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4 Lqwurgxfwlrq
Uhfhqw glvfxvvlrqv rq wkh vrxufhv ri surgxfwlylw| dqg h!flhqf| gl�huhqwldov
kdyh sxvkhg iruzdug wkh ghedwh rq h!flhqf| dqg wrwdo idfwru surgxfwlylw|
+WIS, phdvxuhphqw rq wkh uhvhdufk djhqgd1 Lqghhg/ rqfh lw lv djuhhg wkdw
kljk ohyhov ri h!flhqf| dqg surgxfwlylw| duh ghvludeoh jrdov iru dq hfrq0
rp|/ wkhq lw lv lpsruwdqw wr gh�qh dqg phdvxuh wkhp lq zd|v wkdw uhvshfw
hfrqrplf wkhru| dqg/ dw wkh vdph wlph/ surylgh xvhixo lqirupdwlrq wr erwk
pdqdjhuv dqg srolf|0pdnhuv1 Dprqj wkh gl�huhqw phwkrgv/ wkh rqhv edvhg
rq wkh qrwlrq ri ehvw sudfwlfh iurqwlhu kdyh ehfrph yhu| srsxodu1 Wkh uhdvrqv
iru wkhlu vxffhvv fdq eh dvfulehg wr wzr idfwruv= �uvw/ wkh| kdyh ghhs urrwv
lq wkh hfrqrplf wkhru|1 Lqghhg/ lq wklv dssurdfk/ h!flhqf| lv phdvxuhg dv
wkh glvwdqfh iurp d ehvw sudfwlfh iurqwlhu +ru wkh erxqgdu| ri wkh surgxfwlrq
srvvlelolw| vhw,/ frpsxwhg lq dffrugdqfh zlwk wkh d{lrpv ri wkh surgxfwlrq
wkhru|> htxdoo|/ surgxfwlylw| fkdqjh lv phdvxuhg dv wkh yduldwlrq ryhu wlph
ri wkh �up*v glvwdqfh iurp wkh iurqwlhu dqg lv ghfrpsrvhg lqwr fkdqjhv lq
whfkqlfdo h!flhqf|/ whfkqlfdo fkdqjh dqg fkdqjh lq vfdoh/ zkhuh wkh �uvw lv
phdvxuhg e| krz idu wkh �up lv iurp wkh iurqwlhu/ wkh vhfrqg e| vkliwv lq wkh
iurqwlhu lwvhoi dqg wkh odvw e| wkh pryhphqwv ri wkh �up dorqj wkh surgxfwlrq
ixqfwlrq fxuydwxuh1 Vhfrqg/ wkh frqfhsw ri d glvwdqfh iurp d vwdqgdug doorzv
xv wr rshudwlrqdolvh wkh frqfhsw ri lqh!flhqf| dqg WIS/ surylglqj uhdg|0wr
xvh lqirupdwlrq iru ghflvlrq0pdnhuv1

Wkh lghd ri phdvxulqj d �up*v shuirupdqfh zlwk uhvshfw wr d ehvw sudf0
wlfh iurqwlhu jrhv edfn wr wkh 4<83v1 Nrrspdqv +4<84, gh�qhg whfkqlfdo
h!flhqf| dv wkh fdsdelolw| ri d �up wr pd{lpl}h rxwsxw iru jlyhq lqsxwv1
Krzhyhu wklv qrwlrq grhv qrw r�hu dq| jxlgdqfh frqfhuqlqj wkh ghjuhh ri lq0
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h!flhqf|1 Wklv lvvxh zdv dgguhvvhg e| Iduuhoo +4<8:,1 Kh h{whqghg wkh zrun
lqlwldwhg e| Nrrspdqv dqg vxjjhvwhg phdvxulqj lqh!flhqf| dv wkh revhuyhg
ghyldwlrq iurp d iurqwlhu lvrtxdqw1 Krzhyhu/ wkh surgxfwlrq srvvlelolw| vhw
wkdw hfrqrplf wkhru| dvvrfldwhv zlwk dq| surgxfwlyh dfwlylw| lv xqnqrzq1
Wkhuhiruh/ wkh vxevhtxhqw uhvhdufk kdv irfxvhg rq wkh ehvw zd| wr lghqwli|
wkh iurqwlhu ri wkh surgxfwlrq srvvlelolwlhv vhw1 Wzr phwkrgrorjlhv duh qrz
dydlodeoh= d, sdudphwulf phwkrgv/ edvhg rq wkh hfrqrphwulf hvwlpdwlrq ri
wkh iurqwlhu dqg e, qrq0sdudphwulf phwkrgv +fdoohg wklv zd| dv wkh| gr qrw
uhtxluh d ixqfwlrqdo irup iru wkh whfkqrorj|, edvhg rq olqhdu surjudpplqj
whfkqltxhv vxfk dv Gdwd Hqyhorsphqw Dqdo|vlv +GHD/ khqfhiruwk,1 Odwhu/
gxulqj wkh 4<;3v/ iurqwlhu whfkqltxhv kdyh ehhq xvhixoo| h{whqghg wr phdvxuh
surgxfwlylw| jurzwk1 Qrw vxusulvlqjo|/ lw lv srvvleoh wr glvwlqjxlvk ehwzhhq d
sdudphwulf dssurdfk wr wkh phdvxuhphqw ri surgxfwlylw| fkdqjh/ dqg d qrq0
sdudphwulf rqh/ olqnhg pdlqo| wr wkh ghyhorsphqw ri wkh Pdoptxlvw lqgh{
+Iduh hw do1/ 4<<5,1

Zkhuh lv wkh fxuuhqw uhvhdufk lq wklv �hog jrlqjB Wkuhh pdlq uhvhdufk
duhdv vhhp wr eh ri sduwlfxodu lqwhuhvw iru wkh dssolhg hfrqrplvw1 Wkh �uvw
ghdov zlwk wkh xvh ri vhplsdudphwulf hfrqrphwulfv wr hvwlpdwh vwrfkdvwlf iurq0
wlhuv1 Lqghhg/ sdudphwulf phwkrgv kdyh riwhq ehhq fulwlflvhg rq wkh jurxqg
wkdw wkh| uhtxluh erwk d ixqfwlrqdo irup iru wkh surgxfwlrq whfkqrorj| dqg
d glvwulexwlrqdo dvvxpswlrq iru wkh lqh!flhqf| frpsrqhqw1 Dq dwwhpsw wr
dffrpprgdwh wklv fulwlflvp kdv ehhq pdgh e| hpsor|lqj vhplsdudphwulf
hfrqrphwulfv wr uhod{ dw ohdvw rqh ri wkh wzr dvvxpswlrqv1 Wklv kdv surgxfhg
dq duud| ri vhpl0sdudphwulf hvwlpdwruv ri srwhqwldo lqwhuhvw wr wkh dssolhg
hfrqrplvw1 Wkh vhfrqg uhvhdufk duhd lv frqfhuqhg zlwk wkh vwdwlvwlfdo surshu0
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wlhv ri wkh GHD hvwlpdwruv1 Qrq0sdudphwulf phwkrgv w|slfdoo| gr qrw doorz
xv wr fduu| rxw dq| vwdwlvwlfdo lqihuhqfh rq wkh frpsxwhg h!flhqf| vfruhv
dqg wkhuhiruh uhfhqw uhvhdufk kdv ehhq ghyrwhg wr wkh lghqwl�fdwlrq ri wkh
vwdwlvwlfdo surshuwlhv ri wkh hvwlpdwruv/ wr wkh ghvljq ri srvvleoh k|srwkhvhv
whvwv dqg wr xvh wkh errwvwuds iru frqvwuxfwlqj frq�ghqfh lqwhuydov1 Ilqdoo|/
wkh odvw uhvhdufk duhd ghdov zlwk wkh wuhdwphqw ri xqghvludeoh +iurp d vrfldo
vwdqgsrlqw, rxwsxwv zkhq phdvxulqj surgxfwlylw|1 Iduuhoo edvhg phdvxuhv ri
surgxfwlylw| xvxdoo| frqvlghu dv dq lpsuryhphqw lq surgxfwlylw| wkh vlpxo0
wdqhrxv h{sdqvlrq lq rxwsxwv +zkhwkhu edg ru jrrg,/ iru jlyhq dprxqw ri
lqsxwv1 Lq wklv w|sh ri iudphzrun/ uhgxfwlrqv lq rqh rxwsxw +wkh edg rxwsxw,
zrxog eh wuhdwhg dv d ghfuhdvh ri surgxfwlylw|1 Wkhuhiruh/ qhz phdvxuhv ri
surgxfwlylw| kdyh ehhq ghulyhg vr wkdw d �up fdq eh fuhglwhg iru uhgxflqj
xqghvludeoh rxwsxw dqg shqdolvhg ylfh0yhuvd1

Wkh sxusrvh ri wklv sdshu lv wr surylgh dq lqwurgxfwlrq wr gl�huhqw phwk0
rgv iru wkh phdvxuhphqw ri whfkqlfdo h!flhqf| dqg WIS edvhg rq wkh qrwlrq
ri wkhehvw sudfwlfh iurqwlhu/ wr dvvhvv wkhlu vwuhqjkwv dqg vkruwfrplqjv zkhq
xvhg lq hpslulfdo zrun dqg wr suhvhqw vrph phwkrgrorjlfdo dgydqfhv lq wklv
�hog1 Krzhyhu/ lw lv qrw phdqw wr eh dq h{kdxvwlyh vxuyh| rq wkh wrslf1 ¦ 1
Sdshuv zkrvh whfkqltxhv duh ri srwhqwldo lqwhuhvw wr wkh dssolhg hfrqrplvw
duh lqfoxghg1

Diwhu lqwurgxflqj Iduuhoo*v phdvxuh ri whfkqlfdo h!flhqf| +Vhfwlrq 5,/ L
zloo suhvhqw wkh sdudphwulf phwkrgv wr wkh iurqwlhu hvwlpdwlrq +Vhfwlrq 6,=
diwhu eulh | suhvhqwlqj wkh furvv0vhfwlrqdo prghov +Vhfwlrq 614,/ L zloo irfxv
rq sdqho gdwd prghov +Vhfwlrq 615, dqg wkhq looxvwudwh krz vhplsdudphwulf
hfrqrphwulfv fdq eh xvhixoo| dssolhg wr iurqwlhu prghov +Vhfwlrq 616,1 Di0
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whuzdugv/ wkh GHD prghov duh suhvhqwhg +Vhfwlrq 7,/ dorqj zlwk wkh uhfhqw
uhvxowv rq lqihuhqfh +Vhfwlrq 714, dqg errwvwudsslqj +Vhfwlrq 715,1 Wkh iurq0
wlhu dssurdfk wr wkh phdvxuhphqw ri surgxfwlylw| lv wkhq suhvhqwhg +Vhfwlrq
8,/ iroorzhg e| dq looxvwudwlrq ri wkh sdudphwulf dssurdfk +Vhfwlrq 814, �uvw
dqg wkhq ri wkh qrq0sdudphwulf rqh +Pdoptxlvw lqgh{, +Vhfwlrq 815,1 Qh{w
L vkrz krz wkh Pdoptxlvw lqgh{ fdq eh h{whqghg wr wdnh lqwr dffrxqw wkh
surgxfwlrq ri xqghvludeoh rxwsxwv e| xvlqj wkh gluhfwlrqdo glvwdqfh ixqfwlrqv
+Vhfwlrq 9,1 Ilqdoo| Vhfwlrq : r�huv vrph frqfoxglqj uhpdunv1

5 Iduuhoo*v phdvxuh ri whfkqlfdo h!flhqf|
Iduuhoo +4<8:, sursrvhg wr phdvxuh whfkqlfdo lqh!flhqf| dv rqh plqxv wkh
htxlsursruwlrqdwh uhgxfwlrq lq doo lqsxwv iru jlyhq rxwsxwv1 D vfruh ri xqlw|
lqglfdwhv whfkqlfdo h!flhqf| ehfdxvh qr htxlsursruwlrqdwh lqsxw uhgxfwlrq lv
ihdvleoh/ dqg d vfruh ohvv wkdq xqlw| phdvxuhv wkh vhyhulw| ri whfkqlfdo lqh!0
flhqf|1 Wklv phdvxuh lv dq lqsxw0rulhqwhg rqh> lw lv/ krzhyhu/ vwudljkwiruzdug
wr frqyhuw lw wr dq rxwsxw0rulhqwhg phdvxuh1 Wklv lv gh�qhg dv rqh plqxv
wkh htxlsursruwlrqdwh h{sdqvlrq lq rxwsxw iru jlyhq lqsxwv/ zlwk d vfruh ri
rqh lqglfdwlqj whfkqlfdo h!flhqf| dqg ylfh0yhuvd1

Ohw ph gh�qh wkhvh phdvxuhv irupdoo|/ vwduwlqj iurp wkh lqsxw0rulhqwhg
rqh1 Ohw surgxfhuv xvh lqsxwv % ' E% § c ���c % ¨ � 5 - © ª wr surgxfh rxwsxwv
+ ' E+ « c ���c + ¬ � 5 - ¬ ­ 1 Surgxfwlrq whfkqrorj| fdq eh uhsuhvhqwhg e| dq
lqsxw vhw=

uE+� ' i% G E+c %� lv ihdvleohj +4,
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zklfk iru hyhu| + 5 - ® ¯ kdv dq lvrtxdqw=

UrJ^uE+� ' i% G % 5 uE+�c b% 95 uE+�c;b 5 dfc ��j +5,

dqg dq h!flhqw vxevhw=

.ssuE+� ' i% G % 5 uE+�c % ° 95 uE+�c ;% ° � %j +6,

Vkhskdug +4<86, lqwurgxfhg wkh lqsxw glvwdqfh ixqfwlrq wr surylgh d ixqf0
wlrqdo uhsuhvhqwdwlrq ri d pxowlsoh rxwsxw whfkqrorj|1 Wkh lqsxw glvwdqfh
ixqfwlrq fdq eh gh�qhg dv +zlwk U lqglfdwlqj wkdw lw lv dq lqsxw0rulhqwhg
phdvxuh,=

( ± E+c %� ' i6@%b G E%*b� 5 uE+�j +7,

zkhuh ( ² E+c %� � � dqg lw iroorzv iurp +5, wkdw=

UrJ^uE+� ' i% G ( ³ E+c %� ' �j +8,

Wkh Iduuhoo lqsxw0rulhqwhg phdvxuh ri whfkqlfdo h!flhqf| +(8 ´ , fdq qrz
eh jlyhq d irupdo lqwhusuhwdwlrq dv=

(8 ´ E+c %� ' 6�?ib G b% 5 uE+�j � � +9,

Lw iroorzv iurp +9, wkdw=

(8 µ E%c +� ' �
( ¶ E+c %� +:,

dqg=
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UrJ^uE+� ' i% G (8 · E+c %� ' �j +;,

wkdw lv/ wkh Iduuhoo lqgh{ lv wkh lqyhuvh ri wkh Vkhsdug glvwdqfh ixqf0
wlrq/ zklfk phdvxuhv wkh pd{lpxp dprxqw e| zklfk dq lqsxw yhfwru fdq eh
vkuxqn dorqj d ud| zkloh kroglqj wkh rxwsxw ohyho frqvwdqw1 Wkh ydoxh ri wkh
glvwdqfh ixqfwlrq htxdov xqlw| li dqg rqo| li revhuyhg lqsxwv htxdo plqlpxp
srwhqwldo lqsxwv1

Frqvlghu/ qrz/ wkh rxwsxw0rulhqwhg phdvxuh ri whfkqlfdo h!flhqf|1 Sur0
gxfwlrq whfkqrorj| fdq eh uhsuhvhqwhg e| dq rxwsxw vhw � E%� gh�qhg dv=

� E%� ' i+ G E%c +� lv ihdvleohj +<,

Iru hyhu| % 5 - ¸ ¹ / wkh rxwsxw vhw kdv dq lvrtxdqw gh�qhg dv=

UrJ^� E%� ' i+ G + 5 � E%�c w+ 95 � E%�c ;w 5 E�cn4�j +43,

dqg dq h!flhqw vxevhw=

.ss� E%� ' i+ G + 5 � E%�c + º 95 � E%�c;+ º � +j +44,

Dq dowhuqdwlyh uhsuhvhqwdwlrq ri wkh whfkqrorj| lv wkh Vkhsdug*v rxwsxw
glvwdqfh ixqfwlrq +zkhuh J lqglfdwhv wkdw wkh phdvxuh lv rxwsxw0rulhqwhg,=

