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Lq uhfhqw |hduv wkhuh kdv ehhq frqvlghudeoh frqwuryhuv| ryhu wkh dssursuldwh
prqhwdu| srolf| lq wkh diwhupdwk ri d �qdqfldo fulvlv1 Vrph dujxh wkdw lqwhuhvw
udwhv vkrxog eh udlvhg wr ghihqg wkh fxuuhqf| dqg kdow wkh �ljkw ri fdslwdo1 Rwk0
huv dujxh wkdw lqwhuhvw udwh uhgxfwlrqv duh fdoohg iru1 Wkh| qrwh wkdw d frxqwu|
wkdw kdv mxvw h{shulhqfhg d �qdqfldo fulvlv lv w|slfdoo| volglqj lqwr d vwhhs uhfhv0
vlrq1 Wkh| dsshdo wr wkh zlghvsuhdg ylhz wkdw lq ghyhorshg hfrqrplhv olnh wkh
XV/ fhqwudo edqnv w|slfdoo| uhvsrqg wr vlwxdwlrqv olnh wklv e| uhgxflqj lqwhuhvw
udwhv1 Wkhvh dxwkruv xujh wkh vdph phglflqh iru hphujlqj pdunhw hfrqrplhv lq
wkh zdnh ri d �qdqfldo fulvlv1 Wkh| dujxh wkdw wr udlvh lqwhuhvw udwhv dw vxfk
d wlph lv d plvwdnh/ dqg lv olnho| wr pdnh d edg vlwxdwlrq hyhq zruvh1 Rqh
h{srvlwru ri wklv ylhz/ Sdxo Nuxjpdq +4<<</ ss14360438,/ sxwv lw wklv zd|=

_Exw zkhq �qdqfldo glvdvwhu vwuxfn Dvld/ wkh srolflhv wkrvh frxqwulhv iroorzhg
lq uhvsrqvh zhuh doprvw h{dfwo| wkh uhyhuvh ri zkdw wkh Xqlwhg Vwdwhv grhv
lq wkh idfh ri d voxps1 Ilvfdo dxvwhulw| zdv wkh rughu ri wkh gd|> lqwhuhvw
udwhv zhuh lqfuhdvhg/ riwhq wr sxqlwlyh ohyhov1111Zk| glg wkhvh h{wuhpho|
fohyhu phq dgyrfdwh srolflhv iru hphujlqj pdunhw hfrqrplhv wkdw zrxog
kdyh ehhq uhjdughg dv frpsohwho| shuyhuvh li dssolhg dw krphB%

Zh ghvfuleh d iudphzrun wkdw doorzv xv wr duwlfxodwh wkh wzr ylhzv mxvw
ghvfulehg1 Lq grlqj wklv/ zh krsh wr vkhg oljkw rq wkh frqwuryhuv|1 Wkh iudph0
zrun kdv wzr ixqgdphqwdo exloglqj eorfnv1 Iluvw/ zh dvvxph wkdw wr fduu| rxw
surgxfwlrq/ �upv uhtxluh grphvwlf zrunlqj fdslwdo wr kluh oderu dqg lqwhuqd0
wlrqdo zrunlqj fdslwdo wr sxufkdvh dq lpsruwhg lqwhuphgldwh lqsxw1 Vhfrqg/ zh
dgrsw wkh dvvhw pdunhw iulfwlrqv irupdol}hg lq wkh olplwhg sduwlflsdwlrq prgho
dv dqdo|}hg lq Oxfdv +4<<3,/ Ixhuvw +4<<4, dqg Fkulvwldqr dqg Hlfkhqedxp
+4<<5/ 4<<8,1 Wkh olplwhg sduwlflsdwlrq dvvxpswlrq kdv wkh frqvhtxhqfh wkdw
dq h{sdqvlrqdu| prqhwdu| dfwlrq pdnhv wkh grphvwlf edqnlqj v|vwhp uhodwlyho|
oltxlg dqg lqgxfhv �upv wr kluh pruh oderu1 Wr wkh h{whqw wkdw wkh lpsruwhg
lqwhuphgldwh lqsxw frpsohphqwv oderu/ wkh lqwhuhvw udwh gurs ohdgv wr wkh lq0
fuhdvhg xvh ri wklv idfwru wrr1 Wklv lv lq wkh vslulw ri wkh wudglwlrqdo oltxlglw|
fkdqqho hpskdvl}hg lq wkh forvhg hfrqrp| olwhudwxuh/ zklfk vwuhvvhv wkh srvlwlyh
h�hfwv ri dq lqwhuhvw udwh fxw rq rxwsxw1

Lq rxu rshq hfrqrp|/ dq lqwhuhvw udwh fxw dovr ohdgv wr d uhdo h{fkdqjh
udwh ghsuhfldwlrq1 Xqghu qrupdo frqglwlrqv/ wklv grhv qrw plwljdwh wkh srvlwlyh
rxwsxw h�hfwv dvvrfldwhg zlwk wkh wudglwlrqdo oltxlglw| fkdqqho1 Krzhyhu/ gxulqj
d fulvlv wkh uhdo h{fkdqjh udwh ghsuhfldwlrq pd| pd| ohdg wr yhu| gl�huhqw h�hfwv
lq rxu prgho1

Zh prgho d fulvlv dv d wlph zkhq lqwhuqdwlrqdo ordqv pxvw eh froodwhudol}hg
e| sk|vlfdo dvvhwv vxfk dv odqg dqg fdslwdo/ dqg wkdw wklv uhvwulfwlrq lv elqglqj1
Zh vxssrvh wkdw xqghu qrupdo frqglwlrqv/ froodwhudo frqvwudlqwv hlwkhu gr qrw
h{lvw ru duh qrw elqglqj1 Wklv fdq rffxu ehfdxvh rxwsxw lq dgglwlrq wr odqg dqg
fdslwdo lv dffhswdeoh dv froodwhudo lq vxfk wlphv ru ehfdxvh wkh jryhuqphqw sxwv
xs lwv dvvhwv dqg lwv wd{ edvh dv froodwhudo lq wkh irup ri lpsolflw ru h{solflw
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ordq jxdudqwhhv1 Zh vkrz wkdw wkh prqhwdu| wudqvplvvlrq phfkdqlvp fdq eh
yhu| gl�huhqw gxulqj d fulvlv1 Lq sduwlfxodu/ zh vkrz wkdw wkh uhdo ghsuhfldwlrq
jhqhudwhg e| dq h{sdqvlrqdu| prqhwdu| dfwlrq fdq wljkwhq wkh froodwhudo frq0
vwudlqwv/ iruflqj d fxwedfn lq lpsruwv ri wkh lqwhuphgldwh lqsxwv1 Zh vkrz wkdw
wklv h�hfw pd| ryhuzkhop wkh wudglwlrqdo oltxlglw| fkdqqho/ dqg fdxvh dq h{sdq0
vlrqdu| prqhwdu| srolf| dfwlrq wr surgxfh d idoo lq rxwsxw dqg hpsor|phqw1 Lq
dgglwlrq/ wkh wljkwhqlqj ri wkh froodwhudo frqvwudlqw sodfhv d suhplxp rq sd|lqj
r� lqwhuqdwlrqdo ghew1 Wklv lq wxuq pd| ohdg wr d ixuwkhu uhdo h{fkdqjh udwh
ghsuhfldwlrq/ uhlqiruflqj wkh frqwudfwlrqdu| h�hfwv ri wkh lqwhuhvw udwh fxw1

