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wO Qy xvwtv |xr�Ut pL |=Q@ Q=DWwv u}= QO "OW=@ 'r(t�'|v=tR |xQwO Qy QO uRNt
`@=D 'uRNt |Q=OQ@xQy@ |xr�Ut QO "CU= xOW Qw_vt s}tYD Q}eDt u=wvax@ OQwt
xO=U |Q=OQ@xQy@ |xr�Ut QO "OQm h} QaD hrDNt |=yCQwYx@ u=wD|t =Q hOy
hOy `@=D "CU= XNWt R=}v l} x@ xOW p=ta= Ow@tm u=R}t |R=Uxv}tm hOy
Q=Okt |R=Uxv}tm hOy xm � CU= 7 |x]@=Q CQwYx@ xr�Ut u}= |=Q@ xOWh} QaD

%�CU= u;

O:F; Minimize
NTX
t=1

[Dt � rt
Dmax

]2 (7)

u=R}t rt &s=t |v=tR |xQwO QO R=}v u=R}t Dt &|v=tR |=yxQwO pm NT u; QO xm

(MMAS)xv}tm � xv}W}@ |=yxJQwt sDU}U
�s=ovyx@=v |}=Qoty� |xO}OB 'OyO|t |wQ =ysD} Qwor= QFm = QO xm |DqmWt R= |m}
sD} Qwor= 2000 p=U QO 'xO}OB u}= ẁkw R= |Q}owrH |=Q@ "CU= TQOwR |}=Qoty =}
h} QaD |x}=B Q@ VwQ u}= T=U= "OW O=yvW}B �MMAS� xv}tm � xv}W}@ |=yxJQwt
u=t=QiC_rexm|}xvwox@ 'CU= =yQ}Ut u=t=QiC_re COW |=Q@|m}t=v}O |=yRQt
u=t=Qi |}q=@ RQt [17w16]"OQ}o@ Q=Qk xOWh} QaD RQt u}= |xOwOLt QO =yQ}Ut |xty

%OwW|t x@U=Lt 3 pwtQi R= '��max� Q=QmD Qy QO

�max(t) = 1
1� �

�
f(sgb(t))

(3)

'u=t=Qi Q}N@D ?} Q[ � 't Q=QmD Qy QO u=t=Qi |}q=@ RQt �max(t) u; QO xm
w 's=t |xQwO QO xv}y@ ?=wH sgb(t) '�� = 1 ,qwtat� u=t=Qi u=Q@H ?} Q[ �

R= R}v (�min)u=t=Qi u}}=B RQt "CU= s=t xQwO QO xv}y@ ?=wH |xv} Ry f(sgb(t))

%CU= x@U=Lt p@=k 4 pwtQi

�min(t) = �max(t)(1� n
p
Pbest)

(NOavg � 1) n
p
Pbest

(4)

QO u=t=Qi |}q=@ RQt �max(t) 't Q=QmD Qy QO u=t=Qi |v}}=B RQt �min(t) u; QO xm
|=y?=wH u} QDy@ ?=NDv= p=tDL= =@ u; Q=Okt xm CU= |@} Q[ Pbest 'tQ=QmD Qy
Pbest QDsm Q=Okt 'OyO|t u=Wv pwtQi xm xvwou=ty� CU= Q@=Q@ |a[wt |xv}y@
O=OaD u}ov=}t =@ Q@=Q@ NOavg w &�OwW|t u=t=Qi |xOwOLt uOWlJwm Ea=@
xOy=Wt xm u=vJ "CU= xr�Ut s}tYD |x]kv Qy QO OwHwt |=yC}akwt w =yQ}Ut
p=ta= VwQ u}= QO h=WDm = |xO}OB 'xr�Ut u}}=B OL w q=@ OL h} QaD =@ 'OwW|t
pO=aD �|Q=OQ@xQy@� |xO}OB u}vJty w xO}OB u}= u}@ u=wD@ xm u}= |=Q@ w CU= xOW

%CU= xOW h} QaD 5 pwtQi j@=]t u=t=Qi |R=Us=ovyx@ pwtQi 'OQm Q=QkQ@
�ij(t+ 1) = ��ij(t) + �� ibij (t) + ��gbij (t)INf t

