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VSDLQ

Devwudfw

Devwudfw= RDVLV lv d irupdo dssurdfk iru wkh vshfl�fdwlrq ri remhfw rulhqwhg frqfhswxdo prghov1
Lq RDVLV frqfhswxdo vfkhpdv ri lqirupdwlrq v|vwhpv duh uhsuhvhqwhg dv vrflhwlhv ri lqwhudfwlqj
frqfxuuhqw remhfwv1 Dqlpdwlqj vxfk prghov lq rughu wr ydolgdwh wkh vshfl�fdwlrq ri lqirupdwlrq
v|vwhpv lv d wrslf ri lqwhuhvw lq uhtxluhphqwv hqjlqhhulqj1 Frqfxuuhqw Orjlf Surjudpplqj dqg Shwul
qhwv duh vxlwdeoh prghov iru glvwulexwhg frpsxwdwlrq doorzlqj d qdwxudo uhsuhvhqwdwlrq ri frqfxuuhqfh1
Xvlqj Frqfxuuhqw Orjlf Surjudpplqj ru Shwul Qhwv/ RDVLV vshfl�fdwlrqv duh dqlpdwhg dffruglqj
wr RDVLV h{hfxwlrq prgho1 Lq wklv sdshu/ zh vkrz rxu zrun lq wudqvodwlqj RDVLV frqfhswv lqwr
frqfxuuhqw hqylurqphqwv1 Wklv zrun kdv ehhq ghyhorshg lq wkh frqwh{w ri d FDVH wrro vxssruwlqj
wkh RDVLV dssurdfk1 Rxu dlp lv wr exlog d prgxoh iru dqlpdwlrq dqg ydolgdwlrq ri vshfl�fdwlrqv1
D suholplqdu| yhuvlrq ri wklv prgxoh lv suhvhqwhg1

Nh|0Zrugv= Irupdo Vshfl�fdwlrq/ Dqlpdwlrq ri Vshfl�fdwlrqv/ Remhfw0Rulhqwhg Prghov1

4 Lqwurgxfwlrq

Frqfhswxdo prghov/ uhsuhvhqwlqj wkh ixqfwlrqdo uh0
txluhphqwv ri lqirupdwlrq v|vwhpv/ duh d nh| idf0
wru zkhq olqnlqj wkh sureohp dqg vroxwlrq gr0
pdlqv1 Exloglqj d frqfhswxdo prgho lv d glvfryhu|
surfhvv/ qrw rqo| iru wkh dqdo|vw exw dovr iru wkh
vwdnhkroghuv1 Wkh prvw vxlwdeoh vwudwhj| lq wklv
vlwxdwlrq lv wr exlog wkh frqfhswxdo prgho lq dq lw0
hudwlyh dqg lqfuhphqwdo zd|/ wkurxjk dqdo|vw dqg
vwdnhkroghu lqwhudfwlrq1 Frqfhswxdo prgholqj lq0
yroyhv irxu dfwlylwlhv= holflwdwlrq ri uhtxluhphqwv/
prgholqj ru vshfl�fdwlrq/ yhul�fdwlrq ri txdolw|

dqg frqvlvwhqf|/ dqg hyhqwxdoo|/ ydolgdwlrq1

Irupdo phwkrgv iru frqfhswxdo prgholqj sur0
ylgh lpsuryhphqwv lq vrxqgqhvv dqg suhflvlrq iru
vshfl�fdwlrqv/ vlpsoli|lqj wkhlu yhul�fdwlrq1 Krz0
hyhu/ zkhq frqvlghulqj holflwdwlrq dqg uhtxluh0
phqwv ydolgdwlrq/ surwrw|slqj whfkqltxhv duh pruh
xvhg1 Khqfh/ lw lv lqwhuhvwlqj wr rewdlq d frpelqd0
wlrq ri erwk dssurdfkhv1

Wklv zrun xvhv RDVLV ^;` +Rshq dqg Dfwlyh
Vshfl�fdwlrq ri Lqirupdwlrq V|vwhpv, dv d irupdo
dssurdfk iru remhfw0rulhqwhg frqfhswxdo vshfl�fd0
wlrq ri lqirupdwlrq v|vwhpv1 Wklv lv d vwhs iru0
zdug lq d jurzlqj uhvhdufk �hog zkhuh ydolgdwlrq

WWklv uhvhdufk lv vxssruwhg e| wkh �Frplvlöq Lqwhuplqlvwhuldo gh Flhqfld | Whfqrorjðd� +FLF\W, wkurxjk wkh PHQKLU
sur|hfw +judqw qr1 WLF<:038<60F38034,1



ri irupdo vshfl�fdwlrqv wkurxjk dqlpdwlrq lv ehlqj
h{soruhg ^47`1 Lq wklv vhqvh/ vrph rwkhu sursrvdov
forvh lq qdwxuh wr RDVLV duh ^9` dqg ^8`1 Wkh
gl�huhqfhv/ wkrxjk/ ehwzhhq wkhvh zrunv dqg rxuv
duh edvlfdoo| ghwhuplqhg e| ihdwxuhv ri wkh xqghu0

o|lqj irupdolvpv dqg wkh r�huhg h{suhvvlyhqhvv1
Dffruglqj wr wkh suhvhqwhg uhvxowv/ wkh vwdwh ri
duw lv vlplodu dqg lv fkdudfwhul}hg e| suholplqdu|
yhuvlrqv ri dqlpdwlrq hqylurqphqwv1
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Iljxuh 4= D iudphzrun iru lqfuhphqwdo vshfl�fdwlrq ri uhtxluhphqwv

