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OvDUy |r�=Ut swO |xDUO "OwW|tv p}mWD |iY xvwoI}y w xOW s=Hv= p}yUD
|r=wDt C=aH=Qt |v=tR pY=wi =@ xU}=kt QO |yOCtON u=tR COt =yu; QO xm
Q}PB=v?=vDH= |Qt= hY p}mWD w s=LOR= O=H}= w CU= x_Lqt p@=k u=} QDWt
u}@ u=tR w |yOCtON |=yu=tR QO OwHwt |=yC}a]k sOa p}rOx@ =Pr "CU=
p�=Ut xQtR R= s=LOR= OaDUt Cq}yUD |=Q@ |@=}u=mt p�=Ut '|r=wDt OwQw wO
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Qy QO OwHwt |=yxOvyOCtON |R=wt Q=DN=U x@ xHwD =@ =Pr "CU= xOW ZQi
1 Q@=Q@ pmW QDt=Q=B =@ =t=o `} RwD '|v=UQCtON sDU}U uOw@ |}xrLQt l} w p}yUD
u=v}t]= C}r@=k C}=yv QO w xOvyOCtON Qy u=v}t]= C}r@=k �|}=tv `} RwD u=ty =}�

"O};|t CUO x@ 2 w 1 \@=wQ j@=]t p}yUD Qy

rj(t) = e(�vj :t); j = 1; :::; J (1)

Rj = (1� (1� rj(t))mj ) ; j = 1; :::; J (2)

l} CQwYx@ xOW x�=Q= K}LYOOa |]NQ}e |R} Qxt=vQ@ pOt |Ov@pwtQi u}=Q@=v@
"OwW|t x�=Q= xiOywO pOt

MinZ1 =
JX
j=1

cjxj + csjmj (3)

MaxZ2 =

JP
j=1

[1� (1� rj(t))mj ]xj
JP
j=1

xj
(4)
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}r@=k

|R=
Uxv

}y@

?=wH V}=tv |xwLv w Q=DN=U "1"3
V}=Ri= |=Q@ =yVN@ u} QDQ=PoQ}F-=D xrtHR= xr�Ut |Q=PoOm Q=DN=U h} QaD VwQ
|}xawtHt pt=W xr�Ut ?=wHQy "CU= |D=@}mQD |R=Uxv}y@ |=ysD} Qwor= |}=Q=m
|SD=QDU= w p}yUD Qy QO u=oOvyOCtON |xv}y@ O=OaD 'xOW ?=NDv= Cq}yUD R=
V}=tv |xwLv "CU= Cq}yUD u; x@ xOW xO=O X}YND |QDWt |=yxQo X}YND
QO x@=Wt |WwQ R= xDiQoQ@ xar=]t u}= QO xO=iDU= OQwt |}=WoRtQ Ov}=Qi w ?=wH

"CU= [10]C=ar=]t Qo}O

WFA |rY= |xkrL "2"3
KQ]t |xr�Ut pL |=Q@ =Q [12]u}W}B C=ar=]t QO xOW u=}@ |=yQorta =Hv}= QO
OQm} wQ |=} wB w xv=oOvJ |=ypt=a O=OaD |oS} w R= s}v=wD@ =D s}=xDiQo Q_v QO xOW
u}O@ "s}vm xO=iDU= sDU}U pm u=v}t]= C}r@=k w xv} Ry |R=Uxv}y@ |=Q@ WFA

"CU= xOt; xt=O= QO xOW |R=UxO=}B |=yQorta Qw_vt
?; u=} QH CmQL w ?=aWv= Qorta "1"2"3

|iO=YD |x]kv l} QO u=} QH l} =yvD xm OwW|t ZQi sD} Qwor= Q=m ẁQW QO
T=U=Q@ xm xOW h} QaD |W@vH |SQv= Q@ |vD@t |@=aWv= w CmQL Qorta "s} Q=O

[13]"Ovm|t pta ?; u=} QH sHL w CaQU
u=} QH s=eO= Qorta "2"2"3

p}mWD w xOW s=eO= sy QO 'OvUQ|t x]kv l} x@ u; R= QDW}@ =} u=} QH wO |Dkw
Q=Okt =@ =y?=wH xm OwW|t pY=L |t=ovy \}=QW u}= "OvyO|t =Q u=} QH l}
Vy=m pL |=ypt=a O=OaD WFA Qorta u}= R= xO=iDU= =@ "OW=@ Q@=Q@ hOy `@=D

