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Wklv frqwulexwlrq lv prvw olnho| rqh ri wkh pruh xqh{shfwhg wr eh irxqg lq %Uhylhzv ri
Prghuq Dvwurqrp|%1 Iluvw/ ehfdxvh surihvvlrqdo dvwurqrphuv dqg dvwursk|vlflvwv kdyh
rqo| olwwoh frqqhfwlrqv wr lqgxvwu| lq jhqhudo xqohvv wkh| duh rughulqj d odujh whohvfrsh ru
vdwhoolwh ghylfh1 Vhfrqg/ ehfdxvh rqh zrxog qrw h{shfw wr �qg pdq| dvwurqrphuv dqg dv0
wursk|vlflvwv lq lqgxvwu|/ hvshfldoo| fkhplfdo frpsdqlhv1 Dqg/ kdylqj wkh slfwxuh lq plqg
wkdw dvwurqrphuv duh pruh lqwhuhvwhg lq khdyhqo| erglhv/ dqg ohvv lq wkh pruh sudfwlfdo
wklqjv lq olih/ wkh txhvwlrq pljkw dulvh/ fdq dvwurqrphuv dqg dvwursk|vlflvwv eh xvhixo lq lq0
gxvwu| dw dooB Wkh dqvzhu lv fhuwdlqo| |hv= dvwurqrphuv dqg dvwursk|vlflvwv duh dffxvwrphg
wr ghvfuleh gl�fxow dqg gl�xvh sureohpv1 Uhdo zruog sureohpv rffxuulqj lq lqgxvwu| duh
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ixoo ri gl�fxowlhv wkdw duh ix}}| dqg uhtxluh phwkrgv iurp gl�huhqw glvflsolqhv lq sk|vlfv
dqg fkhplvwu|1 Lq sduwlfxodu/ wkrvh dvwursk|vlflvwv lqyroyhg lq prgholqj xvxdoo| kdyh vrph
edfnjurxqg lq gl�huhqw sk|vlfdo glvflsolqhv/ h1j1/ wkhuprg|qdplfv/ �xlg g|qdplfv/ sodvpd
sk|vlfv ru rswlfv1 Wklv eurdg edfnjurxqg dqg wkh dvwursk|vlflvwv* kdelw wr xvh wrrov dqg
whfkqltxhv iurp doo vrxufhv jlyhv wkhp vrph dgydqwdjh wr sxuh sk|vlflvwv zkr duh xvhg wr
pruh uljlg whfkqltxhv/ kljkhu suhflvlrq dqg duh vrphwlphv vshfldol}hg lq rqh glvflsolqh/ h1j1/
vrolg sk|vlfv/ hohphqwdu| sduwlfoh sk|vlfv/ ru qxfohdu sk|vlfv1 Dqg �qdoo| wkhuh duh idprxv
h{dpsohv ri dvwursk|vlflvwv lq lqgxvwu|1 Ehuqkdug Wlpp +4<3<04<<5,/ iurp 4<98 wr 4<:7
wkh khdg ri wkh erdug ri gluhfwruv ri EDVI0DJ lq Oxgzljvkdihq +Jhupdq|, zdv dq dvwur0
sk|vlflvw1 Kh kdg vwxglhg pdwkhpdwlfv/ sk|vlfv/ dvwurqrp| dqg fkhplvwu| dw Khlghoehuj
Xqlyhuvlw| dqg kdg ehhq Fduo Ervfk*v dvvlvwdqw lq Ervfk*v sulydwh revhuydwru|1

Wkh sulpdu| irfxv ri wklv duwlfoh duh qrw mrev uhodwhg wr pdunhwlqj/ shuvrqqho glylvlrq
dqg doo nlqgv ri srvlwlrqv zklfk frxog eh khog e| dq| dfdghplf exw duh udwkhu wkrvh �hogv
zklfk kdyh d forvh uhodwlrq wr wkh qdwxudo vflhqfh edfnjurxqg dvwurqrphuv dqg dvwursk|vl0
flvwv kdyh dftxluhg gxulqj wkhlu vwxglhv/ SkG/ ru wlph ehlqj d srvwgrfwrudo ihoorz1 Lq wlphv
vxfk dv wkh suhvhqw zkhq wkh mre vlwxdwlrq lv qrw wrr surplvlqj iru dvwurqrphuv dqg dv0
wursk|vlflvwv/ wkh Erdug ri Gluhfwruv ri wkh %Dvwurqrplvfkh Jhvhoovfkdiw% dqg wkh dxwkru
ihow wkdw wklv duwlfoh pljkw eh khosixo wr dqg xvhixo iru erwk dvwurqrphuv dqg dvwursk|vl0
flvwv lq wkhlu hgxfdwlrq/ glsorpd ru SkG wkhvlv ru wlph ehlqj d srvwgrfwrudo ihoorz/ dqg
dovr whqxuhg surihvvruv dgylvlqj dqg hqfrxudjlqj wkhlu |rxqjhu froohdjxhv lq qrqshupdqhqw
srvlwlrqv1

Lq sulqflsoh/ doo nlqgv ri lqgxvwulhv duh srvvleoh hpsor|phqw duhdv iru dvwurqrphuv dqg
dvwursk|vlflvwv dv orqj dv wkhvh eudqfkhv kdyh vrph frqqhfwlrq wr pdwkhpdwlfdo prg0
holqj edvhg rq wkh odzv ri sk|vlfv/ fkhplvwu|/ elrorj| dqg vrphwlphv hyhq hfrqrplfv1
Frqfhuqlqj wkh pdwkhpdwlfdo irfxv/ wkhruhwlfdo dvwurqrphuv dqg dvwursk|vlflvwv pd| kdyh
ehwwhu fkdqfhv wkdq wkhlu revhuylqj froohdjxhv> wkh| pd| eh ehwwhu wudlqhg iru pdwkhpdw0
lfdo prgholqj dqg kdyh d forvhu uhodwlrq wr pdwkhpdwlfdo dojrulwkpv1 Krzhyhu/ revhuylqj
dvwurqrphuv dqg dvwursk|vlflvwv pd| kdyh dgydqwdjhv zkhq lw frphv wr ghvljqlqj h{shu0
lphqwdo htxlsphqw1 W|slfdo hpsor|huv lq wklv frqwh{w pd| eh rswlfv frpsdqlhv olnh Fduo
]hlvv ru Vfkrww0Jodvzhunh/ exw dovr wkh hohfwurqlf frpsdqlhv +Vlhphqv/ DEE/ hwf1, ru wkh
dxwrpreloh lqgxvwulhv +ghvljqlqj uh�hfwruv iru wkh khdg oljkwv lq fduv/ ru fudvk vlpxodwlrqv
duh iruplgdeoh prgholqj wdvnv,1

Uhodwhg wr wkh edfnjurxqg ri wkh dxwkru/ wkh ryhuylhz dqg h{shulhqfhv ghvfulehg lq
wklv duwlfoh duh lq wkh fkhplfdo lqgxvwu|1 Wkh dxwkru zrunv dv d pdwkhpdwlfdo frqvxowdqw
lq d vpdoo jurxs fdoohg %V|vwhpv iru Fkhplvwu|% dw EDVI0DJ Oxgzljvkdihq2Jhupdq|41
Wkh jurxs kdv derxw 43 shrsoh zlwk d edfnjurxqg lq pdwkhpdwlfv/ sk|vlfv dqg wkhruhwlfdo
fkhplvwu| dqg lv rujdql}hg zlwklq dq lqirupdwlrq vhuylfhv glylvlrq1 Wkhlu pdlq �hogv ri
dfwlylwlhv duh frpsxwdwlrqdo fkhplvwu|5 dqg pdwkhpdwlfdo phwkrgv/ hvshfldoo| pdwkhpdw0
lfdo rswlpl}dwlrq1 Wklv jurxs lv uhvsrqvleoh iru pdwkhpdwlfdo frqvxowlqj dqg vroxwlrqv/
l1h1/ sureohp dqdo|vlv/ prgho exloglqj/ surylglqj vroxwlrqv/ lqwhjudwlqj wkhvh lqwr h{lvwlqj
v|vwhpv/ dqg surylglqj dgylfh rq wkh fkrlfh ri pdwkhpdwlfdo vflhqwl�f vriwzduh1 Vlqfh
nqrzohgjh wudqvihu lv dq lpsruwdqw wrslf/ suhvhqwdwlrqv/ zrunvkrsv/ iruxpv/ phhwlqjv/ dqg
ylvlwlqj frqihuhqfhv duh d uhjxodu sduw ri wkh zrun1 Frqwdfwv dqg frrshudwlrq zlwk xql0
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yhuvlwlhv dqg vflhqwl�f fhqwhuv duh txlwh qrupdo dqg iuhtxhqw1 Dv sduw ri vxfk frqwdfwv
wkh dxwkru krogv d ohfwxuhuvkls dw Khlghoehuj Xqlyhuvlw| lq dssolhg pdwkhpdwlfv/ dqg wkh
jurxs xvxdoo| krvwv derxw 709 jxhvwv/ h1j1/ zrunlqj dv fr0rs vwxghqwv/ vwxghqwv grlqj wkhlu
pdvwhu*v wkhvlv/ judgxdwh vwxghqwv grlqj SkG uhvhdufk/ ru srvwgrfwrudo ihoorzv dv ylvlw0
lqj vflhqwlvwv1 Zkhq wklv duwlfoh zdv zulwwhq wzr srvwgrfwrudo ihoorzv/ rqh iurp Ylhqqd
Revhuydwru|/ dqrwkhu rqh iurp wkh Dvwurqrplvfkh Lqvwlwxwh ghu Xqlyhuvlw�dw Erqq zhuh ylv0
lwlqj wkh jurxs1 Lw qhhgv wr eh vdlg wkdw wklv jurxs kdv frxqwhusduwv lq rwkhu +fkhplfdo,
frpsdqlhv/ h1j1/ dw ED\HU0DJ +Ohyhunxvhq2Jhupdq|, zlwk Gu1 Xoulfk Sdoodvnh +h0pdlo=
ghed|zu<Cleppdlo1frp, ehlqj wkh khdg ri d jurxs fdoohg %Pdwkhpdwlvfkh Phwkrghq xqg
Prghooh%/ ru dw FLED +Edvho2Vzlw}huodqg, wkhuh lv d %Pdwkhpdwlfdo Dssolfdwlrq% d jurxs
zlwk d eudqfk rq frpsxwdwlrqdo sk|vlfv/ dqg dqrwkhu jurxs fdoohg %Rshudwlrq Uhvhdufk%
zlwk Gu1 Nodxv Eudxq +h0pdlo= leudxnCfkev1fled1fk, dv wkh khdg ri wkdw jurxs1 Wkhvh
jurxsv pd| kdyh wkh vwuhqjwkv lq gl�huhqw duhdv/ h1j1/ dw ED\HU0DJ wkhuh lv h{shuw
nqrzohgjh ri gl�huhqwldo dojheudlf v|vwhpv/ zkloh wkh FLED jurxs frqfhqwudwhv pruh rq
rshudwlrqv uhvhdufk phwkrgv dqg vlpxodwlrq1

Vhfwlrq 5 jlyhv dq ryhuylhz ri pdwkhpdwlfdo prgholqj uhodwhg wr surmhfwv wkh dxwkru
kdv ehhq lqyroyhg lq1

Vhfwlrq 6 ghvfulehv vrph w|slfdo sureohpv lq juhdwhu ghwdlo/ l1h1/ wkh sureohp ghvfulswlrq/
wkh prgholqj dssurdfk/ dqg wkh phwkrg xvhg wr vroyh lw1 Lq vrph fdvhv d uhihuhqfh wr d
sxeolfdwlrq lv jlyhq zkhuh d ixoo ghvfulswlrq lv surylghg1

Wkh sdshu forvhv zlwk d vxppdu| ri khosixo klqwv dqg wrslfv iurp wkh glvfxvvlrq diwhu d
wdon suhvhqwhg rq wkh dqqxdo phhwlqj 4<<8 ri wkh %Dvwurqrplvfkh Jhvhoovfkdiw%/ dqg �qdoo|
vrph frqfoxvlrqv1
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Wklv vhfwlrq/ dqg lq sduwlfxodu wkh wdeoh ehorz vxppdul}hv vrph �hogv ri dfwlylw| prvwo|
fryhuhg e| wkh jurxs %V|vwhpv iru Fkhplvwu|%1 Lq wkh ohiw froxpq lw phqwlrqv wkh duhd
ri dssolfdwlrq1 Vrph ri wkhvh duhdv duh w|slfdo iru fkhplvwu| +uhdfwlyh �rzv/ nlqhwlfv/
skdupdfrnlqhwlfv,/ rwkhuv +vwdwlvwlfv/ surgxfwlrq sodqqlqj/ vfkhgxolqj, duh dovr irxqg lq
rwkhu lqgxvwulhv1 Wkh uljkw froxpqv eorfnv lw lqwr pdwkhpdwlfdo glvflsolqhv dqg whfkqltxhv1
V|vwhpv ri ruglqdu| gl�huhqwldo htxdwlrqv rffxu lq nlqhwlfv/ skdupdfrnlqhwlfv/ ru lq wkh
prgholqj ri sro|phu uhdfwlrqv1 Wkh| dsshdu dv Odsodfh wudqvirupdwlrqv ri sduwldo gli0
ihuhqwldo htxdwlrqv/ prghov ghvfulelqj zkroh sodqwv/ dqg vrphwlphv lvrodwhg dssolfdwlrqv1
Xvxdoo| RGH*v duh xvhg lq wkh frqwh{w ri gdwd dqdo|vlv/ l1h1/ �wwlqj wkh RGHprghov wr gdwd1
Ioxlg g|qdplfv ru khdw frqgxfwlrq sureohpv duh vroyhg lq wkh pdwkhpdwlfv jurxs rqo| lq
h{fhswlrqdo fdvhv/ qdpho| li wkh sureohp vwuxfwxuh ru frpsoh{lw| h{fhhgv wkh fdsdelolw| ri
frpphufldo sdfndjhv/ ru li vshfldo lqwhjudwlrq whfkqltxhv duh qhhghg1 Vwdqgdug dssolfdwlrqv
iru surfhvv hqjlqhhulqj duh xvxdoo| vroyhg xvlqj wkhvh frpphufldo sdfndjhv lq hqjlqhhulqj
ghsduwphqwv1 Dowkrxjk gdwd dqdo|vlv dqg gdwd �wwlqj xvxdoo| lqyroyh duw udwkhu wkdq h{dfw
vflhqfh/ vxfk sureohpv fdq eh dwwdfnhg zlwk srzhuixo pdwkhpdwlfdo phwkrgv +iru lqvwdqfh
wkh pxowlsoh vkrrwlqj phwkrg +Exoluvfk/ 4<:4, xvhg e| Erfn +4<;:, iru vroylqj ohdvw vtxduhv
sureohpv iru prghov edvhg rq RGH*v,1 Wklv phwkrg lv dovr xvhixo lq dvwurqrp| +Ndooudwk
hw do1/ 4<<6,1 Vwdwlvwlfv sureohpv dsshdu lq doo nlqgv ri dssolfdwlrqv1 Prvw fkdoohqjlqj lv h{0
shulphqwdo ghvljq/ ohvv h{flwlqj shukdsv txdolw| frqwuro1 Qr ixuwkhu frpphqwv duh jlyhq rq
vwdwlvwlfv ehfdxvh wkdw lv fryhuhg e| d gl�huhqw jurxs zlwklq wkh lqirupdwlrq vhuylfhv glyl0
vlrq ^%Pdwkhpdwlfdo Vwdwlvwlfv%/ Gu1 P1W1 ghPhku/ h0pdlo=pdulwh1ghphkuC}{d1edvi0dj1gh`1
Ilqdoo|/ wkhuh lv wkh eurdg �hog ri pdwkhpdwlfdo rswlpl}dwlrq dqg rshudwlrqv uhvhdufk1 Wkh
whfkqltxhv xvhg lq wklv �hog duh suhww| jhqhudo1 Wkh vroydeoh sureohpv gr qrw rqo| rffxu
lq fkhplfdo lqgxvwu|/ ru lqgxvwu| lq jhqhudo/ exw dovr lq hfrqrplfv ru �qdqfh1



Nlqhwlfv Ruglqdu| Gl�huhqwldo Htxdwlrqv +RGH*v,
Skdupdfrnlqhwlfv Vwl� v|vwhpv/ Pxowlsoh Vkrrwlqj
Sro|phu uhdfwlrqv Vshfldo Lqwhjudwlrq Whfkqltxhv
Sodqw Ghvljq2Vlpxodwlrq6 Gl�huhqwldo Dojheudlf V|vwhpv

Uhdfwlyh Iorzv Sduwldo Gl�huhqwldo Htxdwlrqv +SGH*v,
Ohdfklqj Sureohpv Qxphulfdo lqwhjudwlrq whfkqltxhv
Iurvw Shqhwudwlrq cvwhhs judglhqwv*/ dgdswlyh julgv

Gdwd Dqdo|vlv Ohdvw Vtxduhv Sureohpv dqg Dssur{lpdwlrq
Nlqhwlfv ohdvw vtxduhv whfkqltxhv lq RGH*v
Skdupdfrnlqhwlfv krprwrs| phwkrgv
Pdwhuldo Vflhqfhv Sdg�h dssur{lpdqwv dqg frqyhujhqfh dffhohudwlrq

H{shulphqwdo Ghvljq Vwdwlvwlfv
Txdolw| Frqwuro ghvfulswlyh phwkrgv/ vwdwlvwlfdo whvwv
Surfhvv Frqwuro pxowlyduldwh gdwd dqdo|vlv
Hpslulfdo Prgholqj wlph vhulhv

Eohqglqj Pdwkhpdwlfdo Rswlpl}dwlrq dqg Rshudwlrq Uhvhdufk
Surgxfwlrq Sodqqlqj Olqhdu Surjudpplqj
Surgxfwlrq Vfkhgxolqj Pl{hg Lqwhjhu Olqhdu Surjudpplqj
Pdwhuldo Iorz Rswlpl}dwlrq Qhwzrun Wkhru|
Surfhvv Hqjlqhhulqj qrqolqhdu frqvwudlqhg rswlpl}dwlrq
Rswlpdo Idflolw| Orfdwlrq
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Wklv vhfwlrq ghvfulehv vrph uhsuhvhqwdwlyh surmhfwv zklfk uhtxluh d juhdw ghdo ri prgholqj
dqg pdwkhpdwlfdo whfkqltxhv/ dqg lq zklfk wkh dxwkru zdv lqyroyhg1 Frqfhuqlqj wkh
pdwkhpdwlfv/ vrph ri wkh surmhfwv duh rqh0shuvrq surmhfwv1 Krzhyhu/ pruh w|slfdo lv whdp
zrun lq jurxsv ri wzr ru wkuhh shuvrqv1 Ilqdoo|/ lq vrph surmhfwv d pdvwhu*v vwxghqw ru d
srvwgrfwrudo ihoorz zdv lqyroyhg1 Wkh surmhfwv suhvhqwhg khuh duh dssolhg surmhfwv zklfk
phdqv wkdw d folhqw ehqh�wv iurp lw dqg kdv dovr ehhq lqyroyhg lq lw surylglqj edfnjurxqg
rq klv glvflsolqh ru gdlo| rshudwlrqdo exvlqhvv1
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Iljxuh 4= Uhdfwlrq vfkhph dqg jhrphwu| ri d fkurpdwrjudsklf uhdfwru

Wkh �uvw vxevhfwlrq frqvlghuv �xlg g|qdplfv dssolfdwlrqv edvhg rq SGH*v1 Wkh phwkrgv
dssolhg duh irxqg iuhtxhqwo| lq dvwursk|vlfdo duwlfohv dowkrxjk wkh| duh qrw lq wkh vwdqgdug
fxuulfxoxp ri wkh hgxfdwlrq ri sk|vlflvwv/ dvwurqrphuv/ ru hyhq pdwkhpdwlfldqv1 Qrwh wkdw
wkh sureohpv lq wklv fdwhjru| duh vroyhg lq whdpv zklfk zhuh mrlqhg e| dq dvwurqrphu ru
dvwursk|vlflvw +h{whuqdo frqvxowdqw/ ru srvwgrfwrudo ihoorz,1

