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|O=YDk= CU= umtt 'OW=@ OwHwt =yR=}v u}t-=D QO |v}tRQ} R |=y?; Q}_v Qo}O
OYQO QO xm u=mt= u}= |O=yvW}B pOt w VwQ QO CU= |QwQ[ u}=Q@=v@ "OW=@v
uOWvu}t-=D � OW Oy=wN u}}aD p@k R= R=UpOt ]UwD xm � =yxQwO R= |YNWt
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QO ?amtQDt 0 121 OU pLt CUO u}}=B |=yxR=@ QO KQ] |]}Lt CU} R |@O
w sHL |xv}tm � OU p=tQv sHL |xv}tm u}}aD hOy [8]"CU= xOW OQw;Q@ x}v=F

[8]%CU= xOW QmP C=}[Qi w Ow}k x@ xHwD =@ �|Q=OQ@xQy@ |xv}W}@
&OwW u}t-=D ,qt=m =yx=t s=tD QO xv=@ w RkU QyW wO ?QW ?; R=}v "1

&OwW u}t-=D ,qt=m =yx=t R= �80 |xv}tm QO |RQw=Wm ?; R=}v "2
'�=yx=t �20 |xv}W}@� OwW|tv u}t-=D ,qt=m |RQw=Wm ?; R=}v xm |}=yx=t QO "3

&OwW u}t-=D |RQw=Wm R=}v OQwt ?; R= �25 |xv}tm
&OW=@ �5 |xv}W}@ R=}v OQwt ?; x@ |RQw=Wm ?; Ow@tm pm C@Uv "4

&OwW ^iL CUO u}}=B QO |]}Lt CU} R |@O |xv}tm "5
|]}LtCU} R|=yR=}v |=Q@ u=wD|t\ki|RQw=Wm w?QW|=yR=}v Q@ O=R=t?; R= "6

&OQm xO=iDU=
uw}r}t 23 xOQ=w C=@ wUQ u}tND T=U= Q@ �xOQt sHL� OU sHL |xv}tm "7

&CU= xOW OQw;Q@ ?amtQDt
pL hrDNt pL=Qt QO �4 w 2 |=yOv@� Ow@tm pm C@Uv w |Q}PBO=tDa= u=R}t "8

"Ov=xOW xDiQo Q_vQO Q}}eDp@=k xr�Ut
QO u=wD|t =Q Ow}k w hOy `@=D pt=W xr�Ut |R=Uxv}y@ pOt |Ov@pwtQi

%OQm u=}@ 1 |=yx]@=Q xawtHt
Minimize (Cap)

St :

St+1 = St + It � Et � Ct �RKt �RSt 8t = 1; 2; :::; T
Ct = C1t + C2t

8Smin � St � Cap t = 1; 2; :::; T
RSt � Re 8t = 1; 2; :::; T
RKt � Zt � demkt 8t = 1; 2; :::; T
RKt � demkt 8t = 1; 2; :::; T
RKt � 0 25� demkt 8t = 1; 2; :::; T
Areat = 0 07228 + 0 0495� St 8t = 1; 2; :::; T
Et = het � (Areat +Areat+1)=2) 8t = 1; 2; :::; T

Re l =
TX
t=1

Zt=
TX
t=1

t � �
TX
t=1

(demkt �RKt)=
TX
t=1

demkt � � (1)

QyW |@; R=}v C1t &�?amtQDt uw}r}t� uRNt |xv}W}@ sHL Cap '1 |=yx]@=Q QO
&�?amtQDt uw}r}t� t x=t QO 2 QyW |@; R=}v C2t &�?amtQDt uw}r}t� t x=t QO 1
|=OD@= QO uRNt sHL St &�?amtQDt uw}r}t� uRNt R=Ht sHL |xv}tm Smin

&�?amtQDt uw}r}t� t x=t pw] QO xv=NOwQ OQw; It &�?amtQDt uw}r}t� t x=t
t x=t QO |RQw=Wm R=}v demkt &�?amtQDt uw}r}t� t x=t QO Q}N@D sHL Et
uw}r}t� t x=t QO |RQw=Wm R=}v x@ xOWxO=O X}YND ?;RKt &�?amtQDt uw}r}t�

?=wH x@ |}=Qosy QO =yu; |}=v=wD sOa p=tDL= |OQ=wt QO =} w OwW |vqw] Q=}U@
"CU= OwHwt

