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@ WKHPD/ Xqlyhuvlw�h gh Fhuj|0Srqwrlvh/ 66 eg gx Sruw/ <8344 Fhuj|0Srqwrlvh/ Iudqfh
K Ilqdqfldo Pdunhwv Jurxs/ Orqgrq Vfkrro ri Hfrqrplfv/ Krxjkwrq Vwuhhw/ OrqgrqZF5D
5DH/ XN
S LUHV/ G�hsduwhphqw ghv Vflhqfhv Hfrqrpltxhv/ Xqlyhuvlw�h Fdwkroltxh gh Orxydlq/ 6
Sodfh Prqwhvtxlhx/ 467; Orxydlq0od0Qhxyh/ Ehojltxh
_ Lqvwlwxw g*Dgplqlvwudwlrq hw gh Jhvwlrq/ Xqlyhuvlw�h Fdwkroltxh gh Orxydlq1

Iluvw yhuvlrq = Dxjxvw 4<<<

Wklv yhuvlrq = Rfwrehu 4<<<

Devwudfw

Wklv sdshu r�huv dq rswlrq sulflqj iudphzrun jurxqghg lq hfrqrphwulf plfurvwuxfwxuh
prghoolqj1 Zh frqvlghu d prgho zkhuh vwrfn sulfh g|qdplfv iroorz d sxuh mxps surfhvv
zlwk frqvwdqw mxps vl}h vlplodu wr d elqrpldo vhwwlqj zlwk udqgrp wlph vwhsv1 Mxps du0
ulydo wlphv duh ghvfulehg dv dq Dxwruhjuhvvlyh Frqglwlrqdo Gxudwlrq +DFG, surfhvv zkloh
frqglwlrqdo suredelolwlhv ri xs0pryhv dqg grzq0pryhv duh jlyhq e| wkh orjlvwlf wudqv0
irupdwlrq ri dq dxwruhjuhvvlyh surfhvv1 Zh ghulyh qr0duelwudjh sulflqj irupxodh xqghu
wkh plqlpdo pduwlqjdoh phdvxuh dqg looxvwudwh wkh xvh ri rxu Dxwruhjuhvvlyh Frqglwlrqdo
Elqrpldo +DFE, rswlrq sulflqj prgho rq lqwudgd| LEP vwrfn gdwd1

Nh| zrugv = lqfrpsohwh pdunhw/ rswlrq sulflqj/ plqlpdo pduwlqjdoh phdvxuh/ pdunhg
srlqw surfhvv/ plfurvwuxfwxuh/ kljk iuhtxhqf| gdwd/ DFG prgho/ yrodwlolw| vploh1

MHO Fodvvl�fdwlrq = F74/ G85/ J461
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Rq �qdqfldo pdunhwv/ rswlrq wudghuv w|slfdoo| uhdgmxvw wkhlu khgjlqj sruwirolrv zkhq wkh
xqghuo|lqj vwrfn sulfh kdv pryhg e| d jlyhq shufhqwdjh1 Wklv wudglqj uxoh lpsolhv wkdw
uhedodqflqj rffxuv dw udqgrp wlphv dqg wkdw wkh �,BW"�7W�N,jt +4<:6, prgho zklfk
uholhv rq wkh dvvxpswlrq ri frqwlqxrxv uhedodqflqj lv qr orqjhu dssursuldwh1 Dowkrxjk wklv
frqwlqxlw| dvvxpswlrq lv fohduo| xquhdolvwlf iru wudqvdfwlrq frvw uhdvrqv/ ehfdxvh sulfhv duh
txrwhg lq wlfnv/ ru ehfdxvh ri wkh phuh lpsrvvlelolw| ri frqwlqxrxv wudglqj/ lw kdv uhfhlyhg
frpsdudwlyho| ohvv dfdghplf dwwhqwlrq wkdq rwkhu dvvxpswlrqv vxfk dv frqvwdqw yrodwlolw|1

Dv d glvfuhwh dssur{lpdwlrq wr wkh frqwlqxrxv wlph prgho ri �,BW" dqg 7W�N,jt/ wkh
elqrpldo wuhh ri �N!/ -Ntt dqg -�O�At|j�A +4<:<, lv zlgho| hpsor|hg e| sudfwlwlrqhuv1
Wkdqnv wr lwv hohjdqw vlpsolflw| lw lv xvhg dv dq lqwurgxfwru| h{dpsoh wr sulflqj wkhru| lq
prvw �qdqfh wh{werrnv1 Wkh vlpsoh vwuxfwxuh ri wklv prgho xqiruwxqdwho| |lhogv lwv pdmru
gudzedfn1 Revhuyhg sulfh yduldwlrqv gr qrw iroorz l1l1g1 elqrpldo yduldeohv dqg wkh prgho
fdqqrw frsh zhoo zlwk hpslulfdo gdwd1

Wkh sxusrvh ri wklv sdshu lv wr lqwurgxfh dq hdvlo| lpsohphqwdeoh sulflqj phwkrgrorj|
zklfk fdswxuhv vrph ri wkh vdolhqw ihdwxuhv ri revhuyhg pdunhw gdwd dqg wudglqj ehkdylrxu
zkloh hqdeolqj wr ghulyh rswlrq sulfhv dqg ghowdv frqvlvwhqw zlwk wkh wudglqj uxoh ghvfulehg
deryh1 Wr wklv dlp/ zh sursrvh d prgho ri glvfuhwh wudglqj zkhuh pdunhw sduwlflsdqwv
uhedodqfh wkhlu srvlwlrq dw udqgrp wlphv wuljjhuhg e| yduldwlrqv lq wkh xqghuo|lqj vwrfn
sulfh e| d jlyhq shufhqwdjh d1 Lq hvvhqfh zh lqwurgxfh d elqrpldo wuhh zlwk udqgrp wlph
vsdflqjv dqg suredelolwlhv lq zklfk wkh vl}h ri sulfh fkdqjhv lv nhsw �{hg1 Wkh vwuxfwxuh
ri wkh wudglwlrqdo elqrpldo sulflqj prgho lv prgl�hg lq rughu wr lpsuryh lwv hpslulfdo �w
dqg uhod{ vrph ri lwv xquhdolvwlf dvvxpswlrqv1

Iluvw zh uhod{ wkh vwulqjhqw frqvwudlqw ri d �{hg wlph lqwhuydo ehwzhhq wzr vxffhvvlyh
sulfh yduldwlrqv1 Wkh udqgrp lqwhuydov ehwzhhq wzr duulydo wlphv duh fdoohg gxudwlrqv1
Wkhlu frqglwlrqdo h{shfwdwlrqv ghshqg rq sdvw gxudwlrqv lq dq dxwruhjuhvvlyh zd|1 Vxfk
prghoolqj iru kljk iuhtxhqf| wudqvdfwlrq gdwd kdv ehhq sursrvhg e| .A},j dqg -�t�
tj,, +4<<:/4<<;,/ dqg kdv douhdg| suryhg vxffhvvixo lq h{dplqlqj hpslulfdo suhglfwlrqv
ri plfurvwuxfwxuh wkhru| +vhh �?QBiB G�ddF� iru d wkrurxjk h{srvlwlrq ri plfurvwuxfxuh
wkhru|, rq krz wkh iuhtxhqf| ri wudqvdfwlrqv +foxvwhulqj, vkrxog fduu| lqirupdwlrq derxw
wkh vwdwh ri wkh pdunhw +vhh dovr .A},j +4<<9,,1

Vhfrqg zh doorz iru d vlplodu sdvw ghshqghqfh lq wkh suredelolwlhv ri xs0pryhv dqg
grzq0pryhv1 Zh wkhuhiruh dfnqrzohgjh wkh srvvlelolw| wkdw wkh gluhfwlrq ri suhylrxv sulfh
mxpsv pd| lq�xhqfh iruwkfrplqj yduldwlrqv lq wkh vwrfn sulfh1 Vxfk d uhodwlrqvkls fdq
rffxu li wudghuv kdyh d khuglqj ehkdylrxu +srvlwlyh uhodwlrqvkls, ru li d ghyldwlrq iurp
wkh ixqgdphqwdo ydoxh ri wkh vwrfn whqgv wr eh fruuhfwhg e| pdunhw sduwlflsdqwv +qhjdwlyh
uhodwlrqvkls,1 Wkh dxwruhjuhvvlyh vshfl�fdwlrq iru xs0pryh suredelolwlhv pdlqo| iroorzv wkh
iudphzrun ri �N! +4<:3/ 4<;4, dqg lwv uhfhqw h{whqvlrq e| -�ttj,, dqg .A},j +4<<;,1
Lw frqvlvwv ri d sxuh wlph vhulhv yhuvlrq ri wkh vshfl�fdwlrq dgrswhg e| QB�t6BA/ wN dqg
�BWl�A,B+ +4<<5, iru dqdo|vlqj wudqvdfwlrq vwrfn sulfhv1 Wklv mrlqw g|qdplf prghoolqj
ri wkh sulfh wudqvlwlrq suredelolwlhv dqg wkh duulydo wlphv ri wkh wudqvdfwlrqv lv ulfk dqg
�h{leoh hqrxjk wr fdswxuh wkh klvwrulfdo ehkdylrxu ri sulfh fkdqjh gdwd1
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Wkh vwuxfwxuh ri wkh sdshu lv wkh iroorzlqj1 Zh �uvw uhylhz lq vhfwlrq 5 vrph edvlf frq0
fhswv derxw pdunhg srlqw surfhvvhv +PSS, zklfk hperg| rxu elqrpldo wuhh vshfl�fdwlrq1
Zh rxwolqh rxu iudphzrun dqg lqwurgxfh wkh pdlq qrwdwlrqv dqg pdwkhpdwlfdo wrrov xvhg
lq wkh prghoolqj1 G|qdplf vshfl�fdwlrqv iru wkh duulydo wlphv dqg wkh mxpsv +qdpho| wkh
DFG dqg DFE prghov, duh glvfxvvhg lq vrph ghwdlo1 Wkhvh prghov zloo eh lpsohphqwhg
lq wkh hpslulfdo dssolfdwlrq1 Vhfwlrq 6 surylghv dq lqwurgxfwlrq wr wkh plqlpdo pduwlq0
jdoh phdvxuh +PPP,/ ehiruh jlylqj wkh rswlrq sulflqj irupxod edvhg rq lw1 Wkh plqlpdo
pduwlqjdoh phdvxuh lv wkh pdlq exloglqj eorfn ri rxu sulflqj vwudwhj|1 Ghulydwlyh dvvhw
sulfhv duh rewdlqhg e| wdnlqj glvfrxqwhg h{shfwdwlrqv ri ixwxuh sd|r�v zlwk uhvshfw wr
wklv phdvxuh1 Wkh rswlrq sulflqj irupxodh uho| rq sulflqj wrrov ghulyhg lq �i�}jA|/ -j�
AB�,| dqg 7WB�,,j| +4<<<,1 Lq Vhfwlrq 7/ dq hpslulfdo dssolfdwlrq lv surylghg xvlqj LEP
lqwudgd| wudqvdfwlrq gdwd rq wkh Q\VH +Qhz \run Vwrfn H{fkdqjh,1 Prgho sdudphwhuv
duh hvwlpdwhg dqg xvhg dv lqsxw wr frpsxwh Hxurshdq fdoo rswlrq sulfhv1 Wkhvh sulfhv
duh frpsduhg zlwk �,BW"�7W�N,jt sulfhv edvhg rq dq klvwrulfdo yrodwlolw| hvwlpdwh iurp
gdlo| forvlqj sulfhv1 Wkh prgho lv deoh wr fdswxuh wkh vkdsh ri wkh yrodwlolw| vploh xvxdoo|
revhuyhg rq vwrfn rswlrq pdunhwv1 Vhfwlrq 8 frqfoxghv1

2 6h@4i�Lh!

