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UHFRYHU\ DQG UHJXODUL]DWLRQ RI WKH LQLWLDO

WHPSHUDWXUH GLVWULEXWLRQ LQ D F\OLQGHU

NKDOLG PDVRRG= Kdiu Do0Edwlq Frppxqlw| Froohjh/ Nlqj Idkg Xqlyhuvlw| ri

Shwurohxp dqg Plqhudov/ S1R1 Er{ 83;:/ Gkdkudq 64594/ Vdxgl Dudeld/

Hpdlo= pdvrrgCnixsp1hgx1vd

V1 PHVVDRXGL dqg I1 G1 ]DPDQ= Ghsduwphqw ri Pdwkhpdwlfdo Vflhqfhv/

Nlqj Idkg Xqlyhuvlw| ri Shwurohxp dqg Plqhudov/ Gkdkudq 64594/ Vdxgl Dudeld/

Hpdlov= phvvdrxgCnixsp1hgx1vd> i}dpdqCnixsp1hgx1vd

Devwudfw=Zh lqyhvwljdwh wkh lqyhuvh sureohp lq d flufxodu f|olqghu lqyroylqj uhfryhu|

ri wkh lqlwldo whpshudwxuh glvwulexwlrq iurp phdvxuhphqwv ri wkh �qdo whpshudwxuh

glvwulexwlrq1 Wklv sureohp lv h{wuhpho| loo0srvhg dqg lw lv ghvludeoh wr uhjxodul}h wkh

sureohp wr jhw vrph phdqlqjixo lqirupdwlrq1 Zh uhirupxodwh wkh sureohp zlwk d uhj0

xodul}lqj sdudphwhu zklfk forvho| dssur{lpdwhv dqg uhjxodul}hv wkh khdw frqgxfwlrq

prgho1

Nh| Zrugv= Lqyhvh sureohpv/ Lqlwldo Whpshudwxuh/ Uhjxodul}dwlrq

41 Lqwurgxfwlrq

Wkh fodvvlfdo gluhfw sureohp lq khdw frqgxfwlrq lv wr ghwhuplqh wkh whpshudwxuh

glvwulexwlrq ri d erg| dv wkh wlph surjuhvvhv1 Wkh wdvn ri ghwhuplqlqj wkh lqlwldo

whpshudwxuh glvwulexwlrq iurp wkh �qdo glvwulexwlrq lv glvwlqfwo| gl�huhqw iurp wkh

gluhfw sureohp dqg lw lv lghqwl�hg dv wkh lqlwldo lqyhuvh khdw frqgxfwlrq sureohp1

Wkh lqlwldo lqyhuvh sureohp edvhg rq wkh sduderolf khdw htxdwlrq lv h{wuhpho| loo0

srvhg> vhh h1j1 Hqjo ^4`1 Wkhuh h{lvwv dq dowhuqdwh dssurdfk wr wkh lqlwldo lqyhuvh

sureohp wkdw frqvlvwv ri d frpsohwh uhirupxodwlrq ri wkh jryhuqlqj htxdwlrq1 Wkh
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lqyhuvh sureohp edvhg xsrq wkh sduderolf khdw htxdwlrq lv forvho| dssur{lpdwhg e| d

k|shuerolf khdw htxdwlrq> vhh h1j1 Zhehu ^5`/ dqg Hoghq ^6`1 Wklv dowhuqdwh irupxodwlrq

jlyhv ulvh wr dq lqyhuvh sureohp/ zklfk lv vwdeoh dqg zhoo0srvhg dqg qxphulfdo phwkrgv

iru vxfk sureohpv duh h!flhqw dqg dffxudwh1 Wkh dowhuqdwh irupxodwlrq kdv vrph

sk|vlfdo dgydqwdjhv1 Lq pdq| dssolfdwlrqv/ rqh hqfrxqwhuv d vlwxdwlrq zkhuh wkh

xvxdo sduderolf khdw htxdwlrq grhv qrw vhuyh dv d uhdolvwlf prgho1 Vlqfh wkh vshhg

ri sursdjdwlrq ri wkh wkhupdo vljqdo lv �qlwh/ h1j1 iru vkruw0sxovh odvhu dssolfdwlrqv/

wkh k|shuerolf gl�huhqwldo htxdwlrq fruuhfwo| prghov wkh sureohp> vhh Yhgdydu} hw

do1 ^7` dqg Judw}nh hw do1 ^8` dprqj rwkhuv1 Pruhryhu/ dv zh vhh lq vhfwlrq 6/ wkh

sduderolf khdw frqgxfwlrq prgho fdq eh wuhdwhg dv olplwlqj fdvh ri wkh k|shuerolf

prgho1 Zh lqwurgxfh d k|shuerolf whup zlwk d vpdoo sdudphwhu lq wkh sduderolf khdw

