
Phqwrulqj dqg Glyhuvlw|

Vxvdq Dwkh| Fkulvwrskhu Dyhu| Shwhu ]hpvn|W

Devwudfw= Zh vwxg| krz glyhuvlw| hyroyhv dw d �up zlwk hqwu|0ohyho dqg xsshu0ohyho

hpsor|hhv zkr ydu| lq delolw| dqg �w|sh� +jhqghu ru hwkqlflw|,1 Wkh delolw| ri hqwu|0

ohyho hpsor|hhv lv lqfuhdvhg e| phqwrulqj1 Dq hpsor|hh uhfhlyhv pruh phqwrulqj zkhq

pruh xsshu0ohyho hpsor|hhv kdyh wkh vdph w|sh1 Rswlpdo surprwlrqv duh eldvhg e| w|sh/

dqg wklv eldv pd| idyru hlwkhu wkh plqrulw| ru wkh pdmrulw|1 Zh fkdudfwhul}h srvvleoh

vwhdg| vwdwhv/ lqfoxglqj d �jodvv fhlolqj/� zkhuh wkh xsshu ohyho uhpdlqv ohvv glyhuvh wkdq

wkh hqwu| ohyho1 D �up pd| kdyh pxowlsoh vwhdg| vwdwhv/ zkhuhe| whpsrudu| d!updwlyh

dfwlrq srolflhv kdyh d orqj uxq lpsdfw1 +MHO M:4/ M74/ G53,

Wkh uhodwhg wrslfv ri zrunsodfh glyhuvlw| dqg ri eldvhg klulqj dqg surprwlrq ghfl0

vlrqv hqjhqghu lpsdvvlrqhg glvfrxuvh lq frqwhpsrudu| Dphulfdq vrflhw|1 Vrph frp0

sodlq wkdw d!updwlyh dfwlrq srolflhv ohdg �upv wr glvfulplqdwh djdlqvw zklwh pdohv1

Rwkhuv frxqwhu wkdw wkh klvwrulf grplqdwlrq ri pdqdjhphqw e| zklwh pdohv sxwv rwkhu

jurxsv dw d glvdgydqwdjh/ dujxlqj wkdw wkh xqghuo|lqj qdwxuh ri wkh zrunsodfh lqkhu0

hqwo| idyruv wkrvh zkr duh iurp vlplodu edfnjurxqgv dv wkhlu pdqdjhuv1 Wkh| srlqw wr

wkh idfw wkdw lq pdq| lqgxvwulhv dqg rffxsdwlrqv/ zrphq dqg plqrulwlhv kdyh pryhg

rqo| vorzo| lqwr xsshu0ohyho srvlwlrqv/ ghvslwh wkh idfw wkdw wkh oderu srro dqg orzhu

ohyhov ri wkh zrunirufh kdyh ehhq glyhuvh iru vrph wlph14 Wklv skhqrphqrq kdv ehhq

uhihuuhg wr dv wkh �jodvv fhlolqj1�

Vrph �upv kdyh pdgh dfwlyh h�ruwv wr uhvkdsh wkhpvhoyhv/ lqvwlwxwlqj d!updwlyh

dfwlrq surjudpv dqg klulqj glyhuvlw| pdqdjhuv1 Iru h{dpsoh/ LEP lv nqrzq iru lwv

d!updwlyh dfwlrq surjudp/ zkloh Dphulfdq Dluolqhv/ DW)W/ Frojdwh0Sdoprolyh Frus1/

GxSrqw Frus1/ dqg Sdfl�f Ehoo kdyh lqvwlwxwhg glyhuvlw| surjudpv15 Rwkhu �upv dj0
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juhvvlyho| �jkw h{whuqdo frqvwudlqwv rq wkhlu vwd!qj ghflvlrqv1 Lw lv gl!fxow wr uhfrqfloh

wklv khwhurjhqhlw| dprqj �upv zlwkrxw vshfli|lqj zk| �upv fduh derxw glyhuvlw|1

Wklv sdshu ghyhorsv d prgho wr dqdo|}h wkh uhodwlrqvkls ehwzhhq wkh glyhuvlw| ri

d �up*v xsshu ohyho dqg lwv lqwhuqdo surprwlrq srolflhv1 Zh frqvlghu wkh g|qdplf

sureohp idfhg e| d �up lq fkrrvlqj zklfk ri lwv orzhu0ohyho hpsor|hhv wr surprwh dv lwv

h{lvwlqj xsshu0ohyho zrunhuv uhwluh1 Hpsor|hhv duh fkdudfwhul}hg e| dq lqlwldo delolw| iru

xsshu0ohyho zrun dqg e| d w|sh/ zklfk fdq eh lqwhusuhwhg dv jhqghu/ hwkqlflw|/ fxowxudo

edfnjurxqg/ shuvrqdolw| w|sh ru hyhq vnloo vhw +h1j1 rshudwlrqv yhuvxv pdunhwlqj vnloov

iru pdqdjhuv/ wkhrulvwv yhuvxv hpslulflvwv iru dfdghplfv,1 Zh dvvxph wkdw wkh orzhu

ohyho lv vsolw hyhqo| ehwzhhq wzr w|shv1 Zh uhihu wr wkh w|sh wkdw kdv prvw ri wkh

xsshu0ohyho srvlwlrqv dv wkh �pdmrulw|� dqg wkh rwkhu w|sh dv wkh �plqrulw|1�

Hpsor|hhv lq rxu prgho dxjphqw wkhlu lqlwldo delolw| e| dftxlulqj vshfl�f kxpdq

fdslwdo lq phqwrulqj lqwhudfwlrqv zlwk xsshu0ohyho hpsor|hhv1 Zh lqwhusuhw phqwrulqj

eurdgo|/ lqfoxglqj dfwlylwlhv vxfk dv lqirupdwlrq vkdulqj/ lqirupdo whdfklqj/ ru fduhhu

dgylfh surylghg e| pruh vhqlru zrunhuv1 D fulwlfdo dvvxpswlrq lq rxu prgho lv wkdw

phqwrulqj lv �w|sh0edvhg� lq wkdw dq hqwu|0ohyho hpsor|hh dftxluhv pruh kxpdq fdslwdo

iurp phqwrulqj zkhq wkh �up kdv pruh xsshu0ohyho hpsor|hhv zkr pdwfk khu w|sh1

W|sh0edvhg phqwrulqj lv frqvlvwhqw zlwk hylghqfh iurp d ydulhw| ri vrxufhv1 Sv|0

fkrorjlvwv dqg vrflrorjlvwv kdyh grfxphqwhg wkdw phqwrulqj uhodwlrqvklsv zlwklq �upv

duh pruh olnho| wr irup ehwzhhq phpehuv ri wkh vdph jurxs16 Khuplqld Leduud +4<<5,

ghprqvwudwhv wkdw wkh vwuxfwxuh ri vrfldo qhwzrunv ghshqgv rq jhqghu dqg udfh1 Pruh

jhqhudoo|/ frppxqlfdwlrq/ dqg wkxv phqwrulqj/ pd| eh pruh qdwxudo dqg pruh hi0

ihfwlyh zkhq shrsoh vkduh frpprq lqwhuhvwv +vxfk dv vsruwv,/ fxowxudo h{shulhqfhv/

odqjxdjh/ ru zkhq shrsoh kdyh vljql�fdqw lqwhudfwlrqv lq d frppxqlw| rxwvlgh wkh

zrunsodfh17 W|sh0edvhg phqwrulqj kdv dovr ehhq kljkoljkwhg lq dffrxqwv ri surihv0

vlrqdo sduwqhuvklsv1 Iru h{dpsoh/ d Qdwlrqdo Odz Mrxuqdo duwlfoh8 uhsruwhg/ �Ghvslwh
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zrphq*v surjuhvv/ wkh sduwqhuvkls udqnv duh ;917I pdoh1 Wklv sxwv zrphq dw d glvdg0

ydqwdjh zkhq lw frphv wr phqwrulqj/ wkh prvw lpsruwdqw idfwru lq ehfrplqj d sduwqhu1

Riwhq lw*v kdughu iru zrphq wr �qg d phqwru/ ehfdxvh wkh pdvvlyh pdmrulw| ri sduwqhuv

duh phq/ dqg phq whqg wr eh pruh frpiruwdeoh phqwrulqj rwkhu phq1 Udlqpdnlqj dqg

folhqw ghyhorsphqw�vnloov w|slfdoo| ohduqhg iurp d phqwru�duh nh|v wr sduwqhuvkls1�9

Zh vkrz wkdw w|sh0edvhg phqwrulqj kdv vljql�fdqw dqg vrphwlphv frpsoh{ h�hfwv

rq rswlpdo surprwlrq srolflhv dqg rq wkh hyroxwlrq ri glyhuvlw| dw d �up1 Wkh gluhfw

h�hfw ri w|sh0edvhg phqwrulqj lv wkdw hqwu|0ohyho hpsor|hhv ri wkh pdmrulw| w|sh dftxluh

pruh kxpdq fdslwdo/ dqg wkxv �upv zkr edvh surprwlrqv vroho| rq delolw| surprwh

pruh pdmrulw| hpsor|hhv1 Krzhyhu/ vlqfh xsshu0ohyho glyhuvlw| d�hfwv d �up*v sur�wv

wkurxjk wkh phqwrulqj ri ixwxuh zrunhuv/ wkh rswlpdo srolf| ri d idu0vljkwhg �up zloo

jhqhudoo| lqyroyh surprwlqj zrunhuv zkr gr qrw kdyh wkh kljkhvw delolw| lq rughu wr

lq xhqfh wkh hyroxwlrq ri glyhuvlw| ryhu wlph1

Rxu dssurdfk vxjjhvwv wkdw revhuyhg gl�huhqfhv lq surprwlrq ghflvlrqv uhvxow iurp

+l, wuxh surgxfwlylw| gl�huhqfhv/ zklfk dulvh +sduwo|, dv d uhvxow ri d �up*v sdvw surpr0

wlrq ghflvlrqv/ dqg +ll, zkdw zh fdoo eldv lq surprwlrqv/ wkdw lv/ d ghflvlrq wr sdvv ryhu

vrph zrunhuv zlwk kljkhu delolw| dv sduw ri d orqj0whup sodq wr pryh wr d ghvluhg ohyho

ri glyhuvlw|1 Zkloh pxfk ri wkh srolwlfdo ghedwh derxw d!updwlyh dfwlrq dqg glvfulp0

lqdwlrq fhqwhuv rq lvvxhv ri idluqhvv lq wkh hydoxdwlrq ri lqglylgxdo zrunhuv dw d jlyhq

srlqw lq wlph/ rxu prgho vxjjhvwv wkdw wkhuh duh lpsruwdqw h!flhqf| frqvlghudwlrqv

dv zhoo lq wkdw �upv fdq ehqh�w iurp frqvlghulqj wrgd|*v surprwlrq ghflvlrqv dv dq

lqyhvwphqw lq ixwxuh phqwrulqj1

Dq lpsruwdqw txhvwlrq lv zkhwkhu idu0vljkwhg �upv ehqh�w iurp lqfuhdvlqj ru gh0

fuhdvlqj glyhuvlw|1 Lq rxu prgho/ wkh rssruwxqlw| frvw ri d krprjhqhrxv xsshu ohyho lv

dq lqdelolw| wr wdnh dgydqwdjh ri wkh vfdufh wdohqw ri hqwu|0ohyho plqrulw| hpsor|hhv1

Vlqfh plqrulwlhv uhfhlyh uhodwlyho| olwwoh phqwrulqj/ hyhq d plqrulw| zlwk d yhu| kljk
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lqlwldo delolw| pd| eh sdvvhg ryhu lq idyru ri d ohvv lqlwldoo| deoh/ exw ehwwhu phqwruhg/

pdmrulw| w|sh1 Irupdoo|/ zh vkrz wkdw wkh vfdufhu lv lqlwldo delolw| +l1h1 wkh idvwhu wkh

lqlwldo delolw| ri hdfk w|sh ri zrunhu glplqlvkhv lq wkh qxpehu ri wkdw w|sh surprwhg,/

wkh pruh wkh �up vkliwv wkh eldv wrzdug wkh plqrulw| w|sh1 Frqvlvwhqw zlwk wklv dqdo0

|vlv/ wkh ghvluh wr h{sorlw wkh wdohqwv ri dq lqfuhdvlqjo| glyhuvh oderu pdunhw lv riwhq

flwhg e| �upv wkdw dfwlyho| surprwh zrunirufh glyhuvlw|1:

Lq jhqhudo/ zh �qg wkdw wkh rswlpdo eldv qhhg qrw idyru wkh plqrulw|/ hyhq li wkhuh

duh ghfuhdvlqj uhwxuqv wr kdylqj pruh phqwruv ri d jlyhq w|sh1 Ehfdxvh pdmrulw|

hpsor|hhv duh ehwwhu phqwruhg/ wkhlu surprwlrq udwhv fdq eh kljkhu wkdq wkrvh ri

plqrulwlhv/ ohdglqj wkh �up wr fduh pruh derxw wkh h�hfwlyh phqwrulqj ri pdmrulw| wkdq

plqrulw| hpsor|hhv1 Dv d uhvxow/ d sur�w0pd{lpl}lqj �up zloo rqo| eldv lwv surprwlrqv

wr idyru lqfuhdvhg glyhuvlw| li wkhuh duh vx!flhqwo| ghfuhdvlqj uhwxuqv wr phqwruv ri d

jlyhq w|sh1 Wkh h{whqw ri ghfuhdvlqj uhwxuqv uhtxluhg wr wuljjhu d eldv iru wkh plqrulw|

ghshqgv rq wkh vfduflw| ri lqlwldo delolw|/ wkh uhwluhphqw udwh dqg wkh lpsruwdqfh ri

phqwrulqj1

Diwhu fkdudfwhul}lqj wkh rswlpdo eldv/ zh frqvlghu wkh h�hfw ri w|sh0edvhg phqwrulqj

rq wkh orqj0uxq ohyho ri glyhuvlw|1 Zh vkrz wkdw glyhuvlw| ri wkh xsshu ohyho frqyhujhv

wr d vwhdg| vwdwh/ zklfk fdq udqjh iurp ixoo glyhuvlw| wr frpsohwh krprjhqhlw|1 Rxu

prgho fdq h{klelw d jodvv fhlolqj skhqrphqd/ zkhuhe| dq lqlwldoo| krprjhqhrxv pdq0

djhphqw sduwldoo| glyhuvl�hv/ exw wkh �lqylvleoh eduulhu� ri w|sh0edvhg phqwrulqj vwdoov

wkh surjuhvv ri plqrulwlhv ehiruh wkh glyhuvlw| ri wkh xsshu ohyho pluuruv wkh orzhu

ohyho1 Zkloh lq vrph fdvhv wkhuh pd| eh d xqltxh orqj0uxq ohyho ri glyhuvlw|/ w|sh0

edvhg phqwrulqj fdq qdwxudoo| ohdg wr pxowlsoh vwhdg| vwdwh ohyhov ri glyhuvlw| ehfdxvh

wkh jdlqv ri plqrulwlhv duh vhoi0uhlqiruflqj1 Dv plqrulw| uhsuhvhqwdwlrq lqfuhdvhv lq wkh

xsshu ohyho/ wkh phqwrulqj glvdgydqwdjh idfhg e| qhz plqrulw| hpsor|hhv ghfuhdvhv/

pdnlqj lw pruh dwwudfwlyh wr surprwh wkhp1 Dv d uhvxow/ vkruw0uxq suhvvxuh rq d �up
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wr glyhuvli| fdq kdyh orqj0odvwlqj lpsdfw e| prylqj wkh �up iurp rqh vwhdg| vwdwh wr

dqrwkhu1

Rxu prgho dvvxphv wkdw wkh orzhu ohyho ri wkh �up lv khwhurjhqhrxv1 Wklv dvvxps0

wlrq kljkoljkwv wkh fhqwudo wudghr� lq wkh prgho= krprjhqhlw| lqfuhdvhv wkh surgxf0

wlylw| ri pdmrulw| phqwrulqj/ exw lpsrvhv dq rssruwxqlw| frvw zkhq wkh �up sdvvhv

ryhu vfdufh plqrulw| wdohqw1 Wklv prgho lv zhoo vxlwhg wr dgguhvv wkh hpslulfdo txhvwlrq

ri zk| wkh xsshu ohyhov ri �upv uhpdlq krprjhqhrxv hyhq zkhq wkh orzhu ohyhov duh

pxfk pruh glyhuvh1 Krzhyhu/ lw uhpdlqv wr frqvlghu zkhq orzhu0ohyho khwhurjhqhlw| lv

frqvlvwhqw zlwk w|sh0edvhg phqwrulqj1 Lq Vhfwlrq L/ zh glvfxvv d ydulhw| ri +xqprg0

hoohg, oderu pdunhw iulfwlrqv wkdw frxog jlyh ulvh wr vxfk khwhurjhqhlw|/ dqg lq Vhfwlrq

Y zh glvfxvv dq h{whqvlrq ri wkh prgho zkhuh orzhu0ohyho glyhuvlw| lv dq htxloleulxp

rxwfrph1

Rxu sdshu gl�huv iurp suhylrxv wkhruhwlfdo zrun rq glvfulplqdwlrq +h1j1 Nhqqhwk

Duurz/ 4<:6> Vwhskhq Frdwh dqg Johqq Orxu|/ 4<<5> Eudgirug Fruqhoo dqg Lyr Zhofk/

4<<9> Dvd Urvhq/ 4<<:, lq vhyhudo zd|v1 Iluvw/ sulru zrun lv ehvw vxlwhg iru xqghu0

vwdqglqj glvfulplqdwlrq lq klulqj udwkhu wkdq lq surprwlrq ghflvlrqv1 Iru h{dpsoh/ wkh

dvvxpswlrqv ri lqfrpsohwh ru dv|pphwulf lqirupdwlrq derxw zrunhu delolwlhv wkdw xq0

ghuolhv pxfk sulru zrun duh ohvv sdodwdeoh zkhq dq hpsor|hh kdv ehhq zlwk d �up iru d

orqj shulrg ri wlph1 Vhfrqg/ sulru zrun grhv qrw frqvlghu g|qdplfdoo| rswlpdo srolflhv1

Ilqdoo|/ prvw vwxglhv gr qrw xqudyho wkh irufhv zklfk ohdg wr glvfulplqdwlrq zlwklq d

