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F. Allgöwer · P. Fleming · P. Kokotovic · A.B. Kurzhanski ·
H. Kwakernaak · A. Rantzer · J.N. Tsitsiklis

Editors
Christopher Edwards

Department of Engineering
University of Leicester
University Road
LE1 7RH Leicester
UK

Enric Fossas Colet

Institute of Industrial and Control Engineering
Technical University of Catalonia
Avda. Diagonal 647
08028 Barcelona
Spain

Leonid Fridman

Departamento de Control
Division de Ingenieria Electrica
Facultad de Ingenieria
Ciudad Universitaria
Universidad Nacional Autonoma de Mexico
04510, Mexico, D.F.
Mexico

ISSN 0170-8643

ISBN-10 3-540-32800-9 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-32800-1 Springer Berlin Heidelberg New York

Library of Congress Control Number: 2006923561

This work is subject to copyright. All rights are reserved, whether the whole or part of the mate-
rial is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in other ways, and storage in data banks. Duplication
of this publication or parts thereof is permitted only under the provisions of the German Copyright
Law of September 9, 1965, in its current version, and permission for use must always be obtained
from Springer. Violations are liable to prosecution under German Copyright Law.

Springer is a part of Springer Science+Business Media

springer.com

© Springer-Verlag Berlin Heidelberg 2006
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does
not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Typesetting: Data conversion by editors.
Final processing by PTP-Berlin Protago-TEX-Production GmbH, Germany (www.ptp-berlin.com)
Cover-Design: design & production GmbH, Heidelberg
Printed on acid-free paper 89/3141/Yu - 5 4 3 2 1 0



2I=>9;=

Yduldeoh Vwuxfwxuh Frqwuro .YVF/ dqg lwv pdlq prgh ri rshudwlrq ~ Volglqj
Prgh Frqwuro .VPF/ ~ lv uhfrjql}hg dv dq hÆflhqw wrro wr ghvljq frqwuroohuv
zklfk duh urexvw zlwk uhvshfw wr xqfhuwdlqw|4 Wkh pdlq dgydqwdjhv duh@

' orz vhqvlwlylw| wr sodqw sdudphwhuv dqg shuwxuedwlrqv2 holplqdwlqj wkh qhhg
iru h{dfw prghoolqjA

' wkh srvvlelolw| ri ghfrxsolqj wkh ruljlqdo sodqw v|vwhp lqwr wzr frpsrqhqwv
ri orzhu glphqvlrqA

' pdq| frqwuroohuv hqvxuh "qlwh wlph frqyhujhqfh wr wkh vzlwfklqj vxuidfh
dqg fdq eh vwudljkwiruzdugo| lpsohphqwhg4

Krzhyhu wkh ghyhorsphqw ri wkh YVF phwkrgrorj| kdv dovr h{srvhg glvdg3
ydqwdjhv4 Vshfl"fdoo|@

' wkh fkdwwhulqj sureohp fdxvhg e| lpshuihfwlrqv lq vhqvruv2 dfwxdwruv dqg
vzlwfklqj ghylfhv dqg glvfuhwh uhdol}dwlrqA

' wkh idfw wkdw wudglwlrqdoo| YVF ghvljq irfxvvhg rq wkh suhvhqfh ri wkh
pdwfkhg xqfhuwdlqwlhv rqo|4

Pdq| ri wkh fkdswhuv lq wklv errn duh edvhg rq h{sdqvlrqv ri vhohfwhg suh3
vhqwdwlrqv iurp wkh >wk LHHH Lqwhuqdwlrqdo Zrunvkrs rq Yduldeoh Vwuxfwxuh
V|vwhpv YVV-6:2 zklfk zdv khog lq Edufhorqd2 Vsdlq lq Vhswhpehu 866:4 Wkh
hglwruv kdyh wulhg wr lghqwli| wkh nh| frqwulexwlrqv iurp wklv zrunvkrs2 zklfk
gh"qh wkh vwdwh ri wkh duw2 uhsuhvhqw qhz gluhfwlrqv exloglqj rq h{lvwlqj zrun2
dqg kljkoljkw qhz hphujlqj dssolfdwlrq duhdv4 Lq sduwlfxodu2 pdq| ri wkh fkds3
whuv dgguhvv wkh wzr glvdgydqwdjhv lqglfdwhg deryh4 Wr hqvxuh idlu fryhudjh
ri uhfhqw pdmru frqwulexwlrqv2 rwkhu h{shuwv lq wkh "hog2 zkr zhuh qrw deoh wr
dwwhqg YVV-6:2 kdyh ehhq lqylwhg wr frqwulexwh fkdswhuv wr wkh errn4

