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4 Lqwurgxfwlrq= Wkh Sureohp zlwk wkh Erow}pdqq Ghylfh

Rqh ri wkh _kro| judlov% ri elrfkhplvwu| lv wr �qg wkh dojrulwkp wkdw doorzv d
surwhlq*v wkuhh0glphqvlrqdo vwuxfwxuh wr eh suhglfwhg iurp lwv vhtxhqfh1 Wkh
vroxwlrq ri wklv irup ri wkh surwhlq iroglqj sureohp uhtxluhv dq dffxudwh uhs0
uhvhqwdwlrq ri surwhlq srwhqwldov1 Wkhvh lqwhuprohfxodu srwhqwldov pxvw qrw
rqo| dffrxqw iru wkh lqwhudfwlrqv ehwzhhq dplqr dflgv zlwklq d surwhlq exw
dovr pxvw frqvlghu vroydwlrq h�hfwv1 Wr wklv hqg/ d sohwkrud ri whfkqltxhv
kdyh dulvhq1 Wkhvh whfkqltxhv idoo lqwr wzr eurdg fdwhjrulhv1 Wkh �uvw wulhv
wr fdofxodwh wkh lqwhudfwlrq srwhqwldov hlwkhu gluhfwo| iurp kljk ohyho txdqwxp
fdofxodwlrqv ru lqgluhfwo| iurp hpslulfdo irufh �hogv ghulyhg iurp gluhfw fdo0
fxodwlrqv1 Dq dowhuqdwh dssurdfk lv wr xvh wkh odujh gdwdedvh ri vwuxfwxudo
lqirupdwlrq wr lqihu srwhqwldov1 Srwhqwldov ghulyhg lq wklv pdqqhu duh riwhq
uhihuuhg wr dv _vwdwlvwlfdo srwhqwldov% ru _nqrzohgjh0edvhg srwhqwldov%1 Hvvhq0
wldoo|/ rqh lv xvlqj wkh vwuxfwxudo nqrzohgjh lq dq h{lvwlqj gdwdedvh wr ghgxfh
d srwhqwldo1

Wkh Erow}pdqq ghylfh lv fhqwudo wr wkh frpsxwdwlrq ri vwdwlvwlfdo srwhq0

Pacific Symposium on Biocomputing 4:266-277 (1999) 



wldov1 Lw kdv ehhq revhuyhg wkdw wkh iuhtxhqf| ri rffxuuhqfh ri fhuwdlq vwuxf0
wxudo ihdwxuhv irxqg lq wkh glyhuvh gdwdedvh ri surwhlqv iroorzv wkh iroorzlqj
hpslulfdo odz=

Iuhtxhqf| @ h{s i�H@UWj = +4,

zkhuh H lv wkh hqhuj| dvvrfldwhg zlwk wkh vwuxfwxudo ihdwxuh/ U lv wkh jdv
frqvwdqw dqg W lv wkh _frqirupdwlrqdo whpshudwxuh%1 Wklv odz lv/ ri frxuvh/
wkh idploldu irup ri wkh Erow}pdqq glvwulexwlrq1 Wklv glvwulexwlrq kdv ehhq
revhuyhg iru d qxpehu ri surwhlq vxevwuxfwxuhv dqg prwliv1 Wkhvh lqfoxgh
iuhtxhqflhv ri flv0wudqv lvrphul}dwlrq ri surolqhv/ glvwulexwlrqv ri �0� glkh0
gudo dqjohv/ ri fkdujhg uhvlgxhv/ dqg ri vl}hv ri hpsw| fdylwlhv1 Dgglwlrqdoo|/
uhvlgxh vwdelol}dwlrq ri vhfrqgdu| vwuxfwxuh iroorzv d Erow}pdqq odz +vhh 4 dqg
uhihuhqfh wkhuhlq,1 Dowkrxjk wklv skhqrphqrorj| vxjjhvwv wkdw frqyhqwlrqdo
Erow}pdqq vwdwlvwlfv lv reh|hg/ hduo| rq wklv uhvxow zdv glvsxwhg 51 Ghvslwh
frqfhuqv uhjduglqj wkh ruljlq ri 4/ lw kdv ehhq sursrvhg wkdw wkh Erow}pdqq
odz fdq vhuyh dv d uljrurxv vwduwlqj srlqw iru frqqhfwlqj revhuyhg vwuxfwxudo
iuhtxhqflhv wr srwhqwldo ixqfwlrqv 61

Dv dq h{dpsoh ri krz wkh Erow}pdqq ghylfh lv xvhg/ wkh fdofxodwlrq ri dq
lqwhuprohfxodu srwhqwldo iru dodqlqh0dodqlqh lqwhudfwlrqv lq d surwhlq lv frqvlg0
huhg +fi1 7,1 Iru nqrzohgjh0edvhg phwkrgv/ vrph surwhlq gdwdedvh zrxog eh
h{dplqhg dqg wkh glvwdqfh/ u/ ehwzhhq doo dodqlqh sdluv lq doo gl�huhqw surwhlqv
lv phdvxuhg1 Wkh glvwdqfh vfdoh lv glvfuhwl}hg/ vr wkdw wkh qxpehu ri sdluv
zlwklq d jlyhq udqjh ru elq fdq eh frxqwhg1 Lw lv wkhq dvvxphg wkdw wkh iuh0
txhqf|/ iDD +u, > ri rffxuuhqfh ri dodqlqh sdluv dw d �{hg glvwdqfh/ u/ iroorzv
wkh odz=

iDD +u, @
4

]
h{s^�

HDD +u,

UW
` +5,

zlwk wkh _sduwlwlrq ixqfwlrq% gh�qhg dv=

] @
[
u

h{s^�
HDD +u,

UW
` +6,

zkhuh wkh vxp lv ryhu doo glvfuhwl}hg glvwdqfhv1 Wkh jrdo lv wr edfn fdofxodwh
HDD iurp wkh iuhtxhqflhv1

Wkhuh duh d qxpehu ri lpphgldwh sureohpv zlwk wklv fdofxodwlrq dqg wkhvh
kdyh ehhq flufxpyhqwhg lq ydulrxv zd|v1 Wkh prvw reylrxv rqh lv wkh ydoxh
wr eh dvvljqhg wr wkh whpshudwxuh1 Riwhq wklv lv wdnhq dv urrp whpshudwxuh1
Krzhyhu/ wkh _whpshudwxuh% revhuyhg zkhq h{dplqlqj surwhlq vxevwuxfwxuhv
kdv ehhq txlwh yduldeoh dqg kdv udqjhg iurp 4830933 Nr1 Wkh sk|vlfdo vljqli0
lfdqfh ri wklv uhpdlqv revfxuh1 Lq vrph dssolfdwlrqv wkh whpshudwxuh lv qrw ri
juhdw frqfhuq ehfdxvh lw lv d frqvwdqw pxowlsolfdwlyh idfwru1
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D vhfrqg/ uhodwhg sureohp lv zkdw uhihuhqfh vwdwh vkrxog eh dvvxphg1
Fkrlfh ri d uhihuhqfh glvwdqfh iuhtxhqf|/ i+u,/ |lhogv d qhw sdlu srwhqwldo jlyhq
e|=

