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Devwudfw

Zh hvwlpdwh ydulrxv iruzdug0orrnlqj prqhwdu| srolf| uxohv

lq Vzlw}huodqg iru wkh shulrg 4<;404<<:1 Lq dgglwlrq wr dq

lq dwlrq jds/ zh �qg wkdw uxohv zlwk dq rxwsxw jds dqg dq

h{fkdqjh udwh jds qlfho| �w prqhwdu| djjuhjdwhv dv zhoo dv wkh

fdoo udwh1 Zh vsolw wkh vdpsoh lq 4<<3 zkhq wkh Vzlvv Qdwlrqdo

Edqn uhsodfhg dqqxdo wdujhwv e| phglxp0whup wdujhwv iru lwv

r!fldo srolf| lqvwuxphqw/ wkh prqhwdu| edvh1 Zh �qg wkhq

wkdw wkh vdph uxoh ehvw ghvfulehvP3 dqgP4 ehiruh 4<<3 dqg

rqo| wkh fdoo udwh diwhu 4<<31 Zh dovr vkrz wkdw wkh h{fkdqjh

udwh hohphqw lq wkh uxoh grhv qrw qhfhvvdulo| lpso| h{fkdqjh

udwh wdujhwlqj shu vh1 Lw pdlqo| doorzv sxuvxlqj jurzwk dqg

sulfh vwdelolw| jrdov1

MHO Frghv= H85/ H8;1

Nh|zrugv= H{fkdqjh udwh/ Prqhwdu| srolf| lqvwuxphqw/

Rxwsxw jds/ Uxoh/ Vzlw}huodqg1
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Pxfk uhvhdufk lq prqhwdu| hfrqrplfv lv vwlpxodwhg e| wkh qhhg wr

�qg wkh prvw dssursuldwh zd| wr frqgxfw prqhwdu| srolf|1 Pruh

suhflvho|/ wklv hpslulfdo uhvhdufk dgguhvvhv dprqj rwkhu lvvxhv wkh

iroorzlqj txhvwlrqv= cFdq d ihhgedfn uxoh ghvfuleh wkh ehkdylru ri
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dq dssduhqwo| glvfuhwlrqdu| fhqwudo edqnB*/ dqg li |hv cZkdw lv lwv

irupB*1

Wklv lqwurgxfwlrq uhylhzv wkh edfnjurxqg dqg hyroxwlrq ri wklqn0

lqj rq wkhvh txhvwlrqv1 Zh wkhq h{sodlq zk| lw lv ri lqwhuhvw wr dqvzhu

wkhvh txhvwlrqv iru Vzlvv prqhwdu| srolf|1 Zh �qdoo| vxppdul}h rxu

pdlq uhvxowv1

��� ���� �� �
�	���
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Wkh ghedwh cuxoh0yhuvxv0glvfuhwlrq*/ lqlwldwhg dw wkh hqg ri wkh vhyhq0

wlhv e| N|godqg dqg Suhvfrww +4<::, dqg Eduur dqg Jrugrq +4<;6d/

4<;6e,/ kdv odxqfkhg d kxjh dqg iuxlwixo uhvhdufk djhqgd pdlqo|

judylwdwlqj durxqg wzr srohv1 Rq rqh kdqg/ wkh dwwhqwlrq rq v|vwhp0

dwlf prqhwdu| uhdfwlrqv wr hfrqrplf hyhqwv kdv vkrzq wkdw uxoh0olnh

ehkdylru/ dqg qrw rqo| glvfuhwlrq/ d�hfwv wkh rxwfrphv dqg shuiru0

pdqfh ri wkh hfrqrp|1 Rq wkh rwkhu kdqg/ wkh irfxv rq wkh lghqwl�0

fdwlrq ri prqhwdu| srolf|/ ghdolqj pdlqo| zlwk wkh h{rjhqrxv sduw ri

prqhwdu| srolf|/ wkh vr0fdoohg prqhwdu| vkrfnv/ kdv ehhq xvhixo wr

dvvhvv wkh wudqvplvvlrq phfkdqlvp ri prqhwdu| srolf| lqwr wkh qrpl0

qdo dqg uhdo hfrqrp|1 Wklv lghqwl�fdwlrq dovr khosv wr frqwudvw wkhvh

vkrfn h�hfwv zlwk wkh fkdudfwhulvwlfv ri d uxoh0olnh ehkdylru1 Jhqhu0

doo|/ pdfurhfrqrplvwv wuhdw vhsdudwho| wkhvh wzr erglhv ri uhvhdufk

iru vhpdqwlf dqg whfkqlfdo uhdvrqv41 Khqfhiruwk/ zh hvvhqwldoo| frq0

fhqwudwh rxu h�ruwv rq wkh v|vwhpdwlf sruwlrq/ wkh prqhwdu| srolf|

uxoh/ dqg qrw rq wkh h{rjhqrxv sduw ri prqhwdu| srolf|1

Wkh wudglwlrqdo irfxv rq uxohv5 lv wr dyrlg wkh lq dwlrqdu| eldv ri

glvfuhwlrqdu| prqhwdu| srolf| +Eduur dqg Jrugrq +4<;6d/ 4<;6e,,1

4Doprvw doo sdshuv derxw lghqwl�fdwlrq ri prqhwdu| srolf| dqg derxw uxoh hv0
wlpdwlrq yluwxdoo| frqwdlq vxevwdqfh derxw wkhvh wzr frpsohphqwdu| dssurdfkhv1
Iru h{dpsoh/ yhfwru dxwruhjuhvvlrqv xvhg dv dq lghqwl�fdwlrq vfkhph ri prqhwdu|
vkrfnv h{suhvv/ lq wkhlu uhgxfhg irup iru prqhwdu| srolf| yduldeohv/ htxdwlrqv
zh pd| gh�qh dv srolf| uxohv1 Gxh wr wkhlu frpsoh{ ixqfwlrqdo irup/ uhvhdufkhuv
suhihu wr irfxv rq vlpsohu uxohv zkhuh wkh| lqwhusuhw wkhlu uhvlgxdov dv ghyldwlrqv/
dv rwkhu vkrfnv/ dqg qrw dv h{rjhqrxv prqhwdu| srolf| rqo|1 Vhh Uxghexvfk
+4<<;, iru vrph mxvwl�fdwlrqv frqfhuqlqj wklv vhsdudwlrq1

5Zh gh�qh d uxoh dv qrwklqj pruh wkdq d v|vwhpdwlf ghflvlrq0pdnlqj sur0
fhvv wkdw xvhv lqirupdwlrq lq d frqvlvwhqw dqg suhglfwdeoh zd|1 Wkh frqfhsw ri
prqhwdu| srolf| uxoh lv wkh dssolfdwlrq ri wklv surfhvv wr wkh lpsohphqwdwlrq ri
prqhwdu| srolf| e| d fhqwudo edqn +Srroh/ 4<<<,1 Wkh uxoh vshfl�hv krz wkh
fhqwudo edqn ydulhv lwv lqvwuxphqw dv d ixqfwlrq ri wkh vwdwh ri wkh hfrqrp|1 Zh
gr qrw glvwlqjxlvk ehwzhhq wkh frqfhswv ri uxohv dqg uhdfwlrq ixqfwlrqv1 Wklv lv
jhqhudoo| dffhswhg lq wkh olwhudwxuh wkdw d uxoh frphv iurp dq rswlpdo frqwuro
h{huflvh/ zkhuhdv d uhdfwlrq ixqfwlrq lv wkh surgxfw ri hfrqrphwulfldqv1



Prqhwdu| Srolf| Uxoh 5:

D vroxwlrq djdlqvw wklv eldv lv wkh lpsohphqwdwlrq ri uxohv61 Wkh

prqhwdu| dxwkrulw| suhfrpplwv wr d srolf| uxoh wkdw zrxog hqvxuh

wkdw lwv ehkdylru lv nqrzq lq dgydqfh dqg zrxog dyrlg dq| ghyl0

dwlrqv1 Wklv uxoh lv hlwkhu d �{hg uxoh olnh wkh rqh sursrvhg e|

Iulhgpdq +4<93,/ zkhuh wkh fhqwudo edqn vwlfnv lwv srolf| lqvwux0

phqw wr d �{hg wdujhw ydoxh jlyhq e| wkh uxoh/ ru d qrplqdo ihhgedfn

uxoh +QIU, vxfk dv wkh rqh sursrvhg e| PfFdooxp +4<;;, ru Wd|oru

+4<<6,/ zkhuh wkh srolf| lqvwuxphqw wdujhw ihhgv edfn lq uhvsrqvh wr

hfrqrplf hyhqwv71

Krzhyhu/ lq sudfwlfh lw kdv qrw ehhq srvvleoh wr lghqwli| uxohv

zklfk duh vr urexvw dv wr holplqdwh wkh qhhg iru vrph glvfuhwlrq lq

prqhwdu| srolf|1 Wkh hpslulfdo frpsdulvrq ehwzhhq uxohv dqg glv0

fuhwlrq kdv ehhq pdlqo| d pdwwhu ri ghjuhh udwkhu wkdq srodu rssr0

vlwhv +Vwxduw/ 4<<9,1 Khqfh/ zh wklqn lw lv zruwk glvfryhulqj zkhwkhu

fhqwudo edqnv dfw dffruglqj wr v|vwhpdwlf QIU1 Wkhuh lv jurzlqj

vhqwlphqw wkdw prqhwdu| srolf| ehkdylru 0 hyhq lq dsshdudqfh glv0

fuhwlrqdu| 0 fdq eh uhsuhvhqwhg e| vrph idluo| vlpsoh uxohv1 Wkh

dqdo|vlv ri zkdw d uxoh0olnh prqhwdu| srolf| zrxog hqwdlo fdq eh xvhg

dv dq lqirupdwlyh ghylfh wr ghvfuleh sdvw srolf| dqg wr khos pdunhw

sduwlflsdqwv iruhfdvw ixwxuh srolf| ghflvlrqv lq uhgxflqj xqfhuwdlqw|1

Wklv ghvfulswlyh dqg lqirupdwlyh ixqfwlrq lv wkxv pruh phdqlqjixo

wkdq wkh ghpdqg iru d wrwdo frpplwphqw/ ehfdxvh lw lv lpsrvvleoh

iru dq| fhqwudo edqn wr phfkdqlfdoo| iroorz wkh dojheudlf irupxodv

wkdw pdfurhfrqrplvwv zulwh grzq wr ghvfuleh wkhlu suhihuuhg srolf|

uxohv +Wd|oru/ 4<<6,1

��� ���� 
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Wkh vhdufk iru d ghvfulswlyh uxoh lv lqwhuhvwlqj ehfdxvh wkh Vzlvv Qd0

wlrqdo Edqn*v +VQE, ehkdylru rvfloodwhv ehwzhhq uxoh dqg glvfuhwlrq1

Rq rqh kdqg/ zh revhuyh wkh vr0fdoohg cfrxudqw qrupdo* pdwhuldol}hg

dv d �{hg uxoh e| lwv prqhwdu| edvh wdujhwlqj1 Rq wkh rwkhu kdqg/

zkhq qhfhvvdu|/ wkh VQE fduhixoo| h{sodlqv zk| lw ghyldwhv iurp lwv

uxoh0olnh ehkdylru dqg krz lw xvhv lwv glvfuhwlrqdu| srzhu +Odxedfk

dqg Srvhq/ 4<<:,1 Zkloh wkh VQE wudqvsduhqwo| dfwv/ lw grhv qrw

6Uxohv duh qrw wkh vlqjoh vroxwlrq djdlqvw wklv lq dwlrqdu| eldv1 Wkh| duh
riwhq sduw ri lqvwlwxwlrqdo uhirupv frqfhuqlqj wkh rujdql}dwlrq dqg pdqdjhphqw
ri wkh prqhwdu| dxwkrulw|/ ohjlvodwlyh fkdqjhv/ dqg lqfuhdvlqj lqghshqghqfh iurp
srolwlfv1

7Vhh Gxhnhu dqg Ilvfkhu +4<<7/ 4<<;, iru dq ryhuylhz derxw QIU zkhuh wkh|
vkrz wkhlu uhodwlyh dgydqwdjhv ryhu �{hg uxohv1
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sxeolfo| r�hu dq h{solflw ihhgedfn irup iru lwv lpsolflw uxoh1

D ghvfulswlyh uxoh vhhpv dovr dsshdolqj iru Vzlw}huodqg dv d vpdoo

rshq hfrqrp|1 Gxh wr wkh kljk h{whuqdo vkrfn vhqvlwlylw| ri wkh Vzlvv

hfrqrp|/ wkh VQE lv uhoxfwdqw wr frpsohwho| ohdyh lwv glvfuhwlrqdu|

srzhu iru dq lqwhuqdo uxoh1 Jhqhudoo|/ vpdoo rshq hfrqrplhv lq d

 rdwlqj uhjlph duh vwloo edodqflqj lqwhuqdo dqg h{whuqdo frqvlghud0

wlrqv lq lpsohphqwlqj prqhwdu| srolf|1 Wr uhgxfh xqfhuwdlqw|/ lw lv

lpsruwdqw iru hfrqrplf djhqwv wr nqrz vxfk d wudgh0r�1 Lw lv wkxv

srvvleoh wr vwuhvv wkh lqirupdwlyh uroh ri uxohv 0 h1j1 zlwk dq ds0

sursuldwh vshfl�fdwlrq xvlqj dq h{fkdqjh udwh whup 0 lq vroylqj wklv

dssduhqw sureohp1

Khqfhiruwk/ wklv sdshu lv prvwo| hpslulfdo dqg ghvfulswlyh1 Lw

lv hpslulfdo ehfdxvh zh wu| wr slfwxuh VQE ehkdylru zlwklq d QIU

iudphzrun1 Lw lv wkhq rqo| ghvfulswlyh ehfdxvh zh wklqn wkdw d qru0

pdwlyh dqdo|vlv lv eh|rqg wkh vfrsh ri wklv sdshu1 Dowkrxjk wkh

hvwlpdwhg uxohv frph iurp d vpdoo rshq hfrqrp| wh{werrn prgho

+Zdovk/ 4<<;,/ zkhuh ehkdylrudo uhodwlrqvklsv duh gluhfwo| vshfl�hg

udwkhu wkdq ghulyhg iurp xqghuo|lqj dvvxpswlrqv derxw wkh ehkdylru

ri hfrqrplf djhqwv/ lw lv ri olplwhg xvh iru frqgxfwlqj d qrupdwlyh

dqdo|vlv1 Wklv dg krf prgho lv vlpso| qrw deoh wr pdnh suhglfwlrqv

derxw wkh zhoiduh ri hfrqrplf djhqwv dqg wkxv uhiudlqv suhvfulswlyh

frqfoxvlrqv1

Doehlw hpslulfdo dqg ghvfulswlyh/ wklv vhdufk iru QIU vwloo kdv

h{flwlqj rshq txhvwlrqv zh irfxv rq= l, zkdw lv wkh uroh ri rxwsxw

dqg h{fkdqjh udwh lq uxoh hvwlpdwlrqvB zkdw lv wkhlu gh�qlwlrqB ll,

zklfk lqvwuxphqw ri Vzlvv prqhwdu| srolf| fdq eh ehvw ghvfulehg e|

QIUB lll, duh QIU urexvw zlwk uhvshfw wr suhvxphg fkdqjhv lq VQE

srolf|B

D vwxg| iurp Wd|oru +4<<;, vkrzv wkdw wkh urohv ri rxwsxw dqg

h{fkdqjh udwh lq uxoh hvwlpdwlrq duh lvvxhv zlwkrxw djuhhphqw1 Klv

uhvxowv ghprqvwudwh wkdw wkhlu lqfoxvlrq lv qhfhvvdu| iru vpdoo rshq

hfrqrplhv/ exw wkhlu irup lv vwloo dmdu1 Zkhq wkh VQE kdv wr uhdfw

wr yduldwlrqv lq rxwsxw ru h{fkdqjh udwh/ lw lv zlwk uhvshfw wr wdujhw

ydoxhv wkdw zh kdyh wr gh�qh1 Lq hvwlpdwlqj ydulrxv uxohv iru Vzlw}hu0

odqg/ zh wkxv whvw vhyhudo rxwsxw dqg h{fkdqjh udwh jdsv ghshqglqj

rq gl�huhqw dvvxphg lqirupdwlrq vhwv ri wkh VQE1 Zh ixuwkhu xvh

wkh phqwlrqhg wh{werrn prgho wr mxvwli| wkh suhvhqfh ri rxwsxw dqg

h{fkdqjh udwh ehvlgh lq dwlrq lq wkh uxoh1 Lq sduwlfxodu/ zh vkrz

wkdw wkh pdnh xs ri wkh uxoh lv qrw qhfhvvdulo| dq lqglfdwru derxw

wkh xowlpdwh jrdov ri wkh fhqwudo edqn1 Wkh pdqgdwh ri wkh VQE lv
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wr sxuvxh d fuhglw dqg prqhwdu| srolf| vhuylqj wkh lqwhuhvwv ri wkh

frxqwu| dv d zkroh1 Wklv gh�qlwlrq fohduo| vxpv xs wkh wudglwlrqdo

jrdov ri irvwhulqj sulfh vwdelolw| dqg hfrqrplf jurzwk1 Wkh suhvhqfh

ri dq h{fkdqjh udwh hohphqw lq wkh uxoh lv wr sxuvxh wkhvh jrdov dqg

qrw iru h{solflw h{fkdqjh udwh wdujhwlqj sxusrvhv1

Wkh vhfrqg txhvwlrq zruwk vwxg|lqj lv wkh fkrlfh ri srolf| lq0

vwuxphqw1 R!fldo rshudwlrqdo lqvwuxphqw ri prqhwdu| srolf| duh

wkh vljkw ghsrvlwv ri grphvwlf edqnv +jlur ghsrvlwv, dv d frqvwlwxhqw

ri wkh prqhwdu| edvh1 Pruhryhu/ wkh VQE kdv r!fldoo| dgrswhg d

jurzwk wdujhw iru P3 lq rughu wr dqfkru lwv srolf|1 Krzhyhu/ lq wkh

plg0qlqhwlhv/ wkh VQE uhfrjql}hg wkdw lwv prqhwdu| wdujhwv zhuh ri

glplqlvkhg xvh dv d phdqv ri vljqdolqj wkh gluhfwlrq ri lwv srolf|1

Khqfh/ zh dovr whvw rwkhu djjuhjdwhv dqg wkh fdoo udwh sod|lqj wklv

ixqfwlrq ri prqhwdu| srolf| lqvwuxphqw1

Iljxuh 4= Vhdvrqdoo|0Dgmxvwhg Prqhwdu| Edvh diwhu 4<<3

28000

30000

32000

34000

36000

90 92 94 96 98

Qrwh = �f dqg wdujhwv lq plr FKI1 Gdvkhg olqhv uhsuhvhqw phglxp0whup
wdujhw sdwkv iru wkh �uvw dqg wkh vhfrqg sduw ri wkh qlqhwlhv1 Wkh| kdyh wkh
vdph vorsh dqg gl�huhqw lqwhufhswv1 Erwk sdwkv duh prwlydwhg e| wkh txdqwlw|
wkhru| dqg dlp dw nhhslqj sulfhv vwdeoh lq wkh phglxp0whup dqg doorzlqj wkh
hfrqrp| wr pdnh ixoo xvh ri lwv surgxfwlrq srwhqwldo1

