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Qrqvwdwlrqdu| Sdqho Gdwd Dqdo|vlv= Dq Ryhuylhz ri Vrph
Uhfhqw Ghyhorsphqwv�

Shwhu F1E1 Skloolsv
Frzohv Irxqgdwlrq iru Uhvhdufk lq Hfrqrplfv

\doh Xqlyhuvlw|
dqg

K|xqjvln U1 Prrq
Ghsduwphqw ri Hfrqrplfv

Xqlyhuvlw| ri Fdoliruqld/ Vdqwd Eduedud

Pd|/ 4<<<

Devwudfw

Wklv sdshu ryhuylhzv vrph uhfhqw ghyhorsphqwv lq sdqho gdwd dv|pswrwlfv/ frq0
fhqwudwlqj rq wkh qrqvwdwlrqdu| sdqho fdvh dqg jlyhv d qhz uhvxow iru prghov zlwk lq0
glylgxdo h�hfwv1 Xqghuo|lqj uhfhqw wkhru| duh dv|pswrwlfv iru pxowl0lqgh{hg surfhvvhv
lq zklfk erwk lqgh{hv pd| sdvv wr lq�qlw|1 Zh uhylhz vrph ri wkh qhz olplw wkhru|
wkdw kdv ehhq ghyhorshg/ vkrz krz lw fdq eh dssolhg dqg jlyh d qhz lqwhusuhwdwlrq
ri lqglylgxdo h�hfwv lq qrqvwdwlrqdu| sdqho gdwd1 Ixqgdphqwdo wr wkh lqwhusuhwdwlrq
ri pxfk ri wkh dv|pswrwlfv lv wkh frqfhsw ri d sdqho uhjuhvvlrq frh!flhqw zklfk phd0
vxuhv wkh orqj uxq dyhudjh uhodwlrq dfurvv d vhfwlrq ri wkh sdqho1 Wklv frqfhsw lv
dqdorjrxv wr wkh vwdwlvwlfdo lqwhusuhwdwlrq ri wkh frh!flhqw lq d fodvvlfdo uhjuhvvlrq
uhodwlrq1 D ydulhw| ri qrqvwdwlrqdu| sdqho gdwd prghov duh glvfxvvhg dqg wkh sdshu
uhylhzv wkh dv|pswrwlf surshuwlhv ri hvwlpdwruv lq wkhvh ydulrxv prghov1 Vrph uhfhqw
ghyhorsphqwv lq sdqho xqlw urrw whvwv dqg vwdwlrqdu| g|qdplf sdqho uhjuhvvlrq prghov
duh dovr uhylhzhg1

4 Lqwurgxfwlrq

Vlqfh wkh hduo| 4<93*v/ hfrqrplvwv kdyh irxqg sdqho gdwd wr eh xvhixo lq vwxg|lqj d zlgh
udqjh ri hfrqrplf lvvxhv wkdw lqyroyh lqglylgxdo hfrqrplf djhqwv ryhu wlph1 D ydulhw| ri
lpsruwdqw dqg xvhixo sdqho gdwd vhwv kdyh ehhq frqvwuxfwhg dqg duh qrz zlgho| dydlodeoh
lq hohfwurqlf irup1 Vrph ri wkhvh sdqho gdwd vhwv/ olnh wkh Shqq0Zruog wdeohv/ fryhu
gl�huhqw lqglylgxdov/ lqgxvwulhv/ dqg frxqwulhv ryhu orqj wlph shulrgv dqg kdyh ehhq xvhixo
lq dvvhvvlqj dqg frpsdulqj jurzwk fkdudfwhulvwlfv/ olnh uhdo shu fdslwd JGS jurzwk1 Rqh
ri wkh glvwlqjxlvklqj ihdwxuhv ri wkhvh gdwd vhwv lv wkdw wkh| vrphwlphv kdyh dq dssuhfldeoh
wlph vhulhv glphqvlrq +W , dv zhoo dv d odujh furvv vhfwlrq glphqvlrq +q, = Lq vrph fdvhv/
wkh rughuv ri pdjqlwxgh ri wkh furvv vhfwlrq dqg wlph vhulhv glphqvlrqv duh vlplodu1

WZh wkdqn Hvvlh Pddvrxpl/ dq dqrq|prxv uhihuhh/ dqg Vhxqj F1 Dkq iru khosixo frpphqwv1 Sduwv
ri wklv sdshu zhuh suhvhqwhg dw wkh ;|� Sdqho Gdwd Frqihuhqfh/ Jùwheruj/ Vzhghq/ Mxqh 4<<;1 Skloolsv
wkdqnv wkh QVI iru uhvhdufk vxssruw xqghu Judqw Qrv1 VEU <7�55<55 ) VEU<:0635<8 dqg Prrq wkdqnv
wkh Frzohv Irxqgdwlrq iru �qdqfldo vxssruw1 Wkh sdshu zdv w|shg e| wkh dxwkruv lq VZ5181
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Wkhvh odujh q> odujh W sdqhov kdyh gl�huhqw fkdudfwhulvwlfv dqg lpsolfdwlrqv iru wkhr0
uhwlfdo dqg hpslulfdo dqdo|vlv iurp wkh odujh q/ vpdoo W sdqho gdwd vhwv zklfk kdyh ehhq
wkh wudglwlrqdo remhfw ri vwxg| lq sdqho gdwd dqdo|vlv14 Iru h{dpsoh/ odujh q> odujh W
sdqho uhjuhvvlrq prghov fdoo iru wkh xvh ri odujh q> W dv|pswrwlfv udwkhu wkdq mxvw odujh q
dv|pswrwlfv1 Zkhq W lv odujh/ wkhuh lv dq reylrxv qhhg dovr wr frqvlghu vhuldo fruuhodwlrq
sdwwhuqv lq wkh sdqho pruh jhqhudoo|/ lqfoxglqj erwk vkruw phpru| dqg shuvlvwhqw frpsr0
qhqwv1 Lq vrph sdqho gdwd vhwv olnh wkh Shqq0Zruog Wdeoh/ wkh wlph vhulhv frpsrqhqwv kdyh
vwurqjo| hylghqw qrqvwdwlrqdulw|/ d ihdwxuh zklfk uhfhlyhg yluwxdoo| qr dwwhqwlrq lq wudgl0
wlrqdo sdqho uhjuhvvlrq dqdo|vlv1 Lq rughu wr surshuo| dqdo|}h odujh q dqg odujh W sdqho
gdwd zlwk vxfk fkdudfwhulvwlfv/ lw zloo jhqhudoo| eh lqdghtxdwh wr dsshdo wr frqyhqwlrqdo
phwkrgv ri dqdo|vlv zklfk duh edvhg rq odujh q> vpdoo W gdwd frq�jxudwlrqv1

Vlqfh wkh ehjlqqlqj ri wkh 4<<3*v/ wkhuh kdv ehhq d exujhrqlqj ri wkhruhwlfdo dqg
dssolhg uhvhdufk rq wkh xvh ri odujh q dqg odujh W sdqhov doorzlqj iru qrqvwdwlrqdulw| lq
wkh gdwd ryhu wlph1 Zlwkrxw dwwhpswlqj d jhqhudo sxusrvh uhylhz/ wklv sdshu ryhuylhzv
vrph ri wkh wkhruhwlfdo ghyhorsphqwv wkdw kdyh wdnhq sodfh lq wklv w|sh ri sdqho gdwd
dqdo|vlv/ frqfhqwudwlqj rq uhfhqw dgydqfhv lq wkh hfrqrphwulf wkhru| ri sdqho uhjuhvvlrq1
Rxu pdlq irfxv ri dwwhqwlrq zloo eh rq vrph qhz dv|pswrwlfv wkdw kdyh ehhq ghyhorshg lq
rxu rzq uhfhqw zrun exw wkh sdshu dovr dwwhpswv wr sxw wklv zrun lq wkh eurdghu frqwh{w
ri wkh udslgo| hphujlqj olwhudwxuh rq qrqvwdwlrqdu| sdqho gdwd1

Wkh rujdql}dwlrq ri wkh sdshu lv dv iroorzv1 Vhfwlrq 5 glvfxvvhv vrph frqfhswv ri pxowl0
lqgh{ dv|pswrwlfv wkdw zhuh lqwurgxfhg lq Skloolsv dqg Prrq +4<<<,1 Ghshqglqj rq wkh
dv|pswrwlf ehkdylru ri wkh wzr vdpsoh vl}h lqgh{hv/ q dqg W> d wd{rqrp| ri srwhqwldo
olplw wkhrulhv lv surylghg dqg wkh uhodwlrqvklsv dprqj wkhp duh eulh | glvfxvvhg1 Vhfwlrq
6 jlyhv d qhz lqwhusuhwdwlrq ri lqglylgxdo h�hfwv lq qrqvwdwlrqdu| sdqho gdwd dqg vxjjhvwv
d qdwxudo gdwd jhqhudwlqj surfhvv iru qrqvwdwlrqdu| sdqho gdwd zlwk lqglylgxdo h�hfwv1
Vhfwlrq 7 gh�qhv wkh frqfhsw ri d orqj0uxq dyhudjh uhodwlrq lq dq dqdorjrxv zd| wr wkdw
ri d uhjuhvvlrq frh!flhqw lq d fodvvlfdo olqhdu uhjuhvvlrq/ dv lq Skloolsv dqg Prrq +4<<<,1
Vhfwlrq 8 uhylhzv ydulrxv olqhdu uhjuhvvlrq prghov zlwk qrqvwdwlrqdu| sdqho gdwd dqg olplw
wkhrulhv ri ydulrxv hvwlpdwruv ri wkh orqj0uxq dyhudjh sdudphwhu1 Wklv vhfwlrq h{whqgv wkh
sdqho vsxulrxv uhjuhvvlrq iudphzrun vwxglhg lq Skloolsv dqg Prrq +4<<<, e| doorzlqj iru
lqglylgxdo h�hfwv dqg jlyhv vrph qhz dv|pswrwlf uhvxowv iru wkh h{sdqghg prgho1 Vhfwlrq
9 eulh | uhylhzv frqyhqwlrqdo g|qdplf sdqho uhjuhvvlrq prghov/ vrph uhfhqw ghyhorsphqwv
rq sdqho xqlw urrw whvwv dqg wkh hvwlpdwlrq ri wkh orfdol}lqj sdudphwhu lq qhdu lqwhjudwhg
sdqhov1 Vhfwlrq : flwhv vrph uhfhqw dqg rqjrlqj hpslulfdo zrun zlwk qrqvwdwlrqdu| sdqhov1
Vhfwlrq ; frqfoxghv dqg pdwkhpdwlfdo ghulydwlrqv duh jlyhq lq wkh Dsshqgl{1

5 Pxowl0Lqgh{ Dv|pswrwlfv

Lq uhjuhvvlrqv zlwk odujh q> odujh W sdqhov prvw ri wkh lqwhuhvwlqj whvw vwdwlvwlfv dqg
hvwlpdwruv lqhylwdeo| ghshqg rq erwk q dqg W= Lq frqvhtxhqfh/ d olplw wkhru| iru vxfk whvwv
dqg hvwlpdwruv jhqhudoo| qhhgv wr doorz erwk lqgh{hv wr sdvv wr lq�qlw|1 Frqyhqwlrqdo olplw
wkhruhpv/ e| frqwudvw/ uho| rq wkh sdvvdjh wr lq�qlw| ri d vlqjoh lqgh{ dqg duh wkhuhiruh
qrw gluhfwo| dssolfdeoh lq d sdqho frqwh{w zkhuh wkhuh duh wzlq lqgh{hv ri vdpsoh vl}h1
Wklv vhfwlrq uhylhzv vrph frqfhswv ri pxowl0lqgh{ dv|pswrwlfv wkdw zhuh lqwurgxfhg lq
Skloolsv dqg Prrq +4<<<, wkdw duh xvhixo lq wkh ghyhorsphqw ri sdqho olplw wkhru|1

4Fkdpehuodlq+4<;7,/ Kvldr+4<;9,/ Pdw|dv dqg Vhyhvwuh+4<<5,/ dqg Edowdjl+4<<8, uhylhz pxfk ri wkh
sdvw uhvhdufk rq frqyhqwlrqdo odujh ? exw vpdoo A sdqho gdwd1
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D w|slfdo pxowl0lqgh{hg surfhvv ri wkh w|sh wkdw rffxuv lq pxfk sdqho gdwd dqdo|vlv
kdv wkh iroorzlqj olqhdu irup

[?cA @
4

n?

?[
�'�

\�cA >

zkhuh \�cA duh lqghshqghqw udqgrp yhfwruv dfurvv l dqg xvxdoo| d w|slfdo \�cA frpsrqhqw
lv d vwdqgdugl}hg vxp ri wlph vhulhv frpsrqhqw ri sdqho gdwd1 Dq h{dpsoh ri d w|slfdo
grxeoh lqgh{hg surfhvv lv wkh iroorzlqj vlpsoh sdqho uhjuhvvlrq prgho zlwk lqglylgxdo
h�hfwv/

|�c| @ �� . �{�c| . x�c|=

Lq wklv prgho/ dwwhqwlrq lv riwhq jlyhq wr wkh iroorzlqj srrohg ROV hvwlpdwru +vrphwlphv
fdoohg wkh zlwklq hvwlpdwru,=

a� @ � .

S?
�'�

SA
|'�

�
x�c| � �

A

SA
r'� x�cr

��
{�c| � �

A

SA
r'� {�cr

�
S?

