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Devwudfw� Wklv sdshu uhylhzv wkh vwdwh0ri0wkh0duw lq wkh

prgholqj dqg frqwuro ri wudqvlwlrqdo dqg wxuexohqw vkhdu

 rzv/ zlwk sduwlfxodu hpskdvlv rq pl{lqj dssolfdwlrqv1 Wkh

uhylhz lv glylghg lqwr wzr sduwv1 Wkh �uvw sduw surylghv d

olwhudwxuh vxuyh| ri dqdo|wlfdo dqg h{shulphqwdo dssurdfkhv

wr wkh prgholqj dqg frqwuro ri pl{lqj lq vkhdu  rzv1 Wkh

vhfrqg sduw suhvhqwv vrph uhfhqw uhvxowv lq wkh ghyhorsphqw

ri uhgxfhg0rughu prghov dqg prgho0edvhg frqwuro ri pl{lqj

lq vrph surwrw|slfdo vkhdu  rz sureohpv1

L1 Lqwurgxfwlrq

Wkh sureohp ri dfwlyh  rz frqwuro kdv jdwkhuhg vljql�0
fdqw uhvhdufk dwwhqwlrq lq uhfhqw wlphv rzlqj wr wkh jurzlqj
qxpehu ri srwhqwldo lqgxvwuldo dssolfdwlrqv1 Frpexvwlrq
pl{lqj frqwuro/ irup gudj uhgxfwlrq lq eox� erg|  rzv/
vnlq iulfwlrq gudj uhgxfwlrq rq odujh dhurg|qdplf erglhv/
mhw h{kdxvw vljqdwxuh dqg qrlvh uhgxfwlrq/ duh mxvw d ihz
ri wkh dssolfdwlrqv wkdw wkh dhurvsdfh lqgxvwu| vwdqgv wr
ehqh�w lq iurp wkh xvh ri lqwhooljhqw  rz frqwuro frqfhswv1
Vljql�fdqw dgydqfhv kdyh ehhq pdgh lq ghyhorslqj dqg xq0
ghuvwdqglqj wkh  rz sk|vlfv xqghuo|lqj ydulrxv sudfwlfdoo|
uhohydqw wxuexohqfh skhqrphqd/ xvlqj vwdwh0ri0wkh0duw h{0
shulphqwdo gldjqrvwlf whfkqltxhv wr sureh frpsolfdwhg  rz
skhqrphqd/ dqg ghyhorslqj kljk �gholw| qxphulfdo vlpxod0
wlrqv iru dffxudwh suhglfwlrqv1 Lqwxlwlyh phwkrgv +odujho|
h{shulphqwdo, wr pdqlsxodwh wkh wxuexohqw vkhdu  rzv kdyh
dovr ehhq sursrvhg dqg whvwhg vxffhvvixoo| lq vhyhudo vlwx0
dwlrqv1 Krzhyhu/ wkhuh uhpdlqv d jds lq wkh v|vwhpdwlf
ghyhorsphqw ri  rz frqwuro frqfhswv dqg whfkqrorj|1 Wklv
lqfoxghv wkh odfn ri= +l, frpsxwdwlrqdoo| lqh{shqvlyh prg0
hov frqwdlqlqj wkh hvvhqwldo  rz sk|vlfv dqg phdqv wr hydo0
xdwh wkh h�hfwlyhqhvv ri frqwuro vroxwlrqv> +ll, prghov ri
frqwuro vroxwlrqv zlwk zklfk wr vwxg| wudgh0r�*v ehwzhhq
zkdw lv ghvludeoh dqg dfklhydeoh> dqg +lll, prghov ri dfwx0
dwlrq frqfhswv dqg wkhlu vfdolqj1 Wkh frpelqdwlrq ri skh0
qrphqrorjlfdo prgholqj +jurxqghg rq  rz sk|vlfv,/ g|0
qdplfdo v|vwhpv wkhru| dqg frqwuro wkhru| dsshduv wr eh
dq dwwudfwlyh dyhqxh wr eulqj derxw dq dqdo|wlfdo dqg gh0
vljq iudphzrun iru hydoxdwlqj dqg uhfrpphqglqj lqqryd0
wlyh dqg h�hfwlyh  rz frqwuro frqfhswv1 Lw lv eholhyhg wkdw
sk|vlfv0edvhg/ uhgxfhg0rughu prghov/ zklfk duh uhodwlyho|
lqh{shqvlyh wr frpsxwh dqg |hw fdswxuh vx!flhqw sk|vlfv
wr eh phdqlqjixo/ duh uhtxluhg iru vxfk d frpelqdwlrq wr
eh yldeoh dqg eulgjh wkh diruhphqwlrqhg jds1

Wkh prgholqj ri vkhdu  rz skhqrphqd hqfrpsdvvhv wkh
iroorzlqj dssurdfkhv=

� Ilqh0judlq glvfuhwl}dwlrq ri wkh jryhuqlqj/ Qdylhu0Vwrnhv
htxdwlrqv/ qdpho| Gluhfw Qxphulfdo vlpxodwlrqv +GQV,

^53`1
� Odujhu judlq Odujh Hgg| Vlpxodwlrq +OHV, ^4;` ru
Uh|qrogv Dyhudjhg Qdylhu0Vwrnhv +UDQV, ^5<` vlpxodwlrqv
zkhuh dyhudjlqj lv shuiruphg ryhu vpdoo vfdohv zkrvh h�hfw
rq odujhu vfdohv wkdw duh nhsw lq wkh frpsxwdwlrq lv wkhq
prghohg dv dgglwlrqdo whupv lq wkh htxdwlrqv ri prwlrq1
� Jdohunlq0w|sh dssurdfkhv vxfk dv Surshu Ruwkrjrqdo Gh0
frpsrvlwlrq +SRG, ^6` zkhuh wkh htxdwlrqv ri prwlrq duh
surmhfwhg rq wkh  rz0vshfl�f edvlv dqg d v|vwhp ri rugl0
qdu| gl�huhqwldo htxdwlrqv duh rewdlqhg e| glvfuhwl}dwlrq1
� Qxphulfdo vlpxodwlrq xvlqj yruwh{ hohphqwv ^49`/ dqg yru0
wh{ �odphqwv ^4:`1
� Frduvh0judlqhg skhqrphqrorjlfdo prgholqj vxfk dv wkh
xvh ri yruwh{ prghov ru vwdelolw|0dqdo|vlv edvhg phwkrgv
vxfk wkh xvh ri Sduderol}hg Vwdelolw| Htxdwlrqv +SVH, wkdw
fdswxuh wkh ehkdylru ri odujh0vfdoh/ frkhuhqw vwuxfwxuh pr0
wlrq1

Wkh odvw wkuhh dsurdfkhv fdq eh dphqdeoh wr dqdo|vlv
xvlqj frqwuro wkhru| phwkrgv1 Iru qxphulfdo dssurdfk
wr frqwuroolqj wxuexohqw fkdqqho  rzv xvlqj gluhfw Qdylhu0
Vwrnhv vlpxodwlrq/ vhh ^8`1 Iru dq dssurdfk xvlqj qxphulfdo
yruwh{ phwkrgv vhh ^48`1 Iru ghyhorsphqw ri SRG phwkrgv
iru frqwuro vhh iru h{dpsoh ^45`1

