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Devwudfw
Wklv sdshu hydoxdwhv rswlpdo prqhwdu| srolf| uxohv zlwklq wkh frqwh{w ri d g|qdplf vwrfkdv0

wlf jhqhudo htxloleulxp prgho hvwlpdwhg iru wkh Hxur Duhd1 Xqghu dvvxpswlrq ri dq dg krf orvv
ixqfwlrq iru wkh fhqwudo edqn/ zh frpsxwh wkh xqfrqglwlrqdo orvvhv erwk xqghu glvfuhwlrq dqg frp0
plwphqw1 Zh frpsduh wkh shuirupdqfh ri xquhvwulfwhg rswlpdo uxohv wr wkh shuirupdqfh ri rswlpdo
vlpsoh uxohv1 Wkh uhvxowv lqglfdwh wkdw wkhuh duh frqvlghudeoh jdlqv iurp frpplwphqw ryhu glvfuh0
wlrq/ suredeo| gxh wr wkh vwdelol}dwlrq eldv suhvhqw xqghu glvfuhwlrq1 Wkh odjjhg yduldqw ri wkh
Wd|oru w|sh ri uxoh wkdw doorzv iru lqwhuhvw udwh lqhuwld grhv uhodwlyho| zhoo lq dssurdfklqj wkh shu0
irupdqfh ri wkh xquhvwulfwhg rswlpdo uxoh ghulyhg xqghu frpplwphqw1 Rq wkh rwkhu kdqg/ vlpsoh
uxohv h{suhvvhg lq whupv ri iruhfdvwv wr qh{w shulrg*v lq dwlrq udwh vhhp wr shuirup uhodwlyho| zruvh1

MHO fodvvl�fdwlrq= H85/ H8;
Nh|zrugv= rswlpdo uxohv/ frpplwphqw/ glvfuhwlrq/ vwdelol}dwlrq eldv

� L dp judwhixo wr xvhixo frpphqwv dqg fulwlfdo uhpdunv rq dq hduolhu gudiw iurp Kdqv Ghzdfkwhu/ Udi Zrxwhuv dqg Sdxo
Gh Judxzh1 Vshfldo wkdqnv wr Doh{hl Rqdwvnl dqg Ulfkdug Ghqqlv iru xvhixo dgylfh1 Ihhgedfn iurp frqihuhqfh sduwlflsdqwv
dw wkh 5339 Plgzhvw Pdfurhfrqrplfv Phhwlqjv +Zdvklqjwrq Xqlyhuvlw| lq Vw1 Orxlv, duh juhdwixoo| dfnqrzohgjhg1� Fhqwhu iru Hfrqrplf Vwxglhv/ Fdwkrolf Xqlyhuvlw| ri Ohxyhq/ Qddpvhvwuddw 9</ 6333 Ohxyhq/ Ehojlxp1
sholq1loedvChfrq1nxohxyhq1eh
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4 Lqwurgxfwlrq
Hvwlpdwhg G|qdplf Vwrfkdvwlf Jhqhudo Htxloleulxp +GVJH, prghov kdyh uhfhqwo| ehfrph vxffhvvixo lq
uhsolfdwlqj wkh g|qdplfv revhuyhg lq gdwd dqg pdwfklqj uhvxowv iurp suhylrxv hpslulfdo YDU vwxglhv � 1
Wkh orjlfdo qh{w vwhs lv wr xvh wkhvh prghov lq prqhwdu| srolf| hydoxdwlrq vlqfh wklv pdfurhfrqrplf
iudphzrun surylghv xv zlwk wkh lpsruwdqw dqg idyrxudeoh dgydqwdjh ri surwhfwlrq djdlqvw wkh Oxfdv
fulwltxh1 Vlqfh djjuhjdwh uhodwlrqvklsv duh ghulyhg h{solflwo| iurp lqwhuwhpsrudo rswlpl}lqj ehkdylrxu
e| udwlrqdo dqg iruzdug0orrnlqj djhqwv zklfk duh ohg e| wkhlu suhihuhqfhv dqg whfkqrorj|/ wkh vwuxfwxudo
uhodwlrqv ehfrph lqyduldqw wr fkdqjhv lq wkh prqhwdu| srolf| uhjlph1

Wkh dlp ri wklv sdshu lv wr vwxg| rswlpdo prqhwdu| srolf| zlwklq wkh frqwh{w ri vxfk dq Hvwl0
pdwhg Qhz0Nh|qhvldq GVJH prgho iru wkh Hxur Duhd ghyhorshg e| Vphwv dqg Zrxwhuv +VZ, +5336,1
Zh frpsduh wkh shuirupdqfh ri erwk xquhvwulfwhg dqg vlpsoh rswlpdo prqhwdu| srolf| uxohv xqghu
dowhuqdwlyh prqhwdu| srolf| suhihuhqfhv ryhu wkh wdujhw yduldeohv1 Zh dvvxph wkdw wkh fhqwudo edqn*v
lqwhuwhpsrudo orvv ixqfwlrq fdq eh dssur{lpdwhg e| dq dg krf orvv ixqfwlrq dv frpprqo| dssolhg lq
wkh olwhudwxuh/ zklfk lv txdgudwlf lq wkh wdujhw yduldeohv +l1h1 wkh prgho0frqvlvwhqw rxwsxw jds/ lq d0
wlrq dqg lqwhuhvw udwh,1 Zh frpsxwh wkh ixoo| rswlpdo prqhwdu| srolf| uxohv xqghu frpplwphqw dqg
xqghu glvfuhwlrq wrjhwkhu zlwk wkh fruuhvsrqglqj ydoxhv ri wkh orvv ixqfwlrq1 Dffruglqjo|/ wkh jdlqv
iurp frpplwphqw duh glvfxvvhg dqg srvvleoh h{sodqdwlrqv iru wkhvh jdlqv duh vxjjhvwhg1 Wkh uhvxowv
rewdlqhg xqghu xquhvwulfwhg rswlpdo uxohv xqghu frpplwphqw duh frpsduhg wr wkrvh xqghu dowhuqdwlyh
vshfl�fdwlrqv ri rswlpdo vlpsoh uxohv erwk zlwk dqg zlwkrxw wkh srvvlelolw| ri lqwhuhvw udwh vprrwklqj1

Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg dv iroorzv1 Lq wkh qh{w vhfwlrq zh eulh | vxppdul}h wkh
pdlq ihdwxuhv ri wkh prgho dqg suhvhqw wkh olqhdul}hg yhuvlrq ri wkh vwuxfwxudo htxdwlrqv durxqg wkh
qrqvwrfkdvwlf vwhdg| vwdwh1 Zh wkhq rxwolqh wkh jhqhudo vhwxs ri wkh rswlpl}dwlrq sureohp idfhg e|
wkh fhqwudo edqn dqg suhvhqw wkh dvvxphg irup ri wkh orvv ixqfwlrq lq vhfwlrq wkuhh1 Lq vhfwlrq irxu zh
shuirup rxu prqhwdu| srolf| hydoxdwlrq h{huflvh e| �uvw frqvlghulqj wkh fdvh ri xquhvwulfwhg rswlpdo
uxohv zkhuh sduwlfxodu dwwhqwlrq lv sdlg wr jdlqv iurp frpplwphqw ryhu glvfuhwlrq1 Zh wkhq wxuq wr wkh
glvfxvvlrq ri wkh shuirupdqfh ri rswlpdo vlpsoh uxohv zkhuh glvwlqfwlrq lv pdgh ehwzhhq wkh edvholqh
vshfl�fdwlrq zlwkrxw lqwhuhvw udwh vprrwklqj dqg wkh vprrwklqj yduldqw zkhuh lqwhuhvw udwh lqhuwld lv
doorzhg iru1 Zh h{dplqh zklfk w|sh ri vlpsoh uxoh shuirupv ehvw lq dssurdfklqj wkh shuirupdqfh
ri xquhvwulfwhg rswlpdo uxohv lq |lhoglqj wkh orzhvw srvvleoh xqfrqglwlrqdo orvvhv xqghu frpplwphqw1
Ilqdoo| vhfwlrq �yh frqfoxghv1

� Ohdglqj h{dpsohv duh wkh prghov ghulyhg e| Fkulvwldqr/ Hlfkhqedxp dqg Hydqv +5334, dqg Vphwv dqg Zrxwhuv
+5336,1
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5 Wkh Prgho
Zh dvvxph wkdw wkh Hxur Duhd hfrqrp| lv ghvfulehg e| wkh GVJH prgho suhvhqwhg lq VZ +5336,1 Zh
vxppdul}h wkh pdlq ihdwxuhv dqg suhvhqw wkh olqhdul}hg yhuvlrq ri wkh prgho1 Iru d pruh ghwdlohg
ghvfulswlrq ri wkh prgho dqg wkh xqghuo|lqj dvvxpswlrqv lq ghulylqj wkh olqhdu udwlrqdo h{shfwdwlrqv
htxdwlrqv/ zh uhihu wr wkh ruljlqdo sdshu VZ +5336,1 Zh nhhs wkh vdph qrwdwlrq dv lq VZ +5336,/ zkhuh
doo yduldeohv duh h{suhvvhg dv orj ghyldwlrqv iurp wkhlu vwhdg| vwdwh ohyhov ghqrwhg e| a/ l1h1

�
{ @ orj � ���� �1

Wkh prgho ihdwxuhv qrplqdo uljlglwlhv lq wkh jrrgv dqg oderxu pdunhwv/ dxjphqwhg e| uhdo uljlglwlhv
olnh kdelw irupdwlrq/ frvwv ri dgmxvwphqw lq fdslwdo dffxpxodwlrq dqg yduldeoh fdslwdo xwlol}dwlrq1 Lw
vkrzv pdq| vlplodulwlhv zlwk dqg exlogv ixuwkhu xsrq wkh prgho suhvhqwhg lq Fkulvwldqr/ Hlfkhqedxp
dqg Hydqv +FHH, +5334, zlwk wkh pdlq glvwlqfwlrq wkdw lw lqfoxghv dq dgglwlrqdo qxpehu ri vwuxfwxudo
vkrfnv/ +Ed|hvldq, hvwlpdwlrq phwkrg dqg sduwldo lqgh{dwlrq wr sdvw lq dwlrq lq wkh oderxu dqg wkh
jrrgv pdunhwv1 Wkh pdlq sxusrvh ri wkh lqfoxvlrq ri shuvlvwhqfh lv wr surylgh d ehwwhu hpslulfdo �w1
D frqvhtxhqfh ri wklv shuvlvwhqfh iru prqhwdu| srolf| lv wkdw srolf| h�hfwv zloo frph zlwk d ghod| dqg
wkhuhiruh prqhwdu| srolf| vkrxog uhvsrqg wr fxuuhqw dqg ixwxuh iruhfdvwv ri lq dwlrq1

514 Krxvhkrog vhfwru
Wkh prgho frqvlvwv ri d krxvhkrog vhfwru1 Hdfk krxvhkrog vxssolhv d gl�huhqwldwhg w|sh ri oderxu dqg
pd{lpl}hv dq lqwhuwhpsrudo xwlolw| ixqfwlrq ri wkh iroorzlqj w|sh=

H 	


[

�
� 	
� � X �� +4,

zkhuh � lv wkh glvfrxqw idfwru1 Wkh xwlolw| ixqfwlrq lv vhsdudeoh lq frqvxpswlrq dqg oderxu/ gh�qhg dv
iroorzv=

X �� @ % ��
� 4
4� � � +F �� �K � , ������� � % ��

4 . � � +o �� ,
������� � +5,

Wklv vhw xs ohdgv wr wkh iroorzlqj frqvxpswlrq Hxohu htxdwlrq=
�
F � @ k
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F � ��� . 4
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�
F � ��� � 4� k

+4 . k,� �
� �
U � �H � �� � ���

�

. 4� k
+4 . k,� �

� �
%
�
� �H � �%

�
� ���

�

+6,

zkhuh k lv wkh ghjuhh ri kdelw shuvlvwhqfh lq wkh h{whuqdo kdelw yduldeoh K � @ kF � ��� 1 Wkh v|pero � �
uhsuhvhqwv wkh lqyhuvh ri wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq ehwzhhq frqvxpswlrq dw gl�huhqw
gdwhv1

�
U � lv wkh qrplqdo lqwhuhvw udwh/

�
� � wkh lq dwlrq udwh dqg

�
%
�
� lv dq DU+4, suhihuhqfh vkrfn wr

wkh glvfrxqw udwh zlwk dq l1l1g1 qrupdo huuru whup1 Vlqfh krxvhkrogv vxsso| d gl�huhqwldwhg w|sh ri
oderxu lq d oderxu pdunhw wkdw lv fkdudfwhul}hg e| qrplqdo zdjh uljlglwlhv/ wkh| vhw wkhlu qrplqdo zdjhv
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dffruglqj wr d Fdoyr +4<;6, w|sh ri vfkhph1 Lq wklv frqwh{w/ krxvhkrogv duh rqo| deoh wr dgmxvw wkhlu
qrplqdo zdjhv rswlpdoo| dffruglqj wr d frqvwdqw suredelolw| 4��  diwhu uhfhlylqj d zdjh fkdqjh vljqdo1
Krxvhkrogv wkdw fdqqrw uhrswlpl}h zloo dgmxvw wkhlu qrplqdo zdjhv sduwldoo| wr sdvw lq dwlrq zlwk d
ghjuhh 3 � �  � 4/ ohdglqj wr wkh uhdo zdjh htxdwlrq=

�
z � @ �

4 . �H � �z � ��� . 4
4 . �

�
z � ��� . �

4 . �H � �� � �!� � 4 . ��  
4 . �

�
� � . �  

4 . �
�
� � ���

� 4
4 . �

+4� ��  , +4� �  ,
+ "$# ��%
��� "&#(' �*)"$# ,�  

� �
z � � � �

�
O � � � �

4� k+
�
F � � k

�
F � ��� ,�

�
%
�
� � �  �

�

+7,

zkhuh �  lv wkh suredelolw| wkdw wkh zdjh zloo qrw eh uhrswlpl}hg lq wkh qh{w shulrg1 �  lv d frqvwdqw lq
�  !+ � @ �  .�  � zlwk �  !+ � d vkrfn wr wkh zdjh pdun0xs dvvxphg wr eh l1l1g1 qrupdo durxqg wkh frqvwdqw
whup1 � � lv wkh lqyhuvh ri wkh hodvwlflw| ri zrun zlwk uhvshfw wr wkh uhdo zdjh/

�
O � wkh djjuhjdwh oderxu

dqg
�
%
�
� d vkrfn wr oderxu vxsso| dvvxphg wr iroorz dq DU+4, surfhvv zlwk dq l1l1g1 qrupdo huuru whup1

Wkh �qdo whup lq vtxduh eudfnhwv vkrzv wkh h�hfw ri wkh glvfuhsdqf| ehwzhhq wkh uhdo zdjh suhydlolqj
lq wkh oderxu pdunhw wrgd| dqg wkh zdjh wkdw zrxog eh vhw li wkh oderxu pdunhw zrxog eh ixoo|  h{leoh1
Krxvhkrogv dovr pdnh wkh lqyhvwphqw dqg fdslwdo dffxpxodwlrq ghflvlrq/ wkh| duh rzqhuv ri wkh fdslwdo
vwrfn dqg uhqw lw rxw wr wkh surgxfhuv ri lqwhuphgldwh jrrgv dw wkh uhqwdo udwh ri fdslwdo u ,� 1 wkh vxsso|
ri uhqwdo vhuylfhv fdq eh dgmxvwhg e| lqfuhdvlqj lqyhvwphqwv L � ru e| lqfuhdvlqj wkh xwlol}dwlrq udwh } �
ri lqvwdoohg fdslwdo1 Wkh olqhdul}hg lqyhvwphqw htxdwlrq/ zklfk lv fkdudfwhul}hg e| dgmxvwphqw frvwv
ghshqglqj rq wkh vl}h ri lqyhvwphqwv/ lv jlyhq e| wkh iroorzlqj htxdwlrq=

�
L � @ 4

4 . �
�
L � ��� . �

4 . �H �
�
L � ��� . *

4 . �
�
T� . �H � �%

-
� ��� �

�
%
-
�

4 . � +8,

zlwk * wkh lqyhuvh ri dgmxvwphqw frvwv zklfk fdswxuhv wkh lqyhvwphqw g|qdplfv dqg
�
T � wkh uhdo ydoxh

ri fdslwdo h{suhvvhg lq xqlwv ri frqvxpswlrq jrrgv1
�
%
-
� lv dq DU+4, vkrfn wr lqyhvwphqw frvwv zlwk dq

l1l1g1 qrupdo huuru whup1 Wkh uhdo ydoxh ri fdslwdo lv uhsuhvhqwhg dv=
�
T � @ �+

�
U � �

�
� � ��� , . 4� �

4� � .
�
u
, H �

�
T � ��� .