Ilj14 vkrzv rxu iudphzrun iru holflwdwlrq/
prgholqj/ yhul�fdwlrq dqg ydolgdwlrq ri uhtxluh0
phqwv1 Holflwdwlrq lv dfklhyhg e| xvlqj vfhqdulrv
^45`1 Wkh h{shfwhg ehkdylru dqg hohphqwv ri d
jlyhq vshfl�fdwlrq duh h{wudfwhg e| wkh dqdo|vw
iurp vfhqdulrv1 Wkh judsklfdo vfhqdulr exloghu
khosv gh�qh vfhqdulrv lq d vxlwdeoh zd|1 Ixqf0
wlrqdo uhtxluhphqwv duh prghohg xvlqj d judsklfdo
vshfl�fdwlrq prgxoh edvhg rq RDVLV1 Frqfhs0
wxdo prghov fdq eh yhul�hg dffruglqj wr RDVLV

irupdo surshuwlhv1 Dw hdfk vwdjh ri wkh uhtxluh0
phqwv vshfl�fdwlrq surfhvv lw zrxog eh srvvleoh wr
ydolgdwh wkh ehkdylru ri wkh dvvrfldwhg surwrw|sh
djdlqvw wkh h{shfwhg ehkdylru1 Wklv frpsdulvrq
frxog ohdg wr xsgdwhv ru h{whqvlrqv ri h{lvwlqj vfh0
qdulrv1 Wklv f|foh frqwlqxhv xqwlo wkh uhtxluhphqwv
duh frpsoldqw zlwk wkh sursrvhg vhw ri vfhqdulrv1

H{shulphqwv kdyh ehhq fduulhg rxw xvlqj
Remhfw0Rulhqwhg Shwul Qhwv ^46` dqg Frqfxuuhqw
Orjlf Surjudpplqj ^<` dv vhpdqwlf grpdlqv iru
RDVLV vshfl�fdwlrqv1 Fruuhvsrqghqfhv ehwzhhq
RDVLV dqg wkhvh hqylurqphqwv kdyh ehhq lpsoh0
phqwhg lq d wudqvodwru surjudp1 Wkh wudqvodwru
wdnhv dq RDVLV vshfl�fdwlrq vwruhg lq wkh uhsrv0
lwru| dqg jhqhudwhv dxwrpdwlfdoo| d Frqfxuuhqw
Orjlf Surjudp ru d Shwul Qhw wkdw frqvwlwxwhv d

surwrw|sh iru wkh fruuhvsrqglqj frqfhswxdo prgho1
Ixuwkhupruh/ wkurxjk d suholplqdu| yhuvlrq ri wkh
judsklfdo dqlpdwlrq hqylurqphqw/ wkh dqdo|vw fdq
lqwhudfw zlwk wkh surwrw|sh lq d vxlwdeoh zd|1 Uh0
jduglqj Frqfxuuhqw Orjlf Surjudpplqj/ zh kdyh
zrunhg zlwk wkh frqfxuuhqw orjlf odqjxdjhv Sdu0
orj ^5` dqg NO4 ^4`1 Uhjduglqj Shwul Qhwv zh kdyh
zrunhg zlwk Remhfw0Rulhqwhg Wlphg Shwul Qhwv ^6`
dqg Remhfw Shwul Qhwv ^:`1

5 Zk| d frqfxuuhqfh prghoB

Frqvlghulqj wkh xwlolw| ri wklv zrun lq uhtxluh0
phqwv ydolgdwlrq ri RDVLV vshfl�fdwlrqv/ lw lv
hvvhqwldo wr rewdlq wkh qhduhvw lpsohphqwdwlrq vr0
oxwlrq wr wkhRDVLV vhpdqwlfv1 Li vr/ zh zloo kdyh
d zd| wr surylgh irupdol}dwlrq iru wkh wudqvodwlrq
surfhvv1 Lq wklv zd|/ zh wklqn wkh ehvw fkrlfh lv
wr jlyh hdfk remhfw dq h{hfxwlrq wkuhdg1