Dq h{dpsoh ri wudqvlwlrqdo dqg wxuexohqw  xlg g|qdplf
skhqrphqd ri vljql�fdqw sudfwlfdo lqwhuhvw lv  rz vhsdud0
wlrq1 Wklv sureohp uhsuhvhqwv d jrrg h{dpsoh ri d  rz frq0
wuro dssolfdwlrq zkhuh vxevwdqwldo h{shulphqwdo hylghqfh
iru wkh vxffhvvixo dssolfdwlrq ri dfwlyh frqwuro h{lvwv/ zlwk
vrph qxphulfdo vlpxodwlrq yhul�fdwlrq/ exw prgho0edvhg
frqwuro lv odfnlqj1 Dssolfdwlrqv iru vhsdudwlrq frqwuro lq0
foxgh h{whuqdo  rzv vxfk dv  rz sdvw kljk0dqjoh0ri0dwwdfn
dluirlov/ dqg lqwhuqdo  rzv vxfk dv djjuhvvlyho| h{sdqglqj
gl�xvhuv1 Ydulrxv phdqv iru ghod|lqj wkh rqvhw ri vhsdud0
wlrq kdyh ehhq sursrvhg/ lqfoxglqj sdvvlyh phwkrgv vxfk
dv yruwh{ jhqhudwruv/ dqg dfwlyh phwkrgv vxfk dv vwhdg|
eorzlqj dqg vxfwlrq whfkqltxhv/ dqg v|qwkhwlf mhwv1 Vrph
vwxglhv kdyh dovr h{soruhg wkh xvh ri xqvwhdg| dfwxdwlrq iru
plwljdwlqj2ghod|lqj vhsdudwlrq1 Wkh vxffhvv ri vxfk frq0
wuro kdv ehhq dwwulexwhg wr wr wkh h{flwdwlrq ri �idyrudeoh�
odujh0vfdoh rujdql}hg prwlrq +yl}1/ frkhuhqw vwuxfwxuhv, lq
wkh  rz ^5;`1 Dowkrxjk vrph rujdql}dwlrq ri wkh xqvwhdg|
 rz vwuxfwxuhv zdv hylghqfhg dqg frqfrpplwdqw lpsuryh0
phqw lq wkh shuirupdqfh +h1j1 gl�xvhu suhvvxuh uhfryhu|/
dluirlo oliw wr gudj udwlr, zdv vhhq/ wkh ehqh�wv ri xvlqj
xqvwhdg| frqwuro zhuh qrw h{soruhg lq ghwdlo ru h{sodlqhg
vdwlvidfwrulo|1 Lq sduwlfxodu/ wkh ghshqghqfh ri wkh shu0
irupdqfh rq xqvwhdg| frqwuro sdudphwhuv vxfk dv iruflqj
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iuhtxhqflhv dqg wkhlu dpsolwxghv zhuh prvwo| qrw vwxglhg1
Vrph qxphulfdo vlpxodwlrqv ri wkh xvh ri xqvwhdg| frqwuro
zhuh dovr shuiruphg lq kljk P / exw orz Uh +zlwk odplqdu
erxqgdu| od|huv, vhsdudwhg  rzv ghprqvwudwlqj wkh h�hf0
wlyhqhvv ri xqvwhdg| frqwuro lq rujdql}lqj wkh vhsdudwlrq
g|qdplfv +^46`,1 Vxfk vlpxodwlrqv whqg wr eh txlwh h{0
shqvlyh dqg gr qrw ohqg wkhpvhoyhv wr sdudphwulf frqwuro
dqdo|vhv1 Wkh xvh ri shulrglf rvfloodwlrqv wr ghod|2uhgxfh
wkh h{whqw ri vhsdudwlrq zdv dovr lqyhvwljdwhg e| Z|jqdq0
vnl hw do1 +h1j1 vhh ^63`/ ^57`,/ zkr kdyh ghprqvwudwhg
wkh h�hfwlyhqhvv ri xqvwhdg| eorzlqj lq frqwuroolqj  rz
vhsdudwlrq1 Iorz sk|vlfv0edvhg h{sodqdwlrqv ri wkh frq0
wuroohg  rz dqg lwv ghshqghqfh rq wkh xqvwhdg| iruflqj
sdudphwhuv zhuh sursrvhg/ exw d g|qdplfdo prgho ri wkh
revhuyhg  rz skhqrphqd kdv qrw hphujhg1 Frqvhtxhqwo|/
d skhqrphqrorjlfdo2hpslulfdo2dqdo|wlfdo prgho ri wkh hi0
ihfwv ri xqvwhdg| iruflqj rq wkh vhsdudwlrq g|qdplfv lv |hw
xqdydlodeoh1 Wkxv/ rswlpl}dwlrq ri wkh frqwuro sdudphwhuv
dqg uhfrpphqgdwlrq ri qhz xqvwhdg| vhsdudwlrq frqwuro
vwudwhjlhv frqwlqxh wr uho| khdylo| rq h{shulphqwdwlrq lq
oderudwru| vfdoh prghov/ zlwk wkh krsh wkdw idyrudeoh uh0
vxowv zloo eh rewdlqhg lq ixoo0vfdoh ghylfhv1 Wkh odfn ri
uhgxfhg rughu prghov wkdw fdswxuh wkh hvvhqwldo vhsdudwhg
 rz sk|vlfv/ shuplwlqj sdudphwulf dqdo|vlv wr h{soruh qhz
frqwuro vwudwhjlhv/ uhsuhvhqwv d fkdoohqjlqj jds1

Rqh ri wkh pdmru fkdoohqjhv lq xwlol}lqj xqvwhdglqhvv lq
wkh frqwuro ri vhsdudwlrq lv wkhuhiruh wr gholyhu sk|vlfv0
edvhg prghov ri frqwuroohg  rzv wr ghvfuleh wkh prgl�fd0
wlrq ri vhsdudwlrq wkurxjk dfwxdwlrq/ dqg wkh h�hfw ri frq0
wuro rq wkh irupdwlrq dqg hyroxwlrq ri frkhuhqw vwuxfwxuhv
dqg khqfh wkh lpsdfw rq wkh shuirupdqfh ixqfwlrqdo1 Wkh
�txdolw|� ri sk|vlfv0edvhg prghov ri frqwuroohg  rzv vkrxog
eh mxgjhg/ sduwlfxoduo| iru sudfwlfdo sxusrvhv/ e| wkhlu delo0
lw| wr jxlgh frqwuro ghvljq dqg suhglfwlqj wkh dqwlflsdwhg
ohyhov ri dfwxdwlrq wr dfklhyh suhvfulehg shuirupdqfh ehq0
h�wv1 Vfdohdelolw| ri vxfk prghov zlwk  rz frqglwlrqv +h1j1
fkdqjh lq wkh jhrphwu|/  rz vshhg, lv hvvhqwldo1