"OwW|t |Q}owrH O�=R |wHwCUH R= w O@=}|t
VQ=@ w Q}N@D Qorta "3"2"3

?; u=} QH |a}@] Q}N@D |R=Ux}@W |=Q@ |O=yvW}B WFA QO OwHwt Q}N@D Qorta
u}tR x@ VQ=@ =@ xOW Q}N@D ?; '|DOt R= TB "OQ}o|t Q=Qk xO=iDU= OQwt =wy x@
Oy=wN Q}N@D R= p@k ?; x]kv h=Q]= QO |iO=YD CQwYx@ VQ=@ u=mt "OOQo|tQ@
Q}o w |rLt |xv}y@ R= GwQN CyH |Q=mwR=U u=tRty Qw]x@ ?; VQ=@ w Q}N@D "Ow@
u=} QH u; OWv pY=L |v=} QH QO Ow@y@ Qo = `k=w QO "OvyO|t x�=Q= u; QO uOQmv
?=wH |=[i QO |Qo}O |x]kv x@ VQ=@ =@ xQ=@ wO w OwW|t Q}N@D |DOt R= TB
T=U=Q@ ?; VQ=@ w Q}N@D |R=Ux}@W |=Q@ Q=mwR=U xU 'j}kLD u}= QO "OOQo|tR=@
VQ=@ w |r=tDL= VQ=@ '|Qwi VQ=@ %CU= xOW x�=Q= VQ=@ u=tR w Q}N@D |=yVwQ
|=yu=} QH QO |Q}}eD s}y=wN@ ,=Qwi xm OwQ|t Q=mx@ |v=tR |Qwi VQ=@ "|rYi
"s}yO@ wHwCUH OQwt |=[i x@ |QDW}@ |oOvm =QB w ẁvD w s}vm p=ta= xOWhkwDt
OOa l} Q=@ Qy w xOW h} QaD 0 3 Q@=Q@ p=tDL= xv=DU; l} |r=tDL= VQ=@ QO
u=} QH Ow@ p=tDL= |xv=DU; u}= R= QDsm xOW O}rwD OOa Qo = &s}vm|t O}rwD |iO=YD
QO |}xQwO CQwYx@ |rYi VQ=@ "s}vm|t p}O@D |Qo}O u=} QH x@ =Q xOW hkwDt
sHL xm OwW|t =QH= |v=tR |}xQwO VQ=@ Qorta "OwQ|t Q=mx@ ?; Q}N@D =@ xvR=wt
u=} QH 100 pFt� OUQ@ xOW u}}aD V}B R= K]U l} x@ xOW Q}N@D |=yu=} QH
=@ =Q �xOW Q}N@D |=yu=} QH �20 pFt� xOW Q}N@D |=y?; R= |QUm =D �xOW Q=N@
|=yu=} QH u}= u=mt 'xQ=W= OQwt VQ=@ |=yVwQ s=tD QO "Ov=OQoQ@ u}tR x@ VQ=@
u}OvJ CU= umtt xm Ow@ Oy=wN x}rw= \=kv h=Q]= QO |iO=YD CQwYx@ |DWoR=@
u}= O�=R |wHwCUH R= s=eO= Qorta =@ w Ovm O}rwD x]kv l} QO O}OH u=} QH

"OwW |Q}owrH =y?=wH

OQwt |x}L=v R= VN@ u} QDCUB x@ Ov=wD|t u=} QH l} sm CUO 's=a Qw]x@
OwW Q}N@D CU= umtt u=} QH Qy ?; R= |Q=Okt 'Ca}@] QO "OwW |Q=H Q_v
QO ?; u=} QH R= uDiQo s=yr= =@ "OOQoR=@ u}tR x@ �u=a}t� u=Q=@ j} Q] R= TBU w
u=} QH ?=aWv= C=}rta R= xm |R=Uxv}y@ sD} Qwor= l} u=wvax@ WFA 'Ca}@]
s=yr= ?=wH |=[i uOwt}B |=Q@ xrY=L C=Q=N@ R= u=Q=@ VQ=@ w =yu; s=eO= '?;
pt=W w |rt=mD sD} Qwor= l} sD} Qwor= u}= `k=w QO "OW |iQat [12]CU= xDiQo
u=a}t "4 &Q}N@D "3 &s=eO= "2 &CmQL w ?=aWv= "1 %CU= ?; u=} QH C=}rta Q=yJ
u}tR K]U C=Q}}eD w '?=wH |=ypt=a u=wvax@ ?; C=v=} QH xm |t=ovy "�VQ=@�
QDu}}=B C}akwt l} CtU x@ xm =Q |@; 'OwW|t |krD hOy `@=D |=tv u=wvax@
u}vJ "CiQo Q_v QO |ov}y@ |=Q@ ?=wH |wHwCUH l} u=wvax@ u=wD|t OwQ|t
R= "CU= xDiQo Q=Qk xO=iDU= OQwt WFA |L=Q] QO ?; |=yu=} QH |a}@] Q=DiQ
u=wD|t 'xDiQo Q=Qk Q_v Ot u} wv sD} Qwor= u}= |rY= |xkrL QO xm |t}y=it xrtH

