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xO=O u=Wv 1 pwOH QO xDiQo CQwY |=yVywSB R= |=xYqN [33]"Ov=xO=O VQDUo

"CU= xOW

53



u=Q=
mty

w|
t}Qm

=vwt/
"""u

}t- =D
xQ}H

vRx
iOy

OvJ
Q=wDU

=|
R=U

xv}y
@

"OvyO MU=B |QDWt |=[=kD x@ =D OvwW|t p=UQ= |QDWt j]=vt x@ `} RwD Rm =Qt
j]=vt R= �u=v CiQQOy� xOW xO=iDU= =} ?w}at CqwYLt 'Twmat u=} QH QO
Rm =Qt "OvwW|t p=UQ= |UQR=@/|Qw; `tH Rm =Qt j} Q] R= u=oOvvmO}rwD x@ |QDWt
Ovv=t |}=yC}r=ai w OvwW|t xO=iDU= Twmat p=v=m QO \ki |UQR=@/|Qw;`tH
`tH Rm =Qt QO CqwYLtCWoR=@ R=TB "OvyO|t s=Hv= =Q |R=U?DQt w uOQmlJ
|R=UR=@ |=yC}r=ai |=Q@ u=oOvvmO}rwD x@ Ci=} R=@ p@=k CqwYLt '|UQR=@/|Qw;
uiO |=yx=Q R= |m} "OvwW|t p=UQ= `iO Rm =Qt x@ C=a}=[ CqwYLt w xOW p=UQ=
C=v=w}L |=Q@ =Pe u=wvax@ Ci=} R=@ p@=k Q}e u=v R= xO=iDU= 'u=v `}=vY |=Q@ xr=@ R

"CU=
p@=k OQ=wt |UQQ@ R= TB w OwW|t |Qw;`tH |QDWt \UwD xOW hQYt u=v
Rm =Qt x@ xO=iDU= p@=kQ}e OQ=wt w OwW|t xO=O p=kDv= Ci=} R=@ Rm =Qt x@ 'Ci=} R=@
p@=k |=yu=v 'Ci=} R=@ Rm =Qt QO OOHt |UQQ@ R= Oa@ "OvwW|t pkDvt �s=Oyv=� `iO
p=kDv= 'OvDUy O}rwD Rm =Qt u=ty xm OOHt O}rwD Rm =Qt x@ w xOW p}O@D OQ; x@ Ci=} R=@

"Ov@=}|t

VywSB C=[wQit "2"3
&CU= u=v Ci=} R=@ w xR=D u=v O}rwD pw�Ut 'xOvvmO}rwD "1

T=U=Q@ w xDiQo CQwY |=yVywSB C=aq]= 'xDiQo CQwY Oy=wW T=U=Q@ "2
|O}rwD Rm =Qt x@ u=v CWoR=@ MQv 'CU= xOW xQ=W= CavY u}= QO xm |Q=t;

&CU= xOW xDiQo Q_v QO syO l}
&OwW|t u}t-=D |Di=} R=@ w |O}rwD CqwYLt =@ |QDWt |=[=kD "3

u}}aD V}B R= x}rND Rm =Qt pLt w �|QDWt |v=mt C}akwt� |QDWt j]=vt "4
&CU= xOW ZQi C@=F w xOW

Q}e w u�t]t=v |]}Lt CU} R ?wr]t=v C=QF= w =yxv} Ry '=[=kD |=yQDt=Q=B "5
&Ov=xOW xDiQo Q_v QO |a]k

"CU= |=xQwO lD xr-=Ut "6

xr�Ut |R=UpOt "4
xv} Ry |R=Upk=OL 'xDU@ xkrL u}t-=D xQ}HvR xr�Ut |R=UpOt QO hOy `@=D
pt=W xv} Ry hOy `@=D "CU= |]}Lt CU} R ?wr]t=v C=QF= |R=Upk=OL w pm
|=yxv} Ry 'O}rwD |=yxv} Ry '|UQR=@/|Qw;`tH w `} RwD 'O}rwD Rm =Qt Q=QkDU=|=yxv} Ry
R= pY=L Ot;QO 'u}vJty "OW=@|t |UQR=@ w `iO xv} Ry 'pkvwptL w |Q=OQ=@v=
'hOy `@=D xm |t=ovy "CU= xOW ^=Lr pOt u}= QO |DWoR=@ CqwYLt VwQi
u} QDtm 'OvQ}ov Q=Okt =yQ}eDt R= l} I}y xm |v=tR 'OW=@|t xv} Ry uOQm pk=OL
u}= x@ |DWoR=@ CqwYLt VwQi R= pY=L Ot;QO =t= "CW=O s}y=wN =Q xv} Ry
hOy `@=D "OwW |Q}owrH =yQ}eDt Q}O=kt uOW QiY R= xm CU= xOW ^=Lr p}rO
'Rm =Qt Q=QkDU= |]}Lt CU} R ?wr]t=v C=QF= pt=W |]}Lt CU} R ?wr]t=v C=QF=
C=QF= 'Rm =Qt u}@ CqwYLt �pkvwptL� |}=Hx@=H |]}Lt CU} R ?wr]t=v C=QF=
'u}vJty "CU=|UQR=@/|Qw;`tH w `} RwD 'O}rwD =@\@DQt|]}LtCU} R ?wr]t=v
xOW ^=Lr pOt u}=QO |DWoR=@ CqwYLt R= pY=L |]}Lt CU} R |} wHxiQY

"CU=
QO 'CU= xOWv xDiQoQ_v QO |R=UpOt QO s}kDUt Qw]x@ u=v |Q}PBO=Ui xJQo =
=} w Rm =Qt C}iQ_ =@ O}=@ Rm =Qt u}@ xOW =Hx@=H pwYLt Q=Okt sHL xm ẁ[wt u}=

|R=Uxv}y@ OQm} wQ =@ \rDNt xDU@ xkrL u}t-=D xQ}HvR xm@W |L=Q] |=Q@ |]}Lt
"OwW|t x�=Q= Q=wDU=

w xOw@ |a]k CQwYx@ =yQDt=Q=B xty xm CU= xOW ZQi =OD@= 'pOt u}= QO
xwqa 'OQ=O OwHwC}a]k sOa|ak=w |=}vO QO xm|}=Hv; R= "OQ=O OwHwpt=m u=v}t]=
uwJ |}=yQDt=Q=B 'pkvwptL '|Q=OQ=@v= 'O}rwD |=yxv} Ry '=[=kD uwJ |}=yQDt=Q=B Q@
|} wHxiQY 'pkvwptL w |Q=OQ=@v= 'O}rwD R= pY=L |]}Lt CU} R ?wr]t=v C=QF=
QO |a]k Q}e CQwYx@ R}v |DWoQ@ CqwYLt R= pY=L Ot;QO w |]}Lt CU} R
'pOt "OwQ|t Q=tW x@ VywSB u}= |=y|Qw;wv R= |m} 'Qt= u}= "Ov=xOW xDiQo Q_v
|mUiwQ}tv w p=Du@ VwQ xDi=}xaUwD xm u=Q=mty w |}=wW}B Q=wDU= VwQ T=U=Q@
QO "CU= xDiQo Q=Qk |UQQ@ OQwt C}a]k sOa w |a]k \}=QW wO QO 'OW=@|t
OQm} wQ l} 'u=v xDU@ xkrL u}t-=D xQ}HvR xiOy OvJ Q=wDU= pOt pL |=Q@ 'C}=yv
QO =@� C}a]k sOa w |a]k \}=QW wO QO |v}Uy w |@=QD VwQ Q@ |vD@t |rt=aD

"CU= xOW xO=O xaUwD �hrDNt |=yC}a]k sOa uDiQo Q_v

|O=yvW}B VwQ "3
KQ] Q_v R= w |OQ@ Q=m 'j}kLD hOy ẁv Q_v R= j}kLD VwQ 'Q[=L VywSB QO
'u}vJty "OW=@|t |OQwt 'xar=]t ẁv R= w |i}YwD '=yxO=O |Qw;OQo xwLv w j}kLD
|v; CQwYx@ =yxO=O u}= "Ov=xOW |Q}oxR=Ov= |tm CQwYx@ Q[=L VywSB |=yxO=O
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xkrL u}t-=D xQ}HvR |R=UpOt x@ =OD@= xm CU= CQwY u}= x@ Q[=L VywSB
x�=Q= |O=yvW}B Q=wDU= |R} Qxt=vQ@ VwQ 'TBU "CU= xOW xDN=OQB |O=yvW}B xDU@