Ilj15 vkrzv irxu zd|v ri lpsohphqwlqj frqfxu0
uhqw remhfw v|vwhpv1 Wkh krul}rqwdo d{lv jrhv iurp
sxuho| vhtxhqwldo wr sxuho| frqfxuuhqw1 Wkh yhuwl0
fdo d{lv jrhv iurp d qr remhfw0rulhqwhg sdudgljp
wr d frpsohwho| rqh1 Lq wkuhh ri wkhvh zd|v/ d
prqlwru vkrxog eh qhfhvvdu| wr frqwuro wkh dfwly0
lw| ri wkh v|vwhp1 Wkh �uvw +vhtxhqwldo/ 0RR, lv



wkh vlpsohvw= wkhuh lv rqo| rqh prqlwru dqg wkhuh
duh remhfwv zkrvh vwdwh fdq eh uhsuhvhqwhg e| d uh0
odwlrqdo gdwdedvh/ iru lqvwdqfh1 Wkh vhfrqg +frq0
fxuuhqw/ 0RR, jdlqv lq frqfxuuhqfh e| lqfuhdvlqj
wkh qxpehu ri dfwlyh surfhvvhv1 Krzhyhu wkhuh lv
qr remhfw uhsuhvhqwdwlrq1 Wkh wklug zd| frqvlghuv
hdfk remhfw dv dq lqghshqghqw xqlw ri h{hfxwlrq

exw wkhuh lv d txdqwxp ri uxqqlqj wlph iru hdfk
remhfw1 Wkh irxuwk/ zklfk zh fkrvh lq rxu prgho/
lv ixoo| frqfxuuhqw dqg hdfk remhfw lv frqvlghuhg
dv dq lqghshqghqw xqlw ri h{hfxwlrq1 Frqfxuuhqw
Orjlf Surjudpplqj dqg Shwul Qhwv doorz uhsuh0
vhqwlqj gluhfwo| v|vwhpv ri wklv nlqg1
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Iljxuh 5= Lpsohphqwdwlrq ri frqfxuuhqw remhfw v|vwhpv1

6 RDVLV

RDVLV lv d irupdo remhfw0rulhqwhg odqjxdjh iru
wkh vshfl�fdwlrq ri lqirupdwlrq v|vwhpv dw d kljk
ohyho ri devwudfwlrq1 Dq RDVLV vshfl�fdwlrq lv d
suhvhqwdwlrq ri d wkhru| lq wkh xvhg irupdo v|vwhp
dqg lv h{suhvvhg dv d vwuxfwxuhg vhw ri fodvv gh�ql0
wlrqv1 Fodvvhv fdq eh vlpsoh ru frpsoh{1 D frp0
soh{ fodvv lv gh�qhg lq whupv ri rwkhu fodvvhv +vlp0
soh ru frpsoh{,1 Frpsoh{ fodvvhv duh gh�qhg e|
hvwdeolvklqj uhodwlrqvklsv dprqj fodvvhv1 Wkhvh uh0
odwlrqvklsv h{suhvv djjuhjdwlrq ru lqkhulwdqfh1 D
fodvv kdv d qdph/ rqh ru pruh lghqwl�fdwlrq phfk0
dqlvpv iru lwv lqvwdqfhv +remhfwv, dqg d w|sh ru
whpsodwh wkdw lv vkduhg e| hyhu| lqvwdqfh ehorqj0
lqj wr wkh fodvv1 Wkh vwdwh ri wkh remhfw lq d jlyhq
lqvwdqw zloo ghshqg rq wkh dfwlrqv rffxuuhg lq lwv
olihwlph xqwlo wkh prphqw gxulqj zklfk lw lv re0
vhuyhg1 Lq wklv zd|/ dq remhfw lv vhhq dv dq revhuy0
deoh surfhvv1 Wkxv/ dq remhfw kdv d olih fkdudfwhu0
l}hg e| wkh rffxuuhqfh ri dfwlrqv +wkdw frxog eh hl0
wkhu uhtxhvwhg ru surylghg,1 Lq wklv zd|/ dq remhfw
lv vhhq dv folhqw ru vhuyhu ghshqglqj rq zkhwkhu wkh
remhfw lv uhtxhvwlqj ru surylglqj vhuylfhv1

Vhuylfhv surylghg lq dq dwrplf ohyho e| dq re0

mhfw duh uhihuuhg dv hyhqwv1 Hdfk remhfw kdv d fuh0
dwlrq hyhqw +vwduwlqj lwv olih, dqg rswlrqdoo| d gh0
vwuxfwlrq hyhqw +�qlvklqj lwv olih,1 Hyhqwv fdq eh
rujdql}hg lq d prohfxodu ohyho dv surfhvvhv1 Ehvlgh
wkh rzq vhpdqwlfv xvhg zkhq vshfli|lqj surfhvvhv/
zh dgg dqrwkhu rqh lq rughu wr pdnh d glvwlqf0
wlrq ehwzhhq surklelwlrq +surwrfro, dqg reoljd0
wlrq surfhvv +rshudwlrq,1 Dq reoljdwlrq surfhvv
lv d vhuylfh r�huhg e| dq remhfw lq d kljkhu ohyho1
Sduwlfxoduo|/ d wudqvdfwlrq lv dq reoljdwlrq surfhvv
kdylqj wkh lpsolflw doo ru qrwklqj srolf|1 D sur0
klelwlrq surfhvv grhv qrw doorz wkh h{hfxwlrq ri
vrph vhtxhqfhv ri dfwlrqv lq dq remhfw olih1 Lq
RDVLV/ dq lqirupdwlrq v|vwhp lv uhjdughg dv d
vrflhw| ri dxwrqrprxv dqg frqfxuuhqw remhfwv lq0
whudfwlqj zlwk hdfk rwkhu e| wkh rffxuuhqfh ri df0
wlrqv1 Dq dfwlrq lv d wxsoh lqfoxglqj wkh folhqw/ wkh
vhuyhu dqg wkh uhtxhvwhg vhuylfh1

