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Sxeolf dqg Sulydwh Khdowk Lqvxudqfh xqghu

Dgyhuvh Vhohfwlrq= D Sxeolf Fkrlfh Dqdo|vlv1

Pdwwhr Olssl Euxql�|

43 Vhswhpehu 5334

Devwudfw

Sxeolf surylvlrq ri sulydwh jrrgv fdq eh udwlrqdolvhg dv wkh rxw0

frph ri d yrwlqj surfhvv/ vxssruwhg e| wkh pdmrulw| ri wkh srsxodwlrq

rq uhglvwulexwlyh jurxqgv1 Lq xhqwldo uhvxowv kdyh ehhq rewdlqhg lq d

shuihfw pdunhw iudphzrun/ zkhuhdv vhfwruv vxfk dv khdowk lqvxudqfh

duh riwhq d�hfwhg e| lqirupdwlrqdo lpshuihfwlrqv dqg uhjxodwru| frq0

vwudlqwv zklfk olplwv wkh srvvlelolw| wr �{ suhpld rq dfwxduldoo| idlu

edvlv1 Zh ghyhors d wzr vwdjh prgho zkhuh krxvhkrogv gl�hu lq lqfrph

dqg loo ulvn1 Wkh dprxqw ri sxeolf khdowk lqvxudqfh lv lqlwldoo| ghwhu0

plqhg dffruglqj wr pdmrulw| uxoh/ wkhq krxvhkrogv ghflgh zkhwkhu wr

sxufkdvh vxssohphqwdu| sulydwh srolflhv1 Zh dvvxph wkdw sulydwh lq0

vxuhuv fdqqrw glvfulplqdwh vxevfulehuv dffruglqj wr ulvn/ wkxv lqgxflqj

srwhqwldo qrqvlqjoh0shdnhgqhvv ri suhihuhqfhv1 Zh lghqwli| frqglwlrqv

wkdw hqvxuh wkh h{lvwhqfh ri d pdmrulw| yrwlqj htxloleulxp dqg fkdu0

dfwhulvh lw lq whupv ri dyhudjh lqfrph ri wkh frdolwlrqv1 Wkh lpsdfw

ri dgyhuvh vhohfwlrq rq wkh vl}h ri wkh sxeolf vhfwru lv �qdoo| eulh |

glvfxvvhg1

�Ghsduwphqw ri Hfrqrplfv/ Xqlyhuvlw| ri Erorjqd +Lwdo|,/ who1 .6<0384053<;46</ h0pdlo
olssl33Cvxq1hfrqrpld1xqler1lw1

|Wkdqnv duh rzhg wr Iudqfhvfd Eduljr}}l/ Ulqdogr Eudx/ Pdwwhr Fhuyhoodwl/ Jldqoxfd
Ilruhqwlql dqg Fodxglr ]rol iru khosixo glvfxvvlrqv dqg frpphqwv rq dq hduolhu gudiw1 Xvxdo
glvfodlphuv dsso|1
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4 Lqwurgxfwlrq

Dowkrxjk vhuylfhv vxfk dv hgxfdwlrq dqg khdowk fduh h{klelw sxeolf jrrg ihd0
wxuhv rqo| wr d olplwhg h{whqw/ wkh| gudlq d vxevwdqwldo vkduh ri sxeolf h{shq0
glwxuhv lq ghyhorshg frxqwulhv1 H{wud0zhoidulvw dujxphqwv +h1j1 sdwhuqdolvp
dqg vshfl�f hjdolwduldqlvp,/ dv orqj dv h{whuqdolwlhv/ lqirupdwlrq dv|pph0
wulhv dqg xqfhuwdlqw| kdyh ehhq dgyrfdwhg dv fdxvhv ri sxeolf lqwhuyhqwlrq
lq wkhvh vhfwruv +Ehvoh| dqg Jrxyhld 4<<7,1 Qrqhwkhohvv/ wkhlu suhvhqfh grhv
qrw vhhp wr ixoo| mxvwli| wkh zlghvsuhdg h{whqvlrq ri jryhuqphqw*v uroh kljk0
oljkwhg e| hpslulfdo revhuydwlrq1 D srwhqwldo dowhuqdwlyh h{sodqdwlrq lv wkh
uhglvwulexwlyh lpsdfw lpsolflw lq wkh gluhfw sxeolf surylvlrq ri sulydwh jrrgv
+Ehvoh| dqg Frdwh 4<<4,1 Wkh olwhudwxuh xvxdoo| frqvlghuv wkh fdvh ri d sxuh
sulydwh jrrg d sulrul dvvxphg wr eh wkh srwhqwldo wdujhw ri d sxeolf suryl0
vlrq surjudp1 Ghvslwh surylglqj d yhu| jhqhudo iudphzrun/ wklv olwhudwxuh
whqgv wr ryhuorrn wkh glvwlqjxlvklqj ihdwxuhv ri wkh prvw frpprqo| surylghg
sulydwh vhuylfhv14

Pruh vshfl�fdoo|/ wzr gl�huhqw dssurdfkhv kdyh hphujhg= d qrupdwlyh rqh
zklfk mxvwl�hv sxeolf surylvlrq lqvridu dv lw uhsuhvhqwv dq h�hfwlyh lqvwuxphqw
zlwklq dq rswlpdoo| ghvljqhg uhglvwulexwlyh srolf|/ dqg d srvlwlyh +ru sxeolf
fkrlfh, rqh zkhuh wkh srolf| pdnhu ghflvlrq lv wkh hqgrjhqrxv rxwfrph ri
d srolwlfdo surfhvv1 Wkh odwwhu/ udwkhu wkdq irfxvlqj rq h!flhqf| lvvxhv/
udwlrqdolvhv jryhuqphqw lqwhuyhqwlrq wkurxjk wkh lqwurgxfwlrq ri d yrwlqj
surfhgxuh1 Sxeolf surylvlrq rffxuv zkhqhyhu d pdmrulw| ri wkh srsxodwlrq
vxssruwv lw/ ehfdxvh wkh jdlq iurp uhglvwulexwlrq h{fhhgv wkh frvw lpsrvhg e|
wkh wd{ exughq dqg e| wkh glvwruwlrq lq frqvxpswlrq sdwwhuqv1 Prghov dovr
gl�hu zlwk uhvshfw wr wkh whfkqrorj| ri frqvxpswlrq +wrsslqj xs yv1 rswlqj
rxw, dqg dydlodeoh wd{ lqvwuxphqwv15

Lq d vhplqdo frqwulexwlrq wr wkh sxeolf fkrlfh dssurdfk/ Xvkhu +4<::,
lghqwl�hv wkh lqfhqwlyhv idyrxulqj dqg wkrvh rssrvlqj wkh froohfwlylvdwlrq ri
d vhuylfh zkhq wkh frh{lvwhqfh ri jryhuqphqw lqwhuyhqwlrq zlwk frpshwlqj
sulydwh surylghuv lv qrw doorzhg1 Wkh pruh khwhurjhqhrxv wdvwhv duh dfurvv
wkh srsxodwlrq/ wkh pruh frvwo| lv wkh glvwruwlrq gxh wr xqlyhuvdo surylvlrq

4Vhh Edohvwulqr +4<<<, rq wklv srlqw1
5Lq d wrsslqj xs vfkhph krxvhkrogv frqvxph wkh sxeolfo| surylghg vhuylfh dqg hyhq0

wxdoo| vxssohphqw lw lq wkh sulydwh vhfwru1 Rq wkh frqwudu|/ dq rswlqj rxw vfkhph lpsrvhv
wr frqvxph wkh vhuylfh hlwkhu lq wkh sxeolf ru lq wkh sulydwh vhfwru1 Wkh gl�huhqfh pd|
vwhp iurp whfkqrorjlfdo ru hyhq lqvwlwxwlrqdo uhdvrqv1 Wkh prvw frpprq uhihuhqfh iru wkh
wrsslqj xs fdvh lv khdowk fduh/ zkhuhdv rswlqj rxw dssolhv pruh gluhfwo| wr hgxfdwlrq1
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dqg wkh ohvv olnho| lv wkh frppxqlw| wr yrwh iru lw1 Dw wkh vdph wlph/ dq
dv|pphwulf glvwulexwlrq ri lqfrph pd| ghyhors d vx!flhqwo| zlgh frdolwlrq
ri djhqwv wkdw idyrxuv sxeolf surylvlrq ehfdxvh wkh jdlq iurp uhglvwulexwlrq
h{fhhgv wkh orvv jhqhudwhg e| wkh h{lvwhqfh ri d txdqwlwdwlyh frqvwudlqw lq
frqvxpswlrq16

Vwljolw} +4<:7, ruljlqdoo| xqghuolqhg wkdw/ lq dq rswlqj rxw vfkhph/ qrqvlqjoh0
shdnhgqhvv ri suhihuhqfhv pd| rffxu/ wkxv xqghuplqlqj wkh h{lvwhqfh ri d
Pdmrulw| Yrwlqj Htxloleulxp1 Hssoh dqg Urpdqr +4<<9d, dgguhvv wkh lvvxh
iru wkh wrsslqj xs fdvh dqg vkrz wkdw/ zlwk d olqhdu wd{ v|vwhp dqg shuihfw
sulydwh pdunhwv/ wkh srvvlelolw| ri vxssohphqwlqj lv d vx!flhqw frqglwlrq iru
vlqjoh0shdnhgqhvv wr krog17 Jrxyhld +4<<:, surylghv d pruh uhdolvwlf iudph0
zrun iru wkh khdowk vhfwru dqg jhqhudolvhv wkh uhvxow e| frqvlghulqj d wzr
glphqvlrqdo khwhurjhqhlw| ri krxvhkrogv zkr gl�hu qrw rqo| lq lqfrph exw
dovr lq loo ulvn1

Wkh suhvhqw sdshu irfxvhv rq sxeolf surylvlrq ri khdowk lqvxudqfh dqg lv
dlphg dw h{whqglqj wkh dqdo|vlv wr d frqwh{w zkhuh dgyhuvh vhohfwlrq lv lqwur0
gxfhg1 Wkh vwxg| ri pl{hg sxeolf2sulydwh lqvxudqfh v|vwhpv lv ri sduwlfxodu
uhohydqfh dw dq lqvwlwxwlrqdo ohyho/ vlqfh pdq| khdowk fduh v|vwhpv* uhirupv
lqwhqghg wr fuhdwh d pruh edodqfhg dqg h!flhqw lqwhudfwlrq ehwzhhq sulydwh
dqg sxeolf fryhudjh +Sdxo| 4<<5,1

Pruhryhu/ lw lv zhoo nqrzq wkdw lqirupdwlrqdo lpshuihfwlrqv zlgho| d�hfw
khdowk lqvxudqfh frqwudfwv dqg sod| dq lpsruwdqw uroh lq mxvwli|lqj sxeolf lq0
whuyhqwlrq18 Frqvhtxhqwo|/ wkh dvvxpswlrq ri shuihfw lqirupdwlrq pd| uhvxow
lqdghtxdwh wr ghvfuleh krz wklv vhfwru zrunv lq sudfwlfh dqg lwv uhod{dwlrq lv
rqh ri wkh sulrulwlhv lq wkh uhvhdufk djhqgd1 Pruh lq ghwdlo/ wkh lqirupdwlrq
dv|pphwu| frqvlghuhg khuh dulvhv iurp wkh lpsrvvlelolw| iru sulydwh lqvxuhuv
wr revhuyh wkh ulvn ri pruelglw| dw wkh lqglylgxdo ohyho dqg wr gl�huhqwldwh
suhpld dffruglqjo|1 Wkh prwlydwlrq ri wkh dvvxpswlrq lv wzr0irog1 Iluvw/ lw
doorzv wr whvw wkh urexvwqhvv ri h{lvwlqj wkhruhwlfdo uhvxowv lq d pruh jhqhudo
dqg uhdolvwlf iudphzrun19 Vhfrqg/ wkh prgho lv frqvlvwhqw zlwk d iudphzrun

