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Devwudfw

Zh dqdo|}h vlpxowdqhrxv glvfuhwh sxeolf jrrg jdphv zlwk lqfrp0
sohwh lqirupdwlrq dqg frqwlqxrxv frqwulexwlrqv1 Wr xvh wkh whuplqro0
rj| ri Dgpdwl dqg Shuu| +4<<4,/ zh frqvlghu frqwulexwlrq dqg vxe0
vfulswlrq jdphv1 Lq wkh iruphu/ frqwulexwlrqv duh qrw uhixqghg li wkh
surmhfw lv qrw frpsohwhg/ zkloh lq wkh odwwhu wkh| duh1 Iru wkh vshfldo
fdvh zkhuh surylvlrq e| d vlqjoh sod|hu lv srvvleoh zh vkrz wkh h{lv0
whqfh ri dq htxloleulxp lq erwk frqwulexwlrq dqg vxevfulswlrq jdphv
zkhuh d sod|hu ghflghv wr surylgh wkh jrrg e| klpvhoi1 Iru wkh fdvh
zkhuh lv qrw ihdvleoh iru d vlqjoh sod|hu wr surylgh wkh jrrg e| klpvhoi/
zh vkrz wkdw dq| htxloleulxp ri erwk jdphv lv lqh�flhqw1 ZH dovr
surylgh d vx�flhqw frqglwlrq iru _frqwulexwlqj }hur% wr eh wkh xqltxh
htxloleulxp ri wkh frqwulexwlrq jdph zlwk q sod|huv dqg fkdudfwhul}h
htxloleuld ri wkh vxevfulswlrq jdph lqyroylqj srvlwlyh frqwulexwlrqv1

�Fruuhvsrqghqfh wr= I1 Phqh}hv/ Ghsduwphqw ri Hfrqrplfv/ Idfxow| ri Hfrqrplfv dqg
Frpphufh/ Dxvwudoldq Qdwlrqdo Xqlyhuvlw|/ Fdqehuud/ DFW/ 3533/ Dxvwudold1

|Zh zrxog olnh wr wkdqn Mrkq Frqoh|/ Fkduohv Ndkq/ Eduw Olspdq/ Sdxo Shfrulqr/ Wrgg
Vdqgohu dqg Kduulv Vfkohvlqjhu iru khosixo frpphqwv1 Phqh}hv dqg Prqwhlur judwhixoo|
dfnqrzohgjh wkh �qdqfldo vxssruw ri FQSt1 Whplpl dfnqrzohgjhv wkh �qdqfldo vxssruw
ri wkh Froohjh ri Exvlqhvv Dgplqlvwudwlrq dw wkh Xqlyhuvlw| ri Dodedpd1
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MHO Fodvvl�fdwlrq=G:</ G;</ K;<
Nh| Zrugv= sulydwh surylvlrq ri sxeolf jrrgv> frqwulexwlrq dqg vxe0
vfulswlrq jdphv> lqfrpsohwh lqirupdwlrq1
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4Lq wklv sdshu/ zh irfxv rq sulydwh surylvlrq1 Wkhuh lv dq h{whqvlyh phfkdqlvp ghvljq
olwhudwxuh wkdw wuhdwv sxeolf surylvlrq1 Sdshuv lq wklv olwhudwxuh ghyhors h�flhqw phfkd0
qlvpv iru wkh surylvlrq ri sxeolf jrrgv1 Wkhvh phfkdqlvpv duh lq jhqhudo frpsoh{ dqg
uhtxluh d fhqwudo dxwkrulw| wr lpsohphqw wkhp dqg khqfh zrxog eh ehvw ghfvulehg dv phfkd0
qlvpv iru sxeolf surylvlrq ri sxeolf jrrgv1 Judgvwhlq +4<<7, h{dplqhv h�flhqw phfkdqlvpv
iru glvfuhwh sxeolf jrrgv1 Rwkhu sdshuv wkdw wuhdw sxeolf surylvlrq lqfoxgh Pdvnlq +4<::,/
g*Dvsuhprqw dqg Yduhw +4<:</ 4<;5,/ Sdoiuh| dqg Vulydvwdyd +4<;9,1 Fruqhool +4<<9, h{0
dplqhv dq rswlpdo phfkdqlvp iru d prqrsrolvw zklfk surgxfhv dq h{foxgdeoh jrrg wkdw
kdv odujh �{hg frvwv1