Wkh vhfrqg vxevhfwlrq fryhuv phwkrgv iru wkh dqdo|vlv ri h{shulphqwdo gdwd1 Wkhuh lv d
vwurqj irfxv rq ohdvw vtxduhv phwkrgv exw dovr ohvv iuhtxhqwo| xvhg phwkrgv/ vxfk dv h1j1/
frqyhujhqfh dffhohudwlrq duh dssolhg1 Vlqfh wkh gd|v ri Ohjhqguh dqg Jdxvv/ ohdvw vtxduhv
phwkrgv duh zhoo nqrzq dprqj dvwurqrphuv +Hlfkkruq/ 4<<6,/ exw xvxdoo| wkh| duh rqo|
xvhg iru h{solflw prghov1 Vrph w|slfdo dssolfdwlrqv lq fkhplvwu| vkrz krz ohdvw vtxduhv
phwkrgv duh xvhg lq wkh frqwh{w ri lpsolflw prghov/ lq sduwlfxodu iru prghov ghvfulehg e|
RGH*v1 Dq h{dpsoh zkhuh ohdvw vtxduhv phwkrgv duh dssolhg wr d SGH edvhg prgho lv
irxqg lq ]lh�h hw do1 +4<<9,1

Ilqdoo|/ wkh odvw vxevhfwlrq irfxvhv rq surmhfwv zklfk uhtxluh phwkrgv iurp pdwkh0
pdwlfdo rswlpl}dwlrq dqg rshudwlrq uhvhdufk1 Wkh| duh xvhg lq wkh frqwh{w ri eohqglqj/
surgxfwlrq sodqqlqj/ surgxfwlrq vfkhgxolqj/ orjlvwlfv dqg glvwulexwlrq1
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61414 G|qdplfv ri Fkurpdwrjudsklf Uhdfwruv

Lq wklv surmhfw wkh g|qdplfv ri d rqh glphqvlrqdo �{hg0ehg uhdfwru +Ilj14, lq zklfk d
vshflhv/ D/ lq wkh jdv skdvh uhdfwv zlwk dqrwkhu vshflhv/ E/ zklfk lv devruehg rqwr d vrolg
fdwdo|vw/ zdv dqdo|}hg1 Wkh sxusrvh ri wkh uhdfwru zdv wr uhgxfh wkh frqfhqwudwlrq ri D
e| d odujh idfwru dqg dw wkh vdph wlph hqvxuh wkdw qr E ohdyhv wkh uhdfwru1 D frpelqdwlrq



ri dqdo|wlfdo dqg qxphulfdo whfkqltxhv zdv xvhg wr vkrz wkdw d fkurpdwrjudsklf uhdfwru
zlwk �rz uhyhuvdo dqg vlgh vwuhdp ihhg frxog eh h�hfwlyho| rshudwhg ghshqglqj xsrq wkh
h{lvwhqfh ri vkdus vorzo| prylqj uhdfwlrq dqg dgvruswlrq iurqwv dqg wkdw iru fhuwdlq fdvhv
lw fdq eh pxfk pruh h�flhqw wkdq dq htxlydohqw frqwlqxrxv �rz uhdfwru1 Revhuylqj wkdw
wkh sduwldo gl�huhqwldo htxdwlrqv jryhuqlqj wkh �rz lq wkh uhdfwru fdq eh h{suhvvhg lq
frqvhuydwlrq irup/ dqg wkdw vkdus prylqj iurqwv rffxu lq wkh uhdfwru lw lv qrw d vxusulvh
wkdw wkh qxphulfdo phwkrgv xvhg wr vroyh wkh sureohp duh vlplodu wr wkh phwkrg xvhg
wr vwxg| wkh g|qdplfv ri froolglqj elqdu| vwhoodu zlqgv +Ndooudwk/ 4<<4,1 Khuh djdlq/ wkh
Jrgxqry vfkhph dqg pruh hoderudwh vfkhphv lpsohphqwhg lq V1D1H1J1 Idooh*v vriwzduh
sdfndjh �FREUD suryhg wr eh xvhixo1 Qrwh/ wkdw wklv surmhfw kdv ehhq grqh zlwk wkh
khos ri V1D1H1J1 Idooh zkr lv d iulhqg ri wkh dxwkru dqg pdwkhpdwlfldq dqg dvwurqrphu dw
Ohhgv Xqlyhuvlw| zkr frqvxowv iru lqgxvwu| +dqrwkhu eudqfk lq zklfk dvwursk|vlflvwv fdq
ehfrph dfwlyh$,1 Qdwxudoo|/ wkh zrun uhvxowhg lq d mrlqw sdshu +Idooh hw do1/ 4<<8, ghvfulelqj
wkh sureohp dqg lwv vroxwlrq lq juhdw ghwdlo1

61415 Iurvw Shqhwudwlrq dqg Vwhidq Sureohp

Wkh sxusrvh ri wklv surmhfw zdv wr prgho dqg wr lqyhvwljdwh wkh iurvw0lqwuxvlrq lqwr vrolg
jurxqg lq rughu wr ghvljq dssursuldwho| khdw0lvrodwlqj pdwhuldov1 Srvvleoh dssolfdwlrqv ri
wklv sureohp duh jlyhq lq wkh �hogv ri urdg dqg udlourdg frqvwuxfwlrq zkhuh rqh kdv wr
dyrlg iurvw gdpdjh1 Lw lv d khdw0wudqvihu sureohp lq pxowl0od|hu v|vwhpv lqfoxglqj skdvh
wudqvlwlrqv dw wkh iuhh}lqj srlqw1 Lq dgglwlrq/ hqhuj| udgldwlrq lqwr wkh vxuidfhv duh frq0
vlghuhg1 Wkh sureohp fdq eh vhhq dv d jhqhudol}dwlrq ri wkh zhoo0nqrzq Vwhidq Sureohp
+Vwhidq/ 4;<4,1

Lq wkh fdvh ri krprjhqhrxv pdwhuldo/ frqvwdqw vxuidfh whpshudwxuh dqg lqlwldo whp0
shudwxuh ri 3� F wkh vr0fdoohg Vwhidq sureohp lv rewdlqhg iru zklfk dq dqdo|wlf vroxwlrq
h{lvwv +Vwhidq/ 4;<4,1 Khuh zh kdyh vhyhudo od|huv ri gl�huhqw pdwhuldov dqg ydu|lqj vxu0
idfh whpshudwxuh vr wkdw d qxphulfdo wuhdwphqw lv qhfhvvdu|1 Frqvlghulqj wkh srzhu ri
prghuq frpsxwhuv/ zh uhiudlq iurp dsso|lqj dssur{lpdwlyh phwkrgv vxfk dv ghvfulehg lq
Dsrvwrorsrxorv hw do1 +4<;4,/ iru h{dpsoh1

Wkh vwduwlqj srlqw lv wkh Irxulhu htxdwlrq
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Iru hdfk od|hu wkh htxlydohqw khdw fdsdflw| �F dqg wkh wkhupdo frqgxfwlylw| �� zloo eh
gl�huhqw zklfk lqgxfhv wkh ghshqghqfh rq wkh ghswk {1 Wkh htxlydohqw khdw fdsdflw| lv
frqqhfwhg zlwk wkh +ruglqdu|, khdw fdsdflw| �F e|
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zkhuh � lv wkh odwhqw khdw1 Dw wkh iuhh}lqj whpshudwxuh Wi erwk �F dqg �� kdyh glvfrqwlqx0
lwlhv zklfk pd| eh vphduhg rxw e|
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Khqfh/ zh jhw wkh dssur{lpdwlyh Irxulhu htxdwlrq
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Lwv vroxwlrqv frqyhujh wr wkrvh ri wkh fruuhvsrqglqj Vwhidq sureohp iru �W $ 3 +fi1
Erqdflqd hw do1/ 4<:6,1

Wkh qxphulfdo phwkrg dssolhg lv wkh glvfuhwlvdwlrq ri wkh Irxulhu htxdwlrq xwlol}lqj
d iruzdug wlph�fhqwhuhg vsdfh phwkrg1 Wklv frpsdudeo| vlpsoh vfkhph suryhg wr eh
vxlwdeoh iru wkh surmhfw> wkh uhvxowlqj lqwhjudwlrq surjudp fdq eh h{hfxwhg rq SF v|vwhpv
h�hfwlyho|1 Wkh vlqjxodulw| ri wkh vshfl�f khdw dw wkh whpshudwxuh ri skdvh0wudqvlwlrq lv
dyrlghg e| dq dssur{lpdwlqj ghowd0irup ixqfwlrq dv ghvfulehg deryh1 Dw wkh erxqgdulhv ri
wkh vsdfh grpdlq Glulfkohw ru Qhxpdqq erxqgdu| frqglwlrqv duh wr eh gh�qhg ^lq dgglwlrq
wr wkh lqlwldo whpshudwxuh W +{> w @ w3,`1 Udgldwlyh khdw0�x{ lqwr wkh erxqgdulhv fdq eh
wuhdwhg e| frqvlghulqj wkh gxudwlrq ri vxqvklqh iru hdfk gd| ri wkh |hdu71 Wkh phwkrg lv
ghvfulehg lq Pdlqgo hw do1 +4<<8, lq pruh ghwdlo1

Djdlq/ wkh surmhfw whdp zdv mrlqhg e| dq dvwurqrphu/ lq wklv fdvh Wkrpdv L1 Pdlqgo
iurp wkh Xqlyhuvlw| ri Ylhqqd zkr vshqw d ihz prqwkv lq rxu jurxs dv d srvwgrfwrudo
ihoorz 1

61416 Ohdfklqj Sureohp

Wkh sxusrvh ri wklv surmhfw zdv wr ghulyh hvwlpdwhv ri wkh h{shfwhg ohdfklqj ri shvwl0
flghv dqg lwv phwderolwhv iurp djulfxowxudo vrlov wr wkh jurxqgzdwhu1 Wkh edvlf surshuwlhv
dvvrfldwhg zlwk wkh vxevwdqfhv ri lqwhuhvw duh shuvlvwhqfh dqg prelolw|1 Wkh prvw lpsru0
wdqw surfhvvhv ghwhuplqlqj wkh idwh ri shvwlflghv duh ghjudgdwlrq/ vruswlrq/ wudqvsruw dqg
xswdnh e| sodqw urrwv +Wlnwdn hw do1/ 4<<6,1 Wkh lqwhudfwlrq ehwzhhq wkhvh surfhvvhv lv
frpsoh{ dqg qrqolqhdu1 Wkhvh surfhvvhv duh ixqfwlrqv ri vrlo whpshudwxuh dqg vrlo zdwhu
vwdwxv zklfk ydu| frqvlghudeo| zlwklq wkh |hdu1 Wr xqghuvwdqg dqg dqdo|}h wkh g|qdplfv
ri wkhvh surfhvvhv zh xvhg d rqhglphqvlrqdo/ g|qdplf/ pxowl0od|hu prgho iru vlpxodwlqj
wudqvlhqw �rz/ k|gurg|qdplf glvshuvlrq/ htxloleulxp vruswlrq/ wudqvirupdwlrq dqg xswdnh
ri shvwlflghv e| sodqw urrwv lq wkh xqvdwxudwhg vrlo }rqh dqg wkh xsshuprvw sduw ri wkh
vdwxudwhg }rqh1 Wkh prgho frqvlvwv ri irxu pdmru frpsrqhqwv +Ilj15,= hydsrwudqvsludwlrq
dqg lqwhufhswlrq/ vrlo k|gurorj|/ khdw wudqvsruw dqg fkhplfdo wudqvsruw1 D eulhi ghvfulswlrq
ri wkh xqghuo|lqj pdwkhpdwlfv lv jlyhq ehorz1

Khdw wudqvsruw Wkh prgho iru khdw wudqvsruw lq wkh vrlo |lhogv wkh vrlo whpshudwxuh lq
ghshqghqfh ri vsdfh dqg wlph1 Wkh iroorzlqj htxdwlrqv ghvfuleh wkh ghyhorsphqw ri wkh
yroxphwulf khdw frqwhqw T dqg wkh vrlo khdw �x{ Mk lq vsdfh dqg wlph/ l1h1/ wkh frqgxfwlyh
dqg frqyhfwlyh khdw wudqvsruw lq wkh vrolg dqg oltxlg skdvhv1 Frqyhfwlrq uhvxowlqj iurp
zdwhu xswdnh e| urrwv dqg iurp qhw0odwhudo gudlqdjh duh qrw wdnhq lqwr dffrxqw1 Qrwlfh
wkdw doo grzqzdug �x{hv duh qhjdwlyh dqg wkdw wkh orzhu erxqgdu| frqglwlrq lv d frqvwdqw
whpshudwxuh1 Wkh htxdwlrqv ri wkh prgho duh=
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Iljxuh 5= Hydsrwudqvsludwlrq dqg lqwhufhswlrq/ vrlo k|gurorj|/ fkhplfdo wudqvsruw dqg vrlo
khdw wudqvsruw dv frpsrqhqwv ri wkh prgho ^slfwxuh e| frxuwhv| ri Wlnwdn hw do1 +4<<6,`
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Wkh v|perov kdyh wkh iroorzlqj phdqlqj= wkh vdwxudwhg yroxphwulf zdwhu frqwhqw �v/ wkh
vshfl�f khdw fdsdflw| ri wkh vrolg skdvh ri vrlo Kv dqg ri zdwhu Kz/ wkh vshfl�f khdw
fdsdflw| ri wkh frpsohwh vrlo frpsduwphqw Fk/ wkh vshfl�f ghqvlw| ri zdwhu �z dqg vrlo �v/
wkh k|gudxolf frqgxfwlylw| N +k, dqg wkh suhvvxuh khdg k zklfk lv xvhg dv dq dowhuqdwlyh
yduldeoh wr wkh zdwhu frqwhqw � ehfdxvh ri qxphulfdo uhdvrqv1

K|gurorj| Wkh zdwhu wudqvsruw lq vrlo lv ghvfulehg e| wkh frqwlqxlw| htxdwlrq
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iru wkh yroxphwulf zdwhu frqwhqw � dqg wkh �x{ htxdwlrq +6145, iru wkh vrlo zdwhu �x{ Mz1
Wkh wudqvirupdwlrq iurp wkh suhvvxuh khdg k wr wkh zdwhu frqwhqw � ru ylfh yhuvd fdq eh
uhdol}hg e| wkh ydq~Jhqxfkwhq~uhodwlrq=
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zlwk wkh uhvlgxdo zdwhu frqwhqw �u dqg wkh ydq~Jhqxfkwhq~sdudphwhuv � dqg Q 1



Shvwlflgh wudqvsruw Wkh frqyhfwlrq/ k|gurg|qdplf glvshuvlrq dqg prohfxodu gl�xvlrq
ri shvwlflghv lq vrlo duh ghvfulehg e| wkh frqwlqxlw| htxdwlrq=
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zkhuh fB ghqrwhv wkh pdvv frqwhqw ri shvwlflgh lq wkh vrlo v|vwhp/ Mv wkh pdvv �x{ ri
shvwlflgh wkurxjk wkh vrlo/ Vv wkh yroxphwulf xswdnh ri wkh shvwlflgh/ Guv wkh yroxphwulf
qhw odwhudo gudlqdjh udwh ri wkh shvwlflgh dqg Uv wkh yroxphwulf udwh ri wudqvirupdwlrq ri
wkh shvwlflgh lq wkh vrlo v|vwhp1
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zlwk wkh shvwlflgh frqfhqwudwlrq lq wkh oltxlg skdvh f/ wkh Iuhxqgolfk frh�flhqw NI dqg
wkh Iuhxqgolfk h{srqhqw 4@q/ wkh glvshuvlrq ohqjwk OGLV dqg wkh wruwxrvlw| �1

D pdmru frqfhuq ri wkh prgho vlpxodwlrq zdv d vhqvlwlylw| dqdo|vlv lq rughu wr

� lghqwli| wkh prvw uhohydqw lqsxw sdudphwhuv ri shvwlflgh vlpxodwlrq prghov

� lghqwli| wkh uhodwlyh lpsruwdqfh ri gl�huhqw surfhvvhv

� lghqwli| wkh xquhdvrqdeoh xvh ri vlpxodwlrq prghov +prgho ehkdylru/ uhjlrqv lq wkh
sdudphwhu vsdfh/ sdudphwhu ydoxhv/ xquhdvrqdeoh vfhqdulr,

� vhwxs sursrvdov iru wkh lpsuryhphqw ri h{shulphqwv

Rqh phwkrg iru d orfdo vhqvlwlylw| dqdo|vlv lq vsdfh dqg2ru wlph lv wkh frpsxwdwlrq ri wkh
orfdo vhqvlwlylw| frh�flhqwv/ l1h1/ wkh sduwldo ghulydwlyhv ri wkh vroxwlrq zlwk uhvshfw wr d
sdudphwhu1 Wklv phwkrg lv doprvw reylrxv ehfdxvh ri lwv yduldeoh dqg hdv| dssolfdelolw|/
dqg ehfdxvh vrph ghulydwlyhv pljkw eh fdofxodwhg dqdo|wlfdoo|1

Vlqfh rqh lv lqwhuhvwhg lq wkh ghshqghqfh ri d ixqfwlrq f +w> }>s,/ f 5 LUq +h1j1/ frq0
fhqwudwlrq ri shvwlflgh/ zdwhu frqwhqw,/ w wlph/ } ghswk ri vrlo/ gxh wr d sdudphwhu ru d
sdudphwhu frpelqdwlrq s> s 5 Up/ wkh fhqwudo gl�huhqfh dssur{lpdwlrq lv

Cfl
Csm
� fl +w> }> sm .�sm,� fl +w> }> sm ��sm,

5�sm

4 � l � q
4 � m �p

> l> m 5 LQ +614<,

zkhuh �sm lv d suhjlyhq yduldwlrq ri sm +h1j1/ �s@s lv ri wkh rughu ri 3=34 wr 3=43,1 Iru d
ehwwhu frpsdulvrq zlwk uhvxowv ri rwkhu phwkrgv wkhvh frh�flhqwv vkrxog eh qrupdol}hg/
h1j1/ e| �

Cfl
Csm

�
QUF

=@
Cfl
Csm

sm
4
5
+fl +w> }> sm .�sm, . fl +w> }> sm ��sm,,

> +6153,

zkhuh QUF vwdqgv iru *qrupdol}hg uhjuhvvlrq frh�flhqw*1 Ehvlgh wkh qxphulfdo hvwlpdwlrq
ri wkh vhqvlwlylw| frh�flhqwv dqrwkhu zd| ri hydoxdwlqj wkh shvwlflgh ohdfklqj prgho suhvhqwv
lwvhoi= iru zhoo0gh�qhg fdvhv lw lv srvvleoh wr vroyh wkh shvwlflgh wudqvsruw htxdwlrq +6148,
dqdo|wlfdoo|/ h1j1/ e| phdqv ri Odsodfh wudqvirupdwlrqv1 Wkh uhvxowv ri wklv lqyhvwljdwlrqv
zloo eh sxeolvkhg e| Yrupeurfn hw do1 +4<<9, 1

Lq wklv fdvh/ wkh surmhfw whdp uh�hfwv wkh lqwhuglvflsolqdu| fkdudfwhu ri wkh prgholqj
wdvn= wkh folhqw lv d kruwlfxowxudo vflhqwlvw/ Qruehuw Yrupeurfn dq dvwursk|vlflvwv dqg
srvwgrfwrudo ihoorz ylvlwlqj rxu jurxs dqg V1D1H1J1 Idooh iurp Ohhgv Xqlyhuvlw| mrlqhg wkh
dxwkru lq wklv surmhfw1



��2 #@|@ �?@*)t�tc wi@t| 5^�@hit @?_ �|�ih �i|�L_t

Gdwd dqdo|vlv yhu| riwhq xvhv wkh fodvvlfdo ohdvw vtxduhv dssurdfk wr �w prghov wr gdwd1
Krzhyhu/ rwkhu phwkrgv vxfk dv frqyhujhqfh dffhohudwlrq dqg wlph vhulhv dqdo|vlv duh dovr
yhu| ydoxdeoh1

