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xDio R}v p=t}DB= � wDQ=B xm xv}y@ |=yMU=B xawtHt "OQw;|t sy=Qi =Q xv}y@ |=yMU=B
Q@ s=OmI}y 'h=Oy= |t=tD uDiQo Q_v QO ut[ xm CU= |}=yMU=B pt=W 'OwW|t
'hOy `@=D n =@ �MOP� xiOyOvJ |R=Uxv}y@ |xr�Ut l} "OvQ=Ov |QDQ@ |Qo}O
OQm h} QaD �|vOW |=[i QO |Q}os}tYD |=yQ}eDt R= Q=OQ@ l} u}}aD� u=wD|t =Q
s}vm|t ZQi u; C}rm R= uDU=m uwO@ "Ovm|t xv}y@ =Q hOy `@=wD R= Q=OQ@ l} xm

%OQm u=}@ u}vJ u=wD|t =Q |}xr�Ut u}vJ 'OW=@ |R=Uxv}tm |xr�Ut
min ff1(x); f2(x); ::: ; fn(x)g (1)

subject to g(x) � 0; (2)

`@=D u}t=i Qou=}@ fi(x) '�MU=B� |Q}os}tYD |=yQ}eDt Qou=Wv x Q=OQ@ u; QO xm
"CU=yC}OwOLt Q=OQ@ hQat g(x) w 'hOy

x MU=B Q=OQ@ l} xm CU= u; swyit x@ xiOyOvJ |R=Uxv}y@ QO �19x@re�
%Qo = '(x � y) Ovm|t ?wret =Q y MU=B Q=OQ@ l}

fi(x) � fi(y) for all i 2 f1; :::; ng (3)

fi(x) < fi(y) for at last one i 2 f1; :::; ng (4)

20?wret=v |=yMU=B |t=tD pt=W '�p=t}DB= � wDQ=B� xv}y@ |=yMU=B xawtHt u}=Q@=v@
21xv}y@ � wDQ=B |xy@H u=wvax@ 'hOy `@=wD |=[i QO =yMU=B u;V}=tv wCU=xv}y@

"OwW|t xDN=vW

|O=yvW}B pOt "2"3
x@ =yuw}t=m X}YND Ov=wD|t xm OwW|t O=yvW}B |[=} Q pOt l} VN@ u}= QO
'Ovm XNWt =Q =yuw}t=m |Q=PoQ=@ w x}rND C=}rta |Ov@u=tR u}vJty w =y?QO
OQmQ}O w |OwQw |=yuw}t=m OQmQ}O 'pm s=tD= u=tR |=yQ=}at u=tRsy xm |Qw]x@
'CU= xOW ^=Lr `} RwD=W}B CU=}U pOt u}= QO "OvwW xv}tm |HwQN |=yuw}t=m
=OD@= xt=O= QO "CU= xOW XNWt p@k R= =yuw}t=m x@ CqwYLt X}YND |va}

"OwW|t K} QWD |[=} Q pOt TBU w x�=Q= |O=yvW}B pOt C=[wQit
C=[wQit "1"2"3

|HwQN w |OwQw |=yuw}t=m |=Q@ p=UQ= ?QO u}OvJ w Ci=} QO ?QO u}OvJ ��
"CU= xOW xDiQo Q_v QO
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|Q=
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=Qis

D}Qw
or=

xU
|xU

}=ktCmax � Lj for all j (20)