�'�

SA
|'�

�
{�c| � �

A

SA
r'� {�cr

�2 = +514,

Lq ghyhorslqj d odujh vdpsoh wkhru| iru a�/ wkh sulpdu| remhfwv ri lqwhuhvw lqyroyh wkh olplwv
ri txdqwlwlhv ri wkh irup

[?cA @
4

q

?[
�'�

\�cA >

zkhuh/ iru wkh qxphudwru ri +5=4, > zh kdyh

\�cA @

;?
=

�
A

SA
|'�

�
{�c| � �

A

SA
r'� {�cr

��
x�c| � �

A

SA
r'� x�c|

�
vwdwlrqdu| fdvh

�
A 2

SA
|'�

�
{�c| � �

A

SA
r'� {�cr

��
x�c| � �

A

SA
r'� x�c|

�
qrqvwdwlrqdu| fdvh

dqg/ iru wkh ghqrplqdwru ri +5=4, > zh kdyh

\�cA @

;?
=

�
A

SA
|'�

�
{�c| � �

A

SA
r'� {�c|

�2
vwdwlrqdu| fdvh

�
A 2

SA
|'�

�
{�c| � �

A

SA
|'� {�c|

�2
qrqvwdwlrqdu| fdvh

Lq jhqhudo/ olplwv iru grxeoh lqgh{hg surfhvvhv olnh [?cA ghshqg rq wkh wuhdwphqw ri wkh
wzr lqgh{hv/ q dqg W> zklfk whqg wr lq�qlw| wrjhwkhu1 Vhyhudo dssurdfkhv duh srvvleoh/
ghshqglqj rq wkh sdvvdjh wr lq�qlw| ri wkh wzr lqgh{hv1 Wkhvh duh uhylhzhg ehorz1

+d, Vhtxhqwldo Olplwv D vhtxhqwldo dssurdfk lv wr �{ rqh lqgh{/ vd| q> dqg doorz wkh
rwkhu/ vd| W> wr sdvv wr lq�qlw|/ jlylqj dq lqwhuphgldwh olplw1 Wkhq/ e| ohwwlqj q sdvv wr
lq�qlw| vxevhtxhqwo|/ d vhtxhqwldo olplw wkhru| lv rewdlqhg1 Zh zulwh vhtxhqwldo olplwv ri
wklv w|sh dv +W>q $ 4,vht= Lq sudfwlfh/ zkhq d grxeoh lqgh{hg surfhvv lv ri wkh w|slfdo
irup/ l=h=>

[?cA @
4

n?

?[
�'�

\�cA >

dqg wkh olplw ri \�cA lv \� dv W $ 4> zh ghulyh wkh vhtxhqwldo olplw ri [?cA dv iroorzv1
E| sdvvlqj W $ 4 iru �{hg q / dq lqwhuphgldwh olplw [? @ �

&?

S?
�'� \� lv irxqg1 Wkhq/

e| ohwwlqj q $ 4 dqg e| dsso|lqj dq dssursuldwh olplw wkhru| wr wkh vwdqgdugl}hg vxp
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[? @ �
&?

S?
�'� \�> wkh �qdo vhtxhqwldo olplw [ lv rewdlqhg1 Xvxdoo|/ zkhq n? @ q> d odz ri

odujh qxpehuv fdq eh dssolhg/ dqg zkhq n? @
s
q> d fhqwudo olplw wkhruhp fdq eh dssolhg1

Lq pdq| dssolfdwlrqv/ vhtxhqwldo olplwv duh hdv| wr ghulyh dqg khosixo lq h{wudfwlqj txlfn
dv|pswrwlfv1 Krzhyhu/ vrphwlphv vhtxhqwldo olplwv fdq jlyh plvohdglqj dv|pswrwlf uhvxowv/
dqg dw wkh hqg ri wklv vhfwlrq d vlpsoh h{dpsoh lv surylghg wkdw looxvwudwhv wkh w|sh ri
sureohp wkdw fdq dulvh zlwk vhtxhqwldo olplwv1

+e, Gldjrqdo Sdwk Olplwv D vhfrqg dssurdfk lv wr doorz wkh wzr lqgh{hv/ q dqg W>
wr sdvv wr lq�qlw| dorqj d vshfl�f gldjrqdo sdwk lq wkh wzr glphqvlrqdo duud|1 Wklv sdwk
fdq eh ghwhuplqhg e| d prqrwrqlfdoo| lqfuhdvlqj ixqfwlrqdo uhodwlrq ri wkh w|sh W @ W +q,
zklfk dssolhv dv wkh lqgh{ q $ 4= Wklv dssurdfk dovr vlpsol�hv wkh dv|pswrwlf wkhru|
e| uhsodflqj [?cA zlwk wkh vlqjoh lqgh{hg surfhvv [?cA E?�= Txdk +4<<7, dqg Ohylq dqg
Olq +4<<6, xvhg wklv dssurdfk lq �qglqj wkh olplwv ri sdqho xqlw urrw whvw vwdwlvwlfv1 Rqh
gudzedfn ri gldjrqdo sdwk olplw wkhru| lv wkdw wkh dvvxphg h{sdqvlrq sdwk +W +q,> q $ 4,
pd| qrw surylgh dq dssursuldwh dssur{lpdwlrq iru d jlyhq +W> q, vlwxdwlrq1 Pruhryhu/ wkh
olplw wkhru| wkdw lv rewdlqhg e| wklv dssurdfk fdq ghshqg rq wkh vshfl�f ixqfwlrqdo uhodwlrq
W @ W +q, wkdw lv xvhg lq wkh dv|pswrwlf ghyhorsphqw1 Djdlq/ zh uhihu wr wkh h{dpsoh dw
wkh hqg ri wklv vhfwlrq iru dq looxvwudwlrq ri zkdw fdq kdsshq1

+f, Mrlqw Olplwv D mrlqw olplw wkhru| doorzv erwk lqgh{hv/ q dqg W> wr sdvv wr lq�qlw|
vlpxowdqhrxvo| zlwkrxw sodflqj vshfl�f gldjrqdo sdwk uhvwulfwlrqv rq wkh glyhujhqfh/ do0
wkrxjk lw pd| vwloo eh qhfhvvdu| wr h{huflvh vrph frqwuro ryhu wkh uhodwlyh udwh ri h{sdqvlrq
ri wkh wzr lqgh{hv lq rughu wr jhw gh�qlwlyh uhvxowv1 Gldjrqdo sdwk olplw wkhru| wxuqv rxw
wr eh d vshfldo fdvh ri mrlqw olplw wkhru|1 Lq jhqhudo/ d mrlqw olplw zloo jlyh d pruh urexvw
uhvxow wkdq hlwkhu d vhtxhqwldo olplw ru gldjrqdo sdwk olplw/ exw zloo dovr eh vxevwdqwldoo|
pruh gl!fxow wr ghulyh dqg zloo xvxdoo| dsso| rqo| xqghu vwurqjhu frqglwlrqv/ vxfk dv
h{lvwhqfh ri kljkhu prphqwv/ wkdw zloo doorz iru xqliruplw| lq wkh frqyhujhqfh dujxphqwv1
Pruh lpsruwdqwo|/ lw lv qrw jhqhudoo| wuxh wkdw d vhtxhqwldo olplw lv htxdo wr d mrlqw olplw1
Lq wkh fdvh ri uhdo qxpehu vhtxhqfhv/ wkhuh duh pdq| vxfk h{dpsohv lq uhdo dqdo|vlv +h1j1/
Dsrvwro/ 4<:7/ s1 533,1 Khuh zh jlyh d vlpsoh h{dpsoh iru d grxeoh vhtxhqfh ri udqgrp
yduldeohv wr looxvwudwh zkdw fdq kdsshq1

H{dpsoh Gh�qh wkh duud| ri udqgrp yduldeohv

]�c| @

�
Q+3> l, li l � w � 4
Q+3> 4, li l ? w>

zkhuh ]�c| lv lqghshqghqw dfurvv l dqg ryhu w1 Ohw \�cA @ �I
A

SA
|'�]�c| dqg [?cA @

�I
?

S?
�'� \�cA = Wkhq/ lw lv hdv| wr yhuli| wkdw [?cA frqyhujhv lq glvwulexwlrq vhtxhqwldoo|

dv +W> q $ 4,vht wr Q+3> 4,= Qrz ohw q @ W o= Wkhq/ [?cA +@ [A ocA , kdv gl�huhqw olplw
glvwulexwlrqv dv wkh ydoxhv ri u fkdqjh1 Lq sduwlfxodu/ dv W $ 4

[A ocA ,

;A?
A=
Q+3> 4, li u ? �

2

Q+3> e�, li u @ �
2

grhv qrw frqyhujh li u A �
2 =

Vr/ vhtxhqwldo olplwv dqg gldjrqdo sdwk olplwv fdq jlyh txlwh gl�huhqw uhvxowv lq wklv fdvh1
Wkhuh lv qr jhqhudo mrlqw olplw wkhru| khuh iru [?cA ehfdxvh [?cA glyhujhv li q lqfuhdvhv
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wrr idvw +l1h1/ q@
s
W $ 4,1 Lqghhg/ d gl�huhqw qrupdol}dwlrq iurp

s
q lv uhtxluhg lq wklv

sduw ri wkh duud| wr rewdlq d zhoo gh�qhg olplw1

D ixqgdphqwdo txhvwlrq wr dvn lv zklfk duh wkh fdvhv zkhuh vhtxhqwldo olplwv zloo eh
htxlydohqw wr mrlqw olplwv1 Vrph lqwxlwlrq fdq eh johdqhg iurp nqrzq uhvxowv iru d grxeoh
lqgh{hg uhdo qxpehu vhtxhqfh1 Lq wkdw fdvh/ li �uvw vwdjh frqyhujhqfh lq wkh vhtxhqwldo
olplw krogv xqlirupo| lq wkh rwkhu lqgh{/ wkhq wkh vhtxhqwldo olplw zloo eh d mrlqw olplw1
Wkdw lv/ li [?cA frqyhujhv wr [? xqlirupo| lq q dv W $ 4> wkhq wkh vhtxhqwldo olplw ri
[?cA lv wkh vdph dv wkh mrlqw olplw ri [?cA =

Skloolsv dqg Prrq +4<<<, jdyh d jhqhudol}dwlrq ri wklv xqlirup frqyhujhqfh frqglwlrq
iru udqgrp yduldeoh vhtxhqfhv wkdw lv dssolfdeoh wr pxowl0lqgh{hg dv|pswrwlfv1 Wkdw sdshu
glvfxvvhg wkh wzr fdvhv ri frqyhujhqfh lq suredelolw| dqg frqyhujhqfh lq glvwulexwlrq1 Wkh
frqglwlrqv jlyhq lq wkh sdshu duh uhodwlyho| hdv| wr yhuli| dqg krog xqghu zkdw duh idluo|
frqyhqwlrqdo uhjxodulw| frqglwlrqv1 Wklv dssurdfk wr dq dv|pswrwlf wkhru| hqdeohv xv wr
hvwdeolvk wkh mrlqw olplw ri d grxeoh lqgh{hg vhtxhqfh udwkhu hdvlo|= zh �uvw ghulyh wkh
vhtxhqwldo olplw dqg wkhq yhuli| wkh vx!flhqw frqglwlrqv wkdw hqvxuh wkh mrlqw olplw wkhru|
dssolhv1 Wkh pxowl0lqgh{ dv|pswrwlf wkhru| lq Skloolsv dqg Prrq +4<<<, lv dssolhg wr mrlqw
olplwv lq zklfk W>q $ 4/ dqg A

? $ 4> l1h/ wr vlwxdwlrqv zkhuh wkh wlph vhulhv vdpsoh lv
odujh uhodwlyh wr wkh furvv vhfwlrq vdpsoh1 Krzhyhu/ wkh jhqhudo dssurdfk jlyhq wkhuh lv
dovr dssolfdeoh wr vlwxdwlrqv lq zklfk A

? $ 3> dowkrxjk gl�huhqw olplw uhvxowv zloo jhqhudoo|
rewdlq lq wkdw fdvh1

6 Lqglylgxdo H�hfwv lq Qrqvwdwlrqdu| Sdqho Gdwd

Prgholqj/ lqwhusuhwlqj dqg ghdolqj zlwk lqglylgxdo h�hfwv lv d fuxfldo hohphqw lq pxfk
sdqho gdwd dqdo|vlv dqg wkh vdph lv wuxh ri wkh qrqvwdwlrqdu| fdvh1 Lq d vlpsoh g|qdplf
sdqho uhjuhvvlrq prgho vxfk dv

}�c| @ �� . �}�c|3� . x�c|> +615,

zkhuh wkh �� duh wlph lqyduldqw lqglylgxdo h�hfwv/ li m�m ? 4> wkh wlph vhulhv frpsrqhqwv
ri }�c| duh vwdwlrqdu|1 Lq wklv fdvh/ ghshqglqj rq wkh xqghuo|lqj hfrqrphwulf dssolfdwlrq/
frqyhqwlrqdo sdqho dqdo|vlv r�huv gl�huhqw lqwhusuhwdwlrqv wr wkh ��> zklfk vrphwlphv
dsshdu dv lqflghqwdo sdudphwhuv dqg vrphwlphv dv udqgrp frpsrqhqwv1 Zkhq � @ 4> wkh
wlph vhulhv frpsrqhqwv ri }�c| duh qrqvwdwlrqdu| dqg wklv vhfwlrq r�huv dq lqwhusuhwdwlrq
ri wkh lqglylgxdo h�hfwv lq whupv ri lqglylgxdo vshfl�f ghwhuplqlvwlf wuhqgv1

Wr prwlydwh/ zh vwduw zlwk wkh vlpsoh g|qdplf prgho +6=5, zlwk � @ 4= Uhfxuvlyh
vxevwlwxwlrq ohdgv wr

}�c| @ �� . }�c|3� . x�c|

@ ��w.
|[

r'�

x�cr . }�cf

@ ��w. }f�c|> vd|/ +616,

zkhuh }f�c| @ }f�c|3� . x�c| vr wkdw }f�c| lv d sxuh xqlw urrw surfhvv1 Wkh uhirupxodwlrq lq
+6=6, uhyhdov wkdw qrqvwdwlrqdu| sdqho gdwd zlwk lqglylgxdo h�hfwv duh frpsrvhg ri wzr
frpsrqhqwv= +l, vwrfkdvwlf wuhqgv uhsuhvhqwhg e| }f�c| zkrvh wlph vhulhv frpsrqhqwv duh

