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T} wQU ẁv OvJ x�=Q= u=mt= =Q} R "CU= [22]QU}=BU= VywSB =@ Cw=iDt xm OQ}o|t
u=Q=t}@ |=Q@ �|Qw[LQ}e =} |Qw[L CQwYx@� T} wQU Ci=} QO K}HQD x=Qtyx@
|=yC} R} w 'Q[=L VywSB QO xmv}=x@ xHwD =@ u}vJty "CU=xOW xDiQo Q_v QO
xm [22]QU}=BU= VywSB hqN Q@� OvwW|t x�=Q= u=tQO QO=m \UwD |Qw[LQ}e
\w@ Qt Q}Ut '�CiQo|t CQwY QwO x=Q R= pQDvm p}=Uw \UwD |Qw[LQ}e C} R} w
',=}v=F "OW=@ |Qw[LQ}e w |Qw[L C} R} w ẁv wO Qy pt=W Ov=wD|t u=tQO QO=m x@
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%CU= Q} R CQwYx@ |O=yvW}B OQm} wQ |rm pL=Qt

x@ |yOT} wQU xwLv w xOW xDiQ}PB u=Q=t}@ u}}aD w xOW O=R; pOt pL %pw= R=i
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iks�s � T�jmo �M
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5 � xcdij � ycdiks � ycdjmo � ztis

�
�ztjo); 8i; jI1; dH; cN; kKis;

mKjo; s; oS2; d � k; d � m (16)

zirdiks =
XjNj

c=1 y
cd
iks;8iI1; kKis; sS4; dH (17)

visk � jd��hj �M
�

2� rhiks �
XjNj

c=1 y
cd
iks

�
; 8iI1;

h; h� �is � d � h+ �isH; sS2 [ S3; kKis (18)

acd + t0i �M
�
3� ycdiks � xcd0i � zais

� � Tiks
8iI2; dH; sS2; kKis; cN (19)

acd �M
�
3� ycdiks � xcd0i � ztis

� � Tiks
8iI2; dH; sS2; kKis; cN (20)

bcd � �s � ti0 +M
�
3� ycdiks � xcdi0 � zais

� � Tiks
8iI1; dH; sS1; kKis; cN (21)

bcd � �s +M
�
3� ycdiks � xcdi0 � ztis

� � Tiks
8iI2; dH; sS2; kKis; cN (22)PjNj

c=1
P�iks+�is
d��iks��is eidy
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iks � Tiks;

8i 2 I1; s 2 S1; k 2 Kisn f1g ; c 2 N (23)PjNj
c=1
P�iks+�is
d��iks��is (lid � �s)ycdiks � Tiks;

8i 2 I1; s 2 S1; k 2 Kisn f1g ; c 2 N (24)PjHj
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iks =

PjHj
d=1 y
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i(k�1)s;

8iI1; sS2; kKisn f1g ; cN (25)
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�

;8iI1; sS3
[S4; kKisn f1g ; c 6= nN; d; h 2 H; d < h

(26)

ycdiks; xcdij ; zi; zais; uiks 2 f0; 1g ;

8i; jI1; kKis; sS1; cN; dH
(27)

zis 2 f0; 1g;8i 2 I2s 2 S1 (28)

viks 2 Z+; Tiks � 0;8iI1; kKis; sS1 (29)
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|=Q@ Q=t}@ Qy 4 C}OwOLt j@] "OOQoR=@ RmQt x@ sy u=}=B QO w xOQm ẁQW RmQt R=
u=}@ 5 C}OwOLt "Ovm|t Ci=} QO C} R} w l} QFm =OL |R} Qxt=vQ@ ji= R= RwQ Qy
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Q}PB%O};|t CUOx@ Q} R x]@=Q R= j |Oa@
j = arg(maxfl 2 Nk

i j�il(�il)�g (31)

