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Q_v QO |y=oQ=m u=} QH CQwYx@ =Q C=a]k VR=OQB |xrLQt R}v u}kkLt |NQ@
OQwt wO x@ xt=O= QO "CU= QDl}ORv j}kLD u}= QO Q_v OQwt |xr�Ut x@ xm Ov=xDiQo

"OwW|t xQ=W= xv}tR u}= QO xOW s=Hv= C=ar=]t R=
C=a]k pt=W '|Ovw}B |O}rwD |=ysDU}U |=Q@ |Ov@u=tR |xr�Ut [9]=t=} wmw}
xr�Ut u}= QO "CU= xO=O Q=Qk |UQQ@ OQwt =Q 'S=Dvwt C=}rta w xOW |Q=mu}W=t
CqwYLtC=a]k w xOW xO=OVQ=iU O}rwD |=Q@ Cw=iDt `=wv= R= |OOaDtCqwYLt
C=}rta|xr}Uwx@ pwYLt Qy "OwW|t O}rwDu}W=tu}OvJpt=W|y=oQ=m u=} QH QO
S=Dvwt 'S=DvwtQ} R u}rw= x@ OOaDt C=a]k "OwW|t O}rwD C=a]k R=|@D=Qt xrUrU S=Dvwt
u}= "OvwW|t S=Dvwt 'S=DvwtQ} R u}twO x@ pw= S=DvwtQ} R w Qo}O OOaDt C=a]k w OvwW|t
"O}; CUOx@ |}=yv pwYLt S=DvwtQ} R u} QN; S=Dvwt =@ =D O@=}|t xt=O= QOkv; C=}rta
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Qy C=a]k VR=OQB w CqwYLt S=Dvwt |Ov@u=tR R= CU= CQ=@a hOy "OQ=O
%OwW xv}tm CqwYLt OQmQ}O w OQmOwR |=yu=tR ẁtHt xm |}xvwox@ pwYLt

"Min
�P

h (Eh=Th)
�

'wQOwN QwDwt w xvO@ O}rwD xrtHR= '|O}rwD `}=vY QO |O=} R OQ@ Q=m xr�Ut u}=
w pQDvm '|Qw;`tH Q}_v |}=yC}r=ai xawtHt C=a]k VR=OQB R= TB ,qwtat "OQ=O
xO}O=v =yC}r=ai xawtHt u}= 'C=ar=]t ?re= QO xm OwW|t s=Hv= C=a]k ptL
swO |xrLQt QO =yC}r=ai u}= 'j}kLD u}= QO Q_v OQwt |xr�Ut QO "OwW|t xDiQo
C=YNWt Q}=U "CU= xOW xDiQo Q_v QO |Q=m x=oDU}=l} CQwYx@ |O}rwD sDU}U

%R= CU= CQ=@a s}tYD |=yQ}eDt w =yQDt=Q=B pt=W xr�Ut
&R=}v OQwt �CqwYLt� =yQ=m pm O=OaD %H

&(h = 1; 2; :::; H) CqwYLt XN=W %h
&C=a]k pm O=OaD %n

&(j = 1; 2; :::; n) C=a]k XN=W %j
&h pwYLt C=a]k O=OaD %nh

&(jh = 1; 2; :::; nh h) pwYLt C=a]k |QU XN=W %jh
&O}rwD sDU}U pL=Qt O=OaD %L = 3

&(l = 1; 2; 3) O}rwD pL=Qt XN=W %l
&l |xrLQt QO j xa]k VR=OQB u=tR %Plj

&1 |xrLQt QO |R=wt |=yu}W=t O=OaD %m
&(k = 1; 2; :::;m) u}W=t XN=W %k

&h pwYLt S=Dvwt u=tR %Ah
w 1 Q@=Q@ Q}eDt u}= OW=@ h0 pwYLt R= p@k h pwYLt S=Dvwt C} wrw= Qo = %Shh0

&CU= QiY CQwYu}= Q}e QO
VR=OQB l |xrLQt QO k u}W=t |wQ Ji xa]k R= Oa@ CUQO Jj xa]k Qo = %xijkl

&CU= QiY CQwYu}= Q}e QO w 1 Q@=Q@ OwW
VR=OQB k u}W=t |wQ l |xrLQt QO xm OW=@ |}xa]k u}rw= Ji xa]k Qo = %xj:kl