Zh �uvw vwduw e| uhylhzlqj vrph edvlf idfwv derxw pdunhg srlqw surfhvvhv +PSS,1 Wkh
lqlwldov MV vwdqg iru wkh errn ri cBWNa dqg 7��i+Bj� +4<;:,/ zklfk jdwkhuv pdmru frq0
wulexwlrqv wr wkh wkhru| ri PSSv1

Ohw xv frqvlghu dq lqfuhdvlqj vhtxhqfh ri qrq ryhuodsslqj udqgrp wlphv W� / m @ 4> ===1
Wr hdfk ri wkhp/ zh dvvrfldwh d udqgrp yduldeoh ]� / fdoohg d pdun dqg gh�qhg rq wkh vdph
suredelolw| vsdfh = +
>I > S ,1 Hdfk +W� > ]�, lv vdlg wr eh d pdunhg srlqw dqg wkh vhtxhqfh
++W� > ]�,,� ri pdunhg srlqwv lv uhihuuhg wr dv d pdunhg srlqw surfhvv +vhh Iljxuh 4,1

Wkhuh duh wkhuhiruh wkuhh hohphqwv zklfk fdudfwhul}h d PSS1 Wkh odz ri duulydo wlphv
ri wkh mxpsv/ wkh vl}h +ru dpsolwxgh, ri wkh pdunv dqg wkhlu %gluhfwlrq% +hlwkhu xs ru
grzq,1 Lq rxu iudphzrun/ zh uhvwulfw wkh pdun vl}h wr eh frqvwdqw dqg htxdo wr d dqg
ghqrwh wkh pdun vsdfh e| H @ id>�dj/ wkhuhiruh ohdylqj wzr hohphqwv wr eh vshfl�hg1

Zh dvvxph wkdw wkh orjdulwkp ri wkh vwrfn sulfh V| iroorzv vxfk d PSS vr wkdw =

V| @ Vfh
f| > +4,

zkhuh wkh udqgrp yduldeoh =
[| @

�GA�$|

]� > +5,

fruuhvsrqgv wr wkh vxp ri mxpsv wdnhq ryhu wkh udqgrp wlphv W� ri wkhlu duulydov1 Wkh
surfhvv [ lv d sxuho| glvfrqwlqxrxv surfhvv zlwk mxpsv ]� @ �[A� = Wkh orjdulwkplf
yduldwlrqv ri wkh vwrfn sulfh = � orjVA� @ �[A� wkxv hlwkhu wdnh wkh ydoxhv d ru �d1
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Iljxuh 4= D w|slfdo uhdolvdwlrq ri d pdunhg srlqw surfhvv1

Wkh surfhvv [ fdq eh zulwwhq dv wkh vxp ri mxpsv ryhu wlph dqg ryhu wkh pdun vsdfh
+vhh MV s1 9<0:5, =

[| @
|

f .
{�+gw> g{,

Wkh udqgrp phdvxuh �+gw> g{, lv wkh frxqwlqj phdvxuh dvvrfldwhg wr wkh pdunhg srlqw
surfhvv1 Wklv phdvxuh uhfrugv wkh qxpehu ri mxpsv rffxulqj lq wkh wlph lqwhuydo gw dqg
zkrvh vl}h idoov lq wkh lqwhuydo g{ +khuh g{ @ d ru �d,1 Lqwurgxflqj wkh suhglfwdeoh phdvxuh
�/ fdoohg wkh frpshqvdwru/ zlwk wkh surshuw| wkdw �� � lv d orfdo pduwlqjdoh phdvxuh/ zh
fdq zulwh =

[| @
|

f .
{�+gw> g{, .

|

f .
{+�� �,+gw> g{,= +6,

Dowkrxjk wklv uhzulwwlqj pd| orrn rqo| whfkqlfdo/ lw hqdeohv xv wr vhh wkh fuxfldo uroh
ri wkh frpshqvdwru lq rxu sulflqj prgho1 Zh zloo eh frqfhuqhg zlwk wkh h{shfwhg uhwxuqv
rq wkh vwrfn sulfh ru htxlydohqwo| zlwk wkh h{shfwhg ydoxh ri [= E| gh�qlwlrq ri wkh
frpshqvdwru/ zh nqrz wkdw wkh vhfrqg whup lq +6, lv d pduwlqjdoh/ rqo| ohdylqj wkh �uvw
whup wr vshfli| dqg hvwlpdwh iurp wkh gdwd1

Uhfdoo wkdw wzr hohphqwv zhuh ohiw wr ixoo| vshfli| rxu pdunhg srlqw surfhvv = wkh odz
ri duulydo wlphv dqg wkh suredelolw| ri dq xs0pryh +wkh mxps vl}h d ehlqj khog frqvwdqw,1
Wkh frpshqvdwru fdq eh glvlqwhjudwhg +MV s1 9:, vr wkdw wkhvh wzr hohphqwv duh fohduo|
lghqwl�hg =

�+gw> g{, @ g�|N+w> g{,>

zkhuh � lv d suhglfwdeoh lqwhjudeoh lqfuhdvlqj surfhvv dqg N lv d wudqvlwlrq nhuqho1
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Wkh surfhvv � uhsuhvhqwv wkh lqwhqvlw| ri wkh duulydo wlphv ri mxpsv/ dqg zkhq g�| @
�|gw/ wkh surfhvv � lv fdoohg wkh gluhfwlqj lqwhqvlw| dqg fruuhvsrqgv wr d frqglwlrqdo
kd}dug ixqfwlrq1 Wkh wudqvlwlrq nhuqho N+w> g{, lv jlyhq e| = � L4tA�	|$A�n��S +]�n� 5
g{mIA� > W�n�, l1h1 wkh frqglwlrqdo suredelolw| ri dq xs0mxps +li { @ d, ru d grzq0mxps +li
{ @ �d, jlyhq wkh fxuuhqw lqirupdwlrq vhw IA� +pdgh ri fxuuhqw dqg sdvw uhdolvdwlrqv ri
wkh PSS, dqg wkh idfw wkdw wkhuh lv d mxps dw wlph W�n�1

Qrwh wkdw wkh vwdqgdug Srlvvrq surfhvv fruuhvsrqgv wr wkh frqvwdqw gluhfwlqj lqwhqvlw|
fdvh = g�| @ �gw= Lwv mxpsv duh dozd|v 4> vr doo wkh suredelolw| lv frqfhqwudwhg rq wkh
srlqw g{ @ 4 zklfk lpsolhv wkdw wkh frpshqvdwru fdq eh zulwwhq =

�+gw> g{, @ �gw��+g{,>

zkhuh ��+g{, ghqrwhv wkh Gludf phdvxuh dw srlqw 4 zlwk surshuw| ��+g{, @ 4 iru g{ @ 4
dqg ��+g{, @ 3 rwkhuzlvh1

Ohw xv vxppdul}h zkdw zh kdyh rewdlqhg vr idu1 Zh kdyh d prgho zkhuh wkh orj ri
wkh vwrfn sulfh iroorzv d pdunhg srlqw surfhvv zlwk frqvwdqw mxps vl}h d1 Zh kdyh vkrzq
wkh xvhixoqhvv ri wkh frpshqvdwru zklfk hqdeohv xv wr fdofxodwh h{shfwhg sulfh yduldwlrqv1
Wklv phdvxuh fdq eh eurnhq grzq lqwr wzr sduwv/ rqh ri zklfk lv wkh lqwhqvlw| ri mxps
duulydo wlphv dqg wkh vhfrqg zklfk ghwhuplqhv wkh xs0pryh suredelolw|1 Wkh prgho lv ixoo|
vshfl�hg xs wr wkh fkrlfh ri wkhvh wzr whupv zklfk zh zloo qrz glvfxvv1

Lq �i�}jA|/ -jAB�,| dqg 7WB�,,j| +4<<<,/ zh vwxglhg wzr vshfl�fdwlrqv iru wkh
frpshqvdwru1 Zh frqvlghuhg wkh fdvh zkhuh wkh wuxh vwrfn sulfh lv dq xqrevhuydeoh jhr0
phwulf Eurzqldq prwlrq zkrvh ydoxhv zhuh rqo| nqrzq zkhq lwv orjdulwkp furvvhg erxqg0
dulhv vsdfhg e| d1 Dowkrxjk lqwxlwlyh iurp d frqwlqxrxv wlph �qdqfh srlqw ri ylhz/ wklv
vshfl�fdwlrq zdv qrw dssursuldwh iru hpslulfdo sxusrvhv ehfdxvh ri wkh fxpehuvrph dqg
uhvwulfwlyh irup ri wkh nhuqho N+w> g{,1 D pdunhg Srlvvrq prgho +l1h1 d Srlvvrq surfhvv
zkrvh mxpsv iroorz l1l1g1 elqrpldo yduldeohv, zdv wkhq sursrvhg1 Erwk sdudphwhuv +wkh
gluhfwlqj lqwhqvlw| � dqg wkh xs0pryh suredelolw| s, zhuh hdvlo| hvwlpdwhg rq LEP wudqv0
dfwlrq gdwd dqg sulfhv zhuh ghulyhg iru Hxurshdq fdoo rswlrqv rq LEP vwrfn iru ydoxhv ri
d ehwzhhq 6( dqg 8(1 Wkh pdunhg Srlvvrq vshfl�fdwlrq zdv lq wkh vdph vslulw dv wkh
vwrfkdvwlf yrodwlolw| prgho sursrvhg e| �NttBji|te D�+tj,t BAa DN�i�jiN�! G�ddU�/
dqg edvhg rq d wlph ghiruphg elqrpldo prgho1

Krzhyhu/ zh qrwlfhg wkdw wkh k|srwkhvlv ri h{srqhqwldoo| glvwulexwhg lqwhu0wudgh gx0
udwlrqv zdv uhmhfwhg iru vpdoo ydoxhv ri d +? 6(,= Wklv zdv gxh wr wkh skhqrphqrq ri
ryhuglvshuvlrq ri gxudwlrqv +wkh vwdqgdug ghyldwlrq ri wkh gxudwlrqv h{fhhgv wkhlu phdq, lq
lqwudgd| gdwd/ d zhoo grfxphqwhg idfw lq wkh plfurvwuxfwxuh olwhudwxuh1 Ehvlghv/ d frqvwdqw
xs0pryh suredelolw| dsshduv qrw wr eh d vdwlvidfwru| dvvxpswlrq dv douhdg| phqwlrqhg eh0
fdxvh ri d srvvleoh khuglqj ehkdylrxu ri wudghuv ru/ rq wkh frqwudu|/ ehfdxvh ri d whqgdqf|
wr uhyhuw wrzdugv wkh ixqgdphqwdo ydoxh ri wkh vwrfn1

