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|v=tR xQwO QO p ẁv R= s=k x}rkv |xr}Uw \UwD xOW ptL CqwYLt O=OaD %ypkt

&t
&t |v=tR xQwO u=}=B QO j VwQixOQN QO i pwYLt Q=@v= |OwHwt K]U %Iijt

u}= Q}e QO w 1 Q@=Q@ xjpkt =
P
i
xijpkt > 0 Qo = xm |Qv}=@ Q}eDt %Xjpkt

&CU= QiY CQwY

|OwHwt w pkvwptL |R} Qxt=vQ@ |xr�Ut "2
l} QO |OwHwt w `} RwD |ovy=ty |xr�Ut 'VywSB u}= QO |UQQ@ OQwt |xr�Ut
xOvvmu}t-=D l} pt=W |v=tR xQwO OvJ =@ |}q=mOvJ |L]UwO u}t-=D |xQ}HvR
|=yQ=}at Q}=U Q@ xwqa =Q |]}LtCU} R C=_Lqt xm CU= VwQixOQN OvJ w
R= |QwO,=D@Uv |xrY=i QO xOvvmu}t-=D "OQ}o|t Q_v QO u}t-=D |xQ}HvR OQmrta swUQt
"CU=C@=F xOvvmu}t-=D R= =yVwQixOQN |xrY=i xm|Qw]x@ 'xDiQo Q=Qk =yVwQixOQN
R= u=Um},=@} QkD |=yxrY=i =@ |}=}i=QeH |xk]vt l} QO =yVwQixOQN 'u}= Q@ xwqa
u=R}t "CU=C@=F ,=@} QkD sy =yu; u}@ |xrY=i xm OQm ZQi u=wD|t w Ov=xDiQo Q=Qk sy
|OwHwt C} Q}Ot sDU}U ?@Ux@ xOvvmu}t-=D |rw CU=} wB =yVwQixOQN |=[=kD
|xQ}HvR QO |Q}os}tYD x@ h_wt w CU= x=o ; u; R= V}B=W}B 'xOvWwQi \UwD
p@k R= =yVwQixOQN |=[=kD u=R}t R= `q]= x@ xHwD =@ xOvvmu}t-=D "CU= u}t-=D
x@ =yu; p=UQ= u=tR w |r=UQ= |q=m ẁv w O=OaD 'xrwtLt |xR=Ov= u}}aD C}rw�Ut
|xr}Uw ẁv 'Q=}DN=QO u=ow=v x@ xHwD =@ u}vJty "OQ=O xOya Q@ =Q VwQixOQN Qy
|v=tR xQwO Qy QO u; u@ Qm Q=WDv= u=R}t w ptL C}iQ_ u=R}t x@ xHwD =@ =Q x}rkv
w x}rkv p}=Uw C@=F |xv} Ry pt=W `} RwD |=yxv} Ry |R=Uxv}tm hOy "Ovm|t u}}aD
C} Q}Ot x=Qty x@ =y|WwQixOQN QO |OwHwt |Q=Oxov w =yq=m |}=Hx@=H |xv} Ry
x�=Q= pkvwptL w |OwHwt |ovy=ty |xr�Ut Qw_vtu}O@ "CU= pkvwptL u=ow=v

%CU= xOW xO=O s}taD p}P C=[wQit =@ [22]u}kkLt \UwD xOW
|r=UQ= |xrwtLt |xR=Ov= OQwtQO xOvvmu}t-=D w CU= |}q=mOvJ u}t-=D |xQ}HvR "1
p} wLD u=tR w VwQixOQN Qy x@ |r} wLD |q=m u=R}t w x}rkv |xr}Uw Qy \UwD

"Ovm|t |Q}os}tYD u;
96 '=m} Qt; CU} R\}Lt u=tR=U |=wy C}i}m w pkvwptL QDiO VQ=Ro j@] "2
u@ Qm O}Um = |O x@ OwW|t O}rwD pkvwptLVN@ QO xm|}xv=Nro |=yR=o OYQO
'|]}LtCU} R C=_Lqt uDiQo Q_v QO |=Q@ Qw_vt u}O@ [26]"OQ=O X=YDN=
"CU= xOW xOQw; |R=UpOt QO x}rkv p}=Uw R= u@ Qm O}Um = |O R=o Q=WDv= u=R}t
ptL |=Q@ |i=m O=OaD x@ |vRw w |tHL C}iQ_ Q_v R= uoty=v |x}rkv p}=Uw "3
=yu; u@ Qm Q=WDv= u=R}t u}vJty "CU= OwHwt |v=tR xQwO Qy QO =yq=m s=tD
OQ=Po|t Q}F-=D xOvvmu}t-=D \UwD x}rkv |xr}Uw ẁv ?=NDv= Q@ xm CU= Cw=iDt

"OQ}o|t s=Hv= |]}LtCU} R C=_Lqt x@ xHwD =@ u=ow=v C} Q}Ot w
QO w CU=yVwQixOQN CtU x@ xOvvmu}t-=D R= x}rkv |xr}Uw Qy CmQL Q}Ut "4
VwQixOQN OvJ x@ =Q u; u=wD|t 'OwW|t s=Hv= x}rkv |xr}Uw =@ xm |QiU Qy

"Ov=OQoQ@ xOvvmu}t-=D x@ TBU w O=O p} wLD q=m
ORtDUO pt=W� x}rkv |xr}Uw C@=F |xv} Ry VN@ wO R= pkvwptL |xv} Ry "5
CqwYLt|}=Hx@=HC@=F |xv} Ry w �|Q=Oxov w Q}taD wCNwU |xv} Ry 'xOvv=Q

