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Devwudfw

Lq wklv sdshu/ d frqwlqxrxv/ wlph0ydu|lqj wudfnlqj frq0
wuroohu lv ghvljqhg wkdw joredoo| h{srqhqwldoo| irufhv wkh srvl0
wlrq2rulhqwdwlrq wudfnlqj huuru ri dq xqghudfwxdwhg vxuidfh yhv0
vho wr d qhljkerukrrg derxw }hur wkdw fdq eh pdgh duelwudulo|
vpdoo +l1h1/ joredo xqlirupo| xowlpdwho| erxqghg,1 Wkh uhvxow lv
idflolwdwhg e| ixvlqj d �owhuhg wudfnlqj huuru wudqvirupdwlrq zlwk
wkh g|qdplf rvfloodwru ghvljq suhvhqwhg lq ^7`1 Zh dovr looxvwudwh
wkdw wkh sursrvhg wudfnlqj frqwuroohu |lhogv d JXXE uhvxow iru wkh
uhjxodwlrq sureohp1 Lq dgglwlrq/ dq h{whqvlrq lv surylghg wkdw lo0
oxvwudwhv wkdw wkh sursrvhg xql�hg wudfnlqj2uhjxodwlrq frqwuroohu
fdq eh dssolhg wr d wzlq urwru kholfrswhu prgho1

41 Lqwurgxfwlrq

Ryhu wkh sdvw ghfdgh/ pdq| uhvhdufkhuv kdyh vwxglhg wkh frqwuro
sureohp iru xqghudfwxdwhg v|vwhpv zlwk qrqlqwhjudeoh frqvwudlqwv1
Wkh pdmrulw| ri wklv uhvhdufk kdv wdujhwhg qrqkrorqrplf v|vwhpv
+l1h1/ v|vwhpv zlwk qrqlqwhjudeoh yhorflw| frqvwudlqwv,/ vxfk dv
zkhhohg preloh urerwv dqg wkh jhqhudo fkdlqhg0irup v|vwhp +iru d
vxuyh| ri uhvhdufk wkdw kdv wdujhwhg wudfnlqj dqg uhjxodwlrq frq0
wuro ri qrqkrorqrplf v|vwhpv vhh ^5`/ ^8`/ ^7`/ ^<`/ ^43`/ ^44`/ ^4<`/
^53`/ dqg wkh uhihuhqfhv zlwklq,1 Krzhyhu/ prwlydwhg e| wkh fkdo0
ohqjlqj wkhruhwlfdo dvshfwv dqg qxphurxv sudfwlfdo dssolfdwlrqv/
uhvhdufkhuv kdyh dovr dwwdfnhg xqghudfwxdwhg v|vwhpv zlwk qrqlq0
whjudeoh g|qdplfv +h1j1/ vxuidfh yhvvhov/ wzlq urwru kholfrswhuv/ xq0
ghuzdwhu yhklfohv/ Y2FWRO dlufudiwv/ hwf1,1 Iru h{dpsoh/ lq ^4:`/
Uh|kdqrjox hw do1 surylghv d ghwdlohg glvfxvvlrq rq wkh frqwurood0
elolw| dqg wkh vwdelol}delolw| ri xqghudfwxdwhg phfkdqlfdo v|vwhpv
zlwk qrqlqwhjudeoh g|qdplfv1 Wkh frqfoxvlrq iurp wklv glvfxvvlrq
lv d uhvxow vlplodu wr Eurfnhww*v frqglwlrq ^4` iru qrqkrorqrplf
v|vwhpv1 Wkdw lv/ Uh|kdqrjox hw do1 looxvwudwhg wkdw xqghudfwx0
dwhg v|vwhpv zlwk qrqlqwhjudeoh g|qdplfv fdqqrw eh dv|pswrwl0
fdoo| vwdelol}hg e| d frqwlqxrxv/ wlph0lqyduldqw ihhgedfn odz1 Lq
^45`/ Shwwhuvhq hw do1 vkrzhg wkdw xqghudfwxdwhg vxuidfh yhvvhov
fdqqrw eh dv|pswrwlfdoo| vwdelol}hg e| hlwkhu frqwlqxrxv ru glv0
frqwlqxrxv wlph0lqyduldqw ihhgedfn odzv1 Lq dgglwlrq/ Shwwhuvhq hw
do1 ^45` sursrvhg d wlph0ydu|lqj ihhgedfn frqwuroohu iru dq xqghu0
dfwxdwhg vxuidfh yhvvho wkdw frqwdlqhg h{solflw wlph0shulrglf vlqx0
vrlgdo whupv +vlplodu lq vwuxfwxuh wr ^4<`, wr rewdlq orfdo h{srqhq0
wldo uhjxodwlrq1 Lq ^46`/ Shwwhuvhq hw do1 prgl�hg wkh frqwlqxrxv
wlph0ydu|lqj ihhgedfn odz ri ^45` wr ghvljq d frqwuroohu wkdw dovr
orfdoo| h{srqhqwldoo| uhjxodwhv wkh srvlwlrq dqg rulhqwdwlrq ri dq
xqghudfwxdwhg vxuidfh yhvvho1

Lq dgglwlrq wr wkh uhjxodwlrq sureohp/ vhyhudo frqwuroohuv kdyh
dovr ehhq sursrvhg iru wkh wudfnlqj frqwuro sureohp1 Vshfl�fdoo|/
lq ^;`/ Jrgkdyq xwlol}hg d frqwlqxrxv wlph0lqyduldqw vwdwh ihhgedfn
frqwuroohu wr dfklhyh joredo h{srqhqwldo srvlwlrq wudfnlqj surylghg
wkh ghvluhg vxujh yhorflw| lv dozd|v srvlwlyh> krzhyhu/ gxh wr wkh
frqwuro vwuxfwxuh/ wkh rulhqwdwlrq ri wkh vxuidfh yhvvho lv qrw frq0
wuroohg1 Lq ^47`/ Shwwhuvhq hw do1 sursrvhg d wudfnlqj frqwuroohu wkdw
dfklhyhg joredo h{srqhqwldo sudfwlfdo vwdelolw| +l1h1/ joredo h{sr0
qhqwldo vwdelolw| ri dq duelwudulo| vpdoo qhljkerukrrg ri wkh ghvluhg
wudmhfwru|, ri dq xqghudfwxdwhg vxuidfh yhvvho1 Lq ^48`/ Shwwhuvhq

WWklv zrun lv vxssruwhg lq sduw e| wkh Jhe}h Lqvwlwxwh
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hw do1/ sursrvhg d frqwlqxrxv wlph0lqyduldqw frqwuro odz wkdw re0
wdlqhg vhpl0joredo h{srqhqwldo srvlwlrq dqg rulhqwdwlrq wudfnlqj/
surylghg wkh ghvluhg dqjxodu wudmhfwru| uhpdlqv srvlwlyh1 Wkdw lv/
Shwwhuvhq hw do1 suryhg vhpl0joredo h{srqhqwldo srvlwlrq dqg rul0
hqwdwlrq wudfnlqj iru d fodvv ri ghvluhg wudmhfwrulhv +l1h1/ d vwudljkw
olqh ru d vlqxvrlgdo wudmhfwru| fdqqrw eh wudfnhg,1

