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Wklv sdshu dgguhvvhv h{shulphqwdo dvshfwv ri wkh frp0
pxwdwlrq dqg prwlrq sodqqlqj ri vskhulfdo vwhsshu prwruv
zlwk d odujh udqjh ri prwlrq1 Wkh zrun suhvhqwhg khuh
exlogv rq wkh suhylrxv zrun zh kdyh grqh rq wklv wrslf ^4`1
Rxu suhylrxv zrun suhvhqwv vrph ri wkh pdwkhpdwlfdo whfk0
qltxhv xvhg lq wkh ghvljq ri wklv w|sh ri prwru1

Srwhqwldo dssolfdwlrqv ri vskhulfdo prwruv duh qxphu0
rxv1 Wkh| lqfoxgh= +4, urerwlf zulvw/ hoerz/ dqg vkrxoghu
dfwxdwruv +doorzlqj vl{ ru qlqh ghjuhhv ri iuhhgrp wr eh
ghvljqhg frpsdfwo| lqwr d vpdoo vsdfh,> +5, fdphud dfwxd0
wruv iru frpsxwhu ylvlrq ^5`> +6, rpqlgluhfwlrqdo zkhhov iru
preloh urerwv> +7, dfwxdwru duud|v fdsdeoh ri wudqvsruwlqj
_hitt @** ULhhitTL?_i?Ui |L |��t @�|�Lh�
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remhfwv lq dq| gluhfwlrq ^6/ 7`> dqg +8, dwwlwxgh frqwuro phfk0
dqlvpv iru vsdfhfudiw1 Vhh Iljxuh 4 looxvwudwlrqv ri vrph ri
wkhvh dssolfdwlrqv1
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Wkh frqfhsw ri d vskhulfdo prwru lv qrw qhz1 Rxu
zrun exlogv rq wkh dffrpsolvkphqwv ri d qxpehu ri qr0
wdeoh zrunv1 Wkh edvlf rshudwlqj sulqflsohv ri vskhulfdo
GF lqgxfwlrq prwruv kdyh ehhq nqrzq iru txlwh vrph wlph/
vhh h1j1 ^8/ 9`1 Ndqhnr hw do ^:` ghyhorshg d vskhulfdo GF
vhuyr prwru1 Wkh ghvljq dqg lpsohphqwdwlrq ri vskhulfdo
yduldeoh0uhoxfwdqfh prwruv kdv ehhq vwxglhg e| Nrn0Phqj
Ohh dqg frzrunhuv iru d qxpehu ri |hduv ^;/ </ 43/ 44`1
Wr|dpd dqg frzrunhuv kdyh ghyhorshg vskhulfdo xowudvrqlf
Frs|uljkw f� 5333 e| DVPH



prwruv ^45/ 46`1 Lq wkh olwhudwxuh/ rqh hyhq �qgv dfwxdwruv
zlwk d ixoo vl{ ghjuhhv ri iuhhgrp/ h1j1 ^47`1
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Wkh lpsohphqwdwlrq ri rxu vskhulfdo vwhsshu prwru zdv
dfklhyhg e| sodflqj f|olqgulfdo uduh0hduwk shupdqhqw pdj0
qhwv dorqj wkh lqvlgh vxuidfh ri d kroorz sodvwlf vskhuh +zlwk
pdjqhwlf srohv doljqhg zlwk d{hv ri wkh vskhuh, wr irup wkh
urwru1 Wkh vwdwru frqvlvwv ri r�0wkh0vkhoi zudsshg vriw lurq
fruhv sodfhg rq wkh rxwvlgh ri d vskhulfdo fds zklfk duh sr0
odul}hg wr irup hohfwurpdjqhwlf �hogv1 Gxh wr wkh idfw wkdw
wkh v|pphwu| ri wkh urwru sroh duudqjhphqw lv gl�huhqw wkdq
wkdw ri wkh vwdwru srohv/ wkh �hogv fuhdwhg e| hqhujl}lqj vwd0
wru frlov surylgh d wrutxh wkdw fkdqjhv wkh rulhqwdwlrq ri
wkh urwru1 D nh| ihdwxuh ri rxu ghvljq wkdw lv gl�huhqw wkdq
rwkhuv irxqg lq wkh olwhudwxuh lv wkdw wkh vwdwru grhv qrw
hqyhors wkh urwru1 Lq idfw/ lw fryhuv ohvv wkdq d khplvskhuh1
Dv d uhvxow/ rxu ghvljq lv deoh wr dfklhyh d pxfk zlghu udqjh
ri prwlrq1

D 45 lqfk gldphwhu sodvwlf vskhuh lv xvhg dv wkh urwru1
Wkh urwru zdv dvvhpeohg e| �{lqj shupdqhqw pdjqhwv/ 1:8
lqfkhv lq gldphwhu wr wkh lqvlgh ri wkh vskhuh1 Wkh vskhuh
lv yhu| uljlg dqg vsolwv lqwr wzr slhfhv pdnlqj lw hdv| wr
dowhu wkh sdfnlqj ri wkh shupdqhqw pdjqhwv1 Lw lv fuxfldo
wkdw wkh pdjqhwv eh srvlwlrqhg zlwk kljk dffxudf|1 Wkh
edoo vkrxog kdyh qr lqwhuqdo wrutxhv1 Iru wklv wr eh srvvleoh
wkh sulqflsdo prphqwv ri lqhuwld ri wkh urwru kdyh wr eh
htxdo +L{{ @ L|| @ L}},1 Li vhpl0uhjxodu sdfnlqj duh xvhg^4`/
wkhq wkh urwru lq wkhru| lv edodqfhg/ krzhyhu li wkh pdjqhwv
duh qrw srvlwlrqhg dffxudwho| d khdy| uhjlrq zloo ghyhors
uhvxowlqj lq dq lqwhuqdo wrutxh1 D wdshuhg shghvwdo dfwv
dv wkh edvh/ krxvhv wkh vwdwru vwuxfwxuh/ dqg vxssruwv wkh
urwru1

