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CONSUMPTION OVER THE LIFE CYCLE

BY PIERRE-OLIVIER GOURINCHAS AND JONATHAN A. PARKER1

Abstract. This paper estimates a structural model of optimal life-cycle consumption expendi-

tures in the presence of realistic labor income uncertainty. We employ synthetic cohort techniques

and Consumer Expenditure Survey data to construct average age-pro¯les of consumption and in-

come over the working lives of typical households across di®erent education and occupation groups.

The model ¯ts the pro¯les quite well. In addition to providing reasonable estimates of the dis-

count rate and risk aversion, we ¯nd that consumer behavior changes strikingly over the lifecycle.

Young consumers behave as bu®er-stock agents. Around age 40, the typical household starts ac-

cumulating liquid assets for retirement and its behavior mimics more closely that of a certainty

equivalent consumer. Our methodology provides a natural decomposition of saving and wealth into

its precautionary and life-cycle components.

1. Introduction

This paper estimates a dynamic stochastic model of the life-cycle saving behavior of households.

We focus on estimation of structural preference parameters and upon characterizing optimal be-

havior when households face exogenous, stochastic, labor income processes. We are motivated by

two observations.

First, better methodology, data, and creative use of natural experiments are leading to signi¯cant

evidence against consumption smoothing as an accurate description of household-level behavior.

Despite generally poor-quality data on household consumption, recent tests often ¯nd that con-

sumption responds to predictable changes in income. At lower frequencies, there is some evidence

that consumption tracks expected and unexpected income changes across groups of households.2

Second, recent theoretical work has improved our understanding of optimal household consump-

tion and saving behavior under uncertainty (Ayagari (1994), Zeldes (1989), Deaton (1991), Carroll

(1997)). Usual log-linearized Euler equations can provide a poor approximation to marginal utility

smoothing as well as unreliable estimates of the preference parameters in uncertain environments

(Ludvigson and Paxson (1997)). Uncertainty can generate a positive correlation between expected

1
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lqfrph fkdqjhv dqg wkh frqglwlrqdo yduldqfh ri frqvxpswlrq jurzwk +dqg kljkhu prphqwv, wkurxjk

suhfdxwlrqdu| vdylqj/ w|slfdoo| vxevxphg lq wkh huuru whup ri wkh dssur{lpdwlrq1 Lq jhqhudo/ wkh

suhvhqfh ri xqfhuwdlqw| lqydolgdwhv prvw whvwv xvlqj d olqhdul}hg irup ri wkh Hxohu htxdwlrq1

Lq wklv sdshu/ zh xvh krxvhkrog vxuyh| gdwd dqg vlpxodwlrq whfkqltxhv wr hvwlpdwh d vwuxfwxudo

prgho ri lqwhu0whpsrudo frqvxpswlrq fkrlfh zlwk uhdolvwlf ohyhov ri lqfrph xqfhuwdlqw|1 Zh phdvxuh/

h{sorlw dqg dqdo|}h wkh v|vwhpdwlf djh0sdwwhuq ri lqfrph dqg frqvxpswlrq1 Wkh hvwlpdwhg prgho

lv xvhg wr uh0lqwhusuhw olih0f|foh frqvxpswlrq dqg dvvhw dffxpxodwlrq ehkdylru1 Zh �qg vxevwdqwldo

djh0khwhurjhqhlw| lq frqvxpswlrq ehkdylru wkdw uhvxowv iurp wkh lqwhudfwlrq ehwzhhq/ dqg uhodwlyh

vwuhqjwkv ri/ uhwluhphqw dqg suhfdxwlrqdu| prwlyhv iru vdylqj dw gl�huhqw djhv1

Zh surfhhg lq wzr vwhsv1 Xvlqj zhdn lghqwli|lqj dvvxpswlrqv/ zh frqvwuxfw dyhudjh wrwdo frq0

vxpswlrq dqg lqfrph sur�ohv dfurvv wkh zrunlqj olyhv ri krxvhkrogv ri �yh gl�huhqw hgxfdwlrqdo

dwwdlqphqwv dqg irxu gl�huhqw rffxsdwlrqdo jurxslqjv/ xvlqj kljk txdolw| krxvhkrog0ohyho gdwd rq

frqvxpswlrq dqg lqfrph iurp d vdpsoh ri urxjko| 73> 333 krxvhkrogv iurp wkh Frqvxphu H{shqgl0

wxuh Vxuyh| +FH[, iurp 4<;3 wr 4<<6= Frqvxpswlrq dqg lqfrph djh sur�ohv duh erwk vljql�fdqwo|

kxps0vkdshg/ ghvslwh frqwuroolqj iru idplo| frpsrvlwlrq dqg frkruw h�hfwv/ dqg frqvxpswlrq wudfnv

lqfrph uhdvrqdeo| zhoo hduo| lq olih1

Vhfrqg/ xvlqj oderu lqfrph xqfhuwdlqw| phdvxuhg iurp wkh Sdqho Vwxg| ri Lqfrph G|qdplfv

+SVLG, dqg rxu frqvwuxfwhg sur�ohv/ zh hvwlpdwh d fdqrqlfdo vwrfkdvwlf olih0f|foh prgho ri frqvxphu

ehkdylru1 Iru dq| ydoxh ri wkh nh| sdudphwhuv/ zh fdq vroyh qxphulfdoo| dqg uhfxuvlyho| iru wkh

krxvhkrog rswlpdo ehkdylru dqg wkhq djjuhjdwh wr jhqhudwh d vlpxodwhg olih0f|foh frqvxpswlrq

sur�oh1 E| pdwfklqj wklv vlpxodwhg sur�oh wr lwv hpslulfdo frxqwhusduw/ zh hvwlpdwh wkh sdudphwhuv

ri wkh frqvxpswlrq sureohp xvlqj wkh Phwkrg ri Vlpxodwhg Prphqwv1

Wr wkh ehvw ri rxu nqrzohgjh/ wklv uhsuhvhqwv wkh �uvw vwuxfwxudo hvwlpdwlrq ri frqvxpswlrq

ixqfwlrqv wkdw lqfrusrudwhv suhfdxwlrqdu| vdylqj1

Lq rxu prgho/ wkh rswlpdo fkrlfh ri frqvxpswlrq ghshqgv qrw rqo| rq olihwlph uhvrxufhv/ wkh

uhdo lqwhuhvw udwh/ dqg wkh glvfrxqw idfwru/ exw dovr rq wkh h{shfwhg jurzwk udwh ri lqfrph/ vr

wkdw frqvxphu ehkdylru pd| ydu| v|vwhpdwlfdoo| dv krxvhkrogv djh +Kxeedug/ Vnlqqhu/ dqg ]hoghv

+4<<7,/ Fduuroo +4<<:,,1 Zkhq h{shfwhg lqfrph jurzwk dqg wkh glvfrxqw udwh duh orz uhodwlyh wr

wkh lqwhuhvw udwh/ frqvxphuv* ehkdylru uhpdlqv vlplodu wr wkdw suhglfwhg e| wkh fhuwdlqw|0htxlydohqw
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olih0f|foh k|srwkhvlv prgho +FHT0OFK khqfhiruwk,1 Li/ rq wkh rwkhu kdqg/ h{shfwhg lqfrph jurzwk

ru wkh glvfrxqw udwh duh odujh uhodwlyh wr wkh lqwhuhvw udwh/ frqvxphuv ehkdyh dv ex�hu0vwrfn djhqwv

� zlvklqj wr frqvxph odujh dprxqwv rxw ri ixwxuh uhvrxufhv exw lqvwhdg vdylqj hqrxjk wr zhdwkhu

edg lqfrph gudzv1 Jlyhq wkdw h{shfwhg lqfrph sur�ohv duh kxps0vkdshg/ wkh prgho fdq srwhqwldoo|

surgxfh frqfdyh dyhudjh frqvxpswlrq sur�ohv1

Wkh sdshu |lhogv irxu pdlq �qglqjv1

Iluvw/ wkh �wwhg prgho pdwfkhv wkh fruuhodwlrq ehwzhhq frqvxpswlrq dqg lqfrph dw |rxqj djhv

dqg wkh jhqhudo frqfdylw| ri wkh sur�oh wkdw lv revhuyhg lq wkh gdwd1 E| dssursuldwho| frqvwuxfwlqj

wkh lqsxwv wr wkh krxvhkrog sureohp dqg e| hvwlpdwlqj suhihuhqfh sdudphwhuv/ zh lpsuryh rq wkh

suhylrxv vwxglhv edvhg prvwo| rq vlpxodwlrq ri d olplwhg qxpehu ri vfhqdulrv1

Vhfrqg/ zh �qg uhdvrqdeoh hvwlpdwhv ri wkh suhihuhqfh sdudphwhuv1 Wkh dyhudjh krxvhkrog kdv d

glvfrxqw udwh ri 7=3� 7=8 shufhqw/ dqg/ ohvv urexvw dfurvv vshfl�fdwlrqv/ d frh�flhqw ri uhodwlyh ulvn

dyhuvlrq ydu|lqj ehwzhhq 3=8 dqg 4=7= Zh dovr hvwlpdwh frqvxpswlrq ehkdylru dw uhwluhphqw dqg

�qg d fuhgleoh pdujlqdo surshqvlw| wr frqvxph rxw ri oltxlg dvvhwv ri 9� : shufhqw1 Rq wkh rwkhu

kdqg/ wkh prgho surylghv d srru hvwlpdwh ri wkh pdujlqdo surshqvlw| wr frqvxph rxw ri looltxlg

zhdowk/ qhdu }hur1 Zh hydoxdwh wkh urexvwqhvv ri rxu phwkrg e| hvwlpdwlqj wkh prgho xqghu vhyhudo

dowhuqdwlyh dvvxpswlrqv1

Wklug/ wkh sdshu frqwulexwhv wr wkh ghedwh rq wkh ghwhuplqdqwv ri zhdowk dffxpxodwlrq1 Lq

rxu prgho/ wkh uhodwlyh vkdshv ri wkh frqvxpswlrq dqg lqfrph sur�ohv uhyhdo wkh uhodwlyh urohv ri

suhfdxwlrqdu| dqg uhwluhphqw prwlyhv iru dffxpxodwlqj oltxlg dvvhwv1 Vroylqj iru vdylqj dqg zhdowk

dffxpxodwlrq xqghu frpsohwh pdunhwv/ zh wkhq frqvwuxfw d phdvxuh ri suhfdxwlrqdu| vdylqj dqg

zhdowk1� Rxu �wwhg prgho lqglfdwhv wkdw zhdowk lv dffxpxodwhg hduo| lq olih iru suhfdxwlrqdu|

uhdvrqv ~zhuh lw qrw iru lqfrph xqfhuwdlqw| krxvhkrogv zrxog lqvwhdg eruurz djdlqvw ixwxuh oderu

lqfrph1 Krxvhkrogv roghu wkdq 73 lqvwhdg vdyh prvwo| iru uhwluhphqw dqg ehtxhvwv1 Wkxv revhuyhg

vdylqj sdwwhuqv duh frqvlvwhqw zlwk iruzdug0orrnlqj rswlpl}lqj ehkdylru lq d olih0f|foh iudphzrun

dxjphqwhg wr lqfoxgh lqfrph xqfhuwdlqw|1 Wkh lpsruwdqfh ri wkh suhfdxwlrqdu| prwlyh hduo| lq

olih lpsolhv wkdw ehwzhhq 93 dqg :3 shufhqw ri qrq0shqvlrq zhdowk lv gxh wr suhfdxwlrqdu| vdylqj/

dffruglqj wr rxu hvwlpdwhv dqg kroglqj wkh uhdo lqwhuhvw udwh �{hg1
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Ilqdoo|/ dqg urexvwo|/ zh �qg vwulnlqjo| gl�huhqw frqvxpswlrq ehkdylru iru krxvhkrogv dw gli0

ihuhqw djhv= krxvhkrogv ehkdyh olnh cex�hu0vwrfn* frqvxphuv hduo| lq wkhlu zrunlqj olyhv dqg pruh

olnh FHT0OFK krxvhkrogv dv uhwluhphqw qhduv1 Zh hvwlpdwh wkdw krxvhkrogv pdnh wkh wudqvlwlrq

iurp ex�hu0vwrfn wr FHT0OFK ehkdylru ehwzhhq djh 73 dqg djh 781 Zh frqfoxgh wkdw/ gxh wr

suhfdxwlrqdu| vdylqj/ d vljql�fdqw iudfwlrq ri krxvhkrogv ehkdyh dv wdujhw vdyhuv/ iru zkrp wkh

orj0olqhdul}hg irup ri wkh Hxohu htxdwlrq lv h{shfwhg wr idlo1e Lw lv lqwhuhvwlqj wr qrwh wkdw ex�hu0

vwrfn ehkdylru dulvhv hduo| lq olih qrw iurp kljk ohyhov ri krxvhkrog lpsdwlhqfh exw udwkhu iurp wkh

vwhhsqhvv ri wkh h{shfwhg lqfrph sur�ohv dw |rxqj djhv1D Rxu uhvxowv duh qrw dvvxphg= zlwk d

vx�flhqwo| orz hvwlpdwhg glvfrxqw udwh/ wkh dyhudjh frqvxpswlrq sur�oh zrxog eh yhu| vlplodu wr

wkdw ri wkh fhuwdlqw| htxlydohqw fdvh1

Rxu sdshu lv uhodwhg wr wkuhh pdlq vwudqgv ri olwhudwxuhv1 Iluvw/ wr frqvwuxfw rxu sur�ohv zh exlog

rq wkh vwxglhv ri olih0f|foh ehkdylru lq Jkh} dqg Ehfnhu +4<:7,/ Nrwolnr� dqg Vxpphuv +4<;4,/

dqg Fduuroo dqg Vxpphuv +4<<4,/ xvlqj wkh whfkqltxhv ri Ghdwrq +4<;8, dqg Eurzqlqj/ Ghdwrq/

dqg Lulvk +4<;8,1 Wkxv rxu zrun lv forvho| uhodwhg wr Dwwdqdvlr/ Edqnv/ Phjklu/ dqg Zhehu +4<<:,

dqg Dwwdqdvlr dqg Eurzqlqj +4<<8, zkr dujxh wkdw krxvhkrog ohyho gdwd fdq eh h{sodlqhg e|

wkh FHT0OFK rqfh d pruh �h{leoh wuhdwphqw ri suhihuhqfhv dqg ru djjuhjdwlrq ri frpprglwlhv

lv doorzhg iru1 Zh dujxh lqvwhdg wkdw wkh gdwd fdq eh h{sodlqhg e| yduldwlrqv lq suhfdxwlrqdu|

vdylqj1S Rxu phwkrgrorj| fdq eh h{whqghg wr qhvw suhihuhqfh khwhurjhqhlw| dqg suhfdxwlrqdu|

prwlyhv iru vdylqj1

Vhfrqg/ zh exlog rq suhylrxv vwxglhv wkdw sdudphwhul}h dqg vlpxodwh olih0f|foh frqvxpswlrq

prghov zlwk xqfhuwdlqw|1 Kxeedug/ Vnlqqhu/ dqg ]hoghv +4<<7, dqg Fduuroo +4<<:, vkrz wkdw wkh

rswlpdo frqvxpswlrq fkrlfhv ri frqvxphuv fdq ohdg wr sur�ohv wkdw duh kxps0vkdshg dqg wudfn

lqfrph ryhu wkh hduo| sduw ri olih iru vrph sdudphwhul}dwlrqv1 Fduuroo dqg Vdpzlfn +4<<:, fdoleudwh

wkh glvfrxqw udwh ri d vwuxfwxudo prgho wr uhsolfdwh wkh vhqvlwlylw| ri dvvhw kroglqj wr lqfrph

xqfhuwdlqw| wkdw lv revhuyhg dw |rxqj djhv1 Rxu dssurdfk jrhv eh|rqg wkrvh vwxglhv e| hvwlpdwlqj

d vwuxfwxudo prgho ri frqvxpswlrq1

Ilqdoo|/ d ihz sdshuv hvwlpdwh wkh rswlpdo ohyho ri frqvxpswlrq dv d ixqfwlrq ri d krxvhkrog*v

ixoo| vshfl�hg hqylurqphqw1 Sdoxper +4<<<, xvhv lqglylgxdo frqvxpswlrq/ lqfrph dqg dvvhw gdwd

wr hvwlpdwh lqglylgxdo frqvxpswlrq ohyhov iru uhwluhhv1 Zh fkrrvh wr uho| rq dyhudjh sur�ohv ehfdxvh
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zh gr qrw eholhyh wkdw wkh lqglylgxdo0ohyho gdwd duh ri vx�flhqw txdolw| wr vxssruw wkh hpsor|hg

whfkqltxh lq jhqhudo1 Lq dgglwlrq/ wkhuh duh qrz vhyhudo sdshuv wkdw xvh d phwkrgrorj| ghulyhg

iurp rxu sdshu wr dgguhvv dvvhw kroglqj +Jdnlglv +4<<;,/ Fdjhwwl +4<<;,, dqg oderu vxsso| +Iuhqfk

+4<<;,, ghflvlrqv1

Wkh vwuxfwxuh ri wkh sdshu lv dv iroorzv1 Vhfwlrq 5 od|v rxw dq hpslulfdoo| wudfwdeoh prgho

ri frqvxphu pd{lpl}dwlrq dqg fkdudfwhul}hv rswlpdo ehkdylru1 Vhfwlrq 6 lqwurgxfhv wkh wzr0vwhs

Phwkrg ri Vlpxodwhg Prphqwv phwkrgrorj| iru hvwlpdwlqj wkh prgho1 Wkh irxuwk vhfwlrq ghvfulehv

wkh �uvw0vwdjh hvwlpdwlrq ri lqfrph ulvn/ uhwluhphqw frqvxpswlrq ehkdylru/ dqg wkh uhdo lqwhuhvw

udwh1 Wkh �iwk vhfwlrq glvfxvvhv wkh frqvwuxfwlrq ri olih0f|foh sur�ohv ri frqvxpswlrq dqg lqfrph

dqg suhvhqwv judskv ri wkh sur�ohv iru ydulrxv hgxfdwlrq dqg rffxsdwlrq fhoov1 Ilqdoo|/ zh suhvhqw

wkh uhvxowv ri wkh hvwlpdwlrq dqg frqfoxgh1 Dsshqglfhv frqwdlq pruh ghwdlohg ghvfulswlrqv ri wkh

qxphulfdo rswlpl}dwlrq/ wkh hfrqrphwulf surfhgxuh/ dqg wkh FH[ gdwd1

51 �NAt�6V|�NA �j�B��Ni ��|� 7|NW�Bt|�W YAWN6j

5141 Wkh Fdqrqlfdo Prgho zlwk Oderu Lqfrph Xqfhuwdlqw|1 Rxu vwduwlqj srlqw lv wkh edvlf

glvfuhwh0wlph/ olih0f|foh prgho ri krxvhkrog frqvxpswlrq ehkdylru1 Frqvxphuv olyh iru Q shulrgv

dqg zrun iru W ? Q / zkhuh erwk W dqg Q duh h{rjhqrxv dqg �{hg1 Dw hyhu| djh 4 � w � W / wkh

frqvxphu uhfhlyhv d vwrfkdvwlf lqfrph \|1 Wkhuh lv rqh dvvhw lq wkh hfrqrp|/ zlwk d frqvwdqw/ diwhu0

wd{/ jurvv uhdo lqwhuhvw udwh U1 Zh dvvxph wkdw suhihuhqfhv wdnh wkh vwdqgdug dgglwlyho| vhsdudeoh

h{shfwhg xwlolw| irup/ zlwk glvfrxqw idfwru �=

H

%
�[
|'�

�|x +F|> ]|, . ��n�Y�n�+Z�n�,

&
>+4,

zkhuh F| uhsuhvhqwv wrwdo frqvxpswlrq dw djh w/ Z| uhsuhvhqwv wrwdo �qdqfldo zhdowk dqg ]| lv d

yhfwru ri ghwhuplqlvwlf krxvhkrog fkdudfwhulvwlfv +h1j1 idplo| vl}h,1 Y�n� uhsuhvhqwv wkh ydoxh wr

wkh frqvxphu ri dq| dvvhwv ohiw dw wkh wlph ri ghdwk/ fdswxulqj dq| ehtxhvw prwlyh1 Wkh frqvxphu

pd{lpl}hv htxdwlrq +4, jlyhq dq lqlwldo zhdowk ohyho Z�/ wkh frqvwudlqw wkdw whuplqdo zhdowk lv

qrq0qhjdwlyh Z�n� � 3/ dqg wkh g|qdplf exgjhw frqvwudlqw=

Z|n� @ U +Z| . \| �F|, =
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Zh ixuwkhu dvvxph wkdw wkh iholflw| ixqfwlrq x +=> =, lv ri wkh Frqvwdqw Uhodwlyh Ulvn Dyhuvlrq

+FUUD, irup/ zlwk lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq 4@�/ dqg pxowlsolfdwlyho| vhsdudeoh lq

]=

x +F>], @ y +],
F�34

4� �
=

Li lqfrph zhuh fhuwdlq/ wkh vroxwlrq wr wklv surjudp zrxog eh vwdqgdug= wkh frqvxphu zrxog

fkrrvh d frqvxpswlrq sdwk vxfk wkdw

F|n�

F|
@

�
�U

y +]|n�,

y +]|,

��

4

=+5,

Zlwk frqvwdqw lqglylgxdo fkdudfwhulvwlfv/ htxdwlrq +5, lpsolhv d frqvwdqw jurzwk udwh ri frqvxps0

wlrq1 Frqvxpswlrq lqfuhdvhv +uhvshfwlyho| ghfuhdvhv, ryhu wlph zkhq wkh lqwhuhvw udwh lv odujhu

+uhvshfwlyho| vpdoohu, wkdq wkh glvfrxqw udwh1 Wkh jurzwk udwh ri frqvxpswlrq lv lqghshqghqw ri

wkh lqfrph sur�oh1 Wkh ohyho ri frqvxpswlrq lv ghwhuplqhg e| wkh olihwlph exgjhw frqvwudlqw dqg

wkh whuplqdo ydoxh ixqfwlrq1

Zkhq lqglylgxdo fkdudfwhulvwlfv ydu| ryhu wkh olih f|foh/ wkh jurzwk udwh ri frqvxpswlrq pd|

fkdqjh dffruglqjo|1 Iru lqvwdqfh/ li wkh pdujlqdo xwlolw| ri frqvxpswlrq lqfuhdvhv zlwk idplo| vl}h/

frqvxpswlrq zloo jurz idvwhu dv idplo| vl}h lqfuhdvhv/ dqg vorzhu dv fkloguhq ohdyh wkh krxvhkrog1

Wkhvh yduldwlrqv lq lqglylgxdo fkdudfwhulvwlfv pd| lqgxfh d srvlwlyh fruuhodwlrq ehwzhhq frqvxps0

wlrq dqg lqfrph ryhu wkh olih f|foh1

Zlwk lqglylgxdo lqfrph xqfhuwdlqw| dqg suxghqfh/ krxvhkrogv krog oltxlg zhdowk wr lqvxuh wkhp0

vhoyhv djdlqvw ixwxuh frqwlqjhqflhv1 Wklv suhfdxwlrqdu| vdylqj prwlyh kdv srwhqwldoo| idu0uhdfklqj

dqg vwulnlqj lpsolfdwlrqv1 Wkh pdlq frqvhtxhqfh ri lqfrph xqfhuwdlqw| lv wr lqfuhdvh wkh vorsh ri

wkh frqvxpswlrq sur�oh1 Kxeedug/ Vnlqqhu/ dqg ]hoghv +4<<7, ghprqvwudwhv wkdw wklv xqfhuwdlqw|

fdq ohdg wr kxps0vkdshg frqvxpswlrq sur�ohv dv krxvhkrogv vdyh iru suhfdxwlrqdu| uhdvrqv hduo| lq

olih dqg uxq grzq wkhvh dvvhwv gxulqj uhwluhphqw gxh wr orzhu ohyhov ri xqfhuwdlqw| dqg dq lqfuhdvhg

suredelolw| ri ghdwk1

]hoghv +4<;<,/ Fduuroo +4<<5,dqg Ghdwrq +4<<4, dqdo|}h wkh fdvh lq zklfk frqvxphuv duh dovr

lpsdwlhqw = devhqw xqfhuwdlqw|/ krxvhkrogv zrxog olnh wr eruurz lq rughu wr �qdqfh d kljk ohyho ri

fxuuhqw frqvxpswlrq1 Ghdwrq +4<<4, dqg ]hoghv +4<;<, lpsrvh oltxlglw| frqvwudlqwv zkloh Fduuroo
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+4<<:, vhwv xs d prgho lq zklfk frqvxphuv fkrrvh qhyhu wr eruurz1 Lq hlwkhu uhqglwlrq/ dvvhwv sod|

wkh uroh ri d ex�hu vwrfn djdlqvw edg lqfrph vkrfnv1 Frqvxphuv kdyh d wdujhw ohyho ri oltxlg dvvhwv/

deryh zklfk lpsdwlhqfh grplqdwhv dqg dvvhwv duh uxq grzq/ dqg ehorz zklfk wkh suhfdxwlrqdu|

prwlyh grplqdwhv dqg dvvhwv duh dffxpxodwhg1 Wkxv wkh wkhru| suhglfwv d srvlwlyh fruuhodwlrq

ehwzhhq h{shfwhg lqfrph jurzwk dqg frqvxpswlrq jurzwk1

Wklv sdshu h{solflwo| lqfrusrudwhv xqlqvxudeoh lglrv|qfudwlf lqfrph xqfhuwdlqw|1 Zh dgrsw

]hoghv* +4<;<, irupxodwlrq/ dqg ghfrpsrvh wkh oderu lqfrph surfhvv lqwr d shupdqhqw frpsrqhqw/

S|> dqg d wudqvlwru| frpsrqhqw/ X|=

\| @ S|X|+6,

S| @ J| S|3�Q|

Wkh wudqvlwru| vkrfnv/ X|/ duh lqghshqghqw dqg lghqwlfdoo| glvwulexwhg/ wdnh wkh ydoxh 3 zlwk sure0

delolw| 3 � s ? 4> dqg duh rwkhuzlvh orj0qrupdoo| glvwulexwhg/ oqX| � Q �
3> �2�

�
1 Wkh orj ri wkh

shupdqhqw frpsrqhqw ri lqfrph/ oqS|/ hyroyhv dv d udqgrp zdon zlwk djh vshfl�f guliw oqJ|= Wkh

vkrfn wr wkh shupdqhqw frpsrqhqw ri lqfrph/Q|/ lv lqghshqghqwo| dqg lghqwlfdoo| orj0qrupdoo|

glvwulexwhg/ oqQ| � Q �
3> �2?

