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w xQU Ot=aDt |x} RHD VwQ R= xO=iDU= =@ |Oqwi
C=QP s=LOR= |@=}xv}y@ sD} Qwor=

�|QDmO |wHWv=O� � |Qwt}D x]
�Q=}Wv=O� |@L=Y |OwtLt |Uwt

|�=HQ O}yW Q}@O C}@ QD x=oWv=O 'u=Qta |UOvyt xOmWv=O

"CU=yv; Cq=YD= QO ?}U; u=R}t u}}aD '=yxR=U ?}U; |}=U=vW QO syt p�=Ut R= |m}
xR=U |=yMU=B |Q}oxR=Ov= QO R} wv OwHw x@ ,=O}OW '?}U; u=R}t u}}aD QO CkO w CaQU
CaQU w CkO 'u; R= xO=iDU= =@ xm OwW|t O=yvW}B |WwQ j}kLD u}= QO "OQ=O |oDU@

xO=iDU= |=H x@ |O=yvW}B VwQ QO "O@=}|t V}=Ri= R} wv Q}O=kt OwHw =@ ?}U; u=R}t u}}aD
u=R}t w OwW|t xO=iDU= xQU Ot=aDt Owt pmW l} \ki |a}@] Owt pmW u}OvJ R=

|=Q@ "OwW|t x@U=Lt |rw@k p@=k CkO =@ |WtN |=y?=k ?rY Cq=YD= QO ?}U;
"Ov=xOW |UQQ@ |y=oW}=tR; |xvwtv l} w |OOa p=Ft u}OvJ VwQ u}= OQmrta C=@F=

QO ?}U; u=R}t u}tND |=Q@ |rw@k p@=k CaQU w CkO R= VwQ u}= xm OyO|t u=Wv G}=Dv
"CU= Q=OQwNQ@ |Oqwi |WtN |=y?=k ?rY Cq=YD=

t.teimoori@sru.ac.ir
m.mahmoudi@sru.ac.ir

sD} Qwor= 'xQU Ot=aDt |x} RHD '?}U; u=R}t '?}U; |}=U=vW %|O}rm u=oS=w
"|Oqwi |WtN |=y?=k ?rY Cq=YD= 'C=QP s=LOR= |@=}xv}y@

xtOkt "1
Q}}eD VwQ '|Owt pmW |=vLv= VwQ Q}_v |}=yVwQ "OvQ}o|t Q=Qk xO=iDU= OQwt
|}=yp=Ft "Ov=xDUO u}= R= p=Owt VvQm |SQv= VwQ w |DNU QO Q}}eD VwQ '|tQv QO
u}vJty "Ov=xOW x�=Q= [7]s}m w [6]|W '[5]uQ' [4]=mD=tUwm \UwD =yVwQ u}= R=
|=ysDU}U |=Q@ xDi=}Ow@y@ |=yVwQ u=wva x@ CQ@r}y wlHwt |x}=B Q@ |=yOQm} wQ
'[8]|mUwR=DU= \UwD =yQ=m u}= R= |}=yp=Ft "Ov=xOW x�=Q= Q}eDt u=tR w |]NQ}e
'[12]u=Q=mty w wy '[11]u=Q=mty w nv;wy '[10]u=Q=mty w nv=} [9]s} Qm w |mUH}m
'p=vo}U |x}=B Q@ |=yVwQ QO "CU= xOW x�=Q= [14]wDwt=}t w u=} w [13]u=Q=mty w uJ
|=yh}] =} |Q}oxR=Ov= u=tR |xJN} Q=D R= xOW G=QNDU= |=y|oS} w QO C=Q}}eD
X}NWD |=ysD} Qwor= w p=vo}U VR=OQB ?U=vt |=yVwQ j} Q] R= =yv; \w@ Qt

"OvwW|t |UQQ@ ?}U;
pOt VwQ xR=U QO ?}U; |}=U=vW |xv}tR QO OQ@ Q=mQB |=y VwQ R= |m}
u}@ QDy@ |v=wNsy O=H}= |=Q@ VwQ u}= "CU= 5OwOLt |=RH= |xOvwWRwQx@
R= |Q=}U@ u=OvtWv=O "CU= xOW `=O@= xR=U |ak=w Q=DiQ w |OOa |=y|R=UpOt
|}=U=vW |=Q@ ' ẁvDt hOy `@=wD x=Qty x@ OwOLt |=RH= |xOvwWRwQx@ pOt VwQ
|x}=B Q@ ,=twta hOy `@=wD u}= "Ov=xOQm xO=iDU= =yxR=U QO ?}U; u=R}t w pLt
|=Q@ "Ov=|m}t=v}O C=}YwYN u}= R= |@}mQD =} '|WvQm |SQv= 'Owt pmW 'Ot=U@
QO ?}U; |}=U=vW |=Q@ |@}mQD VwQ R= OwN xr=kt QO [15]uQ w |W}=H xvwtv
u=Wv =yv; "Ov=xOQm xO=iDU= |]}Lt V=aDQ= CLD pB l} w pYit QUwO Q}D l}
=OaU "OQ=O =Q xR=U wO u}= QO ?}U; |}=U=vW |}=v=wD =yv; |O=yvW}B VwQ xm OvO=O