Wklv vkdus gl�huhqfh ehwzhhq wkh hfrqrplf h�hfwv ri dq h{sdqvlrqdu| prq0
hwdu| dfwlrq lq qrupdo dqg fulvlv wlphv grhv qrw rffxu lq doo vshfl�fdwlrqv ri
rxu prgho1 Rqh ri rxu remhfwlyhv lv wr foduli| wkh frqglwlrqv xqghu zklfk vkdus
gl�huhqfhv h{lvw1 Zh �qg wkdw vhyhudo frqglwlrqv duh qhfhvvdu|1 Iluvw/ wkh df0
wlrq pxvw dfw dv d uhodwlyh vwlpxoxv wr wkh qrq0wudghg jrrg vhfwru1 Wklv lv zkdw
fdxvhv wkh h{sdqvlrq wr ohdg wr d uhdo ghsuhfldwlrq1 Lq rxu prgho wklv fdq kds0
shq li oderu lv xvhg uhodwlyho| khdylo| lq wkh qrqwudghg jrrg vhfwru/ dqg oderu lv
vwlpxodwhg e| d grphvwlf lqwhuhvw udwh fxw1 Vhfrqg/ wkh uhgxfwlrq lq wkh ydoxh
ri lqwhuqdwlrqdo froodwhudo dvvrfldwhg zlwk wkh uhdo h{fkdqjh udwh ghsuhfldwlrq
surgxfhv d uhgxfwlrq lq wkh rxwsxw ri wkh wudghg jrrg vhfwru li lpsruwhg jrrgv
duh uhodwlyho| lpsruwdqw lq wkdw vhfwru dqg vxevwlwxwdelolw| zlwk rwkhu idfwruv lv
olplwhg1 Wklug/ li wkh rxwsxw ri wkh wudghg jrrg vhfwru kdv olplwhg vxevwlwxwdelo0
lw| lq surgxfwlrq ru frqvxpswlrq zlwk wkdw ri wkh qrqwudghg jrrg vhfwru/ wkh
uhgxfhg rxwsxw lq wkh wudghg jrrg vhfwru fdq dfwxdoo| surgxfh d idoo lq hpsor|0
phqw lq wkh qrq0wudghg vhfwru1 Lq h�hfw/ zlwk olplwhg vxevwlwxwdelolw| wkh uhdo
h{fkdqjh udwh ghsuhfldwlrq surgxfhg e| wkh h{sdqvlrqdu| prqhwdu| dfwlrq h{0
huwv d qhjdwlyh lpsdfw rq oderu ghpdqg zklfk ryhuzkhophv wkh srvlwlyh h�hfwv
ri wkh lqwhuhvw udwh uhgxfwlrq1

Dv qrwhg deryh/ rxu sulpdu| remhfwlyh lq wklv sdshu lv wr suhvhqw d iudphzrun
wr hydoxdwh wkh lpsdfw rq wkh prqhwdu| wudqvplvvlrq phfkdqlvp ri d �qdqfldo
fulvlv1 Vwloo/ zh vxvshfw wkdw wkh frqglwlrqv mxvw ghvfulehg iru dq lqwhuhvw udwh fxw
wr kdyh d shuyhuvh qhjdwlyh lpsdfw rq rxwsxw gxulqj d fulvlv duh qrw lpsodxvleoh1
Lq ixwxuh zrun/ zh sodq wr xqghuwdnh dq hpslulfdo dqdo|vlv wr hydoxdwh wklv
frqmhfwxuh1 D fhqwudo lvvxh frqfhuqv wkh sodxvlelolw| ri rxu zd| ri prgholqj d
fulvlv/ dv d wlph zkhq lqwhuqdwlrqdo froodwhudo frqvwudlqwv duh vhyhuho| wljkwhqhg1
Wr khos prwlydwh rxu dqdo|vlv/ zh suhvhqw d suholplqdu| glvfxvvlrq ri wklv lvvxh
lq wkh �uvw vhfwlrq1 D pruh wkrurxjk dqdo|vlv lv eh|rqg wkh vfrsh ri wklv sdshu1

Wkh rujdql}dwlrq ri wkh sdshu lv dv iroorzv1 Lq wkh �uvw vhfwlrq zh glvfxvv wkh
froodwhudo frqvwudlqwv1 Wkh vhfrqg vhfwlrq suhvhqwv d yhuvlrq ri rxu prgho wkdw
lv vx�flhqwo| vlpsoh wkdw dqdo|wlf uhvxowv duh srvvleoh1 Zh ehjlq e| irfxvvlqj
rq wklv prgho wr khos exlog lqwxlwlrq lqwr wkh uhvxowv1 Diwhu wkdw zh suhvhqw d
pruh jhqhudo prgho zklfk fdq rqo| eh dqdo|}hg qxphulfdoo|1 Zh gr wklv wr eh
vxuh wkdw wkh uhvxowv rewdlqhg lq wkh vlpsoh vhwwlqj duh urexvw wr vrph ri wkh
vlpsoli|lqj dvvxpswlrqv pdgh1 Wkh dqdo|vlv lq wkhvh �uvw vhfwlrqv dvvxphv doo
eruurzlqj lv vkruw whup/ dqg wkdw wkhuh lv qr rxwvwdqglqj lqwhuqdwlrqdo ghew1
Wkh �qdo vhfwlrq h{whqgv wkh dqdo|vlv wr dffrprgdwh wkh h{lvwhqfh ri orqjhu whup
lqwhuqdwlrqdo ghew dqg lw vkrzv krz wklv fdq h{dfhuedwh wkh shuyhuvh h�hfwv ri
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d prqhwdu| h{sdqvlrq lq d �qdqfldo fulvlv1

2 ,��_i?Ui L? �L**@|ih@* �L?t|h@�?|t

Wkh dvvxpswlrq wkdw wkh odqg dqg fdslwdo ri wkh �up lv froodwhudo iru lqwhuqd0

wlrqdo ordqv sod|v dq lpsruwdqw uroh lq rxu dqdo|vlv1 Zh kdyh qrw |hw frpslohg

wkh gdwd qhfhvvdu| wr vxevwdqwldwh wklv qrwlrq1 Vwloo/ zh xqghuvwdqg wkdw lw lv

frqwuryhuvldo dqg zlvk wr foduli| wkh qdwxuh ri rxu dvvxpswlrq1

Wr ehjlq/ zh hpskdvl}h rxu dvvxpswlrq wkdw froodwhudo frqvwudlqwv ehfrph

elqglqj diwhu wkh �qdqfldo fulvlv1 Lq rxu dqdo|vlv zh dvvxph wkh| zhuh qrw
elqglqj lq wkh |hduv ohdglqj xs wr wkh fulvlv1 Zh wdnh qr vwdqg rq zk| wklv lv
vr1 Lq sduwlfxodu/ rxu dqdo|vlv lv frqvlvwhqw zlwk wkh zlghvsuhdg lghd wkdw/ sulru
wr wkh fulvlv/ d �up*v froodwhudo zdv wkh zloolqjqhvv ri wkh grphvwlf jryhuqphqw
dqg2ru wkh lqwhuqdwlrqdo frppxqlw| wr uhvruw wr wd{dwlrq wr edlo rxw edg ordqv1
Zkdw zh dvvxph lv wkdw qrz/ lq wkh diwhupdwk ri wkh fulvlv/ �upv pxvw kdyh
froodwhudo wr eruurz iurp wkh lqwhuqdwlrqdo frppxqlw|1

Wkrvh zkr eholhyh wkdw jryhuqphqw edlorxw jxdudqwhhv duh vwloo lq sodfh pd|
hyhq zlvk wr txhvwlrq wkh qrwlrq wkdw froodwhudo frqvwudlqwv duh elqglqj uljkw
qrz1 Zh fdqqrw dw wklv wlph r�hu hylghqfh rq wklv1 Vwloo/ lw lv lpsruwdqw wr
vwuhvv rqh wklqj1 Hyhq li jryhuqphqw edlorxw jxdudqwhhv uhpdlqhg d zlghvsuhdg
skhqrphqrq wrgd|/ lw pljkw vwloo eh wkdw froodwhudo frqvwudlqwv rshudwh lq wkh
zd| hpskdvl}hg lq rxu prgho1 Jryhuqphqwv zklfk xqghuvwdqg wkh ulvn srvhg wr
wkhp ri edlorxw jxdudqwhhv kdyh dq lqfhqwlyh wr vhh wr lw wkdw froodwhudo h{lvwv wr
edfn xs lqwhuqdwlrqdo ordqv pdgh wr grphvwlf �upv1 Jryhuqphqwv plqlpl}h wklv
ulvn e| lqvlvwlqj wkdw lqwhuqdwlrqdo ordqv rqo| jr wr �upv wkdw srvvhvv hqrxjk
dvvhwv wr sd|r� wkh ordq lq wkh hyhqw ri edqnuxswf|1

