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MTS/MTO |=yVQ=iU |=Q@ |[=} Q pOt "2"2
R}v xv}W}B QO xm CU= u=Q=mty w |QDvqm \UwD xOWx�=Q= pOt |xaUwD pOt u}=
pOt |x�=Q= x@ VN@ u}= QO 'pOt C=}[Qi |x�=Q= R= Oa@ [11]"CU= xOW xOQw;

"s} R=OQB|t |[=} Q
|O=yvW}B |[=} Q pOt |=yxYNWt "1"2"2

%=yT}Ov=
&(j = 1; :::; J) VQ=iU T}Ov= %j

&(k = 1; :::;K) S=Dvwt \N QO x=oDU}= T}Ov= %k
&(k0 = 1; :::;K) S=Dvwt \N QO x=oDU}= T}Ov= %k0

&(l = 1; :::; L) MTS/MTO CqwYLt O}rwD |=Q@ x}rw= |xO=t T}Ov= %l
&(q = 1; :::; Q) MTS/MTO pwYLt ẁv T}Ov= %q

"(t = 1; :::; T ) |v=tR |xQwO T}Ov= %t
%=yQDt=Q=B

x=oDU}= |wQ s=q ẁv MTS/MTO pwYLt OL=w l} S=Dvwt |xv} Ry %crqkt
&t |xQwO QO �Ca=U � u}W=t� u=tR OL=w l} QO S=Dvwt \N R= s=k

x=oDU}= |wQ s=q ẁv MTS/MTO pwYLt OL=w l} S=Dvwt |xv} Ry %coqkt
u=tR QO t |xQwO QO �Ca=U � u}W=t� u=tR OL=w l} QO S=Dvwt \N R= s=k

C=a]k =@ C=Q}taD w |Q=Oxov |xt=vQ@ u}vJty "CU= O}OH |mO} C=a]k R= QDy@
QO xm s}DUy u}= p=@vOx@ xr=kt u}= QO [17]"CU= xOW x�=Q= xOWxO=iDU= w O}OH
'|D=}rta |=yxv} Ry |Q}oQ_vQO =@ |O=yvW}B MTS/MTO |@}mQD |O}rwD sDU}U
'=yVQ=iU OQmOwR � OQmQ}O |=yxt} QH w|@=QN |xv} Ry 'C=Q}taD w |Q=Oxov |xv} Ry
pm |xv} Ry =D OQ}o s=Hv= |O}rwD `@=vt |wQ Q@ C=Q}taD w |Q=Oxov |}=yxQwO xJ QO
QO j}kO |=y?=wH uOQw;CUOx@ |=Q@ =OD@= Q_v OQwt pOt "OwW pk=OL sDU}U
C}y=t p}rOx@ w CU= xOW pL 8 V}=Q} w wov}r |R=Uxv}y@ Q=Ri=sQv =@ lJwm O=a@=
xOW xQ=W= u; x@ R}v [11]u=Q=mty w |QDvqm |xr=kt QO xm �� u; uOw@ NP-Hard

xOW pL C=QP s=LOR= |R=Uxv}y@ w l}DvS |Q=mD@==Qi |=ysD} Qwor= =@ �� CU=
"CU= xDiQo CQwY |O=yvW}B pL |=yVwQ u}@ |Q=t; C=U}=kt w CU=

|O=yvW}B pOt "2
'MTS/MTO |@}mQD |O}rwD |=ysDU}U |=Q@ OQw; s}y=wN xt=O= QO xm =Q |rOt

"CU= u=tR=U x@ =yVQ=iU OwQw |xrLQt QO

pOt C=[wQit "1"2
OwN '|v=tR |xR=@ u}= xm CU= T pO=at xr�Ut u}= QO |R} Qxt=vQ@ |v=tR ji= ��

"OwW|t s}UkD t s=v x@ |w=Ut w QDlJwm |=yxQwO x@
=@ |=yVQ=iU xDUO wO x@ u=} QDWt C} wrw= T=U= Q@ u=} QDWt |=yVQ=iU ��

"OvwW|t s}UkD 13p=tQv C} wrw= =@ |=yVQ=iU w 12q=@ C} wrw=
"CU}v Q}PB Q}}eD u=tR=U hQ] R= u=} QDWt xOWxDiQ}PB VQ=iU sHL ��

"OwW|t u}}aD |QDWt \UwD VQ=iU p} wLD u=tR ��
x@ OQmOwR |xt} QH 'OwW xO=t; xOWQQkt p} wLD u=tR R= QDOwR VQ=iU xJv=vJ ��
|xt} QH 'OwW xO=t; xOWQQkt p} wLD u=tR R= QDQ}O xJv=vJ w OQ}o|t jraD u;

"OQ}o|t jraD u; x@ OQmQ}O
u}= xJv=vJ w OwW|t |Q=Oxov Q=@v= QO u=tR=U CqwYLt O}rwD |=Q@ x}rw= O=wt ��
xDiQCUOR= VQ=iU 'OvW=@v |i=m u=tR=U x@ |OwQw |=yVQ=iU O}rwD |=Q@ O=wt

"CW=O s}y=wN
VQ=iU u=oOvvmu}t-=D x@ t+1 |xQwO QO xO=iDU= |=Q@ t|xQwO Qy QO x}rw= O=wt ��

"OwW|t |Q=Oxov Q=@v= QO w Ci=} QO R}v t |xQwO u=ty QO w OwW|t xO=O
"CU= t+ 1 xQwO QO xO=iDU= w p=kDv= p@=k xQwO Qy QO x}rw= O=wt |xOv=t|k=@ ��
u=} QDWt R=|Di=} QO |=yVQ=iU O}rwD |=Q@ |O}rwD Cq;u}W=tC}iQ_ xJv=vJ ��

"CU= R=Ht |Q=BUuwQ@ w |Q=mxi=[= 'OW=@v |i=m
O}rwD xm |DqwYLt %OvwW|t s}UkD xDUO wO x@ u=tR=U QO |O}rwD CqwYLt ��
w s}t=v|t MTS =Q CqwYLt u}= TB u}= R= xm CU= VQ=@v= Q@ |vD@t =yv;
w VQ=@v= T=U= Q@ O}rwD Ov}=Qi R= |YNWt |xrLQt =D =yv; O}rwD xm |DqwYLt
CqwYLt u}= TB u}= R= xm CU= |QDWt VQ=iU T=U= Q@ xrLQt u; R= TB