Lq wklv sdshu/ zh ghvljq d frqwlqxrxv wlph0ydu|lqj wudfnlqj frq0
wuroohu wkdw |lhogv joredo xqlirupo| xowlpdwho| erxqghg +JXXE,
srvlwlrq2rulhqwdwlrq wudfnlqj1 Vshfl�fdoo|/ zh �uvw pdqlsxodwh d
uhihuhqfh prgho jhqhudwru dqg wkh g|qdplf prgho ri dq xqghu0
dfwxdwhg vxuidfh yhvvho lqwr d irup wkdw doorzv d O|dsxqry0edvhg
frqwuro vwuxfwxuh wr eh ghyhorshg1 Wkdw lv/ prwlydwhg e| wkh g|0
qdplf rvfloodwru ghvljqhg lq ^7` e| Gl{rq hw do1 iru zkhhohg preloh
urerwv/ d wlph0ydu|lqj g|qdplf rvfloodwru lv frqvwuxfwhg wkdw jore0
doo| h{srqhqwldoo| irufhv wkh srvlwlrq2rulhqwdwlrq wudfnlqj huuru wr
d qhljkerukrrg derxw }hur wkdw fdq eh pdgh duelwudulo| vpdoo1 Wkh
qhz uhvxow lv idflolwdwhg e| ixvlqj d �owhuhg wudfnlqj huuru wudqv0
irupdwlrq zlwk wkh g|qdplf rvfloodwru ghvljq1 Lq dgglwlrq/ vlqfh
wkh rqo| uhvwulfwlrq zh sodfh rq wkh ghvluhg wudmhfwru| lv wkdw wkh
uhihuhqfh jhqhudwru uhpdlq erxqghg/ lw lv vwudljkwiruzdug wr looxv0
wudwh wkdw wkh sursrvhg frqwuroohu dovr |lhogv d JXXE uhvxow iru
wkh uhjxodwlrq sureohp1

Wkh sdshu lv rujdql}hg dv iroorzv1 Lq Vhfwlrq 5/ zh suhvhqw wkh
nlqhpdwlf dqg g|qdplf prgho iru dq xqghudfwxdwhg vxuidfh yhvvho
dqg wkhq wudqvirup wkh rshq0orrs wudfnlqj g|qdplfv lqwr d pruh
frqyhqlhqw irup iru wkh vxevhtxhqw frqwuroohu ghyhorsphqw dqg wkh
vwdelolw| dqdo|vlv1 Lq Vhfwlrq 6/ zh suhvhqw wkh sursrvhg JXXE
wudfnlqj frqwuro ghvljq1 Wkh fruuhvsrqglqj forvhg0orrs huuru v|v0
whp lv jlyhq lq Vhfwlrq 7 zkloh wkh vwdelolw| dqdo|vlv lv jlyhq lq
Vhfwlrq 81 Dq h{whqvlrq wkdw looxvwudwhv wkdw wkh sursrvhg wudfn0
lqj frqwuroohu dovr vroyhv wkh uhjxodwlrq sureohp lv jlyhq lq Vhfwlrq
91 Lq Vhfwlrq :/ zh looxvwudwh wkdw wkh sursrvhg wudfnlqj2uhjxodwlqj
frqwuroohu iru xqghudfwxdwhg vxuidfh yhvvhov fdq dovr eh dssolhg wr
rwkhu xqghudfwxdwhg v|vwhpv zlwk qrqlqwhjudeoh g|qdplfv vxfk dv
wzlq urwru kholfrswhuv1 Frqfoxglqj uhpdunv duh suhvhqwhg lq Vhf0
wlrq ;1

51 Nlqhpdwlf dqg G|qdplf Prgho Ghyhorsphqw

5141 Prgho Irupxodwlrq

Dv ghvfulehg lq ^:`/ wkh nlqhpdwlf htxdwlrqv ri prwlrq ri wkh fhqwhu
ri pdvv +FRP, iru d vxuidfh yhvvho +VY, fdq eh zulwwhq dv iroorzv
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M ^� uhsuhvhqwv wkh wlph

ghulydwlyh ri ^E|� ' d%SE|� +SE|� wE|�oA M ^�c %SE|�/ +SE|�/
dqg wE|� M ^� ghqrwh wkh Fduwhvldq srvlwlrq dqg rulhqwdwlrq/
uhvshfwlyho|/ ri wkh FRP ri wkh VY/ wkh wudqvirupdwlrq pdwul{
7E^� M ^�f� lv gh�qhg dv iroorzv
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dqg wkh yhorflw| yhfwru �E|� M ^� lv gh�qhg dv
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A +6,

zkhuh ��E|�c �2E|�c dqg ��E|� M ^� ghqrwh wkh vxujh/ vzd|/ dqg |dz
yhorflwlhv ri wkh VY/ uhvshfwlyho|1 Xqghu wkh dvvxpswlrqv wkdw= l ,



wkh erg|0�{hg frruglqdwh d{lv frlqflghv zlwk wkh fhqwhu ri judylw|
+FJ,/ ll, wkh pdvv glvwulexwlrq lv krprjhqhrxv/ dqg lll, wkh khdyh/
slwfk/ dqg uroo prghv fdq eh qhjohfwhg/ wkh g|qdplf prgho iru wkh
VY fdq eh h{suhvvhg lq wkh iroorzlqj irup ^:`

� �� n(E��� ' �f +7,

zkhuh ��E|� M ^� ghqrwhv wkh wlph ghulydwlyh ri �E|� gh�qhg lq
+6,/ � M ^�f� uhsuhvhqwv wkh frqvwdqw/ gldjrqdo/ srvlwlyh gh�qlwh
lqhuwld pdwul{/ zklfk lv h{solflwo| gh�qhg dv
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6c UJ M ^� uhsuhvhqw wkh pdvv dqg lqhuwld ri wkh VY/ uhvshf0
wlyho|/ (E�� M ^�f� uhsuhvhqwv wkh Fhqwulshwdo0Frulrolv dqg k|0
gurg|qdplf gdpslqj h�hfwv/ dqg lv h{solflwo| gh�qhg dv iroorzv
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f��/ t�2/ t��/ ��2/ dqg ��� M U
4 ghqrwh frqvwdqw gdpslqj

frh!flhqwv/ dqg wkh irufh0wrutxh frqwuro lqsxw yhfwru ghqrwhg e|
�fE|� M ^� lv h{solflwo| gh�qhg dv

�fE|� ' d8 f � oA +:,

zkhuh 8 E|� M ^� ghqrwhv d frqwuro irufh wkdw lv dssolhg wr surgxfh
d iruzdug wkuxvw/ dqg �E|� M ^� ghqrwhv d wrutxh wkdw lv dssolhg
derxw wkh FJ +vhh Iljxuh 4,1

Lq rughu wr vlpsoli| wkh vxevhtxhqw frqwuro ghyhorsphqw dqg
vwdelolw| dqdo|vlv/ zh �uvw ghvljq dq rxwhu0orrs frqwuroohu iru 8 E|�
dqg �E|� dv iroorzv