�up/ dqg doo sulru zrun ghdov zlwk d rqh0rq0rqh uhodwlrqvkls ehwzhhq wkh zrunhu dqg

wkh �up1 Qrqh irupdol}hv wkh lghd wkdw wkh fxuuhqw glyhuvlw| ri d �up d�hfwv wkh fduhhu

sdwkv ri qhz hpsor|hhv1;

Dq lpsruwdqw srolf| lpsolfdwlrq lq wkh uhfhlyhg olwhudwxuh lv wkdw d!updwlyh dfwlrq

srolflhv fdq dfwxdoo| lpshgh wkh surjuhvv ri plqrulwlhv e| uhlqiruflqj eholhiv wkdw pl0

qrulwlhv duh ohvv txdol�hg +Frdwh dqg Orxu| +4<<5,,1 Khuh/ zh vkrz wkdw d!updwlyh
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dfwlrq pd| lqfuhdvh glyhuvlw| lq wkh orqj uxq e| lqgxflqj wkh �up wr vkliw iurp rqh

vwhdg| vwdwh ohyho ri glyhuvlw| wr dqrwkhu1 Lw lv lpsruwdqw wr uhfrjql}h/ krzhyhu/ wkdw

rxu irupdo dqdo|vlv lqyroyhv rswlpl}lqj ehkdylru zlwkrxw h{whuqdolwlhv/ dqg khqfh wkhuh

duh qr lqh!flhqflhv1 Xqohvv wkh vrfldo zhoiduh ixqfwlrq lqfoxghv d wdvwh iru glyhuvlw|/

rxu uhvxowv gr qrw prwlydwh jryhuqphqw frqvwudlqwv rq wkh surprwlrq ghflvlrqv ri �upv/

vxfk dv wkh vkruw0uxq suhvvxuh iru glyhuvlw| mxvw ghvfulehg1 Ri frxuvh/ wkhuh duh d ydul0

hw| ri uhdvrqv wkdw d vrflhw| pljkw fduh derxw wkh glyhuvlw| ri �upv1 Iru h{dpsoh/ wkh

�upv ru wkh djhqwv uhvsrqvleoh iru surprwlrqv pljkw glvfrxqw wkh ixwxuh h{fhvvlyho|/

shukdsv gxh wr djhqf| sureohpv1 Ixuwkhu/ dv zh glvfxvv lq Vhfwlrq YL/ �upv pd| qrw

lqwhuqdol}h wkh h�hfw ri wkhlu surprwlrq ghflvlrqv rq wkh lqfhqwlyhv ri zrunhuv wr dftxluh

kxpdq fdslwdo1<

Wkh sdshu surfhhgv dv iroorzv1 Zh lqwurgxfh dqg glvfxvv wkh irupdo prgho lq Vhf0

wlrq L1 Vhfwlrq LL fkdudfwhul}hv zkhq wkh rswlpdo eldv idyruv glyhuvlw| ru krprjhqhlw|1

Vhfwlrq LLL dqdo|}hv krz glyhuvlw| hyroyhv ryhu wlph1 Vhfwlrq LY glvfxvvhv wkh hpslulfdo

lpsolfdwlrqv ri wkh prgho dqg surylghv frpsdudwlyh vwdwlfv uhvxowv1 Vhfwlrqv Y dqg YL

glvfxvvhv wzr h{whqvlrqv wr wkh prgho= d oderu pdunhw iru hqwu|0ohyho hpsor|hhv/ dqg

h{ dqwh kxpdq fdslwdo dftxlvlwlrq1 Vhfwlrq YLL frqfoxghv1

L1 Wkh Prgho

D vlqjoh �up hpsor|v d frqwlqxxp ri xsshu0ohyho dqg orzhu0ohyho hpsor|hhv143 Zh

qrupdol}h wkh phdvxuh ri xsshu0ohyho hpsor|hhv wr 41 Wkhuh duh wzr w|shv ri hpsor|hhv/

odehohg � dqg �1 Wkh sursruwlrq ri xsshu0ohyho hpsor|hhv ri w|sh � lq shulrg | lv

ghqrwhg 6|1 Lq hdfk shulrg d sursruwlrq o 5 Efc �o ri wkh xsshu0ohyho hpsor|hhv uhwluh

dqg pxvw eh uhsodfhg1 Uhwluhphqw udwhv duh xqlirup/ phdqlqj wkdw o6| zrunhuv ri w|sh

� dqg oE��6|� zrunhuv ri w|sh � uhwluh lq shulrg |1 Zh zloo w|slfdoo| wuhdw � dv wkh

pdmrulw| dqg � dv wkh plqrulw| lq rxu h{srvlwlrq +l1h1/ 6| � �
2
,1
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Wkh �up rshudwhv dq lqwhuqdo oderu pdunhw lq zklfk uhwlulqj hpsor|hhv duh uhsodfhg

iurp wkh orzhu ohyho/ zklfk kdv dq htxdo qxpehu ri �*v dqg �*v1 Zlwk wklv dvvxpswlrq

zh lqwurgxfh d frvw ri xsshu0ohyho krprjhqhlw| zklfk zh eholhyh wr eh txlwh jhqhudo=

krprjhqhrxv �upv ehdu wkh rssruwxqlw| frvw ri sdvvlqj ryhu wdohqwhg zrunhuv ri wkh

rssrvlwh w|sh zlwklq wkhlu rujdql}dwlrq1 Wkhuh duh qxphurxv uhdvrqv zk| wkh orzhu

ohyhov ri rujdql}dwlrqv duh glyhuvh ghvslwh w|sh0edvhg phqwrulqj +zklfk lqwurgxfhv d

ehqh�w wr vhjuhjdwlqj hqwu| ohyhov e| w|sh,1 Iru h{dpsoh/ �upv jhqhudoo| gl�hu lq wkhlu

orfdwlrqv/ fxowxuhv/ dqg vnloo uhtxluhphqwv/ dqg wkxv zrunhuv pd| kdyh �up0vshfl�f

suhihuhqfhv dqg vnloov zklfk pdnh lw ehqh�fldo iru d glyhuvh jurxs ri hpsor|hhv wr zrun

dw wkh vdph �up1 Vhdufk frvwv pljkw uhlqirufh wkh h�hfwv ri �up0zrunhu pdwfklqj1

Ixuwkhu/ lq wkh suhvhqw ohjdo dqg srolwlfdo hqylurqphqw/ d ydulhw| ri qrq0pdunhw irufhv

fuhdwh suhvvxuh iru glyhuvh orzhu ohyhov144 Ilqdoo|/ dv glvfxvvhg lq Vhfwlrq Y/ sduwldo

glyhuvlw| ri wkh orzhu ohyho fdq dulvh lq htxloleulxp hyhq zlwkrxw oderu pdunhw iulfwlrqv1

Zh dvvxph wkdw wkhuh duh dw ohdvw o hqwu|0ohyho zrunhuv ri hdfk w|sh dqg wkdw wkh wzr

srrov ri orzhu0ohyho zrunhuv duh v|pphwulf lq wkhlu lqlwldo delolwlhv1 Phpehu w 5 dfc oo

ri d srro ri hqwu|0ohyho zrunhuv kdv dq lqlwldo delolw| %Ew�c zklfk uhsuhvhqwv wkh vxusoxv

jdlqhg e| wkh �up zkhq zrunhu w wdnhv dq xsshu0ohyho srvlwlrq145 Wkh ixqfwlrq %Ew�

lv dvvxphg wr eh qrqlqfuhdvlqj1 Wkxv/ wkh txdolw| ri wkh pdujlqdo zrunhu iurp hdfk

srro +zhdno|, ghfuhdvhv dv wkh �up gljv ghhshu lqwr wkdw srro/ uhsuhvhqwlqj vfduflw| ri

delolw| iru xsshu0ohyho zrun1 Vxfk vfduflw| pd| eh hvshfldoo| uhohydqw iru mrev lq wkh

vhuylfh vhfwru/ mrev uhtxlulqj hgxfdwlrq dqg vshfldol}hg vnloov/ mrev zkhuh �vwduv� duh

lpsruwdqw +vxfk dv dfdghplfv/ hqwhuwdlqphqw/ dqg vsruwv,/ dqg kljk0ohyho pdqdjhphqw

srvlwlrqv lq �upv1

D zrunhu*v w|sh dqg lqlwldo delolw| duh revhuyhg e| wkh hpsor|hu1 Hdfk hqwu|0ohyho

hpsor|hh jdlqv dgglwlrqdo +�up0vshfl�f, vnloov uhtxluhg iru xsshu0ohyho zrun wkurxjk

phqwrulqj/ uhsuhvhqwhg e| wkh ixqfwlrq >E��/ zklfk ghshqgv rq wkh sursruwlrq ri xsshu0
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ohyho hpsor|hhv zlwk wkh vdph w|sh146 Wklv phqwrulqj ixqfwlrq lv dvvxphg wr eh lq0

fuhdvlqj dqg frqwlqxrxvo| gl�huhqwldeoh1 D surprwhg zrunhu pdnhv dq ryhudoo +olihwlph,

frqwulexwlrq wr wkh �up*v sur�w wkdw ghshqgv rq khu w|sh/ khu lqlwldo delolw| dqg wkh

frpsrvlwlrq ri wkh �up zkhq vkh lv surprwhg=47

r�Ewc6� ' %Ew� n k>E6� dqg

r�Ewc6� ' %Ew� n k>E��6�/

zkhuh k sdudphwhul}hv wkh lpsruwdqfh ri phqwrulqj uhodwlyh wr lqlwldo delolw|1 Zh

ghqrwh e| 5| 5 dfc oo wkh phdvxuh ri wkh surprwhg hpsor|hhv lq shulrg | zkr duh ri

w|sh �> o � 5| duh wkhq ri w|sh �1 Wkh �up*v shu0shulrg sur�w ixqfwlrq lv wkh wrwdo

vxusoxv jhqhudwhg e| lwv qhz xsshu0ohyho hpsor|hhv=

ZE6c 5� '

] 5

f

r�Ewc6�_w n

] o35

f

r�Ewc6�_w�

Wkh �up vhhnv wr pd{lpl}h wkh glvfrxqwhg vxp ri lwv shu0shulrg sur�wv e| fkrrvlqj d

vhtxhqfh ri surprwlrq srolflhv E5�c 52c ���� wr vroyh wkh iroorzlqj pd{lpl}dwlrq sureohp=

T E6� ' 4@ 
E5�c52c����

"[
|'f

B|ZE6|c 5|�

v1w1 6|n� ' E�� o�6| n 5|/

5| 5 dfc oo dqg 6f ' 6�

+4,

Jlyhq d ydoxh ixqfwlrq +zklfk lv hvwdeolvkhg wr eh zhoo0ehkdyhg iru rxu prgho lq

wkh Dsshqgl{,/ zh fdq gh�qh wkh rswlpdo srolf| fruuhvsrqghqfh e|

5WE6� ' i5 5 dfc oomT E6� ' ZE6c 5� n BT E5 n E�� o�6��j�

Zh duh lqwhuhvwhg lq krz 6| hyroyhv ryhu wlph dqg lq krz wkh �up eldvhv lwv surpr0

wlrqv1 Zh gh�qh wkh xqeldvhg +ru p|rslf, surprwlrq srolf| 5L�E6� lpsolflwo| iurp

;



wkh htxdwlrq

r�E5
L�c6� ' r�Eo � 5L�c6�c

zklfk htxdol}hv wkh frqwulexwlrq ri wkh pdujlqdo surprwhg hpsor|hh ri hdfk w|sh148

Zh fdq qrz gh�qh wkh eldv lq wkh �up*v rswlpdo surprwlrq srolf| dv

KE6� ' 5L�E6�� 5WE6��

D srvlwlyh eldv KE6� : f lv wkhq d eldv lq idyru ri w|sh �149

Jlyhq wkh surprwlrq srolflhv 5L� dqg 5Wczh fdq gh�qh wudqvlwlrq ixqfwlrqv�L�E6�

dqg �WE6� zklfk jlyh wkh vwdwh dfklhyhg lq shulrg |n � dv d ixqfwlrq ri wkh shulrg |

vwdwh/ 6=

�L�E6� ' 6E�� o� n 5L�E6��

�WE6� ' i6�m6� ' E�� o�6n 5c zkhuh 5 5 5WE6�j�

Iljxuh 4 sorwv wkh vxusoxv ixqfwlrqv/ r�Ewc6� dqg r�Ewc6�c iru dq h{dpsoh1 Vlqfh

w|sh � lv wkh pdmrulw| +6 ' �b,/ r� lv juhdwhu wkdq r� e| wkh dprxqw ri wkh phqwrulqj

gl�huhqwldo/ lq wklv fdvh >E�b� � >E���� Zkhq xqeldvhg surprwlrq srolflhv duh xvhg/

e| gh�qlwlrq/ wkh vxusoxv ri wkh pdujlqdo surprwhg hpsor|hh lv wkh vdph dfurvv wkh

zrunhu w|shv/ vr wkdw wkh �up surprwhv prvwo| w|sh � zrunhuv1 Lq wklv h{dpsoh/ wkh

rswlpdo eldv lv srvlwlyh/ vr wkdw zkhq wkh rswlpdo surprwlrq srolf| lv xvhg/ ihzhu w|sh

� zrunhuv duh surprwhg wkdq zlwk dq xqeldvhg surprwlrq srolf|/ dqg wkh pdujlqdo

w|sh � zrunhu lv ehwwhu wkdq wkh pdujlqdo w|sh � zrunhu1

Qrwh wkdw lw lv srvvleoh wr uhlqwhusuhw rxu prgho dv dsso|lqj wr klulqj udwkhu wkdq

surprwlrq ghflvlrqv1 Wkhq wkh �xsshu ohyho� lv wkh �up*v zkroh zrunirufh/ dqg wkh

�orzhu ohyho� lv wkh srro ri dssolfdqwv1 Wkh nh| dvvxpswlrqv duh wkdw wkh surgxfwlylw|

ri qhz kluhv ghshqgv rq wkh sursruwlrq ri pruh vhqlru zrunhuv zlwk wkh vdph w|sh dqg

wkdw wkhuh lv d glyhuvh dssolfdqw srro1 Xqghu wklv lqwhusuhwdwlrq/ rxu uhvxowv fkdudfwhul}h

<



wkh �up*v rswlpdo klulqj srolf| dqg wkh hyroxwlrq ri wkh glyhuvlw| ri wkh �up*v hqwluh

zrunirufh1

LL1 Wkh Rswlpdo Surprwlrq Srolf|

Zh ehjlq rxu dqdo|vlv e| fkdudfwhul}lqj wkh gluhfwlrq ri wkh rswlpdo surprwlrq

eldv1 Dv d exloglqj eorfn/ zh �uvw fkdudfwhul}h wkh h�hfw ri glyhuvlw| rq wkh sur�w ri

d �up zklfk olyhv iru rqo| rqh shulrg1 Wkh rqh0shulrg dqdo|vlv kljkoljkwv wkh fulwlfdo

wudgh0r� ehwzhhq pd{lpl}lqj wkh phqwrulqj jdlq iru rqh ri wkh dssolfdqw srrov dqg

h{sorlwlqj wkh vfdufh lqlwldo wdohqw lq erwk srrov1

Wkh rswlpdo srolf| d �up wkdw olyhv mxvw rqh shulrg +l1h1 B ' f, lv xqeldvhg sur0

prwlrqv +5L�E6�,/ vlqfh wkh �up grhv qrw fduh derxw ixwxuh phqwrulqj shuiruphg e|

surprwhg zrunhuv1 Wkh sur�w ri vxfk d �up lv wkhq

ZL�E6� ' ZE6c 5L�E6���

Vxssuhvvlqj wkh ghshqghqfh ri 5L� rq 6c zh fdq uhzulwh wklv dv iroorzv=

ZL�E6� ' 5L�k>E6� n Eo � 5L��k>E��6� n

] 5L�

f

%Ew�_w n

] o35L�

f

%Ew�_w�

E| wkh hqyhorsh wkhruhp/ wkh h�hfw ri d fkdqjh lq wkh lqlwldo ohyho ri glyhuvlw| lv

jlyhq e|=

_

_6
ZL�E6� ' 5L�k>�E6�� Eo � 5L��k>�E��6��+5,

Lqfuhdvlqj wkh lqlwldo sursruwlrq ri w|sh � zrunhuv ohdgv wr dq lqfuhdvh ri k>�E6�

lq wkh phqwrulqj uhfhlyhg e| wkh 5L� w|sh � zrunhuv zkr duh surprwhg/ dv zhoo dv

d fruuhvsrqglqj uhgxfwlrq ri k>�E� � 6� iru wkh o � 5L� w|sh � zrunhuv zkr duh

surprwhg1 Wkxv/ wkh vljq ri _ZL� E6� *_6 ghshqgv rq wkh fxuydwxuh ri wkh > ixqfwlrq

dv zhoo dv wkh uhodwlyh sursruwlrqv ri w|sh � dqg � zrunhuv surprwhg1
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Li wkh phqwrulqj ixqfwlrq lv frqfdyh/ wkhq >�E� � 6� : >�E6�c dqg lqfuhdvhv lq

glyhuvlw| +l1h1 ghfuhdvhv lq 6, lqfuhdvh wkh phqwrulqj ri plqrulw| hpsor|hhv pruh

wkdq wkh| uhgxfh wkh phqwrulqj ri pdmrulw| hpsor|hhv1 Krzhyhu/ vlqfh wkh phqwrulqj

ixqfwlrq lv qrqghfuhdvlqj/ pdmrulw| w|shv uhfhlyh pruh phqwrulqj wkdq plqrulw| w|shv/

dqg d p|rslf �up surprwhv pruh ri wkh pdmrulw| +�� w|shv wkdq wkh plqrulw| +��

w|shv +5L� : o*2 : o � 5L�,> wkxv/ sur�wv duh pruh vhqvlwlyh wr wkh phqwrulqj ri �

w|shv wkdq � w|shv1

Dv d uhvxow/ wkh �up*v sur�w lqfuhdvhv zlwk wkh glyhuvlw| ri lwv xsshu ohyho rqo| li

wkh phqwrulqj ixqfwlrq lv frqfdyh dqg wkh ghjuhh ri frqfdylw| lv vx!flhqw wr ryhufrph

wkh odujhu zhljkw sodfhg rq phqwrulqj rxwfrphv iru pdmrulw| zrunhuv1 Zh vkdoo vd|

wkdw vx!flhqw frqfdylw| +VFY, krogv dw 6 : �
2
li _

_6
ZL�E6� 	 fc wkdw lv/ li

>�E6� 	
o � 5L�E6�

5L�E6�
>�E��6�� +VFY,

Ixuwkhu/ zh vd| wkdw vx!flhqw frqfdylw| krogv hyhu|zkhuh +VFY hyhu|zkhuh, li VFY

krogv iru doo 6 : �
2
1 Vlploduo|/ zh vkdoo vd| wkdw vx!flhqw frqfdylw| krogv qrzkhuh

