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Cq}yUD ẁv Q=yJ |@=}u=mt x@ u=tRsy Qw]x@ xOWx�=Q= pOt 'OW xQ=W= xm u=vJ
QO OwOLt C}iQ_ ^=Lr =@ �Q=@v= w O}rwDR=@ Rm =Qt 'x]U=w Rm =Qt 'xOvvmO}rwD Rm =Qt�
|R} Qxt=vQ@ pOt l} xr�Ut u}= |R=UpOt |=Q@ "OR=OQB|t Q=@v= w O}rwDR=@ |xm@W
u=} QH u=tRty Qw]x@ u; QO xm xOW x�=Q= K}LY OOa w 1 w QiY \rDNt
"CU= xOW xDiQo Q_v QO =yv; p@=kDt VvmsyQ@ w Twmat w s}kDUt |q=m
u; QO xm OyO|t V}=tv =Q xm@W |ak=w |=yx@vH xOW x�=Q= |[=} Q pOt
x@ w |iO=YD CQwYx@ q=m |=[=kD w OvQ=O C}r=ai OwOLt C}iQ_ =@ Rm =Qt
x�=Q= xOvvmhQYt =} |QDWt \UwD wO xDUO |q=m w O}OH |q=m CQwY wO
xOW x�=Q= |O=yvW}B pOt |=yQ}eDt w =yQDt=Q=B '=yO=tv '=yT}Ov= Q} R QO "OwW|t

"CU=

=yO=tv w =yT}Ov= "1"4
&=yxOvvmhQYt =} u=} QDWt %i

&O}rwDR=@ w O}rwD Rm =Qt Q=QkDU= |=Q@ xwkr=@ |=yu=mt %j
&x]U=w Rm =Qt Q=QkDU= |=Q@ xwkr=@ |=yu=mt %k
&Q=@v= Rm =Qt Q=QkDU= |=Q@ xwkr=@ |=yu=mt %w

"u=} QDWt |=Q@ =[=kD |w} Q=vU %s

=yQDt=Q=B "2"4
&s=j u=mt QO xOvvmO}rwD Q=QkDU= C@=F |xv} Ry %fj

&s=j u=mt QO O}rwDR=@ RmQt Q=QkDU= C@=F |xv} Ry %frj
&s=k u=mt QO x]U=w RmQt Q=QkDU= C@=F |xv} Ry %fck

&s=w u=mt QOQ=@v= Q=QkDU= C@=F |xv} Ry %faw
&s=i xOvvmhQYt =} |QDWt |=[=kD %hi

&s=i |QDWt O}rwDR=@ xO=t; |awHQt CqwYLt u=R}t %hri
&s=w u=mt QO Q=@v= C}iQ_ %capw

xU =yvD u; QO xm 'Ov=xDN=OQB Twmat l}DUHr sDU}U QO xJQ=Bl} |L]UwO
'1 pmW j@=]t "CU= xOW |@=}u=mt |rY= CN=U RmQt w O}rwDR=@ 'x]U=w RmQt
'x]U=w Rm =Qt 'xOvvmhQYt =} |QDWt QYva Q=yJ OwN |O=yvW}B pOt QO =yu;
|=[=kD xOWx�=Q= pOt QO "Ov=xDiQo Q_v QO =Q |rY= CN=U Rm =Qt w O}rwDR=@ Rm =Qt
p�=k u; |=Q@ C}iQ_ C}OwOLt xvwoI}y R}v w xOW xDiQo Q_v QO C@=F u=} QDWt

