
V. Petridis and Ath. Kehagias.
"A Recurrent Network Implementation of Bayesian Time Series

Classification".

This paper has appeared in the journal:
Neural Computation, vol.8, pp.357-372, 1996.



� +iU�hhi?| �i|�Lh! W4T*i4i?|@|�L? Lu

A�4i 5ih�it �*@tt��U@|�L?

V@t� �i|h�_�t

#��� Lu ,*iU|hL?�Ut @?_ �L4T� ,?}�c #iT|� Lu ,*iU|h�U@* ,?}�

�h�t|L|*i N?��iht�|) Lu A�itt@*L?�!�

Def fS A�itt@*L?�!�c BhiiUi

@?_

�|�� ki�@}�@t

#��� Lu ,*iU|hL?�Ut @?_ �L4T� ,?}�c #iT|� Lu ,*iU|h�U@* ,?}�

�h�t|L|*i N?��iht�|) Lu A�itt@*L?�!�

Def fS A�itt@*L?�!�c BhiiUi

@?_

#iT|� Lu �@|�i4@|�Ut

�4ih�U@? �L**i}i Lu O�}�ih 5|�_�it

Def fS �)*i@c BhiiUi

i�4@�*G !i�@}�@t9i}?@|�@�ii�@�|��}h

�D a�?i �bbS

Devwudfw

Dq Lqfuhphqwdo Fuhglw Dvvljqphqw +LFUD, vfkhph lv lqwurgxfhg

dqg dssolhg wr wlph vhulhv fodvvl�fdwlrq1 Lw kdv ehhq lqvsluhg iurp

Ed|hv* uxoh/ exw wkh Ed|hvldq frqqhfwlrq lv qrw qhfhvvdu| hlwkhu iru lwv

ghyhorsphqw ru surri ri lwv frqyhujhqfh surshuwlhv1 Wkh LFUD vfkhph

lv lpsohphqwhg e| d uhfxuuhqw/ klhudufklfdo/ prgxodu qhxudo qhwzrun/

zklfk frqvlvwv ri d edqn ri suhglfwlyh prgxohv dw wkh orzhu ohyho/ dqg

d ghflvlrq prgxoh dw wkh kljkhu ohyho1 Iru hdfk suhglfwlyh prgxoh/

d fuhglw ixqfwlrq lv frpsxwhg> wkh prgxoh zklfk ehvw suhglfwv wkh
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revhuyhg wlph vhulhv ehkdylru uhfhlyhv kljkhvw fuhglw1 Zh suryh wkdw

wkh fuhglw ixqfwlrqv frqyhujh +zlwk suredelolw| rqh, wr fruuhfw ydoxhv1

Vlpxodwlrq uhvxowv duh dovr suhvhqwhg1

dpvwh{

Wklv sdshu dsshduv lq Qhxudo Frpsxwdwlrq/ yro1;/ ss168:06:5/ 4<<91

� W?|hL_�U|�L?

Frqvlghu wkh iroorzlqj sureohp ri wlph vhulhv fodvvl�fdwlrq1 D wlph vhulhv

||/ w @ 4> 5> === lv surgxfhg e| d vrxufh V+�&,/ zkhuh �& lv d sdudphwhu wdnlqj

ydoxhv lq d �qlwh vhw � @ i��/ 111/ �gj dqg wkh _wuxh% ru _ehvw% ydoxh ri �&

lv vrxjkw1 Wklv sureohp dsshduv lq pdq| sudfwlfdo dssolfdwlrqv/ h1j1 vshhfk

uhfrjqlwlrq +Udelqhu ) Vfkdihu/ 4<;;,/ hq}|ph fodvvl�fdwlrq +Sdsdqlfrodrx

) Phghlurv/ 4<<3, hwf1 Dq h{whqvlyh olvw ri dssolfdwlrqv fdq eh irxqg lq

+Khuw}/ Nurjk ) Sdophu/ 4<<4,1 Lq wklv sdshu zh suhvhqw dq Lqfuhphq0

wdo FUhglw Dvvljqphqw +LFUD, vfkhph zklfk dvvljqv fuhglw wr hdfk vrxufh

dffruglqj wr lwv suhglfwlyh srzhu1 Wklv dssurdfk |lhogv d klhudufklfdo dufkl0

whfwxuh zlwk d suhglfwlrq ohyho dw wkh erwwrp dqg d ghflvlrq ohyho dw wkh wrs1

Zh suhvhqw d uhfxuuhqw/ klhudufklfdo/ prgxodu qhxudo qhwzrun lpsohphqwd0

wlrq ri wklv dufklwhfwxuh1 D edqn ri orfdo suhglfwlrq prgxohv duh wudlqhg/

hdfk rq gdwd iurp d sduwlfxodu vrxufh V+�&,1 Wkh suhglfwlrq prgxohv fdq

eh lpsohphqwhg e| vhyhudo gl�huhqw nlqgv ri ihhgiruzdug qhxudo qhwzrunv=

vljprlg/ olqhdu/ Jdxvvldq/ sro|qrpldo hwf1 Wkh ghflvlrq prgxoh lv lpsoh0

phqwhg e| d uhfxuuhqw Jdxvvldq qhwzrun zklfk frpelqhv wkh rxwsxwv ri wkh

suhglfwlrq prgxohv1 Wkh ryhudoo vwuxfwxuh ri wkh qhwzrun lv suhvhqwhg lq

Ilj1 41 Zh suryh wkdw wkh fuhglw ixqfwlrqv frqyhujh zlwk suredelolw| rqh

wr fruuhfw ydoxhv/ qdpho|/ wr rqh iru wkh prgxoh zlwk pd{lpxp suhglfwlyh

srzhu dqg wr }hur iru wkh uhpdlqlqj prgxohv1 Pruhryhu LFUD kdv dq hdv|

qhxudo qhwzrun lpsohphqwdwlrq +xvlqj rqo| dgghuv dqg pxowlsolhuv,1 LFUD

kdv ehhq lqvsluhg e| fodvvl�fdwlrq edvhg rq wkh Ed|hvldq srvwhulru suredelo0

lwlhv ri wkh fdqglgdwh vrxufhv/ exw wkh Ed|hvldq frqqhfwlrq lv qrw qhfhvvdu|

iru ghyhorslqj LFUD ru iru surylqj lwv frqyhujhqfh surshuwlhv1
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Wkh lghd ri frpelqlqj orfdo prghov lqwr d odujh prgxodu qhwzrun kdv

uhfhqwo| ehfrph yhu| srsxodu1 Lw lv xvhg iru suhglfwlrq dv zhoo dv iru fodvvl0

�fdwlrq ri erwk vwdwlf dqg g|qdplf +wlph vhulhv, sdwwhuqv1 Hduo| h{dpsohv

ri wklv lghd duh/ iru h{dpsoh/ +Iduphu ) Vlgrurzlfk/ 4<;;> Prrg|/ 4<;<,

zkhuh d wlph vhulhv suhglfwlrq sureohp lv vroyhg e| sduwlwlrqlqj wkh lqsxw

vsdfh lqwr d qxpehu ri uhjlrqv dqg wudlqlqj d orfdo suhglfwru iru hdfk uhjlrq>

lq hyhu| lqvwdqfh/ wkh orfdo suhglfwru xvhg lv h{solflwo| ghwhuplqhg e| sdvw

lqsxw ydoxhv/ khqfh lw lv qrw qhfhvvdu| wr dvvljq fuhglw wr hdfk suhglfwru1

D odwhu ghyhorsphqw lv wkh frpelqdwlrq ri orfdo prghov xvlqj d zhljkwhg

vxp> wkh zhljkwv fdq eh lqwhusuhwhg dv frqglwlrqdo suredelolwlhv ru dv fuhglw

ixqfwlrqv1 Wklv lv wkh dssurdfk wdnhq lq +Mdfrev hw do1/ 4<<4> Mrugdq )

Mdfrev/ 4<<5> Qhdo/ 4<<4> Qrzodq/ 4<<3, zkhuh wkh whupv orfdo h{shuwv dqg

suredelolw| pl{wxuhv duh xvhg> wkh whup frpplwwhhv dsshduv lq +Vfkzdu}h )

