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RESUMO

Os modelos de regressão com parâmetros variando no espaço são uma
generalização dos modelos lineares em que é permitido aos coeficientes da
regressão mudarem ao longo do espaço. A estrutura espacial é especificada por
uma extensão multivariada de uma distribuição a priori que considera as
diferenças entre os coeficientes de regiões vizinhas. Isso permite a incorporação
da informação da vizinhança espacial.

Para estimar o modelo utilizamos a abordagem bayesiana e o algoritmo do
MCMC considerando diferentes esquemas de amostragem. Esses esquemas foram
comparados em termos da autocorrelação da cadeia de Markov, e em termos dos
resultados obtidos.

Foram discutidas diferentes especificações a priori que admitem estruturas
espaciais semelhantes. Os resultados são ilustrados com dados simulados e com
um conjunto real de informações.
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Gdql Jdphupdq/ Dmd{ U1 E1 Pruhlud dqg K�dydug Uxh
Lqvwlwxwr gh Pdwhp�dwlfd/ Xqlyhuvlgdgh Ihghudo gr Ulr gh Mdqhlur/ Eud}lo

Lqvwlwxwr gh Shvtxlvd Hfrqarplfd Dsolfdgd/ Eud}lo
Qruzhjldq Xqlyhuvlw| ri Vflhqfh dqg Whfkqrorj|/ Qruzd|

�Mt|h@U|

Vsdfh0ydu|lqj uhjuhvvlrq prghov duh jhqhudol}dwlrqv ri vwdqgdug olqhdu prghov
zkhuh wkh uhjuhvvlrq frh�flhqwv duh doorzhg wr fkdqjh lq vsdfh1 Wkh vsdwldo
vwuxfwxuh lv vshfl�hg e| d pxowlyduldwh h{whqvlrq ri sdluzlvh gl�huhqfh sul0
ruv wkxv hqdeolqj lqfrusrudwlrq ri qhljkerulqj vwuxfwxuhv dqg hdv| vdpsolqj
vfkhphv1 Gl�huhqw vdpsolqj vfkhphv duh dydlodeoh dqg pd| eh xvhg lq dq
PFPF dojrulwkp1 Wkhvh vfkhphv duh frpsduhg lq whupv ri fkdlq dxwrfru0
uhodwlrq dqg uhvxowlqj lqihuhqfh1 Zh dovr glvfxvv gl�huhqw sulru vshfl�fdwlrqv
wkdw dffrpprgdwh wkh vsdwldo vwuxfwxuh1 Uhvxowv duh looxvwudwhg zlwk vlpxodwhg
gdwd dqg dssolhg wr d uhdo gdwdvhw1

Nh| zrugv= Ed|hvldq> K|shusdudphwhuv> Jleev vdpsolqj> Pdunry fkdlq Prqwh
Fduor> Pdunry udqgrp �hogv> Phwursrolv0Kdvwlqjv dojrulwkp> Vdpsolqj vfkhphv1

� W?|hL_�U|�L?

Frqvlghu lqlwldoo| wkh pxowlsoh olqhdu uhjuhvvlrq prgho zkhuh lqghshqghqw re0
vhuydwlrqv |4> ===> |q iroorz wkh glvwulexwlrq |l � Q+�l> �

5,/ iru l @ 4> ===> q1 Lq
vwdqgdug uhjuhvvlrq/ wkh phdqv �l duh ghvfulehg e| d olqhdu uhodwlrq {3l� zkhuh
{l lv wkh u0glphqvlrqdo yhfwru ri h{sodqdwru| yduldeohv iru wkh lwk revhuydwlrqdo
xqlw +l @ 4> ===> q, dqg � lv wkh yhfwru ri uhjuhvvlrq frh�flhqwv1 Lqihuhqfh derxw
� lqirupv derxw wkh vwuhqjwk ri wkh {*v lq whupv ri h{sodlqlqj wkh yduldelolw| ri
wkh revhuydwlrqv |1

Wkh h{whqvlrqv zh frqvlghu ehorz doorz wkh uhjuhvvlrq frh�flhqwv wr fkdqjh
zlwk wkh revhuydwlrq xqlw1 Khqfh/ zh zloo kdyh �l @ {3l�l/ iru l @ 4> ===> q dqg
xqnqrzq txdqwlwlhv +�> !, zkhuh � @ yhf+E,/ wkh froxpq yhfwrul}dwlrq ri wkh
q� u pdwul{ E jlyhq e|
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Xqghu d Ed|hvldq irupxodwlrq/ wkh prgho pxvw eh frpsohwhg e| d sulru iru
+�> !,/ zkhuh dvvxpswlrqv derxw wkh uhodwlrq ehwzhhq wkh frpsrqhqwv ri � duh
pdgh1 Qrwh dovr wkdw wklv sulru pd| dovr ghshqg rq rwkhu xqnqrzq txdqwlwlhv1
Wkh| duh w|slfdoo| yduldqfh sdudphwhuv dqg duh ghqrwhg e| �1 Sulruv iru wkhvh
k|shusdudphwhuv pxvw dovr eh vshfl�hg1 Lq jhqhudo/ wkhvh duh wdnhq dv uhdvrq0
deo| ydjxh/ uh�hfwlqj wkh gl�fxow| lq wkh lqfrusrudwlrq ri vxevwdqwldo nqrzohgjh
derxw wkhp1

Wkhuh duh pdq| srvvleoh urxwhv wr eh wdnhq iurp khuh1 Wkhvh gl�huhqw urxwhv
duh dvvrfldwhg zlwk txdolwdwlyho| gl�huhqw dvvxpswlrqv derxw wkh uhodwlrqvkls
ehwzhhq wkh �l*v1 Wkh| duh lq jhqhudo edvhg rq zhdn txdqwlwdwlyh dvvxpswlrqv/
jhqhudoo| wkurxjk ydjxh sulru rq k|shusdudphwhuv1 Wkhvh prghov fdq rqo| ohdg
wr suhflvh srvwhulru lqihuhqfh li wkh glphqvlrq u ri wkh �l*v lv vxevwdqwldoo| vpdoohu
wkdq wkh qxpehu q ri revhuydwlrqdo xqlwv1

Rqh srvvlelolw| lv wr doorz wkh uhjuhvvlrq frh�flhqwv wr ydu| dfurvv xqlwv
zlwkrxw dq| sduwlfxodu vwuxfwxuh1 Klhudufklfdo prghov lqwurgxfhg e| Olqgoh|
dqg Vplwk +4<:5, vxjjhvw lq wkhlu vlpsohvw irupv wkdw wkh �l*v vkrxog eh do0
orzhg wr ydu| dv d udqgrp vdpsoh iurp d jlyhq glvwulexwlrq/ lqgh{hg e| �1 Wkh
prvw frpprq h{dpsoh lv wr kdyh �l*v dv k|srwkhwlfdo gudzv iurp dQ+�>	, glv0
wulexwlrq dqg lq wklv fdvh � @ +�>	,1 Dqrwkhu srvvlelolw| srsxodul}hg e| Zhvw
dqg Kduulvrq +4<<:, lv wr xvh d g|qdplf prgho zkhuhe| uhjuhvvlrq frh�flhqwv
irup d jhqhudol}hg udqgrp zdon �l @ Jl�l�4.zl iru udqgrp lqsxwv zl*v1 Wklv
irupxodwlrq lv sduwlfxoduo| xvhixo zkhq wkh xqlwv duh vhtxhqwldoo| revhuyhg dqg
d odjjhg h�hfw ehwzhhq vxffhvvlyh uhjuhvvlrq frh�flhqwv lv h{shfwhg1

Iru vsdwldoo| glvwulexwhg gdwd/ d qxpehu ri srvvlelolwhv duh dydlodeoh1 Rqh fdq
xvh wkh jhrvwdwlvwlfdo dssurdfk +Fuhvvlh/ 4<<4/ fk1 508, zkhuh wkh uhjuhvvlrq hu0
uruv |l��l duh vsdwldoo| fruuhodwhg ru wkh glvfuhwh dssurdfk ri sdluzlvh gl�huhqw
sulruv +Ehvdj hw do1/ 4<<4, zkhuh xqlw0vshfl�f udqgrp h�hfwv kdyh wkhlu glvwul0
exwlrq vshfl�hg dffruglqj wr wkh qhljkerxulqj duudqjhphqw ri wkh xqlwv1 Erwk
fdvhv krzhyhu fdq eh dffrpprgdwhg lq wkh deryh irup e| wdnlqj{3l�l @ }3l�.yl
zlwk y @ +y4> ===> yq, kdylqj d mrlqw q0yduldwh qrupdo glvwulexwlrq/ {l @ +}l> 4,
dqg �l @ +�> yl,/ l @ 4> ===q1 Xvxdoo| wkh phdq ri wkh qrupdo glvwulexwlrq lv 3 dqg
wkh dsurdfkhv gl�hu e| gluhfwo| vshfli|lqj wkh yduldqfh ru suhflvrq pdwul{/ uh0
vshfwlyho|1 Lq wklv sdshu/ zh zloo sxuvxh wkh vhfrqg urxwh wkurxjk d pxowlyduldwh
jhqhudol}dwlrq1

Hyhq wkrxjk wkh olnholkrrg grhv qrw ghshqg rq �/ wkh srvwhulru glvwulexwlrq
iru doo prgho sdudphwhuv pxvw eh hydoxdwhg1 Wklv lv jlyhq e|

�+�> !>�m|, 2 o+�> !,i+�m!>�,s+!,s+�, +5,

zkhuh lw zdv dvvxphg wkdw wkh mrlqw sulru ghqvlw| i iru � ghshqgv rq � dqg !
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dqg ! dqg � duh sulru lqghshqghqw1 Lq wkh vhtxho/ lw zloo eh vrphwlphv xvhixo
wr gh�qh � @ +!>�,1

Wkh revhuydwlrqdo suhflvlrq ! lv jhqhudoo| jlyhq d Jdppd sulru zlwk ghqvlw|
!+�!@5,�4 h{si��!V!!@5j/ ghqrwhg J+�!@5> �!V!@5,/ dqg/ zkhq � lv d suhfl0
vlrq pdwul{/ lw lv jhqhudoo| jlyhq d Zlvkduw sulru zlwk ghqvlw| m�m+�#@5,�+u.4,@5

h{si�wu+�#V#�,@5j/ ghqrwhg Z +�#@5> �#V#@5,1
Wkh uhvw ri wkh sdshu lv rujdql}hg dv iroorzv1 Wkh qh{w vhfwlrq lqwurgxfhg

wkh vsdwldo prgho xvhg lq wkh uhjuhvvlrq frqwh{w dqg ghulyhv wkh srvwhulru glv0
wulexwlrq1 Vhfwlrq 6 suhvhqwv 7 gl�huhqw vfkhphv wr xqghuwdnh vdpsolqj0edvhg
lqihuhqfh xvlqj PFPF1 Vhfwlrq 7 suhvhqwv rwkhu irupv ri sulru vshfl�fdwlrq1
Vhfwlrq 8 surylghv vrph uhvxowv iurp dssolfdwlrq wr vlpxodwlrq vwxglhv dqg d
uhdo gdwdvhw dqg Vhfwlrq 9 gudzv vrph frqfoxglqj frpphqwv1

2 �L_i* _i�?�|�L?