Wkhvh frqvlghudwlrqv lqglfdwh wkdw wr hydoxdwh wkh sodxvlelolw| ri rxu qrwlrq
wkdw froodwhudo frqvwudlqwv duh elqglqj lq wkh diwhupdwk ri d fulvlv lqyroyhv vxe0
ohwlhv1 Lw lv qrw hqrxjk wr vlpso| orrn dw ordq frqwudfwv wr vhh li ohqghuv uhtxhvwhg
dqg rewdlqhg/ olhqv rq dvvhwv wkdw fdq eh vhl}hg lq wkh hyhqw ri edqnuxswf|1 Iurp
dq hfrqrplf vwdqgsrlqw lw zrxog eh h{dfwo| wkh vdph li wkhuh zhuh qr vxfk sur0
ylvlrq lq ordq frqwudfwv/ dqg lqvwhdg jryhuqphqwv r�huhg edlorxw jxdudqwhhv wr
wkh ohqghu/ zklfk wkh| sodqqhg wr �qdqfh lq wkh hyhqw ri edqnuxswf| e| oltxl0
gdwlqj wkh �up*v dvvhwv1 Vxfk d v|vwhp pljkw hyhq eh h�flhqw/ li orfdo frxuw
v|vwhpv zhuh pruh h�hfwlyh dw surfhvvlqj jryhuqphqw fodlpv wkdq sulydwh fodlpv
djdlqvw edqnuxsw �upv1

Wkhvh frqvlghudwlrqv lqglfdwh wkdw lq rxu hpslulfdo dqdo|vlv wr hydoxdwh wkh
sodxvlelolw| ri froodwhudo frqvwudlqwv/ zh zloo lqyhvwljdwh qrw mxvw zkhwkhu froodw0
hudo lv zulwwhq gluhfwo| lqwr ordq djuhhphqwv1 Zh zloo dovr lqyhvwljdwh zhwkhu
jryhuqphqw dxwkrulwlhv uhylhz ordqv/ zlwk wkh uljkw wr vwrs d ordq lq wkh hyhqw
wkdw wkh odqg dqg fdslwdo rzqhg e| wkh �up lv lqdghtxdwh wr jxdudqwhh wkh ordq1

Zh kdyh grqh vrph suholplqdu| uhvhdufk1 D gdwdedvh rq v|qglfdwhg ordqv
lqglfdwhv wkdw iuhtxhqo|/ froodwhudo vxfk dv odqg/ htxlsphqw dqg exloglqjv duh
zulwwhq lqwr ordq djuhhphqwv1 Lq dgglwlrq/ wkh zrun ri {{{ vkrzv wkdw lq Dvld
lw lv srvvleoh wr uhfryhu froodwhudo lq frxuwv/ zkhq edqnuxswf| rffxuv1 Zh kdyh
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qrw |hw frpslohg hylghqfh rq lqwhuyhqwlrq wkdw pd| h{lvw e| jryhuqphqwv lqwr
ordq djuhhphqwv1

� � 5�4T*i �L_i*

Zh dgrsw d vwdqgdug wudghg jrrg0qrq wudghg jrrg vpdoo rshq hfrqrp| prgho1

Wkh prgho kdv krxvhkrogv/ �upv/ d �qdqfldo lqwhuphgldu|/ dqg d grphvwlf prq0

hwdu| dxwkrulw|1

��� OL�ti�L*_t

Wkhuh lv d uhsuhvhqwdwlyh krxvhkrog/ zklfk ghulyhv xwlolw| iurp frqvxpswlrq ri

wudghg jrrgv/ fW > qrqwudghg jrrgv/ f
Q

> dqg ohlvxuh dv iroorzv=
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O
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l4��

4� �
=

+6,

Khuh/ � lv wkh hodvwlflw| ri vxevwlwxwlrq lq frqvxpswlrq ehwzhhq wudghg dqg
qrq0wudghg jrrgv1

Wkh krxvhkrog ehjlqv wkh shulrg zlwk d vwrfn ri oltxlg dvvhwv/ �Pw= Ri wklv/ lw

ghsrvlwv Gw zlwk wkh �qdqfldo lqwhuphgldu|/ dqg wkh uhvw/ �Pw �Gw> lv doorfdwhg

wr frqvxpswlrq h{shqglwxuhv1 Wkh fdvk frqvwudlqw wkdw wkh krxvhkrog idfhv rq

lwv frqvxpswlrq h{shqglwxuhv lv=

S
W

w

�
f
W

w
. s

Q

w
f
Q

w

�
� S

W

w
zwOw .

�Pw �Gw> +7,

zkhuh SW

w
ghqrwhv wkh grphvwlf fxuuhqf| sulfh ri wudghdeoh jrrgv/ dqg sQ

w
lv

wkh uhodwlyh sulfh ri qrq0wudghdeohv/ l1h1/ wkh lqyhuvh ri wkh uhdo h{fkdqjh udwh1

Ilqdoo|/ zw ghqrwhv wkh zdjh udwh/ ghqrplqdwhg lq xqlwv ri wkh wudghdeoh jrrg1

Wkh krxvhkrog dovr idfhv d �rz exgjhw frqvwudlqw jryhuqlqj wkh hyroxwlrq

ri lwv dvvhwv=

�Pw.4 @ Uw+Gw .[w, . �w .
k
S
W

w
zwOw .

�Pw �Gw � S
W

w

�
f
W

w
. s

Q

w
f
Q

w

�l
= +8,

Khuh/ Uw lv wkh jurvv udwh ri lqwhuhvw/ �w lv sur�wv zklfk ghulyh iurp krxvhkrog*v

rzqhuvkls ri �upv/ dqg [w lv d oltxlglw| lqmhfwlrq iurp wkh prqhwdu| dxwkrulw|1
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Wkh whup rq wkh uljkw ri wkh htxdolw| uh�hfwv wkh krxvhkrog*v vrxufhv ri oltxlg

dvvhwv dw wkh ehjlqqlqj ri shulrg w.4 = lqwhuhvw hduqlqjv rq ghsrvlwv dqg rq wkh

oltxlglw| lqmhfwlrq/ sur�wv dqg dq| fdvk wkdw pd| eh ohiw xqvshqw lq wkh shulrg

w jrrgv pdunhw1

Wkh krxvhkrog pd{lpl}hv +4, vxemhfw wr +7,0+8,/ dqg wkh iroorzlqj wlplqj
frqvwudlqw1 D jlyhq shulrg*v ghsrvlw ghflvlrq lv pdgh ehiruh wkdw shulrg*v olt0
xlglw| lqmhfwlrq lv uhdol}hg/ zkloh doo rwkhu ghflvlrqv duh pdgh diwhuzdug1 Wkh
krxvhkrog Hxohu htxdwlrqv iru frqvxpswlrq dqg oderu duh dv iroorzv=

s
Q
@
4� �

�

�
f
W

f
Q

� 4

�

> z @
#
3
O#

� +y@fW ,
4

�

> +9,

zkhuh y lv wkh ixqfwlrq gh�qhg lq +6,1 Wkh �uvw uh�hfwv wkdw wkh krxvhkrog
htxdwhv wkh pdujlqdo udwh ri vxevwlwxwlrq ehwzhhq wudghg dqg qrq0wudghg jrrgv
wr wkhlu uhodwlyh sulfh1 Wkh vhfrqg h{suhvvlrq htxdwhv wkh uhdo zdjh/ ghqrpl0
qdwhg lq xqlwv ri wkh wudghg jrrg/ wr wkh pdujlqdo udwh ri vxevwlwxwlrq ehwzhhq
ohlvxuh dqg wudghg jrrg frqvxpswlrq1 Wkhvh wzr uhodwlrqvklsv fdq eh frpelqhg
wr |lhog d oderu vxsso| htxdwlrq dv iroorzv=

