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Lv Wkhuh Hylghqfh ri wkh Qhz Hfrqrp| lq wkh
GdwdB

Plfkdho D1 Nrxsdulwvdv�

Ihghudo Uhvhuyh Edqn ri Fklfdjr
S1R1 Er{ ;67

Fklfdjr LO 939<3�3;67
pnrxsCiuefkl1ruj

Ghfhpehu 4<<<

Devwudfw

Wkh srsxodu qhz hfrqrp| wkhru| dujxhv wkdw wkh X1V1 hfrqrp| fdq qrz
jurz dw udwhv pxfk juhdwhu wkdq lq wkh sdvw zlwkrxw ljqlwlqj kljkhu ohyhov ri
sulfh lq dwlrq1 Dw wkh fruh ri wkh qhz hfrqrp| sdudgljp lv wkh eholhi wkdw wkh
X1V1 hfrqrp| h{shulhqfhg dq lqqrydwlrq lq wkh 4<<3v wkdw udlvhg lwv vr0fdoohg
frqvwdqw0lq dwlrq wuhqg jurzwk udwh1 Dffruglqj wr lwv dgyrfdwhv/ hylghqfh ri
wkh qhz hfrqrp| frphv iurp wkh idfw wkdw wkh X1V1 hfrqrp| h{shulhqfhg uho0
dwlyho| vwurqj rxwsxw jurzwk dqg orz ohyhov ri sulfh lq dwlrq ryhu wkh 4<<3v1
Wklv sdshu hydoxdwhv wkh qhz hfrqrp| wkhru| e| irupdoo| whvwlqj zkhwkhu wkh
jurzwk udwh ri wkh frqvwdqw0lq dwlrq wuhqg fkdqjhg vljql�fdqwo| ryhu wkh 4<<3v1
L �qg wkdw wkhuh lv qr hylghqfh ri wkh qhz hfrqrp| zkhq wkh frqvwdqw0lq dwlrq
wuhqg lv hvwlpdwhg xvlqj uhfhqw JGS dqg FSL gdwd1 P| uhvxowv vxjjhvw wkdw
wkh urexvw hfrqrplf h{sdqvlrq ri wkh 4<<3v zdv qrw gxh wr d lqfuhdvh lq wkh
wuhqg jurzwk udwh exw udwkhu d f|folfdo h{sdqvlrq dqg d ohyho lqfuhdvh lq wkh
wuhqg1

Nh| zrugv= Exvlqhvv f|foh> Frqvwdqw0lq dwlrq wuhqg> Xqrevhuyhg frpsrqhqwv1

MHO fodvvl�fdwlrqv= H65> R7:1

�L zrxog olnh wr wkdqn Pdujduhw Exunh iru ydoxdeoh uhvhdufk dvvlvwdqfh1 Wklv sdshu kdv ehqh�wwhg
iurp frqyhuvdwlrqv zlwk Gdylg Pduvkdoo dqg Gdqlho Vxoolydq1 Doo huuruv dqg rplvvlrqv duh p| rzq1
Wkh ylhzv h{suhvvhg khuhlq duh wkrvh ri wkh dxwkru dqg qrw qhfhvvdulo| wkrvh ri wkh Ihghudo Uhvhuyh
Edqn ri Fklfdjr ru wkh Ihghudo Uhvhuyh V|vwhp1



4 Lqwurgxfwlrq
Lw lv yluwxdoo| lpsrvvleoh wkhvh gd|v wr dyrlg duwlfohv lq wkh srsxodu suhvv kdlolqj wkh
gdzq ri wkh qhz hfrqrp| lq zklfk doo wkh rog wuxwkv derxw wkh X1V1 hfrqrp| qr
orqjhu krog1 D pdmru whqhw ri wklv wkhru| lv wkdw wkh hfrqrp| fdq qrz jurz dw udwhv
pxfk juhdwhu wkdq lq wkh sdvw zlwkrxw ljqlwlqj kljkhu ohyhov ri sulfh lq dwlrq1 Wklv
vwhpv iurp wkh eholhi wkdw wkh X1V1 hfrqrp| h{shulhqfhg dq lqqrydwlrq lq wkh 4<<3v
wkdw udlvhg lwv vr0fdoohg frqvwdqw0lq dwlrq wuhqg jurzwk udwh14 Dgyrfdwhv fodlp wkdw
hylghqfh ri wklv fkdqjh frphv iurp wkh idfw wkdw wkh X1V1 hfrqrp| kdv ehhq jurzlqj
uhodwlyho| idvw zkloh pdlqwdlqlqj uhodwlyho| orz ohyhov ri sulfh lq dwlrq1 Dw wkh vdph
wlph/ rwkhuv kdyh dujxhg djdlqvw wkh qhz hfrqrp| e| srlqwlqj wr uhfhqw hyhqwv/ vxfk
dv wkh Dvldq fulvlv/ wkdw zrxog kdyh kdg d srvlwlyh lpsdfw rq wkh ohyho ri rxwsxw dqg
lq dwlrq/ exw qrw dowhuhg wkh wuhqg jurzwk udwh ri rxwsxw1 Wklv sdshu dggv wr wkh
ghedwh e| irupdoo| whvwlqj zkhwkhu wkh jurzwk udwh ri wkh frqvwdqw0lq dwlrq wuhqg ri
X1V1 rxwsxw fkdqjhg vljql�fdqwo| ryhu wkh 4<<3v1

Wkh ghedwh ryhu wkh qhz hfrqrp| erlov grzq wr wkh djh rog sureohp ri ghfrp0
srvlqj pryhphqwv lq pdfurhfrqrplf wlph vhulhv lqwr wuhqg dqg f|folfdo frpsrqhqwv1
Wkh wuhqg dqg f|foh duh odwhqw yduldeohv/ vr wkhlu lghqwl�fdwlrq ghshqgv rq wkh uh0
vhdufkhuv gh�qlwlrq ri wkh wuhqg dqg2ru f|foh1 Sulru wr wkh 4<;3v lw zdv frpprq iru
dssolhg hfrqrplvwv wr uhjdug wkh wuhqg dv d ghwhuplqlvwlf ixqfwlrq ri wlph dqg wkh
f|folfdo frpsrqhqw dv d vwdwlrqdu| surfhvv wkdw  xfwxdwhg durxqg wkh wuhqg1 Lq wklv
vhwwlqj/ doo pryhphqwv lq d wlph vhulhv deryh ru ehorz lwv frqvwdqw wuhqg jurzwk udwh
zhuh dvvljqhg wr wkh f|foh frpsrqhqw/ vr shulrgv ri kljk jurzwk lqglfdwhg d f|folfdo
h{sdqvlrq1 Lq rwkhu zrugv/ doo rxwsxw  xfwxdwlrqv zhuh frqvlghuhg whpsrudu|1 Dw
durxqg wkdw wlph Qhovrq dqg Sorvvhu +4<;5, glvfryhuhg wkdw rqh frxog qrw uhmhfw wkh
k|srwkhvlv wkdw prvw pdfurhfrqrplf wlph vhulhv kdg d vwrfkdvwlf wuhqg1 Lq wklv vhw0
wlqj/  xfwxdwlrqv lq d wlph vhulhv pljkw eh gxh wr lqqrydwlrqv lq wkh wuhqg ru wkh
f|foh1 Lq rwkhu zrugv/ fkdqjhv lq rxwsxw frxog vljqdo d shupdqhqw vkliw lq wkh ohyho
+dq lqqrydwlrq lq wkh wuhqg, ru d whpsrudu|  xfwxdwlrq +dq lqqrydwlrq lq wkh f|foh,1
Wklv glvfryhu| +frpelqhg zlwk uhqhzhg lqwhuhvw lq wkh exvlqhvv f|foh lq wkh 4<;3v,
vsdzqhg wkuhh gl�huhqw dssurdfkhv iru lvrodwlqj wuhqg dqg f|foh frpsrqhqwv lq gdwd
zlwk vwrfkdvwlf wuhqgv= vshfwudo dqdo|vlv/ DULPD wlph vhulhv dqdo|vlv dqg xqrevhuyhg
frpsrqhqw whfkqltxhv +XF,1

Wkh prvw srsxodu dssurdfk lv vshfwudo dqdo|vlv1 Lwv dsshdo frphv wkh idfw wkdw
lw dwwdfnv wkh sureohp ri wuhqg0f|foh ghfrpsrvlwlrq lq wkh iuhtxhqf| grpdlq/ udwkhu
wkdq wkh pruh w|slfdo wlph grpdlq xvhg e| wkh DULPD dqg XF phwkrgv1 Lghqwl�fd0
wlrq lv dfklhyhg e| vlpso| vshfli|lqj wkh iuhtxhqflhv wkdw gh�qh wkh wuhqg dqg f|foh1
Wkhvh frpsrqhqwv duh w|slfdoo| gh�qhg lq wkh iroorzlqj zd|= wkh wuhqg lqfoxghv iuh0
txhqflhv ri ; |hduv ru pruh/ wkh f|foh lqfoxghv iuhtxhqflhv ehwzhhq 4; prqwkv wr
; |hduv/ zkloh iuhtxhqflhv ri ohvv wkdq 4; prqwkv duh dvvljqhg wr dq hfrqrplfdoo|