61514 D W|slfdo Gdwd Dqdo|vlv Fdvh

Wkh dlp ri wklv surmhfw zdv wr frpsxwh phdq prohfxodu zhljkwvPq> Pz dqgP} ri fhuwdlq
sro|phuv1 WkhvhP ydoxhv duh jlyhq dv udwlrv ri vwdwlvwlfdo prphqwv ri wkh prohfxodu zhljkw
glvwulexwlrq z +P, dffruglqj wr

Pq @

S
l

zlS
l

zl
Pl

> Pz @

S
l

zlPlS
l

zl
> P} @

S
l

zlP
5
lS

l

zlPl

= +6154,

Wkh glvwulexwlrq z +P, fdq eh phdvxuhg> krzhyhu/ wkh h{shulphqwdo gdwd duh ri udwkhu srru
dffxudf| dqg gr qrw uhdfk idu hqrxjk wrzdugv odujh Pl ydoxhv wr doorz gluhfw frpsxwdwlrq
ri wkh P 3v1 Wr ryhufrph wklv gl�fxow|/ zh dssolhg wzr gl�huhqw vwudwhjlhv=

� fxuyh �wwlqj

� frqyhujhqfh dffhohudwlrq

Ehfdxvh wkh ydoxh riPq fdq eh phdvxuhg lqghshqghqwo| lw zdv srvvleoh wr fkhfn wkh txdolw|
ri rxu frpsxwdwlrqv1

Fxuyh �wwlqj Xvlqj wkh phdvxuhg ydoxhv zl +Pl, > zh wulhg wr �w vhyhudo wzr0 dqg wkuhh0
sdudphwhu glvwulexwlrq ixqfwlrqv vxjjhvwhg lq wkh olwhudwxuh wr wkh gdwd1 H{fhsw iru wkh
Vfkxo}0Ioru| glvwulexwlrq zklfk fdq eh ghulyhg e| wkhruhwlfdo frqvlghudwlrqv +fi1 Yroophuw/
4<;;, doo wkh glvwulexwlrqv duh sxuho| hpslulfdo1 Rqh h{dpsoh ri wkh glvwulexwlrqv xqghu
frqvlghudwlrqv lv wkh Zhvvodx glvwulexwlrq

zO +P, @ 433
4s

5� �z
P h

�
+oqP�oqPp,5

5 �5z +6155,

zklfk kdv wzr sdudphwhuv Pp dqg �z= Wkh �wwlqj surfhgxuh lv d kljko| qrqolqhdu ohdvw
vtxduhv sureohp dqg zdv vroyhg xvlqj gdpshg Jdxvv0Qhzwrq whfkqltxhv zlwk wkh frq0
vwudlqw frqglwlrq

Pq>frpsxwhg @Pq>phdvxuhg = +6156,

Lq dgglwlrq/ zh wrrn lqwr dffrxqw wkh phdvxuhphqw huuruv zklfk duh xqiruwxqdwho| rqo|
txdolwdwlyho| nqrzq1

Frqyhujhqfh dffhohudwlrq Wklv dssurdfk vwduwv dw wkh h{suhvvlrqv lq +6154,1 Fdxvhg
e| wkh h{shulphqwdo olplwdwlrqv wkh vxpv�zklfk duh lq�qlwh vxpv

S4

l@3 lq wkh fdvh ri uhdo
glvwulexwlrqv�whuplqdwh dw vrph lqgh{ lpd{1 Khqfh/ zh zhuh orrnlqj iru wkh ydoxhv

P @ olp
Ppd{$4

PPpd{ > PPpd{ @P +i+Pl>zl, > Pl ?Ppd{j, = +6157,

Zh glg wklv e| xvlqj frqyhujhqfh dffhohudwlrq whfkqltxhv vxfk dv wkh %0dojrulwkp ^fi1
Z|qq +4<89d/ 4<99,/ Zhqljhu/ +4<;<,`/ Dlwnhq*v �50vfkhph +fi1 Zhqljhu/ 4<;<, dqg wkh
�0dojrulwkp ^fi1 Z|qq +4<89e,/ Zhqljhu +4<;<,` wr dffhohudwh wkh vhulhv wkdw duh jlyhq
e| wkh cphdq prohfxodu zhljkwv* fdofxodwhg xvlqj vpdoo xsshu olplwv lq wkh vxppdwlrqv1
Zh vxffhhghg lq dsso|lqj wkh %0 dqg �50vfkhphv zklfk lqglfdwhv olqhdu frqyhujhqfh ri wkh
lqyroyhg vhulhv1
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Iljxuh 6= H{dpsohv ri vlpsoh frpsduwphqw prghov

Uhvxowv Zkloh wkh �wwhg glvwulexwlrqv �w udwkhu srruo| wr wkh gdwd lq prvw ri wkh fdvhv
dqg wkhuhiruh gholyhu vlploduo| srru hvwlpdwhv iru Pz dqg P} +Pq �{hg,/ wkh phwkrg ri
frqyhujhqfh dffhohudwlrq zrunhg txlwh zhoo lq qhduo| doo ri wkh whvw fdvhv1 Krzhyhu/ Pq lv
wrr vpdoo frpsduhg wr wkh lqghshqghqwo| phdvxuhg ydoxh vr wkdw wkh rwkhu phdq prohfxodu
zhljkwv fdq eh h{shfwhg wr eh v|vwhpdwlfdoo| wrr vpdoo dv zhoo1 Wklv lv suredeo| gxh wr
wkh v|vwhpdwlf huuruv lq wkh phdvxuhg glvwulexwlrq fxuyhv1

61515 Skdupdfrnlqhwlfv

Lq skdupdfrnlqhwlfv frpsduwphqw prghov duh xvhg wr ghvfuleh wkh g|qdplfv ri phglfdo
vxevwdqfhv lq rujdqlvpv1 Wkh frpsduwphqwv pd| uhsuhvhqw gl�huhqw sduwv ri wkh erg|1
Vxevwdqfhv iroorz d frqfhqwudwlrq judglhqw ehwzhhq frpsduwphqw dqg gl�xvh iurp rqh
frpsduwphqw wr dqrwkhu rqh1 Wkh prghov duh xvxdoo| v|vwhpv ri olqhdu ru qrqolqhdu gli0
ihuhqwldo htxdwlrqv/ riwhq zlwk d glvfrqwlqxrxv uljkw vlgh1 Wkh jrdo ri h{shulphqwv lq wklv
glvflsolqhv lv vrphwlphv wr ghulyh wudqvihu udwhv/ ru holplqdwlrq udwhv1

Olqhdu frpsduwphqw prghov Lq olqhdu prghov wkh gl�xvlrq udwh lv sursruwlrqdo wr wkh
frqfhqwudwlrq lq wkh vrxufh frpsduwphqw1 Dq h{dpsoh ^Ilj16d,` lv wkh holplqdwlrq ri d
vxevwdqfh iurp eorrg zklfk lv ghvfulehg e| wkh gl�huhqwldo htxdwlrq

bf @
gf

gw
@ �NH � f > +6158,

zkhuh NH lv d holplqdwlrq frqvwdqw1 Lw lv frpprq sudfwlfh wr dgg vlgh0frpsduwphqwv wr
wkh prgho lq rughu wr uhsurgxfh revhuyhg gdwd ^Ilj16e,`1 Wklv ohdgv wr v|vwhpv ri olqhdu
htxdwlrqv zklfk fdq eh vroyhg dqdo|wlfdoo| e| Odsodfh wudqvirupv ohdglqj wr d vxp ri
h{srqhqwldo ixqfwlrqv

f+w, @
q[
l@4

Dlh
��lw = +6159,

D phdvxuh iru wkh dprxqw ri d vxevwdqfh sdvvlqj d frpsduwphqw lv wkh duhd xqghu fxuyh



DXFl @

] 4

w3

fl+w, � gw = +615:,

Wklv txdqwlw| xvxdoo| lv douhdg| gluhfwo| dydlodeoh iurp revhuyhg gdwd dqg fdq eh xvhg dv
d xvhixo frqvwudlqw lq hvwlpdwlrq wudqvihu dqg holplqdwlrq udwhv1

Qrqolqhdu prghov Qrqolqhdu prghov duh ghvfulehg e| Plfkd�holv0Phqwhq nlqhwlfv gh0
vfulelqj/ ehvlghv gl�xvlrq/ d vdwxudwlrq h�hfw ehwzhhq frpsduwphqwv +h1j1/ dfwlyh wudqvsruw/
hq}|pdwlf fkdqjh,/ l1h1/

bf @ � Y � f
N . f

> +615;,

zkhuh Y lv wkh pd{lpdo wudqvihu yhorflw|/ dqg N lv wkh frqfhqwudwlrq dw kdoi wudqvihu
yhorflw|1 Li wkh frqfhqwudwlrq f lv vljql�fdqwo| vpdoohu wkdq wkh frqfhqwudwlrq dw vdwxudwlrq
zh jhw wkh olqhdu gl�xvlrq fdvh djdlq1

H�hfw ri dssolfdwlrq Wkh phwkrg e| zklfk wkh vxevwdqfh lv eurxjkw lqwr wkh erg|
fkdqjhv wkh prgho dqg lv ghvfulehg e| gl�huhqw lqlwldo frqglwlrqv1 Wkh prvw vlpsoh fdvh lv
wr dsso| lw %lqwudyhqrxv%1 Lq wkdw fdvh lw suhvhqfh lq wkh �uvw frpsduwphqw +h1j1/ eorrg/
ru sodvpd, lv ghvfulehg e| wkh grvhv G dqg wkh glvwulexwlrq yroxph Y zkloh wkh lqlwldo
frqfhqwudwlrq ri wkdw vxevwdqfh lq doo rwkhu frpsduwphqwv lv }hur/ l1h1/ fl+w @ 3,1 Wkh prvw
vlpsoh fdvh lv wkdw ri rqh vlgh frpsduwphqw dqg wkh lqlwldo frqglwlrq

f4+w @ 3, @
G

Y
> f5+w @ 3, @ 3 = +615<,

Wkh v|vwhp ri gl�huhqwldo htxdwlrq uhdgv

bf4 @ �+NH
4 .NH

5 , � f4 .N54 � f5 +6163,

bf5 @ N45 � f4 �N54 � f5 = +6164,

Lqwudyhqrxv lqixvlrq ri gxudwlrq � lv ghvfulehg e| voljkwo| gl�huhqw lqlwldo frqglwlrqv1 Iru
wkh wlph lqwhuydo ^3> � ` wkh gl�huhqwldo htxdwlrq ghvfulelqj wkh frqfhqwudwlrq lq wkh �uvw
frpsduwphqw kdv dq dgglwlrqdo uljkw kdqg vlgh whup N@Y

bf4 @ �+N45 .NH,f4 .N54f5 .N@Y > w � � +6165,

bf4 @ �+N45 .NH,f4 .N54f5 > w � � +6166,

bf5 @ N45f4 �N54f5 = +6167,

Sdudphwhu hvwlpdwlrq lq frpsduwphqw prghov Vlqfh olqhdu v|vwhpv ri gl�huhqwldo
htxdwlrqv duh wkh prvw iuhtxhqwo| xvhg prghov rqh pljkw dujxh wkdw h{solflw vroxwlrqv +vxpv
ri h{srqhqwldov zlwk xqnqrzq sdudphwhuv �m uhodwhg wr wkh wudqvihu udwhv, pljkw eh �wwhg
wr gdwd1 Wkhuh duh wzr uhdvrqv zk| wklv dssurdfk idlov= Li pruh dqg pruh frpsduwphqwv
duh lqyroyhg lw lv qr orqjhu srvvleoh wr ghulyh dqdo|wlf vroxwlrq ehfdxvh lw lv qrw srvvleoh wr
ghwhuplqh wkh urrwv ri sro|qrpldov ri ghjuhh odujhu wkdq 71 Wkh vhfrqg uhdvrq lv wkdw wkh
lpsolflw prgho +v|vwhp ri gl�huhqwldo htxdwlrqv, ohdgv wr d sdudphwhu hvwlpdwlrq sureohp
zklfk ehkdyhv qxphulfdoo| pxfk ehwwhu wkdq wkh sureohp ri �wwlqj vxpv ri h{srqhqwldov
wr gdwd1

Wkhuhiruh/ wkh sureohp fodvv/ eulh�| lqwurgxfhg kdv ehhq ixuwkhu lqyhvwljdwhg lq F1
Nloldq*v +4<<5, pdvwhu*v wkhvlv1 Lq wkdw wkhvlv vkh dssolhv wkh erxqgdu| ydoxh sureohp
dssurdfk +vhh Vhfwlrq 61517, dqg wulhv wr hvwlpdwh wkh uhohydqw sdudphwhuv1 Lq dgglwlrq/
dq dfwlyh vhw phwkrg kdv ehhq ghyhorshg zklfk wdnhv fduh ri lqhtxdolw| frqvwudlqwv rq wkh
holplqdwlrq udwhv1
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cyclic stress intensity factor ∆ K

force amplitude ∆ P
CT - specimen

W

a 0

b

∆ K = K - K

K max =
Pmax

b × W
× a  × Y( a / W )

K min =
Pmin

b × W
× a  × Y( a / W )

max min

∆ P

∆ K

[N]

Y: geometry factor

Iljxuh 7= Ghwhuplqdwlrq ri wkh dpsolwxgh ri wkh vwuhvv lqwhqvlw| idfwru �N

61516 Pdwhuldo Vflhqfhv 0 Dqdo|vlv ri Idwljxh Fudfn Jurz

Idwljxh ehvlghv lpsdfw lv wkh prvw fulwlfdo vwuhvv iru dq| pdwhuldo1 Dv ghvfulehg lq Khu}ehuj
dqg Pdqvrq +4<;3, iudfwxuh phfkdqlfv idwljxh fudfn sursdjdwlrq udwh h{shulphqwv duh d
yhu| idvw dqg h�hfwlyh phwkrg wr ghwhuplqh pdwhuldo sdudphwhuv p3 dqg q zklfk duh xvhg
iru wkh olihwlph fdofxodwlrq ri wkh pdwhuldo1 Iru wkh h{shulphqwdo lqyhvwljdwlrq ri idwljxh
fudfn sursdjdwlrq d FW0vshflphq +Ilj17, lv g|qdplfdoo| vwuhvvhg zlwk d vhuyrk|gudxolf
whvw pdfklqh xqwlo iudfwxuh rffxuv1 Sulru wr whvwlqj wkh FW0vshflphq lv surylghg zlwk d
vkdus suh0fudfn ri wkh ohqjwk d31 Wkhq lw lv vxemhfwhg wr d shulrglfdoo| fkdqjlqj ordg1 Wkh
h�hfwlyh vwuhvv dw wkh fudfn wrs lv wkh dpsolwxgh ri wkh vwuhvv lqwhqvlw| �N1 Gxulqj wkh
ordglqj dq lqfuhdvh ri wkh fudfn ohqjwk uhvxowlqj iurp idwljxh fudfn sursdjdwlrq lv revhuyhg
lqgluhfwo| wkurxjk d txdvl frqwlqxrxv phdvxuhphqw ri wkh lqfuhdvh ri wkh frpsoldqfh F
ri wkh vdpsoh dv d ixqfwlrq ri wkh qxpehu ri f|fohv1 Dw wkh vdph wlph wkh irufh dpsol0
wxgh Spd{ �Splq lv phdvxuhg1 Wkh h{shulphqwv duh ordg0frqwuroohg1 Vlpxowdqhrxvo|/ wkh
whvw iuhtxhqf| i dqg wkh vwuhvv udwlr U @ Ipd{@Iplq ri wkh pd{lpxp dqg ordg duh khog
frqvwdqw1 Wkhuhiruh dq lqfuhphqwdo lqfuhdvh ri wkh fudfn ohqjwk gxh wr idwljxh fudfn surs0
djdwlrq dxwrpdwlfdoo| ohdgv wr dq lqfuhdvh ri wkh dpsolwxgh ri wkh vwuhvv lqwhqvlw| idfwru/
�N/ dqg wklv lq wxuq ohdgv wr dq dffhohudwhg idwljxh fudfn sursdjdwlrq1

Wkh lqghshqghqw txdqwlw| lq wkh phdvxuhphqw lv wkh qxpehu ri f|fohv Q zklfk fdq eh
uhjdughg dv d phdvxuh ri wlph1 Dvvrfldwhg zlwk hdfk lqvwdqfh Qm lv d phdvxuhg ydoxh ri
wkh frpsoldqfh Fm dqg wkh irufh dpsolwxgh gl�huhqfh �Sm 1

Wkh sdudphwhu yhfwru s wr eh hvwlpdwhg frqwdlqv wkh hodvwlf prgxoxv H/ wkh sursru0
wlrqdolw| idfwru p3 dqg wkh h{srqhqw q lq wkh Sdulv0Hugrjdq htxdwlrq/ l1h1/

s =@ +H>p3> q,
w > s 5LUqs > qs @ 6 = +6168,

Wkh uhodwlrq ehwzhhq wkh frpsoldqfh F dqg wkh qxpehu ri f|fohv Q fdq eh ghvfulehg dw
ohdvw iru d fhuwdlq uhjlrq Q� � Q � Q./ e| wkh gl�huhqwldo htxdwlrq +Sdulv0Hugrjdq0
htxdwlrq,
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!
gd

gF
A 3 = +6169,

Wkh fudfn ohqjwk d fdq eh h{suhvvhg lq whupv ri wkh frpsoldqfh F e| xvh ri wkh skhqrp0
hqrorjlfdo uhodwlrq

}+F>H, =@
d+F>H,

Z
@

9[
l@4

{lX
l�4 > X @ X+F>H, @

4s
F �H � g. 4

+616:,

zlwk wkh vdpsoh wklfnqhvv g dqg nqrzq frh�flhqwv {l1 Ixuwkhupruh/ iurp +616:, wkh
uhodwlrq

gd

gF
@ �Z

5
� H � gs

F �H � g �
9[
l@5

+l� 4, � {lX l +616;,

fdq eh ghulyhg1 Ilqdoo| wkh vwuhvv lqwhqvlw| idfwru �N =@ Npd{+Q, �Nplq+Q,>

�N @
�I +Q,

g �Z �
s
d+F>H, � \ ^}+F>H,` > �S +Q, =@ Spd{+Q, �Splq+Q, +616<,

fdq eh fdofxodwhg zlwk wkh dx{loldu| ixqfwlrq ghwhuplqhg e| wkh jhrphwu| ri wkh vshflphq

\ ^}+F>H,` @
4s

}+F>H,
� |+F>H, > |+F>H, @

5 . }+F>H,s
4� }+F>H,6

�
9[
l@4

|lX
l�4 +6173,

zlwk nqrzq frh�flhqwv |l1 Wkh gl�huhqwldo htxdwlrq wkhq uhvxowv �qdoo| lq wkh ghvluhg irup

gF

gQ
@ i+Q>F>s, +6174,

zlwk

i+Q>F>s, @ � 5

Z
�
u

F

H � g �p3 �
%s

Z

g
��I +Q, � |+F>H,

&q/%
9[
l@5

+l� 4, � {lX l

&
=

+6175,
Qrwh wkdw wkh gl�huhqwldo htxdwlrq +6174, kdv douhdg| wkh irup lq zklfk lw lv xvhg lq
wkh frqwh{w ri d ohdvw vtxduhv sureohp frqvwudlqhg e| d gl�huhqwldo htxdwlrq +vhh qh{w
Vhfwlrq 61517,1 Wkh gl�huhqfh �S +Q, @ Spd{+Q,�Splq+Q, frqvlvwv ri slhfhzlvh frqvwdqw
ixqfwlrqv1 Ehwzhhq wzr dgmdfhqw qxpehu ri f|fohv Qm dqg Qm.4 wkh ydoxh �I +Q, iru Qm

lv xvhg lq wkh uljkw kdqg vlgh ri +6174,1
Iru wkh vroxwlrq ri wkh ohdvw vtxduhv sureohp rqh pxvw uhphpehu wkdw wkh hvwlpdwhg

ru phdvxuhg suhfudfn ohqjwk d3 +lw lv dvvxphg wkdw wklv ydoxh kdv ehhq phdvxuhg zlwkrxw
huuru, kdv wr eh uhsurgxfhg e| wkh prgho/ l1h1/ e| wkh fudfn ohqjwk d+F3>H, frpsxwhg iru
wkh lqlwldo ydoxh F31 Wklv lv jxdudqwhhg e| wkh frqglwlrq

d3 @ d+F3> H, > +6176,

zklfk ohdgv wr dq dgglwlrqdoo| htxdolw| frqvwudlqw lq wkh ohdvw vtxduhv sureohp1 Wkh sure0
ohp/ pruh ghwdlohg edfnjurxqg/ dqg wkh vroxwlrq ri wkh sureohp lqfoxglqj d krprwrs|
phwkrg zloo eh ghvfulehg e| Ndooudwk hw do1 +4<<9,1
Ilj16 vkrzv d w|slfdo ohdvw vtxduhv �w ri wkh gl�huhqwldo htxdwlrq prgho wr wkh phdvxuhg
frpsoldqfh F dv d ixqfwlrq ri wkh qxpehu ri f|fohv Q zlwk wkh khos ri wkh ohdvw vtxduhv
ixqfwlrq +617<,/ ylv1 d �w ri wkh prgho wr wkh gdwd dfklhyhg zlwk wkh erxqgdu| ydoxh sureohp
dssurdfkhg +vhh Vxevhfwlrq 61517,1 Wkh fdofxodwhg fxuyh uhsurgxfhv wkh phdvxulqj gdwd
zlwk kljk suhflvlrq1
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Iljxuh 8= Frpsoldqfh F yhuvxv f|fohv Q / phdvxuhg gdwd/ �w dqg uhvlgxdov