�HDD @ HDD �Huhihuhqfhsdlu +7,

Wklv qhw srwhqwldo lv wkdq ghwhuplqhg iurp=

�HDD +u, @ �UW oq
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iDD +u,

i +u,
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Rqh srvvleoh fkrlfh ri uhihuhqfh iuhtxhqflhv lv wr xvh glvwdqfhv iurp doo dplqr
dflg sdluv lq wkh gdwdedvh1 Krzhyhu/ lw lv xqfohdu krz wr pdnh dq rswlpdo
fkrlfh ri uhihuhqfh vwdwhv1 Zlwk dq lghdo fkrlfh/ wkh whup oq +]@]uhi , zloo eh
vpdoo dqg wkh qhw srwhqwldo fdq eh ghwhuplqhg gluhfwo| iurp iuhtxhqf| udwlr/
dq revhuydeoh txdqwlw|1 Wkh fkrlfh ri wkh uhihuhqfh vwdwh uhpdlqv rqh ri wkh
pruh gl�fxow lvvxhv zlwk wklv dssurdfk 8 dqg uhtxluhv jrrg sk|vlfdo lqwxlwlrq
iru wkh vshfl�f v|vwhp xqghu frqvlghudwlrq1

Ghvslwh wkhvh fulwlflvpv dqg frqfhuqv/ nqrzohgjh0edvhg srwhqwldov kdyh
phw zlwk prghvw vxffhvv +fi1 7 9,1 Dowkrxjk nqrzohgjh0edvhg srwhqwldov kdyh
lpsuryhg frqvlghudeo| ryhu wkh |hduv/ wkhuh vwloo lv wkh xqghuo|lqj sureohp
ri wkh ydolglw| ri wkh Erow}pdqq ghylfh1 Wkrpdv dqg Gloo kdyh h{dplqhg
wkh uhvlgxh0uhvlgxh glvwdqfh ghshqghqfh iru d surwhlq odwwlfh prgho :1 Wkh|
irxqg wkdw v|vwhpdwlf huuruv durvh lq wkh ghulyhg srwhqwldov dv d uhvxow ri
h{foxghg yroxph h�hfwv dqg wkdw d Erow}pdqq ghshqghqfh lv qrw iroorzhg1
Lw lv xqfhuwdlq zkhwkhu d fruuhfw wuhdwphqw ri h{foxghg yroxph h�hfwv zloo
uh0lqvwdwh wkh Erow}pdqq ghylfh1 Dw wklv vwdjh wkh hqwluh dssurdfk pxvw eh
ylhzhg dv hpslulfdo dqg/ uhjdugohvv ri wkh ohyho ri vxffhvv/ lv zlwkrxw d uljrurxv
wkhruhwlfdo xqghuslqqlqj1

Lq wkh suhvhqw zrun/ wkh ydolglw| ri wkh Erow}pdqq ghylfh lv h{dplqhg
dqg dq dowhuqdwlyh dssurdfk lv sursrvhg1 Vhfwlrq LL glvfxvvhv wkh _hqvhpeoh%
xvhg wr gh�qh surwhlq srwhqwldov1 Lw lv vhhq wkdw d gdwdedqn ri gl�huhqw
surwhlq vwuxfwxuhv fdqqrw eh ghvfulehg e| dq| ri wkh wudglwlrqdo vwdwlvwlfdo
phfkdqlfdo hqvhpeohv1 Frqvhtxhqwo|/ rqh fdqqrw d sulrul dvvxph dq| vshfl�f
irup iru wkh glvwulexwlrq odz1 Lq Vhfwlrq LLL/ wkh frqqhfwlrq ehwzhhq PGO
dqg vwdwlvwlfdo phfkdqlfv lv glvfxvvhg1 Qrw rqo| fdq vwdwlvwlfdo phfkdqlfv eh
uhfdvw dv d Ed|hvldq lqihuhqfh prgho edvhg rq PGO/ exw wklv irupxodwlrq fdq
dovr eh xvhg wr h{whqg wkh dssolfdelolw| ri vwdwlvwlfdo phfkdqlfv wr plfurvwdwhv
dqg wr nqrzohgjh0edvhg v|vwhpv1 Lq Vhfwlrq LY/ d ghulydwlrq ri nqrzohgjh0
edvhg surwhlq srwhqwldov lv suhvhqwhg wkdw lv edvhg rq wklv vwdwlvwlfdo phfkdqlfdo
prgho1
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5 Wkh Vwdwlvwlfdo Phfkdqlfv ri Surwhlq Srwhqwldov

Wr uhfrjql}h wkh irupdo sureohpv dvvrfldwhg zlwk xvlqj wkh Erow}pdqq ghylfh/
lw lv lpsruwdqw wr irfxv rq wkh qdwxuh ri wkh _hqvhpeoh% iurp zklfk wkh vwdwlv0
wlfv duh ghulyhg1 Surwhlq vwuxfwxuhv ghwhuplqhg iurp QPU dqg iurp [0ud|
fu|vwdoorjudsk| duh fdqrqlfdo hqvhpeoh0dyhudjhg vwuxfwxuhv wkdw iroorz d Erow}0
pdqq odz1 Lq nqrzohgjh0edvhg phwkrgv/ rqh lv qrw revhuylqj phpehuv ri wklv
hqvhpeoh1 Udwkhu d froohfwlrq ri pdq| gl�huhqw hqvhpeoh0dyhudjhg vshflhv lv
frqvlghuhg1 Xqolnh wkh hqvhpeohv ri vwdwlvwlfdo phfkdqlfv/ rqh qrz kdv gl�hu0
hqw vshflhv lq hdfk sduwlwlrq1 Wkhvh gdwdedvh vwuxfwxuhv duh lqghshqghqw dqg
gr qrw lqwhudfw zlwk hdfk rwkhu1 Wkxv/ wkh| uhsuhvhqw dq lvrodwhg v|vwhp vlpl0
odu wr d plfurfdqrqlfdo hqvhpeoh1 Vrph dxwkruv kdyh xvhg wkh whup/ d surwhlq
_}rr% dqg wklv lv hqwluho| dssursuldwh1 Hdfk sduwlwlrq kdv d gl�huhqw vshflhv
wkdw lq d vhqvh lv ihqfhg r� +qr lqwhudfwlrqv, zlwk doo rwkhu vshflhv1 Wkh }rr
lv qrw hqwluho| olnh d plfurfdqrqlfdo hqvhpeoh ehfdxvh wkh plfurvwdwh lq rqh
sduwlwlrq frxog qhyhu eh gxsolfdwhg lq wkh qh{w rqh1 Dovr/ hyhq wkrxjk wkh|
duh lvrodwhg/ hdfk sduwlwlrq zloo qrw eh dw frqvwdqw hqhuj|1 Vr wkh txhvwlrq lv=
Zkhuh olhv wkh vwdwlvwlfdo phfkdqlfv ri wkh surwhlq }rrB