all variables � 0
?}DQDx@ 7 w 6 hOy `@=wD "Ovm|t xv}tm =Q Ov}=Qi pm p}tmD u=tR 5 hOy `@=D
u=}@ 8 C}OwOLt "Ovvm|t xv}tm =Q |HwQN w |OwQw |=yuw}t=m Q}N-=D ẁtHt
C}OwOLt "O@=} X}YND Ci=} QO ?QO l} x@ ,=k}kO |OwQw uw}t=m Qy xm Ovm|t
QO `k=wQO "Ovm|t u=}@ =Q uijmn w yjn 'xim |=yQ}eDt u}@ K}LY |x]@=Q 9
x=ov; 'OW=@ 1 Q@=Q@ vij QDt=Q=B u}vJty w yjn w xim |=yQ}eDt Q=Okt Qo = x]@=Q u}=
|=yuw}t=m Qo = Ovm|t u=}@ 10 C}OwOLt "CiQo Oy=wN 1 Q=Okt uijmn Q}eDt
O}=@ uw}t=m wO R= |m} x=ov; 'Ov@=} X}YND m Ci=} QO ?QO x@ j w i |OwQw
|m} =yvD Cr=L u}= QO xm Ovm|t u}t[D x]@=Q u}= "OwW x}rND |Qo}O R= QDOwR
Qy ẁQW u=tR 11 C}OwOLt "Ovvm Q=}DN= 1 Q=Okt O}=@ pji w pij |=yQ}eDt R=
sRq u=tR w |r=wD QO p@k uw}t=m p}tmD u=tR ẁtHt =@ Q@=Q@ =Q |OwQw uw}t=m
p}tmD u=tR xm Ovm|t u=}@ 12 C}OwOLt "OyO|t Q=Qk uw}t=m |v} Ro}=H |=Q@
u=tR w Ov}=Qi ẁQW u=tR ẁtHt =@ CU= Q@=Q@ |OwQw uw}t=m Qy |x}rND Ov}=Qi
Qy xm Ovm|t u}t[D 13 C}OwOLt "uw}t=m u; CqwYLt |x}rND |=Q@ sRq
|x]@=Q 14 C}OwOLt "O@=} X}YND p=UQ= ?QO l} x@ ,=k}kO |HwQN uw}t=m
"Ovm|t h} QaD |HwQN |=yuw}t=m |=Q@ =Q qij w yjn |=yQ}eDt u}@ K}LY
h} QaD |HwQN |=yuw}t=m |=Q@ xm CU= 10 C}OwOLt x@=Wt C}OwOLt u}=
Q@=Q@ =Q |HwQN uw}t=m Qy |Q}oQ=@ Ov}=Qi ẁQW u=tR 15 C}OwOLt "CU= xOW
Q=Qk =yuw}t=m |v} Ro}=H w ?QO u; QO |r@k uw}t=m p}tmD |=yu=tR ẁtHt =@
|HwQN uw}t=m Qy |Q}oQ=@ p}tmD u=tR xm Ovm|t u=}@ 16 C}OwOLt "OyO|t
OQwt CqwYLt |Q=PoQ=@ |=Q@ sRq u=tR w |Q}oQ=@ ẁQW u=tR ẁtHt =@ Q@=Q@
|HwQN uw}t=m |Q=PoQ=@ p}tmD u=tR Ovm|t u=}@ 17 C}OwOLt "CU= u; R=}v
Q@=Q@ uijmn Q=Okt� Ovm Ci=} QO |rwYLt i |OwQw uw}t=m R= xm |DQwY QO j
|OwQw uw}t=m |x}rND p}tmD u=tR |Q@H `tH |w=Ut =} QDnQR@ O}=@ �OW=@ 1
?}DQDx@ xm � n w m |=y?QO u}@ CqwYLt p=kDv= |=Q@ sRq u=tR COt 'i
sRq u=tR COt u}vJty w �Ov=xDi=} X}YND =yu=O@ j w i |OwQw |=yuw}t=m
'?}DQDx@ 19 w 18 |=yC}OwOLt "OW=@ rij |r=kDv= CqwYLt |Q=PoQ=@ |=Q@
p}tmD u=tR 20 C}OwOLt "Ovvm|t h} QaD =Q |HwQN w |OwQw |=yuw}t=m Q}N-=D
Q=Qk |HwQN |=yuw}t=m x}rm |Q=PoQ=@ s=tD= u=tR =@ |w=Ut =} QDnQR@ =Q Ov}=Qi pm

"OyO|t

pOt |HvUQ=@Da= "3"3
w |OwQw |=yuw}t=m OQmQ}O ẁtHt w [3]pm s=tD= u=tR |R=Uxv}tm hOy `@=D
QO "CU= xDiQo Q=Qk u}kkLt |xO=iDU= OQwt [15]|Q@H `tH CQwYx@ |HwQN
xO=iDU= xiOyOvJ pOt R= s}vm x�=Q= |QDQ=wDU= OQm} wQ s}v=wD@ xm u; |=Q@ xr=kt u}=
CtUk u}= QO "s}=xOQm O=yvW}B u; pL |=Q@ R}v |Q=mD@==Qi sD} Qwor= xU w s}=xOQm
R= xO=iDU= =@ lJwm T=}kt =@ p=Ft l} 'xr�Ut |=y|oS} w uO=O u=Wv |=Q@
xOt; 1 pwOH QO p=Ft u}= x@ \w@ Qt pt=m C=aq]= "OwW|t pL |[=} Q pOt

"25CU=
l} Qy =@ xiOylD pOt l} CQwYx@ xiOyxU pOt `k=w QO VN@ u}= QO
C=aq]= 2 pwOH QO "OwW|t pL TmrB}U QopL R= xO=iDU= =@ hOy `@=wD R=
"CU= xOW C@F hOy `@=wD R= l} Qy uDiQo Q_v QO =@ 'p=Ft |xv}y@ pL R= pY=L
swO Q]U QO '1 hOy `@=D uDiQoQ_vQO =@ xv}y@ ?=wH pw= Q]U QO pwOH u}= QO

&j |HwQN uw}t=m |Q=PoQ=@ C=}rta ẁQW u=tR %lj
&j |HwQN uw}t=m |Q=PoQ=@ C=}rta p}tmD u=tR %Lj

&i |OwQw uw}t=m Q}N-=D %TIi
"j |HwQN uw}t=m Q}N-=D %TOj
l} w QiY |=yQ}eDt "4"2"3

Q}e QO w '1 pO=at O@=} X}YND m Ci=} QO ?QO x@ i |OwQw uw}t=m Qo = %xim
&QiY CQwY u}=

u}= Q}e QO w '1 pO=at O@=} X}YND n p=UQ= ?QO x@ j |HwQN uw}t=m Qo = %yjn
&QiY CQwY

j R= V}B i w OvW=@ xDi=}X}YND ?QO l} x@ j w i |OwQw |=yuw}t=m Qo = %pij
&QiY CQwY u}= Q}e QO '1 pO=at OwW Qy=_ |r=wD QO

