
glvsod|v h{wudruglqdulo| odujh �xfwxdwlrqv dqg zloo eh glvfxvvhg vhsdudwho| lq

Fkdswhu 91 Qrwh wkdw doo wkhvh vkliwv duh frpphqvxudwh zlwk O @ :5=

e��� �i|�L_L*L}�it

Iru wkh vwxglhv lq wklv fkdswhu/ wkh ryhudoo ghqvlw| lv dozd|v vhw dw wkh fulwlfdo

ydoxh= 4@51 Vwduwlqj wkh v|vwhpv lq dq rughuhg vwdwh dw W @ 3=9 +d whpshudwxuh

zhoo ehorz wkh h{shfwhg WS * 4=74,/ zh lqfuhdvh W lq vwhsv ri 3=4 xqwlo W @ 5=31

Wkhq wkh v|vwhpv duh frrohg grzq/ e| wkh vdph vwhsv/ edfn wr W @ 3=9= Dw hdfk

whpshudwxuh vwhs/ zh hyroyh wkh v|vwhpv e| 53NPFV dqg xvhg whq frq�jxudwlrqv

iurp wkh odvw 4NPFV iru phdvxuhphqwv1 Qdwxudoo|/ zh zloo uhihu wr wkhvh gl�huhqw

vhjphqwv kdylqj wkh vdph W *v dv wkh _khdwlqj% dqg _frrolqj% f|fohv1

Wr hvwlpdwh wkh fr0h{lvwlqj fxuyh/ zh fkrrvh wr phdvxuh gluhfwo| wkh ghqvl0

wlhv ri wkh sduwlfoh0ulfk foxvwhuv1 Khuh/ wkhuh lv jrrg uhdvrq wr dyrlg xvlqj wkh

_rughu sdudphwhu% ri ^49` dqg ^4:`1 Wkhvh dxwkruv lqwurgxfhg dq _dqlvrwurslf

pdjqhwl}dwlrq%=
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Vlqfh wklv lv d qrq0dqdo|wlf ixqfwlrq/ kdylqj olwwoh lq frpprq zlwk wkh pdjqh0

wl}dwlrq ru d vwuxfwxuh idfwru/ wkh rqo| udwlrqdohv iru vxfk dq xqxvxdo gh�qlwlrq

duh wkh iroorzlqj1 Lw lv nqrzq wkdw rughulqj rffxuv lq vwulsv dorqj H/ l1h1/ |/ dqg

p+��, lv qrupdol}hg wr xqlw| iru d frpsohwho| rughuhg vwdwh/ uhjdugohvv ri ��1 Dsduw

iurp nqrzq gh�flhqflhv ri +714, iru gulyhq v|vwhpv zlwk SEF ^59`/ frpsohwho|

rughuhg vwdwhv zlwk VSEF duh qrw doljqhg zlwk |/ hyhq lq htxloleulxp1 Dovr/ zh

h{shfw gl�huhqw w|shv ri rughulqj/ lqwr vlqjoh vwulsv doljqhg zlwk wkh vnhzhg d{hv

dv zhoo dv pxowlsoh vwulsv doljqhg _yhuwlfdoo|%1 Wkhuhiruh/ zh ghflghg wr phdvxuh

wkh ghqvlwlhv gluhfwo|1 Iru wkdw/ zh pxvw �qg d zrunlqj gh�qlwlrq ri/ vd|/ wkh

sduwlfoh0ulfk uhjlrq1

Rqh ri wkh prvw zlgho| dssolfdeoh phwkrgv lq vwdwlvwlfdo sk|vlfv lv wkh foxvwhu

dojrulwkp ^65`1 D foxvwhu lv gh�qhg dv wkh vhw ri sduwlfohv mrlqhg e| qhduhvw
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qhljkeru erqgv1 Lq rxu fdvh/ zh pxvw eh fduhixo wkdw VSEF lv uhvshfwhg lq

lghqwli|lqj qhljkeruv1 Dvvrfldwhg zlwk d foxvwhu/ zh hpsor| wzr txdqwlwlhv= lwv

pdvv +PS,�r, dqg vl}h +YS,�r,1 Wkh iruphu lv vlpso| wkh wrwdo qxpehu ri sduwlfohv

lq wkh foxvwhu1 Wkh odwwhu/ d phdvxuh ri lwv yroxph +duhd lq rxu g @ 5 fdvh,/

lv gh�qhg dv wkh qxpehu ri vlwhv zlwklq wkh foxvwhu1 Wr duulyh dw d zhoo0gh�qhg

qrwlrq ri zkdw wkh _erxqgdu|% ri d foxvwhu lv/ zh exlog rq wkh vwdqgdug dojrulwkpv

iru �qglqj d foxvwhu1 Vshfl�fdoo|/ iru doo vlwhv frpsohphqwdu| wr wkh foxvwhu lq

txhvwlrq/ zh vhw wkh rffxsdwlrq qxpehu wr }hur1 Wkhvh ydfdqw vlwhv zloo w|slfdoo|

ehorqj wr d vlqjoh jldqw foxvwhu ru d qxpehu ri pxfk vpdoohu foxvwhuv +gursohwv ri

krohv lqvlgh wkh sduwlfoh foxvwhu,1 Uxqqlqj wkh foxvwhu dojrulwkp iru wkhvh vlwhv

zloo hdvlo| �qg wkh jldqw kroh0foxvwhu1 Wkh vl}h ri rxu ruljlqdo sduwlfoh0foxvwhu/

YS,�r/ lv wkhq gh�qhg wr eh wkh frpsohphqw ri wklv jldqw kroh0foxvwhu1 Iurp lwv

pdvv dqg yroxph/ zh gh�qh wkh ghqvlw| ri d foxvwhu=

�S,�r @
PS,�r

YS,�r

=

Qhhgohvv wr vd|/ _plfurvfrslf% foxvwhuv zlwk PS,�r � 9 zloo kdyh xqlw ghqvlw| dqg

vpdoo rqhv zloo kdyh ghqvlwlhv forvh wr 4/ jhqhudoo|1 Dv d uhvxow/ lw lv lqwhuhvwlqj wr

h{dplqh glvwulexwlrqv lq wkh �S,�r0YS,�r sodqh1 Iru udqgrp frq�jxudwlrqv/ w|slfdo

foxvwhu vl}hv +YS,�r, zrxog eh d ihz vlwhv1 Iru frpsohwho| rughuhg frq�jxudwlrqv/

wkh foxvwhu pdvv zrxog eh h{dfwo| ��OP= Dw fulwlfdolw|/ zh h{shfw d zlgh glvwul0

exwlrq lq erwk foxvwhu vl}hv dqg ghqvlwlhv1 Ehwzhhq W @ 3 dqg fulwlfdolw|/ wkhuh

zrxog eh/ lghdoo|/ d vlqjoh +sduwlfoh, foxvwhu zlwk YS,�r � Y@5 +l1h1/ 45<9 lq doo

rxu vdpsohv,/ vr wkdw lwv ghqvlw| zloo vhuyh dv wkh phdvxuh ri fr0h{lvwhqfh1 Lq

sudfwlfh/ hvshfldoo| iru v|vwhpv zlwk odujh dvshfw udwlrv/ wkhuh duh wzr ru pruh

vpdoohu foxvwhuv zklfk duh ri frpsdudeoh ghqvlw|1 Wkxv/ zh zloo lqfoxgh foxvwhuv

juhdwhu wkdq d wklug ri wkh pd{lpdo vl}h/ l1h1/

YS,�r � Y@9 +715,

lq wkh vwdwlvwlfv iru frpsxwlqj wkh dyhudjh �S,�r1 Vlqfh zh fkrvh wr irfxv rq

sduwlfoh0foxvwhuv/ �S,�r vkrxog eh juhdwhu wkdq 4@51 Jlyhq wkh sduwlfoh0kroh v|p0

phwu|/ zh fdq lpsuryh vwdwlvwlfv e| dovr frqvlghulqj wkh kroh0foxvwhuv xqghu +715,1

Wkh ghqvlwlhv ri kroh0foxvwhuv +��J,e, duh wkhq dyhudjhg zlwk 4 � �S,�r1 Lq Wdeoh

715 ehorz/ zh zloo txrwh ydoxhv ri wklv �qdo dyhudjh/ ghqrwhg e| � iru vlpsolflw|1

Ilqdoo|/ zh srlqw rxw dq reylrxv dgydqwdjh ri wkh foxvwhu phwkrg ryhu svhxgr0

pdjqhwl}dwlrqv olnh +714,1 Zlwk VSEF/ lw lv h{shfwhg wkdw wkh rughuhg vwdwh pd|

frqvlvw ri d vlqjoh vwuls ri zlgwk O@5 exw wlowhg iurp wkh yhuwlfdo ru d vwuls ri

zlgwk O@5q zrxqg durxqg wkh wruxv q wlphv/ wlowhg ru yhuwlfdo1 Lq doo wkhvh fdvhv/

wkh foxvwhu dojrulwkp zloo �qg wkh frqqhfwhg grpdlq dqg rxu phwkrg zloo �qg
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lwv ghqvlw|1 Ri frxuvh/ wklv phwkrg zloo eh sodjxhg e| wkh suhvhqfh ri gl�xvh

lqwhuidfhv/ zklfk uhvxow iurp wkh gulyh ehlqj dq h{wuhpho| h�flhqw phfkdqlvp iru

_hydsrudwlqj% sduwlfohv iurp d foxvwhu1 Krzhyhu/ wkh rqo| vroxwlrq ri wkh gl�xvh

lqwhuidfh sureohp lv wr vlpxodwh yhu| odujh odwwlfhv iru yhu| orqj wlphv1 Jlyhq wkh

suhvhqw frpsxwdwlrqdo olplwdwlrqv/ rxu phwkrg lv h{shfwhg wr surylgh d ehwwhu

slfwxuh ri wkh fr0h{lvwhqfh fxuyh wkdq phdvxulqj txdqwlwlhv olnh +714,1

e�2� A)T�U@* UL?�}�h@|�L?t �? @ R�i@|�?}�ULL*�?}� U)U*i

Lq d vhulhv ri �jxuhv/ zh vkrz wkh w|slfdo frq�jxudwlrqv iurp d uxq1 Hdfk zloo

frqvlvw ri vl{ �jxuhv/ wkuhh iurp wkh _khdwlqj% skdvh ri wkh f|foh dqg wkuhh iurp

wkh _frrolqj% skdvh1 Wkrxjk doo uxqv udqjh iurp W @ 3=9 wr 5=3 dqg edfn/ zh

rqo| vkrz frq�jxudwlrqv iurp W @ 3=;> 4=3/ dqg voljkwo| ehorz fulwlfdolw|1 Wkhvh

zloo jlyh d jrrg edvlv iru glvfxvvlqj ri wkh prvw lqwhuhvwlqj ihdwxuhv1

+d, W@31; Khdwlqj +e, W@413 Khdwlqj +f, W@416 Khdwlqj

+g, W@416 Frrolqj +h, W@413 Frrolqj +i, W@31; Frrolqj
Iljxuh 714 W|slfdo frq�jxudwlrqv iru K @ 31

Iljxuhv 714d0i vkrz frq�jxudwlrqv iru d v|vwhp zlwk SEF +K @ 3,1 Dv lqgl0

fdwhg/ wkh| frph iurp gl�huhqw skdvhv ri wkh f|foh1 Vlqfh wkh lqlwldo vwdwh lv d

frpsohwho| rughuhg vwdwh/ lw lv qrw vxusulvlqj wkdw wkhuh lv rqo| d vlqjoh foxvwhu/

zlwk YS,�r � Y@5 @ 45<9/ gxulqj wkh _khdwlqj% skdvh1 Rq wkh rwkhu kdqg/ dv zh

vhh iurp Iljv1 714h dqg 714i/ wkh v|vwhp kdv txhqfkhg lqwr pxowlvwuls frq�jxud0

wlrqv/ zlwk wzr glvfrqqhfwhg foxvwhuv1 Ri frxuvh/ wkhvh vwdwhv duh phwdvwdeoh dqg

zloo/ diwhu txlwh d orqj wlph lq v|vwhpv ri wkhvh vl}hv/ hyroyh lqwr vlqjoh foxvwhu

vwdwhv1 Lqvwhdg ri zdlwlqj iru wkhp wr phujh/ zh zloo vhh wkdw wkh ghqvlwlhv ri

wkh wzr foxvwhuv duh frpsdudeoh wr wkh vlqjoh foxvwhuv lq Iljv1 714d dqg 714e1

Wkhuhiruh/ zh kdyh ghylvhg d uxoh iru frxqwlqj foxvwhuv zklfk grhv qrw vdwlvi|
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YS,�r � Y@51 Lq sduwlfxodu/ rqo| wkh odujhu ri wkh wzr foxvwhuv +YS,�r � 4333, lq

wkhvh �jxuhv zdv xvhg lq frpsxwlqj �S,�r1 Pruh ghwdlov zloo eh suhvhqwhg lq wkh

qh{w vhfwlrq1

Lpsrvlqj VSEF kdv gudpdwlf h�hfwv rq wkh v|vwhp/ dv wkh qh{w irxu vhwv ri

�jxuhv vkrz1 Xqolnh v|vwhpv zlwk SEF/ wkh uhihfwlrq v|pphwu|/ U% = { $ �{/

lv orvw1 Wklv fdq eh wudfhg/ ri frxuvh/ wr wkh odfn ri sduwlfoh0kroh v|pphwu| lq

d gulyhq v|vwhp/ exw d frpelqhg v|pphwu|/ FU/ uhpdlqv ^6`1 Xqghu FU/ erwk

v$�v dqg |$ �| pxvw eh shuiruphg1 Zlwk SEF/ wkh wudqvyhuvh gluhfwlrq/ {/

lv xqd�hfwhg e| wkh gulyh vr wkdw wkh v|vwhp lv lqyduldqw xqghu U%1 Qrz/ w|slfdo

frq�jxudwlrqv frqvlvwlqj ri sduwlfoh0ulfk +ru srru, uhjlrqv whqg wr eh xqlirup lq |/

lq yhuwlfdoo| doljqhg vwulsv1 Wkhuhiruh/ dq| vljql�fdqw lqkrprjhqhlwlhv +lq {, duh

U% lqyduldqw1 Reylrxvo|/ VSEF pl{hv { dqg |/ vr wkdw lqyduldqfh xqghu U% lv orvw1

