 Ri frxuvh/ wklv dovr phdqv wkdw wkh fruuhvsrqglqj sorwv iru wkh �J*v +Iljv1

616, ehfrph lqfuhdvlqjo| vodqwhg iru odujh K1

Iru lqwhuphgldwh W *v/ wkh h�hfwv ri K 9@ 3 duh douhdg| glvfhuqleoh/ vlqfh wkh

fruuhodwlrqv duh orqjhu0udqjhg1 Dv W lv orzhuhg wrzdugv fulwlfdolw|/ wkhvh h�hfwv

duh qrw rqo| txlwh surqrxqfhg/ wkh| ohdg xv wr wkh glvwlqfwlrq ehwzhhq orz dqg

kljk vkliw vwdwhv1 Wkh uhdvrq olhv lq wkh glsrodu irup ri wkh orqj0udqjh fruuhodwlrqv/

l1h1/ srzhu odz ghfd|v zlwk d srvlwlyh2qhjdwlyh dpsolwxgh dorqj2wudqvyhuvh wr wkh

gulyh ^56/ 57`1 Dowkrxjk doo suhylrxv vwxglhv ri fruuhodwlrqv duh edvhg rq v|vwhpv

zlwk SEF/ zh pd| dvvxph wkdw wklv doljqphqw zlwk H frqwlqxhv wr krog hyhq

zlwk VSEF1 Wkh uhvxow lv d frpshwlwlrq ehwzhhq H/ zklfk idyruv wkh odwwlfh

rulhqwdwlrq vsludoolqj grzq wkh wruxv/ dqg wkh lqwhusduwlfoh lqwhudfwlrqv/ zklfk

idyruv wkh rulhqwdwlrq lpsrvhg e| wkh VSEF +Vhh Ilj1 514,1 Fhuwdlqo|/ wklv

frpshwlwlrq lv uhvsrqvleoh iru wkh skhqrphqd ri rughuhg vwdwhv zlwk pxowlvwulsv

ehorz fulwlfdolw| ^48`1 Lq wkdw fdvh/ wkhuh duh vljql�fdqw gl�huhqfhv ehwzhhq _orz

vkliwv% +K@P 1 43@433, dqg _kljk% rqhv +K@P ) 48@433,1 Khuh/ zlwk P @ 69/

vlplodu lpsruwdqw gl�huhqfhv ehwzhhq _orz vkliwv% +K @ 6> 7, dqg _kljk% rqhv

+K @ <> 4;, duh fohduo| vhhq zlwklq wkh glvrughuhg vwdwhv1 Hvshfldoo| iru wkh

v|vwhpv dw wkh orzhu W / zh vhh wkdw/ iru orz vkliwv/ wkh frqwrxuv qhdu wkh ruljlq

duh doljqhg pruh yhuwlfdoo| lq J/ exw wkh frqwrxuv iduwkhu iurp wkh ruljlq duh

doljqhg pruh yhuwlfdoo| lq �J1 Krzhyhu/ iru kljk vkliwv/ hvvhqwldoo| doo sduwv ri wkh

frqwrxuv duh vodqwhg lq �J/ hyhq wkrxjk wkh| duh frqvwuxfwhg wr vdwlvi| SEF lq

wkhvh sorwv$ E| frqwudvw/ wkh| duh edvlfdoo| yhuwlfdo lq J1 Wklv gl�huhqfh ehwzhhq

wkh K @ 6> 7 dqg <> 4; sorwv ghprqvwudwhv wkdw/ iru odujh K@P / wkh gulyh h{huwv d

pruh surirxqg lq�xhqfh dqg wkh sduwlfohv vlpso| foxvwhu lqwr vwulsv doljqhg zlwk

H exw pxowlso| zrxqg durxqg wkh wruxv wr dffrpprgdwh wkh VSEF1 Wkhvh uhvxowv

duh fohduo| frqvlvwhqw zlwk pxowlvwuls vwdwhv lq v|vwhpv vxemhfwhg wr odujh vkliwv

dqg orz whpshudwxuhv1

Wklv frpshwlwlrq ehwzhhq H dqg M lv reylrxvo| ohvv gudpdwlf dw kljk whp0

shudwxuhv1 Lq idfw/ wkh srzhu odz jlyhv zd| wr d frqvwdqw qhjdwlyh fruuhodwlrq/

gxh wr wkh frqvhuydwlrq odz lq d �qlwh v|vwhp ^6`1 Dv d uhvxow/ wkh grplqdqw

ihdwxuhv lq wkh W @ 7 fdvhv duh mxvw wkh dqlvrwurslf fruuhodwlrqv qhdu wkh ruljlq1

Fohduo|/ wkhuh lv d ulfk furvvryhu skhqrphqrq/ iurp wkh kljk W uhjlph wr qhdu

fulwlfdolw|/ vlqfh wkhuh duh gudvwlf gl�huhqfhv ehwzhhq kljk dqg orz vkliwv dw orz

whpshudwxuhv1 D pxfk pruh h{whqvlyh vwxg| zloo eh qhfhvvdu| wr h{soruh wkhvh

frpsoh{lwlhv1
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Lq wklv vhfwlrq/ zh vwxg| wkh odujh glvwdqfh ehkdylru ri fruuhodwlrq ixqfwlrqv/

zklfk duh h{shfwhg wr glvsod| srzhu odz ghfd|v1 Lqvwhdg ri �qglqj +61:, iru

odujh ydoxhv ri +{> |, dqg �wwlqj wkh fxuyhv/ d ehwwhu phwkrg uholhv rq phdvxulqj

wkh Irxulhu wudqvirupv/ qdpho|/ wkh vwuxfwxuh idfwruv1 Zlwk SEF +K @ 3,/ wkh

gh�qlwlrq lv vwdqgdug=

V+n, @
[

 