Wkh ylvlelolw| ehwzhhq remhfwv lv ghwhuplqhg e|
d lqwhuidflqj phfkdqlvp1 Hyhu| remhfw hqfdsvx0
odwhv lwv rzq vwdwh dqg ehkdylru uxohv1 Dv xvxdo
lq remhfw0rulhqwhg hqylurqphqwv/ remhfwv fdq eh
vhhq iurp wzr srlqwv ri ylhz= vwdwlf dqg g|qdplf1
Iurp wkh vwdwlf shuvshfwlyh/ wkh dwwulexwhv duh wkh
vhw ri surshuwlhv ghvfulelqj wkh remhfw vwuxfwxuh1



Wkh remhfw vwdwh lq d gh�qlwh lqvwdqw lv wkh vhw ri
vwuxfwxudo surshuwlhv ydoxhv1 Iurp wkh g|qdplf
shuvshfwlyh/ wkh hyroxwlrq ri remhfwv lv fkdudfwhu0
l}hg e| wkh �fkdqjh ri vwdwh� qrwlrq1 Wkh rffxu0
uhqfh ri dfwlrqv lpsolhv fkdqjhv +e| phdqv ri ydo0
xdwlrqv dqg ghulydwlrqv, lq wkh ydoxhv ri wkh dw0
wulexwhv1 Remhfw dfwlylw| lv ghwhuplqhg e| d vhw
ri uxohv= suhfrqglwlrqv/ lqwhjulw| frqvwudlqwv/
wuljjhuv/ surwrfrov dqg rshudwlrqv1 D vwhs lv
wkh vhw ri dfwlrqv h{hfxwhg dw wkh vdph lqvwdqw e|
wkh remhfw1 Hyhu| remhfw kdv dq xqltxh lghqwl�hu
+rlg, vhw e| wkh v|vwhp1 Remhfwv duh uhihuuhg e|
rqh ru pruh lghqwl�fdwlrq phfkdqlvpv ehorqjlqj
wr wkh sureohp vsdfh1 Dq lghqwl�fdwlrq ixqfwlrq
vhwv d pdsslqj ehwzhhq wkh lghqwl�fdwlrq phfkd0
qlvpv dqg wkh rlg1 Wkh w|sh ru whpsodwh ghvfulehv
wkh vwuxfwxuh dqg ehkdylru ri hyhu| remhfw1

RDVLV lv d irupdo vshfl�fdwlrq odqjxdjh wkdw
doorz gh�qlqj frqfhswxdo vfkhpdv dffruglqj wr wkh
remhfw prgho wkdw kdv ehhq eulh | suhvhqwhg1

614 RDVLV vhpdqwlfv

Wkh vhpdqwlfv ri RDVLV lv gh�qhg e| phdqv ri
Nulsnh vwuxfwxuhv +Z>�> �, zklfk lqfoxgh dq xql0
yhuvh ri vwdwhv z1 Wr hdfk fodvv zh dvvrfldwh dq
dffhvvlelolw| uhodwlrq � lq vxfk d zd| wkdw d sdlu ri
vwdwhv +v> w, lv lq wkdw uhodwlrq li dqg rqo| li wkhuh
lv d wudqvlwlrq jrlqj iurp wkh vwdwh v wr wkh vwdwh
w1 Ohw xv fdoo Z wkh vhw ri doo srvvleoh zruogv
uhdfkdeoh e| dq remhfw1 Ohw xv fdoo I wkh vhw ri
vwdwh zhoo iruphg irupxodh +z�, ehlqj hydoxdwhg
ryhu wkh fxuuhqw vwdwh ri wkh remhfw1 Ohw D eh wkh
vhw ri jurxqg dfwlrqv ri wkh remhfw whpsodwh dqg
5� wkh vhw ri doo srvvleoh lqvwdqwldwhg vwhsv1 Wkh
ixqfwlrqv � dqg � duh gh�qhg dv iroorzv=

� = I $ 5`

� = 5� $ +Z $Z ,
Wkh ixqfwlrq � vd|v lq zklfk zruogv d vwdwh

irupxod +lq Iluvw Rughu Suhglfdwh Orjlf, lv wuxh1
Wkh ixqfwlrq � lv d elqdu| uhodwlrq ehwzhhq zruogv
+ghfodudwlyh vhpdqwlfv ri wkh odqjxdjh,1 Jlyhq d
vwhs � 5 5�> z>z� 5 Z wkhq +z>z�, 5 �+�, li dqg
rqo| li rffxuulqj � lpsolhv wkh wudqvlwlrq ehwzhhq
wkh zruogv z dqg z�1

