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w \@DQt=v |R=wt |=yu}W=t =@ =Q FFmjSplc=�Cmax + (1 + �)

P
uj

|=Q@ 9xOvR=U |Q=mD@= |=yVwQ R= =yu; [27]"OvO=O Q=Qk xar=]t OQwt 0 � � � 1
|R=Ux}@W 'l}DvS sD} Qwor= |Q=mD@==Qi |=yVwQ R= w ?wN |x}rw= ?=wHl} O}rwD
u=Wv |D=@U=Lt G}=Dv "OvOQm xO=iDU= ?=wH Ow@y@ |=Q@ ẁvtt wHwCUH w O} Q@D
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Q}PBh=]av= |y=oQ=m u=} QH \}Lt QO |ywQo |Ov@u=tR |xr�Ut |=Q@ xOWO=yvW}B
pOt u}= QO "CU= xOW xO=O \U@ =yxwQo |r=wD x@ xDU@=w |R=UxO=t; |=yu=tR =@
|=yxwQo O=OaD x@ u}W=t Qy |wQ w xrLQt Qy QO '�slot� Q=}W swyit |iQat ut[
QFm =OL Q=}W Qy w OQ}o|t Q=Qk Q=}W l} QO xwQo Qy "s} Q}o|t Q_v QO Q=}W OwHwt
|=yQ=m O=OaD =yxwQo '|ak=w |=}vO p�=Ut QO "OyO|t |=H OwN QO =Q xwQo l}
Qw_vtx@ 'O=O X}YND |Q=}W Qy x@ u=wD|t =Q xwQo Qy xm =Hv; R= "OvQ=O |irDNt
�bmax� =yxwQo |t=tD |=yQ=m O=OaD s}vm|t ZQi '|[=} Q pOt |xaUwD p}yUD
Qo = "OQ=O =Q Q=m O=OaD u} QDW}@ xm CU= |ywQo |=yQ=m O=OaD =@ Q@=Q@ w '|w=Ut
xm s}vm|t ZQi x=ov; 'OW=@ xDW=O bmax x@ C@Uv |QDsm |=yQ=m O=OaD xwQo l}
"OQ=O |R=Ht |=yQ=m �bmax � |ak=w |=yQ=m O=OaD� hqDN= u}= u=R}tx@ xwQo u;

%R= CU= CQ=@a xr�Ut u}= |[=} Q pOt w s}tYD |=yQ}eDt '=yQDt=Q=B

=yQDt=Q=B "1"3
pL=Qt O=OaD m

c = 1; 2; :::;m 'xrLQt T}Ov= c

c |xrLQt QO |R=wt |=yu}W=t O=OaD mc

k = 1; 2; :::;mc; '=yu}W=t |=Q@ xO=iDU= OQwt |=yT}Ov= k; k0

k0 = 1; 2; :::;mc�1
=yxwQo O=OaD g

p; l = 1; 2; :::; g 'xwQo T}Ov= p; l

xwQo l} QO OwHwt |=yQ=m O=OaD u} QDW}@ bmax

j; j0 = 1; 2; :::; bmax 'Q=m T}Ov= j; j0

i; i0 = 1; 2; :::; g 'Q=}W T}Ov= i; i0

nQR@ OOa l} M

c |xrLQt QO p xwQo R= j Q=m VR=OQB u=tR %|k}kL |=yQ=m |=Q@ � tcpj
8c; p; j '0 %|R=Ht |=yQ=m |=Q@ �

c |xrLQt QO p xwQo R= j Q=m VR=OQB u=tR %|k}kL |=yQ=m |=Q@ � t0cpj
�M %|R=Ht |=yQ=m |=Q@ �

|r@k xwQo p xwQo Qo = c |xrLQt QO l xwQo |=Q@ |R=UxO=t; u=tR Spic
8c; p; l; p 6= l 'OW=@