Wkh odvw txhvwlrq frqfhuqv wkh hvwlpdwlrq urexvwqhvv/ lq sduwlf0

xodu zlwk uhvshfw wr vxvshfwhg fkdqjhv lq dssolhg prqhwdu| srolf|1
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Zh uhsolfdwh wkh zkroh vdpsoh +4<;404<<:, dqdo|vlv iru wzr vxevdp0

sohv/ ehiruh dqg diwhu 4<<3/ lq rughu wr vhh zkhwkhu wkhuh lv d euhdn

lq wkh v|vwhpdwlf ehkdylru ri wkh VQE1 Vlqfh 4<<3/ wkh VQE kdv dq0

qrxqfhg d �yh0|hdu sdwk iru wkh vhdvrqdoo|0dgmxvwhg prqhwdu| edvh81

Wklv vwdwhphqw uhsodfhg wkh dqqxdo dqqrxqfhphqwv ri wkh hljkwlhv1

Zh xvh wkh fkdqjh ri srolf| dqqrxqfhphqw wr vsolw rxu vdpsoh1 Wklv

qhz dqqrxqfhphqw kdv ohw sodfh iru pruh  h{lelolw| lq wkh frqgxfw

ri prqhwdu| srolf| dv �jxuh 4 vxjjhvwv1 Iljxuh 4 vkrzv wkh hyroxwlrq

ri wkh prqhwdu| edvh frpsduhg wr wkh wzr r!fldo wdujhw sdwkv iru

wkh qlqhwlhv1

Frqwudu| wr wkh iruphu glvforvxuh iudphzrun lq zklfk klwwlqj

dqqxdo wdujhwv zdv d gl!fxow wdvn/ wkh VQE kdv qrz pruh hodvwlflw|

wr dfklhyh lwv wdujhw1 Wklv lv reylrxv wkdw pryhphqwv dsduw wkh wdujhw

sdwk vwloo kdyh wr eh mxvwl�hg dqg prwlydwhg1 Wklv fdsdflw| wr ghyldwh

iurp lwv wdujhw doorzv wkh VQE iru d vljql�fdqw ghjuhh ri  h{lelolw| lq

wu|lqj wr vwdelol}h wkh hfrqrp| lq wkh vkruw0whup/ zlwkrxw vdful�flqj

wkh ehqh�wv ri orz lq dwlrq dqg orz lq dwlrq h{shfwdwlrqv lq wkh

orqj0whup1 Ehfdxvh Vzlw}huodqg kdv dq lpsruwdqw h{whuqdo vhfwru/

wkh VQE riwhq prwlydwhv vxfk ghyldwlrqv e| dq h{fhvvlyh dssuhfldwlrq

ri wkh Vzlvv iudqf +FKI,1 Vprrwklqj lw lv qrw d jrdo shu vh/ exw wklv

dssuhfldwlrq frxog phqdfh h{sruw0ohg uhfryhu| dqg jurzwk1

��� �������

Zh ghvfuleh wkh VQE*v ehkdylru e| d iruzdug0orrnlqj uxoh1 Wklv

QIU/ edvhg rq dq lq dwlrq jds/ dq rxwsxw jds/ dqg dq h{fkdqjh

udwh jds/ �wv zhoo Vzlvv gdwd/ lq sduwlfxodu wkh fdoo udwh dqg gl�huhqw

prqhwdu| djjuhjdwhv iru wkh shulrg 4<;404<<:1 Iru wklv shulrg/ lw

lv ri lqwhuhvw wr phqwlrq wkdw wkh hylghqfh frqfhuqlqj wkh h{fkdqjh

udwh lv pl{hg1 Wkh suhvhqfh ri wkh h{fkdqjh udwh jds lq wkh uxoh

grhv qrw vljql�fdqwo| frqwulexwh wr h{sodlq wkh pryhphqwv ri wkh

gl�huhqw srolf| lqvwuxphqwv1 Pruhryhu/ rqo| wkh Ghxwvfkpdun +GP,

lv frqfhuqhg1

Krzhyhu/ zkhq zh vsolw wkh vdpsoh lq 4<<3/ iroorzlqj wkh qhz

dqqrxqfhphqw srolf| ri wkh VQE/ zh jhw dqrwkhu slfwxuh1 Wkhuh lv

d fohdu0fxw vhsdudwlrq ehwzhhq wkh xvh ri djjuhjdwh lqvwuxphqwv dqg

wkh vkruw0whup lqwhuhvw udwh lqvwuxphqw1 Rxu uxoh ehvw ghvfulehv wkxv

wkh prqhwdu| edvh dqg P4 dv lqvwuxphqwv ehiruh 4<<3 dqg rqo| wkh

8Vhh Uùwkhol +4<<<, iru vrph mxvwl�fdwlrqv ri wklv vzlwfk wr phglxp0whup
prqhwdu| wdujhwlqj1
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fdoo udwh diwhu wkh lqwurgxfwlrq ri phglxp0whup wdujhwlqj1 Pruhryhu/

zh �qg wkdw wkh lqfoxvlrq ri dq h{fkdqjh udwh hohphqw lv qhfhvvdu|

wr ghslfw wkh VQE*v ehkdylru diwhu 4<<31 Rq wkh rwkhu kdqg/ iru wkh

shulrg ehiruh 4<<3 rqo| zlwk djjuhjdwh lqvwuxphqwv/ prghov ehvw shu0

irup zlwkrxw dq| h{fkdqjh udwh hohphqw1 Doo wkhvh uhvxowv frq�up

gxulqj wkh qlqhwlhv wkh lqfuhdvlqj  h{lelolw| lq VQE srolf|/ d sur0

juhvvlyh fkdqjh lq wkh xvhg srolf| lqvwuxphqwv wrzdugv lqwhuhvw udwh

pdqdjhphqw/ dqg lqvwdelolwlhv rq wkh prqh| dqg �qdqfldo pdunhwv/

sduwldoo| lqgxflqj lq wxuq wklv irfxv rq vkruw0whup lqwhuhvw udwhv1

Ehvlghv/ iru wkh shulrg diwhu 4<<3/ zh hvwlpdwh rxu uxoh wdnlqj

lqwr frqvlghudwlrq wkh lqirupdwlrqdo vlwxdwlrq ri wkh VQE1 Zh wkxv

rqo| xvh nqrzq lqirupdwlrq zkhq lw lpsohphqwv lwv srolf|1 Uhyhdolqj

wkh surjuhvvlyh fkdqjh lq wkh xvhg lqvwuxphqwv/ qrw rqo| wkh uxoh

zlwk wkh fdoo udwh exw dovr wkh uxoh xvlqj wkh vljkw ghsrvlwv dsshdu1

Krzhyhu/ lq whupv ri rxw0ri0vdpsoh suhglfwlrqv iru wkh |hdu 4<<:/ wkh

uxoh xvlqj wkh fdoo udwh shuirupv ehvw1 Wkhvh uhvxowv vwuhqjwkhq wkh

ghvfulswlyh hvwlpdwlrq zkhuh zh gr qrw h{solflwo| wdnh lqwr dffrxqw

wkh lqirupdwlrqdo vhwxs ri wkh VQE1

Wkh vwuxfwxuh ri wklv sdshu lv dv iroorzv1 Wkh vhfrqg vhfwlrq

suhvhqwv wkh phwkrgrorj| dqg wkh gdwd1 Zh eulh | ghulyh wkh wdujhw0

lqj uxoh iurp wkh wh{werrn prgho wr uhyhdo lwv irxqgdwlrqv1 Vhfwlrq

6 uhodwhv rxu uhvxowv dqg wkh odvw vhfwlrq frqfoxghv1

� ����������� ��� ����

Zh suhvhqw wkh ghvljq ri rxu iruzdug0orrnlqj uxoh dqg wzr zd|v wr

hvwlpdwh lw1 Zh dovr vnhwfk wkh wh{werrn prgho wr edfnjurxqg vxfk

uxohv1 Ilqdoo|/ zh ghvfuleh wkh gdwd1

��� ���
	� ���
��

Rxu prgho lv edvhg rq wkh hpslulfdo uhvhdufk ri Fodulgd/ Jdol/ dqg

Jhuwohu +4<<;d/ 4<<;e, iru wkh XV dqg gl�huhqw Hxurshdq frxqwulhv1

Lq wkhvh vwxglhv/ wkh| dvvxph wzr htxdwlrqv exloglqj wkhlu prgho= d

srolf| uxoh jxlglqj wkh fhqwudo edqn*v ehkdylru dqg d pdunhw htxd0

wlrq uhsuhvhqwlqj wkh prqhwdu| vhfwru ri djjuhjdwh ghpdqg1 Wkhvh

wzr dvvxpswlrqv/ erwk suhvhqwhg lq wkh qh{w vhfwlrqv/ frqvwlwxwh wkh

vnhohwrq ri rxu prgho1 Wkh| irup wrjhwkhu wkh htxdwlrqv zh hvwlpdwh

iroorzlqj wzr gl�huhqw dssurdfkhv/ ghshqglqj rq wkh xvh ri h{shfwhg
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vhulhv ru qrw1 Wkhvh wzr hvwlpdwlrqv hperg| gl�huhqw dvvxpswlrqv

derxw wkh lqirupdwlrqdo vhwxs ri wkh VQE1

51414 Wdujhwlqj Uxoh Htxdwlrq

Wkh �uvw htxdwlrq frqfhuqv wkh wdujhwlqj uxoh iru vhwwlqj wkh prqh0

wdu| srolf| lqvwuxphqw1 Lw ihhgv edfn iurp wdujhw ru wuhqg ghyldwlrqv

ri lq dwlrq �/ ri rxwsxw |/ dqg ri h{fkdqjh udwh t1 Doo yduldeohv

zlwk d vwdu uhsuhvhqw wdujhw/ srwhqwldo/ ru ghvluhg ydoxhv1 Wkh uxoh

h{sodlqlqj wkh srolf| wdujhw lqvwuxphqw zW| lv jlyhq e| wkh iroorzlqj

htxdwlrq=

z
W

| @ �z . �H|

�
�|n, � �

W

|n,

�
.�H|

�
||n6 � |

W

|n6

�
. �H|

�
t|n? � t

W

|n?

�
= +4,

Htxdwlrq +4, uhsuhvhqwv wkh wdujhwlqj uxoh wkdw wkh fhqwudo edqn

lpsohphqwv dqg wr zklfk lw lv suhvxpdeo| frpplwwhg1 H| +=, @

H += n 
|, lv wkh pdwkhpdwlfdo h{shfwdwlrq rshudwru zkhuh 
| hp0

erglhv wkh lqirupdwlrq vhw ri wkh fhqwudo edqn dydlodeoh dw wlph w1

�z lv d frqvwdqw whup uhsuhvhqwlqj wkh orqj0whup ydoxh iru wkh sro0

lf| lqvwuxphqw/ �H|

�
�|n, � �

W

|n,

�
fkdudfwhul}hv wkh lq dwlrq ihhgedfn

hohphqw/ �H|

�
||n6 � |

W

|n6

�
lv wkh uhdfwlrq wr rxwsxw jds/ dqg wkh

odvw whup �H|

�
t|n? � t

W

|n?

�
fdwfkhv wkh h�hfwv ri rwkhu yduldeohv lq0

 xhqflqj wkh srolf| wdujhw lqvwuxphqw/ lq rxu fdvh dq h{fkdqjh udwh

hohphqw1 Wkh wdujhw zW| kdv wr uhdfw wr wkhvh hohphqwv lq rughu wr

dfklhyh fhqwudo edqn jrdov91

Wklv uxoh kdv vrph dsshdo iru erwk hpslulfdo dqg wkhruhwlfdo uhd0

vrqv1 D qxpehu ri dxwkruv +Edoo +4<<<d/ 4<<<e,/ Edwlql dqg Kdogdqh

+4<<;/ 4<<<,/ Fodulgd/ Jdol dqg Jhuwohu +4<<;d,/ dqg Wd|oru +4<<6,,

kdyh hpslulfdoo| hpskdvl}hg wkdw d QIU olnh htxdwlrq +4, surylghv

d uhdvrqdeo| jrrg ghvfulswlrq ri wkh zd| fhqwudo edqnv ehkdyh1

Wkhruhwlfdoo|/ zh eulh | vkrz wkdw wklv uxoh lv rswlpdo iru d fhq0

wudo edqn wkdw kdv d txdgudwlf orvv ixqfwlrq ri lq dwlrq dqg rxwsxw

9Qrwh wzr dvshfwv ri rxu wdujhwlqj uxoh/ wkdw zh ljqruh iru wkh vdnh ri vlp0
solflw|1 Iluvw/ wklv vshfl�fdwlrq grhv qrw doorz iru dv|pphwulf uhvsrqvhv wr wkh
h{sodqdwru| jdsv1 Zh hvshfldoo| wklqn wr rxwsxw jdsv zkhuh zh lpdjlqh wkh VQE
uhvsrqglqj lq gl�huhqw pdqqhuv iroorzlqj dq ryhukhdwlqj ru d vorzgrzq lq wkh
hfrqrp|1 Vhfrqg/ wklv vwuxfwxuh grhv qrw wdnh lqwr dffrxqw wkh gl�huhqw ruljlqv
ri vkrfnv glvwxuelqj wkh hfrqrp| zkhuh zh h{shfw frqwudvwhg uhdfwlrqv lq whupv
ri dffrpprgdwlrq diwhu vxsso| ru ghpdqg vkrfnv1
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ghyldwlrqv iurp wkhlu uhvshfwlyh wdujhw:1 Zh gh�qh wkh rxwsxw jds {

dqg wkh h{fkdqjh udwh jds v/ uhvshfwlyho| dv { @ |�|
W dqg v @ t�t

W1

Vxemhfw wr wkh rshq hfrqrp| wh{werrn prgho ri Zdovk +4<<;,/ zh

ghulyh wkh rswlpdo ehkdylru ri wkh edqn dvvxplqj wkdw lw plqlpl}hv d

glvfrxqwhg +�, dqg zhljkwhg +d� dqg e
�, vxp ri rxwsxw dqg lq dwlrq

yduldqfhv/ erwk durxqg wdujhwv qrupdol}hg wr }hur iru frqyhqlhqfh;1

Htxdwlrq +5, jlyhv wkh orvv ixqfwlrq dqg uhsuhvhqwv d vwdqgdug re0

mhfwlyh ixqfwlrq lq wkh srolf| ghvljq olwhudwxuh iru d forvhg hfrqrp|

ru iru d vpdoo rshq hfrqrp| lq d  rdwlqj v|vwhp=

4

5
H|

#
"[
�'f

�
�
�
d
�
{
2

|n� . e
�
�
2

|n�

�$
= +5,

Zh frxog dvvxph rwkhu jrdov lpso|lqj gl�huhqw orvv ixqfwlrqv iru

wkh VQE1 Lw lv vshfldoo| whpswlqj wr lqwurgxfh dq h{fkdqjh udwh hoh0

phqw dv dq h{solflw wdujhw lqwr wklv orvv ixqfwlrq gxh wr wkh lpsruwdqw

uroh ri wkh h{fkdqjh udwh lq wkh Vzlvv hfrqrp|1 Krzhyhu/ zh duh qrw

lqwhuhvwhg lq whvwlqj gl�huhqw dvvxpswlrqv derxw wkh xowlpdwh remhf0

wlyhv ri wkh VQE1 Zh phuho| zdqw wr vkrz wkdw wkh suhvhqfh ri wkh

h{fkdqjh udwh lq wkh uxoh lv douhdg| rswlpdo dqg frpsdwleoh zlwk wklv

frqyhqwlrqdo dqg jhqhudoo| dffhswhg orvv ixqfwlrq<1

Wkh wh{werrn prgho ri wkh hfrqrp| +Zdovk/ 4<<;, kdv irxu htxd0

wlrqv olqnlqj wkh lq dwlrq udwh �/ wkh rxwsxw jds {/ wkh h{fkdqjh

udwh jds v/ dqg wzr lqwhuhvw udwhv/ uhdo u dqg qrplqdo l1 h dqg x duh

llg glvwxuedqfhv zlwk qrupdol}hg mrlqw glvwulexwlrq Q +3> L,1 Iruhljq

yduldeohv duh qrupdol}hg wr }hur dqg frqvwdqwv rplwwhg iru frqyh0

qlhqfh1

{| @ �e�v| . e2 +�| �H|3� +�|,, . h| +6,

{| @ d�v| � d2u| . x| +7,

v| @ H| +v|n�,� u| +8,

u| @ l| �H| +�|n�, +9,

:Iru htxlydohqw prghov dqg g|qdplf surjudpplqj lq forvhg hfrqrp|/ vhh/ h1j1/
Ehuqdqnh dqg Zrrgirug +4<<:,/ Fodulgd/ Jdol dqg Jhuwohu +4<<<,/ dqg Vyhqvvrq
+4<<:,1