Zh zloo qrz wdfnoh wkhvh wzr lvvxhv e| wxuqlqj wr rwkhu srvvleoh vshfl�fdwlrqv ri
wkh frpshqvdwru zklfk zloo eh hdvlo| hvwlpdeoh dqg whvwdeoh iurp pdunhw gdwd1 Wkhvh
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vshfl�fdwlrqv zloo dovr doorz wr ghulyh h{suhvvlrqv iru rswlrq sulfhv1 Exloglqj rq wkh
hfrqrphwulfv ri kljk iuhtxhqf| gdwd +.A},j +4<<9,,/ zh kdyh fkrvhq wr xvh dxwruhjuhvvlyh
frqglwlrqdo vshfl�fdwlrqv iru wkh frqglwlrqdo glvwulexwlrqv ri erwk duulydo wlphv dqg pdunv1

2�� �L?_�|�L?@* #�t|h�M�|�L? Lu #�h@|�L?t

Wkh frqglwlrqdo glvwulexwlrq ri duulydo wlphv lv vshfl�hg dffruglqj wr dq DFG+p/t, prgho
sursrvhg e| .A},j dqg -�ttj,, +4<<:/ 4<<;,1 Wkh Dxwruhjuhvvlyh Frqglwlrqdo Gxudwlrq
+DFG, fodvv ri prghov frqvlvwv lq dvvxplqj wkdw wkh gxudwlrqv g�n� @ W�n� � W� duh vxfk
wkdw =

g�n� @ #�n���n�>

zkhuh �� duh srvlwlyh l1l1g1 yduldeohv dqg wkh frqglwlrqdo h{shfwdwlrq = #� @ H g� mIA�3�
lv =

#� @ $ .
6

&'�

�&g�3& .
^

&'�

�&#�3&=

Wkhvh prghov duh dqdorjrxv wr DUFK dqg JDUFK prghov +.A},j +4<;5,/ �N,,jit,j�
+4<;9,, dqg vkduh pdq| ri wkh vdph surshuwlhv1 Iru h{dpsoh/ vrph frqvwudlqwv pxvw eh
vdwlv�hg e| wkh sdudphwhuv/ vshfl�fdoo| =

$ A 3> �& � 3 dqg �& � 3 2> +7,

lq rughu wr hqvxuh wkh srvlwlylw| ri wkh gxudwlrqv/ dqg

6

&'�
�& .

^

&'�
�& ? 4> +8,

wr jxdudqwhh prgho vwdwlrqdulw| dqg doorz wr xvh Pd{lpxp Olnholkrrg +vhh .A},j dqg
-�ttj,, +4<<;,/ �BiiBtWN dqg ��jA +4<<<,,1 Wkh frqglwlrqdo kd}dug ixqfwlrq ri dq
DFG prgho iru w lq wkh udqgrp wlph lqwhuydo ``W� > W�n�`` lv jlyhq e| =

�| @ #3��n��f
w� W�

#�n�
>

zkhuh �f lv wkh edvholqh kd}dug ri � +wkh udwlr ri wkh ghqvlw| dqg vxuylydo ixqfwlrqv ri �,1
Wzr fkrlfhv duh xvxdoo| dgrswhg iru wkh glvwulexwlrq ri �/ hlwkhu wkh h{srqhqwldo ru wkh
Zhlexoo/ zklfk jlyh uhvshfwlyho| =

�| @ #3��n�>

ru =
�| @ #3��n��+4 . 4@�,

�
+w� W�,

�3� �> +9,

zkhuh � lv wkh jdppd ixqfwlrq dqg � lv wkh vhfrqg Zhlexoo sdudphwhu1 Wkh �uvw Zhlexoo
sdudphwhu pxvw eh htxdo wr �+4.4@�, lq rughu wr hqvxuh wkdw � kdv phdq 41 Zkhq � @ 4/
wkh Zhlexoo glvwulexwlrq frlqflghv zlwk wkh h{srqhqwldo glvwulexwlrq1

2A�i TLt�|���|) Lu |�i T@h@4i|iht �t @ t��U�i?| M�| ?L| ?iUitt@h) UL?_�|�L? |L i?t�hi |�@| �� Mi TLt�|��i�
A�iti UL?t|h@�?|t U@? Mi �i@!i?i_ @t t�L�? M) �j,tNA BAa �BN G�dd4��
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Lq wu|lqj wr �w wkh deryh DFG prgho wr LEP wudqvdfwlrq gdwd/ zh irxqg wkdw wkh
frqvwudlqwv rq wkh sdudphwhuv ++7, dqg +8,, zhuh qrw dozd|v vdwlv�hg1 Zh wkxv sursrvh
wr xvh wkh Orj0DFG prgho sursrvhg e| �B��jAt dqg D�N| +4<<<, +vhh dovr -�ttj,,
dqg .A},j +4<<;,, zklfk lv wkh dqdorjxh ri wkh Orj0JDUFK prgho ri Dj�j"j +4<<9,
dssolhg wr gxudwlrqv1 Lw lv vshfl�hg dv =

g�n� @ h{s +#�n�, ��n�>

zlwk d frqglwlrqdo h{shfwdwlrq h{s +#�, vdwlvi|lqj =

#� @ $ .
6

&'�

�& oq +g�3&, .
^

&'�

�&#�3&=

dqg lwv frqglwlrqdo kd}dug ixqfwlrq lq wkh udqgrp wlph lqwhuydo ``W� > W�n�`` lv jlyhq e| =

�| @ h{s +�#�n�, >

iru wkh h{srqhqwldo fdvh dqg

�| @ +h{s +�#�n�, �+4 . 4@�,,� +w� W�,
�3� �>

iru wkh Zhlexoo fdvh1

2�2 �L?_�|�L?@* _�t|h�M�|�L? Lu 4@h!t

Frqfhuqlqj wkh frqglwlrqdo glvwulexwlrq ri pdunv zh xvh wkh h{whqvlrq ri wkh orjlvwlf olqhdu
prgho ri �N! +4<:3/4<;4, jlyhq e| -�ttj,, dqg .A},j +4<<;,1 Zh gh�qh =

\� @
4 li ]� @ .d>
3 li ]� @ �d=

Wkh suredelolw| �� @ S ^\� @ 4mIA�3� `/ uhvs1 4��� / jlyhv wkh frqglwlrqdo suredelolw| ri dq
xs0pryh/ uhvs1 d grzq0pryh1 Lq d orjlvwlf olqhdu prgho/ lw vdwlv�hv =

o+��, @ �$ .
76

&'�

��&\�3&

zlwk o+�, @ orj +�@+4� �,,1 Wkh orjlvwlf wudqvirupdwlrq o hqvxuhv wkh lqwhusuhwdwlrq ri
� dv d suredelolw|1 -�ttj,, dqg .A},j +4<<;, sursrvh wr h{whqg wklv vshfl�fdwlrq e|
lqfrusrudwlqj odjjhg ydoxhv ri wkh frqglwlrqdo suredelolwlhv wkhpvhoyhv =

o+��, @ �$ .
76

&'�

��&\�3& .
7R

&'�

��&��3& .
7o

&'�

��&o+��3&,=

Wklv prgho kdv dq Dxwruhjuhvvlyh Frqglwlrqdo Elqrpldo +DFE, vwuxfwxuh dqg lv d elqrpldo
yhuvlrq ri wkh Dxwruhjuhvvlyh Frqglwlrqdo Pxowlqrpldo +DFP, prgho ri -�ttj,, dqg

:



.A},j +4<<;,1 Zh uhihu wr lw dv dq DFE+ �p/�s/�u, prgho1 Wkh wudqvlwlrq nhuqho ri wkh PSS
lv wdnhq iru w 5``W� > W�n�`` htxdo wr =

N+w> g{, @
��n� iru g{ @ .d>

4� ��n� iru g{ @ �d=

Erwk dxwruhjuhvvlyh frqglwlrqdo prghov/ DFG iru wkh duulydo wlphv dqg DFE iru wkh pdunv/
duh wkxv wkh exloglqj eorfnv ri rxu vshfl�fdwlrq iru wkh vwrfn sulfh g|qdplfv1 Wklv lv
vxppdul}hg e| wkh qh{w dvvxpswlrq1

Dvvxpswlrq 4 +prgho vshfl�fdwlrq,
Wkh frpshqvdwru �+gw> g{, rq LUn � id>�dj vdwlv�hv =

�+gw> g{, @ �|gwN+w> g{,>

zkhuh iru w 5``W� > W�n�``/ wkh gluhfwlqj lqwhqvlw| �| lv jlyhq e| wkh frqglwlrqdo kd}dug
ixqfwlrq ri dq DFG+p/t, prgho dqg wkh wudqvlwlrq nhuqho N+w> g{, fruuhvsrqgv wr dq
DFE+ �p/�t/�u, prgho1

Qrz wkdw wkh vhwwlqj lv ghvfulehg zh pd| wxuq wr wkh qh{w vwhs = wkh fkrlfh ri dq
htxlydohqw pduwlqjdoh phdvxuh dqg wkh ghulydwlrq ri dq rswlrq sulflqj irupxod1

� �T|�L? Th�U�?} @?_ |�i ��?�4@* �@h|�?}@*i �i@t�hi

Iurp QBii�tNA dqg lijVt +4<:<, dqg QBii�tNA dqg �,�t"B +4<;4,/ zh nqrz wkdw lq
rughu wr suhfoxgh duelwudjh lq d pdunhw/ wkhuh pxvw h{lvw dq htxlydohqw pduwlqjdoh phdvxuh
+HPP, xqghu zklfk glvfrxqwhg dvvhw sulfhv duh pduwlqjdohv1 Krzhyhu/ wklv phdvxuh qhhgv
qrw eh xqltxh xqohvv pdunhwv duh frpsohwh1

Wkh suhvhqfh ri mxpsv lq rxu iudphzrun lpsolhv wkdw wkh pdunhw lv lqfrpsohwh1 Zh
wkhuhiruh qhhg d fulwhulrq e| zklfk wr fkrrvh dprqj doo HPP/ rqh phdvxuh xqghu zklfk
wr fdofxodwh rswlrq sulfhv dv h{shfwdwlrqv ri glvfrxqwhg ixwxuh sd|r�v1 Lq wklv sdshu zh
kdyh fkrvhq wkh plqlpdo pduwlqjdoh phdvxuh +PPP, lqlwldoo| sursrvhg e| 8�N,,6ji dqg
7W��j�5ji +4<<4,1 Ohw xv �uvw uhfdoo vrph uhvxowv derxw sulflqj lq lqfrpsohwh pdunhwv
ehiruh prwlydwlqj rxu fkrlfh ri phdvxuh1 Zh frqvlghu iru vlpsolflw| wkh fdvh ri d pdunhw
zlwk rqh ulvn| dvvhw +wkh vwrfn zlwk sulfh V|, dqg rqh ulvnohvv dvvhw zkrvh jurzwk udwh lv
vhw wr }hur1

