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Devwudfw


Wklv sdshu suhvhqwv d qhz g|qdplf �-�M0uhodwhg frqglwlrqdoo| khwhurvfhgdv0


wlf vwrfkdvwlf iurqwlhu prgho vshfl�fdwlrq zkhuh �up dqg wlph0vshfl�f whfkqlfdo


lqh!flhqf| lv uhsuhvhqwhg e| dq dxwruhjuhvvlyh vwrfkdvwlf surfhvv lq wkh huuru frp0


srqhqwv1 Prqwh Fduor uhvxowv uhyhdo wkdw d rqh0vlghg olnholkrrg udwlr whvw ri wkh


sursrvhg prgho kdv fruuhfw vpdoo0vdpsoh vl}h dqg kdv kljk srzhu iru vpdoo wr


phglxp vl}hg sdqhov1 Dq hpslulfdo dssolfdwlrq lv lqfoxghg xvlqj d sdqho ri 2�


RHFG frxqwulhv ryhu wkh 2S |hdu shulrg �bSD� �bbf1 Wkh hvwlpdwlrq uhvxowv lq0


glfdwh d fohdu uhmhfwlrq ri wkh vwdqgdug iurqwlhu prgho dqg h{lvwhqfh ri �uvw rughu


g|qdplf frqglwlrqdoo| khwhurvfhgdvwlf whfkqlfdo lqh!flhqf|1


Nh| Zrugv= Frqglwlrqdo Khwhurvfhgdvwlflw|> Sdqho Gdwd> Vwrfkdvwlf Iurqwlhu


Prgho> Whfkqlfdo Lqh!flhqf|1


MHO0Fodvvl�fdwlrq= F55> F56> G571
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41 Lqwurgxfwlrq


Wkh vwrfkdvwlf iurqwlhu huuru frpsrqhqw prgho/ lqwurgxfhg e| Dljqhu/ Oryhoo dqg


Vfkplgw +4<::, dqg Phhxvhq dqg ydq ghq Eurhfn +4<::,/ kdv irxqg h{whqvlyh


dssolfdwlrqv lq vhyhudo duhdv ri surgxfwlrq dqdo|vlv dv glvfxvvhg lq/ h1j1/ wkh vxuyh|


e| Juhhqh +4<<6,1 Lq wkh ruljlqdo iurqwlhu prgho lw lv dvvxphg wkdw wkh huuru


frpsrqhqw whup frqvlvwv ri wzr lqghshqghqw dqg krprvfhgdvwlf huuru frpsrqhqwv=


D v|pphwulf whup uhsuhvhqwlqj wkh surgxfwlrq iurqwlhu udqgrpqhvv dqg d qrq0


qhjdwlyh whfkqlfdo lqh!flhqf| whup wkdw uhsuhvhqwv wkh dprxqw rxwsxwv idoo vkruw


ri wkh pd{lpxp vwrfkdvwlf iurqwlhu rxwsxw1 Wkh huuru frpsrqhqwv duh jhqhudoo|


dvvxphg wr eh lqghshqghqw krprvfhgdvwlf udqgrp yduldeohv1


Wkh sxusrvh ri wklv sdshu lv wr h{whqg wkh vwrfkdvwlf iurqwlhu prghov wr lq0


frusrudwh d qhz g|qdplf Frqglwlrqdoo| Khwhurvfhgdvwlf +�M, vshfl�fdwlrq ri


whfkqlfdo lqh!flhqf| qrw suhylrxvo| xwlol}hg iru iurqwlhu prghov1 Wkh sursrvhg


prgho lv vlplodu lq vwuxfwxuh wr wkh Dxwruhjuhvvlyh Frqglwlrqdoo| Khwhurvfhgdvwlf


E�-�M� wlph vhulhv prgho e| Hqjoh +4<;5,1 Lq wkh sursrvhg�-�M0uhodwhg vshf0
l�fdwlrq/ wkh �up dqg wlph0vshfl�f whfkqlfdo lqh!flhqf| yduldqfh lv frqglwlrqhg


rq suhylrxv uhdol}dwlrqv ri wkh frpsrvhg huuru whup1 Wkdw lv/ odjjhg uhdol}dwlrqv


ri erwk iurqwlhu qrlvh dqg whfkqlfdo lqh!flhqf| d�hfw wkh yduldqfh dqg phdq whfk0


qlfdo lqh!flhqf| lq ixwxuh shulrgv1 Wklv vshfl�fdwlrq doorzv iru d shuvlvwhqfh lq


wkh g|qdplf ghyhorsphqw ri �up0vshfl�f whfkqlfdo lqh!flhqf|1 Ilupv wkdw duh


uhodwlyho| whfkqlfdoo| lqh!flhqw dqg2ru h{shulhqfh odujh iurqwlhu glvwxuedqfh uh0


dol}dwlrqv whqg wr uhpdlq whfkqlfdoo| lqh!flhqw lq vxevhtxhqw shulrgv1 Rq wkh


rwkhu kdqg/ �upv wkdw duh uhodwlyho| whfkqlfdoo| h!flhqw dqg h{shulhqfh vpdoo


surgxfwlrq iurqwlhu  xfwxdwlrqv whqg wr uhpdlq uhodwlyho| whfkqlfdoo| h!flhqw1


Wkh orjolnholkrrg ixqfwlrq ri wkh sursrvhg prgho/ edvhg rq d vwudljkwiruzdug


prgl�fdwlrq ri wkh ruljlqdo iurqwlhu prgho orjolnholkrrg ixqfwlrq suhvhqwhg e|/


h1j1/ Dljqhu hw do1 +4<::,/ lv ghulyhg dqg doorzv pd{lpxp olnholkrrg hvwlpdwlrq ri


wkh prgho sdudphwhuv1


Wkh sursrvhg prgho surylghv d wudfwdeoh vshfl�fdwlrq ri d jhqhudo g|qdplf


frqglwlrqdoo| khwhurvfhgdvwlflw| surfhvv iru wkh qrq0qhjdwlyh whfkqlfdo lqh!flhqf|


huuru frpsrqhqw1 Wkh g|qdplf �M prgho r�huv dq dowhuqdwlyh wr wkh vshfl�fd0


wlrqv ri wlph0ydu|lqj whfkqlfdo lqh!flhqf| sursrvhg e|/ h1j1/ Fruqzhoo/ Vfkplgw


dqg Vlfnohv +4<<3,/ Nxpekdndu +4<<3,/ Edwwhvh dqg Frhool +4<<5,/ Edwwhvh dqg


Frhool +4<<8,/ zkhuh whfkqlfdo lqh!flhqf| lv vshfl�hg dv d ghwhuplqlvwlf qrq0


g|qdplf ixqfwlrq ri wlph1 Vshfl�fdoo|/ Fruqzhoo hw do1 +4<<3, prgho whfkqlfdo


lqh!flhqf| dv d txdgudwlf ixqfwlrq ri wlph/ Nxpekdndu +4<<3, doorzv iru dq h{0
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srqhqwldo ixqfwlrq ri txdgudwlf wlph/ Edwwhvh dqg Frhool +4<<5, prghov whfkqlfdo


lqh!flhqf| dv dq h{srqhqwldo ixqfwlrq ri wlph/ dqg Edwwhvh dqg Frhool +4<<8,


prghov whfkqlfdo lqh!flhqf| e| d wuxqfdwhg qrupdo yduldeoh zlwk phdq jlyhq e|


d olqhdu ixqfwlrq ri wlph1 Ihz vwxglhv dwwhpsw wr vshfli| d wuxo| g|qdplf prgho


iru lqh!flhqf|1 Wzr h{fhswlrqv duh Ohh dqg Vfkplgw +4<<6, dqg d uhfhqw sd0


shu e| Dkq/ Jrrg dqg Vlfnohv +4<<:,1 Ohh dqg Vfkplgw +4<<6, prgho whfkqlfdo


lqh!flhqf| xvlqj d qrqolqhdu prgho wkdw doorzv iru duelwudu| whpsrudo sdwwhuqv


ri whfkqlfdo lqh!flhqf| fkdqjh/ zlwk wkh uhvwulfwlrq wkdw wkh whpsrudo fkdqjh lv


krprjhqhrxv dfurvv �upv lq wkh sdqho1 Dkq hw do1 +4<<:, frqvlghu d olqhdu prgho/


zkhuh wkh whfkqlfdo lqh!flhqf| lv dxwruhjuhvvlyh1


Wkh sursrvhg prgho r�huv ixuwkhupruh dq dowhuqdwlyh g|qdplf khwhurvfhgdv0


wlflw| vshfl�fdwlrq h{whqvlrq ri wkh khwhurvfhgdvwlflw| vshfl�fdwlrq sursrvhg e|


Nxpekdndu +4<<6, +iru sdqho gdwd,/ dqg Fdxglo/ Irug dqg Jursshu +4<<8, dqg


Edwwhvh/ Udpedogl dqg Eurfd +4<<:, +iru furvv0vhfwlrqdo gdwd,/ zkhuh wkh yduldqfh
ri wkh whfkqlfdo lqh!flhqf| lv vshfl�hg dv d ixqfwlrq ri h{rjhqrxv yduldeohv pdlqo|
uhodwhg wr �up vl}h1