? v+3,v+{, A h�!u +6147,

zkhuh { @ +{> |, dqg

n @+n%> n+, @ 5�
�q%
O
>
q+

P

�
+6148,

zlwk

q% @ 3> 4> = = = > O� 4

q+ @ 3> 4> = = = >P � 4= +6149,

Lq idfw/ wklv lv dovr d pruh h�flhqw phwkrg/ vlqfh +6147, fdq eh rewdlqhg iurp
phdvxulqj

i+n, @
4s
Y

[
 

v+{,h�!u +614:,

�uvw dqg wkhq shuiruplqj rqo| wkh _wlph% dyhudjh ryhu mi+n,m2/ l1h1/

V+n, � 
mi+n,m2�
|
= +614;,

Wklv lv wkh _ruglqdu|% vwuxfwxuh idfwru1 Ri frxuvh/ rxu lqwhuhvw zloo eh lq wkh
ehkdylru ri V*v dw orz n/ vlqfh wkh| grplqdwh wkh odujh { surshuwlhv ri J+{,=

Iru v|vwhpv zlwk VSEF/ krzhyhu/ lw lv qrw lpphgldwho| reylrxv wkdw htqv1
+6147,0+614;, uhpdlq phdqlqjixo1 Wkhuh lv qr txhvwlrq wkdw/ li zh zhuh wr fxw rxu

wrurlgdo vdpsoh dqg od| lw �dw/ dv zh zloo gr lq suhvhqwlqj frq�jxudwlrqv khuh/
wkhq wkhvh duh wkh irupxodh iru suhglfwlqj wkh uhvxow ri/ vd|/ oljkw vfdwwhulqj wkhuh0

iurp1 Krzhyhu/ lw lv dovr fohdu wkdw vxfk d surfhgxuh lqwurgxfhv dq _duwl�fldo%
glvfrqwlqxlw| lq wkh frq�jxudwlrq/ l1h1/ wkh fxw1 Dqrwkhu shuvshfwlyh lv wr uhfdoo

wkdw htqv1 +6147,0+614;, duh ydolg iru dq lq�qlwh v|vwhp iruphg e| wlolqj/ shulrgl0
fdoo|/ zlwk wkh _fxw0odwwlfh%1 Lq vxfk dq lq�qlwh v|vwhp/ qhduhvw qhljkeruv dfurvv
wkh +krul}rqwdo, fxwv duh qrw qhduhvw qhljkeruv lq wkh ruljlqdo odwwlfh= +615,1
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Iurp d wklug shuvshfwlyh/ wkh gl�fxow| zlwk +614:, lv wkdw wkh edvlv vhw/ h�!u 

zlwk +6148/6149,/ grhv qrw vdwlvi| wkh fruuhfw erxqgdu| frqglwlrqv1 Lqvwhdg/ zh

vkrxog frqvwuxfw d vhw zklfk grhv vdwlvi| +616,1 Wkh uhvxow lv h�
�!u zkhuh

�n @+�n%> �n+, @ 5�

�
q%

O
>
q+

P
� q%K

OP

�
+614<,

zlwk lqwhjhu q*v +6149,1 Vlqfh v+{, vdwlv�hv VSEF e| frqvwuxfwlrq/ lw fdq eh
h{sdqghg lq wklv frpsohwh vhw ri ixqfwlrqv zklfk dovr vdwlvi| VSEF=

v+{, @
[
!

i+�n,
h3��!u 

s
Y

= +6153,

Qrwlqj wkdw/ gxh wr [
 

h3��!�
u h�

�!u @ Y ��!� c�!
>

h�
�!u @

s
Y lv vwloo dq ruwkrqrupdo vhw/ zh kdyh

i+�n, @
4s
Y

[
 

v+{,h�
�!u = +6154,

Wr hpskdvl}h/ dowkrxjk wklv h{suhvvlrq dsshduv wr eh wkh vdph dv +614:,/ wkh|
duh dfwxdoo| gl�huhqw/ vlqfh wkh doorzhg �n*v duh jlyhq e| +614<, khuh/ udwkhu wkdq

wkh n*v ri +6148, deryh1
Jlyhq d vhqvleoh Irxulhu uhsuhvhqwdwlrq iru wkh frq�jxudwlrq/ +6153/ 6154,/ zh

fdq vwxg| wkh dpsolwxghv +dqg skdvhv, ri i 1 Lq sduwlfxodu/ iroorzlqj wkh vwhsv iru
SEF/ zh fdq mxvw gh�qh vnhzhg vwuxfwxuh idfwruv e|

�VM+q%> q+, �
G
mi+�n,m2

H
|

= +6155,

Qrwh wkdw zh kdyh lqfoxghg d vxevfulsw/ wr lqglfdwh wkh vshfl�f vkliw dvvrfldwhg1

Wkh lqirupdwlrq frqwdlqhg lq +6155, lv/ ri frxuvh/ wkh vdph dv wkdw lq +614;, iru
dq lq�qlwh v|vwhp zlwk frqwlqxrxv {1 Iru �qlwh glvfuhwh v|vwhpv/ krzhyhu/ wkh

gl�huhqfh lv suredeo| ehvw vhhq wkurxjk d frpsdulvrq gldjudp +Ilj1 618, lq zklfk
zh kdyh lghqwl�hg wkh doorzhg zdyh0yhfwruv iru wkh wzr fdvhv1
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0
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Iljxuh 618 Doorzhg ydoxhv lq wkh vsdfh ri zdyh0yhfwruv iru K @ 4;=
Grwv+wuldqjohv, duh dvvrfldwhg zlwk ruglqdu|+vnhzhg, vwuxfwxuh idfwruv1