&CU= QiY CQwYu}= Q}e QO w 1 Q@=Q@ Q}eDt u}= 'OwW|t
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Ot"OwW|tp}mWD xa]k xU R= R}v swU pwYLt w xa]k xU R= swO pwYLt 'xa]k
p=Ft u}= |=Q@ Q_v OQwt pL OQm} wQ j@] |Ov@u=tR p}tmD |=Q@ R=}v OQwt R=i wO
OyO|t u=Wv =Q p=Ft u}= |Ov@u=tR R= |}xvwtv pmW u}= "CU= xOt; 2 pmW QO
w 2 pwYLt =OD@= u; T=U=Q@ w CU= xOW u}}aD CqwYLt |r=wD pw= R=i QO xm
s=Hv= swO R=i QO R}v C=a]k |Ov@u=tR "OvQ=OQwNQ@ C} wrw= R= 3 w 1 pwYLt TBU
w OwW|t VR=OQB swO |xa]k =OD@= 1 pwYLt |=Q@ ,qFt u; T=U=Q@ xm OwW|t

"pw= |xa]k TBU
Min Z = D (1)

Subject to :
nX

i=1;i6=j

klX
k=1

xijkl = 1 j = 1; 2; 3; :::; n; l = 1; 2;

k1 = m; k2 = 1 (2)
nX
j=0

xijkl � 1; i = 0; 1; 2; 3; :::; n; l = 1; 2;

k1 = 1; 2; :::;m; k2 = 1 (3)
nX

i=0;i6=z
xizlkl �

nX
j=0;j 6=z

xzjlkl = 0; z = 1; 2; 3; :::; n;

l = 1; 2; k1 = 1; 2; :::;m; k2 = 1 (4)

C(l)
i +

klX
k=1

xijkl � Plj +

 klX
k=1

xijkl � 1
!
�M � C(l)

j ;

i = 1; 2; 3; :::; n; j = 1; 2; 3; :::; n; l = 1; 2;
k1 = 1; 2; :::;m; k2 = 1 (5)

C(1)
j + P2j � C(2)

j ; j = 1; 2; 3; :::; n (6)

C(2)
j � Fh; 8j 2 fJhg ; h = 2; 3; 4; :::; H (7)

Fh +Ah � Ch; h = 1; 2; 3; :::; H (8)

Ch0 +Ah � Sh0h �M � Ch; h; h0 = 1; 2; 3; :::; H (9)

Sh0h = max f0; (Fh0 � Fh)g ; h; h0 = 1; 2; 3; :::; H;
h0 6= h (10)

Eh � max f0; (dh � Ch)g ; h = 1; 2; 3; :::; H (11)

Th � max f0; (Ch � dh)g ; h = 1; 2; 3; :::; H (12)

D =
HX
h=1

[Eh + Th]; h = 1; 2; 3; :::; H (13)

xijkl 2 f0; 1g ; i = 1; 2; 3; :::; n; j = 1; 2; 3; :::; n;
l = 1; 2; k � 1; 2; :::; kl (14)

C(1)
j � 0; j = 1; 2; 3; :::; n; l = 1; 2 (15)

Ch � 0; h = 1; 2; 3; :::; H (16)

Ch � 0; h = 1; 2; 3; :::; H (17)

Th � 0; h = 1; 2; 3; :::; H (18)

x=Q Qy '|}xv=}=Q |xt=vQ@ QO xO=iDU= |=Q@ xr�Ut pL x=Q |Q=PoOm w V}=tv Qw_vtx@

Q_vQO =@ w jwi C=L}[wD x@ xHwD =@ "Ovm|t |O=} R ltm V=s}tYD |=yQ}eDt w
OQwt |xr�Ut |[=} Q pOt 'p@k CtUk QO xOW h} QaD |=yQ}eDt w =yQDt=Q=B uDiQo
%R= Ov=CQ=@a pOt u}= |=yC}OwOLt w CqO=at s}y=it "OwW|t x�=Q= xt=O= QO Q_v

"CU= pOt hOy `@=D |xOvyOu=Wv 1 |xrO=at ��
Q=@l} \ki xrLQt Qy QO xa]k Qy xm Ovvm|t u}t[D 4 w 3 '2 |=yC}OwOLt ��

"OwW|t VR=OQB
xrLQt Qy QO C=a]k p}tmD u=tR xm OvQ=O u}= Q@ CQ=_v 6 w 5 |=yC}OwOLt ��
u=ty VR=OQB u=tR |xwqax@ p@k |xrLQt QO p}tmD u=tR |w=Ut =} QDnQR@ O}=@