+VFY qrzkhuh, li VFY idlov +zlwk d vwulfw lqhtxdolw|, iru hdfk 6 � �
2
1

Qrz frqvlghu d �up wkdw olyhv wkuhh shulrgv1 Lq wkh vhfrqg shulrg/ wkh eldv idyruv

wkh plqrulw| li dqg rqo| li VFY krogv= VFY ghwhuplqhv zkhwkhu kdylqj pruh plqrulw|

zrunhuv lq wkh �qdo shulrg lqfuhdvhv ru ghfuhdvhv sur�wv lq wkdw shulrg1 Krzhyhu/ wkh

sureohp iru wkh �up lq wkh �uvw shulrg lv pruh vxewoh1 D fulwlfdo ihdwxuh ri rxu vhwwlqj

lv wkdw
Y2

Y6Y5
ZE6c 5� ' k>�E6� n k>�E��6� : fc

vr wkdw lq dq| shulrg wkh uhwxuqv wr kdylqj pruh ri vrph w|sh lq wkh xsshu0ohyho duh

lqfuhdvlqj lq wkh surprwlrq suredelolw| ri wkdw w|sh1 Wklv h�hfw uhlqirufhv wkh eldv

dv zh pryh edfn iurp shulrg 5 wr shulrg 61 Vxssrvh wkdw VFY krogv hyhu|zkhuh/ vr

wkdw wkh shulrg0wzr eldv idyruv wkh plqrulw|1 Vlqfh pruh plqrulwlhv duh surprwhg lq
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wkh vhfrqg shulrg wkdq zrxog eh zlwk xqeldvhg surprwlrqv/ wkh �up eldvhv iru wkh

plqrulw| +dqg pruh vr wkdq li wkh krul}rq zhuh rqo| rqh shulrg,1 Lqfrusrudwlqj wklv

orjlf lqwr dq lqgxfwlyh dujxphqw/ zh fdq vkrz wkdw wkh fkdudfwhul}dwlrq ri wkh rqh0

shulrg sur�w ixqfwlrq fduulhv ryhu wr rxu lq�qlwh krul}rq prgho/ |lhoglqj xqdpeljxrxv

suhglfwlrqv derxw wkh gluhfwlrq ri wkh rswlpdo eldv1

Sursrvlwlrq 4 +l, Li VFY krogv hyhu|zkhuh/ wkhq wkh ydoxh ri wkh �up lv lqfuhdvlqj

zlwk wkh ohyho ri glyhuvlw| +_T*_6 	 f,/ dqg wkh rswlpdo surprwlrq srolf| lv eldvhg

lq idyru ri wkh plqrulw| iru hdfk 61 +ll, Li VFY krogv qrzkhuh/ wkhq wkh ydoxh ri wkh

�up lv lqfuhdvlqj dv wkh xsshu ohyho ehfrphv pruh krprjhqhrxv +_T*_6 : f,/ dqg wkh

rswlpdo surprwlrq srolf| lv eldvhg lq idyru ri wkh pdmrulw| iru hdfk 61

Lq pdq| vhwwlqjv/ zh h{shfw wkdw wkh phqwrulqj ixqfwlrq vkrxog h{klelw ghfuhdvlqj

uhwxuqv +l1h1 > lv frqfdyh,1 Lq lwv prvw olwhudo vhqvh/ phqwrulqj uhihuv wr d yroxqwdu|

uhodwlrqvkls ehwzhhq d pruh h{shulhqfhg hpsor|hh dqg d qhz kluh1 Dq lqfuhdvh lq wkh

sursruwlrq ri xsshu0ohyho hpsor|hhv ri d jlyhq w|sh pd| doorz orzhu0ohyho hpsor|hhv

zkr zrxog rwkhuzlvh eh xqpdwfkhg wr �qg d phqwru +ru d pruh dssursuldwh phqwru,1

Wkh �uvw plqrulwlhv lq wkh xsshu ohyho |lhog kljk uhwxuqv e| surylglqj phqwrulqj wr

wkrvh zkr zrxog qrw rwkhuzlvh kdyh uhfhlyhg lw1 Dw kljkhu ohyhov ri glyhuvlw|/ dgglwlrqdo

xsshu0ohyho plqrulwlhv vlpso| surylgh vrphzkdw ehwwhu phqwrulqj srvvlelolwlhv wr wkrvh

zkr zrxog kdyh ehhq phqwruhg dq|zd|1 Wklv vxjjhvwv ghfuhdvlqj uhwxuqv wr phqwrulqj

dv glyhuvlw| lqfuhdvhv1

Krzhyhu/ Sursrvlwlrq 4 vkrzv wkdw glplqlvklqj uhwxuqv duh qrw vx!flhqw iru wkh

rswlpdo surprwlrq srolf| wr eh eldvhg lq idyru ri wkh plqrulw| w|sh1 Hyhq zlwk gh0

fuhdvlqj uhwxuqv/ d �uppd| vwloo eldv lwv surprwlrq ghflvlrqv lq idyru ri pdmrulw|0w|shv/

ehfdxvh wkh| pdnh xs wkh exon ri wkrvh surprwhg gxh wr wkhlu dgydqwdjh lq wkh phqwru0

lqj surfhvv1 Frqvhtxhqwo|/ rxu prgho lv frqvlvwhqw zlwk khwhurjhqhlw| lq �up dwwlwxghv
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wrzdugv glyhuvlw| hyhq xqghu ghfuhdvlqj uhwxuqv1 Vhfwlrq LY fkdudfwhul}hv krz VFY

ghshqgv rq rwkhu h{rjhqrxv hohphqwv ri wkh prgho/ vxfk dv wkh vfduflw| ri wdohqw dqg

wkh uhwluhphqw udwh1

Wkhuh duh/ ri frxuvh/ ixqfwlrqdo irupv iru zklfk VFY krogv lq vrph uhjlrqv exw qrw

rwkhuv1 Wkhq/ lw lv srvvleoh wkdw wkh �up eldvhv lq idyru ri wkh pdmrulw| iru vrph ydoxhv

ri 6 dqg lq idyru ri wkh plqrulw| iru rwkhuv1

H{dpsoh 4= Vxssrvh >E6� ' 6���c %Ew� ' �� wc o ' ��c dqg ohw B wdnh rq rqh ri wkh

ydoxhv ifc ��c �bDj1

Iljxuh 5 sorwv wkh rqh0shulrg ydoxh ixqfwlrq/ ZL�E6�/ iru 6 � �
2
iru H{dpsoh 41

Qrwh wkdw sur�wv lqfuhdvh zlwk glyhuvlw| h{fhsw zkhq 6 � �b2.� Iljxuh 6 judskv wkh

xqeldvhg surprwlrq udwh +5L�, iru w|sh � dssolfdqwv dv zhoo dv wkh rswlpdo surprwlrq

udwhv iru B ' �� dqg B ' �bD� Wkh eldv lq idyru ri w|sh � zrunhuv/ KE6( B�c lv wkh

gl�huhqfh ehwzhhq wkh xqeldvhg surprwlrq udwh +B ' f, iru w|sh �*v dqg wkh eldvhg

surprwlrq udwh1

Iljxuh 6 vkrzv wkdw iru B ' �bD/ wkh �up dozd|v eldvhv lq idyru ri wkh plqrulw|>

ghvslwh wkh idfw wkdw wkh rqh0shulrg ydoxh ixqfwlrq lv lqfuhdvlqj qhdu 4/ wkh �up �qgv lw

zruwkzkloh wr eldv surprwlrqv wrzdugv ixoo glyhuvlw|/ zklfk pd{lpl}hv wkh rqh0shulrg

sur�w ixqfwlrq1 Lq frqwudvw/ li B ' ��c wkh �up*v rswlpdo srolf| lv wr eldv lq idyru ri

wkh pdmrulw| lq wkh uhjlrq d�b�c �bSoc dqg lq idyru ri wkh plqrulw| hovhzkhuh1 Wkxv/ hyhq

zlwklq d vlqjoh �up/ dwwlwxghv wrzdugv glyhuvlw| zloo fkdqjh zlwk wkh lqlwldo frqglwlrqv1

Zh zloo ixuwkhu glvfxvv wkh g|qdplfv ri wklv h{dpsoh lq wkh qh{w vhfwlrq1

Ehiruh surfhhglqj/ zh sdxvh wr revhuyh wkdw wkh ghshqghqfh ri sur�w rq glyhuvlw|

lghqwl�hg lq Sursrvlwlrq 4 kdv lpsolfdwlrqv qrw rqo| iru surprwlrq ghflvlrqv/ exw dovr

iru dq| lqyhvwphqw ghflvlrq ru rujdql}dwlrqdo ghvljq ghflvlrq zkrvh lpsdfw ydulhv e|

w|sh1 Iru h{dpsoh/ wkh uhodwlrqvkls ehwzhhq glyhuvlw| dqg sur�wv d�hfwv d �up*v zloo0

lqjqhvv wr exlog d vwurqj frusrudwh fxowxuh wkdw idyruv wkh ghyhorsphqw ri wkh fxuuhqw
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pdmrulw| w|sh1

LLL1 Wkh G|qdplfv ri Glyhuvlw|

Zh qrz dqdo|}h wkh hyroxwlrq ri glyhuvlw| dw rxu �up1 Zh duh lqwhuhvwhg lq wkuhh

txhvwlrqv= Zkdw lv wkh h�hfw ri eldv rq wkh ohyho ri glyhuvlw|B Lv wkhuh d jodvv fhlolqjB

Wr zkdw h{whqw grhv klvwru| pdwwhuB

Zh ehjlq zlwk vrph gh�qlwlrqv1 Dv rxu irfxv lv rq orqj0uxq rxwfrphv/ lw lv xvhixo wr

gh�qh d vwhdg| vwdwh ohyho ri glyhuvlw|6rc vxfk wkdw wkh phdvxuh ri uhwlulqj �pdqdjhuv

h{dfwo| htxdov wkh phdvxuh ri w|sh �*v wkdw duh rswlpdoo| surprwhg= o6r 5 5WE6r�1

Iljxuh 6 judskv wkh �uhwluhphqw ixqfwlrq� -E6� ' o6 dqg wkh surprwlrq srolf| 5WE6�

iru H{dpsoh 4 zlwk B ' fc �� dqg �bD1 Hdfk furvvlqj ri wkh uhwluhphqw dqg surprwlrq

ixqfwlrqv uhsuhvhqwv d vwhdg| vwdwh1 Wkxv/ i�Dc �b�Sc �j duh vwhdg| vwdwhv zkhq B ' ��14:

Zh uhihu wr d vwhdg| vwdwh zklfk lv dozd|v uhdfkhg iurp d qhljkerukrrg vxuurxqglqj

lw dv d vwdeoh vwhdg| vwdwh +h1j1 wkh srlqwv i�Dc �j zkhq B ' ��,14; Ohw 7W eh wkh vhw

ri vwdeoh vwhdg| vwdwhv xqghu wkh rswlpdo surprwlrq srolf| dqg ohw 7L� eh wkh vhw ri

vwdeoh vwhdg| vwdwhv zlwk p|rslf surprwlrqv1 Zh vkrz lq wkh Dsshqgl{ wkdw wkh ohyho

ri glyhuvlw| dozd|v frqyhujhv wr d vwdeoh vwhdg| vwdwh zlwk hlwkhu rswlpdo +eldvhg, ru

xqeldvhg surprwlrqv/ vr wkdw erwk 7L� dqg 7W duh qrqhpsw|1

W|sh0edvhg phqwrulqj fdxvhv wkh glyhuvlw| ri wkh �up wr fkdqjh ryhu wlph lq sr0

whqwldoo| frpsoh{ zd|v hyhq zkhq surprwlrqv duh xqeldvhg1 Khqfh/ lw lv xvhixo wr

ghfrpsrvh wkh h�hfw ri w|sh0edvhg phqwrulqj rq wkh g|qdplfv lqwr lwv gluhfw h�hfw rq

wkh xqeldvhg surprwlrq udwh/ dqg lwv lqgluhfw h�hfw rq wkh rswlpdo eldv14<Zh wkhuh0

iruh ehjlq zlwk uhvxowv uhodwhg wr wkh vwdelolw| ri ixoo glyhuvlw| dqg wkh h{lvwhqfh ri

pxowlsoh vwhdg| vwdwhv xqghu xqeldvhg surprwlrqv1 Lq jhqhudo/ rxu prgho lv frqvlvwhqw

zlwk dq duelwudu| frqvwhoodwlrq ri vwdeoh vwhdg| vwdwhv>53krzhyhu/ zlwk vrph dgglwlrqdo

vwuxfwxuh/ lw lv srvvleoh wr surylgh vkdushu suhglfwlrqv1
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Sursrvlwlrq 5 Zlwk xqeldvhg surprwlrqv= +l, Ixoo glyhuvlw| lv d vwdeoh vwhdg| vwdwh li

dqg rqo| li wkh dv|pphwulhv fuhdwhg e| w|sh0edvhg phqwrulqj duh vpdoo uhodwlyh wr wkh

vfduflw| ri wdohqw lq wkh qhljkerukrrg ri ixoo glyhuvlw|= �
2
5 7L� / k>�E�

2
� 	 �o%�E o

2
�1

+ll, Li >���E6� : f ;6 dqg %Ew� ' V� �w/ wkhq 7L� � ifc �
2
c �j> dqg li >���E6� 	 f ;6

dqg %Ew� ' V� �w/ wkhq 7L� ' i6rc ��6rj iru vrph 6r �
�
2
1

Zh qrz wxuq wr wkh g|qdplfv xqghu rswlpdo surprwlrqv1 D �qdo gh�qlwlrq lv xvhixo

iru lghqwli|lqj wkh h�hfw ri wkh rswlpdo eldv rq wkh hyroxwlrq ri glyhuvlw|1

Gh�qlwlrq 4 Frqvlghu wzr vhwv ri vwdeoh vwhdg| vwdwhv/ 7� dqg 721 Zh vd| wkdw 7� lv

pruh glyhuvh wkdq 72 li

4�?i6m6572c 6 �
�

2
j � 4�?i6m6 5 7�c 6 �

�

2
jc

4@ i6m6572c 6 �
�

2
j � 4@ i6m6 5 7�c 6 �

�

2
j�

Sursrvlwlrq 6 +l, Li VFY krogv qrzkhuh/ wkhq 7L� lv pruh glyhuvh wkdq 7W/ dqg ixoo

glyhuvlw| lv qhyhu d vwdeoh vwhdg| vwdwh +�
2
*5 7W,1 +ll, Li VFY krogv hyhu|zkhuh/ wkhq 7W

lv pruh glyhuvh wkdq 7L� dqg ixoo glyhuvlw| lv d vwdeoh vwhdg| vwdwh li k>�E�
2
� 	 �o%�E o

2
�1

Zkdw lv wkh lpsdfw ri eldv rq glyhuvlw|B Qrw vxusulvlqjo|/ d eldv zklfk idyruv wkh

pdmrulw| +dv zkhq VFY krogv qrzkhuh, lqfuhdvhv orqj0uxq glyhuvlw|/ zkloh d eldv lq

idyru ri wkh pdmrulw| +dv zkhq VFY krogv hyhu|zkhuh, ghfuhdvhv orqj0uxq glyhuvlw|1

Dv d uhvxow/ sxeolf srolflhv zklfk vhhn wr irufh �upv wr xvh d �w|sh0eolqg� surprwlrq

srolf| fdq kdyh dpeljxrxv h�hfwv1

Zh vd| wkdw wkh �up kdv d jodvv fhlolqj zkhqhyhu/ lq wkh orqj uxq/ wkh xsshu ohyho

lv qrw dv glyhuvh dv wkh +ixoo| glyhuvh, orzhu ohyho1 Iurp Sursrvlwlrq 6 +l,/ zh nqrz

wkdw ixoo glyhuvlw| lv qhyhu d vwdeoh orqj0uxq rxwfrph zkhq wkh eldv idyruv wkh pdmrulw|1
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Wkhq/ �upv zklfk vwduw zlwk krprjhqhrxv pdqdjhphqw pd| glyhuvli| vrphzkdw/ exw

wkh surjuhvv ri plqrulwlhv dozd|v vwrsv vkruw ri ixoo glyhuvlw|1 Frqyhuvho|/ zkhq wkh eldv

idyruv wkh plqrulw| +Sursrvlwlrq 6 +ll,,/ ixoo glyhuvlw| lv d srvvleoh orqj0uxq rxwfrph/

dv orqj dv wkh dv|pphwulhv fuhdwhg e| w|sh0edvhg phqwrulqj duh qrw wrr odujh uhodwlyh

wr wkh vfduflw| ri wdohqw1

Wr zkdw h{whqw grhv klvwru| pdwwhu iru wkh �upB Iru h{wuhph ydoxhv ri k wkhuh lv

d xqltxh orqj0uxq ohyho ri glyhuvlw| zkdwhyhu wkh klvwrulfdoo| jlyhq lqlwldo frqglwlrqv1

Sursrvlwlrq 7 Iru k vx!flhqwo| odujh/ wkh xqltxh orqj0uxq vwdeoh vwhdg| vwdwh hqwdlov

d krprjhqhrxv xsshu ohyho +7W ' ifc �j,1 Dv k dssurdfkhv fc hdfk vwdeoh vwhdg| vwdwh

dssurdfkhv �
2
154

Zkhq phqwrulqj lv xqlpsruwdqw +k vpdoo,/ wkh vfduflw| ri wdohqw dqg wkh xqlirup

uhwluhphqw udwh sxvkhv wkh �up wrzdugv ixoo glyhuvlw|1 Frqyhuvho|/ zkhq phqwrulqj lv

lpsruwdqw +k odujh, wkh xsshu ohyho lv qhfhvvdulo| grplqdwhg e| rqh w|sh1 Wkhq/ klvwru|

ghwhuplqhv zklfk w|sh lv lq grplqdqw/ exw qrw wkh ohyho1

Iru lqwhuphgldwh ydoxhv ri k/ lqwhulru vwdeoh vwhdg| vwdwhv pd| dulvh/ dqg pruh lp0

sruwdqwo|/ wkhuh pd| eh pxowlsoh vwhdg| vwdwh ohyhov ri glyhuvlw|1 Zh vdz lq Sursrvlwlrq