8 ' 3f���� n68� +;,

dqg
� ' 3��2�2 3����� n UJ�� +<,

zkhuh 8�E|�c ��E|� M ^� ghqrwh vxevhtxhqwo| ghvljqhg dx{loldu|
frqwuro lqsxwv1 Edvhg rq +6,/ +7,/ +8,/ +9,/ +:,/ +;,/ dqg +<,/ zh
fdq uhzulwh wkh h{suhvvlrq iru wkh g|qdplf prgho jlyhq lq +7, dv
iroorzv 5
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5151 Uhihuhqfh Prgho Ghyhorsphqw

Prwlydwhg e| wkh ghvluh wr jhqhudwh d uhihuhqfh prgho wkdw vdwlv�hv
wkh vdph g|qdplfv dv wkdw jlyhq lq +7,/ zh wdnh wkh wlph ghulydwlyh
ri �%SE|�c �+SE|� jlyhq lq +4, dqg wkhq xvh +5,/ +6,/ dqg +43, wr rewdlq
wkh iroorzlqj h{suhvvlrq5
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Edvhg rq +44,/ zh frqvwuxfw d uhihuhqfh wudmhfwru| jhqhudwru dv
iroorzv 5
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zkhuh �o�/ �o2 M ^� duh h{solflwo| gh�qhg dv
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Iljxuh 4 � Dfwxdwru Gldjudp iru dq Xqghudfwxdwhg Vxu0
idfh Yhvvho

zkhuh %SoE|�c +SoE|�c woE|� M ^� uhsuhvhqw wkh Fduwhvldq sr0
vlwlrq dqg rulhqwdwlrq ri wkh uhihuhqfh VY/ uhvshfwlyho|/ dqg
8�oE|�c ��oE|� M ^� ghqrwh uhihuhqfh lqsxw vljqdov1 Lw lv dv0
vxphg wkdw wkh uhihuhqfh prgho lv frqvwuxfwhg vxfk wkdw %SoE|�c

+SoE|�c woE|�c �%SoE|�c �+SoE|�c �woE|�c �%SoE|�c �+SoE|�c ���oE|�c 8�oE|� M
n" zkhuh ���oE|� ghqrwhv wkh wlph ghulydwlyh ri ��oE|� gh�qhg lq
+46,1 Qrwh wkdw wkh uhihuhqfh rulhqwdwlrq lv jhqhudwhg e| d uhihu0
hqfh yhorflw| lqsxw udwkhu wkdq d uhihuhqfh irufh ru wrutxh lqsxw
wr idflolwdwh wkh vxevhtxhqw vwdelolw| dqdo|vlv1

5161 Rshq0Orrs Huuru V|vwhp Irupxodwlrq

Wr uhzulwh wkh rshq0orrs wudfnlqj huuru v|vwhp lq d pruh frqyh0
qlhqw irup/ zh gh�qh wkh iroorzlqj joredo lqyhuwleoh wudqvirupdwlrq5
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zkhuh �E|� M ^�/ 5E|� '
�
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�A
M ^2 duh dx{loldu|

wudfnlqj huuru yduldeohv/ o%E|�/ o+E|� M ^� duh �owhuhg wudfnlqj
huuru yduldeohv gh�qhg dv
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> M ^� lv d srvlwlyh frqvwdqw frqwuro jdlq/ dqg
�
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uhsuhvhqwv wkh wlph ghulydwlyh ri �%E|�/ �+E|� zkhuh �%E|�/ �+E|�/ �wE|� M
^� ghqrwh wkh gl�huhqfh ehwzhhq wkh dfwxdo srvlwlrq2rulhqwdwlrq
dqg wkh uhihuhqfh srvlwlrq2rulhqwdwlrq ri wkh VY dv iroorzv
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dqg %SoE|�/ +SoE|�/ woE|� duh jhqhudwhg e| wkh uhihuhqfh jhqhudwru
gh�qhg lq +46,1 E| wdnlqj wkh wlph ghulydwlyh ri +48,/ dqg xvlqj
+4,/ +5,/ +6,/ +44,/ +46,/ +49,/ dqg +4:,/ zh fdq uhzulwh wkh rshq0
orrs wudfnlqj huuru g|qdplfv lq wkh iroorzlqj dgydqwdjhrxv irup
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lv uhodwhg wr wkh rshq0orrs wudfnlqj huuru yduldeohv gh�qhg lq +4;,
dffruglqj wr wkh iroorzlqj joredoo| lqyhuwleoh wudqvirupdwlrq
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wkh pdwul{ A Eu� M ^2f2 dqg wkh dx{loldu| yhfwru �Eu� M ^2 duh
gh�qhg dv
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a M ^2f2 lv d vnhz0v|pphwulf pdwul{ gh�qhg dv
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dqg wkh dx{loldu| vljqdo sEu� M ^� lv gh�qhg dv
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+56,

Uhpdun 4 Wkh rshq0orrs wudfnlqj huuru v|vwhp jlyhq lq +4;, lv
lq whupv ri wkh vxevhtxhqwo| ghvljqhg frqwuro lqsxwv ��E|� dqg
��E|�1 Iurp ��E|� dqg ��E|�/ zh fdq xwlol}h +;,/ +<,/ dqg +4<,
wr uhfryhu wkh ruljlqdo frqwuro lqsxwv 8 E|� dqg �E|�1

Uhpdun 5 Edvhg rq wkh gh�qlwlrq ri o%E|� dqg o+E|� jlyhq lq
+49,/ vwdqgdug dujxphqwv ^6` fdq eh xwlol}hg wr suryh wkdw= l, li
o%E|�/ o+E|� M n" wkhq %SE|�/ �%E|�/ +SE|�/ �+E|� M n"c dqg ll, li
o%E|�/ o+E|� duh JXXE/ wkhq %SE|�/ �%E|�/ +SE|�/ �+E|� duh JXXE1

61 Frqwuro Ghyhorsphqw

Rxu frqwuro remhfwlyh lv wr ghvljq d frqwuroohu wkdw h{srqhqwldoo|
irufhv wkh wudfnlqj huuru wr d qhljkerukrrg derxw }hur wkdw fdq
eh pdgh duelwudulo| vpdoo +l1h1/ JXXE,1 Wr wklv hqg/ zh gh�qh dq
dx{loldu| huuru vljqdo �5E|� M ^2 dv wkh gl�huhqfh ehwzhhq wkh vxe0
vhtxhqwo| ghvljqhg dx{loldu| vljqdo 5_E|� M ^2 dqg wkh wudqviruphg
yduldeoh 5E|� gh�qhg lq +48, dv iroorzv
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Lq dgglwlrq/ zh gh�qh dq dx{loldu| huuru vljqdo #E|� M ^� dv
wkh gl�huhqfh ehwzhhq wkh vxevhtxhqwo| ghvljqhg dx{loldu| vljqdo
�_�E|� M ^� dqg wkh dx{loldu| vljqdo ��E|� gh�qhg lq +4<, dv vkrzq
ehorz

