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\w@ Qt 16 =D 12 |=yx]@=Q "CU= z xa]k |=Q@ =[=kD u=R}t Qou=Wv 11 |x]@=Q
Ovvm|t u}t[D 20 =D 17 |=yx]@=Q "CU=yxQo QO u=} QH pO=aD |=yC}OwOLt x@
22 w 21 |=yx]@=Q "OwW xO=O X}YND p}yUD Qy x@ C}iQ_ K]U l} =yvD xm

"CU= xr�Ut s}tYD |=yQ}eDt x@ \w@ Qt |=yC}OwOLt

|OOa p=Ft "4
xOW x�=Q= |OOa p=Ft OvJ pOt |HvUQ=@Da= w |@=} RQ= Qw_vtx@ CtUk u}= QO
|=yQDt=Q=B p=tDL= `} RwD `@=D w 4 pwOH QO |OOa |=yp=Ft |=yQDt=Q=B Q}O=kt "CU=

"CU= xOW u=}@ 5 pwOH QO |r=tDL=

pOt pL |=yVwQ "5
`@=wD |vRw ẁtHt VwQ "1"5
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M

X
D

�� CRSz� Tzsf�

+
X
�

X
Z

X
M

X
D

�� CMF j� Njfg�

�
X
�

X
Z

X
M

X
R

�� SRRz� Gzmr�

�
X
�

X
Z

X
M

X
D

�� SMF j� Njfg�

�
X
�

X
Z

X
M

X
D

�� SMIj� Ejig� (1)

min z2 = max[[
X
�

X
J

X
L

X
K

t� cklklXjkl�

+
X
�

X
J

X
I

X
L

t� clili Ljli�

+
X
�

X
J

X
I

X
G

(t� cigig Ejig� + trj� Ejig�

� tej� Ejig�)]; 0] (2)

S:TX
L
Xjkl� = rjk� djk� 8j; k; � (3)X

K
Xjkl� �X

N

calnjl� Z
l
� 8j; l; � (4)X

M
Yzmd� �X

N

cadnzd�K
d
� 8d; z; � (5)X

L
Ljli� �X

N

cainji�W
i
� 8j; i; � (6)X

L
Mjlm� �X

N

camn
jm� V

m
� 8j;m; � (7)X

S

X
F
Tzsf� �X

S

caszs� 8z; � (8)X
M
Czmf� +

X
S
Tzsf� � cafzf� 8z; �; f (9)X

F

X
M
Czmf� +

X
D

X
M
Yzmd� +

X
M

X
R
Gzmr�

�X
M

X
L
Mjlm� ADjz� 8z; �; j (10)X

S

X
F
Tzsf� +

X
M

X
F
Czmf� = TDZ� 8z; � (11)X

L

X
M
Mjlm� = s�

X
K

X
L
Xjkl� 8j; � (12)X

L

X
I
Ljli� = (1� s�)X

K

X
L
Xjkl� 8j; � (13)X

G

X
I
Ejig� =

X
I

X
L
Ljli� 8j; � (14)
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Q "xvwtv |=yp=Ft |=Q@ =yQDt=Q=B Q}O=kt "5 pwOH
=yQDt=Q=B Q}O=kt
djk� Uniform �2000w2500�
rjk� Uniform �0 7w0 9�
TDz� Uniform �250w300�
ADjz� Uniform �2w5�
SDjz� Uniform �2w5�
CDz� Uniform �200w250�
CRz� Uniform �250w300�
CMF j� Uniform �130w160�
CRSz� Uniform �450w550�
CMIj� Uniform �100w150�
SMF j� Uniform �90w200�
SMIj� Uniform �2500w4000�
Hl
� Uniform �35w45�

DGd� Uniform �40w50�
BDm� Uniform �30w50�
FRi� Uniform �30w35�
caszs� Uniform �6500w9000�
cadnzd� Uniform �1200w2000�
calnjl� Uniform �4000w6500�
camnjm� Uniform �5000w7000�
cafzf� Uniform �11000w15000�
cainji� Uniform �4000w6500�
tej� Uniform �3w5�
tj� Uniform �0 3w0 5�
t� Uniform �3w4�

"hOy `@=D "6 pwOH
(s) pL u=tR 2 hOy `@=D 1 hOy `@=D xvwtv xr�Ut

0 56 15608223 48 32196037 37 1
1 5 77761661 01 127426996 78 2

10 453 206876707 60 308757576 76 3
14 969 259054031 86 359173978 63 4
25 360 715809415 33 762826120 30 5
38 375 1264351825 22 1337644455 30 6

