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DEVWUDFW

Zh frqvlghu wkh fdvh ri vwurqjo| qrq0Jdxvvldq
qrlvh frqwdplqdwlrq1 Wr kdqgoh wklv vlwxdwlrq/ zh
sursrvh d frpelqdwlrq ri vwdwlvwlfdoo| rswlpl}hg
vwdfn �owhuv dqg wudqvirup edvhg ghqrlvlqj1 Wkh
sxusrvh ri xvlqj wkh vwdfn �owhuv lv wr uhgxfh wkh
qrlvh ohyho/ uhpryh rxwolhuv/ zkloh uhwdlqlqj lp0
sruwdqw vljqdo ghwdlo1 Wkh uhpdlqlqj qrlvh dw wkh
rxwsxw ri wklv vwdjh lv forvhu wr d Jdxvvldq rqh1
Frqvhtxhqwo|/ wudqvirup edvhg whfkqltxhv ehfrph
pruh h�hfwlyh lq ghqrlvlqj1 Qxphulfdo vlpxod0
wlrqv frq�uplqj wkh h�hfwlyhqhvv ri wkh sursrvhg
phwkrg duh suhvhqwhg1

41 LQWURGXFWLRQ

Pxowluhvroxwlrq wudqvirupv/ xqolnh wudglwlrqdo Irxulhu
phwkrgv/ duh zhoo vxlwhg iru vlwxdwlrqv lq zklfk
vljqdov srvvhvv qrqvwdwlrqdu| ehkdylru1 Zdyhohw
edvhg whfkqltxhv kdyh ehhq vxffhvvixoo| dssolhg
lq vljqdo dqg lpdjh ghqrlvlqj dssolfdwlrqv/ hvsh0
fldoo| zkhq wkh vljqdo lv hpehgghg lq Jdxvvldq
qrlvh/ zklfk lv hyhqo| glvwulexwhg ryhu wkh zdyhohw
frh�flhqwv ^9`1 Zdyhohw vkulqndjh uhpryhv Jdxv0
vldq qrlvh/ exw suhvhuyhv vkdus ihdwxuhv ri wkh vlj0
qdo1 Xqiruwxqdwho|/ wkuhvkroglqj ri olqhdu zdyhohw
wudqvirupv grhv qrw zrun zhoo lq vwurqjo| qrq0
Jdxvvldq hqylurqphqwv ^:`1 Iru h{dpsoh/ d olqhdu
zdyhohw wudqvirup ri l1l1g1 Fdxfk| qrlvh grhv qrw
uhvxow lq lqghshqghqw qru lghqwlfdoo| glvwulexwhg
zdyhohw frh�flhqwv ^:`1 Pruhryhu/ zkhq wkh qrlvh
frqwdlqv lpsxovhv/ vshfnohv/ ru lv qrq0v|pphwulfdoo|
glvwulexwhg/ zdyhohw phwkrgv gr qrw surgxfh vdw0
lvidfwru| uhvxowv1

Lq rughu wr frsh zlwk khdy|0wdlohg qrlvh vrxufhv/
vhyhudo qrqolqhdu pxowluhvroxwlrq wudqvirup dojr0

ulwkpv kdyh ehhq sursrvhg ^48`/ ^:`/ ^46` dqg kdyh
ehhq pdlqo| edvhg rq s|udplgdo ghfrpsrvlwlrq
vwuxfwxuh1 Rqo| wkh fdvh ri }hur0phdq v|pphwulf
qrlvh glvwulexwlrqv +Jdxvvldq/ Odsodfldq/ Fdxfk|/
hwf1, kdv ehhq frqvlghuhg1