8



sxuh xqlw urrw surfhvvhv> dqg +ll, lqglylgxdoo| gl�huhqw +vrphwlphv udqgrpo| gl�huhqw/
ghshqglqj rq wkh dvvxpswlrqv frqfhuqlqj ��, ghwhuplqlvwlf wuhqgv ��w/ zklfk duh wkh uhdo0
l}dwlrqv ri wkh lqglylgxdo h�hfwv1 Wklv vxjjhvwv wkdw d qdwxudo lqwhusuhwdwlrq ri lqglylgxdo
h�hfwv lq qrqvwdwlrqdu| wlph vhulhv lv dv lqglylgxdoo| vshfl�f ghwhuplqlvwlf wuhqgv1 Vxfk
irupxodwlrqv vhhp sduwlfxoduo| xvhixo lq prghoolqj djjuhjdwh pdfurhfrqrplf wlph vhulhv
olnh JGS shu fdslwd dfurvv frxqwulhv zklfk pd| kdyh vrph lqglylgxdoo| vshfl�f jurzwk
fkdudfwhulvwlfv zkloh dw wkh vdph wlph doo kdylqj vwrfkdvwlf wuhqgv ru dxwruhjuhvvlyh urrwv
qhdu xqlw|1

H{whqglqj prgho +6=6, wr wkh yhfwru fdvh lv vwudljkwiruzdug1 Vlpso| ohw ]�c| eh dq
p�yhfwru sdqho vhulhv dqg D�cf dqg D�c� eh p�yhfwru frh!flhqwv1 Wkhq/ d qdwxudo gdwd
jhqhudwlqj surfhvv iru vxfk sdqhov zlwk lqglylgxdo h�hfwv dqg doorzdqfh iru qrqvwdwlrqdulw|
zrxog eh wkh frpsrqhqwv prgho5

]�c| @ D�cf .D�c�w. ]f
�c|> +617,

]f
�c| @ ]f

�c|3� . X�c|=

Prghov ri wklv w|sh pd| eh xvhixo lq prghoolqj vhyhudo djjuhjdwh ru �qdqfldo vhulhv vlpxo0
wdqhrxvo| ryhu wlph dqg dfurvv frxqwulhv1 Lq vxfk fdvhv/ zh pd| dovr zlvk wr doorz iru
wkh hohphqwv ri D�c� wr eh uhvwulfwhg lq vrph zd|/ shukdsv e| d ixqfwlrqdo ghshqghqfh rq
dqrwkhu sdudphwhu/ zkloh vwloo doorzlqj iru yduldwlrq dfurvv l=

7 Orqj0Uxq Dyhudjh Uhodwlrqvklsv

Li +\>[, lv elyduldwh qrupdoo| glvwulexwhg dv Q +3>	, zlwk

	 @

�
	++ 	+%

	+% 	%%

�

wkhq wkh uhjuhvvlrq frh!flhqw ri \ rq [ lv gh�qhg dv wkh udwlr � @ 	+%	3�%% = Vlploduo|/ lq
wkh fodvvlfdo olqhdu uhjuhvvlrq prgho

\| @ �[| .X|> +718,

zkhuh H[| @ HX| @ 3/ dqg [| dqg X| duh xqfruuhodwhg/ wkh uhjuhvvlrq frh!flhqw �
vdwlv�hv wkh prphqw frqglwlrq ehwzhhq \| dqg [| jlyhq e|

� @
�
H\|[

�
|

� �
H[|[

�
|

�3�
@ 	+%	

3�
%% = +719,

Lw wxuqv rxw wkdw wklv w|sh ri fodvvlfdo uhjuhvvlrq frh!flhqw fdq eh h{whqghg wr uhjuhvvlrq
prghov zlwk qrqvwdwlrqdu| wlph vhulhv yduldeohv1 Vxssrvh wkh ghshqghqw yduldeoh \| dqg
lqghshqghqw yduldeoh [| duh xqlw urrw qrqvwdwlrqdu| dqg vdwlvi|�

\|
[|

�
@

�
\|3�
[|3�

�
.

�
X+c|

X%c|

�
5Xvxdoo|/ wkh lqglylgxdo lqwhufhsw whupv ��cf fdq eh devruehg lqwr wkh lqwldo frqglwlrq ri ~f

�cf� Hyhq li
wkh ��cf fdq eh lghqwl�hg e| vshfli|lqj d GJS iru ~f

�cfc xvxdoo| wkh ��cf duh qrw frqvlvwhqwo| hvwlpdeoh
xvlqj wlph vhulhv frpsrqhqwv1 Vhh Skloolsv dqg Ohh+4<<9, iru vrph ixuwkhu glvfxvvlrq ri wklv lvvxh1
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zlwk vwdwlrqdu| huuruv X| @
�
X �+c|> X �%c|

��
= Ohw wkh orqj0uxq yduldqfh pdwul{ ri X| eh jlyhq

e|


 @ olp
A

H

##
4s
W

A[
|'�

X|

$#
4s
W

A[
|'�

X �|

$$
@

"[
&'3"

H
�
XfX

�
&

�
>

dqg sduwlwlrqhg dv


 @

�

++ 
%+


+% 
%%

�
=

Zlwklq wklv iudphzrun/ lw lv srvvleoh wr gh�qh d fodvvlfdo orqj uxq uhjuhvvlrq frh!flhqw
ehwzhhq \ dqg [ iru wkh orqj uxq fryduldqfh pdwul{ 
 wkdw lv dqdorjrxv wr wkh frh!flhqw
� lq +7=9, = Lq sduwlfxodu/ zh fdq gh�qh

� @ olp
A

H

�
\As
W

[ �
As
W

��
olp
A

H

�
[As
W

[ �
As
W

��3�
@ oufry +\A >[A > , ^ouydu +[A ,`

3� @ 
+%

3�
%%

+71:,
dqg lq wklv fdvh � lv lqwhusuhwhg dv d frh!flhqw wkdw gh�qhv d orqj0uxq uhodwlrq ehwzhhq
wzr qrqvwdwlrqdu| yduldeohv \| dqg [|=

Zkhq 
 kdv gh�flhqw udqn/ lw qrz d vwdqgdug uhvxow lq wkh qrqvwdwlrqdu| wlph vhulhv
olwhudwxuh +h=j=> Hqjoh dqg Judqjhu/ 4<;: dqg Skloolsv/ 4<;9, wkdw � lv d frlqwhjudwlqj
frh!flhqw lq wkh vhqvh wkdw wkh sduwlfxodu olqhdu frpelqdwlrq \| � �[| lv vwdwlrqdu|1 D
pruh lqwhuhvwlqj dqg uhpdundeoh ihdwxuh ri � lv wkdw lw phdvxuhv d vwdwlvwlfdo orqj0uxq
fruuhodwlrq ehwzhhq wzr qrqvwdwlrqdu| yduldeohv [| dqg \| hyhq lq wkh devhqfh ri wlph
vhulhv frlqwhjudwlrq1 Wr vhh wklv srlqw pruh fohduo|/ vxssrvh wkdw wzr qrqvwdwlrqdu| wlph
vhulhv yduldeohv \� dqg [| kdyh wkh iroorzlqj uhodwlrq/

\| @ I| .Z|>

[| @ I|

zlwk �
Z|

I|

�
@

�
Z|3�
I|3�

�
.

�
X�c|

Xsc|

�
>

dqg zkhuh X�cr lv lqghshqghqw ri Xsc| iru doo w dqg v dqg kdv qrq0}hur orqj0uxq yduldqfh1 Lq
wklv h{dpsoh/ I| pd| fruuhvsrqg wr d qrqvwdwlrqdu| frpprq idfwru yduldeoh ri \| dqg [|>
dqg Z| wr d qrqvwdwlrqdu| lglrv|qfudwlf idfwru yduldeoh1 Vlqfh Z| lv qrqvwdwlrqdu| ryhu
wlph/ lw lv dssduhqw wkdw wkhuh lv qr frlqwhjudwlqj uhodwlrq ehwzhhq \| dqg [|= Krzhyhu/
vlqfh wkh wzr qrqvwdwlrqdu| yduldeohv \| dqg [| vkduh d frpprq frqwulexwru| qrqvwdwlrq0
du| vrxufh lq I|> zh pd| vwloo h{shfw wr �qg hylghqfh ri orqj uxq fruuhodwlrq ehwzhhq [|

dqg \|> dqg wklv lv zkdw lv phdvxuhg e| wkh uhjuhvvlrq frh!flhqw � lq +7=:, =
Skloolsv dqg Prrq +4<<<, h{whqghg wklv frqfhsw ixuwkhu wr wkdw ri d orqj0uxq dyhudjh

uhodwlrq1 Dv zh zloo glvfxvv lq wkh qh{w vhfwlrq/ wklv frqfhsw wxuqv rxw wr eh xvhixo lq
lqwhusuhwlqj sdqho uhjuhvvlrqv zlwk qrqvwdwlrqdu| gdwd ri wkh irup

\�c| @ a�?cA[�c| . �X�c|> +71;,

ru
\�c| @ a�� . a�?cA[�c| . �X�c|>

:



zkhuh wlph vhulhv frpsrqhqwv ri
�
\ ��c|>[

�
�c|

��
duh qrqvwdwlrqdu|61 Wr h{sodlq wklv qrwlrq/

vxssrvh sdqho revhuydwlrqv ri \�c| dqg [�c| duh dydlodeoh1 Lq pdq| dssolfdwlrqv lw zloo eh
uhdolvwlf wr doorz iru vrph khwhurjhqhlw| dfurvv lqglylgxdov l lq wkh srsxodwlrq1 Wklv furvv
vhfwlrq khwhurjhqhlw| fdq eh fkdudfwhul}hg e| khwhurjhqhrxv orqj0uxq yduldqfh pdwulfhv 
�=
Wkh 
� fdq eh wdnhq wr eh udqgrpo| gudzq iurp d srsxodwlrq zkrvh phdq lv 
 @ H
�=
Lq wklv frqwh{w/ lw lv d qdwxudo h{whqvlrq ri wkh xvxdo fodvvlfdo frqfhsw ri d uhjuhvvlrq
frh!flhqw wr gh�qh wkh orqj0uxq dyhudjh uhjuhvvlrq frh!flhqw � dv

� @ H +
+�%�,H +
%�%�,
3�@ 
+%


3�
%% > +71<,

ru

� @

#
olp
?cA

4

q

?[
�'�

H

�
\�c|s
W

[ �
�c|s
W

�$#
olp
?cA

4

q

?[
�'�

H

�
[�c|s
W

[ �
�c|s
W

�$3�
@ 
+%


3�
%% >

zklfk lv vlpso| wkh uhjuhvvlrq frh!flhqw fruuhvsrqglqj wr wkh dyhudjh orqj0uxq fryduldqfh
pdwul{ 
17

8 Olqhdu Uhjuhvvlrq zlwk Qrqvwdwlrqdu| Sdqho Gdwd

Ghshqglqj rq wkh wlph vhulhv vwuxfwxuh ri wkh sdqho gdwd/ sdqho uhjuhvvlrqv ri \�c| rq
[�c| fdq eh fdwhjrul}hg lqwr irxu fdvhv= +l, sdqho vsxulrxv uhjuhvvlrq/ zkhuh wkhuh lv qr
wlph vhulhv frlqwhjudwlrq> +ll, khwhurjhqhrxv sdqho frlqwhjudwlrq/ zkhuh hdfk lqglylgxdo
kdv lwv rzq vshfl�f frlqwhjudwlqj uhodwlrq> +lll, krprjhqhrxv sdqho frlqwhjudwlrq/ zkhuh
lqglylgxdov kdyh wkh vdph frlqwhjudwlqj uhodwlrq> dqg +ly, qhdu0krprjhqhrxv sdqho frlqwh0
judwlrq/ zkhuh lqglylgxdov kdyh voljkwo| gl�huhqw frlqwhjudwlqj uhodwlrqv ghwhuplqhg e| wkh
ydoxh ri d orfdol}lqj sdudphwhu1 Dvvxplqj wkdw wkh wlph vhulhv frpsrqhqwv ri wkh sdqho

]�c| @
�
\ ��c|>[

�
�c|

��
lv lqwhjudwhg> Skloolsv dqg Prrq +4<<<, lqyhvwljdwhg wkhvh irxu prghov

dqg ghyhorshg sdqho dv|pswrwlfv iru uhjuhvvlrq frh!flhqwv dqg whvwv xvlqj erwk vhtxhq0
wldo dqg mrlqw olplw dujxphqwv= Wklv vhfwlrq eulh | uhylhzv wkh pdlq �qglqjv wkdw uhodwh
wr wkhvh qrqvwdwlrqdu| sdqho uhjuhvvlrq prghov1 Wkh �qdo sduw ri wkh vhfwlrq h{whqgv wkh
dv|pswrwlfv wr wkh fdvh zkhuh wkh GJS iru sdqho yhfwru lqwhjudwhg frqwdlqv lqglylgxdo

h�hfwv/ wkdw lv sdqho gdwd ]�c| @
�
\ ��c|>[

�
�c|

��
wkdw duh jhqhudwhg e| +6=7, =

+d, Sdqho Vsxulrxv Uhjuhvvlrq Lq wkh qrqvwdwlrqdu| wlph vhulhv olwhudwxuh/ zkhq wkh
orqj0uxq fryduldqfh pdwul{ 
 ri wkh gl�huhqfhv ri d qrqvwdwlrqdu| yhfwru ]�c| @ +\ �| >[

�
|,
�

kdv ixoo udqn/ dq ROV uhjuhvvlrq ri \| dqg[| lv vdlg wr eh vsxulrxv +Judqjhu dqg Qhzerog/
4<:7 dqg Skloolsv/ 4<;9, dqg wkhuh lv qr frlqwhjudwlqj uhodwlrq ehwzhhq wkhp1 Qrz frqvlghu
wkh sdqho uhjuhvvlrq ri wzr vxfk frpsrqhqw udqgrp yhfwruv/ \�c| dqg [�c|> iru zklfk wkhuh