Rqh ixuwkhu dgydqwdjh ri wkh sursrvhg prgho lv wkdw wkh vwdqgdug vwrfkdvwlf
iurqwlhu prgho lv qhvwhg zlwklq wkh frqglwlrqdoo| khwhurvfhgdvwlf prgho1 Wklv


doorzv vlpsoh olnholkrrg udwlr whvwv ri wkh sursrvhg prgho vshfl�fdwlrq edvhg rq
pd{lpxp olnholkrrg hvwlpdwlrq ri erwk wkh uhvwulfwhg vwdqgdug iurqwlhu prgho dqg
wkh xquhvwulfwhg frqglwlrqdoo| khwhurvfhgdvwlf prgho1


Wkh vpdoo0vdpsoh surshuwlhv ri vwdqgdug dqg rqh0vlghg olnholkrrg udwlr +OU,
whvwv ri wkh sursrvhg prgho lv lqyhvwljdwhg xvlqj Prqwh Fduor vlpxodwlrqv1 Wkh


uhvxowv uhyhdo wkdw wkh vwdqgdug OU whvw lv xqghu0vl}hg zkhuhdv wkh rqh0vlghg OU
whvw edvhg rq prgl�hg fulwlfdo ydoxhv kdv fruuhfw vl}h dqg uhodwlyho| kljk srzhu
iru vpdoo sdqhov zlwk furvv0vhfwlrqdo +�, dqg wlph0vhulhv +A , glphqvlrq dv vpdoo
dv � ' A ' �f1 Iru odujhu sdqhov/ wkh vl}h ri wkh rqh0vlghg whvw uhpdlqv fruuhfw


dqg wkh srzhu lqfuhdvhv hyhq ixuwkhu lqglfdwlqj wkdw wkh whvw lv frqvlvwhqw dqg


wkdw wkh srzhu dssurdfkhv xqlw| dv|pswrwlfdoo|1


Dq hpslulfdo dssolfdwlrq ri wkh prgho lv lqfoxghg xvlqj d sdqho ri 2� RHFG
frxqwulhv ryhu wkh shulrg �bSD � �bbf1 Wkh hvwlpdwlrq uhvxowv lqglfdwh d fohdu
uhmhfwlrq ri wkh vwdqgdug vwrfkdvwlf iurqwlhu prgho lq idyru ri d �uvw rughu g|qdplf


frqglwlrqdoo| khwhurvfhgdvwlf vwrfkdvwlf iurqwlhu prgho1


Wkh sdshu xqirogv dv iroorzv= Vhfwlrq 5 suhvhqwv wkh sdqho gdwd vwrfkdvwlf


iurqwlhu prgho dqg wkh g|qdplf �M vshfl�fdwlrq ri wkh whfkqlfdo lqh!flhqf|


yduldqfh1 Vhfwlrq 6 suhvhqwv olnholkrrg udwlr whvwv dqg wkh prgl�fdwlrqv ri wkh
fulwlfdo ydoxhv qhfhvvdu| wr rewdlq whvwv ri fruuhfw vl}h ri wkh vwdqgdug vwrfkdvwlf
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iurqwlhu prgho djdlqvw wkh sursrvhg g|qdplf frqglwlrqdoo| khwhurvfhgdvwlf prgho1


Vhfwlrq 7 ghulyhv wkh orj olnholkrrg ixqfwlrq dqg jlyhv h{suhvvlrqv iru �up dqg


wlph0vshfl�f whfkqlfdo lqh!flhqf| suhglfwlrqv xqghu wkh sursrvhg prgho1 Vhfwlrq


8 suhvhqwv d Prqwh Fduor vlpxodwlrq vwxg| ri wkh vpdoo0vdpsoh surshuwlhv ri olnh0


olkrrg udwlr whvwv ri wkh prgho1 Vhfwlrq 9 suhvhqwv wkh hpslulfdo dssolfdwlrq dqg


Vhfwlrq : frqfoxghv zlwk d vxppdu|1


51 Wkh Prgho


Frqvlghu wkh iroorzlqj orjdulwkplf olqhdu sdqho gdwd yhuvlrq ri wkh vwrfkdvwlf


iurqwlhu prgho e| Dljqhu hw do1 +4<::,


+�| ' %��|q n 0�|c +514,


zkhuh � ' �c ���c � / lqgh{hv �upv/ | ' �c ���c A / lqgh{hv wlph shulrgv1 %�| 5 -&
n


ghqrwhv d &�yhfwru ri lqsxwv xvhg e| �up � lq wlph shulrg | wr surgxfh rxwsxw


+�| 5 -n1 q lv d &0yhfwru ri krprjhqhrxv lqsxw hodvwlflwlhv frpprq wr wkh �


�upv1 Wkh frpsrvhg huuru lv jlyhq e| 0�| ' ��|���|/ zkhuh wkh huuru frpsrqhqw ��|
uhsuhvhqwv wkh h�hfw ri udqgrp hyhqwv rq wkh surgxfwlrq iurqwlhu1 +


s
�| ' %��|q n ��|


uhsuhvhqwv wkh pd{lpxp vwrfkdvwlf iurqwlhu rxwsxw surgxfleoh xvlqj lqsxw %�|1


Wkh vwdqgdug dvvxpswlrq lv wkdw ��| lv dvvxphg wr eh lqghshqghqwo| qrupdoo|


glvwulexwhg dv


��| � �
�
fc j2�


�
� +515,


Wkh huuru frpsrqhqw ��| lv qrq0qhjdwlyh dqg uhsuhvhqwv wkh whfkqlfdo lqh!0


flhqf| lq whupv ri wkh dprxqw wkh revhuyhg rxwsxw +�| idoov vkruw ri wkh iurqwlhu


rxwsxw +
s
�|1 Lq wkh ruljlqdo prgho ��| lv vshfl�hg wr eh wuxqfdwhg qrupdo zlwk


krprvfhgdvwlf yduldqfh ��| � m� Efc j2��m1


Lq wklv sdshu zh sursrvh dq h{whqvlrq ri wkh ��_ vwrfkdvwlf iurqwlhu prgho


vshfl�fdwlrq wr doorz wkh whfkqlfdo lqh!flhqf| whup wr iroorz d jhqhudo g|qdplf


frqglwlrqdoo| khwhurvfhgdvwlf vwrfkdvwlf surfhvv1


Ohw L| ghqrwh wkh lqirupdwlrq vhw dydlodeoh dw wlph |1 Wkh jhqhudol}dwlrq ri wkh


prgho lv dffrpsolvkhg e| ohwwlqj ��| eh frqglwlrqdoo| khwhurvfhgdvwlf wuxqfdwhg


qrupdo dv ��| mL|3� � mL�|m/ zkhuh L�| � � Efc ��|�1 Wklv fdq htxlydohqwo| eh


vshfl�hg dv


��| mL|3� � m#�|m�
�*2
�| c +516,


zkhuh #�| � � Efc�� ��_1 Wkh �up dqg wlph0vshfl�f frqglwlrqdo yduldqfh ��| lv


jlyhq e| d g|qdplf Frqglwlrqdo Khwhurvfhgdvwlf E�M E^�� surfhvv lq wkh frpsrvhg
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huuru


��| ' kfn
^[


�'�


k�0
2


�|3�� +517,


Wklv vshfl�fdwlrq lv vlplodu lq vwuxfwxuh wr wkh Dxwruhjuhvvlyh Frqglwlrqdoo|


Khwhurvfhgdvwlf +�-�M� wlph vhulhv prgho e| Hqjoh +4<;5,1 Dqdorjrxvo| dv lq


wkh �-�M prgho wkh uhvwulfwlrqv kf ' f dqg k� � f � ' �c ���c ^c duh lpsrvhg wr


hqvxuh qrq0qhjdwlylw| ri wkh frqglwlrqdo yduldqfh ��| dqg wkh uhvwulfwlrq
S^


�'� k� 	


� duh qhhghg wr hqvxuh fryduldqfh0vwdwlrqdulw| dqg h{lvwhqfh ri wkh xqfrqglwlrqdo


yduldqfh ri wkh whfkqlfdo lqh!flhqf| whup1


Rqh gl�huhqfh ehwzhhq wkh �-�M0uhodwhg sdqho gdwd vshfl�fdwlrq lq +517,


dqg wkh �-�M prgho lv wkdw wkh yduldqfh ��| ri wkh whfkqlfdo lqh!flhqf| hu0


uru frpsrqhqw ��| lv vshfl�hg dv d ixqfwlrq ri suhylrxv uhdol}dwlrqv ri wkh huuru


frpsrqhqw whup 0�|/ dqg qrw ri odjv ri ��| lwvhoi dv lq wkh �-�M prgho1 Zh
dujxh wkdw wkh �-�M0uhodwhg vshfl�fdwlrq frqvlghuhg khuh lv d vhqvleoh prgl�0
fdwlrq ri wkh vwdqgdug �-�M vshfl�fdwlrq vlqfh lw lv uhdvrqdeoh wkdw whfkqlfdo
lqh!flhqf| lv d�hfwhg qrw rqo| e| suhylrxv uhdol}dwlrqv ri whfkqlfdo lqh!flhqf|


exw dovr wkdw suhylrxv udqgrp h�hfwv rq wkh surgxfwlrq hqylurqphqw idflqj wkh
�up/ dv uhsuhvhqwhg e| wkh huuru frpsrqhqw whup ��|/ duh olnho| wr d�hfw whfkqlfdo
lqh!flhqf|1


