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Devwudfw

Uhfhqwo|/ vljql�fdqw lqwhuhvw kdv ehhq udlvhg lq wkh
vwxg| ri k|eulg v|vwhpv/ ^5/6/</46/48`1 Lq wklv sdshu zh
dqdo|}h wkh shuirupdqfh ri ydulrxv vwdelol}huv/ lqfoxg0
lqj glvfrqwlqxrv dqg k|eulg frqwurov/ wr vwdelol}h wzr
prgho sureohpv/ qdpho| d olqhul}hg shqgxoxp zlwk re0
vhuyhg srvlwlrq dqg wkh Eurfnhww v|vwhp1 Lq uhodwlrq
wr wklv vwxg| zh idfhg wkh suhvhqfh ri shulrglf ruelwv
lq k|eulg vwdelol}huv wkdw duh uhvsrqvleoh iru orz shuiru0
pdqfh ri wkhvh1

4 Lqwurgxfwlrq

Wkh dlp ri wklv sdshu lv wkh vwxg| ri wkh shuirupdqfh
ri ydulrxv vwdelol}huv iru qrqolqhdu sureohpv wkdw fdq
qrw eh vroyhg e| phdqv ri fodvvlfdo olqhdu ihhgedfnv +ru
hyhq frqwlqxrxv rqhv,1 Zh irfxv rxu dwwhqwlrq rq wkh
gh�qlwlrq ri k|eulg v|vwhp jlyhq lq ^6`1 Wkh h{dpsohv
h{dplqhg lq ghwdlov duh wkh iroorzlqj= d olqhdul}hg shq0
gxoxp zlwk frqwuroohg h{whuqdo irufh dqg revhuyhg sr0
vlwlrq dqg wkh zhoo nqrzq Eurfnhww v|vwhp/ dovr qdphg
qrqkrorqrplf lqwhjudwru ^9`1 Ohw xv vwduw ghvfulelqj
wkh �uvw h{dpsoh1 Lq wklv fdvh/ gxh wr wkh uhvwulfwlrq
rq wkh revhuyhg yduldeohv/ wkh v|vwhp fdq qrw eh vwdel0
ol}hg hyhq e| glvfrqwlqxrxv ihhgedfnv +exw e| g|qdp0
lfdo vwdelol}hu,1 Zh dqdo|}h lq ghwdlov wkh ghshqghqfh
ri wkh vwdelol}dwlrq rq wkh orfdwlrq wlphv +l1h1 wkh wlph
ehwzhhq wzr vzlwfklqjv/ vhh Gh�qlwlrqv 4 0 5 , Wkh qdw0
xudo dsshdudqfh ri shulrglf ruelwv iru k|eulg frqwurov
ohdgv wr wkh sureohp ri h{lvwhqfh dqg vwdelolw| ri sh0
ulrglf ruelwv iru jhqhudo k|eulg g|qdplfv1 Wkh vhfrqg
h{dpsoh qhhgv qr lqwurgxfwlrq/ vlqfh lw lv wkh prvw id0
prxv v|vwhp wkdw lv frqwuroodeoh exw iru zklfk wkhuh lv
qr vprrwk vwdelol}hu1 Ydulrxv glvfrqwlqxrxv ihhgedfnv
dv zhoo dv k|eulg vwdelol}huv duh frqvlghuhg1 Lq sduwlf0
xodu/ zh dqdo|}h wkh glvfrqwlqxrxv ihhgedfnv sursrvhg
e| Eorfn dqg Gudnxqry lq ^8` dqg e| Dvwro� lq ^7` +wzr
gl�huhqw ihhgedfnv,1 Pruhryhu/ zh frqvlghu dovr wkh
vwdelol}hu iru dq dxjphqwhg v|vwhp sursrvhg e| Eurfn0
hww dqg Nkdqhmd lq ^43` dqg vrph k|eulg vwdelol}huv sur0
srvhg lq ^47`1