|wHDUH w |Ww=m =Qi |=yVwQ ,=YwYN u} Ro}=H |=yVwQ R= xO=iDU=
C=aq]= x@ R=}v sOa w |iO=YD OvtWwy |wHDUH C=}YwYN p}rO x@ |rt=mD
'CU= KQ]t 4|D=@}mQD C}y=t =yu; QO xm |r�=Ut u}vJ pL QO `@=wD jDWt
pt=mD x@ OQm} wQ =@ 1975 p=U QO l}DvS |=ysD} Qwor= [1]"CU= xOw@ xOvvmQ=wO}t=
R= ?; |UOvyt hrDNt |=yxv}tR QO w [2]'Ci=} xaUwD xOvR C=OwHwt |H} QOD
G=QNDU= w [4]|v}tRQ} R ?; `@=vt C} Q}Ot [3]'?; `} RwD |xm@W |R=Uxv}y@ xrtH
w |Ww=m |=yVwQ C}r@=k seQ|ra [5]"OW xDiQo Q=mx@ uR=Nt R= |Q=OQ@xQy@ u}v=wk
|=yRQt |m}ORv =} uwQO CtU x@ wHDUH Ov}=Qi C}=Oy QO =yVwQ u}= '|Ww=m =Qi
Q}O=kt xm |]}=QW QO ,=YwYN |Oa)@ OvJ w nQR@ Q=}U@ |=[i QO xHwt |=[i
"CU= Q=wWO Q=}U@ 'OvDUy xDU@=w syx@ hrDNt Ow}k j} Q] R= xr�Ut |=yQ}eDt
"CU= Q@u=tR w|i=m |x@ QHD OvtR=}v Ow}k <=[Q= |=Q@ xt} QH?}=Q[ s}_vD u}vJty
|R} Qxt=vQ@ |=yVwQ =@ xU}=kt QO |]N |R} Qxt=vQ@ |=yVwQ |q=@ CaQU
|Ww=m |=yVwQC}r@=k w hQ]l} R= |Ww=m w |rt=mD |=ysD} Qwor= w 5|]NQ}e
uOWKQ]t ?@U 'Qo}O hQ] R= xr�Ut |D=@}mQD w |]NQ}e C=}YwYN |xQ=O= QO
|=}=Rt R= sy OQm} wQ u}= QO "CU=xOW 6|@}mQD |=ysD} Qwor= R= xO=iDU= |xO}=
|=ysD} Qwor= OvtWwy |wHDUH |=}=Rt R= sy w |]N |R} Qxt=vQ@ |=yVwQCaQU
pOt w [6] GA-LP |=ypOt x@ u=wD|t x]@=Q u}= QO "OwW|t |Q}oxQy@ |rt=mD

"OQmxQ=W= [7] PSO-NFP

d=QJ OU �`=iDQ=� uRNt |xv}y@ C}iQ_ u}}aD |xr�Ut Q[=L |xar=]t QO
?Q )W |@; |=yR=}v `=wv= u}t-=D QO |Q}PBO=tDa= K]U s}_vD w pQDvm p=ta= =@ 'T} w
GA-LP |=ysD} Qwor= TBU w |Ov@pwtQi MILP pOt l} ?r=k QO |RQw=Wm w
"CU= xOW xU}=kt 7OL w xN=W w GA |=yVwQ =@ |@}mQD sD} Qwor= l} u=wvax@

|R=Uxv}y@ pOt |Ov@pwtQi w |OQwt |xar=]t
C=YDNt QO xv=@ w RkU|=yQyWpY=i OLu=DUOQm u=DU= QOT} w d=QJ|vRNt OU
|@} QkD |xrY=i QO w |r=tW ZQa 36�; 110w |kQW pw] ,46�; 60 |}=}i=QeH
u=NsJ xv=NOwQ |wQ Q@ xv=@ w RkU |]=@DQ= |xO=H `]k =@ RkU QyW |QDtwr}m 17

"OwW|t E=OL= RkU sJ |=yxN=W QU R=
?amtQDt uw}r}t 32 u=R}t x@ RkU |=yQyW ?QW R=}v u}t-=D ut[ OU u}=
u}t-=D x@ QO=k �1400 ji=� ?amtQDt uw}r}t 10 14 u=R}t x@ xv=@ w �1430 ji=�
5000 OwOL wCU= |RQw=Wm hQ=Yt |=Q@ ?;?amtQDt uw}r}t 43 OwOL xv=}r=U
OU u}= "�1 pmW� OyO|t Q=Qk OwN VWwB CLD =Q OU ?=}=B |[=Q= R= Q=Dmy
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"OL w xN=W

xN=W VwQ QO uRNt |OwQw u=} QH p@=kt QO �St� uRNt sHL u=R}t Q=Owtv "3 pmW
"OL w

sHL C=Q}}eD Q@=Q@ QO O=R=t ?; sHL C=Q}}eD 2 pmW "OW xH}Dv ?amtQDt uw}r}t
uRNt |xQ}NP sHL w uRNt x@ |OwQw u=} QH C=Q}}eD 3 pmW w uRNt |xQ}NP

"OyO|t u=Wv 'CU=xOt; CUOx@ OL w xN=W VwQ R= xm =Q

GA sD} Qwor= R= xO=iDU= =@ pOt pL
|=yQ}eDt "CU= xOW pL GA R= xO=iDU= =@ QwmPt MILP pOt VN@ u}= QO
O=R=t u=} QH w �RKt� |RQw=Wm R=}v x@ xDi=}X}YND ?; u=R}t GA pOt s}tYD
"Ov=xOW xDiQo Q_vQO x=t Qy QO �RSt� ?QW w |RQw=Wm |=yR=}v x@ X}YND Q@
u=} QH |xv}tm QUm w pm |HwQN u=} QH uOw@swrat =@ xm CU= sRq QmPD u}=
x@ xDi=}X}YND ?; Q@=Q@ ,=twRr xOv=t}k=@ Q=Okt 'u; R= ?QW |=yR=}v w |]}LtCU} R
�RSt� O=R=t u=} QH Q}eDt R= |WN@ pt=W Q=Okt u}= "CU}v �RKt� |RQw=Wm R=}v
|DU}=@ u}=Q@=v@ "CU= QF-wt OU uRNt C}iQ_ Q=Okt QO u; Q}O=kt xm OW=@ Ov=wD|t R}v
pm |HwQN u=} QH QO �RSt� u; O=R=t w �RKt� |RQw=Wm R=}v x@ X}YND syU
'=yQ}eDt u}= uOw@swrat =@ "OwW ^=Lr GA pOt QO xOWl}miD w =OH pmW x@
"Ow@ Ovy=wN x@U=Lt p@=k Zt w St |=yQ}eDt Q}O=kt Q}_v xr�Ut Qo}O |=yQ}eDt
=@ xU}=kt QO jwi Q}eDt ẁv 2 ?=NDv= xm O=O u=Wv xOWs=Hv= |=y|UQQ@
R= xO=iDU= u=mt= Qt= u}= Cra "OQ=O C}LHQ= RSt w St |=yQ}eDt ,qFt ?=NDv=
QDlJwm u=mtq=|DL w ?U=vt C=Q}}eD |xOwOLt ?=NDv= QO xr�Ut C=}YwYN