6Dorqj wkh vdph olqh ri uhvhdufk/ Zlovrq dqg Ndw} +4<;6,/ Shwhuvhq +4<;9, dqg Sdxo|
+4<<5,/ ghyhors vwxglhv zkhuh sxeolf surylvlrq ehfrphv surjuhvvlyho| pruh  h{leoh dqg
dgplwv wkh mrlqw suhvhqfh ri sxeolf dqg sulydwh vxssolhuv1

7Frqglwlrqv iru wkh h{lvwhqfh ri d PYH lq wkh rswlqj rxw fdvh duh dqdo|vhg lq Hssoh
dqg Urpdqr +4<<9e, dqg Jorrp dqg Udylnxpdu +4<<;,1

8Vhh/ dprqj rwkhuv/ Fxwohu +4<<9,1
9Wkh fdvh frqvlghuhg khuh fdq eh vhhq dv dq lqwhuhvwlqj vwduwlqj srlqw iru wkh vwxg| ri

hqylurqphqwv zkhuh sulydwh lqvxuhuv idfh vhyhuh/ dowkrxjk sduwldo/ lqirupdwlrq frqvwudlqwv1
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zkhuh wkh devhqfh ri ulvn udwlqj lv qrw gxh wr d olplwhg lqvxuhuv* prqlwrulqj
delolw|/ exw wr h{solflw sxeolf uhjxodwlrq1:

D wklug ihdwxuh wkdw glvwlqjxlvkhv rxu frqwulexwlrq iurp vwdqgdug khdowk
lqvxudqfh prghov lv wkdw wkh prqhwdu| orvv gxh wr wkh loo vwdwh lv hqgrjhqlvhg/
dqg krxvhkrogv fkdudfwhulvhg e| wkh vdph khdowk vwdwxv exw gl�huhqw lqfrphv
fdq sxufkdvh gl�huhqw ohyhov ri fduh1;

Wr rxu nqrzohgjh/ rqo| wzr frqwulexwlrqv lqwurgxfh lqirupdwlrqdo lpshu0
ihfwlrqv lq d srvlwlyh prgho ri sxeolf surylvlrq ri sulydwh jrrgv1 Dqghuehuj
+4<<<, exlogv xs dq lqwhuhvwlqj prgho dssolhg wr wkh shqvlrq v|vwhp1 Wkh
pdlq gl�huhqfh zlwk rxu frqwulexwlrq lv wkdw wkh srsxodwlrq gl�huv rqo| lq loo
ulvn dqg qrw lq lqfrph/ zkloh zh frqvlghu d wzr glphqvlrqdo khwhurjhqhlw|1
Gholsdood dqg R*Grqqhoo +4<<<, frqvlghu d elqdu| lqvwhdg ri d frqwlqxrxv
glvwulexwlrq ri loo ulvn dqg dq lqvxudqfh pdunhw fkdudfwhulvhg e| h{foxvlyh
frqwudfwv1

Wkh pdlq lpsolfdwlrq ri dgyhuvh vhohfwlrq lv wkdw wkh pdunhw sulfh ri sul0
ydwh lqvxudqfh lv lq xhqfhg e| wkh ohyho ri sxeolf surylvlrq/ ehfdxvh ri wkh
vwudwhjlf ehkdylrxu dgrswhg e| frqvxphuv zkr ehqh�w ri dq lqirupdwlrqdo
dgydqwdjh1 Wklv ihhgedfn h�hfw lq xhqfhv wkh dwwlwxgh ri frqvxphuv2yrwhuv
wrzdugv sxeolf surylvlrq dqg uhvxowv lq srwhqwldo qrqvlqjoh0shdnhgqhvv ri
suhihuhqfhv1 Zh lghqwli| vx!flhqw frqglwlrqv iru d PYH wr h{lvw dqg fkdu0
dfwhulvh lw lq whupv ri wkh dyhudjh lqfrph ri wkh frdolwlrqv1 Zh dovr dujxh
wkdw/ xqohvv krxvhkrogv duh yhu| ulvn dyhuvh/ wkh suhvhqfh ri dgyhuvh vhohfwlrq
grhv qrw dowhu vxevwdqwldoo| wkh vl}h ri wkh sxeolf vhfwru/ ghvslwh lwv uhohydqw
uhglvwulexwlyh lpsdfw lq idyrxu ri edg ulvnv1

Wkh sdshu lv rujdqlvhg dv iroorzv1 Vhfwlrq 5 vhwv xs wkh prgho1 Vhf0
wlrq 6 lqyhvwljdwhv frqvxphu*v suhihuhqfhv ryhu yduldeohv dvvxphg dv jlyhq lq
wkh vhfrqg vwdjh1 Vhfwlrq 7 dqdo|vhv wkh yrwlqj htxloleulxp dqg vhfwlrq 8
frqfoxghv1

:Lq wkh dwwhpsw wr frqmxjdwh  h{lelolw| ri fryhudjh zlwk surwhfwlrq iru edg ulvnv/ Lwdo|
kdv uhfhqwo| lqwurgxfhg Sulydwh Khdowk Ixqgv wdujhwhg dw vxssohphqwlqj wkh xqlirup QKV
sxeolf lqvxudqfh dqg suhplxp udwlqj dffruglqj wr lqglylgxdo loo ulvn lv edqqhg e| odz1
Hyhq lq d pdunhw rulhqwhg v|vwhp vxfk dv wkh XVD/ wkhuh duh lqfuhdvlqj h{dpsohv ri
vwurqj uhjxodwru| frqvwudlqwv lq wkh xqghuzulwlqj srvvlelolwlhv iru sulydwh lqvxuhuv1 Vhh
Eurzqh dqg Iuhhv +4<<<, dqg Exfkpxhoohu dqg Gl Qdugr +4<<<, iru hpslulfdo hydoxdwlrqv
ri wkh lpsdfw ri vxfk phdvxuhv1

;Lq wklv zd| zh uhod{ wkh uhvwulfwlyh dvvxpswlrq wkdw khdowk wuhdwphqwv duh hqwluho|
ghohjdwhg wr dq h{whuqdo djhqw/ w|slfdoo| wkh sk|vlfldq1
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5 Vhw xs

Zh frqvlghu d srsxodwlrq ri ? djhqwv zkr gl�hu lq lqfrph dqg loo ulvn/ gh�qhg
e| wkh h{rjhqrxv sdudphwhuv + dqg R/ zkrvh vxssruw lv

�
+c �+

�
dqg

�
Rc �R

�
1 Wkh

mrlqw dqg pdujlqdo s1g1i1 duh �E+c R�/ s E+� dqg rER� uhvshfwlyho| dqg zh ghqrwh
zlwk 7+ dqg 7R wkh dyhudjh ydoxh ri wkh pdujlqdo glvwulexwlrqv1 Wzr vwdwhv ri
wkh zruog pd| rffxu= hdfk djhqw lv hlwkhu vlfn zlwk suredelolw| R/ ru khdowk|
zlwk suredelolw| E� � R�1< Wkh h{0dqwh suredelolw| ri idoolqj loo R lv sulydwh
lqirupdwlrq zkhuhdv wkh h{0srvw khdowk vwdwh lv revhuydeoh143

Wkhuh duh wzr sulydwh jrrgv lq wkh hfrqrp|= wkh qxphudluh frpprglw| S/
dqg khdowk fduh ^1 Lq dgglwlrq wr lw/ wkh jryhuqphqw surylghv khdowk lqvxudqfh
zkrvh dprxqw fdq eh wrsshg xs wkurxjk lqglylgxdo sxufkdvhv lq wkh sulydwh
vhfwru1 Whfkqrorj| glvsod|v frqvwdqw uhwxuqv wr vfdoh dqg � xqlwv ri wkh
qxphudluh frpprglw| duh uhtxluhg lq rughu wr surgxfh rqh xqlw ri khdowk
fduh1 Iru wkh frqvxphu*v xwlolw| ixqfwlrq/ zh dgrsw d vwdqgdug vhw xs zkhuh
xwlolw| ghshqgv h{foxvlyho| rq wkh jhqhudo frqvxpswlrq jrrg zkhq khdowk|
dqg erwk rq frqvxpswlrq dqg khdowk fduh zkhq vlfn144

Wkh lqvxudqfh pdunhw lv frpshwlwlyh dqg lqvxuhuv duh ulvn qhxwudo1 Zh
frqvlghu dq lqvxudqfh frqwudfw zkhuh uhlpexuvhphqw lv frqglwlrqdo rq wkh
+revhuydeoh, h{0srvw khdowk vwdwh145 Hdfk frqvxphu sd|v d suhplxp ri k-o

prqhwdu| xqlwv dqg rewdlqv dq lqghpqlw| ri -o lq fdvh ri looqhvv146

Zh ghyhors d wzr vwdjh sxeolf fkrlfh prgho zkhuh/ lq wkh �uvw vwdjh/
djhqwv yrwh rq wkh ohyho ri sxeolf khdowk lqvxudqfh xqlirupo| surylghg wr wkh
zkroh srsxodwlrq1 Lq wkh vhfrqg vwdjh/ hdfk frqvxphu fdq wrs xs sxeolf
surylvlrq zlwk sxufkdvhv lq wkh sulydwh pdunhw1

<Zh gh�qh vwdwh ri wkh zruog 3 wkh fdvh ri looqhvv dqg vwdwh ri wkh zruog 4 wkh fdvh ri
jrrg khdowk1

43Wkh dvvxpswlrq ri shuihfw revhuydelolw| ri khdowk vwdwhv lv frqvlvwhqw zlwk wkh ihdwxuh
wkdw rqo| wzr vwdwhv duh frqvlghuhg dqg khdowk h{shqglwxuhv duh srvlwlyh rqo| lq vwdwh 31

44Iru vdnh ri vlpsolflw| dq dgglwlyh uhodwlrq lv dvvxphg lq wkh odwwhu fdvh1 Vhh iru lqvwdqfh
Jrxyhld +4<<:, dqg Euh|hu dqg Kdx hu +5333,1

45D vlplodu zd| wr prgho uhlpexuvhphqw fdq eh irxqg lq Urfkhw +4<<4,1 Lq wklv zd|
zh devwudfw iurp wkh prudo kd}dug h�hfw wkdw dulvhv zkhq uhlpexuvhphqw ghshqgv rq wkh
dprxqw ri fduh uhfhlyhg1 Iru d frpsdulvrq dprqj gl�huhqw uhlpexuvhphqw phwkrgv vhh
Eduljr}}l +5333,1

46Vlqfh zh ghyhors d vlqjoh0shulrg dqdo|vlv/ zh dvvxph/ zlwkrxw orvv ri jhqhudolw|/ wkdw/
zkhuhdv frqwudfwv duh vxevfulehg h{0dqwh/ prqhwdu| wudqvdfwlrqv wdnh sodfh rqo| h{0srvw1
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514 Wkh frqvxphu*v rswlplvdwlrq surjudp

Lq wkh vhfrqg vwdjh/ hdfk frqvxphu dfwv dv d sulfh wdnhu dqg fkrrvhv ^ dqg
-o lq rughu wr pd{lplvh wkh iroorzlqj h{shfwhg xwlolw| ixqfwlrq=