5 Edvlf Gh�qlwlrqv

Zh frqvlghu wkh frqwuro v|vwhp
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Rxu dlp lv wr dv|pswrwlfdoo| vwdelol}h wkh v|vwhp wr wkh
ruljlq zlwk d frqwuro ghshqglqj rqo| rq wkh revhuyhg
yduldeoh |1 Reylrxvo|/ rqh qhhgv vrph dvvxpswlrqv rq
k> iru revhuydelolw| wkhru| zh uhihu wr ^;`1

Gh�qlwlrq 4 D k|eulg frqwuro iru wkh v|vwhp +4, lv d
90soh 	 @ +T>�> L>P>�> x,/ zkhuh

41 T @ it4> ===> tnj lv d �qlwh vhw uhsuhvhqwlqj wkh
vwdwhv ri dq dxwrpdwrq/ fdoohg orfdwlrqv>

51 � = T �$ U
. jlyhv orfdwlrq wlphv>

61 L @ i�4> ===> �sj lv d �qlwh vhw fdoohg wkh lqsxw do0
skdehw>

71 � @ i�4> ===> �nj lv wkh vhw ri lqsxw pdsv/ �l =

U
p
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81 P = T � L �$ T lv wkh wudqvlwlrq pds dprqj
orfdwlrqv>

91 x = T�Up �$ X lv wkh ihhgedfn pds1

D k|eulg frqwuro ghvfulehv wkh hyroxwlrq ri d vwdwh fdoohg
wkh k|eulg vwdwh=

Gh�qlwlrq 5 D k|eulg vwdwh lv d wulsohw +{> t> � ,/ zkhuh
{ 5 U

q lv wkh vwdwh ri wkh frqwuro v|vwhp/ t 5 T lv
wkh orfdwlrq dqg � 5`3>�+t,` lv wkh wlph ehiruh qh{w
vzlwfklqj1

Wkh vwdwh { hyroyhv lq orfdwlrq t iru wlph � zkhq d
orfdwlrq vzlwfklqj rffxuv dffruglqj wr wkh vzlwfklqj
pds1 Zh uhtxluh wkh vwdelol}dwlrq wr eh xqlirup ryhu
orfdwlrqv dqg orfdwlrq wlphv1 Iru sudfwlfdo sxusrvh zh
frqvlghu wkh frqfhsw ri dssur{lpdwh vwdelol}dwlrq fru0
uhvsrqglqj wr dq �0edoo1

6 Vlpxodwlrqv

H{dpsoh 41 Zh frqvlghu wkh iroorzlqj v|vwhp
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dqg X @ U1 Wkxv wkh v|vwhp uhsuhvhqwv d olqhdul}hg
shqgxoxp zkrvh srvlwlrq lv � dqg x lv wkh h{whuqdo
irufh1

Wkh vhw ri wkh orfdwlrqv ri wkh v|vwhp lv T @ it4> t5> t6j
dqg wkh orfdwlrq wlphv duh jlyhq e| � = T �$ U.

v1w1 �+tl, @ � iru l @ 4>5> 61 Wkh lqsxw doskdehw lv
L @ i.>�j dqg wkh vhw ri lqsxw pdsv lv � @ i�4> �5> �6j



zkhuh �l = U �$ L v1w1 �l+�, @ . li � � 3/ �l+�, @ �
rwkhuzlvh1 Wkh wudqvlwlrq pds dprqj orfdwlrqv lv P =
T� L �$ T v1w1 P+t4> �, @ t5/ li � � 3/ P+t4> �, @ t4
rwkhuzlvh/ P+t5> �, @ t6/ li � � 3/ P+t5> �, @ t4 rwkhu0
zlvh/ P+t6> �, @ t6/ li � � 3/ P+t6> �, @ t5 rwkhuzlvh1
Wkh ihhgedfn pds lv x = T�U �$ X v1w1 x+t5> �, @ ��/
x+tl> �, @ 3 iru l @ 4>61 Vrph pruh k|eulg vwdelohuv duh
frqvlghuhg lq ^4`1