�
u
,

4� � .
�
u
, H � �u

,
� ��� . � .� +9,

zlwk � wkh ghsuhfldwlrq udwh/
�
u
,
wkh vwhdg| vwdwh uhdo uhqwdo udwh ri fdslwdo dqg � .� dq l1l1g1 qrupdo vkrfn

wkdw fdswxuhv fkdqjhv lq wkh h{whuqdo �qdqfh suhplxp gxh wr lqirupdwlrqdo iulfwlrqv1 Krzhyhu/ wklv
vkrfn lv qrw uhodwhg wr wkh vwuxfwxuh ri wkh hfrqrp| dqg lw lv ixuwkhu dvvxphg wkdw glvwruwlrqv fdxvhg
e| lqirupdwlrqdo iulfwlrqv duh }hur lq wkh vwhdg| vwdwh1 E| gh�qlwlrq � @ 4@+4� � .

�
u
,
,1 Ilqdoo|/ wkh

fdslwdo dffxpxodwlrq htxdwlrq ixo�oov=
�
N � @ +4� �,

�
N � ��� . �

�
L � +:,
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515 Whfkqrorjlhv dqg Ilupv
Wkhuh lv d �qdo jrrgv vhfwru dqg dq lqwhuphgldwh jrrgv vhfwru1 Wkh �qdo jrrgv vhfwru lv shuihfwo|
frpshwlwlyh dqg surgxfhv rqh �qdo jrrg xvhg iru frqvxpswlrq dqg lqyhvwphqw e| wkh krxvhkrogv1 Wkh
lqwhuphgldwh jrrgv vhfwru lv fkdudfwhul}hg e| prqrsrolvwlf frpshwlwlrq zkhuh hdfk �up lv wkh rqo|
surgxfhu ri wkh lqwhuphgldwh jrrg m1 Lq wkh lqwhuphgldwh jrrgv vhfwru hdfk prqrsrolvw vhwv lwv sulfh/
jlyhq wkh wrwdo ghpdqg ixqfwlrq iru lwv gl�huhqwldwhg jrrg lq olqh zlwk Fdoyr +4<;6,1 Dv lq wkh fdvh ri
zdjh vhwwlqj e| krxvhkrogv/ hdfk �up fdq rqo| uhrswlpl}h lwv sulfh diwhu uhfhlylqj d sulfh fkdqjh vljqdo
zlwk d frqvwdqw suredelolw| 4 � � / 1 Ilupv wkdw fdqqrw uhrswlpl}h zloo dgmxvw wkhlu sulfh sduwldoo| wr
sdvw lq dwlrq zlwk d ghjuhh 3 � � / � 41 Wklv ohdgv wr wkh iroorzlqj Qhz0Nh|qhvldq Skloolsv fxuyh=

�
� � @ �

4 . �� / H � �� � ��� . � /
4 . �� /

�
� � ��� +;,

. 4
4 . �� /

�4� �� / � �4� � / �
� /

�

�
�
u
,
� . +4� �,

�
z � �

�
%
0
� . � / �

�

zlwk � wkh vkduh ri fdslwdo lq wrwdo rxwsxw lq wkh Free0Grxjodv surgxfwlrq ixqfwlrq lq wkh lqwhuph0
gldwh jrrgv vhfwru zlwk frqvwdqw uhwxuqv wr vfdoh1

�
%
0
� lv dq DU+4, surgxfwlylw| vkrfn zlwk l1l1g1 qrupdo

huuru whup1 Wkh �qdo whup lq vtxduh eudfnhwv uhsuhvhqwv wkh uhdo pdujlqdo frvwv dxjphqwhg zlwk dq
l1l1g1 +frvw0sxvk vkrfn, � / � wr wkh pdun0xs lq wkh jrrgv pdunhw/ l1h1 �/$+ � @ �/ .� / � 1 Wkh oderxu ghpdqg
htxdwlrq iru d jlyhq fdslwdo vwrfn/ zklfk uhvxowv iurp +wkh olqhdul}hg yhuvlrq ri, wkh frvw plqlpl}dwlrq
frqglwlrq lv jlyhq e|= �

O � @ �
�
z � . +4 .�,

�
u
,
� .

�
N � ��� +<,

zkhuh � lv wkh lqyhuvh ri wkh hodvwlflw| ri wkh fdslwdo xwlol}dwlrq frvw ixqfwlrq/ zklfk frphv iurp wkh
frqglwlrq

�
u
,
� @ �1

�
} � dqg ghwhuplqhv wkh g|qdplfv1

516 Htxloleulxp
Wkh jrrgv pdunhw htxloleulxp frqglwlrq lv jlyhq e| wkh iroorzlqj h{suhvvlrq zkhuh wrwdo rxwsxw htxdov
wrwdo ghpdqg iru rxwsxw e| krxvhkrogv dqg wkh jryhuqphqw +�uvw olqh, dqg wrwdo vxsso| ri rxwsxw e|
wkh �upv +vhfrqg olqh,=

�
\ � @ f2

�
F � . j 2 % 3� . �n2

�
L � .

�
u
,
n2 �

�
u
,
� +43,

@ !+
�
%
0
� . �

�
N � . ��

�
u
,
� . +4� �,

�
O � ,

zkhuh % 3� lv dq DU+4, jryhuqphqw vshqglqj vkrfn zlwk l1l1g1 qrupdo huuru whup1 Wklv lqwurgxfwlrq
ri jryhuqphqw vshqglqj dv dq h{rjhqrxv DU+4, surfhvv lv mxvwl�hg h1j1 lq Zrrgirug +5336, e| wkh
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dvvxpswlrq ri Ulfdugldq htxlydohqfh ri �vfdo srolf|1 Xqghu wklv w|sh ri +orfdoo| Ulfdugldq, srolf| uxoh/
ghwdlov ri wkh �vfdo srolf| uxoh duh qrw uhohydqw dqg kdyh qr h�hfw rq wkh djjuhjdwh hfrqrplf yduldeohv
+lq dwlrq/ rxwsxw/ lqwhuhvw udwh,1 f2 / j2 dqg n 2 vwdqg iru wkh vwhdg| vwdwh udwlr ri frqvxpswlrq wr rxwsxw/
jryhuqphqw vshqglqj wr rxwsxw dqg fdslwdo wr rxwsxw/ uhvshfwlyho|1 ! lv htxdo wr 4. 4 56 zkhuh wkh vhfrqg
whup lv wkh udwlr ri �{hg surgxfwlrq frvw wr rxwsxw lq wkh vwhdg| vwdwh1

517 Prqhwdu| Srolf|
Ilqdoo| wkh prgho lq VZ +5336, lv forvhg e| dq hpslulfdo Wd|oru0w|sh ri uxoh lqfoxglqj lqwhuhvw udwh
vprrwklqj zlwk vprrwklqj sdudphwhu � dqg dgglwlrqdo uhvsrqvh wr fkdqjhv lq wkh rxwsxw jds dqg
lq dwlrq=

�
U � @ �

�
U � ��� . +4� �,

� �
� � . u 7 +

�
� � ��� �

�
� � , . u2 +

�
\ � �

�
\ /� ,

�

+44,

.u 8�7 +
�
� � �

�
� � ��� , . u 8 2 ++

�
\ � �

�
\ /� ,� +

�
\ � ��� �

�
\
/
� ��� ,, . � 9�

Wkh lqwhuhvw udwh
�
U � lv wkh prqhwdu| srolf| lqvwuxphqw/

�
� � lv wkh lq dwlrq wdujhw wkdw iroorzv dq DU+4,

surfhvv zlwk l1l1g1 qrupdo huuru whup dqg lv qrupdol}hg wr }hur1 � 9� lv dq l1l1g1 qrupdo prqhwdu| srolf|
vkrfn dqg +

�
\ � �

�
\ /� , lv wkh rxwsxw jds gh�qhg dv wkh gl�huhqfh ehwzhhq wkh dfwxdo rxwsxw ohyho dqg wkh

ohyho ri srwhqwldo rxwsxw1 Wkh odwwhu lv dvvxphg wr eh wkh rxwsxw ohyho xqghu wkh devhqfh ri qrplqdo
uljlglwlhv +l1h1 ixoo sulfh0 dqg zdjh  h{lelolw|, dqg wkh wkuhh l1l1g1 frvw0sxvk vkrfnv +� .� > � / � > �  � ,1 Vlqfh
wkh srwhqwldo rxwsxw ohyho lv ghwhuplqhg e| wkh prgho/ zh h{whqg wkh prgho lqfoxglqj wkh vhw ri olqhdu
htxdwlrqv +6,0+44, zlwk wkhlu  h{leoh zdjh dqg sulfh yhuvlrqv lq devhqfh ri wkh wkuhh frvw0sxvk vkrfnv1
Iru rxu sxusrvh ri wkh hydoxdwlrq ri dowhuqdwlyh rswlpdo prqhwdu| srolf| uxohv/ wkh hvwlpdwhg Wd|oru
uxoh lq +44, zloo eh hlwkhu gursshg rxw ri wkh prgho lq frpsxwlqj wkh xquhvwulfwhg rswlpdo uhdfwlrq
ixqfwlrq ru prgl�hg wr d vshfl�f vlpsoh uxoh irup zlwk rqo| d ihz iuhh sdudphwhuv wr eh rswlpl}hg1

Lq vxppdu| +
�
� � >

�
z � >

�
N � ��� >

�
T� >

�
L � >

�
F � >

�
U � >

�
u
,
� >

�
O � ,/ l1h1 wkh vhw ri qlqh hqgrjhqrxv yduldeohv lq wkh

prgho/ duh ghvfulehg e| wkh v|vwhp ri olqhdu udwlrqdo htxdwlrqv +6,0+44,1 Wkh vhw ri whq h{rjhqrxv
vkrfnv frqvlvwv ri �yh DU+4, vkrfnv zlwk l1l1g1 qrupdo huuru whup uhodwhg wr suhihuhqfhv dqg whfkqrorj|/
�% �� > % �� > % -� > % 0� > % 3� �/ wkuhh l1l1g1 frvw0sxvk vkrfnv +� .� > � / � > �  � , dqg wzr prqhwdu| srolf| vkrfnv

� �
� � > � 9�

�

zlwk wkh �uvw whup ehlqj DU+4, dqg wkh vhfrqg l1l1g1 Dv iru wkh sdudphwhu ydoxhv/ zh wdnh wkh ydoxhv
jlyhq lq VZ +5336, wkdw uhvxow iurp Ed|hvldq hvwlpdwlrq whfkqltxhv1 Wkhvh sdudphwhu ydoxhv duh hlwkhu
hvwlpdwhg xvlqj Hxur Duhd gdwd/ zklfk pdnhv lw vxlwdeoh iru rxu iudphzrun/ ru fdoleudwhg iroorzlqj
vwdqgdug sudfwlfh lq wkh olwhudwxuh1 Wkh iroorzlqj sdudphwhuv +dqg wkhlu uhvshfwlyh ydoxhv, duh wr eh
�{hg= � @ 3=<</ � @ 3=358 +shu txduwhu,/ � @ 3=63/ f 2 @ 3=9/ n 2 @ 5=5/ n - @ 3=55 dqg �  @ 3=81 Iru
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wkh hvwlpdwhg ydoxhv ri wkh uhpdlqlqj sdudphwhuv lq wkh prgho dqg ghwdlov frqfhuqlqj wkh hvwlpdwlrq
surfhgxuh zh uhihu wr VZ +5336, : 1

6 Jhqhudo vhwxs ri wkh rswlpl}dwlrq sureohp
Wkh dlp ri wklv sdshu lv wr hydoxdwh wkh shuirupdqfh ri dowhuqdwlyh prqhwdu| srolf| uxohv lq wkh frqwh{w
ri wkh prgho iru wkh Hxur Duhd ghvfulehg lq wkh suhylrxv vhfwlrq ; 1 Zh zloo frqvlghu erwk xquhvwulfwhg
rswlpdo uxohv dv zhoo dv rswlpdo vlpsoh uxohv wkdw duh uhvwulfwhg lq wkh sdudphwhuv wkh| duh doorzhg wr
uhvsrqg wr1 Wkh xquhvwulfwhg rswlpl}dwlrq zloo eh fduulhg rxw xqghu frpplwphqw dqg glvfuhwlrq lq
rughu wr dqdo|}h wkh jdlqv iurp frpplwphqw1 Zh qrz surfhhg zlwk wkh ghvfulswlrq ri wkh jhqhudo
vhwxs ri wkh sureohp wkdw dssolhv wkurxjkrxw wklv sdshu1

614 Wkh Orvv ixqfwlrq
Wkh remhfwlyh ri wkh fhqwudo edqn lv dvvxphg wr eh wkh plqlpl}dwlrq ri d vwdqgdug glvfrxqwhg/ txdgudwlf
lqwhuwhpsrudo orvv ixqfwlrq h{suhvvhg lq whupv ri wdujhw yduldeohv ri wkh iroorzlqj w|sh=

H �


[

< � 	
� < ^| =� �>< Z| � �>< `/ 3 ? � ? 4 +45,

zlwk � wkh glvfrxqw idfwru dqg H � wkh h{shfwdwlrqv rshudwru frqglwlrqdo rq lqirupdwlrq dydlodeoh dw wlph
w1 Wkh yhfwru | � @ ^{ =� x =� ` = frqwdlqv wkh q� 4 hqgrjhqrxv yduldeohv dqg DU+4, h{rjhqrxv yduldeohv lq
wkh prgho lqfoxghg lq { �@? dqg wkh s�4 yhfwru ri frqwuro yduldeohv lqfoxghg lq x � 1 Z lv d wlph0lqyduldqw
v|pphwulf/ srvlwlyh vhpl0gh�qlwh pdwul{ ri jlyhq srolf| zhljkwv A 1

Dowkrxjk zlwklq wkh frqwh{w ri wkh prgho lw lv srvvleoh dqg hyhq suhihudeoh wr ghulyh d frqvxphu
zhoiduh edvhg dssur{lpdwlrq wr wkh orvv ixqfwlrq frqvlvwhqw zlwk wkh plfurirxqgdwlrqv ri wkh prgho/
zh zloo ohdyh wklv iru ixwxuh zrun1 Iru wkh wlph ehlqj zh zloo irfxv rq wkh vwdqgdug dg krf orvv
ixqfwlrq/ iroorzlqj d uhpdundeoh vwuhdp lq wkh olwhudwxuh rq prqhwdu| srolf| dqdo|vlv dv lq Uxghexvfk

B D vlplodu h{huflvh lq hvwlpdwlqj wkh sdudphwhuv lq wkh VZ +5336, prgho kdv ehhq shuiruphg e| Rqdwvnl dqg Zlooldpv
+5337,1 Wkhvh dxwkruv �qg gl�huhqw sdudphwhu hvwlpdwhv lq xvlqj gl�huhqw sulru vshfl�fdwlrqv/ exw jhw wr wkh vdph
frqfoxvlrqv frqfhuqlqj wkh txdolwdwlyh ihdwxuhv ri wkh prgho1C D vlplodu h{huflvh lv fduulhg rxw e| Urwhpehuj dqg Zrrgirug +4<<;, iru d vwuxfwxudo prgho ri wkh XV hfrqrp| xqghu
d zhoiduh edvhg dssur{lpdwlrq wr wkh orvv ixqfwlrq1D Qrwh wkdw/ iru sudfwlfdo frqyhqlhqfh zh lqfoxgh wkh irxu l1l1g1 vkrfnv

�

� EF > � G F > �
#F > � HF

�

lq wkh { F yhfwru e| zulwlqj
wkhp lq DU+4, irup dqg dvvljqlqj d }hur ydoxh wr wkh DU+4, frh!flhqw1 Wklv hqdeohv xv wr lqfoxgh doo whq vkrfnv lq wkh
{0yhfwru1I Dv qrwhg e| Ghqqlv +5337,/ zlwk wklv w|sh ri orvv ixqfwlrq irupxodwlrq/ srvvleoh shqdowlhv rq yduldwlrqv lq wkh srolf|
lqvwuxphqwv dqg rq lqwhudfwlrqv ehwzhhq yduldeohv lq wkh {0yhfwru dqg srolf| yduldeohv lq wkh x0yhfwru duh hdvlo| lqfrusrudwhg
lq Z 1

:



dqg Vyhqvvrq +4<<;, dqg Vyhqvvrq +5336,1 Dv vkrzq e| Zrrgirug +5336, lq pruh vlpsoh prghov wklv
w|sh ri orvv ixqfwlrq fdq eh rewdlqhg iurp wkh plfurirxqgdwlrqv J 1

