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Abstract

We use a version of the Fuhrer-Moore model to study the effects of expectations and central bank
credibility on the economy’s dynamic transition path during a disinflation. Simulations are compared under
four different specifications of the model that vary according to the way that expectations are formed
(rational versus adaptive) and the degree of central bank credibility (full versus partial). In general, the
various specifications exhibit qualitatively similar behavior and can reasonably approximate the trend
movements in U.S. macro variables during the Volcker disinflation of the early 1980s. However, the
specification with adaptive expectations and partial credibility is the only one to capture the temporary rise
in the long-term nominal interest rate observed in U.S. data at the start of the disinflation. Our simulations
also show that incremental reductions in the sacrifice ratio are largest at the low end of the credibility range,
suggesting that a central bank may face diminishing returns in its efforts to enhance credibility.
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H{shfwdwlrqv/ Fuhglelolw|/ dqg Glvlq dwlrq lq d

Vpdoo Pdfurhfrqrplf Prgho�

Fkdq J1 Kxk_

Ihghudo Uhvhuyh Edqn

ri Vdq Iudqflvfr

Nhylq M1 Odqvlqjh

Krryhu Lqvwlwxwlrq

dqg

Ihghudo Uhvhuyh Edqnv ri Fohyhodqg

dqg Vdq Iudqflvfr

Iluvw Gudiw= Qryhpehu 4<<:
Wklv Gudiw= Dsulo 4:/ 4<<;

Devwudfw

Zh xvh d yhuvlrq ri wkh Ixkuhu0Prruh prgho wr vwxg| wkh h�hfwv ri h{shf0
wdwlrqv dqg fhqwudo edqn fuhglelolw| rq wkh hfrqrp|*v g|qdplf wudqvlwlrq sdwk
gxulqj d glvlq dwlrq1 Vlpxodwlrqv duh frpsduhg xqghu irxu gl�huhqw vshfl�fd0
wlrqv ri wkh prgho wkdw ydu| dffruglqj wr wkh zd| wkdw h{shfwdwlrqv duh iruphg
+udwlrqdo yhuvxv dgdswlyh, dqg wkh ghjuhh ri fhqwudo edqn fuhglelolw| +ixoo yhu0
vxv sduwldo,1 Lq jhqhudo/ wkh ydulrxv vshfl�fdwlrqv h{klelw txdolwdwlyho| vlplodu
ehkdylru dqg fdq uhdvrqdeo| dssur{lpdwh wkh wuhqg pryhphqwv lq X1V1 pdfur
yduldeohv gxulqj wkh Yrofnhu glvlq dwlrq ri wkh hduo| 4<;3v1 Krzhyhu/ wkh vshf0
l�fdwlrq zlwk dgdswlyh h{shfwdwlrqv dqg sduwldo fuhglelolw| lv wkh rqo| rqh wr
fdswxuh wkh whpsrudu| ulvh lq wkh orqj0whup qrplqdo lqwhuhvw udwh revhuyhg lq
X1V1 gdwd dw wkh vwduw ri wkh glvlq dwlrq1 Rxu vlpxodwlrqv vkrz wkdw lqfuhphqwdo
uhgxfwlrqv lq wkh rxwsxw vdful�fh udwlr duh odujhvw dw wkh orz hqg ri wkh fuhglelolw|
udqjh/ vxjjhvwlqj wkdw d fhqwudo edqn pd| idfh glplqlvklqj uhwxuqv lq lwv h�ruwv
wr hqkdqfh fuhglelolw|1

Nh|zrugv= Prqhwdu| Srolf|/ Lq dwlrq/ Exvlqhvv F|fohv1

MHO Fodvvl�fdwlrq= H64/ H65/ H76/ H851

W Zh wkdqn Mh� Ixkuhu iru jhqhurxvo| surylglqj xv zlwk klv frpsxwhu surjudpv dqg iru dvvlvwdqfh
lq prgli|lqj wkhp iru wklv sdshu1 Iru khosixo frpphqwv dqg vxjjhvwlrqv/ zh dovr wkdqn Wlp Frjoh|/
Mrkq Mxgg/ Dwkdqdvlrv Ruskdqlghv/ Johqq Uxghexvfk/ dqg Pdun Vfkzhlw}hu1 Pholvvd Ohxqj surylghg
h{fhoohqw uhvhdufk dvvlvwdqfh1 Sduw ri wklv uhvhdufk zdv frqgxfwhg zkloh Odqvlqj zdv d qdwlrqdo ihoorz
dw wkh Krryhu Lqvwlwxwlrq/ zkrvh krvslwdolw| lv judwhixoo| dfnqrzohgjhg1 Wkh ylhzv lq wklv sdshu duh
wkrvh ri wkh dxwkruv dqg qrw qhfhvvdulo| wkrvh ri wkh Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ wkh
Ihghudo Uhvhuyh Edqn ri Fohyhodqg/ ru ri wkh Ihghudo Uhvhuyh V|vwhp1

_ Uhvhdufk Ghsduwphqw/ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ S1R1 Er{ ::35/ Vdq Iudqflvfr/
FD <7453/ sk= +748, <:7056<6/ Id{= +748, <:70675</ hpdlo= fkdq1kxkCvi1iue1ruj

h Dgguhvv iru fruuhvsrqghqfh= Krryhu Lqvwlwxwlrq/ Vwdqirug Xqlyhuvlw|/ Vwdqirug/ FD <7638093431
sk= +983, :580555:/ Id{= +983, :56049;:/ hpdlo= odqvlqjCkrryhu1vwdqirug1hgx



4 Lqwurgxfwlrq

Wkh lghd wkdw h{shfwdwlrqv fdq sod| d fuxfldo uroh lq ghwhuplqlqj wkh h�hfwv ri prq0

hwdu| srolf| rq uhdo dqg qrplqdo yduldeohv lv qrz d zhoo hvwdeolvkhg sdudgljp lq

pdfurhfrqrplfv14 Lw lv dovr zlgho| uhfrjql}hg wkdw fhqwudo edqn fuhglelolw|�gh�qhg

jhqhudoo| dv wkh h{whqw wr zklfk eholhiv derxw ixwxuh srolf| dfwlrqv duh frqvlvwhqw

zlwk wkh dqqrxqfhg surjudpv ri srolf|pdnhuv�lv dq lpsruwdqw idfwru jryhuqlqj wkh

frvw ri glvlq dwlrqdu| srolflhv15 Wklv sdshu xvhv d vpdoo pdfurhfrqrplf prgho wr

vwxg| wkh h�hfwv ri h{shfwdwlrqv dqg fuhglelolw| rq wkh hfrqrp|*v g|qdplf wudqvlwlrq

sdwk gxulqj d glvlq dwlrq1 Lq sduwlfxodu/ zh h{shulphqw zlwk gl�huhqw dvvxpswlrqv

uhjduglqj wkh zd| wkdw h{shfwdwlrqv duh iruphg +udwlrqdo yhuvxv dgdswlyh, dqg wkh

ghjuhh ri fhqwudo edqn fuhglelolw| +ixoo yhuvxv sduwldo, wr ghwhuplqh zklfk ri wkh ydul0

rxv vshfl�fdwlrqv fdq ehvw dffrxqw iru wkh wuhqg pryhphqwv lq X1V1 pdfur yduldeohv

gxulqj wkh Yrofnhu glvlq dwlrq ri wkh hduo| 4<;3v1 Zh dovr lqyhvwljdwh wkh lpsolfdwlrqv

ri wkhvh ihdwxuhv iru wkh ohqjwk/ vshhg/ dqg frvw ri wkh glvlq dwlrq hslvrgh1

Wkh iudphzrun iru rxu dqdo|vlv lv d yhuvlrq ri wkh iruzdug0orrnlqj pdfurhfrqrplf

prgho ghyhorshg e| Ixkuhu dqg Prruh +4<<8d/e,1 Wklv prgho lv txlwh wudfwdeoh dqg

kdv wkh dgydqwdjh ri ehlqj deoh wr uhsurgxfh wkh g|qdplf fruuhodwlrqv dprqj X1V1

lq dwlrq/ vkruw0whup qrplqdo lqwhuhvw udwhv/ dqg ghyldwlrqv ri uhdo rxwsxw iurp wuhqg1

Wkh prgho frqvlvwv ri dq djjuhjdwh ghpdqg htxdwlrq/ d qrplqdo zdjh frqwudfwlqj

htxdwlrq +wkdw hpehgv d yhuvlrq ri dq h{shfwdwlrqv0dxjphqwhg Skloolsv fxuyh,/ d

fhqwudo edqn uhdfwlrq ixqfwlrq wkdw gh�qhv prqhwdu| srolf|/ dqg d whup vwuxfwxuh

htxdwlrq1 D vlpsoh yhuvlrq ri Rnxq*v odz uhodwhv wkh xqhpsor|phqw udwh wr wkh

ghyldwlrq ri uhdo rxwsxw iurp wuhqg1

Wkh h{shulphqw zh frqvlghu lv rqh lq zklfk wkh fhqwudo edqn dqqrxqfhv d surjudp

wr uhgxfh wkh suhydlolqj udwh ri lq dwlrq dqg wkhq lpphgldwho| hpedunv rq vxfk d

4Wkh fodvvlf duwlfohv lqfoxgh Skhosv +4<9:/ 4<9;,/ Iulhgpdq +4<9;,/ Oxfdv +4<:5/ 4<:6,/ Vdujhqw
+4<:6,/ Vdujhqw dqg Zdoodfh +4<:8,/ Wd|oru +4<:8,/ dqg Eduur +4<:9,1

5Vhh/ iru h{dpsoh/ Vdujhqw +4<;5/ 4<;6,/ Wd|oru +4<;5,/ dqg Ilvfkhu +4<;9,1 Jdph wkhruhwlf prghov
ri fuhglelolw| lq prqhwdu| srolf| lqfoxgh Eduur dqg Jrugrq +4<;6,/ Edfnxv dqg Gul!oo +4<;8d/e,/
Eduur +4<;9,/ dqg Fxnlhupdq dqg Phow}hu +4<;9,1 Iru d vxuyh|/ vhh Eodfnexuq dqg Fkulvwhqvhq
+4<;<,1
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sdwk e| orzhulqj wkh wdujhw ohyho ri lq dwlrq lq wkh uhdfwlrq ixqfwlrq1 Wklv ohdgv wr d

prqhwdu| frqwudfwlrq/ dv hylghqfhg e| dq lqfuhdvh lq wkh vkruw0whup qrplqdo lqwhuhvw

udwh1 Gxh wr wkh suhvhqfh ri qrplqdo uljlglwlhv +vwdjjhuhg zdjh frqwudfwv,/ wkh wljkwhu

prqhwdu| srolf| uhvxowv lq d whpsrudu| ghfolqh lq uhdo rxwsxw uhodwlyh wr wuhqg dqg d

fruuhvsrqglqj lqfuhdvh lq wkh xqhpsor|phqw udwh1

D nh| dvvxpswlrq xqghuo|lqj wkh xvh ri udwlrqdo h{shfwdwlrqv lq pdfurhfrqrplf

prghov lv wkdw djhqwv kdyh hqrxjk lqirupdwlrq derxw wkh vwuxfwxuh ri wkh hfrqrp|

wr pdnh xqeldvhg iruhfdvwv ri wkh uhohydqw hfrqrplf yduldeohv1 Krzhyhu/ dv qrwhg

e| Wd|oru +4<:8/ 4<<6,/ wklv dvvxpswlrq pd| eh vrphzkdw xquhdolvwlf gxulqj wkh

wudqvlwlrq shulrg lpphgldwho| iroorzlqj d pdmru srolf| fkdqjh li djhqwv kdyh qrw |hw

kdg hqrxjk wlph wr ixoo| frpsuhkhqg wkh lpsolfdwlrqv ri wkh qhz srolf| ru ehfrph

frqylqfhg ri wkh srolf|pdnhu*v frpplwphqw wr pdlqwdlqlqj lw1 Wklv vfhqdulr vhhpv

sduwlfxoduo| dssolfdeoh wr wkh Yrofnhu hud/ jlyhq wkh Ihg*v dgrswlrq lq Rfwrehu 4<:< ri

dq rshudwlqj surfhgxuh iru wdujhwlqj qrqeruurzhg uhvhuyhv wkdw zdv xqsuhfhghqwhg1

Edvhg rq wklv ylhz/ zh frqvlghu wkh srvvlelolw| wkdw djhqwv* iruhfdvwv gxulqj wkh

wudqvlwlrq wr orzhu lq dwlrq gr qrw pdnh rswlpdo xvh ri doo dydlodeoh lqirupdwlrq/ exw

lqvwhdg/ duh frqvwuxfwhg xvlqj d �uvw0rughu yhfwru dxwruhjuhvvlrq +YDU, wkdw lqyroyhv

d vxevhw ri nqrzq yduldeohv1 Wklv vhwxs fdq eh ylhzhg dv d sduwlfxodu irup ri dgdswlyh

+ru glvwulexwhg odj, h{shfwdwlrqv16

Uhjduglqj fuhglelolw|/ lw vhhpv uhdvrqdeoh wr dvvxph wkdw wkh Ihghudo Uhvhuyh*v

frpplwphqw wr uhgxflqj lq dwlrq zdv ylhzhg zlwk frqvlghudeoh vnhswlflvp dw wkh

vwduw ri wkh Yrofnhu glvlq dwlrq1 Wzr suhylrxv dwwhpswv wr uhgxfh lq dwlrq ehjxq lq

Dsulo 4<:7 dqg Dxjxvw 4<:; kdg suryhq xqvxffhvvixo17 Frqwulexwlqj wr wklv vnhswl0

flvp lq wkh shulrg lpphgldwho| iroorzlqj Rfwrehu 4<:< zhuh wkh odujh dqg huudwlf  xf0

wxdwlrqv ri prqhwdu| djjuhjdwhv +zklfk zhuh iuhtxhqwo| rxwvlgh wkhlu wdujhw udqjhv,

6D kljkhu0rughu glvwulexwhg odj vshfl�fdwlrq +odehohg YDU0edvhg h{shfwdwlrqv, lv xvhg lq wkh
Ihghudo Uhvhuyh Erdug*v odujh0vfdoh pdfurhfrqrplf prgho/ nqrzq dv IUE2XV1 Wkh Erdug*v prgho
dovr doorzv iru udwlrqdo +ru prgho0frqvlvwhqw, h{shfwdwlrqv1 Iru ghwdlov/ vhh Eud|wrq/ hw do1 +4<<:,1

7Vhh Vfkdslur +4<<7, iru dq dqdo|vlv ri wkh uhodwlyh vxffhvv ri Ihghudo Uhvhuyh dwwhpswv wr uhgxfh
lq dwlrq iroorzlqj vhyhq srvwzdu gdwhv pdunlqj wkh vwduw ri dq h{solflw glvlq dwlrqdu| srolf|/ dv
lghqwl�hg e| Urphu dqg Urphu +4<;</ 4<<7,1
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dqg wkh Ihg*v ghflvlrq wr eulh | orrvhq srolf| e| orzhulqj vkruw0whup lqwhuhvw udwhv

iurp Dsulo wr Mxqh 4<;3 lq wkh idfh ri jurzlqj vljqv ri d uhfhvvlrq18 Pruhryhu/ X1V1

�vfdo srolf| durxqg wklv wlph zdv fkdudfwhul}hg e| odujh dqg jurzlqj ihghudo exgjhw

gh�flwv zklfk/ li surmhfwhg iruzdug/ zrxog olnho| kdyh lpsolhg wkh qhhg iru ixwxuh

prqhwl}dwlrq ri wkh ghew wr pdlqwdlq vroyhqf| ri wkh jryhuqphqw*v lqwhuwhpsrudo

exgjhw frqvwudlqw19

Lq wklv sdshu/ zh irupdol}h wkh qrwlrq ri fuhglelolw| dv djhqwv* vxemhfwlyh sure0

delolvwlf eholhi wkdw wkh fhqwudo edqn*v lq dwlrq wdujhw kdv ehhq uhgxfhg wr wkh qhz

ydoxh dqqrxqfhg dw wkh vwduw ri wkh glvlq dwlrq1 Wkh wuxh lq dwlrq wdujhw lv dvvxphg

wr eh xqrevhuydeoh gxh wr wkh suhvhqfh ri h{rjhqrxv vwrfkdvwlf vkrfnv lq wkh sro0

lf| uhdfwlrq ixqfwlrq1 Wkhvh srolf| vkrfnv/ wrjhwkhu zlwk vwrfkdvwlf glvwxuedqfhv wr

rwkhu sduwv ri wkh hfrqrp|/ jlyh ulvh wr d glvwulexwlrq ri revhuyhg lq dwlrq udwhv

durxqg dq| jlyhq wdujhw ohyho1 Xqghu ixoo fuhglelolw|/ wkh hfrqrp| lv dvvxphg wr eh

srsxodwhg e| djhqwv zkr/ xsrq khdulqj wkh dqqrxqfhphqw/ dvvljq d suredelolw| ri

rqh wr wkh hyhqw wkdw wkh lq dwlrq wdujhw kdv dfwxdoo| ehhq uhgxfhg1 Wkhvh djhqwv

frqwlqxh wr dvvljq d suredelolw| ri rqh uhjdugohvv ri wkh wlph sdwk ri lq dwlrq wkdw

lv vxevhtxhqwo| revhuyhg1 Lq frqwudvw/ sduwldo fuhglelolw| lpsolhv wkdw djhqwv xsgdwh

wkhlu sulru dvvhvvphqw ri wkh wuxh lq dwlrq wdujhw lq d Ed|hvldq zd| rq wkh edvlv ri

wkh fhqwudo edqn*v vxffhvv +ru idloxuh, lq uhgxflqj lq dwlrq ryhu wlph1 Rxu vhwxs lv

vlplodu wr rqh xvhg e| Ph|hu dqg Zhevwhu +4<;5, lq zklfk djhqwv* h{shfwdwlrqv duh

frqvwuxfwhg dv d suredelolw|0zhljkwhg dyhudjh ri wkh h{shfwdwlrqv wkdw zrxog suhydlo

xqghu dq �rog� dqg �qhz� srolf| uxoh1

Fuhglelolw| kdv dq lpsruwdqfh lq xhqfh rq h{shfwdwlrqv dqg/ wkhuhiruh/ rq wkh

g|qdplfv ri glvlq dwlrq1 Zkhq wkh fhqwudo edqn srvvhvvhv d kljk ghjuhh ri sulru

fuhglelolw|/ wkh dqqrxqfhg fkdqjh lq wkh lq dwlrq wdujhw zloo fdxvh udwlrqdo djhqwv

8Wkh lpsohphqwdwlrq ri fuhglw frqwurov lq Pdufk 4<;3 dovr frqwulexwhg wr wkh orzhulqj ri vkruw0
whup lqwhuhvwv udwhv gxulqj wklv shulrg1 Iru ghwdlov rq prqhwdu| srolf| lq wkh hduo| 4<;3v/ vhh
Iulhgpdq +4<;7,/ Eodqfkdug +4<;7,/ Khw}ho +4<;9,/ dqg Jrrgiulhqg +4<<6,1

9Wkh fuxfldo lpsruwdqfh ri wkh �vfdo uhjlph lq ghwhuplqlqj wkh fuhglelolw| ri glvlq dwlrqdu| srol0
flhv lv hpskdvl}hg e| Vdujhqw +4<;5/ 4<;6/ 4<;9,1 Iru dssolfdwlrqv ri wklv lghd/ vhh Iorrg dqg Jduehu
+4<;3,/ Ed{whu +4<;8,/ dqg Uxjh0Pxufld +4<<8,1
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wr txlfno| orzhu wkhlu lq dwlrq h{shfwdwlrqv1 Vlqfh h{shfwhg lq dwlrq lq xhqfhv fxu0

uhqw lq dwlrq yld iruzdug0orrnlqj zdjh frqwudfwv/ kljk fuhglelolw| fdq ohdg wr d idvwhu

dqg ohvv frvwo| glvlq dwlrq hslvrgh1 Krzhyhu/ zkhq sulru fuhglelolw| lv orz/ h{shfwd0

wlrqv uhvsrqg rqo| judgxdoo| dv zdjh vhwwhuv ehfrph frqylqfhg ri wkh fhqwudo edqn*v

frpplwphqw wr uhgxflqj lq dwlrq1 Lq wklv fdvh/ wkh wudqvlwlrq sdwk lqyroyhv ohduq0

lqj dqg wkh xvh ri Ed|hv uxoh vr wkdw udwlrqdo h{shfwdwlrqv fdq h{klelw vrph ri wkh

edfnzdug0orrnlqj fkdudfwhulvwlfv ri wudglwlrqdo dgdswlyh h{shfwdwlrqv1:

Xvlqj sdudphwhu ydoxhv hvwlpdwhg ryhu wkh shulrg 4<98=4 wr 4<<9=7/ zh wudfh rxw

wkh hfrqrp|*v g|qdplf wudqvlwlrq sdwk iru wkh gl�huhqw vshfl�fdwlrqv ri h{shfwdwlrqv

dqg fuhglelolw| ghvfulehg deryh1 Wkh vshhg dw zklfk djhqwv dgmxvw wkhlu iruhfdvwv lq

uhvsrqvh wr wkh dqqrxqfhg srolf| fkdqjh ydulhv dfurvv vshfl�fdwlrqv1 Lq sduwlfxodu/

iruhfdvwv dgmxvw txlfno| zlwk udwlrqdo h{shfwdwlrqv2ixoo fuhglelolw| dqg dgmxvw vorzo|

zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw|1

Dvlgh iurp wkh vshhg ri uhvsrqvh/ wkh ydulrxv vshfl�fdwlrqv h{klelw txdolwdwlyho|

vlplodu ehkdylru dqg fdq uhdvrqdeo| dssur{lpdwh wkh wuhqg pryhphqwv lq X1V1 pdfur

yduldeohv revhuyhg gxulqj wkh Yrofnhu glvlq dwlrq1 Krzhyhu/ dq lpsruwdqw ihdwxuh

wkdw gl�huhqwldwhv wkh vshfl�fdwlrqv lv wkhlu suhglfwlrq uhjduglqj wkh whup vwuxfwxuh ri

lqwhuhvw udwhv1 Lw wxuqv rxw wkdw wkh vshfl�fdwlrq zlwk dgdswlyh h{shfwdwlrqv2sduwldo

fuhglelolw| lv wkh rqo| rqh wr fdswxuh wkh whpsrudu| ulvh lq wkh orqj0whup qrplqdo

lqwhuhvw udwh revhuyhg lq X1V1 gdwd dw wkh vwduw wkh Yrofnhu glvlq dwlrq1

Wkh prgho*v whup vwuxfwxuh lv edvhg rq wkh sxuh h{shfwdwlrqv k|srwkhvlv/ wkdw lv/

wkh orqj0whup udwh lv d zhljkwhg dyhudjh ri fxuuhqw dqg h{shfwhg ixwxuh vkruw0whup

udwhv1 Zkhq wkh vkruw udwh ulvhv dv d uhvxow ri wljkwhu prqhwdu| srolf|/ wkh lpsolfd0

wlrqv iru wkh orqj udwh duh wkhruhwlfdoo| dpeljxrxv1 Lq sduwlfxodu/ xszdug suhvvxuh

vwhpplqj iurp wkh lqfuhdvh lq wkh fxuuhqw vkruw udwh pd| eh r�vhw e| grzqzdug suhv0

vxuh iurp h{shfwdwlrqv ri orzhu vkruw udwhv lq wkh ixwxuh/ gxh wr orzhu dqwlflsdwhg

:Rwkhu uhvhdufk wkdw dssolhv Ed|hvldq ohduqlqj wr prghov ri prqhwdu| srolf| lqfoxghv Wd|oru
+4<:8,/ Iorrg dqg Jduehu +4<;3,/ Edfnxv dqg Gul�oo +4<;8d/e,/ Eduur +4<;9,/ Ohzlv +4<;<,/ Ed{whu
+4<;8/ 4<;<,/ Ehuwrffkl dqg Vsdjdw +4<<6,/ Jdjqrq +4<<:,/ dqg Dqgroidwwr dqg Jrpph +4<<:,1 Iru
uhodwhg prghov zlwk ohdvw vtxduhv ohduqlqj/ vhh Iulhgpdq +4<:<,/ Ixkuhu dqg Krrnhu +4<<6,/ dqg
Vdujhqw +4<<;,1
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lq dwlrq1 Khqfh/ wkh ehkdylru ri wkh orqj udwh ghshqgv fuxfldoo| rq wkh prgho*v

vshfl�fdwlrq ri h{shfwdwlrqv dqg fuhglelolw|1;

Zkhq iruhfdvwv dgmxvw vorzo| wr wkh dqqrxqfhg srolf| fkdqjh +ehfdxvh ri dgdswlyh

h{shfwdwlrqv ru sduwldo fuhglelolw|,/ zh �qg wkdw wkh fhqwudo edqn xqghuwdnhv d juhdwhu

ghjuhh ri prqhwdu| wljkwhqlqj/ dv phdvxuhg e| wkh shdn ohyho ri wkh vkruw0whup qrp0

lqdo lqwhuhvw udwh1 Wklv lv gxh wr wkh irup ri wkh uhdfwlrq ixqfwlrq wkdw pdnhv wkh

vkruw0whup lqwhuhvw udwh d ixqfwlrq ri wkh glvwdqfh ehwzhhq wkh fxuuhqw lq dwlrq udwh

+zklfk idoov vorzo|, dqg wkh qhz lq dwlrq wdujhw1 Pruhryhu/ wkh voxjjlvk dgmxvwphqw

ri iruhfdvwv dovr phdqv wkdw d kljkhu ohyho ri lq dwlrq lv exlow lqwr h{shfwdwlrqv ri

ixwxuh vkruw udwhv1 Wkhvh h�hfwv frpelqh wr udlvh wkh ohyho ri wkh fxuuhqw orqj udwh lq

frpsdulvrq wr vshfl�fdwlrqv zkhuh iruhfdvwv dgmxvw udslgo|1 Lq wkh prgho vshfl�fd0

wlrq zlwk dgdswlyh h{shfwdwlrqv dqg sduwldo fuhglelolw|/ wkh lqhuwld exlow lqwr djhqwv*

lq dwlrq iruhfdvwv lv vx!flhqw wr fdxvh wkh orqj udwh wr ulvh lq uhvsrqvh wr wkh wljkwhu

prqhwdu| srolf|1 Lq frqwudvw/ wkh rwkhu wkuhh vshfl�fdwlrqv suhglfw d idoo lq wkh orqj

udwh lq uhvsrqvh wr wljkwhu srolf|1

Wkh revhuydwlrq wkdw X1V1 orqj0whup lqwhuhvw udwhv urvh gxulqj wkh hduo| vwdjhv ri

wkh Yrofnhu glvlq dwlrq vxjjhvwv/ wkhuhiruh/ wkdw pdunhw h{shfwdwlrqv zhuh vorz wr dg0

mxvw wr wkh fkdqjh lq Ihg srolf|1 D vlplodu frqfoxvlrq lv uhdfkhg e| Eodqfkdug +4<;7,/

zkr dqdo|}hv wkh sdwwhuq ri whup vwuxfwxuh iruhfdvw huuruv gxulqj wklv shulrg1 Wkh

iruhfdvwv huuruv vxjjhvw wkdw �qdqfldo pdunhwv glg qrw h{shfw lq dwlrq wr eh orzhuhg

udslgo|1 Pruh jhqhudoo|/ wkh prgho zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw| lv

frqvlvwhqw zlwk wkh hpslulfdo vwxglhv ri Frrn dqg Kdkq +4<;<,/ Hydqv dqg Pduvkdoo

+4<<;,/ dqg rwkhuv/ zklfk lqglfdwh wkdw wljkwhu prqhwdu| srolf| ohdgv wr dq lqfuhdvh

lq orqj0whup qrplqdo lqwhuhvw udwhv1<

Rxu uhvxowv dovr khos wr surylgh vrph lqvljkw lqwr wkh �qglqjv ri Sdjdq dqg

Urehuwvrq +4<<8, zkr vkrz wkdw wkh 4<:<0;5 shulrg lv d zdwhuvkhg iru hpslulfdo

;Ixkuhu +4<<9, vkrzv wkdw wkh prgho*v suhglfwhg whup vwuxfwxuh dovr ghshqgv rq dq| vwuxfwxudo
euhdnv lq wkh sdudphwhuv ri wkh fhqwudo edqn uhdfwlrq ixqfwlrq1

<Dnkwdu +4<<8, vxuyh|v wkh hqruprxv hpslulfdo olwhudwxuh wkdw h{dplqhv wkh h�hfwv ri prqhwdu|
srolf| rq orqj0whup qrplqdo lqwhuhvw udwhv1
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zrun wkdw dwwhpswv wr lghqwli| wkh vr0fdoohg �oltxlglw| h�hfw� ri d prqhwdu| srolf|

vkrfn143 Wkh 4<:<0;5 shulrg lv suhflvho| wkh wlph zkhq djhqwv* iruhfdvwv zrxog eh

lqfolqhg wr dgmxvw vorzo| dv wkh| dwwhpswhg wr ghflskhu wkh lpsolfdwlrqv ri wkh Ihg*v

qhz rshudwlqj surfhgxuh1 Rxu prgho suhglfwv wkdw zkhq iruhfdvwv dgmxvw vorzo|/ dq

h{rjhqrxv prqhwdu| frqwudfwlrq +wkd lv lqgxfhg e| d orzhulqj ri wkh lq dwlrq wdujhw,

zloo ohdg wr d pruh surqrxqfhg lqfuhdvh lq wkh vkruw0whup qrplqdo lqwhuhvw udwh dqg

d pruh surqrxqfhg idoo lq uhdo rxwsxw/ l1h1/ d vwurqjhu oltxlglw| h�hfw1

Wkh deryh glvfxvvlrq kljkoljkwv dq lqwhuhvwlqj frqqhfwlrq ehwzhhq rxu prgho dqg

vrph uhfhqwo| ghyhorshg g|qdplf jhqhudo htxloleulxp prghov wkdw duh ghvljqhg wr

h{klelw d oltxlglw| h�hfw1 Uhvhdufkhuv zrunlqj zlwk wkhvh prghov kdyh vkrzq wkdw

wkh nh| wr rewdlqlqj d oltxlglw| h�hfw lv wr gdpshq dqg2ru ghod| wkh lpsdfw ri dqwlf0

lsdwhg lq dwlrq rq wkh vkruw0whup qrplqdo lqwhuhvw udwh lq wkh shulrgv lpphgldwho|

iroorzlqj wkh vkrfn1 Prgholqj ghylfhv wkdw khos dffrpsolvk wklv lqfoxgh= uhvwulfwlrqv

rq djhqwv* delolw| wr dowhu fdvk kroglqjv +Fkulvwldqr dqg Hlfkhqedxp 4<<5,/ vkruw0

uxq sulfh vwlfnlqhvv +Rkdqldq dqg Vwrfnpdq 4<<8,/ dqg lqfrpsohwh lqirupdwlrq dqg

ohduqlqj +Dqgroidwwr dqg Jrpph 4<<:,1 Vlploduo|/ zh �qg wkdw voxjjlvk dgmxvwphqw

ri lq dwlrq iruhfdvwv +gxh wr dgdswlyh h{shfwdwlrqv ru sduwldo fuhglelolw|, fdq pdj0

qli| wkh srolf|0lqgxfhg uhvsrqvh ri wkh vkruw0whup qrplqdo lqwhuhvw udwh1 Xqolnh rxu

prgho/ krzhyhu/ g|qdplf jhqhudo htxloleulxp prghov duh w|slfdoo| vlohqw uhjduglqj

wkh lpsolfdwlrqv ri prqhwdu| srolf| iru wkh orqj0whup qrplqdo lqwhuhvw udwh144

Rxu vlpxodwlrqv vkrz wkdw glvlq dwlrq surfhhgv prvw udslgo| dqg ohdvw sdlqixoo|

xqghu udwlrqdo h{shfwdwlrqv2ixoo fuhglelolw|1 Dv zh ghyldwh iurp wklv edvholqh fdvh zlwk

hlwkhu dgdswlyh h{shfwdwlrqv ru sduwldo fuhglelolw|/ wkh glvlq dwlrq hslvrgh ehfrphv

orqjhu dqg wkh uhvxowlqj vdful�fh udwlr +gh�qhg lq whupv ri uhdo rxwsxw, ehfrphv

odujhu1 Zh �qg wkdw ixoo fuhglelolw| fdq vkruwhq wkh hslvrgh e| : wr < txduwhuv dqg

fdq orzhu wkh vdful�fh udwlr e| d idfwru ri rqh0irxuwk wr rqh0wklug1 Wkh vlpxodwlrqv

43Wkh whup �oltxlglw| h�hfw� lv w|slfdoo| xvhg ghvfuleh wkh lghd wkdw dq h{rjhqrxv prqhwdu| frq0
wudfwlrq +h{sdqvlrq, ohdgv wr d shuvlvwhqw lqfuhdvh +ghfuhdvh, lq wkh vkruw0whup qrplqdo lqwhuhvw udwh
dqg d shuvlvwhqw idoo +ulvh, lq wkh ohyho ri uhdo rxwsxw uhodwlyh wr wuhqg1

44Dq h{fhswlrq lv wkh prgho uhfhqwo| ghyhorshg e| Hydqv dqg Pduvkdoo +4<<;,1

9



dovr vkrz wkdw lqfuhphqwdo uhgxfwlrqv lq wkh vdful�fh udwlr duh odujhvw dw wkh orz hqg

ri wkh fuhglelolw| udqjh1 Nhhslqj lq plqg wkdw rxu prgho evwudfwv iurp dq| hfrqrplf

ehqh�wv ri orzhu lq dwlrq/ wkh vlpxodwlrq uhvxowv vxjjhvw wkdw d fhqwudo edqn pd|

idfh glplqlvklqj uhwxuqv lq lwv h�ruwv wr hqkdqfh fuhglelolw| +iru h{dpsoh/ wkurxjk d

ohjlvodwlyh pdqgdwh wr sxuvxh sulfh vwdelolw|,1

Ilqdoo|/ wr surylgh dq hvwlpdwh ri wkh zhoiduh frvw ri glvlq dwlrq/ zh wudqvodwh

wkh fxpxodwlyh orvv lq uhdo rxwsxw lqwr d phdvxuh edvhg rq xwlolw| pd{lpl}dwlrq

sulqflsohv1 Rxu phdvxuh lv wkh frqvwdqw shufhqwdjh lqfuhdvh lq shu0shulrg frqvxps0

wlrq wkdw pdnhv d uhsuhvhqwdwlyh krxvhkrog lqgl�huhqw wr h{shulhqflqj wkh hfrqrplf

 xfwxdwlrqv dwwulexwdeoh wr wkh glvlq dwlrqdu| srolf|1 Dowkrxjk ixoo fuhglelolw| fdq

vljql�fdqwo| orzhu wkh vdful�fh udwlr/ zh �qg wkdw lwv h�hfw rq wkh zhoiduh frvw ri wkh

glvlq dwlrq lv txlwh vpdoo�ohvv wkdq 3=4( ri shu shulrg frqvxpswlrq iru doo vshfl0

�fdwlrqv ri wkh prgho1 Wklv rxwfrph lv qrw vxusulvlqj/ jlyhq wkh zhoo0nqrzq uhvxow

ri Oxfdv +4<;:,/ zkr vkrzv wkdw wkh zhoiduh frvw ri  xfwxdwlrqv dwwulexwdeoh wr doo

vrxufhv lv yhu| vpdoo1

Rxu �qglqjv frpsohphqw d zlgh ydulhw| ri txdqwlwdwlyh uhvhdufk rq wkh srwhqwldo

ehqh�wv ri fhqwudo edqn fuhglelolw| gxulqj d glvlq dwlrq1 H{dpsohv lqfoxgh Ph|hu

dqg Zhevwhu +4<;5,/ Ilvfkhu +4<;9,/ Edoo +4<<8,/ Luhodqg +4<<8,/ Uxjh0Pxufld +4<<8,/

Nlqj +4<<9,/ Erp�p dqg Uxghexvfk +4<<:,/ Erp�p hw do1 +4<<:,/ dqg Dqgroidwwr

dqg Jrpph +4<<:,1 Lq dgglwlrq/ rxu prgho*v suhglfwlrqv duh vxssruwhg e| vrph

uhfhqw furvv0frxqwu| hpslulfdo vwxglhv1 Iru h{dpsoh/ Edoo +4<<7, �qgv wkdw udslg

glvlq dwlrqv duh dvvrfldwhg zlwk vpdoohu vdful�fh udwlrv1 Ervfkhq dqg Zhlvh +4<<9,

xvh d surelw prgho wr frqvwuxfw dq hpslulfdo phdvxuh ri fhqwudo edqn fuhglelolw| edvhg

rq hfrqrplf dqg srolwlfdo idfwruv nqrzq sulru wr d glvlq dwlrq hslvrgh1 Wkh| �qg

wkdw kljkhu fuhglelolw| lv dvvrfldwhg zlwk orzhu vdful�fh udwlrv1

Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 ghvfulehv wkh prgho

dqg wkh gl�huhqw vshfl�fdwlrqv ri h{shfwdwlrqv dqg fuhglelolw|1 Vhfwlrq 6 suhvhqwv rxu

sdudphwhu hvwlpdwhv dqg h{dplqhv wkhlu vhqvlwlylw| wr gl�huhqw vdpsoh shulrgv1 Vhf0

wlrq 7 suhvhqwv rxu txdqwlwdwlyh uhvxowv1 Vhfwlrq 8 frqfoxghv1 Dq dsshqgl{ surylghv

:



wkh ghwdlov uhjduglqj wkh ghulydwlrq ri rxu zhoiduh frvw phdvxuh1

5 Wkh Prgho

Wkh prgho lv d yhuvlrq ri wkh rqh ghyhorshg e| Ixkuhu dqg Prruh +4<<8d/e,1 Wklv

iudphzrun kdv wkh dgydqwdjh ri ehlqj deoh wr uhsurgxfh wkh sdwwhuq ri g|qdplf

fruuhodwlrqv h{klelwhg e| dq xqfrqvwudlqhg yhfwru dxwruhjuhvvlrq v|vwhp lqyroylqj

X1V1 lq dwlrq/ vkruw0whup qrplqdo lqwhuhvw udwhv/ dqg ghyldwlrqv ri uhdo rxwsxw iurp

wuhqg1 Lq wkh prgho/ djhqwv* h{shfwdwlrqv h{solflwo| wdnh lqwr dffrxqw wkh qdwxuh ri

wkh prqhwdu| srolf| uhjlph/ dv vxppdul}hg e| wkh sdudphwhuv ri wkh fhqwudo edqn

uhdfwlrq ixqfwlrq1 Krzhyhu/ vlqfh wkh rwkhu sduwv ri wkh hfrqrp| duh vshfl�hg dv

uhgxfhg0irup htxdwlrqv/ wkh prgho lv vxvfhswleoh wr Oxfdv*v +4<:9, hfrqrphwulf srolf|

fulwltxh1 Rxu hvwlpdwlrq surfhgxuh dwwhpswv wr jdxjh wkh txdqwlwdwlyh lpsruwdqfh ri

wkh Oxfdv fulwltxh iru rxu uhvxowv e| h{dplqlqj wkh vwdelolw| ri wkh prgho*v uhgxfhg

irup sdudphwhuv dfurvv gl�huhqw vdpsoh shulrgv145 Wkh htxdwlrqv wkdw ghvfuleh wkh

prgho duh dv iroorzv=

Djjuhjdwh Ghpdqg 2 L0V fxuyh =

�|| @ d��||3� . d2�||32 . d4

�
�|3� � ��

�
. %+|> +4,

zkhuh �|| lv wkh vr0fdoohg �rxwsxw jds� gh�qhg dv wkh ghyldwlrq ri orj shu0fdslwd uhdo

rxwsxw iurp wuhqg dqg �
|3� lv wkh odjjhg ydoxh ri wkh h{ dqwh orqj0whup uhdo lqwhuhvw

udwh1 Wkh huuru whup %+| � Q
�
3> �20+

�
fdswxuhv udqgrp  xfwxdwlrqv lq djjuhjdwh

ghpdqg1 Zh dvvxph wkdw wkh vwhdg|0vwdwh ydoxh ri �|| lv }hur/ zklfk lpsolhv wkdw �� lv

wkh vwhdg|0vwdwh uhdo lqwhuhvw udwh1

Zdjh Frqwudfwlqj Vshfl�fdwlrq 2 Vkruw0Uxq Skloolsv Fxuyh =

�| @ �

2
+�|3� .H|�|n�, .

