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Wklv sdshu suhvhqwv dq dxglr frghu iru uhdo0wlph pxowl0

phgld dssolfdwlrqv1 Wr dfklhyh kljk txdolw| dw orz elw

udwh/ wkh dxglr frghu xvhv d zdyhohw sdfnhw ghfrpsrvl0
wlrq wr wudqvirup wkh dxglr gdwd lqwr wkh zdyhohw gr0

pdlq/ dqg d sv|fkrdfrxvwlf prgho lv xvhg wr plqlpl}h

txdqwl}dwlrq qrlvh1 Wkh zdyhohw sdfnhw ghfrpsrvlwlrq

wuhh vwuxfwxuhv zhuh fkrvhq lq d zd| wr forvho| plplf

wkh fulwlfdo edqgv lq d sv|fkrdfrxvwlf prgho1 Lqvwhdg

ri ghwhuplqlqj wkh pdvnlqj wkuhvkrogv lq wkh Irxulhu
grpdlq/ wkh zdyhohw frh�flhqwv duh xvhg wr gulyh wkh

sv|fkrdfrxvwlf prgho gluhfwo|1 Prvw ri wkh vwdqgdug

lqgxvwuldo vdpsolqj iuhtxhqflhv duh vxssruwhg e| wklv

frghu1 Dq h�flhqw elw udwh frqwuro vfkhph zdv ghvljqhg

vxfk wkdw wkh dxglr frghu rshudwhv dw yluwxdoo| dq| gh0

vluhg elw udwh ohyho1 Wkh dxglr frghu dfklhyhv qhdu shu0
fhswxdoo| orvvohvv txdolw| dw ru ehorz ;3 ne2v iru prvw

dxglr vrxufhv1 Uhdo0wlph hqfrglqj2ghfrglqj lv srvvleoh

e| xvlqj rqo| d iudfwlrq ri d Shqwlxp ru idvwhu FSX1

� W?|hL_�U|�L?

Uhgxfwlrq lq elw udwh uhtxluhphqw iru kljk txdolw| dxglr
kdv ehhq dq dwwudfwlyh sursrvlwlrq lq dssolfdwlrqv vxfk
dv pxowlphgld/ h�flhqw glvn vwrudjh/ dqg gljlwdo eurdg0
fdvwlqj1 D qxpehu ri dxglr frpsuhvvlrq dojrulwkpv lq0
foxglqj ^4/ 5/ 6/ 7/ 8/ 9` zhuh ghyhorshg1 Dprqj wkhp/
wkh prvw qrwdeoh lv dujxdeo| wkh wkh LVR2PSHJ vwdq0
gdug ^4/ 5`/ zklfk lv glvfuhwh frvlqh wudqvirup +GFW,
edvhg dqg surylghv kljk txdolw| dxglr dw derxw 97ne2v1
^6` dqg ^7` gulyh grzq wkh elw udwh hyhq ixuwkhu e| xv0
lqj vljqdo dgdswlyh �owhu edqnv1 Doo wkhvh phwkrgv xvh
sv|fkrdfrxvwlf prghov wr pdvn glvwruwlrq lqfxuuhg e|
txdqwl}dwlrq1

Zkloh elw udwh uhgxfwlrq kdv ehhq wkh irfxv ri
wkhvh dojrulwkpv/ wkh iroorzlqj lvvxhv lq uhdo0wlph pxo0
wlphgld dssolfdwlrqv glg qrw jhw hqrxjk dwwhqwlrq=

� Wkh elw udwh vkrxog vfdoh wr dq| ghvluhg ohyho wr

dffrprgdwh pdq| sudfwlfdo frppxqlfdwlrq fkdq0
qhov/ vxfk dv LVGQ olqnv dqg prghpv1

� Wkh frpsoh{lw| ri dq dxglr frghu vkrxog eh orz
vxfk wkdw uhdo0wlph hqfrglqj2ghfrglqj rq prvw
shuvrqdo frpsxwhuv/ zlwkrxw dgglwlrqdo kdugzduh/
lv srvvleoh1