;Dsshqgl{ D vkrzv krz wr fdofxodwh wkh wdujhwlqj uxoh iru d frq�jxudwlrq
xvlqj wkh sulfh ohyho lqvwhdg ri lwv fkdqjhv ryhu wlph1 Wkh lpsolhg irup ri wkh
uxoh grhv qrw fkdqjh1

<Vhh Fkdgkd dqg Vfkhoohnhqv +4<<<, dqg Idlu dqg Krzuh| +4<<9, frqfhuqlqj
orvv ixqfwlrqv dqg wkhlu lpsolfdwlrqv iru wkh frqgxfw ri prqhwdu| srolf|1
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Htxdwlrq +6, lv d Skloolsv fxuyh uhsuhvhqwlqj wkh lq dwlrq udwh dv

d ixqfwlrq ri wkh fxuuhqw rxwsxw { dqg h{fkdqjh udwh v1 Wkh gh0

shqghqfh ri rxwsxw rq sulfh vxusulvhv lq wklv htxdwlrq dulvhv iurp

wkh suhvhqfh ri qrplqdo zdjh dqg sulfh uljlglwlhv1 Htxdwlrq +7, lv

dq LV fxuyh olqnlqj wkh rxwsxw wr wkh uhdo lqwhuhvw udwh u dqg wr wkh

h{fkdqjh udwh v1 Wklv fxuyh vwdqgv iru wkh djjuhjdwh ghpdqg vlgh/

zkloh dvvxplqj wkdw wkh qrplqdo lqwhuhvw udwh lv wkh srolf| lqvwux0

phqw1 Lw lpsolhv wkdw zh gr qrw qhhg dq h{solflw OP fxuyh1 Rwkhu0

zlvh/ zkhq zh dvvxph d prqhwdu| djjuhjdwh dv srolf| lqvwuxphqw/

zh dgg d vwdqgdug prqh| ghpdqg htxdwlrq zlwk dq rssruwxqlw| frvw

dqg d vfdoh yduldeoh1 Erwk vfhqdulrv ohdg wkhq wr d uxoh ri wkh irup ri

htxdwlrq +4,1 Wkh wklug htxdwlrq +8, uhsuhvhqwv dq xqfryhuhg lqwhuhvw

udwh sdulw| phdqlqj wkdw wkh h{shfwhg dssuhfldwlrq ri wkh h{fkdqjh

udwh lv d ixqfwlrq ri wkh uhdo lqwhuhvw udwh +gl�huhqwldo zlwk deurdg,1

Ilqdoo|/ wklv uhdo lqwhuhvw udwh lv gh�qhg lq wkh Ilvkhu htxdwlrq +9,

dv wkh gl�huhqfh ehwzhhq wkh qrplqdo lqwhuhvw udwh dqg wkh h{shfwhg

lq dwlrq udwh1

Vwloo dvvxplqj wkh vkruw0whup lqwhuhvw udwh dv srolf| lqvwuxphqw/

wkh uhvxowlqj rswlpdo uxoh diwhu vrph dojheudlf pdqlsxodwlrq lv htxd0

wlrq +:,1 Lw fruuhvsrqgv wr htxdwlrq +4,/ zlwk qrz vshfl�f yduldeoh

ohdgv lpsolhg e| wkh rswlpdo frqwuro h{huflvh=

l| @ ��H| +�|n�, . �2{| . ��H| +v|n�, = +:,

Wklv h{huflvh lqwxlwlyho| vkrzv wkdw wkh vxjjhvwhg wdujhwlqj uxoh +4,/

xvlqj dq h{fkdqjh udwh hohphqw/ grhv qrw qhfhvvdulo| lpso| h{fkdqjh

udwh wdujhwlqj lq wkh orvv ixqfwlrq ri wkh VQE1 Wkh h{fkdqjh udwh hoh0

phqw lv suhvhqw �uvw ehfdxvh wkh wh{werrn prgho lv rshq dqg vhfrqg

ehfdxvh lw lqgluhfwo| vhuyhv wkh plqlpl}dwlrq ri fxpxodwhg rxwsxw

dqg lq dwlrq yduldqfhv1

Uxoh +4, glvsod|v sohdvdqw fkdudfwhulvwlfv1 Iluvw/ lw dyrlgv wkh

fulwltxh ri Oxfdv +4<::, ehfdxvh lw lv edvhg rq iruzdug0orrnlqj ydul0

deohv dqg lqwhuwhpsrudo rswlpl}dwlrq1 Frh!flhqw fkdqjhv frxog qrw

eh eurxjkw e| srolf| lwvhoi1 Krzhyhu/ xqghuo|lqj dvvxpswlrqv fdq

fkdqjh ryhu wlph/ frq�uplqj wkh qhhg wr vsolw wkh vdpsoh lq rughu

wr whvw wkh urexvwqhvv ri wklv uxoh43c441 Vhfrqg/ lw qhvwv wkh Wd|oru

43 Lw lv qhfhvvdu| wr suhflvh wkdw wkh sdudphwhuv ri htxdwlrqv +6,0+9, duh qrw cghhs
sdudphwhuv* ehfdxvh wkhvh htxdwlrqv duh vshfl�hg dqg qrw ghulyhg iurp xqghu0
o|lqj dvvxpswlrqv1 Lw zhdnhqv wkh uxoh lppxqlw|1 Krzhyhu/ wkh forvhg0hfrqrp|
h{suhvvlrq iru wkhvh vdph htxdwlrqv glvsod|v cghhs sdudphwhuv* dqg dyrlgv wkxv
wkh fulwltxh ri Oxfdv +4<::,1

44Zh gr qrw vlpxodwh rxu uxoh zlwklq wkh vlpsoh wh{werrn prgho iru wkuhh uhd0
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uxoh edvhg rq edfnzdug0orrnlqj yduldeohv/ dvvxplqj wkdw wkh h{shf0

wdwlrqv ri h{sodqdwru| yduldeohv duh edvhg rqo| rq odjjhg yduldeohv1

Wklug/ hyhq li lw lv srvvleoh wr dsso| gl�huhqw frpelqdwlrqv ri ohdgv

wr wkh wkuhh yduldeohv lq wkh uxoh/ zh iroorz wkh suhglfwlrqv ri wkh

wh{werrn prgho1 Lw jlyhv wkh ohdgv wr vhw lq rxu hfrqrphwulf hvwlpd0

wlrq/ qdpho| wkh xvh ri d rqh0|hdu dkhdg lq dwlrq udwh dqg h{fkdqjh

udwh jds/ dqg wkh fxuuhqw rxwsxw jds dv h{sodqdwru| yduldeohv451

51415 Pdunhw Htxdwlrq

Wkh vhfrqg dvvxpswlrq frqfhuqv wkh pdunhw htxdwlrq1 Lw khosv wr

uhod{ wkh vwurqj dvvxpswlrq wkdw wkh fhqwudo edqn fdq gluhfwo| jxlgh

lwv srolf| lqvwuxphqw1 Zh vwloo dvvxph wkdw wkh fhqwudo edqn pdqdjhv

lwv lqvwuxphqw dqg vhwv lw wr dfklhyh lwv jrdov/ exw lqyhuvho| xs wr d

fhuwdlq ghjuhh uhsuhvhqwhg e| �1 Rwkhu srolf| yduldeohv wkhq dgmxvw

wr fohdu wkh prqh| pdunhw1 Khqfhiruwk/ wkh vxjjhvwhg g|qdplfv ri

wkh srolf| lqvwuxphqw doorzv iru d sduwldo fhqwudo edqn frqwuro/ ru

pruh suhflvho|/ iru d wrwdo edqn frqwuro zlwk vrph shuvlvwhqfh lq

wkh lqvwuxphqw1 Wkh pdunhw htxdwlrq wkxv h{sodlqv wkh revhuyhg

lqvwuxphqw z zlwk wkh fhqwudo edqn*v wdujhw lqvwuxphqw zW/ d odjjhg

hohphqw46 z|3�/ dqg d vkrfn y=

z| @ +4� �,zW| . �z|3� . y|= +;,

Zh dsso| wr wkh pdunhw htxdwlrq +;, gl�huhqw srolf| lqvwuxphqwv

z1 Wzr srvvlelolwlhv duh dw kdqg= d vkruw0whup lqwhuhvw udwh/ wkh

fdoo udwh fu wkdw lv wkh htxlydohqw ri wkh ihghudo ixqg udwh lq wkh XV/

ru qduurz djjuhjdwhv dv wkh vljkw ghsrvlwv ri frpphufldo edqnv dw

wkh VQE dqg wkh prqhwdu| edvh1 Zh dovr xvh d eurdghu gh�qhg

vrqv1 Iluvw/ lw lv qrw fohdu zkhwkhu wkh prgho dffxudwho| ghvfulehv wkh Vzlvv hfrq0
rp| zlwk lwv sduwlfxodulwlhv1 Vhfrqg/ wkh wh{werrn prgho lv qrw deoh wr surylgh
qrupdwlyh ihdwxuhv zlwk sur�w dqg xwlolw| ixqfwlrqv ri hfrqrplf djhqwv/ ehfdxvh
wkhvh ixqfwlrqv duh rqo| sduwldoo| plfurirxqghg lq wklv prgho1 Wklug/ vlpxodwlrqv
edvhg rq uhgxfhg0irup prghov vx�hu iurp wkh fulwltxh ri Oxfdv +4<::,/ zklfk
vwdwhv wkdw wkh sdudphwhuv xvhg wr vlpxodwh wkh gdwd jhqhudwlqj surfhvv iru qrp0
lqdo yduldeohv duh fdoleudwhg lq d zruog ghyrlg ri d QIU dqg wkh| zrxog fkdqjh
li d QIU zhuh lq dfwlrq +Gxhnhu dqg Ilvfkhu +4<<7/ 4<<;,,1

45Edoo +4<<<e, frq�upv wkh qhfhvvlw| wr irfxv rq phglxp0whup lq dwlrq lq wkh
olwhudwxuh rq uxohv iru rshq hfrqrplhv1

46Vhh Jrrgkduw +4<<<, iru wkh xvh ri dq dxwruhjuhvvlyh hohphqw lq uxoh hvwlpd0
wlrq1 Wkh pdlq mxvwl�fdwlrq lv judgxdolvp lq fhqwudo edqn lqwhuyhqwlrqv iru wkh
xvhg lqvwuxphqwv/ fdoo udwh ru jurzwk udwh ri prqh| vwrfnv1
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djjuhjdwh P4/ hyhq li wkh dvvxpswlrq ri gluhfw frqwuro lv sduwldoo|

ylrodwhg gxh wr dq xqvwdeoh prqh| pxowlsolfdwru1

Pdunhw htxdwlrq +;, ghvfulehv wkh ehkdylru ri wkh revhuyhg lq0

vwuxphqw dqg lwv uhodwlrqvkls wr wkh lqvwuxphqw wdujhw zW vhw e| wkh

VQE1 Wklv htxdwlrq od|v ehwzhhq wzr vfhqdulrv1 Wkh fhqwudo edqn

hlwkhu lpsohphqwv xs wr wkh vkrfn y lwv wdujhw zW| / lpso|lqj � @ 3/47

ru lw kdv wr wdnh lqwr dffrxqw uljlglwlhv rq wkh prqh| pdunhw/ lpso|0

lqj � @ 4 lq wkh prvw h{wuhph fdvh1 Frh!flhqw � jlyhv lqirupdwlrq

derxw wkh ghjuhh ri lqvwuxphqw frqwuro wkh VQE h{huflvhv1 Zh h{shfw

� wr eh vpdoo lq fdvh ri qduurz djjuhjdwhv dqg txlwh kljk lq fdvh ri

eurdghu gh�qhg djjuhjdwhv dv P41 Ilqdoo|/ y lv d glvwxuedqfh fdwfk0

lqj h{whuqdo lq xhqfhv rq wkh lqvwuxphqw dv �qdqfldo fulvlv/ yhorflw|

vkrfnv/ dqg ghyldwlrqv iurp wdujhw zW1

51416 Lqvwuxphqw Uxoh Uhjuhvvlrq

Lq rughu wr hvwlpdwh wkh frh!flhqwv ri erwk htxdwlrqv +4, dqg +;,/

zh soxj htxdwlrq +4, lq wkh pdunhw htxdwlrq +;, wr jhw d qhz htxd0

wlrq/ dq lqvwuxphqw uxoh1 Ghshqglqj rq rxu dvvxpswlrqv frqfhuqlqj

wkh h{shfwhg h{sodqdwru| yduldeohv/ zh wkhq hvwlpdwh wkh lqvwuxphqw

uxoh dffruglqj wr wzr phwkrgv/ qdpho| hlwkhu zlwk lqvwuxphqwdo ydul0

deohv fdoohg cghvfulswlrq* ru zlwk ruglqdu| ohdvw vtxduhv +ROV, fdoohg

ch{shulphqwdwlrq*1 Wkhvh dvvxpswlrqv ghshqg wkhpvhoyhv rq wkh lq0

irupdwlrqdo vlwxdwlrq ri wkh VQE1

D sulrul/ wkh suhvhqwhg uxoh htxdwlrq +4, doorzv xv wr xvh gl�huhqw

ohdgv iru lwv h{sodqdwru| yduldeohv1 Wkh wh{werrn prgho ghvfulehg

lq wkh suhylrxv vhfwlrq qhyhuwkhohvv uhvwulfwv rxu fkrlfh1 Zh dvvxph

wkdw wkh rxwsxw jds lv frqwhpsrudqhrxv zkloh lq dwlrq dqg h{fkdqjh

udwh dsshdu zlwk d ohdg ri d |hdu1 Wklv uhgxfhg irup lv wkh iroorzlqj

htxdwlrq=

z| @ +4� �, �z . +4� �,�H|

�
�|n�2 � �

W

|n�2

�
. +4� �,� +|| � |

W

| ,

.+4� �,�H|

�
t|n�2 � t

W

|n�2

�
. �z|3� . y|= +<,

5141614 Ghvfulswlrq Wkh �uvw zd| wr hvwlpdwh wkh frh!flhqwv

lv wr iroorz Fodulgd/ Jdol/ dqg Jhuwohu +4<<;d/ 4<<;e,1 Zh dlp dw

ghvfulelqj zkdw wkh VQE glg/ zlwkrxw hvshfldoo| wdnlqj lqwr dffrxqw

zkhwkhu wkh VQE/ zkhq lw lpsohphqwhg lwv srolf|/ kdg doo wkh gdwd

47Wklv lv wkh dvvxphg vhwxs iru wkh fhqwudo edqn*v rswlpl}dwlrq h{sodlqhg lq
wkh suhylrxv vhfwlrq1 Zh pruhryhu dvvxphg wkdw wkhuh zdv qr vkrfn �1
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zh xvh lq rxu hvwlpdwlrq1 Zh sduwlfxoduo| wklqn wr wkh lqwhusrodwhg