"CU= xOW p}mWD =yu; p} wLD s=ovy =yVwQixOQN QO
OwHw x}rkv p}=Uw \UwD xQWDvt u@ Qm u=R}t |x@U=Lt |=Q@ |irDNt |=yVwQ "6
s}UkD CNwU Q@ |vD@t w xrY=i Q@ |vD@t VwQ wO x@ |rmQw]x@ xm OQ=O
uwJty |rt=wa x@ x}rkv |xr}Uw l} \UwD xQWDvt u@ Qm u=R}t [27]"OwW|t
OQwt xm |}=yp=U O=OaD '|iQYt CNwU C}i}m w ẁv 'u; CN=U |Qw=:vi
uRw 'l}i=QD 'xO=H ẁv 'CaQU \UwDt '�x}rkv |xr}Uw Qta� xDiQo Q=Qk xO=iDU=
|oDU@ |}=wy w ?; \}=QW w xOW |] Ci=Ut 'u; Q=@ u=R}t w x}rkv |xr}Uw
u@ Qm Q=WDv= u=R}t |x@U=Lt |=Q@ xrY=i Q@ |vD@t VwQ R= =Hv}= QO [25w18]"OQ=O
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"""|
OwH

wtw
pkvw

ptL
|xJ

Q=Bl
}|

R}Qx
t=vQ@\rDNt K}LY OOa |R} Qxt=vQ@ pOt ��y

|R} Qxt=vQ@ |ovy=ty Qw_vtx@ '�O =D �hr= |=yVN@ QO xOWu=}@ ?r=]t x@ xHwD =@
OvJ w |}q=mOvJ |L]UwO u}t-=D |xQ}HvR l} QO |OwHwt C} Q}Ot w pkvwptL

%CU= xOW xO=O xaUwD Q} R pOt u@ Qm Q=WDv= uDiQo Q_v QO =@ x=Qty |v=tR xQwO

MinZ =
X
p

X
k

X
t

ApYpkt +
X
j

X
p

X
k

X
t

LjpXjpkt

+
X
i

X
j

X
t

hijtIijt + TX
X
t

Cet (5)

Subject to :X
p

X
k

xijpkt + Iij;t�1 � dijt = Iijt 8i; j; t; (6)X
i

X
j

wixijpkt �Wp 8p; k; t; (7)X
i

X
j

vixijpkt � Vp 8p; k; t; (8)

xjpkt =
X
i

xijpkt 8j; p; k; t; (9)

xjpkt �MXjpkt 8j; p; k; t; (10)

ypkt =
X
i

X
j

xijpkt 8p; k; t; (11)

ypkt �MYpkt 8p; k; t; (12)

npkt =
X
j

Xjpkt 8p; k; t; (13)

Epkt=Emin
p + 1

2
�
Emax
p �Emin

p

�0@Pi Pj wixijpkt
Wp

1A 8p; k; t;

(14)

Csrt = 2dsrX
p

X
k

EpktYpkt 8t; (15)

Crrt = drr
X
p

X
k

Epkt(npkt � Ypkt) 8t; (16)

Cet = Csrt + Crrt 8t; (17)

xijpkt; Iijt; ypkt; xjpkt; npkt; Epkt; Csrt; Crrt; Cet � 0
8i; j; p; k; t; (18)

Xjpkt; Ypkt 2 f0; 1g 8j; p; k; t; (19)

&x}rkv p}=Uw C@=F |=yxv} Ry ẁtHt "1 %CU= VN@ Q=yJ pt=W pOt hOy `@=D
|=yxv} Ry ẁtHt "3 &=yVwQixOQN QO CqwYLt |}=Hx@=H |=yxv} Ry ẁtHt "2
|OwHwt pO=aD 6 C}OwOLt "u@ Qm Q=WDv= |=yxv} Ry ẁtHt "4 &|OwHwt |Q=Oxov
p} wLD CqwYLt C}tm ẁtHt xm|Qw]x@ Ovm|t XNWt =Q VwQixOQN Qy |=Q@
p@k |v=tR xQwO R= =yu; |xOv=t|k=@ |OwHwt |xwqax@ VwQixOQN x@ xOWxO=O
|Oa@ xQwO |=Q@ l} Qy xOv=t |OwHwt Q@=Q@ pwYLt Qy |Q=H |=[=kD u=R}t |=yvt
xOW ptL CqwYLt O=OaD xm Ovvm|t u}t[D 8 w 7 |=yC}OwOLt "OW Oy=wN
|xr}Uw u; |Q}oQ=@ C}iQ_ R= QD=Qi 'u}at |v=tR xQwO l} QO x}rkv |xr}Uw \UwD
"Ovvm|t xOQw;Q@ =Q |Qv}=@ |=yQ}eDt Q=Okt 12 =D 9 |=yC}OwOLt "CU}v x}rkv

u}= Q}e QO w 1 Q@=Q@ ypkt =
P
i

P
j
xijpkt > 0 Qo = xm |Qv}=@ Q}eDt %Ypkt

&CU= QiY CQwY
xQwO QOp ẁv R= s=k x}rkv |xr}Uw \UwD xOW C=kqt |=yVwQixOQN O=OaD %npkt

&t |v=tR
(kg t |v=tR xQwO QO p ẁv R= s=k x}rkv |xr}Uw u@ Qm Q=WDv= pt=a Q=Okt %Epkt

&CO2/km)

|v=tR xQwO QO =yVwQixOQN w xOvvmu}t-=D u}@ Q}Ut QO u@ Qm Q=WDv= u=R}t %Csrt
&t

&t |v=tR xQwO QO =yVwQixOQN u}@ Q}Ut QO u@ Qm Q=WDv= u=R}t %Crrt
"t |v=tR xQwO QO u}t-=D |xQ}HvR pw] QO u@ Qm Q=WDv= u=R}t %Cet

pOt QO u@ Qm Q=WDv= pt=a |x@U=Lt �O
l} 3�ER� Q=WDv= u=R}t w 2�FC� CNwU hQYt u}@ |x]@=Q [23]u}kkLt Qw=@ x@
\UwD xOW ptL Q=@ u=R}t w CNwU hQYt u}@ R}v w 'CU= s}kDUt |]N |x]@=Q
|=Hx@ s}y=wN|t j}kLD u}= QO [27]"CU= Q=QkQ@ s}kDUt w|]N x]@=Q x}rkv |xr}Uw
CQwYx@ =Q Q=WDv= pt=a 'CNwU hQYt u=R}t |wQ R= Q=WDv= u=R}t |x@U=Lt
xHwD =@ 'Qw_vt u}O@ "s}vm x@U=Lt =Q Q=WDv= u=R}t j} Q] u; R= w s}vm h} QaD =} wB
\UwD xOW ptL Q=@ u=R}t =@ Q=WDv= pt=a xm CiQo xH}Dv u=wD|t jwi ?r=]t x@
'pt=wa Q}=U uOw@ C@=F ZQi =@ =Pr &OQ=O s}kDUt w |]N |x]@=Q x}rkv |xr}Uw