CQwY 1=yxR=U CtqU V}=B |xv}tR QO |WRQ= =@ |=yVywSB Q}N= |=yxyO QO
xR=U QO 2?}U; |}=U=vW 'xR=U CtqU V}=B syt pL=Qt R= |m} "CU= xDiQo
|@=}C}akwt '?}U; OwHw X}NWD |=vat x@ =yxR=U QO ?}U; |}=U=vW "CU=
|=Q@ |irDNt |=yVwQ "CU= xR=U x@ xOW OQ=w ?}U; u=R}t u}}aD u}vJty w
|xDUO wO x@ |rm Qw]x@ =yVwQ u}= "CU= xOW x�=Q= =yxR=U QO ?}U; |}=U=vW
xvwtv x@ R=}v uwO@ '?QNtQ}e |=yVwQ "OvwW|t s}UkD 4 ?QNtQ}e w 3 ?QNt
|=yCiQW}B x@ xHwD =@ "Ovvm|t sy=Qi =Q xR=U |xDUw}BCtqUV}=B u=mt= '|Q=OQ@
|=yVwQ "Ov=xOW QDu=RQ= w QDxO=U Q=}U@ =yVwQ u}= '=yQoUL w xv=}=Q swra Q}N=
[1]"OQm |Ov@s}UkD |r=vo}U w p=Owt '|m}D=DU= |xDUO xU x@ u=wD|t =Q ?QNtQ}e
|Q}oxR=Ov= |=y|}=Hx@=H w =yVvQm T=U= Q@ |m}D=DU= |=yVwQ xYqN Qw] x@
pOt |v=UQRwQx@ R= xO=iDU= =@ =yVwQ u}= "Ov=|m}D=DU= |=yQ=@ CLD xR=U R= xOW
|}=yp=Ft "OvQw;|t CUO x@ =Q |Q@ Q=@ C}iQ_ w |DNU 'R}N C=Q}}eD OwOLt |=RH=
|=yVwQ QO "CU= xOW x�=Q= [3]p=v}OQ=m w [2]u=Q=mty w Q=@ \UwD =yVwQ u}= R=
pmW 'Ot=U@ "OwW|t xO=iDU= xOW |Q}oxR=Ov= p=Owt |=yQDt=Q=B C=Q}}eD R= p=Owt
u=wva x@ R}v =yQDt=Q=B u}= C=kDWt "OvDUy =yQDt=Q=B u}= |xrtH R= |}=Q}t w Owt
�|�=Q}t w sQH '|DNU� xR=U QO |m}t=v}O � |m} R}i C=YNWt C=Q}}eD R= |}xv=Wv

pw�Ut xOvU} wv �
"1399 10 27 VQ}PB '1399 10 13 x}LqY= '1399 6 15 Ci=} QO %M} Q=D
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QO ?}U; u=R}t u}tND |=Q@ OwOLt |=RH= |xOvwWRwQx@ pOt VwQ QO 9xQU
hqDN= 'hOy `@=D 'j}kLD u}= QO "CU= |Oqwi |WtN ?=k ?rY Cq=YD=
pw= Owt pmW |O=yvW}B VwQ QO "OwW|t xDiQo Q_v QO xR=U POM Owt pmW
�p}rLD pOt� `HQt |xR=U POM pw= Owt pmW =@ xO}O?}U; xR=U POM
[27 w 26]10Q} wYD VR=OQB |xOW xv}y@ VwQ R= xO=iDU= 'u}vJty "OwW|t xU}=kt
C=QF= Vy=m |=Q@ |y=oW}=tR; pOt QO V=aDQ= CLD xR=U |=y|}=Hx@=H C@F |=Q@

"CU= xDiQo Q=Qk xO=iDU= OQwt R} wv
|=yVwQ w OwOLt |=RH= |@}mQD VwQ R= xO=iDU= =@ [28]u=Q=mty w s}=mr=
|=yxOv=t|k=@ w p=Owt |WvQm |SQv= Q@ |vD@t hOy `@=D R= xO=iDU= =@ '|rt=mD
u=W}= "Ov=xOQm ?}U; |}=U=vW x@ s=Ok= |Oa@xU |xR=U l} QO 'Owt pmW
w p=Owt |WvQm |SQv= Q@ |vD@t hOy `@=D R= xO=iDU= =@ [29]Qo}O |}xr=kt QO
xar=]t =Q s_vt=v |Oa@xU |xR=U l} QO ?}U; |}=U=vW 'Owt pmW |=vLv=

"Ov=xOQm

VywSB VwQ "2
pw=ODt |=yVwQ R= |m} R= xO}O?}U; p=YD= j}kO pLt uDW=O CUO QO =@
OQw;Q@ x@ xt=O= QO u=wD|t '[25]|OwtLt w |Qwt}D \UwD xOW x�=Q= VwQ uwJty
u}= QO |O=yvW}B VwQ "CN=OQB xO}O?}U; Cq=YD= R= l} Qy x@ ?}U; u=R}t
l} Qy QO ?}U; COW u}}aD "CU= Q=wDU= xR=U |m}t=v}O C=YNWt Q@ xr=kt
QO "OwW|t pOt O}kt |]NQ}e |@=}xv}y@ |xr�Ut l} CQwY x@ Cq=YD= R=
Q_v QO xOvwWRwQx@ |=yQDt=Q=B u=wva x@ xD}U}DUq= pwOt Vy=m ?}=Q[ xr�Ut u}=
QO POM Owt pmW |=yQ=OQ@ |}x]kv j=@]v= T=U= Q@ hOy `@=D "OvwW|t xDiQo
1 |x]@=Q CQwY x@ hOy `@=D "OwW|t |R=UxO=}B xO}O?}U; w `HQt Cr=LwO

"CU= xOW x�=Q=
Efd1; d2; :::; dNg =




'dPOM � 'aPOM


 (1)

x@ 'aPOM w 'dPOM w CU= 11|UO}rk= sQv |xOvyOu=Wv jj jj 'x]@=Q u}= QO
?}=Q[ "OvDUy `HQt |xR=U w xO}O?}U; |xR=U pw= POM Owt pmW ?}DQD
'|OOa pOt QO "OvW=@|t N =D 1 |=RH= QO ?}U; u=R}t pwyHt ?}=Q[ dN =D d1
KQW xt=O= QO w OwW|t |R=UpOt xD}U}DUq= pwOt Vy=m CQwY x@ ?}U; u=R}t