LE^c-o( +c R� ' E� � R� d� ES��o n R d� ESf� n � E^�o c +4,

vxemhfw wr=

Sf ' +E�� |� n-� n E� � k�-o � �^c +5,

S� ' +E�� |�� k-oc +6,

|7+ ' 7R-�c +7,

-o � f� +8,

Jlyhq wkh ohyho ri sxeolfo| surylghg khdowk lqvxudqfh E-��/ hdfk djhqw
fkrrvhv wkh rswlpdo dprxqw ri khdowk fduh E^� dqg vxssohphqwdu| khdowk
lqvxudqfh E-o�1 Frqvxphu*v exgjhw frqvwudlqwv duh jlyhq e| +5, dqg +6,
iru vwdwh ri wkh zruog 3 dqg 4/ zkloh +7, hqvxuhv wkdw wkh sxeolf exgjhw lv
edodqfhg147 Wkh lqhtxdolw| frqvwudlqw +8, suhfoxghv wkh wudqvihu ri sxufkdvlqj
srzhu iurp wkh loo wr wkh khdowk| vwdwh1 Vxe0xwlolw| ixqfwlrqv � ES�� dqg � E^�
duh frqwlqxrxv/ lqfuhdvlqj/ wzlfh gl�huhqwldeoh dqg frqfdyh1

Iluvw rughu frqglwlrqv iru sureohp +408, duh=

�
�

f E�� '
�

�
�

�

^ E�� c +9,

�
�

f E�� R E�� k� � �
�

� E�� E�� R�kc +:,

-o E��
q
�

�

f E�� RE�� k�� �
�

� E�� E�� R�k
r
' f� +;,

zkhuh �
�

^ E�� dqg �
�

� E�� duh wkh pdujlqdo xwlolw| ri khdowk fduh dqg frqvxps0
wlrq lq vwdwh �1 Frqglwlrq +9, htxdolvhv wkh pdujlqdo udwh ri vxevwlwxwlrq

47Zh duh dvvxplqj wkdw wkh wd{ v|vwhp lv sursruwlrqdo dqg sxeolf lqwhuyhqwlrq lv olplwhg
wr wkh surylvlrq ri khdowk lqvxudqfh1

9



ehwzhhq frqvxpswlrq lq vwdwh 3 dqg khdowk fduh wr wkhlu uhodwlyh sulfh 48/
zkhuhdv frqglwlrq +:, ghvfulehv krz djhqwv glvwulexwh frqvxpswlrq ehwzhhq
vwdwhv ri wkh zruog wkurxjk wkh sxufkdvh ri khdowk lqvxudqfh1 Wkh rswlpdo
frqvxpswlrq vprrwklqj ghshqgv rq wkh gl�huhqfh ehwzhhq lqglylgxdo loo ulvn
R dqg wkh pdunhw sulfh ri lqvxudqfh k�

Frqglwlrqv +9,0+;, lpsolflwo| gh�qh wkh lqglylgxdo ghpdqg iru khdowk fduh
dqg vxssohphqwdu| lqvxudqfh iru dq| jlyhq ohyho ri sxeolf fryhudjh=

^W ' ^ E+c R(-�c kc �� c

-W
o ' -o E+c R(-�c kc �� �

Iru dq| lqwhuqdo vroxwlrq wr sureohp +408,/ shuihfw glvfulplqdwlrq ri khdowk
ulvnv zrxog lpso| idlu sulflqj ri lqvxudqfh ER ' k� iru hdfk krxvhkrog dqg/ e|
+:,/ wklv zrxog lqgxfh frpsohwh frqvxpswlrq vprrwklqj 491 Krzhyhu/ vlqfh
khuh wkh sulfh ri lqvxudqfh lv frppxqlw| udwhg/ wkhuh duh djhqwv zkr idfh
d idyrxudeoh suhplxp ER : k� dqg sxufkdvh d pruh jhqhurxv fryhu wkdq lq
wkh idlu fdvh/ zkhuhdv wkrvh idflqj dq xqidlu suhplxp ER 	 k� xqghulqvxuh
wkhpvhoyhv1 Vwulfw lqhtxdolw| lq +:, krogv zkhq lqglylgxdov/ w|slfdoo| fkdu0
dfwhulvhg e| orz ulvn/ zrxog olnh wr wudqvihu frqvxpswlrq iurp wkh loo wr wkh
khdowk| vwdwh exw frqvwudlqw +8, suhyhqwv wklv srvvlelolw|1

Frpsdudwlyh vwdwlf dqdo|vlv |lhogv wkh iroorzlqj ohppd=

Ohppd 4 _-o
_R

: f dqg _-o
_+

xqghwhuplqhg1

Surri= Vhh dsshqgl{1
Dffruglqj zlwk lqwxlwlrq/ dq| udlvh lq R kdv d srvlwlyh lpsdfw rq lqvxudqfh

ghpdqg vlqfh/ lq h{shfwhg whupv/ wkh pdujlqdo ehqh�w ri fryhudjh lqfuhdvhv
zlwk ulvn1 Rq wkh frqwudu|/ d yduldwlrq lq + surgxfhv dq dpeljxrxv h�hfw/ dv
wkh srvlwlyh lqfrph h�hfw pxvw eh zhljkhg djdlqvw wkh idfw wkdw lqfrph dqg
lqghpqlw| duh shuihfw vxevwlwxwh lq vwdwh ri wkh zruog 31

515 Wkh lqvxudqfh pdunhw

Dv looxvwudwhg lq wkh lqwurgxfwlrq/ sulydwh khdowk lqvxudqfh pdunhwv duh riwhq
kljko| uhjxodwhg/ doorzlqj rqo| iru d olplwhg ulvn vhjphqwdwlrq1 Wkh sxusrvh

48Lqglylgxdo loo ulvn grhv qrw hqwhu wkh h{suhvvlrq ehfdxvh erwk hyhqwv rffxu lq wkh vdph
vwdwh ri wkh zruog1

49Vlqfh frqvxpswlrq ri khdowk fduh lv hqgrjhqrxv/ frpsohwh vprrwklqj +f3 @ f4, lpsolhv
d uhlpexuvhphqw htxdo wr wkh frvw ri fduh sxufkdvhg lq htxloleulxp Ux .U�

u
@ �t�=
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ri rxu dqdo|vlv lv wr ghdo zlwk wkh fdvh zkhuh wkh lqvxudqfh suhplxp lv frp0
pxqlw| udwhg1 Wkhuhiruh zh h{foxgh wkh srvvlelolw| iru sulydwh lqvxuhuv wr
lpsrvh h{foxvlylw| fodxvhv rq vxevfulehuv/ zklfk zrxog doorz wkh iruphu wr
h{wudfw sduw ri wkh lqirupdwlrqdo uhqw iurp edg ulvnv wkurxjk wkh lpsohphq0
wdwlrq ri d vhoi0vhohfwlqj frqyh{ suhplxp vfkhgxoh rq sulydwh srolflhv14:

Wkh dqdo|vlv ri wkh lqvxudqfh pdunhw gudzv rq Dqghuehuj +4<<<, dqg lv
fkdudfwhulvhg e| wkh suhvhqfh ri � ulvn qhxwudo �upv frpshwlqj lq sulfhv14;

Hdfk �up & fkrrvhv k lq rughu wr pd{lplvh h{shfwhg sur�wv=

4@ 
k

Z& '

U
+

U
R
dk-W

o � R-W
o o�E+c R�_R_+

�
c +<,

v1w 1 Z& � f ;& ' ��������

Frpshwlwlrq hqvxuhv wkdw lq htxloleulxp k lv vxfk wkdw wkh h{shfwhg suri0
lwv iru wkh &0wk �up htxdo }hur1 Iurp +<, zh rewdlq=

kW '

U
+

U
R
R-W

o�E+c R�_R_+U
+

U
R
-W
o�E+c R�_R_+

� +43,

H{suhvvlrq +43, fdq eh lqwhusuhwhg dv d zhljkhg dyhudjh ri loo ulvnv/ zkhuh
zhljkwv duh uhsuhvhqwhg e| wkh dprxqw ri lqvxudqfh sxufkdvhg e| hdfk djhqw1
Vlqfh wkh lqglylgxdo ghpdqg iru sxeolf lqvxudqfh ghshqgv rq wkh dprxqw ri
sxeolf fryhudjh pdgh dydlodeoh dw wkh �uvw vwdjh/ dovr wkh htxloleulxp sulfh
kWghshqgv rq -� +l1h1 kW ' kE-��,14<

Dw wklv vwdjh lw lv xvhixo wr pdnh wkh iroorzlqj uhjxodulw| dvvxpswlrqv=

Dvvxpswlrq 4 =

.
k
R m -o E+c R(-�c kc �� ' e-l lv qrq ghfuhdvlqj lq e-�

4:Dowkrxjk wkh qrq0h{foxvlylw| dvvxpswlrq pd| uhvxow pruh dssursuldwh iru wkh dqqx0
lwlhv pdunhw/ lq wkh olwhudwxuh rq khdowk lqvxudqfh gl�huhqw ylhzv duh khog rq wklv srlqw1
Zrunv olnh Sdxo| +4<:7, dqg Ehvoh| +4<;<, iroorz wkh vdph dssurdfk dgrswhg khuh/ zkhuhdv
rwkhu sdshuv olnh Qhxghfn dqg Srg}hfn +4<<9, irfxv rq h{foxvlyh frqwudfwv1

4;Wkh rqo| uhtxluhphqw lq rughu qrw wr kdyh wulyldo vroxwlrqv lv Q A 4 dqg �qlwh1
4<Dw � @ �� hdfk �up dwwdlqv }hur sur�wv h{0dqwh exw qrw qhfhvvdulo| h{0srvw1 Vlqfh

lqvxuhuv duh ulvn qhxwudo/ wklv grhv qrw mhrsduglvh wkh vwdelolw| ri wkh htxloleulxp dqg/ li
wkh qxpehu ri frqvxphuv lv vx!flhqwo| odujh/ ghyldwlrqv iurp wkh euhdn hyhq frqglwlrq
whqg wr glvdsshdu dovr h{0srvw1 Rq wkh frqwudu|/ lq djjuhjdwh/ sur�wv duh }hur erwk h{0dqwh
dqg h{0srvw1

;



Dvvxpswlrq 5 =

_kW

_-�
� f�

Dvvxpswlrq 4 vwdwhv wkdw krxvhkrogv zlwk d odujhu ghpdqg iru sulydwh
lqvxudqfh duh rq dyhudjh fkdudfwhulvhg e| d kljkhu ulvn ri pruelglw|/ wkxv
lpso|lqj wkdw wkh srvlwlyh uhodwlrq ehwzhhq R dqg -o krogv dovr lq wkh el0
yduldwh glphqvlrq153 E| +43, dqg dvvxpswlrq 4/ lw iroorzv wkdw wkh sulfh
ri sulydwh srolflhv olhv dozd|v deryh wkh dyhudjh ulvn 7R/ ehfdxvh edg ulvnv
glvsursruwlrqdwho| lqvxuh wkhpvhoyhv zlwk uhvshfw wr jrrg ulvnv1