'c |xrLQt QO p xwQo |=yQ=m VR=OQB |=yu=tR `tH Tcp

Tcp =
bpP
j=1

tcpj

s}tYD |=yQ}eDt "2"3
QO k u}W=t |wQ Q=}W u}t=i QO j Q=m p}tmD u=tR Xckij

8c; k; i; j 'c |xrLQt

Q}PBh=]av=|y=oQ=m u=} QH|ywQo|Ov@u=tR|xr�Ut|xOQDUo OQ@ Q=m x@ xHwD =@
xOWs=Hv= *sm C=k}kLD x@ xHwD =@ "OUQ|t Q_vx@ |QwQ[ u; QDW}@|UQQ@ 'CavY QO
u}= "OQ=O OwHw XwYN u}= QO QDW}@ C=k}kLD |=Q@ |a}Uw |x}L=v 'xv}tR u}= QO
|R=Ux}@W |x}=B Q@ |Q=mD@==Qi OQm} wQ l} OQmrta Ow@y@ w xaUwD *uwt=Q}B j}kLD
\}Lt QO |ywQo |Ov@u=tR QO =yQ=m *|t=tD *p}tmD *u=tR |R=Uxv}tm |=Q@ O} Q@D
xOW RmQtDt |r=wD x@ xDU@=w |R=UxO=t; |=yu=tR =@ Q}PBh=]av= |y=oQ=m u=} QH
QO =yQ=m w =yxwQo C} wrw= u}}aD |=Q@ xO=iDU= OQwt CU=}U j}kLD u}= QO "CU=
=} 'xrLQt Qy QO =yQ=m w =yxwQo Qw[L ?}DQD |x}=B Q@ QN; |r= swO |=yxrLQt

"CU= 12�FIFO� |DQ=@ax@
|xr�Ut u}= |=Q@ |rw@k p@=k ?=wH x@ xm =Q=m sD} Qwor= l} |xaUwD |=Q@
sD} Qwor= syt pt=wa R= |@}mQD xJ xm O=O MU=B p=-wU u}= x@ O}=@ 'Ot=Hv}@ xO}J}B

#OwW|t u; QDy@ OQmrta x@ QHvt

xr�Ut |=y|oS}w "2
O=tv =@ u=wD|t =Q Q_v OQwt |xr�Ut [32]'u}kkLt \UwD xOWx�=Q= |=yO=tv T=U=Q@

%u; QO xm 'O=O V}=tv FFmjfmls; SplcjCmax

|xrLQt m pt=W 'Q}PBh=]av= |y=oQ=m u=} QH \}Lt l} Qou=Wv FFm �
CQwYx@ u}W=t l} R= V}@ |=Q=O xrLQt l} smCUO u; QO xm CU= VR=OQB

"Ov=u=Um} xrLQt Qy QO |R=wt |=yu}W=t "CU= |R=wt
'OvwW|t xO=O X}YND hrDNt |=yxwQo x@ =yQ=m xm CU= u; Qou=Wv fmls �
umtt =yxwQo QO =yQ=m O=OaD wCU= Q=m np pt=W (p = 1; 2; :::; g) p xwQo Qy

"OW=@ Cw=iDt CU=
xDU@=w =yxwQo VR=OQB |=Q@ =yu}W=t |R=UxO=t; u=tR xm CU= u; Qou=Wv Splc �
Qy QO u}W=t Qy |wQ �l xwQo � xwQo l} |R=UxO=t; u=tR "CU=yxwQo |r=wD x@
|wQ �p xwQo � |r@k |xOWVR=OQB xrY=iq@ xwQo x@ xDU@=w �c |xrLQt� xrLQt
Qy QO xwQo Qy |R=UxO=t; u=tR "CU= �c |xrLQt� xrLQt u; QO u}W=t u=ty
x@ jraDt |=yu}W=t |t=tD |=Q@ u=tR u}= =t= 'OW=@ Cw=iDt CU= umtt xrLQt

"CU= u=Um} xrLQt l}
|R=Uxv}tm Q_v OQwt |Ov@u=tR |xr�Ut hOy `@=D xm OyO|t u=Wv Cmax �

"CU=yQ=m |t=tD p}tmD u=tR
|ywQo |Ov@u=tR |=yxr�Ut x@ CU= umtt hrDNt |=yZQi w =yC}OwOLt
QDuWwQ w QDy@h} QaD |=Q@ "OwW QHvt Q}PBh=]av= |y=oQ=m u=} QH\}Lt QOhrDNt

%R= Ov=CQ=@a xOWxDiQo Q_v QO |=yZQi 'j}kLD u}= QO |UQQ@ OQwt |xr�Ut
|R=UxO=t; Ov}=Qi� Ov=xrLQt Qy QO Q=m Qw[LR=pkDUt =yxwQo|R=UxO=t;|=yu=tR �
|wQ x@ xwQo u; |=yQ=m uO}UQ R= p@k CU= umtt u}W=t l} |wQ xwQo l}