Wkh sursrvhg vshfl�fdwlrq lqwurgxfhv erwk d frqglwlrqdo khwhurvfhgdvwlflw|
dqg d jhqhudo g|qdplf surfhvv iru wkh frqglwlrqdo whfkqlfdo lqh!flhqf|1 D odujh


uhdol}dwlrq ri wkh whfkqlfdo lqh!flhqf| dqg2ru wkh iurqwlhu glvwxuedqfh whup lq0
fuhdvhv wkh yduldqfh ri wkh whfkqlfdo lqh!flhqf| whup lq wkh qh{w shulrg1 Khqfh
d shuvlvwhqfh lv lqwurgxfhg iru wkh g|qdplf ghyhorsphqw ri whfkqlfdo lqh!flhqf|1
Wkh suredelolw| ri odujh uhdol}dwlrqv ri whfkqlfdo lqh!flhqf| lq d jlyhq shulrg lv
lqfuhdvhg li wkh suhylrxv shulrg kdv ehhq vxemhfw wr odujh iurqwlhu qrlvh dqg2ru


lqh!flhqf| uhdol}dwlrqv1 Rq wkh rwkhu kdqg/ kljk whfkqlfdo h!flhqf| dqg vpdoo


iurqwlhu glvwxuedqfhv whqg wr eh iroorzhg e| kljk uhdol}dwlrqv ri whfkqlfdo h!flhqf|1
Wkh vshfl�fdwlrq dovr lpsolhv wkdw wkh �up dqg wlph0vshfl�f h{shfwhg lqh!0


flhqf| lv frqglwlrqdoo| jlyhq e|


. E��| mL|3� � '
t
2��|*Z +518,


Ixuwkhupruh/ wkh frqglwlrqdo vhfrqg prphqw ri wkh whfkqlfdo lqh!flhqf| whup


��| fruuhvsrqgv wr wkh frqglwlrqdo yduldqfh ri wkh qrq0wuxqfdwhg qrupdo udqgrp
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yduldeoh L�| xvhg wr rewdlq ��|1
4 Wkdw lv


.
�
�2�| mL|3�


�
' ��|� +519,


Wkh xqfrqglwlrqdo vhfrqg prphqw ri wkh whfkqlfdo lqh!flhqf| udqgrp whup
fruuhvsrqgv wr wkh xqfrqglwlrqdo yduldqfh/ ghqrwhg �/ ri wkh qrq0wuxqfdwhg qrupdo
udqgrp yduldeoh L�| zklfk fdq eh h{suhvvhg lq whupv ri wkh yduldqfh sdudphwhuv
lq wkh prgho +jlyhq wkdw wkh uhvwulfwlrqv rq k� / � ' fc�c ���c ^c duh vdwlv�hg dqg
wkdw wkh huuru frpsrqhqwv ��| dqg ��| duh lqghshqghqw iru doo � dqg |, dv5


� ' .
�
�2�|


�
'


kf n j2�
S^


�'� k�


� �
S^


�'� k�


� +51:,


Ixuwkhupruh/ wkh frqglwlrqdo yduldqfh ri wkh whfkqlfdo lqh!flhqf| whup lv re0
wdlqhg +vlploduo| dv lq wkh vwdqgdug prgho, dv


T @o E��| mL|3� � ' E� � 2*Z���| ' E�� 2*Z�


3
Ckfn


^[
�'�


k�0
2


�|3�


4
D � +51;,


Dqg wkh xqfrqglwlrqdo whfkqlfdo lqh!flhqf| yduldqfh lv jlyhq e|


T @o E��|� ' E� � 2*Z�� ' E�� 2*Z�


%
kf n j2�


S^


�'� k�


� �
S^


�'� k�


&
� +51<,


61 K|srwkhvlv whvwlqj


Wkh ruljlqdo vwrfkdvwlf iurqwlhu prgho lv qhvwhg zlwklq wkh g|qdplf �M prgho1
Wklv doorzv prgho vshfl�fdwlrq whvwlqj ri wkh ruljlqdo krprvfhgdvwlf iurqwlhu
prgho djdlqvw wkh sursrvhg g|qdplf �M vshfl�fdwlrq1 Xqghu wkh uhvwulfwlrq
k� ' f/ � ' �c ���^/ wkh frqglwlrqdo yduldqfh T @o E��| mL|3� � htxdov wkh uhvwulfwhg
xqfrqglwlrqdo krprvfhgdvwlf yduldqfh T @o E��|� ' E�� 2*Z�kf/ iru doo � dqg |1


4Wklv iroorzv vlqfh wkh vhfrqg prphqw ri d qrupdo udqgrp yduldeoh/ wuxqfdwhg dw }hur/ lv


jlyhq e| wkh yduldqfh ri wkh qrq0wuxqfdwhg yduldeoh1 L1h1/ li x � mX m/ zkhuh X � Q
�
3> �5


�
/ wkhq


H
�
x5
�
@ �51


5Wklv fruuhvsrqgv wr wkh h{suhvvlrq iru wkh xqfrqglwlrqdo yduldqfh lq wkh DUFK +t, prgho


zlwk wkh dgghg whp �5
y


S
t


m@4
�m@


�
4�


S
t


m@4
�m


�
wkdw fruuhvsrqgv wr wkh yduldqfh frpsrqhqw ri


wkh v|pphwulf huuru frpsrqhqw ylw1


:







Ixuwkhupruh/ wkh frqglwlrqdo h{shfwhg whfkqlfdo lqh!flhqf| . E��| mL|3� � htxdov


wkh uhvwulfwhg xqfrqglwlrqdo dyhudjh whfkqlfdo lqh!flhqf| . E��|� '
t
2kf*Z/ iru


doo � dqg |1 Wkhvh uhvwulfwhg txdqwlwlhv fruuhvsrqg wr wkh whfkqlfdo lqh!flhqf|
yduldqfh dqg h{shfwdwlrq lq wkh ruljlqdo krprvfhgdvwlf prgho e| Dljqhu hw do1
+4<::,/ zlwk kf ' j2�1


Wkh qxoo k|srwkhvlv Mf G k� ' f/ � ' �c ���^/ wkdw wkhuh duh qr g|qdplf frqgl0
wlrqdo khwhurvfhgdvwlflw| lv hdvlo| whvwhg djdlqvw wkh rqh0vlghg dowhuqdwlyh g|qdplf
�M k|srwkhvlv M� G k� : f/ iru vrph �/ xvlqj d olnholkrrg udwlr whvw1 Wkh olnh0
olkrrg udwlr whvw vwdwlvwlf lv jlyhq e| b�A ' 2 E*?u�c�A � *?ufc�A �/ zkhuh u�c�A


dqg ufc�A ghqrwh wkh orjolnholkrrg xqghu wkh dowhuqdwlyh dqg wkh qxoo k|srwkhvlv/
uhvshfwlyho|1


Gxh wr wkh idfw wkdw wkh k� frh!flhqwv xqghu wkh qxoo k|srwkhvlvMf G k� ' f lv
rq wkh erxqgdu| ri wkh sdudphwhu vsdfh/ wkh dv|pswrwlf glvwulexwlrq ri wkh rqh0
vlghg b�A vwdwlvwlf xqghu wkh qxoo k|srwkhvlv lv qrw d vwdqgdug �20glvwulexwlrq/
zlwk ^ ghjuhh ri iuhhgrp1 Lqvwhdg wkh dv|pswrwlf glvwulexwlrq ri wkh rqh0vlghg
b�A lv d pl{wxuh ri �2 zlwk zhljkwv ghshqglqj xsrq ^/ wkh qxpehu ri uhvwulfwlrqv
ri erxqgdu| ydoxhv lq wkh qxoo k|srwkhvlv1 Iru lqvwdqfh/ lq whvwlqj wkh �M E��
prgho/ zlwk ^ ' �/ wkh glvwulexwlrq ri wkh rqh0vlghg b�A xqghu wkh qxoo lv jlyhq
e| E�*2��2


f
nE�*2��2


�
+zkhuh �2


f
kdv xqlw pdvv dw }hur,1 Wkh fulwlfdo ydoxh iru wkh


rqh0vlghg OU whvw ri ohyho w fruuhvsrqgv wr wkh fulwlfdo ydoxh ri wkh vwdqgdug OU
whvw zlwk ohyho 2w1 Wkh lpsolfdwlrq ri wklv lv wkdw wkh rqh0vlghg whvw uhmhfwv wkh
qxoo k|srwkhvlv pruh riwhq wkdq wkh vwdqgdug OU whvw16