6Iru h{srvlwlrqdo frqyhqlhqfh/ wklv sdshu frqvlghuv wkh fdvh ri Ee�H� c zkhuh wkhuh lv qr lqglylgxdo h�hfw
lq �wwhg uhjuhvvlrqv1 Iru wkh pruh jhqhudo fdvh zlwk wkh lqglylgxdo h�hfw lq wkh uhjuhvvlrq/ uhihu wr Skloolsv
dqg Prrq +4<<<,1

7Zkhq wkh qrqvwdwlrqdu| sdqho gdwd duh jhqhudwhg e| yhfwru lqwhjudwhg surfhvv zlwk lqglylgxdo h�hfwv

~�c| ' ��cf n��c�|n ~f

�c|c

~f

�c| ' ~f

�c|3� n L�c|c

wkh dyhudjh orqj0uxq uhodwlrq ehwzhhq wkh hohphqwv ri ~�c|c vd| t�c| dqg f�c|c fdq eh irupxodwhg e| wkh
uhjuhvvlrq frh!flhqw ri wkh orqj0uxq dyhudjh fryduldqfh pdwul{ ri ~f

�c|1

;



lv qr frlqwhjudwlqj uhodwlrq dprqj wkh hohphqwv ri ]�c| iru dq| l +l=h=> wkh frqglwlrqdo
orqj0uxq fryduldqfh pdwul{ ri �]�c|> 
�> lv srvlwlyh gh�qlwh doprvw vxuho| iru doo l,= Wkh
uhjuhvvlrq kdv wkh irup

\�c| @ a�[�c| . aX�c| +8143,

ru
\�c| @ a�� . a�[�c| . aX�c|= +8144,

Lq wklv fdvh/ Skloolsv dqg Prrq +4<<<, vkrzhg wkdw xqghu txlwh zhdn uhjxodulw| frqglwlrqv
wkh srrohg ohdvw vtxduhv hvwlpdwru a� lv

s
q�frqvlvwhqw iru wkh orqj0uxq dyhudjh uhodwlrq

sdudphwhu � dqg kdv d olplwlqj qrupdo glvwulexwlrq1 Lq rwkhu zrun/ Prrq dqg Skloolsv
+4<<;d, vkrzhg wkdw lq +8=44, d olplwlqj furvv vhfwlrq uhjuhvvlrq zlwk wlph dyhudjhg gdwd lv
dovr

s
q0frqvlvwhqw iru � dqg djdlq kdv d olplwlqj qrupdo glvwulexwlrq1 Lq vrph uhodwhg zrun

rq qrqvwdwlrqdu| sdqho frlqwhjudwlrq whvwv/ Shgurql+4<<8, dqg Ndr dqg PfFrvnh|+4<<;,
orrnhg dw prgho +8=44, xqghu pruh uhvwulfwlyh frqglwlrqv wkdq Skloolsv dqg Prrq +4<<<,1
Lq wklv vhfwlrq/ iru frqyhqlhqfh/ zh frqvlghu wkh vlpsoh prgho +8=43, =

Wkh lghd ehklqg wkh frqvlvwhqw hvwlpdwlrq ri wkh orqj uxq dyhudjh frh!flhqw lq d
vsxulrxv sdqho lv vlpsoh dqg lqwxlwlyh dqg fdq eh h{sodlqhg dv iroorzv1 Lq d wlph vhulhv
vsxulrxv uhjuhvvlrq ri \| rq [| wkh olplw ri wkh ROV hvwlpdwru a�rR lv d qrqghjhqhudwh
udqgrp yduldwh wkdw lv d ixqfwlrqdo ri Eurzqldq prwlrqv dv lq +Skloolsv +4<;9,,
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zkhuh
�
E�+>E

�
%

�� lv d yhfwru Eurzqldq prwlrq zlwk fryduldqfh pdwul{ 
 dqg lqwhjudov
khuh dqg hovhzkhuh lq wkh sdshu duh wdnhq ryhu wkh lqwhuydo ^3> 4`1 Lq wklv fdvh a�rR lv qrw
frqvlvwhqw iru �= Krzhyhu/ e| d vlpsoh fdofxodwlrq
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Wkh lghd lq Skloolsv dqg Prrq +4<<<, lv wkdw lqghshqghqw furvv vhfwlrq gdwd lq wkh sdqho
dggv lqirupdwlrq dqg wklv ohdgv wr d vwurqjhu ryhudoo vljqdo wkdq wkdw ri wkh sxuh wlph
vhulhv fdvh1 Pruh vshfl�fdoo|/ lq wkh sdqho fdvh/ zh kdyh wkh hvwlpdwru
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zklfk srrov lqirupdwlrq dfurvv lqglylgxdov l= Li zh �{ q dqg ohw W $ 4 �uvw dqg wkhq ohw
q $ 4/ zh kdyh

a�?cA , 4
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Vlploduo|/ wkh ROV hvwlpdwru zlwk wlph dyhudjhg gdwd/ zklfk lv fdoohg d olplw furvv vhfwlrq
hvwlpdwru/
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kdv wkh iroorzlqj vhtxhqwldo olplw dv +W>q $ 4,vht
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dv W $ 4 iru �{hg q

$ R

�
H

]
E+�

]
E�%�

��
H

]
E%�

]
E�%�

�3�
@ 
+%


3�
%% @ � dv q $ 4= +8146,

Vr erwk a�?cA dqg ��?cA duh frqvlvwhqw iru �=

+e, Khwhurjhqhrxv Sdqho Frlqwhjudwlrq Uhjuhvvlrq Zkhq wkh orqj uxq fryduldqfh
pdwulfhv 
� kdyh gh�flhqw udqn/ wkhuh zloo h{lvw wlph vhulhv frlqwhjudwlqj uhodwlrqv dprqj
wkh hohphqwv ri ]�c|= Wkhvh uhodwlrqv zloo/ lq jhqhudo/ eh khwhurjhqhrxv dqg wkh prgho zloo
wkhq eh d khwhurjhqrxv sdqho frlqwhjudwlqj uhjuhvvlrq ri wkh irup

\�c| @ ��[�c| .H�c|> +8147,

zkhuh �� @ 
+�%�

3�
%�%� duh udqgrpo| gl�hulqj lqglylgxdo frlqwhjudwlrq frh!flhqwv dqg wkh

H�c| duh vwdwlrqdu|1 Skloolsv dqg Prrq +4<<<, vkrzhg wkdw lq prgho +8=47, wkh srrohg ohdvw
vtxduhv hvwlpdwru a� lv

s
q�frqvlvwhqw iru � dqg kdv d qrupdo olplw glvwulexwlrq1

Shvdudq dqg Vplwk+4<<8, vwxglhg olplwlqj furvv vhfwlrq uhjuhvvlrqv zlwk wlph dyhudjhg
gdwd dqg hvwdeolvkhg frqvlvwhqf| zlwk uhvwulfwlyh dvvxpswlrqv rq prgho +8=47, = Dq lp0
sruwdqw gl�huhqfh ehwzhhq wkhvh vwxglhv lv wkdw Shvdudq dqg Vplwk+4<<8, xvh dq dyhudjh
ri wkh frlqwhjudwlrq frh!flhqwv/ jlyhq e| ��7 @ H +��, > zklfk lv jhqhudoo| gl�huhqw iurp
wkh orqj uxq dyhudjh uhjuhvvlrq frh!flhqw � ehfdxvh8

H
�

+�%�


3�
%�%�

� 9@ H +
+�%�, ^H +
%�%�,`
3� =

Lq rughu wr gh�qh ��7 > wkhuh qhhgv wr h{lvw frlqwhjudwlqj wlph vhulhv uhodwlrqv/ zkhuhdv �
lv gh�qhg luuhvshfwlyh ri wkh h{lvwhqfh ri lqglylgxdo frlqwhjudwlqj uhodwlrqv dqg uholhv rqo|
rq wkh orqj uxq dyhudjh yduldqfh pdwul{ ri wkh sdqho1 Lq wklv dvshfw/ wkh xvh ri wkh orqj
uxq dyhudjh uhjuhvvlrq frh!flhqw � vhhpv wr eh d pruh urexvw frqfhsw wkdq wkh dyhudjh
frh!flhqw ��7 lq hpslulfdo zrunv1

+f, Krprjhqhrxv Sdqho Frlqwhjudwlrq Uhjuhvvlrq Wkh wklug prgho dvvxphv wkdw
wkh vdph frlqwhjudwlqj uhodwlrq ehwzhhq \�c| dqg [�c| dssolhv iru doo l> yl}1

\�c| @ �[�c| .H�c|> +8148,

8Ri frxuvh/ wkhuh duh vrph fdvhv zkhuh wzr orqj0uxq dyhudjh uhodwlrqv duh htxlydohqw1 Iru h{dpsoh
l%l%l ' l%% iru doo ��
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zkhuh � @ 
+%
3�%% lv d krprjhqhrxv frlqwhjudwlqj frh!flhqw1 Wklv frpprq frlqwhjudwlqj
uhodwlrq pd| eh vxjjhvwhg e| dq xqghuo|lqj hfrqrplf wkhru|1

Dprqj uhfhqw frqwulexwlrqv wr wkh qrqvwdwlrqdu| sdqho gdwd olwhudwxuh/ Skloolsv dqg
Prrq +4<<<,/ Shgurql+4<<9,/ dqg Ndr dqg Fkldqj+4<<;, kdyh doo lqyhvwljdwhg olplw wkhr0
ulhv iru ydulrxv hvwlpdwruv ri � lq prgho +8=48, = Hdfk ri wkhvh vwxglhv kdv irxqg wkdw wkh
srrohg ROV hvwlpdwru ri � lv

s
q0 frqvlvwhqw ru

s
qW 0 frqvlvwhqw ghshqglqj rq zkhwkhu

ru qrw wkhuh h{lvwv vhuldo fruuhodwlrq lq wkh wlph vhulhv frpsrqhqw ri +H�c|>�[�c|, = Wklv
kdsshqv ehfdxvh vhuldo fruuhodwlrq lq wkh wlph vhulhv frpsrqhqw ri +H�c|>�[�c|, jhqhudwhv
d vhfrqg rughu eldv dulvlqj iurp d rqh0vlghg orqj0uxq fryduldqfh ehwzhhq H�c| dqg �[�c|

+vhh Skloolsv dqg Gxuodxi/ 4<;9/ Sdun dqg Skloolsv/ 4<;;/ dqg Skloolsv dqg Prrq/ 4<<;,/
exw lq wkh sdqho fdvh wklv eldv lv vhulrxv hqrxjk wr dowhu wkh udwh ri frqyhujhqfh ri wkh
hvwlpdwru1 Wr dgguhvv wkh eldv sureohp lq wkh wlph vhulhv fdvh/ vrph vshfldol}hg hvwlpd0
wlrq surfhgxuhv kdyh ehhq vxjjhvwhg1 Dprqj wkhvh wkh ixoo| prgl�hg +IP, phwkrg kdv
dwwudfwhg wkh prvw lqwhuhvw dqg lv wkh prvw xvhg lq hpslulfdo uhvhdufk1

Wkh IP phwkrg zdv ruljlqdoo| vxjjhvwhg e| Skloolsv dqg Kdqvhq+4<<3, wr holplqdwh
hqgrjhqhlw| lq wkh uhjuhvvruv +dulvlqj iurp fruuhodwlrq ehwzhhq [�c| dqg H�c| lq prgho
+8=48,, dqg vhuldo fruuhodwlrq lq wkh huuruv +l1h1/ vhuldo fruuhodwlrq lq +H�c|>�[�c|,,> erwk ri
zklfk jhqhudwh wkh vhfrqg rughu eldv +vhh Skloolsv dqg Kdqvhq/ 4<<3/ dqg Skloolsv/ 4<<8/
iru d ixoo h{srvlwlrq,1 Lq wkh qrqvwdwlrqdu| wlph vhulhv olwhudwxuh/ lw lv zhoo nqrzq wkdw
wkh IP phwkrg |lhogv dq rswlpdo hvwlpdwru iru wkh frlqwhjudwlqj frh!flhqw lq Jdxvvldq
frlqwhjudwlrq uhjuhvvlrq prghov +Skloolsv/ 4<<4,1 Wr vkrz krz wr dsso| wkh IP dssurdfk
lq d sdqho uhjuhvvlrq prgho/ zh frqvlghu wkh vlpsoh prgho +8=48, > zkhuh wkh huuru surfhvv
+H�c|>�[�c|, lv llg dfurvv l1 Ohw 
 dqg � ghqrwh wkh orqj0uxq fryduldqfh pdwul{ dqg rqh0
vlghg orqj0uxq fryduldqfh pdwul{ ri +H�c|>�[�c|, > uhvshfwlyho|/ dqg sduwlwlrq wkhvh pdwulfhv
dv iroorzv=
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=

Wr frqvwuxfw d sdqho IP hvwlpdwru/ zh qhhg wr rewdlq frqvlvwhqw wlph vhulhv hvwlpdwruv
a
 dqg a� ri 
 dqg �= Lq rxu fdvh/ frqvlvwhqw hvwlpdwhv pd| eh frqvwuxfwhg xvlqj dyhudjhv
+ryhu l @ 4> ==> q, ri wkh xvxdo frqvlvwhqw +dv W $ 4, qrqsdudphwulf nhuqho hvwlpdwhv ri wkh
fruuhvsrqglqj orqj0uxq txdqwlwlhv iru hdfk l= Pruh vshfl�fdoo|/ ohw a�� +m, @ �

A

S
| I�c|I

�
�c|n� /

zkhuh wkh vxppdwlrq lv ryhu 4 � w> w. m � W> dqg gh�qh wkh dyhudjhg nhuqho hvwlpdwruv

a
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�
a�� +m, >

a� @ �
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�'�

a��> a�� @
A3�[
�'f

z
�

�
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�
a�� +m, >

zkhuh z+{, lv d odj nhuqho +iru ghwdlohg frqglwlrqv rq vxlwdeoh nhuqhov/ vhh Skloolsv dqg
Prrq/ 4<<;,1 Wkhq/ gh�qh wkh prgl�hg ghshqghqw yduldeohv

\ n
�c| @ \�c| � a
e%

a
3�%%�[�c| +8149,
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dqg vhuldo ghshqghqfh holplqdwru

a�n
e% @ a�e% � a
e%

a
3�%% a�%%= +814:,

Htxdwlrq +8149, jlyhv wkh sdqho hqgrjhqhlw| fruuhfwlrq dqg htxdwlrq +814:, jlyhv wkh sdqho
vhuldo fruuhodwlrq fruuhfwlrq1 Xvlqj wkhvh fruuhfwlrqv/ d srrohg IP +SIP, hvwlpdwru fdq
eh gh�qhg dv iroorzv=

a��8� @

#
?[
�'�

A[
|'�

\ n
�c|[

�
�c| � qW a�n

e%

$#
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�'�

A[
|'�

[�c|[
�
�c|

$3�
=

Wkhq/ dv vkrzq lq Skloolsv dqg Prrq +4<<<,/ a��8� lv
s
qW 0 frqvlvwhqw iru � dqg kdv d

qrupdo olplw glvwulexwlrq1

+g, Qhdu0Krprjhqrxv Sdqho Frlqwhjudwlrq= Wklv prgho kdv wkh irup

\�c| @ ��[�c| .H�c|> +814;,

zkhuh

�� @ � .
��s
qW

= +814<,

Wkh prgho doorzv hdfk lqglylgxdo wr srvvhvv d voljkwo| gl�huhqw frlqwhjudwlqj uhodwlrq lq
d orfdol}lqj vhqvh1 Dv vkrzq lq Skloolsv dqg Prrq +4<<<,/ wkh SIP hvwlpdwru iru � lvs
qW 0frqvlvwhqw dqg d qrupdo olplw glvwulexwlrq zlwk dq dv|pswrwlf eldv wkdw ghshqgv rq

wkh dyhudjh qrqfhqwudolw|/ H +��, > lq +814<,1

814 Dq H{whqvlrq wr Prghov zlwk Lqglylgxdo H�hfwv

Wklv vhfwlrq surylghv vrph qhz uhvxowv wkdw vkrz krz wr h{whqg wkh deryh lghdv wr
prghov zlwk lqglylgxdo h�hfwv lq wkh GJS1 Vxssrvh wkdw wkh p�yhfwru ri qrqvwdwlrqdu|
sdqho gdwd ]�c| lv jhqhudwhg e| dq lqwhjudwhg surfhvv zlwk lqglylgxdo vshfl�f ghwhuplqlvwlf
wuhqgv dv lq

]�c| @ D�cf .D�c�w. ]f
�c|> +8153,

]f
�c| @ ]f

�c|3� . X�c|>

zkhuh wkh frqglwlrqdo orqj0uxq fryduldqfh pdwul{ ri ]f
�c| lv srvlwlyh gh�qlwh doprvw vxuho|1

Dv zh glvfxvvhg deryh/ wkh wuhqgv D�cf . D�c�w uh hfw lqglylgxdo vshfl�f h�hfwv lq wkh
sdqho gdwd ]�c|= Wklv vhfwlrq vkrzv krz wr hvwlpdwh wkh orqj0uxq dyhudjh uhodwlrq ehwzhhq

wzr hohphqwv ri ]�c| @
�
\ ��c|>[

�
�c|

��
lq wkh suhvhqfh ri lqglylgxdo vshfl�f wuhqgv1 Rqo| wkh

fdvh ri sdqho vsxulrxv uhjuhvvlrq lv fryhuhg khuh/ wkh sdqho frlqwhjudwlqj fdvh ehlqj yhu|
vlplodu9

Frqvlvwhqw hvwlpdwlrq ri wkh orqj0uxq dyhudjh uhodwlrq � lv txlwh vwudljkwiruzdug1 Iluvw/
zh hvwlpdwh wkh wuhqg frh!flhqwv: D�cf dqg D�c�> wkhq ghwuhqg ]�c| e| wdnlqj wkh uhvlgxdov

9 Lq wkh qrqvwdwlrqdu| wlph vhulhv olwhudwxuh/ prghov olnh +8153, kdyh ehhq zlgho| vwxglhg1 Iru h{dpsoh/
Skloolsv+4<;<, lqyhvwljdwhg vsxulrxv uhjuhvvlrqv dqg Mrkdqvhq+4<<4, vwxglhg frlqwhjudwlrq uhjuhvvlrqv lq
wklv frqwh{w1

:Dv phqwlrqhg hduolhu/ lw lv lpsrvvleoh wr frqvlvwhqwo| hvwlpdwh wkh lqwhufhsw frh!flhqw ��cf� Exw wklv
idfw grhv qrw d�hfw frqvlvwhqw hvwlpdwlrq ri q�
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iurp wklv uhjuhvvlrq1 Qh{w/ wkh ghwuhqghg gdwd lv srrohg dqg xvhg lq ohdvw vtxduhv uhjuhv0
vlrq wr hvwlpdwh �1 Iroorzlqj uhfhqw zrun lq wkh wlph vhulhv olwhudwxuh +Skloolsv dqg Ohh/
4<<9> Fdqmhov dqg Zdwvrq/ 4<<:,/ zh frqvlghu wzr gl�huhqw ghwuhqglqj surfhgxuhv edvhg
rq ROV dqg JOV uhjuhvvlrq1 Wkh ROV ghwuhqghg gdwd ghqrwhg dv �]�c| lv frqvwuxfwhg dv
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�SA
|'� jrj

�
r

�3�
j| +w @ 4> ===> W > l @ 4> ===> q, >

+8154,

zkhuh j| @ +4> w,� > vr wkdw �]�c| lv wkh wlph vhulhv ROV uhvlgxdo ri ]�c| rq wkh olqhdu wuhqg
j| @ +4> w,� = Zkhq wkh frpsrqhqw wlph vhulhv ]f

�c| lv d sxuh xqlw urrw surfhvv/ wlph vhulhv
gl�huhqflqj irupv wkh edvlv ri wkh JOV wudqvirupdwlrq/ dv lw lv qrw qhfhvvdu| wr xvh dq| ri
wkh vkruw phpru| vhuldo fruuhodwlrq surshuwlhv lq wkh irupdwlrq ri dq h!flhqw ghwuhqglqj
surfhgxuh +Skloolsv dqg Ohh/ 4<<9,1 Wkxv/ zh kdyh

�]�c| @ D�c� .�]f
�c| iru 5 � w � W=

dqg wkhq wkh JOV hvwlpdwru ri D�c� lv

�D�c� @
4

W � 4
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�]�c| @
4

W � 4
+]�cA � ]�c�, =

dv lq Vfkplgw dqg Skloolsv +4<<5,1 Wkh lqwhufhsw frh!flhqw D�cf lv hvwlpdwhg e| wdnlqj dq
dyhudjh ri ]�c| � �D�c�w> l=h=>
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Wkh JOV ghwuhqghg surfhvv/ �]�c|> lv wkhq gh�qhg dv;
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Qrz/ ohw �]�c| @
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�\ ��c|> �[
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�c|
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dqg �]�c| @
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> zkhuh wkh sduwlwlrqv duh frqirupdeoh1

Xvlqj wklv ghwuhqghg gdwd/ wkh iroorzlqj wzr hvwlpdwruv ri � fdq eh frqvwuxfwhg=
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$3�
=

Wkh iroorzlqj uhvxow/ zkrvh surri lv lq wkh Dsshqgl{ jlyhv d vhtxhqwldo olplw wkhru| iru
wkhvh hvwlpdwruv1

;Wklv sduwlfxodu ghwuhqglqj surfhgxuh kdv ehhq xvhg lq pxfk uhfhqw zrun rq qrqvwdwlrqdu| wlph vhulhv
� vhh Ekdujdyd+4<;9,/ Vwrfn+4<<4,/ dqg Vfkplgw dqg Skloolsv+4<<5,1
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Wkhruhp 4 Lq vhtxhqwldo olplwv dv +W>q $ 4,
vht

>

+d, ��r/ ��r $R �=

+e,
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q+��r � �, , Q
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3> 477
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3�%% 
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�
��r
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3�%% 
 L6+

��
=

Wkhruhp 4 vkrzv wkdw wkh srrohg ohdvw vtxduhv hvwlpdwruv xvlqj wkh ghwuhqghg gdwd
duh

s
q0 frqvlvwhqw iru wkh orqj0uxq dyhudjh sdudphwhu � dqg wkh| erwk kdyh qrupdo

dv|pswrwlf glvwulexwlrqv1 Iurp wkh h{suhvvlrqv iru wkh yduldqfh pdwulfhv jlyhq lq wkh
dsshqgl{ dqg zulwlqj
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 +F+� � �F%�,,

�� A 3=

Lw iroorzv wkdw ROV ghwuhqglqj ohdgv wr dq dv|pswrwlfdoo| pruh h!flhqw hvwlpdwru ri wkh
orqj uxq dyhudjh frh!flhqw � lq srrohg uhjuhvvlrq wkdq JOV ghwuhqglqj1 Wklv uhvxow/ zklfk
pd| vhhp xqh{shfwhg/ lv h{sodlqhg dv iroorzv1 JOV ghwuhqglqj surgxfhv d pruh h!flhqw
hvwlpdwru ri wkh wuhqg frh!flhqw wkdq ROV ghwuhqglqj lq wlph vhulhv uhjuhvvlrq1 Krzhyhu/
wkh uhvlgxdov diwhu wlph vhulhv JOV ghwuhqglqj kdyh pruh furvv vhfwlrq yduldwlrq wkdq wkh|
gr diwhu ROV ghwuhqglqj dqg wklv surgxfhv juhdw yduldwlrq lq wkh olplw glvwulexwlrq ri wkh
srrohg uhjuhvvlrq hvwlpdwru ri wkh orqj uxq dyhudjh frh!flhqw1

Wkhruhp 4 fdq dovr eh vkrzq wr krog zkhq zh wdnh mrlqw olplwv ri wkh lqgh{hv surylghg
?
A $ 3=Zh gr qrw jlyh d surri iru wkh mrlqw olplw khuh/ exw uhihu uhdghuv zkr duh lqwhuhvwhg
lq mrlqw olplw dujxphqwv wr Skloolsv dqg Prrq +4<<<,1

815 Lvvxhv ri Srrolqj dqg Furvv Vhfwlrq Uhjuhvvlrq zlwk Qrqvwdwlrqdu| Sdqho
Gdwd

Lq sdqho uhjuhvvlrq prghov/ zkhq wkh sdudphwhu ri lqwhuhvw lv wkh dyhudjh h�hfw ehwzhhq
wzr yduldeohv dqg erwk q dqg W duh odujh/ gl�huhqw zd|v ri djjuhjdwlqj sdqho gdwd fdq
ohdg wr gl�huhqw uhvxowv1 Iru lqvwdqfh/ lq d udqgrp frh!flhqw g|qdplf vwdwlrqdu| sdqho
uhjuhvvlrq prgho/ wkh srrohg hvwlpdwru lv lqfrqvlvwhqw iru wkh dyhudjh ri wkh udqgrp frh!0
flhqw/ zkloh d olplwlqj furvv vhfwlrq uhjuhvvlrq jlyhv d frqvlvwhqw hvwlpdwh +h=j=> vhh Shvdudq
dqg Vplwk/ 4<<8,1 Krzhyhu/ lq qrqvwdwlrqdu| sdqho uhjuhvvlrq prghov/ erwk wkh srrohg
ohdvw vtxduhv hvwlpdwru dqg wkh olplwlqj furvv vhfwlrq hvwlpdwru duh vrphwlphv frqvlvwhqw
iru wkh orqj0uxq dyhudjh uhodwlrq sdudphwhu1 Dq h{dpsoh lv wkh vsxulrxv sdqho uhjuhvvlrq
prgho lq +8=43,/ dqg wkh uhvxowv jlyhq lq +8=45, dqg +8=46, frq�up wklv=
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9 G|qdplf Sdqho Uhjuhvvlrq

914 Frqyhqwlrqdo Phwkrgv

Rqh ri lpsruwdqw uhjuhvvlrq prghov lq sdqho gdwd dqdo|vlv lv d g|qdplf sdqho uhjuhvvlrq
prgho zlwk lqglylgxdo h�hfwv/ dqg wkh vlpsohvw irup lv

}�c| @ �� . �}�c|3� . x�c|> +9155,

zkhuh �� ghqrwh lqglylgxdo h�hfwv1 Lq frqyhqwlrqdo g|qdplf sdqho dqdo|vlv lw lv xvxdoo|
dvvxphg wkdw wkh vl}h ri wlph vhulhv frpsrqhqw W lv �{hg zkloh wkh furvv0vhfwlrqdo glphq0
vlrq q jrhv wr lq�qlw|1 Lq wklv fdvh/ lw lv zhoo nqrzq wkdw zlgho| xvhg hvwlpdwruv vxfk dv
wkh zlwklq hvwlpdwru dqg wkh �uvw gl�huhqfh hvwlpdwru duh lqfrqvlvwhqw dqg jhqhudwh dv0
|pswrwlf eldvhv +h=j=> Qlfnhoo +4<;4, fdofxodwhg wkh dv|pswrwlf eldv ri wkh zlwklq hvwlpdwru
iru � dqg vkrzhg wkdw lw ydqlvkhv wr }hur dv W $ 4=, Wklv sureohp lv txlwh vlplodu wr
wkh fodvvlfdo lqflghqwdo sdudphwhu sureohp irxqg e| Qh|pdq dqg Vfrww +4<7;, + Uhfhqwo|
Odqfdvwhu +4<<;, vxuyh|v ydulrxv lqflghqwdo sdudphwhu sureohpv wkdw dulvh lq hfrqrphwulf
prghov1,1