Vwulsv pd| qrw eh doljqhg yhuwlfdoo| dqg lqkrprjhqhlwlhv lq { duh qrw qhfhvvdulo|

lqyduldqw xqghu U%1 D frqvhtxhqfh lv wkdw sduwlfoh0ulfk uhjlrqv whqg wr eh pluuru

lpdjhv ri sduwlfoh srru rqhv1 Wkhuhiruh/ lw lv suxghqw wr xvh d frqyhqwlrq zklfk

glvwlqjxlvkhv wkhvh1 Lq wkh uhvw ri wklv wkhvlv/ zh zloo uhvhuyhg wkh zrug _vwuls%

iru sduwlfoh0ulfk foxvwhuv rqo|1

Zlwk wklv frqyhqwlrq/ zh wxuq wr wkh w|slfdo frq�jxudwlrqv1 Iurp wkh suh0

fxuvruv revhuyhg lq wkh glvrughuhg vwdwh/ zh pd| glylgh wkhvh lqwr wzr fdwhjrulhv=

wkh orz vkliw fdvhv +K @ 6> 7, dqg wkh kljk vkliw rqhv +K @ <> 4;,1 Iljxuhv 715

dqg 716 vkrz w|slfdo frq�jxudwlrqv lq v|vwhpv zlwk orz vkliwv1

+d, W@31; Khdwlqj +e, W@413 Khdwlqj +f, W@415 Khdwlqj

+g, W@415 Frrolqj +h, W@413 Frrolqj +i, W@31; Frrolqj

Iljxuh 715 W|slfdo frq�jxudwlrqv iru K @ 61

Lq Iljxuhv 715d0i zh �uvw qrwh wkdw doo wkh vwulsv whqg wr eh _wlowhg% lq dffru0

gdqfh wr wkh VSEF1 Qh{w/ zh srlqw rxw/ lq erwk ri wkh W @ 3=; v|vwhpv/ wkdw wkh

uljkw hgjh ri d vwuls lv pxfk pruh gl�xvh/ vlqfh wkh gulyh whqgv wr whdu sduwlfoh rxw
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ri wkh foxvwhu1 Wkxv/ zh pd| wklqn ri wklv dv wkh _hydsrudwlqj hgjh%/ dfwlqj dv d

sduwlfoh vrxufh iru wkh kroh0ulfk uhjlrq1 Frqyhuvho|/ H whqgv wr gulyh sduwlfohv lqwr

wkh vwuls rq wkh ohiw hgjh1 Dfwlqj dv d vlqn iru sduwlfohv/ zh fdoo lw wkh _devruelqj

hgjh%1 Wkh frpelqhg h�hfw rq wkh vwuls lv d qrq0wulyldo guliw lq {1 Rxu revhuydwlrq

lv wkdw vwulsv guliw wr wkh uljkw/ zlwk qduurz vwulsv prylqj idvwhu1 Lw lv xqfohdu zk|

wkh guliwv duh ri wklv vljq1 Xqolnh d vlplodu skhqrphqrq lq d gulyhq wzr vshflhv

v|vwhp ^4<`/ wkhuh lv qr wkhruhwlfdo edvlv wkdw wkh guliw pxvw eh ri rqh vljq1 Dv wkh

whpshudwxuh lqfuhdvhv +Ilj1 715e,/ zh vhh wkdw wkh gulyh kdv hydsrudwhg vr pdq|

sduwlfohv iurp wkh odujh foxvwhu wkdw d qduurz vwuls kdv uhfrqghqvhg wr lwv uljkw

+_grzq vwuhdp%,1 Vlqfh qduurz vwulsv guliw idvwhu/ wkh| whqg wr pryh durxqg dqg

phujh zlwk wkh odujh vwuls vxevhtxhqwo|1 Ilj1 715h vkrzv d frq�jxudwlrq dw wkh

vdph whpshudwxuh/ exw qr _euhdn dzd|% vwulsv1 Wklv skhqrphqrq lv revhuyhg dw

whpshudwxuhv dv orz dv W @ 3=<$ Frpsolfdwlqj wkh vlwxdwlrq/ qduurz vwulsv duh

dovr pruh vxvfhswleoh wr frpsohwh hydsrudwlrq1 Lq wklv vhqvh dorqh/ v|vwhpv zlwk

VSEF srvh d vhulrxv fkdoohqjh wr dq xqhtxlyrfdo gh�qlwlrq ri _qrq0htxloleulxp

vwhdg| vwdwh%1 E| W @ 4=5 +Iljv1 715f/g,/ zh vhh wkdw hyhq odujh �xfwxdwlrqv duh

suhvhqw/ zlwk d pxowlsolflw| ri qduurz vwulsv zklfk rffdvlrqdoo| phujh wr irup

odujh foxvwhuv ri orz ghqvlw|1 Frpsdulqj wkh foxvwhu lq Ilj1 715d wr wkdw lq Ilj1

715f/ zh pd| xvh wkh dgmhfwlyhv _frpsdfw% dqg _udul�hg%1 Dv zh zloo vhh ehorz/

wklv ylrohqw g|qdplfv lv uh�hfwhg lq wkh odujh yduldwlrqv ri erwk wkh foxvwhu vl}hv

dqg ghqvlwlhv1

+d, W@31; Khdwlqj +e, W@413 Khdwlqj +f, W@415 Khdwlqj

+g, W@415 Frrolqj +h, W@413 Frrolqj +i, W@31; Frrolqj

Iljxuh 716 W|slfdo frq�jxudwlrqv iru K @ 71

Iljxuhv 716d0i vkrz wkdw wkh K @ 7 v|vwhp lv vlplodu wr wkh rqh zlwk vkliw

61 Ri frxuvh/ wkh vwulsv duh wlowhg lq dffrugdqfh zlwk d vkliw ri irxu1 Pruh

lpsruwdqwo|/ _euhdn dzd|% vwulsv duh douhdg| suhvhqw dw W @ 3=;/ zkloh wkh W @

6<



4=3 frq�jxudwlrqv khuh +Iljv1 716e/h, uhvhpeoh wkh W @ 4=5 frq�jxudwlrqv lq

K @ 61 Ioxfwxdwlrqv duh pruh ylrohqw/ lqglfdwlqj wkh ghvwuxfwlrq ri d vlpsoh

skdvh vhsdudwhg vwdwh zlwk lqfuhdvlqj vkliw1 Lqghhg/ zh �qg wkdw wkh ehkdylru

ri wkh K @ 9 v|vwhp lv vr idu eh|rqg wkh vwdqgdug ghvfulswlrqv wkdw zh ghihu

wkh glvfxvvlrqv wr fkdswhu 91 Vxusulvlqjo|/ zkhq wkh vkliwv duh kljk hqrxjk/ wkh

v|vwhp ehfrphv pruh _zhoo0 ehkdyhg%1 Wkxv/ zh vnls wr wkh K @ <> 4; fdvhv

qh{w1

+d, W@31; Khdwlqj +e, W@413 Khdwlqj +f, W@414 Khdwlqj

+g, W@414 Frrolqj +h, W@413 Frrolqj +i, W@31; Frrolqj

Iljxuh 717 W|slfdo frq�jxudwlrqv iru K @ <1

Iurp Iljxuhv 717d0i/ lw lv fohdu wkdw wkh rughuhg vwdwhv ri d K @ < v|vwhp duh

gudpdwlfdoo| gl�huhqw iurp wkh orz vkliw rqhv1 Hyhq Vwduwlqj zlwk d vrolg vlqjoh

wlowhg vwuls/ wkh v|vwhp txlfno| hyroyhv/ hyhq dw yhu| orz whpshudwxuhv/ wr _pxowl0

vwuls% vwdwhv olnh wkrvh lq Iljv1 716d/i1 Xqolnh wkh pxowlvwuls frq�jxudwlrqv lq wkh

K @ 3 fdvh/ wkhvh uhjlrqv duh frqqhfwhg yld wkh VSEF1 Lw lv dfwxdoo| d vlqjoh vwuls

pxowlso| zrxqg durxqg wkh wruxv/ ; wlphv lq wklv fdvh1 Lq sduwlfxodu/ wkh foxvwhu

dojrulwkp zloo �qg rqo| d vlqjoh odujh foxvwhu1 Gxh wr wrsrorjlfdo frqvwudlqwv/

wkhuh lv d vlpsoh uhodwlrqvkls ehwzhhq 
/ wkh pxowlsolflw| ri wkh zlqglqj/ dqg wkh

doljqphqw ri wkh vwuls/ iru orz dqg kljk vkliwv=

wdq � @
K � O@


P
+716,

zkhuh � lv wkh dqjoh wkh vwuls pdnhv zlwk wkh |0d{lv1 Sduhqwkhwlfdoo|/ qrwh wkdw/ iru

wkh vlqjoh vwuls frq�jxudwlrq/ wkh h�hfwlyh 
 lv qrw xqlw|/ exw lq�qlw|1 Lq jhqhudo/

O lv qrw glylvleoh e| K vr wkdw � fdqqrw dvvxph wkh ydoxh 3= Iru h{dpsoh/ � fdq

eh qhjdwlyh iru K @ 9> 
 @ 43 dv vkrzq lq Iljxuh G14 lq Dsshqgl{ G1 Lq suhylrxv
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vwxglhv ^48`/ pxowlsoh vwulsv qrw doljqhg yhuwlfdoo| duh vhhq prvw iuhtxhqwo|1 Jlyhq

wkdw rxu v|vwhpv duh kdoi �oohg/ wkh zlgwkv ri wkh vwulsv pxvw eh/ rq wkh dyhudjh/

z @
O

5

= +717,

Qrw vxusulvlqjo|/ d v|vwhp suhihuv wr eh lq vwdwhv zlwk vpdoo �/ lq jhqhudo1 Krzhyhu/

iurp wkh rqo| rwkhu vwxg| rq gulyhq odwwlfh jdvhv zlwk VSEF ^48`/ lw grhv qrw

dsshdu wr eh dq devroxwh fulwhulrq1 Reylrxvo|/ pruh h{whqvlyh lqyhvwljdwlrqv duh

qhhghg ehiruh wklv lvvxh fdq eh uhvroyhg1

Uhwxuqlqj wr rxu fdvh/ � @ 3 lv doorzhg dqg zh kdyh yhuwlfdoo| doljqhg vwulsv1

Wkxv/ xqolnh lq wkh orz vkliw fdvhv/ wkhuh lv qr guliw1 Lq wklv vhqvh/ wkh vlplodulw| wr

wkh K @ 3 v|vwhp lv juhdwhu wkdq wkh orz vkliwv fdvhv1 Lq pruh ghwdlo/ frpsdulqj

Iljv 717d dqg 714d/ zh vhh wkdw wkh foxvwhu ghqvlwlhv duh dovr vlplodu/ hyhq xs

wr W @ 4=31 Deryh wkdw/ wkh wzr v|vwhpv vhhp wr glyhujh1 Vlqfh wkh vwulsv

khuh duh yhu| qduurz/ lw lv hdvlhu iru wkhp wr _hydsrudwh%/ zlwk wkh uhvxow wkdw

odujh/ udul�hg foxvwhuv duh riwhq irxqg/ h1j1/ lq Iljv1 717f/g1 E| frqwudvw/ wkh

skhqrphqrq lv devhqw lq wkh K @ 3 v|vwhp xqwlo W ) 4=61

+d, W@31; Khdwlqj +e, W@413 Khdwlqj +f, W@416 Khdwlqj

+g, W@416 Frrolqj +h, W@413 Frrolqj +i, W@31; Frrolqj

Iljxuh 718 W|slfdo frq�jxudwlrqv iru K @ 4;1

Wkh K @ 4; v|vwhp ehkdyhv lq d idvklrq yhu| vlplodu wr wkh K @ < fdvh/ dv

vkrzq lq Iljxuhv 717d0i1 \hw/ wkh K@4; v|vwhp pdlqwdlqv rughu hyhq dw W @ 4=6/

mxvw olnh wkh K@3 fdvh$ Dw wkh orzhu whpshudwxuhv/ yhuwlfdo _pxowlvwulsv% duh

suhgrplqdqw/ zlwk 
 @ 71 Wkh zlgwkv duh fruuhvsrqglqjo| wzlfh dv odujh dv lq

wkh K @ < fdvh/ vr wkdw wkh foxvwhu ghqvlwlhv duh vrphzkdw orzhu1 Djdlq/ wkhvh

duh frpsdudeoh wr wkh K @ 3 v|vwhp1 Gxh wr wkh vwulsv ehlqj zlghu wkdq wkrvh lq

wkh K @ < fdvh/ _hydsrudwlrq% dqg odujh �xfwxdwlrqv gr qrw vhw lq xqwlo voljkwo|

kljkhu whpshudwxuhv1
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Iurp wkh w|slfdo frq�jxudwlrqv/ zh pd| frqfoxgh wkdw wkh udwh ri wkh whpshud0

wxuhv fkdqjhv +3=4@53N PFV, lv suredeo| wrr idvw iru vrph fdvhv1 Lghdoo|/ zh pd|

xvh idvwhu udwhv idu iurp fulwlfdolw|/ exw vkrxog xvh vorzhu rqhv iru W � WS1 Qhyhu0

wkhohvv/ zh eholhyh wkdw rxu gdwd fdq jlyh xv d urxjk hvwlpdwh ri wkh frh{lvwhqfh

fxuyhv dqg glvsod| lpsruwdqw gl�huhqfhv ehwzhhq v|vwhpv zlwk gl�huhqw vkliwv1

Xvlqj wkh phwkrgv ghvfulehg lq wkh �uvw vhfwlrq ri wklv fkdswhu/ zh vxppdul}h

rxu �qglqj lq wkh iroorzlqj wdeohv1

Wkrxjk foxvwhu vl}hv zloo qrw eh gluhfwo| xvhg iru frqvwuxfwlqj wkh fr0h{lvwhqfh

fxuyh/ zh surylgh wkhlu vwdwlvwlfv lq Wdeoh 714 iru frpsohwhqhvv1 Devhqw hqwulhv

iru orz whpshudwxuhv duh qrw vljql�fdqw/ vlqfh wkh v|vwhp lv vr rughuhg dw W *v

kljkhu wkdq wkhvh wkdw lw lv xqqhfhvvdu| wr txrwh vshfl�fv1 Rq wkh rwkhu kdqg/

devhqw hqwulhv xqghu K @ < lqglfdwh wkdw qr foxvwhu vdwlvi|lqj +715, lv suhvhqw1

Wkhvh plvvlqj hqwulhv duh d vwurqj lqglfdwlrq ri wkh fulwlfdo whpshudwxuh iru wkhvh

v|vwhpv1

Wdeoh 714 Foxvwhu vl}h vwdwlvwlfv= dyhudjh	vwdqgdug ghyldwlrq

Wq K K@3 K@6 K@7

khdwlqj frrolqj khdwlqj frrolqj khdwlqj frrolqj

W@319 0 0 45<7	44 45<7	: 45<7	43 45<5	59

W@31: 0 0 45<7	44 45<6	47 :;<	539 9<3	4:;