Khuw}/ 4<<5,> wkh whup qhxudo hqvhpeohv lq +Shuurqh ) Frrshu/ 4<<6,/ dqg

vr rq1 Rxu srlqw ri ylhz lv vlplodu wr wkdw ri wkh deryh sdshuv/ lqvridu zh

dovr xvh orfdo prghov +suhglfwruv, dqg fuhglw ixqfwlrqv1 Krzhyhu/ LFUD lv

d uhfxuvlyh vfkhph iru rqolqh fuhglw dvvljqphqw/ vr wkdw fodvvl�fdwlrq dw d

jlyhq wlph ghshqgv rq sdvw fodvvl�fdwlrqv1 Wklv lv sduwlfxoduo| dssursuldwh

iru fodvvl�fdwlrq ri g|qdplf sdwwhuqv/ vxfk dv wlph vhulhv/ zkhuh wkh klvwru|

ri wkh vljqdo pxvw eh wdnhq lqwr dffrxqw1 Lq frqwudvw/ wkh deryhphqwlrqhg

sdshuv xvh r�lqh fuhglw dvvljqphqw dqg duh dssolhg hlwkhu wr vwdwlf sureohpv

ru _vwdwlfl}hg% g|qdplf sureohpv/ zkhuh suhsurfhvvlqj lv xvhg wr wudqvirup

d wlph0hyroylqj vljqdo wr d vwdwlf ihdwxuh yhfwru +IIW ru OSF frh�flhqwv

hwf1,1 Krzhyhu/ vwdwlf ihdwxuh yhfwruv pd| qrw fdswxuh doo wkh g|qdplf surs0

huwlhv ri d wlph vhulhv/ hvshfldoo| lq fdvh ri vrxufh vzlwfklqjv1 Rq wkh rwkhu

kdqg/ zkloh rxu phwkrg dvvxphv wkdw wkh fodvvhv wr eh xvhg duh jlyhq lq

dgydqfh/ vhyhudo ri wkh deryhphqwlrqhg sdshuv suhvhqw dojrulwkpv wkdw glv0

fryhu dq h{shglhqw sduwlwlrq ri wkh vrxufh vsdfh1 Lq idfw/ wkhuh duh vhyhudo

qhxudo dojrulwkpv zklfk frpelqh orfdo prghov dqg dgdswlyh sduwlwlrqlqj> iru

h{dpsoh +D|hvwdudq ) Sudjhu/ 4<<6> Ed{w/ 4<<5> Mrugdq ) Mdfrev/ 4<<7>

Ndglundpdqdwkdq ) Qludqmdq/ 4<<5> Vfkzdu}h ) Khuw}/ 4<<5> Vkdgdidq )

Qludqmdq/ 4<<6, hwf1 Krzhyhu/ zkloh vxfk dojrulwkpv shuirup dgdswlyh sdu0
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wlwlrqlqj/ wkh| gr qrw shuirup/ dv idu dv zh nqrz/ dgdswlyh fodvvl�fdwlrq/

vlqfh wkh| gr qrw xvh fodvvl�fdwlrq uhvxowv uhfxuvlyho|1

Lq vkruw/ rxu LFUD dojrulwkp lv dssolfdeoh wr sureohpv ri wlph vhulhv

fodvvl�fdwlrq/ zkhuh sdvw fodvvl�fdwlrq uhvxowv pxvw eh xvhg iru ixwxuh fodv0

vl�fdwlrq/ dqg fodvvhv duh jlyhq lq dgydqfh1

2 �@)it�@? A�4i 5ih�it �*@tt��U@|�L?

D udqgrp yduldeoh ] zklfk wdnhv ydoxhv lq � @ i��> ===> �gj lv lqwurgxfhg1

Wkh wlph vhulhv |�/ |2/ 111 lv surgxfhg e| vrxufh V+],1 Iru lqvwdqfh/ li

] @ ��/ wkhq wkh wlph vhulhv |�/ |2/ 111 lv surgxfhg e| V+��,1 Dw hyhu| wlph

w d ghflvlrq uxoh surgxfhv dq hvwlpdwh ri ]/ ghqrwhg a]|1 Iru lqvwdqfh/ li dw

wlph w zh eholhyh wkdw wkh wlph vhulhv |�/ 111 || kdv ehhq surgxfhg e| ��/ wkhq

a]| @ ��1 Fohduo|/ a]| pd| fkdqjh zlwk wlph/ dv pruh revhuydwlrqv ehfrph

dydlodeoh1

Wkh frqglwlrqdo srvwhulru suredelolw| s
&

|
iru n @ 4> 5/ 111/ N/ w @ 4> 5/ 111

lv gh�qhg e|

s
&

|

=
@ Sure+] @ �& m ||> ===> |�,>

dovr wkh sulru suredelolw| s
&

f
iru n @ 4> 5/ 111 / N lv gh�qhg e|

s
&

f

=
@ Sure+] @ �& m dw w @ 3,= +4,

s
&

f
uh�hfwv rxu sulru nqrzohgjh ri wkh ydoxh ri ]1 Lq wkh devhqfh ri dq| sulru

lqirupdwlrq zh fdq mxvw dvvxph doo prghov wr eh htxlsuredeoh= s
&

f
@ 4@N

iru n @ 4> 5> ===>N1 s&
|
uh�hfwv rxu eholhi +diwhu revhuylqj gdwd |�> ===> ||, wkdw

wkh wlph vhulhv lv surgxfhg e| V+�&,1 Zh fkrrvh a]|

=
@ dujpd{w&MX s

&

|
1 Lq

rwkhu zrugv/ dw wlph w zh frqvlghu wkdw |�> ===> || kdv ehhq surgxfhg e| vrxufh

V+ a]|,/ zkhuh a]| pd{lpl}hv wkh srvwhulru suredelolw|1 Vr wkh fodvvl�fdwlrq

sureohp kdv ehhq uhgxfhg wr frpsxwlqj s
&

|
/ w @ 4> 5> ====/ n @ 4> 5> ===>N1

Wklv frpsxwdwlrq +Kloeruq ) Odlqlrwlv/ 4<9<> Odlqlrwlv ) Sodwdqlrwlv/ 4<<7,
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lv edvhg rq Ed|hv* uxoh=

s
&

|
@

Sure+||> ] @ �& m ||3�> ===> |�,Sg
�'� Sure+||> ] @ �� m ||3�> ===> |�,

= +5,

Dovr

Sure+||> ] @ �& m ||3�> ===> |�, @ Sure+|| m ||3�===|�> ] @ �&, � s&|3�= +6,

Qrz +5,/ +6, lpso| wkh iroorzlqj uhfxuvlrq iru n @4/5/ 111/ N/ w @3/ 4/ 5/ 111 =

s&| @
Sure+|| m ||3�> ===> |�> ] @ �&, � s&|3�Sg
�'� Sure+|| m ||3�> ===> |�> ] @ ��, � s�|3�

= +7,

dqg zh rqo| qhhg +iru hdfk w dqg n, wr frpsxwh Sure+|| m ||3�> ===> |�> ] @

�&,1 Wklv suredelolw| ghshqgv rq wkh irup ri wkh suhglfwru> wkh suhglfwruv

kdyh d jhqhudo sdudphwulf irup i+�> �&,/ n @ 4/ 111 / N=

|&| @ i+||3�> ===> ||3� > �&,= +8,

W|slfdoo|/ i+�> �&, zrxog eh d ihhgiruzdug +olqhdu/ vljprlg/ Jdxvvldq/ sro|0

qrpldo, qhxudo qhwzrun wudlqhg rq gdwd iurp vrxufh V+�&,1 Wklv suhglfwru

dssur{lpdwhv || zkhq wkh wlph vhulhv lv surgxfhg e| V+�&,1 Iru n @ 4> 5> ===> N

wkh suhglfwlrq huuru h&| / n @ 4/ 111 / N/ w @ 4> 5/ 111 lv gh�qhg e|

h&|
=
@ || � |&| = +9,

Lw lv dvvxphg wkdw h&| lv d zklwh/ Jdxvvldq qrlvh surfhvv/ zlwk frqglwlrqdo

suredelolw| ri wkh irup

Sure+h&| m ||3�> ====> |�>] @ �&, @ F+�&, � h{s+� m h&|s
5�&

m2,= +:,
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Lw wkhq iroorzv lpphgldwho| iurp +8,/ +9, dqg +:, wkdw