Rxu rzq dssurdfk/ lq xhqfhg e| vwxglhv ri Fruwhoh}}l hw
do1 +h1j1 vhh ^:`/ ^;` dqg wkh uhihuhqfhv wkhuhlq,/ lv edvhg
sulpdulo| rq prgholqj dqg uhgxfhg0rughu qxphulfdo vlpx0
odwlrqv xvlqj yruwh{ hohphqwv1 Wkh qxphulfdo dssurdfkhv
kdyh dovr ehhq frxsohg wr frqwuro wkhru| xwlol}lqj prvwo|
olqhdu frqwuro wkhru| frqfhswv iru wkh sxusrvh ri vwdelol}d0
wlrq= e| qrz wkhuh lv d odujh dprxqw ri olwhudwxuh rq wklv
wrslf ^<`/ ^7`1 Krzhyhu/ dv srlqwhg rxw ehiruh/ lq pdq| vkhdu
 rz frqwuro sureohpv wkh lvvxh lv wkdw ri ghvwdelol}dwlrq ri
h{lvwlqj vwuxfwxuhv wr fuhdwh qhz rqhv l1h1 xvlqj wkh lqwhuqdo
g|qdplfv ri wkh v|vwhp wr fuhdwh idyrudeoh  rz frqglwlrqv
zlwk vpdoo frqwuro lqsxw1 Wklv wdvn riwhq uhtxluhv xqghu0
vwdqglqj ri wudqvsruw dqg pl{lqj ri  xlg sduwlfohv lq wkh
 rz1 G|qdplfdo v|vwhpv wkhru| ri pl{lqj kdv ehhq gh0
yhorshg ryhu wkh odvw 48 |hduv/ prvwo| lq wkh frqwh{w ri
Kdplowrqldq v|vwhpv1 Dv wzr0glphqvlrqdo yruwh{ prghov
duh jlyhq lq wkh irup ri d vhw ri ruglqdu| gl�huhqwldo htxd0
wlrqv wkdw uhsuhvhqw d Kdplowrqldq v|vwhp/ wkhvh phwk0
rgv duh gluhfwo| dssolfdeoh1 Frqwuro wkhru| ri Kdplowrqldq
v|vwhpv kdv vhhq vxevwdqwldo ghyhorsphqw +vhh h1j1 ^56`,1
Wkhvh wzr wkhrulhv fdq eh frxsohg iuxlwixoo| zlwk yruwh{

prghov wr surylgh d frqwuro0wkhruhwlfdo iudphzrun iru frq0
wuro ri pl{lqj1 Wkxv wkh yruwh{0prgho edvhg dssurdfkhv/
zkloh rq wkh frduvhvw vfdoh dv idu dv prgholqj lv frqfhuqhg/
duh dphqdeoh wr wkhruhwlfdo wuhdwphqw1
Lq wkh uhvw ri wkh sdshu zh ghvfuleh vrph vwxglhv edvhg

rq uhgxfhg0rughu prgholqj/ prvwo| wkurxjk yruwh{ hohphqw
prghoolqj/ dqg glvfxvv wkh dfklhyhphqwv dqg vkruwfrplqjv1

LL1 Frqwuro ri pl{lqj

D1 Rswlpl}h0wkhq0frqwuro vwudwhj|

Rqh ri wkh sureohpv lq vkhdu  rz dqg pl{lqj frqwuro
lv wkdw riwhq wkh uhtxluhg surfhgxuh lv rshq orrs1 Lq dg0
glwlrq/ hyhq li ihhgedfn lv srvvleoh/ wkh prghov whqg wr eh
frpsoh{ dqg frqwuro ghvljq surklelwlyho| frpsolfdwhg1 Rqh
ri wkh srvvleoh dssurdfkhv lq wklv frqwh{w lv wr ghvljq vlp0
sol�hg  rz prghov/ rswlpl}h pl{lqj zlwklq wkh frqwh{w ri
wkh prgho +wkxv �qlvklqj wkh wdvn lq wkh fdvh ri rshq0orrs
ghvljq, ru ghvljq d vwdelol}lqj frqwuroohu iru wkh rswlpdo
 rz1 Krzhyhu/ vhh wkh uhfhqw dwwhpsw wr xvh ihhgedfn iru
pl{lqj lq wkh Srlvhxlooh  rz ^4`1
Wkh wkhruhwlfdo vwxg| ri frqwuro ri pl{lqj zdv lqlwldwhg

lq ^43` zkhuh Nroprjrury0Vlqdl hqwurs| zdv sursrvhg dv
d phdvxuh ri pl{lqj iru forvhg  rzv1 Wkhuh duh wzr edvlf
uhtxluhphqwv d phdvxuh ri pl{lqj pxvw vdwlvi|= lw vkrxog
lqfuhdvh zlwk wkh pl{hg duhd/ dqg zlwk wkh udwh ri pl{0
lqj1 Wkh Nroprjrury0Vlqdl hqwurs| vdwlv�hv erwk ri wkrvh
surshuwlhv1 D edvlf phfkdqlvp ri pl{lqj lv wkdw ri frp0
srvlwlrq ri vkhdu  rzv lq gl�huhqw gluhfwlrqv +wkh vwuhwfk0
dqg0irog phfkdqlvp ^59`,1 Gl�huhqw pl{lqj surwrfrov ri
wzr0glphqvlrqdo vkhdu  rzv wr ghwhuplqh pd{lpdo hqwurs|
dw frqvwdqw hqhuj| surwrfro zhuh lqyhvwljdwhg1 Wklv uhvxow
zdv prwlydwhg e| d txhvwlrq srvhg e| Rwwlqr ^59` lq wkh
frqwh{w ri pl{lqj lq frpphufldo pl{huv1 Wkh txhvwlrq lv
hdvlo| srvhg lq wkh vwdqgdug frqwuro wkhru| frqwh{w= frq0
vlghu d frqwuro yhfwru �hog b{ rq d pdqlirog P vdwlvi|lqj

b{ @ x+w,y4 . +4� x+w,,y5>

zkhuh x+w, lv wkh frqwuro ixqfwlrq dgplwwlqj ydoxhv 3 ru 4
rq wlph lqwhuydov ri ohqjwk 4 dqg y4 dqg y5 duh yhfwru �hogv
rq P 1 Lq Ilj1 4 zh vkrz vfkhpdwlfdoo| vkhdu yhorflw|
�hogv y4 @ +d|> 3,> y5 @ +3> e{, zlwk d> e A 3> wkh sureohp
vwxglhg lq ^43`= Wkh sureohp ri pd{lpdo pl{lqj lv �qglqj
x+w, wkdw pd{lpl}hv wkh Nroprjrury0Vlqdl hqwurs| k wkdw
iru vprrwk  rzv fdq eh h{suhvvhg dv dq lqwhjudo ryhu P ri
wkh vxp ri srvlwlyh O|dsxqry h{srqhqwv1 Iru h{dpsoh/ iru
wzr0glphqvlrqdo/ duhd0suhvhuylqj yl wkhuh lv rqh srvlwlyh
O|dsxqry h{srqhqw �. ghshqglqj rq { 5P dqg

k @

]
P

�.g�>

zkhuh g� lv wkh wzr irup wkdw yl suhvhuyh1
Krzhyhu/ uhfdoo wkdw �. lv dq dyhudjh ri wkh qrup ri

wkh ghulydwlyh ri wkh pds dorqj wkh wudmhfwrulhv ri wkh v|v0
whp dqg wkxv wkh Nroprjrury0Vlqdl hqwurs| lv d frpsol0
fdwhg txdqwlw| ghshqglqj rq sduwlfoh sdwkv lq  xlg  rzv 0
lw pljkw qrw eh dphqdeoh wr vlpsoh rswlpdo frqwuro ghvljq1
Wkxv wkh sklorvrsk| ri rswlpl}h0wkhq vwdelol}h lv wkh prvw
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Ilj1 41 Vkhdu  rzv iru hqwurs| pd{lpl}dwlrq1

xvhixo rqh zkhq Nroprjrury0Vlqdl Hqwurs| lv xvhg lq wkh
frvw ixqfwlrq1
Wkhuh duh rwkhu phdvxuhv ri pl{lqj wkdw rqh fdq xvh/

rqh ri wkhp ehlqj wkh pl{lqj yduldqfh frh!flhqw +PYF,
ghvfulehg odwhu/ wkdw zdv lqwurgxfhg lq ^54`/ xvhixo lq rshq
 rzv1 Rswlpl}dwlrq ri pl{lqj zlwk uhvshfw wr |hw dqrwkhu
phdvxuh/ xvhixo zkhq wudqvsruw ehwzhhq gl�huhqw uhjlrqv
ri wkh  rz grpdlq qhhgv wr eh pd{lpl}hg/ lv ghvfulehg
qh{w1