R= V}B i w OvW=@ xDi=}X}YND ?QO l} x@ j w i |HwQN |=yuw}t=m Qo = %qij
&QiY CQwY u}= Q}e QO '1 pO=at OwW Qy=_ |r=wD QO j

xDi=} X}YND m Ci=} QO ?QO x@ xm i |OwQw uw}t=m R= |rwYLt Qo = %uijmn
pO=at OwW pkDvt xDi=} X}YND n p=UQ= ?QO x@ xm j |HwQN uw}t=m x@ CU=

"QiY CQwY u}= Q}e QO '1

\rDNt K}LY OOa |xiOyOvJ pOt "5"2"3
min z1 = Cmax (5)

min z2 =
IX
i=1

TIi (6)

min z3 =
OX
j=1

TOj (7)

RX
k=1

xim = 1 for all i (8)

uijmn � xim + yjn + vij � 2 for all i; j;m; n (9)

xim + xjm = pij + pji + 1 for all i; j;m (10)

ej � Ei +DT �M: (1� pij) ; for all i; j (11)

Ei � ei + ULT
OX
j=1

rij for all i (12)

SX
n=1

yjn = 1 for all j (13)

yin + yjn = qij + qji + 1 for all i; j; n (14)

lj � Li +DT �M: (1� qij) ; for all i; j (15)

Lj � lj + LT
IX
i=1

rij for all j (16)

Lj � Ei + LT:rij + tmn �M: (1� uijmn)

for all i; j;m; n (17)

TIi � Ei �DIi for all i (18)

TOj � Lj �DOj for all j (19)
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xQ=t
W'

33
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|xQ
wO'

�13
96

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt "lJwm R}=U =@ p=Ft x@ \w@ Qt C=aq]= "1 pwOH

rij DIi DOj tmn
39 0 0 0 0 0 300 600 100 110
26 0 13 43 0 0 160 750 110 100
11 0 0 17 7 0 190 860
32 19 0 0 18 25 470 350 DT

0 34 50 37 6 48 270 410 75
0 23 7 0 26 3 110 297

"xv=o =OH CQwYx@ hOy `@=D xU T=U=Q@ pOt pL =@ 'lJwm R}=U =@ p=Ft |=Q@ xv}y@ |=yMU=B "2 pwOH
|r=wD w X}YND hOy `@=wD

2 p=UQ= ?QO 1 p=UQ= ?QO 2 Ci=} QO ?QO 1 Ci=} QO ?QO z3 z2 z1
f2! 5! 4g f6! 3! 1g f5! 2! 1g f4! 6! 3g 499 584 665 min z1

�� f1! 2! 3! 4! 5! 6g f6! 5g f2! 3! 1! 4g 2701 52 1368 min z2
f6! 4! 2g f5! 1! 3g f4! 6! 2g f5! 3! 1g 214 537 824 min z3

=OH X=N QDm =Q=m x=Qty x@ O=Oa= CWo}=H CQwYx@ MU=B V}=tv |xwLv "2 pmW
"xOvvm

"=yuw}t=m |Q}oCtON ?}DQD w X}YND |xwLv "3 pmW

z1 = max (L1; L2; ::: LO) (21)

z2 =
IX
i=1

max(0; Ei �DIi) (22)

z3 =
OX
j=1

max(0; Lj �DOj) (23)

NSGA-II sD} Qwor= "2"4
CU= 27 NSGA sD} Qwor= 'hOy `@=D u}OvJ =@ p�=Ut pL |=Q@ pw=ODt VwQ l}
p�=Ut pL |=Q@ Ot;Q=m |WwQ sD} Qwor= u}= "CU= l}DvS sD} Qwor= Q@ |vD@t xm
&|D=@U=Lt |oO}J}B "1 %OQ=O ha[ CyH wO R= =t= 'CU= hOy `@=D OvJ =@
CLD sD} Qwor= u}= R= |}xOW KqY= VwQ wQ u}= R= "?r=e |=yxQP ?=NDv= "2
|=ys=o xt=O= QO xm OW xO=O xaUwD [15]u=Q=mty w AO \UwD NSGA-II u=wva

"OwW|t K} QWD sD} Qwor= u}=

QO =@ xv}y@ ?=wH swU Q]U QO ,=D}=yv w 2 hOy `@=D uDiQo Q_vQO =@ xv}y@ ?=wH
x@ |=yMU=B OwW|t x_Lqt xm u=vJ "CU= xOW xOQw; 3 hOy `@=D uDiQo Q_v