Lq rughu wr kdqgoh qrq0Jdxvvldq qrlvh/ pxfk
h�ruw kdv jrqh lqwr frpelqlqj qrqolqhdu �owhulqj
whfkqltxhv zlwk wlph0iuhtxhqf| grpdlq dqdo|vlv
^45`/ ^43`/ ^8`1 Iru h{dpsoh/ lq ^43`/ wkh vr0fdoohg
vprrwkhu0fohdqhu zdyhohw ghfrpsrvlwlrq zdv xvhg
wr orfdwh rxwolhuv dqg uhsodfh wkhp zlwk wkh orfdo
phgldq1 Lq ^45`/ olqhdu �owhuv ri zdyhohw ghfrp0
srvlwlrq zhuh uhsodfhg zlwk rughu vwdwlvwlf edvhg
Fkdphohrq �owhuv1

Lq wkh suhvhqw zrun/ zh irfxv rq qrq0Jdxvvldq
dqg vshfl�fdoo|/ qrq0v|pphwulf qrlvh glvwulexwlrqv1
Vshfnoh qrlvh lv rqh vxfk h{dpsoh dqg fdq eh irxqg
lq frkhuhqw lpdjlqj v|vwhpv1 Dqrwkhu h{dpsoh ri
d qrq0v|pphwulf qrlvh vrxufh lv d pl{wxuh ri wzr
Jdxvvldq ghqvlwlhv1 Wkdw lv/
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zkhuh �� dqg �� duh wkh phdq dqg vwdqgdug ghyl0
dwlrq ri wkh �uvw Jdxvvldq ghqvlw| dqg �2 dqg �2
duh wkh fruuhvsrqglqj sdudphwhuv iru wkh vhfrqg
ghqvlw|1 Vxfk d prgho lv riwhq hqfrxqwhuhg zkhq
wkh qrlvh ruljlqdwhv iurp wzr vhsdudwh vrxufhv1

Zh sursrvh d wzr0vwdjh surfhvvlqj dssurdfk wr
ghqrlvh vljqdov hpehgghg lq qrq0Jdxvvldq qrlvh1
Lq wkh �uvw vwdjh/ zh hpsor| vwdfn �owhuv ^49` zklfk
duh vwdwlvwlfdoo| rswlpl}hg iru wkh jlyhq qrlvh glv0
wulexwlrq1 Lq wkh vhfrqg vwdjh/ zh dsso| pxowluhv0
roxwlrq wudqvirup0edvhg ghqrlvlqj/ eh lw zdyhohw
vkulqndjh ru rwkhu vlplodu whfkqltxhv1 Zh h{shfw
wkh vwdfn �owhu wr vxssuhvv rxwolhuv zkloh uhwdlqlqj



lpsruwdqw ghwdlo lqirupdwlrq lq wkh vljqdo1 Pruh0
ryhu/ zh h{shfw wkh uhpdlqlqj qrlvh dw wkh rxwsxw
ri wkh vwdfn �owhu wr eh forvhu wr d }hur0phdq Jdxv0
vldq glvwulexwlrq wkdq wkh qrlvh dw wkh lqsxw wr wkh
vwdfn �owhu1 Frqvhtxhqwo|/ wkh sxusrvh ri pxowluhv0
roxwlrq ghqrlvlqj dssolhg diwhu wkh �uvw vwdjh lv wr
vxssuhvv wkh uhpdlqlqj qrlvh1

Lq Vhfwlrq 5/ zh jlyh d eulhi uhylhz ri vwdwlv0
wlfdo vwdfn �owhu rswlpl}dwlrq dqg glvfxvv wkh gh0
wdlov frqfhuqlqj wkh sursrvhg phwkrg1 Vhfwlrq 6
ghvfulehv wkh vhfrqg vwdjh/ zklfk frqvlvwv ri wudqv0
irup edvhg ghqrlvlqj1 Ilqdoo|/ Vhfwlrq 7 frqwdlqv
qxphulfdo vlpxodwlrq uhvxowv1