�

2
+�|| . �||3�, . %Z|> +5,

zkhuh �| lv wkh lq dwlrq udwh gh�qhg dv wkh orj0gl�huhqfh ri wkh sulfh ohyho/ H| lv

wkh h{shfwdwlrq rshudwru frqglwlrqdo rq lqirupdwlrq dydlodeoh dw wlph w> dqg %Z| �

45Ixkuhu +4<<;, h{whqgv wkh edvlf Ixkuhu0Prruh prgho wr lqfoxgh d pruh uljrurxv vhw ri plfurirxq0
gdwlrqv edvhg rq frqvxphu dqg �up rswlpl}dwlrq1 Kh frqfoxghv wkdw wkhvh dgglwlrqdo uhvwulfwlrqv
�lpso| g|qdplf ehkdylru wkdw lv jurvvo| lqfrqvlvwhqw zlwk wkh gdwd1�

;



Q
�
3> �2

0Z

�
lv dq huuru whup1 Ixkuhu dqg Prruh +4<<8d, vkrz wkdw +5, fdq eh ghulyhg

iurp d wzr0shulrg prgho ri vwdjjhuhg qrplqdo zdjh frqwudfwv/ zkhuh wkh uhdo ydoxh

ri wkh frqwudfw sulfh qhjrwldwhg dw wlph w lv d vlpsoh dyhudjh ri wkh uhdo frqwudfw

sulfh qhjrwldwhg dw w� 4 dqg wkh uhdo frqwudfw sulfh wkdw djhqwv h{shfw wr qhjrwldwh

dw w . 4/ dgmxvwhg iru wkh ohyho ri djjuhjdwh ghpdqg1 Wkh iruzdug0orrnlqj qdwxuh ri

zdjh frqwudfwv fuhdwhv dq hqylurqphqw zkhuh fxuuhqw lq dwlrq ghshqgv rq h{shfwhg

lq dwlrq1 Wkh huuru whup uhsuhvhqwv d vwrfkdvwlf glvwxuedqfh wkdw d�hfwv oderu vxsso|

ghflvlrqv146 Wkh vwhdg|0vwdwh yhuvlrq ri +5, lpsolhv wkdw wkhuh lv qr orqj0uxq wudgh0r�

ehwzhhq lq dwlrq dqg uhdo rxwsxw1

Wkh deryh vshfl�fdwlrq gl�huv iurp wkh frqwudfwlqj prgho ghyhorshg e| Wd|oru

+4<;3, lq zklfk wkh qrplqdo ydoxh ri wkh frqwudfw sulfh dw wlph w ghshqgv rq wkh

qrplqdo frqwudfw sulfhv qhjrwldwhg lq wkh uhfhqw sdvw dqg wkrvh h{shfwhg wr suhydlo

lq wkh ixwxuh1 Wkh wzr0shulrg yhuvlrq ri Wd|oru*v prgho |lhogv

�| @ H|�|n� . � +�|| . �||3�, . %Z|> +5�,

zklfk uhfryhuv d frqyhqwlrqdo h{shfwdwlrq0dxjphqwhg Skloolsv fxuyh147 Ixkuhu dqg

Prruh +4<<8d, vkrz wkdw wkh suhvhqfh ri �|3� lq +5, lpsuryhv wkh prgho*v delolw|

wr pdwfk wkh vwurqj srvlwlyh fruuhodwlrq ehwzhhq lq dwlrq dqg wkh uhdo rxwsxw jds

lq X1V1 gdwd1 Wklv fruuhodwlrq dqg lwv frxqwhusduw�wkh qhjdwlyh fruuhodwlrq ehwzhhq

lq dwlrq dqg xqhpsor|phqw�surylgh hylghqfh ri d vkruw0whup Skloolsv fxuyh wudgh0

r� iru wkh srvwzdu X1V1 hfrqrp|148

Fhqwudo Edqn Uhdfwlrq Ixqfwlrq =

u| @ u|3� . �Z +�| � ��, . �+ �|| . %o|> +6,

zkhuh u| lv wkh vkruw0whup qrplqdo lqwhuhvw udwh/ �� lv wkh lq dwlrq wdujhw/ dqg %o| �

Q
�
3> �

2

0o

�
lv dq h{rjhqrxv vwrfkdvwlf vkrfn wkdw lv qrw gluhfwo| revhuyhg e| wkh sxeolf1

46Zh gr qrw h{solflwo| olqn wkh vxsso| vkrfn 0Z| wr wkh uhdo sulfh ri rlo1 Ixkuhu dqg Prruh +4<<8d/
irrwqrwh 48, uhsruw wkdw rlo sulfhv duh xqfruuhodwhg zlwk wkh uhvlgxdov ri wkhlu frqwudfwlqj htxdwlrq/
vxjjhvwlqj wkdw wkhlu rplvvlrq grhv qrw d�hfw wkh prgho*v shuirupdqfh1 Vhh Ehuqdqnh/ Jhuwohu/ dqg
Zdwvrq +4<<:, iru dq hpslulfdo vwxg| ri wkh srwhqwldo olqnv ehwzhhq rlo sulfhv dqg prqhwdu| srolf|1

47Urehuwv +4<<8, vkrzv wkdw +5�, lv frqvlvwhqw zlwk d ydulhw| ri rwkhu vwlfn| sulfh prghov1
48Nlqj dqg Zdwvrq +4<<7, grfxphqw wkh urexvw qhjdwlyh fruuhodwlrq ehwzhhq lq dwlrq dqg xqhp0

sor|phqw dw exvlqhvv f|foh iuhtxhqflhv1

<



Wkh srolf| uxoh lpsolhv wkdw wkh fhqwudo edqn vwulyhv wr vprrwk vkruw0whup lqwhuhvw

udwhv/ exw uhvsrqgv wr ghyldwlrqv ri lq dwlrq iurp wdujhw dqg wr ghyldwlrqv lq rxwsxw

iurp wuhqg1 Wkh vwuhqjwk ri wkh lqwhuhvw udwh uhvsrqvh wr wkhvh ghyldwlrqv lv jry0

huqhg e| wkh sdudphwhuv �Z dqg �+ =
49 Iroorzlqj wkh YDU olwhudwxuh/ zh lqwhusuhw

%o| dv fdswxulqj udqgrp/ qrqv|vwhpdwlf idfwruv wkdw dulvh iurp wkh srolwlfdo surfhvv

ru wkh lqwhudfwlrq ri srolf|pdnhuv zlwk gl�huhqw suhihuhqfhv/ gl�huhqw wdujhw udwhv ri

lq dwlrq/ hwf1 Dowhuqdwlyho|/ zh frxog lqwhusuhw %o| dv uh hfwlqj rshudwlrqdo ru lqvwlwx0

wlrqdo ihdwxuhv wkdw suhfoxgh shuihfw frqwuro ri u|=4: Wkh suhvhqfh ri wkh xqrevhuydeoh

vkrfn whup lv fuxfldo iru wkh fuhglelolw| dqdo|vlv ehfdxvh lw suhyhqwv djhqwv iurp ehlqj

deoh wr ohduq wkh wuxh ydoxh ri �� iurp revhuydwlrqv ri u|> u|3�> �|> dqg �||= Htxdwlrq

+6, lpsolhv wkdw wkh vwhdg|0vwdwh lq dwlrq udwh lv ��=

Uhdo Whup Vwuxfwxuh=

�
|
�G

�
H|�|n� � �|

�
@ u| �H|�|n�> +7,

zkhuh G lv wkh gxudwlrq ri d uhdo frqvro wkdw lv xvhg khuh wr dssur{lpdwh d �qlwh

pdwxulw| orqj0whup erqg1 Htxdwlrq +7, lv dq duelwudjh frqglwlrq wkdw htxdwhv wkh

h{shfwhg uhdo kroglqj0shulrg uhwxuq rq d orqj0whup erqg +lqwhuhvw soxv fdslwdo jdlqv,

zlwk wkh h{shfwhg uhdo |lhog rq d vkruw0whup Wuhdvxu| vhfxulw|1 Lq vwhdg|0vwdwh/ +7,

lpsolhv wkh Ilvkhu uhodwlrqvkls= �u @ �� . ��= E| uhshdwhgo| lwhudwlqj +7, iruzdug dqg

vroylqj wkh uhvxowlqj vhulhv ri htxdwlrqv iru �
|
/ zh rewdlq wkh iroorzlqj h{suhvvlrq=

�
|
@

�

�n(
H|

"[
�'f

�
(

�n(

��
+u|n� � �|n�n�, > +8,

zklfk vkrzv wkdw wkh h{ dqwh orqj0whup uhdo udwh lv d zhljkwhg dyhudjh ri fxuuhqw dqg

h{shfwhg ixwxuh vkruw0whup uhdo udwhv14;

49Wkh srolf| uxoh lv vlplodu wr rqh sursrvhg e| Wd|oru +4<<6,/ zklfk wdnhv wkh irup= o| ' E74n Z|�n
kZ EZ| 3 7Z� n k+�+|c zkhuh 74 lv wkh vwhdg|0vwdwh uhdo lqwhuhvw udwh1 Wkh Wd|oru uxoh xvhv 74 ' f�f2c
kZ ' k+ ' f�Dc dqg 7Z ' f�f2� Vhh Wd|oru +4<<;, dqg Mxgg dqg Uxghexvfk +4<<;, iru klvwrulfdo
dqdo|vhv ri krz srolf| uxohv ri wklv w|sh �w X1V1 lqwhuhvw udwh gdwd1

4:Fxfnlhupdq dqg Phow}hu +4<;9, ghyhors d prgho lq zklfk wkh fhqwudo edqn lqwhqwlrqdoo| dgrswv
dq lpsuhflvh prqhwdu| frqwuro surfhvv lq rughu wr revfxuh lwv suhihuhqfhv/ dqg wkhuhe| h{sorlw d pruh
idyrudeoh rxsxw0lq dwlrq wudgh0r�1

4;Lq jrlqj iurp +7, wr +8, zh kdyh dssolhg wkh odz ri lwhudwhg pdwkhpdwlfdo h{shfwdwlrqv1
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Qrplqdo Whup Vwuxfwxuh =

U| �G +H|U|n� �U|, @ u|> +9,

U| @ �

�n(
H|

"[
�'f

�
(

�n(

�
�

u|n�> +:,

zkhuh U| lv wkh qrplqdo |lhog rq wkh orqj0whup erqg1 Wkh deryh htxdwlrqv duh wkh

qrplqdo frxqwhusduwv ri +7, dqg +8,1 Lq vwhdg|0vwdwh/ htxdwlrq +9, lpsolhv �U @ �u=

Rnxq*v Odz =

x| @ +4� e�, �x. e�x|3� . e2�|| . e��||3� . ee�||32 . %�|> +;,

zkhuh x| lv wkh xqhpsor|phqw udwh/ �x lv wkh fruuhvsrqglqj vwhdg|0vwdwh/ dqg %�| �

Q
�
3> �

2

0�

�
lv dq huuru whup1

4<

514 H{shfwdwlrqv

Wr forvh wkh prgho/ zh pxvw vshfli| krz h{shfwdwlrqv duh iruphg1 Zh frqvlghu wzr

srvvlelolwlhv= wkh vwdqgdug dvvxpswlrq ri udwlrqdo h{shfwdwlrqv dqg dq dowhuqdwlyh rqh

lq zklfk djhqwv* iruhfdvwv duh frqvwuxfwhg xvlqj d �uvw0rughu yhfwru dxwruhjuhvvlrq

wkdw lqyroyhv d vxevhw ri nqrzq yduldeohv1 Wklv vhwxs fdq eh ylhzhg dv d sduwlfxodu

irup ri dgdswlyh +ru glvwulexwhg odj, h{shfwdwlrqv1 Ruglqdulo|/ dgdswlyh h{shfwd0

wlrqv duh gl!fxow wr mxvwli| ehfdxvh djhqwv duh dvvxphg qrw wr ohduq iurp v|vwhpdwlf

suhglfwlrq huuruv1 Rxu irfxv khuh/ krzhyhu/ lv rq wkh wudqvlwlrq shulrg lpphgldwho|

iroorzlqj d pdmru srolf| fkdqjh1 Dv qrwhg e| Wd|oru +4<:8/ 4<<6, dqg Iulhgpdq

+4<:<,/ ohvv0wkdq0udwlrqdo h{shfwdwlrqv duh pruh sodxvleoh gxulqj wudqvlwlrqv ehfdxvh

djhqwv pd| qrw kdyh kdg vx!flhqw wlph wr glvfryhu wkh �wuxh� vshfl�fdwlrq ri wkh

srolf| uxoh153

4<Vlqfh 7� lv lqghshqghqw ri Z|c lw fdq eh lqwhusuhwhg dv wkh �Qdwxudo Udwh ri Xqhpsor|phqw/�
ru wkh �Qrq0Dffhohudwlqj Lq dwlrq Udwh ri Xqhpsor|phqw +QDLUX,1� Vhh Urjhuvrq +4<<:, iru d
glvfxvvlrq uhjduglqj wkh xvhixoqhvv ri wkhvh dowhuqdwlyh odehov1

53Wklv srlqw lv forvho| uhodwhg wr wkh jurzlqj olwhudwxuh wkdw lqwurgxfhv dgdswlyh ohduqlqj vfkhphv
ru erxqghgo| udwlrqdo djhqwv lqwr hfrqrplf prghov1 Iru d uhylhz/ vhh Vdujhqw +4<<6,1 Oryhoo +4<;9,
vxuyh|v wkh hpslulfdo hylghqfh lq vxssruw ri ohvv0wkdq0udwlrqdo h{shfwdwlrqv1
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Lq vxssruw ri wkh deryh dujxphqw/ zh qrwh wkdw hpslulfdo hylghqfh vxjjhvwv wkh

suhvhqfh ri vrph �luudwlrqdolw|� lq wkh irupdwlrq ri h{shfwdwlrqv gxulqj wkh Yrofnhu

hud1 Iru h{dpsoh/ wkh whup vwuxfwxuh iruhfdvw huuruv lghqwl�hg e| Eodqfkdug +4<;7,

h{klelw d vxvwdlqhg vhtxhqfh ri rqh vljq iurp 4<;3=4 wr 4<;7=6154 Ohzlv +4<;<, �qgv

hylghqfh wkdw iruzdug pdunhwv lq iruhljq h{fkdqjh v|vwhpdwlfdoo| xqghusuhglfwhg wkh

vwuhqjwk ri wkh X1V1 groodu iurp 4<;3 wkurxjk 4<;81 Vkh vkrzv wkdw rqo| derxw rqh0

kdoi ri wklv xqghusuhglfwlrq fdq eh dffrxqwhg iru e| d prgho lq zklfk djhqwv duh

udwlrqdoo| ohduqlqj derxw d nh| sdudphwhu lq wkh prqh| ghpdqg htxdwlrq155 Kdihu

+4<;6, �qgv hylghqfh ri eldv dqg lqh!flhqf| lq vxuyh|0edvhg phdvxuhv ri zhhno|

prqh| vxsso| iruhfdvwv gxulqj wkh 4<:<0;5 shulrg/ lq frqwudvw wr wkh xqeldvhg dqg

h!flhqw qdwxuh ri wkhvh iruhfdvwv sulru wr Rfwrehu 4<:<1

Zh dovr qrwh wkdw rxu xvh ri d uhgxfhg0irup prgho whqgv wr eoxu wkh glvwlqfwlrq

ehwzhhq udwlrqdo dqg dgdswlyh h{shfwdwlrqv1 Iru h{dpsoh/ Urehuwv +4<<:, srlqwv rxw

wkdw wkh Ixkuhu0Prruh frqwudfwlqj prgho zlwk udwlrqdo h{shfwdwlrqv fdq eh lqwhu0

suhwhg dv dq dowhuqdwlyh yhuvlrq ri Wd|oru*v frqwudfwlqj prgho lq zklfk h{shfwdwlrqv

duh �qrw0txlwh udwlrqdo/� exw lqvwhdg duh ghwhuplqhg e| dq dyhudjh ri dgdswlyh dqg

udwlrqdo h{shfwdwlrqv1 Wr vhh wklv/ qrwh wkdw htxdwlrqv +5, dqg +5�, duh revhuydwlrq0

doo| htxlydohqw li rqh uhsodfhv wkh h{shfwdwlrq whup lq +5�, zlwk dq dyhudjh ri �|3�

dqg H|�|n�=

Rxu vshfl�fdwlrq ri dgdswlyh h{shfwdwlrqv wdnhv wkh irup=

5
9997

H|�||n�
H|�|n�

H|u|n�
H|U|n�

6
:::8 @ D

5
9997

�||

�|

u|
U|

6
:::8. f> +<,

zkhuhD lv d 7�7pdwul{ ri frh!flhqwv hvwlpdwhg e| d �uvw0rughu yhfwru dxwruhjuhvvlrq

rq X1V1 gdwd dqg f lv d 7 � 4 pdwul{ ri frqvwdqwv gh�qhg vr wkdw +<, lv frqvlvwhqw

zlwk wkh prgho vwhdg| vwdwh1 Wkh iruhfdvw ri wkh h{ dqwh uhdo udwh xqghu dgdswlyh

54Pruh jhqhudoo|/ Fkrz +4<;<, vkrzv wkdw d whup vwuxfwxuh prgho zlwk dgdswlyh h{shfwdwlrqv
rxwshuirupv rqh zlwk udwlrqdo h{shfwdwlrqv lq dffrxqwlqj iru prqwko| lqwhuhvw udwh pryhphqwv iurp
4<8<=5 wr 4<;6=431

55Zh lqwurgxfh wkh srvvlelolw| ri ohduqlqj ehorz1

45



h{shfwdwlrqv lv frqvwuxfwhg xvlqj revhuydeoh yduldeohv dv iroorzv

H|�|n� @ H|U|n� �H|�|n�c +43,

zkhuh H|U|n� dqg H|�|n� duh jlyhq e| +<,1 Wklv h{suhvvlrq lpsolhv wkdw djhqwv*

iruhfdvwv gr qrw glvwlqjxlvk ehwzhhq wkh h{ dqwh dqg h{ srvw uhdo udwh lq shulrg w.41

Lq wkh txdqwlwdwlyh vlpxodwlrqv/ zh vkrz wkdw iruhfdvwv ri X1V1 lq dwlrq frq0

vwuxfwhg xvlqj +<, fdswxuh d nh| ihdwxuh ri uhdo0wlph lq dwlrq iruhfdvwv uhfrughg lq

vxuyh|v1 Lq sduwlfxodu/ wkh vxuyh|0edvhg iruhfdvwv whqg wr v|vwhpdwlfdoo| xqghusuhglfw

dfwxdo X1V1 lq dwlrq lq wkh vdpsoh shulrg sulru wr Rfwrehu 4<:</ exw v|vwhpdwlfdoo|

ryhusuhglfw lw wkhuhdiwhu156

515 Fuhglelolw|

Lq prgholqj wkh uroh ri fuhglelolw| gxulqj wkh Yrofnhu glvlq dwlrq/ zh devwudfw iurp

wkh Ihg*v dgrswlrq ri d qhz rshudwlqj surfhgxuh iru wdujhwlqj qrqeruurzhg uhvhuyhv

iurp Rfwrehu 4<:< wr Rfwrehu 4<;51 Vwxglhv e| Frrn +4<;<, dqg Jrrgiulhqg +4<<6,

lqglfdwh wkdw wkh pdmrulw| ri ihghudo ixqgv udwh pryhphqwv gxulqj wklv shulrg zhuh

wkh uhvxow ri gholehudwh/ mxgjhphqwdo srolf| dfwlrqv e| wkh Ihg/ dqg qrw dxwrpdwlf

uhvsrqvhv wr ghyldwlrqv ri wkh prqh| vwrfn iurp lwv vkruw0uxq wdujhw157 Pruhryhu/

lw kdv ehhq vxjjhvwhg wkdw wkh Ihg*v hpskdvlv rq prqhwdu| djjuhjdwhv gxulqj wklv

shulrg zdv vlpso| d ghylfh wkdw doorzhg lw wr glvfodlp uhvsrqvlelolw| iru sxvklqj xs

vkruw0whup qrplqdo lqwhuhvw udwhv wr ohyhov wkdw zrxog rwkhuzlvh kdyh ehhq srolwlfdoo|

lqihdvleoh1 Edvhg rq wkh deryh uhdvrqlqj/ zh lqwhusuhw wkh Ihg*v vwdwhphqw rq Rfwrehu

9/ 4<:< dv dq dqqrxqfhphqw ri d uhgxfwlrq lq wkh lq dwlrq wdujhw158

Wkh h{shulphqw zh frqvlghu lv rqh lq zklfk wkh fhqwudo edqn dqqrxqfhv d surjudp

wr uhgxfh wkh suhydlolqj udwh ri lq dwlrq dqg wkhq lpphgldwho| hpedunv rq vxfk d

56Vhh Hydqv dqg Zdfkwho +4<<6, iru ixuwkhu grfxphqwdwlrq ri wklv idfw dqg d prgho ri lq dwlrq
uhjlph vzlwfklqj wkdw khosv dffrxqw iru lw1

