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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=
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"|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 �
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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=
CmQL |rL=Qt QO xk]vt l} QO C=QP R= |}xawtHt "CU= l}DvS sD} Qwor= x@
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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 Coiets 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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xQ=t
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37
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|xQ
wO'

�14
00

R}}=B
�u

=Qta
|U

Ovyt

"xar=]t OQwt |Oqwi |WtN ?=k C=YNWt "3 pmW

�Edamaged = (1 � n)Eintact� x=Dwm Q}D |}=yDv= <RH QO (E) xD}U}DUq=
"CU= xOW s=Hv= 'CU= pYDt uwDU x@ xm '<RH u}= |=yDv= |DNU Vy=m w
|x]@=Q QO xD}U}DUq= pwOt |xOvvmKqY= ?} Q[ \UwD R}v |}=yDv= |DNU Vy=m
kPARTIAL = (1�n)

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=
"CU= xD}U}DUq= pwOt Vy=m u=R}t n w sr=U <RH |xD}U}DUq= pwOt Eintact
xOW xO=iDU= SAP 2000 Q=Ri=sQv QO 23|@Uv |Q=OQ}o QwDUO R= Qw_vt u}O@
xOvwWRwQx@ QDt=Q=B u=wva x@ xD}U}DUq= pwOt Vy=m \UwD |DNU Vy=m u}= "CU=

"CU= xOW s=Hv=

|OOa pOt "1"3
?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, Coiets, Symlet, Biorthogonal

xOW xO=iDU= 5 K]U QO Coiets 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
OyO|t u=mt= u=Q@ Q=m x@ xm CU= OvtDQOk |Q=R@= C}r@=k u}= "OwW|t xO=iDU=
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}t
OQ;Q

@"R}wv u} QDW}@ |=Q@ G}=Dv w |OOa pOt QO =y?}U; u=R}t w pLt "1 pwOH

|a}@] Owt pmW VwQ �POD hOy `@=D� =]N OYQO xOW x@U=Lt ?}U; OYQO ?}U; OYQO p=YD= C}akwt xQ=tW
�POD hOy `@=D� �E Vy=m � xO}O?}U; w} Q=vU=]N OYQO ?}U; OYQO Snr = 50 Snr = 40 Snr = 30 �E Vy=m �

�11/7 �17/658 �3/4 �3/5 �5/1 �18/987 �20 D QwLt 1 xk@] 1
�8/9 �27/318 �56 �66 ��64 30/191 �30 B QwLt 2 xk@]
�17/3 �16/547 �4/5 �4/8 �5/3 �18/947 �20 D QwLt 1 xk@]

2�11 �26/695 �3/23 �3/2 �4/4 �28/694 �30 B QwLt 2 xk@]
��10/2 �16/542 �2/56 �28 �3/1 �14/542 �15 A QwLt uwDU |=B
�8/ 7 �22/822 �1/8 �1/7 �2/7 �24/322 �25 C QwLt s=@

"|OOa pOt QO |@=}xv}y@ |}=Qoty |vLvt "5 pmW

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
=Q |Oa@ wO |Q} wYD VwQ u}vJty u=W}= "Ov=xOQm x�=Q= Q} w=YD VR=OQB |=Q@ =Q
QO u=W}= [27 w 26]"Ov=xOQm xO=iDU= V=aDQ= CLD xR=U |=y|}=Hx@=H C@F |=Q@
xOW p}mWD |Oqwi jQw R= xm =Q 6 pmW j@=]t xk@]xU ?=k l} OwN |xr=kt
'QDt|r}tL = 500 pw] x@ jQw R= u; |=yuwDU w =yQ}D "Ov=xOQm xar=]t 'CU=
O=H}= Qw_vt x@ "CU= QDt|r}tt = 8 Ct=N[ w QDt|r}tb = 100 ZQa
O=a@= =@ |i=[= |xvRw Q=yJ '|ak=w |xR=U |a}@] Ot=U@ x@ QDl}ORv |a}@] Ot=U@
sQH V}=Ri= |=Q@ xk@] Qy QO sQowr}m 2/5 uRw w QDt|r}t 100 � 50 � 50
xU R= pOt |wQ xOW ?Yv |=yQov=Wv Q@xwqa "CU= xOW xO=iDU= xvwtv QF-wt
OwW|t xO=iDU= VR=OQB R= xOt; CUO x@ |=yxO=O |HvUCLY |=Q@ GvU?=DW