"CU= hOy `@=wD u}@ C@=kQ w Zk=vD |xOvyOu=Wv xOt; CUO

xr�Ut pL VwQ "4
pL x=Q l} V}=tv |xw}W "1"4

=ysD} Qwor= \UwD xOt; CUO x@ |=yMU=B C}i}m QO 26MU=B l} V}=tv |xwLv
CWo}=H R= �swRwQm � MU=B Q=OQ@l}V}=tv |=Q@VywSB u}= QO "OQ=O |}=RUx@ Q}F-=D
R= xDWQ wO 'xw}W u}= QO "OwW|t xO=iDU= xOvvm =OH X=N QDm =Q=m x=Qty x@ O=Oa=
|OwQw |=yuw}t=m |r=wD w X}YND pw= |xDWQ xm OwW|t O=H}= |DWo}=H O=Oa=
pw= |xDWQ "OyO|t u=Wv =Q |HwQN |=yuw}t=m |r=wD w X}YND swO |xDWQ w
O=OaD w |OwQw |=yuw}t=m O=OaD ẁtHt R= QDsm OL=w l}� skQ R+ I � 1 |=Q=O
Q=@ l} \ki w \ki u; QO skQ Qy xm CU= R+ I � 1 =D 1 R= �Ci=} QO |=y?QO
xm OwW|t xDN=vW xOvvm =OH u=wvax@ I R= QDnQR@ s=kQ= u=}t u}= R= "OwW|t Qy=_
skQ S+O�1 O=OaD x@ swO |xDWQ QO u}vJty "CU=yuw}t=m X}YND Qou=Wv
1 R= �p=UQ= |=y?QO O=OaD w |HwQN |=yuw}t=m O=OaD ẁtHt R= QDsm OL=w l}�
xOvvm =OH u=wvax@ O R= QDnQR@ s=kQ= xm OwW|t O=H}= Q=QmD uwO@ S +O � 1 =D

"Ovvm|t XNWt =Q |HwQN |=yuw}t=m X}YND w OvwW|t xDiQo Q_v QO
8 '|OwQw uw}t=m 8 xm |R=Ov=Q=@ |=Q@ MU=B V}=tv |xwLv u}= 2 pmW QO
"CU= xOW xO=O u=Wv OQ=O p=UQ= ?QO 2 w Ci=} QO ?QO 3 '|HwQN uw}t=m
xO=O u=Wv V}=tv |xwLv u}= R= xrY=L X}YND w |r=wD 3 pmW QO u}vJty

"CU= xOW
w X}YND |DL=Qx@ 'MU=B l} V}=tv |=Q@ xOW K} QWD xw}W R= xO=iDU= =@
|OwQw |=yuw}t=m VR=OQB s=tD= |=yu=tR u=wD|t w xOW XNWt =yuw}t=m |r=wD
VR=OQB p}tmD |=yu=tR u}}aD =@ "OQw; CUOx@ MU=B Q=OQ@ l} |=Q@ =Q |HwQN w
x@U=Lt 23 =D 21 \@=wQ R= xO=iDU= =@ ?}DQD x@ hOy `@=D xU Q}O=kt uw}t=m Qy

"OW Oy=wN
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|Q=
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D}Qw
or=

xU
|xU

}=kt

"|}x]kv l} ?}mQD Qorta "4 pmW

"�|DiH |v} Ro}=H� VyH Qorta "5 pmW

VyH Qorta "2"2"4
QO "Ovm|t O=H}= =Q |Qo}O umtt |=y?=wH xm CU= |Qo}O Qorta R}v VyH
Qy Ot; OwHw x@ O}OH C}atH QO w[a l} xm u}= R= Oa@ l}DvS |=ysD} Qwor=
xawtHt R= |vS CU= umtt VyH QO "O@=}|t VyH 'VyH p=tDL= =@ u; uS
u; x@ xDW=Ov OwHw C}atH QO p=L x@ =D xm |vS =} OwW hPL C}atH |=yuS
VwQ =Hv}= QO "CU= uS u; |iO=YD Q}}eD |=vatx@ uS l} VyH "OwW xi=[=
u=Wv 5 pmW QO xm CU= xOW xDiQo Q_v QO VyH QwD=QB= |=Q@ 29|DiH |v} Ro}=H
Ov=xOW ?=NDv= |iO=YD CQwYx@ xm uS wO u=mt xw}W u}= QO "CU= xOW xO=O

"OwW|t Z} waD
xaH=Qt [15]`HQt x@ sD} Qwor= u}= |R=UxO=}B QDW}@ C=}�RH |xOy=Wt |=Q@

"O}vm

SPEA-II sD} Qwor= "3"4
l} R= xm OvDUy |}=Q=m |=ysD} Qwor= wO Qy SPEA-II w 30 SPEA |=ysD} Qwor=
sD} Qwor= |wHwCUH|] QO xm|@ wret=v |=yMU=B |xQ}NP |=Q@ 31|HQ=N w}WQ;
|x@U=Lt QO |}=yha[ SPEA sD} Qwor= QO "Ovvm|t xO=iDU= OwW|t Ci=}
|=yMU=B |xU}=kt |=Q@|}x} wv=F Q=}at u}vJty "CW=O OwHw|oOvR=Q@ w Cwk Q}O=kt
|x} wv=F |xNUv [19]u=Q=mty w QrRD} R wQ u}= R= "Ow@ xOWv xOv=Hvo u; QO ?wret=v
|Q=m ?wJQ=J "OvOQm x�=Q= Ow@ xOQm `iQ =Q xOW xQ=W= |=yha[ xm =Q sD} Qwor= u}=