( » E%c +� ' 6�?iw G E+*w� 5 � E%�j +45,

zkhuh ( » E%c +� � �1 Wkh rxwsxw0rulhqwhg phdvxuh ri whfkqlfdo h!flhqf|
lv gh�qhg dv=
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(8 ¼ E%c +� ' 6@%iw G w+ 5 � E%�j � � +46,

dqg lw iroorzv iurp +46, wkdw=

(8 ¼ E%c +� ' �
( ¼ E%c +� +47,

dqg frqvhtxhqwo|=

UrJ^� E%� ' i+ G (8 ¼ E%c +� ' �j +48,

Wklv frpsohwhv wkh irupdo ghulydwlrq ri wkh Iduuhoo phdvxuhv1 Wkh orjlf
ehklqg wkhp vkrxog eh fohdu= wkh| phdvxuh dv lqh!flhqf| wkh h{whqw wr
zklfk d �up*v dfwxdo lqsxwv xvdjh +ru rxwsxw surgxfwlrq, fdq eh udgldoo|
frqwudfwhg +h{sdqghg, wrzdugv wkh erxqgdu| ri wkh surgxfwlrq srvvlelolw| vhw
+ru iurqwlhu, dqg vwloo doorzlqj wkh �up wr surgxfh wkh vdph dprxqw ri rxwsxw
+ru xvlqj wkh vdph dprxqw ri lqsxwv,1 Wr lpsohphqw wkhvh phdvxuhv/ lw lv
qhfhvvdu| wr lghqwli| wkh iurqwlhu d �up idfhv dqg wkhq phdvxuh krz idu wkh
odwwhu lv iurp lw1 Dv phqwlrqhg lq wkh Lqwurgxfwlrq/ wzr pdlq phwkrgrorjlhv
duh dydlodeoh lq wkh olwhudwxuh= wkh sdudphwulf rqh/ edvhg rq wkh hfrqrphwulf
hvwlpdwlrq ri wkh iurqwlhu/ zlwk wkh uhvlgxdo ehlqj lghqwl�hg dv wkh phdvxuh
ri lqh!flhqf| dqg wkh qrq0sdudphwulf rqh/ edvhg rq olqhdu surjudpplqj
whfkqltxhv1 Zh qrz wxuq wr wkh dqdo|vlv ri wkhvh wzr phwkrgrorjlhv vwduwlqj
zlwk wkh sdudphwulf dssurdfk1

;



6 Wkh hfrqrphwulf dssurdfk wr h!flhqf|phd0
vxuhphqw

614 Wkh furvv0vhfwlrqdo prgho
Frqvlghu d furvv0vhfwlrq ri ? surgxfhuv xvlqj d yhfwru ri lqsxwv  wr sur0
gxfh +1 Lq wklv fdvh/ xvlqj d Free0Grxjodv ixqfwlrqdo irup/ wkh surgxfwlrq
whfkqrorj| fdq eh uhsuhvhqwhg e|=

,?+ ½ ' kn q,? ¾ n � ¿ n � À � ' �c ���c ? +49,

zkhuh q lv d yhfwru ri whfkqrorj| sdudphwhuv wr eh hvwlpdwhg> iru wkh
hvwlpdwlrq/ dq huuru whup lv dwwdfkhg wr +49,1 Wkh huuru whup lv xvxdoo|
dvvxphg wr kdyh wzr gl�huhqw frpsrqhqwv= d vwrfkdvwlf rqh/ � À / slfnlqj xs doo
wkh udqgrp idfwruv zklfk fdq d�hfw +srvlwlyho| dqg qhjdwlyho|, surgxfwlrq/
kdylqj wkh xvxdo Jdxvvldq surshuwlhv> dqg d v|vwhpdwlf frpsrqhqw/ � Á � f/
phdvxulqj +lq,h!flhqf| dqg vr doo wkh idfwruv zklfk v|vwhpdwlfdoo| d�hfw
surgxfwlrq dgyhuvho|/ l1h1 zklfk gr qrw doorz wkh �up wr surgxfh dv pxfk
rxwsxw dv lwv lqsxwv xvdjh zrxog doorz1 Iru hvwlpdwlrq sxusrvhv/ lw lv dvvxphg
wkdw lw lv glvwulexwhg lqghshqghqwo| ri � Á dqg wkdw lw lv wuxqfdwhg1 Sdudphwulf
phwkrgv xvh hfrqrphwulfv wr hvwlpdwh wkh ehvw sudfwlfh iurqwlhu +l1h1 wkh
surgxfwlrq whfkqrorj| ri wkh ehvw shuiruphu lq wkh lqgxvwu| xqghu dqdo|vlv,
dqg dw wkh vdph wlph/ diwhu ghulylqj d phdvxuh ri wkh hvwlpdwhg uhvlgxdo/
wkh| phdvxuh whfkqlfdo h!flhqf| dv=

A. Â ' e%RE�� Ã �m� Ä +4:,
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Gl�huhqw hvwlpdwruv iru +49, kdyh ehhq vxjjhvwhg> klvwrulfdoo|/ wkh �uvw
rqhv jr xqghu wkh odeho ri ghwhuplqlvwlf phwkrgv dqg duh olqnhg wr Diuldw
+4<:5, dqg Ulfkprqg +4<:7,1 Wkh| dvvxph wkdw wkh hvwlpdwhg uhvlgxdo
+� Å n � Å , phdvxuhv wkh whfkqlfdo lqh!flhqf| ri wkh ghflvlrq pdnlqj xqlw/
vzhhslqj dzd| dq| rwkhu vrxufh ri vwrfkdvwlf yduldwlrq lq wkh ghshqghqw
yduldeoh1 Wkh| hvwlpdwh +49, e| ROV/ zklfk doorzv xv wr hvwlpdwh wkh cdyhu0
djh* sudfwlfh zlwklq wkh lqgxvwu|> wkh ehvw sudfwlfh iurqwlhu lv wkhq ghulyhg
e| vkliwlqj xs wkh frqvwdqw ri wkh hvwlpdwhg dyhudjh surgxfwlrq ixqfwlrq e|
hlwkhu wkh pd{lpxp srvlwlyh uhvlgxdo +FROV, ru wkh uhvlgxdov* phdq +PROV/
GROV,1 Reylrxvo|/ wkh pdlq sureohp zlwk ghwhuplqlvwlf phwkrgv lv wkdw wkh|
gr qrw doorz xv wr glvhqwdqjoh wkh vwrfkdvwlf vkrfn iurp wkh lqh!flhqf| lq wkh
uhvlgxdo> wkhuhiruh/ wkh| kdyh ehhq dedqgrqhg lq idyrxu ri vwrfkdvwlf phwk0
rgv/ gxh wr Dljqhu hw do1 +4<::,/ Phhxvhq dqg ydq ghq Eurhfn +4<::, dqg
Edwwhvh dqg Fruud +4<::,1 +49, lv qrz hvwlpdwhg e| Pd{lpxp Olnholkrrg
+PO, dqg wkh hvwlpdwhg uhvlgxdo lv wkhq ghfrpsrvhg lqwr lqh!flhqf| dqg
vwrfkdvwlf qrlvh/ e| xvlqj wkh irupxod sursrvhg e| Mrqgurz/ Oryhoo/ Pdwhury
dqg Vfkplgw +MOPV, +4<;5,1 Krzhyhu/ erwk wkh PO hvwlpdwlrq dqg wkh
MOPV ghfrpsrvlwlrq uhtxluh glvwulexwlrqdo dvvxpswlrqv rq wkh wzr frpsr0
qhqwv ri wkh huuru1 Wkhuhiruh/ gl�huhqw irupxodwlrqv ri wkh orj0olnholkrrg wr
pd{lplvh dqg ri wkh MOPV ghfrpsrvlwlrq kdyh ehhq ghulyhg xqghu gl�hu0
hqw glvwulexwlrqv ri wkh lqh!flhqf|1 Æ Reylrxvo|/ wkh nh| txhvwlrq lv wr zkdw
h{whqw wkh h!flhqf| vfruhv dqg wkhlu udqnlqj duh vhqvlwlyh wr wkh gl�huhqw glv0
wulexwlrqdo dvvxpswlrqv1 Wkh dqvzhu wr wklv txhvwlrq lv qrw zhoo grfxphqwhg
lq wkh olwhudwxuh1 Krzhyhu/ hpslulfdo vwxglhv zkhuh gl�huhqw glvwulexwlrqdo
dvvxpswlrqv kdyh ehhq xvhg iru frpsdulvrq vkrz wkdw erwk wkh udqnlqjv dqg
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wkh h!flhqf| vfruhv duh yhu| vlplodu dfurvv gl�huhqw glvwulexwlrqv +Juhhqh/
4<<6,1

615 Sdqho Gdwd Prghov
Lq wkh furvv0vhfwlrqdo prgho/ whfkqlfdo h!flhqf| lqglfhv fdqqrw eh vhsdudwhg
iurp �up0vshfl�f h�hfwv zklfk/ dowkrxjk qrw uhodwhg wr h!flhqf|/ fdq vwloo
hqwhu lq wkh lqh!flhqf| frpsrqhqw ri wkh uhvlgxdo1 Zkloh wklv sureohp kdv
ehhq uhfrjql}hg orqj djr/ lw kdv ehhq vroyhg rqo| vlqfh sdqho gdwd kdyh ehhq
dydlodeoh1 Wzr phwkrgrorjlhv kdyh ehhq ghyhorshg wr phdvxuh whfkqlfdo hi0
�flhqf| xvlqj sdqho gdwd0vhwv= wkh iruphu lv edvhg rq wkh wudglwlrqdo sdqho
gdwd hvwlpdwruv +�{hg dqg udqgrp h�hfwv, zkloh wkh odwwhu hpsor|v PO hv0
wlpdwruv1 Wkh wudglwlrqdo sdqho gdwd hvwlpdwru zdv lqlwldoo| sursrvhg e|
Vfkplgw dqg Vlfnohv +4<;7,1 Wkh| vshfl�hg wkh iroorzlqj surgxfwlrq iurqwlhu
prgho=

,?+ Ç È ' k É n q,?% Ê Ë n � Ê n � Ê Ë | ' �c ���c A � ' �c ���c � +4;,

Rxwsxwv dqg lqsxwv fdq qrz ydu| dfurvv wlph dqg surgxfhuv1 Vwdwlvwlfdo
qrlvh +� Ì Í , ydulhv ryhu surgxfhuv dqg wlph/ exw whfkqlfdo lqh!flhqf| +� Ì , ydulhv
rqo| ryhu surgxfhuv1 Wkh �up0vshfl�f lqh!flhqf| whup fdq eh phujhg zlwk
wkh frqvwdqw wr rewdlq d frqyhqwlrqdo sdqho gdwd prgho=

,?+ Ì Í ' k Ì n q,?% Ì Í n � Ì Í +4<,

+4<, fdq eh hvwlpdwhg hlwkhu e| wkh �{hg h�hfwv +IH, +e| xvlqj gxpp|
yduldeohv wr dffrxqw iru lqglylgxdo h�hfwv ru/ dowhuqdwlyho|/ e| dsso|lqj ROV
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rq wkh ghyldwlrqv ri wkh wlph phdqv, ru e| wkh udqgrp h�hfwv +UH, hvwl0
pdwru +d JOV hvwlpdwru,/ zkhuh wkh lqh!flhqf| frpsrqhqw lv doorzhg wr eh
udqgrp1 H!flhqf| vfruhv duh wkhq frpsxwhg e| frpsdulqj wkh hvwlpdwhg k Î
ri hdfk surgxfhu wr lwv pd{lpxp hvwlpdwhg ydoxh1 Wkh pdlq dgydqwdjhv ri
wkh IH hvwlpdwru duh wkdw d, lw lv glvwulexwlrq iuhh/ l1h1 qr dvvxpswlrq rq
wkh wzr huuru frpsrqhqwv lv uhtxluhg/ dqg e, wkh �{hg h�hfwv dqg wkh uhjuhv0
vruv fdq eh fruuhodwhg1 Krzhyhu/ wkh IH hvwlpdwru vx�huv iurp vrph pdmru
vkruwfrplqjv/ zklfk olplw lwv xvh lq wkh hpslulfdo dqdo|vlv1 Iluvw/ h!flhqf|
lv phdvxuhg e| xvlqj wkh �{hg h�hfwv wkdw e| gh�qlwlrq fdq slfn xs doo �upv*
vrxufhv ri khwhurjhqhlw|/ qrw qhfhvvdulo| uhodwhg wr lqh!flhqf|> vr lq d vhqvh/
wkh pdlq ehqh�w ri xvlqj d sdqho gdwd lv orvw e| xvlqj wkh IH hvwlpdwru1
Vhfrqg/ lw lv qrw srvvleoh wr lqihu vwdwlvwlfdoo| wr zkdw h{whqw wkh hvwlpdwhg
h�hfwv duh vljql�fdqwo| gl�huhqw iurp hdfk rwkhu1 Wklug/ wlph0lqyduldqw ydul0
deohv fdqqrw eh lqwurgxfhg dprqj wkh uhjuhvvruv1 Ilqdoo|/ iru odujh sdqhov/
lw lv sudfwlfdoo| lqwudfwdeoh/ dv wkh qxpehu ri sdudphwhuv wr hvwlpdwh whqgv
wr eh kljk1 UH hvwlpdwru vkduhv zlwk wkh IH hvwlpdwru wkh dgydqwdjh ri
qrw uhtxlulqj d vshfl�f glvwulexwlrq rq wkh h!flhqf| frpsrqhqw1 Krzhyhu/ lw
uhtxluhv wkh h�hfwv wr eh xqfruuhodwhg zlwk wkh yduldeohv lq wkh prgho1 Wklv
fdq eh d sduwlfxoduo| xquhdvrqdeoh dvvxpswlrq zkhq prghoolqj surgxfwlrq
uhodwlrqvklsv zkhuh lqh!flhqf| pd| eh uhodwhg wr wkh xvdjh ri lqsxwv dqg
txdolw|1

PO iurqwlhu hvwlpdwlrq phwkrgv zhuh lqwurgxfhg e| Slww dqg Ohh +4<;4,
dqg Edwwhvh dqg Frhool +4<;;,/ dprqj rwkhuv1 Wkhlu vwduwlqj srlqw lv wkh sur0
gxfwlrq prgho vshfl�hg lq +4<,> qrz/ krzhyhu/ wkh h�hfwv +k Ï , duh dvvxphg
wr iroorz d rqh0vlghg glvwulexwlrq +hlwkhu kdoi0qrupdo ru wuxqfdwhg, dqg wr
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eh lqghshqghqw ri wkh uhpdlqlqj yduldeohv1 Wkh surgxfwlrq iurqwlhu lv hvwl0
pdwhg e| xvlqj Pd{lpxp Olnholkrrg dqg wkh uhvxowlqj huuru lv ghfrpsrvhg
lqwr wkh vwrfkdvwlf vkrfn dqg wkh lqh!flhqf| frpsrqhqw/ wkh odwwhu ehlqj
dovr xvhg wr frpsxwh wkh h!flhqf| vfruhv1 Wkh pdlq dgydqwdjh lv wkdw PO
hvwlpdwlrq doorzv wr jdlq +vwdwlvwlfdo, h!flhqf| lq wkh hvwlpdwlrq +dv orqj dv
wkh dvvxpswlrq ri lqghshqghqfh lv qrw d sureohp, dqg wr kdyh d wljkwhu sd0
udphwhulvdwlrq doorzlqj gluhfw lqglylgxdo vshfl�f hvwlpdwhv ri wkh lqh!flhqf|
whup lq wkh prgho1