"OQ}o|t CQwY R}v C}a]k sOa \}=QW QO |R=UpOt w OOQo|t

|R=UpOt w xr�Ut K} QWD "1"3
u=Wv u=v CavY QO |UQQ@ OQwt xDU@ xkrL u}t-=D xQ}HvR R= |=xm@W '1 pmW QO
'`} RwD Rm =Qt 'u=oOvvmO}rwD pt=W xm xDU@ xkrL u}t-=D xm@W l} "CU= xOW xO=O
u=} QH QO "CU= xOW |L=Q] 'OW=@|t |QDWt j]=vt w |UQR=@/|Qw;`tH Rm =Qt
R= w `} RwD Rm =Qt x@ �O}rwD Rm =Qt� u=oOvvmO}rwD R= '�u=v� O}OH CqwYLt 'wQV}B

"|DavY u=v xDU@ xkrL u}t-=D xQ}HvR xm@W "1 pmW
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|=[=kD x@ |} woNU=B |=Q@ xOvvmO}rwD l} \UwD xOW O}rwD Q=Okt %8 C}OwOLt
&CU= u; Q@=Q@ =} QDV}@ 'Twmat u=} QH R= |Di=} R=@ |=yO}rwD Q}O=kt R= |QDWt

ptL |QDWt j]=vt x@ `} RwD Rm =Qt R= xm |rwYLt Q=Okt %10 w 9 |=yC}OwOLt
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Rm =Qt x@ u=wD|tv =Q |DWoR=@ pwYLt I}y w OQm p=UQ= j `} RwD RmQt x@ u=wD|tv

&OW=@ xOW O=H}= Rm =Qt u; xmu; Qot 'OQm p=UQ= |UQR=@/|Qw; `tH
&=yv; =@ Q_=vDt |Q}os}tYD |=yQ}eDt l} w QiY C}OwOLt %11 C}OwOLt

&=yv; =@ Q_=vDt |Q}os}tYD |=yQ}eDt |ivtQ}e C}OwOLt %12 C}OwOLt
|UQR=@/|Qw;`tH Rm =Qt R=|DWoQ@ u=v pwYLtOL=wl}pkv wptL xv} Ry %13 x]@=Q

"i u=v O}rwD Rm =Qt x@ l u=v

�|=x@aH |v}at=v� C}a]k sOa =@ xH=wt "1"4
w |R=UpOt Q@ u; Q}F-=D uDiQo Q_v QO w =[=kD QO C}a]k sOa =@ xyH=wt |=Q@
|r=tDL= CQwYx@ =yQDt=Q=B uOQm ^=Lr =} w |R=U|R=i R= u=wD|t 'pL VwQ
VywSB u}= QO 'C}ak=w x@ QDV}@ |m}ORv p}rO x@ 'p=L u}= =@ [22]"OQm xO=iDU=
'lJwm O=a@= =@ p�=Ut QO |=x@aH |v}at=v pwY= w Q=wDU= |R=Uxv}y@ OQm} wQ R=
|@OLt |R=Uxv}y@ p�=Ut '|mUiwQ}tv w p=Dv@ "CU= xOW xO=iDU= nQR@ w \UwDt
x@ jraDt \ki w OvwW|tv XNWt j}kO Qw]x@ =yxO=O u; QO xm OvOQm xar=]t =Q
|=yxO=O umtt Q}O=kt xty |=Q@ O}=@ =yC}OwOLt =t= 'OvDUy u}at=v xawtHt l}
|[}@ pmW x@ xawtHt Qo = OvO=O u=Wv =yv; [34]"OvW=@ Q=QkQ@ xawtHt u; x@ jraDt
Ovv=t '|twta ?OLt |R=Uxv}y@ p�=Ut u} QDsyt R= |NQ@ |=Q@ x=ou; 'OW=@ |v}at=v
'u; =@ Q_=vDt Q=wDU= ?OLt |R} Qxt=vQ@ w l}D=QO=wm |R} Qxt=vQ@ '|]N |R} Qxt=vQ@
j}kLD u}= QO [34]"OvW=@|t pL p@=k xr�Ut l} '|@} QkD x=wN 'OW=@ j}kO x=wN
ZQi =@ 'OQm} wQ u}= QO "CU= xOW xO=iDU= |mUiwQ}tv w p=D u@ Q=wDU= OQm} wQ R=
|=ysD} Qwor= 'OvDUy C}a]k sOa |=Q=O |w[}@ |=yxawtHt QO =yxO=O xmv}=
xOW x�=Q= =yxO=O C}a]k sOa CLD ?OLt |R=Uxv}y@ p�=Ut pL |=Q@ |}=Q=m
|]wQNt wO xHQO ẁv R= 'VwQ u}= R= xOt; CUO x@ Q=wDU= |=y|Ov@pwtQi "CU=
Q=wDU= pOt 'OwOLt ?wJQ=yJ l} QO xm OvO=O u=Wv u=Q=mty w p=D u@ "OvW=@|t
OwW p}O@D |vOW |rO=aD xr�Ut l} x@ |vOWv u=Qm}@ xt}v xr�Ut l} R= Ov=wD|t
pOt 'QDU} wU "OwW|t u} Ro}=H Uext Q=Ov=Qm xawtHt x@ Ubox xawtHt u; QO xm
=Q |OwQw |=yxO=O xty |=Q@ xHwt ?=wH u} QDy@ xm OQm x�=Q= =Q |]N |R=Uxv}y@
[35]"OQ}o@ =Q xR=@ l} R= |Q=Okt Qy Ov=wD|t |OwQw xO=O Qy xm |Qw]x@ 'OyO|t
"OvDUy xv=Q=mx_i=Lt OL R= V}@ xm OQ=O p}=tD |}=y?=wH uDi=} x@ OQm} wQ u}=
|ov}y@ R= OQm} wQ u}= QO '?=wH uOw@ Q=O}=B R= u=v}t]= |=Q@ xm |vat u}= x@
xOWv xO=iDU= OQm} wQ u}= R= p}rO u}ty x@ "s} wW|t QwO Q=}U@ |tU= xr�Ut
x]@=Q QO |a]k |R=Uxv}y@ p�=Ut |=Q@ |@=QD w |v=@ Q '|}=wW}B 'p=Ft u=wvax@ "CU=

%14
Min cx+ d

s:t:Ax � b (14)

h} QaD 15 x]@=Q CQwYx@ =Q \@DQt u}at=v |]N |R=Uxv}y@ xr�Ut 'u}vJty
[36]%OvOQm

u=tR qwtat 'xwqax@ "CU= xOW ^=Lr 'OW=@ xDW=O |v=wNty |QDWt |=[=kD =@
"OOQo|t |Qw;`tH u; R=TB wCU= RwQ 10 � 7 COt x@ w x=Dwm|DavY u=v hQYt
C=aq]= R}v w |R=UpOt QO 'CU= |Q}PBO=Ui xOvyO u=Wv xm |v=tR xQHvB u}=
QO s}kDUtQ}e Qw]x@ u=v |Q}PBO=Ui xr�Ut 'u}vJty "CU= xOW ^=Lr |OwQw
xv} Ry uOQm pk=OL w |]}Lt CU} R ?wr]t=v C=QF= uOQm pk=OL hOy `@=D wO

"CU= Q=PoQ}F-=D
MinZZ1 �= P

i
FPiPi +

P
j
FDjDj +

P
l
FClZl+P

i

P
j
CPijXij +

P
j

P
j
CDjkYjk

+
P
k

P
l
CCklWkl +

P
l

P
i
CMliVli �P

l

P
i
SRliVli

(1)

MinZZ2 �= P
i
efmiPi +

P
j
efdjDj +

P
l
efclCl+P

j

P
k
etpijXij +

P
j

P
k
etdjkYjk

+
P
k

P
l
etkklWkl +

P
L

P
i
etcliVli �P

i

P
j
etiliVli

(2)

=yC}OwOLtX
j

Yjk � DDk 8k (3)X
l

Wkl � RDk 8k (4)X
j

Xij � KKi � Pi 8i (5)X
i

Xij =
X
k

Yjk 8j (6)X
i

Vli � (1� rc)�X
k

Wkl 8l (7)X
j

Xij � (1� rp)�X
l

Vli 8i (8)X
k

Yjk � Capdj � dj 8j (9)X
k

Wkl � Capcl � Zl 8l (10)

PiDjZl 2 f10g 8i; j; l (11)

XijYjkWklVli � 0 8i; j; k; l (12)

CMli =

CQl+rc�CRl+(1� rc)� CNi + rp� CTi + (1� rp)�CSi
(13)