Wkh surwhlq }rr lv fohduo| qrw d fdqrqlfdo hqvhpeoh1 Lwv phpehuv duh
qrw dw frqvwdqw whpshudwxuh dqg duh qrw fdsdeoh ri h{fkdqjlqj hqhuj|1 Lw lv
dovr qrw d plfurfdqrqlfdo hqvhpeoh ehfdxvh wkh sduwlwlrqv duh qrw dw frqvwdqw
hqhuj|1 Rqh fdq/ krzhyhu/ frph forvh wr dssur{lpdwlqj lw dv d plfurfdqrqlfdo
hqvhpeoh1 Li wkh qxpehu ri surwhlqv lq hdfk sduwlwlrq lv dssursuldwho| dgmxvwhg/
d frqvwdqw qxpehu ri dplqr dflgv lq d sduwlwlrq fdq eh dfklhyhg1 Wr d �uvw
dssur{lpdwlrq wkh v|vwhp*v hqhuj| zloo eh grplqdwhg e| frydohqw lqwhudfwlrqv
dqg wkhvh lqwhudfwlrqv zloo eh idluo| vhtxhqfh lqghshqghqw1 Frqvhtxhqwo|/ hdfk
sduwlwlrq zlwk d frqvwdqw qxpehu ri dplqr dflgv zloo kdyh d idluo| frqvwdqw
hqhuj|1 Rqh fdq ylhz wklv dv d plfurfdqrqlfdo hqvhpeoh lq zklfk wkh vsuhdg
lq wkh hqhuj| glvwulexwlrqv lv glfwdwhg e| vwuxfwxudo gl�huhqfhv udwkhu wkdq e|
�xfwxdwlrqv dv irxqg lq wkh wudglwlrqdo hqvhpeoh1

Lqghhg/ wkh odfn ri �xfwxdwlrqv lq wkh hqvhpeoh kdv vwurqj lpsolfdwlrqv
iru wkh surshu vwdwlvwlfdo phfkdqlfdo wuhdwphqw ri wkh }rr1 Li/ iru wkh vdnh ri
dujxphqw/ zh dffhsw wkh lghd ri d surwhlq }rr ehlqj d plfurfdqrqlfdo hqvhpeoh/
wkhq lw lv dssduhqw wkdw wkh Erow}pdqq odz/ 4/ fdqqrw krog1 Udwkhu rqh kdv
wkh plfurfdqrqlfdo odz iru wkh suredelolw| ri d jlyhq frq�jxudwlrqdo vwdwh <=

S @
4

t
+9,

iru H . �H � K � H dqg

S @ 3 +:,
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rwkhuzlvh1 Wkh plfurfdqrqlfdo sduwlwlrq ixqfwlrq lv gh�qhg dv=

t +H, @

]



� +H �K +},, g} +;,

zkhuh } lv gh�qhg dv wkh skdvh vsdfh frruglqdwhv ri dq P sduwlfoh v|vwhp/
} � +t4> t5> = = = tP > s4> s5> = = = sP , dqg 
 lv wkh uhjlrq ri skdvh vsdfh wkdw rffx0
slhv wkh hqhuj| iurp H wr H . �H dqg K lv wkh Kdplowrqldq iru wkh v|vwhp1
Wkh plfurfdqrqlfdo suredelolw| kdv wkh dgydqwdjh wkdw whpshudwxuh grhv qrw
dsshdu h{solflwo| lq 91 Krzhyhu/ lw lv yhu| fxpehuvrph dqg zrxog eh gl�fxow
wr lpsohphqw lq sudfwlfdo fdofxodwlrqv1

Zkloh wkh plfurfdqrqlfdo sduwlwlrq ixqfwlrq phhwv pdq| ri wkh uhtxluh0
phqwv ri wkh surwhlq }rr/ wkhuh duh vwloo ixqgdphqwdo sureohpv1 Wkhvh sureohpv
duh dvvrfldwhg zlwk wkh yhu| edvlv ri vwdwlvwlfdo phfkdqlfv1 Lw lv suredelolvwlf
lq qdwxuh dqg dvvxphv plqlpdo nqrzohgjh ri skdvh vsdfh1 Lq rxu surwhlq }rr/
wkhuh lv ghwdlohg nqrzohgjh ri wkh frruglqdwhv1 Wkh edvlf sureohp zlwk xvlqj
wudglwlrqdo vwdwlvwlfdo phfkdqlfv iru wkh surwhlq }rr lv wkdw wkh vwdqgdug dyhu0
djlqj surfhvv suhvxphv wkdw wkh hqhuj| vsdflqj ehwzhhq plfurvwdwhv lv pxfk
vpdoohu wkdq wkh phdvxuhg xqfhuwdlqw| lq wkh wkhuprg|qdplf hqhuj|1 Zh
fdqqrw pdnh wklv dvvxpswlrq iru wkh surwhlq }rr1

Wr vhh zk| vwdqgdug vwdwlvwlfdo phfkdqlfv lv lqdssursuldwh iru d v|vwhp
zkhuh wkhuh lv ghwdlohg nqrzohgjh/ zh iroorz d glvfxvvlrq gxh wr Shqurvh 431
Lw lv lpsruwdqw wr glvwlqjxlvk ehwzhhq wkh wrohudqfh lq wkh h{shulphqwdo phd0
vxuhphqw ri wkh hqhuj| ri wkh v|vwhp/ ghvljqdwhg �H/ dqg wkh hqhuj| vsdflqj
ehwzhhq plfurvfrslf hqhuj| ohyhov/ �H1 Lpsolflw lq wkh dyhudjlqj surfhvv ri vwd0
wlvwlfdo phfkdqlfv/ rqh dvvxphv wkdw wkhuh duh pdq| qhljkerulqj ohyhov zlwklq
wkh wrohudqfh/ �H/ vr wkdw �H@�H lv d odujh qxpehu1 Wr ghwhuplqh wkh re0
vhuydwlrqdo vwdwh/ rqh w|slfdoo| xvhv d wzr0olplw surfhvv1 Dv wkh h{shulphqwdo
wrohudqfh ydqlvkhv/ �H zloo dovr ydqlvk1 Krzhyhu/ wkh qxpehu ri plfurvfrslf
hqhuj| ohyhov lq wkh v|vwhp duh vwloo yhu| ghqvh1 Iru vwdqgdug vwdwlvwlfdo ph0
fkdqlfdo v|vwhpv/ d grxeoh olplw lv shuiruphg dv=