57Lw lv vwudljkwiruzdug wr dsshqg d prqh| ghpdqg htxdwlrq wkdw ghwhuplqhv krz pxfk prqh| wkh
fhqwudo edqn pxvw vxsso| lq rughu wr dfkhlyh wkh ydoxh ri o| jlyhq e| +6,1 Wklv zrxog kdyh qr h�hfw
rq wkh prgho*v g|qdplfv1

58Hylghqfh wkdw wkh sxeolf shufhlyhg wkh vwdwhphqw lq wklv zd| fdq eh irxqg lq sxeolvkhg qhzvsdshu
uhsruwv ri wkh wlph1 Vhh/ iru h{dpsoh/ �Ihg Wdnhv Vwurqj Vwhsv wr Uhvwudlq Lq dwlrq/ Vkliwv Prqhwdu|
Wdfwlf/� Wkh Zdoo Vwuhhw Mrxuqdo/ Rfwrehu ;/ 4<:</ s1 41
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sdwk e| orzhulqj wkh ydoxh ri �� lq +6,1 Wklv dfwlrq frqvwlwxwhv d uhjlph vkliw wkdw lv

frqvlvwhqw zlwk wkh hpslulfdo hylghqfh ri d vwdwlvwlfdo euhdn lq X1V1 lq dwlrq rffxuulqj

durxqg Rfwrehu 4<:<159 Lw lv lpsruwdqw wr qrwh wkdw zh kdyh vlpso| srvlwhg wkh

fhqwudo edqn*v ghflvlrq wr orzhu ��> vlqfh rxu prgho devwudfwv iurp dq| hfrqrplf

ehqh�wv ri orzhu lq dwlrq1 Pruhryhu/ zh gr qrw dwwhpsw wr h{sodlq krz wkh fhqwudo

edqn doorzhg lq dwlrq wr ehfrph wrr kljk lq wkh �uvw sodfh15:

Zh gh�qh fuhglelolw| dv wkh sxeolf*v vxemhfwlyh suredelolvwlf eholhi wkdw wkh dq0

qrxqfhg srolf| fkdqjh kdv lq idfw rffxuuhg1 Wr irupdol}h wklv lghd/ zh hqgrz djhqwv

zlwk wkh nqrzohgjh ri wzr srvvleoh lq dwlrq wdujhwv �� 5 i��M > ��uj > ��M A ��u> dqg wkh

fruuhvsrqglqj htxloleulxp glvwulexwlrqv ri �| wkdw dulvh xqghu hdfk1 Lq d vwdwlrqdu|

htxloleulxp/ wkh olqhdulw| ri wkh prgho/ wrjhwkhu zlwk wkh dvvxpswlrqv wkdw %+|> %Z|>

dqg %o| duh l1l1g1 qrupdo lpsolhv

�| � Q
�
��> �2Z

�
> +44,

zkhuh wkh phdq ri wkh lq dwlrq glvwulexwlrq lv wkh vwhdg|0vwdwh dqg wkh yduldqfh �2Z

ghshqgv rq wkh yduldqfhv ri wkh vwrfkdvwlf vkrfnv1 Zh dvvxph wkdw wkh hfrqrp| lv

lqlwldoo| lq d vwdwlrqdu| htxloleulxp zlwk �| � Q
�
��M > �

2

Z

�
= Dw w @ wW wkh fhqwudo

edqn uhgxfhv wkh lq dwlrq wdujhw wr ��u dqg dqqrxqfhv wklv dfwlrq wr wkh sxeolf1 E|

gh�qlqj a%o| � %o| . �Z +��M � ��u, iru w � wW> zh fdq lqwhusuhw wkh fhqwudo edqn*v

dfwlrq dv ehlqj sduw ri dq h{rjhqrxv srolf| vkrfn a%o|1 Wkh xqrevhuydeoh frpsrqhqw

%o| suhyhqwv wkh sxeolf iurp ehlqj deoh wr yhuli| wkh fhqwudo edqn*v dqqrxqfhphqw

iurp revhuydwlrqv ri u|> u|3�> �|> dqg �||= Khqfh/ wkh sxeolf*v eholhi uhjduglqj �� lv

xvhg wr irup h{shfwdwlrqv zkloh wkh wuxh ydoxh ri �� hqwhuv wkh uhdfwlrq ixqfwlrq +6,1

Ohduqlqj wdnhv sodfh +dv ghvfulehg ehorz, dqg wkh hfrqrp| hyhqwxdoo| frqyhujhv wr

d qhz vwdwlrqdu| htxloleulxp zlwk �| � Q
�
��u> �

2
Z

�
= Wkh yduldqfh ri wkh orqj0uxq

lq dwlrq glvwulexwlrq lv qrw d�hfwhg e| wkh fkdqjh lq wkh lq dwlrq wdujhw ehfdxvh ��

hqwhuv dgglwlyho| lq +6,1

Zh frqvlghu wzr vshfl�fdwlrqv ri fuhglelolw|/ odehohg �ixoo� dqg �sduwldo1� Ixoo

59Vhh/ iru h{dpsoh/ Zdovk +4<;;,1
5:Vhh Vdujhqw +4<<;, iru d prgho wkdw vhhnv wr hqgrjhql}h wkh ulvh dqg idoo ri X1V1 lq dwlrq1
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fuhglelolw| lpsolhv wkdw djhqwv dvvljq wkh suredelolw| s| @ 4 wr wkh hyhqw �� @ ��u

iru doo w � wW= Xqghu sduwldo fuhglelolw|/ djhqwv dvvljq d �sulru� suredelolw| wr wkh

hyhqw �� @ ��u dw wkh wlph ri wkh dqqrxqfhphqw1 Wklv sulru lv d iuhh sdudphwhu

wkdw lv lq xhqfhg e| wkh fhqwudo edqn*v sdvw wudfn uhfrug lq pdlqwdlqlqj frqwuro ryhu

lq dwlrq1 Djhqwv frpsxwh d vhtxhqfh ri srvwhulru suredelolwlhv is|j
"

|'|W
e| xsgdwlqj

wkhlu sulru lq d Ed|hvldq zd| rq wkh edvlv ri revhuyhg uhdol}dwlrqv ri wkh lq dwlrq udwh

dqg nqrzohgjh ri wkh wzr +orqj0uxq, glvwulexwlrqv ri lq dwlrq fhqwhuhg dw ��M dqg ��u=

Wkh ghjuhh ri fhqwudo edqn fuhglelolw| lv lqgh{hg e| s|= Zh pdnh wkh vlpsoli|lqj

dvvxpswlrq wkdw djhqwv gr qrw wdnh lqwr dffrxqw wkh hyroylqj qdwxuh ri wkh lq dwlrq

glvwulexwlrq gxulqj wkh wudqvlwlrq wr wkh qhz vwdwlrqdu| htxloleulxp1 Ixuwkhupruh/

zh iroorz Ph|hu dqg Zhevwhu +4<;5,/ Ohzlv +4<;<,/ Ed{whu +4<;<,/ dqg Ixkuhu dqg

Krrnhu +4<<6,/ lq dvvxplqj wkdw wkh fhqwudo edqn*v srolf| dfwlrq lv d rqfh0dqg0iru0doo

fkdqjh1 Wkxv/ djhqwv gr qrw frqvlghu wkh srvvlelolw| ri dq| ixwxuh uhjlph vkliwv zkhq

iruplqj wkhlu h{shfwdwlrqv15;

Wkh sxeolf*v eholhiv uhjduglqj wkh wuxh ydoxh ri �� iru w � wW hyroyh dffruglqj wr

Ed|hv uxoh=

s| @

s|3� Su +�| � �|3� m �� @ ��u,

s|3� Su +�| � �|3� m �� @ ��u, . +4� s|3�, Su +�| � �|3� m �� @ ��M,
> +45,

zlwk s|W3� jlyhq1 Wkh srvwhulru suredelolw| s| � Su +�� @ ��u m�| � �|3�, lv frpsxwhg

e| frpelqlqj wkh sulru suredelolw| s|3� � Su +�� @ ��u, zlwk lq0vdpsoh lqirupdwlrq1

Vshfl�fdoo|/ wkh sulru lv zhljkwhg e| Su +�| � �|3� m �� @ ��u, > zklfk uhsuhvhqwv wkh

suredelolw| wkdw lq dwlrq lq shulrg w zloo eh orzhu wkdq lq dwlrq revhuyhg lq shulrg

w�4> frqglwlrqdo rq wkh ydoxh ri wkh lq dwlrq wdujhw1 Wkh uhohydqw suredelolw| zhljkwv

lq +45, duh jlyhq e|

Su +�| � �|3� m �� @ ��u, @
]
Z|3�

3"

iu +},g}> +46,

5;Vhh Jdjqrq +4<<:, iru d xqlyduldwh prgho ri lq dwlrq wkdw uhod{hv erwk ri wkh iruhjrlqj
dvvxpswlrqv1
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Su +�| � �|3� m �� @ ��M, @
]
Z|3�

3"

iM +}, g}> +47,

zkhuh iu +}, dqg iM +}, duh wkh qrupdo ghqvlw| ixqfwlrqv wkdw ghvfuleh wkh vwdwlrqdu|

lq dwlrq glvwulexwlrqv fhqwhuhg dw ��u dqg ��M > uhvshfwlyho|1

Wkuhh ihdwxuhv ri wkh deryh vshfl�fdwlrq zduudqw frpphqw1 Iluvw/ wkh lqwhjudov

lq +46, dqg +47, duh frpsxwhg xvlqj wkh revhuydwlrq ri �|3�> qrw �|= Wklv lv grqh wr

suhvhuyh wkh prgho*v olqhdulw| lq �|= Lq sduwlfxodu/ vlqfh s| lv xvhg wr frqvwuxfw wkh

h{shfwdwlrq H|�|n� +dv ghvfulehg ehorz,/ wkh vshfl�fdwlrq s| @ s +�|, zrxog lpso|

wkdw +5, lv qrqolqhdu lq wkh fxuuhqw shulrg lq dwlrq udwh1 Pdlqwdlqlqj olqhdulw| lq �|

lv ghvludeoh ehfdxvh lw juhdwo| vlpsol�hv wkh prgho vroxwlrq surfhgxuh15<

Vhfrqg/ +46, dqg +47, lpso| wkdw suredelolw| lqihuhqfhv duh pdgh xvlqj revhu0

ydwlrqv ri d vlqjoh hfrqrplf yduldeoh +lq dwlrq,/ dqg wkdw wkh uhohydqw gdwd vdpsoh

lqfoxghv rqo| wkh prvw uhfhqw lq dwlrq udwh/ qrw wkh zkroh klvwru| ri lq dwlrq udwhv

i�|3�j
|3|W

�'�
revhuyhg vlqfh wkh dqqrxqfhphqw163 Zkloh rxu vhwxs pdlqwdlqv wudfwdelo0

lw|/ lw lqwurgxfhv vrph qrq0udwlrqdolw| lqwr djhqwv* iruhfdvwv wr wkh h{whqw wkdw wkh|

ljqruh wkh srwhqwldoo| ydoxdeoh lqirupdwlrq frqwdlqhg lq wkh klvwru| ri mrlqw revhuyd0

wlrqv rq lq dwlrq/ lqwhuhvw udwhv/ dqg wkh uhdo rxwsxw jds164

Wklug/ htxdwlrq +45, gl�huv iurp wkh vwdqgdug fodvvl�fdwlrq irupxod iru frpsxwlqj

wkh frqglwlrqdo suredelolw| wkdw d jlyhq revhuydwlrq frphv iurp rqh ri wzr srsxod0

wlrqv zlwk nqrzq ghqvlwlhv165 Lq rxu prgho/ wkh vwdqgdug irupxod zrxog wdnh wkh

irup

s| @

s|3�iu +�|3�,

s|3�iu +�|3�, . +4� s|3�, iM +�|3�,
> +45�,

zklfk vd|v wkdw s| ghshqgv rq wkh uhodwlyh khljkwv ri wkh wzr ghqvlw| ixqfwlrqv hydo0

xdwhg dw �|3�= Lq frqwudvw/ htxdwlrq +45, vd|v wkdw s| ghshqgv rq wkh uhodwlyh duhdv

ri wkh wzr ghqvlw| ixqfwlrqv wr wkh ohiw ri �|3�= Lq wkh qxphulfdo vlpxodwlrqv/ zh

5<Rxu vroxwlrq surfhgxuh lv ghvfulehg lq vhfwlrq 61
63Wkh klvwru| ri lq dwlrq grhv lq xhqfh fuhglelolw|/ krzhyhu/ ehfdxvh lw lv lqfrusrudwhg lqwr djhqwv*

sulru eholhiv/ zklfk duh vxppdul}hg e| R|3� lq +45,1
64Vhh Uxjh0Pxufld +4<<8, iru d prgho zkhuh fuhglelolw| lv lqihuuhg xvlqj mrlqw revhuydwlrqv ri �vfdo

dqg prqhwdu| yduldeohv1
65Vhh Dqghuvrq +4<8;,/ Fkdswhu 91
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�qg wkdw +45, txlfnhqv wkh sdfh ri ohduqlqj lq frpsdulvrq wr +45�, dqg wkxv ohdgv

wr pruh d uhdolvwlf wudqvlwlrq wlph ehwzhhq vwhdg| vwdwhv1 Wklv rffxuv ehfdxvh +45,

lqwurgxfhv dq lpsolflw eldv lqwr djhqwv* lqihuhqfhv vxfk wkdw s| lv kljkhu wkdq wkdw

lpsolhg e| +45�,/ iru dq| jlyhq ydoxh ri s|3�= Iru wkh sdudphwhu ydoxhv zh frqvlghu/

erwk vshfl�fdwlrqv h{klelw wkh ghvludeoh surshuw| wkdw wkh fuhglelolw| lqgh{ s| ghfolqhv

prqrwrqlfdoo| dv lq dwlrq ulvhv/ iru dq| jlyhq s|3�=
66

Diwhu frpsxwlqj wkh srvwhulru suredelolw|/ djhqwv* h{shfwdwlrqv +hlwkhu udwlrqdo ru

dgdswlyh, duh iruphg dv d zhljkwhg dyhudjh ri wkh iruhfdvwv wkdw zrxog suhydlo xqghu

hdfk ri wkh wzr srvvleoh lq dwlrq wdujhwv=

H|�|n� @ s|H| ^�|n� m �� @ ��u` . +4� s|,H| ^�|n� m �� @ ��M ` > +48,

H|�|n� @ s|H|
�
�|n� m �� @ ��u

�
. +4� s|,H|

�
�|n� m �� @ ��M

�
> +49,

H|U|n� @ s|H| ^U|n� m �� @ ��u` . +4� s|,H| ^U|n� m �� @ ��M ` = +4:,

zkhuh s| lv jlyhq e| +45,1 Vlqfh s| lv d ixqfwlrq ri sdvw lq dwlrq/ wkh udwlrqdo h{shf0

wdwlrqv yhuvlrq ri wkh prgho zloo qrz h{klelw vrph ri wkh edfnzdug0orrnlqj fkdudf0

whulvwlfv ri wudglwlrqdo dgdswlyh h{shfwdwlrqv167

6 Hvwlpdwlrq dqg Fdoleudwlrq

Iru wkh sxusrvh ri hvwlpdwlqj sdudphwhuv/ zh dgrsw d edvholqh prgho vshfl�fdwlrq

wkdw lqfrusrudwhv udwlrqdo h{shfwdwlrqv dqg ixoo fuhglelolw|1 Wkh uhvxowlqj sdudph0

whu vhw lv wkhq xvhg iru doo prgho vshfl�fdwlrqv wr pdlqwdlq frpsdudelolw| lq wkh

vlpxodwlrqv1 Wkh gdwd xvhg lq wkh hvwlpdwlrq surfhgxuh duh vxppdul}hg ehorz1

66Wklv surshuw| zloo rewdlq zkhq wkh udwlrv

U
�

�4

sOE5�_5c
U
�

�4

sK E5�_5c
dqg

sOEZ�
sK EZ�

duh prqrwrqlfdoo| ghfuhdvlqj

lq Z�

67D vlplodu h�hfw rewdlqv lq wkh prghov ri Ilvkhu +4<;9,/ Luhodqg +4<<8,/ Nlqj +4<<9,/ Erp�p
dqg Uxghexvfk +4<<:,/ dqg Erp�p hw do1 +4<<:,1 Lq wkhvh prghov/ fuhglelolw| lv ghwhuplqhg e| d
edfnzdug0orrnlqj/ olqhdu xsgdwlqj uxoh1 Lq frqwudvw/ Edoo +4<<8, prghov fuhglelolw| xvlqj d sxuho|
wlph0ghshqghqw suredelolw| phdvxuh1
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Wdeoh 4= Txduwhuo| Gdwd/ 4<98=4 wr 4<<9=7

Yduldeoh Gh�qlwlrq
�|| Ghyldwlrq ri orj shu fdslwd uhdo JGS iurp lwv olqhdu wuhqg1
�| Orj0gl�huhqfh ri JGS lpsolflw sulfh gh dwru1
u| \lhog rq 6 prqwk Wuhdvxu| eloo1
U| \lhog rq 43 |hdu frqvwdqw0pdwxulw| Wuhdvxu| erqg1
x| Flyloldq xqhpsor|phqw udwh1

Wkh prgho*v uhgxfhg0irup sdudphwhuv duh dvvxphg wr eh �vwuxfwxudo� lq wkh vhqvh

wkdw wkh| duh lqyduldqw wr fkdqjhv lq wkh prqhwdu| srolf| uxoh +6,1 Zh dwwhpsw

wr jdxjh wkh uhdvrqdeohqhvv ri wklv dvvxpswlrq e| h{dplqlqj wkh vhqvlwlylw| ri wkh

sdudphwhu hvwlpdwhv wr gl�huhqw vdpsoh shulrgv1 Iroorzlqj Ixkuhu +4<<9,/ zh gr

qrw hvwlpdwh wkh gxudwlrq sdudphwhu exw lqvwhdg fdoleudwh lw wr wkh ydoxh G @ 5;=

Wklv frlqflghv zlwk wkh vdpsoh dyhudjh gxudwlrq +lq txduwhuv, ri d 43 |hdu frqvwdqw0

pdwxulw| Wuhdvxu| erqg1 Htxdwlrqv +4,0+7, irup d vlpxowdqhrxv v|vwhp wkdw zh

hvwlpdwh xvlqj ixoo0lqirupdwlrq pd{lpxp olnholkrrg168 Wkh hvwlpdwlrq uhvxowv duh

vxppdul}hg lq wdeoh 51

Wdeoh 5= Pd{lpxp Olnholkrrg Sdudphwhu Hvwlpdwhv

4<98=4 wr 4<<9=7 4<98=4 wr 4<:<=7 4<;3=4 wr 4<<9=7
Sdudphwhu Hvwlpdwh Vwg1 Huuru Hvwlpdwh Vwg1 Huuru Hvwlpdwh Vwg1 Huuru

d� 4156 313< 31<7 71<: 4157 3143
d2 03159 313; 3143 7195 03164 313<
d4 03153 3145 0318: 514: 03138 3138
�� 3135 3134 3135 3169 3133 3137
� 3134 3134 3137 317: 3134 3134
�Z 3139 3136 313: 4137 3143 3138
�+ 313; 3136 313: 4138 3138 3139
�� 3138 3134 3137 3178 3138 3134

Ghvslwh vpdoo gl�huhqfhv lq rxu prgho vshfl�fdwlrq dqg gdwd/ hvwlpdwhv iurp

wkh ixoo vdpsoh +4<98=4 wr 4<<9=7, duh yhu| pxfk lq olqh zlwk wkrvh rewdlqhg e|

Ixkuhu dqg Prruh +4<<8e,1 Zlwk wkh h{fhswlrq ri d4 dqg �> wkh sdudphwhu hvwlpdwhv

duh doo vwdwlvwlfdoo| vljql�fdqw1 Lq frqwudvw/ wkh hvwlpdwhv iurp wkh �uvw vxevdpsoh

+4<98=4 wr 4<:<=7, duh kljko| lpsuhflvh/ prvw olnho| gxh wr wkh vwurqj xszdug wuhqgv