4Vhh/ iru h{dpsoh/ uhfhqw duwlfohv e| Frrshu dqg Pdgljdq +4<<<,/ Pdqgho +4<<<,/ Vkhsdug +4<<:,/
dqg Xoopdq/ Frkhq dqg Pdqgho +4<<<,1
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xqlqwhuhvwlqj luuhjxodu frpsrqhqw1 Dqrwkhu dwwudfwlrq ri wklv dssurdfk lv wkdw wkh
frpsxwdwlrqdo frvwv ri fdswxulqj wkhvh iuhtxhqflhv lv yhu| orz ehfdxvh sudfwlwlrqhuv
xvh dssur{lpdwh edqg0sdvv �owhuv +ESI, wkdw duh vlpsoh prylqj dyhudjhv ri wkh gdwd
+vhh/ iru h{dpsoh/ Ed{whu dqg Nlqj 4<<8,1

Wkh DULPD dqg XF phwkrgv duh qrw dv srsxodu dv ESIv vlpso| ehfdxvh wkh|
uhtxluh vwurqj dvvxpswlrqv derxw wkh gdwd jhqhudwlqj surfhvv1 Lq rwkhu zrugv/ wkh|
uhtxluh d vwuxfwxudo prgho wr lghqwli| wkh wuhqg dqg f|foh1 Soxv/ wkh frpsxwdwlrqdo
frvwv ri hvwlpdwlqj wkhvh prghov lv frqvlghudeo| kljkhu wkdq iru ESIv1 Wkhvh ds0
surdfkhv duh/ krzhyhu/ pruh dwwudfwlyh wkdq wkh vshfwudo dssurdfk lq wkh frqwh{w
suhvhqw vwxg| ehfdxvh L zdqw wr whvw k|srwkhvhv uhodwhg wr wkh wlph vhulhv surshuwlhv
ri vwuxfwxudo gh�qlwlrqv ri wkh wuhqg1

Wkh rqo| uhvwulfwlrq wkdw hfrqrplf wkhru| dsshduv wr lpsrvh rq wuhqg0f|foh gh0
frpsrvlwlrq lv wkdw wkhvh frpsrqhqwv eh lqghshqghqw1 Wklv lv dq rxwjurzwk ri wkh
lqghshqghqw vwxg| ri jurzwk dqg wkh exvlqhvv f|foh> lqghshqghqfh lpso|lqj wkdw lq0
qrydwlrqv gulylqj wkh wuhqg dqg f|foh duh lqghshqghqw1 L xvh wkh XF dssurdfk udwkhu
wkdq wkh DULPD dssurdfk wr dgguhvv wkh txhvwlrq ri zkhwkhu wkh wuhqg jurzwk udwh
kdv fkdqjhg ehfdxvh wkh odwwhu grhv qrw doorz iru lqghshqghqw wuhqg0f|foh ghfrpsr0
vlwlrq vrxjkw e| jurzwk dqg exvlqhvv f|foh uhvhdufkhuv15

P| dssolfdwlrq exlogv rq zhoo0nqrzq XF prghov ghyhorshg e| Zdwvrq +4<;9, dqg
Nxwwqhu +4<<7,1 Zdwvrq*v prgho lv d sduvlprqlrxv xqlyduldwh prgho ri rxwsxw jurzwk1
Wkh qdwxudo orjdulwkp ri rxwsxw lv prghohg dv dq dgglwlyh wuhqg dqg f|foh1 Wkh wuhqg
lv prghohg dv d xqlw urrw zlwk guliw/ zkloh wkh lqghshqghqw f|foh lv dvvxphg wr eh d
vhfrqg rughu dxwruhjuhvvlrq1 Wkh wuhqg jurzwk udwh lq Zdwvrq*v prgho lv fdswxuhg
e| wkh wuhqg guliw whup/ zklfk lv d dvvxphg wr eh frqvwdqw1 Zdwvrq*v prgho uholhg
rq rqo| rxwsxw gdwd wr lghqwli| wkh wuhqg dqg f|foh1 Nxwwqhu rq wkh rwkhu kdqg/
ghyhorshg d pxowlyduldwh prgho wkdw doorzv wkh wuhqg dqg f|foh wr eh lq xhqfhg
e|  xfwxdwlrqv lq wkh ohyho ri sulfh lq dwlrq dqg rxwsxw1 Nxwwqhu*v prgho h{whqgv
Zdwvrq*v dqdo|vlv e| dgglqj dq htxdwlrq wkdw olqnv  xfwxdwlrqv lq sulfh lq dwlrq wr
wkh f|folfdo frpsrqhqw ri rxwsxw1 Xqghu dssursuldwh uhvwulfwlrqv wkh wuhqg jhqhudwhg
e| Nxwwqhu*v vshfl�fdwlrq lv frqvlvwhqw zlwk Jrugrq*v +4<<3/ s143, gh�qlwlrq ri wkh
wuhqg dv wkdw ohyho ri rxwsxw zkhuh lq dwlrq lv frqvwdqw1 L uhihu wr wklv dv wkh frqvwdqw0
lq dwlrq wuhqg1 Wklv lv suhflvho| wkh gh�qlwlrq ri wuhqg rxwsxw wkdw wkh qhz hfrqrp|
dgyrfdwhv fodlp kdv ehhq jurzlqj idvwhu lq wkh 4<<3v1 Zlwk wkdw lq plqg/ Nxwwqhu*v
prgho lv ehwwhu vxlwhg wr whvwlqj lqihuhqfhv uhodwhg wr wkh qhz hfrqrp| wkhru|1

L dgdsw Zdwvrq dqg Nxwwqhu*v dqdo|vlv wr wkh fxuuhqw sureohp e| dgglqj wlph0
ydu|lqj guliw whupv wr wkhlu prghov1 Wklv doorzv ph wr whvw zkhwkhu wkh wuhqg jurzwk
udwh ri rxwsxw kdv fkdqjhg vljql�fdqwo| ryhu wkh 4<<3v1 L gr wklv lq wzr zd|v1 Iluvw/ L

5Zdwvrq +4<;9, kdv vkrzq wkdw wkhvh forvho| uhodwhg wlph vhulhv phwkrgv fdq kdyh yhu| gl�huhqw
lpsolfdwlrqv iru wkh wuhqg dqg f|foh1 Lq sduwlfxodu/ Zdwvrq uhyhdohg wkdw wkh f|foh hvwlpdwh iurp d
sduvlprqlrxv XF prgho ri rxwsxw zdv pruh shuvlvwhqw wkdq wkh f|foh iurp d vlploduo| sdudphwhul}hg
DULPD prgho sursrvhg e| Ehyhulgjh dqg Qhovrq +4<;4,1 Rqh ri wkh ihdwxuhv ri Zdwvrq*v XF prgho
zdv wkdw lw jhqhudwhg d f|foh zlwk wxuqlqj srlqwv wkdw pdwfkhg QEHU shdnv dqg wurxjkv1
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lqwurgxfh ghfdgh gxpp| yduldeohv wkdw fdswxuh glvfuhwh mxpsv lq wkh guliw whup iurp
wkh 4<83v wr 4<<3v1 L pdlqwdlq wkh 4<<3v dv wkh edvh |hdu dqg whvw li wkh frh!flhqwv
ri wkh ghfdgh gxpplhv duh vljql�fdqwo| gl�huhqw iurp }hur1 Lq wklv fdvh/ vwdwlvwlfdoo|
vljql�fdqwo| orzhu jurzwk udwhv lq wkh ghfdghv ehiruh wkh 4<<3v zrxog eh hylghqfh
lq idyru ri wkh qhz hfrqrp|1 Vhfrqg/ d srwhqwldo zhdnqhvv ri wkh glvfuhwh mxps
dssurdfk lv wkdw wkh fkrlfh ri mxps gdwhv lv duelwudu|/ vr L dovr doorz wkh wuhqg wr
hyroyh vprrwko| ryhu wlph e| prgholqj lw dv d vwdwlrqdu| �uvw rughu dxwruhjuhvvlrq1
Wklv doorzv ph wr frpsduh uhfhqw pryhphqwv lq wkh jurzwk udwh djdlqvw lwv orqj
uxq phdq1 Lq wklv fdvh/ hylghqfh lq idyru ri wkh qhz hfrqrp| zrxog vkrz xs dv d
vljql�fdqw srvlwlyh ghyldwlrq ri uhfhqw wuhqg jurzwk udwhv +wkdw lv/ ryhu wkh 4<<3v,
iurp wkhlu orqj uxq phdq1

L frpsohwh wkh dqdo|vlv e| frpsdulqj wuhqg dqg f|foh hvwlpdwhv iurp wkh XF
dqdo|vlv zlwk wkrvh iurp wkh pruh srsxodu ESI dssurdfk1 L �qg wkdw wkh XF prghov
zlwk vprrwko| ydu|lqj guliw whupv |lhog f|foh frpsrqhqwv wkdw duh kljko| fruuhodwhg
zlwk wkh f|foh jhqhudwhg e| zlgho| xvhg ESIv wkdw h{wudfw exvlqhvv f|foh iuhtxhqflhv
ri 4; prqwkv wr ; |hduv1

Wkh uhpdlqghu ri wkh sdshu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 5 lqyhvwljdwhv wkh
wuhqg surshuwlhv ri wkh gdwd xvhg lq wkh hpslulfdo dqdo|vlv1 Vhfwlrq 6 ghvfulehv lq
ghwdlo wkh vwuxfwxudo prghov xqghuo|lqj wkh xqrevhuyhg frpsrqhqw dqdo|vlv1 Vhfwlrq
7 glvfxvvhv hfrqrphwulf lvvxhv1 Vhfwlrq 8 uhsruwv hvwlpdwhv ri wkh XFprghov dqg wkhlu
dvvrfldwhg wuhqgv/ f|fohv dqg wuhqg jurzwk udwhv1 Wkh sdshu frqfoxghv lq Vhfwlrq 9
zlwk d vxppdu| ri wkh pdlq uhvxowv1