%CU= Q=QkQ@ 1 |x]@=Q
EFnet load =EFempty + (EFfull � EFempty)

(load weight=load capacity) (1)

=} |r=N Cr=L QO Q=WDv= pt=a u=R}t ?}DQDx@ EFfull w EFempty u; QO xm
x}rkv |xr}Uw \UwD xOW ptL Q=@ uRw load weight "CU= x}rkv |xr}Uw uOw@ QB
Q=WDv= pt=a EFnet load w CU= x}rkv |xr}Uw ptL C}iQ_ load capacity w

"CU= xOW ptL Q=@ u=R}t x@ xHwD =@
x@ OW=@ QB =} |r=N P ẁv |x}rkv |xr}Uw |Dkw =Q u@ Qm Q=WDv= pt=a Qo =
CtU R= CiQ Q}Ut QO Q=WDv= pt=a Q=Okt 's}yO V}=tv Emax

p w Emin
p =@ ?}DQD

%=@ CU= Q@=Q@ 1 |x]@=Q x@ xHwD =@ (ESRpkt) =yVwQixOQN x@ xOvvmu}t-=D

ESRpkt = Emin
p +

�
Emax
p � Emin

p

�0@Pi Pj wixijpkt
Wp

1A (2)

OOQo|tQ@|r=N xm (ERSpkt) xOvvmu}t-=D x@ =yVwQixOQNCtU R=CWoR=@ Q}Ut QO w
%=@ CU= Q@=Q@

ERSpkt = Emin
p (3)

u=wD|t Ovm|t |] =Q CWoQ@ w CiQ Q}Ut ,=tDL x}rkv |xr}Uw Qy xm u}= x@ xHwD =@
'CWoR=@ Q}Ut QO ERSpkt w CiQ Q}Ut QO ESRpkt R= xO=iDU= |=Hx@ 'CrwyU |=Q@

%OQm xO=iDU= u@ Qm Q=WDv= pt=a |x@U=Lt |=Q@ Q}Ut pm QO =yu; \UwDt R=

Epkt =1
2
�
ESRpkt + ERSpkt

�
= Emin

p

+ 1
2
�
Emax
p � Emin

p

�0@Pi Pj wixijpkt
Wp

1A (4)
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2/
1x

Q=tW
'32

�1
|xQ

wO'
�13

95
u=DU

tR�
h}

QW
C}

Q}Ot
w`}

=vY
|U

Ovyt =Q 26 |]NQ}e |x]@=Q hOy `@=D x@ xHwD =@ pOt x@ 28 w 27 |]N C}OwOLt
%x@ OwW|t p}O@D 25 |x]@=Q CQwY u}= QO "OQm |]N

Crrt =drr
X
p

X
k

Emin
p (npkt � Ypkt)

+ drr

 X
j

X
p

X
k

Sjpkt �X
p

X
k

Evar
pkt

!
8t; (29)

CQwYx@ pOt 16 w 15 \@=wQ |=Hx@ 29 =D 27 w 22 '20 \@=wQ uOQm u} Ro}=H =@
"Ot; Oy=wNQO |]N

|D=@U=Lt |=yV}=tR; "4
QO \UwDt w lJwm O=a@= QO |}=yp=Ft 'pta QO |O=yvW}B pOt QDy@ lQO |=Q@
xDiQo Q=Qk p}rLD w x} RHD OQwt hrDNt |=yw} Q=vU x@ xHwD =@ w xOW pL VN@ u}=
|xQ}HvR QO u@ Qm Q=WDv= u=R}t w |Q}os}tYD pOt Q@ hrDNt |=yQDt=Q=B Q}F-=D =D

"OwW QDuWwQ |}xv} Ry pwtat pt=wa Q}=U Q=vm QO 'u}t-=D

x}rw= |=yxO=O u}}aD "1"4
QDtwr}m 10 |xrY=i \UwDt =@ |}=yVwQixOQN 's} R=OQB|t u; pL x@ xm |}xr�Ut
Q=Qk xOvvmu}t-=D R= |QDtwr}m 120 xrY=i QO xm 'OwW|t pt=W =Q sy x@ C@Uv
QO |ak=w O=Oa= \UwDt R= u}t-=D |xQ}HvR |=yxv} Ry x@ \w@ Qt |=yxO=O "OvQ=O
w x}rkv p}=Uw |]}LtCU} R OQmrta x@ \w@ Qt |=yxO=O "CU= xOW PN= =B wQ=
w pkvwptL |=Q@ |}xm@W R= =yu; |vRw w |tHL C}iQ_ w =yu; u@ Qm Q=WDv= u=R}t
Q}O=kt O}rwD hOy =@ |a=iDv=Q}e u=tR=U l} xm 'xOW xDiQo �NTM� CU} R\}Lt
Q}=U [28]"CU= pkvwptL hrDNt QwY |]}LtCU} R OQmrta x@U=Lt |=Q@ x}=B

%R= CU= CQ=@a R=}v OQwt |=yQDt=Q=B
3 w 1 '0 5 Q@=Q@ ?}DQDx@ =yu; uRw xm xOW xDiQo Q_v QO pwYLt ẁv xU "1
"CU= ?amtQDt 0 027 w 0 008 '0 001 Q@=Q@ =yu; Q_=vDt sHL w sQowr}m
|xrY=i QO xDUUo CN=wvm} `} RwD R= |iO=YD CQwYx@ =[=kD u=R}t "2

"CU= xOW O}rwD (500; 100)

OQ=Ov=DU= w |vRw w |tHL C}iQ_ x@ xHwD =@ uoty=v |x}rkv |xr}Uw ẁv VW "3
1 pwOH QO =yu; x@ \w@ Qt |=yQDt=Q=B xm xOW xDiQo Q_v QO hrDNt |oOv}q;

"CU= xOt;
sHL ?Q[pY=L R= VwQixOQN Qy |=Q@ CqwYLt |}=Hx@=H |xv} Ry u=R}t "4
xOW O}rwD (1 2; 0 8) |xrY=i QO xDUw}B CN=wvm} `} RwD QO x}rkv |xr}Uw

