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#+:$*"!" !(,$*%!,+:!"5 )'7' 8'* $9$78(' M!).

$* &"' #$ &%! M$&*>",+)! -*$$#O2 0",$ $%C'1&$

!"+-%! ! )!#! 8&%,' xi #$ (! +7!-$% $")$%!

$( 8&%,' yi #$ (! +7!-$% 7'#$(' 7K" )$*)!%'

$% ,6*7+%'" #$ )&*:!,&*!5 #'%#$ yi %' M! "+#'

!"+-%!#' )'% !%,$*+'*+#!# ! %+%-P% ',*' 8&%.

,' #$ (! +7!-$% $")$%!2 A+% $7 !*-'5 %'"',*'"

8*$C$*+7'" "$-&+* &% $%C'1&$ #+C$*$%,$5 +%,*'.

#&)+$%#' !($!,'*+$#!# $% !7 '" 8*')$"'"5 #$

,!( 7'#' 1&$ )!#! #$)+"+L% $" ,'7!#! #$ C'*7!

!($!,'*+! ! 8!*,+* #$ ('" 8&%,'" !(7!)$%!#'" $%

(! (+",! #$ )!%#+#!,'" %' :!)>!2 0",$ "$-&%#'

8*')$#+7+$%,'5 +-&!(7$%,$5 "$ )'78'*,! )'7'

&%! C!"$ #$ )'%",*&))+L% ?;@AB G33J2

0% $( )!"' )'%)*$,' #$( ;<5 (! C!"$ #$ )'%.

",*&))+L% #$ &%! "'(&)+L% π )'7+$%Q! )'% (!

)*$!)+L% #$ #'" (+",!" #$ )!%#+#!,'"5 CL1 O

CL25 ! 8!*,+* #$ (!" )&!($"5 O M!)+$%#' &"' #$

&%! $",*!,$-+! -*$$#O #$ "$($))+L%5 "$ ' ,+$%$

#+)M! "'(&)+L%2 0% GUJ "$ #$")*+ $ )'% 7$9'*

#$,!(($ $",! C!"$2

;$"8$),' ! (! C!"$ #$  P"1&$#! (')!( #$

?;@AB5 M$7'" #$)+#+#' &"!* (! $",*!,$-+! #+".

$V!#! 8!*! $( !"#$# $%  %&#'( #$ (! 8*'8&$".

,! #$ ;< #$ %&$",*' ,*! !9' 8*$:+'2 0% #+)M!

8*'8&$",!5 "$ M!)$ &"' #$ &% 8*')$#+7+$%,' #$

 P"1&$#! (')!( #$ ,+8' W8*+7$*' $( 7$9'*X5 &".

!%#' $( '8$*!#'* #$ :$)+%#!# #$ +%,$*)!7 +'2

0% )'%)*$,'5 ('" 7':+7+$%,'" #$ +%,$*)!7 +'

"'% $( 7$)!%+"7' 8*+%)+8!( 8!*! 7':$*"$ #$

&%! "'(&)+L% ! ',*!2 @#$7K"5 "$ 8*'8&"+$*'%

#'" 7$9'*!" 8!*! )'%"$-&+* !)$($*!* $( 8*')$"'

#$  P"1&$#! GUJ2

 !:! 9(/3 $%;,)<,)=

B; GYJ C&$ 8*'8&$",' )'7' &%! 7!%$*! #$ +%.

,$-*!* $",*!,$-+!" #$ +%,$%"+D)!)+L% O #+:$*"+.

D)!)+L% $% $( )'%,$S,' #$ (!  P"1&$#! ,! P2

0",$ $%C'1&$ "$  !"! $% -$%$*!* %&$:!" "'(&.

)+'%$" $S8('*!%#' ,*!O$),'*+!" 1&$ )'%$),!%

"'(&)+'%$" #$ !(,! )!(+#!#2 0( 8*')$#+7+$%,'

)'7+$Q! )'% &%! #$ $",!" #'" "'(&)+'%$"5 #$.

%'7+%!#! )'7' )#*+,-./ -/-,-(*5 -$%$*K%#'"$

&% )!7+%' 1&$ (! )'%$),! )'% (! "$-&%#!5 )'%'.