"OW=@ xrLQt
|=Q@ swO |xrLQt |=yDv= QO =Q h pwYLt C=a]k p}tmD u=tR 7 C}OwOLt ��

"Ovm|t x@U=Lt S=Dvwt C=}rta ẁQW
u=tR |w=Ut =} QDoQR@ h pwYLt p}tmD u=tR xm Ovm|t u}t[D 8 C}OwOLt ��

"CU= u; S=Dvwt u=tR |xwqax@ pwYLt u; C=a]k VR=OQB p}tmD
ẁQW h pwYLt R= p@k h0 pwYLt S=Dvwt Qo = xm OQ=O|t u=}@ 9 C}OwOLt ��
h0 pwYLt p}tmD u=tR |w=Ut =} QDoQR@ h pwYLt p}tmD u=tR 'OW=@ xOW

"Ow@ Oy=wN h pwYLt S=Dvwt u=tR |xwqax@
9 C}OwOLt QO xm =Q CqwYLt S=Dvwt QN-=D =} w sOkD ?} Q[ 10 |xrO=at ��

"Ovm|t x@U=Lt xOW xO=iDU=
|Q}oxR=Ov= =Q pwYLt Qy OQmQ}O =} OQmOwR Q=Okt ?}DQDx@ 12 w 11 CqO=at ��

"Ovvm|t
"Ovm|t x@U=Lt =Q xr�Ut hOy `@=D Q=Okt 13 |xrO=at ��

Qo = 'T=U= u}=Q@ "Ovm|t h} QaD 1 w 0 CQwYx@ =Q xijkl Q}eDt 14 |xrO=at ��
i |xa]k R= Oa@ k u}W=t |wQ 1 |xrLQt QO j |xa]k 'xOW u}}aD |r=wD QO

"Ow@ Oy=wN QiY CQwY u}= Q}e QO w 1 Q}eDt u}= Q=Okt OW=@ xDW=O Q=Qk
w C=a]k p}tmD u=tR Q}O=kt xm Ovvm|t XNWt 18 =D 15 |=yC}OwOLt ��

"OW=@ |ivt Ov=wD|tv CqwYLt OQmQ}O w OQmOwR Q}O=kt w CqwYLt

xr�Ut pL OQm} wQ "3
xm �� xrLQt wO x@ OwOLt *Q}PBh=]av= |y=oQ=m u=} QH |xr�Ut xm O=O u=Wv =DB wo
QO �� OW=@ xDW=O u}W=t l} Qo}O |xrLQt w u}W=t wO pL=Qt R= |m} pk=OL
=@ j}kLD u}= QO |UQQ@ OQwt |xr�Ut =Pr [16]"OQ=O Q=Qk NP-hard p�=Ut |xOQ
|Q=DN=U |=Q=O OQ=O C}r=ai u}W=t l} R= V}@ u; pw= |xrLQt QO xm xrLQt xU

"CU= NP-hard ,=a]k w xOw@ QD xO}J}B
pw= |xr�UtQ} R "s}vm|t l}miD xr�UtQ} R wO x@ =Q u; =OD@= xr�Ut pL |=Q@
|r=wD u}}aD x@ swO |xr�UtQ} R w 'CqwYLt S=Dvwt |r=wD u}}aD R= CU= CQ=@a
Q_v OQwt |xr�Ut pL T=U= u}ty Q@ "OQ=O X=YDN= pwYLt Qy C=a]k VR=OQB
|Ov@u=tR QO xJv=vJ xr�Ut C=}[Qi j@=]t Qo}O hQ] R= "OwW|t s=Hv= s=o wO QO
h0 pwYLt C=a]k |t=tD 'OW=@ h pwYLt R= p@k h0 pwYLt S=Dvwt 'CqwYLt
C=L}[wD x@ xHwD=@ "OwW VR=OQB h pwYLt C=a]k |t=tD R= p@k CU}=@|t R}v
ZQi p=Ft u=wvax@ "CU= xOt; xt=O= QO xr�Ut pL |rY= R=i wO KQW 'xOW x�=Q=
wO R= pw= pwYLt xm} Qw] 'OwW O}rwD pwYLt 3 CU= Q=Qk sDU}U u}= QO O}vm
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"|rY= R=i wO QO xr�Ut pL OQm} wQ "2 pmW

pw= |xrLQt wO QO VR=OQB u=tR ẁtHt |rwRv ?}DQDx@ C=a]k |r=wD pwYLt Qy
"OwW|t u}}aD O}rwD sDU}U

p�=Ut |L=Q] "4
hrDNt O=a@= QO xvwtv p�=Ut xwQo Q=yJ '|O=yvW}B sD} Qwor= |}=Q=m |@=} RQ= Qw_vtx@
nQR@ '\UwDt 'lJwm p�=Ut pt=W xwQo Q=yJ u}= "CU= xOW xDiQo Q=m x@ w O}rwD