%x@ OQm xQ=W=
QDCUB j]=vt CtU x@ ,=t�=O ?; '|SQv= |=k@ uwv=k w x@P=H |wQ}v T=U=Q@ �
|=y?=wH R= |DWoR=@ CQwYx@ ?=wH |wHwCUH 'u}=Q@=v@ "OwW|t |Q=H

"Ovm|t CmQL |r=wDt |=yQ=QmD QO QDQ@ |=y?=wH x@ ?weQt=v
l} "Ovm|t C}=Oy =Q Q=wty=v |L=wv u=}t R= ?; |wQW}B 'p=}U CmQL xR=Ov= �
R= V}@ u; CmQL xR=Ov= xm |Dr=L QO w Q=wty=v |L=wv =@ xyH=wt s=ovy u=} QH
u=} QHQ} R u}OvJ x@ 'OW=@ ?=aWv= |=Q@ �xOW u}}aD p@k R=� u}at Q=Okt l}
=ypt=a ?=aWv= C=}rta CQwYx@ =Q Q=DiQ u}= WFA sD} Qwor= "OwW|t s}UkD
CUO x@ pt=a wO R= V}@ 'pt=a l} R= u; |xH}Dv QO xm Ovm|t |R=Ux}@W
CmQL xR=Ov= =@ u=} QH x@ C@Uv 'QDnQR@ CmQL xR=Ov= |=Q=O u=} QH l} "O};|t
OwOLtCmQL xR=Ov= |=Q=O u=} QH "Ovm|t O}rwD |QDW}@ |=yu=} QHQ} R 'QDlJwm
xR=Ov= 'u}=Q@=v@ "Ov=t|t |k=@ OL=w u=} QH l} w CU= u}tR K]U C=Q}}eD s}rUD
Oa@ xm |}=yu=} QHQ} R O=OaD u}}aD |=Q@ w xOW x@U=Lt xQ=@ wO u=} QH l} CmQL

"OwQ|t Q=mx@ 'Ov@=} ?=aWv= Ovv=wD|t CmQL Qy R=
|SQv= uOw@ QDnQR@ CQwYQO ,=y=o w O@=}|t u=} QH QDCUB j]=vt CtU x@ ?; �
sQwDt� OwW|t |Q=H QD`iDQt j]=vt CtU x@ 'sRq p}Uv=DB |SQv= R= |W@vH
QD`}Uw |=Q@ sD} Qwor= '|rLt |xv}tm l} QO uO=Di= Q}o R= ?=vDH= |=Q@ "�uOW
u=mt l} x@ =D OyO|t ?; x@ =Q xR=H= u}= 'wHwCUH w XLiD |xk]vt uOQm

"O@=} u=} QH QDO@
s=eO= OvUQ|t u=Um} C}akwt l} x@ sy =@ xm |t=ovy =yu=} QH R= |O=OaD �
l} x@ pt=a u}OvJ xm |t=ovy "OvyO|t p}mWD =Q OL=w u=} QH l} w xOW
O=OaD 'O}=R |=ywHwCUH R= ?=vDH= |=Q@ sD} Qwor= 'OvwQ|t u=Um} C}akwt