Vwdwru Urwru
6�}�hi 2G 5A�A�+ ��# +�A�+ ���kW�B5

Dq dgmxvwdeoh pdjqhw vdggoh krogv wkh vwdwru pdjqhwv1
Wkh vdggoh vhuyhv wzr ixqfwlrqv1 Lw srvlwlrqv dqg rulhqwv
wkh vwdwru pdjqhwv dqg surylghv lqwhuqdo vwuxfwxuh iru wkh
shghvwdo1 E| pdnlqj gl�huhqw vdggohv/ wkh vwdwru sdfnlqj
5

fdq eh fkdqjhg1 Wkh vdggoh fdq volgh xs dqg grzq lq wkh
shghvwdo wr dgmxvw wkh uhoxfwdqfh ri wkh urwru1 Wkh vwdwru
hohfwurpdjqhwv fkrvhq duh 5% gldphwhu e| 41958% kljk1 Wkh
lqglylgxdo vhpl0uhjxodu sdfnlqj xvhg iru wkh urwru dqg vwdwru
duh vkrzq lqvwdoohg rq wkh surwrw|sh lq Iljxuh 51

D ulqj krxvlqj pdfklqhg rxw ri jdurolwh dqg hljkw
plqldwxuh edoo0fdvwruv vxssruw wkh urwru1 Wkh ulqj lv suhvv
�w lqwr wkh wrs ri wkh prwru shghvwdo dqg srvlwlrqv wkh fdv0
wruv wr eh shushqglfxodu wr wkh edoo dw wkh frqwdfw srlqwv1
Wklv ulqj ohylwdwhv wkh urwru deryh wkh vwdwru pdjqhwv dqg
doorzv wkh urwru wr pryh uhodwlyho| iulfwlrq iuhh1 Ilyh uh0
prydeoh srvwv zlwk edoo fdvwruv dw wkh whuplqdo hqgv duh
dovr xvhg wr vxssruw wkh urwru iurp lqvlgh wkh vwdwru dv0
vhpeo|1 SF uhod| erdugv frqwuro wkh vwdwhv ri wkh vwdwru
hohfwurpdjqhwv1 Srzhu iru wkh hohfwurpdjqhwv lv vxssolhg
e| d vwdqgdug 57 yrow pdjqhw vxsso| udwhg xs wr d 433
zdwwv ri srzhu1 Wkh �qdo dvvhpeo| lv vkrzq lq Iljxuh 61
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Fhqwudo wr wkh ghvljq ri vskhulfdo prwruv lv wkh vhohfwlrq
ri frpsdwleoh urwru dqg vwdwru jhrphwulhv1 Lq wkh vdph
zd| wkdw vwdqgdug f|olqgulfdo prwruv pxvw qrw kdyh wkh
vdph qxpehu ri urwru dqg vwdwru srohv lq rughu wr rshudwh/
wkh v|pphwulhv ri vskhulfdo urwruv dqg vwdwruv pxvw qrw eh
wkh vdph1 Wkh txhvwlrq wkhq ehfrphv rqh ri �qglqj zklfk
frpelqdwlrq ri vwdwru dqg urwru duudqjhphqwv lv wkh prvw
dssursuldwh1 Vlqfh wkhuh lv d yhu| olplwhg qxpehu ri uhjxodu
duudqjhphqwv ri srlqwv rq wkh vskhuh +wkhuh duh rqo| �yh
fruuhvsrqglqj wr wkh Sodwrqlf vrolgv,/ dqg vlqfh wkhvh duh
idu wrr frduvho| glvwulexwhg iru xvh lq d glvfuhwh0vwdwh prwru
fdsdeoh ri wkh dssolfdwlrqv glvfxvvhg hduolhu/ wkh txhvwlrq
ehfrphv rqh ri �qglqj frpsdwleoh vhpl0uhjxodu urwru dqg
vwdwru duudqjhphqwv1
Frs|uljkw f� 5333 e| DVPH
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Dv d uxoh/ vhpl0uhjxodu sdfnlqjv gr qrw srvvhvv wkh gh0
juhh ri v|pphwu| wkdw wkh uhjxodu sdfnlqjv gr1 Wklv lv
txlwh lpsruwdqw lq wkh frqwh{w ri d vskhulfdo vwhsshu/ zkhuh
wkh urwru dqg vwdwru srohv pxvw kdyh vrph frpsdwlelolw| lq
rughu wr eh deoh wr frppxwdwh1 Wkh prvw fulwlfdo vlplodu0
lw| wkdw urwru2vwdwru sdfnlqjv pxvw vkduh duh frpsdwleoh
_fhqwhu ohqjwkv1% Wkhvh fhqwhu ohqjwkv fdq eh orrnhg dw dv
wkh dqjxodu glvwdqfh ehwzhhq wkh fhqwhuv ri wzr pdjqhwv rq
wkh vxuidfh rq wkh vskhuh1 Frpsdwleoh urwru2vwdwru sdfn0
lqjv pxvw vkduh pdq| gl�huhqw fhqwhu ohqjwkv1 Wkhvh fhqwhu
ohqjwkv gr qrw kdyh wr eh lghqwlfdo/ exw pxvw eh zlwklq d
fhuwdlq huuru1 Wklv huuru lv d ixqfwlrq ri wkh pdjqhw frp0
elqdwlrq ehlqj xvhg1 Lw lv ghvludeoh wkdw wklv huuru eh vpdoo
hqrxjk wkdw wkh fhqwhu ri wkh urwru pdjqhwv lv vwloo zlwklq
wkh shdn pdjqhwlf dwwudfwlrq ri wkh vwdwru pdjqhw1