Zkhq whvwlqj wkh jhqhudo �M E^�prgho/ zlwk ^ : �/ wkh vlwxdwlrq lv pruh frp0
solfdwhg1 Vhh/ h1j1/ Jrxulìurx{/ Kroo| dqg Prqwiruw +4<;5, dqg Nrggh dqg Sdop
+4<;9, iru d frpsohwh wuhdwphqw ri wkh wkhru| iru erxqghg k|srwkhvlv whvwlqj1


71 Wkh Olnholkrrg Ixqfwlrq


Wkh sgi ri wkh frpsrvhg huuru 0�| jlyhq lq Dljqhu hw do1 +4<::, iru wkh krprvfhgdv0
wlf ruljlqdo vwrfkdvwlf iurqwlhu prgho lv hdvlo| h{whqghg wr wkh g|qdplf �M vshf0
l�fdwlrq frqvlghuhg khuh1 Vshfl�fdoo|/ wkh frqglwlrqdo sgi iru 0�| xqghu wkh glvwul0


6Vhh/ h1j1/ Frhool +4<<8, dqg Ohh +4<<6, iru d uhodwhg glvfxvvlrq ri rqh0vlghg whvwv ri wkh qxoo


k|srwkhvlvK3 = � @ �5
x
@
�
�5
x
. �5


y


�
@ 3 ri d }hur yduldqfh udwlr djdlqvw wkh dowhuqdwlyhK4 = � A 3


lq wkh vwdqgdug vwrfkdvwlf iurqwlhu prgho wkdw dovr kdv d pl{hg fkl0vtxduh glvwulexwlrq xqghu


wkh qxoo1


;







exwlrqdo dvvxpswlrqv jlyhq lq +515,/ +516, dqg +517, lv


s E0�| mL|3� � '
2t


2Z Ej2� n ��|�
i T


+
�


02�|
2 Ej2� n ��|�


,
x


3
C� �


�*2
�| 0�|t


j2� Ej
2
� n ��|�


4
D c +714,


zkhuh xE�� ghqrwhv wkh glvwulexwlrq ixqfwlrq ri d vwdqgdug qrupdo udqgrp yduldeoh


dqg ��| lv jlyhq e| +517,1


Froohfw wkh sdudphwhuv wr eh hvwlpdwhg lq wkh E& n ^ n 2�0yhfwru w ' Eq �c k�c j2��
�


/


k ' Ekfc k�c ���c k^�
�


1 Dvvxplqj wkdw wkhuh duh d wrwdo ri A� n ^ � � revhuyd0


wlrqv dydlodeoh iru hdfk �up � ' �c ���c � / frqglwlrqdo rq wkh �uvw ^ revhuydwlrqv


+| ' �^ n �c�^ n 2c ���c f,/ wkh srrohg orjolnholkrrg ixqfwlrq lv wkhq


O Ew� '
�[
�'�


A�[
|'�


*?u�| Ew� c +715,


zkhuh *?u�| Ew� ghqrwhv wkh frqwulexwlrq ri wkh shulrg | revhuydwlrq ri �up �


wr wkh orjolnholkrrg ixqfwlrq1 E| wdnlqj wkh orjdulwkp ri +714, dqg vxevwlwxwlqj
0�| ' +�| � %��|q/ *?u�| Ew� lv jlyhq e|


*?u�| Ew� '
�


2
*? E2*Z��


�


2
*?
�
j2� n ��|


�
�


�


2 Ej2� n ��|�
E+�| � %��|q�


2
+716,


n *?x


5
7�E+�| � %��|q��


�*2
�|t


j2� Ej
2
� n ��|�


6
8 �


Pd{lpxp olnholkrrg hvwlpdwlrq ri wklv prgho lv vlplodu wr hvwlpdwlrq ri�-�M
prghov1 Iru d jlyhq ydoxh ri wkh sdudphwhu yhfwru w/ wkh frqglwlrqdo yduldqfhv lv


jlyhq e| ��| ' kfn
Ŝ
�'�


k�


�
+�|3� � %��|3�q


�
2


/ zklfk lv xvhg wr hydoxdwh wkh orjolnh0


olkrrg ixqfwlrq +715,1 Wkh orjolnholkrrg ixqfwlrq fdq wkhq eh pd{lpl}hg xvlqj
ydulrxv qxphulfdo rswlpl}dwlrq surfhgxuhv wr rewdlq wkh pd{lpxp olnholkrrg hv0
wlpdwhv ri wkh sdudphwhu yhfwru w1


Wkh Prqwh Fduor vlpxodwlrq vwxg| dqg wkh hpslulfdo dssolfdwlrq suhvhqwhg lq


wklv sdshu duh edvhg rq wkh GIS0dojrulwkp zlwk qxphulfdo dssur{lpdwlrqv ri wkh
judglhqw1 Wkh vwduw ydoxh wf ri wkh sdudphwhu yhfwru lv irxqg xvlqj d wzr0vwhs sur0


fhgxuh edvhg rq PO hvwlpdwhv iurp d vwdqgdug iurqwlhu prgho vshfl�fdwlrq1 Iluvw/
wkh julgvhdufk surfhgxuh vxjjhvwhg e| Frhool +4<<8, lv xvhg1 Lq wklv surfhgxuh ROV


hvwlpdwhv ri wkh vorsh frh!flhqwv dqg d julg ri yduldqfh udwlrv � ' j2�* Ej
2


� n j2��


<







dqg d fruuhvsrqglqj julg ri fruuhfwhg lqwhufhsw dqg yduldqfh hvwlpdwhv duh xvhg wr


rewdlq wkh lqlwldo vwduw ydoxhv ri wkh sdudphwhuv +wkdw lv/ wkrvh fruuhvsrqglqj wr


wkh odujhvw orjolnholkrrg ydoxh,1 Wkhvh lqlwldo sdudphwhu vwduw ydoxhv duh wkhq xvhg


lq wkh vhfrqg vwhs wr rewdlq vwdqgdug vwrfkdvwlf iurqwlhu PO frh!flhqw hvwlpdwhv1


Wkhvh vwdqgdug prgho hvwlpdwhv surylgh wkh edvlv iru wkh vwduwlqj ydoxhv lq wkh


PO hvwlpdwlrq ri wkh g|qdplf frqglwlrqdoo| khwhurvfhgdvwlf prgho1 Vshfl�fdoo|/


wkh vwduw ydoxhv ri wkh uhjuhvvru frh!flhqwv dqg wkh iurqwlhu yduldqfh frpsrqhqw


duh vhw wr wkh fruuhvsrqglqj vwdqgdug prgho hvwlpdwhv1 Wkh vwduw ydoxh iru wkh


lqwhufhsw lq wkh frqglwlrqdo yduldqfh ixqfwlrq duh vhw wr wkh whfkqlfdo lqh!flhqf|


yduldqfh hvwlpdwh lq wkh vwdqgdug prgho dqg wkh uhpdlqlqj frqglwlrqdo yduldqfh


frh!flhqwv k�/ � ' �c ���c ^/ duh vhw wr }hur1


7141 Whfkqlfdo lqh!flhqf| suhglfwlrq


Mrqgurz/ Oryhoo/ Pdwhury dqg Vfkplgw +4<;5, sursrvhg suhglfwlqj2hvwlpdwlqj wkh


whfkqlfdo lqh!flhqf| huuru frpsrqhqw whup iru furvv0vhfwlrqdo gdwd xvlqj hlwkhu


wkh frqglwlrqdo h{shfwdwlrq ru wkh prgh ri wkh frqglwlrqdo glvwulexwlrq ri �� m0� 1
Wkh h{suhvvlrqv iru whfkqlfdo lqh!flhqf| suhglfwlrqv jlyhq lq Mrqgurz hw do1 +4<;5,


duh hdvlo| h{whqghg wr wkh g|qdplf prghov frqvlghuhg lq wklv sdshu1 Wkh suhglfwru


ri wkh �up dqg wlph0vshfl�f whfkqlfdo lqh!flhqf| huuru frpsrqhqw whup e��|/ edvhg


rq wkh frqglwlrqdo h{shfwdwlrq/ lv rewdlqhg dv


. E��| m0�|c 0�|3�c ���c 0�|3^ � ' j
W�|


%
� E0�|b�|*j�|�


x E0�|b�|*j�|�
�


0�|b�|


j�|


&
c +717,


zkhuh � E�� dqgx E�� ghqrwhv wkh suredelolw| ghqvlw| dqg glvwulexwlrq ixqfwlrqv/ uh0


vshfwlyho|/ ri d vwdqgdug qrupdo udqgrp yduldeoh1 j2


�| ' ��|nj2


� / jW�| ' �
�*2
�| j�*j�|c


b�| ' �
�*2
�| *j�/ +xvlqj d gluhfw dqdorj| zlwk wkh qrwdwlrq lq Mrqgurz hw do1 +4<;5,,1