D vxlwdeoh prgho wr uhsuhvhqw vsdwldo vlwxdwlrqv lv surylghg e| Pdunry udqgrp
�hogv +PUI,1 Lq yhu| vlpsoh whupv/ d froohfwlrq [ @ +[4> ===> [q, ri udqgrp
txdqwlwlhv lv vdlg wr irup d PUI li wkh mrlqw glvwulexwlrq ri [ vdwlv�hv wkh
surshuw| wkdw +[lm[�l, � +[lm[Cl, zkhuh Cl @ im = m lv d qhljkerxu ri lj/ iru
l @ 4> ===> q1 Zkhq wkh uhjlrqv duh rughuhg/ Cl @ il�4 > l.4j dqg wkh frqglwlrq
uhgxfhv wr +[lm[�l, � +[lm[l�4> [l.4,/ iru doo l 9@ 4> q1

Wkhuh duh pdq| srvvleoh sulru prghov iru � wkdw fdq iroorz d PUI1 Dq
lqwhuhvwlqj h{dpsoh lv surylghg e| wkh sdluzlvh gl�huhqfh sulru

isg+�m!>�, 2 !qu@5 m�mq@5 h{s

;?
=� !

5

q[
l>m@4
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<@
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zkhuh zlm duh zhljkwv dvvrfldwhg zlwk wkh qhljkerulqj vwuxfwxuh1 Iru h{dpsoh/

zlm @

�
4 > li l � m
3 > rwkhuzlvh

> +7,

zkhuh l � m phdqv wkdw uhjlrqv l dqg m duh qhljkeruv1 Ri frxuvh/ wkh pdwul{
� qhhg qrw eh vfdohg e| ! exw wklv fdq eh xvhixo1 Uhprydo ri wkh ghshqghqfh
ri +6, rq ! lpsolhv wulyldo fkdqjhv rq fdofxodwlrq1 Wkh irup +6, zdv sursrvhg
lqghshqghqwo| e| Pruhlud dqg Pljrq +4<<<, dqg Dvvxq�f�dr hw do1 +4<<<,/ zlwkrxw
vfdolqj rq !1 Lw lv edvlfdoo| d jhqhudol}dwlrq ri wkh xqlyduldwh sdluzlvh gl�huhqfh
sulru xvhg e| Ehvdj hw do1 +4<<4,1 Wkh lghd ri xvlqj sdluzlvh gl�huhqfhv dv
d prgho iru uhjuhvvlrq frh�flhqwv zdv �uvw frqvlghuhg lq d sdshu e| Dvvxq�f�dr
hw do1 +4<<;,1 Prghov edvhg rq +4, dqg +6, zloo eh fdoohg sxuh vsdfh0ydu|lqj
uhjuhvvlrq prghov +sxuh VYUP,/ ehfdxvh doo u uhjuhvvlrq frh�flhqwv duh vxemhfw
wr d vsdwldo vwuxfwxuh lpsrvhg e| wkh sulru1
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Wklv sulru edvlfdoo| dwwulexwhv odujhu suredelolw| wr uhjlrqv ri wkh � vsdfh
wkdw kdyh vlplodu ydoxhv iru qhljkerulqj �l*v1 Lw lv dq lpsurshu sulru ehfdxvh
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Frqvhtxhqwo|/ wkh urzv ri wkh q� q pdwul{ Z dgg xs wr }hur1 Krzhyhu/ wklv lv
d xvhixo sulru uhsuhvhqwdwlrq ri vsdwldo vwuxfwxuh dqg ohdgv wr surshu srvwhulruv
dqg vhqvleoh uhvxowv/ surylghg surshu sulruv duh vshfl�hg iru ! dqg �1
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Wkhvh glvwulexwlrqv duh qrw hdvlo| vxppdul}hg dqg vshfldo dssur{lpdwlqj
vfkhphv duh qhhghg1 Zh vkdoo frqfhqwudwh khuh rq Pdunry fkdlq Prqwh Fduor
+PFPF, phwkrgrorj| zkhuh vdpsohv duh uhshdwhgo| wdnhq iurp Pdunry fkdlq
nhuqhov wr uhsurgxfh d vwdwlrqdu| wudmhfwru| wrzdugv fkdlq htxloleulxp +Jdphu0
pdq/ 4<<:,1 D fhqwudo lvvxh lv wkh ghwhuplqdwlrq ri idvw vdpsolqj vfkhphv edvhg
rq ixoo frqglwlrqdov1 Vhyhudo vxfk vfkhphv duh ghwdlohg lq wkh qh{w vhfwlrq1

� 5@4T*�?} tU�i4it

Lw vkrxog eh qrwhg wkdw pdq| srvvlelolwlhv duh dydlodeoh iru vdpsolqj iurp +9,1
Zh vkdoo ghdo zlwk hdfk rqh ri wkhp lq ghwdlo/ frpphqwlqj zkhuh srvvleoh rq wkh
dqwlflsdwhg dgydqwdjhv dqg glvdgydqwdjhv ri hdfk vfkhph1 Eurdgo| vshdnlqj/ zh
zloo eh frqvlghulqj zlwk wkh iroorzlqj vdpsolqj vfkhph=

D1 vdpsolqj iurp �4/ 111 / �q/ ! dqg �>

E1 vdpsolqj iurp +�> !, dqg �>

F1 vdpsolqj iurp �4/ 111 / �s/ ! dqg �1

G1 vdpsolqj iurp +!>�, rqo|>

D ihz frpphqwv duh qhhghg ehiruh ghwdlolqj hdfk ri wkh vdpsolqj vfkhphv
deryh1 Iluvw/ frpsdulvrq ehwzhhq vfkhphv vkrxog eh edvhg rq ryhudoo frvw wkdw
lqfoxghv frvw ri d vlqjoh gudz dqg frqyhujhqfh udwh1 Vhfrqgo|/ iru frpsolfdwhg
srvwhulru irupv pxowlprgdolw| lv yhu| olnho| wr rffxu1 Wkh sulruv xvhg lq wkh
prghov khuh duh nqrzq wr kdyh frqyhujhqfh sureohpv +Nqruu0Khog dqg Uxh/
5333,1 Lw lv lpsruwdqw wkdw vdpsolqj vfkhphv uholdeo| frqyhujh wr wkh pruh
uhohydqw uhjlrqv ri wkh sdudphwhu vsdfh1

Qrwh wkdw/ iru vfkhph +G,/ vdpsohv pxvw eh gudzq iurp wkh pdujlqdo srv0
whulru ri �m|1 Vdpsohv iurp � dqg ! duh wkhq rewdlqhg e| qrwlqj wkdw

�+�> !>�m|, @ �+�> !m�> |,�+�m|,=

Gudzv iurp +�> !, duh rewdlqhg e| gudzlqj d ydoxh �� iurp wkh pdujlqdo srv0
whulru �+�m|, dqg wkhq vdpsolqj iurp wkh wudfwdeoh glvwulexwlrq �+�> !m��> |,1
Wkhuhiruh/ vfkhph G lv dfwxdoo| vdpsolqj doo prgho sdudphwhuv mrlqwo|1

Iru vfkhphv D wr F/ wkh ixoo srvwhulru frqglwlrqdov iru ! dqg iru suhflvlrq
pdwulfhv � duh wulyldoo| rewdlqhg iurp +9, dv Ji+�! . q . qu,@5> ^�3 +[ 3[ .
Z 
�,� � 5�3[ 3| . |3|`@5j dqg Zi+�# . q,@5> ^�#V# . !Tv+�,`@5j glvwule0
xwlrqv/ uhvshfwlyho|1 Zh wkhuhiruh vkdoo frqfhqwudwh rq vdpsolqj iurp wkh uh0
juhvvlrq frh�flhqwv �1 Wkh fdvh zkhq � lv qrw d ixoo suhflvlrq pdwul{ lv ghdow
zlwk lq wkh qh{w vhfwlrq exw qrwh wkdw lw lv dozd|v wuxh wkdw �+�m�> !> |, 2
s+�,Z ^�#@5> !Tv+�,@5`1

Zkhq wkh sdluzlvh gl�huhqfh suhflvlrq � lv qrw vfdohg e| !/ wkh ixoo frq0
glwlrqdov iru ! dqg � duh Ji+�! . q,@5> ^�3[ 3[ � � 5�3[ 3| . |3|`@5j dqg
Zi+�# . q,@5> ^�#V# .Tv+�,`@5j glvwulexwlrqv/ uhvshfwlyho|1
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��� 5U�i4i �

Wkh ixoo srvwhulru frqglwlrqdo ri �l lv hdvlo| rewdlqhg dv

�+�lm��l> !>�> |, 2 o+�l,isg+�lm��l> !>�,=

Wkh olnholkrrg whup lv vlpso| h{si�!+|l�{
3

l�l,
5@5j dqg wkh sulru whup lv jlyhq

e| +8,1 Frpelqdwlrq ri wkhvh uhvxowv jlyhv +�lm��l> !>�> |, � +�lm�Cl> !>�> |, �
Q+dl> !