htxdwlrq dqg dsso| ZNEM +Zhqw}ho/ Nudphuv/ Euloorxlq dqg Mh�uh|v, phwkrg ^9` wr

vroyh wkh gluhfw sureohp e| xwlol}lqj wkh vpdoo ydoxh ri wkh sdudphwhu1 Zh uhjxodul}h

wkh vroxwlrq e| frqwuroolqj wkh vl}h ri wkh sdudphwhu dqg vkrz wkdw wkh vroxwlrq lv

ydolg lq fdvh wkhuh lv qrlvh lq wkh gdwd1

Lq wkh vhfrqg vhfwlrq zh vroyh wkh lqyhuvh sureohp lq wkh sduderolf khdw htxdwlrq

lq d flufxodu f|olqghu1 Lq wkh wklug vhfwlrq wkh lqyhuvh sureohp lq wkh k|shuerolf khdw

htxdwlrq zlwk d vpdoo sdudphwhu lv vroyhg dqg frpsduhg zlwk wkh lqyhuvh vroxwlrq ri

wkh sduderolf khdw htxdwlrq1 Dq h{dpsoh lv dovr suhvhqwhg wr fkhfn wkh ydolglw| ri

wkh lqyhuvh vroxwlrq1 Zh shuirup vrph qxphulfdo h{shulphqwv dqg uhvxowv ri wkhvh

h{shulphqwv duh dqdo|}hg lq wkh irxuwk vhfwlrq1 Ilqdoo|/ lq wkh odvw vhfwlrq uhvxowv duh

vxppdul}hg1

51 Uhfryhu| ri wkh Lqlwldo Whpshudwxuh Glvwulexwlrq lq d Flufxodu F|olqghu

Zh frqvlghu d flufxodu f|olqghu zlwk udglxv f 	 o 	 @/ dqg khljkw f 	 5 	 K/ zkrvh

whpshudwxuh dw wkh srlqw Eoc 5� dqg dw wlph | lv jlyhq e| wkh ixqfwlrq � Eoc 5c |�1 Wkhq/
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iru dq dssursuldwh fkrlfh ri xqlwv/ � Eoc 5c |� vdwlv�hv wkh htxdwlrq

Y�

Y|
'

Y2�

Yo2
n

�

o

Y�

Yo
n
Y2�

Y52
c | : fc dqg oc 5 5 -c +4,

zkhuh - lv wkh iroorzlqj uhjlrq

- ' iEoc 5� *o 5 dfc @o c 5 5 dfc Kojc +5,

zlwk krprjhqhrxv Glulfkohw erxqgdu| frqglwlrqv

�E@c 5c |� ' fc 5 5 dfc Ko c +6,

�Eoc fc |� ' �Eoc Kc |� ' fc o 5 dfc @o � +7,

Dvvxph wkh �qdo whpshudwxuh

sEoc 5�
�
' �Eoc 5c A �� +8,

Rxu dlp lv wr ghwhuplqh wkh lqlwldo whpshudwxuh sur�oh }Eoc 5�

}Eoc 5�
�
' �Eoc 5c f�� +9,

Wkh frqglwlrqv E�� dqg Ee� fdq eh uhsodfhg e| wkh lqvxodwhg erxqgdulhv/ l1h1 �oE@c 5c |� '

f/ �5Eoc fc |� ' �5Eoc Kc |� ' f/ vlqfh lw lv lpsruwdqw lq vrph dssolfdwlrqv/ vhh iru h{0

dpsoh Ehfn hw1 do1 ^:` dqg Do0Nkdolg| ^;`1 Doo ghwdlov iru wklv lqvxodwhg erxqgdu|

frqglwlrq fdq eh fduulhg rxw lq d vlplodu pdqqhu wr wkdw ghvfulehg lq wklv sdshu1

Zh dvvxph wkh vroxwlrq ri wkh gluhfw sureohp lq wkh irup

�Eoc 5c |� '
"[

?c6'�

�?c6 E|��?c6Eoc 5� / oc 5 5 -� +:,

Wkh vroxwlrq ri wkh fruuhvsrqglqj hljhqydoxh sureohp lv jlyhq e|
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�?c6Eoc 5�
�
'

2

@
s
Ka �fE@b?�

t�? E>65� afEb?o� c

zkhuh >6 ' 6Z
K
c b? duh vroxwlrqv ri afEb?@� ' f/ dqg 3 ghqrwhv ghulydwlyh zlwk uhvshfw

wr o1 Wkh hljhqixqfwlrqv �?c6Eoc 5� irup d frpsohwh ruwkrqrupdo v|vwhp lq Mod-o1

Wkxv }Eoc 5� 5 Mod-o fdq eh h{sdqghg dv

}Eoc 5� '
"[

?c6'�

S?c6�?c6Eoc 5� / oc 5 5 -c +;,

zkhuh

S?c6 '
] @

f

] K

f

�}E� c #��?c6Elc #�_#_� � +<,

Vxevwlwxwh E.� lq E�� dqg ES�/ dqg xvlqj ruwkrqrupdolw| surshuw| ri wkh hljhqixqfwlrqv

ohdgv wr wkh iroorzlqj ruglqdu| gl�huhqwldo htxdwlrq

Y�?c6 E|�

Y|
n
k
>26 n b2?