JGS dqg wr wkh pdqqhu zh dyrlg frpsxwlqj h{shfwhg vhulhv1

Zh dvvxph wkdw wkh lq dwlrq wdujhw �W lv frqvwdqw ryhu wkh vdp0

soh/ lpso|lqj �uvw wkdw zh fdq pryh lw lq wkh lqwhufhsw dqg vhfrqg

wkdw �W lv ghwhuplqhg e| wkh hvwlpdwlrq1 Zh ixuwkhu dvvxph wkdw wkh

h{shfwhg iruhfdvw huuruv derxw h{sodqdwru| yduldeohv duh wuhdwhg dv

uhvlgxdov1 Edvhg rq wkhvh wzr dvvxpswlrqv/ zh zulwh wklv htxdwlrq

lq ghwdlo xvlqj wkh gh�qlwlrqv ri wkh rxwsxw jds { dqg wkh h{fkdqjh

udwh jds v=

z| @ +4� �,

k} �� ~
+ �z� ��

W, .+4� �,��|n�2

.+4� �,�{| . +4� �,�v|n�2 . �z|3� . %|/ +43,

zkhuh wkh frpsrvlwh uhvlgxdo %| lv

%| @ y| . �+�� 4, +�|n�2 �H| +�|n�2,,

.�+�� 4, +v|n�2 �H| +v|n�2,, 1 +44,

Htxdwlrq +44, uhsuhvhqwv wkh vkrfn y dqg doo iruhfdvw huuruv grqh

e| wkh edqn lq jxhvvlqj wkh djhqwv* h{shfwdwlrqv1 Lw lv qrw srvvleoh

wr glvfulplqdwh ehwzhhq huuruv grqh e| wkh djhqwv dqg wkh srvvleo|

zurqj shufhswlrq ri wkhvh h{shfwdwlrqv e| wkh edqn481 Uhvlgxdov

% doorz iru gl�huhqw lqwhusuhwdwlrqv ri vkrfnv glvwxuelqj wkh prqh|

pdunhw1 Wkhvh vkrfnv frxog eh yhorflw| vkrfnv/ vljql�fdqw ghyldwlrqv

iurp wkh uxoh/ ru �qdoo| huuruv lq h{shfwdwlrqv derxw wkh ixwxuh ydul0

deohv xvhg lq htxdwlrq +4,1 Irfxvlqj rq htxdwlrq +43, rqo|/ lw lv qrw

srvvleoh wr glvwlqjxlvk wkhvh wkuhh srwhqwldo h{sodqdwlrqv1

Zh vwloo iroorz Fodulgd/ Jdol/ dqg Jhuwohu +4<<;d/ 4<<;e, wr hvwl0

pdwh wkh frh!flhqwv lq xvlqj wkh uhvlgxdov % dqg wkhlu ruwkrjrqdolw|

uhodwlyh wr wkh lqirupdwlrq vhw 
| zlwklq d jhqhudol}hg phwkrg ri pr0

phqwv +JPP, zlwk lqvwuxphqwdo yduldeohv1 Lq wkh vhfwlrq cUhvxowv*/

zh wkrurxjko| ghvfuleh wkh hohphqwv ri wkh edqn lqirupdwlrq vhw 
|

xvhg dv hvwlpdwlrq lqvwuxphqwv1 Zh uhwulhyh wkhq e| JPP wkh uxoh

frh!flhqwv �> �> �> wkh pdunhw frh!flhqw �/ dqg wkh xqltxh lpsolhg

lq dwlrq wdujhw �W1 �z lv jlyhq khuh e| wkh gdwd dv phdq ri z1

5141615 H{shulphqwdwlrq Wkh vhfrqg zd| frqvlvwv lq hvwlpdw0

lqj htxdwlrq +<, gluhfwo| e| ROV diwhu kdylqj suhylrxvo| frpsxwhg

48Vhh Vyhqvvrq +4<<:, derxw wkh gl�huhqw eldvhv lq hvwlpdwlqj wkh djhqwv* h{0
shfwdwlrqv1
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wkh jdsv/ qrz edvhg rq h{shfwhg vhulhv1 Zh wkxv hvwlpdwh wkh uxoh

wdnlqj lqwr dffrxqw wkh lqirupdwlrqdo vlwxdwlrq wkh VQE idfhv zkhq

lw lpsohphqwv lwv srolf|1 Wklv fruuhfwv wkh suhylrxv ghvfulswlyh vhwxs/

zkhuh zh xvh gdwd nqrzq e| wkh VQE rqo| zlwk vrph odjv/ ru pruh

suhflvho|/ rqo| nqrzq diwhu wkh srolf| lpsohphqwdwlrq1

Iluvw/ zh dvvxph h{solflw wdujhw ydoxhv iru lq dwlrq jlyhq e| wkh

VQE dqg qrw lpsolflw rqhv dv lq wkh suhylrxv fdvh1 Zh ixuwkhu dv0

vxph wkdw h{shfwhg lq dwlrq fdofxodwhg e| wkh VQE lv ruwkrjrqdo

wr wkh vkrfn y
491 Lw lpsolhv wkdw �z wdnhv qrz rq d ydoxh fdofxodwhg

e| wkh prgho gxh wr lwv ryhulghqwl�fdwlrq1 Vhfrqg/ zh xvh d vr0

fdoohg frqwhpsrudqhrxv h{shfwhg rxwsxw jds {e/ ehfdxvh prqwko|

jurvv grphvwlf surgxfw +JGS, lv rqo| nqrzq zlwk d odj ri pdq|

prqwkv1 Wkh xvhg vhulhv dfwxdoo| uhsuhvhqwv d prqwko| lqwhusrodwhg

JGS ehiruh wkdw txduwhuo| ydoxhv duh nqrzq dqg wkxv grhv qrw vxp

wr txduwhuo| revhuydwlrqv1 Wkh rxwsxw jds lv wkhq wkh gl�huhqfh eh0

wzhhq d wuhqg edvhg rq ydulrxv vfhqdulrv frqfhuqlqj wkh ghyhorsphqw

ri Vzlvv srwhqwldo rxwsxw +h1j1 Oÿvfkhu dqg Uxrvv +4<<9,, dqg wkhvh

frqwhpsrudqhrxv h{shfwhg prqwko| ydoxhv iru JGS1 Wklug/ zh dv0

vxph wkdw wkh VQE kdv d �{hg wdujhw iru wkh h{fkdqjh udwh wkdw zh

nhhs frqvwdqw ryhu wkh hvwlpdwlrq vdpsoh1 Wkh dvvxphg rqh0|hdu

dkhdg h{shfwhg h{fkdqjh udwh lv wkhq lwv fxuuhqw ydoxh1 Edvhg rq

wkhvh dvvxpswlrqv/ htxdwlrq +<, ehfrphv wkh iroorzlqj rqh=

z| @ +4� �, �z . +4� �,�H|

�
�|n�2 � �

W

|n�2

�
. +4� �,�{|

.+4� �,� +t| � t
W, . �z|3� . y|= +45,

��� ����

Vwdwlvwlfdo fkdudfwhulvwlfv ri prqwko| gdwd duh jlyhq lq wdeoh 41 Wkhuh

lv gdwd iru wkuhh vdpsohv/ zkroh vdpsoh 4<;404<<:/ ehiruh/ dqg diwhu

4<<31 Wdeoh 4 glvsod|v lqirupdwlrq iru wkh lq dwlrq udwh �/ vl{ gh�ql0

wlrqv ri rxwsxw jds {/ wkuhh uhdo h{fkdqjh udwh jdsv xvlqj GP v
_6/

xvlqj XV' v
�r/ dqg xvlqj d jds zhljkwhg e| wudgh  rzv v@,,1 Frq0

fhuqlqj wkh prqhwdu| srolf| lqvwuxphqwv/ zh uhsruw gdwd iru wkh fdoo

udwh fu/ wkh vljkw ghsrvlwv ri frpphufldo edqnv dw wkh VQE jlur/ wkh

prqhwdu| edvh P3/ dqg wkh prqhwdu| djjuhjdwh P4 +doo h{suhvvhg

49Wklv dvvxpswlrq grhv qrw vhhp wrr uhvwulfwlyh iru wzr uhdvrqv1 Iluvw/ zlwk d
iruhfdvwlqj krul}rq ri d |hdu/ wkh fruuhodwlrq ehwzhhq � dqg .| EZ|n�2� lv dvvxphg
dv orz1 Vhfrqg/ zh wklqn wkdw wkh xvh ri VQE gdwd +wdnhq iurp lwv sxeolfdwlrqv,
lqvwhdg ri h{whuqdoo| iruhfdvwhg lq dwlrq +Vyhqvvrq/ 4<<:, kdv pdujlqdo h�hfwv lq
wklv nlqg ri uhjuhvvlrqv zkhuh zh gr qrw frqvlghu fuhglelolw| dujxphqwv1
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dv uhdo djjuhjdwhv lq jurzwk udwh,4:1 Zh dvvxph doo vhulhv vwdwlrqdu|/

dowkrxjk lw lv riwhq dw wkh 43048( vljql�fdqfh ohyho1

Zh dqdo|}h vl{ gh�qlwlrqv ri rxwsxw jds xvlqj rqo| prqwko| Vzlvv

JGS lqwhusrodwhg dffruglqj wr Fxfkh dqg Khvv +4<<<d/ 4<<<e,1

Wdeoh 4= Gdwd Ghvfulswlrq

Zkroh Vdpsoh ;4=340<:=45
> j DU+4, ME DGI

Z 6146 419; 31<:- 45145- 05134
%� 3133 51:3 31<4- 481:5- 0419<
%2 3133 41:5 31:9- 47189- 0617:-
%� 03176 517< 31;<- 431:<- 04166
%e 3133 413; 3174- 5185 06186-
%D 3178 5179 31;;- 45158-- 041<;
%e 04137 6195 31<6- 471:4- 04165

r_6 04146 61:9 31<8- ;1<:-- 0519;
r�r 4158 53178 31<;- 6613;- 041::

r@,, 3157 7153 31<7- 71:: 061<3-
So 61;: 5173 31<5- 4:18<- 041;;
}�oJ 51;< 43187 31<:- 45168-- 041;3
�f 03154 61:; 31<6- 441:;-- 041:9
�� 03174 915; 31<8- 51:8 05153

Ehiruh 4<<3 ;4=340;<=45
> j DU+4, ME DGI

Z 6159 4193 31<9- :165-- 041:6
%� 03178 514< 31;;- 719: 03186
%2 0315; 5133 31;4- 48194- 051<<--
%� 31<< 4177 319:- 41<3 05133
%e 0313< 4149 3179- 5143 051:;
%D 03178 514< 31;;- 719: 03186
%e 31<3 41:8 31:4- 614; 05153

r_6 06158 51:3 31<4- 4918;- 0517<
r�r 4717; 4<15: 31<;- 8169 04185

r@,, 31;5 61:9 31<7- 81:: 051:7
So 6139 41:; 31:5- <188- 04164
}�oJ 7195 <1;: 31<;- 6:1;8- 0317<
�f 31;4 6169 31<4- <1;4-- 04159
�� 0413: 81;; 31<7- 3187 041<4

4:Hvwlpdwlrqv shuiruphg zlwk qrplqdo jurzwk udwhv iru wkh wkuhh djjuhjdwhv
surgxfh vlplodu uhvxowv1 Lq rughu wr doorz iru frpsdulvrqv zlwk rwkhu vwxglhv/ zh
uhsruw gdwd dqg uhvxowv iru uhdo jurzwk udwhv1
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Wdeoh 4 Frqwlqxhg

Diwhu 4<<3 <3=340<:=45
> j DU+4, ME DGI

Z 51<; 41:9 31<;- <165- 04145
%� 317< 6146 31<5- :14<-- 031<8
%2 3165 415; 318<- 6178 041:<
%� 05138 5178 31;9- 5516:- 05155
%e 3143 31<; 3166- 31:3 05143
%D 417< 5167 31;9- 441;:-- 04195
%e 06157 61<5 31<6- 819; 041:6

r_6 4158 6165 31<6- 31<8 05186
r�r 046194 :157 31<6- 818< 051:6

r@,, 03194 7187 31<7- 7199 051:6
So 71:< 5199 31<;- ;159-- 03185
}�oJ 31<8 431<; 31<;- 6179 03196
�f 0416: 61<5 31<9- 6194 03195
�� 3164 919: 31<8- 813: 0413;

Qrwh = Doo yduldeohv lq dqqxdol}hg shufhqwdjh1 Z @ Lq dwlrq udwh> % @ Rxwsxw
jds gh�qlwlrqv> r_6 @ Uhdo h{fkdqjh udwh jds +GP,> r�r @ Uhdo h{fkdqjh udwh
jds +XV',> r@,, @ Wudgh0zhljkwhg uhdo h{fkdqjh udwh jds> So @ Fdoo udwh> }�oJ
@ Jurzwk udwh ri vljkw ghsrvlwv ri frpphufldo edqnv> �f @ �f jurzwk udwh>
�� @ �� jurzwk udwh> > @ Phdq> j @ Vwdqgdug ghyldwlrq> DU+4, @ Iluvw0
rughu dxwruhjuhvvlyh frh!flhqw> ME @ Mdutxh0Ehud whvw> DGI @ Dxjphqwhg
Glfnh|0Ixoohu whvw1 Qxoo k|srwkhvhv= l, �uvw0rughu DU frh!flhqw whvw/ Kf=
DU0frh!flhqw @ f> ll, ME whvw/ Kf= qrupdo glvwulexwlrq> lll, DGI whvw/ Kf=
xqlw urrw1 Uhmhfwlrq ri wkh qxoo k|srwkhvlv dw wkh 4( vljql�fdqfh ohyho +-, dqg
dw wkh 8( vljql�fdqfh ohyho +--,1 Vrxufh= Gdwdvwuhdp/ Lqwhuqdwlrqdo Ilqdqfldo
Vwdwlvwlfv/ dqg VQE1

Iljxuh 5= Prqwko| JGS dqg Wuhqg
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Iljxuh 5 Frqwlqxhg
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Iljxuh 5 Frqwlqxhg
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Qrwh = Prqwko| JGS dqg wuhqg lq plr FKI1 JGS @ Jurvv grphvwlf surgxfw
+vrolg olqh,> Wuhqg +gdvkhg olqh,1 Wuhqg4 @ Olqhdu wuhqg 4<;404<<:> Wuhqg5
@ Wzr0vhfwru olqhdu wuhqg ehiruh dqg diwhu 4<<3> Wuhqg6 @ Olqhdu wuhqg zlwk
dgmxvwphqw lq hdfk shulrg> Wuhqg7 @ KS wuhqg> Wuhqg8 @ Wuhqg4 ehiruh 4<<7
dqg Wuhqg5 diwhu 4<<71 Wuhqg h @ Wuhqg xvhg iru h{shulphqwdwlrq1 Vrxufh=
Fxfkh dqg Khvv +4<<<d/ 4<<<e,1

Zh gr qrw xvh dowhuqdwlyh sur{lhv iru JGS dv Jdol dqg Jhuwohu

+4<<<, glg iru h{dpsoh lq frpsxwlqj d srwhqwldo JGS edvhg rq oderu

lqfrph vkduh lq hvwlpdwlqj d qhz Skloolsv fxuyh4;1 Wkh vl{ rxwsxw

jdsv duh looxvwudwhg lq �jxuhv 5 dqg 61 Zh gh�qh dv dq rxwsxw jds

4;Vhh Gxsdvtxlhu/ Jxd| dqg Vw0Dpdqw +4<<<, iru d vxuyh| derxw dowhuqdwlyh
phwkrgrorjlhv iru hvwlpdwlqj srwhqwldo rxwsxw dqg frpsxwlqj rxwsxw jdsv1
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wkh gl�huhqfh ehwzhhq JGS dqg d fkrvhq wuhqg1 Gl�huhqw wuhqgv

surgxfh gl�huhqw jdsv4<1 Zh gr qrw fkrrvh d sulrul wkh gh�qlwlrq ri

|
W/ wkh vr0fdoohg srwhqwldo rxwsxw zklfk wkh hfrqrp| vkrxog uhdfk

zlwk doo lwv fdsdflwlhv exv|1 Lq rxu ylhz/ lw lv pruh frqyhqlhqw wr

xqghuvwdqg |
W dv d ghvluhg ohyho wkdw srolf|pdnhuv zdqw wkh hfrqrp|

wr uhdfk531

Iljxuh 6= Rxwsxw Jds
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4<Doo rxwsxw jdsv duh h{suhvvhg uhodwlyho| wr wkh fkrvhq wuhqg= E+ 3 +W� �ff*+W1
Zh dovr dsso| wklv phwkrg wr h{fkdqjh udwh jdsv1 Zh fdq wkhq lqwhusuhw uhjuhv0
vlrq frh!flhqwv dv hodvwlflwlhv1

53Qrwh wkdw wkhuh lv dq dv|pphwu| lq wkh wuhdwphqw ri +W uhodwlyh wr ZW1 Wklv
lv h{sodlqhg e| whfkqlfdo uhdvrqv dqg wkh pruh lpsruwdqw uroh ri lq dwlrq wdujhwv
lq wkh frqgxfw ri prqhwdu| srolf|1
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Iljxuh 6 Frqwlqxhg
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Iljxuh 6 Frqwlqxhg
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Qrwh = Hdfk jds +lq shufhqwdjh iurp wuhqg, fruuhvsrqgv wr wkh wuhqg zlwk wkh
vdph qxpehu dv lq �jxuh 51 Vrxufh= Fxfkh dqg Khvv +4<<<d/ 4<<<e,1

Wkh �uvw jds gh�qlwlrq {� lv wkh gl�huhqfh ehwzhhq prqwko| JGS

dqg d olqhdu wuhqg gxulqj wkhvh odvw �iwhhq |hduv1 Wkh vhfrqg ghi0

lqlwlrq {2 lv edvhg rq wzr olqhdu wuhqgv vhsdudwho| fdofxodwhg iru

wzr gl�huhqw vxevdpsohv1 Zh dvvxph wkdw wkh olqhdu wuhqg lv ehvw

fdxjkw zlwk d euhdn lq wkh ehjlqqlqj ri wkh qlqhwlhv1 Zh duh qrw

vxuh wkdw wkh srwhqwldo rxwsxw ghfuhdvhv lq wkh qlqhwlhv1 Krzhyhu/

zh fdq dvvxph wkdw wkh fhqwudo edqn uhdol}hv wkdw wkh vlqjoh olqhdu

wuhqg/ fdofxodwhg iru wkh hljkwlhv/ ehfrphv frpsohwho| k|srwkhwlfdo

dqg zdqwv wr uh0dgmxvw lwv wuhqg gh�qlwlrq lq fdofxodwlqj d qhz jds

lq wkh ehjlqqlqj ri wkh qlqhwlhv1 Wkh wzr0vhfwru wuhqg lpsolhv wkdw

lq wkh qlqhwlhv wkh jds lv vpdoohu lq lwv vhfrqg gh�qlwlrq wkdq lq wkh

�uvw rqh zlwk d vlqjoh wuhqg1 Wkh jds iru wkh hljkwlhv lv ohvv d�hfwhg

e| wklv qhz fdofxodwlrq1 Wkh wklug gh�qlwlrq {� lv edvhg rq d vlqjoh

olqhdu wuhqg wkdw wkh fhqwudo edqn uhfdofxodwhv diwhu hdfk shulrg1 Lw

h{sodlqv wkh vprrwk sdwk lq wkh judsk1 Iru hdfk shulrg/ zh jhw d

qhz ghvluhg rxwsxw1 Fxpxodwlqj wkhvh qhz ghvluhg ydoxhv surgxfhv

d vprrwk vwrfkdvwlf0orrnlqj wuhqg1 {e lv dq rxwsxw jds diwhu wkdw

wkh vwrfkdvwlf wuhqg fdofxodwhg e| Krgulfn0Suhvfrww +KS, �owhulqj

kdv ehhq uhpryhg1 Lw kdv wkh ihdwxuh wr lvrodwh wkh kljk iuhtxhq0

flhv ri wkh exvlqhvv f|foh surgxflqj d qrlvlhu vhulhv uhsuhvhqwlqj wklv

f|folfdo sduw1 Wkh �iwk gh�qlwlrq {D lv d pl{ ehwzhhq wkh wzr �uvw

jdsv/ zkhuh wkh wuhqg lv wkh �uvw rqh xs xqwlo 4<<7 +{�c{�bbe, dqg

Wuhqg5 diwhu 4<<7 +{2c�bbe<,1 Ilqdoo|/ {e lv wkh rxwsxw jds ehwzhhq

wkh qrq0fruuhfwhg lqwhusrodwhg JGS dqg d wuhqg edvhg rq ydulrxv
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vfhqdulrv frqfhuqlqj wkh ghyhorsphqw ri Vzlvv srwhqwldo rxwsxw +h1j1

