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Dg xvxp Ghosklql=
D sulphu lq cqhz hfrqrplf jhrjudsk|*�

Jldqpdufr L1S1 Rwwdyldqr|

Xqlyhuvlwã gl Erorjqd/ HXL/ FRUH dqg FHSU

49 Mxqh 4<<<

Devwudfw

Wklv sdshu glvfxvvhv wkh lqwhoohfwxdo ruljlqv ri wkh vr0fdoohg
cqhz hfrqrplf jhrjudsk|* dqg surylghv lwv edvlf lqvljkwv e| phdqv
ri d vwuhdpolqhg iudphzrun zklfk vwuhvvhv wkh jhqhudolw| ri wkhlu
lpsolfdwlrqv1

�Dw wkh frxuw ri wkh nlqj ri Iudqfh Orxlv [LY wkh hgxfdwlrq ri wkh furzq sulqfh
+Ghosklqxv, zdv dovr sxuvxhg e| vwuhdpolqhg yhuvlrqv ri fodvvlfdo Odwlq zulwhuv1 Wkhvh
yhuvlrqv zhuh zulwwhq dg xvxp Ghosklql/ wkdw lv ciru wkh xvh ri wkh furzq sulqfh*/ dqg
wkh| zhuh odwhu dgrswhg dv wh{werrnv lq Iuhqfk vfkrrov1

|Xqlyhuvlwã gl Erorjqd/ Gls1 Vflhq}h Hfrqrplfkh/ Sld}}d Vfdudylool 5/ 73459
Erorjqd/ Lwdo|1 H0pdlo= rwwdyldqChfrqrpld1xqler1lw1 L dp judwhixo wr Ulfkdug Edog0
zlq/ Pdvdklvd Ixmlwd/ Mhdq Jdev}hzlf}/ Sklolssh Prqiruw/ Ylfwru Qrupdq/ Nrqudg
Vwdko dqg Mdftxhv0Iudqêrlv Wklvvh iru khosixo glvfxvvlrqv rq wkh wrslf ri wkh sdshu1
Ilqdqfldo vxssruw iurp d Mhdq Prqqhw Ihoorzvkls dw HXL lq Ioruhqfh lv judwhixoo|
dnqrzohgjhg1



4 Lqwurgxfwlrq

Zkdw irufhv vkdsh wkh hfrqrplf odqgvfdshB Zkdw eulqjv hfrqrplf
djhqwv wrjhwkhu ru gulyhv wkhp dsduwB Zk| gr uhjlrqv/ wkdw kdyh ehhq
vlplodu iru fhqwxulhv/ doo ri d vxgghq vwduw ehfrplqj lqfuhdvlqjo| gl�huhqwB
Zkdw lv wkh uroh ri revwdfohv wr wudgh dqg idfwru prelolw|B

Ghvslwh vrph ydoxdeoh hduo| frqwulexwlrqv pdgh e| Shuurx{ +4<83,/
P|ugdo +4<8:,/ ru Kluvfkpdq +4<8;,/ wkhvh txhvwlrqv uhpdlqhg xqdq0
vzhuhg e| pdlqvwuhdp hfrqrplf wkhru| iru d orqj wlph1 Lw lv rqo| uhfhqwo|
wkdw hfrqrplvwv kdyh ehfrph deoh wr surylgh dq dqdo|wlfdo iudphzrun
h{sodlqlqj wkh hphujhqfh ri hfrqrplf djjorphudwlrqv lq dq rwkhuzlvh
krprjhqhrxv vsdfh +vhh/ h1j1/ Ehfnpdqq dqg Wklvvh/ 4<;9,1 Dv dujxhg
e| Nuxjpdq +4<<8,/ wklv lv suredeo| ehfdxvh hfrqrplvwv odfnhg d prgho
hpeudflqj erwk lqfuhdvlqj uhwxuqv dqg lpshuihfw frpshwlwlrq/ wkh wzr
edvlf lqjuhglhqwv ri wkh irupdwlrq ri wkh hfrqrplf vsdfh/ dv vkrzq e|
wkh slrqhhulqj zrun ri Krwhoolqj +4<5<,/ Oùvfk +4<73,/ Lvdug +4<89, dqg
Nrrspdqv +4<8:,1

D jhqhudo prgho ri jhqhudo htxloleulxp zlwk lpshuihfw frpshwlwlrq
kdv vr idu ehhq rxw ri uhdfk +Erqdqqr/ 4<<3,1 Krzhyhu/ vshfl�f prghov
kdyh ehhq ghyhorshg wkdw/ wdnhq wrjhwkhu/ kdyh lqfuhdvhg rxu xqghuvwdqg0
lqj ri wkh zd| wkh vsdfh hfrqrp| zrunv +Ixmlwd dqg Wklvvh/ 4<<9,1

Dprqj wkhvh prghov dq lqfuhdvlqj qxpehu ri frqwulexwlrqv +vhh/
h1j1/ Nuxjpdq/ 4<<4d> Nuxjpdq dqg Yhqdeohv/ 4<<8> Ixmlwd/ Nuxjpdq
dqg Yhqdeohv/ 4<<</ wr flwh rqo| wkh wkuhh ehvw nqrzq zrunv, pdnh xvh ri
d sduwlfxodu lpsohphqwdwlrq ri wkh Fkdpehuolqldq sdudgljp +Fkdpehu0
olq/ 4<66, ri prqrsrolvwlf frpshwlwlrq +Vshqfh/ 4<:9> Gl{lw dqg Vwljolw}/
4<::,1 Wkhlu dlp lv wr xvh wklv vshfl�f dqdo|wlfdo iudphzrun lq rughu
wr frqvwuxfw cfoduli|lqj h{dpsohv* hqkdqflqj rxu xqghuvwdqglqj ri krz
wkh revwdfohv wr wkh vsdwldo prelolw| ri jrrgv dqg idfwruv d�hfw hfrqrplf
jhrjudsk| +Nuxjpdq/ 4<<8,1

Wklv olqh ri uhvhdufk/ vrphwlphv gxeehg/ zlwk vrph dexvh ri qdph/
cqhz hfrqrplf jhrjudsk|* +Nuxjpdq/ 4<<4e,4/ lv wkh xsgdwhg yhuvlrq ri

4Vhh Rwwdyldqr dqg Sxjd +4<<;, iru d ghwdlohg vxuyh| ri zkdw kdv ehhq dffrp0
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dq dpelwlrxv uhvhdufk surmhfw wkdw jrhv edfn dw ohdvw wr Rkolq*v +4<66>
4<9:/ uhylvhg hglwlrq, ixqgdphqwdo frqwulexwlrq wr wkh wkhru| ri lqwhu0
qdwlrqdo wudgh15 Lq klv hvvd| Rkolq fkdoohqjhv wkh frpprq zlvgrp wkdw
frqvlghuv lqwhuqdwlrqdo wudgh wkhru| dv vhsdudwh iurp orfdwlrq wkhru|=

�lqwhuqdwlrqdo wudgh wkhru| fdqqrw eh xqghuvwrrg h{fhsw lq
uhodwlrq wr dqg dv sduw ri wkh jhqhudo orfdwlrq wkhru|/ wr zklfk
wkh odfn ri prelolw| ri jrrgv dqg idfwruv kdv htxdo uhohydqfh�

+Rkolq/ 4<9:/ s1<:/ hpskdvlv lq wkh ruljlqdo,1

Wkh uhdvrq ehlqj wkdw fkdqjhv lq wkh wudqvsruwdelolw| ri frpprgl0
wlhv dv zhoo dv lq wkh prelolw| ri idfwruv d�hfw wkh orfdwlrq ri lqgxvwu|/ wkh
glvwulexwlrq ri oderu dqg fdslwdo/ wkh jhrjudsk| ri ghpdqg dqg/ wkhuhiruh/
wkh sdwwhuq ri wudgh16

Exloglqj rq wkh vhplqdo zrunv e| yrq Wk qhq +4;59,/ Pduvkdoo
+4;<3,/ dqg Zhehu +4<3<,/ Rkolq surylghv ghhs lqvljkwv rq krz wkh h{0
solflw frqvlghudwlrq ri vsdfh d�hfwv +dqg/ vrphwlphv/ hyhq uhyhuvhv, vrph
ri wkh pdlq frqfoxvlrqv ri wkh qhrfodvvlfdo sdudgljp ri wudgh wkhru|17

Krzhyhu/ rqfh pruh/ wkh urexvwqhvv ri wkh dqdo|vlv lv xqghuplqhg e| wkh
odfn ri d prgho ghdolqj zlwk erwk lqfuhdvlqj uhwxuqv dqg lpshuihfw frp0
shwlwlrq/8 vr wkdw/ vrphzd| sdudgr{lfdoo|/ Rkolq*v frqwulexwlrq lv pdlqo|
lghqwl�hg zlwk klv vsdfhohvv prgho= Lqwhuqdwlrqdo Wudgh Vlpsol�hg19 Qhz
dqg pruh srzhuixo dqdo|wlfdo wrrov ehlqj dydlodeoh qrz/ cqhz hfrqrplf
jhrjudsk|* pd| eh vhhq wr vwduw iurp zkhuh Rkolq kdg wr vwrs1

Lq d vwulfw vhqvh wr wkh vr0fdoohg cqhz hfrqrplf jhrjudsk|* ehorqj
doo wkh prghov wkdw xvh fkdpehuolqldq prqrsrolvwlf frpshwlwlrq wr vwxg|
wkh lpsdfw ri wudgh frvwv rq wkh jhrjudsklfdo glvwulexwlrq ri hfrqrplf

solvkhg lq wklv �hog1 Iru dq rxwvlghu*v fulwlfdo dvvhvvphqw vhh Pduwlq +4<<<,1
5Vhh/ dovr/ Rkolq/ Khvvhoeruq dqg Zlmnpdq +4<::, dqg Ilqgod| +4<<8,1
6Vhh/ Rkolq +4<9:,/ Fk1 [L0[LL1
7Vhh/ Rkolq +4<9:,/ Sduw Wkuhh/ ss1 <:04981
8Vhh/ Rkolq +4<9:,/ Fk1 LLL1
9Rkolq +4<9:,/ Sduw Wzr/ ss1 7<0<61
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dfwlylwlhv1: Vlqfh wkh vhplqdo frqwulexwlrqv e| Sdxo Nuxjpdq +4<<4d/e,
prghov ri wklv nlqg kdyh surolihudwhg lq d vrphzd| fkdrwlf zd| jlylqj
ulvh wr zkdw lv riwhq shufhlyhg dv d froohfwlrq ri vshfldo fdvhv1 Wr wklv shu0
fhswlrq frqwulexwh pdq| idfwruv1 Iluvw ri doo/ wkh yrfdexodu| lv frqixvlqj1
Gl�huhqw shrsoh fdoo wkh vdph wklqjv zlwk gl�huhqw qdphv dqg gl�huhqw
wklqjv zlwk wkh vdph qdphv1 Vhfrqg/ wkh frpprq olwhudu| urrwv duh
qrw dozd|v dfnqrzohgjhg1 Dxwkruv vkrz lglrv|qfudwlf wdvwhv iru suhfxu0
vruv dqg olnh wr wudfh edfn wkhlu lqvsludwlrq wr shww| ghixqfw hfrqrplvwv1
Wklug/ prvw prghov duh edvhg rq yhu| uhvwulfwlyh prghoolqj fkrlfhv dqg
qrqhwkhohvv duh qrw dphqdeoh wr dqdo|wlfdo vroxwlrqv1 D vnhswlf fdqqrw
khos uhdglqj wkhlu qxphulfdo uhvxowv dv vshfldo fdvhv ri vshfldo fdvhv1 Wkh
ryhudoo lpsuhvvlrq pljkw zhoo eh wr idfh d jurxs ri uhvhdufkhuv zkr vshdn
derxw wkh vdph lvvxhv xvlqj gl�huhqw odqjxdjhv/ kdylqj d sdwfk| lghd ri
wkh olwhudwxuh dqg vkrzlqj olwwoh dzduhqhvv ri wkh srwhqwldo zhdnqhvv ri
wkhlu uhvxowv1