� Prvw lqgxvwuldo vwdqgdug vdpsolqj udwhv +lqfoxglqj
7714 nK}/ 65 nK}/ 55 nK}/ 49 nK}/ 44 nK}/ dqg ;
nK}, vkrxog eh vxssruwhg1

Lq wklv sdshu/ zh suhvhqw dq dxglr frghu wkdw
vdwlv�hv wkh deryh uhtxluhphqwv1 Wkh zdyhohw wudqv0
irup ^:/ ;` kdv ehhq lghqwl�hg dv dq h�hfwlyh wrro iru
gdwd frpsuhvvlrq1 Wr surylgh kljk txdolw| dxglr dw
orz elw udwh lq rxu frghu/ vwdwlvwlfdo uhgxqgdqf| lq dx0
glr gdwd lv uhpryhg e| ghfrpsrvlqj wkh gdwd xvlqj
d zdyhohw sdfnhw +ZS, wudqvirup1 Dxglwru| pdvnlqj
h�hfwv duh xvhg wr plqlpl}h txdqwl}dwlrq qrlvh1 Wkh
wuhh vwuxfwxuhv iru ZS ghfrpsrvlwlrq zhuh fkrvhq lq d
zd| wr forvho| plplf wkh fulwlfdo edqgv lq d sv|fkrd0
frxvwlf prgho1 Wkh wuhh vwuxfwxuhv iru dxglr vrxufhv ri
gl�huhqw vdpsolqj iuhtxhqflhv +lqfoxglqj 7714 nK}/ 65
nK}/ 55 nK}/ 49 nK}/ 44 nK} dqg ;nK}, duh looxvwudwhg1
Dq h�flhqw elw udwh frqwuro vfkhph zdv ghvljqhg vxfk
wkdw wkh dxglr frghu rshudwhv dw yluwxdoo| dq| ghvluhg
elw udwh ohyho1 Wkh dojrulwkp lv rswlpl}hg/ dqg uhdo0
wlph hqfrglqj2ghfrglqj lv dfklhyhg xvlqj d iudfwlrq ri
d Shqwlxp*v FSX srzhu1

2 �L_ih 5|h�U|�hi

Dvvxph wkdw zh kdyh d vwuhdp ri dxglr gdwd {+q, wkdw
lv vhuldo0wr0sdudooho ex�huhg1 Wkh ex�huhg dxglr gdwd
lv sdvvhg wkurxjk d ZS wudqvirup1 Wkh wudqviruphg
gdwd lv wkhq txdqwl}hg dqg hqwurs| hqfrghg1 Wkh rxw0
sxw elw udwh iurp wkh hqwurs| frghu lv prqlwruhg e|
d elw udwh frqwuro vfkhph/ zklfk lq wxuq frqwurov wkh
txdqwl}hu dqg hqwurs| frghu wr dgmxvw wkh rxwsxw elw
udwh wr wkh ghvluhg ohyho1 Wkh zkroh hqfrghu eorfn gld0



judp lv vkrzq lq Iljxuh 41 Wkh ghfrghu lv wkh uhyhuvh
�rz ri wkh hqfrghu dqg lv qrw lqfoxghg1

Wkh hqfrghu lq Iljxuh 4 fdq eh glylghg lqwr irxu
ixqfwlrqdo eorfnv= ZS ghfrpsrvlwlrq ri dxglr gdwd
lqwr vxeedqgv xvlqj d sv|fkrdfrxvwlf prgho/ xqlirup
txdqwl}dwlrq ri zdyhohw frh�flhqwv/ elw udwh frqwuro/
dqg hqwurs| frglqj +uxq0ohqjwk frglqj dqg Kx�pdq
frglqj,1 Txdqwl}dwlrq dqg hqwurs| frglqj ri frh�0
flhqwv duh zhoo nqrzq dqg zloo qrw eh ghvfulehg lq wklv
sdshu1 Wkh ZS ghfrpsrvlwlrq xvlqj d sv|fkrdfrxvwlf
prgho dqg wkh elw udwh frqwuro vfkhph zloo eh hoder0
udwhg lq pruh ghwdlov lq wkh iroorzlqj1
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Sv|fkrdfrxvwlf dxglwru| pdvnlqj lv d skhqrphqrq
zkhuhe| d zhdn +qrlvh, vljqdo lv pdgh lqdxgleoh e| d vl0
pxowdqhrxvo| rffxuulqj vwurqjhu +dxglr, vljqdo1 Prvw
surjuhvv lq dxglr frpsuhvvlrq lq uhfhqw |hduv fdq eh
dwwulexwhg wr vxffhvvixo dssolfdwlrq ri sv|fkrdfrxvwlfv
wr vljqdo frpsuhvvlrq1 Lq d sv|fkrdfrxvwlf prgho/
wkh zkroh vljqdo vshfwuxp edqgzlgwk lv glylghg lqwr d
qxpehu ri fulwlfdo edqgv1 Wkh pd{lpxp vljqdo hqhuj|
dqg wkh pdvnlqj wkuhvkrog lq hdfk edqg lv fdofxodwhg1
Wkh udwlr ri wkh wzr lv wdnhq wr ghwhuplqh wkh qxpehu
ri elwv uhtxluhg iru shufhswxdoo| orvvohvv txdqwl}dwlrq1
Wklv surfhvv lv ghvfulehg lq ^</ 43`1