Wkh vwdqgdug dssurdfk wr sulflqj e| duelwudjh frqvlvwv ri �qglqj d sruwirolr +l1h1
dq lqyhvwphqw srolf| ri � lq wkh ulvnohvv dvvhw dqg � lq wkh vwrfn, zklfk uhsolfdwhv wkh
sd|r�v K ri wkh rswlrq zh zdqw wr sulfh1 Ohw Y| @ �| .�|V| ghqrwh wkh ydoxh ri rxu
khgjlqj sruwirolr1 Wkh frvw surfhvv ri iroorzlqj d wudglqj vwudwhj| iurp wlph 3 wr wlph w
lv F| @ Y| � Yf � |

f ��gV�

Uhfdoo wkdw d wudglqj vwudwhj| lv vdlg wr eh vhoi0�qdqflqj li wkh frvw lv 31 Zkhq pdunhwv
duh lqfrpsohwh/ qr vhoi0�qdqflqj vwudwhj| zloo surylgh d shuihfw khgjh +YA @ K d1v1, iru wkh
rswlrq/ ru frqyhuvho|/ li zh dgrsw d vwudwhj| zklfk uhsolfdwhv wkh sd|r� ri wkh frqwlqjhqw

;



fodlp shuihfwo|/ lw zloo lq jhqhudo qrw eh vhoi0�qdqflqj1 Wkh qdwxudo zd| iruzdug lv wr wu|
wr plqlpl}h vrph gh�qlwlrq ri wkh uhpdlqlqj ulvn ru htxlydohqwo| wkh frvw dvvrfldwhg zlwk
wkh uhsolfdwlqj vwudwhj|1

Rqh srvvlelolw| lv wr fkrrvh d vwudwhj| +�W> �W, zklfk plqlpl}hv wkh wrwdo ulvn xqghu

wkh klvwrulfdo phdvxuh S dv gh�qhg e| U| @ H� +FA � F|,
2 I| 1 Wklv fruuhvsrqgv wr wkh

fkrlfh ri sulflqj xqghu wkh yduldqfh rswlpdo phdvxuh +iru wklv phdvxuh vhh h1j1 8�N,,6ji
dqg 7NAaji6BAA +4<;9,/ �N�,jB� dqg wB6Oji|NA +4<;<,/ $�uu�j dqg -�W�BiatNA
+4<<4,/ 7W��j�5ji +4<<5/4<<7,/ DN�i��jiN�!/ wB�ijA| dqg ��B6 +4<<;,/ wB�ijA|
dqg 7WB�,,j| +4<<;,,1 Wklv vwudwhj| lv phdq vhoi0�qdqflqj/ l1h1/ rq dyhudjh/ lwv frvw lv
}hur1 Krzhyhu wkh dvvrfldwhg phdvxuh kdv wzr pdlq gudzedfnv1 Iluvw/ dq rswlpdo +l1h1
plqlpl}lqj wkh wrwdo ulvn, vwudwhj| grhv qrw dozd|v h{lvw1 Vhfrqg/ wkh yduldqfh rswlpdo
phdvxuh grhv qrw kdyh dq dqdo|wlf irup lq jhqhudo dqg lv wkhuhiruh xqsudfwlfdo1

Dqrwkhu srvvlelolw| lv wr dgrsw dqrwkhu +dovr vhoi0�qdqflqj, vwudwhj| zklfk plqlpl}hv
wkh orfdo ulvn lq wkh vhqvh ri 7W��j�5ji +4<<4,1 Lqvwhdg ri frqvlghulqj wkh wrwdo yduldwlrq
ri wkh frvw ehwzhhq gdwhv w dqg W / lw frqvlvwv lq plqlpl}lqj doo wkh yduldwlrqv ri wkh frvwv
ryhu vxffhvvlyh %vpdoo% shulrgv ehwzhhq w dqg W +vhh 8ij+ +4<<:,,1

Wklv srolf| fruuhvsrqgv wr wkh fkrlfh ri wkh plqlpdo pduwlqjdoh phdvxuh zklfk zh zloo
eh xvlqj lq wklv sdshu1 Wklv phdvxuh lv fkdudfwhul}hg e| wkh idfw wkdw lw vhwv wr }hur doo
ulvn suhpld rq vrxufhv ri ulvn ruwkrjrqdo wr wkh pduwlqjdoh sduw ri wkh xqghuo|lqj*v sulfh
surfhvv1 Dq h{dpsoh/ eruurzhg iurp QNu6BAA/ �,B|jA dqg 7W��j�5ji +4<<5,/ zloo
khos xqghuvwdqg wklv vwdwhphqw1 Rqh ri wkh prvw idprxv prghov ri rswlrq sulflqj zlwk
vwrfkdvwlf yrodwlolw| kdv ehhq sursrvhg e| Q�,, dqg b��|j +4<;:,1 Lw lv sduwlfxoduo|
frqyhqlhqw wr prgho yrodwlolw| vplohv +vhh -jAB�,| dqg CN�5� +4<<9,,1 Wkh dxwkruv
dvvxph wkdw wkh vtxduh ri wkh yrodwlolw| iroorzv d jhrphwulf Eurzqldq prwlrq zklfk lv
xqfruuhodwhg wr wkh Eurzqldq prwlrq gulylqj wkh sulfh surfhvv1 Wkh pdunhw lv lqfrpsohwh
ehfdxvh wkhuh duh wzr vrxufhv ri ulvn dqg rqo| rqh ulvn| dvvhw wr wudgh zlwk1 Krzhyhu
Q�,, dqg b��|j dujxh wkdw li rqh dvvxphv wkdw wkh FDSP krogv dqg wkdw yrodwlolw|
ulvn lv glyhuvl�deoh/ wklv vrxufh ri xqfhuwdlqw| vkrxog qrw ehdu d ulvn suhplxp1 Wkh|
wkhq surfhhg wr ghulyh wkhlu rswlrq sulfh1 Wklv sulfh frlqflghv zlwk wkdw jlyhq e| wkh
PPP zklfk suhflvho| dvvljqv d }hur ydoxh wr wkh pdunhw sulfh ri ulvnv ruwkrjrqdo wr wkh
pduwlqjdoh sduw +khuh wkh Eurzqldq prwlrq, ri wkh sulfh1

Wkh PPP kdv vhyhudo dsshdolqj ihdwxuhv zklfk prwlydwh lwv xvh lq sudfwlfdo dssol0
fdwlrqv1 Iluvw/ wkhuh dozd|v h{lvwv dq h{solflw irup iru wkh Udgrq0Qlnrg|p ghulydwlyh
hqdeolqj wr vzlwfk iurp wkh klvwrulfdo suredelolw| phdvxuh wr wkh plqlpdo phdvxuh1 Wklv
pdnhv lw d frpsxwdwlrqdoo| frqyhqlhqw wrro dv zloo ehfrph dssduhqw odwhu rq1 Wkhq/ uh0
fhqw zrun rq wkh wrslf vkrzv wkdw lw lqgxfhv jrrg frqyhujhqfh surshuwlhv +-�A}}B,a�ji
dqg 7W��j�5ji +4<<8,/ �i�}jA| +4<<8,/ �jiW�i�N dqg XNit| +4<<9,/ wjtAj/ �i��
}jA| dqg 7WB�,,j| +4<<;,,1 Ixuwkhupruh/ lq rxu iudphzrun +vhh �i�}jA|/ -jAB�,|
dqg 7WB�,,j| +4<<<,,/ mxps erxqghgqhvv hqvxuh wkdw wkh PPP lv d suredelolw| phdvxuh
+l1h1 lv dozd|v srvlwlyh, dqg wkhuhiruh wkdw wkh ydoxh ri wkh wudglqj vwudwhj| lv dq dfwxdo
qr0duelwudjh sulfh1

Ilqdoo| wklv phdvxuh fdq dovr eh olqnhg wr rwkhu srvvleoh fkrlfhv ri phdvxuhv1 Iru
h{dpsoh 7W��j�5ji +4<<6, vkrzv wkdw lq vrph fdvhv wkh h{shfwdwlrq ri wkh �qdo sd|r�

<



xqghu wkh plqlpdo phdvxuh lv htxdo wr wkh ydoxh ri wkh yduldqfh rswlpdo khgjlqj vwudwhj|
+�W> �W, ghvfulehg deryh1 Zkhq wkh phdq0yduldqfh wudgh0r� +l1h1 wkh pdunhw sulfh ri ulvn,
ri wkh sulfh surfhvv lv ghwhuplqlvwlf/ wkh PPP lv wkh forvhvw ri doo HPP wr wkh klvwrulfdo
phdvxuh S / dv phdvxuhg e| wkh uhodwlyh hqwurs| fulwhulrq +8�N,,6ji dqg 7W��j�5ji
+4<<4,,1 Frqfhuqlqj h{lvwhqfh dqg xqltxhqhvv ri wkh plqlpdo phdvxuh/ zh uhihu wr �Atj,
dqg 7|i�W"ji +4<<5/ 4<<6,1

Zh qrz wxuq wr wkh ghulydwlrq ri wkh rswlrq sulflqj irupxod xqghu wkh plqlpdo phdvxuh1
Zh wdnh dv glvfrxqw idfwru +ru qxp�hudluh, d vdylqjv dffrxqw zkrvh jurzwk udwh uA� rq wkh
udqgrp wlph lqwhuydo = ``W�3�> W� `` vdwlv�hv =

uA� @ h4EA�3A�3�� � 4> +:,

zlwk � A 31
Wkh glvfrxqwhg vwrfn sulfh lv wkhq htxdo wr =

�V| @ V|@
�GA�$|

+4 . uA� ,=

Ohw xv lqwurgxfh wkh glvfrxqwhg h{fhvv uhwxuq surfhvv � vxfk wkdw iru w 5``W� > W�n�`` =

�+w> {, @ �+W� > ]�, @
h~� � 4 . uA�

4 . uA�

@ h~�34EA�3A�3�� � 4= +;,

Wkh plqlpdo phdvxuh lv fkdudfwhul}hg e| lwv Udgrq0Qlfrg|p ghulydwlyh z1u1w1 S 1 Lw
wdnhv wkh iroorzlqj irup lq rxu iudphzrun +�i�}jA|/ -jAB�,| dqg 7WB�,,j| +4<<<,,1

Sursrvlwlrq 4 +plqlpdo suredelolw| phdvxuh,
Xqghu Dvvxpswlrq 4/ wkh plqlpdo pduwlqjdoh phdvxuh aS lv d suredelolw| phdvxuh fkdudf0
whul}hg e| lwv ghqvlw| surfhvv a� uhodwlyh wr S =

a�| @
�Gf	A�$|

+4 . ak�+]�,, h{s �
|

f .