"xvwtv |=yp=Ft C=YNWt "4 pwOH
6 5 4 3 2 1 xvwtv xQ=tW
20 15 10 8 5 3 pwYLt O=OaD
10 10 10 8 4 4 xa]k O=OaD
20 15 10 10 6 3 u=} QDWt O=OaD
15 10 10 10 6 3 |Qw;`tH Rm =Qt O=OaD
10 10 10 10 4 3 s=Oyv= Rm =Qt O=OaD
20 20 20 20 4 2 Ci=} R=@ Rm =Qt O=OaD
15 10 6 6 6 3 Q}taD Rm =Qt O=OaD
15 15 10 10 4 2 x}wv=F Q=R=@ Rm =Qt O=OaD
10 10 10 10 6 3 u=oOvvmu}t-=D O=OaD
10 10 10 10 6 3 u=oOvvm O}rwD O=OaD
15 15 10 10 4 2 |Di=} R=@ O=wt Q=R=@ Rm =Qt O=OaD
8 6 4 3 3 2 C}iQ_ Kw]U O=OaD
5 5 4 4 4 3 =yCr=L O=OaD

xm CU= xOW |Ov@pwtQi K}LY OOa |R} Qxt=vQ@ VwQ =@ |O=yvW}B pOt
CU= xOW C=@F= w O@=}|t Vy=m 'OwOLt C}iQ_ =@ C=R}yHD |@=}=H |xr�Ut x@
Qou=}@ R}v |OOa |=yp=Ft pL R= pY=L G}=Dv [26]"CU= NP-Hard xr�Ut u}=
u; pL |=Q@ Twmat l}DUHr |xr�Ut |oO}J}B x@ xHwD =@ "CU= ?r]t u}=
|vD@t |WwQ |Oa@ VN@ QO "OwW xO=iDU= |Q=mD@==Qi |=yVwQ R= OwW|t O=yvW}B
|O=yvW}B pOt pL |=Q@ '�NSGA-II� ?wret=v |R=U?DQt =@ l}DvS sD} Qwor= Q@

"OwW|t x�=Q=

NSGA-II VwQ "2"5
?wret=v |R=U?DQt =@ l}DvS sD} Qwor= VwQ R= u=wD|t xiOyOvJ p�=Ut pL |=Q@

[27]%R= CU= CQ=@a u; C=}YwYN xm OQm xO=iDU= �NSGA-II�
=y?=wH "CU= |QDW}@ R=}Dt= |=Q=O 'OW=@v u; R= QDy@ |Qo}O ?=wHI}y xm|@=wH �

"OvwW|t ?DQt 'OvW=@ xDW=O OwHw =yv; R= QDy@ ?=wH OvJ xm u}= T=U=Q@
Q}=U |x@re sOa w =yv; |x@DQ ?ULQ@ =y?=wH |=Q@ �|oOvR=Q@� |oDU}=W �

"OwW|t u}}aD =y?=wH
OwW s}_vD |Qw] =y?=wH |oOvm =QB '=y?=wH |=Q@ 7s=LOR= |xrY=i h} QaD =@ �

"OvwW xOvm =QB wHwCUH |=[i QO CN=wvm} Qw]x@ =y?=wH xm
"OwW|t xO=iDU= |} wOwO CvtvQwD ?=NDv= Qorta R= �

|R=UxQ}NP Ov=xOt; CUOx@ sD} Qwor= |r@k pL=Qt QO xm ?wret=v |=y?=wH �
"�|}=Qox@Nv� OwW|t
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pOt|L]UGvB pt=wa O=OaD =@ V}=tR; KQ] u}= QO |L]UGvB pt=a O=OaD uwJ
"OwW|t xO=iDU= |k}@]D |=yVwQ R= 'OQ=Ov j@=]D L18 OQ=Ov=DU= Ot=aDt |x}=Q; QO
x@ |L]U VW uwDU l} w OwW|t xO=iDU= |R=Ht K]U VwQ R= \}=QW u}= QO
|x}=Q; w L18 Ot=aDt |x}=Q; 7 pwOH QO "OwW|t p}O@D |L]UGvB uwDU l}

