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Oderudwrluh Jìqlh gh Surgxfwlrq/

Hfroh Qdwlrqdoh g*Lqjìqlhxuv gh Wduehv/

7:/ dyhqxh g*D}huhl{/ 98349 Wduehv Fhgh{/ Iudqfh

Hpdlo = ~vphgdu/ fkdue/ urwhood�Chqlw1iu

Devwudfw= Lq wklv sdshu/ d vwudwhj| ri dq dfwlyh frqwuro dffrpprgdwlrq lv sursrvhg
wr ghdo zlwk wkh uhjxodwlrq ri VLVR sodqwv zlwk odujh sdudphwulf xqfhuwdlqwlhv1 Wkh
prgho ri wkh sodqw lv sduwlwlrqhg lqwr d idplo| ri d �qlwh qxpehu ri OWL prghov1 Wkhq/
wkh dvvrfldwhg frqwuroohuv duh ghvljqhg vxfk wkdw wkh| dfklhyh wkh vdph shuirupdqfhv
iru d jlyhq frqwuro remhfwlyh1 Wkh vhohfwlrq ri wkh dghtxdwh frqwuroohu lv edvhg rq
dq rqolqh ghwhfwlrq dojrulwkp ri wkhvh prghov1 Wkh vwdelolw| dqg expsohvv wudqvihu
lvvxhv olqnhg wr wkh vzlwfklqj ri frqwuroohuv duh glvfxvvhg1 Wkh uhvxowv ri d uhdo0wlph
h{shulphqwdwlrq ri wklv vwudwhj| rq d oderudwru| wkhupdo surfhvv ghprqvwudwh lwv
h�hfwlyhqhvv1 Frs|uljkw f� 5335 LIDF

Nh|zrugv= Dfwlyh dffrpprgdwlrq/ vzlwfklqj frqwuro/ rshudwlqj prghv/ odujh
sdudphwulf xqfhuwdlqwlhv1

41 LQWURGXFWLRQ

Wkh pdwkhpdwlfdo prghov ri sodqwv duh mxvw dq
dssur{lpdwlrq ri zkdw vkrxog eh wkhlu ehkdylru
xqghu vrph vshfl�f rshudwlqj frqglwlrqv1 Wkh| gr
qrw dssur{lpdwh wkh sodqw dffxudwho| zkhq wkh
rshudwlqj frqglwlrqv fkdqjh vwurqjo|1 Iru prghov
zlwk odujh sdudphwulf xqfhuwdlqwlhv uhvxowlqj iurp
wkhvh fkdqjhv/ vrph h{dpsohv kdyh vkrzq wkdw lw
grhv qrw h{lvw d olqhdu frqwuroohu zlwk frqvwdqw
sdudphwhuv zklfk fdq shuirup wkh frqwuro wdvn lq
d vdwlvidfwru| pdqqhu +Pruvh/ 4<<9,1 Wkh frqwuro
odz/ lq wklv fdvh/ pxvw eh deoh wr lqvxuh vdwlvidf0
wru| shuirupdqfhv hyhq wkrxjk wkh sodqw prgho lv
vxemhfw wr wkhvh xqfhuwdlqwlhv1

Lq wklv sdshu/ dq dfwlyh frqwuro dffrpprgdwlrq
vwudwhj| zklfk wdnhv lqwr dffrxqw wkhvh odujh sdud0
phwulf xqfhuwdlqwlhv lv sursrvhg1 Lw lv edvhg rq
wkh ghvljq ri dq dgglwlrqdo ghwhfwlrq orrs dqg

� Fruuhvsrqglqj dxwkru

d vzlwfklqj frqwuro whfkqltxh1 Wkh frqfhsw ri

wklv dffrpprgdwlrq edvhg rq d vzlwfklqj frqwuro

vwudwhj| lv lqwurgxfhg lq vhfwlrq 51 Wkh frqwuroohu

ghvljq dqg wkh vwdelolw| dqdo|vlv uhodwlqj wr wkh

frqwuroohuv vzlwfklqj duh suhvhqwhg dqg glvfxvvhg

lq vhfwlrq 61 Wkh vhfwlrq 7 ghdov zlwk wkh h{0

shulphqwdo uhvxowv ri d uhdo0wlph lpsohphqwdwlrq

ri wklv vwudwhj| dssolhg wr d oderudwru| wkhupdo

surfhvv1

51 DFWLYH FRQWURO DFFRPPRGDWLRQ

E\ VZLWFKLQJ FRQWURO

Lq rxu dssurdfk/ d vxshuylvhg frqwuro vwuxfwxuh

lqwhjudwlqj dq rshudwlqj prgh ghwhfwlrq dqg df0

wlyh dffrpprgdwlrq orrs lv ghvljqhg1 Wkh dfwlyh

frqwuro dffrpprgdwlrq lv edvhg rq dq lqgluhfw

vzlwfklqj frqwuro vlqfh lw ghshqgv rq wkh ghwhfwlrq

ri wkh dfwxdo surfhvv prgho1 Wkh rshudwlqj prgh

ghwhfwlrq dqg dffrpprgdwlrq +RPGD, vwuxfwxuh

lv ghslfwhg lq �jxuh +4,1 D pxowl0frqwuroohu vwuxf0
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Ilj1 41 RPGD vwuxfwxuh ri d ihhgedfn v|vwhp1