5 +ll, wkdw w|sh0edvhg phqwrulqj pd| ohdg wr pxowlsoh vwhdg| vwdwhv zlwk xqeldvhg sur0

prwlrqv> pxowlsoh vwhdg| vwdwhv fdq dulvh zlwk rswlpdo surprwlrqv dv zhoo/ dv looxvwudwhg

lq H{dpsoh 4 zlwk B ' ��1 Lqwxlwlyho|/ pxowlsoh vwhdg| vwdwhv pd| dulvh ehfdxvh wkh

ohyho ri plqrulw| dgydqfhphqw whqgv wr eh vhoi0shushwxdwlqj= zlwk ihz plqrulwlhv lq

pdqdjhphqw/ plqrulwlhv duh srruo| phqwruhg dqg khqfh ihz duh surprwhg1

Zkhq wkhuh duh pxowlsoh vwhdg| vwdwhv/ vkruw0olyhg suhvvxuh rq d �up wr glyhuvli|

+h1j1 iurp ohjlvodwlrq ru rwkhu irupv ri vrfldo suhvvxuh, fdq kdyh d orqj odvwlqj lpsdfw rq

wkh ohyho ri glyhuvlw|1 Zkhq suhvvxuh sxvkhv glyhuvlw| deryh d fulwlfdo pdvv srlqw/55wkh

jdlqv ri wkh plqrulwlhv duh vhoi0uhlqiruflqj hyhq li wkh suhvvxuh lv uhpryhg1 Wkxv/ klvwru|
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ghwhuplqhv wkh ohyho ri orqj0uxq glyhuvlw|1 Lq H{dpsoh 4 zlwk B ' ��c d �up wkdw vwduwv

zlwk d krprjhqhrxv xsshu0ohyho vwd|v wkhuh/ xqohvv lw lv irufhg wr surprwh hqrxjk

plqrulwlhv vr wkdw 6| 	 �b�S/ lq zklfk fdvh frqyhujhqfh lv wr ixoo glyhuvlw|1

Rxu wkhru| suhglfwv qrw rqo| wkdw wkh ohyho ri glyhuvlw| fkdqjhv ryhu wlph dw d �up/

exw wkdw wkh dwwlwxgh wrzdugv glyhuvlw| +l1h1/ wkh gluhfwlrq ri wkh eldv, fkdqjhv dv zhoo1

Lq H{dpsoh 4 zlwk B ' ��/ d �up vwduwlqj mxvw wr wkh ohiw ri wkh fulwlfdo pdvv srlqw

6f ' �b�S lqlwldoo| eldvhv surprwlrqv lq idyru ri wkh pdmrulw|1 Ryhu wlph/ krzhyhu/

glyhuvlw| vwloo lqfuhdvhv ehfdxvh wkh rswlpdo eldv dqg w|sh0edvhg phqwrulqj duh qrw

vx!flhqwo| vwurqj wr ryhufrph wkh juhdwhu uhwluhphqw udwh ri wkh pdmrulw| w|sh1 Dv 6|

idoov/ wkh rswlpdo eldv vkliwv dqg hyhqwxdoo| idyruv plqrulwlhv156

Zh forvh rxu glvfxvvlrq ri g|qdplfv zlwk d vhfrqg h{dpsoh wkdw xvhv d �fulwlfdo

pdvv� phqwrulqj ixqfwlrq/ zklfk lv �uvw frqyh{ dqg wkhq frqfdyh/ vr wkdw phqwrulqj

lv uhodwlyho| lqh�hfwlyh xqwlo wkh plqrulwlhv uhdfk 53( ri wkh �up157

H{dpsoh 5= >E6� ' f iru 6 � �2/ >E6� ' ��D n ��E6 � �2���� iru 6 : �2/ o ' ��/

B ' �� dqg %Ew� ' �� w1

Iljxuh 7 judskv wklv phqwrulqj ixqfwlrq158 Lq wklv h{dpsoh/ wkhuh lv d jodvv fhlolqj

dqg pxowlsoh vwhdg| vwdwhv/ hyhq wkrxjk shu0shulrg sur�wv duh pd{lpl}hg dw ixoo gl0

yhuvlw|1 Iljxuh 8 judskv wkh hyroxwlrq ri glyhuvlw| lq wklv h{dpsoh iurp d ydulhw| ri

vwduwlqj srlqwv1 Vwduwlqj iurp krprjhqhlw|/ plqrulwlhv pdnh vrph lqlwldo surjuhvv lqwr

wkh �up/ |hw wkhuh lv d jodvv fhlolqj= wkh| qhyhu uhdfk d ohyho ri uhsuhvhqwdwlrq deryh

43(/ hyhq li wkh �up vwduwv rxw zlwk xs wr 53( plqrulwlhv1 Rq wkh rwkhu kdqg/ li

h{whuqdo suhvvxuh sxvkhv plqrulwlhv eh|rqg wkh fulwlfdo pdvv ri 53(/ frqyhujhqfh lv wr

ixoo glyhuvlw|1 Wkh uhjlrq ri lqfuhdvlqj uhwxuqv lq wkh fulwlfdo pdvv phqwrulqj ixqfwlrq

vwuhqjwkhqv wkh jhqhudo whqghqf| iru plqrulw| jdlqv wr eh vhoi0shushwxdwlqj dqg khqfh

iru klvwru| wr pdwwhu1
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LY1 Hpslulfdo Lpsolfdwlrqv ri wkh Prgho

Zh qrz ghyhors wkh hpslulfdo lpsolfdwlrqv ri rxu wkhru|1 Vhfwlrq LY1D lghqwl�hv

wkh h{rjhqrxv sdudphwhuv zklfk ohdg �upv wr suhihu glyhuvlw|/ dqg wkxv idyru plqrulw|

jurxsv lq wkhlu rswlpdo surprwlrq srolflhv1 Vhfwlrq LY1E ghulyhv frpsdudwlyh vwdwlfv

iru orqj0uxq ohyhov ri glyhuvlw|1

D1 Idfwruv Lq xhqflqj wkh Surprwlrq Eldv

Vhfwlrq LL olqnhg d �up*v dwwlwxgh wrzdugv glyhuvlw| wr wkh fxuydwxuh ri wkh phqwrulqj

ixqfwlrq/ dqg pruh vshfl�fdoo| wr wkh VFY frqglwlrq1 Dq| idfwru wkdw lq xhqfhv wkh

xqeldvhg surprwlrq srolf| kdv dq lpsdfw rq zkhwkhu VFY krogv/ dqg wkxv rq wkh vljq

ri wkh rswlpdo surprwlrq eldv1 Lq wklv vhfwlrq/ zh irfxv rq wkh h�hfwv ri wkh uhwluhphqw

udwh o/ wkh lpsruwdqfh ri phqwrulqj kc dqg wkh vfduflw| ri lqlwldo delolw|1

Zh sdudphwhul}h wkh vfduflw| ri lqlwldo delolw| e| �/ zkhuh dq lqfuhdvh lq � pdnhv

wkh lqlwldo delolw| ixqfwlrq % vwhhshu1 Irupdoo|/ zh dvvxph wkdw %E5( �� � %Eo � 5( ��

lv qrqlqfuhdvlqj lq � iru 5 : o
2
1 Wkxv/ wkh kljkhu lv �c wkh juhdwhu lv wkh frvw +lq

whupv ri orzhu dyhudjh lqlwldo delolw| ri surprwhg hpsor|hhv, ri ghyldwlqj iurp wkh

srolf| ri surprwlqj dq htxdo qxpehu ri hdfk w|sh1 Wkh olqhdu lqlwldo delolw| ixqfwlrq

%Ew( �� ' V� �w vdwlv�hv wklv uhtxluhphqw1

Sursrvlwlrq 8 lghqwl�hv wkh h�hfwv ri k/ o/ dqg � rq erwk wkh xqeldvhg surprwlrq

srolf| dqg rq _
_6

ZL�E6�/ zkrvh vljq ghwhuplqhv zkhwkhu VFY lv vdwlv�hg1

Sursrvlwlrq 8 Iru 6 : �
2
/ +l, Wkh xqeldvhg surprwlrq udwh/ 5L�E6(kc �c o�c lv +d,

qrqlqfuhdvlqj lq �> +e, qrqghfuhdvlqj lq k1

+ll, _
_6

ZL�E6(kc �c o� lv +d, qrqlqfuhdvlqj lq �( +e, qrqghfuhdvlqj lq k> dqg +f, qrq0

lqfuhdvlqj lq o zkhqhyhu %Ew( �� ' V� �w dqg > lv frqfdyh1
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Dq lqfuhdvh lq wkh vfduflw| ri lqlwldo delolw| +�, pdnhv lw pruh olnho| wkdw wkh �up

eldvhv iru wkh plqrulw|1 Dv vfduflw| ulvhv/ lw ehfrphv pruh frvwo| wr surprwh glvsur0

sruwlrqdwho| iurp wkh pdmrulw| srro1 Wkh pruh plqrulwlhv surprwhg zlwk wkh xqeldvhg

srolf|/ wkh pruh olnho| lw lv wkdw d p|rslf �up +dqg/ e| Sursrvlwlrq 4/ d iruzdug0orrnlqj

�up, ehqh�wv iurp kdylqj d glyhuvh xsshu ohyho1 Lqgxvwulhv zkhuh vfduflw| lv lpsru0

wdqw lqfoxgh wkrvh zklfk uhtxluh vshfldol}hg vnloov dqg h{shulhqfh/ vxfk dv kljk0ohyho

pdqdjhphqw/ dv zhoo dv lqgxvwulhv zkhuh �vwduv� duh lpsruwdqw/ vxfk dv dfdghplfv1

Frqyhuvho|/ wkh juhdwhu wkh lpsruwdqfh ri phqwrulqj +k,/ wkh pruh pdmrulw| hp0

sor|hhv duh surprwhg e| d p|rslf �up/ vlqfh wkhlu phqwrulqj dgydqwdjh lv odujhu/ dqg

wkxv wkh ohvv olnho| lv wkh �up wr eldv iru wkh plqrulw|159 Lqgxvwulhv zkhuh phqwrulqj lv

olnho| wr eh lpsruwdqw uhodwlyh wr lqlwldo delolw| lqfoxgh vhuylfhv/ odz/ dfdghplfv/ lqgxv0

wulhv zkhuh qhwzrunlqj dqg lqirupdwlrq vkdulqj sod| dq lpsruwdqw uroh/ dqg lqgxvwulhv

zkhuh dssuhqwlfhvklsv duh lpsruwdqw frpsrqhqwv ri wudlqlqj1 Lq frqwudvw/ phqwrulqj

zloo eh ohvv lpsruwdqw lq lqgxvwulhv zkhuh mrev duh zhoo0gh�qhg/ uhtxluh ihz vshfldol}hg

vnloov/ dqg lqyroyh olwwoh lqirupdwlrq vkdulqj1

Dq lqfuhdvh lq wkh uhwluhphqw udwh o kdv dq dpeljxrxv h�hfw rq wkh vljq ri wkh

rswlpdo eldv1 Dv wxuqryhu lqfuhdvhv/ wkh �up jhqhudoo| surprwhv pruh zrunhuv ri erwk

w|shv/ exw orqj0uxq glyhuvlw| ghshqgv rq wkh sursruwlrq ri plqrulwlhv zkr duh surprwhg1

Vxssrvh wkdw wkh phqwrulqj ixqfwlrq lv frqfdyh1 Wkhq/ wkh gluhfwlrq ri dq| fkdqjh

ghshqgv rq wkh fxuydwxuh ri wkh lqlwldo delolw| ixqfwlrq1 Zkhq wkh lqlwldo delolw| ixqfwlrq

lv olqhdu/ dq lqfuhdvh lq wxuqryhu lqfuhdvhv pdmrulw| dqg plqrulw| surprwlrqv e| wkh

vdph dprxqw1 Exw vlqfh wkhuh lv d kljkhu pdujlqdo uhwxuq wr plqrulw| phqwruv/ wklv

fkdqjh pdnhv lw uhodwlyho| pruh dwwudfwlyh wr surprwh plqrulwlhv1 Lqgxvwulhv zlwk orz

wxuqryhu dw wkh vhqlru ohyho uhodwlyh wr wkh vl}h ri wkh �uppljkw lqfoxgh odz/ dfdghplfv/

exvlqhvvhv rujdql}hg e| sduwqhuvkls/ dqg odujh exuhdxfudflhv> kljk wxuqryhu rffxuv lq

pdq| kljk0whfkqrorj| lqgxvwulhv/ dv zhoo dv lqwhuphgldwh ohyhov ri klhudufklhv1
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E1 Idfwruv Lq xhqflqj Orqj0Uxq Glyhuvlw| Ohyhov

Zh qrz h{soruh wkh h{whqw wr zklfk wkh frpsdudwlyh vwdwlfv lq wkh suhylrxv vhfwlrq

dsso| wr orqj0uxq ohyhov ri glyhuvlw|1 Vlqfh lw pd| eh gl!fxow wr gluhfwo| revhuyh

wkh gluhfwlrq ri wkh surprwlrq eldv/ wkh uhvxowv lq wklv vhfwlrq pd| eh pruh xvhixo

iru lqwhusuhwlqj revhuyhg sdwwhuqv ri glyhuvlw| lq �upv1 Zh wdnh d orfdo dssurdfk wr

frpsdudwlyh vwdwlfv/ lq wkdw zh orrn dw wkh h�hfw ri vpdoo fkdqjhv lq d sdudphwhu rq d

jlyhq vwhdg| vwdwh15: Odujh fkdqjhv lq d sdudphwhu fdq dowhu wkh vhw ri vwhdg| vwdwhv/

dqg khqfh duh kdughu wr dqdo|}h1 Ghvslwh wkh idfw wkdw wkh orfdo dssurdfk lv vrphzkdw

uhvwulfwlyh/ zh vwloo �qg wkdw vhyhudo ri rxu uhvxowv iurp Sursrvlwlrq 8 pxvw eh txdol�hg

zkhq dssolhg wr orqj0uxq glyhuvlw| ohyhov1

Prvw ri rxu uhvxowv iroorz iurp wkh Iluvw Rughu Frqglwlrqv +IRF, iru dq rswlpdo

surprwlrq srolf| dw d vwdeoh vwhdg| vwdwh=

Ohppd 4 Iru doo 6r 9' �
2
zklfk duh vwdeoh vwhdg| vwdwhv/ wkhuh lv d xqltxh rswlpdo

surprwlrq srolf|/ 5WE6r�1 Dq lqwhulru vwhdg| vwdwh 6r *5 ifc �
2
c �j vdwlv�hv wkh iroorzlqj

�uvw rughu frqglwlrq

8��rE6r� '
Y

Y5
ZE6rc 5r� n

B

�� E�� o�B

Y

Y6
ZE6rc 5r� ' fc zkhuh 5r ' o6r1

Wkdw lv/ wkh uhwxuq wr surprwlqj pruh pdmrulw| w|sh zrunhuv wrgd| lv edodqfhg

djdlqvw wkh +zhljkwhg, uhwxuq wr kdylqj d orzhu ohyho ri glyhuvlw| lq wkh qh{w shulrg1

Sursrvlwlrq 9 lghqwl�hv wkh pdlq frpsdudwlyh vwdwlfv uhvxowv1

Sursrvlwlrq 9 Hdfk vwdeoh vwhdg| vwdwh 6r A
�
2
lv=

+l, Qrqlqfuhdvlqj lq uhvsrqvh wr d vpdoo lqfuhdvh lq �1

+ll, Qrqlqfuhdvlqj +qrqghfuhdvlqj, lq uhvsrqvh wr d vpdoo lqfuhdvh lq B zkhq VFY krogv

hyhu|zkhuh +qrzkhuh,1

+lll, +d, Qrqghfuhdvlqj lq uhvsrqvh wr d vpdoo lqfuhdvh lq kc zkhq VFY krogv qrzkhuh/
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+e, Qrqghfuhdvlqj lq k zkhq B lv vx!flhqwo| vpdoo/

+ly, +d, Qrqlqfuhdvlqj lq uhvsrqvh wr d vpdoo lqfuhdvh lq o zkhq VFY krogv hyhu|zkhuh

dqg %Ew� ' V� �w1 +e, Qrqlqfuhdvlqj +qrqghfuhdvlqj, lq o li Y5L�*Yo 	 E:�6r zkhq

B lv vx!flhqwo| vpdoo1

Zh qrz orrn dw wkh lqwxlwlrq iru hdfk ri wkh frpsdudwlyh vwdwlf uhvxowv/ dv zhoo dv

vrph ri wkh lpsolfdwlrqv1 Lq ghyhorslqj wkh lqwxlwlrq lw lv xvhixo wr qrwh wkdw �WE6� '

�L�E6� � KE6�c vr wkdw wkh h�hfw ri d sdudphwhu fdq eh ghfrpsrvhg lqwr lwv gluhfw

h�hfw rq wkh xqeldvhg g|qdplfv dqg dq lqgluhfw h�hfw gxh wr fkdqjhv lq wkh rswlpdo

eldv1

Sursrvlwlrq 9 +l, vkrzv wkdw orqj0uxq glyhuvlw| lqfuhdvhv zlwk +vpdoo, lqfuhdvhv lq

wkh vfduflw| ri delolw|1 E| Sursrvlwlrq 8/ wkh gluhfw h�hfw ri dq lqfuhdvh lq vfduflw| lv

dq lqfuhdvh lq wkh xqeldvhg surprwlrq udwh iru plqrulwlhv1 Wkhuh lv dovr dq lqgluhfw

h�hfw= zkhq wkh �up dqwlflsdwhv surprwlqj pruh plqrulwlhv lq wkh ixwxuh/ lw fduhv pruh

derxw wkhlu phqwrulqj dqg khqfh wkh eldv pryhv wrzdugv wkh plqrulw|1 Wkxv/ erwk wkh

gluhfw dqg lqgluhfw h�hfwv vxssruw dq lqfuhdvh lq glyhuvlw|1

Dowkrxjk zh gr qrw irupdoo| prgho dv|pphwulhv lq lqlwldo delolw| ehwzhhq w|shv/

lw lv vwudljkwiruzdug wr dqdo|}h dv|pphwulhv xvlqj wklv uhvxow1 Li wkh lqlwldo delolw| ri

rqh w|sh ehfrphv ohvv vfdufh/ wkh surprwlrq udwhv dqg eldv vkliw lq idyru ri wkdw w|sh1

