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[0; T ] |R} Qxt=vQ@ xR=@ pw] QO xOW xDiQo Q_v QO *|v=tR |=yxR=@ O=OaD Qo = "OwW
u=tR COt '�1; �2; :::; �MS x=ov; 'OwW ZQi M = (1; :::;MS) pO=at
�1; �2; :::; �MS u}vJty w =yxR=@ u}= R= l} Qy QO |O=Ot= \}=Uw |yOCtON
hrDNt |v=tR |=yxR=@ QO X=N |xk]vt l} QO xm OvDUy |FO=wL MQv ?}DQDx@
|=v@tQ@ =yu; pw] w =yxR=@ u}= O=OaD xm CW=O xHwD O}=@ "�1 pmW� ODi=|t j=iD=
p=L "OQ=O EO=wL ẁkw MQv w Q}Ut ẁv x@ |oDU@ w CU= Cw=iDt hrDNt \}=QW
|R} Qxt=vQ@ xR=@ pw] QO sDU}U K=Q] \UwD xm OW=@ |v=tR xR=@ Qy pw] t Qo =
u=Um} |v=tR xR=@ Qy QO |yOCtON w OwQw MQv u}ov=}t 'OwW|t h} QaD [0; T ]

"Ow@ Oy=wN
'OW=@ OwHwt x}rkv xr}Uw l} \ki |O=Ot= x=oDU}= Qy QO xm ZQi u}= =@ p=L
MQv Qo = "O=O u=Wv M(t)=M(t)=1 hY sDU}U l} CQwYx@ =Q u; u=wD|t
=Q �(t) w �(t) u=wD|t x=ov; OwW ZQi xDUw}B CQwYx@ |yOCtON w OwQw
[18]"OR ?} QkD 1 |x]@=Q T=U=Q@ [��; �] xR=@ QO x} Qwi |v=tR |QU `@=D CQwYx@
F (x) = a0 +

1X
n=1

(an cosn�x+ bn sinn�x) (1)

[��; �] xR=@ |wQ x Q}eDt Q}}eD =@ '[0; T ] xR=@ QO |R} Qxt=vQ@ s=Hv= x@ xHwD =@
%s} Q=O 2 |x]@=Q CQwYx@

x = (2t� T )
T

(2)

'xv=RwQ R=}v Q@ |vD@t Ov=wD|t w CU= |R} Qxt=vQ@ pm u=tR xR=@ pw] T u; QO xm
|x]@=Q *|v=tR |QU `@=D x@ xHwD =@ u}vJty "OW=@ xv=}r=U |DL =} xv=}y=t '|oDiy
u=tR QO |yOCtON u=tR COt w EO=wL ẁkw MQv u}}aD |=Q@ |rm Cr=L QO '1

%s} Q=O 3 |x]@=Q CQwYx@ t

�(t)

�(t)

)
= a0 +

1P
n=1

((an cosn�(2t� T )=T )+

(bn sinn�(2t� T )=T ))

(3)

"OvDUy t u=tR QO |v=UQO=Ot= w EO=wL ẁkw MQv ?}DQDx@ �(t) w �(t) u; QO xm
|Q}op=QoDv= =@ [0; T ] |R} Qxt=vQ@ |xQwO QO |yOCtON w OwQw MQv u}ov=}t p=L

"Ov};|t CUO x@ 5 w 4 |x]@=Q CQwYx@ �(t) w �(t) `@=wD |wQ

� = 1
T

TZ
0
�(t)dt (4)

