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1 pwOH QO "OwW xO=iDU= 'CU= u=QL@ \}=QW =@ ?U=vDt ,=k}kO xm pkvwptL xv} Ry

"CU= xOW xOQw; VN@ u}= QO |UQQ@OQwt |=yVywSB xYqN

xr�Ut h} QaD "3
uOW XNWt R= p@k� xaH=i R= p@k O=Ot= u=tR=U 'xr=kt u}= QO Q_vOQwt xr�Ut QO
QO=Y =Q R=}vOQwthrDNtCqwYLt =yVQ=iU|rN=O xOvvmO}rwD x@ '�|ak=w |=[=kD
xO}O?}U; j]=vt |ak=w |=[=kD uOW XNWt R= p@k x}rw= |=yVQ=iU "Ovm|t
QO=Y xO}O?}U; j]=vt |ak=w |=[=kD uOW XNWt R= Oa@ x} wv=F |=yVQ=iU w
R=}vOQwt sqk= O}rwD |=Q@ sRq C}iQ_ |rN=O xOvvmO}rwD xm|DQwY QO "OvwW|t
=Q sqk= u}= u=wD|t |Q=BUuwQ@ R= xO=iDU= =@ 'OW=@ xDW=Ov =Q xO}O?}U; j]=vt
O=Ot= u=tR=U u}@ VQ=iU Q=Okt u}}aD =@ 'C}tm |Q}PBh=]av= O=OQ=Qk "OQm u}t=D
QO "OQ}o|t Q_v QO |OwHwt C} Q}Ot |=Q@ =Q |ovy=ty |awv |rN=O xOvvmO}rwD w
OwHw |OwHwt s}_vD |=Q@ u}}=B x@ wQ s}_vD w q=@ x@ wQ s}_vD QDt=Q=B wO 'O=OQ=Qk u}=
OyaD pk=OL xR=Ov=x@ xm OQ=O =Q u=mt= u}= O=Ot= u=tR=U 'O=OQ=Qk u}= CLD w OvQ=O
'u}vJty "Ovm O} QN 'OwW|t XNWt u}}=B x@ wQ s}_vD QDt=Q=B T=U=Q@ xm 'OwN
QDt=Q=B T=U=Q@ xm OwN OyaD QFm =OL xR=Ov=x@ |rN=O xOvvmO}rwD 'O=OQ=Qk u}= j@]
xOvvmO}rwD OyO|t u=Wv OyaD QFm =OL "Ovm O}rwD O}=@ 'OwW|t u}}aD q=@ x@ wQ s}_vD
'Qo}O u=}@x@ "Ovm O}rwD Ov=wD|t x}rw= VQ=iU R= V}@ q=m Q=Okt xJ QFm =OL |rN=O

|Q=BUuwQ@ w xm@W |L=Q] lQDWt Qw]x@ w |R=UrOt |:tm CQwYx@ =Q xOW lQO
xm Ow@ |=xrLQtOvJ OQm} wQ l} Q@ |vD@t =yv; VywSB "Ovvm xv}y@ =Q l}DUHr
Cw=[k R= xO=iDU= =@ |Q=BUuwQ@ C=t}tYD R= |a@=D u=wvax@ =Q xOW lQO lU} Q
|a]k |=yVwQ =@ =Q xiOyOvJ |R=Uxv}y@ pmWt w Owtv|t |:tm u=Q=PoCU=}U
lQO lU} Q w u}t-=D xQ}HvR pm xv} Ry xm OQm|t O=H}= =Q |Ot;Q=m |=yRQt w pL
sOa =@ =Q u}t-=D xQ}HvR QO |R=@ |=ypOt [19]w�=}Um =w u}J "Ovm pO=aDt =Q xOW
OvOQm u=}@ =yv; "OvOQm |UQQ@ u; QO =Q CQOk Q}F-=D w OvO=O xaUwD OOaDt |=yC}a]k
xOvvmO}rwD 'OW=@ O=} R |i=m xR=Ov=x@ u}t-=D xQ}HvR QO pqDN= O=H}= Q]N |Dkw xm
VywSB =yvD "Ovm|t |Q=BUuwQ@ pt=m Qw]x@ =Q OwN O}rwD 'O}rwD C}iQ_ R= dQ=i
s=eO= |Q=BUuwQ@ =@ =Q C}tm |Q}PBh=]av= O=OQ=Qk xm u}t-=D xQ}HvR xRwL QO OwHwt
l} =@ |L]UwO u}t-=D xQ}HvR l} xm CU= [20]u=Q=mty w |QO}L VywSB xOwtv
O=OQ=Qk QO xm OvOwtv u=}@ =yv; "OvOQm |UQQ@ =Q |iO=YD |=[=kD CLD 'pwYLt
x@ OwN x}rw= VQ=iU R= V}@ CU= OyaDt xOvvmO}rwD 'l}Uqm C}tm |Q}PBh=]av=
u}= "OQ=O OwHw R=}v OLR=V}@ O}rwD Q]N CQwY u}= QO xm OyO p} wLD xOvvm =[=kD
=yv; "CU= l}Uqm C}tm |Q}PBh=]av= O=OQ=Qk QO xOvvmO}rwD |=Q@ xOta Xkv l}
=D OvO=O O=yvW}B =Q |Q=BUuwQ@ =@ C}tm |Q}PBh=]av= O=OQ=Qk 'pmWt u}= `iQ |=Q@