x=t QO |RQw=Wm w ?QW |=yR=}v X}YND Q@ O=R=t |HwQN ?; RSt &�?amtQDt
%l} w QiY Q}eDt Zt &|RQw=Wm R=}v u}t-=D |Q}PBO=tDa= Rel &�?amtQDt uw}r}t� t

Zt =

8<:1 OwW u}t-=D pt=m Qw]x@ t x=t QO |RQw=Wm R=}v Qo =
0 CQwYv}= Q}e QO

O=OaD T &|RQw=Wm R=}v u}t-=D |Q}PBO=tDa= ?wr]t K]U � &x=t |xOvQ=tW t

`=iDQ= het &|RQw=Wm R=}v u}t-=D QO R=Ht Ow@tm \UwDt |xv}W}@ � &=yx=t pm
|xJ=} QO CL=Ut Areat &t x=t pw] QO OU |xJ=} QO R= Q}N@D
=@ Q@=Q@ |]}LtCU} R u=} QH |xv}tm Re &t x=t |=OD@= QO uRNt
=yx=t s=tD QO xm0 121(m

3
S )�60�60�24�30 = 0 319(MCM)

|xJ=} QO K]U u}ov=}t T=U=Q@ x=t Qy QO Q}N@D QwmPt pOt QO %OwW u}t-=D O}=@
sRq QmPD u}= "OwW|t OQw;Q@ uRNt K]U w sHL u=}t |x]@=Q R= xO=iDU= w uRNt
Q}}eD =@ `k=w QO "OQ=O =Q xr�Ut |vOW |=[i QO xOvvmOwOLt Vkv QN; O}k xm CU=
|L=Q] QO O}k u}= "O=O Q}}eD =Q ?=wH |=[i |xR=Ov= u=wD|t Ow@tm pm C@Uv
`k=wt QO |Y}YND ?; pm u=R}t |xOvvmpQDvm |awv x@ '|v=UQ?; sDU}U |ak=w
`k=wt QO OU |xv}y@ sHL uOQmsm |=Q@ QwmPt pOt 'O}k u}= hPL =@ "CU= Ow@tm
u}= xm|r=L QO 'OQm Oy=wN =iDm = QiY Q=Okt |va} X}YND |xv}tm x@ \ki Ow@tm

"CU}v |L=Q] QO |rY= hOy ẁ[wt
xHwD =@ "CU= MILP pOt l} pY=L pOt 'OwW|t xOy=Wt xmQw]u=ty
pt=W QwmPt pOt �T = 420� xv=y=t |yO?; R= OwHwt |N} Q=D Q=t; p=U 35 x@
Q}eDt 1 w RSt 'RKt 'Et |=yQ}eDt 3 � 420 = 1260 'St pwyHt 421
xrO=at 420 'Zt |xQ=Okt wO Q}eDt 420 '|k}kL OOa Q}eDt 1682 ,=awtHt Cap

u}= "CU=yQ}eDt uOw@C@Ft Ow}k R= Q}e x@ xrO=at=v 6 � 420 + 2 = 2522 w
CqO=at w K}LY OOa |=yQ}eDt '|k}kL |=yQ}eDt Q}O=kt R= jwi O=OaD =@ xr�Ut
Q_v R= ,=YwYN T=}ktnQR@ |OL =D w T=}kt\UwDt |xr�Ut l} CqO=at=v w
'Zt |xQ=Okt wO |=yQ}eDt OwHw sOa CQwY QO "CU= xQ=Okt wO |=yQ}eDt O=OaD
"CU= umtt `} QU Q=}U@ w |DL=Qx@ TmrBt}U VwQ =@ QwmPt |]N |xr�Ut pL
xO=iDU= =@ 'l} w QiY |=yQ}eDt R= O=OaD u}ty OwHw =@ xr�Ut pL u=tR um}r
Ov=wD|t jwi pOt u}=Q@=v@ "CU= xHwDp@=k OL w xN=W Q}_v l}Uqm |=yVwQ R=