Wkh frqglwlrqlqj rq erwk 0�| dqg wkh ^ odjv 0�|3�c ���c 0�|3^ iroorzv iurp wkh vshfl�fd0


wlrq ri wkh frqglwlrqdo yduldqfh ��|1 Wkh h{suhvvlrq iru wkh prgh ri wkh frqglwlrqdo


glvwulexwlrq iroorzv dqdorjrxvo|1


Edwwhvh dqg Frhool +4<;;, sursrvhg suhglfwlqj whfkqlfdo lqh!flhqf|/ zklfk


xqghu wkh pxowlsolfdwlyh prgho lq +514, lv jlyhq e| A.�| ' i T E��|�/ xvlqj wkh


frqglwlrqdo h{shfwdwlrq . Ei T E���|� m0�| �1 Xqghu wkh g|qdplf prgho vshfl�fd0


wlrq frqvlghuhg lq wklv sdshu/ wkh prgl�hg h{suhvvlrq iru wklv suhglfwru lv jlyhq


e|


43







. Ei T E���|� m0�|c 0�|3�c ���c 0�|3^ � ' i T
q
�>W�| n j2


W�|*2
r xE>W�|*jW�| � j


W�|�


x E>W�|*jW�|�
c


+718,


zkhuh >W�| ' 0�|��|*j
2


�|/ j
2


�| ' ��| n j2


� dqg j
W�| ' �


�*2
�| j�*j�| dv deryh1


Wkh deryh suhvhqwhg suhglfwruv rqo| jlyh srlqw hvwlpdwhv ri whfkqlfdo lqh!0


flhqf|1 Frq�ghqfh lqwhuydov iru wkh suhglfwru +717, dqg +718, fdq eh ghulyhg e|


vwudljkwiruzdug prgl�fdwlrq ri wkh frq�ghqfh lqwhuydo h{suhvvlrqv jlyhq e| Kru0


udfh dqg Vfkplgw +4<<9, iru wkh ruljlqdo krprvfhgdvwlf vwrfkdvwlf iurqwlhu prgho1


Dv d �qdo uhpdun/ qrwh wkdw wkh h{suhvvlrqv iru srlqw suhglfwlrqv ri whfkqlfdo lq0


h!flhqf| duh ghulyhg xqghu wkh dvvxpswlrq wkdw wkh wuxh sdudphwhuv duh nqrzq


dqg lq xvlqj dq| ri wkh deryh srlqw suhglfwruv wkh sdudphwhuv kdyh wr eh uhsodfhg


e| wkh fruuhvsrqglqj PO hvwlpdwhv srlqwhg rxw e| Mrqgurz hw do1 +4<;5,1


81 D Prqwh Fduor Vwxg|


DPrqwh Fduor vlpxodwlrq vwxg| lv frqgxfwhg wr dvvhvv wkh vpdoo0vdpsoh surshuwlhv
ri olnholkrrg udwlr whvwv ri wkh qxoo k|srwkhvlvMf G k� ' f/ wkdw wkh gdwd jhqhudwlqj
surfhvv +GJS, lv fkdudfwhul}hg dv d vwdqgdug qrq0g|qdplf krprvfhgdvwlf vwrfkdv0


wlf iurqwlhu prgho/ djdlqvw wkh dowhuqdwlyh g|qdplf frqglwlrqdoo| khwhurvfhgdvwlf
k|srwkhvlv M� G k� : f1


Wkh vlpxodwlrqv duh edvhg wkh iroorzlqj GJS= D �uvw rughu �M E�� prgho zlwk
dq lqwhufhsw dv wkh rqo| uhjuhvvru7 lv xvhg/ zkhuh wkh revhuyhg rxwsxw +�| lv jlyhq
e|


+�| ' qf n 0�|c +814,


zkhuh 0�| ' ��| � ��|1 ��| � � Efc �� ��_ dqg ��| � m#�|m�
�*2
�| / zlwk #�| � � Efc �� ��_1


Wkh �up dqg wlph0vshfl�f yduldqfh ��| jlyhq e|


��| ' kf n k�0
2


�|3�� +815,


Wkh wuxh ydoxhv ri wkh sdudphwhu qf/ kf dqg k� duh vhw dv iroorzv= q
W


f
' kW


f
'


��f> wkuhh ydoxhv iru k� duh frqvlghuhg lq wkh vwxg| kW
�
5 ifc f��c f�2Dj1 Doo


frpelqdwlrqv ri furvv0vhfwlrqdo glphqvlrq � ' �fc 2Dc Df dqg �ff dqg wlph0vhulhv


glphqvlrq A ' �fc 2D dqg Df duh frqvlghuhg lq wkh vwxg|1 A n � revhuydwlrqv duh


7
Zh dovr shuirup vlpxodwlrqv lqfoxglqj d wlph wuhqg dv dq dgglwlrqdo uhjuhvvru1 Vlqfh wkh


uhvxowv iru wkh wzr prghov duh vlplodu/ zh rqo| lqfoxgh uhvxowv iru wkh lqwhufhsw0rqo| fdvh1
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jhqhudwhg dffruglqj wr wkh jlyhq GJS iru hdfk furvv0vhfwlrqdo xqlw � ' �c ���c �


zkhuh wkh g|qdplf surfhvv iru wkh frqglwlrqdo yduldqfh lv lqlwldol}hg e| xvlqj


��f ' f iru doo �/ l1h1/ doo �upv duh whfkqlfdoo| h!flhqw lq wkh �uvw shulrg xsrq


zklfk wkh PO hvwlpdwlrq lv frqglwlrqhg1


Wkh uhsruwhg uhvxowv rq vl}h dqg srzhu duh edvhg rq �fff Prqwh Fduor uhsol0


fdwhv iru hdfk gl�huhqw frpelqdwlrq ri � dqg A 1


Wdeoh 4 suhvhqwv wkh vl}h uhvxowv iru vwdqgdug dqg rqh0vlghg olnholkrrg udwlr


whvwv iru qrplqdo DI ohyho whvwv vwdqgdug dqg pl{hg �2


�
glvwulexwlrq fulwlfdo ydoxhv/


uhvshfwlyho|18


Wdeoh 4 = Vl}h ri OU whvw ri Mf G k� ' f1


A ' �f A ' 2D A ' Df


vwdqgdug �2


�
pl{hg �2


�
vwdqgdug �2


�
pl{hg �2


�
vwdqgdug �2


�
pl{hg �2


�


� ' �f f�f2D f�fD� f�f�2 f�fD2 f�f2H f�fD�


� ' 2D f�f2e f�feb f�f�� f�fD� f�f�� f�fDH


� ' Df f�f2D f�feS f�f�� f�fD� f�f�2 f�fe.


� ' �ff f�f�� f�fSf f�f2� f�fDS f�f�D f�feb


Wkh vl}h uhvxowv uhyhdo wkdw whvwv edvhg rq vwdqgdug dv|pswrwlf �2 fulwlfdo


ydoxhv duh vljql�fdqwo|9 xqghu0vl}hg zlwk vl}h derxw 2�DI iru wkh A ' �f fdvh


+iru � ' �fc 2D dqg Df, dqg vl}h derxw ���I iru wkh A ' 2D fdvh1 Wkh uhvxowv


iru wkh rqh0vlghg OU whvw edvhg rq wkh pl{hg �2 fulwlfdo ydoxhv wkdw wdnh wkh


lqhtxdolw| uhvwulfwlrq lqwr dffrxqw lqglfdwh wkdw wklv prgl�fdwlrq ri wkh fulwlfdo


ydoxhv jlyhv wkh whvw wkh fruuhfw vpdoo0vdpsoh vl}h1 Wkhvh uhvxowv duh lq idyru ri


xvlqj prgl�hg pl{hg �2 fulwlfdo ydoxhv iru wkh OU whvw1 Wkh vwdqgdug OU whvw


lv frqvhuydwlyh dqg zloo qdwxudoo| kdyh orzhu srzhu wkdq wkh rqh0vlghg OU whvw1


Wdeoh 5 suhvhqwv srzhu uhvxowv iru qrplqdo DI ohyho rqh0vlghg OU whvw edvhg rq


wkh pl{hg �2 fulwlfdo ydoxh1


8Wkh fulwlfdo ydoxhv iru wkh 8( whvwv duh 5=:4 iru wkh rqh0vlghg dqg 6=;7 iru wkh vwdqgdug whvw1
9Qrwh wkdw d <8( frq�ghqfh lqwhuydo iru wkh vlpxodwhg vl}h ri d 8( ohyho whvw edvhg rq 4333


Prqwh Fduor uhsolfdwhv htxdov 3=38	 3=3471
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Wdeoh 5 = Srzhu ri rqh0vlghg OU whvw ri Mf G k� ' f1


A ' �f A ' 2D A ' Df


k
W


�
' f��f k


W


�
' f�2D k


W


�
' f��f k


W


�
' f�2D k


W


�
' f��f k


W


�
' f�2D


� ' �f f�22H f�eb. f��HS f�Hb2 f�Sef f�bH.