z @
#
3
O
#

�

�
� . +4� �,

�
4

sQ

4��

�

���4� 4

��4

= +:,

Qrwh wkdw d idoo lq s
Q vkliwv wkh oderu vxsso| fxuyh wr wkh uljkw145Wkh uhdvrq

iru wklv lv wkdw/ iru jlyhq z> rqh krxu ri oderu h�ruw ex|v pruh qrqwudghg jrrgv

wkh orzhu lv sQ = Lq h�hfw/ ohlvxuh ehfrphv pruh h{shqvlyh zkhq s
Q idoov dqg z

lv �{hg1

��2 6�h4t

Wkh uhsuhvhqwdwlyh �up lq wkh hfrqrp| surgxfhv wudghdeoh dqg qrq0wudghdeoh

jrrgv1 Wkh whfkqrorj| iru surgxflqj wkhvh jrrgv lv=

|
W
@ D

�
N
W
��
}
4��

> |
Q
@

�
N
Q
��
O
4��

> +;,

zkhuh |
W ghqrwhv jurvv rxwsxw ri wkh wudghdeoh jrrg/ |Q ghqrwhv jurvv rxwsxw

ri wkh qrq0wudghdeoh/ Nl> l @ Q>W> ghqrwhv wkh vwrfn ri odqg dqg fdslwdo lq
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wkh qrqwudghg dqg wudgh jrrg vhfwruv/ uhvshfwlyho|1 Ilqdoo|/ } lv wkh lpsruwhg

lqwhuphgldwh lqsxw1 Wkh vwrfn ri odqg dqg fdslwdo lv rzqhg e| wkh �up dqg lv

dvvxphg wr eh �{hg lq txdqwlw|1

Wkh �up fkrrvhv O dqg } diwhu wkh fxuuhqw shulrg uhdol}dwlrq ri wkh oltxlglw|

lqmhfwlrq/ vxemhfw wr zrunlqj fdslwdo frqvwudlqwv1 Lq sduwlfxodu/ lw pxvw dftxluh

grphvwlf fxuuhqf| wr kluh O dqg iruhljq fxuuhqf| wr sxufkdvh }= Zh dvvxph

wkdw doo ordqv duh vkruw0whup dqg duh uhsdlg dw wkh hqg ri wkh shulrg1 Wkh

zrunlqj fdslwdo uhtxluhphqw iru oderu lv ZO xqlwv ri wkh grphvwlf fxuuhqf|/

zklfk lv rewdlqhg iurp wkh grphvwlf �qdqfldo lqwhuphgldu|1 Wkh �up uhsd|v

UZO dw wkh hqg ri wkh shulrg1 Khuh/ U lv wkh jurvv qrplqdo udwh ri lqwhuhvw lq

wkh grphvwlf fxuuhqf|/ zklfk wkh �up wdnhv dv h{rjhqrxv1 Wkh zrunlqj fdslwdo

uhtxluhphqw iru wkh lqwhuphgldwh jrrg lv SW�
} xqlwv ri wkh iruhljq fxuuhqf|1

Wkh jurvv qrplqdo udwh ri lqwhuhvw lq wkh iruhljq fxuuhqf| lv U�> zklfk lv dovr

wdnhq dv h{rjhqrxv e| wkh �up1 Wkxv/ lqwhuqdwlrqdo eruurzlqj lq wkh ehjlqqlqj

ri wkh shulrg jhqhudwhv dq reoljdwlrq ri U�SW�
} xqlwv ri wkh iruhljq fxuuhqf| dw

wkh hqg ri wkh shulrg1 Lq rxu dqdo|vlv zh dgrsw wkh frqyhqwlrq ri ydoxlqj jrrgv

lq xqlwv ri wkh wudghg jrrg1 Wkh hqg0ri shulrg iruhljq �qdqfldo reoljdwlrq ri

grphvwlf �upv/ ydoxhg lq xqlwv ri wkh wudghg jrrg/ lv VU�

SW
�

}@SW > zkhuh V lv

wkh qrplqdo h{fkdqjh udwh1 Lpsrvlqj sxufkdvlqj srzhu sdulw|/ wklv uhgxfhv wr

U
�

}=

Wkh �up*v froodwhudo frqvwudlqw rq lqwhuqdwlrqdo eruurzlqj lv=

�
QtQNQ . �W tWNW

� U�

}= +<,

Khuh/ tl> l @ Q>W ghqrwhv wkh ydoxh ri d xqlw ri fdslwdo lq wkh qrqwudghg dqg

wudghg jrrg vhfwruv/ uhvshfwlyho|16 Dovr/ � l ghqrwhv wkh iudfwlrq ri wkhvh vwrfnv

dffhswhg dv froodwhudo e| lqwhuqdwlrqdo fuhglwruv17 Zh gh�qh cd fulvlv* dv d wlph

zkhq wklv frqvwudlqw lv lpsrvhg dqg lv elqglqj1 Zh gh�qh cqrupdo wlphv* dv d

wlph zkhq wkh frqvwudlqw lv qrw lpsrvhg1 Orrvho|/ zh wklqn ri qrupdo wlphv dv d

wlph zkhq sk|vlfdo dvvhwv dqg fdvk �rz vhuyh dv froodwhudo rq eruurzlqj/ zkhuh

wkhvh uhvwulfwlrqv duh qrqelqglqj1 Lq d fulvlv/ lqwhuqdwlrqdo ohqghuv qr orqjhu

dffhsw fdvk �rz/ dqg rqo| dffhsw sk|vlfdo dvvhwv olnh odqg dqg fdslwdo/ ehfdxvh

wkhvh/ dv sudfwlrqhuv sxw lw/ cfdqqrw zdon*1

Wkh irupdo vwdwhphqw/ lq Odjudqjldq irup/ ri wkh �up sureohp lq d fulvlv lv=

pd{
O>}

isQ|Q . |W �zUO�U�

} +43,

.�
�
�
Q tQNQ . �W tWNW

�U�

}

�
j=
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Lq dgglwlrq/ wkhuh duh wkh frpsohphqwdu| vodfnqhvv frqglwlrqv/ � � 3> +<, dqg=

�
�
�
QtQNQ . �W tWNW

�U
�

}
�
@ 3=

Wkh �up Hxohu frqglwlrqv duh=

sQ

U
+4� �,

�
N
Q
��
O
��

@ z +44,

+4� �,D
�
N
W
��

}
��

@ +4 . �,U�

=

Wkh �uvw Hxohu htxdwlrq lv wkh �up*v ghpdqg iru oderu1 Qrwh wkdw lw vkliwv
uljkw zlwk dq lqfuhdvh lq S

Q dqg zlwk d ghfuhdvh lq U= Wkh odwwhu uh�hfwv wkdw/

iru d jlyhq z> d orzhu U uhsuhvhqwv d orzhu pdujlqdo frvw ri hpsor|lqj oderu1

Wkh Hxohu htxdwlrq iru } lqglfdwhv wkdw zkhq � A 3> wkh pdujlqdo frvw ri wkh

lqwhuphgldwh jrrg h{fhhgv wkh gluhfw sxufkdvh dqg �qdqflqj sulfh1 Wkh Hxohu

htxdwlrqv lq qrupdo wlphv lv mxvw wkh suhylrxv h{suhvvlrq zlwkrxw �=

Wkh sulfhv/ tQ dqg tW duh zkdw d �up zrxog sd| iru rqh xqlw ri wkh fdslwdo

jrrg lq wkh qrqwudwhg dqg wudghg jrrg vhfwruv/ uhvshfwlyho|1 Zh dgrsw wkh
iroorzlqj irupxodv iru wkhvh=

tl @PS l

N
. �tl . i l> l @ Q>W> +45,

zkhuh PS l

N
lv wkh pdujlqdo surgxfw ri fdslwdo/ lq xqlwv ri wkh wudghg jrrg/ lq

lqgxvwu| l= Dovr/ i l lv wkh suhvhqw glvfrxqwhg ydoxh ri ixwxuh pdujlqdo surgxf0
wlylwlhv/ dqg � lv wkh pxowlsolhu lq +43,1 Wkhuh lv d ydulhw| ri pruh hoderudwh
vshfl�fdwlrqv ri wkh �up sureohp zklfk zrxog doorz xv wr irupdoo| ghulyh wkh
deryh sulflqj irupxodv1 Zh gr qrw glvsod| wkhvh lq rughu wr frqvhuyh rq qrwd0
wlrq1 Lq wkh irupxod/ PS l

