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4 Lqwurgxfwlrq

Uhdo zruog sureohpv fdq/ lq jhqhudo/ eh irupxodwhg dv pl{hg lqwhjhu qrq0olqhdu surjudp0

plqj sureohpv +PLQOS,1 Wkhvh sureohpv/ gxh wr wkhlu frpelqdwruldo qdwxuh/ duh frqvlghuhg

gl!fxow sureohpv1 Judglhqw rswlpl}dwlrq whfkqltxhv kdyh rqo| ehhq deoh wr wdfnoh vshfldo

irupxodwlrqv/ zkhuh frqwlqxlw| ru frqyh{lw| kdg wr eh lpsrvhg/ ru e| h{sorlwlqj vshfldo

pdwkhpdwlfdo vwuxfwxuhv1 Dssurdfkhv edvhg rq vwrfkdvwlf dojrulwkpv kdyh ehhq xvhg1 Wkhvh

dssurdfkhv/ dovr nqrz dv dgdswlyh udqgrp vhdufk/ kdyh vxffhvvixoo| wdfnoh PLQOS/ prvwo|

lq wkh duhd ri fkhplfdo hqjlqhhulqj +Uhnodlwlv hw do1 4<;6/ Vdofhgr 4<<5/ Edqjd dqg Vqhlghu

4<<9,1 Lq uhfhqw |hduv/ d ydvw dprxqw ri zrun kdv ehhq sxeolvkhg rq dssolfdwlrqv ri hyr0

oxwlrqdu| dojrulwkpv +Jhqhwlf Dojrulwkpv/ Hyroxwlrq Vwudwhjlhv/ Vlpxodwhg Dqqhdolqj/ hwf1,

wr wkh vroxwlrq ri PLQOS lq pdq| hqjlqhhulqj dssolfdwlrqv1 Wkhvh dojrulwkpv duh glvwlqfw

iurp frqyhqwlrqdo dojrulwkpv vlqfh/ lq jhqhudo/ rqo| wkh lqirupdwlrq uhjduglqj wkh remhfwlyh

ixqfwlrq lv uhtxluhg1 Pruhryhu/ wkh| vwduw iurp d srro ri srlqwv wkdw hyroyhv ryhu wlph/

srvvleo| lq wkh gluhfwlrq ri wkh rswlpxp1 Lw vkrxog eh vwuhvvhg wkdw wkh remhfwlyh ri wklv rq

jrlqj uhvhdufk lv qrw wr �qg wkh �ehvw� dojrulwkp iru doo sureohp lqvwdqfhv/ exw wr frpsduh

gl�huhqw dojrulwkpv/ lq rughu wr �qg rxw fodvvhv ri sureohpv zklfk pd| eh pruh vxlwdeoh iru

fhuwdlq dojrulwkpv wkdq rwkhuv1

Wkh jhqhudo irupxodwlrq ri wkh sureohp lv dv iroorzv=

4�? sE � +4,
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Lq wklv zrun/ : whvw sureohpv/ sursrvhg e| lqghshqghqw dxwkruv/ duh vwxglhg xvlqj Jhqhwlf

Dojrulwkpv +JDv, dqg Hyroxwlrq Vwudwhjlhv +HVv,1 Wkhvh sureohpv dulvh iurp wkh duhd ri

fkhplfdo hqjlqhhulqj/ dqg uhsuhvhqw gl!fxow qrqfrqyh{ rswlpl}dwlrq sureohpv/ zlwk frqwlq0

xrxv dqg glvfuhwh yduldeohv1 Frpsdulvrqv duh pdgh zlwk dq P0VLPSVD dojrulwkp +Fdugrvr

hw do14<<9d/ 4<<9e/ 4<<:/ Fdugrvr 4<<;, edvhg rq wkh frpelqdwlrq ri wkh qrq0olqhdu vlpsoh{

phwkrg ri Qhoghu dqg Phdg dqg Vlpxodwhg Dqqhdolqj1

5 Ghvfulswlrq ri wkh Jhqhwlf Dojrulwkp

514 Lqwurgxfwlrq

Jhqhwlf Dojrulwkpv duh vhdufk dojrulwkpv wkdw plplf wkh surfhvv ri qdwxudo vhohfwlrq +Jrog0

ehuj 4<;<,1 Wkxv/ xqolnh frqyhqwlrqdo dojrulwkpv/ JDv vwduw iurp d srro ri srlqwv/ xvxdoo|
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uhihuuhg wr dv fkurprvrphv1 Lq rughu wr lpsohphqw d vlpsoh JD lw lv qhfhvvdu| wr gh�qh

wkh uhsuhvhqwdwlrq ri wkh vhdufk vsdfh +xvxdoo| d elqdu| uhsuhvhqwdwlrq, dqg dq hydoxdwlrq

ixqfwlrq zklfk shuplwv wkh frpsdulvrq ehwzhhq wkh gl�huhqw fkurprvrphv lq whupv ri wkhlu

�wqhvv1 Qhz srlqwv lq wkh vhdufk vsdfh duh jhqhudwhg e| wkh dssolfdwlrq ri jhqhwlf rshudwruv/

wkxv ruljlqdwlqj d qhz jhqhudwlrq ri srlqwv1

Iljxuh 4 suhvhqwv wkh JD  rz fkduw1 Dq lqlwldo srsxodwlrq ri elw vwulqjv +fkurprvrphv,

lv jhqhudwhg1 Hdfk ri wkhvh vwulqjv lv wkhq hydoxdwhg1 Wkh vhohfwlrq rshudwru dvvxuhv wkdw

vwulqjv duh frslhg wr wkh qh{w jhqhudwlrq zlwk d suredelolw| dvvrfldwhg wr wkhlu �wqhvv ydoxhv1

Wkhuhiruh/ wklv rshudwru plplfv wkh vxuylydo ri wkh �wwhvw lq wkh qdwxudo zruog1 Dowkrxjk

vhohfwlrq dvvxuhv wkdw lq wkh qh{w jhqhudwlrq wkh ehvw fkurprvrphv zloo eh suhvhqw zlwk d

kljkhu suredelolw|/ lw grhv qrw vhdufk wkh vsdfh/ ehfdxvh lw mxvw frslhv wkh suhylrxv fkur0

prvrphv1 Wkh vhdufk uhvxowv iurp wkh fuhdwlrq ri qhz fkurprvrphv iurp rog rqhv1 Wkh

furvvryhu rshudwru/ wdnhv wzr udqgrpo| vhohfwhg fkurprvrphv> rqh srlqw dorqj wkhlu frp0

prq ohqjwk lv udqgrpo| vhohfwhg/ dqg wkh fkdudfwhuv ri wkh wzr sduhqw vwulqjv duh vzdsshg/

wkxv jhqhudwlqj wzr qhz fkurprvrphv1 Furvvryhu e| lwvhoi grhv qrw lqyroyh dq| fkdqjh lq

wkh dfwxdo ydoxhv ri wkh fkurprvrphv1 Wkh pxwdwlrq rshudwru/ udqgrpo| vhohfwv d srvlwlrq

lq wkh fkurprvrph dqg/ zlwk d jlyhq suredelolw|/ fkdqjhv wkh fruuhvsrqglqj ydoxh1 Wklv

rshudwru grhv dvvxuh wkdw qhz sduwv ri wkh vhdufk vsdfh duh h{soruhg/ zklfk vhohfwlrq dqg

furvvryhu frxog qrw ixoo| jxdudqwhh1 Wkh JD surfhhgv dv wkh iroorzlqj dojrulwkp +�jxuh 4,=

Dojrulwkp 4 0 Jhqhwlf Dojrulwkp

41 LQLWLDOL]DWLRQ

Wkh lqlwldo srsxodwlrq/ frqvlvwlqj ri srlqwv lq wkh vhdufk vsdfh/ lv udqgrpo| fuhdwhg1
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EVALUATION

CROSSOVER

MUTATION

CRITERION

VERIFIED?