"s}t=v|t MTS/MTO =Q
MTS CqwYLt "OwW|t O}rwD MTS pwYLt ẁv l} =yvD 'u=tR=U QO ��
u}= %OvUQ|t hQYt x@ XNWt CQwY wO x@ 'OvwW|t O}rwD u=tR=U QO xm
sy w �|vwQ}@ |=[=kD� OvUQ|t VwQi x@ s}kDUt CQwYx@ sy CqwYLt
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"""QO
O}rw

D|
R}Qx

t=vQ@
|=Q@

|[
=}Q

pOt
|x�

=Q="OwW|t p}tLD sDU}U x@ p@k |xQwO QO Cv
%|Q}os}tYD |=yQ}eDt

w |Q=Oxov s=Hv= CQwYQO xm 'C=Q}taD w |Q=Oxov l} w QiY CQ=@a %PMkt

Q}e QO w l} Q=Okt t |xQwO QO S=Dvwt \N R= s=k S=Dvwt x=oDU}= |wQ Q@ C=Q}taD
&OQ}o|t OwN x@ QiY Q=Okt CQwYu}=

S=Dvwt x@ S=Dvwt \N R= s=k x=oDU}= R= xOW xO=O X}YND u=tR COt %Yjqkt
|=yu=tR ẁtHt QO t |xQwO QO s=j VQ=iU R= s=q ẁv MTS/MTO pwYLt

&�Ca=U � u}W=t ?UL Q@� |Q=BUuwQ@ w |Q=mxi=[= w |O=a
S=Dvwt x@ S=Dvwt \N R= s=k x=oDU}= R= xOW xO=O X}YND u=tR COt %Ojqkt
|Q=mxi=[=|=yu=tR QO t|xQwO QO s=jVQ=iU R= s=q ẁv MTS/MTO pwYLt

&�Ca=U � u}W=t ?UL Q@�
pwYLt S=Dvwt x@ S=Dvwt\N R= s=k x=oDU}= R= xOW xO=OX}YND u=tRCOt %Sjqkt
Q@� xOW|Q=BUuwQ@ CQwYx@ t |xQwO QO s=j VQ=iU R= s=q ẁv MTS/MTO

&�Ca=U � u}W=t ?UL
&s=i VQ=iU p}tmD �xQwO� u=tR %CDj

&|mtm Q}eDt %Zjqkk0
"CU= QiY Q@=Q@ CQwYu}= Q}e QO '1 Q@=Q@ OW=@ Yjqkt > 0 Qo = %Xjt

|O=yvW}B pOt "2"2"2

Min z =
JX
j=1

QX
q=1

KX
k=1

TX
t=tnow

[crqkt � (Yjqkt �Ojqkt � Sjqkt)

+ coqkt �Ojqkt + csqkt � Sjqkt]

+
JX
j=1

[ctj�jCDj �DDj j] +
KX
k=1

T�1X
t=tnow

PMkt�CMkt

+
KX
k=1

TX
t=tnow+1

Ckt � �1� PMk(t�1)
�

(1)

JX
j=1

QX
q=1

(Yjqkt �Ojqkt � Sjqkt) �
�
CRkt �

QX
q=1

APTSqkt�

PMkt �MTkt � �1� PMk(t�1)
� �Kkt � CRkt

�
� (1� �kt) 8k; t (2)

JX
j=1

QX
q=1

(Ojqkt) � COkt � �1� PMk(t�1)
� �Kkt � COkt

8k; t (3)
JX
j=1

QX
q=1

(Sjqkt) � CSkt 8k; t (4)

TX
t=1

Yjqkt � seqqk � PTSqk � PRSjq (5) 
TX
t=1

(Yjqkt � seqqk)

!
� (PTSqk � PRSjq) � Zjqkk0 �M

8j; q; k; k0 : k < k0 (6)

&|Q=mxi=[=
x=oDU}= |wQ s=q ẁv MTS/MTO pwYLt OL=w l} S=Dvwt |xv} Ry %csqkt
O}rwD xm |Dr=L QO t |xQwO QO �Ca=U � u}W=t� u=tR OL=w l} QO s=k ẁv S=Dvwt

&OwW |Q=BUuwQ@
&|v=tR OL=w Qy |=R= x@ s=j VQ=iU OQmOwR/OQmQ}O |xt} QH %ctj

QO t |xQwO QO S=Dvwt \N R= s=k x=oDU}= TQDUO QO C}iQ_ |xv}W}@ %CRkt
&�Ca=U � u}W=t ?UL Q@� |O=a |=yu=tR

QO t |xQwO QO S=Dvwt \N R= s=k x=oDU}= TQDUO QO C}iQ_ |xv}W}@ %COkt
&�Ca=U � u}W=t ?UL Q@� |Q=mxi=[= |=yu=tR

Qw_vtx@ t|xQwO QO S=Dvwt\N R= s=k x=oDU}= TQDUO QOC}iQ_ |xv}W}@ %CSkt
&�Ca=U � u}W=t ?UL Q@� MTS/MTO CqwYLt S=Dvwt |Q=BUuwQ@

MTS/MTO CqwYLt O}rwD |=Q@ s=k `@vt R= sRq C}iQ_ u=R}t %APTSqkt
|xQwO QO w xOWv pt=m =yv; S=Dvwt w Ov=xOW xDiQ}PB (t� 1) |xQwO QO xm s=q ẁv

&�Ca=U � u}W=t ?UL Q@� CU= xDi=} xt=O= t
|Oa@ |r=tDL= |=yVQ=iU |=Q@ t |xQwO QO xm s=r `@vt C}iQ_ R= |OYQO %�kt

&OwW|t xQ}NP QDq=@ C} wrw= =@
R= OL=w l} |wQQ@ S=Dvwt \N R= s=k `@vt C=}rta s=Hv= u=tR COt %PTSqk

&�Ca=U ?UL Q@� s=q ẁv MTS/MTO pwYLt
&j VQ=iU QO s=q ẁv MTS/MTO CqwYLt O=OaD %PRSjq