Wr dssuhfldwh wklv frpsdulvrq/ zh kdyh flufohg d vlqjoh frpsrqhqw zklfk lv

uhsuhvhqwhg gl�huhqwo|/ qdpho|/ V+7> 3, @ �V�H+7> 4,1 Lq Wdeoh 618/ zh vhh wkdw
wkhvh wzr hqwulhv frqwdlq lghqwlfdo ydoxhv1 Ixuwkhu v|pphwu| surshuwlhv dqg dq
h{dpsoh ri V dqg �Ve iru wkh frpsohwho| rughuhg vwdwh dw kdoi �oolqj pd| eh irxqg

lq Dsshqglfhv E dqg F1
Zlwk wkhvh uhpdunv lq plqg/ zh wxuq wr wkh gdwd1 Lq wklv fkdswhu/ rqo| kdoi0

�oohg v|vwhpv kdyh ehhq xvhg/ vr wkdw V+3> 3, @ �VM+3> 3, � 3 lq doo fdvhv1 Dv
d whvw ri rxu vlpxodwlrqv/ zh �uvw uhsuhvhqw/ lq Wdeohv 614d dqg e/ wkh gdwd iru

v|vwhpv zlwk SEF +K @ 3, dw W @ 4=8/ erwk lq htxloleulxp dqg xqghu wkh gulyh
+H @4,1 Ri frxuvh/ wkhuh lv qr qhhg wr vwxg| �V khuh1

Wdeoh 614 +d, V+n, iru H@3/ W@418/ K@3

=

q+q q% 3 4 5 6 7 8 9 : ; <

3 313 919 91; 81< 814 814 715 61; 619 614

4 81: 91: 919 913 817 718 717 618 615 51<

5 815 818 813 813 718 714 619 615 51; 519

6 714 713 716 713 619 618 613 51: 518 517

7 615 615 615 615 613 51: 519 516 516 514

8 519 51: 51; 518 515 515 515 513 41< 41:

9 516 513 513 513 513 41; 41< 41; 41: 417

: 41: 4/: 41: 419 419 419 418 417 416 417

; 418 417 417 417 417 417 416 416 415 415

< 415 416 415 416 415 414 415 415 31< 413
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Wdeoh 614 +e, V+n, iru H@4/ W@418/ K@3

=

q+q q% 3 4 5 6 7 8 9 : ; <

3 313 4:1< 551: 4913 4715 4415 ;1; :1: 916 817

4 416 418 419 514 519 615 619 617 61; 619

5 31< 413 414 415 418 41< 513 514 516 517

6 31; 31< 413 413 414 416 416 416 419 41:

7 31; 31< 31< 31; 413 31< 415 415 415 416

8 31: 31: 31; 413 31< 31< 413 413 414 414

9 31; 31: 31; 31; 31: 31< 413 31< 31< 414

: 31; 31; 31; 31; 31; 31; 31; 31< 31< 31;

; 31: 31; 31; 31< 31; 31; 31; 31< 31< 31<

< 31; 31: 31; 31; 31; 31; 31; 31; 31; 31;

Iru wkh htxloleulxp fdvh/ V lv pruh ru ohvv lvrwurslf/ shdnlqj qhdu wkh ruljlq1

Wr glvfhuq wklv surshuw|/ zh hpskdvl}h wkdw wkhvh hqwulhv pxvw eh h{dplqhg zlwk
Ilj1 618 lq plqg/ vr wkdw/ h1j1/ V+5> 3, vkrxog eh frpsduhg wr V+3> 4,= Dqwlflsdwlqj

d Ruqvwhlq0]huqlnh irup iru V+n,/ zh vhh wkdw V+4> 3, zloo eh wkh odujhvw frpsr0
qhqw/ mxvw ehfdxvh lw lv forvhu wr wkh ruljlq1 Xqolnh wkh gulyhq fdvh/ dq| v|vwhpdwlf

ghyldwlrq ri wkh udwlr V+4> 3,@V+3> 4, iurp xqlw| lv qrw d vljqdo ri wkh ylrodwlrq ri
wkh �xfwxdwlrq glvvlsdwlrq wkhruhp$ Vlqfh qr glvfrqwlqxlw| lv h{shfwhg dw n @ 3/
wklv udwlr zloo dssurdfk xqlw| lq wkh wkhuprg|qdplf olplw1 Krzhyhu/ dv W lv

orzhuhg wr 4/ zh fdq h{shfw V+4> 3, wr _glyhujh% �uvw/ vljqdolqj rughu lq d vwdwh
zlwk d vlqjoh vwuls doljqhg yhuwlfdoo|1 Wklv ehkdylru lv hqwluho| frqvlvwhqw zlwk wkh

v|vwhp dvvxplqj d vwdwh zlwk plqlpdo vxuidfh hqhuj|1
Lq vkdus frqwudvw/ V lv vwurqjo| dqlvrwurslf iru wkh gulyhq v|vwhp/ dv h{shfwhg1