Iluvw/ zh lqyhvwljdwh wkh �0vwdelol}dwlrq wlph iru dq lql0
wldo srlqw lq wkh �uvw ruwkdqw dqg lqlwldo orfdwlrq t61 Lw lv
hdv| wr fkhfn wkdw wkh frqfoxvlrqv krog dovr iru wkh rwkhu
srvvleoh lqlwldo k|eulg vwdwhv1 Iru � @ �

7
wkh k|eulg wud0

mhfwru| kdv wkh iroorzlqj vzlwfklqj vwudwhj|1 Iluvw wkh
vwdwh { urwdwhv lq wkh �uvw dqg irxuwk ruwkdqw dqg wkh
orfdwlrq lv frqvwdqwo| htxdo wr t61 Zkhq wkh wudmhf0
wru| furvvhv wkh qhjdwlyh �0d{lv/ wkh orfdwlrq vzlwfkhv
wr t5 dqg wkh qrup ri { frqwudfwv1 Wkhq wkh wudmhfwru|
urwdwhv lq wkh wklug dqg vhfrqg ruwkdqw zlwk orfdwlrq
frqvwdqwo| htxdo wr t41 Diwhu furvvlqj wkh srvlwlyh �0
d{lv wkh orfdwlrq vzlwfkhv wr t5 dqg wkh qrup ri { frq0
wudfwv1 Ilqdoo| wkh orfdwlrq jrhv edfn wr t6 dqg uhshdwv
wkh vdph sdwk1

Zh vwxg| wkh ehkdylrxu ri wkh h{lw wlph dv d ixqfwlrq ri
wkh orfdwlrq wlphv1 Wkhuh lv d shdn iru d ydoxh forvh wr
3=;51 Wklv lv gxh wr wkh suhvhqfh ri d shulrglf ruelw iru
wkh k|eulg frqwuro1 Wkh ehkdylrxu ri wkh fruuhvsrqglqj
wudmhfwru| lv ghvfulehg e| wkh iroorzlqj slfwxuh +gl�hu0
hqw juh| ohyhov fruuhvsrqg wr gl�huhqw orfdwlrqv,1 Wkh
vdph skhqrphqrq kdsshqv iru lqwhjudo frvwv1
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7 Dqdo|wlf vwxg|

H{dpsoh 4 Wkh shdn lq frqyhujhqfh wlph lv gxh wr wkh
suhvhqfh ri d idplo| ri shulrglf ruelwv1 Ohw xv ghvfuleh
wkh vzlwfklqj vwudwhj| ri wkh shulrglf ruelw1 Zh vwduw
iurp d srlqw +3> d,/ d A 3/ orfdwlrq t41 Dw wlph � zh
vzlwfk wr orfdwlrq t5 dqg frqwudfw wkh qrup ri wkh vwdwh
uhdfklqj d srlqw lq wkh irxuwk ruwkdqw1 Wkhq zh vzlwfk
wr orfdwlrq t6 dqg duulyh dw wkh srlqw +3>�d,1 Diwhu
xvlqj djdlq orfdwlrq t6/ zh vzlwfk wr orfdwlrq t5 lq wkh
vhfrqg ruwkdqw1 Ilqdoo| zh vzlwfk wr orfdwlrq t4 dqg jr

edfn wr wkh lqlwldo srlqw1 Wkh ydoxh �� iru zklfk wkhuh lv
d shulrglf ruelw vdwlv�hv wkh htxdwlrq
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Wklv htxdwlrq fdq qrw eh vroyhg h{solflwo| exw dq ds0
sur{lpdwh ydoxh ri �� lv 3=;553<1 Zh vwdwh wkh iroorzlqj
wzr uhvxowv zklfk duh suryhg lq ^4`1

Sursrvlwlrq 4 Lq wkh iudphzrun ri h{dpsoh 4 li � lv
vpdoohu wkdq � +vhh htxdwlrq +6,,/ doo wkh k|eulg g|qdp0
lfv duh frqwudfwlyh1 Li � @ �/ wkh rqo| shulrglf ruelw lv
wkh rqh ghwhuplqhg lq h{dpsoh 41