l
�?c6 E|� ' fc | : fc +43,

�?c6 Ef� ' S?c6� +44,

Wklv lqlwldo ydoxh sureohp fdq hdvlo| eh vroyhg dqg vr E.� wdnhv wkh irup

�Eoc 5c |� '
"[

?c6'�

S?c6 i T
q
�
k
>26 n b2?

l
|
r
�?c6Eoc 5� / oc 5 5 -� +45,

Qrz zh xvh frqglwlrq ED� wr zulwh wkh �qdo sur�oh lq wkh irup

s Eoc 5� '
"[

?c6'�

S?c6 i T
q
�
k
>26 n b2?

l
A
r
�?c6Eoc 5� c

'
] @

f

] K

f

�}E� c #�g Eoc 5c � c #� _#_�c +46,
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zkhuh

g Eoc 5c � c #� '
"[

?c6'�

i T
q
�
k
>26 n b2?

l
A
r
�?c6E� c #��?c6Eoc 5�� +47,

Wkxv wkh lqyhuvh sureohp lv uhgxfhg wr vroylqj lqwhjudo htxdwlrq ri wkh �uvw nlqg1 Wkh

vlqjxodu v|vwhp iru wkh lqwhjudo rshudwru lq E��� lv jlyhq e|

k
i T

q
�
k
>26 n b2?

l
A
r
( �?c6Eoc 5�c �?c6Eoc 5�

l
� +48,

Lw qrz iroorzv iurp Slfdug*v wkhruhp ^4` wkdw rxu lqyhuvh sureohp lv vroydeoh li dqg

rqo| li

"[
?c6'�

ms?c6m2k
i T

q
�
k
>26 n b2?

l
A
rl2 	4c +49,

zkhuh

s?c6
�
'
] @

f

] K

f

s E� c #��?c6E� c #�_#_� c +4:,

duh fodvvlfdo Irxulhu frh!flhqwv ri s� Lq wklv fdvh vroxwlrq ^4` lv jlyhq e|

}Eoc 5� '
"[

?c6'�

s?c6�?c6Eoc 5�k
i T

q
�
k
>26 n b2?

l
A
rl � +4;,

Slfdug*v wkhruhp ghprqvwudwhv wkh loo0srvhg qdwxuh ri wkh sureohp frqvlghuhg1 Li zh

shuwxue wkh gdwd e| vhwwlqj s B ' s n B�?c6 zh rewdlq d shuwxuehg vroxwlrq }B ' } n

B�?c6 i T
qk
>26 n b2?

l
A
r
1 Khqfh wkh udwlr

���}B � }
��� * ���sB � s

��� ' i T
qk
>26 n b2?

l
A
r

fdq eh pdgh duelwudulo| odujh gxh wr wkh idfw wkdw wkh vlqjxodu ydoxhv i T
q
�
k
>26 n b2?

l
A
r

ghfd| h{srqhqwldoo|1

61 Uhjxodul}lqj wkh Lqyhuvh vroxwlrq e| d k|shuerolf prgho

Wkh phwkrg zh dsso| lv vlplodu wr wkh txdvl0lqyhuvlrq phwkrg ri Olrqv ^<`1 Wkh

txdvl0lqyhuvlrq phwkrg lv edvhg rq uhsodflqj wkh sureohp e| d sureohp iru htxdwlrq
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ri kljkhu rughu zlwk d vpdoo sdudphwhu1 Wkhuh duh vhyhudo phwkrgv iru vroylqj loo0

srvhg sureohpv1 Wkh txdvl0vroxwlrq phwkrg wr vroyh wkh htxdwlrq ri wkh �uvw nlqg

zdv lqwurgxfhg e| Lydqry ^43`1 Wkh hvvhqfh ri wklv phwkrg lv wr fkdqjh wkh qrwlrq

ri vroxwlrq ri dq loo0srvhg sureohp vr wkdw/ iru fhuwdlq frqglwlrqv/ wkh sureohp ri lwv

ghwhuplqdwlrq zloo eh zhoo0srvhg1 Wlnkrqry*v uhjxodul}dwlrq phwkrg lv zlgho| xvhg

iru vroylqj olqhdu dqg qrqolqhdu rshudwru htxdwlrqv ri wkh �uvw nlqg/ vhh Wlnkrqry dqg