�
=. Wkxv � oq\| � PD +4, > lqfrph lv d vhuldoo| fruuhodwhg surfhvv/

zlwk erwk shupdqhqw dqg wudqvlwru| vkrfnv/ dqg d srvlwlyh suredelolw| ri }hur lqfrph lq hyhu|

shulrg1H

Wzr srlqwv duh zruwk qrwlqj1 Iluvw/ lqqrydwlrqv wr wkh shupdqhqw frpsrqhqw ri lqfrph duh

rqo| dv shupdqhqw dv wkh uhpdlqlqj ohqjwk ri wkh zrunlqj olih= doo vkrfnv duh xowlpdwho| wudqvlwru|/

dv frqvxphuv uhwluh dqg glh1 Dv d frqvhtxhqfh/ wkh surshqvlw| wr frqvxph rxw ri cshupdqhqw*

vkrfnv zloo ydu| zlwk djh/ d srlqw hpskdvl}hg e| Fodulgd +4<<4,1 Wklv surshuw| krogv wuxh iru

wkh FHT0OFK dovr1 Vhfrqg/ lq wklv vhwxs frqvxphuv zloo fkrrvh qhyhu wr eruurz djdlqvw ixwxuh

oderu lqfrph/ d srlqw vkrzq e| Vfkhfkwpdq +4<:9,1 Wklv iroorzv iurp +d, wkhuh ehlqj d vwulfwo|

srvlwlyh suredelolw| wkdw oderu lqfrph zloo eh duelwudulo| forvh wr }hur iru wkh uhvw ri wkh zrunlqj

olih dqg +e, wkh Lqdgd frqglwlrq olpS<f x
� +f, @ 41 Wr vhh wklv/ vxssrvh wkh krxvhkrog zhuh wr

eruurz lq wkh qh{w wr odvw zrunlqj shulrg1 Wkhq/ zlwk vwulfwo| srvlwlyh suredelolw| lw zrxog eh ohiw

zlwkrxw dq| zhdowk lq wkh odvw zrunlqj shulrg1 Wkh krxvhkrog zrxog wkhq kdyh dq lq�qlwh h{shfwhg

pdujlqdo xwlolw|1 Edfnzdug lqgxfwlrq lpsolhv wkdw lw zloo qhyhu eh rswlpdo wr eruurz lq dq| shulrg1
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Wkh suhfdxwlrqdu| prwlyh dfwv dv d vhoi0lpsrvhg oltxlglw| frqvwudlqw1 Lw lv lpsruwdqw wr qrwh wkdw

wklv krogv wuxh hyhq zkhq s/ wkh suredelolw| ri vwulfwo| }hur lqfrph/ lv vhw wr }hur1 Wkh nh| khuh

lv wkdw wkh lqfrph surfhvv kdv d }hur orzhu erxqg1 Wklv dqg wkh uhtxluhphqw wkdw wkh frqvxphu

glhv zlwkrxw ghew doprvw vxuho|/ lpsrvh d qdwxudo eruurzlqj olplw htxdo wr 3 +vhh D|djdul +4<<7,,1

Zlwk d vwulfwo| srvlwlyh orzhu erxqg rq lqfrph/ wkh frqvxphu frxog eruurz rqo| xs wr wkh suhvhqw

glvfrxqwhg ydoxh ri fhuwdlq ixwxuh lqfrph1

Jrlqj iurp wkh prgho wr wkh gdwd/ zh qhhg wr pdnh irxu dvvxpswlrqv1 Iluvw/ lq rughu wr vroyh wkh

frqvxphu*v sureohp dv vwdwhg/ zh qhhg wr vshfli| erwk wkh qdwxuh ri xqfhuwdlqw| gxulqj uhwluhphqw

dqg d ehtxhvw ixqfwlrq1 Zkloh wkhuh kdyh ehhq jrrg dwwhpswv dw prghoolqj frqvxphu ehkdylru diwhu

uhwluhphqw/b zh ihho wkdw zh nqrz wrr olwwoh derxw wkh irup wkdw xqfhuwdlqw| wdnhv diwhu uhwluhphqw

wr xvh rxu phwkrgrorj| dqg gudz lqihuhqfhv iurp srvw0uhwluhphqw ehkdylru1 Xqfhuwdlqw| dulvhv

iurp gl�huhqw vrxufhv ~ h1j1 phglfdo h{shqvhv/ wkh wlplqj ri ghdwk dqg dvvhw uhwxuqv1 Lqwhu0ylyrv

ehtxhvwv duh dovr olnho| wr eh lpsruwdqw1 Dowkrxjk wkhvh vrxufhv ri xqfhuwdlqw| duh dovr suhvhqw

wr vrph h{whqw lq wkh odvw zrunlqj |hduv/ oderu lqfrph xqfhuwdlqw| lv wkh grplqdqw vrxufh ri

xqfhuwdlqw| zkhq |rxqj1 Ixuwkhu/ kljk txdolw| lqirupdwlrq rq krxvhkrog dvvhw kroglqjv/ wrjhwkhu

zlwk frqvxpswlrq dqg lqfrph/ lv qrw dydlodeoh1 Jlyhq wkdw lqyhvwphqw lqfrph/ vrfldo vhfxulw|/

dqg shqvlrqv uhsuhvhqw wkh pdlq vrxufhv ri lqfrph gxulqj uhwluhphqw/ lw lv fxuuhqwo| gl�fxow wr

hvwdeolvk frqvxpswlrq sdwwhuqv dv d ixqfwlrq ri wrwdo zhdowk1 Odvwo|/ hyhq zlwk d surshu wuhdwphqw

ri uhwluhphqw lvvxhv/ rqh zrxog kdyh wr pdnh d jxhvv derxw wkh ehtxhvw ixqfwlrq1 Lqvwhdg/ zh pdnh

xvh ri Ehoopdq*v rswlpdolw| sulqflsoh/ dqg wuxqfdwh rxu sureohp dw wkh gdwh ri uhwluhphqw1

Vhfrqg/ zh dvvxph wkdw djh yduldwlrqv lq y +]|, duh frpprq dfurvv krxvhkrogv ri wkh vdph djh w/

ghwhuplqlvwlf/ dqg frph iurp fkdqjhv lq idplo| vl}h/ vr wkdw wkh hyroxwlrq ri wkh frqvxphu sureohp

fdq eh fdswxuhg e| d vlqjoh vwdwh yduldeoh1�f Wklv kdv wkh dgghg dgydqwdjh wkdw zh fdq dgmxvw dqg

uhsruw frqvxpswlrq dqg lqfrph sur�ohv wkdw pdlqwdlq d frqvwdqw h�hfwlyh idplo| vl}h dfurvv djhv1

Wklug/ wkh prgho lpsrvhv d vlqjoh yhklfoh iru suhfdxwlrqdu| dqg uhwluhphqw zhdowk dffxpxodwlrq/

vlqfh wkhuh lv rqo| rqh dvvhw1 Lq sudfwlfh/ pxfk ri qhw zruwk dw uhwluhphqw lv dffxpxodwhg lq wkh

irup ri looltxlg zhdowk/ rqo| dydlodeoh diwhu uhwluhphqw1�� Wklv vxjjhvwv wkdw wkh uhohydqw prgho ri

frqvxpswlrq ehkdylru vkrxog lqfrusrudwh dq dgglwlrqdo dvvhw wkdw lv looltxlg dqg dffhvvleoh rqo|

diwhu uhwluhphqw1 Krzhyhu/ wklv zrxog vxevwdqwldoo| frpsolfdwh wkh sureohp e| lqwurgxflqj dqrwkhu
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frqwuro yduldeoh +krz pxfk wr vdyh lq oltxlg yhuvxv looltxlg dvvhwv, dqg vwdwh yduldeoh +looltxlg

dvvhwv,1 Lq rughu wr nhhs rxu hvwlpdwlrq surfhgxuh wudfwdeoh/ zh lqvwhdg dvvxph wkdw looltxlg zhdowk

dffxpxodwhv h{rjhqrxvo|/ fdqqrw eh eruurzhg djdlqvw/ dqg wkdw looltxlg zhdowk lq wkh �uvw |hdu ri

uhwluhphqw/ KAn�> lv sursruwlrqdo wr wkh odvw shupdqhqw frpsrqhqw ri lqfrph/ KAn� � kSAn� @

kSA 1 Wkhvh dvvxpswlrqv holplqdwh erwk looltxlg dvvhwv dv d vwdwh yduldeoh ri wkh surjudp/ dqg

frqwulexwlrqv wr looltxlg dvvhwv dv d frqwuro yduldeoh1�2

Ilqdoo|/ zh srvwxodwh d uhwluhphqw ydoxh ixqfwlrq zklfk vxppdul}hv wkh frqvxphu*v sureohp

dw uhwluhphqw wlph1 Gh�qlqj fdvk rq kdqg [|n� dv wrwdo oltxlg �qdqfldo uhvrxufhv> [|n� @

U +[| �F|, . \|n� @ Z|n� . \|n�> zh fkrrvh d ixqfwlrqdo irup wkdw pdlqwdlqv wkh wudfwdelolw|

ri wkh sureohp dqg lv �h{leoh hqrxjk wr doorz urexvwqhvv fkhfnv=

YAn� +[An�>KAn�> ]An�, @ �y +]An�, +[An� .KAn�,
�34>

iru vrph frqvwdqw �= Xqghu wkh FUUD dvvxpswlrq/ wklv ixqfwlrqdo irup lv h{dfwo| fruuhfw li wlph

ri ghdwk dqg2ru dvvhw uhwxuqv duh wkh rqo| vrxufhv ri xqfhuwdlqw| diwhu uhwluhphqw +Phuwrq +4<:4,,1

Xqghu wklv dvvxpswlrq/ frqvxpswlrq lv olqhdu lq wrwdo zhdowk dw uhwluhphqw1 Vlqfh prvw krxvh0

krogv kdyh odujh dprxqwv ri looltxlg zhdowk lq Vrfldo Vhfxulw| dqg shqvlrqv dw uhwluhphqw/ d olqhdu

dssur{lpdwlrq iru wkh wuxh frqvxpswlrq uxoh lv olnho| wr eh d jrrg dssur{lpdwlrq1��

Gh�qlqj wkh ydoxh ixqfwlrq iru wkh krxvhkrog sureohp dw wlph � dv Y� > rxu sureohp ehfrphv=

Y� +[� > S� > ]� , @

pd{
S� c���cSA

H�

%
A[
|'�

�|3�y+]|,
F�34
|

4� �
. �An�3� �y +]An�, +[An� . kSAn�,

�34
&

v=w= [|n� @ U +[| �F|, . \|n�> [An� � 3> dqg jlyhq +6,1

zkhuh lqfrph lv gh�qhg dv glvsrvdeoh lqfrph/ qhw ri Vrfldo Vhfxulw| wd{hv dqg vdylqj lq looltxlg

dvvhwv1 Wkh dvvxpswlrq wkdw looltxlg zhdowk fdqqrw eh eruurzhg djdlqvw lpsrvhv wkh eruurzlqj

frqvwudlqw wkdw oltxlg zhdowk pxvw eh zhdno| srvlwlyh dw uhwluhphqw1

5151 Vroylqj iru Rswlpdo Frqvxphu Ehkdylru1 Wkh vhwxs ri wkh sureohp frpelqhg zlwk rxu

sduwlfxodu fkrlfh ri uhwluhphqw ydoxh ixqfwlrq pdnhv wkh sureohp krprjhqhrxv ri ghjuhh +4� �,

lq wkh shupdqhqw frpsrqhqw ri lqfrph S|1 Zh zulwh wkh rswlpdo frqvxpswlrq uxoh dv d ixqfwlrq
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ri djh/ w/ dqg wkh udwlr ri fdvk rq kdqg wr wkh shupdqhqw frpsrqhqw ri lqfrph/ {| � [|@S|1 Wkh

exgjhw frqvwudlqw ehfrphv=

{|n� @ +{| � f|,
U

J|n�Q|n�
. X|n�> 4 � w � W=+7,

zkhuh orzhufdvh ohwwhuv duh qrupdol}hg e| wkh shupdqhqw frpsrqhqw ri lqfrph1 Wkh iroorzlqj

Hxohu htxdwlrq krogv iru w ? W =

x� +f| +{|,, @ �U H

�
y+]|n�,

y+]|,
x� +f|n� +{|n�, J|n�Q|n�,

�
>+8,

zkhuh f|+{|, uhsuhvhqwv wkh rswlpdo frqvxpswlrq uxoh dw wlph w +qrupdol}hg,/ dv d ixqfwlrq ri

qrupdol}hg fdvk rq kdqg {|1 Lq wkh odvw zrunlqj shulrg/ wkh Hxohu htxdwlrq ehfrphv=

x� +fA +{A ,, @ pd{

�
x� +{A , > �U

y+]An�,

y+]A ,
x� +fAn� +{An�, ,

 
vlqfh wkh krxvhkrog fdqqrw eruurz djdlqvw looltxlg zhdowk KAn� dqg SAn� @ SA =

Jlyhq rxu uhwluhphqw ydoxh ixqfwlrq/ rswlpdo frqvxpswlrq lv olqhdu lq wrwdo zhdowk dw uhwluhphqw=

FAn� @ �� +[An� .KAn�,

zkhuh ��uhsuhvhqwv wkh pdujlqdo surshqvlw| wr frqvxph rxw ri zhdowk1�e Qrupdol}hg frqvxpswlrq/

fAn�> lv wkhq olqhdu lq qrupdol}hg fdvk rq kdqg {An� =

fAn� @ �f . ��{An�>+9,

zlwk �f � ��k1

Wkh vroxwlrq wr wkh frqvxphu sureohp frqvlvwv ri d vhw ri frqvxpswlrq uxohv if| +{|,j�$|$A 1 Wkh
frqvxpswlrq uxoh lq wkh odvw zrunlqj shulrg lv wkh vroxwlrq wr wkh deryh Hxohu htxdwlrqv iru doo

ydoxhv ri fdvk rq kdqg/ zkhuh zh uhsodfh fAn� xvlqj htxdwlrq +9,1 Vroylqj uhfxuvlyho| jhqhudwhv

frqvxpswlrq ixqfwlrqv fA +{A ,> ==> f�+{�,1 D frpsohwh ghvfulswlrq ri wkh vroxwlrq phwkrg lv surylghg

lq Dsshqgl{ D1
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5161 Fkdudfwhul}dwlrq ri Lqglylgxdo Frqvxpswlrq Ehkdylru1 Iljxuh 4 sdqho D vkrzv frq0

vxpswlrq uxohv dw ydulrxv djhv/ iru d w|slfdo krxvhkrog zrunlqj iurp djh 58 wr 98 dqg uhwlulqj

wkhuhdiwhu zlwk d frqvxpswlrq uxoh dw djh 99 fkdudfwhul}hg e|= �f @ 3=334> �� @ 3=3:4= Wkhvh

sdudphwhu ydoxhv duh wkrvh ri rxu edvholqh hvwlpdwhv1�D Li J dqg ] zhuh frqvwdqw/ wkh �qlwh krul}rq

sureohp zrxog frqyhujh wr wkh lq�qlwh krul}rq rqh/ dv zh pryh ixuwkhu dzd| iurp uhwluhphqw1

Frqvxpswlrq lv dozd|v srvlwlyh/ lqfuhdvlqj/ dqg frqfdyh lq fdvk rq kdqg1 Hduo| lq olih/ krxvhkrogv

h{klelw cex�hu vwrfn* ehkdylru= iru orz ohyho ri fdvk rq kdqg/ w|slfdoo| ohvv wkdq wkh shupdqhqw

frpsrqhqw ri wkhlu lqfrph +{ � 4,/ krxvhkrogv frqvxph prvw/ exw qhyhu doo/ ri wkhlu �qdqfldo

zhdowk/ dqg pryh wr wkh qh{w shulrg zlwk d yhu| orz ohyho ri oltxlg dvvhwv1 Dw kljk ohyhov ri fdvk

rq kdqg/ wkh suhfdxwlrqdu| prwlyh lv vpdoo dqg krxvhkrogv frqvxph pruh wkdq wkh lqfrph wkh|

h{shfw wr uhfhlyh +zklfk htxdov 4, dqg vr uxq grzq wkhlu dvvhwv1 Dv zh glvfxvv odwhu/ rxu edvholqh

uhwluhphqw frqvxpswlrq uxoh lpsolhv hlwkhu olwwoh looltxlg zhdowk ru d orz surshqvlw| wr frqvxph

iurp lw1 Wkxv dv krxvhkrogv djh/ wkh| pxvw vdyh iru uhwluhphqw= frqvxpswlrq uxohv ghfolqh dqg

krxvhkrogv dffxpxodwh vljql�fdqw dprxqwv ri oltxlg zhdowk1

Iljxuh 4 sdqho E uhsruwv frqvxpswlrq uxohv iru d vlplodu krxvhkrog zlwk wkh dowhuqdwlyh uhwluh0

phqw frqvxpswlrq uxoh �f @ 3=8<7> �� @ 3=3::71�S Wkh kljkhu ydoxh ri �f lpsolhv hlwkhu odujhu

looltxlg zhdowk dw uhwluhphqw ru d odujhu surshqvlw| wr frqvxph iurp lw1 Wkh wzr krxvhkrogv kdyh

yhu| vlplodu frqvxpswlrq uxohv hduo| lq olih/ iru wkh vdph uhdvrqv wkdw frqyhujhqfh rffxuv lq wkh

vwdwlrqdu| sureohp1 Erwk krxvhkrogv ehkdyh dv ex�hu vwrfn krxvhkrogv lq wkhlu |rxwk1 Odwhu lq

olih/ wkh krxvhkrog lq sdqho E grhv qrw qhhg wr dffxpxodwh dv pxfk oltxlg zhdowk vlqfh lw fdq uho|

pruh rq looltxlg zhdowk wr pdlqwdlq frqvxpswlrq lq uhwluhphqw1 Wkxv wkh frqvxpswlrq uxohv ghfolqh

ohvv dv wkh krxvhkrog djhv1�.