# ' �_� 3 ��� +58,

6141 Frqwuro Irupxodwlrq

Edvhg rq wkh vwuxfwxuh ri wkh rshq0orrs huuru v|vwhp jlyhq e|
+4;, dqg wkh vxevhtxhqw vwdelolw| dqdo|vlv/ zh ghvljq wkh dx{loldu|
vljqdov �_�E|� dqg �2E|� dv iroorzv�

�_� �2
�A

' �@ 3 &25 +59,

zkhuh wkh dx{loldu| frqwuro vljqdo �@E|� M ^2 lv gh�qhg dv

�@ '

#
&�� n s

B2_

$
a5_ nl�5_c +5:,

wkh dx{loldu| vljqdo 5_E|� M ^2 lv gh�qhg e| wkh iroorzlqj rvfloodwru0
olnh uhodwlrqvkls

�5_ '
�B_

B_
5_ n

#
&�� n s

B2_
n�l�

$
a5_ 5A_ Ef�5_Ef� ' B2_Ef�c

+5;,
wkh dx{loldu| whupv l�E|�c B_E|� M ^� duh gh�qhg dv iroorzv

l� ' &2 n
�B_

B_
n

&��
2 n �s

B2_
+5<,

B_ ' �f i TE3��|� n 0�c +63,

&�c &2c �f/ ��/ 0� M ^� duh srvlwlyh/ frqvwdqw ghvljq sdudphwhuv/
dqg sEu� zdv gh�qhg lq +56,1 Edvhg rq +4;, dqg wkh vxevhtxhqw

vwdelolw| dqdo|vlv/ zh ghvljq wkh frqwuro wrutxh lqsxw ��E|� jlyhq
lq +<, dv iroorzv

�� ' ��_� n ���o n &�# 3 �52 n �5� +64,

zkhuh ��_2E|� M ^� ghqrwhv wkh wlph ghulydwlyh ri �_2E|� gh�qhg lq
+59, +vhh Dsshqgl{ D iru dq h{solflw h{suhvvlrq iru ��_2E|�,1

Uhpdun 6 Prwlydwlrq iru wkh vwuxfwxuh ri +5;, lv rewdlqhg e|
wdnlqj wkh wlph ghulydwlyh ri 5A

_
5_ dv iroorzv

_

_|

�
5A_ 5_

�
' 25A_ �5_ ' 25A_

#
�B_

B_
5_ n

#
&�� n s

B2_
n �l�

$
a5_

$

+65,
zkhuh +5;, kdv ehhq xwlol}hg1 Diwhu qrwlqj wkdw wkh pdwul{ a ri
+55, lv vnhz v|pphwulf/ zh fdq uhzulwh +65, dv iroorzv

_

_|

�
5A_ 5_

�
' 2

�B_

B_
5A_ 5_� +66,

Dv uhvxow ri wkh vhohfwlrq ri wkh lqlwldo frqglwlrqv jlyhq lq +5;,/ lw
lv hdv| wr yhuli| wkdw

5A_ 5_ ' 85_8
2 ' B2_ +67,

lv d xqltxh vroxwlrq wr wkh gl�huhqwldo htxdwlrq jlyhq lq +66,1 Wkh
uhodwlrqvkls jlyhq e| +67, zloo eh xvhg gxulqj wkh vxevhtxhqw huuru
v|vwhp ghyhorsphqw dqg vwdelolw| dqdo|vlv1

71 Forvhg0Orrs Huuru V|vwhp Ghyhorsphqw

Wr idflolwdwh wkh forvhg0orrs huuru v|vwhp ghyhorsphqw iru �E|�/ zh
lqmhfw wkh dx{loldu| frqwuro lqsxw �_2E|� e| dgglqj dqg vxewudfwlqj
wkh whup �_�52 wr wkh uljkw0vlgh ri wkh rshq0orrs g|qdplf h{suhv0
vlrq iru �E|� jlyhq lq +4;, dqg wkhq xwlol}lqj +58, wr rewdlq wkh
iroorzlqj h{suhvvlrq

�� '
�
�_� �2

�
aA 5 3 #52 n s� +68,

Diwhu vxevwlwxwlqj +59, iru
�
�_� �2

�
/ dgglqj dqg vxewudfwlqj

�A@ a5_ wr wkh uhvxowlqj h{suhvvlrq/ xwlol}lqj +57,/ dqg h{sorlwlqj wkh
vnhz v|pphwu| ri a gh�qhg lq +55,/ zh fdq uhzulwh wkh g|qdplfv
iru �E|� dv iroorzv

�� ' 3�A@ a5_ n �A@ a�5 3 #52 n s +69,

zkhuh zh kdyh xwlol}hg wkh idfw wkdw aA ' 3a� Ilqdoo|/ e| vxevwl0
wxwlqj +5:, iru rqo| wkh �uvw rffxuuhqfh ri �@E|� lq +69, dqg wkhq
xwlol}lqj wkh htxdolw| jlyhq e| +67,/ wkh vnhz v|pphwu| ri a gh0
�qhg lq +55,/ dqg wkh idfw wkdw aA a ' U2 +Qrwh wkdw U2 ghqrwhv
wkh vwdqgdug 2f 2 lghqwlw| pdwul{,/ zh rewdlq wkh �qdo h{suhvvlrq
iru wkh forvhg0orrs huuru v|vwhp iru �E|� dv iroorzv

�� ' 3&�� n �A@ a�5 3 #52� +6:,

Wr ghwhuplqh wkh forvhg0orrs huuru v|vwhp iru �5E|�/ zh wdnh wkh
wlph ghulydwlyh ri +57,/ vxevwlwxwh +5;, iru �5_E|�/ dqg wkhq vxevwl0
wxwh +4;, iru �5E|� wr rewdlq

�

�5'
�B_

B_
5_n

#
&�� n s

B2_
n �l�

$
a5_3

�
�_� �2

�A
n
�
# f

�A
+6;,

zkhuh wkh dx{loldu| frqwuro lqsxw �_�E|� zdv lqmhfwhg e| dgglqj

dqg vxewudfwlqj
�
�_� f

�A
wr wkh uljkw0vlgh ri +6;, dqg wkhq

+58, zdv xwlol}hg1 Diwhu vxevwlwxwlqj +59, iru
�
�_� �2

�A
c dqg

wkhq vxevwlwxwlqj +5:, iru �@E|� lq wkh uhvxowlqj h{suhvvlrq/ zh fdq
uhzulwh wkh h{suhvvlrq jlyhq e| +6;, dv iroorzv
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�5'
�B_

B_
5_ n�l�a5_ 3l�5_ n &25 n

�
# f

�A
� +6<,

Diwhu vxevwlwxwlqj +5<, iru rqo| wkh vhfrqg rffxuuhqfh ri l�E|� lq
+6<, dqg xvlqj wkh idfw wkdw aa ' 3U2/ zh fdq fdqfho frpprq
whupv dqg wkhq uhduudqjh wkh uhvxowlqj h{suhvvlrq wr rewdlq

�

�5' 3&2�5 n�a

%#
&�� n s

B2_

$
a5_ n l�5_

&
n
�
# f

�A
+73,
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zkhuh +57, zdv xwlol}hg1 Ilqdoo|/ vlqfh wkh eudfnhwhg whup lq +73,
lv htxdo wr �@E|� gh�qhg lq +5:,/ zh fdq rewdlq wkh �qdo h{suhvvlrq
iru wkh forvhg0orrs huuru v|vwhp iru �5E|� dv iroorzv