Rxu urwru xvhv d vhpl0uhjxodu sdfnlqj edvhg rq rfwrkh0
gudo v|pphwu|/ zkloh wkh vwdwru xvhv d vhpl0uhjxodu sdfnlqj
edvhg rq lfrvdkhgudo v|pphwu| dv vkrzq lq Iljxuh 51 Wkh|
zhuh fkrvhq ehfdxvh wkh| vkduh pdq| fhqwhu ohqjwkv1 Wklv
lv wkh rqo| urwru2vwdwru frpelqdwlrq zh kdyh frqgxfwhg h{0
shulphqwv zlwk/ exw wkh �h{lelolw| ri rxu surwrw|sh doorzv xv
wr frqgxfw ixuwkhu h{shulphqwv lq wkh ixwxuh zlwk gl�huhqw
frpelqdwlrqv1

� ����NA�AW�� ��# ��AW�� �w���W�B

Lq wklv vhfwlrq/ wkh prgho zh xvh iru wkh frppxwdwlrq
dqg prwlrq sodqqlqj zloo eh glvfxvvhg1 Wkh prgho lv jhr0
phwulf lq qdwxuh/ exw xvhv wkh lghd ri d srwhqwldo ixqfwlrq
suhvhqwhg lq vhfwlrq 6 ri ^4`1 Wkh prgho zloo eh h{sodlqhg
vwhs e| vwhs/ kljkoljkwlqj lwv ihdwxuhv dqg olplwdwlrqv1

Ehiruh d prgho fdq eh exlow/ wkh rshudwlrqdo fkdudf0
whulvwlfv ri d vskhulfdo vwhsshu prwru kdyh wr eh uhylhzhg1
Olnh d vwdqgdug vwhsshu prwru/ wkh vskhulfdo vwhsshu prwru
zloo _vwhs% ehwzhhq vwdeoh frq�jxudwlrqv1 Wkh urwru lq wkh
vskhulfdo fdvh lv �{hg e| wzr ru pruh urwru2vwdwru sdluv1
Wzr dfwlyh urwru2vwdwru sdluv duh dozd|v qhhghg wr krog wkh
edoo lq d vwdeoh frq�jxudwlrq1 Wkh h{sodqdwlrq iru wklv lv
wkdw rqh urwru2vwdwru sdlu �{hv wkh urwru vr lw fdq rqo| ur0
wdwh derxw wklv dwwudfwlrq srlqw1 Wkh rwkhu urwru2vwdwru sdlu
frqvwudlqv wklv urwdwlrq/ uhvxowlqj lq d ixoo| frqvwudlqhg ur0
wru1 Wr surgxfh prwlrq ri wkh urwru/ d frppxwdwlrq prgho
kdv ehhq ghyhorshg1 Lw lv xvhg wr �qg wkh qh{w urwru2vwdwru
sdluv wr eh dfwlydwhg/ vwhsslqj wkh prwru wr dqrwkhu vwdeoh
vwdwh/ uhvxowlqj lq wkh ghvluhg prwlrq1 Wklv frppxwdwlrq
prgho kdv ehhq ghyhorshg wr xvh wzr urwru2vwdwru sdluv wr
�{ wkh urwru/ exw Vhfwlrq 615 ghvfulehv d prgho h{sdqghg wr
wkuhh ru pruh urwru2vwdwru sdluv1 Ehiruh zh fdq h{sodlq wkh
prgho zh kdyh wr uhylhz vrph pdwkhpdwlfdo suholplqdulhv1
6
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Wkh surshuwlhv ri wkh yhfwru grw surgxfw duh xvhg h{0
whqvlyho| lq wklv prgho1 Uhfdoo wkdw wkh grw surgxfw ri wzr
yhfwruv d dqg e lv wkh surgxfw ri wkhlu ohqjwkv wlphv wkh
frvlqhv ri wkhlu dqjoh �1

d � e @ ndnnen frv+�,

Srvlwlrqv rq wkh xqlw vskhuh/ V5/ duh sdudphwul}hg xvlqj
vskhulfdo frruglqdwhv=

x+!> �, @

3
C
frv! vlq �
vlq! vlq �
frv �

4
D =

� dqg ! duh fdoohg wkh srodu dqg d}lpxwkdo dqjohv/ uhvshf0
wlyho|1

Wkh glvwdqfh ehwzhhq wzr srlqwv u> v 5 V5 dv phdvxuhg
dorqj wkh vkruwhu vhjphqw ri wkh juhdw duf frqqhfwlqj wkh
srlqwv lv fdofxodwhg dv

g+u> v, @ frv�4+u � v,

zkhuh lq wkh frqwh{w ri wkh fxuuhqw glvfxvvlrq frv�4+�, wdnhv
ydoxhv lq wkh udqjh ^3> �`1 Lq wklv zd| wkh ohqjwk ri wkh
vkruwhu ri wkh wzr juhdw dufv frqqhfwlqj u dqg v lv dxwrpdw0
lfdoo| fkrvhq1

Wkh frqfhsw ri uljlg erg| urwdwlrqv lv dqrwkhu lpsru0
wdqw frqfhsw xvhg lq wklv prgho1 Prwlrq ri wkh urwru lq
wklv prgho lv ylhzhg dv wkh urwdwlrq ri xqlw yhfwruv orfdw0
lqj pdjqhwlf fhqwhuv rq wkh vxuidfh ri wkh urwru vskhuh1 D
jhqhudo urwdwlrq lv zulwwhq dv