"�OwW s=Hv= u}W=t
l} *VR=OQB pw] QO xikw� OvwW|t VR=OQB `=]kv= uwO@ =yu}W=t |wQ =yQ=m �

"�CU}v R=Ht Q=m
"CU= OwOLt=v =yxrLQt u=}t QO =yQ=m |xQ}NP C}iQ_ �

"CU= QiY =yxrLQt u}@ QO =yQ=m |}=Hx@=H u=tR �
"Ov=TQDUO QO |Ov@u=tR ji= R=e; QO =yQ=m |t=tD �

"OQ=Ov OwHw =yu}W=t |=Q@ |@=QN w Ov=TQDUO QO xQ=wty =yu}W=t �
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"""|
R=Ux

}@W
|x}

=BQ@
|Q=

mD@=
=Qi|

tD}Q
wor=

|x�
=Q=

Xckij0 �Xckij +M(1� Yckijj0) �
gX
p=1

Wckip t0cpj0 (14)

Xckij �X(c�1)k0i0j +M [2� (Wckip +W(c�1)k0i0p)] � tcpj
8c; k; k0; i; i0; j; p (15)

CTcki = maxfXckijg 8c; k; i (16)

CTmax � CTmki 8i; k = 1; 2; :::;mm (17)

Xckij ; Ccki; Ocki � 0 (18)

Wckip; Ackipl; Yckijj0 2 f0; 1g j < j0 (19)

QO xrLQt u} QN; QO =yQ=m *|t=tD *p}tmD *u=tR |R=Uxv}tm |x}=B Q@ pOt hOy `@=D
xwQo RH x@� xwQo Qy xm Ovm|t u}t[D 2 C}OwOLt "CU= xOW x�=Q= 1 |xrO=at
x@� xrLQt u; |=yu}W=t |=yQ=}W u=}t R= OwHwt *Q=}W l} x@ xrLQt Qy QO �QiY
Qy x@ xwQo l} QFm =OL *X}YND 3 C}OwOLt "OwW xO=O X}YND �QiY *Q=}W RH
Ovm|t ?=H}= 4 C}OwOLt "Ovm|t u}t[D u}W=t Qy |wQ w xrLQt Qy QO =Q Q=}W
|R=UxO=t; u=tR "OQ}o Q=Qk QiY Q=}W QO QiY xwQo u}W=t Qy |wQ w xrLQt Qy QO xm
u}W=t u=ty |wQ |r@k |xOWVR=OQB xwQo x@ xDU@=w 'u}W=t l} |wQ xwQo l}

"CU= xOW p=ta= pOt x@ 5 C}OwOLt \UwD ?r]t u}= &CU=
j@] &OvDUy A w W |=yQ}eDt u}@ |x]@=Q Qou=Wv 7 w 6 |=yC}OwOLt
x@ l xwQo CU= umtt x=ov; OwW xO=O X}YND i Q=}W x@ p xwQo Qo = 6 C}OwOLt
i + 1 Q=}W x@ l xwQo Qo = 7 C}OwOLt j@] w 'OwW xO=O X}YND i + 1 Q=}W
R= "OwW xO=O X}YND i Q=}W x@ p xwQo CU= umtt x=ov; 'OwW xO=O X}YND
X}YND *QB |=yQ=}W u}@ 'CU= pm p}tmD u=tR |R=Uxv}tm hOy `@=D xm =Hv;
"CW=O Oy=wNv OwHw =yu}W=t |wQ =yxwQo VR=OQB |=Q@ |r=N |Q=}W xOWxO=O
Ovy=wN Q=Qk |Qo}O R= Oa@ |m} u}W=t Qy |wQ xOWp=eW= |=yQ=}W Qo}O CQ=@ax@