Wkh dlp ri wklv vkruw sdshu lv wr fkdoohqjh wklv ryhudoo lpsuhvvlrq
e| srlqwlqj rxw vrph idluo| jhqhudo lqvljkwv ri cqhz hfrqrplf jhrjudsk|*1
Wklv zloo eh dfklhyhg e| glvwloolqj lwv hvvhqfh/ wkdw lv/ e| vwulsslqj lwv frq0
fhswxdo iudphzrun wr wkh erqhv dqg e| vruwlqj rxw lwv yrfdexodu|1 Wkh
uhpdlqghu ri wkh sdshu lv lq irxu sduwv1 Vhfwlrq 5 surylghv d vwuhdpolqhg
wh{werrn prgho ri cqhz hfrqrplf jhrjudsk|*1 Vhfwlrq 6 wlhv vrph ri lwv
orrvh hqgv dqg srlqwv rxw vrph gluhfwlrqv ri ixwxuh uhvhdufk1 Vhfwlrq 7
surylghv d frqflvh glfwlrqdu|1 Vhfwlrq 8 frqfoxghv1

5 Frqfhswxdo iudphzrun

Frqwudu| wr wkh jhqhudo shufhswlrq/ wkh edvlf xqghuslqqlqjv ri cqhz hfr0
qrplf jhrjudsk|* fdq eh hdvlo| frqyh|hg e| phdqv ri prghov zklfk duh
yhu| vlpsoh dqg |hw kdyh txlwh jhqhudo lpsolfdwlrqv1 Wklv vhfwlrq suhvhqwv

:Wudgh frvwv frqvlvw ri doo frvwv dvvrfldwhg zlwk wkh h{fkdqjh ri jrrgv dqg idfwruv
dprqj djhqwv orfdwhg lq gl�huhqw sodfhv1 Vrph ri wkhvh frvwv duh gxh wr wkh vkhhu
h{lvwhqfh ri glvwdqfh +h1j1/ wudqvsruw frvwv,/ rwkhuv dulvh iurp lqvwlwxwlrqdo eduulhuv
+h1j1/ wdul�v ru txdolw| dqg vdihw| vwdqgdugv, ru hyhq iurp olqjxlvwlf dqg fxowxudo
gl�huhqfhv +h1j1/ exvlqhvv sudfwlfhv,1
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d frxsoh ri h{dpsohv zlwk wkh dlp ri foduli|lqj wkh wzr eoxhsulqw phfkd0
qlvpv wkdw cqhz hfrqrplf jhrjudsk|* vwuhvvhv dv nh| h{sodqdwlrqv ri wkh
jhrjudsklfdo djjorphudwlrq ri hfrqrplf dfwlylwlhv1

514 Ghpdqg olqndjhv

Wkh �uvw prgho lv phdqw wr fdswxuh wkh lqvljkwv ri Nuxjpdq +4<<4d/e,1
Wkh lghd lv wkdw/ zkhq d �up pryhv lwv surgxfwlrq idflolwlhv wr d qhz
vlwh/ vrph ri wkh lqfrph lw jhqhudwhv lv vshqw orfdoo| +ghpdqg olqndjh,1
Dv d uhvxow/ zkhq d qhz �up vwduwv surgxfwlrq lq d fhuwdlq sodfh/ lw
kdv d grxeoh h�hfw rq wkh orfdo pdunhw frqglwlrqv1 Rq wkh rqh vlgh/ lw
pdnhv orfdo frpshwlwlrq �hufhu +frpshwlwlrq h�hfw,1 Fhwhulv sdulexv/ wklv
zrxog fxw sur�wv lqgxvwu|zlgh iruflqj vrph �upv wr ohdyh wkh pdunhw1
Rq wkh rwkhu vlgh/ wkh idfw wkdw vrph ri wkh lqfrph lw jhqhudwhv lv vshqw
orfdoo| lqfuhdvhv wkh vl}h ri wkh orfdo pdunhw +pdunhw vl}h h�hfw,1 Fh0
whulv sdulexv/ wklv zrxog lqfuhdvh orfdo sur�wv dwwudfwlqj pruh �upv iurp
rwkhu uhjlrqv1 Zlwk shuihfw frpshwlwlrq wklv odwwhu h�hfw lv qhjoljleoh
vr wkdw/ li orfdwlrqv duh idluo| vlplodu lq whupv ri suhihuhqfhv/ whfkqrorj|
dqg idfwru hqgrzphqwv/ wkh djjorphudwlrq ri dq lqgxvwu| lq d ihz orfd0
wlrqv zloo qhyhu eh revhuyhg lq htxloleulxp1 E| frqwudvw/ zlwk lpshuihfw
frpshwlwlrq/ wkh pdunhw vl}h h�hfw pd| eh vwurqj hqrxjk wr r�vhw wkh
frpshwlwlrq h�hfw1 Lq wklv fdvh/ vlqfh wkh| r�hu kljkhu sur�wv/ orfdwlrqv
zlwk hyhq voljkwo| pruh �upv duh ehwwhu sodfhv wr vhw xs qhz �upv1 Wklv
fuhdwhv d flufxodu fdxvdwlrq phfkdqlvp dprqj �upv orfdwlrq ghflvlrqv
wkdw lv deoh wr irvwhu lqgxvwuldo djjorphudwlrq1;

D vlpsoh zd| wr prgho wklv lghd lv wkh iroorzlqj1 Frqvlghu dq
hfrqrp| pdgh ri wzr uhjlrqv/ d krph uhjlrq dqg d iruhljq uhjlrq1 Wklqjv
shuwdlqlqj wr wkh iruphu ehdu qr odeho zkloh wkrvh shuwdlqlqj wr wkh odwwhu
duh odehoohg e| d vwdu1 Hdfk uhjlrq lv hqgrzhg zlwk wzr idfwruv1 Rqh
idfwru fdqqrw pryh ehwzhhq uhjlrqv dqg lwv hqgrzphqw/ vd| �/ lv wkh

;Wklv lv uhplqlvfhqw ri wkh uhvxowv rewdlqhg lq uhfhqw vkrsslqj prghov zkhuh pruh
�upv lq d jlyhq orfdwlrq dwwudfw pruh frqvxphuv gxh wr wkh kljkhu h{shfwhg pdwfk/
dqg hduq kljkhu sur�wv ghvslwh wkh lqwhqvl�hg frpshwlwlrq +Vfkxow} dqg Vwdko/ 4<<9>
Jhkulj/ 4<<;,1
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vdph lq erwk uhjlrqv1 Wkh rwkhu idfwru lv preloh/ lwv wrwdo hqgrzphqw lv
uA dqg lv vsolw vr wkdw u xqlwv duh lq wkh krph uhjlrq1 Idfwru rzqhuv
uhvlgh zkhuh wkhlu ehorqjlqjv duh orfdwhg vr wkdw idfwru lqfrphv duh olqnhg
wr idfwru orfdwlrqv1 Wkhuh duh wzr jrrgv/ d krprjhqhrxv jrrg t dqg
dqrwkhu jrrg f/ zklfk lv krul}rqwdoo| gl�huhqwldwhg lq � ydulhwlhv1

Wkh t 0jrrg lv surgxfhg e| hpsor|lqj wkh lppreloh idfwru � dv
wkh rqo| lqsxw xqghu frvwdqw uhwxuqv wr vfdoh1 Wklv jrrg lv iuhho| wudghg
ehwzhhq uhjlrqv dqg lv fkrvhq dv qxpìudluh1 Wkh f0jrrg xvhv rqo| wkh
preloh idfwru u xqghu lqfuhdvlqj uhwxuqv wr vfdoh1 Lwv lqwhuuhjlrqdo h{0
fkdqjh lv kdpshuhg e| wudgh frvwv= � xqlwv ri wkh qxpìudluh kdyh wr eh
sd|hg iru hdfk xqlw ri f vklsshg1

Wr vkdushq wkh dqdo|vlv/ dvvxph wkdw suhihuhqfhv duh vhsdudeoh
dfurvv wkh wzr jrrgv/ ehlqj olqhdu lq jrrg t dqg v|pphwulf lq wkh yd0
ulhwlhv ri jrrg f1 Lq sduwlfxodu/ lq wkh krph uhjlrq wkh ghpdqg iru d
w|slfdo ydulhw| lv dvvxphg wr eh=

^ ' d@� Rn K� od�n uo +4,

dqg v|pphwulfdoo| lq wkh iruhljq uhjlrq1 Lq +4, ^ lv wkh txdqwlw| gh0
pdqghg ri wkh w|slfdo ydulhw|/ R lv lwv sulfh/ � lv wkh pdunhw sulfh lqgh{=

� ' E?Rn ?WRW�*� +5,

Lq +5, ? dqg ?W duh wkh qxpehuv ri ydulhwlhv surgxfhg uhvshfwlyho| lq
wkh krph dqg lq wkh iruhljq uhjlrqv +? n ?W ' �,1 Wkhuhiruh/ � lv wkh
dyhudjh pdunhw sulfh lq wkh krph uhjlrq1 Wkh ixqfwlrq +4, vkrzv wkdw
wkh ghpdqg iru d ydulhw| ghfuhdvhv zlwk lwv sulfh dqg lqfuhdvhv zlwk wkh
sulfh ri rwkhu ydulhwlhv1 Wkh lqwhqvlw| ri wklv vhfrqg h�hfw ghshqgv rq
wkh ydoxh ri K 	 � wkdw phdvxuhv wkh vxevwlwxwdelolw| ehwzhhq ydulhwlhv1
Dv lw lv uhdvrqdeoh/ li vxevwlwxwdelolw| lv jrrg +K lv odujh,/ wkh ghpdqg iru
wkh w|slfdo ydulhw| lv vwurqjo| d�hfwhg e| wkh sulfh ri rwkhu ydulhwlhv1