�4Ul, zkhuh dl @ Ul+{l|l . zl.���Cl, dqg Ul @ +{l{
3

l . zl.�,
�4/ iru

l @ 4> ===> q1 Zkhq � lv qrw vfdohg e| !/ wkh h{suhvvlrq ri dl dqg Ul fkdqjh wr
dl @ Ul+!{l|l . zl.���Cl, dqg Ul @ +!{l{

3

l . zl.�,
�4/ iru l @ 4> ===> q1 Wkhvh

glvwulexwlrqv duh hdvlo| vdpsohg iurp dqg wkh prvw frpsxwdwlrqdoo| ghpdqglqj
wdvn lv wkh lqyhuvlrq ri u � u yduldqfh pdwulfhv1

Wkhuhiruh/ vdpsolqj frvw lv qrw dq lvvxh khuh dv u lv xvxdoo| udwkhu vpdoo +lq
wkh rughu ri 434, exw frqyhujhqfh udwh pd| eh1 Qhljkerxulqj �l*v duh h{shfwhg
wr eh kljko| fruuhodwhg gxh wr wkhlu sulru irup dqg li wklv fruuhodwlrq lv odujh
wklv pd| fdxvh frqvlghudeoh ghod| lv uhdfklqj fkdlq htxloleulxp1 Wklv sureohp
pd| eh vhyhuh vlqfh wkhuh pd| eh pdq| �l*v +w|slfdoo| lq wkh rughu ri 436 wr
437,1

Rqh frxog dovr frqvlghu |hw dqrwkhu vdpsolqj vfkhph zkhuh hdfk �lm lv vdp0
sohg xqlyduldwho|1 Jlyhq wkh hdvh ri rshudwlrq ri vfkhph +D,/ wklv vfkhph grhv
qrw vhhp qhfhvvdu|1 Qrwh dovr wkdw vfkhph D lv vrphwlphv suhihuuhg +zlwk uh0
vshfw wr wkh rwkhu vfkhphv lq wklv sdshu, lq wkh olwhudwxuh qrz dydlodeoh zkhq
sdluzlvh gl�huhqfh sulruv duh xvhg1

��2 5U�i4i �

Ohw xv �uvw gh�qh U @ +[ 3[ .Z 
 �,�4 dqg d @ U[3|1 Wkh ixoo srvwhulru
frqglwlrqdo ri +�> !, lv rewdlqhg iurp +9, dv

�+�> !m�> |, 2 !^+�!.q.qu,@5`�4 h{s

�
�
!

5

�
�!V! . �3U�4� � 5�3U�4d. |3|

��

2 !^+a�!.qu,@5`�4 h{s

�
�
!

5

k
+� � d,3U�4+� � d, . aV!

l�
+;,

zkhuh a�! @ �! . q dqg aV! @ �!V! . +| � [d,3+| � [d,1 Lw lv fohdu iurp

+;, wkdw +�> !m�> |, � QJ+d>U> a�!@5> aV!@5,/ lh +�m!>�> |, � Q+d> !�4U, dqg

+!m�> |, � J+a�!@5> aV!@5,1
Zkhq � lv qrw vfdohg e| !/ wkh ixoo srvwhulru frqglwlrqdo ri +�> !, lv qr

orqjhu lq forvhg QJ irup1 Qhyhuwkhohvv/ lw lv vwudljkwiruzdug wr rewdlq wkh ixoo
frqglwlrqdo ri � iru +:, dv +�m!>�> |, � Q+d>U,/ zkhuh wkh h{suhvvlrq ri wkh
prphqwv duh fkdqjhg wr U @ +![3[ .Z 
�,�4 dqg d @ !U[3|1

Wkhvh glvwulexwlrqv duh dovr vlpsoh wr jhqhudwh ydoxhv iurp exw qrz wkh
frpsxwdwlrqdo ghpdqg kdv ehhq vxevwdqwldoo| lqfuhdvhg e| wkh qhhg wr lqyhuw
qu � qu glphqvlrqdo pdwulfhv wr rewdlq U1 Iruwxqdwho|/ wklv lv qrw uhtxluhg
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khuh1 Uxh +5334, vkrzhg wkdw vxevwdqwldo frpsxwdwlrqdo vdylqjv duh rewdlqhg
e| dssursuldwho| h{sorulqj PUI surshuwlhv ri U�41

D vxppdu| ri Uxh*v vwudwhj| iroorzv ehorz1 Wkh vwuxfwxuh ri U�4 lv w|sl0
fdoo| yhu| vsduvh zlwk pdq| qxoo hohphqwv gxh wr wkh PUI irup riZ dqg wkh
eorfn gldjrqdo irup ri [ 3[1 Wkhuhiruh/ U�4 fdq eh uhduudqjhg zlwkrxw dq|
orvv lq d edqg gldjrqdo irup zlwk vpdoohvw srvvleoh edqgv1 Wkhuh duh nqrzq
shupxwdwlrq vfkhphv wkdw doorzv wklv rshudwlrq wr eh shuiruphg +Vddg/ 4<<9,1
Vxevwdqwldo jdlqv duh rewdlqhg dqg wkh Fkrohvn| ghfrpsrvlwlrq U�4 @ OO3 lv
hdvlo| shuiruphg/ zkhuh wkh orzhu wuldqjxodu pdwul{ O zloo dovr eh edqg gldj0
rqdo1 Wkhuhiruh/ X @ O3� � O3d zloo kdyh Q+3> L, ixoo srvwhulru frqglwlrqdo
dqg fdq eh txlfno| jhqhudwhg1 Wr rewdlq d gudz iurp �/ ohw f @ O3d1 Wkhq/
f @ O3U[3| @ O�4[ 3| ru [ 3| @ Of1 Wklv doorzv hdv| fdofxodwlrq ri f e|
zrunlqj grzqzdugo| dorqj wkh urzv ri O1 Zlwk wkh ydoxh ri f dqg wkh gudzq
ydoxh ri X / � lv rewdlqhg iurp O3� @ X . f e| zrunlqj xszdugo| dorqj wkh
urzv ri O31 Ixoo ghwdlov dqg jhqhudwlqj frghv duh dydlodeoh lq Uxh +5333,1 Lq rxu
frpsxwdwlrqv/ wkh dojrulwkp ghvfulehg lq Jroxe +4<<9, zdv xvhg1

Wkh pdlq dgydqwdjh ri wklv dssurdfk +ryhu vfkhph D, lv wkh delolw| wr shu0
irup eorfn vdpsolqj ryhu wkh srvvleo| kljko| fruuhodwhg frpsrqhqwv �l1 Wkh
pdlq glvdgydqwdjh lv wkh frpsxwdwlrqdo frvw lqyroyhg lq wkh shupxwdwlrqv dqg
Fkrohvn| ghfrpsrvlwlrq1 Qrwh wkdw qr lqyhuvlrq rshudwlrqv duh uhtxluhg dqg
wkdw wkh shupxwdwlrqv gr qrw uhtxluh vsolwwlqj dq| ri wkh �l*v1 Wklv vfkhph zdv
xvhg e| Ehvdj dqg Kljgrq +4<<<,1

��� 5U�i4i �

Ohw xv �uvw gh�qh iru dq|p�u pdwul{ +ru 4�u yhfwru, D/ wkhp�+u�4, pdwul{
+ru 4� +u�4, yhfwru, D�m dv wkh pdwul{ +yhfwru, D zlwkrxw lwv mwk froxpq dqg
[m @ gldj+{4m > ===> {qm,/ m @ 4> ===> u1 Vfkhph F fdq eh hdvlo| rewdlqhg e| qrwlqj

wkdw jlyhq wkh ydoxh ri E�m / wkh prgho iru wkh revhuydwlrqv �|l @ |l � {�ml

3

��ml /
l @ 4> ===> q lv �| � Q+[m�m > !�4L,1

Wkh ixoo sulru frqglwlrqdo iru �m lqgxfhg iurp +6, lv

isg+�
m m��m > !>�, 2 h{s

�
�
!#mm
5

�m
3

Z�m
�
>

zkhuh #mm lv wkh mwk gldjrqdo hohphqw ri �/ m @ 4> ===> s1 Frpelqlqj zlwk wkh
olnholkrrg deryh jlyhv

�+�m m��m > !>�> |, 2 h{s

�
�
!

5
+�| �[m�m,3+�| �[m�m,

�
h{s

�
�
!#mm
5

�m
3

Z�m
�

2 h{s

�
�
!

5

k
�m

3

+#mmZ .[m 3[m,�m � 5�m[m 3�|
l�

=

Gh�qlqjUm @ +#mmZ.[m 3[m,�4 dqg dm @ Um [m 3�|/ jlyhv wkdw +�m m��m > !>�> |, �
Q+dm > Um,/ iru m @ 4> ===> u1 Rqfh djdlq/ zkhq � lv qrw vfdohg e| ! lq +6,/ wkh
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h{suhvvlrq ri wkh prphqwv deryh duh fkdqjhg wrUm @ +#mmZ .![m 3[m,�4 dqg

dm @ !Um [m 3�|/ iru m @ 4> ===> u1
Vfkhph F uhtxluhv u jhqhudwlrqv ri q0glphqvlrqdo qrupdo yduldwhv/ lq frp0

sdulvrq zlwk wkh qu jhqhudwlrqv uhtxluhg iru vfkhph E1 Qrwh wkdw dv lq vfkhph
E/ lqyhuvlrq ri Um lv qrw uhtxluhg dqg wkdwUm dovr vkduhv wkh qlfh edqg gldjrqdo
irup gxh wr wkh gldjrqdo irup ri[m dqg wkh vsduvh qdwxuh riZ lqgxfhg e| wkh
PUI sulru1 Wkhuhiruh/ gudzlqj iurp wkh �m *v iroorzv h{dfwo| wkh vdph vwudwhj|
ghvfulehg iru vfkhph E1

Wkh pdlq glvdgydqwdjh ryhu vfkhph E lv wkh srvvleoh vorz pl{lqj gxh wr
wkh fruuhodwlrq ehwzhhq wkh �m *v1 Wklv h�hfw pd| eh doohyldwhg e| olqhdu uhsdud0
phwul}dwlrq yld fhqwhulqj ri wkh h{sodqdwru| yduldeohv1 Lq vwdqgdug olqhdu uh0
juhvvlrq/ wklv khosv wr ruwkrjrqdol}h wkh ghvljq pdwul{ dqg khqfh ohdgv wr ohvv
fruuhodwhg sdudphwhuv1 Vdpsolqj pd| eh shuiruphg iru wkhvh wudqviruphg sd0
udphwhuv dqg wkh �m *v duh hdvlo| uhfryhuhg1 Wkh pdlq dgydqwdjh ryhu vfkhph F
pd| eh vshhg ri frpsxwdwlrqv1 Fkrohvn| ghfrpsrvlwlrqv iru vfkhph E uhtxluhv
rshudwlrqv ri rughu R+q5u5, zkhuhdv iru vfkhph wkh| rqo| uhtxluh rughu R+q5,
rshudwlrqv1 Frpsxwdwlrqdo vdylqjv pd| eh vxevwdqwldo hyhq iru yhu| vpdoo q
ehfdxvh q lv w|slfdoo| odujh1