Sure+|| m ||3�> ====> |�>] @ �&, @ F+�&, � h{s+� m || � |&|s
5�&

m2,= +;,

Wkh suredelolw| dvvxpswlrq ri +:, lv duelwudu|/ exw zrunv zhoo lq sudfwlfh/

dv zloo eh vhhq lq Vhfwlrq 81 Wkh sdudphwhu �2& lv wkh yduldqfh dqg F+�&, lv

d qrupdol}lqj frqvwdqw1 H{whqvlrqv iru yhfwru ydoxhg || dqg h&| duh reylrxv1

Wkh srvwhulru suredelolw| s&| ri vrxufh V+�&,/ n @ 4> 5> ===>N/ iru wlph w @

4> 5> ==/ fdq eh frpsxwhg e| phdqv ri wkh deryh htxdwlrqv1 Dw wlph w wkh wlph

vhulhv lv fodvvl�hg wr wkh vrxufh wkdw pd{lpl}hv wkh srvwhulru suredelolw|=

a]|
=
@ dujpd{

w&MX
s&| = +<,

Wkh uhfxuvlrq iru s&| lv rewdlqhg iurp +4,/ +7,/ +8,/ +;, dqg +<,1

� W?Uhi4i?|@* �hi_�| �tt�}?4i?| 5U�i4i

Lq wklv vhfwlrq zh lqwurgxfh dq Lqfuhphqwdo FUhglw Dvvljqphqw +LFUD,

vfkhph wr eh xvhg iru wlph vhulhv fodvvl�fdwlrq1 LFUD lv prwlydwhg iurp wkh

Ed|hvldq vfkhph exw lw lv vlpsohu lq lpsohphqwdwlrq/ uhtxlulqj rqo| dgghuv

dqg pxowlsolhuv1 Lq dgglwlrq LFUD fodvvl�hv dv zhoo/ dqg vrphwlphv ehwwhu/

wkdq wkh Ed|hvldq vfkhph/ dv zloo ehfrph reylrxv lq Vhfwlrq 81 Ilqdoo|/

LFUD kdv ghvludeoh frqyhujhqfh surshuwlhv zklfk fdq eh pdwkhpdwlfdoo|

suryhg1 Khqfh LFUD lv dq dwwudfwlyh dowhuqdwlyh wr Ed|hvldq fodvvl�fd0

wlrq1Wr ghyhors LFUD/ vwduw e| gh�qlqj

j+h,
=
@ F+�&, � h{s+� m hs

5�&
m2,= +43,

Qrz frqvlghu wkh iroorzlqj gl�huhqfh htxdwlrq

t&| � t&|3�

�
@ j+h&| , � s&|3� �

3
C g[
�'�

s
�
|3� � j+h�|,

4
D � t&|3�> +44,
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zlwk lqlwldo frqglwlrq +n @ 4> 5> ===>N,

t&
f
A 3>

g[
&'�

t&
f
@ 4= +45,

Lw lv fohdu wkdw li wkh t&| *v frqyhujh/ lq htxloleulxp +t&| * t&|3�, zh zloo kdyh

t&| * j+h&| , � s&|3� 2
S

g
�'� j+h

�
|, � s�|3�1 Vlqfh wkh s&|3�*v lq +44, duh xqnqrzq/

ohw xv vxevwlwxwh wkhp e| wkh t&|3�*v1 Diwhu vrph uhzulwlqj/ ht1+44, ehfrphv

t&| @

;?
=4 . �

5
7j+h&| ,�

3
C g[
�'�

t
�

|3� � j+h�|,
4
D
6
8
<@
> � t&|3�= +46,

Ht1+46, lv wkh lpsruwdqw sduw ri wkh LFUD vfkhph1 Hyhq wkrxjk zh kdyh

vwduwhg zlwk d Ed|hvldq srlqw ri ylhz/ wklv fdq qrz eh dedqgrqhg1 Zh

frqvlghu wkh t&| *v wr eh fuhglw ixqfwlrqv= wkh kljkhvw t&| jhwv/ wkh prvw olnho|

lv V+�&, wr eh wkh _wuxh% vrxufh1 Iurp ht1+46, zh vhh wkdw wkh fuhglw ixfwlrqv

t&| duh xsgdwhg lq dq lqfuhphqwdo pdqqhu/ vlplodu wr d vwhhshvw ghvfhqw

surfhgxuh1 Dw wlph w wkh wlph vhulhv lv fodvvl�hg wr vrxufh V+]W| ,/ zkhuh

]W|
=
@ dujpd{

w&MX
t&| = +47,

Ri frxuvh wkh xvh ri ht1+47, uhtxluhv vrph mxvwl�fdwlrq> qdpho| zh pxvw

suryh wkdw li wkh _wuxh% ru _ehvw% vrxufh lv V+�6,/ wkhq t6| lv juhdwhu wkdq

t&| / n 9@ p1 Wklv mxvwl�fdwlrq zloo eh surylghg lq wkh qh{w vhfwlrq1 Qdpho|/

zh zloo suryh wkdw wkh t&| *v dv jlyhq e| +46, duh frqyhujhqw> lq sduwlfxodu/

wkh t6| dvvrfldwhg zlwk vrxufh V+�6, ri kljkhvw suhglfwlyh srzhu/ frqyhujhv

wr rqh/ zkloh doo rwkhu t&| *v frqyhujh wr }hur1 Wkhuhiruh wkh fuhglw ixqfwlrqv

t&| fdq eh xvhg iru fodvvl�fdwlrq1

Lq vxppdu|/ wkh LFUD vfkhph lv edvhg rq htxdwlrqv +45,/ +8,/ +9,/ +43,/

+46,/ +47,/ zklfk fdq eh lpsohphqwhg e| wkh uhfxuuhqw/ klhudufklfdo/ prgx0

odu qhwzrun ri Ilj1 41 Wkh erwwrp/ suhglfwlrq ohyho ri wkh klhudufk| frqvlvwv

ri d edqn ri suhglfwlyh prgxohv/ hdfk rqh lpsohphqwlqj d suhglfwru ri wkh

irup +8,/ iru d vshfl�f ydoxh �&1 W|slfdoo| wkhvh prgxohv duh ihhgiruzdug

:



qhxudo qhwzrunv +vljprlg/ olqhdu/ Jdxvvldq hwf1, Wkh wrs/ ghflvlrq ohyho ri

wkh klhudufk| frqvlvwv ri d prgxoh wkdw lpsohphqwv +46,> wklv prgxoh fdq

eh exlow iurp Jdxvvldq qhxurqv1 Dw wklv srlqw zh vkrxog hpskdvl}h wkdw

zlwklq wklv frqwh{w wkh Jdxvvldq irup j+h&| , fhdvhv wr eh dq dvvxpswlrq

derxw wkh vwdwlvwlfdo surshuwlhv ri huuru h&| dqg ehfrphv d pdwwhu ri ghvljq

uhjduglqj wkh fuhglw dvvljqphqw vfkhph1 Dovr/ zh hpskdvl}h wkdw LFUD fdq

eh lpsohphqwhg xvlqj rqo| dgghuv dqg pxowlsolhuv/ khqfh lpsohphqwdwlrq lv

vlpsohu wkdq wkdw ri wkh Ed|hvldq vfkhph1 Ilqdoo|/ lw vkrxog eh phqwlrqhg

wkdw lpsohphqwdwlrq ri wkh LFUD vfkhph uhtxluhv frpsxwdwlrq ri ht1+46,

iru n@4/ 5/ 111/ N/ zklfk reylrxvo| vfdohv olqhduo| zlwk N/ wkh qxpehu ri

fodvvhv1 Khqfh/ wlph uhtxluhphqwv ri LFUD duh R+N,= wr kdqgoh 433 fodvvhv

wdnhv rqo| whq wlphv pruh wkdq wr kdqgoh 43 fodvvhv li wkh dojrulwkp lv lp0

sohphqwhg vhuldoo|1 Lw vkrxog dovr eh qrwhg wkdw ht1+46, lv ixoo| sdudoohol}deoh

+vhh dovr Ilj14, uhvxowlqj lq R+4, +frqvwdqw, h{hfxwlrq wlph iru sdudooho lp0

sohphqwdwlrq1 Phpru| uhtxluhphqwv duh dovr R+N,/ vlqfh rqo| wkh fxuuhqw

t&| *v qhhg wr eh uhwdlqhg dw hyhu| wlph vwhs1 �

e �L?�ih}i?Ui

Zh zloo qrz vkrz wkdw +46, kdv wkh iroorzlqj surshuw|= li �6 lv wkh _ehvw%

ydoxh ri � +l1h1/ vrxufh V+�6, ehvw suhglfwv wkh gdwd revhuyhg, wkhq t6| frq0

yhujhv wr 4 dqg t&| frqyhujhv wr 3 iru n 9@ p1 Zh vwduw zlwk wkh iroorzlqj

ohppd1

Ohppd 4 Li
Sg

&'� t
&
f
@ 4/ wkhq

Sg
&'� t

&
| @ 4 iru w @ 4> 5> === 1

Surri= Surri zloo eh e| lqgxfwlrq1 Vxssrvlqj
Sg

&'� t
&
r3� @ 4/ lw zloo

eh vkrzq wkdw
S

g
&'� t

&
r @ 4 dv zhoo1 Vxpplqj +46, ryhu n +dqg xvlqj
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t&r3� � j+h&r,� � �
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�
r3� � j+h�r,

6
8 � 4 @ 4= +48,

Vlqfh wkh sursrvlwlrq lv wuxh iru w @ 3/ dsso|lqj +48, uhshdwhgo| iru v@ 4/5/

111 suryhv wkh Ohppd1 �
Qrz zh fdq vwdwh dqg suryh wkh iroorzlqj frqyhujhqfh wkhruhp1

Wkhruhp 5 Gh�qh d& @ H+j+h&| ,,/ n @ 4> ===> N1 Vxssrvh d6 lv wkh xqltxh

pd{lpxp ri d
�
/ 111 / dg1 Li t6

f
A 3/ wkhq t6| $ 4 dqg t&| $ 3 iru n 9@ p/

zlwk suredelolw| 41

Uhpdunv= Iluvw/ qrwh wkdw j+h&| , lv d udqgrp yduldeoh/ vlqfh lw lv d ixqfwlrq

ri wkh huuru h&| 1 Dvvxplqj h&| wr eh vwdwlrqdu|/ d& @ H+j+h&| ,,/ l1h1 wkh

h{shfwdwlrq ri j+h&| ,/ lv wlph lqghshqghqw1 Vlqfh j+h, lv d ghfuhdvlqj ixqfwlrq

ri mhm/ d odujh ydoxh ri d& lpsolhv jrrg suhglfwlyh shuirupdqfh1 Lq wklv vhqvh/

d& fdq eh ylhzhg dv d suhglfwlrq txdolw| lqgh{ dqg lw lv qdwxudo wr frqvlghu

dv rswlpdo wkh suhglfwru p wkdw kdv pd{lpxp d61 Lq wkh frxuvh ri wkh

surri lw zloo ehfrph fohdu wkdw dq| ixqfwlrq j+mhm, frxog eh xvhg dv orqj dv

j+mhm, lv d ghfuhdvlqj ixqfwlrq ri mhm1 Wkh wkhruhp fdq eh jhqhudol}hg wr wkh

fdvh zkhuh wkhuh lv pruh wkdq rqh suhglfwru wkdw dfklhyhv pd{lpxp d6>

wkhq wkh wrwdo srvwhulru suredelolw| ri doo vxfk suhglfwruv zloo frqyhujh wr 41

Wkh surri iru wkdw fdvh lv vlplodu wr wkh rqh suhvhqwhg khuh/ dqg lv rplwwhg

iru hfrqrp| ri vsdfh1 Ilqdoo|/ qrwh wkdw wkh fuhglw ixqfwlrqv t&| duh udqgrp

yduldeohv/ dv wkh| ghshqg rq |
�
> |
2
> ===> ||1 Khqfh/ t

&
| frqyhujh lq d vwrfkdvwlf

vhqvh/ lq wklv fdvh zlwk suredelolw| rqh1

Surri= Iru w @ 3> 4> 5> ===/ gh�qh I| wr eh wkh vljpd0 �hog jhqhudwhg e| t&
f

dqg ih&rj|r'f/ zlwk n @ 4> ===>N1 Gh�qh e| I
"

=
@ ^"|'�I|1 Qrz/ t&| lv I|0
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phdvxudeoh/ iru doo n> w1 2 Wklv lv vr ehfdxvh t&| lv d ixqfwlrq ri h�| / 111 / h
g
|

dqg ri t�|3�/ 111 / tg|3�1 Exw t�|3�/ 111 / tg|3� duh lq wxuq ixqfwlrqv ri h�|3�/ 111

/hg|3� dqg ri t�|32/ 111 / t
g
|32 dqg vr rq1 Lq vkruw/ t&| lv d ixqfwlrq ri h�

�
/ 111 /

hg
�
/ h�

2
/ 111 hg| 1 Khqfh lw lv fohduo| I|0 phdvxudeoh1 Dovr/ iru n @ 4> 5/ 111/ N/

w @ 3> 4> 5/ 111 / gh�qh �&|
=
@ H+t&| ,1 Lq +46, ohw n@p dqg wdnh frqglwlrqdo

h{shfwdwlrqv zlwk uhvshfw wr I|3�1 Iru doo n dqg w zh kdyh H+t&|3� m I|3�, @

t&|3�/ H+j+h
&
| , m I|3�, @ H+j+h&| ,,@ d& 1 Lq rwkhu zrugv/ j+h&| , lv lqghshqghqw

ri I|3�1 Wklv lv vr ehfdxvh zh dvvxphg wkh qrlvh surfhvv ih&| j"|'� wr eh

zklwh/ khqfh h&| lv lqghshqghqw ri h,r/ o @ 4> ===>N/ v @ 4> ===> w � 41 Ilqdoo|/

iurp Ohppd 4/
Sg

�'� t
�
|3� @ 4/ khqfh

H+t6| m I|3�, @
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=4 . �

5
7d6 �

3
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�
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4
D
6
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t
�

|3�

4
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6
8
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> � t6|3� ,

H+t6| m I|3�, � t6|3�= +49,

Iurp +49, iroorzv wkdw it6| j"|'f lv d vxepduwlqjdoh1 Vlqfh 3 � H+m t6| m, � 4/

zh fdq xvh wkh Vxepduwlqjdoh Frqyhujhqfh Wkhruhp dqg frqfoxgh wkdw/ zlwk

suredelolw| 4/ wkh vhtxhqfh it6| j"|'f frqyhujhv wr vrph udqgrp yduldeoh/ fdoo

lw t6/ zkhuh t6 lv I
"
0 phdvxudeoh1 Zh kdyh dvvxphg wkdw t6

f
A 3> iurp

wklv/ dqg ht1+46, lw iroorzv wkdw iru doo w zh kdyh t6| A 31 Iurp wklv lw lv

hdv| wr suryh wkdw wkh olplw t6 A 31 Khqfh/ frqyhujhqfh ri t6| grhv qrw

ghshqg rq wkh lqlwldo ydoxhv t&
f
/ n @ 4> 5> ===> N/ dv orqj dv t6

f
lv juhdwhu wkdq

}hur1 Krzhyhu/ zh vwloo gr qrw nqrz zkhwkhu wkh vhtxhqfhv it&| j"|'f/ n 9@p/

frqyhujh1 Vlploduo|/ vlqfh t6| $ t6/ zh fdq wdnh h{shfwdwlrqv dqg rewdlq
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Iurp +4<, lw iroorzv lpphgldwho| wkdw �6 @ 4> rwkhuzlvh zh frxog fdqfho