"OOQo hQ]Q@ pmWt u}=
w C}tm |Q}PBh=]av= O=OQ=Qk R= xm |WywSB =yvD 'VywSB xv}W}B j@=]t
xm OW=@|t [20]u=Q=mty w |QO}L VywSB CU= xOwtv xO=iDU= sy=@ |Q=BUuwQ@
xv} Ry w u=tR xm|Qw]x@ "Ov=xOwtv |UQQ@ |Q=HD xQ}HvR l} QO =Q OQwt u}= R}v =yv;
|Dw=iDt Q_vt R= =Q x} wv=F w x}rw= |=yVQ=iU w Ov=xOQmv ^=Lr sy =Q pkvwptL
'OwW|t |aU xr=kt u}= QO xm CU= |r=L QO u}= 'Ov=xOwtv |UQQ@ xr=kt u}= R=
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yOQ=wt Q}=U w =yQDt=Q=B '=yQ}eDt u}vJty w C=[wQit CU= sRq R}J Qy R= V}B =t=
"OvOQo h} QaD |QwQ[

pOt C=[wQit "1"1"3
%CU= Q} R CQwYx@ j}kLD u}= QO xOW xO=iDU= C=[wQit

'u=UQO=Ot=u=tR=U'|HQ=Nw|rN=O xOvvmO}rwDpt=W|L]UQ=yJu}t-=D xQ}HvR "1
&CU= �xO}O xFO=L \=kv� =[=kD \=kv

ptL =[=kD \=kv x@ |rN=O xOvvmO}rwD R= s}kDUt CQwYx@ x} wv=F VQ=iU "2
&OvwW|t

|Q=O} QN xaH=i R= Oa@ w p@k pL=Qt QO O=Ot= u=tR=U \UwD |O=Ot= sqk= "3
&OvwW|t

&CU= |rN=O xOvvmO}rwD OyaD QFm =OL R= QDW}@ |rN=O xOvvmO}rwD C}iQ_ "4
w OyO|t VQ=iU |rN=O xOvvmO}rwD x@ xaH=i ẁkw R= p@k O=Ot= u=tR=U "5

&Ovm|t O}rwD OwN C}iQ_ xR=Ov=x@ QFm =OL |rN=O xOvvmO}rwD
xOvvmO}rwD R= OwN OyaD pk=OL xR=Ov=x@ pk=OL xm OwW|t OyaDt O=Ot= u=tR=U "6

&Ovm O} QN |rN=O
&OwW|t xDiQo Q_v QO pwYLt ẁv OvJ '|O=yvW}B pOt QO "7

|[=} Q s�qa "2"1"3
=yT}Ov= �

&�u=oO}O ?}U;� =[=kD \=kv %P
&pwYLt ẁv %f

"w} Q=vU %s
=yQDt=Q=B �

&|HQ=N xOvvmu}t-=D R= f pwYLt O} QN Ct}k %Vf
&O=Ot= u=tR=U \UwD f pwYLt O} QN Ct}k %Wf

&|rN=O xOvvmO}rwD \UwD f pwYLt O}rwD xv} Ry %Cinf
&|rN=O xOvvmO}rwD x@ |HQ=N xOvvmu}t-=D R= pkvwptL xv} Ry %Sinext

&p |=[=kD x]kv x@ |rN=O xOvvmO}rwD R= pkvwptL xv} Ry %Sp1
&O=Ot= u=tR=U x@ |rN=O xOvvmO}rwD R= pkvwptL xv} Ry %Sngo1
&p |=[=kD x]kv x@ O=Ot= u=tR=U R= pkvwptL xv} Ry %Sngop

&|rN=O xOvvmO}rwD Q=@v= QO f pwYLt |Q=Oyov xv} Ry %If
&|rN=O xOvvmO}rwD x@ |HQ=N xOvvmu}t-=D R= pkvwptL u=tR %Text

&|rN=O xOvvmO}rwD \UwD f pwYLt O}rwD u=tR %Tin f
&O=Ot= u=tR=U x@ |rN=O xOvvmO}rwD R= pkvwptL u=tR %Tngo1
&p |=[=kD x]kv x@ |rN=O xOvvmO}rwD R= pkvwptL u=tR %Tp

&p |=[=kD x]kv x@ O=Ot= u=tR=U R= pkvwptL u=tR %Tngo p
&O=Ot= u=tR=U Q=@v= QO f pwYLt |Q=Oyov xv} Ry %hf

&s w} Q=vU CLD p xk]vt QO f pwYLt |=[=kD %Dfps
s w} Q=vU QO p |=[=kD x]kv x@ |rN=O xOvvmO}rwD R= xm f pwYLt Q=Okt %Afp

&OwW|t p=UQ=
&|rN=O xOvvmO}rwD \UwD f pwYLt O}rwD C}iQ_ %Nf
&C}tm |Q}PBh=]av= O=OQ=Qk QO q=@ x@ wQ s}_vD QDt=Q=B %�

"C}tm |Q}PBh=]av= O=OQ=Qk QO u}}=B x@ wQ s}_vD QDt=Q=B %�

xOvvmO}rwD |=Q@ OyaD QFm =OL l} w O=Ot= u=tR=U |=Q@ OyaD pk=OL l} O=OQ=Qk u}=
OOQo xv}tm =yxv} Ry ẁtHt 'u=QL@ \}=QW QO xm OQ}o|t Q_v QO |=xvwox@ =Q |rN=O
|=}vO \}=QW x@ uOW QDl}ORv |=Q@ 'u}= Q@ xwqa "OwW s=Hv= QD`} QU |v=UQO=Ot= w
ẁtHt xm |]}=QW QO w s}=xDiQo Q_v QO |rN=O xOvvmO}rwD |=Q@ |D}iQ_ '|ak=w