D14 Frqwuroolqj yruwh{ prwlrq dqg fkdrwlf dgyhfwlrq

Lq wkh vwxg| ^58` wkh txhvwlrq ri rswlpl}lqj dqg frq0

wuroolqj wudqvsruw dqg pl{lqj lq wzr0glphqvlrqdo  rzv zdv
sxuvxhg1 Dnlq wr �uvw fkdrwlf dgyhfwlrq vwxglhv ^5`/ ^5:` d
vlpsoh yruwh{ prgho 0 d vlqjoh yruwh{ lq d fruqhu vxemhfw
wr d srwhqwldo �hog zdv vwxglhg1 Lq wkh devhqfh ri wlph0
ghshqghqw iruflqj +lqwurgxfhg e| prgxodwlqj wkh srwhqwldo
�hog, wkh yruwh{ lv hlwkhu dw d vwdeoh htxloleulxp srvlwlrq
ru lv prylqj rq d shulrglf wudmhfwru| lq wkh sodqh1
Wkh �uvw txhvwlrq wkdw lv dvnhg lv li wkh yruwh{ prwlrq/

ghvfulehg e| d Kdplowrqldq v|vwhp ri htxdwlrqv/ lv frq0
wuroodeoh1 Wkh dqvzhu zdv vkrzq wr eh srvlwlyh xvlqj wkh
wudqvirupdwlrq wr  dw frruglqdwhv ^56`/ ^44`1 Kdylqj wklv
uhvxow/ rqh fdq vhdufk ryhu doo wkh wudmhfwrulhv ri wkh yru0
wh{ lq d erxqghg grpdlq ri wkh sodqh dqg ghwhuplqh wkh
rswlpdo rqh zlwk uhvshfw wr d vxlwdeoh phdvxuh1 Lq wklv
zrun wkh phdvxuh zdv fkrvhq wr eh wkh  x{ wkurxjk wkh
vhsdudwul{/ vkrzq lq juhhq lq Ilj1 5 dv d ixqfwlrq ri wkh
srvlwlrq ri wkh yruwh{ rq wkh rswlpdo yruwh{ fxuyh +eoxh,
wkxv olqnlqj frqwuro wkhru| dqg fkdrwlf dgyhfwlrq wkhru|1
Rqfh wkh rswlpdo wudmhfwru| zdv irxqg/ lw zdv vwdelol}hg
xvlqj d ihhgedfn odz1 Wkh frqwuro lqsxw iru wklv lv vkrzq
lq wkh �jxuh lq uhg/ djdlq dv d ixqfwlrq ri wkh yruwh{ sr0
vlwlrq1 Wkh vhdufk iru wkh rswlpdo wudmhfwru| 0 zklfk zdv
uhvwulfwhg wr olh zlwklq wkh eodfn flufoh wr suhvhuyh vwdelolw|
ri wkh uhflufxodwlrq }rqh 0 zdv sxuvxhg xvlqj wkh qxphu0
lfdo vlpsoh{ phwkrg1 Ydulrxv fkdudfwhul}dwlrqv ri pl{lqj
xwlol}lqj g|qdplfdo v|vwhpv frqfhswv zhuh sxuvxhg1

LLL1 Prgho0edvhg frqwuro ri pl{lqj lq d mhw lq

furvv0iorz

Zkhq d mhw hpdqdwhv iurp dq rul�fh lq d zdoo lqwr d
xqlirup furvv rz dorqj wkh zdoo +dqg shushqglfxodu wr wkh
mhw,/ lw ehqgv lq wkh gluhfwlrq ri wkh furvv0 rz1 Wkh mhw wud0
mhfwru| ghshqgv rq wkh prphqwxp  x{ udwlr +mhw uhodwlyh
wr furvv0 rz,1 D vwxg| zdv frqgxfwhg lq dq dwwhpsw wr
prgho vrph ri wkh odujh0vfdoh skhqrphqrorjlfdo ihdwxuhv lq
wklv  rz wr ghyhors d uhgxfhg0rughu prgho dqg d frqwuro
wkhru|0edvhg iudphzrun iru pl{lqj hqkdqfhphqw ehwzhhq
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Ilj1 51 Rswlpdo pl{lqj lq wkh yruwh{0lq0d0fruqhu  rz1

wkh wzr vwuhdpv1 Ghwdlov zloo eh uhsruwhg hovhzkhuh +^47`,1
Khuh zh eulh | glvfxvv wkh prgho dqg vrph nh| uhvxowv1

Wkh g|qdplfdoo| vljql�fdqw  rz vwuxfwxuhv dsshdu wr
eh wkh vkhdu od|hu vwuxfwxuhv jhqhudwhg e| wkh Nhoylq0
Khopkrow} +NK, lqvwdelolw|/ wkh frxqwhu0urwdwlqj yruwh{
sdlu +FYS,/ d w|slfdoo| zhdn kruvhvkrh yruwh{ +dsshdulqj
iru orz mhw Uh|qrogv qxpehuv qhdu wkh mhw dqg furvv0 rz
erwwrp mxqfwxuh,/ dqg dq xsuljkw2zdnh yruwh{ v|vwhp wkdw
ghyhorsv yhu| forvh ehklqg wkh mhw +uhvhpeolqj d zdnh ri
yruwlfhv,1 Ri wkhvh/ zh rqo| glvfxvv dqg prgho wkh NK dqg
FYS g|qdplfv/ dujxlqj wkdw wkhvh vkhdu  rz vwuxfwxuhv
grplqdwh wkh  rz pl{lqj fkdudfwhulvwlfv1 Lq grlqj vr/ zh
xvh lqylvflg ghvfulswlrqv ri wkh  rz ihdwxuhv dqg vwuxfwxuhv/
ljqrulqj �qh0vfdoh wxuexohqfh gulyhq ylvfrxv h�hfwv1 Zh gr
qrw dwwhpsw wr prgho ru h{sodlq wkh dsshdudqfh ri wkh NK
ru FYS vwuxfwxuhv/ exw/ jlyhq wkhlu suhvhqfh/ zh surylgh d
prgholqj iudphzrun iru vwxg|lqj wkh NK0FYS v|vwhp g|0
qdplfv wr dqdo|}h2ghulyh frqwuro vroxwlrqv iru pl{lqj hq0
kdqfhphqw1