INITIALIZATION

START

END

No Yes

SELECTION

Iljxuh 4= Jhqhwlf Dojrulwkp Iorz Fkduw

51 HYDOXDWLRQ

Hdfk fkurprvrph lq wkh srsxodwlrq lv hydoxdwhg wkurxjk wkh remhfwlyh +�wqhvv, ixqfwlrq1

61 JHQHWLF RSHUDWRUV

Wkh vhdufk lv shuiruphg/ e| fuhdwlqj d qhz srsxodwlrq iurp wkh suhylrxv rqh/ wkurxjk wkh

dssolfdwlrq ri wkh jhqhwlf rshudwruv1

71 VWRSSLQJ FULWHULXP

Wkhvh vwhsv +506, duh uhshdwhg wloo wkh srsxodwlrq frqyhujhv ru wkh vshfl�hg qxpehu ri

jhqhudwlrqv lv uhdfkhg1
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515 Frqvwudlqw Kdqgolqj

Prvw ri JDv lpsohphqwdwlrq rq frqvwudlqhg rswlpl}dwlrq xvh wkh shqdow| ixqfwlrq phwkrg

+Jrogehuj 4<;<,/ lq vxfk d zd| wkdw/ wkh �wqhvv ixqfwlrq 8 E �/ lv gh�qhg dv iroorzv/
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l1h1/ dv wkh vxp ri sE �/ wkh remhfwlyh ixqfwlrq dqg wzr shqdow| whupv ghqrwlqj wkh htxdolw|

dqg lqhtxdolw| frqvwudlqwv ylrodwlrqv/ zkhuh - lv d shqdow| frh!flhqw1

Wklv dssurdfk kdv d pdmru gudzedfn1 Wkh vhwwlqj ri wkh shqdow| sdudphwhuv xvxdoo|

uhtxluhv h{whqvlyh h{shulphqwdwlrq1 Lq wklv zrun/ zh frpsduh wklv dssurdfk zlwk wkh frq0

vwudlqw kdqgolqj phwkrg sursrvhg e| Ghe +4<<;,1 D shqdow| whup lv lqwurgxfhg zklfk grhv

qrw ghshqg rq d shqdow| sdudphwhu1 Wkxv/ wkh �wqhvv ixqfwlrq lv gh�qhg dv
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+6,

zkhuh s � � � / lv wkh pd{lpxp ixqfwlrq ydoxh ri doo ihdvleoh vroxwlrqv lq wkh srsxodwlrq1 Wkh

�wqhvv ydoxh ri dq| lqihdvleoh vroxwlrq zloo uhvxow iurp wkh vxppdwlrq ri wkh frqvwudlqwv

ylrodwlrqv/ soxv wkh kljkhvw remhfwlyh ixqfwlrq ydoxh ri doo ihdvleoh vroxwlrqv1 Wkxv/ dq|

lqihdvleoh vroxwlrq zloo kdyh d �wqhvv ydoxh zruvw wkdq dq| ri wkh ihdvleoh vroxwlrqv1

Lq wklv dssurdfk/ wzr vroxwlrqv duh frpsduhg rq wkh edvh ri/

� wkhlu remhfwlyh ixqfwlrq ydoxhv/ li ihdvleoh>

� wkh frqvwudlqw ylrodwlrqv/ li lqihdvleoh1
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516 Jhqhwlf Frglqj � Fkurprvrph uhsuhvhqwdwlrq

Wkh lpsohphqwdwlrq ri d Jhqhwlf Dojrulwkp iru Pl{hg Lqwhjhu Qrq0Olqhdu Surjudpplqj

sureohpv uhtxluhv wkh uhsuhvhqwdwlrq ri wkh srwhqwldo vroxwlrqv wr wkh sureohp +hdfk rqh

ehlqj d srlqw lq wkh vhdufk vsdfh,1 Wkxv/ hdfk sureohp vroxwlrq/ d yhfwru frqvlvwlqj ri

frqwlqxrxv dqg lqwhjhu yduldeohv lv uhsuhvhqwhg e| d vwulqj/ ghqrwhg dv d fkurprvrph1

Wkh fkurprvrph ohqjwk ghshqgv rq wkh qxpehu ri yduldeohv ri wkh sureohp frqvlghuhg1

Wkh yduldeohv/ frghg xvlqj d elqdu| uhsuhvhqwdwlrq/ zhuh gh�qhg lq wkh iroorzlqj zd|=

� wkh frqwlqxrxv yduldeohv duh uhsuhvhqwhg e| d ghwhuplqhg qxpehu ri elwv zklfk gh�qhv

wkh uhvroxwlrq +lq jhqhudo d 65 elw uhsuhvhqwdwlrq zdv xvhg,>

� wkh elqdu| yduldeohv duh qdwxudoo| uhsuhvhqwhg lq d elqdu| frgh>

� wkh lqwhjhu yduldeohv +gh�qhg lq dq lqwhuydo ri glvfuhwh ydoxhv, duh uhsuhvhqwhg e| wkh

ohdvw qxpehu ri elwv wkdw doorzv wkh uhsuhvhqwdwlrq ri doo ydoxhv dqg/ li qhfhvvdu|/

uhvwulfwlrqv duh lqwurgxfhg lq rughu wr dyrlg lqihdvleoh ydoxhv iru wkrvh yduldeohv1

517 Jhqhwlf Dojrulwkp Sdudphwhuv

Wdeoh 4 suhvhqwv wkh gdwd frqfhuqlqj wkh JD sdudphwhuv1 Wkhvh ydoxhv kdyh ehhq vhw iurp

suhylrxv h{shulhqfh lq vroylqj PLQOS sureohpv1 Hdfk sureohp zdv vroyhg iru 43 wlphv1 Lq

dq| ri wkh lpsohphqwdwlrqv/ d vwrfkdvwlf xqlirup vhohfwlrq +Ednhu 4<;:,/ d wzr srlqw furvvryhu

zlwk d suredelolw| ri f�./ dqg dq xqlirup pxwdwlrq zlwk d suredelolw| f�ff� zhuh xvhg

+Jrogehuj 4<;<,1 Wkh edvlf lghd ri wklv vhohfwlrq vfkhph lv wr doorfdwh wr hdfk fkurprvrph

d sruwlrq ri d vslqqlqj zkhho sursruwlrqdo wr lwv uhodwlyh �wqhvv1 D vlqjoh vslq ri wkh zkhho

:



doorzv wkh vhohfwlrq ri wkh ghvluhg qxpehu ri fkurprvrphv1 Wkh wzr srlqw furvvryhu lv

dssolhg wr sdluv ri fkurprvrphv dqg frqvlvwv lq d udqgrp vhohfwlrq ri wzr furvvryhu srlqwv

dqg wkhq/ h{fkdqjh wkh elw vhfwlrqv ehwzhhq wkhvh srlqwv1 Xqlirup pxwdwlrq phdqv wkdw

hdfk fkurprvrph srvlwlrq kdv dq htxdo fkdqfh ri ehlqj pxwdwhg1 Li pxwdwlrq grhv rffxu dw

d jlyhq srvlwlrq wkhq d udqgrp ydoxh lv fkrvhq iurp ifc �j wr wkdw srvlwlrq1 Doo fkurprvrphv

zhuh frghg dv elw vwulqjv xvlqj d Jud| frgh1 Wkh Jud| frghv kdyh wkh surshuw| wkdw dgmdfhqw

ghfrghg ydoxhv gl�hu dw h{dfwo| rqh elw srvlwlrq +Zuljkw 4<<4,1
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Wdeoh 4= Wkh JD Sdudphwhuv