"OW=@ j}kLD u}= QO xO=iDU= OQwt |=yVwQ |@=} RQ= |=Q@ pwkat |r=Ft

OL w xN=W sD} Qwor= VwQ =@ xr�Ut pL
(Branch & Bound)

p�=Ut pL -xv}tR QO xOWxDN=vW Q=Ri=sQv l} R= 'QwmPt MILP pOt pL |=Q@
pOt l} pL |=Q@ Q=Ri=sQv u}= "CU= xOW xO=iDU= �LINGO9 0� |R=Uxv}y@
K}LY |=yQ}eDt O=OaD xm|v=tR "Ovm|t xO=iDU= OL w xN=W VwQ R= 'MILP

|=Q@ "O@=}|t V}=Ri= |}x_Lqtp@=k u=R}t x@ sD} Qwor= u}= =@ pL u=tR 'OW=@ O=} R
|=y=QH= Q@=v@ �10 w �5 |=yOw@tm C@Uv =@ w �90 |Q}PBO=tDa= Cr=L QO xvwtv
=@ pL u=tR 'CPU 2 4 w Pentium4 xv=}=Q l} R= xO=iDU= =@ xOWPN= |}xv=}=Q
QO "CU= xOw@ O=} R Q=}U@ '|vOW |=[i pN=O x@ sD} Qwor= `} QU uDi=}x=Q OwHw
|=QH= =@ uRNt |xv}y@ C}iQ_ "OW pQDvm R}v LINGO9 0 |=y?=wH \}=QW u}=
Q@=Q@ Q=QmD 770 R= TB �5 Ow@tm u=R}t w �80 |Q}PBO=tDa= |=Q@ MILP pOt
70 58 Q@=Q@ Q=QmD 1343 R= TB �10 Ow@tm u=R}t |=Q@ w ?amt QDt uw}r}t 76 9
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O=} R O=OaD x@ xHwD =@ =ypOt ẁv u}= QO xt} QH ?}=Q[ ,=YwYN w GA pOt
x@ xDU@=w |=yCi=Q_ R= xO=iDU= sRrDUt Ov=wD|t w CU= syt Q=}U@ =yC}OwOLt

"OW=@ X=N |xr�Ut Qy

GA-LP pOt
=OH|]N |R} Qxt=vQ@ R= =Q K}LY O=Oa=CtUk u=wD|t MILP pOtl} pL |=Q@
OOa |=yQ}eDt O}rwD QO |aU l}DvS sD} Qwor= Ovv=t |rt=mD sD} Qwor= l} =@ w OQm
|]N |R} Qxt=vQ@ |xr�Ut l} pOt |xOv=t}k=@ "s}W=@ xDW=O u; pt=mD w K}LY
=} 8TmrBt}U Q}_v LP pL |=ysD} Qwor= =@ pw@kp@=kCaQU =@ w |DL=Qx@ xmCU=
Q}O=kt '|O=yvW}B GA-LP pOt QO u}=Q@=v@ "CU= |vOWpL 9|rN=O \=kv VwQ
x@ xHwD =@ ,=vt[ "OvwW|t O}rwD |iO=YD CQwYx@ x}rw= C}atH QO Zt |=yQ}eDt
p@=k 10|}=WoOm x@ R=}v uwO@ w ,=t}kDUt |Q=PoOm VwQ =yQ}eDt u}= uOw@xQ=OktwO
420 |xDWQ l} GA pOt QO 11xDWQ =} swRwtwQm Qy Qo}O u=}@ x@ "CU= xO=iDU=
Q@=Q@ u; Q=Okt xm CU= Zt |=yQ}eDt R= |m} |xOv}=tv C}@ Qy xm Ow@ Oy=wN |D}@
GA pOt QO |Q}PBO=tDa= O}k pQDvm xm CU= K[=w xD@r= "Ow@ Oy=wN l} =} QiY
?U=vt |xt} QH ?} Q[ R= xO=iDU= =@ x=Qty xt} QH p=ta= Q=my=Q j} Q] R= |DU}=@

"OwW xOQw;Q@ hrDNt |=yQ=QmD QO w pOt x@
GA-LP pOt w s=Hv= Matlab7 Q=Ri=sQv \}Lt QO pOt u}= |U} wvxt=vQ@

"CU= xOW x�=Q= u; G}=Dv w V}=tR; hrDNt \}=QW QO 'xaUwD R= TB

|xt} QH ?} Q[ w |iO=YD ,qt=m |x}rw= C}atH
lQLDt

xvwoI}y uwO@ w |iO=YD |=yl} w QiY R= pmWDt |x}rw= C}atH xm |]}=QW QO
|xt} QH ?} Q[ l} OwHw =@ 'OwW|t xDiQo Q_vQO GA pOt |=Q@ |Y=N V}=Q;

x]w@ Qt swRwtwQm x@ uS l} uOQmxi=[= =@ R}v S1 Q}eDt "CU= GA |=yQ}eDt |=Q@
uS 420 xm Ow@ Oy=wN uS 841 |=Q=O swRwtwQm Qy ?}DQD u}O@ "OwW|t wHDUH
xr=U 35 |xQwO pw] QO |RQw=Wm R=}v x@ |Y}YND |xv=y=t ?; u=R}t pt=W pw=
�RSt� x=t Qy QO |iQYt |=yR=}v Q@ O=R=t ?; Q=Okt pt=W swO uS 420 w �RKt�
|=yu=Qm R= Q}e x@ xr�Ut Ow}k "CU= uRNt |x}rw= sHL pt=W xOv=t}k=@ uS l} w
Ow@tm |xv}W}@ O}k w |Q}PBO=tDa= O}k '|oDUw}B |xrO=at pt=W =yQ}eDt u}}=B w q=@
QO xt} QH sU}v=mt p=ta= =@ GA pOt |Q}PBO=tDa= w Ow@tm |xv}W}@ Ow}k "CU=
?}=Q[ u}}aD pOt u}= QO syt p�=Ut R= |m} u}=Q@=v@ "OvwW|t <=[Q= hOy `@=D
xm |}=yswRwtwQm R= pmWDt x}rw= C}atH l} =@ xr�Ut "CU= ?U=vt |xt} QH
3 w 2 |=yx]@=Q pmW x@ OwN R=Ht |xrY=i QO RSt w RKt |=yuS \ki