� = 1
T

TZ
0
�(t)dt (5)
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sD}Q

wor=
wO|

Q}oQ
=mx@

|Q=mD@==Qi |=ysD} Qwor= "3
OW K} QWD u}vJty "OW x�=Q= Cq}yUD |@=}u=mt |xr�Ut pOt 'p@k CtUk QO
pL |=yVwQ w CU= NP-Hard p�=Ut <RH Cq}yUD |@=}u=mt |xr�Ut xm
|ak=w |=}vO p�=Ut pL u}vJty w nQR@ O=a@= QO p�=Ut u}= pL x@ QO=k j}kO
CQwQ[ |Q=mD@==Qi |=ysD} Qwor= OQ@ Q=m xr�Ut u}= pL |=Q@ 'Qw_vt u}tyx@ "OvDU}v
�IPSO� C=QP xw@v= |R=Uxv}y@ |xDi=}Ow@y@ sD} Qwor= R= Q=DWwv u}= QO xm O@=}|t
|xDi=}Ow@y@ sD} Qwor= =OD@= xt=O= QO "CU= xOW xO=iDU= �SA� O} Q@D |R=Ux}@W w
|R=Ux}@W |=Q@ xOW xDiQo Q=mx@ |xw}W TBU w �IPSO� C=QP xw@v= |R=Uxv}y@
xr�Ut u}= |=Q@ =y?=wH V}=tv |xw}W u; R= TB "OW Oy=wN xO=O K}[wD O} Q@D
sD} Qwor= QO xDiQ Q=m x@ Ow@y@ |=yVwQ 'C}=yv QO w OwW|t u=}@ SA w IPSO QO

"OW Oy=wN x�=Q= |O=yvW}B

Cr=L QO =yxawtHt VWwB |xr�Ut |=Q@ PSO sD} Qwor= "1"3
Cq}yUD x@ |UQDUO 7uOw@ |a]kQ}e

C=QP xw@v= |R=Uxv}y@ |xDi=}Ow@y@ sD} Qwor= R= pOt u}= pL QO xm OW u=}@ QDV}B
xw@v= |R=Uxv}y@ sD} Qwor= Ovv=ty IPSO sD} Qwor= "CU= xOW xO=iDU= �IPSO�
Qy R= hOy `@=D Q=Okt |x@U=Lt Q=@ Qy QO xm Cw=iD u}= =@ CU= �PSO� C=QP
K} QWD xt=O= QO xm 2-opt� VwQ w |rN=O QwD QO xQo Z} waD �� Ow@y@ VwQ wO
x@ C@Uv xr�Ut pL u=tR 'VwQ u}= R= xO=iDU= =@ "OwW|t xO=iDU= �� OW Oy=wN
xOWx�=Q= |=y?=wH |rw 'O@=}|t V}=Ri= |OL =D PSO \UwD xr�Ut pL u=tR
?D=Qtx@ |i}m ^=Lrx@ PSO \UwD xOWx�=Q= |=y?=wH x@ C@Uv IPSO \UwD

"OvQDy@
C-=Wv u=}y=t w u=oOvQB |=yxwQo CmQL Q@ sm =L u}v=wk R= IPSO sD} Qwor=
Qo}O x@ C@Uv |Y=N |xrY=i Ovm|t VqD xQP Qy 'VwQ u}= QO "CU= xDiQo
|=Q=O xQP Qy 'Qw_vt u}= x@ "OWN@ Ow@y@ =Q u; QwQt x@ w xOQm O=H}= xwQo C=QP
xQ}NP =Q OwN |xDWPo QF-wt w jiwt |=yCmQL |xk@=U u; QO xm CU= |}x_i=L
|=[i Oa)@ d Qo = "OQ@|t xQy@ xr�Ut |=y?=wH Ow@y@ Qw_vtx@ u; R= w 'CU= xOQm
C=QP xw@v= |R=Uxv}y@ |xDi=}Ow@y@ sD} Qwor= QO xQP Qy x=ov; OwW h} QaD wHwCUH
Ov=CQ=@a Q=OQ@ xU u}= 's)=i Ovv=ty |xQP |=Q@ "OwW|t p}mWD |Oa)@ d Q=OQ@ xU R=
xQP xm CU= |D}akwt u} QDy@ yi w xQP CmQL CaQU Vi 'xQP |rai C}akwt xi %R=
C=QP \UwD xOWCi=} *u=mt u} QDy@ u=wvax@ ŷi u}vJty "CU= xOQm x@ QHD uwvm =D
xawtHt l} R= QD=Qi |R}J xw@v= C=QP |R=Uxv}y@ sD} Qwor= "OwW|t h} QaD Qw=Ht
=yvD w OvDU}v |}xr�Ut I}y pL x@ QO=k |}=yvDx@ C=QP R= s=OmI}y "CU= C=QP
QO `k=w QO "OvW=@ xDW=O pt=aD Qo}Om} =@ xm Ovvm pL =Q xr�Ut Ovv=wD|t |t=ovy
l} u=wvax@ xr�Ut pL Ov}=Qi [20]'C=QP xw@v= |R=Uxv}y@ sD} Qwor= ẁ[wt C=}@O=
C=QP lDlD Q=DiQ R= xv}y@ ?=wH u; QO xm OwW|t xDiQo Q_v QO |a=tDH= swyit
=Q IPSO QO xr�Ut hOy `@=D Qo = T=U= u}=Q@ "O};|t CUO x@ =yu; u=}t pt=aD w
24 =D 22 \@=wQ T=U=Q@ xrLQt Qy QO ŷi w yi 'vi 'xi Q}O=kt 's}vm h} QaD f `@=D