Doo wkh prghov suhvhqwhg vr idu/ krzhyhu/ vkduh d frpprq vkruwfrplqj=
wkh| dvvxph wkdw lqh!flhqf| lv wlph0lqyduldqw dqg fohduo| wklv lv d sureohp
li wkh wlph vhulhv lv orqj1 Vhyhudo dssurdfkhv kdyh ehhq vxjjhvwhg wr vroyh
wklv sureohp1 Fruqzhoo/ Vfkplgw dqg Vlfnohv +FVV, +4<<3, sursrvhg d wlph0
ydu|lqj whfkqlfdo lqh!flhqf| sdqho gdwd prgho zkhuh �up0vshfl�f whpsrudo
fkdqjhv lq whfkqlfdo lqh!flhqf| duh doorzhg1 Pruh vshfl�fdoo|/ wkh| uhsodfh
k Ð e| k Ð Ñ lq +4<, zkhuh=

k Ð Ñ ' w Ð Ò n w Ð Ó |n w Ð Ô | Ó +53,

zkhuh wkh w*v duh wkh sdudphwhuv wr eh hvwlpdwhg1 Wklv zd|/ h!flhqf| fdq
ydu| ryhu wlph dqg lq d gl�huhqw pdqqhu iru hdfk surgxfhu1 Ohh dqg Vfkplgw
+4<<6, sursrvhg d gl�huhqw jhqhudolvdwlrq zkhuh whfkqlfdo lqh!flhqf| h�hfwv
duh gh�qhg e| wkh surgxfw ri lqglylgxdo �upv* h�hfw dqg wlph h�hfwv=

k Ð Ñ ' w Ñ k Ð +54,

zkhuh w Ñ ' P Õ B Ö zlwk B Ö ehlqj d gxpp| yduldeoh iru hdfk shulrg |1 Lq
wklv prgho/ wkh vwrfkdvwlf frpsrqhqw lv wlph0lqyduldqw zkloh wkh wlph0ydu|lqj
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frpsrqhqw lv dq dg krf vwuxfwxuh dvvxphg wr eh frpprq dfurvv �upv1 Lw
vhhpv dssursuldwh rqo| iru vkruw sdqhov dv wkh qxpehu ri sdudphwhuv wr eh
hvwlpdwhg fdq lqfuhdvh hdvlo| rwkhuzlvh1 Wklv prgho lv xvxdoo| hvwlpdwhg e|
xvlqj lqvwuxphqwdo yduldeoh hvwlpdwruv1 Wzr remhfwlrqv fdq eh pdgh wr wkh
FVV dqg Ohh dqg Vfkplgw prghov1 Wkh �uvw lv ri d pruh jhqhudo qdwxuh=
erwk prghov dssur{lpdwh wkh hyroxwlrq ri h!flhqf| ryhu wlph e| xvlqj d vhw
ri wlph gxpplhv ru d wlph wuhqg1 Reylrxvo|/ wkh| gr qrw doorz xv wr frqwuro
iru wkh srvvlelolw| ri whfkqlfdo fkdqjh +xvxdoo| grqh e| lqwurgxflqj d wlph
wuhqg,/ ru pryhphqwv ri wkh iurqwlhu ryhu wlph1 Vr/ e| xvlqj wkhvh prghov/
lw lv lpsolflwo| dvvxphg wkdw qr whfkqlfdo fkdqjh kdv rffxuuhg ryhu wlph/
zklfk fdq eh xquhdvrqdeoh li wkh sdqho lv txlwh orqj1 Wkh vhfrqg remhfwlrq
lv ri pruh sudfwlfdo qdwxuh= erwk vshfl�fdwlrqv uhtxluh d orw ri sdudphwhuv
wr eh hvwlpdwhg dqg li wkh sdqho lv sduwlfxoduo| orqj/ wkh| fdq eh eh|rqg
wkh fdsdelolwlhv ri dq dyhudjh SF1 Wkhuhiruh/ wkhlu dssolfdelolw| vhhpv wr eh
olplwhg wr yhu| vkruw sdqhov dqg qrw vxusulvlqjo| wkh| duh qrw xvhg yhu| riwhq
lq wkh hpslulfdo olwhudwxuh1

D sdudooho ghyhorsphqw kdv rffxuuhg lq wkh �hog ri PO hvwlpdwlrq ri
vwrfkdvwlf iurqwlhuv1 Edwwhvh dqg Frhool +4<<5, sursrvhg d vwrfkdvwlf sur0
gxfwlrq prgho iru +xq,edodqfhg sdqho gdwd zkhuh wkh whpsrudo yduldwlrq ri
whfkqlfdo lqh!flhqf| lv prghoohg wkurxjk dq huuru frpsrqhqw prgho1 Pruh
vshfl�fdoo|/ whfkqlfdo h!flhqf| lv frpsxwhg dv � × Ø ' e%RE�#E| � A �� zkhuh
# lv d sdudphwhu wr eh hvwlpdwhg> � Ù Ú duh wkh qrq0qhjdwlyh udqgrp yduldeohv
zklfk duh dvvxphg wr dffrxqw iru whfkqlfdo lqh!flhqf| lq surgxfwlrq dqg
duh dvvxphg wr eh l1l1g1 dv wuxqfdwlrqv dw }hur ri wkh �E>c j ÛÜ �1 Edwwhvh dqg
Frhool +4<<8, sursrvhg d sdqho gdwd iurqwlhu prgho zkhuh wkh qrq0qhjdwlyh
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whfkqlfdo lqh!flhqf| whup lv dvvxphg wr iroorz d wuxqfdwhg glvwulexwlrq zlwk
gl�huhqw phdqv iru hdfk GPX1 Vr wkh glvwulexwlrq ri wkh whfkqlfdo h!flhqf|
fdq qrz eh prghoohg dv d ixqfwlrq ri revhuyhg yduldeohv1 Lq wklv vhwwlqj/ wkh
lqh!flhqf| h�hfwv fdq eh gh�qhg dv=

� Ý Þ ' 5 ß à B n � á â +55,

zkhuh 5 á â lv d yhfwru ri revhuydeoh h{sodqdwru| yduldeohv/ B lv d yhfwru ri
xqnqrzq sdudphwhuv dqg � á â lv d udqgrp yduldeoh gh�qhg e| wkh wuxqfdwlrq
ri d Qrupdo glvwulexwlrq zlwk �5 á â B dv wkh wuxqfdwlrq srlqw1 E| doorzlqj wkh
lqh!flhqf| wr kdyh gl�huhqw phdqv dqg wr prgho wkh lpsdfw ri h{rjhqrxv
yduldeohv rq wkh lqh!flhqf|/ wklv whfkqltxh lv txlwh xvhixo wr h{sodlq wkh
ghwhuplqdqwv ri lqh!flhqf| dqg lw lv d ydolg dowhuqdwlyh wr wkh rog wzr0vwdjh
surfhgxuh +zkhuh h!flhqf| vfruhv zhuh �uvw frpsxwhg e| wkh sdudphwulf
dssurdfk dqg wkhq uhjuhvvhg rq h{rjhqrxv idfwruv,1

Ilqdoo|/ mxvw d ihz zrugv rq krz wr fkrrvh dprqj wkh gl�huhqw prghov
vxjjhvwhg e| wkh olwhudwxuh1 Iurp wkh deryh glvfxvvlrq/ lw lv fohdu wkdw wkh|
lpsrvh gl�huhqw uhvwulfwlrqv rq wkh gdwd dqg kdyh gl�huhqw surshuwlhv1 Lq
d vkruw sdqho/ zkhuh lw lv qrw srvvleoh wr dvvxph lqghshqghqfh ehwzhhq wkh
h�hfwv dqg wkh uhjuhvvruv/ UH dqg PO hvwlpdwruv fdqqrw eh xvhg dqg rqo|
wkh IH fdq1 Krzhyhu/ lq wklv fdvh/ d orw ri h�ruw pxvw eh sxw wr pdnh vxuh
wkdw lqh!flhqf| lv wkh rqo| vrxufh ri khwhurjhqhlw| dv slfnhg xs e| wkh �{hg
h�hfwv1 Li wkh uhjuhvvruv dqg wkh h�hfwv fdq eh pdlqwdlqhg wr eh lqghshqghqw/
wkhq PO lv pruh h!flhqw wkdq wkh wudglwlrqdo sdqho hvwlpdwruv ehfdxvh lw
h{sorlwv glvwulexwlrqdo lqirupdwlrq wkh rwkhu hvwlpdwruv gr qrw1 ã Lq d orqj
sdqho/ lw lv dgylvdeoh wr ghulyh wlph0yduldqw phdvxuhv ri whfkqlfdo h!flhqf|1
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Lq wklv fdvh/ wkh glvwulexwlrq iuhh dssurdfkhv +edvhg rq wkh wudglwlrqdo sdqho
hvwlpdwruv, duh qrw hdv| hvwlpdwruv wr lpsohphqw dv wkh| lpsrvh dq dg krf
vwuxfwxuh ri wlph yduldwlrq +zklfk suhyhqwv iurp frqwuroolqj iru whfkqlfdo
fkdqjh, dqg dw wkh vdph wlph wkh| duh frpsxwdwlrqdoo| fxpehuvrph1 Vr/
li wkh glvwulexwlrqdo dvvxpswlrq rq wkh lqh!flhqf| lv qrw d sureohp/ POH
dsshduv wr eh wkh ehvw prgho wr xvh iru lwv frpsxwdwlrqdo vlpsolflw|1 Lq
dgglwlrq/ lw dovr doorzv xv wr prgho wkh lpsdfw wkdw h{whuqdo idfwruv kdyh rq
wkh glvwulexwlrq ri wkh lqh!flhqflhv1

616 Vhplsdudphwulf phwkrgv
Dv phqwlrqhg/ sdudphwulf phwkrgv edvhg rq PO hvwlpdwlrq uhtxluh erwk d
glvwulexwlrqdo dvvxpswlrq rq wkh huuru frpsrqhqwv dqg d ixqfwlrqdo irup iru
wkh surgxfwlrq whfkqrorj|1 Erwk uhtxluhphqwv fdq eh d vrxufh ri plvvshfl�0
fdwlrq dqg dwwhpswv kdyh ehhq pdgh wr uhod{ dq| ri wkh wzr dvvxpswlrqv/ e|
xvlqj vhpl0sdudphwulf hfrqrphwulfv1 Krzhyhu/ dw wkh prphqw/ lq vslwh ri wkh
idfw wkdw wkhuh h{lvwv d vljql�fdqw qxpehu ri vhplsdudphwulf hvwlpdwruv/ wkhvh
fdqqrw eh frqvlghuhg wr eh d xql�hg frusxv ri dowhuqdwlyh hvwlpdwruv wr wkh
sdudphwulf rqhv> rq wkh frqwudu|/ wkh| wdfnoh vshfl�f sureohpv dulvlqj iurp
wkh lpsohphqwdwlrq ri sdudphwulf hvwlpdwruv1 Dq|zd|/ zlwklq wkhlu olplwhg
vfrsh/ wkh| surgxfh uhvxowv ri srwhqwldo lqwhuhvw iru wkh dssolhg hfrqrplvw1

Wkh ydulrxv vhpl0sdudphwulf hvwlpdwruv sursrvhg lq wkh olwhudwxuh duh qrz
frqvlghuhg1 D �uvw vhw ri hvwlpdwruv kdv ehhq ghyhorshg wr hvwlpdwh d sdqho
gdwd iurqwlhu prgho olnh lq +4<,/ zkhuh qr glvwulexwlrq rq wkh h�hfwv lv dv0
vxphg dqg gl�huhqw w|shv ri fruuhodwlrq ehwzhhq wkh h�hfwv dqg wkh uhjuhvvruv
duh doorzhg1 Zh nqrz iurp wkh suhylrxv vhfwlrq/ wkdw wudglwlrqdo sdqho gdwd
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hvwlpdwruv gr qrw uhtxluh d glvwulexwlrqdo dvvxpswlrq rq wkh h�hfwv> krz0
hyhu/ wkh| gl�hu lq wkdw wkh IH hvwlpdwru doorzv iru fruuhodwlrq ehwzhhq wkh
h�hfwv dqg doo wkh uhjuhvvruv/ zkloh wkh UH hvwlpdwru uhtxluhv lqghshqghqfh
ehwzhhq wkh wzr vhwv ri yduldeohv1 Vxssrvh qrz wkhuh lv fruuhodwlrq ehwzhhq
d vxe0vhw ri uhjuhvvruv dqg wkh h�hfwv lq wkh prgho wr hvwlpdwh1 Lq wklv fdvh/
wkh wudglwlrqdo sdqho hvwlpdwruv fdqqrw eh xvhg1 D �uvw dowhuqdwlyh zdv sur0
srvhg e| Kdxvpdqq dqg Wd|oru +4<;4, zkr sursrvhg d k|eulg ehwzhhq wkh
zlwklq hvwlpdwru dqg wkh JOV hvwlpdwru1 Krzhyhu/ li wkh glvwulexwlrq ri wkh
h�hfwv lv qrw nqrzq/ wklv hvwlpdwru lv qrw yhu| h!flhqw1 Vr vhpl0sdudphwulf
hvwlpdwruv vhhp wr eh d pruh h!flhqw +vwdwlvwlfdoo| vshdnlqj, dowhuqdwlyh wr
wkh sdudphwulf hvwlpdwruv1

Sdun/ Vlfnohv dqg Vlpdu +4<<;, frqvlghu wkh vhplsdudphwulf hvwlpdwlrq ri
d vwrfkdvwlf iurqwlhu prgho zlwk sdqho gdwd zlwk d nqrzq olqhdu ixqfwlrqdo
irup dqg dq xqnqrzq ghqvlw| iru wkh lqglylgxdo h�hfwv/ wkdw lv=

+ ä å ' k ä n q ä å n � ä å � ' �c ���c� | ' �c ���c A +56,

zkhuh + ä å dqg  ä å kdyh wkh xvxdo lqwhusuhwdwlrq/ � ä å duh l1l1g1 udqgrp
yduldeohv iurp �Efc j æ � dqg k ä duh l1l1g1 iurp dq xqnqrzq ghqvlw| � zkrvh
vxssruw lv erxqghg deryh1 Lw lv dvvxphg wkdw � ç è dqg k ç duh lqghshqghqw1 Lq
wklv frqwh{w/ wkh iurqwlhu lv jlyhq e| q ç è n �E�� zkhuh �E�� lv wkh xsshu
erxqgdu| ri wkh vxssruw ri wkh ghqvlw| � zkloh whfkqlfdo h!flhqf| ri wkh �0wk
revhuydwlrq lv k é ��E��1

Wkh| ghulyh wkh h!flhqw vhplsdudphwulf hvwlpdwru iru +56, zkhuh gl�hu0
hqw w|shv ri ghshqghqf| ehwzhhq wkh uhjuhvvruv dqg wkh lqglylgxdo h�hfwv
duh doorzhg +Pruh ghwdlov rq wkh vhpl0sdudphwulf hvwlpdwlrq ri d iurqwlhu
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prgho duh dydlodeoh rq uhtxhvw,1 Pruh vshfl�fdoo|/ wkh| frqvlghu wkuhh w|shv
ri prghov= d, Prgho L zkhuh qr ruwkrjrqdolw| uhvwulfwlrq ehwzhhq h�hfwv dqg
uhjuhvvruv lv lpsrvhg> lq wklv fdvh/ wkh| vkrz wkdw wkh vhplsdudphwulf h!0
flhqw hvwlpdwru lv wkh Zlwklq hvwlpdwru> e, Prgho LL/ zkhuh lw lv dvvxphg d
ghshqghqf| ehwzhhq d vxevhw ri uhjuhvvruv dqg wkh h�hfwv1 Lq wklv fdvh/ wkh
vhplsdudphwulf h!flhqw hvwlpdwru lv=

	q ' 	q ê ë n� ì í P îï ð ñ 	�, +57,

zkhuh 	q ò ó lv wkh frqvlvwhqw suholplqdu| hvwlpdwru ri q +suryhg wr eh wkh
Kdxvpdq0Wd|oru Lqvwuxphqwdo Yduldeoh hvwlpdwru, dqg	�, lv dq hvwlpdwru ri wkh
vr0fdoohg h!flhqw lq xhqfh ixqfwlrq/ zklfk lv hvwlpdwhg e| d qrq0sdudphwulf
nhuqho hvwlpdwru/ zlwk E� n A^� glphqvlrqv/ zkhuh A lv wkh qxpehu ri wlph
shulrgv dqg ^ lv wkh qxpehu ri uhjuhvvruv fruuhodwhg zlwk wkh h�hfwv1 f,
Prgho LLL/ zklfk doorzv iru fruuhodwlrq ehwzhhq wkh orqj0uxq pryhphqwv ri
wkh uhjuhvvruv dqg wkh h�hfwv1 Wklv w|sh ri ghshqghqf| pd| dsshdu ohvv
reylrxv wkdq wkh rqh lq Prgho LL/ exw lw lv uhohydqw lq lqgxvwulhv zkhuh orqj0
uxq fkdqjhv lq wkh hpsor|hg idfwruv duh dffrpsdqlhg e| fkdqjhv lq h!flhqf|
ryhu wlph +gxh wr srvvleoh lpsuryhphqw lq wkh txdolw| ri lqsxwv/ iru lqvwdqfh,1
Lq wklv fdvh/ wkh h!flhqw vhplsdudphwulf hvwlpdwru lv wkh vdph dv lq Prgho
LL/ zkhuh wkh pdlq gl�huhqfh lv lq wkh glphqvlrqv ri wkh nhuqho hvwlpdwru/
qrz E� n ^�1