Lq rughu wr dfklhyh wkh fulwlfdo edqg uhvroxwlrq/
prvw dxglr frghuv xvh d Idvw Irxulhu Wudqvirup +IIW,
rq wkh lqsxw ex�huhg gdwd1 Vlqfh dq Q srlqw IIW uh0
txluhv Q orj5Q pxowlsolfdwlrqv/ wkh zkroh surfhvv eh0
frphv frpsxwdwlrqdoo| lqwhqvlyh dv Q ehfrphv odujh1

Lqvwhdg ri wudqviruplqj gdwd xvlqj IIW dqg fdo0
fxodwlqj vljqdo hqhuj| dqg khdulqj wkuhvkrogv lq wkh
Irxulhu grpdlq/ vrph zdyhohw sdfnhw wudqvirup edvhg
dxglr frghuv ^44` gluhfwo| fdofxodwh wkh vljqdo hqhuj|
dqg khdulqj wkuhvkrogv lq wkh zdyhohw grpdlq1 Vlqfh
dq Q srlqw IIW lv gursshg/ wkh frpsoh{lw| lv juhdwo|
uhgxfhg1 Wkh ZS ghfrpsrvlwlrq wuhh vwuxfwxuh lv gh0
vljqhg wr forvho| plplf wkh fulwlfdo edqgv lq d sv|fkrd0
frxvwlf prgho1 Wkh zdyhohw �owhuv duh xvxdoo| fkrvhq
zlwk pdq| wdsv dqg qduurz wudqvlwlrq edqgv vr wkdw
doldvlqj ehwzhhq edqgv lv plqlpl}hg1

Lq rxu frghu/ d ZS ghfrpsrvlwlrq wuhh vwuxf0
wxuh lv ghyhorshg iru 65nK}/ 49nK}/ dqg ;nK} vdp0
solqj iuhtxhqflhv dqg lv vkrzq lq Iljxuh 51 Wkh orzhu
dqg kljkhu fxw0r� iuhtxhqflhv ri hdfk edqg duh dovr lo0
oxvwudwhg1 Wklv wuhh vwuxfwxuh dssur{lpdwho| dfklhyhv
wkh iuhtxhqf| uhvroxwlrq ri wkh fulwlfdo edqgv ghvfulehg
lq ^</ 43`1
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Iljxuh 5= ZS Wuhh Vwuxfwxuh iru 65nK}/ 49nK}/ ;nK}
Vdpsolqj Udwhv

Wkh 5< edqg wuhh vwuxfwxuh sursrvhg lq ^7` lv
xvhg lq rxu frghu iru 7714nK} vdpsohg dxglr1 Wkh
wuhh vwuxfwxuh iru dxglr vrxufhv ri rwkhu edqgzlgwk
duh rewdlqhg e| prgli|lqj wkh 5< edqg wuhh vwuxfwxuh1
Iru h{dpsoh/ iru 55nK} vdpsohg dxglr/ wkh kljkhu irxu
edqgv uhsuhvhqwlqj iuhtxhqf| udqjh ehwzhhq 44nK} dqg
55nK} duh wuxqfdwhg zkloh wkh orzhu 58 edqgv duh suh0
vhuyhg1 Vlploduo|/ iru 44nK} vdpsohg dxglr/ iuhtxhqf|
edqgv deryh 818nK} duh gursshg1 Wklv uhvxowv lq d wuhh
vwuxfwxuh zlwk 53 vxeedqgv iru 44nK} vdpsohg dxglr1