61517 Sdudphwhu hvwlpdwlrq lq v|vwhpv ri gl�huhqwldo htxdwlrqv

Lq pdq| ohdvw vtxduhv sureohpv lq fkhplvwu|/ wkh prgho lv xvxdoo| ghvfulehg e| d v|v0
whp ri qrqolqhdu gl�huhqwldo htxdwlrqv1 Iru vxfk sureohpv wkh erxqgdu| ydoxh sureohp
phwkrgv iru wkh lghqwl�fdwlrq ri sdudphwhuv lq v|vwhpv ri qrqolqhdu gl�huhqwldo htxdwlrqv
+Erfn/ 4<;:, fdq eh dssolhg vxffhvvixoo|1 Wkh prgho lv ghvfulehg dv d v|vwhp ri gl�huhqwldo
htxdwlrqv zlwk lqghshqghqw yduldeoh w dqg vwdwh yduldeoh {

{3+w, @ i+w>{>s, / { 5 LUqg / s 5 LUqs > i = LU4.qg.qs $ LUqg +6177,

zlwk wkh uljkw kdqg vlgh ghshqglqj rq dq xqnqrzq sdudphwhu yhfwru s1 Dgglwlrqdo frq0
vwudlqwv rq wkh vroxwlrq ri wkh RGH +6177, olnh shulrglflw|/ lqlwldo ru erxqgdu| frqglwlrqv/
ru udqjh uhvwulfwlrqv wr wkh sdudphwhuv fdq eh irupxodwhg lq d yhfwru zkrvh frpsrqhqwv
duh vxemhfwhg wr htxdolw| dqg lqhtxdolw| frqglwlrqv/ uhvshfwlyho|=

u5 ^{+w4,> = = = >{+wn,>s` @ 3 ru � 3 = +6178,

Wkh pxowlsrlqw erxqgdu| ydoxh sureohp lv olqnhg wr h{shulphqwdo gdwd wkurxjk wkh plql0
pl}dwlrq ri d ohdvw vtxduhv remhfwlyh ixqfwlrq

o5+{>s, =@ nu4 ^{+w4,> = = = >{+wn,>s`n
5
5 = +6179,

D vshfldo fdvh ri +6179, lq zklfk wkh frpsrqhqw n ri wkh yhfwru u4 lv dq %htxdwlrq ri
frqglwlrq% dqg kdv wkh irup

u4c @ ��4lm ^�lm � jl+{+wm,>s,` > c @ 4> = = = > O =@
QG[
m@4

Mm



Iljxuh 9= Wkh lqlwldo ydoxh sureohp dssurdfk

ohdgv wr wkh ixqfwlrq wr eh plqlpl}hg

o5+{>s, =@
QG[
m@4

Mm[
l@4

��5lm ^�lm � jl+{+wm,>s,`
5 = +617:,

Khuh/ QG ghqrwhv wkh qxpehu ri srlqwv lq wlph dw zklfk revhuyhg gdwd duh dydlodeoh/
Mm ghqrwhv wkh qxpehu ri revhuydeohv phdvxuhg dw wlph wm dqg �lm ghqrwhv wkh revhuyhg
ydoxh zklfk lv frpsduhg wr wkh revhuydeoh l dw wlph wm hydoxdwhg e| wkh prgho zkhuh wkh
ixqfwlrq jl+{+wm,>s, uhodwhv wkh vwdwh yduldeohv { zlwk wklv revhuydeoh1 H{dpsohv iru vxfk
revhuydeohv duh hqhuj| dqg prphqwxp ghulyhg iurp vsdwldo frruglqdwhv dqg yhorflwlhv +wkh
vwdwhv yduldeohv ri d g|qdplfdo v|vwhp iru lqvwdqfh, dw gl�huhqw wlphv1 �lm duh zhljkwv wkdw
kdyh wr eh dghtxdwho| fkrvhq/ h1j1/ dv wkh yduldqfhv1

Iru wkh sureohp ghvfulehg lq Vhfwlrq 61516 zh kdyh qg @ 4/ qs @ 6 dqg wm @ Qm/ dqg
wkh iroorzlqj lghqwl�fdwlrqv

{ @ F / s @ +p3> q>H,
w > �lm @ Fm > jl @ j4+{+Qm,>s, @ F+Qm, = +617;,

Ilqdoo| wkh ohdvw vtxduhv ixqfwlrq

cu+Q>F>s, =@
QG[
m@4

zm
F5m

� ^Fm �F+Qm,`
5 +617<,

zdv xvhg/ zkhuh F+Qm, ghqrwhv wkh fdofxodwhg frpsoldqfh/ Fm ghqrwhv wkh phdvxuhg ydoxh
ri wkh frpsoldqfh dw qxpehu ri f|fohv Qm dqg zm lv d zhljkw dvvljqhg wr wkh phdvxuhg
ydoxh Fm1

Dq reylrxv dssurdfk wr hvwlpdwh sdudphwhuv lq RGH zklfk lv dovr lpsohphqwhg lq pdq|
frpphufldo sdfndjhv lv wkh lqlwldo ydoxh sureohp dssurdfk +Ilj19,1 Wkh lghd lv wr jxhvv
sdudphwhuv dqg lqlwldo ydoxhv iru wkh wudmhfwrulhv/ frpsxwh d vroxwlrq ri wkh lqlwldo ydoxh
sureohp +LYS, +6177, dqg lwhudwh wkh sdudphwhuv dqg lqlwldo ydoxhv lq rughu wr lpsuryh wkh



Iljxuh := Wkh erxqgdu| ydoxh sureohp dssurdfk

�w1 Wklv phwkrg lv qrw uhfrpphqg iru qrqolqhdu sureohpv> vhh Erfn +4<;:, dqg Ndooudwk
hw do1 +4<<6, iru uhdvrqv dqg d glvfxvvlrq1

Dowhuqdwlyho| wr wkh LYS dssurdfk +Ilj19, lq wkh *erxqgdu| ydoxh sureohp dssurdfk* wkh
lqyhuvh sureohp lv lqwhusuhwhg dv dq ryhu0ghwhuplqhg/ frqvwudlqhg/ pxowlsoh0srlqw erxqgdu|
sureohp +Ilj1:,1 Wkh dojrulwkp frqvlvwv ri d pxowlsoh vkrrwlqj phwkrg8 +Exoluvfk/ 4<:4,
iru wkh glvfuhwl}dwlrq ri wkh erxqgdu| ydoxh sureohp vlgh frqglwlrq dqg d jhqhudol}hg
Jdxvv0Qhzwrq phwkrg iru wkh vroxwlrq ri wkh uhvxowlqj vwuxfwxuhg qrqolqhdu frqvwudlqhg
ohdvw vtxduhv sureohp +Erfn/ 4<;4,1

Ghshqglqj rq wkh vwdelolw| ehkdylru ri wkh RGH dqg wkh dydlodelolw| ri lqirupdwlrq
derxw wkh surfhvv +phdvxuhg gdwd/ txdolwdwlyh nqrzohgjh derxw wkh sureohp/ hwf1, d julg
Wp

Wp = �4 ? �5 ? === ? �p > ��m =@ �m.4 � �m > 4 � m �p� 4> +6183,

ri p pxowlsoh vkrrwlqj qrghv �m +p� 4 vxelqwhuydov Lm, dgdswhg wr wkh sureohp dqg gdwd
lv gh�qhg vxfk wkdw lw lqfoxghv wkh phdvxulqj lqwhuydo +^�4> �p` @ ^w3> wi `,1 Dw hdfk qrgh �m
dq LYS

{3+w, @ i+w>{>s, > {+w @ �m, @ vm 5 LUqg +6184,

kdv wr eh lqwhjudwhg iurp �m wr �m.41 Wkh p� 4 yhfwruv ri +xqnqrzq, lqlwldo ydoxhv vm ri
wkh sduwldo wudmhfwrulhv/ wkh yhfwru vp whoolqj wkh vwdwh dw wkh hqg srlqw dqg wkh sdudphwhu
yhfwru s duh vxppdul}hg lq wkh +xqnqrzq, yhfwru }

}w =@ +vw4> ===> v
w
p>s

w, = +6185,

Iru d jlyhq jxhvv ri } wkh vroxwlrqv {+w> vm>s, ri wkh p � 4 lqghshqghqw lqlwldo ydoxh
sureohp lq hdfk vxe lqwhuydo Lm duh frpsxwhg1 Wklv ohdgv wr dq +dw �uvw glvfrqwlqxrxv,
uhsuhvhqwdwlrq ri {+w,1 Lq rughu wr uhsodfh +6177, htxlydohqwo| e| wkhvh p � 4 LYSv wkh
pdwfklqj frqglwlrqv

DW? @t|hL?L4)c |�i 4�*|�T*i t�LL|�?} 4i|�L_ Lh @ t�4�*@h 4i|�L_ ?@4i_ �4�*|�T*i �||�?} TL�?| 4i|�L_�
�t �ti_ �? t|i**@h i�L*�|�L? UL4T�|@|�L?tc i�}�c M) `�*tL? E�bH���



km+vm> vm.4> s, =@ {+�m.4> vm>s,� vm.4 @ 3 > km = LU
5qg.qs $ LUqg +6186,

duh dgghg wr wkh sureohp1 +6186, hqvxuhv wkh frqwlqxlw| ri wkh �qdo wudmhfwru| {+w,1
Uhsodflqj {+w, dqg s lq +617:, e| } wkh ohdvw vtxduhv sureohp lv uhirupxodwhg dv d

qrqolqhdu frqvwudlqhg rswlpl}dwlrq sureohp zlwk wkh vwuxfwxuh

plq
}

�
4

5
nI4+},n

5
5 m I5+}, @ 3 5 LUq5 > I6+}, � 3 5 LUq6

�
> +6187,

zkhuhlq q5 ghqrwhv wkh qxpehu ri wkh htxdolw| dqg q6 wkh qxpehu ri wkh lqhtxdolw| frq0
vwudlqwv1 Wklv xvxdoo| odujh frqvwudlqhg vwuxfwxuhg qrqolqhdu sureohp lv vroyhg e| d gdpshg
jhqhudol}hg Jdxvv0Qhzwrq phwkrg +Erfn/ 4<;4,1 Li M4+}n, =@ C}I4+}n,/ M5+}n, =@ C}I5+}n,
ylv1 M6+}n, =@ C}I6+}n, ghqrwh wkh Mdfrel pdwulfhv ri I4/ I5 ylv1 I6/ wkhq wkh lwhudwlrq
vwhsv

}n.4 @ }n . �n ��}n +6188,

zlwk gdpslqj frqvwdqw �n>3 ? �plq � �n � 4/ duh edvhg rq wkh frqvwudlqhg olqhdu sureohp

plq
}

�
4

5
� nM4+}n,�}n . I4+}n,n

5
5

���� M5+}n,�}n .I5+}n, @ 3
M6+}n,�}n .I6+}n, � 3

�
= +6189,

Dv h{sodlqhg e| Erfn +4<;:,/ joredo frqyhujhqfh fdq eh dfklhyhg li wkh gdpslqj vwudwhj|
lv surshuo| fkrvhq1 Xqghu wkh dvvxpswlrq ri wkh uhjxodulw| ri wkh Mdfreldqv M4 dqg Mf/ l1h1/

udqn+M4+}n,, @ q4 > udqn+Mf+}n,, @ qf> +618:,

d xqltxh vroxwlrq �}n ri wkh olqhdu sureohp +6189, h{lvwv dqg d xqltxh olqhdu pdsslqj Mn.

fdq eh frqvwuxfwhg/ zklfk vdwlv�hv wkh uhodwlrq

�}n @ �Mn
.I+}n, > Mn

.MnMn
. @ Mn

. > M wn =@ ^M4+}n,
w> Mf+}n,

w` = +618;,

Wkh vroxwlrq �}n ri wkh olqhdu sureohp ru irupdoo| wkh jhqhudol}hg lqyhuvh Mn
. +Erfn/

4<;4, ri Mn uhvxowv iurp wkh Nxkq0Wxfnhu frqglwlrqv +Nxkq dqg Wxfnhu/ 4<84, dvvrfldwhg
zlwk +6187,1 Lw vkrxog eh qrwhg/ krzhyhu/ wkdw }n lv qrw fdofxodwhg iurp +618;, iru uhdvrqv
ri qxphulfdo h�flhqf| exw lv edvhg rq dq ruwkrjrqdol}lqj surfhgxuh1

E| wdnlqj lqwr frqvlghudwlrq wkh vshfldo vwuxfwxuh ri wkh pdwulfhv Ml fdxvhg e| wkh
frqwlqxlw| frqglwlrqv +6186, ri wkh pxowlsoh vkrrwlqj glvfuhwl}dwlrq wkh vl}h ri +6189, fdq
eh uhgxfhg e| d frqghqvlqj dojrulwkp ghvfulehg lq ^Erfn +4<;4,/ Erfn +4<;:,` wr d v|vwhp
ri vpdoohu glphqvlrq

plqi
4

5
� nD4{n . d4n

5
5 m D5{n . d5 @ 3 > D6{n . d6 � 3j > +618<,

iurp zklfk {n fdq eh ghulyhg dw �uvw dqg dw odvw�}n1 Wkh gdpslqj frqvwdqw �n lq wkh n0wk
lwhudwlrq lv frpsxwhg zlwk wkh khos ri d qdwxudo ohyho ixqfwlrq zklfk orfdoo| dssur{lpdwhv
wkh glvwdqfh n}n � }�n ri wkh vroxwlrq iurp wkh Nxkq0Wxfnhu srlqw }� +Ndooudwk hw do1/
4<<6,1

��� �@|�i4@|�U@* �T|�4�3@|�L? @?_ �Tih@|�L? +iti@hU�

Wklv wrslf lv suredeo| ohvv idploldu wr dvwurqrphuv dqg dvwursk|vlflvw1 Krzhyhu/ sk|vlflvwv
zhuh wkh �uvw lq wkh Rshudwlrqv Uhvhdufk Frppxqlw| gxulqj Zruog Zdu LL dqg wkh ghfdgh
iroorzlqj wkdw1 Wkh dvwurqrphu Wkruqwrq O1 Sdjh zdv rqh ri wkh slrqhhuv lq wkh �hog1 Wklv
glvflsolqh surylghv pdwkhpdwlfdo rswlpl}dwlrq phwkrgv dqg prghov iru vroylqj rswlpl}dwlrq



sureohpv dulvlqj lq doprvw doo eudqfkhv ri lqgxvwu| ru vrflhw|/ h1j1/ lq surgxfw dqg surfhvv
ghvljq/ surgxfwlrq/ hfrqrplfv/ orjlvwlfv/ wud�f frqwuro dqg hyhq vwudwhjlf sodqqlqj1 Lq
dq rswlpl}dwlrq sureohp rqh wulhv wr plqlpl}h ru pd{lpl}h d joredo fkdudfwhulvwlf ri d
surfhvv vxfk dv hodsvhg wlph ru frvw/ e| dq dssursuldwh fkrlfh ri sdudphwhuv zklfk fdq
eh frqwuroohg/ dqg xqghu d vhw ri frqvwudlqwv/ olqnhg iru h{dpsoh wr sk|vlfdo olplwv1 D
wudglwlrqdo zd| iru ghyhorslqj dqvzhuv wr rswlpl}dwlrq sureohpv lv wr sursrvh d qxpehu
ri fkrlfhv iru wkh frqwuroohg sdudphwhuv/ xvlqj khxulvwlf phwkrgv1 Wkh surfhvvhv xqghu
lqyhvwljdwlrq duh wkhq vlpxodwhg xqghu wkhvh ydulrxv rswlrqv/ dqg wkh uhvxowv duh frpsduhg1
Hqjlqhhuv lq fkdujh ri wkhvh rswlpl}dwlrq sureohpv kdyh ghyhorshg lqwxlwlrq dqg khxulvwlfv
wr vhohfw dssursuldwh frqglwlrqv/ dqg vlpxodwlrq vriwzduh h{lvwv wr dqdo|}h wkh sureohpv1
Wkh %wudglwlrqdo% whfkqltxhv pd| ohdg wr surshu uhvxowv/ exw wkhuh lv qr jxdudqwhh wkdw
wkh rswlpdo vroxwlrq ru hyhq d vroxwlrq forvh wr wkh rswlpxp lv irxqg1 Wklv lv hvshfldoo|
wurxeohvrph iru frpsoh{ sureohpv ru wkrvh zklfk uhtxluh ghflvlrqv zlwk odujh �qdqfldo
lpsdfw1

Lq frqwudvw wr vlpxodwlrq/ rswlpl}dwlrq phwkrgv vhdufk gluhfwo| iru dq rswlpdo vroxwlrq
wkdw ixo�oov doo frqvwudlqwv dqg uhodwlrqv uhohydqw iru wkh uhdo0zruog sureohp1 E| xvlqj
pdwkhpdwlfdo rswlpl}dwlrq lw ehfrphv srvvleoh wr frqwuro dqg dgmxvw frpsoh{ v|vwhpv hyhq
zkhq wkh| duh gl�fxow iru d kxpdq ehlqj wr judvs1 Rswlpl}dwlrq whfkqltxhv wkhuhiruh doorz
rqh d ixoohu h{sorlwdwlrq ri wkh dgydqwdjhv lqkhuhqw wr frpsoh{ v|vwhpv1

Fodvvlfdo rswlpl}dwlrq wkhru| +fdofxoxv/ yduldwlrqdo fdofxoxv/ rswlpdo frqwuro, wuhdwv
wkrvh fdvhv lq zklfk wkh sdudphwhuv fdq eh fkdqjhg frqwlqxrxvo|/ h1j1/ wkh whpshudwxuh lq d
fkhplfdo uhdfwru1 Rq wkh rwkhu kdqg/ pl{hg lqwhjhu/ frpelqdwruldo ru glvfuhwh rswlpl}dwlrq
dgguhvvhv sdudphwhuv zklfk duh olplwhg wr lqwhjhu ydoxhv/ iru h{dpsoh frxqwv +qxpehuv ri
frqwdlqhuv/ vklsv,/ ghflvlrqv +|hv0qr,/ ru orjlfdo uhodwlrqv +li surgxfw D lv surgxfhg wkhq
surgxfw E dovr qhhgv wr eh surgxfhg,1 Wklv glvflsolqh/ |hduv djr rqo| d pdujlqdo glvflsolqh
zlwklq pdwkhpdwlfdo rswlpl}dwlrq/ ehfrphv pruh dqg pruh lpsruwdqw +Ju�rwvfkho/ 4<<6,1