%OwW|t K} QWD xt=O= QO SPEA-II sD} Qwor=
&E ?wret=v |=yMU=B w}WQ; xR=Ov= u} QDW}@ %NE

&C}atH xR=Ov= %NP
"(k =

p
NE +NP ) sm =QD |x@U=Lt QDt=Q=B %K

"E0 = � O}yO Q=Qk w O}vm O=H}= P0 |x}rw= |=yMU=B R= C}atH l} "1 s=o
x@U=Lt 24 |x]@=Q j@=]t =Q Pt [Et |xawtHt QO i MU=B Qy |oOvR=Q@ "2 s=o

"O}vm
%O}vm x@U=Lt 24 |x]@=Q R= =Q i MU=B s=N |oOvR=Q@ =OD@= "1"2 s=o

R(i) =
X

j2Pt[Et & j�i s(j) (24)

u}vJty "CU= i MU=B Q@ j MU=B |x@re |=vatx@ j � i Ctqa u; QO xm
&O};|t CUO x@ 25 |x]@=Q R= xm OyO|t u=Wv =Q MU=B Cwk Q=Okt s(i)

"t = 0 O}yO Q=Qk 'N C}atH xR=Ov= =@ P0 |iO=YD |x}rw= C}atH O=H}= "1 s=o
C}atH O=H}= Qw_vtx@ P0 |wQ VyH w ?}mQD |=yQorta |Q}oQ=mx@ "2 s=o

"N |xR=Ov= =@ Q0 u=OvRQi
xOv=OQoQ@ Pt w xOW hkwDt sD} Qwor= 'CU= xOW jkLt xtD=N \}=QW Qo = "3 s=o

"OwW|t
"Rt = Pt [Qt O}yO Q=Qk "4 s=o

?wret=v |=yxy@H |}=U=vW Qw_vtx@ `} QU ?wret=v |R=U?DQt sD} Qwor= "5 s=o
sD} Qwor= C=}�RH |xOy=Wt |=Q@ "OwW|t xDiQo Q=m x@ Rt QO F1; :::; Fk

"OwW xaH=Qt [18]`HQt x@ ?wret=v |R=U?DQt
%O}yO s=Hv= =Q Q} R |=ys=o i = 1; :::; k |=R=x@ "6 s=o

"OwW|t x@U=Lt Fi |xy@H QO =yMU=B |t=LOR= |xrY=i "1"6 s=o
%OwW|t O=H}= Q} R CQwYx@ Pt+1 C}atH "2"6 s=o

Pt+1 = Pt+1 [ O}yO Q=Qk TBU 'jPt+1j+ jFij � N Qo = "1 Cr=L
"Fi

|=yMU=B R=N�jPt+1j O=OaDTBU 'jPt+1j+jFij > N Qo = "2 Cr=L
"O}vm xi=[= Pt+1 x@ Fi R= =Q |t=LOR= |xrY=i Q}O=kt u} QDsm =@

R= =Q u}Or=w '|t=LOR= xrY=i T=U=Q@ |}=DwO C@=kQ ?=NDv= R= xO=iDU= =@ "7 s=o
=D O}vm p=ta= Pt+1 |wQ =Q VyH w ?}mQD |=yQorta "O}vm ?=NDv= Pt+1

"OwW O=H}= N xR=Ov= =@ Qt+1 C}atH
"O} wQ@ 3 s=o x@ w 't = t+ 1 O}yO Q=Qk "8 s=o
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28|}x]kv l} ?}mQD 'xOW h} QaD |=yswRwtwQm |=Q@ xOW xDiQo Q_v QO ?}mQD
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"s}vm|t s}_vD t = 0 |xOvQ=tW w |yD Q@=Q@ =Q
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|=Q@ QD|�RH C=aq]= "CU= xOW xDiQoQ_v QO |v=tR OL=w l} Q@=Q@ R}v CqwYLt
'|OwQw |=yuw}t=m O=OaD I pwOH u}= QO "CU= xOt; 3 pwOH QO p�=Ut R= l} Qy
w |HwQN ?QO O=OaD S '|OwQw ?QO O=OaD R '|HwQN |=yuw}t=m O=OaD O

"CU= R=Ov=Q=@ QO |r=kDv= pwYLt O=OaD Q ,=D}=yv

"Ovm|t x@U=Lt OwW|t ?wret i \UwD xm =Q |}=yMU=B O=OaD `k=w QO
s(i) = jfjjj 2 Pt [ Et & i � jgj (25)

%O}vm x@U=Lt u}vJ =Q i MU=B sm =QD "2"2 s=o
D(i) = 1

�ki + 2 (26)

"CU= u; x@ l}ORv |o}=Uty u}t=k w i MU=B u}@ |xrY=i �ki
x@ i MU=B sm =QD w s=N |oOvR=Q@ Q=Okt `tH R= |oOvR=Q@ Q=Okt ,=D}=yv "3"2 s=o