Sursrvlwlrq 5 Li � 9@ � lv lq wkh lqwhuydo ^3>4`/ qr sh0
ulrglf ruelw h{lvwv kdylqj wkh vdph vhtxhqfh ri orfdwlrqv

dv wkh rqh iru � @ �/ l1h1 it4> t5> t6> t6> t5> t4j

8 Eurfnhww v|vwhp

Lq wklv vhfwlrq zh glvfxvv vrph vwdelol}huv iru wkh Eurfn0
hww v|vwhp
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Zh vwduw frqvlghulqj wkh glvfrqwlqxrv ihhgedfn sur0
srvhg e| Eorfk dqg Gudnxqry lq ^8`1

Wkh frqwuro lv jlyhq e| x @ ��{.�| Vjq+},> y @ ��|.
�{ Vjq+}, dqg vwdelol}hv wkh v|vwhp xqghu wkh frqglwlrq
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� m} +3,m> d frqvwdqw frqwuro lv xvhg

zkhq wkh frqglwlrq lv qrw vdwlv�hg +vlploduo| wr ^47`,1

Wkurxjk frpsxwhu vlpxodwlrqv lw lv hdv| wr vhh wkdw
wkh frqyhujhqfh wlph lv elj iru gdwd qhdu wkh erxqgdu|
ri wkh uhjlrq fruuhvsrqglqj wr frqvwdqw frqwuro1 Wklv
erxqgdu| frqvlvwv ri d sduderorlg wkdw sdvvhv wkurxjk
wkh ruljlq/ vr wkh sureohp ri vorz frqyhujhqfh kdsshqv
lq hyhu| qhljkerukrrg ri wkh ruljlq1 Pruhryhu wkh ydoxh
ri wkh frqwuro rvfloodwhv fdxvlqj lpsohphqwdwlrq sure0
ohpv1 Ilqdoo| dovr wkh xvh ri wkh {|0sodqh dv volglqj
prgh lqwurgxfh vrph rvfloodwlrqv1 Lq wklv fdvh wkh sd0
udphwhuv � dqg � vkrxog eh wdnhq dv elj dv srvvleoh
wr kdyh idvw frqyhujhqfh/ reylxrvo| wklv uh�hfwv lq kljk
sk|vlfdo frvw ri wkh frqwuro1

Ohw xv qrz frqvlghu wkh glvfrqwlqxrv ihhgedfn lqwur0
gxfhg e| Dvwro� lq ^7`1 Wkh �uvw frqwuro vwdelol}hv iru
lqlwldo gdwd rxwvlgh wkh vxuidfh zkhuh d{q . e|q @ 31
Iru lqlwldo gdwd qhdu wklv vxuidfh/ wkh wudmhfwrulhv duh
qrw hyhq erxqghg1 Wkh vhfrqg frqwuro vwdelol}hv iru
lqlwldo gdwd rxwvlgh wkh }0d{lv1 Wklv frqwuro kdv ehwwhu
shuirupdqfh/ krzhyhu wkhuh duh vwloo vrph rvfloodwlrqv
zkhq vwduwlqj qhdu wkh }0d{lv dqg qhdu wkh {|0sodqh
+volglqj prgh,1

Eurfnhww dqg Nkdqhmd lq ^43` xvhg dq dxjphqwhg v|v0
whp lqwurgxflqj wkh h{wud yduldeoh � wkdw vdwlv�hv wkh
htxdwlrq b� @ }1 Wkh| xvh wkh frqwuro
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Wklv ihhgedfn zdv ghvljqhg wr lqfoxgh lq d jhqhudo
iudphzrun wlph ydu|lqj frqwurov ^:` dqg wr vwdelol}h
zlwk plqlpdo dprxqw ri lqirupdwlrq1 Wkh fruuhvsrqg0
lqj wudmhfwrulhv ghshqg lq vhqvlwlyh +qrq fkdrwlf, zd|
rq wkh lqlwldo ydoxh ri wkh h{wud yduldeoh �1 Wkh �jxuhv
ehorz vkrz wkh wzr wudmhfwrulhv vwduwlqj iurp +{> |> }> �,
zlwk { @ | @ } @ 43 dqg uhvshfwlyho| � @ 43 dqg
� @ 481 Dq lqwhuhvwlqj sureohp lv wkh rqh ri rswlpl}0
lqj wkh lqlwldo ydoxh ri � iru jlyhq lqlwldo ydoxh ri {> |> }1
Wkh frqyhujhqfh lv h{srqhqwldo1