aK+v> {,N+v> g{,�rgv = +<,

zkhuh iru w 5``W� > W�n�``/ aK+w> {, @ ak�+{, zlwk =

ak�+{, @ � �+W� > d,��n� . �+W� >�d,+4� ��n�,

�2+W� > d,��n� . �2+W� >�d,+4� ��n�,
�+W� > {,=

aK+w> {, wdnhv wkh lqwhusuhwdwlrq ri d mxps ulvn suhplxp surfhvv1 Rqfh wkh Udgrq0
Qlfrg|p ghulydwlyh a�| lv frpsxwhg/ lw lv vwudljkwiruzdug wr ghulyh wkh sulfh F| @ F+w> V|,
ri d frqwlqjhqw fodlp zlwk �qdo sd|r� F+W> VA ,1 Iru d Hxurshdq fdoo rswlrq zlwk pdwxulw|
W dqg vwulnh sulfh N/ wkh �qdo sd|r� lv +VA � N,n @ pd{+3> VA � N,1 E| wdnlqj lwv
h{shfwdwlrq xqghu aS diwhu dq dghtxdwh glvfrxqwlqj/ zh jhw =

F+w> V|, @ H
	� +VA �N,n

�G|	A�$A

+4 . uA� ,
3�mI| > +43,

zklfk ohdgv wr =

43



Sursrvlwlrq 5 +plqlpdo rswlrq sulfh,
Xqghu Dvvxpswlrq 4/ wkh fdoo sulfh jlyhq e| wkh plqlpdo pduwlqjdoh phdvxuh lv =

F+w> V|, @ H� +VA �N,n
a�A

a�| �G|	A�$A

+4 . uA� ,
3�mI| = +44,

Li wkh h{srqhqwldo ru wkh Zhlexoo glvwulexwlrq xqghuolhv wkh DFG prgho/ zh kdyh =

a�A

a�|
@

�G|	A�$A

4� �+W� > d,��n� . �+W� >�d,+4� ��n�,

�2+W� > d,��n� . �2+W� >�d,+4� ��n�,
�+W� > ]�,

h{s �+�+W� > d,��n� . �+W� >�d,+4� ��n�,,
2

�2+W� > d,��n� . �2+W� >�d,+4� ��n�,
orjJ+plq+W�n�> W ,� W�, >+45,

zkhuh J +x, lv wkh vxuylydo ixqfwlrq +l1h1 wkh suredelolw| ri qrw mxpslqj ryhu wkh shulrg x,1
� orjJ+plq+W�n�> W ,�W�, lv htxdo wr +plq+W�n�> W ,� W�, @#�n� iru wkh h{srqhqwldo DFG/
wr +plq+W�n�> W ,� W�, @ h{s +#�n�, iru wkh h{srqhqwldo Orj0DFG1 Iru Zhlexoo glvwulexwhg
qrlvh � orjJ+plq+W�n�> W , � W�, lv htxdo wr +�+4 . 4@�, +plq+W�n�> W ,� W�, @#�n�,

� iru
wkh DFG prgho dqg wr +�+4 . 4@�, +plq+W�n�> W ,� W�, @ h{s +#�n�,,

� iru wkh Orj0DFG
prgho1

H{shfwdwlrq +44, fdq lq sulqflsoh eh ydoxdwhg e| Prqwh0Fduor lqwhjudwlrq1 Lqghhg VA /
a�A@a�|/ dqg +uA� ,� fdq eh frpsxwhg iurp vlpxodwhg sdwkv ri wkh PSS ++W� > ]�,,� rqfh wkh
sdudphwhuv ri wkh DFG dqg DFE prghov kdyh ehhq hvwlpdwhg1 Krzhyhu/ vlqfh a�A@ a�|

lv pdgh ri d surgxfw ri whupv/ lw zloo qrw eh dffxudwho| hvwlpdwhg wkurxjk vlpxodwlrqv1
Wkhuhiruh lw lv zlvhu wr xvh h{suhvvlrq +43, dqg zrun gluhfwo| zlwk wkh g|qdplfv ri V| xqghu
aS= Wkh surfhvv ri V| xqghu aS fdq eh ghulyhg xvlqj uhodwlrqvklsv ehwzhhq wkh gluhfwlqj
lqwhqvlwlhv dqg wudqvlwlrq nhuqhov xqghu S dqg aS +vhh dsshqgl{,1 Wkhvh uhodwlrqvklsv frph
iurp d gluhfw dssolfdwlrq ri Jluvdqry wkhruhp iru mxpsv +MV s148:,1

e �? i4T�h�U@* �**�t|h@|�L? L? W�� |h@_it

Wklv vhfwlrq looxvwudwhv wkh hpslulfdo dssolfdwlrq ri rxu pdunhg srlqw prgho wr wkh sulflqj
ri Hxurshdq fdoo rswlrqv1� Wkh sdudphwhuv ri wkh DFG dqg DFE prghov duh hvwlpdwhg
iurp lqwudgd| wudqvdfwlrq gdwd1 Wkh gdwd zhuh h{wudfwhg iurp wkh Wudghv dqg Txrwhv
Gdwdedvh +WDT Gdwdedvh, uhohdvhg e| wkh Q\VH dqg vsdq wkh shulrg ehjlqqlqj rq Wkxuv0
gd| Mdqxdu| 5wk 4<<: dqg hqglqj rq Zhgqhvgd| Vhswhpehu 63wk 4<<: +< prqwkv,1 Zh
uhsruw uhvxowv rewdlqhg rq wudghv ri wkh LEP vwrfn/ zklfk lv rqh ri wkh prvw oltxlg vwrfnv
lq wklv pdunhw dqg lv wkh vxssruw ri dfwlyho| wudghg rswlrqv1

Wkh revhuydwlrqv duh wkh wudghv uhfrughg hyhu| vhfrqg iurp pdunhw rshqlqj +<=63=33,
wr pdunhw forvxuh +49=33=33,1 Wkh wudghv gdwdvhw frqvlvwv ri 7<;> 9<5 wudqvdfwlrqv1 Zh
uhpryhg doo wudghv zklfk wrrn sodfh rxwvlgh pdunhw rshqlqj krxuv dqg zhuh ohiw zlwk

�B@�tt ThL}h@4t _i�i*LTi_ uLh |��t tiU|�L? @hi @�@�*@M*i L? hi^�it|�
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7;9> 839 gdwd srlqwv1 Zh dovr dgmxvwhg rxu vhulhv iru d 5=4 vwrfn vsolw zklfk rffxuuhg rq
5;wk Pd| 4<<: ehiruh pdunhw rshqlqj1

Zh qrz surfhhg wr hvwlpdwh wkh lqwhqvlw| dqg wkh nhuqho/ qdpho| wkh DFG dqg DFE
prghov1 Jlyhq Dvvxpswlrq 4/ wkh olnholkrrg ixqfwlrq lv vhsdudeoh dv lq -�ttj,, dqg
.A},j +4<<;, dqg zh fdq hvwlpdwh wkh sdudphwhuv ri wkh wzr prghov vhsdudwho|1

e�� ,t|�4@|�L? Lu |�i wL}���# 4L_i*

Zh �uvw frqvlghu wkh g|qdplfv ri gxudwlrqv ehwzhhq wudghv1 Dv phqwlrqhg deryh/ zh kdyh
fkrvhq d Orjdulwkplf Dxwruhjuhvvlyh Frqglwlrqdo Gxudwlrq vshfl�fdwlrq1 Uhfdoo wkdw lq d
Orj0DFG prgho gxudwlrqv g� duh dvvxphg wr iroorz =

g�n� @ h{s +#�n�, ��n�>

zkhuh �� duh l1l1g1 yduldeohv +w|slfdoo| h{srqhqwldo iru wkh Orj0HDFG prgho dqg Zhlexoo
iru wkh Orj0ZDFG prgho, dqg #� @ $ . 6

&'� �& oq +g�3&, .
^
&'� �&#�3&=

Sdudphwhu hvwlpdwhv duh rewdlqhg e| pd{lpxp olnholkrrg iru p @ 4> 5 dqg t @ 4> 5
dqg erwk vshfl�fdwlrqv ri wkh glvwulexwlrq ri �� +h{srqhqwldo ru Zhlexoo,1

Wkh prvw vxffhvvixo vshfl�fdwlrq lv wkh Orj0ZDFG+4/4, zkrvh sdudphwhu hvwlpdwhv
duh jlyhq lq Wdeoh 41 Sdudphwul}dwlrqv zlwk pruh odjv duh uhmhfwhg e| d olnholkrrg udwlr
whvw dw wkh 8( ohyho dqg wkh k|srwkhvlv ri h{srqhqwldoo| glvwulexwhg �� lv vwurqjo| uhmhfwhg
+� lv udqjlqj iurp 3=73 wr 3=7; iru gl�huhqw mxps vl}hv dqg lv vwdwlvwlfdoo| gl�huhqw iurp
xqlw|,1

Wdeoh 4 = Sdudphwhu hvwlpdwhv ri wkh Orj0ZDFG+4/4, prgho

d 3=8( 4( 5(

$ 3=9444W 3=;93:W 5=64:6W

� 3=4;77W 3=4:34W 3=55<6W

� 3=::73W 3=::38W 3=8<45W

� 3=7;39W 3=74;3W 3=6<<;W

OE+73, 54=35;6WW 46=77;9WW <=8994WW

EL � 4 6=5<4: 5=;:<4 3=6633
EL � 5 4=:445 5=6<8< 4=3684

- vljql�fdqw dw 4( ohyho/ -- vljql�fdqw dw 8( ohyho1

Wkhvh uhvxowv duh lq olqh zlwk zkdw zdv suhylrxvo| grfxphqwhg lq wlfn0e|0wlfn wudqvdf0
wlrq vwxglhv = gxudwlrqv h{klelw foxvwhulqj/ l1h1 d vkruw wlph ehwzhhq wzr sulfh yduldwlrqv
whqgv wr eh iroorzhg e| dqrwkhu vkruw lqwhuydo1 Wklv lv vxjjhvwhg e| Iljxuh 5 dqg lv frq0
�uphg e| wkh srvlwlylw| ri � dqg �1 Hvwlpdwhv ri $>� dqg � duh doo vljql�fdqwo| gl�huhqw
iurp }hur dw wkh 4( frq�ghqfh ohyho lq wkh Orj0ZDFG+4/4, prgho1
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Iljxuh 5= Gxudwlrqv ehwzhhq wzr 318( mxpsv1

Xqghu rxu k|srwkhvlv/ wkh uhvlgxdov �� vkrxog eh l1l1g1 Zhlexoo=Zh vwduw e| whvwlqj wkh
devhqfh ri dxwrfruuhodwlrq1 OE+73, uhsruwhg lq Wdeoh 4 ghqrwhv wkh Omxqj0Er{ whvw zlwk
73 odjv1 Wkh k|srwkhvlv ri }hur dxwrfruuhodwlrq lq wkh uhvlgxdov fdqqrw eh uhmhfwhg dw wkh
8( ohyho iru d @ 3=8(> d @ 4( dqg d @ 5(1

Zh qrz zdqw wr whvw iru Zhlexoo0glvwulexwhg uhvlgxdov1 Uhfdoo wkdw li �� lv Zhlexoo zlwk
sdudphwhu �> wkhq +��,

� iroorzv dq h{srqhqwldo glvwulexwlrq1 Wklv lv wkh odwwhu k|srwkhvlv
zklfk zh whvw xvlqj Eduwohww lghqwlwlhv whvwv iru wkh h{srqhqwldo glvwulexwlrq lqwurgxfhg e|
��jt�jie $�BjAje DN�i�jiN�! dqg 7WB�,,j| +4<<<,1