D vlpsoh zd| wr ryhufrph wkh lqflghqwdo sdudphwhu sureohp lv wr wuhdw wkh lqglylgxdo
h�hfw sdudphwhuv �� dv udqgrp yduldeoh zkrvh glvwulexwlrq ehorqjv wr d �qlwh glphq0
vlrqdo sdudphwhu idplo|1 Ghshqglqj rq gl�huhqw vshfl�fdwlrq ri wkh mrlqw glvwulexwlrq ri
�� dqg }�cf +lqlwldo revhuydwlrqv,/ zh pd| kdyh gl�huhqw olnholkrrg ixqfwlrqv +h=j=> Dqghu0
vrq dqg Kvldr/ 4<;4/ Dqghuvrq dqg Kvldr/ 4<;5/ Ekdujdyd dqg Vdujdq/ 4<;6,1 Lq wklv
fdvh/ dffruglqj wr wkh vwxglhv phqwlrqhg deryh/ wkh pd{lpxp olnholkrrg hvwlpdwruv duh
xvxdoo| frqvlvwhqw/ dowkrxjk wkhuh duh vrph h{fhswlrqv +h=j=> vhh Kvldr/ 4<;9 Fkdswhu 7 iru
h{fhswlrqdo fdvhv1,1

D gudzedfn ri wkh POH dssurdfk lv wkdw lw riwhq uhtxluhv txlwh vwurqj dvvxpswlrqv rq
glvwulexwlrqv ri wkh lqglylgxdo h�hfw �� dqg wkh lqlwldo frqglwlrq }�cf= Dovr wkh frpsxwdwlrq
ri wkh POH lv xvxdoo| qrw vlpsoh1 Dq dowhuqdwlyh phwkrg wr ryhufrph wkhvh sureohpv ri
wkh POH lv wr xvh dq vlpsoh lqvwuxphqwdo yduldeoh +LY,1 Iru h{dpsoh/ Dqghuvrq dqg Kvldr
+4<;4, xvhg }�c|32 dv dq LY lq wkh �uvw gl�huhqfh uhjuhvvlrq1 Wkh LY hvwlpdwlrq phwkrg
lv xvxdoo| hdv| wr lpsohphqw/ hyhq wkrxjk LY hvwlpdwruv lq wkh hduo| olwhudwxuh duh qrw
h!flhqw lq jhqhudo1 Gxulqj wkh ;3*v/ dv d jhqhudol}dwlrq ri wkh LY hvwlpdwlrq phwkrg/
wkh Jhqhudol}hg Phwkrg ri Prphqwv +JPP, hvwlpdwlrq phwkrg zdv ghyhorshg +Kdqvhq/
4<;5,1 Wkh JPP hvwlpdwlrq xwlol}hv wkh lqirupdwlrq rq wkh srsxodwlrq prphqw frqglwlrqv
lpsolhg e| hfrqrplf wkhrulhv ru xqghuo|lqj gdwd jhqhudwlqj surfhvvhv1 Vlqfh wkdq/ uhfhqw
g|qdplf sdqho vwxglhv kdyh dssolhg wkh JPP dssurdfk lq hvwlpdwlqj wkh g|qdplf sdqho
uhjuhvvlrq prgho1 Iurp wkh dvvxpswlrqv lpsrvhg rq wkh gdwd jhqhudwlqj surfhvv ri wkh
g|qdplf sdqho gdwd/ uhohydqw srsxodwlrq prphqw frqglwlrqv duh irxqg1 Edvhg rq wkhvh
frqglwlrqv/ rqh frqvwuxfwv dq h!flhqw JPP hvwlpdwru wkdw lv frqvlvwhqw dqg dv|pswrwlf
qrupdo xqghu txlwh zhdn frqglwlrqv1 Lq wklv fdvh/ ydulrxv JPP hvwlpdwruv duh srvvleoh/
ghshqglqj rq wkh gl�huhqw prphqw frqglwlrqv1 +h=j=> Dkq dqg Vfkplgw/ 4<<8/ Dkq dqg
Vfkplgw/ 4<<:/ Duhoodqr dqg Erqg/ 4<<4/ Duhoodqr dqg Eryhu/ 4<<8/ Fkdpehuodlq/ 4<<5/
dqg Kdkq/ 4<<:/ Eoxqghoo dqg Erqg/ 4<<;,1

Rq wkh rwkhu kdqg/ wkh dydlodelolw| ri odujh q dqg odujh W sdqho gdwd vhwv lqlwldwhv qhz
vwxglhv ri wkh g|qdplf sdqho gdwd dqdo|vlv iru odujh q dqg odujh W sdqho gdwd1 Lq wklv
fdvh/ wkh prgholqj ri wlph vhulhv frpsrqhqwv lq wkh sdqho gdwd duh lpsruwdqw lq dqdo|}lqj
dv|pswrwlf wkhrulhv1 Lq sduwlfxodu/ ghshqglqj rq wkh ydoxh �> wkh wlph vhulhv lq wkh sdqho
duh vwdwlrqdu| ru qrqvwdwlrqdu| dqg wrwdoo| gl�huhqw olplw wkhrulhv duh dssolhg1
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Dvvxplqj m�m ? 4 dqg qrupdolw| lq wkh glvwxuedqfhv/ Doyduh} dqg Duhoodqr +4<<;, dqg
Kdkq +4<<;, vwxglhg wkh dv|pswrwlf surshuwlhv ri ydulrxv hvwlpdwruv iru � lq wkh g|qdplf
sdqho uhjuhvvlrq prgho zkhq erwk q dqg W duh frpsdudeoh1 Dffruglqj wr Doyduh} dqg
Duhoodqr +4<<;,/ zkhq W@q whqgv wr d qrq}hur frqvwdqw/ wkh zlwklq/ JPP/ dqg OLPO
+Olplwhg Lqirupdwlrq Pd{lpxp Olnholkrrg, hvwlpdwruv kdyh qhjdwlyh dv|pswrwlf eldvhv
ri rughu W> q> dqg +5q� W , > uhvshfwlyho|1 Sduwv ri wkhvh uhvxowv duh dovr rewdlqhg lq
Kdkq +4<<;, lqghshqghqwo|1 Kdkq +4<<;, �uvw vkrzhg wkdw zkhq W@q whqgv wr d qrq}hur
frqvwdqw/ erwk wkh POH dqg LY hvwlpdwruv kdyh dv|pswrwlf eldv1 Lq wkh fdvh ri wkh POH
kh ghyhorshg d ghylfh wr �{ wkh dv|pswrwlf eldv dqg/ xvlqj d frqyroxwlrq wkhruhp/ kh dovr
vkrzhg wkdw wkh eldv fruuhfwhg POH lv dv|pswrwlfdoo| h!flhqw1

915 Qrqvwdwlrqdu| G|qdplf Sdqho dqg Sdqho Xqlw Urrw Whvwv

Zkhq � lq +9=55, htxdov wr rqh/ wkh wlph vhulhv frpsrqhqwv lq wkh sdqho duh qrqvwdwlrqdu|/
dqg lq wklv fdvh lw uhtxluhv wr dsso| gl�huhqw dssur{lpdwlrq wkhrulhv iurp wkh vwdwlrqdu|
fdvh1 Dq lpsruwdqw prgho iru qrqvwdwlrqdu| sdqho gdwd zkhuh wkhuh kdv ehhq dfwlyh uhfhqw
lqwhuhvw lv wkh iroorzlqj g|qdplf v|vwhp

�}�c| @ �� . +� � 4,}�c|3� . x�c|> +9156,

ru

}�c| @ ��cf . ��c�w. }f�c|> +9157,

}f�c| @ �}f�c|3� . x�c|>

zkhuh � @ 4> dqg vr wkh wlph vhulhv frpsrqhqwv ri wkh sdqho }�c| kdyh xqlw urrwv iru
doo lqglylgxdov l= Wklv w|sh ri prgho kdv ehhq zlgho| lqyhvwljdwhg hvshfldoo| lq vwxglhv
frqfhuqhg zlwk sdqho xqlw urrw whvwlqj1

Txdk+4<<7, �uvw vxjjhvwhg d vlpsoh sdqho xqlw urrw whvw vwdwlvwlf dqg lqglfdwhg lwv
xvhixoqhvv lq dssolfdwlrqv vxfk dv whvwv ri jurzwk frqyhujhqfh wkhrulhv lq pdfurhfrqrplfv1
Xvlqj d vlpsoh sdqho xqlw urrw uhjuhvvlrq prgho

}�c| @ �}�c|3� . x�c|>

zkhuh � @ 4> kh vxjjhvwhg d vlpsoh sdqho xqlw urrw whvw xvlqj wkh srrohg ROV hvwlpdwru1
Dvvxplqj wkdw wkh x�c| duh llg dfurvv l dqg ryhu w dqg wkh rughu ri pdjqlwxgh ri wkh
furvv vhfwlrq dqg wlph vhulhv glphqvlrq lv wkh vdph/ l=h=> q @ W> Txdk vkrzhg wkdw wkh
sdqho xqlw urrw whvw vwdwlvwlf kdv d qrupdo olplw glvwulexwlrq1 Ohylq dqg Olq+4<<6, h{whqghg
Txdk+4<<7,*v sdqho xqlw urrw whvw xvlqj dq dxjphqwhg yhuvlrq ri wkh sdqho xqlw urrw prgho
+9=56, = Lq ghulylqj odujh q dqg odujh W dv|pswrwlfv/ wkh| doorzhg iru d pruh jhqhudo
uhodwlrqvkls ehwzhhq q dqg W> W @ W +q,> dqg frqvlghuhg khwhurjhqrxv huuru surfhvvhv1
Xvlqj d g|qdplf sdqho uhjuhvvlrq prgho ri w|sh +9=56, > Lp hw do=+4<<:, ghyhorshg sdqho
xqlw urrw whvwv edvhg rq dq dyhudjh ri lqglylgxdo OP whvwv dvvxplqj Jdxvvldq huuruv1
Frqvlghulqj d pruh jhqhudo dowhuqdwlyh k|srwkhvlv/ Fkrl+4<<:, dqgPdggdod dqgZx+4<<:,
lqghshqghqwo| vxjjhvwhg sdqho xqlw urrw whvw vwdwlvwlfv edvhg rq ydulrxv frpelqdwlrqv ri
wkh s0ydoxhv ri xqlw urrw whvwv dssolhg wr hdfk lqglylgxdo1 Iroorzlqj dq dssurdfk lq wkh
wlph vhulhv olwhudwxuh vxjjhvwhg e| Nzldwrzvnl hw do=+4<<5,/ Kdgul+4<<;, sursrvhg d sdqho
yhuvlrq ri d uhvlgxdo edvhg OP whvw iru d qxoo ri wuhqg vwdwlrqdu| djdlqvw wkh dowhuqdwlyh
ri d xqlw urrw iru sdqho gdwd1
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Rq wkh rwkhu kdqg/ xvlqj prgho +9=57,/ zkhuh � @ h{s
�
S
A

�
>Prrq dqg Skloolsv +4<<;e,

irfxvhg rq hvwlpdwlqj wkh orfdol}lqj sdudphwhu f lq �= Wkh orfdo sdudphwhu f fkdudfwhu0
l}hv wkh orfdo ehkdylrxu ri wkh xqlw urrw surfhvv1 Lqirupdwlrq derxw wklv sdudphwhu lv
xvhixo lq wkh frqwh{w ri vhyhudo gl�huhqw hfrqrphwulf surfhgxuhv1 D ihz h{dpsohv duh wkh
dqdo|vlv ri wkh srzhu surshuwlhv ri xqlw urrw whvwv +Skloolsv/ 4<;:, dqg frlqwhjudwlrq whvwv
+Skloolsv/ 4<;</ Mrkdqvhq/ 4<<4,/ wkh frqvwuxfwlrq ri frq�ghqfh lqwhuydov iru wkh orqj0uxq
dxwruhjuhvvlyh frh!flhqw +Vwrfn/ 4<<4,/ wkh ghyhorsphqw ri h!flhqw ghwuhqglqj phwkrgv
+Skloolsv dqg Ohh/ 4<<9/ Fdqmhov dqg Zdwvrq/ 4<<:,/ dqg wkh frqvwuxfwlrq ri srlqw rswl0
pdo lqyduldqw whvwv iru d xqlw urrw +Hoolrw hw do=> 4<<9, dqg frlqwhjudwlqj udqn +[ldr dqg
Skloolsv/ 4<<<,1 Krzhyhu/ wkh orfdo wr xqlw| sdudphwhu f lq � @ h{s

�
S
A

�
fdqqrw eh frq0

vlvwhqwo| hvwlpdwhg xvlqj wlph vhulhv gdwd +dowkrxjk wkh uhdghu lv uhihuuhg wr Skloolsv hw
do=> 4<<;/ iru dq dowhuqdwh eorfn orfdo wr xqlw| prgho lq zklfk wkh frqvlvwhqw hvwlpdwlrq
ri f lv srvvleoh,1 Wkh sdshu e| Prrq dqg Skloolsv +4<<;e, ghyhorshg surfhgxuhv iru wkh
hvwlpdwlrq ri wkh orfdo sdudphwhu xvlqj sdqho gdwd1 Wkh| vkrzhg wkdw zkhq f � 3> lw lv
srvvleoh wr hvwlpdwh f frqvlvwhqwo| zlwk sdqho gdwd dqg ghulyhg dv|pswrwlf surshuwlhv ri
wkh hvwlpdwruv1 Dv dq dssolfdwlrq/ wkh| vkrzhg krz wr h{wudfw wkh ghwhuplqlvwlf wuhqg
h!flhqwo| xvlqj frqvlvwhqw hvwlpdwhv ri f=