Lq d �uvw skdvh/ doo wkh frqvwudlqwv zhuh wuhdwhg xvlqj d shqdow| vfkhph1 Lq d vhfrqg

skdvh/ wkh lqhtxdolwlhv zhuh wuhdwhg dffruglqj wr wkh vfkhph gxh wr Ghe +4<<;,1 Iru doo wkh

h{hfxwlrqv/ wkh lqlwldo srsxodwlrq frqvlvwhg ri 583 fkurprvrphv udqgrpo| jhqhudwhg1 Iru

d jlyhq jhqhudwlrq/ s � � � zdv hvwlpdwhg e| wkh ydoxh ri wkh remhfwlyh ixqfwlrq ri wkh zruvw

fkurprvrph lq wkh srsxodwlrq1

518 Vwrsslqj Fulwhulrq

Wkh vwrsslqj fulwhulrq dgrswhg zdv wr whuplqdwh wkh vhdufk surfhvv zkhq rqh ri wkh iroorzlqj

frqglwlrqv zdv yhul�hg=

;



� wkh pd{lpxp qxpehu ri jhqhudwlrqv zdv uhdfkhg +dvvxphg �fff jhqhudwlrqv,>

� d jlyhq qxpehu ri jhqhudwlrqv zdv uhdfkhg zlwkrxw lpsuryhphqw ri wkh �wqhvv ixqfwlrq

ydoxhv +dvvxphg Df jhqhudwlrqv,>

� doo wkh srsxodwlrq frqyhujhg wr d vlqjoh srlqw/ l1h1/ zkhq doo wkh srsxodwlrq frqyhujhg

wr wkh vdph fkurprvrph1

6 Hyroxwlrq Vwudwhjlhv

614 Lqwurgxfwlrq

Hyroxwlrq Vwudwhjlhv +Vfkzhiho 4<;8, duh dovr vhdufk surfhgxuhv wkdw plplf wkh qdwxudo hyr0

oxwlrq ri wkh vshflhv lq wkh qdwxudo v|vwhpv1 Wkh| zrun gluhfwo| zlwk wkh uhdo uhsuhvhqwdwlrq

ri wkh sdudphwhu vhw/ vhdufklqj iurp dq lqlwldo srsxodwlrq +d vhw ri srlqwv,1 Olnh JDv/ wkh|

rqo| uhtxluh gdwd edvhg rq wkh remhfwlyh ixqfwlrq dqg frqvwudlqwv/ dqg qrw ghulydwlyhv ru

rwkhu dx{loldu| nqrzohgjh1 Krzhyhu/ wkh wudqvlwlrqv uxohv duh ghwhuplqlvwlf dqg wkh frq0

vwudlqwv duh kdqgohg/ qrupdoo|/ xvlqj dq holplqdwlrq phfkdqlvp +wkh qrq0ihdvleoh srlqwv duh

holplqdwhg,1 Wkh vhdufk ri qhz srlqwv lv edvhg rq rqh rshudwru/ wkh pxwdwlrq rshudwru1

Zh zloo frqvlghu wzr glvwlqfw w|shv ri Hyroxwlrq Vwudwhjlhv gl�hulqj edvlfdoo| rq wkh

vhohfwlrq surfhgxuh=

� wkh E> n b� Hyroxwlrq Vwudwhj| dqg

� wkh E>c b� Hyroxwlrq Vwudwhj|1

<



(µµ+λλ) Evolution Strategy

(µµ,λλ) Evolution Strategy
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Iljxuh 5= E> n b� dqg E>c b� Hyroxwlrq Vwudwhjlhv

Lq wklv qrphqfodwxuh/ > uhsuhvhqwv wkh qxpehu ri sduhqwv ri d jhqhudwlrq dqg b lv wkh

qxpehu ri r�vsulqj ri d jhqhudwlrq1 Wkh �jxuh 5 looxvwudwhv wkh gl�huhqfh ehwzhhq wkhvh wzr

vwudwhjlhv1

Lq E>nb� Hyroxwlrq Vwudwhj|/ dw d jlyhq jhqhudwlrq/ wkhuh duh > sduhqwv/ dqg b r�vsulqj

duh jhqhudwhg e| pxwdwlrq1 Wkhq/ wkh >nb phpehuv duh vruwhg dffruglqj wr wkhlu remhfwlyh

ixqfwlrq ydoxhv1 Ilqdoo|/ wkh ehvw > ri doo wkh >nb phpehuv ehfrph wkh sduhqwv ri wkh qh{w

jhqhudwlrq +l1h1/ wkh vhohfwlrq wdnhv sodfh ehwzhhq wkh > n b phpehuv,1

Lq E>c b� Hyroxwlrq Vwudwhj|/ dw d jlyhq jhqhudwlrq/ wkhuh duh > sduhqwv/ dqg b r�vsulqj

duh jhqhudwhg e| pxwdwlrq +dvvxplqj wkdw b : >,1 Qh{w/ wkh b phpehuv duh vruwhg dffruglqj

wr wkhlu remhfwlyh ixqfwlrq ydoxhv1 Wkhq/ wkh > ehvw ri wkh b phpehuv jhqhudwhg ehfrph wkh
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sduhqwv ri wkh qh{w jhqhudwlrq +l1h1/ wkh vhohfwlrq wdnhv sodfh ehwzhhq wkh b phpehuv,1

615 E� n �� Hyroxwlrq Vwudwhj|

Wklv wzr phpehuhg vfkhph lv wkh vlpsohvw Hyroxwlrq Vwudwhj|1 Lq wklv vwudwhj|/ sursrvhg

e| Uhfkhqehuj +4<<7,/ dw d jlyhq jhqhudwlrq/ wkhuh duh rqo| rqh sduhqw +> ' �, dqg rqh

r�vsulqj +b ' �,/ dqg wkh vhohfwlrq wdnhv sodfh ehwzhhq wkhvh wzr phpehuv1

Dojrulwkp 5 0 E� n �� Hyroxwlrq Vwudwhj|

41 LQLWLDOL]DWLRQ
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51 PXWDWLRQ

%
� 
 �

� � � ' %
� � �

n 5
� � �

'

5

9

9

9

9

9

9

7

%
� � �
� n 5

� � �
�

111

%
� � �

� n 5
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�

6

:

:

:

:

:
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61 VHOHFWLRQ

%
� � � � �

'

;

A

A

?

A

A

=

%
� � �

�  ! # sE%
" # $

% & ' � � sE%
" # $
� a } ( E%

) * +
, - . � � f iru doo � ' �c � � � c 6

%
) * +

# rwkhuzlvh

& ' & n �

LI vwrsslqj fulwhulrq lv qrw wuxh WKHQ uhwxuq wr vwhs 51 HOVH hqg1

Dojrulwkp 5 lv wkh E�n�� Hyroxwlrq Vwudwhj| dojrulwkp1 Wkh vhdufk vwduwv iurp dq lqlwldo

srlqw %
/ 0 1

+dq dssur{lpdwlrq wr wkh rswlpxp,1 Qh{w/ d qhz srlqw/ %
/ 2 1

3 4 5 / lv jhqhudwhg e|
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pxwdwlrq e| wkh dgglwlrq ri d udqgrp qxpehu 5
� � �

1 Wkhq/ wkh wzr srlqwv duh frpsduhg dqg

wkh ehvw rqh +zlwk orzhu ydoxh ri wkh remhfwlyh ixqfwlrq dqg vdwlvi|lqj doo wkh frqvwudlqwv,

lv vhohfwhg wr ehfrph sduhqw rq qh{w jhqhudwlrq1 Wklv surfhvv lv uhshdwhg xqwlo wkh vwrs

fulwhulrq lv yhul�hg1

Xvxdoo|/ wkh udqgrp qxpehuv 5
� � �

duh jhqhudwhg dffruglqj wr d Jdxvvldq ru Qrupdo

glvwulexwlrq1 Ehvlghv/ lw lv frqyhqlhqw wkdw vpdoo fkdqjhv rffxu iuhtxhqwo|/ exw odujh rqhv

rqo| uduho|1 Vr/ wzr uhtxluhphqwv dulvh wrjhwkhu iru wkh jhqhudwlrq ri wkh udqgrp qxpehuv