Zkdw jhqhudo frqglwlrqv duh qhfhvvdu| wr jhqhudwh ex�hu0vwrfn ehkdylruB Lq d vwdwlrqdu| lq�qlwh0

krul}rq prgho/ ex�hu vwrfn ehkdylru dulvhv zkhq djhqwv duh vx�flhqwo| lpsdwlhqw qrw wr dffxpxodwh

zhdowk zlwkrxw erxqgv1 Irupdoo|/ wkh pdsslqj iurp fxuuhqw zhdowk wr h{shfwhg zhdowk lq wkh qh{w

shulrg pxvw eh d frqwudfwlrq1 Lq wklv fdvh/ Fduuroo +4<<<, dqg Ghdwrq +4<<4, suryh wkdw d vroxwlrq

wr wkh frqvxphu sureohp h{lvwv li=

U�H
�
+JQ,34

�
? 4=+:,
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Wkxv/ d kljkhu suhihuhqfh iru wkh suhvhqw/ vwhhshu jurzwk ri h{shfwhg lqfrph/ ru d orzhu lqwhuhvw

udwh hdfk pdnh ex�hu vwrfn ehkdylru pruh olnho|1 Xqghu vrph dgglwlrqdo frqglwlrqv/ rqh fdq dovr

vkrz wkdw fdvk rq kdqg dgplwv dq hujrglf glvwulexwlrq1�H

Lq d olih0f|foh prgho/ qr vxfk vlpsoh fkdudfwhul}dwlrq h{lvwv ehfdxvh lqfrph jurzwk dqg ehkdylru

fkdqjh zlwk djh1 Lqvwhdg/ zh dgrsw d sudfwlfdo dssurdfk dqg fdoo d krxvhkrog d ex�hu vwrfn

krxvhkrog li lw vdyhv pruh iru suhfdxwlrqdu| prwlyhv wkdq iru olih0f|foh +ehtxhvw ru uhwluhphqw,

prwlyhv1 D krxvhkrog zkrvh vdylqj ghflvlrqv duh prwlydwhg sulpdulo| e| xqfhuwdlqw| zloo kdyh wkh

fkdudfwhulvwlfv ri ex�hu vwrfn ehkdylru mxvw ghvfulehg1

61 �j|�Na Nu 7�6�,B|ja �N6jA|t .t|�6B|�NA

Zh hvwlpdwh rxu prgho xvlqj d wzr0vwhs Phwkrg ri Vlpxodwhg Prphqwv +PVP, dv iroorzv1

Jlyhq wkh sdudphwhuv ri wkh frqvxphu sureohp gh�qhg lq wkh suhylrxv vhfwlrq +suhihuhqfhv/ lqfrph

surfhvv/hwf1, zh fdq vroyh qxphulfdoo| iru wkh djh0ghshqghqw rswlpdo frqvxpswlrq uxohv1 Iru d

jlyhq vhw ri frqvxpswlrq uxohv/ zh fdq qxphulfdoo| vlpxodwh wkh dvvrfldwhg h{shfwhg frqvxpswlrq

dv d ixqfwlrq ri djh rqo|1 Wkh hvwlpdwlrq surfhgxuh wkhq plqlpl}hv wkh glvwdqfh ehwzhhq wkh

vlpxodwhg frqvxpswlrq sur�ohv dqg hpslulfdo frqvxpswlrq sur�ohv/ zklfk duh ghvfulehg lq vhfwlrq

81

Dffruglqj wr vhfwlrq 5/ frqvxpswlrq dw djh w iru lqglylgxdo l ghshqgv rq qrupdol}hg fdvk rq kdqg

{�c|/ wkh uhdol}dwlrq ri shupdqhqw frpsrqhqw ri lqfrph S�c|/ dqg wkh sdudphwhuv ri wkh frqvxpswlrq

sureohp/ zklfk zh qrz ghqrwh e| #5� � Ur= Gh�qlqj wkh yhfwru ri vwdwh yduldeoh v�c| @ +{�c|> S�c|,/

zh srvwxodwh wkh iroorzlqj gdwd0jhqhudwlqj surfhvv iru hdfk djh/ w=

oqF�c| @ oqF| +v�c|>#, . ��c| @ oq+f| +{�c|>#,S�c|, . ��c|>+;,

zkhuh ��c| lv dq lglrv|qfudwlf vkrfn wkdw uhsuhvhqwv fodvvlfdo phdvxuhphqw huuru lq frqvxpswlrq

ohyhov1 Zh duh lqwhuhvwhg lq hvwlpdwlqj # dqg wkhq pdnlqj lqihuhqfh derxw frqvxpswlrq ehkdylru1

Zlwkrxw txdolw| sdqho gdwd rq frqvxpswlrq/ dvvhw dqg lqfrph iru lqglylgxdo krxvhkrogv/ gluhfw

hvwlpdwlrq xvlqj +;, lv qrw srvvleoh1
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Zh gr krzhyhu revhuyh wkh dyhudjh ri orj0frqvxpswlrq dw hdfk djh/ gh�qhg dv oq �F| � �
U|

SU|
�'� oqF�c|

zkhuh L| uhsuhvhqwv wkh qxpehu ri revhuydwlrqv dw djh w dqg oqF�c| lv gh�qhg e| htxdwlrq +;,1 Wklv

vxjjhvwv wkdw zh fdq orrn gluhfwo| dw wkh xqfrqglwlrqdo h{shfwdwlrq ri orj0frqvxpswlrq dw hdfk djh=

oqF| +#, � H ^oqF| +v|>#, m#` @
]

oqF| +v>#, gI|+v>#,>+<,

zkhuh wkh xqfrqglwlrqdo fxpxodwlyh glvwulexwlrq ri qrupdol}hg fdvk rq kdqg dqg shupdqhqw frpsr0

qhqw ri lqfrph dw djh w> I| +v>#, ghshqgv rq djh w dqg rq wkh sdudphwhuv #1 Zh vhhn wr hvwlpdwh wkh

prgho iurp wkh iroorzlqj prphqw frqglwlrqv= H ^� +oqF�>#f,` @ 3> zkhuh #f lv wkh wuxh sdudphwhu

yhfwru/ oqF� @ ioqF�c|jA|'� dqg �+oqF�> #, 5 UA / zlwk w|� hohphqw=

�| +oqF�>#, @ oqF�c| � oqF| +#, =+43,

Wklv dssurdfk pxvw dgguhvv wzr ixuwkhu frpsolfdwlrqv1 Iluvw/ lw lv gl�fxow wr hvwlpdwh dffxudwho|

doo hohphqwv ri # lq rqh vwhs1 Wklv lv gxh lq sduw wr wkh frpsxwdwlrqdo frpsoh{lw| ri wkh sureohp dqg

lq sduw wr wkh orvv ri lqirupdwlrq wkdw dyhudjlqj hqwdlov1 Lqvwhdg/ zh hpsor| d wzr0vwdjh hvwlpdwlrq

surfhgxuh1 Zh sduwlwlrq # lqwr wzr vxe0yhfwruv � 5 � � U& dqg " 5 Uo> zkhuh � lv d frpsdfw

vhw1 Zh xvh dgglwlrqdo gdwd dqg prphqwv wr hvwlpdwh " lq d �uvw vwdjh dffruglqj wr H^�+",` @ 3

zkhuh � 5 Uo=�b Zh glvfxvv wklv vwhs lq wkh qh{w vhfwlrq dqg ghqrwh wkh dvvrfldwhg �uvw0vwdjh

hvwlpdwru e| a"= Iru lqvwdqfh/ udwkhu wkdq hvwlpdwh wkh yduldqfh ri shupdqhqw dqg wudqvlwru| vkrfnv

wr lqfrph iurp dyhudjh frqvxpswlrq dqg lqfrph sur�ohv/ zkhuh lghqwl�fdwlrq pljkw suryh gl�fxow

lq sudfwlfh/ zh xvh wlph0vhulhv prphqw frqglwlrqv dqg wuxh krxvhkrog0ohyho sdqho gdwd rq lqfrph

iurp wkh SVLG1

Wkh vhfrqg frpsolfdwlrq dulvhv iurp wkh dqdo|wlfdo frpsoh{lw| ri wkh xqfrqglwlrqdo h{shfwdwlrq

+<,1 Wkh xqfrqglwlrqdo glvwulexwlrq iru wkh vwdwh yduldeohv dw djh w/ I|+v>#,/ lv h{wuhpho| fxp0

ehuvrph wr hydoxdwh dqg ghshqgv rq wkh sdudphwhuv #1 Wr ryhufrph wklv gl�fxow|/ zh xvh wkh

Phwkrg ri Vlpxodwhg Prphqwv/ dv ghyhorshg e| Sdnhv dqg Sroodug +4<;<, dqg Gx�h dqg Vlq0

johwrq +4<<6,1 Xvlqj wkh exgjhw frqvwudlqw +7,/ dqg wkh surfhvv iru S|> zh gh�qh d phdvxudeoh

wudqvlwlrq ixqfwlrq 9 = U2{U2{�{Uo $ U2 wkdw ghvfulehv wkh g|qdplfv ri wkh vwdwh yduldeohv
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v|n� @ +{|n�> S|n�, @ 9 +v|> �|n�> �>e",/ zkhuh �|n� @ +X|n�>Q|n�,
�1 Wklv wudqvlwlrq ixqfwlrq fdq

wkhq eh xvhg wr uhzulwh wkh xqfrqglwlrqdo h{shfwdwlrq +<,=

oqF| +�>e", @

]
oqF| +v> �>e", gI|+v> �> a",+44,

@

]]
oqF| +9 +v> �> �>e", > �>e", gI|3�+v> �> e", gI D +�, =

zkhuh I D +�, ghqrwhv wkh fxpxodwlyh glvwulexwlrq ri �=

Iurp +44,/ zh dssur{lpdwh wkh wkhruhwlfdo xqfrqglwlrqdo h{shfwdwlrq xvlqj Prqwh0Fduor lqwhjud0

wlrq1 Zh jhqhudwh lqfrph vkrfnv iru O krxvhkrogv= dq U2{UA 0ydoxhg vhtxhqfh ri udqgrp yduldeohv

ia�,j,'u,'� zkhuh a�, @ +a�,c�> ===> a�,cA ,
�/ wkdw duh lghqwlfdoo| lqghshqghqwo| glvwulexwhg= Iurp dq| lql0

wldo glvwulexwlrq I� +v�,/ fdqglgdwh � dqg hvwlpdwhg a"/ zh fdq jhqhudwh wkh sdwk ri vwdwh yduldeohv

dffruglqj wr=

av,c|n� @ 9 +av,c|> a�,c|n�> �>e", > ; 4 � w � W � 4 dqg 4 � o � O=

Wkh xqfrqglwlrqdo h{shfwdwlrq iurp wkh prgho oqF| +�> a", lv wkhq vlpxodwhg e|=

oq aF| +�>e", � 4

O

u[
,'�

oqF| +av,c|> �>e", # oqF| +�>e", >
zkhuh frqyhujhqfh rffxuv dv O $ 41

Iru dq| sdudphwhu yhfwru � 5 �/ zh fdq uhsodfh wkh wkhruhwlfdo h{shfwdwlrq ri frqvxpswlrq zlwk

lwv vlpxodwhg frxqwhusduw lq +43,=

a�| +oqF�> �>e", @ oqF�c| � oq aF| +�>e", =
Hvwlpdwlrq qrz vlpso| surfhhgv e| pdnlqj wkh vlpxodwhg hpslulfdo prphqwv dv forvh dv srvvleoh

wr wkhlu wkhruhwlfdo ydoxhv xvlqj vdpsoh dyhudjhv=

j| +�>e", @
4

L|

U|[
�'�

a�| +oqF�c|> �>e",
@

4

L|

U|[
�'�

oqF�c| � oq aF| +�>e",
@ oq �F| � oq aF| +�>e", =
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Qrwh wkdw zh gr qrw uhtxluh uhshdwhg revhuydwlrqv rq wkh vdph krxvhkrogv1 Rxu vhfrqg0vwdjh

hvwlpdwlrq surfhgxuh lv wkhq d phwkrg ri vlpxodwhg prphqwv hvwlpdwru +PVP, wkdw plqlpl}hv

ryhu �=

j +�>e",�Zj +�>e", >
zkhuh j +�>e", @ +j�> ===> jA ,

� 5 UA dqg Z lv d W{W zhljkwlqj pdwul{1 Lq wkh fdvh zkhuh Z @ LA > wkh

lghqwlw| pdwul{/ wkh hvwlpdwlrq surfhgxuh lv htxlydohqw wr plqlpl}lqj wkh vxp ri vtxduh uhvlgxdov=

V +�>e", @ A[
|'�

�
oq �F| � oq aF|+�>e",�2 =

Qrwh krzhyhu/ wkdw zh duh plqlpl}lqj wkh vxp ri vtxduhg uhvlgxdov zlwk d frqvwdqw W dqg wkdw

dv|pswrwlf uhvxowv vwloo dsso| dv orqj dv L|> wkh qxpehuv ri revhuydwlrq dw djh w/ jrhv wr lq�qlw| iru

hdfk djh1

Xqghu wkh uhjxodulw| frqglwlrqv vwdwhg lq Sdnhv dqg Sroodug +4<;<, dqg Gx�h dqg Vlqjohwrq

+4<<6,/ wkhPVP hvwlpdwru a� lv erwk frqvlvwhqw dqg dv|pswrwlfdoo| qrupdoo| glvwulexwhg1 Krzhyhu/

rqh qhhgv wr fruuhfw wkh vhfrqg0vwdjh hvwlpdwru ri wkh yduldqfh0fryduldqfh pdwul{ iru wkh �uvw0vwdjh

hvwlpdwlrq12f Ixuwkhupruh/ dq dgglwlrqdo whup lv uhtxluhg wr dffrxqw iru wkh idfw wkdw zh kdyh

vlpxodwhg prphqwv udwkhu wkdq wkhruhwlfdo prphqwv1

Wkh yduldqfh0fryduldqfh hvwlpdwru dqg lwv ghulydwlrq lv frqwdlqhg lq Dsshqgl{ E1 Zh xvh wzr

dowhuqdwlyh zhljkwlqj pdwul{hv lq rxu hvwlpdwlrq1 Iluvw/ zh fkrrvh d pdwul{ wkdw/ zkloh qrw ixoo|

rswlpdo/ grhv qrw ghshqg rq wkh �wwhg prgho1 Wklv lv prwlydwhg e| wkh revhuydwlrq wkdw rswlpdoo|

zhljkwlqj JPP hvwlpdwruv fdq zruvhq �qlwh0vdpsoh eldv +vhh iru h{dpsoh Zhvw/ Zrqj dqg Dqd0

wro|hy +4<<;,,1 Vhfrqg/ zh hpsor| wkh rswlpdo zhljkwlqj pdwul{1 Rxu 50vwhs surfhgxuh surylghv d

whvw ri wkh ryhulghqwli|lqj uhvwulfwlrqv lq wkh vhfrqg vwdjh/ zklfk lv ghulyhg lq dsshqgl{ E1

Lq sudfwlfh/ zh vlpxodwh oq aF|+�> a", e| uxqqlqj O @ 53> 333 lqghshqghqw lqfrph surfhvvhv iru 73

|hduv/ dqg frpsxwlqj lq hdfk |hdu wkh dvvrfldwhg frqvxpswlrq dqg fdvk rq kdqg1 Rqfh wkh rswlpxp

lv irxqg/ wkh judglhqw ri wkh prphqw yhfwru lv hydoxdwhg qxphulfdoo| dqg wkh yduldqfh0fryduldqfh

pdwul{ hvwlpdwhg1
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Wkh �uvw0vwdjh sdudphwhuv " lqfoxgh wkh jurvv uhdo diwhu wd{ lqwhuhvw udwh U> wkh yduldqfhv ri

wkh lqqrydwlrqv wr wkh shupdqhqw dqg wudqvlwru| frpsrqhqwv/ s> �2�> �
2
?> wkh lqlwldo glvwulexwlrq ri

oltxlg dvvhwv dw djh 59/ zklfk fruuhvsrqgv wr wkh ehjlqqlqj ri olih lq wkh hpslulfdo hvwlpdwlrq ri rxu

prgho> dqg wkh lqfrph dqg idplo|0frpsrvlwlrq sur�ohv1 Wkh frqvwuxfwlrq ri sur�ohv lv glvfxvvhg lq

wkh qh{w vhfwlrq1

Iluvw/ zh hvwlpdwh wkh jurvv uhdo lqwhuhvw udwh/ U/ iurp wkh dyhudjh uhdo uhwxuq rq Prrg|*v DDD

pxqlflsdo erqgv dqg wkh Jurvv Grphvwlf Surgxfw lpsolflw sulfh gh�dwru iru shuvrqdo frqvxpswlrq

h{shqglwxuhv xvhg wr gh�dwh wkh frqvxpswlrq dqg lqfrph gdwd1 Ryhu wkh vdpsoh shulrg iurp

Mdqxdu| 4<;3 wr Pdufk 4<<6/ wkh dyhudjh uhdo lqwhuhvw udwh lv 6=773 shufhqw zlwk d vwdqgdug huuru

ri 3=5;4=

Vhfrqg/ zh hvwlpdwh wkh yduldqfh ri wkh shupdqhqw dqg wudqvlwru| frpsrqhqwv ri vkrfnv wr

lqfrph/ �2� dqg �2?/ xvlqj wkh SVLG dqg wkh JPP phwkrgrorj| ri Fduuroo dqg Vdpzlfn +4<<:,12�

Wkh JPP surfhgxuh dqg gdwd hpsor|hg duh ghvljqhg wr hvwlpdwh wkh sdudphwhuv ri h{dfwo| wkh

lqfrph surfhvv zh kdyh vshfl�hg1 Zh uhgr wkhlu fdofxodwlrqv vlqfh wkh gh�qlwlrqv ri rffxsdwlrq lq

wkh SVLG dqg FH[ gr qrw h{dfwo| ryhuods1 Zh djjuhjdwh wkh rffxsdwlrqdo jurxsv lq wkh SVLG

lqwr fdwhjrulhv wkdw ehwwhu pdwfk wkh jurxslqjv wkdw zh hpsor| lq wkh FH[122 Wdeoh L glvsod|v wkh

yduldqfhv ri wkh shupdqhqw dqg wudqvlwru| vkrfnv dfurvv rffxsdwlrq dqg hgxfdwlrq jurxsv1 Vlqfh

phdvxuhphqw huuru lq lqfrph pd| h{djjhudwh wkhvh yduldqfhv dqg vlqfh krxvhkrogv pd| kdyh dffhvv

wr vrph lqirupdo lqvxudqfh phfkdqlvpv zh vwxg| wkh lpsdfw ri orzhulqj wkhvh phdvxuhv lq vhfwlrq

9161

Zh fdofxodwh wkh suredelolw| ri d wuxo| }hur lqfrph uhdol}dwlrq xvlqj wkh iuhtxhqf| ri wuxo| }hur

lqfrph lq wkh SVLG/ dv uhsruwhg e| Fduuroo +4<<5,1 Wkhuhiruh/ zh vhw as @ 3=33635 zlwk d vwdqgdug

huuru ri 3=333:971

Ilqdoo|/ zh uhtxluh dq lqlwldo dvvhw ohyho iru krxvhkrogv1 Zh pdwfk erwk wkh w|slfdo ohyho dqg wkh

glvwulexwlrq lq wkh srsxodwlrq e| hvwlpdwlqj wkh udwlr ri oltxlg zhdowk wr lqfrph iru krxvhkrogv

ehwzhhq 57 dqg 5; |hduv rog1 Lq vlpxodwlqj sur�ohv/ zh dvvxph wkdw krxvhkrogv duh eruq zlwk dq

lqlwldo ohyho ri dvvhwv uhodwlyh wr lqfrph gudzq iurp d orjqrupdo glvwulexwlrq zlwk phdq �$2S dqg

vwdqgdug ghyldwlrq �/2S wkdw zh hvwlpdwh iurp wkh FH[ gdwd1 Wdeoh LL glvsod|v rxu hvwlpdwhv ri
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wkh dyhudjh orj qrupdol}hg oltxlg zhdowk/ lwv vwdqgdug ghyldwlrq lq wkh gdwd dqg wkh lpsolhg udwlr

ri dyhudjh qrupdol}hg zhdowk e| hgxfdwlrq dqg rffxsdwlrq jurxsv1

81 �.k �NAt�6V|�NA BAa YAWN6j �iNu�,jt

8141 Sur�oh Frqvwuxfwlrq Phwkrgrorj|1 Zh hvwlpdwh wkuhh sur�ohv xvlqj krxvhkrog ohyho gdwd

iurp djh 59 wr 98= d frqvxpswlrq djh0sur�oh
�
�F|

�SD
|'2S

> wkh dyhudjh lqfrph sur�oh
�
�\|
�SD
|'2S

iurp

zklfk zh ghulyh h{shfwhg lqfrph jurzwk iJ|jSD|'2.> dqg d sur�oh iru wkh w|slfdo vkliwv lq pdujlqdo

xwlolw|/ iy+]|,jSD|'2S1
Dvvxph wkdw wkh gdwd jhqhudwlqj surfhvv iru frqvxpswlrq lv dv gh�qhg lq vhfwlrq 5> iru hdfk

krxvhkrog1 Gh�qh ��c| � y +]�c|, F
34
�c| dv wkh pdujlqdo xwlolw| ri krxvhkrog l ri djh w= Iurp wkh Hxohu

htxdwlrq +8, ri vhfwlrq 5/ zh nqrz wkdw=

��c| @
4

�U
��c|3� ��c|>

zkhuh ��c| lv wkh +pxowlsolfdwlyh, lqqrydwlrq wr wkh pdujlqdo xwlolw| ri zhdowk dqg vdwlv�hvH|3�
�
��c|
�
@

4=

Lwhudwlqj edfnzdug xqwlo wkh eluwk |hdu/ dqg vxevwlwxwlqj iru F�c|c zh rewdlq=

F�c| @

�
y +]�c|,

y +]�c2S,

� �

4

+�U,
|32S
4

�
�|
,'2.�

3�

4

�c,

�
f2S S2S > 59 � w � 98=+45,

Wkh �uvw whup rq wkh uljkw kdqg vlgh uhsuhvhqwv wkh h�hfw ri idplo| vl}h yduldwlrq ehwzhhq djh 59

dqg djh w= Wkh vhfrqg whup uh�hfwv wkh guliw lq pdujlqdo xwlolw| wkdw ghshqgv xsrq wkh glvfrxqw

idfwru/ wkh uhdo lqwhuhvw udwh dqg wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq 4@�= Wkh wklug whup

uh�hfwv wkh h�hfw ri xqfhuwdlqw| dqg suhfdxwlrqdu| vdylqj xsrq frqvxpswlrq dw djh w> wkurxjk

wkh sdvw dqg fxuuhqw uhdol}dwlrqv ri lqqrydwlrqv wr pdujlqdo xwlolw|/ ��c|/ gxh wr lqglylgxdo lqfrph

lqqrydwlrqv1 Wkh irxuwk whup/ f2S> uhsuhvhqwv yduldwlrqv lq lqlwldo fdvk rq kdqg dfurvv krxvhkrogv1

Wkh �qdo whup/ S2S> fdswxuhv yduldwlrqv dfurvv krxvhkrogv lq wkh lqlwldo shupdqhqw frpsrqhqw ri

lqfrph=

Wkh krxvhkrog0ohyho gdwd iurp wkh FH[ gl�huv iurp wkh deryh F�c| lq irxu zd|v1 Iluvw/ frq0

vxpswlrq gdwd lv plvphdvxuhg1 Wkxv/ zh gr qrw h{sorlw wkh olplwhg sdqho qdwxuh ri wkh Vxuyh|/



�H �� �� D�P-Y��Q�7 ��$ c� �� ��-l.-

exw lqvwhdg uho| rq gdwd iurp uhshdwhg furvv0vhfwlrqv1 Zh dvvxph wkdw phdvxuhphqw huuru lq

frqvxpswlrq lv fodvvlfdo dqg pxowlsolfdwlyh1

Vhfrqg/ |hdu0vshfl�f hyhqwv/ vxfk dv wkh vwdjh ri wkh exvlqhvv f|foh/ d�hfw wkh dyhudjh frq0

vxpswlrq ri krxvhkrogv lq hdfk |hdu1 Wkhvh h�hfwv duh qrw lqfoxghg lq wkh prgho1 Rqh srvvleoh

mxvwl�fdwlrq lv wkdw djjuhjdwh �xfwxdwlrqv dffrxqw iru d vpdoo vkduh ri lqglylgxdo xqfhuwdlqw| +Slv0

fknh +4<<8,,1 Zh dvvxph wkdw wlph0h�hfwv hqwhu pxowlsolfdwlyho|12�

Wklug/ wkh prgho ri vhfwlrq 5 grhv qrw dvvxph dq| yduldwlrq lq lqfrph dfurvv frkruwv1 Lq uhdolw|/

krxvhkrogv vwduw olih zlwk gl�huhqw ohyhov ri zhdowk dqg shupdqhqw frpsrqhqwv ri lqfrph dqg wkxv

zlwk gl�huhqw ohyhov ri frqvxpswlrq1 Vrph ri wkhvh gl�huhqfhv duh gxh wr wkdw idfw wkdw krxvhkrogv

eruq lq odwhu jhqhudwlrqv rq dyhudjh kdyh kljkhu ydoxhv iru wkhlu lqlwldo shupdqhqw frpsrqhqw ri

lqfrph1 Wklv lpsolhv wkdw wkhuh lv d fruuhodwlrq ehwzhhq wkh h�hfw ri eluwk |hdu dqg wkh h�hfw

ri djh rq frqvxpswlrq1 Krxvhkrogv revhuyhg dw djh vl{w|/ vd|/ duh eruq orqj ehiruh wkrvh zh

revhuyh dw |rxqj djhv dqg vr kdyh rq dyhudjh orzhu olihwlph uhvrxufhv/ dqg orzhu ohyhov ri lqfrph

dqg frqvxpswlrq dw hdfk djh1 Ljqrulqj eluwk0|hdu h�hfwv zrxog ohdg wr d qhjdwlyh eldv lq rxu

hvwlpdwh ri wkh vorsh ri lqfrph dqg frqvxpswlrq jurzwk1 Zh dvvxph/ dv lq pxfk ri wkh hpslulfdo

olwhudwxuh wkdw hduqlqjv kdyh d wlph lqyduldqw djh0sur�oh vr wkdw frkruw h�hfwv d�hfw rqo| wkh

glvwdqfh ehwzhhq wkh djh0sur�ohv ri gl�huhqw frkruwv1 Zh ghfrpsrvh S�c2S lqwr d frkruw h�hfw/ S K
2S>

dqg dq lglrv|qfudwlf frpsrqhqw �S�c2S=

Ilqdoo|/ wkh prgho uhihuv wr krxvhkrog frqvxpswlrq/ dgmxvwhg vr wkdw doo krxvhkrogv kdyh wkh

vdph olih0f|foh sdwwhuq ri idplo| vl}h y +]|,1 Zh wkhuhiruh hvwlpdwh idplo| vl}h dgmxvwphqwv dqg

dsso| wkhp wr wkh frqvxpswlrq gdwd vr dv wr frqwuro iru zlwklq0djh ghprjudsklf yduldwlrq12e

Gh�qh �F�c|c� > dv wkh revhuyhg krxvhkrog frqvxpswlrq lq wkh FH[/ zkhuh � ghqrwhv wkh |hdu1

Wdnlqj orjv/ zh fdq zulwh oq �F�c|c� dv=

oq �F�c|c� @
4

�
oq

�
y +]�c|,

y +]�c2S,

�
.