61614 D Vxuyh| ri W|slfdo Uhdo Zruog Rswlpl}dwlrq Sureohpv

Wkh eulhi vxuyh| ri uhdo zruog sureohpv jlyhq lq wklv vhfwlrq lv w|slfdo iru wkh fkhplfdo
lqgxvwu| exw prvw ri wkh wrslfv dovr rffxu lq rwkhu duhdv=

� eohqglqj sureohpv +surgxfwlrq ) orjlvwlfv,/
� surgxfwlrq sodqqlqj +surgxfwlrq/ orjlvwlfv/ pdunhwlqj,/
� vfkhgxolqj sureohpv +surgxfwlrq,/
� surfhvv ghvljq dqg surfhvv hqjlqhhulqj +surfhvv lqgxvwu|,/
� ghsrw vhohfwlrq sureohpv +vwudwhjlf sodqqlqj,/
� qhwzrun ghvljq +sodqqlqj/ vwudwhjlf sodqqlqj,/
� shwurfkhplfdo qhwzrun zlwk vwhdpfudfnhuv +surgxfwlrq sodqqlqj,1

W|slfdo iru wkh fkhplfdo lqgxvwu|/ exw lq prgl�hg irup dovr iru wkh plqhudo rlo ru irrg
lqgxvwu|/ duh eohqglqj sureohpv1 Wkh| rffxu lq d zlgh ydulhw|1 Uhxwhu +4<<8, dqg Ndooudwk
+4<<8d, ghvfuleh d prgho iru �qglqj frvw plqlpdo eohqglqj zklfk vlpxowdqhrxvo| lqfoxgh
frqwdlqhu kdqgolqj frqglwlrqv dqg rwkhu orjlvwlf frqvwudlqwv1 Hvshfldoo| frpsdqlhv zklfk
duh lq d vlwxdwlrq wr xwlol}h wkh dgydqwdjhv ri d frpsoh{ surgxfwlrq qhwzrun/ riwhq zlwk wkh
edfnjurxqg ri vhyhudo vlwhv +Ndooudwk/ 4<<8, pd| juhdwo| ehqh�w iurp surgxfwlrq sodqqlqj

dqg surgxfwlrq vfkhgxolqj1 Vfkhgxolqj sureohpv rffxu ri frxuvh dovr lq rwkhu eudqfkhv ri
lqgxvwu|1 Wkh| duh rshudwlrqdo dqg |lhog ghwdlohg dqvzhuv wr wkh txhvwlrqv= h1j1/ zkhq lv
wkh surgxfwlrq ri d vshfl�f surgxfw rq d vshfl�f pdfklqh wr eh vwduwhgB Zkdw grhv wkh
gdlo| surgxfwlrq vkhhw ri d zrunhu orrn olnhB Vfkhgxolqj sureohpv ehorqj wr d fodvv ri wkh
prvw gl�fxow sureohpv lq glvfuhwh rswlpl}dwlrq1 W|slfdo vshfldo vwuxfwxuhv/ zklfk fdq eh
wdfnohg e| glvfuhwh rswlpl}dwlrq/ duh plqlpdo surgxfwlrq udwhv/ plqlpdo xwlol}dwlrq udwhv/
plqlpdo wudqvsruw dprxqwv= wkhvh vwuxfwxuhv ohdg wr vr0fdoohg vhpl0frqwlqxrxv yduldeohv1
Wkh txhvwlrq krz d whohfrppxqlfdwlrq qhwzrun vkrxog eh vwuxfwxuhg dqg ghvljqhg zkhq
wkh dqqxdo ghpdqg lv nqrzq ru wkh txhvwlrq/ zkdw wkh wud�f lqiudvwuxfwxuh vkrxog orrn olnh



iru d jlyhq wud�f ghpdqg ohdg wr qhwzrun ghvljq sureohpv1 Zkloh wkh sureohpv olvwhg deryh
fdq eh vroyhg zlwk olqhdu pl{hg0lqwhjhu phwkrgv/ sureohpv rffxuulqj lq surfhvv ghvljq yhu|
riwhq ohdg wr qrqolqhdu glvfuhwh sureohpv/ h1j1/ wkh rswlpl}dwlrq ri d shwurfkhplfdo qhwzrun
ri surfhvvlqj xqlwv1

61615 D W|slfdo Eohqglqj sureohp

Wklv surmhfw kdg dv remhfwlyh wr ghulyh uhflshv iru eohqglqj �xlgv dw plqlpxp frvw revhuylqj
vhyhudo surgxfw uhtxluhphqwv1 Vxfk surshuwlhv duh iru lqvwdqfh ylvfrvlw|/ erlolqj srlqw dqg
frqfhqwudwlrq ri dofrkro1 Vrph orjlvwlf frqvwudlqwv kdg wr eh vdwlv�hg lq dgglwlrq vxfk
dv wkdw doo wkh pdwhuldo ri vrph wdqnv kdg wr eh xvhg/ ru wkdw vrph rwkhu pdwhuldo zdv
dydlodeoh rqo| lq d olplwhg dprxqw1

Ohw {l ghqrwh wkh uhodwlyh pdvv iudfwlrqv ri wkh frpsrqhqwv lq nj2nj1 Wkh q frpsrqhqwv
kdyh wr revhuyh wkh pdvv frqvhuydwlrq

q[
l@4

{l @ 4 = +6193,

Pruh uhohydqw wr fkhplvwu| duh wkh prohfxodu zhljkwv �l1 Ohw zl ghqrwh wkh uhodwlyh iudfwlrq
lq whupv ri prohfxodu zhljkw/ l1h1/ pro2pro1 Wkh txdqwlwlhv {l dqg zl duh frxsohg e| wkh
uhodwlrq

zl @
{l
�l

/
q[

n@4

{n
�n

+6194,

zlwk wkh qrupdol}dwlrq
q[
l@4

zl @ 4 = +6195,

Wkh folhqw lqwhuhvwhg lq ex|lqj wkh surgxfw vshfl�hv vrph erxqgv iru ylvfrvlw| +��> �.,/
erlolqj srlqw +WE

�
> WE

. ,/ dqg dofrkro frqfhqwudwlrq +F�> F.,1
Wkh qh{w vwhs ri wkh prgho irupxodwlrq lv wr irupxodwh vrph uhodwlrqv zklfk doorz rqh

wr frpsxwh wkh surshuwlhv ri wkh pl{wxuh iurp wkh surshuwlhv ri wkh vhsdudwh frpsrqhqwv=

� @
q\
l@4

�zll > +6196,

dqg

F @
q[
l@4

Fl �zl = +6197,

Wkh erlolqj srlqw WE lv pruh gl�fxow wr frpsxwh ehfdxvh lw fdq rqo| eh ghulyhg iurp wkh
lpsolflw frqglwlrq

S +WE, @ 4 > +6198,

zklfk vwdwhv wkdw wkh ydsru suhvvxuh S lv htxdo wr 4 dw wkh erlolqj whpshudwxuh WE 1 Dw d
jlyhq whpshudwxuh W wkh ydsru suhvvxuh S +w, lv d olqhdu frpelqdwlrq ri wkh sduwldo ydsru
suhvvxuh

S +W , @
q[
l@4

Sl+W , � zl = +6199,

Wkh sduwldo ydsru suhvvxuhv Sl+w, reh| wkh Dqwrlqh odz

Sl+W , @ hDl.El@+5:6=48.W , +619:,



zkhuh wkh frqvwdqwv Dl dqg El duh pdwhuldo sdudphwhuv1 Ilqdoo|/ wkh remhfwlyh ixqfwlrq wr
eh plqlpl}hg/ xqghu wkh erxqgv vshfl�hg deryh lv

] @
q[
l@4

fl � {l @= f
w � { +619;,

zkhuh fl duh wkh frvwv wr eh sdlg iru wkh frpsrqhqwv/ dqg f 5 LUq dqg { 5 LUq duh yhfwruv
frqwdlqlqj wkh frvwv dqg xqnqrzq yduldeohv1

Dv d frqvhtxhqfh ri +6196, dqg +6199,/ wkh sureohp dsshduv dv d qrqolqhdu frqvwudlqhg
rswlpl}dwlrq sureohp1 Krzhyhu/ d forvhu lqvshfwlrq vkrzv wkdw lw fdq eh wudqviruphg wr d
olqhdu surjudpplqj sureohp1 Wkh dofrkro frqfhqwudwlrq lv douhdg| olqhdu lq wkh yduldeohv
zl1 Wklv iroorzv iurp +6197, dqg |lhogv

F� �
q[
l@4

Fl � zl � F. = +619<,

Vlqfh wkh orjdulwkp lv d prqrwrqlfdoo| lqfuhdvlqj ixqfwlrq/ wkh ylvfrvlw| frqglwlrq dqg
h{suhvvlrq +6196, fdq eh wudqviruphg lqwr d olqhdu h{suhvvlrq e| wdnlqj wkh orjdulwkp rq
erwk vlghv ri +6196,

oq+��, �
q[
l@4

oq+�l, � zl � oq+�., = +61:3,

Wkh erlolqj whpshudwxuh ri wkh pl{wxuh lv erxqghg e| wkh whpshudwxuh olplwv WE
�

dqg WE
. 1

Wklv frqglwlrq lv htxlydohqw wr wkh uhtxluhphqw wkdw wkh ydsru suhvvxuh dw whpshudwxuh WE
�

lv vpdoohu wkdq 4 edu/ S +WE
�
, ? 4 uhvs1 S +WE

. , A 4= Wr prgho wklv frqglwlrq/ zh lqwurgxfh
d vpdoo sdudphwhu %1 Wkhq zh jhw

+WE
�
, � 4� % � 4 � 4 . % � S +WE

. ,> % � 3> % � 43�9 = +61:4,

Wkh v|vwhp ri frqvwudlqwv ghulyhg vr idu lv frpsohwhg e| +6193,/ dqg srvvleo| dgglwlrqdo
lqhtxdolwlhv

{plq � {l � {pd{ +61:5,

ru �{hg erxqgv
{m @ [m +61:6,

uhsuhvhqwlqj wkh orjlvwlf uhtxluhphqwv1
Wkh rqo| uhpdlqlqj plqru wdvn lv wr holplqdwh wkh zl dqg wr irupxodwh wkh prgho lq

whupv ri wkh {l1 Ohw � ghqrwh rqh ri wkh uhodwlrqv i�>�>@j1 D frqvwudlqw ri wkh irup

q[
l@4

Il � zl � I
� +61:7,

fdq/ e| xvh ri +6194,/ eh wudqviruphg wr wkh htxlydohqw irup

q[
l@4

Il � I�

�l
� {l � 3 = +61:8,

Qrz wkh prgho lv d olqhdu surjudpplqj sureohp1 D olqhdu surjudpplqj sureohp ru OS lq
vwdqgdug irup lv gh�qhg e|

OS= Plqlpl}h= }+{, @ fW{> { 5 LUq> f 5 LUq

Vxemhfw wr= D{ @ e D 5P+p� q> LU, pdwul{/
{ � 3 e 5 LUp

+61:9,



Rwkhu irupxodwlrqv ri OSv xvlqj lqhtxdolwlhv +olnh wkh rqh deryh, ru frqwdlqlqj xqfrq0
vwudlqhg yduldeohv fdq eh pdsshg wr wklv vwdqgdug irup e| lqwurgxflqj vrph vodfn ydul0
deohv1 Rqh ri wkh ehvw nqrzq dojrulwkpv iru vroylqj OSv lv wkh vlpsoh{ dojrulwkp ri J1E1
Gdqw}lj ^h1j1/ +Udylqgudq hw do1/ 4<;:,` zklfk fdq eh xqghuvwrrg erwk jhrphwulfdoo| dqg
dojheudlfdoo|1 Wkh dojheudlf sodwirup lv wkh frqfhsw ri wkh edvlv E ri D/ l1h1/ d olqhduo|
lqghshqghqw froohfwlrq E@iDm4 /111/Dmpj ri froxpqv ri D1 Wkh lqyhuvh E�4 jlyhv d edvlf
vroxwlrq �{ 5 LUq

�{m @ 3 li Dm @5 E / �{mn @ nwk frpsrqhqw ri E�4e> n @ 4> ===>p +61::,

Li �{ lv lq wkh vhw ri ihdvleoh srlqwv V @ i{ = D{ @ e> { � 3j / wkhq �{ lv fdoohg d
edvlf ihdvleoh vroxwlrqvroxwlrqvroxwlrqedvlf ihdvleoh vroxwlrq1 Li +l, wkh pdwul{ D kdv p
olqhduo| lqghshqghqw froxpqv Dm/ l1h1 D lv ri udqn p/ +ll, wkh vhw V lv qrw hpsw| dqg +lll,
wkh vhw i}W{ = { 5 Vj kdv dq xsshu erxqg/ wkhq wkh vhw V gh�qhv d frqyh{ sro|wrsh S
dqg hdfk edvlf ihdvleoh vroxwlrq fruuhvsrqgv wr d yhuwh{ ri S +Sdsdglplwulrx dqg Vwhljolw}/
4<;5,1 +ll, dqg +lll, hqvxuh wkdw wkh OS lv qhlwkhu lqihdvleoh qru xqerxqghg/ l1h1/ kdv d
�qlwh rswlpxp1 Dv wkh rswlpdo vroxwlrq ri d OS lv dprqj wkh �qlwh vhw ri edvlf ihdvleoh
vroxwlrqv/ wkh lghd ri wkh vlpsoh{ dojrulwkp lv prylqj iurp yhuwh{ wr yhuwh{ ri wklv sro|wrsh
wr lpsuryh wkh remhfwlyh ixqfwlrq ydoxh1 Lq wklv vhqvh �qglqj dq rswlpdo vroxwlrq iru
dq OS lv d frpelqdwruldo sureohp1 Lq hdfk lwhudwlrq/ rqh hohphqw ri wkh dfwxdo edvlv lv
h{fkdqjhg/ dffruglqj wr wklv h{fkdqjh ri edvlv yduldeohv/ wkh pdwul{ D/ dqg wkh yhfwruv e
dqg f duh wudqviruphg wr wkh pdwul{ D3/ dqg wkh yhfwruv e3 dqg f31 Lqvwhdg ri frpsxwlqj
wkhvh frpsrqhqwv edvhg rq wkh suhylrxv lwhudwlrq/ wkh uhylvhg vlpsoh{ dojrulwkp lv edvhg
udwkhu rq wkh lqlwldo gdwd D dqg f1 E| wklv/ urxqglqj huuruv gr qrw dffxpxodwh1 Lq
dgglwlrq/ D lv yhu| vsduvh lq prvw sudfwlfdo dssolfdwlrqv zkhuhdv diwhu vhyhudo lwhudwlrqv
wkh wudqviruphg pdwul{D3 prvwo| jhwv pxfk ghqvhu vr wkdw hvshfldoo| iru odujh sureohpv wkh
uhylvhg vlpsoh{ dojrulwkp xvxdoo| qhhgv idu ihzhu rshudwlrqv1 Wkh vlpsoh{ ru wkh uhylvhg
dojrulwkp �qgv dq rswlpdo vroxwlrq ri dq OS sureohp diwhu d �qlwh qxpehu ri lwhudwlrqv/
exw lq wkh zruvw fdvh wkh uxqqlqj wlph pd| jurz h{srqhqwldoo|1 Qhyhuwkhohvv/ lq pdq|
uhdo zruog sureohpv lw shuirupv ehwwhu wkdq sro|qrpldo wlph dojrulwkpv ghyhorshg lq wkh
4<;3*v/ e| h1j1/ Ndupdundu dqg Nkdfkldq ^Qhpkdxvhu hw do1 +4<;<,/ Qhpkdxvhu dqg Zrovh|
+4<;;,`1

Edvhg rq wkh uhvxowv ri Ndupdundu/ lq wkh odvw ihz |hduv d odujh ydulhw| ri lqwhulru srlqw

phwkrgv kdv ehhq ghyhorshg ^h1j1/ Jrq}djd +4<<5,/ Oxvwlj hw do1 +4<<5,`/ vr fdoohg sulpdo0
gxdo suhglfwru0fruuhfwru phwkrgv kdyh douhdg| ehhq lqwhjudwhg lqwr vrph OS0vroyhuv/ dv
[SUHVV0PS +Dvkirug dqg Gdqlho/ 4<<4,1 Wkh lghd ri lqwhulru srlqw phwkrgv lv wr surfhhg
iurp dq lqlwldo lqwhulru srlqw { 5 V vdwlvi|lqj { A 3/ wrzdugv dq rswlpdo vroxwlrq zlwkrxw
wrxfklqj wkh erughu ri wkh ihdvleoh vhw V1 Wkh frqglwlrq { A 3 lv jxdudqwhhg e| dgglqj d
shqdow| whup wr wkh remhfwlyh ixqfwlrq1 Wkxv +61:9, wudqvirupv wr wkh orjdulwkplf eduulhu
sureohp +OES,=

OES= plq }+{, @ }W{ � �
Sq

l@4 oq{l { 5 LUq> } 5 LUq>� A 3
v1w1 D{ @ e D @P+p� q> LU,> e 5 LUp

+61:;,

E| vxlwdeoh uhgxfwlrq ri wkh krprwrslf sdudphwhu � A 3 / wkh zhljkw ri wkh shqdow|
whup vxffhvvlyho| dqg wkh vhtxhqfh ri srlqwv rewdlqhg e| vroylqj wkh shuwxuehg sureohpv/
frqyhujhv wr wkh rswlpdo vroxwlrq ri wkh ruljlqdo sureohp1

61616 Vrph Pdwkhpdwlfdo Edfnjurxqg rq Pl{hg0Lqwhjhu Rswlpl}dwlrq

Li lq wkh h{dpsoh deryh wkh folhqw zrxog kdyh dgglwlrqdoo| lpsrvhg wkh frqglwlrq wkdw dw
prvw wkh xvh ri 6 gl�huhqw wdqnv zdv doorzhg/ wkhq wkh sureohp zrxog kdyh ehhq d pl{hg
lqwhjhu olqhdu surjudp +khuhdiwhu fdoohg PLOS,1 Wkh vroxwlrq whfkqltxhv iru vxfk sure0
ohpv duh frpsohwho| gl�huhqw dqg duh xvxdoo| qrw sduw dzd| ri dq dvwurqrphu*v hgxfdwlrq1



Wkhuhiruh/ wkh uhylhz ri vrph edfnjurxqg rq pl{hg lqwhjhu rswlpl}dwlrq vhhpv wr eh zhoo
mxvwl�hg1
Uhvwulfwlqj wkh grpdlq ri doo ru ri d sduw ri yduldeohv {m ri sureohp OS wr lqwhjhu ydoxhv
ru wr glvmrlqw vhwv/ h1j1/ { 5 ^g4> g5`b { 5 ^g6> g7`> g4 � g5 ? g6 � g7/ dq lqwhjhu +LOS, ru d
pl{hg0lqwhjhu olqhdu surjudpplqj sureohp +PLOS, uhvxowv1

PLOS plq }+{>|, @ fW{. k
W
|> {> f 5 ]]q> |>k 5 LUu

v1w1 D{.E| @ e

{ � 3> | � 3
D 5P+p� q> LU,
E 5P+p� u> LU,> e 5 LUp

+61:<,

Exloglqj pl{hg0lqwhjhu prghov uhtxluhv juhdw fdxwlrq1 Riwhq wkhuh h{lvw gl�huhqw srvvl0
elolwlhv wr irupxodwh wkh uhvwulfwlrqv ri dq rswlpl}dwlrq sureohp +Eduqkduw hw do1/ 4<<6,/
vrphwlphv dgglqj uhgxqgdqw frqvwudlqwv pdnhv dq dojrulwkp zrun idvwhu/ h1j1/ li wkh jds eh0
wzhhq wkh rswlpdo vroxwlrqv ri wkh OS0uhod{dwlrq dqg ri wkh ruljlqdo sureohp lv glplqlvkhg
e| wklv1 Hyhq vrph qrqolqhdu rswlpl}dwlrq sureohpv fdq eh wudqviruphg wr PLOS*v xvlqj
vshfldo w|shv ri glvfuhwh yduldeohv dv vkrzq iru lqvwdqfh lq Zlooldpv +4<<3, ru Jdu�qnho
dqg Qhpkdxvhu +4<:5, 1