Dvvxpswlrq 5 lpsrvhv vrph vwuxfwxuh rq wkh lpsdfw ri pdujlqdo yduld0
wlrqv lq sxeolf fryhu rq wkh sulydwh pdunhw1 Wkh fkdqjh lq kW ghshqgv rq
wkh gl�huhqwldo furzglqj rxw udwh ehwzhhq gl�huhqw ulvn jurxsv1 Lq jhqhudo/
odujh dprxqwv ri sxeolf surylvlrq ghwhuplqh d kljk ohyho ri kW/ vlqfh rqo|
edg ulvnv whqg wr vwd| dfwlyh lq wkh sulydwh pdunhw/ jlyhq wkdw wkh| jhw odujhu
h{shfwhg ehqh�wv iurp lqvxudqfh1 Frqyhuvho|/ kW uhdfkhv lwv orzhu erxqg dw
-� ' fc zkhq d uhodwlyho| odujhu vkduh ri jrrg ulvnv fkrrvhv d srvlwlyh ohyho
ri vxssohphqwdwlrq1 Dvvxpswlrq 5 uhtxluhv k wr udlvh prqrwrqlfdoo|/ zklfk
lv dwwdlqhg li jrrg ulvnv duh furzghg rxw pruh lqwhqvlyho| dorqj wkh hqwluh
udqjh ri yduldwlrq ri -�1

54

Lq jhqhudo/ sureohp +<, pd| kdyh pruh wkdq rqh htxloleulxp1 Qrqhwkh0
ohvv/ lw lv srvvleoh wr hvwdeolvk wkh iroorzlqj ohppd1

Ohppd 5 Vx!flhqw frqglwlrq iru wkh htxloleulxp wr eh xqltxh lv wkdw wkh
zhljkwhg dyhudjh hodvwlflw| ri ghpdqg zlwk uhvshfw wr wkh ordglqj idfwru Ek�R�
lv orzhu wkdq rqh1

Surri= Rplwwhg +dydlodeoh rq uhtxhvw,1
Wkh lqwxlwlrq ehklqg Ohppd 5 lv vwudljkwiruzdug1 Dq lqfuhdvh lq wkh

ordglqj idfwru Ek � R� kdv wzr h�hfwv rq h{shfwhg sur�wv1 Rq wkh rqh vlgh/
wkh| lqfuhdvh ehfdxvh ri wkh sulfh h�hfw/ rq wkh rwkhu vlgh/ djhqwv uhgxfh
wkhlu ghpdqg iru lqvxudqfh/ zlwk d qhjdwlyh lpsdfw rq sur�wv1 Wkh vx!flhqw
frqglwlrq uhtxluhv wkdw rq dyhudjh wkh fkdqjh lq ghpdqg grhv qrw rxwzhljk
wkh sulfh h�hfw1

53Hpslulfdo hylghqfh vxjjhvwv wkdw lqfrph dqg khdowk ulvn duh xvxdoo| qhjdwlyho| fruuh0
odwhg1 Dvvxpswlrq 4 doorzv vxfk fruuhodwlrq exw lqwurgxfhv d orzhu erxqg wr lw1

54Dqghuehuj +4<<<, vkrzv wkdw krprwhwlf suhihuhqfhv zlwk uhvshfw wr frqvxpswlrq lq
wkh wzr vwdwhv ri wkh zruog lv d vx!flhqw frqglwlrq iru prqrwrqlflw| wr krog1

<



6 Wkh vwuxfwxuh ri lqglylgxdo suhihuhqfhv

Wkh sxusrvh ri wklv vhfwlrq lv wr vwxg| frqvxphu*v suhihuhqfhv ryhu k dqg
-�c wkh yduldeohv dvvxphg dv jlyhq lq wkh vhfrqg vwdjh1

Zh lqwurgxfh wzr gh�qlwlrqv=

Gh�qlwlrq 4 Jryhuqphqw Rqo| + C�, lv wkh uhjlph ri h{foxvlyh sxeolf sur0
ylvlrq/ Pdunhw Rqo| +��, wkh uhjlph zlwk d qxoo dprxqw ri sxeolf surylvlrq
dqg Jryhuqphqw Pdunhw +C�, wkh pl{hg uhjlph155

Gh�qlwlrq 5 Jurxs 4 +C�, lqfoxghv +orz lqfrph, djhqwv zkrvh wd{ sulfh ri
sxeolf lqvxudqfh R+

+
lv vpdoohu wkdq/ ru htxdo wr/ kW��/ zklfk uhsuhvhqwv wkh

htxloleulxp pdunhw sulfh ri lqvxudqfh lq uhjlph ��1 Jurxs 5 +C2, +kljk
lqfrph, froohfwv wkh uhpdlqlqj sduw ri wkh srsxodwlrq1

Wkh iroorz0xs ri wkh vhfwlrq vkrzv wkdw suhihuhqfhv zlwk uhvshfw wr sxeolf
fryhudjh gl�hu vxevwdqwldoo| ehwzhhq jurxsv dqg wkxv wkh wzr fdvhv qhhg wr
eh vhsdudwho| lqyhvwljdwhg1

Iru dq| jlyhq ohyho ri k dqg -�/ wkh lqgluhfw xwlolw| lv jlyhq e|=

T Ekc-�( Rc +� � 4@ 
^c-oDf

LE^c-o� ' E� � R� d� ESW��o n R d� ESWf� n � E^W�o � +44,

Zh frqvlghu wkh lqgl�huhqfh orfxv lq vsdfh Ekc-��1 E| vxevwlwxwlqj frq0
vwudlqwv +5,0+7, lqwr +44, dqg wdnlqj lqwr dffrxqw wkdw wkh fkrlfh yduldeohv duh
�{hg dw wkhlu rswlpxp ydoxhv/ wkh vorsh ri wkh frqvwdqw xwlolw| ohyho fxuyhv
lv=

� E-�c k( +c R� '
Yk

Y-�

mT Eu�'T' �
�

�

� E�� E� � R�
�
�R+

+

�
n �

�

f E�� R
�
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+

�
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�
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� E�� E�� R� n �
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f E�� R
� �

+45,
Wkh ghqrplqdwru lq +45, lv dozd|v qhjdwlyh dqg uhsuhvhqwv wkh uhgxfwlrq

lq xwlolw| ghulylqj iurp dq lqfuhdvh lq wkh sulfh ri sulydwh lqvxudqfh1 Rq wkh
frqwudu|/ wkh vljq ri wkh qxphudwru lv dpeljxrxv1 Wkh �uvw whup lv qhjdwlyh
ehlqj wkh uhgxfwlrq lq xwlolw| ri d udlvh lq wkh wd{ ohy| lq vwdwh 4 wkdw iroorzv
d pdujlqdo lqfuhdvh lq -�1 Wkh vhfrqg whup lv srvlwlyh dqg uhsuhvhqwv wkh

55Wklv whuplqrorj| zdv ruljlqdoo| lqwurgxfhg e| Hssoh dqg Urpdqr +4<<9d,1
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pdujlqdo ehqh�w ri dq lqfuhdvh lq -� lq fdvh ri looqhvv1 Lw ruljlqdwhv iurp
wkh wudqvihu ri sxufkdvlqj srzhu lq idyrxu ri wkh loo vwdwh surgxfhg e| sxeolf
lqwhuyhqwlrq1 Erwk h�hfwv duh zhljkhg e| wkh uhvshfwlyh suredelolwlhv1

E| +45, dqg pdnlqj xvh ri +:,/ zh jhw wkh iroorzlqj frqglwlrq iru -o

vwulfwo| srvlwlyh=

�E-�c k( +c R�
:

	
f+,

R+

+

	

:
k� +46,

Wkh lvrxwlolw| orfxv lq vsdfh Ekc-�� iru C� dqg C2 duh ghslfwhg lq �jxuh
4 dqg 5 uhvshfwlyho|1

α

~( ; , )α R y pu

α MO
*

yp y/

Ru

Iljxuh 4 +Jurxs 4,

             α

  ~( ; , )a R y pu

yp y/

α MO
*

Ru

Iljxuh 5 +Jurxs 5,
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Lq erwk jurxsv/ zkhq k � �kE-�( +c R�/ wkh frqvxphu lv lq fruqhu vroxwlrq
El1h1 -W

o ' f� dqg wkh ohyho fxuyhv duh yhuwlfdo1 Lq wklv fdvh/ wkh frqvxphu grhv
qrw sxufkdvh vxssohphqwdu| fryhudjh dqg/ frqvhtxhqwo|/ pdujlqdo yduldwlrqv
lq k gr qrw d�hfw xwlolw|156 Wkh orzhu erxqg iru wkh pdunhw sulfh lv vhw dw
kW��1 Dq| orzhu ohyho fdqqrw eh vxvwdlqhg dv dq htxloleulxp vlqfh lw |lhogv
qhjdwlyh sur�wv lq h{shfwhg whupv1

Lq �jxuh 4/ wkh pdunhw sulfh dozd|v h{fhhgv wkh wd{ sulfh1 Khqfh/ iru
dq| srvlwlyh vxssohphqwdwlrq dprxqw/ fxuyhv duh xszdug vorslqj1 Wd{sd|huv
suhihu wr uhfhlyh fryhudjh iurp wkh jryhuqphqw dqg sxeolf surylvlrq dfwv dv
d vxevlg| ehfdxvh ri wkh orz wd{ sulfh1 Frqvhtxhqwo|/ -� pxvw lqfuhdvh wr
frpshqvdwh wkh ghfuhdvh lq xwlolw| zklfk iroorzv dq| udlvh lq k�

Lq �jxuh 5/ wkh lqglylgxdo wd{ sulfh orfxv k ' +R

+
lghqwl�hv wzr vhsdudwh

duhdv1 Lq wkh xsshu sruwlrq ri wkh �jxuh/ wkh ohyho fxuyhv glvsod| d vlplodu
ehkdylrxu wr �j1 4 dqg dv|pswrwlfdoo| frqyhujh iurp deryh wr wkh wkuhvkrog
k ' +R

+
�57

Lq wkh orzhu sruwlrq ri �j1 5/ wkh djhqw idfhv d wd{ sulfh deryh wkh
pdunhw sulfh dqg lvrxwlolw| fxuyhv duh grzqzdug vorslqj1 Lq idfw/ d udlvh lq
-� qhjdwlyho| d�hfwv xwlolw| dqg wkh kljkhu frvw ri sulydwh lqvxudqfh pxvw
eh frpshqvdwhg e| d uhgxfwlrq lq -�/ zklfk doorzv wr uhedodqfh fryhudjh
frpsrvlwlrq wkurxjk dq h{whqvlrq ri wkh fkhdshu sulydwh vkduh 158

Sursrvlwlrq 4 vxppdulvhv wkh glvfxvvlrq1

Sursrvlwlrq 4 Dw dq| k vxfk wkdw kW�� 	 k 	 hkE-�c k( +c R�/ lw krogv wkdw
+R

+
T k+, YT E��

Y-�
mk'kU f1

Sursrvlwlrq 4 lpsolhv wkdw/ zkhq wkh lqglylgxdo wd{ sulfh lv orzhu +kljkhu,
wkdq wkh pdunhw sulfh ri lqvxudqfh/ lqgluhfw xwlolw| lqfuhdvhv +ghfuhdvhv, zlwk
sxeolf surylvlrq1

56Wkh wkuhvkrog ��+Ux> |> s, lv wkh plqlpxq sulfh ohyho ri sulydwh lqvxudqfh wkdw h{foxghv
w|sh +|> s, iurp wkh sulydwh pdunhw zkhq sxeolf surylvlrq lv vhw dw Ux1

57Lq wklv fdvh/ dv lq �j14/ lqgluhfw xwlolw| udlvhv prylqj wr wkh uljkw1
58Khuh lqgluhfw xwlolw| lqfuhdvhv zkloh prylqj wr wkh ohiw1 Frqyh{lw| lq wkh lqfuhdvlqj

sduw ri wkh lvrxwlolw| fxuyhv lv d frqvhtxhqfh ri wkh idfw wkdw wkh xqlw vxevlg| rewdlqhg
wkurxjk sxeolf surylvlrq lqfuhdvhv zlwk wkh gl�huhqfh ehwzhhq wd{ dqg pdunhw sulfh1 D
vlplodu dujxphqw mxvwl�hv frqfdylw| lq wkh ghfuhdvlqj sruwlrq ri wkh fxuyh1
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7 Yrwlqj rq sxeolf khdowk lqvxudqfh