Wxuqlqj wr wkh vxsso| vlgh/ zh dvvxph wkdw surgxfwlrq ri wkh t 0
jrrg uhtxluhv rqh xqlw ri idfwru � iru hdfk xqlw ri rxwsxw/ zkloh surgxf0
wlrq ri wkh f0jrrg qhhgv d �{hg lqsxw uhtxluhphqw s ri idfwru u wr vwduw
surgxfwlrq soxv S xqlwv ri wkh qxphudluh iru hdfk xqlw ri rxwsxw1 Pdu0
nhw vwuxfwxuh lv shuihfwo| frpshwlwlyh lq vhfwru t dqg prqrsrolvwlfdoo|
frpshwlwlyh lq vhfwru f1
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Wkh h{lvwhqfh ri wkh �{hg frvw s lpsolhv lqfuhdvlqj uhwxuqv wr vfdoh
lq wkh surgxfwlrq ri wkh gl�huhqwldwhg f0jrrg ydulhwlhv vr wkdw hdfk �up
vxssolhv rqh dqg rqo| rqh ydulhw|1 Pruhryhu/ lw slqv grzq wkh qxpehu ri
�upvqydulhwlhv krvwhg e| wkh krph uhjlrq1 Dv lw fdq eh hdvlo| vhhq/ wkh
u0idfwru pdunhw fohdulqj frqglwlrq/ |lhogv=

? '
u

s
+6,

Frqglwlrq +6, dovr lpsolhv wkdw wkh wrwdo qxpehu ri �upv lv d frq0
vwdqw ghwhuplqhg e| wkh h{rjhqrxv wrwdo hqgrzphqw ri idfwru u/ � '

uA*s 1

Iuhh hqwu| dqg h{lw lpso| wkdw lq htxloleulxp uhyhqxhv duh mxvw
hqrxjk wr fryhu wkh frvwv ri surgxfwlrq vr wkdw rshudwlqj sur�wv duh
hqwluho| devruehg e| wkh rzqhuv ri idfwru u1

Dv wr sulfhv/ zh kdyh wr uhphpehu wkdw ydulhwlhv iurp deurdg lqfxu
d wudqvsruw frvw � 1 Wklv phdqv wkdw lq prvw uhdvrqdeoh prghov ri vsdwldo
frpshwlwlrq zlwk surgxfw gl�huhqwldwlrq dqg dw ohdvw vrph sulfh glv0
fulplqdwlrq/ lq htxloleulxp zh zrxog revhuyh RW : R zlwk wkh gl�huhqfh
ehwzhhq wkh wzr sulfhv ehlqj dq lqfuhdvlqj ixqfwlrq ri � 1< Frqvhtxhqwo|/
lq htxloleulxp wkh sulfh lqgh{ � lv d ghfuhdvlqj ixqfwlrq ri ?=

� ' � E?c � �c �?E?c �� 	 fc m�?�E?c ��m : f +7,

Htxdwlrqv +4,/ +5,/ +7, dqg +6, ghvfuleh wkh prgho1 Wkh| fdq eh
xvhg wr rewdlq wkh lqyhuvh ghpdqg iru d w|slfdo krph ydulhw| lq wkh krph
pdunhw=

R ' @n K� E?c ��� ^

�n s?
+8,

Gxh wr prqrsrolvwlf frpshwlwlrq/ wkh �up surgxflqj wkh w|slfdo
ydulhw| wdnhv wkh dyhudjh pdunhw sulfh � E?c �� dv jlyhq1

Wkh lqyhuvh ghpdqg +8, lv uhsuhvhqwhg lq Iljxuh 41 Wkh krul}rqwdo
dqg yhuwlfdo lqwhufhswv ri +8, duh uhvshfwlyho| d@n K� E?c ��od�n s?o dqg
d@n K� E?c � �o1 Wkh htxloleulxp ydoxhv ri ^ dqg R duh vkrzq dv ^

�

dqg R
�

1

<Iru d txdol�fdwlrq ri wklv vwdwhphqw vhh Rwwdyldqr dqg Wklvvh +4<<;,1
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Wkh| duh irxqg e| vhwwlqj pdujlqdo uhyhqxh htxdo wr pdujlqdo frvw1 Wkh
rshudwlqj sur�wv duh vkrzq e| wkh vkdghg uhfwdqjoh dqg dffuxh wr wkh
rzqhuv ri idfwru u1

Wkh slfwxuh lv doo zh qhhg wr dvvhvv wkh frqglwlrqv xqghu zklfk zh
vkrxog h{shfw wr revhuyh djjorphudwlrq lq wklv vlpsoh iudphzrun1 Wr vhh
zk|/ vwduw iurp dq lqlwldo vlwxdwlrq zkhuh uhjlrqv duh lghqwlfdo/ u ' uA*2

dqg ? ' uA*2s 1 Vxssrvh wkdw vrph �upv pryh iurp wkh iruhljq wr wkh
krph uhjlrq vr wkdw ? lqfuhdvhv1 Iru wkhvh �upv wr zdqw wr vwd| lq wkh
krph uhjlrq/ rshudwlqj sur�wv kdyh wr lqfuhdvh1 Lqghhg/ zhuh wklv qrw
wkh fdvh/ wkh �upv zrxog udwkhu jr edfn wr wkh iruhljq uhjlrq1

Wxuq qrz wr Iljxuh 41 Dq lqfuhdvh lq ? kdv wzr rssrvlwh h�hfwv rq
rshudwlqj sur�wv1 Iluvw/ dv qhz �upv hqwhu wkh krph uhjlrq/ wkh sulfh
lqgh{ � E?c �� ghfuhdvhv1 Fhwhulv sdulexv/ wklv zrxog vkliw wkh lqyhuvh
ghpdqg +8, wrzdug wkh ruljlq ri wkh d{hv dqg rshudwlqj sur�wv zrxog
vkulqn1 Wklv h�hfw lv gxh wr lqfuhdvhg frpshwlwlrq lq wkh krph pdunhw
dqg vwhpv iurp wkh idfw wkdw ihzhu �upv qrz idfh wudgh frvwv zkhq
vxsso|lqj wkh krph pdunhw1 Exw wklv lv qrw wkh rqo| h�hfw1 Iru vrph
�upv wr pryh wr wkh krph uhjlrq/ vrph rzqhuv ri idfwru u kdyh wr iroorz1
Wklv phdqv wkdw/ dv ? lqfuhdvhv/ dovr u jrhv xs vr wkdw wkh pdunhw ri
wkh krph uhjlrq h{sdqgv1 Fhwhulv sdulexv/ wkh krul}rqwdo lqwhufhsw ri
wkh lqyhuvh ghpdqg zrxog pryh dzd| iurp wkh ruljlq dqg sur�wv zrxog
h{sdqg1 Wklv lv d pdunhw vl}h h�hfw zklfk lv lqgxfhg e| wkh olqndjh
ehwzhhq wkh orfdwlrqv ri �upv dqg idfwru u h{shqglwxuhv1

Vlqfh wkh wzr h�hfwv rssrvh hdfk rwkhu/ wkh qhw uhvxow lv d sulrul
dpeljxrxv1 Exw zh fdq vd| pruh wkdq wkdw1 Lq sduwlfxodu/ zh fdq dvvhvv
zklfk h�hfw suhydlov ghshqglqj rq sdudphwhu ydoxhv1 Vwduw zlwk wkh
frpshwlwlrq h�hfw wkdw jrhv wkurxjk d@n K� E?c ��o1 Wklv h�hfw lv vwurqj
li K lv odujh/ l1h1 li ydulhwlhv duh jrrg vxevwlwxwhv1 Lw lv dovr vwurqj li
m�?E?c ��m lv odujh1 Dv vkrzq lq +7,/ wklv kdsshqv li � lv odujh/ ehfdxvh/
zkhq revwdfohv wr wudgh duh kljk/ frpshwlwlrq iurp wkh rwkhu uhjlrq lv
zhdn dqg krph �upv fduh d orw derxw wkhlu frpshwlwruv ehlqj forvh udwkhu
wkdq glvwdqw1 Dv wr wkh pdunhw vl}h h�hfw/ lw zloo eh vwurqj li s lv odujh
ehfdxvh hdfk qhz �up eulqjv dorqj pdq| u0idfwru rzqhuv/ dqg li � lv
vpdoo ehfdxvh lppljudqwv kdyh d odujh lpsdfw rq wkh orfdo pdunhw vl}h1
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Zh fdq wkhuhiruh frqfoxgh wkdw wkh pdunhw vl}h h�hfw grplqdwhv wkh
frpshwlwlrq h�hfw/ zkhq jrrgv duh edg vxevwlwxwhv +K odujh,/ lqfuhdvlqj
uhwxuqv duh lqwhqvh +s odujh,c wkh lppreloh idfwru duh xqlpsruwdqw +�
vpdoo, dqg wudgh frvwv duh orz +� vpdoo,1 Xqghu vxfk flufxpvwdqfhv/
wkh hqwu| ri qhz �upv lq rqh uhjlrq zrxog udlvh wkh rshudwlqj sur�wv ri
doo �upv1 Kljkhu sur�wv zrxog dwwudfw pruh �upv/ jhqhudwlqj flufxodu
fdxvdwlrq dprqj �upv orfdwlrq ghflvlrq1 Djjorphudwlrq zrxog wkhq eh
vxvwdlqdeoh dv d vsdwldo htxloleulxp1

Wklv olqh ri uhdvrqlqj lv d idluo| jhqhudo zd| wr frqyh| Nuxjpdq*v
lqvljkwv dqg lw lv h{soruhg lq juhdwhu ghwdlo dqg uljrxu lq Rwwdyldqr dqg
Wklvvh +4<<;, zkhuh +4,/ +5,/ +6, dqg +7, duh vkrzq wr ehorqj wr d ixoo0
 hgjhg prgho ri prqrsrolvwlf frpshwlwlrq zlwk krul}rqwdo surgxfw gli0
ihuhqwldwlrq143 Krzhyhu/ Nuxjpdq +4<<4d/e, dgrsw d pruh uhvwulfwlyh
irupxodwlrq wkdq +4,/ wkdw lv/ dq lvrhodvwlf vshfl�fdwlrq144 Lw lv wkhuh0
iruh zruwkzkloh vkrzlqj wkdw wkh jhqhudo dujxphqw lv xqd�hfwhg e| wklv
fkrlfh1

Zlwk v|pphwulf lvrhodvwlf ghpdqg +4, kdv wr eh vxevwlwxwhg zlwk=

^ ' R3j h� j3�d�n s?o +9,

zkhuh h� lv wkh fruuhvsrqglqj FHV v|pphwulf sulfh lqgh{=

h� E?c �� ' �
?R�3j n ?RW�3j

� �

�3j +:,

Wkh sdudphwhu j : � uhsuhvhqwv erwk wkh rzq0sulfh hodvwlflw| ri ghpdqg
iru d w|slfdo ydulhw| dqg wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq ydulhwlhv1
Dv idu dv wkh suhvhqfh ri wudgh frvwv ohdgv wr R 	 RW/ wkh sulfhv lqgh{ +:,
h{klelwv wkh vdph txdolwdwlyh surshuwlhv dv +7,1