%O};|t CUO
F (i) = R(i) +D(i) (27)

|Bm Et+1 x@ =Q Pt [ Et |xawtHt QO OwHwt ?wret=v |=yMU=B s=tD "3 s=o
%OyO MQ CU= umtt Cr=L wO "O}vm

VwQ =@ =Q MU=B jEt+1j � NE O=OaD x@ 'jEt+1j > NE Qo = %pw= Cr=L
xv}tm xm |NU=B `k=w QO "s}vm|t hPL '�k Q=}at =@ MU=B hPL |Q=QmD
'p=L u}= =@ "OwW|t hPL =OD@= QO OQ=O =yMU=B Qo}O R= =Q �k |xrY=i
Ov=wD|t xrY=i u} QDsm u}twO 'OvW=@ xrY=i u} QDsm |=Q=O MU=B OvJ Qo =
u}=� OvwW hPL |i=[= |=yMU=B ,=D}=yv =D CQwY u}tyx@ w OwW XNWt
sm =QD QO |D}ty= xm sy x@ l}ORv =} x@=Wt |=yMU=B xm OwW|t Ea=@ Q=}at

"�OvwW hPL Ovvm|tv O=H}= =yMU=B
xOW?wret MU=B NE � jEt+1j O=OaD x@ 'jEt+1j � NE Qo = %swO Cr=L
Et+1 xawtHt x@ Pt [ Et xawtHt R= =yu; |oOvR=Q@ Q}O=kt T=U=Q@ =Q

"s}yO|t p=kDv=
Et+1 |=yMU=B w xOWhkwDt sD} Qwor= 'OW=@ xOW sy=Qi xtD=N\}=QW Qo = "4 s=o

"Ov=OQo|tQ@ =Q
?=NDv= Et+1 |xawtHt R= =Q u}Or=w 32|}=DwO C@=kQ VwQ R= xO=iDU= =@ "5 s=o

"s}vm|t
OvRQi NP O=OaD x@ w xOQ@ Q=m x@ u}Or=w |wQ =Q VyH w ?}mQD |=yQwD=QB= "6 s=o
l} xOvQ=tW Q=Okt x@ w xOQm |Bm Pt+1 xawtHt x@ =Q u=OvRQi "s}vm|t O}rwD

"s} wQ|t 2 s=o x@ w (t = t+ 1) s}vm|t xi=[= OL=w
QO xm VyH w ?}mQD |xw}W u=ty R= R}v sD} Qwor= u}= QO CU= QmP x@ sRq

[19]"OwW|t xO=iDU= OW xO=O KQW "2"4 VN@

PESA-II sD} Qwor= "4"4
|xiOyOvJ sD} Qwor= swO |xNUv 'xiOyOvJ |=ysD} Qwor= u} QDxDN=vW R= |m}
|=yMU=B O}rwD |=Q@ u; QO xm CU= �PESA-II� 33wDQ=B |x}L=v Q@ |vD@t ?=NDv=
sD} Qwor= u}= |x}rw= |xNUv "OwW|t xO=iDU= l}DvS sD} Qwor= |=yQorta R= O}OH
R= "Ow@ ?=NDv= |xwLv QO |}=yha[ |=Q=O OW x�=Q= [20]u=Q=mty w uQwm \UwD xm
2001 p=U QO PESA-II u=wva CLD sD} Qwor= u}= |r}tmD |xNUv CyH u}=
K} QWD PESA-II sD} Qwor= pL=Qt xt=O= QO "OW x�=Q= �[21] u=Q=mty w uQwm \UwD�

%OwW|t
&E ?wretQ}e |=yMU=B w}WQ; R}=U u} QDnQR@ %NE

123



"""'N
SG

A
-I

I
|Q=

mD@=
=Qis

D}Qw
or=

xU
|xU

}=kt|@=} RQ= |=Q@ uwvm =D xm Q=}at xU xr=kt u}= QO "O@=}|t CQwQ[ wDQ=B |=yMU=B
QO "CU= xOW ?=NDv= xDW=O OQ@ Q=m [23w22'17]hrDNt Cq=kt QO wDQ=B |=yMU=B
`@=D Q}O=kt ?}DQDx@ f3i w f2i 'f1i 'O};|t xt=O= QO xm �32� w �29� |=yx]@=Q
O=OaD n u}vJty "OvDUy sD} Qwor= Qy |}=yv |wDQ=B QO i MU=B |=Q@ 3 w 2 '1 hOy

"OyO|t u=Wv =Q wDQ=B Qy ?wret=v |=yMU=B
35�SM� xrY=i xR=Ov= "1"2"5

28 |x]@=Q \UwD w OyO|t u=Wv =Q wDQ=B l} QO =yMU=B |oOvm =QB Q=}at u}=
%OwW|t x@U=Lt

SM =

vuut 1
n� 1

nX
i=1

�
di � �d

�2 (28)

%u; QO xm
di = minj fjf1i � f1j j+ jf2i � f2j j+ jf3i � f3j jg

i; j = 1; 2; ::::; n; i 6= j (29)