"�1 pwOH� CU= nQR@ |r}N p�=Ut w
[1; 100] xR=@ QO CN=wvm} Qw]x@ CqwYLt S=Dvwt w C=a]k VR=OQB u=tR
OQwt pOt OyO|t xR=H= w OQ=O |@U=vt Tv=} Q=w `} RwD u}= "CU= xOW xDiQo Q_vQO
u}vJty "OwW |@=} RQ= 'CU= Oa=Ut=v =yv; R= |NQ@ xm 'hrDNt \}=QW CLD |UQQ@
|=ypOt |@=} RQ= w C=k}kLD QO w xOW V}=tR; |O=} R u}kkLt \UwD `} RwD u}=

"V}=tR; OQwt |xr�Ut xwQo Q=yJ C=YNWt "1 pwOH
u}W=t O=OaD Qy xa]k O=OaD pwYLt O=OaD xwQo

(m) 1 xrLQt (nh) h pwYLt (H) xr�Ut
4

[3; 8] 25 R= QDlJwm lJwm6
8
4

[3; 8] 75 =D 25 u}@ \UwDt6
8
4

[3; 8] 150 =D 75 u}@ nQR@6
8
4

[3; 8] 150 R= QDW}@ nQR@ |r}N6
8

T} QD=t u}= pw= Q]U "OwW|t xO=O u=Wv |Q]U wO T} QD=t l} CQwYx@ pL
p=Ft |=Q@ "CU= C=a]k xQ=tW Qou=}@ u; swO Q]U w pwYLt xQ=tW |xOvyOu=Wv

%CU= u}vJ 2 pmW QO xOW x�=Q= pL x=Q |Q=PoOm

3 3 3 1 1 2 2 2 %pwYLt xQ=tW
7 8 6 1 2 4 3 5 %xa]k xQ=tW

CqwYLt |r=wD u}}aD |=Q@ 7p}wLD Oawt u} QDOwR sD} Qwor= "1"3
sD} Qwor= R= 'CqwYLt |r=wD u}}aD |va} xr�Ut pL sD} Qwor=l} R=i s=Hv= Qw_vtx@
|rwYLt sD} Qwor= u}= T=U=Q@ "OwW|t xO=iDU= �EDD� p} wLD Oawt u} QDOwR
xm |rwYLt Qw]u}ty w xDiQo Q=Qk C} wrw= QO OQ=O =Q p} wLD Oawt u} QDOwR xm

"OQ}o|t Q=Qk QN; C} wrw= QO OQ=O =Q p} wLD Oawt u} QDQ}O
`@=D =@ |}xrLQtwO |y=oQ=m u=} QH |xr�Ut pL |=Q@ sD} Qwor= u}= R= u}kkLt
u}= Q@ u=v; [17]"Ov=xOQm xO=iDU= (ETmax) =yQ=m OQmQ}O w OQmOwR xv}W}@ hOy
p} wLD Oawt =@ Q=m '=yQ=m p} wLD Oawt C}ty= x@ xHwD =@ p�=Ut xvwou}= QO xm OvQw=@
=yQ=m =Pr "CU= Q=OQwNQ@ QDQ}O p} wLD Oawt =@ Q=m x@ C@Uv |QDq=@ C} wrw= R= QDOwR
CU}r |=OD@= R= Q=m l} xrLQt Qy QO TBU w OwW|t ?DQt p} wLD Oawt T=U=Q@
Qy QO xOt; CUO x@ |=yC}akwt w u}}aD u; =@ =yQ=m Q}=U |@Uv C}akwt w ?=NDv=