�H

�H
� olp

�H$3
^ olp
�H$3

�H

�H
` @ olp

�H$3
^3` @ 3 +<,

Iru nqrzohgjh0edvhg hqvhpeohv/ rqh fdq/ lq sulqflsoh/ kdyh qhdu shuihfw
dffxudf| lq ghwhuplqlqj wkh hqhuj| ohyhov ri wkh v|vwhp1 Wklv plfurvfrslf df0
fxudf| fdq h{fhhg wkh dffxudf| ri d pdfurvfrslf phdvxuhphqw1 Wklv vlwxdwlrq
lv dnlq wr wkh _ruglqdu| phfkdqlfv olplw% glvfxvvhg e| Shqurvh 431 Lq vxfk d
fdvh/ �H � �H dqg wkh olplw lv wdnhq dv=

�H

�H
� olp

�H$3
^ olp
�H$3

�H

�H
` @ olp

�H$3
^3` @ 3 +43,
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Ghvslwh wkh idfw wkdw erwk �H dqg �H ehfrph vpdoo/ wkhlu udwlr lv txlwh
gl�huhqw lq vwdwlvwlfdo phfkdqlfv dv rssrvhg wr ruglqdu| phfkdqlfv1 Zkhq
ghwdlohg nqrzohgjh ri wkh v|vwhpv h{lvwv/ dv lq wkh surwhlq }rr ru lq frpsxwhu
vlpxodwlrqv/ rqh kdv dq ruglqdu| phfkdqlfv olplw1 Lq wklv vlwxdwlrq/ rqh kdv
suhflvh nqrzohgjh ri wkh vwdwh dw d jlyhq hqhuj| ohyho/ exw fdqqrw lqihu ghwdlov
ri wkh qhljkerulqj ohyhov iurp wklv lqirupdwlrq1 Dovr/ dq| irupxodwlrq ri d
skdvh vsdfh ghqvlw| pxvw eh grqh lq whupv ri ghowd ixqfwlrqv/ udwkhu wkdq
frqwlqxrxv ixqfwlrqv1 Vxfk d irupxodwlrq kdv qrw ehhq suhylrxvo| ghyhorshg1
Wkh deryh frqvlghudwlrqv gr qrw lqydolgdwh wkh xvh ri vwdwlvwlfdo phfkdqlfv
iru nqrzq v|vwhpv1 Lw grhv phdq wkdw fduh pxvw eh wdnhq zkhq shuiruplqj
dyhudjhv dqg zkhq xvlqj wkh nqrzohgjh ri wkhvh v|vwhpv1

6 Nqrzohgjh0Edvhg Vwdwlvwlfdo Phfkdqlfv dqg PGO

Lq suhylrxv zrun/ d vwdwlvwlfdo phfkdqlfdo irupdolvp zdv ghyhorshg wkdw frxog
eh xvhg lq hlwkhu wkh vwdwlvwlfdo +<, ru wkh fodvvlfdo +43, olplw 441 Wklv zrun
zdv edvhg rq gh�qlqj wkh lqirupdwlrq frqwhqw ru frpsoh{lw| ri skdvh vsdfh1
Iru d ydulhw| ri whfkqlfdo uhdvrqv/ lw lv frqyhqlhqw wr xvh d frpsoh{lw| phdvxuh
ghyhorshg e| Ulvvdqhq 45 fdoohg wkh vwrfkdvwlf frpsoh{lw|1 Wklv sdudphwhu
xwlol}hv wkh sulqflsoh ri plqlpdo ghvfulswlrq ohqjwk +PGO,1 Wkh edvlf frqfhsw
lv wkdw wkh ehvw vwdwlvwlfdo hvwlpdwlrq vfkhph lv rqh lq zklfk erwk wkh gdwd dqg
wkh prgho*v vwuxfwxuh dqg sdudphwhuv duh uhsuhvhqwhg lq wkh vkruwhvw elqdu|
vwulqj1 Li wkh qxpehu ri sdudphwhuv lq wkh prgho lv �{hg/ wkh PGO hvwlpdwlrq
uhgxfhv wr wkh idploldu pd{lpxp olnholkrrg vfkhph1 Dw wkh rwkhu h{wuhph/
zkhq wkh sdudphwhuv ghwhuplqh wkh gdwd/ PGO hvwlpdwlrq lv lghqwlfdo zlwk
Md|qh*v pd{lpxp hqwurs| phwkrg 461 Wkxv/ wklv dssurdfk uhsuhvhqw d jhqhu0
dol}dwlrq wkdw hqfrpsdvvhv pruh vwdqgdug phwkrgv1 Wkh srzhu ri wklv vfkhph
lv wkdw lw shuplwv hvwlpdwhv ri wkh hqwluh prgho/ wkh gdwd/ wkh sdudphwhuv dqg
hyhq wkh qxpehu ri sdudphwhuv1 Wklv phdqv wkdw wkh hvwlpdwhg sdudphwhuv
qhhg qrw eh whvwhg e| h{whuqdo k|srwkhvlv wr ghwhuplqh li wkh prgho lv ryhu
ru xqghu sdudphwhul}hg1 D vhfrqg dgydqwdjh lv wkdw wkh PGO qhhg qrw uh0
ihu wr frqwlqxrxv suredelolw| ixqfwlrqv1 Lw fdq eh xvhg wr ghvfuleh remhfwv
fkdudfwhul}hg e| glvfuhwh ydoxhv ri wkhlu dwwulexwhv1

Lq Ulvvdqhq*v dssurdfk/ d jlyhq sdudphwulf prgho zloo kdyh d nqrzq ixqf0
wlrqdo irup wkdw doorzv wkh gdwd vhw wr eh _hqfrghg% e| d vhw ri sdudphwhu
ydoxhv1 Wkhvh ydoxhv/ dorqj zlwk d olvw ri _huuruv% uhsuhvhqwlqj wkh gl�huhqfh
ehwzhhq wkh �wwhg dqg revhuyhg gdwd/ fdswxuh wkh lqirupdwlrq frqwhqw ri wkh
prgho1 Wkh frqwulexwlrq iurp wkh huuruv lv wkh pd{lpxp olnholkrrg whup1 Lq
wkh fdvh ri d prgho lq zklfk wkh huuru lq wkh gdwd lv d udqgrp yduldeoh/ wkh
plqlpxp ohqjwk ri wkh v|vwhp lv d ghvfulswlrq ri wklv vwrfkdvwlf yduldeoh/ khqfh
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wkh whuplqrorj|= vwrfkdvwlf frpsoh{lw|1 Iru d vhw ri gdwd { � +{4> {5> = = = {Q ,
wkdw lv �w e| d prgho zlwk d sdudphwhu yhfwru �/ wkh plqlpdo ghvfulswlrq
ohqjwk lv=