"�6 pmW�

"|OOa |w} Q=vU wO QO xO}O?}U; Cq=YD= "4 pmW
pw= |w} Q=vU "CU= xOW xi=[= xR=U |=y|}=Hx@=H |xJN} Q=D x@ w O=H}= ?rDt
swO |w} Q=vU QO "CU= swO w pw= C=k@] QO xO}O?}U; p=YD= wO pt=W \ki
R}v uwDU |=B p=YD= l} w s=@ QO xO}O?}U; p=YD= l} 'p=YD= wO u}= Q@ xwqa

"CU= xOW xDiQo Q_v QO
xO}O?}U; p=YD= Q=yJ w wO pt=W?}DQD x@ 4 pmW j@=]t |OOa |w} Q=vU wO
?=NDv= OYQO 30 =D 15 u}@ Q}O=kt Cq=YD= R= l} Qy QO ?}U; u=R}t "OvDUy
"OwW|t x�=Q= snr=30 R} wv u=R}t |=Q@ =yw} Q=vU u}= G}=Dv VN@ u}= QO "CU= xOW
"CU= xOW s}UQD 5 pmW QO |OOa |w} Q=vU wO |=Q@ |}=Qoty |=y|vLvt
|w} Q=vU w =]N w |aU 25 OwOL R= Oa@ pw= |w} Q=vU xm OyO|t u=Wv |vLvt u}=

"CU= xO}UQ |}=Qoty x@ =]N w |aU 30 OwOL R= Oa@ swO
\UwD ?}U; |xOW xORu}tND u=R}t w p=YD= Qy QO ?}U; u=R}t 1 pwOH QO
snr=30 R} wv u=R}t QO =]N u=R}t "CU= xOW x�=Q= 'xr=kt u}= QO xOW u=}@ VwQ

"CU= |rw@k p@=k skQ xm CU= OYQO 5 OwOL QO
R} wv Vy=m u}vJty w POM Owt pmW R= xO=iDU= Q}F-=D u=R}t |UQQ@ |=Q@
Q=@m} w} Q=vU swO |w} Q=vU 'hOy `@=D CkO u}vJty w |}=Qoty CaQU QO =yxO=O
Q=Qk xar=]t OQwt 'xR=U |a}@] Owt pmW Cw=iD R= pmWDt |iOy `@=D R= xO=iDU= =@
Cw=iD hOy `@=D =@ xm |OOa |w} Q=vU u}= |=Q@ |}=Qoty |=y|vLvt "CU= xDiQo
|}=Qoty |xOvyOu=Wv 'CU= xOt; CUO x@ R} wv Vy=m uwO@ w |a}@] Owt pmW
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"|y=oW}=tR; pOt QO xO}O?}U; p=YD= R= |}xvwtv "8 pmW

"|y=oW}=tR; |R=UpOt QO |@=}xv}y@ |}=Qoty |vLvt "9 pmW

x@U=Lt OwOLt |=RH= Q=Ri=sQv \UwD O=R; V=aDQ= CLD �|OOa pOt� `HQt |xR=U
"OwW|t

u}= QO "OvQ}o|t xar=]t OQwt 'Cq=YD= x@ ?}U; |w} Q=vU Q=yJ xt=O= QO
=yw} Q=vU R= l} Qy QO "Ov=xDiQo Q=Qk ?}U; OQwt p=YD= xU =} 'wO 'l} =yw} Q=vU
=D CU= xOW O=H}= QDt|r}t 15 xv}tm pw] x@ VQ@ uwDU x@ Q}D p=YD= u}iQ] QO
xO} Q@ QDt|r}t 30 xv}W}@ 'uwDU x@ Q}D p=YD= |QDt|r}t 100 pw] R= ẁtHt QO
=]N xv}tm =D CU= xOW s=Hv= Cq=YD= QO ?}U; O=H}= |=Q@ j}kO |=yVQ@ "OwW