Grplqdwhg e| wkh sxuho| wudqvyhuvh frpsrqhqwv +q+ @ 3,/ lw glvsod|v wkh �qlwh
glvfrqwlqxlw| vlqjxodulw| dw wkh ruljlq ^57`/ zkhwkhu zh frpsduh V+4> 3, ru V+5> 3,

wr V+3> 4,1 Wr eh frqvlvwhqw zlwk htxloleulxp fdvhv/ zh zloo irfxv rq wkh udwlr

U � V+5> 3,

V+3> 4,
= +6156,

Lq Wdeoh 615/ zh suhvhqw U iru wkhvh v|vwhpv iru W @ 4=8> 5=3> dqg 7=31 Lq wkhvh

uxqv/ zlwk dq lqlwldoo| udqgrp vwdwh/ wkh v|vwhp lv �uvw vhw dw W @ 7=3 dqg hyroyhg
iru 433N PFV1 Iru hdfk ri wkh vxevhtxhqw whpshudwxuhv/ wkh v|vwhp lv hyroyhg iru

d ixuwkhu 433N PFV zlwkrxw uhvhwwlqj wkh frq�jxudwlrq wr udqgrp1 Dv xvxdo/ iru
hdfk vhjphqw/ rqo| wkh �qdo ;3N PFV duh xvhg iru frpsxwlqj dyhudjhv1 E| wklv

phwkrg/ lw lv krshg wkdw wkh orzhvw whpshudwxuh vwxglhg zloo eh pruh olnho| wr eh
lq d vwhdg| vwdwh diwhu +wkh glvfdughg, 53N PFV1 Wkh uhdvrq iru fkrrvlqj W @ 4=8
lv wkdw/ iru wkh gulyhq fdvh/ orqj udqjh rughu lv nqrzq wr vhw lq dw W * 4=74^59`1
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Lq doo fdvhv/ wkhuh lv qr txhvwlrq wkdw/ zlwklq wkh huuruv/ U lv htxdo wr dqg
glvwlqfw iurp xqlw| iru/ uhvshfwlyho|/ wkh H @ 3 dqg H @4 fdvhv1

Wdeoh 615 U iru htxloleulxp dqg gulyhq v|vwhpv zlwk SEF
HqW 713 513 418

3 4134 31<7 4153

4 41:8 7164 4;149

Wkh vljql�fdqfh ri U 9@ 4 dqg lwv uhohydqfh wr srzhu odz ghfd| ri fruuhodwlrqv lv
xqghuvwrrg ^57`/ vr wkdw wkh frqqhfwlrq zloo qrw eh uh0lwhudwhg khuh1 Zkdw zh kdyh

irxqg lv vlpso| d frq�updwlrq ri wklv zhoo nqrzq surshuw| lq gulyhq v|vwhpv zlwk
SEF1 Dv d ixuwkhu whvw ri rxu vlpxodwlrqv/ zh kdyh frpslohg klvwrjudpv iurp wkh

733 vdpsohv ri mi+n,m2 lq hdfk uxq1 Zh yhul�hg wkdw wkhvh duh zhoo dssur{lpdwhg
e| dq h{srqhqwldo glvwulexwlrq/ zklfk lv wkh h{shfwhg ehkdylru lq d glvrughuhg
vwdwh idu iurp fulwlfdolw| ^64`1 Wkh ydoxhv vkrzq lq doo wkh Wdeohv duh dyhudjhv

ryhu wkhvh glvwulexwlrqv1
Ilqdoo|/ zh wxuq wr gulyhq v|vwhpv zlwk qrq0wulyldo vkliwv1 Iru hdfk K/ wkh

phwkrgv xvhg duh wkh vdph dv deryh= vwduwlqj zlwk d udqgrp frq�jxudwlrq/ wkh
v|vwhp lv txhqfkhg wr W @ 7=3 iru 433N PFV dqg vxevhtxhqwo|/ zlwkrxw uhvhwwlqj

wkh frq�jxudwlrqv/ frrohg wr 5=3 dqg wkhq d whpshudwxuh eholhyhg wr eh voljkwo|
deryh fulwlfdolw|1 Dv zh zloo vhh lq wkh qh{w fkdswhu/ rughulqj grhv qrw vhw lq dw

wkh vdph W iru v|vwhpv zlwk gl�huhqw K 1 Lq doo uxqv dqg iru hdfk W / zh hyroyhg
wkh v|vwhpv iru 433N PFV dqg xvhg wkh odvw ;3N PFV iru phdvxuhphqwv +vr wkdw

wkh vdpsoh vl}h lv dozd|v 733,1
Dv lq wkh SEF fdvhv/ wr jhw d pruh ghwdlohg slfwxuh ri wkhvh vwuxfwxuh idfwruv/

zh frpslohg klvwrjudpv ri wkhlu mi+n,m2 glvwulexwlrqv1 Doo duh frqvlvwhqw zlwk

ehlqj h{srqhqwldoo| glvwulexwhg1 Iljxuhv 619 dqg 61: vkrz wkh klvwrjudpv iru
vhohfwhg vwuxfwxuh idfwruv iru wkh K @ 7 dqg 4; fdvhv1 Wkh K@7 fdvh vkrzv wkh

vnhzhg vwuxfwxuh idfwruv dw wkuhh gl�huhqw whpshudwxuhv1 Iljxuh 61: frpsduhv
ruglqdu| vwuxfwxuh idfwruv wr wkh vnhzhg rqhv dw W@4181
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Iljxuh 619 Klvwrjudpv iru V+4/3, dqg V+3/4, iru K@7/ W A WS
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Iljxuh 61: Klvwrjudpv iru Vrph Vwuxfwxuh Idfwruv iru K @ 4;/ W@418