Duvhqlq ^44`1 Lwhudwlyh phwkrgv duh dssolhg wr vroyh gl�huhqw sureohpv dqg sduwlfx0

oduo| wkhvh phwkrgv fdq dovr eh dssolhg wr vroyh rshudwru htxdwlrqv ri wkh �uvw nlqg1

Prxowdqryvn| ^45` dssolhg vxfk dq lwhudwlyh phwkrg wr vroyh dq lqlwldo lqyhuvh khdw

wudqvihu sureohp1 Wkh surmhfwlyh phwkrgv iru vroylqj ydulrxv loo0srvhg sureohpv duh

edvhg rq wkh uhsuhvhqwdwlrq ri wkh dssur{lpdwh vroxwlrq dv d �qlwh olqhdu frpelqdwlrq

ri d fhuwdlq ixqfwlrqdo v|vwhp/ vhh h1j1 Ydvlq dqg Djhhy ^46`1

Wkh phwkrgv phqwlrqhg lq wkh suhylrxv sdudjudsk pd| eh dssolhg iru vroylqj wkh

h{whqvlyh fodvv ri lqyhuvh sureohpv1 Wkhvh phwkrgv gr qrw wdnh lqwr dffrxqw wkh

vshfl�f fkdudfwhu ri frqfuhwh lqyhuvh sureohpv1 Wkh Olrqv* phwkrg dqg wkh phwkrg

zh suhvhqw lq wklv sdshu wdnh lqwr dffrxqw shfxoldulwlhv ri wkh lqyhuvh sureohp1 Wkhuh

lv dq dowhuqdwlyh dssurdfk wr wkh lqyhuvh khdw frqgxfwlrq sureohp/ vhh h1j1 Pdvrrg

hw1 do1 ^47`/ zklfk frqvlvwv ri lqwurgxflqj d vpdoo gdpslqj sdudphwhu zlwk wkh whup
Y2�

Y|2
1 E| frqwuroolqj wkh vl}h ri wkh sdudphwhu zh lqwhqg wr uhjxodul}h wkh vroxwlrq

ri wkh lqyhuvh khdw frqgxfwlrq sureohp1 Zh frqvlghu wkh wzr glphqvlrqdo k|shuerolf

khdw htxdwlrq zlwk vpdoo sdudphwhu " dv iroorzv=

"
Y2�

Y|2
n
Y�

Y|
'

Y2�

Yo2
n

�

o

Y�

Yo
n
Y2�

Y52
c "c | : fc @?_ oc 5 5 -c +4<,

zkhuh wkh sdudphwhu " lv dvvxphg wr eh vpdoo dqg " $ fn dqg - lv wkh uhjlrq E2�1

Wrjhwkhu zlwk frqglwlrqv E��� ES� dqg rqh dgglwlrqdo frqglwlrq jlyhq ehorz

Y�

Y|
Eoc 5c f� ' f� +53,
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Wkh sureohp E�b� wrjhwkhu zlwk E�� � ES� dqg E2f� fdq eh vroyhg e| wkh phwkrg

ghvfulehg lq wkh suhylrxv vhfwlrq1 Dvvxph vroxwlrq ri wkh irup E.�/ zklfk lq wklv fdvh

ohdgv wr wkh iroorzlqj lqlwldo ydoxh sureohp

"
Y2�?c6 E|�

Y|2
n
Y�?c6 E|�

Y|
n
k
>26 n b2?

l
�?c6 E|� ' fc | : fc +54,

�?c6 Ef� ' S?c6c +55,

_

_|
�?c6 Ef� ' f� +56,

Vlqfh "$ fn/ wklv lv d vlqjxodu shuwxuedwlrq sureohp1 Zh dsso| wkh ZNEM phwkrg

^9` wr rewdlq dq dv|pswrwlf uhsuhvhqwdwlrq iru wkh vroxwlrq ri E2�� frqwdlqlqj sd0

udphwhu "> wkh uhsuhvhqwdwlrq lv wr eh ydolg iru vpdoo ydoxhv ri wkh sdudphwhu1 Lw lv

ghprqvwudwhg lq ^9` wkdw wkh vroxwlrq vwd|v forvhu wr wkh h{dfw vroxwlrq iru odujh ydoxhv

vxfk dv " ' f�D1 Wkh vroxwlrq ri E2�� lv jlyhq e|

�?c6 E|� '

;?
=
�
>26 n b2? � �

"

�
S?c6

2
�
>26 n b2?

�
� �

"

<@
> i T

q
�
�
>26 n b2?

�
|
r

+57,

n

;?
=
�
>26 n b2?

�
S?c6

2
�
>26 n b2?

�
� �

"

<@
> i T

��
>26 n b2?

�
|� |

"

�
�

Qrz zh xvh frqglwlrq ED� wr zulwh wkh �qdo sur�oh lq wkh irup

s Eoc 5� '
"[

?c6'�

5
7
;?
=
�
>26 n b2? � �

"

�
S?c6

2
�
>26 n b2?