)+#! )'7' )#*+,-./ 0+1(2 Z+)M' )!7+%' $" C*&,'

#$ (! *$!(+Q!)+L% #$ 7':+7+$%,'" #$ !)$8,!)+L%

#$ "'(&)+'%$" +%,$*7$#+!" $%  !"$ ! (! "$($).

)+L%[+%)'*8'*!)+L% 8'* 8!*,$ #$ (! "'(&)+L%

+%,$*7$#+! #$ !1&$(('" !,*+ &,'" )'% ('" 1&$

"$ #+C$*$%)+! #$ (! "'(&)+L% -&>!2 B'* ,!%,'5

"$ ,*!,! #$ +* *$#&)+$%#' (! #+",!%)+! $%,*$

(! "'(&)+L% +%+)+!( O -&>! ! )!#! 7':+7+$%.

,'2 N'7' )*+,$*+' #$ !)$8,!)+L% #$ (!" "'(&.

)+'%$" +%,$*7$#+!" "$ 8&$#$% !#'8,!* 7P(,+.

8($" $"1&$7!" ,!($" )'7' &%! "$($))+L% -*$$#O

' -*$$#O !($!,'*+Q!#! G3FJ2 0( 8*')$#+7+$%,'

B; #$:&$(:$ (! 7$9'* "'(&)+L% $%)'%,*!#!2

 ! ! 9$*.4%1/( &% 6> ?(1(&( %) #@A096

Z$ $%,*$ (!" 8'"+ ($" C'*7!" #$ M+ *+#!* ('" !(.

-'*+,7'" #$ ?;@AB O B;5 "$-&+7'" (! 8*'8.

&$",! #$ ;$"$%#$ $,2!(2 G3FJ $% (! 1&$ (! "+%.

$*-+! $%,*$ ?;@AB O 2("3 '%*-/4-/0 %5#*+"-5#
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 !"#$% &'()'*+,- *', ). './01)' 2,0('+'&0,

'. 3- ,'*03)456. &' 2,073'(-* &' 02+5(58-456.

40(75.-+0,5-9 !"#$ /)' 2,'*'.+-&0 5.545-3:

('.+' 40(0 ).- /-*' &' 20*+:2,04'*-(5'.+0

2-,- ;$<=# 40. #$ >?@9 !. 4-&- 5+',-456.

&' ;A!"#$ *' -2354-. 3-* /-*'* &' 40.*+,)4:

456. B ('C0,- &' ;$<=#D -*E 40(0 '3 (F+0:

&0 &' #$D 2-,- 07+'.', ). 40.C).+0 F35+'

 ES%9 G,-.*4),,5&0 ). .H(',0 &' 5+',-450.'*

2,'IC-&0D ;$<=# 40.  !"# $%&'()'(* J,''&B

I.-358-9 K)'J0D *' -2354- ).- /-*' &' 20*+:

2,04'*-(5'.+0 7-*-&- '. #$ - 4-&- 2-,'C-

&' *03)450.'* &' ES9 K-* *03)450.'* 1)' *'

07+5'.'. 40. 3- *'J).&- -2354-456. &' #$ *'

40.*5&',-. 4-.&5&-+-* - '.+,-, '. ESD &' (0:

&0 1)' #$ *' 3'* -2354- .)'"-('.+' L-*+- 1)'

.0 L-B- .)'"-* *03)450.'* 1)' '.+,'. '. ES9

M' '*+' (0&0D *' &54' 1)' 3-* *03)450.'* &'

ES '"03)450.-.9 !*+' 2,04'*0 *' ,'25+' &):

,-.+' ). .H(',0 2,'IC-&0 &' 5+',-450.'*9 K-

N5J),- O ()'*+,- '3 2*')&046&5J0 &'3 -3J0,5+:

(0 ;A!"#$9

 ! "#$%&'(%)*+,

 !"! #$%&'(') $*+,-.) /0 1 23456'$.) +'

7# -4(),+'3.+4)

K0* ,'*)3+-&0* *' 40,,'*20.&'. 40. ).- *',5'