"CU=
`} RwD QO wQw} 0 1 dr@t ?Q[pY=L R= pwYLt Qy |Q=Oxov |xv} Ry Q=Okt "5

"CU= xOW O}rwD (1 2; 0 8) |xrY=i QO xDUw}B CN=wvm}
w 2010 |=yp=U |=Q@ [29]|O=yvW}B Q}O=kt x@ xHwD =@ u@ Qm Q=WDv= C=}r=t "6
CQwYx@ 2014 p=U |=Q@ 'xOw@ uD Q@ wQw} 70 w 45 ?}DQD x@ xm 2020
x@ wQw} 0 055 pO=at uD Q@ wQw} 55 '|O=yvW}B Q}O=kt |]N uw}UqwB QDv=

"CU= xOW x@U=Lt sQowr}m

Qy QO x}rkv |xr}Uw `=wv= \UwD xOW C=kqt |=yVwQixOQN O=OaD 13 |xrO=at
u=R}t x@ xHwD =@ =Q u@ Qm Q=WDv= u=R}t 14 |xrO=at "Ovm|t XNWt =Q |v=tR xQwO
"Ovm|t u}}aD |v=tR xQwO Qy QO xOW xO=iDU= |x}rkv |xr}Uw ẁv w xOW ptL Q=@
Q=WDv= |xv} Ry |x@U=Lt |=Q@ xm Ovvm|t u}}aD =Q |}=yQ}eDt 17 =D 15 CqO=at
|xOvyOu=Wv ?}DQDx@ 19 w 18 |=yC}OwOLt "OvQ=O OQ@ Q=m hOy `@=D QO u@ Qm

"Ov=xr�Ut |Qv}=@ w |ivt Q}e |=yQ}eDt
'Ov=|]NQ}e xm 16 w 15 |=yC}OwOLt x@ xHwD =@ OwW|t xOy=Wt xm u=vJ
Q=WDv= pt=a h} QaD =@ '\@=wQ u}= |R=U|]N |=Q@ "CU= |]NQ}e |O=yvW}B pOt
xv}tm Q=WDv= pt=a wO ẁtHt CQwYx@ =Q xOt; 14 C}OwOLt QO xm (Evar

pkt) Q}eDt
s}y=wN 15 |]NQ}e C}OwOLt QO |v} Ro}=H =@ w xDWwv �20 |x]@=Q� Q}eDt w

%CW=O

Evar
pkt = 1

2
�
Emax
p � Emin

p

�0@Pi Pj wixijpkt
Wp

1A � 0!

Epkt = Emin
p + Evar

pkt 8p; k; t; (20)

Csrt = 2dsrX
p

X
k

(Emin
p + Evar

pkt)Ypkt

= 2dsrX
p

X
k

Emin
p Ypkt + 2dsrX

p

X
k

Evar
pktYpkt 8t;

(21)

x@ xHwD =@ w OvQiY Q@=Q@ u=tRsy Ypkt w Evar
pkt |=yQ}eDt 'xr=kt CUw}B x@ xHwD =@

%OwW|t |]N 21 |x]@=Q 'Ypkt uOw@ |Qv}=@
Csrt = 2dsrX

p

X
k

(Emin
p Ypkt + Evar

pkt) 8t; (22)

%s} Q=O u; QO 20 |x]@=Q |v} Ro}=H =@ 16 C}OwOLt |R=U|]N |=Q@
Crrt = drr

X
p

X
k

(Emin
p + Evar

pkt)(npkt � Ypkt) 8t; (23)

Crrt =drr
X
p

X
k

Emin
p (npkt � Ypkt) + drr

X
p

X
k

Evar
pktnpkt

� drrX
p

X
k

Evar
pktYpkt 8t; (24)

Crrt =drr
X
p

X
k

Emin
p (npkt�Ypkt)+drr

X
p

X
k

X
j

Evar
pktXjpkt

� drrX
p

X
k

Evar
pktYpkt 8t; (25)

xHwD =@ w CU= |]N u; pw= VN@ xm CU= xOW p}mWD VN@ xU R= 25 |x]@=Q
Q}eDt u; swO VN@ |R=U |]N |=Q@ &OwW|t |]N R}v u; swU VN@ CUw}B x@

%s}vm|t h} QaD u}vJ =Q Sjpkt
Sjpkt = Evar

pkt �Xjpkt Sjpkt � 0 8j; p; k; t; (26)

Sjpkt �M �Xjpkt � Evar
pkt 8j; p; k; t; (27)

Sjpkt +M(1�Xjpkt) � Evar
pkt 8j; p; k; t; (28)

|v=tR w 'CU= QiY Sjpkt OW=@ QiY Q@=Q@ |Dkw w CU= |Qv}=@ Xjpkt Q}eDt
wO uOQm xi=[= =@ u=wD|t =Pr &Ow@ Oy=wN Evar

pkt Q@=Q@ Sjpkt CU= 1 Q@=Q@ xm sy
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OwH

wtw
pkvw

ptL
|xJ

Q=Bl
}|

R}Qx
t=vQ@"x}rkv p}=Uw =@ \@DQt |=yQDt=Q=B "1 pwOH

Ap Wp Vp Emax
p Emin

p
ẁv OQ=Ov=DU= |xr}Uw ẁv |xr}Uw ẁv T}Ov=

CNwU |oOv}q; x}rkv (p) x}rkv
66 600 6 1 0690 0 2138 pR}O Euro 1 Pick-up 1

69 3 600 6 0 9015 0 1803 pR}O Euro 5 Pick-up 2
78 1500 17 1 3630 0 2726 pR}O Euro 1 Van 3

81 9 1500 17 1 1390 0 2278 pR}O Euro 5 Van 4
146 5000 35 0 8422 0 3369 pR}O Euro 1 Small Truck 5

153 3 5000 35 0 8327 0 3331 pR}O Euro 5 Small Truck 6

"VwQixOQN wO OwHw Cr=L QO pOt Q@ |R} Qxt=vQ@ |v=tR xQwO O=OaD Q}F-=D "2 pwOH
ẁv R= xO=iDU= OQwt x}rkv |xr}Uw O=OaD |xv} Ry |xv} Ry |xv} Ry C@=F |xv} Ry |xv} Ry xQwO O=OaD

|v=tR |=yxQwO pm QO �p� Q=WDv= |Q=Oxov |}=Hx@=H p}=Uw pm |R} Qxt=vQ@
6 5 4 3 2 1 u@ Qm |OwHwt CqwYLt x}rkv (T )