OyO|t u=Wv w CU= l} w QiY O=Oa= pt=W xm q � k T} QD=t l} %seqqk
x@ R=}v S=Dvwt \N QO |}=yx=oDU}= xJ |wQ Q@ q ẁv MTS/MTO pwYLt xm
u; |va} 'OW=@ 1 XNWt xv=N l} QO OwHwt OOa xJv=vJ� OQ=O S=Dvwt C=}rta

&�Q}N CQwYu}= Q}e QO w OQ=O S=Dvwt x@ R=}v x=oDU}= u; |wQQ@ pwYLt
QO MTS/MTO pwYLt O}rwD |=Q@ xm s=l ẁv |x}rw= |xO=t u=R}t %RMlt

x}rw= O=wt u}=� CU= OwHwt Q=@v= QO w xOW xO=O VQ=iU t |xQwO |=Q@ S=Dvwt \N
&�OvDUy WIP |xDN=Uxt}v pwYLt RH x@

\N QO MTS/MTO pwYLt O}rwD |=Q@ s=l ẁv x}rw= |xO=t u=R}t %RRMlt

&t |xQwO x@ xOW xO=O p=kDv= w p@k |xQwO QO S=Dvwt
&s=q ẁv MTS/MTO pwYLt QO s=l |x}rw= |xO=t hQYt ?} Q[ %UMlq

CqwYLt O}rwD |=Q@ t � 1 |xQwO QO xOWO}rwD MTS |q=m O=OaD %SSqt
&t |xQwOQO s=q ẁv MTS/MTO

|=yq=m O}rwD |=Q@ t � 2 |xQwO QO xOWO}rwD MTS |q=m O=OaD %RSSqt
t |xQwO x@ w Ov=xOWv hQYt pt=m xm t� 1 |xQwO QO s=q ẁv MTS/MTO

&Ov=xOW pkDvt
MTS/MTO pwYLt OL=w l} QO MTS pwYLt hQYt ?} Q[ %UM 0

&s=q ẁv
&CU= xOW u}}aD |QDWt \UwD xm s=j VQ=iU p} wLD �xQwO� u=tR %DDj

&nQR@ |r}N OOa l} %M
\N R= s=k x=oDU}= |wQ Q@ C=Q}taD w |Q=Oxov C=}rta s=Hv= u=tR COt %MTkt

&�Ca=U � u}W=t ?UL Q@� t |xQwO QO S=Dvwt
\N R= s=k x=oDU}= |wQ Q@ C=Q}taD w |Q=Oxov C=}rta s=Hv= |xv} Ry %CMkt

&�Ca=U � u}W=t ?UL Q@� t |xQwO QO S=Dvwt
sOa Cra x@� t |xQwO QO xm S=Dvwt \N R= s=k x=oDU}= C}iQ_ R= |OYQO %Kkt

&OwQ|t CUO R= |@=QN Crax@ �p@k |xQwO QO C=Q}taD w |Q=Oxov s=Hv=
uOWvs=Hv= Crax@ xm t |xQwO QO S=Dvwt \N R= s=k x=oDU}= |@=QN |xv} Ry %Ckt
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2/
2|

xQ=t
W'

33
�1

|xQ
wO'

�13
96

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt |=yxv} Ry `tH w q=@ |[=} Q pOt T=U= Q@ 'OwW|t sqa= |QDWt x@ xm |Dt}k

V}=Ri= MQv u}= "OwW|t pY=L �Mark up� Ct}k V}=Ri= MQv l} w |D=}rta
xi=[= Ct}k x@ xQ_DvtQ}e |=yxv} Ry w |QUq=@ |=yxv} Ry VWwB |=Q@ Ct}k
l} w hOy `@=D `tH pY=L R= |[=} Q pOt u}= T=U= Q@ u}=Q@=v@ "OwW|t
'OW Oy=wN sqa= VQ=iU Qy |=Q@ |QDWt |=Q@ xm |Dt}k 'OQ=Ov=DU= Mark up

"OwW|t XNWt

|O=yvW}B pL |=yVwQ "3
|R=Uxv}y@ Q=Ri=sQv =@ xm xOW xOQw; |Dw=iDt O=a@= =@ |irDNt p�=Ut 1 pwOH QO
xOQw; 1 pwOH QO R}v xr�Ut Qy |=Q@ |D=@U=Lt u=tR w Ov=xOW pL Lingo 8 0
C=YNWt =@ |YNW |xv=}=Q l} |wQ Q@ 'xOWpL p�=Ut |xty "CU= xOW
RAMof2GHz wPentium(R) Dual� Core CPU E5700 @ 3GHz

|v=tR OL=w "Ov=xOW O}rwD |iO=YD CQwYx@ p�=Ut R=}v OQwt |=yxO=O "Ov=xOW =QH=
|v=tR ji= Qo}O CQ=@a x@ "CU= xDiy VW |R} Qxt=vQ@ |v=tR ji= pw] w xDiy l}
s}UkD xDiy l} pO=at l} Qy (t) |w=Ut |v=tR |xR=@ VW x@ (T ) |R} Qxt=vQ@
pOt p�=Ut hrDNt `=wv= |=Q@ xOt;CUOx@ |D=@U=Lt u=tR |xOy=Wt =@ "OwW|t
w \UwDt O=a@= =@ p�=Ut pL x@ QO=k wov}r Q=Ri=sQv xm OwW|t xOy=Wt |O=yvW}B
"OQ}o|t Q=Qk NP-hard p�=Ut |xQtR QO |O=yvW}B pOt xH}Dv QO "CU}v q=@
=Q 16 PSO w 15 GA |Q=mD@==Qi |=ysD} Qwor= q=@ w \UwDt O=a@= =@ p�=Ut |=Q@
CU= xOW =QH= x}v=F 3600 =D p�=Ut hrDNt O=a@= |=Q@ wov}r Q=Ri=sQv "s}=xOQ@ Q=mx@
xr�Ut u; |wrH QO OW=@ xO=O ?=wH u=tR COt u}= R= GQ=N QO |}xr�Ut Qo = w
Q@=Q@ p�=Ut s=tD |=Q@ x}rw= O=wt T}Ov= "CU= xOW xDWwv 17 N.A '1 pwOH QO