W@31; 45<7	; <48	4; 45<6	4< 45<9	59 45;;	56 859	93

W@31< 45<6	43 <59	63 4478	:3 :<:	4;< :63	453 4343	99

W@413 45<5	4; :<<	499 4493	439 43;4	5<< :9<	4;5 834	83

W@414 45<<	55 ;3;	49< 99:	447 969	487 ::<	5:9 8;6	44:

W@415 45<3	59 ::<	563 9;5	4<5 873	;3 <:3	56: :5;	486

W@416 45:<	89 ;;8	5:7 949	463 9<:	4<3 4347	638 93:	4:8

WqK K@< K@4;

khdwlqj frrolqj khdwlqj frrolqj

W@319 45<7	7 45<7	8 0 0

W@31: 45;;	4 45<5	9 0 0

W@31; 45<4	8 45<3	; 45<6	44 45<6	8

W@31< 45:9	6 45;:	45 45<5	45 45<5	45

W@413 45<7	6 45;3	63 45;;	49 45;;	44

W@414 0 0 45;4	57 45;7	54

W@415 0 0 459;	59 45:7	74

W@416 0 0 4537	4:9 4338	545
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Zlwk uhihuhqfh wr wkh w|slfdo frq�jxudwlrqv vkrzq deryh/ zh vhh wkdw/ w|s0
lfdoo|/ d vlqjoh odujh foxvwhu suhydlov wr kljkhu whpshudwxuhv gxulqj wkh khdwlqj

f|foh1 Wklv uh�hfwv wkh idfw wkdw/ rq frrolqj/ wkh v|vwhp iuhtxhqwo| frqghqvhg
�uvw lqwr wzr ru pruh glvfrqqhfwhg vwulsv1 Xvlqj wkh fxw0r� gh�qhg lq +715,/ w|sl0

fdoo| wkh odujhvw ri wkhvh zloo eh lqfoxghg lq wkh vwdwlvwlfv1 Lw lv hdv| wr dssuhfldwh
wkdw wkhuh lv olwwoh yduldwlrq lq wkh vl}hv foxvwhu zlwk Y

S,�r
� Y@5 @ 45<9/ zkloh

odujh yduldwlrqv duh frpprq iru vpdoohu rqhv1 Zlwk wkhvh fdxwlrqdu| uhpdunv/
zh frqfoxgh wkdw WS A 4=6 iru wkh K @ 3> 4; v|vwhpv/ exw wkdw/ iru orz vkliwv dqg
K @ </ fulwlfdolw| vhwv lq dw orzhu whpshudwxuhv1

Qh{w zh wxuq wr wkh pdlq vxemhfw dw kdqg= ghqvlwlhv ri foxvwhu ehorz fulwlfdolw|/
vkrzq lq Wdeoh 715d/e1 Uhfdoo wkdw � frpsulvhv ri wkh ghqvlw| ri kroh foxvwhuv dv

zhoo dv 4��
S,�r

1 Ixuwkhu/ zh qrupdol}hg lw wr 69> wkh qxpehu ri vlwhv lq d froxpq1
Vr/ dq hqwu| olnh � @ 6=<	 3=< +W @ 4=3>K @ 3, phdqv d ghqvlw| ri _wkuhh wr �yh

sduwlfohv shu froxpq%1 Zh xvh wklv qrupdol}dwlrq lq dqwlflsdwlrq ri d glvfxvvlrq
ri wkh glvwulexwlrq ri froxpq ghqvlwlhv lq wkh qh{w fkdswhu1

Wkrxjk wkh foxvwhu vl}hv pd| ydu| e| dv pxfk dv d idfwru ri wkuhh ryhu khdw0
lqj dqg frrolqj f|fohv/ wkhlu ghqvlwlhv duh pxfk pruh frqvlvwhqw1 Krzhyhu/ zh

hpskdvl}h wkdw/ w|slfdoo|/ vpdoohu foxvwhuv duh ghqvhu1 Wkhuhiruh/ zh fkrvh d ful0
whulrq= +715,/ h{foxglqj foxvwhuv vpdoohu wkdq Y@91 Qrw vxusulvlqjo|/ wkhuh lv vrph
fruuhodwlrq ehwzhhq wkh yduldwlrqv lq foxvwhu vl}h dqg wkrvh ri wkh foxvwhu ghqvlw|1

Qhyhuwkhohvv/ dv zh h{dplqh Wdeoh 715 zh vhh wkdw/ rq wkh dyhudjh/ wkh ghqvlwlhv
ehwzhhq khdwlqj dqg frrolqj f|fohv olh zlwklq wkh vwdqgdug ghyldwlrqv txrwhg1

Wdeoh 715d Foxvwhu ghqvlw| vwdwlvwlfv +dyhudjh	vwdqgdug ghyldwlrq, iru v|vwhpv
zlwk SEF dqg orz vkliwv

WqK K @ 3 K @ 6

khdwlqj frrolqj � khdwlqj frrolqj �

W @ 3=9 � � � 6=8	 3=: 7=3	 3=; 6=;	 3=;

W @ 3=: � � � 6=;	 4=5 8=3	 4=: 7=7	 4=9

W @ 3=; 4=8	 3=6 4=7	 3=6 4=8	 3=7 9=7	 3=8 7=4	 4=3 8=3	 4=7

W @ 3=< 5=;	 3=7 5=;	 3=6 5=;	 3=7 ;=:	 6=5 :=5	 5=3 ;=3	 5=;

W @ 4=3 6=<	 3=8 6=<	 3=< 6=<	 3=< <=8	 4=8 ;=6	 5=4 <=3	 4=<

W @ 4=4 :=<	 3=8 9=3	 4=3 9=:	 4=5 47=9	 8=6 46=5	 6=9 46=<	 7=9

W @ 4=5 <=4	 3=9 ;=;	 4=6 ;=<	 4=4 49=5	 6=7 48=4	 7=; 48=;	 7=5

W @ 4=6 46=7	 4=3 49=;	 7=5 48=5	 6=5 � � �
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WqK K @ 7

khdwlqj frrolqj �

W @ 3=9 6=8	 3=: 7=4	 3=; 6=;	 3=;

W @ 3=: 6=;	 4=5 8=3	 4=: 7=7	 4=9

W @ 3=; 9=7	 3=9 7=4	 4=3 8=3	 4=7

W @ 3=< ;=:	 6=5 :=5	 5=3 ;=3	 5=;

W @ 4=3 <=8	 4=8 ;=6	 5=4 <=3	 4=<

W @ 4=4 47=9	 8=7 46=5	 6=9 47=3	 7=9

W @ 4=5 � � �

W @ 4=6 � � �

Wdeoh 715e Foxvwhu ghqvlw| vwdwlvwlfv +dyhudjh	vwdqgdug ghyldwlrq, iru v|vwhpv

zlwk kljk vkliwv
WqK K @ < K @ 4;

khdwlqj frrolqj � khdwlqj frrolqj �

W @ 3=; 4=3	 3=37 4=8	 3=6 4=6	 3=7 4=7	 3=8 4=5	 3=5 4=6	 3=7

W @ 3=< 4=:	 3=7 5=6	 3=7 5=5	 3=8 5=6	 3=8 5=5	 3=8 5=5	 3=8

W @ 4=3 6=9	 3=7 6=5	 3=: 6=8	 4=3 6=9	 3=9 6=9	 3=7 6=9	 3=8

W @ 4=4 � � � 8=6	 4=3 8=8	 3=; 8=7	 3=;

W @ 4=5 � � � :=8	 3=: ;=3	 4=6 :=<	 4=5

W @ 4=6 � � � 43=4	 4=4 44=7	 4=; 43=;	 4=9

Ilqdoo|/ xvlqj wkh ghqvlwlhv lq Wdeoh 715/ zh sorw wkh fxuyhv iru skdvh fr0

h{lvwhqfh lq Iljxuhv 7191
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+d, K@3
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+e, K@6
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+f, K@7
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+h, K@4;
Iljxuh 719 Frh{lvwhqfh fxuyhv= whpshudwxuh yv1 foxvwhu ghqvlwlhv

Wkh jhqhudoo| wuhqg lv fohdu= VSEF kdv d gudpdwlf h�hfw rq skdvh fr0h{lvwhqfh1
Iru orz vkliwv/ wkh fr0h{lvwhqfh fxuyh _vkulqnv%1 Lq idfw/ lw vhhpv wkdw wkhuh lv

qr vlpsoh frqfhsw ri skdvh0frh{lvwhqfh iru K @ 9/ dv zh zloo vhh lq Fkdswhu 91
Krzhyhu/ iru odujhu vkliwv/ wkh v|vwhp dffrpprgdwhv wkh VSEF e| rughulqj lqwr
d qhz w|sh ri vwdwh/ l1h1/ vlqjoh vwuls zlwk pxowlsoh zlqglqjv1 Lq idfw/ lw zrxog eh

uhdvrqdeoh wr frqfoxgh wkdw wkh rughuhg vwdwhv ri K @ < dqg 4; duh glvwlqfw1 Dv
d suhylrxv vwxg| ^48` klqwhg/ wkhuh duh wudqvlwlrqv ehwzhhq vwdwhv zlwk glvwlqfw 


zklfk uhvhpeoh wkh _euhdn0xs% zh revhuyh iru wkh K @ 9 v|vwhp1 Vlqfh wkh vkliwv
zh kdyh xvhg duh frpphqvxudwh zlwk wkh v|vwhp vl}h/ vr wkdw wkh vwulsv fdq eh

yhuwlfdoo| doljqhg/ zh kdyh h{soruhg rqo| wkh _vlpsoh% fdvhv1 Fohduo|/ lw zrxog
eh lqwhuhvwlqj wr fduu| rxw d v|vwhpdwlf vwxg| iru doo rwkhu vkliwv dqg rq odujh

odwwlfhv1 Li rxu slfwxuh lv fruuhfw/ wkhuh zrxog eh/ iru hdfk 
/ d idplo| ri _qhvwhg%
fr0h{lvwhqfh fxuyhv1 Lw lv uhpdundeoh krz wkh vlpsoh plfurvfrslf g|qdplfv ri d

gulyhq odwwlfh jdv zlwk VSEF fdq ohdg wr vxfk ulfk dqg frpsoh{ skhqrphqd1

78



F� �iaji�a�tNiaji |iBAt�|�NAtH V�Btj

a�B}iB6 �A |�j 74�A V,BAj

Dq dowhuqdwlyh phwkrg wr phdvxuh wkh fr0h{lvwhqfh fxuyh lv wr xvh v|vwhpv zlwk
d udqjh ri ryhudoo ghqvlwlhv � 9@ 4@5 dv zhoo dv ydulrxv whpshudwxuhv W 1 D skdvh

gldjudp lq wkh W 0� sodqh fdq eh frqvwuxfwhg e| revhuylqj zkhwkhu wkh v|vwhp lv
krprjhqhrxv dqg glvrughuhg ru lqkrprjhqhrxv dqg skdvh vhjuhjdwhg1 Ri frxuvh/

iru v|vwhpv lq htxloleulxp dqg lq wkh wkhuprg|qdplf olplw/ wkh erxqgdu| ehwzhhq
wkh glvrughuhg dqg rughuhg skdvhv vkrxog eh suhflvho| wkh fr0h{lvwhqfh fxuyh=
�� +W,/ irxqg e| wkh phwkrg lq Fkdswhu 71 Iru �qlwh v|vwhpv/ gl�huhqfhv duh

h{shfwhg1 Zkloh fduhixo h{wudsrodwlrqv zloo eh qhfhvvdu| wr h{wudfw wkh xqltxh
fr0h{lvwhqfh fxuyh/ khuh zh zloo eh frqwhqw zlwk frqvlvwhqf| ri uhvxowv rewdlqhg

zlwk wkhvh wzr phwkrgv1
Lq wklv dssurdfk/ fohduo| zh pxvw uho| rq vrph gh�qlwlrq ri rughulqj1 Lq

dgglwlrq wr phdvxulqj foxvwhu vl}hv dqg ghqvlwlhv/ zh ghflghg rq wkuhh rwkhu _rughu
sdudphwhuv1% Hdfk kdv dgydqwdjhv dqg gh�flhqflhv1 Wkxv/ wkh �uvw vhfwlrq ri

wklv fkdswhu zloo eh ghyrwhg wr d glvfxvvlrq ri wkh ydulrxv rughu sdudphwhuv1 Lq
wkh vhfrqg vhfwlrq/ zh vkrz wkh gdwd iru hdfk ri wkhvh/ wudfnlqj wkhp dv zh

ydu| W +zlwk � khog frqvwdqw, ru � +zlwk �{hg W ,/ ghshqglqj wkh uhjlrq ri wkh
skdvh gldjudp h{soruhg1 Wkh fkrlfhv duh glfwdwhg e| wkh h{shfwhg vors ri wkh
fr0h{lvwhqfh fxuyh1 Doo wkhvh sorwv |lhog d frqvlvwhqw slfwxuh iru � +W ,/ doehlw d

urxjk rqh/ iru hdfk ri wkh �yh vkliwv K @ i3> 6> 7> <> 4;j1 Djdlq/ wkh K @ 9 v|vwhp
zloo eh wuhdwhg vhsdudwho| lq Fkdswhu 91 Zh frqvwuxfwp+W , iru v|vwhpv vxemhfwhg

wr VSEF zlwk vl{ gl�huhqw vkliwv/ K1

D��� �h_ih �@h@4i|iht

Vlqfh wkh v|vwhp glvsod|v uhodwlyho| frpsoh{ ehkdylru/ h{sorulqj lw zlwk d ydulhw|

ri phdvxuhv zloo surylgh fuxfldo furvv fkhfnv ri wkh hvwlpdwhv ri wkh fr0h{lvwhqfh
fxuyhv dqg jlyh xv frq�ghqfh lq rxu frqfoxvlrqv1 Lq sduwlfxodu/ zh h{shfw ru0

ghulqj lqwr vwulsv qrw rqo| dorqj wkh �hog +_yhuwlfdo%, dqg dorqj wkh vnhzhg d{hv
+_wlowhg%, lpsrvhg e| wkh vkliwhg shulrglf erxqgdu| frqglwlrqv/ exw dovr lqwr
vwulsv ri pxowlsoh zlqglqj ri d udqjh ri rwkhu dqjohv +716,1 Lq fkdswhu 6 zh gh0
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�qhg _vnhzhg% vwuxfwxuh idfwruv �V� lq dq dwwhpsw wr phdvxuh fruuhodwlrqv deryh
WS1 Khuh/ wkh| zloo vhuyh dv dq rughu sdudphwhu iru vwdwhv zlwk wlowhg vwulsv/ lq
pxfk wkh vdph zd| wkdw ruglqdu| vwuxfwxuh idfwruv duh vwdqgdug phdvxuhv iru