5
� � �

=

� wkh h{shfwhg ydoxh ri wkh frpsrqhqwv 5
� � �

� ri 5
� � �

pxvw eh htxdo wr }hur/ l1h1/ .
k

5
� � 	



l

' f

iru � ' �c � � � c ?/ dqg

� wkh yduldqfhv j �� pxvw eh vpdoo/ iru � ' �c � � � c ?1

Lq wklv vhqvh/ wkh udqgrp qxpehuv 5

 � �

� fdq eh jhqhudwhg dffruglqj wr d Qrupdo glvwulex0

wlrq zlwk phdq }hur dqg yduldqfh j �� =

5

 � �

� � �Efc j
�

� �

Wkh w|slfdo lqlwldo ydoxhv iru wkh vwdqgdug ghyldwlrqv j � fdq eh h{suhvvhg e| htxdwlrq 7/

zkhuh {% lv d urxjk phdvxuh ri wkh glvwdqfh iurp wkh rswlpxp dqg ? lv wkh glphqvlrq ri

wkh sureohp1

j
� � �

� '
{%s

?
+7,
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Wkhvh vwdqgdug ghyldwlrqv j � duh dfwxdol}hg e| wkh �*D Vxffhvv uxoh1 Wklv uxoh fdq eh

irupxodwhg lq wkh iroorzlqj pdqqhu +Uhfkhqehuj 4<<7,=

�Iurp wlph wr wlph gxulqj wkh rswlpxp vhdufk rewdlq wkh iuhtxhqf| ri vxffhvvhv/ l1h1/

wkh udwlr ri wkh qxpehu ri vxffhvvhv wr wkh wrwdo qxpehu ri wuldov +pxwdwlrqv,1 Li wkh udwlr lv

juhdwhu wkdq �*D/ lqfuhdvh wkh yduldqfh/ li lw lv ohvv wkdq �*D/ ghfuhdvh wkh yduldqfh1�

Dvvxplqj wkdw wklv uxoh lv dssolhg shulrglfdoo|/ hyhu| R jhqhudwlrqv/ lw fdq dovr eh h{0

suhvvhg e|=

j
� � � � �

� '

;

A

A

A

A

A

A

?

A

A

A

A

A

A

=

S � � 	 j

 � �


 # �h � � � ER� 	
�

�

S � � � j
� � �

� # �h � � � ER� :
�

�

j
� � �

� # �h � � � ER� '
�

�

zkhuh �h � � � ER� lv wkh vxffhvv udwh gxulqj wkh odvw R jhqhudwlrqv/ dqg S � � � 	 � dqg S � � � : �

duh wkh ghfuhdvlqj dqg lqfuhdvlqj idfwruv ri wkh vwdqgdug ghyldwlrqv j � / uhvshfwlyho|1

616 E>c b� Hyroxwlrq Vwudwhj|

Lq wklv Hyroxwlrq Vwudwhj|/ lq hdfk jhqhudwlrq/ wkhuh duh > sduhqwv dqg b r�vsulqj/ dqg wkh

vhohfwlrq wdnhv sodfh ehwzhhq wkh b r�vsulqj1

Dojrulwkp 6 0 E>c b� Hyroxwlrq Vwudwhj|

41 LQLWLDOL]DWLRQ
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51 PXWDWLRQ

%
� � �

� � � � � ' %
� � �� n 5

� � 	 
 � �
'

5

9

9

9

9

9

9

7

%

 � �

� � � n 5

 � 	 
 � �

�
111

%

 � �� � � n 5


 � 	 
 � ��

6

:

:

:

:

:

:

8

vxfk wkdw }� E%

 � �� � � � � � � f

iru doo � ' �c � � � c 6/ R ' �c � � � c > dqg � 5 d�c >o/

h1j1/ � '

;

A

A

?

A

A

=

> # _ ' >c 2>c � � � c g> zlwk g lqwhjhu

_**> # rwkhuzlvh

zkhuh ** vwdwhv iru wkh uhvw ri lqwhjhu glylvlrq

61 VHOHFWLRQ

Vruw wkh %
� � �

� � � � � / zlwk _ ' �c � � � c b/ vr wkdw sE%
� � �

�  ! " # � � sE%
$ % &

' ( ) * + �

iru doo @ ' �c � � � c > dqg K ' >c � � � c b

%
, - . / 01 ' %

, - 0
2 3 4 5 6 zlwk R ' �c � � � c > dqg @ ' �c � � � c >

& ' & n �

LI vwrsslqj fulwhulrq lv qrw wuxh WKHQ uhwxuq wr vwhs 51 HOVH hqg1

Dojrulwkp 6 lv wkh dojrulwkp ri d E>c b� Hyroxwlrq Vwudwhj|1 Wkh vhdufk vwduwv jhqhudwlqj

> srlqwv iurp dq lqlwldo srlqw +dq dssur{lpdwlrq wr wkh rswlpxp,1 Wkhq/ b srlqwv duh

jhqhudwhg e| pxwdwlrq/ dv d uhvxow ri wkh dgglwlrq ri udqgrp qxpehuv 5
, - 0

1 Qh{w/ doo wkh b

srlqwv jhqhudwhg duh vruwhg dffruglqj wr wkh remhfwlyh ixqfwlrq dqg wkh frqvwudlqwv1 Wkh >

ehvw srlqwv duh vhohfwhg wr ehfrph sduhqwv rq wkh qh{w jhqhudwlrq1 Wklv surfhvv lv uhshdwhg

xqwlo wkh vwrsslqj fulwhulrq lv vdwlv�hg1

Wkh vdph uhtxluhphqwv uhjduglqj wkh qrupdo glvwulexwlrq ri wkh udqgrp txdqwlwlhv 5
, - 0

7

duh revhuyhg/ l1h1/ 5
, - 0

7 � �Efc j 87 � iru � ' �c � � � c ?1 Olnh lq wkh E�n�� Hyroxwlrq Vwudwhj|/ wkh
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w|slfdo lqlwldo ydoxhv iru wkh vwdqgdug ghyldwlrqv j � fdq eh h{suhvvhg e| wkh vdph htxdwlrq

71 Krzhyhu/ wkh vwdqgdug ghyldwlrqv j � duh qrz dfwxdol}hg e| htxdwlrq 8 zkhuh 5
� � �

duh

ghwhuplqhg dffruglqj wr d Qrupdo glvwulexwlrq zlwk phdq }hur dqg yduldqfh {j � / zkhuh {j

lv d sdudphwhu ri wkh dojrulwkp1

j
� � � � �

� ' j
� � �

� e �
� 	 
�

zlwk 5
� 
 �

� � �Efc{j
�
� +8,

617 E> n b� Hyroxwlrq Vwudwhj|

Lq wklv Hyroxwlrq Vwudwhj|/ olnh lq wkh suhylrxv rqh/ lq hdfk jhqhudwlrq/ wkhuh duh > sduhqwv

dqg b r�vsulqj> krzhyhu/ wkh vhohfwlrq wdnhv sodfh ehwzhhq doo wkh >nb r�vsulqj1 Wkh E>nb�

Hyroxwlrq Vwudwhj| dojrulwkp lv dovr vlplodu wr wkh suhylrxv rqh +dojrulwkp 6,/ h{fhsw dw wkh

vhohfwlrq surfhgxuh zklfk fkrrvhv wkh ehvw > ri wkh > n b phpehuv/ iru sduhqwv rq wkh qh{w

jhqhudwlrq1

Doo uhtxluhphqwv uhjduglqj wkh qrupdo glvwulexwlrq ri wkh udqgrp txdqwlwlhv 5
� 
 �

� / wkh

w|slfdo lqlwldo ydoxhv iru wkh vwdqgdug ghyldwlrqv j � +htxdwlrq 7, dqg wkh dfwxdol}dwlrq ri wkh

vwdqgdug ghyldwlrqv j � +htxdwlrq 8, duh lghqwlfdo wr wkh E>c b� Hyroxwlrq Vwudwhj|1

618 Frqvwudlqw Kdqgolqj

Doo wkh frqvwudlqwv zhuh wuhdwhg xvlqj wkh holplqdwlrq phfkdqlvp +wkh qrq0ihdvleoh srlqwv duh

holplqdwhg,1 Ghshqglqj rq wkh sureohp/ dq lqlwldo dssur{lpdwlrq iru wkh joredo rswlpxp

zdv frqvlghuhg1 Wklv lqlwldo dssur{lpdwlrq doorzhg wkh udqgrp jhqhudwlrq ri wkh lqlwldo

srsxodwlrq1 D vlpsoh phfkdqlvp zdv xvhg lq rughu wr jxdudqwhh wkdw doo srlqwv lq wklv lqlwldo
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srsxodwlrq zhuh ihdvleoh1

619 Hyroxwlrq Vwudwhjlhv Sdudphwhuv

Wdeoh 5 suhvhqwv wkh gdwd frqfhuqlqj wkh Hyroxwlrq Vwudwhjlhv sdudphwhuv1 Dv suhylrxvo|/

hdfk sureohp zdv vroyhg iru 43 wlphv1

� � � � � � � � � � � � � �
	 � � 
 � � � � � 
 � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � �  � � � � ! � "
� � � � � � � # � � $ " � %

j
 � � � � ! � "

& ' ( ) * + , - . / , 0
j 1 2 3 4 5 6 7 8 9 : �f ; <= > ? @ A B C D E F G H
j I J K L M N O P Q R �f S TU V W X Y Z [ \ ] ^ _ ` a b ] c ^ ` d ` b

j e f g hi j k l m n o l p n q k r q j s t u v w x
�f y

Wdeoh 5= Wkh HV Sdudphwhuv

61: Vwrsslqj Fulwhulrq

Wkh vwrsslqj fulwhulrq dgrswhg iru E� n �� Hyroxwlrq Vwudwhj| zdv wr whuplqdwh wkh vhdufk

surfhvv zkhq rqh ri wkh iroorzlqj frqglwlrqv zdv yhul�hg=

� wkh pd{lpxp qxpehu ri jhqhudwlrqv zdv uhdfkhg +dvvxphg 2fff jhqhudwlrqv,>

�
�

�s z { | } ~ � � s � � � �� 	 �f � � zlwk {& ' 2f>

�
m � � � � � � � � � � � � m

m � � � � � � � m 	 �f � � zlwk {& ' 2f1

Wkh vwrsslqj fulwhulrq dgrswhg iru E>nb� Hyroxwlrq Vwudwhj| dqg E>c b� Hyroxwlrq Vwudw0

hj| zdv wr whuplqdwh wkh vhdufk surfhvv zkhq rqh ri wkh iroorzlqj frqglwlrqv zdv yhul�hg=

� wkh pd{lpxp qxpehu ri jhqhudwlrqv zdv uhdfkhg +dvvxphg �fff jhqhudwlrqv,>
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Wdeoh 6= Pl{hg Whvw Sureohpv

�
�

�

�
s - . /0 1 2 � s 3 4 56 7 8

�

�

�
	 �f 9 : >

�

;;; < = > ?@ A B C D E F GH I J KKKKKK
L M N OP Q R S TTT

	 �f U V 1

7 Fdvh Vwxglhv

Vhyhq sureohpv fkrvhq iurp wkh fkhplfdo hqjlqhhulqj duhd duh suhvhqwhg lq Wdeoh 61 Lq wklv

wdeoh/ ? lv wkh wrwdo qxpehu ri yduldeohv lq wkh sureohp> o/ � dqg K/ duh/ uhvshfwlyho|/ wkh

qxpehu ri frqwlqxrxv/ lqwhjhu dqg elqdu| yduldeohv +? ' on �n K,> 6 dqg R duh/ uhvshfwlyho|/

wkh qxpehu ri htxdolw| dqg lqhtxdolw| frqvwudlqwv lq wkh sureohp1 Sureohpv &5 dqg &7/ zlwk

htxdolw| frqvwudlqwv/ zhuh uhirupxodwhg lq rughu wr fkdqjh wkhvh frqvwudlqwv lqwr lqhtxdolw|

rqhv +sureohpv &5�dqg &7�,1

Sureohp &4

Wklv sureohp kdv d qrqolqhdu uhvwulfwlrq dqg kdv ehhq sursrvhg e| Nrflv dqg

Jurvvpdqq +4<;;,> lw kdv ehhq vroyhg dovr e| Iorxgdv hw do1 +4<;<,/ U|rr dqg

4:



Vdklqlglv +4<<8, dqg Fdugrvr hw do +4<<:,1

4�? sE%c +� ' 2% n +

vxemhfw wr

��2D � % � � + � f

% n + � ��S

f � % � ��S

+ 5 ifc �j

Wkh joredo rswlpxp lv E%c +( s� ' Ef�Dc �( 2� �

Sureohp &5

Wklv sureohp/ zlwk d qrqolqhdu frqvwudlqw/ kdv ehhq sursrvhg e| Nrflv dqg

Jurvvpdqq +4<;:, dqg dovr vwxglhg e| Vdofhgr +4<<5, dqg Fdugrvr hw do +4<<:,1

4�? sE% � c % � c +� ' �+ n 2% � n % �

4;



vxemhfw wr

% � � 2 i TE�% � � ' f

�% � n % � n + � f

f�D � % � � ��e

+ 5 ifc �j

Wkh joredo rswlpxp lv E% � c % � c +( s� ' E���.Dc f��.Dc �( 2��2e� �

Sureohp &5*

Sureohp &5 fdq dovr eh irupxodwhg zlwkrxw wkh qrqolqhdu htxdolw| frqvwudlqw

zlwk wkh vdph joredo rswlpxp1

4�? sE% � c +� ' �+ n 2% � � *?E% � *2�

vxemhfw wr

�% � � *?E% � *2� n + � f

f�D � % � � ��e

+ 5 ifc �j

Sureohp &6

Wklv sureohp zdv �uvwo| vwxglhg e| Iorxgdv +4<<8, dqg suhvhqwv d qrqolqhdu

4<



frqvwudlqw1 Lw kdv dovr ehhq vroyhg e| Fdugrvr hw do +4<<:,1

4�? sE% � � % � � +� ' �f�.+ n DE% � � f�D�
�
n f�H

vxemhfw wr

� i TE% � � f�2� � % � � f

% � n ���+ � ��

f�2 � % � � �

�2�22DDe � % � � ��

+ 5 ifc �j

Wkh joredo rswlpxp lv E% � � % � c +( s� ' Ef�be�bec �2��c �( ��f.SDe� �

Sureohp &7

Lq wklv sureohp/ wdnhq iurp Nrflv dqg Jurvvpdqq +4<;<,/ wkh remhfwlyh lv wr

vhohfw rqh ehwzhhq wzr fdqglgdwh uhdfwruv lq rughu wr plqlpl}h wkh surgxfwlrq

frvw1 Lw kdv dovr ehhq vroyhg e| Glzhndu hw do1 +4<<5,/ Glzhndu dqg Uxelq +4<<6,

dqg Fdugrvr hw do +4<<:,1

4�? sE%c + � c + 	 c � 
 c � � � ' .�D+ 
 n D�D+ � n .� 
 n S� � n D%
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vxemhfw wr