Wkh duud| ri yruwh{ ulqjv iruplqj rq wkh hgjh ri wkh mhw
zhuh uhsuhvhqwhg vlpso| e| �krul}rqwdo� +wudqvyhuvh wr wkh
mhw gluhfwlrq, urgv ri yruwlflw|/ uhsuhvhqwlqj wkh xsvwuhdp
NK ulqj dqg wzr jurzlqj +vwuhwfklqj,�ohjv� wr uhsuhvhqw
wkh mhw sruwlrq wkdw kdv ehhq ehqw dorqj wkh mhw gluhfwlrq
+vhh Ilj1 6 iru dq looxvwudwlrq ri wklv frqfhswxdo prgho,1
Wkh wudqvyhuvh urg lv prylqj dw d vshhg ri X25 +w|slfdo
frqyhfwlrq yhorflw| ri vwuxfwxuhv lq d vkhdu od|hu, dqg wkh
ohjv duh jurzlqj zlwk uhvshfw wr wkh urg dw d udwh ri X25
+vlqfh wkh| duh lq d sruwlrq ri wkh mhw zklfk lv prylqj dw d
kljkhu yhorflw|/ vd| X,

Wkh sduderol}hg yruwh{ prgho lwvhoi zdv jlyhq dv iroorzv1
Li zh �{ wkh prphqwxp udwlr +mhw wr furvv0vwuhdp,/ wkh frq0
wuro sdudphwhuv duh �NK zklfk lv wkh vsdflqj ri wkh NK
yruwlfhv/ !NK zklfk lqglfdwhv wkh skdvh gl�huhqfh ehwzhhq
wkh NK furvvlqjv dqg wkh sxovdwlrq ri wkh FYS dw d �{hg
+frqwuro, iuhtxhqf|/ �3 zklfk ghqrwhv wkh lqlwldo FYS flu0
fxodwlrq dqg �3NK zklfk lv wkh lqlwldo fruh udglxv iru wkh
NK uroo0xs +d ixqfwlrq ri wkh lqlwldo erxqgdu| od|hu wklfn0
qhvv,1 Wkh h{suhvvlrqv iru wkh yhorflw| �hogv fdq eh zulwwhq
dv
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Modeling Simplification
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Ilj1 61 D vlpsol�hg prgho iru xqvwhdg|  rz vwuxfwxuhv ri d mhw lq
furvv  rz1
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Ilj1 71 Skhqrphqrorjlfdo prgho ri mhw lq furvv  rz1
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Ilj1 81 Wkh yhorflw| �hog dw wkh furvv0sodqh r ' e�f�

Doo yruwh{ fruhv zhuh dvvxphg wr eh glvwulexwhg dv Jdxv0
vldq ixqfwlrqv/ wdnlqj lqwr dffrxqw wkdw wkhlu fruh lv jurz0
lqj lq wlph +wkhuhe| plplfnlqj ylvfrxv gl�xvlrq dqg dyrlg0
lqj vlqjxodulwlhv,1 D vhulhv ri wkhvh NK urgv zhuh �uvw du0
udqjhg sdudooho wr hdfk rwkhu lq d sodqh shushqglfxodu wr
wkh prgho sodqh dqg doorzhg wr furvv wkh sodqh zlwk d yh0
orflw| ri X251 Wkh FYS lq wkh sodqh lv jurzlqj dqg sxovlqj
dv ghvfulehg deryh +vhh Ilj1 7,1 Wkh fruuhvsrqglqj yhorf0
lw| �hog dw d grzqvwuhdp furvv sodqh +zlwk uhvshfw wr wkh
mhw wudmhfwru|, lv jlyhq lq Ilj1 81

Rshq orrs frqwuro vwxglhv zhuh shuiruphg lq dq dwwhpsw
wr hydoxdwh wkh h�hfwv ri xqvwhdg| iruflqj rq wkh mhw pl{lqj
fkdudfwhulvwlfv1 Sduwlfohv ri rqh nlqg zhuh lqwurgxfhg lq d
flufxodu uhjlrq uhsuhvhqwlqj wkh mhw dqg sduwlfohv ri dqrwkhu
nlqg zhuh lqwurgxfhg lq d flufoh durxqg lw wr vwxg| pl{lqj1
Wkh sduwlfohv zhuh wkhq doorzhg wr wudyho zlwk wkh yhorflw|
�hog iurp wkh prgho dqg wkhlu �qdo srvlwlrqv zhuh wudfnhg1
Wkh pl{lqj yduldqfh frh!flhqw +PYF/ phqwlrqhg hduolhu
dqg gh�qhg ehorz, zdv xvhg dv d pl{lqj phwulf1 Wkh PYF
ydoxhv fdq eh frpsduhg wr vhh zkdw nlqg ri dfwxdwlrq ohdgv
wr ehwwhu pl{lqj +orzhu ydoxhv lqglfdwh ehwwhu pl{lqj,1
D uhjlrq ri vl}h 9Gm�9Gm wkdw fryhuv wkh pl{lqj uhjlrq

ri lqwhuhvw lv glylghg lqwr 5v�5v htxdoo| vl}hg elqv1 Q sduwl0
fohv duh dgyhfwhg iurp w @ 3 wr w @ Wilqdo zlwk dq dgdswlyh
vwhs0vl}h/ 7wk rughu Uxqjh0Nxwwd1 Q lv nhsw frqvwdqw e|
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Ilj1 91 Orz iuhtxhqf| iruflqj fdvh pl{lqj uhvxowv1

udqgrpo| uhlqvhuwlqj sduwlfohv wkdw h{lw wkh pl{lqj uhjlrq1
Wkh frqfhqwudwlrq lq elq+n/o, dw vfdoh v lv uhsuhvhqwhg e|

F
v

no @
qDno

qDno
. qEno

dqg wkh PYF dw vfdoh v lv gh�qhg dv

PYF
v @

7

5v � 5v

[

n

[

o

+Fv

no � 3=8,5

Qrwh wkdw wkh PYF olhv ehwzhhq }hur dqg xqlw|1 Wkh iro0
orzlqj �jxuh +Ilj1 9, glvsod|v d frqwrxu pds ri PYF +wkh
h{whqw ri pl{lqj, iru d  rz vwdwh irufhg zlwk d �orz� iuh0
txhqf|/ glvsod|lqj odujh/ vsuhdg uhjlrqv ri orz PYF +qhdu
3,/ lqglfdwlqj jrrg hqwudlqphqw dqg pl{lqj1 Wklv uhvxow ri
h�hfwlyh pl{lqj zlwk orz iuhtxhqf| iruflqj lv lq gluhfw frq0
wudvw wr prvw sulru h{shulphqwdo �qglqjv wkdw sursrvh wkh
xvh ri uhodwlyho| kljk iuhtxhqf| h{flwdwlrq dlphg dw pdqls0
xodwlqj wkh vkhdu od|hu vwuxfwxuhv dorqh1 Krzhyhu/ lw djuhhv
zlwk wkh frqfoxvlrqv ri wkh suhylrxvo| ghvfulehg yruwh{0
lq0d0fruqhu vwxg|1 Wkhvh uhvxowv duh qrz ehlqj ydolgdwhg
zlwk Gluhfw Qxphulfdo Vlpxodwlrqv dv zhoo dv h{shulphqwv/
zkhuh vhyhudo xqvwhdg| iruflqj frqfhswv zloo eh h{soruhg1
Ehlqj frpsxwdwlrqdoo| lqh{shqvlyh +e| rughuv ri pdjql0
wxgh frpsduhg wr gluhfw qxphulfdo vlpxodwlrqv,/ vxfk orz
rughu prghov duh yhu| ydoxdeoh iru sdudphwulf dqg frqwuro
dqdo|vhv1