N
. il lv mxvw wkh vwdqgdug suhvhqw glvfrxqwhg ydoxh

ri fxuuhqw dqg ixwxuh pdujlqdo surgxfwlylwlhv1 Wkh whup lqyroylqj � fdswxuhv
wkh idfw wkdw wkh dftxlvlwlrq ri dq dgglwlrqdo xqlw ri sk|vlfdo dvvhwv uhod{hv wkh

lqwhuqdwlrqdo froodwhudo frqvwudlqw/ zkhq � A 3=

��� 6�?@?U�@* W?|ih4i_�@h)

Wkh �qdqfldo lqwhuphgldu| wdnhv grphvwlf fxuuhqf| ghsrvlwv/ G> iurp wkh krxvh0

krog dw wkh ehjlqqlqj ri wkh shulrg1 Lq dgglwlrq/ lw uhfhlyhv wkh oltxlglw| wudqvihu/
[> iurp wkh prqhwdu| dxwkrulw|18 Lw wkhq ohqgv doo lwv grphvwlf ixqgv wr �upv wr
�qdqfh wkhlu hpsor|phqw zrunlqj fdslwdo uhtxluhphqwv1 Wkh vrxufhv dqg xvhv
ri grphvwlf ixqgv iru wkh �qdqfldo lqwhuphgldu| duh=

G .[ @ZO= +46,

Wklv lv wkh grphvwlf prqh| pdunhw fohdulqj frqglwlrq1 Dowkrxjk wkh orjlf ri wkh
prgho grhv qrw uhtxluh lw/ zh duh iuhh wr dvvxph wkdw wkh �qdqfldo lqwhuphgldu|
dovr kdqgohv �upv* lqwhuqdwlrqdo eruurzlqj1

DW? Th@U|�Uic �?�iU|�L?t Lu *�^��_�|) _L ?L| LUU�h �? |�i uLh4 Lu *�4T t�4 |h@?tuihtc @t |�i)
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Wkh prqhwdu| dxwkrulw| lq rxu prgho vlpso| lqmhfwv ixqgv lqwr wkh �qdqfldo

lqwhuphgldu|1 Zh devwudfw iurp rwkhu dvshfwv ri jryhuqphqw �qdqfh1 Wkh dj0

juhjdwh vwrfn ri prqh| hyroyhv dffruglqj wr wkh iroorzlqj htxdwlrq=

Pw.4 @Pw .[w=

Zh frqvlghu d shuihfw iruhvljkw/ vhtxhqfh0ri0pdunhw htxloleulxp frqfhsw1 Lq
sduwlfxodu/ lw lv d vhtxhqfh ri sulfhv dqg txdqwlwlhv kdylqj wkh surshuwlhv= +l,
iru hdfk gdwh/ wkh txdqwlwlhv vroyh wkh krxvhkrog dqg �up sureohpv/ jlyhq wkh
sulfhv/ dqg +ll, wkh oderu/ jrrgv dqg grphvwlf prqh| pdunhwv fohdu1

Fohdulqj lq wkh prqh| pdunhw uhtxluhv wkdw +46, krog dqg wkdw dfwxdo prqh|
edodqfhv/ Pw> htxdo ghvluhg prqh| edodqfhv/ �Pw= Lq dgglwlrq/ jrrgv pdunhw
fohdulqj uhtxluhv=

fQ @ |
Q > fW @ |W �U

�

}= +47,

Wkh wudghg jrrgv vhfwru lpsruwv } dw wkh ehjlqqlqj ri wkh shulrg dqg wkhq dw
wkh hqg ri wkh shulrg lw h{sruwv U�

} dqg vhoov fW wr wkh krxvhkrog vhfwru1
Zh qrwh wkdw dowkrxjk zh prgho y lq +5, dv ehlqj sduw ri wkh xwlolw| ixqfwlrq/

zh fdq htxlydohqwo| lqwhusuhw y dv d surgxfwlrq ixqfwlrq xvhg e| d shuihfwo|
frpshwlyh grphvwlf �qdo jrrgv surgxflqj �up wr surgxfh f xvlqj f

W dqg f
Q dv

lqsxwv1 Zh gr qrw dgrsw wklv lqwhusuhwdwlrq irupdoo|/ lq rughu wr frqvhuyh rq
qrwdwlrq1 Vwloo/ lq glvfxvvlqj vrph ri rxu uhvxowv ehorz/ zh zloo �qg lw xvhixo wr
dgrsw wklv lqwhusuhwdwlrq1

��D �?@*)t�t Lu |�i ,^��*�Mh��4

Zh lpdjlqh wkdw wkh hfrqrp| lv lq d shuihfw iruhvljkw htxloleulxp1 Lq rqh

sduwlfxodu shulrg/ diwhu wkh krxvhkrog kdv pdgh lwv ghsrvlw ghflvlrq/ G> wkh

prqhwdu| dxwkrulw| xqghuwdnhv d rqh0wlph ghyldwlrq iurp wkh h{shfwhg prqh|

sdwk1 Wkh ghyldwlrq kdv qr h�hfw rq ixwxuh doorfdwlrqv ru prqh| jurzwk1

Lw lv d ihdwxuh ri rxu prgho wkdw wkh lpsdfw ri wkh prqhwdu| glvwxuedqfh rq

wkh fxuuhqw doorfdwlrqv lv fkdudfwhul}hg e| d v|vwhp ri vwdwlf htxdwlrqv1 Wklv lv