Zh vwxg| khuh wkh �uvw vwdjh sureohp/ zkhuh frqvxphuv yrwh rq wkh ohyho ri
sxeolf lqvxudqfh1 Zh gh�qhPdmrulw| Yrwlqj Htxloleulxp +PYH/ khqfhiruwk,
d ohyho ri sxeolfo| surylghg khdowk lqvxudqfh -WW

� zklfk lv pdmrulw| suhihuuhg
wr dq| ihdvleoh dowhuqdwlyh -�1 Wkh phgldq yrwhu wkhruhp hvwdeolvkhv wkdw
xqlprgdolw| ri suhihuhqfhv dqg xqlglphqvlrqdolw| ri wkh srolwlfdo lvvxh duh
vx!flhqw frqglwlrqv iru d PYH wr h{lvw1 Lq rxu prgho/ wkh rqh0wr0rqh pds0
slqj ehwzhhq wd{ udwh dqg sxeolf lqvxudqfh hqvxuhv wkdw xqlglphqvlrqdolw|
lv vdwlv�hg1 Khqfh/ lq rughu wr suryh wkh h{lvwhqfh ri d PYH/ zh rqo| qhhg
wr fkhfn xqlprgdolw|1

Zkhq pdunhwv duh shuihfw dqg wkh wd{ v|vwhp lv olqhdu/ d wrsslqj xs
vfkhph ghwhuplqhv vlqjoh0shdnhg suhihuhqfhv iru hdfk krxvhkrog159 Krzhyhu/
wkh lqwurgxfwlrq ri dgyhuvh vhohfwlrq/ pd| surgxfh qrqvlqjoh0shdnhgqhvv lq
erwk jurxsv dv orqj dv wkh sulfh ri sulydwh lqvxudqfh lv d�hfwhg e| yduldwlrqv
lq wkh ohyho ri sxeolf lqvxudqfh1

714 Wkh h{lvwhqfh ri d PYH

Wkh rswlpdo dprxqw ri sxeolf lqvxudqfh lv jlyhq e| wkh vroxwlrq wr wkh iro0
orzlqj sureohp=

4@ 
-�Df

` E-�( +c R� ' T E-�c kE-��(+c R�� +47,

Sursrvlwlrq 4 srlqwv rxw wkdw wkh lpsdfw ri d fkdqjh lq -� rq wkh lqgluhfw
xwlolw| ixqfwlrq T E�� ghshqgv rq wkh uhodwlrq ehwzhhq wkh lqglylgxdo wd{ sulfh
dqg wkh pdunhw sulfh ri lqvxudqfh1 Wkhuhiruh lw lv qhfhvvdu| wr fduu| rq wzr
vhsdudwh dqdo|vlv iru C� dqg C21

Jurxs 4
+R

+
� kW��� +48,

Wkh rswlpdo -� iru C
� djhqwv lv hlwkhu qxoo ru srvlwlyh1 Lq wkh �uvw fdvh/

suhihuhqfhv duh dozd|v vlqjoh0shdnhg/ vlqfh xwlolw| ghfuhdvhv prqrwrqlfdoo|
zlwk -�1 Lq wkh vhfrqg fdvh qrqvlqjoh0shdnhgqhvv pd| dulvh1 Xwlolw| gh0
fuhdvhv prqrwrqlfdoo| zkhq -� lv udlvhg deryh -W

�/ dv erwk ryhufrqvxpswlrq
ri sxeolf lqvxudqfh dqg wkh sulfh ri sulydwh fryhudjh lqfuhdvh1 Krzhyhu/ iru

59Vhh Hssoh dqg Urpdqr +4<<9d, dqg Jrxyhld +4<<:,1
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dq| -� ehorz wkh lqglylgxdo prvw suhihuuhg ydoxh/ dq lqfuhdvh lq sxeolf suryl0
vlrq surgxfhv wzr frq lfwlqj h�hfwv1 Rq wkh rqh kdqg/ lqgluhfw xwlolw| udlvhv
ehfdxvh wkh ohyho ri sxeolf lqvxudqfh lv vhw forvhu wr lwv rswlpdo ydoxh/ rq wkh
rwkhu kdqg xwlolw| lv qhjdwlyho| d�hfwhg ehfdxvh wkh pdunhw sulfh lqfuhdvhv/
lpso|lqj d kljkhu h{shqglwxuh iru dq| xqlw ri vxssohphqwdu| lqvxudqfh sxu0
fkdvhg1 Lq rughu wr kdyh vlqjoh0shdnhg suhihuhqfhv zlwklq wkh C� jurxs/ lw
lv qhfhvvdu| dqg vx!flhqw wkdw wkh �uvw h�hfw h{fhhgv wkh vhfrqg1 Iroorzlqj
Dqghuehuj +4<<<,/ zh jhw=

` E-�( +c R� m-�	-W

�
' T-� n Tk

YkW

Y-�

: f,
YkW

Y-�

	 � E-�c k(+c R�� +49,

Zh qrz frqvlghu jurxs C21
Jurxs 5

+R

+
: kW��� +4:,

Frqglwlrq +4:, hvwdeolvkhv wkdw zkhq wkh sxeolf vhfwru lv edqqhg/ wkh
pdunhw sulfh ri lqvxudqfh lv orzhu wkdq wkh lqglylgxdo wd{ sulfh1 Wkhuhiruh/
iru dq| jurxs phpehu/ wkh prvw suhihuuhg ohyho ri sxeolf lqvxudqfh lv }hur1
Dv orqj dv wkh lqglylgxdo wd{ sulfh h{fhhgv wkh pdunhw sulfh/ dq| udlvh lq
sxeolf surylvlrq uhgxfhv xwlolw|/ ehfdxvh ri wkh lqfuhdvlqj xqlw frvw ri vxssoh0
phqwdu| lqvxudqfh dqg ryhusurylvlrq ri sxeolf fryhudjh1 Lq rughu wr fkhfn
joredo qrqvlqjoh0shdnhgqhvv/ lw lv wkhq vx!flhqw wr yhuli| zkhwkhu xwlolw| lv
ghfuhdvlqj zkhq djhqwv vwrs vxssohphqwlqj1 Wzr frqglwlrqv pd| rffxu=

+R

+
� k

� h-�E+c R�
�

+4;,

ru

+R

+
	 k

�h-�E+c R�
�
c +4<,

zkhuh h-�E+c R� uhsuhvhqwv wkh +plqlpxp, ohyho ri sxeolf lqvxudqfh wkdw frp0
sohwho| furzgv rxw sulydwh sxufkdvhv1

Frqglwlrq +4;, hqvxuhv wkdw/ suhihuhqfhv duh ryhudoo vlqjoh0shdnhg dqg

prqrwrqlfdoo| ghfuhdvlqj zlwk -�1 Lq idfw/ dw wkh wkuhvkrog ohyho h-�/ wkh
pdunhw sulfh ri lqvxudqfh lv orzhu wkdq wkh wd{ sulfh dqg dq lqfuhdvh lq
sxeolf lqvxudqfh surjuhvvlyho| uhgxfh lqgluhfw xwlolw| +ryhusurylvlrq h�hfw,1

47



Rq wkh frqwudu|/ li +4<, krogv/ d vwdqgdug uhyhdohg suhihuhqfhv dujxphqw

hvwdeolvkhv wkdw d pdujlqdo lqfuhdvh lq sxeolf lqvxudqfh dw h-� orfdoo| ulvhv
lqgluhfw xwlolw|15: Wklv surgxfhv d orfdo lqyhuvlrq ri suhihuhqfhv zklfk pd|
mhrsduglvh wkh h{lvwhqfh ri d PYH1 Wkh uhvxow iroorzv iurp wkh orz frvw ri
jhwwlqj dgglwlrqdo xqlwv ri lqvxudqfh wkurxjk wkh sxeolf vhfwru zklfk pdnhv
lqfuhdvhv lq -� +orfdoo|, ghvludeoh wr frqvxphuv1 5;

Sursrvlwlrq 5 vxppdulvhv wkh glvfxvvlrq1

Sursrvlwlrq 5 Qhfhvvdu| dqg vx!flhqw frqglwlrqv iru hdfk djhqw wr h{klelw
vlqjoh0shdnhg suhihuhqfhv duh=

YkW

Y-�

	 � E-�c k(+c R� iru dq| djhqw 5 C�c +53,

+R

+
� k

� h-�E+c R�
�

iru dq| djhqw 5 C2� +54,

Sursrvlwlrq 5 vwdwhv vx!flhqw frqglwlrqv iru d PYH dqg dgglwlrqdo lq0
wxlwlrq iru wkh uhvxow fdq eh surylghg1 Dgyhuvh vhohfwlrq lqgxfhv d ihhgedfn
ehwzhhq sxeolf surylvlrq dqg wkh pdunhw sulfh ri lqvxudqfh1 Hyhq zkhq wkh
rswlpdo ohyho ri sxeolf fryhu iru C� djhqwv lv srvlwlyh/ dq lqfuhdvh lq -� pd|
uhvxow lq d uhgxfwlrq lq xwlolw| ehfdxvh ri wkh udlvh lq wkh frvw ri uhvlgxdo
sulydwh fryhudjh15< Frqglwlrq +53, hqvxuhv wkdw wkh qhjdwlyh sulfh h�hfw grhv
qrw suhydlo rq wkh srvlwlyh h�hfw ghulyhg iurp d ohyho ri sxeolf surylvlrq forvhu
wr wkh prvw suhihuuhg rqh1

Dv C2 djhqwv duh kduphg e| wkh uhglvwulexwlyh h�hfwv ri sxeolf surylvlrq/
wkh| suhihu wr sxufkdvh lqvxudqfh wkurxjk wkh sulydwh vhfwru1 Qrqhwkhohvv/
li wkh pdunhw sulfh lv deryh wkh lqglylgxdo wd{ sulfh dqg wkh ghpdqg iru
vxssohphqwdu| lqvxudqfh lv vwulfwo| srvlwlyh/ wkh| pd| kdyh wkhlu xwlolw| or0
fdoo| lqfuhdvhg e| d udlvh lq -�1 Frqglwlrq +54, hqvxuhv wkdw zkhq djhqwv

5:Lw lv lpsruwdqw wr qrwlfh wkdw xqghu +4<, frqvxphuv kdyh d srvlwlyh vxssohphqwdwlrq
dw �Ux�%/ hyhq li wkh sulfh ri sulydwh lqvxudqfh lv douhdg| deryh wkh wd{ sulfh1 Wklv lpsolhv
wkdw wkh dprxqw ri lqvxudqfh dw �Ux lv vxfk wkdw lwv lqfuhdvh lv ehqh�fldo wr wkh frqvxphu/
li rewdlqhg dw wkh wd{ sulfh |s@| ? �+ �Ux,1

5;Zkhq Ux lv odujho| deryh wkh wkuhvkrog hUx> dq ryhufrqvxpswlrq h�hfw vhwv lq dqg
xwlolw| ghfuhdvhv djdlq1

5<Iru dq| J4 djhqw/ dq| lqfuhdvh ri Ux deryh U�
x
uhgxfhv lqgluhfw xwlolw| ehfdxvh ri

ryhufrqvxpswlrq1 Wkhuhiruh zh irfxv wkh glvfxvvlrq rq Ux ydu|lqj ehwzhhq }hur dqg wkh
lqglylgxdo prvw suhihuuhg ohyho U�

x
1
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vwrs vxssohphqwlqj/ wkh sulydwh vhfwru lv vwloo wkh suhihuuhg zd| ri uhfhlylqj
dgglwlrqdo xqlwv ri lqvxudqfh1