LY1 Uhgxfhg0rughu prgholqj dqg dfwlyh frqwuro

ri iorz vhsdudwlrq

D uhgxfhg0edvlv prgho zdv ghyhorshg +^9`, wr suhglfw
suhvvxuh uhfryhu| hqkdqfhphqw lq d sodqdu gl�xvhu iru df0
wlyh vhsdudwlrq frqwuro1 D srlqw yruwh{ vlpxodwlrq zdv xvhg
wr prgho wkh txdvl0wzr glphqvlrqdo  rz1 Wkh h�hfwv ri wkh
h{sdqvlrq dqjoh dqg wkh dfwxdwlrq sdudphwhuv rq wkh hyr0
oxwlrq ri wkh frkhuhqw vwuxfwxuh g|qdplfv/ dyhudjhg  rz
fkdudfwhulvwlfv dqg suhvvxuh uhfryhu| zhuh h{soruhg1 Wkhvh
duh uhsruwhg lq ghwdlo lq ^9`1 Oderudwru| h{shulphqwv frq0
gxfwhg lq d sodqdu gl�xvhu zlwk d wxuexohqw erxqgdu| od|hu

    2 θ

r e f e r e n ce s t a ti on
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Ilj1 :1 H{shulphqwdo idflolw| vfkhpdwlf1
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Ilj1 ;1 Suhvvxuh uhfryhu| frh!flhqw +�R, dw wkh gl�xvhu h{lw sodqh
iru wkh irufhg vhsdudwhg  rz/ vkrzlqj vhqvlwlylw| ri shuirupdqfh
wr iuhtxhqf|1

dw orz Pdfk qxpehu dqg dw kljk Uh|qrogv qxpehu zhuh
xvhg wr ydolgdwh wkh prgho1
Wkh h{shulphqwv zhuh shuiruphg lq d wzr0glphqvlrqdo

dlu idflolw| dw XWUF1 D idflolw| vfkhpdwlf/ glvsod|lqj wkh
yhorflw| sureh dqg vwdwlf suhvvxuh wds orfdwlrqv/ lv vkrzq lq
Ilj1 :1 Wkh  rz zdv rshudwhg lq wkh udqjh 63333 ? Uhz ?
473333/ zlwk lqfrplqj ixoo| ghyhorshg wxuexohqw erxqgdu|
od|huv1
Zdoo prxqwhg vwdwlf suhvvxuh wdsv zhuh xvhg iru wlph0

dyhudjhg dqg xqvwhdg| suhvvxuh uhrfryhu| phdvxuhphqwv1
Wkh suhvvxuh uhfryhu| frh!flhqw Fs zdv frpsxwhg dv
�s@+3=8�X5,/ zkhuh �s lv wkh vwdwlf suhvvxuh gl�huhqfh
ehwzhhq wkh uhihuhqfh vwdwlf suhvvxuh wds dqg wkdw dw dq|
jlyhq grzqvwuhdp wds/ dqg X lv wkh lqohw fruh yhorflw|1
Dfrxvwlf iruflqj zdv xvhg iru h{flwdwlrq/ frpsulvlqj d er{
zlwk d zdoo0prxqwhg vshdnhu dqg d wklq vorw/ surylglqj hi0
ihfwlyh iruflqj1
Rshq0orrs frqwuro h{shulphqwv zhuh xvhg wr ghwhuplqh

wkh uhvsrqvh ri wkh suhvvxuh uhfryhu| wr ydulrxv iruflqj
iuhtxhqf| edqgv1 Hylghqfh iru wkh irupdwlrq ri yruwlfdo
vwuxfwxuhv dqg wkhlu lqwhudfwlrqv zdv irxqg xvlqj vprnh0
ylvxdol}dwlrq dqg xqvwhdg| yhorflw| phdvxuhphqwv1 Wkh
Fs lpsuryhphqwv duh irxqg wr ghshqg vhqvlwlyho| rq wkh
iruflqj iuhtxhqf| +Ilj1 ;,> wkh gl�xvhu lqfoxghg dqjoh zdv
dssur{lpdwho| 56�1
D wzr0glphqvlrqdo yruwh{ phwkrg zdv xvhg wr vlpxodwh

wkh yruwh{ g|qdplfv ri wkh vhsdudwhg  rz1 Wkh gl�xvhu zdv
prghohg dv d fkdqqho zlwk dq dv|pphwulf glyhujlqj vhf0
wlrq1 D uhsuhvhqwdwlyh  rz �hog iurp d irufhg yruwh{ vlpx0
odwlrq lv vkrzq lq Ilj1 < glvsod|lqj frkhuhqw yruwh{ irupd0
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Ilj1 <1 Yruwh{ irupdwlrq ri d gl�xvhu  rz irufhg zlwk d Vwurxkdo

iuhtxhqf| ri 7| ' f��1

Ilj1 431 Suhvvxuh uhfryhu| frh!flhqw dv d ixqfwlrq ri iruflqj iuh0

txhqf| lq wkh udqjh 7| 	 �1

wlrq1 Iruflqj zdv lpsrvhg voljkwo| xsvwuhdp ri wkh gl�xvhu
h{sdqvlrq fruqhu dw d prghvw h{flwdwlrq dpsolwxgh qhdu
Vw @ 3=61 Wkh flufxodwlrq ri wkhvh yruwlfhv lv ghwhuplqhg lq
djuhhphqw zlwk wkh Nxwwd frqglwlrq dw wkh h{sdqvlrq fru0
qhu1 Wkh yruwh{ hyroxwlrq fdq eh frpsxwhg lq wkh sk|vlfdo
grpdlq zlwk wkh Elrw0Vdyduw odz dqg d sdqho phwkrg iru
wkh qr0shqhwudwlrq frqglwlrq dw wkh gl�xvhu zdoo1 Wkh gli0
ixvhu grpdlq lv pdsshg rq d kdoi0sodqh xvlqj d frqirupdo
wudqvirupdwlrq/ ghulyhg iurp wkh Vfkzdu}0Fkulvwr�ho iru0
pxod1 Wkh hyroxwlrq ri wkh yruwlfhv lv vlpxodwhg lq wkh
kdoi0sodqh> wkhvh ghwdlov duh glvfxvvhg ixuwkhu lq ^9`1

Wkh wzr0glphqvlrqdo yruwh{ prgho vxffhvvixoo| uhsur0
gxfhg wkh grplqdqw ihdwxuhv ri wkh irufhg vhsdudwhg  rz1
H{shulphqwdoo| revhuyhg  rz uhvsrqvh wr dfwxdwlrq lqyroy0
lqj wkh irupdwlrq ri frkhuhqw yruwlfhv lv txdolwdwlyho| zhoo
uhsuhvhqwhg1 Wklv uhgxfhg0rughu prgho vhhpv wr fdswxuh
wkh vkhdu od|hu g|qdplfv/ wkh rujdql}lqj h�hfw ri h{whu0
qdo +xqvwhdg|, iruflqj rq wkh odujh0vfdoh yruwh{ g|qdplfv
dqg wkh zdoo h�hfwv vxusulvlqjo| zhoo1 Frqvhtxhqwo|/ shu0
irupdqfh hqkdqfhphqw gxh wr xqvwhdg| iruflqj +qdpho|/
vhqvlwlylw| ri wkh gl�xvhu suhvvxuh uhfryhu| wr wkh iruflqj
iuhtxhqf|, lv dovr fdswxuhg zhoo e| wkh prgho1 Iljxuh 43
glvsod|v wkh suhvvxuh uhfryhu| hqkdqfhphqw dv d uhvxow ri
iruflqj lq ydulrxv iuhtxhqf| edqgv/ glvsod|lqj wkh suhihu0
hqwldo hqkdqfhphqw qhdu Vw @ 3=48/ dv dovr qrwhg lq wkh
h{shulphqwv1