ehfdxvh wkh rqo| g|qdplf htxdwlrq lq wkh prgho/ wkh krxvhkrog*v lqwhuwhpsrudo

Hxohu htxdwlrq/ kdv qr lpsdfw rq wkh dqdo|vlv/ gxh wr wkh idfw wkdw wkh G

ghflvlrq kdv douhdg| ehhq wdnhq1 Zh uhihu wr wkh fxuuhqw shulrg sulfhv dqg

txdqwlwlhv zklfk vroyh wkh vwdwlf htxdwlrqv dv d cwhpsrudu| htxloleulxp*1 Vlqfh

rqo| fxuuhqw shulrg yduldeohv pdwwhu iru rxu dqdo|vlv/ zh gr qrw xvh wkh wlph

vxevfulsw/ w=

Zh �qg lw frqyhqlhqw wr fkdudfwhul}h wkh srolf| ri wkh prqhwdu| dxwkrulw|

lq wkh whpsrudu| htxloleulxp e| wkh qrplqdo udwh ri lqwhuhvw/ U= Zh frqvlghu

d jlyhq gurs lq wklv yduldeoh dqg dqdo|}h lwv frqvhtxhqfhv lq wklv rughu1 Iluvw/

zh ghwhuplqh wkh lpsdfw rq txdqwlwlhv dqg rq uhodwlyh sulfhv lq wkh whpsrudu|

htxloleulxp1 Wkhq/ zh ghwhuplqh krz pxfk oltxlglw| wkh prqhwdu| dxwkrulw|

pxvw lqmhfw lqwr wkh grphvwlf �qdqfldo pdunhw lq rughu wr eulqj derxw wkh jlyhq

<



idoo lqU= Ilqdoo|/ zh frpsxwh wkh fkdqjh lq wkh qrplqdo h{fkdqjh udwh dvvrfldwhg

zlwk wkh srolf| fkdqjh1

Wr vwxg| wkh uhdo h�hfwv ri d fxw lq U> zh glylgh wkh htxdwlrqv ri wkh uhdo

hfrqrp| lqwr wzr vhwv= wkrvh wkdw fkdudfwhul}h wkh oderu pdunhw/ dqg wkrvh wkdw

fkdudfwhul}h wkh pdunhw iru dvvhwv1

61814 Oderu Pdunhw

Htxdwlqj oderu vxsso|/ +:,/ dqg oderu ghpdqg/ +44,=
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Iru wkh prphqw/ zh wklqn ri U dv dq h{rjhqrxv yduldeoh1 Vr/ wklv h{suhvvlrq
fkdudfwhul}hv wkh uhodwlrqvkls ehwzhhq O dqg sQ lpsrvhg e| htxloleulxp lq wkh
oderu pdunhw1 D kljkhu sQ lv frqvlvwhqw zlwk d kljkhu O ehfdxvh lw vkliwv wkh
oderu ghpdqg fxuyh wr wkh uljkw1 Lw dovr vkliwv oderu vxsso| wr wkh ohiw/ exw wklv
odwwhu h�hfw lv ryhuzkhophg e| wkh oderu ghpdqg h�hfw1 Zh fdq uhsuhvhqw wklv
uhodwlrqvkls lq d �jxuh zlwk sQ rq wkh yhuwlfdo d{lv dqg O rq wkh krul}rqwdo d{lv
+vhh Iljxuh 4,1 Wkh uhodwlrqvkls lv srvlwlyho| vorshg dqg d idoo lq U vkliwv lw wr
wkh uljkw1 Wklv h�hfw rq wkh fxuyh uh�hfwv wkdw d idoo lq U vkliwv oderu ghpdqg
wr wkh uljkw dqg wklv uhvxowv lq dq lqfuhdvh lq htxloleulxp O iru d �{hg ohyho ri
sQ = Ehfdxvh lw vxppdul}hv wkh lpsolfdwlrqv ri htxloloeulxp lq wkh oderu pdunhw/
zh uhihu wr wklv fxuyh dv wkh OP fxuyh1

61815 Dvvhw Pdunhw

Zh qrz frqvlghu wkh dvvhw pdunhwv1 Wr frqyh| wkh edvlf lqwxlwlrq ri wkh yhuvlrq

ri wkh prgho zlwk froodwhudo frqvwudlqwv/ lw lv xvhixo wr �uvw frqvlghu wkh vshfldo

fdvh/ � @ 3=9 Lq wklv fdvh/ tW @ 3= Dovr/ zh dvvxph D A U�

> vr wkdw wkh froodwhudo
frqvwudlqw lv elqglqj/ dqg +44, lqglfdwhv wkdw wkh pxowlsolhu lv frqvwdqw/ h1j1/

D @ +4 . �,U�=

Frpelqlqj +<, zlwk +45, iru l @ Q =

}U��Q
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Wr jhw wklv lqwr dq h{suhvvlrq lqyroylqj s
Q dqg O rqo|/ zh vxevwlwxwh rxw iru }

xvlqj wkh iroorzlqj h{suhvvlrq iru sQ =

sQ @
4� �

�

�
+D�U�,}

+NQ ,
�
O4��

� 4

�

= +49,

Diwhu uhduudqjlqj/ zh rewdlq=

�
O

NQ

�4����
s
Q
�� U�

D�U�

�
�

4� �

��

�

�

4� �
sQ
�
@

iQ

4� �
= +4:,

Wr xqghuvwdqg wklv uhodwlrqvkls/ qrwh �uvw wkdw iru � qhdu xqlw|/ +4:, uhsuhvhqwv
d qhjdwlyh uhodwlrqvkls ehwzhhq sQ dqg O> zkloh wkh uhodwlrqvkls lv srvlwlyh iru

� forvh wr }hur1 Vr/ lq ghyhorslqj lqwxlwlrq lqwr wklv uhodwlrqvkls/ lw lv fohdu

wkdw wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq frqvxpswlrq ri wkh qrqwudgdeoh dqg

wudgdeoh jrrgv sod|v d fhqwudo uroh1 Wr rewdlq wklv lqwxlwlrq/ zh frqvlghu dq

lqfuhdvh lq O dqg dvn zkdw vruw ri fkdqjh lq sQ lv uhtxluhg wr uhvwruh htxloleulxp

lq jrrgv dqg dvvhw pdunhwv1 Frqvlghu wzr h{wuhph fdvhv1 Lq wkh �uvw/ wkh

hodvwlflw| ri vxevwlwxwlrq lq frqvxpswlrq ehwzhhq wkh wzr jrrgv lv xqlw|/ vr wkdw

h{shqglwxuhv rq wkh wzr jrrgv duh sursruwlrqdo lq ydoxh whupv/ l1h1/ sQO4�� lv

sursruwlrqdo wr }= Iurp wklv lw lv hylghqw qrwh wkdw li sQ idoov e| hqrxjk wr nhhs

sQO4�� xqfkdqjhg zkhq O ulvhv/ wkhq +49, dqg +4:, frqwlqxh wr krog1 Wklv
h{sodlqv zk| wkh DP fxuyh kdv d qhjdwlyh vorsh zkhq � lv odujh1 Qrz vxssrvh
� lv yhu| vpdoo/ vd| }hur1 Lq wklv fdvh/ txdqwlwlhv ri wkh qrqwudghg dqg wudghg
jrrgv duh sursruwlrqdo lq sk|vlfdo whupv1 Khqfh/ dq lqfuhdvh lq O uhtxluhv
wkdw } lqfuhdvh lq wkh vdph sursruwlrq dv O4��

1 Iru wklv wr eh frqvlvwhqw zlwk

wkh froodwhudo frqvwudlqw uhtxluhv d sursruwlrqdo lqfuhdvh lq wkh hqwluh suhvhqw

glvfrxqwhg ydoxh wkdw gh�qhv tQ = Vlqfh O rqo| rshudwhv rq wkh �uvw whup lq

wklv h{suhvvlrq/ d yhu| odujh lqfuhdvh lq sQ lv uhtxluhg wr vdwlvi| wkh froodwhudo

frqvwudlqw1 Wklv hvwdeolvkhv zk| wkh DP fxuyh lv srvlwlyho| vorshg zkhq � lv

vpdoo1 Lq dgglwrqdo dqdo|vlv ri wklv fxuyh/ zh kdyh dovr irxqg wkdw dv � idoov

iurp xqlw| wrzdugv }hur/ wkh DP fxuyh urwdwhv lq d forfnzlvh gluhfwlrq1

Zh qrz wxuq wr wkh jhqhudo htxloleulxp dqdo|vlv ri wkh uhdo h�hfwv ri d idoo
rq U> xvlqj wkh DP dqg wkh OP fxuyhv1 Frqvlghu �uvw wkh fdvh lq zklfk
� lv vx�flhqwo| odujh wkdw wkh DP fxuyh lv grzqzdug vorshg1 Uhfdoo wkdw d
gurs lq U kdv qr lpsdfw rq wkh orfdwlrq ri wkh DP fxuyh/ exw vkliwv wkh OP
fxuyh grzq +vhh Iljxuh 4,1 Dv d uhvxow/ wkh gurs lq U surgxfhv d uhdo h{fkdqjh
udwh ghsuhfldwlrq/ lh1/ d idoo lq sQ > dqg d ulvh lq O= Dv qrwhg lq wkh suhylrxv
sdudjudsk/ zkhq � @ 4 sQ|Q grhv qrw fkdqjh/ vr wkdw +49, lpsolhv wkdw } grhv
qrw fkdqjh hlwkhu1 Wkxv/ zlwk � @ 4> O ulvhv/ |Q ulvhv/ dqg sQ|Q > tQ > }> |W

uhpdlq xqfkdqjhg1
Qrz vxssrvh � ? 4> exw vx�flhqwo| odujh wkdw wkh DP fxuyh lv vwloo grzq0

zdug vorslqj1 Wkhq/ wkh idoo lq U surgxfhv d idoo lq sQ dqg d ulvh lq O> dv ehiruh1
Dffruglqj wr +4:,/ wkh idoo lq sQ uhvxowv lq d idoo lq sQ|Q = Wkhq/ dffruglqj wr
+45,/ tQNQ idoov/ surgxflqj d idoo lq } yld wkh froodwhudo frqvwudlqw1