� ' 2D f��SS f�HSD f�SS. f�bbD f�b�f ��fff


� ' Df f�DbD f�bH� f�b�f ��fff f�bb. ��fff


� ' �ff f�He� ��fff f�bb. ��fff ��fff ��fff


Wkh srzhu uhvxowv uhyhdo wkdw wkh rqh0vlghg OU whvw ri wkh sursrvhg prgho kdv


idluo| jrrg srzhu surshuwlhv1 Iru wkh udwkhu vpdoo sdqho zlwk � ' A ' �f iru


k� ' f��f wkh srzhu ri f�2� duh/ dv h{shfwhg/ qrw wkdw kljk/ exw iru dq lqfuhdvh


lq wkh wuxh kW


�
wr kW


�
' f�2D wkh srzhu lv pruh wkdq grxeohg wr durxqg f�Df1 Dv


wkh qxpehu ri furvv0vhfwlrqv dqg2ru wkh wlph0vhulhv glphqvlrq lqfuhdvh wkh srzhu
lqfuhdvhv udwkhu udslgo|1 Iru sdqhov zlwk vl}h durxqg wkh vl}h ri wkh sdqho lq wkh


lqfoxghg dssolfdwlrq lq wklv sdshu +zlwk � dqg A durxqg 2D, wkh uhvxowv uhyhdo
wkdw wkh srzhu lv dv kljk dv f�S. iru k� ' f��f/ dqg doprvw ��f iru kW


�
' f�2D1


Wkh uhvxowv iru odujhu sdqho frpelqdwlrqv +zlwk � � Df dqg A � 2D, uhyhdo wkdw
wkh rqh0vlghg OU whvw iru wklv prgho lv frqvlvwhqw dqg lwv srzhu dssurdfkhv xqlw|
dv|pswrwlfdoo|1


91 Dq Hpslulfdo H{dpsoh


Zh suhvhqw dq hpslulfdo pdfurhfrqrplf dssolfdwlrq ri wkh g|qdplf frqglwlrqdoo|


khwhurvfhgdvwlf vwrfkdvwlf iurqwlhu prgho xvlqj d sdqho ri 2� RHFG frxqwulhv: re0
vhuyhg ryhu wkh 2S |hduv �bSD��bbf1 Wklv sdshu pdnhv xvh ri dq xsgdwhg yhuvlrq
ri wkh Shqq Zruog Wdeohv +SZW,/ Pdun 8191 Vxpphuv dqg Khvwrq +4<<4, jlyh
d ghwdlohg ghvfulswlrq ri wkh frqvwuxfwlrq ri wkh ehqfkpdun vwxglhv dqg qdwlrqdo


dffrxqwv gdwd xvhg lq wkh frqvwuxfwlrq ri SZW1


Wkh sxusrvh ri wklv dssolfdwlrq lv pdlqo| wr surylgh dq looxvwudwlrq ri d w|sl0


fdo dssolfdwlrq ri wkh prgho1 Iru wkdw sxusrvh/ zh vshfli| dqg hvwlpdwh d vlpsoh
Free0Grxjodv vwrfkdvwlf iurqwlhu prgho xqghu frqvwdqw uhwxuqv wr vfdoh zlwk d
�uvw rughu g|qdplf frqglwlrqdo khwhurvfhgdvwlf vshfl�fdwlrq iru wkh whfkqlfdo lq0


h!flhqf|1


:Wkh iroorzlqj frxqwulhv duh lqfoxghg lq wkh vwxg|= Fdqdgd/ X1V1D1/ Mdsdq/ Dxvwuld/ Eho0


jlxp/ Ghqpdun/ Ilqodqg/ Iudqfh/ Jhupdq| +Zhvw,/ Juhhfh/ Lfhodqg/ Luhodqg/ Lwdo|/ Qhwkhuodqgv/


Qruzd|/ Sruwxjdo/ Vsdlq/ Vzhghq/ Vzlw}huodqg/ Wxunh|/ X1N1/ Dxvwudold/ dqg Qhz ]hdodqg1
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Wkh vwrfkdvwlf iurqwlhu prgho lv jlyhq e|


+�| ' %��|q n ��| � ��|c +914,


zkhuh � ' �c ���c 2� lqgh{hv frxqwulhv dqg | ' fc �c ���c 2D lqgh{hv wlph shulrgv +| ' f


fruuhvsrqg wr wkh |hdu �bSD rq zklfk wkh �u hvwlpdwlrq ri wkh (�M E�� prgho


lv frqglwlrqhg,1 Wkh iurqwlhu udqgrp whup ��| lv dvvxphg ��_ qrupdoo| glvwule0


xwhg dffruglqj wr +515, dv ��| � � Efc j2
�� dqg wkh �uvw rughu g|qdplf frqglwlrqdo


khwhurvfhgdvwlf vshfl�fdwlrq lv jlyhq e| +516, dqg +517, dv ��| � m#�|m �
�*2
�| / zlwk


#�| � � Efc �� ��_ dqg ��| ' kf n k�0
2
�|3�1


Wkh rxwsxw +�| ' *?-C(�` lv jlyhq e| wkh orjdulwkp ri uhdo jurvv grphvwlf


surgxfw shu zrunhu/ wkh lqsxw yhfwru lv wkuhh glphqvlrqdo dqg frqwdlqv +4, dq


lqwhufhsw/ %�c�| ' � +5, wkh orjdulwkp ri fdslwdo vwrfn shu zrunhu/ %2c�| ' *?g��` /


dqg +6, d wlph wuhqg/ %�c�| ' t .�- ' �c 2c ���c2S/ iru wkh |hduv �bSD � �bbf wr


fdswxuh wkh whfkqlfdo fkdqjh1 Wkh -C(�` dqg g��` yduldeohv duh phdvxuhg


lq �bHD |hduv lqwhuqdwlrqdo sulfhv1


Wdeoh 6 jlyhv vrph ghvfulswlyh vwdwlvwlfv ri wkh gdwd1


Wdeoh 6 = Vxppdu| vwdwlvwlfv


Yduldeoh Phdq Vwg1 Ghy1 Plq1 Pd{1


*?-C(�` b�b2f f�ef� H�2�� �f�D�e


*?g��` b�be2 f�Sf2 .�.SH ���2fe


9141 Uhvxowv


Wkh PO hvwlpdwlrq uhvxowv duh jlyhq ehorz +devroxwh w0ydoxhv lq sduhqwkhvhv,;=


Wkh iurqwlhu prgho=


*?-C(�`�| 'D�SS
E�f�S�


n f�eeS
E2����


*?g��`�|n f�ff2�
E2�eS�


t .�-c +915,


Wkh frqglwlrqdo yduldqfh=


��| ' f�ff
E2�e.3S�


n f�.bb
E�2�b�


02�|3�c +916,


;
Wkh sdudphwhu vwduw ydoxhv duh rewdlqhg dv ghvfulehg lq Vhfwlrq 71 D vhqvlwlylw| fkhfn


uhyhdohg vwdeoh frqyhujhqfh wr wkh uhsruwhg hvwlpdwhv zlwk vwduw ydoxhv �
3


4
A 31
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Yduldqfh sdudphwhu= ej2
�
'f�ffDf


Eb�D��
c


Orjolnholkrrg= *?u ' e22�bS�


Doo frh!flhqw hvwlpdwhv duh vljql�fdqw/ h{fhsw wkh lqwhufhsw kf lq wkh frq0
glwlrqdo yduldqfh ixqfwlrq1 Wkh orjolnholkrrg udwlr whvw vwdwlvwlf ri wkh qxoo k|0
srwkhvlv Mf G k� ' f/ wkdw wkhuh duh qr g|qdplf frqglwlrqdo khwhurvfhgdvwlflw|
dqg wkdw wkh gdwd frxog eh ghvfulehg e| wkh vwdqgdug surgxfwlrq iurqwlhu prgho
kdv d ydoxh ri b ' DDS�SD1 Edvhg rq wklv uhvxow wkh vwdqgdug vwrfkdvwlf iurqwlhu
prgho lv fohduo| uhmhfwhg< lq idyru ri wkh dowhuqdwlyh g|qdplf �M E�� k|srwkhvlv
M� G k� : f1