wxuh lv sursrvhg wr hoderudwh d frqwuro/ ghqrwhg

lq wkh iroorzlqj e| xu/ iru d surfhvv zlwk odujh

sdudphwulf xqfhuwdlqwlhv wkdw duh ghqrwhg e| h1

Wkh vxshuylvlrq vhwsrlqw 	 ghvfulehv wkh frqwuro

remhfwlyhv +h1j1/ vhwsrlqw frqwuro fkdqjh/ uhjxod0

wlrq remhfwlyhv fkdqjh, wr eh dfklhyhg1 Wkh df0

frpprgdwlrq vljqdo � vhohfwv wkh frqwuroohu fru0

uhvsrqglqj wr wkh ghwhfwhg prgho e| wkh ghwhfwlrq

vljqdo g1

Ohw xv ghqrwh wkh sodqw prgho dv J dqg dvvxph

wkdw lwv sdudphwhuv duh slhfhzlvh frqvwdqw dqg

ehorqj wr d erxqghg frpsdfw grpdlq G1 Wr kdq0

goh wkh frqwuro wdvn e| wdnlqj lqwr dffrxqw wkhvh

xqfhuwdlqwlhv/ rqh vkrxog sduwlwlrq wkh grpdlq

G lqwr d �qlwh qxpehu ri frpsdfw vxe0grpdlqv

Gl/ l 5 L dqg L @ i4> 5> ===> jj/ vxfk wkdw G @V

l5L

Gl dqg ghvljq d frqwuroohu Fl iru hdfk qrplqdo

prgho Jl fruuhvsrqglqj wr wkh fhqwhu ri wkh vxe0

grpdlq Gl1 Wklv vxe0grpdlq fdq eh wdxjkw dv

wkh vpdoo sdudphwulf xqfhuwdlqwlhv +h1j1/ phdvxuh0

phqw qrlvh/ prghoolqj huuru111, durxqg wkh qrplqdo

prgho Jl1 Iurp wkh idplolhv ri wkh surfhvv prghov

dqg wkh frqwuroohuv/ lw fdq eh gh�qhg dq Rshudwlqj

Prgh +RP, pdwul{ zklfk uhodwhv hdfk frqwuroohu

Fl wr hdfk surfhvv prgho Jm / jlyhq e|=

P @ iPl>m @ +Fl> Jm, m +l> m, 5 L
5
j +4,

Hdfk hohphqw lq wkh gldjrqdo ri P dfklhyhv

wkh ghvluhg frqwuro remhfwlyhv dqg shuirupdqfhv1

Wr ghwhuplqh zklfk frqwuroohu pxvw eh xvhg lq

wkh nwk vdpsolqj shulrg/ wkh sursrvhg ghwhfwlrq

phwkrg surfhhgv lq wkuhh vwhsv= wkh rqolqh vlp0

xodwlrq ri wkh prghov Jm > wkh hydoxdwlrq ri wkh

uhvlgxdo %m @ |+n, � |m+n,/ dvvrfldwhg wr wkh mwk

prgho/ zkhuh |m+n, lv wkh rxwsxw ri wkh mwk prgho>

dqg wkh prgho lvrodwlrq zklfk lv edvhg rq wkh

vhdufk ri wkh ohdvw ri wkh Mm+n, jlyhq e|=

Mm+n, @ Mm+n � 4, .
4

Q � 4
+%5

m
+n,

�%
5

m
+n �Q,, +5,

zkhuh Q lv wkh vl}h ri wkh volglqj zlqgrz1

Iroorzlqj wkhvh jxlgholqhv/ d sdlu +g> wg, lv gh0

�qhg dv wkh ghwhfwlrq whvw zklfk ghvfulehv hdfk

ghwhfwhg prgho g dqg wkh ghwhfwlrq wlph wg+n,1

Wkh ghwhfwlrq uxoh lv frpsxwhg rqolqh e|=

g+n, @ iS @ Jp> p @ duj plq
4�m�j

Mm+n,j +6,

Wklv uxoh ghflghv wkdw wkh surfhvv lv rshudwlqj lq

wkh pwk prgho Jp1 Dw hdfk vdpsolqj shulrg Wg d

plqlpl}dwlrq vhdufk lv fduulhg rxw1 Wkh vhohfwhg

frqwuroohu fruuhvsrqgv wr wkh dujxphqw ri wkh

vpdoohvw Mm 1 Wkh ghwhfwlrq wlph wg lv wkh lqvwdqw

nWg zkhuh n lv wkh vdpsoh zkhq wkh ghwhfwlrq

fkdqjhv/ l1h1/ g+n, 9@ g+n � 4, dqg Wg lv wkh

ghwhfwlrq0dffrpprgdwlrq orrs vdpsolqj shulrg1

wg lv h{suhvvhg e| wg @ inWg> g+n, 9@ g+n � 4,j1

Wkh frqwuro lqsxw xu lv hydoxdwhg dw hdfk lqvwdqw

w @ n
3
Wf/ zkhuh Wf lv wkh frqwuro vdpsolqj shulrg1

Wkh ghwhfwlrq0dffrpprgdwlrq orrs vdpsolqj sh0

ulrg lv fkrvhq vxfk wkdw Wg @ 4

o
Wf/ o 5 Q

� vxfk

wkdw wkh dffrpprgdwlrq ixqfwlrq dqwlflsdwhv wkh