,qt=m O}=@ |DWoR=@ CqwYLt w u=} QDWt xty |rm |=[=kD %4 w 3 C}OwOLt
&OvW=@ VN@C}=[Q

QD=Qi u; C}iQ_ R= Ov=wD|tv xOvvmO}rwD l} \UwD |O}rwD Q=Okt pm %5 C}OwOLt
RmQt xmu; Qot 'O=DUQi i xOvvmO}rwD R= u=wD|tv =Q |rwYLt I}y 'u}vJty "OwQ

&OW=@ xOW O=H}= O}rwD
|Di=} QO Q=Okt R=V}@ Ov=wD|tv `} RwD RmQt R=|r=UQ= CqwYLt Q=Okt %6C}OwOLt

&OW=@ xOvvmO}rwD R=
RmQt l} R= p=UQ= xO=t; w xOW |UQQ@ CqwYLt Q=Okt pm %7 C}OwOLt
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Q=wDU
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xv}y
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cx � z � fy
8c 2 UcBoxjUcBox =�
C 2 Rnc :

��Ct � Ct�� � pcGct 8tf1; : : : ; nc	 (26)

|t=tD xm|Qw]x@ 'CU= |a]kQ}e |=yQDt=Q=B Q=OQ@ pt=W 26C}OwOLtAJCtU
CQwYx@ q=@ xrO=at=v |vOW sQi 'u} Q@=v@ "OvDUy |a]k CU=Q CtU |=yQDt=Q=B

"OwW|t xDWwv Q} RX
t

� �CtXt � �t� � z � fy
�cGctXt � �t 8t 2 f1; : : : ; ncg
�cGctXt � ��t 8t 2 f1; : : : ; ncg (27)

%s} Q=O 20 |w=Ut=v |=Q@ x@=Wt Qw]x@
aix � di 8i 2 f1; : : : ; ndg
8d 2 UdBox

���UdBox =n
d 2 Rnd :

��di � �di
�� � �dGdi ; i = 1; : : : ; nd

o
(28)

%OQm |U} wvR=@ Q} R KQW x@ =Q u; u=wD|t xm
aix � �di + �dGdi 8i 2 f1; : : : ; ndg (29)

C}OwOLt p}O@D |=Q@ =Q UBox x}r= |yDvt \=kv |Q}oQ=mx@ =@ u=wD|t 'u}vJty
%s} Q=O Qw_vt u}= |=Q@ "O=O xaUwD 'j}kO VwQ x@ pL p@=k |=y|w=UD x@ 21 |w=UD
HjX = rj ; 8j 2 f1; : : : ; nrg
8r UrBoxjUrBox =�
r 2 Rnr : jrj � �rj j � �rGrj ; j = 1; : : : ; nr	 (30)

Ov=wD|t q=@ QO xOW u=}@ u}at xt}v |=y|w=UD 'UBox x}r= |yDvt \=kv ltm =@
%OvwW p}O@D Q} R j}kO VwQ x@ pL p@=k |=y|w=Ut=v x@

HjX � �rj � �rGrj 8j 2 f1; : : : ; nrg
HjX � �rj + �rGrj 8j 2 f1; : : : ; nrg (31)

Q} R KQW x@ Ov=wD|t pOt Q=wDU= Q=DN=U 'xDiQo CQwY C=Q}}eD x@ xHwD =@ 's=Hv=QU
%OwW xDWwv

Minz

s:t:
X
t

� �CtXt � �t� � z � fy
�cGctXt � �t 8t 2 f1; : : : ; ncg
�cGctXt � ��t 8t 2 f1; : : : ; ncg
HjX � �rj � �rGrj 8i 2 f1; : : : ; ndg
HjX � �rj � �rGrj 8j 2 f1; : : : ; nrg
Nx = 0 8j 2 f1; : : : ; nrg
Mx � 0
Bx � Cy
y 2 f01g ; x 2 R+ (32)

Min cx+ d

s:t: Ax � b
c; d; A; b 2 U (15)

"Ovvm|t Q}}eD U ZwQit u}at=v xawtHt QO A 'b 'c 'd |=yQDt=Q=B 'pOt u}= QO
Q}O=kt xty |=Q@ Qo = 'OW=@|t xr�Ut u}= |=Q@ umtt Q=wDU= MU=B l} 'X Q=OQ@ l}
xr�Ut u}= Q=wDU= xNUv 'u}=Q@=v@ "Ovm jOY =yC}OwOLt QO U u}at=v xawtHt

%OW=@|t 16 x]@=Q CQwYx@
Minfbc (x) = sup (c; d; A; b 2 U) [ cxj+ d] : Ax � b
8c; d; A; b 2 U (16)

"OW=@ |t 15 xr�Ut x@ xv}y@ Q=wDU= MU=B l} '14 xr�Ut x@ xv}y@ MU=B l}
u}t[D w xOQm xOQw;Q@ =Q =yC}OwOLt '=yxO=O umtt Q}O=kt xty |=Q@ |NU=B u}vJ
l} 16 xr�Ut '=Hv}= QO "OW=@v ĉ(x) R= QDO@ hOy `@=D xv}y@ Q=Okt xm Ovm|t
|D=@U=Lt Q_v R= xm OUQ|t Q_v x@ w xOw@ OwOLt=v xt}v |]N |R=Uxv}y@ xr�Ut
u}at=v |=yxawtHt R= |Q=}U@ |=Q@ 'p=L u}= =@ "OW=@ j}kO VwQ x@ pL p@=kQ}e
p@=k ?OLt |[=} Q xr�Ut l} Q=wDU= xNUv pOt "OQ=O OQ@ Q=m xDUw}B w ?OLt
"CU= |]NQ}e l}D=QOQ=wm xr�Ut l} =} |]N |R=Uxv}y@ l} ,qwtat 'pL
|xR=@ l} QO u}at=v |=yQDt=Q=B u}= R= l} Qy OwW|t ZQi Cr=L u}= QO
u=}@ 17 x]@=Q CQwYx@ xR=@ u}= |rm pmW "Ovvm|t Q}}eD XNWt w OwOLt

%OwW|t
uBox =

�
� 2 Rn :

���t � �t�� � �Gt t = 1; : : : ; n	 (17)

�|Oa@n Q=OQ@� � Q=OQ@ s=t QDt=Q=B u=wvax@ � R= |tU= Q=Okt l} �t jwi CQ=@a QO
"OyO|t V}=tv =Q |v}at=v K]U � � 0 w |v}at=v T=}kt Gt C@Ft Q}O=kt w
OQwt l} =@ Q_=vDt xm OQm h} QaD =Q Gt = �t u=wD|t 'X=N OQwt l} QO
� xR=Ov= x@ 'OQ}o|t Q@ QO =Q �t xm |=xR=@ |tU= |=yxO=O R= h=QLv= w CU= xO=U
h} QaD Q} R \@=wQ CQwYx@ xOQWi pOt Q=wDU= pO=at 'q=@ C=L}[wD j@] "CU=

%OwW|t
Minz (18)

s:t:fy + cx � z 8c 2 UcBox (19)

Ax � d 8d 2 UdBox (20)

Hx = r 8r 2 UrBox (21)

Nx = 0 (22)

Mx � 0 (23)

Bx � Cy (24)

y 2 f0; 1gx 2 R+ (25)

l} x@ Ov=wD|t xr�Ut Q=wDU= xNUv 'CU= xOW OwOLt Q_v OQwt xR=@ xm OQwt u}= QO
xawtHt l} =@ UBox u; QO xm OwW p}O@D j}kO VwQ x@ pL p@=k pO=at pOt
V}=tv |=Q@ "OwW|t u} Ro}=H 'CU= UBox |RQt \=kv pt=W xm Uext OwOLt
"Ov@=} Q}}eD pO=at x@ 25 =D 18 |=yC}OwOLt O}=@ Q=wDU= xOQWi pOt 4sQv pmW

%s} Q=O 18 CQ=@a |=Q@ 'u}=Q@=v@
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l2L
Wkl � RDk + �RDGRDk 8k 2 K (48)

X
j

Xij � KKi � Pi 8i (49)X
i

Xij =
X
k

Yjk 8j (50)X
i

Vli � (1� rc)�X
k

Wkl 8l (51)X
j

Xij � (1� rp)�X
l

Vli 8i (52)X
k

Yjk � Capdj � dj 8j (53)X
k

Wkl � Capcl � Zl 8l (54)

Pi; dj ; Zl 2 f1; 0g 8i 2 I; 8j 2 J; 8l 2 L (55)