"OwW|t xO=O
|m}t=v}O C=YNWt R= xO=iDU= |=H x@ `HQt Cr=L |=Q@ hOy `@=D u}= QO
xO=iDU= xR=U OwOLt |=RH= |r}rLD pOt |m}t=v}O C=YNWt R= sr=U |xR=U
=y=]N u; `@D x@ xm OwW|t |v=O}t |=y|Q}oxR=Ov= Vy=m ?@U Qt= u}= "OwW|t

"Ov@=}|t Vy=m Q=}U@
|@=}xv}y@ |xr�Ut w Ow@ Oy=wN l} w QiY u}@ |OOa <RH Qy QO ?}U; u=R}t

"OwW|t h} QaD 2 |x]@=Q CQwY x@ ?}U; u=R}t
find d that minimize E (2)

xO}O?}U; Cq=YD= R= l} Qy QO ?}U; u=R}t xm CU= CqwyHt T} QD=t d

|xr�Ut "CU= xOW xO=O V}=tv E hQL =@ hOy `@=D "O=O Oy=wN u=Wv =Q
pmW hqDN= xm |= d T} QD=t xm OwW|t u=}@ CQwY u}O@ Q[=L |@=}xv}y@
Oy=wN xr�Ut ?=wH 'Ovm|t xv}tm =Q `HQt w xO}O?}U; |xR=U pw= POM Owt

"Ow@

|}=U=vW |=Q@ T=UL QDt=Q=B u=wva x@ =Q |a}@] Ot=U@ C=Q}}eD [16]u=Q=mty w
sD} Qwor= l} R= xO=iDU= =@ [17]lQwDRwmw} w@ w =J "OvDiQo Q_v QO =yQ}D QO ?}U;
xar=]t =Q |Oqwi |=yxR=U QO ?}U; COW w pLt 'p=Owt |WvQm |SQv= w l}DvS
w |a}@] Owt pmW |x}=B Q@ hOy `@=D R= xO=iDU= =@ [18]Q_Dvt w QwBO}U "Ov=xOQm
|}=B QN pOt QO xv=oOvJ |=y?}U; |}=U=vW x@ p[=iD pt=mD |@=}xv}y@ sD} Qwor=
w s}mr= "Ov=xOQ@ xQy@ |tQv |x}=B Q@ ?}U; p=tDL= XN=W R= u=W}= "Ov=xDN=OQB
OwOLt |=RH= |xOvwWRwQx@ pOt Q@ |vD@t |=yVwQ OwN |xr=kt QO [19]u=Q=mty
QO u=W}= "Ov=xOQm s}UkD �|}=]N w |aU� s}kDUtQ}e w s}kDUt |xDUO wO x@ =Q
|=RH= |xOvwWRwQx@ VwQ x@ \w@ Qt |=yxN=WQ} R |Ov@xDUO Q@ xwqa OwN |xr=kt
l} R= xO=iDU= =@ =yVwQ R= l} Qy ?}=at w uU=Lt R= |}xYqN |x�=Q= w OwOLt
xk@]Q=yJ xOW |Ov@ Q=yt ?=k QO ?}U; |}=U=vW x@ s=Ok= |rt=mD sD} Qwor= VwQ
xOvwWRwQx@ OwOLt |=RH= pOt l} QO |@=}xv}y@ Q@ |vD@t |=yVwQ "Ov=xOwtv
|OOaDt |@=}xv}y@ |=ysD} Qwor= [19]"Ov=?U=vt xO}J}B w |]NQ}e |=ypOt |=Q@
"Ov=xOW xO=iDU= xOvwWRwQx@ OwOLt |=RH= pOt R= xO=iDU= =@ ?}U; |}=U=vW |=Q@
pYit QUwO Q}D l} QO ?}U; |}=U=vW |=Q@ O}t � QOr}v |xOW xO=U VwQ
?}U; |}=U=vW |=Q@ 6|rLt |=yxOvvmxv}tm VwQ [20]"CU= xOW xO=iDU= uQ=kDt
=@ OwN xr=kt QO [22]u=Q=mty w lQ=B [21]"CU= xOW xO=iDU= |vD@ Q}D l} QO
Q=yJ =@ xk@] Q=yJ ?=k l} |OOa pOt |=Q@ |Owt CmQ=Wt C@Uv R= xO=iDU=
w lQ=B "Ov=xOwtv ?}U; |}=U=vW x@ s=Ok= |]}Lt l} QLD CLD |O=R; xHQO
VwQ w |QY@ |Q}oxR=Ov= sDU}U R= xO=iDU= =@ Qo}O |}xr=kt QO [23]u=Q=mty
x@U=Lt =Q |y=oW}=tR; pOt l} p=Owt |=yQDt=Q=B OwOLt |=RH= |xOvwWRwQx@

"Ov=xOQm
R} wv C=QF= OwOLt |=RH= |xOvwWRwQx@ pOt VwQ QO syt CqmWt R= |m}
\UwD |}=yVwQ pmWt u}= Q@ x@re |=Q@ "CU= |y=oW}=tR; w |ak=w |=yp=Ft QO
|@=}xv}y@ |=yVwQ w Owt pmW OvJ ?}mQD R= xO=iDU= "CU= xOW x�=Q= u=OvtWv=O
R= ?}U; u=R}t u}tND |=Q@ =yVwQ u}= ?re= QO "CU=yVwQ u}= |xrtH R= u} wv