Y1 Frqfoxvlrqv

Zh kdyh uhylhzhg vhyhudo dssurdfkhv wr prgho0edvhg
frqwuro ri vkhdu  rzv1 Xqltxh dssolfdwlrqv ri orz rughu
prgholqj iru frqwuro zdv ghprqvwudwhg lq wkuhh fdvh vwxg0
lhv hqfrpsdvvlqj pl{lqj dqg kljk0vshhg  rz frqwuro ds0
solfdwlrqv1 Zkloh qxphulfdo dqg h{shulphqwdo h�ruwv kdyh
surgxfhg lqwhuhvwlqj uhvxowv/ vxfk dv h{flwdwlrq ri frkhuhqw
vwuxfwxuhv xqghu xqvwhdg| iruflqj/ wkh ghvfulswlrq ri wkhvh
iurp d frqwuro wkhru| ru orz rughu prgholqj shuvshfwlyh
uhsuhvhqwv d elj jds dqg fkdoohqjh1 Sduwlfxoduo|/ wkh odfn
ri uhgxfhg0rughu prghov suhyhqwv wkh dssolfdwlrq ri vhyhudo
dqdo|wlfdo whfkqltxhv ghyhorshg lq frqwuro wkhru| ri olqhdu
dqg qrqolqhdu v|vwhpv1 Vlqfh wkh xvh ri kljk0�gholw| qx0
phulfdo vlpxodwlrqv iru frqwuro dqdo|vhv frqwlqxhv wr eh d
surklelwlyho| h{shqvlyh wrro/ d srwhqwldoo| iuxlwixo dssurdfk
lv wkh xvh ri orz rughu prghov +h1j1 �frduvh� yruwh{ phwk0
rgv,1 Wkhvh g|qdplfdo v|vwhpv duh w|slfdoo| ri Kdplowr0
qldq qdwxuh zlwk frqwuro lqsxwv dqg duh wkxv dphqdeoh wr
frqwuro0wkhruhwlf dqdo|vlv1 Wkh ghvluhg shuirupdqfh riwhq
uhtxluhv jrrg pl{lqj1 Phdvxuhv ri pl{lqj duh sureohp0
ghshqghqw1 Nroprjrury0Vlqdl hqwurs| lv d xvhixo phdvxuh
iru forvhg  rzv/ wkh pl{lqj yduldqfh frh!flhqw iru rshq
 rzv/ dqg  x{ wkurxjk glvwlqjxlvkhg vxuidfhv iru  rzv lq
zklfk wudqvsruw ehwzhhq  rz uhjlrqv lv lpsruwdqw1 Zh
vkrxog qrwh krzhyhu wkdw frvw ixqfwlrqv lqyroylqj pl{lqj
phdvxuhv vxfk dv Nroprjrury0Vlqdl hqwurs| fdq eh txlwh
frpsolfdwhg1 Li rswlpdo frqwuro lv wkh jrdo/ rshq orrs rswl0
pl}dwlrq zlwk vwdelol}dwlrq ri wkh ghvluhg wudmhfwru| ri wkh
v|vwhp pljkw eh wkh ehvw dssurdfk1 Iorz sk|vlfv0edvhg
frqfhswxdo/ skhqrphqrorjlfdo prghov zloo eh hvvhqwldo iru
irupxodwlqj wkh uhgxfhg0rughu prghov +h1j1 wkh mhw lq furvv0
 rz dqg  rz vhsdudwlrq sureohpv suhvhqwhg khuh,1

Lq  rz frqwuro sureohpv/ *vpdoo lqsxw frqwuro* lv riwhq
ghvluhg zkhuh h{shqglwxuh ri hqhuj| rq frqwuro lv pxfk
vpdoohu wkdq wkh wrwdo hqhuj| dydlodeoh lq wkh  rz1 Lq wklv
frqwh{w/ xvh ri lqwhuqdo g|qdplfv lv fulwlfdo1 Fkdrwlf lqwhu0
qdo g|qdplfv pljkw eh ri juhdw xvh lq vxfk vlwxdwlrqv1 Wkh
xvh ri fkdrv frqwuro lq rshq vkhdu  rzv lv d uhodwlyho| uhfhqw
ghyhorsphqw ^55`/ zkhuh wkh xvh ri orz rughu xqvwhdg|  rz
prghov fdq eh ehqh�fldo1 Fkdudfwhul}dwlrq ri wkh lqwhuqdo
g|qdplfv lq whupv dssursuldwh iru frqwuro fdq eh grqh lq
wkh frqwh{w ri hujrglf wkhru| ^4<`1

Uhihuhqfhv

^4` R1 P1 Ddpr/ P1 Nuvwlf/ dqg W1 U1 Ehzoh|1 Ioxlg pl{lqj e|
ihhgedfn lq Srlvhxlooh  rz1 Vxeplwwhg wr DFF 5334/ 4<<<1

^5` K1 Duhi1 Vwluulqj e| fkdrwlf dgyhfwlrq1 Mrxuqdo ri Ioxlg Ph0
fkdqlfv/ 476=4�54/ 4<;71

^6` J1 Ehunrr}/ S1 Krophv/ dqg M1O1 Oxpoh|1 Wkh surshu ruwkrjrqdo
ghfrpsrvlwlrq lq wkh dqdo|vlv ri wxuexohqw  rzv1 Dqq1 Uhy1 Ioxlg
Phfk1/ 58=86<�8:8/ 4<<61

^7` W1 U1 Ehzoh|/ S1 Prlq/ dqg U1Whpdp1 Rswlpdo dqg urexvw
dssurdfkhv iru olqhdu dqg qrqolqhdu uhjxodwlrq sureohpv lq  xlg
phfkdqlfv1 DLDD sdshu Qr <:04;:5/ 4<<:1

^8` K1 Fkrl/ S1 Prlq/ dqg M1 Nlp1 Dfwlyh wxuexohqfh frqwuro iru gudj
uhgxfwlrq lq zdoo0erxqghg  rzv1 Mrxuqdo ri Ioxlg Phfkdqlfv/
595=:8�443/ 4<<71

^9` E1G1 Froohu/ E1U1 Qrdfn/ V1 Qdud|dqdq/ D1 Edqdv}xn/ dqg D1L1
Nkleqln1 Uhgxfhg0edvlv prgho iru dfwlyh vhsdudwlrq frqwuro lq d
sodqdu gl�xvhu1 Lq Surfhhglqjv ri DLDD IOXLGV 5333 ) H{klelw
sdshu qr1 DLDD 533305895/ 53331

^:` O1 Fruwhoh}}l1 Qrqolqhdu ihhgedfn frqwuro ri wkh zdnh sdvw d sodwh



:

zlwk d vxfwlrq srlqw rq wkh grzqvwuhdp zdoo1 M1 Ioxlg Phfk1/
65:=636�657/ 4<<91

^;` O1 Fruwhoh}}l/ \10F1 Fkhq/ dqg K10O1 Fkdqj1 Qrqolqhdu ihhgedfn
frqwuro ri wkh zdnh sdvw d sodwh= iurp d orz0rughu prgho wr d
kljk0rughu prgho1 Sk|v1 Ioxlgv/ <=533<�5355/ 4<<:1