+ � n + � ' �

5 � ' f�b d� � i TE�f�D� � �o% �

5 � ' f�H d� � i TE�f�e� � �o% �

5 � n 5 � ' �f

% � n % � ' %

5 � + � n 5 � + � ' �f

� � � �f+ �

� � � �f+ �

% � � 2f+ �

% � � 2f+ �

% � c % � c 5 � c 5 � c � � c � � � f

+ � c + � 5 ifc �j

Wkh joredo rswlpxp lv E%c + � c + � c � � c � � ( s� ' E����S22.2c �c fc ��D�e2�.c f( bb�2eD2fb� �

Sureohp &7*

Wkh suhylrxv sureohp/ zlwkrxw htxdolw| frqvwudlqwv/ fdq eh irupxodwhg dv iroorzv=

4�? sE+ � c � � c � � � ' .�D+ � n D�DE� � + � � n .� � n S� �

n Df
� � + �

f�Hd� � i TE�f�ev 	 �o
n Df

+ 


f�bd� � i TE�f�Dv 
 �o
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vxemhfw wr

f�bd� � i TE�f�Dv � �o � 2+ � � f

f�Hd� � i TE�f�ev � �o � 2E� � + � � � f

� � � �f+ �

� � � �fE� � + � �

� � c � � � f

+ � 5 ifc �j

Sureohp &8

Wklv sureohp zdv vwxglhg e| Iorxgdv hw do1 +4<;<,/ \xdq hw do1 +4<;<,/ Vdofhgr

+4<<5,/ U|rr dqg Vdklqlglv +4<<8, dqg Fdugrvr hw do +4<<:, dqg suhvhqwv vhyhudo

qrqolqhdu frqvwudlqwv1

4�? sE% � c % � c % � c + � c + � c + � c + � � ' E+ � � ��
�
n E+ � � ��

�

n E+ � � ��
�

� *?E+ � n �� n E% � � ��
�
n E% � � 2�

�
n E% � � ��

�
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vxemhfw wr

+ � n + � n + � n % � n % � n % � � D

+
�

� n %
�

� n %
�
� n %

�
� � D�D

+ � n % � � ��2

+ � n % � � ��H

+ � n % � � 2�D

+ � n % � � ��2

+
�

� n %
�
� � ��Se

+
�

� n %
�

� � e�2D

+
�

� n %
�

� � e�Se

% � c % � c % � � f

+ � c + � c + � � + � 5 ifc �j

Wkh joredo rswlpxp lv

E% � c % � c % � c + � c + � c + � c + � ( s� ' Ef�2c ��2HfS2ec ��bDeeH�c �c fc fc �( ��DD.eS�� �

Sureohp &9

Wklv lv pd{lpl}dwlrq sureohp wdnhq iurp Zrqj +4<<3, dqg dovr vwxglhg e| Fdu0
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grvr hw do +4<<:,1

4@ sE% � c % � c % � c + � c + � � ' �D��D.HDe%
�
� � f�H�DSHb+ � % � � �.�2b�2b+ � n ef.b2��e�

vxemhfw wr

@ � n @ � + � % � n @ � + � % � � @ � % � % � � b2

@ � n @ � + 	 % 
 n @ � + � + 
 n @ � %
�
� � bf � 2f

@ � n @ � � % � % � n @ � � + � % � n @ � � % � % � � 2f � D

2. � % � c % � c % � � eD

+ � 5 i.Hc ���c �f2jc �?|i}ih

+ � 5 i��c ���c eDjc �?|i}ih

zkhuh @ � wr @ � � duh jlyhq e| wdeoh 71

� � � � � � � � �  ! � " �  � � # $ � % � & % � �   % ' #

� (  �   � ' � � � � )  �   ! # � # ! � � *  �   � !  $ '

� +  �    ' $ ' $ � ,  �   $ % % � � � � �  �   # $ � � !

� -  �   $ $  � � � .  �   $ # � # � � � (  �   # %  � �

Wdeoh 7= Sureohp &9 Gdwd

Wkh joredo rswlpxp lv/ iru dq| frpelqdwlrq ri % ( c + ( / E% � c % + c + � ( s� ' E2.c 2.c .H( �22�.�e� �

Sureohp &:
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Wklv lv d pxowl0surgxfw edwfk sodqw sureohp zlwk � vhuldo surfhvvlqj vwdjhv/

zkhuh �{hg dprxqwv ' � iurp � surgxfwv pxvw eh surgxfhg1 Wkh remhfwlyh lv

wr �qg rxw iru hdfk vwdjh �/ wkh qxpehu ri sdudooho xqlwv �� / wrjhwkhu zlwk wkh

uhvshfwlyh vl}hv T� dqg/ iru hdfk surgxfw �/ wkh fruuhvsrqglqj edwfk vl}hv � �

dqg f|foh wlphv A � � 1 Wkh gdwd duh wkh krul}rq wlph M/ wkh vl}h idfwruv 7 � � / wkh

surfhvvlqj wlphv | � 	 ri surgxfw � lq vwdjh �/ wkh uhtxluhg surgxfwlrqv ' � dqg wkh

frvw frh!flhqwv k 
 dqg q � 1 Wklv sureohp/ vwxglhg e| Jurvvpdqq dqg Vdujhqw

+4<:<,/ Nrflv dqg Jurvvpdqq +4<;;,/ Vdofhgr +4<<5, dqg Fdugrvr hw do +4<<:,

kdv wkh iroorzlqj pdwkhpdwlfdo irupxodwlrq=

4�? s '

�
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� �
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vxemhfw wr
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zkhuh/ iru wkh vshfl�f sureohp frqvlghuhg/ � ' �/ � ' 2/ M ' Sfff/ k � ' 2Dfc

q � ' f�S/ � �� ' �/ T
�

� ' 2Df dqg T �� ' 2Dff1 Wkh ydoxhv ri A
�� � / A �� � / �

�
� dqg � ��

duh jlyhq e|=

A
�� � ' 4@ 

| � �
� ��

A �� � ' 4@ � | � �

�
�� '

' �
M

A � �

� �� ' 4�?E' � c4�?�
T ��
7 � � �

Wkh wdeoh 8 jlyhv wkh ydoxhv ri 7 � � dqg | � � 1

� � � � 	 


� � 
 � � � �


 � � � � 
 


Wdeoh 8= Sureohp &: Gdwd

Wkh joredo rswlpxp lv

E� � c � � c � � c T � � T � � T � � � � c � � c A � � c A � � ( s� ' E�c �c �c eHfc .2fc bSfc 2efc �2fc 2fc �S( �Hebb�H� �

8 Uhvxowv

Iljxuhv 6 dqg 7 vxppdul}h wkh uhvxowv rewdlqhg zkhq JDv zhuh xvhg1 Lq wkhvh h{shulphqwv/

gl�huhqw ydoxhv ri wkh shqdow| frh!flhqw ri wkh frqvwudlqwv lq htxdwlrq 5 +- htxdov wr �f/ �f �

dqg �f � ,/ dqg wkh Ghe Vfkhph dv ghvfulehg lq htxdwlrq 6 zhuh frqvlghuhg1 Iljxuh 6 suhvhqwv
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Iljxuh 6= JD frqyhujhqfh

wkh shufhqwdjh ri frqyhujhqflhv wr wkh joredo rswlpxp dqg �jxuh 7 vkrzv wkh phdq qxpehu

ri remhfwlyh ixqfwlrq hydoxdwlrqv qhhghg wr uhdfk frqyhujhqfh1

Iljxuhv 8 dqg 9 vxppdul}h wkh uhvxowv rewdlqhg zkhq HVv zhuh frqvlghuhg1 Lq wkhvh

h{shulphqwv/ wkuhh HVv zhuh dssolhg/ wkh E� n �� 0HV/ wkh E> n b� 0 HV dqg E>c b� 0 HV1 Wkh

qxpehu ri sduhqwv +>, dqg qxpehu ri r�vsulqj +b, zhuh/ uhvshfwlyho|/ 43 dqg 4331 Dv ehiruh/