yhuwlfdo vwulsv1 Iru v|vwhpv zlwk �� 9@ 4@5/ d frpsohwho| rughuhg vwdwh zloo fduu|
vl}deoh lqwhqvlwlhv lq vr pdq| frpsrqhqwv wkdw lw pd| eh gl�fxow wr glvfhuq wkh

vljqdo ri rughulqj e| h{dplqlqj wkh vwuxfwxuh idfwruv1 Wkxv/ zh frqvlghu ghqvlwlhv
ri lqglylgxdo froxpqv1 Vlploduo|/ wzr w|shv ri froxpqv ghqvlwlhv duh gh�qhg= wlowhg

dqg yhuwlfdo1 Klvwrjudpv dqg �xfwxdwlrqv ri wkhvh ghqvlwlhv fohduo| fduu| wkh phv0
vdjh ri rughulqj1 Ilqdoo|/ zh dovr ghwhuplqh rughu e| phdvxulqj wkh surshuwlhv ri

wkh foxvwhuv dqg wkh wrwdo _lqwhuqdo hqhuj|%1

814141 Vwuxfwxuh Idfwruv

Lq Fkdswhu 6/ zh kdyh lqwurgxfhg erwk wkh vwdqgdug vwuxfwxuh idfwruv V+n, dqg
wkh vnhzhg yhuvlrq �VM+�n,1 Vlqfh rxu v|vwhpv reh| frqvhuyhg g|qdplfv/ V+3, lv d
frqvwdqw/ ghshqglqj rq wkh ryhudoo ghqvlw| � +ru wkh wrwdo _pdjqhwl}dwlrq%,1 Zlwk

rxu qrupdol}dwlrq/ wkh wrwdo lqwhqvlw|/
S

!
V+n, @

S �VM / vxpv wr Y @ 58<51 Iru
d udqgrp frq�jxudwlrq/ hdfk V ru �V zrxog eh 4/ zklfk lv wkh w|slfdo ydoxh iru wkh

hqwulhv lq Wdeohv 614/ 617/ dqg 6181 Iru dq rughuhg vwdwh/ lqwhqvlwlhv dssursuldwh
iru wkdw vwdwh zloo eh R+Y ,/ dv zh looxvwudwh lq Dsshqgl{ F1 Lq d �qlwh v|vwhp/

wkhuh wkh furvvryhu iurp R+4, ehkdylru wr R+Y , lv qhfhvvdulo| vprrwk/ vr wkdw wkh
wudqvlwlrq srlqw fdq rqo| eh hvwlpdwhg1 Zlwk gdwd iurp d udqjh ri vl}hv/ vlpsoh

h{wudsrodwlrq phwkrgv ru vrsklvwlfdwhg �qlwh vl}h vfdolqj dqdo|vhv fdq eh xvhg wr
duulyh dw pruh dffxudwh ghwhuplqdwlrq ri wkh wudqvlwlrq srlqw1 Lq wklv �uvw vwxg|

ri skdvh wudqvlwlrqv lq v|vwhpv zlwk VSEF/ zh kdyh frq�qhg wr rqh vl}h rqo|/ vr
wkdw rxu uhvxowv duh h{shfwhg wr eh uholdeoh wr 43(1 Ilqdoo|/ dv lq Fkdswhu 6/ zh
h{sorlwhg wkh dyhudjhv ? Sf A> ? �S A/ ? �Sf A> dqg ? �S A/ dv dq ryhudoo phdvxuh

ri fruuhodwlrqv/ uhjdugohvv ri wkh ydulhw| ri vwdwhv lq zklfk foxvwhulqj idyruv1 Iru
rughulqj/ wklv _wulfn% lv htxdoo| lpsruwdqw1 Wkxv/ zh zloo eh txrwlqj uhvxowv iru

wkhvh txdqwlwlhv dv zhoo1

814151 Froxpq ghqvlwlhv dqg �xfwxdwlrqv

Lq rxu vlpxodwlrqv/ whpshudwxuh vhwwlqjv zloo eh orzhuhg dv zhoo dv udlvhg1 Dv
d uhvxow/ frq�jxudwlrqv iuhtxhqwo| vshqg h{whqghg shulrgv ri wlph lq phwdvwdeoh

vwdwhv zlwk pxowlsoh vwulsv ri ydu|lqj zlgwkv/ hyhq li wkh �qdo vwhdg| vwdwh frp0
sulvhv ri rqo| d vlqjoh vwuls1 Wkrxjk wkhvh vwdwhv vkrxog qrw/ vwulfwo|/ eh frxqwhg

lq wkh �qdo hqvhpeoh dyhudjh/ wkh ghqvlwlhv lq wkh vwulsv dsshdu wr eh dssur{l0
pdwho| wkh vdph dv wkdw lq wkh vwhdg| vwdwh1 Zlwk olplwhg wlph uhvrxufhv dqg
zlwk rxu irfxv rqo| rq wkh wudqvlwlrq wr skdvh fr0h{lvwhqfh/ zh ghflghg wr nhhs
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wkhvh gdwd dqg ghylvhg d phwkrg ri wdnlqj rqo| wkh uhohydqw ghqvlwlhv lqwr df0
frxqw1 Vlqfh wkh| duh ri ydu|lqj zlgwkv/ vwuxfwxuh idfwruv zloo qrw eh d jrrg
jxlgh1 Lqvwhdg/ revhuylqj wkdw wkh vwulsv w|slfdoo| vsdq wkh yhuwlfdo glphqvlrq

ri wkh vdpsoh/ zh wxuq wr phdvxulqj froxpq ghqvlwlhv1 Lq rwkhu zrugv/ froxpq
ghqvlwlhv duh ghvljqhg dffruglqj wr wkh vwurqj dqlvrwurs| ri wkh v|vwhp/ l1h1/ prvw

frqghqvhg uhjlrqv duh doljqhg dorqj/ pruh ru ohvv/ wkh h{whuqdo �hog1
Wkh froxpq ghqvlwlhv duh d phdvxuh ri wkh rffxsdwlrq lq d odwwlfh froxpq1 Wkh

lghd lv wkdw/ iru d glvrughuhg vwdwh/ wkhvh ghqvlwlhv zloo eh wkh ryhudoo ghqvlw| ��/
rq wkh dyhudjh1 Krzhyhu/ iru d frpsohwho| rughuhg vwdwh/ wkh| zrxog eh w|slfdoo|

4 ru 3/ ghshqglqj rq zkhwkhu wkh froxpq olhv zlwklq d vwuls ru qrw1 Vlqfh zh ghdo
rqo| zlwk v|vwhpv ri d vlqjoh vl}h vr wkdw ghqvlw| dqg rffxsdwlrq qxpehu gl�hu

rqo| e| P @ 69/ zh �qg lw frqyhqlhqw wr xvh wkh odwwhu dqg phuho| frxqw wkh
qxpehu ri sduwlfohv lq d froxpq1 Wkxv/ doo wkh ydoxhv ri rxu froxpq _ghqvlwlhv%
duh qrupdol}hg wr 691

Rqh frpsolfdwlrq lv wkdw/ vlqfh zh duh h{shfwlqj gl�huhqw w|shv ri doljqphqw/
zh pxvw gh�qh gl�huhqw w|shv ri froxpq ghqvlwlhv1 Iru yhuwlfdo doljqphqw/ wkh

prvw vhqvlwlyh phdvxuh lv

�
f
+l, @

�S[
�'�

q+l> m,= +814,

Iru v|vwhpv zlwk orz vkliwv +K ? 9,/ wkh vwulsv duh w|slfdoo| wlowhg dqg hyhq wrwdoo|

rughuhg vwdwhv zloo vkrz d glvwulexwlrq lq �
f
+l,= Wkxv/ zh duh ohg wr lqwurgxfh d

_vnhzhg froxpq% ghqvlw| zklfk lv wxqhg wr wkh sduwlfxodu vkliw lq txhvwlrq=

��+l, @

�S[
�'�

�+l. ^+m � 4,K@69` > m, +815,

zkhuh/ djdlq/ ^�` vwdqgv iru wkh lqwhjhu sduw ri �1 Iru frqyhqlhqfh/ zh zloo uhihu wr
wkh froxpq ghqvlwlhv froohfwlyho| dv �SJ,1 Iru d v|vwhp zlwk d vshfl�f K/ rqo| �

f

dqg �M duh phdvxuhg dqg klvwrjudpv duh frqvwuxfwhg1 Vlqfh rughulqj lq v|vwhpv
zlwk odujh vkliwv +K @ <> 4;, whqgv wr eh _yhuwlfdo%/ wkh iruphu zloo wxuq rxw wr

eh dghtxdwh1 Lq d v|vwhpdwlf vwxg|/ zh zrxog phdvxuh �� zlwk k 9@ K lq rughu
wr eh vhqvlwlyh wr pxowlsoh zlqglqjv ohdglqj wr vwulsv doljqhg qrq0yhuwlfdoo|1

Dv dq looxvwudwlrq ri wkhvh phwkrgv/ zh surylgh wzr h{dpsohv lq Iljxuhv 814d/e1
Erwk fdq eh frpsohwho| rughuhg vwdwhv lq dK @ 4; v|vwhp/ zlwk pxowlsoh zlqglqjv

ri 
 @ 7> 9 uhvshfwlyho|1 Wkh dvvrfldwhg klvwrjudpv duh vkrzq lq Iljxuhv 815d/e1
Lq wkh �uvw fdvh/ zh vhh wkdw wkh glvwulexwlrq iru �

f
lv el0prgdo/ surshuo| lghqwli|lqj

wkh vwdwh dv ehlqj skdvh vhsdudwhg1 \hw/ wkh glvwulexwlrq iru ��H lv vlqjoh shdnhg/
zklfk lv wkh fkdudfwhulvwlf ri d glvrughuhg vwdwh1 Lq wkh vhfrqg h{dpsoh/ wkh
glvwulexwlrq iru �

f
lv doprvw �dw/ zkhuhdv wkh glvwulexwlrq iru �

S
vkrzv wkh fohdu
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vljqdo iru shuihfw rughu1 Ehorz/ zh zloo vhh vlplodu glvwlqfwlrqv lq wkh klvwrjudpv
ri wkh dfwxdo uxqv/ vr wkdw zh pd| lqihu qrw rqo| zkhwkhu d wudqvlwlrq wrrn sodfh
exw dovr zklfk vwdwh wkh rughulqj lv idyrulqj1 Ilqdoo|/ zh uh0hpskdvl}h wkdw/ wr

frpsloh wkh klvwrjudpv iru wkh vlpxodwlrqv/ zh xvhg whq frq�jxudwlrqv lq wkh
odwwhu sduw ri hdfk ri wkh whpshudwxuh vwhsv1

+d, +e,
Iljxuh 814 Rughuhg vwdwhv iru d K @ 4; v|vwhp zlwk +d, 
 @ 7 dqg +e, 
 @ 9
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Iljxuh 815 Klvwrjudpv dvvrfldwhg zlwk Iljxuhv 814d/e uhvshfwlyho|

Iurp d klvwrjudp/ pruh frpsdfw phdvxuhv fdq eh h{wudfwhg/ h1j1/ lwv dyhudjh
dqg lwv vwdqgdug ghyldwlrq1 Wkh iruphu lv �{hg/ gxh wr wkh frqvhuyhg g|qdplfv/

dw ��P 1 Wkh odwwhu/ ru wkh zlgwk/ fduulhv lqirupdwlrq derxw rughulqj1 Idu lqwr d
glvrughuhg vwdwh/ wkh glvwulexwlrqv duh zhoo dssur{lpdwhg e| Jdxvvldqv derxw wkh

dyhudjh/ vr wkdw wkh zlgwkv/

��� �
t
? �2

�
A � +��P,2 +816,

zlwk k @ 3> 6> hwf1/ vkrxog eh _vpdoo%= R+
s
P, dqg uhodwhg wr d jhqhudol}hg

vxvfhswlelolw|1 Rq wkh rwkhu kdqg/ ghhs lqwr dq rughuhg vwdwh/ wkh glvwulexwlrqv
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vkrxog eh grxeoh shdnhg/ dw wkh ydoxhv fruuhvsrqglqj wr wkh ghqvlwlhv ri wkh fr0
h{lvwlqj skdvhv1 Wkhuhiruh/ +816, zloo ehfrph _odujh%/ l1h1/ R+P,1 Dv zh zloo vhh/
iru wkh vwdqgdug v|vwhp +�� @ 4@5> K @ 3,/ ��

f
ydulhv vprrwko|/ olnh wkh vwuxfwxuh

idfwru V/ dv W lv udlvhg dqg orzhuhg wkurxjk WS1 Krzhyhu/ iru �� @ 4@< +K @ 3,/
lw mxpsv glvfrqwlqxrxvo|/ w|slfdo ri rwkhu ihdwxuhv dw wkh fr0h{lvwhqfh fxuyh dzd|

iurp wkh fulwlfdo srlqw1
Wkh vlqjoh0shdn wr el0prgdo wudqvlwlrq lq wkh glvwulexwlrq lv d idploldu skh0

qrphqrq dvvrfldwhg zlwk v|pphwu| euhdnlqj1 Iru v|vwhpv zlwk Lvlqj v|pphwu|/
d vwdqgdug zd| wr _dyrlg% wkh el0prgdo glvwulexwlrq lv wr frqvwuxfw klvwrjudpv

iru wkh vtxduh ri wkh pdjqhwl}dwlrq1 Dqrwkhu zd| lv vlpso| wr wdnh wkh pdjqlwxgh
ri wkh pdjqhwl}dwlrq1 Lq wkh ghqvlw| odqjxdjh/ wklv surfhgxuh frqvlvwv ri qrwklqj

exw _iroglqj% wkh klvwrjudpv derxw wkh plg0srlqw P@5 +4; lq rxu fdvh,1 Ehorz/
zh glvsod| rqo| rqh vhw ri vxfk _iroghg% klvwrjudpv +Iljxuh 8144,1 Qrwh wkdw
wkh devflvvd lv wkh devroxwh ydoxh ri wkh _pdjqhwl}dwlrq% dqg vr/ qrupdol}hg wr

xqlw|1 Ri frxuvh/ wkh glvdgydqwdjh ri wklv dssurdfk lv wkdw wkh dyhudjhv duh ohvv
dffhvvleoh dqdo|wlfdoo|/ hvshfldoo| lq wkh fdvh ri �� �'f1 Qhyhuwkhohvv/ zh �qg wklv

ghvfulswlrq xvhixo/ vlqfh wkh zlgwkv ri wkhvh _iroghg glvwulexwlrqv%

�+IG, �

v����
4;
� 4
�
2
 
�

������
4;
� 4
���2
 

+817,

vkrxog eh _vpdoo%/ erwk deryh dqg ehorz fulwlfdolw|1 Lqghhg/ lq erwk uhjlphv/ wklv
txdqwlw| lv lqwlpdwho| uhodwhg wr wkh _vxvfhswlelolw|%1 Lq wkh qhljkerukrrg ri wkh
wudqvlwlrq/ wkh zlgwkv vhuyh dv jrrg lqglfdwruv ri odujh �xfwxdwlrqv/ vr wkdw shdnv
lq wkh sorw ri �+IG, yv W fdq vhuyh wr orfdwh wkh wudqvlwlrq whpshudwxuh1