"CU= xOW x�=Q= NSGA-II sD} Qwor= |=Q@ ?U=vt |xOWKqY= Ot=aDt
|=yQorta w =yQDt=Q=B ?U=vt Kw]U '|D=tOkt V}=tR; |=yKQ] |=QH= =@
sD} Qwor= |=Q@ =yu; hrDNt Kw]U w =yQDt=Q=B 8 pwOH QO "OwW|t u}}aD sD} Qwor=
|=yKQ] |=yxYNWt x@ xHwD =@ "CU= xOW xO=O V}=tv |O=yvW}B NSGA-II

xm OW |L=Q] xvwtv p�=Ut 'Twmat l}DUHr |xm@W |O=yvW}B pOt w V}=tR;
9 pwOH QO xvwtv p�=Ut u}= |=Q@ |O=yvW}B NSGA-II sD} Qwor= |=QH= G}=Dv

"CU= xOW x�=Q=
%C@Uv R= CU= |R=Uxv}tm xr�Ut hOy `@=D xm u}= x@ xHwD =@

S
NS

= �10 log

 1
n

nX
i=1

y2
i

!
Q=QmD O=OaD n w 'CU= iV}=tR; |=R=x@ |HwQN Q=Okt yi u; QO xm 'OwW|t xO=iDU=
|O=yvW}B sD} Qwor= QO pt=wa K]U Qy |=Q@ S

NS
Q}O=kt T=U=Q@ "CU=yV}=tR;

x�=Q= 10 pwOH QO pY=L G}=Dv "OwW|t u}}aD pt=wa R= s=Om Qy K]U u} QDy@
"CU= xOW

sD} Qwor= |}=yv |=QH= |=Q@ xOW s=Hv= |=yV}=tR; R= pY=L G}=Dv x@ xHwD =@
u} QDy@ xm OvwW|t s}_vD |Qw]|O=yvW}B sD} Qwor= |=yQorta w =yQDt=Q=B '|O=yvW}B

|x]kv 's=LOR= |xrY=i |x@U=Lt w 8x@re sOa pY= R= xO=iDU= =@ sD} Qwor= u}= �
"OQw;|t CUO x@ =Q wDQ=B |xv}y@

V}=tv 2 pmW QO Twmat l}DUHr |xr�Ut pL |=Q@ |O=yvW}B sD} Qwor=
"CU= xOW xO=O

=yQDt=Q=B s}_vD "1"2"5
w =yV}=tR; |L=Q] R= VywSB u}= QO |O=yvW}B sD} Qwor= |=yQDt=Q=B s}_vD Qw_vtx@
NSGA-II sD} Qwor= QO "OwW|t xO=iDU=|Jwo =D OQ=Ov=DU= Ot=aDt |x}=Q; |=yKQ]
`]=kD QwD=QB= &CU= |} wOwO CvtvQwD ?=NDv= Q=mwR=U VywSB u}= QO xDiQ Q=m x@
p=tDL= 'VyH p=tDL= 'C}atH xR=Ov= 'VyH |=yQwD=QB= &CU= K]U GvB |=Q=O
=QH= x@DQt Q=yJ V}=tR; Qy "OvQ=O K]U xU s=OmQy =yQ=QmD O=OaD u} QDW}@ w '`]=kD
4�51�35 =@ CU= Q@=Q@ OwW s=Hv= O}=@ xm |}=yV}=tR; O=OaD u}=Q@=v@ w OwW|t
R= OwW|t x}YwD V}=tR; O=OaD u}= |=QH= |=Q@ sRq |xv} Ry w u=tR x@ xHwD =@ xm
O=OaD x@ xHwD =@ =Hv}= QO "OwW xO=iDU= |Jwo =D OQ=Ov=DU= Ot=aDt |x}=Q; |=yKQ]
KQ] u}= QO "OwW|t u}}aD |O=R; C=HQO O=OaD V}=tR; QO hrDNt pt=wa Kw]U
|L]UGvB pt=a |=Q@ |O=R; xHQO Q=yJ 'pm u}ov=}t |=Q@ |O=R; xHQOl}V}=tR;
|O=R; C=HQO ẁtHt u}=Q@=v@ "CU= sRq |L]UxU pt=a |=Q@ |O=R; xHQO wO w

%=@ CU= Q@=Q@
15 = (2� 5) + 4 + 1

L18 Ot=aDt |x}=Q; "OW=@ |O=R; xHQO 15 |=Q=O xm OwW ?=NDv= |}x}=Q; O}=@ TB
"OQ=O =Q \QW u}=

"?wret=v |R=U?DQt =@ l}DvS sD} Qwor= Om x@W "2 pmW
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xry=

Q "NSGA-II sD} Qwor= |=Q@ ?U=vt xOW KqY= Ot=aDt |x}=Q; w L18 Ot=aDt |x}=Q; "7 pwOH
F E D C B A xvwtv xQ=tW F E D C B A xvwtv xQ=tW
1 1 1 1 1 1 1

xOW
KqY

=Ot
=aDt

x}=Q;