Wkh Eduwohww Lghqwlw| whvw ri rughu 4 frqvlghuv wkh htxdolw| ehwzhhq phdq dqg vwdqgdug
ghyldwlrq +ryhuglvshuvlrq whvw rq uhvlgxdov,/ zkloh wkh Eduwohww Lghqwlw| whvw ri rughu 5
h{dplqhv d uhvwulfwlrq rq wkh �uvw wkuhh prphqwv1 Wdnlqj wklv vhfrqg uhvwulfwlrq lqwr
dffrxqw khosv jdlqlqj srzhu djdlqvw dowhuqdwlyh vshfl�fdwlrqv1 Uhvxowv ri wkhvh whvwv +EL04
dqg EL05, duh surylghg lq wkh odvw wzr urzv ri Wdeoh 41 Doo ydoxhv duh ehorz wkhlu fulwlfdo
"2 +4, glvwulexwlrq dw wkh 8( ohyho "2f�fD +4, @ 6=;74 / vr zh fdqqrw uhmhfw wkh k|srwkhvlv
ri Zhlexoo glvwulexwhg uhvlgxdov1

e�2 ,t|�4@|�L? Lu |�i ��� 4L_i*

Zh qrz wxuq wr wkh hvwlpdwlrq ri wkh surfhvv jryhuqlqj xs0pryhv dqg grzq0pryhv iurp
wudghv gdwd1 Zh kdyh dgrswhg wkh vshfl�fdwlrq ri Dxwruhjuhvvlyh Frqglwlrqdo Elqrpldo
mxpsv zkhuh wkh orjlvwlf wudqvirupdwlrq o+=, ri wkh xs0pryh suredelolw| �� lv jlyhq e| =

o+��, @ �$ .
76

&'�

��&\�3& .
7R

&'�

��&��3& .
7o

&'�

��&o+��3&,>

dqg \� @ 4 li wkh mxps dw wkh shulrg m lv dq xs0pryh dqg 3 rwkhuzlvh1
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Djdlq/ zh �qg wkdw d vlpsoh vshfl�fdwlrq zlwk rqh odj lq doo sdudphwhuv zdv vxffhvvixo
lq fdswxulqj wkh g|qdplfv ri wkh nhuqho1 Wdeoh 5 uhsruwv wkh sdudphwhu hvwlpdwhv rewdlqhg
iru wklv DFE+4> 4> 4,=

Wdeoh 5 = Sdudphwhu hvwlpdwhv ri wkh DFE+4> 4> 4, prgho

d 3=8( 4( 5(

$ 3=69:8W 3=834;W 3=693;W

� �3=9753W �3=;;<<W �3=;376W
� 3=3967W 3=48;5W 3=7;96WW

�� �3=::<3W �3=9<:<W �3=5;5:W
& mxpsv 6:48 4398 555

- vljql�fdqw dw 4( ohyho/ -- vljql�fdqw dw 43( ohyho1

Doo sdudphwhuv exw rqh duh vljql�fdqw dw wkh 4( ohyho1 Wkh g|qdplfv duh vlplodu iru
wkh ydulrxv ydoxhv ri d/ zlwk wkh sdvw mxps dqg wkh orjlvwlf wudqvirup hqwhulqj qhjdwlyho|
lq wkh uhfxuvlrq dqg wkh sdvw suredelolw| hqwhulqj srvlwlyho|1

Zh vkrz lq Iljxuh 6 wkh uhodwlrqvkls ehwzhhq wkh vxffhvvlyh xs0pryh suredelolwlhv
�� dqg ��3� vhwwlqj dowhuqdwlyho| \�3� @ 3 +grzq0pryh, ru \�3� @ 4 +xs0pryh,> iru
d @ 3=8(1 Zh fdq revhuyh wkdw �� lv d ghfuhdvlqj ixqfwlrq ri ��3� lq erwk fdvhv1 Lw
phdqv wkdw d kljk suredelolw| ri dq xs0pryh zloo eh iroorzhg e| d orzhu suredelolw| dw
wkh qh{w duulydo wlph1 Wklv revhuydwlrq lv wkxv qrw lq idyrxu ri d khuglqj ehkdylrxu ri
pdunhw sduwlflsdqwv1 Wklv ghfuhdvh lv ohvv surqrxqfhg zkhq d grzq0pryh +\�3� @ 3, kdv
rffxuuhg/ lqwurgxflqj dq dv|pphwu| lq wkh uhvsrqvh ri wkh suredelolw| ohyhov1 Vxfk dq
h�hfw uhlqirufhv wkh phdq uhyhuvlrq w|sh ri ehkdylrxu ri wkh vwrfn sulfh vlqfh wkh xs0pryh
suredelolw| lv frpsdudwlyho| kljkhu zkhq wkh vwrfn kdv jrqh grzq +\�3� @ 3, wkdq zkhq
lw kdv jrqh xs +\�3� @ 4,1 Wklv uhpdun dovr dssolhv iru rwkhu mxps vl}hv1
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Iljxuh 7 sorwv wkh mxps ulvn suhplxp k�+{, iru d @ 3=8( ryhu wkh zkroh revhuydwlrq
shulrg1 Zh fdq fohduo| vhh d foxvwhulqj skhqrphqrq lq wkh ulvn suhplxp1 Odujh fkdqjhv
lq wkh ulvn suhplxp whqg lqghhg wr eh iroorzhg e| rwkhu odujh fkdqjhv ri hlwkhu vljq/ dqg
vpdoo fkdqjhv whqg wr eh iroorzhg e| vpdoo fkdqjhv1 Wklv w|sh ri foxvwhulqj fruuhvsrqgv
wr wkh zhoo nqrzq �BAaj,OiN| +4<96, revhuydwlrq rq sulfh fkdqjhv +dovr ydolg iru wkh
LEP vwrfn,1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

01
/9

7

03
/9

7

04
/9

7

06
/9

7

08
/9

7

09
/9

7
Time

Ju
m

p 
ri

sk
 p

re
m

iu
m

 h
j(x

)
^

Iljxuh 7 = Hyroxwlrq ri wkh ulvn suhplxp k� +{,

Wudgh sulfhv xvhg vr idu duh dsshdolqj ehfdxvh wkh| fruuhvsrqg wr sulfhv dw zklfk uhdo
wudqvdfwlrqv wdnh sodfh zkloh txrwhv duh rqo| lqglfdwlyh ydoxhv dw zklfk pdunhw pdunhuv
duh zloolqj wr wudgh1 Krzhyhu/ rxu gdwdedvh grhv qrw hqdeoh xv wr lghqwli| zkhq d wudgh
fruuhvsrqgv wr d sxufkdvh ri vwrfnv iurp wkh pdunhw0pdnhu ru wr d vdoh wr wkh pdunhw0
pdnhu1 Wudgh sulfhv duh wkxv srwhqwldoo| lq�xhqfhg e| wkh elg0dvn erxqfh +d wudgh dw elg
sulfh iroorzhg e| d wudgh dw r�hu sulfh ohdglqj wr dq revhuyhg sulfh fkdqjh dowkrxjk wkh
plg sulfh uhpdlqhg xqfkdqjhg,1 Wklv skhqrphqrq kdv ehhq uhsruwhg wr jhqhudwh vsxulrxv
dxwrfruuhodwlrq +vhh -N,, +4<;7,, dqg frxog dovr ohdg wr dq ryhu0hvwlpdwlrq ri wkh qxpehu
ri mxpsv iru vpdoo d1 W|slfdo ydoxhv iru wkh elg0dvn vsuhdg duh rqh ru wzr wlfnv +'3=458 ru
'3=58, dv uhsruwhg lq wkh Q\VH idfw errn zklfk uhsuhvhqwv derxw 3=458( ru 3=58( +wkh
LEP vwrfn sulfh rvfloodwhg durxqg '433 lq rxu vdpsoh shulrg,1 Zh gr qrw eholhyh wkdw wkh
elg0dvn erxqfh vkrxog vxevwdqwldoo| d�hfw wkh g|qdplfv ri duulydo wlphv ri wkh mxpsv exw
lw frxog eldv wkh hvwlpdwlrq ri wkh DFE vshfl�fdwlrq iru d @ 3=8( dv frqvlghuhg lq wklv
sdshu1 Hvshfldoo| wkh qhjdwlyh vljq ri � pd| sduwldoo| eh dwwulexwdeoh wr lw1 Krzhyhu zh
kdyh vhhq wkdw wkh qhjdwlyh vljq ri � shuvlvwv hyhq iru odujh ydoxhv ri d zkhuh wkh elg0dvn
erxqfh vxuho| lv qrw dw zrun1 Ixuwkhupruh wkh vdph phwkrgrorj| kdv ehhq dssolhg wr
plg0sulfhv +l1h1 wkh phdq ri elg dqg dvn sulfhv, zklfk duh iuhh ri dq| elg0dvn erxqfh
h�hfw dqg kdv ohdg wr vlplodu uhvxowv1 Zh suhihu wr surfhhg ixuwkhu zlwk wudghv udwkhu wkdq
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txrwhv ehfdxvh zh eholhyh lw lv pruh dssursuldwh wr zrun zlwk dfwxdo wudqvdfwlrq sulfhv/
hvshfldoo| iru rswlrq sulflqj dqg khgjlqj sxusrvhv1

e�� �T|�L? Th�U�?} ��|� |�i ��� 4L_i*

Zh duh qrz deoh wr sulfh rswlrqv zlwk wkh xqghuo|lqj Orj0ZDFG dqg DFE prghov dqg
irupxodh +44, dqg +45,1 Zh fduu| rxw Prqwh Fduor vlpxodwlrqv zlwk 433> 333 uhsolfdwlrqv

dqg xvh VA dv frqwuro yduldwh ghylfh/ nqrzlqj wkdw V| @ H
	� VA

�G|	A�$A

+4 . uA� ,
3�mI| >

wr uhgxfh wkh yduldqfh ri Prqwh Fduor hvwlpdwhv1

Wdeoh 6 = Rswlrq sulfhv = DFE yv Eodfn0Vfkrohv

d q N <3 <8 433 438 443

3=8( 4515966 ;18748 81896; 617538 5133:9
4( 451;5:4 <163;; 917:39 7168<7 51;:99
5( 4614<97 <1;39< :13763 71<84; 617534
EV 46185;8 4315638 :18363 816733 619<59