Wkh sdqho xqlw urrw whvwv zh kdyh uhylhzhg deryh duh dovr forvho| uhodwhg wr uhvlgxdo
edvhg sdqho frlqwhjudwlrq whvwv iru d qxoo ri qr frlqwhjudwlrq1 Wr whvw iru wlph vhulhv
frlqwhjudwlrq/ Skloolsv dqg Rxoldulv +4<<3, sursrvhg ydulrxv whvw vwdwlvwlfv iru frlqwhjudwlrq
ehwzhhq wzr qrqvwdwlrqdu| wlph vhulhv/ || dqg {|> vd|/ e| dsso|lqj xqlw urrw whvwv wr wkh
uhvlgxdo ri wkh uhjuhvvlrq || rq {|= Uhfhqwo|/ Shgurql +4<<8,/ PfNrvnh| dqg Ndr +4<<;,/
Ndr +4<<<, dssolhg wklv lghd wr whvw iru frlqwhjudwlrq lq qrqvwdwlrqdu| sdqho gdwd dqg
lqyhvwljdwhg vrph surshuwlhv ri frlqwhjudwlrq vwdwlvwlfv lq srrohg wlph vhulhv sdqhov iru wkh
qxoo ri qr frlqwhjudwlrq1

: Hpslulfdo Dssolfdwlrqv

Wkh hfrqrphwulf phwkrgv uhylhzhg deryh/ hvshfldoo| sdqho xqlw urrw whvwv/ sdqho frlqwh0
judwlrq whvwv dqg wkh hvwlpdwlrq ri orqj0uxq dyhudjh uhodwlrqv/ kdyh iruphg wkh edvlv ri
vrph uhfhqw hpslulfdo hfrqrphwulf vwxglhv zlwk odujh q> odujh W sdqhov1 Iru h{dpsoh/ xvlqj
sdqho xqlw urrw whvwv/ Ehuqdug dqg Mrqhv +4<<9, whvwhg jurzwk frqyhujhqfh wkhrulhv/ dqg
PdfGrqdog +4<<9,/ Rk +4<<9,/ Shgurql +4<<:,/ Zx +4<<9,/ dqg Zx +4<<:, whvwhg ydulrxv
irupv ri sxufkdvlqj srzhu sdulw| uhodwlrqv xvlqj erwk sdqho xqlw urrw whvwv dqg uhvlgxdo
edvhg sdqho frlqwhjudwlrq whvwv1 Frdnoh| hw do=+4<<9, ghyhorshg dq hfrqrplf prgho zkhuh
sdqhov ri vdylqjv dqg lqyhvwphqwv duh frlqwhjudwhg dqg whvwhg wkh wkhru| xvlqj uhvlgxdo
edvhg sdqho frlqwhjudwlrq whvwv1 Rq wkh vdph wrslf dqg doorzlqj iru vdylqjv dqg lqyhvw0
phqw udwhv wr eh qrqvwdwlrqdu| exw qrw uhtxlulqj wkdw wkhuh h{lvw wlph vhulhv frlqwhjudwlrq
dw wkh lqglylgxdo ohyho/ Prrq dqg Skloolsv +4<<;d, dujxhg wkdw zkdw Ihogvwhlq dqg Krulrnd
+4<;3, dqg pdq| vxevhtxhqw dxwkruv kdyh hvwlpdwhg lq furvv vhfwlrq uhjuhvvlrq ri wlph
dyhudjhg vdylqjv dqg lqyhvwphqw udwhv lv d orqj0uxq dyhudjh uhodwlrq ehwzhhq vdylqjv dqg
lqyhvwphqw udwhv1 Wkh h{lvwhqfh ri d orqj uxq dyhudjh uhodwlrq lq vxfk d frqwh{w lv mxvwl�hg
e| wkh dujxphqwv rxwolqhg lq Vhfwlrq 71 Lq uhuxqqlqj uhjuhvvlrqv ri wkh Ihogvwhlq�Krulrnd
w|sh dqg xvlqj dv|pswrwlfdoo| ydolg hfrqrphwulf whvwv/ Prrq dqg Skloolsv +4<<;d, irxqg
hylghqfh wkdw frqwlqxhv wr vxssruw wkh ruljlqdo frqfoxvlrqv ri wkh Ihogvwhlq�Krulrnd vwxg|1
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; Frqfoxglqj Uhpdunv

Wklv sdshu surylghv dq rxwolqh ri uhfhqw ghyhorsphqwv lq wkh hfrqrphwulf wkhru| ri qrq0
vwdwlrqdu| sdqho gdwd1 Wkh �hog r�huv vrph lqwhuhvwlqj qhz dv|pswrwlf wkhru| iru pxowl0
lqgh{hg surfhvvhv dqg lqwurgxfhv wkh qhz frqfhsw ri d furvv vhfwlrq dyhudjh orqj uxq
uhodwlrq wkdw uholhv erwk rq wkh wlph vhulhv qrwlrq ri wkh orqj uxq dqg wkh furvv vhfwlrq
qrwlrq ri d vwdwlvwlfdo uhjuhvvlrq frh!flhqw1 Wkhvh whfkqltxhv dqg frqfhswxdo dssdudwxv
surylgh d edvlv iru shuiruplqj dqg lqwhusuhwlqj hfrqrphwulf dqdo|vhv ri sdqho uhjuhvvlrqv
zlwk qrqvwdwlrqdu| gdwd dqg zlwk odujh q dqg W vdpsoh glphqvlrqv1 Sdqho gdwd idflo0
lwdwhv wkh vwxg| ri lqglylgxdo hfrqrplf ehkdylrxu ryhu wlph1 Zkhq wkh lqglylgxdov duh
qdwlrq vwdwhv dqg wkh gdwd duh pdfurhfrqrplf djjuhjdwhv ru �qdqfldo dvvhw sulfhv zkrvh
wlph vhulhv ehkdylrxu lv w|slfdoo| qrqvwdwlrqdu|/ wkh vfrsh iru wkh hpslulfdo xvh ri wkhvh
phwkrgv vhhpv wr eh vxevwdqwldo1 Dqg/ lq wkh ixwxuh/ wkh vfrsh iru wkhvh phwkrgv pd|
eh hyhq pruh lpsruwdqw dv lqwhuhvw lq lqwhu0frxqwu| frpsdulvrqv ri hfrqrplf shuirupdqfh
khljkwhqv dqg pruh h{whqvlyh sdqho gdwd vhwv ehfrph dydlodeoh1

< Dsshqgl{

Surri ri Wkhruhp 4 Ehiruh zh vwduw wkh dqdo|vlv/ zh dvvxph wkdw wkh lqlwldo frqglwlrq
]�cf vdwlv�hv ]�cf @ RR +4, dv W $ 4= Ohw GA @ gldj

�
4> W3�

�
dqg j +u, @ +4> u,� = Li

w @ ^Wu`> wkhq/ dv W $ 4> GA j| $ j+u, xqlirupo| lq u 5 ^3> 4`= Zh dovr dvvxph wkdw dv
W $ 4
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, 

�*2
� Z� +u, =@ P� +u, >

zkhuh wkh Z� +u, duh vwdqgdug yhfwru Eurzqldq prwlrqv1 Skloolsv dqg Prrq +4<<<, jlyh
vx!flhqw frqglwlrqv iru wklv ixqfwlrqdo fhqwudo olplw wkhruhp1 Wkhq/ e| wkh frqwlqxrxv
pdsslqj wkhruhp/ lw iroorzv wkdw dv W $ 4
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Wkh olplw glvwulexwlrq �P� +u, ri wkh vwdqgdugl}hg ROV ghwuhqghg surfhvv lv d udqgrpo|
vfdohg ghwuhqghg Eurzqldq prwlrq dqg wkh olplw glvwulexwlrq �P� +u, ri wkh vwdqgdug0
l}hg JOV ghwuhqghg surfhvv lv d udqgrpo| vfdohg ghphdqhg Eurzqldq eulgjh1 Zh sdu0

wlwlrq frqirupdeo| �P� +u, dqg �P� +u, lqwr �P� +u, @
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E| +<158,/ +<=59, > dqg wkh frqwlqxrxv pdsslqj wkhruhp/ wkh srrohg hvwlpdwruv �� dqg
�� frqvwuxfwhg iurp ghwuhqghg gdwd kdyh wkh iroorzlqj olplw glvwulexwlrqv/ dv W $ 4 iru
dq| �{hg q>

��r ,
#
�
?

?[
�'�

U
�P+�

�P �
%�

$#
�
?

?[
�'�

U
�P%�

�P �
%�

$3�
+<15:,

dqg

��r ,
#
�
?

?[
�'�

U
�P+�

�P �
%�

$#
�
?

?[
�'�

U
�P%�

�P �
%�

$3�
= +<15;,

Zulwh k+v> u, @ j+v,�
�U

j+u,j+u,�gu
�3�

j+u,1 Ohw Z +u, eh d vwdqgdug p0yhfwru Eurzq0
ldq prwlrq dqg Z J+u, dq p0yhfwru Eurzqldq Eulgjh1 Ohw I eh wkh vljpd �hog jhqhudwhg
e| 
�> zklfk lv llg dfurvv l> dqg ohw H5 ghqrwh d frqglwlrqdo h{shfwlrq1 Wkhq/ xvlqj wkh
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Wkxv/ li zh dsso| wkh Nroprjrury vwurqj odz wr wkh qxphudwruv dqg wkh ghqrplqdwruv ri
wkh pdwul{ txrwlhqwv lq +<=5:, dqg +<=5;,/ zh kdyh dv q $ 4
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Wkxv/ lw lv vwudljkwiruzdug wr vhh wkdw lq vhtxhqwldo olplwv dv +q>W $ 4,re^
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Uhihuhqfhv

^4` Dkq/ V1 F1 dqg S1 Vfkplgw1 +4<<8,= H!flhqw Hvwlpdwlrq ri Prghov iru G|qdplf Sdqho
Gdwd/ Mrxuqdo ri Hfrqrphwulfv/ 9;/ 8�5;1

^5` Dkq/ V1F1 dqg S1 Vfkplgw1 +4<<:,= H!flhqw Hvwlpdwlrq ri G|qdplf Sdqho Gdwd Prg0
hov= Dowhuqdwlyh Dvvxpswlrqv dqg Vlpsol�hg Hvwlpdwlrq/ Mrxuqdo ri Hfrqrphwulfv/
:9/ 63<�6541

^6` Dqghuvrq/ W1 Z1 dqg F1 Kvldr1 +4<;4,= Hvwlpdwlrq ri G|qdplf Prghov zlwk Huuru
Frpsrphqwv/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ :9/ 8<;�9391

^7` Dqghuvrq/ W1 Z1 dqg F1 Kvldr1 +4<;5,= Irupxodwlrq dqg Hvwlpdwlrq ri G|qdplf
Prghov Xvlqj Sdqho Gdwd/ Mrxuqdo ri Hfrqrphwulfv/ 4;/ 7:�;51

^8` Doyduh}/ M1 dqg P1 Duhoodqr1 +4<<;,= Wkh Wlph Vhulhv dqg Furvv0Vhfwlrq Dv|pswrwlfv
ri G|qdplf Sdqho Gdwd Hvwlpdwruv/ Plphr1

^9` Duhoodqr/ P1 dqg V1 Erqg1 +4<<4,= Vrph Whvwv ri Vshfl�fdwlrq iru Sdqho Gdwd> Prqwh
Fduor Hylghqfh dqg dq Dssolfdwlrq wr Hpsor|phqw Htxdwlrq/ Uhylhz ri Hfrqrplf
Vwxglhv/ 8;/ 5::�5<:1

^:` Duhoodqr/ P1 dqg R1 Eryhu1 +4<<8,= Dqrwkhu Orrn dw wkh Lqvwuxphqwdo Yduldeohv
Hvwlpdwlrq ri Huuru0Frpsrqhqw Prghov/ Mrxuqdo ri Hfrqrphwulfv/ 9;/ 5<�841

^;` Dsrvwro/ W1 +4<:7,= Pdwkhpdwlfdo Dqdo|vlv/ Uhdglqj= Dgglvrq0Zhvoh|1

^<` Edowdjl/ E1 +4<<8,= Hfrqrphwulf Dqdo|vlv ri Sdqho Gdwd/ Qhz \run/ Zloh|1

^43` Ehuqdug/ D1 dqg F1 Mrqhv +4<<9,= Surgxfwlylw| Dfurvv Lqgxvwulhv dqg Frxqwulhv=
Wlph Vhulhv Wkhru| dqg Hylghqfh/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :;/ 468�4791

^44` Ekdujdyd/ D1 +4<;9,= Rq wkh Wkhru| ri Whvwlqj iru Xqlw Urrwv lq Revhuyhg Wlph
Vhulhv/ Uhylhz ri Hfrqrplf Vwxglhv/ 86/ 69<�6;71

^45` Ekdujdyd/ D1 dqg G1 Vdujdq1 +4<;6,= Hvwlpdwlrq G|qdplf Udqgrp H�hfwv Prghov
iurp Sdqho Gdwd Fryhulqj Vkruw Wlph Shulrgv/ Hfrqrphwulfd/ 84/ 4968�498<1

^46` Eoxqghoo/ U1 dqg V1 Erqg1 +4<<;,= Lqlwldo Frqglwlrqv dqg Prphqw Uhvwulfwlrqv lq
G|qdplf Sdqho Gdwd Prghov/ Mrxuqdo ri Hfrqrphwulfv/ ;:/ 44804761

^47` Fdqmhov/ H1 dqg P1 Zdwvrq +4<<:,= Hvwlpdwlqj Ghwhuplqlvwlf Wuhqgv lq wkh Suhvhqfh
ri Vhuldoo| Fruuhodwhg Huuruv/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :</ 4;7�5331

^48` Fdydqdjk/ F1/ J1 Hoolrww/ dqg M1K1 Vwrfn +4<<8,= Lqihuhqfh lq Prghov zlwk Qhduo|
Lqwhjudwhg Uhjuhvvruv/ Hfrqrphwulf Wkhru|/ 44/ 4464�447:1