Wkh vwuxfwxuh ri wkh errn lv dv iroorzv@ wkh "uvw ihz fkdswhuv suhvhqw qhz
xqghuslqqlqj pdwkhpdwlfdo lghdv dvvrfldwhg zlwk YVF4 Qh{w2 dgydqfhv lq
kljkhu3rughu volglqj duh ghvfulehg4 VPF iru v|vwhpv zlwk erwk pdwfkhg dqg
xqpdwfkhg xqfhuwdlqwlhv duh wkhq suhvhqwhg4 Wkh irxuwk sduw lv ghyrwhg wr
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volglqj prgh revhuyhuv dqg wkhlu srwhqwldo dssolfdwlrq duhdv4 Ilqdoo| d eurdg
udqjh ri sudfwlfdo lpsohphqwdwlrqv dqg wkh dssolfdwlrq ri VPF wr gl!huhqw
hqjlqhhulqj "hogv duh ghvfulehg4

Wkh "uvw fkdswhu e| \xul Ruory ghyhorsv qhz dqdo|vlv wrrov iru xqfhu3
wdlq YVV- hpsor|lqj qrq3vprrwk O|dsxqry ixqfwlrqv zlwk qrq3srvlwlyh wlph
ghulydwlyhv dorqj wkh v|vwhp wudmhfwrulhv4 Dq dx{loldu| lqgh"qlwh ixqfwlrq lv
hpsor|hg lq wkh vwdelolw| dqdo|vlv lq rughu wr h{whqg Nudvryvnll3OdVdooh-v lq3
yduldqfh sulqflsoh wr qrq3dxwrqrprxv YVV-4 Wkh fdsdelolwlhv ri wkh h{whqghg
lqyduldqfh sulqflsoh duh looxvwudwhg e| lwv dssolfdwlrq wr wkh sureohp ri srvlwlrq
ihhgedfn uhjxodwlrq ri phfkdqlfdo pdqlsxodwruv lq wkh suhvhqfh ri vljql"fdqw
iulfwlrq ohyhov4 Wkh frqwuroohu2 rewdlqhg e| dsso|lqj wkh h{whqghg lqyduldqfh
sulqflsoh2 suryhv wr eh fdsdeoh ri surylglqj wkh ghvluhg v|vwhp shuirupdqfh
lq vslwh ri frpsoh{ kdug3wr3prgho qrqolqhdu iulfwlrq skhqrphqd4

Fkdswhu 82 e| Hppdqxho Prxod| dqg Zloiulg Shuuxtxhwwl2 suhvhqwv vwdwh3
ri3wkh3duw uhvxowv lq wkh duhd ri "qlwh3wlph vwdelolw| dqg vwdelol}dwlrq4 Wklv
fkdswhu lv glylghg lqwr irxu pdlq wkhphv@ d/ gh"qlwlrqv dqg dqdo|vlv "qlwh3wlph
vwdelolw| ri frqwlqxrxv v|vwhpvA e/ d froohfwlrq ri qhfhvvdu| dqg5ru vxÆflhqw
frqglwlrqv iru whvwlqj wklv surshuw|A f/ wkh h{whqvlrq ri wkhvh lghdv wr "qlwh3
wlph vwdelolw| iru glvfrqwlqxrxv v|vwhpvA g/ "qdoo| wkh "qlwh3wlph vwdelol}dwlrq
sureohp lv frqvlghuhg4

Lq Fkdswhu 9 e| Jlrujlr Eduwrolql2 Iudqfr Sdurgl2 Holvdehwwd Sxqwd dqg
Wxoolr ]roh}}l2 d pxowl3lqsxw volglqj prgh frqwuro whfkqltxh2 fdoohg wkh vlp3
soh{ phwkrg2 lv suhvhqwhg4 Pxowl3lqsxw volglqj prgh frqwuro iru qrqolqhdu xq3
fhuwdlq v|vwhpv lv qrw d vlpsoh jhqhudol}dwlrq ri vwdqgdug vlqjoh lqsxw YVF
dssurdfk2 h{fhsw lq wkh fdvh lq zklfk wkh xqfhuwdlqwlhv2 wkrxjk d!hfwlqj wkh
v|vwhp prgho2 gr qrw dsshdu lq wkh frqwuro pdwul{4 Wklv fkdswhu ghvfulehv wkh
ghyhorsphqw ri vlpsoh{ phwkrgv2 ruljlqdwhg e| wkh slrqhhulqj zrun ri Edlgd
dqg L}rvlpry4 Wzr nlqgv ri vlpsoh{ frqwuro phwkrgv duh vwxglhg4 Wkhvh phwk3
rgv duh dqdo|}hg lq d pruh jhqhudo iudphzrun wkdq suhylrxvo|4 Ilqlwh wlph
frqyhujhqfh uhvxowv duh rewdlqhg2 xqghu h{solflwo| frpsxwdeoh frqglwlrqv2 iru
pxowl3lqsxw pxowl3rxwsxw qrqolqhdu frqwuro v|vwhpv zlwk ghwhuplqlvwlf xqfhu3
wdlqwlhv4 Wkh frqwuro ghvljq lv edvhg rq wkh nqrzohgjh rqo| ri wkh qrplqdo
sodqw dqg wkh frqyhujhqfh frqglwlrqv pdnh xvh ri wkh dydlodeoh erxqgv ri wkh
xqfhuwdlq g|qdplfv4 Vshfldo dwwhqwlrq lv ghyrwhg wr sodqwv dÆqh lq wkh frq3
wuro odz lq rughu wr vkrz wkh dssolfdelolw| ri wkh sursrvhg frqwuro phwkrgv wr
frpsoh{ xqfhuwdlq v|vwhpv vxfk dv d urerwlf vwuxfwxuh4