Rswlrq sulfhv edvhg rq wkh hvwlpdwhg Orj0ZDFG+4/4, dqg DFE+4/4/4, prghov duh
frpsduhg zlwk Eodfn0Vfkrohv sulfhv lq Wdeoh 61 Eodfn0Vfkrohv sulfhv duh frpsxwhg xvlqj
klvwrulfdo yrodwlolw| ri gdlo| LEP vwrfn uhwxuqv wdnhq ryhu d 6 prqwk shulrg +iurp 5qg
Mdqxdu| wr 5:wk Pdufk 4<<:,1 Wklv 6 prqwk ohqjwk fruuhvsrqgv wr pdunhw vwdqgdugv1
Ryhu wklv shulrg wkh dqqxdolvhg yrodwlolw| zdv 6719:(1 Iru frpsdulvrq/ fdofxodwlqj wkh
yrodwlolw| ryhu wkh zkroh vdpsoh +< prqwkv, zrxog |lhog dq dqqxdolvhg yrodwlolw| ri 641<;(1
Doo DFE sulfhv duh ehorz wkhlu Eodfn0Vfkrohv htxlydohqw1 Krzhyhu wklv qhhgv qrw eh wkh
fdvh iru doo vshfl�fdwlrqv1 Zh kdyh lqghhg whvwhg wkh prgho rq rwkhu gdwd dqg rwkhu ydoxhv
ri d dqg zh kdyh irxqg wkdw wkh Eodfn0Vfkrohv sulfh fdqqrw eh vhhq dv dq xsshu erxqg
rq wkh ydoxhv ri wkh DFE prgho1 Ilqdoo|/ sulfhv jhqhudwhg e| wkh DFE prgho fdq eh
lqyhuwhg xvlqj wkh Eodfn0Vfkrohv irupxod lq rughu wr ghulyh lpsolhg yrodwlolwlhv1 Lpsolhg
yrodwlolwlhv iru ydulrxv vwulnh sulfhv dqg ydoxhv ri d duh glvsod|hg lq Wdeoh 71 Zh �qg wkdw
wkh DFE prgho h{klelwv d yrodwlolw| vploh iru doo d zklfk lv dv|phwulf zlwk uhvshfw wr wkh
dw0wkh0prqh| ohyho N1 Wkh lpsolhg yrodwlolw| udwlr lv khuh gh�qhg dv wkh lpsolhg yrodwlolw|
iru d jlyhq vwulnh sulfh N glylghg e| wkh lpsolhg yrodwlolw| iru N @ 433/ zkloh prqh|qhvv

lv N � Vf @Vf= Wkh dv|phwu| +vplun, zlwk uhvshfw wr N lv xvxdoo| revhuyhg rq vwrfn

rswlrq pdunhwv +iru uhfhqw hylghqfh vhh $�6Bt/ 8,j6�A} dqg b�B,j+ +4<<;, ru �j�ABe
-�O�N dqg 7jiAB +4<<<,,1 Vxfk d vploh lv suhvhqw iru doo rswlrq pdwxulwlhv +udqjlqj iurp
rqh prqwk W @ 4@45 wr rqh |hdu W @ 4, dqg lv vwhhshu iru vkruw gdwhg rswlrqv dv vkrzq
rq Iljxuh 81 Wklv uhvxow lv lq dffrugdqfh zlwk wkh revhuyhg idfw uhsruwhg lq $Bt dqg
7�AaBiB6 +4<<<,/ wkdw wkh vploh lv ghhshvw iru vkruw pdwxulwlhv lq prvw pdunhwv dqg
�dwwhqv rxw dv wkh wlph wr pdwxulw| lqfuhdvhv1
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Wdeoh 7 = Lpsolhg yrodwlolwlhv lq wkh DFE prgho

d q N <3 <8 433 438 443

3=8( 58177( 58137( 571;5( 571<3( 58149(
4( 5<1::( 5<17<( 5<176( 5<1:3( 6314;(
5( 65173( 65163( 65166( 651:4( 6614<(
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Iljxuh 8 = Lpsolhg yrodwlolw| vploh iru ydulrxv pdwxulwlhv

D �L?U*�t�L?

Lq wklv sdshu/ zh kdyh ghulyhg rswlrq0sulflqj irupxodh jurxqghg lq plfurvwuxfwxuh hfrqr0
phwulf prghoolqj1 Rxu uhvxowv duh yhu| jhqhudo dqg fdq eh dssolhg wr ydulrxv sulfh g|qdp0
lfv zklfk fdq eh ghvfulehg dv sxuh mxps surfhvvhv1 Wklv nlqg ri surfhvv fdq lq sduwlfxodu
dulvh li wudghuv uhedodqfh wkhlu sruwirolr zkhqhyhu wkh xqghuo|lqj sulfh surfhvv kdv fkdqjhg
e| d jlyhq shufhqwdjh1 Zh eholhyh wkdw wklv prgho lv qhz wr wkh olwhudwxuh qrw rqo| ehfdxvh
zh sursrvh qhz rswlrq sulflqj irupxodh iru glvfrqwlqxrxv surfhvvhv exw dovr ehfdxvh rxu
dssurdfk wr frqwlqjhqw fodlp sulflqj lv hvvhqwldoo| gdwd0rulhqwhg +vhh -jAB�,| G�ddg�
iru uhodwhg hpslulfdo rswlrq prghoolqj lvvxhv,1 Prvw prghov vlqfh �,BW" BAa 7W�N,jt
G�d0
� kdyh surfhhghg wr ghulyh wkhlu sulflqj irupxodh e| �uvw dvvxplqj d surfhvv dqg
wkhq sulflqj rswlrqv edvhg rq wklv d sulrul1 Lq wklv sdshu zh �uvw ohw wkh g|qdplfv ri
wkh sulfh surfhvv eh hvwlpdwhg e| hfrqrphwulf whfkqltxhv dqg wkhq ghulyh rswlrq sulflqj
irupxodh edvhg rq wkh hvwlpdwhg g|qdplfv1
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UHIHUHQFHV =

� Dqvho M1S1 dqg F1 Vwulfnhu +4<<5, _Orlv gh pduwlqjdoh/ ghqvlw�hv hw g�hfrpsrvlwlrq gh
I�roophu0Vfkzhl}hu%/ Dqqdohv gh o*Lqvwlwxw Khqul Srlqfdu�h/ 5;/ 6:806<51

� Dqvho M1S1 dqg F1 Vwulfnhu +4<<6, _Xqlflw�h hw h{lvwhqfh gh od orl plqlpdoh%/ Ohfwxuh
qrwhv lq pdwk1 Vhp1 Sure1 [[YLL1/ 488:/ 5505</ Vsulqjhu0Yhuodj/ Ehuolq1

� Edxzhqv O1 dqg S1 Jlrw +4<<<, _Wkh orjdulwkplf DFG prgho = dq dssolfdwlrq wr
wkh elg0dvn txrwh surfhvv ri wzr Q\VH vwrfnv/ GS & <:;</ FRUH1

� Eodfn I1 dqg P1 Vfkrohv +4<:6, _Wkh sulflqj ri rswlrqv dqg frusrudwh oldelolwlhv%/
Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;4/ 96:09871

� Eroohuvohy W1 +4<;9, _Jhqhudol}hg Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw|%/
Mrxuqdo ri Hfrqrphwulfv/ 64/ 63:065:1

� Ervvdhuwv S1/ H1 Jk|vhov dqg F1 Jrxul�hurx{ +4<<9, _Duelwudjh0edvhg sulflqj zkhq
yrodwlolw| lv vwrfkdvwlf%/ GS &<974/ FUHVW1

� Erxohdx Q1 dqg G1 Odpehuwrq +4<;<, _Uhvlgxdo ulvnv dqg khgjlqj vwudwhjlhv lq
Pdunryldq pdunhwv%/ Vwrfkdvwlf Surfhvvhv dqg wkhlu Dssolfdwlrqv/ 66/ 46404831

� Fduudvfr P1 dqg [1 Fkhq +4<<<, _�0pl{lqj dqg prphqw surshuwlhv ri ydulrxv
JDUFK/ vwrfkdvwlf yrodwlolw| dqg DFG prghov%/ GS FUHVW1

� Fkhvkhu D1/ Gkdhqh J1/ Jrxul�hurx{ F1 dqg R1 Vfdloohw +4<<<,/ _Eduwohww Lghqwlwlhv
Whvwv%/ GS FUHVW1

� Fr{ G1 +4<:3, Wkh dqdo|vlv ri elqdu| gdwd/ Fkdspdq dqg Kdoo/ Orqgrq1

� Fr{ G1 +4<;4, _Vwdwlvwlfdo dqdo|vlv ri wlph vhulhv = vrph uhfhqw ghyhorsphqwv%/
Vfdqglqdyldq Mrxuqdo ri Vwdwlvwlfv/ ;/ <604481

� Fr{ M1/ V1 Urvv dqg P1 Uxelqvwhlq +4<:<, _Rswlrq sulflqj = d vlpsol�hg dssurdfk%/
Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ :/ 55<05971

� Gdv V1U1 dqg U1 Vxqgdudp +4<<<, _Ri vplohv dqg vplunv = d whup vwuxfwxuh ds0
surdfk%/ Mrxuqdo ri Ilqdqfldo dqg Txdqwlwdwlyh Dqdo|vlv/ 67/ 544056<1

� Gx�h G1 dqg K1 Ulfkdugvrq +4<<4, _Phdq0yduldqfh khgjlqj lq frqwlqxrxv wlph%/
Dqqdov ri Dssolhg Suredelolw|/ 4/ 40481

� Gxpdv E1/ M1 Iohplqj dqg U1 Zkdoh| +4<<;, _Lpsolhg yrodwlolw| ixqfwlrqv = hpslulfdo
whvwv%/ Mrxuqdo ri Ilqdqfh/ 86/ 538<054391

� Hqjoh U1 +4<;5, _Dxwruhjuhvvlyh Frqglwlrqdo Khwhurvnhgdvwlflw| zlwk hvwlpdwhv ri
wkh yduldqfh ri Xqlwhg Nlqjgrp lq�dwlrq%/ Hfrqrphwulfd/ 83/ <;:0433;1
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� Hqjoh U1 +4<<9, _Wkh Hfrqrphwulfv ri Xowud0Kljk Iuhtxhqf| Gdwd1%/ GS <9048
XFVG/ iruwkfrplqj lq Hfrqrphwulfd1

� Hqjoh U1 dqg M1 Uxvvhoo +4<<:, _Iruhfdvwlqj wkh iuhtxhqf| ri fkdqjhv lq txrwhg
iruhljq h{fkdqjh sulfhv zlwk wkh dxwruhjuhvvlyh frqglwlrqdo gxudwlrq prgho%/ Mrxuqdo
ri Hpslulfdo Ilqdqfh/ 7/ 4;:05451

� Hqjoh U1 dqg M1 Uxvvhoo +4<<;, _Dxwruhjuhvvlyh frqglwlrqdo gxudwlrq = d qhz prgho
iru luuhjxoduo|0vsdfhg wudqvdfwlrq gdwd%/ Hfrqrphwulfd/ 99/ 445:044951

� I�roophu K1 dqg G1 Vrqghupdqq +4<;9, _Khgjlqj ri qrq0uhgxqgdqw frqwlqjhqw fodlpv%/
lq Frqwulexwlrqv wr Pdwkhpdwlfdo Hfrqrplfv lq Krqru ri J�hudug Gheuhx/ hgv1 Z1
Kloghqeudqg dqg D1 Pdv0Frohoo/ Qruwk0Kroodqg/ 53805561

� I�roophu K1 dqg P1 Vfkzhl}hu +4<<4, _Khgjlqj ri frqwlqjhqw fodlpv xqghu lqfrpsohwh
lqirupdwlrq%/ lq Dssolhg Vwrfkdvwlf Dqdo|vlv/ Vwrfkdvwlfv Prqrjudskv/ hgv1 P1 K1 D1
Gdylv dqg U1 M1 Hoolrww/ Jrugrq dqg Euhdfk/ 8/ Orqgrq2Qhz \run/ 6;<07471