"CU= xOW xDiQoQ_vQO wO
|=yQDt=Q=B s}_vDTBU w x�=Q=l}DvS sD} Qwor= R= |QYDNtK}[wD =OD@= xt=O= QO
|O=OaD |wQ Q@ sD} Qwor= |Q}oQ=mx@ R= pY=L G}=Dv w|Jwo =D VwQltm x@ sD} Qwor=

"OwW|t xOQw; xvwtv p�=Ut R=

|O=yvW}B l}DvS sD} Qwor= "1"3
|DU} R|rt=mD Ov}=Qi |=v@t Q@ wHwCUH w |R=Uxv}y@ VwQ �GA�l}DvS sD} Qwor=
xO=O xaUwD 1975 p=U QO Ovr=y \UwD GA |Q_v s}y=it "CU= Ca}@] QO
|O=yvW}B l}DvS sD} Qwor= xYqNQw]x@ [19w18]"OW QwyWt nQ@Oro xr}Uw x@ w OW

%O}=t}B|t =Q Q} R |=ys=o

"|OOa |=yV}=tR; x@ \w@ Qt C=aq]= "1 pwOH
u=tR O=OaD `=wv= O=OaD |=yVQ=iU O=OaD xQ=tW

|D=@U=Lt `@=vt CqwYLt QO OwHwt |xr�Ut
(s) MTS/MTO sDU}U xvwtv
35 2 2 4 1
235 2 2 6 2
1150 3 3 7 3
2050 3 3 8 4
N.A 3 4 9 5

TX
t=1

(Yjqkt � seqqk) � (1� Zjqkk0)�M

8j; q; k; k0 : k < k0 (7)

Yjqkt �M �Xjt 8j; q; k; t (8)

t�Xjt � CDj 8j; t (9) 
JP
j=1

Yjqkt

!
PTSqk

�
�
RMlt +RRMlt

UMlq

�
8q; l; k; t (10) 

JP
j=1

Yjqkt

!
PTSqk

�
�
SSqt +RSSqt

UM 0q

�
8q; k; t (11)

Yijqkt; Ojqkt; Sjqkt � 0 8j; q; k; t (12)

CDj 2 N 8j; Xjt 2 f0; 1g 8j; t (13)

PMkt 2 f0; 1g 8k; t (14)

Zjqkk0 2 f0; 1g 8j; q; k; k0 (15)

|xv} Ry 'C=Q}taD w |Q=Oxov |xv} Ry '|D=}rta |=yxv} Ry |xOvyOu=Wv 1 hOy `@=D
?}DQDx@ 4 =D 2 C}OwOLt "Ovm|t xv}tm =Q OQmOwR � OQmQ}O |=yxt} QH w |@=QN
=yVQ=iU |Q=BUuwQ@ w |Q=mxi=[= '|O=a |=yu=tR QO C}iQ_ |=yC}OwOLt
"OyO|t u=Wv =Q VQ=iU p}tmD |=Q@ R=}v OQwt u=tR pk=OL 5 C}OwOLt "OvDUy
R= xO=iDU= QO =y|R=}vV}B EL@ C}=aQ |=Q@ |}=yC}OwOLt 7 w 6 C}OwOLt
u}}aD Qw_vt x@ 9 w 8 C}OwOLt "OvDUy =yVQ=iU p}tmD |=Q@ |O}rwD `@=vt
O}rwD |x}rw= O=wt C}OwOLt 10 C}OwOLt "OvDUy VQ=iU Qy Q=m p}tmD |xQwO
C}OwOLt u}= xmCw=iD u}= =@ 'CU= 10 C}OwOLt x@=Wt R}v 11 C}OwOLt "CU=
xm MTS CqwYLt u=ty =}� TQDUO QO |xDN=Uxt}v pwYLt u=R}t x@ \w@ Qt
12 |=yC}OwOLt "CU= S=Dvwt C=}rta QO xO=iDU= |=Q@ �OvwW|t O}rwD \N QO
"CU= s}tYD |=yQ}eDt uOw@|} wOwO w '|a}@] OOa '|ivt=v |=yC}OwOLt 15 =D
14�MILP� \rDNt K}LY OOa |]N |R} Qxt=vQ@ pOt l} 'xOWx�=Q= pOt
|xOvyOu=Wv xm jCDj �DDj j CQ=@a pOt hOy `@=D QO u}= OwHw =@ "CU=
|]N Q}e =Q pOt u}= 'CU= u; p} wLD u=tR R= j VQ=iU p}tmD u=tR h=QLv= u=R}t
xOW xO=iDU= u=Q=mty w |QDvqm |xr=kt R= hOy `@=D |R=U|]N |=Q@ "CU= xOQm
Q}eDt wO R= u=wD|t jr]tQOk QO OwHwt CQ=@a |R=U|]N Qw_vtx@ [11]"CU=

%OQm xO=iDU= 17 w 16 \@=wQ j@] ?}DQDx@ DDNj w CDPj C@Ft

CDPj :

8<:CDj �DDj if (CDj �DDj > 0)

CDPj = 0 if otherwise
(16)

DDNj :

8<:DDj � CDj if (CDj �DDj < 0)

DDNj = 0 if otherwise
(17)

CWwv u=wD|t hOy `@=D QO jCDj �DDj j CQ=@a |=Hx@ ?}DQD u}= x@
|=yC}OwOLt x@ 19 w 18 |=yC}OwOLt O}=@ u}vJty "CDPj + DDNj

%OvwW xi=[= pOt
CDj �DDj = CDPj �DDPj 8j (18)