"OwW O=H}= ?}U; u=R}t OQw;Q@ QO VwQ u}= CkO u}}aD QO
x@ Q}D s}kDUt p=YD= |v=QwO |DNU w �kb = EI=L� Q}D <RH |WtN |DNU
`]kt �I = bh3=12� |UQv}= u=tt =@ s}kDUt |x]@=Q �k� = �EI=L � uwDU
VQ@ w xO}O?}U; p=YD= QO Q}O=kt s=tD uOw@ C@=F =@ "OQ=O s}kDUt p=YD= =} Q}D
"kb 1 k� 1 b xYqN CQwY x@ "O@=}|t Vy=m �b� Q}D ZQa \ki 'p=YD=
� w Q}D `]kt `=iDQ= h '<RH pw] L 'xD}U}DUq= pwOt E =yx]@=Q u}= QO
\@DQt p=YD= |v=QwO |DNU x@ =Q Q}D |WtN |DNU xm CU= |D@=F ?} Q[

"OR=U|t
Q=yJ u}= QO "OQ}o|t Q=Qk xar=]t OQwt w} Q=vU Q=yJ QO |y=oW}=tR; pOt
?}U; |y=oW}=tR; pOt ?rY Cq=YD= R= p=YD= xU =} 'wO 'l} O=OaD w} Q=vU
sQ=yJ =D pw= |w} Q=vU R= ?}DQD x@ |y=oW}=tR; pOt Cq=YD= QO ?}U; "Ov=xO}O

"?=DW |=yQoUL w =yQov=Wv x=Qty x@ |y=oW}=tR; |xk@]xU ?=k "6 pmW

" |y=oW}=tR; xvwtv OwOLt <=RH= pOt w |y=oW}=tR; pOt "7 pmW

V=aDQ= CLD xR=U |=y|}=Hx@=H |xJN} Q=D R= POM Owt pmW s}UQD |=Q@
x@ Qw_vt u}O@ "CU= xOW xO=iDU= s=@ QO |QDt|Dv=U 5 |x}rw= |}=Hx@=H =@ =Q}t O=R;
'|R=U=yQ R= TB w CU= xOW p=ta= x}rw= pmWQ}}eD QDt|Dv=U 5 |xR=Ov= x@ s=@ R=QD
pw] QO xR=U |=y|}=Hx@=H |xJN} Q=D 'Q} wYD VR=OQB |xv}y@ VwQ R= xO=iDU= =@