5 Wuhqg surshuwlhv ri rxwsxw dqg lq dwlrq
Dq lpsruwdqw dvvxpswlrq lq Zdwvrq +4<;9, dqg Nxwwqhu +4<<7, lv wkdw wkh qdwxudo
orjdulwkp ri uhdo rxwsxw kdv d xqlw urrw1 Nxwwqhu*v prgho jrhv rqh vwhs ixuwkhu lq
dvvxplqj wkdw sulfh lq dwlrq dovr kdv d xqlw urrw1 Wklv vhfwlrq uhsruwv wkh uhvxowv ri
Dxjphqwhg Glfnh|0Ixoohu +DGI, whvwv iru qrqvwdwlrqdulw| xvlqj txduwhuo| X1V1 uhdo
fkdlq0zhljkwhg jurvv grphvwlf surgxfw +JGS, dqg frqvxphu sulfh lqgh{ +FSL, gdwd
iurp 4<84=T4 wr 4<<<=T51

Wkh ohiw kdqg sdqho ri Wdeoh 4 uhsruwv DGI w0vwdwlvwlfv iru fdvhv zlwk d frqvwdqw
dqg wlph wuhqg/ xvlqj ydulrxv odjv ri �uvw gl�huhqfhv ri wkh ghshqghqw yduldeoh/ lq
wklv fdvh wkh qdwxudo orjdulwkp ri uhdo JGS1 Wkhvh whvw vwdwlvwlfv gr qrw doorz ph wr
uhmhfw wkh qxoo ri d xqlw urrw lq wkh orj ri uhdo JGS dw w|slfdo ohyhov ri vljql�fdqfh1

D srwhqwldo wlph0ydu|lqj prgho ri wkh wuhqg jurzwk udwh ri JGS lv d xqlw urrw
zlwkrxw guliw +vhh/ iru h{dpsoh/ Kduyh| dqg Wrgg*v +4<;6, dqdo|vlv ri XN rxwsxw
dqg Fodun*v +4<;:, dqdo|vlv ri X1V1 rxwsxw,1 D wlph0ydu|lqj wuhqg jurzwk udwh zlwk
d xqlw urrw zrxog uhtxluh d xqlw urrw lq wkh �uvw gl�huhqfh ri wkh orj ri uhdo JGS1
Wkh uljkw kdqg sdqho ri Wdeoh 4 uhsruwv DGI w0vwdwlvwlfv iru wkh �uvw gl�huhqfh ri
wkh qdwxudo orjdulwkp ri uhdo JGS1 L dp deoh wr uhmhfw wkh qxoo ri d xqlw urrw lq wkh
jurzwk udwh ri JGS dw frqyhqwlrqdo ohyhov ri vljql�fdqfh zkhq d frqvwdqw lv lqfoxghg
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lq wkh uhjuhvvlrq1 Wklv lpsolhv wkdw wkh wuhqg jurzwk udwh ri uhdo JGS lv d vwdwlrqdu|
surfhvv1

Wdeoh 5 uhshdwv wkhvh h{shulphqwv iru lq dwlrq/ phdvxuhg dv wkh �uvw gl�huhqfh ri
wkh qdwxudo orjdulwkp ri wkh FSL1 Wkh ohiw kdqg sdqho vxjjhvwv wkdw dw frqyhqwlrqdo
ohyhov ri vljql�fdqfh L fdqqrw uhmhfw wkh qxoo ri d xqlw urrw lq lq dwlrq1 Wkh uljkw
kdqg sdqho vxjjhvwv wkdw L fdq uhmhfw wkh qxoo ri d xqlw urrw lq wkh jurzwk udwh +�uvw
gl�huhqfh, ri lq dwlrq dw frqyhqwlrqdo ohyhov ri vljql�fdqfh1 Wklv lpsolhv wkdw wkh
�uvw gl�huhqfh ri lq dwlrq lv dovr d vwdwlrqdu| surfhvv1

6 Xqrevhuyhg Frpsrqhqw Prghov
Wklv vhfwlrq lqwurgxfhv qrwdwlrq dqg ghvfulehv lq ghwdlo wkh xqrevhuyhg frpsrqhqw
prghov hvwlpdwhg lq wkh sdshu1 P| vwduwlqj srlqw lv d ghvfulswlrq ri Zdwvrq*v +4<;9,
xqlyduldwh vwrfkdvwlf wuhqg prgho1 Zdwvrq*v prgho lv sduvlprqlrxv lq dvvxplqj wkdw
wkh qdwxudo orjdulwkp ri JGS %| fdq eh dgglwlyho| ghfrpsrvhg lqwr d vwrfkdvwlf wuhqg
� | dqg d vwdwlrqdu| f|folfdo whup S|=

%| ' � | n S|c +4,

� | ' >n � |3� n 0�|c +5,

S| ' ��S|3� n �2S|32 n 0S| +6,

dqg �
0�|
0S|

�
q �U(

�
fc

�
j2
� f

f j2
S

��

Htxdwlrq +5, ghvfulehv wkh wuhqg dv d udqgrp zdon zlwk guliw/ zklfk lv frqvlvwhqw
zlwk wkh xqlw urrw whvwv ri wkh odvw vhfwlrq1 Wkh frqvwdqw guliw whup > phdvxuhv wkh
vwhdg| vwdwh ru wuhqg jurzwk udwh +wkdw lv/ wkh jurzwk udwh ri rxwsxw lq wkh devhqfh
ri vkrfnv wr wkh wuhqg ru f|foh,1 Qrwh wkdw wkh ryhudoo jurzwk udwh ri wkh wuhqg gl�huv
iurp wkh vwhdg| vwdwh ru wuhqg jurzwk udwh e| wkh huuru whup 0�|1 Lq wklv vhwwlqj/ wuhqg
jurzwk deryh > lqglfdwhv dq lqfuhdvh lq wkh ohyho ri wkh wuhqg1 Wkh olqhdu wuhqg lv d
vshfldo fdvh ri +5, dqg fruuhvsrqgv wr wkh uhvwulfwlrq j2

� ' f1 Htxdwlrq +6, ghvfulehv
wkh f|folfdo whup/ zklfk lv prghohg dv d vhfrqg rughu dxwruhjuhvvlyh surfhvv16 Wkh
wuhqg dqg f|foh duh lqghshqghqw lq wkh vhqvh wkdw 0�| dqg 0S|3� duh xqfruuhodwhg iru
doo �1

6Rwkhuv vxfk dv Fodun +4<;:, dqg Odp +4<<3, hvwlpdwh ulfkhu wlph vhulhv prghov ri wkh f|foh1
Wkh| �qg wkdw lqfuhdvhv lq wkh ydoxh ri wkh olnholkrrg ixqfwlrq ryhu wkh vhfrqg rughu dxwrjuhvvlyh
surfhvv duh vpdoo hqrxjk wr doorz wkhp wr uhmhfw wkh ulfkhu vshfl�fdwlrqv1
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614 Wlph0ydu|lqj wuhqg jurzwk udwh prghov

P| �uvw h{whqvlrq wr Zdwvrq*v prgho lv wr lqfrusrudwh d wlph0ydu|lqj guliw whup >|1 L
frqvlghu wzr fdvhv/ erwk duh frqvlvwhqw zlwk wkh xqlw0urrw whvwv uhvxowv ri wkh suhylrxv
vhfwlrq1 Wkh �uvw fdvh dvvxphv wkdw fkdqjhv lq wkh wuhqg jurzwk udwh ri rxwsxw wdnh
rq glvfuhwh mxpsv1 Lq sduwlfxodu/ wkh wuhqg jurzwk udwh lv dvvxphg wr mxps wr d qhz
ohyho iru d �{hg lqwhuydo +| ' � wr � n A ,1 Fkdqjhv lq wkh wuhqg jurzwk udwh >| duh
phdvxuhg dv ghyldwlrqv >� iurp d edvh shulrg wuhqg jurzwk udwh >1 Wkh glvfuhwh mxps
prgho lv ghvfulehg e| wkh iroorzlqj htxdwlrqv=

%| ' � | n S|c +7,

� | ' >|3� n � |3� n 0�|c +8,

>| ' >n >� iru � � | � �n A +9,

S| ' ��S|3� n �2S|32 n 0S| +:,
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L doorz iru �yh wuhqg jurzwk udwh fkdqjhv vsdqqlqj wkh ghfdghv iurp wkh 4<83v wr
4<<3v1 L wdnh wkh 4<<3v dv wkh edvh |hdu dqg whvw zkhwkhu wkhuh duh vljql�fdqw ghyld0
wlrqv iurp wkh 4<<3v wuhqg jurzwk udwh lq wkh rwkhu ghfdghv1 Zlwklq wkh frqwh{w ri
wklv vhw xs wkh qhz hfrqrp| wkhru| lpsolhv wkdw wkh >�

�r vsdqqlqj wkh ghfdghv ri wkh
4<83v wr 4<;3v duh vljql�fdqwo| ohvv wkdq }hur1

Wkh vhfrqg fdvh dvvxphv wkdw wkh wuhqg jurzwk udwh iroorzv d vwdeoh pdunry
surfhvv1 Wkh dgydqwdjh ri wklv prgho ryhu wkh glvfuhwh mxps prgho lv wkdw wkh
shuvlvwhqfh dqg wlplqj ri  xfwxdwlrqv lq wkh wuhqg jurzwk udwh duh ghwhuplqhg e| wkh
gdwd1 L olplw wkh dqdo|vlv wr d vwdeoh �uvw rughu dxwruhjuhvvlyh surfhvv1 L gr wklv iru
wzr uhdvrqv1 Iluvw/ wkh prgho lv qrw lghqwl�hg iru kljkhu rughu vshfl�fdwlrqv1 Vhfrqg/
wkh dqdo|vlv ri wkh suhylrxv vhfwlrq uxohg rxw d xqlw urrw lq wkh wuhqg jurzwk udwh1
Xqghu wklv dvvxpswlrq wkh prgho lv ghvfulehg e| wkh iroorzlqj htxdwlrqv=