0 0 0 1 0 0 9 203 0 30 535 78 117 738 1
0 0 0 3 0 1 38 911 1 449 55 827 300 396 188 2
0 1 1 2 0 0 34 770 8 154 136 193 383 900 563 017 3
0 2 0 2 0 0 35 774 89 042 202 563 448 775 379 4
0 2 0 4 0 0 56 091 72 550 224 058 604 956 700 5
0 2 0 5 0 1 73 751 28 021 244 203 748 1093 975 6
0 2 0 7 0 1 96 333 73 381 281 360 904 1355 074 7
0 2 3 6 0 1 108 979 33 679 295 313 1071 700 1509 671 8
0 2 0 11 0 1 136 516 34 858 349 575 1216 1736 948 9
0 3 0 9 0 3 139 421 54 001 420 122 1338 1951 544 10

|xr}Uw xU w 1 ẁv |x}rkv |xr}Uw l} R= T = 2 Cr=L QO s} Q=O VwQixOQN
|=Hx@ 4 ẁv |xr}Uw l} R= T = 3 Cr=L QO |rw 'xOW xO=iDU= 3 ẁv |x}rkv
xO=iDU= 1 ẁv |xr}Uw |=Hx@ 5 ẁv |x}rkv |xr}Uw R= w 3 ẁv |x}rkv |xr}Uw l}
u}= &(Emax5 < Emax1 )CU= 1 ẁv R= QDsm u; Q=WDv= pt=a Q=Okt u} QDW}@ xm xOW
|xv} Ry Vy=m Ea=@ |rw OyO|t V}=Ri= =Q x}rkv p}=Uw C@=F |xv} Ry xJQo = Qt=
u}vJ R}v s} Q=O VwQixOQN xU |Dkw 3 pwOH x@ xHwD =@ "OW Oy=wN u@ Qm Q=WDv=
T = 9 w T = 8 Cr=L u}@ u@ Qm Q=WDv= |xv} Ry Cw=iD |=Q@ u=wD|t =Q |rqODU=
Q=Okt u} QDW}@ Cw=iD x@ xHwD =@ 5 ẁv x@ 3 ẁv |x}rkv |xr}Uw wO Q}}eD R= |W=v xm

"OQ@ Q=m x@ 'CU= (Emax5 < Emax3 ) =yu; Q=WDv= pt=a
11 5 QFm =OL (T = 4) VwQixOQN wO Cr=L QO |OwHwt |Q=Oxov |xv} Ry
xU Cr=L QO "CU= OYQO 10 R= QDsm |v=tR |=yxQwO |k@=t QO w 'CU= OYQO
xOw@ OYQO 2 4 Q@=Q@ |OwHwt |Q=Oxov |xv} Ry �T = 8 =} T = 7� VwQixOQN
|R} Qxt=vQ@ Cr=L QO u}vJty "CU= OYQO 2 4 R= QDsm |v=tR |=yxQwO x}k@ QO w
|Q=Oxov |xv} RyCU=O}B 3 w 2 pw=OH R= xm u=vJ (T =1) |}*xQwOl} CQwYx@
VwQixOQN Qy x@ |r} wLD |q=m u=R}t OyO|t u=Wv xm xOW QiY Q@=Q@ |OwHwt
Qo}O |=yCr=L pw= |v=tR xQwO QO ,=twRr ẁ[wt u}= &CU= (dij1 � Iij0) Q@=Q@

"CU}v jO=Y |R} Qxt=vQ@
=@ x}rkv p}=Uw R= xO=iDU= x@ p}=tD |R} Qxt=vQ@ |v=tR |=yxQwO O=OaD V}=Ri= =@

CN=wvm} `} RwD R=VwQixOQN Qy QO CqwYLt R= l} Qy |=Q@ x}rw= |OwHwt "7
"CU= xOW x@U=Lt (200; 0) |xrY=i QO xDUUo

CPLEX12 0 2 1|xOvvmpLltmx@ w|R=UpOtGAMS Q=Ri=sQv QO xr�Ut
"CU= xOW x�=Q= G}=Dv w 'pL O};|t xt=O= QO xm hrDNt |=yw} Q=vU |=Q@

|R} Qxt=vQ@ |v=tR xQwO O=OaD Q}}eD Q}F-=D "2"4
VwQixOQN xU w wO xm|Dr=L QO pOt '|R} Qxt=vQ@|v=tR|=yxQwO O=OaD Q}F-=D syi|=Q@
3 w 2 pw=OH QO u; R= pY=L G}=Dv w 'pL |v=tR xQwO 10 |=R=x@ OW=@ xDW=O OwHw
|xv} Ry |v=tR xQwO O=OaD V}=Ri= =@ OwW|t xOy=Wt xm u=vJ "CU= xOW x�=Q=
|}=Hx@=H |xv} Ry w x}rkv p}=Uw C@=F |xv} Ry R= sa= pkvwptL |=yxv} Ry w pm
Q=WDv= w |OwHwt |Q=Oxov |=yxv} Ry |=Q@ |rw OQ=O |W}=Ri= ,qt=m OvwQ CqwYLt
\=@vDU= xvwou}= u=wD|t u@ Qm Q=WDv= |xv} Ry |=Q@ "CU}v jO=Y ẁ[wt u}= u@ Qm
|rw QDq=@ |oOv}q; u=R}t =@ x}rkv p}=Uw `=wv= R= Ov=wD@ xm |v=tR =D xOvvmu}t-=D xm OQm
p}=Uw `=wv= d=QU x@ Ovm xO=iDU= CqwYLt ptL |=Q@ 5 w 3 '1 Q}_v 'QDu=RQ=
R= xO=iDU= x@ p}=tD |va} &OwQ|tv 6 w 4 '2 Q}_v 'QDq=@ |oOv}q; OQ=Ov=DU= =@ x}rkv
,=vt[ "OwWv xv}tm pm |xv} Ry xm u; Qot CU= u}}=B OQ=Ov=DU= |x}rkv p}=Uw `=wv=
wO |Dkw ,qFt "CU= QF-wt =yu; ptL u=ow=v ?=NDv= QO R}v CqwYLt uRw w sHL
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2/
1x