51 VWDFN ILOWHU RSWLPL]DWLRQ

Vwdfn �owhuv frqvwlwxwh dq lpsruwdqw fodvv ri qrq0
olqhdu �owhuv edvhg rq prqrwrqh Errohdq ixqfwlrqv
^49`1 Vwdwlvwlfdo surshuwlhv ri vwdfn �owhuv kdyh
ehhq vwxglhg lq whupv ri rxwsxw glvwulexwlrqv dqg
prphqwv iru l1l1g1 lqsxw vljqdov ^4;`/^4`1 Frqvh0
txhqwo|/ lw ehfrphv srvvleoh wr rswlpl}h vwdfn �o0
whuv lq wkh phdq vtxduh vhqvh ^5`1 Lq rwkhu zrugv/
wkh nqrzohgjh ri wkh glvwulexwlrq ri wkh lqsxw/
zklfk lv dvvxphg wr eh l1l1g1/ doorzv xv wr �qg d
vwdfn �owhu zklfk plqlpl}hv wkh rxwsxw yduldqfh
ri wkh �owhu1

D zlqgrz0zlgwk q vwdfn �owhu lv edvhg rq d
prqrwrqh +srvlwlyh, Errohdq ixqfwlrq i = i3> 4j? $
i3> 4j1 Wkh zhoo0nqrzq surshuw| ri wkuhvkrog gh0
frpsrvlwlrq ^49` doorzv xv wr rshudwh rq wkh pxowl0
ohyho/ udwkhu wkdq rq wkh elqdu|/ grpdlq1 Wkdw lv/
vlqfh srvlwlyh Errohdq ixqfwlrqv frqwdlq qr qhjdwhg
olwhudov lq wkhlu plqlpdo glvmxqfwlyh qrupdo irupv/
wkh rshudwlrqv ri frqmxqfwlrq dqg glvmxqfwlrq/ ru
htxlydohqwo|/ DQG dqg RU/ fdq eh uhsodfhg e|
wkh PD[ dqg PLQ rshudwlrqv rq wkh pxowl0ohyho
grpdlq1 Iru h{dpsoh/ wkh Errohdq ixqfwlrq
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+zkhuh � phdqv frqmxqfwlrq dqg . phdqv glvmxqf0
wlrq, fruuhvsrqgv wr
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zkhuh [�>[2>[� duh uhdo0ydoxhg yduldeohv1 Vxs0
srvh wkdw wkh lqsxw yduldeohv ri vrph vwdfn �owhu

Vs +�, duh l1l1g1 udqgrp yduldeohv zlwk glvwulexwlrq
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Wkhq/ lw lv zhoo nqrzq ^4` wkdw wkh rxwsxw
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Vlqfh zh dvvxph qrq0v|pphwulf lqsxw qrlvh
glvwulexwlrqv/ rxu jrdo lv wr plqlpl}h �2 xqghu wkh
frqvwudlqw ri }hur0phdq rxwsxw1 Wklv frqvwudlqw
fdq eh h{suhvvhg dv
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dqg lv hdvlo| lqfrusrudwhg lqwr dq| rswlpl}dwlrq
surfhgxuh1 Pruhryhu/ lw lv lpsruwdqw wr kdyh dg0
glwlrqdo frqvwudlqwv rq sdudphwhuv D�/ vlqfh

3 � D� �

�
q

l

�
> l @ 4> = = = > q

Vr/ dv d uhvxow ri wkh rswlpl}dwlrq/ zh rewdlq wkh
sdudphwhu vhw D @ iDf>D�> = = = >D?j1 Lw vkrxog
eh phqwlrqhg/ krzhyhu/ wkdw d vhw D ri sdudp0
hwhuv grhv qrw xqltxho| gh�qh d vwdfn �owhu1 Lq
rwkhu zrugv/ d qxpehu ri vwdfn �owhuv fdq kdyh wkh
vdph sdudphwhuv D/ doo kdylqj wkh vdph rxwsxw
yduldqfh dqg khqfh/ doo ehlqj vwdwlvwlfdoo| rswlpdo1
Rqh dssurdfk wr fkrrvlqj rqh vwdfn �owhu/ zklfk
suhvhuyhv ghwdlov ehwwhu wkdq wkh uhvw ri lwv vwdwlv0
wlfdoo| htxlydohqw �owhuv/ lv wr xvh vdpsoh vhohfwlrq
suredelolwlhv1 Wklv lv glvfxvvhg lq ^47`1