"Ov=t|t C@=F xrLQt

C=a]k VR=OQB |r=wD u}}aD |=Q@ 8xv sD} Qwor= "2"3
Qy C=a]k VR=OQB |r=wD u}}aD C@ wv 'CqwYLt p} wLD |r=wD u}}aD R= TB
Qy C=a]k VR=OQB u=tR xm CU= u}= hOy xr�Ut R= <RH u}= QO "CU= pwYLt
"OwW xv}W}@ =yv; |QwxQy@ w xv}tm =yu}W=t |Q=m}@ xm OwW x=Dwm u=vJ pwYLt
"OwW|t xO=iDU= NEH sD} Qwor= R= xr�Ut R= CtUk u}= pL |=Q@ T=U= u}tyQ@
u=tR |R=Uxv}tm Qw_vtx@ 'OW x�=Q= 1983 p=U QO xm NEH sD} Qwor= T=U=Q@
XNWt =yv; VR=OQB u=tR ẁtHt T=U=Q@ C=a]k VR=OQB C} wrw= 'C=a]k p}tmD
|=yC} wrw= QO VR=OQB u=tR ẁtHt u} QDW}@ =@ C=a]k 'Qo}O CQ=@ax@ "OwW|t
QN; |=yC} wrw= QO QDsm VR=OQB u=tR ẁtHt =@ C=a]k w xDiQo Q=Qk VR=OQB pw=

[19w18]"OvQ}o|t Q=Qk VR=OQB
|=Q@ 'pL sD} Qwor= pw= R=i QO CqwYLt |r=wD u}}aD R= TB 'T=U= u}=Q@

125



"""l
}QO

|Ov
@u=t

R|
xr�U

tp
Lw

|R=
Up

Ot

G}=Dv p}rLD w p�=Ut pL "5
lJwm xwQo p�=Ut "1"5

u}= |=Q@ "OwW|t \w@ Qt =y?=wH |ov}y@ x@ pOt G}=Dv XwYNQO |UQQ@ u}rw=
pOt R= xO=iDU= =@ w |L=Q] 1 pwOH j@] lJwm O=a@= QO xr�Ut 120 O=OaD Qw_vt
OW pL wov}r Q=Ri=sQvltmx@ w|[=} Q pOt T=U=Q@ p�=Ut u}= "OW pL |O=yvW}B
|@=} RQ= |O=yvW}B pOt R= pY=L |=y?=wH C}i}m w XNWt xv}y@ |=y?=wH =D
u=vJ "CU= xOWx�=Q= sD} Qwor= QO xv}y@ ?=wH OYQO |xOvyOu=Wv 3 pwOH "OwW
R= w CU= xOt; CUO x@ wov}r |xt=vQ@ j} Q] R= p�=Ut |xv}y@ ?=wH 'OW xDio xm
O=} R Q=m O=OaD =@ p�=Ut |=Q@ xv}y@ ?=wH x@ uDi=} CUO wov}r |xt=vQ@ QO xm =Hv;
QDsm pwYLt O=OaD� lJwm p�=Ut |=Q@ =yvD ?=wH |ov}y@ =Pr 'CU= Q@u=tR Q=}U@

"CU= xOW |@=} RQ= �25 R=
|xv}y@ ?=wH OQ=wt ?re= QO |O=yvW}B sD} Qwor= xm CU= u; Qou=}@ 3 pwOH
O=OaD =D D w C ẁv p�=Ut |=Q@ sD} Qwor= ?=wH "CU= xOQm x�=Q= =Q lJwm p�=Ut
|y=o QDW}@ w 15 Q=m O=OaD =@ B w A ẁv p�=Ut |=Q@ =t= CU= xv}y@ pwYLt 25

"CU= xOw@v xv}y@ sD} Qwor= ?=wH C=kw=

nQR@ |r}N =D \UwDt xwQo p�=Ut "2"5
|=R=x@ nQR@ =D lJwm p�=Ut pL QO sD} Qwor= ?=wH C=Q}}eD OvwQ 3 pmW QO
xOW xO=O u=Wv OvwQ Q=yJ CQwYx@ D w C 'B 'A p�=Ut hrDNt `=wv=
|O=yvW}B sD} Qwor= =@ p�=Ut `=wv= pL R= pY=L |=y?=wH C=}�RH "CU=
ẁv p�=Ut pL QO xm CU= u; R= |m =L G}=Dv "CU= xOt; 4 pwOH QO R}v
ẁv u}= QO xm CU= u; Cra "CU= QDsm hOy `@=D Ow@y@ u=mt= B w A

w CU= OwOLt Q=}U@ CqwYLt p} wLD Oawt |=Q@ Q_v Ot |xvt=O 'p�=Ut

"hrDNt ẁv 4 QOlJwm xwQo p�=Ut |=Q@ sD} Qwor=?=wH|ov}y@|UQQ@ "3 pwOH
��� p�=Ut ẁv |xr�Ut O=OaD O=OaD xwQo