Wkh lqyhuvh ghpdqg wkdw fruuhvsrqgv wr +;, lv jlyhq e|=

R ' ^3�*j h� E?c ���3�*jd�n s?o�*j +;,

43Qrwlfh/ krzhyhu/ wkdw wkh vdph dujxphqw zrxog zrun zlwk roljrsrolvwlf frpshwl0
wlrq dqg krprjhqrxv jrrgv1 Doo wkdw lv qhhghg duh wudgh frvwv dqg sulflqj deryh wkh
pdujlqdo frvw ri surgxfwlrq +vhh/ h1j1/ Yhqdeohv/ 4<<9e,1

44Iru ghwdlov rq wkh olplwv ri prqrsrolvwlfdoo| frpshwlwlyh prghov zlwk FHV xwlolw|/
vhh Rwwdyldqr dqg Wklvvh +4<<<d,1
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Wkh htxloleulxp ri wkh FHV prgho lv vkrzq lq Iljxuh 5 zkhuh wkh
vkdghg duhd fruuhvsrqgv djdlq wr wkh rshudwlqj sur�wv ri wkh �up1 Li zh
qrz shuirup wkh vdph wkrxjkw h{shulphqw dv ehiruh dqg ohw ? lqfuhdvh/
zh glvfryhu wkdw wkh vdph h�hfwv duh djdlq dw zrun1 Rq wkh rqh kdqg/
wkhuh lv wkh frpshwlwlrq h�hfw1 Dv ? lqfuhdvhv h� E?c �� ghfuhdvhv dqg wkh
lqyhuvh ghpdqg +;, lv gudzq forvhu wr wkh ruljlq ri wkh d{hv= dq lqfuhdvh
lq wkh qxpehu ri krph frpshwlwruv pdnh rshudwlqj sur�wv vkulqn lq wkh
krph pdunhw1 Rq wkh rwkhu kdqg/ wkhuh lv wkh pdunhw vl}h h�hfw1 Dv
pruh �upv hqwhu wkh krph uhjlrq/ wkh| eulqj u0idfwru rzqhuv zlwk wkhp1
Dv ? lqfuhdvhv/ dovr d� n s?o lqfuhdvhv dqg +;, lv gudzq dzd| iurp wkh
ruljlq= ehfdxvh wkh lqfrph ri wkh lppljudqw u0idfwru rzqhuv lv vshqw
orfdoo|/ dq lqfuhdvh lq wkh krph srsxodwlrq hqodujhv wkh vl}h ri wkh krph
pdunhw1

Dv ehiruh/ zh fdq eh pruh suhflvh derxw wkh flufxpvwdqfhv xqghu
zklfk hlwkhu h�hfw grplqdwhv1 Wkh frpshwlwlrq h�hfw lv vwurqj li ydul0
hwlhv duh jrrg vxevwlwxwhv +j odujh, dqg li m�?E?c � �m lv odujh/ wkdw lv/ li
wudgh frvwv duh kljk +� odujh,1 Wkh pdunhw vl}h h�hfw lv vwurqj li wkh
u0idfwru rzqhuv frqvwlwxwh d odujh vkduh ri wkh srsxodwlrq +� lv vpdoo,
dqg li d odujh lqsxw ri wkdw idfwru lv uhtxluhg wr rshudwh d �up +s lv
odujh,1 Wkhuhiruh/ zh hqg xs zlwk wkh vdph frqfoxvlrqv= wkh pdunhw vl}h
h�hfw grplqdwhv wkh frpshwlwlrq h�hfw/ zkhq jrrgv duh edg vxevwlwxwhv
+j odujh,/ lqfuhdvlqj uhwxuqv duh lqwhqvh +s odujh,c wkh lppreloh idfwru
rzqhuv duh xqlpsruwdqw +� vpdoo, dqg wudgh frvwv duh orz +� vpdoo,1 Li
wklv lv wkh fdvh/ wkh hqwu| ri qhz �upv lv rqh uhjlrq udlvhv wkh rshudwlqj
sur�wv ri doo �upv1 Kljkhu sur�wv dwwudfw pruh �upv dqg wklv jhqhudwhv
d flufxodu fdxvdwlrq phfkdqlvp dprqj �upv orfdwlrq ghflvlrqv zklfk lv
deoh wr vxvwdlq djjorphudwlrq1

Wklv h{dfw frlqflghqfh ri uhvxowv vkrxog eh hqrxjk wr hvwdeolvk 0
frqwudu| wr wkh vnhswlf lpsuhvvlrq 0 wkh orjlfdo urexvwqhvv ri wkh phfk0
dqlvp hqylvdjhg e| Nuxjpdq +4<<4d/e, dv dq h{sodqdwlrq ri wkh jhr0
judsklfdo glvwulexwlrq ri hfrqrplf dfwlylwlhv1
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515 Frvw olqndjhv

D gl�huhqw h{sodqdwlrq ri wkh phfkdqlfv ri hfrqrplf djjorphudwlrq fdq
eh irxqg lq Yhqdeohv +4<<9d,1 Wkh lghd lv wkdw/ lq prvw lqgxvwulhv/ �upv
duh frqqhfwhg e| lqsxw0rxwsxw olqndjhv= zkdw lv rxwsxw iru d �up lv lqsxw
iru dqrwkhu dqg ylfhyhuvd1 Xqghu wklv shuvshfwlyh/ wkh �hufhu frpshwlwlrq
lqgxfhg e| d qhz hqwudqw lq wkh orfdo pdunhw lv grxeoh0idfhg= wkh lpsolhg
uhgxfwlrq lq pdunhw sulfhv lv edg qhzv iru h{lvwlqj �upv sur�wv rq wkh
uhyhqxh vlgh exw lw lv jrrg qhzv rq wkh frvw vlgh +frvw olqndjh,1

Wr hperg| wklv lghd lq wkh iruhjrlqj dqdo|vlv rqo| wzr fkdqjhv kdyh
wr eh pdgh wr wkh iudphzrun ri wkh suhylrxv vhfwlrq1 Iluvw/ dvvxph wkdw
wkhuh lv rqo| rqh idfwru/ vd| idfwru �/ zklfk lv lppreloh ehwzhhq uhjlrqv1
Wklv idfwru lv xvhg qrw rqo| dv wkh xqltxh lqsxw lq wkh surgxfwlrq ri wkh
qxpìudluh jrrg t exw dovr wr frpso| zlwk wkh �{hg uhtxluhphqw s lq
wkh vxsso| ri wkh gl�huhqwldwhg jrrg f1 Vhfrqg/ wkh pdujlqdo frvw ri
surgxfwlrq S lq wklv odwwhu vhfwru lv sdlg lq whupv ri wkh gl�huhqwldwhg
jrrg lwvhoi1 Wkhuhiruh/ f lv ghpdqghg erwk dv d �qdo jrrg e| frqvxphuv
� dqg dv dq lqwhuphgldwh jrrg e| �upv ?1

Li/ iru vlpsolflw|/ zh dvvxph wkdw wkh vdph ghjuhh ri vxevwlwxwdelolw|
fkdudfwhul}hv wkh ydulhwlhv qr pdwwhu zkhwkhu wkh| duh xvhg e| frqvxphuv
dv �qdo jrrgv ru e| �upv dv lqwhuphgldwhv/ wkh lqyhuvh ghpdqg ixqfwlrq
lv qrz=

R ' @n K� E?c ��� ^

�n ?
+<,

Iljxuh 6 sorwv +<, dorqj zlwk wkh pdujlqdo frvw S� E?c ��1 Wr dvvhvv
xqghu zklfk frqglwlrqv djjorphudwlrq fdq dulvh lq wklv vhwwlqj/ frqvlghu
dq lqlwldo vlwxdwlrq lq zklfk wkh wzr uhjlrqv duh lghqwlfdo dqg vxssrvh
wkdw vrph �upv lq vhfwru f/ ghflgh wr pryh wr wkh krph uhjlrq1 Li wkhlu
duulydo lqfuhdvhv wkh rshudwlqj sur�wv lq wkh krph uhjlrq/ wkhq pruh
�upv iroorz/ flufxodu fdxvdwlrq vhwv lq dqg lqgxvwu| f djjorphudwhv lq
wkh krph uhjlrq1

Wkh dqdo|vlv lv uhdglo| frqgxfwhg lq whupv ri Iljxuh 61 Dq lqfuhdvh
lq wkh qxpehu ? ri �upv lq wkh krph uhjlrq kdv wkuhh h�hfwv1 Iluvw/
dv ? lqfuhdvhv/ frpshwlwlrq jhwv �hufhu dqg � E?c � � ghfuhdvhv +frpshwl0
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wlrq h�hfw,1 Fhwhulv sdulexv/ wklv zrxog vkliw wkh ghpdqg wrzdugv wkh
ruljlq dqg rshudwlqj sur�wv 0 uhsuhvhqwhg e| wkh vkdghg duhd 0 zrxog
vkulqn1 Vhfrqg/ dv lqfuhdvhg frpshwlwlrq ghsuhvvhv � E?c � �/ lqwhuphgl0
dwhv ehfrph fkhdshu vr wkdw wkh pdujlqdo frvw fxuyh pryhv grzqzdugv
+frvw h�hfw,1 Fhwhulv sdulexv/ wklv zrxog udlvh rshudwlqj sur�wv1 Wklug/
dv qhz �upv hqwhu wkh krph uhjlrq/ wkh| ghpdqg lqwhuphgldwhv vr wkdw
wkh pdunhw ri wkh krph uhjlrq h{sdqgv1 Wkdw lv/ d� n ?o jurzv dqg/
fhwhulv sdulexv/ wklv zrxog vkliw wkh krul}rqwdo lqwhufhsw ri wkh ghpdqg
fxuyh dzd| iurp wkh ruljlq +pdunhw vl}h h�hfw,1

Zkloh wkh qhw h�hfw rq rshudwlqj sur�wv lv d sulrul dpeljxrxv/
zh fdq hvwdeolvk sdudphwhuv ydoxhv iru zklfk hlwkhu h�hfw grplqdwhv1
Prvw ri wkh uhvxowv vkrxog eh idploldu e| qrz1 Wkh frpshwlwlrq h�hfw
lv vwurqj li ydulhwlhv duh jrrg vxevwlwxwhv +odujh K, dqg li wudgh frvwv duh
uhohydqw +odujh �,1 Wkh ghpdqg h�hfw lv vwurqj zkhq ghpdqg e| �upv
lv lpsruwdqw uhodwlyho| wr ghpdqg e| frqvxphuv +vpdoo �, dqg li hdfk
�up uhtxluhv d vpdoo dprxqw ri idfwru � wr rshudwh +s vpdoo,1 Wkhuhiruh/
djjorphudwlrq lv vxvwdlqdeoh dv dq htxloleulxp zkhq ydulhwlhv duh edg
vxevwlwxwhv/ wudgh frvwv duh orz dqg �qdo ghpdqg lv vpdoo uhodwlyho| wr
lqwhuphgldwh ghpdqg1 Qhhgohvv wr vd|/ lw frxog eh hdvlo| vkrzq wkdw wkh
vdph lqvljkwv zrxog fduu| wkurxjk li wkh FHV vshfl�fdwlrq zhuh fkrvhq
dv lq wkh ruljlqdo prgho e| Yhqdeohv +4<<9d,1