Q=tW
'32

�1
|xQ

wO'
�13

95
u=DU

tR�
h}

QW
C}

Q}Ot
w`}

=vY
|U

Ovyt "VwQixOQN xU OwHw Cr=L QO pOt Q@ |R} Qxt=vQ@ |v=tR xQwO O=OaD Q}F-=D "3 pwOH
ẁv R= xO=iDU= OQwt x}rkv |xr}Uw O=OaD |xv} Ry |xv} Ry |xv} Ry C@=F |xv} Ry |xv} Ry xQwO O=OaD

|v=tR |=yxQwO pm QO �p� Q=WDv= |Q=Oxov |}=Hx@=H p}=Uw pm |R} Qxt=vQ@
6 5 4 3 2 1 u@ Qm |OwHwt CqwYLt x}rkv (T )

0 0 0 2 0 0 20 941 0 61 074 156 238 015 1
1 0 1 1 0 0 27 908 1 266 165 032 313 200 507 406 2
0 2 0 2 0 0 35 825 2 022 232 058 448 717 904 3
0 3 0 2 0 0 44 331 10 761 351 432 594 1000 524 4
0 4 1 1 0 0 46 103 0 428 523 743 900 1218 526 5
0 4 1 3 0 0 71 174 4 792 474 441 899 900 1450 308 6
0 5 2 2 0 0 77 811 42 751 623 616 1049 800 1793 979 7
0 5 0 6 0 0 102 072 47 785 649 009 1198 1996 866 8
0 7 0 4 0 0 92 058 16 600 804 123 1334 2246 782 9
6 0 3 4 0 0 114 046 25 095 825 401 1477 500 2442 042 10

|t=tD QO pm |xv} Ry OYQO 10 R= QDsm 'OwW|t xOy=Wt 2 w 1 |=ypmW
u@ Qm Q=WDv= |xv} Ry x@ VwQixOQN xU w wO Cr=L wO Qy |=Q@ |v=tR |=yxQwO

"CU= xDi=} X=YDN=
|xv} Ry x@C@Uv u@ Qm Q=WDv= |xv} Ry xm s}vm |R} Qxt=vQ@ |}xvwox@ s}y=wN@ Qo =
QO 's} Q=O VwQixOQN wO xm |Dr=L QO 2 pmW x@ xHwD =@ OwW xv}tm xQ}HvR pm
"OwW|t pm |xv} Ry �4 6 u@ Qm |xv} Ry u=R}t w OyO|t MQ O=O} wQ u}= T = 4
|xv} Ry u=R}t w xO=O MQ O=O} wQ u}= T = 5 QO 'VwQixOQN xU Qw[L Cr=L QO
|xQ}HvR QO u@ Qm Q=WDv= |=yxv} RyVy=m |=Q@ |va} "CU= pm |xv} Ry �3 7 u@ Qm
CQwYx@ |R} Qxt=vQ@ |=yxQwO CU= QDy@ s} Q=O VwQixOQN wO xm |Dr=L QO u}t-=D
|R} Qxt=vQ@ |=yxQwO CU= QDy@ s} Q=O VwQixOQN xU xm |Dr=L QO w |}xQwOQ=yJ

"OwW ?=NDv= |}xQwOGvB CQwYx@

CqwYLt sHL w uRw Q}}eD Q}F-=D "3"4
Cr=L wO QO pOt =yu; Q}}eD =@ 'OW=@ i pwYLt =@ Q_=vDt sHL w uRw (wi; vi) Qo =
5 w 4 pw=OH QO xrY=L G}=Dv w pL (J; T ) = (3; 2) w (J; T ) = (2; 2)

|v=tR xQwO pm QO xO=iDU= OQwt x}rkv p}=Uw O=OaD w ẁv u}vJty "CU= xOW x�=Q=
G}=Dv \}=QW u}= x@ xHwD =@ "CU= xOW xO=O u=Wv 4 w 3 |=ypmW QO |R} Qxt=vQ@

%OwW|t G=QNDU= Q} R
u} QDsm OW=@ ( 1

2wi;
1
2vi) CqwYLt sHL w uRw |Dkw Cr=L wO Qy QO "1

"OwW|t pY=L pm |xv} Ry u} QDW}@ (2wi; 2vi) |=R=x@ w 'pm |xv} Ry
(wi; vi) |=yC}a[w 4 pwOH x@ xHwD =@ (J; T ) = (2; 2) Cr=L QO "2
xm u=vJ "Ov=x@=Wt ,qt=m (2wi; 1

2vi) w (2wi; vi) u}vJty (wi; 1
2vi) w

=@ =Pr &CU=yu; sHL QO Cw=iD =yvD w u=Um} CqwYLt uRw OwW|t xOy=Wt
C}a[wu}= QO xm �3pmW� OwW|t?=NDv=x}rkvp}=Uw 'CqwYLt uRw x@ xHwD
|=yC}a[w QO 3 pmW j@=]t xD@r= "CU= u=Um} x}rkv p}=Uw `=wv= w O=OaD
x@=Wt |rw CU= u=Um} x}rkv p}=Uw `=wv= w O=OaD (2wi; 2vi) w (wi; 2vi)
pOt j@] xm u}= x@ xHwD =@ R}v w 'CqwYLt uRw Cw=iD x@ xHwD =@ =Q} R &OvDU}v
u}= QO u@ Qm Q=WDv= u=R}t 'OQ=O s}kDUt Q}F-=D u@ Qm Q=WDv= u=R}t QO xrwtLt uRw

"Ow@ Oy=wN Cw=iDt =yu; pm |xv} Ry u}=Q@=v@ w CU= Cw=iDt =yC}a[w

VwQixOQN wO OwHwCr=L QO xQ}HvR|=yxv} Ry Q}=U x@u@ Qm|xv} RyC@Uv "1pmW
"|v=tR hrDNt |=yxQwO QO