D C B A xOW |UQQ@ pwYLt xr�Ut
100 100 100 100 24 n <= 5

lJwm
100 100 100 100 24 5 < n <= 10
100 100 100 100 24 10 < n <= 15
100 100 83 100 24 15 < n <= 20
100 100 83 83 24 20 < n <= 25

"hrDNt p�=Ut |=Q@ sD} Qwor= ?=wH Q=Okt "3 pmW

Qw]x@ xa]k Qy |=Q@ swO |xrLQt u=tR [21w20'11]"CU= xDiQo Q=Qk xO=iDU= OQwt pL
w Q}eDt xr�Ut Qy |=Q@ C=a]k O=OaD "CU= xOW ^=Lr [1; 25] xR=@ QO CN=wvm}
pw= |xrLQt |=yu}W=t O=OaD p�=Ut R= xwQo Qy QO "CU= [3; 8] CN=wvm} xR=@ QO

"OwW|t |UQQ@ 8 w 6 '4 Cr=L xU QO
x@ xDU@=w QDt=Q=B u}= xm CW=O Q_v QO O}=@ =yQ=m p} wLD Oawt u}}aD Qw_vtx@
xr�Ut xm OwW u}}aD u=vJ O}=@ =yQ=m p} wLD Oawt w CU=yQ=m VR=OQB u=tR COt
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w xOW |W}=tR; p�=Ut QDW}@ |vwo =vwo ?Hwt (R) p} wLD Oawt |xvt=O Q=Okt
R= Qw_vt u}= |=Q@ "CW=O Oy=wN =Q hOy `@=D Ow@y@ CYQi w u=mt= pL pOt =Pr
p} wLD Oawt CN=wvm} xR=@ w |RmQt |x]kv uOQw; CUOx@ |=Q@ 20 w 19 \@=wQ

[22w21'17]%OwW|t xO=iDU= =yQ=m
d = (1� �)�M (19)

d =
�
d� R

2 �M;d+ R
2 �M

�
(20)

'u}W=tlD |xr�Ut Ovv=t |r�=Ut QO "CU=yQ=m |t=tD u=}=B u=tR M 'u; QO xm
OQwt |xr�Ut Ovv=t |rm Cr=L QO "CU=yQ=m VR=OQB u=tR ẁtHt Q@=Q@ M Q=Okt
,qwtat =Pr w OQ=Ov OwHwM |xv}y@ Q=Okt |x@U=Lt |=Q@ |WwQ 'j}kLD u}= QO Q_v
XNWt R= TB u}=Q@=v@ "OvQw;|t CUO x@ xr�Ut |iO=YD |r=wD R= =Q M Q=Okt
xm |}xR=@ QO CN=wvm} `} RwD CQwYx@ =yQ=m p} wLD Oawt '20 |x]@=Q R= �d uOW

"OwW|t u}}aD O};|t CUOx@ 21 |x]@=Q R=

d =
��

1� � � R
2
�
�M;

�
1� � + R

2
�
�M

�
(21)

p} wLD Oawt |xvt=O w '0 6 w 0 2 Q@=Q@ =Q (�) OQmQ}O pt=a Q=Okt u}kkLt QDW}@
OQ=Ov=DU= C=k}kLD QO O=Oa= u}= [19w16'14]"Ov=xOQm ZQi 1 2 w 0 6 Q@=Q@ =Q (R)

wO?}mQD R= "Ovvm|t xO=iDU= |iO=YD p�=Ut O}rwD |=Q@ O=Oa= u}= R= u}kkLt w xOW
OwW|t O=H}= xr�Ut ẁv Q=yJ '(R) =yQ=m p} wLD Oawt |xvt=O w (�) OQmQ}O pt=a
nQR@ '\UwDt 'lJwm xwQo Q=yJ x@ |r@k C=L}[wD j@=]t R}v p�=Ut "�2 pwOH�

"OvwW|t s}UkD nQR@ |r}N w
"CU= xOW O}rwD �xwQo 4 QO xr�Ut 120 ,=awtHt� xwQo Qy QO xr�Ut 30 O=OaD
w |L=Q] xr�Ut 480 ẁtHt QO w |L=Q] A w B 'C 'D ẁv 4 |=Q@ p�=Ut u}=
|@=} RQ= OQwt G}=Dv w xOW pL |O=yvW}B pOt \UwD p�=Ut u}= "CU= xOW O}rwD