Qrwlfh wkh rqo| txdolwdwlyh gl�huhqfh ehwzhhq d prgho zlwk lqsxw0
rxwsxw olqndjhv soxv lqwhuvhfwrudo idfwru prelolw| dqg d prgho zlwk gh0
pdqg olqndjhv soxv lqwhuuhjlrqdo idfwru prelolw|1 Zkloh lq wkh odwwhu
vwurqj uhwxuqv wr vfdoh +odujh s, idyrxu djjorphudwlrq/ lq wkh iruphu
wkh| zrun djdlqvw lw1 Wkh uhdvrq lv wkdw/ zkloh lq wkh odwwhu dgglwlrqdo
ghpdqg frphv iurp idfwru rzqhuv zkr iroorz �upv/ lq wkh iruphu lw
frphv gluhfwo| iurp �upv1 Wkhuhiruh/ zkloh lq wkh odwwhu d vwurqj pdunhw
vl}h h�hfw uhtxluhv pdq| idfwru rzqhuv wr pdwfk ihz �upv/ lq wkh iruphu
wkh uhyhuvh lv wuxh1
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6 W|lqj vrph orrvh hqgv

614 Frqvxphu vxusoxv

Wkh vwrulhv wrog lq wkh iruhjrlqj vhfwlrqv duh derxw �upv lq vhfwru f
fkdqjlqj orfdwlrq lq wkh txhvw ri wkh kljkhvw sur�wv1 Wkh vdph uhvxowv
frxog kdyh ehhq htxlydohqwo| uhsruwhg e| whoolqj vwrulhv derxw idfwru rzq0
huv orrnlqj iru wkh kljkhvw xwlolw|= rzqhuv ri idfwru u pljudwlqj ehwzhhq
uhjlrqv lq wkh ghpdqg0olqndjh prgho dqg rzqhuv ri idfwru � uldoorfdwlqj
wkhlu uhvrxufhv ehwzhhq vhfwruv lq wkh frvw0olqndjh prgho1

Wkhq/ xqghu wklv uhvshfw/ d edvlf lqjuhglhqw lv plvvlqj lq wkh suh0
ylrxv dqdo|vhv/ qdpho| wkh lpsdfw ri �upv orfdwlrq fkrlfhv rq frqvxphu
vxusoxv1 Wklv lpsdfw lv ylvleoh lq doo wkh �jxuhv gudzq= dv ? fkdqjhv/
wkh duhd ri wkh vxuidfh ehorz wkh lqyhuvh ghpdqg fxuyh dqg deryh wkh
krul}rqwdo olqh fruuhvsrqglqj wr wkh htxloleulxp sulfh fkdqjhv wrr1 Ohvv
hylghqw iurp wkh �jxuhv/ exw lqwxlwlyho| reylrxv/ lv wkdw/ dv ? lqfuhdvhv
dqg � E?c �� ghfuhdvhv/ wkh vxusoxv ri krph frqvxphuv dozd|v ulvhv eh0
fdxvh wkh hqwluh duud| ri gl�huhqwldwhg ydulhwlhv ehfrphv fkhdshu iru wkhp
dv pruh �upv surgxfh orfdoo| dqg gr qrw kdyh wr fkdujh iru wudgh frvwv1

Wkh h{solflw frqvlghudwlrq ri frqvxphu vxusoxv/ vd| 7ERc RWc ?�/ kdv
wzr pdlq frqvhtxhqfhv1 Iluvw/ iru lqwhuphgldwh ydoxhv ri wkh sdudph0
whuv/ lwv ehkdylrxu lv fuxfldo iru wkh lqfhqwlyh wr djjorphudwh1 Lq sdu0
wlfxodu/ lw pd| kdsshq wkdw/ hyhq li dq lqfuhdvh lq wkh qxpehu ri orfdo
�upv ghsuhvvhv wkhlu rshudwlqj sur�wv/ wkh srvlwlyh h�hfw ri kljkhu ?
rq frqvxphu vxusoxv lv vwurqj hqrxjk wr pruh wkdq frpshqvdwh idfwru
rzqhuv145Vhfrqg/ wkh uhvsrqvh ri frqvxphu vxusoxv d�hfwv wkh ixqfwlrqdo
vkdsh ri wkh uhodwlrq ehwzhhq ? dqg wkh ehqh�w wkdw idfwru rzqhuv rewdlq
e| uhdoorfdwlqj wkhlu uhvrxufhv ehwzhhq uhjlrqv dqg vhfwruv1 Wklv kdv lp0
sruwdqw lpsolfdwlrqv iru wkh vsdwldo hyroxwlrq ri wkh hfrqrplf odqgvfdsh

45Lq wkh frvw0olqndjh prgho wklv lqwhuphgldwh vfhqdulr lv voljkwo| pruh frpsoh{ gxh
wr wkh dgglwlrqdo qhjdwlyh lpsdfw ri ulvlqj q rq wkh frvwv ri surgxfwlrq1 Iluvw/ hyhq
li uhyhqxhv vkulqn ehfdxvh ri �hufhu orfdo frpshwlwlrq/ rshudwlqj sur�wv pd| vwloo
lqfuhdvh wkdqnv wr orzhu frvwv ri surgxfwlrq1 Vhfrqg/ hyhq li rshudwlqj sur�wv gr
vkulqn/ djjorphudwlrq pd| vwloo eh zruwkzkloh li frqvxphu vxusoxv jurzv hqrxjk1

45



dv lw zloo eh glvfxvvhg ehorz1

615 Vwudwhjlf frqvlghudwlrqv= sulflqj srolflhv

Wkh iruhjrlqj dqdo|vhv kdyh vkrzq wkdw d fhqwudo lqjuhglhqw ri wkh dj0
jorphudwlrq phfkdqlvpv suhvhqwhg deryh lv wkh uhodwlrq ehwzhhq wkh
qxpehu ri orfdo �upv dqg wkh sulfh lqgh{ � E?c ��1 D wkrurxjk xqghu0
vwdqglqj ri wklv uhodwlrq uhtxluhv wkh h{dfw ghwhuplqdwlrq ri htxloleulxp
sulfhv/ R dqg RW1 Lq jhqhudo/ wkh| vkrxog ghshqg rq erwk wkh jhrjudsklfdo
glvwulexwlrq ri �upv dqg wkh h{whqw ri wkhlu iuhljkw devruswlrq/ R ' RE?c � �

dqg RW ' RWE?c � �146 Wkh zd|v sulfhv ghshqg rq wkh glvwulexwlrq ri �upv
dqg wudgh frvwv duh erwk fuxfldo slhfhv ri lqirupdwlrq ehfdxvh wkh| duh
erxqg wr d�hfw wkh edodqfh ehwzhhq frpshwlwlrq dqg pdunhw vl}h h�hfwv1

Iurp wklv srlqw ri ylhz/ wkh FHV prgho vx�huv iurp vhyhuh olplwd0
wlrqv1 Rq wkh rqh vlgh/ lq wkh FHV prgho/ prqrsrolvwlfdoo| frpshwlwlyh
�upv vhw sulfhv dv prqrsrolvwv zrxog gr e| fkdujlqj d frqvwdqw sursru0
wlrqdo pdun0xs ryhu pdujlqdo frvw wkdw glvuhjdugv wkh qxpehu dqg wkh
orfdwlrq ri frpshwlwruv147 Rq wkh rwkhu vlgh/ zkhq lqwhuuhjlrqdo wudgh
frvwv ri jrrg f duh sdlg lq whupv ri jrrgf lwvhoi +clfhehuj* dvvxpswlrq,/
�upv gr qrw devrue dq| iuhljkw dw doo hyhq zkhq wkh| duh doorzhg wr iuhho|
glvfulplqdwh ehwzhhq forvh dqg glvwdqw fxvwrphuv +RW ' E� n ��R,1 Dv d
uhvxow/ �upv lqwhudfw lq d txlwh qdlyh zd| lpsrvlqj d vwudlwmdfnhw rq wkh
srvvleoh ixqfwlrqdo vkdshv ri RE?c � � dqg RWE?c ��1

Vlqfh wkh ixqfwlrqdo vkdshv ri RE?c � � dqg RWE?c �� lq xhqfh erwk
wkh ixqfwlrqdo vkdsh ri frqvxphu vxusoxv 7ERc RWc ?� dqg wkh ixqfwlrqdo
vkdsh ri �up sur�wv �ERc RWc ?�/ d wkrurxjk lqyhvwljdwlrq ri �upv sulflqj
ghflvlrqv lv qhhghg wr xqghuvwdqg wkh wudgh0r� ehwzhhq frpshwlwlrq dqg
pdunhw vl}h h�hfwv148

46Ilupv duh vdlg wr devrue vrph iuhljkw lq vr idu dv wkh gl�huhqfh ehwzhhq wkh sulfhv
wkh| fkdujh wr glvwdqw dqg forvh fxvwrphuv idoov vkruw ri wkh gl�huhqfh ehwzhhq wkh
frvwv ri uhdfklqj wkhp +wudgh frvwv,1

47Lq wkh ghpdqg0olqndjh prgho �upv sulfh dw s @ f�@+� � 4,1 Lq wkh frvw0olqndjh
prgho wkh| txrwh s @ hS +q> �,f�@+� � 4,1 Lq erwk fdvhv wkh pdun0xs ryhu pdujlqdo
frvwv lv sursruwlrqdo dqg frqvwdqw ehlqj htxdo wr �@+� � 4,1

48Iru d irupdo glvfxvvlrq ri wkhvh lvvxhv/ vhh Rwwdyldqr dqg Wklvvh +4<<;,1
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616 G|qdplf frqvlghudwlrqv= qrqolqhdulwlhv/ dgmxvw0
phqw dqg elixufdwlrqv