VwQixOQN xUOwHwCr=L QO xQ}HvR|=yxv} Ry Q}=U x@u@ Qm|xv} RyC@Uv "2pmW
"|v=tR hrDNt |=yxQwO QO

|=Q@ T = 2 w T = 1 |=yCr=L QO p=Ft u=wvax@ &CU= QDW}@ QDq=@ C}iQ_
s} Q=O VwQixOQN xU xm |Dkw |=Q@ T = 1 Cr=L w s} Q=O VwQixOQN wO xm |Dkw
O=OaD xJQy Qo}O |=yCr=L |=Q@ w 'xOWv xO=iDU= 6 w 5 ẁv |x}rkv p}=Uw R=
xO=iDU= QDW}@ QDq=@ C}iQ_ =@ x}rkv p}=Uw R= O@=}|t V}=Ri= |R} Qxt=vQ@ |v=tR xQwO

"OW Oy=wN
|=Q@ u}t-=D |xQ}HvR |=yxv} Ry Q}=U x@ C@Uv u@ Qm Q=WDv= |xv} Ry OYQO
Q=Owtv QO xm u=vJ "CU= xOt; 2 w 1 |=ypmW QO |v=tR hrDNt |=yxQwO
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"""|
OwH

wtw
pkvw

ptL
|xJ

Q=Bl
}|

R}Qx
t=vQ@"VwQixOQN wO Cr=L QO pOt Q@ CqwYLt sHL w uRw Q}F-=D "4 pwOH

Q=WDv= |xv} Ry OYQO Q=WDv= u=R}t Q=WDv= |xv} Ry |Q=Oxov |xv} Ry |}=Hx@=H |xv} Ry C@=F |xv} Ry |xv} Ry sHL w uRw
pm |xv} Ry x@ u@ Qm u@ Qm u@ Qm |OwHwt CqwYLt x}rkv p}=Uw pm CqwYLt

9 82 707 478 38 911 1 449 55 827 300 396 188 (wi; vi)

3 46 288 888 15 889 10 319 141 147 292 459 355 (2wi; vi)
3 46 329 455 18 120 17 587 117 455 370 523 162 (wi; 2vi)
4 46 428 405 23 562 17 587 117 455 370 528 604 (2wi; 2vi)
7 31 411 357 22 625 0 64 783 222 309 407 ( 1

2wi; vi)

9 82 707 478 38 911 1 449 55 827 300 396 188 (wi; 1
2vi)

8 25 352 881 19 408 0 55 717 156 235 126 ( 1
2wi;

1
2vi)

4 43 416 015 22 881 22 111 91 429 380 516 421 ( 1
2wi; 2vi)

3 46 288 888 15 889 10 319 141 147 292 459 355 (2wi; 1
2vi)

"VwQixOQN xU Cr=L QO pOt Q@ CqwYLt sHL w uRw Q}F-=D "5 pwOH
Q=WDv= |xv} Ry OYQO Q=WDv= u=R}t Q=WDv= |xv} Ry |Q=Oxov |xv} Ry |}=Hx@=H |xv} Ry C@=F |xv} Ry |xv} Ry sHL w uRw
pm |xv} Ry x@ u@ Qm u@ Qm u@ Qm |OwHwt CqwYLt x}rkv p}=Uw pm CqwYLt

5 50 507 422 27 908 1 266 165 032 313 200 507 406 (wi; vi)

4 35 586 253 32 244 0 181 185 135 523 300 740 860 (2wi; vi)
4 78 672 745 37 001 3 630 200 220 533 300 774 151 (wi; 2vi)
4 26 616 312 33 897 1 266 237 272 523 300 795 736 (2wi; 2vi)
7 05 588 643 32 375 11 268 103 740 312 459 383 ( 1

2wi; vi)

5 50 507 422 27 908 1 266 165 032 313 200 507 406 (wi; 1
2vi)

8 534 108 29 376 0 103 740 234 367 115 ( 1
2wi;

1
2vi)

4 71 655 936 36 077 5 234 181 040 543 300 765 651 ( 1
2wi; 2vi)

4 35 586 253 32 244 0 181 185 135 523 300 740 860 (2wi; 1
2vi)

|xr}Uw `=wv= |xv}y@ |Q}oQ=mx@ |xwLv QO CqwYLt sHL w uRw Q}F-=D "4 pmW
"(J; T ) = (3; 2) xm |Dr=L QO x}rkv

|xr}Uw `=wv= |xv}y@ |Q}oQ=mx@ |xwLv QO CqwYLt sHL w uRw Q}F-=D "3 pmW
"(J; T ) = (2; 2) xm |Dr=L QO x}rkv
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1x

Q=tW
'32
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|xQ
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�13

95
u=DU

tR�
h}

QW
C}

Q}Ot
w`}

=vY
|U

Ovyt x@ C@Uv ( 1
2wi;

1
2vi) C}a[w QO =yq=m QDsm sHL p}rO x@ 4 pmW j@=]t "10

x@ xHwD =@ "CU= xOW xO=iDU= QDsm x}rkv |xr}Uw l} R= ( 1
2wi; vi) C}a[w

Cw=iDt =yu; |=yxv} Ry Q}=U |}=Hx@=H |xv} Ry R= Q}e s}@=}|tQO 5 pwOH
xrwtLt QDsm sHL ?@Ux@ ( 1

2wi;
1
2vi) C}a[w QO xm CU= u; Cra "CU=

VwQixOQN xU Qy x@|v=UQCtON |=Q@ x}rkv |xr}Uwl} R= pw=|v=tR xQwO QO
xO=iDU= x}rkv |xr}Uw wO R= ( 1

2wi; vi) C}a[w QO xm |r=L QO xOW xO=iDU=
"CU= u=Um} C}a[w wO Qy QO |}=Hx@=H O=OaD |rw 'CU= xOW

u@ Qm Q=WDv= C=}r=t Q}}eD Q}F-=D "4"4
[29]|O=yvW}B Q}O=kt x@ xHwD =@ u@ Qm Q=WDv= C=}r=t 'OW xDio "1"4VN@ QO xm u=vJ
|Q=Pouwv=k OvwQ Q[=L p=L QO "CU= xOW x@U=Lt sQowr}m Qy |=Q@ wQw} 0 055 Q@=Q@
C@Uv |twta |v=Qov x@ xHwD =@ |D; |=yp=U QO w CU= VQDUo x@ wQ xv}tR u}= QO