"OyO|t Vy=m =Q ?=wH |=ypt=a
R= xOW Q=N@ ?; w xDiQo Q=Qk ?; Q}N@D ZQat QO |a}@] Qw]x@ ?; |=yu=} QH �
Qw_vtx@ u=} QH R= |DtUk 'WFA QO "OOQo|tQ@ u}tR x@ �u=a}t� u=Q=@ j} Q]
WFA QO u=a}t C=}rta w xOW hPL |DUO CQwYx@ '?; Q}N@D |R=Ux}@W
wHwCUH |QD`}Uw |xk]vt =D xOW |R=UxO=}B |a}@] u=Q=@ |R=Ux}@W |=Q@

"OwW
OvwQ xt=O= QO 'j}kLD u}= QO xOW x�=Q= |[=} Q pOt uOw@ xiOywO x@ xHwD =@

"OwW|t K} QWD p}YiDx@ xOW x�=Q= xiOyOvJ WFA sD} Qwor= |R=UxO=}B
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u=DU
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QW
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Q}Ot
w`}

=vY
|U

Ovyt "xOW O}rwD |W}=tR; p�=Ut "1 pwOH
P J I xr�Ut xQ=tW
5 7 16 1
9 12 35 2
11 15 42 3
14 21 62 4
18 25 77 5
22 34 88 6
42 55 110 7
110 145 250 8
180 220 340 9
280 360 420 10

"?=wH C}i}m ?ULQ@ pL |=yx} wQ |xU}=kt "3 pmW

"sD} Qwor= |=QH= u=tR ?ULQ@ MOGA w MOWFA |xU}=kt "4 pmW

`} RwD R= i |QDWt �OwQw� |=[=kD MQv 'ut[ QO "OyO|t u=Wv p�=Ut ẁv u}= |wQ
|yOCtON MQv "Ovm|t C}a@D �j � Uniform[2; 5] CQwYx@ CN=wvm}
"Ovm|tC}a@D �j � Uniform[60; 90] CQwYx@CN=wvm} `} RwD R= j p}yUD
|wQ w xOW |U} wvxt=vQ@ MATLAB Q=Ri=sQv R= xO=iDU= =@ |O=yvW}B sD} Qwor=
"CU= xOW =QH= RDQy=o}o wO |xOvR=OQB w RAM C}=@=o}o CWy =@ lw@ Cwv l}
p�=Ut pL |=Q@ O}OH |=ysD} Qwor= xrtH R= |O=yvW}B sD} Qwor= xm =Hv; R=

"WFA sD} Qwor= CQ=Jwri "2 pmW

=yu=} QH CmQL w ?=aWv= "3"3
uDi=} 'wHwCUH ?=aWv= w CmQL Qorta hOy 'WFA Qorta Q=yJ u=}t QO
|@=} RQ= |=Q@ "CU= umtt |=ypL u}@ R= pL u} QDy@ ?=NDv= ,=D}=yv w QDy@ |=ypL
p = 2 =@ w [10]`t=H Q=}at l}vmD R= xO=iDU= =@ =Q hOy `@=D wO Qy '=y?=wH
Q=DN=U O=H}= x@=Wt Qorta u}= `k=w QO "s}yO|t Q=Qk xO=iDU= OQwt w xOQm xJQ=Bm}
Qorta u}= R= xO=iDU= =@ "Ovm|t pta |Q=mD@==Qi |=ysD} Qwor= Qo}O QO |o}=Uty
xOQm s}UkD |}=yu=} QHQ} R x@ =Q xOW O}rwD |iO=YD |=ypL ?DQt Qw]x@ s}v=wD|t
|xwLv C}=yv QO "s} wW l}ORv xv}y@ ?=wH x@ =D s}yO u=} QH pL |=[i QO w

"CU= xOW xO=O V}=tv 2 pmW QO C=}�RH =@ WFA sD} Qwor= |R=UxO=}B

|D=@U=Lt G}=Dv "4
1 pwOH QO "OW x�=Q= xiOyOvJ ?; u=} QH sD} Qwor=l} |O=yvW}B pOt pL Qw_vtx@
Q@ |O=yvW}B sD} Qwor= |R=UxO=}B |=Q@ =Q xOW O}rwD |W}=tR; |xr�Ut 10 Q=DN=U
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wu
=v}t