Tgb
g (5)

xOW |] Q=QmD u; QO xm |Q}Ut u} QDy@ u=t=Qi Q=QmD Qy |=yDv= QO '5 pwtQi QO
QO �� ibij (t) |xrtH� O@=}|t V}=Ri= Q}Ut u}= u=t=Qi w xOW KqY= (sl(t))

u} QDy@ Q=QmD u}= =D xm |Q}Ut u=t=Qi Tgb |v=tR |xQwO Qy R= Oa@ R}v w '�5 pwtQi
u=t=Qi w xOQm |R=Us=ovyx@ 'CU= xOQm O}rwD =Q �sgb(t)� |a[wt |xv}y@ ?=wH
|xrtHR= Qw_vt "�5 pwtQi QO ��gbij (t)|xrtH� OwW|t xO=O V}=Ri= Q}Ut u;
Q=Okt 'OwW K}LY |OOa t

Tgb
Q=Okt x=oQy xm CU= u}= 5 pwtQi QO INf t

Tgb
g

[19w18]"CU= QiY Q@=Q@ CQ=@a u}= OQ=wt |x}k@ QO w CU= 1 OOa Q@=Q@ CQ=@a u}=
%OwW|t x@U=Lt 6 |x]@=Q j@] �� ibij (t) Q=Okt

�� ibij (t) = �
f(sl(t))

Isl(t) f(i; j)g (6)

(sl(t)) 'CU= 1 =@ Q@=Q@ ,qwtat w OwW|t xO}t=v u=t=Qi u=Q@H ?} Q[ � u; QO xm
?=wH u} QDy@ |xv} Ry f(sl(t)) w 's=t Q=QmD |xQwO QO xrY=L ?=wH u} QDy@

"CU= s=t Q=QmD |xQwO QO xrY=L

Isl(t) =

8<:1 OW=@s=tQ=QmDQOxOWO}rwD?=wHu} QDy@ Q}UtxOW?=NDv=Q}UtQo =
0 CQwY u}=Q}eQO
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"""sD
}Qwo