Dv zh vhh/ lpsrvlqj VSEF kdv qr gudvwlf h�hfw rq wkh vkdsh ri wkhvh glvwul0
exwlrqv1 Lqvwhdg ri �wwlqj wkhvh wr h{srqhqwldov/ zklfk uhtxluhv ehwwhu vwdwlvwlfv

dqg orqjhu uxqv/ zh frpsxwh rqo| wkh dyhudjhv dqg vwdqgdug ghyldwlrqv1 Wkh
odwwhu/ ghqrwhg e| �V ru � �VM / zrxog eh lghqwlfdo wr wkh dyhudjhv +V ru �VM, iru

dq h{srqhqwldo glvwulexwlrq1 Wkxv/ frpsdulqj wkhvh txdqwlwlhv zrxog surylgh d
jrrg lqglfdwlrq ri wkh h{shfwhg glvwulexwlrq1 Dv dq h{dpsoh/ zh vkrz lq Wdeohv

616 wkhvh txdqwlwlhv/ rqo| iru wkh wzr orzhvw vnhzhg vwuxfwxuh idfwruv/ iru doo vkliwv1
Lq doo fdvhv/ wkhvh txdqwlwlhv duh htxdo zlwklq vwdwlvwlfdo huuruv
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Wdeoh 616 +d, Vwdwlvwlfv iru �VM lq v|vwhpv zlwk orz vkliwv
K @ 3 K @ 6 K @ 7

vwdwlvwlf W @ 7=3 5=3 4=8 7=3 5=3 4=6 7=3 5=3 4=6

�VM+4> 3, 4=;4 8=38 54=77 4=;4 7=:; 5;=94 4=:8 6=<4 63=<3

��VM+4> 3, 4=:: 8=46 54=79 4=:9 7=<6 65=68 4=97 6=:: 5<=;:

�VM+3> 4, 3=<9 4=3; 4=58 3=<6 4=4: 4=94 3=<< 4=3: 4=99

��VM+3> 4, 3=<4 4=44 4=9: 3=;8 4=47 4=84 4=34 4=3< 4=97

Wdeoh 616 +e, Vwdwlvwlfv iru �VM lq v|vwhpv zlwk kljk vkliwv

K @ 9 K @ < K @ 4;

vwdwlvwlf W @ 7=3 5=3 4=6 7=3 5=3 4=8 7=3 5=3 4=8

�VM +4> 3, 4=;: 7=66 46=;3 4=88 6=;6 :=88 4=78 5=4: 6=:3

� �VM +4> 3, 4=9; 7=5; 46=;: 4=7< 6=89 :=3< 4=78 4=<9 6=79

�VM +3> 4, 3=<; 4=3; 4=9< 3=<: 4=38 4=9; 4=36 4=46 4=73

��VM +3> 4, 3=<: 4=4: 4=95 4=35 4=47 4=:3 3=<8 4=43 4=67

Zlwk vrph frq�ghqfh lq wkh phdvxuhphqwv ri wkh vwuxfwxuh idfwruv/ zh �uvw
frqvlghu wkrvh zlwk zdyh yhfwruv qhdu }hur/ vlqfh wkhvh duh wkh rqhv zklfk grpl0

qdwh wkh fruuhodwlrqv dw odujh glvwdqfhv1 Lq sduwlfxodu/ zh txrwh lq Wdeoh 617 wkh
ydoxhv iru wkh udwlrv U +6156, dqg

�U �
�VM+5> 3,
�VM+3> 4,

= +6157,

Wdeoh 617 Wkh udwlrv +6156, dqg +6157, iru doo v|vwhpv1-W @ 4=6 iru K @ 6> 7> 9

W q K 3 6 7

U U �U U �U

7=3 4=:8 5=36 5=3; 4=:8 4=::

5=3 7=64 6=:9 6=;7 7=64 7=83

4=8@4=6� 4;=49 5:=7< 5;=46 4:=<9 4;=95

W q K 9 < 4;

U �U U �U U �U

7=3 4=:; 4=;: 4=<4 5=34 4=83 4=84

5=3 6=89 6=:9 5=<3 6=59 4=9; 5=3<

4=8@4=6� ;=37 ;=9; 7=46 7=:; 4=<< 5=67

5<



Dv h{shfwhg/ wkhvh udwlrv duh doo juhdwhu wkdq xqlw| e| vx�flhqwo| vljql�fdqw
dprxqwv1 Wkrxjk wkhuh duh plqru gl�huhqfhv ehwzhhq U dqg �U/ zh pd| gh0
foduh wkdw wkh ylrodwlrq ri wkh �xfwxdwlrq glvvlsdwlrq wkhruhp frqwlqxhv wr krog

lq doo v|vwhpv zlwk VSEF dqg wkdw orqj udqjh fruuhodwlrqv duh suhvhqw1 Jlyhq
�VM+3> 4, � V+3> 4,/ wkh idfw wkdw �U A U lq doo fdvhv pd| eh dq lqglfdwlrq ri wkh

kljkhu vhqvlwlylw| ri �VM+5> 3, wr sduwlfoh fruuhodwlrqv dorqj wkh vnhzhg gluhfwlrq1
Qh{w/ zh wxuq wr vwuxfwxuh idfwruv dw kljkhu zdyh qxpehuv1 Wkhvh zloo wxuq

rxw wr fduu| vljql�fdqw dprxqwv ri wkh wrwdo _lqwhqvlw|% +
S

!
V+n, @Y J+3, � Y ,1

Rqh ri wkh h�hfwv ri wkh VSEF lv wkdw vrph rughuhg vwdwhv frqvlvw ri pxowlvwulsv/

hvshfldoo| iru kljk K 1 Lq wkh glvrughuhg vwdwh/ wkh suhfxuvruv ri wklv w|sh ri

rughulqj duh lqfuhdvhg lqwhqvlwlhv lq vwuxfwxuh idfwruv zlwk kljkhu n1 Wdeoh 618

vkrzv erwk V dqg �Ve iru q% 5 ^3> <` dqg q+ @ 3> 4/ lq d orz vkliw v|vwhp iru ydulrxv

whpshudwxuhv1

Wdeoh 618 Ruglqdu| dqg vnhzhg vwuxfwxuh idfwruv iru K @ 7

q+q q% 3 4 5 6 7 8 9 : ; <

V+q%> q+, dw W @ 7=3

3 313 41:8 41:6 419: 41:9 41:< 41:4 4196 419; 419:

4 1<< 4136 4164 4193 4197 4195 41:3 41:7 4185 4186

�Ve+q%> q+, dw W@ 7=3

3 313 41:8 41:8 419: 41:9 41;7 41;3 41;: 41:9 4199

4 1<< 4136 4165 4199 41:5 4197 41;9 4197 419< 419;

V+q%> q+, dw W @ 5=3

3 313 61<3 7194 7145 61:: 61:5 617: 615< 51<4 614<

4 413: 4165 41:< 5176 519< 51;6 51<8 51:3 5189 5196

�Ve+q%> q+, dw W@ 5=3

3 313 61<4 71;4 7167 7143 7148 61;: 6193 615< 6144

4 413: 4165 41:< 517; 51:6 6144 6166 6169 615< 614<

V+q%> q+, dw W @ 4=6

3 313 6318: 5<1;4 5:1:7 531<5 48138 44143 :1;< 9143 815;

4 4199 41;3 5156 6135 61;9 7149 7198 71<6 7188 619:

�Ve+q%> q+, dw W@ 4=6

3 313 631<3 631<4 63164 57148 4:1<3 47177 4313< :197 913<

4 4199 41:5 5143 51:3 6179 7189 8158 918; 9166 819;

Qrwh wkdw �Ve A V lq hvvhqwldoo| doo fdvhv/ vxjjhvwlqj wkdw wkhuh lv frqvlghudeoh

63



foxvwhulqj dorqj wkh vnhzhg fr0ruglqdwh1 Krzhyhu/ iru odujh vkliwv/ wkh slfwxuh lv

pruh frpsolfdwhg1 Wkh h{dpsoh ri K @ 4; lv vkrzq lq Wdeoh 6191

Wdeoh 619 Ruglqdu| dqg vnhzhg vwuxfwxuh idfwruv iru K @ 4;

q+qq% 3 4 5 6 7 8 9 : ; <

V+q%> q+, dw W @ 7=3

3 313 417: 4188 41:: 41:; 419: 419: 41:4 419: 41:9

4 4136 413; 415; 416; 4184 4199 4194 4189 41:6 418<

�V�H+q%> q+, dw W@ 7=3

3 313 4178 4189 4183 4197 4195 4193 4167 4158 418<

4 4136 4147 4195 41;6 41:; 41:8 41:; 419; 419; 4187

V+q%> q+, dw W @ 5=3

3 313 41<; 41<3 617< 717: 61<< 6177 6154 61:4 61<5

4 4146 4169 41:5 41;7 514< 51;8 5187 518< 51;8 51<3

�V�H+q%> q+, dw W@ 5=3

3 313 514: 5169 5184 5163 516< 5154 5148 5147 5134

4 4146 4173 5155 61;4 717: 715< 61:4 613; 6135 5198

V+q%> q+, dw W @ 4=8

3 313 6156 51:< ;155 49178 <138 8186 9158 :166 8135

4 4173 419: 41<: 5186 5193 7158 7164 61:3 7175 714:

�V�H+q%> q+, dw W@ 4=8

3 313 61:3 615; 6138 51;5 5173 517: 518; 515< 5164

4 4173 41;4 613; <1:7 49178 43178 91;; 8174 715: 6189

Vhyhudo ihdwxuhv duh qrwhzruwk| khuh1 Hyhq dw wkh kljkhvw W / �V�H+q%> 3, lv uduho|

juhdwhu wkdq V+q%> 3,1 Lq idfw/ dw W @ 4=8/ wkh grplqdqw vwuxfwxuh idfwru/ V+7> 3,/

lv frqvlghudeo| juhdwhu wkdq lwv frxqwhusduw= �V�H+7> 3,= Rq wkh rwkhu kdqg/ zh vhh

wkdw lw lv lghqwlfdo wr �V�H+7> 4,$ Uhfdoolqj rxu glvfxvvlrq deryh frqfhuqlqj wkh

uhodwlrqvkls ehwzhhq V dqg �V> wklv lv qrw vxusulvlqj1 Wkh odujh V+7> 3, vlpso|

lqglfdwhv wkdw wkhuh lv vljql�fdqw dprxqw ri foxvwhulqj lq wkh yhuwlfdo gluhfwlrq/

ghvslwh wkh v|vwhp ehlqj vxemhfwhg wr VSEF1 Wkh frqvwudlqwv ri wkh erxqgdu|

frqglwlrqv duh hyhqwxdoo| vdwlv�hg e| pxowlsoh zlqglqj/ zklfk lv uh�hfwhg lq wkh

zdyh qxpehu q% @ 7= Lq wkh vnhzhg uhsuhvhqwdwlrq/ wkh pxowlsoh zlqglqj lq

rqh gluhfwlrq lv qhfhvvdulo| dffrpsdqlhg e| rqh lq wkh rwkhu gluhfwlrq/ ohdglqj

wr q+ @ 4= Wkh frqfoxvlrq lv reylrxv= hyhq dw d whpshudwxuh idu deryh WS/ wkh

foxvwhuv duh pruh d�hfwhg e| wkh gulyh wkdq wkh VSEF dqg whqg qrw wr srlqw lq wkh
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vnhzhg gluhfwlrq1 Fhuwdlqo|/ dw W @ 4=8/ wkh suhfxuvru wr rughulqj lqwr d pxowlvwuls

vwdwh/ doljqhg zlwk H/ lv txlwh ylvleoh1 Rq wkh rwkhu kdqg/ lw lv uhpdundeoh wkdw