��e 5U�i4i #

Lw lv hdv| wr vhh iurp +;, wkdw wkh sursruwlrqdolw| frqvwdqw uhtxluhg wr frpsohwh
wkh h{suhvvlrq ri wkh ixoo srvwhulru frqglwlrqdo ghqvlw| ri +�> !, lv

+5�,qu@5mUm�4@5 +
aV!@5,

a�!@5

�+a�!@5,
=

Qrwh/ krzhyhu/ wkdw �+�m|, @ �+�> !>�m|,@�+�> !m�> |,1 Frpelqlqj wkh deryh
uhvxow zlwk +9, dqg +;, dqg glvfduglqj frqvwdqwv jlyhv

�+�m|, 2 mUm4@5 + aV!,
�a�!@5 m�mq@5 s+�,

2
m�mq@5

mU�4m4@5
+ aV!,

�a�!@5 s+�,

2
m�mq@5Tqu
l@4 oll

+ aV!,
�a�!@5 s+�, +<,

zkhuh zh pdgh xvh ri wkh idfwv wkdw mU�4m @ mOm5 @ +
Tqu

l@4 oll,
5 dqg U�4d @ [ 3|1

Qrwh wkdw aV! ghshqgv rq �1
Zkhq � lv qrw vfdohg e| ! lq +6,/ rqo| � fdq eh lqwhjudwhg rxw lq +:,1 Xvlqj

djdlq wkh uhvxowv rewdlqhg iru vfkhph E/ lw lv qrw gl�fxow wr rewdlq wkdw

�+!>�m|,2 !^+�!.q,@5`�4 h{s

�
�
!

5
aV!

�
m![3[ .Z 
�m�4@5

�m�m+�#.q�u�4,@5 h{s

�
�
4

5
wu+�#V#�,

�
= +43,

;



Lq wklv fdvh/ ! fdqqrw eh lqwhjudwhg rxw dqdo|wlfdoo| dv ehiruh1
Dowkrxjk lw lv srvvleoh wr dqdo|wlfdoo| rewdlq +<, ru +43, xs wr d sursruwlrqdo0

lw| frqvwdqw/ lw lv qrw hdv| wr ghylvh gluhfw vdpsolqj vfkhphv1 Lqgluhfw vdpsolqj
vfkhphv vxfk dv VLU +Uxelq/ 4<;;, ru dgdswlyh VLU +Vfkplgw hw do1/ 4<<<, pd|
eh dssolhg khuh li wkh glphqvlrqv lqyroyhg duh qrw odujh1 Dv d jhqhudo sxusrvh
vfkhph/ PFPF zlwk Phwursrolv0Kdvwlqjv sursrvdov zloo eh xvhg khuh1 Wzr
srvvleoh sursrvdo irupv duh udqgrp zdonv dqg vdpsolqj iurp dq dssur{lpdwlqj
ghqvlw| vxfk dv wkh Zlvkduw iru � dqg Jdppd iru !/ zkhuh dssolfdeoh1

Iru h{dpsoh/ li d Z +�#@5> �#V#@5, sulru dqg d Z ^a�#@5> +�#V# . |3|,@5`
sursrvdo duh xvhg iru � lq +<,/ wkh dffhswdqfh suredelolw| ehfrphv

�+�+f,>�+s,, @ 4a
qu\
l@4

o
+f,
ll

o
+s,
ll

h{s

�
4

5
wu^|3|+�+s, ��+f,,`

�#
�!V! . |3| � d+f,

3

[ 3|

�!V! . |3| � d+s,
3

[ 3|

$a�!@5

zkhuh wkh vxshuvfulswv +f, dqg +s, vwdqg iru fxuuhqw dqg sursrvhg/ uhvshfwlyho|1
Dqrwkhu srvvlelolw| lv wr xvh Zlvkduw +dqg Jdppd, irupv iru � +dqg !,

fhqwhuhg durxqg wkh suhylrxv fkdlq ydoxhv dqg qxpehu ri ghjuhhv ri iuhhgrp
+g1r1i1, � wxqhg wr dfklhyh uhdvrqdeoh udwhv ri fkdlq pryhv1 Wklv irup ri fkdlq
lv yhu| vlplodu wr udqgrp zdon irupv1 Wklv lv pruh hdvlo| vhhq lq wkh vfdodu fdvh
zkhuh rqh fdq uhzulwh wkh sursrvdo dv orj!+f, @ orj!+s,.� zkhuh h� � J+�> �,1
Lq wkh dssolfdwlrqv ri wklv sdshu/ wklv irup ri sursrvdo zdv xvhg1

e , |i?t�L?t

Wkhuh duh pdq| lqwhuhvwlqj h{whqvlrqv wr wkh edvlf prgho ghvfulehg deryh1 Lq
wklv vhfwlrq/ zh frqvlghu vrph ri wkhp/ qdpho|/ pl{hg VYUP/ rwkhu irupv ri
sulru vshfl�fdwlrq iru � dqg vshfldo irupv iru wkh k|shusdudphwhu �1

e�� �� i_ 5V+�

Lq wkh sxuh irup/ VYUP kdyh doo uhjuhvvlrq frh�flhqwv vxemhfw wr d vsdwldo
vwuxfwxuh1 Wklv pd| eh xquhdolvwlf dqg lq sudfwlfh wkhuh pd| eh h�hfwv wkdw gr
qrw ydu| zlwk vsdfh1 Wkhvh h�hfwv fdxvh wkh prgho wr lqfoxgh h�hfwv ri gl�huhqw
qdwxuhv1 Lq jhqhudo/ wkhvh h�hfwv fdq kdyh rwkhu lq�xhqfhv irup d ydulhw| ri
vrxufhv gxh wr dq xqvwuxfwxuhg klhudufklfdo irup ru d whpsrudo hohphqw wr wkhp1
Lq wklv sdshu/ krzhyhu/ zh uhvwudlq rxuvhoyhv wr vsdwldo h�hfwv dqg vwdwlf h�hfwv1

Wkhuhiruh/ wkh phdq uhvsrqvhv ri wkh revhuydwlrqv duh qrz jlyhq e| �l @
}3l� . {3l�l1 Wkh �l*v duh vwloo uhodwhg e| wkh vsdwldo vwuxfwxuh +6, exw wkh vwdwlf
uhjuhvvlrq frh�flhqw � lv qrw1 Wkhuh duh qr uhvwulfwlrqv wr yduldeohv wkdw hqwhu
wkh yhfwruv ri h{sodqdwru| yduldeohv }l dqg {l1 Lq idfw/ wkh| fdq hyhq eh wkh
vdph1 Lghqwl�delolw| frqglwlrqv uhtxluh wkdw zkhqhyhu d fryduldwh hqwhuv erwk }
dqg { wkhq wkh dvvrfldwhg frpsrqhqw ri wkh �l*v pxvw kdyh d �{hg vxp1 Xvxdoo|/

<



rqh lpsrvhv wkdw
Sq

l@4 �lm @ 3 vr wkdw wkh fruuhvsrqglqj frpsrqhqw ri � fdq
eh lqwhusuhwhg dv dq ryhudoo edvlf h�hfw1

W|slfdoo| exw qrw qhfhvvdulo| wkh prgho lv frpsohwhg zlwk dq lqghshqghqw
sulru �m! � Q+p>!�4P,/ iru vrph yhfwru p dqg srvlwlyh gh�qlwh pdwul{
P 1 Wklv fdxvhv wkh sdudphwhu yhfwru wr lqfuhdvh exw frpsrqhqwzlvh PFPF
dqdo|vlv uhpdlqv yluwxdoo| xqfkdqjhg1 Zkhq � lv nqrzq/ qhz revhuydwlrqv

�|l @ |l � }3l� fdq eh iruphg/ yhu| pxfk olnh lq vfkhph F/ dqg wkh| uhvwruh
wkh olnholkrrg +4,1 Vdpsolqj iru wkh rwkhu prgho sdudphwhuv uhpdlqv dv ehiruh
zlwk revhuydwlrq yhfwru �| uhsodflqj |1

Vdpsolqj � jlyhq wkh rwkhu sdudphwhuv lv wulyldo dv wkh olnholkrrg lv edvhg
rq revhuydwlrqv �|l @ |l � {3l�l � Q+}3l�> !

�4,1 Frpelqlqj lw zlwk wkh sulru

jlyhv wkh ixoo srvwhulru frqglwlrqdo +�m�> !>�> |, � Q+ ap>!�4 aP, zkhuh aP @
+] 3].P�4,�4/ ap @P+] 3�|.P�4p, dqg ] lv wkh +vwdwlf, ghvljq pdwul{ zlwk
urzv }34> ===> }

3

q1

e�2 �hLTih Th�Lh tTiU��U@|�L?t

Rqh ri wkh +wkhruhwlfdo, glvdgydqwdjhv ri +6, lv wkdw lw lv lpsurshu1 Wkh lp0
sursulhw| vwhpv iurp wkh idfw wkdw wkh sulru lv rqo| lqiruplqj derxw glvwdqfhv
ehwzhhq �l*v dqg qrw lqiruplqj derxw wkh �l*v wkhpvhoyhv1 Rqh vlpsoh zd| wr
fruuhfw wkdw lv wr slq wkh �l*v grzq wr vrph srlqw lq wkhlu vsdfh ri yduldwlrq1 D
vlpsoh h{whqvlrq lv surylghg e| wkh sulru

i+�m!>�> �, 2 !qu@5 m�mq@5 h{s

+
�
!