615 RDVLV h{suhvvhg lq GO

Lq ^43` Ghrqwlf Orjlf lv ghvfulehg dv d yduldqw ri
G|qdplf Orjlf +GO, ^7`1 Wkh gh�qlwlrq ri Ghrqwlf

rshudwruv lq G|qdplf Orjlf lv=

# $ ^d`idovh �wkh rffxuuhqfh ri d lv iruelgghq
lq vwdwhv zkhuh # lv vdwlv�hg�1

# $ ^=d`idovh �wkh rffxuuhqfh ri d lv reoljdwru|
lq vwdwhv zkhuh # lv vdwlv�hg�1

# $ ^d`! �lq vwdwhv zkhuh # lv vdwlv�hg/
lpphgldwho| diwhu d rffxuuhqfh/
! pxvw eh vdwlv�hg�

zkhuh # lv d zhoo iruphg irupxodh wkdw fkdu0
dfwhul}hv dq remhfw vwdwh zkhq wkh dfwlrq d rffxuv
dqg =d uhsuhvhqwv wkh qrq0rffxuuhqfh ri wkh dfwlrq
d +l1h1/ rqo| rwkhu dfwlrqv gl�huhqw iurp d frxog
rffxu,1 Ixuwkhupruh/ wkhuh lv qr vwdwh vdwlvi|lqj
wkh dwrp idovh1 Wklv uhsuhvhqwv d vwdwh ri v|vwhp
ylrodwlrq1 Wkxv/ rqh dfwlrq lv iruelgghq li lwv rf0
fxuuhqfh ohdgv wkh v|vwhp wrzdugv d ylrodwlrq vwdwh
dqg rqh dfwlrq lv reoljdwru| li lwv qrq0rffxuuhqfh
ohdgv wkh v|vwhp wrzdugv d ylrodwlrq vwdwh1 Wkh
RDVLV whpsodwh lv pdsshg wr wkh irupxodh suh0
ylrxvo| suhvhqwhg1

Wkhvh irupxodh frqvwlwxwh d vxeodqjxdjh ri wkh
odqjxdjh sursrvhg dqg irupdol}hg lq ^48`1 Lq ^;`
RDVLV lv suhvhqwhg dv d vshfl�fdwlrq odqjxdjh
zlwk d zhoo gh�qhg v|qwd{1 Khuh lv dq h{dpsoh ri
sduw ri d vlpsoh yhqglqj pdfklqh v|vwhp xvlqj wkh
RDVLV v|qwd{1

frqfhswxdo vfkhpd yhqglqjbpdfklqhbv|vwhp
fodvv yhqglqjbpdfklqh
lghqwl�fdwlrq

qxpehu= +qxpehu,>
frqvwdqw dwwulexwhv

qxpehu= qdw1
yduldeoh dwwulexwhv

qbfkrfv= qdw>
fuhglw= qdw+3,>
vzlwfkbrq= erro+idovh,>

hyhqwv
vhw qhz>
frlqblq>
frlqbrxw>
fkrf>
oljkwbhpsw|>

rshudwlrqv
FDQFHO=

FDQFHO4@ ~fuhglwA4�==frlqbrxw1FDQFHO4
. ~fuhglw?@4�==frlqbrxw>

wuljjhuv
==oljkwbhpsw| zkhq

~qfkrfv@ 3 dqg vzlwfkbrq@ idovh�>
ydoxdwlrqv

^frlqblq` fuhglw@fuhglw.4>



^==frlqbrxw` fuhglw@fuhglw04>
^fkrf` qfkrfv@qfkrfv04/ fuhglw@fuhglw04>
^==oljkwbhpsw|` vzlwfkbrq@wuxh1

suhfrqglwlrqv
fkrf li ~fuhglwA3 dqg qfkrfvA3�>
FDQFHO li ~fuhglwA3�>

surwrfrov
JHWFKRF=

JHWFKRF4@ frlqblq1JHWFKRF5>
JHWFKRF5@ fkrf1JHWFKRF4 .

frlqblq1JHWFKRF6 .
==frlqbrxw1JHWFKRF4>

JHWFKRF6@ fkrf1JHWFKRF5 .
frlqblq1JHWFKRF7 .
==frlqbrxw1JHWFKRF5>

JHWFKRF7@ fkrf1JHWFKRF6 .
==frlqbrxw1JHWFKRF6>

hqg fodvv

fodvv fxvwrphu
lghqwl�fdwlrq

qdph=+qdph,>
frqvwdqw dwwulexwhv

qdph=vwulqj>
hyhqwv

dgg qhz>
uhpryh ghvwur|>

hqg fodvv

lqwhuidfh fxvwrphu+vrphrqh,
zlwk yhqglqjbpdfklqh +vrphrqh,

vhuylfhv+frlqblq/fkrf,>
hqg lqwhuidfh
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Lq wklv h{dpsoh wkhuh duh wzr fodvvhv=
fxvwrphu dqg yhqglqjbpdfklqh1 Wkh remhfwv lq
erwk fodvvhv duh dfwlyh1 D yhqglqjbpdfklqh re0
mhfw lv irufhg wr vhoi0wuljjhu dq dfwlrq zlwk wkh
hyhqw oljkwbhpsw| zkhqhyhu wkh wuljjhu frqgl0
wlrq lv vdwlv�hg1 Dovr/ wkh yhqglqjbpdfklqh re0
mhfw kdv wr uhwxuq doo frlqv zkhq fdqfho exwwrq
lv suhvvhg1 Dowkrxjk fxvwrphu remhfwv gr qrw
kdyh h{solflw wuljjhuv/ wkh| kdyh dq lqwhuidfh zlwk
yhqglqjbpdfklqh remhfwv dqg wklv doorzv wkhp wr
uhtxluh dfwlrqv dvvrfldwhg zlwk wkh ylvleoh hyhqwv1
Wkxv fxvwrphu remhfwv duh dfwlyh remhfwv dv zhoo1