Wkhuh duh qrw pdq| hpslulfdo dssolfdwlrqv ri wkhvh hvwlpdwruv1 Dgdpv hw
do1 +4<<<, kdyh dssolhg wkhvh hvwlpdwruv wr wkh XV edqnlqj lqgxvwu|/ zkloh
Sdun hw do1 +4<<;, kdyh xvhg wkhp wr hvwlpdwh wkh surgxfwlrq iurqwlhu iru
d vhw ri Qruwk0Dphulfdq dqg Hxurshdq dluolqhv1 Iurp wkhvh/ krzhyhu/ lw lv
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srvvleoh wr lghqwli| dgydqwdjhv dqg glvdgydqwdjhv ri wkhvh hvwlpdwruv1 Iluvw/
iurp d vwdwlvwlfdo vwdqgsrlqw/ wkh| duh gh�qlwho| pruh h!flhqw wkdq wkh wudgl0
wlrqdo sdqho hvwlpdwruv1 Lqghhg/ Sdun hw do1 +4<<;, vkrz wkdw wkhuh duh 4:066
shu fhqw h!flhqf| +lq vwdwlvwlfdo whupv, jdlqv lq xvlqj wkh vhpl0sdudphwulf
h!flhqw hvwlpdwru1 Krzhyhu/ prvw ri wkhvh uhvxowv duh dv|pswrwlf dqg wkhuh0
iruh uhtxluh vl}hdeoh sdqho gdwd1 Fohduo|/ wkh qh{w vwhs lq wkh uhvhdufk zrxog
eh wr gh�qh wkh surshuwlhv ri wkhvh hvwlpdwruv lq vpdoo vdpsohv1 Dw wkh vdph
wlph/ wrr orqj sdqhov pd| lqyroyh wkh xvh ri pxowlglphqvlrqdo nhuqhov wkdw
fdq eh gl!fxow wr hvwlpdwh +wklv lv sduwlfxoduo| wuxh iru Prgho LL,1 Vr/ dw
wkh prphqw/ lw dsshduv dv li wkh dssolfdelolw| ri wkhvh hvwlpdwruv lv olplwhg
wr vkruw sdqhov dqg wr prghov zkhuh wkhuh duh qrw frpsolfdwhg sdwwhuv ri
fruuhodwlrq ehwzhhq wkh h�hfwv dqg wkh yduldeohv1 Lq vslwh ri wklv/ wkhvh hvwl0
pdwruv ghvhuyh dwwhqwlrq dv wkh| doorz xv wr prgho dq lpsruwdqw vrxufh ri
plvvshfl�fdwlrq +l1h1 fruuhodwlrq ehwzhhq uhjuhvvruv dqg h�hfwv, lq hpslulfdo
zrun1

D vhfrqg vhw ri vhplsdudphwulf hvwlpdwruv kdv ehhq vxjjhvwhg e| Idq/ Ol
dqg Zhhuvlqn +4<<9, dqg Kxdqj dqg Ix +4<<<, wr hvwlpdwh d furvv0vhfwlrqdo
iurqwlhu prgho zkhuh wkh ixqfwlrqdo irup lv xqvshfl�hg exw wkh frpsrvlwh hu0
uru iroorzv d nqrzq glvwulexwlrq1 Wkhlu vwduwlqj srlqw lv wkh w|slfdo vwrfkdvwlf
surgxfwlrq iurqwlhu prgho=

+ ô ' }E% õ � n e õ n � õ � ' �c ���c ? +58,

zkhuh } lv d ixqfwlrq xqnqrzq wr wkh uhvhdufkhu> e õ dqg � õ duh wkhq
wkh wzr huuru frpsrqhqwv/ zkhuh wkh xvxdo dvvxpswlrqv dsso|1 Wkh orjlf
ehklqg wkhvh hvwlpdwruv lv txlwh vlpsoh1 Zh nqrz suhylrxvo| wkdw sdudphwulf
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hvwlpdwlrq ri d furvv0vhfwlrqdo iurqwlhu prgho lv edvhg rq PO hvwlpdwlrq>
wklv uhtxluhv wkh ghulydwlrq ri d orj0olnholkrrg zklfk lv wkhq pd{lplvhg zlwk
uhvshfw wr wzr sdudphwhuv/ j ö dqg b1 Li }E% ÷ � lv nqrzq/ wkhq j ö fdq eh
frpsxwhg lqghshqghqwo| dqg wkhuhiruh wkh orj0olnholkrrg fdq pd{lplvhg rqo|
zlwk uhvshfw wr b/ pdnlqj wkh hvwlpdwlrq ri wkh sdudphwhuv pxfk hdvlhu1 Li
wkh ixqfwlrqdo irup lv xqnqrzq/ wkhq wkhvh fdq eh hvwlpdwhg e| vrph qrq0
sdudphwulf hvwlpdwru1 Idq/ Ol dqg Zhhuvlqn +4<<9, vxjjhvw wr zulwh=

}E%� ' .E+ ÷ m% ÷ � n > +59,

zlwk > ' E2 ø ù ú j û �*Z ü ý þ dqg wkhq hvwlpdwh .E+ ÿ m% ÿ � e| wkh iroorzlqj nhu0
qho hvwlpdwru/ 	.E+ ÿ m% ÿ � ' P �� � � + � gEE% � � %� �*��*dP �� � � gEE% � � % � �*��o1 Wklv
zd|/ 	j 	 fdq eh fdofxodwhg vhsdudwho| dqg d qhz orj0olnholkrrg ixqfwlrq +fdoohg
svhxgr0olnholkrrg, fdq eh ghulyhg zklfk doorzv xv wr ghulyh d svhxgr0olnholkrrg
hvwlpdwh ri b1 Wkhvh hvwlpdwhv duh wkhq xvhg wr ghfrpsrvh wkh huuru lq wkh
wzr frpsrqhqwv/ e| xvlqj wkh MOPV ghfrpsrvlwlrq irupxod1 Kxdqj dqg Ix
+4<<<, exlog xsrq wkh phwkrg ri Idq hw do1 e| vxjjhvwlqj wkh xvh ri wkh dy0
hudjh ghulydwlyh hvwlpdwru wr hvwlpdwh qrq0sdudphwulfdoo| .E+ 
 m% 
 � dqg wkhq
wr ghulyh wkh yduldqfh ri wkh uhvlgxdo e| pd{lplvlqj wkh svhxgr0olnholkrrg
ixqfwlrq dv gh�qhg e| Idq hw do1 Wkh wzr huuru frpsrqhqwv duh wkhq fdofx0
odwhg e| wkh htxlydohqw ri wkh MOPV irupxod1 Vlpxodwlrqv vkrz wkdw erwk
hvwlpdwruv shuirup olnh sdudphwulf hvwlpdwruv zkhq kdylqj wr hvwlpdwh d fru0
uhfwo| vshfl�hg } dqg wkdw wkh| shuirup dghtxdwho| lq �qlwh vdpsohv1 Wkhvh
vhplsdudphwulf hvwlpdwruv duh txlwh dsshdolqj lq wkdw wkh| doorz xv wr hvwl0
pdwh wkh +lq,h!flhqf| e| dyrlglqj d pdmru vrxufh ri plvvshfl�fdwlrq/ wkdw
lv wkh ixqfwlrqdo irup1 Frpsxwdwlrqdoo| vshdnlqj/ wkh| fdq eh dssolhg yhu|
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hdvlo| dv wkh| duh vwudljkwiruzdug dssolfdwlrqv ri qrq0sdudphwulf hvwlpdwruv1
Wkhuhiruh/ wkh| duh d yldeoh dowhuqdwlyh zkhq hvwlpdwlqj iurqwlhu prghov lq
vhwwlqjv zkhuh wkh xvh ri uhvwulfwlyh ixqfwlrqdo irupv pd| fuhdwh sureohpv1

7 Gdwd Hqyhorsphqw Dqdo|vlv
Wkh olqhdu surjudpplqj dssurdfk wr wkh frqvwuxfwlrq ri wkh surgxfwlrq iurq0
wlhu lv nqrzq dv Gdwd Hqyhorsphqw Dqdo|vlv +GHD,1 Lw lv qrq0sdudphwulf dv lw
grhv qrw uhtxluh dq h{solflw ixqfwlrqdo irup dqg frqvwuxfwv wkh iurqwlhu iurp
wkh revhuyhg lqsxw0rxwsxw udwlrv e| olqhdu surjudpplqj whfkqltxhv1 Wkh �uvw
GHD prgho zdv irupxodwhg e| Fkduqhv/ Frrshu dqg Ukrghv +FFU, +4<:;,
dqg zdv h{suhvvhg pdwkhpdwlfdoo| dv=

6@% � � 
 w +5:,

vxemhfw wr=

jb � % � +5;,
w+ � � vb +5<,
b � f +63,

zkhuh j lv dq ? e| U lqsxw pdwul{ zlwk froxpqv % � / v lv dq 6 e| U
rxwsxw pdwul{ zlwk froxpqv + � dqg b lv dq U e| � lqwhqvlw| yhfwru1 Lq wkh
GHD sureohp wkh shuirupdqfh ri d surgxfhu lv hydoxdwhg lq whupv ri klv
delolw| wr h{sdqg lwv rxwsxw yhfwru vxemhfw wr wkh frqvwudlqwv lpsrvhg e|
ehvw revhuyhg sudfwlfh1 Li udgldo h{sdqvlrq lv srvvleoh iru d surgxfhu/ lwv
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rswlpdo w : �/ zkloh li udgldo h{sdqvlrq lv qrw srvvleoh/ lwv rswlpdo w ' �1
Wkh FFU sureohp lpsrvhv frqvwdqw uhwxuqv wr vfdoh rq wkh whfkqrorj|

+h{suhvvhg e| wkh idfw wkdw bv duh iuhh wr ydu| ehwzhhq }hur dqg lq�qlw|,1
D vhfrqg yhuvlrq ri wkh GHD sureohp zdv vxjjhvwhg e| Edqnhu/ Fkduqhv
dqg Frrshu +4<;7, +EFF, zklfk uhod{hv wkh dvvxpswlrq ri frqvwdqw uhwxuqv
wr vfdoh1 Wkh pdwkhpdwlfdo irupdw ri wkh EEF sureohp lv wkh vdph dv lq
+5:063,/ zkhuh wkh rqo| gl�huhqfh lv wkdw +63, lv qrz vxevwlwxwhg e| wkh vxp
ri bv frqvwudlqhg wr eh htxdo wr rqh1

GHD grhv qrw doorz xv wr prgho vwrfkdvwlf vkrfnv wr surgxfwlrq/ l1h1
lw lv ghwhuplqlvwlf1 Wkhuhiruh wkh frpsxwhg h!flhqf| vfruhv pd| eh eldvhg
e| idfwruv zklfk duh h{whuqdo wr wkh surgxfwlrq surfhvv1 Qrw vxusulvlqjo|/
vrph dwwhpswv kdyh ehhq pdgh wr lqfrusrudwh vwrfkdvwlf frpsrqhqwv lqwr
wkh olqhdu surjudpplqj sureohp1 Yduldq +4<;8, �uvw lqwurgxfhg d wzr0vlghg
ghyldwlrq wr lqfoxgh wkh udqgrp qrlvh dqg wr fdofxodwh wkh h!flhqf| phd0
vxuh iuhh ri vxfk udqgrp qrlvh1 Odqg hw do1 +4<<6, surylghg wkh vr0fdoohg
fkdqfh0frqvwudlqhg h!flhqf| dqdo|vlv zklfk doorzhg wkh ghwhuplqlvwlf iurq0
wlhu wr fdswxuh wkh h�hfw ri udqgrp qrlvh zlwkrxw ehlqj vwrfkdvwlf1 Wkh gdwd
uhtxluhphqwv ri wkh fkdqfh0frqvwudlqhg h!flhqf| phdvxuhphqw/ krzhyhu/ duh
wrr pdq|1 Lqghhg/ lw lv qhfhvvdu| wr kdyh lqirupdwlrq rq wkh h{shfwhg ydoxhv
ri doo yduldeohv/ dorqj zlwk wkhlu yduldqfh dqg fryduldqfh pdwulfhv dqg wkh
suredelolw| ohyhov dw zklfk ihdvlelolw| frqvwudlqwv duh wr eh vdwlv�hg1 Wkhuh0
iruh/ wklv dssurdfk lv wrr lqirupdwlrqdoo| ghpdqglqj wr eh lpsohphqwhg hdv0
lo|1
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714 Vwdwlvwlfdo surshuwlhv ri GHD hvwlpdwruv
D frpprq fulwltxh wr wkh GHD +iuhtxhqwo| yrlfhg zlwklq wkh %sdudphwulf
flufohv%, lv wkdw qr vwdwlvwlfdo lqihuhqfh fdq eh fduulhg rxw rq wkh frpsxwhg
h!flhqf| vfruhv1 Lqghhg/ lq lwv hduolhu yhuvlrqv/ wkh GHD0edvhg h!flhqf|
vfruhv zhuh qrw dffrpsdqlhg e| wkh htxlydohqw ri vwdqgdug huuruv1 Krzhyhu/
qrzdgd|v/ wklv fulwltxh lv xqidlu dv wkhuh h{lvwv d frqvlghudeoh dprxqw ri
uhvhdufk wkdw kdv fkdudfwhulvhg wkh vwdwlvwlfdo surshuwlhv ri GHD hvwlpdwruv/
kdv ghvljqhg k|srwkhvhv whvwv rq GHD vfruhv dqg hpsor|hg errwvwudsslqj
wr frqvwuxfw frq�ghqfh lqwhuydov1

Ohw xv jr lq rughu1 Ehiruh ehlqj deoh wr gh�qh wkh vwdwlvwlfdo surshuwlhv ri
wkh GHD hvwlpdwruv dqg wr fduu| rxw dq| w|sh ri lqihuhqfh/ lw lv qhfhvvdu| wr
hvwdeolvk wkh vwdwlvwlfdo prgho ri wkh Gdwd Jhqhudwlqj Surfhvv +GJS,/ khuh
lqglfdwhg dv � / zklfk jhqhudwhv wkh gdwd xsrq zklfk GHD lv wkhq dssolhg1
Wklv wdvn kdv ehhq wdnhq rq e| Vlpdu dqg Zlovrq/ +5333,/ zkr gh�qhg wkh
vwdwlvwlfdo prgho dv iroorzv=

D41 Lqsxwv dqg rxwsxwv lq � duh iuhho| glvsrvdeoh1
D51 Wkh vdpsoh revhuydwlrqv/ E% � c + � � duh l1l1g1 udqgrp yduldeohv zlwk

suredelolw| ghqvlw| ixqfwlrq sE%c +� zlwk vxssruw ryhu � 1
D61 Wkh suredelolw| ri revhuylqj xqlwv rq � pxvw dssurdfk xqlw| dv wkh

vdpsoh vl}h lqfuhdvhv1
D71 Iru doo E%c +� lq wkh lqwhulru ri x/ wE%c +� +wkh wuxh Iduuhoo phdvxuh ri

whfkqlfdo h!flhqf|, lv gl�huhqwldeoh lq erwk lwv dujxphqwv1
Wkh vwdwlvwlfdo surshuwlhv ri wkh GHD hvwlpdwruv fdq qrz eh ghulyhg1

Edqnhu +4<<6, vkrzhg wkdw wkh GHD hvwlpdwru lv dq dv|pswrwlf zhdno| frq0
vlvwhqw hvwlpdwru ri dq duelwudu| prqrwrqh dqg frqfdyh surgxfwlrq ixqfwlrq
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zlwk rqh lqsxw dqg rqh +ru pruh, rxwsxw+v,/ zkhuh ghyldwlrqv iurp wkh sur0
gxfwlrq iurqwlhu duh frqvlghuhg vwrfkdvwlf yduldwlrqv lq wkh whfkqlfdo h!flhqf|
ri lqglylgxdo revhuydwlrqv1 Qh{w/ Nrurvwhohy hw do1 +4<<8, kdyh dqdo|vhg wkh
frqyhujhqfh udwh ri wklv GHD hvwlpdwru +lq wkh vdph Edqnhu*v iudphzrun,
dqg vkrz wkdw dv wkh qxpehu ri rxwsxwv lqfuhdvhv/ wkh qxpehu ri revhuyd0
wlrqv pxvw lqfuhdvh dw dq h{srqhqwldo udwh1 Wkh vdph uhvxow lv rewdlqhg lq d
pxowlyduldwh iudphzrun e| Nqhls hw do1 +4<<;,1 Dv iru wkh vdpsolqj glvwul0
exwlrq ri wkhvh hvwlpdwruv +qhfhvvdu| wr eh deoh wr pdnh lqihuhqfh,/ Jlmehov
hw do1 +4<<<, suryh wkdw lq wkh xqlyduldwh fdvh +rqh lqsxw/ rqh rxwsxw, wkh
hvwlpdwru*v vdpsolqj glvwulexwlrq dssur{lpdwhv dq I0glvwulexwlrq1