Dowkrxjk doldvlqj h�hfwv ehwzhhq qhljkerulqj
edqgv fdq eh uhgxfhg e| xvlqj �owhuv zlwk qduurz wudq0
vlwlrq edqgv/ vxfk h�hfwv zloo lqhylwdeo| h{lvw vlqfh dq|
sudfwlfdo �owhuv kdyh wr eh ri �qlwh ohqjwk1 Ixuwkhu0
pruh/ hlwkhu v|pphwulf h{whqvlrq ri gdwd +iru v|p0
phwulf �owhuv, ru flufxodu frqyroxwlrq lv xvhg iru �o0
whulqj/ wkxv fuhdwlqj dgglwlrqdo iuhtxhqf| glvwruwlrqv
rq fhuwdlq gdwd srlqwv/ hvshfldoo| rq wkrvh dw vxeedqg
erxqgdulhv1 Doo wkhvh idfwruv frqwulexwh wr wkh lqfru0
uhfw fdofxodwlrq ri vljqdo srzhu dqg pdvnlqj wkuhvkrog



lq d sv|fkrdfrxvwlf prgho1 Krzhyhu/ rxu h{shulphqwv
vkrzhg wkdw hyhq zlwk wkh suhvhqfh ri doo wkrvh idfwruv/
ehwwhu shuirupdqfh lv dfklhyhg e| xvlqj d sv|fkrdfrxv0
wlf prgho1

2�2 ��| +@|i �L?|hL*

Lq fdvhv zkhuh wkh rxwsxw elw udwh lv kljkhu wkdq wkh
ghvluhg ohyho/ d frqwuro vfkhph lv xvhg wr uhgxfh wkh
elw udwh1 Dowkrxjk wklv uhvxowv lq dxgleoh glvwruwlrq/ lw
lv qhfhvvdu| gxh wr wkh olplwhg edqgzlgwk r�huhg e|
pdq| sudfwlfdo frppxqlfdwlrq fkdqqhov1

Dvvxph wkdw Jl lv wkh pd{lpxp devroxwh ydoxh
dqg Pl lv wkh pdvnlqj wkuhvkrog lq wkh lwk edqg/ uh0
vshfwlyho|1 Pl lv fdofxodwhg xvlqj wkh prgho surylghg
e| ^7`1 Wkh plqlpxp qxpehu ri v|perov Vl uhtxluhg
iru shufhswxdoo| orvvohvv txdqwl}dwlrq ri zdyhohw frh�0
flhqwv lv jlyhq e|

Vl @

�
Jl

Pl

�
> +4,

zkhuh g=h uhwxuqv wkh vpdoohvw lqwhjhu juhdwhu wkdq ru
htxdo wr wkh rshudqg1 Wkh dfwxdo dvvljqhg txdqwl}dwlrq
elwv wr wkh lwk edqg lv vfdohg e| d idfwru ri � +3 � � �
4,=

Tl @ gorj
5
+�Vl .X+�Vl � 4,,h > +5,

zkhuh X+=, lv wkh xqlw vwhs ixqfwlrq1 Rqh h{wud v|p0
ero lv dgghg lq +5, iru uxq0ohqjwk hqfrglqj v|pero li
�Vl A 41 Wkh lwk edqg grhv qrw qhhg wr eh txdqwl}hg
dqg wudqvplwwhg li �Vl � 41 zkhq � @ 4/ wkh txdqwl0
}dwlrq zloo eh shufhswxdoo| orvvohvv1 Li � ? 4/ wkh elw
udwh lv uhgxfhg fdxvlqj dxgleoh txdqwl}dwlrq qrlvh wr
eh suhvhqw1