"Ov=xOWv
=Q [22]wr nv=}m} S w pDUw@ |r=D=v \UwD xOWKQ]t pOt xar=]t u}= QO =t
=yvD =Q OwN pOt =yu; "s}=xOQm ?}mQD Q=@v= |@=}u=mt |=ypOt =@ =Q u; w 'xO=O xaUwD
Twmat w s}kDUt l}DUHr |=ysDU}U R= xJQ=Bl} |xm@W l} uDiQo Q_v QO =@
w x]U=w Rm =Qt |=Q@ C}iQ_ h} QaD =@ =t xar=]t u}= QO xm Cw=iD u}= =@ Ov=xO=O x�=Q=
|=Q@ C}iQ_ h} QaD R}v w 'Q=@v= Rm =Qt |xm@W =@ xm@W u}= ?}mQD 'xOvvmu}t-=D Rm =Qt
CtUk GvB =t xm@W u}= QO "s}=xDN=OQB xr�Ut u}= |R=UpOt x@ 'Rm =Qt u; R= s=OmQy
'O}rwDR=@ Rm =Qt 'x]U=w Rm =Qt 'u=oOvvmhQYt =} u=} QDWt %s}=xDiQo Q_v QO =Q syt
x@ =[=kD Q}eDt u=oOvvmhQYt =} u=} QDWt CtUk QO "Q=@v= Rm =Qt w xOvvmO}rwD Rm =Qt
"OwW|t x�=Q= xOWQ}taD |q=m |=[=kD w wv w O}OH |=yq=m |=[=kD CQwY wO
'|UQR=@ w OvQ}o|t Q=Qk xO=iDU= OQwt q=m Twmat |=yp=v=m |=Q@ =yvD x]U=w Rm =Qt
|awHQt |=yq=m Ci=} QO 'O}rwDR=@ Rm =Qt u=}t =yq=m `} RwD 'uOQm S=DvwtO '|Q=mR}tD
|=yC}r=ai sy= O}rwDR=@ p@=k Q}e |=yq=m |NQ@ uOQm swOat 'u=} QDWt |wU R=
w Cq}yUD |@=}u=mt |xr�Ut |rm |=tW 2 pmW QO "OyO|t p}mWD =Q =yu;

uDiQo Q_v QO =@ xm@W l} QO Cq}yUD |@=}u=mt |xr�Ut |rm |=tW "1 pmW
"O}rwDR=@ Rm =Qt

uDiQo Q_v QO =@ xm@W l} QO Cq}yUD |@=}u=mt |xr�Ut |rm |=tW "2 pmW
"Q=@v= w O}rwDR=@ Rm =Qt

93



"""QO
Q=@v=

wO}
rwDR=

@C
q}y

UD|
@=}u=

mts:tX
j

Xwj = 1 8w (1)X
w

Xiw = 1 8i (2)X
j

X
k

XRikj = 1 8i (3)X
w

capwXwj � (1��)(1�)
X
i

X
s

X
k

p0sihriXRikj 8j
(4)X

w

capwXwj � (1� �)(1� )
X
i

X
s

X
k

p0sihriXRikj

� YjM 8j (5)X
s=1

(1� �)p0sihriXRikj � Y RjM 0 8i; j; k (6)

Xiw � Y Aw 8i; w (7)

XRikj � Y Ck 8i; j; k (8)

Yj ; Y Rj ; Y Ck; Y Aw = 0; 1 8j; k; w (9)

Xij ; Xiw;XRikj ; Xwj � 0 (10)

Q=Ri=sQv R= xO=iDU= =@ xm CU= xiOylD w |]N pOt l} xOW x�=Q= pOt
=yQ}eDt |NQ@ h} QaD =@ pOt u}= QO "CU= xOW |U} wvOm GAMS24.1.2
u}= &s}=xO}Wwm hOy `@=D Q=YDN= w uOQm xO=U |=Q@ 'c0rkj w cwi 'cjw Ovv=t

%OvwW|t h} QaD u}vJ =yQ}eDt
cjw = ccjw + ccpj

cwi = cwiw + cpw

c0rkj =ccik+ctk(1��)+�ccd+crkj(1��)+cmj(1��)(1�)

+crd(1� �)� (1� �)(1� )cpj

uOQmxv}tm pOt hOy `@=D "Ov=xOW h} QaD nQR@ O=Oa= M w M 0 O=Oa= u}vJty
Q}eDt |=yxv} Ry w Cq}yUD O=H}= C@=F |=yxv} Ry pt=W �� sDU}U |=yxv} Ry pm
O}rwDR=@ |=yOL=w R= xm |}=yq=m u=R}t R= Q=@v= |=yC}iQ_ pm &CU= �� Cq}yUD