Fkdswhu : e| Idelrod Dqjxor2 Pdulr gl Ehuqdugr dqg Jhudug Rolydu eulqjv
wrjhwkhu uhvxowv iurp wkh wkhru| ri qrq3vprrwk elixufdwlrqv dqg frqwuro4 Vhy3
hudo vwudwhjlhv duh suhvhqwhg vkrzlqj krz d glvfrqwlqxrxv frqwuro vwudwhj| fdq
prgli| wkh fkdudfwhulvwlfv ri d wdujhw olplw f|foh4 Vrph ri wkh vwudwhjlhv suh3
vhqwhg lq wkh fkdswhu wdnh dgydqwdjh ri vshfl"f volglqj wudmhfwrulhv4 Frqwuro
lv dfklhyhg e| prgli|lqj wkh fruuhvsrqglqj Srlqfduh pds4 Dv dq looxvwudwlyh
h{dpsoh2 wkh qrupdo irup ri d Krsi elixufdwlrq kdv ehhq xvhg iru fodulw| ri
suhvhqwdwlrq4
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Fkdswhu ; e| \drgrqj Sdq dqg Ndwvxklvd Ixuxwd lv frqfhuqhg zlwk YVF
xvlqj vhfwruv iru wkh vzlwfklqj uxoh ghvljq4 D volglqj vhfwru lv d vxevhw ri wkh
vwdwh vsdfh2 lqvlgh zklfk d qrup ri wkh vwdwh ghfuhdvhv zlwkrxw dq| frqwuro
dfwlrq4 Ruljlqdoo|2 wkh volglqj vhfwru zdv sursrvhg wr uhsodfh wkh volglqj prgh
iru d fkdwwhulqj iuhh YV frqwuro dqg iru wkh lpsohphqwdwlrq ri wkh YV frqwuro lq
glvfuhwh3wlph frqwuro v|vwhpv4 Lq wklv fkdswhu2 d v|vwhp zlwk d vhw ri dydlodeoh
frqwuro odzv lv frqvlghuhg4 D volglqj vhfwru lv gh"qhg iru wkh v|vwhp zlwk
hdfk dydlodeoh frqwuro odz4 Wkhq d YV frqwuro v|vwhp lv ghvljqhg wr vzlwfk
wkh v|vwhp lqsxw dprqj wkrvh dydlodeoh frqwuro odzv vxfk wkdw wkh v|vwhp lv
dozd|v lqvlgh rqh ri wkh volglqj vhfwruv zlwk lwv fruuhvsrqglqj frqwuro odz dqg
vrph O|dsxqry ixqfwlrq nhhsv ghfuhdvlqj zlwk qr uhtxluhphqw ri frqyhujlqj
wr dq| volglqj prgh ru wr dq| volglqj erxqgdu| od|hu2 ru wr dq| volglqj vhfwru4

Lq Fkdswhu <2 e| Krrq Ohh dqg Ydglp Xwnlq2 wkh fkdwwhulqj skhqrphqrq2
fdxvhg e| wkh suhvhqfh ri xqprghoohg g|qdplfv2 lv uhylvlwhg4 Wkh dxwkruv vkrz
wkdw li wkh uhodwlyh ghjuhh ri wkh frpsohwh prgho zlwk uhvshfw wr wkh volglqj
vxuidfh lv pruh wkdq wzr2 wkhq fkdwwhulqj rffxuv4 Iru dqdo|vlv ri wkh dpsolwxgh
dqg wkh iuhtxhqf| ri wkh fkdwwhulqj2 wkh ghvfulelqj ixqfwlrq phwkrg lv xvhg4
Wkh dxwkruv jr rq wr glvfxvv wkh surshuwlhv ri wzr sulqflsdo dssurdfkhv iru
fkdwwhulqj vxssuhvvlrq@ wkh revhuyhu edvhg vroxwlrq dqg uhod| frqwuro jdlq
dgdswdwlrq4