Wkh rqh shulrg orvv ixqfwlrq lq whupv ri wkh wdujhw yduldeohv iru +45, lv=
O � @

�
� �

K
. t 2 +

�
\ � �

�
\ /� , K . t L

�
U
K
� +46,

zkhuh t 2 � 3 dqg t L � 31 Vlqfh zh qrupdol}hg wkh lq dwlrq wdujhw
�
� � wr }hur/ wkh lq dwlrq udwh

hqwhuv lq wkh orvv ixqfwlrq/ wrjhwkhu zlwk wkh rxwsxw jds dqg wkh yduldelolw| ri wkh lqwhuhvw udwh1 Wklv
pdnhv rxu orvv ixqfwlrq wr kdyh d frpprqo| dgrswhg irup dv h1j1 lq Jldqqrql dqg Zrrgirug +5335,1
Wkh lqfoxvlrq ri wkh odwwhu whup fdq eh mxvwl�hg iru uhdvrqv vxfk dv hqvxulqj �qdqfldo vwdelolw| ru wr
h{sodlq wkh kljk lqhuwld revhuyhg lq wkh srolf| lqvwuxphqw1 Qrwh wkdw lw lv dovr frpprq wr lqfoxgh
lqwhuhvw udwh vprrwklqj lqvwhdg ri wkh lqwhuhvw udwh ohyho dv d wdujhw yduldeoh/ lq zklfk fdvh wkh �qdo
whup zrxog ehfrph +

�
U � �

�
U � ��� , K iru wkh vdph uhdvrqv M / N 1 Wkh zhljkwv dvvljqhg wr wkh rxwsxw jds dqg

wkh lqwhuhvw udwh lq wkh orvv ixqfwlrq duh ghwhuplqhg e| wkh suhihuhqfhv ri wkh fhqwudo edqn1 Lq wkh
fdvh wkdw t 2 @ t L @ 3/ vxfk wkdw wkh fhqwudo edqn rqo| wdnhv lqwr dffrxqw wkh yduldelolw| ri wkh lq dwlrq
udwh/ zh fdq gh�qh wkh prqhwdu| srolf| vwudwhj| dv rqh ri %vwulfw% lq dwlrq wdujhwlqj dv gh�qhg lq
Vyhqvvrq +4<<;,1 D prqhwdu| srolf| vwudwhj| wkdw doorzv iru qrq}hur zhljkwv rq rwkhu yduldeohv wkdq
wkh lq dwlrq udwh fdq eh frqvlghuhg dv rqh ri % h{leoh% lq dwlrq wdujhwlqj1 Lq rxu rswlpdo prqhwdu|
srolf| hydoxdwlrq h{huflvh/ zh zloo h{shulphqw zlwk dowhuqdwlyh frpelqdwlrqv ri ^t 2 > t L ` dqg frpsduh wkh
fruuhvsrqglqj orvvhv iurp wkh gl�huhqw srvvleoh irupxodwlrqv1

Lq rxu dssolfdwlrq ehorz zh zloo dvvxph wkh olplwlqj fdvh ri +45, zkhuh � @ 41 Wklv zloo doorz xv
wr zulwh wkh lqwhuwhpsrudo orvv ixqfwlrq dv wkh lq�qlwh vxp ri wkh xqfrqglwlrqdo phdqv ri wkh shulrg*v
orvv ixqfwlrq +46,1 Wkhuhiruh wkh orvv ixqfwlrq wr eh plqlpl}hg fdq eh h{suhvvhg dv iroorzv O =

H^O � ` @ Y du^
�
� � ` . t 2 Y du^+

�
\ � �

�
\
/
� ,` . t L Y du^

�
U � ` +47,

615 Uhsuhvhqwdwlrq ri wkh vwuxfwxudo prgho
Prvw ri wkh olwhudwxuh rq vroylqj iru rswlpdo prqhwdu| srolf| uxohv zlwklq wkh frqwh{w ri udwlrqdo h{shf0
wdwlrqv prghov lv edvhg rq wkh vwdwh vsdfh uhsuhvhqwdwlrq ri wkh vwuxfwxudo prgho zkhuh wkh yduldeohv duh

P Iru d zhoiduh edvhg dssur{lpdwlrq wr wkh orvv ixqfwlrq lq wkh VZ +5336, prgho/ vhh Rqdwvnl dqg Zlooldpv +5337,1
Vhh dovr Urwhpehuj dqg Zrrgirug +4<<;,/ Jldqqrql dqg Zrrgirug +5336, dqg Dpdwr dqg Odxedfk +5335,/ dprqj rwkhuv/
iru wkh vdph h{huflvh lq rwkhu GVJH prghov1Q Vhh/ iru h{dpsoh/ Uxghexvfk dqg Vyhqvvrq +4<<;, dqg Jldqqrql dqg Zrrgirug +5336, iru wklv yhuvlrq ri wkh orvv
ixqfwlrq1R Vlqfh wkh uhvxowv gr qrw fkdqjh txdolwdwlyho| zkhq zh uhsodfh wkh whup

S
U
T
F e| E

S
U F

3

S
U F 5VU � T / zh zloo irfxv khuh rqo| rq

wkh uhsuhvhqwdwlrq ri wkh orvv ixqfwlrq dv lq htxdwlrq +46,1W Vhh iru h{dpsoh Vyhqvvrq+4<<;, dqg Ghqqlv +5338, dqg wkh Dsshqglfhv wkhuhlq iru d ghwdlohg ghvfulswlrq ri wkh vwhsv
xqghuwdnhq wr frph wr wklv h{suhvvlrq1

;



rughuhg dffruglqj wr wkhlu qdwxuh ri ehlqj hlwkhu %suhghwhuplqhg% ru %iruzdug0orrnlqj%1 Dojrulwkpv
edvhg rq wklv wudglwlrq duh suhvhqwhg h1j1 lq Vùghuolqg +4<<<, dqg Edfnxv dqg Gul!o +4<;9,1 Dssolfd0
wlrqv edvhg rq wklv glvwlqfwlrq fdq eh irxqg lq Uxghexvfk dqg Vyhqvvrq +4<<;,/ Vyhqvvrq dqg Zrrgirug
+5333, dqg Jldqqrql dqg Zrrgirug +5335,1 Krzhyhu/ lq wklv zrun zh zloo dsso| wkh dojrulwkpv vxj0
jhvwhg lq Ghqqlv +5337, dqg Ghqqlv +5338, wkdw gr qrw uhtxluh vxfk glvwlqfwlrq ri yduldeohv1 Lqvwhdg/
zh zulwh wkh vwuxfwxudo uhsuhvhqwdwlrq ri wkh prgho xqghu vwxg| lq wkh iroorzlqj vhfrqg0rughu irup=

D{ � @ EH � { � ��� . I{ � ��� .Jx � .G} � / } � � llg^3>	 X�X ` +48,

zkhuh } � lv dq q�4 yhfwru ri vwrfkdvwlf lqqrydwlrqv wr wkh yduldeohv lq { � zlwk phdq }hur dqg yduldqfh0
fryduldqfh pdwul{ 	 XYX 1

7 Rswlpdo Prqhwdu| Srolf| Hydoxdwlrq
Lq wklv vhfwlrq zh shuirup wkh rswlpl}dwlrq h{huflvh1 Zh vwduw wkh glvfxvvlrq e| frqvlghulqj �uvw wkh
ixoo| rswlpdo uxohv dqg frqwlqxh diwhuzdugv zlwk wkh dqdo|vlv ri vrph dowhuqdwlyh irupv ri vlpsoh uxohv1
Wkh uxohv duh hydoxdwhg dffruglqj wr wkhlu fruuhvsrqglqj orvvhv frpsxwhg xqghu dowhuqdwlyh dvvxpswlrqv
ri srolf| suhihuhqfhv ^t 2 > t L `1

714 Shuirupdqfh ri Xquhvwulfwhg Rswlpdo Uxohv
Wkh rswlpl}dwlrq sureohp rxwolqhg lq wkh suhylrxv vhfwlrq lv wkh vdph erwk xqghu glvfuhwlrq dqg xqghu
frpplwphqw1 Wkh vwdqgdug iudphzrun ri olqhdu frqvwudlqwv +48, wr wkh txdgudwlf remhfwlyh ixqfwlrq +45,
hqdeohv xv wr vroyh iru wkh h{solflw rswlpdo uhdfwlrq ixqfwlrqv wkdw duh olqhdu zlwk uhvshfw wr wkh vwdwh
yduldeohv1 Wkh rswlpl}dwlrq surfhgxuh/ krzhyhu/ ghshqgv rq wkh dvvxpswlrqv zh pdnh zlwk uhvshfw wr
wkh ghjuhh ri frpplwphqw pdgh e| wkh prqhwdu| dxwkrulwlhv1 Zh �uvw frqvlghu wkh frpplwphqw fdvh
dqg surfhhg diwhuzdugv zlwk wkh dvvxpswlrq wkdw wkh rswlpl}dwlrq sureohp lv idfhg xqghu glvfuhwlrq1

71414 Frpplwphqw

Lq wkh fdvh ri ixoo frpplwphqw wkh fhqwudo edqn rswlpl}hv rqo| rqfh dw wlph w 	 dqg surplvhv wr vwlfn
wr wkh uhvxowlqj srolf| uxoh iruhyhu/ uhvshfwlqj sdvw frpplwphqwv lq wkh ixwxuh shulrgv wr frph diwhu
w 	 1 Wklv lv uhsuhvhqwhg e| wkh suhvhqfh ri wkh Odjudqjh pxowlsolhuv lq wkh rswlpdo uhdfwlrq ixqfwlrq/
zklfk pdnhv srolf| klvwru| ghshqghqw1 Rqo| dw w 	 zkhq wkh rswlpl}dwlrq rffxuv/ sdvw frpplwphqwv
duh ljqruhg dqg lqlwldo ydoxhv ri wkh Odjudqjh pxowlsolhuv duh vhw wr }hur �[Z 1 Wkhuhiruh wkh htxloleulxp

�]\ Zrrgirug +5336, vkrzv wkh fdvh ri rswlpdolw| iurp d �wlphohvv shuvshfwlyh� lq zklfk wkh Odjudqjh pxowlsolhuv duh vhw
wr qrq}hur hyhq lq wkh lqlwldo shulrg/ ohdglqj wr d wlph frqvlvwhqw htxloleulxp1

<



lv qrw wlph frqvlvwhqw dqg h{shfwdwlrqv ri wkh sulydwh vhfwru duh h{sorlwhg lq wkh lqlwldo shulrg/ exw wklv
lv surplvhg wr kdsshq rqo| rqfh1

Iroorzlqj Vlpv +5335, dqg Ghqqlv +5338,/ zh xvh wkh gh�qlwlrq ri udwlrqdo h{shfwdwlrqv/

H � { � ��� . � �� ��� @ { � ��� +49,

wr vxevwlwxwh iru wkh h{shfwdwlrqdo whup lq wkh vwuxfwxudo htxdwlrq +48, dqg sduwlwlrq wkh zhljkw pdwul{
Z lqwr T/ X dqg U �Y� lq rughu wr h{suhvv wkh orvv ixqfwlrq +45, lq whupv ri wkh yduldeohv { � dqg x � /

H �


[

< � 	
� < ^{ =� �>< T{ � �^< . 5{ =� �>< Xx � . x =� Ux � `> 3 ? � ? 4 +4:,

zklfk vlpsol�hv wkh rswlpl}dwlrq surfhgxuh1 Wklv uhvxowv lqwr wkh iroorzlqj Hxohu htxdwlrqv wkdw fdq
eh uhsuhvhqwhg lq wkh vhfrqg0rughu irup=

D4 � \ � @ E4 � H � \ � ��� .F4 � \ � ��� .G4 � } � +4;,
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dqg wkh �qdo whup lq \ � / � � / lv wkh yhfwru ri Odjudqjh pxowlsolhuv1 Diwhu wudqviruplqj htxdwlrq +4;,
lqwr wkh �uvw0rughu irup/ zh vroyh wkh v|vwhp xvlqj wkh jhqhudol}hg Vfkxu ghfrpsrvlwlrq phwkrg dv
vxjjhvwhg lq Vlpv +5335, � : 1

Zh ghulyh wkh rswlpdo h{solflw � ; prqhwdu| srolf| uxohv iru vhyhq dowhuqdwlyh vshfl�fdwlrqv ri srolf|
suhihuhqfhv/ l1h1 wkh sdluv ri zhljkwv ^t2 > t L ` dvvljqhg wr wkh rxwsxw jds dqg wkh lqwhuhvw udwh lq wkh
remhfwlyh ixqfwlrq/ uhvshfwlyho|1 Wkh �uvw rqh lv wkh frpelqdwlrq ^3> 3`/ wkh fdvh ri %vwulfw% lq dwlrq
wdujhwlqj zkhuh rqo| lq dwlrq yduldelolw| lv doorzhg wr hqwhu wkh orvv ixqfwlrq1 Iru frpsxwdwlrqdo
uhdvrqv/ krzhyhu/ zh zloo dvvljq ydoxhv wr ^t2 > t L ` wkdw duh qrw h{dfwo| htxdo wr }hur/ exw voljkwo| srvlwlyh � ? 1

�@� Qrwh wkdw wklv pdwul{ lv qrw wkh vdph dv wkh lqwhuhvw udwh
S
U F 1� B Dq dowhuqdwlyh edvhg rq wkh vdph sulqflsoh lv vxjjhvwhg e| Nohlq +5333,/ zklfk uholhv rq wkh vhsdudwlrq ri yduldeohv

lqwr %suhghwhuplqhg% dqg %qrq0suhghwhuplqhg% eorfnv1 Dqghuvrq dqg Prruh +4<;8, surylgh dqrwkhu dowhuqdwlyh1� C Zh dgrsw khuh wkh vdph gh�qlwlrq dv lq Vyhqvvrq +4<<;, dqg Vyhqvvrq dqg Zrrgirug +5336, iru wkh %h{solflw lqvwux0
phqw uxoh%1 E| wkh odwwhu zh phdq dq lqvwuxphqw uxoh wkdw lv vroyhg dv dq h{solflw ixqfwlrq ri wkh suhghwhuplqhg dqg
h{rjhqrxv yduldeohv1� D Wklv zdv qhfhvvdu| lq rughu wr rewdlq d ghwhuplqdwh vroxwlrq1 Wkhuhiruh zh dvvljq wkh frpelqdwlrq df=f�> f=f�o lqvwhdg
ri df> fo/ zklfk |lhogv d vwdeoh dqg xqltxh vroxwlrq1 Vlqfh wkhvh ydoxhv duh doprvw }hur/ wkhlu h�hfw zloo eh qhjoljdeoh1 Wkh
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Wkh vhfrqg fdvh lqyroyhv wkh sdlu ^3=8> 3=8`/ l1h1  h{leoh lq dwlrq wdujhwlqj zlwk htxdo frqfhuq iru
yduldelolw| lq rxwsxw dqg lqwhuhvw udwh zkhuh lq dwlrq yduldelolw| lv vwloo ri sulru frqfhuq1 Zh dovr
frqvlghu wkh frpelqdwlrq ^4> 4`/ zkhuh htxdo zhljkw lv dvvljqhg wr doo yduldeohv lq wkh orvv ixqfwlrq/
^4> 3=8` wkh fdvh zkhuh rxwsxw dqg lq dwlrq yduldelolw| duh htxdoo| glvwdvwhixo dqg duh dvvljqhg d odujhu
zhljkw wkdq lqwhuhvw udwh yduldelolw|1 Wkh frpelqdwlrq ^4> 3=34` lv d vlplodu vwudwhj| wr wkh suhylrxv rqh
exw khuh wkh fhqwudo edqn lv hyhq ohvv frqfhuqhg derxw lqwhuhvw udwh yduldelolw|1 Wkh �qdo wzr vwudwhjlhv
lqyroyh ^3=5> 3=8` dqg ^5> 3=8`/ wkh odwwhu ehlqj wkh fdvh zkhuh rxwsxw jds yduldelolw| ehfrphv pruh frvwo|
wkdq lq dwlrq yduldelolw|1 Wkh plqlpl}hg orvvhv edvhg rq wkh yduldelolw| ri wkh wdujhw yduldeohv lq whupv ri
xqfrqglwlrqdo yduldqfhv lq wkh olplwlqj fdvh � @ 4 iru doo vhyhq fdvhv duh uhsruwhg lq Wdeoh 41 Ehiruh zh
glvfxvv wkhvh orvvhv rewdlqhg iurp rswlpl}dwlrq xqghu frpplwphqw/ krzhyhu/ lw lv lqwhuhvwlqj wr frqwudvw
wkh uhvxowv zlwk wkhlu glvfuhwlrqdu| frxqwhusduwv wkdw zloo eh frpsxwhg lq wkh qh{w vhfwlrq zkhuh zh zloo
dgrsw wkh vwdqgdug olqhdu g|qdplf surjudpplqj dssurdfk1 Wklv zloo doorz xv wr h{dplqh krz pxfk
wkh ghjuhh ri frpplwphqw d�hfwv wkh uhvxowv zlwklq wkh frqwh{w ri wkh sduwlfxodu vwuxfwxudo prgho zh
duh xvlqj lq wkh fxuuhqw vwxg|1 Zh qrz wxuq wr d vkruw ghvfulswlrq ri wkh rswlpl}dwlrq surfhgxuh zh
dsso| xqghu glvfuhwlrq dqg fdofxodwh wkh fruuhvsrqglqj xqfrqglwlrqdo yduldqfhv dqg orvvhv iru wkh vdph
vhyhq fdvhv frqvlghuhg xqghu frpplwphqw1