"OwW|t xO=iDU= xR=U pw= Owt pmW xU xv}tm ?}mQD
VwQ |OOa |R=Ux}@W R= xO=iDU= =@ OwN |xr=kt QO [24]T} Qqw} w w wDv=wr=o
"Ov=xOQm x�=Q= =yxR=U QO ?}U; C}akwt u}}aD |=Q@ '7 POD |x}=B Q@ |O}OH
wO QO xR=U 8 MOP Owt pmW hqDN= Q=Owtv R= xO=iDU= =@ OwN |xr=kt QO =yv;
|OOa |=ypOt QO ?}U; |@} QkD pLt |}=U=vW x@ jiwt xO}O?}U; w sr=U Cr=L
x@ pYit QUwO Q}D w pwUvm Q}D R= |OOa pOt wO =yv; "OvDN=OQB xOW |R=Ux}@W
"OvOQm |R=UpOt OwOLt |=RH= VwQ R= xO=iDU= =@ =Q |QDt|Dv=U 18 |@} QkD pw]
w Ow@ xO}O?}U; w sr=U Cr=L wO QO POM Owt pmW hqDN= '?}U; |xv=Wv
QO =yv; "OW xDiQo Q_v QO ?rDt |xt=vQ@ QO awgn `@=D R= xO=iDU= =@ R} wv C=QF=
=y?}U; pLt |@} QkD |@=}C}akwt x@ jiwt pOt wO u}= |=Q@ hrDNt |=yw} Q=vU
?}U; u=R}t u}}aD w OW |UQQ@ ?}U; pLt |}=U=vW \ki j}kLD u}= QO "Ov=xOW

"OWv |@=} RQ=
'xDi=}Ow@y@ Owt pmW |=vLv= hqDN= VwQ R= xO=iDU= =@ [25]|OwtLt w |Qwt}D
=yv; "OvOQm u}}aD =Q |Oqwi |WtN |=y?=k QO xO}O?}U; p=YD= j}kO pLt
j}kO pLt OvDUv=wD POD VwQ w Owt pmW |=vLv= VwQ j}irD R= xO=iDU= =@
u}= QO "Ovvm VQ=Ro =Q xv=yOxU |xk@]Ciy |WtN ?=k QO xO}O?}U; Cq=YD=
?}U; u=R}t u}}aD w CiQo Q=Qk |UQQ@ OQwt ?}U; pLt |}=U=vW \ki R}v j}kLD

"CiQov Q=Qk Q_v Ot
�POD� Ot=aDt |x} RHD R= pY=L Owt pmW R= xO=iDU= VywSB u}= hOy
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Ovyt R= TB "Ovm|t |@=} RQ= hOy `@=D QO =Q xQP OQmrta sD} Qwor= 'xrLQt Qy QO "Ovvm|t
CmQL C=QP "OQ}o|t s}tYD xQP Qy O}OH CaQU OQwt QO sD} Qwor= '|@=} RQ= u}=

[36]"OwW|t |@=} RQ= xQ=@ wO sD} Qwor= TBU 'Ovvm|t
s=yr= 'OvOQo|t =Pe p=@vO x@ xm |v=oOvQB |atHxDUO CmQL R= sD} Qwor= u}=
x@ w CU= xOQm =O}B uwvm =D xm |v=mt u} QDy@ x@ |OL =D xQP Qy "CU= xOW xDiQo
R= TB "OwW|t ?PH 'Ov=xOQm =O}B s=LOR= u}= |=[a= R= l} Qy xm |v=mt u} QDy@
Ov=wD|t =} 'OwW sHUvt sy =@ u=mt l} h=Q]= QO Ov=wD|t C}atH 'xrLQt OvJ
l} xQP Qy "OyO xt=O= OwN CmQL x@ Ov=wD|t =} Ovm `tHD u=mtOvJ h=Q]= QO
QO xQP xJ Qy "OwW|t x@U=Lt |oDU}=W `@=D l} \UwD xm OQ=O |oDU}=W Q=Okt
|oDU}=W 'OW=@ QDl}ORv �u=oOvQB CmQL pOt QO =Pe� hOy x@ 'wHDUH |=[i
Q@ =Q xQP CmQL C}=Oy xm CU= CaQU l} |=Q=O xQP Qy u}vJty "OQ=O |QDW}@
QO OwN CmQL x@ '|rai Cr=L QO xv}y@ C=QP uOQm p=@vO =@ xQP Qy "OQ=O xOya

"OyO|t xt=O= xr�Ut |=[i
OwHw x@ |iO=YD CQwY x@ C=QP CaQU w C}akwt 'PSO sD} Qwor= QO
=@ xQP Qy 's=o Qy QO "OwW|t xDi=} xv}y@ pLx=Q =ypUv uOQm RwQx@ =@ w Ov};|t
xm CU= |D}akwt u} QDy@ 'Q=Okt u}rw= "OwW|t RwQx@ Q=Okt u} QDy@ wO R= xO=iDU=
|Q=Oyov w xDN=vW QwmPt C}akwt "CU= xOW u; x@ uO}UQ x@ jiwt xQP uwvm =D
pbest =@ =Q u; w OwW|t xO}t=v R}v xQP u; |Sr=DUwv Q=Okt u} QDy@ u}= xm OwW|t
'OQ}o|t Q=Qk xO=iDU= OQwt sD} Qwor= \UwD xm |Qo}O Q=Okt u} QDy@ "OvyO|t V}=tv
=Q u; w CU= xOt; CUO x@ C=QP C}atH \UwD uwvm =D xm CU= |D}akwt u} QDy@
Qy u=mt w CaQU 'Q}O=kt u} QDy@ uDi=} R= TB "�|atH Vwy� Ovt=v|t gbest