7 Frqfxuuhqw Orjlf Surjudp0

plqj dqg RDVLV

Frqfxuuhqw orjlf odqjxdjhv dulvh dv dq dwwhpsw wr
lpsuryh wkh h!flhqf| ri orjlf odqjxdjhv e| h{0
sorlwlqj vwuhdp DQG sdudooholvp1 Ehvlghv/ wkh|
duh kljk ohyho surjudpplqj odqjxdjhv dqg frqyh0
qlhqw iru sdudooho dqg glvwulexwhg v|vwhpv1

Zh duh lqwhuhvwhg lq prgholqj remhfwv dv shu0
shwxdo surfhvvhv dffruglqj wr wkh RDVLV h{hfx0
wlrq prgho1 Wkh lghqwlw| ri wkh remhfw lv wkh qdph
ri dq lqsxw vwuhdp dujxphqw ri wkh surfhvv1 Zrunv
lq wklv gluhfwlrq duh sulqflsdoo| edvhg rq pdnlqj
RR h{whqvlrqv wr frqfxuuhqw orjlf odqjxdjhv1 Do0
wkrxjk lpsohphqwdwlrq dvshfwv duh frpprq/ rxu
prwlydwlrq lv gl�huhqw/ zh zdqw wr jhqhudwh dxwr0
pdwlfdoo| d frqfxuuhqw orjlf surjudp fruuhvsrqg0
lqj wr dq RDVLV frqfhswxdo prgho1

Lw lv vdlg wkdw dq remhfw lv lpsohphqwhg dv d
shushwxdo surfhvv ehfdxvh dprqj wkh vxejrdov lq
zklfk dq remhfw lv uhgxfhg wkh vdph remhfw ds0
shduv1 Wklv surgxfhv wkh h�hfw ri frqwlqxlw| lq wkh
remhfw olih1 Zkhqhyhu wkh remhfw jrdo lv wkurzq dv
vxejrdo/ lq wkh uhgxfwlrq vrph ri lwv dwwulexwhv
pd| eh prgl�hg1 Wkxv d fkdqjh ri vwdwh gxh
wr wkh rffxuuhqfh ri wkh dvvrfldwh dfwlrq lv uhs0
uhvhqwhg1 Wkh h�hfw �wr h{hfxwh dq dfwlrq� lv re0
wdlqhg lq wkh uhgxfwlrq zkhq wkh qhz lqsxw fkdq0
qho lv xvhg dv wkh ruljlqdo rqh zlwkrxw frqvlghulqj
wkh odvw h{hfxwhg dfwlrq1 Wkh irupxodh wkdw gh�qh
wkh fkdqjh ri vwdwh zkhq wkh hyhqw lv h{hfxwhg duh
vxejrdov wkdw dvvljq qhz ydoxhv wr wkh dwwulexwhv
ri wkh remhfw1 Lq ^<` d vhw ri pdsslqjv ehwzhhq
RDVLV dqg NO4 kdv ehhq hvwdeolvkhg1

Iroorzlqj wkhvhv pdsslqjv/ d wudqvodwru iurp
RDVLV wr NO4 kdv ehhq lpsohphqwhg1 Wklv
wudqvodwru wdnhv dv lqsxw d v|vwhp vshfl�fdwlrq
iurp dq RDVLV uhsrvlwru| dqg surgxfhv d NO4
surjudp wkdw lv frpslohg lq rughu wr rewdlq wkh
surwrw|sh1 Wkh wudqvodwru dqg wkh surwrw|sh duh
surjudpv uxqqlqj lq d Xql{ zrunvwdwlrq1 Wkh lq0
whuidfh kdv ehhq lpsohphqwhg lq Wfo2Wn xvlqj wkh
Wfo soxj0lq iru Qhwvfdsh1

Lq RDVLV wkh v|vwhp ehkdylru lv ghwhuplqhg
e| wkh ehkdylru ri lwv remhfwv1 Dq remhfw ehkdylru
fdq eh revhuyhg e| dqdo|}lqj wkh dfwlrqv rffxuuhg
dqg wkh vwdwhv uhdfkhg e| wkh remhfw1 Wkxv/ wkh
dqlpdwlrq ri dq RDVLV vshfl�fdwlrq doorzv h{0
dplqlqj dfwlrqv dqg vwdwhv ri wkh remhfwv1