CDPj ; DDPj � 0 8j (19)
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t=vQ@
|=Q@

|[
=}Q

pOt
|x�

=Q=

"`]=kD Qorta R= |r=Ft "2 pmW

"VyH Qorta R= |r=Ft "3 pmW
22VyH Qorta "5"1"3

|=H w OwW|t ?=NDv= x]kv wO pw= VN@ |=Q@ xm CU= CQwY u}= x@ VyH pta
VN@ QO VyH pta "OwW|t Zwa Qo}Oty =@ x]kv wO u; x@ \w@ Qt uS Q=Okt
u; w OwW|t ?=NDv= swO VN@ R= x]kv l} xm CU= CQwY u}= x@ swRwtwQm swO
QiY x@ 'Ow@ l} u; Q=Okt Qo = w Ovm|t =O}B Q}}eD l} x@ 'Ow@ QiY Q=Okt Qo = x]kv
QO xOW xOQw; swRwtwQm |wQ Q@ =Q VyH Qorta R= |r=Ft 3 pmW "Ovm|t =O}B Q}}eD

"OyO|t u=Wv swRwtwQm swO w pw= VN@
23|oOvR=Q@ `@=D "6"1"3

"CU= "1"2"2 VN@ QO xOW h} QaD hOy `@=D Ovv=ty |oOvR=Q@ `@=D
xtD=N \}=QW "7"1"3

xr=kt u}= QO "OwW|t Q=QmD OW=@ xOWv xOQw;Q@ xtD=N \}=QW xm|v=tR =D pt=mD Ov}=Qi
sD} Qwor= xm|v=tR "OwW|t ?=NDv= hkwD Q=}at u=wvax@ |D@=F Q=QmD O=OaD |xawtHt

"OwW|t hkwDt sD} Qwor= 'OUQ@ xOWu}}aD V}B R= |=yQ=QmD O=OaD x@

|O=yvW}B C=QP s=LOR= |R=Uxv}y@ sD} Qwor= "2"3
|vD@t |iO=YD |R=Uxv}y@ sD} Qwor= �PSO� C=QP s=LOR= |R=Uxv}y@ sD} Qwor=
xOW |R=UpOt u=oOvQB xwQo |a=tDH= Q=DiQ |R=Ux}@W R= xm CU= C}atH Q@
|yOQ=Okt 24C=QP s=v x@|iO=YD |=y?=wHC}atH =@PSO sD} Qwor= [21w20]"CU=
|R=Uxv}y@ |xr�Ut x@ O}Ov=m pL x=Q l} |xOvyOu=Wv xm xQP Qy w 'OwW|t x}rw=
QO C=QP u}= "OwW|t x}rw= |yOQ=Okt |iO=YD CaQU w C}akwt =@ OW=@|t
QO C=QP CmQL "Ovvm|t R=wQB Q}N= |xv}y@ C=QP Q}F-=D CLD wHwCUH |=[i
u} QN; QO xQP CaQU [22]%OQ}o|t Q=Qk pt=a xU Q}F-=D CLD wHwCUH |=[i
C}akwt w CU= xQP OwN |xOt; CUOx@ pL x=Q u} QDy@ xm Pbest C}akwt 'Q=QmD

"swRwtwQm R= |W}=tv "1 pmW

&=yswRwtwQm R= x}rw= C}atH l} O=H}= %pw= s=o
&|oOvR=Q@ `@=D R= xO=iDU= =@ swRwtwQm Qy |oOvR=Q@ |@=} RQ= %swO s=o

&|Q}oCiH QNDU= |=Q@ |}=yswRwtwQm ?=NDv= %swU s=o
QO VyH w `]=kD |=yQorta R= xO=iDU= =@ O}OH |=yswRwtwQm O=H}= %sQ=yJ s=o

&Q}N= |=yswRwtwQm
&|oOvR=Q@ `@=D R= xO=iDU= =@ =yswRwtwQm O}OH C}atH |oOvR=Q@ |@=} RQ= %sHvB s=o
w OQ}o@ CQwY sD} Qwor= |xtD=N 'OW=@ xOW Q=QkQ@ xtD=N \QW Qo = %sWW s=o

"OwQ@ Q=yJ s=o x@ CQwYu}= Q}e QO w OvwW xOv=OQoQ@ =yswRwtwQm u} QDy@
"CU= xOt; xt=O= QO |O=yvW}B l}DvS sD} Qwor= |=QH=

18|R=UxO=t; "1"1"3
l} ẁQW |=Q@ R=}v OQwt |U=U= C=aq]= '|O=yvW}B sD} Qwor= |R=UxO=t; QO
p=tDL= '(Pc) `]=kD p=tDL= '(Pop size) C}atH |xR=Ov= pt=Wl}DvS sD} Qwor=
x}rw= C}atH 'u}= Q@xwqa "OvwW|t u}}aD (nIt) =yQ=QmD O=OaD '(Pm) VyH

"OwW|t O=H}= |iO=YD CQwYx@
19V}=tv "2"1"3

|xOvyOu=Wv pw= VN@ "CU= xOW x�=Q= |WN@ wO CQwYx@ =yswRwtwQm V}=tv
CQwYx@ xm CU= k � t T} QD=t l} swO VN@ w CU= =yVQ=iU s=Hv= ?}DQD
w S=Dvwt \N QO OwHwt `@=vt O=OaD |xOvyOu=Wv k xm 'OQ}o|t Q=Okt l} w QiY
xm OyO|t u=Wv =Q |twRwtwQm 1 pmW "CU= |R} Qxt=vQ@ |v=tR |xQwO Qou=Wv t

"CU= xQwO VW |v=tR ji= w wO S=Dvwt `@=vt O=OaD 'Q=yJ =yVQ=iU O=OaD
=@ =OD@= =yVQ=iU OQw;Q@ C} wrw= xm s} Q=O VQ=iU Q=yJ 1 pmW QO `k=w QO
=yVQ=iU |Ov@C} wrw= "CU= swO w sQ=yJ 'pw= |=yVQ=iU TBU 'swU VQ=iU
TQDUO QO C}iQ_ w =yVQ=iU Qo}O u}@ QO VQ=iU OwN C} wrw= x@ xHwD =@

"OQ}o|t CQwY Cq;u}W=t
20?=NDv= "3"1"3

VwQ u}= QO "CU= xOW xO=iDU= |}xk@=Ut ?=NDv= VwQ R= Or=w ?=NDv= pta |=Q@
R= QDxOvR=Q@ swRwtwQm "OvwW|t ?=NDv= |iO=YD CQwYx@ =yswRwtwQm R= |}xawtHt
Q=QmD |v=tR =D Ov}=Qi u}= "OQ}o|t Q=Qk |Q}oCiH QNDU= l} QO TBU xawtHt
|Q}oCiH OvwQ ẁQW |=Q@ swRwtwQm R=|i=m O=OaDpt=W |Q}oCiH QNDU= =D OwW|t