"OvwW|t x@U=Lt 7 w 6 |=yx]@=Q R= ?}DQD x@ xQP
v(t+ 1) = v(t) + c1 � rand(t)�
(pbest(t)� position(t)) + c2 � rand(t)�
(gbest(t)� position(t)) (6)

position(t+ 1) = position(t) + v(t+ 1) (7)

x@ swUwt C@Ft C@=F OOa wO 'c2 w c1 ?=DW ?}=Q[ w CaQU 'v '=yx]@=Q u}= QO
|a=tDH= |Q}oO=} ?} Q[ w |DN=vW |Q}oO=} ?} Q[ ?}DQD x@ w Ov=|Q}oO=} ?}=Q[
=D O@=}|t xt=O= 1 pmW |=tvOvwQ j@=]t |@=}xv}y@ C=}rta |xt=O= "OvQ=O s=v

"OvwW VQ=Ro xv}y@ Q}O=kt =} Q=Okt w OwW pY=L |}=Qoty

Q}wYD VR=OQB "3"2
VR=OQB TBU w |Q=OQ@sr}i R= |y=oW}=tR; pOt QO xR=U |=y|}=Hx@=H C@F |=Q@
xO=iDU= [27]|OwtLt w u=Q=wL |Q=mty =@ '|Q}ou}ov=}t VwQ R= xO=iDU= =@ Q} wYD
C@Uv QDtm |=yxv} Ry x@ xHwD =@ w |Qw=:vi u}= uwRi= RwQ |=yCiQW}B =@ "CU= xOW
V}=B |=yxv} Ry Vy=m x@ Ov=wD|t VwQ u}= R= xO=iDU= =yQoUL `=wv= ?Yv x@
[26]l}ORv |Q=OQ@ Q} wYD VwQ xO=iDU= =@ VwQ u}= QO "OwW QHvt =yxR=U CtqU
|Q}oxR=Ov= CkO Ow@y@ |=Q@ "OwW|t xO}HvU Q} wYD |=y|oS} w QO `} QU C=Q}}eD
"OwW|t xO=iDU= 18Qov=Wv Qy QO x]kvOvJ |Q}ou}ov=}t R= 'R} wv u=R}t Vy=m w
"OwW|t p}O@D |QDUm =N T=}kt x@ Q} wYD Qy w OwW|t G=QNDU= sr}i R= Q} w=YD
xOW?Yv |=yQov=Wv R=l} Qy |=ypUm}B |@=}OQ 'xR=U |=y|}=Hx@=HC@F |=Q@
QO OwHwt |=yR} wv "OvQ}o|t Q=Qk xO=iDU= OQwt |B QO|B Q} w=YD |=Q@ 'xR=U |wQ QO
xv}tm x@ lHwt p}O@D R= xO=iDU= =@ '=ypUm}B R= l} Qy |=y|}=Hx@=H |xJN} Q=D

(POD) xQU Ot=aDt |x} RHD VwQ "1"2
'OwW|t xDN=vW Karhunen-Loeve |x} RHD VwQ s=v =@ ?re= xm POD VwQ
|}x}=B 'VwQ u}= [30]"CU= V=aDQ= w l}t=v}O |xv}tR QO |OvtDQOk |W}=tR; Q=R@=
QO xOt; CUO x@ |=yxO=O Ovv=t '`@=wD R= xawtHt l} R= |Owt p}rLD w x} RHD |=Q@
u}O@ 'CU= u; uOw@ xv}y@ VwQ u}= xHwD p@=k |xDmv "Ovm|t sy=Qi V}=tR; pw]
|O=a@= Ov}=Qi l} ?r=e |=yxir-wt C@F |=Q@ VwQ u} QDOt;Q=m VwQ u}= 'xm |vat
|mOv= O=OaD OQ=wt ?re= QO =} OwOLt Owt |O=} R O=OaD R= xO=iDU= =@ 12C}=yv |@
u} QDW}@ |=Q=O 13 �POMs� xQU Ot=aDt |=yOwt pmW [30]"CU= OwOLt Owt
=@ Ot=aDt |=yVwQ Qo}O x@ C@Uv xOW xDN=vW Owt pmW Qy |=Q@ |SQv= ?PH
"CU=QH= p@=k |DL=Q x@ xO}J}B w |]NQ}e |=ysDU}U |=Q@ w CU= pt=m |=v@t
u; =@ \@DQt |=y 14 POV \UwD xm '=y POM u}@ |SQv= `} RwD 'u}= Q@xwqa
[32�30]"Ovm ltm =yOwt u} QDsyt |}=U=vW x@ Ov=wD|t 'OwW|t h} QaD =yOwt pmW
xO}J}B p�=Ut QO xDU@=w |}=[i |=ysDU}U x@ |yOQ=Okt |=Q@ Ov=wD|t VwQ u}=
VwQ "OwW xO=iDU= [33]=yQoUL O=} R O=OaD =@ =yxR=U V=aDQ= w [32�30]swrat=v w
|xir-wt p}rLD VwQ w [34]15u}mD Q}O=kt |x} RHD VwQ =@ |O=} R \=@DQ= POD

QO "Ov=xOW xO=iDU= ?}U; |}=U=vW |=Q@ uwvm =D VwQ wO u}= &OQ=O [35]16|rY=
VR=OQB VwQ |=yQov=Wv� =yQoUL R= sm =QDt |}xm@W =@ POD VwQ xr=kt u}=
QO =yQov=Wv \UwD |}=Hx@=H Q}O=kt xm CQwY u}O@ "CU= xOW xO=iDU= �Q} wYD