4

�
H2S

k
oq
�
+�U,|32S

�
�|
,'2.�

3�
�c,

��l
+46,

. oq
�
S K
2S

�
. �� . ��

zkhuh �� uhsuhvhqwv d wlph0h�hfw dqg �� fdswxuhv fodvvlfdo phdvxuhphqw huuru dv zhoo dv krxvhkrog

khwhurjhqhlw| lq lqlwldo frqglwlrqv dqg lqqrydwlrqv wr pdujlqdo xwlolw|1 Wkh vhfrqg whup/ fdswxuhv
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wkh dprxqw ri lqwhuwhpsrudo vxevwlwxwlrq dqg h{shfwhg suhfdxwlrqdu| vdylqj dqg lv mxvw d ixqfwlrq

ri djh1

Zh hvwlpdwh gluhfwo| d olqhdu uhjuhvvlrq edvhg rq +46, ryhu krxvhkrogv zlwk pdoh khdgv djhg 59

wr 981 Dv glvfxvvhg lq Ghdwrq +4<;8,/ lw lv qrw srvvleoh wr vhsdudwho| lghqwli| wkh olqhdu frpsrqhqw

ri wkh wlph/ djh/ dqg frkruw h�hfwv lq htxdwlrq +45,12D Zh pdnh wkh lghqwli|lqj uhvwulfwlrq wkdw

wlph h�hfwv duh gxh wr wkh vwdwh ri wkh uhjlrqdo hfrqrp| dqg fdswxuhg e| wkh sduwldo fruuhodwlrq ri

frqvxpswlrq zlwk wkh uhjlrqdo xqhpsor|phqw udwh12S Rxu hpslulfdo vshfl�fdwlrq lv wkhq=

oq �F� @ i��� . d��2 . e��� . X��e .Uhw��D . %�+47,

zkhuh wkh � sdudphwhuv duh wr eh hvwlpdwhg/ i� lv d vhw ri idplo| gxpplhv/ d� lv d frpsohwh vhw

ri djh gxpplhv/ e� lv d frpsohwh vhw ri frkruw gxpplhv +ohvv wkh plggoh rqh,/ X� lv wkh Fhqvxv

uhjlrq xqhpsor|phqw udwh lq |hdu � / Uhw� lv d gxpp| iru hdfk jurxs wkdw lv htxdo wr 4 zkhq wkh

uhvsrqghqw lv uhwluhg dqg %� lv d uhvlgxdo wkdw fdswxuhv doo wkh lqglylgxdo h�hfwv +phdvxuhphqw huuru/

lqlwldo qrupdol}hg fdvk rq kdqg/ lqlwldo lqfrph/hwf1,12.

Zlwk wkhvh hvwlpdwhv/ zh �uvw uhfrqvwuxfw krxvhkrog0ohyho frqvxpswlrq gdwd xqfrqwdplqdwhg e|

frkruw dqg wlph h�hfwv dqg uhprylqj zlwklq djh yduldwlrq lq idplo| vl}h=

oqF� � �i|a�� . d�a�2 . Xa�e .a%�=+48,

Wkxv iurp khuh rq/ zh zrun zlwk krxvhkrog0ohyho frqvxpswlrq wkdw uhsuhvhqwv wkh frqvxpswlrq

ri wkh revhuyhg krxvhkrog zlwk wkh w|slfdo djh0ghshqghqw idplo| vl}h �i|/ idflqj wkh dyhudjh xqhp0

sor|phqw udwh X / eruq lq wkh plggoh frkruw/ dqg qrw uhwluhg12H Lw lv wklv yhuvlrq ri frqvxpswlrq wr

zklfk vhfwlrq 6 uhihuv1

Zh frqvwuxfw dyhudjh djh0sur�ohv ri frqvxpswlrq e| dyhudjlqj wklv gdwd dfurvv krxvhkrogv1 Vr

wkdw wkh uroh ri suhfdxwlrqdu| vdylqj lv kljkoljkwhg/ zh glvsod| prvw ri rxu sur�ohv dqg vlpxodwlrqv

iru frqvxpswlrq shu fdslwd dqg lqfrph shu fdslwd1 Wklv sur�oh lv frqvwuxfwhg e| uhsodflqj i| zlwk

�i =

oqF@ � �i a�� . da�2 . Xa�e=
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Zh dovr frqvwuxfw wkuhh rwkhu vhwv ri sur�ohv1 Iluvw/ dqg lq wkh vdph pdqqhu/ zh frqvwuxfw sur�ohv

iru lqfrph dqg wkh w|slfdo krxvhkrog idplo| vl}h1 Vhfrqg/ zh exlog vprrwk sur�ohv xvlqj �iwk0

rughu sro|qrpldov lq djh dqg |hdu ri eluwk lqvwhdg ri gxpplhv1 Odvwo|/ zh hvwlpdwh vlplodu sur�ohv

vhsdudwho| iru ydulrxv rffxsdwlrq dqg hgxfdwlrq vxejurxsv ri wkh srsxodwlrq1 Wkh frqvwuxfwlrq ri

wkhvh vhulhv lv vlplodu wr wkdw ri frqvxpswlrq/ dqg ghvfulehg lq Dsshqgl{ F1

Wkh vprrwkhg sur�ohv iru lqfrph dqg idplo| vl}h duh xvhg dv lqsxwv ri wkh prgho1 Iru lqvwdqfh/

uhfdoo wkdw oq\�c| @ oqS�c| . oqX�c| @ oqJ| . oqS�c|3� . oqQ�c| . oqX�c|= Diwhu uhprylqj frkruw dqg

wlph h�hfwv/ dqg dyhudjlqj ryhu d odujh qxpehu ri krxvhkrogv/ L> zlwk wkh vdph fkdudfwhulvwlfv=

4

L

U[
�'�

oq\�c| @ oqJ| .
4

L

U[
�'�

oq\�c|3� .
4

L

U[
�'�

oqQ�c| .
4

L

U[
�'�

oqX�c| � 4

L

U[
�'�

oqX�c|3�

Dsso|lqj wkh Odz ri Odujh Qxpehuv/ wkh suredelolw| olplwv ri wkh odvw wkuhh whup duh doo }hur1

Khqfh/ zh jhw

solp

#
4

L

U[
�'�

oq\�c| � 4

L

U[
�'�

oq\�c|3�

$
@ oqJ| � oq �\| � oq �\|3�=

Wkxv �uvw gl�huhqflqj rxu orj0dyhudjh lqfrph ohyhov jlyhv h{shfwhg lqfrph jurzwk udwhv J|1

8151 Wkh Frqvxphu H{shqglwxuh Vxuyh| dqg Rxu Xvh ri lw1 Zh xvh wkh Frqvxphu H{0

shqglwxuh Vxuyh| +FH[, wr frqvwuxfw olih0f|foh sur�ohv ri frqvxpswlrq dqg lqfrph1 Wkh FH[

frqwdlqv lqirupdwlrq derxw frqvxpswlrq h{shqglwxuhv/ ghprjudsklfv/ lqfrph dqg dvvhwv/ iru d odujh

vdpsoh ri wkh XV srsxodwlrq1 Wkh Vxuyh| lv frqgxfwhg e| wkh Exuhdx ri Oderu Vwdwlvwlfv lq rughu

wr frqvwuxfw edvnhwv ri jrrgv iru xvh lq wkh edvhv iru wkh Frqvxphu Sulfh Lqgh{/ dqg kdv ehhq uxq

frqwlqxrxvo| vlqfh 4<;31 Zh xvh gdwd iurp 4<;3 wr 4<<6 iurp wkh idplo|/ phpehu/ dqg ghwdlohg

h{shqglwxuh �ohv1 Wkh vxuyh| lv nqrzq wr kdyh h{fhoohqw fryhudjh ri frqvxpswlrq h{shqglwxuhv/

wr kdyh uhdvrqdeoh gdwd rq oltxlg dvvhwv/ dqg wr kdyh lqfrph lqirupdwlrq ri prghudwh txdolw|12b

Wkh vxuyh| lqwhuylhzv derxw 8833 krxvhkrogv hdfk txduwhu1 Lq d krxvhkrog*v �uvw lqwhuylhz/ wkh

FH[ surfhgxuhv duh h{sodlqhg wr wkhp dqg lqirupdwlrq lv froohfwhg vr wkdw wkh| fdq eh dvvljqhg

d srsxodwlrq zhljkw1 Wkh| duh wkhq lqwhuylhzhg irxu pruh wlphv +rqfh hyhu| wkuhh prqwkv, derxw

ghwdlohg frqvxpswlrq h{shqglwxuhv ryhu wkh suhylrxv wkuhh prqwkv1 Lq lqwhuylhzv wzr dqg �yh/

lqfrph lqirupdwlrq lv froohfwhg/ dqg lq wkh �qdo lqwhuylhz dvvhw lqirupdwlrq lv froohfwhg1 Idplolhv
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urwdwh wkurxjk wkh surfhvv/ vr wkdw derxw 58( ri krxvhkrogv ohdyh dqg duh uhsodfhg lq hdfk txduwhu1

Derxw kdoi ri doo krxvhkrogv pdnh lw wkurxjk doo wkh lqwhuylhzv1

Hdfk krxvhkrog frqwulexwhv rqh gdwd srlqw wr rxu vdpsoh1 Iru hdfk krxvhkrog zh frqvwuxfw d

phdvxuh ri krxvhkrog lqfrph dqg frqvxpswlrq1 Edvhg rq wkh fkdudfwhulvwlfv ri wkh pdoh khdg ri wkh

krxvhkrog/ zh dvvljq wkh krxvhkrog wr dq rffxsdwlrq jurxs/ dq hgxfdwlrq jurxs/ d eluwk frkruw/ dq

lqwhuylhz |hdu/ dqg d Fhqvxv uhjlrq1 Lq rughu wr rewdlq d kljk txdolw| vdpsoh wkdw kdv wkh uhtxluhg

lqirupdwlrq/ zh gurs d vljql�fdqw sruwlrq ri wkh gdwd dqg pdnh d vhulhv ri dgmxvwphqwv1 Ixuwkhu

ghvfulswlrq ri wkh gdwd suhsdudwlrq lv frqwdlqhg lq Dsshqgl{ G1 Zh qrwh khuh wkuhh pdmru srlqwv1

Iluvw/ zh gurs krxvhkrogv wkdw duh fodvvl�hg dv lqfrpsohwh lqfrph uhsruwhuv/ wkdw kdyh dq| ri

wkh fuxfldo yduldeohv plvvlqj/ ru wkdw uhsruw fkdqjhv lq djh ryhu wkh frxuvh ri wkh vxuyh| juhdwhu

wkdq rqh |hdu ru qhjdwlyh1 Zh gr qrw dqdo|}h wkh jurxs ri krxvhkrogv zlwk pdoh khdgv kroglqj

ohvv wkdq < |hduv ri vfkrrolqj gxh wr yhu| ihz |rxqjhu krxvhkrogv1 Vhfrqg/ zh gurs doo krxvhkrogv

zlwk pdoh khdgv |rxqjhu wkdq 59 ru roghu wkdq :3/ jlyhq rxu irfxv rq wkh zrunlqj olih1 Zh duh ohiw

zlwk mxvw xqghu 73> 333 krxvhkrogv1 Wklug/ zh xvh lqglylgxdo dv zhoo dv idplo| ohyho lqirupdwlrq wr

fruuhfw prvw ri wkh wrs0frglqj lq krxvhkrog oderu lqfrph1

Zh frqvwuxfw phdvxuhv ri lqfrph dqg frqvxpswlrq wkdw pdwfk wkh frqfhswv lq wkh wkhruhwlfdo

prgho1 Iluvw/ zh gh�qh frqvxpswlrq dv wrwdo krxvhkrog h{shqglwxuhv ohvv wkrvh rq hgxfdwlrq/

phglfdo fduh/ dqg pruwjdjh lqwhuhvw sd|phqwv1�f Wkhvh fdwhjrulhv ri h{shqglwxuh gr qrw surylgh

fxuuhqw xwlolw| exw udwkhu duh hlwkhu looltxlg lqyhvwphqwv ru qhjdwlyh lqfrph vkrfnv1 Vr wkdw wkhvh

h{shqglwxuhv gr qrw lqfruuhfwo| dsshdu dv oltxlg vdylqj/ wkh| duh dovr vxewudfwhg iurp lqfrph1

Lw vkrxog eh qrwhg wkdw rxu prgho uhihuv wr wrwdo frqvxpswlrq dw dqqxdo iuhtxhqflhv1 Lq wkh

gdwd/ zh duh dyhudjlqj wrwdo h{shqglwxuhv/ qrw frqvxpswlrq/ dfurvv d odujh qxpehu ri lqglylgxdov

dqg orrnlqj dfurvv rqh0|hdu krul}rqv1 Khqfh/ zh vxvshfw wkh glvwlqfwlrq ehwzhhq gxudeohv dqg

qrqgxudeohv lv qrw olnho| wr pdwwhu pxfk1 Ixuwkhu/ vlqfh wkh ex�hu vwrfn prgho jlyhv vwurqj

suhglfwlrqv derxw frqvxpswlrq wudfnlqj lqfrph/ lw lv lpsruwdqw qrw wr euhdn wkh frqvxpswlrq0

lqfrph olqn zkhq vwxg|lqj frqvxpswlrq1 Zh zloo dovr uhsruw wkh uhvxowv zkhq frqvxpswlrq lv

uhvwulfwhg wr qrqgxudeohv dqg lqfrph lv gh�qhg dv glvsrvdeoh lqfrph diwhu gxudeoh h{shqglwxuhv1

Rxu phdvxuh ri glvsrvdeoh oderu lqfrph lv frpsulvhg ri diwhu0wd{ idplo| lqfrph ohvv Vrfldo

Vhfxulw| wd{ sd|phqwv/ shqvlrq frqwulexwlrqv/ diwhu0wd{ dvvhw dqg lqwhuhvw lqfrph dqg/ dv qrwhg/
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wkrvh h{shqglwxuhv vxewudfwhg iurp frqvxpswlrq1 Wkh �uvw wzr dgmxvwphqwv duh vdylqj lq looltxlg

irup dqg vr duh dydlodeoh wr wkh krxvhkrog rqo| diwhu uhwluhphqw1 Zh uhpryh dvvhw lqfrph vlqfh

wkh lqsxw wr rxu wkhruhwlfdo prgho lv d sur�oh ri lqfrph qhw ri oltxlg dvvhw uhwxuqv1 Frqvlvwhqw zlwk

wkh vslulw ri rxu prgho/ doo lwhpv uhpryhg iurp lqfrph lqyroyh d odujh dprxqw ri frpplwphqw dqg

duh kdug wr vxevwlwxwh lqwhuwhpsrudoo|1

Ilqdoo|/ zh sxw doo gdwd lqwr uhdo 4<;: grooduv xvlqj wkh Jurvv Grphvwlf Surgxfw lpsolflw sulfh

gh�dwru iru shuvrqdo frqvxpswlrq h{shqglwxuhv1��

8161 Olih F|foh Sur�ohv1 Iljxuh 5 suhvhqwv frqvxpswlrq +udz dqg vprrwkhg, dqg lqfrph sur�ohv

iru rxu hqwluh vdpsoh zkhq wkh idplo|0vl}h lv khog frqvwdqw ryhu wkh olih0f|foh1 Hyhq diwhu fruuhfwlqj

iru wkh h�hfwv ri frkruw/ wlph/ dqg idplo|/ erwk sur�ohv duh vwloo kxps vkdshg dqg wudfn hdfk

rwkhu hduo| lq olih1 Frqvxpswlrq olhv deryh lqfrph ryhu wkh odwh wzhqwlhv1 Jlyhq wkdw wkh FH[

zhdowk gdwd/ dqg ehwwhu krxvhkrog zhdowk vxuyh|v/ vkrz prghvw lqfuhdvhv lq oltxlg zhdowk ryhu wkhvh

udqjhv/ wklv ihdwxuh vhhpv olnho| gxh wr plvuhsruwlqj ri lqfrph ru frqvxpswlrq1 Rqh srvvlelolw|

lv xqghuuhsruwlqj wkh dvvlvwdqfh wkdw lv surylghg e| lqwhujhqhudwlrqdo wudqvihuv hduo| lq olih1 Diwhu

wkhvh �uvw ihz |hduv/ frqvxpswlrq ulvhv zlwk lqfrph iurp djh 63 wr djh 78/ zkhq frqvxpswlrq

gursv vljql�fdqwo| ehorz lqfrph1 Wklv wudfnlqj lv krzhyhu d orw ohvv wkdq lv revhuyhg lq sur�ohv

frqvwuxfwhg e| vlpso| dyhudjlqj furvv0vhfwlrqv ehfdxvh zh frqwuro iru fkdqjhv lq idplo| vl}h dqg

frkruwv h�hfwv1

Iljxuhv 6 dqg 7 jlyh vrph hylghqfh wkdw frqvxpswlrq dqg lqfrph wudfn hdfk rwkhu dfurvv vxe0

jurxsv ri wkh srsxodwlrq gh�qhg e| hgxfdwlrq dqg rffxsdwlrq jurxsv1 Wkhvh judskv duh vrphzkdw

qrlv|1 Krzhyhu/ ghvslwh wkh qrlvh/ rqh fdq vhh wkdw wkh rffxsdwlrq dqg hgxfdwlrq jurxsv zlwk wkh

prvw surqrxqfhg kxpsv lq lqfrph suhvhqw wkh prvw surqrxqfhg kxpsv lq frqvxpswlrq1 Ixuwkhu/

zh fdq irupdoo| uhmhfw wkh qxoo k|srwkhvlv wkdw wkh frqvxpswlrq sur�ohv duh �dw1 Wklv lv hvvhqwldoo|

d qrz vwdqgdug whvw ri wkh olqhdul}hg frqvxpswlrq Hxohu htxdwlrq/ dv vwxglhg e| Dwwdqdvlr dqg

Zhehu +4<<8,/ Oxvdugl +4<<9,1

Rxu sur�ohv gl�hu voljkwo| iurp wkh uhvxowv ri Dwwdqdvlr dqg Eurzqlqj +4<<8, dqg Dwwdqdvlr

dqg Zhehu +4<<8,1 Wkhvh sdshuv hpsor| d odujhu vhw ri suhihuhqfh vkliwhuv= rqfh frqwuroolqj iru

wkhvh/ frqvxpswlrq lv vprrwkhu dqg wkh FHT0OFK lv qrw uhmhfwhg1 Lq Dwwdqdvlr dqg Zhehu +4<<8,

dqg lq wkh olqhdu Hxohu0htxdwlrq dssurdfk jhqhudoo| xvhg lq plfur gdwd/ suhfdxwlrqdu| h�hfwv duh
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rplwwhg vr wkdw suhihuhqfh vkliwhuv devrue/ fruuhfwo| ru lqfruuhfwo|/ yduldwlrq lq frqvxpswlrq wkdw

zh dwwulexwh wr xqfhuwdlqw|1 Fohduo|/ doorzlqj iru hqrxjk suhihuhqfh yduldwlrq fdq h{sodlq wkh olih0

f|foh fruuhodwlrq zlwkrxw uhihuhqfh wr vxevwdqwldo krxvhkrog0ohyho xqfhuwdlqw|1 Wkh dssurdfk ri

wklv sdshu lv wr dgmxvw rqo| iru wkh vl}h ri wkh krxvhkrog dqg h{dplqh krz suhfdxwlrqdu| vdylqj

h{sodlqv wkh revhuyhg frqvxpswlrq ehkdylru1 Rxu phwkrgrorj| kdv wkh srwhqwldo wr qhvw dqg whvw

erwk h{sodqdwlrqv1 Lw lv dovr zruwk qrwlqj wkdw rxu sur�ohv uhsuhvhqw wrwdo frqvxpswlrq h{shqglwxuhv

udwkhu wkdq qrq0gxudeoh frqvxpswlrq1

91 -jt�,|t

Zh �uvw hvwlpdwh rxu prgho iru wkh dyhudjh krxvhkrog dqg glvfxvv wkh lpsolfdwlrqv ri wkh �wwhg

vwuxfwxudo prgho iru krxvhkrog ehkdylru1 Zh wkhq wxuq wr glvdjjuhjdwhg uhvxowv/ e| hgxfdwlrq dqg

rffxsdwlrq jurxsv/ dqg wr hydoxdwlqj wkh urexvwqhvv ri rxu �qglqjv1

9141 Ilqglqjv iurp wkh Hqwluh Vdpsoh1 Dv d xvhixo ehqfkpdun/ zh ehjlq e| dvnlqj zkdw wkh

vwdqgdug Olih0F|foh wkhru| zrxog suhglfw/ dvvxplqj dzd| doo xqfhuwdlqw|1 Wr jlyh wkh ehvw fkdqfh

wr wkh FHT0OFK/ zh shuirup �uvw gl�huhqfh hvwlpdwlrq/ qrw dvnlqj lw wr �w wkh phdq ri wkh

frqvxpswlrq sur�oh1 Xqghu fhuwdlqw|/ htxdwlrq +5, krogv/ lpso|lqj/ diwhu frqwuroolqj iru lqglylgxdo

fkdudfwhulvwlfv/ d frqvwdqw jurzwk udwh ri frqvxpswlrq ryhu wkh zrunlqj shulrg=

� oq �F| @
4

�
oq +�U, =

Zh hvwlpdwh �
4 oq +�U, iurp wkh frh�flhqw rq djh lq d ohdvw0vtxduhv uhjuhvvlrq ri wkh sur�oh ri

frqvxpswlrq zlwk idplo| vl}h/ frkruw/ dqg wlph h�hfwv uhpryhg/ dv glvsod|hg lq Iljxuh 51 Wklv

surfhgxuh vhhpv wulyldo rqo| ehfdxvh ri rxu hduolhu h�ruwv wr uhpryh fkdqjlqj idplo|0vl}h dqg frkruw

h�hfwv1 Lw lv suhflvho| wklv vlpsolflw| wkdw jlyhv wkh FHT0OFK lwv srzhu1 Iurp rxu hvwlpdwh/ zh xvh

wkh ghowd phwkrg wr uhfryhu wkh glvfrxqw idfwru dqg lwv vwdqgdug huuru/ xvlqj wkh uhdo lqwhuhvw udwh

hvwlpdwhg lq wkh suhylrxv vhfwlrq dqg d fkrlfh ri wkh frh�flhqw ri uhodwlyh ulvn dyhuvlrq ri xqlw|1�2