71415 Glvfuhwlrq

Xqghu glvfuhwlrq wkh fhqwudo edqn uhrswlpl}hv hyhu| shulrg/ wdnlqj h{shfwdwlrqv ri wkh sulydwh vhfwru
dv jlyhq1 Wklv ohdgv wr d wlph frqvlvwhqw Pdunry0shuihfw Qdvk htxloleulxp1 Lq rwkhu zrugv/ lq
glvfuhwlrqdu| htxloleulxp uhrswlpl}dwlrq zloo ohdg wr wkh vdph lqwhuhvw udwh uxoh/ zklfk lv rswlpdo iru
dq| jlyhq udqjh ri h{shfwdwlrqv wkdw fdqqrw eh d�hfwhg e| wkh fxuuhqw dfwlrqv ri wkh fhqwudo edqn1
Dffruglqjo|/ wrgd|*v dfwlrqv zloo qrw d�hfw wkh ixwxuh ehkdylrxu ri wkh hfrqrp|1 Iroorzlqj Ghqqlv
+5338,/ wkh glvfuhwlrqdu| vroxwlrq wr eh rewdlqhg wkurxjk edfnzdug lwhudwlrq lv dvvxphg wr eh jlyhq e|
wkh iroorzlqj olqhdu uhodwlrqv=

{ � @ K � { � ��� .K K } � +4<,
x � @ I � { � ��� . I K } �

sureohp ri lqghwhuplqdf| lv suredeo| gxh wr wkh idfw wkdw d }hur zhljkw lv dvvljqhg wr wkh wklug whup/ t ` 1 Lw lv qrw xqfrpprq
wkdw d qrq}hur zhljkw kdv wr eh dvvljqhg wr wkh lqwhuhvw udwh yduldelolw| lq rughu wr uhvroyh wkh lvvxh ri lqghwhuplqdf|1
Dsduw iurp wklv whfkqlfdo mxvwl�fdwlrq/ wkh uhdvrq zk| wklv zhljkw vkrxog eh qrq}hur lq wkh remhfwlyh ixqfwlrq lv wkdw lw
pljkw wdnh dffrxqw iru wkh revhuyhg lqhuwldo ehkdylrxu ri wkh lqwhuhvw udwhv1 Dowkrxjk wkh odwwhu uhdvrq lv dgplwwhgo| qrw
d %plfur0irxqghg% mxvwl�fdwlrq hlwkhu1 Vhh h1j1 Zrrgirug +4<<<, iru pruh rq wklv lvvxh1
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Zkhuh lq htxloleulxp wkh uhdfwlrq ixqfwlrq ehfrphv d ixqfwlrq ri wkh vwdwh rqo|1 Wkh vroxwlrq surfhgxuh
vlpso| erlov grzq wr �qglqj wkh wlph lqyduldqw pdwulfhv K � / K K / I � dqg I K 1 Uhzulwlqj +48, e| uhsodflqj
wkh h{shfwdwlrqdo whup H � { � ��� e| K � { � dv vxjjhvwhg lq +4<, uhvxowv lq wkh iroorzlqj h{suhvvlrq iru wkh
vwuxfwxudo irup=

D{ � @ EK � { � . I{ � ��� .Jx � .G} � +53,
P{ � @ I{ � ��� .Jx � .G} � +54,

zkhuh
P @ +D�EK � ,

Diwhu zulwlqj wkh orvv ixqfwlrq +45, lq whupv ri K � / K K / I � / I K / { � / dqg x � / zh vxevwlwxwh wkh frqvwudlqw
+54, lqwr wkh remhfwlyh ixqfwlrq dqg wudqvirup wkh sureohp lqwr rqh ri xqfrqvwudlqhg rswlpl}dwlrq1
Wkh uhvxowlqj �uvw rughu frqglwlrq zlwk uhvshfw wr wkh lqvwuxphqw lv wkhq vroyhg iru wkh h{solflw rswlpdo
prqhwdu| srolf| uxoh/ zklfk kdv wkh irup dv lq +4<,/ zlwk

I � @ �+U.J =P =
��� SP ��� J, ��� J =P =

��� SP ��� I +55,
I K @ �+U.J =P =

��� SP ��� J, ��� J =P =
��� SP ��� G

dqg lpso|lqj wkh iroorzlqj irupv iru K � dqg K K e| vxevwlwxwlrq lq +54,=

K � @ P ��� +I .JI � , +56,
K K @ P ��� +JI K .G,

zkhuh
S @ T. �I =� UI � . �K =� SK � +57,

lv wkh pdwul{ V|oyhvwhu htxdwlrq � A 1 Dqdorjrxvo| zlwk wkh suhylrxv vhfwlrq rq frpplwphqw/ zh vroyh
iru wkh h{solflw rswlpdo prqhwdu| srolf| uxohv xqghu glvfuhwlrq/ iru vhyhq dowhuqdwlyh sdluv ri srolf|
suhihuhqfhv ^3=34> 3=34`/ ^3=8> 3=8`/ ^4> 4`/ ^4> 3=8` ^4> 3=34`/ ^3=5> 3=8` dqg ^5> 3=8`1 Diwhu frpsxwlqj wkh
xqfrqglwlrqdo yduldqfhv ri wkh wdujhw yduldeohv wkh fruuhvsrqglqj plqlpl}hg ydoxhv ri wkh orvv ixqfwlrq
duh fdofxodwhg/ zklfk duh vkrzq lq Wdeoh 4 qh{w wr wkh uhvxowv rewdlqhg iurp wkh suhylrxv vhfwlrq xqghu
frpplwphqw1 Zh qrz surfhhg zlwk wkh glvfxvvlrq ri rxu �qglqjv1

� I Zh dsso| wkh %grxeolqj dojrulwkp% wr vroyh +57, iru S / dv h{sodlqhg lq Kdqvhq/ PfJudwwdq dqg Vdujhqw +4<<7,1 Wklv
phwkrg lv pruh h!flhqw e| uhdfklqj idvwhu frqyhujhqfh wkdq wkh vwdqgdug lwhudwlrq rq wkh pdwul{ Ulffdwl htxdwlrq1 Wkh
vdph grxeolqj dojrulwkp lv dssolhg wr frpsxwh wkh xqfrqglwlrqdo fryduldqfh pdwul{ ri wkh wdujhw yduldeohv/ wklv lv hvshfldoo|
xvhixo lq rxu fdvh xqghu frpplwphqw vlqfh zh kdyh wkh lqlwldo yhfwru ri yduldeohv h{whqghg e| wkh Odjudqjh pxowlsolhuv1
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Wdeoh 4= Xqfrqglwlrqdo Orvvhv Ixoo| Rswlpdo Uxohv
^t2 > t L ` H^O � ` a H^O� ` b � =

^3=34> 3=34` 3=334: 3=55:5 3=7:8
^3=8> 3=8` 3=3453 4=<868 4=6<6
^4> 4` 3=34<8 6=:399 4=<5
^4> 3=8` 3=346; 6=9434 4=;<9
^4> 3=34` 3=3355 5=5693 4=7<8
^3=5> 3=8` 3=3437 3=<375 3=<78
^5> 3=8` 3=3497 9=9967 5=8:;

71416 Jdlqv iurp frpplwphqw

Wkh plqlpl}hg xqfrqglwlrqdo orvvhv uhvxowlqj iurp rswlpl}dwlrq xqghu frpplwphqw dqg glvfuhwlrq/
H^O� ` a dqg H^O � ` b / uhvshfwlyho|/ duh vkrzq lq Wdeoh 4 � J 1

Wkh �uvw uhpdundeoh wklqj iurp wkh wdeoh lv wkdw lq ryhudoo wkh gl�huhqfh ehwzhhq wkh xqfrqglwlrqdo
orvvhv xqghu wkh dowhuqdwlyh dssurdfkhv wrzdugv rswlpdo srolf| lv yhu| odujh1 Iru dq| jlyhq frpelqdwlrq
ri srolf| suhihuhqfhv/ wkh shufhqwdjh jdlqv iurp frpplwphqw frpsduhg wr glvfuhwlrq duh frqvlghudeo|
kljk1 Dowkrxjk wkh phuh idfw wkdw frpplwphqw rxwshuirupv wkh glvfuhwlrqdu| fdvh grhv qrw frph dv
d vxusulvh/ iru wkh uhdvrqv glvfxvvhg qh{w/ wkh pdjqlwxgh ri wklv dgydqwdjh ri frpplwphqw lv pdlqo|
ghwhuplqhg e| wkh hvwlpdwhg sdudphwhuv ri wkh prgho1 Jlyhq wkdw wkh sdudphwhuv dgrswhg lq wkh
VZ prgho duh edvhg rq hvwlpdwlrqv xvlqj Hxur Duhd gdwd/ zh fdq vwdwh wkdw prqhwdu| srolf| lq wkh
Hxur Duhd fdq dfklhyh d pxfk ehwwhu vrfldo rxwfrph lq whupv ri plqlpl}hg xqfrqglwlrqdo orvvhv/ li lw lv
frqgxfwhg xqghu frpplwphqw udwkhu wkdq xqghu glvfuhwlrq1

Vlqfh wkh plqlpl}hg orvv xqghu frpplwphqw lv doprvw }hur/ wklv ohdgv wr kxjh shufhqwdjh jdlqv ryhu
glvfuhwlrq1 Wkhuhiruh lw vhhpv pruh dssursuldwh lq wklv fdvh wkdw zh xvh dq dgglwlrqdo dqg dowhuqdwlyh
phdvxuh wr fdofxodwh wkh zhoiduh gl�huhqwldo ehwzhhq glvfuhwlrq dqg frpplwphqw1 Iroorzlqj Ghqqlv dqg
Vùghuvwuùp +5338, zh fdofxodwh wkh *lq dwlrq htxlydohqw* wr phdvxuh wkh zhoiduh jdlq iurp frpplwphqw1
Wklv lq dwlrq htxlydohqw/

� = @
t

H^O � ` b �H^O � ` a +58,
ghshqgv rq wkh gl�huhqfh lq orvv xqghu frpplwphqw dqg glvfuhwlrq dqg uhsuhvhqwv wkh shupdqhqw gh0
yldwlrq ri lq dwlrq iurp wdujhw1 Wklv phdvxuh ri zhoiduh jdlq iurp frpplwphqw lv uhsruwhg iru hdfk
sdlu ri srolf| suhihuhqfhv lq wkh �qdo froxpq lq Wdeoh 41 Wkh wdeoh vkrzv wkdw wkh lq dwlrq htxlydohqw

� P Qrwh wkdw/ dv zh kdyh douhdg| phqwlrqhg/ wkurxjkrxw wkh vwxg| zh frqvlghu wkh olplwlqj fdvh zkhuh � ' �1 Jlyhq
wkdw � lv xvxdoo| frqvlghuhg wr eh kljk dqg forvh wr �/ wklv lv d uhdvrqdeoh dvvxpswlrq1 Wkh vdph frpsxwdwlrqv zhuh dovr
grqh iru � ' f=b/ exw wkh uhvxowv gr qrw gl�hu pxfk dqg wkhuhiruh zh suhihu wr irfxv rq wkh olplwlqj fdvh1
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ydulhv iurp 3=7:8 wr 5=8:;1 Lq rwkhu zrugv/ wkh zhoiduh orvv lq shuiruplqj glvfuhwlrqdu| srolf| udwkhu
wkdq srolf| xqghu frpplwphqw/ fdq eh h{suhvvhg dv d shupdqhqw ghyldwlrq ri lq dwlrq iurp wdujhw ri
xs wr derxw 5=9 shufhqwdjh srlqwv iru wkh sdlu ri srolf| suhihuhqfhv ^5> 3=8`1

Iroorzlqj wkh hduo| zrun ri N|godqg dqg Suhvfrww +4<::, dqg Eduur dqg Jrugrq +4<;6,/ wkh dg0
ydqwdjhv ri frpplwphqw ryhu glvfuhwlrq kdyh ehhq eurdgo| glvfxvvhg lq wkh olwhudwxuh srlqwlqj wr wkh
idploldu %lq dwlrq eldv% sureohp wkdw frphv dorqj zlwk glvfuhwlrq1 Wkh idfw wkdw wkh fhqwudo edqn kdv
wkh lqfhqwlyh wr errvw rxwsxw deryh lwv srwhqwldo ohyho zklfk lv wdnhq lqwr dffrxqw e| wkh sulydwh vhfwru
lq iruplqj h{shfwdwlrqv fuhdwhv wkh lq dwlrq eldv xqghu glvfuhwlrq1 Wklv ohdgv wr dq lqh!flhqwo| kljk
vwhdg| vwdwh lq dwlrq udwh dqg qr jdlqv lq rxwsxw � M 1 Krzhyhu/ lq dwlrq eldv lv qrw suhvhqw lq rxu fxuuhqw
prgho vhw xs1 Wkhuhiruh wklv fdq qrw surylgh dq h{sodqdwlrq iru wkh kljk glvfuhsdqf| lq wkh uhvxowv lq
Wdeoh 4 vlqfh wkh remhfwlyh ixqfwlrq +45, grhv qrw doorz iru vxfk dq lqfhqwlyh iru wkh fhqwudo edqn � N 1
Dq dowhuqdwlyh h{sodqdwlrq wr wkh fuhglelolw| sureohp idfhg xqghu glvfuhwlrq wkdw fdqqrw eh dvvljqhg wr
wkh lq dwlrq eldv lv wkh vr fdoohg %vwdelol}dwlrq eldv% glvfxvvhg lq h1j1 Fodulgd hw do1 +4<<<,/ Zrrgirug
+4<<<, dqg Ghqqlv dqg Vùghuvwuùp +5338,1 Vwdelol}dwlrq eldv rffxuv zkhq wkh prgho ihdwxuhv iruzdug
orrnlqj ehkdylrxu1 Lq wklv fdvh zkhuh sulydwh djhqwv kdyh iruzdug orrnlqj h{shfwdwlrqv/ wkhuh lv dq
dgglwlrqdo dgydqwdjh wr d fuhgleoh frpplwphqw rq wkh vlgh ri wkh fhqwudo edqn ryhu glvfuhwlrq1 Vlqfh
sulydwh vhfwru h{shfwdwlrqv d�hfw wkh ixwxuh hyroxwlrq ri wkh hfrqrp| � O / vwdelol}lqj wkhvh h{shfwdwlrqv
zkhq wkh hfrqrp| lv klw e| d vxsso| vkrfn/ zloo hyhqwxdoo| vwdelol}h wkh hfrqrp| dv zhoo dqg ghfuhdvh
wkh rxwsxw2lq dwlrq wudghr�1 Wklv lpsuryhphqw lq wkh irup ri orzhu vrfldo zhoiduh frvwv uhtxluhv d
klvwru| ghshqghqw prqhwdu| srolf| vwudwhj|/ zklfk lv surylghg e| wkh frpplwphqw iudphzrun1

Vlqfh wkh vwuxfwxudo prgho lq wklv vwxg| lv fkdudfwhulvhg e| iruzdug orrnlqj ehkdylrxu/ wkh vwdel0
ol}dwlrq eldv frxog eh dq lpsruwdqw h{sodqdwlrq iru wkh kljk jdlqv iurp frpplwphqw revhuyhg lq Wdeoh
41 Krzhyhu/ wkh idfw wkdw wkh jdlqv iurp frpplwphqw duh kljk vxjjhvwv wkdw wkhuh lv d kljk ghjuhh
ri iruzdug orrnlqjqhvv lq wkh hvwlpdwhg prgho1 Wkhuhiruh wkh frh!flhqw rq h{shfwhg ixwxuh lq dwlrq
lq wkh Skloolsv fxuyh lq +;,/ qdpho| wkh frh!flhqw c�d� c$e

G
/ lv ri sduwlfxodu lqwhuhvw1 Xqghu wkh fxuuhqw

sdudphwhu vhwwlqj/ edvhg rq wkh hvwlpdwlrqv lq VZ +5336,/ zlwk � @ 3=<< dqg � / @ 3=79< wklv frh!0
flhqw lv dssur{lpdwho| htxdo wr 3=9:9/ lpso|lqj d frqvlghudeoh ghjuhh ri iruzdug orrnlqjqhvv lq sulfh
vhwwlqj1 Vhwwlqj � / @ 3=4/ l1h1 dvvxplqj d orz ghjuhh ri lqgh{dwlrq wr sdvw lq dwlrq/ lqfuhdvhv wklv