Zkhq suhvhqwlqj wkh slfwxuh iru _iroghg klvwrjudpv%/ zh kdyh jorvvhg ryhu dq
lpsruwdqw ihdwxuh zklfk/ xqiruwxqdwho|/ pxgglhv dq rwkhuzlvh fohdu slfwxuh1 Hyhq
iru wkhvh klvwrjudpv/ wkh glvwulexwlrqv duh el0prgdo ehorz fulwlfdolw|$ Wkhuh lv d
vpdoo shdn qhdu wkh ruljlq/ zklfk fdq eh wudfhg wr wkh suhvhqfh ri wkh lqwhuidfhv1
Gxh wr wkhupdo �xfwxdwlrqv/ wkhvh duh ri qrq0}hur zlgwk/ vr wkdw wkh ghqvlwlhv
lqwhusrodwh vprrwko| wkurxjk 425/ ehwzhhq ��/ wkh ghqvlwlhv ri wkh fr0h{lvwlqj
grpdlqv1 Vlqfh � @ 4@5 lv pdsshg lqwr wkh ruljlq lq d iroghg klvwrjudp/ wkhuh lv
d vpdoo shdn khuh1 Lw lv srvvleoh wr v|vwhpdwlfdoo| h{wudfw wklv frqwulexwlrq/ e|
xvlqj v|vwhpv zlwk gl�huhqw O*v1 Krzhyhu/ wkdw lv eh|rqg wkh vfrsh ri wklv wkhvlv1
Khuh/ zh duelwudulo| uhpryh wkhvh sduw ri wkh klvwrjudp e| lpsrvlqj d fxw diwhu
d frduvh0judlq surfhgxuh1

Wkh phwkrg ri frduvh judlqlqj ^FJ`/ lqvsluhg e| wkh uhqrupdol}dwlrq jurxs
^66`/ lqyroyhv dyhudjlqj wkh ghqvlwlhv ri hyhu| wkuhh froxpq ghqvlwlhv1 Iru hyhu|
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vhw ri wkuhh/ hdfk FJ ghqvlw| +��C� , dvvxphv wkh dyhudjh ydoxh=

�
�C
� +l, @ �

�C
� +l. 4, @ �

�C
� +l. 5, @

4

6

2[
&'f

��+l. n,= +818,

Wklv surfhgxuh lv ghvljqhg wr vkdushq wkh shdn dvvrfldwhg zlwk wkh rughuhg gr0
pdlq/ vlqfh lw pdsv d v|vwhpv wr d orzhu h�hfwlyh whpshudwxuh1 Wkh shdn dvvr0
fldwhg zlwk lqwhuidfhv lv dovr pruh h{srvhg/ ohdglqj wr d vrphzkdw ohvv duelwudu|
vfkhph iru lwv uhprydo1 Wkxv/ doo �jxuhv iru �+IG, duh frpslohg iru klvwrjudpv
zklfk kdyh ehhq iroghg dqg frduvh judlqhg1

814161 Foxvwhu vl}hv dqg ghqvlwlhv

Wklv phwkrg lv lghqwlfdo wr wkdw xvhg lq Fkdswhu 71 Iru hdfk foxvwhu/ zh irfxv
rq wzr ri lwv fkdudfwhulvwlfv= ghqvlw| +�S,�r, dqg vl}h +YS,�r,1 Prvw foxvwhuv lq d
glvrughuhg skdvh dw kljk whpshudwxuhv zloo eh vpdoo +dqg wkhuhiruh ghqvh,1 Rq
wkh rwkhu kdqg/ lq d frpsohwho| rughuhg vwdwh/ wkhuh zrxog eh rqo| rqh jldqw dqg
foxvwhu ri xqlw ghqvlw|/ zkloh d zlgh glvwulexwlrq ri ghqvlwlhv dqg vl}hv lv h{shfwhg
lq wkh qhljkerukrrg ri d wudqvlwlrq1 Wkxv/ klvwrjudpv lq �S,�r0YS,�r vkrxog vhuyh
dv d jrrg lqglfdwlrq ri wkh wudqvlwlrq1 Lq wkh sorwv vkrzq ehorz/ wkh glvwulexwlrqv
duh dfwxdoo| frqvwuxfwhg iurp wkh wrwdo pdvv ri wkh foxvwhuv lq hdfk elq/ lqvwhdg
ri wkh wrwdo qxpehu ri vxfk foxvwhuv1 Wkh uhdvrq iru wklv lv fohdu= d klvwrjudp
ri d frpsohwho| rughuhg vwdwh zrxog eh sudfwlfdoo| lqylvleoh frpsduhg wr wkdw iru
d glvrughuhg vwdwh1 Wkh rwkhu dgydqwdjh ri xvlqj wkh pdvv lv qrupdol}dwlrq= wkh
lqwhjudo zrxog eh mxvw ��OP= Ilqdoo|/ d frpsrvlwh sorw ri wkh gdwd iurp doo W +zlwk
�� @ 4@5,/ lq wkh �S,�r0W sodqh/ lv txlwh uhyhdolqj1 Dv zh zloo vhh/ wkhuh h{lvwv d
vkdus erxqgdu|/ zklfk zloo eh lghqwl�hg zlwk wkh fr0h{lvwhqfh fxuyh lwvhoi1

814171 Lqwhuqdo hqhuj|

Wkh lqwhuqdo hqhuj| lv vlpso| wkh hqhuj| dvvrfldwhg zlwk d frq�jxudwlrq dffruglqj
wr +415,1 Iru d v|vwhp zlwk �{hg wrwdo qxpehu ri sduwlfohv/ lw lv mxvw dv frqyhqlhqw
wr xvh wkh vslq odqjxdjh vr wkdw/ dsduw iurp dq ryhudoo frqvwdqw/ wkh lqwhuqdo
hqhuj| lv sursruwlrqdo wr wkh qxpehu ri _eurnhq% erqgv +qhduhvw qhljkeru sdluv
ri rssrvlwh vslq,1 Iru vlpsolflw|/ zh zloo txrwh wklv qxpehu zkhq zh uhihu wr wkh
lqwhuqdo hqhuj|1

Iru wkh Lvlqj prgho lq htxloleulxp/ wklv txdqwlw| r�huv |hw dqrwkhu vwdqgdug
wrro iru lghqwli|lqj skdvh wudqvlwlrqv/ vlqfh lwv ghulydwlyh zlwk uhvshfw wr W lv wkh
vshfl�f khdw1 Zh eholhyh wkdw lw fdq dovr vhuyh dv dq lqglfdwru ri qrq0htxloleulxp
wudqvlwlrqv1 Lq sduwlfxodu/ iru d frpsohwho| rughuhg vwdwh lw lv mxvw 5+69 .K,/ iru
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dq| ��= Qhhgohvv wr vd|/ pxowlvwuls vwdwhv kdyh kljkhu hqhuj|/ gxh wr wkh h{whqghg
lqwhuidfh1 Iru udqgrp frq�jxudwlrqv/ wkh dyhudjh zrxog eh 5�� +4� ��,OP= Zlwk
d ydulhw| ri �qlwh vl}hv dqg dvshfw udwlrv/ wkh dyhudjh lqwhuqdo hqhuj| X fdq eh
xvhg wr ghwhfw wkh qxpehu ri vwuls dv zhoo1 Zh xvhg lw lq rxu lqyhvwljdwlrq ri wkh
5 � 6 v|vwhp lq Fkdswhu 51 Ilqdoo|/ lq d sk|vlfdo v|vwhp/ X lv ri frxuvh dq eh
hdvlo| phdvxuhg h{shulphqwdoo|1

814181 Fr0h{lvwhqfh fxuyhv

Zlwk wkhvh gl�huhqw phdqv ri phdvxulqj zkhwkhu d v|vwhp lv rughuhg ru glvru0
ghuhg/ zh wxuq wr wkh vlpxodwlrq uhvxowv wkhpvhoyhv1 Vlqfh wkhuh lv d frqvlghudeoh
dprxqw ri gdwd/ zh zloo rqo| glvfxvv lq ghwdlo krz wkhvh phwkrgv duh dssolhg wr
wzr fdvhv/ qdpho|/ ydu|lqj W rq v|vwhpv zlwk � @ 69@:5 dqg ;@:5 vxemhfwhg wr
SEF +K @ 3,1 Iru wkh rwkhu vkliwv +K @ 6> 7> <> 4;,/ dv zhoo dv uxqv zlwk ydu|lqj
�� zlwk �{hg W> zh rqo| uhsruw wkh uhvxowv lq d vhulhv ri �jxuhv1 Wklv fkdswhu hqgv
zlwk rxu jrdo= d vhulhv ri fr0h{lvwhqfh fxuyhv1

D�2� A�L t)t|i4t ��|� ��� EO'f�

Dv d uhplqghu/ hdfk frqvwdqw ghqvlw| _uxq% vwduwv zlwk d v|vwhp lq d frpsohwho|
rughuhg vwdwh dqg doorzhg wr hyroyh iru 53N PFV zlwk wkh whpshudwxuh vhw orz
hqrxjk wkdw wkh v|vwhp vkrxog eh skdvh vhsdudwhg1 Wkhq W lv udlvhg/ lq vwhsv
ri 3=4> xqwlo zhoo lqwr wkh krprjhqhrxv skdvh1 Diwhu wkdw/ lw lv orzhuhg e| wkh
vdph vhw ri vwhsv wloo wkh ruljlqdo whpshudwxuh lv uhdfkhg1 Wklv khdwlqj0frrolqj
f|foh doorzv xv wr revhuyh k|vwhuhvlv dqg surylghv xv zlwk erxqgv rq wudqvlwlrqv
zklfk duh �uvw rughu1 Dw hdfk vwhs/ wkh v|vwhp lv hyroyhg iru 53N PFV dqg
wkhq phdvxuhphqwv pdgh1 Prvw gdwd duh suhvhqwhg dv d sdlu ri gldjudpv/ kdoi
iru wkh khdwlqj sduw dqg kdoi iru wkh frrolqj sduw ri wkh uxq1 Iru wkh �@69@:5
v|vwhp/ wkh whpshudwxuh udqjh lv ^3=8> 5=3`1 Iljxuh 816 vkrzv vrph ri wkh w|slfdo
frq�jxudwlrqv xvhg iru wkh phdvxuhphqwv1

+d, W@413 Khdwlqj +e, W@417 Khdwlqj +f, W@513
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+g, W@417 Frrolqj +h, W@31< Frrolqj
Iljxuh 816 W|slfdo frq�jxudwlrqv iru � @ 69@:5/ K @ 3

Iru wkh �� @ ;@:5 v|vwhp/ wkh whpshudwxuh udqjh lv ^3=8> 4=7`1 Iljxuh 817 vkrzv
vrph ri wkh w|slfdo frq�jxudwlrqv1

+d, 31; Khdwlqj +e, 31< Khdwlqj +f, 413 Khdwlqj

+g, W@31< Frrolqj +h, W@31; Frrolqj +i, W@31: Frrolqj
Iljxuh 817 Frq�jxudwlrqv iru �� @ ;@:5/ K @ 3

Iru phdvxuhphqwv/ zh vhohfw whq frq�jxudwlrqv iurp wkh odvw wkrxvdqgPFV lq
hdfk 53N PFV vhw1 H{fhsw iru wkrvh qhdu fulwlfdolw|/ zh krsh wkdw wkh v|vwhp kdv
pruh ru ohvv vhwwohg wr wkh qhz whpshudwxuh zkhq wkh gdwd duh wdnhq1 Krzhyhu/ lw
pd| eh fdxjkw lq vrph phwdvwdeoh vwdwh dqg/ dv srlqwhg rxw deryh/ vrph ri rxu
phwkrgv duh ghvljqhg wr flufxpyhqw wklv gl�fxow|1 Fohduo|/ zlwk hqrxjk wlph dqg
uhvrxufhv/ zh zrxog eh deoh wr zdlw xqwlo wkh v|vwhp wr vwdelol}h frpsohwho|1 Wr
dffrpsolvk rxu jrdo/ hvwdeolvklqj fr0h{lvwhqfh fxuyhv dw wkh 43( dffxudf| ohyho/
lw lv vx�flhqw wr xvh vxfk frduvh phwkrgv1

Wkh �uvw wrro lqyroyhv wkh vwuxfwxuh idfwruv1 Vlqfh erwk ri wkhvh v|vwhpv duh
qrw vkliwhg/ lw lv xqqhfhvvdu| wr frqvlghu vnhzhg yhuvlrqv dqg rqo| uhvxowv iru V+n,
duh txrwh1 Lq Iljxuh 818/ vkrzv V+q%> 3, iru q% 5 ^4> <`= Dw hdfk q%/ wkhuh duh �yh
eduv/ rqh iru hdfk ri wkh W *v vkrzq lq Ilj1 8161 Phdqzkloh/ wkh lqwhqvlwlhv iru wkh
kljk q%*v uhpdlq R+4,/ w|slfdo ri wkrvh iru udqgrp frq�jxudwlrqv1 Iru wkh orz
q%*v/ zh vhh fohduo| wkh vljqdo ri wkh wudqvlwlrq lq erwk gluhfwlrqv1 Qrwh krzhyhu/
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wkh gl�huhqfhv ehwzhhq wkh khdwlqj dqg frrolqj skdvhv1 Lq wkh khdwlqj skdvh/
rqo| d vlqjoh vwuls lv suhvhqw/ vr wkdw V+4> 3, grplqdwhv/ dv vhhq lq wkh W @ 4=3
eduv1 E| frqwudvw/ rq wkh frrolqj sduw ri wkh f|foh/ rwkhu vwuxfwxuh idfwruv ehfrph
odujh dv zhoo/ qrwdeo| V+5> 3, dqg V+7> 3,1 Wklv ehkdylru lv/ ri frxuvh/ dvvrfldwhg
zlwk wkh skhqrphqrq ri skdvh vhsdudwlrq lqwr pruh wkdq rqh vwuls/ dv lq Ilj1
816+h,1
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Iljxuh 818 Wkh �uvw qlqh V+q%> 3, dw W *v fruuhvsrqglqj wr Ilj1 816=