Wkh vhfrqg sduw ri wkh errn lv frqfhuqhg zlwk wkh hphujlqj duhd ri Kljkhu
Rughu Volglqj prghv4 Lq Fkdswhu =2 zulwwhq e| Ljru Erlnr dqg Ohrqlg Iulgpdq2
d qxpehu ri vhfrqg rughu volglqj prgh .VRVP/ frqwuro dojrulwkpv duh dqd3
o|}hg lq wkh iuhtxhqf| grpdlq xvlqj ghvfulelqj ixqfwlrq phwkrgv4 Lw lv vkrzq
wkdw lq wkh suhvhqfh ri sdudvlwlf g|qdplfv wkh v|vwhp gulyhq e| d VRVP
dojrulwkp dozd|v h{klelwv fkdwwhulqj4 Wkh phfkdqlvp ri fkdwwhulqj jhqhud3
wlrq lv dqdo|}hg dqg lw lv dujxhg wkdw fkdwwhulqj lv dq lqkhuhqw ihdwxuh ri
wkh volglqj prgh sulqflsoh2 dqg wkhuhiruh xqdyrlgdeoh hyhq zkhq vhfrqg rughu
volglqj prgh dojrulwkpv duh frqwlqxrxv4 Lq dgglwlrq d phwkrg iru frpsdulvrq
ri fkdwwhulqj sdudphwhuv iru gl!huhqw vhfrqg rughu volglqj prgh dojrulwkpv lv
vxjjhvwhg4

Lq Fkdswhu >2 zulwwhq e| Dulh Ohydqw2 d jhqhudo xqfhuwdlq VLVR wudfnlqj
sureohp zlwk d zhoo3gh"qhg uhodwlyh ghjuhh u lv vkrzq wr ihdwxuh krprjhqhlw|2
surylghg wkh frqwuroohu srvvhvvhv vrph vshfl"f krprjhqhlw| fdoohg u3volglqj
krprjhqhlw|4 Lq sduwlfxodu2 wkh wudfnlqj dffxudf| ri vxfk frqwuroohuv lv sur3
sruwlrqdo wr wkh vdpsolqj qrlvh pdjqlwxgh4 Dq| vxfk frqwuroohu fdq eh frp3
sohphqwhg e| d .u37/wk3rughu krprjhqhrxv gl!huhqwldwru suhvhuylqj lwv vwdelo3
lw| dqg dffxudf| surshuwlhv4 Dv dq dssolfdwlrq ri wklv wkhru|2 txdvl3frqwlqxrxv
frqwuroohuv duh ghyhorshg4 Wkhvh frqwuroohuv orvh wkhlu frqwlqxlw| rqo| zkhq wkh
}hur3g|qdplfv .u3volglqj prgh/ lv pdlqwdlqhg4 Lq sudfwlfh2 wkh fruuhvsrqglqj
u htxdolwlhv duh qhyhu ixo"oohg vlpxowdqhrxvo| gxh wr wkh suhvhqfh ri qrlvhv
dqg lpshuihfwlrqv2 dqg khqfh wkh frqwuro uhpdlqv frqwlqxrxv iru doo wlph4 Dv
d uhvxow lw lv qdwxudo wr h{shfw ehwwhu shuirupdqfh dqg ohvv fkdwwhulqj lq wkdw
fdvh2 zklfk lv frq"uphg e| vlpxodwlrq4
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Lq Fkdswhu ? e| Vdodk Odjkurxfkh2 Iudqfn Sohvwdq dqg Dodlq Joxplqhdx2
d qhz phwkrgrorj| iru wkh ghvljq ri d urexvw YVF lv suhvhqwhg4 Wklv frq3
wuro odz hqvxuhv wkh hvwdeolvkphqw ri .sudfwlfdo/ kljkhu rughu volglqj prgh
ehkdylrxu zlwk fodvvlfdo ihdwxuhv vxfk dv urexvwqhvv dqg "qlwh3wlph frqyhu3
jhqfh4 Wkh dssurdfk lv edvhg lq sduw rq xvlqj OT frqwuro iru wkh ghvljq ri wkh
vzlwfklqj yduldeoh4 Wkh pdlq dgydqwdjhv ri wkh dssurdfk duh2 d3sulrul nqrzo3
hgjh ri wkh frqyhujhqfh wlph dqg vlpsolflw| ri lpsohphqwdwlrq4 Wkh vfkhph
lv ghprqvwudwhg rq wzr h{dpsohv@ wkh frqwuro ri d v|qfkurqrxv prwru dqg
frqwuro ri d elshg zdonlqj urerw4