%OW pL 'Ov=xOW ?=NDv=
 25� demkt � RKt � demkt (2)

0 319 � RSt � 120 (3)

|]}LtCU} R u=} QH |xv}tm u=ty '0 319 |xv}tm Q=Okt xm CU= QmP x@ sRq
uRNt |xv}tm sHL R}v S1 |x}rw= Q=Okt "OwW u}t-=D =yx=t s=tD QO |DU}=@ xm CU=

"OW Q=}DN=
�3 w |Q}PBO=tDa= |xv}tm O}k �2 &|oDUw}B |x]@=Q �1 %pt=W xr�Ut Ow}k
p=ta= w |oDUw}B |x]@=Q |R=Ux}@W j} Q] R= ?}DQDx@ \UwDt Ow@tm |xv}W}@ O}k

%Ov=xOW Qw_vt hOy `@=D QO Q} R pmW x@ xt} QH
|=yQ}eDt R}v w �S1� x}rw= |xQ}NP Q}eDt O}rwD =@ |oDUw}B |xrO=at <=[Q= |=Q@ "1
uwQO QO x=t Qy |=yDv= QO uRNt |xQ}NP sHL Q=Okt GA QO RSt w RKt

%CU= x@U=Lt p@=k 4 |x]@=Q pmW x@ pOt
St+1 = St + It � Ct �RKt �RSt � Et (4)

|x]@=Q |Q=Po|=H =@ 4 |xrO=at QO "Ov=xOW h} QaD ,q@k 4 |x]@=Q |=yQ}eDt
xrO=at pwyHt Q}eDt \ki 'St+1 w St ?UL Q@ �Et� Q}N@D CQ=@a |]N
sHL uDiQovQ=Qk CQwY QO 4 |x]@=Q QO "Ow@ Oy=wN x@U=Ltp@=k St+1 |va}
?U=vDt w x=t |=yDv= QO uRNt sHL Q=Okt 'R=Ht |xOwOLt QO uRNt |xQ}NP

&OwW|t KqY= |RQw=Wm R=}v x@ xDi=}X}YND u=} QH =@
%OW p=ta= 5 |x]@=Q CQwYx@ |Q}PBO=tDa= |xv}tm O}k |xt} QH "2

Rel Penalty = �� T �
tX
t=1

Zt if Rel < � (5)

xt} QH Q=Okt uOw@C@Ft CQwY QO R}v R=Ht Ow@tm |xv}W}@ x@ \w@ Qt |xt} QH "3
%CU= xOW p=ta= 6 |x]@=Q CQwYx@

Lack Penalty =
P
demkt �PRKtP

demkt
� � (6)

w |}x]kvlD CQwYx@ pO=@D Qopta p=ta= |=Q@ =yswRwtwQm �75 uDiQoQ_vQO =@
pt=W pUv Qy xm pUv 1000 R= V}@ uDWPo =@ VyH Qopta p=ta= |=Q@ �25
OvJ R= V}@ Ow@v QO=k sD} Qwor= w OWv pY=L |v=OvJ C}kiwt 'Ow@ swRwtwQm 80

"OyO Ow@y@ =Q xr�Ut hOy `@=D u=R}t 'OYQO
'3 |=yxQwO |=Q@ QDx=Dwm |=yswRwtwQm pw] =@ pOt u}= xm CU= QmP u=}=W
OQ=wt |NQ@ QO w �4 pmW� OUQ|t ?=wH x@ |@ wr]t CaQU =@ xr=U 10 w 5

"Ovm|t x�=Q= OL w xN=W VwQ R= QDy@ |tm |}=y?=wH

82



"""w
|wU

wtO
}Wt

HO}
U'

xO=R
Q=]a

|ra

"GA-LP pOt QO |vOW |=y?=wH |w=L x}rw= C}atH =@ |}=Qosy "6 pmW

TB C}=yv QO |rw 'OwW|t =Qosy 64 8 OOa x@ Q=QmD 7000 OwOL R= Oa@ w 65 8
12|QU=QU |xv}y@ ?=wH x@ �=QH= u=tR Ca=U 7 OwOL QO� Q=QmD uw}r}t VW R=
l} R= xO=iDU= =@ "OyO|t u=Wv =Q |QDy@ OQmrta ,=OOHt GA-LP 'O@=}|tv CUO
XNWt 6 pmW QO xm Qw]u=ty 'swRwtwQm 50 pt=W |@=NDv= |x}rw= C}atH
?=wH x@ GA-LP �hOy `@=D |@=} RQ= 2450� pUv 49 CWPo R= TB 'CU=
\}=QW xm QmPD u}= =@ "OW =Qosy ?amtQDt uw}r}t 63 47 =@ Q@=Q@ uRNt C}iQ_
'CU= p@k Ovv=t VyH w pO=@D O=OaD uwJ |}=yQDt=Q=B Q_v R= jwi |xr�Ut pL