� Q Dprqj wkh srsxodu vroxwlrqv iru wklv lq dwlrq eldv lv wkh rqh vxjjhvwhg e| Urjr� +4<;8,1 Khuh wkh dssrlqwphqw ri
d *frqvhuydwlyh* fhqwudo edqnhu zlwk d juhdwhu dyhuvlrq iru lq dwlrq wkdq vrflhw| pd| wdnh dzd| sduw ri wkh eldv1 Lq rxu
frqwh{w li lq dwlrq eldv zhuh dq lvvxh/ wklv frxog erlo grzq wr lqfuhdvlqj wkh ydoxh ri zhljkw dvvljqhg wr lq dwlrq lq wkh
orvv ixqfwlrq ru ghfuhdvlqj wkh ydoxh ri t f 1� R Dq lqvljkwixo fulwltxh wr wklv %xquhdolvwlf% lq dwlrq eldv ri glvfuhwlrqdu| srolf| lv jlyhq e| Eolqghu +4<<;,1� W Iru h{dpsoh/ sulfh vhwwlqj e| wkh lqwhuphgldwh jrrgv surgxfhuv lq wkh prqrsrolvwlfdoo| frpshwlwlyh pdunhw lv iruzdug
orrnlqj/ ohdglqj wr wkh lq dwlrq htxdwlrq +;, wkdw ghshqgv dovr rq h{shfwhg ixwxuh lq dwlrq/ qh{w wr wkh sdvw lq dwlrq1
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frh!flhqw rq h{shfwhg lq dwlrq wr 3=< dssur{lpdwho|1 Wkh fruuhvsrqglqj xqfrqglwlrqdo orvvhv erwk
xqghu frpplwphqw dqg glvfuhwlrq iru wkh zhljkw sdluv ^3=8> 3=8`/ iru h{dpsoh/ duh 3=33:7 dqg 3=;548/
uhvshfwlyho|1 Wkh lq dwlrq htxlydohqw lv 3=<351 Wkh jdlq iurp frpplwphqw lq wklv fdvh lv orzhu wkdq
wkh jdlq xqghu wkh ruljlqdo sdudphwhu vhwwlqj +3=3453 yv1 4=<868 lq whupv ri wkh xqfrqglwlrqdo orvvhv/
ru 4=6<6 lq whupv ri wkh lq dwlrq htxlydohqw,1 Lqfuhdvlqj wkh ghjuhh ri lqgh{dwlrq � / xs wr 3=<3/ ohdgv
wr d uhodwlyho| orzhu ydoxh iru c�d� c$e

G
ri dssur{lpdwho| 3=8571 Wkh fruuhvsrqglqj xqfrqglwlrqdo orvvhv

htxdo 3=35;4 xqghu frpplwphqw dqg 4:=7:6: xqghu glvfuhwlrq/ lpso|lqj dq lq dwlrq htxlydohqw ri 7=4::
dqg khqfh d pxfk kljkhu jdlq iurp frpplwphqw wkdq wkh suhylrxv wzr h{dpsohv ri kljkhu ghjuhhv ri
iruzdug orrnlqjqhvv1 Wklv uhvxow dw �uvw jodqfh vhhpv wr frqwudglfw wkh fodlp wkdw d kljkhu jdlq iurp
frpplwphqw zrxog eh h{shfwhg dw d kljkhu ohyho ri iruzdug orrnlqjqhvv/ vlqfh wkh vwdelol}dwlrq eldv
ehfrphv pruh lpsruwdqw zkhq � / lv orzhuhg dqg d kljkhu gl�huhqfh lq xqfrqglwlrqdo orvvhv vkrxog eh
revhuyhg1 D vlplodu revhuydwlrq lv irxqg e| Ghqqlv dqg Vùghuvwuùp +5338,/ wkh| vkrz wkdw wkh uhodwlrq
ehwzhhq wkh ghjuhh ri iruzdug orrnlqjqhvv dqg wkh lpsruwdqfh ri vwdelol}dwlrq eldv lv qrw prqrwrqlf1
Lqvwhdg/ wkh| vwdwh wkdw dw uhodwlyho| orz ghjuhhv ri iruzdug orrnlqj ehkdylrxu +xs wr 3=9,/ dq lqfuhdvh
lq iruzdug orrnlqjqhvv lqfuhdvhv wkh jdlqv iurp frpplwphqw1 Krzhyhu/ iru uhodwlyho| kljk ohyhov ri iru0
zdug orrnlqj ehkdylrxu +deryh 3=9,/ wkh vwdelol}dwlrq eldv sureohp ehfrphv ohvv lpsruwdqw vlqfh xqghu
d kljk ghjuhh ri iruzdug orrnlqj ehkdylrxu wkh rxwsxw2lq dwlrq wudghr� lpsuryhv1 Rxu �qglqjv vhhp
wr vxssruw wklv kxps vkdshg uhodwlrq ehwzhhq wkh lpsruwdqfh ri iruzdug orrnlqj h{shfwdwlrqv dqg wkh
pdjqlwxgh ri wkh vwdelol}dwlrq eldv sureohp1

Lw fdq ixuwkhu eh qrwhg iurp wkh wdeoh wkdw wkh dgydqwdjhv ri frpplwphqw ryhu glvfuhwlrq lqfuhdvh
dorqj zlwk wkh zhljkw dvvljqhg wr rxwsxw lq wkh remhfwlyh ixqfwlrq/ zkhq zh krog wkh zhljkw ri lqwhuhvw
udwhv frqvwdqw dw 3=8 +dqg 3=34,1 Wklv vxjjhvwv wkdw wkh vwdelol}dwlrq eldv ehfrphv pruh vhyhuh zkhqhyhu
prqhwdu| srolf| fduhv uhodwlyho| pruh derxw rxwsxw yduldelolw|1 Wklv ohdgv xv wr wkh frqfoxvlrq wkdw wkh
vdph fxuhv vxjjhvwhg wr ryhufrph wkh lq dwlrq eldv sureohp xqghu glvfuhwlrq duh ydolg lq wkh frqwh{w ri
wkh vwdelol}dwlrq eldv sureohp1 Wkxv hlwkhu ghfuhdvlqj wkh zhljkw t2 rq rxwsxw lq wkh orvv ixqfwlrq ru
dssrlqwlqj d *frqvhuydwlyh* fhqwudo edqnhu +lq wkh vhqvh ri Urjr� +4<;8,, zlwk d kljkhu lq dwlrq dyhuvlrq
+ru d orzhu t 2 , wkdq vrflhw| : Z 1

Lq olqh zlwk wkh �qglqjv lq Ghqqlv dqg Vùghuvwuùp +5338,/ wkh shufhqwdjh jdlqv iurp frpplwphqw
lqfuhdvh dovr zkhq wkh zhljkw dvvljqhg wr lqwhuhvw udwh yduldelolw| t L lv orzhuhg/ kroglqj t2 frqvwdqw dw 4
lq wkh wdeoh deryh1 Zkhq wkh frqfhuq iru lqwhuhvw udwh yduldelolw| xqghu glvfuhwlrq lqfuhdvhv/ prqhwdu|
srolf| ehfrphv ohvv uhvsrqvlyh wr vkrfnv dqg lqwhuhvw udwhv zloo whqg wr vkrz pruh lqhuwldo ehkdylrxu1

B \ Wkh vdph srlqw lv dovr pdgh e| Fodulgd hw do1 +4<<<,1
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Wklv jlyhv wkh fhqwudo edqn ohvv lqfhqwlyh wr vwdelol}h rxwsxw dqg wkhuhiruh wkh vwdelol}dwlrq eldv ehfrphv
ohvv lpsruwdqw1 Krzhyhu/ wkh lq dwlrq htxlydohqw phdvxuh grhv qrw vhhp wr vxssruw wklv ylhz lq wklv
fdvh1

Zh wxuq qh{w wr wkh dqdo|vlv ri ydulrxv rswlpdo vlpsoh +l1h1 uhvwulfwhg, uxohv dqg frpsduh wkhlu
shuirupdqfh wr wkdw ri wkh *ehqfkpdun* xquhvwulfwhg rswlpdo uxohv xqghu frpplwphqw glvfxvvhg deryh1

715 Shuirupdqfh ri Rswlpdo Vlpsoh Uxohv
Lq wkh suhylrxv vhfwlrq zh glvfxvvhg dqg frpsduhg h{solflw rswlpdo prqhwdu| srolf| uxohv wkdw zhuh
qrw uhvwulfwhg lq wkhlu ihhgedfn frh!flhqwv1 Prqhwdu| srolf| uhvsrqgv wr doo revhuydeoh yduldeohv lq
wkhvh fdvhv +dqg/ lq dgglwlrq/ wr wkh Odjudqjh pxowlsolhuv xqghu frpplwphqw,1 Krzhyhu/ rxu dqdo|vlv
ri prqhwdu| srolf| uxohv zrxog eh lqfrpsohwh li zh zrxog qrw frqvlghu rswlpdo vlpsoh uxohv/ zkhuh
prqhwdu| srolf| lv uhvwulfwhg wr uhdfw wr d ihz yduldeohv rqo|1 Iroorzlqj Wd|oru +4<<6,/ vlpsoh uxohv
kdyh uhfhlyhg d orw ri dwwhqwlrq lq wkh dqdo|vlv ri prqhwdu| srolf|1 Prvwo| lw lv vkrzq wkdw wkh| duh
deoh wr frpshwh zlwk wkh ixoo| xquhvwulfwhg rswlpdo uxohv1 Iru h{dpsoh lq whupv ri wkh plqlp}hg orvv
wkdw vhhpv wr dssurdfk wkh orvv rewdlqhg xqghu wkh ixoo| rswlpdo uxohv dv lq wkh fdvh ri Uxghexvfk
dqg Vyhqvvrq +4<<;,/ ru urexvwqhvv wr dowhuqdwlyh vshfl�fdwlrqv frqfhuqlqj wkh xqghuo|lqj vwuxfwxudo
prgho : � ru iru sudfwlfdo uhdvrqv/ dv lw lv riwhq vwdwhg wkdw prqhwdu| srolf| lv qrw deoh wr revhuyh doo
wkh yduldeohv wkdw duh vxssrvhg wr eh uhdfwhg xsrq dffruglqj wr wkh ixoo| rswlpdo uxohv dw wkh wlph
prqhwdu| srolf| dfwlrqv duh xqghuwdnhq :Y: 1 Wkh pdlq sxusrvh ri rxu dqdo|vlv ri rswlpdo vlpsoh uxohv lq
wklv vhfwlrq lv wr gudz frqfoxvlrqv rq wkhlu shuirupdqfh edvhg rq xqfrqglwlrqdo yduldqfhv dqg plqlpl}hg
orvv ixqfwlrqv1 Zh zloo orrn zkhwkhu wkhvh w|sh ri uxohv shuirup uhodwlyho| zhoo iru wkh Hxur Duhd zkhq
rqh frqvlghuv d odujh0vfdoh GVJH prgho dv lw lv lq wkhvh fdvhv wkdw wkh vlpsol�fdwlrq lq wkh rswlpdo uxoh
zloo eh pruh surplqhqw :Y; 1 Zh zloo surfhhg e| �uvw h{sodlqlqj eulh | wkh rswlpl}dwlrq surfhgxuh xqghu
frpplwphqw zkhq wkh prqhwdu| srolf| ihhgedfn uxoh lv uhvwulfwhg wr frqwdlq rqo| d olplwhg vhw ri +wzr
ru wkuhh, yduldeohv dqg frqwlqxh zlwk wkh glvfxvvlrq ri wkh uhvxowv iru dowhuqdwlyh irupv ri frpprqo|
glvfxvvhg vlpsoh uxohv1

B � Vhh/ iru h{dpsoh Zlooldpv +5336, dqg Rqdwvnl dqg Zlooldpv +5337, iru vwxglhv lq idyrxu ri wklv vwdwhphqw1B@B Pruh rq wklv lqirupdwlrq lvvxh fdq eh irxqg lq PfFdooxp dqg Qhovrq +4<<<,1BgC Vlplodu dssurdfk kdv ehhq xqghuwdnhq e| Zlooldpv +5336, iru wkh Ihghudo Uhvhuyh Erdug*v IUE2XV prgho1 Wkh fdvh
ri rswlpdo vlpsoh uxoh iru rqh Wd|oru w|sh ri vlpsoh uxoh irup iru wkh VZ +5336, prgho lv dovr glvfxvvhg lq Rqdwvnl dqg
Zlooldpv +5337,1 H{dpsohv ri vwxglhv ri vlpsoh uxohv lq uhodwlyho| %vlpsoh% prghov fdq eh irxqg lq h1j1 Uxghqexvfk dqg
Vyhqvvrq +4<<;,1

49



71514 Frpplwphqw

Dv wuhdwhg lq Ghqqlv +5337,/ xqghu frpplwphqw wkh vwuxfwxudo prgho +48, lv dxjphqwhg e| wkh iroorzlqj
jhqhudo irup iru wkh prqhwdu| srolf| lqvwuxphqw=

x � @ * � { � ��� . * K { � . * h H � { � ��� . * i x � ��� . * j } � +59,

zkhuh wkh pdwulfhv * � / * K / * h / * i dqg * j duh uhvwulfwhg frqirup wr wkh vshfl�f irup ri wkh uxoh xqghu
frqvlghudwlrq1 Wkh v|vwhp ri htxdwlrqv +48, dqg +59, fdq wkhq eh zulwwhq lq wkh iroorzlqj vhfrqg0rughu
irup=

D5 � | � @ E5 � H � | � ��� .F5 � | � ��� .G5 � } � +5:,
zkhuh

D5 � @
� D �J
�* K L

�

E5 � @
� E 3
* h 3

�

F5 � @
� I 3
* � * i

�

G5 � @
� G
* j

�

Diwhu vroylqj wklv htxdwlrq xvlqj wkh jhqhudol}hg Vfkxu ghfrpsrvlwlrq phwkrg ri Vlpv +5335,/ zh rewdlq
d vroxwlrq lq wkh �uvw0rughu irup iru jlyhq lqlwldo ydoxhv ri wkh iuhh sdudphwhuv lq wkh ihhgedfn uxoh
wkdw kdyh wr eh rswlpl}hg odwhu rq xqghu wkh uhtxluhphqw wkdw wkhvh lqlwldo ydoxhv |lhog d ghwhuplqdwh
udwlrqdo h{shfwdwlrqv vroxwlrq1 Xvlqj qxphulfdo phwkrgv iru xqfrqvwudlqhg rswlpl}dwlrq/ zh plqlpl}h
wkh xqfrqglwlrqdo orvv ixqfwlrq +47, vlqfh zh dvvxph wkh olplwlqj fdvh zkhuh � @ 4 zlwk uhvshfw wr wkh
iuhh sdudphwhuv lq * � / * K / * h / * i dqg * j lq rughu wr rewdlq wkh rswlpdo vlpsoh uxohv1 Lq wkh qh{w vhfwlrq
wkh dowhuqdwlyh uxohv xqghu frqvlghudwlrq duh suhvhqwhg/ iroorzhg e| wkh uhvxowv iurp rswlpl}dwlrq zlwk
uhvshfw wr wkhlu iuhh sdudphwhuv1

71515 Dowhuqdwlyh iurpv ri vlpsoh uxohv

Zh frqvlghu wkh iroorzlqj irxu w|shv ri olqhdu ihhgedfn uxohv : ? >

41 Wd|oru0w|sh ri uxoh=
U k� @ u 7 � � . u2 +\ � � \ /� , +5;,

zkhuh wkh sdudphwhuv u 7 dqg u2 duh ghwhuplqhg e| rswlpl}dwlrq1 Zkhq wkhvh sdudphwhuv duh vhw
wr 4=8 dqg 3=8/ uhvshfwlyho|/ wklv uxoh ehfrphv wkh idploldu Wd|oru +4<<6, uxoh1

B]D Wkh fkrlfh ri wkh irupv lv odujho| edvhg rq wkh rqhv glvfxvvhg lq Uxghexvfk dqg Vyhqvvrq +4<<;,1 Krzhyhu/ prvw ri
wkhvh uxohv duh vwdqgdug dqg yduldqwv duh dgrswhg lq prvw vwxglhv rq rswlpdo vlpsoh uxohv1 Zlooldpv +5336,/ Zrrgirug
+5336,/ Zrrgirug +4<<<,/ PfFdooxp +4<<<, dqg Ghqqlv +5337, duh mxvw d ihz dprqj d odujh olvw ri h{dpsohv1
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51 Lq dwlrq Iruhfdvw uxoh=
U -� @ u 7 H � � � �!� +5<,

zkhuh prqhwdu| srolf| lv dvvxphg wr uhvsrqg rqo| wr qh{w shulrg*v udwlrqdo lq dwlrq iruhfdvw :�A 1
Dowkrxjk wklv rqh dujxphqw fdvh lv dgplwwhgo| dq ryhuvlpsol�fdwlrq ri uhdolw|/ wkh pdlq sxusrvh
lv iru frpsdulvrq ri wkh uhvxowlqj xqfrqglwlrqdo yduldqfhv dqg orvvhv xqghu wklv uxoh zlwk wkdw
rewdlqhg xqghu wkh rwkhu uxohv1