"CU= xOW C@F V=aDQ= COt
uwDU Qy |=Q@ Qov=Wv 10 O=OaD =@ x=Qty |y=oW}=tR; pOt u}= VywSB u}= QO
|=RH= |OOa pOt "�hr= � 7 pmW� CU= xOW xar=]t Q}D Qy |=Q@ Qov=Wv 12 w
pOt u}= "CU= xOW xO=O u=Wv ? - 7 pmW QO |y=oW}=tR; |xvwtv u}= OwOLt
|=Q@ `HQt Cr=L u=wva x@ sy w |y=oW}=tR; pOt |HvUCLY |=Q@ sy |OOa
\UwD Cq=YD= QO |oO}O?}U; "OwW|t xO=iDU= Cq=YD= QO ?}U; u=R}t u}tND
'CU= xOW p=ta= |y=oW}=tR; |xvwtv QO 'uwDU x@ Q}D p=YD= R= |DtUk uO} Q@
"CU= xOW xO=O u=Wv 8 pmW QO uwDU x@ Q}D p=YD= x@ ?}U; O=H}= R= |}xvwtv
xOW xDiQo Q_v QO Q}D xtUD ZQa '|OOa pOt QO xOvwWRwQx@ QDt=Q=B xH}Dv QO
x@ w |QDt|r}t 5 |=ys=o =@ w R=e; QDt|r}t 5 R= Cq=YD= QO =y?}U; "CU=
|xR=U |=y|}=Hx@=H |xJN} Q=D "Ov@=}|t V}=Ri= p=YD= u}iQ] QO uQ=kDt CQwY
'Q} w=YD VR=OQB R= xO=iDU= =@ O=R; V=aDQ= CLD �|y=oW}=tR; pOt� xO}O?}U;
|=y|}=Hx@=H |xJN} Q=D "Ov=xOW C@F [27 w 26]|OwtLt w u=Q=wL |Q=mty =@
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@"G}=Dv w |y=oW}=tR; |R=UpOt QO =y?}U; u=R}t w pLt "2 pwOH
OYQO ?}U; OYQO OYQO VQ@ u=R}t p=YD= C}akwt xQ=tW
=]N xOW x@U=Lt ?}U; �b Vy=m � xO}O?}U; w} Q=vU�b Vy=m � (mm)

�4/3 �14/355 �15 15 CU=Q CtU swO R=QD 1
�7/5 �13/874 �15 15 CU=Q CtU swO R=QD 2�4/2 �14/372 �15 15 AJ CtU pw= R=QD
�1/5 �29/552 �30 30 CU=Q CtU swO R=QD 3�8/2 �13/766 �15 15 AJ CtU pw= R=QD
�0/9 �29/734 �30 30 CU=Q CtU swO R=QD

4�8/8 �13/679 �15 15 AJ CtU pw= R=QD
�7/6 �13/865 �15 15 CU=Q CtU swU R=QD

|Q}oxH}Dv "4
?rY Cq=YD= QO ?}U; u=R}t u}tND |=Q@ u=v}t]= p@=k |x} wQ l} xr=kt u}= QO
|=RH= |xOvwWRwQx@ pOt Q@ |vD@t x} wQ u}= "CU= xOW x�=Q= |WtN |=y?=k
j=@]v= T=U= Q@ hOy `@=D "CU= POM Owt pmW s}kDUt |Q}oQ=m x@ =@ OwOLt
|R=UxO=}B xO}O?}U; w `HQt Cr=LwO QO POM Owt pmW |=yQ=OQ@ |}x]kv
"CU= xOW xO=iDU= hOy `@=D |@=}xv}y@ |=Q@ C=QP s=LOR= sD} Qwor= "CU= xOW
|ak=w O=a@= =@ xv=yOxU |xk@]xU |Oqwi ?=k |OOa pOt |wQ Q@ VwQ u}=
"OW |}=tR;|DU=Q w xar=]t xv=yO l} =@ xk@]xU ?=k R= |y=oW}=tR; pOt w
pw= POM Owt pmW R= \ki 'pw=ODt |=yVwQ hqNQ@ xOW x�=Q= hOy `@=D
T=}kt QO |OOa |xvwtv G}=Dv "Ovm|t xO=iDU= ?}U; u=R}t u}tND |=Q@ xR=U
?rY Cq=YD= QO ?}U; u=R}t Ov=wD|t VwQ u}= xm OyO|t u=Wv |k}kL
'OYQO 15 R= QDoQR@ |=y?}U; |=Q@ 'snr=30 R} wv u=R}t QO =Q |WtN ?=k
VwQ u}= |y=oW}=tR; pOt QO u}vJty "Ovm VQ=Ro OYQO 6 R= QDtm |=]N =@
=]N OYQO 9 R= QDtm =@ =Q |y=oW}=tR; xvwtv ?rY Cq=YD= QO ?}U; u=R}t
|q=@ Ctw=kt |xOvyOu=Wv |y=oW}=tR; w |OOa C=ar=]t G}=Dv "OvR|t u}tND
pw@k p@=k CkO w hOy `@=D |}=Qoty |q=@ CaQU 'R} wv x@ xOW x�=Q= VwQ
|WtN |=y?=k ?rY Cq=YD= QO xOQ=w |=y?}U; u=R}t u}tND QO VwQ u}=