"OW=@
21`]=kD Qorta "4"1"3

w pw= VN@ |=Q@ xmCQwY u}= x@ "CU= |}x]kv l} `]=kD CQwYx@ `]=kD pta
"OwW|t s=Hv= `]=kD pta w ?=NDv= xv=o =OH `]=kD |x]kv wO swRwtwQm swO VN@
xm OyO|t u=Wv xOW xOQw; |=yswRwtwQm |wQ Q@ =Q `]=kD Qorta R= |r=Ft 2 pmW
xQwO VW |v=tR ji= w 'wO S=Dvwt `@=vt O=OaD 'Q=yJ =yVQ=iU O=OaD p=Ft u}= QO
`]=kD \=kv |=Q@ =yswRwtwQm swO w pw= VN@ R= ?}DQDx@ swU w swO \=kv w CU=

"Ov=xOW ?=NDv=
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2|

xQ=t
W'

33
�1

|xQ
wO'

�13
96

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt "GA sD} Qwor= |=Q@ =yv; Kw]U w =yQDt=Q=B "2 pwOH

High Medium LOW Kw]U
3 2 1 QDt=Q=B

1000 500 200 MaxIt

40 30 20 Npop

0 8 0 7 0 6 Pc

0 3 0 2 0 1 Pm

5 4 3 Tour Size selection

"PSO sD} Qwor= |=Q@ =yv; Kw]U w =yQDt=Q=B "3 pwOH
High Medium LOW Kw]U

3 2 1 =yQDt=Q=B
1000 500 200 MaxIt

40 30 20 Npop

1 0 99 0 98 W

2 1 9 1 8 C1
2 1 9 1 8 C2

|R=Uxv}y@ wl}DvS|=ysD} Qwor= |=Q@ =yQDt=Q=B |xv}y@ Kw]U w =yQDt=Q=B "4 pwOH
"|O=yvW}B C=QP s=LOR=

xv}y@ Q=Okt =yQDt=Q=B |O=yvW}B pL VwQ
1000 MaxIt

GA

40 Npop

0 6 Pc

0 2 Pm

4 Tour Size selection

1000 MaxIt

PSO

40 Npop

1 W

1 8 C1
1 8 C2

s}=xDN=OQBhrDNt|=yp=Ft|x�=Q= x@ 5 pwOH QO "CU= [11]u=Q=mty w|QDvqm\UwD
wov}r |R=Uxv}y@ Q=Ri=sQv R= xO=iDU= =@ hrDNt O=a@= =@ xr�Ut 15 pL |=yu=tR w
|=ysD} Qwor= |=Q@ xr�Ut Qy "s}=xOQw; =Q |O=yvW}B PSO w GA |=ysD} Qwor= w
Qy |D=@U=Lt u=tR w hOy `@=D Q=Okt u}ov=}t w CU= xOW =QH= Q=@ GvB |O=yvW}B

"CU= xOW xOQw; 5 pwOH QO |O=yvW}B |=ysD} Qwor= |=Q@ xr�Ut

=@ |O=yvW}B |Q=mD@==Qi |=ysD} Qwor= pL G}=Dv |xU}=kt "1"4
wov}r

?=wH R= |O=yvW}B |Q=mD@==Qi |=ysD} Qwor= |@Uv h=QLv= OYQO uO=Ou=Wv |=Q@

w C}akwt Q=QmD Qy QO "OyO|t u=Wv =Q C}atH pm QO pL x=Q u} QDy@ xm Gbest

R= xO=iDU= =@ ?}DQDx@ Gbest w Pbest |=yC}akwt x@ C@Uv i xQP Qy CaQU
%OwW|t |v=UQ RwQx@ 21 w 20 CqO=at

xt+1
i = xti + vt+1

i (20)

vt+1
i = !vti + '1r1

�
Pbest� xti�+ '2r2

�
Gbest� xti� (21)

'OW=@|t xQP |rai C}akwt R= xQP xOW |] xrY=i Qou=Wv xm i xQP CaQU vti xm
CmQL xR=Ov= xm OW=@|t |UQv}= ?} Q[ ! 'OyO|t u=Wv =Q i xQP |rai C}kwt xti
u=Wv =Q |atH w |OQi |Q}oO=} ?} Q[ ?}DQD x@ '2 w '1 'Ovm|t pQDvm =Q xQP
ẁvD ^iL |=Q@ xm OvDUy CN=wvm} `} RwD =@ |iO=YD O=Oa= r2 w r1 w OvyO|t

"OvQ}o|t Q=Qk xO=iDU= OQwt C}atH QO
PSO sD} Qwor= xtD=N \QW w |oOvR=Q@ `@=D '=y?=wH V}=tv 'xr=kt u}= QO

"OvW=@|t "1"3 VN@ QO |O=yvW}B GA sD} Qwor= Ovv=t

|O=yvW}B l}DvS sD} Qwor= QDt=Q=B s}_vD "3"3
=ysD} Qwor= u}= |=yQDt=Q=B x@ |}xOQDUo Qw] x@ |Q=mD@==Qi |=ysD} Qwor= OQmrta
CkO V}=Ri= |=Q@ =ysD} Qwor= |=yQDt=Q=B =D CU= |QwQ[ 'u}=Q@=v@ "CU= xDU@=w
�DOE� |=yV}=tR; |L=Q] QO Q=mx=Q u}OvJ "OvwW ?=NDv= CkO x@ =ypL x=Q
Kw]U xty xm CU= =yQwDm =i pm V}=tR; 'xv} Ro l} "OvQ=O OwHw QDt=Q=B s}_vD |=Q@
[23]"OwW|t ?}mQD V}=tR; QO Qo}O |=yQwDm =i Kw]U xty =@ xOW xO=O |=yQwDm =i
=@ =yQwDm =i R= |O=} R O=OaD uOwtR; |=Q@ =Q =yV}=tR; R= |O=OaD �1986� |Jwo =D
'QwDm =i Qy K]U u} QDy@ u}}aD |=Q@ "O=O O=yvW}B C=Oy=Wt R= lJwm |r}N O=OaD
CQwYx@ |Q}PB Q}}eD xR=Ov= u=wvax@ =Q �S/N� R} wv x@ p=vo}U C@Uv |Jwo =D Q=mx=Q