%| ' � | n S|c +;,

� | ' >|3� n � |3� n 0�|c +<,

>| ' >E�� 4� n 4>|3� n 0>|c +43,

S| ' ��S|3� n �2S|32 n 0S| +44,
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Lq wklv vhwwlqj/  xfwxdwlrqv lq wkh wuhqg fdq frph iurp wzr vrxufhv= d shuvlvwhqw
lqqrydwlrq 0>| wkdw dfwv wkurxjk wkh wuhqg jurzwk udwh >|/ dqg d qrlvh whup 0�|1 Wkh
shuvlvwhqfh ri wkhvh wuhqg jurzwk udwh  xfwxdwlrqv lv ghwhuplqhg e| 41 Wkh vwhdg|
vwdwh ru orqj uxq wuhqg jurzwk udwh lv jlyhq e| >1 Wkh qhz hfrqrp| wkhru| vxjjhvwv
>| kdv ehhq vljql�fdqwo| kljkhu wkdq > ryhu wkh 4<<3v1

615 D prgho ri wkh frqvwdqw0lq dwlrq wuhqg

Qhz hfrqrp| dgyrfdwhv dujxh wkdw vwurqj grphvwlf ghpdqg ryhu wkh 4<<3v kdv qrw
ljqlwhg kljkhu ohyhov ri sulfh lq dwlrq ehfdxvh dq lqqrydwlrq wr wkh X1V1 hfrqrp|
fdxvhg wkh jurzwk udwh ri wkh frqvwdqw0lq dwlrq wuhqg ri rxwsxw wr ulvh1 Rqh zd| wr
hydoxdwh wklv k|srwkhvlv lv wr hvwlpdwh d vwuxfwxudo prgho wkdw hperglhv wklv qrwlrq
ri wkh wuhqg dqg whvw zkhwkhu wkh wuhqg jurzwk udwh kdv fkdqjhg ryhu wkh 4<<3v1 D
frqyhqlhqw vwduwlqj srlqw lv Nxwwqhu*v +4<<7, prgho1 Wklv prgho h{whqgv Zdwvrq*v
xqlyduldwh vwrfkdvwlf wuhqg prgho e| doorzlqj wkh wuhqg dqg f|foh ri rxwsxw wr eh
lq xhqfhg e| sulfh lq dwlrq=

Z| ' k n Z|3� n ��{%|3� n �2S|3� n 0Z| n B�0Z|3� n B20Z|32 n B�0Z|3�c +45,

%| ' � | n S|c +46,

� | ' >n � |3� n 0�|c +47,

S| ' ��S|3� n �2S|32 n 0S| +48,
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zkhuh Z| ghqrwhv wkh ohyho ri sulfh lq dwlrq/ {%|3�ghqrwhv wkh odjjhg �uvw gl�huhqfh
ri wkh qdwxudo orj rxwsxw/ dqg S|3� uhsuhvhqwv wkh odjjhg f|foh1

Wklv prgho olqnv fkdqjhv lq lq dwlrq dqg rxwsxw lq wzr zd|v1 Htxdwlrq +45,
prghov fkdqjhv lq wkh ohyho ri lq dwlrq dv d ixqfwlrq ri odjjhg rxwsxw jurzwk dqg
wkh odjjhg f|foh1 Lq dwlrq dqg wkh f|foh duh ixuwkhu olqnhg e| doorzlqj lqqrydwlrqv wr
lq dwlrq 0Z| wr eh frqwhpsrudqhrxvo| fruuhodwhg zlwk lqqrydwlrqv wr wkh f|foh 0S|1 Wkh
fruuhodwlrq frh!flhqw ri wkhvh lqqrydwlrqv lv ghqrwhg e| 4ZS ' jZS*EjZjS�1 Nxwwqhu
dujxhv wkdw wklv vshfl�fdwlrq lv frqvlvwhqw zlwk h{shfwdwlrqv0dxjphqwhg Skloolsv fxuyh
prghov lq zklfk wkh h{shfwhg udwh ri lq dwlrq lv vhw htxdo wr wkh odjjhg lq dwlrq
udwh1 Wkh rwkhu whupv lq htxdwlrq +45, prgho vhuldo fruuhodwlrq lq wkh lqqrydwlrqv
wr lq dwlrq1 L iroorz Nxwwqhu lq prghoolqj wkh lqqrydwlrqv dv d wklug rughu prylqj
dyhudjh1 Wklv vshfl�fdwlrq lv vxffhvvixo lq uhprylqj wkh vhuldo fruuhodwlrq suhvhqw lq
wkh huuru whup1 Wkh uhpdlqlqj htxdwlrqv +46�48, duh wkh vdph dv Zdwvrq*v frqvwdqw
guliw vwrfkdvwlf wuhqg prgho1

9



Wkh dgydqwdjh ri wklv prgho ryhu Zdwvrq*v lv wkdw xqghu wkh uhvwulfwlrq wkdw
k ' �>�� wkh wuhqg ri wklv prgho pdwfkhv Jrugrq*v +4<<3, gh�qlwlrq ri wuhqg rxwsxw
dv wkh ohyho ri rxwsxw dw zklfk lq dwlrq lv frqvwdqw1 L uhihu wr wklv dv wkh frqvwdqw0
lq dwlrq wuhqg1 Wklv lv wkh gh�qlwlrq ri wuhqg rxwsxw wkdw wkh qhz hfrqrp| wkhrulvwv
dujxh kdv ehhq jurzlqj idvwhu lq wkh 4<<3v1 Zlwk wkdw lq plqg/ Nxwwqhu*v prgho lv
ehwwhu vxlwhg wr whvwlqj wkh qhz hfrqrp| wkhru|1

L dgdsw wklv prgho +dv L glg wkh xqlyduldwh prgho, wr wkh qhz hfrqrp| dqdo|vlv
e| doorzlqj wkh wuhqg jurzwk udwh wr ydu| e| glvfuhwh mxpsv dqg d vwdeoh pdunry
surfhvv1 L dovr prgli| wkh uhvwulfwlrq rq wkh frqvwdqw lq wkh lq dwlrq htxdwlrq k|

wr hqvxuh wkdw wkh wuhqg phdvxuh lv frqvlvwhqw zlwk wkh frqvwdqw0lq dwlrq gh�qlwlrq1
Wkh pxowlyduldwh wlph0ydu|lqj jurzwk udwh prghov duh ghvfulehg e| wkh iroorzlqj
htxdwlrqv=

Z| ' k| n Z|3� n ��{%|3� n �2S|3� n 0Z| n B�0Z|3� n B20Z|32 n B�0Z|3�c +49,

%| ' � | n S|c +4:,

� | ' >|3� n � |3� n 0�|c +4;,

S| ' ��S|3� n �2S|32 n 0S| +4<,

zkhuh

>| ' >�c
k| ' ���>�c

iru � � | � �n A Glvfuhwh mxps

>| ' >E�� 4� n 4>|3� n 0>|c
k| ' ���>c

Vwdeoh pdunry
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7 Hfrqrphwulf lvvxhv
L hvwlpdwh wkhvh XF prghov xvlqj pd{lpxp olnholkrrg +POH,1 Lq hdfk fdvh wkh
olnholkrrg ixqfwlrq lv hydoxdwhg e| xvlqj wkh Ndopdq �owhu rq wkh prgho*v vwdwh vsdfh
uhsuhvhqwdwlrq17 L vlpsoli| wkh hvwlpdwlrq e| wudqviruplqj wkh prghov vr wkdw wkh|

7L xvh wkh Qhgohu0Phdg vlpsoh{ urxwlqh ri Pdwode +iplqv, wr vhdufk wkh sdudphwhu vsdfh1 Wklv
surfhgxuh lv vorzhu exw dujxhg wr eh pruh uholdeoh wkdq rwkhu surfhgxuhv w|slfdoo| xvhg iru qrq0olqhdu
rswlpl}dwlrq1

:



duh vshfl�hg lq �uvw gl�huhqfhv udwkhu wkdq ohyhov ri wkh revhuydeohv1 Lq dgglwlrq/
L uhzulwh wkh xqrevhuyhg frpsrqhqw ghvfulelqj wkh wlph0ydu|lqj wuhqg jurzwk udwh
lq wkh vwdeoh pdunry prgho vr wkdw lw uhsuhvhqwv wkh ghphdqhg jurzwk udwh1 Iru
h{dpsoh/ wkh frqvwdqw0lq dwlrq wuhqg prgho zlwk vwdeoh pdunry guliw lv hvwlpdwhg
xvlqj wkh iroorzlqj vwuxfwxuh=