Xij ; Yjk;Wkl; Vli; �cpij ; �
cd
jk; �

cc
kl ; �

cn
li ; �

sr
li ; �

etp
ij ; �

etd
jk ; �

etk
kl ; �

etc
li �0

(56)

|rt=aD |R=i |R} Qxt=vQ@ pL OQm} wQ "3"4
CQwY |=yVywSB QO xiOy OvJ|]N |R} Qxt=vQ@ |=ypOt pL |=Q@ VwQ u}OvJ
x@ |=xOv}=Ri Qw] x@ |R=i |R} Qxt=vQ@ |=yOQm} wQ =yv; u}@ R= xm OQ=O OwHw xDiQo
xHQO OvDUy QO=k xm CU= u}= |R=i |=yOQm} wQ |xOta C} Rt "Ov=xOW xDiQo Q=m
x@ Ov=wD|t ẁ[wt u}= "Ovvm |Q}oxR=Ov= K} QY CQwYx@ =Q hOy `@=D Qy `=vk=
|L}HQD |=Q=m ?=wH l} ?=NDv= =@ =Q |}=yv s}tYD =D Ovm ltm u=oOvQ}os}tYD
'utQt} R "OvQ}o@ hOy `@=wD R= l} Qy �|@Uv C}ty=� K}HQD w `=vk= xHQO j@] Q@
xiOy OvJ p�=Ut pL |=Q@ =Q u}t Tmt OQm} wQ x@ swUwt |R=i OQm} wQ u}rw=
OQmrta [37]"OW=@v Ot;Q=m OQm} wQ u}= G}=Dv CU= umtt 'OwHw u}= =@ "O=O xaUwD
u}= =@ "Ovm|t RmQtD C} w[a xHQO pk=OL |R=UQFm =OL |wQ Q@ =yvD 'xO=R min

xHQO =@ h=Oy= u}@ Ov=wD|tv |va} "CU}v |v=Q@H Qorta l} 'Qorta u}= 'p=L
'u}=Q@=v@ "OyO s=Hv= pO=@D xO@ u}}=B C} w[a xHQO =@ h=Oy= p@=kt QO q=@ C} w[a
|=Q@ |Qo}O |=Q=m |v=Q@H |=yQorta R= QDy@ G}=Dv |wHDUH w xr�Ut u}= pL |=Q@
|=Q@ VwQ u}OvJ 'TBU "CU= xOW xO=iDU= |R=i |R} Qxt=vQ@ QO hOy `@=wD s}_vD
s}rU [39]'�5|R=i w� Qorta RQvQw xvwtv |=Q@ [38]"OW O=yvW}B |}=Q=m =v u}= hPL
OQm} wQ l} |v}Uy w |@=QD w [40]RQvQw OQm} wQ R= O}OH xNUv l} u=y=Q=mRw= w
'VywSB u}= QO "OvOQm O=yvW}B utQt} R OQm} wQ ha[ Q@ x@re |=Q@ |=xrLQt lD

[41]"CU= xOW xO=iDU= hOy `@=wD s=eO= |=Q@ (TH) |v}Uy w |@=QD OQm} wQ R=
�2008� |v}Uy w |@=QD OQm}wQ "1"3"4

w |@=QD xm xiOyOvJ p�=Ut pL u}W}B |=yOQm} wQ R= |OOa |=y|UQQ@ T=U=Q@
|=yVwQ u}@ R= "OwW|t u=}@ =yOQm} wQ u}= QO |}=y|}=Q=m =v 'Ov=xO=O s=Hv= |v}Uy
l} =@ =yvD =Q |rY= xr�Ut xm �s}rU VwQ w nv=wy w |q VwQ� |=xrLQt l}
wO VwQ =@ xU}=kt QO |y=o nv=wy w |q VwQ 'Ovvm|t pL |mtm |a]k pOt
qwtat R}v s}rU VwQ "Ovm|t O}rwD |Ot;Q=m =v |=y?=wH 'u=Q=mty w |r |=xrLQt
`=vk= xHQO xm|Qw]x@ "Ovm|t x�=Q= =Q |vR=wDt=v w h}a[ |=xLr=Yt =t= '=Q=m pLx=Q
u=oOvQ}os}tYD Q_v R= ?re= xm OvQ=O Qo}Om} =@ |=x_Lqt p@=k Cw=iD hOy `@=wD
O}rwD =Q=m pL x=Q l} xW}ty u=Q=mty w |r |=xrLQt wO VwQ "CU= pw@k p@=kQ}e

|O=yvW}B Q=wDU= |R} Qxt=vQ@ OQm}wQ "2"4
|=yQDt=Q=B uDiQo Q_v QO w � C@=F uOwRi= =@ 'sRq C=Q}}eD |R=UxO=}B |=DU=Q QO
'C}a]k sOa CQwYx@ =[=kD w |]}Lt CU} R ?wr]t=v C=QF= 'xv} Ry x@ \w@ Qt

%OwW|t h} QaD Q} R CQwYx@ xOW Q=wDU= pOt
MinZZ1 (33)

MinZZ2 (34)

Subject to :P
i
FPiPi +

P
j
FDjdj +

P
l
FClZl +

P
i

P
j

(CP ijXij + �cpij )

+
P
j

P
j

(CDjkYjk + �cdjk) +
P
k

P
l

(CCklWkl + �cckl)+P
l

P
i

(CN liVli + �cnli )�P
l

P
i

(SRliVli � �srli )

(35)P
i
efmiFi +

P
j
efdjFj +

P
l
efclFl +

P
j

P
k

(etpijXij + �etpij )

+
P
j

P
k

(etdjkYjk + �etdjk ) +
P
k

P
l

(etkklWkl + �etkkl )

+
P
i

P
j

(etcliVli + �etcli )�P
i

P
j

(etiliVli + �etili )

(36)

�cpGcpij xij��
cp
ij 8i 2 I; 8j 2 J

�cpGcpij xij���
cp
ij 8 2 I; 8j 2 J (37)

�cdGcdjkyjk��cdjk 8j 2 J; 8k 2 K
�cdGcdjkyjk���cdjk 8j 2 J;8k 2 K (38)

�cnGcnli vli��cnli 8l 2 L; 8i 2 I
�cnGcnli vli���cnli 8l 2 L; 8i 2 I (39)

�cnGcnli vli��cnli 8l 2 L; 8i 2 I
�cnGcnli vli���cnli 8l 2 L; 8i 2 I (40)

�srGsrli vli��srli 8l 2 L; 8i 2 I
�srGsrli vli���srli 8l 2 L; 8i 2 I (41)

�etpGetpij xij��
etp
ij 8i 2 I; 8j 2 J

�etpGetpij xij���
etp
ij 8i 2 I; 8j 2 J (42)

�etdGetdjk yjk��etdjk 8j 2 J; 8k 2 K
�etdGetdjk yjk���etdjk 8j 2 J;8k 2 K (43)

�etkGetkkl wkl��etkkl 8j 2 J;8k 2 K
�etdGetdjk yjk���etdjk 8j 2 J;8k 2 K (44)

�etcGetcli vli��etcli 8l 2 L; 8i 2 I
�etkGetkkl wkl���etkkl 8l 2 L; 8i 2 I (45)

�etcGetili vli��etili 8l 2 L; 8i 2 I
�etcGetili vli���etili 8l 2 L; 8i 2 I (46)X
j2J

Yjk � DDk + �DDGDDk 8k 2 K (47)
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[43w42]"pOt |a]k |=yQDt=Q=B Q=Okt "2 pwOH
Q=Okt O=tv Q=Okt O=tv

Uniform (100; 200) SRli 1000 FPi
Uniform (50; 70) efmi 300 FDj
Uniform (20; 25) efdj 400 FCl
Uniform (20; 25) efcl Uniform (50; 100) CPij
Uniform (3; 12) etpij Uniform (50; 100) CDjk
Uniform (2; 8) etdjk Uniform (40; 46) CCkl
Uniform (1; 4) etkkl Uniform (50; 100) CNli
Uniform (2; 8) etcli 1 CQl
Uniform (4; 20) etili 1 CRl

1200000 C 1 CSi
1 CTi

[42]"pOt |a]k |=yQDt=Q=B Q=Okt "3 pwOH
DDk RDk KKi Capdj Capcl O=tv

110000 400000 7640000 400000 90000

Q=Okt

150000 10000 74000 400000 90000
120000 9560 60000 400000 90000
145000 88540 500000 400000 90000
160000 3300 650000 400000 90000
135000 5500 400000 400000 90000
120000 20000 400000 90000
165000 33525 400000 90000
150000 33000 400000 90000
140000 9800 400000 90000