Lq Fkdswhu 76 wkh sureohp ri frqwuroolqj xqfhuwdlq qrqolqhdu pxowl3lqsxw3
pxowl3rxwsxw v|vwhpv xvlqj rxwsxw3ihhgedfn lv dgguhvvhg e| Olx Kvx2 Dohvvdq3
gur Mdfrxg Shl{rwr2 Mrv%h Sdxor Y4 V4 Fxqkd2 Udprq U4 Frvwd dqg Ihuqdqgr
Ol}duudogh4 D prgho3uhihuhqfh volglqj prgh frqwuro dssurdfk lv dgrswhg wr
ghyhors d vfkhph dssolfdeoh wr sodqwv zlwk duelwudu| xqlirup uhodwlyh ghjuhh4
Qrqolqhdulwlhv ri d jlyhq fodvv duh lqfrusrudwhg dv vwdwh ghshqghqw dqg srvvl3
eo| xqpdwfkhg glvwxuedqfhv wr d olqhdu sodqw4 Qr sduwlfxodu jurzwk frqglwlrqv
duh lpsrvhg rq wkh rxwsxw ghshqghqw qrqolqhdulwlhv4 Lq frqwudvw wr kljk3jdlq
revhuyhu edvhg vfkhphv2 qr h{solflw vwdwh revhuyhuv duh hpsor|hg dqg wkh frq3
wuro vljqdo lv iuhh ri shdnlqj4 Sulru nqrzohgjh derxw wkh kljk iuhtxhqf| jdlq
pdwul{ lv uhgxfhg wr d Kxuzlw} frqglwlrq dqg lv ohvv uhvwulfwlyh wkdq wkh frqgl3
wlrqv lq rwkhu h{lvwlqj dssurdfkhv4 Joredo ru vhpl3joredo h{srqhqwldo vwdelolw|
zlwk uhvshfw wr vrph vpdoo uhvlgxdo vhw lv hvwdeolvkhg4

Lq Fkdswhu 772 Ihuqdqgr Fdvwdqrv2 Mldq3[lq [x dqg Ohrqlg Iulgpdq2
vwxg| wkh urexvwqhvv surshuwlhv ri lqwhjudo volglqj prgh frqwuroohuv zlwk uh3
vshfw wr erwk pdwfkhg dqg xqpdwfkhg xqfhuwdlqwlhv4 Wkh fkdswhu vkrzv krz
wr vhohfw wkh surmhfwlrq pdwul{ lq vxfk d zd| wkdw wkh Hxfolghdq qrup ri wkh
uhvxowlqj shuwxuedwlrq lv plqlpdo4 Lw lv dovr vkrzq wkdw zkhq wkh plqlpxp
lv dwwdlqhg2 wkh uhvxowlqj shuwxuedwlrq lv qrw dpsol"hg4 Wklv vhohfwlrq lv sdu3
wlfxoduo| xvhixo li lqwhjudo volglqj prgh frqwuro lv wr eh frpelqhg zlwk rwkhu
phwkrgv wr ixuwkhu curexvwli|- djdlqvw xqpdwfkhg shuwxuedwlrqv4

Fkdswhu 78 e| Ohrqlg Iulgpdq2 Doh{ Sr}q|dn2 \xul Vkwhvvho dqg Iudqflvr
Ehmdudqr frqwlqxhv wkh lqyhvwljdwlrq ri wkh urexvwqhvv surshuwlhv ri lqwhjudo
dqg frqyhqwlrqdo volglqj prghv iru d olqhdu wlph lqyduldqw plq3pd{ pxowl3
prgho sureohp zlwk xqfhuwdlqwlhv4 Wkh sursrvhg prgl"hg lqwhjudo volglqj
prgh g|qdplfv hqdeoh wkh glphqvlrq ri wkh plq3pd{ frqwuro ghvljq sure3
ohp wr eh uhgxfhg iurp ^Qq` wr wkh vsdfh ri xqpdwfkhg xqfhuwdlqwlhv zklfk
lv ^Qq3.Q37/p`4 D frpelqhg curexvwli|lqj- vwudwhj| rewdlqhg e| ghvljqlqj wkh
rswlpdo volglqj prgh dqg hqvxulqj urexvwqhvv ri wkh wudmhfwrulhv gxulqj wkh
uhdfklqj skdvh yld lqwhjudo volglqj prghv lv vxjjhvwhg4 D qxphulfdo h{dpsoh
looxvwudwhv wkdw wkh vxjjhvwhg prgl"fdwlrq ri wkh lqwhjudo volglqj prgh g|qdp3
lfv grhv qrw fkdqjh wkh rswlpdo frqwuro dqg wkh ydoxh ri wkh fruuhvsrqglqj
shuirupdqfh lqgh{4