Wkh ydoxh ri � lv dgmxvwhg dffruglqj wr wkh gli0
ihuhqfh ri wkh dfwxdo rxwsxw elw udwh dqg wkh ghvluhg elw
udwh1 Dvvxplqj �l lv wkh fxuuhqw ydoxh ri � dqg �l.4 lv
wkh qh{w ydoxh ri �/ � lv dgmxvwhg dffruglqj wr

�l.4 @ �l .
eghvluhg � exvhg

eghvluhg
� > +6,

zkhuh �3 @ 4 +ru vrph rwkhu suhghwhuplqhg ydoxh,/
eghvluhg lv wkh ghvluhg qxpehu ri elwv iru d jlyhq iudph/
exvhg lv wkh dfwxdo qxpehu ri elwv wkdw zhuh xvhg/ � lv
d idfwru wkdw frqwurov wkh frqyhujhqfh ri �1 D elj ydoxh
ri � pdnhv � frqyhujhv idvwhu/ krzhyhu/ rvfloodwlrq pd|
rffxu1 D vpdoo ydoxh ri � lqvxuhv vprrwk frqyhujhqfh
ri �/ exw lw pd| wdnh pruh lwhudwlrqv1

Zkloh lw lv lpsrvvleoh wr uhwdlq shufhswxdoo| orvv0
ohvv txdolw| dw orz elw udwhv/ wkh lpsruwdqfh ri hdfk vxe0
edqg pd| eh gl�huhqw1 Iru h{dpsoh/ orzhu iuhtxhqf|
edqgv duh xvxdoo| pruh lpsruwdqw wr wkh shufhswxdo
txdolw| ri wkh uhfrqvwuxfwhg dxglr gdwd wkdq wkh kljkhu
iuhtxhqf| edqgv1 Iru wklv uhdvrq/ d zhljkwlqj vfkhph lv

ghvljqhg1 Vshfl�fdoo|/ li E lv wkh wrwdo qxpehu ri vxe0
edqgv lq wkh ZS ghfrpsrvlwlrq dqg Tl lv wkh qxpehu
ri txdqwl}dwlrq elwv lq wkh lwk edqg/ dv ghwhuplqhg iurp
d sv|fkrdfrxvwlf prgho/

Tl @

�
Tl li i+�,E A l

3 rwkhuzlvh
>

zkhuh i+=, lv d ixqfwlrq ri �1 Lq rwkhu zrugv/ li wkhuh duh
qrw hqrxjk elwv iru doo wkh frh�flhqwv/ wkh frh�flhqwv
dw kljkhu iuhtxhqf| edqgv duh vlpso| glvfdughg1
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Iljxuh 6= Elw Udwh Frqwuro Vfkhph

Wkh elw udwh frqwuro vfkhph ghvfulehg lq wklv vhf0
wlrq lv dovr looxvwudwhg lq Iljxuh 61
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Wkh sursrvhg dxglr frghu zdv ghyhorshg dqg rswl0
pl}hg iru wkh Shqwlxp1 Lw zdv whvwhg rq d ydulhw|
ri 49 elw dxglr vrxufhv vdpsohg dw gl�huhqw iuhtxhq0
flhv1 Wkh elw udwhv +ne2v, iru qhdu shufhswxdoo| orvv0
ohvv wudqvplvvlrq ri wkh txdqwl}hg zdyhohw frh�flhqwv
dqg wkh fruuhvsrqglqj FSX xvdjh iru uhdo0wlph hq0
frglqj2ghfrglqj rq d Shqwlxp0:8 SF iru wkuhh dx0
glr vrxufhv +_Wkh Mdfn% e| DF2GF/ _Huxswlrq% e|
Ydq Kdohq/ Ehhwkryhq*v Prrqoljkw Vrqdwd shuiruphg
e| Ydq Folexuq, duh jlyhq lq wkh iroorzlqj wdeoh=

5@4T*�?} ��| +@|i ��| +@|i ��| +@|i ��N EI�

6hi^� E!O3� �� * #� V�O� �LL?*�}�| ,?U�%#iU�

7714 88 98 ;3 8<287
65 78 93 :3 76273
55 75 8; :3 6425<
49 68 83 93 56255
44 68 83 93 49248
; 58 63 68 45244