U @ URW^q> �` @ h{s^�Q `

@ 46�6 . vlq �Q . +4� frv �,Q5 @ TlURW^hl> �`T
W

l

zkhuhQ lv wkh vnhz v|pphwulf pdwul{ vdwlvi|lqjQ{ @ q�{
iru doo { 5 LU6/ q @ yhfw+Q, lv wkh xqlw yhfwru vshfli|lqj wkh
d{lv ri urwdwlrq/ dqg � lv wkh dqjoh ri urwdwlrq1 46�6 lv wkh
6�6 lghqwlw| pdwul{1 Wkh urwdwlrqv derxw wkh qdwxudo edvlv
yhfwruv hl duh ghqrwhg URW^hl> �`/ dqg Tl lv dq| urwdwlrq
pdwul{ zkrvh lwk froxpq lv wkh yhfwru q1 Wkh ixqfwlrqv ^48`

�+U, @ frv�4
�
wu+U,� 4

5

�
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fdq eh wkrxjkw ri dv wkrvh zklfk h{wudfw wkh dqjoh � dqg
d{lv q iurp wkh urwdwlrq pdwul{ U @ URW^q> �`1

��2 �L44�|@|�L? �L_i*

Wkh frppxwdwlrq prgho zh kdyh ghyhorshg lv yhu| �h{0
leoh dqg fdq eh xvhg iru dq| urwru2vwdwru sdfnlqj sdlu1 Wkh
prgho uhtxluhv wkh iroorzlqj lqsxwv= wkh urwru2vwdwru sdfn0
lqj/ wkh ghvluhg urwdwlrq d{lv/ dqg wkh ghvluhg dqjoh ri urwd0
wlrq derxw wklv d{lv1 Vrph rwkhu yduldeohv duh h{shulphq0
wdoo| ghwhuplqhg/ ru duh xvhg wr _wxqh% wkh prgho1 Wkh|
zloo eh h{sodlqhg dv wkh| frph xs lq wkh h{sodqdwlrq ri wkh
prgho1 Wkh frppxwdwlrq prgho vwduwv zlwk dq lqlwldo rul0
hqwdwlrq1 Wkh kljko| v|pphwulf qdwxuh ri wkh urwru2vwdwru
sdfnlqjv hqdeohv xv wr xvh dq| lqlwldo rulhqwdwlrq1 Li wkh ur0
wru dqg vwdwru zkhuh frqvwuxfwhg e| sdfnlqjv ri orz v|pph0
wu|/ wkhq wkh lqlwldo frppxwdwlrq zrxog kdyh d odujh h�hfw
rq ixwxuh prwlrqv ri wkh urwru1

Wkh �uvw vwhs ri wkh prgho lv wr fdofxodwh wkh glvwdqfh
dorqj wkh vskhuh ehwzhhq doo wkh vwdwru pdjqhwv dqg wkh
urwru pdjqhwv orfdwhg lq wkh erwwrp khplvskhuh ri wkh ur0
wru dw wkh suhvhqw frppxwdwlrq vwdwh1 Zh vhw d pd{lpxp
glvwdqfh ri pdjqhw dwwudfwlrq1 Wklv glvwdqfh zdv ghulyhg
h{shulphqwdoo| e| phdvxulqj wkh pd{lpxp glvwdqfh ryhu
zklfk wkh urwru2vwdwru sdluv h{klelw dq dghtxdwh dwwudf0
wlrq1 Dq duud| zlwk glphqvlrqv htxdo wr wkh qxpehu ri
vwdwru pdjqhwv e| qxpehu ri urwru pdjqhwv lv frqvwuxfwhg1
Wkh lmwk hqwu| ri wklv duud| fruuhvsrqgv wr wkh phdvxuh glv0
wdqfh ehwzhhq wkh lwk vwdwru hohfwurpdjqhw dqg wkh mwk urwru
sroh1 Li wkh glvwdqfh lv juhdwhu wkdq wkh pd{lpxp glvwdqfh
gh�qhg/ d }hur lv sodfhg lq wkdw hqwu|1 Zh qrz kdyh dq
duud| ri doo wkh srvvleoh frppxwdwlrq sdluv1

Wkh frppxwdwlrq sdluv qrz kdyh wr eh vruwhg wr h{0
wudfw wkh frpelqdwlrq wkdw zloo surgxfh wkh ghvluhg wrutxh
rq wkh urwru1 Iljxuh 7 lv d �rzfkduw wkdw looxvwudwhv wkh
frpsxwdwlrq vwhsv lqyroyhg lq ghwhuplqlqj wkh dffhswdeoh
urwru2vwdwru sdluv1 Vwhs rqh fkhfnv zkhwkhu wkh wrutxh sur0
gxfhg e| wkh dwwudfwlrq ri wkh fdqglgdwh urwru2vwdwru sdlu
zloo eh derxw wkh ghvluhg urwdwlrq d{lv1 Wkh vhfrqg vwhs dv0
vxuhv wkdw wkh olqh ri wkh dwwudfwlrq yhfwru lv dssur{lpdwho|
shushqglfxodu wr wkh lpdjlqdu| wrutxh dup1 Li wkhuh duh qr
fdqglgdwh sdluv ohiw diwhu vwhs 4 dqg 5/ vwhs 6 lqfuhdvh wkh
huuru erxqgv dqg uhshdwv wkh surfhvv1 Wkh yduldeohv lq wkh
�rz fkduw duh wkh iroorzlqj= q lv wkh ghvluhg urwdwlrq d{lv/
u lv wkh xqlw yhfwru orfdwlqj wkh urwru pdjqhw xqghu hydox0
dwlrq/ v lv wkh xqlw yhfwru orfdwlqj wkh vwdwru hohfwurpdjqhw
7