Ilqdoo| lq ^47` vrph k|eulg vwdelol}huv zhuh sursrvhg1
Wkh frqyhujhqfh kdsshqv wr eh h{srqhqwldo dqg wkh
dprxqw ri lqirupdwlrq lv vpdoohu wkdq wkdw xvhg e| d
wlph ydu|lqj ihhgedfn ^:/45`1 Wkh frqwurov xvhg duh
erxqghg1 Krzhyhu wkh �uvw k|eulg frqwuro vwdelol}hv
rqo| rxwvlgh wkh }0d{lv zkloh wkh odvw edqj0edqj k|eulg
frqwuro kdv fkdwwhulqj sureohpv/ vhh ^47` iru ghwdlov1

9 Frqfoxvlrqv

Zh frqvlghuhg ydulrxv vwdelol}lqj frqwurov iru wzr prgho
sureohpv wkdw duh d olqhdul}hg shqgxoxp zlwk revhuyhg
srvlwlrq dqg h{whuqdo irufh frqwuro/ dqg wkh Eurfnhww
qrqkrqrorplf lqwhjudwru1 Wkurxjk frpsxwhu vlpxod0
wlrqv zh vwxglhg wkh yhorflw| ri frqyhujhqfh dqg wkh lq0
whjudo frvw ri hdfk frqwuro1 Dq lqwhuhvwlqj skhqrphqrq
lv wkh suhvhqfh ri shulrglf ruelwv iru wkh k|eulg g|qdp0
lfv wkdw duh uhvsrqvleoh ri orz shuirupdqfhv1 Wkhvh fdq
eh vwxglhg dqdo|wlfdoo| lq rxu fdvh dqg duh olqnhg wr wkh
lqwhuhvwlqj sureohp ri d|pswrwlf g|qdplfv iru k|eulg
v|vwhpv ^44`1

Iru Eurfnhww v|vwhp ydulrxv glvfrqwlqxrv frqwurov duh
dqdo|}hg1 Doo ri wkhp kdyh jrrg vwdelol}dwlrq shuiru0
pdqfh rxwvlgh vrph fulwlfdo uhjlrqv dqg vrph pdnh
xvh ri volglqj prghv vr suhvhqwlqj fkdwwhulqj sureohpv1
Iurp wkh srlqw ri ylhz ri plqlpdo xvh ri lqirupdwlrq
ri sduwlfxodu lqwhuhvw duh wkh frqwurov xvhg lq ^43` dqg
^47`1

: Uhihuhqfhv

41 Doedqr/ J1/ G*Dslfh/ F1/ Jdujlxor/ J1/ Slffrol/ E1/
4<<<1 Rq wkh vwdelol}dwlrq shuirupdqfh ri k|eulg
frqwurov/ wr dsshdu rq Lqw1 M1 Frqwuro1

51 Dqwvdnolv/ S1/ Nrkq/ Z1/ Ohpprq/ P1/ Qhurgh/
D1/ Vdvwu|/ V1/ +Hgv1,/ 4<<</ K|eulg V|vwhpv Y1
Ohfwxuh Qrwhv lq Frpsxwhu Vflhqfh 489:1

61 Duwvwhlq/ ]1/ 4<<8/ Vwdelol}dwlrq zlwk K|eulg
Ihhgedfn1 Surfhhglqjv ri wkh Zrunvkrs rq Yhu0
l�fdwlrq dqg Frqwuro ri K|eulg V|vwhpv/ Qhz
Euxqvzlfn/ QM1