68Zh xvh wkh Pdwode surjudpv ghyhorshg e| Ixkuhu dqg Prruh +4<<8e,/ dv prgl�hg wr uh hfw wkh
gl�huhqfhv lq rxu prgho vshfl�fdwlrq dqg gdwd1
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lq X1V1 lq dwlrq dqg qrplqdo lqwhuhvw udwhv ryhu wklv shulrg1 Hvwlpdwhv iurp wkh

vhfrqg vxevdpsoh +4<;3=4 wr 4<<9=7, duh pxfk forvhu wr wkh ixoo0vdpsoh uhvxowv1 D

frpsdulvrq ri wkh vxevdpsoh hvwlpdwhv ri �Z dqg �+ vxjjhvwv wkdw wkh Ihg sodfhg

pruh hpskdvlv rq wdujhwlqj lq dwlrq dqg ohvv hpskdvlv rq vwdelol}lqj rxwsxw lq wkh

shulrg diwhu 4<;31 Hylghqfh ri vxevdpsoh lqvwdelolw| vhhpv wr eh frqfhqwudwhg prvwo|

lq wkh L0V fxuyh sdudphwhuv d�> d2> dqg d4= Qrwlfh/ krzhyhu/ wkdw doo vxevdpsoh srlqw

hvwlpdwhv olh zlwklq rqh vwdqgdug huuru ri hdfk rwkhu1 Zh lqwhusuhw wkhvh uhvxowv wr

eh uhdvrqdeo| vxssruwlyh ri wkh k|srwkhvlv wkdw wkh uhgxfhg0irup sdudphwhuv d�> d2>

d4> ��> dqg � gr qrw ydu| dfurvv prqhwdu| srolf| uhjlphv1

Iru wkh vlpxodwlrqv/ zh uhtxluh ydoxhv iru ��M dqg ��u1 Jlyhq wkh lpsuhflvh qdwxuh

ri wkh �uvw vxevdpsoh hvwlpdwh ri ��/ zh fkrrvh ��M @ 3=39 wr frlqflgh zlwk wkh

vdpsoh phdq iurp 4<98=4 wr 4<:<=71 Wkxv/ zh dvvxph wkdw wkh X1V1 lq dwlrq udwh

sulru wr Rfwrehu 4<:< fdq eh fkdudfwhul}hg e| d vwdwlrqdu| glvwulexwlrq fhqwhuhg dw

9(1 Zkloh wklv dvvxpswlrq lv xqgrxewhgo| idovh/ lw zloo vhuyh wr looxvwudwh wkh h�hfwv

ri sduwldo fuhglelolw| rq wkh glvlq dwlrq hslvrgh1 Vlqfh ��u lv lqwhqghg wr uhsuhvhqw

wkh qhz vwhdg|0vwdwh diwhu wkh glvlq dwlrq kdv ehhq frpsohwhg/ zh fkrrvh ��u @ 3=36

wr frlqflgh zlwk wkh vdpsoh phdq iurp 4<;8=4 wr 4<<9=71 Lq frpsxwlqj wklv dyhudjh/

zh rplw wkh shulrg ri udslgo| idoolqj lq dwlrq iurp 4<;3=4 wr 4<;7=7 ehfdxvh wklv

fdq eh lqwhusuhwhg dv wkh wudqvlwlrq wr wkh qhz vwhdg| vwdwh169 Iru wkh rwkhu prgho

sdudphwhuv/ zh dgrsw wkh ixoo0vdpsoh hvwlpdwhv lq wdeoh 51

Rxu glvlq dwlrq vlpxodwlrqv devwudfw iurp vwrfkdvwlf vkrfnv ehfdxvh wkhvh kdyh

wkh srwhqwldo wr revfxuh gl�huhqfhv ehwzhhq wkh g|qdplf sursdjdwlrq phfkdqlvpv ri

wkh ydulrxv prgho vshfl�fdwlrqv16: Zh dvvxph/ krzhyhu/ wkdw djhqwv pdnh ghflvlrqv

dv li xqfhuwdlqw| zhuh suhvhqw1 Wklv dvvxpswlrq lv qhfhvvdu| iru d phdqlqjixo dqdo|vlv

ri fuhglelolw| ehfdxvh zlwkrxw xqfhuwdlqw|/ djhqwv fdq dozd|v ohduq wkh wuxh ydoxh ri

�� zlwklq wzr shulrgv1 Wr frpsxwh wkh lqwhjudov lq +46, dqg +47,/ zh vlpso| fdoleudwh

69
Wkh ydoxhv 7ZM ' f�fS dqg 7Zu ' f�f� duh yhu| forvh wr wkrvh xvhg e| Ixkuhu +4<<9/ �jxuh LLe,

wr khos uhfrqfloh wkh wkh sxuh h{shfwdwlrqv wkhru| ri wkh whup vwuxfwxuh zlwk X1V1 qrplqdo lqwhuhvw
udwh gdwd1

6:Vhh Ph|hu dqg Zhevwhu +4<;5,/ Ruskdqlghv hw do1 +4<<:,/ dqg Erp�p dqg Uxghexvfk +4<<:,
iru vwxglhv wkdw lqyhvwljdwh glvlq dwlrq g|qdplfv lq prghov vxemhfw wr vwrfkdvwlf vkrfnv1

4<



wkh vwdqgdug ghyldwlrqv ri wkh wzr orqj0uxq lq dwlrq glvwulexwlrqv fhqwhuhg dw ��M

dqg ��u1 Iru erwk glvwulexwlrqv/ zh fkrrvh �Z @ 3=356 wr frlqflgh zlwk wkh vdpsoh

vwdqgdug ghyldwlrq iurp 4<98=4 wr 4<:<=71 Wklv uh hfwv rxu lqwhusuhwdwlrq wkdw wkh

Ihg*v dqqrxqfhphqw rq Rfwrehu 9/ 4<:< frqfhuqhg rqo| d fkdqjh lq wkh wdujhw ohyho

ri lq dwlrq/ qrw d fkdqjh lq wkh wdujhw yduldelolw| ri lq dwlrq1 Zh xvh wkh vdph ydoxh

ri �Z iru doo prgho vshfl�fdwlrqv1

Iru wkh vwhdg|0vwdwh xqhpsor|phqw udwh/ zh fkrrvh �x @ 3=39 wr frlqflgh zlwk

wkh dyhudjh ryhu wkh ixoo vdpsoh1 Jlyhq �x> zh hvwlpdwh wkh sdudphwhuv ri Rnxq*v

odz +;, xvlqj ruglqdu| ohdvw vtxduhv wr rewdlq e� @ 3=<9> e2 @ �3=63> e� @ 3=43> dqg

ee @ 3=4;> zklfk duh doo vwdwlvwlfdoo| vljql�fdqw1

Wkh pdwul{ D lq +<, lv hvwlpdwhg e| dq xquhvwulfwhg �uvw0rughu YDU rq X1V1 gdwd

iurp 4<98=4 wr 4<<9=71 Wkh uhvxow lv

D @

5
9997

3=<86 3=335 0314<: 3=3<9

3=444 3=95; 3=5<3 031544
3=3<6 3=3:6 3=;6< 3=388

3=345 3=386 3=36< 3=<3:

6
:::8 = +4;,

Jlyhq D/ zh gh�qh wzr yhuvlrqv ri wkh pdwul{ f vr wkdw +<, zloo eh frqvlvwhqw

zlwk wkh wzr vwhdg| vwdwhv dvvrfldwhg zlwk ��M dqg ��u> uhvshfwlyho|1 Wklv surfhgxuh

|lhogv

f @

;AAAAAAAAAAAAAA?
AAAAAAAAAAAAAA=

5
9997

3=33;

3=349

3=337

3=334

6
:::8 zkhq �� @ ��M @ 3=39>

5
9997

3=338

3=33:

3=336

3=334

6
:::8 zkhq �� @ ��u @ 3=36=

+4<,

Rxu vroxwlrq surfhgxuh fdq eh eulh | vxppdul}hg dv iroorzv1 Jlyhq d vhw ri

sdudphwhuv dqg dq dvvxpswlrq uhjduglqj wkh zd| wkdw h{shfwdwlrqv duh iruphg +ud0

wlrqdo ru dgdswlyh,/ zh vroyh wkh ixoo0lqirupdwlrq yhuvlrq ri wkh prgho iru hdfk ri wkh

wzr fdvhv= �� @ ��M dqg �� @ ��u= Lq hdfk fdvh/ wkh vroxwlrq frqvlvwv ri d vhw ri wlph0

lqyduldqw olqhdu ghflvlrq uxohv iru �|> �|> dqg U|> gh�qhg lq whupv ri wkh �vwdwh� yhfwru

v| @
�
�||3�> �||32> �|3�> �|3�> u|3�

�
= Wkh ghflvlrq uxohv iru �|| dqg u| duh vlpso| jlyhq

53



e| +4, dqg +6,/ uhvshfwlyho|1 Iru hdfk ydoxh ri �� 5 i��M > ��uj > zh frqvwuxfw olqhdu h{0

suhvvlrqv iru wkh frqglwlrqdo h{shfwdwlrqv H| ^�|n� m ��` > H|
�
�|n� m ��

�
> dqg H| ^U|n� m ��`1

Xqghu udwlrqdo h{shfwdwlrqv/ wkhvh h{suhvvlrqv duh frqvwuxfwhg xvlqj wkh ghflvlrq

uxohv/ zkhuhdv xqghu dgdswlyh h{shfwdwlrqv/ wkh h{suhvvlrqv duh frqvwuxfwhg xvlqj +<,

dqg +43,1 Qh{w/ zh irup wkh xqfrqglwlrqdo h{shfwdwlrqv H|�|n�> H|�|n�> dqg H|U|n�

xvlqj wkh fxuuhqw ydoxh ri s| +zklfk grhv qrw ghshqg rq �|, dqg +48,0+4:,1 Ilqdoo|/

wkh xqfrqglwlrqdo h{shfwdwlrqv duh vxevwlwxwhg lqwr +5,/ +7,/ dqg +9, zklfk/ wrjhwkhu

zlwk +4, dqg +6,/ irup d v|vwhp ri olqhdu htxdwlrqv lq wkh yduldeohv �||> �|> �|> u|> dqg

U|=

Xqghu ixoo fuhglelolw|/ lw lv vwudljkwiruzdug wr vkrz wkdw wkh prgho srvvhvvhv d

xqltxh/ vwdeoh htxloleulxp iru wkh sdudphwhuv ydoxhv zh hpsor|16; Xqghu sduwldo

fuhglelolw|/ djhqwv xvh revhuydwlrqv ri dq hqgrjhqrxv yduldeoh +lq dwlrq, wr irup h{0

shfwdwlrqv wkdw duh fuxfldo iru ghwhuplqlqj wkh shulrg0e|0shulrg ydoxhv ri wkdw vdph

yduldeoh1 Wkh suhvhqfh ri wklv g|qdplf ihhgedfn h�hfw ehwzhhq wkh wudmhfwru| ri lq d0

wlrq dqg wkh lqsxwv wr wkh ohduqlqj surfhvv fdq fuhdwh dq hqylurqphqw zkhuh ohduqlqj

jrhv dvwud|1 Lq sduwlfxodu/ wkhuh lv qr zd| wr jxdudqwhh wkdw wkh prgho zloo frqyhujh

wr d qhz vwhdg| vwdwh zlwk �� @ ��u=
6< Krzhyhu/ iru wkh sdudphwhuv ydoxhv zh hpsor|/

zh �qg wkdw frqyhujhqfh lv dozd|v dfklhyhg lq wkh qxphulfdo vlpxodwlrqv173

7 Txdqwlwdwlyh Uhvxowv

714 Glvlq dwlrq Vlpxodwlrqv

Iljxuhv 409 wudfh rxw wkh ghwhuplqlvwlf glvlq dwlrq sdwkv iru hfrqrplf yduldeohv xq0

ghu wkh irxu gl�huhqw vshfl�fdwlrqv ri wkh prgho1 Iru wkh wzr vshfl�fdwlrqv zlwk

sduwldo fuhglelolw| +ghqrwhg e| wkh v|pero s ? 4,/ zh vhw wkh lqlwldo sulru wr 3=8 (1

6;Wkh vwhdg| vwdwhv dvvrfldwhg zlwk 7ZM dqg 7Zu erwk h{klelw wkh zhoo0nqrzq vdggoh0srlqw surshuw|1
6<Lq frqwudvw/ Wd|oru +4<:8,/ Ph|hu dqg Zhevwhu +4<;5,/ Ed{whu +4<;<,/ dqg Dqgroidwwr dqg

Jrpph +4<<:,/ dprqj rwkhuv/ frqvlghu Ed|hvldq ohduqlqj prghov lq zklfk djhqwv* h{shfwdwlrqv
gr qrw d�hfw wkh hyroxwlrq ri wkh yduldeohv wkh| irup h{shfwdwlrqv derxw1 Khqfh/ frqyhujhqfh iroorzv
iurp vwdqgdug uhvxowv rq wkh dv|pswrwlf surshuwlhv ri hvwlpdwruv1

73Pdufhw dqg Vdujhqw +4<;<, ghyhors d dqdo|wlfdo iudphzrun iru surylqj wkh frqyhujhqfh ri �vhoi0
uhihuhqwldo� prghov lq zklfk wkh hyroxwlrq ri dq hqgrjhqrxv yduldeoh lv jryhuqhg e| dq dgdswlyh
ohduqlqj surfhvv1
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Wklv uh hfwv rxu ylhz/ qrwhg hduolhu lq wkh lqwurgxfwlrq/ wkdw wkh Ihghudo Uhvhuyh*v

fuhglelolw| zdv yhu| orz dw wkh vwduw ri wkh Yrofnhu hud174 Odwhu/ lq rxu vhqvlwlylw|

dqdo|vlv/ zh zloo h{soruh krz wkh ohyho ri wkh lqlwldo sulru d�hfwv ydulrxv dvshfwv ri

wkh glvlq dwlrq hslvrgh1

Wkh hyroxwlrq ri fuhglelolw| lv vkrzq lq �jxuh 41 Zlwk ixoo fuhglelolw|/ s| mxpsv

lpphgldwho| wr 433( rq wkh vwuhqjwk ri wkh fhqwudo edqn*v dqqrxqfhphqw dw wW @ 31

Zlwk sduwldo fuhglelolw|/ s| lqfuhdvhv ryhu wlph dv djhqwv revhuyh wkdw �| lv idoolqj +vhh

�jxuh 5,1 Wklv ihdwxuh ri wkh prgho lv frqvlvwhqw zlwk wkh �qglqjv ri Kdugrxyholv dqg

Eduqkduw +4<;<, zkr vkrz wkdw dq hpslulfdo sur{| iru Ihg fuhglelolw| lqfuhdvhg rqo|

judgxdoo| lq wkh shulrg iroorzlqj Rfwrehu 4<:<1 Pruhryhu/ wkh| �qg wkdw fuhglelolw|

lv vwdwlvwlfdoo| olqnhg wr wkh udwh ri lq dwlrq175

Wkh ydoxh s| @ 433( lv h�hfwlyho| uhdfkhg zlwklq derxw 45049 txduwhuv diwhu

wkh dqqrxqfhphqw1 Rqfh wklv rffxuv/ Ed|hv uxoh lpsolhv wkdw ixoo fuhglelolw| zloo eh

vxvwdlqhg iruhyhu/ ghvslwh wkh vxevhtxhqw lqfuhdvh lq �| wkdw uhvxowv iurp wkh g|qdplf

ryhuvkrrwlqj fkdudfwhulvwlfv ri wkh prgho1 Rxu h{shulphqwv vkrz wkdw e| lqfuhdvlqj

wkh vwdqgdug ghyldwlrq ri wkh lqlwldo lq dwlrq glvwulexwlrq uhodwlyh wr wkdw ri wkh �qdo

glvwulexwlrq/ wkh hfrqrp| zloo wdnh orqjhu wr uhdfk s| @ 433(1 Dv d uhvxow/ wkh

ryhuvkrrwlqj lq �| fdq fdxvh fuhglelolw| wr whpsrudulo| idoo gxulqj wkh glvlq dwlrq

hslvrgh1 Lq Kxk dqg Odqvlqj +4<<;,/ zh vkrz wkdw wklv ihdwxuh ri wkh prgho fdq

jhqhudwh dq �lq dwlrq vfduh/� dv ghvfulehg e| Jrrgiulhqg +4<<6,1

Iljxuh 4 vkrzv wkdw fuhglelolw| dffxpxodwhv pruh vorzo| xqghu dgdswlyh h{shfwd0

wlrqv1 Wkh lqwxlwlrq iru wklv uhvxow iroorzv gluhfwo| iurp htxdwlrq +5,1 Zlwk dgdswlyh

h{shfwdwlrqv/ wkh voxjjlvk ehkdylru ri H|�|n� ghod|v wkh uhvsrqvh ri fxuuhqw lq d0

wlrq �| wr wkh srolf| fkdqjh1 Wklv/ lq wxuq/ ghod|v wkh dffxpxodwlrq ri fuhglelolw|/

zklfk ihhgv edfn wr lq dwlrq h{shfwdwlrqv1 Wklv h�hfw lv fohduo| hylghqw lq �jxuh 5

74D vlplodu ylhz lv sxw iruwk e| Pdqnlz +4<<7, zkr vkrzv wkdw iruhfdvwv pdgh e| wkh Frxqflo ri
Hfrqrplf Dgylvhuv lq Mdqxdu| 4<;4 suhglfwhg d judgxdo dqg prghudwh ghfolqh lq wkh lq dwlrq udwh/
lq frqwudvw wr wkh udslg dqg surqrxqfhg glvlq dwlrq srolf| wkdw zdv dfwxdoo| iroorzhg xqghu Ihg
Fkdlupdq Yrofnhu1

75Wkh Kdugrxyholv0Eduqkduw phdvxuh ri fuhglelolw| lv lqyhuvho| sursruwlrqdo wr wkh uhvsrqvh ri
frpprglw| sulfhv +vxfk dv jrog dqg vloyhu, wr xqdqwlflsdwhg fkdqjhv lq wkh P4 prqh| vwrfn1
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zklfk vkrzv wkdw wkh vshfl�fdwlrq ri dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw| |lhogv

wkh prvw judgxdo glvlq dwlrq176 Wkh rwkhu hfrqrplf yduldeohv +�||> u|> U|> x|, dovr uh0

vsrqg pruh vorzo| lq wklv fdvh1 Wkh iroorzlqj wdeoh vxppdul}hv wkh vshhg ri uhvsrqvh

xqghu wkh irxu gl�huhqw vshfl�fdwlrqv ri wkh prgho1

Wdeoh 6= Vshhg ri Uhvsrqvh wr Fkdqjh lq Lq dwlrq Wdujhw

Ixoo Fuhglelolw| Sduwldo Fuhglelolw|
Udwlrqdo H{shfwdwlrqv Idvw Lqwhuphgldwh
Dgdswlyh H{shfwdwlrqv Lqwhuphgldwh Vorz

Uhjduglqj dpsolwxgh/ wkh prgho zlwk udwlrqdo h{shfwdwlrqv lv fkdudfwhul}hg e|

pruh ryhuvkrrwlqj lq �|/ exw ohvv ryhuvkrrwlqj lq rwkhu yduldeohv/ uhodwlyh wr wkh

prgho zlwk dgdswlyh h{shfwdwlrqv1 Xqghu erwk irupv ri h{shfwdwlrqv/ wkh suhvhqfh ri

sduwldo fuhglelolw| whqgv wr pdjqli| wkh dpsolwxgh uhvsrqvh ri doo yduldeohv1 Wklv kljk0

oljkwv d srwhqwldoo| lpsruwdqw vwdelol}dwlrq surshuw| ri ixoo fuhglelolw|1 Lq sduwlfxodu/

vwdelol}dwlrq lv dlghg e| wkh holplqdwlrq ri wkh edfnzdug0orrnlqj g|qdplfv dvvrfldwhg

zlwk Ed|hvldq ohduqlqj1 Wklv uhvxow lv frqvlvwhqw zlwk wkh �qglqjv ri Ixkuhu +4<<:,/

zkr vkrzv wkdw d vwurqjhu iruzdug0orrnlqj frpsrqhqw lq wkh frqwudfwlqj htxdwlrq

+5, khosv wr vwdelol}h wkh prgho177

Iljxuh 7 vkrzv wkdw doo irxu vshfl�fdwlrqv suhglfw dq lqlwldo prqhwdu| frqwudfwlrq/

dv hylghqfhg e| dq lqfuhdvh lq wkh vkruw0whup qrplqdo lqwhuhvw udwh u|=
78 Dowkrxjk

qrw vkrzq/ wkh h{ dqwh uhdo lqwhuhvw udwh �| dovr lqfuhdvhv1 Wklv ulvh lq lqwhuhvw udwhv

lv iroorzhg e| d surorqjhg ghfuhdvh lq uhdo hfrqrplf dfwlylw| +�jxuh 5,1 Khqfh/ wkh

prgho fdswxuhv wkh �lqyhuvh ohdglqj lqglfdwru� surshuw| ri qrplqdo dqg uhdo lqwhuhvw

udwhv grfxphqwhg e| Nlqj dqg Zdwvrq +4<<9,1

Iljxuh 7 dovr vkrzv wkdw wkh vshfl�fdwlrq zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhg0

lelolw| h{klelwv wkh juhdwhvw ghjuhh ri prqhwdu| wljkwhqlqj/ dv phdvxuhg e| wkh shdn

ohyho ri u|1 Wklv lv gxh wr wkh irup ri wkh uhdfwlrq ixqfwlrq +6, wkdw pdnhv u| dq