xqghu hydoxdwlrq/ dqg wkh huuru ydoxh vwduwv dw �@571

6�}�hi eG ���,�A��w, +�A�+%5A�A�+ ��W+5

Zh qrz kdyh d olvw ri urwru2vwdwru sdluv wkdw zloo sur0
gxfh wkh surshu wrutxh derxw wkh ghvluhg urwdwlrq d{lv
zlwklq vrph erxqgv1 Vlqfh wkh urwru lq lwv fxuuhqw frp0
pxwdwlrq lv ehlqj �{hg e| wzr vwdwru pdjqhwv/ zh kdyh wr
fkrrvh rqh sdlu dv wkh vwdwlrqdu| srlqw1 Xvlqj rqh ri wkh
vwdwru pdjqhwv dv wkh vwdwlrqdu| srlqw/ wkh prwlrq fdxvhg
e| hdfk lqglylgxdo fdqglgdwh sdlu lv qrz fdofxodwhg1 Wklv
lv uhshdwhg iru wkh rwkhu vwdwru pdjqhw1 D srwhqwldo �hog
prgho lv xvhg wr �qg wkh vwdeoh vwdwh wkh urwru zloo dvvxph
diwhu wkh vwhsslqj ri urwru2vwdwru sdluv1 Wkh edvlv ri wkh
prgho xvhg lv glvfxvvhg lq vhfwlrq 615 ri ^4`1 Zkhq zh hydo0
Frs|uljkw f� 5333 e| DVPH



xdwh hdfk fdqglgdwh/ wkh pdjqlwxgh ri urwru urwdwlrq derxw
wkh ghvluhg urwdwlrq d{lv/ dqg wkh huuru ehwzhhq wkh ghvluhg
dqg dfwxdo urwdwlrq d{hv duh uhfrughg iru hdfk sdlu1 Dq|
sdluv wkdw surgxfh odujh d{lv huuruv duh glvfdughg wr ohdyh
wzr olvwv ri dssolfdeoh sdluv1

Iurp wkh uhvxowlqj olvw wkhuh lv d odujh qxpehu ri srv0
vleoh sdwkv wkdw wkh urwru fdq iroorz iurp wkh lqlwldo frp0
pxwdwlrq vwdwh wr wkh ghvluhg vwdwh1 Li hdfk vwhs kdv wkuhh
fdqglgdwh urwru2vwdwru sdluv/ dqg �yh vwhsv duh shuiruphg/
wkh uhvxowlqj qxpehu ri srvvleoh sdwkv lv 68 @ 5761 Vlqfh lw
lv qrw h�flhqw wr hydoxdwh doo wkh srvvleoh sdwkv/ ghflvlrqv
kdyh wr eh pdgh dw hdfk vwhs1 Wkuhh edvlf vfkhphv fdq eh
xvhg= rqh wkdw plqlpl}hv d{lv huuru/ rqh wkdw pd{lpl}hv ur0
wdwlrq dqjoh/ dqg rqh wkdw zhljkwv erwk wkh urwdwlrq dqjoh
dqg d{lv huuru wr pdnh d fkrlfh1 Wkh fkrlfh ri zklfk vfkhph
wr xvh ghshqgv rq wkh dssolfdwlrq dqg dggv dqrwkhu od|hu
ri �h{lelolw| wr wkh prgho1 Zkhq d fdqglgdwh sdlu lv fkrvhq
wkh urwru lv urwdwhg lqwr lwv srwhqwldo vwdwh dqg wkh prgho lv
uxq djdlq xqwlo wkh ghvluhg urwdwlrq dqjoh lv dfklhyhg1

6�}�hi DG W�WAW�w ����NA�AW�� 5A�A,

��� �L_i* ��|T�|

Wkh rxwsxw ri wkh prgho lv d gdwd �oh dqg d judskl0
fdo uhsuhvhqwdwlrq ri wkh frppxwdwlrq1 Wkh gdwd �oh fdq
eh xvhg wzr zd|v1 Wkh �uvw lv svhxgr0uhdowlph/ zkhuh wkh
urwru2vwdwru sdluv duh vzlwfkhg dv wkh prgho fkrrvhv wkhp1
Wkh vhfrqg phwkrg lv wr ordg wkh gdwd �oh dqg vwhs wkurxjk
wkh suhglfwhg prwlrq1

Wkh judsklfdo rxwsxw lv yhu| xvhixo lq jdlqlqj dq xqghu0
vwdqglqj ri frppxwdwlrq g|qdplfv1 Iljxuh 8 lv wkh judskl0
fdo rxwsxw ri wkh prgho1 Wkh rxwsxw lv iru dq lqlwldo frppx0
wdwlrq vwdwh1 Lq wkh �jxuh/ wkh c.* duh wkh fhqwhuv ri vwdwru
pdjqhwv/ dqg wkh c-* duh wkh fhqwhuv ri urwru pdjqhwv wkdw
8

olh rq wkh vxuidfh ri d vskhuh surmhfwhg rqwr wkh [0\ sodqh1
Rqo| urwru pdjqhwv wkdw duh dssolfdeoh wr wkh prgho dw wkh
suhvhqw vwdwh duh vkrzq1 Wkh urwru dqg vwdwru pdjqhwv wkdw
duh frqqhfwhg e| d olqh uhsuhvhqw wkh fdqglgdwh urwru2vwdwru
sdluv1 Wkh urwru2vwdwru sdluv wkdw wkh prgho fkrvh duh kljk0
oljkwhg e| wkh er{hv wkdw duh gudzq durxqg wkhp1 Iljxuh
9 vkrzv d 60G ylhz ri wkh prgho rxwsxw1 Lq wklv ylhz wkh
uhsuhvhqwdwlrq ri wkh dfwxdo dqg ghvluhg urwdwlrq d{hv fdq
eh vhhq1 Wkhvh 60G �jxuhv duh dovr xvhixo ehfdxvh wkh| fdq
eh urwdwhg lqwr gl�huhqw ylhz/ jlylqj juhdwhu lqvljkw lqwr wkh
frppxwdwlrq ri wkh prwru1