r=R
=xO

=iDU
==@

OU
uRN

tR=
xv}y

@|
Q=OQ

@xQy
@

Q=Okt CSVt 'Q=Oxt} QH hOy `@=D Q=Okt Fp 'hOy `@=D |k}kL Q=Okt F u; QO xm
?} Q[ u}= Q=Okt "CU= xt} QH ?} Q[ �p w 's=t |v=tR |xQwO QO Ow}k R= hrND
?}=Q[ |=Q@ lJwm Q=Okt uDiQo Q_v QO "OW=@ lJwm Q=}U@ =} nQR@ Q=}U@ O}=@v
Q}PBu=mt= ?=wH x@ uO}UQ |=Q@ O=} R |D=@U=Lt |xv} Ry hQY x@ QHvt xt} QH
uDiQo Q_v QO "CU}v Q}PBu=mt= =y?=wH xm OwW|t |DtUx@ xr�Ut C}=Oy =}
|=[i uOWlJwm w OwOLt x@ QHvt R}v xt} QH ?}=Q[ |=Q@ nQR@ Q=}U@ Q}O=kt
|a]kt |xv}y@ |=y?=wH CtU x@ xr�Ut |}=Qoty xH}DvQO w 'xr�Ut |wHwCUH
Q=Okt xm 'OW=@ hOy `@=D |k}kL Q=Okt OwOLQO O}=@ ?} Q[ u}= Q=Okt =Pr "OwW|t
Qw_vtx@ s=o u}DUNv QO "O};|t CUO x@ =]N w |aU =@ xr�Ut Qy |=Q@ u; |xv}y@
Qw]u=ty "s}vm h} QaD h=Qo l} xr�Ut |=Q@ CU= sRq ACO VwQx@ xr�Ut pL
u=R}t Q=@ l} "CU= xOW xDiQo Q_v QO Cr=L 2 p�=Ut pL |=Q@ OW xDio xm
Qy QO uRNt |xQ}NP sHL u=R}t Qo}O Q=@ w '|v=tR |xQwO Qy QO uRNt R= |HwQN
Q=Okt xm |DQwYQO "CU= xOW xDiQo Q_v QO s}tYD Q}eDt u=wvax@ |v=tR |xQwO
Q}O=kt |xOwOLt 'OwW xDiQo Q_v QO s}tYD Q}eDt u=wvax@ OU uRNt R= xOW =yQ ?;
OwW|t s}UkD �xDUO� Q}Ut u}OvJ x@ |v=tR s=o Qy QO uRNt R= |R=U=yQ R=Ht
u}= R= l} Qy x@ &OvDUy s}tYD Q}eDt Qy |=Q@ OwHwt |=yxv} Ro =yu; R= l} Qy xm
l}D=tW Qw]x@ h=Qo pmW Cr=L u}= QO "OwW|t xO=O C@Uv OOa l} =yQ}Ut
nvQQB \N =@ xr�Ut ?=wH l} 1 pmW QO� OwW|t h} QaD 1 pmW CQwYx@
|=yxQwO QO uRNt R= xOW =yQ ?; u=R}t Cr=L u}= QO "�CU= xOW xO=O u=Wv
Q@=Q@ s}tYD |=yQ}eDt O=OaD u}=Q@=v@ w 's}=xOQm Qw_vt s}tYD Q}eDt u=wvax@ =Q |v=tR
sHL xm |rm Cr=L QO w n=NT Qo}O CQ=@ax@� CU= |v=tR |=yxQwO O=OaD =@
s}vm|t Qw_vt s}tYD |=yQ}eDt R= |m} u=wvax@ R}v =Qu; OW=@v swrat uRNt |x}rw=
u=t=Qi Q=Okt xvwtv |xr�Ut wO Qy |=Q@ w Cr=L u}= QO "�n = NT + 1 u}=Q@=v@ w
OwW|t Qw_vt 1 C@=F OOa Q@=Q@ OwW|t xO=O C@Uv =yQ}Ut |xty x@ xm x}rw=
(�tj) Q}Ut Qy |Ww=m QoC}=Oy Q=Okt xO=U |Q=OQ@xQy@ |xr�Ut |=Q@ "(�tj = 1)

|=y?=wH x@ xr�Ut pL s=ovy QO xm u; |=Q@� OwW|th} QaD 15 |x]@=Q CQwYx@
�"OwW h} QaD hOy `@=D R= |�RH CQwYx@ O}=@ |Ww=m QoC}=Oy 's}UQ@ |QDy@

�tj = 1
(Dt � rtj)2 (15)

u=R}tDt 's=j |xv} Ro w s=t |v=tR |xQwO |=Q@ |Ww=m QoC}=Oy Q=Okt �tj u; QO xm
w s=t |v=tR |xQwO QO uRNt R= xOW=yQ ?; Q=Okt rtj w 's=t |v=tR |xQwO QO R=}v
QoC}=Oy Q=Okt |@=kQ@ |Q=OQ@xQy@ |xr�Ut |=Q@ w'Cr=L u}= QO "CU= s=j |xv} Ro
Q}O=kt xr�Ut u}= |=Q@ =Q} R 'OQm h} QaD |DUQOx@ u=wD|tv =Q Q}Ut Qy (�tj) |Ww=m

s}tYD Q}eDt u=wvax@ uRNt R= |R=U=yQ u=R}t xm |Dr=L QO xr�Ut h=Qo "1 pmW
"OwW xDiQo Q_v QO

(NT ) |v=tR |=yxQwO pm R=}v |xv}W}@Dmax w &s=t |v=tR |xQwO QO |R=U=yQ
8 |x]@=Q CQwYx@ xOW h} QaD hOy `@=D '|@=kQ@ |Q=OQ@xQy@ |xr�Ut |=Q@ "CU=

%�CU= u; Q=Okt |R=Uxv}tm hOy xm �CU=

O:F : Minimize
NTX
t=1

(1� pt
power

) (8)

s=t |v=tR |xQwO QO x=owQ}v |O}rwD u=wD pt &|v=tR |=yxQwO pm NT u; QO xm
�C=w=ot ?ULQ@� x=owQ}v ?Yv C}iQ_ Qou=Wv Power w &�C=w=ot ?ULQ@�
x@U=Lt p@=k Q} R pwtQi j@=]t s=t |v=tR |xQwO QO x=owQ}v |O}rwD u=wD Q=Okt "CU=