71 Dvwro�/ D1/ 4<<:/ Glvfrqwlqxrv frqwuro ri wkh
Eurfnhww lqwhjudwru1 Surfhhglqjv ri wkh 69 wk Frq0
ihuhqfh rq Ghflvlrq ) Frqwuro/ ss1 76670766<1

81 Eorfk/ D1/ Gudnxqry/ V1/ 4<<9/ Vwdelol}dwlrq dqg
wudfnlqj lq wkh qrqkrqrorplf lqwhjudwru yld volg0
lqj prghv1 V|vwhpv ) Frqwuro Ohwwhuv 5</ ss1
<40<<1

91 Eurfnhww/ U1Z1/ 4<;6/ Dvv|pswrwlf Vwdelolw| dqg
Ihhgedfn Vwdelol}dwlrq1 Lq U1 Z1 Eurfnhww dqg U1
V1 Ploopdq dqg K1 M1 Vxvvpdqq +hgv, Gl�huhqwldo
Jhrphwulf Frqwuro Wkhru|/ +Ervwrq= Elunk�dxvhu,/
ss1 4;404<41

:1 Frurq/ M1P1/ 4<<4/ Joredo dv|pswrwlf vwdelol}d0
wlrq iru frqwuroodeoh v|vwhpv zlwkrxw guliw1 Pdwk0
hpdwlfv ri Frqwuro/ Vljqdov dqg V|vwhpv 8/ ss1
5<806451

;1 Jdxwklhu/ M1S1/ Nxsnd/ L1D1N1/ 4<<7/ Revhuydelo0
lw| dqg Revhuyhuv iru Qrqolqhdu V|vwhpv/ VLDP
Mrxuqdo rq Frqwuro dqg Rswlpl}dwlrq 65/ ss1
<:80<<71

<1 Khvsdqkd/ M1S1/ 4<<9/ Vwdelol}dwlrq ri Qrqkror0
qrplf Lqwhjudwruv yld Orjlf0Edvhg Vzlwfklqjv1
Surfhhglqjv ri wkh 4<<9 LIDF Zruog Frqjuhvv/
yroxph H= Qrqolqhdu V|vwhpv L/ ss1 79:07:51

431 Nkdqhmd/ Q1/ Eurfnhww/ U1/ 4<<</ G|qdplf Ihhg0
edfn Vwdelol}dwlrq ri Qrqkrqrorplf V|vwhpv1 Lq
Surfhhglqjv ri wkh 6; wk Frqihuhqfh rq Ghflvlrq
) Frqwuro/ ss1 4973049781

441 Pdwyhhy/ D1V1/ Vdynlq/ D1Y1/ 5333/ Txdolwdwlyh
wkhru| ri k|eulg v|whpv/ +Ervwrq= Elunk�dxvhu,1

451 Prulq/ S1/ Vdpvrq/ F1/ Srphw/ M1E1/ Mldqj/ ]1S1/
4<<8/ Wlph ydu|lqj ihhgedfn vwdelol}dwlrq ri wkh
dwwlwxgh ri uljlg vsdfhfudiw zlwk wzr frqwurov1
V|vwhpv ) Frqwuro Ohwwhuv 56/ ss1 6:806;81

461 Pruvh/ D1V1/ 4<<8/ Frqwuro Xvlqj Orjlf0Edvhg
Vzlwfklqj/ lq Wuhqgv lq Frqwuro0D Hxurshdq Shu0
vshfwlyh/ D1 Lvlgrul hg1/ Vsulqjhu0Yhuodj/ Qhz
\run/ ss1 9<04461

471 Sdlw/ I1/ Slffrol/ E1/ dqg Elwwdu/ D1/ 4<<;/ D k|0
eulg frqwuroohu iru d qrqkrorqrplf v|vwhp1 Frq0

wuroh ) Dxwrpdwlf�dr/ </ ss1;80;<1

481 Yddqgudjhu/ I1Z1/ ydq Vfkxsshq/ M1K1/ +Hgv1,/
4<<</ K|eulg V|vwhpv= Frpsxwdwlrq dqg Frq0
wuro1 Ohfwxuh Qrwhv lq Frpsxwhu Vflhqfh 489<1