R= |WN@ Ov=wD|t xOvvmO}rwD u}= 'OW=@ |rN=O xOvvmO}rwD C}iQ_ R= V}@ =yVQ=iU
xOvvmO}rwD C}iQ_ xm CU= QmP u=}=W "Ovm x}yD |Q=BUuwQ@ j} Q] R= =Q OwN C=OyaD
"CU= xO=O u=UQO=Ot= u=tR=U x@ =OD@= QO xm CU= |OyaD QFm =OL R= QDW}@ |rN=O
j]=vt |=[=kD R= QDtm 'O=Ot= u=tR=U x}rw= VQ=iU Q=Okt Qo = xm CU= |y}O@
VQ=iU xO}O?}U; j]=vt |=[=kD u}t-=D |=Q@ O=Ot= u=tR=U 'OW=@ xO}O?}U;
x} wv=F VQ=iU xmv}= x@ xHwD =@ 'u}vJty "O=O Oy=wN |rN=O xOvvmO}rwD x@ |=x} wv=F
XNWt xO}O?}U; j]=vt |ak=w |=[=kD uOW XNWt R= TB w u=QL@ R= Oa@
xOvvmO}rwD R= s}kDUt Qw]x@ x} wv=F |=yVQ=iU QD`} QU |v=UQO=Ot= Qw_vtx@ 'OwW|t
QDW}@ =[=kD xm|DQwY QO 'u}vJty "OvwW|t ptL xO}O ?}U; \=kv x@ |rN=O
C}iQ_ xm |}=yVQ=iU R= |WN@ xOvvmO}rwD 'OW=@ |rN=O xOvvmO}rwD C}iQ_ R=
R= QDtm =[=kD xm|DQwYQO =t= 'Ovm|t x}yD |HQ=N xOvvmu}t-=D R= OQ=Ov =Q =yv; u}t-=D
QFm =OL xR=Ov=x@ |rN=O xOvvmO}rwD xmv}= p}rOx@ 'OW=@ O=Ot= u=tR=U x}rw= VQ=iU
xm |O}rwD sqk= C@=@ |Q=Oyov xv} Ry |rN=O xOvvmO}rwD 'Ovm O}rwD O}=@ OwN OyaD
pk=OL R= QDtm =[=kD Qo = \}=QW u}= QO 'u}vJty "OR=OQB|t xOWv R}v |Q=O} QN
"OW Oy=wN p}tLD |Q=Oyov xv} Ry O=Ot= u=tR=U x@ 'OW=@ R}v O=Ot= u=tR=U OyaD
OyaD pk=OL xR=Ov=x@ 'CU= xOwtv |Q=Oyov OwN Q=@v= QO xm |v=R}t CQwYQyQO uwJ
u=QL@ \}=QW QO uDW=O Q=Qk x@ xHwD =@ Q_vOQwt xr�Ut QO "OW=@|t O=OQ=Qk QO OwN
QO |a]kQ}e CQwYx@ =[=kD 'xO}O?}U; j]=vt j}kO |=[=kD uOw@ XNWt=v w
xaH=i CQwYx@ w} Q=vU xU T=U=Q@ Q_vOQwt C}a]k sOa w CU= xOW xDiQo Q_v
"CU= xOW xDiQo Q_v QO O=} R jta =@ xaH=i w \UwDt jta =@ xaH=i 'sm jta =@

"OyO|t u=Wv=Q xOW KQ]t u}t-=D xQ}HvR R= |}=tv 1 pmW

|R=UpOt "1"3
pOt l} xaUwD ,=iQY xv w� O}OH ,qt=m |[=} Q pOt l} x�=Q= x@ 'VN@ u}= QO
K}LY OOa |]NQ}e pOt l} x}rw= pOt xm |Qw]x@ 'OW Oy=wN xDN=OQB �|[=} Q
&OW Oy=wN p}O@D K}LY OOa |]N pOt x@ '|R=U|]N pwY= Q@x}mD =@ w xOw@

"O=Ot= u}t-=D xQ}HvR R= |}=tv "1 pmW
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w`}
=vY

|U
Ovyt Tc7=

FX
f=1

SX
s=1

ps:(hf :[(1� �):qf :

(1�kfs):(1� xfs) + [(1 + �):qf �
PX
p=1

Dfps]:xfs:(1� kfs)])

Tc8 =
FX
f=1

SX
s=1

ps:(If :[((1 + �)� (1� �)):qf

:(1� kfs):(1� xfs)+
(1 + �):qf �

PX
p=1

Dfps:xfs:(1� kfs]))

Tc9 =
FX
f=1

SX
s=1

ps:(
PX
p=1

sngop:(Dfps:(1� kfs) + ngpfps:kfs))

MinZ1 =

Tc1 + Tc2 + Tc3 + Tc4 + Tc5 + Tc6 + Tc7 + Tc8 + Tc9 (1)

Tt1 =
FX
f=1

SX
s=1

Ps:(Text:yfs)

T t2 =
FX
f=1

SX
s=1

Ps:[Tinf (
PX
p=1

Dfps:kfs:(1� yfs)+

(1 + �):qf:(1� kfs) +Nf:kfs:yfs)]

Tt3 =
FX
f=1

SX
s=1

ps:(
PX
p=1

Tp:kfs)

MinZ2 = Tt1 + Tt2 + Tt3 (2)

(1 + �):qf � Nf 8f (3)

(
PX
p=1

Dfps �Nf ):yfs = Mofs 8f; s (4)

yfs � kfs 8f; s (5)
PX
p=1

Dfps + bigM:(1� yfs) � Nf 8f; s (6)

PX
p=1

Dfps � bigM:yfs � Nf 8f; s (7)

qf � Gf 8f (8)
PX
p=1

Dfps + bigM:(1� xfs) � (1� �):qf 8f; s (9)

PX
p=1

Dfps � bigM:xfs � (1� �):qf 8f; s (10)

xfs � kfs 8f; s (11)

PX
p=1

Dfps + bigM:(1� kfs) � (1 + �):qf 8f; s (12)

PX
p=1

Dfps � bigM:kfs � (1 + �):qf 8f; s (13)

=yQ}eDt �
f pwYLt O}rwD C}iQ_ R= QDW}@ f pwYLt |=[=kD Qo = xm CU= |Q}eDt %Yfs
0 Q@=Q@ CQwY u}= Q}e QO w 1 Q@=Q@ OW=@ s w} Q=vU QO |rN=O xOvvmO}rwD \UwD