{Z| ' ���>n ��{%|3� n �2S|3� n 0Z| n B�0Z|3� n B20Z|32 n B�0Z|3�c

{%| ' >n >|3� n S| � S|3� n 0�|c

>| ' 4>|3� n 0>|c

S| ' ��S|3� n �2S|32 n 0S|c
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Wkh dgydqwdjhv ri wklv dssurdfk duh wzrirog1 Iluvw/ wkh frpsxwdwlrq frvwv duh orzhu
ehfdxvh wkh vwdwh yhfwru lv uhgxfhg wr fxuuhqw dqg odjjhg ydoxhv ri wkh f|foh/ ghphdqhg
jurzwk udwh dqg lq dwlrq lqqrydwlrq1 Vhfrqg/ wkhvh frpsrqhqwv duh dvvxphg wr eh
vwdwlrqdu| vr wkh lqlwldo ydoxhv ri wkh vwdwh yhfwru dqg wkh lqlwldo phdq vtxduh huuru
pdwul{ ri wkh vwdwh yhfwru fdq vlpso| eh zulwwhq lq whupv ri wkh srsxodwlrq prphqwv
ri wkh vwdwh yhfwru=
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Wklv dyrlgv wkh pdq| sureohpv dvvrfldwhg zlwk hvwlpdwlqj wkh prghov lq ohyhov/ vxfk
dv/ wkh xqrevhuyhg frpsrqhqwv hvwlpdwhv ghshqglqj fulwlfdoo| rq lqlwldo ydoxhv ri wkh
vwdwh yhfwru dqg lwv dvvrfldwhg phdq vtxduh huuru pdwul{1

8 Hpslulfdo �qglqjv
Wklv vhfwlrq uhsruwv POH hvwlpdwhv ri wkh xqlyduldwh dqg pxowlyduldwh XF prghov
ghvfulehg lq wkh suhylrxv vhfwlrq xvlqj txduwhuo| fkdlq0zhljkwhg uhdo JGS dqg FSL

;



gdwd iurp 4<84=T4 wr 4<<<=T51 L suhvhqw wkh uhvxowv lq wkh iroorzlqj zd|1 Iluvw/
L uhsruw sdudphwhu hvwlpdwhv iru wkh xqlyduldwh prgho xqghu wkh wkuhh jurzwk udwh
dvvxpswlrqv1 Qh{w/ L frpsduh sdudphwhu hvwlpdwhv ri wkh xqlyduldwh prgho zlwk wkrvh
ri wkh pxowlyduldwh prgho1 Wklv doorzv ph wr frqwudvw wkh f|foh dqg wlph0ydu|lqj
jurzwk udwh frpsrqhqwv hvwlpdwhg zlwk dqg zlwkrxw lq dwlrq gdwd1

L xvh wkh iroorzlqj frqyhqwlrqv zkhq uhsruwlqj sdudphwhuv hvwlpdwhv ru sorwwlqj
wkh xqrevhuyhg frpsrqhqwv1 Wkh wuhqg jurzwk udwh > dqg wkh vwdqgdug ghyldwlrq ri
wkh lqqrydwlrq wr wkh wuhqg j� dqg f|foh jS duh h{suhvvhg dv dqqxdol}hg udwhv1 Sorwv
ri wkh xqrevhuyhg frpsrqhqwv uhihu wr wkh vprrwk ru wzr0vlghg hvwlpdwh jhqhudwhg
e| wkh Ndopdq vprrwkhu1 Frq�ghqfh lqwhuydov iru wkh xqrevhuyhg frpsrqhqwv duh
fdofxodwhg yld wkh Prqwh Fduor phwkrg ghvfulehg lq Kdplowrq +4<<7/ s16<:�6<<,
xvlqj 4333 gudzv1 Lq wkh fdvh ri wkh f|foh S| lw lv h{suhvvhg dv txduwhuo| shufhqwdjh
ghyldwlrqv iurp wkh wuhqg1 Wkh wlph ydu|lqj wuhqg jurzwk udwh >| lv h{suhvvhg dv dq
dqqxdol}hg udwh1

Rqh ri wkh vhfrqgdu| jrdov ri wklv sdshu lv wr frpsduh vwuxfwxudo dqg vshfwudo
wuhqg0f|foh ghfrpsrvlwlrq phwkrgv1 L ixo�o wklv remhfwlyh e| xvlqj wkh f|foh +dqg
wuhqg, jhqhudwhg e| Ed{whu dqg Nlqj*v +4<<8, txduwhuo| exvlqhvv f|foh ESI dqg
QEHU shdn0wr0wurxjk gdwhv dv uhihuhqfh vhulhv lq sorwv ri wkh XF f|fohv +dqg wuhqgv,1
\rx vkrxog qrwh wkdw wklv ESI lv dssur{lpdwhg e| d wzr0vlghg prylqj dyhudjh/ zlwk
d odj ohqjwk ri 45 txduwhuv/ vr L dp xqdeoh wr uhsruw ESI hvwlpdwhv iru wkh �uvw dqg
odvw 45 revhuydwlrqv1 Qrwh dovr wkdw wkh QEHU gdwhv ehjlq zlwk d shdn lq 4<86=T6
dqg hqg zlwk d wurxjk lq 4<<4=T41

814 Xqlyduldwh prgho

Wdeoh 6 uhsruwv sdudphwhu hvwlpdwhv ri Zdwvrq*v +4<;9, xqlyduldwh prgho zlwk d
frqvwdqw guliw whup1 Ghvslwh dgglwlrqdo gdwd dqg wkh pryh wr fkdlq0zhljkwhg uhdo
txdqwlw| lqglfhv wkh sdudphwhu hvwlpdwhv lq Wdeoh 6 duh yhu| forvh wr wkrvh uhsruwhg e|
Zdwvrq1 Wkh dqqxdol}hg wuhqg jurzwk udwh ri uhdo JGS lv hvwlpdwhg dw 6147 shufhqw1
Wklv lv vrphzkdw kljkhu wkdq wkh wuhqg jurzwk udwh w|slfdoo| txrwhg e| exvlqhvv
hfrqrplvwv ri durxqg 5158 shufhqw18 Lqqrydwlrqv wr wkh wuhqg kdyh dq dqqxdol}hg
vwdqgdug ghyldwlrq ri 5175 shufhqw/ zkloh lqqrydwlrqv wr wkh f|foh kdyh dq dqqxdol}hg
vwdqgdug ghyldwlrq ri 518< shufhqw1 Wkh dxwruhjuhvvlyh frh!flhqwv ri wkh f|folfdo
whup duh 417; dqg 03187 uhvshfwlyho|/ zklfk vxjjhvwv wkh f|foh lv shuvlvwhqw1

Iljxuh 4D sorwv wkh vprrwkhg XF f|folfdo whup +vrolg olqh, djdlqvw wkh exvlqhvv
f|foh iuhtxhqf| frpsrqhqw ri JGS h{wudfwhg xvlqj d Ed{whu0Nlqj exvlqhvv f|foh
ESI +gdvkhg olqh, dqg wkh QEHU shdn0wr0wurxjk gdwhv +oljkw yhuwlfdo olqhv,1 Wkh
XF dqg ESI f|fohv kdyh vlplodu wxuqlqj srlqwv/ zklfk olqh xs zlwk QEHU gdwhv1
Krzhyhu/ wkh vhulhv kdyh gl�huhqw dpsolwxghv1 Wkh ESI hvwlpdwh whqgv wr rvfloodwh
durxqg }hur/ zkloh wkh XF hvwlpdwh whqgv wr olh deryh ru ehorz wkh }hur iru orqjhu
shulrgv1 Iru h{dpsoh/ lq wkh shulrg iroorzlqj wkh prvw uhfhqw wurxjk/ 4<<4=T4/ wkh

8Vhh/ iru h{dpsoh/ wkh hvwlpdwhv uhsruwhg lq Frrshu dqg Pdgljdq +4<<<, dqg Vkhsdug +4<<:,1
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ESI vxjjhvwv wkdw X1V1 rxwsxw kdv ehhq dw ru forvh wr wuhqg/ zkloh wkh xqlyduldwh
XF prgho lqglfdwhv wkdw X1V1 rxwsxw kdv ehhq ehorz wuhqg1 Iljxuh 5D surylghv d
gl�huhqw ylhz ri wkh wuhqg0f|foh ghfrpsrvlwlrq e| frpsdulqj wkh XF wuhqg +vrolg
olqh, dqg ESI wuhqg +gdvkhg olqh,1 Wkh XF wuhqg whqgv wr eh pruh olqhdu wkdq wkh
ESI wuhqg1 Lq frqwudvw wr wkh f|foh/ wkh XF wuhqg kdv ehhq deryh wkh ESI wuhqg
vlqfh wkh odvw wurxjk1

Wdeoh 7 uhsruwv hvwlpdwhv ri wkh xqlyduldwh prgho zlwk wlph0ydu|lqj jurzwk udwhv1
L wxuq |rxu dwwhqwlrq �uvw wr wkh uhvxowv iru wkh glvfuhwh mxps prgho uhsruwhg lq
wkh xsshu sdqho1 Hvwlpdwhv ri wkh gl�huhqfh ehwzhhq wkh wuhqg jurzwk udwh ri wkh
4<<3v dqg wkh suhfhglqj irxu ghfdghv duh uhsruwhg lq wkh xsshu urz1 Wkh hvwlpdwhv
vxjjhvw wkdw wkh 4<<3v wuhqg jurzwk udwh zdv qrw vljql�fdqwo| kljkhu wkdq lq wkh
hduolhu ghfdghv1 Lq idfw/ wkh srlqw hvwlpdwhv vxjjhvw wkdw wkh jurzwk udwh ri wkh 4<<3v
zdv ehorz wkdw ri wkh rwkhu ghfdghv1 Wklv lv hvshfldoo| wuxh iru wkh 4<93v1 Wkh srlqw
hvwlpdwh ri wkh gl�huhqfh ehwzhhq wkh 4<93v wuhqg jurzwk udwh dqg wkdw ri wkh 4<<3v lv
d vwdwlvwlfdoo| vljql�fdqw 41;; shufhqw1 Iljxuh 6D uhyhdov wkdw wkh wuhqg jurzwk udwhv
iurp wkh XF prgho +wklq vrolg olqh, wdnh rq wkh vdph sdwwhuq dv wkh ghfdgh dyhudjh
JGS jurzwk udwhv +wklfn vrolg olqh,1 Ryhudoo/ wkhvh �qglqjv vxjjhvw wkdw wkhuh lv qr
hylghqfh ri d vljql�fdqw srvlwlyh lqfuhdvh lq wkh wuhqg jurzwk udwh ryhu wkh 4<<3v/
zklfk uhmhfwv wkh qhz hfrqrp| wkhru|1