%Ovm|t Q}}eD
vi;j(t+ 1) = !(t) � vi;j(t) + r1;j(t) � c1 � (yi;j(t)� xi;j(t))+

r2;j(t) � c2 � (ŷj(t)� xi;j(t)) (22)

xij(t+ 1) = xij(t) + vij(t) (23)

'Cq}yUD |Q}PBTQDUO *uDiQo Q_v QO |a]kQ}e =@ =t= 'Ov=xOW ZQi TQDUO QO
%O=O \U@ 11 |x]@=Q T=U=Q@ u=wD|t =Q x}rw= ZQi

p �TQDUO QO Cq}yUD |NQ@ \UwD i |QDWt VWwB� =1� m
�
j=1

qij (11)

%O};|t CUO x@ 12 |x]@=Q '8 |x]@=Q QO 11 |x]@=Q uO=O Q=Qk =@
P2 : Min

mX
j=1

cjXj (12)

s:t:

1� �
j=� (x)

qij � li; i = 1; :::; n (13)

xj = (0; 1); j = 1; :::;m (14)

|O=Ot= |=yx=o}=H Q=QkDU= |xv} Ry |R=Uxv}tm QO |aU 12 |x]@=Q QO hOy `@=D
Cq}yUD |NQ@ \UwD i |QDWt VWwB p=tDL= |xv}tm li '13 |x]@=Q QO "OQ=O
*uOW QDVN@ QF= |=Q@ "CU= 1 � � qij pO=at u; |xv}W}@ w CU= TQDUO QO

%CWwv 15 |x]@=Q CQwYx@ u=wD|t =Q pw= O}k '12 |x]@=Q pL
1� �

j=� (x)
qij = 1� m

�
j=1

(qij)Xj � li ; 8Ri ; i = 1; :::; n
(15)

%CW=O s}y=wN u}=Q@=v@
1� m

�
j=1

(qij)Xj � l (16)

%OwW|t sm 1 u}iQ] R=
� m

�
j=1

(qij)Xj � �(1� li) (17)

%CWwv 18 |x]@=Q T=U=Q@ u=wD|t =Q 17 |x]@=Q '|tD} Q=or p}O@D |Q}oQ=m x@ =@
�

mX
j=1

(log qij)Xj �� log(1� li) (18)

|x]@=Q x=ov; 'OwW h} QaD Wi = � log(1� li) w Sij = � log qij Qo = p=L
%O=O u=Wv 19 |x]@=Q CQwYx@ u=wD|t =Q 12

P3 : Min
mX
j=1

cjXj (19)

s:t:
mX
j=1

Sij Xj �Wi; i = 1; :::; n (20)

Xj = (0; 1); j = 1; :::;m (21)

"CU= xOW x�=Q= |O=Ot= |=yx=o}=H Q=QkDU= |xv} Ry uOQmxv}tm Qw_vtx@ '19 |x]@=Q
|YNWt p=tDL= =@ |[=kDt Qy xm CU= u; |xOvyOu=Wv 20 |x]@=Q QO pw= O}k
Ovm|t u}}aD x]@=Q u}= QO swO O}k "OwW|t xO=O VWwB p}yUD l} pk=OL \UwD
p}yUD X}YND sOa =} X}YND |=vatx@ w OvDUy 1 w QiY ẁv R= =yQ}eDt xm