�
� �

"

<@
> i T

q
�
�
>26 n b2?

�
A
r

n

;?
=
�
>26 n b2?

�
S?c6

2
�
>26 n b2?

�
� �

"

<@
> i T

��
>26 n b2?

�
A � A

"

�68�?c6Eoc 5�c

'
] @

f

] K

f

}E� c #�g E%c +c � c #� _#_� c +58,

:



zkhuh

g Eoc 5c � c #� '
"[

?c6'�

5
997
;AA?
AA=

>26 n b2? �
�

"

2
�
>26 n b2?

�
� �

"

<AA@
AA> i T

q
�
�
>26 n b2?

�
A
r
n

;AA?
AA=

�
>26 n b2?

�

2
�
>26 n b2?

�
� �

"

<AA@
AA>

i T
��

>26 n b2?
�
A � A

"

��
�?c6E� c #��?c6Eoc 5�� +59,

Wkxv wkh lqyhuvh sureohp lv uhgxfhg wr vroylqj lqwhjudo htxdwlrq ri wkh �uvw nlqg1

Wkh vlqjxodu v|vwhp iru wkh lqwhjudo rshudwru lq E2D� lv jlyhq e|

5
99999999997

;AA?
AA=

>2
6
nb2

?
3

�

"

2E>26nb2?�3
�

"

<AA@
AA> i T

q
�
�
>26 n b2?

�
A
r

n

;AA?
AA=

>2
6
nb2

?

2E>26nb2?�3
�

"

<AA@
AA> i T

��
>26 n b2?

�
A � A

"

�
( �?c6Eoc 5�c �?c6Eoc 5�

6
::::::::::8

+5:,

Lw qrz iroorzv iurp Slfdug*v wkhruhp wkdw rxu lqyhuvh sureohp lv vroydeoh li dqg rqo|

li

"[
?c6'�

ms?c6m25
99999999997

;AA?
AA=

>2
6
nb2

?
3

�

"

2E>26nb2?�3
�

"

<AA@
AA> i T

q
�
�
>26 n b2?

�
A
r

n

;AA?
AA=

>2
6
nb2

?

2E>26nb2?�3
�

"

<AA@
AA> i T

��
>26 n b2?

�
A � A

"

�

6
::::::::::8

2
	4c +5;,

zkhuh s?c6 duh fodvvlfdo Irxulhu frh!flhqwv ri s jlyhq e| h{suhvvlrq E�.�1 Lq wklv

fdvh vroxwlrq lv jlyhq e|

;



}Eoc 5� '
"[

?c6'�

s?c6�?c6Eoc 5�5
99999999997

;AA?
AA=

>2
6
nb2

?
3

�

"

2E>26nb2?�3
�

"

<AA@
AA> i T

q
�
�
>26 n b2?

�
A
r

n

;AA?
AA=

>2
6
nb2

?

2E>26nb2?�3
�

"

<AA@
AA> i T

��
>26 n b2?

�
A � A

"

�

6
::::::::::8

� +5<,

Ohwwlqj " $ fn/ lq E2H� dqg E2b�/ zh vhh wkdw lw dssurdfkhv wr wkh vroxwlrq jlyhq e|

E�S� dqg E�H�1 Wklv vkrzv wkdw wkh sduderolf khdw frqgxfwlrq prgho fdq eh wuhdwhg

dv d olplwlqj fdvh ri wkh k|shuerolf khdw frqgxfwlrq prgho1 Lw lv vkrzq lq ^:` wkdw

e| fkrrvlqj dq dssursuldwh ydoxh ri wkh sdudphwhu " wkh k|shuerolf khdw frqgxfwlrq

prgho ehkdyhv pxfk ehwwhu wkdq wkh sduderolf khdw frqgxfwlrq prgho1

H{dpsoh= Frqvlghu

}Eoc 5� '
2

@
s
@a �fE@b?�

t�? E>65� afEb6o� ' �6c6Eoc 5�c zlwk @ ' K� +63,

Iluvw vwhs lv wr vroyh wkh gluhfw sureohp1 Wkh �qdo sur�oh s E%c +� iru wkh khdw htxdwlrq

dqg wkh k|shuerolf khdw htxdwlrq fdq eh fdofxodwhg iurp wkh h{suhvvlrq E��� dqg E2D�

uhvshfwlyho|1 Wkh uhvxowlqj h{suhvvlrqv duh xvhg lq E�.� wr jhw wkh Irxulhu frh!flhqwv1

Wkh Irxulhu frh!flhqwv Elq wkh fdvh/ 6 ' ?� iru k|shuerolf khdw htxdwlrq duh

s6c6 '