Zh hvwlpdwh d glvfrxqw udwh ri 6=77( zlwk d vwdqgdug huuru ri 3=5;4(> diwhu dgmxvwlqj wkh hvwlpdwh

iru erwk �uvw rughu vhuldo fruuhodwlrq dqg �uvw0vwdjh xqfhuwdlqw|1 Vlqfh wkh FHT0OFK frqvxpswlrq

sur�oh lv �dw dqg wkh gdwd dv vkrzq lq Iljxuh 5 lv kxps0vkdshg/ wkh fhuwdlqw| prgho shuirupv

srruo| zkhq lw frphv wr h{sodlqlqj wkh g|qdplfv ri frqvxpswlrq dfurvv wkh olih f|foh1
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Wdeoh LLL suhvhqwv wkh uhvxowv ri hvwlpdwlqj rxu vwuxfwxudo prgho zlwk lqfrph xqfhuwdlqw|1 Wkh

dvvrfldwhg frqvxpswlrq uxohv duh glvsod|hg lq Iljxuh 4/ sdqho D1 Wkh �uvw froxpq ri Wdeoh LLL

glvsod|v wkh uhvxowv zkhq wkh lqlwldo/ urexvw zhljkwlqj pdwul{ lv hpsor|hg> wkh vhfrqg glvsod|v wkh

uhvxowv zlwk wkh rswlpdo zhljkwlqj pdwul{1 Wkh vwdqgdug huuruv duh fdofxodwhg zlwkrxw +D, dqg

zlwk +E, wkh dgmxvwphqw iru xqfhuwdlqw| lq wkh sdudphwhuv aU> as/ a�2�/ a�2? dqg e�$2S iurp wkh �uvw0

vwdjh hvwlpdwlrq1�� Wkh vwdqgdug huuruv w|slfdoo| lqfuhdvh/ rqfh wkh xqfhuwdlqw| lq wkh �uvw0vwdjh

sdudphwhuv lv dffrxqwhg iru1

Wkh glvfrxqw udwh lv hvwlpdwhg dw mxvw ryhu irxu shufhqw/ zklfk lv zlwklq frqyhqwlrqdo vljql�fdqfh

ohyhov ri wkh uhdo lqwhuhvw udwh ri 6=77 shufhqw1 Lw lv zruwk qrwlqj wkdw wkh glvfrxqw udwh lv zlwklq d

uhdvrqdeoh udqjh1 Xvlqj lqirupdwlrq rq wkh hodvwlflw| ri dvvhwv zlwk uhvshfw wr xqfhuwdlqw|/ Fduuroo

dqg Vdpzlfn +4<<:, hvwlpdwh d glvfrxqw udwh lq wkh ylflqlw| ri 43�48( dqg dujxh wkdw hyhq kljkhu

glvfrxqw udwhv duh qhhghg wr udwlrqdol}h wkh �qglqjv ri Kxeedug/ Vnlqqhu/ dqg ]hoghv +4<<7,1 Rxu

orzhu glvfrxqw udwh/ krzhyhu/ grhv qrw lpso| wkdw krxvhkrogv duh qrw lpsdwlhqw hqrxjk wr jhqhudwh

ex�hu vwrfn ehkdylru/ dv zh zloo vkrz vkruwo|1

Zkhq zh hpsor| dq rswlpdo zhljkwlqj pdwul{/ wkh suhflvlrq zlwk zklfk zh hvwlpdwh wkh glvfrxqw

udwh ghfolqhv vljql�fdqwo| frpsduhg zlwk wkh yduldqfh hvwlpdwh wkdw grhv qrw fruuhfw iru xqfhuwdlqw|

derxw wkh �uvw vwdjh sdudphwhuv +D,/ exw lqfuhdvhv frpsduhg wr wkh 50vwhs yduldqfh hvwlpdwh +E,1

Wkhuh lv d jurzlqj olwhudwxuh wkdw txhvwlrqv wkh vpdoo0vdpsoh ydolglw| ri rswlpdo zhljkwlqj gxh wr

wkh fruuhodwlrq ehwzhhq sdudphwhu xqfhuwdlqw| dqg wkh zhljkwlqj pdwul{1 Rswlpdo zhljkwlqj fdq

eh pruh h�flhqw> lw fdq dovr eh pruh eldvhg1 Wkxv zh uhsruw erwk1

Wkh lqwhuwhpsrudo hodvwlflw| ri vxevwlwxwlrq lv hvwlpdwhg txlwh wljkwo|/ dqg lv wkh vroh sdudphwhu

hvwlpdwh wkdw ghshqgv vljql�fdqwo| rq wkh zhljkwlqj pdwul{ hpsor|hg1 Wkh hvwlpdwhg uhwluhphqw

uxoh vxjjhvwv d pdujlqdo surshqvlw| wr frqvxph rxw ri zhdowk dw uhwluhphqw +��, ehwzhhq 9 dqg :

shufhqw/ dovr txlwh uhdvrqdeoh1 Iru lqvwdqfh/ lq wkh fdvh ri ixoo fhuwdlqw| diwhu uhwluhphqw dqg qr

fkdqjh lq wkh xwlolw| vkliwhu wkh pdujlqdo surshqvlw| wr frqvxph lv jlyhq e|

�
4� a�

�*	4 aU�*	43�
�
@

�
4�

�
a�
�*	4 aU�*	43�

��3A�
@ :=38 shufhqw/

jlyhq rxu hvwlpdwhv ri �> � dqg U dqg vhwwlqj ghdwk dw djh ;;1 Wkxv wkh hvwlpdwh lv yhu| pxfk lq

olqh zlwk vlpsoh suhglfwlrqv ri wkh prgho1
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Ilqdoo|/ xqghu rxu dvvxpswlrqv/ wkh udwlr �f@�� surylghv dq hvwlpdwh ri wkh udwlr ri looltxlg

zhdowk wr wkh shupdqhqw frpsrqhqw ri lqfrph dw uhwluhphqw1 Wkh srlqw hvwlpdwh lv h{wuhpho|

vpdoo/ durxqg 5(= Wkh �uvw wklqj wr qrwh lv wkdw wklv udwlr lv lpsuhflvho| hvwlpdwhg dqg zh fdqqrw

uhmhfw pruh uhdvrqdeoh ydoxhv1 Dq dowhuqdwlyh lqwhusuhwdwlrq iru d orz �f lv wkdw krxvhkrogv kdyh d

orz surshqvlw| wr frqvxph rxw ri looltxlg zhdowk dw uhwluhphqw1�e

Lw vkrxog eh qrwhg wkdw erwk hvwlpdwlrq phwkrgv uhmhfw wkh ryhulghqwli|lqj uhvwulfwlrqv dw wkh

8( ohyho1 Wkh <8( fulwlfdo ydoxh iru d "2 +69, lv 83=:4 dqg wkh fkl0vtxduh dozd|v h{fhhgv 4831 Wklv

lv qrw hqwluho| vxusulvlqj/ jlyhq wkh qxpehu ri prphqwv zh xvh +73, dqg wkh ihz sdudphwhuv ri wkh

prgho1 Wkh hvwlpdwhg prgho vkrxog vwloo eh wdnhq vhulrxvo| krzhyhu1 Dv zh qrz glvfxvv/ wkh prgho

grhv pxfk ehwwhu lq dq hfrqrplf vhqvh wkdq wkh FHT0OFK prgho zlwk zklfk wklv vhfwlrq ehjlqv1

Zlwk rxu hvwlpdwhv lq kdqg/ zh fdq dgguhvv krz zhoo wkh vwrfkdvwlf prgho �wv wkh olih0f|foh

frqvxpswlrq sur�oh1 Wkh �uvw sdqho ri Iljxuh 8 sorwv wkh vlpxodwhg dqg dfwxdo frqvxpswlrq gdwd

dorqj zlwk wkh lqfrph sur�oh1 Wkh vwrfkdvwlf olih0f|foh prgho grhv d pxfk ehwwhu mre dw �wwlqj

wkh frqvxpswlrq sur�oh wkdq wkh frqvxpswlrq sur�oh zlwk frqvwdqw jurzwk udwh ri �
4 oq +�U, wkdw

zrxog rewdlq xqghu wkh fhuwdlqw|0htxlydohqw1 Wkh frqvxpswlrq sur�oh iurp wkh �wwhg prgho wudfnv

lqfrph xqwlo durxqg djh 73 dqg wkhq idoov dv krxvhkrogv vwduw lqfuhdvlqj wkhlu oltxlg zhdowk kroglqj

lq suhsdudwlrq iru uhwluhphqw1

Lq wzr sodfhv krzhyhu/ wkh prgho �w lv qrw jrrg1 Iluvw/ dfwxdo frqvxpswlrq h{fhhgv vlpxodwhg

frqvxpswlrq hduo| lq olih1 Vlqfh/ dv zh glvfxvvhg lq wkh suhfhglqj vhfwlrq/ lq wkh gdwd frqvxpswlrq

h{fhhgv lqfrph hduo| lq olih/ wklv pd| uh�hfw d zhdnqhvv ri wkh gdwd/ udwkhu wkdq wkh prgho1

Vhfrqg/ wkh dfwxdo frqvxpswlrq sur�oh lv voljkwo| �dwwhu dqg shdnv voljkwo| odwhu1 Dsduw iurp wkhvh

ihdwxuhv krzhyhu/ wkh wljkw vwuxfwxuh lpsrvhg e| wkh prgho surgxfhv jrrg suhglfwlrqv lq whupv ri

frqvxpswlrq g|qdplfv1

Zk| duh zh deoh/ zlwklq wkh frqwh{w ri rxu prgho wr rewdlq vxfk wljkw hvwlpdwhvB Wkh vhfrqg

sdqho ri Iljxuh 8 sorwv ydulrxv vlpxodwhg sur�ohv iru ydoxhv ri �> rqh shufhqw dzd| iurp wkh srlqw

hvwlpdwh1 Wklv fruuhvsrqgv wr fkrlfhv ri � @ 3=<7<; dqg � @ 3=<9<;/ ru htxlydohqwo|/ wr d glvfrxqw

udwh ehwzhhq 7=4; dqg 8=5; shufhqw1 Lw lv reylrxv wkdw wkh sur�ohv duh yhu| vhqvlwlyh wr vpdoo

yduldwlrqv lq wkh glvfrxqw idfwru/ kroglqj � frqvwdqw1 Zlwk d kljkhu glvfrxqw idfwru/ wkh krxvhkrog

lv zloolqj wr vdyh pruh dqg hduolhu iru uhwluhphqw sxusrvhv1 Wkh frqvxpswlrq sdwk h{klelwv ohvv



2S �� �� D�P-Y��Q�7 ��$ c� �� ��-l.-

ri d kxps vkdsh/ dqg pd| hyhq eh lqfuhdvlqj ryhu wkh hqwluh zrunlqj olih/ dv lv wkh fdvh lq wklv

Iljxuh1 Rq wkh rwkhu kdqg/ iru pruh lpsdwlhqw krxvhkrogv/ frqvxpswlrq sdudoohov lqfrph xqwlo

pxfk odwhu lq olih dqg wkhq idoov pruh suhflslwrxvo| wr exlog dvvhwv iru uhwluhphqw1 Wklv lpsolhv

d vwurqjhu frqfdylw| ri wkh frqvxpswlrq sur�oh1 Wkxv/ rxu phwkrg |lhogv wljkw hvwlpdwhv ri wkh

glvfrxqw idfwru ehfdxvh wkh glvfrxqw idfwru lv dq lpsruwdqw ghwhuplqdqw ri wkh kxps vkdsh lq wkh

frqvxpswlrq sur�oh1

Zh qrz wxuq wr wkh txhvwlrq ri krz krxvhkrog ehkdylru fkdqjhv ryhu wkh olih f|foh1 Gh�qh wkh

wdujhw ohyho ri fdvk rq kdqg dw djh w> �{|> dv wkh ohyho dw zklfk fdvk rq kdqg lv h{shfwhg wr uhpdlq

xqfkdqjhg iurp rqh |hdu wr wkh qh{w +Fduuroo +4<<:,,=

�{| @ H| ^{|n�m{| @ �{|`

Iru odujh lqlwldo ohyhov ri fdvk rq kdqg +{| A �{|,/ krxvhkrogv fkrrvh kljk ohyhov ri frqvxpswlrq dqg

wkxv ixwxuh ohyhov ri fdvk rq kdqg duh rq dyhudjh orzhu1 Iru orz ohyhov ri fdvk rq kdqg +{| ? �{|,/

krxvhkrogv frqvxph ohvv wkdq wkh lqfrph wkh| h{shfw wr uhfhlyh dqg vr rq dyhudjh dffxpxodwh fdvk

rq kdqg1

Iljxuh 9 suhvhqwv wkh wdujhw ohyho ri fdvk rq kdqg iru frqvxphuv djhg 59 � 75> iurp wkh �wwhg

prgho1 Rqh fdq vhh iurp wkh judsk wkdw wkh wdujhw ohyho ri fdvk rq kdqg ~lqfoxglqj fxuuhqw lqfrph~

uhpdlqv vpdoo hduo| lq olih/ durxqg 4=5 wlphv wkh shupdqhqw frpsrqhqw ri lqfrph1 Durxqg djh 73/

wklv wdujhw lqfuhdvhv vxevwdqwldoo|/ dv frqvxphuv ehjlq wr exlog wkhlu zhdowk iru uhwluhphqw1 Wklv

Iljxuh vkrzv d gudpdwlf fkdqjh lq ehkdylru1 Zkhq wkh wdujhw ohyho ri oltxlg zhdowk lv vpdoo/

krxvhkrogv ehkdyh dv cex�hu vwrfn* frqvxphuv1 Jrrg lqfrph vkrfnv duh frqvxphg dzd| dqg edg

lqfrph vkrfnv duh lpshuihfwo| vprrwkhg1 Krxvhkrog frqvxpswlrq forvho| iroorzv krxvhkrog lqfrph1

Vwduwlqj durxqg djh 6;/ djhqwv ehjlq wr dffxpxodwh dvvhwv iru uhwluhphqw1 Dv krxvhkrogv pryh

lqwr wkhlu iruwlhv/ wkh| exlog vljql�fdqw dprxqwv ri oltxlg zhdowk1 Wklv uhwluhphqw zhdowk doorzv

krxvhkrogv wr vprrwk kljk iuhtxhqf| pryhphqwv lq lqfrph vr wkdw wkhlu ehkdylru pruh forvho|

plplfv wkdw ri fhuwdlqw|0htxlydohqw frqvxphuv1

Zh qh{w ghfrpsrvh wrwdo vdylqj dqg zhdowk dw hdfk djh lqwr wkdw gulyhq e| olih0f|foh frqvlg0

hudwlrqv dqg wkdw dgglwlrqdo dprxqw gulyhq e| wkh suhvhqfh ri xqlqvxudeoh ulvn1 Rxu suhylrxv

glvfxvvlrq pljkw ohdg wkh uhdghu wr wklqn wkdw djhqwv kdyh qr frqfhuq iru uhwluhphqw zkhq wkh| duh
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|rxqj dqg qr frqfhuq iru oderu lqfrph xqfhuwdlqw| odwhu lq olih1 Wklv lv lqfruuhfw vlqfh frqvxphuv

duh udwlrqdo dqg shuihfwo| iruhvhh wkhlu uhwluhphqw qhhgv1 Iluvw/zh gh�qh vdylqj lq oltxlg zhdowk dv

wkh glvfrxqwhg yduldwlrq lq �qdqfldo zhdowk iurp rqh shulrg wr wkh qh{w=�D

V�c| @ +Z�c|n� �Z�c|, @U @ +U� 4,@U Z�c| . \�c| �F�c|=

Vdylqj lv htxdo wr lqyhvwphqw lqfrph ~oltxlg dqg looltxlg~ soxv oderu lqfrph plqxv frqvxpswlrq1

Iurp rxu hpslulfdo sur�ohv lq Iljxuh 8/ lw iroorzv wkdw krxvhkrogv vdyh uhodwlyho| olwwoh dqg frqvxph

urxjko| wkhlu lqfrph rq dyhudjh hduo| lq olih1 Vhfrqg/ dw wkh hvwlpdwhg sdudphwhuv/ zh frpsxwh wkh

frqvxpswlrq sdwk/
�
Fu�
|

�
/ wkdw zrxog rffxu li doo lqfrph ulvn zhuh srrohg/ vr wkdw iru doo krxvhkrogv

\ u�
| @ H2S^\|`/ exw wkh krxvhkrog*v hqylurqphqw rwkhuzlvh uhpdlqv xqfkdqjhg1�S Ilqdoo|/ zh gh�qh

olih0f|foh vdylqj dv wkh gl�huhqfh ehwzhhq wrwdo lqfrph dqg olih0f|foh frqvxpswlrq=

Vu�
| @

�
Zu�

|n� �Zu�
|

�
@U @ +U� 4,@U Zu�

| . \ u�
| �Fu�

|

Suhfdxwlrqdu| vdylqj lv wkh frpsohphqw ri olih0f|foh vdylqj1

Wkh �uvw sdqho ri Iljxuh : sorwv wkh suhfdxwlrqdu| dqg olih f|foh0oltxlg vdylqj ri wkh dyhudjh

krxvhkrog1 Jlyhq wkh hvwlpdwhg glvfrxqw udwh dqg wkh sur�oh ri h{shfwhg lqfrph/ |rxqj frqvxphuv

idflqj qr lqfrph ulvn zrxog olnh wr eruurz odujh dprxqwv/ vr olih0f|foh vdylqj lv qhjdwlyh hduo| lq

olih1 \rxqj krxvhkrogv lq idfw krog d srvlwlyh ex�hu vwrfn ri zhdowk lq uhvsrqvh wr lqfrph ulvn/ vr

wkdw suhfdxwlrqdu| vdylqj lv srvlwlyh hduo| lq olih1 Lq wkh hduo| wr plg iruwlhv/ lq dffrugdqfh zlwk rxu

suhylrxv glvfxvvlrq/ olih0f|foh vdylqj ehfrphv odujhu wkdq suhfdxwlrqdu| vdylqj1 Krxvhkrogv ehjlq

wr exlog wkhlu oltxlg zhdowk iru uhwluhphqw sxusrvhv1 Dv dvvhw ohyhov lqfuhdvh/ wkh h{shfwhg yduldqfh

ri frqvxpswlrq ghfolqhv/ ghfuhdvlqj wkh suhfdxwlrqdu| vdylqj prwlyh1 Vlqfh krxvhkrogv wkdw idfh

lqfrph xqfhuwdlqw| vdyh pruh hduo| lq olih gxh wr ulvn/ wkh| duh deoh wr frqvxph pruh dqg vdyh

ohvv zkhq roghu/ ohdglqj wr qhjdwlyh suhfdxwlrqdu| vdylqj odwh lq olih1 Wklv glvfxvvlrq kljkoljkwv

wkh lpsruwdqfh ri wkh lqfrph sur�oh1 Devhqw lqfrph jurzwk/ krxvhkrogv zrxog vwduw vdylqj iru

uhwluhphqw hduo| lq olih1 Wklv oltxlg zhdowk zrxog grxeoh dv d ex�hu vwrfn1 Wkxv wkhuh zrxog eh

qr dgglwlrqdo suhfdxwlrqdu| vdylqj prwlyh dqg krxvhkrog ehkdylru zrxog eh zhoo dssur{lpdwhg e|

wkh FHT0OFK1
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Sdqho E ri Iljxuh : glvsod|v dyhudjh wrwdo/ olih0f|foh/ dqg suhfdxwlrqdu| zhdowk/ rewdlqhg e|

lqwhjudwlqj wkh fruuhvsrqglqj vdylqj sur�ohv1 Zh revhuyh �uvw wkdw wrwdo zhdowk dozd|v h{fhhgv olih

f|foh zhdowk/ uh�hfwlqj wkh suhvhqfh ri xqlqvxudeoh lqfrph ulvn1 Vhfrqg/ olih0f|foh zhdowk lv qhjdwlyh

hduo| lq olih/ uhsuhvhqwlqj wkh ghvluh ri krxvhkrogv idflqj qr ulvn wr eruurz dv mxvw glvfxvvhg1 Wklug/

vlqfh |rxqj krxvhkrogv dfwxdoo| krog vpdoo srvlwlyh dprxqwv ri zhdowk rq dyhudjh/ suhfdxwlrqdu|

zhdowk hduo| lq olih lv vxevwdqwldo/ shdnlqj dw '443> 333 ru 6=9 wlphv fxuuhqw lqfrph e| djh 751

Ilqdoo|/ dv krxvhkrogv jhw roghu/ olih0f|foh zhdowk ehfrphv yhu| vxevwdqwldo/ uhdfklqj '55<> 333 ru

9=: wlphv fxuuhqw lqfrph dw wkh djh ri uhwluhphqw/ zkloh suhfdxwlrqdu| zhdowk vorzo| ghfolqhv/

ohdylqj wrwdo zhdowk dw '645> 333/ ru derxw < wlphv lqfrph dw uhwluhphqw1�.