O +{>�, @ O +{ m �, . O +�, +44,

zkhuh O +{ m �, lv wkh ohqjwk ri wkh elqdu| vwulqj uhtxluhg wr hqfrgh wkh gdwd
dqg O +�, lv wkh ohqjwk ri wkh vwulqj hqfrglqj wkh sdudphwhuv1 Ehfdxvh wkh
prgho zloo kdyh d ixqfwlrqdo irup wkdw doorzv d suhglfwhg ydoxh wr eh fdofxodwhg
vxfflqfwo|/ wkh gdwd ghvfulswlrq fdq eh uhsuhvhqwhg dv d ghvfulswlrq ri wkh
huuruv/ �/ ehwzhhq �wwhg dqg revhuyhg gdwd1 Wklv jlyhv=

O +{ m �, @ O +� m �, @ � oq5 +S +� m �,, +45,

Iru wkh plqlpdo ghvfulswlrq ohqjwk/ S +� m �, zloo eh wkh pd{lpxp olnholkrrg
ixqfwlrq dqg O +� m �, zloo eh sursruwlrqdo wr wkh vxp ri vtxduhg huuruv1

Wkh whup O +�, zloo frqwdlq dq hqfrglqj ri wkh ixqfwlrqdo irup dqg sd0
udphwhuv ri wkh prgho1 Xvxdoo| wkh ixqfwlrqdo irup lv vr vxfflqfw wkdw lw lv qrw
frqvlghuhg wr frqwulexwh vljql�fdqwo| wr wkh ohqjwk1 Wkh �wwhg sdudphwhuv fdq
eh hqfrghg e| d vwulqj ri ohqjwk O +�, dffruglqj wr=

O +�, @
[
l

oq5

�
�l

�l

�
+46,

zlwk �l ehlqj wkh suhflvlrq ri wkh lwk sdudphwhu1 Lqfoxvlrq ri wkh suhflvlrq whup
doorzv uhdo ydoxhg sdudphwhuv wr eh uhsuhvhqwhg dv lqwhjhuv iru wkh sxusrvh ri
hqfrglqj

Dw �uvw/ wklv hvwlpdwlrq phwkrg pd| qrw dsshdu wr eh uhohydqw wr wkh vwd0
wlvwlfdo lqihuhqfh ri wudglwlrqdo vwdwlvwlfdo phfkdqlfdo phwkrgv1 Lq vwdwlvwlfdo
phfkdqlfv/ rqh zrunv zlwk d idplo| ri prghov zkrvh sdudphwhuv duh wkh skdvh
vsdfh frruglqdwhv ri dq P sduwlfoh v|vwhp/ } � +t4>t5> = = =tP>s4>s5> = = =sP,
dqg zlwk n revhuydeohv uhsuhvhqwhg dv= D +}, � +D4 +}, >D5 +}, > = = =Dn +},,1
Wkh frpsoh{lw| ri d pdq| erg| v|vwhp lv jlyhq e| wkh ohqjwk ri wkh plql0
pdo ghvfulswlrq uhtxluhg wr hqfrgh erwk wkh sdudphwhuv dqg wkh revhuydeohv/
O +}>D +},,1 Lq d vwdqgdug hqvhpeoh uhsuhvhqwdwlrq ri skdvh vsdfh/ wklv ohqjwk
lv jlyhq e|=

O +}>D +},, @ � orj5 S +D +}, m}, . O +}, +47,

zkhuh S +D +}, m}, lv wkh olnholkrrg ri wkh gdwd D +}, iru wkh sdudphwhuv } dqg
O +}, lv wkh plqlpdo hqfrglqj ri wkh sdudphwhuv1

Lqyduldeo| P  n dqg wkh v|vwhp lv jurvvo| xqghu ghwhuplqhg1 Lqghhg
vwdwlvwlfdo phfkdqlfv grhv qrw dwwhpsw wr _�w% gdwd lq wkh vwdwlvwlfdo hvwlpd0
wlrq vhqvh1 Udwkhu lw ghyhorsv sulru glvwulexwlrqv wkdw xvh wkh revhuydeohv dv
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frqvwudlqwv1 Frqvwudlqlqj wkh yduldeohv wr eh frpsdwleoh zlwk wkh sulru phdqv
wkdw S +D +}, m}, lv hvvhqwldoo| frqvwdqw1 Wkxv/ d pd{lpxp hqwurs| hqfrglqj ri
vwdwlvwlfdo phfkdqlfv frqvlvwv rqo| ri wkh O +}, whup dorqj zlwk wkh frqvwudlqwv1
Ulvvdqhq vkrzhg wkdw plqlpl}lqj wkh ohqjwk O +}, lv htxlydohqw wr pd{lpl}lqj
dq _hqwurs| ixqfwlrq% vxemhfw wr frqvwudlqwv 451

Lw kdv ehhq h{solflwo| ghprqvwudwhg wkdw dq hqfrglqj ri wkh Jleev hq0
vhpeoh zloo jlyh dq O +}, wkdw lv htxlydohqw wr wkh jhqhudo h{suhvvlrq iru wkh
wkhuprg|qdplf hqwurs| ri wkh v|vwhp 441 Wklv dssurdfk r�huv pruh wkdq
dqrwkhu zd| wr ghulyh vwdwlvwlfdo phfkdqlfv1 Lw lv vhhq wkdw O +}>D +},, kdv
wkh jhqhudo surshuwlhv ri dq hqwurs| ixqfwlrq1 Lw lv dq h{whqvlyh surshuw| ri
wkh vl}h ri wkh v|vwhp dqg lw lv d frqfdyh ixqfwlrq derxw dq htxloleulxp srlqw1
Wklv hqwurs| ixqfwlrq fdq wkdq eh xvhg wr ghvfuleh plfurvwdwhv ri hqvhpeohv
lq zklfk rqh kdv ghwdlohg lqirupdwlrq ri wkh vwdwh1 Ehfdxvh ri lwv jhqhudolw|/
wklv dssurdfk lv xvhixo iru glvfxvvlqj wkhuprg|qdplf v|vwhpv wkdw reh| erwk
wkh fodvvlfdo olplw +vhh 43, dqg wkh vwdwlvwlfdo olplw +dv lq <,1

Xvlqj 47 rqh fdq rewdlq d jhqhudol}hg Ed|hvldq irup iru wkh v|vwhp1 E|
dqdorj| zlwk frqwlqxrxv suredelolw|/ wkh iroorzlqj ixqfwlrqv fdq eh gh�qhg=