C=QF=|@=} RQ= |=Q@ "CU= xOW xDiQo Q_v QO |R=i O=Oa= |QDWt xk]vt Qy QO|DWoQ@
"CU= xOW xO=iDU= Eco� indicator99 VwQ R= |]}Lt CU} R ?wr]t=v

u}OvJ 'xiOyOvJ Q=wDU= xDU@ xkrL u}t-=D xQ}HvR pOt OQmrta |@=} RQ= |=Q@
"CU= xOW VQ=Ro VN@ u}= QO \@DQt G}=Dv w xOW |R=UxO=}B |OOa V}=tR;
|=Q@ w xOW xDiQo Q_v QO hrDNt |=yxR=Ov= =@ uwtR; xr�Ut Q=yJ 'Qw_vt u}= |=Q@
"CU= xOW |Q}oxR=Ov= hrDNt u=v}t]= sOa K]U xU QO =yV}=tR; xR=Ov= Qy
pL |tU= |=yxO=O CLD 'Q=wDU= w |a]k |=ypOt =OD@= "(� = 0=2; 0=5; 1)

|=y`} RwD R= xO=iDU= =@ w |iO=YD CQwYx@ |tU= |=yxO=O R= |NQ@ "OvwW|t
sOa K]U Qy Q} R QO 'TBU "OvwW|t O}rwD 2 pwOH QO xOW XNWt |iO=YD
x]w@ Qt C}a]k sOa xawtHt QO CN=wvm} Qw] x@ |iO=YD xawtHt GvB 'C}a]k
OQmrtap}rLD w x} RHD |=Q@ �+�G|tU=VRQ= w ��G|tU=VRQ=� OvOQo|t O}rwD
`@=D wO Qy "CU= xOW O=yvW}B Q=wDU= w |a]k |=ypOt 'xOt; CUO x@ |=ypLx=Q
R= xO=iDU= =@ xm Q=wDU= w |a]k \}=QW wO Qy QO |]}Lt CU} R C=QF= w xv} Ry hOy
"CU= xOW u=}@ pwOH QO zz CQwY x@ 'Ov=xOW s=eO= (TH)|v}Uy w|@=QD VwQ
w GAMS 24=9 Q=Ri=sQv R= xO=iDU= =@ xr�Ut Q=wDU= w |a]k pOt wO Qy
wO "CU= xOW pL RAM4 w CPU CORIE7 xOvR=OQB =@ xv=}=Q R= xO=iDU= =@
|=QH= u}L QO hOy OQmrta |=yVRQ= Q=}at h=QLv= w u}ov=}t OQmrta XN=W
u=v}t]= sOa "CU= xOW xO=iDU= Q=wDU= w |a]k pOt wO Qy |@=} RQ= |=Q@ |iO=YD
u=v |=[=kD w u=v pwYLt |=[=kD u}vJty w |]}Lt CU} R C=QF= '=yxv} Ry |=Q@
sOa QO hOy `@=wD Q=}at h=QLv= w u}ov=}t '4 pwOH QO "CU= xOW ^=Lr |DWoQ@

|=xrLQt l} |=yVwQ x@ C@Uv |QDV}@ |D=@U=Lt u=tR x@ u=vJty =t= 'Ovm|t
xiOyOvJ \rDNt K}LY OOa |]N |=ypOt pL QO xS} w x@ xr�Ut u}= "OQ=O R=}v
hPL =@ |v}Uy w |@=QD 'CqmWt u}= pL |=Q@ "Ovm|t =O}B |QDV}@ C}ty=
QO "Ov=xO=O xaUwD Q} R CQwYx@ O}OH |=xrLQt lD OQm} wQ l} QwmPt |}=Q=m =v
VwQ u}= QO "CW=O Oy=wN |QD=Q=m |=y?=wH |v}Uy w |@=QD VwQ R= xO=iDU= '`k=w
uwRwt ẁtHt R= |@OLt ?}mQD '=yC} w[a xHQO st}v}t uOQm xv}W}@ |=H x@
xrY=i xm |Qw]x@ 'OwW|t st} Rm =t '=yC} w[a xHQO st}v}t w =yC} w[a xHQO

"OwW|t xv}tm u; p;xO}= Q=Okt R= hOy `@=wD u}@
max� (x) = 
�0 � (1� 
)

X
g

�g�g (Zg)

st : �0 � �g (Zg) g = 1; 2
x 2 F (x)

�; �0; 
 2 [0; 1] (57)

"OvyO|t u=Wv =Q u=Q@H ?} Q[ w hOy `@=D u}t=g C}ty= ?}DQD x@ '
 w �g
=Q hOy `@=wD `=vk= xHQO pk=OL '�0 = minf�g(Zg)g Q}eDt xv}y@ Q=Okt
|=xLr=Yt Q=Okt l} |wHDUH QO R}v OQm} wQ u}= `}tHD `@=D w OyO|t u=Wv
CQ=@a x@ "CU= 
 Q=Okt Q@ |vD@t xm xOw@ uwRwt `tH Qorta w min Qorta u}@
x@ xHwD =@ 
 w �g |=yQDt=Q=B Q=Okt |Q=mDUO =@ Ovv=wD|t u=oOvQ}os}tYD 'Qo}O
pk=OL 
 "OvUQ@ uR=wDt=v w uR=wDt |=xLr=Yt pLx=Q wO Qy x@ 'OwN C=L}HQD
u}= |=Q@ QDq=@ Q=Okt "Ovm|t pQDvm =Q h=Oy= u}@ xLr=Yt xHQO w h=Oy= `=vk= K]U
|=Q@ QDq=@ u}}=B u=Qm l} x@ |@=}DUO |=Q@ |QDW}@ C}ty= xm OyO|t u=Wv QDt=Q=B
|=ypLx=Q x@ |@=}DUO x@ Ov=wD|t Qt= u}= "s}DUy p�=k (�0) h=Oy= `=vk= xHQO
u=Wv QDt=Q=B u}= |=Q@ QDu}}=B Q=Okt 'p@=kt QO "Ovm ltm |QDuR=wDt |=xLr=Yt
|=Q@ QDq=@ `=vk= xHQO =@ pLx=Q l} x@ |@=}DUO |=Q@ |QDW}@ C}ty= xm OyO|t
O}rwD x@ QHvt Ov=wD|t Qt= u}= "s}DUy p�=k QDq=@ |@Uv C}ty= =@ h=Oy= |NQ@

 u}@ |Uwmat |oDU@ty xmCU= xHwD p@=k "OwW uR=wDt=v |=xLr=Yt |=ypLx=Q
|=Q@ 'u}=Q@=v@ "OQ=O OwHw (maxgf�gg�mingf�gg)�g Q=Okt C=Q}}eD xvt=O w
|=Q@ Ov=wD|t QDt=Q=B u}= xrY=i u}= QO xm OQ=O OwHw OwOLt |k]vt xrY=i l} 

'�g C=Q}}eD xvt=O nQR@ Q}O=kt |=Q@ 'p=Ft |=Q@ "OwW ?=NDv= 
 '�g u}at Q=OQ@ l}
u}= QO =Q} R "�0/3 R= QDmJwm qFt� OwW ?=NDv= lJwm Q=Okt l} CQwYx@ O}=@ 

[41]"CU= uR=wDt=v |=xLr=Yt pL x=Q l} =@ u=oOvQ}o s}tYD ?} Q[ K}HQD 'OQwt

G}=Dv w |R=UxO=}B "5
QO xm OvW=@|t `HQt |=yVywSB R= 'R}v VywSB u}= QO xOW xO=iDU= |=yxO=O
E=OL= |=yxv} Ry xO=O pt=W =yxO=O u}= "Ov=xOW xO=O u=Wv 3 w 2 |=ypwOH
"OvW=@|t Rm =Qt C}iQ_ w |QDWt |=[=kD 'Rm =Qt u}@ pkv w ptL |=yxv} Ry 'Rm =Qt
xDU@ xkrL u}t-=D xQ}HvR xr�Ut '|O=yvW}B pOt OQ@ Q=m w OQmrta uO=O u=Wv |=Q@
QO "CU= xOW x�=Q= VN@ u}= QO u; G}=Dv w xDiQo Q=Qk |UQQ@ OQwt |D=ar=]t OQwt
`tH RmQt 6 '`} RwD RmQt 10 'O}rwD RmQt 6 |=Q=O u}t-=D xQ}HvR xr�Ut 'VywSB u}=
pOt C}a]k sOa K]U "CU= u=} QDWt x]}L x@ \w@ Qt RmQt 10 w |UQR=@/|Qw;
|=[=kD u=wD|tv '=[=kD C=v=Uwv p}rO x@ "CU= xOW xDiQo Q_v QO � = 0=5 Q@=Q@
pwYLt Q=Okt w =[=kD 'u}=Q@=v@ "OQm |v}@V}B j}kO Qw]x@ =Q |QDWt xk]vt Qy
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"hrDNt xR=Ov= Q=yJ QO Q=wDU= w |a]k \}=QW QO QO |rm hOy `@=wD Q}O=kt "2 pmW