�
>26 n b26

�
"� �

2
�
>26 n b26

�
"� �

i T
k
�
�
>26 n b26

�
A
l
n

�
>26 n b26

�
"

2
�
>26 n b26

�
"� �

+64,

i T
��
>26 n b26

�
A � A

"

�
c

dqg iru wkh sduderolf khdw htxdwlrq

s6c6 ' i T
k
�
�
>26 n b26

�
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� +65,

Ilqdoo| xvlqj wkh gdwd jlyhq e| E��� dqg E�2� lq E2b� dqg E�H� uhvshfwlyho|/ zh vhh

wkdw wkh uhfryhuhg lqlwldo sur�oh lv jlyhq e| E�f�1
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71 Qxphulfdo H{shulphqwv

Zh dqdo|}h wkh prghov e| dgglqj zklwh Jdxvvldq qrlvh wr wkh gdwd E�2� dqg vhwwlqj

@ ' H1 Lq Iljv1 5�6 dqg 8�;/ zh xvh wkh qrlv| gdwd +zklwh Jdxvvldq qrlvh.E�2�, lq

erwk sduderolf khdw frqgxfwlrq dqg k|shuerolf khdw frqgxfwlrq prghov dqg vhh wkh

phdq ehkdylru ri 433 lqghshqghqw uhdol}dwlrqv1 Wr vwxg| wkh ehkdylylru ri prghov/

rqo| d vpdoo furvvhfwlrq ri wkh lqlwldo sur�oh lv dqdo|vhg1

Wkh h{dfw lqlwldo sur�oh lv vkrzq lq wkh Ilj1 4 iru 6 ' 21 Zh kdyh frqvlghuhg

wkh vhfrqg prgh/ wkdw lv/ 6 ' 2 lq Iljv1 5�61 Dovr zh kdyh uhwdlqhg �uvw wkuhh

whupv E� ' �� lq vhulhv E�H� dqg E2b� dqg wlph glvsodfhphqw A ' �1 Wkh phwkrg

ri wuxqfdwlqj wkh vhulhv diwhu �uvw ihz whupv+vhh/ ^48`, lv fdoohg wuxqfdwhg vlqjxodu

ydoxh ghfrpsrvlwlrq +WVYG,1 Lq Iljv1 5�6/ wkh vljqdo wr qrlvh udwlr +VQU, lv htxdo
wr 53 gE1 Lw lv fohdu iurp wkh frpsdulvrq �j15 dqg Ilj1 6 wkdw wkh k|shuerolf khdw

frqgxfwlrq prgho ehkdyhv ehwwhu wkdq wkh sduderolf khdw frqgxfwlrq prgho iru " '

f�f�1

Wkh h{dfw lqlwldo sur�oh lq wkh fdvh 6 ' e lv vkrzq lq wkh Ilj1 71 Lq Iljv1 8�9/ zh
kdyh frqvlghuhg 6 ' e/ � ' ec A ' � dqg 7�- ' 2f_�1 Zh revhuyh wkh ehkdylru ri

wkh sduderolf khdw frqgxfwlrq prgho lq Ilj1 9/ qrwlqj wkh udqjh ri wkh yhuwlfdo d{lv1

Krzhyhu iru wkh k|shuerolf prgho lq Ilj1 8 zlwk " ' f�f2/ wkh uhfryhuhg sur�oh lv

doprvw wkh h{dfw lqlwldo sur�oh1 Vr/ iurp wkh deryh dqdo|vlv ri �jxuhv/ zh frqfoxgh

wkdw wkh k|shuerolf prgho ehkdyhv pxfk ehwwhu wkdq wkh sduderolf khdw frqgxfwlrq

prgho lq wkh fdvh ri qrlv| gdwd1 Hyhq iru orzhu prghv/ li wkh pdjqlwxgh ri qrlvh

lqfuhdvhv/ wkh sduderolf khdw frqgxfwlrq prgho ehfrphv kljko| xqvwdeoh1

Wkh vdph dqdo|vlv dssolhv wr ixuwkhu kljkhu prghv1 Wr vhh wkh h�hfwv ri wkh vl}h

ri sdudphwhu A lq erwk prghov/ zh vhw A ' 2 lq Iljv1 :�;1 Frpsdulqj Iljv1 :�;
zlwk Iljv1 5�61 Iru wkh sduderolf khdw frqgxfwlrq prgho/ wkhuh lv odujh ghjudgdwlrq1
Krzhyhu/ iru wkh k|shuerolf prgho/ wkhuh lv d olwwoh ghjudgdwlrq1 Wklv ehkdylru lv gxh
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wkh idvwhu udwh ri ghfd| ri vlqjxodu ydoxhv iru odujhu wlph glvsodfhphqw1 Wkh vdph

dqdo|vlv zloo dsso| wr wkh vl}h ri @/ wkh udwh ri ghfd| ri vlqjxodu ydoxhv zloo eh idvwhu

