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Jxdqurqj Fkhq ����

�FLQYHVWDY/ Xqlgdg Jxdgdodmdud/ Dsduwdgr Srvwdo 64076;/
Sod}d Od Oxqd/ Jxdgdodmdud/ Mdolvfr F1S1 783<4/ PH[LFR/

h0pdlo=vdqfkh}Cjgo1flqyhvwdy1p{
��FLQYHVWDY/ Xqlgdg Jxdgdodmdud/ rq Sk1 G1 vwxglhv ohdyh

iurp Vfkrro ri Pdwkhpdwlfv dqg Sk|vlfv/ Xqlyhuvlgdg Dxwrqrpd

gh Qxhyr Ohrq +XDQO,/ Vdq Qlfrodv gh Orv Jdu}d/ Qxhyr Ohrq/

PH[LFR
��� Vfkrro ri Pdwkhpdwlfv dqg Sk|vlfv/ XDQO/ Flxgdg

Xqlyhuvlwduld/ Vdq Qlfrodv gh Orv Jdu}d/ Qxhyr Ohrq1/ PH[LFR
����Ghsw1 ri Hohfwulfdo Hqjlqhhulqj/ Xqlyhuvlw| ri Krxvwrq/

Krxvwrq/ Wh{dv ::537/ XVD

Devwudfw= Lq wklv sdshu/ d qryho dssurdfk lv ghyhorshg iru joredo dv|pswrwlf vwdeol}d0

wlrq ri Fkhq*v fkdrwlf v|vwhp/ zklfk lq sulflsoh zrunv iru rwkhu frpsoh{ qrqolqhdu

v|vwhpv dv zhoo1 Edvhg rq d uhfhqwo| lqwurgxfhg phwkrgrorj| ri lqyhuvh rswlpdo frqwuro

iru qrqolqhdu v|vwhpv/ d yhu| vlpsoh vwdelol}dwlrq frqwuro odz lv ghulyhg iru wkh ghvluhg

joredo dv|pswrwlf vwdelol}dwlrq1 Frpsxwhu vlpxodwlrq lv jlyhq iru looxvwudwlrq dqg

yhul�fdwlrq1

Nh|zrugv= Fkdrv/ Qrqolqhdu V|vwhpv/ Lqyhuvh Rswlpdo Frqwuro/ Vwdelolw|1

41 LQWURGXFWLRQ

Fkdrwlf v|vwhpv kdyh ehhq vwxglhg iru txlwh d orqj

wlph lq wkh pdwkhpdwlfdo dqg sk|vlfdo frppxql0

wlhv/ dqg frqwuroolqj wklv nlqg ri frpsoh{ g|qd0

plfdo v|vwhpv kdv uhfhqwo| dwwudfwhg d juhdw ghdo

ri dwwhqwlrq zlwklq wkh hqjlqhhulqj vrflhw|1 Gli0

ihuhqw whfkqltxhv kdyh ehhq sursrvhg wr dfklhyh

fkdrv frqwuro1 Iru lqvwdqfh/ olqhdu vwdwh vsdfh

ihhgedfn ^6`/ O|dsxqry ixqfwlrq phwkrgv ^44`/
dgdswlyh frqwuro ^46` dqg edqj0edqj frqwuro ^45`/
dprqj pdq| rwkhuv ^7`1

Rq wkh rwkhu kdqg/ frqwuro phwkrgv ri jhqhudo
qrqolqhdu v|vwhpv kdyh ehhq h{whqvlyho| ghyho0