U�H lv qhyhuwkhohvv juhdwhu wkdq U/ vxjjhvwlqj wkdw wkh orqj udqjh sduwv ri wkh

fruuhodwlrqv frqwlqxh wr eh d�hfwhg pruh e| wkh VSEF1

Dv d �qdo phdvxuh ri fruuhodwlrqv dorqj wkh vnhzhg d{hv/ zh frpsduh wzr

rwkhu txdqwlwlhv1 Ohw xv gh�qh wzr dyhudjhg lqwhqvlwlhv=

? Sf A�
4

<

%
b[

?%'�

V+q%> 3,

&
+6158,

dqg

? S A�
4

<<

5
7 b[
?%c?+'f

V+q%> q+,

6
8 = +6159,

Qrwh wkdw V+3> 3, @ 3 lq wkh vslq odqjxdjh/ vr wkdw wkhuh duh rqo| << frpsrqhqwv

lq wkh odwwhu vxp1 Vlploduo|/ zh gh�qh dyhudjhv iru wkh vkliwhg vwuxfwxuh idfwruv

dqg ghqrwh wkhp e| ? �Sf A dqg ? �S A1 Wkh udwlrqdoh ehklqg wkhvh surfhgxuhv

lv wr kdyh d phdvxuh wkdw lv uhodwlyho| lqvhqvlwlyh wr foxvwhulqj lqwr pxowlvwulsv1 Ri

frxuvh/ wkh iruphu lv pruh vhqvlwlyh wr wkh doljqphqw ri wkh yhuwlfdo vwuxfwxuhv1 Li

zh h{shfw vwuls0olnh foxvwhulqj dorqj wkh vnhzhg d{hv/ wkhq ? Sf A vkrxog eh ohvv

wkdq ? �Sf A = Rq wkh rwkhu kdqg/ li lw lv juhdwhu/ wkhq zh pd| lqihu wkdw wkhuh lv

vljql�fdqw dprxqw ri pxowlsoh zlqglqj/ lq rughu wr vdwlvi| VSEF dqg krprjhqhlw|

lq wkh ruljlqdo | fr0ruglqdwh1 Wdeoh 61: glvsod|v wkh frpsdulvrq ehwzhhq ? Sf A

dqg ? �Sf A1

Wdeoh 61: +d, Srzhu Frpsdulvrq ri ? Sf A dqg ? �SfA =-W @ 4=6 iru K @ 6> 7> 9

W q K 3 6 7

? Sf A ? Sf A ? �Sf A ? Sf A ? �SfA

7=3 4=:6 4=:3 4=:5 4=:4 4=:9

5=3 7=4: 6=<6 7=45 6=99 6=<4

4=8@4=6� 45=<6 54=:4 56=73 4:=49 4<=49

W q K 9 < 4;

? Sf A ? �Sf A ? Sf A ? �Sf A ? Sf A ? �SfA

7=3 4=9: 4=;: 4=:3 4=:4 4=9: 4=83

5=3 6=7: 6=:9 6=74 6=59 6=57 5=58

4=8@4=6� 43=73 44=97 43=:: 9=68 56=6< 6=35
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Dv zh ohduq wr h{shfw/ iru orz vkliwv/ ? �Sf A lv juhdwhu/ lpso|lqj wkdw odujh vfdoh

fruuhodwlrqv duh pruh doljqhg zlwk wkh vnhzhg d{hv1 Rq wkh rwkhu kdqg/ iru kljk

vkliwv/ wkh vlwxdwlrq lv frpsohwho| uhyhuvhg/ vkrzlqj ehwwhu doljqphqw zlwk wkh

xqvkliwhg d{hv1

Dv iru ? S A yv1 ? �S A> wkh| reylrxvo| uhsuhvhqw dq hyhq frduvhu jdxjh iru

wkh gl�huhqw w|shv ri doljqphqw1 Lq wklv vhqvh/ zh pd| wklqn ri wkhp dv phdvxuhv

ri wkh jhqhudo whqghqflhv ri wkh odujh vfdoh surshuwlhv ri sduwlfoh fruuhodwlrqv1

Vlqfh wkh vxp uxoh lpsolhv wkdw wkh ryhudoo dyhudjh lqwhqvlw| lv xqlw|/ wkh gl�huhqfh

ehwzhhq ? S A dqg ? �S A wudqvodwhv lqwr frpsohphqwdu| gl�huhqfhv dw odujh

n dqg wkhuhiruh/ dw vkruw glvwdqfhv1 Wdeoh 61: glvsod|v wkh frpsdulvrq ehwzhhq

? S A dqg? �S A1

Wdeoh 616 +e, Srzhu Frpsdulvrq ri ? S A dqg ? �S A1-W @ 4=6 iru K @ 6> 7> 9

W q K 3 6 7

? S A ? S A ? �S A ? S A ? �SA

7=3 4=49 4=48 4=49 4=49 4=4;

5=3 4=78 4=7; 4=84 4=78 4=84

4=8@4=6� 5=4< 6=3< 6=55 5=:5 5=<7

W q K 9 < 4;

? S A ? �S A ? S A ? �S A ? S A ? �S A

7=3 4=48 4=4; 4=49 4=54 4=48 4=55

5=3 4=75 4=85 4=75 4=88 4=6< 4=8;

4=8@4=6� 5=4< 5=86 5=54 5=86 6=4; 6=7;