%OQ}o|t Q_v QO 22 x]@=Q
S=N ratio = �10 log10 (RPD)2 (22)

=ysD} Qwor=|@=} RQ=|=Q@ |OQmrtaT=}kt �RPD�|@Uvh=QLv= OYQO 'u}= Q@ xwqa
xOt; CUOx@ pL x=Q u} QDy@ R= sD} Qwor= QOkJ xm OyO|t u=Wv RPD "CU=

%O};|t CUOx@ 23 |x]@=Q R= w OQ=O Cw=iD
RPD = jMethod Sol� Best Sol j�100=jBest Solj (23)

w OW=@|t p=Ft |=Q@ xOW xO=O sD} Qwor= R= xOt; CUOx@ pL x=Q Method Sol xm
|=Q@ =yQ=Okt u} QDtm xm CU= Q=mW; "CU= p=Ft Qy |=Q@ pL x=Q u} QDy@ Best Sol

Q}O=kt '|Jwo =D V}=tR; G}=Dv uOQw; CUOx@ R= Oa@ "OvwW|t xO=O K}HQD RPD

GvB |O=yvW}B |=ysD} Qwor= R= s=Om Qy QO "OvwW|t p}O@D S/N C@Uv x@ RPD

=yQDt=Q=B |=Q@ xOW?=NDv= Kw]U w =yQDt=Q=B "OvwW s}_vD O}=@ xm OQ=O OwHw QDt=Q=B
s=LOR= |R=Uxv}y@ w l}DvS |=ysD} Qwor= |=Q@ �High w Medium 'LOW�
|xv}y@ Kw]U w =yQDt=Q=B w CU= xOt; 3 w 2 |=ypwOH QO ?}DQDx@ |O=yvW}B C=QP

"CU= xOW xOQw; 4 pwOH QO =ysD} Qwor= |=Q@ =yQDt=Q=B

C=U}=kt w |D=@U=Lt G}=Dv "4
Cw=iDt O=a@= =@ |OOa |=yp=Ft |x�=Q= x@ VN@ u}= QO 'pL |=yVwQ |x�=Q= R= Oa@
xOWpL |xr�Ut |=yxO=O x}@W 5 pwOH p�=Ut |OwQw |=yxO=O xm s} R=OQB|t
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"""QO
O}rw

D|
R}Qx

t=vQ@
|=Q@

|[
=}Q

pOt
|x�

=Q="|O=yvW}B pL |=ysD} Qwor= R= xO=iDU= =@ hrDNt O=a@= =@ p�=Ut pL G}=Dv "5 pwOH
PSO GA Lingo |xQ=tWhOy `@=D |D=@U=Lt u=tR u}ov=}t hOy `@=D |D=@U=Lt u=tR u}ov=}t hOy `@=D |D=@U=Lt u=tR xr�Ut

(C) �x}v=F� (B) �x}v=F� (A) �x}v=F�
1324300 235 1324300 165 1324000 35 1
1884589 345 1881534 244 1871552 235 2
2135862 475 2131425 355 2121360 1150 3
2815221 538 2801670 410 2736354 2050 4
3346170 645 3277110 490 N.A N.A 5
5676380 820 5578500 620 N.A N.A 6
6256300 875 5921355 675 N.A N.A 7
7621658 963 7391330 730 N.A N.A 8
8435520 1087 8221752 855 N.A N.A 9
9494901 1215 9150140 912 N.A N.A 10
10511580 1325 10009175 990 N.A N.A 11
11849156 1475 11242565 1185 N.A N.A 12
12226125 1620 11546365 1232 N.A N.A 13
12516168 1825 11715250 1380 N.A N.A 14
13200245 2005 12241758 1450 N.A N.A 15
17099265 2320 16218536 1670 N.A N.A 16
18380582 2350 17735258 1766 N.A N.A 17
20037562 2410 18917527 1845 N.A N.A 18
22170120 2775 20871825 2062 N.A N.A 19
23341269 2770 21607582 2106 N.A N.A 20

s=LOR= |R=Uxv}y@ w l}DvS sD} Qwor= wO hOy `@=D Q=Okt G}=Dv |xU}=kt "4 pmW
"|O=yvW}B C=QP

=@ |O=yvW}B |Q=mD@==Qi |=ysD} Qwor= pL G}=Dv |xU}=kt "2"4
Qo}Om}

|xU}=kt |=Q@ "s} R=OQB|t Qo}Om} =@ |Q=mD@==Qi sD} Qwor= wO |xU}=kt x@VN@ u}= QO
=Q |D=@U=Lt u=tR w hOy `@=wD G}=Dv Q=}at wO R= |O=yvW}B |Q=mD@==Qi sD} Qwor= wO

"Ov=xOW xO=O u=Wv 5 w 4 |=ypmW QO ?}DQDx@ xm s}vm|t xO=iDU=
25|Q=t; |=yuwtR; R= |O=yvW}B sD} Qwor= wO u}@ Cw=iD OwHw x@ uOQ@|B |=Q@

"|O=yvW}B |=ysD} Qwor= |=Q@ xrY=i |D}i}m Q=}at G}=Dv "6 pwOH

GAPPSO GAPGA xr�Ut xQ=tW
0 02 0 02 1
0 69 0 53 2
0 68 0 47 3
2 88 2 38 4

Qy |xU}=kt |=Q@ Q=}at u}= "s}vm|t xO=iDU= �GAP� xrY=i |D}i}m Q=}at R= 'xv}y@
|=ysD} Qwor= |=Q@ xm OwW|t x@U=Lt xv=o =OH CQwYx@ wov}r =@ =ysD} Qwor= R= s=Om
B 'A xm OwW|t x@U=Lt 25 w 24 \@=wQ j@] ?}DQDx@ PSO w GA |O=yvW}B
pw= |xr�Ut Q=yJ |=Q@ xrY=i |D}i}m Q=}at "Ov=xOW XNWt 5 pwOH QO C w
|xOvyOu=Wv G}=Dv "CU= xOW xOQw; 6 pwOH QO G}=Dv wCU= xOW x@U=Lt 5 pwOH
wov}r Q=Ri=sQv pL G}=Dv R= PSO w GA sD} Qwor= wO Qy |@Uv h=QLv= xm CU= u}=
xOQ@ Q=mx@ R}v q=@ O=a@= =@ p�=Ut pL |=Q@ Ovv=wD|t sD} Qwor= wO u}= w CU= xOw@ sm