� Wkh �uvw wkuhh dxwkruv wkdqn wkh vxssruw ri FRQDF\W/

Ph{lfr/ Surmhfw 6538<D dqg ri XDQO Vfkrro ri Pdwkh0

pdwlfv dqg Sk|vlfv

rshg vlqfh hduo| 4<;3*v/ iru h{dpsoh edvhg rq
gl�huhqwldo jhrphwu| wkhru|1^<` Uhfhqwo|/ wkh sdv0
vlylw| dssurdfk kdv jhqhudwhg lqfuhdvlqj lqwhuhvw
iru v|qwkhvl}lqj frqwuro odzv iru qrqolqhdu v|v0
whpv ^5`/ ^9`/ ^43`1 Dq lpsruwdqw sureohp lq wklv
�hog lv krz wr dfklhyh urexvw qrqolqhdu frqwuro
lq suhvhqfh ri xqprghoohg g|qdplfv dqg h{whu0
qdo glvwxuedqfhv> dorqj wkh vdph olqh wkhuh lv
wkh vr0fdoohg K4 qrqolqhdu frqwuro ^:`/ ^4`1 Rqh
pdmru gl!fxow| zlwk wklv dssurdfk/ dorqjvlgh lwv
srvvleoh v|vwhp vwuxfwxudo lqvwdelolw| lvvxh/ vhhpv
wr eh fdxvhg e| wkh uhtxluhphqw ri vroylqj wkh
dvvrfldwhg SGH htxdwlrqv1 Lq rughu wr doohyldwh
wklv frpsxwdwlrqdo sureohp/ wkh vr0fdoohg lqyhuvh
rswlpdo frqwuro whfkqltxh zdv uhfhqwo| ghyhorshg
edvhg rq wkh lqsxw0wr0vwdwh vwdelolw| +lvv, frqfhsw
^;`1



Lq wklv sdshu/ wkh diruhphqwlrqhg lqyhuvh rswlpdo
frqwuro whfkqltxh lv hpsor|hg wr ghulyh d yhu| vlp0
soh qhz frqwuro odz iru vwdelol}dwlrq ri wkh fkdrwlf
Fkhq*v v|vwhp/ zklfk lq sulqflsoh zrunv iru rwkhu
g|qdplfdo v|vwhp dv zhoo1 Frpsxwhu vlpxodwlrq
lv dovr jlyhq iru wkh sxusrvhv ri looxvwudwlrq dqg
yhul�fdwlrq1

51 V\VWHP GHVFULSWLRQ

D qhz fkdrwlf v|vwhp/ uhihuuhg wr dv Fkhq*v v|v0
whp e| rwkhu dxwkruv/ kdv uhfhqwo| ehhq glvfryhuhg
^8`1 Wklv v|vwhp lv ghvfulehg e|

=

{ @ d +| � {,
=

| @ +f� d,{� {} . f|
=

} @ {| � e}

+4,

zklfk kdv d fkdrwlf dwwudfwru dv vkrzq lq Ilj1
4 zkhq d @ 68> e @ 6> f @ 5;= Lw kdv ehhq
h{shulhqfhg wkdw wklv fkdrwlf v|vwhp lv uhodwlyho|
gl!fxow wr frqwuro dv frpsduhg wr wkh Oruhq}
dqg Fkxd*v v|vwhp gxh wr wkh surplqhqw wkuhh0
glphqvlrqdo dqg vrph frpsoh{ ihdwxuhv ri lwv
dwwudfwru1

Zh duh lqwhuhvwhg lq joredo dv|pswrwlfdoo| vwdel0
ol}lqj wklv v|vwhp wr rqh ri lwv xqvwdeoh htxlole0
ulxp srlqwv/ +3> 3> 3, = Khqfhiruwk/ zh dgg d frqwuro
lqsxw wr wkh vhfrqg vwdwh/ vr wkdw wkh frqwuroohg
v|vwhp ehfrphv
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Zh �uvw �qg d O|dsxqry ixqfwlrq fdqglgdwh wkdw
vdwlv�hv doo wkh uhtxluhphqwv wr eh dq lqsxw0wr0
vwdwh frqwuro O|sdxqry ixqfwlrq +lvv0foi,1 Vxfk d
ixqfwlrq lv hvvhqwldo iru wkh ghvljq ri d joredoo|
dv|pswrwlfdoo| vwdelol}lqj frqwuro odz1 Zh fkrrvh
wkh iroorzlqj fdqglgdwh=
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Wkh prwlydwlrq iru wklv fkrlfh ri wkh frqwuro