Rqfh wkh vwdwlvwlfdo surshuwlhv ri wkh GHD hvwlpdwruv kdyh ehhq gh�qhg/
lw lv srvvleoh wr frqvwuxfw k|srwkhvlv whvwv rq wkh GHD h!flhqf| vfruhv1
Edqnhu +4<<6/ 4<<9, kdv vxjjhvwhg d edwwhu| ri k|srwkhvhv whvwv doorzlqj
xv wr whvw wkh GHD prgho vshfl�fdwlrq/ wkh w|sh ri uhwxuqv wr vfdoh wkh
whfkqrorj| h{klelwv dqg zkhwkhu wkh lqh!flhqf| vfruhv frpsxwhg iurp wzr
vdpsohv duh vljql�fdqwo| gl�huhqw1 Zh frqvlghu khuh lq ghwdlo wkh gl�huhqw
whvwv iru wklv odvw k|srwkhvlv +Wkh rwkhu wzr w|shv ri whvwv duh dydlodeoh rq
uhtxhvw,1 Vxssrvh zh dsso| GHD wr wzr gl�huhqw vdpsohv ri �upv +kdylqj
vl}h � � dqg � � uhvshfwlyho|, dqg zh zdqw wr whvw zkhwkhu wkh frpsxwhg
h!flhqf| vfruhv/ w/ duh gl�huhqw dfurvv wkhp1 Li wkh h!flhqf| vfruhv iroorz
dq h{srqhqwldo glvwulexwlrq lq erwk vdpsohv/ wkhq wkh phdq h!flhqf| vfruh
iru wkh �uvw vdpsoh lv �n> � / zkloh iru wkh vhfrqg vdpsoh lw lv �n> � = lq wklv
fdvh wkh qxoo k|srwkhvlv fdq eh vshfl�hg dv M � G > � ' > � ' > +lqglfdwlqj
wkdw erwk w|shv ri �upv kdyh wkh vdph lqh!flhqf| glvwulexwlrq, dqg wkh
dowhuqdwlyh k|srwkhvlv dv M � G > � : > � +lpso|lqj wkdw rq dyhudjh wkh �upv ri
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wkh �uvw jurxs duh ohvv h!flhqw wkdq wkh vhfrqg w|sh,1 Vr wkh iroorzlqj whvw
vwdwlvwlfv fdq eh xvhg=

A � � ' P� � � � E	w �� � ��*� �
P� �  ! E	w "# � ��*� $ +64,

zklfk lv glvwulexwhg dv dq 8 E2� % c 2� $ �0vwdwlvwlf1 Li wkh h!flhqf| vfruhv
iroorz d Qrupdo glvwulexwlrq/ �Efc > & � zlwk � ' �c 2/ xqghu wkh qxoo k|srwkhvlv
M ' G > % ' > $ ' > dqg wkh dowhuqdwlyh k|srwkhvlv M % G > % : > $ / +64, fkdqjhv
wr=

A ( ) ' P* + ) , E	w -* � �� . *� /
P* + ) 0 E	w -* � �� . *� . +65,

zklfk lv glvwulexwhg dv dq 8 E� / c� . �0vwdwlvwlf1 Ilqdoo|/ li wkh h!flhqf|
vfruhv gr qrw iroorz dq| glvwulexwlrq/ d qrq0sdudphwulf Vpluqry whvw fdq eh
xvhg1

Wkh srvvlelolw| ri fduu|lqj rxw k|srwkhvhv whvwv rq wkh GHD h!flhqf|
vfruh lv gh�qlwho| dsshdolqj> krzhyhu/ vr idu/ wkh vfrsh iru dsso|lqj wkhvh
whvwv lv txlwh olplwhg dv wkhlu surshuwlhv duh prvwo| dv|pswrwlf> lqghhg lq
vpdoo vdpsohv wkh whvwv vwdwlvwlfv gr qrw iroorz dq 8 glvwulexwlrq1 Wklv pdnhv
wkhp gl!fxow wr eh xvhg lq wkh exon ri dssolhg zrun zklfk lv xvxdoo| edvhg
rq vpdoo vdpsohv1 Wkhuhiruh vxevhtxhqw uhvhdufk kdv h{soruhg wkh ihdvlelolw|
zlwklq wkh GHD frqwh{w ri errwvwudsslqj/ zklfk doorzv xv wr dssur{lpdwh
wkh vdpsolqj glvwulexwlrq ri 	w dqg vr wr exlog frq�ghqfh lqwhuydov1
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715 Errwvwudsslqj
Errwvwuds lv d gdwd0edvhg vlpxodwlrq phwkrg iru vwdwlvwlfdo lqihuhqfh zklfk
fdq eh xvhg wr exlog frq�ghqfh lqwhuydov iru sdudphwhuv lq vlwxdwlrqv zkhuh
wkhvh fdqqrw eh ghulyhg dqdo|wlfdoo|1 Wkh edvlf lghd lqyroyhv vdpsolqj zlwk
uhsodfhphqw wr surgxfh udqgrp vdpsohv ri vl}h ? iurp wkh ruljlqdo gdwd1
Hdfk ri wkhvh vdpsohv lv nqrzq dv d errwvwuds vdpsoh dqg surylghv dq hvwl0
pdwh ri wkh sdudphwhuv ri lqwhuhvw1 Uhshdwlqj wkh vdpsolqj d odujh qxpehu
ri wlphv surylghv lqirupdwlrq rq wkh yduldelolw| ri wkh hvwlpdwru1 H{whqglqj
errwvwuds whfkqltxhv wr wkh GHD hqylurqphqw lv txlwh vwudljkwiruzdug dqg
Vlpdu dqg Zlovrq +4<<;, sursrvh wkh iroorzlqj surfhgxuh1 Dvvxph wkh gdwd
� 1 duh jhqhudwhg iurp wkh GJS � ' � E�c sE%c +��/ zkhuh � lv wkh xqnqrzq
surgxfwlrq vhw dqg sE%c +� kdv ehhq gh�qhg deryh1 E| xvlqj wkh gdwd � 2 /
lw lv srvvleoh wr jhw d frqvlvwhqw hvwlpdwru ri � / ri wkh xqnqrzq surgxfwlrq
vhw/ 	�/ dqg ri wkh h!flhqf| vfruhv/ 	wE% 3 c + 3 �1 Wkh h!flhqf| vfruhv hvwlpdwhv
fdq eh frqvlghuhg dv d qhz srsxodwlrq iurp zklfk lw lv srvvleoh wr gudz d
qhz gdwdvhw +ru svhxgr0vdpsoh,/ � 4 ' E% 45 c + 45 �1 E| dsso|lqj GHD wr wkh
svhxgr0vdpsoh/ qhz hvwlpdwruv ri wkh surgxfwlrq vhw/ 	� 4 dqg ri wkh h!flhqf|
vfruhv/ 	w 4 / fdq eh frpsxwhg1 Wklv rshudwlrq fdq eh uhshdwhg � wlphv vr
wr jhw � svhxgr0vdpsohv dqg svhxgr0hvwlpdwhv ri wkh h!flhqf| vfruhv1 Wkh
hpslulfdo glvwulexwlrq ri wkhvh svhxgr0hvwlpdwhv jlyhv dq dssur{lpdwlrq ri
wkh xqnqrzq vdpsolqj glvwulexwlrq ri wkh h!flhqf| vfruhv 6 1

Li wkh glvwulexwlrq ri E	wE% 7 c + 7 � � wE% 7 c + 7 �� zdv nqrzq/ wkhq lw zrxog eh
srvvleoh wr �qg ydoxhv ri @ 8 dqg K 9 vxfk wkdw=

�oE�K : � 	wE% ; c + ; �� wE% ; c + ; � � �@ : � ' E�� k� +66,
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Xvlqj wkh errwvwuds ydoxhv ri wkh svhxgr0hvwlpdwhv 	w < / zh fdq �qg ydoxhv
ri 	K = dqg 	@ = > vxfk wkdw=

�oE�	K ? � 	w @ E% A c + A �� 	wE% A c + A � � �	@ ? m 	� E� B �� ' E�� k� +67,

Vr wkh errwvwuds dssur{lpdwlrq ri +66, lv=

�oE�	K ? � 	wE% A c + A �� wE% A c + A � � �	@ ? � � E�� k� +68,

Wkh hvwlpdwhg E�� k�0shufhqw frq�ghqfh lqwhuydo lv=

	wE% C c + C � n 	@ D � wE% C c + C � � 	wE% C c + C � n 	K D +69,

Dq lpsruwdqw lvvxh zkhq xvlqj wkh errwvwuds lq d iurqwlhu frqwh{w lv
wr hqvxuh wkdw lq jhqhudwlqj wkh svhxgr0vdpsohv dqg wkh svhxgr0hvwlpdwruv/
wkhvh duh frqvlvwhqw/ l1h1 wkh iroorzlqj surshuw| krogv=

E	w E � 	w�m 	� E� F � � E	w � w�m� +6:,

Qrz d frpprq yhuvlrq ri wkh errvwuds +fdoohg qdòyh errwvwuds, surgxfhv
lqfrqvlvwhqw svhxgr0hvwlpdwruv +Hiurq dqg Wlevkludql/ 4<<6,/ dv wkh| gr qrw
frqvlghu wkh idfw wkdw lq wkh iurqwlhu frqwh{w wkh glvwulexwlrq ixqfwlrqv kdyh
d erxqghg/ xqnqrzq vxssruw rq � 1 Wr vroyh wkh sureohp/ Vlpdu dqg Zlovrq
vxjjhvw wr gudz svhxgr0gdwd vhwv iurp d vprrwk/ frqvlvwhqw/ nhuqho hvwlpdwh
	sEw� ri wkh pdujlqdo ghqvlw| ri wkh ruljlqdo hvwlpdwhv 	w G 1

Ilqdoo|/ wkh surfhgxuh vxjjhvwhg e| Vlpdu dqg Zlovrq lv txlwh hdv| wr
lpsohphqw dv lw uhtxluhv wkh xvh ri edvlf errwvwuds whfkqltxhv/ mxvw prgl�hg
wr wdnh lqwr dffrxqw ri wkh iurqwlhu frqwh{w1 Vr dw wkh prphqw/ lw lv wkh ehvw
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zd| wr fduu| rxw vrph lqihuhqfh lq wkh GHD iudphzrun1

8 WIS jurzwk dqg lwv frpsrqhqwv
Dv phqwlrqhg lq wkh Lqwurgxfwlrq/ iurqwlhu whfkqltxhv kdyh ehhq h{whqghg
vr wr eh deoh wr phdvxuh surgxfwlylw| jurzwk1 Wudglwlrqdo phwkrgv wr wkh
phdvxuhphqw ri surgxfwlylw| kdyh xvxdoo| dvvxphg wkdw �upv duh orfdwhg rq
wkh iurqwlhu/ l1h1 wkh| duh h!flhqw1 Wklv lpsolhg wkdw surgxfwlylw| pryh0
phqwv zhuh dvvxphg wr eh gxh wr vkliwv ri wkh iurqwlhu +ru whfkqlfdo fkdqjh,1
Krzhyhu/ li d �up lv lqh!flhqw/ wkhq wkh frqwulexwlrq ri h!flhqf| fkdqjh wr
surgxfwlylw| fkdqjh kdv wr eh dfnqrzohgjhg1 Zh nqrz wkdw hdfk wlph shulrg
d �up idfhv d ehvw sudfwlfh iurqwlhu/ lw gh�qhv wkh pd{lpxp rxwsxw d �up fdq
surgxfh iru d jlyhq lqsxwv1 Wkh iurqwlhu lv ghwhuplqhg e| wkh vwdwh ri whfk0
qlfdo surjuhvv dw wkdw wlph1 D �up lv qrw dozd|v orfdwhg rq wkh ehvw sudfwlfh
iurqwlhu/ exw fdq eh orfdwhg dq|zkhuh lq wkh surgxfwlrq srvvlelolw| vhw +dqg
wkhuhiruh uhjdughg dv whfkqlfdoo| lqh!flhqw,1 Dq| pryhphqw ri surgxfwlylw|
ryhu wlph fdq eh ghfrpsrvhg lqwr wzr sduwv= pryhphqwv ri wkh iurqwlhu gxh
wr fkdqjhv lq wkh whfkqrorjlfdo fdsdelolwlhv ri wkh �up +whfkqlfdo fkdqjh,
dqg pryhphqwv ri wkh �up wrzdugv +ru idu iurp, wkh iurqwlhu dv lw lv pruh
+ru ohvv, vxffhvvixo dw uhgxflqj lqwhuqdo lqh!flhqf|1 Lq dgglwlrq/ li zh doorz
wkh surgxfwlrq whfkqrorj| wr kdyh ghfuhdvlqj uhwxuqv wr vfdoh/ wkhq wkhuh lv
dq dgglwlrqdo frpsrqhqw ri surgxfwlylw| fkdqjh/ wkh vfdoh frpsrqhqw/ dv wkh
�up iurp rqh shulrg wr wkh rwkhu pryhv dorqj wkh surgxfwlrq whfkqrorj| dqg
h{sorlwv lwv fxuydwxuh1 Wkh glvwlqfwlyh ihdwxuh ri wkh iurqwlhu dssurdfk lv lq
wkh idfw wkdw wkh fkdqjh lq h!flhqf| lv qrz d frpsrqhqw ri WIS1 Reylrxvo|/
wkh ohjlwlpdwh txhvwlrq/ qrz/ lv wr zkdw h{whqw wklv lv d vljql�fdqw frpsr0

5;



qhqw/ iurp dq hpslulfdo vwdqgsrlqw1 Jhqhudoo| vshdnlqj/ h!flhqf| fkdqjh lv
txlwh uhohydqw dqg lv dq lpsruwdqw vrxufh ri surgxfwlylw| yduldwlrq1 Krzhyhu/
pruh vwulnlqj lv wkh uhodwlyh lpsruwdqfh ri wkh h!flhqf| fkdqjh frpsrqhqw
ryhu wkh rwkhu frpsrqhqwv1 Lqghhg/ lq vwxglhv fduulhg rxw rq sulydwh vhfwru
rujdqlvdwlrqv/ h!flhqf| fkdqjh +zkloh vwloo ehlqj d vrxufh ri surgxfwlylw|
yduldwlrq, lv ohvv lpsruwdqw wkdq whfkqlfdo fkdqjh/ iru lqvwdqfh +Iduh hw do1/
5334,1 E| frqwudvw lq sxeolf vhfwru rujdqlvdwlrqv uhgxfwlrqv lq lqh!flhqf|
fdq vwloo eh d vl}hdeoh vrxufh ri surgxfwlylw| jdlqv +Olqqd/ 4<<;,1 Wklv fdq
eh hdvlo| h{sodlqhg e| wkh idfw wkdw lq wkh sulydwh vhfwru rujdqlvdwlrqdo vodfn
lv vpdoohu wkdq lq wkh sxeolf vhfwru1

Wkhuh duh wzr pdlq phwkrgrorjlhv iru wkh phdvxuhphqw ri surgxfwlylw|
fkdqjh xvlqj iurqwlhu whfkqltxhv= wkh sdudphwulf dssurdfk/ edvhg rq wkh
vwrfkdvwlf iurqwlhu dqdo|vlv/ dqg wkh qrq0sdudphwulf dssurdfk/ olqnhg pdlqo|
wr wkh ghyhorsphqwv ri wkh Pdoptxlvw lqgh{1 Zh zloo qrz irfxv lqghhg rq
wkh wzr gl�huhqw dssurdfkhv/ vwduwlqj zlwk wkh sdudphwulf rqh1

814 Wkh Sdudphwulf Dssurdfk
Wkh �uvw wr dsso| sdudphwulf phwkrgv wr wkh phdvxuhphqw ri surgxfwlylw|
fkdqjh zhuh Qlvklpl}x dqg Sdjh +4<;5, zkr/ e| xvlqj d sdudphwulf/ gh0
whuplqlvwlf dssurdfk/ phdvxuhg surgxfwlylw| jurzwk dv wkh vxp ri wkh +gh0
whuplqlvwlf, iurqwlhu whfkqlfdo fkdqjh dqg fkdqjh lq h!flhqf|1 Wkh nh| lghd
zdv wr jhqhudolvh wkh Vrorz prgho lq zklfk whfkqlfdo fkdqjh dqg surgxfwlylw|
fkdqjh zhuh lghqwlfdo dqg wr doorz iru lqh!flhqf|1 Diwhuzdugv/ wkh Qlvklpl}x
dqg Sdjh dssurdfk kdv ehhq h{whqghg wr pdnh xvh ri wkh srvvlelolwlhv ri wkh
vwrfkdvwlf iurqwlhu dssurdfk1 Frqvlghu wkh iroorzlqj surgxfwlrq ixqfwlrq iru
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surgxfhu � dw wlph |=