%O};|t CUOx@ Q} R x]@=Q R= j |Oa@ xQo 'CQwYu}= Q}eQO

P kij =

8<: (�ij)�(�il)
�P

l2Nki
(�ij)�(�il)�

;j 2 Nk
i

0;j =2 Nk
i

(32)

R}v � w � u}vJty "CU= j w i |=yxQo u=}t |Q=mD@= C=aq]= �ij x]@=Q u}= QO xm
Oa@ "OvDUy |Q=mD@= C=aq]= w |vwtwQi |=B OQ |@Uv Q}F-=D xOvvm u}}aD XN=W wO
"OwW|t =yp=} uwtwQi |v=UQRwQ@ x@ C@ wv '=yxJQwt R= l} Qy |=y?=wH O=H}= R=

%OwW|t xO=iDU= =yuwtwQi |R=Us=ovy x@ |=Q@ Q} R xw}W wO ACS sD} Qwor= QO
'Ovm|t Qw@a (i; j) p=} R= |=xJQwt xm Q=@ Qy 9%|rLt uwtwQi |v=UQs=ovyx@ �
u; uwtwQi R= |Q=Okt ,=}v=F w OQ=Po|t |=HQ@ p=} u; |wQQ@ uwtwQi |Q=Okt ,qw=
x@ p=} u; uwtwQi u=R}t 'Q} R x]@=Q T=U= Q@ 'xH}Dv QO "O@UJ|t w= uO@ x@ p=}

%OwW|t |v=UQs=ovy
�ij  (1� �) �ij + ��0 (33)

p=} Qy x}rw= uwtwQi Q=Okt �0 w xOw@ l} w QiY u}@ |YN=W � q=@ x]@=Q QO xm
"CU=

=@ Q_=vDt |=yp=} uwtwQi =yvD VwQ u}= QO 10%|QU=QU uwtwQi |v=UQs=ovyx@
%O@=}|t V}=Ri= Q} R |x]@=Q j} Q] R= CU=xOt; CUOx@ uwvm =D xm |@=wH u} QDy@
�ij  (1� �) �ij + ��� bsij ;8 (i; j) 2 T bs (34)

xm CU= |@=wH u} QDy@ T bs w xOw@ l} w QiY u}@ |YN=W � jwi x]@=Q QO xm
"CU= xOt; CUO x@ p=Lx@ =D

|O=yvW}B u=oJQwt |vwrm sDU}U "2"2"4
sD} Qwor= 'pw= R=i QO T} wQU x�=Q= xwLv w xOW xDiQ}PB u=Q=t}@ uOW XNWt =@
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OwW|t h} QaD V1 [V2 [f0g CQwYx@ w OW=@|t h=Qo |=yxQo xawtHt V
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&OvQ=BU@
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CUOx@ ?=wH u} QDy@ |wQQ@ 7|rLt |wHwCUH sD} Qwor= uOQm =QH= %swU R=i

"swO R=i R= xOt;

xOW O=R; pOt %pw= R=i "1"4
C}OwOLt Zwa QO w xOW O=R; 22�19 |Ov@u=tR |=yC}OwOLt 'pOt u}= QO

"OwW|t xi=[= xr�Ut x@ 30
bcd � acd �XjI1j

i1=1
X�is

k=1
XjS1j

s=1 y
cd
iks (�s) 8cN; dH (30)

|=yT} wQU u=tR COt ẁtHt u=tQO QO=m |=[a= R=l} Qy |=Q@C}OwOLt u}= QO
QDW}@ =yv; �|v=tR C}iQ_� |Q=m u=tR R= Ov=wD|tv |Q=m RwQ l} pw] QO xOW x�=Q=
|=[a= x@ u=Q=t}@ OL R= V}@ X}YND R= xOW xi=[= C}OwOLt 'u}=Q@=v@ "OW=@