odz zloo eh vhhq iurp wkh rswlpl}dwlrq glvfxvvhg

ehorz1

Qrz/ vxevwlwxwlqj +9, lq +8,/ zh rewdlq

=

Y@ �d+{�
f|

5d
,5 � n3|

5
� e}

5

zklfk lpsolhv

=

Y ? 3 iru doo [ 9@ 3= Wklv phdqv

wkdw wkh sursrvhg frqwuro odz +9, fdq joredoo|

dv|pswrwlfdoo| vwdelol}h wkh v|vwhp +5,1

Qrwh wkdw +5, lv lqsxw0wr0vwdwh vwdelol}deoh/ eh0

fdxvh wkh llv0foi ixo�oov wkh vpdoo frqwuro surshuw|

^;`1 Ehvlghv/ wkh lqyhuvh rswlpdo dvvljqphqw sur0

eohp/ gh�qhg ehorz/ lv vroydeoh1

Iru wkh sxusrvh ri dvvljqlqj wkh frqwuro jdlq/

iroorzlqj ^;`/ zh frqvlghu wkh frqwuro odz +9, dqg

gh�qh d frvw ixqfwlrqdo dv iroorzv=

M+x, @ olp
w$4

i5�Y +[, . O+[,j +:,

O+[, @

w]
3

�
o+[, . x

A

U+[,x
�
g�

zlwk

o+[,/�5�OiY . 5�OjY +U+[,,�4 +OjY ,

.�+� � 5,OjY +U+[,�4, +OjY ,



@�5�

�
�d

�
{�

f|

5d

�5
� e}

5 .

�
f.

f
5

7d

�
|
5

�

.�

�
f.

f
5

7d
. n3

�
|
5

@5d�
�
{�

f|

5d

�5
. 5e�}5 � 5�

�
f.

f
5

7d

�
|
5

.�

�
f.

f
5

7d
. n3

�
|
5

Dffruglqj wr wkh edvlf lghd ri wkh lqyhuvh rswlpdo
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Vxevwlwxwlqj +9, lq +7,/ zh rewdlq=

=

Y @ OiY . OjY x

@ OiY . OjY +��U +[,
�4

, +OjY ,

@ OiY � �+U +[,
�4

, +OjY ,
5

Wkhq pxowlso|lqj
=

Y e| �5� wr rewdlq

�5�
=

Y @�5�OiY

.5�
5
OjY +U +[,

�4
, +OjY ,

Dqg wkhq wdnlqj lq dffrxqw +9,/ zklfk lpsolhv

xAU +[,x @ �
5
+U +[,

�4
, +OjY ,

5

zh duulyh dw

o +[, . xU +[,xW @ �5�
=

Y +<,

Wr wklv hqg/ vxevwlwxwlqj +<, lq +:,/ zh rewdlq=

M+x, @ olp
w$4

i5�Y +[ +w,, . o4 +w,j

o4 +w, @

w]
3

�5�
=

Y g�

M+x, @ 5�Y +[ +3,,
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Ilj1 41 Dwwudfwru ri Fkhq*v Fkdrwlf V|vwhp

Lq vxppdu|/ wdnlqj lqwr dffrxqw +;,/ wkh rswlpdo

dqg vwdelol}lqj frqwuro odz lv �qdoo| rewdlqhg dv
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71 VLPXODWLRQV UHVXOWV

Lq rughu wr yhuli| wkh frqwuro dssolfdelolw| ri wkh

sursrvhg frqwuro odz +43,/ zh frqvlghu v|vwhp +4,

fxuuhqwo| lq lwv fkdrwlf vwdwh/ l1h1/
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Lwv fkdrwlf dwwudfwru lv vkrzq lq Ilj1 41