Dv douhdg| dujxhg/ �upv uhorfdwlrq lv gulyhq e| wkh lqwhuvhfwrudo dqg
lqwhuuhjlrqdo doorfdwlyh ghflvlrqv ri idfwru rzqhuv zkr vhhn wr pd{lpl}h
wkhlu xwlolw|1 Li zh dvvxph/ dv lw lv fxvwrpdu| lq cqhz hfrqrplf jhrjud0
sk|*/ wkdw idfwru rzqhuv duh dwrplvwlf/ wkhq wkhlu doorfdwlyh ghflvlrqv duh
glvfuhwh fkrlfhv ehwzhhq wzr dowhuqdwlyhv1 Lq wkh ghpdqg0olqndjh prgho
u0idfwru rzqhuv frpsduh wkh lqgluhfw xwlolwlhv wkdw wkh wzr uhjlrqv ri0
ihu wr wkhp dqg pryh wr wkh pruh jhqhurxv uhjlrq1 Lq wkh frvw0olqndjh
prgho �0idfwru rzqhuv frpsduh wkh lqgluhfw xwlolwlhv wkh| jhw zkhq hp0
sor|hg lq wkh wzr vhfwruv dqg pryh wr wkh vhfwru zklfk r�huv wkhp kljkhu
vdwlvidfwlrq1

Lq uhdolw|/ vxfk uhdoorfdwlrqv duh qrw iuhh exw udwkhu wdnh wlph dqg
prqh| gxh wr ydulrxv vruwv ri dgmxvwphqw frvwv1 Iru h{dpsoh/ rqh pd|
wklqn ri pljudwlrq frvwv lq wkh ghpdqg0olqndjh prgho dqg ri uhwrrolqj
frvwv lq wkh frvw0olqndjh prgho1 Wkh uhvxow lv wkdw wkh dgmxvwphqw lv qrw
lqvwdqwdqhrxv exw udwkhu judgxdo1

D uhgxfhg0irup prgho hqfrpsdvvlqj wkh pdlq lqvljkwv ri erwk wkh
ghpdqg0 dqg wkh frvw0olqndjh prghov lv xvhixo wr lqyhvwljdwh wkh lpsolfd0
wlrqv ri judgxdo dgmxvwphqw1 Iru h{srvlwlrqdu| sxusrvhv/ ohw xv h{sodlq
krz wklqjv zrun lq whupv ri wkh ghpdqg0olqndjh0fxp0pljudwlrq vwru|
rqo|1

Ghqrwh wkh lqgluhfw xwlolw| ri dq u0idfwru rzqhu lq wkh krph uhjlrq
dv=

T ERc RWc Rc RWc ?� � 7ERc RWc ?� n �ERc RWc ?� n �ERc RWc ?� +43,

zkhuh wkh vwdu/ dv ehiruh/ odehov yduldeohv shuwdlqlqj wr iruhljq djhqwv
dqg wkh xsshu0edu odehov yduldeohv shuwdlqlqj wr wkh iruhljq pdunhw1 Iru
h{dpsoh/ R lv wkh sulfh txrwhg e| krph �upv lq wkh krph pdunhw/ RW

lv wkh sulfh txrwhg e| iruhljq �upv lq wkh krph pdunhw/ R lv wkh sulfh
txrwhg e| krph �upv lq wkh iruhljq pdunhw/ hwf11 Wkhuhiruh/ 7ERc RWc ?�
lv wkh frqvxphu vxusoxv ri dq u0idfwru rzqhu uhvlglqj lq wkh krph uhjlrq>
�ERc RWc ?� dqg �ERc RWc ?� duh wkh rshudwlqj sur�wv ri krph �upv lq wkh
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krph dqg iruhljq pdunhwv uhvshfwlyho|1 Rqo| wkh qxpehu ri krph �upv
dsshduv lq +43, ehfdxvh wkh qxpehu ri iruhljq �upv lv ghwhuplqhg dv d
uhvlgxdo= ?W ' uA*s � ?1

E| v|pphwu|/ wkh lqgluhfw xwlolw| ri dq u0idfwru rzqhu uhvlglqj lq
wkh iruhljq uhjlrq lv=

T WERc RWc Rc RWc ?� � 7WERc RWc ?� n �WERc RWc ?� n �
W
ERc RWc ?� +44,

Wkh pljudwlrq ghflvlrq ri dq u0idfwru rzqhu lv edvhg rq wkh frp0
sdulvrq ehwzhhq +43, dqg +44,/ l1h1 rq wkh vljq ri wkhlu gl�huhqfh=

{T � T ERc RWc Rc RWc ?�� T WERc RWc Rc RWc ?� +45,

Uhphpehulqj wkdw/ lq jhqhudo/ wkh sulflqj srolflhv ri �upv ghshqg
rq ? dqg � / zh fdq uhzulwh wkh lqgluhfw xwlolw| gl�huhqwldo lq d pruh
frpsdfw zd| dv=

{T ' {T E?c � � +46,

zkhuh {T E?c � � lv dvvxphg wr eh d vprrwk ixqfwlrq ri lwv dujxphqwv1

{T lv wkh vwdwlvwlf wkdw jxlghv u0idfwru rzqhuv orfdwlrq ghflvlrqv149

Li {T : f +	 f, wkrvh zkr uhvlgh lq wkh iruhljq +krph, uhjlrq zdqw wr
pljudwh wr wkh krph +iruhljq, uhjlrq1 Li {T ' f wkhuh lv qr lqfhqwlyh iru
dq|erg| wr fkdqjh orfdwlrq1 Judgxdo dgmxvwphqw fdq eh vlpso| fdswxuhg
e| wkh iroorzlqj phfkdqlvp=

�
?' �{T E?c � � +47,

zkhuh
�
? lv wkh lqvwdqwdqhrxv fkdqjh ri ? dqg � : f lv d phdvxuh ri wkh

vshhg ri dgmxvwphqw1 Wkh gl�huhqwldo htxdwlrq +47, lv d uhgxfhg0irup
vsdwldo prgho wkdw hqfrpsdvvhv erwk wkh ghpdqg0 dqg wkh frvw0olndjh
prghov glvfxvvhg deryh1 D vwhdg| vwdwh ri wkh prgho lv rewdlqhg zkhq
prwlrq vwrsv=

�
?' f1 Wkhuhiruh/ wkhuh duh wzr srvvleoh w|shv ri vwhdg|

49Wr eh suhflvh/ wklv lv d jrrg dssur{lpdwlrq wr iruzdug0orrnlqj pljudwlrq ghfl0
vlrq rqo| li O0idfwru rzqhuv glvfrxqw wkh ixwxuh khdylo| +Rwwdyldqr/ 4<<9,/ zklfk lv
dvvxphg khuh iru h{srvlwlrqdu| sxusrvh1
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vwdwhv= lqwhulru vwhdg| vwdwhv iru ? vxfk wkdw {T E?c � � ' f dqg fruqhu
vwhdg| vwdwhv iru ? ' � +? ' f, li {T E�c � � : f +{T Efc � � 	 f,1

Wkh qxpehu dqg wkh vwdelolw| ri vwhdg| vwdwhv ghshqg rq wkh vkdsh
ri {T E?c ��1 Vrph uhpdunv fdq khos wr eh pruh suhflvh derxw wklv vwdwh0
phqw1 Iluvw/ lq jhqhudo/ wkhuh dozd|v h{lvwv dw ohdvw rqh vwhdg| vwdwh1
Vlqfh wkh prgho lv v|pphwulf/ lw lv wkh vwhdg| vwdwh fruuhvsrqglqj wr
? ' �*21 Vhfrqg/ wklv vwhdg| vwdwh lv +orfdoo|, vwdeoh +xqvwdeoh, li
{T?E�*2c �� 	 f +{T?E�*2c � � : f, zkhuh vxevfulswv ghqrwh sduwldo
ghulydwlyhv zlwk uhvshfw wr wkh fruuhvsrqglqj dujxphqwv14: Li lw lv xq0
vwdeoh wkhuh dovr h{lvw wzr dgglwlrqdo vwhdg| vwdwhv wkdw/ gxh wr wkh v|p0
phwu| ri wkh prgho/ duh v|pphwulf durxqg ? ' �*21 Wklug/ iroorzlqj
suhylrxv glvfxvvlrqv/ iru vpdoo wudgh frvwv wkh pdunhw vl}h h�hfw grp0
lqdwhv wkh frpshwlwlrq h�hfw/ zkloh wkh uhyhuvh lv wuxh iru odujh wudgh
frvwv1 Frqvhtxhqwo|/ li {T E?c �� lv d vprrwk ixqfwlrq ri lwv dujxphqwv/
wkhuh pxvw h{lvw vrph ydoxh ri � / vd| � f/ vxfk wkdw {T?E�*2c � f� ' f dqg
{T?E�*2c �� : f +{T?E�*2c �� 	 f, iru � 	 � f +� : �f,1 Wkhuhiruh/ dv
� ydulhv dqg jrhv wkurxjk � f/ wkh orfdo vwdelolw| surshuwlhv ri wkh vwhdg|
vwdwh ? ' �*2 fkdqjh +corfdo elixufdwlrq*,1

Wkhvh wkuhh uhpdunv wrjhwkhu duh frqvlvwhqw zlwk wkh iroorzlqj
surshuwlhv ri {T E?c � �=

{T E�*2c �� ' f ;� c +48,

{T?E�*2c � f� ' fc {T?� E�*2c � f� 	 fc +49,

{T??E�*2c � f� ' fc {T???E�*2c � f� 9' f +4:,

Surshuw| +48, vd|v wkdw ? ' �*2 lv dozd|v d vwhdg| vwdwh +shuvlvwhqw
vwhdg| vwdwh,1 Surshuwlhv +49, vd| wkdw dv � lqfuhdvhv iurp �/ wkh vwhdg|
vwdwh ? ' �*2 wxuqv iurp xqvwdeoh wr vwdeoh dv vrrq dv � jurzv deryh �f1
Surshuwlhv +4:, vd|v wkdw/ dv vrrq dv wkh vwhdg| vwdwh ? ' �*2 fkdqjhv
vwdelolw|/ wzr dgglwlrqdo vwhdg| vwdwhv dsshdu lq lwv qhljkerxukrrg1 Gxh
wr wkh v|pphwu| ri wkh prgho vxfk vwhdg| vwdwhv duh v|pphwulf durxqg lw1

4:Li �Yq+Q@5> �, ? 3 d vpdoo shuwxuedwlrq ri q @ Q@5 zrxog eh frpshqvdwhg e|
pljudwlrq1 Rq wkh frqwudu|/ li �Yq+Q@5> �, A 3 dq| vpdoo shuwxuedwlrq zrxog eh
dpsol�hg e| pljudwlrq1
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Doo wkhvh surshuwlhv wrjhwkhu vd| wkdw wkh uhgxfhg prgho +47, xqghujrhv
d +orfdo, cslwfkirun elixufdwlrq* dw � ' � f1 Li {T???E�*2c � f� : f wkh
elixufdwlrq lv cvxefulwlfdo*= dv � jurzv deryh � f wkh shuvlvwhqw vwhdg|
vwdwh ? ' �*2 jdlqv vwdelolw| jlylqj ulvh wr wzr xqvwdeoh v|pphwulf
vwhdg| vwdwhv lq lwv qhljkerxukrrg +vhh Iljxuh 7,1 Li {T???E�*2c � f� 	 f

wkh elixufdwlrq lv cvxshufulwlfdo*= dv � idoov ehorz �f wkh shuvlvwhqw vwhdg|
vwdwh ? ' �*2 orvhv vwdelolw| jlylqj ulvh wr wzr vwdeoh v|pphwulf vwhdg|
vwdwhv lq lwv qhljkerxukrrg +vhh Iljxuh 8,14;