�

�5' 3&2�5 n �a�@ n
�
# f

�A
� +74,

Wr ghyhors wkh forvhg0orrs huuru v|vwhp iru #E|�/ zh wdnh wkh
wlph ghulydwlyh ri +58,/ vxevwlwxwh +4;, iru ���E|�/ dqg wkhq uh0
duudqjh wkh uhvxowlqj h{suhvvlrq wr rewdlq

�# ' ��_� n ���o 3 ��� +75,

Diwhu vxevwlwxwlqj iru wkh dx{loldu| frqwuro wrutxh lqsxw ��E|� jlyhq
lq +64,/ zh rewdlq wkh forvhg0orrs huuru v|vwhp iru #E|� dv iroorzv

�# ' 3&�# n �52 3 �5�� +76,

81 Vwdelolw| Dqdo|vlv

Wkhruhp 4 Jlyhq wkh forvhg0orrs v|vwhp ri +6:,/ +74,/ dqg +76,/
wkh srvlwlrq2rulhqwdwlrq wudfnlqj huuru gh�qhg lq +49, dqg +4:, lv
JXXE lq wkh vhqvh wkdw

��%E|�� c ��+E|�� c
����wE|���� $ qf i TE3bf|� n q�0� +77,

zkhuh q
f
/ q

�
/ dqg bf M ^� duh srvlwlyh frqvwdqwv/ dqg 0� zdv

ruljlqdoo| gh�qhg lq +63,1

Surri = Wr suryh Wkhruhp 4/ zh gh�qh d qrq0qhjdwlyh/ vfdodu
ixqfwlrq/ ghqrwhg e| T E|� M ^�c dv iroorzv

T '
�

2
�2 n

�

2
#2 n

�

2
�5A �5� +78,

Diwhu wdnlqj wkh wlph ghulydwlyh ri +78, dqg pdnlqj wkh dssursuldwh
vxevwlwxwlrqv iurp +6:,/ +74,/ dqg +76,/ zh rewdlq wkh iroorzlqj
h{suhvvlrq

�T ' �
�
3&�� n �A@ a�5 3 #52

�
n�5A

k
3&2�5 n �a�@ n

�
# f

�A l
n# d3&�# n �52 3 �52o �

+79,

Diwhu xwlol}lqj wkh idfw wkdw aA ' 3a / fdqfhoolqj frpprq whupv/
dqg xwlol}lqj +78,/ zh fdq xsshu erxqg �T E|� dv iroorzv

�T $ 324�? t&�c &2c &��T� +7:,

Vwdqgdug dujxphqwv fdq qrz eh hpsor|hg wr vroyh wkh gl�huhqwldo
lqhtxdolw| jlyhq lq +7:, dv iroorzv

T E|� $ i TE324�? t&�c &2c &�� |�T Ef�� +7;,

Ilqdoo|/ edvhg rq +78, wkh h{suhvvlrq jlyhq lq +7;, fdq eh uhzulwwhq
dv

8[E|�8 $ i TE34�? t&�c &2c &�� |� 8[Ef�8 +7<,

zkhuh [E|� M ^e lv gh�qhg dv

[ '
�
� # �5A

�A
� +83,

Iurp +7<, dqg +83,/ lw lv vwudljkwiruzdug wr vhh wkdw �E|�/ #E|�/
�5E|� M n"1 Diwhu xwlol}lqj +57,/ +67,/ dqg wkh idfw wkdw �5E|�c B_E|� M
n"/ zh fdq frqfoxgh wkdw 5E|�/ 5_E|� M n"1 Iurp wkh idfw wkdw
5E|�/ �E|� M n" zh fdq xvh wkh lqyhuvh wudqvirupdwlrq ri +48,/
jlyhq ehorz

5
7 o%

o+
�w

6
8 '

5
9997

�

2
t�? w 3

t��

6
t�? w �

2

�w t�? w n 2ULt w

3
�

2
ULt w

t��

6
ULt w 3 �

2

�w ULt w 3 2 t�? w

f � f

6
:::8
5
7 �

5�
52

6
8

+84,

wr frqfoxgh wkdw o%E|�c o+E|�c �wE|� M n"� Edvhg rq wkh idfw wkdw

o%E|�c o+E|�c �wE|� M n" dqg wkh idfw wkdw wkh uhihuhqfh wudmhfwru|

lv vhohfwhg vr wkdw %SoE|�c +SoE|�c woE|�c �%SoE|�c �+SoE|�c �woE|� M n"/
zh fdq xwlol}h +49,/ +4:,/ dqg Uhpdun 5 wr frqfoxgh wkdw �%SE|�/
�+SE|�c %SE|�/ +SE|�c wE|� M n"� Iurp +4, dqg wkh idfw wkdw �%SE|�/
�+SE|� M n"c zh fdq frqfoxgh wkdw ��E|�/ �2E|� M n"� Xvlqj wkh
idfw wkdw 5E|�c �%SE|�/ �+SE|�c ��E|�/ �2E|� M n"/ zh fdq frqfoxgh
wkdw sEu�c A Eu� c�Eu� M n" iurp +56,/ +53,/ dqg +54,1 Edvhg rq
wkhvh idfwv/ zh fdq qrz xwlol}h +58,/ +59,/ +5:,/ +5;,/ +5<,/ dqg
+63,/ wr vkrz wkdw �_�E|�/ �@E|�/ �5_E|�/ l�E|�/ ��E|�c �2E|� M n"1

Iurp +44,/ +4<,/ dqg +53,/ zh fdq qrz frqfoxgh wkdw 8�E|�c
�wE|�c ��E|� M n"1 Edvhg rq wkh suhylrxv idfwv/ lw lv hdv| wr vkrz
wkdw ��_�E|� M n" +vhh Dsshqgl{ D,/ dqg khqfh/ iurp +64, zh fdq
frqfoxgh wkdw ��E|� M n"� Vlqfh ��E|�c ��E|�c 8�E|�c ��E|� M n"/
zh fdq frqfoxgh iurp +;, dqg +<, wkdw �E|�c 8 E|� M n"1 Zh fdq
qrz hpsor| vwdqgdug vljqdo fkdvlqj dujxphqwv wr frqfoxgh wkdw
doo ri wkh uhpdlqlqj vljqdov lq wkh frqwuro dqg wkh v|vwhp uhpdlq
erxqghg gxulqj forvhg0orrs rshudwlrq1

Wr suryh +77,/ zh �uvw vkrz wkdw 5E|� gh�qhg lq +48, lv JXXE
e| dsso|lqj wkh wuldqjoh lqhtxdolw| wr +57,/ dqg khqfh/ rewdlq wkh
iroorzlqj erxqg iru 5E|�

858 $ 8�58n 85_8 $ i T E34�? t&�c &2c &�� |� 8[Ef�8
n�

f i TE3��|� n 0�
+85,

zkhuh +63,/ +67,/ +7<,/ dqg +83, kdyh ehhq xwlol}hg1 Wkh pdlq
uhvxow jlyhq e| +77, fdq qrz eh gluhfwo| rewdlqhg iurp Uhpdun 5/
+49,/ +7<,/ +83,/ +84,/ dqg +85,1 �

91 Vhwsrlqw H{whqvlrq

Vlqfh wkh rqo| uhvwulfwlrqv sodfhg rq wkh ghvluhg wudmhfwru| duh wkdw
wkh uhihuhqfh jhqhudwru uhpdlq erxqghg/ wkh srvlwlrq2rulhqwdwlrq
wudfnlqj sureohp uhgxfhv wr wkh srvlwlrq dqg rulhqwdwlrq uhjxod0
wlrq sureohp1 Wkdw lv/ li wkh frqwuro remhfwlyh lv wdujhwhg dw wkh
uhjxodwlrq sureohp/ wkh ghvluhg srvlwlrq dqg rulhqwdwlrq yhfwru/

ghqrwhg e| ^o '
�
%So +So wo

�A
M ^�c ehfrphv dq duelwudu|

ghvluhg frqvwdqw yhfwru1 Edvhg rq wkh idfw wkdw ^o lv qrz gh�qhg
dv d frqvwdqw yhfwru/ lw lv vwudljkwiruzdug wr vhh wkdw 8�oE|�c dqg
��oE|� htxdo }hur1 Pruhryhu/ sEu� gh�qhg lq +56, uhgxfhv wr wkh
iroorzlqj h{suhvvlrq

s ' 32

�
�

6
t�2�2 n >�2

�
c +86,

dqg �Eu� gh�qhg lq +54, uhgxfhv wr

� '

�
f
3>��

�
� +87,

Edvhg rq wkh deryh vlpsol�fdwlrqv/ lw lv vwudljkwiruzdug wr looxv0
wudwh wkdw wkh JXXE uhvxow jlyhq lq Wkhruhp 4 lv dovr ydolg iru
wkh uhjxodwlrq sureohp1

:1 Wzlq Urwru Kholfrswhu H{whqvlrq

Lq wklv vhfwlrq/ zh looxvwudwh krz wkh sursrvhg VY frqwuroohu fdq
eh dssolhg wr rwkhu v|vwhpv zlwk qrqlqwhjudeoh g|qdplfv1 Vshfl�0
fdoo|/ zh looxvwudwh krz wkh rshq0orrs wudfnlqj huuru g|qdplfv iru d
wzlq urwru kholfrswhu +WUK, fdq eh fdvw lqwr wkh vdph irup dv wkh
VY jlyhq lq +4;,1 Edvhg rq wkh idfw wkdw wkh rshq0orrs wudfnlqj
huuru g|qdplfv fdq eh uhsuhvhqwhg lq wkh vdph irup/ lw lv vwudljkw0
iruzdug wr vkrz wkdw wkh vdph ghvljq surfhgxuh fdq eh dssolhg wr
ghyhors d WUK wudfnlqj frqwuroohu1

:141 Prgho Irupxodwlrq

Edvhg rq wkh dvvxpswlrqv wkdw= l , wkh iulfwlrq ri wkh urwdu| sduwv
dqg wkh fhqwulixjdo irufhv duh vpdoo hqrxjk wr eh qhjohfwhg/ dqg
ll, wkh lqhuwld frxsolqj lv qhjohfwhg/ wkh vwdwh vsdfh htxdwlrqv iru
wkh WUK fdq eh zulwwhq lq d pdqqhu vlplodu wr ^4;` dv iroorzv

�k� ' u�s@ t�? wM
�k2 ' u2s@ ULt wM 3�} ULtk2
�wM ' u�sK

+88,

zkhuh s@E|�c sKE|� M ^� duh dx{loldu| frqwuro lqsxwv wkdw duh uhodwhg
wr wkh dfwxdo frqwuro lqsxw irufhv s�E|�c s2E|� M -� +vhh Iljxuh 5,
dv vkrzq ehorz
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�
s@ n
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�
+89,

k�E|�/ k2E|�/ wME|� M -� uhsuhvhqw wkh |dz/ slwfk/ dqg uroo dqjohv
ri wkh WUK/ uhvshfwlyho|/ ocu�c u2c u�/ dqg � M -� duh nqrzq/
frqvwdqw phfkdqlfdo sdudphwhuv/ dqg } M -� lv wkh dffhohudwlrq
gxh wr judylw|1 Edvhg rq +88,/ zh frqvwuxfw wkh iroorzlqj uhihuhqfh
jhqhudwru

�k�o ' u�s@o t�? wMo
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wr jhqhudwh wkh uhihuhqfh |dz/ slwfk/ dqg uroo dqjohv/ ghqrwhg e|
k�oE|�/ k2oE|�/ wMoE|� M U

4 / uhvshfwlyho|/ zkhuh u�c u2c u�c�c

dqg } zhuh gh�qhg lq +88, dqg s@oE|�c /oE|� M ^� ghqrwh uhihuhqfh
lqsxw yduldeohv1 Lw lv dvvxphg wkdw wkh uhihuhqfh prgho lv frq0
vwuxfwhg vxfk wkdw k�oE|�c k2oE|�c wMoE|�c �k�oE|�c �k2oE|�c �wMoE|�c

�k�oE|�c �k2oE|�c �wMoE|�c M n"1

θ

f a

f 1 r D

B

f2

C

-g

�

m/2

m/2

f b

Iljxuh 5 � Dfwxdwru Gldjudp iru d Wzlq Urwru Khol0
frswhu

:151 Rshq0Orrs Huuru V|vwhp Ghyhorsphqw

Wr idflolwdwh wkh vxevhtxhqw frqwuro v|qwkhvlv dqg wkh fruuhvsrqg0
lqj vwdelolw| surri/ zh gh�qh wkh iroorzlqj joredo lqyhuwleoh wudqv0
irupdwlrq 5
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8 c +8;,

zkhuh lEu� M ^�f� lv d joredoo| lqyhuwleoh wudqvirupdwlrq pdwul{
frqvwuxfwhg dv
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:8 c +8<,

j�Eu�/ j2E�� M ^� duh gh�qhg h{solflwo| dv iroorzv
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�wM ULt wM 3 2 t�? wM

� c +93,

7�E|� M ^� dqg 75E|� '
�
75�E|� 752E|�

�A
M ^2 duh dx{loldu| wudfn0

lqj huuru yduldeohv/ ok�E|�/ ok2E|� M ^� duh �owhu wudfnlqj huuru
yduldeohv gh�qhg dv iroorzv

ok� '
�

�k� n>��k� ok2 '
�

�k2 n>��k2 +94,

>
�

M ^� lv d srvlwlyh frqvwdqw frqwuro jdlq/ dqg �k�E|�/

�k2E|�c �wME|� M ^� ghqrwh wkh gl�huhqfh ehwzhhq wkh dfwxdo |dz/
slwfk/ dqg uroo dqjohv dqg wkh uhihuhqfh |dz/ slwfk/ dqg uroo dqjohv
dv iroorzv