"CU= j pLt QO
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QwvT
oQv'

sOk
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rmwD
=[Q

"O} Q@D |R=Ux}@W sD} Qwor= Om x@W "3 pmW

w OQ=O |}xOQDUo OQ@ Q=m |k}irD OQm} wQ =@ p�=Ut R= |Q=}U@ pL QO xm sD} Qwor= u}=
|Dr=L CtU x@ Ot=H ?wP Ov}=Qi R= xDiQoQ@ 'CU= xr�Ut pL |=Q@ |Q=QmD |Di=}yQ
Rri |=yp=DU} Qm |Q}opmW Ovv=ty sD} Qwor= u}= C}r=ai Ov}=Qi "CU= |SQv= xv}tm =@
Vy=m u; R= hOy xm V}=tQU |m} R}i Ov}=Qi "CU= uOWlvN u}L QO xDN=Oo
Ov}=Qi "OwW|t xO}t=v �|}=tQo pO=aD� CU= |SQv= K]U u} QDu}}=B x@ xO=t |=tO
u; |=tO G} QODx@ TBU w OwW|t R=e; xDN=Oo C}a[w QO |}xO=t =@ V}=tQU
xS} wx@ '=tO "CU= |}=tQo pO=aD uO}UQ x@ R=Ht sUH =tO Qy QO "O@=}|t Vy=m
=y|DU=m |NQ@ CQwY u}=Q}e QO &O@=} Vy=m `} QU |r}N O}=@v 'x}rw= pL=Qt QO
=tO Vy=m "O}UQ Oy=wNv xv}tm |SQv= Ca}[w x@ xO=t w OwW|t Q=O}OB xO=t QO
|QU l} \UwD xm CU= �|R=Uxv}tm p�=Ut QO� hOy `@=D Q=Okt Vy=m x@ x}@W
O}=@ 'O@=} Vy=m |oDUy;x@ =tO xm u}= |=Q@ "OQ}o|t s=Hv= xOvyOOw@y@ C=Q}}eD
xm |Qw]x@ 'OwW ?=NDv= |v}at p=tDL= =@ R}v hOy `@=D |xOvyO Ow@y@ Q}e C=Q}}eD
xm OwW|t ?Hwt Qt= u}= "O@=} Vy=m R}v p=tDL= u}= O@=}|t Vy=m hOy `@=D |Dkw
|R=Ux}@W sD} Qwor= Om x@W [25w24]"OwWv Q=DiQo |a[wt |=yxv}y@ s=O QO sD} Qwor=
j@=]t Cq}yUD uOw@ |a]kQ}e Cr=L QO xawtHt VWwB |xr�Ut pL |=Q@ O} Q@D

"CU= 3 pmW

x}rw= ?=wH O=H}= "3"3
|R=Uxv}y@ |xDi=}Ow@y@ sD} Qwor=\UwD u;pL Qw_vtx@ '|O=yvW}B pOt|x�=Q= R=TB
"OwW O=H}= x}rw= ?=wH O}=@ =OD@= |O=yvW}B O} Q@D |R=Ux}@W sD} Qwor= w C=QP xwQo
O=OaD� n |xR=Ov=x@ |tRwtwQm =OD@= x}rw= |=y?=wH O=H}= |=Q@ 'Q[=L Q=DWwv QO
1 w QiY Q=OQ@ R= x}rw= ?=wH uO=O u=Wv Qw_vtx@ w 'h} QaD �|O=Ot= O}Ov=m x=o}=B

"OW xO=iDU=

"xDi=} Ow@y@ C=QP xwQo |R=Uxv}y@ sD} Qwor= Om x@W "2 pmW

yi(t+ 1) =

8<:yi(t) if f(xi(t+ 1)) � f(yi(t))

xi(t+ 1) if f(xi(t+ 1)) < f(yi(t))
(24)