Rqh frqvhtxhqfh ri wkh glvfuhwh mxps dvvxpswlrq lv wkdw wkh vwdqgdug ghyldwlrq ri
wkh wuhqg lqqrydwlrq lq frqvlghudeo| orzhu1 Wklv phdqv wkdw wkh wuhqg lv hvvhqwldoo| d
vhulhv ri olqhdu wuhqgv +vhh Iljxuh 5E,1 Iljxuh 4E ghvfulehv wkh f|foh xqghu wkh glvfuhwh
mxps dvvxpswlrq1 Wkh reylrxv lpsolfdwlrq lv wkdw wkh XF f|foh +vrolg olqh, kdv
juhdwhu dpsolwxghv wkdq wkh ESI exvlqhvv f|foh frpsrqhqw +gdvkhg olqh,1 Dqrwkhu
lpsolfdwlrq ri wkh glvfuhwh mxps dvvxpswlrq lv wkdw lw vxjjhvwv X1V1 rxwsxw lv fxuuhqwo|
zhoo deryh lwv wuhqg1

Wkh orzhu sdqho ri Wdeoh 7 uhsruwv hvwlpdwhv ri wkh vwdeoh pdunry guliw prgho
zklfk doorzv iru wkh wuhqg jurzwk udwh wr ydu| dffruglqj wr d vwdeoh �uvw rughu dx0
wruhjuhvvlyh surfhvv1 Wkh hvwlpdwhv ri wkh gluhfwlrq fkdqjh dqg wkh vl}h ri wkh vkliwv
lq wkh jurzwk udwh duh uhsruwhg lq wkh xsshu urz ri wkh sdqho1 Wkh srlqw hvwlpdwhv
vxjjhvw wkdw lqqrydwlrqv wr wkh ghphdqhg wuhqg jurzwk udwh duh odujh zlwk d vwdq0
gdug ghyldwlrq ri 4139 shufhqw/ zkloh wkh ghyldwlrqv iurp wkh phdq jurzwk udwh duh
shuvlvwhqw zlwk dq dxwruhjuhvvlyh frh!flhqw ri 319:1 Krzhyhu/ wkhvh hvwlpdwhv duh
lpsuhflvh zklfk vxjjhvwv wkhuh kdv qrw ehhq vljql�fdqw yduldwlrq lq wkh jurzwk udwh
ryhu wkh vdpsoh1 Wkh odfn ri suhflvlrq lq wkh gluhfwlrq ri fkdqjh dqg wkh vl}h ri lqqr0
ydwlrqv wr wkh jurzwk udwh lv uhyhdohg lq Iljxuh 6E e| wkh yrodwlolw| ri wkh vprrwkhg
wlph0ydu|lqj wuhqg jurzwk udwh +wklq vrolg olqh,1

Wkh uhpdlqghu ri wkh sdqho uhyhdov wkdw wkh srlqw hvwlpdwhv ri wkh wuhqg dqg f|foh
sdudphwhuv duh voljkwo| gl�huhqw wr wkh prgho zlwk d frqvwdqw phdq1 Wkh dqqxdol}hg
wuhqg jurzwk udwh lv xqfkdqjhg dw 6148 shufhqw/ zkloh wkh vwdqgdug ghyldwlrq ri
lqqrydwlrqv wr wkh wuhqg uhpdlq dw 5176 shufhqw1 Wkh fkdqjhv duh frq�qhg wr wkh
f|foh frpsrqhqw1 Wkh f|foh kdv d vpdoohu lqqrydwlrq vwdqgdug ghyldwlrq ri 514<
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shufhqw/ grzq iurp 5175 shufhqw lq wkh frqvwdqw fdvh1 Wkh dxwruhjuhvvlyh frh!flhqwv
vxjjhvw wkh f|foh lv ohvv shuvlvwhqw1 Wkhvh gl�huhqfhv duh hylghqw lq sorwv ri wkh f|foh1
Iljxuhv 4F dqg 4G sorw wkh vprrwkhg XF vwdeoh pdunry f|foh +vrolg olqh, djdlqvw
wkh ESI f|foh +gdvkhg olqh, dqg XF frqvwdqw guliw f|foh +gdvkhg olqh,/ uhvshfwlyho|1
Lq frqwudvw wr wkh frqvwdqw jurzwk udwh prgho wkh XF f|foh iurp wkh vwdeoh pdunry
prgho kdv d vpdoohu dpsolwxgh wkdq wkh ESI f|foh1 Qrwlfh dovr wkdw wkh fruuhodwlrq
ehwzhhq wkh ESI dqg XF f|foh frpsrqhqwv kdv ulvhq iurp 31;4 lq wkh frqvwdqw
jurzwk prgho wr 31<< lq wkh pdunry prgho1

Iljxuh 5F uhyhdov wkdw wkh vwdeoh pdunry prgho dqg ESI wuhqg duh txlwh vlplodu1
Wklv lv qrw vxusulvlqj diwhu orrnlqj dw Iljxuh 6E/ zklfk sorwv wkh pdunry prgho wuhqg
jurzwk udwh +wklq vrolg olqh, djdlqvw wkh ESI hvwlpdwh +wklfn vrolg olqh,1 Wkh vwdeoh
pdunry prgho glvsod|v jurzwk udwh  xfwxdwlrqv wkdw kdyh d vlplodu dpsolwxgh wr wkh
ESI wuhqg jurzwk udwh vhulhv1 Irfxvlqj rq wkh uhvxowv ryhu wkh 4<<3v/ wkh vwdeoh
pdunry prgho vxjjhvwv wkdw wkh wuhqg jurzwk udwh ri JGS urvh ryhu wkdw shulrg exw
rqo| wr ohyhov wkdw kdg ehhq h{shulhqfhg lq wkh 4<:3v dqg 4<;3v1 Pruh lpsruwdqwo|
wkh hvwlpdwhv vxjjhvwv wkh jurzwk udwh kdv ehhq frqvwdqw ryhu wkh odvw wkuhh |hduv
+wkh shulrg zkhq prvw dgyrfdwhv dujxh wkh qhz hfrqrp| zdv dssduhqw lq wkh gdwd,
dw forvh wr wkh dqqxdol}hg orqj uxq phdq ri 6148 shufhqw1 Wkhvh �qglqjv vxjjhvw wkdw
wkhuh lv fxuuhqwo| qr hylghqfh ri wkh qhz hfrqrp| lq uhdo JGS gdwd1

815 Pxowlyduldwh prgho

Wdeoh 8 uhsruwv hvwlpdwhv ri Nxwwqhu*v +4<<7, frqvwdqw0lq dwlrq wuhqg prgho xvlqj uh0
fhqw uhdo JGS dqg FSL gdwd wkdw fryhu wkh shulrg iurp 4<84=T4 wr 4<<<=T51 Ghvslwh
qxphurxv phwkrgrorjlfdo fkdqjhv wr wkh gdwd wkh sdudphwhu hvwlpdwhv duh hvvhqwldoo|
xqfkdqjhg iurp Nxwwqhu*v ruljlqdo hvwlpdwhv1 Wkh sdudphwhuv ghvfulelqj wkh wuhqg
dqg f|foh frpsrqhqwv ri rxwsxw gl�hu voljkwo| iurp wkh xqlyduldwh hvwlpdwhv1 Wkh
dqqxdol}hg wuhqg udwh ri jurzwk lv urxjko| vlplodu dw 6143 shufhqw/ zkloh wkh vwdqgdug
ghyldwlrq ri wkh lqqrydwlrqv wr wkh wuhqg duh kljkhu dw 51;: shufhqw1 Wkhuh duh vxewoh
gl�huhqfhv lq wkh sdudphwhuv ghvfulelqj wkh f|folfdo whup1 Wkh dxwruhjuhvvlyh frhi0
�flhqwv duh odujhu lq devroxwh ydoxh/ zkloh wkh vwdqgdug ghyldwlrq ri wkh lqqrydwlrqv
wr wkh f|foh lv vpdoohu1 Ylvxdoo| wkh gl�huhqfhv duh pruh qrwlfhdeoh1 Wkh vprrwkhg
f|foh iurp wkh frqvwdqw0lq dwlrq wuhqg prgho +vrolg olqh, lv yluwxdoo| lghqwlfdo wr wkh
exvlqhvv f|foh frpsrqhqw jhqhudwhg e| d ESI +gdvkhg olqh, lq Iljxuh 7D1 Wkh fruuh0
odwlrq ri wkh ESI dqg frqvwdqw wuhqg XF f|foh kdv ulvhq iurp 31;4 lq wkh xqlyduldwh
prgho wr 31<9 lq wkh pxowlyduldwh fdvh/ zkloh wkh dpsolwxghv ri wkh vhulhv duh forvhu1
Wkh ESI f|foh lv voljkwo| pruh yrodwloh1 Qrw vxusulvlqjo|/ Iljxuh 8D uhyhdov wkdw wkh
frqvwdqw lq dwlrq dqg ESI wuhqg duh dovr forvho| uhodwhg1