5

%
T+�, . �

q[
l@4

+�l � el,
3�+�l � el,

&,
> +44,

zkhuh T+�, lv dv lq +6, dqg wkh dgglwlrqdo sdudphwhu � frqwurov wkh uhodwlyh
zhljkw dwwdfkhg wr wkh slqqlqj grzq sduw ri wkh sulru1 Wkh sursruwlrqdolw|
frqvwdqw lv qrz �qlwh dqg fdq eh dqdo|wlfdoo| rewdlqhg1 Xvhixo fkrlfhv iru wkh
el*v duh 3 ru wkh POH rewdlqhg lq wkh vwdwlf +ru vrph orfdo, uhjuhvvlrq1 Qhhgohvv
wr vd|/ jhqxlqh sulru phdq vshfl�fdwlrqv vkrxog eh xvhg zkhqhyhu wkh| duh
dydlodeoh1 D vshfldo fdvh ri wklv irup lv xvhg dv d sulru iru vsdwldo h�hfwv e|
Ihuqdqgh} +4<<<,1

Wklv sulru lv htxlydohqw wr +�m!>�> �, � Q ^F�4+�L 
 �,�>F` zkhuh � @
+�34> ===> �

3

q,
3 dqg F�4 @ +�L .Z , 
�1 Dv d frqvhtxhqfh/ wkh ixoo sulru frqgl0

wlrqdo ri �l lv

�lm��l> !>�> � � �lm�Cl> !>�> � � Q

�
zl

��Cl . +4�zl,�l>
4

!+zl. . �,
��4

�

zkhuh zl @ zl.@+zl. . �,/ l @ 4/ 111 / q
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Rqh vshfldo fdvh ri � frqvlghuv d gldjrqdo irup zlwk gldjrqdo hqwulhv#4> ===> #u1
Wkhq/ T+�, @

Su
m@4Tm+�

m, zkhuh

Tm+�
m, @

q[
l>o@4

zlm#m+�lm � �om,
5 @ #m�

m 3Z�m = +45,

Vdpsolqj vfkhphv iru � gr qrw vx�hu dq| fkdqjh dowkrxjk vfkhph F pd| kdyh
ehqh�fldo pl{lqj surshuwlhv gxh wr odfn ri sulru fruuhodwlrq1 Dovr/ vfkhph G
grhv qrw ehqh�w iurp ixuwkhu frpsxwdwlrqdo vlpsol�fdwlrqv wr +<,1 Li sulru
lqghshqghqfh lv dvvxphg iru wkh #m *v wkhq +45, hqvxuhv wkdw wkhlu mrlqw ixoo
frqglwlrqdo glvwulexwlrqv zloo frqvlvw rq d surgxfw ri lqghshqghqw ghqvlwlhv1 Iru
h{dpsoh/ li lqghshqghqw J+�#@5> �#V#@5, sulruv duh vshfl�hg iru wkh #m *v/ wkhlu

ixoo srvwhulru frqglwlrqdo zloo eh d surgxfw riJ^+�#.q,@5> +�#V#.�m
3

Z�m,@5`
glvwulexwlrqv1

Dqrwkhu lqwhuhvwlqj vshfldo fdvh lv zkhq wkh suhflvlrq pdwul{ +iru u @ 5, lv
jlyhq e|

� @ #4

�
4 #5

#5 4

�
=

Wkh k|shusdudphwhu #4 lqirupv derxw wkh pdjqlwxgh ri wkh glvshuvlrq dqg #5

lqirupv derxw wkh srvvleoh fruuhodwlrq ehwzhhq wkh frpsrqhqwv ri wkh �l*v1 Lq
wklv fdvh/ d sulru iru wkh sdlu # @ +#4> #5,

3 pxvw eh vshfl�hg1 Qr vlpsol�fdwlrq
lv dfklhyhg iru dq| ri wkh vdpsolqj vfkhphv dqg qrz hyhq vdpsolqj iurp wkh
frpsrqhqwv ri # lv qrq vwdqgdug dqg srvvleo| lqgluhfw phwkrgv ru Phwursrolv0
Kdvwlqjv vwhsv pd| eh dssolhg1

Vlplodu frpphqwv iroorz iru wkh fdvh zkhq wkh zhljkwvzlm *v lq wkh h{suhvvlrq
ri +6, ghshqg rq ixuwkhu k|shusdudphwhuv1 Dq h{dpsoh lv jlyhq e| frqwlqxrxv/
jhrvwdwlvwlfdo phwkrgv zkhuh wkh zhljkwv w|slfdoo| ghshqg rq wkh glvwdqfh eh0
wzhhq wkh uhjlrqv +l1h1/ zlm @ h{s+�eglm,/ zkhuh glm lv wkh glvwdqfh ehwzhhq
vlwhv l dqg m,1 Lq dq| fdvh/ wkh deryh fdofxodwlrqv duh hdvlo| dgdswhg1 D sulru
iru wkh glvwdqfh dwwhqxdwlrq sdudphwhu e pxvw eh vshfl�hg dqg d vdpsolqj vwhs
iru e pxvw eh lqfoxghg lq wkh PFPF vfkhph1 Wklv lv dq dgydqwdjh ri PFPF
vfkhphv= lqwurgxfwlrq ri d ixuwkhu xqnqrzq txdqwlw| rqo| lpsolhv dq h{wud vwhs
lq hdfk lwhudwlrq zlwk vwhsv dvvrfldwhg zlwk wkh rwkhu sdudphwhuv uhpdlqlqj wkh
vdph1

D �TT*�U@|�L?t

Lq rughu wr vwxg| wkh shuirupdqfh ri wkh vfkhphv dqg wkh delolw| ri wkh srvwhulru
wr hvwlpdwh wkh prgho sdudphwhuv/ d vlpxodwhg gdwdvhw zdv jhqhudwhg1 Wkh �uvw
gl�fxow| dsshduv dv wkh lpsurshu irup ri +6, suhyhqwv gluhfw jhqhudwlrq iurp
wkh prgho1 Dq dssur{lpdwlqj dowhuqdwlyh pxvw qhfhvvdulo| eh xvhg1 Zh kdyh
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fkrvhq dq dssur{lpdwlqj ghylfh lqvsluhg e| wkh vsdwldo vwuxfwxuh xvhg e| Dqvholq
+4<;;,1 Dovr/ zh rswhg iru qrw vfdolqj � e| !1

Wkh vsdwldo vwuxfwxuh xvhg lv wkdw jlyhq e| wkh 88; krprjhqhrxv plfuruhjlrqv
ri Eud}lo/ dv gh�qhg e| wkh r�fldo Eud}loldq Vwdwlvwlfv Lqvwlwxwh LEJH/ dqg
looxvwudwhg lq �jxuh 41 Wkh qhljkerxulqj vwuxfwxuh lv gh�qhg e| wkh h{lvwhqfh ri
d frpprq erughu ri dq| ohqjwk dqg zlm @ 4 iru vxfk sdluv dqg 3/ rwkhuzlvh1 Zh
xvhg u @ 5 h{sodqdwru| yduldeohv wkdw zhuh xqlirupo| jhqhudwhg1 Wkh dojrulwkp
zdv uxq zlwk 5 sdudooho fkdlqv1 Lqlwldo srlqwv zhuh surylghg e| ydoxhv jhqhudwhg
iurp wkh k|shusdudphwhuv* sulru glvwulexwlrq iru doo vdpsolqj vfkhphv1 Jlyhq
wkdw wklv sulru zdv surshu exw kdg yhu| odujh yduldqfhv/ wkhvh ydoxhv surylgh
uhdvrqdeoh uhdvvxudqfh ri h{sorudwlrq ri gl�huhqw uhjlrqv ri wkh sdudphwhu vsdfh1
Lw vkrxog eh xqolnho| iru erwk fkdlqv ri wkh vdph vfkhph wr frqyhujh wr wkh
vdph orfdo prgh1 Frqyhujhqfh zdv gldjqrvhg dffruglqj wr Jhzhnh*v +4<<5,
whvw zlwklq fkdlqv dqg wkh Jhopdq dqg Uxelq +4<<5, vkulqndjh idfwru1

Wkh dqdo|vhv uhsruw uhvxowv rewdlqhg iurp wkh odvw 4333 ydoxhv iurp hdfk
fkdlq wrwdoolqj 5333 ydoxhv iru doo prgho sdudphwhu1 Vfkhph G zdv uxq zlwk
wkh udqgrp zdon irup iru wkh sursrvdo ghvfulehg ehiruh dqg g1r1i1 wxqhg wr
dffhswdqfh udwhv durxqg 73(1 Lq jhqhudo/ lwhudwlrqv iurp vfkhph D duh durxqg
9 wlphv idvwhu wkdq vfkhph F wkdw lv durxqg 6 wlphv idvwhu wkdq vfkhphv E
dqg G1 Lq dgglwlrq/ wkh exuq0lq shulrg vhhpv wr eh xqd�hfwhg e| fkdqjhv wr
wkh k|shusdudphwhuv* sulru dqg lqglfdwh idvwhu frqyhujhqfh iru vfkhphv D dqg
E +diwhu durxqg 733 lwhudwlrqv, wkdq iru vfkhphv E dqg G +diwhu durxqg ;33
lwhudwlrqv,1 Zh kdyh rswhg wr doorfdwh wkh vdph FSX wlph wr doo vfkhphv1 Vlqfh
lwhudwlrqv ri vfkhph D duh wkh idvwhvw rqhv/ hdfk fkdlq zdv doorzhg wr uxq iru d
ixuwkhu lwhudwlrqv dqg rqo| zkhq wlph olplw zdv uhdfkhg ydoxhv zhuh vwruhg1

Wdeoh 4 ehorz vkrzv wkh phdq ydoxh ri orj�+�> �, zkhuh � @ +!>�, iru
vfkhphv E dqg G dqg d qxpehu ri sulru ydoxh vshfl�fdwlrqv iru �! @ �# @ �
dqg V# @ V!L @ VL/ iru wkh vlpxodwhg gdwdvhw1 Wkh sulru phdqv duh/ wkhuhiruh/
jlyhq e| H+!, @ H+�ll, @ V�4/ iru l @ 4> ===> u1

Wkh uhvxowv vkrz wkdw iru d zlgh udqjh ri sulru vshfl�fdwlrqv vfkhphv E dqg G
ohdg rw wkh vdph srvwhulru ydoxhv/ lqglfdwlqj frqyhujhqfh wr wkh vdph sdudphwhu
uhjlrq1 Lw lv zruwk vwuhvvlqj khuh wkdw hqwulhv rq wdeoh 4 zhuh frpslohg diwhu
wkh fkdlqv zhuh gldjqrvhg wr eh vwdwlrqdu| dffruglqj wr wkh fulwhuld phqwlrqhg
deryh1