Wkh wklug sduw ri wkh errn lv frqfhuqhg zlwk revhuyhuv dqg sureohpv ri
v|vwhp lghqwl"fdwlrq4 Wkh fkdswhu e| Wklhuu| Iortxhw dqg Mhdq3Slhuuh Eduerw
lqwurgxfhv d frqvwuxfwlyh dojrulwkp wkdw wudqvirupv d fhuwdlq fodvv ri olqhdu
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v|vwhpv zlwk xqnqrzq lqsxwv lqwr d fdqrqlfdo irup vxlwdeoh iru wkh ghvljq ri
"qlwh wlph volglqj prgh revhuyhuv4 Dq lpsruwdqw surshuw| ri wklv vfkhph lv
wkdw lw lv srvvleoh wr hvwlpdwh lq "qlwh wlph wkh vwdwh dqg wkh xqnqrzq lqsxwv
ri v|vwhpv wkdw gr qrw qhfhvvdulo| vdwlvi| wkh fodvvlfdo pdwfklqj frqglwlrqv
lqyroyhg iru wkh ghvljq ri volglqj prgh revhuyhuv4 Lq wklv fkdswhu2 wkh vwhs3e|3
vwhs revhuyhu lv ghulyhg xqghu vhfrqg rughu volglqj prgh frqvlghudwlrqv dqg
zlwkrxw wkh uhtxluhphqw ri orz sdvv "owhuv4

Fkdswhu 7:2 zulwwhq e| Fkulvwrskhu Hgzdugv dqg Fkhh Slq Wdq2 ghvfulehv
wkh lpsohphqwdwlrq ri d uhfhqwo| sursrvhg urexvw volglqj prgh revhuyhu3edvhg
IGL vfkhph4 Wkh vfkhph lv dssolfdeoh wr erwk dfwxdwru dqg vhqvru idxowv4
Wkh qryhow| ri wkh vfkhph lv wkdw idxow vljqdov duh uhfrqvwuxfwhg dqg wkdw
wkh h!hfw ri wkh xqfhuwdlqw| suhvhqw lq wkh prgho wr hqfdsvxodwh wkh sodqw
prgho5plvpdwfk2 lv plqlpl}hg lq dq C' vhqvh4 Wkh ghvljq dssurdfk |lhogv d
frqyh{ rswlpl}dwlrq sureohp zklfk fdq eh hÆflhqwo| vroyhg xvlqj vwdqgdug
OPL vriwzduh4 Rqh dgydqwdjh ri wklv dssurdfk lv wkdw ehfdxvh idxowv duh uh3
frqvwuxfwhg2 wkhvh vljqdov fdq eh xvhg wr fruuhfw d idxow| vhqvru iru h{dpsoh2
dqg pdlqwdlq uhdvrqdeoh shuirupdqfh xqwlo dssursuldwh pdlqwhqdqfh frxog eh
xqghuwdnhq4 Wklv cyluwxdo vhqvru- fdq eh xvhg lq wkh frqwuro dojrulwkp wr irup
wkh rxwsxw wudfnlqj huuru vljqdo zklfk lv surfhvvhg wr jhqhudwh wkh frqwuro
vljqdo4 Wklv lghd kdv ehhq lpsohphqwhg vxffhvvixoo| rq d gf3prwru ulj4 Wkh
vfkhph lv qrw vshfl"f wr vxfk d v|vwhp dqg lv dssolfdeoh wr d uhdvrqdeo| zlgh
fodvv ri v|vwhpv zklfk fdq2 dw ohdvw lq dq rshudwlqj uhjlrq ri lqwhuhvw2 eh
dghtxdwho| uhsuhvhqwhg e| dq xqfhuwdlq olqhdu v|vwhp4

Lq Fkdswhu 7;2 e| Doh{ Sr}q|dn2 \xul Vkwhvvho2 Ohrqlg Iulgpdq2 Mrujh
Gdylod dqg Mhvlfd Hvfredu qhz dssurdfkhv wr vroyh lghqwl"fdwlrq sureohpv
edvhg rq volglqj prgh revhuyhuv duh jlyhq4 Lw lv vkrzq wkdw wkh ydoxh ri wkh
htxlydohqw rxwsxw huuru lqmhfwlrq lghqwl"hv xqnqrzq lqsxwv gluhfwo|4 Frqwlq3
xrxv wlph yhuvlrqv ri fodvvlfdo Ohdvw Vtxduhv dqg Irujhwwlqj Idfwru Phwkrgv
duh prgl"hg wr lghqwli| xqnqrzq wlph3lqyduldqw dqg wlph3ydu|lqj sdudphwhuv
xvlqj htxlydohqw rxwsxw huuru lqmhfwlrq lghdv4