^49` Fkdpehuodlq/ J1 +4<;7,= Sdqho Gdwd/ lq ]1 Julolfkhv dqg P1 Lqwuloljdwru +hgv1,/ Kdqg0
errn ri Hfrqrphwulfv/ Yro1 5/ Dpvwhugdp/ Qruwk0Kroodqg1

^4:` Fkdpehuodlq/ J1 +4<<5,= Frpphqw= Vhtxhqwldo Prphqw Uhvwulfwlrqv lq Sdqho Gdwd/
Mrxuqdo ri Exvlqhvv dqg Hfrqrplfv Vwdwlvwlfv/ 43/ 53�591

^4;` Fkrl/ L1 +4<<:,= Xqlw Urrw Whvwv iru Sdqho Gdwd/ Plphr1
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^4<` Frdnho|/ M1/ I1 Nxodvl/ dqg U1 Vplwk +4<<9,= Fxuuhqw Dffrxqw Vroyhqf| dqg wkh
Ihogvwhlq0Krulrnd Sx}}oh/ Hfrqrplf Mrxuqdo/ 439/ 953�95:1

^53` Hoolrww/ J1/ W1M1 Urwkhqehuj/ dqg M1K1 Vwrfn +4<<9,= H!flhqw Whvwv ri dq Dxwruhjuhv0
vlyh Xqlw Urrw/ Hfrqrphwulfd/ 97/ ;46�;691

^54` Ihogvwhlq/ P1 dqg F1 Krulrnd +4<;3,= Grphvwlf Vdylqj dqg Lqwhuqdwlrqdo Fdslwdo
Iorzv/ Hfrqrplf Mrxuqdo/ <3/ 647�65<1

^55` Judqjhu/ F1 Z1 M1 dqg S1 Qhzerog +4<:7,= Vsxulrxv Uhjuhvvlrqv lq Hfrqrphwulfv/
Mrxuqdo ri Hfrqrphwulfv/ 5/ 444�4531

^56` Kdgul/ N1 +4<<;,= Whvwlqj iru Vwdwlrqdulw| lq Khwhurjhqrxv Sdqho Gdwd/ Plphr1

^57` Kdkq/ M1 +4<<:,= H!flhqw Hvwlpdwlrq ri Sdqho Gdwd Prghov zlwk Vhtxhqwldo Prphqw
Uhvwulfwlrqv/ Mrxuqdo ri Hfrqrphwulfv/ :</ 4�541

^58` Kdqvhq/ O1 +4<;5,= Odujh Vdpsoh Surshuwlhv ri Jhqhudol}hg Phwkrg ri Prphqwv
Hvwlpdwruv/ Hfrqrphwulfd/ 83/ 435<�43871

^59` Kvldr/ F1 +4<;9,= Dqdo|vlv ri Sdqho Gdwd/ Fdpeulgjh/ Fdpeulgjh Xqlyhuvlw| Suhvv1

^5:` Lp/ N1/ K1 Shvdudq/ dqg \1 Vklq +4<<:,= Whvwlqj iru Xqlw Urrwv lq Khwhurjhqhrxv
Sdqhov/ Plphr1

^5;` Mrkdqvhq/ V1 +4<<4,= Hvwlpdwlrq dqg K|srwkhvlv Whvwlqj ri Frlqwhjudwlrq Yhfwruv lq
Jdxvvldq Yhfwru Dxwruhjuhvvlyh Prghov/ Hfrqrphwulfd/ 8</ 4884�48;31

^5<` Ndr/ F1 +4<<<,= Vsxulrxv Uhjuhvvlrq dqg uhvlgxdo Edvhg Whvwv iru Frlqwhjudwlrq lq
Sdqho Gdwd/ Mrxuqdo ri Hfrqrphwulfv/ <3/ 4�781

^63` Ndr/ F1 dqg P1 Fkldqj +4<<;,= Rq wkh Hvwlpdwlrq dqg Lqihuhqfh ri d Frlqwhjudwhg
Uhjuhvvlrq lq Sdqho Gdwd/ Plphr1

^64` Nzldwnrzvnl/ G/ S1 F1 E1 Skloolsv/ S1 Vfkplgw/ dqg \1 Vklq +4<<5,= Whvwlqj wkh qxoo
k|srwkhvlv ri vwdwlrqdulw| djdlqvw wkh dowhuqdwlyh ri d xqlw urrw/ Mrxuqdo ri Hfrqr0
phwulfv/ 87/ <4�4481

^65` Odqjfdvwhu/ W1 +4<<;,= Wkh Lqflghqwdo Sdudphwhu Sureohp Vlqfh 4<7;/ Plphr/ Eurzq
Xqlyhuvlw|1

^66` Ohylq/ D1 dqg F1 Olq +4<<6,= Xqlw Urrw Whvwv lq Sdqho Gdwd= Qhz Uhvxowv/ XF Vdq
Glhjr Zrunlqj Sdshu1

^67` PdfGrqdog/ U1 +4<<9,= Sdqho Xqlw Urrw Whvwv dqg Uhdo H{fkdqjh Udwhv/ Hfrqrplfv
Ohwwhuv/ 83/ :�441

^68` Pdggdod/ J1V1 dqg V1 Zx +4<<:,= D Frpsdudwlyh Vwxg| ri Xqlw Urrw Whvwv zlwk
Sdqho Gdwd dqg d Qhz Vlpsoh Whvw/ Plphr1

^69` Pdw|dv/ O1 dqg S1 Vhyhvwuh +hgv1, +4<<5,= Wkh Hfrqrphwulfv ri Sdqho Gdwd/ Ervwrq/
PD/ Noxzhu Dfdghplf Sxeolvkhuv1
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^6:` PfFrvnh|/ V1 dqg F1 Ndr +4<<;,= D Uhvlgxdo0Edvhg Whvw ri wkh Qxoo ri Frlqwhjudwlrq
lq Sdqho Gdwd/ Hfrqrphwulf Uhylhz/ 4:/ 8:�;71

^6;` Prrq/ K1U1 dqg S1F1E1 Skloolsv +4<<;d,= D Uhlqwhusuhwdwlrq ri wkh Ihogvwhlq�Krulrnd
Uhjuhvvlrqv iurp d Qrqvwdwlrqdu| Sdqho Ylhzsrlqw/ Plphr/ \doh Xqlyhuvlw|1

^6<` Prrq/ K1U1 dqg S1F1E1 Skloolsv +4<<;e,= Hvwlpdwlrq ri Dxwruhjuhvvlyh Urrwv qhdu
Xqlw| xvlqj Sdqho Gdwd/ Plphr/ \doh Xqlyhuvlw|1

^73` Qh|pdq/ M dqg H1 O1 Vfrww +4<7;,= Frqvlvwhqw Hvwlpdwhv Edvhg rq Sduwldoo| Frqvlv0
whqw Revhuydwlrqv/ Hfrqrphwulfd/ 49/ 4�651

^74` Qlfnhoo/ V1 +4<;4,= Eldvhv lq G|qdplf Prghov zlwk Il{hg H�hfwv/ Hfrqrphwulfd/ 7</
474:�47591

^75` Rk/ N1\1 +4<<9,= Sxufkdvlqj Srzhu Sdulw| dqg wkh Xqlw Urrw Whvwv Xvlqj Sdqho
Gdwd/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Ilqdqfh/ 48/ 738�74;1

^76` Sdun/ M dqg S1F1E1 Skloolsv +4<<;,= Vwdwlvwlfdo Lqihuhqfh lq Uhjuhvvlrqv zlwk Lqwh0
judwhg Surfhvvhv= Sduw L/ Hfrqrphwulf Wkhru|/ 7/ 79;�7<:1

^77` Shgurql/ S1 +4<<8,= Sdqho Frlqwhjudwlrq> Dv|pswrwlf dqg Ilqlwh Vdpsoh Surshuwlhv
ri Srrohg Wlph Vhulhv Whvwv zlwk dq Dssolfdwlrq wr wkh SSS K|srwkhvlv/ Lqgldqd
Xqlyhuvlw| Zrunlqj Sdshuv lq Hfrqrplfv/ Qr1 <8�3461

^78` Shgurql/ S1 +4<<9,= Ixoo| Prgl�hg ROV iru Khwhurjhqhrxv Frlqwhjudwhg Sdqhov dqg
wkh Fdvh ri Sxufkdvlqj Srzhu Sdulw|/ Lqgldqd Xqlyhuvlw| Zrunlqj Sdshuv lq Hfr0
qrplfv/ Qr1 <9�531

^79` Shvdudq/ K1 dqg U1 Vplwk +4<<8,= Hvwlpdwlqj Orqj0Uxq Uhodwlrqvklsv iurp G|qdplf
Khwhurjhqhrxv Sdqhov/ Mrxuqdo ri Hfrqrphwulfv/ 9;/ :<�4461

^7:` Skloolsv/ S1 F1 E1 +4<;9,= Xqghuvwdqglqj Vsxulrxv Uhjuhvvlrqv lq Hfrqrphwulfv/ Mrxu0
qdo ri Hfrqrphwulfv/ 66/ 644�6731

^7;` Skloolsv/ S1F1E1 +4<;:,= Wlph Vhulhv Uhjuhvvlrq zlwk Xqlw Urrw/ Hfrqrphwulfd/ 88/
5::�6341

^7<` Skloolsv/ S1F1E1 +4<;<,= Sduwldoo| Lghqwl�hg Hfrqrphwulf Prghov/ Hfrqrphwulf Wkh0
ru|/ 8/ 4;4�5731

^83` Skloolsv/ S1F1E1 +4<<4,= Rswlpdo Lqihuhqfh lq Frlqwhjudwhg V|vwhp/ Hfrqrphwulfd/
8</ 5;6�6391

^84` Skloolsv/ S1F1E1 +4<<8,= Ixoo| Prgl�hg Ohdvw Vtxduhv dqg Yhfwru Dxwruhjuhvvlrq/
Hfrqrphwulfd/ 96/ 4356043:;1

^85` Skloolsv/ S1F1E1 dqg V1 Gxuodxi +4<;9,= Pxowlsoh Wlph Vhulhv Uhjuhvvlrq zlwk Lqwh0
judwhg Surfhvvhv/ Uhylhz ri Hfrqrplf Vwxglhv/ 86/ 7:6�7<81

^86` Skloolsv/ S1F1E1 dqg E1 Kdqvhq +4<<3,= Vwdwlvwlfdo Lqihuhqfh lq Lqvwuxphqwdo Yduldeohv
Uhjuhvvlrq zlwk L+4, Surfhvvhv/ Uhylhz ri Hfrqrplf Vwxglhv/ 8:/ <<�4581
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^87` Skloolsv/ S1F1E1 dqg F1 Ohh +4<<9,= H!flhqf| Jdlqv iurp Txdvl0Gl�huhqflqj xqghu
Qrqvwdwlrqdulw|/ lq S1 P1 Urelqvrq dqg P1 Urvhqeodww +hgv1,/ Dwkhqv Frqihuhqfh rq
Dssolhg Suredelolw| dqg Wlph Vhulhv= yroxph LL Wlph Vhulhv Dqdo|vlv lq phpru| ri
H1 M1 Kdqqdq1 Qhz \run= Vsulqjhu�Yhuodj1

^88` Skloolsv/ S1F1E1 dqg K1U1 Prrq +4<<<,= Olqhdu Uhjuhvvlrq Olplw Wkhru| iru Qrqvwd0
wlrqdu| Sdqho Gdwd/ Hfrqrphwulfd/ iruwkfrplqj1

^89` Skloolsv/ S1F1E1/ K1U1 Prrq/ dqg ]1 [ldr +4<<;,= Krz wr Hvwlpdwh Dxwruhjuhvvlyh
Urrwv Qhdu Xqlw|/ Frzohv Irxqgdwlrq Glvfxvvlrq Sdshu/ \doh Xqlyhuvlw|

^8:` Skloolsv/ S1F1E1 dqg V1 Rxoldulv +4<<3,= Dv|pswrwlf Surshuwlhv ri Uhvlgxdo Edvhg
Whvwv iru Frlqwhjudwlrq/ Hfrqrphwulfd/ 8;/ 498�4<61

^8;` Txdk/ G1 +4<<7,= H{sorlwlqj Furvv0Vhfwlrq Yduldwlrqv iru Xqlw Urrw Lqihuhqfh lq
G|qdplf Gdwd/ Hfrqrplf Ohwwhuv/ 77/ <�4<1

^8<` Urehuwvrq/ G1 dqg M1 V|prqv +4<<5,= Vrph Vwudqjh Surshuwlhv ri Sdqho Gdwd Hvwl0
pdwruv/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ :/ 4:8�4;<1

^93` Vfkplgw/ S1 dqg S1F1E1 Skloolsv +4<<5,= OP Whvw iru d Xqlw Urrw lq wkh Suhvhqfh ri
Ghwhuplqlvwlf Wuhqgv/ R{irug Exoohwlq ri Hfrqrplfv dqg Vwdwlvwlfv/ 87/ 58:�5;:1

^94` Vwrfn/ M1K1+4<<4,= Frq�ghqfh Lqwhuydov iru wkh Odujhvw Dxwruhjuhvvlyh Urrw lq X1V1
Pdfurhfrqrplf Wlph Vhulhv/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 5;/ 768�78<1

^95` Zx/ V1 +4<<:,= Sxufkdvlqj Srzhu Sdulw| Xqghu wkh Fxuuhqf| Iordw = Qhz Hylghqfh
iurp Sdqho Gdwd Xqlw Urrw Whvwv/ Plphr1

^96` Zx/ \1 +4<<9,= Duh Uhdo H{fkdqjh Udwhv Qrqvwdwlrqdu|B Hylghqfh iurp D Sdqho
Gdwd Whvw/ Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj/ 5;/ 87�961

^97` [ldr/ ]1 dqg S1F1E1 Skloolsv +4<<<,= H!flhqw Ghwuhqglqj lq Frlqwhjudwlqj Uhjuhvvlrq/
Hfrqrphwulf Wkhru|/ iruwkfrplqj1
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