5Wkh iuhh ulglqj sureohp ehfrphv zruvh lq wkh suhvhqfh ri lqfrpsohwh lqirupdwlrq1
Judgvwhlq +4<<5, frqvlghuv d g|qdplf prgho ri sulydwh surylvlrq iru d frqwlqxrxv sxeolf
jrrg zlwk lqfrpsohwh lqirupdwlrq zlwk wkh uhvwulfwlrq wkdw sod|huv hlwkhu frqwulexwh }hur
ru dq h{rjhqrxv srvlwlyh dprxqw1 Kh frqfoxghv wkdw lq dgglwlrq wr wkh vwdqgdug xqghu0
surylvlrq uhvxowv/ lqh�flhqf| rffxuv ehfdxvh ri d ghod| lq frqwulexwlrqv1 Wklv lqh�flhqf|
grhv qrw glvdsshdu dv wkh srsxodwlrq ehfrphv odujh1

6Dqguhrql +4<<;, dqdo|}hv wkh uroh ri vhhg prqh| lq wkh suhvhqfh ri qrqfrqyh{lwlhv
lq wkh surgxfwlrq ri wkh sxeolf jrrg1 Kh vkrzv wkdw d vpdoo dprxqw ri vhhg prqh| fdq
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7Dgpdwl dqg Shuu| dqdo|}hg wkh uroh ri frpplwphqw lq wkh surylvlrq ri sxeolf jrrgv1
Pruh vshfl�fdoo|/ wkh| h{dplqhg wzr0sod|hu frqwulexwlrq dqg vxevfulswlrq jdphv zlwk
frpsohwh dqg shuihfw lqirupdwlrq zkhuh sod|huv dowhuqdwh lq pdnlqj sohgjhv ru frqwulex0
wlrqv xqwlo wkh sxeolf surmhfw lv frpsohwhg1 Wkh| vkrz wkdw zlwk olqhdu frvwv/ d qhfhvvdu|
dqg vx�flhqw frqglwlrq iru frpsohwlrq ri wkh surmhfw xqghu d frqwulexwlrq jdph lv wkdw
hdfk sod|hu zrxog frpsohwh wkh surmhfw lpphgldwho| e| klpvhoi li kh zdv wkh rqo| sod|hu1
Zh surylgh d vx�flhqw frqglwlrq dqg zlwk wzr ru pruh sod|huv iru _frqwulexwlqj }hur% wr
eh wkh xqltxh htxloleulxp ri wkh frqwulexwlrq jdph1 Iru wkh vxevfulswlrq jdph/ wkh| vkrz
wkdw doo vrfldoo| ghvludeoh surmhfwv duh frpsohwhg lq htxloleulxp1 Lq frqwudvw/ zh vkrz wkdw
zlwk lqfrpsohwh lqirupdwlrq wkh suredelolw| ri surylvlrq frqglwlrqdo rq ehlqj h�flhqw wr
gr vr lv dozd|v ohvv wkdq rqh1
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ì ?L� @tt�4i |�@| �� @?_ �2 @hi �?_iTi?_i?| _h@�t uhL4 |�i �?�uLh4 dfc�o
_�t|h�M�|�L?� �LhiL�ihc �*@)ih � ' �c 2 !?L�t ��t L�? �@*�@|�L? M�| L?*) |�i
_�t|h�M�|�L? Lu ��t LTTL?i?|<t �@*�@|�L?� wi| �t t�TTLti |�@| � 	 S 	 2� A�i
t�MtUh�T|�L? }@4i �@t 4@?) t)44i|h�U i^��*�Mh�@ @?_ |�i UL?|h�M�|�L? }@4i
�@t L?*) |�i t|hL?} uhii h�_�?} i^��*�Mh�@� wi| �t tii tL4i t�MtUh�T|�L? }@4i
i^��*�Mh�@ �ht|G

�� Efc f�(

��� KWE�� '

�
fc �u � 	 S

2
S
2
c �u � � S

2

(

���� KWE�� '

�
2S3�
S

n �
2
c �u 2S3�

�
� � � �

fc L|�ih��ti�

A�@| Efc f� �t t|�** @? i^��*�Mh��4 �? |�i �?UL4T*i|i �?uLh4@|�L? uL**L�t
|h���@**) uhL4 |�i u@U| |�@| @ t�?}*i T*@)ih U@??L| ThL��_i |�i }LL_ M) ��4�
ti*u� �L� *i|<t U�iU! |�@| |�i t|h@|i}) ThL�*i _itUh�Mi_ �? E��� �t �?_ii_ @?
i^��*�Mh��4� 5�TTLti �*@)ih 2 uL**L�t KWE��� Wu �*@)ih �<t �@*�i �t *itt |�@?
S
2
c |�i? �<t Mit| hiT*) �t |L T*i_}i @?) ?�4Mih *itt |�@? S