� Iuh| U1 +4<<:, _Ghulydwlyh dvvhw dqdo|vlv lq prghov zlwk ohyho0ghshqghqw dqg vwrfkdv0
wlf yrodwlolw|%/ FZL Txduwhuo|/ 43/ 40671

� Jhzhnh M1 +4<;9, _Prghoolqj wkh shuvlvwhqfh ri frqglwlrqdo yduldqfhv= d frpphqw%/
Hfrqrphwulf Uhylhzv/ 8/ 8:0941

� Jrxul�hurx{ F1/ M1S1 Odxuhqw dqg K1 Skdp +4<<;, _Phdq0Yduldqfh Khgjlqj dqg
Qxp�hudluh%/ Pdwkhpdwlfdo Ilqdqfh/ ;/ 4:<05331

� Kduulvrq M1 dqg G1 Nuhsv +4<:<, _Pduwlqjdoh dqg duelwudjh lq pxowlshulrg vhfxulwlhv
pdunhwv%/ Mrxuqdo ri Hfrqrplf Wkhru|/ 53/ 67;073;1

� Kduulvrq M1 dqg V1 Solvnd +4<;4, _Pduwlqjdohv dqg vwrfkdvwlf lqwhjudov lq wkh wkhru|
ri frqwlqxrxv wudglqj%/ Vwrfkdvwlf Surfhvvhv dqg wkhlu Dssolfdwlrqv/ 44/ 54805931

� Kdxvpdq M1 D1 Or dqg F1 PdfNlqod| +4<<5, _Dq rughuhg surelw dqdo|vlv ri wudqv0
dfwlrq vwrfn sulfhv%/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv/ 64/ 64<06:<1

� Kripdqq Q1/ H1 Sodwhq dqg P1 Vfkzhl}hu +4<<5, _Rswlrq sulflqj xqghu lqfrpsohwh0
qhvv dqg vwrfkdvwlf yrodwlolw|%/ Pdwkhpdwlfdo Ilqdqfh/ 5/ 48604;:1

� Kxoo M1 dqg D1 Zklwh +4<;:, _Wkh sulflqj ri rswlrqv rq dvvhwv zlwk vwrfkdvwlf yrodwlo0
lwlhv%/ Mrxuqdo ri Ilqdqfh/ 75/ 5;406331

� Mdfrg M1 dqg D1 Vklu|dhy +4<;:, Olplw wkhruhpv iru vwrfkdvwlf surfhvvhv/ Vsulqjhu0
Yhuodj/ Ehuolq1

� Odxuhqw MS dqg R Vfdloohw +4<<;, _Yduldqfh rswlpdo fds sulflqj prghov%/ GS FUHVW

� Ohvqh M1S1/ M1O1 Suljhqw dqg R1 Vfdloohw +4<<;, _Frqyhujhqfh ri glvfuhwh wlph rswlrq
sulflqj irupxodv xqghu vwrfkdvwlf lqwhuhvw udwhv%/ GS WKHPD <:68 iruwkfrplqj lq
Ilqdqfh dqg Vwrfkdvwlfv1
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� Pdqghoeurw E1 +4<96, _Wkh yduldwlrq ri fhuwdlq vshfxodwlyh sulfhv%/ Mrxuqdo ri
Exvlqhvv/ 69/ 6<7074<1

� Phufxulr I1 dqg W1 Yruvw +4<<9, _Rswlrq sulflqj zlwk khgjlqj dw �{hg wudglqj
gdwhv%/ Dssolhg Pdwkhpdwlfdo Ilqdqfh/ 6/ 468048;1

� Qhovrq G1 dqg F1 Fdr +4<<5, _Lqhtxdolw| Frqvwudlqwv lq wkh Xqlyduldwh JDUFK
Prgho%/ Mrxuqdo ri Exvlqhvv ) Hfrqrplf Vwdwlvwlfv/ 43/ 55<05681

� R*Kdud +4<<8, Pdunhw plfurvwxfwxuh wkhru|/ Eodfnzhoo/ Fdpeulgjh PD1

� Sh�qd L1/ J1 Uxelr dqg J1 Vhuqd +4<<<,/ _Zk| gr zh vploh B Rq wkh ghwhuplqdqwv
ri wkh lpsolhg yrodwlolw| ixqfwlrq%/ Mrxuqdo ri Edqnlqj dqg Ilqdqfh/ 56/ 4484044:<1

� Suljhqw M1O1 +4<<8, _Lqfrpsohwh pdunhwv = Frqyhujhqfh ri rswlrqv ydoxhv xqghu wkh
plqlpdo pduwlqjdoh phdvxuh%/ iruwkfrplqj lq Dgydqfhv lq Dssolhg Suredelolw|/ 641

� Suljhqw M1O1/ R1 Uhqdxow dqg R1 Vfdloohw +4<<<, _Rswlrq sulflqj zlwk glvfuhwh uhedo0
dqflqj%/ GS Xqlyhuvlw�h Fdwkroltxh gh Orxydlq1

� Uhqdxow H1 +4<<:, _Hfrqrphwulf prghov ri rswlrq sulflqj huuruv%/ Dgydqfhv lq hfr0
qrplfv dqg hfrqrphwulfv/ hgv1 G1 Nuhsv dqg N1 Zdoolv/ Fdpeulgjh Xqlyhuvlw| Suhvv1

� Uhqdxow H1 dqg Q1 Wrx}l +4<<9, _Rswlrq khgjlqj dqg lpsolhg yrodwlolwlhv lq d vwrfkdv0
wlf yrodwlolw| prgho%/ Pdwkhpdwlfdo Ilqdqfh/ 9/ 5:<06351

� Uroo U1 +4<;7, _D vlpsoh lpsolflw phdvxuh ri wkh h�hfwlyh elg0dvn vsuhdg lq dq
h�flhqw pdunhw%/ Mrxuqdo ri Ilqdqfh/ 6</ 445:044731

� Uxqjjdoglhu Z1 M1 dqg P1 Vfkzhl}hu +4<<8, _Frqyhujhqfh ri rswlrq ydoxhv xqghu
lqfrpsohwhqhvv% lq Vhplqdu rq vwrfkdvwlf dqdo|vlv/ udqgrp �hogv dqg dssolfdwlrqv/
hgv1 H1 Erowkdxvhq/ P1 Gr}}l dqg I1 Uxvvr/ Elunk�dxvhu/ 69806;71

� Uxvvhoo M1 dqg U1 Hqjoh +4<<;,/ _Hfrqrphwulf dqdo|vlv ri glvfuhwh0ydoxhg luuhjxoduo|0
vsdfhg �qdqfldo wudqvdfwlrq gdwd xvlqj d qhz dxwruhjuhvvlyh frqglwlrqdo pxowlqrpldo
prgho%/ FUVS zrunlqj sdshu &7:31

� Vfkzhl}hu P1 +4<<4, _Rswlrq khgjlqj iru vhplpduwlqjdohv%/ Vwrfkdvwlf Surfhvvhv dqg
wkhlu Dssolfdwlrqv/ 6:/ 66<06961

� Vfkzhl}hu P1 +4<<5, _Phdq0yduldqfh khgjlqj iru jhqhudo fodlpv%/ Dqqdov ri Dssolhg
Suredelolw|/ 5/ 4:404:<1

� Vfkzhl}hu P1 +4<<6, _Yduldqfh0rswlpdo khgjlqj lq glvfuhwh wlph%/ Pdwkhpdwlfv ri
Rshudwlrqv Uhvhdufk/ 53/ 40651

� Vfkzhl}hu P1 +4<<7, _Dssur{lpdwlrq sulflqj dqg wkh yduldqfh0rswlpdo pduwlqjdoh
phdvxuh%/ Dqqdov ri Suredelolw|/ 57/ 53905691
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S �TTi?_� 

Lq wklv dsshqgl{/ zh ghulyh wkh g|qdplfv ri wkh sulfh surfhvv xqghu S= Wklv doorzv wr xvh
h{suhvvlrq +43, gluhfwo|1 Zh nqrz wkdw wkh frpshqvdwru xqghu wkh PPP lv olqnhg wr wkh
frpshqvdwru xqghu wkh klvwrulfdo phdvxuh +vhh Jluvdqry wkhruhp iru mxpsv lq MV s148:,
e| wkh iroorzlqj uhodwlrq =

� +gw> g{, @ � +gw> g{, k +w> {, . 4 >

zkhuh � +gw> g{, @ g�|N +w> g{, = Ehvlghv wkh frpshqvdwru � +gw> g{, xqghu S fdq dovr eh
glvlqwhjudwhg lqwr d nhuqho sduw N +w> g{, dqg dq lqwhqvlw| frpsrqhqw g�|1 Khqfh diwhu
lghqwl�fdwlrq/ zh ghgxfh =

g�| @
.

k +w> {, . 4 N +w> g{, g�|> +46,

N +w> g{, @
N +w> g{, k +w> {, . 4

. k +w> {, . 4 N +w> g{,
= +47,

Wkh qrupdolvdwlrq idfwru . k +w> {, . 4 N +w> g{, lq +47, frphv iurp wkh frqglwlrq

rq wkh wudqvlwlrq nhuqho wr lqwhjudwh wr 41

Wkxv/ e| xvlqj wkh gluhfwlqj lqwhqvlw| dqg wudqvlwlrq nhuqho ri wkh DFG dqg DFE
prghov hvwlpdwhg xqghu S / zh fdq lpphgldwho| ghgxfh wkh g|qdplfv ri wkh vwrfn sulfh
xqghu S wkdqnv wr +46, dqg +47,1

Lq wkh vshfl�f fdvh ri Orj0ZDFG glvwulexwhg gxudwlrqv zlwk DFE pdunv xqghu S / zh
rewdlq xqghu S =

k +W� > {, @ �� +W�n�> {,
��n�� +W�n�> d, . +4� ��n�, � +W�n�>�d,

+��n��2 +W�n�> d, . +4� ��n�, �2 +W�n�>�d,, >

N +w> d, @ s� +d, @
��n� k +W� > d, . 4

L +W� > d,
>

zlwk =

L +W� > d, @ 4� +��n�� +W�n�> d, . +4� ��n�, � +W�n�>�d,,2
+��n��2 +W�n�> d, . +4� ��n�, �2 +W�n�>�d,, =

Zh nqrz wkdw wkh frqglwlrqdo lqwhqvlw| ri wkh Orj0ZDFG prgho xqghu wkh klvwrulfdo
phdvxuh lv �| @ +h{s +�#�n�, �+4 . 4@�,,� +w� W�,

�3� �> fruuhvsrqglqj wr wkh surfhvv

g�n� @ h{s +#�n�, ��n�=
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Xqghu wkh PPP/ zh kdyh �| @ L +W� > d,�|> wkxv fruuhvsrqglqj wr wkh prgl�hg surfhvv

g�n� @
h{s +#�n�,

L +W� > d,
�*�

��n�=

Wklv hqdeohv xv wr vlpxodwh gxudwlrqv gluhfwo| xqghu wkh PPP1
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