&OwW|t
u=tR=U x}rw= VQ=iU Q=Okt R= QDW}@ f pwYLt |=[=kD Qo = xm CU= |Q}eDt %Kfs

&OwW|t 0 Q@=Q@ CQwY u}= Q}e QO 'l} OW=@ s w} Q=vU QO f pwYLt |=Q@ O=Ot=
O=Ot= u=tR=U OyaD pk=OL R= QDW}@ f pwYLt |=[=kD Qo = xm CU= |Q}eDt %Xfs

&OwW|t 0 Q@=Q@ CQwY u}= Q}e QO '1 Q@=Q@ OW=@ s w} Q=vU QO f pwYLt |=Q@
&f pwYLt |=Q@ u=tR=U x}rw= VQ=iU %qf

&OwW|t u}t-=D |Q=BUuwQ@ j} Q] R= xm f pwYLt Q=Okt %Mofs
%OOQo|t |iQat Q} R CQwYx@ hOy `@=wD |=RH= 'pOt u}= QO

&|HQ=N xOvvm u}t=D R= O} QN pm xv} Ry %Tc1
&|rN=O xOvvmO}rwD x@ |HQ=N xOvvm u}t=D R= pkvw ptL pm xv} Ry %Tc2

&|rN=O xOvvmO}rwD \UwD sqk= O}rwD pm xv} Ry %Tc3
&=[=kD \=kv x@ |rN=O xOvvmO}rwD R= pkvw ptL pm xv} Ry %Tc4

&u=UQO=Ot= u=tR=U x@ |rN=O xOvvmO}rwD R= pkvw ptL pm xv} Ry %Tc5
&u=UQO=Ot= u=tR=U \UwD sqk= O} QN pm xv} Ry %Tc6

&O=Ot= u=tR=U |Q=Oyov pm xv} Ry %Tc7
&|rN=O xOvvmO}rwD |Q=Oyov pm xv} Ry %Tc8

&=[=kD \=kv x@ O=Ot= u=tR=U R= pkvw ptL pm xv} Ry %Tc9
&|rN=O xOvvm O}rwD x@ |HQ=N xOvvm u}t=D R= pkvw ptL pm u=tR %Tt1

&|rN=O xOvvmO}rwD \UwD sqk= O}rwD pm u=tR %Tt2
"=[=kD \=kv x@ pkvw ptL pm u=tR %Tt3

xOW x�=Q= |]N w |]NQ}e |[=} Q |=ypOt "3"1"3
%OOQo|t x�=Q= u; xOW |R=U |]N TBU w |]NQ}e pOt =OD@= 'CtUk u}= QO

Tc1 =
FX
f=1

SX
s=1

ps:(vf :Mofs)

Tc2 =
FX
f=1

SX
s=1

ps:(sextin:Mofs)

Tc3 =
FX
f=1

SX
s=1

ps:(cinf :(
PX
p=1

Dfps:kfs:(1� yfs)

+(1 + �):qf :(1� kfs) +Nf :kfs:yfs))

Tc4 =
FX
f=1

SX
s=1

ps:
PX
p=1

(sp1:Afp:kfs)

Tc5 =
SX
s=1

FX
f=1

ps:(sngo1:(1 + �):qf :kfs

+
PX
p=1

Dfps:(1� kfs):xfs + (1� �):qf :(1� xfs))

Tc6 =
FX
f=1

SX
s=1

ps:(wf :

PX
p=1

(Dfps:xfs + (1� �):qf :(1� xfs)))
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Tc13 =
FP
f=1

SP
s=1

ps:(sngo1:[(1� �):qf+

(1 + �)�fs +
PP
p=1

Dfps:(xfs � Efs)
�(1� �):(�fs + ufs � rfs)])
Tc14 =

FP
f=1

(wf :[(1� �):qf+

SP
s=1

ps:(
PP
p=1

Dfps:xfs � (1� �):ufs)])

Tc15 =
FP
f=1

hf :[(1� �):qf+

SP
s=1

ps:[(1� �):(��fs � ufs + rfs)

� PP
p=1

Dfps:(1� kfs � xfs + Efs)]]

Tc16 =
FP
f=1

If :([(1 + �)� (1� �)]:qf+

SP
s=1

ps:[((1 + �)� (1� �)):(�ufs � �fs + rfs)

+(1 + �):(ufs � rfs)� PP
p=1

Dfps:(xfs � Efs)])
Tc17 =

FP
f=1

SP
s=1

ps:(
PP
p=1

sngop:(Dfps:(1� kfs) + ngpfps))

MinZ1 = Tc10 + Tc11 + Tc12 + Tc13+
Tc14 + Tc15 + Tc16 + Tc17

(18)

Tt4 =
FP
f=1

SP
s=1

Ps:(Text:yfs)

Tt5 =
FP
f=1

(Tinf :(1 + �):qf ) +
FP
f=1

SP
s=1

ps:(Tinf :

(
PP
p=1

Dfps:(kfs � tfs)� (1 + �):�fs +Nf :tfs))

Tt6 =
FP
f=1

SP
s=1

ps:(
PP
p=1

Tp:�fps)

MinZ2 = Tt4 + Tt5 + Tt6

(19)

Dfps:(1� kfs) + ngpfps+A0fps � Dfps 8f; p; s (20)

�fs � qf 8f; s (21)

�fs � bigM:kfs 8f; s (22)

�fs � qf � bigM:(1� kfs) 8f; s (23)

ufs � qf 8f; s (24)

ufs � bigM:xfs 8f; s (25)

ufs � qf � bigM:(1� xfs) 8f; s (26)

rfs � �fs 8f; s (27)

rfs � bigM:xfs 8f; s (28)

rfs � �fs� bigM:(1� xfs) 8f; s (29)

tfs � kfs 8f; s (30)

tfs � yfs 8f; s (31)

tfs � kfs+ yfs� 1 8f; s (32)

Efs � kfs 8f; s (33)

PX
p=1

ngpfps = (1 + �):qf :kfs 8f; s (14)

Dfps:(1� kfs) + ngpfps:kfs +Afps:kfs � Dfps 8f; p; s
(15)

xfs; yfs; kfs 2 f0; 1g 8f; s (16)