76Lq wkh zrugv ri Ihg Fkdlupdq Yrofnhu= �Lq dwlrq ihhgv lq sduw rq lwvhoi/ vr sduw ri wkh mre ri
uhwxuqlqj wr d pruh vwdeoh dqg pruh surgxfwlyh hfrqrp| pxvw eh wr euhdn wkh juls ri lq dwlrqdu|
h{shfwdwlrqv1� Vhh Yrofnhu +4<:<,/ ss1 ;;;0<1

77Iru d uhodwhg glvfxvvlrq/ vhh Wd|oru +4<;3/ vhfwlrq LY,1
78Vlqfh o| ulvhv dqg �+| idoov/ d wudglwlrqdo Nh|qhvldq prqh| ghpdqg htxdwlrq zlwk d suhghwhuplqhg

sulfh ohyho zrxog lpso| d frqwudfwlrq ri wkh qrplqdo prqh| vwrfn1
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lqfuhdvlqj ixqfwlrq ri wkh glvwdqfh �|� ��u dqg wkh ohyho ri wkh fxuuhqw rxwsxw jds �||=

Vlqfh erwk �| dqg �|| idoo vorzo| xqghu dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw|/ wkh

ohyho ri u| lpsolhg e| +6, lv kljkhvw xqghu wklv vshfl�fdwlrq1 Pruhryhu/ wkh voxjjlvk

dgmxvwphqw ri H|�|n� phdqv wkdw d kljkhu ohyho ri lq dwlrq lv exlow lqwr h{shfwdwlrqv

ri ixwxuh vkruw udwhv1 Wkhvh wzr h�hfwv frpelqh wr udlvh wkh ohyho ri wkh fxuuhqw orqj

udwh U| lq frpsdulvrq wr wkh rwkhu wkuhh vshfl�fdwlrqv1 Iljxuh 8 vkrzv wkdw rqo| lq

wkh fdvh ri dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw| lv wkh lqhuwld lq djhqwv* lq dwlrq

iruhfdvwv vx!flhqw wr fdxvh U| wr ulvh lq uhvsrqvh wr wkh wljkwhu prqhwdu| srolf|179

Lq frqwudvw/ wkh rwkhu wkuhh vshfl�fdwlrqv suhglfw d idoo lq U| dv djhqwv pruh txlfno|

orzhu wkhlu lq dwlrq h{shfwdwlrqv1

715 Frpsdulvrq zlwk Yrofnhu Glvlq dwlrq

Iljxuhv :d/e�48d/e frpsduh wkh hyroxwlrq ri X1V1 pdfurhfrqrplf yduldeohv gxulqj wkh

Yrofnhu glvlq dwlrq zlwk wkh fruuhvsrqglqj yduldeohv lq wkh prgho1 Wkh yhuwlfdo olqh

lq wkh X1V1 �jxuhv pdunv wkh vwduw ri wkh Yrofnhu glvlq dwlrq lq Rfwrehu 4<:<1 Vlqfh

wkh prgho vlpxodwlrqv ghslfw d shupdqhqw/ ghwhuplqlvwlf wudqvlwlrq iurp rqh vwhdg|

vwdwh lq dwlrq udwh wr dqrwkhu/ zh irfxv rxu frpsdulvrq rq wkh wuhqg pryhphqwv

lq wkh X1V1 yduldeohv1 Wkh wuhqg pryhphqwv duh pruh olnho| wr eh grplqdwhg e|

shupdqhqw fkdqjhv/ dv rssrvhg wr wudqvlwru| vwrfkdvwlf vkrfnv zklfk duh devhqw iurp

wkh prgho17:

Wkh �jxuhv vkrz wkdw wkh prgho fdq uhdvrqdeo| dssur{lpdwh wkh txdolwdwlyh ihd0

wxuhv ri wkh Yrofnhu glvlq dwlrq1 Lqwhuhvwlqjo|/ wkh X1V1 yduldeohv dsshdu wr h{klelw

vrph orz iuhtxhqf|/ gdpshg rvfloodwlrqv wkdw uhvhpeoh wkh g|qdplf ryhuvkrrwlqj

fkdudfwhulvwlfv ri wkh prgho yduldeohv1 Wklv skhqrphqrq lv sduwlfxoduo| hylghqw lq

wkh X1V1 uhdo rxwsxw jds dqg wkh X1V1 xqhpsor|phqw udwh +�jxuhv ;d dqg <d,1 Lw

vkrxog eh qrwhg/ krzhyhu/ wkdw wkh 49 |hdu shulrg iroorzlqj Rfwrehu 4<:< pd| lq0

foxgh vrph dgglwlrqdo prqhwdu| srolf| dfwlrqv wkdw duh qrw suhvhqw lq wkh prgho1 Iru

79D vlplodu uhvxow lv rewdlqhg e| Erp�p hw do1 +4<<:/ �jxuh 6, xvlqj d yhuvlrq ri wkh IUE2XV
prgho zlwk YDU0edvhg h{shfwdwlrqv dqg ohduqlqj1

7:Wkh wuhqgv duh gh�qhg xvlqj wkh Krgulfn0Suhvfrww �owhu zlwk d vprrwklqj sdudphwhu htxdo wr
49331 Iru ghwdlov/ vhh Krgulfn dqg Suhvfrww +4<<:,1
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h{dpsoh/ Wd|oru +4<<6/ 4<<;, vkrzv wkdw wkh wlph sdwk ri wkh ihghudo ixqgv udwh vlqfh

4<;: lv zhoo0ghvfulehg e| d srolf| uxoh zlwk dq lq dwlrq wdujhw ri 5( +vhh irrwqrwh

48,1 Lq dgglwlrq/ Urphu dqg Urphu +4<<7, �qg hylghqfh wkdw wkh Ihghudo Uhvhuyh

pdgh d gholehudwh ghflvlrq wr uhgxfh lq dwlrq lq Ghfhpehu 4<;;1

Wkh ehkdylru ri wkh qrplqdo whup vwuxfwxuh lv vkrzq lq �jxuhv 43d/e045d/e1 Qr0

wlfh wkdw wkh X1V1 vkruw0 dqg orqj0whup udwhv erwk lqlwldoo| ulvh lq wkh shulrg iroorzlqj

Rfwrehu 4<:<1 Lq wkh prgho/ wkh vshfl�fdwlrq ri dgdswlyh h{shfwdwlrqv2sduwldo fuhgl0

elolw| |lhogv wkh prvw surqrxqfhg ulvh lq wkh vkruw udwh u|= Wklv uhvxow khosv wr surylgh

vrph lqvljkw lqwr wkh �qglqjv ri Sdjdq dqg Urehuwvrq +4<<8, zkr vkrz wkdw wkh 4<:<0

;5 shulrg lv d zdwhuvkhg iru hpslulfdo zrun wkdw dwwhpswv wr lghqwli| wkh vr0fdoohg

�oltxlglw| h�hfw� ri d prqhwdu| srolf| vkrfn1 Lq sduwlfxodu/ wkh| �qg wkdw zkhq wkh

4<:<0;5 shulrg lv rplwwhg iurp wkh gdwd/ wkhuh lv olwwoh hylghqfh ri d vwdwlvwlfdoo|

vljql�fdqw oltxlglw| h�hfw1 Zh dujxhg hduolhu wkdw wkh 4<:<0;5 shulrg lv d wlph zkhq

djhqwv* iruhfdvwv zrxog eh lqfolqhg wr dgmxvw vorzo| dv wkh| dwwhpswhg wr ghflskhu wkh

lpsolfdwlrqv ri wkh Ihg*v qhz rshudwlqj surfhgxuh1 Rxu prgho suhglfwv wkdw zkhq

iruhfdvwv dgmxvw vorzo| +gxh wr dgdswlyh h{shfwdwlrqv ru sduwldo fuhglelolw|, d prq0

hwdu| frqwudfwlrq zloo ohdg wr d pruh surqrxqfhg ulvh lq u| dqg d pruh surqrxqfhg

idoo lq �||/ l1h1/ d vwurqjhu oltxlglw| h�hfw1

Eodqfkdug +4<;7, dqg Jrrgiulhqg +4<<6, dujxh wkdw pryhphqwv lq X1V1 orqj0whup

erqg |lhogv lq wkh shulrg iroorzlqj Rfwrehu 4<:< lqglfdwh wkdw �qdqfldo pdunhwv glg

qrw h{shfw lq dwlrq wr eh orzhuhg udslgo|1 Wklv lghd lv fdswxuhg e| wkh vshfl�fdwlrq

zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhglelolw|1 Dv qrwhg hduolhu/ wklv vhwxs jhqhudwhv

hqrxjk lqhuwld lq H|�|n� wr fdxvh U| wr lqlwldoo| ulvh lq uhvsrqvh wr wljkwhu prqhwdu|

srolf|1 Pruh jhqhudoo|/ wkh vshfl�fdwlrq zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhgl0

elolw| lv frqvlvwhqw zlwk hpslulfdo hylghqfh vxppdul}hg lq Frrn dqg Kdkq +4<;<,

dqg Hydqv dqg Pduvkdoo +4<<:,1 Wkhvh uhvhdufkhuv �qg wkdw wljkwhu prqhwdu| srolf|

ohdgv wr dq lqfuhdvh lq orqj0whup qrplqdo lqwhuhvw udwhv/ zlwk surjuhvvlyho| vpdoohu

uhvsrqvhv dv erqg pdwxulw| lv ohqjwkhqhg1 Iljxuh 44e vkrzv wkdw wkh ulvh lq U| lv

ohvv surqrxqfhg wkdq wkh ulvh lq u|= Dv d uhvxow/ wkh whup vwuxfwxuh vsuhdg sorwwhg lq
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�jxuh 45e lqlwldoo| qduurzv1

Iljxuh 46d/e frpsduhv dfwxdo X1V1 lq dwlrq zlwk wzr gl�huhqw h{shfwhg lq dwlrq

vhulhv1 Lq �jxuh 46d/ zh sorw wkh phdq rqh0|hdu0dkhdg h{shfwdwlrq ri wkh udwh ri

fkdqjh ri sulfhv lq jhqhudo/ dv uhfrughg e| wkh Vxuyh| Uhvhdufk Fhqwhu dw wkh Xql0

yhuvlw| ri Plfkljdq1 Lq �jxuh 46e/ zh frqvwuxfw d rqh0txduwhu0dkhdg iruhfdvw ri X1V1

lq dwlrq xvlqj wkh YDU lq +<,17; Erwk ri wkhvh iruhfdvwv h{klelw wkh vdph jhqhudo

sdwwhuq/ l1h1/ wkh| whqg wr v|vwhpdwlfdoo| xqghusuhglfw dfwxdo X1V1 lq dwlrq lq wkh

vdpsoh shulrg sulru wr Rfwrehu 4<:</ exw v|vwhpdwlfdoo| ryhusuhglfw lw wkhuhdiwhu17<

Urehuwv +4<<:, �qgv hylghqfh wkdw wkh Plfkljdq vxuyh| h{shfwdwlrqv gr qrw pdnh

hfrqrphwulfdoo| h!flhqw xvh ri dydlodeoh lqirupdwlrq�lpso|lqj wkdw wkhvh h{shfwd0

wlrqv duh qrw shuihfwo| udwlrqdo1 Edvhg rq wkhvh uhvxowv/ zh eholhyh wkdw rxu yhuvlrq

ri dgdswlyh h{shfwdwlrqv lq +<, surylghv d uhdvrqdeoh sruwud|do ri uhdo0wlph lq dwlrq

iruhfdvwv1

Dv d �qdo frpsdulvrq/ �jxuh 47d/e sorwv wkh h{ srvw orqj0whup uhdo lqwhuhvw udwh

+gh�qhg dv U|��|, iru erwk wkh gdwd dqg wkh prgho1 Lq wkh gdwd/ wklv udwh h{klelwv d

gudpdwlf xszdug vkliw iurp d ydoxh qhdu }hur sulru wr Rfwrehu 4<:< wr d uhfhqw ydoxh

ri 7 wr 8(1 Hydqv dqg Ohzlv +4<<8, dujxh wkdw wkh eldv lq pdunhw lq dwlrq iruhfdvwv

+gxh wr xqfhuwdlqw| derxw ixwxuh prqhwdu| srolf| uhjlphv, kdv fuhdwhg d v|vwhpdwlf

glyhujhqfh ehwzhhq wkh h{ srvw dqg h{ dqwh uhdo lqwhuhvw udwhv lq X1V1 gdwd1 Wklv

h�hfw fdqqrw eh fdswxuhg lq wkh prgho gxh wr wkh dvvxphg rqfh0dqg0iru0doo qdwxuh ri

wkh vkliw lq ��= Khqfh/ xqolnh wkh gdwd/ wkh prgho*v h{ srvw uhdo udwh hyhqwxdoo| uhwxuqv

wr lwv ruljlqdo vwhdg|0vwdwh ohyho ri 5(=

716 Ohqjwk/ Vshhg/ dqg Frvw ri Glvlq dwlrq

Lq wklv vhfwlrq/ zh lqyhvwljdwh wkh h�hfwv ri h{shfwdwlrqv dqg fuhglelolw| rq wkh ohqjwk/

vshhg/ dqg frvw ri wkh glvlq dwlrq hslvrgh1

7;Lq frqvwuxfwlqj wklv iruhfdvw/ zh xvh wkh iroorzlqj yhuvlrq ri wkh pdwul{ f wkdw lv hvwlpdwhg ryhu

wkh ixoo gdwd vdpsoh= f ' df�ffS f�f�S f�ff� f�ff2oA �

7<D vlplodu sdwwhuq lv revhuyhg lq rwkhu vxuyh|0edvhg phdvxuhv ri lq dwlrq h{shfwdwlrqv1 Vhh Hydqv
dqg Zdfkwho +4<<6,1
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71614 Ohqjwk

Iljxuh 48 sorwv wkh ohqjwk ri wkh glvlq dwlrq hslvrgh +lq txduwhuv, yhuvxv wkh ghjuhh

ri sulru fuhglelolw|1 Zh iroorz Edoo +4<<7, lq gh�qlqj ohqjwk dv wkh qxpehu ri txduwhuv

ehwzhhq wkh �shdn� dqg �wurxjk� ri wuhqg lq dwlrq1 Lq doo fdvhv/ zh gh�qh w
W
@ 3 dv

wkh orfdwlrq ri wkh lq dwlrq shdn vxfk wkdw �shdn @ ��M =
83 Wkh orfdwlrq ri wkh lq dwlrq

wurxjk ydulhv dfurvv vshfl�fdwlrqv ghshqglqj rq wkh ghjuhh ri lq dwlrq ryhuvkrrwlqj1

Wklv ryhuvkrrwlqj ehkdylru lpsolhv �wurxjk ? ��u=

Iljxuh 48 vkrzv wkdw d kljkhu ghjuhh ri sulru fuhglelolw| ohdgv wr d vkruwhu glv0

lq dwlrq hslvrgh1 E| phdvxulqj wkh yhuwlfdo glvwdqfh fryhuhg e| hdfk olqh/ zh �qg

wkdw ixoo fuhglelolw| fdq vkruwhq wkh hslvrgh e| : wr < txduwhuv1 E| frpsdulqj wkh

khljkw ri wkh gdvkhg olqh +dgdswlyh h{shfwdwlrqv, wr wkdw ri wkh vrolg olqh +udwlrqdo

h{shfwdwlrqv,/ zh �qg wkdw udwlrqdo h{shfwdwlrqv fdq vkruwhq wkh hslvrgh e| derxw

49 txduwhuv1

Dv d ehqfkpdun iru frpsdulvrq/ zh fdq frpsxwh wkh ohqjwk ri wkh Yrofnhu glvlq0

 dwlrq1 Wkh wuhqg ohyho ri lq dwlrq dw wkh vwduw ri wkh hslvrgh lq 4<:<=7 lv ;=46(1 Wkh

wuhqg erwwrpv rxw lq 4<;9=7 dw 6=83(1 Wklv lpsolhv d ohqjwk ri 5; txduwhuv/ zklfk

olhv derxw plgzd| ehwzhhq wkh wzr olqhv sorwwhg lq �jxuh 48184

71615 Vshhg

Iljxuh 49 sorwv wkh vshhg ri glvlq dwlrq +lq shufhqwdjh srlqwv ri lq dwlrq shu txduwhu,

yhuvxv wkh ghjuhh ri sulru fuhglelolw|1 Zh djdlq iroorz Edoo +4<<7, lq gh�qlqj vshhg

dv wkh fkdqjh lq wuhqg lq dwlrq iurp shdn wr wurxjk glylghg e| wkh ohqjwk ri wkh

hslvrgh1 Wkh �jxuh vkrzv wkdw d kljkhu ghjuhh ri sulru fuhglelolw| ohdgv wr d pruh

udslg glvlq dwlrq hslvrgh1 Pruhryhu/ wkh vshhg xqghu udwlrqdo h{shfwdwlrqv lv derxw

wkuhh wlphv kljkhu wkdq wkh vshhg xqghu dgdswlyh h{shfwdwlrqv1

83Wklv gh�qlwlrq lv qrw vwulfwo| ydolg iru wkh vshfl�fdwlrq zlwk dgdswlyh h{shfwdwlrqv2sduwldo fuhg0
lelolw| ehfdxvh Z| fdq dfwxdoo| lqfuhdvh iru derxw : txduwhuv ehiruh vwduwlqj wr ghfolqh +vhh �jxuh 5,1
Qhyhuwkhohvv/ zh gh�qh |

W

' f dv wkh vwduwlqj srlqw ri wkh hslvrgh wr frlqflgh zlwk wlplqj ri wkh
fkdqjh lq wkh lq dwlrq wdujhw1

84Edoo +4<<7/ wdeoh 814, frpsxwhv d ohqjwk ri 48 txduwhuv +4<;3=4 wr 4<;6=7, iru wkh Yrofnhu glv0
lq dwlrq1 Krzhyhu/ lq klv dqdo|vlv/ wuhqg lq dwlrq lv gh�qhg xvlqj d fhqwhuhg/ qlqh0txduwhu prylqj
dyhudjh/ dv rssrvhg wr wkh Krgulfn0Suhvfrww �owhu wuhqg xvhg khuh1
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Lq rxu prgho/ wkh ohqjwk dqg vshhg ri glvlq dwlrq duh rxwvlgh wkh fhqwudo edqn*v

frqwuro1 Wklv lv ehfdxvh zh lpsrvh wkh vkliw iurp ��M wr ��u dv dq h{rjhqrxv/ rqfh0dqg0

iru0doo srolf| fkdqjh dw wW @ 31 Krzhyhu/ rqh fdq lpdjlqh dq dowhuqdwlyh hqylurqphqw

lq zklfk wkh fhqwudo edqn xvhv rswlpdo frqwuro wkhru| wr fkrrvh srolf| dorqj wkh

wudqvlwlrq vr dv wr pd{lpl}h vrph ghvluhg remhfwlyh1 Lq vxfk dq hqylurqphqw/ wkh

ohqjwk dqg vshhg ri wkh glvlq dwlrq zrxog eh xqghu wkh frqwuro ri wkh fhqwudo edqn185

71616 Vdful�fh Udwlr

Iljxuh 4: sorwv wkh vr0fdoohg vdful�fh udwlr/ gh�qhg dv wkh xqglvfrxqwhg/ fxpxodwlyh

shufhqwdjh srlqw orvv lq rxwsxw +dw dq dqqxdo udwh, glylghg e| wkh fkdqjh lq lq dwlrq1