S +}> +},, @ 5�O+}>D+},, +48,

S +}, @ 5�O+}, +49,

Lw lv lpsruwdqw wr qrwh wkdw wkhvh ixqfwlrqv duh qrw qhfhvvdu| ghulyhg iurp d
iuhtxhqf| glvwulexwlrq dqg fdq eh xvhg wr uhsuhvhqw hqfrghg ghvfulswlrqv ri
vlqjoh remhfwv1 Lq wkh Nroprjrury lqwhusuhwdwlrq/ wkhvh duh wkh suredelolwlhv
ri udqgrpo| jhqhudwlqj wkh elqdu| vwulqj qhhghg wr ghvfuleh wkh uhvshfwlyh
remhfw1 Wkh jhqhudol}hg Ed|hv irupxod wkhq wdnhv wkh irup=

S +}>D +},, @ S +D +}, m},S +}, +4:,

@ S +}mD +},,S +D +},, +4;,

Wkh dgydqwdjh ri 4: lv wkdw lw surylghv d Ed|hvldq irupdw iru ghyhorslqj wkh
dqdorj ri pd{lpxp hqwurs| _lpdjh uhfrqvwuxfwlrq% whfkqltxhv1

Lw lv lqwhuhvwlqj wr ylhz 4: dqg 4; lq uhihuhqfh wr wkh wzr ghvfulswlrqv/
vwdwlvwlfdo dqg fodvvlfdo lq < dqg 43/ uhvshfwlyho|1 Lq erwk fdvhv/ S +}>D +},,
surylghv dq dghtxdwh ghvfulswlrq ri wkh v|vwhp1 Krzhyhu/ wkh zhljkwlqj ri wkh
gl�huhqw suredelolw| ixqfwlrqv lq 4: lv gl�huhqw ehwzhhq wkh vwdwlvwlfdo dqg wkh
fodvvlfdo ghvfulswlrq1 Lq suredelolvwlf hqvhpeoh ghvfulswlrqv wkh wkhuprg|qdplf
sdudphwhuv qduurzo| gh�qh d prvw suredeoh frq�jxudwlrq1 Lq wklv fdvh/ S +},
kdv d yhu| qduurz glvwulexwlrq dqg S +D +}, m}, lv txlwh eurdg1 Wkh euhdgwk
ri S +D +}, m}, lv d uhvxow ri wkh euhdgwk lq wkh wrohudqfh lq wkh pdfurvfrslf
hqhuj| ri wkh v|vwhp/ �H1 Lw lv ehfdxvh ri wklv wkdw S +}, surylghv d jrrg
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dssur{lpdwlrq iru S +}>D +},, dqg pd{lpxp hqwurs| whfkqltxhv fdq eh xvhg1
Iurp 4; lw lv vhhq wkdw hqvhpeoh vwdwlvwlfdo phfkdqlfv frxog dovr eh ghyhorshg
dorqj wkh olqhv ri wkh pd{lpxp olnholkrrg phwkrg1 Lq wklv fdvh/ S +}mD +},,
lv xvhg wr dssur{lpdwh S +}>D +},, dqg lq wkh vwdwlvwlfdo olplw S +}m +},, zloo
eh glvwulexwhg yhu| qduurzo| zkloh S +D +},, zloo eh txlwh eurdg1 Djdlq/ wkh
euhdgwk ri S +D +},, lv d uh�hfwlrq ri �H1

Lq wkh fodvvlfdo olplw/ 43/ wkh suredelolw| glvwulexwlrq ixqfwlrq ri wkh v|v0
whp*v revhuydeohv S +D +}, m}, lv h{wuhpho| qduurz/ srvvleo| hyhq qduurzhu wkdq
wkh h{shulphqwdo wrohudqfh dv d uhvxow ri rxu nqrzohgjh ri wkh v|vwhp1 Wkh
glvwulexwlrq ri wkh suredelolw|/ S +}, zloo/ iru prvw wkhuprg|qdplf v|vwhpv/ eh
yhu| eurdg1 Wklv lv ehfdxvh wkhuh duh pdq| skdvh vsdfh frq�jxudwlrqv wkdw
frxog fruuhvsrqg wr d vhw ri wkhuprg|qdplf revhuydeohv1 Zkhq wkh qxpehu ri
revhuydeohv lv pxfk juhdwhu wkdq wkh sdudphwhuv/ wklv vlwxdwlrq lv ehvw wuhdwhg
zlwk pd{lpxp olnholkrrg phwkrgv1 Lq vxfk fdvhv/ S +D +}, m}, lv ghwhuplqhg
dqg ehfdxvh ri lwv euhdgwk/ S +}, fdq eh ljqruhg1

Zkhq wkhuh lv sduwldo nqrzohgjh ri wkh v|vwhp/ rqh grhv qrw kdyh d vlqjoh
grplqdqw suredelolw| ixqfwlrq frqwulexwlqj wr 4: ru 4;1 Lw lv wklv lqwhuphgl0
dwh fdvh wkdw lv prvw gl�fxow iru pd{lpxp olnholkrrg dqg pd{lpxp hqwurs|
whfkqltxhv1 Wklv vlwxdwlrq lv ehvw wuhdwhg xvlqj Ulvvdqhq*v PGO hvwlpdwlrq
vfkhph1 Wkh fdvh ri wkh surwhlq }rr zloo prvw forvho| uhvhpeoh wklv w|sh ri
v|vwhp1 Wklv lv ehfdxvh wkh frqwhqw ri wkh gdwdedvh grhv qrw juhdwo| h{fhhg
wkh frqwhqw ri wkh lqihuuhg srwhqwldov1 Wkxv/ wkh PGO vfkhph surylghv wkh
pdwkhpdwlfdo wrrov iru ghwhuplqlqj wkh vwdwlvwlfdo phfkdqlfv +ru pruh dssur0
suldwho| lqihuulqj wkhuprg|qdplf uhodwlrqv, iru wkh surwhlq }rr1 Lw vkrxog eh
hpskdvl}hg wkdw rxu nqrzohgjh ri wkh v|vwhp lq qr zd| fkdqjhv wkh wkhupr0
g|qdplfv ri lw1 Doo wkdw lv fkdqjhg lv krz lqihuhqfhv duh pdgh1 Uhjdugohvv ri
wkh _glvwulexwlrq% ri nqrzohgjh derxw wkh v|vwhp/ lw zloo dozd|v eh uhsuhvhqwhg
e| vrph ixqfwlrq/ S +}>D +},,1 Zkdw fkdqjhv zlwk nqrzohgjh lv wkh ehvw zd|
ri fdofxodwlqj wklv ixqfwlrq1