Dq lpsruwdqw fdyhdw wr wklv h{huflvh lv wkdw rxu hvwlpdwlrq grhv qrw wu| wr pdwfk wkh prgho

wr zhdowk gdwd/ dqg krxvhkrog dffxpxodwlrq ri oltxlg zhdowk lv odujhu wkdq revhuyhg oltxlg dvvhw

zhdowk dw uhwluhphqw1 Dffruglqj wr wkh 4<<; Vxuyh| ri Frqvxphu Ilqdqfhv/ phdq wrwdo +h{foxglqj

Vrfldo Vhfxulw| zhdowk exw lqfoxglqj shqvlrq dqg krxvlqj, zhdowk ri 88 � 97 |hdu rog krxvhkrogv

lv :=7 wlphv wrwdo suh0wd{ lqfrph/ zkhuh rxu prgho suhglfwv d idfwru ri < wlphv/ h{foxglqj shqvlrq

zhdowk1�H Wklv ihdwxuh ri wkh gdwd lv wkh vdph ihdwxuh wkdw gulyhv wkh �qglqj ri orz �f1

Ilqdoo|/ zh dsso| wkh vdph sduwldo0htxloleulxp ghfrpsrvlwlrq wr djjuhjdwh zhdowk shu h�hfwlyh

krxvhkrog lq rxu hfrqrp|1 Zh dvvxph wkdw wkhuh lv qr xqfhuwdlqw| diwhu uhwluhphqw dqg fhuwdlq

ghdwk dw djh ;:1 Dffruglqj wr rxu gh�qlwlrq/ suhfdxwlrqdu| zhdowk uhsuhvhqwv 95 shufhqw ri doo

zhdowk kroglqj zlwk qr srsxodwlrq jurzwk1 Wklv vkduh ulvhv wr :4 shufhqw xqghu wkh dvvxpswlrq

wkdw wkh srsxodwlrq jurzv dw rqh shufhqw shu |hdu1 Wkhvh vkduhv duh uhdvrqdeoh forvh wr Fdedoohur

+4<<4,/ zklfk uhsruwv �qglqjv iru d fdoleudwhg FDUD prgho/ dqg Fdjhwwl +4<<;,/ zklfk hpsor|v

rxu phwkrgrorj| wr �w zhdowk sur�ohv1�b

9151 Ilqglqjv iurp Gl�huhqw Hgxfdwlrq dqg Rffxsdwlrq Jurxsv1 Zh qh{w hvwlpdwh wkh

prgho vhsdudwho| rq vxejurxsv ri wkh srsxodwlrq gh�qhg e| hgxfdwlrq ohyhov dqg rffxsdwlrq1 Wklv

doorzv xv wr h{sorlw yduldwlrq lq wkh hqylurqphqwv ri gl�huhqw djhqwv dqg doorzv gl�huhqw vxejurxsv

ri wkh srsxodwlrq wr kdyh gl�huhqw suhihuhqfhv1 Whfkqlfdoo|/ zh vlpso| iroorz wkh surfhgxuh gh0

vfulehg deryh rq hdfk fhoo/ xvlqj �uvw0vwdjh hvwlpdwhv douhdg| suhvhqwhg e| vxejurxs lq vhfwlrqv

7 dqg 81 Hdfk jurxs*v frqvxpswlrq sur�oh lv pdwfkhg zlwk gl�huhqw hvwlpdwhv xvlqj d gl�huhqw

lqfrph sur�oh +Iljxuhv 6 dqg 7,/ lqfrph xqfhuwdlqw| +Wdeoh L,/ dqg lqlwldo dyhudjh orj oltxlg zhdowk
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+Wdeoh LL,1 Wkh uhvxowv duh vxppdul}hg lq Wdeoh LY dqg wkh vlpxodwhg frqvxpswlrq sur�ohv iurp

wkh �wwhg prgho duh suhvhqwhg lq Iljxuhv 6 dqg 71

Wkh hvwlpdwhg glvfrxqw idfwruv duh forvh wr wkdw rewdlqhg xvlqj wkh djjuhjdwh sur�oh1 Wkh

glvfrxqw udwh olhv ehwzhhq 6=<7 shufhqw +Vrph Kljk Vfkrro, dqg 8=:4 shufhqw +Pdqdjhuldo dqg

Surihvvlrqdo,1 Lqwhuhvwlqjo|/ wkhuh lv qr fohdu sdwwhuq dvvrfldwhg zlwk wkh ohyho ri hgxfdwlrq1 Li

dq|wklqj/ wkh glvfrxqw udwh lv voljkwo| kljkhu iru pruh kljko| hgxfdwhg krxvhkrogv1 E| frqwudvw/

wkhuh lv pxfk zlghu glvshuvlrq lq wkh hvwlpdwhg frh�flhqwv ri uhodwlyh ulvn dyhuvlrq/ iurp d orz

ri 3=5;5 +Vrph Kljk Vfkrro, wr d kljk ydoxh ri 5=5<3 +Judgxdwh Vfkrro,1 Wkh frh�flhqwv ri wkh

frqvxpswlrq uxoh dw uhwluhphqw duh dovr zlwklq d uhdvrqdeoh udqjh ri wkh djjuhjdwh hvwlpdwhv1

Wkh pdujlqdo surshqvlwlhv wr frqvxph rxw ri oltxlg zhdowk udqjh ehwzhhq 8 dqg :( ghvslwh ehlqj

lpsuhflvho| hvwlpdwhg1 Rq wkh rwkhu kdqg/ zh �qg h{wuhpho| orz dqg lpsuhflvh hvwlpdwhv ri �f iru

prvw fhoov/ lpso|lqj/ dv ehiruh/ hlwkhu dq xquhdvrqdeo| orz udwlr ri looltxlg zhdowk wr shupdqhqw

lqfrph dw uhwluhphqw/ ru d yhu| orz pdujlqdo surshqvlw| wr frqvxph rxw ri looltxlg zhdowk1

Shukdsv pruh lqwhuhvwlqjo|/ wkh ryhulghqwl�fdwlrq whvwv vwdwlvwlfv duh pxfk vpdoohu/ lqglfdwlqj

wkdw wkh prgho grhv d ehwwhu mre dw �wwlqj wkh dfwxdo frqvxpswlrq sur�ohv1 Lqghhg/ orrnlqj edfn

dw Iljxuh 6 dqg Iljxuh 7/ zh vhh wkdw wkh �wwhg frqvxpswlrq sur�ohv duh yhu| pxfk lq olqh zlwk wkh

xqfrqvwudlqhg vprrwkhg frqvxpswlrq sur�oh hvwlpdwhg iurp wkh gdwd1 Iru doo fhoov/ wkh frqvxps0

wlrq sur�oh lv kxps0vkdshg dqg wkh vlpxodwhg sur�ohv lqglfdwh wkdw krxvhkrogv vwduw dffxpxodwlqj

iru uhwluhphqw sxusrvhv ehwzhhq 68 dqg 73 |hduv1 Wkh ehkdylrudo lpsolfdwlrqv ri wklv vhw ri uhvxowv

duh wkh vdph dv wkrvh mxvw glvfxvvhg iru hvwlpdwlrq wkdw glg qrw doorz iru furvv0jurxs khwhurjhqhlw|1

9161 Urexvwqhvv1 Wr surylgh ixuwkhu hylghqfh rq wkh vwuhqjwkv dqg zhdnqhvvhv ri wkh prgho/ zh

suhvhqw wkh uhvxowv ri �yh dowhuqdwlyh surfhgxuhv= +l, hvwlpdwlqj wkh lqlwldo ohyho ri oltxlg zhdowk lq

wkh vhfrqg vwdjh> +ll, hvwlpdwlqj wkh uhwluhphqw frqvxpswlrq uxoh gluhfwo| iurp plfur gdwd lq wkh

�uvw vwdjh> +lll, hvwlpdwlqj e| pdwfklqj djh0vshfl�f jurzwk udwhv udwkhu wkdq ohyhov> +ly, dgmxvwlqj

wkh vhfrqg0vwdjh lqihuhqfh iru lqfrph dqg idplo| sur�oh hvwlpdwlrq> dqg +y, uhgxflqj wkh yduldqfh

ri wkh lqfrph vkrfnv wr dffrxqw iru phdvxuhphqw huuru/ +yl, pdwfklqj wkh frqvxpswlrq sur�oh iru

h{shqglwxuhv rq qrq0gxudeoh jrrgv rqo|1

Iluvw/ zh hvwlpdwh lq wkh vhfrqg vwdjh wkh dyhudjh lqlwldo fdvk rq kdqg �$2S zlwk zklfk krxvhkrogv

ehjlq olih1 Zkloh wkh prgho �wv wkh gdwd ehwwhu zlwk wklv h{wud sdudphwhu/ wkh vhfrqg vwdjh qr orqjhu
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surylghv suhflvh ru vhqvleoh lghqwl�fdwlrq ri wkh vwuxfwxudo sdudphwhuv1 Wkh uhvxowv duh suhvhqwhg

lq froxpqv 4 dqg 5 lq Wdeoh Y dqg lq Iljxuh ;1 Wklv dowhuqdwlyh vlpxodwhg sur�oh grhv d ehwwhu

mre wkdq wkh edvholqh prgho lq whupv ri �wwlqj krxvhkrog frqvxpswlrq gxulqj wkh �uvw 8 |hduv

ri olih/ zkhq phdvxuhg frqvxpswlrq olhv deryh phdvxuhg lqfrph1 Wkh surfhgxuh dwwdlqv wklv e|

dvvljqlqj dq lpsodxvleo| kljk ydoxh ri lqlwldo fdvk rq kdqg= wkh phdq ohyho ri dvvhwv lv hvwlpdwhg

wr eh 45=9 wlphv fxuuhqw lqfrph$ef Zlwk kljk lqlwldo zhdowk/ wkh w|slfdo krxvhkrog fdq hdvlo| ex�hu

oderu lqfrph vkrfnv dqg hqmr| kljk frqvxpswlrq hduo| lq olih1 Wr �w wkh revhuyhg kljk fruuhodwlrq

ehwzhhq lqfrph dqg frqvxpswlrq sulru wr plggoh djh/ wkh hvwlpdwlrq surfhgxuh jxhvvhv wkdw djhqwv

duh yhu| lpsdwlhqw +vr wkdw wkh| uxq wklv lqlwldo zhdowk grzq, dqg duh txlwh xqzloolqj wr vxevwlwxwh

lqwhu0whpsrudoo|1 Wkh glvfrxqw udwh lv hvwlpdwhg dv 47( dqg wkh frh�flhqw ri uhodwlyh ulvn dyhuvlrq

dw 8=51

Zkloh lw lv srvvleoh wkdw wklv kljk zhdowk frphv iurp lqkhulwdqfhv/ wklv lv dw rggv zlwk doo krxvh0

krog vxuyh|v ri zhdowk kroglqj1 Lq rxu plqgv/ wklv lv hqrxjk wr uhmhfw wklv dowhuqdwlyh vfhqdulr/

krzhyhu lw lqirupv xv derxw wkh prgho1 Iurp wklv dqg rwkhu h{shulphqwv/ zh frqfoxgh wkdw lghq0

wl�fdwlrq klqjhv lq sduw rq surylglqj wkh vhfrqg0vwdjh zlwk pruh lqirupdwlrq wkdq lv frqwdlqhg

lq wkh sur�ohv dorqh1 Lq sduwlfxodu/ iurp wkh w|slfdo frqvxpswlrq sur�oh/ rqh fdq dffxudwho| dqg

vhqvleo| hvwlpdwh wkh suhihuhqfh sdudphwhuv rqo| e| �{lqj hlwkhu wkh uhwluhphqw frqvxpswlrq uxoh

ru wkh lqlwldo ydoxh ri dvvhwv1 Zlwkrxw wkhvh sdudphwhuv hvwlpdwhg iurp rwkhu vrxufhv lq d �uvw vwdjh

wkhuh lv qrw hqrxjk lqirupdwlrq lq wkh sur�ohv wr surylgh dffxudwh hvwlpdwlrq ri wkh prgho1

Lq rxu vhfrqg hydoxdwlrq ri wkh prgho/ zh hvwlpdwh �f dqg �� lq wkh �uvw vwdjh iurp frqvxpswlrq

dqg dvvhw phdvxuhv durxqg wkh djh ri uhwluhphqw1 Zh xvh wkh SVLG wr frqvwuxfw phdvxuhv ri oltxlg

dvvhwv lq 4<;</ lqfrph iurp 4<;< wr 4<<7/ dqg wrwdo frqvxpswlrq iurp 4<;< wr 4<<7> iurp dfwlyh

vdylqj/ zhdowk dqg lqfrph phdvxuhv1 Zh wkhq dqqxdol}h wkh gdwd dqg hvwlpdwh d fuxgh frqvxpswlrq

ixqfwlrq dv=

F� @ �fS� . ��[� . �2i� . %�

dfurvv krxvhkrogv1 Zh rewdlq=

a�f @ 3=8<7 v=h= +3=48;, > a��'3=3::7 v=h= +3=3458, =
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Wklv hvwlpdwhg pdujlqdo surshqvlw| wr frqvxph dw uhwluhphqw/ 3=3::7/ lv yhu| forvh wr wkh rqh lq

rxu edvholqh uhvxowv 3=3:4/ zkloh wkh udwlr ri looltxlg zhdowk wr wkh shupdqhqw frpsrqhqw ri lqfrph/

dw uhwluhphqw/ lv htxdo wr
�f
��

@ :=9:> d pruh uhdolvwlf qxpehu1e�

Wkh wklug froxpq ri Wdeoh Y vkrzv wkdw wkh hvwlpdwhg glvfrxqw udwh lv voljkwo| orzhu wkdq lq

wkh edvholqh hvwlpdwlrq dqg wkh frh�flhqw ri uhodwlyh ulvn dyhuvlrq lv hvwlpdwhg wr eh txlwh orz1

Zkloh wkh sdudphwhuv dsshdu yhu| wljkwo| hvwlpdwhg/ wkh ryhulghqwl�fdwlrq uhvwulfwlrq lqfuhdvhv

gudpdwlfdoo|1 Wkh fkl vtxduh ydoxh lv 49<31 Dv vkrzq lq Iljxuh ;/ wkh vlpxodwhg sur�ohv duh

vxevwdqwldoo| kljkhu wkdq wkh dfwxdo sur�oh lq prvw |hduv1 Wklv dffrxqwv iru wkh ryhulghqwl�fdwlrq

uhmhfwlrq1 Jlyhq wkh deryh sdudphwhuv/ krxvhkrogv uhfhlyh : wlphv wkhlu shupdqhqw lqfrph dw

uhwluhphqw1 Wklv ghfuhdvhv vdylqj lq oltxlg dvvhwv ryhu wkh zrunlqj olih1 Wklv dowhuqdwlyh vfhqdulr

kljkoljkwv wkh gl�fxow| wkh prgho kdv lq �wwlqj erwk wkh odujh dprxqw ri oltxlg vdylqj lpsolhg e|

wkh FH[ sur�ohv dqg wkh lpsolflw odujh dprxqw ri looltxlg zhdowk pdgh dydlodeoh dw uhwluhphqw1

Vlqfh wkhuh pd| eh vrph sureohpv lq wkh FH[ phdvxulqj wkh uhodwlyh ohyhov ri frqvxpswlrq

dqg lqfrph/ zh qh{w hvwlpdwh wkh prgho lq �uvw0gl�huhqfhv/ vr dv wr wu| wr pdwfk wkh jurzwk ri

frqvxpswlrq ryhu wkh olih0f|foh/ qrw lwv ohyho1 Wklv holplqdwhv rqh prphqw frqglwlrq1 Wkh uhvxowlqj

sdudphwhu hvwlpdwhv +froxpq +7, ri Wdeoh Y dqg Iljxuh ;, duh vxevwdqwlyho| dqg vwdwlvwlfdoo| vlplodu

wr rxu ehqfkpdun uhvxowv1 Pruh lpsruwdqwo|/ wkh whvw ri ryhulghqwl�fdwlrq grhv qrw uhmhfw wkh prgho1

Vlqfh lw lv olnho| wkdw doo krxvhkrog frqvxpswlrq h{shqglwxuhv duh qrw phdvxuhg lq wkh FH[/ wklv

plvphdvxuhphqw pd| zhoo eh wkh uhdvrq wkdw wkh gdwd uhmhfw wkh edvholqh prgho1

Irxuwk/ zh dgmxvw wkh vwdqgdug ghyldwlrqv ri wkh vhfrqg0vwdjh hvwlpdwhv wr dffrxqw iru wkh

vwdwlvwlfdo xqfhuwdlqw| lq wkh hvwlpdwlrq ri wkh sur�ohv ri lqfrph dqg xwlolw| vkliwhuv/ dv hvwlpdwhg

lq vhfwlrq 81 Irupdoo|/ wkh vhfrqg0vwhs fruuhfwlrq hpsor|v wkh yduldqfh0fryduldqfh pdwul{ iru wkh

�iwk0rughu sro|qrpldo frh�flhqwv iurp wkh vprrwkhg lqfrph dqg xwlolw| vkliwhu sur�ohv1 Wkh uhvxowv

duh uhsruwhg lq froxpq +8, ri Wdeoh Y dqg ghprqvwudwh h{wuhpho| odujh vwdqgdug huuruv1 Wkdw lv/

jlyhq wkh vdpsolqj xqfhuwdlqw| zlwk zklfk d �iwk0rughu sro|qrpldo hvwlpdwhv wkh lqfrph sur�oh/

wkh frqvxpswlrq sur�oh grhv qrw surylgh dq dffxudwh phdvxuh ri suhihuhqfh sdudphwhuv1 Vlqfh wkh

djh0sdwwhuq ri lqfrph ghwhuplqhv wkh djh0sdwwhuq ri frqvxpswlrq/ wkh lqfrph sur�oh lv lpsruwdqw

lq lghqwli|lqj wkh frqvxpswlrq sur�oh1
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Iliwk/ zh dgguhvv wkh srvvlelolw| wkdw rxu phdvxuhv ri xqfhuwdlqw| ryhuvwdwh wkh wuxh ulvn idfhg e|

krxvhkrogv1 Li wkhuh zhuh plvphdvxuhphqw lq oderu lqfrph/ wklv zrxog eldv xszdugv rxu hvwlpdwhv

ri lqfrph xqfhuwdlqw|1 Zlwk vhuldoo| xqfruuhodwhg phdvxuhphqw huuru/ plvphdvxuhphqw lq�dwhv rqo|

rxu phdvxuh ri wkh yduldqfh ri wudqvlwru| lqfrph1 Vhuldoo| fruuhodwhg plvphdvxuhphqw frxog krzhyhu

eldv erwk ri rxu phdvxuhv1 Dgglwlrqdoo|/ krxvhkrogv pd| kdyh dffhvv wr lqirupdo phfkdqlvpv wkdw

plwljdwh wkh lpsdfw ri lqfrph ulvn rq frqvxpswlrq1 Li zh kdyh ryhuhvwlpdwhg shupdqhqw dqg

wudqvlwru| lqfrph xqfhuwdlqw|/ wkh uhdghu pljkw eh frqfhuqhg wkdw wklv lv jhqhudwlqj vrph ri rxu

uhvxowv/ sduwlfxoduo| rxu orz hvwlpdwh ri ulvn dyhuvlrq1e2 D uhdvrqdeoh jxhvv pljkw eh wkdw urxjko|

d wklug ri wkh yduldqfh ri phdvxuhg lqfrph jurzwk lv gxh wr plvphdvxuhphqw dqg wkdw prvw ri

wklv lv wudqvlwru| +vhh Erxqg dqg Nuxhjhu +4<<4, dqg Erxqg +4<<7,,1 Krzhyhu/ jlyhq rxu frqfhuq

derxw xqprghohg vrxufhv ri lqvxudqfh/ zh h{shulphqw zlwk dq h{wuhph dowhuqdwlyh1 Zh uh0hvwlpdwh

rxu prgho kdoylqj wkh yduldqfh ri wudqvlwru| lqfrph vkrfnv dqg uhgxflqj e| rqh wklug wkh yduldqfh

ri shupdqhqw vkrfnv1 Froxpq +9, ri Wdeoh Y uhsruwv rxu �qglqjv1 Prvw sdudphwhu hvwlpdwhv duh

xqfkdqjhg zlwk d wljkwo| hvwlpdwhg glvfrxqw udwh ri 7=4( dqg d uhodwlyh ulvn dyhuvlrq ri 3=7;> forvh

wr wkh ehqfkpdun hvwlpdwh ri 31841 Wkxv/ rxu surfhgxuh hvwlpdwhv d uhodwlyho| orz ulvn dyhuvlrq

hyhq iru vxevwdqwldoo| orzhu hvwlpdwhv ri lqglylgxdo lqfrph xqfhuwdlqw|1

Odvwo|/ zh hvwlpdwh wkh vdph vhw ri sdudphwhuv xvlqj lqirupdwlrq rq qrqgxudeoh h{shqglwxuhv

rqo|1 Vwulfwo| vshdnlqj/ rxu prgho uhihuv wr wrwdo frqvxpswlrq/ wkh vxp ri h{shqglwxuhv rq qrq0

gxudeohv dqg wkh �rz frqvxpswlrq rq gxudeohv1 Krzhyhu/ vlqfh krxvhkrogv gr qrw uhqw doo gxudeohv/

d pruh frpsohwh prgho zrxog dffrpprgdwh erwk vruwv ri jrrgv vhsdudwho|1 Zh vwrs vkruw ri gr0

lqj vr dqg lqyhvwljdwh khuh zkdw rxu prgho lpsolhv iru qrqgxudeoh h{shqglwxuhv dvvxplqj gxudeoh

h{shqglwxuhv duh pdqgdwhg h{shqglwxuhv dqg vxewudfwlqj wkhp iurp rxu phdvxuh ri lqfrph dqg

frqvxpswlrq1e� Vlqfh zh duh dowhulqj wkh ohyho ri wkh sur�ohv/ zh dovr hvwlpdwh wkh prgho lq �uvw0

gl�huhqfhv dqg dgmxvw wkh sdudphwhuv ri wkh frqvxpswlrq uxoh dw uhwluhphqw vr dv wr pdwfk wkh

udwlr ri qrqgxudeoh wr wrwdo frqvxpswlrq dw uhwluhphqw1 Wkh uhvxowv +froxpq +:,, lqglfdwh d vxe0

vwdqwldoo| orzhu frh�flhqw ri uhodwlyh ulvn dyhuvlrq/ dw 3=481 Wkh glvfrxqw udwh lv xqfkdqjhg dw

6=;7(1 Qhlwkhu sdudphwhu lv hvwlpdwhg yhu| wljkwo| zklfk dffrxqwv iru wkh uhodwlyho| orz ydoxh ri

wkh ryhulghqwl�fdwlrq whvw zklfk grhv qrw uhmhfw wkh prgho1
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Wklv duwlfoh frqwulexwhv wr wkh dqdo|vlv dqg xqghuvwdqglqj ri krxvhkrog frqvxpswlrq dqg vdylqj

ehkdylru1

Zh ghyhors d qhz phwkrg iru hvwlpdwlqj krxvhkrog frqvxpswlrq ehkdylru1 Zh prgho frqvxphu

ehkdylru lq wkh suhvhqfh ri uhdolvwlf ohyhov ri xqlqvxudeoh lqfrph xqfhuwdlqw| dqg hvwlpdwh suhihu0

hqfh sdudphwhuv dqg krxvhkrog frqvxpswlrq ehkdylru xvlqj wkh Phwkrg ri Vlpxodwhg Prphqwv1

Wkh prgho �wv zhoo dqg |lhogv wljkw hvwlpdwhv ri wkh glvfrxqw udwh dqg lqwhuwhpsrudo hodvwlflw|

ri vxevwlwxwlrq1 Wklv phwkrgrorj| lv qrz ehlqj xvhg wr hvwlpdwh h{sdqghg prghov wkdw dgguhvv

sruwirolr fkrlfh/ oderu vxsso| dqg uhwluhphqw ehkdylru +Jdnlglv +4<<;,/ Fdjhwwl +4<<;, dqg Iuhqfk