�d =

nP
i=1

di

n
(30)

|=yMU=B QDsm |oOvm =QB xOvyOu=Wv w CU= QD?U=vt SM |=Q@ QDsm Q}O=kt `k=w QO
"CU= wDQ=B
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5417 368 5811 058 5273 138 0 433 0 194 0 372 240 384 243 236 224 873 27
3514 912 2339 024 2048 498 0 098 0 368 0 534 359 911 188 495 172 715 28
2081 210 1613 791 2327 301 0 083 0 579 0 339 188 598 148 096 167 742 29
4961 873 5438 093 4457 139 0 417 0 000 0 583 218 943 181 029 200 399 30
2112 977 2087 312 1943 642 0 382 0 336 0 387 140 641 136 124 123 157 u}ov=}t

7 6 17 11 7 12 8 9 13 |QDQ@ C=aiO O=OaD

"OyO|t u=Wv SPEA-II w PESA-II 'NSGA-II |=ysD} Qwor= R=l} Qy |=Q@
w 'SM w MID |=yQ=}at |=Q@ QDsm Q}O=kt 'u}W}B VN@ C=L}[wD x@ xHwD =@
pwOH u}= G}=Dv x@ xHwD =@ u}=Q@=v@ "CU= ?wr]t QM |=Q@ QDW}@ Q}O=kt u}vJty
NSGA-II w PESA-II |=ysD} Qwor= R= |QDy@ OQmrta SPEA-II sD} Qwor=
u}vJty "CU= xO=Ou=Wv OQmrta |=yQ=}at |t=tD R= pY=L u}ov=}t Q}O=kt QO
SPEA-II sD} Qwor= xm OwW|t xOy=Wt '5 pwOH QO QN; Q]U Q}O=kt x@ xHwD =@
x@ xr�Ut 30 QO xU}=kt Q=}at xU |=Q@ |QDy@ Q=Okt xm |D=aiO O=OaD ^=Lr R=
xm CiQo xH}Dv u=wD|t u}=Q@=v@ "CU= xDW=O |QDy@ OQmrta R}v 'CU= xOQw; CUO
|QDy@ OQmrta C}i}m |O=yvW}B |xiOyOvJ pOt pL |=Q@ SPEA-II sD} Qwor=
?Um |QDy@ G}=Dv NSGA-II sD} Qwor= 'Qo}O sD} Qwor= wO u=}t R= u}vJty "OQ=O

"CU= xOQm

QDW}@ sD} Qwor= l} |=Q@ C}i}m xR=Ov= QOkQy "s} Qw;|t CUO x@ |}=yv ?wret=v
?wret=v |=yMU=B O}rwD |=Q@ |QDW}@ syU QwmPt sD} Qwor= xm OyO|t u=Wv 'OW=@

"OvQ=O |QDy@ C}i}m Q_v OQwt sD} Qwor= |=yMU=B u}=Q@=v@ w CU= xDW=O |}=yv

=yu; G}=Dv p}rLD w C=W}=tR; "3"5
|xNUv MATLAB Q=Ri=sQv QO |oty xDi=} xaUwD |Q=mD@==Qi |=ysD} Qwor=
Intel Core i3 2 40GHz xOvR=OQB =@ xv=}=Q l} QO w xOW |U} wvOm R2013a

Qy |=Q@ xOW x�=Q= |Q=mD@==Qi |=ysD} Qwor= "CU= xOW =QH= 4GB sQ |x_i=L w
xOQw; 5 pwOH QO =yu; |=Q@ xU}=kt |=yQ=}at Q}O=kt w xOW =QH= xvwtv |xr�Ut
=Q SM w QM 'MID |=yQ=}at |=Q@ xOt; CUO x@ Q}O=kt 'pwOH u}= "CU= xOW

125



"""'N
SG

A
-I

I
|Q=

mD@=
=Qis

D}Qw
or=

xU
|xU

}=ktQ=Okt z2 QwLt '�pm p}tmD u=tR� pw= hOy `@=D Q=Okt z1 QwLt =ypmW u}= QO
swU hOy `@=D Q=Okt z3 w �|OwQw |=yuw}t=m |=yOQmQ}O ẁtHt� swO hOy `@=D

"OvyO|t u=Wv =Q �|HwQN |=yuw}t=m |=yOQmQ}O ẁtHt�
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|[=} Q pOt l} VywSB u}= QO "CU= R=Ov=Q=@ sDU}U l} Q=QkDU= QO |D=}rta
C=}rta |Ov@u=tR '=y?QO x@ =yuw}t=m X}YND u}}aD ut[ Ov=wD|t xm OW x�=Q=
u=tR |=yQ=}at u=tRsy xm |Qw]x@ 'Ovm XNWt R}v =Q =yuw}t=m |Q=PoQ=@ w x}rND
QO "OwW xv}tm |HwQN |=yuw}t=m OQmQ}O w '|OwQw |=yuw}t=m OQmQ}O 'pm s=tD=
x@ R=}v w Ow@ Oy=wN Q}oCkw Q=}U@ j}kO pL xm =Hv; R= 'xiOyOvJ |xr�Ut pL
pt=W xiOyOvJ |Q=mD@==Qi sD} Qwor= xU 'OQ=O xvwtv |xr�Ut Qy xQ=@ u}OvJ |=QH=
|=Q@ xvwtv |xr�Ut 30 O=OaD "OW O=yvW}B SPEA-II w PESA-II 'NSGA-II