QO CN=wvm} |iO=YD O=Oa= r2;j w r1;j '|UQv}= ?} Q[ ! xOWO=} \@=wQ QO
'?}DQDx@ w Ov=xOvyO?=DW ?}=Q[ x@ hwQat C@=F O=Oa= c2 w c1 w �0w1� |xrY=i
x@ \w@ Qt |Q}oO=} ?} Q[ c1 "OvwW|t xO}t=v |a=tDH= QDt=Q=B w |m =QO= QDt=Q=B
w r2 u}vJty "CU= xat=H pm |=Q@ |Q}oO=} ?} Q[ c2 w xQP Qy |YNW ?Q=HD
|wQ |QDpt=m |wHwCUH wLv u}= x@ w OwW|t =y?=wH QO ẁvD O=H}= Ea=@ r1
Qy QO u=oOvQB CaQU w C}akwt 'OW xOy=Wt xm u=vJ [22w21]"OQ}o|t s=Hv= =[i
K} QWD sDU}U "OwW|t |v=UQRwQx@ xv=o =OH CQwYx@ (j = 1; 2; :::; n) xir-wt
Qt= u}= R= |Q}owrH |=Q@ "OQ=O Qo}Om} R= =y?=wH uOWQwO w VQDUo x@ p}=tD 'xOW
"OQm |Q}owrH CaQU |xR=Ov=|@ V}=Ri= R= O}=@ 'Oawt R= V}B |}=Qoty |xO}OB w
CaQU Q=Okt *|v=UQRwQx@ u=tR QO xm CU= u}= OwW|t xO=iDU= ,=@r=e xm |WwQ
QO C=QP R= l} Qy |=Q@ =Q (Vmax) Ovv=ty CaQU |xv}W}@ O}=@ 'u=oOvQB R= l} Qy
(Vmax) R= V}@ x@ C=QP CaQU |xR=Ov= xm |t=ovy Qw_vt u}tyx@ "CiQo Q_v

"OwW|t xO=iDU= 25 |x]@=Q R= 'Ovm Rw=HD
IFvid > Vmax then vid = Vmax

else IFvid < �Vmax then vid = �Vmax (25)

xOW xO=O u=Wv 2 pmW QO C=QP xw@v= |R=Uxv}y@ |xDi=} Ow@y@ sD} Qwor= Om x@W
[23]"CU=

Q}e Cr=L QO xawtHt VWwB |x@U=Lt |=Q@ SA sD} Qwor= "2"3
Cq}yUD uOw@ |a]k

'xawtHt VWwB |xr�Ut pL |=Q@ �SA� O} Q@D |R=Ux}@W sD} Qwor= VN@ u}= QO
|xO}= "OwW|t|iQat 'OvW=@ TQDUO QO|YNWt p=tDL= =@ Cq}yUD xm|Dr=L QO

37



"""p
L|

=Q@|
Q=mD

@==Qi
sD}Q

wor=
wO|

Q}oQ
=mx@pt=wa u}= |Q=PoQ}F-=D OwW|t |aU |Jwm =D VwQ QO '|iO=YD |=yQwDm =i C=Q}F-=D

"OwW xv}tm
|Lw]U QO pQDvm p@=k |=yQwDm =i OwW|t |aU VwQ u}= QO u}vJty
VwQ QO [27]"OwW ^iL R}v VwQ |Q=O}=B w 'xv}W}@ VwQ |}=Q=m xm OvwW u}}aD
|=Q@ S/N R} wv x@ p=vo}U s=vx@ |D@Uv R= MU=B Q}O=kt R= xO=iDU= |=Hx@ |Jwm =D
�MU=B Q}O=kt� C}@ wr]t u=R}t S C@Uv u}= QO "OwW|t xO=iDU= ?=wH |UQQ@
xHwD =@ "�MU=B Q}O=kt OQ=Ov=DU= h=QLv=� CU= C}@ wr]t sOa Q=Okt N w CU=
V}=Ri= C@Uv u}= Q=Okt umtt OL =D xm CU= u; hOy xOWx�=Q= C=L}[wD