"OwW|t s}UQD xR=U POM Owt pmW w |Q}oxR=Ov= xR=U O=R; V=aDQ= pw]
N QO =y|}=Hx@=H p}YLD OvtR=}v xR=U l} |=Q@ POD VwQ OQ@ Q=m
CQwY x@ t u=tR QO xOWC@F |}=Hx@=H Q}O=kt "CU= |W=aDQ= sDU}U R= `[wt
|v=tR s=o M O=OaD |=Q@ =y|}=Hx@=H "OvwW|t |Q=Pos=v d1(t); d2(t); :::; dN (t)

i=1,2,. . . ,N |=yxQo |=Q@ |}=Hx@=H |xJN} Q=D |=yx}=Q; w OvwW|t |Q=OQ@xvwtv
s=Hv= QO .. OvwW|t pmWDt di = (di(t1); di(t2); : : : ; di(tM ))T CQwY x@
u}O@ "OwW|t p=tQv �di \UwDt Q=Okt uOQm sm =@ |}=Hx@=H |xJN} Q=D u}= 'POD

"O@=}|t pmW Q} R |x]@=Q j@=]t ai Q=OQ@ CQwY
ai = di � di1 (3)

"OvDUy OL=w Q@=Q@ u; |=yx}=QO s=tD xm CU= M O=a@= =@ |Q=OQ@ 1 'x]@=Q u}= QO
%OwW|t xO=O pmW Q} R M �N T} QD=t CQwY x@ ai Q=OQ@

A = [a1; a2; :::; aN ] (4)

|x_Lr l} QO =Q xR=U QO xOW \@[ \=kv hrDNt |=yC}akwt A QO h}OQ Qy
"OwW|t xOv=wN |Qwi Tma ,=@r=e p}rO u}ty x@ 'OyO|t u=Wv u=tR R= X=N

%OwW|t p}mWD Q} R CQwY x@ |oDU@sy T} QD=t
R =

�1/M�ATA (5)

|=v@t l} p}mWD u; |xS} w |=yQ=OQ@ xH}Dv QO 'CU= uQ=kDt w |k}kL |Q=OQ@ 'R
POV 'u; |xS} w Q}O=kt w =y POM u=ty R |xS} w |=yQ=OQ@ "OyO|t Ot=aDt

[24]"CU= |W=aDQ= sDU}U |=y

C=QP s=LOR= |@=}xv}y@ sD} Qwor= "2"2
x}@W Q_v u}= R= "CU= C}atH Q@ |vD@t |@=}xv}y@ sD} Qwor= l} 17C=QP s=LOR=
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"lHwt p}O@D R= xO=iDU= =@ R}wv Vy=m |rm KQ] "2 pmW

GwORt 	�(�) 'lHwt `@=D 	(t) 'u=tR QDt=Q=B b 'T=}kt QDt=Q=B a x]@=Q u}= QO
w T=}kt QDt=Q=B '�DWT� xDUUo |x} Qwi p}O@D QO "OvW=@|t 	(�) 19|twywt

[38]"OvwW|t xDUUo Q} R \@=wQ j@=]t u=tR
a = am0 ; b = nam0 b0 (9)

	a;b(t) xDUw}B lHwt `@=D xH}Dv QO "OvDUy K}LY O=Oa= n w m \@=wQ u}= QO
"OwW|t p}O@D Q} R |xDUUo lHwt `@=D x@ 8 |x]@=Q QO

 m;n(t) = a�
m20  (a�m0 t� nb0) (10)

x@ xDUUo lHwt p}O@D h} QaD x@ QHvt u=tR w T=}kt |=yQDt=Q=B |R=UxDUUo
"OwW|t Q} R CQwY

Wx(m;n;  ) = a
�m20

Z
x(t) �(a�m0 t� nb0)dt (11)

"CU= 2 pmW CQwY x@ lHwt R= xO=iDU= =@ R} wv Vy=m |rm KQ]
R= 'CU= xOW x�=Q= 20xv=DU; uOQw; CUO x@ |=Q@ |awvDt |=yVwQ uwvm =D
u}= =tQw "Heursure 'Rigrsure 'Sqtwolog Q=}at 'Minimax Q=}at xrtH
Q=}at QO [38]"CU= xOQm |Ov@`tH Q} R CQwY x@ =Q xv=DU; |x@U=Lt |=yVwQ
`HQt |xv=DU; VwQ R= xO=iDU= =@ 12 |x]@=Q j@=]t (�) xv=DU; Q}O=kt Sqtwolog

[38]"OvwW|t x@U=Lt �square root log�
�j = �j

p2 log(Nj) (12)

jr]tQOk xv=}t �j w T=}kt jth QO uR} wv |w=L p=vo}U pw] Nj x]@=Q u}= QO
"CU= 13 |x]@=Q j@=]t T=}kt jth QO 21h=QLv=

�j = MADj
0 6745 = median(j!j)

0 6745 (13)

"CU= j T=}kt QO lHwt ?}=Q[ ! xm
O}vm ZQi "CU= sQv |xv=DU; |xOvvm |@=} RQ= l} Rigrsure Q=}at
"OW=@ nQR@ x@ lJwm R= lHwt ?}=Q[ `@ Qt pt=W |Q=OQ@W [!1; !2; :::; !N ]

lU} Q Q=Okt |=Q@ 14 |x]@=Q j@=]t lU} Q Q=OQ@ R= =Q rb(bthr) xv}tm Q=Okt
[38]"O}vm xO=iDU=

R = frigi=1;2;:::;N =
[N � 2i+ (N � i)!i +

Pi
k=1 !k

N
(14)

?} Q[ `@ Qt u}t=b Q@=Q@ u; QO !b xm CU= � = �
p
!b 'xOW ?=NDv= |xv=DU;

� w CU= xOW ?=NDv= W Q=OQ@ R= xm CU= �xv}tm lU} Q QO ?} Q[� lHwt
"CU= R} wv |w=L p=vo}U Q=}at h=QLv=

Rigrsure w Sqtwolog VwQ wO R=|@}mQD\UwD xv=DU; Heursure VwQ QO
|xv=DU; w �1 Q@=Q@ Sqtwolog VwQ R= xOt; CUO x@ |xv=DU; Qo = "OwW|t ?=NDv=