]=C
}r@=k

|R=
Uxv

}y@"pL |=yx}wQ |R=UxO=}B |D=@U=Lt G}=Dv "2 pwOH
MOWFA MOGA GAMS xQ=tW

OFV CPUT(s) OFV CPUT(s) OFV CPUT(s) xr�Ut
0 2348 18 0 2386 21 0 2348 1 1
0 2679 38 0 2782 44 0 2677 89 2
0 3198 54 0 3201 65 0 3192 143 3
0 3889 63 0 3912 85 0 3881 540 4
0 3805 89 0 3863 96 0 3781 2100 5
0 3354 127 0 3401 129 0 3472 3600 6
0 4222 183 0 4403 211 0 4483 3600 7
0 4038 238 0 4181 242 0 4283 3600 8
0 3977 276 0 4028 299 0 4107 3600 9
0 4780 345 0 5001 385 0 5042 3600 10

C}i}m |=yQ=}at QO xiOyOvJ p�=Ut pL |=Q@ |O=yvW}B sD} Qwor= |}=Q=m Qou=}@
"CU= sD} Qwor= |=QH= |D=@U=Lt u=tR w ?=wH

|D; C=O=yvW}B w |Q}oxH}Dv "5
w |iO=YD |=[=kD =@ =}=B |}xm@W |@=}u=mt |xiOywO pOt l} Q=DWwv u}= QO
hOy xr�Ut pOt QO "OW x�=Q= s=LOR=QB Cq}yUD |=Q@ C@=F |=yxOvyOCtON
xt=O= QO "CU= u; u=v}t]= C}r@=k uOQm xv}W}@ w sDU}U pm |xv} Ry uOQmxv}tm
|a}@] Q=DiQ Q@ |vD@t xiOyOvJ ?; u=} QH sD} Qwor= l} 'xOW x�=Q= pOt pL |=Q@
sD} Qwor= |}=Q=m 'G}=Dv |HwQN "OW x�=Q= `=iDQ= sm |L=wv x@ `iDQt \=kv R= ?; u=} QH
=Q xr�Ut '|D; C=k}kLD |=Q@ "OyO|t u=Wv |O=yvW}B pOt pL |=Q@ =Q xOW x�=Q=
|Q=Omv=@ |=ysDU}U QO =yu; Q=@Da= x@ xHwD =@ u=} QDWt uOQm xUqm \}=QW QO

"OQm |R=UpOt u=wD|t

GAMS Q=Ri=sQv R= xO=iDU= =@ hrDNt O=a@= QO =Q p�=Ut 'CU= |}xm@W |@=}u=mt
|xiOyOvJ WFA |}=Q=m 'u; Q@ xwqa "s}=xOQm xU}=kt |O=yvW}B sD} Qwor= =@ w 'pL
`@=vt Qo}O QO xOW x�=Q= 3�MOGA� xiOyOvJ l}DvS sD} Qwor= =@ |O=yvW}B
|R=UxO=}B |D=@U=Lt G}=Dv '2 pwOH QO "s}OQm p}rLD w x} RHD w xU}=kt [10]OwHwt
`@=D Q=Okt w �CPUT� pL VwQ |=QH= u=tR Q=}at wO x@ xHwD =@ =ysD} Qwor=
CU= QmP x@ sRq "CU= xOW x�=Q= `t=H Q=}at VwQ =@ �OFV� xOW xJQ=Bm} hOy
xm |@=wH =Pr 'xOWv |}=yv ?=wH VQ=Ro x@ jiwt 10 =D 6 p�=Ut |=Q@ GAMS

"CU= xOW VQ=Ro 'xO}UQ u; x@ Ca=U l} R= TB Q=Ri=sQv
'lJwm O=a@= QO |O=yvW}B sD} Qwor= xm OQ=O|t u=}@ C=U}=kt w G}=Dv p}rLD
xDiQo Q=mx@ pL VwQ |}=Q=m C=@F= Qou=}@ Qt= u}= w OyO|t VQ=Ro =Q xv}y@ Q}O=kt
C=@F= |=Q@ u}vJty "OyO|t u=Wv QDW}@ =Q OwN nQR@ O=a@= QO |}=Q=m u}= xm OW=@|t
=@ C=U}=kt 'OwHwt |Q=mD@==Qi |=ysD} Qwor= p@=kt QO xOW x�=Q= sD} Qwor= |OvtWwy
4 w 3 |=ypmW QO =yVwQ |m}i=Qo C=U}=kt &OW s=Hv= xiOyOvJl}DvS sD} Qwor=

=yCWwv=B
1. water 
ow-like algorithm (WFA)
2. multi-objective WFA (MOWFA)
3. multi-objective genetic algorithm (MOGA)
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