Zlwk wklv frduvh phdvxuh/ zh vhh wkdw ? �S A lv dozd|v wkh juhdwhu/ uhjdugohvv

ri vkliw1 Iurp wkhvh gdwd/ zh lqihu wkdw/ dw odujhu zdyh qxpehuv/ V A �V rq wkh

dyhudjh1 Zh lqwhusuhw wklv ehkdylru dv fruuhodwlrqv dw vkruw glvwdqfhv ehlqj frq0

wuroohg pruh e| wkh �hog wkdq wkh VSEF1 Wkhvh frqfoxvlrqv duh hqwluho| frqvlvwhqw

zlwk rxu slfwxuh ri wkh frpshwlwlrq ehwzhhq H dqg M / wkh iruphu ehlqj grplqdqw

dw vkruw glvwdqfhv dqg wkh odwwhu/ dw odujh glvwdqfhv/ surylghg wkh vkliwv duh orz

hqrxjk1
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g� $jAt�|�jt Nu WN�j!�t|�A} V�Btjt �A

�B,u�u�,,ja t+t|j6t

Vlqfh wkh plfurvfrslf g|qdplfv ri rxu v|vwhp frqvhuyhv sduwlfoh qxpehu/ wkh

ryhudoo ghqvlw| ri wkh v|vwhp/ �/ uhpdlqv frqvwdqw uhjdugohvv ri W 1 Dw fulwlfdo

ghqvlw| �
S
/ d v|vwhp lv lq d krprjhqhrxv skdvh dv orqj dv W A WS1 Ehorz WS>

skdvh vhsdudwlrq rffxuv/ zlwk fr0h{lvwhqfh ri sduwlfoh0ulfk dqg sduwlfoh0srru uh0

jlrqv1 Lq wkh exon ri wkhvh uhjlrqv/ wkh ghqvlwlhv zloo eh �n dqg �3/ uhvshfwlyho|1
Rqh gh�qlwlrq ri wkh fr0h{lvwhqfh fxuyh lv ��+W ,1 Iru v|vwhpv zlwk ghqvlwlhv �� ?
��
S
/ wkh lqkrprjhqhrxv/ skdvh vhsdudwhg vwdwh grhv qrw dsshdu xqwlo vrph whpshu0

dwxuh ehorz WS1 Wkh frh{lvwhqfh fxuyh fdq dovr eh gh�qhg dv wkh olqh lq wkh W 0�
sodqh zklfk glylghv wkh glvrughuhg/ krprjhqhrxv skdvh iurp wkh rughuhg/ lqkr0
prjhqhrxv rqh1 Lq wkh wkhuprg|qdplf olplw/ wkhvh wzr gh�qlwlrqv duh lghqwlfdo
iru v|vwhpv lq htxloleulxp1 Zh h{shfwhg wkhp wr eh wkh vdph iru gulyhq v|vwhpv
dovr/ ghvslwh erwk hduolhu fodlpv dqg rxu rzq �qglqjv wkdw wkhuh duh gl�huhqfhv1
Zh eholhyh wkdw wkh gl�huhqfhv duh gxh wr �qlwh vl}h h�hfwv/ zklfk duh suhvhqw hyhq
iru v|vwhpv lq htxloleulxp1 D v|vwhpdwlf vwxg| ri wkhvh h�hfwv/ wkrxjk fuxfldo wr
�qglqj d gh�qlwlyh dqvzhu wr wkh fr0h{lvwhqfh fxuyh/ lv eh|rqg wkh vfrsh ri wklv
wkhvlv1 Rxu jrdo lv dq hvwlpdwh/ wr wkh dffxudf| ri derxw 43(/ ri wkh fr0h{lvwhqfh
fxuyh1

Iroorzlqj wkh ohdg ri ^49` dqg ^4:`/ zh lqyhvwljdwh wkh skhqrphqrq ri fr0
h{lvwhqfh/ xvlqj wkhlu wzr phwkrgv1 Lq wklv fkdswhu/ zh irfxv rq wkh �uvw phwkrg/
lq zklfk rqo| wkh kdoi0�oohg v|vwhp +l1h1/ �� @ ��

S
, lv vwxglhg1 Dw ydulrxv whpshu0

dwxuhv W ? WS/ wkh ghqvlwlhv ri wkh sduwlfoh0ulfk dqg sduwlfoh0srru exon pd| eh
phdvxuhg vhsdudwho|1 Gxh wr wkh Lvlqj v|pphwu|/ �n @ 4��3 vr wkdw dq hvwlpdwh
ri wkh frh{lvwhqfh fxuyh frqvlvwv ri �qglqj wkh ghqvlwlhv ri sduwlfoh foxvwhuv dorqh1
Lq wkh qh{w fkdswhu/ zh wxuq wr wkh dowhuqdwlyh phwkrg/ zklfk h{sorlwv v|vwhpv
vxemhfwhg wr wzr frqwuro sdudphwhuv= wkh ryhudoo ghqvlw| � dqg whpshudwxuh W 1
Ghwhuplqlqj d olqh ri wudqvlwlrqv/ iurp glvrughu wr rughu vwdwhv/ lq wkh �0W sodqh
zloo vhuyh dv dq hvwlpdwh ri wkh fr0h{lvwhqfh fxuyh1

Zh frqvwuxfw wkh frh{lvwhqfh fxuyhv iru vl{ gl�huhqw VSEF zlwk vkliwv ^K`1
Ilyh ri wkhvh v|vwhp/ zlwk vkliwv ri K @ i3> 6> 7> <> 4;j> duh uhodwlyho| zhoo ehkdyhg
dqg zloo eh glvfxvvhg lq wklv fkdswhu dqg wkh qh{w1 Wkh vl{wk v|vwhp +K @ 9,
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