T

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

A
ve

ra
g

e 
P

ow
er

0

250

500

750

1000

1250

1500

9<P0>

99<P>

Iljxuh 819 Vxpv ri V+q%> 3, gxulqj wkh khdwlqj f|foh +�� @ 69@:5/ K @ 3,1

Vlqfh pxowlvwulsshg phwdvwdeoh vwdwhv duh xqdyrlgdeoh lq wkh frrolqj f|foh/ lw
lv uhdvrqdeoh wr irfxv rq wkh vxp ri wkh lqwhqvlwlhv/ dv rssrvhg wr irfxvvlqj rqo|
rq/ vd|/ V+4> 3,= Wkxv/ zh sorw/ lq Iljxuh 819/ wkh vxp ryhu wkh qlqh V+q%> 3,*v/
dv zhoo dv ryhu doo V+q%> 3, iru q%> q+ 5 ^4> <`1 Zh kdyh h{suhvvhg wkhvh dv wkh
dyhudjhv ? Sf A dqg ? S A lqwurgxfhg suhylrxvo|1 Iru kljk whpshudwxuhv/ zh
vhh wkdw wkh dyhudjhv duh dssur{lpdwho| htxdo/ zlwk wkh vxpv gl�hulqj e| derxw
d idfwru ri 431Wkh phujlqj ri wkhvh wzr vxpv dw orz whpshudwxuhv lv mxvw dqrwkhu
shuvshfwlyh rq wkh idfw wkdw wkh lqwhqvlwlhv dw wkh orz q%*v duh grplqdqw dqg wkdw
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wkh v|vwhp glvsod|v rqo| rqh yhuwlfdo vwuls1 Wkh orfdwlrq iru wkh wudqvlwlrq lv txlwh
fohdu/ dw ohdvw dw wkh ohyho ri dffxudf| h{shfwhg lq d �qlwh v|vwhp olnh rxuv1
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Iljxuh 81: Wkh dyhudjh lqwhqvlw| ? Sf A iru wkh +d, � @ 69@: dqg +e, ;@:5
v|vwhpv1

Iurp Ilj1 819/ zh vhh wkdw lw lv dghtxdwh wr xvh ? Sf A dorqh iru lghqwli|lqj
wkh wudqvlwlrq1 Wkxv/ zh zloo sorw rqo| wklv txdqwlw| iru doo wkh rwkhu fdvhv wr
eh suhvhqwhg1 Lq sduwlfxodu/ Iljxuhv 81:d/e vkrz ? Sf A iru wkh � @ 69@: dqg
;@:5 v|vwhpv/ uhvshfwlyho|1 Rq wkh ohiw +uljkw, sduw ri hdfk �jxuh/ zh glvsod| wkh
ghshqghqfh ri wklv txdqwlw| rq W> gxulqj wkh khdwlqj +frrolqj, skdvh ri wkh uxq1
Qrwh wkdw ? Sf A iru wkh frrolqj sduw lq Ilj1 81:d lv frpsdudeoh wr wkh khdwlqj
sduw1 Kdg zh xvhg V+4> 3,> wkhuh zrxog eh d vxevwdqwldo gl�huhqfh1 Exw/ ? Sf A

frqvlvwv ri rwkhu lqwhqvlwlhv/ vxfk dv V+5> 3, dv zhoo/ vr wkdw lw lv vhqvlwlyh wr d
v|vwhp rughulqj lqwr rqh ru wzr yhuwlfdo vwulsv zlwk odujh ghqvlw|1 Lw lv uhdvvxulqj
wkdw/ xvlqj wklv phwkrg/ wkh orfdwlrq ri wkh wudqvlwlrq/ W * 4=6/ grhv qrw gl�hu
pxfk ehwzhhq wkh wzr sduwv ri wkh f|foh1 Iru wkh �� @ ;@:5 v|vwhp/ wkh ryhudoo
vfdoh iru ? Sf A lv ohvv/ dv d frpsohwho| rughuhg vwuls lv rqo| 58( wkh vl}h ri wkdw
lq wkh �� @ 69@:5 v|vwhp1 Wkh prvw vwulnlqj gl�huhqfh lv fohduo| wkh glvfrqwlqxlw|
dv wkh v|vwhp glvrughuv gxulqj wkh khdwlqj f|foh/ ehwzhhq W @ 3=< dqg W @ 4=31
Zh dovr revhuyh k|vwhuhvlv/ vlqfh wkh mxps rffxuv ehwzhhq W @ 3=< dqg W @ 3=; dv
wkh v|vwhp lv frrohg1 Suhvxpdeo|/ zlwk vorzhu vzhhsv/ wkh jds fdq eh qduurzhg1
D uhdvrqdeoh hvwlpdwh ri wkh wudqvlwlrq whpshudwxuh zrxog eh W @ 3=<	 3=4= Wkh
xqfhuwdlqw| frphv iurp wkh whpshudwxuh vwhs vl}h dqg wkh k|vwhuhvlv skhqrphqrq1

Qh{w/ zh wxuq wr wkh ehkdylru ri froxpq ghqvlwlhv1 Dv phqwlrqhg deryh/ erwk
wkh gulyh dqg wkh SEF idyru yhuwlfdo doljqphqw/ vr wkdw zh pd| frqvlghu rqo| wkh
_ghqvlw|% lq yhuwlfdo froxpqv= �

f
1 Uhfdoolqj wkdw wklv txdqwlw| lv qrupdol}hg wr
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69 iru d �oohg froxpq/ zh suhvhqw klvwrjudpv iru �f lq Iljxuh 81;/ fruuhvsrqglqj
wr wkh vhwwlqjv zklfk uhvxowhg lq wkh w|slfdo frq�jxudwlrqv lq Ilj1 8161 Wkh duhd
xqghu wkh klvwrjudpv lv :53/ uh�hfwlqj rxu fkrlfh ri xvlqj whq frq�jxudwlrqv ri
:5 froxpqv hdfk1 Wkh glvwlqfwlrq ehwzhhq dq rughuhg/ skdvh vhsdudwhg vwdwh dqg
d glvrughuhg/ krprjhqhrxv vwdwh lv ylylgo| glvsod|hg1 Rqh glvwulexwlrq lv vkduso|
el0prgdo/ frqfhqwudwhg dw wkh hqgv ri sorw/ zkloh wkh rwkhu lv uhvhpeohv pruh
d Jdxvvldq1 Odujh �xfwxdwlrqv qhdu wkh wudqvlwlrq duh dovr hylghqw lq wkh wzr
W @ 4=7 sorwv +Iljv1 81;e/g,1 Ilqdoo|/ zh srlqw rxw wkh vlplodulwlhv ehwzhhq Ilj1
81;d dqg Ilj 81;h/ vkrzlqj wkdw wkh klvwrjudp iru d wzr0vwuls phwdvwdeoh vwdwh lv
frpsdudeoh wr wkdw iru wkh vlqjoh0vwuls vwdeoh vwdwh1 Iru wkh sxusrvh ri lghqwli|lqj
wudqvlwlrq whpshudwxuhv dw wkh 43( ohyho/ wklv lv dq dgydqwdjhrxv ihdwxuh1
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Iljxuh 81; Klvwrjudpv ri �

f
iru �� @ 69@:5/ K @ 3

Wkh klvwrjudpv iru wkh �� @ ;@:5 v|vwhp/ vkrzq lq Iljxuh 81</ ehkdyh lq d
vlplodu pdqqhu1 Vlqfh wkhuh lv olwwoh gl�huhqfh/ h{fhsw iru k|vwhuhvlv/ ehwzhhq
khdwlqj dqg frrolqj f|fohv/ zh suhvhqw rqo| wkuhh sorwv1 Fruuhvsrqglqj wr wkh
rughuhg vwdwh/ wkh glvwulexwlrq lv dovr elprgdo exw kljko| dv|pphwulf/ vlqfh lwv
�uvw prphqw pxvw eh 7 +��P,1 Vlplodu wr wkh �� @ 69@:5 v|vwhp/ wkh glvwulex0
wlrq iru d v|vwhp deryh fulwlfdolw| dsshduv _qrupdo%1 Xqolnh wkh kdoi �oohg fdvh/
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krzhyhu/ wkh klvwrjudp fruuhvsrqglqj wr wkh v|vwhp xqghujrlqj d wudqvlwlrq glv0
sod|v d vpdoo shdn dsshdulqj dw wkh kljk ghqvlw| hqg1 Wklv ehkdylru lv w|slfdo
ri d _�uvw rughu wudqvlwlrq% dqg ohdgv xv wr wkh vdph frqfoxvlrq gudzq iurp wkh
glvfrqwlqxlw| lq Ilj1 81:e1
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Iljxuh 81< Klvwrjudpv ri froxpq ghqvlwlhv iru �� @ ;@:5/ K @ 3

Klvwrjudpv fohduo| fduu| d zhdowk ri lqirupdwlrq1 Krzhyhu/ wr eh vxfflqfw
lq rxu ghwhuplqdwlrq ri wudqvlwlrq whpshudwxuhv/ zh frqvwuxfw vlpsohu txdqwlwlhv/
vxfk dv wkh zlgwk ri wkh glvwulexwlrq= +816,1 Wkh ghshqghqfh ri wkhvh rq W

duh vkrzq lq Iljxuhv 8143d/e1 Qrwlfh wkdw erwk sorwv duh yhu| vlplodu wr wkh
srzhu sorwv vkrzq lq Iljxuh 81:d/e1 Wkh ihdwxuhv ri frqwlqxrxv yv1 glvfrqwlqxrxv
wudqvlwlrq/ dv zhoo dv k|vwhuhvlv/ duh djdlq surplqhqw1 Zh duulyh dw wkh vdph
frqfoxvlrqv= W @ 4=6	 3=4 iru � @ 69@:5 dqg W @ 3=<	 3=4 iru � @ ;@:51
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Iljxuh 8143 Wkh glvshuvlrq ��
f
iru wkh +d, � @ 69@: dqg +e, ;@:5 v|vwhpv1
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Dv glvfxvvhg lq wkh suhylrxv vhfwlrq/ wkh zlgwk ��� lv dfwxdoo| phdvxulqj
gl�huhqw txdqwlwlhv/ ghshqglqj rq zkhwkhu wkh glvwulexwlrq lv el0prgdo ru vlqjoh0
shdnhg1 Wr e|0sdvv wklv gl�fxow|/ zh wxuq wr _iroghg% klvwrjudpv/ zklfk duh
dozd|v vlqjoh0shdnhg1 Rwkhu dgydqwdjhv ri wklv frqvwuxfwlrq kdyh ehhq hpskd0
vl}hg lq wkh suhylrxv vhfwlrq1 Iljxuhv 8144d0f duh frqvwuxfwhg iurp Iljxuhv 81;d0f1
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Iljxuh 8144 _Iroghg% klvwrjudpv ri froxpq ghqvlwlhv iru �� @ 69@:5/ K @ 3

Eh|rqg vlpsoh iroglqj/ zh kdyh glvfxvvhg rwkhu vxewohwlhv zklfk ohdgv xv wr
fuhdwh frduvh judlqhg �jxudwlrqv ehiruh shuiruplqj wkh _irog%/ uhvxowlqj lq pxfk
vkdushu glvwulexwlrqv1 Wr vhh wkh h�hfwv ri wklv rshudwlrq +818,/ zh vkrz wkh
frduvh judlqhg yhuvlrq ri wkh frq�jxudwlrqv ri Iljv1 816 lq Iljxuhv 8145d0h1

+d, W@413 Khdwlqj +e, W@417 Khdwlqj +f, W@513 Khdwlqj

+g, W@417 Frrolqj +h, W@31< Frrolqj

Iljxuh 8145 Frq�jxudwlrqv iurp Iljxuh 816 diwhu frduvh judlqlqj1

8;



Iurp wkhvh frduvh judlqhg frq�jxudwlrqv/ zh frqvwuxfw wkh _iroghg% yhuvlrq
ri Iljxuhv 81;d0f/ glvsod|hg lq Iljxuhv 8146d0f1 Dv zh vhh/ wkhvh duh vkdushu wkdq
wkrvh lq Ilj1 8144/ vr wkdw d ehwwhu hvwlpdwh iru wkh wudqvlwlrq fdq eh pdgh1
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Iljxuh 8146 _Iroghg% FJ klvwrjudpv ri froxpq ghqvlwlhv iru �� @ 69@:5/ K @ 3

Iurp wkhvh _iroghg% klvwrjudpv/ zh phdvxuh wkh glvshuvlrq �+IG, +817,1
Wkhlu ehkdylru gxulqj wkh khdwlqj dqg frrolqj f|fohv/ iru erwk wkh �� @ 69@:5 dqg
;@:5 v|vwhpv/ duh vkrzq lq Iljxuh 81471

T

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4

∆(
F

D
)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

+d, ��@692:5

T

0.5 0.7 0.9 1.1 1.3 1.3 1.1 0.9 0.7 0.5

∆ (
F

D
)

0.00

0.05

0.10

0.15

0.20

+e, ��@;2:5
Iljxuh 8147 Wkh glvshuvlrq �+IG, iru wkh +d, �� @ 69@:5 dqg +e, ;@:5 v|vwhpv1

Wkh shdn ri wkhvh glvshuvlrqv duh h{shfwhg dw wkh wudqvlwlrq whpshudwxuhv1
Zh vhh wkdw wklv phwkrg ri lghqwli|lqj wkh wudqvlwlrq lv shukdsv pruh uhdvrqdeoh
wkdq uho|lqj rq lq�hfwlrqv lq ��

f
= Fhuwdlqo|/ lw ohdgv wr uhvxowv wkdw duh hqwluho|

frqvlvwhqw zlwk wkrvh iurp dqdo|}lqj wkh vwuxfwxuh idfwruv1

8<



Wkh wklug wrro lqyroyhv vwxg|lqj wkh glvwulexwlrqv ri foxvwhu vl}hv dqg ghqvlwlhv1
Lqghhg/ zh zloo vhh wkdw d 60G sorw ri glvwulexwlrq ryhu wkh ghqvlw|0whpshudwxuh
yduldeoh uhyhdov pxfk ri wkh fr0h{lvwhqfh fxuyh1