"O@=}
� QDW}@ pw= |xDUO "OvwW|t s}UkD xDUO xU x@ hOy `@=wD |Jwm =D VwQ QO
swO |xDUO "OwW|t pY=L hOy `@=D V}=Ri= =@ C}@ wr]t 'u; QO w OQ=O s=v QDy@
|xDUO "OyO|t V}=Ri= =Q C}@ wr]t hOy `@=D Vy=m u; QO w OQ=O s=v QDy@ � QDsm
?wr]t X=N |Q=Okt x@ uOWl}ORv u; QO w OQ=O s=v QDy@ � p=v}twv R}v swU
"CU= Cw=iDt S/N C@Uv |x@U=Lt pwtQi |@=NDv= hOy `@=wD x@ xHwD =@ "CU=
|=Q@ 26 |x]@=Q R= �� hOy `@=D Q}O=kt uOQmxv}tm �� VywSB u}= hOy x@ xHwD =@

%OW xO=iDU= C@Uv u}= |x@U=Lt
�10 log10(response) (26)

Q[=L VywSB |=y|UQQ@ QO "CU= hOy `@=D Q=Okt response Q=Okt u; QO xm
pw= QDt=Q=B "OW h} QaD K]U xU R}v QDt=Q=B Qy |=Q@ w OW xDiQo Q_v QO QDt=Q=B Q=yJ
"OW xDiQo Q_v QO 100 w 70 '50 Q=Okt xU u; |=Q@ xm CU= (ns) C=QP O=OaD
Q_v QO Q}O=kt u}vJty "OW xDiQo Q_v QO 0 72 w 0 5 '0 1 Q}O=ktW QDt=Q=B |=Q@
"2 05 w 1 8 '1 496 %R= Ov=CQ=@a ?}DQDx@ c2 w c1 |=yQDt=Q=B |=Q@ xOW xDiQo

"CU= =yu; Q}O=kt w =yQDt=Q=B |xOvyOu=Wv 1 pwOH
x@ xHwD =@ "OW xO=iDU= ?D|v}t Q=Ri= sQv R= =yxO=O p}rLD Qw_vtx@ xt=O= QO
19 |Ot=aD OQ=Ov=DU= pwOH 'p}rLD |=Q@ |@=NDv= Kw]U w |@=NDv= |=yQwDm =i O=OaD

"hOy `@=D |=yQDt=Q=B w Q}O=kt "1 pwOH
Q=Okt K]U QDt=Q=B
50 1

ns70 2
100 3
0 15 1

W0 55 2
0 72 3
1 49 1

c12 05 2
1 8 3
1 49 1

c22 05 2
1 8 3

"|O=yvW}B pOt QO x}rw= ?=wH O=H}= |xwLv "4 pmW
QO 'OQ}o|t Q=Qk 1 Q@=Q@ OwW ?=NDv= |O=Ot= x=o}=B u=wvax@ j O}Ov=m x=o}=B Qo =
x=o}=B OwW|t xOy=Wt 4 pmW QO xm u=vJ "Ow@ Oy=wN QiY Q@=Q@ CQwY u}= Q}e
2 O}Ov=m x=o}=B QO xm |DQwY QO CU= xOW xDiQo Q_v QO x=o}=B u=wvax@ 1 O}Ov=m

"OwW|tv xDiQo Q_v QO x=o}=B u=wvax@

Ow@y@ |=yVwQ "4"3
u} QDsm xm |Qw]x@ 'xawtHt VWwB |=Q@ ?}mQD u} QDy@ uDi=} Qw_vtx@ xrLQt u}= QO
VwQ w |rN=O QwD QO xQo Z} waD Ovv=ty Ow@y@ |=yVwQ R= 'OwW O=H}= xv} Ry
u}= pL |=Q@ xDiQ Q=m x@ Ow@y@ |=yVwQ "CU= xOW xO=iDU= =yQwD QO 2-opt�

%R= CU= CQ=@a pOt
|rN=O QwD QO xQo Z}waD "1"4"3
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1. set covering problem
2. non-stationary queuing systems
3. time-dependent
4. improved particle swarm optimization
5. simulated annealing
6. unreliable
7. uncertainty
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