61 WUDQVIRUP EDVHG GHQRLVLQJ

Wudqvirupv kdyh ehhq xvhg iru d orqj wlph lq qrlvh0
uhprydo dssolfdwlrqv1 H{dpsohv duh olqhdu dqg
qrqolqhdu �owhuv edvhg rq IIW w|sh vwuxfwxuhv/ rs0
wlpdo Zlhqhu dqg dgdswlyh OPV w|sh �owhulqj lq
wudqvirup grpdlq ^6`/^;`1 Vljqdo2lpdjh surfhvv0
lqj lq wudqvirup grpdlq udwkhu wkdq lq vsdwldo
grpdlq kdv fhuwdlq dgydqwdjhv ri lqfrusrudwlqj
d sulrul nqrzohgjh rq vljqdov lqwr wkh ghvljq ri
surfhvvlqj dojrulwkpv dqg lq whupv ri frpsxwd0
wlrqdo h{shqvhv1 Wkh wudqvihu iurp vsdwldo grpdlq
lqwr wkh wudqvirup grpdlq lv hvshfldoo| xvhixo li
lw lv dssolhg orfdoo| udwkhu wkdq joredoo|1 Orfdo
dgdswlyh �owhuv ^4:` zrun lq wkh grpdlq ri dq ru0
wkrjrqdo wudqvirup lq d prylqj zlqgrz dqg qrq0
olqhduo| prgli| wkh wudqvirup frh�flhqwv wr re0
wdlq dq hvwlpdwh ri wkh fhqwudo sl{ho1 Qrqolqhdu
�owhulqj lq zdyhohw wudqvirup grpdlq zdv lqwur0
gxfhg lq whupv ri zdyhohw gh0qrlvlqj e| Grqrkr
dqg Mrkqvwrqh ^9`/ dqg kdv ehhq h{whqghg e| vhy0
hudo dxwkruv1 Lq ^7`/ wudqvodwlrq lqyduldqw zdyhohw
gh0qrlvlqj dojrulwkpv zhuh lqwurgxfhg dqg whvwhg
rq gl�huhqw vljqdov1 Lq ^44`/ zdyhohw wudqvirup
grpdlq gh0qrlvlqj zdv frpelqhg zlwk hpslulfdo
Zlhqhu �owhulqj iru ehwwhu shuirupdqfh1 Lq ^<`/
orfdo dyhudjhg wudqvirup grpdlq gh0qrlvlqj zdv
suhvhqwhg1 Wkh gl�huhqfh ehwzhhq wklv �owhu dqg
wkh rqh lq ^4:` lv wkdw qrqolqhdu prgl�fdwlrqv ri
wkh wudqvirup frh�flhqw zlwklq wkh zlqgrz jlyh
xv dq hvwlpdwh ri wkh ryhudoo vxe0lpdjh zlwklq wkh
zlqgrz dqg qrw rqo| ri wkh fhqwudo sl{ho1 Wkxv/ lw
pdnhv dq ryhuods ri hvwlpdwhv ri sl{hov ri qhljk0
erulqj zlqgrzv> l1h1 zh rewdlq pxowlsoh hvwlpdwhv
iru wkh vdph sl{ho1 Lw wkhq dyhudjhv doo wkh deryh
hvwlpdwhv wr rewdlq wkh �qdo hvwlpdwh iru wklv sl{ho1

Wudqvirup edvhg ghqrlvlqj frqvlvwv ri wkh iro0
orzlqj wkuhh vwhsv=

41 Frpsxwlqj vshfwudo frh�flhqwv

�+p, @K\ +p,

ri wkh revhuyhg vljqdo\+p, +zlwklq wkh zlq0
grz lq wkh fdvh ri orfdo wudqvirup edvhg gh0
qrlvlqj, ryhu wkh fkrvhq qrqvlqjxodu wudqv0
irup K1

51 Srlqw0zlvh pxowlsolfdwlrq ri wkh rewdlqhg wudqv0
irup frh�flhqwv zlwk wkh �owhu frh�flhqwv
i��+p,j= a��+p, @ ��+p,��+p, zkhuh l @
p>p. 4> = = = >p.P � 41