"CU=

|Qw] =y?}U; "CU= xOW s=Hv= uwDU x@ Q}D |xOvyOp=YD= VwH VQ@ \UwD
=y?}U; u=R}t =} O=OaD p@k |w} Q=vU x@ C@Uv w} Q=vU Qy QO xm Ov=xOW ?=NDv=
R= xO}O?}U; |=yp=YD= pLt xm CU= u}= Q@ ZQi xr=kt u}= QO "Ov@=} V}=Ri=
u=wD|t xO}O?}U; |=yp=YD= j}kO pLt u}}aD |=Q@ ,qFt "CU= XNWt p@k
sr=U |xR=U "OQm xO=iDU= POM [25]Owt pmW |=vLv= |xOW xv}y@ VwQ R=
R= xO=iDU= =@ s=@ QO |QDt|Dv=U 5 |x}rw= u=mt Q}}eD =@ O=R; V=aDQ= CLD
|xJN} Q=D "CU= xDiQo Q=Qk xar=]t OQwt [27 w 26]Q} wYD VR=OQB |xv}y@ VwQ
sr=U |xR=U |=y|}=Hx@=H |xJN} Q=D =@ OwOLt |=RH= pOt |=y|}=Hx@=H
w} Q=vU Q=yJ u}= |=Q@ |}=Qoty |=y|vLvt "CU= xOW |R=Us=oty |y=oW}=tR;
QDtm QO w} Q=vU Q=yJ u}= QO |@=}xv}y@ '9 pmW j@=]t "Ov=xOW s}UQD 9 pmW QO
u}= |q=@ |}=Qoty CaQU |xOvyOu=Wv xm CU= xOW =Qoty =]N w |aU 50 R=
Oy=wNv jr]t QiY CtU x@ x=oI}y |}=Qoty u}= R} wv OwHw p}rO x@ "CU= VwQ

"Ow@
xOW x�=Q= 2 pwOH QO '|y=oW}=tR; pOt x@ xOW p=ta= |=y?}U; u=R}t w pLt
Cq=YD= QO ?}U; u=R}t u}tND |=Q@ xOW x�=Q= VwQ |=]N u=R}t j@=]t "CU=
'R} wv OwHw R= |W=v =]N u=R}t u}= "CU= OYQO 9 Q} R |WtN |=y?=k ?rY
?} QkD x@ xHwD =@ =]N u=R}t u}= "CU= |y=oW}=tR; \}=QW w |Q}oxR=Ov= |=y=]N
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

�References� `@=vt
1. Long, Qiao, Asad, Esmaeily. \An overview of signal-

based damage detection methods". Applied Mechanics
and Materials, 94-96, pp. 834-851 (2011).

2. Barr, P.J., Woodward, B, Najera, B. and et l. \Long-
term structural health monitoring of the san ysidro
bridge", Journal of Performance of Constructed Facil-
ities, ASCE, 20(1) , pp. 14 (2006).

3. Cardinale, G. and Orlando, M. \Structural evaluation
and strengthening of a reinforced concrete bridge", Jour-
nal of Bridge Engineering, ASCE, 9(1), pp. 35 (2004).

4. Kosmatka, J.B. and Ricles, J.M. \Damage detection in
structures by modal vibration characterization", Journal
of Structural Engineering, 125(12), pp. 1384 (1999).

5. Ren, W.X. and Roeck, G.D. \Structural damage iiden-
ti�cation using modal data. I: simulation veri�cation",
Journal of Structural Engineering, 128(1), pp. 87 (2002).