Mofs; qf � 0; int eger 8f; p; s (17)

sqk= O} QN xv} Ry pt=W xm =Q |}=yxv} Ry ẁtHt 1 CQ=@a 'Q_vOQwt pOt QO
x@ |HQ=N xOvvmu}t-=D R= ptL xv} Ry '|rN=O xOvvmO}rwD \UwD xOW |Q=BUuwQ@
|rN=O xOvvmO}rwD R= ptL xv} Ry '|rN=O xOvvmO}rwD C=O}rwD xv} Ry '|rN=O xOvvmO}rwD
|=yVQ=iU ptL xv} Ry 'O=Ot= u=tR=U\UwD =yVQ=iU O} QN xv} Ry '=[=kD \=kv x@
'O=Ot= u=tR=U QO |OwHwt |Q=Oyov xv} Ry 'O=Ot= u=tR=U x@ |rN=O xOvvmO}rwD R=
u=tR=U R= |=yVQ=iU ptL xv} Ry w |rN=O xOvvmO}rwD QO |OwHwt |Q=Oyov xv} Ry
pkvwptL |=yu=tR ẁtHt 2 CQ=@a "Ovm|t xv}tm 'CU= =[=kD \=kv x@ O=Ot=
xOvvmO}rwD \UwD sqk= O}rwD u=tR w |rN=O xOvvmO}rwD x@ |HQ=N xOvvmu}t-=D R=
C}iQ_ x@ \w@ Qt 3 CQ=@a "O}=tv|t xv}tm QD`} QU |v=UQO=Ot= Qw_vtx@ =Q |rN=O
C}iQ_ xR=Ov=x@ pk=OL |rN=O xOvvmO}rwD OyO|t u=Wv xm CU= |rN=O xOvvmO}rwD
5 CQ=@a "Ovm|t XNWt =Q |Q=BUuwQ@ Q=Okt 4 CQ=@a "OwW|t OyaDt OwN
=y=[=kD ẁtHt Qo = xm CU= u}= Qov=}@ w OyO|t u=Wv =Q |Qv}=@ Q}eDt wO u}@ \=@DQ=
ẁtHt l} C}OwOLt x@ xHwD =@ x=ov; 'OW=@ |rN=O xOvvmO}rwD C}iQ_ R= QDW}@

u=Wv �7 w 6� C=Q=@a "CUy R}v |rN=O xOvvmO}rwD OyaD QFm =OL R= QDW}@ =y=[=kD
|rN=O xOvvmO}rwD C}iQ_ R= QDW}@ xO}O?}U; \=kv |=[=kD ẁtHt Qo = xm OvyO|t
VQ=iU Q=Okt pk=OL Qov=}@ 8 CQ=@a "CW=O s}y=wN |Q=BUuwQ@ x=ov; 'OW=@
QDtm =y=[=kD ẁtHt Qo = xm OvyO|t u=Wv �10 w 9� C=Q=@a "CU= O=Ot= u=tR=U
CQ=@a "OR=OQB|t |Q=Oyov xv} Ry O=Ot= u=tR=U 'OW=@ O=Ot= u=tR=U OyaD pk=OL R=
OyO|t u=Wv �13w 12� C=Q=@a "CU= |Qv}=@ Q}eDt wO u}@ \=@DQ= Qov=}@ 11
VQ=iU 'OW=@ |rN=O xOvvmO}rwD OyaD QFm =OL R= QDW}@ =y=[=kD ẁtHt Qo = xm
"OR=OQB|t |Q=Oyov xv} Ry |rN=O xOvvmO}rwD 'CQwYu}= Q}e QO w OQ=O OwHw x} wv=F
QDW}@ xO}O?}U; j]=vt |=y=[=kD ẁtHt xm |DQwYQO OyO|t u=Wv 14 CQ=@a
QFm =OL xR=Ov=x@ ,=awtHt O=Ot= u=tR=U R= 'OW=@ |rN=O xOvvmO}rwD OyaD QFm =OL R=
OyO|t u=Wv 15 CQ=@a "OwW|t ptL xO}O?}U; \=kv x@ |rN=O xOvvmO}rwD OyaD
=[=kD x]kv l} x@ O=Ot= u=tR=U w |rN=O xOvvmO}rwD R= |r=UQ= Q}O=kt ẁtHt xm
=yQ}eDt C}a[w Qov=}@ �17w16� C=Q=@a "CU= x]kv u; |=[=kD xR=Ov=x@ pk=OL

"OvDUy
xO=iDU= [21]u=Q=mty w sOkt |rmwD VywSB R= QwmPt pOt |R=U|]N |=Q@

"CU= xOW
|]N pOt "4"1"3

Tc10 =
FP
f=1

SP
s=1

ps:(vf :Mofs)

Tc11 =
FP
f=1

SP
s=1

ps:(sextin:Mofs)

Tc12 =
FP
f=1

(cinf :[(1 + �):qf

+(
PP
p=1

SP
s=1

ps:(Dfps:(kfs � tfs))�
(1 + �):�f +Nf :tf )])
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39

|xQ
wO'

�14
02

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt ' |wQ Q@ |} wOwO =} K}LY OOa C=t=Rr= |NQ@ pt=W wOQy =}  =} ' xm |Qw]x@

h} QaD Q} R pmW x@ q=@pOt |a]k pO=at xt=vQ@ OOHt 'h} QaD u}= =@ "OvDUy  =}
%OwW|t

Minz = ��:'+
X
s

�s:Q('; �s) (45)

s:t

�s'+ ws: s = �s (46)

' � 0;  � 0 (47)