|a]k OQm} wQ 'OQ=wt Q}=U QO w Ovm|t x@re O=} R hqDN= =@ � = 1 w � = 0=5
nQR@ p�=Ut QO Q=wDU= |SD=QDU= OyO|t u=Wv G}=Dv 'u}vJty "OQ=O |QDy@ G}=Dv
wO u}= u}@ h=mW "OQ=O |QDy@ OQmrta '|a]k x@ C@Uv QDq=@ C}a]k sOa R}v w
?re= QO �Q=}at h=QLv= |=Q@ xS} w x@� OQmrta ?} Q[ wO Qy x@ xHwD =@ 'OQm} wQ
VwQ p}rLD QO� "O@=}|t V}=Ri= 'C}a]k sOa w xr�Ut xR=Ov= x@ xHwD =@ OQ=wt
QiY x@ VwQ u}= R= xOt; CUO x@ O=Oa= Q=Okt xJQy xm OQm xQ=W= u=wD|t TH

"�CU= xOW Q=QkQ@ |QDW}@ uR=wD h=Oy= u}@ =Q} R 'CU= QDy@ =y?=wH 'OW=@ QDl}ORv
hrDNt xR=Ov= Q=yJ QO Q=wDU= w |a]k \}=QW QO |rm hOy `@=wD Q}O=kt 2 pmW QO

"CU= xOW xO=O V}=tv
'C}iQ_ 'xv} Ry |=yQDt=Q=B xrtH R= syt |=yQDt=Q=B |wQ C}U=UL p}rLD
p}rLD G}=Dv "CU= xDiQo CQwY `iO MQv '|]}Lt CU} R ?wr]t=v C=QF= '=[=kD

"OW=@|t 7 |r= 5 pw=OH KQW x@ =yQDt=Q=B |NQ@ xDiQo CQwY |=yC}U=UL

C=O=yvW}B w |Q}oxH}Dv "6
O=wt w C=tLR w xOw@ Q@|SQv= Q=}U@ QwvD R= xO=iDU= =@ u=v O}rwD |DvU |=yVwQ
\ki w CU}v ?wN u=OvJ xOW xDNB u=v C}i}m 'xwqax@ "OyO|t QOy =Q |O=} R
QOy u; |=yCtUk QDW}@ w xOQm ^iL |y=Dwm u=tR COt |=Q@ =Q u; u=wD|t
QO w Ci=} R=@ =Q u; u=wD|t w CU= OvtWRQ= Q=}U@ xOW`}=[ u=v u}= "OwQ|t

|QwQ[ xDmv u}= QmP "CU= xOW x�=Q= hrDNt xR=Ov= Q=yJ QO Cw=iDt |=yC}a]k
|v=Um} C}i}m =yOQ; 'xOW p}O@D OQ; x@ |UQR=@ R= Oa@ |DWoQ@ |=yu=v xm CU=
Qw_vt x@ '=DU=Q u}ty QO "OvDU}v ?U=vt u=v O}rwD |=Q@ C}i}m Q_v R= |y=o w OvQ=Ov
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sD} Qwor= 'OvDUy NP-hard p�=Ut ẁv R= u}t-=D xQ}HvR xm@W |L=Q] p�=Ut xm

"OwW|t O=yvW}B nQR@ p�=Ut QO pOt pL Qw_vt x@ l}DvS

=yO=tv
pOt |=yxawtHt w =yT}Ov= �

&|DavY u=v u=oOvvmO}rwD |=Q@ xwkr=@ �|=yu=mt� Rm =Qt R= |=xawtHt %I
&|DavY u=v `} RwD Rm =Qt |=Q@ xwkr=@ �|=yu=mt� Rm =Qt R= |=xawtHt %J

&u=} QDWt Rm =Qt xawtHt %k
"|DavY u=v|UQR=@/|Qw;`tH Rm =Qt |=Q@ xwkr=@ �|=yu=mt� Rm =Qt R= |=xawtHt %L

=yQDt=Q=B �
&k xk]vt |QDWt |=[=kD %DDk

&k xk]vt |DWoQ@ u=v Q=Okt %RDk
&i Rm =Qt QO xOvvm O}rwD xwkr=@ C}iQ_ %KKi

&i |UQR=@/|Qw;`tH Rm =Qt QO |DWoQ@ u=v `iO MQv %rc
&j xOvvmO}rwD QO |DWoQ@ u=v `iO MQv %rp

&i xOvvmO}rwD Q=QkDU= C@=F xv} Ry %FPi
&j `} RwD Rm =Qt Q=QkDU= C@=F xv} Ry %FDj

&l |UQR=@/|Qw;`tH Rm =Qt Q=QkDU= C@=F xv} Ry %FCl
R= u=v OL=w l} ptL x=Qty x@ i O}rwD Rm =Qt QO u=v OL=w l} O}rwD xv} Ry %CPij

&j `} RwD Rm =Qt x@ i O}rwD Rm =Qt
`} RwD Rm =Qt R= u; p=kDv= w j `} RwD Rm =Qt QO u=v OL=w l} |Q=OQ=@v= xv} Ry %CDjk

&k |QDWt x@

sOa \}=QW QO Ot;QO w xv} Ry x@ \w@ Qt |=yQDt=Q=B C}U=UL p}rLD "7 pwOH
"C}a]k

QDt=Q=B uOW 0/5 QDt=Q=B uOW Q@=Q@ 4 QDt=Q=B uOW Q@=Q@ 2 QDt=Q=B
3=434374E + 8 3=434548E + 8 3=434448E + 8 FPi
3=434389E + 8 3=434452E + 8 3=434416E + 8 FDj
3=434388E + 8 3=434458E + 8 3=434418E + 8 FCl
2=597452E + 8 8=435276E + 8 5=099965E + 8 CPij
2=627548E + 8 8=247089E + 8 5=039776E + 8 CDjk
3=324028E + 8 4=078038E + 8 3=647675E + 8 CCkl
3=492033E + 8 3=492033E + 8 3=492033E + 8 CNli
3=432098E + 8 3=448202E + 8 3=439000E + 8 CQl
3=434168E + 8 3=435779E + 8 3=434858E + 8 CRl
3=432332E + 8 3=446822E + 8 3=438539E + 8 CSi
3=434168E + 8 3=435779E + 8 3=434858E + 8 CTi
3=492033E + 8 2=215523E + 8 3=101493E + 8 SRli

p}qO T=U=Q@ "OQm xO=iDU= |Q=Ot=O |=Q@ =Pe =} OQ; O}rwD Ovv=t hrDNt |=yx@vH
O}=@ xm Ovvm|t =i}= CavY u}= QO |tyt Vkv Twmat |=yu=} QH 'xOW QmP
xm@W |L=Q] xr�Ut 'VywSB u}= QO "OQ}o Q=Qk xHwD OQwt |Q}os}tYD Ov}=Qi QO
`i=vt R= xO=iDU= |=Q@ C}a]k sOa \}=QW CLD xiOyOvJ xDU@ xkrL u}t=D xQ}HvR
|R} Qxt=vQ@ pOt l} 'Qw_vt u}= x@ "O}OQo |UQQ@ |DWoQ@ |DavY u=v Ci=} R=@
OW xO=O xaUwD |DavY u=v u}t-=D xQ}HvR xr�Ut |L=Q] |=Q@ \rDNt K}LY OOa
ZQi =OD@= 'Qw_vt u}= |=Q@ "Ovm|t u}}aD =Q X}YND w |@=}u=mt |=ys}tYD xm
R= 's} Q=O Q=Qk pt=m u=v}t]= Cr=L QO w OvW=@ |a]k CQwYx@ =yQDt=Q=B xty OW
=Q OQ=wt xty u=wD|tv w xOw@ xyH=wt C}a]k sOa =@ |ak=w |=}vO QO xm |}=Hv;
'O}rwD |=yxv} Ry '=[=kD xrtH R= =yQDt=Q=B R= |NQ@ 'OQm |v}@V}B |a]k CQwYx@
?wr]t=v C=QF= R}v w |DWoQ@ CqwYLt R= pY=L Ot;QO w pkvwptL '|Q=OQ=@v=
xDiQo Q_v QO |a]kQ}e CQwYx@ |]}Lt CU} R |} wH xiQY w |]}Lt CU} R
Q=Qk |UQQ@ OQwt u; G}=Dv w O}OQo pL Q=wDU= |R=Uxv}y@ VwQ T=U=Q@ pOt w OW
QO "OW xU}=kt Qo}Om} =@ C}a]k sOa w |a]k Cr=L wO Qy QO pOt TBU "CiQo
|@=QD VwQ =@ w Cw=iDt C}a]k sOa xU CLD w hrDNt |=yxR=Ov= QO xr�Ut xt=O=
xH}Dv u=wD|t hOy `@=wD u}ov=}t R= pY=L G}=Dv R= xO=iDU= =@ "OW pL |v}Uy w
|=y?=wH x@ C@Uv |QD=Q=m w QDy@ |=y?=wH Q=wDU= Cr=L 'OQ=wt xty QO xm CiQo