%CU= xOW ZQi QDW}@ O};|t CUO x@X
w

capwXwj � (1� �)(1� )
X
i

X
s

X
k

p0sihriXRikj

O}rwDR=@ Rm =Qt j} Q] R= u=wD|tv =Q u=} QDWt |=y=[=kD pm xm Ovm|t u=}@ ZQi u}=
Q_v QO O}rwDR=@ |xv} Ry R= QDW}@ pwYLt OL=w O}rwD |xv} Ry u}vJty "OQm u}t-=D
j O}rwD Qy |=R=x@ xm OR=OQB|t ?r]t u}= u=}@ x@ 4 C}OwOLt "CU= xOW xDiQo
CU= |DqwYLt R= QDW}@ OyO|t VWwB =Q =yQ=@v= |=[=kD xm |DqwYLt u=R}t
xm OR=OQB|t xDmv u}= x@ 5 C}OwOLt "OvwW|t =}L= Rm =Qt w O}rwDR=@ Rm =Qt \UwD xm
O}rwD s}kDUt |q=m u=} QH QO |rwYLt I}y OW=@ xDW=Ov OwHw |}xOvvmO}rwD Qo =
|=[=kD w =yQ=@v= C}iQ_ u=R}t xm OvQ=O|t u=}@ 3 =D 1 |=yC}OwOLt "OwW|tv
Rm =Qt w =yxOvvmO}rwD \UwD O}=@ =yxOvvmhQYt =} |QDWt |awHQt |=yq=m w =yq=m
xm CU= ?r]t u}= Qou=}@ R}v 7 C}OwOLt "OwW u}t-=D pt=m Qw]x@ O}rwDR=@ w Q}taD
O}=@ w Q=@v= R= xm s=i |QDWt |=[=kD C@Uv TB OW=@ xDW=Ov OwHw s=w Q=@v= Qo =

&s=w Q=@v= x@ s=j O}rwDR=@ RmQt =} xOvvmO}rwD R= pwYLt p=UQ= |xv} Ry %cjw
&s=w Q=@v= x@ s=j O}rwDR=@ RmQt =} xOvvmO}rwD R= pkv w ptL |xv} Ry %ccjw

&s=j O}rwDR=@ RmQt =} xOvvmO}rwD \UwD q=m OL=w O}rwD |xv} Ry %ccpj
&s=i |QDWt x@ s=w Q=@v= R= pwYLt p=UQ= |xv} Ry %cwi

&s=i |QDWt x@ s=w Q=@v= R= pwYLt OL=w pkv w ptL |xv} Ry %ccwi
&s=w Q=@v= \UwD pwYLt |Q=Oxov |xv} Ry %cpw

&s |w} Q=vU CLD s=i |QDWt |=[=kD p=tDL= %psi
&s |w} Q=vU CLD s=i |QDWt |awHQt |=yq=m Q=Okt p=tDL= %p0si

RmQt x@ s=k x]U=w RmQt \UwD s=i |QDWt |awHQt pwYLt p=UQ= |xv} Ry %c0rkj
&s |w} Q=vU CLD s=j O}rwDR=@

&s=k x]U=w RmQt x@ s=i |QDWt R= |awHQt pwYLt p=UQ= |xv} Ry %ccik
&s=k RmQt QO VR=OQB OL=w |xv} Ry %ctk
&s=k x]U=w RmQt QO uOW MwUvt MQv %�

&s=k x]U=w RmQt QO uOW MwUvt |xv} Ry %ccd
&s=j O}rwDR=@ RmQt x@ s=k RmQt R= xOW |UQR=@ pwYLt p=UQ= |xv} Ry %crkj

&s=j RmQt QO O}rwDR=@ |xv} Ry %cmj

&s=j O}rwDR=@ RmQt QO uOW MwUvt MQv %
&s=j O}rwDR=@ RmQt QO uOW MwUvt |xv} Ry %crd