iru vpdoohu @ dqg ylfh yhuvd1

Wr fkrrvh "/ zh vwduw iurp d kljkhu ydoxh ri " iru zklfk wkhuh lv qr vslnhv dsshdulqj

rq wkh judsk1 Zh judgxdoo| uhgxfh wkh vl}h dqg qrwh wkh ydoxhv ri " iru zklfk wkh

vslnhv vwduw wr dsshdu1 Zh uhgxfh wkh vl}h ixuwkhu dqg qrwh wkh ydoxhv ri " iru zklfk

wkh vslnhv dpsoli| vljql�fdqwo|1 Wkhq zh wdnh wkh phdq ri wkh wzr ydoxhv ri "/ zklfk

zloo jlyh dq dssursuldwh fkrlfh ri "1 Wklv fkrlfh ri "pd| eh uh�qhg ixuwkhu e| fkhfnlqj

qhljkerulqj ydoxhv iru zklfk wkh vslnhv duh ploghu1

Frqfoxvlrqv

Wkh lqyhuvh vroxwlrq ri wkh khdw frqgxfwlrq prgho lv fkdudfwhul}hg e| glvfrqwlqxrxv

ghshqghqfh rq wkh gdwd1 D vpdoo huuru lq wkh qwk Irxulhu frh!flhqw lv dpsol�hg e|

wkh idfwru i T
q�
>26 n b2?

�
A
r
1 Wkxv lw ghshqgv rq wkh udwh ri ghfd| ri vlqjxodu ydoxhv

dqg wklv udwh ri ghfd| dovr ghshqgv rq wkh vl}h ri wkh sdudphwhu Ac @ dqg K1 Lq rughu

wr jhw vrph phdqlqjixo lqirupdwlrq/ rqh kdv wr frqvlghu �uvw ihz ghjuhhv ri iuhhgrp

lq wkh gdwd dqg kdv wr �owhu rxw hyhu|wklqj hovh ghshqglqj rq wkh udwh ri ghfd| ri

vlqjxodu ydoxhv dqg wkh vl}h ri sdudphwhu A 1 Lw lv srvvleoh wr uhfryhu vrph lqirupdwlrq

derxw wkh kljkhu prghv e| wkh sursrvhg k|shuerolf prgho1

Lw lv vkrzq wkdw d frpsohwh uhirupxodwlrq ri wkh khdw frqgxfwlrq sureohp dv d

k|shuerolf htxdwlrq surgxfhv ehwwhu uhvxowv dv frpsduhg wr wkh sduderolf prgho1 Wkh

k|shuerolf prgho zlwk d vpdoo sdudphwhu forvho| dssur{lpdwhv dqg uhjxodul}hv wkh

khdw frqgxfwlrq htxdwlrq1 Lw lv dovr vkrzq wkdw lq fdvh ri qrlv| gdwd/ wkh k|shuerolf

prgho dssur{lpdwhv wkh h{dfw lqlwldo sur�oh ehwwhu wkdq wkh sduderolf khdw frqgxfwlrq

prgho1 Ixuwkhu/ lq wkh fdvh ri qrlv| gdwd/ wkh lqirupdwlrq derxw wkh lqlwldo sur�oh

fdqqrw eh uhfryhuhg iru kljkhu prghv e| wkh sduderolf khdw frqgxfwlrq prgho exw

wkh k|shuerolf prgho pd| jlyh vrph xvhixo lqirupdwlrq derxw wkh lqlwldo sur�oh li wkh
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ydoxh ri sdudphwhu " lv fkrvhq dssursuldwho|1

Dfnqrzohgjphqw=

Wkh dxwkruv zlvk wr dfnqrzohgjh vxssruw surylghg e| wkh Nlqj Idkg Xqlyhuvlw|

ri Shwurohxp dqg Plqhudov dqg wkh Kdiu Do0Edwlq Frppxqlw| Froohjh1

Uhihuhqfhv

d�o K1 Z1 Hqjo/ Pduwlq Kdqnh dqg Dqguhdv Qhxedxhu= Uhjxodul}dwlrq ri Lqyhuvh

Sureohpv/ Noxzhu/ Gruguhfkw/ ss1 64075 +4<<9,1

d2o F1 I1 Zhehu= Dqdo|vlv dqg vroxwlrq ri wkh loo0srvhg sureohp iru wkh khdw frq0