2
� W? T@h|�U�*@hc

T*i_}�?} 3ihL �t @ Mit| hitTL?ti� Wu �*@)ih �<t �@*�i �t }hi@|ih |�@? i^�@* |L
S
2
c |�i? �*@)ih �<t Mit| hitTL?ti �t |L T*i_}i S

2
� �*i_}�?} *itt |�@? S

2
�*@)ih

;Edjqrol dqg Olspdq +4<;<, vkrz wkdw wkh lqh�flhqw htxloleuld lq +ll, dqg +lll, fdq eh
holplqdwhg e| xqgrplqdwhg shuihfwlrq1

H



� LM|@�?t 3ihL ThL�|t( M) T*i_}�?} 4Lhi |�@? S
2
c �*@)ih � _Lit ?L| �?Uhi@ti

|�i ThLM@M�*�|) |�@| |�i }LL_ �t ThL��_i_ M�| _iUhi@tit ThL�|t UL?_�|�L?@*
L? ThL��t�L?�

A�i i^��*�Mh��4 T*i_}�?} t|h@|i}�it _itUh�Mi_ �? E���� U@? Mi i T*@�?i_ @t
uL**L�t� � T*@)ih T*i_}it |�i i^���@*i?| |L |�i i TiU|i_ �@*�i Lu |�i L|�ih
T*@)ih Mi�?} *L�ih |�@? ��t L�?c UL?_�|�L?@* L? |�i �?|ih�@* d2S3�

�
c �oc |�@| �tc

L? |�i hi*i�@?| �?|ih�@* ��ihi T*i_}it @hi *itt |�@? Lh i^�@* |L |�i �@*�@|�L?t
uLh |�i T�M*�U }LL_c ��i� KE�� � �� � uLh4@* _ih��@|�L? �t *iu| |L |�i @TTi?_� �

�L|i |�@| |�i �|ih@|i_ i*�4�?@|�L? Lu _L4�?@|i_ t|h@|i}�it _Lit ?L| M�|i
�ihi� W? L�h ti||�?}c �? @ �ht| hL�?_ Lu i*�4�?@|�L? �*@)ih � i*�4�?@|it t|h@|i�
}�it K�E��� : ��� A�i i*�4�?@|�L? ThLUitt t|LTt |�ihi- A�i |)Ti Lu ML�?_t
LM|@�?i_ �? ��*}hL4 @?_ +LMih|tE�bbf� @hi ?L| TLtt�M*i �ihi t�?Ui |�i }@4i
�t ?L| t�Tih4L_�*@hG �L?t�_ih |�L t|h@|i}�it K� ' f @?_ K2 ' S @?_ ?L|i
|�@| sEK2c K2�� sEK2c K��� dsEK�c K2�� sEK�c K2�o ' E�� S�� E�� f� ' �� 	 f�

�u UL�hti |��t 4�*|�T*�U�|) Lu i^��*�Mh�@ U@? TL|i?|�@**) h@�ti _��U�*|�it
�? ^�it|�L?t Lu �i*u@hi� �i�ih|�i*ittc �i ��** t�L� *@|ih |�@| @?) i^��*�Mh�@
Lu |�i t�MtUh�T|�L? }@4i �t �?i�U�i?|� �Lhi ThiU�ti*) �i ��** t�L� |�@| |�i
ThLM@M�*�|) Lu ThL��t�L? Lu |�i T�M*�U }LL_ }��i? |�@| �| �t i�U�i?| |L ThL��_i
�t E�?�uLh4*)�*itt |�@? L?i �? @?) i^��*�Mh��4�b �LhiL�ihc �i ��** ThL��_i @
t��U�i?| UL?_�|�L? �?_ih ���U� |�i �i*u@hi UL4T@h�tL? Mi|�ii? t�MtUh�T|�L?
@?_ UL?|h�M�|�L? }@4it �t t|h@�}�|uLh�@h_ Q @t |�i L?*) i^��*�Mh��4 Lu |�i
UL?|h�M�|�L? }@4i �t |L UL?|h�M�|i 3ihL�
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