42 x]@=Q w CU= xOW |U} wvR=@ 45 x]@=Q CQwYx@ C=Q}}eD p=ta= R= TB 41 x]@=Q
47 x]@=Q 'u}vJty w CU= xOW p}O@D 46 x]@=Q x@ 43 x]@=Q "Ov=t|t Q}}eD uwO@
|a@=D w xDUUo � CU= xOW ZQi q=@ x]@=Q QO "OyO|t u=Wv =Q =yQ}eDt C}a[w
Qy xm |Qw]x@ "OW=@|t umtt |=yw} Q=vU R= |y=vDt |=xawtHt S xm CU= s R=
=@ Q@=Q@ � u}t=s ẁkw p=tDL= w CU= |iO=YD |=yQDt=Q=B R= |Dr=L Qov=}@ w} Q=vU

[22]"MQi w QP; (
PS
s=1 �s = 1) OwW|t xDiQo Q_v QO �s

xOW C}wkD C}OwOLt uwr}UB= VwQ "2"4
C}OwOLt uwr}UB= VwQ R= jwi |iOy wO pOt pL |=Q@ 'VywSB u}= QO
|=yOQm} wQ R= |m} C}OwOLt uwr}UB= VwQ "CU= xOW xO=iDU= xOW C} wkD
`@=wD s=tD p=kDv= =@ xm CU= xiOyOvJ |R=Uxv}y@ p�=Ut pL |=Q@ xOW xDN=vW
"OR=OQB|t xr�Ut pL x@ 'C}OwOLt x@ xrLQt Qy QO =yv; R= |m} RHx@ hOy
s=Hv= hOy `@=wD R= |m} |=Q@ \ki |R=Uxv}y@ Ov}=Qi 'uwr}UB= C}OwOLt VwQQO
u}=Q@=v@ &OvUQ|t OwN |q=@ |=yu=Qm x@ Qo}O hOy `@=wD xm|r=LQO 'OwW|t
CU= umtt w OQ=Ov OwHw xOW O}rwD |=ypLx=Q uOw@ =Q=m |=Q@ |v}t[D I}y
|=y?=wH R= |NQ@ CU= umtt u}= Q@ xwqa "OwW O}rwD Ot;Q=m =v |=ypLx=Q
|}=Q=m R= |O=} R xR=Ov= =D Ov=wD|t xrwkt u}= xm Ovvm ?wret =Q Qo}Om} xOW O}rwD
R= |=xDi=}Ow@y@ |=yOQm} wQ Q}N= |=yp=U QO "Oy=m@ uwr}UB= C}OwOLt VwQ
VwQ u}= |=y|DU=m R= |NQ@ Ov=wD@ =D CU= xOW x�=Q= uwr}UB= C}OwOLt VwQ
C@Ft Ow@tm |=yQ}eDt uOQm xi=[= =@ =OD@= 'xDi=}Ow@y@ VwQ QO "O}=tv hQ]Q@ =Q
hOy `@=wD |w=Ut=v |=yC}OwOLt �|R=Uxv}W}@ p�=Ut |=Q@ O=R=t |=yQ}eDt�
|=yQ}eDt ẁtHt uOwRi= =@ TBU 'OvwW|t p}O@D |w=Ut |=yC}OwOLt x@
xOW C} wkD VwQ |}=Q=m u}= w OR=OQB|t pOt pL x@ |rY= hOy `@=D x@ Ow@tm

"CU=
%CU= 48 x]@=Q CQwYx@ xiOyOvJ |R=Uxv}y@ xr�Ut pOt

Min(f1(x); f2(x); :::; fn(x))

x 2 X (48)

%OOQo|t |U} wvR=@ Q} R CQwYx@ pOt AEC VwQ R= xO=iDU= =@
M inf1 (x)�

nX
i=2

#isi (49)

f1(x) + si = ei i = 2; 3; :::; n (50)

x 2 X; si � 0 (51)

C}a[w 51 x]@=Q w xr�Ut C}OwOLt 50 x]@=Q 'xr�Ut hOy 49 x]@=Q xm |Qw]x@
|=Q@ QDt=Q=B l} #i w |mtm |ivt=v |=yQ}eDt =ysi OyO|t u=Wv =Q =yQ}eDt

Efs � xfs 8f; s (34)

Efs � kfs+ xfs� 1 8f; p; s (35)

A0fps � Afps 8f; p; s (36)

A0fps � bigM:kfs 8f; p; s (37)

A0fps � Afps� bigM:(1� kfs) 8f; p; s (38)

xfs; yfs; kfs; �fps 2 f0; 1g 8f; p; s (39)

Mofs; qf;Afps;A0fps; ngpfps; tfs; Efs; ufs; rfs; �fs � 0
8f; p; s (40)

|Qv}=@ Q}eDt wO ?Q[ |R=U |]N |=Q@ tfs w Efs xDUw}B |=yQ}eDt pOt u}= QO
|=yQ}eDt ?Q[ |R=U |]N |=Q@ rfs w ufs '�fs xDUw}B |=yQ}eDt w syQO
18 \@=wQ x@ swO w pw= h=Oy= |R=U |]N "CU= xOW xO=iDU= xDUw}B QO |Qv}=@
xOW p}O@D 20 CQ=@a x@ |R=U |]N R= TB 15 CQ=@a "Ov=xOW QHvt 19 w
Q}eDt QO kfs |Qv}=@ Q}eDt ?Q[ |R=U |]N x@ \w@ Qt 23 =D 21 C=Q=@a "CU=
|Qv}=@ Q}eDt ?Q[ |R=U |]N x@ \w@ Qt 26 =D 24 C=Q=@a "CU= qf xDUw}B
Q}eDt ?Q[ |R=U |]N x@ \w@ Qt 29 =D 27 C=Q=@a 'qf xDUw}B Q}eDt QO xfs
?Q[ |R=U |]N x@ \w@ Qt �32 =D 30� C=Q=@a 'xfs |Qv}=@ Q}eDt w �fs xDUw}B
wO ?Q[ |R=U |]N x@ \w@ Qt �35 =D 33� C=Q=@a 'kfs; yfs |Qv}=@ Q}eDt wO
Q}eDt ?Q[ |R=U |]N x@ \w@ Qt �38 =D 36� C=Q=@a w xfs w kfs |Qv}=@ Q}eDt
=yQ}eDt C}a[w R}v 40 w 39 C=Q=@a "OvDUy kfs |Qv}=@ Q}eDt QO Afps xDUw}B