&' 2,073'(-* &' $P 2-,- *F5* 5(QJ'.'* (F&54-*

&' &0* 40.C).+0* &' &-+0* &5*+5.+0*9 !3 2,5(',

40.C).+0 '*+Q /0,(-&0 20, 4)-+,0 5(QJ'.'* &'

,'*0.-.45- (-J.F+54-  R$P*% &5*+5.+-*9 !*+-*

5(QJ'.'* *' L-. 07+'.5&0 &' 3- 7-*' &' &-+0*

&' +$!'(,%-D &' 3- S.5"',*5&-& R4;533  >T@%9

K- I.-35&-& &' '*+' ,'20*5+0,50 '* 3- &' 2,020,:

450.-, - 30* 5."'*+5J-&0,'* &-+0* ,'-3'* 2-,-

)*-, '. +F4.54-* &' -.Q35*5* B -3J0,5+(0* &5:

"',*0*9 +$!'(,%- L- *5&0 '(23'-&- 'U+'.*-:

('.+' 20, 3- 40().5&-& &' $P9 S.0 &' 30* &':

*-/E0* (Q* 5(20,+-.+'* -*045-&0* - 3- 'U2',5:

('.+-456. -4+)-3 '* 1)' '3 07C'+5"0 &'3 2,04'*0

&' $P '* '3 &' ,'J5*+,-, .!$%/!0 1% '23*%(%0 1'04

"'("!0 1%& 2'025 5-/%"59 <*ED L-4'(0* /,'.+' -

). 2,073'(- (Q* ,'-35*+- &'.+,0 &'3 $P (F&5:

4-*D 33-(-&0 $%*'0"$!15 '("$!406/%"59 K-* 0+,-*

&0* 5(QJ'.'* 40.*5&',-&-* 2,0"5'.'. &' ). *':

J).&0 40.C).+0 &' &-+0* 2,020,450.-&0 20, '3

V0*25+-3 $L0&' P*3-.& >T@D B *' 40,,'*20.&'.

40. ). 4-*0 ,'-3 &' $P (F&54-*9 =' +,-+- &'

GlobalIter ← .H(',0 +0+-3 &' 5+',-450.'*W

<2354-, ;$<=#  40.*+,)4456. B 7H*1)'&- 304-3%

). +0+-3 &' b = |ES | 5+',-450.'* 2-,- 2073-,

ES ← {π1, π2, . . . , πb}W
 !" iter = 1, . . . ,GlobalIter #!

 !" i = 1, . . . ,LocalIter #!
π ← /-*' &' 40.*+,)4456. ;$<=#W

π′ ← 7H*1)'&- 304-3 ;$<=# 40('.8-.&0

'. πW

='3'4450.-, -3'-+0,5-('.+' ). πj &' ES W

<2354-, #$ π′, πj% B #$ πj , π′
% B *'-

π′′
3- ('C0, *03)456. '.40.+,-&-W

π′′′ ← 7H*1)'&- 304-3 ;$<=#

40('.8-.&0 '. π′′
W

$%  F (π′′′) < F (π1) &" F (π′′′) < F (πb)%
'() d(π′′′,ES) ≥ dth% *+,(

πk ← *03)456. (Q* 4',4-.- - π′′′
&'

ES +-3 1)' F (π′′′) < F (πk)W

<X-&5, π′′′
- ES B '35(5.-, πkW

Y,&'.-, ES &'3 ('C0, π1 -3 2'0, πbW

-().$%W

-(). !"W

NewSol ← 1W
/+01, NewSol #!

NewSol ← 0W
<2354-, #$ π, π′

% B #$ π′, π% 2-,- 4-&-

2-,'C- (π, π′) &' 78 .0 40(75.-&-

-.+',50,('.+'9 ='- π′′
3- ('C0, *03)456.