�jxuh 8 suhvhqwv wkh shufhqwdjh ri frqyhujhqflhv wr wkh joredo rswlpxp dqg �jxuh 9 vkrzv

wkh phdq qxpehu ri remhfwlyh ixqfwlrq hydoxdwlrqv qhhghg wr uhdfk frqyhujhqfh1

Wdeoh 9 suhvhqwv wkh frpsdulvrq/ lq whupv ri wkh qxpehu ri remhfwlyh ixqfwlrq hydoxdwlrqv

dqg sursruwlrq ri frqyhujhqflhv wr wkh rswlpxp/ ehwzhhq wkh JD +zlwk wkh wzr shqdow|

vfkhphv,/ wkh E>nb�0HV dqg wkh P0VLPSVD dojrulwkp1 Lq wklv wdeoh/ r8 dqg r� uhsuhvhqw/

uhvshfwlyho|/ wkh phdq qxpehu ri remhfwlyh ixqfwlrq hydoxdwlrqv ryhu doo wkh 43 h{hfxwlrqv/

dqg wkh shufhqwdjh ri frqyhujhqflhv wr wkh joredo rswlpxp1 Wkh uhvxowv suhvhqwhg duh wkh
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Iljxuh 7= JD qxpehu ri ixqfwlrq hydoxdwlrqv

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Prob. 1 Prob. 2' Prob. 3 Prob. 4' Prob. 5 Prob. 6 Prob. 7

P
er

ce
n

ta
g

e 
o

f 
C

o
n

ve
rg

en
ce

s

(1+1) − ΕΣ
(µ+λ) − ΕΣ
(µ,λ) − ΕΣ

(1+1) - ES
(µ+λ) - ES
(µ,λ) - ES
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Iljxuh 9= HV qxpehu ri ixqfwlrq hydoxdwlrqv

ehvw rewdlqhg iru hdfk sureohp1 Iru sureohp &8 d ehwwhu vroxwlrq zdv irxqg e| JDv dqg

HVv wkdq wkh ehvw rewdlqhg e| P0VLPSVD1

JD0- ' �f � JD0Ghe vfk1 E> n b�0HV P0VLPSVD P0VLPSVD0shq1
Sure1 & r8 �I r8 �I r8 �I r8 �I r8 �I
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Wdeoh 9= JD yhuvxv P0VLPSVD
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9 Frqfoxvlrqv

Lw lv zhoo nqrzq wkdw rqh ri wkh pdlq glvdgydqwdjhv ri Hyroxwlrqdu| Dojrulwkpv olhv lq wkh

uhtxluhg frpsxwdwlrqdo wlph1 Rq wkh rwkhu kdqg/ uhtxlulqj rqo| wkh remhfwlyh ixqfwlrq ydoxhv

wr h{hfxwh wkh vhdufk/ edvhg rq d srro ri srlqwv/ doorzv Hyroxwlrqdu| Dojrulwkpv wr ghdo zlwk

qrqfrqyh{ sureohpv zlwk uhgxfhg fkdqfhv ri ehlqj wudsshg rq d orfdo rswlpxp1 Wklv zrun

frpsduhg Jhqhwlf Dojrulwkpv/ Hyroxwlrq Vwudwhjlhv zlwk suhylrxv sxeolvkhg uhvxowv ri P0

VLPSVD +Fdugrvr hw do 4<<:,/ d Vlpxodwhg Dqqhdolqj edvhg dojrulwkp1

Wkh uhvxowv fohduo| vkrz wkh gl!fxow| lq ghdolqj zlwk htxdolw| frqvwudlqwv +Sureohpv &5

dqg &7,> krzhyhu/ zkhq uhirupxodwhg zlwkrxw wkhvh frqvwudlqwv/ wkh dojrulwkpv h{klelwhg d

kljk udwh ri frqyhujhqfh1

Wkh phwkrg sursrvhg e| Ghe +4<<;, wr ghdo zlwk wkh frqvwudlqwv lv fohduo| vxshulru wr

wkh xvxdo shqdow| vfkhph/ vlqfh lw grhv qrw uhtxluh wkh vhwwlqj ri d shqdow| sdudphwhu1 Wkh

sursrvdo ri Fdugrvr hw do1 +4<<:, iru wkh P0VLPSVD dojrulwkp fdq jhqhudwh lqihdvleoh srlqwv

zlwk �wqhvv ydoxhv vxshulru wr ihdvleoh srlqwv1 Hyroxwlrqdu| vwudwhjlhv h{foxgh doo qrq ihd0

vleoh srlqwv/ zklfk fruuhvsrqgv wr dq lq�qlwh shqdow|1 Doo dojrulwkpv suhvhqwhg kdyh juhdw

gl!fxowlhv zlwk sureohp &: zklfk lv qrw vxusulvlqj vlqfh wkh sureohp lv kljko| frqvwudlqhg>

wkh joredo rswlpxp fruuhvsrqgv wr d srlqw zkhuh d yhu| vpdoo yduldwlrq lq dq| ri wkh frqwlq0

xrxv yduldeohv surgxfhv lqihdvlelolw|1 Wkxv/ lw vhhpv ri xwprvw lpsruwdqfh wkh ghyhorsphqw

ri dssursuldwh phwkrgv wr ghdo zlwk frqvwudlqwv lq wkh frqwh{w ri Hyroxwlrqdu| Dojrulwkpv1

Hyroxwlrqdu| Vwudwhjlhv h{klelw gl!fxowlhv lq kljko| frqvwudlqhg sureohpv exw/ lq jhqhudo/

wkh| duh wkh prvw h!flhqw lq whupv ri ixqfwlrq hydoxdwlrqv1 Lq vxppdu|/ wkh vroxwlrq ri
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PLQOS sureohpv zlwk Hyroxwlrqdu| Dojrulwkpv lv d ydolg dssurdfk lq qrq frqyh{ sureohpv

zkhuh frpsxwdwlrqdo wlph lv qrw ri sulpdu| lpsruwdqfh1 Ixwxuh zrun zloo dgguhvv wkh

frpsdulvrq ri hyroxwlrqdu| dojrulwkpv zlwk dgdswlyh udqgrp vhdufk dojrulwkpv/ dv zhoo dv

wkh wuhdwphqw ri htxdolw| frqvwudlqwv1

Uhihuhqfhv

Ednhu/ M1 +4<;:,/ Uhgxflqj Eldv dqg Lqh!flhqf| lq wkh Vhohfwlrq Dojrulwkp/ lq Surfhhg0

lqjv ri wkh Vhfrqg Lqwhuqdwlrqdo Frqihuhqfh rq Jhqhwlf Dojrulwkpv dqg wkhlu Dssolfdwlrqv/

Odzuhqfh Huoedxp Dvvrfldwhv/ Kloovgdoh/ Qhz Mhuvh|/ XVD/ 470541

Edqjd/ M1 U1/ Vhlghu/ Z1 G/ +4<<9,/ Joredo rswlpl}dwlrq ri fkhplfdo surfhvvhv xvlqj

vwrfkdvwlf dojrulwkpv/ Vwdwh ri wkh Duw lq Joredo Rswlpl}dwlrq= Frpsxwdwlrqdo Phwkrgv

dqg Dssolfdwlrqv/ F1D1 Iorxgdv dqg S1 P1 Sdugdorv +Hgv1,/ Noxzhu Dfdghplf Sxeolvkhuv/