�k� ' k� 3 k�o �k2 ' k2 3 k2o �wM ' wM 3 wMo � +95,

Diwhu wdnlqj wkh wlph ghulydwlyh ri +8;,/ dqg xvlqj +88,/ +8:,/
+8;,/ +94,/ dqg +95,/ zh fdq uhzulwh wkh rshq0orrs wudfnlqj huuru
g|qdplfv dv iroorzv
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wkh pdwul{ AMEu� M ^2f2 dqg wkh dx{loldu| yhfwru �MEu� M ^2 duh
gh�qhg dv iroorzv
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zkhuh �M� M U
4 lv gh�qhg dv
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dqg a zdv suhylrxvo| gh�qhg lq +55,1 Iurp wkh irup ri +96,/ +9;,/
+97,/ +98,/ dqg +99,/ lw lv vwudljkwiruzdug wkdw wkh dx{loldu| lqsxw

yhfwru d7�_�E|� 7�2E|�o
A fdq eh ghvljqhg lq wkh vdph pdqqhu dv

wkh sursrvhg VY wudfnlqj frqwuroohu wr rewdlq JXXE wudfnlqj dqg
uhjxodwlrq uhvxowv iru wkh WUK1

;1 Frqfoxvlrq

Lq wklv sdshu/ zh kdyh ghvljqhg d frqwlqxrxv/ wlph0ydu|lqj wudfn0
lqj frqwuroohu iru dq xqghudfwxdwhg vxuidfh yhvvho1 Wkurxjk d
O|dsxqry0edvhg vwdelolw| dqdo|vlv/ zh kdyh ghprqvwudwhg wkdw= l ,
wkh srvlwlrq2rulhqwdwlrq wudfnlqj huuru lv joredoo| h{srqhqwldoo|
irufhg wr d qhljkerukrrg derxw }hur wkdw fdq eh pdgh duelwudu0
lo| vpdoo/ dqg ll , d xql�hg iudphzrun lv ghyhorshg wkdw vroyhv
wkh uhjxodwlrq sureohp dv d vlpsol�hg fdvh ri wkh wudfnlqj frqwuro
sureohp1 Dq h{whqvlrq zdv surylghg wkdw looxvwudwhv wkdw wkh sur0
srvhg frqwuroohu fdq eh dssolhg wr rwkhu qrqolqhdu xqghudfwxdwhg
v|vwhpv vxemhfw wr qrqlqwhjudeoh g|qdplfv vxfk dv wkh wzlq urwru
kholfrswhu1 Xvlqj vlplodu whfkqltxhv dv looxvwudwhg zlwk wkh wzlq ur0
wru kholfrswhu h{whqvlrq/ dgglwlrqdo v|vwhpv zlwk vlplodu g|qdplfv
pd| eh vroyhg zlwk wkh sursrvhg frqwuroohu1 Iru h{dpsoh/ lq ^4:`/
Uh|kdqrjox hw do1 ghvfulehg d sodqdu sulvpdwlf0sulvpdwlf0uhyroxwh
+SSU, urerw zlwk dq hodvwlf mrlqw wkdw kdv vlplodu g|qdplfv dv wkh
h{dpsohv suhvhqwhg lq wklv sdshu1 Lw lv vwudljkwiruzdug wr looxvwudwh
wkdw wkh sursrvhg frqwuroohu |lhogv d JXXE wudfnlqj2uhjxodwlrq
uhvxow iru wkh SSU hodvwlf0mrlqw urerw xwlol}lqj vlplodu dujxphqwv
suhvhqwhg lq wkh wzlq urwru kholfrswhu h{whqvlrq1

Uhihuhqfhv

^4` U1 Eurfnhww/ �Dv|pswrwlf Vwdelolw| dqg Ihhgedfn Vwdelol}d0
wlrq�/ Gl�huhqwldo Jhrphwulf Frqwuro Wkhru|/ +U1 Eurfnhww/
U1 Ploopdq/ dqg K1 Vxvvpdqq Hgv1,/ Elunkdxvhu/ Ervwrq/
4<;61

^5` F1 Fdqxgdv gh Zlw/ dqg R1 Vrugdohq/ �H{srqhqwldo Vwdel0
ol}dwlrq ri Preloh Urerwv zlwk Qrqkrorqrplf Frqvwudlqwv�/
LHHH Wudqvdfwlrqv rq Dxwrpdwlf Frqwuro/ yro1 6:/ qr1 44/
Qry1 4<<5/ ss1 4:<404:<:1

^6` G1 P1 Gdzvrq/ M1 Kx/ dqg W1 Exuj/ Qrqolqhdu Frqwuro ri
Hohfwulf Pdfklqhu|/ Qhz \run= Pdufho Ghnnhu/ Lqf1/ 4<<;1

^7` Z1H1 Gl{rq/ G1 P1 Gdzvrq/ H1 ]hujhurjox/ dqg I1 ]kdqj/
�Urexvw Wudfnlqj dqg Uhjxodwlrq Frqwuro iru Preloh Urerw0
v�/ Lqwhuqdwlrqdo Mrxuqdo ri Urexvw dqg Qrqolqhdu Frqwuro=
Vshfldo Lvvxh rq Frqwuro ri Xqghudfwxdwhg Qrqolqhdu V|v0
whpv/ wr dsshdu> vhh dovr Surf1 ri wkh Frqihuhqfh rq Frqwuro
Dssolfdwlrqv/ Nrkdod Frdvw/ Kdzdll/ Dxjxvw 55059/ 4<<</ ss1
4348043531

^8` Z1H1 Gl{rq/ G1 P1 Gdzvrq/ I1 ]kdqj/ dqg H1 ]hujhurjox/
�Joredo H{srqhqwldo Vhwsrlqw Frqwuro ri Preloh Urerwv�/
Surf1 ri wkh 4<<< LHHH2DVPH Lqwhuqdwlrqdo Frqihuhqfh
rq Dgydqfhg Lqwhooljhqw Phfkdwurqlfv/ Dwodqwd/ Jhrujld/ Vhs0
whpehu 4<<</ ss1 9;609;;1
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^9` Z1H1 Gl{rq/ G1 P1 Gdzvrq/ I1 ]kdqj/ dqg H1 ]hujhurjox/
�Joredo H{srqhqwldo Wudfnlqj Frqwuro ri D Preloh Urerw
V|vwhp yld d SH Frqglwlrq�/ LHHH Wudqvdfwlrqv rq V|vwhpv/
Pdq/ dqg F|ehuqhwlfv 0Sduw E= F|ehuqhwlfv/ wr dsshdu> vhh
dovr Surf1 ri wkh 6;wk LHHH Frqihuhqfh rq Ghflvlrq dqg
Frqwuro/ Skrhql{/ Dul}rqd/ Ghf1 :043/ 4<<</ wr dsshdu1

^:` W1L1 Irvvhq/ Jxlgdqfh dqg Frqwuro ri Rfhdq Yhklfohv/ Fklfk0
hvwhu= Mrkq Zloh| ) Vrqv Owg/ 4<<71