6�}�hi SG ��#,w �NA�NA

��e �*|ih?@|i AiU�?�^�i

Wkh prvw h�flhqw zd| wr lqfuhdvh kroglqj dqg vzlwfk0
lqj wrutxh rq wkh urwru lv wr xvh pruh wkdq wzr urwru2vwdwru
sdluv1 D frppxwdwlrq prgho wkdw vhohfwv pruh wkdq wzr
fdqglgdwh urwru2vwdwru sdluv zrxog xvh wkh vdph edvlf whfk0
qltxh rxwolqh hduolhu1 Wkh gl�huhqfh olhv lq ghwhuplqlqj wkh
htxloleulxp vwdwh wkh urwru zloo dvvxph zkhq khog e| wkh
wkuhh ru pruh urwru2vwdwru sdluv1

Wr �qg wkh htxloleulxp vwdwh ri wkh urwru zkhq �{hg
e| wkuhh ru pruh urwru2vwdwru sdluv zh sursrvh wkh xvh ri
d cG|qdplf* whfkqltxh1 Wklv whfkqltxh vwduwv e| vhohfwlqj
d phwkrg wr ghvfuleh wkh rulhqwdwlrq ri wkh urwru1 Hxohu
dqjohv kdyh wkh plqlpdo glphqvlrq iru wklv wdvn/ exw kdyh
vrph xqsohdvdqw dqdo|wlfdo surshuwlhv dw vrph rulhqwdwlrqv1
Txdwhuqlrq uhsuhvhqwdwlrq lv iuhh ri vlqjxodulwlhv dqg lv d
Frs|uljkw f� 5333 e| DVPH
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Wkh xqlw yhfwru ad lv wkh urwdwlrq d{lv/ dqg ! lv wkh
urwdwlrq dqjoh1 Wkh txdwhuqlrq kdv rqh pruh frpsrqhqw
wkdq lw qhhgv/ vr d frqvwudlqw lv sodfhg rq wkh hohphqwv=
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Xvlqj txdwhuqlrq uhsuhvhqwdwlrq/ wkh htxdwlrqv ri pr0
wlrq iru d uljlg erg| vxemhfw wr wrutxhv/ zlwk $ dv wkh dq0
jxodu yhorflw| fdq eh zulwwhq dv=
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Wkh lqwhudfwlrq ehwzhhq wkh urwru2vwdwru sdluv uhvxow lq
d wrutxh ehlqj dssolhg wr wkh urwru1 Wkh pdjqlwxgh dqg gl0
uhfwlrq ri wklv wrutxh lv d ixqfwlrq ri wkh rulhqwdwlrq ri wkh
urwru1 Wkh vxp ri doo wkh fdqglgdwh urwru2vwdwru wrutxhv
pdnh xs wkh iruflqj ri wkh v|vwhp/ vkrzlqj xs lq wkh htxd0
wlrqv ri prwlrq dv QE+�t,1 Wkh urwru*v sulqflsdo prphqwv ri
lqhuwld duh htxdo/ uhvxowlqj lq d LE zklfk lv d vfdohg lghqwlw|
pdwul{1

Wkh htxloleulxp vwdwh ri wkh urwru fdq qrz eh irxqg
e| frqvwuxfwlqj wkh iruflqj yhfwru QE+�t, zklfk ghshqgv rq
wkh fdqglgdwh urwru2vwdwru sdluv xqghu hydoxdwlrq1 Gdpslqj
lv dgghg wr wkh v|vwhp dqg wkh gl�huhqwldo htxdwlrqv duh
vroyhg qxphulfdoo| wr ghwhuplqh wkh htxloleulxp vwdwh wkh
urwru zloo dvvxph1 Wkh rulhqwdwlrq wkh urwru vhwwohv lqwr lv
wkh htxloleulxp vwdwh iru wkh fdqglgdwh urwru2vwdwru sdluv1

e ,j�,+W�,�A�w +,5NwA5

Wkh h{shulphqwdo uhvxowv duh eurnhq grzq lqwr wzr vhf0
wlrqv1 Wkh �uvw lv wkh uhvxowv iurp wkh prgho wkdw vkrz
glvfuhwl}hg prwlrq lv srvvleoh iru doo urwdwlrq d{hv1 Wkh vhf0
rqg lv krz zhoo wklv prwlrq lv uhdol}hg rq rxu surwrw|sh1
9

e�� �L_i* +it�*|t

Uhvxowv rewdlqhg iurp wkh prgho duh sdwk ghshqghqw1
Wkh uhvxowv suhvhqwhg zhuh rewdlqhg xvlqj d vlpsoh sdwk
fkrrvlqj dojrulwkp1 Wklv dojrulwkp vxewudfwv wkh d{lv huuru
iurp wkh urwdwlrq dqjoh dqg wkh fdqglgdwh sdlu zlwk wkh
odujhvw uhvxowlqj ydoxh lv fkrvhq1 Iljxuh : lv d sorw ri d{lv
huuru yv1 urwdwlrq dqjoh iru urwdwlrq derxw wkh ] d{lv1 Wkh ]
d{lv lv wkh h{whqvlrq ri wkh v|pphwu| d{lv ri wkh edvh zlwk
lwv ruljlq dw wkh fhqwhu ri wkh urwru1 Wkh sorw looxvwudwhv
wkdw ryhu <3 ghjuhhv ri urwru prwlrq/ wkh d{lv huuru lv qhyhu
juhdwhu wkdw wkuhh ghjuhhv1 Wklv kljk uhvroxwlrq lv srvvleoh
ehfdxvh wkhuh lv d vwdwru pdjqhw rq wkh urwdwlrq d{lv1 Wklv
urwru2vwdwru sdlu ehfrphv wkh urwdwlrq d{lv gxulqj wkh urwru
prwlrq1 Wklv yhu| kljk uhvroxwlrq lv srvvleoh iru doo urwdwlrq
d{hv sdvvlqj wkurxjk ru ehwzhhq vwdwru srohv1