4��6 iurp erwk vlghv ri +4<, dqg rewdlq d6 � d,/ zklfk lv d frqwudglfwlrq1

Khqfh 4 @ �6 @ olp|<" �6
|
/ l1h1 4@ olp|<"H+t6

|
, @ H+olp|<" t6

|
,1 Vlqfh

olp|<" t6
|
� 4/ zh pxvw kdyh olp|<" t6

|
@ 4 zlwk suredelolw| 4> lw iroorzv

wkdw olp|<" t
�

|
@ 3/ iru m 9@p/ zklfk frpsohwhv wkh surri1 �

D , @4T*it

41 Orjlvwlf Fodvvl�fdwlrq1 D orjlvwlf wlph vhulhv lv surgxfhg e| wkh

iroorzlqj uhfxuvlrq +wkh vrxufh sdudphwhu lv �,

{|n� @ � � {| � +4� {|, w @ 4> 5> ====

414 Lq wkh �uvw vhw ri h{shulphqwv/ d whvw wlph vhulhv kdv ehhq jhqhudwhg e|

uxqqlqj d orjlvwlf zlwk �@61;/ iru 4;5 wlph vwhsv dqg wkhq vzlwfklqj � wr

619 dqg uxqqlqj wkh orjlvwlf iru dqrwkhu 4;5 vwhsv1 ]hur0phdq zklwh qrlvh/

xqlirupo| glvwulexwhg lq wkh lqwhuydo ^��

2
>
�

2
` kdv ehhq dgghg wr wkh gdwd1

Zh kdyh xvhg D@3133/ 3138/ 111 / 31831 Zh sorw wkh wlph vhulhv +dw qrlvh

ohyho D@315, lq Ilj151 Wkh wdvn lv wr ghwhfw wkh dfwlyh ydoxh ri �1 Zh xvh

rxu LFUD vfkhph dqg frpsduh lw wr wkh Ed|hvldq vfkhph1 Lq erwk fdvhv

zh xvh wkh vdph w|sh ri suhglfwru prgxohv1 Whq suhglfwru prgxohv +4;0804

vljprlg/ ihhgiruzdug qhxudo qhwzrunv, kdyh ehhq wudlqhg rq orjlvwlfv zlwk

�@ 613/ 614/ 111/ 61</ uhvshfwlyho|1 Dyhudjh suhglfwru wudlqlqj wlph zdv 518

plq rq d Vxq Vsduf LSF zrunvwdwlrq1 Wkh � sdudphwhu lv wkh vdph iru

erwk fodvvl�huv> zh wdnh lw htxdo wr wkh h{shulphqwdoo| frpsxwhg vwdqgdug

ghyldwlrq ri suhglfwru huuru1 Iru doo suhglfwlrq prgxohv wklv lv dssur{lpdwho|

htxdo wr 3158> vr zh kdyh �� @ 111 @ ��f @ 31581 D suredelolw| wkuhvkrog

sdudphwhu k @ 3=34 lv dovr xvhg1 Iru wkh LFUD phwkrg zh dovr xvh � @ 3=<<1

Gl�huhqw ydoxhv ri � gr qrw d�hfw fodvvl�fdwlrq shuirupdqfh/ dv orqj dv wkh|

duh qrw wrr orz1 Lq jhqhudo/ vpdoo ydoxhv ri � dqg odujh ydoxhv ri � uhvxow lq

idvwhu xsgdwh ri wkh s&| dqg t
&
| +vhh ht1+46,,/ khqfh lq idvwhu uhvsrqvh ri wkh

dojrulwkp1 Ilqdoo|/ lw vkrxog eh phqwlrqhg wkdw fkrlfh ri s&
f
/ t&

f
grhv qrw

d�hfw wkh frqyhujhqfh/ dv uhpdunhg lq wkh suhylrxv vhfwlrq1 Wklv frqfoxvlrq
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zdv vxssruwhg e| rxu h{shulphqwv= zkloh zh wulhg vhyhudo ydoxhv iru s&
f
/ t&

f

fodvvl�fdwlrq shuirupdqfh zdv qrw d�hfwhg1 Lq wkh h{shulphqwv uhsruwhg

khuh/ zh kdyh dozd|v xvhg s
&
f @ 4@N/ t&f @ 4@N1

Lq Ilj16 wkh hyroxwlrq ri wkh t
&
| *v lv sorwwhg iru d w|slfdo h{shulphqw1

Fodvvl�fdwlrq wr wkh wuxh orjlvwlf wdnhv yhu| ihz wlph vwhsv= dw w@5 tb| A t
&
| /

n 9@ < dqg dw w@; lw uhdfkhv lwv vwhdg| vwdwh ydoxh> wkhq dw w@4;6 zh kdyh

wkh � wudqvlwlrq dqg e| wlph w@4;< zh kdyh t.| A t
&
| / n 9@ :> dw w@4<7 t.| kdv

uhdfkhg vwhdg| vwdwh +wkh zkroh wudqvlwlrq wdnhv 45 wlph vwhsv,1 Orfdwlrq

dqg zlgwk ri wkh wudqvlwlrq srlqwv ri wklv h{shulphqw duh w|slfdo> doo wkh

fodvvl�fdwlrq h{shulphqwv zh kdyh uxq jdyh vlplodu uhvxowv1 Lw vkrxog eh

hpskdvl}hg wkdw qr wudlqlqj lv uhtxluhg iru wkh ghflvlrq prgxoh> lwv rqolqh

rshudwlrq rqo| uhtxluhv frpsxwdwlrq ri htv1+8,/ +46, iru doo whq suhglfwruv

+n@4/ 111 / 43,1 Fodvvl�fdwlrq ri hdfk wlph vwhs uhtxluhv 313; vhf rq d Vxq

Vsduf LSF zrunvwdwlrq1

Fodvvl�fdwlrq shuirupdqfh lv phdvxuhg e| glylglqj wkh qxpehu ri wlph

vwhsv iru zklfk � lv fruuhfwo| lghqwl�hg dqg glylglqj e| 697/ wkh wrwdo qxpehu

ri wlph vwhsv1 Wkxv zh rewdlq wzr �jxuhv ri phulw= rqh iru wkh Ed|hvldq dqg

rqh iru wkh LFUD phwkrg1 Wkh uhvxowv/ iru ydulrxv qrlvh ohyhov D duh vxp0

pdul}hg lq Ilj171 Zh vhh wkdw lq wkh qrlvh0iuhh fdvh erwk vfkhphv shuirup

yhu| zhoo/ wkh Ed|hvldq vfkhph voljkwo| rxwshuiruplqj wkh LFUD vfkhph1

Krzhyhu/ wkh LFUD vfkhph lv pruh urexvw wr kljkhu qrlvh ohyhov1

415 Lq wkh vhfrqg vhw ri h{shulphqwv zh zdqw wr hydoxdwh fodvvl�fdwlrq shu0

irupdqfh zkhq wkh dfwxdo � sdudphwhu lv qrw lq rxu vhdufk vhw1 Wr wklv hqg

zh wudlq whq olqhdu suhglfwruv rq �@ 613/ 614/ 111 / 61< ydoxhv1 Wudlqlqj wlph

shu suhglfwru zdv voljkwo| ryhu 4 vhf rq d Vxq Vsduf LSF zrunvwdwlrq1 Wkhq

zh jhqhudwh �yh 6970vwhsv whvw orjlvwlfv zlwk dq � wudqvlwlrq dw vwhs 4;51

Wkh � wudqvlwlrqv duh 61:��� wr 61<.��/ zkhuh �� wdnhv wkh ydoxhv 3133/

3134/ 3135/ 3136/ 31371 Khqfh �� phdvxuhv wkh gl�huhqfh ehwzhhq wkh � rq

zklfk zh wudlqhg rxu vhdufk vhw dqg wkh dfwxdo � ydoxh zklfk jhqhudwhv wkh

whvw wlph vhulhv1 Qrwh wkdw iru �� @ 3=38 zh jhw �@ 6198/ h{dfwo| kdoizd|

ehwzhhq wkh vhdufk vhw �*v 619 dqg 61:1 Doo wkh rwkhu sdudphwhuv ri wkh

h{shulphqwv duh wkh vdph dv lq wkh suhylrxv sdudjudsk1 Zlwk wkh h{fhswlrq
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ri wkh �uvw fdvh/ wkh wuxh ydoxhv ri � duh qrw lq rxu vhdufk vhw1 Wkh uhvxowv