+4<<;,,1

Rxu uhvxowv lqglfdwh wkdw vpdoo kroglqj ri oltxlg dvvhwv e| |rxqj krxvhkrogv lv dq rswlpdo uhvsrqvh

wr h{shfwhg lqfrph jurzwk dqg wkh ulvnlqhvv ri ixwxuh oderu lqfrph ryhu wkh olih f|foh1 Xqwlo wkhlu

hduo| iruwlhv/ krxvhkrog frqvxpswlrq ehkdylru/ zkloh ixoo| rswlpdo/ dsshduv vkruw0vljkwhg zlwklq wkh

frqwh{w ri wkh FHT0OFK1 Ghvslwh wklv dssduhqw lpsdwlhqfh/ zh hvwlpdwh wkdw krxvhkrogv glvfrxqw

wkh ixwxuh dw prghvw udwhv dqg duh qrw sduwlfxoduo| ulvn dyhuvh1 Rxu uhvxowv dovr lpso| wkdw roghu

krxvhkrogv vdyh dfwlyho| iru uhwluhphqw sxusrvhv dqg ehkdyh lq d pdqqhu pruh frqvlvwhqw zlwk

wkh FHT0OFK1 Wkhvh wzr skdvhv ri frqvxphu ehkdylru wxuq rxw wr eh txlwh glvwlqfw dqg duh dw

wkh khduw ri rxu lghqwl�fdwlrq surfhgxuh1 Wkh qhrfodvvlfdo uhsuhvhqwdwlyh0djhqw prgho ri djjuhjdwh

frqvxpswlrq lv lqfruuhfw suhflvho| ehfdxvh ri wklv fkdqjlqj ehkdylru ryhu wkh zrunlqj olih1

Zh vhh wzr lqwhuhvwlqj dyhqxhv iru ixwxuh uhvhdufk1 Iluvw/ rxu phwkrg frxog eh iuxlwixoo| h{whqghg

wr ulfkhu uhsuhvhqwdwlrqv ri krxvhkrog lqwhuwhpsrudo fkrlfhv1 Zh vxvshfw wkhuh lv pxfk wr eh ohduqhg

iurp wkh vwxg| ri sruwirolr fkrlfh/ gxudeoh jrrgv/ uhwluhphqw/ oderu vxsso|/ ru wkh h�hfw ri wd{ srolf|

dqg vrfldo lqvxudqfh surjudpv1 Vhfrqg/ rxu dssurdfk frxog eh dssolhg wr hvwlpdwh wkh djjuhjdwh

lpsolfdwlrqv ri plfur khwhurjhqhlw|1 Iru lqvwdqfh/ hvwlpdwhg djh0yduldwlrq lq frqvxpswlrq ehkdylru

wkdw zh �qg lq wkh gdwd pd| h{sodlq Fdpsehoo dqg Pdqnlz +4<;<, �qglqj wkdw urxjko| 73( ri doo

djhqwv duh ckdqg wr prxwk*1
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Ghsw1 ri Hfrqrplfv/ Sulqfhwrq Xqlyhuvlw|/ Ilvkhu Kdoo/ Sulqfhwrq/ QM 3;87704346/ X1V1D1>

srjCSulqfhwrq1hgx/ kwws=22zzz1Sulqfhwrq1hgx2�srj2/

dqg

Ghsw1 ri Hfrqrplfv dqg Zrrgurz Zlovrq Vfkrro/ Sulqfhwrq Xqlyhuvlw|/ Urehuvwrq Kdoo/ Sulqfh0

wrq/ QM 3;87704346/ X1V1D1> msdunhuCSulqfhwrq1hgx/ kwws=22zzz1Sulqfhwrq1hgx2�msdunhu21
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Wklv dsshqgl{ ghvfulehv rxu dssurdfk wr vroylqj qxphulfdoo| wkh frqvxphu sureohp1

D14 Jdxvv0Khuplwh txdgudwxuh

Wkh dojrulwkp h{sorlwv wkh uhfxuvlyh vwuxfwxuh ri wkh frqvxphu sureohp e| vroylqj wkh Hxohu

htxdwlrq iru wkh rswlpdo frqvxpswlrq uxoh1 Dvvxph iru wkh wlph ehlqj wkdw zh nqrz krz wr

frpsxwh f|n� +=, iru doo srvvleoh ydoxhv ri fdvk rq kdqg1 Rqh fdq uhzulwh wkh Hxohu htxdwlrq +8,

xvlqj wkh Lqwhuwhpsrudo exgjhw frqvwudlqw +7, dv=
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Wkh �uvw sureohp frqvlvwv lq hydoxdwlqj wkh h{shfwdwlrq lq +49,1 Vlqfh Q dqg X duh orj qrupdoo|

glvwulexwhg/ d qdwxudo zd| wr hydoxdwh wkhvh lqwhjudov lv wr shuirup d wzr0glphqvlrqdo Jdxvv0Khuplwh

txdgudwxuh=
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1 Wkh zhljkwv $�� dqg

qrghv q�/ x� duh wdexodwhg lq Mxgg +4<<;,1 Lq sudfwlfh/ zh shuiruphg d txdgudwxuh ri rughu 451

Rqh fdq wkhq �qg wkh urrw ri wkh Hxohu htxdwlrq dw dq| srlqw { xvlqj vwdqgdug phwkrgv1 Zh

frqvwudlq wkh urrw wr eh srvlwlyh dqg ohvv wkdq {/ wkh fxuuhqw ydoxh ri fdvk rq kdqg1 Dv glvfxvvhg

lq wkh sdshu/ wklv uhvwulfwlrq lv dozd|v vdwlv�hg zkhq wkhuh duh qr looltxlg dvvhwv1

D15 Frqvxpswlrq uxohv

Zh lqlwldol}h wkh dojrulwkp zlwk wkh frqvxpswlrq uxoh dw uhwluhphqw1 Rqh fdq vkrz wkdw wkh

frqvxpswlrq uxohv iru wklv sureohp duh frqwlqxrxvo| gl�huhqwldeoh dv orqj dv wkhuh duh qr oltxlglw|

frqvwudlqwv1 Krzhyhu/ lq wkh suhvhqfh ri oltxlglw| frqvwudlqwv/ wkh frqvxpswlrq uxohv pd| h{klelw



d nlqn1 Vhh Ghdwrq +4<<4,dqg D|djdul +4<<7,1 Zh h�hfwlyho| lpsrvh d oltxlglw| frqvwudlqw e| qrw

doorzlqj wkh krxvhkrog wr eruurz djdlqvw looltxlg dvvhwv1 Wklv lqglfdwhv wkdw vprrwk dssur{lpdwlrq

phwkrgv duh lqdssursuldwh1 Lqvwhdg/ zh xvh d vwdqgdug glvfuhwl}dwlrq phwkrg= zh vshfli| dq

h{rjhqrxv julg iru fdvk0rq0kdqg=
�
{�
�a
�'�

� ^3> {4@ `1 Lq rughu wr fdswxuh wkh fxuydwxuh ri wkh

frqvxpswlrq uxoh dw orz ydoxhv ri fdvk rq kdqg/ wkh julg zloo eh �qhu iru { 5 �3> {�?|�1 Lq sudfwlfh/

iru hdfk ydoxh ri fdvk rq kdqg rq wkh julg/ {� / zh �qg wkh dvvrfldwhg frqvxpswlrq/ f� / wkdw vdwlv�hv

+49,1 Lq fkrrvlqj wkh vl}h dqg frduvhqhvv ri wkh julg/ zh idfh wkh xvxdo wudgh0r� ehwzhhq suhflvlrq

dqg frpsxwlqj wlph1 Dgglqj srlqwv rq wkh julg jlyhv d �qhu dssur{lpdwlrq ri wkh frqvxpswlrq

uxohv1 Vlqfh wkh frqvxpswlrq uxoh dw djh w . 4 lv wkh lqsxw qhfhvvdu| wr jhw wkh frqvxpswlrq uxoh

dw djh w/ lpsuhflvlrqv frxog frpsrxqg ryhu wlph1 Rq wkh rwkhu kdqg/ wkh Hxohu htxdwlrq lv wkh

lqqhuprvw orrs ri wkh hqwluh dojrulwkp1 Zlwk 433 srlqwv rq wkh julg dqg 73 wlph shulrgv/ zh pxvw

vroyh +49, 7333 wlphv1 Wklv wdnhv dssur{lpdwho| 4=8 plqxwhv rq d Vxq Vsduf Hqwuhsulvh433331 Zh

dovr idfh d ghflvlrq uhjduglqj wkh udqjh ri fdvk rq kdqg/ {4@ 1 Iru vpdoo ydoxhv/ fdvk rq kdqg lq

vdpsoh lv olnho| wr pryh rxw ri wkh julg1 Frqvxpswlrq zloo wkhq eh hydoxdwhg xvlqj h{wudsrodwlrq

phwkrgv/ pxfk ohvv suhflvh wkdq lqwhusrodwlrq1 Rq wkh rwkhu kdqg/ lqfuhdvlqj wkh udqjh iru d �{hg

qxpehu ri julg srlqwv lpsolhv ohvv suhflvh hvwlpdwlrq ri wkh fxuydwxuh1 Rqh vroxwlrq frqvlvwv lq

hqgrjhql}lqj wkh julg vr wkdw/ iru lqvwdqfh/ fdvk rq kdqg uhpdlqv zlwklq wkh julg zlwk suredelolw|

3=<81 Zh dgrswhg d vlpsohu dssurdfk frqvlvwlqj lq fkhfnlqj wkdw fdvk rq kdqg/ lq wkh vlpxodwlrqv/

uhpdlqv vwulfwo| lqvlgh wkh julg1 Lq sudfwlfh/ zh wrrn {4@ @ 73> {�?| @ 5 dqg M @ 433> zlwk 83

srlqwv ehwzhhq 3 dqg {�?|1 Zh fkhfnhg wkh txdolw| ri wkh dssur{lpdwlrq e| vroylqj wkh vwdwlrqdu|

lq�qlwh krul}rq sureohp dqg fkhfnlqj wkh udwh ri frqyhujhqfh wr wkh �{hg srlqw ri wkh ixqfwlrqdo

Ehoopdq htxdwlrq1 Qrwh wkdw hyhq li vlpxodwhg { uhpdlqv vwulfwo| lqvlgh wkh julg dssur{lpdwlrq

huuruv fdq dulvh iurp wkh Hxohu htxdwlrq vlqfh hydoxdwlqj h{shfwhg ixwxuh pdujlqdo xwlolw| pd|

uhtxluh orrnlqj rxwvlgh wkh julg1

D16 Vlpxodwlrqv

Zh vlpxodwh frqvxpswlrq sur�ohv e| jhqhudwlqj d vhtxhqfh ri 53333 �fwlwlrxv lqfrph surfhvvhv

ryhu 73 |hduv1 Iru jlyhq sdudphwhuv ri wkh frqvxpswlrq sureohp/ zh vroyh iru wkh rswlpdo djh0

ghshqghqw frqvxpswlrq uxohv dv h{sodlqhg deryh1 Odvwo|/ zh fdofxodwh wkh frqvxpswlrq ghflvlrqv



ri krxvhkrogv uhfhlylqj wkhvh lqfrph surfhvvhv1 Zh wkhq frqvwuxfw olih f|foh frqvxpswlrq sur�ohv

e| orj0dyhudjlqj dfurvv djh1

�� �t)4T|L|�U V@h�@?Ui �L�@h�@?Ui �@|h� @?_ Ait| Lu
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Zh iroorz Qhzh| dqg PfIdgghq +4<<7, dqg xvh dq h{sdqvlrq phwkrg1 Gh�qh wkh �uvw0vwdjh

vdpsoh prphqwv wkdw fruuhvsrqg wr wkh wkhruhwlfdo prphqwv dv p +", @ �
a

Sa
�'� �� +", >zkhuh M

lv wkh qxpehu ri revhuydwlrqv iru wkh �uvw vwdjh1 a" lv dv|pswrwlfdoo| qrupdoo| glvwulexwhg zlwk

d wkhruhwlfdo yduldqfh fryduldqfh pdwul{ Y� � P3�
� 
6P

3��
� zkhuh 
6 @ H ^�+"f,�+"f,

�` dqg
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l
1 Frqvlvwhqw hvwlpdwlrq ri Y� xvhv wkh hpslulfdo frxqwhusduwv wr P� dqg 
6 dv

lv vwdqgdug lq JPP 1 Vlqfh wkh �uvw0vwhs lv h{dfwo| lghqwl�hg/ wkh fkrlfh ri d zhljkwlqj pdwul{ lv

luuhohydqw khuh1 a" lv dq dv|pswrwlfdoo| olqhdu hvwlpdwru zlwk lq�xhqfh ixqfwlrq #� @ �P3�
� ��+"f,

zkhuh
s
M+a"� "f, @
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a
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Wkh �uvw rughu frqglwlrq iru wkh vhfrqg vwdjh hvwlpdwru lv=

j
�

w
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s
L+a� � �f, @ �

�
jw+a�>e",�Zjw+��>e",�3� jw+a�>e",�Zs

Lj +�f>e", >
zkhuh �� ghqrwhv d frqvlvwhqw phdq ydoxh1 H{sdqglqj wkh vdph whup ixuwkhu/ wklv wlph durxqg "f/
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E| wkh Voxwvn| dqg fhqwudo olplw wkhruhpv/
s
L+a� � �f, frqyhujhv lq glvwulexwlrq wr d phdq }hur

qrupdo glvwulexwlrq zlwk dv|pswrwlf fryduldqfh pdwul{=
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` lv W{n dqg J� @ H^YlEwfc�f�Y�� ` lv W{u1 Dv wkh phdq ydoxhv frqyhujh wr wkh

wuxh rqhv wkh vdpsoh judglhqwv frqyhujh wr wkhlu wkhruhwlfdo frxqwhusduwv1

Vlqfh rxu �uvw0vwdjh dqg vhfrqg0vwdjh hvwlpdwru xvh gl�huhqw vwuxfwxudo prghov dqg prvwo| gli0

ihuhqw gdwd/ zh dvvxph wkdw wkh �uvw0vwdjh dqg vhfrqg0vwdjh prphqwv duh xqfruuhodwhg1 Lq wkdw

fdvh/ wkh irupxod vlpsol�hv wr=
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a = Wklv pdnhv

fohdu wkdw dv wkh uhodwlyh suhflvlrq ri wkh �uvw vwdjh lqfuhdvhv +l1h1 & $ 3,> wkh fruuhfwlrq iru wkh

�uvw vwdjh glvdsshduv1 ) frqwurov iru wkh vlpxodwlrq huuru1 Dv wkh vlpxodwlrq ehfrphv pruh dqg

pruh suhflvh/ ) $ 4= Wr frqvwuxfw dq hvwlpdwh ri +4:,/ zh uhsodfh wkh wkhruhwlfdo frqfhswv zlwk

wkhlu hpslulfdo frxqwhusduwv/ dv lv grqh lq wkh xvxdo JPP iudphzrun1

Zh xvh wzr gl�huhqw fkrlfhv ri wkh zhljkwlqj pdwul{ lq rxu hvwlpdwlrq1 Iluvw/ zh fkrrvh d

pdwul{ wkdw/ zkloh qrw ixoo| rswlpdo/ grhv qrw ghshqg rq wkh �wwhg prgho1 Wklv lv prwlydwhg e|

wkh revhuydwlrq wkdw rswlpdoo| zhljkwlqj JPP hvwlpdwruv fdq zruvhq �qlwh0vdpsoh eldv +vhh iru

h{dpsoh Zhvw/ ix Zrqj/ dqg Dqdwro|hy +4<<;,,1 Zh vhw wkh zhljkwlqj pdwul{ wr 
3�} = Wklv lv wkh

rswlpdo zhljkwlqj pdwul{ zkhq wkh �uvw vwdjh fruuhfwlrq grhv qrw pdwwhu/ l1h1 zkhq J� @ 3 ru

& @ 3= Wklv |lhogv=
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Zkloh 
3�} lv qrw wkh rswlpdo zhljkwlqj pdwul{ jlyhq wkh �uvw0vwdjh fruuhfwlrq/ wklv fdvh lv hdv|

wr lpsohphqw vlqfh dq hvwlpdwh ri 
} fdq eh rewdlqhg gluhfwo| dv wkh vdpsoh frxqwhusduw ri



H
�
+oqF� �H +oqF�,, +oqF� �H +oqF�,,

��1 Vlqfh zh gr qrw revhuyh krxvhkrogv dfurvv |hduv/ wklv

lv htxlydohqw wr dvvxplqj wkdw 
} lv gldjrqdo zlwk a
}| @
�
U|

SU|
�'�

�
oqF�c| � oq �F|

�2
= Lq wkh fdvh ri

gl�huhqfh hvwlpdwlrq/ zh xvh dq lghqwlw| zhljkwlqj pdwul{ vlqfh gl�huhqw krxvhkrogv duh revhuyhg

lq gl�huhqw |hduv1

Vhfrqg/ zh dovr hpsor| wkh rswlpdo zhljkwlqj pdwul{ Z @
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= Lq wklv fdvh/

wkh yduldqfh irupxod vlpsol�hv wr=
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Wklv uhtxluhv xvlqj wkh hvwlpdwhv iurp rxu �uvw fdvh dqg frqvwuxfwlqj dq hvwlpdwh ri Z xvlqj

vdpsoh frxqwhusduwv1

Wkhuh duh wzr rwkhu lqwhuhvwlqj vshfldo fdvhv1 Iluvw/ li wkh vhfrqg vwdjh lv h{dfwo| lghqwl�hg

+W @ n,> wkh fryduldqfh pdwul{ vlpsol�hv wr Yw @ J3�w
k
)
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w = Vhfrqg/ li wkhuh lv

qr furvv ghulydwlyh/ vr wkdw J� @ 3/ wkh �uvw vwdjh xqfhuwdlqw| grhv qrw d�hfw wkh vhfrqg vwdjh1 Lq

wklv fdvh wkh irupxod froodsvhv wr wkh idploldu rqh lq zklfk �uvw vwdjh hvwlpdwlrq grhv qrw dsshdu=
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Wklv phwkrgrorj| dovr surylghv d xvhixo whvw ri wkh ryhulghqwli|lqj uhvwulfwlrqv lq wkh vhfrqg

vwdjh1 Li wkh prgho lv fruuhfw dqg J� @ 3> wkh vwdwlvwlf=
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lv glvwulexwhg dv|pswrwlfdoo| dv Fkl0vtxduhg zlwk W � 5 ghjuhhv ri iuhhgrp1

Xqghu wkh fruuhfwlrq iru wkh �uvw vwdjh/ wkh vwdwlvwlf
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lv glvwulexwhg dv|pswrwlfdoo| dv Fkl0vtxduhg zlwk W � 5 ghjuhhv ri iuhhgrp1

�� �L?t|h�U|�L? Lu w�ui �)U*i �hL�*it

Zh frqvwuxfw sur�ohv ri frqvxpswlrq ryhu wkh zrunlqj olih erwk vprrwkhg dqg xq0vprrwkhg1

Xq0vprrwkhg sur�ohv duh frqvwuxfwhg e| dyhudjlqj rxu uhfrqvwuxfwhg phdvxuh ri frqvxpswlrq e|

djh1 Vprrwk sur�ohv duh frqvwuxfwhg e| hvwlpdwlqj dq htxdwlrq vlplodu wr +47, wkdw �{hv �2 dw

wkh ydoxh hvwlpdwhg rq wkh xq0vprrwkhg gdwd/ uhsodfhv wkh djh dqg frkruw gxpplhv e| �iwk rughu



sro|qrpldov/ dqg h{whqgv wkh kljkhvw djh wr :3 wr dyrlg vrph ri wkh hqgsrlqw sureohpv frpprqo|

hqfrxqwhuhg zlwk sro|qrpldo vprrwkhuv1

Zh jhqhudwh d sur�oh iru shu0krxvhkrog0htxlydohqw frqvxpswlrq iru d frqvwdqw idplo| vl}h/ e|

uhsodflqj wkh w|slfdo idplo| vl}h/ �i|/ iru hdfk djh zlwk lwv vdpsoh dyhudjh/ 5=;1 Ilqdoo|/ zh frqvwuxfw

wkh w|slfdo sur�oh ri wkh vkliw lq pdujlqdo xwlolw| fdxvhg e| fkdqjhv lq idplo| vl}h iru rxu w|slfdo

krxvhkrog dv

_
y+]�c|,
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L|
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xvlqj f�2 hvwlpdwhg iurp htxdwlrq +47,/ zkhuh L| lv wkh qxpehu ri krxvhkrogv revhuyhg dw djh w

zkhuh n lv d frqvwdqw1ee Wkh vprrwkhg yhuvlrq ri wklv lv frqvwuxfwhg e| suhglfwlqj �i|f�2 xvlqj d

�iwk0rughu sro|qrpldo1

Zh hpsor| wkh h{dfwo| vdph surfhgxuh iru lqfrph/ h{fhsw wkdw wkh dgmxvwphqw iru idplo| vl}h

khwhurjhqhlw|/ �2/ lv vhw htxdo wr lwv ydoxh iurp wkh frqvxpswlrq uhjuhvvlrq1 �\| @ h{s^ �U|
SU|

�'� oq\�c|`

lv dq hvwlpdwh ri dyhudjh lqfrph e| djh1 Wr hvwlpdwh vhsdudwh sur�ohv e| hgxfdwlrq jurxs ru

e| rffxsdwlrq jurxs/ zh dgg lqwhudfwlrq whupv ehwzhhq wkh fdwhjrulhv frqvlghuhg dqg djh dqg

uhwluhphqw vwdwxv1

#� A�i �L?t�4ih , Ti?_�|�hi 5�h�i)

Zh xvh wkh FH[ idplo|/ phpehu dqg ghwdlohg h{shqglwxuh �ohv iru |hduv 4<;3 wr 4<<6/ dv surylghg

e| wkh QEHU1 Prvw ri rxu lqirupdwlrq derxw wkh FH[ lv rewdlqhg iurp Exuhdx ri Oderu Vwdwlvwlfv