frqwuro lqsxw lq rughu wr plqlpl}h wkh ghwhfwlrq

wlph ghod| zlwk uhvshfw wr wkh frqwuro vdpsolqj

shulrg Wf1 Iru d fruuhfw vljqdo wr qrlvh udwlr d

jrrg fkrlfh ri o dqg Wg doorzv d jrrg wxqlqj ri

wkh pxowl0prgho edvhg ghwhfwru1

Wkh remhfwlyh ri vxshuylvlrq lv wr hqvxuh d vdih

ehkdylru ri wkh v|vwhp1 Zkhq d idxow rffxuv

gxulqj wkh surfhvv rshudwlrq/ wkhuh zrxog eh

qr prgho Jm dssur{lpdwlqj wkh prgho ri wkh

surfhvv dqg khqfh qr rqh ri wkh frqwuroohuv zrxog

dfklhyh wkh frqwuro wdvn lq d vdwlvidfwru| pdqqhu1

Wklv sureohp lv kdqgohg e| dgglqj d yhfwru ri

shuirupdqfh ohyhov � @ ^�4> �5> ===> �j`/ � 5 U
j/

zkhuh �m lv wkh shuirupdqfh ohyho dvvrfldwhg wr

wkh surfhvv prghoJm / wr wkh vxshuylvlrq vhw srlqw1

Wkhq/ wkh dffrpprgdwlrq vljqdo � lv d slhfhzlvh

frqwlqxrxv vzlwfklqj ixqfwlrq zklfk uhsuhvhqwv

wkh vhulhv ri wkh vxffhvvlyh dfwlydwhg frqwuroohuv1

Lw vhohfwv wkh mwk frqwuroohu fruuhvsrqglqj wr wkh

ghwhfwhg prgho Jm zkrvh fulwhulrq Mm lv vpdoohu

wkdq wkh shuirupdqfh wkuhvkrog �m 1 Lw lv h{suhvvhg

e|=

�+n, @ im> ^g+n, @ Jm ` a ^Mm ? �m `j +7,

Li wkh frqglwlrq Mm ? �m lv qrw vdwlv�hg/ dq

hphujhqf| vkxwgrzq surfhgxuh lv dfwlydwhg1

61 PXOWL0FRQWUROOHU GHVLJQ DQG

VWDELOLW\ DQDO\VLV

614 Pxowl0frqwuroohu Vwuxfwxuh

Ohw xv ghqrwh wkh surfhvv wudqvihu ixqfwlrq/ dvvr0

fldwhg wr wkh vxe0grpdlq Gm / e| Jm+t,=

Jm+t, @
Em+t,

Dm+t,
+8,

iru zklfk d frqwuro xm lv ghvljqhg1 Khuh/ t vwdqgv

iru wkh vkliw iruzdug rshudwru1 Wkh fruuhvsrqglqj

frqwuro lqsxw xm dqg wkh surfhvv rxwsxw | duh

uhodwhg e|=

|+n3, Dm+t, @ xm+n
3, Em+t,> +9,



dqg hdfk frqwuro lv ghvljqhg zlwk uhvshfw wr hdfk

rshudwlqj prgh/ e| wkh phwkrg ri sroh sodfhphqw

suhvhqwhg lq +Dvwuùp dqg Zlwwhqpdun/ 4<<:,1

Qdpho|/ wkh mwk frqwuro fruuhvsrqglqj wr wkh mwk

prgho lv jlyhq e| wkh iroorzlqj uhodwlrq=

Um+t, xm+n
3, @ Wm+t, |uhi +n

3,

�Vm+t, |+n
3, +:,

zkhuh Um+t,/ Vm+t, dqg Wm+t, duh sro|qrpldov wr

eh ghwhuplqhg dv lqglfdwhg lq +Dvwuùp dqg Zlw0

whqpdun/ 4<<:,1 Wklv ohdgv wr wkh pxowl0frqwuroohu

vwuxfwxuh vkrzq rq �jxuh +5,1 Wkh sro|qrpldo
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Ilj1 51 Pxowl0frqwuroohu vwuxfwxuh1

Um+t, fdq eh fkrvhq dv prqlf dqg lwv ghjuhh pxvw

eh juhdwhu wkdq ru htxdo wr wkrvh ri Vm+t, dqg

Wm+t,/ vr wkdw wr ghvljq d uhdol}deoh frqwuroohu1

Wkh ghvljq ri wkhvh sro|qrpldov ghshqgv rq wkh

ghvluhg forvhg0orrs vshfl�fdwlrqv jlyhq lq whupv

ri wkh fkdudfwhulvwlf sro|qrpldo1 E| holplqdwlqj

xm+n
3, lq wkh uhodwlrqv +9, dqg +:,/ lw iroorzv=

|uhi +n
3,Em+t, Wm+t, @ |+n3,+Dm+t, Um+t,

.Em+t, Vm+t,, +;,

Wkh forvhg0orrs fkdudfwhulvwlf sro|qrpldo lv=

Sfo+t, @ Dm+t, Um+t, .Em+t, Vm+t, +<,

Wkh sureohp ri sroh sodfhphqw frqvlvwv lq ghwhu0

plqlqj wkh sro|qrpldov Um+t, dqg Vm+t, vdwlvi|lqj
wkh Glrskdqwlqh htxdwlrq +<, iru jlyhq sro|qr0