%CU=
pt = min[(g � � �Rt

PF
)� ( ht

1000 ) ; power] (9)

ht = (Ht +Ht+1
2 )� TWL (10)

?} Q[ PF 'x=owQ}v xOR=@ � '�m2=s?ULQ@� pkF ?=DW g jwi |=ypwtQi QO
x@U=Lt �QDt?ULQ@ w 10 |x]@=Q j@] xm � x=owQ}v Q@ QF-wt ?; Q=@ ht 'x=owQ}v OQmQ=m
R= |Qw@a ?; |@O u=R}t Rt '�QDt ?ULQ@� =} QO K]U R= uRNt R=QD Ht 'OwW|t
w '�QDt ?ULQ@� =} QO K]U R=x=owQ}v ?=}=B R=QD TWL &s=t |v=tR xQwO QO u}@ QwD
O}rwD \@=wQ QO "CU= �C=w=ot ?ULQ@� x=owQ}v ?Yv C}iQ_ Qou=Wv Power
Q}O=kt R=xO=iDU= |=Q@ "OwW h} QaD CU}=@|t (Ht) =yu}@ QwD Q@ QF-wt ?; Q=@ '|SQv=
XwYNQO "OwW xO=O VR=Q@ Q}O=kt Q@ |}xrtHOvJl} u=wD|t uRNt `=iDQ=�sHL
OQwt |xr�Ut wO Qy |=yO}k u=wD|t 'uRNt |Q=OQ@xQy@ EL@t QO OwHwt |=yO}k
|oDUw}B |x]@=Q xr�Ut O}k u} QD|rY= "OQm h} QaD Q} R |x]@=Q CQwYx@ =Q |UQQ@

%CU=
s(t+ 1) = s(t) + I(t)� r(t)� l(t) (11)

|OwQw u=} QH u=R}t I(t) &s=t|v=tR |xQwO |=OD@= QO uRNt sHL S(t) u; QO xm
&s=t |v=tR |xQwO QO uRNt R= |R=U=yQ u=R}t r(t) &s=t |v=tR |xQwO QO uRNt x@
CQ=@a xr�Ut Qo}O Ow}k xrtHR= "CU= s=t |v=tR |xQwO QO C=irD u=R}t l(t) w

%R= CU=
rmin � r(t) � rmax (12)

smin � s(t) � smax (13)

|R=U=yQ u=R}t u} QDW}@ rmax 'uRNt R= |R=U=yQ u=R}t u} QDsm rmin =yu; QO xm
uRNt R=Ht sHL u} QDW}@ smax w 'uRNt R=Ht sHL u} QDsm smin 'uRNt R=
|=yVwQ R= |m} "OQ=O OwHw xr�Ut Ow}k p=ta= |=Q@ |irDNt |=yVwQ "CU=
xr�Ut hOy `@=D |=Q@ 17xt} QH ?} Q[ uOQmQw_vt 'O}kt p�=Ut pL QO pwtat
|Q}oQ=mx@ |=yxw}W R= |m} "OQ=O |irDNt |=yxw}W R}v xt} QH?} Q[ p=ta= "CU=
xm CU= C@=F xt} QH ?} Q[ VwQ 'CU= xOW xDiQo Q=m x@ R}v Q=DWwv u}= QO xm 'u;
l} QO w x@U=Lt Ow}k R= hrND Q=Okt 'OW=@ 18xHwtQ}e ?=wH xm |t=ovy 'u; QO
"OwW|t `tH hOy `@=D =@ w '?Q[ �OwW|t xO}t=v xt} QH ?} Q[ xm �C@=F Q=Okt