"Ovm|t |Q}owrH RwQ l} QO u=tQO QO=m
"OW Oy=wN xO=iDU= q=@OL u=wvax@ pOt u}= hOy `@=D Q=Okt

u=oJQwt |vwrm |R=Uxv}y@ sD} Qwor= %swO R=i "2"4
T} wQU x�=Q= xwLv w xOW xDiQ}PB u=Q=t}@ uOW XNWt w xOW O=R; pOt pL R= TB
|vwrm |R=Uxv}y@ sD} Qwor= |va} 'swO R=i OQ=w |O=yvW}B OQm} wQ '=yv; R= l} Qy |=Q@

"OwW|t u=tQO QO=m |Ov@u=tR w =yQ}Ut u}}aD |=Q@ u=oJQwt
"CU=xDiQo s=yr=|ak=w |=yxJQwt|wHwCUH Q=DiQ R= sD} Qwor=u}=|rY= xO}=
u}@ s}kDUt Q}e \=@DQ= xm OvO=O u=Wv 1989 p=U QO [29]u=Q=mty w nQw@ wvO
=yQ}Ut u} QDx=Dwm =D OR=U|t QO=k =Q =yv; '|vwtwQi |=yQ}Ut j} Q] R= =yxJQwt
QO |ak=w |=yxJQwt |vwrm |oS} w u}= "Ovvm =O}B OwN |}=Pe `@=vt w xvq u}@ =Q
xO=iDU= OQwt |@}mQD |R=Uxv}y@ p�=Ut pL Qw_vtx@ 8|awvYt |=yxJQwt|vwrm

"OQ}o|t Q=Qk
(ACS) u=oJQwt |vwrm sDU}U "1"2"4

"CU= u=oJQwt |vwrm sDU}U sD} Qwor= 'VywSB u}= QO xOW xO=iDU= pL OQm} wQ
QO =Q OW=@|t u=oJQwt |vwrm hQat xm K xawtHt 'ACS QDj}kO K}[wD |=Q@
xm 's} Q}o|t Q_v QO (i; j) 2 A |=yp=} =@ =Q G = (N;A) h=Qo "s} Q}o|t Q_v
|wHwCUH Q=DiQ "CU= uwtwQi |=B OQ xOvyO u=Wv �ij Q}eDt =yp=} R=l} Qy |=Q@
|=ys=o R= Qw@a w -=O@t xQo R= ẁQW =@ xJQwt Qy xm CU= CQwYu}= x@ =yxJQwt
xOW xQ}NP |rLt C=aq]= =yxJQwt xQo Qy QO "OR=U|t =Q |O}OH ?=wHXNWt
l} w C=aq]= u}= R= xO=iDU= =@ w xOQm |UQQ@ =Q xQo u; |HwQN |=yp=} =} xQo QO

"Ovvm|t u}}aD =Q |Oa@ Qw=Ht xQo '|r=tDL= VwQ
|vwtwQi pOt xm CU= |QDt=Q=B |r=tDL= pOt l} sD} Qwor= u}= |rY= xDUy
xm CU= xOW p}mWD � pOt |=yQDt=Q=B Q=OQ@ R= |vwtwQi pOt "OwW|t xO}t=v
,qwtat xm �i 2 � uwtwQi xr=@vO |=yQDt=Q=B "OwW|t xO}t=v uwtwQi xr=@vO |=yQDt=Q=B
"OwW|t xO}t=v |vwtwQi Q}O=kt xm OvDUy �i Q}O=kt |=Q=O Ov=\@DQt ?=wH |=RH=x@
=yp=} xty x@ ��ij = 1 qFt� C@=F uwtwQi Q=Okt l} 'wHwCUH Ov}=Qi |=OD@= QO
Q@ i xQo QO (k 2 K) s=k xJQwt CmQL |=Q@ |Oa@ xQo "OwW|t xO=O X}YND
?=NDv= Nk