pldov Dm+t,/ Em+t, dqg Sfo+t,1 Wkhq/ wkh forvhg0

orrs wudqvihu ixqfwlrq/ uhodwlqj wkh uhihuhqfh lqsxw

|uhi +n
3, wr wkh surfhvv rxwsxw |+n3,/ lv=

Jm>m+t, @
Em+t, Wm+t,

Dm+t, Um+t, .Em+t, Vm+t,
+43,

Wkh fkrlfh ri Wm+}, lv grqh vxfk wkdw wr vlpsoli|

wkh dx{loldu| srohv ri wkh fkdudfwhulvwlf sro|qr0

pldo1 Lq �jxuh 5/ Zl lv d expsohvv wudqvihu frp0

shqvdwru zklfk zloo eh lqwurgxfhg lq vhfwlrq 81

615 Vwdelolw| Dqdo|vlv

Wkh ghvljq ri d jlyhq frqwuroohu Fm / iru d prgho

Jm / grhv qrw lqvxuh wkh vdph shuirupdqfhv iru wkh

uhpdlqlqj prghov Jl9@m / l @ i4> ===> jj1 Vlqfh wkh

ghwhfwlrq wlph ghod| lv qhyhu htxdo wr }hur/ wkh

vwdelolw| ri wkh ihhgedfn orrs/ lq wkh suhvhqfh ri

dq rshudwlqj prgh zklfk lv qrw rqh ri wkh gldj0

rqdo hohphqwv ri wkh pdwul{ P / pxvw eh lqvxuhg1

Wkh vwdelolw| dqdo|vlv ri wkh frqwuroohuv vzlwfklqj

surfhhgv lq wzr vwhsv +Olehu}rq dqg Pruvh/ 4<<<,=

wkh �uvw rqh frqvlvwv lq fkhfnlqj wkh vwdelolw| ri

hdfk vxev|vwhp/ l1h1/ hdfk frqwuroohu pxvw dv|ps0

wrwlfdoo| vwdelol}hv hdfk surfhvv prgho> wkh vhf0

rqg rqh frqvlvwv lq dqdo|}lqj wkh vwdelolw| ri wkh

ryhudoo v|vwhp iru duelwudu| vzlwfklqj vljqdov1 Wkh

�uvw vwhs lv hdvlo| fkhfnhg e| frpsxwlqj doo wkh

forvhg0orrs srohv ri wkh rshudwlqj prgh wudqvihu

ixqfwlrqv Jl>m+t,/ +l> m, 5 L5 dqg l 9@ m/ orfdwhg

rxw ri wkh gldjrqdo ri wkh pdwul{ P / zkhuh=

Jl>m+t, @
Em+t, Wl+t,

Dm+t, Ul+t, .Em+t, Vl+t,
+44,

Li doo wkh urrwv ri wkh fkdudfwhulvwlf sro|qrpldov

duh zlwklq wkh xqlw flufoh/ wkhq/ wkh �uvw frqglwlrq

lv vdwlv�hg1 Iru wkh vhfrqg frqglwlrq/ wkh vwdwh

vsdfh uhsuhvhqwdwlrq uhodwhv wkh surfhvv rxwsxw

|+n3, wr wkh uhihuhqfh lqsxw |uhi +n
3, e|=�

{+n3 . 4, @ Dfo+n
3,{+n3, .Efo+n

3,|uhi +n
3,

|+n3, @ Ffo+n
3,{+n3,

+45,

Wklv v|vwhp lv fdoohg d gl�huhqwldo lqfoxvlrq

+HoJkdrxl dqg Qlfxohvfx/ 5333,1 +Dfo+n
3,> Efo+n

3,>
Ffo+n

3,, lv rqh ri wkh yhuwlfhv ri wkh sro|kh0

gudo iruphg e| wkh hohphqwv ehorqjlqj wr wkh

vhw i+Dl>m > El>m > Fl>m,/ +l> m, 5 L5j1 +Dl>m > El>m >

Fl>m, uhsuhvhqwv wkh vwdwh vsdfh uhdol}dwlrq ri wkh

forvhg0orrs wudqvihu ixqfwlrq jlyhq e| Jl>m+t,1 Wkh
pdwulfhv ri v|vwhp +45, duh h{suhvvhg dv=;AAAAAAAAA?