:1 Vxppdu|


Wklv sdshu kdv suhvhqwhg d qhz vshfl�fdwlrq ri wkh vwrfkdvwlf iurqwlhu prghov wkdw
lqwurgxfh d jhqhudo wlph0ydu|lqj g|qdplf dqg khwhurvfhgdvwlf vwrfkdvwlf surfhvv
iru wkh whfkqlfdo lqh!flhqf| glvwxuedqfh whup1 Wkh sursrvhg g|qdplf Frqgl0
wlrqdoo| Khwhurvfhgdvwlf E�M� vshfl�fdwlrq vshfl�hv wkh yduldqfh ri wkh �up dqg
wlph0vshfl�f whfkqlfdo lqh!flhqf| wr eh frqglwlrqdoo| khwhurvfhgdvwlf/ frqglwlrqhg
rq sdvw uhdol}dwlrqv ri wkh frpsrvhg huuru whup1 Wkdw lv/ odujh iurqwlhu vkrfnv ru
whfkqlfdo lqh!flhqf| vkrfnv lq suhylrxv shulrgv lqfuhdvh wkh yduldqfh ri wkh whfk0
qlfdo lqh!flhqf| lq wkh suhvhqw shulrg1 Wkh sursrvhg prgho vshfl�fdwlrq r�huv d
wzr0irog h{whqvlrq ri wkh vwrfkdvwlf iurqwlhu prghov=


� Ilup dqg wlph0vshfl�f whfkqlfdo lqh!flhqf| duh doorzhg wr iroorz d jhq0
hudo g|qdplf vwrfkdvwlf surfhvv dv rssrvhg wr rwkhu sursrvhg vshfl�fdwlrqv
ri wlph0ydu|lqj whfkqlfdo lqh!flhqf|/ vxfk dv Fruqzhoo hw do1 +4<<3,/ Nxpe0
kdndu +4<<3,/ Edwwhvh dqg Frhool +4<<5, dqg Edwwhvh dqg Frhool +4<<8,/ zkhuh
wkh wlph0ydu|lqj sdwwhuq ri whfkqlfdo lqh!flhqf| lv jryhuqhg e| ghwhuplqlv0
wlf ixqfwlrqv ri wlph/ lq hvvhqfh zlwkrxw g|qdplfv1 Wkh vshfl�fdwlrq r�huv
dq dowhuqdwlyh wr rwkhu g|qdplf vshfl�fdwlrqv/ vxfk dv wkh qrqolqhdu g|qdplf
prgho e| Ohh dqg Vfkplgw +4<<6, dqg wkh uhfhqw olqhdu dxwruhjuhvvlyh prgho
e| Dkq hw do1 +4<<:,1


<Wkh fulwlfdo ydoxhv iru wklv whvw/ edvhg rq Wdeoh 4 lq Nrggh dqg Sdop +4<;9, duh jlyhq e|
5=:3:/ 6=;74 dqg 8=745 iru whvwv zlwk vljql�fdqfh ohyho 3=38/ 3=358 dqg 3=34/ uhvshfwlyho|1
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� Wkh sursrvhg prgho lqfrusrudwhv d khwhurvfhgdvwlf vshfl�fdwlrq ri wkh whfk0
qlfdo lqh!flhqf| dv rssrvhg wr wkh vwdqgdug krprvfhgdvwlf iurqwlhu prg0
hov1 Wkh khwhurvfhgdvwlflw| vshfl�fdwlrq r�huv dq dowhuqdwlyh g|qdplf h{0
whqvlrq ri wkh khwhurvfhgdvwlflw| sdqho gdwd prgho vshfl�fdwlrq e| Nxpe0
kdndu +4<<6,1 Rwkhu khwhurvfhgdvwlflw| prghov duh pdlqo| vshfl�hg iru furvv0
vhfwlrqv/ vxfk dv/ h1j1/ Fdxglo hw do1 +4<<8, dqg Edwwhvh hw do1 +4<<:,/ zkhuh
iru wkh furvv0vhfwlrqdo vhwxs/ wkh yduldqfh ri wkh whfkqlfdo lqh!flhqf| lv
vshfl�hg dv d ixqfwlrq ri h{rjhqrxv yduldeohv uhodwhg wr �up vl}h1


Wkh vwdqgdug vwrfkdvwlf iurqwlhu prgho lv qhvwhg zlwklq wkh sursrvhg frqgl0
wlrqdoo| khwhurvfhgdvwlf prgho1 Wklv doorzv d vlpsoh olnholkrrg udwlr whvw ri wkh
sursrvhg prgho vshfl�fdwlrq/ zkhuh wkh qxoo vshfl�hv wkdw wkh gdwd jhqhudwlqj
surfhvv fdq eh fkdudfwhul}hg dv d vwdqgdug vwrfkdvwlf iurqwlhu prgho dqg wkh do0
whuqdwlyh uhsuhvhqwv wkh sursrvhg frqglwlrqdoo| khwhurvfhgdvwlf prgho1 Zh dujxh
wkdw d rqh0vlghg olnholkrrg udwlr whvw ri wkh ri wkh qxoo k|srwkhvlv vkrxog eh edvhg
rq dv|pswrwlf glvwulexwlrqv wkdw lqfrusrudwh wkh erxqgdu| uhvwulfwlrqv ri wkh sd0
udphwhuv lq wkh �M0prgho1 Wkdw lv/ wkh dv|pswrwlf glvwulexwlrq lv pl{hg �2


udwkhu wkdq vwdqgdug �2 dv iru wkh vwdqgdug olnholkrrg udwlr whvw1 Prqwh Fduor
vlpxodwlrqv duh shuiruphg wr lqyhvwljdwh wkh vpdoo0vdpsoh vl}h dqg srzhu surs0
huwlhv ri wkh vwdqgdug dqg wkh rqh0vlghg OU whvwv1 Wkh uhvxowv uhyhdo wkdw wkh
vwdqgdug OU whvw lv xqghu0vl}hg/ zkhuhdv wkh rqh0vlghg OU whvwv edvhg rq pl{hg
�2 fulwlfdo ydoxhv kdyh fruuhfw vl}h iru doo frqvlghuhg vpdoo wr phglxp vl}hg sdq0
hov +zlwk furvv0vhfwlrqdo glphqvlrq � � �ff dqg wlph0vhulhv glphqvlrq A � Df,1
Wklv ohdgv xv wr prwlydwh wkh xvh ri rqh0vlghg OU whvwv zlwk pl{hg �2 fulwlfdo ydo0
xhv1 Wkh vlpxodwlrq uhvxowv uhyhdo wkdw wkh rqh0vlghg OU whvw kdv uhodwlyho| kljk
srzhu iru vpdoo sdqhov zlwk furvv0vhfwlrqdo dqg wlph0vhulhv glphqvlrq dv vpdoo dv
� ' A ' �f1 Dv wkh sdqho0vl}h lqfuhdvh/ lq hlwkhu wkh furvv0vhfwlrqdo ru wkh wlph0
vhulhv glphqvlrq/ wkh srzhu ri wkh OU whvw lqfuhdvhv txlwh udslgo|1 Wkh uhvxowv iru
odujhu sdqho frpelqdwlrqv +zlwk � ' Df dqg �ff dqg A ' 2D dqg Df, lqglfdwh
wkdw wkh rqh0vlghg OU whvw iru wklv prgho lv frqvlvwhqw dqg lw srzhu dssurdfkhv
xqlw| dv|pswrwlfdoo|1


Dq hpslulfdo dssolfdwlrq ri wkh prgho lv lqfoxghg xvlqj d sdqho ri 2� RHFG
frxqwulhv ryhu wkh shulrg �bSD � �bbf1 Wkh hvwlpdwlrq uhvxowv lqglfdwh d fohdu
uhmhfwlrq ri wkh vwdqgdug vwrfkdvwlf iurqwlhu prgho lq idyru ri d �uvw rughu g|qdplf
frqglwlrqdoo| khwhurvfhgdvwlf vwrfkdvwlf iurqwlhu prgho1