Rqh lpsolfdwlrq lv wkdw wkh hqwu| ri pruh zrphq dqg plqrulwlhv lqwr wkh zrunirufh zloo

fdxvh �upv wr vkliw wkhlu rswlpdo eldv wrzdugv wkhvh jurxsv1 Dqrwkhu lpsolfdwlrq lv

wkdw lq d pxowl0ohyho rujdql}dwlrq/ glyhuvlw| pljkw idoo lq kljkhu ohyhov ri wkh klhudufk|1

Wklv iroorzv ehfdxvh lqhtxlwlhv lq rqh ohyho zloo ohdg wr orzhu surprwlrq udwhv iru wkh

glvdgydqwdjhg w|sh/ dqg wkxv lqhtxlwlhv dw rqh ohyho zloo eh uhlqirufhg dw wkh qh{w kljkhu

ohyho1 Wklv lv frqvlvwhqw zlwk wkh hylghqfh flwhg lq wkh lqwurgxfwlrq derxw wkh jodvv

fhlolqj/ dv zhoo dv Eduwohww*v +4<<:, ghvfulswlrq ri glyhuvlw| lq wkh hfrqrplfv surihvvlrq15;
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Qrz frqvlghu wkh h�hfw ri fkdqjhv lq wkh glvfrxqw udwh1 Dv B lqfuhdvhv/ wkh �up lv

pruh zloolqj wr eldv surprwlrqv wr lpsuryh ixwxuh phqwrulqj1 Khqfh/ wkh h�hfw ri d

fkdqjh lq B ghshqgv rq wkh gluhfwlrq ri wkh rswlpdo eldv1 Li wkh eldv idyruv wkh plqrulw|

+pdmrulw|,/ wkhq glyhuvlw| lqfuhdvhv +idoov,1

Dv dq dssolfdwlrq ri wklv uhvxow/ vxssrvh wkdw wkh rzqhuv ri wkh �up kdyh d odujhu

glvfrxqw udwh wkdq gr wkh pdqdjhuv zkr pdnh surprwlrq ghflvlrqv1 Lq sudfwlfh/ wklv

w|sh ri djhqf| sureohp pljkw dulvh ehfdxvh pdqdjhuv wdnh lqwr dffrxqw wkh idfw wkdw

wkh| zloo ohdyh wkh �up +ru dw ohdvw wkhlu fxuuhqw mre, zlwk srvlwlyh suredelolw| lq

wkh ixwxuh1 Wkhq/ d �up zlwk d phqwrulqj ixqfwlrq zklfk lv VFY hyhu|zkhuh pd|

kdyh d vxerswlpdo ohyho ri glyhuvlw|1 Lqh!flhqflhv ri wklv nlqg duh frqvlvwhqw zlwk wkh

revhuydwlrq wkdw pdq| �upv kdyh lqwhuqdo uxohv ru srolflhv zklfk uhvwulfw ghflvlrqv

derxw glyhuvlw| lq klulqj dqg surprwlrq15< Ixuwkhupruh/ vlqfh vxfk djhqf| sureohpv

pd| h{lvw hyhq lq wrs pdqdjhphqw/ vkduhkroghuv pd| zlvk wr frqvwudlq wkh ghflvlrqv

ri wrs pdqdjhphqw derxw glyhuvlw|163

Wkh h�hfw ri d vpdoo lqfuhdvh lq wkh lpsruwdqfh ri phqwrulqj fdq eh dpeljxrxv

ehfdxvh wkh lqgluhfw h�hfw fdq rssrvh wkh gluhfw h�hfw1 Wkh gluhfw h�hfw ri dq lqfuhdvh

lq k lv wkdw pruh pdmrulw| w|shv duh surprwhg e| d p|rslf �up1 Lq whupv ri wkh

lqgluhfw h�hfw/ wklv zloo ixuwkhu whqg wr vkliw wkh rswlpdo eldv ri d iruzdug0orrnlqj

�up wrzdugv wkh pdmrulw|1 Krzhyhu/ dq| lqfuhdvh lq wkh lpsruwdqfh ri phqwrulqj dovr

pdnhv wkh �up pruh zloolqj wr eldv surprwlrqv +lq hlwkhu gluhfwlrq, wr rswlpl}h ixwxuh

phqwrulqj1 Li wkh eldv lv iru wkh pdmrulw| +dv zkhq VFY krogv qrzkhuh,/ wkhq wkh

wzr lqgluhfw h�hfwv zrun lq wkh vdph gluhfwlrq/ dqg glyhuvlw| xqdpeljxrxvo| idoov zlwk

k1 Vlploduo|/ li B lv vx!flhqwo| vpdoo/ wkh rswlpdo eldv lv vpdoo/ dqg wkh gluhfw h�hfw

grplqdwhv1 Vlqfh iru vx!flhqwo| odujh kc VFY krogv qrzkhuh/ vkliwv zkhq k lv douhdg|

odujh vkrxog xqdpeljxrxvo| ghfuhdvh glyhuvlw|1

Wkh gluhfw h�hfw ri d fkdqjh lq o lv douhdg| dpeljxrxv/ dv zh vdz lq Sursrvlwlrq 81
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Ri frxuvh/ iru B vpdoo/ wkh gluhfw h�hfw grplqdwhv1 Lq jhqhudo/ lqfuhdvhv lq o pdnh wkh

�up pruh zloolqj wr eldv surprwlrqv +lq hlwkhu gluhfwlrq, vlqfh fxuuhqw surprwlrqv kdyh

dq lpphgldwh dqg odujh h�hfw rq glyhuvlw|1 Wkxv/ hyhq zkhq wkh lqlwldo delolw| ixqfwlrq

lv olqhdu +dqg wkxv idvwhu wxuqryhu lqfuhdvhv wkh uhwxuqv wr plqrulw| surprwlrqv xqghu

wkh xqeldvhg srolf|,/ xqdpeljxrxv suhglfwlrqv derxw vwhdg| vwdwhv iroorz rqo| zkhq

wkh eldv idyruv wkh plqrulw|1

Dowkrxjk wkhvh uhvxowv surylgh suhglfwlrqv derxw wkh olqn ehwzhhq h{rjhqrxv ihd0

wxuhv ri wkh hqylurqphqw dqg sdwwhuqv ri glyhuvlw|/ wkh| dovr uhtxluh vrph txdol�fdwlrq1

Iluvw/ qrwh wkdw wkh uhvxowv iru k dqg o uhtxluh dgglwlrqdo dvvxpswlrqv= wkh sdudphwhuv

d�hfw erwk wkh xqeldvhg surprwlrq udwhv dqg d �up*v zloolqjqhvv wr eldv surprwlrqv1

Rq edodqfh/ wkrxjk/ lw vhhpv sodxvleoh wkdw glyhuvlw| vkrxog eh orzhu lq lqgxvwulhv

zkhuh phqwrulqj lv yhu| lpsruwdqw/ dqg kljkhu lq kljk0wxuqryhu lqgxvwulhv +li wkh phq0

wrulqj ixqfwlrq lv vx!flhqwo| frqfdyh,1 D vhfrqg lvvxh lv wkdw/ dv lq dq| prgho zlwk

pxowlsoh vwhdg| vwdwhv/ lw fdq eh gl!fxow wr gudz lqihuhqfhv iurp furvv0vhfwlrqdo revhu0

ydwlrqv1 Wzr �upv zlwk wkh vdph whfkqrorj| rshudwlqj lq vlplodu oderu pdunhwv fdq

srwhqwldoo| kdyh yhu| gl�huhqw ohyhov ri glyhuvlw|/ ghshqglqj rq wkhlu klvwrulhv1 Wkhvh

�upv pljkw dovr kdyh yhu| gl�huhqw dwwlwxghv wrzdugv glyhuvlw|1

Y1 Pdunhwv iru Hqwu|0Ohyho Zrunhuv

Rxu prgho devwudfwv iurp oderu pdunhw frqvlghudwlrqv wr irfxv rq wkh hyroxwlrq ri

glyhuvlw| dw d vlqjoh rswlpl}lqj �up zlwk d jlyhq ohyho ri glyhuvlw| dprqj lwv hqwu|0ohyho

zrunhuv1 Lq uhdolw|/ wkh glyhuvlw| ri d �up*v hqwu| ohyho lv hqgrjhqrxv1 Dq lpsruwdqw

txhvwlrq lv wkhq zkhwkhu orzhu0ohyho glyhuvlw| lv frqvlvwhqw zlwk rxu dvvxpswlrq ri w|sh0

edvhg phqwrulqj1 Rxu zrunlqj sdshu +Vxvdq Dwkh| hw do/ 4<<;, frqvlghuv d vlpsol�hg

h{whqvlrq ri wkh prgho wr lqfoxgh wzr p|rslf �upv dqg d frpshwlwlyh oderu pdunhw iru

hqwu|0ohyho hpsor|hhv1 Zh qrz eulh | rxwolqh wkh pdlq lqvljkwv iurp wklv h{whqvlrq1
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Zh �qg wkdw wkhuh pd| eh hqwu|0ohyho glyhuvlw| zkhq erwk �upv kdyh wkh vdph

pdmrulw| w|sh/ hyhq li wkhlu h{lvwlqj ohyhov ri glyhuvlw| pd| gl�hu1 Wkhq/ erwk �upv

zdqw wr kluh wkh vdph w|sh/ exw wkh ohvv glyhuvh �up lv pruh h�hfwlyh dw phqwrulqj

wkhp1 Ghvslwh wklv dv|pphwu|/ hdfk �up pd| hqg xs zlwk d glyhuvh orzhu ohyho/

ehfdxvh wkhuh duh ghfuhdvlqj uhwxuqv wr klulqj wkh pdmrulw| w|sh1 Wr xqghuvwdqg wkh

vrxufh ri ghfuhdvlqj uhwxuqv/ revhuyh wkdw wkh pruh pdmrulw| zrunhuv d �up kluhv/ wkh

pruh lqwhqvh wkh frpshwlwlrq iru surprwlrq dqg wkh orzhu wkh suredelolw| wkdw dq|

jlyhq pdmrulw| zrunhu lv surprwhg1 Vlqfh �upv duh wu|lqj wr pd{lpl}h wkh delolw| ri

surprwhg zrunhuv/ wkh ghfolqlqj surprwlrq suredelolw| iru pdmrulw| zrunhuv ohdgv wr

ghfuhdvlqj uhwxuqv1 Olnh dq| vfdufh uhvrxufh zlwk ghfuhdvlqj uhwxuqv/ lw fdq eh rswlpdo

wr vkduh wkdw uhvrxufh dfurvv �upv/ zklfk lq rxu fdvh phdqv glyhuvh hqwu| ohyhov1

Khwhurjhqhlw| ri �upv +iru h{dpsoh/ lq orfdwlrq/ fxowxuh/ ru vshfldow|, dovr whqgv

wr vxssruw hqwu|0ohyho glyhuvlw|1 Zh �qg lq rxu zrunlqj sdshu wkdw wkh dgglwlrq ri d

surgxfwlylw| ehqh�w +xquhodwhg wr w|sh ru delolw|, iurp pdwfklqj �upv wr zrunhuv ohdgv

wr hyhq vwurqjhu uhvxowv1 Zh doorz kdoi ri wkh zrunhuv wr eh pruh surgxfwlyh dw �up

4 e| dq dprxqw S � f +revhuydeoh sulru wr wkh klulqj ghflvlrq,/ zkloh wkh rwkhu kdoi

ri wkh zrunirufh lv pruh surgxfwlyh dw �up 5 e| wkh vdph dprxqw S1 Iru dq| S : f/

zh �qg wkdw wkh hqwu| ohyho lv ixoo| glyhuvh li wkh lqlwldo glyhuvlw| ohyhov ri wkh �upv duh

vx!flhqwo| vlplodu1

Ri frxuvh/ frpshwlwlrq frxog |lhog vhjuhjdwhg rxwfrphv iru vrph sdudphwhuv/ lq

sduwlfxodu li wkh pdmrulw| w|sh gl�huv dfurvv �upv1 Lq sudfwlfh/ zh gr vrphwlphv revhuyh

vhjuhjdwhg rxwfrphv1 Frqvwuxfwlrq frpsdqlhv lq vrph X1V1 flwlhv duh grplqdwhg e|

d sduwlfxodu hwkqlf jurxs1 Vrph dfdghplf glvflsolqhv kdyh odujh uhsuhvhqwdwlrqv iurp

sduwlfxodu qdwlrqdolwlhv/ dqg jhqghu lqwhjudwlrq lv vxusulvlqjo| khwhurjhqhrxv dfurvv

glvflsolqhv/ hyhq zlwklq wkh vflhqfhv1

Lq vxppdu|/ wkh h{whqvlrq vxjjhvwv wkdw wkh lqvljkwv ri rxu vlqjoh0�upprgho pd| eh
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prvw dssolfdeoh lq lqgxvwulhv zkhuh rqh w|sh kdv klvwrulfdoo| grplqdwhg wkh lqgxvwu|

dqg wkh h{lvwlqj �upv gl�hu lq vrph zd|1 Lq vxfk lqgxvwulhv/ li wkh �upv vwduw rxw

vx!flhqwo| vlplodu dqg wkh glvfrxqw udwh lv vx!flhqwo| orz/ rxu vlqjoh0�up dqdo|vlv zloo

dsso| wr wkh pxowl0�up sureohp zlwkrxw prgl�fdwlrq164

YL1 H{ Dqwh Kxpdq Fdslwdo Lqyhvwphqw

Iurp d srolf| shuvshfwlyh/ lw lv lpsruwdqw wr frqvlghu wkh lqwhudfwlrq ehwzhhq kxpdq

fdslwdo lqyhvwphqw ghflvlrqv dqg �up surprwlrq ghflvlrqv zkhq wkhuh lv w|sh0edvhg

phqwrulqj1 Dqwlflsdwlqj srru phqwrulqj survshfwv dqg khqfh d orz suredelolw| ri

surprwlrq hyhq li wkhlu lqlwldo delolw| lv kljk/ �0w|sh zrunhuv pljkw fkrrvh wr lqyhvw

olwwoh lq wkh vshfldol}hg kxpdq fdslwdo uhtxluhg iru xsshu0ohyho zrun1 Wkhq/ lqyhvwphqwv

lq kxpdq fdslwdo surylgh dq dgglwlrqdo phfkdqlvp wr vxvwdlq vhoi0shushwxdwlqj eholhiv1

Lq pdq| fdvhv/ zh h{shfw wr �qg rqh htxloleulxp zkhuh � w|shv kdyh d orz ohyho ri

lqyhvwphqw/ dqg dqrwkhu htxloleulxp zlwk d kljk ohyho ri lqyhvwphqw1

Wkhvh orz0lqyhvwphqw htxloleuld frxog eh lqh!flhqw iru d ydulhw| ri uhdvrqv1 Iru

h{dpsoh/ dv qhz zrunhuv zloo whqg wr lqyhvw lq kxpdq fdslwdo iru lqgxvwulhv zkhuh wkhlu

w|sh kdv kljk uhsuhvhqwdwlrq/ wkhuh frxog eh dq lqh!flhqw foxvwhulqj ri plqrulwlhv lq

rqo| d ihz lqgxvwulhv/ rffxsdwlrqv ru �upv/ zkhq vrph ri wkrvh plqrulwlhv pljkw kdyh

ehhq ehwwhu pdwfkhg hovhzkhuh1 Lq idfw/ vxfk ehkdylru kdv ehhq revhuyhg klvwrulfdoo|/

dv lv grfxphqwhg lq wkh olwhudwxuh rq �vh{ vhjuhjdwlrq� +Dqguhd Ehoohu/ 4<;7> Eduedud

Ehujpdqq/ 4<;<,1 Ixuwkhu/ li rqh w|sh lv wkh plqrulw| dfurvv pdq| lqgxvwulhv ru �upv/

wkdw w|sh pljkw kdyh yhu| orz lqfhqwlyhv iru kxpdq fdslwdo lqyhvwphqw1 Wklv vxjjhvwv

d udwlrqdoh iru jryhuqphqw srolf| wr surprwh glyhuvlw| zkhuh wkh jryhuqphqw vhhnv

wr frruglqdwh wkh hfrqrp| rq d kljk0lqyhvwphqw htxloleulxp/ shukdsv e| vxevlgl}lqj

hgxfdwlrq ru wudlqlqj iru w|sh � zrunhuv lq fhuwdlq lqgxvwulhv1
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YLL1 Frqfoxvlrq

Wklv sdshu ghyhorsv d qryho shuvshfwlyh rq glvfulplqdwlrq dqg glyhuvlw|1 Zh ehjlq

zlwk wkh ylhz wkdw �upv srvvhvv d vwrfn ri xsshu0ohyho hpsor|hhv1 Zlwk w|sh0edvhg

phqwrulqj/ wkh glyhuvlw| ri wklv vwrfn pdwwhuv/ vlqfh lw d�hfwv wkh  rz ri sd|r�v iurp

qhzo| surprwhg zrunhuv1 D �up idfhv d wudghr� lq lwv surprwlrqv ehwzhhq krprjhqh0

lw|/ zklfk pd{lpl}hv wkh phqwrulqj ri d sduwlfxodu w|sh/ dqg glyhuvlw|/ zklfk doorzv wkh

�up wr pdnh xvh ri vfdufh wdohqw ri zrunhuv ri erwk w|shv1 Wkh �up*v surprwlrq srol0

flhv duh wkxv eldvhg/ lq wkh vhqvh wkdw �upv vdful�fh fxuuhqw sur�w lq rughu wr lqfuhdvh

ru ghfuhdvh ixwxuh glyhuvlw|1 Zh �qg wkdw d �up*v rswlpdo eldv pd| idyru glyhuvlw| ru

krprjhqhlw|/ dqg wkdw wkh �up*v dwwlwxgh wrzdugv glyhuvlw| ghshqgv rq wkh fxuydwxuh

ri wkh phqwrulqj ixqfwlrq/ wkh vwuhqjwk ri w|sh0edvhg phqwrulqj/ wkh vfduflw| ri wdohqw/

wkh udwh ri uhwluhphqw dqg wkh glvfrxqw udwh1 Wkxv/ rxu prgho surylghv vrph lqvljkw

dv wr zk| vrph �upv dgrsw srolflhv ri d!updwlyh dfwlrq/ zkloh rwkhuv rssrvh vxfk

srolflhv dqg hyhq sdvv ryhu plqrulwlhv zkr kdyh ryhufrph wkh phqwrulqj glvdgydqwdjh1