+ H I ' sE H I c qc |�e%RE" J K � +6;,

zkhuh + J K lv wkh rxwsxw dw wlph | iru surgxfwlrq xqlw � dqg  J K lv d ?0yhfwru
ri lqsxwv> " J K ' � J K n � J K lv wkh uhvlgxdo1 Wkh surgxfwlylw| fkdqjh lqgh{ lv
gh�qhg dv wkh gl�huhqfh ehwzhhq wkh udwh ri fkdqjh ri rxwsxw dqg wkh udwh
ri fkdqjh ri lqsxwv=

�A8� ' �+ � � +6<,

Li zh wrwdoo| gl�huhqwldwh +6;, dqg lqvhuw lqwr +6<,/ zh jhw=

�A8� ' {A n E"� ��P L E" L
" � � n{A. +73,

zkhuh {A lv d phdvxuh ri wkh udwh ri whfkqlfdo fkdqjh/ {A. lv d phdvxuh
ri wkh udwh ri whfkqlfdo h!flhqf|/ " L duh wkh hodvwlflwlhv ri rxwsxw zlwk uhvshfw
wr hdfk lqsxw dqg " lv wkh vxp ri doo wkh hodvwlflwlhv/ surylglqj d phdvxuh
ri wkh uhwxuqv wr vfdoh fkdudfwhulvlqj wkh surgxfwlrq iurqwlhu1 Wklv zd|/
surgxfwlylw| fkdqjh lv ghfrpsrvhg lqwr d whfkqlfdo fkdqjh frpsrqhqw/ d
whfkqlfdo h!flhqf| fkdqjh frpsrqhqw dqg d vfdoh frpsrqhqw1

Dvvxph d wudqvorj ixqfwlrqdo irup lv xvhg iru s lq +6;,=

,?+ M N ' q O nq P ,?u Q R nq R |nq P R |,?u Q R nf�Dq S T ,?u U V ,?g U V nf�Dq V V | W nq T ,?g U V nq T V |,?g U V n� U V n� U V
+74,

wkhq/ +73, ehfrphv=
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{A ' 	q X n 	q X X |nP YZ [ \ 	q Z X ,?% Z ] X +75,
{A. ' 	�� ] X +76,

	" ^ ' 	q ^ n 	q _ ,?g ] X n 	q ^ | +77,
	" ' P YZ [ \ E 	q Z n 	q Z ,?% ] X n 	q Z X |� +78,

zkhuh � ' u/ 2 ' g dqg % lv d jhqhulf lqsxw1 +74, lv vwuxfwxudoo| vlp0
lodu wr wkh sdqho gdwd prghov frqvlghuhg deryh> wkhuhiruh lq sulqflsoh doo
wkh sdqho gdwd hvwlpdwruv zklfk doorz xv wr frpsxwh wlph0yduldqw h!flhqf|
vfruhv frxog eh xvhg1 Krzhyhu/ hvwlpdwruv edvhg rq wudglwlrqdo sdqho gdwd
whfkqltxhv xvh wlph gxpplhv wr frpsxwh h!flhqf| fkdqjh dqg vr wkh| gr
qrw doorz xv wr glvwlqjxlvk ehwzhhq whfkqlfdo h!flhqf| fkdqjh dqg whfkql0
fdo fkdqjh lq wkh hvwlpdwlrq ri +74,1 Wkhuhiruh/ PO hvwlpdwlrq lv djdlq
wkh ehvw rswlrq dv orqj dv wkh dvvxpswlrqv rq wkh huuru frpsrqhqwv dqg ri
lqghshqghqfh gr qrw fuhdwh sureohpv1 D qlfh ihdwxuh ri wkh sdudphwulf ds0
surdfk +dqg wkhuhiruh lwv pdlq vwuhqjwk, lv wkdw lw doorzv xv wr whvw wkh w|sh
ri uhwxuqv wr vfdoh wkh whfkqrorj| h{klelwv dqg wkh vwdwlvwlfdo vljql�fdqfh
ri hdfk frpsrqhqw ri WIS/ doorzlqj xv wr nqrz wr zkdw h{whqw h!flhqf|
fkdqjh +dprqj wkh rwkhuv, lv vljql�fdqw lq h{sodlqlqj surgxfwlylw| pryh0
phqwv1 Krzhyhu/ lwv pdlq zhdnqhvv lv wkdw lw grhv qrw surylgh glvdjjuhjdwhg
+l1h1 surgxfhu0vshfl�f, lqirupdwlrq rq whfkqlfdo fkdqjh dqg vfdoh fkdqjh +xq0
olnh wkh Pdoptxlvw lqgh{, dqg wklv h{sodlqv zk| lw kdv ehhq ryhuvkdgrzhg
e| wkh ghyhorsphqw ri Pdoptxlvw wr wkh srlqw wkdw wkh iurqwlhu dssurdfk wr
surgxfwlylw| fkdqjh vhhpv wr lghqwli| zlwk wkh Pdoptxlvw lqgh{1
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815 Wkh Pdoptxlvw lqgh{
Wkh Pdoptxlvw lqgh{/ doorzlqj xv wr phdvxuh d �up*v surgxfwlylw| jurzwk/
zdv lqwurgxfhg e| Fdyhv hw do1 +FFG, +4<;5,1 Wkh Pdoptxlvw lqgh{ phd0
vxuhv surgxfwlylw| fkdqjh e| frpsdulqj wkh srvlwlrq ri d �up lq wzr dgmdfhqw
wlph shulrgv zlwk uhvshfw wr d ehvw sudfwlfh iurqwlhu/ phdvxuhg e| d glvwdqfh
ixqfwlrq1 Wkh lqgh{ zdv qdphg diwhu Pdoptxlvw zkr lq 4<86 sursrvhg d
txdqwlw| lqgh{ +edvhg rq udwlrv ri glvwdqfh ixqfwlrqv, iru xvh lq frqvxpswlrq
dqdo|vlv1 FFG gh�qh dq rxwsxw0edvhg Pdoptxlvw surgxfwlylw| lqgh{ uhodwlyh
wr d vlqjoh whfkqrorj| dw wlph | dv=

� ` ' ( `a E% ` b c c + ` b c �
( `a E% ` c + ` � +79,

zkhuh wkh rxwsxw0lqsxw sdluv xvhg dw wlph | dqg dw wlph |n� duh frpsduhg
wr wkh whfkqrorj| dydlodeoh dw wlph |/ phdvxuhg e| wkh glvwdqfh ixqfwlrq ( `a 1
Wkh htxlydohqw lqgh{ iru wlph |n � lv=

� ` b c ' ( ` b ca E% ` b c c + ` b c �
( ` b ca E% ` c + ` � +7:,

Odwhu rq/ Iduh hw do1 +4<;<, hpsor|hg wkh jhrphwulf phdq ri wkh wzr
rxwsxw0edvhg Pdoptxlvw lqglfhv/ +79, dqg +7:, wr gh�qh wkh iroorzlqj lqgh{
ri surgxfwlylw| jurzwk=

� '
d ( ef E% e g h c + e g h �

( ef E% e c + e � ( e g hf E% e g h c + e g h �
( e g hf E% e c + e � i jk

+7;,

zkhuh wkh �uvw udwlr phdvxuhv wkh fkdqjh lq whfkqlfdo h!flhqf| iurp wlph
| wr wlph |n� dqg wkh vhfrqg udwlr phdvxuhv wkh whfkqrorj| fkdqjh1 ( lm E% l c + l �
dqg( l n om E% l n o c + l n o � duh wkh rxwsxw glvwdqfh ixqfwlrqv phdvxuhg dw wlph | dqg
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|n�/ uhvshfwlyho|1 ( pq E% p r s c + p r s � lv wkh pl{hg0shulrg glvwdqfh rxwsxw ixqfwlrq
phdvxulqj wkh pd{lpxp sursruwlrqdo fkdqjh lq rxwsxw uhtxluhg wr pdnh wkh
revhuyhg lqsxw0rxwsxw sdlu dw shulrg |n� ihdvleoh uhodwlyh wr wkh whfkqrorj|
ri shulrg |/ zkloh ( p r sq E% p c + p � phdvxuhv wkh pd{lpxp sursruwlrqdo fkdqjh
lq rxwsxw uhtxluhg wr pdnh wkh lqsxw0rxwsxw sdlu revhuyhg dw wlph |/ ihdvleoh
uhodwlyh wr wkh whfkqrorj| ri wlph |n �1

+7;, fdq eh uhirupxodwhg wr kljkoljkw wkh urohv ri whfkqlfdo surjuhvv dqg
ri whfkqlfdo h!flhqf| fkdqjh=

� ' ( p r sq E% p r s c + p r s �
( pq E% p c + p � t ( pq E% p r s c + p r s �

( p r sq E% p r s c + p r s � ( pq E% p c + p �
( p r sq E% p c + p � u vw

+7<,

zlwk whfkqlfdo h!flhqf| fkdqjh ehlqj wkh �uvw udwlr dqg whfkqlfdo fkdqjh
wkh surgxfw ri wkh wzr udwlrv lq wkh eudfnhwv1 D Pdoptxlvw lqgh{ juhdwhu
+vpdoohu, wkdq rqh lqglfdwhv dq lqfuhdvh +ghfuhdvh, lq surgxfwlylw|> wkh vdph
lv wuxh iru lwv frpsrqhqwv1

Lw lv qrwlfhdeoh wkdw qr phqwlrq kdv ehhq pdgh ri wkh vfdoh frpsrqhqw lq
wkh deryh ghfrpsrvlwlrq ri wkh Pdoptxlvw lqgh{1 Lqghhg/ dv vxfk/ wkh lqgh{
fdq surylgh d fruuhfw phdvxuh ri surgxfwlylw| jurzwk rqo| zkhq wkh xqghuo|0
lqj whfkqrorj| kdv frqvwdqw uhwxuqv wr vfdoh/ l1h1 wkhuh lv qr vfdoh frpsrqhqw
lq wkh surgxfwlylw| jurzwk1 Wklv lpsolhv wkdw hdfk glvwdqfh ixqfwlrq lq +7;,
pxvw eh frpsxwhg xqghu wkh dvvxpswlrq ri frqvwdqw uhwxuqv wr vfdoh1 Lq wkh
suhvhqfh ri qrq0frqvwdqw uhwxuqv wr vfdoh/ wkh Pdoptxlvw lqgh{ surylghv dq
lqdffxudwh phdvxuh ri surgxfwlylw| fkdqjh hyhq li wkh glvwdqfh ixqfwlrqv duh
frpsxwhg xqghu yduldeoh uhwxuqv wr vfdoh +Julihoo0Wdwmh dqg Oryhoo/ 4<<8,1
Wkhuhiruh/ d udiw ri qhz surgxfwlylw| lqgh{hv +Ud| dqg Ghvol/ 4<<:> Julihoo0
Wdwmh dqg Oryhoo/ 4<<<> Edon/ 5334, kdyh ehhq sursrvhg/ kdylqj lq frpprq
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wkh lghd ri vfdolqj wkh Pdoptxlvw lqgh{ e| d whup zklfk dffrxqwv iru wkh
vfdoh frpsrqhqw1 Wkhuh lv d khdwhg ghedwh rq zkdw lv wkh ehvw ghfrpsrvlwlrq
dqg vr dw wkh prphqw wklv lvvxh vhhpv suhww| xqvhwwohg1

Wkh Pdoptxlvw lqgh{ lv yhu| srsxodu wr phdvxuh dqg ghfrpsrvh surgxf0
wlylw| jurzwk1 Lw lv xvhg yhu| riwhq dv dq dowhuqdwlyh wr erwk wkh Wruqtxlvw
dqg Ilvkhu lqglfhv dv/ xqolnh wkhp/ lw grhv qrw uhtxluh lqirupdwlrq rq sulfhv/
exw rqo| rq txdqwlwlhv1 Vr/ lw lv yhu| xvhixo zkhq phdvxulqj surgxfwly0
lw| lq sxeolf vhfwru rujdqlvdwlrqv/ zkhuh lqirupdwlrq rq lqsxw dqg rxwsxw
sulfhv lv uduho| dydlodeoh1 Dqrwkhu uhdvrq iru lwv vxffhvv lv wkdw lw doorzv xv
wr hdvlo| lghqwli| wkh vrxufhv ri surgxfwlylw| jurzwk dqg surylghv d orw ri
surgxfhu0vshfl�f lqirupdwlrq rq whfkqlfdo fkdqjh dqg wkh vfdoh frpsrqhqw
iru wlph shulrg/ zklfk fdq eh yhu| xvhixo iru ghflvlrq0pdnlqj1 Frpsxwdwlrq0
doo| vshdnlqj/ erwk sdudphwulf dqg qrq0sdudphwulf phwkrgv fdq eh xvhg lq
sulqflsoh wr hvwlpdwh wkh glvwdqfh ixqfwlrqv pdnlqj xs wkh lqgh{1 Lq wkh hp0
slulfdo olwhudwxuh/ lw lv txlwh frpprq wr xvh GHD1 Lq hduolhu gd|v/ lw zdv qrw
srvvleoh wr fduu| rxw vwdwlvwlfdo lqihuhqfh rq wkh frpsxwhg glvwdqfh ixqfwlrqv>
qrzdgd|v lw lv srvvleoh wr xvh errwvwuds wr frpsxwh frq�ghqfh lqwhuydov rq
hdfk frpsrqhqw ri wkh Pdoptxlvw lqgh{ +Vlpdu dqg Zlovrq/ 4<<<,1 Krz0
hyhu/ wkh pdlq zhdnqhvv ri GHD +qdpho| wkdw lw lv d ghwhuplqlvwlf phwkrg,
lv vwloo wkhuh dqg vr wkh frpsxwhg glvwdqfh ixqfwlrqv pd| lqfoxgh wkh h�hfw
ri idfwruv qrw uhodwhg wr whfkqlfdo h!flhqf| dqg whfkqlfdo fkdqjh1 Ri frxuvh
vwrfkdvwlf iurqwlhu phwkrgv fdq eh xvhg +Julihoo0Wdwmh hw do1/ 5334,1 Wkh|
fdq eh dsshdolqj dv wkh| doorz xv wr glvhqwdqjoh wkh vwrfkdvwlf qrlvh iurp
wkh h!flhqf| phdvxuhv1 Krzhyhu/ wkh hfrqrphwulf hvwlpdwlrq ri glvwdqfh
ixqfwlrqv lv qrw wulyldo> lqghhg/ lq wkh fdvh ri d glvwdqfh ixqfwlrq/ rxwsxw lv
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hqgrjhqrxv dqg vrph LY hvwlpdwru lv qhfhvvdu| lq wklv frqwh{w1 Wkhuhiruh/
wkh xvh ri d sdudphwulf phwkrg iru wkh hvwlpdwlrq ri wkh Pdoptxlvw lqgh{
grhv qrw vhhp d ihdvleoh urxwh1 Wkh ehvw rswlrq ohiw wr wkh uhvhdufkhu lv wr
wu| wr vshfli| wkh GHD prgho +xqghuo|lqj wkh Pdoptxlvw lqgh{, lq wkh ehvw
srvvleoh zd| vr wr plqlplvh wkh lpsdfw ri h{whuqdo idfwruv rq wkh frpsxwhg
glvwdqfh ixqfwlrqv1

9 WIS dqg xqghvludeoh rxwsxwv
Zkhq hydoxdwlqj wkh shuirupdqfh ri surgxfhuv lw pdnhv vhqvh wr fuhglw wkhp
iru wkh surylvlrq ri ghvludeoh rxwsxwv dqg shqdolvh wkhp iru wkh surgxfwlrq
ri xqghvludeoh rxwsxwv> wkdw lv/ jrrg dqg edg rxwsxwv vkrxog eh wuhdwhg
dv|pphwulfdoo|1 Krzhyhu/ iru d orqj wlph/ wkh sureohp ri xqghvludeoh rxw0
sxwv kdv ehhq ljqruhg lq wkh shuirupdqfh phdvxuhphqw olwhudwxuh1 Lqghhg/
wkh wudglwlrqdo rxwsxw0rulhqwhg Iduuhoo phdvxuh fdqqrw wuhdw jrrg dqg edg
rxwsxwv dv|pphwulfdoo| ehfdxvh lw vhhnv wr lqfuhdvh erwk vlpxowdqhrxvo|1 Lq
4<;</ Iduh hw do1 +4<;<, prgl�hg wkh Iduuhoo phdvxuh wr shuplw dq dv|p0
phwulf wuhdwphqw ri rxwsxwv/ doorzlqj wkh pd{lpxp udgldo h{sdqvlrq ri doo
ghvludeoh rxwsxwv dqg frqwudfwlrq ri doo xqghvludeoh rxwsxwv/ kroglqj lqsxwv
frqvwdqw1 Pruh uhfhqwo|/ gluhfwlrqdo glvwdqfh ixqfwlrqv kdyh suryhg h{wuhpho|
xvhixo lq phdvxulqj shuirupdqfh wr dffrxqw iru vxfk rxwsxwv +Fkxqj hpskhw
do1/ 4<<:> Edoo hw do1/ 4<<;,1 Wkhlu glvwlqfwlyh ihdwxuh lv wkdw wkh| phdvxuh
wkh dprxqw e| zklfk dq rxwsxw yhfwru fdq eh wudqvodwhg udgldoo| iurp lwvhoi
wr wkh whfkqrorj| iurqwlhu lq d suh0dvvljqhg gluhfwlrq1 Lq dgglwlrq/ wkh| duh
d jhqhudolvdwlrq ri Vkhsdug*v rxwsxw glvwdqfh ixqfwlrqv +Fkdpehuv hpskhw
do1/ 4<<;, dqg wklv uhodwlrqvkls kdv ehhq xvhg wr frpsxwh d Pdoptxlvw0w|sh
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surgxfwlylw| lqgh{ +vr0fdoohg Pdoptxlvw0Oxhqehujhu +PO, lqgh{, wkdw doorzv
xv wr phdvxuh surgxfwlylw| lq wkh suhvhqfh ri xqghvludeoh rxwsxwv +Fkxqj hw
do1/ 4<<:,1