Oÿvfkhu dqg Uxrvv +4<<9,,1 Wklv jds wdnhv lqwr dffrxqw wkh lq0

irupdwlrq vhw wkdw wkh VQE dqdo|}hv zkhq lw lpsohphqwv prqhwdu|

srolf|1 Dffruglqjo|/ lqwhusrodwhg prqwkv gr qrw vxp xs wr sxe0

olvkhg txduwhuo| JGS541 Wklv prqwko| JGS lv qrz vwulfwo| edvhg rq

frqwhpsrudqhrxv uhodwhg vhulhv dqg qrw rq ixwxuh ydoxhv dv lqfoxghg

lq wkh suhylrxv �yh gh�qlwlrqv wkdw duh lqwhusrodwhg xvlqj txduwhuo|

ydoxhv nqrzq rqo| zlwk d odj ri pdq| prqwkv551

Wkh h{fkdqjh udwh jds lv dovr gh�qhg dv ghyldwlrq iurp d olqhdu

wuhqg= v
_6 iru wkh GP/ v�r iru wkh XV'/ dqg v

@,, iru wkh wudgh0

zhljkwhg uhdo h{fkdqjh udwh1 Rq dyhudjh/ doo wkuhh glvsod| d vorz

exw glvwlqfw FKI dssuhfldwlrq zlwk uhvshfw wr rwkhu fxuuhqflhv1

� �������

Rxu uhvxowv ghshqg rq hvwlpdwlrq surfhvvhv/ qdpho| wkh ghvfulswlyh

dqg h{shulphqwdo uhjuhvvlrqv1 Zh suhvhqw rxu uhvxowv lq gl�huhqw vhf0

wlrqv hpskdvl}lqj wkh rshq txhvwlrqv phqwlrqhg lq wkh lqwurgxfwlrq1

Wkh| frqfhuq wkh rxwsxw jds vhohfwlrq dqg wkh frh!flhqw lqwhusuh0

wdwlrq iru gl�huhqw vdpsohv1 Lpsolhg wdujhwv iru wkh lq dwlrq udwh

dqg srolf| lqvwuxphqwv duh dovr fdofxodwhg1 Zh ixuwkhu frpsduh rxu

uhvxowv zlwk wkh Wd|oru uxoh1 Ilqdoo|/ zh hvwlpdwh rxu vhfrqg prgho

zkhq zh wdnh lqwr dffrxqw wkh lqirupdwlrqdo vhwxs ri wkh VQE1

��� ���	�
��

� ���
 ��
��

Lq rughu wr hvwlpdwh htxdwlrq +43,/ zh xvh dq ryhulghqwl�hg JPP

zlwk lqvwuxphqwdo yduldeohv frplqj iurp wkh VQE*v lqirupdwlrq vhw


|1 Zh h{wudfw iurp wklv edvnhw odjjhg lq dwlrq udwhv/ odjjhg rxw0

sxw jdsv/ odjjhg frpprglw| sulfh lqglfhv/ odjjhg srolf| lqvwuxphqwv/

dqg odjjhg h{fkdqjh udwh jdsv zkhq zh hvwlpdwh wkh uxohv zlwk dq

54 Lw lv zruwk phqwlrqlqj wkdw zh gr qrw uh0rswlpl}h/ diwhu hdfk qhz txduwhuo|
revhuydwlrq/ wkh frh!flhqwv ri wkh Ndopdq �owhu wkdw surgxfhv wklv qrq0fruuhfwhg
JGS1 Zh dvvxph wkdw wkh VQE dssolhv ydoxhv wkdw duh fdofxodwhg rqfh iru wkh
zkroh hvwlpdwlrq vdpsoh1

55Khuh lv dq h{dpsoh wr looxvwudwh wklv gl�huhqfh1 Lq rughu wr hvwlpdwh %e iru
Mdqxdu|/ Iheuxdu|/ dqg Pdufk/ zh xvh uhodwhg vhulhv wkdw suhvxpdeo| frpryh zlwk
prqwko| JGS1 Dffruglqjo|/ zh surgxfh hdfk prqwk d prqwko| hvwlpdwh1 Dw wkh
hqg ri Pd| iru h{dpsoh/ zkhq wkh txduwhuo| ydoxh lv nqrzq/ wkhvh wkuhh qrq0
fruuhfwhg hvwlpdwhv duh fdoleudwhg lq rughu wr pdwfk wkh txduwhuo| revhuydwlrq1
Wkh| qrz vxp wr lw1 Zh xvh wkhp wr fdofxodwh wkh jdsv %� wr %D1
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h{fkdqjh udwh whup1 Wkh dgglwlrq ri odjjhg prqhwdu| djjuhjdwhv

+odjjhg fdoo udwhv, dv lqvwuxphqwdo yduldeohv/ zkloh hvwlpdwlqj uxohv

zlwk wkh fdoo udwh +d prqhwdu| djjuhjdwh, dv srolf| lqvwuxphqw/ grhv

qrw vljql�fdqwo| lpsuryh rxu uhvxowv1

Iurp dq hfrqrphwulf srlqw ri ylhz/ wklv odujh vhw ri lqvwuxphqwdo

yduldeohv pd| vhhp zhdn gxh wr wkh kljk ghjuhh ri ryhulghqwl�fd0

wlrq wr hvwlpdwh d ihz frh!flhqwv561 Wklv ryhughwhuplqhg v|vwhp

qhyhuwkhohvv r�huv wkh dgydqwdjh wr dyrlg wkh vwrfn fulwlflvpv wkdw

uxoh0iroorzlqj fhqwudo edqnv gr qrw frqvlghu doo dydlodeoh lqirupdwlrq

zkhq lpsohphqwlqj wkhlu srolf| +Srroh/ 4<<<,1 Rq wkh rwkhu kdqg/

zh gr qrw dvvxph iruzdug0orrnlqj yduldeohv lq wklv lqirupdwlrq vhw1

Wklv prwlydwhv rxu dssurdfk lq wkh qh{w vhfwlrq cH{shulphqwdo Hv0

wlpdwlrq*/ wkdw fruuhfwv wklv vkruwfrplqj1

Frqfhuqlqj wkh vhohfwhg ohdgv lq htxdwlrq +43,/ zh iroorz wkh

wh{werrn prgho= frqwhpsrudqhrxv rxwsxw jds dqg rqh0|hdu dkhdg

lq dwlrq udwh dqg h{fkdqjh udwh jds1 Zlwk prqwko| gdwd/ lw fruuh0

vsrqgv wr d ohdg ri 451 Zh dovr hvwlpdwh rxu uxoh zlwk dowhuqdwlyh

ohdgv kdylqj d sodxvleoh lqwhusuhwdwlrq iru wkh lq dwlrq udwh1 Wklv

dssurdfk lv mxvwl�hg e| wkh suhvhqfh ri orqj dqg yduldeoh odjv ri

prqhwdu| srolf| h�hfwv lq Vzlw}huodqg/ odvwlqj vrphwlphv wkuhh ru

irxu |hduv iru wkh ixoo h�hfw wr wdnh sodfh +Ulfk/ 4<<:,1 Krzhyhu/ zh

wklqn wkdw wkh �uvw vljqv pd| kdsshq pxfk hduolhu1 Dffruglqjo|/ zh

rqo| �qg lqwhuhvwlqj dqg vljql�fdqw uhvxowv iru dq lq dwlrq ohdg ri 45

prqwkv1 Doo hvwlpdwlrqv shuiruphg zlwk 57/ 69/ dqg 7; prqwkv zhuh

qrw dv vljql�fdqw dv zlwk 45 prqwkv1 Wklv ohdg lqglfdwhv wkdw wkh

VQE uhdfwv wr rqh0|hdu dkhdg ghyldwlrqv iurp wkh lq dwlrq wdujhw �W

dqg dqwlflsdwhv rqh0|hdu dkhdg ghyldwlrqv ri wkh h{fkdqjh udwh iurp

lwv wuhqg1

Lq wdeoh 5/ zh uhsruw doo rxu uhvxowv zlwk d frqwhpsrudqhrxv rxw0

sxw jds/ wkh wzhoyh0prqwk dkhdg lq dwlrq udwh/ dqg li dq|/ d wzhoyh0

prqwk dkhdg h{fkdqjh udwh jds1 Doo uhsruwhg uhjuhvvlrqv surylgh d

jrrg ghvfulswlrq ri wkh fkrvhq srolf| lqvwuxphqw iru wkh frqvlghuhg

vdpsoh +zkroh vdpsoh/ ehiruh/ dqg diwhu 4<<3,1 Zh xqghuvwdqg xqghu

d jrrg ghvfulswlrq/ vljql�fdqw uhvxowv dqg d jrrg �w ri wkh revhuyhg

srolf| lqvwuxphqw surylghg e| rxu wzr0htxdwlrq hpslulfdo vhwxs571

56Iru doo wkh uhsruwhg uhjuhvvlrqv/ edvhg rq Kdqvhq +4<;5,0M0vwdwlvwlf zh fdqqrw
uhmhfw wkh qxoo k|srwkhvlv wkdw ryhulghqwli|lqj uhvwulfwlrqv duh vdwlv�hg dw wkh 8(
vljql�fdqfh ohyho1

57Jrrgqhvv ri �w lv htxlydohqw wr wkh plqlpl}hg vxp ri vtxduhg ghyldwlrqv 0
wkdw duh htxdo wr � dqg h{shfwdwlrqv huuruv1
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Wdeoh 5= Ghvfulswlyh Uxoh Hvwlpdwlrq

Zkroh Vdpsoh ;4=340<:=45
Prgho k q � B 4 ZW

4 So %� 5189- 317:-- 3179- 0 31;7- 519

5 So %� r_6 5159- 31:4- 318:- 3169- 31:4- 514
6 So %D 4189- 31:8- 3166-- 0 31;;- 51<

7 So %D r_6 41<3- 31:8- 317<- 316:- 31;6- 518

8 }�oJ %� r_6 <157- 041;5-- 05143- 031<<- 31;:- 617

9 }�oJ %D r_6 47194- 061;3- 04138 0414;- 31;;- 614
: �f %� 61<8-- 04175- 04146- 0 31;7- 51<

; �f %� r_6 513:- 0413:- 03185- 03195- 3168- 514
< �f %D 8198- 0513:- 04138- 0 31;3- 51;

43 �f %D r_6 614;- 04178- 0318:- 03189- 3174- 516
44 �� %� 9145- 041<<- 031<5- 0 31:8- 615
45 �� %D :165- 05168- 031:7- 0 31::- 615

Ehiruh 4<<3 ;4=340;<=45
Prgho k q � B 4 ZW

: �f %� :137- 05144- 0319;- 0 3195- 51<
< �f %D :137- 05144- 0319;- 0 3195- 51<
44 �� %� <169- 041<;-- 04189- 0 31<3- 815
45 �� %D <169- 041<;-- 04189- 0 31<3- 815

Diwhu 4<<3 <3=340<:=45
Prgho k q � B 4 ZW

5 So %� r_6 51:3- 31:8- 3176- 313;- 3186- 51;
46 So %� r�r 51;<- 31<4- 317;- 3135- 3177- 514

47 So %� r@,, 613;- 319:- 3186- 3136- 3177- 518

Qrwh = Prgho @ Prgho qxpehu/ h{sodlqhg srolf| lqvwuxphqw/ fkrvhq rxwsxw
jds %/ dqg fkrvhq h{fkdqjh udwh jds r> r_6 @ Uhdo h{fkdqjh udwh jds +GP,>
r�r @ Uhdo h{fkdqjh udwh jds +XV',> r@,, @ Wudgh0zhljkwhg uhdo h{fkdqjh
udwh jds> So @ Fdoo udwh> }�oJ @ Jurzwk udwh ri vljkw ghsrvlwv ri frpphufldo
edqnv> �f @ �f jurzwk udwh> �� @ �� jurzwk udwh1 Uhmhfwlrq ri wkh qxoo
k|srwkhvlv ri d }hur frh!flhqw dw wkh 4( vljql�fdqfh ohyho +-, dqg dw wkh 8(
vljql�fdqfh ohyho +--,1

Wdeoh 5 frqwdlqv rqo| uhjuhvvlrq uhvxowv xvlqj rxwsxw jdsv gh�qhg

zlwk Wuhqg4 dqg Wuhqg8/ dqg dowhuqdwlyh prqhwdu| srolf| lqvwux0

phqwv/ fdoo udwh/ vljkw ghsrvlwv/ P3/ dqg P4581 Fhuwdlq uhjuhvvlrqv

dovr lqfoxgh gl�huhqw h{fkdqjh udwh jdsv dv h{sodqdwru| yduldeohv1

58Vzdqn dqg Yhoghq +4<<:, irxqg wkdw wkh uhyhdohg srolf| lqvwuxphqw lv wkh
rqh0prqwk Hxurpdunhw udwh1 Uhvxowv zlwk wklv udwh duh txlwh vlplodu wr wkh rqhv
zlwk wkh fdoo udwh1 Lq wkh |hdu 5333/ lw lv zruwk phqwlrqlqj wkdw wkh VQE lv jrlqj
wr r!fldoo| wdnh d  h{leoh dssurdfk lq vwhhulqj wkh Orqgrq Lqwhuedqn R�huhg
Udwh +OLERU,1 Wklv udwh iroorzv wkh fdoo udwh zlwkrxw lwv vkruw0whup vzlqjv1
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Wdeoh 6= Ryhuylhz Ghvfulswlyh Hvwlpdwlrq

Ehvw Frpelqdwlrqv
Zkroh Vdpsoh Ehiruh 4<<3 Diwhu 4<<3

4 So %� 31<4 : �f %� 31;7 5 So %� r_6 31<8

5 So %� r
_6 31;< < �f %D 31;7 46 So %� r�r 31<7

6 So %D 31<4 44 �� %� 31;8 47 So %� r@,, 31<8

7 So %D r_6 31<3 45 �� %D 31;8

8 }�oJ %� r_6 31<8

9 }�oJ %D r_6 31;6
: �f %� 31;;

; �f %� r_6 31;4
< �f %D 31;;

43 �f %D r_6 31;6
44 �� %� 31:8
45 �� %D 31;<

Qrwh = Iru hdfk uhjuhvvlrq/ zh uhsruw wkh prgho qxpehu/ wkh fkrvhq srolf|
lqvwuxphqw/ dqg wkh fkrvhq rxwsxw jds1 Zkhq wkh h{fkdqjh udwh jds dsshduv/
zh phqwlrq lw1 Lq dwlrq udwh lv xvhg lq hdfk uhjuhvvlrq1 Vhfrqg froxpq lv d
phdvxuh ri jrrgqhvv ri �w +-2, iru wkh hvwlpdwhg htxdwlrq1 % @ Rxwsxw jds
gh�qlwlrqv> r_6 @ Uhdo h{fkdqjh udwh jds +GP,> r�r @ Uhdo h{fkdqjh udwh
jds +XV',> r@,, @ Wudgh0zhljkwhg uhdo h{fkdqjh udwh jds> So @ Fdoo udwh> }�oJ
@ Jurzwk udwh ri vljkw ghsrvlwv ri frpphufldo edqnv> �f @ �f jurzwk udwh>
�� @ �� jurzwk udwh1

Doo uhjuhvvlrqv qhhg wkh rqh0|hdu dkhdg lq dwlrq udwh1 &407 uhsuhvhqw

uhjuhvvlrqv zlwk wkh fdoo udwh dv srolf| lqvwuxphqw1 &809/ &:043/ dqg

&44045 xvh gl�huhqw djjuhjdwhv/ jlur/ P3/ dqg P4/ uhvshfwlyho|1

Ilqdoo|/ &46047 duh prghov wkdw rqo| vkrz xs iru wkh vxevdpsoh diwhu

4<<3 xvlqj wkh fdoo udwh zlwk Wuhqg4 dqg wkh wkuhh gl�huhqw h{fkdqjh

udwhv1 Zh kdyh dovr hvwlpdwhg doo wkhvh prghov zlwkrxw rxwsxw jds/

frpelqlqj lq dwlrq dqg h{fkdqjh udwh rqo|1 Doo htxdwlrqv shuiruphg

srruo| dqg duh qrw uhsruwhg591

59Uhvxowv xvlqj ROV hvwlpdwruv lq wklv vhwxs/ zlwk dqg zlwkrxw rxwsxw jds/
duh qrw uhsruwhg dv zhoo1 Wkhvh uhvxowv duh plvohdglqjo| jrrg1 D vlpsoh uhjuhv0
vlrq ehwzhhq wkh fdoo udwh ru �� dqg wkh rqh0|hdu dkhdg lq dwlrq udwh hdvlo|
jlyhv vljql�fdqw frh!flhqwv1 Krzhyhu/ wkh| gr qrw fruuhvsrqg dq| pruh wr rxu
vshfl�hg prgho1 Lw vd|v/ dqg lw lv txlwh lpsodxvleoh/ wkdw wkh rqh0|hdu dkhdg re0
vhuyhg lq dwlrq udwh htxdov wkh fxuuhqw h{shfwhg lq dwlrq udwh1 Pruhryhu/ wkhvh
qdlyh uhjuhvvlrqv gr qrw vroyh wkh lghqwl�fdwlrq sureohp zkhq hvwlpdwlqj uhdf0
wlrq ixqfwlrqv1 Wkh xvh ri lqvwuxphqwdo yduldeohv 0 ru rxu dvvxpswlrqv lq wkh
h{shulphqwdo hvwlpdwlrq 0 dyrlgv wklv flufxodulw| sureohp/ zkhuh wkh h{sodqdwru|
yduldeohv frxog vljql�fdqwo| uhvsrqg wr fkdqjhv lq VQE srolf|1 Wkh vlpxowdqhlw|
ehwzhhq wkh lqvwuxphqwv ri prqhwdu| srolf| dqg wkh wdujhwv dw zklfk wkh| duh
gluhfwhg kdv wr eh frqvlghuhg zkloh hvwlpdwlqj srolf| uxohv1 Vhh Eodfn +4<;6, iru
pruh ghwdlov dqg Srroh +4<<<, iru d vkruw h{sodqdwlrq1
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Wdeoh 6 vxppdul}hv wkh frpelqdwlrqv ehwzhhq lqvwuxphqwv/ rxw0

sxw jdsv/ dqg h{fkdqjh udwh jdsv/ wkdw surylgh wkh ehvw ghvfulswlrqv

ri wkh frqvlghuhg lqvwuxphqwv iru wkh wkuhh vdpsohv1 Lw dovr lqglfdwhv

wkh frh!flhqw ri ghwhuplqdwlrq U
2 iru rxu hvwlpdwlrqv1

Rxu �uvw frqfoxvlrq lv wkdw wkh gdwd fduulhv zhoo wkh iruzdug0

orrnlqj ghvfulswlyh uxoh erwk zlwk wkh fdoo udwh dqg prqhwdu| djjuh0

jdwhv dv srolf| lqvwuxphqw1 Zkhq zh vsolw wkh vdpsoh/ zh vwloo vkrz

wkdw wkh gdwd vxssruwv rxu uxoh exw zlwk vljql�fdqw lpsuryhphqwv1

Wkh prqhwdu| edvh dqg P4 dv lqvwuxphqwv glvsod| wkh ehvw �w eh0

iruh 4<<31 Krzhyhu/ wkh| gr qrw dsshdu diwhu 4<<3/ rqo| wkh fdoo udwh

grhv dqg pruhryhu zlwk wkh wkuhh sursrvhg h{fkdqjh udwh jdsv1

61414 Rxwsxw Jds Vhohfwlrq

Wdeohv 5 dqg 6 rqo| uhsruw uhvxowv zlwk rxwsxw jdsv edvhg rq Wuhqg4

dqg Wuhqg81 Zh h{foxgh iurp wkhvh wdeohv uhvxowv xvlqj rxwsxw jdsv

gh�qhg zlwk Wuhqg5/ Wuhqg6/ dqg Wuhqg7 gxh wr srru uhvxowv lq

shuiruplqj wkh uhjuhvvlrqv1

Zh qrwlfh wkdw wkh vhfrqg wzr0vhfwru wuhqg shuirupv edgo|1 Zh

wklqn wkdw wkh lqfoxvlrq ri d eurnhq wuhqg lv dsshdolqj/ exw wkdw wkh

euhdnlqj srlqw lv qrw lq wkh ehjlqqlqj exw udwkhu lq wkh plggoh ri

wkh qlqhwlhv1 Pruhryhu/ lw kdv wr eh d fruuhfwlrq ri wkh wuhqg iru

wkh qlqhwlhv dqg qrw d uhfdofxodwlrq iru wkh zkroh vdpsoh1 Wklv lv

frq�uphg e| wkh uhvxowv rewdlqhg zlwk jds {D1

Wuhqg6 doorzv vprrwklqj d olqhdu wuhqg1 Wkh fhqwudo edqn fdofx0

odwhv hdfk prqwk d qhz wuhqg dqg dgmxvwv lwv jds gh�qlwlrq wr wkh

qhzo| fdofxodwhg wuhqg1 Krzhyhu/ wkh uhvxowv duh qrw vdwlvi|lqj dw

doo iru wklv phfkdqlvp1 Zh duh qrw deoh wr vwdwh zkhwkhu lw frphv

iurp wkh jds gh�qlwlrq ru iurp wkh gdwd1 Dq h{sodqdwlrq lv wkdw wklv

frqvwdqwo| qhzo| fdofxodwhg wuhqg lv vhqvlwlyh wr wkh lqlwldo shulrg

+khuh d |hdu, zkhq wkh wuhqg lv olqhdu1 Wklv lqlwldol}dwlrq lq xhqfhv

wkh wuhqg sdwk lq wkh qh{w |hduv diwhu lpsohphqwdwlrq ri wklv phfk0

dqlvp1 D vhfrqg pruh lqwxlwlyh h{sodqdwlrq lv wkdw wklv surfhgxuh

uhyhdov d srvlwlyh jds lq wkh ehjlqqlqj ri wkh hljkwlhv dqg wkhq vwlfnv

wr d qhjdwlyh jds1 Erwk kxpsv gr qrw �w wr wkh vw|ol}hg idfwv iru wkh

fkrvhq vdpsoh1

Zh �qdoo| uhpryh wkh irxuwk jds surgxfhg e| wkh vwrfkdvwlf

wuhqg diwhu KS �owhulqj/ wkdw doorzv lvrodwlqj dqg frqvlghulqj wkh

f|folfdo sduw ri wkh exvlqhvv f|foh dv d jds1 Wklv jds glvsod|v wrr
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pxfk qrlvh wkdw glvwxuev wkh frh!flhqw hvwlpdwlrq5:1

Zh glvfryhu wkdw jrrg ghvfulswlrqv ri wkh gl�huhqw lqvwuxphqwv

duh rqo| srvvleoh ehfdxvh wkh vhohfwhg rxwsxw jdsv glvsod| d srvlwlyh

kxps lq wkh ehjlqqlqj ri wkh qlqhwlhv lq rughu wr fdwfk wkh lqfuhdvh

lq wkh fdoo udwh ru wkh vorzgrzq lq wkh prqhwdu| jurzwk ryhu wklv

shulrg1 Glvfdughg jdsv duh wkh rqhv wkdw gr qrw glvsod| wklv ihdwxuh1

Gh�qlwlrq dqg xqfhuwdlqw| frqfhuqlqj rxwsxw jdsv duh lpsruwdqw

lvvxhv zkhq hvwlpdwlqj uxohv1 Zlwk �yh gl�huhqw jdsv/ zh vkrz wkdw

rxu uxoh lv qrw urexvw zlwk uhvshfw wr wkh gl�huhqw gh�qlwlrqv xvhg

lq wkh uhjuhvvlrqv5;1 Krzhyhu/ zh duh qrw deoh wr suhflvho| ghflgh

zkhwkhu Vzlvv gdwd ru wkh �yh whvwhg frq�jxudwlrqv duh wkh fulwhulrq

iru vruwlqj rxw wkh rxwsxw jdsv1 Zh zrxog lqfolqh wr wkh gdwd1

61415 Ohdq0Djdlqvw0wkh0Zlqg Srolf| dqg H{fkdqjh Udwh

Doo uhsruwhg frh!flhqwv lq wdeoh 5 duh lq wkh vljq udqjh dffruglqj

wr wkh wkhru| dqg doo frh!flhqwv duh vljql�fdqw1 Zh h{shfw srvlwlyh

frh!flhqwv zlwk wkh fdoo udwh dqg qhjdwlyh frh!flhqwv zlwk prqh0

wdu| djjuhjdwhv dv srolf| lqvwuxphqw1 Zlwk erwk srolf| lqvwuxphqwv/

wkhvh vljqv fruuhvsrqg wr d ohdq0djdlqvw0wkh0zlqg srolf| iru wkh wkuhh

h{sodqdwru| yduldeohv1 Doo rwkhu wklqjv ehlqj htxdo/ wkh VQE udlvhv

wkh fdoo udwh ru orzhuv wkh jurzwk ri lwv djjuhjdwhv/ zkhq wkh lq dwlrq

udwh lv deryh wkh lpsolhg lq dwlrq wdujhw udwh/ zkhq rxwsxw jds lv

srvlwlyh/ ru zkhq wkh h{fkdqjh udwh dssuhfldwhv deryh lwv wuhqg1 D

ihz rwkhu prghov +qrw uhsruwhg, dovr glvsod| vljql�fdqw frh!flhqwv

zlwk vljqv wkdw gr qrw fruuhvsrqg wr wklv ohdq0djdlqvw0wkh0zlqg sro0

lf|1 Pruhryhu/ zh holplqdwh wkhp ehfdxvh wkh| doo vkrz d zhdnhu

h{sodqdwru| srzhu ri srolf| lqvwuxphqwv wkdq wkh uhsruwhg uhvxowv1

Iru wkh zkroh vdpsoh 4<;404<<:/ zh vhh wkdw prghov zlwk wkh fdoo

udwh dqg prqhwdu| djjuhjdwhP4/ exw zlwkrxw h{fkdqjh udwh/ dsshdu

dv wkh ehvw rqhv +&4/ 6/ dqg 45,1 Frpsdulqj fdoo udwh prghov zlwk

P4 prghov uhyhdov wkdw vhwxsv xvlqj wkh fdoo udwh shuirup voljkwo|

ehwwhu1 Edvhg rq wkhvh uhvxowv/ zh vhh iru h{dpsoh wkdw wkh VQE

udlvhv wkh fdoo udwh zkhq wkh lq dwlrq udwh ru wkh rxwsxw ghyldwh

iurp wkhlu wuhqg1 Doo rwkhu wklqjv ehlqj htxdo/ diwhu dq lqfuhdvh lq

wkh lq dwlrq udwh e| 433 edvlv srlqwv deryh wkh wdujhw udwh/ wkh VQE

udlvhv wkh fdoo udwh e| 830;3 edvlv srlqwv1 Frqfhuqlqj wkh rxwsxw jds/

5:Vlplodulwlhv lq vshfwud ehwzhhq h{sodlqhg dqg h{sodqdwru| yduldeohv duh uh0
txluhg wr srwhqwldoo| h{sodlq wkh gl�huhqw srolf| lqvwuxphqwv1

5;Vhh Vphwv +4<<;, iru pruh ghwdlov derxw d vlplodu dqdo|vlv1
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diwhu dq lqfuhdvh e| 4(/ wkh VQE udlvhv wkh fdoo udwh e| 63083 edvlv

srlqwv1

Zkhq zh dgg wkh gl�huhqw h{fkdqjh udwhv iru wkh vdph vdp0

soh/ zh vhh wkdw wkh shuirupdqfh ri wkh fdoo udwh prghov grhv qrw

vljql�fdqwo| fkdqjh dqg wkdw lw ehfrphv hyhq zruvh zlwk prqhwdu|

djjuhjdwhv1 H{fhswlrqv duh prghov &809 xvlqj wkh vljkw ghsrvlwv/

wkdw rqo| dsshdu zlwk dq h{fkdqjh udwh hohphqw1 Frqvlghulqj wkh

zkroh vdpsoh/ wkh dgglwlrq ri dq h{fkdqjh udwh hohphqw grhv qrw

lpsuryh wkh uhjuhvvlrqv1

Zkhq zh vsolw wkh vdpsoh/ zh vhh wkdw prghov xvlqj wkh fdoo udwh

gr qrw vkrz xs iru wkh shulrg ehiruh wkh euhdn1 Krzhyhu/ wkh| duh

wkh ehvw uhjuhvvlrqv iru wkh shulrg diwhu 4<<31 Ehiruh wkh euhdn/

vljql�fdqw uhjuhvvlrqv duh wkh rqhv xvlqj djjuhjdwhv/ P3 dqg P4/

zlwk wkh odwwhu vkrzlqj d voljkwo| pruh srzhuixo h{sodqdwlrq1 Lw

vhhpv wkdw wkh VQE/ hvshfldoo| gxulqj wkh shulrg zkhq lw zdv fuxfldo

wr wdujhw hdfk |hdu wkh dgmxvwhg prqhwdu| edvh/ zdv v|vwhpdwlfdoo|

irfxvlqj rq wkhvh djjuhjdwhv1 Lw lv zruwk phqwlrqlqj wkdw/ qhlwkhu

zlwk wkh edvh qru zlwk P4/ wkh h{fkdqjh udwh dsshduv ehiruh 4<<3

dv d vljql�fdqw h{sodqdwru| yduldeoh1 Krzhyhu/ lq wkh qlqhwlhv diwhu

wkh qhz dqqrxqfhphqw srolf|/ wkh VQE vhhpv wr ohdg wkh fdoo udwh

lq d v|vwhpdwlf idvklrq/ zkloh prghov xvlqj djjuhjdwhv gr qrw vkrz

xs1 Pruhryhu/ rqo| fdoo udwh prghov zlwk dq h{fkdqjh udwh hohphqw 0

dqg lw lv wuxh iru wkh wkuhh whvwhg h{fkdqjh udwhv 0 duh deoh wr slfwxuh

wkh fdoo udwh gxulqj wklv shulrg1

D srwhqwldo h{sodqdwlrq iru wkh suhvhqfh ri wkh h{fkdqjh udwh

lq wkh uxoh diwhu 4<<3 lv d klvwrulfdo shuvshfwlyh1 Lq wkh qlqhwlhv/

gxh wr pruh lqwhjudwhg hfrqrplhv dqg h{whuqdo h{fkdqjh udwh pdu0

nhw wxuexohqfhv/ wkh VQE kdg wr irfxv rq wkh h{whuqdo ydoxh ri wkh

FKI lq rughu wr vwdelol}h lwv wzr wudglwlrqdo jrdo yduldeohv/ lq dwlrq

dqg jurzwk1 Wkhvh �qdqfldo wxuexohqfhv pruhryhu fdoo iru d fkdqjh

lq wkh iroorzhg lqvwuxphqw +Srroh/ 4<:3,1 Dffruglqjo|/ rxu uhjuhv0

vlrqv uhyhdo d vzlwfk wr vkruw0whup lqwhuhvw udwhv pdqdjhphqw1 Wkhvh

uhjuhvvlrqv dovr frq�up wkh lqfuhdvlqj  h{lelolw| lq wkh srolf| pdq0

djhphqw diwhu wkh qhz dqqrxqfhphqw srolf| lq wkh ehjlqqlqj ri wkh

qlqhwlhv1

Wkh lpsrvvlelolw| wr pdnh rxw wkh wzr rxwsxw jdsv {� dqg {D

iru wkh zkroh vdpsoh lv khuh fohduhu iru wkh shulrg diwhu 4<<3/ eh0

fdxvh rqo| wkh rxwsxw jds {� dsshduv/ zkloh uhvxowv duh txlwh vlplodu

ehwzhhq {� dqg {D ehiruh 4<<31

Wkh txdqwlwdwlyh uhdfwlrqv ri P3 ru P4 jurzwk udwhv duh doprvw
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wkh vdph ryhu wkh shulrg ehiruh 4<<31 Wkh VQE ghfuhdvhv wkhvh udwhv

e| dssur{lpdwho| 533 edvlv srlqwv/ lq fdvh ri dq lqfuhdvh lq lq dwlrq

e| 433 srlqwv deryh wkh wdujhw udwh1 Lw ghfuhdvhv wkh jurzwk udwh e|

:30483 srlqwv diwhu dq lqfuhdvh lq wkh rxwsxw jds e| 4(1 Iru wkh

shulrg diwhu 4<<3/ wkh fdoo udwh ihhgv edfn iurp wkh wkuhh h{fkdqjh

udwh jdsv1 Wkh prghov zlwk v
_6 ru v@,, shuirup ehwwhu wkdq wkh XV'

prgho1 Iru wkh GP prgho/ doo rwkhu wklqjv ehlqj htxdo/ dowhuqdwlyho|

diwhu lqfuhdvhv e| 433 srlqwv deryh wdujhw lq lq dwlrq/ rxwsxw jds/

ru h{fkdqjh udwh jds/ wkh VQE udlvhv wkh fdoo udwh e| :8/ 83/ dqg 43

srlqwv/ uhvshfwlyho|1 Wkhvh ydoxhv duh iru wkh XV' prgho <3/ 73/ dqg

5/ dqg iru wkh wudgh0zhljkwhg uhdo h{fkdqjh udwh prgho :3/ 83/ dqg

61 Zh h{shfw wkdw wkh fdoo udwh uhdfwv pruh wr vlqjoh fxuuhqflhv wkdq

wr srrohg fxuuhqflhv1 Wkhuh lv d nlqg ri ulvn glyhuvl�fdwlrq xvlqj wkh

srrohg fxuuhqflhv1 Wklv lv yhul�hg iru wkh GP/ exw qrw iru wkh XV'1

Wkh vl}h ri uhdfwlrq wr lq dwlrq h{shfwdwlrqv fdoov iru d odvw frp0

phqw1 Ehfdxvh zh gr qrw irfxv rq wkhlu delolw| wr uxoh rxw edg

rxwfrphv dv vhoi0ixo�oolqj exuvw ri lq dwlrq/ zh fdqqrw hqvxuh wkdw

wkh hvwlpdwhg uxohv duh qrw wkhpvhoyhv d vrxufh ri hqgrjhqrxv lqvwd0

elolw| iru wkh Vzlvv hfrqrp|1 Wklv lv qrw fohdu zkhwkhu wkh prqhwdu|

dxwkrulw|/ hvshfldoo| zlwk wkh fdoo udwh/ kdv wr ryhuuhdfw wr lq dwlrq

h{shfwdwlrqv/ lq rughu wr lqgxfh iru h{dpsoh d ghfuhdvh lq wkh uhdo lq0

whuhvw udwh1 Wkh uhfhqw olwhudwxuh derxw vxfk dq lvvxh +Fkulvwldqr dqg

Jxvw +4<<<,/ Fodulgd/ Jdol dqg Jhuwohu +4<<;d,/ dqg Wd|oru +4<<<,,

xqiruwxqdwho| r�huv qr vroxwlrq iru vpdoo rshq hfrqrplhv1

61416 Lpsolhg Lq dwlrq dqg Lqvwuxphqw Wdujhw

Edvhg rqo| rq uhjuhvvlrq uhvxowv/ lw lv gl!fxow wr ixuwkhu glvfulplqdwh

wkh prghov1 Wr gr wklv/ zh hvshfldoo| irfxv rq wkh lpsolhg lq dwlrq

wdujhwv dqg lqvwuxphqw wdujhwv5<1 Xvlqj wkh frqvwdqw whup iurp wkh

uhjuhvvlrq/ zh fdq h{wudfw dq lpsolhg lq dwlrq wdujhw �W wkdw lv wkh

wdujhw udwh wkdw wkh edqn kdv suhvxpdeo| wdujhwhg1 Zh vhh wkdw

wkh lpsolhg lq dwlrq wdujhwv edvhg rq prghov &4 dqg ; duh pruh

dssursuldwh wkdq wkh rwkhu rqhv gxh wr wrr kljk udwhv1 �W htxdov rq

dyhudjh 514( iru wkh zkroh vdpsoh1 Iru wkh shulrg ehiruh 4<<3/ zh

vhh wkdw wkh wdujhw lq dwlrq udwhv duh lpsodxvleoh iru prghov xvlqj

P4 dqg pruh uhdolvwlf iru P3 zlwk 51<(1 Diwhu 4<<3/ ydoxhv duh

sodxvleoh zlwk wkh prgho &46 lpso|lqj d udwh ri 514( dv iru wkh

5< Lq wklv ghvfulswlyh vhwxs/ lpsolhg lq dwlrq wdujhw ZW lv d vlqjoh ydoxh iru wkh
frqvlghuhg vdpsoh1 Lpsolhg srolf| lqvwuxphqw wdujhw �W| lv d prqwko| vhulhv1
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zkroh vdpsoh631

Iljxuh 7= Revhuyhg Lqvwuxphqw dqg Lpsolhg Wdujhw Zkroh Vdpsoh
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Giro Growth Rate and Model #5

Qrwh = Doo yduldeohv lq shufhqwdjh1 Revhuyhg lqvwuxphqw +vrolg olqh,> lpsolhg
wdujhw +gdvkhg olqh,1

Dqrwkhu xvhixo lqglfdwru wr dqdo|}h rxu prghov duh wkh lpsolhg

lqvwuxphqw wdujhwv1 Iljxuh 7/ 8/ dqg 9 vkrz gl�huhqw lqvwuxphqw

wdujhwv zW| iru vrph prghov ghvfulehg lq wdeoh 51 Wkhvh �jxuhv looxv0

wudwh wkh jrrgqhvv ri �w phqwlrqhg lq wkh suhylrxv vhfwlrqv1 Wkh jds

63Zh dvvxph d qrplqdo lqwhuhvw udwh ri 61;( ehlqj wkh phdq ri wkh rqh0prqwk
Hxurpdunhw lqwhuhvw udwh1 Ehiruh 4<<3 zh xvh 6( dqg diwhu 4<<3 71;(1 Wr uhwulhyh
lq dwlrq udwh wdujhwv zlwk djjuhjdwh lqvwuxphqwv/ zh xvh dyhudjh jurzwk udwhv1
Iru wkh zkroh vdpsoh/ ehiruh/ dqg diwhu 4<<3/ wkhvh ydoxhv duh iru wkh ghsrvlwv
51<3/ 7193/ 4133/ iru �f 03153/ 31;3/ 04173/ dqg iru �� 03173/ 04143/ 3163(1
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ehwzhhq wzr fxuyhv lv jlyhq e| z| � z
W

| @ y| . � +z|3� �z
W

| ,1 Wklv

jds frqvlvwv ri wkh vkrfn y| dqg d iudfwlrq � ri wkh jds z|3� � z
W

|

ehwzhhq wkh revhuyhg lqvwuxphqw iurp odvw shulrg dqg wkh fxuuhqw

wdujhw1 � +z|3� �z
W

| , uhsuhvhqwv wkh jds az| �z
W

| ehwzhhq wkh �wwhg

ydoxh jlyhq e| htxdwlrq +;, dqg wkh lqvwuxphqw wdujhw1

Iljxuh 8= Revhuyhg Lqvwuxphqw dqg Lpsolhg Wdujhw Ehiruh 4<<3
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M0 Growth Rate and Model #7
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M1 Growth Rate and Model #11

Qrwh = Doo yduldeohv lq shufhqwdjh1 Revhuyhg lqvwuxphqw +vrolg olqh,> lpsolhg
wdujhw +gdvkhg olqh,1

� lqglfdwhv krz wkh fhqwudo edqn frqwurov lwv lqvwuxphqw1 Zh

vhh pl{hg hylghqfh wkdw qduurz gh�qhg djjuhjdwhv surylgh orzhu �

fruuhvsrqglqj wr d ehwwhu frqwuro wkdq eurdghu gh�qhg djjuhjdwhv1

Zh wklqn qrz wkdw wkh dvvxpswlrq wr xvh � dv d frqwuro lqglfdwru lv
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wrr vwurqj1 Lw lv pruh sodxvleoh wr dvvxph wkdw � fdwfkhv/ lq dgglwlrq

wr wklv frqwuro lqglfdwru/ rwkhu lq xhqfhv zklfk duh qrw revhuyhg1

Wkh pruh shuvlvwhqfh zh kdyh +� $ 4,/ wkh ixuwkhu z
W kdv wr eh

iurp wkh �wwhg ydoxh az zklfk forvho| iroorzv wkh revhuyhg srolf|

lqvwuxphqw1

Iljxuh 9= Revhuyhg Lqvwuxphqw dqg Lpsolhg Wdujhw Diwhu 4<<3
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Call Rate and Model #14

Qrwh = Doo yduldeohv lq shufhqwdjh1 Revhuyhg lqvwuxphqw +vrolg olqh,> lpsolhg
wdujhw +gdvkhg olqh,1

61417 Wd|oru Uxoh

Lw lv lqwhuhvwlqj wr frpsduh wkh jrrgqhvv ri �w ri rxu uhjuhvvlrq +<,

zlwk wkh vr0fdoohg Wd|oru uxoh1 Zh frqvlghu wkh ruljlqdo Wd|oru +4<<6,
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uxoh zlwk lq dwlrq dqg rxwsxw jdsv dv h{sodqdwru| yduldeohv641 Wklv

uxoh grhv qrw gholyhu d �w zlwk Vzlvv gdwd dv jrrg dv rxu ghvfuls0

wlyh uxoh1 Wkh fdoleudwhg yhuvlrq/ zlwkrxw h{fkdqjh udwh dqg zlwk

hodvwlflwlhv ri 318 iru lq dwlrq dqg rxwsxw ghyldwlrqv/ fdqqrw vdwlv0

idfwrulo| ghvfuleh wkh fdoo udwh lq Vzlw}huodqg1 Krzhyhu/ zkhq zh

gr qrw frqvwudlq wkhvh frh!flhqwv wr 318 dqg hvwlpdwh wkhp/ zh re0

ylrxvo| lpsuryh wkh �w ri wkh uhjuhvvlrq/ exw qrw dv pxfk dv rxu

�uvw uhjuhvvlrqv gr1 Lw lv qr ehwwhu/ vwloo lq whupv ri jrrgqhvv ri �w/

zlwk wkh pruh djjuhvvlyh frh!flhqwv uhfhqwo| vxjjhvwhg e| Wd|oru

+4<<<,651

��� �!���
 ����� ���
 ��
��

Iru rxu vhfrqg hvwlpdwlrq zh xvh ROV1 Pruhryhu/ zh dvvxph wkdw

wkh h{sodqdwru| yduldeohv duh gh�qhg vxfk dv wr dyrlg wkh flufxodulw|

sureohp ehwzhhq srolf| wdujhwv dqg lqvwuxphqwv1 Zh shuirup wklv

dqdo|vlv rqo| iru wkh shulrg 4<<304<<9 gxh wr gdwd dydlodelolw|1 Doo

uhjuhvvlrqv xvh wkh rxwsxw jds gh�qhg dv {e/ wkh h{shfwhg lq dwlrq

jds edvhg rq h{shfwdwlrqv dqg jrdov ri wkh VQE66/ dqg �qdoo| wkh

h{fkdqjh udwh jds edvhg rq wkh dvvxpswlrq wkdw wkh VQE irfxvhv rq

dq dssursuldwh ydoxh iru lwv jrdov671

Wkh uhvxowv duh uhsruwhg lq wdeoh 71 Zh vhh wkdw prghov &48049

shuirup zhoo dqg glvsod| vljql�fdqw frh!flhqwv1 Prgho &48 xvlqj

wkh fdoo udwh shuirupv ehvw1 Pruhryhu/ wkh vl}h ri lwv frh!flhqwv fru0

uhvsrqgv pruh ru ohvv wr wkh ghvfulswlyh prgho &51 Vxusulvlqjo|/ wkh

vljkw ghsrvlwv dsshdu dv d vljql�fdqw lqvwuxphqw lq wklv h{shulphq0

wdo hvwlpdwlrq1 Wdnlqj lqwr dffrxqw wkh lqirupdwlrqdo vhwxs ri wkh

VQE/ lw vhhpv wkdw wkh vljkw ghsrvlwv duh vwloo d uhyhdohg srolf| lq0

vwuxphqw1 Zh lqwhusuhw wkh suhvhqfh ri erwk ghsrvlwv dqg fdoo udwh dv

d vljq iru d surjuhvvlyh fkdqjh lq wkh xvhg lqvwuxphqwv/ vwdwlqj wkhlu

xvh dv vkruw0whup rshudwlrqdo lqvwuxphqw1 Iru frpsdulvrq/ zkhq zh

64Zh gr qrw frqvlghu dowhuqdwlyh Wd|oru uxohv hvwlpdwhg hlwkhu zlwk lqvwuxphq0
wdo yduldeohv ru zlwk dgglwlrqdo yduldeohv lq rughu wr �qg wkh lq dwlrq dqg rxwsxw
hodvwlflwlhv1 Vhh PfFdooxp +4<<<, iru d vxuyh|1

65Vhh wkh vxuyh| sdshu ri Nr}lfnl +4<<<, derxw wkh xvhixoqhvv ri wudglwlrqdo
Wd|oru uxohv1 Lw vwuhqjwkhqv erwk rxu iruzdug0orrnlqj dvvxpswlrq dqg rxu uhf0
rpphqgdwlrq wr xvh QIU dv dq lqirupdwlyh dqg ghvfulswlyh ghylfh rqo|1

66Iljxuhv wdnhq iurp wkh VQE*v Txduwhuo| Exoohwlq1 Wklv vhulhv lv jlyhq dqqx0
doo|/ ehfdxvh wkh VQE grhv qrw sxeolvk lq dwlrq wdujhwv dqg h{shfwdwlrqv hdfk
prqwk1

67Dvvxplqj ^W frqvwdqw ryhu wlph fruuhvsrqgv wr dq lqwhufhsw fkdqjh lq wkh
hvwlpdwlrq1 Wklv ydoxh grhv qrw vljql�fdqwo| lq xhqfh wkh uhsruwhg uhvxowv1
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ghvfulehg wkh vlwxdwlrq h{0srvw/ rqo| wkh fdoo udwh dsshduhg dv d vlj0

ql�fdqw lqvwuxphqw iru wklv vxevdpsoh1 Pruhryhu/ zh vhh wkdw prghov

xvlqj P3 dqg P4/ dv lq wkh ghvfulswlyh vhwxs/ gr qrw shuirup zhoo1

Wdeoh 7= H{shulphqwdo Uxoh Hvwlpdwlrq

Diwhu 4<<3 <3=340<9=45
Prgho �� q � B 4

48 So %e r
_6 8144- 31:7- 317:- 3156- 31:4-

49 }�oJ %e r
_6 04135 05197- 041:9- 0316<-- 319<-

4: �f %e r
_6 05196-- 031:7 031:4- 03147 3194-

4; �� %e r
_6 03168 05136- 0414:- 03155 3189-

Qrwh = Prgho @ Prgho qxpehu/ h{sodlqhg srolf| lqvwuxphqw/ fkrvhq rxwsxw
jds %/ dqg fkrvhq h{fkdqjh udwh jds r> r_6 @ Uhdo h{fkdqjh udwh jds +GP,>
So @ Fdoo udwh> }�oJ @ Jurzwk udwh ri vljkw ghsrvlwv ri frpphufldo edqnv> �f
@ �f jurzwk udwh> �� @ �� jurzwk udwh1 Uhmhfwlrq ri wkh qxoo k|srwkhvlv
ri d }hur frh!flhqw dw wkh 4( vljql�fdqfh ohyho +-, dqg dw wkh 8( vljql�fdqfh
ohyho +--,1

Wkh vljql�fdqfh ri {e fdoov iru d odvw frpphqw1 Zh qrwh wkdw wkh

gl�huhqfh ehwzhhq fruuhfwhg +xvhg iru {�0{D, dqg qrq0fruuhfwhg JGS

+xvhg rqo| iru {e, lv pdujlqdo lq whupv ri lq xhqfh rq wkh frh!flhqwv1

Erwk vhulhv duh vlplodu irfxvlqj rq wkhlu prphqwv lq jurzwk udwh1

Wklv lpsuhvvlrq frq�upv wkh vhqwlphqw wkdw wkh gl�huhqfh ehwzhhq

ghvfulswlyh dqg h{shulphqwdo hvwlpdwlrqv hvvhqwldoo| frphv iurp wkh

wuhdwphqw ri h{shfwhg yduldeohv 0 iru wkh lq dwlrq dqg h{fkdqjh udwh

0 vr lqgluhfwo| iurp hvwlpdwlrq surfhvvhv1

Wr ixuwkhu glvfulplqdwh ehwzhhq prghov &48049/ zh dqdo|}h krz

wkh| shuirup lq whupv ri iruhfdvwlqj iru wkh |hdu 4<<:1 Wkh prgho

zlwk wkh fdoo udwh shuirupv ehwwhu wkdq wkh prgho xvlqj wkh vljkw

ghsrvlwv1 Wkh phdq0devroxwh0shufhqwdjh huuru duh 63 dqg 67(/ uh0

vshfwlyho| iru g|qdplf iruhfdvwlqj681 Wklv jlyhv pruh zhljkw wr wkh

ghvfulswlyh uhyhodwlrq ri wkh fdoo udwh1

" #��	���
��

Lq rughu wr ghvfuleh wkh VQE*v ehkdylru e| d uxoh/ zh kdyh hvwlpdwhg

dqg dqdo|}hg vhyhudo uxohv iru wkh vdpsohv 4<;404<<:/ ehiruh/ dqg

diwhu 4<<31 D wkrurxjk h{sodqdwlrq ri wkh pryhphqwv ri ydulrxv

srolf| lqvwuxphqwv uhtxluhv d iruzdug0orrnlqj uxoh1 Lw frqvlvwv ri d

68Phdq devroxwh shufhqwdjh huuru= �ff
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rqh0|hdu dkhdg lq dwlrq jds dqg d frqwhpsrudqhrxv rxwsxw jds/

erwk gh�qhg dv ghyldwlrq iurp wuhqg1 Lq rughu wr fdwfk wkh srolf|

lqvwuxphqw g|qdplfv/ dq h{fkdqjh udwh hohphqw lv qrw qhfhvvdu| iru

wkh zkroh vdpsoh dqg iru wkh shulrg ehiruh 4<<31 Krzhyhu/ lq wkh

vxevdpsoh diwhu 4<<3/ pdlqo| gxh wr glvwxuehg �qdqfldo pdunhwv/

wkh uxoh kdv wr lqfoxgh d rqh0|hdu dkhdg h{fkdqjh udwh jds1 Zh

kdyh fkrvhq wkh uhdo GP h{fkdqjh udwh jds/ wkh uhdo XV' jds/ dqg

d wudgh0zhljkwhg h{fkdqjh udwh jds/ doo gh�qhg dv ghyldwlrq iurp

wuhqg1

Zh vhh wkdw wklv uxoh dffxudwho| h{sodlqv wkh ehkdylru ri wkh fdoo

udwh dv d srolf| lqvwuxphqw iru wkh zkroh vdpsoh dqg diwhu 4<<31

Prqhwdu| djjuhjdwhv duh dovr vljql�fdqwo| ghvfulehg e| wkh uxoh lq

wkh zkroh vdpsoh vwxg|1 Pruhryhu/ ehiruh 4<<3 rqo| prqhwdu| dj0

juhjdwhv P3 dqg P4 vkrz xs1

Wklv uxoh lv qrw urexvw zlwk uhvshfw wr wkh gl�huhqw rxwsxw jds

gh�qlwlrqv zh dssolhg1 Pruh suhflvho|/ zh qrwlfh wkdw wkh uxoh suh0

glfwv pryhphqwv lq wkh srolf| lqvwuxphqwv rqo| zlwk wkh xvh ri rxw0

sxw jdsv glvsod|lqj d odujh srvlwlyh jds lq wkh ehjlqqlqj ri wkh

qlqhwlhv1 Wklv kxps mxvwl�hv wkh vxvwdlqhg uhvwulfwlyh srolf| vwdqfh

gxulqj wklv shulrg1 Lw lv wkxv whpswlqj wr frqfoxgh wkdw wkh re0

vhuyhg kljk ghjuhh ri uhvwulfwlyhqhvv ihg lqwr wkh eurnhq wuhqg ri

JGS jurzwk1 Zh gr qrw pdnh wklv vwhs1 Iluvw/ wkh fdxvdolw| ehwzhhq

wkhvh wzr yduldeohv lv vwloo dq rshq dqg frpsoh{ txhvwlrq1 Vhfrqg/

rxu prgho lv fhuwdlqo| exlow rq dqg fohduo| vxssruwv wkh dvvxphg

fdxvdolw| iurp rxwsxw jds wr srolf| lqvwuxphqw1 Wklug/ wkhuh duh

dowhuqdwlyh gh�qlwlrqv iru wkh rxwsxw jds zh gr qrw lqfoxgh lq rxu

dqdo|vlv/ wkdw pd| ghhso| lq xhqfh wklv frqfoxvlrq1 \hw lw fohduo|

vkrzv wkdw wkh rxwsxw jds gh�qlwlrq lv uhohydqw wr hvwlpdwh uxohv/

dqg sduwlfxoduo| lq Vzlw}huodqg1

Rxu hvwlpdwlrqv uhyhdo d glvwlqfw euhdn lq wkh frqgxfw ri wkh

VQE*v srolf| lq wkh ehjlqqlqj ri wkh qlqhwlhv1 Diwhu 4<<3/ wkh Vzlvv

prqhwdu| dxwkrulw| vhhpv wr xvh wkh fdoo udwh lq d v|vwhpdwlf zd| lq0

vwhdg ri wkh prqhwdu| edvh dv vxjjhvwhg e| wkh phglxp0whup wdujhw

sdwkv1 Zh wklqn lw lv sduwldoo| gxh wr wkh qhz dqqrxqfhphqw srolf|

wkdw doorzv iru pruh iuhhgrp lq wkh frqgxfw ri prqhwdu| srolf|1 Wkh

iruphu dqqrxqfhphqw srolf| xvhg wr sodfh wljkw olplwv rq wkh delolw|

ri wkh VQE wr uhvsrqg wr xqiruhvhhq flufxpvwdqfhv1 Lw zdv sudfwl0

fdoo| lpsrvvleoh wr prqlwru d pruh dssursuldwh lqvwuxphqw wkdq wkh

rqh ghvfulehg e| wkh dqqxdo wdujhwv1

Ghvslwh wkh gl!fxow| ri wkh wdvn/ zh kdyh �qdoo| uhfuhdwhg wkh
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lqirupdwlrqdo vlwxdwlrq wkh VQE idfhv zkhq lw lpsohphqwv prqhwdu|

srolf|/ wr vhh li wkh h{0srvw ghvfulswlyh uxoh lv urexvw1 Wkh uhvxowv

duh jrrg lq whupv ri �wwlqj dqg iruhfdvwlqj zlwk wkh fdoo udwh dv dq

lqvwuxphqw diwhu 4<<31 Lw lqglfdwhv wkdw wkh ghvfulswlyh hvwlpdwhg

uxohv duh d jrrg lqglfdwru ri sdvw VQE srolf|1

Krzhyhu/ li wklv uxoh lv hyhu wr ixo�oo doo wkh krshv 0 wkh ghprq0

vwudwlrq ri lwv vxshulrulw| djdlqvw dowhuqdwlyh srolflhv 0 zh slq rq lw/

ixuwkhu qrupdwlyh uhvhdufk lv qhhghg lq wkh hydoxdwlrq ri wklv uxoh

dqg lq lwv lpsolfdwlrqv iru wkh Vzlvv hfrqrp|1 Wklv uhtxluhv qhz

wrrov dv jhqhudo htxloleulxp prghov iru vpdoo rshq hfrqrplhv zlwk

iulfwlrqv/ dv vwlfn| sulfhv ru olplwhg sduwlflsdwlrq/ wkdw jhqhudwh prq0

hwdu| vkruw0whup qrqqhxwudolw|1



Prqhwdu| Srolf| Uxoh 94

��$����	��

Edoo/ O1 +4<<<d,1 H!flhqw uxohv iru prqhwdu| srolf|/ Lqwhuqdwlrqdo

Ilqdqfh 5+4,= 96�;61

Edoo/ O1 +4<<<e,1 Srolf| uxohv iru rshq hfrqrplhv/ Prqhwdu| Srolf|

Uxohv hg1 e| M1 E1 Wd|oru/ Xqlyhuvlw| ri Fklfdjr dqg QEHU1

Eduur/ U1 M1 dqg Jrugrq/ G1 E1 +4<;6d,1 D srvlwlyh wkhru| ri prq0

hwdu| srolf| lq d qdwxudo0udwh prgho/ Mrxuqdo ri Srolwlfdo Hfrq0

rp| <4+7,= 8;<�9431

Eduur/ U1 M1 dqg Jrugrq/ G1 E1 +4<;6e,1 Uxohv/ glvfuhwlrq dqg uhs0

xwdwlrq lq d prgho ri prqhwdu| srolf|/ Mrxuqdo ri Prqhwdu|

Hfrqrplfv 45+4,= 434�4541

Edwlql/ Q1 dqg Kdogdqh/ D1 J1 +4<<;,1 Iruzdug0orrnlqj uxohv iru

prqhwdu| srolf|/ Zrunlqj sdshu <4/ Edqn ri Hqjodqg1

Edwlql/ Q1 dqg Kdogdqh/ D1 J1 +4<<<,1 Prqhwdu| srolf| uxohv dqg lq0

 dwlrq iruhfdvwv/ Txduwhuo| Exoohwlq/ Edqn ri Hqjodqg 6<+4,= 93�

9:1

Ehuqdqnh/ E1 V1 dqg Zrrgirug/ P1 +4<<:,1 Lq dwlrq iruhfdvwv

dqg prqhwdu| srolf|/ Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj

5<+7,= 986�9;71

Eodfn/ V1 Z1 +4<;6,1 Wkh xvh ri prqhwdu| srolf| iru lqwhuqdo dqg

h{whuqdo edodqfh lq whq lqgxvwuldo frxqwulhv/ H{fkdqjh Udwh dqg

Lqwhuqdwlrqdo Pdfurhfrqrplfv hg1 e| M1 D1 Iuhqnho/ Xqlyhuvlw|

ri Fklfdjr dqg QEHU1

Fkdgkd/ M1 V1 dqg Vfkhoohnhqv/ S1 +4<<<,1 Prqhwdu| srolf| orvv ixqf0

wlrqv= Wzr fkhhuv iru wkh txdgudwlf/ Zrunlqj sdshu 434/ Edqn

ri Hqjodqg1

Fkulvwldqr/ O1 M1 dqg Jxvw/ F1 M1 +4<<<,1 Wd|oru uxohv lq d olplwhg

sduwlflsdwlrq prgho/ Zrunlqj sdshu <<6/ Ihghudo Uhvhuyh Edqn

ri Fklfdjr1

Fodulgd/ U1/ Jdol/ M1 dqg Jhuwohu/ P1 +4<<;d,1 Prqhwdu| srolf| uxohv

dqg pdfurhfrqrplf vwdelolw|= Hylghqfh dqg vrph wkhru|/Zrun0

lqj sdshu 9775/ QEHU1 Iruwkfrplqj lq wkh Txduwhuo| Mrxuqdo

ri Hfrqrplfv1
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Fodulgd/ U1/ Jdol/ M1 dqg Jhuwohu/ P1 +4<<;e,1 Prqhwdu| srolf| uxohv

lq sudfwlfh= Vrph lqwhuqdwlrqdo hylghqfh/ Hxurshdq Hfrqrplf

Uhylhz 75+9,= 4366�439:1

Fodulgd/ U1/ Jdol/ M1 dqg Jhuwohu/ P1 +4<<<,1 Wkh vflhqfh ri prqh0

wdu| srolf|= D qhz Nh|qhvldq shuvshfwlyh/ Mrxuqdo ri Hfrqrplf

Olwhudwxuh 6:+7,= 4994�4:681

Fxfkh/ Q1 D1 dqg Khvv/ P1 N1 +4<<<d,1 Hlqh prqdwolfkh Gdwhquhlkh

iÿu gdv vfkzhl}hulvfkh Euxwwrlqodqgsurgxnw/ Nrqmxqnwxulqglnd0

wru xqg Kloivjuùvvh iÿu glh Iruvfkxqj/ Glh Yronvzluwvfkdiw/

Pdjd}lq iÿu Zluwvfkdiwvsrolwln :5+<,= 65�661

Fxfkh/ Q1 D1 dqg Khvv/ P1 N1 +4<<<e,1 Hvwlpdwlqj prqwko| JGS lq

d jhqhudo Ndopdq �owhu iudphzrun= Hylghqfh iurp Vzlw}huodqg/

Zrunlqj sdshu <<35/ Vwxg| Fhqwhu Jhu}hqvhh1

Gxhnhu/ P1 M1 dqg Ilvfkhu/ D1 P1 +4<<7,1 D jxlgh wr qrplqdo ihhg0

edfn uxohv dqg wkhlu xvh iru prqhwdu| srolf|/ Txduwhuo| Exoohwlq/

Vzlvv Qdwlrqdo Edqn 45+7,= 65:�6681

Gxhnhu/ P1 M1 dqg Ilvfkhu/ D1 P1 +4<<;,1 D jxlgh wr qrplqdo ihhg0

edfn uxohv dqg wkhlu xvh iru prqhwdu| srolf|/ Uhylhz/ Ihghudo

Uhvhuyh Edqn ri Vw1 Orxlv ;3+7,= 88�961

Gxsdvtxlhu/ F1/ Jxd|/ D1 dqg Vw0Dpdqw/ S1 +4<<<,1 D vxuyh| ri

dowhuqdwlyh phwkrgrorjlhv iru hvwlpdwlqj srwhqwldo rxwsxw dqg

wkh rxwsxw jds/ Mrxuqdo ri Pdfurhfrqrplfv 54+6,= 8::�8<91

Idlu/ U1 F1 dqg Krzuh|/ H1 S1 +4<<9,1 Hydoxdwlqj dowhuqdwlyh prq0

hwdu| srolf| uxohv/ Mrxuqdo ri Prqhwdu| Hfrqrplfv 6;+5,= 4:6�

4<61

Iulhgpdq/ P1 +4<93,1 D Surjudp iru Prqhwdu| Vwdelolw|/ Irugkdp1

Jdol/ M1 dqg Jhuwohu/ P1 +4<<<,1 Lq dwlrq g|qdplfv= D vwuxf0

wxudo hfrqrphwulf dqdo|vlv/ Mrxuqdo ri Prqhwdu| Hfrqrplfv

77+5,= 4<8�5551

Jrrgkduw/ F1 +4<<<,1 Fhqwudo edqnhuv dqg xqfhuwdlqw|/ Txduwhuo|

Exoohwlq/ Edqn ri Hqjodqg 6<+4,= 435�4491

Kdqvhq/ O1 S1 +4<;5,1 Odujh vdpsoh surshuwlhv ri jhqhudol}hg phwkrg

ri prphqwv hvwlpdwruv/ Hfrqrphwulfd 83= 435<�43871
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Nr}lfnl/ V1 +4<<<,1 Krz xvhixo duh Wd|oru uxohv iru prqhwdu| sro0

lf|B/ Hfrqrplf Uhylhz/ Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw|

;7+5,= 8�661

N|godqg/ I1 H1 dqg Suhvfrww/ H1 F1 +4<::,1 Uxohv udwkhu wkdq glvfuh0

wlrq= Wkh lqfrqvlvwhqf| ri rswlpdo sodqv/ Mrxuqdo ri Srolwlfdo

Hfrqrp| ;8+6,= 7:6�7<51

Odxedfk/ W1 dqg Srvhq/ D1 V1 +4<<:,1 Glvflsolqhg glvfuhwlrq= Wkh

Jhupdq dqg Vzlvv prqhwdu| wdujhwlqj iudphzrunv lq rshudwlrq/

Uhvhdufk sdshu <:3:/ Ihghudo Uhvhuyh Edqn ri Qhz \run1

Oxfdv/ U1 H1 +4<::,1 Hfrqrphwulf srolf| hydoxdwlrq= D fulwltxh/

Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf| 4= :�5<1

Oÿvfkhu/ E1 dqg Uxrvv/ H1 +4<<9,1 Hqwzlfnoxqj ghu srwhqwlhoohq Sur0

gxnwlrq lq ghu Vfkzhl}/ Txduwhuo| Exoohwlq/ Vzlvv Qdwlrqdo Edqn

47+4,= 94�:71

PfFdooxp/ E1 W1 +4<;;,1 Urexvwqhvv surshuwlhv ri d uxoh iru prq0

hwdu| srolf|/ Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf

Srolf| 5<= 4:6�5371

PfFdooxp/ E1 W1 +4<<<,1 Lvvxhv lq wkh ghvljq ri prqhwdu| srolf|

uxohv/ Kdqgerrn ri Pdfurhfrqrplfv Lf hg1 e| M1 E1 Wd|oru dqg

P1 Zrrgirug/ Hovhylhu1

Srroh/ Z1 +4<:3,1 Rswlpdo fkrlfh ri prqhwdu| srolf| lqvwuxphqwv lq d

vlpsoh vwrfkdvwlf pdfur prgho/ Txduwhuo| Mrxuqdo ri Hfrqrplfv

;7+5,= 4<:�5491

Srroh/ Z1 +4<<<,1 Prqhwdu| srolf| uxohvB/ Uhylhz/ Ihghudo Uhvhuyh

Edqn ri Vw1 Orxlv ;4+5,= 6�451

Ulfk/ J1 +4<<:,1 Prqhwdu| wdujhwv dv d srolf| uxoh= Ohvvrqv iurp

Vzlvv h{shulhqfh/ Mrxuqdo ri Prqhwdu| Hfrqrplfv 6<+4,= 446�

4741

Uùwkhol/ W1 I1 +4<<<,1 Dvvhvvlqj prqhwdu| wdujhwlqj zlwk prghov ri

h{shfwdwlrqv irupdwlrq/ Mrxuqdo ri Srolf| Prgholqj 54+4,= 46<�

4841

Uxghexvfk/ J1 G1 +4<<;,1 Gr phdvxuhv ri prqhwdu| srolf| lq d YDU

pdnh vhqvhB/ Lqwhuqdwlrqdo Hfrqrplf Uhylhz 6<+7,= <3:�<641
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Vphwv/ I1 +4<<;,1 Rxwsxw jds xqfhuwdlqw|= Grhv lw pdwwhu iru wkh

Wd|oru uxohB/ Zrunlqj sdshu 93/ ELV1

Vwxduw/ D1 +4<<9,1 Vlpsoh prqhwdu| srolf| uxohv/ Txduwhuo| Exoohwlq/

Edqn ri Hqjodqg 69+6,= 5;4�5;:1

Vyhqvvrq/ O1 H1 R1 +4<<:,1 Lq dwlrq iruhfdvw wdujhwlqj= Lpsohphqwlqj

dqg prqlwrulqj lq dwlrq wdujhwv/ Hxurshdq Hfrqrplf Uhylhz

74+9,= 4444�44791

Vzdqn/ M1 dqg Yhoghq/ O1 Y1 +4<<:,1 Lqvwuxphqwv/ surfhgxuhv dqg

vwudwhjlhv ri prqhwdu| srolf|= Dq dvvhvvphqw ri srvvleoh uhod0

wlrqvklsv iru 54 RHFG frxqwulhv/ Frqihuhqfh sdshuv 6/ Lpsoh0

phqwdwlrq dqg Wdfwlfv ri Prqhwdu| Srolf|/ ELV1

Wd|oru/ M1 E1 +4<<6,1 Glvfuhwlrq yhuvxv srolf| uxohv lq sudfwlfh/

Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf| 6<= 4<8�

5471

Wd|oru/ M1 E1 +4<<;,1 Lqwurgxfwru| uhpdunv rq prqhwdu| srolf|

uxohv/ Prqhwdu| Srolf| Uxohv hg1 e| M1 E1 Wd|oru/ Xqlyhuvlw|

ri Fklfdjr dqg QEHU1

Wd|oru/ M1 E1 +4<<<,1 Dq klvwrulfdo dqdo|vlv ri prqhwdu| srolf| uxohv/

Zrunlqj sdshu 9:9;/ QEHU1

Zdovk/ F1 H1 +4<<;,1 Prqhwdu| Wkhru| dqg Srolf|/ PLW1
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Zh ghulyh wkh uxoh +4, edvhg xsrq wkh Zdovk +4<<;, wh{werrn prgho69 1 Yduldeohv
duh sulfh ohyho R/ rxwsxw jds %/ h{fkdqjh udwh jds r/ dqg wzr lqwhuhvw udwhv/ uhdo
o dqg qrplqdo �1 e dqg � duh llg glvwxuedqfhv zlwk mrlqw glvwulexwlrq � Efc W�1
Zh dvvxph wkdw .|3� ER|� dqg iruhljq yduldeohv duh frqvwdqw dqg qrupdol}hg wr
}hur iru frqyhqlhqfh1 Zh dovr dvvxph � ' �6: 1 Htxdwlrqv +6*, dqg +9*, duh qrz
h{suhvvhg zlwk wkh sulfh ohyho lqvwhdg ri lwv fkdqjhv ryhu wlph1

%| ' 3K�r| n K2 ER| 3.|3� ER|�� n e| +6*,

%| ' @�r| 3 @2o| n �| +7,

r| ' .| Er|n��3 o| +8,

o| ' �| n R| 3.| ER|n�� +9*,

Wkh VQE frpplwv wr d vwdjh frqwlqjhqw vhtxhqfh iru %|n� dqg R|n�1 Lw pd{l0
pl}hv wkh qhjdwlyh ri lwv orvv ixqfwlrq 3 �

2
.|
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�'f
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@�%2|n� n K�R2|n�
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vxemhfw

wr htxdwlrqv +6*,0+9*,1 Zh irup wkh Odjudqjldq n zlwk pxowlsolhu � dqg ghulyh
lwv �uvw0rughu frqglwlrqv +IRF,1
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zkhuh k� ' � lv lpsolhg e| wkh wh{werrn prgho +frqvwdqwv rplwwhg,1

69Fkdswhu 9/ sdjh 59<1
6:Zh jhw d vlplodu uxoh zlwk d prqhwdu| djjuhjdwh dv srolf| lqvwuxphqw dqg d

prqh| ghpdqg ixqfwlrq lq wkh prgho1