Ioxfwxdwlrqv lq wkh pxowlyduldwh f|foh pdwfk wkh pryhphqwv lq wkh ESI exvlqhvv
f|foh frpsrqhqw ryhu wkh hduo| 4<<3v1 L qrwhg deryh wkdw wkh ESI f|foh vxjjhvwhg
wkdw X1V1 rxwsxw zdv forvh wr lwv wuhqg ryhu wklv shulrg/ wkh pxowlyduldwh f|foh frp0
srqhqw vxjjhvwv wkdw wklv sdwwhuq frqwlqxhg ryhu wkh odvw wkuhh |hduv ri wkh vdpsoh1
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Uhfdoo wkdw wkh xqlyduldwh prgho vxjjhvwhg wkdw wkh X1V1 zdv rshudwlqj ehorz lwv
wuhqg/ vr wkh lqwurgxfwlrq ri lqirupdwlrq rq fkdqjhv lq wkh ohyho ri lq dwlrq kdv dfwx0
doo| orzhuhg wkh ohyho ri wkh wuhqg ryhu wkh 4<<3v +vhh Iljxuhv 9D dqg 9E,1 Qrwh dovr/
wkdw zkloh wkh ryhudoo jurzwk udwh ri wkh pxowlyduldwh wuhqg lv kljkhu wkdq wkh ryhudoo
jurzwk udwh ri wkh xqlyduldwh wuhqg lq wkh hduo| wr plg 4<<3v/ wkhlu ryhudoo jurz udwhv
frqyhujh ryhu wkh odvw wkuhh |hduv ri wkh vdpsoh1 Rqh zd| wr vhh wklv lv e| frpsdulqj
wkh f|foh hvwlpdwhv> sdudooho pryhphqwv lq wkh f|foh lpso| sdudooho pryhphqwv lq wkh
wuhqg ru d frpprq jurzwk udwh1 Wkhvh uhvxowv zrun djdlqvw wkh qhz hfrqrp| wkh0
ru| vlqfh wkh wkhru| vxjjhvwv wkdw uhfhqw pryhphqwv lq lq dwlrq vkrxog kdyh kdg d
srvlwlyh lpsdfw rq wkh ryhudoo jurzwk udwh ri wuhqg rxwsxw1

Iljxuhv :D dqg :E surylgh dqrwkhu phdvxuh ri wkh h�hfw ri lq dwlrq lqirupdwlrq
rq wkh sdudphwhu hvwlpdwhv ri wkh f|foh1 Wkhvh �jxuhv vkrz wkdw lqirupdwlrq rq
lq dwlrq juhdwo| lpsuryhv wkh suhflvlrq ri wkh xqrevhuyhg frpsrqhqw e| vxevwdqwldoo|
orzhulqj wkh vl}h ri wkh <8 shufhqw frq�ghqfh lqwhuydov ri wkh f|foh1

Wkh qh{w vwhs lv wr uhod{ wkh dvvxpswlrq ri d frqvwdqw wuhqg jurzwk udwh1 L gr wklv
e| doorzlqj iru glvfuhwh mxpsv lq wkh wuhqg jurzwk udwh ryhu ghfdgh orqj lqwhuydov dqg
e| doorzlqj wkh wuhqg jurzwk udwh wr eh d vprrwko| hyroylqj �uvw rughu dxwruhjuhvvlyh
surfhvv1 Wkh sdudphwhu hvwlpdwhv duh uhsruwhg lq Wdeoh 91 L uhsruw wkh �qglqjv iru
wkh glvfuhwh mxps prgho lq wkh xsshu sdqho1 Wkh uhvxowv duh vlplodu wr wkh xqlyduldwh
fdvh1 L �qg wkdw wkh jurzwk udwh ri wkh frqvwdqw0lq dwlrq wuhqg ryhu wkh 4<<3v lv qrw
vljql�fdqwo| gl�huhqw iurp hvwlpdwhv ri wkh wuhqg jurzwk udwhv ri wkh 4<83v/ 4<:3v dqg
4<;3v/ zkloh lw lv vljql�fdqwo| orzhu wkdq wkh jurzwk udwh h{shulhqfhg lq wkh 4<93v1
Iljxuh 6D uhyhdov wzr slhfhv ri lqirupdwlrq1 Iluvw/ wkh hvwlpdwhg wuhqg jurzwk udwhv
iurp wkh xqlyduldwh +wklq vrolg olqh, dqg pxowlyduldwh +gdvkhg olqh, glvfuhwh mxps
prghov duh vlplodu/ zklfk vxjjhvwv wkdw lqfrusrudwlqj lqirupdwlrq rq lq dwlrq kdv
olwwoh lpsdfw rq wkh uhvxowv1 Vhfrqg/ wkh pxowlyduldwh glvfuhwh mxps prgho jhqhudwhv
wuhqg jurzwk udwh hvwlpdwhv wkdw duh vlplodu wr wkh ghfdgh dyhudjh jurzwk udwhv ri
JGS +wklfn vrolg olqh,1 Wkhvh �qglqjv vxjjhvw wkdw wkhuh lv qr hylghqfh ri wkh qhz
hfrqrp| lq JGS dqg FSL gdwd1

Wkh orzhu sdqho ri Wdeoh 9 uhsruwv sdudphwhu hvwlpdwhv iru wkh pxowlyduldwh prgho
zlwk vwdeoh pdunry guliw1 Lq frqwudvw wr wkh xqlyduldwh prgho wkh gluhfwlrq ri fkdqjh
lq wkh ghphdqhg wuhqg jurzwk udwh whup lv voljkwo| odujhu dw 31;7/ zkloh wkh hvwlpdwhg
vwdqgdug ghyldwlrq ri wkh lqqrydwlrq wr wkh ghphdqhg wuhqg jurzwk udwh lv frqvlg0
hudeo| vpdoohu dw 3176 shufhqw1 Erwk sdudphwhuv kdyh vpdoohu vwdqgdug huuruv wkdq
wkh xqlyduldwh hvwlpdwhv1 Wkh rwkhu sdudphwhuv ri wkh prgho duh yluwxdoo| xqfkdqjhg
iurp wkh frqvwdqw jurzwk prgho +vhh Wdeoh 8,1 Wklv revhuydwlrq lv uhlqirufhg e|
Iljxuh 7G zklfk vkrzv wkdw wkh f|foh iurp wkh vwdeoh pdunry prgho +vrolg olqh, lv
yluwxdoo| lghqwlfdo wr wkh frqvwdqw jurzwk udwh f|foh +gdvkhg olqh,1 D frpsdulvrq
ri vwdqgdug ghyldwlrqv vxjjhvw wkdw wkh frqvwdqw jurzwk prgho kdv d voljkwo| pruh
yrodwloh f|foh1 Wklv frphv derxw ehfdxvh vrph ri wkh whpsrudu|  xfwxdwlrqv duh
sdvvhg wr wkh frqvwdqw0lq dwlrq wuhqg jurzwk udwh1

Iljxuh 6E uhyhdov wkdw wkh pxowlyduldwh wuhqg jurzwk udwh vkduhv frpprq wxuqlqj
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srlqwv zlwk wkh xqlyduldwh dqg ESI wuhqg jurzwk udwhv1 Dowkrxjk/ wkh pxowlyduldwh
hvwlpdwh kdv d vpdoohu dpsolwxgh wkdq wkh rwkhu hvwlpdwhv1 Wkh pxowlyduldwh prgho
dovr vxjjhvwv wkdw wkh wuhqg jurzwk udwh kdv ehhq lqfuhdvlqj ryhu wkh 4<<3v1 Wkh
hvwlpdwhv iurp wkh frqvwdqw0lq dwlrq wuhqg prgho dovr lpso| wkdw wkh wuhqg jurzwk
udwh kdv phuho| uhwxuqhg wr ohyhov h{shulhqfhg lq wkh 4<:3v dqg 4<;3v1 Ryhu wkh
odvw wkuhh |hduv wkh frqvwdqw0lq dwlrq wuhqg kdv ehhq frqvwdqw dw durxqg lwv orqj uxq
phdq ri 614 shufhqw1 Wkhvh uhvxowv vxjjhvw wkdw wkhuh lv qr hylghqfh ri d vljql�fdqw
lqfuhdvh lq wkh wuhqg jurzwk udwh ri X1V1 rxwsxw ryhu wkh 4<<3v lq uhdo JGS dqg FSL
gdwd/ zklfk uhmhfwv wkh qhz hfrqrp| wkhru|1

Iljxuhv 9F dqg 9G frpsduh wkh wuhqgv dqg f|fohv ri wkh xqlyduldwh dqg pxowl0
yduldwh prghov zlwk vwdeoh pdunry guliw1 Wklv frpsdulvrq jlyhv d phdvxuh ri wkh
lpsdfw ri lqfrusrudwlqj lqirupdwlrq rq lq dwlrq rq wkh wuhqg dqg f|foh1 Lq frqwudvw
wr wkh frqvwdqw guliw fdvh/ suhvhqwhg lq Iljxuhv 9D dqg 9E/ lqfrusrudwlqj lqirupdwlrq
rq lq dwlrq dsshduv wr kdyh d vpdoo lpsdfw rq wkh srlqw hvwlpdwhv ri wkh wuhqg dqg
f|foh1 Iljxuhv :F dqg :G uhyhdo wkdw zkloh lqirupdwlrq rq lq dwlrq dsshduv wr kdyh
d qhjoljleoh lpsdfw rq wkh srlqw hvwlpdwhv ri wkh wuhqg jurzwk udwh lw grhv lpsuryh
wkh suhflvlrq ri wkh hvwlpdwhv e| vxevwdqwldoo| orzhulqj wkh vl}h ri wkh <8 shufhqw
frq�ghqfh lqwhuydov1 Krzhyhu/ wkh srlqw hvwlpdwhv uhpdlq lpsuhflvh1 Wklv vxjjhvwv
wkdw wkhuh lv qr hylghqfh ri vljql�fdqw yduldwlrq lq wkh wuhqg jurzwk udwh ryhu wkh
vdpsoh1