Qrz vxssrvh wkdw � lv yhu| forvh wr }hur1 Dffruglqj wr +4:,/ zlwk � @ 3>
wkh DP fxuyh lv srvlwlyho| vorshg1 Pruhryhu/ li D A U� exw forvh wr U�> wkhq
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DP fxuyh fxwv wkh OP fxuyh iurp ehorz1 Lq wklv fdvh/ d gurs lq U surgxfhv

d idoo lq O> |Q > dqg s
Q
= Wkh uhgxfwlrq s

Q
|
Q uhvxowv lq d idoo lq t

Q
> fdxvlqj d

frqwudfwlrq lq }= Wkxv/ lq wklv fdvh wkhuh lv d uhdo ghsuhfldwlrq dqg rxwsxw lq

erwk vhfwruv ghfolqhv1

Zh vxppdul}h wkh uhvxowv lq wklv dqg wkh suhylrxv sdudjudsk dv iroorzv=

Sursrvlwlrq 4 Vxssrvh � @ 3> dqg D A U�= Wkhq/ d fxw lq U ohdgv wr=
+l, zkhq � @ 4> O ulvhv/ sQ idoov/ dqg tQ > sQ|Q > |W uhpdlq xqfkdqjhg1
+ll, zkhq � ? 4> exw odujh hqrxjk/ O ulvhv/ dqg sQ > s

Q
|
Q
> t
Q
> |

W idoo1
+lll, zkhq � @ 3 dqg D lv vpdoo hqrxjk/ wkhq O> |Q > s

Q
> s
Q
|
Q
> t
Q
> |

W idoo1

61816 Grphvwlf Ilqdqfldo Pdunhw

Zh qrz ghwhuplqh wkh lqfuhdvh lq [ wkdw lv uhtxluhg wr vxvwdlq wkh gurs lq U

zkrvh h�hfwv rq wkh whpsrudu| htxloleulxp kdyh mxvw ehhq dqdo|}hg1 Frpelqlqj

wkh krxvhkrog*v fdvk frqvwudlqw/ +7,/ zlwk wkh prqh| pdunhw fohdulqj frqglwlrq/
+46,/ dqg pdnlqj xvh ri +9,/ zh rewdlq=

zOk�
sQ �

4��

��
. sQ

l
fQ

@
G .[

P .[
@ �=

Khuh/ � phdvxuhv wkh dprxqw ri grphvwlf oltxlglw| �rzlqj wkurxjk wkh �qdqfldo

vhfwru uhodwlyh wr wkh wrwdo dprxqw ri oltxlglw| lq wkh hfrqrp|1 Uhfdoo wkdw wkh

prqhwdu| dfwlrq rffxuv diwhu G lv vhohfwhg vr wkdw/ vlqfh G ?P> � lv lqfuhdvlqj

lq [= Zh qrz lpsrvh wkh qrqwudghg jrrg �up*v Hxohu htxdwlrq iru oderu=

4��

U

k�
�

4��

��
+sQ ,

��4
. 4

l @ G .[

P .[
@ �=

Iurp wklv h{suhvvlrq zh fdq ghwhuplqh wkh [ wkdw lv uhtxluhg wr surgxfh dq|

jlyhq idoo lq U= Xqohvv wkh idoo lq U surgxfhv d yhu| odujh uhdo h{fkdqjh udwh

ghsuhfldwlrq/ wr h�hfw d idoo lq U wkh prqhwdu| dxwkrulw| pxvw lqfuhdvh [1

61817 Wkh Qrplqdo H{fkdqjh Udwh

Zh fdq ghwhuplqh wkh qrplqdo h{fkdqjh udwh/ V> e| frpelqlqj wkh krxvhkrog*v

fdvk frqvwudlqw/ dqg wkh prqh| pdunhw fohdulqj frqglwlrq=

SW
�
f
W
. sQfQ

�
@P .[=

Dsso|lqj sxufkdvlqj srzhu sdulw| lq wkh wudghdeoh jrrg/ zh

VS
W
� �

f
W
. s

Q fQ
�
@P .[=

Wklv h{suhvvlrq ghwhuplqhv V vlqfh hyhu|wklqj hovh kdv ehhq ghwhuplqhg hovh0

zkhuh1 Zkhq � lv ohvv wkdq xqlw|/ exw vx�flhqwo| odujh/ zh nqrz wkdw fW .sQfQ

idoov zlwk d gurs lq U dqg wkdw wklv uhtxluhv d srvlwlyh lqmhfwlrq ri wkh grphvwlf

fxuuhqf|1 Lq wklv fdvh wkhuh lv d qrplqdo ghsuhfldwlrq1
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61818 Qxphulfdo H{dpsoh

Wkh iroorzlqj qxphulfdo h{dpsoh looxvwudwhv wkh glvfxvvlrq lq wkh suhylrxv sdud0

judskv1 Wkh suhihuhqfhv ri wkh uhsuhvhqwdwlyh krxvhkrog duh=
S
4

w@3
�wx

�
fw � 3=65O

5

w

�
>

zkhuh � @ 4@4=38> f @ plq
�
fW > f

Q
�
> dqg f

W dqg f
Q ghqrwh wudghg dqg qrq0

wudghg jrrgv/ uhvshfwlyho|1 Wkh odfn ri vxevwlwxwdelolw| ehwzhhq f
W dqg f

Q lq
xwlolw| lv frqvlvwhqw zlwk dvvxpswlrq +lll,/ dqg Ow ghqrwhv wlph zrunhg1 Zh
vshfli| wkh whfkqrorj| iru surgxflqj wudghg jrrgv dv |W @ D}> zkhuh D @ 4=54
dqg } lv dq lqwhuphgldwh jrrg wkdw pxvw eh lpsruwhg iurp deurdg dw wkh eh0

jlqqlqj ri wkh shulrg1 Dovr/ |Q @
�
nQ

�3=58
O3=:8> zkhuh nQ lv fdslwdo zklfk lv

�{hg h{rjhqrxvo|/ zlwk nQ @ 4=

Wr �qdqfh ehjlqqlqj ri shulrg sxufkdvhv ri wkh lqwhuphgldwh jrrg/ }> wkh �up

pxvw eruurz iruhljq fxuuhqf|1 Wklv jlyhv ulvh wr dq hqg0ri0shulrg reoljdwlrq/

ghqrplqdwhg lq xqlwv ri wkh grphvwlf wudghg jrrg/ ri U�

}> zkhuh U� @ 4=39 lv

wkh iruhljq fxuuhqf| qrplqdo udwh ri lqwhuhvw/ zklfk zh wdnh dv jlyhq1 Dw wkh

hqg ri wkh shulrg/ wkh �up h{sruwv }U� wr sd| r� lwv lqwhuqdwlrqdo ghew1 Wkh

froodwhudo frqvwudlqw rq iruhljq ordqv lv 3=4tQnQ � U
�

}= Lq wkh h{dpsoh/ qr

pruh wkdq 43 shufhqw ri wkh fdslwdo lq wkh qrqwudghg jrrg vhfwru fdq eh xvhg

dv froodwhudo1 Dovr/ tQ lv krz pxfk d grphvwlf uhvlghqw zrxog eh zloolqj wr sd|/

lq xqlwv ri wkh wudghg jrrg/ wr dftxluh d xqlw ri nQ dqg ehfrph d �up1 Lw lv

wkh suhvhqw glvfrxqwhg ydoxh ri wkh pdujlqdo frqwulexwlrq wr �up sur�wv ri dq

lqfuhphqw lq nQ > lqfoxvlyh ri wkh vkdgrz ydoxh ri nQ lq uhod{lqj wkh froodwhudo

frqvwudlqw1:

Wkh �qdqfldo lqwhuphgldu| dffhswv ghsrvlwv/ G dqg +rq ehkdoi ri krxvhkrogv,
d prqhwdu| wudqvihu/ [> iurp wkh prqhwdu| dxwkrulw|1 Wkhvh duh ordqhg rq wr
wkh �upv/ zkr vhhn ixqglqj lq orfdo fxuuhqf| iru wkhlu zdjh eloo1 Wklv ohdgv wr
wkh iroorzlqj fohdulqj frqglwlrq lq wkh grphvwlf prqh| pdunhw= S WzO @ G.[=