61 Iruhfdvw uxoh zlwk dgglwlrqdo uhvsrqvh wr wkh fxuuhqw rxwsxw jds=

U l� @ u 7 H � � � ��� . u2 +\ � � \ /� , +63,

wklv lv wkh Wd|oru0w|sh ri uxoh zkhuh � � lv uhsodfhg e| H � � � ��� 1

71 Odjjhg Wd|oru uxoh=
U �� @ u 7 � � ��� . u2 +\ � ��� � \ /� ��� , +64,

Wklv lv wkh odjjhg yduldqw ri wkh Wd|oru0w|sh ri uxoh1 Wkh pdlq mxvwl�fdwlrq iru wklv w|sh lv wkh
srwhqwldo lqirupdwlrq sureohp idfhg e| prqhwdu| srolf| dw wkh wlph wkdw wkh lqwhuhvw udwh lv vhw
gxh wr odjv lq gdwd froohfwlrq/ dv srlqwhg h1j1 e| PfFdooxp +4<<:,1

Vlqfh jhqhudoo| d kljk ghjuhh ri lqwhuhvw udwh vprrwklqj lv irxqg/ zh dovr zlvk wr vwxg| hdfk w|sh ri
wkhvh uxohv ghvfulehg deryh zlwk vprrwklqj e| lqfoxglqj wkh rqh0shulrg odj ri wkh lqwhuhvw udwh/ zklfk
zh uhsuhvhqw dv iroorzv=

U m + n� @ �U + n� ��� . +4� �,U + n� m @ W> L> I ru O +65,

zkhuh wkh vxshuvfulsw V ghqrwhv wkh vprrwklqj yduldqw dqg m uhihuv wr wkh vshfl�f w|sh ri uxoh1 E|
wkh lqfoxvlrq ri wkh vprrwklqj yduldqw zh hqg xs zlwk hljkw dowhuqdwlyh uxohv1 Wkhvh sdudphwhuv
duh rswlpl}hg xqghu wkh vdph vhyhq frpelqdwlrqv ri ^t 2 > t L ` frqvlghuhg lq wkh suhylrxv vhfwlrq1 Wkh
uhvxowlqj ydoxhv iru wkh xqfrqglwlrqdo orvvhv H^O � ` a dqg wkh fruuhvsrqglqj rswlpdo ihhgedfn sdudphwhuv
S iru hdfk frpelqdwlrq ^t 2 > t L ` iru wkh edvholqh fdvh xqghu frpplwphqw duh uhsruwhg lq Wdeoh 51 Wkh
ydoxhv iru wkh vprrwklqj yduldqw xqghu frpplwphqw duh jlyhq lq Wdeoh 61 Erwk uhvxowv duh glvfxvvhg
lq ghwdlo lq wkh qh{w sduw1 Zh zloo frpsduh wkh zhoiduh frvwv ehwzhhq wkh gl�huhqw w|shv ri uxohv dqg
wkhlu shuirupdqfh zlwk uhvshfw wr wkh *ehqfkpdun* xquhvwulfwhg rswlpdo frpplwphqw uxoh1
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Wdeoh 5= Xqfrqglwlrqdo Orvvhv Edvholqh Fdvh +zlwkrxw vprrwklqj, = Frpplwphqw
Wd|oru0w|sh ri uxoh U k� Lq dwlrq iruhfdvw uxoh U -�

^t2 > t L ` S @ ^u2 > u 7 ` H^O � ` a S @ ^u 7 ` H^O� ` a
^3=34> 3=34` Lqghwhuplqdwh ^5=35<4` 3=3688
^3=8> 3=8` ^3=74;<> 6=6;6:` 3=4496 ^5=35<4` 3=7668
^4> 4` ^3=736;> 6=65;3` 3=5578 ^5=35<4` 3=;6<8
^4> 3=8` ^3=8<:;> 6=<<63` 3=4735 ^5=35<4` 3=:;9;
^4> 3=34` ^8=543<> 45=97;3` 3=345; ^5=35<4` 3=:685
^3=5> 3=8` ^3=59;<> 5=:;:7` 3=3<77 ^5=35<4` 3=5548
^5> 3=8` ^3=;8<9> 7=:9:4` 3=4:58 ^5=35<;` 4=7<56

Iruhfdvw uxoh zlwk rxwsxw jds U l� Odjjhg Wd|oru uxoh U ��
^t2 > t L ` S @ ^u2 > u 7 ` H^O � ` a S @ ^u2 > u 7 ` H^O� ` a
^3=34> 3=34` ^4=7544> ;=5:56` 3=33:9 ^5=9:<;> 9=43:3` 3=338:
^3=8> 3=8` ^3=65;8> 7=33<5` 3=464: ^3=87;8> 5=<;;5` 3=3<6:
^4> 4` ^3=6498> 6=<766` 3=587< ^3=8583> 5=<66;` 3=4;36
^4> 3=8` ^3=7:93> 7=:88;` 3=48;9 ^3=:;63> 6=7;75` 3=444;
^4> 3=34` ^7=794;> 48=:;77` 3=3476 ^:=6:8;> <=;599` 3=33<9
^3=5> 3=8` ^3=538<> 6=5;4:` 3=43:4 ^3=6849> 5=7<34` 3=3:9<
^5> 3=8` ^3=9<76> 8=:453` 3=4<83 ^4=4674> 7=43<:` 3=4693

71516 Uhvxowv iru wkh Edvholqh vshfl�fdwlrq

Doo rswlpl}hg sdudphwhuv uhsruwhg lq Wdeoh 5 fruuhvsrqg wr d vwdeoh dqg xqltxh htxloleulxp/ h{fhsw
iru wkh �uvw fodvv ri Wd|oru0w|sh ri uxohv zkhuh wkh fhqwudo edqn lv dvvxphg wr wdnh rqo| lq dwlrq
yduldelolw| lqwr dffrxqw + l1h1 zlwk frpelqdwlrq ^3=34> 3=34`, :�J 1 Ehfdxvh ri wklv uhdvrq zh gr qrw
zlvk wr frqvlghu wklv lqghwhuplqdwh fdvh lq rxu dqdo|vlv1 Lw lv qrwlfdeoh wkdw wkh lq dwlrq ihhgedfn
frh!flhqw lq doo uhpdlqlqj fdvhv dozd|v h{fhhgv xqlw|/ dv h{shfwhg vlqfh ghwhuplqdf| lv suhvhqw lq
djuhhphqw zlwk wkh Wd|oru sulqflsoh :oM 1 D �uvw uhpdundeoh revhuydwlrq lv wkdw wkh rswlpdo ydoxh iru
u 7 lv wkh vdph xqghu wkh lq dwlrq iruhfdvw uxoh zkhuh prqhwdu| srolf| lv doorzhg wr uhdfw wr h{shfwhg
lq dwlrq rqo|/ wkurxjkrxw doo dowhuqdwlyh srolf| suhihuhqfhv frqvlghuhg khuh1 Frqfhuqlqj wkh rswlpl}hg
ihhgedfn frh!flhqwv iru wkh rwkhu wkuhh uxohv/ wkh kljkhvw uhvsrqvlyhqhvv wr erwk rxwsxw dqg lq dwlrq
duh rewdlqhg zkhq prqhwdu| srolf| fduhv htxdoo| derxw rxwsxw dqg lq dwlrq yduldelolw| dqg sodfhv qr
zhljkw rq lqwhuhvw udwh yduldelolw|1 Pruhryhu/ lq jhqhudo zkhq zh devwudfw iurp fkdqjhv lq wkh zhljkw
dvvljqhg wr wkh rxwsxw jds/ wkh uhvsrqvlyhqhvv wr erwk yduldeohv lqfuhdvhv zkhqhyhu d orzhu zhljkw lv

BgI Wkh suhvhqfh ri wkh lq dwlrq iruhfdvw pdnhv wkh lqvwuxphqw uxoh/ wrjhwkhu zlwk wkh uxoh glvfxvvhg qh{w/ d iruzdug
orrnlqj lqvwuxphqw uxoh1BgP Lq wklv odwwhu fdvh/ wkh rswlpl}hg ihhgedfn sdudphwhuv frxog qrw |lhog d xqltxh vroxwlrq/ l1h1 wkh| fruuhvsrqg wr pxowlsoh
htxloleuld ru *vxqvsrwv* zkhuh wkh hfrqrp| fdq vwduw prylqj diwhu vkrfnv wkdw duh qrw uhodwhg wr wkh ixqgdphqwdov1 Vhh
Ohylq hw do1 +5336, iru d ghwdlohg looxvwudwlrq ri wkh frqglwlrqv xqghu zklfk lqghwhuplqdf| lv olnho| wr rffxu lq wkh vwxg|
ri prqhwdu| srolf| uxohv1B@Q Krzhyhu lw vkrxog eh qrwhg wkdw wklv lv qrw d qhfhvvdu| frqglwlrq iru ghwhuplqdf|1
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dvvljqhg wr lqwhuhvw udwh yduldelolw|1 Wklv grhv qrw frph dv d vxusulvh vlqfh prqhwdu| srolf| zloo ehfrph
pruh djjuhvvlyh wrzdugv vkrfnv lq rughu wr vwdelol}h erwk lq dwlrq dqg rxwsxw1 Wklv lq vslwh ri wkh
kljkhu lqwhuhvw udwh yrodwlolw| wkdw lw eulqjv dorqj li rxwsxw ehfrphv ohvv ri d frqfhuq1 Wkh orzhvw
ihhgedfn frh!flhqwv xqghu doo w|shv ri uxohv frqvlghuhg lq Wdeoh 5/ djdlq h{fhsw wkh lq dwlrq iruhfdvw
uxoh/ duh rewdlqhg zkhq wkh srolf| suhihuhqfhv ^t 2 > t L ` duh vhw htxdo wr ^3=5> 3=8`1 Wklv lv suredeo| gxh
wr wkh idfw wkdw wkh fhqwudo edqn lv ohvv frqfhuqhg derxw rxwsxw yduldelolw|1 Dq lqfuhdvlqj frqfhuq iru
rxwsxw jds yduldelolw|/ zkloh nhhslqj wkh frqfhuq iru lqwhuhvw udwh yduldelolw| frqvwdqw/ ohdgv wr d kljkhu
uhvsrqvlyhqhvv wr erwk lq dwlrq dqg rxwsxw jds1 Khqfh zh fdq vwdwh wkdw wkh uhvsrqvlyhqhvv wr erwk
yduldeohv lqfuhdvhv zlwk wkh zhljkw dvvljqhg wr wkh rxwsxw jds lq wkh orvv ixqfwlrq1

Lw vkrxog dovr eh qrwhg wkdw iru hyhu| dowhuqdwlyh frpelqdwlrq ri srolf| suhihuhqfhv ^t 2 > t L `/ Wdeoh 5
vkrzv wkdw wkh orzhvw orvv lv dozd|v rewdlqhg xqghu wkh odjjhg Wd|oru uxoh/ iroorzhg e| wkh Wd|oru0w|sh
ri uxoh/ wkh iruhfdvw uxoh lqfoxglqj wkh rxwsxw jds dqg �qdoo| wkh zruvw shuiruplqj lq dwlrq iruhfdvw
uxoh1 Wklv �qglqj vxjjhvwv wkdw d vlpsoh ihhgedfn uxoh lq ixqfwlrq ri wkh odjjhg yduldeohv rqo| shuirupv
ehvw/ voljkwo| ehwwhu wkdq d Wd|oru0w|sh ri uxoh h{suhvvhg lq whupv ri wkh frqwhpsrudqhrxv yduldeohv1
Wkh zruvw rxwfrph lv rewdlqhg xqghu d uxoh wkdw lv d ixqfwlrq ri iruhfdvw yduldeohv rqo|1 Pruhryhu/ wkh
lqfuhdvh lq xqfrqglwlrqdo orvv lv wkh kljkhvw zkhq vzlwfklqj iurp wkh iruhfdvw uxoh wkdw vwloo lqfoxghv wkh
fxuuhqw rxwsxw jds lq dgglwlrq wr wkh lq dwlrq iruhfdvw uxoh wr wkh fdvh zkhuh prqhwdu| srolf| uhvsrqgv
rqo| wr wkh lq dwlrq iruhfdvw1 Wklv lv hvshfldoo| wkh fdvh zkhq wkhuh lv d kljk frqfhuq iru rxwsxw jds
yduldelolw|> wkh orvv xqghu wkh lq dwlrq iruhfdvw uxoh lqfuhdvhv zlwk wkh zhljkw dvvljqhg wr wkh rxwsxw
jds lq wkh orvv ixqfwlrq1 Lw vhhpv wkdw wkh lq dwlrq iruhfdvw rqo| lv qrw d vx!flhqw yduldeoh wr uhdfw
xsrq dqg wkh zhoiduh frvwv lqfuhdvh zlwk wkh frqfhuq iru yrodwlolw| lq wkh rxwsxw jds1 Wklv �qglqj lv lq
frqwudvw wr wkh dujxphqw pdgh e| Edwlql dqg Kdogdqh +4<<<, wkdw rxwsxw jds fdq eh ohiw rxw ri wkh uxoh
vshfl�fdwlrq li lqwhuhvw udwh vprrwklqj lv wdnhq lqwr dffrxqw wr hqvxuh vwdelolw|1 Dowkrxjk lqwhuhvw udwh
vprrwklqj lv qrw suhvhqw lq Wdeoh 5/ zh zloo vhh ehorz wkdw hyhq zkhq lqwhuhvw udwh vprrwklqj lv doorzhg
iru lq Wdeoh 6 wklv frqfoxvlrq grhv qrw fkdqjh1 Wkh uhvxow wkdw d ihhgedfn uxoh h{suhvvhg lq ixqfwlrq
ri wkh lq dwlrq iruhfdvw rqo| shuirupv edgo| lv dovr lqglfdwhg e| Ohylq hw do1 +5336, dqg Uxghexvfk
dqg Vyhqvvrq +4<<;,/ ghvslwh wkh idfw wkdw wkh prgho dvvxpswlrqv lq wkh odwwhu gl�hu vxevwdqwldoo| iurp
wkh rqh zh xvh lq wklv vwxg| :YN 1 Krzhyhu/ zh pljkw d sulrul h{shfw wkdw iruzdug orrnlqj ihhgedfn
uxohv zkhuh wkh rxwsxw jds lv lqfoxghg lq vrph irup/ olnh wkh wklug w|sh ri uxoh lq rxu dqdo|vlv/ frxog
shuirup ehwwhu wkdq uxohv h{suhvvhg lq whupv ri fxuuhqw dqg2ru odjjhg yduldeohv +h1j1 wkh Wd|oru0w|sh

BgR Wkh| dvvxph edfnzdug orrnlqj h{shfwdwlrqv zlwklq wkh frqwh{w ri d vwdqgdug wzr htxdwlrq prgho wkdw frqvlvwv ri d
Skloolsv fxuyh dqg dq LV fxuyh1
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ri uxoh ru wkh odjjhg Wd|oru uxoh lq rxu h{dpsoh,1 Wklv dvvxpswlrq lv vlpso| edvhg rq wkh idfw wkdw lq
wkh odwwhu fdvh prqhwdu| srolf| uhdfwv zlwk d ghod| wr vkrfnv/ zkhuhdv xqghu wkh iruzdug orrnlqj uxoh
lpphgldwh uhvsrqvh wr wkhvh vkrfnv lv srvvleoh ehfdxvh wkhlu ixwxuh h�hfwv duh lqfdofxodwhg/ zklfk lq wxuq
suhyhqwv wkh vkrfn iurp wdnlqj ixoo h�hfw :YO 1 Lq dgglwlrq/ dv glvfxvvhg lq ghwdlo lq Edwlql dqg Kdogdqh
+4<<<,/ wkh dujxphqw wkdw prqhwdu| srolf| h�hfwv frph zlwk d ghod|/ gxh wr odjv lq wkh wudqvplvvlrq
phfkdqlvp/ dqg uhdfwlqj wrgd| wr h{shfwhg frqglwlrqv lv dqrwkhu uhdvrq zk| iruzdug orrnlqj uxohv pd|
eh suhihuuhg ; Z 1 Ghvslwh wkhvh dujxphqwv lq idyrxu ri iruzdug orrnlqj uxohv/ rxu frqfoxvlrqv edvhg rq
Wdeoh 5 zkhuh lqwhuhvw udwh vprrwklqj lv devhqw/ vxjjhvw wkdw wkhvh nlqg ri uxohv shuirup wkh zruvw1
Krzhyhu/ wkh zhoiduh lpsuryhphqw lq whupv ri orvvhv lq prylqj iurp wkh iruhfdvw uxoh lqfoxglqj wkh
rxwsxw jds wr hlwkhu wkh Wd|oru0w|sh ri uxoh ru wkh odjjhg Wd|oru uxoh lv prghudwh ; � 1