Lq cGlvfuhwh3wlph Volglqj Prgh Frqwuro Xvlqj Pxowludwh Rxwsxw Ihhgedfn-
wkh dxwkruv E4 Edqg|rsdgk|d| dqg V4 Mdqdugkdqdq suhvhqw vrph dojrulwkpv
iru urexvw volglqj prgh frqwuro ri glvfuhwh3wlph olqhdu v|vwhpv zlwk erxqghg
xqfhuwdlqw| xvlqj wkh frqfhsw ri pxowludwh rxwsxw ihhgedfn2 lq zklfk wkh vhq3
vru rxwsxw dqg dfwxdwru vljqdo duh vdpsohg dw gl!huhqw udwhv4 Zlwk wkh lqfuhdv3
lqj xvh ri frpsxwhuv iru frqwuroohu lpsohphqwdwlrq2 glvfuhwh frqwuroohuv dqg
v|vwhp dqdo|vlv lq wkh glvfuhwh3wlph grpdlq kdyh jdlqhg lpsruwdqfh4 Pruh3
ryhu2 wkh vwxg| ri rxwsxw ihhgedfn volglqj prgh frqwuro whfkqltxh kdv d juhdwhu
sudfwlfdo ydoxh lq frpsdulvrq zlwk vwdwh ihhgedfn volglqj prgh frqwuro whfk3
qltxhv4

Wkh "qdo sduw ri wkh errn lv ghyrwhg wr d froohfwlrq ri dssolfdwlrqv ri volg3
lqj prgh frqwuro lq d ydulhw| ri vlwxdwlrqv4 Lq Fkdswhu 7=2 Qlwlq Sdwho2 Fkulvwr3
skhu Hgzdugv dqg Vdudk Vsxujhrq frqvlghu d volglqj prgh edvhg vfkhph iru
rswlpdo ghfhohudwlrq lq dq dxwrprwlyh eudnlqj pdqrhxyuh4 Wkh vfkhph lv
prgho edvhg dqg vhhnv wr pdlqwdlq wkh orqjlwxglqdo vols ydoxh dvvrfldwhg zlwk
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wkh w|uh urdg frqwdfw sdwfk dw dq rswlpxp ydoxh ~ wkh srlqw dw zklfk wkh
iulfwlrq frhÆflhqw3vols fxuyh uhdfkhv d pd{lpxp4 Wkh vfkhph dvvxphv rqo|
zkhho dqjxodu yhorflw| lv phdvxuhg2 dqg xvhv d volglqj prgh revhuyhu wr uh3
frqvwuxfw wkh vwdwhv dqg d urdg frqglwlrqv sdudphwhu iru xvh lq wkh frqwuroohu4
Wkh volglqj prgh frqwuroohu wkhq vhhnv wr pdlqwdlq wkh yhklfoh dw wklv rswlpdo
vols ydoxh wkurxjk dq dssursuldwh fkrlfh ri volglqj vxuidfh4

Fkdswhu 7>2 e| Dvli Vdedqrylf2 Nkdolg Delgl dqg F(d&jgd(v !Rqdo ghvfulehv
wkh dssolfdwlrq ri volglqj prgh frqwuro phwkrgv wr wkh sureohp ri kljk suhfl3
vlrq dfwxdwlrq edvhg rq slh}rhohfwulf vwdfn dfwxdwruv4 Erwk srvlwlrq wudfnlqj
dqg irufh frqwuro duh glvfxvvhg4 Lq rughu wr dfklhyh kljk dffxudf| lq srvl3
wlrq frqwuro d VPF frqwuroohu lv frpelqhg zlwk d glvwxuedqfh revhuyhu4 Wkh
VPF glvwxuedqfh revhuyhu lv edvhg rq d oxpshg sdudphwhu prgho ri wkh df3
wxdwru dqg doorzv qrqolqhdu k|vwhuhvlv glvwxuedqfhv2 h{whuqdo irufhv dv zhoo dv
sdudphwhu yduldwlrqv wr eh hvwlpdwhg4 Iru irufh frqwuro wkh vdph vwuxfwxuh
ri revhuyhu lv xvhg iru h{whuqdo irufh hvwlpdwlrq2 zklfk e| xvlqj d qrqolqhdu
gl!huhqwldo htxdwlrq2 doorzv wkh k|vwhuhvlv qrqolqhdulw| wr eh uhpryhg iurp
wkh wrwdo glvwxuedqfh4 Lw lv wkhq srvvleoh wr xvh wklv hvwlpdwh ri h{whuqdo irufh
lq dq revhuyhu edvhg irufh frqwuroohu iru wkh dfwxdwru4 Vlpxodwlrq dqg h{shu3
lphqwdo uhvxowv duh frpsduhg wr ydolgdwh wkh glvwxuedqfh dqg h{whuqdo irufh
hvwlpdwlrq whfkqltxh4 H{shulphqwv wkdw lqfrusrudwh glvwxuedqfh frpshqvd3
wlrq zlwklq d forvhg3orrs VPF frqwuro dojrulwkp duh dovr suhvhqwhg wr suryh
wkh h!hfwlyhqhvv ri wklv phwkrg lq surgxflqj kljk suhflvlrq prwlrq4