Iljxuh 6= Dq dqlpdwlrq vhvvlrq1

Ilj16 vkrzv wkh lqwhuidfh ri d surwrw|sh ri
rxu dqlpdwlrq hqylurqphqw1 Wkh remhfw vrflhw| lv
gudzq lq wkh xsshu ohiw duhd1 Remhfwv duh vhohfwhg
e| folfnlqj rq wkhp1 Rq wkh uljkw wkh wudfhv ri df0
wlrqv ri dq remhfw +ru remhfw jurxs, duh olvwhg1 Wkh
olvw ri wudfhv fdq eh �owhuhg dffruglqj wr wkh nlqg
ri dfwlrqv +vhqw/ uhfhlyhg/ lq frq lfw/ h{hfxwhg ru
uhmhfwhg,1 Lq wkh vwdwh duhd wkh vwdwh ri wkh remhfw
lv suhvhqwhg +rqo| zkhq rqh remhfw lv vhohfwhg,1
Exwwrqv sod|/ sdxvh/ vwrs/ iruzdug dqg uhylhz duh
surylghg lq rughu wr frqwuro wkh vhvvlrq ri dqlpd0
wlrq1 Zkhq wkh dqlpdwlrq lv sdxvhg lw lv srvvleoh
wr h{soruh wkh wudfhv ri dfwlrqv dqg vwdwhv dw suh0
ylrxv lqvwdqwv1 Hyhqwxdoo|/ wkh wzr hqwu| zlgjhwv
doorz exloglqj dq h{whuqdo dfwlrq vhqw e| wkh dqd0
o|vw lq uhsuhvhqwdwlrq ri rqh remhfw lq wkh v|vwhp1

8 Shwul Qhwv dqg RDVLV

�Shwul Qhwv duh d judsklfdo dqg pdwkhpdwl0
fdo prgholqj wrro dssolfdeoh wr pdq| v|vwhpv1
Wkh| duh d surplvlqj wrro iru ghvfulelqj dqg
vwxg|lqj lqirupdwlrq surfhvvlqj v|vwhpv wkdw
duh fkdudfwhul}hg dv ehlqj frqfxuuhqw/ dv|q0
fkurqrxv/ glvwulexwhg/ sdudooho/ qrqghwhuplqlvwlf
dqg2ru vwrfkdvwlf� ^44`1 Gxh wr wkh pdwkhpdwl0
fdo edfnjurxqg ri Shwul Qhwv/ doo dvshfwv uhodwhg
wr irupdol}dwlrq duh pruh ihdvleoh1 Dovr/ dqdo|0
vlv whfkqltxhv fdq eh dssolhg wr jhw surshuwlhv ri

olyholqhvv/ hwf1 Wkh hqkdqfhphqwv ri Remhfw Rul0
hqwhg Shwul Qhwv +RRSQ, lqfoxgh iru lqvwdqfh wr0
nhq ydoxhv wr eh lghqwl�huv/ lqkhulwdqfh/ whvw dqg
lqklelwru dufv/ hwf1 Wrnhqv fdq hqfdsvxodwh wkh
dfwlylw| ghwhuplqhg e| dqrwkhu Shwul Qhw1 RRSQ
kdyh d vlqjoh klhudufk| wkdw lqfoxghv erwk wrnhq
w|shv dqg vxeqhw w|shv/ wkhuhe| doorzlqj pxowl0
soh ohyhov ri dfwlylw| lq wkh qhw1 Ixuwkhupruh/
RRSQ surylghv ixqfwlrqv wr hydoxdwh wkh vwdwh
ri wkh qhw zlwkrxw fkdqjlqj lwv vwdwh1 Wkh srvvl0
eoh xvh ri vxshusodfhv dqg vxshuwudqvlwlrqv pdnhv
RRSQ vxlwdeoh wr prgho erwk v|qfkurqrxv dqg
dv|qfkurqrxv lqwhudfwlrqv ehwzhhq remhfwv1 Hdfk
lqvwdqfh ri dq RRSQ fodvv frxog eh dq lqghshq0
ghqw remhfw sdvvlqj rq phvvdjhv ehwzhhq remhfwv
wkurxjk wrnhqv1 Wkh qrwlrq ri RRSQ vxshusodfh
shuplwv v|qfkurqrxv lqwhudfwlrq1 Rqh wudqvlwlrq
ghsrvlwv +ru h{wudfwv, d wrnhq lq +iurp, wkh vx0
shusodfh1 Wklv rshudwlrq lv v|qfkurqrxv zlwk dq
lqwhuqdo wudqvlwlrq ri wkh vxshusodfh wkdw dffhswv
+ru surgxfhv, wkh wrnhq1