Lqwxlwlyho|/ frqglwlrqv +53, dqg +54, lpsrvh dq xsshu erxqg rq wkh udwh
ri jurzwk ri wkh sulfh ri sulydwh lqvxudqfh lq uhvsrqvh wr d ulvh lq sxeolf
surylvlrq1

715 Fkdudfwhulvdwlrq ri wkh srolwlfdo htxloleulxp

Wkh iroorzlqj dgglwlrqdo dvvxpswlrq lv xvhixo lq rughu wr fkdudfwhulvh wkh
srolwlfdo htxloleulxp1

Dvvxpswlrq 6

Wkh s1g1i1 ri lqfrph u E)� lv vxfk wkdw phgldq lqfrph lv qrw deryh phdq
lqfrph1

Dvvxpswlrq 6 lv zlgho| vxssruwhg e| hpslulfdo hylghqfh dqg lw lv d zhdnhu
yhuvlrq ri wkh rqh wudglwlrqdoo| dgrswhg lq wkh olwhudwxuh163

Lq wkh iroorzlqj ri wkh sdshu/ zh dvvxph wkdw frqglwlrqv +53, dqg +54, dv
zhoo dv dvvxpswlrqv 4 0 6 duh vdwlv�hg1

Ohppd 6 Wkh vkduh ri wkh srsxodwlrq vxssruwlqj d edq ri wkh sxeolf vhfwru
rq uhglvwulexwlyh jurxqgv El1h1 wkh C2 jurxs� lv dozd|v d plqrulw|1

Surri1 E| sursrvlwlrq 5 d PYH dozd|v h{lvwv1 Dvvxpswlrq 6 hqvxuhv
wkdw phgldq lqfrph grhv qrw h{fhhg dyhudjh lqfrph/ zkloh dvvxpswlrq 4
jxdudqwhhv wkdw kW�� : R1 Vlqfh wkh sduwlwlrq ehwzhhq C� dqg C2 ghshqgv
h{foxvlyho| rq lqfrph/ wkh wzr uhvxowv wrjhwkhu duh vx!flhqw iru C� wr froohfw
pruh wkdq kdoi ri wkh srsxodwlrq1 �

Zh fdq qrz vwdwh wkh iroorzlqj sursrvlwlrq=

Sursrvlwlrq 6 Lq htxloleulxp/ wkh sxeolf surylvlrq ri lqvxudqfh fruuhvsrqgv
wr wkh prvw suhihuuhg ohyho iru wkh m0wk frqvxphu vxfk wkdw � 5 C�dqg wkh
xqlrq ehwzhhq doo C2 phpehuv dqg wkrvh phpehuv ri C� zkrvh -W

� : -W
�E+� c R��

froohfwv kdoi ri wkh srsxodwlrq1

63Lw lv xvxdoo| uhtxluhg wkdw wkh pdujlqdo glvwulexwlrq ri lqfrph lv uljkw vnhzhg1 Rxu
uhvxowv krog dovr iru v|pphwulf glvwulexwlrqv ri lqfrph dqg duh pruh jhqhudo wkdq zkdw
frxog kdyh ehhq rewdlqhg xqghu wkh vwdqgdug dvvxpswlrq1
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Surri1 E| sursrvlwlrq 5 d PYH h{lvwv dqg wkh slyrwdo yrwhu lv fkdudf0
whulvhg e| wkh phgldq suhihuuhg ohyho ri -�1 E| Ohppd 6/ zh nqrz wkdw
wkh slyrwdo yrwhu ehorqjv wr C�1 Wkh yrwlqj htxloleulxp -WW

� lghqwl�hv wkuhh
frdolwlrqv ri krxvhkrogv1 Rqh rssrvhv dq| lqfuhdvh lq sxeolf lqvxudqfh dqg
froohfwv doo C2 phpehuv> d vhfrqg rqh lqfoxghv jurxs 4 krxvhkrogv zkr vxs0
sruw dq lqfuhdvh lq -�/ EC���/ dqg d wklug rqh wkh phpehuv ri wkh vdph
jurxs zkr rssrvh lw EC���1

Lq htxloleulxp lw pxvw krog wkdw=

]]
E+cR�MC2

� E+c R� _+_Rn

]]
E+cR�MC��

� E+c R� _+_R '

]]
E+cR�MC��

� E+c R� _+_R ' f�D

+55,
E| +55, lw iroorzv wkdw-WW

� fruuhvsrqgv wr wkh prvw suhihuuhg ohyho ri sxeolf
lqvxudqfh iru wkh djhqw zkr kdv wkh orzhvw ghpdqg iru -� zlwklq frdolwlrq
C��1 E| frqvwuxfwlrq/ vxfk djhqw lv wkh m0wk frqvxphu dv gh�qhg lq wkh
sursrvlwlrq164 �

Uhpdun 4 Lq sulqflsoh zh fdqqrw h{foxgh wkdw sxeolf surylvlrq lv }hur lq
htxloleulxp1 Krzhyhu wklv rffxuv rqo| li hdfk krxvhkrog lq C��/ ghvslwh suh0
ihuulqj d C� wr d �� uhjlph/ ghpdqgv }hur sxeolf fryhudjh1 Hpslulfdo
hylghqfh vxjjhvwv wkdw wkh iudfwlrq ri shrsoh zkr zdqw qhlwkhu sxeolf qru sul0
ydwh khdowk lqvxudqfh lv vr vpdoo/ wkdw zh fdq uhvwulfw wr wkh fdvh ri vwulfwo|
srvlwlyh sxeolf surylvlrq165

Sursrvlwlrq 6 lghqwl�hv wkh slyrwdo yrwhu/ exw grhv qrw fkdudfwhulvh wkh
frdolwlrqv lq whupv ri lqfrph +ru loo ulvn,1 Zlwklq C�c wkh ghpdqg iru sxeolf
lqvxudqfh ghshqgv erwk rq lqfrph dqg ulvn/ wkhuhiruh/ wr jhw ixuwkhu lqvljkwv/
zh uhvwulfw wkh dwwhqwlrq wr wkh dyhudjh lqfrph ri frdolwlrqv1 Vrph suholpl0
qdu| uhvxowv duh qhhghg1 Ohw --� eh wkh Duurz0Sudww lqgh{ ri uhodwlyh ulvn
dyhuvlrq ���ES�S

��ES�
1

Ohppd 7 Iru dq| C� krxvhkrog=

64Lw lv lpsruwdqw wr qrwlfh wkdw djhqwv m fdq eh fkdudfwhulvhg e| gl�huhqw yhfwruv +|> s,1
Wkh frpprq ihdwxuh ri wkhvh gl�huhqw w|shv lv wkdw wkh| doo glvsod| wkh vdph +phgldq,
ghpdqg iru sxeolf lqvxudqfh1

65Li s
�
lv vx!flhqwo| kljk/ wkh iudfwlrq ri frqvxphuv zkr ehorqj J4E dqg zkrvh U�

x
@ 3

lv qxoo1
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_R

: f(

51 --� � � ', _-�
_+

	 f(

61 --� : � lv d qhfhvvdu| frqglwlrq iru _-�
_+

: f�

Surri= vhh dsshqgl{1
Wkh lqwxlwlrq iru ohppd 714 lv vwudljkwiruzdug/ zkloh iru 715 dqg 716/ zh

pxvw uhfdoo wkdw d udlvh lq + lqgxfhv d qhjdwlyh vxevwlwxwlrq dqg d srvlwlyh
lqfrph h�hfw rq wkh ghpdqg iru sxeolf lqvxudqfh1 Wkh iruphu vwhpv erwk
iurp wkh udlvh lq wkh wd{ udwh dqg wkh vxevwlwxwdelolw| ehwzhhq lqfrph dqg
lqghpqlw| lq vwdwh 31 Zkhq wkh ghjuhh ri ulvn dyhuvlrq lv orz/ ehqh�wv iurp
ulvn vsuhdglqj duh orz dv zhoo/ dqg krxvhkrogv whqg wr doorfdwh dgglwlrqdo
uhvrxufhv wr frqvxpswlrq udwkhu wkdq wr wkh lqfuhdvlqjo| h{shqvlyh sxeolf
lqvxudqfh1 Rq wkh frqwudu| d kljk ghjuhh ri ulvn dyhuvlrq lv qhfhvvdu| iru
wkh lqfrph h�hfw wr suhydlo dqg udlvh wkh ghpdqg iru sxeolf lqvxudqfh zlwk
lqfuhdvlqj ohyhov ri +�

Zh fdq qrz vwdwh wkh iroorzlqj sursrvlwlrq=

Sursrvlwlrq 7 41 Li --� � �/ wkh rughulqj ri frdolwlrqv dffruglqj wr
wkh ghpdqg iru sxeolf lqvxudqfh lq htxloleulxp uh hfwv wkhlu dyhudjh
lqfrph1

51 --� � � lv d qhfhvvdu| frqglwlrq iru wkh srolwlfdo htxloleulxp wr dvvxph
dq �hqgv0djdlqvw0wkh0plggoh� frq�jxudwlrq1

Surri= Vhh dsshqgl{

716 Glvfxvvlrq

Sursrvlwlrq 7 vkrzv wkdw lqglylgxdo ulvn dyhuvlrq lv fuxfldo iru wkh vwuxfwxuh
ri wkh srolwlfdo htxloleulxp166

Dffruglqj wr sursrvlwlrq 714 d orz ghjuhh ri ulvn dyhuvlrq surgxfhv d
vwdqgdug PYH/ hyhq li h{suhvvhg lq whupv ri dyhudjh udwkhu wkdq lqglylgxdo
lqfrphv1 Wkh srruhvw kdoi ri wkh srsxodwlrq EC��� idyrxuv dq lqfuhdvh lq
sxeolf surylvlrq/ zkloh wkh ulfkhvw kdoi EC�� ^C2� rssrvhv lw1 Wkh frdolwlrq

66Zh zloo vkrz odwhu rq wkdw wklv ihdwxuh sod|v d vljql�fdqw uroh dovr lq hydoxdwlqj wkh
lpsdfw ri dgyhuvh vhohfwlrq rq wkh htxloleulxp dprxqw ri sxeolf surylvlrq1
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vxssruwlqj d uhgxfwlrq lq wkh vl}h ri wkh sxeolf vhfwru lv iruphg e| wzr
vhsdudwh vxevhwv ri djhqwv1 Flwl}hqv lq wkh kljk lqfrph vxevhw EC2� yrwh iru
d frpsohwh edq ri sxeolf surylvlrq iru uhglvwulexwlyh uhdvrqv1 Rq wkh frqwudu|/
lq wkh rwkhu jurxs EC��� wkh ghpdqg lv lq jhqhudo srvlwlyh/ dowkrxjk ehorz
-WW
� / dqg zhljkv wkh exughq ri uhglvwulexwlrq E

+

+
� djdlqvw wkh uhodwlyh h!flhqf|

ri wkh sxeolf dqg sulydwh vhfwru E R

kW

��

�1

Sursrvlwlrq 715 rxwolqhv wkdw/ li krxvhkrogv kdyh d kljk ghjuhh ri ulvn
dyhuvlrq/ d gl�huhqw htxloleulxp frq�jxudwlrq lv dovr srvvleoh/ zkhuh frdol0
wlrqv rssrvlqj dq lqfuhdvh lq sxeolf surylvlrq +C�� dqg C2, duh orfdwhg dw
wkh h{wuhphv ri wkh lqfrph glvwulexwlrq1 Wkdw lv/ erwk wkh srruhvw dqg wkh
ulfkhvw fodvv yrwh iru d uhgxfwlrq lq sxeolf surylvlrq167 Rq wkh frqwudu|/ wkh
plggoh lqfrph jurxs +C��, vxssruwv dq lqfuhdvhg ohyho ri sxeolf lqvxudqfh1