"OW pQDvm CU= xHwt w |vOW ?=wH l} pY=L ?=wH =}; xmv}=
'CU= xOw@ |QwQ[ |Q}PBO=tDa= u}t-=D |=Q@ xt} QH ?} Q[ R= xO=iDU= xJQo
x@ Q}eDt sy w C@=F |xt} QH ?} Q[ R= xO=iDU= \}=QW QO sy GA-LP sD} Qwor=

"OW |yDvt sy x@ l}ORv Q=}U@ |=y?=wH

lQLDt |xt} QH ?} Q[ w xOWC}=Oy |x}rw= C}atH
xv w xr�Ut |ak=w\}=QW R= xOWxDiQoQ@ j]vtl} T=U=Q@ x}rw=C}atH VwQ u}= QO
CU=|k]vt xr�UtCa}@]CN=vW T=U=Q@ "OwW|t O}rwD|iO=YD ,qt=m CQwYx@
,qt=m =Q R=}v 'OW=@ xvq=U u}ov=}t R= QDtm |@; R=}v xm |}=yx=t QO pOt xm OwW ZQi
QDW}@ R=}v xm |}=yx=t QO w OwW xO=O 1 VRQ= x=t u; x@ \w@ Qt uS x@ |va} 'Ovm u}t-=D
u; x@ \w@ Qt uS� OwW u}t-=D pOt pw@kOQwt |xv}tm \ki 'CU= xvq=U u}ov=}t R=
Q=Okt Q}}eD =@ TBU w O=H}= x}rw= C}atH T=U= u}= Q@ "�Ovm Q=}DN= QiY VRQ= x=t
sD} Qwor= 'Q_vOQwt |Q}PBO=tDa= u=R}tx@ uO}UQ |=Q@ |iO=YD CQwYx@ uS OvJ
x@ =Q x}rw= |Q}PBu=v}t]= l} x}rw= C}atH xm CU= |vat u=O@ u}= "OwW|t =QH=
|Q}PBO=tDa= \QW u}t-=D R= xt} QH ?} Q[ ?=NDv= =@ u}vJty "Ovm|t =kr= sDU}U
QO R}v GA-LP pOt |=yQDt=Q=B xm CU= sRq QmPD u}= "OwW|t pY=L u=v}t]=
QO xm OyO|t u=Wv pY=L G}=Dv "OvOW ?=NDv= |r@k |=yQDt=Q=B u=ty \}=QW u}=
QO |DL w Ovm|t CmQL xv}y@ ?=wH CtU x@ |O=} R CaQU =@ sD} Qwor= \}=QW u}=
"OUQ|t ?amtQDt uw}r}t 67 50153 ?=wH x@ pw= pUv u=ty QO `k=wt |[a@
OwHw p=tDL= 'QmPr=jwi CQwYx@ x}rw= C}atH ?=NDv= =@ xm CU= u; Qt= u}= p}rO
Qo = u}=Q@=v@ "CU= O=} R Q=}U@ |rY= ?=wH x@ l}ORv |@=wH =} w u; QO |rY= ?=wH
QO 'CU= xOW pL xr�Ut xm OW=@ |rY= ?=wH pt=W |@=NDv= swRwtwQm |xDUO
CaQU x@ |}=Qosy '|rY= ?=wH x@ l}ORv |=y?=wH OOaD p}rOx@ CQwYu}= Q}e

"�7 pmW� OwW|t s=Hv= |mOv= Q=}U@ u=tR QO w

|xt} QH?} Q[ w GA-LP pOt QO|iO=YD |x}rw=C}atH =@|}=Qosy "5 pmW
"lQLDt

x@ sD} Qwor= |wQW}B '7 |x]@=Q j@=]t |Q}PBO=tDa= |xv}tm x@ uO}UQ |=Q@ lQLDt
pN=O x@ =Q OwN x=Q |t=Q;x@ sD} Qwor= w OQ}o|t CQwY |Ov)mx@ xv}y@ ?=wH CtU

"�5 pmW� Ovm|t =O}B ?=wH |=[i
Penalty = Alfa� jXZt �Rel � T j (7)

xOW s}_vD hrDNt |=yQ=QmD QO l}t=v}O pmW x@ Alfa ?} Q[ '7 |x]@=Q QO
|=yswRwtwQm O=OaD '50 Q@=Q@ C}atH O=OaD pt=W GA pwH=t |=yQDt=Q=B "CU=
x@ Q[=L pUv C@Uv x@ xHwD =@ Q}eDt VyH MQv '�75 pO=@D p=tDL= '5 Q@=Q@ x@Nv
�10 Ow@tm w �80 |Q}PBO=tDa= Cr=L QO sD} Qwor= "CU= xOw@ pUv O=OaD |xv}W}@
|=Q@ 70 5921 OOa x@ hOy `@=D |@=} RQ= 8300 pO=at pUv 166 CWPo R= TB
|Q}PBO=tDa= O}k <=[Q= =@ CU= xDUv=wD pOt u}=Q@=v@ "OW =Qosy uRNt |xv}y@ sHL
Q@=Q@ QO Q=Okt u}= xm Ovm x@U=Lt |rw@kp@=k OL QO =Q uRNt |xv}y@ C}iQ_ 'pOt