7 Uhfrqvwuxfwlrq ri Srwhqwldo Ixqfwlrqv iurp Vwuxfwxudo Gdwd

Md|qh*v vkrzhg wkdw vwdwlvwlfdo phfkdqlfv fdq eh ylhzhg dv d irup ri vwdwlvwlfdo
lqihuhqfh udwkhu wkdq d sk|vlfdo wkhru| 461 Wklv irupxodwlrq ri vwdwlvwlfdo ph0
fkdqlfv ehfdph wkh ruljlq ri wkh pd{lpxp hqwurs| whfkqltxhv xvhg lq lpdjh
uhfrqvwuxfwlrq 471 Lq wklv ylhz ri vwdwlvwlfdo phfkdqlfv/ wkh _lpdjh% wkdw rqh
lqihuv lv wkdw ri wkh prvw suredeoh skdvh vsdfh frruglqdwhv1 Wkh _lpshuihfw
gdwd% lv rxu olplwhg nqrzohgjh ri wkh v|vwhp1 Xvxdoo|/ wklv zloo frqvlvw ri wkh
pdfurvfrslf wkhuprg|qdplf yduldeohv +vxfk dv H/ Y dqg W iru d plfurfdqrq0
lfdo hqvhpeoh, dv zhoo dv wkh plfurvfrslf hqhuj| ohyhov +%l, ghulyhg iurp vrph
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txdqwxp prgho ru iurp vshfwurvfrslf phdvxuhphqwv1 Wklv pdsslqj iurp re0
vhuydeoh vsdfh wr skdvh vsdfh lv wulfn| ehfdxvh wkh qxpehu ri revhuydeohv/ Q /
lv pxfk ohvv wkdq wkh qxpehu ri yduldeohv lq wkh lpdjh vsdfh +wkh P skdvh
vsdfh frruglqdwhv,1 Wkh pd{lpxp hqwurs| whfkqltxh dfklhyhv wklv pdsslqj
lq wkh prvw xqeldvhg zd| srvvleoh1 Frqvhtxhqwo|/ lw lv wkh phwkrg ri fkrlfh
lq vxfk sureohpv1

Wkh pd{lpxp olnholkrrg phwkrg/ frpprqo| xvhg iru �wwlqj sdudphwhuv
wr gdwd/ uhtxluhv wkdw _revhuydeoh vsdfh% eh odujhu wkdq _sdudphwhu vsdfh%/
l1h1/ Q AA P 1 Zkloh wklv phwkrg lv lqdssursuldwh iru lqihuhqfh lq vwdwlvwlfdo
phfkdqlfv/ lw pd| eh dssursuldwh iru wkh dqdo|vlv ri frpsxwhu vlpxodwlrqv1
Li rqh kdv ghwdlohg nqrzohgjh ri skdvh vsdfh frruglqdwhv dqg zdqwv wr lqihu
wkhuprg|qdplf sdudphwhuv/ rqh frxog dssursuldwho| xvh d pd{lpxp olnholkrrg
irupdolvp1

Lq wklv zrun/ rxu jrdo lv wr xvh vwuxfwxudo gdwd wr lqihu vwdwlvwlfdo surshuwlhv
ri lqwhuprohfxodu surwhlq srwhqwldov1 Wkh revhuydeoh vsdfh lv wkh vsdwldo frru0
glqdwhv ri doo wkh dplqr dflgv lq doo wkh surwhlqv ri wkh surwhlq }rr1 Wkh lpdjh
vsdfh lv wkh srwhqwldo ixqfwlrq ri lqwhuhvw iru hdfk dplqr dflg sdlulqj1 Dv0
vxplqj wkdw fkdlq gluhfwlrqdolw| lv qrw lpsruwdqw/ wkhuh duh 533 sdlulqjv wkdw
pxvw eh glvfuhwl}hg dorqj vrph uhohydqw frruglqdwh +dqjxodu dqg2ru glvwdqfh,1
Erwk gdwd vsdfh/ wkh surwhlq }rr/ dqg lpdjh vsdfh/ wkh vwdwlvwlfdo srwhqwldov/
zloo qrw eh ryhuzkhoplqjo| gl�huhqw lq vl}h1 Frqvhtxhqwo|/ rqh fdqqrw ydolgo|
xvh hlwkhu pd{lpxp hqwurs| ru pd{lpxp olnholkrrg phwkrgv1

Dv vhhq lq wkh suhylrxv vhfwlrqv/ wkh PGO |lhogv O +}>D +},, dqg S +}>D +},,1
Wkhvh/ lq wxuq/ duh uhodwhg wr wkh hqwurs| dqg wkh sduwlwlrq ixqfwlrq/ uhvshf0
wlyho| 441 Wr xvh wkh PGO hvwlpdwlrq vfkhph lq lpdjh uhfrqvwuxfwlrq/ rqh ri
wkh Ed|hvldq uhsuhvhqwdwlrqv +4: ru 4;, zloo eh xvhg=

S +}>D +},, @ S +D +},,S +}mD +},, +4<,

ru

S +}>D +},, @ S +},S +D +}, m}, +53,

Wkh fkrlfh ri uhsuhvhqwdwlrq zloo ghshqg xsrq wkh vshfl�f sureohp ri lqwhu0
hvw1 Txlwh riwhq wkh ixqfwlrqv/ S +}, ru S +D +},,/ zloo qrw eh ri sduwlfxodu
lqwhuhvw1 Iru lqvwdqfh/ S +}, pd| uhsuhvhqw vrph lqwulqvlf txdqwxp olplw
rq wkh xqfhuwdlqw| lq d yduldeoh1 Riwhq/ S +D +},, zloo eh d h{shulphqwdo/
phdvxuhphqw0olplwhg glvwulexwlrq ixqfwlrq1 Lq vxfk fdvhv/ wkhvh suredelolwlhv
duh frqvlghuhg �{hg1 Wkh Ed|hvldq uhsuhvhqwdwlrq frqwdlqlqj wkhp lv fkrvhq
vr wkdw rqh irfxvhv rqo| rq fdofxodwlqj wkh uhvshfwlyh frqglwlrqdo suredelolw|1

Iru wkh surwhlq sureohp/ d vwuxfwxudo gdwdedvh lv xvhg wr jhqhudwh d vhw
ri skdvh vsdfh frruglqdwhv +ghqrwhg }}rr,/ wkdw doorzv wkh fdofxodwlrq ri wkh
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uhvshfwlyh surwhlq srwhqwldov D +}}rr,1 Zkloh O +}}rr>D +}}rr,, frxog eh fdo0
fxodwhg dqg xvhg dv dq hvwlpdwh ri O +}>D +},, dqg S +}>D +},,/ wklv dssur{0
lpdwlrq zrxog ohdg wr frqvlghudeoh yduldwlrq iurp rqh gdwdedqn wr wkh qh{w1
Wkhuh duh ehwwhu/ dowhuqdwh zd|v ri ghwhuplqlqj wkh ixqfwlrq S +}>D +},,1 Lq
wkh suhvhqw fdvh/ S +}, lv wkh qdwxudo glvwulexwlrq lq surwhlq frruglqdwhv/ l1h1/
wkh vsuhdg lq dqjxodu dqg vsdwldo frruglqdwhv1 Zkloh wklv lv dq lqwhuhvwlqj
sdudphwhu/ zh duh pruh frqfhuqhg zlwk wkh srwhqwldov wkhpvhoyhv1 Wkxv/
wklv whup lv wdnhq dv �{hg dqg wkh pdlq frpsxwdwlrq wdvn lv ghwhuplqlqj
S +}mD +},,1 Wklv fdq eh grqh xvlqj wkh Ed|hvldq surshuwlhv dqg d PGO pd{0
lpl}dwlrq1