"OvyO|t u=Wv =Q

xr�Ut pL VwQ "4
VwQ TBU w xOW xO=O KQW C}a]k sOa =@ xyH=wt VwQ =OD@= VN@ u}= QO

"CU= xOW x�=Q= xiOy wO pOt pL |=Q@ xOW C} wkD C}OwOLt uwr}UB=

K}LY OOa |iO=YD |R} Qxt=vQ@ VwQ "1"4
?}U; j]=vt |=[=kD 'u=QL@ \}=QW QO |Q}oQ=Qk x@ xHwD =@ 'xr�Ut C=}[Qi Q@ =v@
R= u=wD|tv Qo}O 'u}=Q@=v@ "CU= CN=wvm} `} RwD =@ w |a]kQ}e CQwYx@ xO}O
C}a]k sOa =@ xyH=wt |=Q@ 'wQu}=R= "Owtv xO=iDU= xr�Ut pL |=Q@ |a]k |=yVwQ
|R} Qxt=vQ@ QO "OwW|t xO=iDU= K}LY OOa |iO=YD |R} Qxt=vQ@ VwQ R= 'OwHwt
OOa xrLQt wO Qy =} wO xrLQt =} l} xrLQt QO =yQ}eDt |NQ@ 'K}LY OOa |iO=YD
|Ov@pwtQi x@=Wt |=xrLQtwO K}LY OOa xt=vQ@ l} |Ov@pwtQi "OvDUy K}LY
'C@=F CWoR=@ =@ |iO=YD |]N |R} Qxt=vQ@ xr�Ut "CU= |=xrLQtwO |]N xt=vQ@

%OwW|t |Ov@pwtQi Q} R CQwYx@
Minz = ��:'+ E�[Min�(!)� (!)] (41)

s:t

A' = b (42)

�(!)'+ w: (!) = �(!) (43)

' 2 '; (!) 2  (44)
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vy=t

yswO pwYLt w OL=w 50 l} pwYLt |=Q@ O=} R jta =@ xaH=i ẁkw u=tR QO 'OyO
"OQ=O OwHw |Q=BUuwQ@ OL=w 54

pOt |=yQ}eDt w swO w l} hOy Q=DiQ xr�Ut |=yQDt=Q=B Q}}eD =@ 'VN@ u}= QO
"OwW|t |UQQ@

|UQQ@ =[=kD Q=@ Qy |OYQO 25 Q}}eD =@ =Q Q_vOQwt p=Ft '1 Q=Owtv QO
=yu=tR ẁtHt '=yxv} Ry ẁtHt =[=kD Vy=m =@ xm OyO|t u=Wv 1 Q=Owtv "OwW|t
QiY |Q=BUuwQ@ Q=Okt 'u}}=B x@ ��25 Vy=m R= w O@=}|t Vy=m |Q=BUuwQ@ w
|rN=O xOvvmO}rwD OW=@ sm =[=kD xm |DQwYQO =Q} R CU= |k]vt Qt= u}= w OwW|t

"OQ=O =Q pN=O QO sqk= u}t-=D |}=v=wD |Q=BUuwQ@ R= xO=iDU= uwO@
C=Q}}eD '|rN=O xOvvmO}rwD C}iQ_ Q=@ Qy |OYQO 25 Q}}eD =@ '2 Q=Owtv QO
u}= QO "CU= xOW x�=Q= 'Q_vOQwt p=Ft QO |Q=BUuwQ@ w =yu=tR '=yxv} Ry ẁtHt
xOW xO=OV}=Ri= w Vy=m pwYLt Qy O}rwD |=Q@ |rN=O xOvvmO}rwDC}iQ_ 'C=Q}}eD
|=Q@ |rN=O xOvvmO}rwD C}iQ_ Q=Okt V}=Ri= 'CU= XNWt xm Qw]u=ty "CU=
OwW|t |Q=BUuwQ@ Q=Okt Vy=m w hOy `@=wD Q}O=kt V}=Ri= Ea=@ pwYLt Qy
|k]vt Qt= u}= w OwW|t xr�Ut uOW umtt=v ?Hwt OYQO R= Oa@ u; Vy=m w
xOvvmO}rwD \UwD sqk= u}t-=D u=mt= '|rN=O xOvvmO}rwD C}iQ_ Vy=m =@ =Q} R 'CU=

"CU}v sy=Qi |rN=O
|wQ Q@ |rN=O xOvvmO}rwD x@ |HQ=N xOvvmu}t-=D R= pkvwptL u=tR C=Q}}eD Q}F-=D
CqwYLt xty 'C=Q}}eD u}= QO "CU= xOW xO=O u=Wv 3 Q=Owtv QO hOy wO Q}O=kt

"|Q=BUuwQ@ w hOy Q}O=kt Q@ =[=kD QF= |UQQ@ "1 Q=Owtv

"|Q=BUuwQ@ hOy Q}O=kt Q@ |rN=O xOvvmO}rwD C}iQ_ Q}}eD QF= |UQQ@ "2 Q=Owtv

Q=Okt u}OvJ 'h=Oy= Ot=}B T} QD=t uOQw; CUO x@ =@ "OvDUy h=Oy= |R=Up=tQv
x@ VwQ u}= x@ wDQ=B xy@H w OwW|t ?=NDv= e 2 [min(fi);max(fi)] hrDNt

"�[23]T=DUwmw TQwDQw=t� O};|t CUO

|OOa G}=Dv "5
p}rLD Q_vOQwt pOt C}U=UL TBU w pL |OOa p=Ft l} =OD@= QO 'VN@ u}= QO