Ixuwkhu/ rxu prgho kdv lpsolfdwlrqv iru wkh hyroxwlrq ri glyhuvlw| ryhu wlph/ jlyhq

lqlwldo frqglwlrqv1 Rxu prgho fdq h{klelw d jodvv fhlolqj/ zkhuhe| wkh sursruwlrq ri

plqrulwlhv lq wkh xsshu ohyho uhdfkhv d vwdeoh vwhdg| vwdwh zklfk lqyroyhv ohvv glyhuvlw|

wkdq dw wkh orzhu ohyho1 Zh dovr ghprqvwudwh wkdw wkhuh pd| eh pruh wkdq rqh srvvleoh

orqj0uxq ohyho ri glyhuvlw| dw d jlyhq �up1 Hyhq li ixoo glyhuvlw| lv wkh prvw sur�wdeoh

vwhdg| vwdwh iru d �up/ lw pd| qrw eh rswlpdo iru d klvwrulfdoo| krprjhqrxv �up wr

vdful�fh lpphgldwh sur�wv wr dfklhyh ixoo glyhuvlw| zlwkrxw rxwvlgh suhvvxuh1

Rxu prgho lv suhglfdwhg rq vhyhudo dvvxpswlrqv/ qrwdeo| wkdw �upv vhohfw iurp d

orzhu0ohyho zrunirufh zlwk wdohqwhg zrunhuv ri erwk w|shv/ dqg wkdw �upv fdswxuh vrph

ri wkh vxusoxv iurp phqwrulqj1 Rxu prgho lv prvw olnho| wr eh dssolfdeoh iru lqgxv0

wulhv zkhuh �up0vshfl�f kxpdq fdslwdo lv lpsruwdqw dqg gl!fxow wr dftxluh wkurxjk
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irupdo hgxfdwlrq +vr wkdw phqwrulqj lv lpsruwdqw,> dqg zkhuh vshfldol}hg ru xqxvxdo

vnloov duh uhtxluhg dqg zkhuh wdohqwv ydu| zlwk wkh �up0zrunhu pdwfk +vr wkdw wkhuh

lv khwhurjhqhlw| lq wkh orzhu ohyho,1 H{dpsohv wkdw duh hvshfldoo| dssursuldwh lqfoxgh

odujh lqgxvwuldo frpsdqlhv/ lqyhvwphqw edqnv/ dfdghplf ghsduwphqwv dqg surihvvlrqdo

vhuylfh �upv dqg sduwqhuvklsv lqfoxglqj wkrvh lqyroyhg lq odz dqg frqvxowlqj1

Hpslulfdo hylghqfh derxw phqwrulqj dqg glyhuvlw| uhtxluhv gdwd rq wkh glyhuvlw|

ri rujdql}dwlrqv/ suhihudeo| ryhu wlph1 Xqiruwxqdwho|/ pxfk ri wkh sxeolfo| dydlodeoh

gdwd lv froohfwhg dw wkh ohyho ri lqglylgxdo zrunhuv/ zlwkrxw lghqwli|lqj wkh hpsor|hu/

dqg wkxv wkhuh kdv qrw ehhq pxfk hpslulfdo uhvhdufk derxw glyhuvlw| dw wkh �up ohyho1

Ixuwkhu/ lw lv gl!fxow wr lghqwli| d zrunhu*v sodfh lq wkh klhudufk| ri d �up iurp vxfk

gdwd vrxufhv1 Rxu vwxg| wkxv prwlydwhv wkh h{sorudwlrq ri dowhuqdwlyh gdwd vrxufhv1 Iru

h{dpsoh/ wkh gdwd rq sduwqhuvkls ghflvlrqv e| lqglylgxdo odz �upv lv sxeolfo| dydlodeoh/

dqg lw zrxog eh hvshfldoo| dssursuldwh iru lqyhvwljdwlqj wkh lpsruwdqfh ri phqwrulqj

h�hfwv165 Pruh eurdgo|/ li �up0ohyho gdwd zhuh dydlodeoh iru d vhw ri �upv zlwk vlplodu

klhudufklfdo vwuxfwxuhv/ lw zrxog eh lqwhuhvwlqj wr h{dplqh krz d ydulhw| ri lqglylgxdo

rxwfrphv +lqfoxglqj surprwlrqv/ klulqj/ dqg wxuqryhu, ghshqg rq wkh w|sh frpsrvlwlrq

ri wkh �up dw gl�huhqw ohyhov ri wkh klhudufk|1

Rxu prgho fdq eh h{whqghg lq d qxpehu ri gluhfwlrqv1 Wkh h{whqvlrq lq rxu zrun0

lqj sdshu lv mxvw d vwduw dw ghyhorslqj d ixoo wkhru| ri phqwrulqj dqg glyhuvlw| lq dq

hfrqrp|1 Rqh frxog dgg hqgrjhqrxv kxpdq fdslwdo dftxlvlwlrq e| zrunhuv/ dv zhoo dv

wkh hqwu| dqg h{lw ri �upv1 Rqh frxog ghyhors d pruh ghwdlohg plfur0hfrqrplf prgho

ri phqwrulqj166 Iru h{dpsoh/ rqh frxog vwxg| wkh lqfhqwlyhv wr exlog phqwrulqj uhod0

wlrqvklsv/ ru doorz wkh ohyho ri phqwrulqj uhfhlyhg e| d zrunhu wr ghshqg rq wkh delolw|

ri wkh phqwru1 Pruh eurdgo|/ wkhuh lv wkh srvvlelolw| wr ixuwkhu ghyhors d wkhru| ri wkh

�up edvhg rq wkh dffxpxodwlrq ri vshfldol}hg dvvhwv ryhu wlph +dv lq Hgzdug Suhvfrww

dqg Plfkdho Ylvvfkhu +4<;3,,1 Wkh exvlqhvv vwudwhj| olwhudwxuh kljkoljkwv d qxpehu
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ri dvvhwv zklfk �upv exlog xs ryhu wlph vxfk dv pdqdjhphqw wdohqw/ frusrudwh fxo0

wxuh dqg rujdql}dwlrqdo fdsdelolwlhv +Md| E1 Eduqh|/ 4<<:/ Lqjhpdu Glhulfn{ dqg Nduho

Frro/ 4<<7,1 Rqh fdq vwxg| ydulrxv srolflhv edvhg rq wkhlu h�hfw rq wkh dffxpxodwlrq

ri wkhvh dvvhwv/ mxvw dv zh vwxg| surprwlrq srolflhv edvhg rq wkhlu h�hfw rq wkh vwrfn

ri xsshu0ohyho hpsor|hhv167

Dsshqgl{

Zh ehjlq e| surylqj wzr edvlf uhvxowv derxw wkh ehkdylru ri wkh g|qdplf surfhvv1 Ohppd 5

ghprqvwudwhv wkdw wkh ydoxh ixqfwlrq lv zhoo0gh�qhg1 Ohppd 6 ghprqvwudwhv wkh h{lvwhqfh ri d vwhdg|

vwdwh iru wkh xqeldvhg dqg rswlpdo surprwlrq srolflhv1 Zh wkhq surfhhg wr suryh wkh uhpdlqlqj uhvxowv/

iroorzlqj wkh rughu ri wkh uhvxowv lq wkh wh{w1

Ohppd 5 Wkh ydoxh ixqfwlrq gh�qhg e| +4, lv xqltxh dqg frqwlqxrxv1 Wkh srolf| fruuhvsrqghqfh

5W lv frpsdfw ydoxhg dqg xsshu vhpl0frqwlqxrxv1 T dqg m5WE6�� o*2m duh erwk v|pphwulf derxw

6 ' �
2
1

Surri ri Ohppd 5= Lq wkh qrwdwlrq ri Qdqf| Vwrnh| dqg Urehuw Oxfdv +4<;<,/ rxu rqh shulrg

sd|r� ixqfwlrq/ I +p>p3, @ �+p>p3 � +4 � u,p, lv erxqghg dqg frqwlqxrxv> wkh ixqfwlrq �+p, @

^+4�u,p> +4�u,p.u`/ zklfk fkdudfwhul}hv wkh ihdvleoh ydoxhv ri wkh vwdwh yduldeoh lq wkh qh{w shulrg/

lv qrqhpsw|/ frpsdfw ydoxhg dqg frqwlqxrxv> dqg wkh glvfrxqw udwh lv lq +3> 4,1 Khqfh wkhlu Wkhruhp

719 krogv iru rxu prgho dqg wkh ydoxh ixqfwlrq lv xqltxh dqg frqwlqxrxv dqg wkh srolf| fruuhvsrqghqfh

lv xsshu vhpl0frqwlqxrxv1 Wkh v|pphwu| lq Y dqg m}�+p, � u@5m iroorz iurp wkh v|pphwu| ri rxu

prgho1

Ohppd 6 +l, PXE+�, lv d vlqjoh0ydoxhg/ qrqghfuhdvlqj frqwlqxrxv ixqfwlrq/ dqg

PXE+p, � 4
5 iru p A 4

5 1

+ll, P�+�, lv xsshu vhpl0frqwlqxrxv/ dqg h{fhsw iru xszdug mxpsv/ lw lv d vlqjoh0ydoxhg/ qrqghfuhdvlqj

dqg frqwlqxrxv ixqfwlrq1 Ixuwkhu/ P�+p, � 4
5 iru p A 4

5 1

5;



+lll, Zlwk hlwkhu eldvhg ru xqeldvhg surprwlrqv/ wkh glyhuvlw| ri wkh �up frqyhujhv wr d vwhdg| vwdwh

lq ^45 > 4` iru p
3 A 4

5 1

Surri ri Ohppd 6= +l, Iru PXE+�, qrqghfuhdvlqj/ qrwh wkdw }XE+p, @ dujpd{}5^3>u` �+p> }, dqg

C5

CpC}
�+p> }, A 3= Vlqfh wkh remhfwlyh lv gl�huhqwldeoh/ vwulfwo| frqfdyh/ dqg vwulfwo| vxshuprgxodu/

}XE+p, pxvw eh xqltxh hyhu|zkhuh/ dqg vwulfwo| lqfuhdvlqj zkhq 3 ? }XE+p, ? u1 +ll, Frqvlghu wkh

iroorzlqj h{suhvvlrq iru P�+p,

P�+p, @ duj pd{
p35�+p,

�+p>p3 � +4� u,p, . �Y +p3,>

zkhuh �+p, @ ^+4� u,p> +4� u,p. u`1 Qrwh wkdw wkh deryh remhfwlyh lv vwulfwo| vxshuprgxodu lq p

dqg p3 vlqfh

C5�+p>p3 � +4� u,p,

CpCp3
@ �3+p, . �3+4�p,� {3+p3 � +4� u,p,� {3+u �p3 � +4� u,p, A 3=+6,

Ixuwkhu/ �+p, lv qrqghfuhdvlqj lq wkh vwurqj vhw rughu +vhh Sdxo Plojurp dqg Fkulvwlqd Vkdqqrq/

4<<7,1 Khqfh/ P�+p, lv qrqghfuhdvlqj dqg vlqjoh0 ydoxhg hyhu|zkhuh h{fhsw iru dw xszdug mxpsv1

Wkxv/ hyhu| vhohfwlrq iurp P�+p, lv d frqwlqxrxv ixqfwlrq exw iru xszdug mxpsv1 +lll, Fohduo|/ iru

p A 4
5 c P

XE+p, � 4
5 1 Frqvlghu p

3 ? 4
5 dqg p A 4

5 1 Wrjhwkhu/ frqglwlrq +6, dqg wkh v|pphwu| ri Y

lpsolhv wkdw �+p>p3� +4� u,p,. �Y +p3, ? �+p> 4�p3� +4� u,p,. �Y +4�p3,/ zklfk hvwdeolvkhv

wkdw iru p A 4
5 > P

�+p, � 4
5 iru p A 4

5 1 E| rxu frqvwudlqw/ P�+p, � 4 iru p A 4
5 = Khqfh/ iroorzlqj

Plojurp dqg Mrkq Urehuwv +4<<7,/ vwduwlqj iurp p3 A 4
5 / d �{hg srlqw ri P� dqg PXE h{lvwv rq

^45 > 4`1

Surri ri Sursrvlwlrq 4= Zh surfhhg e| lqgxfwlrq rq qxpehu ri shulrgv uhpdlqlqj lq d �up*v

olih1 Zh nqrz wkdw zkhq wkhuh lv 4 shulrg wr jr/ wkh ydoxh ixqfwlrq lv htxdo wr �XE+p,> zklfk lv

qrqlqfuhdvlqj lq p � 4
5 zkhq VFY krogv hyhu|zkhuh1 Frqvlghu wkh sureohp zlwk W shulrgv wr jr/

dqg dvvxph wkdw wkh ydoxh ri wkh �up zlwk W � 4 shulrgv wr jr/ Y +W�4,+p,> lv qrqlqfuhdvlqj lq p=

Wkh �up wkhq vroyhv

Y +W ,+p, @ pd{
}

q
�+p> }, . �Y +W�4,++4� u,p. },

r

5<



Revhuyh wkdw C5

CpC}
�+p> }, � 3= Vlqfh Y +W�4,+p, lv qrqlqfuhdvlqj/ fohduo| }+W ,+p, � }XE+p,/ dqg vr

C
Cp

�+p> }+W ,, � C
Cp

�+p> }XE, � 31 Xvlqj wklv dqg wkh hqyhorsh wkhruhp/ g
gp

Y +W ,+p, @ C
Cp

�+p> }+W ,,.

� � +4� u,Y +W�4,3++4� u,p. }+W ,, � 31 E| lqgxfwlrq/ dqg vlqfh prqrwrqlflw| lv suhvhuyhg e| lq�qlwh

vxpv/ wkh lq�qlwh krul}rq ydoxh ixqfwlrq lv dovr qrqlqfuhdvlqj lq p � 4
5 = Wkh dujxphqw lv dqdorjrxv

iru qrzkhuh VFY1

Surri ri Sursrvlwlrq 5= +l, 4
55 7XE li dqg rqo| li 5L�

�

E�
2
� � o� Xvlqj wkh lpsolflw ixqfwlrq

wkhruhp/ 5L�
�

E�
2
� ' � k>�E�

2
�*%�E o

2
�> vxevwlwxwlqj jlyhv wkh uhvxow1 +ll, Vxssrvh {+�, @ � � ��1

Vlqfh PXE+p, @ +4 � u,p . }XE+p,/ wkh fxuydwxuh ri PXE iroorzv wkdw ri }XE1 Iru }XE ? 4>

}XE+p, @ 4
5u . �+�+p, � �+4 � p,,@+5�,= Wkxv/ C5}XE

Cp5 @ �+�33+p, � �33+4 � p,,@+5�,= Khqfh/ li

�333+p, A 3 iru doo p/ wkhq PXE lv frqfdyh ryhu +45 > 4`> dqg wkhuh lv dw prvw rqh vwdeoh vwhdg| vwdwh lq

wklv lqwhuydo> wkh vwhdg| vwdwh h{lvwv l� P 3+45, A 41 Li �333+p, ? 3 iru doo p/ wkhq PXE lv frqyh{ ryhu

+45 > 4`> dqg wkhuh duh dw prvw wzr vwhdg| vwdwhv lq wkh lqwhuydo/ dqg rqo| vwdwh p @ 4 fdq eh vwdeoh1

Surri ri Sursrvlwlrq 6= Wkh udqnlqjv ri VW dqg VXE iroorz e| Plojurp dqg Urehuwv +4<<7,/ xvlqj

rxu uhvxowv rq wkh vljq ri wkh eldv iurp Sursrvlwlrq 41 Qrz frqvlghu wkh txhvwlrq ri zkhwkhu ixoo

glyhuvlw| lv d vwdeoh vwhdg| vwdwh1 Uhfdoo wkdw }XE+45, @ u
5 = Khqfh/ }

�+45, @ }XE+45, . e+45, @ u
5 l�

e+45, @ 3/ zklfk lv wkh fdvh zkhq VFY krogv hyhu|zkhuh/ exw qrw zkhq VFY krogv qrzkhuh1 Lq wkh

fdvh zkhuh VFY krogv hyhu|zkhuh/ wkh eldv idyruv wkh plqrulw|/ dqg vr li 4
5 lv vwdeoh xqghu xqeldvhg

surprwlrqv/ lw zloo dovr eh vwdeoh zlwk rswlpdo surprwlrqv1

Surri ri Sursrvlwlrq 7= Iru k vx!flhqwo| odujh/ 5L� ' o dqg 7L� ' ifc �j1 Ixuwkhu/ iru k

vx!flhqwo| odujh VFY krogv qrzkhuh dqg wkh eldv lv iru wkh pdmrulw|1 Khqfh/ e| Sursrvlwlrq 6 7W '

ifc �j dv zhoo1 Dv k $ f/ 5L� $ o*2 dqg KE6� $ f dqg khqfh �WE6� $ 6E�� o�n o*2 vr

wkdw 7W $ i�
2
j1 Li > lv frqfdyh/ wkhq VFY lv vdwlv�hg hyhu|zkhuh iru k vx!flhqwo| vpdoo/ dqg iurp

Sursrvlwlrq 5 +ll, wkh vwdeoh vwhdg| vwdwh lq wkh qhljkerukrrg ri �*2 lv �*21

Surri ri Sursrvlwlrq 8= Frqvlghu �uvw wkh sdudphwhu �1 Uhfdoo wkdw }XE+p> u> �> �, @ dujpd{}5^3>u` �+p> }> u> �> �,>

dqg wkdw C
C}
� @ {+}XE> �, � {+u � }XE> �, . � ^�+p,� �+4�p,` = E| gh�qlwlrq/ {+}XE> �, � {+u �

}XE> �, lv qrqlqfuhdvlqj lq � iru }XE � u
5 > zklfk krogv li p � 4

5 = Wkxv/
C5

C}C�
� � 3/ dqg }XE pxvw eh
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qrqlqfuhdvlqj lq �= Exw wkhq/ }XE�3+p, � +u � }XE,�3+4 �p, lv qrqlqfuhdvlqj lq �= Frqvlghu qh{w

wkh sdudphwhu �1 Vlqfh �+p, � �+4 �p, A 3 iru p � 4
5 >

C5

C}C�
� � 3> zklfk lpsolhv wkdw }XE dqg

}XE�3+p, � +u � }XE,�3+4 �p, duh qrqghfuhdvlqj lq �= Ilqdoo|/ frqvlghu wkh sdudphwhu u dqg wkh

olqhdu lqlwldo delolw| ixqfwlrq1 Lq wklv fdvh/ C
Cu
}XE @ 4@5> dqg vr C5

CuCp
�XE @ 4

5� ^�3+p,� �3+4�p,` =

Wkxv/ li > lv frqfdyh/ C
Cp

�XE lv qrqlqfuhdvlqj lq u=

Surri ri Ohppd 4= Zh ehjlq e| dujxlqj wkdw wkh rswlpdo surprwlrq srolf| lv xqltxh dw d vwdeoh

vwhdg| vwdwh1 Uhfdoo wkdw Ohppd 6 lpsolhv wkdw P� lv vlqjoh0ydoxhg doprvw hyhu|zkhuh/ h{fhsw dw

xszdug mxpsv1 E| gh�qlwlrq/ upv lv rqh rswlpdo surprwlrq srolf| dw vwdwh pv1 Vxssrvh wkdw wkhuh lv

dqrwkhu rswlpdo surprwlrq uxoh/ }3 A upv= Wkhq wkhuh pxvw eh dq xszdug mxps lqP
� dwpv> vxssrvh

wkdw wkh mxps lv ri vl}h g= Exw wklv lpsolhv wkdw iru doo g A % A 3/ P�+pv . %, A pv . g A pv . %>

frqwudglfwlqj wkh gh�qlwlrq ri d vwdeoh vwhdg| vwdwh1

Qrz frqvlghu dq lqwhulru vwhdg| vwdwh pv @5 i3> 45 > 4j dqg wkh dvvrfldwhg vwhdg| vwdwh surprwlrq

srolf| }v @ upv1 Vlqfh

}v @ duj pd{
}5^3>u`

�+pv> }, . �Y +} . +4� u,pv,

lw pxvw eh wkdw �5+pv> upv, . �Y 3+pv, @ 3 zkhuhhyhu wklv ghulydwlyh h{lvwv1 Wr vroyh iru Y 3/ ohw

�} @ +}4> }5> = = =,/ dqg gh�qh

�Y +p>�}, @ �+p> }4, . ��+}4 . +4� u,p> }5, . = = =

Li pv lv d vwhdg| vwdwh/ wkhq Y 3+pv, @ g
gpv

�Y +pv> �}v, zkhuh �}v @ +upv> upv> = = =,1 E| wkh hqyhorsh

wkhruhp/ zh kdyh wkdw

g

gpv

�Y +pv> �}v, @
4[
w@3

+4� u,w�w�4+pv> upv, @
�4+pv> upv,

4� +4� u,�
=

Lqvhuwlqj wklv lqwr wkh h{suhvvlrq �5+pv> upv, . �Y 3+pv, @ 3 jlyhv wkh uhvxow1

Surri ri Sursrvlwlrq 9=+l, Dsso|lqj wkh lpsolflw ixqfwlrq wkhruhp/ vlqfh e| dvvxpswlrq pv lv

rswlpdo/ lw vx!fhv wr fkhfn wkdw

CIRFv+p> �,

C�
@

C^{+up> �,� {++4� u,p> �,`

C�
� 3

iru p A 4
5 > zklfk krogv e| gh�qlwlrq1 +ll, Xvlqj

�4+pv> upv, @ {+upv,� {+u+4�pv,, . ��+pv,� ��+4�pv,

�5+pv> upv, @ pv��
3+pv,� +4�pv,��

3+4�pv,
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zh kdyh wkdw

CIRFv+p> �,

C�
@

u�+p�3+p,� +4�p,�3+4�p,,

+4� +4� u,�,5
=

Frqvlghu p A 4
5 1 Li � lv joredoo| VFY/ wkhq }XE+p,�3+4�p, A +u� }XE+p,,�3+p,1 Wkhq }XE+p, A

}�+p, @ up lpsolhv wkdw CIRFv+p,@C� A 31 Frqyhuvho|/ li � lv qrzkhuh VFY/ CIRFv+p,@C� ? 31

+lll, Revhuyh �uvw wkdw

C

C�
IRFv+p>�, @ �+p,� �+4�p, .

u�

4� +4� u,�
+p�3+p,� +4�p,�3+4�p,,=

Vxssrvh wkdw VFY krogv qrzkhuh1 Revhuyh wkdw e| Sursrvlwlrq 4 dqg rswlpdolw| ri wkh vwdeoh surpr0

wlrq srolf|/ VFY qrzkhuh lpsolhv wkdw upv A }XE+pv,1 Exw wkhq/ wkh vhfrqg whup lq C
C�
IRFv+p>�,

pxvw eh juhdwhu wkdq C
Cp

�XE+p,> zklfk lq wxuq lv srvlwlyh e| VFY qrzkhuh1 Iru � vpdoo/ uhfdoo wkdw

pv 5 VXE vdwlv�hv }XE+pv, � upv @ 31 Frqvlghu pv �
4
5 1 Wkhq wkh glyhuvlw| ri VXE lv lqfuhdvlqj

+ghfuhdvlqj, lq d sdudphwhu li }XE+pv, � upv lv ghfuhdvlqj +lqfuhdvlqj, lq wkdw sdudphwhu1 Lw lv

vwudljkwiruzdug wr vkrz wkdw C}XE@C� A 31 +ly, Lq wkh olqhdu fdvh/ zh kdyh

C

Cu
IRFv+p> u, @ �+5p� 4,� .

��+4� �,

+4� +4� u,�,5
+p�3+p,� +4�p,�3+4�p,,=

E| Sursrvlwlrq 5 dqg rswlpdolw| ri wkh vwdeoh surprwlrq srolf|/ VFY hyhu|zkhuh lpsolhv wkdw upv ?

}XE+pv,1 Exw wkhq/ wkh vhfrqg whup lq C
Cu
IRFv+p> u, pxvw eh ohvv wkdq 4

u
C
Cp

�XE+p,> zklfk lq wxuq

lv qhjdwlyh e| VFY hyhu|zkhuh1 Iru � vpdoo/ zh fdq frqvlghu zkhwkhu C
Cu
+}XEv � upv, ? 3/ zklfk

krogv li C}XE@Cu ? pv1
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Uhihuhqfhv

Duurz/ Nhqqhwk1 �Wkh Wkhru| ri Glvfulplqdwlrq/� lq Ruoh| F1 Dvkhqihowhu dqg

Doehuw Uhhv +hgv1, Glvfulplqdwlrq lq Oderu Pdunhwv/ Sulqfhwrq= Sulqfhwrq Xqlyhuvlw|

Suhvv/ 4<:61

Dwkh|/ Vxvdq/ Dyhu|/ Fkulvwrskhu/ dqg ]hpvn|/ Shwhu1 �Phqwrulqj/ Glvfulp0

lqdwlrq dqg Glyhuvlw| lq Rujdql}dwlrqv/� Vwdqirug JVE Zrunlqj Sdshu 464:/ 4<<71

Dwkh|/ Vxvdq/ Dyhu|/ Fkulvwrskhu/ dqg ]hpvn|/ Shwhu1 �Phqwrulqj dqg Gl0

yhuvlw|/� Plphr/ Pdvvdfkxvhwwv Lqvwlwxwh ri Whfkqrorj|/ Rfwrehu 4<<;1

Eduqh|/ Md| E1 Jdlqlqj dqg Vxvwdlqlqj Frpshwlwlyh Dgydqwdjh/ Qhz \run= Dgglvrq

Zhvoh|/ 4<<:1

Eduwohww/ Urelq +4<<:,1 �Uhsruw ri wkh Frpplwwhh rq wkh Vwdwxv ri Zrphq lq wkh

Hfrqrplfv Surihvvlrq/� Dphulfdq Hfrqrplf Uhylhz ;:+5,= 83908431

Ehujpdqq/ Eduedud1 �Grhv wkh Pdunhw iru Zrphq*v Oderu Qhhg Il{lqjB� Mrxuqdo

ri Hfrqrplf Shuvshfwlyhv/ 6/ Zlqwhu 4<;</ 760931

Ehoohu/ Dqguhd1 �Wuhqgv lq Rffxsdwlrqdo Vhjuhjdwlrq e| Vh{ dqg Udfh/ 4<9304<;4/�

lq Vh{ Vhjuhjdwlrq lq wkh Zrunsodfh/ hglwhg e| Eduedud I1 Uhvnlq/ Zdvklqjwrq/ GF=

Qdwlrqdo Dfdghp|/ 4<;71

Frdwh/ Vwhskhq dqg Orxu|/ Johqq1 �Zloo D!updwlyh0Dfwlrq Srolflhv Holplqdwh

Qhjdwlyh Vwhuhrw|shvB� Dphulfdq Hfrqrplf Uhylhz/ Ghfhpehu 4<<6/ ;6+8,/ ss1 4553�

45731

Fruqhoo/ Eudgirug dqg Zhofk/ Lyr1 �Fxowxuh/ Lqirupdwlrq dqg Vfuhhqlqj Glvfulp0

lqdwlrq/� Mrxuqdo ri Srolwlfdo Hfrqrp|/ Mxqh 4<<9/ 437+6,/ ss1 87508:51

Glhulfn{/ Lqjhpdu dqg Nduho Frro1 �Frpshwlwlyh Vwudwhj|/ Dvvhw Dffxpxodwlrq

dqg Ilup Shuirupdqfh� lq Vwudwhjlf Jurxsv dqg Vwudwhjlf Pryhv hglwhg e| K1 Gdhpv

dqg K1 Wkrpdv/ R{irug= Shujdprq Suhvv/ 4<<71

66



Guhkhu/ Jhrujh I1/ dqg Fr{/ Wd|oru K1 �Udfh/ jhqghu/ dqg rssruwxqlw|= d vwxg| ri

frpshqvdwlrq dwwdlqphqw dqg wkh hvwdeolvkphqw ri phqwrulqj uhodwlrqvklsv1� Mrxuqdo

ri Dssolhg Sv|fkrorj| Mxqh 4<<9/ ;4/ ss1 5<:063;1

Juhli/ Dyqhu1 �Fxowxudo Eholhiv dqg wkh Rujdql}dwlrq ri Vrflhw|= D Klvwrulfdo dqg

Wkhruhwlfdo Uh hfwlrq rq Froohfwlylvw dqg Lqglylgxdolvw Vrflhwlhv1� Mrxuqdo ri Srolwlfdo

Hfrqrp|/ Rfwrehu/ 4<<7/ 435+8,/ ss1 <450<831

Juhli/ Dyqhu1 �Frqwudfw Hqirufhdelolw| dqg Hfrqrplf Lqvwlwxwlrqv lq Hduo| Wudgh=

wkh Pdjkulel Wudghuv* Frdolwlrq/� Dphulfdq Hfrqrplf Uhylhz Mxqh 4<<6/ ;6+6,/ ss1

85807;1

Leduud/ Khuplqld1 �Krprsklo| dqg gl�huhqwldo uhwxuqv= vh{ gl�huhqfhv lq qhw0

zrun vwuxfwxuh dqg dffhvv lq dq dgyhuwlvlqj �up1� Dgplqlvwudwlyh Vflhqfh Txduwhuo|/

Vhswhpehu 4<<5/ 6:/ ss1 75507:1

Ndqwhu/ Urvdehwk1 Phq dqg Zrphq ri wkh Frusrudwlrq/ Qhz \run= Edvlf Errnv/

Lqf1/ 4<::1

Plojurp/ Sdxo dqg Urehuwv/ Mrkq1 �Frpsdulqj Htxloleuld/� Dphulfdq Hfrqrplf

Uhylhz/ Mxqh 4<<7/ ;7+6,/ ss1 774�78<1

Plojurp/ Sdxo dqg Vkdqqrq/ Fkulvwlqd11 �Prqrwrqh Frpsdudwlyh Vwdwlfv/�

Hfrqrphwulfd/ Mdqxdu| 4<<7/ 95+4,/ ss1 48:0;31

Pruulvrq/ Dqq/ dqg Yrq Jolqrz/ Pdu| Dqq1 �Zrphq dqg Plqrulwlhv lq Pdq0

djhphqw1� Dphulfdq Sv|fkrorjlvw/ Iheuxdu| 4<<3/ 533�53;1

Qrh/ Ud|prqg1 �Zrphq dqgPhqwrulqj= DUhylhz dqg Uhvhdufk Djhqgd1� Dfdghp|

ri Pdqdjhphqw Uhylhz/ 4<;;/ 46 +4,= 980:;1

Sudndvk/ Jdxwdp1 Wkh Lqvlghu*v Jxlgh wr Pdqdjhphqw Frqvxowlqj/ Vdq Iudqflvfr=

Zhw Ihhw Suhvv/ 4<<8

Suhvfrww/ Hgzdug dqg Ylvvfkhu/ Plfkdho1 �Rujdql}dwlrq Fdslwdo1� Mrxuqdo ri

Srolwlfdo Hfrqrp|/ Mxqh 4<;3/ ;;+6,/ ss1 779�7941
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Udjlqv/ Ehooh Urvh/ �Glyhuvl�hgPhqwrulqj Uhodwlrqvklsv lq Rujdql}dwlrqv1� Dfdghp|

ri Pdqdjhphqw Uhylhz 4<<:/ 55+5,/ ss1 7;508541

Ure/ Udidho dqg ]hpvn|/ Shwhu1 �Frrshudwlrq/ Frusrudwh Fxowxuh dqg Lqfhqwlyh

Lqwhqvlw|1� LQVHDG Zrunlqj Sdshu Vhulhv/ 4<<:1

Urvhq/ Dvd1 �Dq Htxloleulxp Vhdufk0Pdwfklqj Prgho ri Glvfulplqdwlrq1� Hxurshdq

Hfrqrplf Uhylhz/ Dxjxvw 4<<:/ 74+;,/ ss148;<�49461

Urwkvwhlq/ Grqqd1 �Vxshuylvru Jhqghu/ Udfh/ dqg Hwkqlflw| dqg wkh Oderu Pdunhw

Rxwfrphv ri \rxqj Zrunhuv1� Plphr/ X1V1 Exuhdx ri Oderu Vwdwlvwlfv1 4<<:1

Vsxuu/ Vwhskhq/ �Vh{ Glvfulplqdwlrq lq wkh Ohjdo Surihvvlrq= D Vwxg| ri Surprwlrq1�

Lqgxvwuldo dqg Oderu Uhodwlrqv Uhylhz/ Dsulo 4<<3/ 76/ ss1 739074:1

Vwrnh|/ Qdqf|/ dqg Oxfdv/ Urehuw1 Uhfxuvlyh Phwkrgv lq Hfrqrplf G|qdplfv/

Fdpeulgjh= Kduydug Xqlyhuvlw| Suhvv/ 4<;<1
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Irrwqrwhv

-PLW/ Nhqqhg| Vfkrro ri Jryhuqphqw/ dqg LQVHDG1 Zh zrxog olnh wr wkdqn Suhvwrq PfDihh

dqg wkuhh dqrq|prxv uhihuhhv iru lqvljkwixo frpphqwv zklfk juhdwo| lpsuryhg wkh sdshu1 Zh duh

dovr judwhixo wr Mlp Edurq/ Mhuhp| Exorz/ Shwhu Gldprqg/ Mrvkxd Jdqv/ Hg Od}hdu/ Plfkdho Nuh0

phu/ Eloo Oryhmr|/ Phj Ph|hu/ Ere Pduvkdoo/ Mrkq Urehuwv/ Vfrww Vwhuq/ Ere Zlovrq/ dqg vhplqdu

sduwlflsdqwv dw R{irug/ Vwdqirug dqg \doh iru khosixo glvfxvvlrqv1 Doo huuruv uhpdlq rxu rzq1 Wkh

dxwkruv dfnqrzohgjh vxssruw iurp wkh Vwdwh Idup Frpsdqlhv Irxqgdwlrq dqg wkh Qdwlrqdo Vflhqfh

Irxqgdwlrq +Dwkh|/ VEU0<964:93,1 Dwkh| dqg Dyhu| duh dovr judwhixo wr wkh Frzohv Irxqgdwlrq dw

\doh iru krvslwdolw| dqg vxssruw zkloh wklv zrun zdv ehlqj frpsohwhg1

4Odujh jdsv h{lvw ehwzhhq wkh sursruwlrq ri zrphq dw orzhu ohyhov dqg kljkhu ohyhov ri odujh fru0

srudwlrqv +Dqq Pruulvrq dqg Pdu| Dqq Yrq Jolqrz/ 4<<3, dqg odz �upv +Vwhskhq Vsxuu/ 4<<3,/ dqg

dovr wr d ohvvhu h{whqw lq dfdghplf hfrqrplfv ghsduwphqwv +Urelq Eduwohww/ 4<<:,1 Lq pdq| rffxsd0

wlrqv/ wkh 4<;3 Fhqvxv uhyhdohg d kljkhu sursruwlrq ri zrphq/ Eodfnv/ dqg Klvsdqlfv lq �hpsor|hh�

srvlwlrqv wkdq lq �vxshuylvru� srvlwlrqv +Grqqd Urwkvwhlq/ 4<<:,1
5Wkh Zdoo Vwuhhw Mrxuqdo +Dxjxvw </ 4<<4/ s1 E4,1
6Pruulvrq dqg Ydq Jolqrz +4<<3, dqg Ud|prqg Qrh +4<;;, uhylhz wkh wkhru| dqg hylghqfh lq

idyru ri w|sh0eldvhg phqwrulqj1 Pruh uhfhqwo|/ Jhrujh I1 Guhkhu dqg Wd|oru K1 Fr{ +4<<9, grfxphqw

vxfk gl�huhqfhv lq d vxuyh| ri PED judgxdwhv1 Urvdehwk Ndqwhu*v fodvvlf +4<::, dqdo|vlv ri jhqghu

urohv lq rujdql}dwlrqv wdnhv d vlplodu ylhz/ revhuylqj wkdw � qxpehuv�sursruwlrqdo uhsuhvhqwdwlrq duh

lpsruwdqw qrw rqo| ehfdxvh wkh| v|perol}h wkh suhvhqfh ru devhqfh ri glvfulplqdwlrq exw dovr ehfdxvh

wkh| kdyh uhdo frqvhtxhqfhv iru shuirupdqfh� +s1 9,1
7Lq d uhodwhg vhw ri klvwrulfdo h{dpsohv/ Dyqhu Juhli +4<<6/ 4<<7, vkrzv wkdw frrshudwlrq lq wudg0

lqj uhodwlrqvklsv fdq dw wlphv eh pruh hdvlo| vxvwdlqhg ehwzhhq phpehuv ri dq h{whqghg idplo| ru

frppxqlw|1
8�Zrphq*v Surjuhvv Vorzv dw Wrs Ilupv/� Pd| 9/ 4<<9/ s1D41
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9Vlplodu fodlpv kdyh ehhq pdgh derxw wkh pdqdjhphqw frqvxowlqj lqgxvwu|= �Wkh odfn ri uroh

prghov dqg phqwruv zkr duh eodfn lv d sureohp111 wkh vdph lvvxhv wkdw idfh eodfnv lq frusrudwh