Wdeoh 41 Mrlqw srvwhulru ghqvlw| +lq orj,
sulru Vfkhph

g1r1i1 +�, phdq +4@V, E G
43 4 055<: 055<9

433 05436 05436
83 4 058:< 058:<

433 04<45 04<45
433 4 05:79 05:79

433 049:4 0499<
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Dqvholq +4<;;, sursrvhg wkh vwxg| ri vsdwldo uhjuhvvlrq prgho e| lqwurgxfwlrq
ri vsdwldo fruuhodwlrq lqwr wkh revhuydwlrqdo huuru vwuxfwxuh1 Klv lghd fdq eh
dgdswhg wr wkh frqvwuxfwlrq ri vsdwldoo| fruuhodwhg sdudphwhuv1 Vshfl�fdoo|/ wkh
�*v fdq eh jhqhudwhg iurp wkh prgho zkhuh

�l @ ���Cl . hl > hl � Q

�
3>

4

zl.
��4

�
+46,

lqghshqghqwo|/ iru l @ 4> ===> q1 Lq pdwul{ qrwdwlrq/ wklv phdqv wkdwE @ �Z �E.
h zlwk yhf+h, � Q+3>��4 
N�4, zkhuh yhf+[, lv wkh froxpq yhfwrul}dwlrq ri
wkh pdwul{ [/ Z � jlyhq e|

Z � @ +n�lm, zkhuh n
�

lm @

�
3 > li l @ m

zlm@zl. > li l � m
=

dqg N @ gldj+z4.> ===> zq.,1 Wkh vsdwldo fruuhodwlrq lv lqgxfhg e| wkh qhljk0
erxulqj pdwul{ Z � dqg lw lv qrw gl�fxow wr fkhfn wkdw Z � dqg Z duh forvho|
uhodwhg wkurxjk Z @ N+L �Z �,1

Wkh lqghshqghqfh lpsrvhg e| wkh uljkw yduldqfhN phdqv wkdw wkh sulru iru
� lv jlyhq e| i+�, 2

Tq
l@4 il+�l>��l, zkhuh hdfk il lv jlyhq e| +46,1 Zkhq

� @ 4/ wkhvh duh wkh ixoo sulru frqglwlrqdov lq +8,1 Wklv sulru fdq wkhuhiruh eh
vhhq dv dq dssur{lpdwlrq wr wkh sulru lq +6, lq wkh vdph vslulw dv wkh svhxgr0
olnholkrrg vxjjhvwhg e| Ehvdj +4<:8, dssur{lpdwhv wkh wuxh olnholkrrg dulvlqj
zlwk revhuydwlrqv iurp d Pdunry udqgrp �hog +Tldq dqg Wlwwhulqjwrq/ 4<<4,1

Sdudphwhu jhqhudwlrq zdv fduulhg rxw zlwk � @ 3=<<<1 Wkh gdwdvhw jhqhud0
wlrq lv frpsohwhg zlwk revhuydwlrqv gudzq iurp prgho +4, zlwk u @ 5/ d gldjrqdo
pdwul{ � @ gldj++3=36,�5> +3=48,�5, dqg ! @ 3=581 Uhvxowv pxvw eh lqwhusuhwhg
zlwk fduh vlqfh wkhuh lv qr fohdu fruuhvsrqghqfh ehwzhhq wklv vsdwldo vwuxfwxuh
dqg +6,1 Qrwh wkdw sulru +46, dovr ehfrphv lpsurshu zkhq � @ 4 vlqfh L �Z �

lv udqn gh�flhqw1
Iljxuhv 4/ 5 dqg 6 vkrzv wkh uhvxowv ri wkh hvwlpdwlrq lq vsdfh +�j1 4,

dqg ryhu wkh olqh +�jv1 5 dqg 6,/ uhvshfwlyho|/ ri wkh vsdwldoo| ydu|lqj uhjuhvvlrq
frh�flhqwv dorqj zlwk xqfhuwdlqw| erxqgv iru wkh sulru zlwk � @ 43 dqg phdq 41
Wkh vwurqj vsdwldo sdwwhuq ri wkh surfhvv lv fohdu iurp wkh �jxuhv1 Wkh hvwlpdwhv
dsshdu wr uhsurgxfh zhoo wkh wuxh vsdwldo sdwwhuq1 Lpsruwdqw gl�huhqfhv lq
hvwlpdwlrq dsshdu zkhq wkh vfkhphv duh vxppdul}hg1 Vtxduhg ghyldwlrqv fdq
eh gh�qhg dv +�l� a�l,

5 zkhuh a�l lv wkh srvwhulru phdq ri �l1 Wkhvh txdqwlwlhv fdq
eh vxpphg xs ryhu doo uhjlrqv wr surylgh dq ryhudoo phdvxuh ri �w qdphg khuh
VVGl1 Wkhvh �jxuhv/ surylghg lq wdeoh 5/ duh vxevwdqwldoo| odujhu iru vfkhph
F zkhuhdv qr dssduhqw gl�huhqfh vhhpv wr h{lvw ehwzhhq vfkhph D/ E dqg G1
Wklv surylgh lqglfdwlrq ri frqyhujhqfh ri vfkhph F wr d gl�huhqw uhjlrq ri wkh
sdudphwhu vsdfh1 Wkh sulruv xvhg lq wdeoh 5 vkrz d ydulhw| ri rslqlrqv udqjlqj
iurp vwurqj wr zhdn sulru lqirupdwlrq/ dv phdvxuhg e| wkh qxpehu ri ghjuhhv
ri ihhhgrp/ dqg iurp vpdoo wr odujh h{shfwhg ydoxhv iru wkh k|shusdudphwhuv1
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Frqyhujhqfh ri vfkhph F vhhpv wr zruvhq zlwk fkdqjh ri sulru phdqv1 Iru
wkh rwkhu vfkhphv/ wkh VVG �jxuhv fkdqjh yhu| olwwoh dv wkh sdudphwhuv ri wkh
sulru glvwulexwlrq duh fkdqjhg1 Wklv lqglfdwhv wkdw wkhuh lv vwurqj lqirupdwlrq
lq wkh olnholkrrg iru vsdwldoo| ydu|lqj uhjuhvvlrq frh�flhqwv= wkh| duh uholdeo|
hvwlpdwhg dqg wkh uhvxowv duh qrw fkdqjhg hyhq diwhu vxevwdqwldo fkdqjhv lq wkh
sulru1 Wkh vdph lv qrw wuxh iru wkh k|shusdudphwhuv1

Wkh hvwlpdwhg fkdlq dxwrfruuhodwlrq iru wkh k|shusdudphwhuv lv ghslfwhg lq
Iljxuh 71 Wkh vfkhph zlwk vpdoohu dxwrfruuhodwlrqv lv vfkhph E iroorzhg e|
vfkhphv D dqg G dqg wkhq iroorzhg e| vfkhph F1 Zh dovr suhvhqw ehorz wkh
uhvxowv iurp srlqw hvwlpdwlrq ri k|shusdudphwhuv lq Wdeoh 61 Srvwhulru hvwlpdwhv
whqg wr frqfhqwudwh durxqg sulru phdqv lqglfdwlqj vfduflw| ri lqirupdwlrq lq wkh
olnholkrrg1 Fuhglelolw| lqwhuydov duh qrw vkrzq iru euhylw| exw lqglfdwh vlplodulw|
ehwzhhq vfkhphv D/ E dqg G dqg wkhlu ohqjwkv ghfuhdvh zlwk lqfuhdvlqj sulru
g1r1i1 dv h{shfwhg1 Qrqh ri wkh uhjlrqv irxqg e| wkh vfkhphv lqfoxgh wkh
jhqhudwhg ydoxh exw lw lv xqzlvh khuh wr uhtxluh fruuhfw hvwlpdwlrq vlqfh zh duh
xvlqj gl�huhqw prghov iru vlpxodwlrq dqg hvwlpdwlrq dqg hyhq � kdv gl�huhqw
phdqlqjv lq wkhvh prghov1 Glihuhqfhv ehwzhhq wkh hvwlpdwhg srvwhulru phdqv
zlwk vfkhphv D/ E dqg G duh zhoo zlwklq wkhlu Prqwh Fduor xqfhuwdlqw|1 Iljxuh 8
frq�upv wkhvh �qglqjv zlwk wkh vfdwwhusorw ri sdluv ri k|shusdudphwhuv vdpsohg
iurp wkh srvwhulru vkrzlqj wkh vdph sdwwhuq/ h{fhsw iru vfkhph F1

Wdeoh 51 Hvwlpdwlrq iru vlpxodwhg gdwdvhw= VVG

sulru Vfkhph
g1r1i1 +�, phdq +4@V, D E F G

43 4 31375 31374 31383 31374
433 3136< 3136< 316<; 3136<

�4 83 4 31385 31385 3138< 31385
433 3136< 3136< 315;4 3136<

433 4 31388 31388 313:9 31388
433 3136< 3136< 31545 3136<

43 4 313:6 313:6 313;3 313:6
433 313:4 313:4 316;6 313:4

�5 83 4 313;4 313;4 313;8 313;4
433 313:4 313:4 31639 313:3

433 4 313;6 313;6 313<9 313;6
433 313:4 313:4 31555 313:4
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Wdeoh 61 Srlqw hvwlpdwlrq iru vlpxodwhg gdwdvhw= �
sulru Vfkhph

g1r1i1 +�, phdq +4@V, D E F G
43 4 41<6 4199 41<9 417<

! 433 49316 4531; 48319 45417
+wuxh@ 83 4 4147 4147 4143 4146
3158, 433 4361< 43713 43417 43715

433 4 4137 413< 4138 413<
433 43317 4371: 4341< 4371:

43 4 541:6 55138 571:; 56145
�44 433 49316 4531; 48319 45417

+wuxh@ 83 4 81<4 81<3 9197 9145
4444, 433 ::1:< ::1:4 47153 ;419:

433 4 618; 618; 61<3 619<
433 ;5159 ;5149 ;1;5 ;91;3

43 4 8187 817; 614< 8164
�45 433 4313; <1<7 51<< <158

+wuxh@ 83 4 41;5 41;4 4166 41;5
3, 433 ;1:7 ;1:9 817< ;168

433 4 4139 4139 31;3 4138
433 :1:; :1:8 61<; :16:

43 4 43138 43134 431<3 43184
�55 433 451<: 451;< 715; 4616<

+wuxh@ 83 4 71:4 719< 8154 71<6
77177, 433 461<6 461;: <16< 47179

433 4 6146 6147 6176 615<
433 48153 48157 9164 481:4

D�2 +i@* _@|@ti|

Wkh Dpd}rq uhjlrq lv d ydvw duhd lq wkh Qruwk ri Eud}lo wkdw lv uhfhqwo| eh0
frplqj dq djulfxowxudo iurqwlhu1 D txhvwlrq ri lqwhuhvw lv wr ghwhuplqh wkh sdfh
zlwk zklfk odqg xvh lv fkdqjlqj1 Dqghuvhq/ Judqjhu dqg Uhlv +4<<:, +DJU/
khuhdiwhu, sursrvhg d YDU0olnh prgho wr odqg xvdjh wkdw hqdeohv surmhfwlrq lqwr
wkh ixwxuh1 Ghqrwlqj e| |mnw wkh sursruwlrq ri odqg lq frxqw| m xvhg iru sxusrvh
n lq wlph w dqg {mw/ wkh sursruwlrq ri odqg lq frxqw| m vwloo fryhuhg e| iruhvw
+n @ 4,/ wkh prgho sursrvhg lv

|mnw @ �mn3�|m4w .
N[

p@5

�mnp|mp>w�4 . hmnw

zkhuh m @ 4> ===> M / n @ 4> ===> N/ w @ 4> ===> W dqg � lv wkh wlph odj rshwdwru1 Wkh
dxwkruv dfnqrzohgjh wkh suhvhqfh ri khwhurjhqhlw| ehwzhhq frxqwlhv e| dgglqj
dq h{wud od|hu wr wkh prgho zkhuh/ wkh uhjuhvvlrq frh�flhqwv �mnp ydu| dfurvv
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frxqwlhv1 Wkh| glg qrw/ krzhyhu/ frqvlghu wkh vsdwldo orfdwlrq ri wkh frxqwlhv lq
wklv yduldwlrq1 Vsdwldoo| ghwhuplqhg yduldwlrq vhhpv d pruh uhdvrqdeoh dvvxps0
wlrq wr dffrxqw iru wkh vlplodulw| ehwzhhq qhljkerulqj frxqwlhv gxh wr vwdjh ri
odqg rfxsdwlrq e| vhwwohuv ru sur{lplw| wr odujh flwlhv1

Lq wklv dssolfdwlrq/ gdwd iurpM @ 55; dgplqlvwudwlyh frxqwlhv lq wkh Dpd}rq
uhjlrq ri Eud}lo ghslfwhg lq Iljxuh 9/ zlwk N @ 7 odqg xvdjhv= iruhvw/ furs
odqg/ sdvwxuh dqg idoorz odqg/ froohfwhg dw |hduv 4<:3/ 4<:8/ 4<;3 dqg 4<;8
+W @ 7, zdv xvhg1 Yduldwlrq ri frh�flhqwv dfurvv frxqwlhv zdv prghoohg zlwk
wkh vsdwldo sulru +6, dqg rqo| gdwd iru sdvwxuh +n @ 5, zdv xvhg1 D pruh
frpsohwh dqdo|vlv ri wklv gdwdvhw zloo eh uhsruwhg hovhzkhuh1 Qrwh/ krzhyhu/
wkdw wkh gdwd vwuxfxwuh frqwdlq pdq| revhuydwlrqv shu frxqw| dqg wkhuhiruh/
wkh olnholkrrg pxvw eh dgdswhg dffruglqjo|1

Wkh pdlq uhvxowv ri wkh dqdo|vlv duh uhsruwhg lq Wdeoh 7 dqg Iljxuhv 9 dqg
:1 Wdeoh 7 suhvhqwv d frpsdudwlyh dqdo|vlv ri wkh uhvxowv rewdlqhg e| DJU
zlwk wkrvh iurp wkh prghov zlwk �{hg dqg vsdwldoo| ydu|lqj yhfwru ri uhjuhvvlrq
frh�flhqwv1 Iru wkh DJU dqg vsdwldo prghov/ zkhuh uhjuhvvlrq frh�flhqwv ydu|
dfurvv frxqwlhv/ wkh phdq ydoxh ri wkh dyhudjh lv uhsruwhg lq wkh Wdeoh1 Wkhuh lv
uhdvrqdeoh djuhhphqw ehwzhhq wkhvh dyhudjhv dfurvv prghov hyhq wkrxjk gdwd
xvhg e| DJU zdv gl�huhqw gxh wr plqru gdwd dgmxvwphqwv1 Zh kdyh dovr fdulhg
rxw d frpsdulvrq ehwzhhq wkh �{hg dqg wkh vsdwldo prghov xvlqj wkh suhglfwlyh
�w vwdwlvwlf G sursrvhg e| Jhoidqg dqg Jkrvk +4<<;,1 Wkhlu vwdwlvwlf phdvxuhv
jrrgqhvv ri �w exw frpelqhv lw zlwk d shqdol}dwlrq iru prgho frpsoh{lw| xvlqj
ghflvlrq wkhruhwlf mxvwl�fdwlrqv1 Wkh ydoxhv rewdlqhg zkhuh Gvwdwlf @ 3=368 A
3=349 @ Gvsdwldo/ vkrzlqj d suhihuhqfh iru wkh pruh frpsoh{ dqg pruh uhdolvwlf
prgho zlwk vsdwldo yduldwlrq1

Wdeoh 71 Hvwlpdwhg ydoxhv ri �
frh�flhqw DJU Il{hg Vsdwldo

�3 315<4< 3146;7 314753
�4 0313773 03134:9 315:93
�5 414876 415::4 413563
�6 314447 313878 313:63

Iljxuh 9 vkrzv wkh vsdwldo glvwulexwlrq ri wkh srvwhulru phdq ri wkh �m54*v1
Wkhvh frh�fhqwv phdvxuh wkh h�hfw ri fkdqjh iurp djulfxowxuh lq wkh suhylrxv
wlph wr sursruwlrq ri odqg xvhg iru sdvwxuh lq hdfk frxqw|1 Wkh uhvxowv vkrz d
fohdu sdwwhuq ri fkdqjh dv rqh pryhv lq wkh Qruwk0Vrxwk gluhfwlrq1 Wkh h�hfw
ri fkdqjh iurp djulfxowxuh wr sdvwxuh lv pruh lqwhqvh lq wkh Vrxwk ri wkh uhjlrq1
Wklv duhd lv nqrzq wr eh wkh pdlq hqwudqfh wr wkh uhjlrq1 Kxpdq rffxsdwlrq lq
wkh uhjlrq lv w|slfdoo| fkdudfwhul}hg e| orz whfkqrorj| djulfxowxuh zklfk txlfno|
h{kdxvwv wkh odqg uhvrxufhv dqg ohdgv wr sdvwxuh xvh ri wkh odqg1 Rxu �qglqjv
vhhp wr frq�up wklv sulru lqglfdwlrq1

Iljxuh : vkrzv wkh vsdwldo yduldwlrq duudqjhg ryhu d olqh iru doo uhjuhvvlrq
frh�flhqwv dorqj zlwk fruuhvsrqglqj fuhglelolw| olplwv1 Wkh frh�flhqwv �m53*v
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duh pdujlqdoo| vljql�fdqw dqg doo wkh rwkhu frh�flhqwv duh fohduo| vljql�fdqw
zlwk wkh �m54*v dqg �m56*v vkrzlqj d vlplodu vsdwldo ehkdylrxu1

S �L?U*�_�?} hi4@h!t

Zh kdyh frqvlghuhg dqdo|vhv ri gl�huhqw vdpsolqj vfkhphv zlwk d vsdwldo uh0
juhvvlrq prgho1 Wkh uhvxowv rewdlqhg zlwk rxu vlpxodwlrqv pxvw eh lqwhusuhwhg
zlwk fduh vlqfh wkh| duh doo edvhg rq hpslulfdo hylghqfh1 Jlyhq wkdw zh kdyh
hpxodwhg d ihz gl�huhqw sulru irupv zh duh uhdvrqdeo| frq�ghqw wkdw uhvxowv
krog iru d zlghu fodvv ri vsdwldo surfhvvhv1 Wkh dqdo|vhv zhuh shuiruphg rq
vriwzduh wkdw lv iuhho| dydlodeoh rq kwws=22zzz1lshd1jry1eu1 Wklv vriwzduh
surylghv d xvhixo wrro iru dqdo|vhv ri uhjuhvvlrq prghov zlwk wkh suhvhqfh ri d
vsdwldo sdwwhuq lqixhqflqj wkh h�hfw ri wkh h{sodqdwru| yduldeohv1

Hpslulfdo uhvxowv vxjjhvw wkdw vfkhph G zkhuh dgydqwdjh ri wkh dqdo|wlf
lqwhjudelolw| ri vwdwh sdudphwhuv lv wdnhq kdv d jrrg shuirupdqfh1 Wklv lq qrw
dq hqwluho| vxusulvlqj uhvxow dqg frq�upv wkrvh rewdlqhg lq vwdwh vsdfh prghov e|
Jdphupdq dqg Pruhlud +4<<;,1 Lw lv dovr lpsruwdqw wr vwuhvv wkdw frqyhujhqfh
vshhg ri vfkhph G pd| eh fuxfldoo| ghshqghqw rq wkh irup wkh k|shusdudphwhuv
duh vdpsohg1