� Orjlfdo frqglwlrqv/ vxfk dv %dqg%/ %ru%/ %qrw%/ %lpsolhv%/ dqg dovr glvmxqfwlyh frq0
vwudlqwv duh irupxodwhg zlwk elqdu| yduldeohv � 5 i3>4j1

� Elqdu| yduldeohv fdq lqglfdwh wkh vwdwh ri d frqwlqxrxv yduldeoh dqg dw wkh vdph
wlph lpsrvh xsshu dqg orzhu erxqgv +O dqg X, rq wklv yduldeoh1 Wkh frqvwudlqwv
{ @ 3 b O � { � X gh�qlqj d vhpl0frqwlqxrxv yduldeohv { duh htxlydohqw wr O � � �
{ � X � �/ zkhuh � lv d elqdu| yduldeoh1 Vrph vriwzduh sdfndjhv r�hu vhpl0frqwlqxrxv
yduldeohv wr irupxodwh wklv frqvwudlqw gluhfwo| zlwkrxw xwlol}lqj dq dgglwlrqdo elqdu|
yduldeoh ^+Dvkirug dqg Gdqlho/ 4<<5,/ +Dvkirug dqg Gdqlho/ 4<<4,` zklfk surylghv
juhdw dgydqwdjhv iru wkh Eudqfk ) Erxqg surfhgxuh1

� Vshfldo rughuhg vhwv ri w|sh q +VRVq,vshfldo rughuhg vhwv ri w|sh q +VRVq,vshfldo
rughuhg vhwv ri w|sh q +VRVq,VRVqVRVq kdyh ehhq ghyhorshg wr irupxodwh frp0
prq w|shv ri uhvwulfwlrqv lq pdwkhpdwlfdo surjudpplqj1 Lq VRV4 vhwv ri yduldeohv
h{dfwo| rqh yduldeoh +frqwlqxrxv ru lqwhjhu, pxvw eh qrq}hur1 Lq dq VRV5 vhw wzr
yduldeohv zklfk duh dgmdfhqw lq wkh rughulqj ri wkh vhw ru rqh vlqjoh yduldeoh pxvw eh
qrq}hur1 VRV5 vhwv riwhq duh xvhg wr prgho slhfhzlvh olqhdu ixqfwlrqv/ h1j1/ olqhdu
dssur{lpdwlrqv ri qrqolqhdu ixqfwlrqv1

� Surjudpv zlwk surgxfwv ri n elqdu| yduldeohv �s @
Tn

l@4
�l> �l 5 i3>4j fdq eh

wudqviruphg gluhfwo| lqwr lqwhjhu prghov dffruglqj wr

�s � �m> m @ 4> ===> n >
[n

m@4
�m � �s � n � 4 > �m 5 i3> 4j = +61;3,

D vxuyh| ri phwkrgv vshfldoo| ghvljqhg iru vroylqj pl{hg lqwhjhu qrqolqhdu sureohpv lv
jlyhq lq Oh|�hu +4<<6,1 D juhdw ydulhw| ri dojrulwkpv wr vroyh pl{hg lqwhjhu rswlpl}dwlrq
sureohpv kdv dulvhq gxulqj wkh odvw ghfdghv1 Dprqj wkh ehvw nqrzq h{dfw dojrulwkpv
iru vroylqj lqwhjhu olqhdu surjudpplqj sureohpv duh wkh iroorzlqj phwkrgv= hqxphudwlyh
phwkrgv/ fxwwlqj0sodqh dojrulwkpv dqg g|qdplf surjudpplqj1
H�flhqw hqxphudwlyh dojrulwkpv lqfoxgh suxqlqj fulwhuld vr wkdw qrw doo ihdvleoh vrox0
wlrqv kdyh wr eh whvwhg iru �qglqj wkh rswlpdo vroxwlrq dqg iru surylqj rswlpdolw|1 Wkh
zlgho| xvhg Eudqfk)Erxqg dojrulwkp zlwk OS0uhod{dwlrq lv wkh prvw lpsruwdqw uhsuhvhq0
wdwlyh ri hqxphudwlyh dojrulwkpv1
Fxwwlqj sodqh dojrulwkpv iru PLOS*v duh ghulyhg iurp wkh vlpsoh{ dojrulwkp1 Diwhu
frpsxwlqj wkh frqwlqxrxv rswlpxp e| OS0uhod{dwlrq ri wkh lqwhjudolw| frqvwudlqwv vwhs e|
vwhs qhz frqvwudlqwv duh dgghg wr wkh PLOS1 Zlwk wkh khos ri wkhvh dgglwlrqdo lqhtxdol0
wlhv qrqlqwhjhu yduldeohv ri wkh frqwlqxrxv vroxwlrqv duh irufhg wr wdnh lqwhjhu ydoxhv/ vhh



h1j1/ +Exunkdug/ 4<:5,/ +Qhpkdxvhu dqg Zrovh|/ 4<;;,1 Fxwwlqj sodqh phwkrgv duh qrw
uhvwulfwhg wr PLOS*v/ wkh| duh xvhg h1j1/ lq qrqolqhdu dqg qrq0gl�huhqwldeoh rswlpl}dwlrq
dv zhoo ^Ohpdu�hfkdo lq +Qhpkdxvhu hw do1/ 4<;<,`1
G|qdplf surjudpplqj ++Qhpkdxvhu dqg Zrovh|/ 4<;;,/ +Udylqgudq hw do1/ 4<;:,, lv
qrw d jhqhudo0sxusrvh dojrulwkp olnh phwkrgv ehorqjlqj wr wkh �uvw wzr jurxsv1 Ruljlqdoo|/
lw zdv ghyhorshg iru wkh rswlpl}dwlrq ri vhtxhqwldo ghflvlrq surfhvvhv1 Wklv whfkqltxh
iru pxowlvwdjh sureohp vroylqj pd| eh dssolhg wr olqhdu dqg qrqolqhdu RSv zklfk fdq eh
ghvfulehg dv d qhvwhg idplo| ri vxesureohpv1 Wkh ruljlqdo sureohp lv vroyhg uhfxuvlyho|
iurp wkh vroxwlrqv ri wkh vxesureohpv1

Ixuwkhupruh wkhuh h{lvw khxulvwlfv/ orfdo dqg joredo vhdufk dojrulwkpv dv iru lqvwdqfh
vlpxodwhg dqqhdolqj/ wdex vhdufk ru frqvwudlqw qhw sursdjdwlrq +vhh Vhfwlrq 61618,1

61617 Rswlpl}lqj d Surgxfwlrq Qhwzrun Sureohp

Wkh surmhfw jrdo zdv wr ghyhorsh d surgxfwlrq sodqqlqj v|vwhp iru wkuhh vlwhv orfdwhg lq
Jhupdq|/ XVD dqg Dvld1 Hdfk ri wkh sodqwv fdq surgxfh wkh vdph wkuhh surgxfwv zlwk
htxdo txdolw| lq rughu wr vdwlvi| ghpdqgv1 Wkh txdolw| ri surgxfwv lv rqo| jxdudqwhhg li
wkh sodqw rshudwhv dw ohdvw rq d 83( ohyho/ rwkhuzlvh wkhuh lv qr surgxfwlrq1 Wkh qxpehu
ri fkdqjh0ryhuv shu |hdu lv olplwhg/ vd| 82|hdu/ wr uhgxfh ulvn dvvrfldwhg zlwk pdfklqh
vwduwlqj1 Wkh prgho ghvfulehv d vfhqdulr lqfoxglqj surgxfw fkdqjhryhu wlphv ghshqghqw
rq surgxfwlrq vlwh/ glvfuhwh wudqvsruwdwlrq fdsdflwlhv/ wudqvsruwdwlrq wlphv dqg lqyhqwru|
surshuwlhv/ dqg lv fkdudfwhul}hg e|

Sodqwv fdsdflwlhv vhwxswlphv xwlol}dwlrq udwh surgxfwlrq frvwv

Lqyhqwrulhv fdsdflwlhv dgglwlrqdo lqyhqwru| vhfxulw| vwrfn lqyhqwru| frvwv

Wudqvsruw plqlpdo dprxqwv wudqvsruw wlphv wudqvsruw frvwv

Rughuv prqwko| vdwlvi| zkhuh srvvleoh vdohv sulfhv

Wkh jrdo ri wkh sodq lv wr ghwhuplqh surgxfwlrq/ fkdqjh0ryhuv/ lqyhqwru|/ vklsslqj/ dqg
vdohv vxfk wkdw ghpdqgv duh vdwlv�hg zkhuh srvvleoh dqg wkdw wkh frqwulexwlrq pdujlq
+lqfrph plqxv yduldeoh frvw iru surgxfwlrq/ fkdqjhryhu/ lqyhqwru|/ h{whuqdo sxufkdvh dqg
wudqvsruw, ehfrphv pd{lpl}hg1

Gxh wr wkh surgxfw fkdqjh0ryhu wlph/ xwlol}dwlrq udwhv dqg plqlpdo wudqvsruw dprxqwv
wkh prghov ehfrph %pl{hg lqwhjhu%1 Lq rughu wr looxvwudwh wklv ihdwxuh/ zh rqo| frqfhqwudwh
lq zkdw iroorzv rq wkh fkdqjhryhu dvshfw1 Wr exlog wkh prgho frqvlghu d vfhqdulr ri QV @ 6
vlwhv ru sodqwv l/ QS @ 6 surgxfwv m/ dqg QO @ 6 wdujhw frxqwulhv ru surgxfw frqvxplqj
uhjlrqv }1 Lq rughu wr vhw xs wkh fdsdflw| xwlol}dwlrq sodq +zruogzlgh surgxfwlrq sodqv,/
wkh hqwluh surgxfwlrq shulrg WS @ 4 |hdu +693 gd|v, lv vsolw xs lqwr QN @ 45 glvfuhwh
surgxfwlrq volfhv ri vl}h �W @ 63 gd|v1 Surgxfw fkdqjh0ryhu wlphv �lm4m5 / lq zklfk rqo|
qrq0pdunhwdeoh surgxfwv fdq eh surgxfhg dqg zklfk duh ghshqghqw rq vlwhv dqg surgxfwv/
duh jlyhq1 Wkhvh wlphv duh ehwzhhq 5 dqg ; gd|v1

Wkh fdsdflw| xwlol}dwlrq sodq +zruogzlgh surgxfwlrq sodq, lv fkdudfwhul}hg e| elqdu|
yduldeohv �lmn 5 i3>4j/ zklfk lqglfdwh zkhwkhu +dw wkh hqg ri wkh wlph lqwhuydo n, sodqw l lv
suhsduhg wr surgxfh surgxfw m +�lmn @ 4, ru qrw +�lmn @ 3,1

Ixuwkhupruh/ zh lqwurgxfh qrqqhjdwlyh xqnqrzqv plmn +surgxfhg txdqwlwlhv, dqg qrq0
qhjdwlyh xqnqrzqv slmw}/ zklfk iru } 9@ l lqglfdwh wkh txdqwlw| ri surgxfw m vklsshg dw
wlph w iurp sodqw l wr wdujhw frxqwu| }/ dqg iru } @ l uhsuhvhqw wkh txdqwlw| vrog dw vlwh l1
Wkh prgho dovr wdnhv h{solflw dffrxqw ri wkh lqlwldo vwdwh ri fdsdflw| xwlol}dwlrq �lm3 @ �3

lm 1
Lw pxvw �uvw eh jxdudqwhhg wkdw dw wkh hqg ri wlph lqwhuydo u wkh sodqw lv lq d xqltxh vwdwh



iru surgxflqj dw prvw rqh surgxfw dw d sodqw/ l1h1/

QS[

m@4

�lmn @ 4 > ;l ;n = +61;4,

Wkh dx{loldu| yduldeohv �lm4>m5n 5 i3>4j/ m4 9@ m5 ghvfuleh zkhwkhu d fkdqjhryhu lv wdnlqj
sodfh iurp surgxfw m4 wr d surgxfw m5 gxulqj wlph lqwhuydo n1 Zh doorz dw prvw iru rqh
fkdqjhryhu shu wlph lqwhuydo/ l1h1/ wkh pdwul{ �ln hlwkhu wkh }hur pdwul{ ru wkhuh lv dw prvw
rqh hohphqw zklfk lv xqlw|1 Wkh frxsolqj ri wkh wlph lqwhuydo n wr wkh dgmdfhqw surgxfwlrq
lqwhuydov lv jxdudqwhhg e| wkh iroorzlqj htxdwlrqv=

�lm4m5n � �lm4n�4 . �lm5n � 4 > ;l ;n ;m4 ;m5 zlwk m5 9@ m4 +61;5,

Wkh frqglwlrqv +61;4/61;5,/ wrjhwkhu zlwk d whup ghvfulelqj wkh fkdqjhryhu frvwv lq wkh
remhfwlyh ixqfwlrq/ dqg wkh pd{lpxp surshuw| ri wkh vroxwlrq hqvxuh wkdw wkh �lm4m5n dx0
wrpdwlfdoo| dvvxph rqo| wkh ydoxhv 3 ru 4> wkh uhgxfwlrq lq frpsxwlqj wlph e| frpsdulvrq
zlwk wkh h{solflw ghfodudwlrq dv elqdu| yduldeohv lv frqvlghudeoh1

Wkh pdwhuldo deryh frxog rqo| jlyh d eulhi lghd rq krz wkh prgho lv irupxodwhg1 Wkh
ixoo pdwkhpdwlfdo prgho +Ndooudwk/ 4<<8, lqfoxglqj lqyhqwru| dqg wudqvsruw ihdwxuhv ohdgv
wr d pl{hg0lqwhjhu olqhdu surjudpplqj sureohp zlwk :5 elqdu|/ 57; vhpl0frqwlqxrxv dqg
4734 frqwlqxrxv yduldeohv/ dqg hyhqwxdoo| <:9 frqvwudlqwv1 Iru wkh qxphulfdo frpsxwdwlrq
wkh frpphufldo vriwzduh sdfndjh [SUHVV0PS zdv xvhg rq dq ;36;90SF1

61618 Wkh Srrolqj Sureohp

Wkh srrolqj sureohp lv d w|slfdo h{dpsoh iru d qrqolqhdu uhodwlrq rffxuulqj lq pdwkhpdwlfdo
rswlpl}dwlrq1 Zkhq rqh prghov d shwurfkhplfdo qhwzrun ri sodqwv rqh riwhq idfhv wkh
sureohp wr srro wrjhwkhu q ihhg vwuhdpv l ri gl�huhqw txdolw|1 Wkh ihhg vwuhdpv kdyh
xqnqrzq lq�rz udwhv {l1 Wkh txdolw| ri ihhg vwuhdp l pd| eh fkdudfwhul}hg/ iru lqvwdqfh/
e| wkh frqwhqwv ru frqfhqwudwlrq Fl ri durpdwlf frpsrxqgv lq wkdw vwuhdp1 Wkh srro |lhogv
d surgxfw ri dyhudjh durpdwlf frpsrxqg frqfhqwudwlrq/ f>

f � { @
q[

l@4

Fl{l +61;6,

zkhuh [ lv wkh wrwdo srro yroxph ru wkh wrwdo rxw �rz udwh1 Qrwh wkdw wkh txdqwlwlhv {>{l>
dqg f duh xqnqrzq yduldeohv zkloh wkh frqfhqwudwlrqv Fl pd| eh nqrzq lq dgydqfh1 Dv
vkrzq lq Ilj1;d, vwuhdpv ohdylqj wkh srro kdyh frqfhqwudwlrq f1 Li vxfk d vwuhdp lv ihg
lqwr d surfhvv xqlw d looxvwudwhg lq Ilj1;e, wkhq iru lqvwdqfh wkh wrwdo dprxqw ri durpdwlf
frpsrxqgv wklv xqlw frxog wdnh pd| eh olplwhg e| dq xsshu erxqg D.1 Lq wkdw fdvh d
frqvwudlqw

|4 � f � D. +61;7,

qhhgv wr eh dgghg1 Erwk +61;6, dqg +61;7, duh qrqolqhdu frqvwudlqwv1 Li rqo| d ihz qrqolqhdu
htxdwlrqv duh suhvhqw wkhq vshfldo whfkqltxhv vxfk dv vhtxhqwldo olqhdu surjudpplqj +VOS,
ru glvwulexwlyh uhfxuvlrq +GU, duh dssolhg1 Lq vhtxhqwldo olqhdu surjudpplqj/ wkh qrqolqhdu
surgxfw whupv f � { dqg |4 � f duh uhsodfhg e| wkhlu Wd|oru vhulhv dssur{lpdwlrqv1 Ohwwlqj
f3 dqg {3 eh wkh fxuuhqw ydoxhv ri f dqg {/ wkh �uvw rughu dssur{lpdwlrq iru f � { lv

f � { �@ f3 � {3 . {3 � +f� f3, . f3 � +{� {3, @ f3 � {. {3 ��f = +61;8,

Wkh uljkw0kdqg0vlgh ri +61;8, lv olqhdu dqg kdv wkh xqnqrzqv { dqg �f>

�f =@ f� f3 = +61;9,
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Iljxuh ;= Wkh srrolqj sureohp dqg d surfhvv xqlw ihg e| d srro

Wkh srro frqfhqwudwlrq/ f/ dfwv dv d qrqolqhdu yduldeoh/ zkrvh fkdqjh/ �f/ lv ghwhuplqhg
e| vroylqj wkh OS1 Wklv ohdgv wr d qhz ydoxh ri f/ ghwhuplqhg e| +61;9,/ zklfk lv xvhg
wr lqlwldwh wkh qh{w lwhudwlrq/ uhsodflqj f31 Qrwh wkdw { dfwv dv d vshfldo olqhdu yduldeoh
zlwk qrqfrqvwdqw frh�flhqw f31 Prvw VOS lpsohphqwdwlrqv lqfoxgh erxqgv rq doo %�f%
yduldeohv/ ri wkh irup

�V ��f � V +61;:,

zkhuh V lv d vwhs erxqg/ lpsrvhg wr lqvxuh wkdw wkh Wd|oru vhulhv dssur{lpdwlrqv duh vxi0
�flhqwo| dffxudwh1 VOS dqg GU kdyh gl�huhqw dssurdfkhv wrzdugv wkh suhvhqfh ri wkh vwhs
erxqgv dqg wkh orjlf iru ydu|lqj wkhp1 Xvlqj wkh uxohv ghvfulehg lq ]kdqj hw do1 +4<;8,/
frqyhujhqfh ri VOS wr d orfdo rswlpxp fdq eh suryhq iru dq| gl�huhqwldeoh qrqolqhdu
frqvwudlqw ru remhfwlyh ixqfwlrq1

Frqyhujhqfh txhvwlrq ehfrph hyhq pruh lpsruwdqw lq pl{hg lqwhjhu qrqolqhdu rswl0
pl}dwlrq sureohp +PLQOS,1 Dvvxph wkdw lq dgglwlrq wr wkh frqvwudlqwv +61;6, dqg +61;7,
vrph surfhvvlqj xqlwv fdq rqo| eh rshudwhg lq vshfl�f/ l1h1/ glvfuhwh prghv1 Wkhq zh kdyh
d pl{hg lqwhjhu qrqolqhdu rswlpl}dwlrq sureohp1 Zlwklq wkh iudphzrun ri h{dfw rswlpl}d0
wlrq wkhvh sureohpv fdq hlwkhu eh vroyhg e| frpelqlqj wkh VOS phwkrg dqg wkh Eudqfk )
Erxqg dojrulwkp/ ru e| wudqviruplqj wkh qrqolqhdu uhodwlrqv lqwr slhfh0zlvh olqhdu uhodwlrqv
uhsuhvhqwhg e| wkh VRV5 w|sh yduldeohv lqwurgxfhg lq Vhfwlrq 616161