"CiQo
C}OwOLt "OQ}ov Q=Qk QB |=yQ=}Wu}@|r=N Q=}W xm Ovm|tu}t[D 8C}OwOLt
u=tR "Ovm|t u}}aD =Q u}W=t l} |wQ Q=}W l} |=Q@ R=}v OQwt |R=UxO=t; u=tR 9
Q=}W u; x@ xOWxO=O X}YND xwQo T=U=Q@ u}W=t l} |wQ Q=}W l} |R=UxO=t;
Qy |wQ QiY Q=}W p}tmD u=tR "OwW|t u}}aD |r@k Q=}W x@ xDi=} X}YND xwQo w
u=tR "CU= xOW xO=O u=Wv 10 C}OwOLt QO ?r]t u}= &CU= QiY =@ Q@=Q@ u}W=t
\UwD pw= |xrLQt |=yu}W=t |wQ |=yQ=}W x@ xDi=}X}YND |=yxwQo p}tmD
l} p}tmD u=tR xm OyO|t u=Wv C}OwOLt u}= "OwW|t u}}aD 11 C}OwOLt
xOWxO=O X}YND xwQo p}tmD u=tR `tH =@ Q@=Q@ Q=}W l} x@ xDi=}X}YND *xwQo
`tH w 'Q=}W u}= QO OwHwt xwQo |=Q@ R=}v OQwt *|R=UxO=t; u=tR '|r@k Q=}W x@
u=tR *uDi=} |=Q@ 12 C}OwOLt "CU= xwQo u}= x@ jraDt |=yQ=m VR=OQB |=yu=tR
Q=m l} p}tmD u=tR "CU= xOW xi=[= pOt x@ =yxwQo x@ jraDt |=yQ=m p}tmD
|R=Ov=x=Q u=tR '|r@k Q=}W QO xOWVR=OQB xwQo p}tmD u=tR ẁtHt |w=Ut QDnQR@

"CU= Q_v OQwt Q=m VR=OQB u=tR w 'xwQo u}= |=Q@
xwQo l} x@ jraDt |=yQ=m VR=OQB |r=wD u}}aD |=Q@ 14 w 13 |=yC}OwOLt
u=ty R= j0 Q=m R= Oa@ xwQo l} R= j Q=m 'xrLQt l} QO Qo = "Ov=xOW xDiQo Q_v QO
R= QDnQR@ O}=@ xrLQt u; QO =yu; p}tmD |=yu=tR u}@ hqDN= 'OwW VR=OQB xwQo
Q=m l} VR=OQB '15 C}OwOLt p=ta= =@ "OW=@ u; |w=Ut =} j Q=m VR=OQB u=tR
"OW=@ xOW s=tD p@k |xrLQt QO u; VR=OQB xm OwW|t ẁQW |Dkw xrLQt l} QO
ẁtHt |w=Ut =} QDnQR@ O}=@ xrLQt l} QO Q=m l} p}tmD u=tR Qo}O CQ=@ax@

QO k u}W=t R= i Q=}W x@ p xwQo Qo = &1 Wckip

8c; k 'OwW xO=O X}YND c |xrLQt
i = 0; :::; g; p = 0; :::; g 'CQwYu}= Q}e QO &0

j0 Q=m c |xrLQt QO k u}W=t R= Q=}W u}t=i QO Qo = &1 Yckijj0

8c; k; i; j; j0 'OwW VR=OQB j Q=m R= Oa@
j 6= j0 'CQwYu}= Q}e QO &0

Q=}W u}t=i x@ xDi=} X=YDN= xwQo p}tmD u=tR CTcki
8c; k; i = 0; :::; g 'c |xrLQt QO k u}W=t |wQ

i Q=}W x@ xOW xO=O X}YND xwQo |=Q@ |R=UxO=t; u=tR Ocki
8c; k; i 'c |xrLQt QO k u}W=t |wQ

l xwQo w i Q=}W x@ p xwQo c |xrLQt QO k u}W=t |wQ Qo = &1 Ackipl
8c; k; l 'OwW xO=O X}YND i+ 1 Q=}W x@

i = 0; :::; g � 1;p 6= l; 'CQwYu}= Q}e QO &0
p = 0; :::; g

pOt "3"3
Minimize Z = Cmax (1)

Subject to :
mcX
k=1

gX
i=1

Wckip = 1 8c; p (2)

gX
p=1

Wckip � 1 8c; k; i (3)

Wck00 = 1 8c; k (4)
gX
p=0

gX
l=1

Ackipl � 1 (p 6= l) i = 0; :::; g � 1 (5)

Ackipl �Wckip 8c; k; p; l; p 6= l (6)

Ackipl �Wck(i+1)l i = 0; :::; g � 1 (7)
mcX
k=1

gX
i=0

gX
p=0

gX
l=1

Ackipl = g (p 6= l) 8c (8)

Ocki =
gX
p=0

gX
l=1

Ack(i�1)plSplc (p 6= l) 8c; k; i (9)

CTrk0 = 0 8c; k (10)

CT1ki = CT1k(i�1) +O1ki +
gX
p=1

W1kipT1p

8i; k = 1; :::;m1 (11)

Xckij � CTck(i�1) +Ocki +
gX
p=1

Wckip t0cpj 8c; k; i; j
(12)