'.40.+,-&-W

π′′′ ← 7H*1)'&- 304-3 ;$<=#

40('.8-.&0 '. π′′
W

$%  F (π′′′) < F (π1) &" F (π′′′) < F (πb)%
'() d(π′′′,ES) ≥ dth% *+,(

πk ← *03)456. (Q* 4',4-.- - π′′′
&'

ES +-3 1)' F (π′′′) < F (πk)W

<X-&5, π′′′
- ES B '35(5.-, πkW

Y,&'.-, ES &'3 ('C0, π1 -3 2'0, πbW

NewSol ← 1W

πbest ← π1W

-().$%W

-()./+01,W

-(). !"W

#,2!12," π1W

 !"#$% &' ()*#+,-.+!", +* /012(34
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 !"#$%$& '$ ()!)#*+,-+ .)!/0(+* 1+'+ 2345

'$ ')& !06$.+& '$ &$* 70!+%)8 9% $&($ .+:

&); +'$!"&; <0$*$!)& *$&+=(+* =+ .)!/=$> '+'

'$= /*)?=$!+; '$? ') + =+ $&(*0.(0*+ +%+(@! :

.+ /+*( .0=+* '$= )?>$()8 A$&/0B& '$ /*).$&+*

=+& &B &  !"#$%$& 2I1 + I65; &$ )?( $%$% CDE;

EFE; EGD; HDG; CIC; J GKH /0%()& '$ = %$+& '$

.*$&(+ /+*+ .+'+  !+#$%; *$&/$.( L+!$%($8

M+*+ /)'$* $L+=0+* $= *$%' ! $%() '$ %0$&:

(*+ /*)/0$&(+; &$ +/= .+*)% .0+(*) (*+%&,)*!+:

. )%$& '$ & ! = (0' Ti 2L$* 4+?=+ K5 + .0+(*) '$

=+&  !"#$%$& '$ $%(*+'+8 N$ .)%& '$*+% . %.)

 %&(+%. +& '$ /*)?=$!+ '$ OP ' ,$*$%($& 2L$*

4+?=+ H58 N$ +%+= 1+*" $= .)!/)*(+! $%() '$

')& !B()')& '$ OP ?+&+')& $% QR9LMO J NN

+?)*'+%') ' .7+&  %&(+%. +& '$ /*)?=$!+ '$

OP8

4+?=+ KS A$ +** ?+ 7+. + +?+>) &$ /*$&$%(+%

=+& .0+(*) (*+%&,)*!+. )%$& '$ & ! = (0' .)%:

& '$*+'+&S T1; T2; T3 J T48

Ang. Ejex Ejey Ejez tx ty tz S

KKC8T :T8DUG T8HCF T8GEH :HU8T KC8C :G8U K8T

KUD8T T8UII :T8HFT T8UII U8T C8C :G8U T8D

HEC8T :T8ETE :T8DTD T8CTC KU8T :C8C :G8U K8T

HIU8F T8DIE T8GEU :T8HKD KH8T C8C :HG8U K8H

4+?=+ HS P%&(+%. +& '$ /*)?=$!+8 V *$/*$&$%(+

/*$&$%. + ) +0&$%. + '$ =$& @% '$ $&.=$*)& &; J

O .+%( '+' '$ *0 ') #+0&& +%) +/= .+')8

9&.$%+ W)'$=)

M*)?=$!+ '$ OP V O V O

I1 vs T1(I2) X) X) X) 1%

I1 vs T2(I3) X) X) N- 1%

I1 vs T3(I4) X) X) N- 5%

I2 vs T4(I4) X) 1% N- 5%

I6 vs T1(I5) − − − −

 !"! #$%&'( )( *+,-.(',/&

4)'+& =+& $>$.0. )%$& 7+% & ') *$+= 1+'+& $% 0%

P%($=

r
3)*$

TM
H A0) MDGTT + H8HUQY18 V)&

!B()')& QR9LMO J NN &$ $>$.0(+% KT L$.$&

$% .+'+  %&(+%. + '$= /*)?=$!+; 0&+%') 0%+

&$! ==+ ' ,$*$%($ $% $= #$%$*+')* '$ %Z!$*)&

/&$0'):+=$+()* )&; .)% $= [% '$ $L (+* =)& $,$.:

()& '$ =+ +=$+()* $'+'8 N$ 7+ .)%& '$*+') .)!)