"OvwW

GAPGA = B�A
A

� 100 (24)

GAPPSO = C�A
A

� 100 (25)
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QW
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w`}
=vY

|U
Ovyt

"|O=yvW}B l}DvS sD} Qwor= |=Q@ xOW?=NDv= p�=Ut uOw@p=tQv V}=tv "6 pmW

s=LOR= |R=Uxv}y@ sD} Qwor= |=Q@ xOW?=NDv= p�=Ut uOw@p=tQv V}=tv "7 pmW
"|O=yvW}B C=QP

wO hOy `@=D G}=Dv |xU}=kt |=Q@ |Q=t; Q=Ri=sQv |=QH= R= pY=L G}=Dv "8 pmW
"|O=yvW}B C=QP s=LOR= |R=Uxv}y@ w l}DvS sD} Qwor=

wO |D=@U=Lt u=tR |xU}=kt |=Q@ |Q=t; Q=Ri=sQv |=QH= R= pY=L G}=Dv "9 pmW
"|O=yvW}B C=QP s=LOR= |R=Uxv}y@ w l}DvS sD} Qwor=

C=QP s=LOR= |R=Uxv}y@ w l}DvS sD} Qwor= wO |D=@U=Lt u=tR |xU}=kt "5 pmW
"|O=yvW}B

Minitab 16 Q=Ri=sQv R= xO=iDU= =@ sD} Qwor= wO u}@ C=U}=kt "OwW|t xO=iDU=
Q=mx@ xat=H wO |=yu}ov=}t |xU}=kt |=Q@ xm |Q=t; ZQi uwtR; "CU= xOW s=Hv=

%CU= 26 |x]@=Q CQwYx@ OwW|t xOQ@8<:H0 : � = �0

H1 : � 6= �0
(26)

R= xO=iDU= =@ sD} Qwor= wO |xU}=kt |=Q@ "CU= |Q=t; |xat=H u}ov=}t �0 xm
26 |x]@=Q x@=Wt |Q=t; ZQi uwtR; wO x@ |D=@U=Lt u=tR w hOy `@=D |=yQ=}at
G}=Dv |xU}=kt |=Q@ |m} xm OwW|t xOQ@ Q=mx@ ZQi uwtR; wO u}=Q@=v@ "CU= R=}v
|xU}=kt |=Q@ |Qo}O w OwW|t xOQ@ Q=mx@ PSO w GA sD} Qwor= wO hOy `@=D
xvwtv p�=Ut O=OaD xat=H Qy |=Q@ "OwW|t xO=iDU= sD} Qwor= wO |D=@U=Lt |=yu=tR
pkDUt |xat=H wO |=yu}ov=}t Cw=iD =@ CvOwDU= t uwtR; |xQ=t; xm CU= 20
R= s=Om Qy |=Q@ 30 R= QDtm xOWV}=tR; p�=Ut O=OaD uOw@sm Cra x@ "Ow@ Oy=wN
xO=iDU= =@ xOW?=NDv= p�=Ut uOw@p=tQv O}=@ '|O=yvW}B PSO w GA |=ysD} Qwor=
xOW?=NDv= p�=Ut uOw@p=tQv CQwY QO =D OvwW xO=Ou=Wv Minitab Q=Ri=sQv R=
7 w 6 |=ypmW "OvwW xOQ@ Q=m x@ sD} Qwor= wO |xU}=kt |=Q@ CvOwDU= t C=U}=kt
|O=yvW}B PSO w GA |=ysD} Qwor= |=Q@ xOW?=NDv= p�=Ut uOw@p=tQv ?}DQDx@

"OvyO|t u=Wv =Q
|O=yvW}B sD} Qwor= wO |xU}=kt |=Q@ 'xOWO}rwD p�=Ut uOw@p=tQv C=@F= R= Oa@
pY=L G}=Dv "OwW|t xO=iDU= Minitab Q=Ri= sQv QOCvOwDU= t uwtR; R= Qo}Oty =@
|D=@U=Lt |=yu=tR w hOy `@=D G}=Dv |xU}=kt |=Q@ Minitab xt=vQ@ |=QH= R=
QO G}=Dv T=U= Q@ "CU= xOW xOQw; 9 w 8 |=ypmW QO ?}DQDx@ sD} Qwor= wO
ẁv |=]N �� � = 0 05 R= QDnQR@ P-Value Q=Okt wO Qy 9 w 8 |=ypmW
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"CU=

O=yvW}B w |Q}oxH}Dv "5
sDU}U l} O=H}= =@ =yu=tR=U R= |Q=}U@ 'RwQt= Q=m w ?Um |D@=kQ |=y\}Lt QO
xQy@ =ysDU}U u}= |wO Qy |=}=Rt R= MTO w MTS \}Lt wO R= |@}mQD |O}rwD
"Ovt=v|t MTS/MTO |@}mQD |O}rwD |=y\}Lt =Q |}=y\}Lt u}vJ xm OvQ@|t
"OQm xQ=W= QDtm |OwHwt w sm p} wLD u=tR x@ u=wD|t =ysDU}U u}= |=}=Rt R=

=yCWwv=B
1. make to stock
2. assemble to order
3. make to order

4. engineering to order
5. make to stock/make to order
6. delayed di�erentiation
7. customer order decoupling point
8. preventive maintenance
9. noncyclical preventive maintenance
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11. new and used spare parts
12. high priority
13. normal priority
14. mixed integer linear programming
15. genetic algorithms
16. particle swarm optimization
17. not available
18. initialization
19. representation
20. selection
21. crossover operator
22. mutation operator
23. �tness function
24. particles
25. statistical tests
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