Wkh sursrvhg prgho lv wkh �uvw dssurdfk wr prgho whfkqlfdo lqh!flhqf| lq
vwrfkdvwlf iurqwlhu prghov wr iroorz d g|qdplf vwrfkdvwlf surfhvv edvhg rq wkh
wlph0vhulhv �-�M prgho iru frqglwlrqdo khwhurvfhgdvwlflw|1 Lpsruwdqw h{whqvlrqv
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ri wkh sursrvhg krprjhqhrxv prgho ohiw wr ixwxuh uhvhdufk duh wr doorz whfkqlfdo


lqh!flhqf| wr iroorz ydulrxv khwhurjhqhrxv g|qdplf frqglwlrqdo khwhurvfhgdvwlf


vwrfkdvwlf surfhvvhv/ srvvleo| xqghu pruh jhqhudo C�-�M prghov ri frqglwlrqdo


khwhurvfhgdvwlflw|1


Dfnqrzohgjhphqwv


L wkdqn Vxqh Nduovvrq/ Mrkdq O|kdjhq dqg Huln Uxlvw iru khosixo frpphqwv1


Ilqdqfldo vxssruw iurp wkh Mdq Zdoodqghu dqg Wrp Khgholxv* Irxqgdwlrq iru


Uhvhdufk lq wkh Vrfldo Vflhqfhv lv judwhixoo| dfnqrzohgjhg1


Uhihuhqfhv


Dkq/ V1 F1/ Jrrg/ G1 K1 dqg Vlfnohv/ U1 F1 +4<<:,1 Hvwlpdwlrq ri orqj0uxq lqh!0


flhqf| ohyhov= D g|qdplf iurqwlhu dssurdfk/ Plphr/ Pdufk 4<<:1


Dljqhu/ G1 M1/ Oryhoo/ F1 D1 N1 dqg Vfkplgw/ S1 +4<::,1 Irupxodwlrq dqg hvwlpdwlrq


ri vwrfkdvwlf iurqwlhu surgxfwlrq ixqfwlrq prghov/ Mrxuqdo ri Hfrqrphwulfv


9= 54�6:1


Edwwhvh/ J1 H1 dqg Frhool/ W1 +4<;;,1 Suhglfwlrq ri �up0ohyho whfkqlfdo h!flhqflhv


zlwk d jhqhudol}hg iurqwlhu surgxfwlrq ixqfwlrq dqg sdqho gdwd/ Mrxuqdo ri


Hfrqrphwulfv 6;= 6;:�6<<1


Edwwhvh/ J1 H1 dqg Frhool/ W1 +4<<5,1 Iurqwlhu surgxfwlrq ixqfwlrqv/ whfkqlfdo h!0


flhqf| dqg sdqho gdwd= Zlwk dssolfdwlrq wr sdgg| iduphuv lq Lqgld/ Mrxuqdo


ri Surgxfwlylw| Dqdo|vlv 6= 486�49<1


Edwwhvh/ J1 H1 dqg Frhool/ W1 +4<<8,1 D prgho iru whfkqlfdo lqh!flhqf| h�hfwv lq d


vwrfkdvwlf iurqwlhu surgxfwlrq ixqfwlrq iru sdqho gdwd/ Hpslulfdo Hfrqrplfv


53= 658�6651


Edwwhvh/ J1 H1/ Udpedogl/ D1 Q1 dqg Eurfd/ J1 K1 +4<<:,1 D vwrfkdvwlf iurq0


wlhu surgxfwlrq ixqfwlrq zlwk  h{leoh ulvn surshuwlhv/ Mrxuqdo ri Surgxfwlylw|


Dqdo|vlv ;= 59<�5;31


Fdxglo/ V1 E1/ Irug/ M1 P1 dqg Jursshu/ G1 P1 +4<<8,1 Iurqwlhu hvwlpdwlrq dqg


�up0vshfl�f lqh!flhqf| phdvxuhphqw lq wkh suhvhqfh ri khwhurvfhgdvwlflw|/


Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv 46= 438�4441


4:







Frhool/ W1 +4<<8,1 Hvwlpdwruv dqg k|srwkhvlv whvwv iru d vwrfkdvwlf iurqwlhu ixqf0


wlrq= D prqwh fduor vwxg|/ Mrxuqdo ri Surgxfwlylw| Dqdo|vlv 9= 57:�59;1


Fruqzhoo/ F1/ Vfkplgw/ S1 dqg Vlfnohv/ U1 F1 +4<<3,1 Surgxfwlrq iurqwlhuv zlwk


furvv0vhfwlrqdo dqg wlph0vhulhv yduldwlrq lq h!flhqf| ohyhov/ Mrxuqdo ri Hfrqr0


phwulfv 79= 4;8�5331


Hqjoh/ U1 I1 +4<;5,1 Dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlflw| zlwk hvwlpdwhv


ri wkh yduldqfh ri Xqlwhg Nlqjgrp lq dwlrq/ Hfrqrphwulfd 83= <;: � 43391


Jrxulìurx{/ F1/ Kroo|/ D1 dqg Prqwiruw/ D1 +4<;5,1 Olnholkrrg udwlr whvw/ zdog


whvw/ dqg Nxkq0Wxfnhu whvw lq olqhdu prghov zlwk lqhtxdolw| frqvwudlqwv rq


wkh uhjuhvvlrq sdudphwhuv/ Hfrqrphwulfd 83= 96 � ;31


Juhhqh/ Z1 K1 +4<<6,1 Wkh hfrqrphwulf dssurdfk wr h!flhqf| dqdo|vlv1 Lq=


K1 R1 Iulhg/ F1 D1 N1 Oryhoo dqg V1 V1 Vfkplgw +hgv1,/ Wkh Phdvxuhphqw


ri Surgxfwlyh H!flhqf|= Whfkqltxhv dqg Dssolfdwlrqv/ R{irug Xqlyhuvlw|


Suhvv/ Qhz \run1


Kruudfh/ Z1 F1 dqg Vfkplgw/ S1 +4<<9,1 Frq�ghqfh vwdwhphqwv iru h!flhqf|


hvwlpdwhv iurp vwrfkdvwlf iurqwlhu prghov/ Mrxuqdo ri Surgxfwlylw| Dqdo|vlv


:= 58:�5;51


Mrqgurz/ M1/ Oryhoo/ F1 D1 N1/ Pdwhury/ L1 V1 dqg Vfkplgw/ S1 +4<;5,1 Rq wkh hvwl0


pdwlrq ri whfkqlfdo lqh!flhqf| lq wkh vwrfkdvwlf iurqwlhu surgxfwlrq prgho/


Mrxuqdo ri Hfrqrphwulfv 4<= 566�56;1


Nrggh/ G1 D1 dqg Sdop/ I1 F1 +4<;9,1 Zdog fulwhuld iru mrlqwo| whvwlqj htxdolw|


dqg lqhtxdolw| uhvwulfwlrqv/ Hfrqrphwulfd 87= 4576 � 457;1


Nxpekdndu/ V1 F1 +4<<3,1 Surgxfwlrq iurqwlhuv/ sdqho gdwd/ dqg wlph0ydu|lqj


whfkqlfdo lqh!flhqf|/ Mrxuqdo ri Hfrqrphwulfv 79= 534�5441


Nxpekdndu/ V1 F1 +4<<6,1 Surgxfwlrq ulvn/ whfkqlfdo h!flhqf|/ dqg sdqho gdwd/


Hfrqrplfv Ohwwhuv 74= 44�491


Ohh/ O10I1 +4<<6,1 Dv|pswrwlf glvwulexwlrq ri wkh pd{lpxp olnholkrrg hvwlpdwru


iru d vwrfkdvwlf iurqwlhu ixqfwlrq prgho zlwk d vlqjxodu lqirupdwlrq pdwul{/


Hfrqrphwulf Wkhru| <= 746�7631


4;







Ohh/ \1 K1 dqg Vfkplgw/ S1 +4<<6,1 D surgxfwlrq iurqwlhu prgho zlwk  h{leoh


yduldwlrq lq whfkqlfdo h!flhqf|1 Lq= K1 R1 Iulhg dqg F1 D1 N1 Oryhoo dqg V1 V1


Vfkplgw +hgv1, Wkh Phdvxuhphqw ri Surgxfwlyh H!flhqf|/ R{irug Xqlyhuvlw|


Suhvv/ Qhz \run1


Phhxvhq/ Z1 dqg ydq ghq Eurhfn/ M1 +4<::,1 H!flhqf| hvwlpdwlrq iurp free0


grxjodv surgxfwlrq ixqfwlrqv zlwk frpsrvhg huuru/ Lqwhuqdwlrqdo Hfrqrplf


Uhylhz 4;= 768�7771


Vxpphuv/ U1 dqg Khvwrq/ D1 +4<<4,1 Wkh shqq zruog wdeoh +pdun 8,= Dq h{sdqghg


vhw ri lqwhuqdwlrqdo frpsdulvrqv/ 4<8304<;;/ Txduwhuo| Mrxuqdo ri Hfrqrplfv


439= 65:�69;1
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