"OQ=O |a]k

61



u=Q=
mty

w|
t}Qm

=vwt/
"""u

}t- =D
xQ}H

vRx
iOy

OvJ
Q=wDU

=|
R=U

xv}y
@x@ j `} RwD Rm =Qt R= u=v OL=w l} ptL |]}Lt CU} R ?wr]t=v C=QF= %etdjk

&k |QDWt
Rm =Qt x@ k |QDWt R= u=v OL=w l} ptL |]}Lt CU} R ?wr]t=v C=QF= %etkkl

&l |UQR=@/|Qw;`tH
|UQR=@/|Qw;`tH Rm =Qt R= u=v OL=wl}ptL|]}LtCU} R?wr]t=vC=QF= %etcli

&i O}rwD Rm =Qt x@ l
|UQR=@/ |Qw;`tH Rm =Qt R=|DWoQ@ u=v R=|W=v|]}LtCU} R|} wHxiQY %etili

"i O}rwD Rm =Qt x@ l
s}tYD |=yQ}eDt C=[wQit �

s}tYD |=yQ}eDt �
&QiY CQwY u}= Q}e QO w l} OW=@ xOW O=H}= O}rwD Rm =Qt Qo = %Pi

&QiY CQwY u}= Q}e QO w l} OW=@ xOW O=H}= `} RwD Rm =Qt Qo = %Dj
"QiY CQwY u}= Q}e QO w l} OW=@ xOW O=H}= |UQR=@/|Qw;`tH Rm =Qt Qo = %Zl

xDUw}B w K}LY OOa |=yQ}eDt �
&j `} RwD Rm =Qt x@ i xOvvm O}rwD R= xOW pkDvt u=v Q=Okt %Xij

&k |QDWt x@ j `} RwD Rm =Qt R= xOW pkDvt u=v Q=Okt %Yjk
&l |UQR=@/|Qw;`tH Rm =Qt x@ k |QDWt R= xOW pkDvt u=v Q=Okt %Wkl

&i O}rwD Rm =Qt x@ l |UQR=@/|Qw;`tH Rm =Qt R= xOWpkDvt u=v Q=Okt %Vli
"nQR@ OOa %M

/|Qw;`tH Rm =Qt x@ k |QDWt R= |DWoQ@ u=v OL=w l} pkvwptL xv} Ry %CCkl
&l |UQR=@

x@ l |UQR=@/|Qw;`tH Rm =Qt R= |DWoQ@ u=v OL=w l} pkvwptL xv} Ry %CNli
&i xOvvmO}rwD

&l |UQR=@/|Qw;`tH Rm =Qt QO u=v OOHt O}rwD OL=w l} xv} Ry %CQl
&l |UQR=@/|Qw;`tH Rm =Qt QO u=v x}rND OL=w l} xv} Ry %CRl

&i O}rwD Rm =Qt QO u=v OOHt O}rwD OL=w l} xv} Ry %CSi
&i O}rwD Rm =Qt QO u=v x}rND OL=w l} xv} Ry %CTi

&j u=v `} RwD Rm =Qt C}iQ_ %Capdj
&l u=v |UQR=@/|Qw;`tH Rm =Qt C}iQ_ %Capcl

&OwHwt uw}t=m C}iQ_ %C
|UQR=@/|Qw;`tH Rm =Qt QO `} RwD w |R=UR=@ OL=w Qy |=yxv} Ry ẁtHt %CMli

w ptL |=yxv} Ry w i O}rwD Rm =Qt QO `} RwD w OOHt O}rwD OL=w Qy |=yxv} Ry w l
&i xOvvmO}rwD x@ l |UQR=@/|Qw;`tH Rm =Qt R= |DWoQ@ u=v OL=w l} pkv

&|DWoQ@ u=v VwQi R= pY=L Ot;QO ẁtHt %SRli
&i u=v O}rwD Rm =Qt Q=QkDU= |]}Lt CU} R ?wr]t=v C=QF= %efmi

&j u=v `} RwD Rm =Qt Q=QkDU= |]}Lt CU} R ?wr ?wr]t=v C=QF= %efdj
&l u=v |UQR=@/|Qw;`tH Rm =Qt Q=QkDU= |]}Lt CU} R ?wr]t=v C=QF= %efcl

Rm =Qt x@ i xOvvmO}rwD R= u=v OL=w l} ptL |]}Lt CU} R ?wr]t=v C=QF= %etpij
&j `} RwD

=yCWwv=B
1. Epistemic Uncertainty
2. Mixed Integer Linear Programming (MILP)
3. Benders Dicomposition
4. Tractable Form
5. Fuzzy and

�References� `@=vt
1. FAO., 2016. Mediterra 2016: Zero waste in the Mediter-

ranean Natural Ressources, Food and Knowledge. Chap-
ter 13: Consumer Behaviour With Respect to Food
Losses and Waste. Albisu, L.M.

2. Azadbakht, N., Khosravinezhad, K. and Trahir, M.J.,
2008. Evaluation of a
atoxin contamination of bread
waste in Lorestan province. Yafte, 10, pp.87-96. [In Per-
sian].

3. Soleymani, M. and Omidi, H., 2013. Comparative study
of the bread industry of Malaysia and Iran (with empha-
sis on the educational system). Business Reviews. 11(59),
pp.47-58. [In Persian].

4. Javanbakht, H., Javanbakht, K. and Ansari, F., 2017.
E�ects of dry bread waste on environmental pollution.
International Conference on New Ideas in Agriculture,
Environment and Tourism, Ardabil. [In Persian].

5. Pashaee, V. and Haghnazari, S., 2019. E�ect of fermen-
tation and infrared and traditional baking methods on
reducing a
atoxin levels in Lavash bread. Food Industry
Research, 29(1), pp.43-52. [In Persian].

6. Karami, F., Omrani, Gh.A., Shoeybi, Sh., Tabaraei, B.,
Rahimifard, N. and Arjmandi, R., 2012. Investigation of
fungal contamination of recycled bread waste in areas 6
and 7 of Tehran Municipality. Iranian Journal of Medical
Microbiology, 6(3), pp.52-58. [In Persian].

7. Azizi, M.H. 2002., Investigating strategies to reduce
waste and improve bread quality. Department of Food
Science and Technology, Faculty of Agriculture, Tarbiat
Modares University, Institute of Nutritional Research
and Food Industry. [In Persian].

8. Linton, J.D., Klassen, R. and Jayaraman, V., 2007.
Sustainable supply chains: An introduction. Jour-
nal of Operations Management, 25(6), pp.1075-1082.
https://doi.org/10.1016/j.jom.2007.01.012.

9. Izadpanah, N., Mohamadi, V. and Aghayarmakouee, N.,
2018. A review of bread waste (the need to reduce bread
waste to increase productivity). Eleventh International
Conference on Accounting and Management and Eighth
Conference on Entrepreneurship and Open Innovation.
[In Persian].

10. Winkler, H., 2011. Closed-loop production systems-A
sustainable supply chain approach. CIRP Journal of
Manufacturing Science and Technology, 4(3), pp.243-
246. https://doi.org/10.1016/j.cirpj.2011.05.001.

62



2|
xQ=t

W'
39

|xQ
wO'

�14
02

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt 11. Vahdani, B., Razmi, J. and Tavakkoli-Moghaddam,

R., 2012. Fuzzy possibilistic modeling for closed
loop recycling collection networks. Environmen-
tal Modeling & Assessment, 17(6), pp.623-637.
https://doi.org/10.1007/s10666-012-9313-7.

12. Willows, R., Reynard, N., Meadowcroft, I. and Con-
nell, R., 2003. Climate adaptation: Risk, uncertainty and
decision-making. UKCIP Technical Report. UK Climate
Impacts Programme.