6. Shi, Z.Y., Law, S.S. and Zhang, L.M. \Structural dam-
age detection from modal strain energy change", Jour-
nal of Engineering Mechanics, ASCE, 126(12), pp. 1216
(2000).

7. Kim, J.T., Ryu, Y.S., Cho, H.M. and et al. \Dam-
age identi�cation in beam-type structures: frequency-
based method vs mode-shape-based method", Engineer-
ing Structures, 25, pp. 57 (2003).

8. Staszewski, W.J. \Identi�cation of non-linear system us-
ing multi-scale ridges and skeletons of the wavelet trans-
form", Journal of Sound and Vibration, 214(4), pp. 639
(1998).

9. Kijewski, T. and Kareem, A. \Wavelet transforms for
system identi�cation in civil Eengineering", Computer-
Aided Civil and Infrastructure Engineering, 18, pp. 339
(2003).

10. Yang, J.N., Lei, Y., Lin, S. and et al. \Hilbert-huang
based approach for structural damage detection", Jour-
nal of Engineering Mechanics, 130(1), pp. 85 (2004).

11. Huang, C.S., Huang, S.L., Lin, C.I. and et al. \A wavelet-
based approach to identifying structural modal param-
eters from seismic response and free vibration data",
Computer-Aided Civil and Infrastructure Engineering,
20, pp. 408 (2005).

12. Hou, Z., Hera, A. and Shinde, A. \Wavelet-based struc-
tural health monitoring of earthquake excited struc-
tures", Computer-Aided Civil and Infrastructure Engi-
neering, 21, pp. 268 (2006).

13. Chen, H.G., Yan, Y.J. and Jiang, J.S. \Vibration-based
damage detection of composite wingbox structures us-
ing improved hilbert-huang transform", Key Engineering
Materials, 324-325, pp. 539 (2006).

14. Yan, B. and Miyamoto, A. \A comparative study of
modal parameter identi�cation based on wavelet and
hilbert-huang transform", Computer-Aided Civil and In-
frastructure Engineering, 21, pp. 9 (2006).

15. Bijaya, Jaishi. and Wei-Xin, Ren. \Structural �nite el-
ement model updating using ambient vibration test re-
sults". Journal of structural engineering, ASCE, APRIL,
617 (2005).

16. Saada Mohamed, M., Arafa Mustafa, H. and Nassef
Ashraf, O. \Finite element model updating approach to
damage identi�cation in beams using particle swarm op-
timization", Engineering optimization, 45(6), pp. 677-
696 (2013).

17. Cha, Young-Jin. and Buyukozturk, Oral. \Structural
damage detection using modal strain energy and hybrid
multiobjective optimization", Computer-Aided Civil and
Infrastructure Engineering, 30(5), pp. 347-358 (2015).

18. Seyedpoor, S.M. and Montazer, M. \A damage identi-
�cation method for truss structures using a exibility-
based damage probability index and di�erential evolu-
tion algorithm", Inverse Problems in Science and Engi-
neering, 24(8), pp. 1303-1322 (2016).

19. Nizar, F.A., Maosen, Cao., Yufeng, Z. and et al. \Struc-
tural damage detection using �nite element model up-
dating with evolutionary algorithms: a survey", Neural
Computing and Applications, 30, pp. 389-411 (2018).

20. Marwala, T. \Finite element model updating using com-
putational intelligence techniques", Springer, London
(2010).

21. Teughels, A., Roeck, G. and Suykens, J.\ Global opti-
mization by coupled local minimizers and its application
to FE model updating". Comput Struct, 81(24-25), pp.
2337-2351 (2003).

22. Hyo, S.P., Yeesock, K. and Byung, K.O. \A model up-
dating method with strain measurement from impact
test for the safety of steel frame structures". Measure-
ment, 102, pp. 220-229 (2017).

23. Byung, K.O., Doyoung, K. and Hyo, S.P. \Modal
response-based visual system identi�cation and model
updating methods for building structures". Computer-
Aided Civil and Infrastructure Engineering, 32, pp. 34-
56 (2017).