%OwW|t p}O@D14 |x]@=Q x@ hOy `@=D Qo}O CQ=@ax@

Fp =

8><>:F if solution is feasible

F + �p � NTP
t=1

CSVt O.W
(14)
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Q=W
i=|

O=yO
tLt

w|
v}at

u}Dt
=Q |xrO=at 'p�=Ut O}k u} QD|rY= "CU= xOW xO=O u=Wv 2 w 1 |=ypmW QO p�=Ut

QDt uw}r}t 1430 Q@=Q@ w swrat uRNt |}=OD@= sHL "CU= �10 |xrO=at� |oDUw}B
?amt QDt uw}r}t 3340 ?}DQDx@ R}v uRNt |xv}tm w xv}W}@ sHL "CU= ?amt
s}tYD |=yQ}eDt |R=UxDUUo Qw_vtx@ xR=@ u}=� CU= ?amt QDt uw}r}t 830 w
CQ=@ax@ "�CU= xOW xDiQoQ_v QO 'swO Cr=L pL QO xr�Ut Q=Owtv h} QaD w xr�Ut

%Qo}O
830 � s(t) � 3340 (16)

1000 ?}DQDx@ R}v |v=tR |xQwO Qy QO uRNt R= ?; |HwQN u=R}t |xv}tm w xv}W}@
s}tYD |=yQ}eDt |R=UxDUUo Qw_vtx@ xR=@ u}=� CU= QiY w ?amt QDt uw}r}t
CQ=@ax@ "�CU= xOW xDiQo Q_v QO 'pw= Cr=L pL QO xr�Ut Q=Owtv h} QaD w xr�Ut

%Qo}O
0 � r(t) � 1000 (17)

u; OQmQ=m u=tR xm CU= xOW p}mWD |D=w=ot 80 8 OL=w 8 R= RO OU x=owQ}v
OQmQ=m ?} Q[ 'C=@U=Lt QO ?}DQD u}=x@ "CU= Ca=U 10 OwOL RwQ pw] QO
�90 u; xOR=@ w C=w=ot 650 pO=at x=owQ}v ?Yv C}iQ_ "CU= 0 417 pO=at
172 pO=at RO OU x=owQ}v ?=}=B R=QD 'QFwt ?; Q=Okt u}}aD |=Q@ "CU= xOW Qw_vt
'|SQv= O}rwD \@=wQ QO OW xQ=W= xm u=vJ "CU= xOW Qw_vt =} QO K]U R= QDt
� sHL Q}O=kt R= xO=iDU= |=Q@ "CU= |QwQ[ (Ht) =yu}@ QwD Q@ QF-wt ?; Q=@ h} QaD
x]@=Q u}= "CU= xOW xO=O VR=Q@ Q}O=kt Q@ 3 xHQO |}xrtHOvJ l} 'uRNt `=iDQ=

%CU= 18 |x]@=Q CQwYx@ u; ?}=Q[ x=Qty x@
H(t) = a+ b� s(t) + c� s(t)2 + d� s(t)3

a = 249 83364
b = 0 0587205 (18)

c = �1 37� 10�5

d = 1 526� 10�9

Q=Okt "CU= xOW Qw_vt QiY pO=at p�=Ut u}= pL |=Q@ (l(t)) C=irD Q=Okt
w xOW xQ=W= OQ=wt x@ xHwD =@ xvwtv p�=Ut R= l} Qy |=Q@ ?U=vt |xt} QH ?} Q[
|=Q@ � w � |=yQDt=Q=B Q}O=kt "CU= xOt; CUO x@ =]N w |aU VwQ R= xO=iDU= =@

"CU= xOW xO=O K}[wD |r@k VN@ QO xvwtv p�=Ut R= l} Qy

G}=Dv
xm u=vJ "CU= xOW pL xv}tm � xv}W}@ xJQwt sD} Qwor= |Q}oQ=mx@ =@ xvwtv p�=Ut
u}= |=Q@ |O=} R |=yQDt=Q=B 'sD} Qwor= u}= |@} QkD w |iO=YDC}y=t p}rOx@ OW xQ=W=
'pOt OQmrta Q}}eD x@ QHvt =yQDt=Q=B u}= R= s=OmQy Q}}eD "OvwW h} QaD O}=@ sD} Qwor=
u} QDy@ QO =yQDt=Q=B u}= O}=@ ?}DQD u}= x@ "OW Oy=wN =y?=wH C}@ weQt w |}=Qoty
R= xO=iDU= =@ pw= Cr=L QO 'xO=U |Q=OQ@xQy@ |xvwtv |xr�Ut "OvwW s}_vD Cr=L
C}y=t s}v=O|t xmu=vJ "CU= xOW pL 1 pwOH Q}O=kt |=R=x@ w MMAS VwQ
pL sD} Qwor= u}= R= xO=iDU= =@ xr�Ut u}= Qo = =t= 'CU= xDUw}B |xr�Ut l} xr�Ut
|R=UxDUUo xDUO 18 x@ xOwOLt u}= =OD@= "OwW xDUUo R=Ht |xOwOLt O}=@ OwW