.* ($* ) '$ /+*+'+ '$ .+'+ +=#)* (!) $= ( $!/)

!"\ !) '$ $>$.0. @%8 9% .)%.*$(); &$ 7+% [>+:

') UTT &$#0%')& /)* $>$.0. @%8 A$&/0B& '$ 0%

$&(0' ) /*$$= ! %+*; .)%& '$*+!)& 0% L+=)* '$

α = 0,9 /+*+ =+ ,+&$ '$ .)%&(*0.. @% QO]NM;

δ = 0,9 /+*+ $= $&<0$!+ '$ MO #*$$'J +=$+()*:

 1+'); 0% !"\ !) '$ DT  ($*+. )%$& /+*+ =+

?Z&<0$'+ =).+= J 0% ()(+= '$ U &)=0. )%$& $%

$= ES 2b = |ES | = 658 O$,$*$%($ += !B()')

'$= $&(+') '$= +*($ '$ OP ?+&+') $% NN; !+%:

(0L !)& =)& ! &!) /+*"!$(*)& <0$ $% %0$&(*)

(*+?+>) /*$L )8

 !0! 1(&%2'+)/&

] =+ 7)*+ '$ .)!/+*+* $= *$%' ! $%() '$=

*$# &(*+') '$ .+'+ &)=0. @% /*)'0. '+ /)*

QR9LMO J NN; 0&+!)& $= 93W 29<8 2K558 V+

4+?=+ E *$.)#$ =)& *$&0=(+')&8 X@($&$ <0$ $=

!B()') '$ OP ?+&+') $% QR9LMO +=.+%1+

0% *$%' ! $%() .)!/$( ( L) $% .)!/+*+. @%

.)% $= !B()') '$ OP '$= $&(+') '$= +*($ ?+&+:

') $% NN8 9% .)%.*$(); QR9LMO +=.+%1+ $=

!$>)* L+=)* !$' ) $% (*$& '$ =)& . %.) /*)?=$:

!+& '$ OP8 9& !"&; (+!? B% )?( $%$ =+ !$%)*

'$&L +. @% (-/ .+ $% ()')& =)& .+&)&8 ]&- /0$&;

&$ /0$'$ '$. * <0$ QR9LMO /*)/)*. )%+ 0%

?0$% ?+=+%.$ $%(*$  %($%& [.+. @% J ' L$*& [:

.+. @% $% $= $&/+. ) '$ ?Z&<0$'+; !)&(*+%')

/)* (+%() 0% .)!/)*(+! $%() !"& *)?0&() <0$

$= !B()') '$ OP ?+&+') $% NN8

3)% *$&/$.() + =+ /*$. & @% '$ =)& $%,)<0$&

2$& '$. *; !$%)* 93W5; +!?+& (B.% .+& '$

OP &$ .)!/)*(+% '$ 0% !)') & ! =+*; )?($:

% $%') *$&0=(+')& /*$. &)& .0+%') &$ +?)*'+

$= *$# &(*+') '$ =+&  !"#$%$& '$ WOP8 V+&

^ #0*+& G J C *$_$>+% ' .7) .)!/)*(+! $%()

/+*+ QR9LMO J NN; *$&/$.( L+!$%($8 3)!)

&$ /0$'$ )?&$*L+*;  %.=0&) $% $&.$%+* )& (+%

.)!/=$>)& .)!) =)& ' &$6+')& $% $&($ $\/$* :

!$%(); =)& !B()')& QR9LMO J NN .)%& #0$%

*$&0=(+')& '$ .+= '+'8 9&($ 7$.7) &$ /0$'$

.)!/*)?+* L $%') =+ &0/$*/)& . @% .+& /$*:

,$.(+ '$ =)& .)=)*$& $%(*$ $= /+* '$  !"#$%$&

$&.$%+ J !)'$=)8
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 !"#! $% &'()#*!+,( '(*!+-(*./,( /!#/)#!+,( !

0!1*.1 +' 23 '4'/)/.,5'( +' /!+! )5, +' #,(

/.5/, 01,"#'6!( +' &7 /,5(.+'1!+,(8 9! *!"#!