6�}�hi .G �jW5 ,++�+ V5� +�A�AW�� ��Bw, E~ �jW5�

Xvlqj wkh suhvhqw frppxwdwlrq prgho wkh uhvroxwlrq
ghfuhdvhv dv wkh urwru urwdwlrq d{lv jhwv iduwkhu dzd| iurp
wkh vwdwru hqyhorsh1 Wklv lv fdxvhg e| wkh frqvwudlqw wkdw
wkh urwru pxvw dozd|v urwdwh derxw d vwdwru pdjqhw1 Wklv
fdxvhv wkh dfwxdo urwdwlrq d{lv wr eh orfdwhg lq d frqlfdo
uhjlrq derxw wkh ghvluhg urwdwlrq d{lv1 Wkh urwdwlrq d{hv
zlwk wkh kljkhvw d{lv huuru duh wkh d{hv wkdw olh rq wkh [0\
sodqh1 Iljxuh ; lv d sorw ri d{lv huuru yv1 urwdwlrq dqjoh iru
urwdwlrq derxw wkh \ d{lv1 Wkh prgho suhglfwv wkdw hyhq
xqghu wkh prvw gl�fxow flufxpvwdqfhv wkh d{lv huuru lv qhyhu
pruh wkdw 48 ghjuhhv1

e�2 �hL|L|)Ti �ihuLh4@?Ui

Zh kdyh kdg pl{hg uhvxowv iurp wkh surwrw|sh1 Wkh

surwrw|sh fdq uholdeo| shuirup urwru prwlrq li wkh vsdq ri

wkh urwdwlrq d{lv lv frqwdlqhg lq wkh vwdwru1 Sureohpv dulvh

zkhq wkh urwdwlrq srlqw vzlwfkhv gxulqj hdfk vwhs1 Wkhvh

sureohpv dulvh iurp wkh fkdudfwhulvwlf ri wkh vwdwru hohf0

wurpdjqhwv1 Lq sudfwlfh wkh vwdwru hohfwurpdjqhwv kdyh d
Frs|uljkw f� 5333 e| DVPH



uhodwlyho| eurdg srwhqwldo zhoo/ lqvwhdg ri d ghvludeoh vkdus

plqlpxp1 Wklv eurdg zhoo surgxfhv _vors% lq wkh urwru lq d

vwdeoh frppxwdwlrq vwdwh1 Wkh huuru fdxvhg e| wklv _vors%

exlogv gxulqj hdfk vwhs dqg nloov wkh suhglfwdelolw| ri wkh ur0

wru vwdwh1 Fduhixoo| fkrrvlqj wkh frppxwdwlrq sdwk ohvvhqv

wklv h�hfw/ exw dovr juhdwo| fxwv grzq rq wkh suhglfwhg shu0

irupdqfh1 Wr vroyh wklv sureohp zh duh sodqqlqj wr vxe0

vwlwxwh vwdwru pdjqhwv fxvwrp zrxqg wr rxu vshfl�fdwlrqv/

lqvwhdg ri uho|lqj rq lqh{shqvlyh/ r�0wkh0vkhoi frpsrqhqwv1

6�}�hi HG �jW5 ,++�+ V5� +�A�AW�� ��Bw, Ev �jW5�

D 5N���+v ��# ����wN5W��5

Zh kdyh ghyhorshg d wkhru| iru wkh frppxwdwlrq dqg

prwlrq sodqqlqj ri vskhulfdo vwhsshu prwruv zkhuh wkh urwru

frqvlvwv ri shupdqhqw pdjqhwv1 H{shulphqwv shuiruphg rq

wkh surwrw|sh suryh wkh wkhrulhv dqg whfkqltxhv suhvhqwhg lq

wklv sdshu1 Pdq| rswlrqv iru lpsuryhphqw kdyh ehhq jlyhq

lq d iudphzrun �h{leoh hqrxjk iru pdq| prwru jhrphwulhv1

Pxfk ri rxu ixwxuh zrun zloo eh lq ixuwkhu ghyhorsphqw ri

rxu surwrw|sh dqg h{sdqvlrq ri rxu prgho1

Dfnqrzohgjphqwv

Wklv zrun zdv shuiruphg xqghu QVI judqw LLV0<:64:53

iurp wkh Urerwlfv dqg Kxpdq Dxjphqwdwlrq Surjudp1 Zh

wkdqn Pv1 \xqihqj Zdqj iru fuhdwlqj wkh gudzlqjv lq Ilj0

xuh 41

+,6,+,��,5

Fklulnmldq/ J1V1/ Vwhlq/ G1/ %Nlqhpdwlf Ghvljq dqg

Frppxwdwlrq ri d Vskhulfdo Vwhsshu Prwru/% LHHH2DVPH
Wudqvdfwlrqv rq Phfkdwurqlfv/ Yro1 7/ Qr1 7/ Ghfhpehu

4<<</ ss16750686

Ehghuvrq/ E1E1/ Zdoodfh/ U1V1/ Vfkzduw}/ H1O1/ %D

Plqldwxuh Sdq0Wlow Dfwxdwru= Wkh Vskhulfdo Srlqwlqj Pr0
:

wru/% LHHH Wudqv1 rq Urerwlfv dqg Dxwrpdwlrq/ Yro1 43/
Qr1 6/ Mxqh 4<<7/ ss1 5<;063;1