Xckij �Xckij0 +M Yckijj0 �
gX
p=1

Wckip t0cpj

8c; k; i; j; j0; j < j0 (13)
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|U
=trU

QY=
vw

|DU
=QO}

aU =t= 'OvwW|t xDiQ}PB ?=wH |xOvvmQDO@ |=yCmQL O} Q@D |R=Ux}@W |x}rw= pL=Qt
'xrLQt Qy QO "CU= QDW}@ xOvyOOw@y@ |=y?=wH VQ}PB p=tDL= |v=}=B pL=Qt QO
R= |m} CtU x@ w Ovm|t O}rwD |Q=H ?=wH |o}=Uty QO |O}OH |=y?=wH SA

|}=yQwDm =i \UwD SA OQmrta "OwW pY=L hkwD \}=QW =D Ovm|t CmQL =yu;
CLD �Lmax� =tO Qy QO =yQ=QmD O=OaD w �Tf � |v=}=B |=tO '�T0� x}rw= |=tO Q}_v

"OQ}o|t Q=Qk Q}F-=D

|O=yvW}B O} Q@D |R=Ux}@W sD} Qwor= "1"4
x@ hrDNt Q=mwR=U xU 'wHwCUH VwQ |}=Q=m w ?=wH C}i}m Ow@y@ Qw_vtx@
'?=wH C}i}m V}=Ri= |=Q@ "OwW|t xi=[= OQ=Ov=DU= O} Q@D |R=Ux}@W sD} Qwor=
|=Q@ O}Ov=m CUQyi l} R= w x}=Uty ?=wH O}rwD |=Q@ xS} w Q=mwR=U u}OvJ R=
pw] QO =tO Qy QO wHwCUH |x} wQ "OwW|t xOQ@ xQy@ x}=Uty u} QDy@ ?=NDv=
|xv}y@ |xrD R= Q=Qi |=Q@ "OwW|t Q=QmD |}xOWu}}aDV}B R= O=OaD x@ O} Q@D Ov}=Qi
xO=iDU= OQwt |t=ovy �O}OW VyH� "OwW|t xO=iDU= �O}OW VyH� R= |rLt
Q}}eD uwO@ ?=wH u} QDy@ hOy `@=D Q=Okt wHwCUH Ov}=Qi pw] QO xm OQ}o|t Q=Qk
|=H w xOW ?=NDv= |iO=YD xwQo wO pL=Qt R= l} Qy QO Cr=L u}= QO "Ov=t@ |k=@

"OwW|t Zwa =yu;

13 (IS) x}rw= ?=wH "2"4
x@ G=}DL= CmQL ẁQW |=Q@ O} Q@D |R=Ux}@W sD} Qwor= 'OW xDio QDV}B xm u=vJ
xO=iDU= ?=wH u}= u}}aD |=Q@ OQm} wQ wO R= j}kLD u}= QO "OQ=O x}rw= ?=wH l}

"CU= xOW
pw= OQm} wQ QO x}rw= ?=wH O}rwD |=yQ=mwR=U "1"2"4

?=wH l} |xOvyOu=Wv pw= |xrLQt QO =yQ=m w =yxwQo R= |r=wD l} OQm} wQ u}= QO
Q} R |=yVwQ R= pw= |xrLQt QO =yQ=m w =yxwQo R= |r=wD l} u}}aD |=Q@ "CU= x}rw=

%s}vm|t xO=iDU=
QO "CU= x}rw= ?=wH O}rwD VwQ u} QDxO=U VwQ u}= "�IS1� 1 |x}rw= ?=wH
|}xr�Ut 'p=Ft u=wvax@ "OvwW|t ?DQt |iO=YD CQwYx@ =yQ=m w =yxwQo VwQ u}=
=@ x}rw= ?=wH "OQ=O OwHw Q=m xU xwQo Qy QO w xwQo xU u; QO xm O} Q}o@ Q_v QO =Q

%OW=@ u}vJ CU= umtt Q=mwR=U u}= R= xO=iDU=
G1 : J11 � J12 � J13; G2 : J21 � J22 � J23;