"CU= QDW}@ Q=}U@ '�Q=QmD 1343� Cr=L u}ty QO LINGO |=yVqD O=OaD

?} Q[ =@ |vOW ?=wH |w=L |iO=YD |x}rw= C}atH
C@=F w lQLDt |xt} QH

OwW|t O}rwD |rmW x@ |iO=YD |=yl} w QiY pt=W x}rw= C}atH Cr=L u}= QO
C}atH u}= O}rwD |=Q@ "OW=@ OwHwtC}atH QO|vOW ?=wH OvJ =}l} smCUO xm
pQDvm TBU w O}rwD swRwtwQm Qy |=Q@ |iO=YD CQwYx@ l} w QiY 420 =OD@=
O}k 'OwW|t ?wYvt =yu; x@ 1 OOa xm swRwtwQm Qy |=yuS O=OaD xm OwW|t
,qFt "Ovm <=[Q=� OW=@ l} =} QiY uS s=Om xmv}= R= Q_vhQY� =Q pOt |Q}PBO=tDa=
C}atH QO swRwtwQm Qy |=yuS �80 'OW=@ �80 pOt |Q}PBO=tDa= xm|Dr=L QO
Q=}DN= 1 OOa |iO=YD CQwYx@ ��85 =D �75� u; x@ l}ORv |O=OaD =} w x}rw=

"OvW=@ QiY x}k@ w Ovvm
=@ sD} Qwor= �10 Ow@tm u=R}t w �80 |Q}PBO=tDa= |=Q@ w jwi Cr=L QO
CUO 70 58 OOa x@ �hOy `@=D |@=} RQ= 700� pUv 14 R= Oa@ w ?wr]t CaQU
Kw]U u}= |=Q@ LINGO QO OL w xN=W VwQ OW QmP QDW}B xm Qw]u=ty "Ci=}
xH}DvQO Ow@ xO}UQ 70 58 ?=wH x@ Q=QmD 1343 R= TB 'Ow@tm w |Q}PBO=tDa=

"CU= xDW=O |QD?wr]t OQmrta GA-LP VwQ
�50 x@ �10 R= Ow@tm u=R}t w �90 x@ �80 R= |Q}PBO=tDa= K]U Q}}eD =@
?=wH x@ Q=QmD 5000 OwOL R= TB \}=QW u}= QO LINGO xm |Dr=L u=ty |va}

83



"""p
=ta=

=@OU
uRN

t|
xv}y

@C
}iQ_

u}}a
D

RKt � demkt
RKt � 0 25� demkt
RCt � Ct � ZZt
RCt � Ct
RCt � �� Ct
TX
t=1

Zt=
TX
t=1

t � �
TX
t=1

(demkt �RKt)=
TX
t=1

demkt � �
TX
t=1

ZZt=
TX
t=1

t �� �0 �|QyW R=}v |Q}PB O=tDa=�X
(Ct �RCt)=XCt � �0 �|QyW R=}v Ow@tm �

R=}v x@ xDi=} X}YND ?; sHL RCt &t x=t QO |QyW pm R=}v Ct 'q=@ \@=wQ QO
|xv}W}@ �0 &|QyW u}t-=D |=Q@ ?wr]t |Q}PBO=tDa= K]U �0 &t x=t QO ?QW
u}t-=D sOa =} u}t-=D x@ \w@ Qt l} w QiY |=yQ}eDt ZZt &|QyW R=}v Ow@tm \UwDt

"|QyW R=}v
|QyW R=}v =D OQw;|t OwHwx@ =Q u=mt= u}= x}rw= pOt x@ xOWxi=[= \@=wQ
R=}v wO Qy |=Q@ =Q Ow@tm |xv}W}@ xr�Ut u}= QO "OwW xOQw;Q@ �0 |Q}PBO=tDa= =@
|=Q@ w �90 |QyW R=}v ?wr]t |Q}PBO=tDa= K]U w �5 =@ Q@=Q@ ?QW w |RQw=Wm
|=yQ}eDt uOWQ@=Q@ 2 seQ|ra V}=tR; u}= QO "OW xDiQo Q_vQO �80 |RQw=Wm R=}v
Q@=Q@ uRNt |xv}y@ C}iQ_ w CU= xOw@ xr�Ut pL x@ QO=k LINGO 'l} w QiY
OL w xN=W VwQ xD@r= "Ot; CUOx@ 10588 Q=QmD QO ?amtQDt uw}r}t 73 97 =@
xOw@ xO}UQ ?=wHx@ |RQw=Wm R=}v R= �80 |Q}PBu=v}t]= |=Q@ R}v p@k |=yp=Ft QO

"CU=
xDWQ Qy pw] "OW pL GA-LP pOt R= xO=iDU= =@ xr�Ut u}ty 'xt=O= QO
|]}=QW QO pOt "CU= xDi=} V}=Ri= uS 420� 2 = 840 x@ GA-LP pOt QO
sD} Qwor= w =QH= 'OW=@ |vOW ?=wH OvJ =} l} pt=W |iO=YD |x}rw= C}atH xm
=Qosy 74 23 OOa |va} LINGO ?=wH x@ l}ORv |@=wH x@ pUv 47 R= TB
|xr�Ut QO xOWQmP pmW x@ w OvtWwy CQwYx@ x}rw= C}atH xm |]}=QW QO "OW
|=yQ}eDt �90 w |RQw=Wm X}YND x@ \w@ Qt |=yQ}eDt �80� OwW ?=NDv= p@k
QO w QDW}@ Q=}U@CaQU =@ GA-LP sD} Qwor= '�OvW=@ 1 |QyWX}YND x@ \w@ Qt
pOt �450�8 = 450� 450 pL =@|va} �50C}atH |xR=Ov= =@� pUv 8 R= QDtm
"�CU= xOw@ QDy@ |tm LINGO ?=wH xD@r= xm � OW =Qosy 74 54 ?=wH x@ 'LP