6)'(*1! '# :!#,1 6-5.6, ;m<= 6>?.6, ;M<=

6'+., ;µ< @ +'(:.!/.A5 *-0./! ;σ< +'# BCD8 E'

1'(!#*!5 #,( 6'4,1'( 1'()#*!+,( /,5F,16' ! #,(

:!#,1'( 6-5.6, @ 6'+.,8

GHB:I& EE

I1 vs T1(I2) m J28KL  !"#$

M JK8MN JO8O$

µ JJ8J$ %&"'(

σ 28PN 28PP

I1 vs T2(I3) m  !")# J38KK

M JO83O JL8K2

µ % "&& JJ8NM

σ 28KN M8M$

I1 vs T3(I4) m OK8J2 (#" #

M NM8K$ NJ8L3

µ *$"'' N282P

σ 28OK 28PP

I2 vs T4(I4) m P2833 #'"#$

M L28PL LO83M

µ PP8O2 '#"'$

σ $8OL O82L

I6 vs T1(I5) m 28NP )"* 

M 28LO $8LL

µ )"'$ M82L

σ 3823 38P$

 !"#$% &' () !*+#!)$,% -%.!% /% ,)$).-% 0) 1#)02

3$%4 /50 1)65$)0 $)0#/3%,50 ,) 78 .540)"#!,50

95$ :;<=>7 )4 .%,% 9$5?/)1% ,) 78 #0%4,5

@780 AI1 vs T1(I2)B I1 vs T2(I3)B I1 vs T3(I4)B
C I2 vs T4(I4)DE

 !"#$% F' () !*+#!)$,% -%.!% /% ,)$).-% 0) 1#)02

3$%4 /50 1)65$)0 $)0#/3%,50 ,) 78 .540)"#!,50

95$ GG )4 .%,% 9$5?/)1% ,) 78 #0%4,5 @780

AI1 vs T1(I2)B I1 vs T2(I3)B I1 vs T3(I4)B C

I2 vs T4(I4)DE

9,( 1'()#*!+,( :.()!#'( /,11'(0,5+.'5*'( !#

&7 +' #!( C (= '( +'/.1= I6 vs. T1(I5) ;:'1 Q.R)S
1! N<= 6)'(*1!5 #! !#*! /,60#'4.+!+ +' '(*' /!S

(, +'# 6)5+, 1'!#= 01.5/.0!#6'5*' /!)(!+! 0,1

#! 5!*)1!#'T! +' #! '(*1)/*)1! !5!*A6./! +' #!

6)U'/! V)6!5!8

 !"#$% H' @)65$)0 $)0#/3%,50 ,) 78 .540)"#!,50 95$

/50 1I35,50 :;<=>7 C GGB $)09).3!=%1)43)B )4 )/

9$5?/)1% I6 vs T1(I5)E

 ! "#$%&'()#$*( + ,-./.0# 1','-#

E' V! 01'('5*!+, )5! '(*)+., 0!1! !",1+!1 '#

01,"#'6! +'# &7 6W+./!( +'(+' '# '5F,X)' +'

#!( /,11'(0,5+'5/.!(8 Y)'(*1! 01,0)'(*! ':,S

#)*.:! '( )5! !+!0*!/.A5 +' )5 6W*,+, V-"1.S

+, !:!5T!+, /,60)'(*, 0,1 #,( !#R,1.*6,(

G&ZEI @  !"# $%&'()'(* ':,#)*.:,8 B5 /,5/1'S

*,= V'6,( '(*)+.!+, '# 1'5+.6.'5*, +'# 6W*,+,

'5 (.*)!/.,5'( *!5*, 1'!#.(*!( /,6, +' )5 0!S

/.'5*' 1'!#8 ['6,( /,601,"!+, /A6, #! (.5S

'1R.! '5*1' '5F,X)'( +' *1!@'/*,1.! (.60#' @

6\#*.0#' @ '# '(X)'6! ':,#)*.:, +' I& 01,S

0,1/.,5! 1'()#*!+,( 6>( 1,")(*,( X)' #,( +'#

6W*,+, +' &7 "!(!+, '5 EE ;X)' '( /,5(.+'1S

!+, /,6, )5, +' #,( !#R,1.*6,( +'# '(*!+, +'#

!1*' '5 '# '5F,X)' +' #!( /,11'(0,5+'5/.!(<8
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 ! "#!"$%&#' !(%)&$* +$#+(%)&* ,* *-"*!.*/#

(! 0(%! 0*-*!"% %!&$% /12%$)13"*"14! % 1!&%!5
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