"C=QP s=LOR= |@=}xv}y@ VwQ |=tvOvwQ "1 pmW
=yQov=Wv R= l} Qy |=ypUm}B |=y|}=Hx@=H u}ov=}t TBU w OwW|t xOv=UQ
|xJN} Q=D |=yR} wv uOQ@ u}@ R= |=Q@ "OwW|t C@F Qov=Wv u; |}=Hx@=H u=wva x@

"CU= xOW xO=iDU= 5 K]U QO Coi
ets lHwt R= '=y|}=Hx@=H
=yR} wv hPL |x} wQ QO 'xv=DU; |x@U=Lt |=Q@ Heursure VwQ u}vJty

"CU= xOW xO=iDU=

lHwt p}O@D "4"2
CU=yv; |Ot=U@ |=yxir-wt x@ xDUw}B |=yp=vo}U |x} RHD |=Q@ |Q=R@=lHwt p}O@D
Kw[w =@ =Q xir-wt Qy TBU 'CU= u; T=}kt =@ Q@=Q@ xir-wt Qy �uWwrwRQ� Kw[w xm
`@=wD |=v@t Q@ `@=D l} |x} RHD 'lHwt p}O@D "Ovm|t xar=]t u; T=}kt =@ j@=]t
lHwt� `@=D l} |xOW T=}kt w xDi=}p=kDv= |=yxvwtv =ylHwt "CU= lHwt

"OvDUy =Q}t ,=O}OW |v=Uwv w |y=vDt pw] =@ �QO=t
p}O@D w OvO=O x�=Q= xDUw}B lHwt p}O@D |=Q@ =Q 1 |x]@=Q VQ=mty w utU=Qo

[37]"OvOQm hWm =Q p}O@D u}= Twmat

Wx(a; b;  ) = a�
1
/2
Z
x(t) �( t� b

a
)dt (8)
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|x]@=Q QO xD}U}DUq= pwOt |xOvvmKqY= ?} Q[ \UwD R}v |}=yDv= |DNU Vy=m
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n
3EI
L |WtN |DNU |x@U=Lt |=Q@ ' (1�n)

n |DNU
'xO}O?}U; <RH |xD}U}DUq= pwOt Edamaged x]@=Q u}=QO "CU= xOW s=Hv=
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"CU= xOW s=Hv=
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?rY Cq=YD= QO ?}U; u=R}t u}tND |=Q@ xOW x�=Q= |x} wQ |}=Q=m |UQQ@ |=Q@
pmW QO GQOvt C=YNWt =@ xk@]xU |Oa@ wO |WtN ?=k '|WtN |=y?=k
xk@]xU |xR=U l} R= |WN@ u=wva x@ ?=k u}= "CU= xDiQo Q=Qk xar=]t OQwt '3
-10 |xt=vu}}; R= xO=iDU= =@ ASCE7-10 |xt=vu}}; C=t=Rr= uDiQo Q_v QO =@
xOW |Q=H OL =@ St- 37 ẁv R= |iQYt Oqwi "CU= xOW |L=Q] AISC360
w 600 =yhkU |xOQt Q=@ "CU= pmU=B=ot 370 |}=yv OL w pmU=B=ot 240
xU |=Q=O xar=]t OQwt ?=k "CU= xOW xDiQo Q_v QO `@ Qt QDtQ@sQowr}m 200 xOvR
QDt|Dv=U 320 C=k@] `=iDQ= "CU= QDt|Dv=U 500 w 700 '400 O=a@= =@ xv=yO

"CU=
|R=UpOt OwOLt |=RH= Q=Ri=sQv l} \UwD xO}O?}U; w sr=U |xR=U wO Qy
"Ov=xOW s}UkD |w=Ut <RH 10 x@ =yuwDU w =yQ}D s=tD p=Ft u}= QO "Ov=xOW
|=ypmW Q}}eD u}}aD |=Q@ u=mtQ}}eD |=yQoUL hQat Ovv=wD|t CtUk xO u}=
|=Q@ |i=m CkO <RH O=OaD u}= hQ=aDt |=yxv=yO w `=iDQ= |=Q@ "OvW=@ xR=U
Vy=m \UwD =yp=YD= QO |oO}O?}U; "CU= xO=O x�=Q= =Q xR=U QO ?}U; |}=U=vW
xOW s=Hv= 'uwDU x@ p=YD= pLt QO w Q}D |}=yDv= <RH QO xD}U}DUq= pwOt

"CU=
|x} wQ |}=v=wD uO=O u=Wv |=Q@ w} Q=vU wO 'xOW xar=]t OOaDt |=yw} Q=vU u}@ R=
|R} wv K]U xU QO =yw} Q=vU s=tD "OwW|t x�=Q= ?}U; u=R}t u}}aD |=Q@ xOW x�=Q=
Q=Ri=sQv QO 25 awgn `@=D \UwD R} wv "Ov=xOW xar=]t 50 w 40 '30 Q@=Q@ 24 snr

j@=]t =Q xv=DU; Heursure x=ou; 'OW=@ �2 Q@=Q@ Rigrsure VwQ R= xOt; CUO x@
[27]"OyO|t x�=Q= 15 |x]@=Q

� =

(
�1 A > B

min(�1; �2) A � B (15)

?}=Q[ Q=OQ@ pw] N w B = (log2N)
3=2pN w A = s�N

N x]@=Q u}= QO
s =

PN
i=1 !