R= xO=iDU= =@ GA-LP VwQ =@ xOt; CUOx@ ?=wH OwW|t x_Lqt xmQw]u=ty
"CU= LINGO R= QD`} QU Q@=Q@ 23 OwOL \}=QW u} QDO@ QO QwmPt |x}rw= C}atH
|xv}tm x@ uO}UQ R= pwYL |=Q@ VwQ u}= QO xDiQ Q=mx@ |xt} QH ?}=Q[

%CU= xOW xO=O u=Wv 'Q} R \@=wQ QO '=y|Q}PBu=v}t]=
Penalty1 = Alpha� jRelc � T �XZZtj (8)

Penalty2 = Beta� jRelk � T �XZtj (9)

Penalty = Penalty1 + Penalty2 (10)

|=Q@ �80 |Q}PBO=tDa= w �50 Ow@tm C@Uv uDiQoQ_vQO =@ xr�Ut u}= pL ,=OOHt
hQYt u}t-=D |=Q@ �90 |Q}PBO=tDa= w �5 Ow@tm C@Uv w |RQw=Wm R=}v u}t-=D

C}atH =@ pUv ?=wH u} QDy@ |}=Qosy w pUv \UwDt |}=Qosy |xU}=kt "7 pmW
"GA-LP pOt QO xOWC}=Oy |x}rw=

Q=Ri=sQv �15 Ow@tm w �90 |Q}PBO=tDa= Cr=L QO xmv}= xHwD p@=k |xDmv
uO=OQ=Qk =@ xt=O= QO "CU= xOw@v ?=wH |x�=Q= x@ QO=k xr�Ut u}= QO LINGO

?amtQDt uw}r}t 67 32 ?=wH LINGO QO x}rw= ?=wH |xrRvtx@ pOt ?=wH
QO GA-LP w OL w xN=W |=ysD} Qwor= CaQU |xU}=kt u; seQ|ra "OW xH}Dv
��15 Ow@tmw �80 |Q}PBu=v}t]=� Ov=xO}UQ ?=wH x@ sD} Qwor= wO Qy xm |Dr=L
u=Wv �xOWpL |=yLP O=OaD� hOy `@=D |=y|@=} RQ= O=OaD |xU}=kt j} Q] R=
xO}UQ ?=wH x@ OL w xN=W l}Uqm VwQ R= QD`} QU Q=}U@ GA-LP xm OyO|t

"CU=

|Q}PBO=tDa= Q@ pQDvm p=ta= \}=QW QO xr�Ut p}rLD
|RQw=Wm |=yR=}v Q@xwqa ?QW R=}v u}t-=D

MILP pOt l} |D=@U=Lt |=yVqD V}=Ri= QO |U=U= w syt pt=wa R= |m}
V}=tR; hOy =@ w =DU=Q u}= QO "CU= pOt QO xQ=OktwO =} w xDUUo |=yQ}eDt O=OaD
QDW}@ xQ=OktwO |=yQ}eDt O=OaD MILP pOt QO xm |]}=QW QO |O=yvW}B |=yVwQ
|Q}PBO=tDa= Q@ pQDvm p=ta= 'OwW|t xOwRi= u; |oO}J}B Q@ xH}DvQO w CU= xOW
|=yR=}v u}t-=D |r@k pOt QO "CiQo Q=Qk Q=m QwDUO QO R}v ?QW |=yR=}v u}t-=D O}k
R= xO=iDU= x@ |R=}v \w@ Qt Ow}k QO u}=Q@=v@ w Ow@ Q_vOt �100 |Q}PBO=tDa= =@ ?QW
|Q}PBO=tDa= u=R}t Q@ pQDvm p=ta= |=Q@ O}OH pOt QO "CU= xOw@v xQ=OktwO |=yQ}eDt
pL xH}Dv QO w OW Oy=wN Q@=Q@ 2 xQ=OktwO |=yQ}eDt O=OaD '?QW |=yR=}v u}t-=D
'Q} R \@=wQ ?r=k QO w O}OH \}=QW QO pOt |Ov@pwtQi =Pr "OwW|t QDQ=wWO R}v u;

%Ovm|t Q}}eD
Minimize(Cap)

S:t:

St+1 = St + ft � Et �RCt �RKt �RSt
Ct = C1t + C2t

Smin � St < C2t

RSt � Re
RKt � Zt � demkt
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w ?wr]t |x}rw= |=yxDWQ O}rwD QO |Q=mD@= |=yVwQ R= xO=iDU= =@ u=wD|t
=@ xm CN=U umtt GA =@ =Q xr�Ut pL '|k}@]DOwN |xt} QH ?}=Q[ u}}aD

CWwv=B
1. chance constraints
2. deterministic
3. binary
4. combinatorial
5. non-linear programming
6. hybrid
7. branch & bound
8. Simplex

9. interior points method
10. encoding
11. string
12. global optimum solution
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