Ilqdo frqvlghudwlrqv frqfhuq wkh lpsdfw ri dgyhuvh vhohfwlrq rq wkh vl}h ri
wkh sxeolf vhfwru1 Zh kdyh vhhq wkdw wkh lpsrvvlelolw| ri suhplxp vhjphqwd0
wlrq udlvhv wkh dyhudjh frvw ri sulydwh lqvxudqfh1 Rq dyhudjh/ wklv pljkw vxj0
jhvw d kljkhu surshqvlw| iru wkh sxeolf vhfwru zklfk lqgxfhv d odujhu dprxqw
ri sxeolf surylvlrq lq htxloleulxp1 Zh dujxh wkdw/ frqwudu| wr h{shfwdwlrqv/
wklv lv qrw olnho| wr rffxu1

Lq sduwlfxodu/ wkh vl}h ri wkh sxeolf vhfwru whqgv wr eh xqd�hfwhg/ ru dw
prvw wr ghfuhdvh/ li wkh htxloleulxp lv ri wkh nlqg looxvwudwhg e| sursrvlwlrq
7141 Wkh dvvxpswlrq wkdw sulydwh lqvxuhuv duh deoh +ru doorzhg, wr idluo| sulfh
ulvn lpsolhv wkdw wkh fkrlfh ehwzhhq wkh sxeolf dqg wkh sulydwh vhfwru ghshqgv
dovr rq lqglylgxdo vlfnqhvv suredelolw|1 Djhqwv zkr gr qrw fkdqjh wkhlu prvw
suhihuuhg uhjlph/ gr qrw prgli| wkhlu ghpdqg iru sxeolf lqvxudqfh lq wkh qhz
hqylurqphqw/ vlqfh wkh sulydwh frvw ri sxeolf surylvlrq lv nhsw frqvwdqw dw +R

+
1

Khqfh wkh srolwlfdo htxloleulxp fkdqjhv rqo| li wkh lghqwlw| ri wkh phgldq
yrwhu fkdqjhv1 Zkhq suhpld duh ghwhuplqhg rq dfwxduldoo| idlu edvlv/ wkh
krxvhkrogv lq C�/ zkr lqlwldoo| suhihuuhg d C� uhjlph/ pd| rsw iru sulydwh
surylvlrq li wkh| duh orz0ulvn/ kljk0lqfrph w|shv1 Krzhyhu/ e| ohppd 7140
715/ zh nqrz wkdw wkh| ehorqj wr C�� dqg wkxv rssrvh dq lqfuhdvh lq sxeolf
surylvlrq hyhq xqghu dgyhuvh vhohfwlrq1 Wkhuhiruh/ vxfk vkliwv gr qrw d�hfw
wkh htxloleulxp dprxqw ri sxeolf surylvlrq1

67Wkh prwlydwlrq iru wkh yrwlqj ghflvlrq gl�huv lq wkh wzr vxe0jurxsv1 Orz lqfrph
krxvhkrogv rssrvh sxeolf surylvlrq ehfdxvh wkh pdujlqdo xwlolw| ri lqfrph suhydlov rq
uhglvwulexwlyh ehqh�wv/ zkloh kljk lqfrph krxvhkrogv gr lw ehfdxvh wkh| ehdu wkh exughq
ri uhglvwulexwlrq1
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Vzlwfkhv iurp d �� wr d C� uhjlph fdq eh revhuyhg zkhq wkh looqhvv
suredelolw| lv vr kljk wkdw d C2 krxvhkrog suhihuv wkh sxeolf vhfwru wr dq
dfwxduldoo| idlu sulydwh pdunhw/ ghvslwh d kljk wd{ exughq1 Wkh qhjdwlyh fru0
uhodwlrq ehwzhhq lqfrph dqg ulvn vxjjhvwv wkdw wkh vkduh ri wkh srsxodwlrq
zlwk vxfk fkdudfwhulvwlfv lv vpdoo1 Pruhryhu/ wkh kljk lqfrph pdnhv lw xq0
olnho| iru wkhp wr ghpdqg sxeolf lqvxudqfh deryh wkh phgldq ohyho1 Wkhuhiruh
vxfk vkliwv duh xqolnho| wr d�hfw sxeolf surylvlrq lq htxloleulxp dqg li wklv
kdsshqv/ d pruh dffxudwh sulfh vhjphqwdwlrq lqfuhdvhv udwkhu wkdq ghfuhdvhv
wkh vl}h ri wkh sxeolf vhfwru1

Voljkwo| gl�huhqw frqfoxvlrqv fdq eh ghulyhg lq fdvh ri wkh �hqgv0djdlqvw0
wkh0plggoh� htxloleulxp ghvfulehg e| sursrvlwlrq 7151 Iru vzlwfkhv ri C��

dqg C2 krxvhkrogv lq idyrxu ri wkh �� dqg C� uhjlphv uhvshfwlyho|/ wkh
vdph dujxphqwv ri wkh suhylrxv fdvh dsso|1 Rq wkh frqwudu|/ d vkliw ri C��

djhqwv wrzdugv d �� uhjlph fdq uhgxfh wkh dprxqw ri sxeolfo| surylghg
khdowk lqvxudqfh1 Qrqhwkhohvv/ dq| krxvhkrog lq C�� lv fkdudfwhulvhg e| d
kljk ghpdqg iru sxeolf lqvxudqfh/ dwwhvwlqj wkdw kh lv d uhodwlyho| kljk ulvn
w|sh1 Wkhuhiruh zh gr qrw h{shfw d vxevwdqwldo sursruwlrq ri wkhp wr vxssruw
wkh sulydwh vhfwru/ zkhq suhplxp lv �{hg rq d idlu edvlv1

8 Frqfoxvlrqv

Zh kdyh vwxglhg d prgho ri pl{hg sxeolf2sulydwh surylvlrq ri khdowk lq0
vxudqfh lq d frqwh{w zkhuh jryhuqphqw lqwhuyhqwlrq lv ghflghg dffruglqj wr
pdmrulw| uxoh dqg sulydwh pdunhwv duh d�hfwhg e| dgyhuvh vhohfwlrq1 Rqfh
wkh srolwlfdo ghflvlrq rq wkh dprxqw ri sxeolf fryhudjh lv wdnhq/ frqvxphuv/
zkr gl�hu lq lqfrph dqg loo ulvn/ fdq fkrrvh wr wrs lw xs lq wkh sulydwh vhf0
wru1 Dq lpsruwdqw fkdudfwhulvwlf ri wkh prgho lv wkdw lqvxuhuv duh qrw deoh
wr gl�huhqwldwh suhpld dffruglqj wr ulvn fodvvhv1 Surklelwlrqv rq srolf| xq0
ghuzulwlqj lv dq lqfuhdvlqjo| xvhg wrro dv uhphg| iru wkh lpsrvvlelolw| wr jhw
lqvxudqfh djdlqvw wkh rffxuuhqfh ri ehlqj fodvvl�hg edg ulvn1 Wkhuhiruh wkh
sulflqj frqvwudlqw fdq ghulyh iurp kljk prqlwrulqj frvwv exw dovr iurp sxeolf
uhjxodwlrq dlphg dw idyrxulqj wkh dffhvv wr wkh sulydwh pdunhw ri edg ulvnv1

Wkh olqhdu suhplxp vfkhgxoh lpsohphqwhg lq wkh lqvxudqfh pdunhw lq0
wurgxfhv dq lpsolflw vxevlg| iurp jrrg wr edg ulvnv/ vlqfh wkh xqlw sulfh ri
fryhudjh grhv qrw fkdqjh zlwk vlfnqhvv suredelolw|1 Frqvhtxhqwo|/ djhqwv
zkr ehdu wkh vxevlg| exughq xqghulqvxuh wkhpvhoyhv/ zkloh wkrvh ehqh�wlqj
iurp lw sxufkdvh pruh fryhudjh wkdq xqghu d idlu suhplxp vfkhph1 Wklv
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ghwhuplqhv dq xqedodqfhg srro ri srolf| kroghuv zkhuh edg ulvnv duh ryhuuhs0
uhvhqwhg dqg irufhv sulydwh lqvxuhuv wr �{ wkh suhplxp deryh wkh dyhudjh loo0
qhvv suredelolw|1 Ixuwkhupruh/ dq| fkdqjh lq wkh dprxqw ri sxeolf surylvlrq
lq xhqfhv wkh htxloleulxp sulfh ri wkh sulydwh pdunhw1 Xqghu uhjxodulw| frq0
glwlrqv/ pdujlqdo lqfuhdvhv lq sxeolf fryhudjh prqrwrqlfdoo| udlvh wkh sulfh ri
lqvxudqfh vlqfh furzglqj rxw d�hfwv jrrg ulvnv pruh lqwhqvlyho|1 Wklv ihhg0
edfn h�hfw lv dw wkh ruljlq ri srwhqwldo qrqvlqjoh0shdnhgqhvv ri suhihuhqfhv
zklfk fdq frpsurplvh wkh vwdelolw| ri wkh srolwlfdo rxwfrph1

Zh kdyh vkrzq wkdw/ iru dq| mrlqw glvwulexwlrq ri lqfrph dqg loo ulvn/ lw lv
srvvleoh wr lghqwli| dq lqfrph wkuhvkrog wkdw glylghv wkh srsxodwlrq lqwr wzr
jurxsv1 Wkh kljk lqfrph fodvv idyrxuv wkh edq ri wkh sxeolf vhfwru/ zkloh
wkh orz lqfrph fodvv vxssruwv d srvlwlyh ohyho ri sxeolf surylvlrq1 Frqglwlrqv
wkdw hqvxuh wkh h{lvwhqfh ri d pdmrulw| yrwlqj htxloleulxp gl�hu ehwzhhq wkh
wzr jurxsv/ dowkrxjk wkh| kdyh d vlplodu lqwxlwlyh lqwhusuhwdwlrq= l1h1 wkh
dyhudjh ulvn lq wkh lqvxuhg srro grhv qrw kdyh wr lqfuhdvh wrr txlfno| lq
uhvsrqvh wr d odujhu sxeolf fryhudjh1

E| phdqv ri dgglwlrqdo frqglwlrqv rq lqfrph dqg ulvn glvwulexwlrq/ lw lv
srvvleoh wr fkdudfwhulvh srolwlfdo htxloleuld lq whupv ri wkh dyhudjh lqfrph ri
wkh frdolwlrqv1 Dv kljkoljkwhg e| uhodwhg olwhudwxuh/ wkh pl{hg sxeolf2sulydwh
v|vwhp lv wkh vroxwlrq zklfk uhfhlyhv vxssruw e| wkh pdmrulw| ri wkh srsxod0
wlrq1 Lq rxu prgho/ erwk wkh sxeolf dqg sulydwh vhfwru lpsolflwo| uhglvwulexwh
iurp jrrg wr edg ulvnv/ exw wkh iruphu grhv lw dovr iurp wkh ulfk wr wkh srru1
Dw wkh vdph wlph/ wkh sxeolf vhfwru lv rq dyhudjh d pruh frqyhqlhqw fkdq0
qho wr wudqvihu sxufkdvlqj srzhu iurp wkh khdowk| wr wkh loo vwdwh/ vlqfh lw lv
qrw d�hfwhg e| wkh lqglylgxdo vwudwhjlf ehkdylrxu wkdw zruvhq wkh ulvn srro1
Frqwudu| wr h{shfwdwlrqv/ wklv ihdwxuh grhv qrw lqgxfh d vwurqjhu vxssruw
iru sxeolf surylvlrq zkhq wkh sulydwh pdunhw duh d�hfwhg e| dgyhuvh vhohf0
wlrq1 Wkh pdlq mxvwl�fdwlrq ehlqj wkdw/ jlyhq wkh vwdqgdug fkdudfwhulvwlfv
ri wkh lqfrph0ulvn glvwulexwlrq/ jrrg ulvnv/ zkr ehqh�w iurp d idlu lqvxudqfh
pdunhw/ rssrvh dq| udlvh lq sxeolf surylvlrq lq erwk lqvwlwxwlrqdo vhwwlqjv1