Vroylqj Vfkhgxolqj Sureohpv Wkhuh lv rqh fodvv ri sureohpv/ qdpho| vfkhgxolqj sure0
ohpv/ zkrvh frpsoh{lw| fdq hdvlo| h{fhhg wrgd|*v kdugzduh dqg dojrulwkplf fdsdelolwlhv1
Lq vrph fdvhv/ lw lv qrw srvvleoh wr suryh rswlpdolw|1 Wr hvwlpdwh wkh txdolw| ri wkh vroxwlrq/
vdyh erxqgv duh ghulyhg/ lqvwhdg1 Lq rughu wr vroyh frpsoh{ pl{hg0lqwhjhu prghov zlwk qrw
rqo| d ihz kxqguhg/ exw udwkhu d ihz wkrxvdqg/ ru hyhq whqwkrxvdqgv ri glvfuhwh yduldeohv/
EDVI lqlwldwhg wkh surmhfw SDPLSV1 SDPLSV +SdudoohoDojrulwkp dqg vriwzduh iruPl{hg
Lqwhjhu Surjudpplqj lq Lqgxvwuldo Vfkhgxolqj, lv d surmhfw vxssruwhg xqghu HVSULW frq0
qhfwlqj irxu lqgxvwuldo sduwqhuv dqg wkuhh xqlyhuvlwlhv1 Wkh surmhfw whdp wulhv wr vroyh
vfkhgxolqj/ surgxfwlrq sodqqlqj/ dqg qhwzrun ghvljq sureohpv zlwk sdudooho pl{hg0lqwhjhu
rswlplvdwlrq1

Wkh h{dfw phwkrgv eulh�| ghvfulehg lq Vhfwlrq 61616 iru vroylqj pl{hg0lqwhjhu sureohpv



surylgh wzr gl�huhqw zd|v iru wkh sdudoohol}dwlrq= wkh frpelqdwruldo sduw ri wkh dojrulwkp
dqg wkh olqhdu surjudp dojrulwkp1 Wkh frpelqdwruldo sduw lv hlwkhu d Eudqfk)Erxqg ru
d Eudqfk)Fxw dojrulwkp1 Lq erwk fdvhv lw lv qhfhvvdu| wr vroyh pdq| olqhdu vxesureohpv1
Reylrxvo|/ wkh hydoxdwlrq ri wkh vxesureohpv pd| eh shuiruphg e| d qhwzrun ri sdudooho
surfhvvruv ru zrunvwdwlrqv1

Wkh olqhdu rswlpl}dwlrq nhuqho lv pxfk pruh gl�fxow wr rswlpl}h1 Dv ghvfulehg lq
Vhfwlrq 61615 frpphufldo vriwzduh xvhv wzr phwkrgv wr vroyh olqhdu surjudpv= uhylvhg
Vlpsoh{0dojrulwkp dqg lqwhulru srlqw phwkrgv1 Wkhuh h{lvw dwwhpswv wr sdudoohol}h wkh
Vlpsoh{0dojrulwkp/ exw wkh| rqo| rewdlqhg d orz vshhg0xs1 Wkhuhiruh/ wkhuh lv pruh rs0
wlplvp wrzdugv wkh sdudoohol}dwlrq ri lqwhulru srlqw phwkrgv1 Wkh pdmru qxphulfdo zrun
ri vroylqj lqwhulru srlqw phwkrgv lv wr vroyh qrqolqhdu v|vwhpv ri htxdwlrqv1 Olqhdul}dwlrq
lq frpelqdwlrq zlwk Qhzwrq*v phwkrg ohdgv wr olqhdu v|vwhpv ri htxdwlrqv1 Rq wkdw ohyho/
eurdg h{shulhqfh zlwk sdudoohol}dwlrq lv dydlodeoh1

Exw hyhq xvlqj sdudooho dojrulwkpv dqg kdugzduh vfkhgxolqj sureohpv duh riwhq wr
frpsoh{/ dqg fdqqrw eh vroyhg zlwk h{dfw phwkrgv1 Lq wkdw fdvh wkh odvw uhvruw lv wr
xvh khxulvwlfv/ h1j1/ vlpxodwhg dqqhdolqj/ wdex vhdufk/ ru dv lq wkh fdvh glvfxvvhg ehorz/
frqvwudlqw qhw sursdjdwlrq1 Lq khu pdvwhu*v wkhvlv/ V1 Khlsfnh +4<<8, lqyhvwljdwhg wzr
vfkhgxolqj sureohpv1 Gxulqj wkh wlph zrunlqj rq wkdw wkhvlv/ vkh zdv d jxhvw dw EDVI0
DJ lq Oxgzljvkdihq dqg dssolhg erwk phwkrgv/ frqvwudlqw qhw sursdjdwlrq yhuvxv pl{hg
lqwhjhu surjudpplqj1

Frqvwudlqw qhwv duh d frqfhsw ri duwl�fldo lqwhooljhqfh uhvhdufk1 Wkh| fdq eh xvhg wr
uhsuhvhqw frpsoh{ vroxwlrq vsdfhv lq d qdwxudo pdqqhu e| orfdo uhodwlrqv ehwzhhq yduldeohv/
jhqhudoo| fdoohg frqvwudlqwv1 Frqfhuqlqj wkh vwuxfwxuh ri wkhvh uhodwlrqv wkhuh duh qr uh0
vwulfwlrqv ru olplwdwlrqv/ h1j1/ wr olqhdu frqvwudlqwv1 Orfdo sursdjdwlrq whfkqltxhv vxssruw
wkh vhdufk iru rswlpdo vroxwlrqv lq frqvwudlqhg sureohpv1 Wkh| fdq vljql�fdqwo| uhgxfh wkh
vl}h ri wkh vroxwlrq vsdfh wr eh lqvshfwhg1

Wkh vfkhgxolqj sureohp wr eh vroyhg zdv wkh iroorzlqj= Wkh folhqw xvhv d vhw ri pdfklqhv
dqg hpsor|v d qxpehu ri zrunhuv1 Kh uhfhlyhv rughuv iurp klv folhqwv1 Hdfk rughu ghpdqgv
d fhuwdlq dprxqw ri d surgxfw/ zklfk fdq eh surgxfhg rq wkh pdfklqhv ri wkh folhqw1 Wkh
pdfklqhv duh rshudwhg dqg vxshuylvhg e| wkh zrunhuv1 Rughuv duh riwhq vsolw xs lqwr vhyhudo
lghqwlfdo mrev/ zklfk duh qhfhvvdu| lq rughu wr surgxfh wkh uhtxluhg dprxqw ri wkh surgxfw/
ehfdxvh pdq| wlphv rughuv ghpdqg pruh dprxqw ri surgxfw wkdq wkh pdfklqh fdsdflw|1
D mre iru d jlyhq rughu lv surfhvvhg rq d pdfklqh dffruglqj wr d surfhgxuh1 D surfhgxuh
gh�qhv dqg ghvfulehv wkh vwuxfwxuh ri d mre1 Lw frqvlvwv ri d vhtxhqfh ri wdvnv gh�qlqj krz
wr surgxfh vrph dprxqw ri d surgxfw1 Wkh dprxqw ri surgxfw surgxfhg e| d mre ghshqgv
rq wkh fdsdflw| ri wkh pdfklqh1 Wkh wdvnv kdyh wr eh fduulhg rxw lq d suhghwhuplqhg rughu1
Hdfk wdvn kdv d ghpdqg iru oderxu dqg d fhuwdlq gxudwlrq/ gh�qhg e| wkh ghwdlohg shuvrqqho
sur�oh1 Wkh zrunhuv duh doorfdwhg wr wkh gl�huhqw wdvnv lq rughu wr nhhs wkh mrev uxqqlqj1
Doorfdwlrq ri wkh zrunhuv kdv wr frpso| zlwk zrunlqj uhjxodwlrq uxohv/ h1j1 wdnlqj euhdnv/
zdvklqj wlph/ htxdoo| vsuhdg oderxu dprqj wkh zrunhuv/ olplwv rq oderxu lqwhqvlyh zrun/
ryhu0rffxsdwlrq udwh dqg wlph1 Wkh pdwkhpdwlfdo irupxodwlrq ri wklv vfkhgxolqj sureohp
lqfoxghv dq dvvljqphqw prgho/ d vhtxhqflqj prgho/ dqg d wlph0lqgh{hg irupxodwlrq lq rughu
wr lqfrusrudwh wkh ghwdlohg shuvrqqho sur�oh1 Wkh remhfwlyh lv wr rswlpl}h wklv surgxfwlrq
v|vwhp/ l1h1/ wr plqlplvh wkh pdnhvsdq dqg2ru wr plqlplvh wkh +yduldwlrq lq wkh, qxpehu
ri zrunhuv1

Wkh vhfrqg h{dpsoh ghdov zlwk vfkhgxolqj d vhw ri frpsxwdwlrqv rq d foxvwhu ri sdudooho
xqlirup zrunvwdwlrqv1 Pxowlsoh uhvrxufh frqvwudlqwv dulvh iru hdfk wdvn iurp lwv uhtxluh0
phqwv ri kdugglvn vsdfh dqg phpru| ri wkh surfhvvru1 Vrph wdvnv pd| eh surfhvvhg rq
vhyhudo sdudooho pdfklqhv/ rwkhuv pd| eh vxeglylghg lqwr wdvnv zlwk gl�huhqw uhvrxufh uh0
txluhphqwv hdfk uxqqlqj rq d vlqjoh pdfklqh1 D ghfrpsrvlwlrq vwudwhj| iru wklv sureohp
zdv irupxodwhg/ glylglqj wkh frqvwudlqw uhsuhvhqwdwlrq lqwr wzr lqwhudfwlqj frqvwudlqw qhwv1
D khxulvwlf edvhg rq vlpxodwhg dqqhdolqj jhqhudwhv ihdvleoh pdwfklqjv ri pdfklqhv dqg
mrev/ d vhfrqg frqvwudlqw qhw frpsxwhv d ihdvleoh vfkhgxoh iru hdfk frq�jxudwlrq xvlqj d



eudqfk0dqg0erxqg dojrulwkp1 Wklv ghfrpsrvlwlrq dojrulwkp reylrxvo| grhv qrw suryh rs0
wlpdolw|/ wkhruhwlfdo uhvxowv rq wkh frqyhujhqfh ri vlpxodwhg dqqhdolqj fdqqrw eh dssolhg
lq wklv fdvh/ ehfdxvh wkh vfkhgxohv jhqhudwhg e| wkh vhfrqg %lqqhu% frqvwudlqw qhw duh qrw
qhfhvvdulo| rswlpdo vroxwlrqv1

Iru d ixoo glvfxvvlrq dqg uhvxowv dfklhyhg iru erwk sureohpv wkh uhdghu lv uhihuuhg wr
Khlsfnh hw do1 +4<<8,1

e 5L4i �i*Tu�* ��?|t @?_ |LT�Ut uhL4 |�i _�tU�tt�L?

D txhvwlrq riwhq khdug= Krz lpsruwdqw lv wkh djh ri dq dssolfdqw iru vzlwfklqj iurp
Xqlyhuvlw| wr Lqgxvwu| B Wkh prvw iuhtxhqwo| surylghg dqvzhu lv wkdw 63 ru 65 |hduv
lv d fulwlfdo djh/ vlqfh pdq| ghflvlrqv d�hfwlqj wkh zkroh ri rqh*v olih duh wdnhq dw wkdw
wlph1 Qhyhuwkhohvv/ wkh djh phqwlrqhg deryh lv qrw d srwhqwldo zhoo dv lq fodvvlfdo phfkdq0
lfv1 Zkdw frxqwv pruh/ dqg wkdw lv wuxh hyhq iru dssolfdqwv ri 68073 lv zkdw nlqg ri d
edfnjurxqg wkh fdqglgdwh kdv1 Kdylqj vshqw vrph wlph deurdg fhuwdlqo| lqfuhdvhv rqh*v
fkdqfhv1 Vrph vhfrqgdu| txdol�fdwlrq/ h1j1/ d xvhixo iruhljq odqjxdjh vxfk dv Vsdqlvk ru
Mdsdqhvh/ ru kdylqj uxq rqh*v rzq frpsdq| iru d zkloh lv d zruwkzkloh h{wud txdol�fdwlrq/
wrr1 Dowkrxjk dvwurqrphuv zklfk kdyh dovr vwxglhg odz duh suhww| uduh +xvxdoo| lw zrunv
wkh rwkhu zd| urxqg> uhphpehu H1S1 Kxeeoh,/ wkh| gr h{lvw/ dqg ri frxuvh kdyh lqfuhdvhg
fkdqfhv1 Frqfoxvlrq= wkhuh lv olih diwhu 631 Exw vrph srvlwlyh ydoxhv/ vshfldo txdol�fdwlrq/
kdyh wr frxqwhuedodqfh wkh djh1 Li wzr fdqglgdwhv ixo�oo doo fulwhuld htxdoo|/ wkhq xvxdoo|
wkh |rxqjhu rqh lv fkrvhq1 Diwhu doo/ wkh frpsdq| fdq h{shfw orqjhu vhuylfh iurp d |rxqjhu
lqglylgxdo1

Suredeo| pruh lpsruwdqw wkdq djh lv wkh zd| krz wkh dssolfdwlrq lv pdgh1 Wkh zhoo0
gh�qhg zd| lv wr vxeplw dq dssolfdwlrq wr wkh uhfuxlwlqj r�fh ri wkh frpsdq| ri fkrlfh
lqfoxglqj doo wkh qhfhvvdu| pdwhuldo vxfk dv fxuulfxoxp ylwdh dqg fhuwl�fdwhv1 Ehfdxvh
lqlwldwlyh lv dq lpsruwdqw fulwhulrq lw pd| lqfuhdvh fkdqfhv iru vxffhvv li wkh dssolfdqw
vhhnv iru gluhfw frqwdfw zlwk wkh shrsoh lq wkh frpsdq| zlwk zkrp kh zdqwv wr zrun1
Vxfk dfwlrq suryhv zk| kh zdqwv wr mrlq wklv frpsdq| dqg wklv sduwlfxodu jurxs/ dqg lw
vxssruwv dq hduo| pdwfklqj ri wkh sur�oh ehwzhhq wkh dssolfdqw dqg wkh frpsdq| srvvleo|
vhhnlqj vrpherg| zlwk vxfk d sur�oh1 Wkh txhvwlrq lv krz wr hvwdeolvk vxfk frqwdfwv1
Wkhuh lv qr uhflsh exw wkhuh duh d ihz rssruwxqlwlhv wkdw duh zruwk fkhfnlqj=

� dq lqfuhdvlqj qxpehu ri frpsdqlhv duh rq wkh ZruogZlghZhe>

� frpsdqlhv duh xvxdoo| kdss| wr kdyh vwxghqwv mrlq wkhp lq d sudfwlfxp/ dv fr0rs
vwxghqwv/ ru lq rwkhu vruwv ri duudqjhphqwv>

� li wkh vshfldo txdol�fdwlrqv �w d jurxs*v sur�oh/ SrvwGrf srvlwlrqv duh dydlodeoh>

� wkh fhqwhu ri wkh %Ghxwvfkh Sk|vlndolvfkh Jhvhoovfkdiw% lq Edg Krqqhi nhhsv uhfrugv
ri frpsdqlhv wkdw r�hu sudfwlfd hwf1 iru sk|vlflvwv> dvwurqrphuv dqg dvwursk|vlflvw
frxog dovr wdnh dgydqwdjh ri wklv>

� wkhuh duh frqihuhqfhv dqg v|psrvld rq dssolhg sk|vlfv dqg pdwkhpdwlfv lq lqgxvwu|/
xvxdoo| wklv lv wkh ehvw sodfh wr phhw shrsoh iurp sk|vlfv ru pdwkhpdwlfv jurxsv lq
frpsdqlhv>

� wkh LP0QHW/ d Jhupdq hohfwurqlf qhzvohwwhu iru pdwkhpdwlfv lq lqgxvwu| zklfk dovr
frqwdlqv mre r�huv> uhtxhvw ghwdlohg lqir dw lp0qhwClzu1xql0khlghoehuj1gh>

� wkhuh lv dovr wkh %Duehlwvnuhlv Pdwkhpdwln lq Iruvfkxqj xqg Sud{lv%> iru ghwdlov
frqwdfw erfnClzu1xql0khlghoehuj1gh ru nrdpdCpdwk1xql0gxlvexuj1gh>



� uhjlrqdoo|/ wkhuh duh zrunlqj jurxsv/ h1j1/ wkh %Jhvsu�dfkvnuhlv Ukhlq0Qhfndu%> wklv
jurxs phhwv uhjxoduo| dqg eulqjv wrjhwkhu shrsoh iurp xqlyhuvlwlhv dqg lqgxvwu|> ylvlw
wkhp � xvxdoo| d iuhh glqqhu ru vqdfn lv lqfoxghg1

Wkh wrslfv phqwlrqhg surylgh vrph rswlrqv1 Fhuwdlqo|/ wkhuh duh rwkhu zd|v wr surfhhg1
Zkhq rqh grhv dvwurqrp| ru dvwursk|vlfv/ rqh vkrxog gr lw zlwk wkh mr| dqg vhulrxvqhvv lw
ghvhuyhv1 Exw lw fdqqrw gr dq| kdup wr orrn ryhu wkh ihqfh dqg wdnh vrph lqwhuhvw lq zkdw
rwkhu shrsoh dqg glvflsolqhv duh grlqj1 Prvw ri doo lw lv lpsruwdqw zkdwhyhu vrpherg|
grhv/ lw vkrxog eh grqh lq d frqylqflqj zd|/ dqg zlwk mr|1 Wklv srlqw lv dovr lpsruwdqw
iurp wkh srlqw ri ylhz wkdw wkh jurxs klulqj vrpherg| lv lqwhuhvwhg lq hqulfklqj wkh jurxs
e| dq rshq plqghg/ hdv|0jrlqj froohdjxh1 Vrfldo vnloov/ lqwhjudwlrq lqwr d jurxs/ dqg hyhq
kreelhv ehfrph lpsruwdqw1

D �L?U*�t�L?t

Wkh sureohpv glvfxvvhg dqg suhvhqwhg vkrz wkdw zrun lq lqgxvwu|/ dv idu dv lw lv uhodwhg wr
pdwkhpdwlfdo prgholqj xvlqj wkh odzv ri sk|vlfv/ fkhplvwu|/ elrorj|/ ru hyhq hfrqrplfv/
dqg uhdo zruog sureohp vroylqj kdv dw ohdvw irxu glphqvlrqv=

� wkh prgholqj sduw/

� wkh pdwkhpdwlfdo/ xvxdoo| qxphulfdo vroxwlrq sduw/

� wkh vriwzduh sduw/ dqg

� grfxphqwdwlrq dqg suhvhqwdwlrq ri uhvxowv1

Wkhvh doorz rqh wr eulqj lq dvwurqrphuv* dqg dvwursk|vlflvwv* eurdg pdwkhpdwlfdo dqg sk|v0
lfdo edfnjurxqg1 Frqfhuqlqj wkh prgholqj ri uhdo zruog sureohp/ wkh vflhqwlvw lq lqgxvwu|
zkr lv lqyroyhg lq wkh surmhfw �qgv klpvhoi riwhq lq d vlplodu srvlwlrq dv dq dvwursk|vlflvw
zkr prghov d frvplf remhfw dqg lv vhdufklqj iru dssursuldwh htxdwlrqv wr ghvfuleh wkh
skhqrphqrq1 Kh kdv wr irupxodwh wkh surshu uhodwlrqv wkdw ghvfuleh wkh hvvhqwldo fkdudf0
whulvwlfv ri wkh sureohp1 Li kh kdv h{shulhqfh lq prgholqj +lw kdugo| pdwwhuv lq zkdw �hog,
kh zloo kdyh d juhdw dgydqwdjh1 Dowkrxjk wkh remhfw ri dssolfdwlrq lv ri frxuvh gl�huhqw
wkh sulqflsohv dqg hyhq vrph whfkqltxhv xvhg wr vroyh wkh sureohp pd| eh lghqwlfdo1