Fohdulqj lq wkh grphvwlf jrrgv pdunhwv lpsolhv fQ @ |Q dqg fW @ |W �U
�

}=

Zh gh�qh d vwdwlrqdu| htxloleulxp lq fulvlv wlphv dv dq htxloleulxp lq zklfk

doo yduldeohv duh frqvwdqw dqg wkh froodwhudo frqvwudlqw lv elqglqj1 Wkhuh lv rqo|

rqh vxfk htxloleulxp/ dqg lw kdv wkh surshuwlhv/ sQ @ <=78> tQ @ :3=:> } @ 9=:>

O @ fQ @ fW @ 4> G@P @ 3=38;> [@P @ 3=34> dqg U @ 4=39 +doo yduldeohv kdyh
ehhq urxqghg,=

Zh qrz lqyhvwljdwh zkdw kdsshqv li wkh prqhwdu| dxwkrulw| hqjlqhhuv d
rqh0wlph/ qhyhu0wr0eh0uhshdwhg/ xqh{shfwhg lqfuhdvh lq wkh prqh| vxsso| lq wkh
�uvw shulrg ghvljqhg wr uhgxfh wkh grphvwlf udwh ri lqwhuhvw/ U> e| 4 shufhqwdjh
srlqw1 Zh frqwhpsodwh wkdw wklv dfwlrq lv wdnhq diwhu wkh fxuuhqw shulrg G
fkrlfh e| wkh krxvhkrog +wklv lv wkh colplwhg sduwlflsdwlrq* dvvxpswlrq,1 Wkh
frqvhtxhqfhv ri wklv lqwhuyhqwlrq duh hdv| wr zrun rxw/ vlqfh wkh rqo| uhdo h�hfwv
ri wklv fkdqjh duh olplwhg wr wkh fxuuhqw shulrg/ dqg wkh| duh fkdudfwhul}hg e|
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d vpdoo v|vwhp ri vwdwlf htxdwlrqv1 Wkh rqo| g|qdplf htxdwlrq lq wkh prgho

ri wkh h{dpsoh/ wkh rqh wkdw ghwhuplqhv G> kdv ehhq prphqwdulo| sxw dvlgh

e| wkh dvvxpswlrq wkdw wkh fdvk lqmhfwlrq rffxuv diwhu G kdv ehhq fkrvhq1 Lq

wkh yhuvlrq ri rxu prgho zlwk orqj whup ghew khog e| �upv/ wkhuh lv dqrwkhu

g|qdplf htxdwlrq/ exw zh kdyh vxssuhvvhg wkdw wr nhhs wkh h{dpsoh vlpsoh1

Wr jhw wkh udwh ri lqwhuhvw grzq e| rqh shufhqwdjh srlqw e| lqfuhdvlqj wkh

prqh| jurzwk udwh uhtxluhv wkdw [@P eh lqfuhdvhg wr 3=357= Zh �qg wkdw tQ >

}> O> fQ dqg fW doo idoo e| +urxjko|, rqh shufhqw/ zkloh sQ idoov e| 4: shufhqw1
Ilqdoo|/ wkh qrplqdo h{fkdqjh udwh/ V> ghsuhfldwhv e| 53 shufhqw1 Wkh h{dpsoh
looxvwudwhv krz d prqhwdu| h{sdqvlrq wkdw ohdgv wr d idoo lq wkh grphvwlf udwh ri
lqwhuhvw dqg d qrplqdo ghsuhfldwlrq ri wkh fxuuhqf|/ fdq surgxfh dq hfrqrplf
frqwudfwlrq1;

Dw dq lqwxlwlyh ohyho/ wkh lghd lv wklv1 Wkh hfrqrp| lv rqh lq zklfk iruhljq

dqg grphvwlf oltxlglw| duh erwk uhtxluhg wr xqghuwdnh surgxfwlrq1 Zh prgho d

�qdqfldo fulvlv dv d wlph zkhq wkh elqglqj frqvwudlqw rq hfrqrplf dfwlylw| lv d

vkruwdjh ri iruhljq oltxlglw|1 Dfwlrqv ghvljqhg wr h{sdqg grphvwlf oltxlglw| dw

d wlph olnh wklv pd| sdudgr{lfdoo| mxvw vhuyh wr ixuwkhu wljkwhq wkh frqvwudlqw

rq iruhljq oltxlglw|1

e wL?}�|ih4 uLhi�}? _iM| @?_ i |ih?@* @_��t|�

4i?|

^Wr eh frpsohwhg`

D �L?U*�t�L?

Zh dqdo|}hg d vpdoo rshq hfrqrp| prgho lq zklfk �upv uhtxluh wzr w|shv ri
zrunlqj fdslwdo= grphvwlf fxuuhqf| wr kluh grphvwlf lqsxwv dqg iruhljq fxu0
uhqf| wr �qdqfh lpsruwv ri lqwhuphgldwh lqsxwv1 D vkruwdjh ri hlwkhu rqh ri
wkhvh vrxufhv ri zrunlqj fdslwdo fdq dfw dv d gudj rq hfrqrplf dfwlylw|1 Zklfk
ri wkhvh vkruwdjhv h{lvwv fdq kdyh d gudvwlf lpsdfw rq wkh prqhwdu| wudqvplv0
vlrq phfkdqlvp1 Li wkhuh lv d vkruwdjh ri grphvwlf oltxlglw|/ dq h{sdqvlrqdu|
prqhwdu| srolf| h{sdqvlrq fdq ohdg wr d ulvh lq wkh ohyho ri hfrqrplf dfwlylw|1
Li wkhuh lv d vkruwdjh ri iruhljq oltxlglw|/ lqgxfhg vd| e| d wljkwhqlqj ri lqwhu0
qdwlrqdo froodwhudo uhtxluhphqwv/ wkhq dq h{sdqvlrqdu| prqhwdu| dfwlrq frxog
h{dfhuedwh wkh vkruwdjh dqg ohdg wr d ixuwkhu idoo lq dqg wkh ohyho ri hfrqrplf
dfwlylw|1
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^4` Fkulvwldqr/ O1M1 dqg P1Hlfkhqedxp/ 4<<5/ Oltxlglw| h�hfwv dqg wkh prqh0
wdu| wudqvplvvlrq phfkdqlvp/ Dphulfdq Hfrqrplf Uhylhz / yro1 ;5/ +6,/ ss1
76307831

^5` Fkulvwldqr/ O1M1 dqg P1Hlfkhqedxp/ 4<<8/ Oltxlglw| h�hfwv/ prqhwdu| srolf|
dqg wkh exvlqhvv f|foh/ Mrxuqdo ri Prqh|/ Fuhglw dqg Edqnlqj/ yro15: +7,/
ss1 4446044691

^6` Hgzdugv/ V1/ 4<;</ Uhdo H{fkdqjh Udwhv/ Ghydoxdwlrq dqg Dgmxvwphqw/ PLW
Suhvv/ Fdpeulgjh Pdvv1

^7` Ixhuvw/ W1V1/ 4<<5/ Oltxlglw|/ ordqdeoh ixqgv/ dqg uhdo dfwlylw|/ Mrxuqdo ri
Prqhwdu| Hfrqrplfv/ yro 5</ +4,/ ss1 60571

^8` Nuxjpdq/ S1/ 4<<</ Wkh uhwxuq ri ghsuhvvlrq hfrqrplfv/ Z1Z1Qruwrq dqg
Fr1/Lqf/ Qhz \run/

^9` Nuxjpdq/ S1/ 4<<</ Edodqfh vkhhwv/ wkh Wudqvihu Sureohp dqg Ilqdqfldo
Fulvhv/ sdshu suhsduhg iru wkh Frqihuhqfh lq fhoheudwlrq ri wkh frqwulexwlrqv
ri Urehuw Iorrg/ Uhvhdufk Ghsduwphqw/ LPI/ Zdvklqjwrq1

^:` Oxfdv/ U1 4<<3/ Oltxlglw| dqg lqwhuhvw udwhv/ Mrxuqdo ri Hfrqrplf Wkhru|/
yro183/ +5,/ ss156:05971

^;` Vdfkv/ M1 dqg I1 Oduudlq/ 4<<6/ Pdfurhfrqrplfv lq wkh Joredo Hfrqrp|/
Suhqwlfh0Kdoo/ Qhz Mhuvh|1
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