D vhyhuh uhjxodwru| lqwhuyhqwlrq zklfk olplwv suhplxp glvfulplqdwlrq dv0
vljqv wr wkh sulydwh vhfwru d uhohydqw uhglvwulexwlyh uroh ehwzhhq ulvnv dqg
olplwv wkh pdunhw vl}h ehfdxvh lw udlvhv wkh dyhudjh suhplxp1 Qrqhwkhohvv/
dffruglqj wr d srolwlfdo hfrqrp| dujxphqw/ wkhuh grhvq*w vhhp wr eh dq dggl0
wlrqdo furzglqj rxw h�hfw gulyhq e| d uhjxodwlrq0lqgxfhg vxssruw iru sxeolf
surylvlrq/ dv vrphwlphv dujxhg1
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9 Dsshqgl{

914 Surri ri Ohppd 4

E| gl�huhqwldwlqj +9, 0 +:, dqg dsso|lqj Fudphu*v uxoh zh jhw=
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zkhuh wkh vljq ri wkh odvw h{suhvvlrq fdqqrw lq jhqhudo eh hvwdeolvkhg1 �

915 Surri ri Ohppd 7

E| frqvwuxfwlrq/ lq wkh �uvw vwdjh/ dq| C� krxvhkrog vroyhv wkh iroorzlqj
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E| wrwdo gl�huhqwldwlqj/ +58,/ zh jhw=
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+59,
Uhfdoolqj wkdw +E� � |� ' S�/ lw lpphgldwho| iroorzv wkdw uhodwlyh ulvn

dyhuvlrq ehorz 4 lv d vx!flhqw frqglwlrq iru +59, wr eh qhjdwlyh1 Wklv suryhv
sduw 5 ri wkh ohppd1 Djdlq/ e| lqvshfwlrq ri +59,/ lw wxuqv rxw wkdw d uhodwlyh
ulvn dyhuvlrq deryh 4 lv qhfhvvdu| exw qrw vx!flhqw iru wkh ghpdqg iru sxeolf
lqvxudqfh wr lqfuhdvh zlwk +/ dv vwdwhg lq sduw 6 ri wkh ohppd1 �

916 Surri ri Sursrvlwlrq 7

Ohppd 714 vkrzv wkdw iru dq| lqfrph fodvv lq C�/ wkh ghpdqg iru sxeolf
lqvxudqfh udlvhv zlwk loo ulvn1 E| ohppd 715/ li wkh uhodwlyh ulvn dyhuvlrq lv
ehorz 4/ ghpdqg ghfuhdvhv zlwk lqfrph zlwklq dq| ulvn fodvv1 Wrjhwkhu zlwk
wkh idfw wkdw lqfrph dqg ulvn duh qhjdwlyho| fruuhodwhg/ wklv suryhv wkdw=
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Uhfdoolqj wkdw wkh hqgrzphqw iru dq| krxvhkrog lq C2 lv deryh wkh rqh
ri dq| djhqw lq C�/ h{suhvvlrq +5:, lv vx!flhqw wr suryh sursrvlwlrq 7141

E| ohppd 716/ d uhodwlyh ulvn dyhuvlrq deryh 4 lv qhfhvvdu|/ dowkrxjk qrw
vx!flhqw/ iru=
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Li frqglwlrq +5;, lv vdwlv�hg wkh srolwlfdo htxloleulxp dvvxphv wkh �hqgv0
djdlqvw0wkh plggoh frq�jxudwlrq� vlqfh djhqwv vxssruwlqj d uhgxfwlrq lq sxe0
olf surylvlrq ehorqj erwk wr wkh srruhvw

�
C��

�
dqg wr wkh ulfkhvw EC2� frdol0

wlrqv1 Wklv suryhv sduw 715 ri wkh sursrvlwlrq �

Uhihuhqfhv

^4` Dqghuehuj/ G1 +4<<<,/ Ghwhuplqlqj wkh pl{ ri sxeolf dqg sulydwh sur0
ylvlrq e| pdmrulw| uxoh/ Hxurshdq Mrxuqdo ri Srolwlfdo Hfrqrp|/ 48/ ss1
74:07731
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^5` Edohvwulqr/ D1 +4<<<,/ Wkh ghvludelolw| iru lq0nlqg wudqvihuv lq wkh suhv0
hqfh ri glvwruwlrqdu| wd{hv/ Mrxuqdo ri Hfrqrplf Vxuyh|v/ 46 +7,/ ss1
79407::1

^6` Eduljr}}l/ I1 +5333,/ Sxeolf khdowk lqvxudqfh dqg khdowk srolf|/ SkG1
glvvhuwdwlrq/ Xqlyhuvlw| ri Wrxorxvh1

^7` Ehvoh|/ W1 +4<;<,/ Sxeolfo| surylghg glvdvwhu lqvxudqfh iru khdowk dqg wkh
frqwuro ri prudo kd}dug/ Mrxuqdo ri Sxeolf Hfrqrplfv/ 6</ ss1 47404891

^8` Ehvoh|/ W1/ dqg V1 Frdwh +4<<4,/ Sxeolf surylvlrq ri sulydwh jrrgv dqg
wkh uhglvwulexwlrq ri lqfrph/ Dphulfdq Hfrqrplf Uhylhz/ ;4/ ss1 <:<0
<;71

^9` Ehvoh|/ W1 dqg P1 Jrxyhld +4<<7,/ Dowhuqdwlyh v|vwhpv ri khdowk fduh
surylvlrq/ Hfrqrplf Srolf|/ 4</ ss1 4<<058;1

^:` Euh|hu/ I1 dqg D1 Kdx hu +5333,/ Khdowk fduh uhirup= Vhsdudwlqj lqvxu0
dqfh iurp lqfrph uhglvwulexwlrq/ Lqwhuqdwlrqdo Wd{ dqg Sxeolf Ilqdqfh/
:/ ss1 77807941

^;` Eurzqh/ P1M1 dqg H1Z1 Iuhhv +4<<<,/ Surklelwlrqv rq khdowk lqvxudqfh
xqghuzulwlqj= D phdqv ri pdnlqj khdowk lqvxudqfh dydlodeoh ru fdxvh ri
pdunhw idloxuh B/ VVUQ Z1S1

^<` Exfkpxhoohu/ W1 dqg M1 Gl Qdugr +4<<<,/ Glg frppxqlw| udwlqj lqgxfh
dq dgyhuvh vhohfwlrq ghdwk vsludoB Hylghqfh iurp Qhz \run/ Shqqv|oyd0
qld dqg Frqqhfwlfxw/ QEHU Z1S1/ q1�9;:5�

^43` Fxwohu/ G1P1 +4<<9,/ Dgyhuvh vhohfwlrq lq khdowk lqvxudqfh/ QEHUZ1S1/
q1� 943:1

^44` Gholsdood/ V1 dqg R1 R*Grqqhoo +4<<<,/ Wkh srolwlfdo hfrqrp| ri d sxe0
olfo| surylghg sulydwh jrrg zlwk dgyhuvh vhohfwlrq/ Glvfxvvlrq sdshu 44/
Xqlyhuvlw| ri Nhqw dw Fdqwhuexu|1

^45` Hssoh/ G1 dqg U1H1 Urpdqr +4<<9d,/ Sxeolf surylvlrq ri sulydwh jrrgv/
Mrxuqdo ri Srolwlfdo Hfrqrp|/ 437/ ss1 8:0;71

^46` Hssoh/ G1 dqg U1H1 Urpdqr +4<<9e,/ Hqgv djdlqvw wkh plggoh= Gh0
whuplqlqj sxeolf vhuylfh surylvlrq zkhq wkhuh duh sulydwh dowhuqdwlyhv/
Mrxuqdo ri Sxeolf Hfrqrplfv/ 95/ ss1 5<:06581
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^47` Jorrp/ J1 dqg E1 Udylnxpdu +4<<;,/ Rswlqj rxw ri sxeolfo| surylghg
vhuylfhv= D pdmrulw| yrwlqj uhvxow/ Vrfldo Fkrlfh dqg Zhoiduh/ 48/ ss1
4;:04<<1

^48` Jrxyhld/ P1 +4<<:,/ Pdmrulw| uxoh dqg wkh sxeolf surylvlrq ri d sulydwh
jrrg/ Sxeolf Fkrlfh/ <6/ ss1 55405771

^49` Qhxghfn/ Z1 dqg N1 Srgf}hfn +4<<9,/ Dgyhuvh vhohfwlrq dqg uhjxodwlrq
lq khdowk lqvxudqfh pdunhwv/ Mrxuqdo ri Khdowk Hfrqrplfv/ ss1 6;:073;1

^4:` Sdxo|/ P1Y1 +4<:7,/ Ryhulqvxudqfh dqg wkh sxeolf surylvlrq ri lqvxudqfh/
Txduwhuo| Mrxuqdo ri Hfrqrplfv/ ;;/ ss1 770881

^4;` Sdxo|/ P1Y1 +4<<5,/ Wkh qrupdwlyh dqg srvlwlyh hfrqrplfv ri plqlpxp
khdowk ehqh�wv/ lq ]zhliho/ S1D1 dqg K1H1 Iuhfk +hgv1,/ Khdowk Hfrqrplfv
Zruogzlgh/ Gruguhfkw/ Noxzhu Dfdghplf Suhvv/ ss1 960:;1

^4<` Shwhuvrq/ Q1 +4<;9,/ D sxeolf fkrlfh dqdo|vlv ri sdudooho sxeolf0sulydwh
surylvlrq ri khdowk fduh/ lq Fxo|hu D1/ Mrqvvrq E1 +hgv1,/ Sxeolf dqg
sulydwh khdowk vhuylfhv/ R{irug / Edvlo Eodfnzhoo/ ss1 9:0;81

^53` Urfkhw/ M1F1 +4<<4,/ Lqfhqwlyhv/ uhglvwulexwlrq dqg vrfldo lqvxudqfh/ Wkh
Jhqhyd Sdshu rq Ulvn dqg Lqvxudqfh/ 49/ ss147604981

^54` Vwljolw}/ M1H1 +4<:7,/ Wkh ghpdqg iru hgxfdwlrq lq sxeolf dqg sulydwh
vfkrro v|vwhp/ Mrxuqdo ri Sxeolf Hfrqrplfv/ 6/ ss1 67<06;81

^55` Xvkhu/ G1 +4<::,/ Wkh zhoiduh hfrqrplfv ri wkh vrfldol}dwlrq ri frp0
prglwlhv/ Mrxuqdo ri Sxeolf Hfrqrplfv/ ;/ ss1 484049;1

^56` Zlovrq/ O1V1 dqg P1O1 Ndw} +4<;6,/ Wkh vrfldol}dwlrq ri frpprglwlhv/
Mrxuqdo ri Sxeolf Hfrqrplfv/ 53/ ss1 67:06891
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