Lq d vhulhv ri �jxuhv +Iljxuh G15 lq Dsshqgl{ G,/ zh vkrz wkh wrwdo pdvv/
dv d ixqfwlrq ri wkh foxvwhu ghqvlw| +�S,�r, dqg foxvwhu vl}h +YS,�r,/ gxulqj wkh
khdwlqj f|foh lq wkh �� @ 69@:5 v|vwhp1 Wkhvh �jxuhv duh fohduo| uhyhdolqj wkh
gudvwlfdoo| gl�huhqw fkdudfwhulvwlfv ehwzhhq dq rughuhg dqg glvrughuhg vwdwh1 Idu
ehorz fulwlfdolw|/ wkhuh lv w|slfdoo| rqh jldqw foxvwhu zlwk uhodwlyho| kljk ghqvlw|1
Qrwh wkdw wkhuh lv d vhfrqg shdn qhdu +�S,�r> YS,�r, @ +4> 3,1 Wklv lv gxh wr wkh
sduwlfohv lq wkh kroh0ulfk uhjlrq1 Dv wkh| irup vpdoo foxvwhuv/ wkh ghqvlwlhv duh
forvh wr xqlw|1 Ri frxuvh/ wkhuh duh odujh qxpehuv ri vxfk plqxwh foxvwhuv1 Kdg zh
sorwwhg dq ruglqdu| klvwrjudp/ wkh| zrxog kdyh grplqdwhg wkh slfwxuh1 Wklv lv
wkh fuxfldo uhdvrq ehklqg xvlqj wrwdo pdvv/ l1h1/ frqvlghulqj d zhljkwhg klvwrjudp/
lqvwhdg1 Dv wkh whpshudwxuh lqfuhdvhv/ wklv foxvwhu ehfrphv ohvv ghqvh dqg euhdnv
lqwr vpdoohu foxvwhuv/ pxfk olnh zkdw zh suhvhqwhg lq Fkdswhu 71 Lw lv fohdu wkdw
d pdmru fkdqjh rffxuuhg ehwzhhq W @ 4=6 dqg 4=71 Lq wkh odwwhu vhwwlqj/ qr jldqw
foxvwhu lv suhvhqw1 Vlqfh wklv lv d v|vwhp dw fulwlfdo ghqvlw|/ vr wkdw lw fdq eh
wxqhg wr wkh fulwlfdo srlqw/ zh frxog h{shfw d zlgh udqjh ri foxvwhu glvwulexwlrqv
dw wkdw srlqw1 Dv W lv lqfuhdvhg ixuwkhu deryh fulwlfdolw|/ wkh foxvwhuv ehfrph
hyhq vpdoohu dqg/ dv d uhvxow/ ghqvhu1

Iurp wkhvh sorwv/ dq lqwhuhvwlqj frpsrvlwh slfwxuh hphujhv1 Lq Iljxuh G16/
zh frpelqhg wkh gdwd iru wkh gl�huhqw whpshudwxuhv dqg iruphg d zhljkwhg klv0
wrjudp lq wkh �S,�r0W sodqh1 Wkhuh lv fohduo| d uhjlrq zkhuh wkh wrwdo pdvv glv0
wulexwlrq lv }hur1 Wkh lqwhusuhwdwlrq lv wkdw wkh v|vwhp jlyhv yhu| olwwoh _zhljkw%
wr wklv uhjlrq lq wkh �S,�r0W sodqh1 Wkh erxqgdu| iru wklv uhjlrq lv txlwh vkdus
dqg zh frxog uhdglo| wklqn ri wklv dv wkh fr0h{lvwhqfh fxuyh1

Iroorzlqj wklv olqh ri lqyhvwljdwlrq/ zh wxuq wr wkh glvwulexwlrqv iru d � @ ;@:5
v|vwhp1 Lq Iljxuh G17/ zh vkrz sorwv iru erwk wkh khdwlqj dqg frrolqj skdvhv1
Xqolnh wkh suhylrxv fdvh/ hyhq dw orz whpshudwxuhv/ wkhuh lv d vl}deoh pdvv qhdu
+�S,�r> YS,�r, @ +4> 3,1 Wklv skhqrphqrq fdq eh xqghuvwrrg li zh nhhs lq plqg wkdw
wkh ryhudoo ghqvlwlhv orz/ vr wkdw wkh sduwlfoh ulfk uhjlrq lv txlwh vpdoo frpsduhg
wr wkh kroh0ulfk rqh1 Dv d uhvxow/ wkh pdvv dvvrfldwhg zlwk wkh odujh +kljk ghqvlw|,
foxvwhu grhv qrw ryhuzkhop wkh vpdoo foxvwhuv lq wkh kroh ulfk uhjlrq1 Dv zh fdq
vhh/ qhdu W @ 3=</ wkh wzr shdnv duh ri vlplodu khljkw zkloh wkh odujh foxvwhu
shdn kdv hqwluho| glvdsshduhg e| W @ 4=31 Wkxv/ zh fdq vdiho| frqfoxgh wkdw d
wudqvlwlrq rffxuv dw W @ 3=<	 3=41 Ilqdoo|/ qrwh wkdw zkloh wkhuh duh gl�huhqfhv
ehwzhhq wkh khdwlqj dqg frrolqj f|fohv/ qrqh duh wrr gudpdwlf wr eh rxwvlgh wkh
uhdopv ri plog k|vwhuhvlv dqg vwdwlvwlfdo huuruv1
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Ilqdoo|/ lq Iljxuh 8148/ zh vkrz sorwv ri wkh foxvwhu vl}hv dv d ixqfwlrq ri W /
gxulqj erwk sduwv ri wkh f|foh lq wkh wzr v|vwhpv= � @ 69@:5 dqg ;@:51
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Iljxuh 8148 Foxvwhu vl}h yv1 W iru wkh +d, � @ 69@:5 dqg +e, ;@:5 v|vwhpv1

Dw �uvw vljkw/ lw pd| eh vxusulvlqj wkdw wkhuh lv frqvlghudeoh _k|vwhuhvlv% iru d
v|vwhp jrlqj wkurxjk wkh fulwlfdo srlqw +� @ 69@:5,1 Wkh orzhu foxvwhu vl}h lq
wkh frrolqj f|foh fdq eh wudfhg wr wkh rughulqj lqwr d phwdvwdeoh vwdwh zlwk wzr
vwulsv1 Wklv lv d frpshoolqj uhdvrq iru vwxg|lqj wkh ghqvlw| ri foxvwhuv udwkhu
wkdq wkh vl}hv1 Wkh glvfrqwlqxlw| lq wkh khdwlqj f|foh pd| eh gxh wr wkh orz
vwdwlvwlfv1 Vlqfh zh wrrn rqo| whq frq�jxudwlrqv/ wkh h�hfwv ri fulwlfdo vorzlqj
grzq pd| phdq wkdw 53N PFV zdv qrw hqrxjk wlph iru wkh foxvwhu dw W @ 4=6
wr hyroyh wrzdug d vpdoo vl}h1 Qhyhuwkhohvv/ zh eholhyh wkdw zh fdq vdiho| lghqwli|
wkh suhvhqfh ri d wudqvlwlrq dw wkh ohyho ri 	3=4 lq dffxudf|1 Iru wkh � @ ;@:5
v|vwhp/ wkh glvfrqwlqxlw| lv prvw olnho| d uh�hfwlrq ri wkh qdwxuh ri wkh wudqvlwlrq
ehlqj pruh olnh d _�uvw rughu% rqh1

Odvwo|/ zh wxuq wr wkh phdvxuhphqwv ri _lqwhuqdo hqhuj|/% zklfk/ lq rxu gh�ql0
wlrq/ lv vlpso| wkh qxpehu ri qhduhvw qhljkeru sduwlfoh0kroh sdluv1 Wkh pd{lpxp
iru wkh � @ 69@:5 v|vwhp lv 5OP @ 84;71 Krzhyhu/ wklv lv wkh rughuhg dqwlihu0
urpdjqhwlf vwdwh/ fruuhvsrqglqj wr W @ 33$ Iru wkh glvrughuhg vwdwh/ lw lv mxvw
5<851 Lq wkh � @ ;@:5 v|vwhp krzhyhu/ gxh wr wkh orz ghqvlw|/ wkh pd{lpxp
lv mxvw 7 wlphv wkh qxpehu ri sduwlfohv/ l1h1/ 44851 Phdqzkloh/ wkh plqlpxp iru
erwk lv mxvw :5/ d frq�jxudwlrq zlwk d vlqjoh vwuls ri xqlw ghqvlw|1 Zlwk wkhvh
olplwv lq plqg/ zh frqvlghu Iljxuh 8149d/e/ sorwwlqj wkh lqwhuqdo hqhuj| iru erwk
v|vwhpv dv d ixqfwlrq ri whpshudwxuh1
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Iljxuh 8149 Lqwhuqdo hqhuj| yv1 W iru wkh +d, � @ 69@:5 dqg +e, ;@:5 v|vwhpv1

Qrwh wkdw wkh fxuyh iru wkh kdoi �oohg v|vwhp lv yhu| vlplodu wr wkdw ri dq htxl0
oleulxp v|vwhp/ ulvlqj iurp qhduo| wkh plqlpxp ydoxh ri :5 wr vrphzkdw ehorz
wkh pd{lpxp dw W @ 5=31 Gxulqj wkh frrolqj f|foh/ wkh hqhuj| grhv qrw uhwxuq
wr :5= Zh vkrxog h{shfw wklv ehkdylru/ vlqfh zh nqrz wkdw rxu v|vwhp rughuv
lqwr d phwdvwdeoh vwdwh zlwk wzr vwulsv1 Wkxv wkh rughuhg vwdwh rq frrolqj kdv
qhduo| wzlfh wkh lqwhuqdo hqhuj| dv wkh lqlwldo vwdwh1 Iru erwk v|vwhpv/ wkhvh
fxuyhv frq�up wkh suhvhqfh ri wzr glvwlqfw skdvhv lq rxu v|vwhp= rqh dvvrfldwhg
zlwk kljk whpshudwxuhv dqg wkh rwkhu/ zlwk orz W 1 Lghqwli|lqj wkh wudqvlwlrqv e|
wkh lq�hfwlrq lq rqh fdvh dqg wkh glvfrqwlqxlw| lq wkh rwkhu fdvh ohdgv xv wr wkh
frqfoxvlrqv wkdw duh frpsohwho| frqvlvwhqw zlwk wkh suhylrxv rqhv1

Wkh vdph whfkqltxhv suhvhqwhg lq ghwdlo khuh duh xvhg wr hvwlpdwh wkh wudq0
vlwlrq whpshudwxuh iru v|vwhpv udqjlqj iurp � @ 5@:5 wr 69@:5> dw lqfuhphqwv ri
5@:51 Iru wkh orz ghqvlwlhv/ doo irxu phwkrgv ohdg wr wkh vdph wudqvlwlrq whpshu0
dwxuh1 Dw kljkhu ghqvlwlhv/ wkhuh duh voljkw glvdjuhhphqwv/ zklfk duh lqfoxghg dv
huuru eduv lq wkh hvwlpdwhv1

815141 V|vwhpv zlwk ydu|lqj �� dqg wkh frh{lvwhqfh fxuyh iru K @ 31

Lq wklv dssurdfk wr ghwhuplqh wkh fr0h{lvwhqfh fxuyh/ zh dovr shuiruphg Prqwh
Fduor vlpxodwlrqv iru v|vwhpv zlwk ydu|lqj �� dqg W khog frqvwdqw1 Wklv phwkrg
lv ehwwhu vxlwhg iru hvwlpdwlqj wkh fr0h{lvwhqfh fxuyh lq wkh uhjlrq zkhuh lwv vorsh
lv idu iurp krul}rqwdo1 Frqyhuvho|/ zkhuh wkh vorshv duh wrr _�dw%/ wklv phwkrg
frqwdlqv odujh xqfhuwdlqwlhv1 Wkxv/ zh frqfhqwudwhg rxu h�ruwv rq hvwlpdwlqj wkh
fxuyh dzd| iurp wkh _�dw% uhjlrq1 Vhyhq whpshudwxuhv zhuh vhohfwhg= 3=9 � W �

4=5 lq 314 lqfuhphqwv1 Zlwk �{hg W / zh vwduw rxu uxqv zlwk d udqgrp frq�jxudwlrq
dw orz ghvqlw|= �� @ 7@:5= Diwhu hyroylqj iru 53N PFV/ phdvxuhphqwv zhuh wdnhq
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dqg dvvrfldwhg zlwk wklv +��> W ,1 Wkhq :5 sduwlfohv duh udqgrpo| dgghg wr wkh
v|vwhp +vr wkdw �� @ 9@:5,/ hyroyhg dqrwkhu 53N PFV/ dqg phdvxuhphqwv wdnhq1
Wklv surfhgxuh lv uhshdwhg xqwlo �� @ 69@:5/ khog iru dq dgglwlrqdo 53 N PFV/ dqg
wkhq uhyhuvhg/ e| vwhsslqj wkh ghqvlw| edfn grzq wr �� @ 7@:51 Wkhvh ghqvlw|0
lqfuhdvlqj dqg ghfuhdvlqj f|fohv duh dqdorjrxv wr wkh khdwlqj dqg frrolqj f|fohv1
Iru doo uxqv/ wkh irxu rughu sdudphwhuv duh xvhg wr ghwhuplqh zkhq wkh v|vwhp
rughuv1 Pruh ghwdlov ri wklv dssurdfk fdq eh irxqg lq wkh glvfxvvlrq ri v|vwhpv
zlwk VSEF1 Khuh/ zh mxvw txrwh wkh uhvxowv lq Iljxuh 814:1 Wkh srlqwv zlwk
yhuwlfdo huuru eduv duh dvvrfldwhg zlwk wkh �uvw dssurdfk/ xvlqj �{hg ghqvlw| dqg
ydu|lqj W= Vlploduo|/ wkh srlqwv zlwk krul}rqwdo fhuwdlqwlhv duh wkh uhvxowv ri uxqv
zlwk ydu|lqj � dqg �{hg W 1
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Iljxuh 814: Frh{lvwhqfh fxuyh iru d v|vwhp zlwk SEF +K @ 3,1

D��� 5)t|i4t ��|� 5���

Lq wkh deryh dqdo|vlv zh ghvfulehg lq ghwdlo krz zh xvhg wkh rughu sdudphwhuv wr
ghwhfw wkh glvrughu0rughu wudqvlwlrq iru K @ 3 v|vwhpv1 Wkh vdph whfkqltxhv duh
h{sorlwhg wr lqyhvwljdwh v|vwhpv zlwk VSEF khuh1 Ohw xv hpskdvl}h djdlq/ VSEF
pxvw eh lqfoxghg lq wkh gh�qlwlrq ri/ h1j1/ d foxvwhu dqg lqwhuqdo hqhuj|/ vr wkdw
wkhlu phdvxuhphqwv lqfoxgh wkh vkliw1 Dv d uhplqghu/ zh xvh vwuxfwxuh idfwruv dqg
froxpq ghqvlwlhv wkdw duh gh�qhg lq dffrugdqfh wr wkh rulhqwdwlrq ri wkh exon1
Dv glvfxvvhg lq Fkdswhu 6/ vnhzhg vwuxfwxuh idfwruv duh dssursuldwh iru wkh orz
vkliwv +K @ 6> 7, dqg ruglqdu| vwuxfwxuh idfwruv iru wkh kljk vkliwv +K @ <> 4;,1
Vlploduo|/ zh xvh vnhzhg froxpq ghqvlwlhv+uhi 815, iru wkh orz vkliwv dqg ruglqdu|
iru wkh kljk vkliwv1 Iru hdfk vkliw/ dv zlwk wkh K @ 3 dqdo|vlv/ zh suhvhqw sorwv ri
wkh rughu sdudphwhuv iru wzr v|vwhpv1 W|slfdo frq�jxudwlrqv duh lqfoxghg iru wkh
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�� @ ;@:5 v|vwhp1 Fkdswhu 7 lqfoxghv wkh w|slfdo frq�jxudwlrqv iru wkh �� @ 69@:5
v|vwhp1