Ilqdoo|/ frpsdulqj wkh orvvhv xqghu wkh odjjhg Wd|oru uxoh wr wkh orvvhv rewdlqhg xqghu wkh *ehqfk0
pdun* xquhvwulfwhg rswlpdo uxoh iru hyhu| frpelqdwlrq ri suhihuhqfhv ^t 2 > t L ` lqglfdwhv wkdw wkh zhoiduh
dgydqwdjh ri wklv ehqfkpdun uxoh ryhu wkh prvw idyrxudeoh rswlpdo vlpsoh uxoh lv uhodwlyho| kljk1 Wklv
ohdgv xv wr wkh frqfoxvlrq wkdw/ jlyhq wkh fxuuhqw vshfl�fdwlrq ri wkh irxu dowhuqdwlyh vlpsoh uxohv +l1h1
qr doorzdqfh iru lqwhuhvw udwh lqhuwld lq wkh ihhgedfn uxoh,/ wkhvh uxohv lq jhqhudo gr qrw shuirup yhu| zhoo
lq dssurdfklqj wkh ehqfkpdun uxoh lq whupv ri plqlpl}hg xqfrqglwlrqdo orvvhv1 Wklv lv qrw vxusulvlqj
vlqfh lqwhuhvw udwhv duh revhuyhg zlwk d kljko| lqhuwldo sdwwhuq lq iruzdug orrnlqj udwlrqdo h{shfwdwlrqv
prghov1 Dv zloo ehfrph fohdu lq wkh qh{w vhfwlrq/ prqhwdu| srolf| fdq wkhuhiruh dfklhyh d ehwwhu vrfldo
rxwfrph e| lqfoxglqj wkh odjjhg lqwhuhvw udwh +l1h1 d vprrwklqj whup, lq doo irxu dowhuqdwlyh w|shv ri
vlpsoh uxohv frqvlghuhg lq wkh suhylrxv vhfwlrq1 Zh qrz wxuq wr wkh glvfxvvlrq ri wkh uhvxowv xqghu wkh
vprrwklqj vshfl�fdwlrq1

71517 Uhvxowv iru wkh Vprrwklqj vshfl�fdwlrq

Wkhuh duh wzr fdvhv lq Wdeoh 6 xqghu wkh lq dwlrq iruhfdvw uxoh wkdw gr qrw fruuhvsrqg wr d ghwhuplqdwh
htxloleulxp zklfk zh suhihu qrw wr frqvlghu lq rxu dqdo|vlv iru wklv uhdvrq1 Wklv lv prvw olnho| gxh wr
wkh idfw wkdw rxwsxw lv qrw lqfoxghg h{solflwo| lq wkh ihhgedfn uxoh1 Dv vkrzq lq Ohylq hw do1 +5336,
dqg lq wkh wdeoh/ doorzlqj iru d uhvsrqvh wr wkh rxwsxw jds vroyhv wkh sureohp ri lqghwhuplqdf|1 Lw lv
dovr qrwlfdeoh wkdw/ dv lq wkh edvholqh vshfl�fdwlrq/ wkh rswlpdo uhvsrqvh wr h{shfwhg lq dwlrq lq wkh

BgW Wklv dujxphqw lv dovr sxw iruzdug e| Ohylq hw do1 +5336, dqg Edwlql dqg Kdogdqh +4<<<,1C \ Wklv dujxphqw lv dovr xvhg e| Vyhqvvrq +4<<:, dqg Vyhqvvrq dqg Zrrgirug +4<<<, lq idyrxu ri lq dwlrq iruhfdvw
wdujhwlqj1C � Lq olqh zlwk wklv frqfoxvlrq/ Ohylq hw do1 +5336, �qg wkdw lq udwlrqdo h{shfwdwlrqv prghov/ wkh jdlqv iurp iruzdug
orrnlqj uxohv ryhu rxwfrph edvhg uxohv +l1h1 uxohv lq whupv ri fxuuhqw dqg odjjhg yduldeohv, duh olplwhg1 Vlploduo|/ Urwhpehuj
dqg Zrrgirug +4<<;, �qg wkdw wkhuh lv rqo| d voljkw ghwhulrudwlrq lq shuirupdqfh zkhq odjjhg yduldeohv duh hpsor|hg1
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Wdeoh 6= Xqfrqglwlrqdo Orvvhv Vprrwklqj Yduldqw = Frpplwphqw
Wd|oru0w|sh ri uxoh U m + k� Lq dwlrq iruhfdvw uxoh U m + -�

^t2 > t L ` S @ ^�> u2 > u 7 ` H^O � ` a S @ ^�> u 7 ` H^O � ` a
^3=34> 3=34` qd 3=3355 ^3=<:99> 8=554;` 3=33::
^3=8> 3=8` ^3=<8<5> 3=3<:<> 8=946<` 3=34:8 ^3=<9:4> 4=<68:` 3=35<3
^4> 4` ^3=<8<5> 3=3:<:> 7=;354` 3=35<8 Lqghwhuplqdwh
^4> 3=8` ^3=<873> 3=4546> 9=9596` 3=354< Lqghwhuplqdwh
^4> 3=34` qd 3=3366 ^3=<995> 4=<64;` 3=374:
^3=5> 3=8` ^3=<997> 3=3;:5> 8=4;99` 3=3473 ^3=<9:5> 4=<953` 3=3533
^5> 3=8` qd 3=35:: ^3=<998> 4=<668` 3=3:5<

Iruhfdvw uxoh zlwk rxwsxw jds U m + l� Odjjhg Wd|oru uxoh U m + ��
^t2 > t L ` S @ ^�> u2 > u 7 ` H^O � ` a S @ ^�> u2 > u 7 ` H^O � ` a
^3=34> 3=34` qd 3=3357 qd 3=3353
^3=8> 3=8` ^3=<934> 3> 8=<374` 3=34:; ^3=<8<3> 3> 8=<:89` 3=3497
^4> 4` ^3=<94:> 3=3<::> 8=8989` 3=3635 ^3=<8;7> 3=3:;:> 7=:964` 3=35:;
^4> 3=8` ^3=<8:7> 3=47;9> :=:;7:` 3=3555 ^3=<863> 3=4553> 9=999:` 3=3538
^4> 3=34` qd 3=3367 qd 3=3363
^3=5> 3=8` ^3=<9:;> 3> 9=3447` 3=3476 ^3=<994> 3=3;:3> 8=4<37` 3=3466
^5> 3=8` ^3=<858> 3=4<38> <=9444` 3=35;9 qd 3=3588

lq dwlrq iruhfdvw uxoh lv uhodwlyho| uhvwulfwhg frpsduhg wr wkh htxlydohqw iruhfdvw uxoh wkdw lqfoxghv wkh
rxwsxw jds1 Wklv pd|/ dv srlqwhg e| h1j1 Urwhpehuj dqg Zrrgirug +4<<;, dqg Fodulgd hw do1 +4<<<,/
lq sduw dovr h{sodlq wkh lqghwhuplqdf| wkdw rffxuv lq wkh lq dwlrq iruhfdvw uxoh1 Zkhq wkh uhvsrqvh wr
+d vkrfn wkdw ohdgv wr, dq lqfuhdvh lq h{shfwhg lq dwlrq lv %wrr orz%/ dfwxdo lq dwlrq zloo lqfuhdvh gxh
wr orzhu uhdo lqwhuhvw udwhv dqg wkh h{shfwdwlrqv ri kljkhu lq dwlrq zloo eh hqirufhg1 Wklv vhoi0ixo�oolqj
h�hfw ohdgv wr pxowlsoh htxloleuld dqg khqfh wkh rswlpdo sdudphwhuv idlo wr hqvxuh vwdelolw|1

Lq olqh zlwk wkh uhvxowv iru wkh edvholqh vshfl�fdwlrq/ zh revhuyh wkdw pdlqo| lq wkh devhqfh ri frqfhuq
iru lqwhuhvw udwh yduldelolw|/ wkh rswlpdo ihhgedfn sdudphwhu iru lq dwlrq u 7 hlwkhu ehfrphv yhu| kljk dv
lv wkh fdvh iru wkh lq dwlrq iruhfdvw uxoh/ ru hyhq wrr kljk +qd, lq doo rwkhu fdvhv1 Dowkrxjk vwdelolw| zdv
hqvxuhg dovr lq wkh edvholqh vshfl�fdwlrq e| kljk lq dwlrq frh!flhqwv zkhq wkhuh lv qr zhljkw dvvljqhg
wr lqwhuhvw udwh yduldelolw|/ wklv h�hfw lv hyhq uhlqirufhg xqghu wkh vprrwklqj vshfl�fdwlrq1 Vlqfh wkhvh
ydoxhv duh yhu| kljk/ zh fdqqrw dvvljq wkhp dq hfrqrplfdoo| sodxvleoh phdqlqj dqg khqfh zh suhihu wr
ohdyh wkhp rxw iurp wkh dqdo|vlv1

Lq jhqhudo wkh rswlpdo ydoxhv iru wkh vprrwklqj sdudphwhu � duh yhu| kljk/ qhyhu ehorz 3=<8/ xqghu
hyhu| dowhuqdwlyh uxoh1 Wklv lv lq olqh zlwk wkh frpprq �qglqj wkdw prghov zlwk udwlrqdo h{shfwdwlrqv
dvvxpswlrqv duh w|slfdoo| fkdudfwhul}hg e| kljk lqhuwldo ehkdylrxu lq wkh lqwhuhvw udwhv ;Y: 1 Wkh uhvsrqvh

C[B Urwhpehuj dqg Zrrgirug +4<<;, hyhq �qg ydoxhv odujhu wkdq rqh/ srlqwlqj wr vxshulqhuwldo ehkdylrxu1
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frh!flhqwv wr wkh rxwsxw jds lq wkh vprrwklqj vshfl�fdwlrq xqghu hyhu| uxoh wkdw lqfoxghv wkh rxwsxw
jds h{solflwo| duh orzhu wkdq xqghu wkh edvholqh vshfl�fdwlrq iru hdfk frpelqdwlrq ri srolf| suhihuhqfhv
^t 2 > t L `1 Rq wkh frqwudu|/ wkh uhvsrqvhv wr lq dwlrq duh vxevwdqwldoo| kljkhu lq wkh vprrwklqj vshfl�0
fdwlrq dv frpsduhg wr wkh edvholqh fdvh/ h{fhsw iru wkh lq dwlrq iruhfdvw uxoh zkhuh wkh uhvsrqvhv wr
h{shfwhg lq dwlrqv duh vlplodu dqg orz xqghu wkh wzr vshfl�fdwlrqv1 Wklv lv qrw vxusulvlqj ehfdxvh
wkh ghjuhh ri vprrwklqj lv kljk dqg wkhuhiruh d kljk uhvsrqvh frh!flhqw lv qhhghg lq rughu wr lqgxfh
wkh uhtxluhg fkdqjh lq wkh lqwhuhvw udwhv1 Wkh orzhvw uhvsrqvh wr lq dwlrq xqghu wkh Wd|oru0w|sh ri
uxoh dqg wkh odjjhg Wd|oru uxoh lv rewdlqhg zkhq wkhuh lv htxdo frqfhuq wr doo wdujhw yduldeohv lq wkh
remhfwlyh ixqfwlrq1 Ehfdxvh prqhwdu| srolf| frqvlghuv doo wkuhh wdujhw yduldeohv dv htxdoo| lpsruwdqw
lq wklv fdvh/ wkh uhvsrqvh wr lq dwlrq lv prghudwhg1 Dqdorjrxvo| zlwk wkh edvholqh vshfl�fdwlrq/ wkh
uhvsrqvlyhqhvv wr lq dwlrq lqfuhdvhv zlwk d ghfuhdvlqj frqfhuq iru lqwhuhvw udwh yduldelolw| +devwudfwlqj
iurp wkh frqfhuq iru rxwsxw jds yduldelolw|,/ zklfk ohdgv wr dq h{sorvlyh frh!flhqw zkhq wkhuh lv qr
frqfhuq iru lqwhuhvw udwh yduldelolw| dw doo1 Dq lqfuhdvlqj uhvsrqvh wr lq dwlrq lv dovr revhuyhg/ vlploduo|
wr wkh edvholqh vshfl�fdwlrq fdvh/ zkhqhyhu wkh frqfhuq iru rxwsxw jds yduldelolw| lv lqfuhdvhg xqghu dq
xqfkdqjhg frqfhuq iru lqwhuhvw udwh yduldelolw|1

Wkh frqfoxvlrqv edvhg rq wkh rewdlqhg orvvhv xqghu wkh dowhuqdwlyh uxohv zkhq lqwhuhvw udwh vprrwklqj
lv qrw suhvhqw lq wkh edvholqh vshfl�fdwlrq uhpdlq txdolwdwlyho| ydolg zkhq vprrwklqj lv doorzhg iru lq
Wdeoh 61 Vlploduo| wr wkh edvholqh fdvh/ iru hyhu| srvvleoh frpelqdwlrq ri srolf| suhihuhqfhv ^t2 > t L ` lq
Wdeoh 6/ wkh odjjhg Wd|oru uxoh zlwk wkh odjjhg yduldeohv dozd|v shuirupv ehvw e| |lhoglqj wkh orzhvw
orvv/ iroorzhg e| wkh Wd|oru0w|sh ri uxoh lq whupv ri fxuuhqw yduldeohv/ wkh iruhfdvw uxoh lqfoxglqj wkh
fxuuhqw rxwsxw jds dqg �qdoo| wkh lq dwlrq iruhfdvw uxoh zklfk shuirupv zruvw1 Dowkrxjk lw vkrxog
eh qrwhg wkdw hdfk wlph wkh lpsuryhphqw lq zhoiduh lv qrw uhpdundeo| kljk dw doo1 Lw lv dovr khuh wkh
fdvh wkdw wkh zhoiduh lpsuryhphqw lq vzlwfklqj iurp wkh lq dwlrq iruhfdvw uxoh wr wkh iruhfdvw uxoh wkdw
uhvsrqgv wr wkh rxwsxw jds lv uhodwlyho| kljkhu wkdq zkhq rqh pryhv iurp wkh Wd|oru0w|sh ri uxoh wr wkh
odjjhg Wd|oru uxoh1 Lw vkrxog dovr eh qrwhg wkdw/ dowkrxjk wkh lq dwlrq iruhfdvw uxoh shuirupv zruvw/
dq lpsuryhphqw rffxuv zkhq d orzhu zhljkw lv dvvljqhg wr wkh rxwsxw jds1

D jhqhudo frqfoxvlrq iurp wkh uhvxowv lq Wdeoh 6 lv wkdw wkh vprrwklqj yduldqw ri hyhu| w|sh ri
uxoh frqvlghuhg lq wklv vwxg| frqvlvwhqwo| fruuhvsrqgv wr d orzhu xqfrqglwlrqdo orvv wkdq wkh dowhuqdwlyh
edvholqh vshfl�fdwlrq1 Wklv krogv iru hyhu| vhw ri srolf| suhihuhqfhv1 Wklv lv d frpprq revhuydwlrq lq
wkh frqwh{w ri udwlrqdo h{shfwdwlrqv prghov ;Y; dqg fruuhvsrqgv wr �qglqjv e| Urwhpehuj lq Zrrgirug

C@C Wkh uhyhuvh frqfoxvlrq krogv lq wkh frqwh{w ri d edfnzdug orrnlqj prgho/ dv vkrzq h1j1 lq Uxghexvfk dqg Vyhqvvrq
+4<<;,1
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+4<<;,/ zkr �qg wkdw prvw h!flhqw uxohv vkrz vxshulqhuwldo ehkdylrxu +vprrwklqj sdudphwhu odujhu
wkdq rqh,1 Rwkhu h{dpsohv fdq eh irxqg h1j1 lq Zrrgirug +4<<<,/ Zlooldpv +5336,/ Ohylq hw do1 +5336,
dqg Dqjhorql hw do1 +5336,1