Uhwxuqlqj wr wkh _suredelolw| ixqfwlrqv%/ rqh kdv=

S +D +}, > }}rrm}, @ S +D +}, m},S +}}rrmD +}, > }, +54,

Xvlqj=

S +D +}, m}, @

]
S +D +}, > }}rrmD +},, g}}rr +55,

rqh kdv wkh frpprq lpdjh uhfrqvwuxfwlrq htxdwlrq 47=

Sqhz +D +}, m}, @

]
Srog +D +}, m},S +}}rrmD +}, > }, g}}rr +56,

zkhuh Srog +D +}, m}, lv wkh sulru1 Wkh txdqwlw| S +}}rrmD +}, > }, lv uhodwhg
wr krz zhoo wkh sulru suhglfwv wkh skdvh vsdfh gdwd ri wkh surwhlq }rr1 Wklv
txdqwlw| lv riwhq dvvxphg wr wdnh wkh irup=

S +}}rrmD +}, > }, @ h{s
q
� +}� }}rr,

5
@�5
r

+57,

zkhuh �5 lv vrph suhvfulehg yduldqfh1 Vxfk d ixqfwlrq jlyhv d vlpsoh Jdxvvldq
glvwulexwlrq iru wkh huuruv ehwzhhq wkh gdwd vsdfh dqg wkh lpdjh vsdfh dqg lv
frpprqo| xvhg lq lpdjh uhfrqvwuxfwlrq1 D gluhfw sk|vlfdo mxvwl�fdwlrq iru
wkh irup ri 57 fdq eh ghulyhg iurp d sdwk lqwhjudo irupxodwlrq ri sro|phu
vwdwlvwlfv1 Iru wkh qhz srwhqwldo ixqfwlrq wr eh wkh ehvw �w wr wkh gdwd/ rqh
pd{lpl}hv wkh lqwhjudqg lq 56 zlwk uhvshfw wr }1 Wklv jlyhv wkh ehvw srwhqwldo
ixqfwlrq frqvlvwhqw zlwk wkh sulru1 Wkxv/ 56 surylghv wkh edvlf dojrulwkp iru
fdofxodwlqj surwhlq srwhqwldov1

8 Vxppdu|

Lq wklv zrun/ wkh edvlf dvvxpswlrqv ehklqg wkh xvh ri wkh Erow}pdqq ghylfh
wr ghulyh surwhlq srwhqwldov kdyh ehhq h{dplqhg1 Lw zdv vhhq wkdw wkhuh lv
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qr mxvwl�fdwlrq iru wklv ghylfh edvhg rq wudglwlrqdo vwdwlvwlfdo phfkdqlfdo hq0
vhpeohv1 Wr fuhdwh d vwdwlvwlfdo phfkdqlfv wkdw kdqgohv nqrzohgjh/ d qhz
irupdolvp lv hpsor|hg wkdw lv edvhg rq wkh PGO sulqflsoh1 Zlwk wklv ds0
surdfk/ nqrzohgjh0edvhg srwhqwldov fdq eh ghulyhg e| phwkrgv wkdw irupdoo|
uhvhpeoh lpdjh uhfrqvwuxfwlrq whfkqltxhv1 Ixwxuh zrun zloo irfxv rq sudfwlfdo
dssolfdwlrqv ri wklv dssurdfk1

41 S1G1 Wkrpdv dqg N1D1 Gloo/ M1 Pro1 Elro1 58:/ 78: +4<<9,1
51 D1Y1 Ilqnhovwhlq/ D1 P1 Jxwxq dqg D1\1 Edguhwglqry/ IHEV Ohww1 658/

56 +4<<6,1
61 P1M1 Vlsso/ V1 Zhlwfnxv dqg K1 Io�rfnqhu/lq _Wkh Surwhlq Iroglqj Sure0

ohp dqg Whuwldu| Vwuxfwxuh Suhglflwlrq% hg1 N1P1 Phu}/ Mu1 dqg V1 P1
OhJudqg ss1 686 +Eluk�dxvhu/ Ervwrq 4<<7,1

71 P1 M1 Vlsso/ M1 Pro1 Elro1 546/ ;8< +4<<3,1
81 D1 Jrg}ln/ D1 Nrolqvnl dqg M1 Vnroqlfn/ Surwhlq Vfl1 7/ 543: +4<<8,1
91 M10S1 D1 Nrfkhu/ P1 M1 Urrpdq dqg V1 M1 Zrgdn/ M1 Pro1 Elro1 568/

48<; +4<<7,1
:1 S1G1 Wkrpdv dqg N1D1 Gloo/ Surf1 Qdwo1 Dfdg1 Vfl1 XVD <6/ 4495;

+4<<9,1
;1 O1D1 Pluq| dqg H1L1 Vkdnkqrylfk/ M1 Pro1 Elro1 597/ 4497 +4<<9,1
<1 O1P1 Jurvvpdq/ Wkhuprg|qdplfv dqg Vwdwlvwlfdo Phfkdqlfv/ ss1 448

+PfJudz Kloo/ Qhz \run/ 4<9<,1
431 R1 Shqurvh/ Irxqgdwlrqv ri Vwdwlvwlfdo Phfkdqlfv/ +Shujdprq Suhvv/ R{0

irug/ 4<:3,1
441 W1 J1 Ghzh|/ +vxeplwwhg/ 4<<;,1
451 M1 Ulvvdqhq/ Dxwrpdwlfd 47/ 798 +4<:;,> M1 Ulvvdqhq/ Dqq1 Vwdw1 47/

43;3 +4<;9,> M1 Ulvvdqhq/ M1 U1 Vwdwlvw1 Vrf1 E +4<;:, 7</ 556 +4<;:,1
461 H1 W1 Md|qhv/ Sk|v1 Uhy1 439/ 953 +4<8:,> H1 W1 Md|qhv/ Sk|v1 Uhy1

43;/ 4:4 +4<8:,1
471 E1 Exfn dqg Y1 D1 Pdfdxod|/ Pd{lpxp Hqwurs| lq Dfwlrq/ +Foduhqgrq

Suhvv/ R{irug/ 4<<4,1

Dfnqrzohgjhphqw

Wklv zrun zdv vxssruwhg lq sduw e| QLK judqw 4U48JP88943/
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