Wkhvh uhvxowv vkrz wkdw wklv frghu dfklhyhv qhdu
shufhswxdoo| orvvohvv txdolw| iru wkh whvwhg dxglr vrxufhv
dw ru ehorz ;3 ne2v/ zkloh uhdo0wlph hqfrglqj2ghfrglqj
lv dfklhyhg xvlqj rqo| d iudfwlrq ri d Shqwlxp0:8*v FSX
srzhu1 Wkh elw udwh fdq eh vfdohg grzq wr dq| ghvluhg
ohyho wr dffrprgdwh wkh edqgzlgwk uhtxluhphqw ri d
sudfwlfdo frppxqlfdwlrqv v|vwhp1 Dowkrxjk wkh dx0
glr lv orvv| dw orzhu elw udwh/ wkh txdolw| lv jhqhudoo|
frqvlghuhg dv jrrg dw derxw kdoi wkh elw udwh dw zklfk
shufhswxdoo| orvvohvv frpsuhvvlrq lv dfklhyhg1 Iru h{0
dpsoh/ 49 elw 7714 nK} vdpsohg dxglr jhqhudoo| vrxqgv
jrrg dw derxw 68 ne2v1 Frpsduhg zlwk rwkhu dxglr
frghuv zh kdyh hyhu vhhq/ rxu frghu shuirupv dw ohdvw
dv jrrg/ li qrw ehwwhu1

e �L?U*�t�L?t

D orz frpsoh{lw| kljk txdolw| ZS edvhg dxglr frghu
lv ghyhorshg lq wklv sdshu1 Frpsduhg zlwk pdq| rwkhu
frghuv wkdw rqo| dgguhvv 7714 nK} zlghedqg FG dxglr/
prvw ri wkh lqgxvwuldo vdpsolqj iuhtxhqflhv duh vxs0
sruwhg e| rxu frghu1 Shufhswxdoo| orvvohvv dxglr txdo0
lw| lv dfklhyhg dw derxw ;3 ne2v iru 49 elw 7714 nK} FG
dxglr/ dqg dw orzhu elw udwhv iru rwkhu orzhu vdpsolqj
iuhtxhqflhv1 Dq h�flhqw elw udwh frqwuro vfkhph lv gh0
vljqhg vxfk wkdw wkh elw udwh frxog eh vfdohg grzq wr
dq| ghvluhg ohyho1 Jrrg dxglr txdolw| lv pdlqwdlqhg
dw derxw kdoi wkh elw udwh zkhuh orvvohvv txdolw| lv
dfklhyhg1 Wkh sursrvhg dxglr frghu lv ri orz frpsoh{0
lw| dqg uhdo0wlph hqfrglqj2ghfrglqj lv dfklhyhg zlwk d
iudfwlrq ri d Shqwlxp*v FSX srzhu1 Lw vdwlv�hv uhdo0
wlph pxowlphgld dxglr dssolfdwlrq uhtxluhphqwv1
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ì**it*i)��@4Mh�_}i �hittc �bbS�

dHo �� k� ����c �? W?|hL_�U|�L? |L `@�i*i|tc �U@_i4�U
�hittc W?U�c �bb2�

dbo �� a@)@?|c a� aL�?t|L?c @?_ +� 5@uh@?i!c R5�}?@* UL4�
Thitt�L? M@ti_ L? 4L_i*t Lu ��4@? TihUiT|�L?�c �hLU�
Lu |�i W,,,c H�E�f�G��HD��e2�c �U|LMih �bb��

d�fo a� aL�?t|L?c RAh@?tuLh4 UL_�?} Lu @�_�L t�}?@*t �t�
�?} TihUiT|�@* ?L�ti Uh�|ih�@�c W,,, aL�h?@* L? 5i�
*iU|i_ �hi@t �? �L44�?�U@|�L?tc SE2�G��e��2�c 6iMh��
@h) �bHH�

d��o �� �*@U! @?_ �� ~i)|�?L}*�c R�L4T�|@|�L?@**) i��
U�i?| �@�i*i| T@U!i| UL_�?} Lu ��_i�M@?_ t|ihiL t�}�
?@*t�c �hLU� W��55�c T@}it �f.D��f.Hc �bbD�


