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|=Q@ u}}=B K]U p�=Ut Q} R pL |=Q@ |Q=mD@= sD} Qwor= |=ys=o |x�=Q= R= V}B
x@ xr�Ut ?=wH l} V}=tv xm CU= QmP p@=k 'q=m ẁv l}miD x@ xOvvmu}t-=D Qy

%CU= Q} R CQwY

Qy |=Q@ |L]UwO pOt u}}=B K]U p�=Ut Q} R pL |=Q@ |Q=mD@= sD} Qwor= |=ys=o
%R= Ov=CQ=@a =RHt CQwY x@ xOvvmu}t-=D
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"C=QP s=LOR= sD} Qwor= w |L]UwO |R} Qxt=vQ@ CLD xQm =Pt |xr�Ut pL CQ=Jwri "1 pmW

sqk= xO=wv=N l} QO xm hrDNt |vi xQ=tW 26 x@ \w@ Qt |=yxO=O j}kLD u}= s=Hv=
'OvDUy u}t-=D p@=k hrDNt xOvvmu}t-=D GvB |xr}Uwx@ sqk= u}= xty w OvQ=O Q=Qk
=yxO=O R= |NQ@ |=Q@ 'wmB=U u=U=vWQ=m CQwWt =@ u}vJty "CU= xOW |Qw;`tH

"CU= xOW xDN=OQB |iO=YD |=yxO=O O}rwD x@ 'Ov=xOw@v TQDUO QO xm

|D=@U=Lt G}=Dv "8
pL Qw_vt x@ |O=yvW}B sD} Qwor= R= pY=L |D=@U=Lt G}=Dv x@ VN@ u}= QO
sR}v=mt OQmrta |UQQ@ Qw_vt x@ "CU= xOW xDN=OQB xQm =Pt CLD C=mQ=OD |xr�Ut
PSO-Greedy w PSO-Exact sD} Qwor= wO =@ u; |D=@U=Lt G}=Dv PSO-A�

"CU= xOW xU}=kt
sD} Qwor= l} j} Q] R= swO K]U p�=Ut Q} R PSO-Greedy sD} Qwor= QO
=yvD u}}=B K]U QO xv=Y} QL |wHwCUH "OvwW|t pL xv=Y} QL |wHwCUH
|=Q@ |@=} RQ= `@=D u=wvax@ |D; |=yxv} Ry u}tND |=Q@ l}DU} Qw}y `@=D l} T=U=Q@
QO h `@=D |va} |O=yvW}B l}DU} Qw}y u=ty R= =Hv}= QO xm Ovm|t pta xQo ?=NDv=
xv=Y} QL |wHwCUH QO '`k=w QO "CU= xOW xO=iDU= A� |wHwCUH sD} Qwor=
|wHwCUH QO u}= Q@ xwqa "OwW|tv xDiQo Q_v QO g `@=D |va} |rai xQo =D xv} Ry
OQ}o@ Q_v QO xm u; uwO@ OwW|t ?=NDv= TQDUO QO xQo u} QDxv} Rysm xv=Y} QL

"Q}N =} CU= Q}Ut u} QDxv} Ry sm pm QO CU= xDiQo V}B QO xm |Q}Ut =}; xm

xO=O u=Wv 1 pmW QO |L]UwO |R} Qxt=vQ@ CLD xQm =Pt |xr�Ut pL CQ=Jwri
"CU= xOW

|OQwt xar=]t "7
CqwYLt xm CU= u=Q}= QO wQOwN xOvR=U KQ]t |=yCmQW R= |m} wQOwN u=Q}=
"Ovm|t O}rwD Tw@|v}t w Tw@ wD= 'uw}t=m '|Q=wU Q}_vhrDNt |=yxDUO QO|awvDt
R= |v=w=Qi OYQO &CU= xOW p}mWD |O=} R C=a]k R= CqwYLt u}= R= l} Qy
u=Q}= CmQW x@ S=Dvwt |=Q@ w OvwW|t O}rwD hrDNt u=oOvvmu}t-=D \UwD C=a]k u}=
w u=oOvvmu}t-=D x@ |yOVQ=iU |xi}_w wmB=U CmQW "OvwW|t xO=DUQi wQOwN
QO =Pr &OQ=O xOya Q@ =Q wQOwN u=Q}= CqwYLt S=Dvwt |=Q@ R=}v OQwt C=a]k u}t-=D
CmQW Q@ 'CU= xQm =Pt Q@ |vD@t C=mQ=OD pOt l} O=H}= u; hOy xm VN@ u}=

"CU= xOW RmQtD wmB=U
|R} Qxt=vQ@ uDiQo Q_v QO xm s}Di=} CUO xH}Dv u}= x@ '|OQwt xar=]t T=U=Q@
QO xOvvmu}t-=D O}rwD C}a[w OwW|t Ea=@ xQm =Pt Ov}=Qi QO xOvvmu}t-=D O}rwD
O=wt u}t-=D |=Q@ |v=yo =v C=Q=_Dv= xH}DvQO &OQ=Po Q}F-=D R=UwQOwN CmQW |Q}os}tYD
OL R= V}@ |OwHwt |Q=Oxov x@ |R=}v xOvvmu}t-=D w O@=}|t Vy=m u=oOvvmu}t-=D R=
R= |k}kO =D@Uv C=aq]= R=UwQOwN CmQW \}=QW u}= QO u}vJty "CW=O Oy=wNv
x@ C=WQ=iU X}YND CQwY u}O@ w CW=O Oy=wN C=a]k w O=wt Ci=} QO u=tR
Qw_vt x@ "OwW =yxv} Ry Vy=m Ea=@ xm OQ}PB|t s=Hv= |wLv x@ R}v u=oOvvmu}t-=D
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Ovyt |x]@=Q j@] xr�Ut Qy |=Q@ sD} Qwor= xU hrDNt |=y=QH= u=}t R= xOW Ci=} ?=wH

"CU= xOt; CUO x@ 28
devPSO A� = solPSO A� � solbest found

solbest found

devPSO Exact = solPSO exact � solbest found
solbest found

devPSO Greedy = solPSO greedy � solbest found
solbest found

solbest found = Min
k
fsolPSO A� ; solPSO Exact; solPSO Greedy

jk : test numberg (28)

hrDNt |=yxR=Ov= QO hrDNt |OOa p=Ft 14 pL |=Q@ pY=L G}=Dv j@=]t
PSO- sD} Qwor= x@ C@Uv PSO-A� sD} Qwor= xm CU= xOW xOy=Wt �2 pwOH�
QDsm |=]N |DL =} pw@k p@=k |=]N =@ |}=y?=wH 'QDx=Dwm u=tR QO Exact

|=y?=wH xQ=wty PSO-Greedy sD} Qwor= x@ C@Uv u}vJty "CU= xOQm O}rwD
"CU= xOQm O}rwD �QDsm |=]N =@� QDq=@ Q=}U@ C}i}m =@

|xr}Uwx@ hrDNt |vi xQ=tW 26 w xOvvmu}t-=D 5 =@ xr�Ut pL u=tR \UwDt
x}v=F 4937 754 Q@=Q@ �PSO |=Q@ QDt=Q=B s}_vD u} QDy@ =@� PSO-A� sD} Qwor=
=QH= Q=@ 10 =Q sD} Qwor= Qy 'xr�Ut |xR=Ov= Qy |=Q@ 2 pwOH QO xm =Hv; R= "CU=
u} QDy@ x@ C@Uv sD} Qwor= Qy R= pY=L ?=wH |=]N OYQO� u}ov=}t w xOQm
\UwD xr�Ut Qy pL u=tR u}ov=}t w =QH= Q=@ xO QO �sD} Qwor= xU R= pY=L ?=wH
p�=Ut pL xm =H u; R= w &CU= xOW Qw_vt pwOH QO =QH= Q=@ xO QO sD} Qwor= Qy
=Hv; R= u}vJty w CU}v xv}y@ |v=tR Q_v R= PSO-Exact j} Q] R= QDoQR@ |xR=Ov=

p�=Ut Q} R�u}}=BK]U QO|R=Uxv}y@ pOtPSO-Exact sD} Qwor= QOu}vJty
MINLP p�=Ut pL |=Q@ CPLEX xOvvmpL ltm =@ �u=oOvvmu}t-=D x@ \w@ Qt
Ov}=Qi QO =yVvm =QD |] u=oOvvmu}t-=D C=t}tYD TBU w pL GAMS Q=Ri=sQv QO

"OQ}o|t Q=Qk Q=O} QN |Q}os}tYD
Q=Ri=sQv R= CU= xOW pL j}kO CQwY x@ xm xr�Ut R= |}=yVN@ pL CyH
xOW xO=iDU= MINLP p�=Ut pL |=Q@ CPLEX xOvvmpL w GAMS 22 3
Q=Ri=sQv |U} wvxt=vQ@ \}Lt R= |O=yvW}B sD} Qwor= |=QH= |=Q@ u}vJty 'CU=
l} |wQ Q@ Q_v OQwt |=ysD} Qwor= "CU= xOW xO=iDU= MATLAB R2011b

"CU= xOW =QH= core i5 w C}@ 64 'C}=@=o}o 4 x_i=L C=YNWt =@ xv=}=Q
|=y?}mQD =@ sD} Qwor= u}= '|O=yvW}B sD} Qwor= |=yQDt=Q=B s}_vD Qw_vt x@
|=Q@ K]U 4 xm CQwY u}= x@ &CU= xOW =QH= =yQDt=Q=B Q}O=kt Kw]U hrDNt
3 '�30 w 20� C=QP O=OaD |=Q@ K]U 2 '�110 '100 '90 '80� =yQ=QmD O=OaD
'2 '1 5� |atH |Q}oO=} |=Q@ K]U 3 '�2 5 '2 '1 5� |OQi |Q}oO=} |=Q@ K]U
'0 7� Wmax |=Q@ K]U 3 w '�0 3 '0 2 '0 1� Wmin |=Q@ K]U 3 '�2 5
sD} Qwor= |=yQDt=Q=B Q}O=kt |=Q@ K]U u} QDy@ "CU= xOW xDiQo Q_v QO �0 9 '0 8

"CU= xOW xO=O u=Wv 1 pwOH QO |@}mQD sD} Qwor= QO C=QP s=LOR=
u} QDy@ x@ C@Uv |O=yvW}B sD} Qwor= R= pY=L |=y?=wH |=]N u}ov=}t

"=yQDt=Q=B Q}O=kt u} QDy@ "1 pwOH
Wmax Wmin

|Q}oO=} |Q}oO=} O=OaD O=OaD
(c2) |atH (c1) |OQi C=QP =yQ=QmD

0 8 0 1 2 5 2 30 100

"sD} Qwor= xU |D=@U=Lt G}=Dv xU}=kt "2 pwOH
PSO-A� PSO-Greedy PSO-Exact O=OaD O=OaD |xQ=tWOYQO u}ov=}t u=tR u}ov=}t OYQO u}ov=}t u=tR u}ov=}t OYQO u}ov=}t u=tR u}ov=}t ẁv xOvvmu}t-=D xr�Utx@ C@Uv =]N xr�Ut Qy pL x@ C@Uv =]N xr�Ut Qy pL x@ C@Uv =]N xr�Ut Qy pL xa]k?=wH u} QDy@ �x}v=F� ?=wH u} QDy@ �x}v=F� ?=wH u} QDy@ �x}v=F�

0 04 106 222 0 09 39 761 0 739 356 1 2 1
0 06 175 811 0 23 56 291 0 941 219 2 2 2

0 251 930 0 19 71 731 0 04 1341 510 3 2 3
0 01 418 643 0 35 106 541 0 1 1789 864 5 2 4

0 579 781 0 21 138 511 0 08 2988 494 7 2 5
0 04 218 118 0 2 51 192 0 1089 965 1 3 6

0 296 397 0 28 73 529 0 05 1780 312 2 3 7
0 08 379 331 0 25 98 543 0 6321 341 3 3 8

0 550 528 0 43 131 984 0 08 13741 782 5 3 9
0 718 459 0 54 169 631 0 1 38954 910 7 3 10

0 06 349 762 0 27 71 620 0 1341 631 1 4 11
0 441 451 0 51 99 731 0 04 2385 612 2 4 12

0 02 596 561 0 49 116 411 0 09 9941 139 3 4 13
0 437 797 0 31 89 819 0 05 1 5 14

0 02 { 0 31 { 0 04 { { { u}ov=}t
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UwDu=oOvvmu}t-=D O}rwD |R} Qxt=vQ@ =@ Q=O} QN C=WQ=iU X}YND u=}t |}=DU=Qsy l}
|QUm =@ xyH=wt |=yxv} Ry '|Q=Oxov |=yxv} Ry Vy=m ?Hwt xm OwW|t O=H}=

"OwW|t C=mQ=OD |xv} Ry Vy=m ?Hwt |rm Qw] x@ w '|OwHwt
=mQW |vRxv=J CQOk =@ ,=twta u}t-=D |xQ}HvR QO |Q}os}tYD xm =Hv; R= `k=w QO
|}=yv Ot=}B "CU= xv=Q=mtyQ}e ,=twta u}t-=D |xQ}HvR QO |Q}os}tYD 'CU= x=Qty
|vRxv=J CQOk =@ xQ}HvR QD|wk |=RH= Q=Wi 'u}t-=D |xQ}HvR |=mQW |Q=mty sOa
C}=yv QO xm CU= =mQW u}@ Q=O}=B=v \@=wQ O=H}= w xQ}HvR QDh}a[ |=RH= Q@ QDq=@
"OwW|t u}t-=D |xQ}HvR |=mQW s=tD x@ uOv=UQ ?}U; w =yxv} Ry V}=Ri= ?Hwt
=yC} Q}Ot<wU R= |NQ@ Cra x@ u=Q}= QO |R=UwQOwN u}t-=D xm@W QO xS} w Qw] x@
=yvD =yxv} Ry u}= R= R} Qo |=Q@ w Ov=xH=wt |i=Ro |=yxv} Ry =@ |R=UwQOwN |=yCmQW
=DU=Q u}= QO "Ovv}@|t xOvvmhQYt Q@ Q=Wi O=H}= w =yCt}k V}=Ri= QO =Q Q=my=Q
w Cw=iDt `i=vt |oJQ=Bm} |=Q@ Ot;Q=m Q=R@= l} xQm =Pt V}B Q=mwR=U R= xO=iDU=

"CU= C=mQ=OD =@ \@DQt |=yxv} Ry Vy=m w =mQW O=[Dt |DL
Q=O} QN |=yCmQW 'uOw@ ?r]Caivt Crax@ C=Qm =Pt QO xm u}= x@ xHwD =@
?Hwt Qt= u}= &Ovvm|tv |yHwD u=oOvvmu}t-=D O}rwD |R} Qxt=vQ@ w `i=vt x@ qwtat
C=a]k `kwt x@ p} wLD |=Q@ =yv;|}=v=wD sOa =} xOvvmu}t-=D |Q=Oxov |=yxv} RyV}=Ri=
QO u}=Q@=v@ "OQ=Po|t O=OQ=Qk hQ] wO Qy |wQ Q@ |ivt Q}F-=D w OwW|t xOW =[=kD
CyH QO 'u=oOvvmu}t-=D w �Q=O} QN� xOvvmO}rwD s=wD `i=vt uDiQo Q_v QO =@ Q=DWwv u}=

"CU= xOW xDW=OQ@ s=o nQR@ Xkv u}= uOQm hQ]Q@
QO ?=}tm w syt `@vt l} u=tR u=Q}Ot Q_v R= xm u}= x@ xHwD =@ u}vJty
|}=y|oS} w =@ =} wB |=y\}Lt xm u; Cra x@ w 'CU= |v=tR=U |=} wB |=y\}Lt
|Q}os}tYD Ov}=Qi QO 'OvDUy wQ@ wQ =yu=tR=U |HQ=N \}Lt `} QU C=Q}}eD Q}_v
seQ|ra |O=yvW}B OQm} wQ u}=Q@=v@ "OQ=O |}xS} w C}ty= u=tR xQm =Pt Q@ |vD@t
u=tR QO =D OR=U|t QO=k =Q u=oOvvmxQm =Pt '|Q}os}tYD |oOW`} RwD C}y=t ^iL
p}yUD ?Hwt pta QO Q=mwR=U u}= |=QH= "Ov@=} CUO ?wr]t xH}Dv x@ QDx=Dwm
w xQm =Pt Q@ |vD@t |Q}os}tYD |=yQ=mwR=U |}=Q=m Ow@y@ j} Q] R= C=mQ=OD Ov}=Qi
R= |m} xm 'Ow@ Oy=wN Q=_Dv= OQwt C}@ wr]t x@ xQm =Pt u}iQ] |@=}CUO u}vJty

"CU= nQR@ |=yCmQW u=Q}Ot |=yxeOeO
%OQm xQ=W= Q} R OQ=wt x@ u=wD|t xv}tR u}= QO |D; C=k}kLD xrtH R=

w |R} Qxt=vQ@ Q}_v pOt QO Qo}O C=}�RH uOQm OQ=w j} Q] R= pOt |xaUwD "1
&|Q=PoCt}k OOaDt |=yQ=mwR=U w ptL |Ov@u=tR

\UwD C=a]k |NQ@ O}rwD |}=v=wD sOa Ovv=t C=mQ=OD QO C=�=vFDU= uDiQo Q_v QO "2
&u=tR R= |}=yxR=@ QO u=oOvvmu}t-=D |NQ@

C}r@=k O=H}= Qw_vt x@ Q=O} QN w u=oOvvmu}t-=D |=Q@ xOvQ}oO=} sD} Qwor= x}@aD "3
sD} Qwor= j} Q] R= =} wB |Q=PoCt}k p=Ft u=wvax@ '=} wB \}Lt =@ |Q}PBj}@]D
|] hrDNt |=y|SD=QDU= |Q}oO=} =} u=oOvvmu}t-=D R= l} Qy \UwD Q |Q}oO=}

"hrDNt u=oOvvmu}t-=D =@ xQm =Pt |=Q@ =yv; u=}t R= ?=NDv= w xQm =Pt

'O@=}|t CUO xv}y@ x@ l}ORv ?=wH x@ C}=yv QO R}v PSO-Exact sD} Qwor= xm
sD} Qwor= j} Q] R= �hrDNt |vi xQ=tW 26 w xOvvmu}t-=D 5� nQR@ |xR=Ov= QO xr�Ut
5� nQR@ |xR=Ov= =@ xr�Ut |=Q@ p=Ft u=wvax@ "CU= xOWv xU}=kt PSO-Exact

PSO-Exact |=QH= |=Q@ Ca=U 125 OwOL |v=tR �|vi xQ=tW 26 w xOvvmu}t-=D
w ?U=vt |=yQDt=Q=B u}}aD |=Q@ u; xQ=@ u}OvJ |=QH= u=wva I}y x@ xm CU= sRq

"CU}v |k]vt xU}=kt
x@ xQ=wty CU}v QO=k R}v PSO-Exact sD} Qwor= xm OwW xHwD O}=@ `k=w QO
p�=UtQ} R |=Q@ |vOW ?=wH |y=o R}v =QH= QO u}vJty 'O@=} CUO xv}y@ ?=wH
pL x@ |twRr =Pr &CU= xOWv Ci=} Q=O} QN |=yRFQ R= |NQ@ |=R=x@ swO K]U
x@ xHwD =@ PSO-A� sD} Qwor= u}= Q@ xwqa "CU}v swO K]U p�=UtQ} R j}kO
xHwD =@ w OQ=O PSO-Exact x@ C@Uv =QH= u=tR QO xm |yHwD p@=k |} wH xiQY
|Q}oQ=m x@ PSO-Exact |=y?=wH R= QDy@ OQ=wt |NQ@ QO w l}ORv |=y?=wH x@
CmQW xr�Ut� |rY= xr�Ut |=Q@C}=yv QO w "CU= Ot;Q=m w O}it Q=}U@ sD} Qwor= u}=
x@ Ca=U 125 |=QH= u=tR sD} Qwor= u}= |Q}oQ=m x@ =@ �Vv=oOvvmu}t-=D w wmB=U
xOy=Wt |ak=w |=yxO=O x@ xHwD =@ xm u; ut[ "CU= xDi=} p}rkD x}v=F 4937 754
w |Q=Oxov w O}rwD |=yxv} Ry Vy=m ?Hwt Q=mwR=U u}= |Q}oQ=m x@ xm CU= xOW
Q}N-=D w C=mQ=OD |xv} Ry Vy=m ?Hwt C}=yv QO w xOvvmu}t-=D |O=yvW}B Ct}k

"CU= xOW Q=O} QN |=Q@

|Q}oxH}Dv "9
=Q u}iQ] xm xv}y@ x@ l}ORv s}tYD l} x@ |@=}CUO RmQtDtQ}e |=ysDU}U QO
w OwWv O=OQ=Qk Oka x@ QHvt xm |}xv}y@ s}tYD uDi=} R= 'Ovm O=OQ=Qk Oka x@ |[=Q
QO "CU= xOW jkLt xr=kt u}= QO Qt= u}= xm &CU= QDO}it OQ}ov Q=Qk ji=wD OQwt
xYk=vt � |vRxv=J pmDwQB Q@ |vD@t xQm =Pt Ov}=Qi l} uOQw; sy=Qi =@ VywSB u}=
'xOvQ@ � xOvQ@ |R=@ l} =@ j@]vt w |L]UwO |[=} Q |R} Qxt=vQ@ pOt j} Q] R=
Ea=@ Qt= u}= xm 'Ovvm CmQL OwN h=Oy= CyH QO =D OvDUy QO=k xQm =Pt u}iQ]
sD} Qwor= l} R}v C}=yv QO "OwW|t =yv; \@=wQ |v=@}DWB w u}iQ] C}=[Q V}=Ri=
QO=k xm CU= xOW x�=Q= |@D=QtxrUrU RmQtDtQ}e |xr�Ut pL |=Q@ xv=Qw;wv |@}mQD
=@ w ?U=vt u=tR QO w RmQtDtQ}e CQwY x@ =Q |O=yvW}B |L]UwO pOt CU=

"Ovm pL pw@k p@=k |=]N
xQm =PtV}B Q=R@= l} u=wvax@ pta QO xm OQ=O =Q u; C}r@=k xr=kt u}= |HwQN
"OwW xDiQo Q=m x@ �xYk=vt � |vRxv=J Q@ |vD@t xQm =Pt xOvvm =B Q@� Q=O} QN \UwD
|R=Ux}@W xQm =Pt OvwQl} O=H}= j} Q] R= |ak=w xQm =Pt R=V}B Q=O} QN?}DQD u}O@
w VQ=iU sHL pt=W |@U=vt |=yO=yvW}B |ak=w xQm =Pt QO Ow@ Oy=wN QO=k 'xOW
x@ &Ovm x�=Q= Ov=xOW u=wN=Qi xQm =Pt |=Q@ xm |v=oOvvmu}t-=D x@ CU=wNQO OQwt u=tR
CQwY u}= x@ "OW=@ xOW ^=Lr |Q}os}tYD u}= QO R}v u=oOvvmu}t-=D `i=vt xm |Qw]
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