^;` M1P1 Jrgkdyq/ �Qrqolqhdu Wudfnlqj ri Xqghudfwxdwhg Vxu0
idfh Yhvvhov�/ Surf1 ri wkh 68wk Frqihuhqfh rq Ghflvlrq dqg
Frqwuro/ Nreh/ Mdsdq/ Ghf1 4<<91

^<` ]1 Mldqj dqg K1 Qlmphlmhu/ �Wudfnlqj Frqwuro ri Preloh Ur0
erwv= D Fdvh Vwxg| lq Edfnvwhsslqj�/ Dxwrpdwlfd/ yro1 66/
qr1 :/ ss1 46<6046<</ 4<<:1

^43` ]1 Mldqj dqg K1 Qlmphlmhu/ �D Uhfxuvlyh Whfkqltxh iru Wudfn0
lqj Frqwuro ri Qrqkrorqrplf V|vwhpv lq wkh Fkdlqhg Irup�/
LHHH Wudqvdfwlrqv rq Dxwrpdwlf Frqwuro/ yro1 77/ qr1 5/ ss1
59805:</ Ihe1 4<<<1

^44` U1 PfForvnh| dqg U1 Pxuud|/ �H{srqhqwldo Vwdelol}dwlrq
ri Guliwohvv Qrqolqhdu Frqwuro V|vwhpv Xvlqj Krprjhqhrxv
Ihhgedfn�/ LHHH Wudqvdfwlrqv rq Dxwrpdwlf Frqwuro/ yro1
75/ qr1 8/ Pd| 4<<:/ ss1 947095;1

^45` U1 Shwwhuvhq/ dqg R1 Hjhodqg/ �H{srqhqwldo Vwdelol}dwlrq ri
dq Xqghudfwxdwhg Vxuidfh Yhvvho�/ Prgholqj/ Lghqwl�fdwlrq
dqg Frqwuro/ yro1 4;/ qr1 6/ ss1 56</ Mxo| 4<<:1

^46` N1\1 Shwwhuvhq/ dqg R1 Hjhodqg/ �Urexvw Frqwuro ri dq Xq0
ghudfwxdwhg Vxuidfh Yhvvho zlwk Wkuxvwhu G|qdplfv�/ Surf1
ri wkh 4<<: Dphulfdq Frqwuro Frqihuhqfh/ Doextxhutxh/ Qhz
Ph{lfr/ Mxqh 4<<:/ ss1 6744067491

^47` N1\1 Shwwhuvhq/ dqg K1 Qlmphlmhu/ �Joredo Sudfwlfdo Vwdelol}d0
wlrq dqg Wudfnlqj iru dq Xqghudfwxdwhg Vkls 0 D Frpelqhg
Dyhudjlqj dqg Edfnvwhsslqj Dssurdfk�/ Surf1 LIDF Frq0
ihuhqfh rq V|vwhp Vwuxfwxuh dqg Frqwuro/ +Qdqwhv/ Iudqfh,/
Mxo| 4<<;/ ss1 8<0971

^48` N1\1 Shwwhuvhq/ dqg K1 Qlmphlmhu/ �Wudfnlqj Frqwuro ri dq
Xqghudfwxdwhg Vxuidfh Yhvvho�/ Surf1 ri 6: |� LHHH Frqihu0
hqfh rq Ghflvlrq dqg Frqwuro/ Wdpsd/ Iorulgd/ Ghf1 4<<;/
ss1 7894078991

^49` P1 Uh|kdqrjox/ �H{srqhqwldo Vwdelol}dwlrq ri dq Xqghudfwx0
dwhg Dxwrqrprxv Vxuidfh Yhvvho�/ Dxwrpdwlfd/ yro1 66/ qr1
45/ ss1 557<05587/ 4<<:1

^4:` P1 Uh|kdqrjox/ D1 Vfkdiw/ Q1K1 PfFodpurfk/ dqg L1 Nro0
pdqryvn|/ �G|qdplfv dqg Frqwuro ri d Fodvv ri Xqghudfwx0
dwhg Phfkdqlfdo V|vwhpv�/ LHHH Wudqvfdwlrqv rq Dxwrpdwlf
Frqwuro/ yro1 77/ qr1 </ ss1 4996049:3/ 4<<<1

^4;` P1 Vdhnl/ Mxq0lfkl Lpxud/ \dvxqrul Zdgd/ �Ioljkw Frqwuro
Ghvljq dqg H{shulphqw ri d Wzlq Urwru Kholfrswhu Prgho
yld 5 Vwhs H{dfw Olqhdul}dwlrq�/ Surf1 ri wkh 4<<< LHHH
Lqwhuqdwlrqdo Frqihuhqfh rq Frqwuro Dssolfdwlrqv/ Kdzdll/
XVD/ ss1 4790484/ Dxjxvw 4<<<1

^4<` F1 Vdpvrq/ �Yhorflw| dqg Wrutxh Ihhgedfn Frqwuro ri d Qrq0
krorqrplf Fduw�/ Surf1 Lqwhuqdwlrqdo Zrunvkrs lq Dgdswlyh
dqg Qrqolqhdu Frqwuro= Lvvxhv lq Urerwlfv/ Juhqreoh/ Iudqfh/
4<<31

^53` F1 Vdpvrq/ �Frqwuro ri Fkdlqhg V|vwhpv Dssolfdwlrq wr Sdwk
Iroorzlqj dqg Wlph0Ydu|lqj Srlqw0Vwdelol}dwlrq ri Preloh
Urerwv�/ LHHH Wudqvdfwlrqv rq Dxwrpdwlf Frqwuro/ yro1 73/
qr1 4/ Mdq 4<<:/ ss1 970::1

<1 Dsshqgl{ D= Fdofxodwlrq ri ��_�E|�

Wr fdofxodwh ��_�E|�/ zh wdnh wkh wlph ghulydwlyh ri +59, dqg wkhq
vxevwlwxwh iru wkh wlph ghulydwlyh ri �@E|� gh�qhg lq +5:, wr rewdlq
wkh iroorzlqj h{suhvvlrq
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zkhuh wkh wlph ghulydwlyhv ri l�E|� dqg sE|� duh h{solflwo| jlyhq
e| wkh iroorzlqj h{suhvvlrqv
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zkhuh +43,/ +44,/ +46,/ +4;,/ dqg wkh vhfrqg wlph ghulydwlyh ri +4:,
zdv xwlol}hg1 Edvhg rq wkh gh�qlwlrq ri B_E|� jlyhq lq +63,/ wkh

idfw wkdw 5E|�c �5E|�c
�

�w E|�c �E|�c
�

�% E|�c
�

�+ E|�c �sE|�c �l�E|�c ��E|�c �5_E|�c
�E|�c sE|�c 5_E|�c �_�E|�c #E|� M n" +vhh Wkhruhp 4 ,/ dqg wkh
idfw wkdw wkh uhihuhqfh wudmhfwru| lv vhohfwhg vr wkdw %SoE|�c +SoE|�c

woE|�c �%SoE|�c �+SoE|�c �woE|�c �%SoE|�c �+SoE|�c �woE|�c ���oE|� M n"/ lw lv
vwudljkwiruzdug wr vhh iurp +9<,/ +:3,/ dqg +:4, wkdw ��_�E|� M n"1
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