"CU= xDiQo Q=Qk
"p�=Ut |Ov@xDUO "2 pwOH

R Q=Okt � Q=Okt xDUO
0 6 0 2 A ẁv
0 6 0 6 B ẁv
1 6 0 6 C ẁv
1 6 0 2 D ẁv
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U "sD} Qwor= R= pY=L ?=wH Q}O=kt "4 pwOH
xr�Ut ẁv 4 QO sD} Qwor= ?=wH Q=Okt u}W=t O=OaD Qy xa]k O=OaD pwYLt O=OaD xwQo

D C B A (m) 1 xrLQt (nh) h pwYLt (H) xr�Ut
42 58 147 114 4

[3; 8] 25 R= QDlJwm lJwm51 44 119 98 6
56 42 102 93 8
141 174 441 344 4

[3; 8] 75 =D 25 u}@ \UwDt153 132 357 294 6
166 126 318 281 8
263 323 815 641 4

[3; 8] 150 =D 75 u}@ nQR@294 241 657 539 6
355 229 588 521 8
596 665 1531 1202 4

[3; 8] 300 =D 150 u}@ nQR@ |r}N643 598 1465 1185 6
676 561 1215 1112 8

"p�=Ut `=wv= QO CqwYLt w hOy `@=D C}a[w "5 pwOH
D C B A xr�Ut ẁv

[0 0; 1 6M ] [0 0; 1 2M ] [0 1M; 0 7M ] [0 5M; 1 1M ] p} wLD Oawt |xvt=O
w OQmQ}O x}rw= CqwYLt x}rw= CqwYLt \ki CqwYLt QDW}@ R= |[a@ w OQmOwR x}rw= CqwYLt QO CqwYLt C}a[w

OvQ=O OQmOwR |v=}=B CqwYLt OvQ=O OQmQ}O OvQ=O OQmQ}O OvQ=O OQmQ}O xOv=t|k=@ CqwYLt sD} Qwor= ?=wH

"sD} Qwor= |=QH= u=tR "6 pwOH
sD} Qwor= |=QH= u=tR u}W=t O=OaD Qy xa]k O=OaD pwYLt O=OaD xwQo

�x}v=F� (m) 1 |xrLQt (nh) h pwYLt (H) xr�Ut

0 36
4

[3; 8] 25 R= QDlJwm lJwm6
8

1 45
4

[3; 8] 75 =D 25 u}@ \UwDt6
8

2 86
4

[3; 8] 150 =D 75 u}@ nQR@6
8

5 32
4

[3; 8] 300 =D 150 u}@ nQR@ |r}N6
8

|}=tv OWQ p�=Ut O=a@= uOW nQR@ =@ p�=Ut pL u=tR xm OyO|t u=Wv C=aq]=
?U=vt |}=Q=m Qou=}@ xH}Dv u}= "O@=}|t V}=Ri= |]N CQwYx@ ,=@} QkD w xDW=Ov

"CU= QDnQR@ |r}N O=a@= =@ p�=Ut |=Q@ u; OQ@ Q=m C}r@=k w sD} Qwor=
'nQR@ p�=Ut pL QO |O=yvW}B sD} Qwor= ?U=vt OQmrta R= u=v}t]= Qw_vtx@
"CiQo Q=Qk |UQQ@ OQwt pL hrDNt |=yQ=QmD QO |}=yv ?=wH |oOvm =QB u=R}t
x@ 'CU= xDiQo CQwY (25 <= n <= 500) nQR@ p�=Ut |wQ |@=} RQ= u}=
h=QLv= C@Uv Q=Okt C}=yv QO w pL sD} Qwor= =@ Q=@ 30 xr�Ut Qy xm ?}DQD u}=

A ẁv p�=Ut QO w xDW=O OQmQ}O CqwYLt ?re= B ẁv p�=Ut QO =Pr
"OvQ=O OQmQ}O xOv=t|k=@ CqwYLt R= |[a@ w OQmOwR x}rw= CqwYLt R}v
p} wLD Oawt |=Q@ xOW ^=Lr |xvt=O xm =Hv; R= D w C ẁv p�=Ut QO =t=
QO "CU= xDW=O OwHw hOy `@=D QDW}@ Ow@y@ u=mt= 'CU= QDR=@ CqwYLt
xOW x�=Q= p�=Ut R= ẁv Q=yJ QO CqwYLt w hOy `@=D C}a[w 5 pwOH