Vlplodulwlhv ehwzhhq vsdwldo dqg wlph vhulhv prghov duh nqrzq dowkrxjk qrw
khdylo| h{soruhg lq wkh olwhudwxuh1 Lw lv zhoo nqrzq wkdw mrlqw vdpsolqj ri vwdwh
sdudphwhuv lpsuryhv frqyhujhqfh lq vwdwh vsdfh prghov +Vkhskdug/ 4<<7,1 Wkh
uhvxowv rewdlqhg khuh vhhp wr srlqw dw wkdw gluhfwlrq exw zlwk ohvv lpsruwdqfh
wkdq lq wkh vwdwh vsdfh frqwh{w1 Qhyhuwkhohvv/ zh zrxog vwloo uhfrpphqg mrlqw
vdpsolqj ri vwdwh sdudphwhuv dv rxu �uvw fkrlfh1 Jlyhq wkdw vwdwh vsdfh prghov
duh d vshfldo/ olplwlqj fdvh ri wkh vsdwldo prghov frqvlghuhg khuh/ wklv dvvhuwlrq
lqglfdwh dq lqwhuhvwlqj duhd ri lqyhvwljdwlrq1

Doo vlpxodwlrqv dqg prghov frqvlghuhg khuh dvvxph qrupdo revhuydwlrqv1 Dq
reylrxv qh{w vwhs lv wr frqvlghu wkhvh prghov xqghu gl�huhqw revhuydwlrqdo vdp0
solqj vfkhphv1 Wkhuh duh pdq| lqvwdqfhv zkhuh uhjlrqdo revhuydwlrqv dulvh lq
wkh irup ri frxqwv ru sursruwlrqv1 Xqiruwxqdwho|/ vfkhph G lv qr orqjhu dydlo0
deoh khuh dqg vfkhphv D/ E dqg F pxvw eh dgdswhg wr lqfrusrudwh Phwursrolv
dffhswdqfh vwhsv1 Wklv srvhv dqrwkhu fkdoohqjlqj sureohp ri sudfwlfdo uhohydqfh1

�U!?L�*i_}4i?|t

Wkh uhvhdufk ri wkh �uvw dxwkru zdv sduwldoo| vxssruwhg e| judqwv iurp FQSt/
IDSHUM dqg Plqlvw�hulr gh Flahqfld h Whfqrorjld +SURQH[,1
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+iuihi?Uit

Dqghuvhq/ O1/ Judqjhu/ F1 dqg Uhlv/ H1 +4<<:,1 D udqgrp frh�flhqw YDU
wudqvlwlrq prgho ri wkh fkdqjhv lq odqg xvh lq wkh Eud}loldq Dpd}rq1 Eud}loldq
Mrxuqdo ri Hfrqrphwulfv/ 4:/ 40461

Dqvholq/ O1 +4<;;,1 Vsdwldo Hfrqrphwulfv= Phwkrgv dqg Prghov1 Noxzhu/
Gruguhfkw1

Dvvxq�f�dr/ U1 P1/ Dvvxq�f�dr/ M1 M1 dqg Ohprv/ P1 +4<<;,1 Lqgxfhg whfkqlfdo
fkdqjh= d Ed|hvldq vsdwldo ydu|lqj sdudphwhu prgho1 Surfhhglqjv ri wkh [[
Phhwlqj ri wkh Eud}loldq Hfrqrphwulf vrflhw|1

Dvvxq�f�dr/ M1 M1/ Jdphupdq/ G1 dqg Dvvxq�f�dr/ U1 P1 +4<<<,1 Uhjlrqdo gl�hu0
hqfhv lq idfwru surgxfwlylwlhv ri Eud}loldq djulfxowxuh= d vsdfh ydu|lqj sdudphwhu
dssurdfk1 Whfkqlfdo uhsruw/ Vwdwlvwlfdo Oderudwru|/ Xqlyhuvlgdgh Ihghudo gr Ulr
gh Mdqhlur1

Ehvdj/ M1 +4<:8,1 Vwdwlvwlfdo dqdo|vlv ri qrq0odwwlfh gdwd1 Wkh Vwdwlvwlfldq/
57/ 4:<04<81

Ehvdj/ M1 dqg Kljgrq/ G1 +4<<<,1 Ed|hvldq dqdo|vlv ri djulfxowxudo �hog
h{shulphqwv +zlwk glvfxvvlrq,1 Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vhulhv

E/ 94/ 9<40:791
Ehvdj/ M/ \run/ M1 dqg Prool�h/ D1 +4<<4, Ed|hvldq lpdjh uhvwrudwlrq/ zlwk

wzr dssolfdwlrqv lq vsdwldo vwdwlvwlfv +zlwk glvfxvvlrq,1 Dqqdov ri wkh Lqvwlwxwh

ri Vwdwlvwlfdo Pdwkhpdwlfv/ 76/ 408<1
Fuhvvlh/ Q1 +4<<4,1 Vwdwlvwlfv iru Vsdwldo Gdwd1 Zloh|/ Qhz \run1
Ihuqdqgh}/ F1 +4<<<,1 Ed|hvldq lqihuhqfh lq pl{wxuh prghov zlwk vsdwldo

fruuhodwlrq1 Sdshu suhvhqwhg dw wkh Vhfrqg Hxurshdq frqihuhqfh rk Kljko|
Vwuxfwxuhg Vwrfkdvwlf V|vwhpv/ Sdyld/ Lwdo|1

Jdphupdq/ G1 +4<<:,1 Pdunry Fkdlq Prqwh Fduor= Vwrfkdvwlf Vlpxodwlrq

iru Ed|hvldq Lqihuhqfh1 Fkdspdq ) Kdoo/ Orqgrq1
Jdphupdq/ G1 dqg Pruhlud/ D1 U1 E1 +4<<;,1 Ed|hvldq dqdo|vlv ri hfrqr0

phwulf wlph vhulhv prghov xvlqj k|eulg lqwhjudwlrq uxohv1 Whfkqlfdo uhsruw/ Vwd0
wlvwlfdo Oderudwru|/ Xqlyhuvlgdgh Ihghudo gr Ulr gh Mdqhlur1

Jhoidqg/ D1 dqg Jkrvk/ V1 +4<<;, Prgho fkrlfh= d plqlpxp srvwhulru suh0
glfwlyh orvv dssurdfk1 Elrphwulnd/ ;8/ 40441

Jhopdq/ D1 dqg Uxelq/ G1 U1 +4<<5,1 Lqihuhqfh iurp lwhudwlyh vlpxodwlrq
xvlqj pxowlsoh vhtxhqfhv +zlwk glvfxvvlrq,/ Vwdwlvwlfdo Vflhqfh/ :/ 78:08441

Jhzhnh/ M1 +4<<5,1 Hydoxdwlqj wkh dffxudf| ri vdpsolqj0edvhg dssurdfkhv
wr wkh fdofxodwlrq ri srvwhulru prphqwv +zlwk glvfxvvlrq,/ lqEd|hvldq Vwdwlvwlfv

7 +hgv1 M1 P1 Ehuqdugr hw do1,/ 49<04<6/ Xqlyhuvlw| Suhvv1
Jroxe/ J dqg Ydq Ordq/ F1+4<<9,Pdwul{ Frpsxwdwlrqv Wkh Mrkqv Krsnlqv

Xqlyhuvlw| Suhvv
Nqruu0Khog/ O1 dqg Uxh/ K1 +5333,1 H�flhqw eorfn vdpsolqj lq Pdunry

udqgrp �hog prghov iru glvhdvh pdsslqj1 Sdshu lq suhsdudwlrq1
Olqgoh|/ G1 Y1 dqg Vplwk/ D1 I1 P1 +4<:5, Ed|hv hvwlpdwhv iru wkh olqhdu

prgho +zlwk glvfxvvlrq,1 Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vhulhv E/ 67/

4;



40741
Phwursrolv/ Q1/ Urvhqeoxwk/ D1 Z1/ Urvhqeoxwk/ P1 Q1/ Whoohu/ D1 K1 dqg

Whoohu/ H1 +4<86, Htxdwlrq ri vwdwh fdofxodwlrqv e| idvw frpsxwlqj pdfklqh1
Mrxuqdo ri Fkhplfdo Sk|vlfv/ 54/ 43;:0<41

Pruhlud/ D1 U1 E1 dqg Pljrq/ K1 V1 +4<<<,1 Vsdwldo Khwhurjhqhlw| ri wkh Djul0
fxowxudo Surgxfwlylw|= Eud}lo 0 4<:3 wr 4<<91 Surfhhglqjv ri wkh [[L Eud}loldq
Phhwlqj rq Hfrqrphwulfv1

Tldq/ Z1 dqg Wlwwhulqjwrq/ G1 P1 +4<<4,1 Hvwlpdwlrq ri sdudphwhuv lq
klgghq Pdunry prghov1 Sklo1 Wudqv1 U1 Vrf1 Orqgrq D/ 66:/ 73:075;1

Uxh/ K1 +5333,1 Idvw vdpsolqj ri Jdxvvldq Pdunry udqgrp �hogv zlwk ds0
solfdwlrqv1 Whfkqlfdo Uhsruw qr1 425333/ Qruzhjldq Xqlyhuvlw| iru Vflhqfh dqg
Whfkqrorj|1

Uxh/ K1 +5334,1 Idvw vdpsolqj ri Jdxvvldq Pdunry udqgrp �hogv zlwk ds0
solfdwlrqv1 Mrxuqdo ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vhulhv E/ 96/ [[0[[1

Uxelq/ G1 E1 +4<;;, Xvlqj wkh VLU dojrulwkp wr vlpxodwh srvwhulru glvwule0
xwlrqv +zlwk glvfxvvlrq,/ lq Ed|hvldq Vwdwlvwlfv 6 +hgv M1 P1 Ehuqdugr hw do1,/
R{irug Xqlyhuvlw| Suhvv/ R{irug/ ss1 6<807351

Vddg/ \1 +4<<9,1 Lwhudwlyh phwkrgv iru vsduvh olqhdu v|vwhpv/ Wkh SZV
vhulhv lq frpsxwdwlrqdo vflhqfh/ SZV Sxeolvklqj Frpsdq|1

Vfkplgw/ D1 P1/ Jdphupdq/ G1 dqg Pruhlud/ D1 U1 E1 +4<<<,1 Dq dgdswlyh
uhvdpsolqj vfkhph iru f|foh hvwlpdwlrq1 Mrxuqdo ri Dssolhg Vwdwlvwlfv/ 59/ 94<0
9741

Zhvw/ P1 dqg Kduulvrq/ S1 M1 +4<<:, Ed|hvldq Iruhfdvwlqj dqg G|qdplf

Prghov/ 5qg hgq/ Vsulqjhu Yhuodj/ Qhz \run1
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(c) Scheme C
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(d) Scheme D

Figure 2
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