Zlwk wkh frqwuro odz +43, dssolhg/ wkh fkdrwlf

ruelw ri wkh v|vwhp lv txlfno| gulyhq wr wkh }hur

htxloleulxp srlqw/ dv h{shfwhg1 Lq Ilj1 5/ zh

vkrz wkh vlpxodwlrq uhvxowv iru gl�huhqw lqlwldo

frqglwlrqv1

Dv fdq eh vhhq/ wkh sursrvhg frqwuro odz joredo

dv|pswrwlfdoo| vwdelol}hv wkh ruljlqdoo| fkdrwlf

v|vwhp +4,1

81 FRQFOXVLRQV

Zh kdyh suhvhqwhg d qryho frqwuro odz iru joredo

dv|pswrwlf vwdelol}dwlrq ri wkh fkdrwlf Fkhq*v

v|vwhp1 Wklv frqwuro odz lv ghyhorshg edvhg rq

wkh lqyhuvh rswlpdo frqwuro dssurdfk/ dqg lw lv

uhpdundeo| vlpsoh dv frpsduhg wr rwkhu h{lvwlqj

fkdrv frqwuro phwkrgv1 Gxh wr lwv jhqhulf qdwxuh/

wklv frqwuro odz fdq eh dssolhg wr rwkhu frpsoh{

g|qdplfdo v|vwhpv dv zhoo1



Ilj1 51 Joredo Dv|pswrwlf Vwdeoh V|vwhp

91 UHIHUHQFHV

^4` Edvdu W1 dqg Ehuqkdug S/ K0Lq�qlw| Rswlpdo

Frqwuro dqg Uhodwhg Plqlpd{ Ghvljq Sure0

ohpv/ Elunkdxvhu/ Ervwrq/ 4<<81

^5` E|uqhv F1 L1 / Lvlgrul D1 dqg Zloohpv M1

F1/ �Sdvvlylw|/ ihhgedfn htxlydohqfh/ dqg wkh

joredo vwdelol}dwlrq ri plqlpxp skdvh qrqolq0

hdu v|vwhpv�/ LHHH Wudqv1 rq Dxwr1 Frqwu1/

Yro1 69/ 455;04573/ 4<<41

^6` Fkhq J1 dqg Grqj [1/ �Rq ihhgedfn frqwuro

ri fkdrwlf frqwlqxrxv0wlph v|vwhpv�/ LHHH

Wudqv1 Flufxlwv dqg V|vw1/ Yro1 73/ss18<40934/

4<<61

^7` Fkhq J1 dqg Grqj [1/ Iurp Fkdrv wr Ru0

ghu= Phwkrgrorjlhv/ Shuvshfwlyhv/ dqg Dssol0

fdwlrqv/ Zruog Vflhqfh Sxe1 Fr1/ Vlqjdsruh/

4<<;1

^8` Fkhq J1 dqg Xhwd W1/ �\hw dqrwkhu fkdrwlf

dwwudfwru�/ Lqwo1 M1 ri Elixufdwlrq dqg Fkdrv/

wr dsshdu 4<<<1

^9` Kloo G1M1 dqg Pr|odq S1/ �Wkh Vwdelolw| ri

qrqolqhdu glvvlsdwlyh v|vwhpv�/ LHHH Wudqv1

rq Dxwr1Frqwu1/Yro1 54/ :3;0:44/ 4<<91

^:` Nqreorfk K1 Z1/ Lvlgrul D1 dqg Iorfnhu}l

G1/ Wrslfv lq Frqwuro Wkhru|/ Elunkdxvhu/

Ervwrq/ 4<<61

^;` Nuvwlf P1 dqg Ghqj K1/ Vwdeol}dwlrq ri Qrq0

olqhdu Xqfhuwdlq V|vwhpv/ Vsulqjhu Yhuodqj/

Qhz \run/ 4<<;1

^<` Lvlgrul D1/ Qrqolqhdu Frqwuro V|vwhpv/ Wklug

Hglwlrq/ Vsulqjhu Yhuodj/ Qhz \run/ 4<<81

^43` Olq Z1/ �Ihhgedfn vwdelol}dwlrq ri jhqhudo

qrqolqhdu frqwuro v|vwhpv= d sdvvlyh v|vwhp

dssurdfk�/ V|vwhpv dqg Frqwuro Ohwwhuv/ Yro1

58/74085/ 4<<81

^44` Qlmphlmhu K1 dqg Ehujkxlv K1/ �Rq O|dsxqry

frqwuro ri Gx!qj htxdwlrq�/ LHHH Wudqv1

Flufxlwv dqg V|vw1/Yro1 75/ ss1 7:607::/ 4<<81

^45` Ylqfhqw W1 O1 dqg \x M1/ �Frqwuro ri d fkdrwlf

v|vwhp�/ G|qdplf dqg Frqwuro/ ss 68085/

4<<41

^46` ]hqj \ dqg Vlqjk V1 Q1/ �Dgdswdwlyh frqwuro

ri fkdrv lq Oruhq} v|vwhp�/ G|qdplf dqg

Frqwuro/ Yro1 :/ 4760487/ 4<<:1
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