1 1 1 1 1 1 1
2 2 2 2 2 1 2 2 2 2 2 2 1 2
3 3 3 3 3 1 3 3 3 3 3 3 1 3
2 3 3 2 1 2 4 2 3 3 2 1 2 4
3 1 1 3 2 2 5 3 1 1 3 2 2 5
1 2 2 1 3 2 6 1 2 2 1 3 2 6
3 2 2 3 1 3 7 3 2 2 3 1 3 7
1 3 3 1 2 3 8 1 3 3 1 2 3 8
2 1 1 2 3 3 9 2 1 1 2 3 3 9
2 2 2 2 1 4 10 2 2 2 2 1 4 10
3 3 3 3 2 4 11 3 3 3 3 2 4 11
1 1 1 1 3 4 12 1 1 1 1 3 4 12
1 3 3 1 1 5 13 1 3 3 1 1 5 13
2 1 1 2 2 5 14 2 1 1 2 2 5 14
3 2 2 3 3 5 15 3 2 2 3 3 5 15
3 1 1 3 1 1 16 3 1 1 3 1 6 16
1 2 2 1 2 1 17 1 2 2 1 2 6 17
2 3 3 2 3 1 18 2 3 3 2 3 6 18

QO |O=yvW}B sD} Qwor= |=yQorta w =yQDt=Q=B |xv}y@ Q}O=kt "O}; CUO x@ =y?=wH
"CU= xOW u=}@ 11 pwOH

|Q}oxH}Dv "6
Twmat l}DUHr |xm@W |r=tDL= K}LY OOa |R} Qxt=vQ@ pOt Q=DWwv u}= QO
'|Qw;`tH Rm =Qt E=OL= |=Q@ |Q}os}tYD ?wJQ=J xm OW xO=O xaUwD |}xvwox@
Rm =Qt u}@ xOW =Hx@=H CqwYLt w C=a]k Q=Okt u}}aD w s=Oyv= 'Q}taD 'Ci=} R=@
|=yQ=}at u=oOvvm u}t-=D 'u=oOvvmO}rwD 'x} wv=F Q=R=@ 'Ci=} R=@ '|Qw;`tH 'u=} QDWt

"Ovm xv}y@ =Q Q}N-=D |=yu=tR ẁtHt w xv} Ry OQmrta
|O=yvW}B pOt QO &CU= QDx}@W |ak=w p�=Ut x@ Q=DWwv u}= QO xOW x�=Q= pOt
C}i}m Kw]U =@ pwYLt OvJ 'CU= |r=tDL= |DWoQ@ CqwYLt w =[=kD MQv
O=wt 'x} wv=F Q=R=@ 'u=} QDWt Rm =Qt Ovv=t �� u}t-=D |xQ}HvR Cw=iDt pL=Qt R= Cw=iDt
xHwD =@ Rm =Qt R= s=Om Qy "OwW|t `} RwD Rm =Qt Q}=U u}@ w xOW |Qw;`tH �� |Di=} R=@

"OvQ=O C}iQ_ K]U OvJ C}i}m Kw]U x@
GAMs Q=Ri=sQv R= xO=iDU= =@ |OOa p=Ft OvJ pOt |}=Q=m C=@F= w p}rLD |=Q@
|Q=mD@==Qi sD} Qwor=l} 'xr�Ut uOw@ NP-Hard x@ xHwD =@ "OWpL j}kO CQwYx@
|O=yvW}B sD} Qwor= |=yQDt=Q=B s}_vD |=Q@ "OW xO=O xaUwD NSGA-II Q@ |vD@t

"OW xO=iDU= =yV}=tR; |L=Q] QO |Jwo =D VwQ R=
xv}y@ |=yQorta w =yQDt=Q=B w NSGA-II sD} Qwor= R= xO=iDU= =@ xvwtv p�=Ut
wDQ=B |xv}y@ |=y?=wH O=OaD "CU= xOW x�=Q= 12 pwOH QO u; G}=Dv xm OW pL

"CU= p�=Ut pL |=Q@ |O=yvW}B sD} Qwor= |}=Q=m Qou=}@

"NSGA-II sD} Qwor= QO =yu; hrDNt Kw]U w pt=wa "8 pwOH
Kw]U ẁv O=tv Kw]U pt=a

xDW=ov � |vRw A(1)

5 `]=kD
xDW=ov � |WN@ A(2)

|}xNQJ A(3)

CN=wvm} A(4)

?}DQD A(5)