"OW Oy=wN P=ND= =yCrwO \UwD |QDxv=Q}oCNU C=QQkt =y|oOv}q; V}=Ri= x@
u=R}t Q@ |Q}F-=D xJ u@ Qm Q=WDv= C=}r=t V}=Ri= xm ẁ[wt u}= QDy@ lQO |=Q@
C=}r=t MQv (J; T ) = (3; 5) w (J; T ) = (2; 5) Cr=L wO QO OQ=O u; Q=WDv=
`=wv= w O=OaD R}v w 'pm |xv} Ry 'u@ Qm Q=WDv= |=yxv} Ry Q@ u; G}=Dv w xO=O V}=Ri= =Q
xU QO u@ Qm Q=WDv= u=R}t "CU= xOW x�=Q= 8 pwOH QO xO=iDU= OQwt |x}rkv p}=Uw

"CU= xOW sUQ 6 w 5 |=ypmW QO R}v Q@=Q@ GvB w Q@=Q@ wO '|rai C}a[w
u@ Qm Q=WDv= |xv} Ry w pm |xv} Ry 'C=}r=t MQv V}=Ri= =@ 8 pwOH j@=]t
(J; T ) = (2; 5) Cr=L QO "CU= |rwRv u@ Qm Q=WDv= u=R}t w O@=}|t V}=Ri=
sQowr}m 1019 84 R= ?}DQDx@ u@ Qm Q=WDv= u=R}t 'C=}r=t MQv V}=Ri= =@ w �5 pmW�

"(J; T ) = (2; 5) Cr=L QO u@ Qm Q=WDv= C=}r=t MQv Q}F-=D "5 pmW

"(J; T ) = (3; 5) Cr=L QO u@ Qm Q=WDv= C=}r=t MQv Q}F-=D "6 pmW

sQowr}m 288 888 Q@=Q@ u@ Qm Q=WDv= u=R}t u} QDsm (J; T ) = (2; 2) Cr=L QO "3
Q=WDv= u=R}t u} QDW}@ w 'CU= (2wi; 1

2vi) w (2wi; vi) |=yC}a[w QO w
pY=L (wi; 1

2vi) w (wi; vi) |=yC}a[w QO w sQowr}m 707 478 Q@=Q@ u@ Qm
"OwW|t

w (2wi; vi) |=yC}a[w '5 pwOH x@ xHwD =@ (J; T ) = (3; 2) Cr=L QO "4
,qt=m sHL QO Cw=iD =yvD w CqwYLt uRw uOw@ u=Um} p}rOx@ (2wi; 1

2vi)
"CU= u=Um} x}rkv p}=Uw `=wv= w O=OaD =yC}a[w u}= QO &�4 pmW� Ov=x@=Wt
C@=F |xv} Ry 'CU= u=Um} xJQo = |r@k C}a[w wO =@ (2wi; 2vi) C}a[w
QO Cw=iD u}= p}rO "CU= Cw=iDt u}t-=D |xQ}HvR |=yxv} Ry|k@=t QO pkvwptL
"�7w6pw=OH�CU=yVwQixOQNQOCqwYLt|}=Hx@=HO=OaD w =yxrwtLtuRw
(2wi; vi)|=yC}a[wQO =yVwQixOQNQOCqwYLt |}=Hx@=H'T=U=u}= Q@
"ODi=|t j=iD= Q=@ CWy (2wi; 2vi) C}a[w QO w Q=@ VW (2wi; 1

2vi) w
w (wi; vi) |=yC}a[w 5 pwOH x@ xHwD =@ (J; T ) = (3; 2) Cr=L QO "5

"Ov=u=Um} ,qt=m 2 Ov@ x@=Wt pqODU= j@] (wi; 1
2vi)

w sQowr}m 507 422 Q@=Q@u@ Qm Q=WDv= u=R}tu} QDsm (J; T ) = (3; 2)Cr=L QO "6
Q=WDv= u=R}tu} QDW}@ &CU= xOt; OwHw x@ (wi; 1

2vi) w (wi; vi)|=yC}a[wQO
"OwW|tpY=L (wi; 2vi)C}a[wQO xmCU= sQowr}m 672 745 Q@=Q@ R}vu@ Qm
's}Oy=W =Q pm |xv} Ry u} QDsm xJQo = ( 1

2wi;
1
2vi)C}a[w QOCr=L wO Qy QO "7

"CU= QDW}@Emax
p Q}=U R=Emax3 =Q} R O};|tv OwHw x@u@ Qm Q=WDv= u=R}tu} QDsm

VwQixOQN wOCr=L R= QDsmu@ Qm Q=WDv= u=R}tu} QDW}@VwQixOQN xUCr=L QO "8
q=@ C}iQ_ =@ x}rkv p}=Uw R= QDW}@ Cr=L u}= QO xm CU= u; Cra &CU=

"CU= xOW xO=iDU= �4 w 3 |=ypmW�
|=R=x@ u@ Qm Q=WDv= |xv} Ry syU 'OwW|t \=@vDU= 5 w 4 pw=OH R= xm u=vJ "9

"CU= u=Uwv QO OYQO 10 =D OYQO 3 OwOL R= =yq=m sHL w uRw Q}}eD

w (2wi; vi) |=yC}a[w QO =yVwQixOQN x@ |v=UQq=m |xwLv "6 pwOH
"(J; T ) = (3; 2) Cr=L QO (2wi; 12vi)

|v=tR xQwO |v=tR xQwO x}rkv |xr}Uw
swO pw= (p) ẁv
�� (2)� 3

(1); (2; 3) �� 5
�� (3; 1) 6

xQ=tW u; pN=O O=Oa= w xrwtLt xOvyO u=Wv RDv=QB�
"Ovvm|t Ci=} QO q=m xm CU= |}=yVwQixOQN

QO (2wi; 2vi) |=yC}a[w QO =yVwQixOQN x@ |v=UQq=m |xwLv "7 pwOH
"(J; T ) = (3; 2) Cr=L

|v=tR xQwO |v=tR xQwO x}rkv |xr}Uw
swO pw= (p) ẁv
�� (2; 3)� 3

(2; 1) (2; 1) 5
(3; 1) �� 6

xQ=tW u; pN=O O=Oa= w xrwtLt xOvyO u=Wv RDv=QB�
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