2
i |x]@=Q j@=]t lHwt ?}=Q[ C=a@ Qt ẁtHt Q@=Q@ s w lHwt

"CU=
"OQ=O =yR} wv uOQ@ u}@ R= QO |tyt Vkv xv=DU; ?U=vt w K}LY u}tND
|k=@ p=vo}U QO =yR} wv 'OwW xDiQo Q_v QO lJwm OL R= V}@ xv=DU; xJv=vJ
C=}�RH CU= umtt OwW xDiQo Q_v QO nQR@ OL R= V}@ xv=DU; Qo = w Ovv=t|t
Haar, pt=W =ylHwt hrDNt `=wv= u=}t R= "OwW hPL p=vo}U R= |tyt
uOQ@ u}@ R= |=Q@ ' : : : w Daubechies, Coi
ets, Symlet, Biorthogonal

xOW xO=iDU= 5 K]U QO Coi
ets lHwt R= '=y|}=Hx@=H |xJN} Q=D |=yR} wv
=yR} wv hPL |x} wQ QO xv=DU; |x@U=Lt |=Q@ Heursure VwQ u}vJty "CU=

"CU= xOW xO=iDU=

?}U; u=R}t u}tND pL=Qt "5"2
=Q |Oqwi |=yxR=U Cq=YD= QO ?}U; u=R}t u}tND pL=Qt xYqN CQwY x@

%OQm u=}@ Q} R KQW x@ u=wD|t
|xOWxv}y@ VwQ R= xO=iDU= =@ xO}O?}U; p=YD= j}kO pLt uOQw; CUO x@ �1

[25]"POM Owt pmW |=vLv=
=} |r}rLD pOt� xO}O?}U; |xR=U |=y|}=Hx@=H |xJN} Q=D uOQw; CUO x@ �2

"O=R; V=aDQ= CLD �|y=oW}=tR; pOt
Owt pmW Cw=iD |UO}rk= sQv |R=Uxv}tm |=Q@ |@=}xv}y@ sD} Qwor= R= xO=iDU= �3
uDW=O CUO QO =@ �hOy `@=D� OwOLt |=RH= pOt w xO}O?}U; |xR=U POM

"xO}O?}U; Cq=YD= j}kO pLt

|OQwt C=ar=]t "3
|y=oW}=tR; w |OOa pOt wO R= j}kLD u}= QO |O=yvW}B VwQ uOQm |}=QH= |=Q@
pOt w xv=yOxU |Oa@ wO |xk@]xU ?=k l} |OOa pOt "CU= xOW xO=iDU=
|=Q@ ?}U; hrDNt |=yw} Q=vU "CU= xv=yOl} |xk@]xU ?=k l} |y=oW}=tR;
|OOa |R=UpOt |=Q@ xr=kt u}= QO "Ov=xOW |UQQ@ |O=yvW}B VwQ CkO |@=} RQ=
Q=Ri=sQv ?}mQD R= Qw_vt u}O@ "CU= xOW xO=iDU= OwOLt |=RH= VwQ R= =yxR=U
u}O@ "CU= xOW xO=iDU= 'Matlab Q=Ri=sQv|U} wvxt=vQ@\}Lt w [39] SAP2000
SAP2000 Q=Ri=sQv QO 22 �API� |Q=Ri=sQv |U} wvxt=vQ@ \@=Q C}r@=k R= Qw_vt
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x@ =Q =ypOt |L=Q] w p}rLD w x} RHD 'CN=U |=Q@ R=}v OQwt |=yOv}=Qi R= |Q=}U@
xO=iDU= Q}D <RH R= =yuwDU w =yQ}D |R=UpOt |=Q@ [39]"OvyO s=Hv= Q=mOwN CQwY
|=Q@ "Ov=xOW s}UkD QDlJwm <RH 10 x@ =yuwDU w =yQ}D R= l} Qy w CU= xOW
xO=iDU= [40]Vv=Q=mty w u}} VwQ R= 'Q=Ri=sQv u}= QO ?rYxt}v Cq=YD= |R=UpOt
|R=UpOt |=Q@ x=Dwm Q}D <RH R= OwN |xr=kt QO [40]Vv=Q=mty w u}} "CU= xOW
pwOt Vy=m \UwD Cq=YD= QO |oO}O?}U; "Ov=xOQm xO=iDU= ?rYxt}v Cq=YD=
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R= xO=iDU= =@ |yOuRw R= =yOwt Q=F; ?}mQD |=Q@ "CU= xOW xO=iDU= xR=U pw= |a}@]
xO=iDU= Owt pmW Qy |=Q@ xO}O?}U; |xR=U Ot=U@ x@ sr=U |xR=U Ot=U@ C@Uv

"CU= xOW
QO |QDtm CkO w QDW}@ |=]N w |aU O=OaD pw=ODt VwQ 1 pwOH j@=]t

"OQ=O ?}U; u=R}t x@U=Lt

|y=oW}=tR; pOt "2"3
|Q=HD |=yu}@ QwO uOQm xQ@}r=m |=Q@ l}ORv |Q=OQ@ Q} wYD VwQ |OwtLt w u=Q=wL
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pw@k p@=k xO}O?}U; p=YD= QO xOW O=H}= VQ@ u=R}t QF= Q@ V}=tR; QO xOW OQ=w

"CU=

=yCWwv=B
1. structural health monitoring
2. damage detection
3. destructive damage detection
4. non-destructive damage detection
5. �nite-element model updating
6. coupled local minimizers
7. proper orthogonal decomposition POD)�
8. proper orthogonal mode shape
9. proper orthogonal decomposition (POD)

10. image processing
11. Euclidean norm
12. in�nite-dimensional process
13. proper orthogonal modes
14. proper orthogonal values
15. singular value decomposition
16. principal component analysis
17. paticle swarm
18. marker
19. complex conjugate
20. threshold
21. median absolute deviation (MAD)
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Ovyt 22. application programming interface
23. partial �xity
24. signal to noise ratio
25. add white gaussian noise
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