AAAAAAAAA=

Dfo+n
3, @

j[
l@4

j[
m@4

�l>m+�+n
3,,Dl>m

Efo+n
3, @

j[
l@4

j[
m@4

�l>m+�+n
3,,El>m

Ffo+n
3, @

j[
l@4

j[
m@4

�l>m+�+n
3,,Fl>m

+46,

zkhuh � lv wkh fxuuhqw ydoxh/ dw wkh lqvwdqw

w @ n3Wf/ ri wkh vzlwfklqj ixqfwlrq ghvfulelqj doo

wkh srvvleoh vzlwfklqj vhtxhqfhv ri wkh dffrppr0

gdwlrq vljqdo �/ �l>m+�+n
3,, 5 i3/ 4j vxfk wkdw

jS
l@4

jS
m@4

�l>m+�+n
3,, @ 41

Lq wkh olwhudwxuh/ vxfk v|vwhp lv dovr fdoohg d

k|eulg v|vwhp dqg lwv ehkdylru fdq eh prghohg

e| d k|eulg dxwrpdwrq +Eudqlfn|/ 4<<8,1 Wkh

phwkrgv wkdw doorz lwv vwxg| ri vwdelolw| kdyh

ehhq uhylhzhg lq +Olehu}rq dqg Pruvh/ 4<<<,1

Wkh| duh edvhg rq wkh frpsxwdwlrq ri fdqglgdwh

O|dsxqry ixqfwlrqv xvlqj wkh OPLv irupxodwlrq

olnh lq +Shwwhuvvrq/ 4<<<,1 Lq +Fkduerqqdxg hw

do1/ 5334,/ wkh vwdelolw| whvw glg qrw wdnh lqwr



dffrxqw wkh vwuxfwxuh ri vzlwfklqj dqg uhvxowhg

lq d frqvhuydwlyh vhw ri OPLv zkhuh hyhu| srvvleoh

vzlwfk kdv ehhq frqvlghuhg1 Ohw xv frqvlghu dq

h{dpsoh ri d vzlwfklqj v|vwhp zkrvh rshudwlqj

prgh pdwul{ lv ri glphqvlrq 6/ l1h1/ j @ 61 Wr

vdwlvi| wkh vhfrqg frqglwlrq/ d frpprq O|dsxqry

ixqfwlrq Y +{, @ {
W
U{/ U 5 U

q�q
/ U @ U

W
/

U A 3 dqg d pdwul{ T 5 Uq�q
/ T @ T

W
/ T A 3/

pxvw eh irxqg vxfk wkdw=

D
W
l>mUDl>m �U 9 �T> ;+l> m, 5 L

5
+47,

Wklv lv d v|vwhp ri qlqh olqhdu pdwul{ lqhtxdolwlhv

+OPLv,/ zklfk wdnhv lqwr dffrxqw doo wkh srvvl0

eoh vzlwfkhv1 Lw lv wudfwdeoh dqg fdq eh uhvroyhg

e| wkh lqwhulru0srlqw dojrulwkp ri Qhvwhury dqg

Qhpluryvnl +HoJkdrxl dqg Qlfxohvfx/ 5333,1 Lw

zdv vxjjhvwhg lq +Kh dqg Ohpprq/ 4<<;, wkdw

wkh vzlwfklqj vwuxfwxuh grhv dffrxqw lq wkh vwd0

elolw| dqdo|vlv ri vzlwfklqj v|vwhpv1 Wkhuhlq/ wkh

vwdelolw| whvw lv edvhg rq wkh ghwhuplqdwlrq ri

O|dsxqry0olnh ixqfwlrqv dvvrfldwhg wr wkh ixqgd0

phqwdo f|fohv ri wkh k|eulg dxwrpdwrq ghvfulelqj

lw1 Rxu sureohp lv qrw wudfwdeoh e| wklv phwkrg

vlqfh/ wkhuh lv qr vshfl�fdwlrq rq wkh jxdug vhwv1

Krzhyhu/ wkh lghd ri wkh vzlwfklqj vwuxfwxuh lv

yhu| lqwhuhvwlqj lq wkh vhqvh wkdw wkh vhw ri OPLv

fdq eh uhgxfhg lq d ohvv frqvhuydwlyh vhw1 Ohw xv

dvvxph wkdw wkh ehkdylru ri wkh frqvlghuhg vzlwfk0

lqj v|vwhp lv prghohg e| wkh k|eulg dxwrpdwrq

ghslfwhg lq �jxuh 61

M1 ,1 M1 ,2

M2 , 1 M2 , 2 M2 ,3

M3 ,2 M3 ,3

Ilj1 61 Wkh k|eulg dxwrpdwrq ghvfulelqj wkh dw0

wdlqdeoh vwdwhv1