O}rwD j}kLD |xv}W}B QO G}=Q |=yxw}W x@ xHwD =@ =ysD} Qwor= u}= OQmrta |@=} RQ=
'|O=yvW}B |=ysD} Qwor= MU=B |xU}=kt |=Q@ "OW pL =ysD} Qwor= R= l} Qy =@ w
xOy=Wt T=U= u}=Q@ "OW xDiQo Q=m x@ QM w SM 'MID pt=W OQmrta Q=}at xU
|=yQ=}at ^=Lr R= xm Ovm O}rwD |}=yMU=B Ov=wD|t SPEA-II sD} Qwor= xm OW
pY=L |xH}Dv =@ |Q}oxH}Dv u}= "OvQ=O |QD?wr]t C}i}m 'xOWxDiQo Q_vQO |i}m
'pY=L |xH}Dv R}v xOWO=} |xar=]t QO "OQ=O Ck@=]t [16]u}W}B C=k}kLD R=
w NSGA-II |=ysD} Qwor= x@ C@Uv SPEA-II sD} Qwor= |@Uv |QDQ@ R= u=Wv
xDmv u}= x@ u=wD|t j}kLD u}= R= pY=L |D} Q}Ot G}=Dv OQwt QO "OQ=O SPGA-II

l} Q}Ot Ov=wD|t xm |}=yv |xOvQ}os}tYD xvwtv p�=Ut R= l} Qy |=Q@ xm OQm xQ=W=
OyO|t |O=yvW}B hOy `@=wD R= l} Qy x@ xm |D}ty= x@ xHwD =@ 'OW=@ R=Ov=Q=@ RmQt
K}HQD xm =Q |NU=B '=ysD} Qwor= R= xOt; CUO x@ ?wret=v |=yMU=B u=}t R= Ov=wD|t
|QDW}@ C}ty= R= pm s=tD= u=tR |OQ=wt QO CU= umtt "Ovm ?=NDv= OyO|t
x@ Ov=wD|t =yuw}t=m Q}N-=D xm |}=yxv} Ry x@ xHwD =@ |OQ=wt QO w OW=@ Q=OQwNQ@
|QDW}@ C}ty= |HwQN =} |OwQw |=yuw}t=m C=Q}N-=D R= l} Qy 'OW=@ xDW=O p=@vO

"OvW=@ xDW=O R=Ov=Q=@ C} Q}Ot |=Q@
OwOLt C}iQ_ '=yuw}t=m |R=UxO=t; |=yu=tR uDiQoQ_v QO |D; C=k}kLD |=Q@
u}= pL Qw_vtx@ QDO}OH xiOyOvJ |Q=mD@==Qi |=ysD} Qwor= R= xO=iDU= 'Ckwt Q=@v=

"OwW|t O=yvW}B xr�Ut

"30 w 20 '10 xQ=tW p�=Ut |=Q@ wDQ=B Q=Owtv "6 pmW

R= xOt; CUO x@ ?wret=v |=yMU=B R= |QDy@ |OwyW QwYD xm u}= |=Q@
xU |=Q@ =ysD} Qwor= R= pY=L wDQ=B |=yMU=B 'OwW O=H}= |Q=mD@==Qi |=ysD} Qwor=
"CU= xOW xO=O u=Wv 6 pmW QO �30 w 20 '10 p�=Ut� xvwtv p�=Ut R= xr�Ut

=yCWwv=B
1. inbound trucks
2. outbound truck
3. Eastman Kodak
4. Goodyear GB Ltd

5. Dots
6. LLC
7. Toyota
8. makespan
9. receiving door
10. shipping door
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12. just in time
13. genetic algorithm
14. di�erential evolution
15. particle swarm optimization
16. hybrid
17. post-distribution
18. pre-distribution
19. domination
20. non-dominated
21. pareto-optimal frontier
22. makespan
23. GAMS 23.4
24. CPLEX
xOW |Q=OQ@ wor= Cq=kt Q}=U |=yxO=O R= xvwtv p�=Ut Q}=U w p=Ft u}= C=aq]= QO "25
w |Q=PoQ=@ |=Q@ sRq u=tR u}vJty w =yuw}t=m |v} Ro}=H u=tR xvwtv |=Q@ "CU=
Q_v QO |v=tR OL=w 1 w 75 =@ Q@=Q@ ?}DQDx@ R}v Cq=kt Q}=U QO CqwYLt |x}rND

"CU= xOW xDiQo
26. solution representation
27. non-dominated sorting genetic algorithm
28. one point crossover
29. paired wise interchange (Swap)
30. strength pareto evolutionary algorithm
31. external archive
32. binary tournament
33. pareto envelope based selection algorithm
34. hypercube
35. spacing metric
36. mean ideal distance
37. quality metric
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