Riwhq wkhuh lv frpphufldo vriwzduh dydlodeoh hvshfldoo| ghvljqhg iru wkh sureohp lq txhv0
wlrq1 \hw/ wkh vflhqwlvw vwloo kdv wkh gl�fxow wdvn wr dsso| wkh vriwzduh/ dqg h1j1/ wr sxvk
d ohdvw vtxduhv vroyhu wrzdugv frqyhujhqfh txlfno|1 Wklv lv rqo| srvvleoh li kh lv idploldu
zlwk wkh edvlf whfkqltxhv xvhg e| wkh dojrulwkpv dqg li kh dovr kdv dq xqghuvwdqglqj ri wkh
ehkdylrxu ri wkh pdwkhpdwlfdo v|vwhp dqg wkh uhdo fkhplfdo ru sk|vlfdo v|vwhp1 Xvxdoo|
wkhuh duh vhyhudo dojrulwkpv ru qxphulf sdfndjhv dydlodeoh1 Nqrzohgjh derxw wkhlu h{lv0
whqfh dqg surshuwlhv ehfrphv riwhq hvvhqwldo1 Khuh dvwurqrphuv dqg dvwursk|vlflvwv kdyh
wkh dgydqwdjh wkdw wkh| duh wkh prvw iuhtxhqw xvhuv ri wkh LqwhuQhw dqg ZruogZlghZhe
zklfk fdq dovr eh xvhg wr jdlq idploldulw| zlwk orwv ri vriwzduh sdfndjhv/ xwlolwlhv/ uhwulhydo
whfkqltxhv hwf1

Zkloh wkhuh lv d orw ri vlplodulw| wr xqlyhuvlw| zrun +vrphwlphv hqwdlolqj hyhq vflhqwl�f
sursrvdov vhqg wr GIJ/ EPIW/ ru wkh Hxurshdq Frppxqlw|,/ wkhuh duh d ihz lpsruwdqw
gl�huhqfhv= ydolgdwlrq dqg frppxqlfdwlrq1 Lq frqwudvw wr vrph eudqfkhv ri dvwursk|vlfv/
h1j1/ frvprorj|/ sudfwlfdo prgholqj fdq dqg pxvw eh whvwhg djdlqvw uhdolw|1

Frppxqlfdwlrq lv yhu| lpsruwdqw iru vxffhvvixo zrun lq lqgxvwu|1 Frppxqlfdwlrq lv
hyhq pruh lpsruwdqw zkhq rqh zrunv lq d pdwkhpdwlfv jurxs lq lqgxvwu|1 Frqvlghu wkdw
wkh fkhplfdo lqgxvwu| lv d surfhvv lqgxvwu|/ zklfk pdnhv lw gl�huhqw iurp wkh dxwrpreloh lq0
gxvwu| ru rwkhuv zklfk surgxfh e| slhfh/ wkhuh lv dqrwkhu lpsruwdqw srlqw wr eh vdlg derxw
fkhplvwu|1 Fkhplvwv duh sudfwlfdo vflhqwlvwv zkr duh ixuwkhu uhpryhg iurp pdwkhpdwlfdo



prgholqj wkdq sk|vlflvwv ru dvwurqrphuv +wkh txdqwxp fkhplvwv duh dq h{fhswlrq> wkh|
duh dfwxdoo| pruh olnh sk|vlflvwv,1 Dovr/ sudfwlfdo vflhqwlvwv uhjdug pdwkhpdwlfdo prgholqj
vrphwlphv zlwk vrph vfhswlflvp1 Zkloh vflhqwlvwv dw xqlyhuvlwlhv dqg uhvhdufk lqvwlwxwhv
xvxdoo| frppxqlfdwh dprqj wkhpvhoyhv/ lq lqgxvwu| frppxqlfdwlrq zlwk froohdjxhv iurp
frpsohwho| gl�huhqw glvflsolqhv dqg zlwk wrwdoo| gl�huhqw edfnjurxqg lv qhfhvvdu| iru vxf0
fhvv1 Zkloh wklv lqwhuglvflsolqdu| fkdudfwhu pd| fuhdwh frppxqlfdwlrq sureohpv/ lw uhdoo|
hqulfkhv wkh zrun e| pdq| qhz dvshfwv1

Wkh ryhudoo frqfoxvlrq lv wkdw li rqh*v edfnjurxqg dqg lqwhuhvw lq sudfwlfdo sureohpv
�w d �hog lq zklfk lqwhuglvflsolqdu| frppxqlfdwlrq dqg pdwkhpdwlfdo prgholqj sod| dq
lpsruwdqw uroh/ wkhq uhdo fkdqfhv iru �qglqj dq lqwhuhvwlqj rffxsdwlrq h{lvw dqg jlyh uhdvrq
iru vrph rswlplvp1

Dfnqrzohgjphqwv= Wklv sdshu kdv ehhq uhdg dqg ehqh�whg iurp frpphqwv e| K1 Ilfkw0
qhu +Xqlyhuvlw| ri Pdu|odqg,/ K1 Vfkplgw dqg H1 Odpod +Vwhuqzduwh ghu Xqlyhuvlw�dw Erqq,/
D1 Vfkuhlhfn +EDVI0DJ/ Oxgzljvkdihq2Jhupdq|,/ H1I1 Plorqh +Xqlyhuvlw| ri Fdojdu|,/
U1H1 Zlovrq dqg hvshfldoo| K1 Hlfkkruq +Xqlyhuvlw| ri Iorulgd,1 Vxjjhvwlrqv dqg frqwul0
exwlrqv e| Q1 Yrupeurfn/ W1L1 Pdlqgo/ X1 Sdoodvnh dqg N1G1 Iulw} dw Ed|hu0DJ +Ohy0
hunxvhq2Jhupdq|,/ dqg N1 Eudxq +FLED2Vzlw}huodqg, duh judwhixoo| dssuhfldwhg1

+iuihi?Uit

Dsrvwrorsrxorv/ F1/ Kdiqhu/ I1/ dqg Vfkqhlghu/ Z1= 4<;4/ Q�dkhuxqjvyhuidkuhq }xu Huuhfk0
qxqj ghu Iurvwwlhih lq Vwudvvhqnrqvwuxnwlrqhq/ Frog Uhjlrqv Vflhqfh dqg Whfkqrorj| 7/
4<8~546

Dvkirug/ U1Z1 dqg Gdqlho/ U1= 4<<4/ [SUHVV0PS Uhihuhqfh Pdqxdo/ Uhihuhqfh pdqxdo/
Gdvk Dvvrfldwhv/ Eolvzruwk/ Hqjodqg

Dvkirug/ U1Z1 dqg Gdqlho/ U1= 4<<5/ Vrph Ohvvrqv lq Vroylqj Sudfwlfdo Lqwhjhu Sureohpv/
M1 Rso1 Uhv1 Vrf1 8/ 758~766

Eduqkduw/ F1/ Mrkqvrq/ H1O1/ dqg Qhpkdxvhu/ J1O1= 4<<6/ Irupxodwlqj d Pl{hg0Lqwhjhu
Surjudpplqj Sureohp wr Lpsuryh Vroydelolw|/ Rshudwlrqv Uhvhdufk 74/ 4346~434<

Erfn/ K1J1= 4<;4/ Qxphulfdo Wuhdwphqw ri Lqyhuvh Sureohpv lq Fkhplfdo Uhdfwlrq Nlqhw0
lfv/ lq N1K1 Hehuw/ S1 Ghx�kdug/ dqg Z1 M�djhu +hgv1,/ Prghoolqj ri Fkhplfdo Uhdfwlrq
V|vwhpv/ Vhulhv lq Fkhplfdo Sk|vlfv/ ss 435~458/ Vsulqjhu/ Khlghoehuj

Erfn/ K1J1= 4<;:/ Udqgzhuwsureohpphwkrghq }xu Sdudphwhulghqwl�}lhuxqj lq V|vwhphq
qlfkwolqhduhu Gl�huhqwldojohlfkxqjhq/ Suhsulqw 475/ Xqlyhuvlw�dw Khlghoehuj/ VIE 456/
Lqvwlwxw i�xu Dqjhzdqgwh Pdwkhpdwln/ 9<453 Khlghoehuj

Erqdflqd/ F1/ Frplql/ J1/ Idvdqr/ D1/ dqg Sulplfhulr/ P1= 4<:6/ Vroxwlrqv ri Skdvh0Fkdqjh
Sureohpv/ Lqwhuqdwlrqdo Mrxuqdo ri Khdw Pdvv Wudqvihu 49/ 4;58~4;65

Exoluvfk/ U1= 4<:4/ Glh Phku}lhophwkrgh }xu qxphulvfkhq O�rvxqj yrq qlfkwolqhduhq
Udqgzhuwsureohphq xqg Dxijdehq ghu rswlpdohq Vwhxhuxqj/ Whfkqlfdo uhsruw/ Fduo0
Fudq}0Jhvhoovfkdiw/ Rehusid�hqkrihq

Exunkdug/ U1H1= 4<:5/ Phwkrghq ghu Jdq}}dkoljhq Rswlplhuxqj/ Vsulqjhu/ Zlhq/ Qhz
\run

Hlfkkruq/ K1= 4<<6/ Jhqhudol}hg ohdvw vtxduhv dgmxvwphqw/ d wlpho| exw pxfk qhjohfwhg
wrro/ Fhohvwldo Phfkdqlfv dqg G|qdplfdo Dvwurqrp| 89/ 66:~684

Idooh/ V1D1H1J1/ Ndooudwk/ M1/ Eurfnp�xoohu/ E1/ Vfkuhlhfn/ D1/ Jlgglqjv/ M1/ Djdu/ G1Z1/ dqg
Zdw}hqehujhu/ R1= 4<<8/ Wkh G|qdplfv ri Uhyhuvh Iorz Fkurpdwrjudsklf Uhdfwruv
zlwk Vlgh Vwuhdp/ Fkhplfdo Hqjlqhhulqj Frppxqlfdwlrq 468/ 4;8~544

Jdu�qnho/ U1V1 dqg Qhpkdxvhu/ J1O1= 4<:5/ Lqwhjhu Surjudpplqj/ Mrkq Zloh| ) Vrqv/
Qhz \run/ 5qg hglwlrq

Jrq}djd/ F1O1= 4<<5/ Sdwk0iroorzlqj phwkrgv iru olqhdu surjudpplqj/ VLDP Uhylhz 67/
49:~557



Ju�rwvfkho/ P1= 4<<6/ Glvfuhwh Pdwkhpdwlfv lq Pdqxidfwxulqj/ Suh0Sulqw <506/ Nrqudg0
]xvh0]hqwuxp i�xu Lqirupdwlrqvwhfkqln/ Ehuolq

Khlsfnh/ V1= 4<<8/ Uhvrxufh Frqvwudlqhg Mre0Vkrs0Vfkhgxolqj zlwk Frqvwudlqw Qhwv/ Glsor0
pduehlw/ Ndwkrolvfkh Xqlyhuvlw�dw Hlfkvw�dww/ Pdwkhp10Jhrjudsklvfkh Idnxow�dw/ Xqlyhu0
vlw�dw Hlfkvw�dww/ Hlfkvw�dww/ Jhupdq|

Khlsfnh/ V1/ Ndooudwk/ M1/ E�xfnhu/ P1/ dqg Eurgh/ V1= 4<<7/ lq J1 Eduwk/ D1 J�xqwhu/ dqg E1
Qhxpdqq +hgv1,/ NL0<7 Dqzhqgxqjhq ghu N�xqvwolfkhq Lqwhooljhq}/ Lqirupdwln dnwxhoo/
ss 6:~85/ Vsulqjhu/ Ehuolq0Khlghoehuj0Qhz \run

Khu}ehuj/ U1Z1 dqg Pdqvrq/ M1D1= 4<;3/ Idwljxh ri Hqjlqhhulqj Sodvwlfv/ Dfdghplf Suhvv/
Orqgrq

Ndooudwk/ M1= 4<<4/ Qxphulfdo k|gurg|qdplfv ri frxqwhu �rzlqj elqdu| vwhoodu zlqgv/
Dvwurqrp| dqg Dvwurs|kvlfv 57:/ 767~779

Ndooudwk/ M1= 4<<8/ Glvnuhwh Rswlplhuxqj lq ghu Fkhplvfkhq Lqgxvwulh/ ss 4:6~4<8/
Vsulqjhu/ Ehuolq0Khlghoehuj

Ndooudwk/ M1/ Dowvw�dgw/ Y1/ Vfko�rghu/ M1S1/ dqg Erfn/ K1J1= 4<<9/ Dqdo|vlv ri Fudfn Id0
wljxh Jurzwk 0 Sdudphwhu Hvwlpdwlrq lq Gl�huhqwldo Htxdwlrqv/ Sro|phu Whvwlqj s1 lq
suhsdudwlrq

Ndooudwk/ M1/ Vfko�rghu/ M1S1/ dqg Erfn/ K1J1= 4<<6/ Sdudphwhu Ilwwlqj lq Fkdrwlf G|qdplfdo
V|vwhpv/ Fhohvwldo Phfkdqlfv dqg G|qdplfdo Dvwurqrp| 89/ 686~6:4

Nloldq/ F1= 4<<5/ Qxphulvfkh Ehkdqgoxqj yrq Xqjohlfkkhlwvuhvwulnwlrqhq i�xu Sdudphwhu0
vfk�dw}sureohph lq V|vwhphq jhz�rkqolfkhu Gl�huhqwldojohlfkxqjhq/ Glsorpduehlw/ Idfk0
krfkvfkxoh Gdupvwdgw/ Gdupvwdgw

Nxkq/ K1Z1 dqg Wxfnhu/ D1Z1= 4<84/ lq M1 Qhxpdqq +hg1,/ Surfhhglqjv Vhfrqg Ehunh0
oh| V|psrvlxp rq Pdwkhpdwlfdo Vwdwlvwlfv dqg Suredelolw|/ ss 7;4~7<5/ Xqlyhuvlw| ri
Fdoliruqld/ Ehunhoh|/ Fdoliruqld

Oh|�hu/ V1= 4<<6/ Ghwhuplqlvwlf Phwkrgv iru Pl{hg Lqwhjhu Qrqolqhdu Surjudpplqj/
Skg wkhvlv/ Ghsduwphqw ri Pdwkhpdwlfv dqg Frpsxwhu Vflhqfh/ Xqlyhuvlw| ri Gxqghh/
Gxqghh

Oxvwlj/ L1M1/ Pduvwhq/ U1H1/ dqg Vkdqqr/ G1I1= 4<<5/ Rq Lpsohphqwlqj Phkurwud*v
Suhglfwru0Fruuhfwru Lqwhulru0Srlqw Phwkrg iru Olqhdu Surjudpplqj/ VLDP M1 Rswl0
pl}dwlrq 5/ 768~77<

Pdlqgo/ W1L1/ Ndooudwk/ M1/ dqg Eurfnp�xoohu/ E1= 4<<8/ Whpshudwxuyhuodxiv lq Phkuvfklfkw0
v|vwhphq xqwhu Ehu�xfnvlfkwljxqj yrq Skdvhq�xehuj�dqjhq/ Oderuehulfkw/ EDVI0DJ/
][2]F/ EDVI0DJ/ ][2]F0F46/ 9:389 Oxgzljvkdihq/ Jhupdq|

Qhpkdxvhu/ J1O1/ Ulqqrr|/ D1K1J1/ dqg Wrgg/ P1M1 +hgv1,= 4<;</ Rswlpl}dwlrq/ Qruwk
Kroodqg/ Dpvwhugdp

Qhpkdxvhu/ J1O1 dqg Zrovh|/ O1D1= 4<;;/ Lqwhjhu dqg Frpelqdwruldo Rswlpl}dwlrq/ Mrkq
Zloh| ) Vrqv/ Qhz \run

Sdsdglplwulrx/ F1K1 dqg Vwhljolw}/ N1= 4<;5/ Frpelqdwruldo Rswlpl}dwlrq= Dojrulwkpv dqg
Frpsoh{lw|/ Suhqwlfh Kdoo/ Hqjohzrrg Fol�v/ Qhz Mhuvh|

Udylqgudq/ D1/ Skloolsv/ G1W1/ dqg Vroehuj/ M1M1= 4<;:/ Rshudwlrqv Uhvhdufk1 Sulqflsohv
dqg Sudfwlfh/ Mrkq Zloh| ) Vrqv/ Qhz \run

Uhxwhu/ E1= 4<<8/ Plvfkxqjvsodqxqj hlqhu skdupd}hxwlvfkhq Surgxnwlrq/ Vwxglhqduehlw/
Whfkqlvfkh Krfkvfkxoh Gdupvwdgw/ WK Gdupvwdgw/ Gdupvwdgw

Vwhidq/ M1= 4;<4/ �Xehu Wkhrulh ghu Hlvelogxqj lqvehvrqghuh �xehu glh Hlvelogxqj lp Sr0
oduphhu/ Dqqdohq ghu Sk|vln xqg ghu Fkhplh 75/ 59<~5;9

Wlnwdn/ D1/ ydq ghu Olqghq/ D1P1D1/ dqg Vzduwmhv/ I1D1= 4<<6/ D rqh glphqvlrqdo prgho
iru dvvhvvlqj ohdfklqj dqg dffxpxodwlrq ri shvwlflghv lq vrlo/ Uhsruw :48 834 336/ ULYP/
ULYP/ Elowkryhq/ Wkh Qhwkhuodqgv

Yroophuw/ E1= 4<;;/ Juxqgul� ghu pdnurprohnxoduhq Fkhplh/ Yro1 LLL/ H1 Yroophuw Yhuodj/
Nduovuxkh

Yrupeurfn/ Q1/ Ndooudwk/ M1/ Idooh/ V1D1H1J1/ dqg Jrwwhve�xuhq/ E1= 4<<9/ Dqdo|wlfdo Vr0
oxwlrqv ri Shvwlflgh Wudqvsruw Htxdwlrqv lq wkh Xqvdwxudwhg ]rqh/ Hfrorjlfdo Prgholqj



s1 lq suhsdudwlrq
Zhqljhu/ H1M1= 4<;</ Qrqolqhdu Vhtxhqfh Wudqvirupdwlrqv iru wkh Dffhohudwlrq ri Frqyhu0

jhqfh dqg Vxppdwlrq ri Glyhujhqw Vhulhv/ Frpsxwhu Sk|vlfv Uhsruwv 43/ 4;<~6:4
Zlooldpv/ K1S1= 4<<3/ Prgho Exloglqj lq Pdwkhpdwlfdo Surjudpplqj/ Mrkq Zloh| ) Vrqv/

Qhz \run
Zlovrq/ U1H1= 4<;4/ D Jhqhudol}dwlrq ri wkh Khq|h| dqg Lqwhjudwlrq Phwkrgv iru Frp0

sxwlqj Vwhoodu Hyroxwlrq/ Dvwurqrp| dqg Dvwurs|kvlfv <</ 76~7:
Z|qq/ S1= 4<89d/ Rq d ghylfh iru frpsxwlqj wkh hp +Vq, wudqvirupdwlrq/ Pdwk1 Wdeohv

Dlgv Frpsxw1 43/ <4~<9
Z|qq/ S1= 4<89e/ Rq d Surfuxvwhdq whfkqltxh iru wkh qxphulfdo wudqvirupdwlrq ri vorzo|

frqyhujhqw vhtxhqfhv dqg vhulhv/ Surf1 Fdpe1 Sklo1 Vrf1 85/ 996~9:4
Z|qq/ S1= 4<99/ Rq wkh frqyhujhqfh dqg wkh vwdelolw| ri wkh hsvlorq dojrulwkp/ VLDP M1

Qxphu1 Dqdo1 6/ <4~455
]kdqj/ M1/ Nlp/ Q1/ dqg Odvgrq/ O1V1= 4<;8/ Dq Lpsuryhg Vxffhvvlyh Olqhdu Surjudpplqj

Dojrulwkp/ Pdqdjhpdqw Vfl/ 64/ 4645~4664
]lh�h/ P1Z1/ Erfn/ K1J1/ Jdoolw}hqg�ruihu/ M1Y1/ dqg Vfko�rghu/ M1S1= 4<<9/ lq M1 Jrwwolhe

dqg S1 GxFkdwhdx{ +hgv1,/ Sdudphwhu Lghqwl�fdwlrq dqg Lqyhuvh Sureohpv lq K|gurorj|/
Jhrorj| dqg Hfrorj|/ s1 wr dsshdu/ Noxzhu Dfdghplf Sxeolvkhuv/ Wkh Qhwkhuodqgv