50 B(1)

3 C}atH xR=Ov=70 B(2)

90 B(3)

1 0 C(1)

3 VyH p=tDL=15 0 C(2)

2 0 C(3)

|}=Hx@=H D(1)

3 VyH|Q=Po =H D(2)

xDN}t; syQO D(3)

5 E(1)

3 =yQ=QmD O=OaD xv}W}@10 E(2)

15 E(3)

9 0 F (1)

3 `]=kD p=tDL=85 0 F (2)

8 0 F (3)
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pOt"|Jwo =D VwQ R= xO=iDU= =@ V}=tR; |L=Q] "9 pwOH
S
NS

y4 y3 y2 y1 F E D C B A xvwtv xQ=tW
�45 53 189 77 191 63 187 37 187 02 1 1 1 1 1 1 1
�54 88 554 19 554 09 555 08 555 85 2 2 2 2 2 1 2
�60 29 1010 71 1013 46 1052 38 1058 52 3 3 3 3 3 1 3
�55 03 565 29 573 17 568 07 550 19 2 3 3 2 1 2 4
�48 28 259 39 259 72 258 81 259 88 3 1 1 3 2 2 5
�56 55 647 83 685 88 673 82 683 53 1 2 2 1 3 2 6
�50 48 332 84 336 01 334 15 333 92 3 2 2 3 1 3 7
�57 16 730 94 732 88 718 05 702 71 1 3 3 1 2 3 8
�49 91 311 77 313 78 312 59 313 58 2 1 1 2 3 3 9
�44 89 175 86 174 69 175 08 176 89 1 2 2 2 1 4 10
�53 85 493 59 493 28 491 86 491 02 2 3 3 3 2 4 11
�59 67 978 36 961 75 964 15 948 34 3 1 1 1 3 4 12
�45 17 181 78 180 56 180 49 182 77 1 3 3 1 1 5 13
�54 10 497 95 499 36 517 02 514 13 2 1 1 2 2 5 14
�59 53 896 43 958 28 966 90 968 37 3 2 2 3 3 5 15
�45 03 179 58 177 33 178 02 178 85 3 1 1 3 1 1 16
�54 30 538 06 512 04 511 52 512 64 1 2 2 1 2 1 17
�60 30 1040 47 1036 98 1031 45 1034 08 2 3 3 2 3 1 18

NSGA-II sD} Qwor= R= xO=iDU= =@ xvwtv p�=Ut|=Q@ xOt;CUO x@ Q}O=kt "12 pwOH
"xv}y@ |=yQorta w =yQDt=Q=B x@ xHwD =@

xrY=i Cw=iD ?=wH O=OaD xQ=tW xr�UtwDQ=B xv}y@ Q=QmD
0 71 10516 85 4 1
0 59 15511 88 8 2 1
1 00 18638 87 9 3
0 76 17498 89 7 1
0 58 21323 47 9 2 2
0 73 28547 21 11 3
0 69 17115 73 5 1
0 83 18187 49 6 2 2
0 85 22559 35 7 3
1 00 9168 31 4 1
0 98 151530 25 8 2 4
0 47 11955 80 9 3
0 59 23823 21 5 1
0 57 10947 6 2 5
0 88 30236 83 8 3
0 19 28015 82 6 1
0 49 31317 05 7 2 6
1 00 48699 57 9 3

"NSGA-II sD} Qwor= QwDm =i K]U Qy |=Q@ S
NS

Q=Okt "10 pwOH
u} QDW}@ 5 4 3 2 1
�52 52 �52 93 �52 80 �52 52 �53 29 �53 39 A

�47 69 �� �� �57 71 �53 76 �47 69 B

�52 91 �� �� �52 91 �53 18 �53 06 C

�50 42 �� �� �55 3 �53 44 �50 42 D

�50 42 �� �� �55 3 �53 44 �50 42 E

�50 6 �� �� �53 88 �54 68 �50 6 F

"NSGA-II sD} Qwor= xv}y@ |=yQorta w =yQDt=Q=B "11 pwOH
|=Q@ NSGA sD} Qwor= pt=axiOywO xr�Ut

|}xNQJ `]=kD
50 C}atH xR=Ov=
0 2 VyH p=tDL=

|}=Hx@=H VyH
5 =yQ=QmD O=OaD u} QDW}@

0 9 `]=kD p=tDL=
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1. reverse logistics model
2. integrated model for forward/reverse logistics
3. closed loop logistics model
4. open loop logistics model
5. mixed integer linear programming
6. end-of-life (EOL)
7. crowding distance
8. non-domination
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