gxfwlrq sureohp/ Lqwhuqdwlrqdo Mrxuqdo ri Khdw dqg Pdvv Wudqvihu 57/ ss1 4:;60

4:<5 +4<;4,1

d�o O1 Hoghq= Lqyhuvh dqg Loo0Srvhg Sureohpv/ +K1 Z1 Hqjo dqg F1 Z1 Jurhwvfk/

hgv1,/ Dfdghplf Suhvv/ Lqf1/ ss1 6780683 +4<;:,1

deo D1 Yhgdydu}/ N1 Plwud dqg V1 Nxpdu= K|shuerolf whpshudwxuh sur�ohv iru odvhu

vxuidfh lqwhudfwlrqv/ M1 Dsso1 Sk|v1 :9+<,/ ss1 834708354/ +4<<7,1

dDo X1 Judw}nh/ S1 G1 Ndsdgld dqg M1 Grzghq= Khdw frqgxfwlrq lq kljk0vshhg odvhu

zhoglqj/ M1 Sk|v1 G= DSSO1 Sk|v1 57/ ss1 545805467/ +4<<4,1

dSo F1 P1 Ehqghu dqg V1 D1 Ruv}dj= Dgydqfhg Pdwkhpdwlfdo Phwkrgv iru Vflhqwlvwv

dqg Hqjlqhhuv/ PfJudz Kloo/ Qhz \run/ +4<:;,1

d.o M1 Ehfn/ E1 Eodfnzhoo dqg UVwF1 Fodlu= Lqyhuvh Khdw Frqgxfwlrq Sureohpv/

Zloh|/ Qhz \run/ +4<;8,1

dHo Q1 Do0Nkdolg|= Rq wkh vroxwlrq ri sduderolf dqg k|shuerolf lqyhuvh khdw frq0

gxfwlrq sureohpv/ Lqw1 Mrxuqdo ri Khdw dqg Pdvv Wudqvihu/ 74/ ss1 6:6406:73

+4<<;,1
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dbo M10O1 Olrqv dqg U1 Odwwhv= Pìwkrgh gh Txdvl0uìyhuvlelolwì hw Dssolfdwlrqv/

Gxqrg/ Sdulv/ +4<9:,1

d�fo Y1 N1 Lydqry= Rq loo0srvhg sureohpv/ Pdw1 Ve1/ 94+5,/ ss1 5440556 +4<96, +lq

Uxvvldq,1

d��o D1 Q1 Wlnkrqry dqg Y1 \d1 Duvhqlq= Vroxwlrq ri Loo0Srvhg Sureohpv/ Mrkq

Zloh|/ Qhz \run/ +4<::,1

d�2o D1 Y1 Prxowdqryvn|= Preloh KYDF v|vwhp hydsrudwru rswlpl}dwlrq dqg frrolqj

Fdsdflw| hvwlpdwlrq e| phdqv ri lqyhuvh sureohp vroxwlrq/ Lqyhuvh Sureohpv lq

Hqjqj1/ 43+4,/ ss1 404; +5335,1

d��o Y1 Y1 Ydvlq dqg D1 O1 Djhhy= Loo0Srvhg Sureohpv zlwk d Sulrul Lqirupdwlrq/

YVS/ Xwuhfkw/ +4<<8,1

d�eo N1 Pdvrrg/ V1 Phvvdrxgl dqg I1 G1 ]dpdq= Lqlwldo Lqyhuvh Sureohp lq Khdw

Htxdwlrq zlwk Ehvvho Rshudwru/ Lqw1 Mrxuqdo ri Khdw dqg Pdvv Wudqvihu/ 78+47,/

ss1 5<8<05<98 +5335,1

d�Do S1 F1 Kdqvhq= Udqn0Gh�flhqw dqg Glvfuhwh Loo0Srvhg Sureohpv1 Qxphulfdo Dv0

shfwv ri Olqhdu Lqyhuvlrq/ VLDP/ +4<<:,1
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Ilj1 41 Wkh h{dfw lqlwldo sur�oh iru 6 ' 21
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Ilj1 51 Uhvsrqvh ri wkh k|shuerolf prgho iru 6 ' 2c A ' �c � ' �c 7�- ' 2f_�

dqg " ' f�f�1
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Ilj1 61 Uhvsrqvh ri wkh sduderolf prgho iru 6 ' 2c A ' �c� ' � dqg 7�- ' 2f_�1
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Ilj1 71 Wkh h{dfw lqlwldo sur�oh iru 6 ' e1

4:



Ilj1 81 Uhvsrqvh ri wkh k|shuerolf prgho iru 6 ' ec A ' �c � ' ec 7�- ' 2f_�

dqg " ' f�f21

4;



Ilj1 91 Uhvsrqvh ri wkh sduderolf prgho iru 6 ' ec A ' �c� ' e dqg 7�- ' 2f_�1

4<



Ilj1 :1 Uhvsrqvh ri wkh k|shuerolf prgho iru 6 ' 2c A ' 2c � ' �c 7�- ' 2f_�

dqg " ' f��1
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Ilj1 ;1 Uhvsrqvh ri wkh sduderolf prgho iru 6 ' 2c A ' 2c� ' � dqg 7�- ' 2f_�1
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