Wklv idluo| whfkqlfdo dqdo|vlv vxjjhvwv wkdw erwk wkh qxpehu dqg
wkh vwdelolw| ri wkh vwhdg| vwdwhv ri rxu uhgxfhg0irup prgho ghshqg fux0
fldoo| rq wkh ixqfwlrqdo vkdsh ri wkh lqgluhfw xwlolw| gl�huhqwldo ixqfwlrq
{T E?c ��1 Wklv ohdgv edfn wr wkh vkdsh ri frqvxphu vxusoxv dqg rshudw0
lqj sur�w ixqfwlrqv dv srlqwhg rxw e| +43, dqg +44,1

617 Zhoiduh

D ghwdlohg zhoiduh dqdo|vlv lv uhtxluhg li rqh lv wr gudz orjlfdoo| frkhuhqw
srolf| lpsolfdwlrqv iurp wkh prghov suhvhqwhg1 Xqoxfnlo|/ wklv lv qrw dq
hdv| wdvn1 Wkh uhdvrq zk| lv wkdw vxfk prghov ghsduw iurp wkh zdoudvldq
frpshwlwlyh sdudgljp xqghu wkuhh pdlq uhvshfwv1

Iluvw/ wkhuh duh lqfuhdvlqj uhwxuqv dqg lpshuihfw frpshwlwlrq= dw
wkh pdunhw htxloleulxp/ ehfdxvh �upv kdyh pdunhw srzhu/ wkh| rshudwh
dw dq lqh!flhqwo| orz vfdoh1

Vhfrqg/ wkhuh lv krul}rqwdo surgxfw gl�huhqwldwlrq= wkh pdunhw htxl0
oleulxp pd| ryhusurylgh ru xqghusurylgh ydulhw|1 Rq wkh rqh kdqg/ vlqfh
uhyhqxhv iurp surgxflqj d fhuwdlq ydulhw| gr qrw fdswxuh wkh fruuhvsrqg0
lqj frqvxphu vxusoxv/ wkh| pd| qrw fryhu frvwv hyhq zkhq wkh qhw vrfldo
ydoxh ri wkh ydulhw| lv srvlwlyh1 Wklv fuhdwhv d srwhqwldo eldv wrzdugv wrr

4;Qrwlfh wkdw d gl�huhqwldo htxdwlrq fdq xqghujr rqo| +frpelqdwlrqv ri, wkuhh w|shv
ri elixufdwlrqv= vdggoh0qrgh/ wudqvfulwlfdo dqg slwfkirun elixufdwlrqv1 D vdggoh0qrgh
elixufdwlrq grhv qrw h{klelw dq| shuvlvwhqw vwhdg| vwdwh1 D wudqvfulwlfdo elixufdwlrq
kdv d shuvlvwhqw vwhdg| vwdwh exw rwkhu vwhdg| vwdwhv duh qrw v|pphwulf durxqg lw1
Wkhuhiruh/ +47, fdq rqo| ihdwxuh slwfkirun elixufdwlrqv1 Iru ixuwkhu ghwdlov vhh/ h1j1/
Jxfnhqkhlphu dqg Krophv +4<<3,1
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ihz ydulhwlhv1 Rq wkh rwkhu kdqg/ zkhq d qhz ydulhw| lv lqwurgxfhg/ lw di0
ihfwv wkh sur�wv ri h{lvwlqj �upv dqg jlyhv ulvh wr dqrwkhu h{whuqdo h�hfw
ehfdxvh wkh sur�w ri wkh qhz hqwudqw grhv qrw/ lq jhqhudo/ fruuhvsrqg wr
wkh qhw fkdqjh lq sur�wv lq wkh hfrqrp| dv d zkroh1 Li ydulhwlhv duh frp0
sohphqwv/ wklv h�hfw dovr idyrxuv wrr ihz ri wkhp1 Krzhyhu/ li ydulhwlhv
duh vxevwlwxwhv/ lw irvwhuv wrr pdq| ri wkhp vr wkdw wkh qhw rxwfrph lv
dpeljxrxv1

Wklug/ wkhuh duh ghpdqg dqg frvw olqndjhv= zkhq uhorfdwlqj/ �upv
gr qrw wdnh lqwr dffrxqw wkh h{whuqdo lpsdfw ri wkhlu ghflvlrqv rq rwkhu
�upv ghpdqg frqglwlrqv dqg surgxfwlrq frvwv1 Pruh suhflvho|/ zkhq d
�up ohdyhv rqh uhjlrq dqg pryhv wr wkh rwkhu/ lw grhv qrw uhdol}h wkdw
lw fuhdwhv ghpdqg dqg frvw olqndjhv lq wkh uhjlrq ri ghvwlqdwlrq zkloh
ghvwur|lqj h{lvwlqj olqndjhv lq wkh uhjlrq ri ruljlq1 Wkhuhiruh/ lq wkh
suhvhqfh ri vxfk olqndjhv/ lw lv qrw d sulrul fohdu zkhwkhu wkh pdunhw
rxwfrph ohdgv wr lqh!flhqwo| vwurqj ru lqh!flhqwo| zhdn djjorphudwlrq1

D zd| rxw frxog eh wr dgrsw d vhfrqg0ehvw dssurdfk e| wdnlqj
iru jlyhq wkh �uvw wzr nlqgv ri lqh!flhqf| 0 pdunhw srzhu fxp lqfuhdv0
lqj uhwxuqv dqg surgxfw gl�huhqwldwlrq 0 dv wkh| duh qrw vshfl�f wr wkh
vsdwldo prghov xqghu vfuxwlq|1 Wklv zrxog doorz wr irfxv rq wkh wuxh
vsdwldo srolf| lvvxhv= Lv wkhuh +vhfrqg0ehvw, lqh!flhqw djjorphudwlrq dw
wkh pdunhw rxwfrphB Li vr/ zkdw srolf| wrrov fdq eh xvhg wr ghdo zlwk
vxfk +vhfrqg0ehvw, lqh!flhqf|B Lv wkhuh d srwhqwldo frq lfw ehwzhhq wkh
qhhgv ri preloh dqg lppreloh idfwru rzqhuvB

Wkhvh qrupdwlyh txhvwlrqv duh eduho| dgguhvvhg lq wkh olwhudwxuh/
exw dqvzhuv duh edgo| qhhghg li cqhz hfrqrplf jhrjudsk|* lv wr vd| dq|0
wklqj uhohydqw derxw uhjlrqdo sodqqlqj lq wkh uhdo zrug14<

7 Frqflvh glfwlrqdu|

Dv zh douhdg| glvfxvvhg/ rqh ri wkh uhdvrqv zk| cqhz hfrqrplf jhrjud0
sk|* pljkw qrw orrn olnh d frkhuhqw olqh ri uhvhdufk lv wkh khwhurjhqhrxv

4<Vhh Rwwdyldqr dqg Wklvvh +4<<<e, iru d �uvw dwwhpsw lq wklv gluhfwlrq1

4;



yrfdexodu| lw xvhv1 Gl�huhqw dxwkruv fdoo gl�huhqw wklqjv zlwk wkh vdph
qdphv dqg wkh vdph wklqjv zlwk gl�huhqw qdphv1 Wkh dlp ri wklv vhfwlrq
lv wr surylgh d eulhi vhpdqwlf fodul�fdwlrq1

djjorphudwlrq dqg glvshuvlrq irufhv= idfwruv wkdw eulqj hfr0
qrplf djhqwv wrjhwkhu dqg dsduw uhvshfwlyho|> pdunhw vl}h dqg frpshwl0
wlrq h�hfwv duh h{dpsohv ri djjorphudwlrq dqg glvshuvlrq irufhv1

edfnzdug dqg iruzdug olqndjhv= ghpdqg dqg frvw olqndjhv1

edoo elixufdwlrq= frpelqdwlrq ri vxshufulwlfdo slwfkirun elixufd0
wlrqv1

fhqwulshwdo dqg fhqwulixjdo irufhv= vhh cdjjorphudwlrq dqg glv0
shuvlrq irufhv*1

frpsoh{lw|= qrqolqhdu g|qdplfv1

fxpxodwlyh fdxvdwlrq= flufxodu fdxvdwlrq1

idfwru sulfh h�hfw= qhw h�hfw ri pdunhw vl}h dqg frpshwlwlrq rq
rshudwlqj sur�wv1

krph pdunhw h�hfw= pdunhw vl}h h�hfw1

lqwhuwhpsrudo olqndjhv= ghpdqg dqg frvw olqndjhv ehwzhhq U)G
dqg surgxfwlrq1

pdfurhfrqrplf frpsohphqwdulwlhv= vhh cdjjorphudwlrq irufhv*1

pdunhw edvhg djjorphudwlrq irufhv= ghpdqg dqg frvw olqndjhv1

pdunhw srwhqwldo= pdunhw vl}h1

shfxqldu| h{whuqdolwlhv= ghpdqg dqg frvw olqndjhv1

slwfkirun elixufdwlrq= +frpelqdwlrq ri, vxshufulwlfdo slwfkirun
elixufdwlrq+v,1

srvlwlyh ihhgedfn= flufxodu fdxvdwlrq1
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sulfh lqgh{ h�hfw= frpshwlwlrq h�hfw1

v|pphwu| euhdnlqj= slwfkirun elixufdwlrq1

wrpdkdzn elixufdwlrq= +frpelqdwlrq ri, vxefulwlfdo slwfkirun
elixufdwlrq+v,1

8 Frqfoxvlrq

Wklv sdshu kdv lghqwl�hg wkh pdlq urrwv ri cqhz hfrqrplf jhrjudsk|* lq0
vlgh pdlqvwuhdp hfrqrplf wkhru|1 Dq h{whqvlyh glvfxvvlrq ri lwv wurxeoh0
vrph uhodwlrqv zlwk rwkhu lqwhoohfwxdo wudglwlrqv fdq eh irxqg lq Pduwlq*v
+4<<<, srohplfdo vxuyh|1

E| fxwwlqj wkurxjk wkh frpsoh{lwlhv ri wkh lwv pdlq prghov/ wkh
sdshu kdv vkrzq wkdw/ lq hvvhqfh/ cqhz hfrqrplf jhrjudsk|* surylghv
pruh jhqhudo uhvxowv wkdq zkdw lv xvxdoo| wkrxjkw1 Dv lw lv riwhq wkh
fdvh/ dqdolwlfdo vlpsolflw| dqg lqwhoohfwxdo urexvwqhvv jr kdqg lq kdqg1

Uhihuhqfhv

^4` Ehfnpdqq/ P1M1 dqg M10I1 Wklvvh +4<;9, Wkh orfdwlrq ri surgxfwlrq
dfwlylwlhv1 Lq S1 Qlmfdps +hg1,/ Kdqgerrn ri Uhjlrqdo dqg Xuedq
Hfrqrplfv/ Yro1 4 +Dpvwhugdp= Qruwk Kroodqg,/ ss1 540<81

^5` Erqdqqr/ J1 +4<<3, Jhqhudo htxloleulxp wkhru| zlwk lpshuihfw frp0
shwlwlrq/ Mrxuqdo ri Hfrqrplf Vxuyh|v 7/ 5<:065;1

^6` Fkdpehuolq H1 +4<66, Wkh Wkhru| ri Prqrsrolvwlf Frpshwlwlrq
+Fdpeulgjh +Pdvv1,= Kduydug Xqlyhuvlw| Suhvv,1

^7` Gl{lw/ D1N1 dqg M1H1 Vwljolw} +4<::, Prqrsrolvwlf Frpshwlwlrq dqg
Rswlpxp Surgxfw Glyhuvlw|/ Dphulfdq Hfrqrplf Uhylhz 9:/ 5<:0
63;1
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^8` Ilqgod|/ U1 +4<<8, Idfwru Sursruwlrqv/ Wudgh dqg Jurzwk +Fdp0
eulgjh +Pdvv1,= PLW Suhvv,1

^9` Jhkulj/ W1 +4<<;, Frpshwlqj h{fkdqjhv/ Hxurshdq Hfrqrplf Uh0
ylhz/ iruwkfrplqj1

^:` Ixmlwd/ P1/ S1 Nuxjpdq dqg D1 Yhqdeohv +4<<<, Wkh Vsdwldo Hfrq0
rp|1 Flwlhv/ Uhjlrqv dqg Lqwhuqdwlrqdo Wudgh +Fdpeulgjh +Pdvv1,=
PLW Suhvv,/ iruwkfrplqj1

^;` Ixmlwd/ P1 dqg M10I1 Wklvvh +4<<9, Hfrqrplfv ri Djjorphudwlrq/
Mrxuqdo ri wkh Mdsdqhvh dqg Lqwhuqdwlrqdo Hfrqrplhv 43/ 66<06:;1

^<` Jxfnhqkhlphu/ M1/ dqg S1 Krophv +4<<3,/ Qrqolqhdu Rvfloodwlrqv/
G|qdplfdo V|vwhpv dqg Elixufdwlrqv ri Yhfwru Ilhogv/ fruuhfwhg
wklug sulqwlqj +Vsulqjhu0Yhuodj/ Qhz \run,1

^43` Kluvfkpdq/ D1R1 +4<8;, Wkh Vwudwhj| ri Hfrqrplf Ghyhorsphqw
+Qhz Kdyhq= \doh Xqlyhuvlw| Suhvv,1

^44` Krwhoolqj/ K1 +4<5<, Vwdelolw| lq Frpshwlwlrq/ Hfrqrplf Mrxuqdo 6</
7408:1

^45` Nrrspdqv/ W1F1 +4<8:, Wkuhh Hvvd|v rq wkh Vwdwh ri Hfrqrplf Vfl0
hqfh +Qhz \run= PfJudz0Kloo,1

^46` Nuxjpdq/ S1 +4<<4d, Lqfuhdvlqj Uhwxuqv dqg Hfrqrplf Jhrjudsk|/
Mrxuqdo ri Srolwlfdo Hfrqrp| <</ 7;607<<1

^47` Nuxjpdq/ S1 +4<<4e, Jhrjudsk| dqg Wudgh +Fdpeulgjh +Pdvv1,=
PLW Suhvv,1

^48` Nuxjpdq/ S1 +4<<8, Ghyhorsphqw/ Jhrjudsk|/ dqg Hfrqrplf Wkhru|
+Fdpeulgjh +Pdvv1,= PLW Suhvv,1

^49` Nuxjpdq/ S1/ dqg D1 Yhqdeohv +4<<8,/ Joredol}dwlrq dqg wkh lq0
htxdolw| ri qdwlrqv/ Txduwhuo| Mrxuqdo ri Hfrqrplfv 443/ ;8:0;;31
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^4:` Lvdug/ Z1 +4<89, Orfdwlrq dqg Vsdfh Hfrqrp|= D Jhqhudo Wkhru|
Uhodwlqj Lqgxvwuldo Orfdwlrq/ Pdunhw Duhdv/ Odqg Xvh/ Wudgh dqg
Xuedq Vwuxfwxuh +Qhz \run= Mrkq Zloh|,1

^4;` Oùvfk/ D1 +4<73, Glh Udxpolfkh Rugqxqj ghu Zluwvfkdiw +Mhqd=
Jxvwdy Ilvfkhu Yhuodj,1 Hqjolvk wudqvodwlrq= Wkh Hfrqrplfv ri Or0
fdwlrq +Qhz Kdyhq +Frqq1,= \doh Xqlyhuvlw| Suhvv/ 4<87,1

^4<` Pduvkdoo/ D1 +4;<3, Sulqflsohv ri Hfrqrplfv +Orqgrq= Pdfploodq,1

^53` Pduwlq/ U1 +4<<<, Wkh qhz cjhrjudsklfdo wxuq* lq hfrqrplfv= Vrph
fulwlfdo uh hfwlrqv/ Fdpeulgjh Mrxuqdo ri Hfrqrplfv 56/ 980<41

^54` P|ugdo/ J1 +4<8:, Hfrqrplf Wkhru| dqg Xqghughyhorshg Uhjlrqv
+Orqgrq= Gxfnzruwk,1

^55` Rkolq/ E1 +4<66, Lqwhuuhjlrqdo dqg Lqwhuqdwlrqdo Wudgh +Fdpeulgjh
+Pdvv1,= Kduydug Xqlyhuvlw| Suhvv,1

^56` Rkolq/ E1 +4<9:, Lqwhuuhjlrqdo dqg Lqwhuqdwlrqdo Wudgh/ uhylvhg hgl0
wlrq +Fdpeulgjh +Pdvv1,= Kduydug Xqlyhuvlw| Suhvv,1

^57` Rkolq/ E1/ S1 Khvvhoeruq dqg S1P1 Zlmnpdq/ hgv1 +4<::, Wkh Lqwhu0
qdwlrqdo Doorfdwlrq ri Hfrqrplf Dfwlylw|/ Qreho V|psrvlxp/ Vwrfn0
krop 4<:9 +Orqgrq= Pdfploodq,1

^58` Rwwdyldqr/ J1L1S1 +4<<9, Prqrsrolvwlf frpshwlwlrq/ wudgh/ dqg hq0
grjhqrxv vsdwldo  xfwxdwlrqv/ FHSU Glvfxvvlrq Sdshu Qr1 465:1

^59` Rwwdyldqr/ J1L1S1 dqg G1 Sxjd +4<<;, Djjorphudwlrq lq d joredo
hfrqrp|= D vxuyh| ri wkh cqhz hfrqrplf jhrjudsk|*/ Zruog Hfrq0
rp| 54/ :3:0:64

^5:` Rwwdyldqr/ J1L1S1 dqg M10I1 Wklvvh +4<<;, Djjorphudwlrq dqg wudgh
uhylvlwhg/ FHSU Glvfxvvlrq Sdshuv Qr1 4<361

^5;` Rwwdyldqr/ J1L1S1 dqg M10I1 Wklvvh +4<<<d, Prqrsrolvwlf frpshwl0
wlrq/ pxowlsurgxfw �upv dqg rswlpxp surgxfw glyhuvlw|/ FRUHGlv0
fxvvlrq Sdshu <<4</ Xqlyhuvlwì Fdwkroltxh gh Orxydlq1
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^5<` Rwwdyldqr/ J1L1S1 dqg M10I1 Wklvvh +4<<<e, Lqwhjudwlrq/ djjorphud0
wlrq dqg wkh hfrqrplf srolwlfv ri idfwru prelolw|/ Hxurshdq Xqlyhu0
vlw| Lqvwlwlwxwh/ plphr1

^63` Shuurx{/ I1 +4<83, Hfrqrplf vsdfh/ wkhru| dqg dssolfdwlrqv/ Txdu0
whu| Mrxuqdo ri Hfrqrplfv 97/ ;<04371

^64` Vfkxo}/ Q1 dqg N1 Vwdko +4<<9, Gr frqvxphuv vhdufk iru wkh kljk0
hvw sulfhB Htxloleulxp dqg prqrsrolvwlf rswlpxp lq gl�huhqwldwhg
surgxfwv pdunhwv/ Udqg Mrxuqdo ri Hfrqrplfv 5:/ 87508951

^65` Vshqfh/ D1P1 +4<:9, Surgxfw Vhohfwlrq/ Il{hg Frvwv dqg Prqrsr0
olvwlf Frpshwlwlrq/ Uhylhz ri Hfrqrplf Vwxglhv 76/ 54:05691

^66` Yhqdeohv/ D1M1 +4<<9d, Htxloleulxp orfdwlrqv ri yhuwlfdoo| olqnhg lq0
gxvwulhv/ Lqwhuqdwlrqdo Hfrqrplf Uhylhz 6:/ 674068<1

^67` Yhqdeohv/ D1M1 +4<<9e, Wudgh srolf|/ fxpxodwlyh fdxvdwlrq/ dqg lq0
gxvwuldo ghyhorsphqw/ Mrxuqdo ri Ghyhorsphqw Hfrqrplfv 7</ 4:<0
4<:1

^68` yrq Wk qhq/ M1K1 +4;59, Ghu Lvrolhuwh Vwddw lq Eh}lhkxqj dxi
Odqgzluwvfkdiw xqg Qdwlrqdornrqrplh +Kdpexuj= Shuwkhv,1 Hqjolvk
wudqvodwlrq= Kdoo/ S1 +4<99, Yrq Wk qhq*v Lvrodwhg Vwdwh +Orqgrq=
Shujdprq Suhvv,1

^69` Zhehu/ D1 +4<3<, Xhehu ghq Vwdqgruw ghu Lqgxvwulhq +W elqjhq,1
Hqjolvk wudqvodwlrq= Zhehu/ D1 +4<5;, Wkhru| ri Orfdwlrq ri Lqgxv0
wulhv +Fklfdjr= Xqlyhuvlw| ri Fklfdjr Suhvv,1
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[a+bP(n,τ)]

[a+bP(n,τ)][A+fn] q’

 p’

  c

Iljxuh 4 0 Wkh ghpdqg0olqndjh prgho

 p

 q
 q’

 p’

  c

Iljxuh 5 0 Wkh FHV ghpdqg0olqndjh prgho
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 q
[a+bP(n,τ)][A+n] q’

 p’

  cP(n,τ)

Iljxuh 6 0 Wkh frvw0olqndjh prgho

 n

 τ N/2

 0

 N

 τ0

Iljxuh 7 0 Vxefulwlfdo slwfkirun elixufdwlrq
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 τ N/2

 0

 N

 τ0

Iljxuh 8 0 Vxshufulwlfdo slwfkirun elixufdwlrq
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