+4<<6/ dqg |hduv 4<;304<<5, dqg frqyhuvdwlrqv zlwk EOV vwdwlvwlfldqv1 Krxvhkrogv duh glvfdughg li

wkh| duh plvvlqj dq| ri wkh lqirupdwlrq qhfhvvdu| iru wkh uhjuhvvlrqv/ li wkh| uhsruw fkdqjhv lq djh

iurp wkh vhfrqg wr �iwk lqwhuylhz ri pruh wkdq d |hdu ru ohvv wkdq }hur |hduv/ li wkh| duh fodvvl�hg

dv lqfrpsohwh lqfrph uhsruwhuv/ ru li wkhlu uhsruwlqj lpsolhv ohvv wkdq '4333 lq dqqxdo lqfrph ru

frqvxpswlrq1

Zh xvh lqirupdwlrq derxw wkh uhihuhqfh shuvrq wr dvvljq wkh krxvhkrog wr fhoov/ xqohvv wkh

uhihuhqfh shuvrq lv ihpdoh1 Lq wklv fdvh zh xvh wkh vsrxvhv lqirupdwlrq1 Li wkhuh lv qr vsrxvh/ ru

klv lqirupdwlrq lv plvvlqj/ wkh krxvhkrog lv glvfdughg1 Zkhq wklv fxw zdv pdgh lw holplqdwhg 53(

ri wkh vdpsoh1 Doo lqirupdwlrq ehvlghv lqglylgxdo oderu lqfrph dqg frqvxpswlrq lv wdnhq iurp wkh

idplo| �ohv1 Ydoxhv duh dvvljqhg wr d krxvhkrog edvhg rq lqirupdwlrq jdwkhuhg lq wkh �iwk lqwhuylhz/



rwkhuzlvh lqirupdwlrq lv xvhg iurp wkh vhfrqg lqwhuylhz/ ru/ li lw lv qrw dydlodeoh/ wkh krxvhkrog

lv glvfdughg1 Krxvhkrogv vkrxog qrw eh pdwfkhg dfurvv 4<;8 wr 4<;9/ dqg duh qrw1 Fduh lv wdnhq

wr dvvxuh frqvlvwhqf| lq rxu gdwd ghvslwh yduldeoh fodvvl�fdwlrq fkdqjhv wkurxjk wlph/ dqg dfurvv

uhihuhqfh shuvrq dqg vsrxvh1 Lqirupdwlrq zdv surylghg e| wkh Glylvlrq ri wkh FH[ lq wkh Exuhdx

ri Oderu Vwdwlvwlfv derxw ydulrxv lvvxhv lqfoxglqj wkh pdwfklqj ri rffxsdwlrq frghv iurp 4<;30;4

wr odwhu |hduv1

Shqvlrq frqwulexwlrqv/ lqfrph/ Vrfldo Vhfxulw| frqwulexwlrqv/ dqg doo dvvhw lqfrph doo uhihu wr

wkh sdvw wzhoyh prqwkv1 Rxu gh�qlwlrq ri shqvlrq frqwulexwlrqv lv wkh vxp ryhu wkh FH[ vxe0

fdwhjrulhv dqg wkxv lqfoxghv sulydwh shqvlrqv/ sxeolf shqvlrqv/ Udlourdg Uhwluhphqw shqvlrqv/ dqg

vhoi0hpsor|hg/ LUD/ dqg Nhrjk sodqv1 Li wkh diwhu0wd{ idplo| lqfrph yduldeoh lv wrsfrghg/ uhihuhqfh

shuvrq dqg vsrxvh oderu lqfrphv duh vxewudfwhg dqg zh dgg/ iru hdfk/ wkh yduldeoh fuhdwhg e|

pxowlso|lqj wkh hduqlqjv lq odvw sd|fkhfn e| wkh iudfwlrq ri wkh |hdu wkh sd| shulrg fryhuv1 Wkhvh

oderu lqfrph yduldeohv duh wkh vroh yduldeohv iurp wkh phpehu �ohv xvhg1 Dvvhwv dqg dvvhw lqfrph

uhihuv wr wkh vxp ryhu vdylqjv dffrxqwv/ fkhfnlqj dffrxqwv/ erqgv/ dqg vwrfnv/ dv ri wkh wlph ri

lqwhuylhz1 Hdfk krxvhkrog lv dvvljqhg wr d |hdu edvhg rq wkh plgsrlqw ehwzhhq wkh �uvw dqg �iwk

lqwhuylhz li erwk gdwd duh dydlodeoh> rwkhuzlvh vlpso| wkh vlqjoh lqwhuylhz gdwh lv xvhg1 Djh lv wkh

dyhudjh ri erwk lqwhuylhzv li erwk duh dydlodeoh/ rwkhuzlvh lw lv wkh vlqjoh rqh dydlodeoh1 Gxh wr vrph

h{wuhph uhsruwv/ zh uhvhw uhsruwhg wd{ udwhv deryh 83( edfn wr 83(/ dqg ehorz }hur shufhqw wr

}hur1 Zh shuirup d vlplodu h{huflvh iru Vrfldo Vhfxulw| frqwulexwlrq udwhv dqg shqvlrq frqwulexwlrq

udwhv/ xvlqj 58( dv wkh xsshu erxqg1

Zkloh wrsfrglqj lv yhu| lqiuhtxhqw lq frqvxpswlrq lqirupdwlrq/ wkh krxvhkrog dqqxdo lqfrph

yduldeoh uh�hfwv vxppdwlrq ryhu d wrsfrghg lwhp iru urxjko| kdoi d shufhqw ri rxu krxvhkrogv1

Vlqfh/ lq prvw |hduv/ wrsfrglqj rffxuv dw '433> 333 lq lqfrph vxefdwhjrulhv/ uhsruwhg lqglylgxdo

dqqxdo oderu lqfrph lv wkh vrxufh ri doprvw doo lqfrph wrsfrglqj sureohpv1 Krzhyhu/ krxvhkrogv

duh dovr dvnhg wkh jurvv dprxqw ri wkhlu sd|fkhfn dqg zkdw ohqjwk ri wlph0shulrg wklv sd|fkhfn

fryhuv1 E| pxowlso|lqj wkhvh wzr yduldeohv wrjhwkhu/ zh frqvwuxfw d vhfrqg phdvxuh ri dqqxdo

oderu lqfrph1 Wrsfrglqj rq wklv yduldeoh rffxuv rqo| iru d ihz fdvhv1 Zh fruuhfw rxu phdvxuh

ri diwhu0wd{ idplo| lqfrph e| uhsodflqj wkh uhsruwhg dqqxdo oderu lqfrph lq idplo| lqfrph zlwk



rxu frqvwuxfwhg phdvxuh zkhqhyhu wkh idplo| lqfrph yduldeoh lv wrsfrghg1 Zh duh deoh wr fruuhfw

doprvw doo wrsfrglqj1

Frqvxpswlrq gdwd lv frpslohg iurp wkh ghwdlohg h{shqglwxuh �ohv dv doo h{shqglwxuhv e| d krxvh0

krog h{fhsw iru wkrvh iru khdowk fduh/ pruwjdjh lqwhuhvw/ dqg hgxfdwlrq1 Wkh frqvxpswlrq ohyho lv

wkhq wkh dyhudjh prqwko| h{shqglwxuh wlphv wzhoyh1 Ilyh shufhqw ri krxvhkrogv kdyh frqvxpswlrq

gdwd iru 7/ :/ 43/ 46/ ru 47 prqwkv dqg wkhvh krxvhkrogv* frqvxpswlrq duh wuhdwhg dv li wkh| zhuh

ryhu 6/ 9/ </ dqg 45 prqwkv1 Wkdw lv wkh uhfdoo lqwhuylhz shulrg h{whqghg eh|rqg wkh edvlf wkuhh

prqwkv dqg vrph h{shqglwxuhv duh uhfrughg lq d odwhu prqwk1 EOV vwdwlvwlfldqv uhfrpphqg wuhdw0

lqj wkhvh h{shqglwxuhv dv li wkh| rffxuuhg lq wkh suhfhglqj prqwk1 Wkrvh fryhulqj 4 ru 5 prqwkv

+rqh shufhqw ri wkh vdpsoh, zhuh gursshg1

Rqh pljkw eh frqfhuqhg derxw wkh fryhudjh ri lqfrph dqg frqvxpswlrq dqg wkxv derxw wkh

uhodwlyh ohyhov ri wkh sur�ohv1 Zh jhw uhdvrqdeoh uhodwlyh ohyhov ri frqvxpswlrq dqg lqfrph1 Dovr/

zh kdyh fkhfnhg d wrwdo lqfrph sur�oh dqg d irrg frqvxpswlrq sur�oh djdlqvw vlplodu sur�ohv

frqvwuxfwhg iurp SVLG gdwd1 Lq wkh fdvh ri irrg/ wkh ohyho dqg vkdsh ri wkh wzr sur�ohv zhuh qhduo|

lghqwlfdo1 Iru wrwdo lqfrph sur�oh/ wkh vkdshv ri wkh sur�ohv zhuh ohvv vlplodu/ exw vwloo txlwh forvh1

Ilqdoo|/ lq rxu uhvxowv vhfwlrq/ zh suhvhqw hylghqfh rq hvwlpdwlrq wkdw lqvwhdg xvhv rqo| lqirupdwlrq

iurp wkh fkdqjhv lq lqfrph dqg frqvxpswlrq1 Vhh wkh zrunlqj sdshu yhuvlrq iru ixuwkhu ghwdlov1

Wkh xqhpsor|phqw udwhv phujhg wr wkh FH[ duh wkh uhjlrqdo xqhpsor|phqw udwhv iru flyloldq

srsxodwlrq iurp wkh Krxvhkrog vxuyh| frqgxfwhg dqg sxeolvkhg e| wkh Exuhdx ri Oderu Vwdwlvwlfv

lq _Hpsor|phqw dqg Hduqlqjv1% Wkh JQS LSG SFH lv iurp Frxqflo Ri Hfrqrplf Dgylvruv

+4<<8,1



-jujijAWjt

�ON�ae c�e BAa $� �Bia +4<;<,= _Rq wkh Fryduldqfh Vwuxfwxuh ri Hduqlqjv dqg Krxuv

Fkdqjhv/% Hfrqrphwulfd/ 8:/ 744~781

�||BABt�Ne ��e c� �BA"te �� �j}��ie BAa D� bjOji +4<<:,= _Kxpsv dqg Expsv lq

Olihwlph Frqvxpswlrq/% Pdqxvfulsw/ LIV/ Xqlyhuvlw| Froohjh Orqgrq1

�||BABt�Ne ��e BAa �� �iN�A�A} +4<<8,= _Frqvxpswlrq ryhu wkh Olih F|foh dqg ryhu wkh

Exvlqhvv F|foh/% Dphulfdq Hfrqrplf Uhylhz/ ;8/ 444;~446:1

�||BABt�Ne ��e BAa D� bjOji +4<<8,= _Lv Frqvxpswlrq Jurzwk Frqvlvwhqw zlwk

Lqwhuwhpsrudo Rswlpl}dwlrqB Hylghqfh iurp wkh Frqvxphu H{shqglwxuh Vxuyh|/% Mrxuqdo ri

Srolwlfdo Hfrqrp|/ 436+9,/ 4454~8:1

�+B}Bi�e -� +4<<7,= _Xqlqvxuhg Lglrv|qfudwlf Ulvn dqg Djjuhjdwh Vdylqjv/% Txduwhuo| Mrxuqdo

ri Hfrqrplfv/ 43</ 98<~9;71

�N�Aae c� +4<<7,= _Hylghqfh rq wkh Ydolglw| ri Furvv0Vhfwlrqdo dqg Orqjlwxglqdo Oderu Pdunhw

Gdwd/% Mrxuqdo ri Oderu Hfrqrplfv/ 45+6,/ 678~9;1

�N�Aae c�e BAa �� �� li�j}ji +4<<4,= _Wkh H{whqw ri Phdvxuhphqw Huuru lq Orqjlwxglqdo

Hduqlqjv Gdwd= Gr Wzr Zurqjv Pdnh d Uljkw/% Mrxuqdo ri Oderu Hfrqrplfv/ <+4,/ 4~571

�iBAW�e .� -� +4<<7,= _Wkh Frqvxphu H{shqglwxuh Vxuyh|= d frpsdudwlyh dqdo|vlv/% Prqwko|

Oderu Uhylhz/ ss1 7:~881

�iN�A�A}e ��e �� $jB|NAe BAa �� Yi�t� +4<;8,= _D Sur�wdeoh Dssurdfk wr Oderu Vxsso|

dqg Frpprglw| Ghpdqgv ryhu wkh Olih0F|foh/% Hfrqrphwulfd/ 86+6,/ 836~761

�iN�A�A}e ��e BAa �� w�tBia� +4<<9,= _Krxvhkrog Vdylqj= Plfur Wkhrulhv dqg Pdfur Idfwv/%

Mrxuqdo ri Hfrqrplf Olwhudwxuh/ 67+7,/ 4:<:~4;881

��ijB� �u wBONi 7|B|�t|�Wt +4<<6/ dqg |hduv 4<;304<<5,= Frqvxphu H{shqglwxuh

Vxuyh|/ 4<<6= Lqwhuylhz Vxuyh|1 Zdvklqjwrq/ GF= XV Ghsduwphqw ri Frpphufh/ Exuhdx ri wkh

Fhqvxv/ Dqq Dueru/ PL= Lqwhu0xqlyhuvlw| Frqvruwlxp ri Srolwlfdo dqg Vrfldo Uhvhdufk1

�BOB,,jiNe -� c� +4<<4,= _Hduqlqjv Xqfhuwdlqw| dqg Djjuhjdwh Zhdowk Dffxpxodwlrq/%

Dphulfdq Hfrqrplf Uhylhz/ ;4+7,/ ;8<~:41

�B}j||�e �� +4<<;,= _Hvwlpdwlqj Suhihuhqfhv iurp Zhdowk Gdwd/% Pdqxvfulsw/ Xqlyhuvlw| ri

Fklfdfr1



�B6VOj,,e c� v�e BAa �� D� �BA"�� +4<;<,= _Frqvxpswlrq/ Lqfrph dqg Lqwhuhvw Udwhv=

Uhlqwhusuhwlqj wkh Wlph Vhulhv Hylghqfh/% lq Q1E1H1U1 Pdfurhfrqrplfv Dqqxdo/ hg1 e| R1 M1

Eodqfkdug/ dqg V1 Ilvfkhu/ ss1 4;8~5481 Fdpeulgjh= PLW Suhvv1

�BiiN,,e �� $� +4<<5,= _Wkh Ex�hu Vwrfn Wkhru| ri Vdylqj= Vrph Pdfurhfrqrplf Hylghqfh/%

Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|/ 5/ 94~4681

+4<<7,= _Krz Grhv Ixwxuh Lqfrph D�hfw Fxuuhqw FrqvxpswlrqB/% Txduwhuo| Mrxuqdo ri

Hfrqrplfv/ 43</ 444~47:1

+4<<:,= _Ex�hu Vwrfn Vdylqj dqg wkh Olih F|foh2Shupdqhqw Lqfrph K|srwkhvlv/%

Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 43:+4,/ 4~891

+4<<<,= _Wkh Ex�hu Vwrfn Vdylqj= Vrph Wkhru|/% Pdqxvfulsw/ Wkh Mrkqv Krsnlqv

Xqlyhuvlw|1

�BiiN,,e �� $�e BAa �� �� 7B6��W" +4<<:,= _Wkh Qdwxuh ri Suhfdxwlrqdu| Zhdowk/% Mrxuqdo

ri Prqhwdu| Hfrqrplfv/ 73+4,1

�BiiN,,e �� $�e BAa w� Q� 7�66jit +4<<4,= _Frqvxpswlrq Jurzwk Sdudoohov Lqfrph Jurzwk=

Vrph Qhz Hylghqfh/% lq Qdwlrqdo Vdylqjv dqg Hfrqrplf Shuirupdqfh/ hg1 e| E1 Ehuqkhlp/ dqg

M1 E1 Vkryhq1 Fklfdjr Xqlyhuvlw| Suhvv1

�,Bi�aBe -� +4<<4,= _Djjuhjdwh Vwrfkdvwlf Lpsolfdwlrqv ri wkh Olih0F|foh K|srwkhvlv/%

Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 439/ ;84~;9:1

�N�AW�, �u .WNAN6�W �a��tNit +4<<8,= Wkh Hfrqrplf Uhsruw ri wkh Suhvlghqw1

Zdvklqjwrq/ GF= Jryhuqphqw Sulqwlqj R�fh1

$jB|NAe �� +4<;8,= _Sdqho Gdwd iurp Wlph Vhulhv dqg Furvv Vhfwlrqv/% Mrxuqdo ri

Hfrqrphwulfv/ 63/ 43<~591

+4<<4,= _Vdylqj dqg Oltxlglw| Frqvwudlqwv/% Hfrqrphwulfd/ 8<+8,/ 4454~44751

+4<<5,= Xqghuvwdqglqj Frqvxpswlrq1 R{irug=Foduhqgrq Suhvv1

$�uu�je $�e BAa l� 7�A},j|NA +4<<6,= _Vlpxodwhg Prphqwv Hvwlpdwlrq ri Pdunry Prghov ri

Dvvhw Sulfhv/% Hfrqrphwulfd/ 94/ <5<~<851

8,B��Ae �� +4<;4,= _Wkh Dgmxvwphqw ri Frqvxpswlrq wr Fkdqjlqj H{shfwdwlrqv derxw Ixwxuh

Lqfrph/% Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;</ <:7~433<1



8ijAW�e .� +4<<;,= _Wkh H�hfwv ri Khdowk/ Zhdowk/ dqg Zdjhv rq Oderu Vxsso| dqg Uhwluhphqw

Ehkdylru/% Zrunlqj Sdshu/ Xqlyhuvlw| ri Zlvfrqvlq1

8i�ja6BAe �� +4<8:,= D Wkhru| ri wkh Frqvxpswlrq Ixqfwlrq1 Sulqfhwrq/ Sulqfhwrq Xqlyhuvlw|

Suhvv1

DB"�a�te Q� .� +4<<;,= _Vwrfnv iru wkh RogB Hduqlqjv Xqfhuwdlqw| dqg Olih0F|foh Sruwirolr

Fkrlfh/% Zrunlqj Sdshu/ P1L1W1

D�j5e D� -�e BAa D� 7� �jW"ji +4<:7,= Wkh Doorfdwlrq ri Wlph dqg Jrrgv ryhu wkh Olih

F|foh1 QEHU/ Qhz \run1

DN�i�AW�Bte �����e BAa c� �� �Bi"ji +4<<:,= _Frqvxpswlrq Ryhu wkh Olihf|foh/% Vrfldo

Vflhqfh Uhvhdufk Lqvlwxwh Zrunlqj sdshu <:551

+5334,= _Wkh Hpslulfdo Lpsruwdqfh ri Suhfdxwlrqdu| Vdylqj/% Dphulfdq Hfrqrplf

Uhylhz +Sdshuv dqg Surfhhglqjv,/ <4+5,/ 739~451

Q�OOBiae D�e c� 7� 7"�AAjie BAa 7� �� ~j,ajt +4<<7,= _Wkh Lpsruwdqfh ri Suhfdxwlrqdu|

Prwlyhv iru H{sodlqlqj Lqglylgxdo dqg Djjuhjdwh Vdylqj/% lq Fduqhjlh0Urfkhvwhu Frqihuhqfh

Vhulhv rq Sxeolf Srolf|/ hg1 e| D1 K1 Phow}hu/ dqg F1 L1 Sorvvhu/ yro1 73/ ss1 8<~4581

Q�iae �� +4<;<,= _Pruwdolw| Ulvn dqg Ehtxhvwv/% Hfrqrphwulfd/ 8:+7,/ ::<~;461

cBVVj,,�e C�e c��7� ��tW�"je BAa �� 7N�,j,jt +4<<;,= _Whvwlqj iru Oltxlglw| Frqvwudlqwv lq

Hxohu Htxdwlrqv zlwk Frpsohphqwdu| Gdwd Vrxufhv/% Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/

;3+5,/ 584~951

c�aae l� w� +4<<;,= Qxphulfdo Phwkrgv lq Hfrqrplfv1 Fdpeulgjh/ PD/ P1L1W1 Suhvv1

lN|,�"Nuue w� c�e BAa w� Q� 7�66jit +4<;4,= _Wkh Frqwulexwlrq ri Lqwhujhqhudwlrqdo

Wudqvihuv lq Djjuhjdwh Fdslwdo Dffxpxodwlrq/% Mrxuqdo ri Srolwlfdo Hfrqrp|/ ;9/ :39~651

w�a��}tNAe 7�e BAa �� �B!tNA +4<<:,= _Dssur{lpdwlrq Eldv lq Olqhdul}hg Hxohu Htxdwlrqv/%

plphr/ Sulqfhwrq Xqlyhuvlw|1

w�tBia�e �� +4<<9,= _Shupdqhqw Lqfrph/ Fxuuhqw Lqfrph/ dqg Frqvxpswlrq= Hylghqfh iurp

Wzr Sdqho Gdwd Vhwv/% Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ 47+4,/ ;4~<31

�j}��ie ��e BAa D� bjOji +4<<9,= _Lqwhuwhpsrudo Qrqvhsdudelolw| ru Eruurzlqj UhvwulfwlrqvB

D Glvdjjuhjdwh Dqdo|vlv Xvlqj d X1V1 Frqvxpswlrq Sdqho/% Hfrqrphwulfd/ 97+8,/ 4484~;41



�ji|NAe -� +4<:4,= _Rswlpxp Frqvxpswlrq dqg Sruwirolr Uxohv lq d Frqwlqxrxv Wlph Prgho/%

Mrxuqdo ri Hfrqrplf Wkhru|/ 6/ 6:6~746/ dqg huudwxp/ Mrxuqdo ri Hfrqrplf Wkhru|/ 9/ ss

5460547/ +4<:6,1

�j�j+e b�e BAa $� w� �W8BaajA +4<<7,= _Odujh Vdpsoh Hvwlpdwlrq dqg K|srwkhvlv

Whvwlqj/% lq Kdqgerrn ri Hfrqrphwulfv/ Yroxph 7/ hg1 e| U1 I1 Hqjoh/ dqg G1 O1 PfIdgghq/

ss1 5446~55781 Hovhylhu1

�B"jte ��e BAa $� �N,,Bia +4<;<,= _Vlpxodwlrq dqg wkh Dv|pswrwlfv ri Rswlpl}dwlrq

Hvwlpdwruv/% Hfrqrphwulfd/ 8:/ 435:~438:1

�B,�6ONe �� +4<<<,= _Xqfhuwdlq Phglfdo H{shqvhv dqg Suhfdxwlrqdu| Vdylqj Qhdu wkh Hqg ri

wkh Olih F|foh/% Uhylhz ri Hfrqrplf Vwxglhv/ 99+5,/ ss1 6<8~7551

�Bi"jie c� �� +4<<<,= _Wkh Uhdfwlrq ri Krxvhkrog Frqvxpswlrq wr Suhglfwdeoh Fkdqjhv lq

Vrfldo Vhfxulw| Wd{hv/% Dphulfdq Hfrqrplf Uhylhz/ ;<+7,/ <8<~:61

��tW�"je c��7� +4<<8,= _Lqglylgxdo Lqfrph/ Lqfrpsohwh Lqirupdwlrq/ dqg Djjuhjdwh

Frqvxpswlrq/% Hfrqrphwulfd/ 96+7,/ ;38~731

7W�jW�|6BAe c� +4<:9,= _Dq Lqfrph Ioxfwxdwlrq Sureohp/% Mrxuqdo ri Hfrqrplf Wkhru|/ 45/

54;~741

7W�jW�|6BAe c�e BAa X� .tW�ajiN +4<::,= _Vrph Uhvxowv rq cDq Lqfrph Ioxfwxdwlrq

Sureohp*/% Mrxuqdo ri Hfrqrplf Wkhru|/ 49+5,/ 484~991

7�jBe c� +4<<8,= _Xqlrq Frqwudfwv dqg wkh Olih F|foh0Shupdqhqw Lqfrph K|srwkhvlv/% Dphulfdq

Hfrqrplf Uhylhz/ ;8/ 4;9~5331

bjt|e l� $�e l� u� bNA}e BAa 7� �AB|N,+j� +4<<;,= _Ihdvleoh Rswlpdo Lqvwuxphqwdo

Yduldeohv Hvwlpdwlrq ri Olqhdu Prghov zlwk Prylqj Dyhudjh Glvwxuedqfhv/% Vrfldo Vflhqfh

Uhvhdufk Lqvlwxwh ZS Qr1 <<34/ Xqlyhuvlw| ri Zlvfrqvlq1

~j,ajte 7� �� +4<;<,= _Rswlpdo Frqvxpswlrq zlwk Vwrfkdvwlf Lqfrph= Ghyldwlrqv iurp

Fhuwdlqw| Htxlydohqfh/% Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 437+5,/ 5:8~<;1



�N|jt
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