Gruguhfkw/ Wkh Qhwkhuodqgv/ 89608;61

Fdugrvr/ P1 P1 I1 F1+4<<;,/ Ã Surfxud gr Öswlpr Joredo/ SkG Wkhvlv/ Hqjlqhhulqj

Idfxow|/ Xqlyhuvlw| ri RSruwr/ Sruwxjdo1

Fdugrvr/ P1 I1/ Vdofhgr/ U1 O1/ Ih|r gh D}hyhgr/ V1 +4<<9d,/ Qrqhtxloleulxp Vlpxodwhg

Dqqhdolqj= D Idvwhu Dssurdfk wr Frpelqdwruldo Plqlpl}dwlrq/ Lqg1 Hqj1 Fkhp1 Uhv/ 66/

4<3;04<4;1

Fdugrvr/ P1 I1/ Vdofhgr/ U1 O1/ Ih|r gh D}hyhgr/ V1 +4<<9e,/ Wkh Vlpsoh{0Vlpxodwhg

Dqqhdolqj Dssurdfk wr Frqwlqxrxv Qrq0Olqhdu Rswlpl}dwlrq/ Frpsxwhuv fkhp1 Hqjqj1/

Yro1 53/ </ 4398043;31

Fdugrvr/ P1 I1/ Vdofhgr/ U1 O1/ Ih|r gh D}hyhgr/ V1/ Eduervd/ G1 +4<<:,/ D Vlpxodwhg

Dqqhdolqj Dssurdfk wr wkh Vroxwlrq ri PLQOS Sureohpv/ Frpsxwhuv fkhp1 Hqjqj1/ Yro1
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54/ 45/ 467<046971

Ghe/ N1 +4<<;,/ Dq H!flhqw Frqvwudlqw Kdqgolqj Phwkrg iru Jhqhwlf Dojrulwkpv/ Frps1

Phwk1 Dsso1 Phfk1 Hqj1 +wr dsshdu,1

Glzhndu/ X1 P1/ Jurvvpdqq/ L1 H1/ Uxelq/ H1 V1 +4<<5,/ Dq PLQOS Surfhvv V|qwkhvl}hu

iru d Vhtxhqwldo Prgxodu Vlpxodwru/ Lqg1 Hqj1 Fkhp1 Uhv/ 64/ 64606551

Glzhndu/ X1 P1/ Uxelq/ H1 V1 +4<<6,/ H!flhqw Kdqgolqj ri wkh Lpsolflw Frqvwudlqwv

Sureohp iru wkh DVSHQ PLQOS V|qwkhvl}hu/ Lqg1 Hqj1 Fkhp1 Uhv/ 65/ 5339053441

Iorxgdv/ F1 D1 +4<<8,/ Qrqolqhdu dqg pl{hg0lqwhjhu rswlpl}dwlrq/ R{irug Xqlyhuvlw|

Suhvv/ Qhz \run1

Iorxgdv/ F1 D1/ Djjduzdo/ D1/ Flulf/ D1 U1 +4<;<,/ Joredo Rswlpxp Vhdufk iru Qrqfrqyh{

QOS dqg PLQOS Sureohpv/ Frpsxwhuv fkhp1 Hqjqj1/ Yro1 46/ 43/ 444:044651

Jrogehuj/ G1 H1 +4<;<,/ Jhqhwlf Dojrulwkpv lq Vhdufk/ Rswlpl}dwlrq/ dqg Pdfklqh Ohduq0

lqj/ Dgglvrq0Zhvoh|/ Uhdglqj/ Pdvvdfkxvhwwv1

Jurvvpdqq/ L1 H1/ Vdujhqw/ U1 Z1 K1/ +4<:<, Rswlpdo ghvljq ri pxowlsxusrvh fkhplfdo

sodqwv/ Lqg1 Hqj1 Fkhp1 Surfhvv Ghv1 Ghy1/ Yro1 4;/ 6761

Nrflv/ J1 U1/ Jurvvpdqq/ L1 H1 +4<;:,/ Uhod{dwlrq Vwudwhj| iru wkh Vwuxfwxudo Rswlpl}d0

wlrq ri Surfhvv Iorz Vkhhwv/ Lqg1 Hqj1 Fkhp1 Uhv/ 59/ 4;9<04;;31

Nrflv/ J1 U1/ Jurvvpdqq/ L1 H1 +4<;;,/ Joredo Rswlpl}dwlrq ri Qrqfrqyh{ Pl{hg0Lqwhjhu

Qrqolqhdu Surjudpplqj +PLQOS, Sureohpv lq Surfhvv V|qwkhvlv/ Lqg1 Hqj1 Fkhp1 Uhv/

5:/ 473:047541

Nrflv/ J1 U1/ Jurvvpdqq/ L1 H1 +4<;<,/ D Prghoolqj dqg Ghfrpsrvlwlrq Vwudwhj| iru wkh

PLQOS Rswlpl}dwlrq ri Surfhvv Iorzvkhhwv/ Frpsxwhuv fkhp1 Hqjqj1/ Yro1 46/ :/ :<:0;4<1

Uhfkhqehuj/ L1 +4<<7,/ Hyroxwlrqvvwudwhjlh *<7/ Iurppdqq0Kro}errj/ Vwxwwjduw1
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Uhnodlwlv/ J1 Y1/ Udylqgudq/ D1/ Udjvghoo/ N1 P1 +4<;6,/ Hqjlqhhulqj Rswlpl}dwlrq=

Phwkrgv dqg Dssolfdwlrqv/ Zloh|/ Qhz \run/ 5::05;:1

U|rr/ K1 V1/ Vdklqlglv/ E1 S1 +4<<8,/ Joredo Rswlpl}dwlrq ri qrqfrqyh{ QOSv dqg

PLQOSv zlwk dssolfdwlrqv lq surfhvv ghvljq/ Frps1 fkhp1 Hqjqj1/ Yro1 4<+8,/ 8841

Vdofhgr/ U1 O1 +4<<5,/ Vroylqj qrqfrqyh{ qrqolqhdu surjudpplqj dqg pl{hg0lqwhjhu qrq0

olqhdu surjudpplqj sureohpv zlwk dgdswlyh udqgrp vhdufk/ Lqg1 Hqj1 Fkhp1 Uhv/ 64/

5951

Vfkzhiho/ K10S1+4<;8,/ Hyroxwlrq dqg Rswlpdo Vhhnlqj/ Mrkq Zloh| ) Vrqv

Zlqvwrq/ Z1 O1+4<<7,/ Rshudwlrqv Uhvhdufk Dssolfdwlrqv dqg Dojrulwkpv/ 6 hg1/ Gx{exuj

Zuljkw/ D1 K1 +4<<4,/ Jhqhwlf Dojrulwkpv iru Uhdo Sdudphwhu Rswlpl}dwlrq/ lq J1M1H1

Udzolqjv +Hg1,/ Irxqgdwlrqv ri Jhqhwlf Dojrulwkpv/ Prujdp Ndxipdqq Sxeolvkhuv/ Vdq

Pdwhr/ FD/ 538054;

Zrqj/ M1 +4<<3,/ Frpsxwdwlrqdo h{shulhqfh zlwk d jhqhudo qrqolqhdu surjudpplqj dojr0

ulwkp/ FRHG M1/ Yro1 43/ 4<1

\xdq/ [1/ ]kdqj/ V1/ Slerxohdx/ O1/ Grphqhfk/ V1+4<;<,/ Xqh Phwkrgh g*rswlpl}dwlrq

qrqolqhdluh hq yduldeohv pl{whv srxu od frqfhswlrq gh surfhghv/ lq UDLUR0Rshu1 Uhv1
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