i xOWv C=kqt |=y|o}=Uty xawtHt R= q |iO=YD OOa l} T=U=
xQo T}Ov= x=ov; 'OW=@v QDnQR@ q0 Ovv=t XNWt XN=W l} R= q Qo = "OwW|t
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Q=t}@ |v=tR xR=@ u=}=B w ẁQW R= ?}DQDx@ 1 Q=t}@ |v=tR xR=@ u=}=B w ẁQW Qo = ��
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%OyO|t V}=tv =Q C} R} w Qy C@k=Qt sw=OD R=}Dt= x@U=Lt xwLv 35

f (X) =

8>><>>:
0 3 + 0 1X;�i = low

0 3 + 0 15X;�i = medium

0 3 + 0 2X;�i = high

(35)
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%OwW|t x@U=Lt 36 x]@=Q T=U=Q@ R=}Dt= u}= "OwW|t

f (X) =

8>><>>:
0 9X; �is = low

0 8X; �is = medium

0 7X; �is = high

(36)

Q=t}@ |L}HQD RwQ QO C} R} w |=Q@ xm |v=tR w xOw@ |Qv}=@ Q}eDt X u; QO xm
R=}Dt= ODi}v j=iD= |L}HQD RwQ QO |Q}}eD Qo = "OQ}o|t l} Q=Okt OwWv x�=Q=

&OwW|t xDiQo Q_v QO 1 C} R} w
=yC} R} w|v=tR xR=@ ẁQW T=U=Q@ =y|Ov@C} wrw= u}= %=yC} R} w |Ov@C}wrw= "3
xU}=kt sy=@ wOx@ wO Qw=Ht|=yC} R} w|t=tD =yC} wrw=u}}aD |=Q@ "OwW|tu}}aD
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UpperBound
x100 (37)

"Ov=xOW xOQw; 2 pwOH QO lJwm O=a@= QO sD} Qwor= |=QH= x@ \w@ Qt G}=Dv
R= QDtm u=tR QO =yxvwtv R= |t}v 'CU= xOy=Wt p@=k pwOH QO xm xvwou=ty
x@ \w@ Qt �9 29 Q=Okt =@ =]N u} QDW}@ "Ov=xOW pL xv}y@ CQwYx@ x}v=F l}
"OW=@|t �1 86 =y=QH= u}= QO =yxvwtv |=]N u}ov=}t u}vJty "CU= syO xvwtv
3 pw=OH QO ?}DQDx@ nQR@ w \UwDt O=a@= QO sD} Qwor= |=QH= G}=Dv u}vJty
ACS |=QH= u=tR w =]N OYQO u}ov=}t \UwDt O=a@= |=Q@ "Ov=xOW VQ=Ro 4 w
'CU= sHvB xvwtv x@ \w@ Qt =QH= u} QDy@ "OW=@|t x}v=F 299 77 w �3 86 ?}DQDx@
u=R}t u} QDW}@ 'u}vJty "CU= xOW pL xv}y@ CQwYx@ x}v=F 22 23 u=tR QO xm
sWW xvwtv x@ \w@ Qt =QH= u=tR u} QDq=@ w swU xvwtv |=Q@ �10 21 Q=Okt =@ =]N
xOW u}}aD u=tR COt QO xmv}=x@ xHwD =@ nQR@ O=a@= QO "OW=@|t x}v=F 406 u=tR =@
sD} Qwor= hkwD |=Q@ 'OQ}PB|tv s=Hv= sD} Qwor= |=Q@ xOW u}at |=yQ=QmD pm O=OaD
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u=tR COt QO '|Q=mD@==Qi sD} Qwor= hrDNt O=a@= QO 'OW xOy=Wt xmQw]u=ty
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xm CiQo xH}Dv u=wD|t sD} Qwor= |=QH= R= xOW pY=L G}=Dvx@ xHwD =@ 'u}=Q@=v@
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5. Adaptive Large Neighborhood Search
6. Ant Colony Optimization (ACO)
7. Local Search
8. Arti�cial Ant
9. Local Pheromone Update
10. Global Pheromone Update
11. Rescheduling
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