G3 : J31 � J32 � J33

u=vJty =yxwQo |r=wD '|oO=U^iL Qw_vtx@ VwQ u}= QO "�IS2� 2 |x}rw= ?=wH
'xwQo Qy pN=O |=yQ=m |r=wD u}}aD |=Q@ =t= [3]"OwW|t u}}aD |iO=YD CQwYx@
|Ov@u=tR |xr�Ut |xv}tR QO xDiQos=Hv= |=yj}kLD R= xOt; CUO x@ G}=Dv R=
R= "s}vm|t xO=iDU= p}tmD u=tR |R=Uxv}tm hOy `@=D =@ u=Um} |R=wt |=yu}W=t
|=QH= u=tR =OD@= 'CU= xrLQt u}OvJ pt=W Q}PBh=]av= |y=oQ=m u=} QH xm =Hv;
x@U=Lt =yxrLQt s=tD QO u; |=QH= |=yu=tR uOQm`tH =@ Q=m Qy |=Q@ =Q 14|atHD
|atHD |=QH= u=tR u} QDnQR@ T=U=Q@ xwQo Qy |=yQ=m |r=wD 'xt=O= QO "s}vm|t
|=OD@= QO CU= |atHD |=QH= u=tR u} QDnQR@ |=Q=O xm |Q=m |va} &OwW|t u}}aD
V=xQ=tW xm |Q=m OW=@ |w=Ut Q=m wO |atHD |=QH= u=tR Qo = "OQ}o|t Q=Qk |r=wD

"OQ}o|t Q=Qk =OD@= CU= QDlJwm
VR=OQB u=tR u} QDnQR@ |xOa=k R= Q=mwR=U u}= QO "�IS3� 3 |x}rw= ?=wH

"OW=@ Q_v OQwt |xrLQt QO u; VR=OQB u=tR w p@k |xrLQt QO Q=m u; p}tmD u=tR
u=tR =@ Q@=Q@ xrLQt l} QO xwQo l} p}tmD u=tR xm Ovm|t u}t[D 16 C}OwOLt
17 C}OwOLt "OwW|t VR=OQB xrLQt u; QO xm CU= xwQo u; Q=m u} QN; p}tmD
|}=yxwQo p}tmD u=tR |w=Ut =} QDnQR@ =yQ=m |t=tD p}tmD u=tR xm OyO|t u=Wv
|xOvyOu=Wv 19 w 18 |=yC}OwOLt "OvwW|t VR=OQB QN; |xrLQt QO xm CU=

"CU= |Q}os}tYD |=yQ}eDt ẁv
|xr�Ut x=ov; 'OW=@ xDW=O OwHw u}W=t l} xrLQt Qy QO s}vm ZQi Qo =
|y=oQ=m u=} QH \}Lt QO |ywQo |Ov@u=tR |xr�Ut x@ j}kLD u}= QO |UQQ@ OQwt
pm p}tmD u=tR |R=Uxv}tm hOy `@=D w |r=wD x@ xDU@=w |R=UxO=t; |=yu=tR =@
|=yu=tR =@ |y=oQ=m u=} QH |xr�Ut xm [34]Ov=xO=O u=Wv u}kkLt "O@=}|t Vy=m
Np-hard ,=} wk Q=m u} QN; |R=Uxv}tm hOy `@=D w =yxwQo|r=wD x@ xDU@=w |R=UxO=t;
x@ p}O@D p@=k |R=UxO=U =@ j}kLD u}= QO |UQQ@ OQwt |xr�Ut xm =Hv; R= "CU=
|xr�Ut l} u=wvax@ R}v =Q u; u=wD|t 'CU= [34]u=Q=mty w Qr}W |k}kLD |xr�Ut

"CiQo Q_v QO Np-hard

O} Q@D |R=Ux}@W "4
nQR@ |=yxr�Ut Ot;Q=m pL |=Q@ '|UQQ@ OQwt |xr�Ut uOw@ Np-hard x@ xHwD =@
xOW O=yvW}B O} Q@D |R=Ux}@W |x}=B Q@ |Q=mD@==Qi sD} Qwor= l} '|DavY T=}kt QO
|HQ=N |wHwCUH %CU= wHwCUH xrLQt wO pt=W Q_v OQwt sD} Qwor= "CU=
|r=wD u} QDy@ |wHwCUH pt=W |HQ=N |wHwCUH "|rN=O |wHwCUH w
CUO QO =@ "CU= xrLQt Qy QO OwHwt |=yu}W=t x@ =yxwQo X}YND w =yxwQo
Qy QO =yQ=m |r=wD u} QDy@ |rN=O |wHwCUH Ov}=Qi QO '=yxwQo R= |r=wD l} uOw@
|r=wD u} QDy@ =@ =yxwQo |r=wD u} QDy@ ?}mQD R= |}=yv ?=wH "OwW|t wHwCUH xwQo
'OwW|t Q_v OQwt |xr�Ut |=Q@ p}tmD u=tR u} QDsm x@ QHvt xm xwQo Qy |=yQ=m
xOW xO=O K}[wD Oa@ |=yCtUk QO sD} Qwor= u}= pt=m Q=DN=U "O};|t CUO x@