Lq Fkdswhu 7?2 Jlrujlr Eduwrolql2 Qlfrod Rudql2 Dohvvdqgr Slvdqr dqg Holr
Xvdl2 ghvfuleh vrph uhfhqw uhvxowv frqfhuqlqj wkh dssolfdwlrq ri kljkhu3rughu
volglqj3prgh whfkqltxhv wr frqwuro dqg hvwlpdwlrq sureohpv lq wkh duhd ri
hohfwulfdo gulyhv4 Erwk lqgxfwlrq dqg gluhfw3fxuuhqw shupdqhqw3pdjqhw pr3
wruv duh ghdow zlwk4 Iru Lqgxfwlrq Prwru gulyhv2 wkh lpsruwdqw sureohpv ri
prwlrq frqwuro dqg urwru uhvlvwdqfh lghqwl"fdwlrq duh dgguhvvhg dqg vroyhg
e| phdqv ri d frpelqdwlrq ri dgdswlyh dqg volglqj prgh frqwuro frqfhswv4
Wkh frqwuro sureohp iru GF prwruv zlwk xqfhuwdlq sdudphwhuv dqg xqnqrzq
h{whuqdo ordgv lv vroyhg e| phdqv ri dq rxwsxw ihhgedfn frqwuroohu zklfk
frpelqhv kljkhu3rughu volglqj prgh frqwuroohuv dqg kljkhu3rughu volglqj prgh
gl!huhqwldwruv4 Ghwdlohg h{shulphqwdo dqdo|vlv lv surylghg4

Fkdswhu 862 zulwwhq e| Dodq ]lqrehu2 \xul Vkwhvvho2 Hqulf Irvvdv2 Mrvhs
Rop dqg Mrh Sdwwhuvrq ghvfulehv wkh dssolfdwlrq ri VPF wr wkh frqwuro ri
vzlwfkhg prgh GF3wr3GF srzhu frqyhuwhuv lq wudfnlqj d uhdo3wlph yrowdjh
sur"oh4 Wklv lv yhu| surplvlqj ehfdxvh d vzlwfklqj frqwuro vwudwhj| lv wudgl3
wlrqdoo| hpsor|hg lq srzhu frqyhuwhuv2 dqg ehfdxvh ri wkh lqkhuhqw urexvwqhvv
surshuwlhv ri wkh volglqj prgh4 Gluhfw uhjxodwlrq5wudfnlqj frqwuro ri wkh rxwsxw
yrowdjh iru errvw dqg exfn3errvw srzhu frqyhuwhuv uhvxowv lq d qrqplqlpxp
skdvh v|vwhp dqg wkhuhiruh dq xqvwdeoh frqwuroohu4 Wkh dqdo|vlv dqg frqwuro
ri pxowlsoh prgxodu GF3wr3GF errvw srzhu frqyhuwhuv frqqhfwhg lq sdudooho
vkdulqj d frpprq yrowdjh vrxufh2 wkdw lqfoxghv wkh vrxufh uhvlvwdqfh2 lv vwxg3
lhg4 Vrxufh uhvlvwdqfh vkrxog eh frqvlghuhg ehfdxvh ri lwv srzhu olplwlqj dqg
frxsolqj h!hfwv4 Wkh phwkrg ri vwdeoh v|vwhp fhqwuh lv hpsor|hg dqg uhvxowv
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lq kljk "gholw| rxwsxw yrowdjh wudfnlqj dqg ghfrxsolqj iru wklv qrqplqlpxp
skdvh v|vwhp xvlqj ]bk^\m dqg bg]bk^\m frqwuro4 Wkh "uvw dssurdfk lv edvhg rq
wkh wudqvirupdwlrq ri qrqplqlpxp skdvh rxwsxw wudfnlqj lq fdxvdo v|vwhpv
wr vwdwh yduldeoh wudfnlqj4 Wkh erxqghg vwdwh uhihuhqfh sur"ohv duh jhqhudwhg
xvlqj fxvwrp3ghvljqhg htxdwlrqv ri wkh v|vwhp fhqwuh4 Wkh vhfrqg whfkqltxh
sursrxqgv dq lqgluhfw frqwuro ri wkh rxwsxw yrowdjh wkurxjk wkh lqsxw fxuuhqw4
Glvwxuedqfh h!hfwv duh uhmhfwhg e| phdqv ri d g|qdplf frpshqvdwru edvhg
rq dq dqdo|wlfdo dssur{lpdwlrq ri d erxqghg vroxwlrq wr wkh xqvwdeoh lqwhuqdo
g|qdplfv2 rewdlqhg e| phdqv ri wkh Jdohunlq phwkrg4

Ohlfhvwhu2 Edufhorqd2 Ph{lfr ?/ A]pZk]l
Mdqxdu| 866< A/ BhllZl

H/ Bkb]fZg
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