"CU=
u}= "CU= xOWC@FhrDNt p�=Ut |=Q@ pL sD} Qwor= |=QH= u=tR 6 pwOH QO
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OQwt S=Dvwt |}xrLQtxU O}rwD sDU}U l} QO |Ov@u=tR |xr�Ut 'Q=DWwv u}= QO
w CU= C=a]k VR=OQB x@ \w@ Qt O}rwD sDU}U pw= |xrLQt wO "CiQo Q=Qk |UQQ@
Q_vQO hOy `@=D "CqwYLt p}tmD w C=a]k S=Dvwt R= CU= CQ=@a swU |xrLQt
hOy u}= xm CqwYLt p} wLD OQmQ}O w OQmOwR ẁtHt R= CU= CQ=@a xOW xDiQo
u=Wv C=}@O= QwQt "OwW|t ?wULt `kwtx@ O}rwD |=ysDU}U h=Oy= =@ =DU=Qsy
KQ]t |=y|oS} w =@ w OQ=O |O}rwD `}=vY QO |O=} R OQ@ Q=m xr�Ut u}= xm OyO|t

"CU= xOWv |UQQ@ u}kkLt \UwD uwvm =D 'xOW
lQO |=Q@ u; |[=} Q pOt 'xr�Ut s}tYD |=yQ}eDt w =yQDt=Q=B h} QaD R= TB
|xr�Ut xm u}= x@ xHwD =@ "OW x�=Q= xv}y@ ?=wH =@lJwm p�=Ut pL w xr�Ut QDpt=m
Q@ |vD@t |Q=mD@= sD} Qwor= l} 'OwW|t ?wULt NP-hard p�=Ut <RH jwi
xOW x�=Q= nQR@ p�=Ut pL |=Q@ R}v �EDD� p} wLD Oawt u} QDOwR w NEH sD} Qwor=
"OW |@=} RQ= hrDNt O=a@= QO ẁvDt p�=Ut pL =@ |O=yvW}B sD} Qwor= |}=Q=m "CU=
CUO x@ |O=yvW}B|[=} Q pOt pL j} Q] R= u; |xv}y@ ?=wH xmlJwm p�=Ut QO
x�=Q= =Q xv}y@ ?=wH `k=wt QDW}@ QO |Q=mD@= sD} Qwor= xm Ow@ u; |xOvyOu=WvG}=Dv 'Ot;
hrDNt p�=Ut pL QO sD} Qwor= |=QH= u=tR xm OyO|t u=Wv G}=Dv u}vJty "Ovm|t
"O@=}|tvV}=Ri= |}=tv CQwYx@ xr�Ut O=a@= uOW nQR@ =@ u=tR u}= w xOw@ pw@k p@=k
|xt} QH w uRw xm OQm |UQQ@ |Dr=L QO =Q xr�Ut u}= u=wD|t |D; C=k}kLD QO
uOQm xi=[= uwJty |OQ=wt "OW=@v u=Um} =yQ=m |xty p} wLD Oawt R= h=QLv=
u=mt= sOa w =yQ=m |NQ@ p} wLD u=tR uOw@C@=F '|}=yv Q=@v= w |v=}t Q=@v=C}OwOLt
|=yxw}W QO "OW=@ |D; C=k}kLD ẁ[wt Ov=wD|t R}v =yQ=m |NQ@ p}tmD QO Q}N-=D
"OQm xO=iDU= ẁvtt |wHwCUH Ovv=t |Q=mD@==Qi |=ysD} Qwor= R= u=wD|t R}v pL

"p�=Ut pL |=yQ=QmD QO Q=m O=OaD Q@|}=yv |=y?=wH Q=}at h=QLv=C@Uv "4 pmW

xOW x@U=Lt pwYLt O=OaD Q@ hrDNt |=yQ=QmD QO xr�Ut Qy |}=yv ?=wH Q=}at
"CU= xOt; 4 pmW QO u; G}=Dv w x@U=Lt 22 |x]@=Q j@=]t XN=W u}= "CU=
xOW ?=NDv= �� OvQ=O |QDW}@ Ow@y@ C}r@=k xm �� C ẁv R= p�=Ut u}= u}vJty
^iL xr�Ut O=a@= uOW nQR@ =@ sD} Qwor= |}=Q=m w CkO xm OyO|t u=Wv G}=Dv w

"OwW|t

�n =

rP30
i=1(Z�i � �Z�)2

30
n

for 25 � n � 500 (22)

=yCWwv=B
1. assembly type production system
2. makespan
3. branch and bound (B&B)
4. heuristic
5. lower bound (LB)
6. assembly type ow shop
7. earliest due date (EDD)
8. Neh
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