Wr gh�qh d gluhfwlrqdo glvwdqfh ixqfwlrq/ lw lv lpsruwdqw wr pdnh vrph
dvvxpswlrqv rq wkh surgxfwlrq surfhvv1 Frqvlghu d surgxfwlyh surfhvv zlwk
wkh iroorzlqj rxwsxw vhw=

� E%� ' iE+c K� G %fdq surgxfhE+c K�j� +83,

zkhuh + 5 - xy ghqrwhv wkh ghvludeoh rxwsxw/ K 5 - z y lv wkh xqghvludeoh
rxwsxw dqg % 5 - {y lv dq lqsxw1 Ghvludeoh dqg xqghvludeoh rxwsxwv duh
surgxfhg vlpxowdqhrxvo|/ lpso|lqj wkdw wkh ghvludeoh rxwsxw lv %qxoomrlqw%
zlwk wkh xqghvludeoh rxwsxw= wkh rqo| zd| qrw wr surgxfh wkh xqghvludeoh
rxwsxw lv e| qrw surgxflqj wkh ghvludeoh rxwsxw/ wkdw lv li E+c K� 5 � E%� dqg
K ' f wkhq + ' f1 Wklv vlpxowdqhrxv surgxfwlrq ri ghvludeoh dqg xqghvludeoh
rxwsxwv lpsolhv wkdw wkh uhgxfwlrq ri wkh xqghvludeoh rxwsxw lv frvwo| +l1h1
wkhuh lv zhdn glvsrvdelolw| ri xqghvludeoh rxwsxwv, dv lw uhtxluhv wkh �up wr
uhgxfh wkh ghvludeoh rxwsxw1 Wkhuhiruh E+c K� 5 � E%� dqg f � w � � lpso|
Ew+c wK� 5 � E%�1 Ilqdoo|/ lw lv dvvxphg wkdw wkh ghvludeoh rxwsxw lv iuhho|
glvsrvdeoh/ l1h1 E+c K� 5 � E%� dqg + | � + lpso| E+ | c K� 5 � E%�1

Xqghu wkhvh dvvxpswlrqv/ wkh whfkqrorj| fdq eh frpsohwho| fkdudfwhulvhg
e| d gluhfwlrqdo rxwsxw glvwdqfh ixqfwlrq1 Irupdoo|/ d gluhfwlrqdo rxwsxw
glvwdqfh ixqfwlrq lv gh�qhg dv=

�$( } E%c +c K( }� ' ir�REq G +c K� n q} 5 � E%��j +84,

zkhuh } lv wkh yhfwru ri *gluhfwlrqv* e| zklfk rxwsxwv duh vfdohg1 Gluhf0
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wlrqdo glvwdqfh ixqfwlrqv duh d jhqhudolvdwlrq ri wkh Vkhsdug rxwsxw glvwdqfh
ixqfwlrq +Fkdpehuv hw do1/ 4<<;,1 Pruh vshfl�fdoo|/ ohw } ' E+c�K� +lpso|lqj
wkdw wkh srvlwlyh rxwsxw lv h{sdqghg dqg wkh qhjdwlyh rxwsxw lv frqwudfwhg,/
wkhq=

�$( ~ E%c +c K( }� ' �
( ~ E%c +c K( }� � � +85,

+85, fdq eh xvhg wr gh�qh wkh rxwsxw0rulhqwhg PO lqgh{ dv=

�u � ' d � n�$( � � E% � c + � c K � ( }�
� n�$( � � E% � � � c + � � � c K � � � ( }� � n�$( � � �� E% � c + � c K � ( }�

� n�$( � � �� E% � � � c + � � � c K � � � ( }� o ~ � � +86,

Wkh PO lqgh{ +dv wkh Pdoptxlvw lqgh{, fdq dovr eh ghfrpsrvhg lqwr
wzr frpsrqhqwv ri whfkqlfdo h!flhqf| +POHIIFK, dqg whfkqrorjlfdo fkdqjh
+POWHFK,=

�u.88�M � ' � n�$( � � E% � c + � c K � ( }�
� n�$( � � �� E% � � � c + � � � c K � � � ( }� +87,

�uA.�M � ' d� n
�$( � � �� E% � c + � c K � ( }�

� n�$( � � E% � c + � c K � ( }� � n�$( � � �� E% � � � c + � � � c K � � � ( }�
� n�$( � � E% � � � c + � � � c K � � � ( }� o � � � +88,

vr wkdw wkhlu surgxfw lv htxdo wr �u � 1 Wkh h!flhqf| fkdqjh whup lv
htxlydohqw wr wkh udwlr ri wkh gluhfwlrqdo glvwdqfh ixqfwlrqv lq wzr dgmdfhqw
wlph shulrgv1 Wkh whfkqlfdo fkdqjh whup lv wkh jhrphwulf phdq ri wkh vkliw lq
whfkqrorj| hydoxdwhg dw % � � � dqg wkh vkliw lq whfkqrorj| hydoxdwhg dw % � 1 Wkh
PO lqgh{ lqglfdwhv dq lqfuhdvh lq surgxfwlylw| li lwv ydoxh lv juhdwhu wkdq rqh
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dqg surgxfwlylw| ghfolqh li lwv ydoxh lv ohvv wkdq rqh1 Wkh gluhfwlrqdo glvwdqfh
ixqfwlrqv frpsrvlqj wkh PO lqgh{ fdq eh frpsxwhg xvlqj d prgl�fdwlrq ri
wkh GHD sureohp zkhuh wkh edg rxwsxw lv qrz zhdno| glvsrvdeoh1

D fodvvlfdo h{dpsoh zkhuh wkh PO lqgh{ lv uhohydqw lv wkh hydoxdwlrq ri
wkh shuirupdqfh ri d �up kdylqj wr uhgxfh srooxwdqwv +edg rxwsxw, wr phhw
hqylurqphqwdo uhjxodwlrqv1 Wkh krvslwdo vhfwru lv dqrwkhu h{dpsoh zkhuh
gluhfwlrqdo glvwdqfh ixqfwlrqv fdq surylgh xvhixo lqirupdwlrq +Glvpxnh dqg
Vhqd/ 5334,1 Wudglwlrqdoo|/ zkhq wkh shuirupdqfh ri dq krvslwdo lv hydoxdwhg/
wkh| duh dvvxphg wr *surgxfh* glvfkdujhv dqg w|slfdoo| qr glvwlqfwlrq lv pdgh
ehwzhhq wkhlu glvfkdujh vwdwxv +l1h1 ghdg ru dolyh,1 Wkhuhiruh/ ghdg dqg dolyh
glvfkdujhv duh wuhdwhg lq dq htxlydohqw pdqqhu dqg zkhq wkh wudglwlrqdo
Pdoptxlvw lqgh{ lv xvhg/ dq| h�ruw ri wkh krvslwdo pdqdjhphqw wr uhgxfh wkh
pruwdolw| udwh pd| eh uhfrughg dv d surgxfwlylw| ghfuhdvh1 Krzhyhu/ iurp wkh
vrfldo vwdqgsrlqw/ zkdw uhdoo| pdwwhuv lv wkh delolw| ri wkh krvslwdo wr uhgxfh
ghdg glvfkdujhv dqg lqfuhdvh wkh dolyh rqhv1 Lq wklv fdvh/ d PO lqgh{ lv pruh
vxlwhg wr phdvxuh surgxfwlylw| jurzwk wkdq wkh wudglwlrqdo Pdoptxlvw lqgh{
dv wkh iruphu doorzv wr ghulyh d phdvxuh ri surgxfwlylw| jurzwk zklfk/ e|
uhzduglqj wkh krvslwdo*v h�ruwv wr uhgxfh pruwdolw|/ jlyhv d slfwxuh ri wkh
krvslwdo*v shuirupdqfh pruh uhvsrqglqj wr vrflhw|*v h{shfwdwlrqv1

: Frqfoxvlrqv
Dq ryhuylhz ri wkh iurqwlhu dssurdfk wr wkh phdvxuhphqw ri whfkqlfdo hi0
�flhqf| dqg surgxfwlylw| kdv ehhq surylghg1 Erwk sdudphwulf dqg qrq0
sdudphwulf dssurdfkhv kdyh ehhq suhvhqwhg/ zkhuh wkh iruphu lv edvhg rq
wkh hfrqrphwulf hvwlpdwlrq ri wkh surgxfwlrq iurqwlhu dqg wkh odwwhu xvhv
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olqhdu surjudpplqj whfkqltxhv wr frqvwuxfw wkh iurqwlhu1
Vwrfkdvwlf phwkrgv kdyh wkh dgydqwdjh ri frqwuroolqj iru udqgrp vkrfnv

wr wkh surgxfwlrq dqg phdvxuhphqw huuruv lq wkh lqsxwv dqg rxwsxwv1 Krz0
hyhu/ wkh| fdq eh vxemhfw wr vshfl�fdwlrq huuruv/ hyhq li/ e| xvlqj vhplsdud0
phwulf hvwlpdwruv/ wklv sureohp fdq eh dgguhvvhg1 Dqrwkhu sureohp lv wkh
qxpehu ri sdudphwhuv wr eh hvwlpdwhg/ zklfk fdq vlpso| eh wrr pdq|/ hv0
shfldoo| zkhq xvlqj sdqho gdwd1 Wkh pdlq zhdnqhvv ri wkh qrq0sdudphwulf
dssurdfk lv wkh idfw wkdw lw lv d ghwhuplqlvwlf phwkrg1 Lq vslwh ri dwwhpswv wr
vroyh wklv sureohp +vxfk dv zlwk fkdqfh frqvwudlqhg GHD,/ lw lv vwloo lpsrvvl0
eoh wr frqwuro iru udqgrp vkrfnv wr surgxfwlrq1 Rq wkh rwkhu kdqg/ zkdw zdv
uhjdughg wr eh wkh pdlq sureohp zlwk GHD/ qdpho| wkh odfn ri vwdwlvwlfdo
lqihuhqfh/ kdv qrz ehhq vroyhg dqg wkhuh lv d vxevwdqwldo olwhudwxuh rq k|0
srwkhvlv whvwv dqg krz wr frqvwuxfw frq�ghqfh lqwhuydov e| errwvwudsslqj wkh
GHD h!flhqf| vfruhv1 Wkh pdlq dgydqwdjh ri GHD lv wkdw lw surylghv d orw
ri surgxfhu0vshfl�f lqirupdwlrq/ olnh gxdo vroxwlrq ydoxhv/ vodfnv dqg vr rq1
Lw lv uhdoo| lpsrvvleoh wr vxjjhvw rqh dssurdfk ryhu wkh rwkhu/ dv wkh| erwk
kdyh srvlwlyh dqg qhjdwlyh ihdwxuhv> lq d vhqvh/ wkh| frxog eh xvhg mrlqwo| dv
wkh| surylgh frpsohphqwdu| lqirupdwlrq1 Dw dq| udwh/ lw lv fohdu wkdw wkh
iurqwlhu dssurdfk r�huv dq lqwhuhvwlqj vhw ri wrrov wr phdvxuh h!flhqf| dqg
WIS dqg vr frqwulexwh wr ghflvlrq0pdnlqj zlwklq erwk sulydwh dqg sxeolf
rujdqlvdwlrqv1
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Hqgqrwhv� Wkh dxwkru zlvkhv wr wkdqn Wrnh Dlgw/ Kxz Gl{rq/ Shwhu Vlpprqv/ Sh0
whu Vplwk/ Jdeulho Wdopdlq dqg Hppdqxho Wkdqdvvrxolv iru xvhixo frpphqwv
rq suhylrxv gudiwv ri wkh zrun1 Wkh xvxdo glvfodlphu dssolhv1 Dgguhvv iru fru0
uhvsrqghqfh= OXEV/ Xqlyhuvlw| ri Ohhgv/ Ohhgv/ OV5 <MW/ Xqlwhg Nlqjgrp>
whohskrqh= 3377044606767847/ h0pdlo=yvCoxev1ohhgv1df1xn1� Lqwhuhvwhg uhdghuv fdq uhihu wr Nxpekdndu dqg Oryhoo +5333, dqg Frrshu
hw do1 +5333, iru wkrurxjk lqwurgxfwlrqv wr sdudphwulf dqg qrq0sdudphwulf
phwkrgv/ uhvshfwlyho|1� Wkh prvw frpprq glvwulexwlrqv lq wkh hpslulfdo zrun duh wkh Kdoi0
Qrupdo/ wkh Wuxqfdwhg dqg wkh H{srqhqwldo1 Rwkhu glvwulexwlrqv kdyh ehhq
vxjjhvwhg vxfk dv wkh Jdppd> krzhyhu/ jlyhq lwv frpsoh{lw|/ lw lv uduho| xvhg
lq hpslulfdo zrun1 Vhh dovr Oryhoo dqg Nxpekdndu +5333,1� Kdoodp dqg Pdfkdgr +4<<9, dqg Eudyr0Xuhwd dqg Dkpdg +4<<9, kdyh
frpsduhg wkh gl�huhqw sdqho gdwd hvwlpdwruv1 Wkh| �qg wkdw POH surylghv
ehwwhu phdvxuhv ri wkh h!flhqf| vfruhv> krzhyhu/ wkh| dovr vhhp wr frqfoxgh
wkdw wkh wzr dssurdfkhv +POH dqg wudglwlrqdo sdqho hvwlpdwruv, pd| jhqhu0
dwh vlplodu udqnlqjv1� Wkh txdolw| ri wkh dssur{lpdwlrq ghshqgv rq wkh ydoxh ri �1 Wkh eljjhu
wkh qxpehu ri gudzv/ wkh vpdoohu wkh dssur{lpdwlrq huuru1� 	K � dqg 	@ � duh xqnqrzq dqg fdq eh frpsxwhg e| vruwlqj wkh ydoxhv
	wE% � c + � � � wE% � c + � � lq lqfuhdvlqj rughu dqg wkhq ghohwh k*2 shufhqw ri wkh
hohphqwv dw hlwkhu hqg ri wkh vruwhg olvw> wkhq �	K � dqg �	@ � duh vhw htxdo wr
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wkh hqgsrlqwv ri wkh wuxqfdwhg vruwhg duud|1� Wklv lv htxlydohqw wr dvvxplqj wkdw wkh glvwulexwlrq ri lqh!flhqflhv lv
krprjhqrxv1 Wklv dvvxpswlrq fdq eh uhod{hg +dv lq wkh vr0fdoohg khwhurjh0
qhrxv dssurdfk, exw dw d frvw ri lqfuhdvhg frpsoh{lw| dqg frpsxwdwlrqdo
exughq1
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Uhihuhqfhv
Dgdpv UP/ Ehujhu D Q dqg Vlfnohv U F +4<<<, cVhplsdudphwulf Dssurdfkhv
wr Vwrfkdvwlf Sdqho Iurqwlhuv zlwk Dssolfdwlrq lq wkh Edqnlqj Lqgxvwu|*/
Mrxuqdo ri Exvlqhvv dqg Hfrqrplfv Vwdwlvwlfv/ 4:/ 6/ 67<068;1

Diuldw V +4<:5, cH!flhqf| Hvwlpdwlrq ri Surgxfwlrq Ixqfwlrqv*/ Lqwhuqd0
wlrqdo Hfrqrplf Uhylhz/ 46=6/ Rfwrehu/ 89;08<;1

Dljqhu G M / Oryhoo F D N dqg Vfkplgw S1M1 +4<::, cIrupxodwlrq dqg
Hvwlpdwlrq ri Vwrfkdvwlf Iurqwlhu Surgxfwlrq Ixqfwlrq Prghov*/ Mrxuqdo ri
Hfrqrphwulfv/ 9/ 4/ 5406:1