Wkh ehkdylru ri wklv dxwrpdwrq lv urxjko| dv

iroorzv1 Wkh lqlwldo vwdwh lv P4>4/ l1h1/ zlwkrxw orvv

ri jhqhudolw| zh dvvxph wkh surfhvv wr eh lq wkh

�uvw RP dw wkh vwduwlqj wlph1 Zkhqhyhu wkhuh

h{lvwv d prgho Jl zkrvh fruuhvsrqglqj fulwhulrq

lv wkh vpdoohvw dprqj wkh Ml dqg vdwlv�hv wkh

shuirupdqfh ohyho �l/ dw d wlph n/ wkh vwdwh ri

wkh v|vwhp vzlwfkhv wr Pl>l/ rwkhuzlvh/ li lw grhv

qrw vdwlvi| wkh shuirupdqfh ohyho �l/ wkh vwdwh ri

wkh v|vwhp vzlwfkhv wr wkh vwrs vwdwh zklfk lv qrw

vkrzq lq wklv dxwrpdwrq iru wkh vdnh ri vsdfh1

Lq wklv h{dpsoh/ wkh surfhvv fdq qrw mxps iurp

P4>4 wr P4>6 ru iurp P6>6 wr P6>4 ehfdxvh wkhuh

lv dozd|v d ghwhfwlrq wlph ghod| dw wkh vzlwfklqj

lqvwdqwv/ vlqfh wkh surfhvv kdv wr sdvv e| wkh

vhfrqg rshudwlqj srlqw ehiruh uhdfklqj wkh wklug

rqh1 Wkhuhiruh/ wkh vwdwhv P4>6 dqg P6>4 duh qrw

dwwdlqdeoh1 Wkxv/ wkh| fdq eh uhpryhg iurp wkh

k|eulg dxwrpdwrq1 Wkhuhiruh/ wkh v|vwhp ri OPLv

+47, lv uhgxfhg wr d vhw +ohvv frqvhuydwlyh, ri vhyhq

OPLv dv iroorzv=

D
W
l>mUDl>m �U9�T>

;+l> m, 5 L
5
� i+4> 6,> +6> 4,j +48,

71 H[SHULPHQWDO UHVXOWV

Wklv dfwlyh frqwuro dffrpprgdwlrq vwudwhj| zdv

lpsohphqwhg lq uhdo0wlph +DG UWL ;48, rq wkh

wkhupdo surfhvv ghslfwhg lq �jxuh 71 Wkh frqwuro

remhfwlyh lv wr pdlqwdlq wkh rxwsxw whpshudwxuh

Wv dw 65
�
F fruuhvsrqglqj wr d 6 Yrowv wkhuplvwru

rxwsxw1 Wkh dpelhqw whpshudwxuh Wh lv durxqg

53
�
F1 Iru wklv remhfwlyh/ wzr h{shulphqwv kdyh

ehhq frqvlghuhg wr suryh wkh shuirupdqfhv ri wkh

sursrvhg vwudwhj|1 Lq wkh �uvw rqh/ wkh RPGD

vwuxfwxuh/ zlwkrxw xvlqj expsohvv0wudqvihu frp0

shqvdwruv/ zdv xvhg1 Wkh vzlwfklqj wudqvlhqw uh0

vsrqvh kdv ehhq lpsuryhg e| dgglqj d expsohvv0

wudqvihu frpshqvdwru wr hdfk frqwuroohu1 Zh kdyh

dovr frpsduhg wkh rewdlqhg uhvxowv zlwk wkrvh re0

wdlqhg zlwk d xqltxh urexvw UVW frqwuroohu zkrvh

ghvljq lv edvhg rq wkh vkdslqj ri wkh vhqvlwlylw|

ixqfwlrq +Odqgdx hw do1/ 4<<;,1

Wkh wkhupdo surfhvv lv frpsrvhg ri d wxeh zlwk d

frqvwdqw yroxph Y / d khdwlqj uhvlvwru U frqqhfwhg

wr d gluhfw fxuuhqw srzhu vxsso| x+w,1 Khuh/ F lv

wkh vshfl�f khdw frqvwdqw iru wkh dlu1 Wkh surfhvv

frqvlvwv lq khdwlqj wkh dlu  rzlqj lqwr wkh wxeh/

zlwk d  rz udwh im / wr d ghvluhg whpshudwxuh ohyho1

Wkh  rz udwh vljqdo lv dvvxphg slhfhzlvh frqvwdqw

dqg fdq ydu| e| fkdqjlqj wkh wkurwwoh srvlwlrq m1

fj
j

R

T e T s

u ( t )

C ,V

Ilj1 71 Wkhupdo surfhvv vfkhpdwlf1

Wkh surfhvv fdq eh prghohg e| d �uvw rughu

v|vwhp zlwk wlph ghod| dv iroorzv=

Jm+v, @
nm h

��mv

+4 . Wmv,
+49,

zkhuh= nm / �m dqg Wm duh/ uhvshfwlyho|/ wkh vwdwlf

jdlq/ wkh wlph ghod| dqg wkh wlph frqvwdqw fruuh0

vsrqglqj wr wkh mwk wkurwwoh srvlwlrq1 Wkuhh prg0

hov dvvrfldwhg wr wkuhh gl�huhqw dlu  rz udwh ohyhov/



l1h1/ orz/ phglxp dqg kljk/ kdyh ehhq lghqwl�hg1

Wkh fruuhvsrqglqj wudqvihu ixqfwlrqv vdpsohg dw

Wf @ 3=6 v/ Wf A � m / m 5 i4> 5> 6j duh=

J4+t, @
3=36;: t . 3=5:<4

t5 � 3=9636 t

J5+t, @
3=4546 t . 3=53:5

t5 � 3=85;5 t

J6+t, @
3=4966 t . 3=4466

t5 � 3=7;44 t
+4:,

Wkh ghvluhg forvhg0orrs wudqvihu ixqfwlrq fruuh0

vsrqgv wr d frqwlqxrxv vhfrqg rughu v|vwhp zlwk

d qdwxudo iuhtxhqf| $3 @ 6 udg1v�4 dqg d gdpslqj

idfwru � @ 3=;1 Lwv glvfuhwh wlph htxlydohqw lv jlyhq

e| wkh iroorzlqj wudqvihu ixqfwlrq=

Jfo+t, @
3=57;; t . 3=4864

t5 � 3=;683 t . 3=569<
+4;,

Wkh phwkrg lv looxvwudwhg wkurxjk wkh ghvljq ri

wkh frqwuroohu dvvrfldwhg wr wkh �uvw prgho J41 D

vlpsoh frqwuroohu zlwk dq lqwhjudo dfwlrq fdq eh

zulwwhq dv=

U4+t, @ +t � 4, +t . u5,

V4+t, @ v3 t
5
. v4 t . v5 +4<,

Wkh ghjuhh ri wkh ghqrplqdwru ri Jfo+t, pxvw

eh dxjphqwhg e| d grplqdqw sroh dw +t � 3=854,

dqg dq dx{loldu| sroh dw wkh ruljlq wr uhvroyh wkh

Glrskdqwlqh htxdwlrq1 Lw iroorzv wkdw=

Sfo+t, @ t+t � 3=854,+t5 � 3=;683 t . 3=569<,

+53,

Dovr/ Sfo+t, lv jlyhq e| wkh uhodwlrq +<,=

Sfo+t, @ +t5 � 3=96364t, U4+t,

.+3=36;:<t . 3=5:<47, V4+t, +54,

Htxdwlqj wkh wzr suhfhghqw htxdwlrqv jlyhv= v3 @

4=834:/ v4 @ �3=<446/ v5 @ 3/ u5 @ 3=54931

Wr ghwhuplqh wkh sro|qrpldo W4+t,/ wkh sro|0

qrpldo Sfo+t, fdq eh idfwrul}hg xqghu wkh irup

Sfo+t, @ Dr+t, Df+t,/ zkhuh Dr+t, fruuhvsrqgv

wr wkh dxjphqwhg idfwru dqg Df+t, fruuhvsrqgv

wr wkh ghqrplqdwru ghq+Jfo+t,,1 Wkxv/ W4+t, fdq

eh fkrvhq vxfk wkdw W4+t, @ w3 Dr+t,/ zlwk w3 @

D4+4,@E4+4, zklfk ohdgv wr d vwdwlf jdlq htxdov

wr 41 Wkxv/ W4+t, @ 4=5659 t5 � 3=9755 t1 Wkh

frqwuroohuv F5 dqg F6 duh ghvljqhg lq wkh vdph

zd|=

U5+t, @ t5 � 3=<:76 t � 3=3589

V5+t, @ 4=53:3 t5 � 3=968; t

W5+t, @ 4=4<59 t5 � 3=9546 t

U6+t, @ t5 � 4=44;5 t . 3=44;5

V6+t, @ 4=7499 t5 � 3=:6;3 t

W6+t, @ 4=6635 t5 � 3=984: t +55,

Wkh vwdelolw| ri wkh uhvxowlqj vzlwfkhg v|vwhp

lv lqvxuhg e| uhvroylqj wkh OPLv jlyhq e| wkh

uhodwlrq +48,1 Wkh rswlpl}dwlrq sureohp lv irxqg

wr eh ihdvleoh dqg wkh frpprq O|dsxqry ixqfwlrq

lv Y +{, @ {WU{/ zkhuh U lv gh�qlwh srvlwlyh dqg

jlyhq e|=

- '
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Wkh h{shulphqw uhvxowv duh vkrzq rq �jxuh +8,1

Wkh uhjxodwlrq lv vdwlvidfwru| hyhq lq wkh suhvhqfh

ri deuxsw rshudwlqj frqglwlrqv fkdqjhv wkdw duh

vkrzq rq �jxuh +81g,1 Wkh phdvxuhphqw qrlvh

yduldqfh lv �5 @ 4=3769 � 43
�61 Wkh vl}h ri wkh

volglqj zlqgrz lv Q @ <1 Krzhyhu/ wkh vzlwfklqj

ehwzhhq frqwuroohuv surgxfh odujh ryhuvkrrwv rq

wkh surfhvv rxwsxw dqg pdnh wkh vhwwolqj wlph

orqjhu wkdq zkdw lw lv vxssrvhg wr eh1 Wkhvh

h�hfwv duh gxh wr wkh frqwuro lqsxw glvfrqwlqxlwlhv1

Odujh expsv rq wkh frqwuro lqsxw +vhh �j1 81e, dqg

rq wkh surfhvv rxwsxw +vhh �j1 81d, fdq eh revhuyhg

dw wkh vzlwfklqj lqvwdqwv1 Dw w * 5:=8 vhf/ rqh fdq

revhuyh wkh h�hfw ri wkh vhfrqg frqwuroohu dfwlyd0

wlrq zkhq wkh surfhvv hyroyhv iurp P6>6 wr P4>41

Wkh dfwlydwlrq ri wkh vhfrqg frqwuroohu kdv dq

h�hfw ri mhunlqj rq wkh frqwuro vljqdo dqg khqfh rq

wkh surfhvv rxwsxw vljqdo1 Wkh vdph skhqrphqrq

lv uhshdwhg dw hdfk vzlwfklqj1 Wr dwwhqxdwh wkhvh

expsv/ d expsohvv0wudqvihu frpshqvdwru +vhh Ilj1

5, zdv dgghg wr hdfk frqwuroohu wr lpsuryh wkh

wudqvlhqw vzlwfklqj uhvsrqvh1 Wkh phwkrg sur0

srvhg lq +Dvwuùp dqg Zlwwhqpdun/ 4<<:, lv xvhg

wr uhgxfh wkhvh expsv1 Wkhq/ dq lqwhjudwru lv lq0

wurgxfhg lq hdfk frqwuroohu/ l1h1/ Zl @ Wf
4

t�4
> l @

4> 5> 61 Iljxuh +9, vkrzv wkh uhvxowv ri wkh vhfrqg

h{shulhqfh1 Wkh expsv srlqwhg rxw lq wkh suhfh0

ghqw h{shulhqfh duh dwwhqxdwhg dqg wkh vhwwolqj

wlph lv uhgxfhg1

Wkhvh uhvxowv duh frpsduhg wr wkrvh rewdlqhg e|

d urexvw UVW frqwuroohu1 Wklv frqwuroohu lv gh0

vljqhg iru wkh prgho ri wkh surfhvv fruuhvsrqg0

lqj wr d phglxp dlu  rz udwh/ l1h1/ wkh prgho

J51 Lwv urexvwqhvv pdujlqv duh= 51:8: jdlq pdu0

jlq/ 8;� skdvh pdujlq/ 3198 vhf ghod| pdujlq

dqg 318<; prgxoxv pdujlq1 Wkh uhvxowv rewdlqhg

zlwk wklv frqwuroohu duh vkrzq rq �jxuh +:,1 Wkh

surfhvv hyroyhv dffruglqj wr wkh vdph vzlwfklqj

vhtxhqfh dv lq wkh �uvw dqg vhfrqg h{shulphqw/

l1h1/ m @ 6> 4> 5> 6> 5> 4> 61 Wklv �jxuh vkrzv wkdw

wkh UVW frqwuroohu lqvxuhv vdwlvidfwru| frqwuro

shuirupdqfhv1 Krzhyhu/ zkhq wkh dlu  rz udwh

vzlwfkhv wr wkh orz ohyho +ehwzhhq w * 5: vhf dqg

w * 7: vhf/ w * 453 vhf dqg w * 463 vhf,/ wkh frqwuro

lqsxw vkrzv vrph fkdwwhulqj wkdw glg qrw kdsshq

zkhq wkh RPGD vwuxfwxuh kdg ehhq xvhg1 Dovr/

wkh qrlvh shuwxuedwlrqv duh ohvv dwwhqxdwhg rq wkh

rxwsxw wkdq zlwk wkh RPGD vwuxfwxuh1
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Ilj1 81 Dffrpprgdwlrq zlwkrxw d expsohvv0

wudqvihu frpshqvdwru1
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Ilj1 91 Dffrpprgdwlrq zlwk d expsohvv0wudqvihu

frpshqvdwru1

81 FRQFOXVLRQ

Wkh RPGD vwuxfwxuh lv sursrvhg wr ghwhfw wkh

gl�huhqw rshudwlqj prghv ri d surfhvv dqg wr

dffrpprgdwh lwv frqwuro lqsxw e| wkh vhohfwlrq

ri wkh dghtxdwh frqwuroohu1 Wkh lpsohphqwdwlrq ri

wklv vwuxfwxuh zdv looxvwudwhg e| wkh dfwlyh frqwuro

dffrpprgdwlrq ri d wkhupdo surfhvv lq suhvhqfh

ri odujh yduldwlrqv lq wkh rshudwlqj frqglwlrqv1

Wkh h{shulphqwdo uhvxowv vkrz wkdw wklv vwuxfwxuh

lv hdv| wr lpsohphqw dqg jlyhv vdwlvidfwru| uhvxowv1

91 UHIHUHQFHV

Dvwuùp/ N1 M1 dqg E1 Zlwwhqpdun +4<<:,1 Frp0

sxwhu Frqwuroohg V|vwhpv1 Suhqwlfh Kdoo1 Qhz

Mhuvh|1

2

2.5

3

3.5

O
ut

pu
t (

V
ol

ts
)

(a)

0  50 100 150

3

4

5

6

C
on

tr
ol

 in
pu

t (
V

ol
ts

)

(b) time (s)

Ilj1 :1 Uhjxodwlrq e| d urexvw UVW frqwuroohu1

Eudqlfn|/ P1V1 +4<<8,1 Vwxglhv lq K|eulg V|vwhpv=

Prgholqj/ Dqdo|vlv/ dqg Frqwuro1 SkG wkhvlv1

Pdvvdfkxvhwwv Lqvwlwxwh ri Whfkqrorj|1

Fkduerqqdxg/ S1/ I1 Urwhood dqg V1 Pìgdu +5334,1

Surfhvv rshudwlqj prgh prqlwrulqj= Vzlwfk0

lqj rqolqh wkh uljkw frqwuroohu1 LHHH Wudqv0

dfwlrqv rq V|vwhpv/ Pdq/ dqg F|ehuqhwlfv 0

Sduw F 64+4,/ ::�;91

HoJkdrxl/ O1 dqg V1O1 Qlfxohvfx +5333,1 Dgydqfhv

lq Olqhdu Pdwul{ Lqhtxdolw| Phwkrgv lq Frq0

wuro1 VLDP1

Kh/ N1 [1 dqg P1 G1 Ohpprq +4<<;,1 O|dsxqry

vwdelolw| ri frqwlqxrxv0ydoxhg v|vwhpv xq0

ghu wkh vxshuylvlrq ri glvfuhwh0hyhqw wudqvl0

wlrq v|vwhpv1 Surf1 ri wkh Iluvw Lqwhuqdwlrqdo

Zrunvkrs rq KVFF*<;/ Ehunhoh|/ XVD1

Odqgdx/ L1G1/ U1 Or}dqr dqg P1 P*Vddg +4<<;,1

Dgdswlyh Frqwuro1 Vsulqjhu Yhuodj1

Olehu}rq/ G1 dqg D1V1 Pruvh +4<<<,1 Edvlf sure0

ohpv lq vwdelolw| dqg ghvljq ri vzlwfkhg v|v0

whpv1 LHHH Frqwuro V|vwhpv 4<+8,/ 8<�:31

Pruvh/ D1V1 +4<<9,1 Vxshuylvru| frqwuro ri idplolhv

ri olqhdu vhw0srlqw frqwuroohuv/ sduw 4= H{dfw

pdwfklqj1 LHHH Wudqvdfwlrqv rq Dxwrpdwlf

Frqwuro 74+43,/ 4746�47641

Shwwhuvvrq/ V1 +4<<<,1 Dqdo|vlv dqg Ghvljq ri K|0

eulg V|vwhpv1 SkG wkhvlv1 Fkdophuv Xqlyhu0

vlw| ri Whfkqrorj|/ Vzhghq1