13. Mula, J., Poler, R. and Garcia-Sabater, J.P., 2007.
Material requirement planning with fuzzy constraints
and fuzzy coe�cients. Fuzzy Sets and Systems, 158(7),
pp.783-793. https://doi.org/10.1016/j.fss.2006.11.003.

14. Chouinard, M., D'Amours, S. and A��t-Kadi, D.,
2008. A stochastic programming approach for
designing supply loops. International Journal
of Production Economics, 113(2), pp.657-677.
https://doi.org/10.1016/j.ijpe.2007.10.023.

15. Sabri, E.H. and Beamon, B.M., 2000. A multi-objective
approach to simultaneous strategic and operational plan-
ning in supply chain design. Omega, 28(5), pp.581-598
https://doi.org/10.1016/j.apm.2010.07.013.

16. Snyder, L.V., 2006. Facility location under uncer-
tainty: A review. IIE Transactions, 38(7), pp.547-564.
https://doi.org/10.1080/07408170500216480.

17. Neto, J.Q.F., Bloemhof-Ruwaard, J.M., van Nunen,
J.A. and van Heck, E., 2008. Designing and eval-
uating sustainable logistics networks. International
Journal of Production Economics, 111(2), pp.195-208.
https://doi.org/10.1016/j.ijpe.2006.10.014.

18. Dehghanian, F. and Mansour, S., 2009. Design-
ing sustainable recovery network of end-of-life
products using genetic algorithm. Resources,
Conservation and Recycling, 53(10), pp.559-570.
https://doi.org/10.1016/j.resconrec.2009.04.007.

19. Amin, S.H., Zhang, G. and Akhtar, P., 2017. E�ects
of uncertainty on a tire closed-loop supply chain net-
work. Expert Systems with Applications, 73, pp.82-91.
https://doi.org/10.1016/j.eswa.2016.12.024.

20. Mulvey, J.M., Vanderbei, R.J. and Zenios, S.A.,
1995. Robust optimization of large-scale sys-
tems. Operations Research, 43(2), pp.264-281.
https://doi.org/10.1287/opre.43.2.264.

21. Pishvaee, M.S., Rabbani, M. and Torabi, S.A.,
2011. A robust optimization approach to closed-
loop supply chain network design under uncertainty.
Applied Mathematical Modelling, 35(2), pp.637-649.
https://doi.org/10.1016/j.apm.2010.07.013.

22. Zhalechian, M., Tavakkoli-Moghaddam, R., Zahiri, B.
and Mohammadi, M., 2016. Sustainable design of a
closed-loop location-routing-inventory supply chain net-
work under mixed uncertainty. Transportation Research
Part E: Logistics and Transportation Review, 89, pp.182-
214. https://doi.org/10.1016/j.tre.2016.02.011.

23. Lieckens, K. and Vandaele, N., 2007. Reverse logis-
tics network design with stochastic lead times. Com-
puters and Operations Research, 34(2), pp.395-416.
https://doi.org/10.1016/j.cor.2005.03.006.

24. d'Amore, F. and Bezzo, F., 2016. Strategic optimisation
of biomass-based energy supply chains for sustainable
mobility. Computers & Chemical Engineering, 87, pp.68-
81. https://doi.org/10.1016/j.compchemeng.2016.01.003

25. Santiba~nez- Aguilar, J.E., Morales-Rodriguez, R.,
Gonz�alez- Campos, J.B. and Ponce-Ortega, J.M.,
2016. Stochastic design of biore�nery supply chains
considering economic and environmental objectives.
Journal of Cleaner Production, 136, pp.224-245.
https://doi.org/10.1016/j.jclepro.2016.03.168.

26. Safaei, A.S., Roozbeh, A. and Paydar, M.M.,
2017. A robust optimization model for the design
of a cardboard closed-loop supply chain. Jour-
nal of Cleaner Production, 166, pp.1154-1168.
https://doi.org/10.1016/j.jclepro.2017.08.085.

27. Shahparvari, S., Chhetri, P., Chan, C. and Ase�, H.,
2018. Modular recycling supply chain under uncertainty:
A robust optimisation approach. The International
Journal of Advanced Manufacturing Technology, 96(1-4),
pp.915-934. https://doi.org/10.1007/s00170-017-1530-4.

28. Shi, J., Liu, Z., Tang, L. and Xiong, J., 2017.
Multi-objective optimization for a closed-loop net-
work design problem using an improved genetic algo-
rithm. Applied Mathematical Modelling, 45, pp.14-30.
https://doi.org/10.1016/j.apm.2016.11.004.

29. Hamidieh, A., Naderi, B., Mohammadi, M. and Fazli-
Khalaf, M., 2017. A robust possibilistic program-
ming model for a responsive closed loop supply chain
network design. Cogent Mathematics, 4(1), 1329886.
https://doi.org/10.1080/23311835.2017.1329886.

30. Polo, A., Pena, ~N, Munoz, ~D., Can~on, �A. and
Escobar, J.W., 2019. Robust design of a closed-
loop supply chain under uncertainty conditions in-
tegrating �nancial criteria. Omega, 88, pp.110-132.
https://doi.org/10.1016/j.omega.2018.09.003.

31. Pant, K., Yadav, V.S. and Singh, A.R., 2021. De-
sign of multi-tier multi-time horizon closed-loop sup-
ply chain network with sustainability under uncertain
environment for Indian paper industry. International
Journal of Sustainable Engineering, 14(2), pp.107-122.
https://doi.org/10.1080/19397038.2020.1774817.

32. Jouzdani, J. and Govindan, K., 2021. On the sustainable
perishable food supply chain network design: A dairy
products case to achieve sustainable development goals.
Journal of Cleaner Production, 278, Article 123060.
https://doi.org/10.1016/j.jclepro.2020.123060.

33. Ben-Tal, A. and Nemirovski, A., 1998. Robust convex op-
timization. Mathematics of Operations Research, 23(4),
pp.769-805. https://doi.org/10.1287/moor.23.4.769.

34. Soyster, A., 1973. Convex programming with set-
inclusive constraints and applications to inexact lin-
ear programming. Operations Research, 21(5), pp.1154-
1157. https://doi.org/10.1287/opre.21.5.1154.

35. Rahimi, E., Paydar, M. M., Mahdavi, I., Jouzdani,
J. and Arabsheybani, A., 2018. A robust optimiza-
tion model for multi-objective multi-period supply chain
planning under uncertainty considering quantity dis-
counts. Journal of Industrial and Production Engineer-
ing, https://doi.org/10.1080/21681015.2018.1441195.

36. Zimmermann, H.J., 1978. Fuzzy programming
and linear programming with several objective
functions. Fuzzy Sets and Systems, 1(1), pp.45-55.
https://doi.org/10.1016/0165-0114(78)90031-3.

37. Zadeh, L.A., 1978. Fuzzy sets as a basis for a theory
of possibility. Fuzzy Sets and Systems, 1(1), pp.3-28.
https://doi.org/10.1016/0165-0114(78)90029-5.

63



u=Q=
mty

w|
t}Qm

=vwt/
"""u

}t- =D
xQ}H

vRx
iOy

OvJ
Q=wDU

=|
R=U

xv}y
@

38. Werners, B., 1987. An interactive fuzzy programming
system. Fuzzy Sets and Systems, 23(1), pp.131-147.
https://doi.org/10.1016/0165-0114(87)90105-9.

39. Selim, H. and Ozkarahan, I., 2008. A supply chain dis-
tribution network design model: An interactive fuzzy
goal programming-based solution approach. The Inter-
national Journal of Advanced Manufacturing Technol-
ogy, 36(3), pp.401-418. https://doi.org/10.1007/s00170-
006-0842-6.

40. Torabi, S.A. and Hassini, E., 2008. An inter-
active possibilistic programming approach for
multiple objective supply chain master planning.

Fuzzy Sets and Systems, 159(2), pp.193-214.
https://doi.org/10.1016/j.fss.2007.08.010.

41. Mirakhorli, A., 2014. Fuzzy multi-objective optimiza-
tion for closed loop logistics network design in bread-
producing industries. The International Journal of Ad-
vanced Manufacturing Technology, 70(1-4), pp.349-362.
https://doi.org/10.1007/s00170-013-5264-7.

42. Ho, J.C., Wijeysundra, N.E. and Chou, S.K., 1986.
Energy analysis applied to food processing. Pergamon
Journals Ltd, pp.887-892. https://doi.org/10.1016/0360-
5442(86)90008-3.

64