816141 Wzr V|vwhpv zlwk VSEF+K@6,

Iljxuh 814; vkrzv wkh w|slfdo frq�jxudwlrqv iru wkh K @ 6 �� @ ;@:5 v|vwhp1
W|slfdo frq�jxudwlrqv iru wkh �� @ 69@:5 v|vwhp duh jlyhq lq Iljxuh 7151 Iljxuhv
814<08155 vkrz wkdw wkh irxu rughu sdudphwhuv jlyh vlplodu uhvxowv iru erwk v|v0
whpv1 Wkh klvwrjudpv iru wkh yhuwlfdo +�

f
, dqg vnhzhg froxpq ghqvlw| +��,/ ehlqj

vlplodu wr wkh qh{w fdvh/ zloo qrw eh vkrzq1

+d, W@31: Khdwlqj +e, W@31; Khdwlqj +f, W@31< Khdwlqj

+g, W@31< Frrolqj +h, W@31; Frrolqj +i, W@31: Frrolqj
Iljxuh 814; W|slfdo frq�jxudwlrqv iru K @ 6> �� @ ;@:5

T

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4

<
P

0
>

0

50

100

150

200

250

+d, K@6 �� @692:5

T

0.5 0.7 0.9 1.1 1.3 1.3 1.1 0.9 0.7 0.5

<
P

0
>

0

10

20

30

40

50

+e, K@6 ��@;2:5
Iljxuh 814< Wkh dyhudjh lqwhqvlw| ? Sf A iru wkh +d, �� @ 69@:5 dqg +e, ;@:5

v|vwhpv
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Iljxuh 8153 Wkh glvshuvlrq �+IG, yv1 W iru wkh +d, �� @ 69@:5 dqg +e, ;@:5

v|vwhpv
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Iljxuh 8154 Foxvwhu vl}h yv1 W iru wkh +d, �� @ 69@:5 dqg +e, ;@:5 v|vwhpv
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Iljxuh 8155 Wkh lqwhuqdo hqhuj| yv1 W iru wkh +d, �� @ 69@:5 dqg +e, ;@:5

v|vwhpv

816151 Wzr V|vwhpv zlwk VSEF +K@7,

Iljxuh 8156 vkrzv w|slfdo frq�jxudwlrqv iru wkh K @ 7 �� @ ;@:5 v|vwhp1 W|slfdo
frq�jxudwlrqv iru wkh �� @ 69@:5 v|vwhp duh jlyhq lq Iljxuh 7161 Iljxuhv 8157/815:0
815< vkrz wkdw wkh irxu rughu sdudphwhuv jlyh vlplodu uhvxowv iru erwk v|vwhpv1
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+d, W@319 Khdwlqj +e, W@31: Khdwlqj +f, W@31< Khdwlqj

+g, W@31; Frrolqj +h, W@31< Frrolqj +i, W@319 Frrolqj
Iljxuh +8156, W|slfdo frq�jxudwlrqv iru K @ 7/ �� @ ;@:5
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Iljxuh 8157 Wkh dyhudjh lqwhqvlw| ? Sf A iru wkh +d, @692:5 dqg +e, ;2:5

v|vwhpv

Ehiruh zh vkrz wkh �+IG, rughu sdudphwhu iru K @ 7/ zh frpsduh wkh
yhuwlfdo +�f, dqg vnhzhg froxpq ghqvlw| +�M, klvwrjudpv ehiruh iroglqj1 Wkhlu
gl�huhqfhv duh vrphzkdw juhdwhu wkdq wkh K @ 6 fdvh/ qrw vxusulvlqjo|1 Wkxv/ zh
rqo| vkrz wkhp iru wklv fdvh1 Iluvw/ zh frpsduh wkhp iru wkh �� @ 69@:5 v|vwhp1 Lq
wkh rughuhg vwdwh/ wkh klvwrjudpv iru �

e
+Iljxuh 8158g,/ glvsod| voljkwo| vkdushu el0

prgdo shdnv wkdq wkrvh iru �
f
+Iljxuh 8158d,1 Iru wkh glvrughuhg vwdwh/ klvwrjudpv

duh vlplodu dv vkrzq lq Iljxuh 8158f/i1 Qhdu fulwlfdolw|/ wkh glvwulexwlrq iru �
f

+Iljxuhv 8158e, h{whqgv ryhu wkh hqwluh udqjh +3069,/ zkhuhdv wkh glvwulexwlrq iru
�
e
duh vrphzkdw pruh frpsdfw1 Zkhq iroghg/ wkh wzr zlgwkv gl�hu1 Wkrxjk wklv

gl�huhqfh lv vpdoo/ lw lv phdvxudeoh dqg looxvwudwhv rxu prwlydwlrq iru xvlqj �
e
iru

wkh phdvxulqj rughu lq v|vwhpv zlwk �� � 4@5=
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Iljxuh 8158 Yhuwlfdo yv1 Froxpq Ghqvlwlhv �� @ 69@:5
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Iljxuh 8159 Yhuwlfdo yv1Vnhzhg Froxpq Ghqvlwlhv ��@;2:5
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Wkh gl�huhqfh ehwzhhq wkh wzr froxpq ghqvlwlhv lv pruh fohduo| vhhq lq wkh
orz ghqvlw|/ �� @ ;@69> v|vwhp1 Ghhs lq wkh rughuhg skdvh/ wkh shdn dw 69 lv
pruh surqrxqfhg lq wkh �

e
0glvwulexwlrq +Iljxuh 8159g,/ vkrzlqj wkdw wkh v|vwhp

lv lq d vlqjoh vwuls vwdwh wlowhg iruzdugv1 Hyhq qhdu wkh wudqvlwlrq +W @ 3=:,/ wkh
�
e
0glvwulexwlrq vkrzv vrph shdn dw kljk ghqvlwlhv1 Dv zlwk wkh �� @ 69@:5 v|vwhp/

klvwrjudpv iru wkh glvrughuhg skdvh duh vlplodu +Iljxuh 8159f/i,1 Qrwh wkdw/ xqolnh
wkh glvwulexwlrqv iru wkh kdoi0�oohg fdvh/ wkh wudqvlwlrq khuh uhvhpeohv �uvw rughu/
lq wkdw d vhfrqg shdn ghyhorsv idu iurp wkh grplqdqw rqh1

Ehorz/ zh vkrz wkh zlgwkv dvvrfldwhg zlwk wkh iroghg �
e
klvwrjudpv/ �+IG,>

ehfdxvh lw surylghv d ehwwhu hvwlpdwh iru wkh wudqvlwlrq whpshudwxuh lq v|vwhpv
zlwk orz vkliwv dqg orz ghqvlwlhv +Iljxuh 815:,1 Dovr/ dv lq wkh suhylrxv fdvhv/
dyhudjh foxvwhu vl}h dqg lqwhuqdo hqhujlhv duh dovr glvsod|hg +Iljxuhv 815; dqg
815<,1
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816161 Wzr V|vwhpv zlwk VSEF +K@<,

Iljxuh 8163 vkrzv w|slfdo frq�jxudwlrqv iru wkh K @ <> �� @ ;@:5 v|vwhp1 Djdlq/
w|slfdo frq�jxudwlrqv iru wkh �� @ 69@:5 fdvh duh wr eh irxqg lq Fkdswhu 7 +Iljxuh
717,1 Xqolnh iru v|vwhpv zlwk orz vkliwv/ khuh zh xvh wkh glvshuvlrq ��

f
dv wkh

rughu sdudphwhu iru froxpq ghqvlwlhv dqg qrw �+IG,1 Wkh glvdgydqwdjh ri wkh
odwwhu olhv lq �qlwh vl}h h�hfwv dqg lqwhuidfh �xfwxdwlrqv1 Dv glvfxvvhg lq Fkdswhu
7/ wkh rughuhg vwdwh iru d kljk ��> K @ < v|vwhp frqvlvwv ri d qduurz vwuls zlwk
pxowlsoh zlqglqjv/ vr wkdw wkhuh duh pdq| lqwhuidfhv1 Qhlwkhu dvshfwv duh idyruhg
e| wkh lqwhu0sduwlfoh dwwudfwlrq/ ohdglqj wr vwuls0phujlqj dqg odujh �xfwxdwlrqv lq
wkh froxpq ghqvlwlhv hyhq lq wkh lqkrprjhqhrxv vwdwh1 Wkxv/ wkh glvwulexwlrqv ri
d iroghg klvwrjudp lv mxvw dv eurdg dv wkh xqiroghg fdvh/ vr wkdw zh uhvruw wr wkh
pruh _sulplwlyh% ��

f
1
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+g, W@31; Frrolqj +h, W@319 Frrolqj +h, W@317 Frrolqj
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Iljxuhv 816408167 vkrz wkdw doo irxu rughu sdudphwhuv +dyhudjh lqwhqvlw| ?

Sf A/ ��f> dyhudjh foxvwhu vl}h/ dqg lqwhuqdo hqhuj|, surylgh d frqvlvwhqw slfwxuh
iru hlwkhu v|vwhp1 Qrwh wkdw wkh dyhudjh foxvwhu vl}h vhhpv wr vkrz d glvfrqwlqxlw|
hyhq iru wkh kdoi0�oohg fdvh1 Phdqzkloh/ wkh lqwhuqdo hqhuj| phdvxuhphqwv iru wkh
@;2:5 v|vwhp vhhp vprrwkhu wkdq wkh rwkhu rughu sdudphwhuv1 Wkhvh dvshfwv duh
qrw zhoo xqghuvwrrg1 Wkh| pd| eh gxh wr wkh vpdoo vdpsoh ri frq�jxudwlrqv xvhg
dqg2ru wkdw wkh foxvwhuv kdyh irxu vxuidfhv dqg qrw wzr dv lq SEF1
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816171 Wzr V|vwhpv zlwk VSEF +K@4;,

Iljxuh 8168 vkrzv w|slfdo frq�jxudwlrqv iru wkhK @ 4;> �� @ ;@:5 v|vwhp1 W|slfdo
frq�jxudwlrqv iru wkh kdoi0�oohg fdvh duh jlyhq lq Iljxuh 7181 Dv zlwk K @ </
zh xvh wkh ��

f
dv wkh rughu sdudphwhu iru froxpq ghqvlwlhv lqvwhdg ri �+IG,1

Iljxuhv 81690816< vkrz wkdw wkh irxu rughu sdudphwhuv jlyh frqvlvwhqw uhvxowv iru
erwk wkh kljk dqg orz ghqvlw| v|vwhpv1 Lq frqwudvw wr K @ </ wkh zlghu vwulsv
khuh duh ohvv vxvfhswleoh wr wkh lqwhuidfh �xfwxdwlrqv/ vr wkdw vwuls phujlqj lv ohvv
olnho|1 Qrwlfh wkdw wklv vwdwh lv vwdeoh dw whpshudwxuhv dv kljk dv W@416 +Iljxuh
717f/g,1 Dw wklv kljk vkliw/ wkh lghqwl�fdwlrq ri d wudqvlwlrq whpshudwxuh lv djdlq
pxfk hdvlhu/ dv zh fdq vhh iurp wkh deuxsw fkdqjhv ri ehkdylru lq doo txdqwlwlhv/
lqfoxglqj ? Sf A1
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816181 V|vwhpv zlwk ydu|lqj �� 1

Dv lq wkh vwxg| ri v|vwhpv zlwk SEF/ zh dovr shuiruphg Prqwh Fduor vlpxod0
wlrqv iru v|vwhpv zlwk ydu|lqj �� dqg �{hg W 1 Dv wklv phwkrg lv pruh vxlwhg
iru hvwlpdwlqj wkh frh{lvwhqfh fxuyh zlwk d odujh vorsh/ zh frqfhqwudwhg rxu hi0
iruwv rq hvwlpdwlqj wkh fxuyh dzd| iurp wkh _�dw% uhjlrq1 Xqolnh wkh frqvwdqw W
vwxg|/ zh xvh rqo| froxpq ghqvlw| wr hvwdeolvk rughulqj1 Khuh/ zh rqo| vkrz d
ihz froxpq ghqvlw| klvwrjudpv dw rqh whpshudwxuh +W @ 3=;, wr looxvwudwh krz zh
hvwdeolvkhg wkh fr0h{lvwhqfh fxuyh1 Zh lqfoxgh wkh SEF fdvh khuh dv uhihuhqfh=
Iljxuh 81731 Lw vkrzv wkh glvwulexwlrq lv vlqjoh shdnhg dw � @ 9@:5/ exw el0prgdo
dw � @ ;@:5> vr wkdw d uhdvrqdeoh hvwlpdwh ri wkh fulwlfdo ghqvlw| iru wkh K @ 3
v|vwhp lv � @ :@:5	 4@:51
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Iljxuh 8173 Froxpq ghqvlw| klvwrjudpv dw W @ 3=; iru K @ 3

Surfhhglqj wr wkh v|vwhpv zlwk VSEF/ zh rqo| vkrz wzr vkliwv= K @ 7> 4;1
Lq wkh iruphu fdvh +Iljxuh 8174,/ zh vhh djdlq wkdw wkh vnhzhg froxpq ghqvlw|
�
e
lv ehwwhu dw lqglfdwlqj rughulqj wkdq �

f
1 Iurp wklv �jxuh/ zh hvwlpdwh wkh

fulwlfdo ghqvlw| wr eh � @ <@:5 	 4@:51 Iru wkh K @ 4; v|vwhp/ wkh rssrvlwh lv
wuxh dqg zh vkrz/ lq Iljxuh 8175/ rqo| wzr klvwrjudpv iru �

f
1 Wkh wudqvlwlrq lv

ohvv fohdu dqg zh hvwlpdwh wkh fulwlfdo ghqvlw| wr eh � @ 44@:5	 4@:51 Wkhvh ihz
klvwrjudpv fohduo| looxvwudwhv wkdw whqghqf| iru wkh vkliw orzhu wkh fr0h{lvwhqfh
fxuyh uhodwlyh wr wkh fxuyh iru wkh SEF fdvh1
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