"CU=
l} |m} R}i O} Q@D QO OwHwt Q=mwR=U w xO}= '�SA� O} Q@D |R=Ux}@W sD} Qwor=
T=U=Q@ w [35]OW KQ]t 1953 p=U QO Q=@u}rw= xO}= u}= "Ovm|t |R=Ux}@W =Q Ot=H
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"nQR@ |=yxr�Ut |=Q@ xrY=i w u}ov=}t Q=Owtv "6 pmW

85



"""|
R=Ux

}@W
|x}

=BQ@
|Q=

mD@=
=Qi|

tD}Q
wor=

|x�
=Q=

"\UwDt |=yxr�Ut |=Q@ xrY=i w u}ov=}t Q=Owtv "8 pmW

nQR@ |=yxr�Ut
pw=OH QO ?}DQDx@ Tv=} Q=w p}rLD G}=Dv w RPD u}ov=}t 'nQR@ |=yxr�Ut |=Q@
A2 sD} Qwor= xmCU= uWwQ 22 pwOH x@ xHwD =@ "CU= xOW xO=OV}=tv 21 w 20
|=yxr�Ut |=Q@ xrY=i w u}ov=}t Q=Owtv "CU=ysD} Qwor=Q}=U R= QDQ@ �95 u=v}t]= =@

"OQm xOy=Wt 9 pmW QO u=wD|t =Q nQR@
=ysD} Qwor= |QwxQy@ |xU}=kt "2"4"5

xO=iDU= |QwxQy@ XN=W l} u=wvax@ CPU |xOW|QBU u=tR R= 'CtUk u}= QO
|=Q@ sD} Qwor= Qy |=QH= Q=@ Qy QO "s}vm|t xU}=kt u; T=U=Q@ =Q =ysD} Qwor= w xOQm

"s}vm|t xQ}NP =Q CPU |xOW|QBU u=tR 'xr�Ut Qy

lJwm |=yxr�Ut
|=Q@ Tv=} Q=w p}rLD G}=Dv w xvwtv |=yxr�Ut pL |=Q@ xOW|QBU u=tR u}ov=}t
u=Wv G}=Dv "CU= xOW xO=O V}=tv 24 w 23 pw=OH QO ?}DQDx@ lJwm |=yxr�Ut

"nQR@ |=yxr�Ut |=Q@ |@Uv h=QLv= OYQO u}ov=}t "20 pwOH
B2 B1 A2 A1 sD} Qwor=

0 0233 0 0344 0 000 0 0127 |@Uv h=QLv= OYQO u}ov=}t
"nQR@ |=yxr�Ut |=Q@ Tv=} Q=w p}rLD G}=Dv "21 pwOH

P value F MS SS df `@vt
0 002 7 590 0 001 0 003 3 sD} Qwor=

0 00013 0 0073 56 =]N
0 0103 59 ẁtHt
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"OvDUy =ysD} Qwor= u} QDy@ |QwxQy@ w |}=Q=m ^=Lr R=?}DQDx@ A1 w A2 xm OyO|t
[3]|UQQ@ OQwt |xr�Ut |=Q@ xOWx�=Q= sD} Qwor= Qo}O =@ A2 sD} Qwor= |xU}=kt
sD} Qwor= R= QD=Q=m nQR@ w \UwDt |=yxr�Ut pL QO A2 sD} Qwor= xm OyO|t u=Wv
OvDU}v xU}=kt p@=k sD} Qwor= wO '|QwxQy@ Q_vx]kv R= "CU= u=Q=mty w u=QOvowr