Zh kdyh h{shulphqwhg xvlqj wkh FrghVljq
wrro ^6` lq rughu wr lpsohphqw dqg dqlpdwh
RDVLV vshfl�fdwlrqv e| lpsohphqwlqj lwv h{h0
fxwlrq prgho1 Krz wkh pdlq ihdwxuhv ri wkh
RDVLV fdq eh qdwxudoo| dqg gluhfwo| uhsuhvhqwhg
lq RRSQ kdv ehhq dqdo|}hg ^46`1 Remhfw Rulhqwhg
frqfhswv +vxfk dv fodvvhv/ lqvwdqfhv/ lqwhudfwlrq
ehwzhhq remhfwv/ hqfdsvxodwlrq/ hwf1, dqg vsh0



fl�f RDVLV frqfhswv +vxfk dv suhfrqglwlrqv/ ydo0
xdwlrqv/ wuljjhuv/ surwrfrov/ dqg rshudwlrqv, kdyh
ehhq dgguhvvhg e| xvlqj wkh surshuwlhv ri wkh
RRSQ1

Wkh vxssruw ri pxowlsoh ohyhov ri dfwlylw| lq

wkh RRSQ pdnhv wkh ghvljq ri dufklwhfwxuhv hdv|
hqrxjk wr surwrw|sh d vrflhw| ri frqfxuuhqw re0
mhfwv1 Qrz zh duh zrunlqj wr rewdlq FrghVljq
frgh dxwrpdwlfdoo| iurp dq RDVLV vshfl�fdwlrq1

Iljxuh 7= FrghVljq Hqylurqphqw1

Ilj17 vkrzv wzr RDVLV fodvvhv +wkh juh|
er{hv rq wkh uljkw, lpsohphqwhg lq FrghVljq xv0
lqj wkh Shwul Qhw prgho1 Wkh eljjhu sodfh lq hdfk
fodvv lv wkh frqwdlqhu ri wkh lqvwdqfhv ri wkdw fodvv
+qrwlfh wkdw hyhu| remhfw zloo kdyh lwv rzq Shwul
Qhw lqvwdqwldwhg1,1 Wkh uhvw ri wkh qhw lv qhhghg
wr gluhfw wkh duulyhg dfwlrqv wrzdugv wkh vhuyhu
remhfw1 Wkh h{whuqdo qhw iudjphqw lv qhhghg wr hv0
wdeolvk wkh frppxqlfdwlrq ehwzhhq wkh lqvwdqfhv
ri erwk fodvvhv1

9 Frqfoxvlrqv

Wkh pdlq ihdwxuhv ri wkh RDVLV odqjxdjh fdq eh
pruh qdwxudoo| dqg gluhfwo| uhsuhvhqwhg lq d frq0
fxuuhqw hqylurqphqw1 Xvlqj wkh h{hfxwlrq prgho
ri RDVLV dv d jxlgh zh fdq rewdlq d xvhixo dq0
lpdwlrq ri wkh RDVLV vshfl�fdwlrq1 Rxu dqlpd0
wlrq lv rqo| dssolhg wr sxusrvhv ri uhtxluhphqwv
ydolgdwlrq dqg gr qrw fodlp wr eh wkh �qdo vriw0
zduh surgxfw1

Zh kdyh exlow d wudqvodwru surjudp wr re0

wdlq dxwrpdwlfdoo| erwk d frqfxuuhqw orjlf sur0
judp dqg d RRSQ iurp RDVLV vshfl�fdwlrqv
xvlqj wkh hvwdeolvkhg fruuhvsrqghqfhv1 Wklv zrun
lv ehlqj lqwhjudwhg lqwr d FDVH wrro iru v|vwhp
prgholqj vxssruwlqj wkh RDVLV dssurdfk1 Zh
kdyh dgguhvvhg wkh remhfw0rulhqwhg frqfhswv/ dqg
dowkrxjk zh kdyh irfxvhg rq RDVLV/ lw frxog eh
h{whqghg wr rwkhu vlplodu odqjxdjhv1

Wkh �gholw| ri wkh rewdlqhg frqfxuuhqw lpsoh0
phqwdwlrq lq uhodwlrq wr wkh RDVLV v|vwhp vshf0
l�fdwlrq lv d pdwwhu wkdw lv vwloo ehlqj vwxglhg1 Lq
wklv fdvh wkh yhul�fdwlrq dqg ghprqvwudwlrq wdvnv
zrxog eh vxssruwhg e| wkuhh lpsruwdqw idfwruv=
�uvwo| dw wkh frqfhswxdo ohyho wkh prgho lv gh0
vfulehg lq d irupdo odqjxdjh/ vhfrqgo| wkh devwudfw
h{hfxwlrq prgho lv lqvsluhg e| wkh vhpdqwlfv ri
wkdw irupdo odqjxdjh/ dqg hyhqwxdoo|/ frqfxuuhqw
surjudpplqj odqjxdjhv dqg Shwul Qhwv kdyh d iru0
pdo edvh1 Wkhvh idfwruv gr qrw ghwhuplqh wkh uh0
txluhg mxvwl�fdwlrq iru wkh wudqvodwlrq surfhvv exw
jlyh d zd| ri irupdol}dwlrq rq zklfk zh duh zrun0
lqj1

Zh duh fxuuhqwo| frqvlghulqj wkh lqfrusrudwlrq



ri dgydqfhg frqfhswv vxfk dv frpsoh{ fodvvhv dqg
frpsoh{ frppxqlfdwlrq phfkdqlvp1
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