"s=j xOvvmO}rwD QO O}rwD |xv} Ry %cpj

|Q}os}tYD |=yQ}eDt "3"4
&QiY CQwY u}= Q}e QO w 1 OQ}o@ Q=Qk s=j u=mt QO xOvvmO}rwD Qo = %Yj

&QiY CQwY u}= Q}e QO w 1 OQ}o@ Q=Qk s=j u=mt QO O}rwDR=@ RmQt Qo = %Y Rj
&QiY CQwY u}= Q}e QO w 1 OQ}o@ Q=Qk s=k u=mt QO x]U=w RmQt Qo = %Y ck

&QiY CQwY u}= Q}e QO w 1 OQ}o@ Q=Qk s=w u=mt QO Q=@v= Qo = %Y Aw
&OwW|t u}t-=D s=j O}rwDR=@ Rm =Qt =} xOvvmO}rwD \UwD xm s=w Q=@v= R= |tyU %Xwj

&OwW|t u}t-=D s=w Q=@v= \UwD xm s=i |QDWt |=[=kD R= |tyU %Xiw
x@ s=k |x]U=w RmQt \UwD xm s=i |QDWt |awHQt |=yq=m R= |tyU %XRijk

&OwW|t p=UQ= s=j O}rwDR=@ RmQt
"OvDUy nQR@ O=Oa= %M;M 0

uDiQo Q_v QO =@ =Q xr�Ut 'xOW h} QaD s}tYD |=yQ}eDt w =yQDt=Q=B x@ xHwD =@
CQwYx@ Q=@v= w O}rwDR=@ 'x]U=w 'xOvvmO}rwD Rm =Qt w =yOL=w R= l} Qy |=Q@ C}iQ_

"s}vm|t |R=UpOt xJQ=Bl}

xr�Ut |[=} Q pOt "5
min z =

X
j

fjYj +
X
j

frjY Rj +
X
k

fckY Ck+
X
w

fawY Aw

+
X
j

X
w

capwXwjcjw +
X
w

X
i

X
s

cwipsihiXiw

+
X
i

X
s

X
k

X
j

c0rkjp0sihriXRijk

94



2/
1|

xQ=t
W'

33
�1

|xQ
wO'

�13
96

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt "s}kDUt u=} QH � xJQ=Bl} pOtQO xr�Ut pL R= pY=L xv}y@ G}=Dv "1 pwOH

Qy R= =[=kD <=[Q= syU
=[=kD |QDWt=yxOvvmO}rwD R= l}

11 9 5
0 0 15 15 1
0 10 0 10 2
0 3 9 12 3
0 15 3 18 4
0 0 5 5 5
0 19 5 24 6
4 1 6 11 7
15 1 0 16 8
5 8 0 13 9
22 0 0 22 10
19 0 0 19 11
20 0 0 20 12
85 57 43 185 pm
200 60 50 C}iQ_

C=aq]= "CU= xOW |Qw;`tH Twmat l}DUHr QO u=} QDWt =} u=oOvvmhQYt =}
"s}yO V}=tv �3 pmW� xm@W CQwYx@ s}v=wD|t =Q xr�Ut

|=yxv} Ry '=yp}]DUt R= l} Qy |q=@ QO xOW xO=O V}=tv O=Oa= 3 pmW QO
R}v =yp}]DUt R= l} Qy uwQO O=Oa= "OvQ=O|t u=}@ =Q p}yUD ẁv Q=yJ C@=F
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ẁ[wt u}= =t= 'OwW xO=O MU=B XNWt p}yUD l} \UwD O}=@ u=} QDWt R= l} Qy

xOvvmO}rwD Cq}yUD u=mt u}= Q@ xwqa "CU}v Q=QkQ@ xW}ty Twmat l}DUHr QO
2 w 1 pw=OH x@ xHwD "CUq=m Twmat w s}kDUt u=} QH u=}t|tm |x]@=Q x@ xDU@=w

"OR=U|t uWwQ QDW}@ =Q ẁ[wt u}=
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1. Re-manufacturing network
2. close-loop network
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