61 Lqyhuvh wudqvirupdwlrq K3� ri wkh rxwsxw
vljqdo vshfwudo frh�flhqwv e�+p,/ a[+p, @
K
3�e�+p,1

Lq ^;`/ dq dgdswlyh gh0qrlvlqj dojrulwkp frp0
elqlqj zdyhohw vkulqndjh dqg pxowl0edvh orfdo dy0
hudjhg wudqvirup edvhg �owhuv kdv ehhq ghyhorshg1
Zh dsso| wklv dojrulwkp dv rxu vhfrqg vwdjh ri
surfhvvlqj1

71 VLPXODWLRQ UHVXOWV

Wr whvw wkh h�hfwlyhqhvv ri rxu phwkrg/ zh vhohfwhg
d vljqdo vkrzq lq Iljxuh 41 Dv dq dgglwlyh qrlvh
vrxufh/ zh xvhg d pl{wxuh ri wzr Jdxvvldq vrxufhv/
dv vkrzq lq +4,1 Wkh sdudphwhuv zhuh fkrvhq wr
eh s @ 3=:/ �� @ 3/ �� @ 3=6/ �2 @ 4 dqg �2 @ 3=41
Wkh frqwdplqdwhg vljqdo lv vkrzq lq Iljxuh 51

D vwdfn �owhu zdv rswlpl}hg xvlqj wkh phwkrg
ghvfulehg lq Vhfwlrq 51 Iljxuhv 6 dqg 7 vkrz wzr
klvwrjudpv ri wkh qrlvh ehiruh dqg diwhu dssolfd0
wlrq ri wkh rswlpdo vwdfn �owhu1 Wkuhh wklqjv fdq
eh vhhq iurp wkhvh �jxuhv= wkh yduldqfh ri wkh
qrlvh lv uhgxfhg/ wkh rxwolhuv duh hvvhqwldoo| vxs0
suhvvhg/ dqg wkh uhvxowlqj rxwsxw glvwulexwlrq lv
forvhu wr d Jdxvvldq rqh1 Wkxv/ zh h{shfw wkdw
dsso|lqj wudqvirup edvhg ghqrlvlqj zloo uhvxow lq
vljql�fdqw uhgxfwlrq ri qrlvh ohyho1 Iljxuh 8 vkrzv
wkh vljqdo diwhu dsso|lqj d frpelqhg zdyhohw dqg
orfdo wudqvirup edvhg ghqrlvlqj dojrulwkp ^;`1 Il0
qdoo|/ Iljxuh 9 vkrzv wkh klvwrjudp ri wkh uhpdlq0
lqj qrlvh diwhu wkh hqwluh �owhulqj surfhvv1

81 FRQFOXVLRQ

Zh kdyh frqvlghuhg wkh fdvh ri vwurqjo| qrq 0
Jdxvvldq qrlvh frqwdplqdwlrq1 Dgglwlrqdoo|/ zh
kdyh doorzhg wkh suredelolw| ghqvlw| ixqfwlrq ri
wkh lqsxw qrlvh wr eh qrqv|pphwulf1 Lw lv vkrzq
wkdw wkh sursrvhg surfhgxuh/ zklfk lqfrusrudwhv
rswlpdo vwdfn �owhulqj lq wkh �uvw vwdjh dqg wudqv0
irup edvhg ghqrlvlqj lq wkh vhfrqg vwdjh/ ghdov
h�hfwlyho| zlwk vxfk qrlvh prghov1
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Iljxuh 4= Whvw vljqdo +frqfdwhqdwlrq ri _Eorfnv%
dqg _Khdy|Vlqh%,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-6