^<` O1 Fruwhoh}}l/ N1 K1 Ohh/ M1 Nlp/ dqg M1 O1 Vsh|hu1 Vnlq0iulfwlrq
gudj uhgxfwlrq yld urexvw uhgxfhg0rughu olqhdu ihhgedfn frq0
wuro1 Lqwhuqdwlrqdo Mrxuqdo ri Frpsxwdwlrqdo Ioxlg Phfkdqlfv/
44=:<�/ 4<<;1

^43` G1 G*Dohvvdqgur/ P1 Gdkohk/ dqg L1 Ph}l�f1 Frqwuro ri pl{lqj lq
 xlg  rz= D pd{lpxp hqwurs| dssurdfk1 LHHH Wudqvdfwlrqv
rq Dxwrpdwlf Frqwuro/ 77=4;85�4;96/ 4<<<1

^44` P1 Iolhv/ M1 Ohylqh/ S1 Pduwlq/ dqg S1 Urxfkrq1 Rq gl�huhqwldoo|
 dw qrqolqhdu0v|vwhpv1 648=94<�957/ 4<<51

^45` Z1 U1 Judkdp/ M1 Shudluh/ dqg N1 \1 \dqj1 Rswlpdo frqwuro ri
yruwh{ vkhgglqj xvlqj orz0rughu prghov> Sduwv L dqg LL1 Lqwhuqd0
wlrqdo mrxuqdo iru qxphulfdo phwkrgv lq hqjlqhhulqj/ 77=<78�<<3/
4<<<1

^46` J1 Khuqdqgh}/ W1 Vfkrqihog/ I1 Qlfrxg/ dqg Q1 Pdqjldydffkl1
Qxphulfdo dfwlyh frqwuro ri wzr0glphqvlrqdo erxqgdu| od|hu vhs0
dudwlrq1 Lq DLDD�<9�54751 4vw DLDD Wkhruhwlfdo Ioxlg Ph0
fkdqlfv Phhwlqj/ Mxqh 4:�53 2Qhz Ruohdqv/ OD/ 4<<91

^47` W1 Mrkq/ V1 Qdud|dqdq/ D1 Edqdv}xn/ dqg V1 Jkrvk1 Uhgxfhg0
rughu prgho iru pl{lqj lq d mhw lq furvv0 rz1 Lq Exoohwlq ri wkh
Dphulfdq Sk|vlfdo Vrflhw|/ 86ug Dqqxdo Phhwlqj ri wkh Glylvlrq
ri Ioxlg G|qdplfv/ 53331

^48` S1 Nrxprxwvdnrv1 Yruwlflw|  x{ frqwuro iru d wxuexohqw fkdqqho
 rz1 Sk|vlfv ri Ioxlgv/ 44=57;�583/ 4<<<1

^49` S1 G1 Nrxprxwvdnrv dqg J10K1 Frwwhw1 Yruwh{ Phwkrgv= Wkhru|
dqg Dssolfdwlrqv1 Fdpeulgjh Xqlyhuvlw| Suhvv/ 53331

^4:` M1H1 Pduwlq dqg H1 Phlexuj1 Qxphulfdo lqyhvwljdwlrq ri wkuhh0
glphqvlrqdoo| hyroylqj mhwv vxemhfw wr d{lv|pphwulf dqg d}0
lpxwkdo shuwxuedwlrqv1 Mrxuqdo ri Ioxlg Phfkdqlfv/ 563=5:4/
4<<41

^4;` F1 Phqhydx dqg M1 Ndw}1 Vfdoh0lqyduldqfh dqg wxuexohqfh prghov
iru odujh0hgg| vlpxodwlrq1 Dqqxdo Uhylhz ri Ioxlg Phfkdqlfv/
65=4�65/ 53331

^4<` L1 Ph}l�f1 Frqwuroodelolw| ri jurxs wudqvodwlrqv1 Vxeplwwhg wr
DFF 53341

^53` S1 Prlq dqg N1 Pdkhvk1 Gluhfw qxphulfdo vlpxodwlrq= D wrro lq
wxuexohqfh uhvhdufk1 Dqqxdo Uhylhz ri Ioxlg Phfkdqlfv/ 63=86<�
8:;/ 4<<;1

^54` P1Yroshuw/ F1 Phlqkduw/ L1 Ph}l�f/ dqg P1 Gdkohk1 Prgholqj dqg
dqdo|vlv ri pl{lqj lq dq dfwlyho| frqwuroohg plfurpl{hu1 Vxeplw0
whg wr wkh Mrxuqdo ri PHPV/ 53331

^55` V1 Qdud|dqdq dqg I1 Kxvvdlq1 Fkdrv frqwuro lq rshq  rzv= h{0
shulphqwv lq d flufxodu mhw1 Lq Surfhhglqjv ri 7wk DLDD Vkhdu
Iorz Frqwuro Frqihuhqfh sdshu qr1 DLDD 4<<:04;55/ 4<<:1

^56` K1 Qlmphlmhu dqg D1M1 ydq ghu Vfkdiw1 Qrqolqhdu G|qdplfdo
Frqwuro V|vwhpv1 Vsulqjhu�Yhuodj/ Qhz \run/ 4<<31

^57` E1 Qlvkul dqg L1 Z|jqdqvnl1 H�hfwv ri shulrglf h{flwdwlrq rq
wxuexohqw  rz vhsdudwlrq iurp d  ds1 DLDD Mrxuqdo/ 69+7,=87:�
889/ 4<<;1

^58` E1 U1 Qrdfn/ D1 Edqdv}xn/ dqg L1 Ph}l�f1 Frqwuroolqj yruwh{
prwlrq dqg fkdrwlf dgyhfwlrq1 Suhsulqw/ 53331

^59` M1P1 Rwwlqr1 Wkh Nlqhpdwlfv ri Pl{lqj= Vwuhwfklqj/ Fkdrv dqg
Wudqvsruw1 Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh/ 4<;<1

^5:` Y1 Urp0Nhgdu/ D1 Ohrqdug/ dqg V1 Zljjlqv1 Dq dqdo|wlfdo vwxg|
ri wudqvsruw/ pl{lqj dqg fkdrv lq xqvwhdg| yruwlfdo  rz1 M1 Ioxlg
Phfk1/ 547=67:�6<7/ 4<<31

^5;` P1 Vfkrehu dqg K0K1 Ihuqkro}1 Wxuexohqfh frqwuro lq zdoo mhwv1
Hxurshdq Mrxuqdo ri Phfkdqlfv E0Ioxlgv/ 4<=836�85;/ 53331

^5<` F1 J1 Vsh}ldoh1 Wxuexohqfh prgholqj iru wlph0ghshqghqw UDQV
dqg YOHV= D uhylhz1 DLDD Mrxuqdo/ 69=4:6�4;7/ 4<<;1

^63` L1 Z|jqdqvnl dqg D1 Vhlihuw1 Wkh frqwuro ri vhsdudwlrq e| sh0
ulrglf rvfloodwlrqv1 Lq 4;wk DLDD Dhurvsdfh Jurxqg Whvwlqj
Frqihuhqfh/ 4<<71