Lq frpsxwlqj wklv udwlr/ zh dgrsw d orqj0whup ylhz ri wkh hslvrgh vxfk wkdw doo

 xfwxdwlrqv lq uhdo rxwsxw dwwulexwdeoh wr wkh glvlq dwlrqdu| srolf| duh wdnhq lqwr

dffrxqw1 Wkh vdful�fh udwlr lv gh�qhg dv

Vdful�fh Udwlr @

�

�

e

S
2fff

|'f �||

+��M � ��u,
> +53,

zkhuh zh pxowlso| e| �

e
wr frqyhuw wkh fxpxodwlyh rxwsxw orvv wr dq dqqxdo edvlv1

Wkh ghqrplqdwru lv wkh fkdqjh lq lq dwlrq wkdw wdnhv sodfh ryhu wkh frxuvh ri d yhu|

orqj +5333 shulrg, vlpxodwlrq1

Iljxuh 4: vkrzv wkdw kljkhu fuhglelolw| ohdgv wr orzhu vdful�fh udwlrv186 Zh rewdlq

vdful�fh udwlrv ri 514 wr 51; xqghu udwlrqdo h{shfwdwlrqv dqg 616 wr 815 xqghu dgdswlyh

h{shfwdwlrqv187 Wkhvh ydoxhv duh zhoo zlwklq wkh udqjh ri hvwlpdwhv rewdlqhg e|

rwkhu uhvhdufkhuv zkr kdyh dqdo|}hg wkh Yrofnhu glvlq dwlrq188 Rxu uhvxowv duh dovr

frqvlvwhqw zlwk wkh furvv0frxqwu| hpslulfdo vwxglhv ri Edoo +4<<7, dqg Ervfkhq dqg

Zhlvh +4<<9, zkr �qg wkdw orzhu vdful�fh udwlrv duh dvvrfldwhg zlwk pruh udslg

85Wklv lv wkh dssurdfk wdnhq lq wkh prghov ri Wd|oru +4<:8/ 4<;6, dqg Luhodqg +4<<8,1
86D vlplodu uhvxow lv rewdlqhg e| Ph|hu dqg Zhevwhu +4<;5/ wdeoh 8, xvlqj d yhuvlrq ri wkh Eduur

+4<:9, prgho zlwk udwlrqdo h{shfwdwlrqv dqg sduwldo fuhglelolw|1
87Ixkuhu +4<<7/ wdeoh 7, h{dplqhv wkh vhqvlwlylw| ri wkh vdful�fh udwlr wr wkh uhdfwlrq ixqfwlrq

sdudphwhuv kZ dqg k+ lq d prgho zlwk udwlrqdo h{shfwdwlrqv dqg ixoo fuhglelolw|1 Kh �qgv wkdw
vdful�fh udwlrv duh odujhvw iru sdudphwhu frpelqdwlrqv lqyroylqj kljk kZ dqg orz k+�

88H{dpsohv lqfoxgh Jrugrq dqg Nlqj +4<;5/ wdeoh 8, zkr rewdlq ydoxhv ri 613 wr ;17/ Ilvkhu +4<;9/
vhfwlrq :18, zkr rewdlqv ydoxhv ri 8 wr 9/ Edoo +4<<7/ wdeoh 814, zkr rewdlqv d ydoxh ri 41;/ Ervfkhq
dqg Zhlvh +4<<9/ wdeoh D14, zkr rewdlq ydoxhv ri 514 wr 616/ dqg Pdqnlz +4<<:/ s1 688, zkr rewdlqv
d ydoxh ri 51;1
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glvlq dwlrqv +Edoo, dqg d kljkhu lqgh{ ri hfrqrplf dqg srolwlfdo idfwruv wkdw lq xhqfh

sulru fuhglelolw| +Ervfkhq dqg Zlhvh,1

Wkh vlpxodwlrqv vkrz wkdw lqfuhphqwdo uhgxfwlrqv lq wkh vdful�fh udwlr duh odujhvw

dw wkh orz hqg ri wkh fuhglelolw| udqjh +3 wr 53(,1 Nhhslqj lq plqg wkdw wkh prgho

devwudfwv iurp dq| hfrqrplf ehqh�wv ri orzhu lq dwlrq/ rxu uhvxowv vxjjhvw wkdw d

fhqwudo edqn pd| idfh glplqlvklqj uhwxuqv lq lwv h�ruwv wr hqkdqfh fuhglelolw|1 Wklv

srlqw lv sduwlfxoduo| uhohydqw wr wkh ghedwh frqfhuqlqj wkh srwhqwldo sd|r� iurp ohj0

lvodwlrq ghvljqhg wr lqfuhdvh fuhglelolw| e| uhtxlulqj wkh fhqwudo edqn wr sxuvxh vrph

qrwlrq ri �sulfh vwdelolw|� dv lwv sulpdu| ru vroh remhfwlyh1 Vxfk dq duudqjhphqw

zdv dgrswhg lq Qhz ]hdodqg lq 4<;< dqg kdv uhfhqwo| ehhq sursrvhg lq wkh X1V1

Frqjuhvv189

71617 Zhoiduh Frvw

Ghvslwh lwv frpprq xvh/ wkh vdful�fh udwlr grhv qrw whoo xv hyhu|wklqj zh zrxog olnh

wr nqrz derxw wkh frvw ri glvlq dwlrq1 Lghdoo|/ fhqwudo edqnhuv vkrxog eh frqfhuqhg

derxw wkh zhoiduh frqvhtxhqfhv ri wkhlu dfwlrqv1 Dowkrxjk rxu uhgxfhg0irup prgho

suhfoxghv d uljrurxv zhoiduh dqdo|vlv/ zh dwwhpsw wr surylgh d urxjk hvwlpdwh ri wkh

zhoiduh frvw ri glvlq dwlrq e| wudqvodwlqj wkh fxpxodwlyh orvv lq uhdo rxwsxw lqwr d

phdvxuh edvhg rq xwlolw| pd{lpl}dwlrq sulqflsohv1 Iroorzlqj Oxfdv +4<;:,/ zh dgrsw

d frpshqvdwlqj yduldwlrq phdvxuh/ qdpho|/ wkh frqvwdqw shufhqwdjh lqfuhdvh lq shu0

shulrg frqvxpswlrq wkdw pdnhv d uhsuhvhqwdwlyh krxvhkrog lqgl�huhqw wr h{shulhqflqj

wkh hfrqrplf  xfwxdwlrqv dwwulexwdeoh wr wkh glvlq dwlrqdu| srolf|1

Lq wkh dsshqgl{/ zh vkrz wkdw e| srvwxodwlqj dq hfrqrp| zkhuh dq lq�qlwho|0

olyhg krxvhkrog pd{lpl}hv d orjdulwkplf xwlolw| ixqfwlrq/ rxu zhoiduh frvw phdvxuh

fdq eh zulwwhq dv

�Z @ 433
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h{s
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�

2fffS
|'f

�|�||

�
+4� �,

�
� 4

�
> +54,

zkhuh � lv wkh txduwhuo| glvfrxqw idfwru1 Rxu fdoleudwlrq surfhgxuh +ghvfulehg lq wkh

89Vhh Urphu dqg Urphu +4<<:, iru d glvfxvvlrq uhjduglqj wkh phulwv ri ohjlvodwhg uxohv dqg rwkhu
lqvwlwxwlrqdo duudqjhphqwv iru wkh frqgxfw ri prqhwdu| srolf|1
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dsshqgl{, |lhogv � @ 3=<<;:;=

Iljxuh 4; vkrzv wkdw kljkhu fuhglelolw| ohdgv wr orzhu zhoiduh frvwv1 Wklv �jxuh

dgkhuhv wr wkh vdph jhqhudo sdwwhuq dv �jxuh 4:/ vlqfh erwk �Z dqg wkh vdful�fh

udwlr ghshqg rq wkh vhtxhqfh ri rxwsxw jdsv1 Wkh pdlq srlqw wr uhfrjql}h lv wkdw wkh

pdjqlwxgh ri �Z lv h{wuhpho| vpdoo�ohvv wkdq 3=4( ri shu0shulrg frqvxpswlrq iru

doo vshfl�fdwlrqv ri wkh prgho1 Rxu uhvxowv duh ri wkh vdph rughu ri pdjqlwxgh dv wkrvh

rewdlqhg e| Luhodqg +4<<8, dqg Dqgroidwwr dqg Jrpph +4<<:,/ zkr h{dplqh wkh

zhoiduh frqvhtxhqfhv ri glvlq dwlrqdu| srolflhv lq ixoo|0duwlfxodwhg jhqhudo htxloleulxp

prghov1 Lq frqwudvw wr rxu dqdo|vlv/ wkhvh dxwkruv duh deoh wr wdnh lqwr dffrxqw

wkh ehqh�wv dvvrfldwhg zlwk uhgxflqj wkh glvwruwlqj h�hfwv ri wkh lq dwlrq wd{ rq

krxvhkrog ghflvlrqv1 Dv d uhvxow/ glvlq dwlrqdu| srolflhv duh zhoiduh0lpsurylqj lq

wkhlu prghov1 Qhyhuwkhohvv/ wkh| �qg +dv zh gr, wkdw fuhglelolw| kdv d vpdoo lpsdfw

rq zhoiduh1 Wdeoh 7 surylghv d vxppdu| ri rxu txdqwlwdwlyh uhvxowv1

Wdeoh 7= Ohqjwk/ Vshhg/ dqg Frvw ri Glvlq dwlrq

Ixoo Fuhglelolw| Sduwldo Fuhglelolw|
+sulru @ 3=8 (,

Ohqjwk Vshhg Vdful�fh �Z Ohqjwk Vshhg Vdful�fh �Z
+twuv, +(@twu, Udwlr +(, +twuv, +(@twu, Udwlr +(,

Udwlrqdo
H{shfwdwlrqv

4: 3165 513; 31363 56 315: 5195 3136;

Dgdswlyh
H{shfwdwlrqv

66 3145 6163 3137; 73 3144 71:7 3139<

Ohqjwk @ & txduwhuv ehwzhhq �shdn dqg �wurxjk= Vshhg @
�ff+Zs hdn3Zwurxjk,

Ohqjwk
=

Vdful�fh Udwlr @
3
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e

S
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8 Frqfoxvlrq

Wklv sdshu ghyhorshg d vlpsoh/ txdqwlwdwlyh prgho ri wkh X1V1 hfrqrp| wr vwxg| wudq0

vlwlrq g|qdplfv gxulqj d glvlq dwlrq1 Zh h{shulphqwhg zlwk gl�huhqw dvvxpswlrqv

uhjduglqj wkh zd| wkdw h{shfwdwlrqv duh iruphg +udwlrqdo yhuvxv dgdswlyh, dqg wkh
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ghjuhh ri fhqwudo edqn fuhglelolw| +ixoo yhuvxv sduwldo, wr ghwhuplqh zklfk ri wkh ydul0

rxv vshfl�fdwlrqv fdq ehvw dffrxqw iru wkh wuhqg pryhphqwv lq X1V1 pdfur yduldeohv

gxulqj wkh Yrofnhu glvlq dwlrq ri wkh hduo| 4<;3v1 Lq rxu ylhz/ wkh Yrofnhu hslvrgh

uhsuhvhqwv d qdwxudo h{shulphqw wkdw fdq surylgh xv zlwk vrph ydoxdeoh lqvljkw lqwr

wkh zrunlqjv ri wkh prqhwdu| wudqvplvvlrq phfkdqlvp1

Rxu qxphulfdo vlpxodwlrqv |lhoghg wkuhh sulqflsoh uhvxowv1 Iluvw/ wkh lqwurgxfwlrq

ri vorzo| dgmxvwlqj lq dwlrq iruhfdvwv +gxh wr dgdswlyh h{shfwdwlrqv dqg sduwldo fuhg0

lelolw|, fdq khos wkh prgho wr fdswxuh wkh ehkdylru ri wkh X1V1 qrplqdo lqwhuhvw udwhv

gxulqj wkh 4<:<0;5 shulrg1 Vhfrqg/ devwudfwlqj iurp wkh hfrqrplf ehqh�wv ri orzhu

lq dwlrq/ d fhqwudo edqn idfhv glplqlvklqj uhwxuqv lq lwv h�ruwv wr hqkdqfh fuhglelolw|1

Wklug/ wkh wrwdo zhoiduh jdlqv iurp dfklhylqj ixoo fuhglelolw| duh olnho| wr eh vpdoo1

Ilqdoo|/ zh qrwh wkdw wkh hfrqrplf flufxpvwdqfhv zklfk lq xhqfhg h{shfwdwlrqv

dqg fuhglelolw| gxulqj wkh Yrofnhu hud zrxog dsshdu wr eh yhu| gl�huhqw iurp wkrvh

wkdw suhydlo wrgd|1 Wklv ixqgdphqwdoo| frpsolfdwhv wkh ghvljq ri d pdfurhfrqrplf

prgho wkdw fdq khos xv wr suhglfw wkh frqvhtxhqfhv ri ixwxuh prqhwdu| srolf| dfwlrqv1
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D Dsshqgl{

Wklv dsshqgl{ ghvfulehv rxu surfhgxuh iru wudqvodwlqj wkh vhtxhqfh ri uhdo rxwsxw

jdsv lqwr d zhoiduh frvw phdvxuh edvhg rq xwlolw| pd{lpl}dwlrq sulqflsohv1 Zh ehjlq

e| srvwxodwlqj dq hfrqrp| zkhuh dq lq�qlwho|0olyhg uhsuhvhqwdwlyh krxvhkrog vxssolhv

rqh xqlw ri oderu lqhodvwlfdoo| hdfk shulrg dqg pd{lpl}hv

Y @ Hf

"[

|'f

�|
oq f|> +D14,

vxemhfw wr=

f| . n|n� @ h>|n5|nw
|

� ~} �

+|

> nf jlyhq/ +D15,

zkhuh � 5 +3> 4, lv wkh txduwhuo| glvfrxqw idfwru/ f| lv uhdo frqvxpswlrq/ n| lv wkh

krxvhkrog*v fdslwdo vwrfn +zklfk ghsuhfldwhv frpsohwho| hdfk shulrg,/ � � 3 lv wkh

ghwhuplqlvwlf jurzwk udwh ri whfkqrorj|/ }| lv d vwdwlrqdu| vwrfkdvwlf vkrfn +zlwk dq

duelwudu| odz ri prwlrq,/ || lv shu fdslwd uhdo rxwsxw/ dqg � 5 +3> 4, lv fdslwdo*v rxwsxw

hodvwlflw|1 Wkh �uvw0rughu frqglwlrq iru wklv sureohp lv

4

f|
@ �H|

4

f|n�

�||n�

n|n�
� ~} �

�n^|n�

> +D16,

zkhuh zh gh�qh t| dv wkh txduwhuo| uhdo udwh ri lqwhuhvw18: Vroylqj +D15, dqg +D16,

xqghu wkh dvvxpswlrq ri udwlrqdo h{shfwdwlrqv |lhogv wkh rswlpdo ghflvlrq uxohv= f| @

+4� ��, || dqg n|n� @ ��||= Wkhvh ghflvlrq uxohv lpso| wkdw krxvhkrogv frqvxph dqg

vdyh frqvwdqw iudfwlrqv ri wkhlu fxuuhqw0shulrg lqfrph18;

Gh�qlqj �|| dv wkh ghyldwlrq ri orj rxwsxw iurp lwv olqhdu wuhqg lpsolhv || @ h>|n�+| >

zkhuh zh fkrrvh nf vxfk wkdw |f @ 4= Wkh krxvhkrog*v rswlpdo frqvxpswlrq ghflvlrq

fdq wkxv eh h{suhvvhg dv f| @ +4� ��, h>|n�+| 1 Vxevwlwxwlqj wklv h{suhvvlrq iru f| lqwr

8:Wklv gh�qlwlrq iroorzv gluhfwo| iurp wkh �uvw0rughu frqglwlrq iru sulydwho|0lvvxhg uhdo erqgv
+zklfk h{lvw lq }hur0qhw vxsso|,1 Wkh fdslwdo uhqwdo udwh lv jlyhq e| � n ^|�

8;Lq dq hpslulfdo vwxg| ri djjuhjdwh X1V1 frqvxpswlrq/ Fdpsehoo dqg Pdqnlz +4<;<, hvwlpdwh
wkdw derxw 83 shufhqw ri lqfrph dffuxhv wr �uxoh0ri0wkxpe� djhqwv zkrvh frqvxpswlrq ghflvlrqv
ghshqg vroh| rq fxuuhqw0shulrg lqfrph1
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+D14, |lhogv

Y @ Hf
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�||= +D18,

Qrz frqvlghu dq dowhuqdwlyh ehqfkpdun hfrqrp| zlwk qr  xfwxdwlrqv zkdwvrhyhu

vxfk wkdw �|| @ 3 iru doo w= Olihwlph xwlolw| lq wkh ehqfkpdun hfrqrp| +ghqrwhg e| Y ,

lv vlpso| jlyhq e| wkh �uvw wzr whupv lq +D18,1 Zh zlvk wr ghwhuplqh wkh frqvwdqw

shufhqwdjh dprxqw e| zklfk f| pxvw eh lqfuhdvhg lq wkh  xfwxdwlqj hfrqrp| wr eulqj

olihwlph xwlolw| xs wr Y = Khqfh/ zh vroyh iru { vxfk wkdw

Y @ Hf
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|'f

�| oq ^f| +4 . {,` +D19,

@ Y . *?E�n%�
�3q = +D1:,

Wkh vroxwlrq wr +D1:, lv { @ h{s
k�
Y � Y

�
+4� �,

l
� 41 Iurp htxdwlrq +D18,/

zh kdyh Y �Y @ �Hf

S
"

|'f
�|

�||= Wrjhwkhu/ wkhvh h{suhvvlrqv lpso| wkdw rxu zhoiduh

frvw phdvxuh fdq eh zulwwhq dv

�Z @ 433{ @ 433

+
h{s

%#
�Hf
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|'f

�|
�||

$
+4� �,

&
� 4

,
= +D1;,

Htxdwlrq +D1;, gl�huv voljkwo| iurp +54, lq wkdw zh gurs Hf +vlqfh rxu vlpxodwlrqv

duh ghwhuplqlvwlf, dqg zh xvh 5333 shulrgv wr dssur{lpdwh wkh lq�qlwh krul}rq1

Zh fdoleudwh � xvlqj wkh edodqfhg0jurzwk yhuvlrq ri htxdwlrq +D16,1 Wklv lpsolhv

� @ h{s ^�� oq +4 . �t,` = Wdnlqj � @ 3=336:6 +edvhg rq dq dyhudjh dqqxdo jurzwk

udwh lq shu fdslwd uhdo JGS ri 4=8(, dqg �t @ 3=337<9 +edvhg rq dq dqqxdo uhdo udwh

ri �� @ 5(,/ zh rewdlq wkh ydoxh � @ 3=<<;:;=
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^53` / Urehuw Whworz/ Shwhu yrq }xu Pxhkohq/ dqg Mrkq Zlooldpv1 +4<<:,1
�H{shfwdwlrqv/ Ohduqlqj/ dqg wkh Frvwv ri Glvlq dwlrq= H{shulphqwv Xvlqj wkh
IUE2XV Prgho/� Ihghudo Uhvhuyh Erdug/ Ilqdqfh dqg Hfrqrplfv Glvfxvvlrq
Vhulhv Sdshu 4<<:0751

^54` Fdpsehoo/ Mrkq \1 dqg Q1 Juhjru| Pdqnlz1 +4<;<,1 �Frqvxpswlrq/ Lqfrph/
dqg Lqwhuhvw Udwhv= Uhlqwhusuhwlqj wkh Wlph Vhulhv Hylghqfh/� lq R1M1 Eodqfkdug
dqg V1 Ilvfkhu/ hgv1/ QEHU Pdfurhfrqrplfv Dqqxdo/ Yroxph 71 Fdpeulgjh PD=
PLW Suhvv1

^55` Fkrz/ Juhjru| F1 +4<;<,1 �Udwlrqdo yhuvxv Dgdswlyh H{shfwdwlrqv lq Suhvhqw
Ydoxh Prghov/� Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :4/ 6;806<61

^56` Fkulvwldqr/ Odzuhqfh M1 dqg Pduwlq Hlfkhqedxp1 +4<<5,1 �Oltxlglw| H�hfwv dqg
wkh Prqhwdu| Wudqvplvvlrq Phfkdqlvp/� Dphulfdq Hfrqrplf Dvvrfldwlrq/ Sd0
shuv dqg Surfhhglqjv/ ;5/ 67906861

^57` Frrn/ Wlprwk|1 +4<;<,1 �Ghwhuplqdqwv ri wkh Ihghudo Ixqgv Udwh= 4<:<04<;5/�
Ihghudo Uhvhuyh Edqn ri Ulfkprqg/ Hfrqrplf Txduwhuo|/ :8+4,/ 604<1

^58` dqg Wkrpdv Kdkq1 +4<;<,1 �Wkh H�hfw ri Fkdqjhv lq wkh Ihghudo Ixqgv
Udwh Wdujhw rq Pdunhw Lqwhuhvw Udwhv lq wkh 4<:3v/� Mrxuqdo ri Prqhwdu| Hfr0
qrplfv/ 57/ 66406841