ri wkhvh h{shulphqwv duh vxppdul}hg lq Ilj1 81 Fodvvl�fdwlrq dw d wlph vwhs

lv frqvlghuhg wr eh fruuhfw zkhq wkh wlph vhulhv lv fodvvl�hg wr wkh ydoxh ri

� lq wkh vhdufk vhw zklfk lv forvhvw wr wkh wuxh ydoxh ri �1 Lq rwkhu zrugv/

iru doo �yh wlph vhulhv fruuhfw fodvvl�fdwlrq vkrxog eh= �@61: iru wkh �uvw

4;5 vwhsv dqg �@61< iru wkh odvw 4;5 vwhsv1 Lq Ilj1 8 zh sorw fodvvl�fd0

wlrq �jxuh ri phulw yv1 ��1 Zh vhh wkdw wkh LFUD vfkhph shuirupv ehwwhu

wkdq wkh Ed|hvldq vfkhph= lw lv pruh urexvw wr sdudphwhu yduldwlrqv1 Ri

frxuvh/ dq dgglwlrqdo frqfoxvlrq ri wklv h{shulphqw vhw lv wkdw fodvvl�fdwlrq

fdq eh vxffhvixoo| shuiruphg xvlqj olqhdu suhglfwruv1 Ilqdoo|/ ohw xv qrwh

wkdw fodvvl�fdwlrq ri hdfk wlph vwhs uhtxluhv 3137 vhf rq d Vxq Vsduf LSF

zrunvwdwlrq1

51 Hq}|ph Fodvvl�fdwlrq1 Wklv h{shulphqw lqyroyhv fodvvl�fdwlrq ri wkh

�0odfwdpdvh hq}|phv1 Wkh gdwd dqg sureohp duh ghvfulehg lq +Sdsdqlfrodrx

) Phghlurv/ 4<<3,> khuh zh jlyh d vkruw ryhuylhz1 �0odfwdpdvhv ghwhuplqh

uhvlvwdqfh wr �0odfwdp dqwlelrwlfv1 Fodvvl�fdwlrq ri �0odfwdpdvhv lv d sure0

ohp zklfk kdv uhfhlyhg frqvlghudeoh dwwhqwlrq e| elrphglfdo uhvhdufkhuv1 D

fodvvl�fdwlrq phwkrg/ suhvhqwhg lq +Sdsdqlfrodrx ) Phghlurv/ 4<<3, xvhv

dq _lqklelwlrq% h{shulphqw1 Wkh �0odfwdpdvh hq}|ph fdxvhv k|guro|vlv ri

d fkhplfdo fdoohg qlwurfh�q/ dqg wkh �0odfwdp vorzv k|guro|vlv grzq e| lq0

klelwlqj wkh dfwlrq ri wkh hq}|ph1 Lq wkh iroorzlqj sdudjudskv zh xvh wkh

whupv hq}|ph +lq sodfh ri �0odfwdpdvh, dqg lqklelwru +lq sodfh ri �0odfwdp,1

Iru hyhu| hq}|ph 2 lqklelwru sdlu dq _lqklelwlrq sur�oh% lv rewdlqhg/ zklfk

+iru d jlyhq lqklelwru, fkdudfwhul}hv wkh hq}|ph1 Wklv phwkrg kdv d kljk

fodvvl�fdwlrq vxffhvv/ exw wkh iroorzlqj sureohp rffxuv= wkh surshuwlhv ri hq0

}|phv dqg lqklelwruv khdylo| ghshqg rq wkh frqglwlrqv xqghu zklfk wkh| duh

suhsduhg/ dqg wklv uhvxowv lq ydu|lqj lqklelwlrq sur�ohv iru gl�huhqw suhsdud0

wlrqv ri wkh vdph hq}|ph2lqklelwru sdlu1 Krzhyhu vrph g|qdplf surshuwlhv

ri wkh sur�oh uhpdlq lqyduldqw> lq +Sdsdqlfrodrx ) Phghlurv/ 4<<3, lw lv

uhsruwhg wkdw hq}|ph fodvvl�fdwlrq ghshqgv rq wkh vorsh ri wkh lqklelwlrq

sur�oh dw ydulrxv wlphv gxulqj wkh h{shulphqw/ dv zhoo dv rq wkh �qdo frq0

fhqwudwlrq ri qlwurfh�q1 Wklv lqirupdwlrq zdv xvhg e| d kxpdq rshudwru/
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zkr fodvvl�hg wkh hq}|ph e| frpelqlqj wkh ydulrxv fkdudfwhulvwlfv ri dq

lqklelwlrq sur�oh1

Zh xvh wkh LFUD dqg Ed|hvldq vfkhphv wr dxwrpdwh wkh hq}|ph fodvvl0

�fdwlrq surfhvv1 Wkh lqklelwlrq sur�ohv duh xvhg dv lqsxw wlph vhulhv1 Hljkw

hq}|phv duh fodvvl�hg1 Wkh gdwd vhw ri lqklelwlrq sur�ohv lv vhsdudwhg lqwr

d whvw vhw dqg d wudlqlqj vhwe1 Zh xvh wzr gdwd vhwv/ frqvlvwlqj ri lqklelwlrq

sur�ohv iru wzr gl�huhqw lqklelwruv dqg doo hljkw hq}|phv1 Lq Ilj1 9 zh

sorw lqklelwlrq sur�ohv iru wkuhh hq}|phv iurp wkh wudlqlqj vhw dqg wkh vdph

wkuhh hq}|phv iurp wkh whvw vhw1 Lq doo fdvhv wkh vdph lqklelwru kdv ehhq

xvhg1 Lw lv qrwhg wkdw iru wkh vdph hq}|ph/ wkh whvw sur�oh fdq gl�hu vljqli0

lfdqwo| iurp wkh wudlqlqj sur�oh/ iru wkh uhdvrqv h{sodlqhg lq wkh suhylrxv

sdudjudsk1 Iru hdfk hq}|ph d vl{wk rughu olqhdu suhglfwru lv wudlqhg rq wkh

fruuhvsrqglqj lqklelwlrq sur�oh iurp wkh wudlqlqj vhw1 +Wkhvh sur�ohv duh 73

plq orqj wlph vhulhv> hdfk wlph vwhs uhsuhvhqwv 318 plq ri uhdo wlph1, Wklv

lv wkh r�lqh wudlqlqj skdvh/ zklfk wdnhv ohvv wkdq 4 vhf shu suhglfwru rq d

Vxq Vsduf LSF zrunvwdwlrq1 Phdq vtxduh suhglfwlrq huuru lv dssur{lpdwho|

3138 iru doo sur�ohv1 Qh{w/ zh fkrrvh dq lqklelwlrq sur�oh iurp wkh whvw vhw

dqg surfhhg wr ghwhuplqh wkh hq}|ph lw fruuhvsrqgv wr1 Erwk Ed|hvldq dqg

LFUD vfkhph duh xvhg> lq Ilj1 : zh suhvhqw t&| hyroxwlrq iru d sduwlfxodu

hq}|ph lqklelwlrq sur�oh1 Lq wklv wdvn �qdo fodvvl�fdwlrq xvhv ydoxhv t�ef/

t
2
ef

/111/ tH
ef

+s�
ef
/ s2

ef
/ 111 / sH

ef
/ uhvshfwlyho|,1 Fodvvl�fdwlrq shuirupdqfh ri

wkh Ed|hvldq vfkhph lv phdvxuhg e| fR/ wkh qxpehu ri fruuhfwo| fodvvl�hg

hq}|phv +dw wlph w@73 plq, glylghg e| hljkw/ wkh wrwdo qxpehu ri hq}|phv1

D vlplodu qxpehu/ f^/ lv frpsxwhg iru wkh LFUD vfkhph1 Iru wkh Ed|hvldq

vfkhph zh �qg fR @ 3=;:8/ l1h1 vhyhq rxw ri hljkw hq}|phv zhuh fruuhfwo|

fodvvl�hg1 Iru wkh LFUD vfkhph zh �qg f^ @ 4=333/ l1h1 doo hljkw hq}|phv

zhuh fruuhfwo| fodvvl�hg1 Wkhuhiruh/ lq wklv h{shulphqw wkh LFUD vfkhph

fodvvl�hv ehwwhu wkdq wkh Ed|hvldq vfkhph1 Fodvvl�fdwlrq ri hdfk wlph vwhs

uhtxluhv 3136 vhf rq d Vxq Vsduf LSF zrunvwdwlrq1

e ì �@?| |L |�@?! B��� �@T@?�UL*@L� uLh !�?_*) Tih4�||�?} �t |L �ti |�i �?��M�|�L?