24. Ugo, G. and George, V. \Numerical investigation of a
new damage detection method based on proper orthogo-
nal decomposition". Mechanical Systems and Signal Pro-
cessing 21, pp. 1346-1361 (2007).

25. Teimoori, T. and Mahmoudi, M. \Damage detection
in connections of steel moment resisting frames us-
ing proper orthogonal decomposition and wavelet trans-
form". Measurement 166(C), 108188 (2020).

26. Havaran, A. and Mahmoudi, M. \Extracting struc-
tural dynamic properties utilizing close photogrammetry
method". Measurement, 150, 107092 (2020).

27. Havaran, A. and Mahmoudi, M. \Utilizing an aver-
age method to extract the dynamic properties of struc-
tures with image processing". Modares Civil Engineering
Journal (M.C.E.J), 19(5), (June 2019).

28. Nizar Faisal, A. and Cao, M.\Damage identi�cation in
three-dimensional structures using single-objective evo-
lutionary algorithms and �nite element model updating:
evaluation and comparison", Engineering Optimization,
50(10), pp.1695-1714 (2018).

49

Archive of SID

www.SID.ir

http://www.SId.ir


"""|
WtN

|=y
?=k

?rY
Cq

=YD
=QO

?}U
;u=

R}t
OQ;Q

@

29. Nizar Faisal, A., Cao, M. and Ragulskis, M. \Damage lo-
calization in irregular shape structures using intelligent
FE model updating approach with a new hybrid objec-
tive function and social swarm algorithm", International
Journal of Applied Soft Computing, 83, 105604, (ctober
2019).

30. Holmes, P., Lumley, J.L. and Bekooz, G. \Turbulence,
coherent structures, dynamical systems and symmetry",
Cambridge University Press, Cambridge (1996).

31. Lumley, J.L. \Stochastic Tools in Turbulence, Academic
Press", New York (1970).

32. Sirovich, L. \Turbulence and dynamics of coherent struc-
tures". Part 1: Coherent structures, Quarterly of Applied
Mathematics, 45(3), pp. 561-571 (1987).

33. Cusumano, J.P., Sharkady, M.T. and Kimble, B.W. \Ex-
perimental measurements of dimensionality and spatial
coherence in the dynamics of a exible beam", Philo-
sophical Transactions of the Royal Society of London Se-
ries A, 347, pp. 421-438 (1994).

34. Ruotolo, R. and Surace, C. \Using SVD to detect dam-
age in structures with di�erent operational conditions",
Journal of Sound and Vibration 226, pp. 425-439 (1999).

35. Soon, H., Czarnecki, J.A. and Farrar, C.R. \Struc-
tural health monitoring using statistical process con-

trol", Journal of Structural Engineering, 126(11), pp.
1356-1363 (2000).

36. James, K. and Russell, E. \Particle swarm optimiza-
tion", Proceedings of ICNN'95 - International Confer-
ence on Neural Networks (1995).

37. Grossmann, A., Kronaland-Matinet, R. and Morlet, J.
\Reading and understanding continuous wavelet trans-
forms", Wavelets. Springer-Verlag, Berlin Heidelberg,
pp. 2-20 (1990).

38. Neema Verma, A. K. VERMA. \Performance analysis of
wavelet thresholding methods in denoising of audio sig-
nals of some Indian musical instruments", International
Journal of Engineering Science and Technology (IJEST),
4(05), pp.2047-2052 (May 2012).

39. SAP2000. \Integrated �nite element analysis and de-
sign of structures". Berkeley (CA, USA): Computers and
Structures, Inc (1997).

40. Tao, Yin., Qing-Hui, Jiang. and Ka-Veng, Yuen.
\Vibration-based damage detection for structural con-
nections using incomplete modal data by bayesian ap-
proach and model reduction technique", Engineering
Structures, 132, pp. 260-277 (2017).

50

Archive of SID

www.SID.ir

http://www.SId.ir