^59` Fxnlhupdq Doh{ dqg Doodq K1 Phow}hu1 +4<;9,1 �D Wkhru| ri Dpeljxlw|/ Fuhg0
lelolw|/ dqg Lq dwlrq Xqghu Dv|pphwulf Lqirupdwlrq/� Hfrqrphwulfd/ 87/ 43<<0
445;1

^5:` Hydqv/ Fkduohv O1 dqg Gdylg D1 Pduvkdoo1 +4<<;,1 �Prqhwdu| Srolf| dqg wkh
Whup Vwuxfwxuh ri Qrplqdo Lqwhuhvw Udwhv= Hylghqfh dqg Wkhru|/� Fduqhjlh0
Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ iruwkfrplqj1

^5;` Hydqv/ Pduwlq dqg Nduhq N1 Ohzlv1 +4<<8,1 �Gr H{shfwhg Vkliwv lq Lq dwlrq
Srolf| D�hfw Hvwlpdwhv ri wkh Orqj0Uxq Ilvkhu UhodwlrqB� Mrxuqdo ri Ilqdqfh/
83/ 55805861

^5<` dqg Sdxo Zdfkwho1 +4<<6,1 �Lq dwlrq Uhjlphv dqg wkh Vrxufhv ri Lq d0
wlrq Xqfhuwdlqw|/� Mrxuqdo ri Prqh| Fuhglw dqg Edqnlqj/ 58/ 7:808441

^63` Ilvkhu/ Vwdqoh|1 +4<;9,1 �Frqwudfwv/ Fuhglelolw|/ dqg Glvlq dwlrq/� lq V1 Ilvkhu/
hg1/ Lqgh{lqj/ Lq dwlrq/ dqg Hfrqrplf Srolf|1 Fdpeulgjh/ PD= PLW Suhvv1

^64` Iorrg/ Urehuw S1 dqg Shwhu P1 Jduehu1 +4<;3,1 �Dq Hfrqrplf Wkhru| ri Prq0
hwdu| Uhirup/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;;/ 5708;1

^65` Iulhgpdq/ Plowrq1 +4<9;,1 �Wkh Uroh ri Prqhwdu| Srolf|/� Dphulfdq Hfrqrplf
Uhylhz/ 8;/ 404:1

^66` 1 +4<;7,1 �Ohvvrqv iurp wkh 4<:<0;5 Prqhwdu| Srolf| H{shulphqw/�
Dphulfdq Hfrqrplf Dvvrfldwlrq/ Sdshuv dqg Surfhhglqjv/ :7/ 6<:07331
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^67` Iulhgpdq/ Ehqmdplq P1 +4<:<,1 �Rswlpdo H{shfwdwlrqv dqg wkh H{wuhph Lqiru0
pdwlrq Dvvxpswlrqv ri Udwlrqdo H{shfwdwlrqv Prghov/� Mrxuqdo ri Prqhwdu|
Hfrqrplfv/ 8/ 560741

^68` Ixkuhu Mh�uh| F1 +4<<7,1 �Rswlpdo Prqhwdu| Srolf| dqg wkh Vdful�fh Udwlr/� lq
Jrdov/ Jxlgholqhv/ dqg Frqvwudlqwv Idflqj Prqhwdu| Srolf|pdnhuv/ Surfhhglqjv
ri d Frqihuhqfh Vsrqvruhg e| wkh Ihghudo Uhvhuyh Edqn ri Ervwrq1

^69` 1 +4<<9,1 �Prqhwdu| Srolf| Vkliwv dqg Orqj0Whup Lqwhuhvw Udwhv/� Txdu0
whuo| Mrxuqdo ri Hfrqrplfv/ 444/ 44;60453<1

^6:` 1 +4<<:,1 �Wkh +Xq,Lpsruwdqfh ri Iruzdug0Orrnlqj Ehkdylru lq Sulfh
Vshfl�fdwlrqv/� Mrxuqdo ri Prqh| Fuhglw dqg Edqnlqj/ 5</ 66;06831

^6;` 1 +4<<;,1 �Wrzdugv d Frpsdfw/ Hpslulfdoo|0Yhul�hg Udwlrqdo H{shfwd0
wlrqv Prgho iru Prqhwdu| Srolf| Dqdo|vlv/� Fduqhjlh0Urfkhvwhu Frqihuhqfh Vh0
ulhv rq Sxeolf Srolf|/ iruwkfrplqj1

^6<` dqg Pdun D1 Krrnhu1 +4<<6,1 �Ohduqlqj Derxw Prqhwdu| Uhjlph Vkliwv
lq dq Ryhuodsslqj Zdjh Frqwudfw Prgho/� Mrxuqdo ri Hfrqrplf G|qdplfv dqg
Frqwuro/ 4:/ 86408861

^73` dqg Jhrujh Prruh1 +4<<8d,1 �Lq dwlrq Shuvlvwhqfh/� Txduwhuo| Mrxuqdo
ri Hfrqrplfv/ 443/ 45:04931

^74` dqg 1 +4<<8e,1 Prqhwdu| Srolf| Wudgh0r�v dqg wkh Fruuhodwlrq
ehwzhhq Qrplqdo Lqwhuhvw Udwhv dqg Uhdo Rxwsxw/� Dphulfdq Hfrqrplf Uhylhz/
;8/ 54<056<1

^75` Jdjqrq/ Mrvhsk K1 +4<<:,1 �Lq dwlrq Uhjlphv dqg Lq dwlrq H{shfwdwlrqv/� Ihg0
hudo Uhvhuyh Erdug/ Lqwhuqdwlrqdo Ilqdqfh Glvfxvvlrq Sdshu 8;41

^76` Jrrgiulhqg/ Pduylq1 +4<<6,1 �Lqwhuhvw Udwh Srolf| dqg wkh Lq dwlrq Vfduh Sure0
ohp= 4<:<04<<5/� Ihghudo Uhvhuyh Edqn ri Ulfkprqg/ Hfrqrplf Txduwhuo|/
:<+4,/ 40571

^77` Jrugrq/ Urehuw M1 dqg Vwhskhq Nlqj1 +4<;5,1 �Wkh Rxwsxw Frvw ri Glvlq d0
wlrq lq Wudglwlrqdo dqg Yhfwru Dxwruhjuhvvlyh Prghov/� Eurrnlqjv Sdshuv rq
Hfrqrplf Dfwlylw|/ 4/ 53805771

^78` Kdihu/ U1 Z1 +4<;6,1 �Zhhno| Prqh| Vxsso| Iruhfdvwv= H�hfwv ri wkh Rfwrehu
4<:< Fkdqjh lq Prqhwdu| Frqwuro Surfhgxuhv/� Ihghudo Uhvhuyh Edqn ri Vw1
Orxlv/ Uhylhz/ 98/ Dsulo/ 590651

^79` Kdugrxyholv/ Jlndv D1 dqg Vfrww Z1 Eduqkduw1 +4<;<,1 �Wkh Hyroxwlrq ri Ihghudo
Uhvhuyh Fuhglelolw|= 4<:;04<;7/� Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :4/ 6;80
6<61

^7:` Khw}ho/ Urehuw O1 +4<;9,1 �Prqhwdu| Srolf| lq wkh Hduo| 4<;3v/� Ihghudo Uhvhuyh
Edqn ri Ulfkprqg/ Hfrqrplf Uhylhz/ :5+5,/ 530651

^7;` Krgulfn/ Urehuw M1 dqg Hgzdug F1 Suhvfrww1 +4<<:,1 �Srvwzdu X1V1 Exvlqhvv
F|fohv= Dq Hpslulfdo Lqyhvwljdwlrq/� Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj/
5</ 40491

^7<` Kxk/ Fkdq J1 dqg Nhylq M1 Odqvlqj1 +4<<;,1 �Ihghudo Uhvhuyh Fuhglelolw| dqg
Lq dwlrq Vfduhv/� Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ Hfrqrplf Uhylhz/
iruwkfrplqj1

69



^83` Luhodqg/ Shwhu Q1 +4<<8,1 �Rswlpdo Glvlq dwlrqdu| Sdwkv/� Mrxuqdo ri Hfrqrplf
G|qdplfv dqg Frqwuro/ 4</ 475<0477;1

^84` Mxgg/ Mrkq I1 dqg Johqq G1 Uxghexvfk1 +4<<;,1 �Wd|oru*v Uxoh dqg wkh Ihg =
D Wdoh ri Wkuhh Fkdlupdq/� Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ Hfrqrplf
Uhylhz/ iruwkfrplqj1

^85` Nlqj/ Phuy|q1 +4<<9,1 �Krz Vkrxog Fhqwudo Edqnv Uhgxfh Lq dwlrqB�
Frqfhswxdo Lvvxhv/� lq Dfklhylqj Sulfh Vwdelolw|/ D V|psrvlxp Vsrqvruhg e|
Wkh Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw|1

^86` Nlqj/ Urehuw J1 dqg Pdun Z1 Zdwvrq1 +4<<7,1 �Wkh Srvw0Zdu X1V1 Skloolsv
Fxuyh= D Uhylvlrqlvw Hfrqrphwulf Klvwru|/� Fduqhjlh0Urfkhvwhu Frqihuhqfh Vh0
ulhv rq Sxeolf Srolf|/ 74/ 48:054<1

^87` dqg 1 +4<<9,1 �Prqh|/ Sulfhv/ Lqwhuhvw Udwhv/ dqg Wkh Exvlqhvv
F|foh/� Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ 8;/ 680861

^88` Ohzlv/ Nduhq N1 +4<;<,1 �Fkdqjlqj Eholhiv dqg V|vwhpdwlf Udwlrqdo Iruhfdvw
Huuruv zlwk Hylghqfh iurp Iruhljq H{fkdqjh/� Dphulfdq Hfrqrplf Uhylhz/ :</
95409691

^89` Oryhoo/ Plfkdho F1 +4<;9,1 �Whvwv ri wkh Udwlrqdo H{shfwdwlrqv K|srwkhvlv/�
Dphulfdq Hfrqrplf Uhylhz/ :9/ 44304571

^8:` Oxfdv/ Urehuw H1/ Mu1 +4<:5,1 �H{shfwdwlrqv dqg wkh Qhxwudolw| ri Prqh|/� Mrxu0
qdo ri Hfrqrplf Wkhru|/ 7/ 43604571

^8;` 1 +4<:6,1 �Vrph Lqwhuqdwlrqdo Hylghqfh rq Rxwsxw0Lq dwlrq Wudgh0r�v/�
Dphulfdq Hfrqrplf Uhylhz/ 96/ 65906771

^8<` 1 +4<:9,1 �Hfrqrphwulf Srolf| Hydoxdwlrq= D Fulwltxh/� Fduqhjlh0
Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ 4/ 4<0791

^93` 1 +4<;:,1 Prghov ri Exvlqhvv F|fohv1 R{irug= Edvlo Eodfnzhoo1

^94` Pdqnlz/ Q1 Juhjru|1 +4<<7,1 Glvfxvvlrq ri �Rswlpdo Prqhwdu| Srolf| dqg wkh
Vdful�fh Udwlr/� lq Jrdov/ Jxlgholqhv/ dqg Frqvwudlqwv Idflqj Prqhwdu| Srolf|0
pdnhuv/ Surfhhglqjv ri d Frqihuhqfh Vsrqvruhg e| wkh Ihghudo Uhvhuyh Edqn ri
Ervwrq1

^95` 1 +4<<:,1 Pdfurhfrqrplfv/ Wklug Hglwlrq1 Qhz \run= Zruwk Sxeolvkhuv1

^96` Pdufhw/ Doehuw dqg Wkrpdv M1 Vdujhqw1 +4<;<,1 �Frqyhujhqfh ri Ohdvw Vtxduhv
Ohduqlqj Phfkdqlvpv lq Vhoi0Uhihuhqwldo Olqhdu Vwrfkdvwlf Prghov/� Mrxuqdo ri
Hfrqrplf Wkhru|/ 7;/ 66:069;1

^97` Ph|hu/ Odxuhqfh K1 dqg Fkduohv Zhevwhu/ Mu1 +4<;5,1 �Prqhwdu| Srolf| dqg
Udwlrqdo H{shfwdwlrqv= D Frpsdulvrq ri Ohdvw Vtxduhv dqg Ed|hvldq Ohduqlqj/�
Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ 4:/ 9:0<;1

^98` Rkdqldq/ Ohh H1 dqg Dodq F1 Vwrfnpdq1 +4<<8,1 �Wkhruhwlfdo Lvvxhv ri Oltxlglw|
H�hfwv/� Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv/ Uhylhz/ ::+6,/ 60581

^99` Ruskdqlghv/ Dwkdqdvlrv/ Gdylg1 K1 Vpdoo/ Yronhu Zlhodqg/ dqg Gdylg Z1
Zlofr{1 +4<<:,1 �D Txdqwlwdwlyh H{sorudwlrq ri wkh Rssruwxqlvwlf Dssurdfk wr
Glvlq dwlrq/� Ihghudo Uhvhuyh Erdug/ Ilqdqfh dqg Hfrqrplfv Glvfxvvlrq Vhulhv
Sdshu 4<<:0691
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^9:` Sdjdq/ Dguldq U1 dqg Mrkq F1 Urehuwvrq1 +4<<8,1 �Uhvroylqj wkh Oltxlglw| Hi0
ihfw/� Ihghudo Uhvhuyh Edqn ri Vw1 Orxlv/ Uhylhz/ ::+6,/ 660871

^9;` Skhosv/ Hgpxqg V1 +4<9:,1 �Skloolsv Fxuyhv/ H{shfwdwlrqv ri Lq dwlrq dqg Rs0
wlpdo Xqhpsor|phqw Ryhu Wlph/� Hfrqrplfd/ 67/ 58705;41

^9<` 1 +4<9;,1 �Prqh|0Zdjh G|qdplfv dqg Oderu Pdunhw Htxloleulxp/� Mrxu0
qdo ri Srolwlfdo Hfrqrp|/ :9/ 9:;0:441

^:3` Urehuwv/ Mrkq1 +4<<8,1 �Qhz Nh|qhvldq Hfrqrplfv dqg wkh Skloolsv Fxuyh� Mrxu0
qdo ri Prqh| Fuhglw dqg Edqnlqj/ 5:/ <:80<;71

^:4` 1 +4<<:,1 �Lv Lq dwlrq Vwlfn|B� Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 6</ 4:60
4<91

^:5` Urjhuvrq/ Ulfkdug1 +4<<:,1 �Wkhru| Dkhdg ri Odqjxdjh lq wkh Hfrqrplfv ri
Xqhpsor|phqw/� Mrxuqdo ri Hfrqrplf Shuvshfwlyhv/ 44/ :60<51

^:6` Urphu/ Fkulvwlqd G1 dqg Gdylg K1 Urphu1 +4<;<,1 �Grhv Prqhwdu| Srolf| Pdw0
whuB D Qhz Whvw lq wkh Vslulw ri Iulhgpdq dqg Vfkzduw}/� lq R1M1 Eodqfkdug
dqg V1 Ilvfkhu/ hgv1/ QEHU Pdfurhfrqrplfv Dqqxdo/ Yroxph 71 Fdpeulgjh PD=
PLW Suhvv1

^:7` dqg 1 +4<<7,1 �Prqhwdu| Srolf| Pdwwhuv/� Mrxuqdo ri Prqhwdu|
Hfrqrplfv/ 67/ :80;;1

^:8` dqg 1 +4<<:,1 �Lqvwlwxwlrqv iru Prqhwdu| Vwdelolw|/� lq F1 Urphu
dqg G1 Urphu/ hgv1/ Uhgxflqj Lq dwlrq= Prwlydwlrq dqg Vwudwhj|1 Fklfdjr= Xql0
yhuvlw| ri Fklfdjr Suhvv1

^:9` Uxjh0Pxufld/ Iudqflvfr M1 +4<<8,1 �Fuhglelolw| dqg Fkdqjhv lq Srolf| Uhjlph/�
Mrxuqdo ri Srolwlfdo Hfrqrp|/ 436/ 4:9053;1

^::` Vdujhqw/ Wkrpdv M1 +4<:6,1 �Udwlrqdo H{shfwdwlrqv/ wkh Uhdo Udwh ri Lqwhuhvw/
dqg wkh Qdwxudo Udwh ri Xqhpsor|phqw/� Eurrnlqjv Sdshuv rq Hfrqrplf Dfwly0
lw|/ 76/ 75<07:51

^:;` 1 +4<;5,1 �Wkh Hqgv ri Irxu Elj Lq dwlrqv/� lq U1H1 Kdoo/ hg1/ Lq dwlrq=
Fdxvhv dqg H�hfwv1 Fklfdjr= Xqlyhuvlw| ri Fklfdjr Suhvv1

^:<` 1 +4<;6,1 �Vwrsslqj Prghudwh Lq dwlrqv= Wkh Phwkrgv ri Srlqfduì dqg
Wkdwfkhu/� lq U1 Gruqexvfk dqg P1K1 Vlprqvhq/ hgv1/ Lq dwlrq/ Ghew/ dqg Lq0
gh{dwlrq/ Fdpeulgjh/ PD= PLW Suhvv1

^;3` 1 +4<;9,1 �Uhdjdqrplfv dqg Fuhglelolw|/� lq Udwlrqdo H{shfwdwlrqv dqg
Lq dwlrq1 Qhz \run= Kdushu Froolqv Sxeolvkhuv1

^;4` 1 +4<<6,1 Erxqghg Udwlrqdolw| lq Hfrqrplfv1 R{irug= R{irug Xqlyhuvlw|
Suhvv1

^;5` 1 +4<<;,1 Wkh Frqtxhvw ri Dphulfdq Lq dwlrq1 Sulqfhwrq= Sulqfhwrq Xql0
yhuvlw| Suhvv/ iruwkfrplqj1

^;6` dqg Qhlo Zdoodfh1 +4<:8,1 �Udwlrqdo H{shfwdwlrqv/ wkh Rswlpdo Prq0
hwdu| Lqvwuxphqw/ dqg wkh Rswlpdo Prqh| Vxsso| Uxoh/� Mrxuqdo ri Srolwlfdo
Hfrqrp|/ ;6/ 57405871

^;7` Vfkdslur/ Pdwwkhz G1 +4<<7,1 �Ihghudo Uhvhuyh Srolf|= Fdxvh dqg H�hfw/� lq
Q1J1 Pdqnlz/ hg1/ Prqhwdu| Srolf|1 Fklfdjr= Xqlyhuvlw| ri Fklfdjr Suhvv1
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^;8` Wd|oru/ Mrkq E1 +4<:8,1 �Prqhwdu| Srolf| Gxulqj d Wudqvlwlrq wr Udwlrqdo H{0
shfwdwlrqv/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;6/ 433<043541

^;9` 1 +4<;3,1 �Djjuhjdwh G|qdplfv dqg Vwdjjhuhg Frqwudfwv/� Mrxuqdo ri
Srolwlfdo Hfrqrp|/ ;;/ 40561

^;:` 1 +4<;5,1 �Hvwdeolvklqj Fuhglelolw|= D Udwlrqdo H{shfwdwlrqv Ylhzsrlqw/�
Dphulfdq Hfrqrplf Dvvrfldwlrq/ Sdshuv dqg Surfhhglqjv/ :7/ 53:05431

^;;` 1 +4<;6,1 �Xqlrq Zdjh Vhwwohphqwv Gxulqj d Glvlq dwlrq/� Dphulfdq
Hfrqrplf Uhylhz/ :6/ <;40<<61

^;<` 1 +4<<6,1 �Glvfuhwlrq yhuvxv Srolf| Uxohv lq Sudfwlfh/� Fduqhjlh0Urfkhvwhu
Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ 6</ 4<805471

^<3` 1 +4<<;,1 �Dq Klvwrulfdo Dqdo|vlv ri Prqhwdu| Srolf| Uxohv/� Vwdqirug
Xqlyhuvlw|/ xqsxeolvkhg pdqxvfulsw1

^<4` Yrofnhu/ Sdxo D1 +4<:<,1 �Vwdwhphqw� ehiruh wkh Mrlqw Hfrqrplf Frpplwwhh/
Ihghudo Uhvhuyh Exoohwlq/ 98 +Qryhpehu,/ ;;;0;<3

^<5` Zdovk/ Fduo H1 +4<;;,1 �Whvwlqj iru Uhdo H�hfwv ri Prqhwdu| Srolf| Uhjlph
Vkliwv/� Mrxuqdo ri Prqh| Fuhglw dqg Edqnlqj/ 53/ 6<607341
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