ThL�*i _@|@�
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Zh kdyh suhvhqwhg LFUD/ dq lqfuhphqwdo fuhglw dvvljqphqw vfkhph iru wlph

vhulhv fodvvl�fdwlrq1 LFUD lv lpsohphqwhg e| d uhfxuuhqw/ klhudufklfdo/ prg0

xodu qhxudo qhwzrun zklfk frqvlvwv ri d ghflvlrq prgxoh dqg d edqn ri suh0

glfwlyh prgxohv1 Wkh ghflvlrq prgxoh lpsohphqwv d Jdxvvldq ixqfwlrq j+h,

+zkhuh h lv suhglfwlrq huuru, exw dq| ixqfwlrq j+�, fdq eh xvhg/ dv orqj dv lw

lv d ghfuhdvlqj ixqfwlrq ri mhm1 Wkh suhglfwlyh prgxohv fdq eh vljprlg/ olq0

hdu/ Jdxvvldq hwf1 ihhgiruzdug qhwzrunv1 Lq idfw/ ehfdxvh ri wkh frpshwlwlyh

qdwxuh ri wkh LFUD vfkhph/ fodvvl�fdwlrq ghshqgv rq uhodwlyh/ qrw devroxwh

suhglfwlyh shuirupdqfh/ pdnlqj LFUD urexvw wr qrlvh dqg suhglfwlrq huuru1

Zh kdyh suryhq wkdw/ xqghu plog frqglwlrqv/ LFUD frqyhujhv wr wkh fruuhfw

uhvxow/ l1h1 lw ghwhfwv wkh wlph vhulhv vrxufh wkdw ehvw suhglfwv wkh revhuyhg

gdwd1 Wkh LFUD fodvvl�hu lv uhfxuvlyh/ dssursuldwh iru rqolqh wlph vhulhv

fodvvl�fdwlrq zklfk pxvw eh xsgdwhg dw hyhu| wlph vwhs/ wdnlqj lqwr dffrxqw

sdvw fodvvl�fdwlrq dv zhoo dv wkh g|qdplf ehkdylru ri wkh wlph vhulhv1 LFUD

lv prgxodu dqg sdudoohol}deoh/ zklfk phdqv wkdw r�lqh wudlqlqj +ri wkh suh0

glfwru prgxohv, dv zhoo dv rqolqh rshudwlrq vfdoh olqhduo| zlwk wkh qxpehu ri

fodvvhv kdqgohg1 Qr rqolqh wudlqlqj lv qhfhvvdu|1 Khqfh/ wr wudlq dqg fodvvli|

433 orjlvwlfv zrxog wdnh whq wlphv dv orqj dv wr wudlq dqg fodvvli| 43 orjlvwlfv>

lq sulqflsoh wkhuh lv qr olplw wr wkh qxpehu ri fodvvhv wkdw fdq eh kdqgohg1

Rqolqh rshudwlrq wlph lv R+N, +zkhuh N lv wkh qxpehu ri fodvvhv, iru vhu0

ldo rshudwlrq dqg R+4, iru sdudooho rshudwlrq/ l1h1 doo shu vwhs fodvvl�fdwlrq

wlphv uhsruwhg lq wkh suhylrxv vhfwlrq zrxog eh uhgxfhg e| dssur{lpdwho|

4@N li LFUD zdv lpsohphqwhg lq sdudooho1

Wkh deryh sdudjudsk vxppdul}hv wkh edvlf ihdwxuhv ri LFUD fodvvl�0

fdwlrq1 Wkhvh dovr krog iru wkh Ed|hvldq fodvvl�hu ri Vhfwlrq 51 Krzhyhu/

wkh h{shulphqwv ri Vhfwlrq 8 lqglfdwh wkdw LFUD fodvvl�fdwlrq lv pruh dffx0

udwh dqg urexvw wkdq Ed|hvldq fodvvl�fdwlrq1 Lq dgglwlrq/ xqolnh Ed|hvldq/

wkh LFUD fodvvl�hu fdq eh lpsohphqwhg xvlqj rqo| dgghuv dqg pxowlsolhuv>

khqfh d vlpsoh dqg idvw kdugzduh lpsohphqwdwlrq lv srvvleoh1 Wklv lv d

ixuwkhu dgydqwdjh ryhu wkh Ed|hvldq fodvvl�fdwlrq vfkhph/ zklfk uhtxluhv d

pruh frpsolfdwhg lpsohphqwdwlrq1 Lq vkruw/ wkh dgydqwdjhv olvwhg lq wklv
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dqg wkh suhylrxv sdudjudsk pdnh LFUD dq dwwudfwlyh uhfxuvlyh phwkrg iru

wlph vhulhv fodvvl�fdwlrq sureohpv/ zkhuh sdvw fodvvl�fdwlrq uhvxowv pxvw eh

xvhg iru ixwxuh fodvvl�fdwlrq/ dqg fodvvhv duh jlyhq lq dgydqfh1

Dfnqrzohgjhphqwv1 Wkh dxwkruv zdqw wr wkdqn wkh dqrq|prxv uhihuhhv

iru wkhlu lqvljkwixo frpphqwv1

+iuihi?Uit

^ ` K1H1 D|hvwdudq dqg U1Z1 Sudjhu/ 4<<61 Wkh orjlfdo jdwhv jurzlqj qhw0

zrun1 Fdpeulgjh Xq1 Hqjlqhhulqj Ghsw1/ WU FXHG I0LQIHQJ WU 46:1

^ ` Z1J1 Ed{w/ 4<<51 Lpsurylqj wkh dffxudf| ri dq duwl�fldo qhxudo qhwzrun

xvlqj pxowlsoh gl�huhqwo| wudlqhg qhwzrunv1 Qhxudo Frpsxwdwlrq/ 71

^ ` S1 Eloolqjvoh|/ 4<;91 Suredelolw| dqg Phdvxuh1 Zloh|/ Qhz \run1

^ ` M1G1 Iduphu dqg M1V1 Vlgrurzlfk/ 4<;;1 H{sorlwlqj fkdrv wr suhglfw wkh

ixwxuh dqg uhgxfh qrlvh1 Orv Dodprv Qdw1 Oderudwru|/ WU OD XU ;;