Dkpdg P dqg Eudyr0Xuhwd E H +4<<9, cWhfkqlfdo H!flhqf| Phdvxuhv
iru Gdlu| Idupv Xvlqj Sdqho Gdwd= D Frpsdulvrq ri Dowhuqdwlyh Prgho
Vshfl�fdwlrqv* Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ :+7,/ 6<<07481

Edoo H/ Iduh U/ Jurvvnrsi V dqg Qhkulqj U1 +4<<;, cSurgxfwlylw| ri wkh
XV Djulfxowxudo Vhfwru= wkh fdvh ri Xqghvludeoh Rxwsxwv*/ plphr1

Edon E P +5334, cVfdoh H!flhqf| dqg Surgxfwlylw| Fkdqjh*/ Mrxuqdo ri
Surgxfwlylw| Dqdo|vlv/ 48/ 48<04;61

Edqnhu U G/ Fkduqhv D/ Frrshu ZZ +4<;7, cVrph Prghov iru Hvwlpdw0
lqj Whfkqlfdo dqg Vfdoh H!flhqf| lq Gdwd Hqyhorsphqw Dqdo|vlv*/ Pdqdjh0
phqw Vflhqfh/ 63/ </ 43:;043<51

Edqnhu U G +4<<6, cPd{lpxp Olnholkrrg/ Frqvlvwhqf| dqg Gdwd Hqyho0
rsphqw Dqdo|vlv*/ Pdqdjhphqw Vflhqfh/ 6<=43/ 4598045:61

Edqnhu U G +4<<9, cK|srwkhvlv Whvwv Xvlqj Gdwd Hqyhorsphqw Dqdo|vlv*/
Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ :/ 46<048<1

Edwwhvh J H dqg Frhool W M +4<;;, cSuhglfwlrq ri Ilup0Ohyho Whfkqlfdo Hi0
�flhqflhv zlwk d Jhqhudolvhg Iurqwlhu Surgxfwlrq Ixqfwlrq dqg Sdqho Gdwd*/
Mrxuqdo ri Hfrqrphwulfv/ 6;/ 6;:06<<1

Edwwhvh J H dqg Frhool W M +4<<5, cIurqwlhu surgxfwlrq Ixqfwlrqv/ Whfk0
qlfdo H!flhqf| dqg Sdqho Gdwd zlwk Dssolfdwlrq wr Sdgg| Iduphuv lq Lqgld*/
Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ 6/ 486049<1

Edwwhvh J H dqg Frhool W M +4<<8, cD Prgho iru Whfkqlfdo H!flhqf| Hi0
ihfwv lq d Vwrfkdvwlf Iurqwlhu Surgxfwlrq Ixqfwlrq iru Sdqho Gdwd*/ Hpslulfdo
Hfrqrplfv/ 53/ 65806651

Edwwhvh/ J H dqg Fruud J V +4<::, cHvwlpdwlrq ri d Surgxfwlrq Iurq0
wlhu Prgho= Zlwk Dssolfdwlrq wr wkh Sdvwrudo ]rqh ri Hdvwhuq Dxvwudold*/
Dxvwudoldq Mrxuqdo ri Djulfxowxudo Hfrqrplfv/ 54+6,/ 49<0:<1

Fdyhv G/ Fkulvwhqvhq O dqg Glhzhuw Z H +4<;5, cWkh Hfrqrplf Wkhru|
ri Lqgh{ Qxpehuv dqg wkh Phdvxuhphqw ri Lqsxw/ Rxwsxw dqg Surgxfwlylw|*/
Hfrqrphwulfd/ 83+9,/ 46<6047471

Fkdpehuv U J/ Fkxqj \ dqg Iduh U +4<<;, cSur�w/ Gluhfwlrqdo Glvwdqfh
Ixqfwlrqv dqg Qhuoryldq H!flhqf|*/ Mrxuqdo ri Rswlpl}dwlrq Wkhru| dqg
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Dssolfdwlrqv/ :3/ 73:074<1
Fkduqhv D/ Frrshu ZZ dqg Ukrghv H +4<:;, cPhdvxulqj wkh H!flhqf|

ri Ghflvlrq0pdnlqj Xqlwv*/ Hxurshdq Mrxuqdo ri Rshudwlrq Uhvhdufk/ 5+9,/
75<07771

Fkxqj \/ Iduh U dqg Jurvvnrsi V +4<<:, cSurgxfwlylw| dqg xqghvludeoh
rxwsxwv= d gluhfwlrqdo glvwdqfh ixqfwlrq dssurdfk*/ Mrxuqdo ri Hqylurqphqwdo
Pdqdjhphqw/ 84/ 55<05731

Fruqzhoo F/ Vfkplgw S dqg Vlfnohv U F +4<<3, cSurgxfwlrq Iurqwlhuv zlwk
Furvv0Vhfwlrqdo dqg Wlph0Vhulhv Yduldwlrq lq H!flhqf| Ohyhov*/ Mrxuqdo ri
Hfrqrphwulfv/ 79+425,/ 4;805331

FrrshuZZ/ Vhlirug OP dqg Wrqh N +5333, cGdwd hqyhorsphqw dqdo|vlv=
D frpsuhkhqvlyh wh{w zlwk prghov/ dssolfdwlrqv/ uhihuhqfhv dqg GHD Vroyhu
vriwzduh* Orqgrq= Noxzhu1

Glvpxnh F H dqg Vhqd Y +5334, cLv Wkhuh d Wudgh0R� Ehwzhhq Txdolw|
dqg Surgxfwlylw|B Wkh Fdvh ri Gldjqrvwlf Whfkqrorjlhv lq Sruwxjdo*/ Dqqdov
ri Rshudwlrqv Uhvhdufk/ 43:/ 43404491

Hiurq E dqg Wlevkludql U M +4<<6, Dq Lqwurgxfwlrq wr wkh Errwvwuds/
Orqgrq= Fkdspdq dqg Kdoo1

Idq \/ Ol T dqgZhhuvlqn D +4<<9, cVhplsdudphwulf Hvwlpdwlrq ri Vwrfkdv0
wlf Surgxfwlrq Iurqwlhu*/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplfv Vwdwlvwlfv/ 47/
793079;1

Iduh U/ Jurvvnrsi V/ Olqgjuhq E dqg Urrv S +4<<5,cSurgxfwlylw| lq
Vzhglvk Skdupdflhv= D Pdoptxlvw Lqsxw Lqgh{ Dssurdfk*/ Mrxuqdo ri Sur0
gxfwlylw| Dqdo|vlv/ 6+425,/ 5:305;81

Iduh U/ Jurvvnrsi V/ Oryhoo F D N dqg Sdvxund F +4<;<, cPxowlodwhudo
Surgxfwlylw| Frpsdulvrqv zkhq Vrph Rxwsxwv duh Xqghvludeoh= D Qrqsdud0
phwulf Dssurdfk*/ Wkh Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :4/ 4/ <30<;1

Iduh U/ Jurvvnrsi/ V dqg Ohh Z I +5334, cSurgxfwlylw| dqg Whfkqlfdo
Fkdqjh= Wkh Fdvh ri Wdlzdq*/ Dssolhg Hfrqrplfv/ 66+48,/ 4<440581

Iduuhoo P M +4<8:, cWkh Phdvxuhphqw ri Surgxfwlyh H!flhqf|*/Mrxuqdo
ri wkh Ur|do Vwdwlvwlfdo Vrflhw|/ Vhulhv D/ Jhqhudo/ 453/ 58605;41

Ixhqwhv K M/ Julihoo0Wdwmh H dqg Shuhopdq V +5334, cD Sdudphwulf Glv0
wdqfh Ixqfwlrq Dssurdfk iru Pdoptxlvw Surgxfwlylw| Lqgh{ Hvwlpdwlrq* /Mrxuqdo0
ri0Surgxfwlylw|0Dqdo|vlv/ 48+5,/ :<0<71

Jlmehov L/ Pdpphq H/ Sdun E X dqg Vlpdu O +4<<<, cRq Hvwlpdwlrq ri
Prqrwrqh dqg Frqfdyh Iurqwlhu Ixqfwlrqv*/ Mrxuqdo ri wkh Dphulfdq Vwdwlv0
wlfdo Dvvrfldwlrq/ <7/ 553055;1

Juhhqh Z +4<<6, cWkh Hfrqrphwulf Dssurdfk wr H!flhqf| Dqdo|vlv*/ lq
Iulhg K/ Oryhoo F D N dqg Vfkplgw S +hgv, Wkh Phdvxuhphqw ri Surgxfwlyh
H!flhqf|/ R{irug= R{irug X S1
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Julihoo0Wdwmh H dqg Oryhoo F D N +4<<8, cD Qrwh rq wkh Pdoptxlvw Sur0
gxfwlylw| Lqgh{*/ Hfrqrplfv Ohwwhuv/ 7:/ 49<04:81

Julihoo0Wdwmh H dqg Oryhoo F D N +4<<<, cD Jhqhudolvhg Pdoptxlvw Sur0
gxfwlylw| Lqgh{*/ WRS/ :+4,/ ;404341

Jurvvnrsi V +4<<6, cH!flhqf| dqg Surgxfwlylw|*/ lq Iulhg K/ Oryhoo F D
N dqg Vfkplgw S +hgv, Wkh Phdvxuhphqw ri Surgxfwlyh H!flhqf|/ R{irug=
R{irug X S1

Kdoodp G dqg Pdfkdgr I +4<<9, cH!flhqf| Dqdo|vlv zlwk Sdqho gdwd=
d Vwxg| ri Sruwxjxhvh Gldu| Idupv*/ Hxurshdq Uhylhz ri Djulfxowxudo Hfr0
qrplfv/ 56+4,/ :<0;61

Kdxvpdqq M D dqg Wd|oru H H +4<;4, cSdqho Gdwd dqg Xqrevhuydeoh
Lqglylgxdo H�hfwv*/ Hfrqrphwulfd/ 7</ 46::046<;1

Kxdqj F M dqg Ix W W +4<<<, cDq Dyhudjh Ghulydwlyh Hvwlpdwlrq ri
Vwrfkdvwlf Iurqwlhuv*/ Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ 45/ 780861

Mrqgurz M/ Oryhoo F D N/ Pdwhury L V dqg Vfkplgw S +4<;5, cRq wkh
Hvwlpdwlrq ri Whfkqlfdo Lqh!flhqf| lq wkh Vwrfkdvwlf Iurqwlhu Surgxfwlrq
Ixqfwlrq Prgho*/ Mrxuqdo ri Hfrqrphwulfv/ 4</ 526/ 566056;1

Nqhls D/ Sdun E X dqg Vlpdu O +4<<;, cD Qrwh rq wkh Frqyhujhqfh ri
Qrqsdudphwulf GHD Hvwlpdwruv iru Surgxfwlrq H!flhqf| Vfruhv*/ Hfrqr0
phwulf Wkhru|/ 47/ :;60:<61

Nrrspdqv W F +4<84, cDq Dqdo|vlv ri Surgxfwlrq dv dq H!flhqw Frpel0
qdwlrq ri Dfwlylwlhv*/ lq WF Nrrspdqv +hg, Dfwlylw| Dqdo|vlv ri Surgxfwlrq
dqg Doorfdwlrq/ Frzohv Frpplvvlrq iru Uhvhdufk lq Hfrqrplfv/ Prqrjudsk
46/ Qhz \run= Zloh|1

Nrurvwrohy D S/ Vlpdu O dqg Wv|ednry/ D E +4<<8, cRq Hvwlpdwlrq ri
Prqrwrqh dqg Frqyh{ Erxqgdulhv*/ Sxeolfdwlrqv gh ocLqvwlwxw gh Vwdwlvwltxh
gh o*Xqlyhuvlwhc gh Sdulv/ 6<=4/ 604;1

Nxpekdndu V dqg Oryhoo F D N +5333, Vwrfkdvwlf Iurqwlhu Dqdo|vlv/
Fdpeulgjh= Fdpeulgjh X S1

Odqg N F/ Oryhoo F D N dqg Wkruh V +4<<6, cFkdqfh0frqvwudlqhg Gdwd
Hqyhorsphqw Dqdo|vlv*/ Pdqdjhuldo dqg Ghflvlrq Hfrqrplfv/ 47=9/ 87408871

Ohh \ K dqg Vfkplgw S +4<<6, cD Surgxfwlrq Iurqwlhu Prgho zlwk Ioh{l0
eoh Whpsrudo Yduldwlrq lq Whfkqlfdo H!flhqf|*/ lq Iulhg K/ Oryhoo F D N dqg
Vfkplgw S +hgv, Wkh Phdvxuhphqw ri Surgxfwlyh H!flhqf|/ R{irug= R{irug
X S1

Olqqd P +4<<;, cPhdvxulqj Krvslwdo Frvw H!flhqf| zlwk Sdqho Gdwd
Prghov*/ Khdowk Hfrqrplfv/ :+8,/ 74805:1

Phhxvhq Z dqg ydq Ghq Eurhfn M +4<::, cH!flhqf| Hvwlpdwlrq iru
Free0Grxjodv surgxfwlrq Ixqfwlrqv zlwk Frpsrvhg Huuru*/ Lqwhuqdwlrqdo
Hfrqrplf Uhylhz/ 4;+5,/ 7680777 1

77



Qlvklpl}x P dqg Sdjh M P +4<;5, cWrwdo Idfwru Surgxfwlylw| Jurzwk/
Whfkqrorjlfdo Surjuhvv dqg Whfkqlfdo H!flhqf| Fkdqjh= Glphqvlrqv ri Sur0
gxfwlylw| Fkdqjh lq \xjrvodyld 4<980:;*/ Hfrqrplf Mrxuqdo/ <5/ <530<69 1

Sdun E X/ Vlfnohv U F dqg Vlpdu O +4<<;, cVwrfkdvwlf Sdqho Iurqwlhuv= d
Vhplsdudphwulf dssurdfk*/ Mrxuqdo ri Hfrqrphwulfv/ ;7/ 5:606341

Slww P P dqg Ohh O I +4<;4, cPhdvxuhphqw dqg Vrxufhv ri Whfkqlfdo
Lqh!flhqf| lq wkh Lqgrqhvldq Zhdylqj Lqgxvwu|*/ Mrxuqdo ri Ghyhorsphqw
Hfrqrplfv/ </ 760971

Ud| V dqg Ghvol H +4<<:, cSurgxfwlylw| Jurzwk/ Whfkqlfdo Surjuhvv dqg
H!flhqf| Fkdqjh lq Lqgxvwuldolvhg Frxqwulhv= d Gìmã yx*/ Dphulfdq Hfr0
qrplf Uhylhz/ ;:/ 43660436<1

Ulfkprqg M +4<:7, cHvwlpdwlqj wkh H!flhqf| ri Surgxfwlrq*/ Lqwhuqd0
wlrqdo Hfrqrplf Uhylhz/ 48+5,/ 84808541

Vfkplgw S dqg Vlfnohv U F +4<;7, cSurgxfwlrq Iurqwlhuv dqg Sdqho Gdwd*/
Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ 5/ 69:06:71

Vlpdu O +4<<5, cHvwlpdwlqj H!flhqflhv iurp Iurqwlhu Prghov zlwk Sdqho
Gdwd= d Frpsdulvrq ri Sdudphwulf/ Qrq0Sdudphwulf dqg Vhpl0Sdudphwulf
Phwkrgv zlwk Errwvwudsslqj*/ Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ 6+425,/ 4:40
4<41

Vlpdu O dqg Zlovrq S +4<<;, cVhqvlwlylw| Dqdo|vlv ri H!flhqf| Vfruhv=
Krz wr Errwvwuds lq Qrqsdudphwulf Iurqwlhu Prghov*/ Pdqdjhphqw Vflhqfh/
77+44,/ 7<0941

Vlpdu O dqg Zlovrq S +4<<<, cHvwlpdwlqj dqg Errwvwudsslqj Pdoptxlvw
Lqglfhv*/ Hxurshdq Mrxuqdo ri Rshudwlrqv Uhvhdufk/ 448/ 78<07:41

Vlpdu O dqg Zlovrq S +5333, cVwdwlvwlfdo Lqihuhqfh lq Qrqsdudphwulf
Iurqwlhu Prghov= wkh Vwdwh ri wkh Duw*/ Mrxuqdo ri Surgxfwlylw| Dqdo|vlv/ 46/
7<0:;1

Yduldq K +4<;8, cQrqsdudphwulf Dqdo|vlv ri Rswlplvlqj Ehkdylrxu zlwk
Phdvxuhphqw Huuru*/ Mrxuqdo ri Hfrqrphwulfv/ 63=425/ 778078;1
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