Dphulfd�odfn ri frqqhfwlrqv/ odfn ri phqwruv/ dqg wkh riwhq0suhvhqw jodvv fhlolqj�idfh eodfnv lq

pdqdjhphqw frqvxowlqj� +Jdxwdp Sudndvk/ 4<<8,1 Vlploduo|/ Wkh Zdoo Vwuhhw Mrxuqdo + �Zrphq

Pdnh Vwulghv/ Exw Phq Vwd| Ilupo| lq Wrs Frpsdq| Mrev/� Pdufk 5</ 4<<7/ s1 D4,/ uhsruwlqj

rq wkh h�hfwv ri fxowxuh lq odujh X1V1 frpsdqlhv/ dujxhg wkdw �dv orqj dv wkh shufhqwdjhv ri pdoh

pdqdjhuv uhpdlq kljk/ wkh fxowxuh uhpdlqv prvwo| pdoh dqg/ zrphq vd|/ lqgl�huhqw ru krvwloh wr wkhlu

dgydqfhphqw1 Zrphq vd| wkh| duh ljqruhg/ qrw wdnhq vhulrxvo|111 ^vr` wkhuh lv olwwoh fkdqfh ri euhdnlqj

wkurxjk wkh jodvv fhlolqj1�
:Iru h{dpsoh/ Exvlqhvv Zhhn +�Zklwh/ Pdoh/ dqg Zruulhg/� Mdqxdu| 64/ 4<<7/ ss1 83088, uhsruwhg

wkdw wr vrph frpsdqlhv/ �pdqdjlqj glyhuvlw|111 lv d frpshwlwlyh zhdsrq wkdw khosv wkh frpsdq|

fdslwdol}h rq lwv wdohqw srro1 Wkh jrdo= wr fuhdwh d fxowxuh wkdw hqdeohv doo hpsor|hhv wr frqwulexwh wkhlu

ixoo srwhqwldo wr wkh frpsdq|*v vxffhvv1 Rqh zd| lv wr jurrp pruh txdol�hg zrphq dqg plqrulwlhv

wkurxjk dfwlyh vxffhvvlrq sodqqlqj1� Vlploduo|/ lw kdv ehhq fodlphg wkdw frpsdqlhv xvh glyhuvlw|

surjudpv wr �dwwudfw dqg uhwdlq wkh ehvw dqg wkh euljkwhvw111 jlylqj d khdgvwduw lq uhfuxlwlqj dqg

pdqdjlqj wkh zrunhuv ri wrpruurz1� +XVD Wrgd|/ �Vhwwlqj glyhuvlw|*v irxqgdwlrq lq wkh erwwrp

olqh/� e| Gho Mrqhv/ Rfwrehu 48/ 4<<9/ s1 7E1,
;Frqvlghu/ iru h{dpsoh/ Fruqhoo dqg Zhofk +4<<9, zkr vwxg| �vfuhhqlqj glvfulplqdwlrq� zkhuh

hpsor|huv duh ehwwhu deoh wr hydoxdwh wkh delolwlhv ri mre dssolfdqwv ri wkh vdph w|sh dv wkhpvhoyhv1

Wkhlu wkhru| ghshqgv rq xqfhuwdlqw| derxw delolw|> wkhlu �up frqvlvwv ri d vlqjoh hpsor|hu dqg d vlqjoh

zrunhu> dqg wkh| gr qrw frqvlghu idu0vljkwhg klulqj srolflhv zkhuh �upv kluh plqrulwlhv wrgd| vr dv wr

ehwwhu vfuhhq wkhp lq wkh ixwxuh1
<\hw dqrwkhu srwhqwldo vrxufh ri lqh!flhqflhv lv wkdw vxffhvvixo phpehuv ri d w|sh +l1h1 lqglylgxdov

zkr dwwdlq xsshu ohyho srvlwlrqv, pd| vhuyh dv �uroh prghov� iru |rxqjhu phpehuv ri wkhlu frppxqlw|1

Wklv uroh prgholqj zrxog eh yhu| pxfk olnh rxu eurdg gh�qlwlrq ri phqwrulqj h{fhsw wkdw wkh kxpdq

fdslwdo wudqihuv zrxog kdsshq rxwvlgh ri wkh �up dqg khqfh zrxog qrw eh lqfrusrudwhg lqwr �up

ghflvlrq pdnlqj1
43Lq rxu 4<<7 Vwdqirug JVE zrunlqj sdshu +Vxvdq Dwkh| hw do/ 4<<7, zh frqvlghu d prgho ri w|sh0

edvhg phqwrulqj zlwk d �qlwh qxpehu ri hpsor|hhv zkhuh lqlwldo delolw| lv vwrfkdvwlf1 Wkh txdolwdwlyh

lqvljkwv ri wkh vwrfkdvwlf prgho duh wkh vdph/ exw wkh ghwhuplqlvwlf prgho dqdo|}hg lq wklv sdshu lv

pruh wudfwdeoh1
44Vhjuhjdwhg �upv pd| eh dw ulvn ri jryhuqphqw dqg flylo olwljdwlrq iru eldvhg klulqj sudfwlfhv1
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Wkh| pd| dovr idfh vrfldo suhvvxuh wr pluuru wkh frpsrvlwlrq ri wkhlu orfdo oderu pdunhwv1
45Wkhuh duh vhyhudo srwhqwldo vrxufhv ri vxfk d vxusoxv1 Wkh zrunhu*v delolw| pljkw eh vshfl�f wr

wkh �up0zrunhu pdwfk/ lw pljkw qrw eh revhuydeoh e| rwkhu �upv/ ru wkhuh pljkw eh iulfwlrqv lq wkh

oderu pdunhw1
46Wkh h�hfwlyhqhvv ri phqwrulqj grhv qrw ghshqg rq wkh delolw| ri xsshu0ohyho hpsor|hhv1 Li phqwru0

lqj ghshqgv olqhduo| rq wkh dyhudjh delolw| ri doo xsshu0ohyho hpsor|hhv/ wkhq rxu dqdo|vlv lv xqd�hfwhg1

Krzhyhu/ wkh dqdo|vlv lv d�hfwhg li phqwrulqj ghshqgv rq wkh dyhudjh delolw| ri xsshu0ohyho hpsor|hhv

zlwk wkh vdph w|sh1 Zh h{shfw wkdw vxfk ghshqghqfh zrxog uhgxfh wkh pdjqlwxgh ri wkh surprwlrq

eldv ehfdxvh surprwlqj ohvv deoh fdqglgdwhv ehfrphv ohvv dwwudfwlyh1
47Wkhvh vxusoxv ixqfwlrqv gr qrw lqfoxgh wkh lqgluhfw frqwulexwlrq iurp ixwxuh phqwrulqj ri rwkhu

zrunhuv> wkhvh h�hfwv duh lqfrusrudwhg lq wkh �up*v g|qdplf surjudpplqj sureohp wkdw iroorzv1

Ixuwkhu/ revhuyh wkdw zkloh rxu sulpdu| lqwhusuhwdwlrq ri phqwrulqj lv �up0vshfl�f/ dq| jhqhudo vnloov

lq phqwrulqj pd| dffuxh wr wkh zrunhuv1 Wkxv wkh vxusoxv ixqfwlrqv fdq eh lqwhusuhwhg dv wkh ehqh�w

wr wkh �up qhw ri zdjhv1
48Li wkh zruvw w|sh D lv ehwwhu wkdq wkh ehvw w|sh E +vD+u>p, A vE+3>p,, vr wkdw wkh pdujlqdo

frqwulexwlrqv fdqqrw eh htxdol}hg/ wkhq wkh �up rqo| surprwhv w|sh D*v dqg }XE+p, @ u1 Vlploduo|/

li vE+u>p, A vD+3>p, wkhq }XE+p, @ 31
49Wkhuh duh rwkhu zd|v wr gh�qh eldv lq rxu prgho1 Iru lqvwdqfh/ rqh frxog gh�qh eldv dv dq|

ghyldwlrq iurp htxdo surprwlrq udwhv +l1h1 dv m}�+p, � u@5m, vlqfh wkh srro ri lqlwldo delolwlhv lv wkh

vdph iru hdfk w|sh1 Wklv gh�qlwlrq surgxfhv pruh ri d eldv iru wkh pdmrulw|1 Dowhuqdwlyho|/ rqh frxog

gh�qh wkh eldv dv dq| ghyldwlrq iurp surprwlqj wkh dssolfdqw zkr frqwulexwhv wkh prvw wr orqj0uxq

�up sur�wv/ lqfoxglqj wkh lqgluhfw frqwulexwlrq iurp phqwrulqj rwkhuv1 Wkhq wkhuh lv qr eldv1 Rqh

dgydqwdjh ri rxu gh�qlwlrq lv wkdw lw lv olqnhg wr d �up*v suhihuhqfhv derxw glyhuvlw|1 Wkxv d �up

zklfk eldvhv iru wkh plqrulw| +e| rxu gh�qlwlrq, zrxog dovr eh zloolqj wr lqfxu rwkhu frvwv wr idflolwdwh

plqrulw| fduhhu dgydqfhphqw/ vxfk dv klulqj glyhuvlw| pdqdjhuv1
4:Vwhdg| vwdwhv lq rxu prgho duh v|pphwulf lq wkdw li p lv d vwhdg| vwdwh/ vr lv 4 �p1 Khqfh/ lq

H{dpsoh 4 zlwk � @ =6/ wkh ixoo vhw ri vwhdg| vwdwhv lv ~3> =397> =8> =<69> 4�1
4;Pruh irupdoo|/ wkh ohyho ri glyhuvlw| p lv vwdeoh iru wkh wudqvlwlrq ixqfwlrqP li wkhuh h{lvwv d  A 3

vxfk wkdw/ iru doo  A % A 3 vxfk wkdwP+p.%, dqgP+p�%, duh vlqjoh0ydoxhg/ p.% A +?,P+p.%,

dqg p� % � +A,P+p� %,1
4<Pruhryhu/ wkh g|qdplfv ri d p|rslf �up duh ri lqwhuhvw iurp d srolf| shuvshfwlyh/ dv wkh| kljkoljkw

wkh orqj0uxq rxwfrph zkhq �upv lpsohphqw d �w|sh0eolqg� surprwlrq srolf|1
53Lqghhg/ lw fdq eh vkrzq wkdw iru dq| �qlwh/ v|pphwulf vhw ri srlqwv [ � ^3> 4`/ wkhuh h{lvwv d
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qrqlqfuhdvlqj lqlwldo delolw| ixqfwlrq { dqg d qrqghfuhdvlqj phqwrulqj ixqfwlrq � vxfk wkdw VXE @ [=
54Iru � frqfdyh/ zh kdyh wkh voljkwo| vwurqjhu uhvxow wkdw V� @ i4

5
j iru � vx!flhqwo| vpdoo1

55E| d �fulwlfdo pdvv srlqw/� zh phdq d vwhdg| vwdwh wkdw kdv qr edvlq ri dwwudfwlrq1
56Vlploduo|/ d �up vwduwlqj wr wkh uljkw ri p3 @ =<69 lqlwldoo| eldvhv surprwlrqv lq idyru ri wkh

pdmrulw|/ exw dv krprjhqhlw| lqfuhdvhv dqg ghfuhdvlqj uhwxuqv ehfrph vwurqjhu/ wkh rswlpdo eldv

vkliwv wr idyru wkh plqrulw|1
57Wklv phqwrulqj ixqfwlrq lqfrusrudwhv wkh lghd wkdw �+p, lqfuhdvhv vorzo| dw �uvw gxh wr wkh

uhodwlyh lqh�hfwlyhqhvv ri phqwruv zkr duh wkhpvhoyhv kljko| lvrodwhg lq wkh rujdql}dwlrq1 Phqwrulqj

rqo| ehfrphv h�hfwlyh rqfh d fulwlfdo pdvv ri phqwruv lv uhdfkhg1 Vlplodu fxuydwxuh frxog dovr dulvh li

wkh h!flhqf| ri frppxqlfdwlrq dqg lqirupdwlrq vkdulqj ulvhv vkduso| rqfh d fulwlfdo pdvv lv uhdfkhg1
58Qrwlfh wkdw wklv phqwrulqj ixqfwlrq kdv dq xszdug mxps/ zklfk vwulfwo| vshdnlqj ylrodwhv rxu

vprrwkqhvv dvvxpswlrq> krzhyhu/ wkh vprrwkqhvv dvvxpswlrq lv qrw qhfhvvdu| iru d frpsxwdwlrqdo

dqdo|vlv/ dqg lq dq| hyhqw wkh ixqfwlrq frxog eh dssur{lpdwhg zlwk d gl�huhqwldeoh ixqfwlrq1
59Zkhq � ehfrphv vx!flhqwo| odujh/ wkh �up*v rswlpdo srolf| zloo rqo| vhohfw pdmrulw| w|shv +VFY

zloo krog qrzkhuh,> iru � vx!flhqwo| forvh wr }hur/ xqeldvhg surprwlrq vhohfwv doprvw wkh vdph qxpehu

ri pdmrulw| dqg plqrulw| w|shv/ dqg wkhq frqfdylw| ri � dqg VFY duh +dssur{lpdwho|, htxlydohqw1
5:Dqrwkhu dssurdfk zrxog eh wr ghulyh frpsdudwlyh vwdwlfv rq wkh rswlpdo eldv/ dqg xvh wkhvh

uhvxowv wr dqdo|}h fkdqjhv lq vwhdg| vwdwhv1 Krzhyhu/ lq frqwudvw wr wkh vljq ri wkh rswlpdo eldv/

wkhuh lv qr qhfhvvdu| frqqhfwlrq ehwzhhq frpsdudwlyh vwdwlfv rq wkh pdjqlwxgh ri wkh eldv iurp d

wzr0shulrg prgho +zklfk zrxog iroorz iurp Sursrvlwlrq 8,/ dqg frpsdudwlyh vwdwlfv rq wkh pdjqlwxgh

ri wkh eldv lq wkh lq�qlwh krul}rq prgho1
5;Qrwlfh wkdw rxu �qglqj frqwudvwv zlwk d vlpsoh exw sodxvleoh dowhuqdwlyh wkhru|/ zkhuhe| �upv xvh

w|sh0eolqg klulqj srolflhv lq uhvsrqvh wr jryhuqphqw uhjxodwlrq/ exw wkhq glvfulplqdwh +shukdsv gxh

wr d wdvwh iru glvfulplqdwlrq, lq lqwhuqdo surprwlrqv1 Wkh dowhuqdwlyh wkhru| zrxog suhglfw d vkdus

idoo lq glyhuvlw| iurp wkh hqwu| ohyho wr wkh qh{w0kljkhu ohyho/ exw uhodwlyho| frqvwdqw surprwlrq udwhv

diwhu wkdw1
5<Rxu wkhru| dovr udlvhv wkh srvvlelolw| wkdw vrph �upv zlwk djhqf| sureohpv pljkw zdqw wr dgrsw

uxohv olplwlqj glyhuvlw|1 Zh gr qrw w|slfdoo| revhuyh vxfk uxohv/ suredeo| ehfdxvh ri ohjdo dqg vrfldo

frvwv dvvrfldwhg zlwk h{solflw glvfulplqdwlrq djdlqvw plqrulwlhv1
63Wkh delolw| ri vkduhkroghuv wr glfwdwh glyhuvlw| srolf| kdv ehhq d wrslf ri uhfhqw ghedwh e| wkh

Vhfxulwlhv dqg H{fkdqjh Frpplvvlrq +VHF, +vhh Zdoopdq/ Vwhyhq/ �Htxdolw| Lv Pruh Wkdq cRuglqdu|

Exvlqhvv/* � Qhz \run Wlphv Sdjh 6/ 45=6/ Pdufk 63/ 4<<:,1 Lq 4<<6/ wkh VHF uhyhuvhg d orqj0

vwdqglqj srolf| e| doorzlqj Fudfnhu Eduuho Rog Frxqwu| Vwruh wr h{foxgh d vkduhkroghu uhvroxwlrq
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zklfk surklelwhg mre glvfulplqdwlrq rq wkh edvlv ri vh{xdo rulhqwdwlrq/ dujxlqj wkdw glyhuvlw| srolf| ihoo

zlwklq wkh udqjh ri �ruglqdu| exvlqhvv pdwwhuv� zklfk fdqqrw e| VHF uxohv eh glfwdwhg e| vkduhkroghu

uhvroxwlrqv1 Uhfhqwo|/ vkduhkroghu lqwhuhvw jurxsv kdyh txhvwlrqhg wkh srolf| fkdqjh1 Rxu dqdo|vlv

vxjjhvwv wkdw vkduhkroghuv pd| lqghhg kdyh dq lqwhuhvw lq gluhfwlqj frpsdq| srolflhv wrzdugv glyhuvlw|/

hyhq eh|rqg wkh pruh zlgho| flwhg lvvxhv ri ohjdo oldelolw|1
64Lq Dwkh| hw do +4<<;,/ zh dovr frpsduh wkh wkh g|qdplfv ri wkh wzr �up h{whqvlrq wr wkrvh lq

wkh vlqjoh �up prgho zlwk � @ 31 Zh �qg wkdw wkh vwdeoh vwhdg| vwdwhv ri wkh vlqjoh �up prgho duh

dovr v|pphwulf vwhdg| vwdwhv ri wkh wzr �up prgho/ dqg ixuwkhu/ iru f A 3/ wkh �upv frqyhujh wr wkhvh

vwhdg| vwdwhv li wkh| vwduw rxw vx!flhqwo| forvh1 Iru f vx!flhqwo| vpdoo/ zh �qg wkdw ixoo vhjuhjdwlrq

lv dovr d srvvleoh vwhdg|0vwdwh1
65Xqiruwxqdwho|/ wkh lqflghqfh ri ihpdoh ru plqrulw| sduwqhuv lq odz �upv zdv yhu| orz gxulqj wkh

4<;3v dqg hduo| 4<<3v/ vr rqo| pruh uhfhqw gdwd fdq srwhqwldoo| surylgh vx!flhqw yduldwlrq lq glyhuvlw|

ri sduwqhuv1
66Vhh Ehooh Urvh Udjlqv +4<<:, iru d glvfxvvlrq ri wklv srlqw1
67Udidho Ure dqg Shwhu ]hpvn| +4<<:,�exloglqj rq wkh jhqhudo dssurdfk ghyhorshg khuh�h{soruh

wkh h�hfw ri lqfhqwlyh srolflhv rq wkh hyroxwlrq ri d �up*v �vwrfn� ri frusrudwh fxowxuh1
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