Khqfh wkh odjjhg Wd|oru uxoh wkdw doorzv iru lqwhuhvw udwh vprrwklqj shuirupv ehvw lq dssurdfklqj
wkh xquhvwulfwhg rswlpdo uxoh iurp wkh srlqw ri ylhz ri h!flhqf| dprqj doo fodvvhv ri rswlpdo vlpsoh
uxohv dqdo|vhg lq wklv vwxg|1 Pruhryhu/ wklv uxoh |lhogv d frvw wkdw lv forvhu wr wkh frvw lqfxuuhg xqghu
wkh ixoo| rswlpdo uxoh wkdq lwv edvholqh frxqwhusduw wr vxfk dq h{whqw wkdw wkh gl�huhqfh ehwzhhq wklv
rswlpdo vlpsoh uxoh dqg wkh ixoo| rswlpdo uxoh lq whupv ri h!flhqf| lv txlwh vpdoo1 Lw ehfrphv fohdu
iurp wklv frqfoxvlrq wkdw prqhwdu| srolf| wkdw uhvsrqgv wr rqo| odjjhg ydoxhv ri wkh lqwhuhvw udwh/
lq dwlrq dqg wkh rxwsxw jds/ vxffhhgv lq dssurdfklqj wkh h!flhqf| surylghg e| wkh ixoo| rswlpdo uxoh
zklfk lqfoxghv d odujhu vhw ri lqirupdwlrq yduldeohv1 Khqfh wklv vxjjhvwv wkdw wkh lqirupdwlrq qhhghg
iru rswlpdo prqhwdu| srolf| lq dfklhylqj wkh prvw idyrxudeoh vrfldo rxwfrph/ fdq eh pdlqo| fdswxuhg
e| d vlpsoh uxoh wkdw lqfoxghv odjv ri wkuhh yduldeohv rqo|/ l1h1 wkh odjjhg lqvwuxphqw/ odjjhg lq dwlrq
dqg odjjhg rxwsxw jds1 Vlqfh wkh uhsodfhphqw ri wkh fxuuhqw lq dwlrq dqg rxwsxw jds e| wkhlu odjjhg
ydoxhv lq wkh srolf| uxoh eulqjv rqo| d voljkw lpsuryhphqw/ wkh dgglwlrq ri wkh vprrwklqj whup wdnhv
dffrxqw iru wkh odujhvw sduw ri wkh zhoiduh lpsuryhphqw lq dssurdfklqj wkh orvv xqghu wkh xquhvwulfwhg
rswlpdo uxoh1 Jlyhq wkh iruzdug orrnlqj qdwxuh ri wkh h{shfwdwlrqv lq wkh prgho zh duh frqvlghulqj/
zkhq prqhwdu| srolf| lv frpplwwhg wr d vlpsoh uxoh wkdw lv fuhgleoh/ ixwxuh uhvsrqvhv wr vkrfnv duh
dqwlflsdwhg e| wkh sulydwh vhfwru1 Hyhq li prqhwdu| srolf| grhv qrw lpphgldwho| uhvsrqg wr wkhvh
vkrfnv ehfdxvh ri kljk lqhuwld lq wkh lqvwuxphqw uxoh/ wkh fuhglelolw| lvvxh hqvxuhv wkdw udwlrqdo djhqwv
fdq iruhfdvw wkh ixwxuh uhvsrqvh wr wkh vkrfnv1 Wklv lpphgldwh dgmxvwphqw ri h{shfwdwlrqv d�hfwv wkh
fxuuhqw ehkdylrxu ri sulydwh djhqwv dqg wkhuhiruh eulqjv dorqj sduw ri wkh vwdelol}dwlrq h�hfwv qhhghg
e| srolf| wkdw kdv qrw uhvsrqghg |hw1 Wklv lq wxuq zloo ohdg wr wkh qhhg ri d pruh prghudwh uhvsrqvh
iurp sduw ri wkh prqhwdu| dxwkrulwlhv lq rughu wr vwdelol}h wkh hfrqrp| +zklfk ohdgv wr wkh lqhuwld, wkdq
zrxog eh qhfhvvdu| lq wkh fdvh ri edfnzdug orrnlqj h{shfwdwlrqv1 Wklv dujxphqw lv dovr sxw iruzdug
e| Urwhpehuj dqg Zrrgirug +4<<;,/ dv Fodulgd hw do1 +4<<<, dqg Zlooldpv +5336,1

8 Frqfoxvlrq
Wkh pdlq sxusrvh ri wklv vwxg| zdv wr hydoxdwh wkh shuirupdqfh ri ixoo| rswlpdo uxohv dqg rswlpdo
vlpsoh uxohv uhvwulfwhg lq wkhlu sdudphwhu vhwwlqj zlwklq wkh iudphzrun ri dq hvwlpdwhg Qhz0Nh|qhvldq
jhqhudo htxloleulxp prgho iru wkh Hxur Duhd ghyhorshg e| Vphwv dqg Zrxwhuv +5336,1 Zh �qg wkdw
xqghu wkh fxuuhqw sdudphwhu vhwwlqj dqg wkh uhvxowlqj ghjuhh ri iruzdug orrnlqjqhvv lq wkh prgho/ wkhuh
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duh frqvlghudeoh jdlqv iurp frpplwphqw zlwk uhvshfw wr glvfuhwlrq xqghu wkh ixoo| rswlpdo uxohv1 Wkhvh
jdlqv pljkw eh iru d odujh sduw gxh wr wkh vwdelol}dwlrq eldv wkdw lv suhvhqw xqghu glvfuhwlrq1 Zlwklq
wkh fodvv ri vlpsoh uxohv/ wkh odjjhg yduldqw ri wkh Wd|oru w|sh ri uxoh lqfoxglqj d vprrwklqj whup iru
wkh lqwhuhvw udwh shuirupv uhodwlyho| zhoo lq dssurdfklqj wkh shuirupdqfh ri wkh xquhvwulfwhg rswlpdo
uxoh ghulyhg xqghu frpplwphqw1 Krzhyhu/ wkh zhoiduh lpsuryhphqw lq uhsodflqj wkh vshfl�fdwlrq ri
wkh Wd|oru w|sh ri uxoh lq whupv ri fxuuhqw yduldeohv e| wkhlu odjv lv olplwhg1 Vlpsoh uxohv h{suhvvhg lq
whupv ri iruhfdvwv wr qh{w shulrg*v lq dwlrq udwh/ krzhyhu/ shuirup uhodwlyho| zruvh1

Wkh vwxg| shuiruphg lq wklv sdshu fdq eh lpsuryhg rq vhyhudo dvshfwv1 Dq lpsruwdqw vkruwfrplqj
lv wkdw zh glg qrw whvw wkh urexvwqhvv ri wkh uxohv zkhq wkhuh lv d frqvlghudeoh ghjuhh ri xqfhuwdlqw|
suhvhqw frqfhuqlqj wkh xqghuo|lqj vwuxfwxudo prgho1 Zh dovr olplwhg rxu vwxg| wr h{solflw prqhwdu|
srolf| uxohv/ zkhuhdv frpsdulvrq wr wdujhwlqj uxohv lv dovr dq lqwhuhvwlqj h{huflvh wkdw zh zlvk wr shuirup
lq ixwxuh zrun1 Dovr/ jlyhq wkh vwuxfwxudo prgho frqvlghuhg/ lw zrxog eh lqwhuhvwlqj dqg pruh idyrxudeoh
wr hydoxdwh wkh dowhuqdwlyh uxohv xqghu d zhoiduh edvhg orvv ixqfwlrq zklfk zh lqwhqg wr gr lq wkh ixwxuh1

Uhihuhqfhv
^4` Dqghuvrq/ J1 dqg Prruh/ J1 4<;81 %D Olqhdu Dojheudlf Surfhgxuh iru Vroylqj Olqhdu Shuihfw

Iruhvljkw Prghov%/ Hfrqrplfv Ohwwhuv 4:1 57:05851

^5` Dqjhorql/ L1/ Frhqhq/ J1 dqg Vphwv/ I1 53361 %Shuvlvwhqfh/ wkh Wudqvplvvlrq Phfkdqlvp dqg
Urexvw Prqhwdu| Srolf|%/ HFE zrunlqj sdshu 5831

^6` Edfnxv/ G1 dqg Gul!oo/ M1 4<;91 %Wkh Frqvlvwhqf| ri Rswlpdo Srolf| lq Vwrfkdvwlf Udwlrqdo
H{shfwdwlrqv Prghov%/ FHSU zrunlqj sdshu 4571

^7` Eduur/ U1 dqg Jrugrq/ G1 4<;61 %Uxohv/ Glvfuhwlrq dqg Uhsxwdwlrq lq d prgho ri Prqhwdu|
Srolf|%/ Mrxuqdo ri Prqhwdu| Hfrqrplfv 451 43404541

^8` Eolqghu/ D1V1 4<<;1 %Fhqwudo Edqnlqj lq Wkhru| dqg Sudfwlfh%/ PLW Suhvv1

^9` Fdoyr/ J1 4<;61 %Vwdjjhuhg Sulfhv lq d Xwlolw|0Pd{lpl}lqj Iudphzrun%/ Mrxuqdo ri Prqhwdu|
Hfrqrplfv 451 6;606<;1

^:` Fkdgkd/ M1V1 dqg Qrodq/ F1 53371 %Rswlpdo Vlpsoh Uxohv iru wkh Frqgxfw ri Prqhwdu| dqg Ilvfdo
Srolf|%/ Fhqwuh gru G|qdplf Pdfurhfrqrplf Dqdo|vlv Zrunlqj Sdshu Vhulhv FGPD372391
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^;` Fkulvwldqr/ O1/ Hlfkhqedxp/ P1 dqg Hydqv/ F1 53341 %Qrplqdo Uljlglwlhv dqg wkh G|qdplf H�hfwv
ri d Vkrfn wr Prqhwdu| Srolf|%/ Ihghudo Uhvhuyh Edqn ri Fohyhodqg zrunlqj sdshu1

^<` Fodulgd/ U1/ Jdoð/ M1 dqg Jhuwohu/ P1 4<<<1 %Wkh Vflhqfh ri Prqhwdu| Srolf|= d Qhz Nh|qhvldq
Shuvshfwlyh%/ Mrxuqdo ri Hfrqrplf Olwhudwxuh {{{yll1 499404:3:1

^43` Ghqqlv/ U1 53371 %Vroylqj iru Rswlpdo Vlpsoh Uxohv lq Udwlrqdo H{shfwdwlrqv Prghov%/ Mrxuqdo
ri Hfrqrplf G|qdplfv ) Frqwuro 5;1 4968049931

^44` Ghqqlv/ U1 53381 %Rswlpdo Srolf| lq Udwlrqdo H{shfwdwlrqv Prghov= Qhz Vroxwlrq Dojrulwkpv%/
Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr zrunlqj sdshu 533403<1

^45` Ghqqlv/ U1 dqg Vùghuvwuùp/ X1 53381 %Krz Lpsruwdqw lv Suhfrpplwphqw iru Prqhwdu| Srolf|B%/
Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj iruwkfrplqj1

^46` Jldqqrql/ P1S1 dqg Zrrgirug/ P1 53351 %Rswlpdo Lqwhuhvw0Udwh Uxohv=L1 Jhqhudo Wkhru|%/ QEHU
zrunlqj sdshu <74<1

^47` Jldqqrql/ P1S1 dqg Zrrgirug/ P1 53351 %Rswlpdo Lqwhuhvw0Udwh Uxohv=LL1 Dssolfdwlrqv%/ QEHU
zrunlqj sdshu <7531

^48` Jldqqrql/ P1S1 dqg Zrrgirug/ P1 53361 %Rswlpdo Lq dwlrq Wdujhwlqj Uxohv%/ QEHU zrunlqj
sdshu <<6<1

^49` Kdqvhq/ O1S1/ PfJudwwdq/ H1U1 dqg Vdujhqw/ W1M1 %Phfkdqlfv ri Iruplqj dqg Hvwlpdwlqj G|qdplf
Olqhdu Hfrqrplhv%/ Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv zrunlqj sdshu 4;51

^4:` Mxgg/ N1O1 4<<;1 %Qxphulfdo Phwkrgv lq Hfrqrplfv%/ PLW Suhvv1

^4;` Nohlq/ S1 53331 %Xvlqj wkh Jhqhudol}hg Vfkxu irup wr Vroyh d Pxowlyduldwh Olqhdu Udwlrqdo
H{shfwdwlrqv Prgho%/ Mrxuqdo ri Hfrqrplf G|qdplfv dqg Frqwuro 57 +43,1 4738047561

^4<` N|godqg/ I1 dqg Suhvfrww/ H1 4<::1 %Uxohv Udwkhu wkdq Glvfuhwlrq= wkh lqfrqvlvwhqf| ri Rswlpdo
Sodqv%/ Mrxuqdo ri Srolwlfdo Hfrqrp| ;:1 7:607<51

^53` Ohylq/ D1W1 dqg Zlooldpv/ M1F1 53361 %Urexvw Prqhwdu| Srolf| zlwk Frpshwlqj Uhihuhqfh Prg0
hov%/ Mrxuqdo ri Prqhwdu| Hfrqrplfv 831 <780<:81

^54` Ohylq/ D1W1/ Zlhodqg/ Y1 dqg Zlooldpv/ M1F1 53361 %Wkh Shuirupdqfh ri Iruhfdvw0Edvhg Prqhwdu|
Srolf| Uxohv xqghu Prgho Xqfhuwdlqw|%/ Wkh Dphulfdq Hfrqrplf Uhylhz yro1 <6/ qr1 61 95509781
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^55` PfFdooxp/ E1 dqg Qhovrq/ H1 4<<<1 %Shuirupdqfh ri Rshudwlrqdo Srolf| Uxohv lq dq Hvwlpdwhg
Vhplfodvvlfdo Vwuxfwxudo Prgho%/ lq Wd|oru +4<<<,1

^56` Rqdwvnl/ D1 dqg Zlooldpv/ Q1 53371 %Hpslulfdo dqg Srolf| Shuirupdqfh ri d Iruzdug0Orrnlqj
Prqhwdu| Prgho%/ plphr1

^57` Urjr�/ N1 4<;81 %Wkh Rswlpdo Ghjuhh ri Frpplwphqw wr dq Lqwhuphgldwh Prqhwdu| Wdujhw%/
Txduwhuo| Mrxuqdo ri Hfrqrplfv 433=71 449<0;<1

^58` Urwhpehuj/ M1M1 dqg Zrrgirug/ P1 4<<;1 %Lqwhuhvw0Udwh Uxohv lq dqg Hvwlpdwhg Vwlfn| Sulfh
Prgho%/ QEHU zrunlqj sdshu 994;1

^59` Uxghexvfk/ J1G1 dqg Vyhqvvrq/ O1H1R1 4<<;1 %Srolf| Uxohv iru Lq dwlrq Wdujhwlqj%/ QEHU
zrunlqj sdshu 98451

^5:` Vlpv/ F1 53351 %Vroylqj Olqhdu Udwlrqdo H{shfwdwlrqv Prghov%/ Frpsxwdwlrqdo Hfrqrplfv 53
+405,1 40531

^5;` Vphwv/ I1 dqg Zrxwhuv/ U1 53361 %Dq Hvwlpdwhg G|qdplf Vwrfkdvwlf Jhqhudo Htxloleulxp Prgho
ri wkh Hxur Duhd%/ Mrxuqdo ri wkh Hxurshdq Hfrqrplf Dvvrfldwlrq 4+8,1 4456044:81

^5<` Vùghuolqg/ S1 4<<<1 %Vroxwlrq dqg Hvwlpdwlrq ri UH pdfurprghov zlwk Rswlpdo Srolf|%/ Hxurshdq
Hfrqrplf Uhylhz 761 ;460;561

^63` Vyhqvvrq/ O1H1R1 dqg Zrrgirug/ P1 53331 %Lqglfdwru Yduldeohv iru Rswlpdo Srolf|%/ QEHU
zrunlqj sdshu :<861

^64` Vyhqvvrq/ O1H1R1 4<<;1 %Lq dwlrq Wdujhwlqj dv d Prqhwdu| Srolf| Uxoh%/ Vhplqdu Sdshu Vyhuljhv
Ulnvedqn dqg LLHV 9791

^65` Vyhqvvrq/ O1H1R1 4<<<1 %Lq dwlrq Wdujhwlqj dv d Prqhwdu| Srolf| Uxoh%/ Mrxuqdo ri Prqhwdu|
Hfrqrplfv 761 93:09871

^66` Vyhqvvrq/ O1H1R1 53361 %Prqhwdu| Srolf| dqg Uhdo Vwdelol}dwlrq%/ QEHU zrunlqj sdshu <7;91

^67` Wd|oru/ M1E1 4<<61 %Glvfuhwlrq yhuvxv Srolf| Uxohv lq Sudfwlfh%/ Fduqhjlh0Urfkhvwhu Frqihuhqfh
Vhu1 Sxeolf Srolf| 6<1 4<805471

^68` Wd|oru/ M1E1 4<<<1 %Prqhwdu| Srolf| Uxohv%/ Qdwlrqdo Exuhdx ri Hfrqrplf Uhvhdufk/ Xqlyhuvlw|
ri Fklfdjr Suhvv1
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^69` Zlooldpv/ M1F1 53361 %Vlpsoh Uxohv iru Prqhwdu| Srolf|%/ IUEVI Hfrqrplf Uhylhz 53361

^6:` Zrrgirug/ P1 4<<<1 %Rswlpdo Prqhwdu| Srolf| Lqhuwld%/ QEHU zrunlqj sdshu :5941

^6;` Zrrgirug/ P1 53361 %Lqwhuhvw dqg Sulfhv= Irxqgdwlrqv ri d Wkhru| ri Prqhwdu| Srolf|%/ Sulqfhwrq
Xqlyhuvlw| Suhvv1
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