9 Frqfoxvlrq
Wkh srsxodu suhvv kdv kdlohg wkh gdzq ri d qhz sdudgljp lq zklfk wkh X1V1 hfrqrp|
fdq h{sdqg dw udwhv pxfk juhdwhu wkdq wkh sdvw zlwkrxw ljqlwlqj kljkhu ohyhov ri sulfh
lq dwlrq1 Xqghuo|lqj wklv wkhru| lv wkh eholhi wkdw wkh X1V1 h{shulhqfhg vwuxfwxudo
fkdqjh lq wkh 4<<3v wkdw udlvhg lwv frqvwdqw0lq dwlrq wuhqg jurzwk udwh1 Qhz hfrqrp|
dgyrfdwhv dujxh wkdw hylghqfh ri wkh vwuxfwxudo fkdqjh lv hperglhg lq wkh orz udwhv
ri sulfh lq dwlrq dqg kljk rxwsxw jurzwk udwhv ri wkh 4<<3v1 L uhvsrqg wr wklv e|
irupdoo| hvwlpdwlqj wkh frqvwdqw0lq dwlrq wuhqg xvlqj wkhvh sulfh dqg rxwsxw gdwd1
L hvwlpdwh prghov wkdw doorz iru wzr w|shv ri yduldwlrq lq wkh wuhqg jurzwk udwh1 Lq
wkh �uvw prgho wkh wuhqg jurzwk udwh lv doorzhg wr ydu| e| glvfuhwh mxpsv1 Wkh rwkhu
prgho doorzv iru vprrwk fkdqjhv lq wkh jurzwk udwh e| prgholqj lw dv d �uvw rughu
dxwruhjuhvvlrq1 Hvwlpdwhv iurp erwk wkhvh prghov vxjjhvw wkdw wkh wuhqg jurzwk udwh
ri wkh 4<<3v lv qrw vljql�fdqwo| gl�huhqw iurp wkh wuhqg jurzwk udwhv wkh 4<:3v dqg
4<;3v1 Ryhudoo/ wkh vwdwlvwlfdo prghov vxjjhvwv wkdw wkh urexvw shuirupdqfh ri wkh X1V1
hfrqrp| ryhu wkh 4<<3v zdv gxh wr idfwruv wkdw shupdqhqwo| udlvhg lwv surgxfwlyh
fdsdflw|/ exw glg qrw fkdqjh lwv wuhqg jurzwk udwh1
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xt = ln(GDPt) ∆xt = xt - xt-1

Lags Constant, Trend Constant
2 -2.14 -7.12
4 -1.87 -6.93
8 -1.48 -4.97
12 -1.62 -4.52

Source: Author’s calculations based on GDP data from 1951:Q1 to 1999:Q2.

πt = ln(CPIt)- ln(CPIt-1) ∆πt = πt - πt-1

Lags Constant, Trend Constant
2 -2.12 -8.69
4 -2.57 -6.90
8 -2.67 -5.74
12 -1.84 -5.52

Source: Author’s calculations based on CPI data from 1951:Q1 to 1999:Q2.

Unit-Root Tests for Real GDP
Table 1

Table 2
Unit-Root Tests for CPI Inflation



µ φ1 φ2 στ σc SE Q(16) LLF

3.14 1.48 -0.54 2.42 2.59 0.94 13.79 -82.11
(0.21) (0.15) (0.17) (0.63) (0.70)

Notes: Standard errors in parenthesis. SE denotes equation standard error.

             Q(n) is the Box-Ljung test for randomness of the errors distributed χn.

             LLF denotes the log of the likehood function.

Source: Author’s calculations based on GDP data from 1951:Q1 to 1999:Q2.

µ50 µ60 µ70 µ80

0.31 1.88 0.17 0.21
(0.61) (0.58) (0.54) (0.78)

µ φ1 φ2 στ σc SE Q(16) LLF

2.56 1.26 -0.39 0.00 3.52 0.91 15.49 -73.89
(0.53) (0.07) (0.08) (270.59) (0.23)

ρ σµ

0.67 1.06
(4.94) (15.69)

µ φ1 φ2 στ σc SE Q(16) LLF

3.15 1.43 -0.58 2.43 2.19 0.94 12.16 -81.38
(0.30) (0.38) (0.50) (0.71) (5.82)

Notes: Standard errors in parenthesis. SE denotes equation standard error.

             Q(n) is the Box-Ljung test for randomness of the errors distributed χn.

             LLF denotes the log of the likehood function.

Source: Author’s calculations based on GDP data from 1951:Q1 to 1999:Q2.

 Discrete Jump
Estimated Univariate Model for Real GDP with Time-Varying Drift

 Stable Markov
Parameter estimates Summary Statistics

Table 3
Estimated Univariate Model for Real GDP

Table 4

Parameter estimates Summary Statistics

Parameter estimates Summary Statistics



µ φ1 φ2 στ σc ρπc SE Q(16)

3.10 1.54 -0.68 2.87 1.96 0.15 0.95 13.56
(0.24) (0.12) (0.11) (0.32) (0.45) (0.16)

γ1 γ2 δ1 δ2 δ3 σπ SE Q(16) LLF
0.06 0.05 -0.43 -0.44 0.49 1.58 0.44 18.70 -4.51

(0.02) (0.01) (0.08) (0.07) (0.06) (0.07)

Notes: Standard errors in parenthesis. SE denotes equation standard error.

             Q(n) is the Box-Ljung test for randomness of the errors distributed χn.

             LLF denotes the log of the likehood function.

Source: Author’s calculations based on GDP and CPI data from 1951:Q1 to 1999:Q2.

µ50 µ60 µ70 µ80

-0.06 1.88 0.23 0.18
(0.41) (0.41) (0.34) (0.52)

µ φ1 φ2 στ σc ρπc SE Q(16)

2.56 1.27 -0.40 0.12 3.54 0.07 0.93 15.59
(0.34) (0.07) (0.07) (2.76) (0.20) (0.07)

γ1 γ2 δ1 δ2 δ3 σπ SE Q(16) LLF
0.06 0.03 -0.39 -0.43 0.48 1.61 0.45 19.38 4.51

(0.02) (0.01) (0.07) (0.07) (0.06) (0.07)

ρ σµ

0.84 0.43
(0.49) (1.09)

µ φ1 φ2 στ σc ρπc SE Q(16)

3.09 1.50 -0.65 2.67 2.08 0.16 0.95 12.03
(0.31) (0.13) (0.13) (0.38) (0.52) (0.15)

γ1 γ2 δ1 δ2 δ3 σπ SE Q(16) LLF
0.07 0.05 -0.42 -0.44 0.48 1.58 0.45 19.26 -3.72

(0.02) (0.02) (0.09) (0.08) (0.06) (0.07)

Notes: Standard errors in parenthesis. SE denotes equation standard error.

             Q(n) is the Box-Ljung test for randomness of the errors distributed χn.

             LLF denotes the log of the likehood function.

Source: Authors calculation’s based on GDP and CPI data from 1951:Q1 to 1999:Q2.

Summary Statistics

Parameter estimates Summary Statistics

Table 5

 Discrete Jump

Estimated Multivariate Model for Real GDP

Estimated Multivariate Model for Real GDP with Time Varying-Drift 

Parameter estimates

Stable Markov

Table 6

Parameter estimates Summary Statistics



Figure 1
Univariate Cycle Component of GDP

A: BPF vs. Univariate Model with Constant Drift
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C: BPF vs. Univariate Model with Stable Markov Drift
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B: BPF vs. Univariate Model with Discrete Jump Drift

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

1951:01 1955:01 1959:01 1963:01 1967:01 1971:01 1975:01 1979:01 1983:01 1987:01 1991:01 1995:01 1999:01

P
er

ce
n

t 
d

ev
ia

ti
o

n
 f

ro
m

 t
re

n
d

BPF

UC-Univariate

D: Constant vs. Stable Markov Drift
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Figure 2
Univariate Trend Component of GDP

A: Univariate Model with Constant Drift
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B: Univariate Model with Discrete Jump
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C: Univariate Model with Stable Markov Drift
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D: Constant vs. Stable Markov Drift
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Figure 3
Trend Growth Rate

B: BPF vs. UC Models with Stable Markov Drift
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A: Decade Average vs. UC Models with Discrete Jumps
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Figure 4
Multivariate Cycle Component of GDP

A: BPF vs. Multivariate Model with Constant Drift
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C: BPF vs. Multivariate Model with Stable Markov Drift
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B: BPF vs. Multivariate Model with Discrete Jump Drift
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D: Constant vs. Stable Markov Drift
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Figure 5
Multivariate Trend Component of GDP

A: Multivariate Model with Constant Drift
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B: Multivariate Model with Discrete Jump
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C: Multivariate Model Stable Markov Drift
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D: Constant vs. Stable Markov Drift
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Figure 6
Comparison of Univariate and Multivariate UC Models

A: Trend component of GDP 
Constant Drift: Univariate vs. Multivariate Model
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C: Trend component of GDP 
Stable Markov Drift: Univariate vs. Multivariate Model
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B: Cycle component of GDP 
Constant Drift: Univariate vs. Multivariate Model
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D: Cycle component of GDP 
Stable Markov Drift: Univariate vs. Multivariate Model
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Figure 7
Confidence Intervals for Unobserved Components

C: Demeaned trend growth rate of GDP 
Univariate Model
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D: Demeaned trend growth rate of GDP 
Multivariate Model
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A: Cycle component of GDP 
Univariate Model with Constant Drift
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B: Cycle component of GDP 
Multivariate Model with Constant Drift
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