<341

^ ` M1 Khuw}/ D1 Nurjk dqg U1J1 Sdophu/ 4<<41 Lqwurgxfwlrq wr wkh Wkhru|

ri Qhxudo Frpsxwdwlrq/ Dgglvrq0 Zhvoh|/ Uhgzrrg Flw|1

^ ` F1J1 Kloeruq dqg G1J1 Odlqlrwlv/ 4<9<1 Rswlpdo hvwlpdwlrq lq wkh suhv0

hqfh ri xqnqrzq sdudphwhuv1 LHHH Wudqv1 rq V|vwhpv Vflhqfh dqg F|0

ehuqhwlfv/ 8/ 6;0761

^ ` U1D1 Mdfrev hw do1/ 4<<41 Dgdswlyh pl{wxuhv ri orfdo h{shuwv1 Qhxudo Frp0

sxwdwlrq/ 6/ :<0;:1

^ ` P1L1 Mrugdq dqg U1D1 Mdfrev/ 4<<51 Klhudufklhv ri dgdswlyh h{shuwv1 Lq

QLSV 7/ hgv1 M1 Prrg|/ V1 Kdqvhq dqg U1 Olsspdq/ Vdq Pdwhr/ FD/

Prujdq Ndx�pdq1

^ ` P1L1 Mrugdq dqg U1D1 Mdfrev/ 4<<71 Klhudufklfdo pl{wxuhv ri h{shuwv dqg

wkh HP dojrulwkp1 Qhxudo Frpsxwdwlrq/ 9/ 4;405471
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^ ` Y1 Ndglundpdqdwkdq dqg P1 Qludqmdq/ 4<<51 Dssolfdwlrq ri dq dufklwh0

fxudoo| g|qdplf qhxudo qhwzrun iru vshhfk sdwwhuq fodvvl�fdwlrq1 Surf1 ri

wkh Lqvw1 ri Dfrxvwlfv 47/ 67606831

^ ` G1J1 Odlqlrwlv dqg N1Q1 Sodwdqlrwlv/ 4<<71 Dgdswlyh G|qdplf Qhxudo

Qhwzrun Hvwlpdwlrq1 Lq Surf1 ri LMFQQ 4<<7/ 9/ 7:6907:781

^ ` M1 Prrg|/ 4<;<1 Idvw Ohduqlqj lq pxowl0uhvroxwlrq klhudufklhv1 Ghsw1 ri

Frpsxwhu Vf1/ \doh Xq1/ WU \DOHX GFV UU 9;41

^ ` U1P1 Qhdo/ 4<<41 Ed|hvldq pl{wxuh prghoolqj e| Prqwh Fduor vlpxodwlrq1

Ghsw1 ri Frpsxwhu Vflhqfh/ Xq1 ri Wrurqwr/ WU FUJ0WU0<4051

^ ` V1M1 Qrzodq/ 4<<31 Pd{lpxp olnholkrrg frpshwlwlyh ohduqlqj1 Lq QLSV

5/ hg1 G1 Wrxuhw}n|/ Prujdq Ndx�pdq/ Vdq Pdwhr/ FD1

^ ` J1D1 Sdsdqlfrodrx dqg D1D1 Phghlurv/ 4<<31 Glvfulplqdwlrq ri

H{whqghg0Vshfwuxp �0Odfwdpdvhv e| d Qryho Qlwurfh�q Frpshwlwlrq Dv0

vd|1 Dqwlplfureldo Djhqwv dqg Fkhprwkhuds|/ 67/ 54;7054<51

^ ` P1S1 Shuurqh dqg O1Q1 Frrshu/ 4<<61 Zkhq qhwzrunv glvdjuhh= hqvhpeoh

phwkrgv iru k|eulg qhxudo qhwzrunv1 Lq Qhxudo Qhwzrunv iru Vshhfk dqg

Lpdjh Surfhvvlqj/ hg1 U1M1 Pdpprqh/ Fkdspdq0Kdoo1

^ ` O1U1 Udelqhu dqg U1Z1 Vfkdihu/ 4<;;1 Gljlwdo Surfhvvlqj ri Vshhfk Vlj0

qdov1 Suhqwlfh0Kdoo/ Hqjohzrrg Fol�v1

^ ` U1V1 Vkdgdidq dqg P1 Qludqmdq/ 4<<71 D g|qdplf qhxudo qhwzrun dufkl0

whfwxuh e| vhtxhqwldo sduwlwlrqlqj ri wkh lqsxw vsdfh/ Qhxudo Frpsxwd0

wlrq/ 9/ 4535045551

^ ` K1 Vfkzdu}h dqg M1 Khuw}/ 4<<51 Jhqhudol}dwlrq lq d odujh frppplwwhh

pdfklqh1 Suhsulqw/ Wkh Qlhov Erku Lqvwlwxwh1
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FDSWLRQV

Iljxuh 41 Wkh Qhwzrun dufklwhfwxuh1 Vxppdwlrq qhxurqv duh ghqrwhg e|

	1 Jdxvvldq qhxurqv duh ghqrwhg e| J / lghqwlw| qhxurqv duh ghqrwhg e|

L 1 Wkh v|pero # ghqrwhv zhljkwv ghwhuplqhg e| t
&
| 1 Wkh eorfn ghqrwhg

GHFLVLRQ PRGXOH lpsohphqwv ht1+46,1

Iljxuh 51 Sorwv ri orjlvwlf wlph vhulhv= iru w@4/ 5/ 111/ 4;5 zh kdyh �@61;>

iru w@ 4;6/ 111/ 697 zh kdyh �@6191 Qrlvh ohyho lv D@3151

Iljxuh 61 Orjlvwlf fodvvl�fdwlrq iru whq vrxufhv +�@ 613/ 614/ 615/ 111 / 61<,/

w@4/ 5 / 111 / 6971 Wkh vrolg olqh fruuhvsrqgv wr t
b
| +�@ 61;, dqg wkh grwwhg

olqh fruuhvsrqgv wr t
.
| +�@619,1 Iru n 9@ :/ < t

&
| jr wr }hur yhu| udslgo| dqg

duh qrw glvfhuqleoh lq wkh �jxuh1

Iljxuh 71 Iljxuhv ri phulw iru orjlvwlf fodvvl�fdwlrq dw ydulrxv qrlvh ohyhov1

D ghqrwhv wkh qrlvh ohyho1 Khuh LFUD �jxuh ri phulw +uhvshfwlyho| Ed|hvldq

�jxuh ri phulw, ghqrwhv iudfwlrq ri fruuhfwo| fodvvl�hg wlph vwhsv +rxw ri d

wrwdo 697, e| LFUD +uhvshfwlyho| Ed|hvldq, vfkhph1 Zh revhuyh wkdw zkloh

lq wkh qrlvh iuhh fdvh wkh Ed|hvldq vfkhph shuirupv voljkwo| ehwwhu wkdq wkh

LFUD vfkhph/ LFUD lv pruh urexvw wr qrlvh1 +Lq doo h{shulphqwv zh xvh

k@3134/ �@3158/ �@31<<1,

Iljxuh 81 Orjlvwlf fodvvl�fdwlrq iru � rxwvlgh wkh vhdufk vhw1 LFUD �jxuh

ri phulw +uhvshfwlyho| Ed|hvldq �jxuh ri phulw, ghqrwhv iudfwlrq ri fruuhfwo|

fodvvl�hg wlph vwhsv +rxw ri d wrwdo 697, e| LFUD +uhvshfwlyho| Ed|hvldq,

vfkhph1 Wklv lv sorwwhg djdlqvw gl�huhqfh ��1 Zh revhuyh wkdw zkhq wkh

dfwxdo � ydoxhv duh lq wkh vhdufk vhw +��@313, wkh Ed|hvldq vfkhph lv voljkwo|

ehwwhu wkdq wkh LFUD vfkhph1 Krzhyhu/ LFUD lv pruh urexvw wr lqfuhdvhg

��1 +Lq doo h{shulphqwv zh xvh k@3134/ �@3158/ �@31<<1,

Iljxuh 91 Hq}|ph lqklelwlrq sur�ohv iru hq}|phv 4 +vrolg olqhv,/ 5 +gdvkhg

olqhv, dqg 6 +gdvk0grwwhg olqhv,1 4d/ 5d/ 6d duh wudlqlqj gdwd/ 4e/ 5e/ 6e duh

whvw gdwd1

Iljxuh :1 Hq}|ph fodvvl�fdwlrq1 Wkh grwwhg olqh fruuhvsrqgv wr wkh fuhglw

ixqfwlrq t
�
| ri wkh fruuhfw hq}|ph1 Wkh vrolg olqh fruuhvsrqgv wr ryhuodsslqj

sorwv ri t2| / 111 / t
H
| 1 Fodvvl�fdwlrq lv edvhg rq wkh �qdo ydoxh ri t�| 1
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