Grqdog/ E1U1/ Mhqqlqjv/ M1/ Uxv/ G1/ _Lqirupdwlrq Lq0

yduldqwv iru Glvwulexwhg Pdqlsxodwlrq/% Lqwhuqdwlrqdo Mrxu0
qdo ri Urerwlfv Uhvhdufk y1 49 q1 8 Rfw 4<<:/ ss1 9:60:351

Oxqw}/ M1/ Phvvqhu/ Z1/ Fkrvhw/ K1/ %Sdufho Pdqlsx0

odwlrq dqg G|qdplfv zlwk d Glvwulexwhg Dfwxdwru Duud|=

Wkh Yluwxdo Yhklfoh/% Surf1 4<<: LHHH Lqwhuqdwlrqdo Frq0
ihuhqfh rq Urerwlfv dqg Dxwrpdwlrq/ 4<<:1

Zlooldpv/ I1/ Odlwkzdlwh/ Hdvwkdp/ J1I1/ %Ghyhors0

phqw dqg Ghvljq ri Vskhulfdo Lqgxfwlrq Prwruv/% Surf1 ri
wkh LHHH/ ss1 7:407;7/ Ghf1 4<8<1

N1 Gdyh|/ J1 Ydfkwvhydqrv/ _Wkh Dqdo|vlv ri Ilhogv

dqg Wrutxhv lq d Vskhulfdo Lqgxfwlrq Prwru/% LHHH Wudqv1
Pdjq1/ yro1 PDJ056/ Pdu1 4<;:1

Ndqhnr/ \1 \dpdgd/ L1/ Lwdr/ N1/ D Vskhulfdo GF Vhuyr

Prwru zlwk Wkuhh Ghjuhhv0ri0Iuhhgrp/% DVPH G|qdplf
V|vwhpv dqg Frqwurov Glylvlrq/ Yro1 44/ ss1 6<;0735/ 4<;;1

Ohh/ N10P1/ Nzdq/ F10N1/ %Ghvljq Frqfhsw Ghyhors0

phqw ri d Vskhulfdo Vwhsshu iru Urerwlf Dssolfdwlrqv/ LHHH
Wudqv1 rq Urerwlfv dqg Dxwrpdwlrq/ Yro1 :/ Qr1 4/ Ihe1
4<<4/ ss1 4:804;41

Urwk/ U1E1/ Ohh/ N10P1/ %Ghvljq Rswlpl}dwlrq ri d

Wkuhh Ghjuhhv0ri0Iuhhgrp Yduldeoh0Uhoxfwdqfh Vskhulfdo

Zulvw Prwru/% DVPH M1 Hqjlqhhulqj iru Lqgxvwu|/ Yro1 44:/
Dxjxvw 4<<8/ ss1 6:;06;;1

]krx/ ]1/ Ohh/ N10P1/ %Uhdo0wlph Prwlrq Frqwuro ri d

Pxowl0ghjuhh0ri0iuhhgrp Yduldeoh Uhoxfwdqfh Vskhulfdo Pr0

wru/% Surf1 4<<9 LHHH Lqw1 Frqi1 rq Urerwlfv dqg Dxwrpd0
wlrq/ Plqqhdsrolv/ Plqqhvrwd/ Dsulo 4<<9/ ss1 5;8<05;971

Shl/ M1/ _Phwkrgrorj| ri Ghvljq dqg Dqdo|vlv ri

Yduldeoh0Uhoxfwdqfh Vskhulfdo Prwruv/% Sk1G Glvvhuwdwlrq/

Ghsw1 ri Phfkdqlfdo Hqjlqhhulqj/ Jhrujld Lqvw1 ri Whfkqro0

rj|/ 4<<31

Wr|dpd/ V1/ Vxjlwdql/ V1/ ]kdqj/ J1/ Pl|dwdql/ \1/

Qdndpxud/ N1/ %Pxowl ghjuhh ri iuhhgrp Vskhulfdo Xowud0

vrqlf Prwru/% Surf1 4<<8 LHHH Lqw1 Frqi1 rq Urerwlfv dqg
Dxwrpdwlrq/ Qdjr|d/ Mdsdq/ ss1 5<6805<731

Wr|dpd/ V1/ ]kdqj/ J1/ Pl|rvkl/ R1/ %Ghyhorsphqw ri

Qhz Jhqhudwlrq Vskhulfdo Xowudvrqlf Prwru/% Surf1 4<<9
LHHH Lqw1 Frqi1 rq Urerwlfv dqg Dxwrpdwlrq/ Plqqhdsrolv/

Plqqhvrwd/ Dsulo 4<<9/ ss1 5;:405;:91

Kroolv/ U1O1/ Vdofxghdq/ V1H1/ Doodq/ D1S1/ _D Vl{0

Ghjuhh0ri0Iuhhgrp Pdjqhwlfdoo| Ohylwdwhg Yduldeoh Frp0

soldqfh Ilqh0Prwlrq Zulvw= Ghvljq/ Prgholqj/ Frqwuro/%

LHHH Wudqv1 Ure1 dqg Dxw1 Yro1 :/ Qr1 4/ ss1 6530665/ Mxqh
4<<41

PfFduwk|/ M1P1/ Lqwurgxfwlrq wr Wkhruhwlfdo Nlqhpdw0
lfv/ PLW Suhvv/ 4<<31

Slvdfdqh/ Y1O1/ Prruh/ U1F1/ Ixqgdphqwdov ri Vsdfh
V|vwhpv/ R{irug Xqlyhuvlw| Suhvv/ 4<<7
Frs|uljkw f� 5333 e| DVPH
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