%CU= xOW
xOvvmO}rwD x@ OL=w q xR=Ov=x@ xaH=i ẁkw R= p@k O=Ot= u=tR=U 'p=Ft u}= QO
|rN=O xOvvmO}rwD 'C}tm |Q}PBh=]av= O=OQ=Qk j@=]t 'OyO|t VQ=iU |rN=O
Ovm O}rwD O=Ot= u=tR=U x}rw= VQ=iU R= QDW}@ � = 0=1 xR=Ov=x@ xm OwW|t OyaDt
x}rw= VQ=iU R= QDtm � = 0=2 xR=Ov=x@ QFm =OL xm OwW|t OyaDt O=Ot= u=tR=U w
"1 %w} Q=vU xU T=U=Q@ xk]vt Qy QO pwYLt Qy |ak=w |=[=kD "Ovm O} QN OwN
2 pwOH CQwYx@ O=} R jta =@ xaH=i "3 "\UwDt jta =@ xaH=i "2 sm jta =@ xaH=i
[20]u=Q=mty w |QO}L `@vt R= O=OQ=Qk x}rw= |=yQDt=Q=B xm CU= QmP u=}=W "CU=

"CU= xOW O}rwD |iO=YD CQwYx@ O=Oa= Q}=U w xOW xO=iDU=
pwYLt |=Q@ w OL=w 200 l} pwYLt O}rwD |=Q@ |rN=O xOvvmO}rwD C}iQ_
wO pwYLt O}rwD xv} Ry w 35 pN=O QO l} pwYLt O}rwD xv} Ry 'OL=w 180 wO
xDiQo Q_v QO 0/45 w 0/3 '0/25 ?}DQDx@ =yw} Q=vU O=O MQ p=tDL= "CU= 50
xm CU= xOW xO=O u=Wv |rY= Cr=L QO =yQDt=Q=B Q}O=kt '3 pwOH QO "CU= xOW

"OW Ovy=wN p}rLD =yQDt=Q=B u}= '|Oa@ |=yVN@ QO
QwrwU w GAMS Q=Ri=sQv R= pY=L G}=Dv T=U= Q@ 'Q_vOQwt p=Ft pL R= TB
13522=5 Q@=Q@ =yu=tR ẁtHt w 54550=25 Q@=Q@ =yxv} Ry ẁtHt 'CPLEX

xR=Ov=x@ xaH=i ẁkw R= p@k O=Ot= u=tR=U Qo = xm OwW|t xOy=Wt u}vJty "CU=
VQ=iU |rN=O xOvvmO}rwD x@ wO pwYLt R= OL=w 70 w l} pwYLt R= OL=w 100

"w} Q=vU Qy QO pwYLt Qy |=Q@ xO}O ?}U; j]=vt |=[=kD "2 pwOH
S = 3 S = 2 S = 1 Dfps

80 50 40 f = 1; p = 1
100 80 50 f = 1; p = 2
70 40 20 f = 1; p = 3
80 40 40 f = 2; p = 1
64 32 32 f = 2; p = 2
90 45 45 f = 2; p = 3

"xr�Ut |=yQDt=Q=B "3 pwOH
Q=Okt QDt=Q=B Q=Okt QDt=Q=B

(115; 120; 125) Tngo(1; 2; 3) 120 Sngo1
(112; 115; 117) T (1; 2; 3) 150 Text

(12=5; 15) V1; V2 20 Tngo1
(5; 10) W1;W2 20 Sinext
(7; 10) H1; H2 (20; 25; 30) S1(1; 2; 3)

(5; 10) I1; I2 (20; 25; 30) Sago(1; 2; 3)

(70; 90) G1; G2 (50; 30) Tin(1; 2)
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=vY

|U
Ovyt "xr�Ut pL u=tR QO xr�Ut O=a@= Q}}eD QF= "4 pwOH

�x}v=F� pL u=tR �x}v=F� swO hOy �QqO� pw= hOy pwYLt O=OaD =[=kD \=kv O=OaD xr�Ut
1=063 14548=4 47699=5 2 3 1
4=656 15889 49827 3 3 2
10=218 65290=550 137474=4 4 5 3
29=484 57569=55 142019=9 5 6 4
509=875 182647=45 418362=8 8 12 5
934=032 1655683=4 2124258=8 15 20 6

� � � 10 15 7

Q@ C}tm |Q}PBh=]av= O=OQ=Qk QO u}}=B x@wQ s}_vD QDt=Q=B Q}}eD QF= "5 Q=Owtv
"l} hOy

OwHw x} wv=F VQ=iU Qo}O |rN=O xOvvmO}rwD C=OyaD V}=Ri= =@ =Pr "OQ=O C@=F |OvwQ
Oy=wNv OwHw =[=kD \=kv x@ |rN=O xOvvmO}rwD R= ptL u=tR xH}Dv QO w OQ=Ov
=y=[=kD ẁtHt u}t-=D u=mt= |rN=O xOvvmO}rwD C=OyaD V}=Ri= =@ 'u}vJty "CW=O
xOvvmu}t-=D R= ptL u=tR xH}DvQO 'OQ=Ov OwHw |Q=BUuwQ@ w OQ=O OwHw pN=O QO
ẁtHt QO |Q}F-=D � QDt=Q=B V}=Ri= p}rO u}tyx@ 'OQ=Ov OwHw |rN=O x@ |HQ=N

"OQ=Ov =yu=tR
Q@ C}tm |Q}PBh=]av= O=OQ=Qk QO u}}=B x@ wQ s}_vD QDt=Q=B Q}}eD QF= '5 Q=Owtv QO
x@ xHwD =@ "OwW|t |UQQ@ �=yu=tR ẁtHt� wO hOy w �=yxv} Ry ẁtHt� pw= hOy
=@ 'Ovm|t XNWt =Q sqk= O} QN |=Q@ O=Ot= u=tR=U OyaD pk=OL QDt=Q=B u}= xmv}=
xH}DvQO "OwW|t QDtm sqk= O} QN |=Q@ O=Ot= u=tR=U OyaD u=R}t 'QDt=Q=B u}= V}=Ri=
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1. Quantity Flexibility Contract (QFC)
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