-4

-2

0

2

4

6

8

Iljxuh 5= Qrlv| vljqdo
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Iljxuh 6= Klvwrjudp ri lqsxw qrlvh
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Iljxuh 7= Klvwrjudp ri wkh uhpdlqlqj qrlvh dw wkh
rxwsxw ri wkh vwdfn �owhu
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Iljxuh 8= Uhvxowlqj vljqdo diwhu dsso|lqj vwdfn �o0
whulqj dqg wudqvirup edvhg ghqrlvlqj
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Iljxuh 9= Klvwrjudp ri wkh uhpdlqlqj qrlvh diwhu
vwdfn �owhulqj dqg wudqvirup edvhg ghqrlvlqj
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zdyhohw dqdo|vlv/% Surfhhglqjv/ VSLH/ 4<<71

^44` V1 S1 Jkdho/ D1 P1 Vd|hhg dqg U1 J1 Edud0
qlxn/ %Lpsuryhg Zdyhohw Ghqrlvlqj yld Hp0
slulfdo Zlhqhu Ilowhulqj%/ VSLH Surf1 Vhulhv/
yro1 649</ ss1 6;<06<</ 4<<:1

^45` G1 O1 Odx dqg J1 U1 Dufh/ _Rughu0vwdwlvwlf
zdyhohw vkulqndjh= ghqrlvlqj lq qrq0Jdxvvldq
hqylurqphqwv/% Surfhhglqjv ri wkh 4<<9 Frq0

ihuhqfh rq Lqirupdwlrq Vflhqfh dqg V|vwhpv/
Sulqfhwrq Xqlyhuvlw|/ 4<<91

^46` Y1 Phoqln/ L1 Vkpxohylfk/ N1 Hjld}duldq/
_Eorfn0S|udplgdo Wudqvirup= Dqdo|vlv dqg
Dssolfdwlrqv/% Vhfrqg Lqwhuqdwlrqdo Zrun0

vkrs rq Wudqvirupv dqg Ilowhu Edqnv/ Eudq0
ghqexuj/ Jhupdq|/ Mxqh/ 4<<<1

^47` L1 Vkpxohylfk/ Y1 Phoqln/ N1 Hjld}du0
ldq/ _Rswlpl}dwlrq ri Vwdfn Ilowhuv Xvlqj
Vdpsoh Vhohfwlrq Suredelolwlhv/% Surfhhglqjv

ri LHHH0HXUDVLS Zrunvkrs rq Qrqolq0

hdu Vljqdo dqg Lpdjh Surfhvvlqj/ Dqwdo|d/
Wxunh|/ Mxqh 53056/ 4<<<1

^48` M10O1 Vwdufn/ I1 Pxuwdjk/ P Orx|v/ _Dv0
wurqrplfdo Lpdjh Frpsuhvvlrq Xvlqj wkh
S|udplgdo Phgldq Wudqvirup/% Dvwurqrplfdo
Gdwd Dqdo|vlv Vriwzduh dqg V|vwhpv LY/ DVS
Frqihuhqfh Vhulhv/ y1 ::/ 4<<81

^49` S1 Zhqgw/ H1 Fr|oh/ Q1 Jdoodjkhu/ _Vwdfn Ilo0
whuv/% LHHH Wudqv1 Dfrxvw1/ Vshhfk/ Vljqdo

Surfhvvlqj/ yro1 67/ ss1 ;<;0<44/ 4<;91

^4:` O1 \durvodyvn|/ %Orfdo Dgdswlyh Lpdjh
Uhvwrudwlrq dqg Hqkdqfhphqw zlwk wkh Xvh
ri GIW dqg GFW lq d Uxqqlqj Zlqgrz%/
Surfhhglqjv/ Zdyhohw Dssolfdwlrqv lq Vljqdo

dqg Lpdjh Surfhvvlqj LY/ VSLH Surf1 Vhulhv/
y1 5;58/ ss1 4046/ 90< Dxjxvw 4<<9/ Ghqyhu/
Frorudgr1

^4;` R1 \ol0Kdumd/ _Irupxod iru wkh mrlqw glvwulex0
wlrq ri vwdfn �owhuv/% Vljqdo Surfhvvlqj Ohw0

whuv/ yro1 4/ ss1 45<0463/ 4<<71