"CU= Cw=iDt Ov=xOW =QH= =yu; |wQ sD} Qwor= wO xm |}=yxv=}=Q C=YNWt =Q} R
xOv}; C=k}kLD |=Q@ |O}OH p�=Ut u=wD|t xOvvmOwOLt |=yZQi uOQmO=R; =@
|R=wt |=yu}W=t xm CU= xOW ZQi j}kLD u}= QO 'p=Ft u=wvax@ "OQm O=H}=
Q_v QO \@DQt=v =} CN=wvm} =Q |R=wt |=yu}W=t u=wD|t 'u}=Q@=v@ w Ov=u=Um}
u}@ \ki |R=UxO=t; |=yu=tR uDiQo Q_v QO Qo}O |xOvvmxO=U ZQi l} "CiQo
=yxwQo x@ jraDt |=yQ=m u}@ |R=UxO=t; |=yu=tR u=wD|t xm |DQwY QO 'CU=yxwQo
|xr�Ut |=Q@ u}}=B OL |x�=Q= "�xv=oOvJ |R=UxO=t; u=tR� CiQo Q_v QO R}v =Q
R}v =Q xr�Ut |=Q@ xOWx�=Q= |Q=mD@==Qi |=ysD} Qwor= C}i}m |@=} RQ= Qw_vtx@ Q_vOQwt
=Q Q_v OQwt |xr�Ut 'xwqax@ "CiQo Q_v QO xOv}; |=Q@ j}kLD l} u=wvax@ u=wD|t

"OQm |UQQ@ u=wD|t R}v |Qw=vW u=tR ẁtHt |R=Uxv}tm hOy `@=D =@

"|[=} Q pOt =@ lJwm |=yxr�Ut pL R= pY=L G}=Dv "31 pwOH
pm p}tmD u=tR xr�Ut xR=Ov=** xr�Ut

A2 TS OS*

414 414 414 2� 3� 9 1
273 273 273 2� 3� 9 2
276 276 276 2� 3� 9 3
405 405 405 2� 4� 12 4
185 185 185 2� 4� 12 5
227 227 227 2� 4� 12 6
436 436 436 3� 4� 11 7
415 415 415 3� 4� 11 8
270 276 270 3� 4� 11 9

(Optimal solution) xv}y@ pL *

=yQ=m O=OaD ẁtHt � =yxwQo O=OaD � |WR=OQB pL=Qt O=OaD **

"s}=xO=O u=Wv 31 pwOH QO =Q u; G}=Dv w xOQm pL CPLEX Q=Ri=sQv R= xO=iDU= =@
|=yxr�Ut pL QO A2 w TS sD} Qwor= wO Qy xm s}@=}|tQO G}=Dv u}= |xOy=Wt =@
C@Uv TS |}=Q=m R= xr�Ut xR=Ov= V}=Ri= =@ '=t= "OvQ=OQwNQ@ |}q=@ |}=Q=m R= lJwm

"OwW|t xDU=m A2 x@

|Q}oxH}Dv "6
|y=oQ=m u=} QH \}Lt QO |r=wD x@ xDU@=w |ywQo |Ov@u=tR |xr�Ut j}kLD u}= QO
|=yQ=m VR=OQB |=Q@ R=}v OQwt p}tmD u=tR |R=Uxv}tm hOy `@=D =@ Q}PBh=]av=
|]N |R} Qxt=vQ@ pOt l} xr�Ut u}= |=Q@ "CiQo Q=Qk |UQQ@ OQwt =yxwQo pN=O
OQm} wQ wO 'xr�Ut uOw@ Np-hard C=@F= R= TB "OW x�=Q= \rDNt K}LY OOa
Q=yJ R= OQm} wQ Qy QO "OW xDiQo Q_v QO |o}=Uty w x}rw= ?=wH u}}aD |=Q@ hrDNt
xO=iDU= hrDNt |D=@U=Lt Kw]U QO x}rw= ?=wH uOQm =O}B |=Q@ hrDNt Q=mwR=U
|=yxR=Ov= QO |W}=tR; |xr�Ut 60 'hrDNt |=yVwQ |UQQ@ |=Q@ "CU= xOW
|=yVwQ |}=Q=m xm OyO|t u=Wv G}=Dv "CU= xOW O}rwD nQR@ w \UwDt 'lJwm

CWwv=B
1. 
exible 
ow shops (FFS)
2. 
exible 
ow Line (FFL)
3. hybrid 
exible 
ow shop
4. batch
5. Petrov
6. Campbell, Dudek and Smith
7. Logendran and Nudtasomboon
8. in- process bu�ers
9. constructive heuristics
10. insertion-based approach
11. immune algorithm
12. �rst in �rst out
13. initial solution (IS)

14. cumulative run time (CRT)
15. cumulative processing time (CPT)
16. longest run time (LRT)
17. Greedy algorithm
18. inside candidate list
19. outside candidate list
20. best makespsn
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