u=wva x@ uRNt QO xOW xQ}NP ?; sHL u=R}t xm |Dr=L QO xr�Ut h=Qo "2 pmW
"OwW xDiQo Q_v QO s}tYD Q}eDt

sHL Q=Okt� w �uRNt R= xOW |R=U=yQ ?; Q=Okt� wO Qy x@ xQwO Qy QO hOy `@=D
Q}O=ktxr�Ut u}= |=Q@ w Cr=L u}= QO u}=Q@=v@ "CU= xDU@=w �uRNt |xQ}NP ?;
"s}vm|t Qw_vt �1 C@=F OOa p=Ft u=wvax@� C@=F |OOa Q@=Q@ =Q |Ww=m QoC}=Oy
s}tYD Q}eDt u=wvax@ OU uRNt QO xOW xQ}NP ?; sHL Q=Okt xm |DQwYQO
Qy QO uRNt QO ?; |xQ}NP sHL R=Ht Q}O=kt |xOwOLt 'OwW xDiQo Q_v QO
OOa l} =yQ}Ut R= l} Qy x@ w xOW s}UkD �xDUO� Q}Ut u}OvJ x@ '|v=tR |xQwO
QO� OwW|t h} QaD 2 pmW CQwYx@ h=Qo 'Cr=L u}= QO "OwW|t xO=O C@Uv
Q=Okt Cr=L u}= QO "�CU=xOW xO=O u=Wv nvQQB \N =@ xr�Ut ?=wH l} 2 pmW
s}tYD Q}eDt u=wvax@ =Q |v=tR |=yxQwO QO OU OwOLt uRNt QO xOW xQ}NP sHL
&CU= |v=tR |=yxQwO O=OaD =@ Q@=Q@ s}tYD |=yQ}eDt O=OaD u}=Q@=v@ w 's}=xOQm Qw_vt
R}v =Q u; OW=@v swrat uRNt |x}rw= sHL xm |rm Cr=L QO "n=NT Qo}O CQ=@ax@
|=Q@ "n = NT + 1 u}=Q@=v@ w s}vm|t Qw_vt s}tYD |=yQ}eDt R= |m} u=wvax@
Q@=Q@ OwW|t xO=O C@Uv =yQ}Ut |xty x@ xm x}rw= u=t=Qi Q=Okt xvwtv xr�Ut wO Qy
|Q=OQ@xQy@ |xr�Ut |=Q@ Cr=L u}= QO "(�ij = 1) "OwW|t Qw_vt 1 C@=F OOa
=Pr 'OQ=Ov OwHw �15 |x]@=Q Ovv=ty� |Ww=m QoC}=Oy Q}O=kt h} QaD u=mt= xO=U
"OwW|t Qw_vt �1 C@=F OOa p=Ft |=Q@� C@=F |OOa =yQ}Ut |t=tD |=Q@ u; Q}O=kt
Q}Ut Qy |Ww=m QoC}=Oy Q=Okt R}v |@=kQ@ |Q=OQ@xQy@ |xr�Ut |=Q@ "(�tj = 1)

Qy QO hOy `@=D Q}O=kt xr�Ut u}= |=Q@ =Q} R OQm h} QaD |DUQOx@ u=wD|tv =Q (�tj)
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1. meta-heuristic
2. ant colony optimization(ACO)
3. Max-Min ant system
4. TSP
5. pheromone
6. stigmergy
7. colony
8. feasible
9. optimal solution
10. exploration
11. exploitation
12. stagnation
13. linear programming
14. non-linear programming
15. dynamic programming
16. foraging
17. penalti
18. infeasible
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